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Animal and Plant Heaith inspection
Service

[Docket No. §8-098~1]

Dupont Agricuiturai Products: Receipt
of Petition for Determination of
Nonrequiated Status for Geneticaily
Engineered Soybeans

AGENCY: Animal and Plant Heaith
Inspection Service. USDA.
ACTION: Notice.

SUMMARY: We are advising the public
that the Animai and Plant Heaith
Inspection Service has received a
petition from Dupont Agricuiturai
Products seeking a determinadon of
nonreguiated status for soybeans
designated as sublines G94~1. GC94-~19,
and G168 derived from transforrmation
event 260-05 that have been geneticaily
engineered to produce high oleic acid
oil. The petition has been subrnutted in
accordance with our regulations
concerning the introduction of certain
genetically engineered organisms and
products. in accordance with those
reguiations, we are soliciting public
comments on whether these sovoean
sublines present a plant pest risk.
DATES: Written conments must be
received on or before April 29. 1997,
ADDRESSES: Please send an originai and
three copies of your comments to




9156 Federal Register /

Vol. 62. No. 40 / Friday, February

28. 1997 / Notices

Docket No. 96-098-1. Reguiatorv
Anaiysis and Deveiopment. PPD.
APHIS. Suite 3C03. 4700 River Road -
Unit 118. Riverdaie. MD 20737-1238.
Please state that your comments refer to
Docket No. 96-098-1. A copy of the
petition and any comments received
may be inspected at USDA. room 1141.
South Building, 14th Street and
Independence Avenue SW..
Washington, DC. between B a.m. and
4:30p.m.. Monday through Friday.
except hoiidays. Persons wishing access
to that room to inspect the petition or
comments are asked to call in advance
of visiting at (202) 630-2817.
FOR FURTHER INFORMATION CONTACT: Dr.
Ved Malik. BSS. PPQ, APHIS. Suite
5B05. 4700 River Road Unit 147.
Riverdaie. MD 20737-1236: (301) 734~
7612. To obtain a copy of the petition.
contact Ms. Kay Peterson at (301) 734-
7612: e-mail:
mkpetersong@aphis.usda.gov.
SUPPLEMENTARY INFORMATION: The
regulations in 7 CFR part 340.
“Introduction of Organisms and
Products Altered or Produced Through
Genetic Engineering Which Are Plant
Pests or Which There Is Reason to
Believe Are Plant Pests.”” reguiate.
among other things. the introduction
(importation. interstate movement. or
release into the environment) of
organisms and products aitered or
produced through genetic engineering
that are plant pests or that there is
reason 1o believe are plant pests. Such
genetically engineered organisms and
products are considered “regulated
articles.”

The reguiations in § 340.6(a) provide
that any person may submit a petition
10 the Animai and Plant Heaith
Inspection Service (APHIS) seeking a
determination that an article shouid not
be regulated under 7 CFR part 340.
Paragraphs (b) and (c) of § 340.6
describe the form that a petition for
determination of nonreguiated status
must take and the information that must
be included in the petition.

On january 8. 1997. APHIS received
a petition (APHIS Petition No. 97-008-
01p) from Dupont Agriculturai Products
(Dupont) of Wilmingron. DE. requesting
a determination of nonreguiated status
under 7 CFR part 340 for high oleic acid
soybean sublines G94-1, C94-19, and
G168 (sublines G34~1, G94-19. and
C168) derived from wransformation
event 260-05. The Dupont petition
states that the subject soybean sublines
should not be reguiated by APHIS
because they do not present a piant pest

risk.
As described in the petition. sublines
G94-1. G94-19. and G168 have been

genetically engineered to contain the
Gmiad 2-1 gene. which causes a
coordinate silencing of itseif ana the
endogenous GmFad 2-1 gene.
Suppression of the Gmfad 2-1 gene in
deveioping sovbeans prevents tne
addition of a second doubie bond to
olelc acid. resuiting in a greauy
increased oleic ac:d ~ontent only inthe
seed. The resulting 01i contains &
abundance of monceziurated aisic acid
(82-85%), a reduced concentration of
polysaturated fatty acids. and lower
paimitic acid content. While the subject
soybean sublines also contain the GUS
and Amp marker genes. tests indicate
that these genes are not expressed in the
transgenic soybean plants. The added
genes were introduced into meristems of
the elite soybean line A2396 by the
particie bombardment method. and their
expression is controlled in part by gene
sequences derived from the piant
pathogens Agrobacterium tumetaciens
and cauiiflower mosaic virus.

Dupont's soybean sublines G94-1.
G94-19, and G168 are currentty
considered reguiated articies under the
reguiations in 7 CFR part 340 because
they contain gene sequences derived
from plant pathogenic sources. The
subject soybean sublines have been
evaluated in field trials conducted since
1995 under APHIS notifications. in the
process of reviewing these notifications
for field triais. APHIS determned that
the vectors and other elements were
disarmed and that the trials, which were
conducted under conditions of
reproductive and physicai containment
or isolation, wouid not present a risk of
plant pest introduction or
dissemination.

In the Federai Plant Pest Act. as
amended (7 U.S.C. 150aa et seq.), “plant
pest” Is defined as "‘any living stage of:
Any insects. mites. nermatodes. slugs.
snails, protozoa. or other invernebrate
animais, bacterta, fungi. other parasitic
plants or reproductive parts thereof.
viruses, or any organisms similar to or
allled with any of the foregoing, or any
infectious substances=. which can
directly or indirectly injure or cause
disease or damage in any piants or parts

+ thereof, or any processed. manufactured

or other products of plants.” APHIS
views this definition very broadly. The
definition covers direct or indirect
injury, disease. or damage nox just to
agricuiturai crops. but aiso to plants in
generai. for exampie. native species, as
well as to organisms that may be
beneficial to piants, for exampie,
honevbees, rhizobia. etc

The Food and Drug Administration
(FDA) published a statement of poiicy
on foods derived from new o> 2t
varieties in the Federai Res:sier on May

29. 1992 (57 FR 22984-23005). The FD.
statement of poiicy inciudes a
discussion of the FDA's authority for
ensuring food safety under the Federai
Food. Drug and Cosmetic Act (21 U.S.C
201 et seq.), and provides guidance to
industry on the scientific consideratior
associated with the development of
foods derived from new piasnt varieties.
including those plants deveioped
through the techniques of genetic
engineering. Dupont has begun the
consuitative process with FDA on the
subject soybean sublines.

In accordance with § 340.6(d) of the
reguiations. we are publishing this
notice to inform the public that APHIS
wiil aceept written comments regardin:
the Petition for Determination of
Nonreguiated Status from any intereste
person for a period of 60 days from the
date of this notice. The petition and an
comments received are available for
public review, and copies of the petitic
may be ordered (see the ADDRESSES
section of this notice).

After the comment period closes.
APHIS will review the data submitted
by the petitioner, all written comments
received during the comment period.
and any other reievant information.
Based on the availabie information.
APHIS will furnish a response to the
petitioner. either approving the petitio:
in whole or in part. or denying the
petition. APHIS wiil then publish a
notice in the Federai Register
announcing the reguiatory status of
Dupont’s high oieic acid n
sublines G94-1. G94-19.and G168
derived from transformation event 260
05 and the availability of APHIS’
written decision.

Authoniry: 7 U.S.C. 150aa-150j), 151-167.
and 1622n: 31 U.S.C. 9701. 7 CFR 2.22. 2.30
and 371.2(c).

Done 1n Washington. DC, this 24th day of
February 1997.
Terry L. Mediey,
Administrator, Animai and Plane Heaith
Inspecuon Service.
{FR Doc. 97-5023 Filed 2-27-97; 8:45 am|
BLLING CODE 3410-34-P
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AGRICULTURAL PRODUCTS
Experimental Station

Q 1-004 —ol\\fp

PO. Box 80402
Wilmington, Delaware 19880-0402

Dr. Vedpal Malik
APHIS

Biotechnology Permits
(301)734-6774

7 February 1997

Ved,

Attached is the requested information to clarify some points in the
Petition for Determination of Nonregulated Status for High Oleic Acid
Transgenic Soybean. We will fax the information today and send printed
copies next week by overnight mail. If you have any questions or require

futher clarification please do not hesitate to phone. My number is (302)695
-1241 or you can contact Ed Raleigh (302)992-6158.

la}

Al /u@ fm/ék

Mary Locke
Group Chemist

Better Things for Better Living

;l



1. On page 20 of the petition, southern blot data in Figure &
_(iaw=t) should be accompanied by molecular weight markers or
some indication of the size of the DNA bands present. This
informaiton is needed to determine if gel electrophoresis has
provided sufficient resolution in separating DNA bands and
determining the number of insertion events.
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2. On page 21 of the petition, southere blot data in Figure 8
(Ei@v==r should include an indication of the molecular weitght of

the bands present to verify that the transcriptional unit remains
intact.
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3. On page 22 of the petition, neither the southern blot data in
figure 10 (f&g%=9% nor the accompanying text indicates what
specific probe was used, Please indicate specifi ally what probe
was used to generate these data.
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Friday, February 7, 1997 9:41 AM GWI @/ z-/ r Page 1
SOY-FAD2.SEG Map (1 > 1462) Site and Sequence

Enzymes : 1 of 417 enzymes (Filtered)
Settings: __Linear, Certain Sites Only, Standard Genetic Code

IR

CCATATACTAATATTTGCTTGTATTGATAGCCCCTCCGTTCCCAAGAGTATAAAACTGCATCGAATAATA

+ 70
GGTATATGATTATAAACGAACATAACTATCGGGGAGGCAAGGGTTCTCATATTTTGACGTAGCTTATTAT

P Y TN T CUL Y . . P LR S QE Y KT A S NN
H I L I F A C 1 DS P S V P K S 'I.K L H R I T
T LYy .. Yy L L v L I A PP F PRV . NCIT E . Y

i i ] n 1 _ ' 1 . 1 A -1
|

CAAGCCACTAGGCATGGGTCTAGCAAAGGAAACAACNEyGGGAGGTAGAGGTCGTGTGGCCAAAGTGGAA

—+ 140
GTTCGGTGATCCGTACCCAGATCGTTTCCTTTGTTGTTACCCTCCATCTCCAGCACACCGGTTTCACCTT

T S H . A W V . 0 R K QQQWZEV E V V WP K WK
Q AT RHG S S K GNNNGR . R S CGQQ S G
K P L G M G L A K E T T'(M }G G R G R V A K V E

. -1

GTTCAAGGGAAGAAGCCTCTCTCAAGGGTTCCAAACACAAAGCCACCATTCACTGTTGGCCAACTCAAGA

—+ + 210
CAAGTTCCCTTCTTCGGAGAGAGTTCCCAAGGTTTGTGTTTCGGTGGTAAGTGACAACCGGTTGAGTTCT

F K G R S L S 0 G F Q T o S HWH S L L A NSR
s S R E E A S L K G S K H K A T I HC WP T QE
v 2 6 K K P L § R V P N T K P P F T VG a L K

e 1 i A A 1

1 A 4 - i’ A 1

AAGCAATTCCACCACACTGCTTTCAGCGCTCCCTCCTCACTTCATTCTCCTATGTTGTTTATGACCTTTC

+ + 280
TTCGTTAAGGTGGTGTGACGAAAGTCGCGAGGGAGGAGTGAAGTAAGAGGATACAACAAATACTGGAAAG

K ¢ F HH T A F S AP S S L H S P ML FMTF
S NS T T L L S AL P P HF I L LCCUL . P F
K A1 PP H CPF QR S L L T SF S Y V VY DL S

- n A

L ' A

ATTTGCCTTCATTTTCTACATTGCCACCACCTACTTCCACCTCCTTCCT’AACCCTTTTCCCTCATTGCA

y + 350
TAAACGGAAGTAAAAGATGTAACGGTGGTGGATGAAGGTGGAGGAAGGAGTTGGGAAAAGGGAGTAACGT

H L P SF ST LPPZP T ST S F L NZPF P S L H
I ¢ L HF L HCHWHLL PP P S S TL F P HTC
F AF I F Y I AT T Y F HL L P QPF S L I A

1 i 1 L N 1 " 1 e i " 1




Friday, February 7, 1997 9:41 AM \1 Page 2
SOY-FAD2.SEG Map (1 > 1462) Site and Sequence

TGGCCAATCTATTGGGTTCTCCAAGGTTGCCTTCTCACTGGTGTGTGGGTGATTGCTCACGAGTGTGGTC

— —+ 420
ACCGGTTAGATAACCCAAGAGGTTCCAACGGAAGAGTGACCACACACCCACTAACGAGTGCTCACACCAG

G @ s 1 6 F S K V A F S LVCG . L L T S VYV
M AN L L G S P R L P S HWT CV GDIT CSR V W S
W P I Y WV L QG C L L TGV W VI AHUETCSG

I A 1 i ] N 1 A 1

I

ACCATGCCTTCAGCAAGTACCAATGGGTTGATGATGTTGTGGGTTTGACCCTTCACTCAACACTTTTAGT

490
TGGTACGGAAGTCGTTCATGGTTACCCAACTACTACAACACCCAAACTGGGAAGTGAGTTGTGAAAATCA

T M P S A S T NGLMMULWVYVY . P F T QHF

PCL@QAGQVYV PMG . . CCGFODPSLNTTEFSS
H HAF S K Y Q WUV DDV VGELTLHSTTLL

v
A i 1 " i N ) el

CCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTCCCTTGACCGTGATGAA

—+ 560
GGGAATAAAGAGTACCTTTTATTCGGTAGCGGCGGTAGTGAGGTTGTGTCCAAGGGAACTGGCACTACTT

S LI S HGK . ALl A AT TP TOQQVPLTVMCK
P L F LMENIKUP S PP S L QHRF P . P . .
P Y F S W K I S HRRHWHSNTG S L DRDE

GTGTTTGTCCCAAAACCAAAATCCAAAGTTGCATGGTTTTCCAAGTACTTAAACAACCCTCTAGGAAGEE

+ 630
CACAAACAGGuTTTTGGTTTTAGGTTTCAACGTACCAAAAGGTTCATGAATTTGTTGGGAGATCCTTCCC

CcC L S aQ N QNP KL HGF®PST . T T L . EG
s v cCPX TXK I @S CMVF QVL K QP SRKSEG
V. F V P K P K S K V A W F S K Y L NNUP L G R

"\ " . n L A 1

1

CTGTTTCTCTTCTCGTCACACTCACAATAGGGTGGCCTATGTATTTAGCCTTCAATGTCTCTGGTAGACC

+ 700
GACAAAGAGAAGAGCAGTGTGAGTGTTATCCCACCGGATACATAAATCGGAAGTTACAGAGACCATCTGG

L F L FSSH SQAT. 66LCT1T . P SMS L VD
C F S S R HTHNRV A YV F S L QCL W. T
ANV S L L V T L T 1 G W PMY L AFNVSGRP

L i .Y i 1 1
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SOY-FAD2.SEG Map (1 > 1462) Site and Sequence

CTATGATAGTTTTGCAAGCCACTACCACCCTTATGCTCCCATATATTCTAACCGTGAGAGGCTTCTGATC

T T T Al T M v ! T M : 770
GATACTATCAAAACGTTCGGTGATGGTGGGAATACGAGGGTATATAAGATTGGCACTCTCCGAAGACTAG

P M I V L QATTTLMULGPY I L T VRGF . S
L . . F CIK P L P®PLCSH 1T F . P . E A S D
Y D S £F A S H Y HP Y AP [ Y S§NRERL LI

1 - 1 n L i 1 " 1

TATGTCTCTGATGTTGCTTTGTTTTCTGTGACTTACTCTCTCTACCGTGTTGCAACCCTGAAAGGGTTGG"
—+ 840

ATACAGAGACT%EAACGAAACAAAAGACACTGAATGAGAGAGATGGCACAACGTTGGGACTTTCCCAACC

M S L M L L CF L . L T L ST VL QP . K G W
L ¢t . © CF VYV F CDULULSL®PCCNPIERVG
Y vs B V AL F SV T Y s L YRV A T L K G L

1 & 1 A 1

1 A 1 et L

TTTGGCTGCTATGTGTTTATGGGGTGCCTTTGCTCATTGTGAACGGTTTTCTTGTGACTATCACATATTT

—— - t + ; + ; + ; t + 910
AAACCGACGATACACAAATACCCCACGGAAACGAGTAACACTTGCCAAAAGAACACTGATAGTGTATAAA

F G C Y VvV FMGCLTCSL . TV F L. L S HII
L A A M C L WGATFA AU HTCTETRTFSTCODYHTITF
VvV W L L &Y Y GV P LLIUVNGSGTFLUVTIT I TYL

1 n A A L

1 i L.

GCAGCACACACACTTTGCCTTGCCTCATTACGATTCATCAGAATGGGACTGGCTGAAGGGAGCTTTGGCA

—t 980
CGTCGTGTGTGTEAAACGGAACGGAGTAATGCTAAGTAGTCTTACCCTGACCGACTTCCCTCGAAACCGT

c 8§ T H T L P C L I T I HQNUGTG . R E L WG
AAA H T L CL ASLRTF T RMGL AEGSFG
a H T H F A L P H Y D S S E WD WL K G A L A

I - d. 1

ACTATGGACAGAGATTATGGGATTCTGAACAAGGTGTTTCATCACATAACTGATACTCATGTGGCTCACC

+ 1050
TGATACCTGTC CTAATACCCTAAGACTTGTTCCACAAAGTAGTGTATTGACTATGAGTACACCGAGTGG

L w T £ I M 6 F . T RCF 1 T . L I L MWLT
N Y GG R L WD S EOQGV S S HN. Y S CG S P
T M DRDY G I L NK V F HH T TODTMH V AH

4 " 1 A N | N 1 N 1 N 1




//
Page 4

+ /6O

(Sspl )

ATCTCTTCTCTACAATGCCACATTACCATGCAATGGAGGCAACCAATGCAATCAAGCCAAfATTGGGTGA

e - ’ t 4 T . T * H v 1 T 1 1120
TAGAGAAGAGRTGTTACGEGTGTAATGGTACGTTACCTCCGTTGGTTACGTTAGTTCGGTTATAACCCACT

‘Friday, February 7, 1997 9:41 AM
SOY-FAD2.SEG Map (1 > 1462) Site and Sequence

]l $ S L O C H I T M 0 WU ROQPMOQS S QY WV
S L L ¥ NATLUPICNGSGNI QT CNDQQANTG.
H. L F S T MPHY H AME A TN Al XK P I L G E

\ 4 1 ke, 1 A 1

GTACTACCAAWWTGATGACACACCATTTTACAAGGCACTGTGGAGAGAAGCGAGAGAGTGCCTCTATGfG

e et 1190
CATGATGGTTAAACTACTGTGTGGTAAAATGTTCCGTGACACCTCTCTTCGCTCTCTCACGGAGATACAC

S T T M L M T HHF T R HTCGEKRE S A S MW
v . P I . . H T I L Q G T Vv ER S E R VP L C
Yy Yy a F DD TP F Y K A L WIREAREC LY

v
| i AL, n I 5N

GAGCCAGATGAAGGAACATCCGAGAAGGGCGTGTATTGGTACAGGAACAAGTATTGATGGAGCAACCAAT

+ } ' — + 4 -+ 4 += ; t t + + 1260
CTCGGTCTACTTCCTTGTAGGCTCTTCCCGCACATAACCATGTCCTTGTTCATAACTACCTCGTTGGTTA

S M K EH P RRATCTI GTGT S I DG A TN
G AR . RNTRESGH®RV L VQEQVYLMEZ QQFPM
E P D 6 T §S E K G VY W Y R N K Y<. } W S N Q

1 i 1 I 1 - s, N

m

GGGCCATAGTGGGAGTTATGGAAGTTTTGTCATGTATTAGTACATAATTAGTAGAATGTTATAAATAAGT

' , + t + 4 ‘ —t + f + - ¢ + 1330
CCCGGTATCACCCTCAATACCTTCAAAACAGTACATAATCATGTATTAATCATCTTACAATATTTATTCA

G P . W E L WK F CH UV LV HN. . NV I NK
G H S$ 6 SY G S F Vv MY . Y I I $ R ML . I S
W A I W&V M E V L S C T S§T . L V ETCYK .V

-y b PR L n L .

—t. n —

GGATTTGCCEIGTAATGACTTTGTGTGTATTGTGAAACAGCTTGTTGCGATCATGGTTATAATGTAAAAA

: l + —t -+ } + —t + + -+ + ¢ + 1400
CCTAAACGGTGCATTACTGAAACACACATAACACTTTGTCGAACAACGCTAGTACCAATATTACATTTTT

w I C®R VM TLCV L . NSLLURSWL . CKN
G F A A . . L CVY CETATCTCUDHGYNVK
o LPRNDFV CT1T VK QLV AT MV I M. K

. . A " 1 " i " e
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SOY-FAD2.SEG Map (1 > 1462) Site and Sequence
TAATTCTGGTATTAATTACATGTGGAAAGTGTTCTGCTTATAGCTTTCTGCCTAAAAAAAAA

> 1462
ATTAAGACCATAATTAATGTACACCTTTCACAAGACGAATATCGAAAGACGGATTTTTTTTT

NS G I N Y M W K Vv F CL . L S A . KK
[ I L v L I T CG K CS A Y S F L P K KK




DapA Probe: The dapA probe was isolated as a 0.91 kb Nco I to EcoR I fragment from
. plasmid pML87. The probe contains the entire coding region of the Corynebacterium dapA
gene. It does not contain coding suquence for the chloroplast transit peptide.

Neol (1)

1 CCD.’TGGCTACAGG'I'I'I‘AACAGCTAAGACCGGAGTAGAGCAC'I‘I‘CGGCACCG'I'I‘GGAGTAGCAATGG'I‘I‘ACTCCAT
1»MotAlaThrGlyLeuThr AlaLysThr Gl yVal Gl uHi sPheGl yThr Val Gl yValAl aMetVal Thr ProP

76 TCACGGAATCCGGAGACATCGATATCGCTGCTGGCCGCGAAGTCGCGGCTTATTTGGTTGATAAGGGCTTGGATT
25 haThr Gl uSer GlyAspl | eAspl | eAl aAl aGl yArgGluValAl aAlaTyrLeuValAsplysGlyLeuAspS

151 CI'I'I'GG'I'rchGCGGGCACCACTGGTGAATCCCCAACGACAACCGCCGCTGAAAAACTAGAACTGCTCAAGGCCG
S0P erieuValLeuAl aGl yThr Thr Gl yGluSer ProThr Thr Thr Al aAl aGl uLysLeuGl uLeuLeuLysAI aV

226 'I'IOGTGAGGAAG’I‘I‘GGGGATCGGGCGAAGCTCATCGCCGGTGTCGGAACCAACAACACGCGGACATCTGTGGAAC
75» alA rgGl uGl uVal Gl yAspArgAl aLysleul | eAl aGl yVal Gl yThrAsnAsnThr ArgThr Ser Val Gl uL

301 TPGCGGAAGCTGCTGCTTCTGCTGGCGCAGACGGCCTTTTAGTTGTAACTCCTTATTACTCCAAGCCGAGCCAAG
100® euAl aGl uAl aAl aAl aSer Al aGl yAl aAspGlyLeuleuValVal Thr ProTyrTyrSerLysProSer GlnG

376 AGGGATTGCTGGCGCACTTCGGTGCAATTGCTGCAGCAACAGAGGTTCCAATTTGTCTCTATGACATTCCTGGTC
- 125% | uGl yLeuLeuAl aHi sPheGlyAl al | eAl aAl aAl aThr GluVal Prol |l eCysLeuTyrAsp! | eProGlyA

451 GGTCAGGTATTCCAATTGAGTCTGATACCATGAGACGCCTGAGTGAATTACCTACGATTTTGGCGGTCAAGGALG
150P rgSerGlylieProlieGl uSerAspThrMetArgArgleuSer GluLeuProThr | l eLeuAiaValLysAspA

526 CCAAGGGTGACCTCGTTGCAGCCACGTCATTGATCAAAGAAACGGGACTTGCCTGGTATTCAGGCGATGACCCAL
175» | aLysGl yAsplLeuValAl aAl aThr SerLeul l eLysGluThr Gl yLeuAl aTrpTyrSer Gl yAspAspProlL

601 TAAACCTTGTTTGGCTTGCTTTGGGCGGATCAGGTTTCATTTCCGTAATTGGACATGCAGCCCCCACAGCATTAL
200% euAsnLeuVal TrpLeuAl aLeuGl yGl ySer Gl yPhel 1 eSer Val | | eGl yHi sAl aAl aProThr Al aLeuA

676 GTGAGTTGTACACAAGCTTCGAGGAAGGCGACCTCGTCCGTGCGCGGGAAATCAACGCCAAACTATCACCGCTGG
225 rg@G uLeuTyrThr Ser PheGl uGl uGl yAsplLeuValArgAl aArgGlul | eAsnAl aLysLeuSer ProLeuV

751 TAGCTGCCCAAGGTCGCTTGGGTGGAGTCAGCTTGGCAAAAGCTGCTTCGCGTCTGCAGGGCATCAACGTAGGAG
250 alAl aAl aGl nGl yArgLeuGl yGl yVal Ser LeuAl aLysAl aAl aSerArglLeuGI nGiy| | eAsnVal Gl yA

826 ATCCTCGACTTCCAATTATGGCTCCAAATGAGCAGGAACTTGAGGCTCTCCGAGAAGACATGARAAAAGCTGGAG
275 sgRmArglLeuProi i eMat Al aProAsnG! uGl nGl uLeuGl uAl aLeuArgGl uAspMetLysLysAl aGlyV

EcoRI (912)
901 TTCTATAATGAGAATTC
300P alleue e~

/3
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GUS Probe: The GUS probe was isolated as a 1.87 kb Nco I to Asp718 I fragment from
plasmid pMH40. The probe contains the entire coding region of the GUS gene.

Ncol (1)

1 CCATGGTACGTCCTGTAGAAACCCCAACCCGTGAAATCAAAARACTCGACGGCCTGTGGGCATTCAGTCTGGATCGC
1*MetValArgProVal GluThrProThrArgGlul leLysLysLeuAspGlyLeuTrpAlaPheSer LeuAspArg

78 GAAAACTGTGGAATTGATCAGCGTTGGTGGGAAAGCGCGTTACAAGAAAGCCGGGCAATTGCTGTGCCAGGCAGTTT
26» GluAsnCysGly | leAspGIinArgT rpT rpGl uSer AlaLeuGl nGluSer A rgAlaileAlaValProGlySer Ph

155 TAACGATCAGTTCGCCGATGCAGATATTCGTAATTATGCGGGCAACGTCTGGTATCAGCGCGAAGTCTTTA$ACCGA
51F eAsnAspGl nPheAl aAspAl aAspi | eArgAsnTyrAlaGlyAsnVal TrpTyrGlnArgGluVal PhelleProl

232 AAGGTTGGGCAGGCCAGCGTATCGTGCTGCGTTTCGATGCGGTCACTCATTACGGCAAAGTGTGGGTCAATAATCAG
77* ysGly TrpAl aGlyGinArglleVal LeuArgPheAspAlaVal Thr HisTyrGlyLysVal TrpValAsnAsnGln

309 GAAGTGATGGAGCATCAGGGCGGCTATACGCCATTTGAAGCCGATGTCACGCCGTATGTTATTGCCGGGAARAGTGT
103? GluVaiMet Gl uHi sGI nGlyGly TyrThr ProPheGl uAl aAspVal Thr ProTyrVal | leAl aGl yLysSer Va

386 ACGTATCACCGTTTGTGTGAACAACGAACTGAACTGGCAGACTATCCCGCCGGGAATGGTGATTACCGACGAAAACG
128" lArglleThrValCysValAsnAsnGl uLeuAsnT rpGinThr | leProProGlyMetVal i 1eThrAspGl uAsnG

463 GCAAGAAAAAGCAGTCTTACTTCCATGATTTCTTTAACTATGCCGGAATCCATCGCAGCGTAATGCTCTACACCACG
154» tyLysLysLysGinSer TyrPheHi sAspPhePheAsnTyrAlaGlylleHisArgSer ValMetLeuTyrThr Thr

540 CCGAACACCTGGGTGGACGATATCACCGTGGTGACGCATGTCGCGCAAGACTGTAACCACGCGTCTGTTGACTGGCA
180" ProAsnThr TrpVaiAspAsplieThr Val Val Thr HisVaiAl aGl nAspCysAsnHi sAl aSer Val AspT rpGl

617 GGTGGTGGCCAATGGTGATGTCAGCGTTGAACTGCGTGATGCGGATCAACAGGTGGTTGCAACTGGACAAGGCACTA
205P nValValAl aAsnGl yAspVal Ser Val Gl uLeuArgAspAl aAspGinGlnVal ValAl aThr Gl yGl nGlyThr S

694 GCGGGACTTTGCAAGTGGTGAATCCGCACCTCTGGCAACCGGGTGAAGGTTATCTCTATGAACTGTGCGTCACAGCC
231 erGlyThr LeuG! nValValAsnProHisLeuT rpGInProGlyGluGly TyrLeuTyrGl uLeuCysVai ThrAla

771 AAAAGCCAGACAGAGTGTGATATCTACCCGCTTCGCGTCGGCATCCGGTCAGTGGCAGTGAAGGGCCAACAGTTCCT
257%LysSer Gl nThr Gl uCysAspl leTyrProLeuArgVal Gly | 1 eArgSer VaiAl aVaiLysGl yGI nGl nPhelLe

848 GATTAACCACAAACCGTTCTACTTTACTGGCTTTGGTCGTCATGAAGATGCGGACTTACGTGGCAAAGGATTCGATA
282PulleAsnHisLysProPheTyrPheThr Gl yPheGl yA rgHi sGl uAspAl aAspLeuArgGl yLysGl yPheAspA

925 ACGIGCTGATGGTGCACGACCACGCATTAATGGACTGGATTGGGGCCAACTCCTACCGTACCTCGCATTACCCTTAC
308PsnValleuMatValHisAspHisAlaLeuMetAspTrpileGlyAlaAsnSer TyrArgThr Ser HisTyrProTyr

1002 GCTGAAGAGATGCTCGACTGGGCAGATGAACATGGCATCGTGGTGATTGATGAAACTGCTGCTGTCGGCTTTAACCT
334PAlaGluGl uMetLeuAspTrpAl aAspGluHisGlyileValVal!leAspGluThr Al aAl aVal Gl yPheAsnlLe

1079 CTCTTTAGGCATTGGTTTCGAAGCGGGCAACAAGCCGAAAGAACTGTACAGCGAAGAGGCAGTCAACGGGGAAACTC
359PuSer LeuGlyi | eGl yPheGl uAl aGl yAsnLysProLysGluLeuTyrSer Gl uGl uAl aVaiAsnCl yGluThr G

1156 AGCAAGCGCACTTACAGGCGATTAAAGAGCTGATAGCGCGTGACAAAAACCACCCAAGCGTGGTGATGTGGAGTATT
385» InGinAlaHisLeuGlnAlalleLysGluLeul | eAlaArgAspLysAsnHisProSer ValValMetTrpSerlle

1233 GCCAACGAACCGGATACCCGTCCGCAAGTGCACGGGAATATTTCGCCACTGGCGGAAGCAACGCGTAAACTCGACCC
411* Al aAsnGl uProAspThrArgProGlnVal Hi sGlyAsn! | eSer ProLeuAl aGl uAl aThr ArglLysLeuAspPr

1310 GACGCGTCCGATCACCTGCGTCAATGTAATGTTCTGCGACGCTCACACCGATACCATCAGCGATCTCTTTGATGTGC
436» oThrArgProl I eThr CysValAsnValMet PheCysAspAiaHisThrAspThr | | eSerAspLeuPheAspValL

1387 TGTGCCTGAACCGTTATTACGGATGGTATGTCCAAAGCGGCGATTTGGAAACGGCAGAGAAGGTACTGGAAAAAGAA
462» euCysLeuAsnArgTyrTyrGly TrpTyrVal GI nSer GlyAspLeuGluThrAlaGluLysVal LeuGl uLysGlu

1464 CTTCTGGCCTGGCAGGAGAAACTGCATCAGCCGATTATCATCACCGAATACGGCGTGGATACGTTAGCCGGGCTGCA
488" LeuLeuAl aTrpGInGluLysLeuHi sGinProlleilel leThrGluTyrGlyValAspThr LeuAl aGl yLeuHi

1541 CTCAATGTACACCGACATGTGGAGTGAAGAGTATCAGTGTGCATGGCTGGATATGTATCACCGCGTCTTTGATCGCG
S13PsSerMetTyrThrAspMet TrpSer Gl uGl uTyrGl nCysAl aTrpLeuAspMet Ty rHi sArgVal PheAspArgV




/G

1618 TCAGCGCCGTCGTCGGTGAACAGGTATGGAATTTCGCCGATTTTGCGACCTCGCAAGGCATATTGCGCGTTGGCGGT
539» aiSerAlaValVal Gl yGluGl nVal TrpAsnPheAl aAspPheAlaThr SerGinGlylleLeuArgVal GlyGly

1695 AACAAGAAAGGGATCTTCACTCGCGACCGCAAACCGAAGTCGGCGGCTTTTCTGCTGCAAAAACGCTGGACTGGCAT
565PAsnLysLysGlyilePheThrArgAspArgLysProLysSer AlaAlaPheLeuLeuGinLysArgT rpThr Gl yMe

1772 GAACTTCGGTGAAAAACCGCAGCAGGGAGGCAAACAATGAATCAACAACTCTCCTGGCGCACCATCGTCGGCTACAG
590P tAsnPheGl yGluLysProGInGInGlyGlyLysGlne » »

Asp718I (1871)
1849 CCTCGGTGGGGAATTCCCCGGGGGTACC



pMHA40

NOS 3'

Sall (6996)

Xbal (6981)

Sall (4071)

Xbal (6)

| 7



4, On page 23 of the petition, Figue 12 (fig. 10) and the /53
accompanying text assert that the beta-glucuronidase gene is not
expressed, What is the lower limit of detection of the GUS
protein in the western blot protrayed in Figure 12 (10)7 The
northern blot in Figure 13 (fig. 1l1) indicates that the RNA is
degraded to a fair degree in the control lane 4 (GUS positive
plant) . An additional positive control would confirm that
undegreded RNA is indeed present in lanes 1-3. This could be
demonstrated by probing with a gene that is known to be expressed
in the seed. Alternatively, data should be provided that
substantiates the claim that "GUS activity was absent” in the
transgenic soybean lines (page 23).
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DuPont Agricultural Products
Walker's Mill, Bariey Mill Ptaza
P.0. Box 80038

’ Wiimington, DE 19880-0038
January 7, 1997

DuPont Agricultural Products

Mr. Michael A. Lidsky, J.D., LLM
Deputy Director, Biotechnology
Coordination and Technical Assistance
BBEP, APHIS, USDA

4700 River Road

Riverdale, MD 20737

JAN -8 I997

Dear Mr. Lidsky:

Petition for Determination of Nonregulat atus:
High Oleic Acid Transgenic Soybean Sublines G94-1, G-94-19 and G-168 derived
from Transformation Event 260-05

DuPont Agricultural Products submits this petition under 7 CFR 340.6 to

request that sublines G94-1, G-94-19 and G-168 derived from transformation event

- 260-05 wherein the only introduced trait gene is the GmFad2-1 gene which is causing
a coordinate silencing of itself and endogenous GmFad2-1 gene thereby producing a
soybean oil with an oleic acid level exceeding 80%, and all progenies derived from
crosses between these sublines and traditional soybean varieties, and any progeny
derived from crosses of these sublines with transgenic soybean varieties that have
also received a determination of nonregulated status, no longer be considered
regulated articles under 7 CFR Part 340. These sublines will be referred to in this
petition as high oleic acid transgenic soybeans.

We are submitting ten copies of the petition, which is a revised and modified
version of the petition submitted last November. References were sent with the
earlier version. Included also is a diskette with the text of the petition in Word

Perfect 6.1. If you need additional copies or any other information, please call me at
(302) 992-6158. -

Sincerely,

-

- AN
D i L/»// ZLC/-7

Edward W. Raleigh, Ph.D.
Manager
Biotechnology Regulatory Affairs

e i &z i f



PETITION FOR DETERMINATION OF
NONREGULATED STATUS

HIGH OLEIC ACID TRANSGENIC SOYBEAN
SUBLINES DERIVED FROM |
TRANSFORMATION EVENT 260-05

Prepared for the Animal and Plant Health Inspection Service
by

g s w TR

DuPont Agricultural Products
January, 1997




Title Page

Petition for Determination of Nonregulated Status:

APHIS Exemption Petition
Pagel

High Oleic Acid Transgenic Soybeans Sublines G94-1, G94-19 and G-168 Derived from

Transformation Event 260-05
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Certification

The undersigned certifies, that to the best knowledge and belief of the
undersigned, this petition includes all information and views on which to base a
determination, and that it includes relevant data and information known to the petitioner
which are unfavorable to the petition.

‘Ed‘ward W. Ralelgh / Date
Manager, Biotechnology Regulatory Affairs

DuPont Agricultural Products
Barley Mill Plaza

Walker's Mill 2-172
Wilmington, DE 19880-0038
Telephone: (302) 992-6158
Fax: (302) 892-1581



APHIS Exemption Petition

Page 3
Table of Contents
TIIE PAGE oottt ss s sessasssssessse s s st se s e n s st 1
CertifiCatiON ..ccoeecveicrircerntiiciintnn ettt seseseassesssnsessesssnssssesssssnssnsassassssssnsassssees 2
Table of Contents.........coeeeveereeerrenunernsernessnenees ceenesesnenensnnssssssasnensasasanasss 3
LiSt Of FIGUIES....cuvteereectieeieetiecec st nassses st nessen s assssassssassasaanssssssssasnanassenes 6
I.  Introduction........... etteseeteseeseie et b st s as ettt s a s s b e R b e RS sa e R SR b S SR e e e s R e en e 7
II. Rationale for the Development of High Ole1c , '
Acid Transgenic SOYDEANS ........coevrereriennsisiinsnsensesesessesessssssssensnssssansnsisssesens 10
OI. The Soybean Family...........cccocevermvrerennnnee. ceresesseseresenenasasaetsasasasasaaes 12
A. Brief History of the Soybean.........cuecnnennennicncnnnssennesniscssnennes 12
B. Taxonomy of the Genus Glycine.........eeerevnereevecseennccescnctennannn 12
C. Pollination Of SOYDANS .......cccecirmireruniininnnracsnsissnsesesssnseenensscacnesenssessasacs 12
D. Potential fOr OUCIOSSING ...cucerveierrereesersrsnsssesesssssssssesescsssssssasasssenens .13
E. Weediness Potential........ccccoeorniieersenncesinnsensesinsnesenesnssenssenssnssesesesnnnes 13
F.  Description of the Nonmodified Recipient Plant .....cccccoeeueueereuennnnnene. 13
IV. Biochemistry of High Oleic Acid Transgenic Soybeans ..........ceceecvuvernvannee. 14
A. The GmFad 2-1 GeMNE ......cevecerereecenseresanicsessenssesissrsnssesmsssssssssassessasaessssases 14
V. The Transformation and Vector System .........ceceereeerisseenenersrnnssenessesssnsnsnannes. 16
A. Plasmid pB543 Containing the GmFad 2-1 Gene .........cecuvecuvverseruiraees 16
B. Co-bombarded Construct pML102.......ccvievirmnircnnencniinsnencnisinssenenenens 17
VI. Genetic, Molecular and Biochemical Analysis of 260-05 and Sublines........ 20
A. Selection Process for Sublines Homozygous for Silencing
LOCUS A oeetstctssiescescsvesensisssesesssssnsssssssssssasssssasssssssasassssssssass 20
1. Southern and Northern Analyses ..........cocoevieeerercsenserersenscrensisiesenes 20
B. B-Glucuronidase Gene not EXpressed..........cccoeevmersiesnerienennerersninesennsens 23
C. B-Lactamase Gene not EXpressed..........ccouirinmimsissensincnrescscsensnssnsssanss 24
VII. Sublines of 260-05 Selected for Field TeSting.......ce.ceeeeesmrercunersnrnisenensissneacnens 26
VIII. Description of Phenotype.......niisessensissssens 27
A. Fatty Acid Profile........erctentencnrctsns e 27
B. Stability of the Fatty Acid Phenotype.....cc.cceuremrueenusincncnensicnrsniincnnns 27
IX. Compositional Analyses of High Oleic Acid Transgenic Soybeans............ 29
A. Proximate ANalyses........ieeccsriinisisnniniininniesssiseisessemissssssssssseses 29
B. Amino Acid COMPOSItION ....couveerireeciierenntcestnsnsesnisessesessasaines 31
C. Fatty Acid COMPOSIHON ....ccevruininiiriincctsisientenssesnsessesessssssssssssennans 35
D. Identification of A Non-Methylene Interrupted Diene ........................ 37
E. Antinutriional FActors .........iiscinisnsinininnscecnisencsecusnsessecscussssns 41
F.  ISOfIaVORNES......ouiieriitcirniticicsitinnsesesiseseniasssesssssssssassessasasessassens 43
G. Storage Proteins - Changes in the Ratio of $-Conglycinin to
GIYCIMUN et cteteicrenieniiscsnsniasscssessassssssssessssssissssssiasasssnsssssssssssssssasssses 45

X. Improved Oxidative Stability of High Oleic Acid Transgenic Soybeans.... 48




APHIS Exemption Petition

Table of Contents (continued)

XI. Agronomic Performance of High Oleic Acid Transgenic Soybeans............ 52
A. Field Tests of Subline G94-1, G94-19 and G168 .....cc.ceceeuevrvcrurcunrrneenennne 52
B. Agronomic Characteristics.... cesrsresstsnensnenenenessanessssasasenas 52
C. Disease and Pest CharacteriStiCs .......ecsueresessrersssessersssssesassaessssssassensnnnes 52

XI. Environmental Consequences fo the Noncontained Use of High Oleic

Acid Transgenic Soybean Sublines G94-1, G94-19 and G168 ..o.cc.cvccrvrree. 53

XIII. Statement of Grounds Unfavorable...
XIV. References.........coeceueunvecneces veseseseressenenseressssnesnanessanes 55
XV. Appendices........cumeuerrecncecrcrcncsensanascns

A.  Appendix 1: Allergenicity of High Oleic Acid Transgenic Soybeans

B.  Appendix 2: Field Test Reports

Page 4




- APHIS Exemption Petition

Page 5
List of Figures

Figure 1: Fatty Acid Biosynthesis in Developing Soybeans.......ccccceceueeuuu......... 14
Figure 2: Northern blots of endogenous GmFad 2-1 and GmFad 2-2 genes in

SOYDEAN HISSUES ....ecueremiensirnrininirennsisisssnsessssssssssesssssnsssssesssstssnscsisssnnssnsssenansnnansne 15
Figure 3: Soybean Transformation vector pBS43... veresssassesnsensnanssesesessesios 10
Figure 4: Plant Expression Vector pML102 .....ccccovuvieencnsessnscsnmsnssscsascans R— 18
Figure 5: Intended high lysine, reduced polyunsaturates soybean..................... 19
Figure 6: Southern blot of genomic DNA, digested with Bam HI, from leaves

of plants grown from R1 seeds of Line 260-05 .......ccccceecetaeuccrssesereuscnsnssnnnnnn. 20
Figure 7: Southerns of seeds with or without dapA .......ccevcvvicnnnscnscnnnnnnnnnne. 21
Figure 8: Southern blot: DNA digested with Hind IIl and probed with

GINFAA 21 ettt esesesessasasssessasssassssssassssssnsnssssssasssassnsnssassnsens 21
Figure 9: Northern blot probed with dapA showmg expression of dapA

mRNA in R1 seeds G94 and G175 but not G168.......cccoevuececnniuscscecccsunnnnnnnn. 22
Figure 10: Southern blots of genomic DNA digested with Bam HI from R1,

R2 & R4 G94 plants. Elite soybean line A2396 is marked as “wt” in this

BIBUIE.  coeerttnnrteceetiascsssssssesessssssesssssssnsssassssensansnsassssssessssasasese 22
Figure 11: Northern analysis of GmFad 2-1 RNA in control (A2396) and

traNSGENIC LINES ..ccveveueuceericrecictisiictnsecaecsesassnsssisassnssssessasessssssssssessasssssessasesesses 23
Figure 12: Western blot of GUS protein in seeds of G168, G94-1, G94-19 and a

positive CONtrol plant ... 23
Figure 13: Northern analysis of RNA from seeds of G168, G94-1, G94-19 and a

positive CONtrol plant ... 24
Figure 14: Northern analysis of B-lactamase expression in E. coli cells

containing plasmid pBS43 (Control), elite soybeans (A2396) and

transgenic (G94, G94-1 G168) SOYDEANS .......ccceeeuererserstsssersesssarssessnnssenssanesinns 24
Figure 15: B-lactamase activity in elite and transgenic soybeans and in E. coli

transformed with pBS43........iieenccnenesee e 25
Figure 16: Stability of R1 (R0:1) through R4 (R3:4) phenotypes in the field....... 28
Figure 17: Oleic acid content of high oleic transgenic soybeans grown at

several 10cations in 1995 ........uiuiericesinmsenisisisninesssnensssenss e sassssssssasesase 28
Figure 18. Protein content of high oleic and control ............................................... 29
Figure 19. Crude Oil content of high oleic and control ......ceccueeeeeueeeeeereccuccecanees 30
Figure 20. Carbohydrate content of high oleic and control...............ccvrueununnncee. 30
Figure 21. Crude Fiber content of high oleic and control..........ccceueevrrennnunnncne.... 30
Figure 22. Ash content of high oleic and control.........coueevenveieecnnnennnenecneene 30
Figure 23 - 39. Amino acid analyses of high oleic and control ............................. 31-35
Figure 40 - 45. Fatty acid analyses of high oleic and control ..........cceuueuuueee.ee. 35-37
Figure 41. Stearic Acid content of high oleic and control vererersnnssstssasasaentae 36 -
Figure 42. Oleic Acid content of high oleic and control ..........cccccvueeeuevennncninnnee. 36
Figure 43. Linoleic Acid content of high oleic and control..........cccewuveeuencuuencnnce. 36
Figure 44. Linolenic Acid content of high oleic and control..............cueuuue..... 36



- APHIS Exemption Petition
Page 6

List of Figures (continued)

Figure 45. 9,15 Linoleic Acid content of high oleic and control...........c................ 37
Figure 46: GC of Fatty Acid Methyl esters from elite (A2396) and transgenic
(G94-1) soybeans.................. eeeesresressusisanassassassnsans .37
Figure 47: GC of fatty acids methyl esters derived from a fatty acid fraction
purified by RP-HPLC..........cccceuereecee ST 38
Figure 48: GCMS of 18:2-Peak B shown in Figure 2............. srerssenensessennansnsaesesasaes 38
Figure 49: Addition of Double Bonds to Oleic Acid .......cccoumrisererenenrsnrssnrneneacannennns 39

_Figure 50: Fatty acid composition of A2396 (CONTROL), G94-1 (FAD 2TS)
and G94-1 crossed with GmFad3 antisense (FAD 2S x FAD 3AS) plants... 39
Figure 51: Relative fatty acid content of three soy oils determined by GC of

fatty acid methyl esters........... 40
Figure 52: Complete fatty acid analysis of soybean oil from elite (A2396) and

high oleic transgenic soybeans .. 41
Figure 53. % Phytic Acid (dry weight basis) in high oleic and control................ 42
Figure 54. Trypsin Inhibitor Activity in high oleic and control .42
Figure 55. Stachyose content of high oleic and control........... . 42
Figure 56. Raffinose content of high oleic and control.........cccceeemmnversernenncnneee. 43
Figure 57. Total Daidzein in high oleic and control.........ccceeeverreresensrsnnnrenncncrennc. 44
Figure 58. Total Genistein in high oleic and control ..........cccceveuvneneneneesncnnes 44
Figure 59. Total Glycitein in high oleic and control ..........cccceveeueeneeencnsesnencnne 4
Figure 60: SDS Gel electrophoresis of total proteins from transgenic (G94) and

elite (Wt) SOYDEAN lINES ......u.ucuiviinrcnctiiirisitinscicninesessisnessassanesssesisssenssess 46
Figure 61: Western blot of total soybean proteins from transgenic (G94) and

elite (wt) soybean lines using anti- B-conglycinin antibodies....................... 46
Figure 62: Western blot of total soybean proteins from transgenic (G94) and

elite (wt) soybean lines using anti-glycinin antibodies...........ccccouvurecrucunne 47
Figure 63: Western blot of glycinin A2B1A precursor from transgenic (G94)

and elite (A2396) soybean lines using anti-glycinin antibodjies ................... 47
Figure 64. AOM induction time of high oleic and control soybean oil................ 49
Figure 65. AOM induction time for high oleic soybean and other natural high

SEADILIEY O1LS ...ecvnieeiirerciiccinienrccnsnsenaesesesesssssassessasnsnsasasssssssssssasassanenssasasasssses 49
Figure 66. AOM induction times for high oleic soybean oil and hydrogenated

or additive-enhanced SOYbDean Oils .........ccuiveriririsnersinecsinnnsecsnsnsninissesecnssenns 50
Figure 67. Fatty Acid composition Of test OilS........ceecuerimrmrrrunnnnnsennessissncueaesasenes 50

Figure 68. Analytical and content data of test 0ils ........ccoeveremrrccreccsrnecnnnee. 51



APHIS Exemption Petition
Page7

l. Introduction

DuPont Agricultural Products is submitting a Petition for Determination of Nonregulated
Status to the Animal and Plant Health Inspection Service (APHIS) for high oleic acid
transgenic soybeans derived from transformation event 260-05 which are homazygous for a .
GmFad 2-1 cDNA in the sense orientation and devoid of a high lysine gene which was
concomitantly introduced into meristems of Asgrow Seed Company elite soybean line
A2396 by particle bombardment, but was lost via segregation prior to field testing of the
sublines which are designated as high oleic acid transgenic soybeans. All of these sublines
are isogenic, have an identical phenotype, and consistently produce an oil with a relative

abundance of oleic acid exceeding 80%, versus approximately 24% found in conventional
soybean oil.

DuPont Agricultural Products requests a determination from APHIS that sublines G94-1,
G94-19 and G168, derived from transformation event 260-05, wherein the only introduced
trait gene is the GmFad 2-1 gene which is causing a coordinate silencing of itself and
endogenous GmFad 2-1 thereby producing a soybean oil with an oleic acid level exceeding
80%, and any progeny derived from crosses of these sublines with traditional soybean
varieties or crosses with transgenic soybean varieties that also have received a
determination of nonregulated status, no longer be considered regulated articles under
7 CFR Part 340. Sublines G94-1, G94-19 and G168 are considered regulated articles because

they contain sequences from the plant pests Agrobacterium tumefaciens and cauliflower
mosaic virus (CaMV).

The sublines G94-1, G94-19 and G168 are homozygous for a GmFad 2-1 cDNA in the sense
orientation under the control of a seed-specific promoter. In developing soybeans, the

second double bond is added to oleic acid in the §-12 (n-6) position by a §-12 desaturase,
encoded by the GmFad 2-1 gene. A second Fad2 gene (GmFad 2-2) is expressed in all
tissues of the soybean plant. Suppression of the GmFad 2-1 gene in developing soybeans

prevents the addition of a second double bond to oleic acid, resulting in greatly increased
oleic acid content only in the seed.

To produce the RO original transfcrmant, two constructs were introduced into meristems of
an elite soybean line by particle bombardment. One of the constructs contained the GmFad
2-1 sense cDNA, the other a dapA gene, expression of which leads to an increase in the free
lysine content (Falco et al., 1995). The GmFad 2-1 construct contained the B-glucuronidase
(GUS) gene with a 355 CaMV promoter, for plant selection, and both constructs contained

the B-lactamase (Amp) gene with a bacterial promoter, used for selection when the
construct is in bacterial cells.

The original RO transformant contained inserts at two loci. At one locus (locus A) the
GmFad 2-1 construct was causing a suppression of the endogenous GmFad 2-1 gene,
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resulting in an oleic content of greater than 80%. At locus B, GmFad 2-1 was over
expressing, resulting in a decrease of oleic content to approximately 4%. The dapA gene
was only integrated at locus B. In subsequent generations, segregation led to the isolation
of isogenic lines homozygous for locus A, lacking locus B, and consistently producing a
soybean with a relative abundance of oleic acid above 80% of the total fatty acids. Tests

indicated that the B-lactamase gene was not expressed, as expected. The GUS gene at locus

A is also silent, and therefore no B-glucuronidase is present in high oleic acid transgenic
soybeans. R " :

Other changes in the oil from high oleic acid transgenic soybeans versus the parent elite
line include very low abundance of linoleic acid, approximately 1%, and significantly lower
linolenic and palmitic acid contents when compared with the parent elite. Trace amounts
(<1%) of a linoleic acid isomer were also detected. While absent from non-hydrogenated
soybean oil, this positional isomer is present at ranges from 0.02% to 5.4% of the total fatty

acids of butterfat, beef and mutton tallow, partially hydrogenated vegetable oils, human
milk and mango pulp.

In the high oleic soybeans the concentration of B-conglycinin a and ' subunits has been
reduced and replaced with glycinin subunits. This was a result of silencing of the o and

o' subunit genes mediated by the a' promoter sequence used in the GmFad 2-1 vector. It is
anticipated that increasing the content of glycinin (11S) subunits and decreasing the content

of B-conglycinin (7S) subunits will improve the functionality of soy proteins in various
foods (Kitamura, 1995). ’

High oleic acid transgenic soybeans were also analyzed for total protein, oil, and
carbohydrate content, crude fiber, ash, individual amino acids, phytic acid, trypsin
inhibitor, stachyose, raffinose, and the isoflavones daidzein, genistein and glycitein. In
addition the allergenicity potential of transgenic soybeans was evaluated. The abundance

of the various components and the allergenicity potential of transgenic soybeans were the
same as for the elite parent soybean.

High oleic acid transgenic soybeans will provide soybean farmers, vegetable oil producers,
food companies, food frying operations, and ultimately the individual consumer with a
soybean oil containing a higher percentage of oleic acid and a lower percentage of
saturated fatty acids than olive oil, and without the instability problems normally
encountered with typical soybean oil. This superior more heat stable soybean oil may be
used in food frying and baking operations without the need for an additional processing
step, chemical hydrogenation. In many food applications, the high oleic soybean oil will
likely be preferred over conventional soybean oil or partially hydrogenated soybean oil
because of its natural stability and favorable fatty acid profile.

Sublines G94-1, G94-19 and G168 have been field tested since 1995 under APHIS
notifications, by DuPont Agricultural Products and Asgrow Seed Company, over four
generations, in the United States and Puerto Rico. These field tests have been carried out at
approximately 25 sites under APHIS notifications 95-088-08N, 95-107-08N, 95-257-10N,
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96-071-18N and 96-115-02N (see Appendix 2). A field test was also carried out in Chile in
the winter of 95/96.

Data collected from these field tests, from laboratory analyses of soybeans grown in
contained facilities and in field tests, and from literature references, demonstrate that
sublines G94-1, G94-19 and G168 exhibit no plant pathogenic properties; 2) are no more
likely to become a weed than non-modified soybean; 3) are unlikely to increase the
weediness potential of any other cultivated plant or native wild species; 4) do not cause
damage to processed agricultural commodities; and 5) are unlikely to harm other -
organisms that are beneficial to agriculture. DuPont Agricultural Products requests a
determination from APHIS that sublines G94-1, G94-19 and G168, and any progeny derived
from crosses of such sublines with traditional soybean varieties or with transgenic soybean
varieties that have also received a determination of nonregulated status, no longer be
considered regulated articles under 7CFR Part 340.
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Il Rationale for the Development of High Oleic Acid Transgenic Soybeans

' Soybean oil is currently the predominant plant oil in the world, and is used in a wide
variety of food applications. Untreated, commodity soybean oil is rich in polyunsaturated
fatty acids, which are oxidatively unstable, making it unusable for most of these
apphcauons (Frankel, 1982). Thus it is necessary to reduce the concentration of the fatty
acids causing the stabmty problems (Smith, 1981; Kinney, 1994). . '

A chemical solution to enhance stability is selective hydrogenahon a process which leads
to a soybean oil more suitable for food frying operations or for use in baked products
(Woerfel, 1995). Selective hydrogenation of soybean oil greatly decreases the content of
polyunsaturated fatty acids, mainly linoleic (18:2) and linolenic (18:3), increases the relative
abundance of monounsaturated oleic acid (18:1) while also producing substantial quantities
of the trans isomer of oleic acid and other trans isomers (Koritala & Dutton, 1969; Popescu
et. at., 1969). These isomers can constitute up to 40% of the total fatty acid content of
commercially prepared foods such as prefried, frozen french fries (Sebedio et. al., 1994;
Fernanez San Juan, 1995). Selective hydrogenation also increases the relative abundance of
stearic acid (Popescu et. at., 1969; see also Section X, Figure 67).

Epidemiological and metabolic studies during the past few decades have indicated that the
consumption of different types of fatty acids can affect the ratios of low-density
lipoproteins (LDL) to high density lipoproteins (HDL) in the blood plasma (Spady et. al.
1993). The concentration of cholesterol in the LDL fraction of plasma is considered to be
one of the major risk factors for coronary heart disease (Wollett & Dietschy, 1994).

Extensive studies have linked the consumption of saturated fats by animals and humans to
coronary heart disease (McNamara, 1992; Allison et. al., 1995). This is presumably since
they increase the plasma concentration of total and LDL-cholesterol and/or reduce the
concentration of beneficial HDL-cholesterol (McNamara, 1992; Spady et. al. 1993; Katan et.
al, 1995b). Not all saturated fatty acids have a similar effect on plasma lipoproteins
however. For example, most studies report that stearic acid (18:0) has a neutral effect on
the plasma concentration of LDL-cholesterol whereas palmitic acid (16:0), myristic acid
(14:0) and lauric acid (12:0) appear to increase plasma LDL-cholesterol (Mensink et. al.,
1994; Woollett & Dietschy, 1994; Ascherio & Welt, 1995). There are some reports, however,

which correlate stearic acid with heart disease, possibly mediated by factors other than
plasma LDL-cholesterol (Raloff, 1996).

Consumption of trans fatty acids by humans has also been linked to unfavorable plasma
lipoprotein profiles and coronary heart disease (Mensink & Katan, 1990; Mensink et. al.,
1994; Ascherio & Welt, 1995, Katan et. al., 1995a ). Unfortunately, the data for trans fatty
acids are even more equivocal than those for stearic acid, possibly because of the
difficulties involved in quantifying trans fatty acid intake (Allison et. al., 1995) or because
of the effects of interactions of trans fatty acids with dietary cholesterol or polyunsaturated
fatty acids (Dictenberg et. al., 1995; Bolton-Smith et. al., 1996).
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There are numerous studies which demonstrate that dietary unsaturated fatty acids are at
the very least benign and most report that both mono- and polyunsaturates have the
beneficial effect of reducing plasma LDL-cholesterol concentration (McNamara, 1992;
Woollett & Dietschy, 1994; Gardner & Kraemer, 1995; Katan et. al., 1995b).

Thus there is now wide consensus that substituting harmful saturated fats with
unsaturated oils is desirable (American Society of Clinical Nutrition, 1996). If this can be
done without introducing trans fatty acids or increased amounts stearic acid into the diet,
then the unresolved issues surrounding their consumption become less of a concern.

Utilizing the GmFad 2-1 gene, which encodes the enzyme responsible for adding another
double bond onto oleic acid in developing soybean seeds (Heppard et. al., 1995), and gene
silencing technology (Napoli et. al. 1990), DuPont has developed a soybean with a more
stable oil containing 82-85% oleic acid, a greatly reduced concentration of polyunsaturated
fatty acids, and a lower palmitic acid content. The stearic acid content of this oil is less than

4%. The increased stability obviates the need for an additional chemical hydrogenation
processing step.

Consumption of foods (such as chicken, fish, french fries, potato chips, corn chips, donuts
or bakery products) cooked in high oleic soybean oil instead of hydrogenated vegetable oil
would significantly decrease a person's daily intake of trans fatty acids. Most likely the
high oleic soybean oil also would be preferred over animal-derived cooking fats, such as
lard, which contain greater amounts of saturated fatty acids as well as cholesterol.

Conventional breeding techniques (mutational breeding) have been used to produce
soybean plants with an elevated oleic acid content (Kinney, 1994). However the
environmental instability of the high oleic phenotype is a major drawback of these plants.
A typical high oleic soybean produced by conventional techniques, such as DuPont's
HO7-9, yields an oil with widely variable oleic acid content (35-55% of total fatty acids).
The high oleic transgenic soybeans yield an oil with oleic acid consistently in the 82-85%

range, irrespective of the locality or weather conditions. Of all high oleic soybean lines, the
transgenic soybean is clearly superior.
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liL. The Soybean Family
A. Brief History of the Soybean

Soybeans were first domesticated in China about three thousand years ago and were
first introduced into the United States in 1765 (Hymowitz and Harlan, 1982). The
principal use of soybeans in the United States until well into the twentieth century was
as a forage crop or as hay or silage. In the early days of the twentieth century, the use
of soybean as an oilseed increased interest in soybeans in the United States. In 1915, oil
from U.S. grown soybeans was first produced in U.S. oil mills, but even in the 1920s and
1930s, most planted soybean acres were used for forage. In the 1920s, soybean meal
became an accepted ingredient for use in animal feeds. The increase in demand for
cooking and salad oils and for red meat during World War II and immediately
thereafter lead to a rapid expansion in soybean production (Smith and Huyser, 1987).
By 1940, the United States had become a net exporter of soybeans and soybean
products. Today soybeans are grown in over 29 states, and soybeans are the second
largest crop in terms of cash sales, with half of the grain going into the export market.
The European Union collectively represents the largest market for U.S. soybeans with
Japan being the number one import country (American Soybean Association, 1995).

Soybean oil is the dominant edible vegetable oil in the world, and soybean meal is the
dominant supply of high-protein livestock feed supplements (Lackey).

B. Taxonomy of the Genus Glycine

The genus Glycine is divided into two subgenera, Glycine and Soja. The first comprises
perennial species mainly from Australia, the second comprises three annual species
from Asia, namely Glycine max, which is the cultivated soybean, Glycine soja Sieb. &
Zucc., the wild form of soybean, and Glycine gracilis Skvortz, the weedy form of
soybeans. The latter two, i.e. the wild and weedy forms of soybeans grow naturally
only in Asia and Australia and associated regions; in the United States they are only
found at certain universities and specialized research stations. (Lackey)-

C. Pollination of Soybeans

Soybean anthers shed their pollen directly onto the stigma of the same flower and
soybeans are almost completely self pollinated. Natural crossing ranges from less than
0.5 to about 1% (Carlson and Lersten, 1987). Certified Seed Regulations (7CFR 201.67 -
291.78), reflecting this low potential for cross-pollination, allow foundation seed to be

grown adjacent to other soybean cultivars, as long as the distance is adequate to prevent
mechanical mixing of the harvested seeds.
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D. Potential for Outcrossing

In the continental United States there are no relatives of cultivated soybean. The only
wild species that are sexually compatible with Glycine max are members of the genus
Glycine. Intersubgeneric hybrids between Glycine max and the subgenus Glycine
species have been obtained only via in vitro seed culture techmques and the hybnds
obtained have generally been sterile (USDA-APHIS, 1994).

Interspecific crosses between the annuals G. max and G. soja in subgenus Soja can be
easily made. The latter species is found in China, Korea, Japan, Taiwan, and the former
USSR. However even in those situations where some G. soya were to be found growing
near cultivated soybeans, the flower development and pollination characteristics of
G. max would lead to a high percentage of self-pollination (USDA-APHIS, 1994).

E. Weediness Potential

The previously cited APHIS environmental assessment notes that G. max does not
show any especially weedy characteristics, the genus Glycine shows no particular
aggressive weedy tendencies, and that there are no indications in standard tests and
lists of weeds that cultivated soybeans are regarded as weeds. Glycine soya is listed as
a common weed in Japan by Holm et al (1979), but is not considered as a harmful weed
on cultivated lands, pastures and meadows (Kasahara, 1982; Nemoto, 1982)

F. Description of the Nonmodified Recipient Plant

A2396 is an Asgrow Seed Company early Group II maturity soybean variety that has high
yield potential. A2396 is well adapted to areas of the upper midwest including Nebraska,
Iowa, Wisconsin, Illinois, and Indiana. Protein and oil characteristics are similar to other
soybeans at 40% protein and 22% oil on a dry weight basis (recorded for 1996). It has an
indeterminate plant type with ovate shaped leaves, gray pubescence, purple flowers, and a
brown pod wall color. The seed have imperfect black hila and dull seed coats.
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V. Biochemistry of High Oleic Acid Transgenic Soybeans
A. The GmFad 2-1 Gene

The synthesis of polyunsaturated fatty acids in developing oilseeds is catalyzed by two
membrane associated desaturases which sequentially add a second and third double bond
to oleic acid, a monounsaturated fatty acid (Kinney, 1994). The second double bond is
added at the §-12 (n-6 ) position by a 8-12 desaturase, encoded by the GmFad 2-1 gene
(Okuley et al 1994, Heppard et al 1996) (see Figure 1). The third double bond is added at .

the n-3 (§-15) position by a n-3 desaturase, encoded by the GmFad 3 gene (Yadav et al
1993):

CYTOPLASM |

6:0-CoA . .
C18:3-CoA  C18:2-CoA ‘ ‘-‘T;Un-cn
2 TRIACYLGLYCEROL /
ENDOPLASMIC . \ om-  Feds  NF “rez P —on
RETICULUM -~ a0 — "‘"°'E

Figure 1: Fatty Acid Biosynthesis in Developing Soybeans

In soybean (Glycine max ) there are two Fad 2 genes, one of which (GmFad 2-1) is expressed
only in the developing seed (Heppard et al 1996). The expression of this gene increases
during the period of oil deposition, starting around 19 days after flowering (DAF), and its
gene product is responsible for the synthesis of the polyunsaturated fatty acids found in
soybean oil. The other gene (GmFad 2-2) is expressed in the seed, leaf (L), root (R) and
stem (St) of the soy plant at a constant level and is the "housekeeping” §-12 desaturase gene.
The Fad 2-2 gene product is responsible for the synthesis of polyunsaturated fatty acids for
cell membranes. Figure 2 demonstrates that the Fad 2-2 gene is expressed, ie. produces
mRNA, in various parts of the plant, while Fad 2-1 is only expressed in the seed.
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Figure 2: Northern blots of endogenous GmFad 2-1 and
GmPFad 2-2 genes in soybean tissues

We cloned cDNAs corresponding to both the GmFad 2-1 and the GmFad 2-2 genes using a
cDNA library made from developing soybeans. A 1.46 kb fragment of cDNA,
corresponding to 100% of the open reading frame of the GmFad 2-1 cDNA, was used in an
attempt to suppress the endogenous GmFad 2-1 gene.
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V. The Transformation and Vector System
A. Plasmid pB543 Containing the GmFad 2-1 Gene

The plasmid used for soybean transformation, pBS43, (see Figure 3), contains 3 gene
expression cassettes, each of which in turn contains one or more modules. Together each
cassette thus contains a regulatory segment (commonly called a promoter) responsible for
directing expression in the desired cell type at the desired developmental stage, the coding

sequence for the protein involved, and a termination region to ensure correct completion of
the transcription process:

Figure 3: Soybean Transformation vector pBS43

The GmFad 2-1 gene was placed under the control of a strong, seed-specific promoter
derived from the o'-subunit of the Glycine max g-conglycinin gene. This promoter allows
high level, seed specific expression of the trait gene. It spans the 606 bp upstream of the
start codon of the o' subunit of the soybean (Glycine max ) B-congylcinin storage protein.
The B-conglycinin promoter sequence represents an allele of the published 8-conglycinin
gene (Doyle et al., 1986) having differences at 27 nucleotide positions. It has been shown to

maintain seed specific expression patterns in transgenic plants (Barker et al., 1988; Beachy
et al., 1985). ‘

The reading frame was terminated with a 3' fragment from the phaseolin gene of green
bean (Phaseolus vulgaris) This is a 1174 bp stretch of sequences 3' of the Phaseolus vulgaris
phaseolin gene stop codon (originated from clone described in Doyle et al., 1986). Such
sequences ensure appropriate termination of transcription. Note that the restriction
enzyme Hind III will cut either side of the GmFad 2-1 complete transcriptional unit,
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whereas the restriction enzyme Bam HI will cut only once, outside of the complete
transcriptional unit.

The GmFad 2-1 open reading frame (ORF) was in a sense orientation with respect to the
promoter. The intention was to create a coordinate gene silencing of the sense GmFad
2-1 cDNA and the endogenous GmFad 2-1 gene. This phenomenon, known as “sense
suppression” is reported to be an effective method for deliberately turning off genes in
plants and is described in US patent 5034323. The method has been successfully. used by
the DNAP Company to produce tomatoes with increased ripening time. These tomatoes
were described in a data package submitted to the Animal and Plant Health Inspection
Service in August, 1994, and were exempted from APHIS oversight in January, 1995. -

For maintenance and replication of the plasmid in E. coli the GmFad 2-1 transcriptional
unit described above was cloned into plasmid pGEM-9z(-) (Promega Biotech, Madison WI,
USA). This is a basic ampicillin resistance plasmid derived from pBR322. This plasmid
contains the complete B -lactamase gene (Sutcliffe, 1979) for bacterial selection on the
antibiotic ampicillin. This prokaryotic gene allows selection of transformed E. coli during
laboratory recombinant DNA steps and is not expressed in the transformed plants. It
contains its own E. coli regulatory sequences.

For identification of transformed soybean plants the g-glucuronidase gene (GUS) from E.
coli. was used. The cassette used consisted of the three modules; the Cauliflower Mosaic
Virus 355 promoter, the p-giucuronidase gene (GUS) from E. coli. and a 0.77 kb DNA
fragment containing the gene terminator from the nopaline synthase (NOS) gene of the Ti-
plasmid of Agrobacterium tumefaciens. The 35S promoter is a 1.4 kb promoter region from
CaMV for constitutive gene expression in most plant tissues (Odell et al., 1985), the GUS
gene a 1.85 kb fragment encoding the enzyme B-glucuronidase (Jefferson et al., 1986) and
the NOS terminator a portion of the 3' end of the nopaline synthase coding region (Fraley et
al., 1983). The NOS terminator does not encode the entire protein nor any start signals for

transcription or translation of the gene; it is only used to terminate transcription of the
selectable marker gene.

The CaMV sequence and the NOS sequence, as used in soybeans derived from
transformation event 260-05, do not cause the soybeans to become a plant pests.

B. Co-bombarded Construct pML102

The GmFad 2-1 construct (pBS43) was transformed into meristems of the elite soybean line
A2396, by the method of particle bombardment (Christou et al., 1990). The meristems were
co-bombarded with a construct, pMLI02, containing a Corynebacterium gene encoding the
enzyme dihydrodipicolinic acid synthase or dapA gene. This Corynebacterium gene was not
present in plants with the high oleic acid phenotype (82-85% oleic) which were selected for
field testing, as described in Section VI. The plasmid pML102 contains two gene expression
cassettes (see Figure 4). The first cassette encodes the B-lactamase gene for bacterial
transformation selection on ampicillin, as described above for pBS43. Expression of the
high lysine phenotype is encoded by a seed specific gene expression cassette. The soybean




APHIS Exemption Petition
Page 18

Kunitz trypsin inhibitor 3 (KTi3) promoter allows high level seed expression of the dapA
gene.

The promoter spans the 2.0 kb up-stream of the start codon of the KTi3 open reading frame
(Jofuku & Goldberg, 1989). No portions of the coding sequence of Kunitz trypsin inhibitor
are present. Expression of KTi3 has been shown to occur at high levels in soybean seed and
to turn on early during embryogenesis (Perez-Grau & Goldberg, 1989).

A chloroplast transit peptide sequence from the small subunit of ribulose bisphosphate
carboxylase of soybean was cloned onto the 5' end of the dapA gene (Berry-Lowe et al.
1982). This 170 bp fragment encodes a plant chloroplast transit peptide that will direct the
protein into the chloroplast where lysine biosynthesis is carried out. In pML102 the transit
peptide sequence was cloned onto the dapA gene to make a translational fusion.

promoter

pML102

Figure 4: Plant Expression Vector pML102

The Corynebacterium dapA gene encodes the enzyme dihydrodipicolinic acid synthase
(DHDPS) (Bonnassie et al., 1990; Yeh et al., 1988). This enzyme catalyzes the condensation
of aspartyl B-semialdehyde with pyruvate and is the first reaction committed to lysine
biosynthesis. In plants DHDPS is feedback inhibited by lysine and serves as the major
regulator of the lysine branch of the aspartate family biosynthetic pathway. The
Corynebactertum DHDPS is insensitive to feedback inhibition by lysine and expression of

this enzyme in soybean seeds de-regulates the pathway (Falco et al., 1995) resulting in
accumulation of free lysine (non protein bound lysine).

The soybean KTi3 transcriptional terminator, a 250 bp stretch of sequences 3' of the

KTi3 gene stop codon (Jofuku & Goldberg, 1989) was used to ensure appropriate
termination of transcription.

Expression of the dapA gene in soybeans and canola resuits in an increase in the free lysine
content of the meal by up to five times (Falco et al., 1995). The intention was to produce
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transgenic soybeans with increased lysine in their meal fraction and reduced
polyunsaturates in their oil fraction (see Figure 5):

HIGH LYSINE GENE: HIGH OLEATE GENE:
KTi3-cor Dap A sense: Bcon-soy Fad 2-1 sense

N R

rA < ﬁr::;‘ PR k¢
Figure 5: Intended hngh lysme, reduced polyunsaturates soybean

Although both constructs contained the bacterial p-lactamase gene for expression in
bacteria, only the GmFad 2-1 construct contained the 355-GUS gene for plant selection. The
transformation was done for DuPont by Agracetus, Inc. using their published procedure
(Christou et al., 1990). The sublines for exemption contain only the GmFad 2-1 construct
and not the dapA construct, for reasons that are described below.
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VL. Genetic, Molecular and Biochemical Analysis of 260-05 and Sublines
A. Selection Process for Sublines Homozygous for Silencing Locus A

1. Southern and Northern Analyses

From the initial population of transformed plants, a plant was selected which was
expressing GUS activity and which was also PCR positive for the GmFad 2-1 gene (Event
260-05). Small chips were taken from a number of R1 seeds of plant 260-05 and screened
for fatty acid composition. The chipped seed was then planted and germinated. Genomic
DNA was extracted from the leaves of the resulting plants and cut with the restriction
enzyme Bam HI. The blots were probed with a phaseolin probe. A single band will be seen
for each locus of insertion (since the enzyme will cut once in the transgene and once
randomly in the soy genome). Furthermore, only the transgene GmFad 2-1 (which contains
the phaseolin 3' region) will hybridize.

G168 G175

Seed Oleic Acid Content (%)

plants is unchanged (4% 18:1)

Figure 6: Southern blot of genomic DNA, digested with Bam HI, from leaves of
plants grown from R1 seeds of Line 260-05.

From the DNA hybridization pattern in Figure 6 it was clear that in the original
transformation event the GmFad 2-1 construct had become integrated at two different loci
in the soybean genome. At one locus (Locus A) the GmFad 2-1 construct was causing a
silencing of the endogenous GmFad 2-1 gene, resulting in a relative oleic acid content of
about 85% (compared with about 20% in elite soybean varieties). At locus A (e.g. G168)
there were two copies of pBS43. On the DNA hybridization blot this is seen as two
cosegregating bands. One of these bands (the higher of the two) corresponds to a Bam HI
site in the plant genome and the Bam HI site of pBS43. The other, lower, band corresponds
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to a piece of DNA containing the phaseolin region between the Bam HI sites of the first and
second inserts at locus A.

At the other integration locus (Locus B) (see Figure 6) the GmFad 2-1 was over-expressing,
thus decreasing the oleic acid content to about 4%. At locus B (e.g. G175), there was a
single copy of pBS43. The construct containing the Corynebacterium dapA gene was only
integrated at locus B. Figure 7 contrasts the southerns of seeds containing the dapA locus
and those where the dapA locus is absent.

= !’JC-"L&M Ry -
M LS ks
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no Dap A cointegrated
at this locis

Dap A cointegrated
at this locus

Figure 7: Southerns of seeds with or without dapA

The genomic DNA of plants with either or both loci was cut with Hind III (which excises
the transcriptional unit from the plasmid DNA) and probed with GmFad 2-1 probe. At
both loci the transcriptional unit was intact and thus integration into the soybean DNA
must have occurred at some other point in the plasmid (see Figure 8).

; «— endogenous
g,neg . 1 = G“
2=G175
3=G168

@ .| <=—transgene 4 = A2396

123 4

Figure 8: Southern blot: DNA digested with Hind III and probed with GmFad 2-1

The expression pattern of dapA in seeds containing neither locus (1), both loci (2), only the

gene suppression locus A (3) and only the overexpression locus B (4) was confirmed by
Northern analysis as shown in Figure 9.
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[Expression of DAP A in R1 segregants of 260-05 |

Dap A mRNA
1 2 3 4

S -
1= control 2= G94
3=G168 4=G175

Figure 9: Northern blot probed with dapA showing expression of
dapA mRNA in R1 seeds G94 and G175 but not G168

Thus R1 seed G94 contained both loci (A and B). It expressed the dapA gene, as did seeds
which contained only locus B (e.g. G175). Seeds containing only locus A (e.g. G168) did not
contain the dapA gene and therefore no dapA mRNA could be detected (see Figure 9).
Thus subline G168 only contains locus A and no locus B.

GmFad 2-1 GUS
] 4 DapA
Wt e
wt R1 R2 R4
wt R1 R2 R4 wt R1 R2R4

Figure 10: Southern blots of genomic DNA digested with Bam HI from R1, R2 & R4
G94 plants. Elite soybean line A2396 is marked as “wt” in this figure.

R2 segregant seeds of G94 were selected which contained only locus A, thus they did not

contain the dapA gene. Both loci contained copies of the GUS gene, one copy segregating
with the silencing locus (Figure 10).

In contrast to developing A2396 seeds (20 days after flowering), R4 seeds at a similar stage
of development which contained only the silencing locus A (e.g. G94-1) did not contain any
detectable GmFad 2-1 mRNA, as measured by Northern blotting (see Figure 11). GmFad 2-
2 mRNA, although reduced somewhat compared with controls, was not suppressed. Thus
the GmFad2-1 sense construct had the desired effect of preventing the expression of the
GmFad?2-1 gene and thus increasing the oleic acid content of the seed.
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GmFad 2-1

1= control 2= G94-1
3=G168 4=G175

Figure 11: Northern analysis of GmFad 2-1 RNA in
control (A2396) and transgenic lines

B. B-Glucuronidase Gene not Expressed

Although the GUS (B-Glucuronidase) gene was present in plants which only contained the
silencing locus, GUS activity was absent in the leaves and seed of these plants. This
coincided with a total absence of GUS protein on Western blots of leaf and seeds proteins
from these plants (see Figure 12) and with the absence of GUS mRNA on Northern blots
(see Figure 13). We concluded that the GUS gene was not expressed at this locus.

4 =« CONTROL (GUS positive plant)

Figure 12: Western blot of GUS protein in seeds of G168, G94-1,
G94-19 and a positive control plant.
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1= G168

2 = G94-1

3 = G94-19

4 = CONTROL (GUS positive plant)

Figure 13: Northern analysis of RNA from seeds of
G168, G94-1, G94-19 and a positive control plant.

C. B-Lactamase Gene not Expressed
All of the lines derived from event 260-05 which contained only the GmFad 2-1 silencing

locus also contained the gene for p-lactamase. This gene, however, is under the control of a
bacterial promoter and is not expressed in the plant (see Figure 14).

1= A2396
2=G9%4
3= GB4-1
4=G168
S=control

A

123 45

Figure 14: Northern analysis of B-lactamase expression in E. coli cells containing
plasmid pBS43 (Control), elite soybeans (A2396) and transgenic
(G94, G94-1, G168) soybeans

The absence of p-lactamase RNA in the transgenic soybeans coincided with the lack of
B-lactamase activity in cell-free extracts of these plants. Enzyme activity was measured in
leaf extracts by the method of DeBoer et al (1991). Fresh tissue was ground in liquid
nitrogen with mortar and pestle and then homogenized with three volumes enzyme
extraction buffer (DeBoer et al 1991) per gram of tissue. The supernatant was used for the
-lactamase enzyme assay. The positive control for both the RNA blots and the enzyme
assays was E. coli cells transformed with the GmFad 2-1 expression vector (pBS43). For the
enzyme assays, E. coli cells were washed in 50mM Tris-acetate, 2mM EDTA; pH 7.5 and the
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sonicated supernatant used as a positve p~lactamase enzyme control. The negative control
was 1 mg/ml Bovine serum albumin.

In the assay, 1ml 50uM pyridium-2-azo-p-dimethylaniline chromophore in 30mM
potassium phosphate; pH 7.5 was used as a substrate for fifteen minute kinetic time course
studying the change in absorbance at wavelengh 570nm, with readings taken every 30
seconds. The maximum absorbance was standardized to 1 unit (see Figure 15).

ABS
@s70
1.0 — - {1234
5
0.5
6
0
0 5 10 15

Time (min)

1= 50 ug BSA, 2= 500 ug A2396, 3= 500 ug G94-1, 4= 2500 ug G94-1, 5=50 ug E.coli, 6= 100
ug E. coli) '

Figure 15: p-lactamase activity in elite and transgenic soybeans and in
E. Coli transformed with pBS43
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VII. Sublines of 260-05 Selected for Field Testing

Seeds selected for advancement were of two types:

R1 seeds homozygous for the silencing locus A (e.g. G168) that did not contain the GmFad
2-1 overexpression/dapA locus B.

R2 segregants of G94 which were homozygous for the silencing locus A and did not
contain the GmFad2-1/dapA locus B (e.g. G94-1, G94-19).

These lines are therefore isogenic and can be considered equivalent. All plants
homozygous for the GmFad 2-1 silencing locus had an identical Southern blot profile
(digested with Bam HI and probed with phaseolin) over a number of generations. This

indicates that the insert was stable and at the same position in the genome over at least four
generations.
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VI, Description of Phenotype
A. Fatty Acid Profile

Sublines G94-1, G94-19 and G-168 differ from parent line A2396 in that the fatty acid profile
is changed to produce an oil containing approximately 82-85% oleic acid, low levels of
linoleic and linolenic acids, and approxxmately 6-7% palmitic acid and 3.5% stearic acid.

Details on the fatty acid analyses and comparisons of the fatty acid profile with other oils -
are given in Sections IX and X, respectively. '

Other constituents in sublines G94-1, G94-19 and G-168 are the same as in A2396 as
outlined in Section IX. There are no expressed gene products in sublines G94-1, G94-19 and
G-168 and hence no new enzymes. Except for the changes in the fatty acid metabolism,
there are no changes in plant metabolism. Changes in the oil in the seed only would not be
expected to have any impact on nontarget organisms.

The phenotype of sublines G94-1, G94-19 and G-168 is very similar to that of high oleic
soybeans producted by mutational breeding, except that sublines G94-1, G94-19 and G-168
are superior, have higher levels of oleic acid, are more environmentally stable, and do not
have any changes in the oleic levels in any plant part with the exception of the seeds.

B. Stability of the Fatty Acid Phenotype

The fatty acid phenotype is also stable. The oleic acid content of R1 seeds homozygous for
the silencing locus alone was greater than 80%. The most recent analysis was done on R6
seeds from plants grown in Isabella, Puerto Rico. The oleic acid content of these seeds was
greater than 80% (84-86%), indicating that the trait is still stable after six generations. We
also planted three different generations of seeds (R1, R2 and R3) seeds side by side in fields
plots at Stine Research Farm, Md., during the summer of 1995. Again there was no

difference in the bulk oleic acid content of seeds harvested from these plants (see Figure
16).
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High oleic acid phenotype is stable in the field:
Multiple generations grown at Stine in summer 1995

Plant ID

- Planted
G253 RO:1
6275— Ro:’
G296 . - ROt
G313 - RO:1
G328 - ROt
G168-187 R1:2
G168-171 R1:2 -
G168-59-4- R2:3

G168-72:1.. ~R2:8
G168-72-2  R2:3. SR
G168-72-3~. - R2:3. - . i
G168-724  R2:3

Figure 16: Stablhty of R1 (RO: 1) through R4 (R3: 4) phenotypes in the ﬁeld
The trait is also environmentally stable. R3 seeds were grown at a number of US locations
during the summer of 1995 and R4 seeds in Isabella, Puerto Rico during the fall of 1995 (see
Figure 17).

ENVIRONMENTAL STABILITY OF TRANSGENIC (GXE)

oleate 3 Etlite (group 2)
content @ Mutant (HO7-9)
(%) R Transgenic

iA 1A IA M MD PR

Ames Ceodar {owa Kalam Stne (sabeila
Rapids City -azoo

Figure 17: Oleic acid content of high oleic transgenic soybeans
grown at several locations in 1995

At each of these sites the average oleic acid content of plants was 83-85% indicating that the
trait is stable over a number of different growing environments. This is in contrast to high
oleic soybeans produced by germplasm selection or mutation breeding, which have
different oleic acid contents in different environments. A typical mutant (DuPont’s HO7-9,
our most environmentally stable mutant) is shown below and contrasted with high oleic

transgenic and Elite soybeans from the same genetic background and maturity group
(A2396).
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iIX. Compositional Analyses of High Oleic Acid Transgenic Soybeans

Soybean seeds from high oleic lines were compared with the parent variety A2396 in order
to determine that there were no unexpected changes in composition. The soybeans were
grown in two locations: Slator, Iowa, and Isabela, Puerto Rico during the summer of 1995
and the winter of 1995/1996. Two lines were analyzed designated G94-1 and G94-19.
These are isogenic lines derived from the same ‘transformation event as described
previously. The seeds represent the R4 and R5 generation of the high oleic soybean lines.
Compositional analysis included determination of proximate, fatty acid, amino acid,
isoflavone, raffinose, stachyose, phytic acid, and trypsin inhibitor content. Reported values
on each chart provide reference data obtained from the literature or determined
experimentally. All soybean samples were coarsely ground in a coffee mill prior to
analysis. Proximate, amino acid, phytic acid, and trypsin inhibitor assays were performed
by either of two commercial testing labs'. Isoflavone analysis was performed at a

university research lab expert in the field?. Fatty acid composition, raffinose and stachyose
assays were performed by DuPont personnel.

A. Proximate Analyses

Soybean seeds consist of proteins, lipids, carbohydrates and minerals. Proteins and lipids
are the two most important fractions commercially, accounting for more than 60% of the
seed. Soybeans can vary in content due to both varietal differences and environmental
factors which affect the overall seed composition. Proximate analysis was done on high
oleic and the parental control soybeans to confirm that there was no change in the primary
constituents of the seed. Proximate analysis includes the measurement of protein, oil,
crude fiber, carbohydrate (by calculation), and ash content. The results are shown below in
Figures 18-22. High oleic soybeans were indistinguishable from commodity soybeans in
proximate composition. Literature values showing normal ranges in soybean composition
were those reported by Orthoefer (1978), Pryde (1980), and Mounts (1987).

S
i
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Protein

Rk

£ dryvright

A2396,1A A2396,PR G94-19,IA G94-19,PR G94-1,lA G94-1,PR
Figure 18. Protein content of high oleic and control (A2396 parent) soybean.

! Woodson-Tenent Laboratories, Inc. Des Moines, lowa
CN Laboratories. Courtland, Minnesota

? Dr. Patricia A. Murphy, lowa State University, Ames, lowa
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A2396,1A A2396,PR G94-19,1A G94-19,PR G94-1,IA G94-1,PR ,
Figure 19. Crude Oil content of high oleic and control (A2396 parent) soybean.
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A2396,l1A A2396,PR G94-19,I1A G94-19,PR G94-1,l1A G94-1,PR

Figure 20. Carbohydrate content of high oleic and control (A2396 parent) soybean.

Crude Fiber
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A2396,1A A2396,PR G94-19,1A G94-19,PR G94-1,IA G94-1,PR
Figure 21. Crude Fiber content of high oleic and control (A2396 parent) soybean.
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A2396,1A A2396,PR G94-19,IA G94-19,PR G94-1,IA  G94-1,PR
Figure 22. Ash content of high oleic and control (A2396 parent) soybean.
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B. Amino Acid Composition

Soybeans are valued as a major source of a high protein animal feed supplement and have
increasingly important utility in human food applications. We therefore wanted to
establish that there was no change in the amino acid composition of high oleic lines. High
oleic and A2396 control soybeans were analyzed for amino acid composition and the data
is presented below (Figures 23-39). High oleic soybeans did not differ substantially from
control in any of the 17 amino acids measured. Literature values for commodity soybean
for each amino acid were as reported by Han et al. (1991).

Alanine
2.50

2.00

1.50 4

ETSY T ]

1.00

0.50

groms smise acid/ 100 grom sample dry wi

0.00
A2396, IA A2396, PR G94-19, 1A Go4-19, PR G941, 1A G94-1, PR

Figure 23. Alanine analysis of high oleic and control (A2396 parent) soybean.

Arginine
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A2396,1A  A2396,PR  G94-19,IA G94-19,PR  G94-1,IA  G94-1,PR
Figure 24. Arginine analysis of high oleic and control (A2396 parent) soybean.

Aspartic Acid
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Figure 25. Aspartic Acid analysis of high oleic and control (A2396 parent) soybean.
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Cystine
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A2396,1A  A2396,PR  G94-19,IA G94-19,PR  G941,1A  G94-1,PR
Figure 26. Cystine analysis of high oleic and control (A2396 parent) soybean.

Glutamic Acid
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A2396,1A  A2396,PR  G94-19,1A  GO4-19,PR  G94-1,1A  G94-1,PR
Figure 27. Glutamic Acid analysis of high oleic and control (A2396 parent) soybean.

Glycine
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Figure 28. Glycine analysis of high oleic and control (A2396 parent) soybean.

Histidine
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Figure 29. Histidine analysis of high oleic and control (A2396 parent) soybean.
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Isoleucine
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A2396,1A A2396,PR G94-19,lA G94-19,PR G94-1,IA G94-1,PR
Figure 30. Isoleucine analysis of high oleic and control (A2396 parent) soybean.
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Figure 31. Leucine analysis of high oleic and control (A2396 parent) soybean.
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A2396,IA  A2396,PR  G94-19,IA  GO4-19,PR  G94-1,1A G94-1, PR
Figure 32. Lysine analysis of high oleic and control (A2396 parent) soybean.
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Figure 33. Methionine analysis of high oleic and control (A2396 parent) soybean.
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: Phenylalanine
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Figure 34. Phenylalanine analysis of high oleic and control (A2396 parent) soybean.
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Figure 35. Serine analysis of high oleic and control (A2396 parent) soybean.
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Figure 36. Threonine analysis of high oleic and control (A2396 parent) soybean.

Tryptophan

00 0000

b'_aivin'sin'm Yoo

prom amins acid/ 100 grom maple drg vt
0000000 000~
S000

A2396, IA A2396, PR G94-19, 1A G94-19, PR G94-1, A . G94-1, PR

Figure 37. Tryptophan analysis of high oleic and control (A2396 parent) soybean.
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Figure 38. Tyrosine analysis of high oleic and control (A2396 parent) soybean. -
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Figure 39. Valine analysis of high oleic and control (A2396 parent) soybean.

C. Fatty Acid Composition

As described previously, high oleic soybeans differ substantially from commodity soybean
in the level of oleic, linoleic, linolenic, and to a lesser extent, palmitic acid present in the oil.
Also, there is a trace amount of the 9,15 isomer of linoleic acid normally found only in
hydrogenated soybean oils. These changes in fatty acid composition are shown in Figures
40-45. Literature values are those reported by Pryde (1980). With the exception of the

9,15 isomer, the relative abundance of minor fatty acids was similar in elite and transgenic
beans and was within Codex ranges.

Palmitic Acid
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A2396,1A A2396,PR G94-19,IA G94-19,PR G94-1,1A G94-1,PR

Figure 40. Palmitic Acid content of high oleic and control (A2396 parent) soybean.
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Stearic Acid
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Figure 41. Stearic Acid content of high oleic and control (A2396 parent) soybean.
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Figure 42. Oleic Acid content of high oleic and control (A2396 parent) soybean.
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Figure 43. Linoleic Acid content of high oleic and control (A2396 parent) soybean.
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Figure 44. Linolenic Acid content of high oleic and control (A2396 parent) soybean.
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9,15 Linoleic Acid

A2396,1A A2396,PR G94-19,1A G94-19,PR G94-1,1A  G94-1,PR |
Figure 45. 9,15 Linoleic Acid content of high oleic and control
(A2396 parent) soybean.
D. Identification of A Non-Methylene Interrupted Diene

A fatty acid was observed in the high oleic soybean oil which, although common in many
edible oils (see Figure 46), is not present in the oil of non-transgenic soybeans:

9,15 isomer

Figure 46: GC of Fatty Acid Methyl esters from elite
(A2396) and transgenic (G94-1) soybeans

This fatty acid was identified as cis-9,cis-15-octddecadienoic acid which is the 9,15 isomer of
linoleic acid. The linoleic acid fraction was first isolated by reverse-phase HPLC which
yielded two fatty acids, one which had the retention time on the GC of 9,12-linoleic acid
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and a second, unknown peak which had coeluted with the linoleic acid on the HPLC (see
Figure 47).

GC of 18:2 Fraction from RP-HPLC

Figure 47: GC of fatty acids methyl esters derived from a fatty
acid fraction purified by RP-HPLC

The second of the two peaks was identified by its mass spectra (GC-MS) as 9,15-linoleic
acid (see Figure 48).
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Figure 48: GCMS of 18:2-Peak B shown in Figure 2

We deduce that the isomer is a result of the activity of a 8-15 (n-3) desaturase (GmFad3)
which normally inserts a §-15 double bond into 9,12-linoleic acid (see Figure 49).
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Figure 49: Addition of Double Bonds to Oleic Acid

In the transgenic plants the linoleic acid content is reduced from over 50% of the total fatty
acids to less than 2% and so the GmFad3 enzyme probably creates a small amount of the
isomer by putting a §-15 double bond into 9-oleic acid. This view is supported by the
results of crossing the high oleic soybeans with soybean containing a suppressed GmFad3

gene. In the resulting progeny the isomer is either reduced or eliminated as shown in
Figure 50.

90
80
70 g 160
50 2 180
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CONTROL FAD2TS LINE 1 LINE 2

FAD 2S X FAD 3 AS

Figure 50: Fatty acid composition of A2396 (CONTROL), G94-1 (FAD 2S) and G94-1
crossed with GmFad3 antisense (FAD 2S x FAD 3AS) plants

The 9,15 isomer is present in the transgenic oil at less than 1% of the total fatty acid content.
This isomer is also found, at concentrations ranging from 0.02% to 5.4% of the total fatty
acids, in many edible sources of fat including butterfat, cheese, beef and mutton tallow,
partially hydrogenated vegetable oils, human milk and mango pulp (De Jong & van der
Wel, 1964; Keppler et al., 1964; Stroink & Sparreboom, 1967; Hoffman & Meijboom, 1969;

Murawski et al., 1971; Mallet et al., 1985; Ratnayake & Pelletier, 1992; Werner et al., 1992;
Shibahara et al., 1993).
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One of the intended uses of high oleic soybean oil is to replace heavy duty shortenings
produced by hydrogenation of regular soy oil. In our own studies we observed that
commercially available hydrogenated soybean oil contains about twice the mol % of 9,15-
isomer than high oleic oil from transgenic soybeans. The heavy duty shortening also
contains other positional isomers of unsaturated fatty acids not found in high oleic soybean
oil (see Figure 51).

16:0 18:0 18:1(1) | 18:22 | 18:2i(2) | others (3)| 18:3
A2396 10.1 3.3 14.8 62.1 0 .10 9.7
G94-19(4) 6.7 3.2 86.1 09 0.6 0 2.6
HDS (5) 11.3 10.4 70.7 24 1.6 3.6 0
Notes:

(1) Includes cis and trans isomers of 18:1

(2) 9,15-isomer of linoleic acid

(3) Positional isomers of 18:1 and 18:2

(4) Oil from seeds grown at Stine, Md., 1995

(5) HDS = Commercial heavy duty soy shortening.

Figure 51: Relative fatty acid content of three soy oils
determined by GC of fatty acid methyl esters

All of the other minor fatty acids detected in the high oleic soybean oil were present at a
similar relative abundance to traditional elite soybeans. A complete fatty acid analysis of
oil extracted from high oleic and elite (A2396) soybeans grown in Puerto Rico in the winter
of 1995/96 is shown in Figure 52.
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A2396 G94-1 G94-19

14:0 trace trace trace
16:0 10.1 6.3 6.6
16:1 01 0.12 0.2
16:2 trace trace trace
16:3 trace trace trace
18:0 3.2 3.7 3.6
18:1 147 84.6 84.9
18:2 (9,12) 61.6 0.9 0.6
18:2 (9,15) nd 0.8 0.7
18:3 9.5 2.4 19
20:0 0.2 04 0.5
20:1 0.2 0.4 04
20:2 nd nd nd
22:0 0.3 04 0.5
22:1 trace trace trace
24:0 0.1 0.1 0.2

Figure 52: Complete fatty acid analysis of soybean oil from elite (A2396) and high
oleic transgenic soybeans (trace = less than 0.1%, nd = not detected).

E. Antinutritional Factors

Several heat labile and heat stabile antinutritional factors are known to exist in
soybean including trypsin inhibitors, phytic acid, and the oligosaccharides raffinose
and stachyose (Mounts et al., 1987). Trypsin inhibitors are heat labile and are
destroyed during the processing of soy protein products by heat treatment. They
are associated with hypertrophy and lesions of the pancreas and the loss of S-
containing amino acids which limits animal growth. Phytic acid is heat stable and
has been implicated in interfering with the bioavailability of minerals such as Ca,
Mg and Zn. Phytic acid remains stable through most soybean processing steps.
Raffinose and stachyose are associated with the flatulence resulting from ingestion
of soybean flours. Further processing of soybean flours into concentrates and
isolates removes these oligosaccharides. High oleic and control soybeans were
analyzed for each of these constituents and the data is shown in Figures 53-56. No
differences were observed between control and high oleic soybeans in any of these
anti nutritional components. The reported values for phytic acid and trypsin
inhibitor are those described by Han et al. (1991) and Mounts et al. (1987). The
reported range for raffinose and stachyose was obtained from Dr. Ken Leto, DuPont
Quality Grains (personal communication) who surveyed soluble carbohydrate
content in a wide range of commodity soybean lines grown in the same locations
and seasons as high oleic and A2396 soybeans.
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Phytic Acid
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Figure 53. % Phytic Acid (dry weight basis) in high oleic and control
(A2396 parent) soybean.
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Figure 54. Trypsin Inhibitor Activity in high oleic and control
(A2396 parent) soybean.
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Figure 55. Stachyose content of high oleic and control (A2396 parent) soybeans.
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Figure 56. Raffinose content of high oleic and control (A2396 parent) soybeans.

F. Isoflavones

Soybeans contain several biologically active phytoestrogens known as isoflavones which
are present in various concentrations in soy protein products. Isoflavone content varies
between soybean varieties and is affected by environmental factors. Minimally processed
soy products contain higher levels of isoflavones than do products that undergo an alcohol
wash as part of their purification. Recent studies suggest that the isoflavones may act as
cancer-protective agents since they have been linked to a variety of anticarcinogenic
activities including antioxidant, radical scavenging, serum cholesterol lowering and
antiestrogenic and antiproliferative properties (Wang et al., 1994, Messina et al, 1991). At
high doses they have been associated with reproductive problems in animals feeding on
clover silage (Wang et al, 1990). The major isoflavones in soybeans and soybean products
include daidzin, genistin, and their corresponding aglycons, daidzein, genistein. Glycitin
and glycitein also occur in trace amounts. We have analyzed high oleic and control
soybeans for isoflavone content and the data is shown in Figures 57-59. The concentration
of total genistein in high oleic soybeans fell below the reported range however since the
control soybeans also fell below this range, there is indeed no difference when compared
with commodity soybean. No differences were observed between control and high oleic
soybean in either total daidzein or glycitien content. Reported ranges were those provided
by Dr. P. Murphy, Iowa State University (personal communication).
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Figure 57. Total Daidzein in high oleic and control (A2396 parent) soybeah. Total
daidzein represents the sum of individual isomers normalized for molecular
weight differences. Isomers included daidzin, malonyl daidzin,
acetyl daidzin, and daidzein.
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Figure 58. Total Genistein in high oleic and control (A2396 parent) soybean. Total
genistein represents the sum of individual isomers normalized for molecular
weight differences. Isomers included genistin, malonyl genistin,
acetyl genistin, and genistein.
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Figure 59. Total Glycitein in high oleic and control (A2396 parent) soybean. Total
glycitein represents the sum of individual isomers normalized for molecular
weight differences. Isomers included glycitin, malonyl glycitin,
acetyl glycitin, and glycitein.
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G. Storage Proteins - Changes in the Ratio of -Conglycinin to Glycinin

There was a reduction in the concentration of the a and o’ subunits of B-conglycinin in the
high oleic acid transgenic soybeans when compared with A2396 beans. This was
coincident with an increase in the concentration of the acidic and basic subunits of glycinin
in the high oleic acid transgenic soybeans, in addition to an increase in the concentration of
the A2B1A glycinin precursor. Based on SDS-gel electrophoresis of total protein extracts,

the profile of other storage proteins appeared to be identical in A2396 and high oleic acid °
transgenic beans. ‘

Soybean 7S and 11S globulins are two major storage proteins, acounting for about 70% of

total meal protein (Kinsella, 1979). The 7S fraction is made up of the o, o and B subunits of
B-conglycinin. The 11S fraction is made up of the acidic (A) and basic subunits (B) of
glycinin. The two globulins show considerable differing effects on the functional aspects of
the soy proteins such as thermal stability, gel-making ability and emulsifying capacity
(Kinsella, 1979, Utsumi & Kinsella, 1985; Kitamura, 1995). It is anticipated that increasing
the content of glycinin (11S) subunits and decreasing the content of g-conglycinin (7S)
subunits will improve the functionality of soy proteins in various foods (Kitamura, 1995).

A reduction of o-type subunits of B-conglycinin has previously been observed in naturally
occuring soybean varieties (Ladin et al., 1984) and in soybeans with induced mutations
(Takahashi et al 1994, Kitamura, 1995). A similar effect has been achieved in the high oleic
soybeans described as a result of promoter cosuppression. The phenomenon of promoter
cosuppression has been previously documented for other genes and plants (Brusslan &
Tobin, 1995). In the high oleic soybeans the concentration of B-conglycinin a and o’
subunits have been reduced and replaced with glycinin subunits. This was a result of
cosuppression of the a and ' subunits mediated by the o’ promoter sequence used in the
GmPFad 2-1 vector (pBS43). This observation is described in detail below.

Proteins were extracted from the meal of field-grown transgenic beans (G94-1, G94-19) and

from non-transgenic A2396 beans (wt) and analyzed by SDS-Gel electrophoresis as shown
in Figure 60.
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G94-1 GO4-19 wt

<@ o and o’ subunits

Figure 60: SDS Gel electrophoresis of total proteins from
transgenic (G94) and elite (wt) soybean lines

Two major protein bands were absent in the transgenic samples when compared with
controls. These bands represent the a and o’ subunits of p-conglycinin. Western blots using
antibodies against -conglycinin confirmed that the two alpha-type subunits were greatly
reduced in concentration although not completely suppressed as shown in Figure 61.

220

anti-B—conglycinin

Figure 61: Western blot of total soybean proteins from transgenic
(G94) and elite (wt) soybean lines using anti-B-conglycinin antibodies

Three bands were observed to increase in response to the decreased p-conglycinin subunit.
Two of these correspond to acidic (A) and basic (B) subunits of glycinin. The third was a
polypeptide with an estimated molecular weight of about 55 kDa. The polypeptide was
isolated and was determined to be the precursor of the A2 and B1A subunits of glycinin by
N-terminal amino acid sequencing. A Western blot confirmed that the newly identified
band cross-reacted with antibodies raised against glycinin (see Figure 62).
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Figure 62: Western blot of total soybean proteins from transgenic
(G94) and elite (wt) soybean lines using anti-glycinin antibodies

Western blotting also confirmed, after prolonged exposure, that the precursor is also
present in A2396 soybeans, but at a lower concentration (see Figure 63).

A2396 G94-1

Figure 63: Western blot of glycinin A2B1A precursor from transgenic (G94) and elite
(A2396) soybean lines using anti-glycinin antibodies

The total protein content and the amino acid composition of the transgenic meal was
unchanged by these changes in the ratio of glycinin to B-conglycinin. The allergenicity of
high oleic acid soybeans was evaluated by Dr. Samuel Lehrer of Tulane University, as
reported in Appendix 1. Results demonstrate that there is no significant quantitative or

qualitative difference between the transgenic and elite soybeans with regard to their
allergen content.
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X. Improved Oxidative Stability of High Oleic Acid Transgenic Soybeans

Modifying the fatty acid composition of oilseeds to improve the functional performance of
vegetable oils has been the goal for many plant breeders over the years. One goal has been
to improve the oxidative stability of oils by reducing the amount of polyunsaturated fatty
acids. Using traditional crop breeding techniques, commercial varieties with modified fatty
acid composition have been produced from sunflower, canola, peanut, soybean, and
 safflower. High oleic sunflower oil, high oleic/low linolenic canola oil, and low linolenic
soybean oil are sold commercially as premium edible oil products.

Soybean oil has poor oxidative stability due to naturally high levels of polyunsaturated
fatty acids. This limits its use to those applications that do not require a high degree of
stability. Processors have responded by hydrogenating soybean oil: reducing the levels of
linoleic and linolenic acid thereby extending the range of applications in which it can be
used. However, hydrogenation has undesirable consequences including the formation of
trans fatty acid isomers and a characteristic "hydrogenated flavor". Spurred by the initial
studies which indicated that trans fatty acids may affect blood cholesterol levels similar to
that of saturated fats, questions regarding the heaith implications of dietary trans fatty
acids continue to be hotly debated in the industry.

A natural soybean oil with improved oxidative stability characteristics similar to that of
partially hydrogenated soybean oil would be of considerable importance to the food
industry. We therefore wanted to determine if the oil derived from high oleic soybeans
was more stable than commodity soybean oil and how it compared to other oils currently
sold in the high stability market. For this study, refined, bleached, and deodorized (RBD)
high oleic soybean oil, control soybean oil, and high oleic corn oil were produced under

contract by POS Pilot Plant Corporation (Canada). All other oils were commercial samples
obtained from the manufacturer.

There are many methods used to evaluate an oil’s stability but one of the most common is a
test known as the AOM (Active Oxygen Method). This is an accelerated oxidation test in
which an oil is aerated under a constant, elevated temperature (97.8 C) and degradation is
monitored by measuring peroxide accumulation. The end point, or induction time, is
determined by the number of hours required to reach a peroxide value of 100 meq/kg.
Thus the longer the induction time the more stable the oil. Almost all commercial oil
samples specify an AOM induction time as a component of the technical data sheet. Shown

below is the AOM induction time for high oleic soybean oil compared to control soybean
oil (see Figure 64):
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High Oleic Soybean

!

Soybean

Figure 64. AOM induction time of high oleic and control soybean oil.

We also compared (Figure 65) the high oleic soybean oil to other natural high stability oils
(high oleic canola, high oleic sunflower, high oleic corn, and low linolenic soybean):

AOM Induction Time
high oleic soybean —————
high oleic sunflower
high oleic corn
high oleic canoia
jow linolenic soybean
0 5'0 11;0 1:':0

hour

Figure 65. AOM induction time for high oleic soybean and other
natural high stability oils.

The oil was also compared with frying and hydrogenated soybean oils containing TBHQ
(an antioxidant) and silicone (antifoam agent), see Figure 66.
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Figure 66. AOM induction times for high oleic soybean oil and
hydrogenated or additive-enhanced soybean oils.

Fatty acid compositions for each of the oils is shown below in Flgure 67 and analytical data
indicating oil quality and content is shown in Figure 68.

Fatty Acid Composition

16:0 18:0 18:1 18:1 18:218:3

(cis) (trans)
high oleic soybean 64 33 85.6 1.6 2.2
control soybean 104 4.1 229 529 7.5
heavy duty shortening 10.5 10.2 425 1.7 38 0.0
clear liquid shortening 11.3 4.7 404 3.8 34.7 0.0
soybean frying oil 114 4.5 25.1 53.0 6.0
high oleic sunflower 30 39 84.1 79 0.5
high oleic corn 88 23 643 22.2 1.1
low linolenic soybean 10.6 5.1 283 53.6 23
high oleic canola 40 29 769 104 4.1

Figure 67. Fatty Acid composition of test oils.
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Analytical Data- RBD Qil

~ high oleic soybean
control soybean

heavy duty shortening
clear liquid shortening
soybean frying oil

high oleic sunflower
high oleic corn

low linolenic soybean
high oleic canola

PV
meq/’kg

0.01
0.01

0.06
0.09
0.08

0.37

0.00

0.42
0.55

FFA
%

0.01
0.03

0.06
0.04
0.04

0.01
0.01
0.02
0.03

Color
Lov 5 1/4

45Y.5R
2Y.4R

2Y4R
2YJ3R
3YSR

4Y0.7R -

2Y04R
10Y1R
10Y2R

Additives
none
’ none

IBHQ. silicone
FBHQ. silicone

TBHQ. silicone

none
none
none
none

Figure 68. Analytical and content data of test oils.
PV=peroxide value, FFA=free fatty acids

As indicated by the AOM data above, high oleic soybean oil has dramatically improved
oxidative stability over control soybean oil as well as any of the other natural high stability
oils currently on the market. When compared with hydrogenated oils, it is superior to a
liquid partially hydrogenated product containing antioxidants and can likely replace solid
shortening products in many applications. With its dramatically improved fatty acid
spectra, high oleic soybean oil promises to greatly extend the usage of soybean oil in a wide
variety of food applications, without the need for chemical hydrogenation.
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Xl Agronomic Performance of High Oleic Acid Transgenic Soybeans

A. Field Tests of Subline G94-1, G94-19 and G168

Field tests were carried out with high oleic acid transgenic soybean sublines G94-1, G94-19
and G168 in the summer of 1995, in Puerto Rico during winter 1995/1996, and in summer
of 1996 at approximately 25 sites under APHIS notifications 95-088-08N, 95-107-08N,
95-257-10N, 96-071-18N and 96-115-02N. Some other isogenic sublines were also tested in
earlier field studies, but G94-1, G94-19 and G168 were the sublines chosen for advancement
and testing in the larger studies carried out in Puerto Rico and in the summer of 1996. The
purpose of the tests varied, with early tests to select sublines with superior agronomic
characteristics, testing in different environments, yield studies versus commercial soybean

varieties, etc. Observations were made on agronomic characteristics and disease and pest
characteristics. )

B. Agronomic Characteristics

During the course of the field studies reported in Appendix 2, soybean breeders made
visual observations to evaluate seed emergence, plant appearance, seed set, flowering,
maturity. Sublines chosen in 1995 for advancement were visually identical to the variety
A2396. In comparative yield studies in 1996, yields were slightly below those of variety
A2396 and very similar to some other commercial varieties. The yields in some of the large
field plots carried out under notification 96-15-02N, were somewhat low due in large part
to the late planting and the adverse weather conditions during and shortly after planting.

Off-types in the range of 0.05 - 0.06% range were found in these large grow-outs, which is
not considered unusual.

The high oleic levels in high oleic acid transgenic soybean sublines G94-1, G94-19 and G168

consistently was at the 82-85% level. Plots were evaluated for volunteers in the Spring of
1996 and none were found.

C. Disease and Pest Characteristics

In addition to evaluation of the plants for agronomic characteristics, plant breeders and
other investigators made visual observations to determine the prevalence of plant diseases
and insects. In none of the field trials was any difference noted in disease susceptibility
and incidence of insect attack between the transgenic sublines and the non-transgenic
counterpart A2396. In the large grow-outs carried out under notification 96-15-02N disease
there were no unusual occurrences of insect attack or disease pressure.
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Xil. Environmental Consequences fo the Noncontained Use of High Oleic Acid
Transgenic Soybean Sublines G94-1, G94-19 and G168

High oleic acid transgenic soybeans will be grown just as any other soybean variety, except
they will be grown identity preserved so that they can be stored and processed separate
from regular soybeans. This is to allow for the capturing of the improved high oleic acid
transgenic soybean oil. The soybeans will be grown as any other soybean variety and
would not be expected to have any greater potential to become a weed than the large
number of soybean varieties, including non-transgenic high oleic soybeans, that currently
are grown under non-contained conditions. Since the high oleic acid trait in the transgenic
soybeans is produced by sense suppression and no new protein is produced in the soybean
plant or seed, there is no potential for exposing humans, animais, or other organisms to
some new protein component, from consumption of high oleic acid transgenic soybeans.

As discussed in the earlier section on the soybean family, there exists only a minimal
potential for outcrossing of soybeans with other soybeans, and there likewise would be
only a minimal potential for outcrossing of the high oleic acid transgenic soybeans with any
other soybeans, because of the self-pollination characteristics of the soybean plant. In the
United States there are no weedy relatives of cultivated soybeans with which the transgenic
soybeans could have the possibility of crossing. Even if there were some minimal cross-
pollination of high oleic acid transgenic soybeans with a neighboring non-transgenic
soybean, the consequences to the environment would be nil.

The possibility of transfer of genetic information to organisms with which soybeans cannot
interbreed, i.e. the movement of transgenes from transgenic plants to microorganisms has
been reviewed in many APHIS environmental assessments. As pointed out in the USDA
Environmental Assessment of a field test of a transgenic cotton plant, APHIS noted that
"Horizontal movement of the introduced genes is not known to be possible. No
mechanism that can transfer an inserted gene from a chromosome of a transformed plant to
a chromosome of another organism has been shown to exist in nature." (APHIS, 1991).
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Xiil. Statement of Grounds Unfavorable

No unfavorable information or data has been demonstrated for high oleic acid transgenic
soybean sublines G94-1, G94-19 and G-168 derived from transformation event 260-05.
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A.  Appendix 1: Allergenicity of High Oleic Acid Transgenic Soybeans

The protein profile of high oleic acid transgenic soybeans is somewhat different from that
of A2396, the elite parent line. To assess any changes in the allergenic activity of the
transgenic in comparison to elite soybeans, allergenicity testing was carried out by Dr.

Samuel Lehrer at Tulane University School of Medicine, Section of Allergy and Clinical
Immunology, New Orleans, La.

Elite soybeans (150g of A2396) and high oleic acid transgenic soybeans (11.95g of £ Goa-1),
were extracted by homogenization (1:20 w/v) in phosphate buffered saline (PBS) extraction
buffer (100 pmol/L sodium phosphate, 0.9% NaCl, pH 7.2) for one hour at 4°C under
constant stirring. The soybean extracts were centrifuged (80,000 xg), the aqueous layer
removed, concentrated (Amicon YM-10 MWCO 1,000D) and recentrifuged (105,000 xg)

The supernatant was aliquoted and stored at -20°C. Wild-type soybean yielded 18.785g.
(12.52%) of extract and transgenic soybean 1.165 g (9.75%) of extract.

The sera used were from 31 subjects who had a positive history of documented soybeans or
food allergy, plus a positive skin test to soybean extract, and/or a positive IgE antibody
response to soybean extract. Nine/31 sera (#6-14) were from a commercial laboratory
(Plasma Lab., Seattle, Wa.); another 9/31 (#15-23) were obtained from workers with
occupational soybean allergy; one sample was a serum pool of soybean allergic individuals,
a gift from Steve Taylor and Julie Nordlee of the University of Nebraska, and the

12 sera were obtained locally from soybean allergic subjects. Control sera were obtained
from soybean tolerant individuals with negative skin test and/or RAST to soy extract with
total IgE levels similar to those sera of soybean-sensitive subjects. Individuals participating
in this study gave informed consent and completed a questionnaire requesting information

concerning their allergy history, reactivity to soy and skin test reactivity to common
inhalant and food allergens.

All sera were assayed for soybean-specific IgE antibody by radioallergosorbent test (RAST).
Wild type soy extracts were coupled to cyanogen bromide activated paper discs (Whatman
#50) at 1.0 mg dry weight (Ceska & Lundkvist, 1972). One hundred pl of serum were
added to duplicate RAST discs and incubated overnight on a rotator at room temperature.
Discs were washed three times with 0.9% saline to remove unbound serum. ['“ labelled
equine anti-human IgE (5,000 cpm/disc; Sanofi Diagnostics Pasteur, Inc.) was added to
each disc and incubated overnight on a rotator at room temperature. Discs were washed
again three times with 0.9% saline and bound I'® counted in a Beckman 5500 gamma
counter. The mean of duplicate counts were obtained and expressed as percent bound of

the total I'® added. RAST values equal to or greater than 3% binding were considered
positive.

The results of the RAST assay for the 31 sera described above are summarized in Figure 1.

Many of the sera demonstrated significant IgE antibody reactivity to soybean extracts.
Twenty-one of the 31 sera tested had IgE antibody percent binding greater than or equal to
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4%. Eleven of the 21 positive sera had IgE antibody binding in excess of 20%. The sera
with the most significant RAST reactivity (#5,6,7,8,10,12 and 31) were pooled for RAST

inhibition studies.
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Figure 1: RAST reactivity to soybean extracts.

Prior to RAST inhibition studies, the sera was tested undiluted and diluted 1:2.5, 1:5, 1:10,
1:20, 1:40 and 1:80 against discs coated with elite soybean extract. The serum pool diluted
1:5 was the highest dilution that still gave significant reactivity and was selected for

subsequent RAST inhibition analysis.
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The RAST inhibition studies were performed using discs coated with the elite soybean

extract testing increasing amounts (0.1, 1.0, 10, 100, 1000 pug) of either elite or transgenic
soybean extracts as inhibitors. The results, summarized in Figure 2, indicated that both the
elite and the transgenic soybean extracts yielded identical RAST inhibition of the elite
soybean RAST. Both inhibition curves were analyzed by logit-log transformation and

linear regression analysis. The two regression lines were compared for statistically

significant differences of their slopes and y-axis intercepts. The correlation coefficients for

both elite and transgenic soybean were high (r.: = 0.9991, r, = 0.9978) and the 50% -
inhibition concentrations were very similar (Isow: = 16.7 pg/ml, Isp: = 11.7 pg/mi).
Analysis showed that both slopes and y-axis interceps are statistically identical. Thus,-from
a quantitiative viewpoint, the allergen content of both soybean extracts is identical.

L L& of

0+
% Inhibition

40

20+

2 -1 6 1 2 3 4 T2t e 1 o2 03 4
log Inhibitor Concentration (ug)

log Inhibitor Concentration (1g)

Figure 2: RAST inhibition plots of elite (A2396) and
transgenic (G94-1) soybean extracts

The 21 most potent RAST positive sera were selected for immunoblot analyses of soybean
allergens. For the detection of IgE antibody reactivities, blots were incubated overnight
with patients’ serum pool, diluted with TBS-Tween (100 mM Tris/HCl; 100 mM NaC};
2.5 mM MgCly; pH 7.4, 0.05% v/v Tween 20). TBS-Tween was used for all incubation and
washing steps throughout the experiments. For the detection of specific IgE antibodies, the
strips were incubated with 1:1,000 diluted alkaline phosphatase-conjugated monoclonal.
anti-human-IgE (Southern Biotechnology Associates, Birmingham AL, USA), washed with
freshly prepared assay buffer (100 mM diethanolamine/HCl, 1.0 mM MgCl;, pH 10.0),

incubated in 1:20 diluted Nitroblock® chemiluminescence enhancer (Tropix, Bedford, MA)
for 5 min, washed with assay buffer and incubated in 250 mM CSPD (disodium 3~(4-meth-
oxyspiro{dioxetane-3,2'-(5'chloro)tricyclo[3.3.1.1.3'7]decan}-4-yl)phenyl phosphate; Tropix)
for 5 min. Excessive liquid was drained, the strips sealed between transparencies and
exposed to autoradiography film for 15, 30, 60 and 120 sec.

Additionally, the antibody binding was made visible by colorimetric detection. After
washing with TBS-Tween and TBS-AP (100 mM Tris/HCl; 100 mM NaCl; 5 mM MgCly;
pH 9.5), the strips were incubated in substrate/chromogen mixture for alkaline

phosphatase at 37°C containing 450 pM 5-bromo-4-chloro-indolyl-phosphate disodium sait
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(BCIP; Sigma, St. Louis, Mo.) and 400 uM nitroblue tetrazolium chloride (NBT; Sigma)
solubilized in TBS-AP.

218

144

KDs

Figure 3: Immunoblot analysis of the 21 most potent RAST
positive sera (Sera 1-21)

Results, shown in Figure 3, indicate that there are a number of protein bands that bind IgE
antibodies from soybean allergic sera. Some sera appear to be more reactive with soybean
extracts (sera #1, 3, 6, 8, 15, 18, and 21) whereas others show little or no reactivity. Based on

these results the six most reactive sera (#1, 3, 6, 8, 18 and 21) were selected and pooled for
further study of allergens present in elite and transgenic soybeans.

The sera pool were serially diluted at 1:2, 1:4, 1:8, and 1:16 and tested for IgE antibody
reactivity to transgenic and elite soybean extracts. The results, summarized in Figure 4,
show that no significant differences in the number of bands to which the sera react or the
intensity of the IgEreactivity. The IgE antibody binding to the transgenic soybean extract
was compared to the elite soybean extract. The inhibition patterns were remarkably similar

with blots stained by colormetric (Figure 4a) or chemiluminescence/autoradiography
(Figure 4b) methods.
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Figure 4a: Antibody reactivity to elite (A2396) and transgenic (G94) soybean extracts
(colormetric detection method). C = negative control, I = positive stain (India ink).
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rm— ey
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Figure 4b: Antibody reactivity to elite (A2396) and transgenic (G94)
soybean extracts (chemiluminescence detection method).
C = negative control, I = positive stain (India ink).

Control sera from soybean tolerant subjects did not react to either soybean extract (results

not shown).



APHIS Exemption Petition
Appendix 1 Page 6
Taken together, these results demonstrate that there is no significant quantitative or

qualitative difference between the transgenic and elite soybeans with regard to their
allergen content.
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B. Appendix 2: Field Test Reports

APHIS Notification Number: 95-088-08N
Reference Number: 95SRN23

Phenotype: improved oil quality

Three sublines (G94-1, G94-19, and G168-12) derived from transformation event 260-
05 and each of which contained a single locus of the transgene in the homozygous condition, were
tested at both the Maryland and Iowa sites. Additional isogenic lines containing a single locus of

the transgene in the homozygous condition, derived from G94 and G168, were field tested at the
Iowa site in Palestine Township (Slater), namely:

G94-1, G94-8, G94-11, G94-17, G94-19, G94-21, G94-33, G%4-34, G168-17,
G168-18, G168-26, G168-32, G168-37, G168-38, G168-40, G168-42 , G168-44,
G168-50, G168-51, G168-53, G168-55, G168-59, G168-61, G168-65, G168-67,
G168-72, G168-76, G168-78, G168-79, G168-80, G168-81, G168-84, G168-87
G168-88, G168-90, G168-95, G168-98, G168-100, G168-101, G168-105,
G168-112, G168-115, G168-117, G168-119, G168-121, G168-122, G168-125
G168-127, G168-129, G168-131, G168-133, G168-137, G168-143, G168-144
G168-149, G168-150, G168-154, G168-155, G168-157

In addition, in a small experimental plot, three different generations of seeds (R1, R2 and R3) were
planted side by side and all the seeds from each plant were collected for oleic acid analyses, to
check the stability of the fatty acid phenotype over generations. Individual seeds planted were

G253, G276, G296, G313, G328 (R1 seeds); G168-187, G168-171 (R2 seeds); and G168-59-4,
G168-72-1 through G168-72-4 (R3 seeds).

Researcher's Name: Scott A. Sebastian
Field Trial Locations:

a. DuPont Stine Research Facilities
Maryland Side (Cecil County)

b. NW 1/4 of Section 31 of Palestine Township
Story County, IA (Slater)

Date Planted: 5/22/95 (Stine) and 5/25 (Slater)
Date of seedling emergence: ca. 5 days after planting for each site

Estimated percent germination: Some plots were started in the greenhouse and transpianted into the
field while others were planted directly into the field (as noted below).
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% Germination % Germination
Stine Slater
G94-1 73% field 90% field
G9%-19 75% greenhouse 80% field
G168-12 92% greenhouse not planted

Agronomic observations:

The three transgenic sublines were indistinguishable from the original parent line
A2396 in appearance, seed set, flowering, and maturity based on visual observations. G94-1 and -

- G94-19 were ca. 2" shorter than A2396 at the Slater location but this did not appear to affect pod

set or other agronomic properties. Plant-to-plant and plot-to-plot variation in these traits was not
any greater than variation within the original parent line A2396. More highly replicated data will
be collected during the summer of 1996 to see if more subtle differences exist.

No differences were noted between the three transgenic sublines and the parent line
A2396 as regards levels of disease and insects. Although the entire Stine field was sprayed three
times during June 1996 (twice with Asana and once with Sevin) to control thrips, no difference in
insect susceptibility were observed between transgenic and original parent line.

Date trial terminated: 9/21/95(Stine) 10/17/95(Slater)

Method of destruction: Plants were harvested by hand by pulling them from the ground. Seeds
were threshed and stored in controlled facilities.

Field monitoring for transgenics volunteers was done by Scott A. Sebastian on May 8, 1996 in
fields H6 and H8 at the Stine Farm plots (Maryland side). No volunteer soybeans were observed.

Comments on the sublines grown at Slater, IA. After harvesting and checking the notes taken by
the soybean breeder, several lines were removed from consideration for further advancement. The
following lines were selected on the basis of superior agronomic characteristics making them
visually identical to the variety A2396. These selections made up the majority of the lines grown
in Puerto Rico in the winter of 1995/96. G94-1, G94-19, G168-44, G168-61, G168-79, G168-84,

G168-95, G168-105, G168-115, G168-117, G168-119, G168-143, G168-150, G168-155, G168-
157

Method of Destruction: Plants were harvested by hand by pulling them from the ground or
breaking them off at the ground level. Seeds were threshed and stored in controlled facilities.

Dates of Monitoring for volunteer plants: Fields were checked for volunteers in June 1996. No
volunteers were found.
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Field Test Report for High Oleic Acid Transgeplc Sovbeans

Field Test Report for subline G1l68-12, derived from
transformation event 260-05 which contains a single
locus of the transgene in the homozygous condition,
grown at the 1995 GXE locations (1) Schoolcraft, MI
(Ralamazoo) (2) Ames, IA (3) Norway, IA (Cedar
Rapids), (4) Ainsworth, IA (Iowa City) in 1995:

APHIS Notification Number: 95-088-08N, 95-107-08N‘
Reference Number: 955RN23,k 95SRN23A
Phenotype: High Oleic Subline G168-12

Researcher's Name: Allen R. LeRoy

Locations:

Date Planted Date Terminated
Schoolcraft, MI 5-31-95 10-5-95
Ames, Ia 5-31-95 10-15-95
Norway, IA 6-12-95 10-17-95
Ainsworth, IA 6-13-95 10-20-95

Date of Seedling Emergence: About 5 days after planting for
each site.

Estimated Percent Germination: 90%

Agronomic Observations: The transgenic subline was not
different from the original parent line A2396 in
appearance, seed set, flowering, and maturity based on
visual observations. In addition, there was no
difference observed for insect or disease
susceptibility.

Method of Destruction: Plants were harvested by hand by
pulling them from the ground or breaking them off at

ground level. Seeds were threshed and stored in
controlled facilites.

Dates Of Monitoring For Volunteer Plants: Fields were checked
for volunteers in June 1996. No volunteers were observed.
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Field Test Report for sublines derived from transformation event
260-05 which contain a single locus of the transgene in the

homozygous condition, grown at Asgrow Winter Nursery at Isabela,
PR in winter 1995/1996.

APHIS Notification Number: 95-257-10N

Reference Number: 95SRN44

Phenotype: High Oleic Sublines derived from transformation
event 260-05. ‘ '

Area for Area for
11-22-95 2-15-96
Planting Planting
LINE (Acres) (Acres)
SGH-94-1 0.3 6.5
SGH-94-19 0.25 4.5
5GH-G168-12 0.02 0.1
SGH-G168-44 0.02 0.1
SGH-~G168-61 0.02 0.1
SGH-G168-79 0.02 0.1
SGH-G168-84 0.02 0.1
SGH-G168-95 0.02 0.1
SGH-G168-105 0.02 0.1
SGH~-G168-115 0.02 0.1
SGH~-G168-117 0.02 0.1
SGH-G168-119 0.02 0.1
SGH-G168-143 0.02 0.1
SGH-G168-150 0.02 0.1
SGH-G168-155 0.02 0.1
SGH-G168-157 0.02 0.1

Researcher's Name: Allen R. LeRoy

Locations: ‘

Date Planted Date Terminated
Asgrow Station Field Gl 11-22-95 2-12-96
Asgrow Station Field EEA3 2-15-96 5-7-96

Date of Seedling Emergence: About 5 days after planting for
each site.
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Estimated Percent Germination: $0%

Agronomic Observations: The transgenic sublings were not
different from the original parent line A2396 in appearance,
seed set, flowering, and maturity based on visual observations.

In addition, there was no difference observed for insect or
disease susceptibility. ' ' '

Method of Destruction: Plants were harvested by hand by pulling
them from the ground or breaking them off at ground level.
Seeds were threshed and stored in controlled facilites.

Dates Of Monitoring For Volunteer Plants: Volunteers were
destroyed by cultivation at monthly intervals following harvest.
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APHIS Notification Number 96-071-18n

Reference Number: 36SRN3
Phenotype: improved oil quality
Researcher's Name: Scott A. Sebastian
Field Trial Locations:

DuPont Stine Research Facilities
Maryland Side (Cecil County)
Elkton, MD 21921

Date Planted: 5/17/96

Date of seedling emergence: ca. 5 days after planting

Agronomic observations:

Control rows of the original transformant 260-05 (sublines G168-12,
G94-1, and G94-19), three rows of the elite line A2396 (the line used as
parent for transformation), and 568 F2 lines from crosses involving 260-05
were planted within the same field nursery. The F2 lines (derived from various
crosses with elite and pre-commercial lines) were chosen as candidates for
further development since they confirmed as containing an improved oil
quality phenotype.

The three transgenic sublines were indistinguishable from the original
parent line A2396 in appearance, seed set, flowering, and maturity based on
visual observations. Plant-to-plant and piot-to-plot variation in these traits
was not any greater than variation within the original parent line A2396. No
differences were noted between the three transgenic sublines and the parent
line A2396 as regards levels of disease and insects.

Because of the variation introduced by the various parents crossed with
260-05, the F2-derived lines were segregating for a variety of agronomic traits
including height and maturity. No significant disease or insect pressure was
noted in the 1996 nursery. Since the transformant checks were similar in
agronomics to the "isogenic" elite line A2396, said segregation was not be
attributed to the transgene imparting the improved oil quahty The lines with
improved oil quality did not have any obvious"average" effects on height,

disease resistance, or insect resistance from wild type check varieties within
the same nursery.

Date trial terminated: All plots containing the gene for improved oil quality
were harvested on October 21, 1996. Plants were harvested by hand by

lf)aculxhhng them from the ground. Seeds were threshed and stored in controlled
ties.
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! Dates of monitoring for volunteer plants: Fields will be checked for
volunteers in May of 1997.
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Field test report for subline G168-12 soybeans grown at the 1996 GXE locations (1) Stine
Farm, MD (2) Schoolcraft, MI (3) Ames, IA, (4) Norway, IA (Cedar Rapids), (5)
Ainsworth, IA.

APHIS Notification Number: 96-071-18N

Reference Number: 96SRN3

Phenotype: High Oleic Subline G168-12 and lines derived from crosses between this line
and transgenic and nontransgenic (rutant) sources of altered fatty acid germplasm

Researcher's Name: Allen R. LeRoy

Locations: |

Date Planted Date Terminated
DuPont Stine Research  5-17-96 10-21-96
Schoolcraft, MI 6-10-96 10-30-96
Ames, IA 6-4-96 11-8-96
Norway, IA 6-13-96 10-19-96
Ainsworth, JA ' 6-15-96 10-26-96

Date of Seedling Emergence: About § days after planting for each site.

Estimated Percent Germination; 90%

Agronomic Observations: The transgenic subline G168-12 was not different from the
original parent line A2396 in appearance, seed set, flowering, and maturity based on visual

observations. In addition,there was no difference observed for insect or disease
susceptibility.

Method of Destruction: Plants were harvested by hand by pulling them from the ground or
breaking them off at ground level. Seeds were threshed and stored in controlled facilites.

Dgaéc;]s Of Monitoring For Volunteer Plants: Fields will be checked for volunteers in June
1997.
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Field Test Report for high oleic rDNA Soybeans Grown at Migd
Western Yield Test Sites in 1996

APHIS Notification Number: 96-071-18N

Reference Number:

Phenotype:
event 260-05.

LINE

SGH-94-1
S5GH-94-19
SGH-G168-12
SGH-G168-44
SGH-G168-61
SGH-G168-79
5GH-G168-84
S5GH-G168-95
SGH-G168-105
SGH-G168-115
SGH-G168-117
5GH-G168-119
SGH-G168-143
SGH-G168-150
SGH-G168-155
S5GH-G168-157

96SRN3

Area

planted at

each

0.
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres
.01 Acres

loXeXoXoXoXoXoSoXeNoNoNoNoNole)

Researcher's Name: Allen R.

Locations:

Terminated

Asgrow Station, Ames, IA

Norway, IA

Prairie City, IA
Redwood Falls, MN

Asgrow Station,
Amboy, MN
Asgrow Station,
Dixon, IL
Asgrow Station,
Wanatah, IN
Asgrow Station,

01 Acres

LeRoy

Janesville, WI

Oxford, IN

Schoolcraft,

MI

location

Date Planted

6-5-96

6-4-96

6-12-96
5-20-96
5-25-96
5-20-96
5-24-96
5-20-96
5-28-96
5-20-96

High Oleic Sublines derived from transformation

Date

10-12-96
10-10-96
10-5-96
10-8-96
10-10-96
10-4-96
10-10-96
9-28-96
10-10-96
10-12-96
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Date of Seedling Emergence: About S5 days after planting for
each site.

Estimated Percent Germination: 90%

Agronomic Observations: The transgenic sublines were not
different from the original parent line A2396 in appearance,
seed set, flowering, and maturity based on visual observationms.

In addition, there was no difference observe@ for imsect or
disease susceptibility.

Method of Destruction: Plants were mechanically harvested by

self propelled combine. Seeds were threshed and stored in
controlled facilites.

Dates of Monitoring For Volunteer Plants: Fields will be
checked for volunteers in June of 1997.



Yield Data - 1996 Field Tests

6IAVV023---COMBINED SITE MEANS, ALL TRAITS--NATURAL DATA--BU/A--SORTED
SITES: Prarie City,
Janesville, WI

STATISTIC

CVERALL MEAN
NUMBER OF LOCATIONS
STANDARD ERROR (PIXED MODEL)

ENT#

14
16
15
13
19

7

mois - moisture; mat - maturity,
GR2 - general rating

ENTRY CODB
PION 9281
STIN 22350
ASGR A2396
PUB BURLISON
ASGR A1900
SGH-G168~117
5GH-G168-79
SGH-G168-44
5GH-G168-95
5CH-G168-119
5CH-G168-155
VINTON 81
SGH-G168-12
HP204
5GH-G168-150
SGH-G94-19
5CH-G168-143
S5GH-G168-61
5GH-G168-115
SGH-G168-84
5GH-G168-157
SGH-G168-105
SGH-G94-1

IA; Norway,

YIELD
BU/A
$0.09
7
.922

, PEDIGREE
RkS $5.89
S S A3127*11702 $3.74
Ra CM214/2943 53.68
Rb K7411376486*CENT 52.49
Rk 86POS5S8-14*A2234 51.09
2396D2s 50.26
2396D2s $0.15
2396D2s 49.98
2396D2s 49.92
2396D2s 49.90
2396D2S 49.79
L60-347-4-4G-2-B*VIN 49.69
2396D2s 49.60
VINTONS1/2/HARDIN 49.41
2396D2S 49.26
2396D2s 48.88
2396D2s 48.52
2396D2S 48.12
2396D2s 47.99
2396D2S 47.84
2396D2S 46.88
2396D2S 46.80
2396D2s 45.57

days after 9/31; hgt
(1-5) (1 = best);

2396D2s = high

MOIS
12.11
7
.165

12.31.
12.67

11.87
12.99
11.93
11.66
12.06
12.06
12.24
11.96
11.53
12.44
12.91
12.37
11.84
11.56
11.73
12.03
11.89
11.74
12.01
11.97
11.66

- height; 1ldg -
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MAT

23.9
7

.241

27.3
26.9
22.9
27.4
21.4
23.3
23.4
23.6
23.5
23.6
23.2
22.8
25.2
24.0
23.3
23.6
23.2
23.4
23.5
23.8
23.9
23.6
23.0

IA; DPixon, IL; Oxford, IN; Schoolcraft, MI; Amboy, MN;

HGT LDG GR2

29.1
7
.34

27.2
27.9
30.0
3o.2
28.2
27.6
28.5
28.0
28.8
28.0
27.9
36.0
28.6
35.0
28.1
27.8
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l. Reference Number: 96-115-02N

2. Applicant Reference Number: 96SRN4
Indiana Tests

7 EE S N

Variety G94-19

26 Acres ‘

6508 West 500 North

West Latayette, IN 47906-9228

Tippecanoe county, Shelby Township, section #30

Variety G94-19

39 Acres

6722 West 500 North

West Lafayette, IN 47906-9228

Tippecanoe County, Shelby Township, section #25

Variety G94-1

73 Acres

6722 West 500 North

West Lafayette, IN 47906-9228

Tippecanoe County, Shelby Township, Section #26

After Harvest Production Estimates for Indiana Field Tests:

Variety Bushels Acres Yield /Acre
G94-1 2400 75.2 31.9
G94-19 1827 83.8 21.8

lowa Tests

Variety G94-19
40 Acres Approx. 1580 bushels or 39.5bu/ac
Greene County

South Washington Township
Section #11

i
i
k
b
E

Variety G94-19

20 Acres Approx. 820 bushels or 41.0bu/ac
Greene County .

South Washington Township

Section #13

Variety G94-1
52.1 Acres Approx. 2495 bushels or 47.9busac
Dallas County

Spring Valley Township
Section #7
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Variety G94-1

51.2 Acres Approx. 2500 bushels or 48.8bu/ac
Dallas County

Spring Valley Township

Section #7

After Harvest Production Estimates for Iowa Field Tests:

Variety Bushels Acres Yield /Acre : .
G94-1 4995 103.3 48.35 . o :
G94-19 2400 60 40

Summary

The two varieties G94-1 and G94-19 did not appear to be unusual
in comparison to normal soybeans of a similar parental
background when planted late and under stress conditions. No
unusual occurrences of insect attack or disease pressure were
noted. Fields of G94-1 and G94-19 were planted in Indiana and
Iowa in early/mid June of 1996, i.e. later tham the preferred
planting time. Plantings were delayed because of the very wet
conditions. Poor emergence scores were noted because of the cool
damp soils; the poor emergence rating does not differ from non-
transgenic soybeans planted in the area. Yields at the Indiana
sites were lower than expected due to stress, cool, damp
conditions and late planting. In contrast, yields at the Iowa

sites were much higher, 48.35 bushels/acre for G94-1, and 40
bushels/acre for G94-19.

Details
Indiana Sites

Two days after planting additional rains fell causing puddles in
the fields. The G94-1 soybeans planted on June 6th had
relatively good emergence scores with a final stand count of 5
plants per foot. The planting of G94-1 on June 8th had a very
poor emergence rating due to the rain and puddling of the soil.
The initial weed control practices for these two plantings
failed. A follow-up program to control the weeds set the plants
back and may have reduced the potential yield. The June 6th
planting estimated average is 33 bushels per acre, while the
June 8th planting dropped to 20 bushels per acre. The G9%4-19
planted on June 14th ended up with an established stand of 6
plants per foot. Pod height was very low due to the late
planting and poor conditions. Two to five pods were so low to
the ground they were not harvestable. The total estimated
bushels of G94-1 is 2,400 bushels. The G94-19 total estimated
bushels is 1,827. The after harvest report indicates that
nearly 10 acres of production had less the 4 plants per foot due
to flooding. There were a few off-types in the final stand.
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The off-types were comprised of pubescence color and late
maturity.

Iowa Sites

The G94-1 fields were planted on June 10, 1996 at a rate of

5 seeds per foot to stretch the seedstock and enhance the total
vield. The fields were checked for off-types late in the
growing season. The flower color off-type was at a rate of
2/4000 plants (0.05%), tall, later maturing off-types were found
at a rate of approximately 6/10,000 or 0,06%. The off-types .
were rogued to a level of 1/4000 or less plants; some were kept .
for future analysis. The off-types tended to have a tawny
pubescence. The normal plamts have gray pubescence, tan pod
walls and imperfect black hilums. Fatty acid analyses of some
of the tall off-type plant seeds indicated that they were a
mixture of plants, some with normal fatty acid profiles, some
with high oleic profiles and the rest displayed a range in fatty
acid profile between the two extremes. The G94-19 fields did
not show any off-type plants for flower color or pubescence
color. The grain samples have beans with imperfect-black
hilums. The 0.05 - 0.06% range of off-types is not unusual and
could be caused by a very small amount of outcrossing.

The. two varieties G94-1 and G94-19 did not appear to be
unusual in comparison to normal soybeans of a similar parental
background growing under similar conditions. There was very
little insect or disease pressure noted in these tests and both
of the transformed lines, G94-1 and G9%4-19, seemed to perform
similarly to the parental line A2396 with respect to insects and
diseases. Yields of G94-1 were 48.35 bushels per acre while
vields of G94-19 were 40 bushels per acre.
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Cellular localization of soybean storage protein mRNA in

transformed tobacco seeds

(transformation/in situ hybridization /gene regulation)

SusaN J. BARKER, JOHN J. HARADA*, AND ROBERT B. GoLDBERG'

Department of Biology. University of California, Los Angeles. CA 90024

Communicated by Charles S. Levings 111, Scptember 28, 1987

ABSTRACT We transformed tobacco plants with a soy-
bean fB-conglycinin gene that encodes the 1.7-kilobase -
subunit mRNA. We showed that the B-conglycinin mRNA
accumulates and decays during tobacco seed development and
that B-conglycinin mRNA is undetectable in the tobacco leaf.
We utilized in situ hybridization to localize B-conglycinin
mRNA within the tobacco seed. 3-Conglycinin mRNA is not
detectable within the endosperm but is localized within specific
embryonic cell types. The highest concentration of 3-congly-
cinin mRNA is found in cotyledon storage parenchyma cells.
We conclude that sequences required for embryo expression,
temporal control, and cell specificity are linked to the -
conglycinin gene, and that factors regulating B-conglycinin
gene expression are compartmentalized within analogous soy-
bean and tobacco seed regions.

B-Conglycinin is a storage protein that accumulates to high
levels in the soybean seed (1, 2). The major S8-conglycinin
polypeptides, designated a’, a, and B (3, 4), are encoded by
2.5-kilobase (kb) (a’/a) and 1.7-kb (8) mRNAs, respectively
(5, 6). B-Conglycinin mRNAs are highly homologous, differ
primarily by the presence or absence of a 0.56-kb insertion
sequence, and are transcribed from different genes (refs. 7
and 8: also unpublished data). The B-conglycinin gene family
contains at least 15 members that are clustered in small
domains on at least two different chromosomes (ref. 9; J.J.H.
and R.B.G., unpublished results). Most B-conglycinin genes
either encode or are preferentially homologous with the
1.7-kb B-subunit mRNA (J.J.H. and R.B.G., unpublished
results). :

B-Conglycinin gene expression is highly regulated during
the soybean life cycle. 8-Conglycinin mRNA accumulates at

precise embryonic stages, is less prevalentin the axis than the

cotyledons, and is undetectable in mature plant organ sys-
‘tems (5, 8, 10, 11). In addition, the 2.5-kb a'/a mRNA
accumulates prior to the 1.7-kb 8 mRNA during embryogen-
esis (refs. 8and 10: J.J.H. and R.B.G.. unpublished results).
Transcriptional control processes are responsible for restrict-
ing B-congiycinin gene expression to the embryonic phase of
the life cycle (5, 11). By contrast, posttranscriptional events
regulate B-conglycinin mRNA differential accumutation (un-
published data). Neither selective gene amplification nor.
detectable differences in methylation patterns accompany
the developmentai changes in B-conglycinin gene expression
(5. 11).

The DNA sequences and cellular factors responsible for
controlling B-conglycinin gene expression have not yet been
identified. To begin to identify cis control regions. Beachy et
al. (12) and Chen ez al. (13) demonstrated that an a’-subunit
gene is expressed during petunia sced development and that
a 0.09-kb region located within 0.26 kb of the 5’ gene end is

The pubtication costs of this article were defrayed in part by puge charge
payment. This article must therefore be hereby marked **advertisemens™
in accordance with 18 U.S.C. £1734 solely to indicate ths fact.

required for high seed expression levels. It has not yet been
established, however, whether B-conglycinin mRNA or any
other seed protein mRNA is spatially distributed to the
correct cell types in transformed seeds. Nor has it been
established whether or not gB-conglycinin mRNA accumu-
lates and decays during seed development in transformed
plants as occurs in soybean.

Here, we introduced a SB-conglycinin S8-subunit gene into
tobacco plants. Using in situ hybridization, we demonstrate
that B-conglycinin mRNA is detectable only within the
tobacco embryo and is localized preferentially within coty-
ledon and upper axis cells. In addition, we show that
B-conglycinin mRNA is not detectable in the tobacco leaf,
and that B-conglycinin mRNA appears and disappears at
precise stages of tobacco seed development. We conclude
that sequences required for both temporal control and cell
specificity are linked to the B-subunit gene and that regula-
tory molecules that control B-conglycinin gene expression
are spatially distributed within analogous tobacco and soy-
bean seed regions.

MATERIALS AND METHODS

Isolation of a 8-Conglycinin Plasmid. The characteristics of
the B-conglycinin ¢cDNA plasmid A-16 have been described
(5). : .
DNA Isolation and Labeling. DNAs were isolated as de-
scribed by Fischer and Goldberg (14) and were labeled by
nick-translation (15).

Polysomal mRNA Isolation. Soybean and tobacco poly-
somal mRNAs were isolated as descnibed (16, 17).

Filter Hybridization Experiments. DNA gel-blot and RNA
dot-blot experiments were carried out according to published
procedures (18-20). RN A gel-blot studies were performed as
described (5) except that nitrocellulose filters were used. .

In Situ Hybridization Experiments. /n situ hybridization
studies were carried out as described by Cox ef al. (21) with
modification. In brief, seeds 19 days after pollination (DAP)
were fixed in 10% formalin/5% acetic acid/50% ethanol (22),
embedded in paraffin, and sliced into 10-um sections. Single-
stranded B-conglycinin 3*S-labeled RNA probes were syn-
thesized by using the pGEM transcription system (Promega
Biotec). The **S-labeled RNA probes were hydrolyzed to
approximately 0.2 kb in size and then were hybridized with
slides containing fixed seed sections for 14 hr at selection
criteria of 42°C, 0.3 M Na*. and 50% formamide (21). A

© ¥*S.labeled anti-mRNA probe was used to localize -

conglycinin mRNA within the tobacco sced while a **S-
labeled mRNA probe monitored nonspecific hybridization
within the fixed secd section. Following hybridization. the
fixed sced sections were incubated with RNase A at 50

Abbreviation: DAP. days after pollination.

*Present address: Depaniment of Botany. University of California,
Davis. CA 95616.

*To whom reprint requests should be addressed.
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pg/ml, washed at critena of 57°C and 0.02 M Na“ and
overlaid with film emulsion (21). Seed sections were stained
with 0.5% toluidine blue, and both bright-field and dark-field
microscopy were used to visualize cell types and autoradio-
graphic grains.

R-Loop Formation. R loops were formed as described by
Fischer and Goldberg (14).

Nuclease S1 Mapping. Nuclease S1 protection experiments
were carnied out by published procedures (23, 24).

Transformation of Tobacco Plants, Tobacco (Nicotiana
tabacum cv. Wisconsin 38) leaf disks (25) were transformed
with the B-conglycinin gene as described by Okamuro er al.
7.

RESULTS

Characterization of a fB-Conglycinin Gene Region. We
utilized the B-conglycinin cDNA clone A-16 (5) to select
B-conglycinin genomic clones from a soybean genomic DNA
library. A-16 represents the 2.5-kb a/a’-subunit mRNA but
hybridizes with the 1.7-kb B-subunit mRNA as well (5). Fig.
1 shows the B-conglycinin genomic clone, designated AA16-
B3, that contains the gene region that was utilized in the
transformation studies. Two B-conglycinin genes, designated
CG-< and CG-8. and a nonseed protein gene (NSP) are
localized within this 17.3-kb genomic segment (Fig. 14). Both
B-conglycinin gene family members hybridized with the
2.5-kb and 1.7-kb B-conglycinin mRNAs but were preferen-
tially homologous with the 1.7-kb B-subunit mRNA (J.J.H.
and R.B.G., unpublished results). By contrast, the nonseed
protein gene was transcriptionally active during embryogen-
esis and was represented in leaf and root mRNAs (ref. 11;
J. K. Okamuro and R.B.G., unpublished results).

We characterized the CG-4 B-conglycinin gene by R-loop
analysis to visualize its structure in the electron microscope.
Fig. 1B shows that the CG<4 B-conglycinin gene contains at
least six exons and five introns. To verify this structure
directly, we sequenced the CG-4 B-conglycinin gene and its
contiguous regions. A schematic representation of the CG4
gene structure is presented in Fig. 1C. We determined that
the DNA sequence produces an open reading frame with
N-terminal amino acids similar to those present in the
B-conglycinin B-subunit (4). that the CG< gene contains five
introns as predicted by the R-loop analysis, and that it differs
from the CG-7 a'-subunit gene (7) by the absence of a 0.56-kb
insertion within the first exon.

We hybridized soybean midmaturation-stage embryo
mRNA with a CG-4 B-conglycinin gene 5’ probe (Fig. 1C,
probe I) to determine whether this gene was expressed during
embryogenesis. Several fragments differing by one nucieo-
tide in length were resistant to nuclease S1 digestion (Fig. 2,
lane Soy +), indicating that the CG-4 gene was represented
in embryo mRNA. The fragment producing the strongest
signal (0.24 kb) suggests that the transcription start site is 0.03
kb 3’ to a TATA consensus sequence (Fig. 1C). Together,
these data show that CG+ is a functional B-conglycinin gene
and that it is clustered within a genomic domain containing a
related B-conglycinin gene and a differentially regulated
nonseed protein gene.

Representation of the 8-Conglycinin Gene Region in Trans-
formed Tobacco Plants. We introduced a 12.3-kb DNA
fragment containing the CG+4 B-conglycinin gene (Fig. 14)
into tobacco piants by transforming leaf disk cells with a
Ti-plasmid vector (17, 25, 27-29). Two indcpendent trans-
formants, designated TOB-T1 and TOB-T2, were sclected for
analysis. We hybndized a CG+4 B-conglycinin probe (Fig. 1C.
probe 1l) with TOB-T1 and TOB-T2 DNA gel blots to
determinc the B-conglycinin gcne copy number within the
transformed plants. As shown in Fig. 34 and schematically
presented in Fig. 38. no detectable signals were obtained
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Fic. 1. The soybean CG<4 B-conglycinin gene. (A) Organization
of the CG-4 B-conglycinin gene region. Rl, H3, Hp, and Bg refer to
EcoRl, Hindlll, Hpa 1. and Bg! 1l restriction endonucleases,
respectively. Boxes/arrows represent gene iocations/transcriptional
orientations, respectively. CG- exons and introns are displayed in
black and white, respectively. NSP box refers to a nonseed protein
gene and represents the maximum gene length. NSP and CG-8 gene
structures have not yet been characterized. pLGVne02103-Eco012.3
is the recombinant plasmid used for the gene transfer studies. This
plasmid contains the bracketed 12.3-kb EcoRl fragment that was
obtained from a partial EcoRl digestion of AA16-3 phage DNA. (B)
R-loop analysis of the CG<4 B-conglycinin gene. AA16-3 DNA was
hybridized with excess midmaturation-stage soybean embryo
mRNA under conditions that form R loops (14). El through Eé6
designate exons oriented relative to the S’ and 3’ gene ends. The bar
represents approximately 0.6 kb. (C) A schematic representation of
the CG+4 pconglycinin gene. Nucleotides +1 and +2221 designate
the §’' and 3’ ends, respectively. These were obtained from nuclease
S1 protection studies (Fig. 2). CACA represents a consensus se-
quence (5 CAACACACG 3') that is present at least once in the §°
flanking region of all soybean seed protein genes sequenced to date
(26). Black and white areas represent exons and introns, respective-
ly. The bracketed lines below the 8-conglycinin gene represent DNA
probes used in the experiments reported here. A refers to the 0.56-kb
insertion within the CG-/ a’-subunit B-conglycinin gene (7) that is
absent from CG— at nucleotide +91.

with untransformed tobacco DNA (Fig. 3A, lane TOB-C). By
contrast, low-copy soybean DNA fragments of the expected
size were present in each transformant.(Fig. 3B, lanes
TOB-T1 and TOB-T2). We determined that each tobacco
plant contained a single-copy B-conglycinin gene region by
using a restriction endonuclease that does not digest within
vector DNA, enabling two distinct-sized border fragments to
be visualized (data not shown). Together, these findings
demonstrate that each tobacco transformant contains one
unrearranged 12.3-kb B-conglycinin gene region.
B-Conglycinin Gene Is Expressed Correctly in Transformed
Tobacco Plants. We hybridized 14- 10 16-DAP tobacco seed
mRNA with a CG< §' probe (probe I. Fig. 1C) to determine
whether the B-conglycinin gene was expressed in tobacco.
The nuclease S1 assay (Fig. 2. lanes TOB-T1 and -T2)
indicates that both TOB-T1 and TOB-T2 sced mRNAs .
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F1G. 2. Nuclease S1 analysis of S-conglycinin gene expression.
Probe I (Fig. 1C) was hybridized with either soybean midmaturation-
stage embryo mRNA or tobacco 14- to 16-DAP seed mRNA under
conditions that favor DNA-RNA hybnd formation (24). Lanes: Soy,
TOB C, TOB T1. and TOB T2, soybean, untransformed tobacco,
transformant-1, and transformant-2 mRNAs, respectively (film ex-
posures of lanes TOB-C, TOB-T1, and TOB-T2 differ from that of the
Soy lanes): G and C, sequencing ladders from the same CG region;
- and +, hybridization reactions that were not treated (—) or treated
(+) with nuclease S1, respectively. The dots designate the major
protected fragment in each experiment. This fragment was taken to
be the 5’ terminal nucleotide of the mRNA (Fig. 1C).

protected DNA fragments similar in size to those produced
with soybean mRNA (Fig. 2, lane Soy ™). This result shows
that the B-conglycinin gene is expressed in each transformed
plant and that the transcription start site is similar to that
observed in soybean plants.

We hybridized a CG+4 probe (Fig. 1C, probe II) with gel
blots containing tobacco seed and leaf mRNASs to determine
whether the B-conglycinin gene was regulated correctly

A
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Fi1G. 3. Representation of the B-conglycinin gene region in
transformed tobacco planis. (A) DNA gel blot of untransformed and
transformed tobacco DNAs. Leaf nuclear DNA from individual
plants was digested with restriction endonuclease, fractionated by
electrophoresis, transferred to nitrocellulose, and hybridized with
CG-4 gene probe Il (Fig. 1C). Lanes: Copies/1N, reconstruction
lanes containing 0.5-, 1-. and 2-copy equivalents of EcoRI-digested
AA16-3 DNA [DNA copy ecquivalents were calculated using a
tobacco genome size of 2.4 x 10* kb (30)]; TOB-C, untransformed
tobacco: TOB-T1, transformant ] mRNA: TOB-T2. transformant 2
mRNA. CG-4a and CG-4b refer to the 6.7-kb and 5.6-kb CG< EcoRl
fragments. while CG-8 refers to the 5-kb CG-8 EcoRI fragment (Fig.
1A). The reduced CG-8 hybndization signal indicates that this gene

has diverged from the CG< B-conglycinin gene. a a. EcoRl DNA®

fragments; @ =, Hpa | DNA fragments. (B) Map of relevant
restriction endonuclease sites within the CG<4 B-conglycinin gene
region. RI. H3. and Hp refer to EcaRl. Hindlll. and Hpa | restriction
endonucieases. respectively. CG-4 exons and introns arc represent-
ed by black and white boxes. respectively.
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during the tobacco life cycle. Fig. 4 shows that the CG<4
probe produced a 1.7-kb signal with both TOB-T1 and
TOB-T2 seed mRNAs. Densitometric analysis indicated that
these signals were 1/20th (TOB-T2) to 1/100th (TOB-T1) of
that obtained with soybean mid-maturation stage embryo
mRNA. We presume that this prevalence difference is due to
position effect because TOB-T1 and TOB-T2 plants contain
a single-copy B-conglycinin gene insert at distinct genomic
locations (Fig. 3). By contrast, no detectable signals were
obtained with untransformed tobacco seed and leaf mMRNAs
(Fig. 4, lanes TOB-C), or with transformed tobacco leaf
mRNA (Fig. 4, lanes L of TOB-T1 and TOB-T2). Together,
these results show that the 1.7-kb soybean B-conglycinin
mRNA is produced in the correct developmental state within
each transformed tobacco plant.

B-Conglycinin Gene Expression Is Regulated Temporally
During Seed Development. We isolated transformed tobacco
seed mRNA at different times after pollination and hybrid-
ized each mRNA with a B-conglycinin probe (Fig. 1C, probe
II) to determine whether the B-conglycinin gene was regu-
lated temporally during seed development. We constructed a
timetable for tobacco seed development to specify stages
from which mRNAs were isolated (data not shown). Fig. SA
shows that B-conglycinin mRNA accumulates and decays
during tobacco seed development. Transformed tobacco leaf
and untransformed tobacco seed mRNAs did not produce
hybridization signals (Fig. SB). At its peak prevalence (23
DAP), B-conglycinin mRNA represented approximately
0.5% of the TOB-T2 tobacco seed mRNA mass or approxi-
mately 1/20th of that observed during soybean embryogen-
esis (Fig. 5C). We conclude that the soybean B-conglycinin
gene displays a precise temporal expression pattern during
tobacco seed development and that this pattern is analogous
to that which occurs in soybean (5, 11).

Soybean B-Conglycinin mRNA Is Concentrated Within
Specific Tobacco Seed Regions. We utilized in situ hybridiza-
tion (21) to localize B-conglycinin mRNA within transformed
tobacco seed sections (22). Fig. 64 shows a bright-field
micrograph of a 19-DAP tobacco seed longitudinal section
that was stained with toluidine blue. @romincnt embryo (E)
with well-developed cotyledons (C) and a hypocotyl-radicle
axis (A) is embedded within several layers of nonembryonic

Soy Tob Soy Tod-C  Tob-T1 Tob-T2
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FiG. 4. B-conglycinin gene expression in transformed tobacco
plants. Soybean and tobacco mRNAs were fractionated by electro-
phoresis on a methylmercury(I) hydroxide-agarose gel. stained with
ethidium bromide to visualize mRNA bands. and transferred to
nitrocellulose paper. The RNA gel blots were hybridized with CG<4
gene probe 11 (Fig. 1C). Lanes: Soy. TOB-C, TOB-T1, and TOB-T2.
soybean. untransformed tobacco. and transformed tobacco mRNAs
1 and 2. respectively; E. Sd. and L. embryo, seed, and leaf mMRNAs,
respectively. at S ug of mMRNA: soybean embryo 0.05x and 0.01_!.
0.25 ug and 0.05 ug of midmaturation-stage mRNA representing
=1000 and 250 molecules per cell equivalents of B-conglycinin
mRNA (5). a/a’. Gly, 8. Le. and KTi refer to mRNAs encoding the
B-conglycinin a/a’-subunit, glycinin, B-conglycinin 8 subunit. lec-
tin, and Kunitz trypsin inhibitor seed proteins. respectively. Seed
protein mRNA sizes have been descnibed previously (S, 14). The
prevalent 1.9-kb tobacco sced mRNA (lane Tob Sd) hybridized
weakly with a soybean B-conglycinin gene probe (data not shown),
suggesting that it encodes an endogenous tobacco storaee nratein
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Fi1G. 5. B-conglycinin gene expression during tobacco seed de-
velopment. (A) Representation of B-conglycinin transcripts in tobac-
co seed mMRNA. One microgram of TOB-T2 mRNA from different
developmental stages was spotted onto nitrocelluiose and hybridized
with a CG-4 gene probe (Fig. 1C, probe II). @, Seed dry weight in
milligrams per 100 seeds: o, fruit capsule fresh weight in grams. Fruit
capsule fresh weight and seed dry weight at 19 DAP were 1.4 g and
7.7 mg, respectively. Polysome profiles for seeds at different DAP
are shown below the dot-blot signals. The arrow indicates a 15-mer
polysome that probably contains the 1.9-kb tobacco storage protein
mRNA visualized in Fig. 4 (lane Tob Sd). (B) Hybndization of the
B-conglycinin gene probe with transformed tobacco leaf mRNA
(TOB-T2) and untransformed tobacco seed mRNA (TOB-C). Each
spot contained one microgram of mRNA. (C) Soybean mRNA
standards used to calibrate S8-conglycinin mRNA prevalences. The
0.1x,0.05x,0.01x, and 0.005 x spots contained 0.1 ug, 0.05 ug, 0.01
ug. and 0.005 ug of soybean midmaturation-stage mRNA and
correspond to B-conglycinin mRNA prevalences of 1%, 0.5%, 0.1%,
and 0.05%, respectively (5). .

endosperm cells (En). In addition, a provascular cylinder (V)
is apparent within both the cotyledons and the axis.

The dark-field micrograph (Fig. 6B) indicates that §-
conglycinin 5S-labeled anti-mRNA (Fig. 1C, probe III)
hybridized intensely with RNA present in.embryo cotyledon

cells and upper axis cells. By comparison with the *3S-labeled

mMRNA control (Fig. 6C), no grains above background were

observed in the endosperm or in the Tower axis embryonic
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region. Shorter exposures of a seed section analogous 10 that
presented in Fig. 68 (data not shown) and hybridization with
sections sliced in different planes (L. Perez-Grauand R.B.G.,
unpublished results) indicated that B-conglycinin mRNA was
present in embryo storage parenchyma cells but undetectable
in cells of the provascular cylinder. These findings indicate
that the B-conglycinin mRNA concentration differs signifi-
cantly within the seed and within different embryonic regions
and cell types. Assuming that endosperm and embryo cells
have similar mRNA contents, we estimate that the actual
B-conglycinin mMRNA prevalence in the embryo is at least 2%
of the mRNA mass or only one-fifth that measured in soybean
for the family as a whole (5). We conclude that soybean
B-conglycinin mRNA is spatially regulated within the tobac-
co seed and that the B-conglycinin gene has an embryo-
specific gene expression program similar to that observed in
soybean.

DISCUSSION

Soybean CG<4 B-Conglycinin Gene Region. We utilized a
12.3-kb genomic segment containing a B-subunit 8-congly-
cinin gene for the gene transfer studies reported here (Fig. 1).
Closely linked to the CG<4 gene is a S-subunit gene relative
(CG-8) and an unidentified gene that is expressed during
embryogenesis and in the mature plant. DNA walking ex-
periments showed that within 45 kb no other 8-conglycinin
genes are contiguous to CG+4 and CG-8 (unpublished data).
By contrast, other regions exist that contain up to five
interspersed a’/a-subunit and B-subunit B-conglycinin genes
(unpublished data). Close linkage of differentially expressed
genes also occurs in the glycinin, lectin, and leghemoglobin
gene regions (14, 17, 31) and appears to be a general
characteristic of the soybean genome (17). We infer that each
gene within the CG<4 B-conglycinin region has a unique
regulatory domain that programs its expression during the
soybean life cycle, at least at the transcriptional level.

CG-4 B-Conglycinin Gene Is Expressed Correctly in Trans-
formed Tobacco Plants. Both genetic and molecular analyses
indicated that a single-copy soybean gene is present in each
transformed tobacco plant (Fig. 3). Nuclease S1 (Fig. 2),
RNA gel-blot (Fig. 4), and RNA dot-blot (Fig. 5) studies
demonstrated that the 1.7-kb B-subunit mRNA is present at
prevalent levels in developing tobacco seeds, that this mRNA

Fi1G.6. Localization of 8-congiycinin mRNA in transformed tobacco seeds. TOB-T2 19-DAP tobacco seeds were fixed. embedded in paraffin,
sectioned. and hybnidized in situ with single-stranded »S-labeled RNA probes (Fig. 1C, probe iI1) as outlined. (A} Longitudinal section of a
tobacco seed. SC. E. En. A, C, and V refer to seed coal, embryo, endosperm, hypocotyl-radicle axis, cotyledons, and provascular cylinder,
respectively (22). The photograph was taken using bright-ficld microscopy. (Bar = 100 um.) (8) Hybridization with a ¥S-labeled am?-r_nRNA
probe. White grains represent regions containing RNA-RNA hybrids. The photograph was taken with dark-field microscopy. (C) Hybridization
with a ’S-labcled mRNA probe. White grains represent background hvbridization levels. The photograph was taken with dark-ficld microscopy.
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is undetectable in the tobacco leal, and that B-conglycinin
mRNA accumulates and decays dunng tobacco seed devel-
opment. This regulated B-conglycinin gene expression pro-
gram is qualitatively indistinguishable from that observed in
the soybean plant (5, 6, 11).

We have not yet carried out transcription experiments with
the transformed tobacco plants analogous to those reported
for soybean (11). However, we infer from our resuits that the
transcriptional controls responsible for activating and re-
pressing B-conglycinin gene expression during seed devel-
opment and the posttranscriptional processes that operate to
degrade B-conglycinin mRNA prior to seed dormancy are
highly conserved in tobacco and soybean. This inference
probably applies to legume seed protein genes in general
because several different gene classes (e.g., storage protein,
trypsin inhibitor, and lectin) have been shown to be ex-
pressed correctly in solanaceous plants (refs. 12, 13, 17, and
32; K. D. Jofuku and R.B.G.. unpublished results). We
presume that molecules regulating soybean seed protein gene
expression have counterparts within the tobacco seed.
Whether these molecules are identical or highly related to
those in soybean remains to be determined; however, they
must be sufficiently homologous in order to recognize soy-
bean control sequences that participate in transcriptional and
posttranscriptional regulatory processes.

B-Conglycinin mRNA Is Present Within Specific Tobacco
Embryo Cell Types. A clue to the distribution of molecules
that control B-conglycinin gene expression within the tobac-
co seed was obtained from the in situ hybndization expen-
ments presented in Fig. 6. No detectable hybridization above
background was observed within the endosperm (Fig. 6 B and
C). By contrast, 8-conglycinin mRNA was detected within
the embryo and was preferentially localized within the
cotyledons and upper axis cells (Fig..68). Greenwood and
Chrispeels (33) and Sengupta-Gopalan‘er al. (32) showed that
the bean storage protein phaseolin is present primarily in the
embryo of transformed tobacco seeds, although a small
quantity of protein is found in the endosperm. Our mRNA
localization studies indicate that soybean pB-conglycinin
mRNA is only detectable in the tobacco embryo. Thus,
B-conglycinin mRNA is either absent entirely from the
tobacco endosperm or is présent at a concentration too low
to be detected by our in situ hybridization procedure.

By comparison with tobacco, soybean seeds are composed

almost _entirely of embryonic cells and possess a vestigial
€ndosperm (34). During early seed development, however, a

significant mass of endosperm tissue surrounds the develop-
ing embryo (34). Recently, we localized B-conglycinin
mRNA sequences within developing soybean seeds, using in
situ hybridization (L. Perez-Grau and R.B.G., unpublished
data). B-Conglycinin transcripts are only detectable during
the maturation phase of embryogenesis and are confined 10

_the embryo, Thus, the distribution of B-conglycinin mRNA

within the tobacco seed approximates that which is observed
within soybean. We conclude that sequences required for
embryonic expression, temporal control. and cell specificity
are contained within the 12.3-kb B-conglycinin DNA segment
and are probably less than } kb 5" and/or 4 kb 3’ to the CG4
B-subunit gene (Fig. 1LA). Whether the temporal and spatial
B-conglycinin gene expression programs are controlled by a
single regulatory element or several different elements, and
the relationship, if any. between a'-subunit (12, 13) and
B-subunit control sequences is not yet known.

We showed recently that a sovbean embryo DNA binding
protein interacts with a specific soybean lectin gene 5' region
and that its activity parallels lectin gene transcriptional levels

during the soybean life cycle (35). The B-conglycinin gene
- s

Proc. Nail. Acad. Sci. USA 85 (1988)

competes with the lect DNA binding protein
(C. Reeves and R.B.G., unpubllshcd results). Although we

have no information regardmg the physiological relevance of
this DNA binding protein, it may perform some role in
regulating seed protein gene transcription. A major conclu-
sion of the present study is that factors regulating seed
protein gene expression are compartmentalized within spe-
cific regions of soybean and tobacco seeds. What these
factors are and how they become spatially distributed during
embryogenesis remain to be determined.

We express our gratitude to Dr. Kathleen Cox for teaching us the
in situ hybridization procedure and to Drs. Diane Jofuku and Jack
Okamuro for developing the gene transfer technology in our labo-
ratory. S.J.B. was supported by McKnight Foundation and UCLA
Graduate Research Predoctoral Fellowships. This research was
supporied by a U.S. Department of Agriculture Grant to R.B.G.

Hill. J. E. & Breidenbach, R. W. (1974) Plans Physiol. §3, 742-746.

Hill, J. E. & Breidenbach, R. W. (1974) Plant Physiol. 53, 741-751.

Thanh, V. H. & Shibasaki. K. (1978) J. Agric. Food Chem. 26, 692--695.

Coates. J. B.. Medeiros, J. S., Thanh, V. H. & Nielsen, N. C. (1985)

Dev. Biol. 83, 218-231.

S. Goldberg, R. B., Hoschek, G.. Ditta, G. S. & Breidenbach, R. W,
(1981) Dev. Biol. 83, 218-231.

6. Beachy. R. N., Jarvis, N. P. & Barton, K. A. (1981) J. Mol. Appl.
Genet. 1, 19-27.

1. Doyle, J. J.. Schuler, M. A., Gudette, W. D., Zenger, V.. Beachy,
R. N. & Slightom, J. L. (1986) J. Biol. Chem. 261, 9228-9238.

8. Ladin, B. F., Tiemey, M. L., Meinke, P., Hosangadi, P., Veith, M. &
Beachy, R. N. (1987) Plans Physiol. 84, 35-41.

9. Davies, C. S.. Coates, J. B. & Nielsen, N. C. (1985) Theor. Appl.
Gener. 71, 351-358.

10. Meinke. D. W., Chen. J. & Beachy, R. N. (1981) Planra 153, 130-139.

11. Walling, L., Drews, G. N. & Goldberg, R. B. (1986) Proc. Nail. Acad.
Sci. USA 83, 2123-2127.

12. Beachy, R. N., Chen, Z. L., Horsch, R. B., Rogers, S. G.. Hoffman.
N. J. & Fraley. R. T. (1985) EMBO J. 4, 3047-3053.

13. Chen, Z. L., Schuler, M. A. & Beachy, R. N. (1986) Proc. Natl. Acad.
Sci. USA 83, 8560-8564.

14. Fischer, R. L. & Goldberg, R. B. (1982) Cell 29, 651-660.

15. Rigby, P. W. J.. Dieckmann, M., Rhodes, C. & Berg, P. (1977) J. Mol.
Biol. 113, 237-251.

16. Goldberg. R. B.. Hoschek. G., Tam, S. H., Ditta, G. S. & Breidenbach,
R. W. (1981) Dev. Biol. 83, 218-231.

17. Okamuro, J. K., Jofuku, K. D. & Goldberg, R. B. (1986) Proc. Nal.
Acad. Sci. USA 83, 8240-8244.

18. Southemn. E. M. (1975) J. Mol. Biol. 98, 503-517.

19. Wahl, G. M., Stern, M. & Stark. G. R. (1979) Proc. Natl. Acad. Sci.
USA 76, 3693-3697.

20. Thomas. P. S. (1980) Proc. Natl. Acad. Sci. USA 77, 5201-520S.

21. Cox. K. H., DeLeon, D. V., Angerer, L. M. & Angerer, R. C. (1984)
Dev. Biol. 101, 485-502.

2. Avery, G. S. (1933) Am. J. Bot. 20, 309-327.

23. Berk, A. J. & Sharp, P. A. (197N Cell 12, T21-722.

24. Rosbash, M., Blank. D., Fahmer, K., Hereford, L., Ricciardi, R.,
Roberts, B.. Ruby, S. & Woolford, J. (1979) Methods Enzymol. 68,

’ 454-469.

25. Horsch,R. B.. Fry,J. E.. Hoffman, N. L., Eichholtz, D.. Rogers. S. E.
& Fraley, R. T. (1985) Science 227, 1229-1231.

26. Goldberg. R. B. (1986} Philos. Trans. R. Soc. London Ser. B 314,
343-353.

27. DeBlock. M., Herrera-Estreila, L., Van Montagu, M., Schell. J. &
Zambryski. P. (1984) EMBO J. 3, 1681-1689.

28. Zambryski, P.. Joos, H.. Genetello. C.. Leemans, J., Yan Montagu. M.
& Schell. ). (1983) EMBO J. 2, 2143-2150.

29. Hain. R., Czemilofsky. A. P., Steinbiss. H. N.. Herrera-Estrella. L. &
Schell, J. (1985) Mol. Gen. Genes. 199, 161-168:

30. Okamuro, J. K. & Goldberg. R. B. (1985) Mol. Gen. Genes. 198,
290-298.

31, Lee.J.S..Brown. G. G. & Verma. D. P. S. (1983) Nucleic Acids Res.
11, 5541-5553.

32. Sengupta-Gopalan, C.. Reichert, N. A, Barker. R. F.. Hall. T. L. &
Kemp, J. D. (1985) Proc. Nail. Acad. Sci. USA 82, 3320-3324.

33. Greenwood. J. S. & Chnspeels, M. J. 11985) Plant Physiol. 79, 65-71.

34. Carlson, J. B. (1973) in Soybeans: Improvemeni. Production. and Use.
ed. Caldwell. B. E. (Am. Soc. Agronomy, Madison. W), pp. 17-95.

35. Jofuku, K. D., Okamuro, J. K. & Goldberg, R. B. (1987} Nature (Lan-

don) 328, 734-737.

- -



Accumulation and assembly of sovbean 3-conglycinin in sceds of

transformed petunia plants
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A gene encoding the «’-subunit of 6-C0ng cinin, a seed
storage protein of soybean (Glycine max), was transformed
into petunia cells on a disarmed Tl-plasmid of Agmbactenum
tumefaciens, and plants were regencrated Transcripts of the
introduced gene accumulated in immature embryos but not
in leaves of the transformed plants. Soybean protein was first
detected immunologically in proteins extracted from embryos
at 10 days post pollination (d.p.p.), concurrent with the ac-
cumulation of subunits of the major petunia seed proteins.

' Between 10 and 16 d.p.p. the primary soybean protein de- .

tected had an apparent mol. wt. of S5 kd. The 76-kd o' -sub-
unit and several smaller polypeptides accumulated between
16 and 24 d.p.p., when seeds had matured. Polypeptides
<76 kd probably resulted from specific proteolytic cleavage
of the a’-subunit. The a’-subunit and the smaller polypep-
tides assembled into multimeric proteins with sedimentation
coeflicients of 7 - 9S, similar to the sedimentation coefficients
o B-conglycinins isolated from soybean seeds. This transform-
ation and expression systemn should be ideally suited for testing
. gene mutations to alter the amino acid composition of these
seed storage proteins,
Key words: (3-conglycinin/soybean/seed storage protein/petunia

Introduction

Storage proteins accumulate to hlgh levels in many types of seeds
1s a means of storing nitrogen for use during germination and
carly seedling growth. Because the genes encoding seed storage
_-)-)rotcins are expressed at a specific period in the life cycle of
-~’the plant. seed proteins represent excellent model systems for
studies of the regulated expression of genes in plants.
Legume seeds contain proportionately larger amounts of pro-
teins than most cereal grains. with soybean seeds containing as
much as 50% protein by weight. Sovbeans contain two major
storage proteins. the glycinins or 1 1S proteins, and the Scongly-
cinins, or 7S proteins. The latter are trimeric molecules of ap-
proximate mol. wt. 200 000, and are produced by assembly of
three subunits, a’ (76 kd). a (72 kd) and 8 (53 kd) subunits. The
expression of the genes encoding the subunits of 8-conglycinin
and the accumulation of their respective mRNAs has been studied
in several laboratories (Goldberg er al., 1981; Meinke er al..
1981). More recent studies of the 3-conglycinin genes have in-
cluded in vitro run-off transcription expenments (Walling. Harada
and Goldberg, in preparation). micrococcal nuclease and DNase
" <ensitivity of gene sequences in nuclei isolated from embryos
ierney and Beachy. unpublished). and studies of the role of
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abscisic acid in regulating the expression of genes in embryos
(Bray and Beachy, 1985). Studies of the biosynthesis and as-
sembly of the subunits to form 3-conglycinin (Beachy er al..

1981: Shattuck-Eidens and Beachy, 1985), and degradation of
B-conglycinin during seed germination (Bryant, Hosangadi and
Beachy, in preparation) have also been completed. These and
other experiments have resulted in a good understanding of the
biology of the 8-conglycinins, and the types of regulation that
control their accumulation duning seed development.

Soybean seed proteins, in particular the Sconglycinin, con-
1ain low amounts of sulfur-amino acids (Holowach. 1984; Koshi-
yama, 1983), preventing the use of soy protein as a fully balanced
source of protein. It may be possible to alter the amino acid com-
position of the storage protein genes to improve the nutritional
quality of the encoded protein. Each mutation made, however,
must be tested for effects of the mutation on the structure and
function of the protein product. In this paper we report the results
of experiments to introduce a gene encoding the a’-subunit §-
conglycinin into petunia cells via a disarmed Ti-plasmid in Agro-
bacterium rumefaciens. Seeds produced on plants regenerated
from transformed cells produced high levels of the a’-subunit
and a 55-kd breakdown product of the «’-subunit. Soybean pro-
teins isolated from petunia seeds have sedimentation coefficients
of 7—9S. consistent with the hypothesis that they assemble into
a multimeric form similar to the assembly of 8-conglycinin in
soybeans. This system should provide a convenient assay for
testing in vivo the effect of mutations that alter the amino acid
composition of a soybean protein on its structure and function.
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Fig. 1. Intermediate plasmid used to deliver target genes to 4. mumefaciens
Ti-plasmud: pMON200 (Fraley er ai.. 1985) was lincanized with EcoRl. or
EcoR] and Bgll. and ligated with Gmg 17.1 or Gmg 7.1 A « 4. Gmg
17.1 conuasns the a -subunit gene (boxed area: arrows indicate direction of
transcription) flanked by 11.5 kb of DNA 5° of the gene. Gmg 17.1 & ~
14 lacks §’ flanking sequences. Jnd begins at nuckeoude = I4.
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. 2. Accumulation of the soybean a’-subunit in petunia seeds. 50 g of proein extracted from petunia seeds or 10 xg of soybean prowein were subjected ©
SDS-PAGE and suined with Coomassic bluc (A) or immunoblot analysis (B,C). Lane 1: protein from sceds of normal petunia planis: lane 2: protein from
seeds of petunia plants transformed 10 contain vectoc pMONZ00. fane 3: protein from soybean secds: tape 4: protein (rom seeds of petunia plants trans{ormed
1o contain Gmg 17.1 on pMON200; lane S: protein from seeds of petunia plants transformed © contain Gmg 17.1 A + 14 on pMON200. (A) is 3 5—-25%
gradient gel. In B and C, proteins were separated on 10% acrylamide gels and then electroblotied 10 nitrocelluiose. Blotted proteins were reacted with a rabbit
potyclonal antibody raised against soybean S-conglycinin foliowed by B[-donkey anti-rabbit antibodies (B) or a mouse monocional antibody that reacts to the
a’-subunit followed by 'P{-rabbit anti-mouse antibodies (C). The positions of mol. wi. markers are indicated.

Results

Accumulation of soybean proteins and mRNA in seeds of trans-
formed petunia plarus

Jmts were regenerated from transformed cells selected on
fhedium containing kanamycin as described by Horsch er al.
(1985). To confirm that regenerated plants were transformed,
leaf segments were removed periodically and assayed for the
presence of nopaline by paper electrophoresis using purified no-
paline as standard. Kan" nop * plants were grown in the green-
house, the flowers were self-pollinated and mature seeds were
collected. 50 ug of seed protein was extracted and subjected (0
SDS-PAGE on gels containing a gradient of § —25% polyacryl-
amide, Proteins that stained with Coomassie blue are shown in
Figure 2A. Included as controls in these experiments were pro-
teins extracted from non-transformed petunia seed (lane |), trans-
formed petunias carrying pMON200 (lane 2), and ransformed
petunias carrying Gmg 17.1 & + 14 (lane 4). These proteins
are compared with proteins extracted from transformed petunias
carrying Gmg 17.1 (lane §) and with proteins extracted from soy-
be~~ seeds (Iane 3). The artows to the left indicate the position
¢  w protein bands found in plants containing Gmg 17.1 that
are not present in the controls. The intensely stained proteins
in lanes [, 2. 4 and 5 with apparent mol. wis. of 30 - 35 kd and
17 - 20 kd are subunits of the major perunia seed protern, a
legumin-like protein with a sedimenwation coefficient of ~ 128,

Seed proteins were also subjected (o anafysis by immunoblot
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Fig. 3. Immunoblot anatysis of perunia seed proteins separated on a two-
dimensional gel. Perunia seed proteins were separated in the first dimension
by isoelectric focussing and in the second dimension by SDS-PAGE using
the methods of O°Farreil (197S). The direction of the first dimension 1s
indicated at the (op. Lane 1 conuins soybean seed proteins: lane 2 contains
petunia sced proteins. Electroblotied prowins were reacted with the
polyclonal anubody as described in Figure 2.

assays using polycional antibodies against total soybean 3-congly-
cinin raised in rabbits, or to a monoclonal antibody AG3.4 thar
is specific for the a’-subunit. As shown in Figure 2B and C.
only transformed petunia plants carrying Gmg 1 7.1 contain pro-
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Fig. 4. Regulated expression of the a’-subunit genes in vansformed petunia plants. (A) Northern blot analysis of 10 xg of total RNA extracted from immature
embeyos of plants transformed to contain Gmg 17.1 (lane 1) or Gmg 17.1 & + 14 (lane 2). Lane 3 contzins RNA from immature soybean seeds:

lane 4. poly(A)”

RNA from leaves of nonmal petunia; lane $. poly(A)* RNA from leaves transformed w0 contain Gmg 17.1, lane 6, poly(A)* RNA from

leaves of plants transformed to contain Gmg 17.1 A + 14. (B) Analysis of proweins extracked from embryos collected from transformed plants comaining Geng
17.1 at increasing d.p.p. Each lanc contained 20 xg of prowin. Upper: clectrobloned prowins were reacted with the rabbit polyclonal antibody against soybean
d-~conglycinin, followed by P{-donkey anti-rabbit antiserum. Lcwtrptuemswemmndwnh Coomassie blue. The apparent mol. wt. of the most abundant

wed proteins is indicated.

)le_'x;ncs which reacted with the antibodies used in these experiments.
76 kd protein has electrophoretic mobility similar o the a’-
subunit of soybean, and is immunoreactive with the a'-specific
monoclonal antibody. The major immunoreactive protein has an
apparent mol. wt. of 55 kd, slightly greater than the soybean -
subunit (53 kd). and was not immunoreactive with Ag3.4. In ad-
dition, other polypeptides, with apparent mol. wts. of 68, 64 and
20 kd. were also detected in the protein samples extracted from
the plants transformed with Gmg 17.1 (Figure 4B).

To characterize further the soybean proteins that accumujated
in petunia seeds, total sced proteins were separated in two-dimen-
sional gels and analyzed by immunoblots. As shown in Figure
3. the a’-subunit from petunia seeds is made up of at least two
charged isomeric forms. while the 55 kd polypeptide exhibits a
wide range of charge heterogeneity. Each of the other polypep-
tides that are antigenically related to the a’-subunit are also made
np of multiple charged isomers. Heterogeneity in charge of a'-

bunits was also observed in proteins extracted from soybean
seeds (Ladin er al.. 1983).

Since multiple polypeptides related to 8-conglycinin accumu-
lated in petunia seeds it was i to determine whether single
or multiple soybean mRNA(s) was produced in transformed
petunias. Poly(A)* RNA from leaves and total RNA from seeds
were hybridized on Northern blots with pMON200 containing
Gmg 17.1 A + Mastheprobe As shown.in Figure 4A only
seeds of petunia plants carrying Gmg 17.1 (lane 1) contained an
RNA with mobility equivalent to the a’-mRNA extracted from
the soybean seeds (lane 3). This mRNA is ~ 2400 nuclcotides
in length, the size of the a’-mRNA as determined by Beachy
et al. (1981), and by DNA sequence analysis of the a’-gene on
Gmg 17.1 (Doyle et al., in preparation) and a cloned cDNA cor-
responding to the a’-mRNA (Schuler er al., 1982). Leaves of
transformed plants did not contain the 2.4-kb a’-mRNA.

The results of these cxpcnmem.s indicated that the a’-subunit
gene on Gmg 17.1 is expressed in a tissue-specific manner in
transformed petunias, producing the expected 2.4-kb mRNA. The

product of the translation of this mRNA is the a'-subunit. The .

other antigenically related polypeptides found in seeds of plants
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Fig. 5. Sedimenution of -peturua seed proteins in sucrose density gradients. 5 mg of proteins extracted from perunia seeds was sedimented in 5 —20% linear
sucrose gradients. Proweins were acetone precipitated from 20 fractions of the 14 mi gradients. subjected to SDS-PAGE. and stained with Coomassie blue
(A.Q) or analyzed by immunoblotting with polycional antibodies (B.D) as described in Figure 2. Panels A and B show the scparation of proteins from
transformed plants conaining Gmg 17.1 A + 14; (O) and (D) show the scparation of proeins from transformed plants containing Gmg 17.1. Arrows n (C)
indicate proteins in seeds of plants carrying Gmg 17.1 that are not present in seeds of plants carrying Gmg 17.1 A + 14. The nghi-most lanes in cach panel
sontain soybean seed proteins. S-Conglycinin from soybean seed sediments in fractions 10 — 14 (not shown).

containing the a’-gene are presumed to result from limited proteo-
lysis of the a’-subunit, but further characterization of the related
pol*" 3otides remains to be done.

Acawnulation of soybean protein during developmeni of petunia
seeds

The B-conglycinins are temporally regulated throughout soybean
:mbyrogenesis (Meinke er al., 1981; Goldberg er al., 1981
Sayler and Sykes, 1981). To determine if the «’-subunit gene
sresent on Gmg 17.1 was temporally regulated in petunia em-
ryos, protetns were extracted from petunia seeds taken at various
iays post pollination (d.p.p.) and subjected to SDS-PAGE and
mmunoblot analyses. [n these experiments the seed capsule was
nature 22 d.p.p. The 55 kd polypeptide related to the a’-subunit
vas first detected at 10 d.p.p. and the 76 kd a’-subunit and the
sher smaller polypeptides were detected at later times in seed
levelopment (Figure 4B. upper panel). The petunia seed storage
roteins were also first detected at 10 d.p.p. (Figure 4B, lower
ranel) indicating that accumulation of the soybean protein is tem-
or: egulated during petunia seed development in a manner
imila: to that of the major petunia storage proteins.

4ssembly of the sovbean polvpeprides into multimeric proteins
n petunia seeds

n sovbean seeds a'-subunits are assembled with a- and 3-
ubunits to produce multimeric proteins with sedimentation co-

efficients of 7—9S (Thanh and Shibasaki, 1978; reviewed by
Koshiyama, 1983). To determine whether the a’-subunit in
petunia sceds was assembled into multimers, S mg of protein
from mature petunia seeds collected from transformed plants con-
taining Gmg 17.1 or Gmg 17.1 A + 14 were subjected to sedi-
mentation in sucrose gradients. Proteins present in 0.6-ml
fractions were collected and resolved by SDS-PAGE and were
cither stained with Coomassie blue or transferred to nitrocellulose
for immunoblot analyses. As shown in Figure SA and C the stain-
ed protein patterns are similar in the two samples except for the
presence of the 76 and 55 kd polypeptides (indicated by arrows)
in fractions 10— 16. These proteins are immunologically related
to B-conglycinin (Figure 5D). The 76 kd protein was present in
fractions 10— 13 and has sedimentation characteristics similar
to those of B~conglycinin isolated from soybeans (data not shown;
see Beachy er al.. 1979). The 55 kd polypeptide was. however,
present in protein complexes that sedimented between 7S and
~9S (fractions 10— 18) indicating that under these experimental
conditions the multimeric forms of the protein containing pri-
marily the 55 kd protein are physically different from proteins
that contain primarily the a’-subunit.

Quanuitation of sovbean proteins in peturua seeds and plant-to-
plant variabiliry
We examined the seed proteins of four independenty transformed
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Fig. 6. Immunoblot analysis of proteins from four different transformants
conuining Gmg 7.1 or Gmg 7.1 &4 + 14. Each lane conuins equivalent
amounts of protein. Electroblotted proteins were allowed to react with the
polycional antibody as described in Figure 2. Position of the 76-kd
a’-subunit and the 55-kd polypeptide are indicated.
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Fig. 7. Immunoblot analysis of the segregation of Gmg 17.1 in single sceds
of transformed petunia plants. Proteins extracted from single sceds of a
transformed petunia plant containing Gmg 17.1 were reacled with the
potyclonal anubody as described in Figure 2 (lanes | — 14). Lanes A, B and
C conuin proteins of seeds from untransformed petunia. petunia transformed
with pMON200. and petunia transformed 10 contain Gmg 17.1 & + |4,
respectively.

. plants carrying Gmg 17.1 to determine whether or nc there was

_.)marked variability in the amount of accumulated soybean pro-
tein in different plants. In seeds of each of the four plants there
was a nearly identical amount of soybean protein (Figure 6). The
amount of soybean protein in the sceds was estimated to be be-
tween 0.1 and 1 % of the total seed proteins extracted in an SDS-
containing buffer. We also examined the amount of protein pro-
duced in plants that contained Gmg 17.1 in opposite orientation
(relative to the NPTII gene: Figure 1) to that in these four plants.
The level of protein in these plants was identical to that shown
in Figure 6 (data not shown). Lanes 6 —9 in Figure 6 contin
proteins extracted from seeds of four different plants containing
Gmg 17.1 A + 14, none of which produced a protein that was
antigenically related to the a’-subunit.

To study the inheritance and segregation of Gmg 17.1 Western
blot analyses were carried out on protein extracts prepared from
single sceds from one transformed plant. In these experiments

8 of 77 seeds (75.3%) examined contained soybean protein.
closely approximating the expected segregation ratios of 3:1.
Figure 7 presents the results of one experiment in which 14 such
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seeds were examined. Lanes 1.3 and 11 were scored as negative
since they do not contain either the 76 kd or the S8 kd polypep-
udes. Lanes A. B and C contain extracts of sceds from various
control plants (as indicated in the figure legend). We were unable
to distinguish uncquivocally homozygous sceds from heterozyg-
ovus seeds on the basis of these experiments. probably due to the
unequal extraction of proteins from individual seeds.

Discussion

The gene encoding the a’-subunit of the soybean seed storage
protein S~conglycinin was introduced into petunia cells via a
modified Ti-plasmid. The intermediate plasmid pMON200, which
contains several unique restriction sites to facilitate the intro-

~ duction of genes. and a strain of A. tumefaciens carrying a dis-

armed Ti-plasmid (Fraley er al.. [985) were used throughout.
The soybean proteins that accumulated in petunia seeds have
physical characteristics similar to S-conglycinins isolated from
soybean seeds. First, there are multiple isomeric forms of the
76-kd a’-subunit both in petunia seeds (Figure 3) and in soy-
bean sceds (Ladin er al., 1983, Figure 2). This is an important
observation since it indicates that the number of charged isomers
of the subunits does not necessarily reflect the number of dif-
ferent genes or alleles that encode these subunits.

Second, the 76-kd a’-subunit and the antigenically related 68,
64, 55, 20 and 18 kd polypeptides produced in petunia seeds
assemble into multimeric proteins with sedimentation coefficients
similar to those of the Sconglycinins from soybean seeds. The
majority of the 8-conglycinins from soybean and petunia seeds
have sedimentation coefficients of 7 — 8S under the conditions
used in these experiments (Figure 5). However, other 8-congly-
cinins have sedimentation coefficients of ~9—11S. This is
especially apparent in the case of the 55 kd polypeptide that ac-
curnulates in petunia seeds (fractions 14 — 18, Figure 5C.D). It
is well known that the sedimentation properties of the 8-<congly-
cinins are variable in solutions containing different molarities of
the NaCl (Koshiyama, 1983). However, it is unknown whether
sedimentation of the 55 kd polypeptide at ~ 9S reflects an altered
assembly of the protein. perhaps into a hexameric molecule
(Koshiyama, 1983), or assembly with other petunia proteins to
produce novel multimeric proteins.

Thanh and Shibasaki (1978) reported that B-conglycinin
oligomers containing three a’-subunits were not present in soy-
bean seeds. In petunia seeds which contain only the a’-subunit,
oligomers comprised of the a’-subunit and polypeptides derived
therefrom were found. These results clearly demonstrated that
the product of the a’-subunit gene can assemble into a multi-
meric protein, and may indicate that the conclusions of Thanh
and Shibaski (1978) should be re-examined. On the other hand,
our conclusion that the a’-subunit self-reassmbles in petunia seeds
is tentative until it is demonstrated that 3-conglycinin produced
in petunia seeds does not contain petunia polypeptides.

A third similarity between soybean and petunia §-conglycinins
is that each contains numerous polypeptides that are antigenically
related to, and probably derived from, the o’-subunit. These
polypeptides in soybean 8-conglycinins are collectively designated
the y-subunits (Ladin er al.. in preparation), and generally have
mol. wis. between 68 and 55 kd. Several of these polypeptides
have electrophoretic mobilities similar to the 68. 60 and 55 kd
polypeptides found in petunia seeds (Figure 2). Whether the poly-
peptides found in petunia seeds are in fact identical to those found
in soybean seed remains to be determined. .

The 55-kd polypeptide is the first soybean protein that ac-
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cumulates 1n petunia seeds during embryogenesis. followed by
the 76-kd a’'-subunut (Figure 3) and the 68 and 64 kd polypep-

. This suggests that the 76 kd protcin is initially unstable
i, ¢ immature ¢mbryos. but becomes increasingly stable as the
seed matures. Recently we reported that the a’- and a-subunits
are also unstable during early stages of soybean seed develop-
ment (Shattuck-Eidens and Beachy. 1985). Taken together, these
results lend suppon to the hypothesis that accumutation of 8-
conglycinin is. to some degree. dependent upon the stability of
the protein in the protein body. Protein bodies in soybean seeds
are derived from the cell vacuole (Beachy eral.. 1979; Yoo and
Chrispeels, 1979). and it appears that storage proteins are in-
herently resistant to the activity of hydrolases in vacuolar pro-
tein bodies, or that the hydrolases are less active in mature seeds
than in immature seeds. Either or both conditions would result
in accumulation of seed storage proteins as the seed matures.
Sengupta er al. (1985) recenty reported the expression of a gene
encoding the -subunit of phaseolin in seeds of transformed tobac-
co plants. In this study the 48 kd phaseolin 8-subunit was the
first protein that accumulated while smaller polypeptides derived
f  the B-subunit accumulated late in sced development. These

auusors suggested that the phaseolin S-subunit was less protected -

from proteolysis as the seced matures. Thus, the results of the
experiments reported by Sengupta er al. (1985) differ significantly
from those reported here.

Plant transformation experiments have previously been used
to study the expression of genes under control of promoters taken
from the T-DNA region of the Ti-plasmid (Fraley er al., 1983;
Bevan er al.. 1983: Herrera-Estrella er al., 1983), from cauli-
flc - mosaic virus (Koziel er al., 1984), and from the small
su. .t of ribulose bisphosphate carboxylase (RuBisCo: Broglie
et al., 1984; Herrera-Estrella er al.. 1984). In the latter case,
transcription was induced by exposing transformed tissues to
light. We have studied the expression of a gene which is under
stringent developmental control and is expressed primarily in
developing embryos. We have found that Gmg 17.1 is under tight
conurol in plants regenerated from transformed petunia cells. and
is expressed in much higher levels in developing seeds than in
other parts of the plant (to be reporied elsewhere). Similar results
have recendy been reported for the phaseolin gene (Sengupta et
al. "985). We are currenty identifying the DNA sequences
wh._.; are required for developmental regulation of the Gmg 17.1
gene.

Since the protein product of the a’-gene Gmg 17.1 assembles
into a multimeric form in petunia, this system represents an ex-
cellent model system for testing proteins with modified amino
acid composition. Each modified gene can be tested in petunia
plants where the expression and stability of the modified protein
can be determined. Such studies may make it possible to improve
the nutritional quality of these proteins with the anticipation of
rventually returning the modified genes into agronomically valu-
tble seed grains.

-{aterials and methods

Zonstruction of the intermediate plasmud and conyuganon nio A. wmefaciens

The solation and parual charactenization of a 12-kb £coRl fragment of soybean
senom~ DNA containing an o' -suburut gene has been previously reponiad (Schuler
tal. ?). On thus fragment. Gmg (7.1, the a'-gene s flanked on the §° end
ry ~+ +0f DNA and by 0 3 kb of DNA on the 3 end. No other storage pro-
210 genes are located on this ONA fragment A sccond gene fragmen used in
wese expentnents. referred to 25 Gmg 17 13 = 14, was produced by restnction
igestion and Bul! zxvonuclease Jigestion (0 remove all sequences $° of the gene.
nd ending 4t nucicotide = 14 = 1as the first aucteoude traasrnibedt Gmg 17 )

OS2

3+ 14 contains 3 BumHl wite at its 3 end. The methads for creaning this de-
letion will be described 1n 2 subsequent paper

The intermediate plasmid in these experments was pMON200 (Figure 1y This
plasmid 1s denved from pMON128 (Fraley er al.. 1983) and contains genes that
pertrut selection in bactena as well as in transformed plan cells. A full desenpuon
of pMON200 will appear clsewhere (Rogers ¢r al.. in preparaton). Gmg 174
o Gmg 17.1 A + 14 was Lipated 10 pMON200 resiricted with EcoR1. or
pMON200 restncied with £coRl and 8g/ll. pMONZ200 and denvatives were con-
jugated 1nto A. rumefaciens by the triple mating procedure previously described.
For these expeniments A. rumefaciens strain GV ISE. carryng & disarmed Ti-
plasmud (pTiB6S3-SE) in which the T-DNA phytohormone biosynthetic genes.
the T¢ DNA night border and all of Ty DNA have been deleted and replaced
with 2 bactena! kanamycin resistance marker was utilized as the recipient. Full
details of the pTiB6S3-SE construction are described elsewhere (Fraley er af..
1985). Transformation of leaf discs of strips and plant regeneration of a diploid
hybrid petunia was carried out as previously descnibed (Horsch er af.. 1985).
Regencrated plants were tested for the production of nopaline as described by
Oten and Schilperoort (1978).

Extraction and analivsis of proteins from petunia seeds

Proteins were extracied {rom immarure sceds and from single mature seeds by
gnnding in Laemmii (1970) sample buffer (2% SDS. 0.285 M Tris-HCl. pH
6.8. 20% glycerol, 4% 8-mercaptoethanol and 0.0025% bromophenol blue). Pro-
teins for rwo-dimensional gel analysis and sucrose gradient centrifugation were
extracted by grinding sceds in the high salt buffer used t0 extract globulin seed
proteins, i.c., 0.4 M NaCl, 0.035 M NaPO,~. 0.0! M 8-mercaproethanol. pH
7.2. Extracted proteins were quanutated by the Coomassic blue assay (Bradford.
1976) using bovine serum alburrun as standard.

SDS-PAGE was carried out essentially as described by Lacmmli (1970) in gels
contairung 10% polyacrylamide in the resolving gel and 5% polyacrylamude in
the stacking gel. Gels were cither 23 cm x 1Sem x 1.Smm or 7.7 ¢m x
13 cm x 0.7 mm. Proteins subjecied-to electrophoresis in one or two dimen-
sions (O'Farrell, 1975) were electrophoretically transferred to nitrocellulose and
reacted with antibodics essentially as described by Symunguon 1 al. (1981). Poly-
clonal antibodics 1o S-conglycinins were produced in rabbits as previously described
(Beachy et al.. 1981). In some experiments a monocional antibody Agl.4 was
used. Agl.4 is immunoreacuve with the a’-subunit and closely related breakdown
products, but not 10 a- or -subunits of 8-conglycinin or their breakdown prod-
ucts. Characterization of Ag3.4 will be reporied elsewhere. Antibody:antigen reac-
tions were detected with ¥'-donkey anti-rabbit antibody for the polycional
antibodies. or 'Pl.rabbit anti-mouse -antibodies in the case of AG3.4.
Isolanon and analvsis of RNA from iransformed tissues
RNA was isolated from ieaves by multiple phenol extracuon essenually as descnbed
by Lane and Tumaitis-Kennedy (1981). RNA was isolated from immature seeds
removed (rom seed capsules collected between |5 and 20 d.p.p. Immature (resh
seeds were immersed in phenol and homogenized with an equal volume of | M
Tris-HCL. pH 9.0, with a ground glass peste in 3 microfuge tbe. The phenol
phase was re-extracted with 0.1 M Tris, pH 9.0. and combined aqueous phases
were re-extracted with phenol. RNAs that were precipitated with 2.0 M NaCl
were collected and subjected to oligo(dT) cellulase chromatography. Poly(A)*
RNA or total RNA [nox selected on oligo(dT) cellulase} was resolved by electro-
phoresis in 1.2% agarose gels containing formaldehyde. and blotted o nitrocellu-
lose as described in Maniatis et al. (1982). The hybridization probe was pMON200
containing Gmg 17.1 A + 14 labeled with P by nick-translation (o a sp. act.
of | =3 x 10" c.p.m./ug DNA. The filiers were hybridized in a solution con-
taining 4 x SSC and 50% formamide at 42°C. After hybndization filters were
washed at 65°C in | x SSC containing 0.1% SDS prior to exposure to X-ray
film for | —4 days.

Sucrose densirv gradient centrifugation

Lincar sucrose gradients containing 5 — 20% sucrose in gnnding buffer were over-
laid with S mg of proteins extracted from petunia sceds. After centnfugation at
20°C for 14 - 16 h a2 35 000 r.p.m. in 3 Beckman SW40 rotor. gradients werc
fractionated on an [SCO gradient fracuonator and morutored at 280 nm. The col-
lected fractions were dialvzed 10 remove sucrose. and proteins were precipnated
by addition of five volumes of acetone. Protcins were suspended in Lacmmbh
(1970) sample buffer and subyected 10 SDS-PAGE
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The dapA gene from Corvnebacterium glutamicum encoding the
L-2,3-dihydrodipicolinate synthetase was cloned by

that the dapA gene consist of 903 nucleotides encoding a protein
of 301 amino-acid residues.

complementation of Escherichia coli auxotrophs with genomic
DNA from C. gluamicum AS019 (1). We present here the
nucleotide sequence of the dapA gene, which was obtained from
the 1.4 kb BamHI. Sall, fragment subcloned into the
corresponding sites of the plasmid pBR322. Our results indicate
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TCTTATCGGAATGTGGCTTGGGCGATTGTTATGCAAAAGTTGTTAGGTTTTTTGCGGGGTTGTTTAACCCCCAAA 75
TGAGGGAAGAAGGTAACCTTGAACTCTATGAGCACAGGTTTAACAGCTAAGACCGGAGTAGAGCACTTCGGCACC 150
MetSerThrGlyLeuThrAlaLysThrGlyValGluHisPheGlyThr
Clal
GTTGGAGTAGCAATGGTTACTCCATTCACGGAATCCGGAGACATCGATATCGCTGCTGGCCGCGAAGTCGCGGCT 225
ValGlyValAlaMetValThrProPheThrGluSerGlyAspIlleAspIleAlaAlaGlyArgGluValAlaAla

TATTTGGTTGATAAGGGCTTGGATTCTTTGGTTCTCGCGGGCACCACTGGTGAATCCCCAACGACAACCGCCGCT 300
TyrLeuValAspLysGlyLeuAspSerLeuValLeuAlaGlyThrThrGlyGluSerProThrThrThrAlaAla

GAAAAACTAGAACTGCTCAAGGCCGTTCGTGAGGAAGTTGGGGATCGGGCGAAGCTCATCGCCGGTGTCGGAACC 375
GluLysLeuGluLeuLeuLysAlaValArgGluGluValGlyAspArgAlaLysLeulleAlaGlyValGlyThr

AACAACACGCGGACATCTGTGGAACTTGCGGAAGCTGCTGCTTCTGCTGGCGCAGACGGCCTTTTAGTTGTAACT 450
AsnAsnThrArgThrSerValGluLeuAlaGluAlaAlaAlaSerAlaGlyAlaAspGlyLeuleuValValThr

Pstl
CCTTATTACTCCAAGCCGAGCCAAGAGGGATTGCTGGCGCACTTCGGTGCAATTGCTGCAGCAACAGAGGTTCCA 525
ProTyrTyrSerLysProSerGlnGluGlyLeuleuAlaHisPheGlyAlalleAlaAlaAlaThrGluValPro

ATTTGTCTCTATGACATTCCTGGTCGGTCAGGTATTCCAATTGAGTCTGATACCATGAGACGCCTGAGTGAATTA 600
IleCysLeuTyrAsplleProGlyArgSerGlylleProlleGluSerAspThrMetArgArgleuSerGluLeu

Bell :
CCTACGATTTTGGCGGTCAAGGACGCCAAGGGTGACCTCGTTGCAGCCACGTCATTGATCAAAGAAACGGGACTT 675
ProThrIleleuAlaVallysAspAlalysGlyAspLeuValAlaAlaThrSerLeulleLysGluThrGlyLeu

GCCTGGTATTCAGGCGATGACCCACTAAACCTTGTTTGGCTTGCTTTGGGCGGATCAGGTTTCATTTCCGTAATT 750
AlaTrpTyrSerGlyAspAspProLeuAsnLeuValTrpLeuAlaleuGlyGlySerGlyPheIleSerVallle

. HindIII
GGACATGCAGCCCCCAZAGCATTACGTGAGTTGTACACAAGCTTCGAGGAAGGCGACCTCGTCCGTGCGCGGGAA 825
GlyHisAlaAlaProThrAlaleuArgGluLeuTyrThrSerPheGluGluGlyAspLeuValArgAlaArgGlu

ATCAACGCCAAACTATCACCGCTGGTAGCTGCCCAAGGTCGCTTGGGTGGAGT CAGCTTGGCAAAAGCTGCTTCG 900
IleAsnAlalysLeuSerProLeuValAlaAlaGlnGlyArgleuGlyGlyValSerLeualalysAlaAlaSer

Pstl
CGTCTGCAGGGCATCAACGTAGGAGATCCTCGACTTCCAATTATGGCTCCAAATGAGCAGGAACTTGAGGCTCTC 975
ArgleuGlnGlylleAsnValGlyAspProArgleuProlleMetAlaProAsnGluGlnGluLeuGluAlaLeu

CGAGAAGACATGAAAAAAGCTGGAGTTCTATAAATATGAATGATTCCCGAAATCGCGGCCGGAAGGTTACCCGCA 1050
ArgGluAspMetLysLysAlaGlyValleu- - -
AGGCGGCCCACCAGAAGCTGGTCAGGAAAACCATCTGGATACCCCTGTCTTTCAGGCACCAGATGCTTCCTCTAA 1125




Comperisons of Bean Seed Storage Protein Sequences

pea (Polhill, 19817. Thus, nucleotide or amino acid sequences
shared between pea and either one of the other two species
presumably represent the ancestral state, although it is pos-
sible that su.: shared features could reflect the existence of
functionally diverged classes of genes within the multigene
families of each species {(Shah et al., 1983). However, this
appears unlikely for the 7 S storage protein gene families
because subunit sequences are, in all cases, more similar
within a species than between species (Hall et al., 1983; Lycett
et al., 1983; Schuler et al., 1982; Slightom et al., 1985).7

Our results extend previous observations of the similarities
among the phaseolin and §-conglycinin genes (Schuler et al.,
1983). This comparison shows that the major difference in
size between the a’- and «-subunits of -conglycinin and the
smaller subunits of other 7 S storage proteins from soybean,
common bean, and pea is attributable to a large insertion in
the first exon of the genes that encode the larger subunits.
Comparative analyses of both coding and noncoding DNA
regions have been useful in distinguishing nucleotide and
amino acid sequences that have diverged from those which
have remained conserved throughout the evolution of thise
species. The identification of conserved sequence elements in
the 5'-flanking DNA of the 8-type phaseolin and a’-subunit
of B-conglycinin genes should be helpful in locating DNA
elements that can be tested for their ability to control organ
specificity and developmental expression of these genes. Also,
the identification of conserved and diverged regions of pro-
tein-encoding DNA may be useful in targeting regions of the
proteins that will accept amino acid modifications.

EXPERIMENTAL PROCEDURES

Gene Isolation and DNA Sequencing—Isolation of the Charon 24A
clone 177.4 containing a complete P. vulgaris 3-type phaseolin storage
protein gene has been described (Sun et al, 1981). Most of the
phaseolin gene sequences used for comparisons were obtained using
phaseclin gene subclones AG-pPvPh3.0 (EcoRI-BamHI fragment)
and AG-pPvPh3.8 (Bg/lI-BamHI fragment) which have been reported
previously by Slightom et al. (1983). For the purpose of the compan-
son, we obtained an additional 790 bp of nucleotide sequence, extend-
ing 5’ from previously published data, using the subclone pPvPh
177.4-E1.6 containing the 5 adjacent 1.6-kDa EcoRI fragment (Sun
et al., 1981). DNA sequences were determined using the chemical
method (described by Maxam and Gilbert (1980)) procedure on 5’
end-labeled DNA fragments using restriction endonucleases Bglll,

Ncol, and EcoRI (Slightom et al., 1983).° The isolation and partial .

nucleotide sequences of the gene encoding the a’-subunit of 8-congly-
cinin from G. max, Gmg 17.1, have been reported by Schuler et al.
(1982). The sequence of 850 bp 5’ of the a'-subunit gene was deter-
mined by first deleting nucleotides from the 5’ end with the exonu-
clease Bal31 followed by DNA sequence analysis according to the
methods of Smith and Calvo (1980). Preparation and analysis of the
Bal31 deletions will be described elsewhere.

Nucleotide and Amino Acid Sequence Comparisons—Initial align-
ments of nucleotide sequences were done using the computer program
NUCALN modified from the original Wilbur and Lipman (1983)
algorithm by M. Boguski (Washington University Computer Center).
Coding and noncoding regions were aligned separately, with higher
gap penalties (3 or 5 versus 1) used in coding regions so as to maintain
codon integrity. Nucleotide sequence alignments were also performed
using the computer program GAP supplied by the University of
Wisconsin Genetics Computer Group (Devereux et al., 1984). Align-
ments subsequently were modified manually in regions where dupli-
cations or other discrete evolutionarv events couid be inferred. Other
computer programs were obtained from Compugene, Inc. (Creve
Couer, MO) and included translation of nucleic acid sequences, codon
usage, dot matrix analvsis, and nucleic acid and protein secondary
structure predictions. A program for computing corrected levels of
silent versus replacement nucleotide substitutions following the

*J. Harada. personal communication.
*J. L. Slightom. et al.. manuscript in preparation.
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method of Perler et al. (1980} was developed by V. Zenger. The
program used to construct hvdrophobicity index plots is based on the
program developed bv Kvte and Doolittle (1982).

RESULTS®

Nucleotide Sequence Alignment and Gene Organizations—
The nucleotide sequence alignment of the g-type phaseolin
gene (Pvu g8; 2880 bp) against the gene encoding the a’-
subunit of B-conglycinin (Gma a’; 3636 bp) is shown in Fig.
1. The aligned sequences begin approximately 900 bp 5 of
their common cap sites and extend through the structural
gene regions to their respective polyadenylated nucleotide.
Alignment of these sequences including the placement of gaps
(shown as asterisks in Fig. 1) was relatively straightforward
due to the similar structures of these two genes, both of which
have six exons and five introns and share nucleotide sequence
elements in their 5°- and 3’-untranslated regions. The nu-
cleotide sequence numbering system is positive starting at the
cap sites and extending in the 3’ direction, while sequences
extending 5’ of the cap sites are numbered negatively.

The comparison presented in Fig. 1 reveals considerable
homology at both the nucleotide and amino acid sequence
levels. It is apparent that homologous sequence: regions are
interspersed with diverged regions, both in coding and non-
coding DNAs. Using both natural (introns, exons, and un-
translated regions) and arbitrary (in the 5°’-flanking DNA)
boundaries, we calculated the degree of apparent nucleotide
divergence for 18 regions (Table 1). The overall corrected
divergence (Hayashida and Miyata, 1983) between these genes
is about 41%, with exons and introns showing about the same
degree of divergence, 43 and 37%, respectively. The lack .of
divergence between intron sequences (which is not expected)
is due, in part, to our method of analysis, since gaps in intron
sequences are not heavily weighted (see “Experimental Pro-
cedures”). In addition, the small size of these introns (the
largest is 203 bp) may reduce their degree of divergence; this
has been observed for the small (about 120 bp) orthologous
introns of mammalian globin genes which-appear to diverge
less than the larger (about 850 bp) introns contained in the
same genes (Chang and Slightom, 1984; Efstratiadis et al.,
1980; Goodman et al., 1984; Slightom et al, 1985). Small
orthologous related intron sequences may diverge less because
of biological constraints imposed by the minimal size required
by the splicing mechanism (Rautmann et al., 1984; Wieringa
et al., 1984). .

5'-Flanking DNA: A Search for Possible cis-Acting Regula-
tory Elements—Several cis-acting regulatory elements have
been identified in the 5’-flanking DNA of eukaryotic genes.
The CCAAT and TATA elements are located —77 and -31
bp, respectively, 5’ from the mRNA cap site of many eukar-
yotic genes (Efstratiadis et al., 1980). Functional experiments
have shown that the TATA element is important for RNA
polymerase II binding (McKnight and Kingsbury, 1982). In -
addition, functional investigations of mammalian virus genes
have led to the identification of another cis-acting regulatory
element known as the enhancer element which has a consen-

sus sequence of GTGGAAAG (Gruss, 1984). Identical CCAAT
and TATA elements are shared in the 5'-flanking DNAs of

‘ Tables 3-5 and Fig. 4 are presented in miniprint at the end of
this paper. Miniprint is easily read with the aid of a standard
magnifving glass. Full size photocopies are available from the Journal
of Biological Chemistry, 9650 Rockville Pike, Bethesda, MD 20814.
Request Document No. 8M5-3318. cite the authors, and include a
check or money order for $2.00 per set of photocopies. Full size
photocopies are also included in the microfilm edition of the Journal

_ that is available from Waverly Press.
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FiG. 1. Nucleotide sequence comparison of 7 S storage pro-  Different gap weights were used depending upon whether gaps were
tein gene isolated from G. max and P. vulgaris. Nucleotide needed in coding regions (gap = 5 substitutions) or noncoding regions
sequences determined for the P. vulgaris 7 S storage protein gene (gap = 1.1 substitutions). Nucleotide sequence alignments were done
(gep= contained in clone A177.4 (Sun et al., 1981) encodes a S-type using computer programs NUCALN and GAP. Vertical lines between
phaseolin polypeptide (Slightom et al., 1981)) is presented on the top  nucleotides indicate base matches. Nucleotide sequences which may
line (Pvu ), and it is compared to the sequence of the G. max 7S  have biological importance to the expression of these genes are
gene contained in A clone Gma a’ 17.1 (Schuler et al., 1982) which  indicated; TATAA and poly(A) addition elements are once underl.med
encodes an a’-type S-conglycinin polvpeptide. The nucleotide se- or overiined, and CCAAT elements are twice underlined or overlined.
quence numbering system used was set by the overall alignment  Also nucleotide sequences which match the consensus sequence for
between these genes. Complete sequences for both genes are presented mammalian enhancer elements {Gruss, 1984) are indicated by arrows
starting 889 bp (for Pvu 8) and 905 bp (for Gma a’) §° from their  pointing to nucleotides above (Pvu ) or below (Gma a’) the respec-
respective mRNA -capped nucleotides and extend 3° to the nucleotide  tive sequence lines. Vertical arrows between sequence Ii.nes show the
used for poly(A) attachment, 1990 bp (for Pvu 3) and 2732 bp (for  position of exon-intron boundaries. Translation initiation can occur
Gma a’). The presence of asterisks in nucleotide and amino acid  at either of two Met residues at the beginning of each gene, gnd the
sequences indicate gaps which were used to maximize identities. termination codons are designated TER. Protein signal peptide and
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secondary processing (Gma a’ only) cleavage positions are indicated,
and possible N-glycoside attachment sites are shown as boxed amino
acids in the respective amino acids sequence lines. Nucleotide and

Gma a’ and Pvu 8 (Fig. 1). The muitiple CCAAT and TATA
elements found in Pvu g8 are believed to be responsible for the
numerous cap sites found in phaseolin mRNAs (Hall et al.,
1983; Slightom et al., 1985b). The sequences surrounding the
TATA elements of both genes are nearly identical to the
“plant consensus,” while sequences surrounding the CCAAT
elements are more similar 10 the mammalian consensus se-
quence (Table 2).

28l

(139 or)

amino acid sequences that correspond to the duplicated regions
responsible for the P. yulgaris a-type polypeptides (Hall et al., 1983;
Slightom et al., 1985) are shown.

Whether plant genes possess elements that are similar in
function to mammalian enhancers is currently unknown.
However, we searched the 5°-flanking DNAs of these two seed
protein genes for sequences matching the consensus mam-
malian enhancer element and have located an identical match
in the Gma a’ sequence 553 bp upstream from the mRNA
cap site (position —590 in Fig. 1). The Pvu § sequence has
several closelv matching sequences located between position
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Divergence in and around 7 S storage protein genes from G max and
P. vulgaris

Assignments of gene regions and nucleotide position are {rom Fig.
1. Corrected percentage sequence divergences were calculated as
described by Havashida and Mivata (1983). Gaps, regardless of length
and location, were counted as one substitution. Calculations for Exon
4 and 6 use the nucleotide sequence from the Pvu g gene and do not
include the Pvu a gene sequences shown in Fig. 1.

Structural region Nucleotide Number Match/ Corrected %
compared positions of gaps compared divergence
bp
1. 5’ Flanking —958 1o —358 28 304/549 67.8
2. 5’ Flanking -357 to —248 4 75/101 31.5
3. 5' Flanking —247 w0 =150 7 46/96 87.3
4. 5 Flanking —149 1o =52 2 73/94 26.5
5. 5’ Flanking =51t -1 3 26/39 44.1
6. 5’ Untranslated 1to0 77 6 39/64 55.2
7. Exon 1 78 o 911 3 237/311 28.6
8. Intron 1 9120 1115 5 52/77 425
9. Exon 2 1116 to 1348 2 123/193 49.6
10. Intron 2 "1349 to 1442 3 60/84 36.0
11, Exon 3 1443 to0 1523 67/81 19.6
2. Intron 3 1524 to 1655 10 61/87 38.1
-13. Exon 4 1656 to 1938 4 143/229 521
14. Intron 4 1939 10 2082 7 91/116 25.4
15. Exon § 2083 to 2372 1 198/260 28.7
16. Intron 5 2373 to 2508 7 74/106 38.6
17. Exon 6 2509 o 2747 4 115/176 46.5
18. 3’ Untranslated 2748 to 2886 6 92/129 36.1
TABLE 2

Consensus sequences elements and their comparison with similar
elements from Gma a’ and Puu f genes

TATA sequences:

C T C
TGTATAAA, ., TA
ACTATAAA TA
CCTATAAA TA

Plant consensus (34):
Gma a’:
Pvu §: :
2. CCAAT sequences:
c G ccC

Plant consensus (34): TA;.sTNGA; . TT

Gma a': GGCCAA TCTGTTCAT
Pvu S8: GGCCAA TCTCTCCAT
Animal consensus (15): GGCCAA TCT
3. Enhancer sequences: T
TIT
) Mammalian consensus (55): GTGGAAAG
" Gma a': GTGGATAG
Pvu 8: GTGGACTA
TTGGTATG
GTGGGTTG
4. Translationinitiation:
(o]
Plant consensus (34): GAANNATGG
Gma a’ (first AUG): ATACTATGA
Gma o’ (second AUG): CTATGATGA
Pvu 8 (first AUG): CTACTATGA
Pvu 8 (second AUG): CTATGATGA

~550 and —470 (Fig. 1; Table 2). These putative plant enhan-
cer elements are located much farther 5° from the cap site of
these genes than are functional mammalian enhancers, which
generally are found within 100 bp 5° of the mRNA cap sites
(Gruss, 1984). However, because mammalian enhancers can
function in both orientations (Moreau et al.. 1981; Weiher et
1983), we scanned the opposite strands and found enhan-
-like elements at positions —54 and =206 of Pvu 8 (shown
as CCAACCAC and CAACCCAC, respectively, Fig. 1) and at
position —87 of Gma a’ (CATCCCAC, Fig. 1). The ability of
these sequences to regulate expression of the Gma o’ gene is
being tested using deletion mutants.
Because the accumulation of the seed storage proteins
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derived from these genes 1s. 1n both cases, subject to similar
tissue and developmental regulation, it is conceivable that
these genes could share conserved cis-acting regulatory ele-
ments in their 5"-flanking DNAs. Experiments involving the
transfer of the Pvu 3 gene and GGma genes into genomes of
tobacco and petunia (respectively) via A. tumefaciens vector
systems have been completed. These experiments support the
presence of regulatory sequences within 800 bp of the cap site
of Pvu g8 (Sengupta-Gopalan et al., 1985) and 200 bp of the
Gma o’ cap site (Beachy et al., 1985).5 Fig. 1 shows that there
are several regions of homology in the 5'-flanking DNAs,
between positions —357 to =248 and ~149 to —1. These two
homologous regions are separated by sequences that share
little homology (Fig. 1. Table 1). Within positions =357 to
—248 there are three sequence clusters that show a very high
degree of homology, positions —357 to —338 (19/20 matches),
—-330 to —293 (24/26 matches), and —273 to —248 (22/26
matches). In the second region, four sequence clusters show a
high degree of homology, positions —149 to —127 (22/23
matches), —119 to —98 (20/22 matches), —89 to —61 (24/29
matches), and —33 to —13 (14/17 matches). Any or all of these
conserved sequence regions may provide information respon-
sible for controlling the tissue and developmental expression
of these genes. Recently, a light-inducible control sequence
element for the pea ribulose 1,5-bisphosphate carboxylase
gene (Morelli et al., 1985) was found near the cap site of this
gene.

We have extended this comparison of 5'-flanking DNAs to
include the sequences from another gene family known to be
subject to similar tissue and developmental controls, the P.
vulgaris seed lectin genes. Our comparison (data not shown)
of 300 bp of flanking DNA sequences from two seed lectin
genes (Hoffman and Donaldson, 1985) failed to reveal any
extensive sequence homologies. One of two possibilities may
account for this observation. First. shared seed-specific regu-
latory elements for these genes might be located further
upstream and thus were not identified. Second, P. vulgaris
lectin and phaseolin genes, even though appearing to be
controlled by a similar mechanism, are not and thus do not
share common cis-acting regulatory sequences. Deletion and
site-specific mutant constructions of the Gma a’ gene are
being used to test the functionality of the putative regulatory
sequences identified above.

5’. and 3'-Untransiated Regions—The 5’-untranslated re-
gions of Gma a’ and Pvu 3 are the most diverged (55%)
structural regions of these genes (Table 1), sharing homology
only around the cap site and site of translation initiation.
Assuming that the first methionine codon is used for trans-
lation initiation, the sizes of the 5’ -untranslated regions differ
significantly, 61 bp for Gma a’ and 80 bp for Pvu 8. Thus, it
appears that the 5’-untranslated regions of these storage
protein genes can tolerate a considerable amount of change
without affecting function. In contrast, the 3'-untranslated
regions appear to be subject to more stringent evolutionary
constraints. Both are 135 bp in length and appear to have
diverged to about the same amount (36 ) as have most of the
coding sequences. These 3'-untranslated sequences share a
high degree of homology around the translation termination
codon but have lower homology near the polv(A) addition
signals. A cluster of 12 identical nucleotides, located just 5
of the polv(A) addition signals, is the last stretch of homology
between these 3’-untranslated regions. It is not known
whether these 12 shared nucleotides play a role in the polv(A)
addition mechanism.

*Z.-L. Chen. M. A Schuler. and R. N. Beachy. manuscript in
preparation.
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nucleotide and derived amino acid sequences of the 7 S storage
protein subunits from pea vicilin ¢cDNA clones c47 and c50

v evolutionary ou

tein genes mav be operating on units smaller than the exons
- themselves, perhaps due to the presence of important nucleo-
tide sequence elements or importance of amino acid structures
(see below). The analysis of both nucleotide and amino acid
sequence divergence and of the gaps contained in these exons
is more meaningful when associated with additional sequence

information provided b,
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Fic. 2. Comparison of 7 S storage protein amino acid sequences from three legumes. Pvu a, from P.

vulgaris, is predicted from DNA sequence data (Hall et al., 1983: Slightom et al., 1983); Pvu 8 and Gma o’ are
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predicted from the sequence given in Fig. 1; Gma « is from Schuler et al. (1982). Psa 1 and Psa 2 are predicted

from the sequences of P. sativum cDNA clones C47 and C50 of Lycett et al. (1983); Psa 3 is predicted by convicilin
cDNA clone pCD39 (Casey et al., 1984). The sequences have been aligned with gaps (represented by dashes)

included where required to give maximal homologies. The large insertion in exon 1 of Gma a’ is not shown; its
position is represented by an arrow. Intron positions in Pvu § and Gma a’ are marked by numbered arrows; the

position of introns in the other sequences is unknown. Potential glvcosylation sites are underlined. Amino acid
residues shared by at least one storage protein in each of the three genera are boxed; conservative substitutions (V

Alignment of Exon Regions—Despite weighting against gaps

in coding regions, gaps were needed in five of the six exons to
maximize the identity of these two genes. The degree of

homology found between these exons varies considerably:
even within individual exons we find regions of high homology

(at both nucleotide and amino acid sequence levels) separated

by regions which show complete divergence or loss of genetic
information (due to deletions or insertions). These findings

suggest that evolutionarv conservation of these storage pro-
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" -cett et al., 1983), referred to subsequently as Psa 1 and
2, respectively. a convicilin cDNA clone pCD39 (Casey et
al., 1984), referred to as Psa 3, provide information which is
useful in determining the nature and direction of evolutionary
events. These pea gene nucleotide sequences have been
aligned with those from Gma a’ and Pvu 3; however, because
these comparisons are confined mainly to coding sequence,
only the resulting amino acid alignment is presented in Fig.
2. This amino acid alignment also includes, {rom soybean, the
partial sequence of the a-subunit, Gma a, (Schuler et al,
1982) and the recently sequenced £-subunit, Gma £° of 8-
conglycinin, as well as from common bean, the sequence of
the a-type phaseolin subunit, Pvu a, which corresponds to
c¢DNA clone 6 (Hall et al., 1983; Slightom et al., 1985).

Exon 1; Gma a’ Contains a Unique Insertion—The align-
ment of exon 1 shown in Fig. 1 is unique because, while it
shows relatively low divergence between Gma a’ and Pvu 8
(29%, Table 1), 522 bp of the Gma a’ exon 1 nucleotide
sequence is not present in Pvu 8. The difference between
these exon 1 sequences is almost twice as large as exon 1 of

1t 8. As a result of our alignment method, we have repre-
sented the difference as two gaps (Fig. 1). The first gap of 508
bp introduces a shift in reading frame for five amino acids
which is then corrected by a second gap of 14 bp. This large
insertion could also be represented as a single gap at the
minimal expense of 6-bp matches. The 522-bp insert is unique
as it does not appear either completely or partially in any
other location of the other 7 S storage protein genes examined
(except the a-subunit, see below); thus, it may well have been
davived from a source outside of these storage protein genes.
nucleotide sequence at the core of this large insert is
cuwnposed of numerous short, perfect, or near-perfect repeats
as shown by dot matrix analysis (Fig. 3), and it contains
several open-reading frames of unknown functionality on both
strands (data not shown). These two findings are perhaps not
unrelated because multiple open-reading frames may be a
common and important evolutionary property of repeated
sequences (Ohno, 1984). A

The large insertion adds 174 amino ‘acid residues or about
20,000 to the molecular weight of Gma a’ polypeptides, which
accounts for most of the molecular weight difference observed
F-+ween the Gma a’ and Pvu 8 polypeptides. This insert, or

.)diverged counterpart, is aiso present in the 72-kDa a-
subunit of 8-conglycinin.” Because this insert is not found in
the pea vicilin gene, Psa 1, or convicilin gene, Psa 3, nor in
the soybean 8-conglycinin subunit, Gma 8, it almost certainly
represents an insertion event into an ancestral a’-subunit
gene of the soybean S-conglycinin gene family. This event
may not be unique to soybean. An immunological survey of a
large number of legume genera has shown that 7 S polypep-
tides in excess of 65 kDa are common only to the group of
genera closely related to soybean (Doyle et al, 1985). This
suggests that the large insertion in the first exon occurred in
a progenitor of this entire group of legumes, a hypothesis that

can be tested by isolating storage protein genes from repre-

sentative members of those genera. The ancestral state of
Gma o' may indeed be represented by the smaller Gma 8
subunit of 8-conglycinin. The amino acid alignment presented
in Fig. 2 supports this possibility because Gma 8 encodes a
r ° meptide almost identical in size to that encoded by pea
\ n and convicilin genes, and they all share amino acid
homologies. These observations also suggest that when the

¢J. J. Harada, S J. Barker, and R. B. Goldberg. manuscript in
preparation.

M. A. Schuler, F. Sebastiani, and R. N. Beachy. manuscript in
preparation.

Comparisons of Bean Seed Storage Protein Sequences

é

o
- co-

- OO
S
- OO M

- OO

[} L . n
1 [
1004 ] . .'! F 2 » “ -’&2*- o
\ T -a- }
-
200 -
1 - - .
< N
3004 2 N S
L '
4 ’ -~ 3
‘?: &
400 . : -
] 1 4
. .
sog.i . . . ., NAFIIEN PR, 1
M T M 13 o 1 M 1 v 1

FiG. 3. Dot matrix comparison of the 509-nucleotide inser-

. tion in the first exon of the Gma a’-subunit gene. This insertion

is responsible for the increase in size of the a’ and a subunits of G.
max relative to the Pvu o and 8 proteins of P. vulgaris. In this
comparison the first nucleotide was marked if 10 of 12 nucleotides
compared were identical.

insertion event occurred, the genes encoding the soybean 7 S
proteins were already a multigene family, which through
postinsertion duplications and sequence divergence have
formed the present multigene subfamilies of 8-conglycinin.
We found no evidence of transposon-like sequence elements
(flanking direct or indirect repeats) near the boundaries of
this large insert, which suggests that i a transposon-like
mechanism is responsible for the insertion event, the trans-
poson-like sequences.have been lost due to evolutionary mu-
tations. Thus, if this large insert once was an active mobile
genetic element, it is probably no longer active.

Comparison of portions of the insert region from Gma a
and a’ genes shows a relatively high degree of nucleotide and
amino acid sequence homology which suggests that these
inserts have achieved both functional and evolutionary sta-
bility. Surprisingly, this stability has been achieved even
though the amino acid compositions of these inserts are quite
different from that present in the subunits of other 7 S
proteins, being particularly rich in glutamate residues (Table
3). The stability of inserts that encode acidic amino acid
residues appears to be quite common in legume storage pro-
teins (Argos et al., 1985). If the amino acids encoded by the
insert are excluded, the composition of Gma o' closely resem-
bles that of Pvu 8 (Table 3). The similarity of the mature
Gma o' and Pvu 8 polypeptides is also evident from their
similar codon usage (Table 4). Where any preferential codon
use is apparent, the same codons are preferred by both genes,
such as Asn: AAC >AAU, or Val: GUU, GUG >GUC, GUA.

The insert in Gma o’ is also of interest because it does
contain the NH, terminus of the mature Gma o’ polypeptide,
as deduced by amino acid analysis (Coates et al., 1985). The
NH; terminus of the Gma o’ polypeptide does not immedi-
ately follow the signal peptide but instead is located 27 amino
acid residues downstream (Fig. 1), within the large insert.
Thus, the Gma o’ polypeptide is subject to a second cleavage
process’ that is not found for Pvu 8 polypeptide, because the
NH, terminus of the latter polypeptide is located at the signal
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peptide cleavage site.” A biological explanation for the neces-
sity for this second cleavage step in Gma o’ is not apparent,
but it could be due to constraints imposed by the presence of
the additional 174 amino acids. The 27 amino acids involved
in this second cleavage may, for example, need to be removed
for proper packaging in protein storage bodies. Alternatively,
the additional amino acids may be folded in such a way as to
expose a proteolytically labile site. The significance of this
cleavage process could be addressed by site-specific (amino
acid-changing) substitutions designed to prevent cleavage.
Preventing this second cleavage step in Gma a’ would provide
a simple method for increasing the number of sulfur-contain-
ing amino acids residues in this sulfur-deficient polypeptide
because four of the 27 residues removed are cysteines (Fig. 1).
However, blocking of this cleavage could dramatically change
the secondary and tertiary structures of the protein. The
resultant Gma o’ polypeptide would also have a quite different
NH.-terminal amino acid composition than its present mature
NH; terminus, which is rich in glutamine and similar to the
NH: terminus of Pvu 8.

One of the most conserved features of the Gma «', Gma 8,
and Pvu § (also Pvu o (Slightom et al., 1985)) proteins is the
signal peptide region (Figs. 1 and 2). Gma a’ and Pvu 8 share
83 and 72% of their nucleotide and amino acid sequences,
respectively. The signal peptide cleavage positions for both
Gma o’ and Pvu 8 appear to occur at similar locations;
however, the cleavage for Pvu £ is heterogeneous.? All of these
signal peptides share extensive homology at their NH. ter-
mini, but homology is lacking around the expected cleavage
sites. None of these signal peptides nor the very different
signal peptide of vicilin, Psa 1, conform to the amino acid
sequence pattern for signal peptide processing described by
Von Heijne (1983). However, all of these signal peptides have
hydrophobic cores (see hydropathic index, Fig. 4), and ail but
Psa 1 have the same charged amino acid residues near their
NH; termini. The NH, termini encoded by all of these soybean
and common bean storage protein genes contain tandem
methionine codons. The nucleotide sequences surrounding
both methionine codons do not match the plant consensus
translation initiator sequence (Messing et al., 1983), but they
do share homology with the consensus sequence derived from
" the comparison of animal genes (Kozak, 1983) (Table 2).

Evolutionary Relationships as Determined by Other Exon
Gaps—As stated above, gaps occur in all exons except exon 3,
and from our alignment of amino acid sequences in Fig. 2,
these gaps provide a significant amount of information con-
cerning the evolution of these genes. In exon 2, Gma o’ has a
57-bp direct repeat which results in the duplication of 19
amino acids. The alignment of this region with the other
polypeptides (Fig. 2, positions 137-175) shows that this du-
plication has not occurred in the pea polypeptides and that
much of it is not represented in either Gma 8 or Pvu 8
polypeptides. The partial alignments between Gma o' and
Gma 8 and Pvu 8 are probably artifacts due to separate small
insertions occurring in the latter two genes. This 57-bp du-
plication event appears, therefore, to have occurred only in
the soybean. and after the separation of proto-Gma a’ from
the Gma 8 lineages. If this duplication occurred after diver-
gence of the common ancestor of Phaseolus and Glycine from
Pisum, but before the former two genera diverged from each
other, this would require a second event in two species, Le.
the loss of this duplication from proto-Pvu 8 and proto-Gma
B. Further analvsis of the 7 S storage protein genes from other

* H. Paaren, personal communication.
Y Paaren. H.. Slightom. J., Hall, T.. Inglis, A., and Blagrove. R.
(1986} Phvtochemustry, in press.
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species closely related to Glvcine and Phaseolus may be useful
in resolving these two possibilities.

Exon 4 shows several regions of length variations, between
positions 226-250 and 308-325 (Fig. 2). In the first region
Gma o’ and Pvu g differ considerably from Psa 1, 2, and 3,
which themselves show considerable divergence. Reasons for
divergence among the pea sequences are not apparent, but
duplications appear responsible for variations in soybean and
common bean. This region of the soybean Gma «’ gene has
an 11-bp indirect repeat (Fig. 1, positions 1693-1723) which
is not present in Pvu 8, while a 15-bp direct repeat is present
only in Pvu a. The presence of repeated nucleotide sequence
elements appears to correlate with evolutionary instability in
these storage protein genes (see below). A second region in
exon 4 (positions 308-325) is presumably a deletion in both
Pvu a and 8, since the sequences absent in these common
bean genes are present in all the other 7 S storage proteins
(Fig. 2). An additional small insertion (positions 285-286)
encodes two amino acids that distinguish the Pvu « and 8
sequences from soybean and pea. Exon 5 contains a hot spot
for length variation (positions 357-380) which is bounded on
both sides by regions which share a high degree of homology.
Instability in this region may also be due to the presence of
several direct and indirect repeat sequences (see Fig. 1, posi-
tions 2186-2221). Exon 6 includes four regions of length
variability (positions 443-447; 480; 488-496; and 499-505) all
which appear to be due to insertion or deletion events that
have occurred in Phaseolus (Fig. 2). The insertion at position
488-496 in Pvu « is due to a 27-bp duplication of a region
from Pvu 8 which, along with the duplication at position 234-
238 (in exon 4) characterizes the Pvu a gene family (Slightom
et al., 1985).

Only exon 3, the shortest exon (81 bp) shared by these 7 S
storage protein genes, did not require gaps for alignment. At
the nucleotide and amino acid sequences levels these exon 3
alignments share the following per cent homologies: 83 and
78% for Gma o’ versus Pvu B; 79 and 67% for Gma o’ versus
Psa 1; and 65 and 59% for Pvu § versus Psa 1, respectively.
These results are congruent with accepted phylogenies and
taxonomic treatments of the legumes (Polhill, 1981) as they
show that Glycine and Phaseolus are more closely related to
each other than either is to Pisum. A

Evolution of Gma «’ and Puu B Introns—Another of the
interesting features deduced from the comparison of Gma o’
and Pvu § nucleotide sequences is that both genes have 5
introns which interrupt the coding region at identical posi-
tions. The divergences calculated in Table 1 are not indicative
of the considerable length divergence of the introns (see
above). Intron 1 shows the largest length variation, 203 bp
(Gma a’) versus 72 bp (Pvu £), while intron 2 lengths are
almost the same (87 versus 88 bp, respectively). All intron/
exon splice junctions conform to the consensus plant se-
quences (Shah et al., 1983; Slightom et al., 1983), and all have
DNA compositions which are A+T rich. Introns from Gma
a’ and Pvu 8 have average A+T percentages of 80.0 and
72.4%, respectively. Aside from the splice junctions and nu-
cleotide compositions, these introns do not appear to share
any common “core” elements which might play a functional
role in the splicing mechanism.

Glvcosylation of 7 S Storage Proteins—The 7 S seed storage
proteins are glycoproteins, and all of the amino acid sequences
compared contain at least one N-glycosyl recognition site
(Asn-X-Thr or Ser) with the exception of Psa 2 (Fig. 2). The
fact that the amino acid sequence of Psa 2 does not contain a
N-glycosyl recognition site is puzzling; it could be due to an
error in the data or Psa 2 could represent a pea vicilin variant
that has lost the site. The number of N-glvcosyl sites varies,
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ith three in Gma a’. two in Pvu 4, and onlv one in Psa 1.

ne first glvcosvlation site in Gma « has the sequence Asn-
Pro-Ser, a sequence that is rarely glvcosviated (Mononen and
Karjalainen, 1984). and is located in the 27-amino acid poly-
peptide that is removed by secondary processing (see above).
Because this region of Gma o is removed, the glvcosvlation
status of this site is unknown.

The second N-glycosyl site of Gma a’ is located between
exons 1 and 2, while the third site is located in exon 5; the
two sites for Pvu 8 occur in exons 4 and 5 (Figs. 1 and 2). The
locations of the N-glvcosyl sites in exon-5 of Gma «” and Pvu
g are not identical, but theyv are located in a hydrophobic
domain (Fig. 4) at about the same distance from the COOH
terminus of each polypeptide. The N-glycosyl site found in
Psa 1 is located at exactly the same position in exon 5 as that
of Gma a’ but differs from that of Gma «’ in having Ser in
the third position instead of Thr. Gma a’ and Pvu 3 would
share identical N-glycosvl sites in exon 5 except for a single
base mutation C—G (see position 2302, Fig. 1). This would
also be true for Psa 2 except for the apparent amino acid

“yeplacement of Asn by Arg. Conservation of this N-glycosyl
recognition site in exon 5 suggests that glycosylation near the
COOH terminus of these polypeptide backbones may be im-
portant to the biological processing and/or storage of these
polypeptides. The nonconserved N-glycosyl recognition sites
found in Gma a’ and Pvu 8 are not only located in different
positions, but also in quite different hydropathic environ-
ments (Fig. 4). The site in exon 4 of Pvu § is located in a
hydrophilic domain while the site in between exons 1 and 2
~f Gma a’ is located in a hydrophobic domain. The type of

dropathic environment surrounding these N-glycosyl sites
may influence the degree to which such sites are glycosylated:
this remains to be demonstrated experimentally.

Properties of 7 S Proteins: Structure and Domains—Many
of the changes that occur in the two genes involve the substi-
tution of amino acids with similar physical properties, for
example, isoleucine to valine. For this reason, two approaches
to inferring physical properties of the proteins were adopted.
Although some conservation of protein secondary structure is
apparent from Chou and Fasman (1974) predictions (data not
shown) and has also been reported by Argos et al. (1985),
.more striking similarities are apparent from comparisons of
Jredicted hydropathies. Regions of very similar properties
‘occur in both Pvu 8 and Gma o', many of which are also
shared with pea vicilin polypeptides (Fig. 4). The large inser-
tion in conglycinin o' is hydrophilic (Fig. 4) and represents a
major departure from the patterns observed in the smaller
subunits of the other genera. The overall pattern of hy-
dropathy appears to transcend exon boundaries and is, in this
respect, consistent with the patterns of amirio acid conserva-
tion since both suggest that there is little relationship between
exons and evolutionary domains (Fig. 2). These observations
together with the patterns of predicted secondary structure
for both vicilin and legumin proteins (see Argos et al., 1985)
suggest that these legume storage proteins have not been
constructed by splicing together exons representing structural
domains as has been suggested for other proteins (Gilbert.
1978).

Evolutionary Tempo and Mode—Divergence values pre-

nted in Table 1 were calculated by the method of Havashida

.d Mivata (1983) to compensate for multiple substitutions
at single positions in the nucleic acid sequence and thus are
higher than those derived by simply comparing shared nu-
cleotides. Homology values for the coding region have been
further subdivided (Table 5) using the method of Perler et al.
(1980) to approximate the actual degree of silent and replace-
ment substitutions. 4 modification of this method takes into
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account the evolutionary preponderance of transition muta-
tions over transversions, a phenomenon that is obscured over
long evolutionary times (Brown et al., 1982). Although this
latter method is presumably a better approximation of actual
divergences. we lack sufficient data on the actual frequencies
of transition and transversion mutations. The observed rates
of transition mutations in the different comparisons are,
however, of interest. The comparison that should reflect the
smallest evolutionary time frame would involve the inserted
portion of the first exons of conglycinin a and «’, since the
large insertion appears to be the most recent event in these
gene families. If this assumption is valid, the finding that the
frequency of transitions in this comparison, 72%, is the high-
est figure encountered for these genes is consistent with the
prediction of transition excess. The high figure in this region
may, however, be an artifact of its unusual amino acid com-
position. The frequencies of transition mutations in the in-
tergeneric comparisons are considerably lower: Pvu 8/Gma
o' = 44%; Psa (1+2)/Gma «' = 48%. When the sequences’
are compared within a species, the transition frequency is still
low with levels similar to those observed in intergeneric
comparisons for Pisum and Phaseolus: Pvu 8/Pvu a = 45%;
Psa 1/Psa 2 = 51%. In contrast, a comparison of Gma a’ with
Gma a yields a higher transition value, 64%, despite the fact
that these two sequences appear to be less homologous than,
for example, the two phaseolin sequences (Schuler et al.,
1982).° Assuming that transition excess has occurred, failure
to observe high transition levels could reflect either long
divergence times for gene copies within a multigene family or
the presence of variation only at hot spots that rapidly become
saturated with mutations. The latter is perhaps more likely,
given what appears to be concerted evolution of the multigene
families encoding the 7 S proteins in each species (Slightom
et al., 1985). _

The values given in Table 5 indicate that divergence is
much more apparent at silent codon sites where in most cases
greater than 50% substitution levels are observed. This is
consistent with selection pressures at the level of the amino
acid sequence. It is interesting to note that silent sites have
not been saturated by mutations in any of these exons (cor-
rected divergences of over 1.0). The ratio of replacement to
silent substitutions, Rcs, has been used to assess the degree
of evolutionary conservation of globin gene sequences (Cze-
lusniak et al., 1982). In the absence of selection, a value of
Res = 3 is expected, while for many conserved regions of
coding sequences, Rcs values lower than 1 have been observed.
The Rcs values observed for the Pvu 8/Gma a’ comparison
are quite high, with some exons approaching Res = 3 (Table
5). While this suggests.a low degree of evolutionary conser-
vation, it is also possible that rapid divergence is a function
of strong positive selection of regions of these proteins, as has
been suggested for globin genes (Czelusniak et al., 1982).

DISCUSSION

It is clear that the 7 S seed storage proteins of legumes are
not merely random aggregations of amino acids, as one might
predict for proteins whose only known function is nutritional.
Indeed. as has been pointed out elsewhere (Blagrove et al.,
1984: Schuler et al., 1983), a number of potential evolutionary
constraints exist for these proteins, even in the fulfillment of
this nutritional role. These include subunit interactions nec-
essary for proper holoprotein assembly, packaging of holopro-
teins in storage bodies. membrane transit during synthesis,
and general stability and solubility constraints. The fact that
many of these functions are also common to the 11 S storage
proteins which, in pea. at least, are found within the same
cotviedonary storage bodies as the 7 S proteins (Craig et al..
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1980a. 1980b) could be responsible for the similarities ob-
served between the two classes of proteins (Argos et al., 1985).
[n addition to these potential constraints, conglycinin and pha-
seolin subunits are not randomly degraded during germination
put rather show evidence of discrete proteolvtic processing
sites (Nielsen and Liener, 1984)." In pea vicilin, proteolytic
cleavage takes place prior to germination, and the cleavage
sites are known. It does not appear that the sequences around
these cleavage sites are strongly conserved between vicilin
and B-conglycinin or phaseolin (Lycett et al.,, 1983), and it
will be interesting to locate the cleavage sites of conglycinin
and phaseolin proteins to see whether or not they lie in the
same regions as those of vicilin.

In marked contrast to the zein storage proteins of maize,
which are encoded by a large multigene family of over 100
members (Hagen and Rubenstein; 1981; Viotti et al., 1979),
the 7 S storage protein subunits of pea, soybean, and common
bean are all encoded by smaller multigene families. In these
legumes, gene copy number analyses have found fewer than
10 members/haploid genome in Phaseolus and Pisum (Do-
money and Casey, 1985; Gatehouse et al., 1983; Talbot et al.,
1984) and fewer than 20 members in the polyploid Glycine
(Ladin et al., 1984). The level of homology within the individ-
ual families is quite high and of a comparable level between
85 and 95% in all three genera. This suggests either the
operation of strong evolutionary selection for species-specific
characteristics or the maintenance of homogeneity within a
species by concerted evolution (Slightom et al., 1980; Zimmer
et al., 1980). The two alternatives have very different conse-
quences for those interested in genetic modifications to alter
amino acid compositions. Regions conserved among all three
genera are presumably poor choices for modification, while
areas of low intergeneric homology almost certainly represent
regions not required for the general functionality of 7 S
proteins and, thus, are attractive sites for modification. How-
ever, if the high levels of homology observed within a species
represent selectional constraints at the species level, several
of these areas may also be essential and cannot be changed.
In support of this latter alternative, the proteolytic processing
sites of pea vicilin, though almost certainly important in the
proper functioning of the vicilin protein, lie in nonconserved
areas (Lycett et al., 1983). Areas not highly conserved in
amino acid sequence may also be under the influence of
selection for physical properties, as is suggested from our
hvdropathy predictions. Nonetheless, it does appear that sev-
eral regions of the coding sequences of these genes have been
prone to evolutionary change, especially in the accumulation
of deletions and insertions, even within a particular species.
In the case of soybean, an additional level of structural
complexity in the proteins has been imposed by the insertion
of a large nucleotide sequence element into one class of
ancestral protein, such that both the ancestral type gene
(represented by the B-subunit) and genes encoding much
larger polypeptides (a- and o’-subunits) are present. This is
also presumably true of the near relatives of soybean and
may, in fact, be a useful evolutionary marker in establishing
relationships in this taxonomically complex group of plants.
In soybean Gma o’ and o genes the presence of this large
insert offers an attractive target for protein modification.

Acknouledgments—We are grateful to Drs. John Harada and Rob-
ert Goldberg for sharing with us the sequence of the 8-subunit of 8-
conglycinin prior to publication and to Dr. Niels Nelson for sharing
amino acid sequencing information for the NH, terminus of the o’
subunit of 8-conglycinin prior to publication.
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Transgenic Canola and Soybean Seeds with

Increased Lysine
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We have increased the lysine content in the seeds of canola and soybean plants by circumventing the
normal feedback regulation of two enzymes of the biosynthetic pathway, aspartokinase (AK) and dihy-
drodipicolinic acid synthase (DHDPS). Lysine-feedback-insensitive bacterial DHDPS and AK enzymes
encoded by the Corynebacterium dapA gene and a mutant E. coli lysC gene, respectively, were linked to
a chloroplast transit peptide and expressed from a seed-specific promoter in transgenic canola and
soybean seeds. Expression of Corynebacteriuim DHDPS resulted in more than a 100-fold increase in the
accumulation of free lysine in the seeds of canola; total seed lysine content approximately doubled.
Expression of Corynebacteriun DHDPS plus lysine-insensitive E. coli AK in soybean transformants
similarly caused several hundred-fold increases in free lysine and increased total seed lysine content by
as much as 5-fold. Accumulation of a-amino adipic acid (AA) in canola and saccharopine in soybean,
which are intermediates in lysine catabolism, was also observed.
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uman food and animal feed derived from many
grains are deficient in some of the ten essential
amino acids which are required in an animal diet.
Corn, which is a preferred animal feed because it is
a low cost energy source, is relatively poor in amino
acid content, with lysine being the most limiting
amino acid for the dietary requirements of many
animals. Soybean meal, which is rich in lysine and otheressen-
tial amino acids, is used to supplement corn-based animal feeds.
In addition, about 200,000 tons of lysine are produced annually
via fermentation, mostly for use as an animal feed additive.
An increase in the lysine content of corn, soybean, or other
animal feed sources would reduce the need to supplement the
seeds with crystalline lysine.

One approach to raising the lysine content of seeds is to
increase its production by deregulating the biosynthetic path-
way. Lysine, along with threonine, methionine, and isoleucine,
are amino acids derived from aspartate (Fig. 1). The first step
in the pathway is the phosphorylation of aspartate by the
enzyme aspartokinase (AK), and this enzyme has been found
to be an important target for regulation, usually via end-prod-
uct inhibition, in plants. The condensation of aspartyl B-semi-
aldehyde with pyruvate catalyzed by dihydrodipicolinic acid
synthase (DHDPS) is the first reaction committed to lysine
biosynthesis. In plants DHDPS is feedback inhibited by lysine
and serves as the major regulator of the lysine branch of the
pathway. Many attempts have been made to obtain lysine over-

producing mutants of various plants by selecting for resistance -

to the lysine analog S(2-aminoethyl)-cysteine (AEC), but only
one tobacco mutant with a significant increase in free lysine, in
leaves only, has been reported'.

Recently, genetic engineering technology has been used to
increase free lysine production in the leaves of plants. The
E. coli dapA gene, which encodes a DHDPS enzyme that is
about 20-fold less sensitive to inhibition by lysine than than a
typical plant DHDPS, was linked to the 35S promoter of
Cauliflower Mosaic Virus and a plant chloroplast transit
sequence to direct the protein to the chloroplast, wherein most
amino acid biosynthetic pathway enzymes are localized. The
chimeric gene was introduced into tobacco cells via transfor-
mation and shown to causc a substantial increase in free lysine
levels in icaves®™*. However, the lysine content in the sceds of
the transformed plants was not increased in these studies.

A mutant £. coli lvsC gene that encodes a lysine-insensitive

AK enzyme was linked to the 35S promoter of Cauliflower
Mosaic Virus and a plant chloroplast transit sequence and
expressed in tobacco cells in concert with the E. coli dapA
gene“*. More free lysine accumulated in the leaves of plants
expressing lysine-insensitive AK plus E. coli DHDPS than in
plants expressing DHDPS alone, but again there was no
increase in the level of free lysine in seeds. Strong seed-spe-
cific promoters were used to achieve high-level expression of
both the E. coli dapA and mutant E. coli lysC genes in tobacco
seed, but still no increase in the accumulation of free lysine was
observed’’. However, accumulation of an intermediate of
lysine catabolism was seen in one study’, and an increased level
of a lysine catabolic enzyme in the other®, suggesting that
lysine breakdown was preventing accumulation of excess free
lysine in seeds.

In this paper we report on genetic engineering of the lysine
biosynthetic pathway in soybean and canola seeds. In these
crops we have been able to achieve a large increase in seed
lysine content.

Results

Genes and constructs. We attempted to bypass feedback
regulation of the lysine biosynthetic pathway (see Fig. 1) by

The Aspartate-Family Biosynthetic Pathway

am

Aspartate

@

B-aspartyl phosphate

|

aspartic p-semialdehyde
-
/ \ 2-3 dihydrodiplcolinate

Threonine Methionine 5 steps T
Lysine

FIGURE 1. Biosynthetic pathway for amino acids derived from
aspartate illustrating end-product feedback inhibition of dihy-
drodipicolinic acid synthase (OHDPS) and aspartokinase (AK).
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FIGURE 2. Maps of canola transformation vectors pF5926 and
pBT597, and soybean vector pBT614. Kan Is kanamycin resis-
tance gene for selection in bacteria; or/ s origin of DNA repli-
cation In E. colf, rep pVSl and sta allow stable DNA replication
in Agrobacterium; 35S 5 Is 35S promoter from Cauliflower
Mosaic Virus; NPTIl Is neomycin phosphotransferase gene for
selection of kanamycin resistant transformed plants; NOS 3' is
transcription termination region from the nopaline synthase
gene; Pv 5§ is the promoter from the bean g-phaseolin gene;
cts/dapA is the coding region for the chloroplast transit pep-

expressing lysine insensitive forms of the two key enzymes,
aspartokinase (AK) and dihydrodipicolinic acid synthase
(DHDPS) in the seeds of plants. The Corynebacterium dapA
gene from ATCC strain 13032 (ref. 8), which encodes a lysine
insensitive DHDPS, was amplified from genomic DNA using
the polymerase chain reaction (PCR). The E. .coli lysC gene,
which encodes a lysine sensitive AK®, was isolated from the
ordered E. coli genomic library of Kohara, Akiyama, and
Isono'. Then mutations that rendered the enzyme insensitive
to lysine were selected in the cloned gene’. A mutation desig-
nated /lysC-M4, which results in an isoleucine for threonine
substitution at amino acid 352, was used in this work. Both
genes were modified to have an Nco [ restriction enzyme site
at the translation start codon. Then, the chloroplast transit
sequence {cts) of the small subunit of ribulose 1,5-bisphos-
phate carboxylase from soybean’ was fused to the dapA and
lysC-M4 coding sequences. The cts/dapA and cts/lysC-M4
genes were inserted into a seed-specific gene expression cas-

Py ctaflyeC-M4
v s __/

Py 5

cullylk

Pv §°

Pv ¥

pBT597

culdapA/
rap pVSI

Pvs

NOS Y /
TONA NPT H
laft /

border 18 5
»

tide from the small subunit of ribulose-bis-phosphate carboxy-
lase trom soybean fused to the Corynebacterium giutamicum
dapA coding region; Pv 3 Is the transcription termination
reglon from the bean B-phaseolin gene; cts/lysC-M4 Is the cod-
ing region for the chloroplast transit peptide from the small
subunit of ribulose-bis-phosphate carboxylase from soybean
tused to the mutant E. coll lysC-M4 gene; Amp is the ampicillin
resistance gene for selection in bacteria; GUS Is the coding
region of the E. coll uldA gene for expression of @-giu-
curonidase, the scorable marker for soybean transformation.

sette composed of the promoter and transcription terminator
from the gene encoding the B3-subunit of the seed storage pro-
tein phaseolin from the bean Phaseolus vulgaris®. Details on
the isolation and construction of these chimeric genes are in the
Experimental Protocol.

Transgenic canola seeds with high levels of lysine. The
binary vectors pFS926 (Fig. 2A), carrying the chimeric gene
cassette phaseolin promoter/cts/cordapA/phaseolin 3’, and
pBT597 (Fig. 2B), carrying the phaseolin promozer/cts/
cordapA/phaseolin 3’ plus phaseolin promoter/cts/lysC-M4/
phaseolin 3', were used for Agrobacterium-mediated transfor-
mation of canola. In these binary vectors the 35S promoter
from Caulifiower Mosaic Virus drives expression of the NPT 11
gene permitting selection of kanamycin-resistant transfor-
mants. Transformed canola plants were self-pollinated and
mature seeds were harvested and analyzed.

Western blots of protein extracts from mature seeds (not
shown) revealed that eight of eight pFS926 transformants

TABLE 1. Canola transformants: pFS926: phaseolin 5'/cts/dapA/phaseolin 3’, pBT597: phaseolin 5'/cts/dapA/phaseolin 3’ +

phaseolin 5'/cts/lysC-M4/phaseolin 3’.

<

- A

b Lt

]
3
Z

Western Western Percent Total Amino
Free Amino Acids' Coryne. E. coli Acids?

Plasmid-Line A DHDPS AKIII-M4 K AA
None-Westar 0.8 0 - - 6.5 0
Vector-1 1.3 0 - - 6.3 0
pFS$926-3 140 16 P - 12 1.0
pFS926-9 110 12 ++4++ - tl 08
pFS926-29 38 4.7 +44+ - 12 1.6
pFS926-6 14 4.6 ++4+ - 8.2 0
plFS$926-68 4.2 09 ++ - 8.3 Q
pFS926-11 79 5.2 ++ - 7.7 0
pFS926-27 4.2 1.1 ++ - 7.1 0
pFS926-22 3t 0.3 + - 6.9 0
pBTS597-4 38 4.5 ++++ +44+4 13 1.6
pBT597-100 9.1 1.7 ++4+ ++ 6.6 0
pBTS597-148 1.6 0.9 +4++ + 7.3 0
pBT597-169 5.6 1.7 +++ +++ 0.0 0
pBTS97-14 6.0 43 : ++ +/- 7.0 Q0
pBTSY7-68 47 1.5 ++ + , 6.9 _ 0
Tree amino acids are shown as ratios of K (lysine) 10 L (leucine) or AA (a-aminoadipic acid) to L (leucine). “Total amino acids are shown as
percentages of K (lysine) or AA (a-aminoadipic acid) of the total seed amino acid content {excluding tryptophan and cysteine).
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and seven of seven pBT397 wansformants expressed the
DHDPS protein. Five of the seven pBT397 transtormauts also
expressed the AKHIT-M4 protein. From the size ol (he proteins
on the western blots it was apparent that mostof the expressed
protein had the chloroplast transit peptide removed, suggesting
that most of the protein had been imported into plastids.

Expression of Corynebacteriun DHDPS lead 10 a large
increase in accumulation of (ree tysine in canola transformants
(Table 1). The highest expressing lines showed a greater than
100-fold increase in {ree lysine level in the sceds. The free
lysine increase was great cnough to cause a significant increase
in the total sced lysine content. In the transformants with the
highest levels, lysine makes up about 12% of the total seed
amino acids, nearly double the lysine content of standard canola.

Control of lysine accumulation in canola seeds. There
was a good correlation between expression level of
Corynebacterium DHDPS protein, as estimated from western
blots, and the level of lysine accumulation in the seeds of
transformants (Table 1). The expression level of DHDPS pro-
tein appears to be primarily determined by the transgene copy
number. For example, southem blots (not shown) indicate that
lines pFS926-3 and 9 have at least three sites of insertion of the
transgene, while lines pFS926-11, 27 and 22 have one.

Free amino acids were extracted and quantitated from 16
single seeds in the segregating population of each of the pri-
mary transformants. The results from three lines that contain a
single site of insertion are shown in Figure 3A: approximately
one quarter of these seeds are expected to be wild type, one half
heterozygous, and one quarter homozygous for the transgene.
None of the lines show a three step pattern of free lysine levels,
but instead only a few seeds (three to five) from each of the
transformants show a four-fold or greater level of free lysine
compared to the control seeds. It seems reasonable to propose
that the high lysine seeds are homozygous for the transgene.
If so, this would suggest that at least two copies of the trans-
gene are needed to provide sufficient expression of the
Corynebacterium DHDPS enzyme to accumulate this level of
excess free lysine.

The free lysine levels from single seeds of three transfor-
mants that contain two insertion sites, are shown in Figure 3B.
For two independently segregating insertions eleven of sixteen
seeds (on average) would be expected to contain two or more
copies of the transgene. In this case nine to twelve seeds from

" each of the transformants show a four-fold or greater increase
in the accumulation of free lysine, consistent with the proposal
that two copies of the transgene are needed to accumulate this
level of excess free lysine. Twenty to 100-fold increases in free
lysine were seen in many of the seeds; some of these seeds may
contain three or four transgene copies.

Accumulation of lysine in the canola seeds is controlled not
only by the rate of its synthesis, but also by the rate of break-
down. This is shown by the build-up of a-aminoadipic acid in
the transformed lines. This compound has been found to be an
intermediate in the catabolism of lysine in wheat®, but is nor-
mally detected only via radioactive tracer experiments due to
its low level of accumulation. The observation of levels of
a-aminoadipic acid higher than most free amino acid pools
indicates that a large amount of lysine is entering the catabolic
pathway and that the breakdown of a-aminoadipic acid is a
rate-limiting step in lysinc catabolism in canola.

Expression of lysine-insensitive £. coli AKlI in canola sceds
results in an increase in free threonine as it does in tobacco
seeds®, indicating that the intraccllular lysine concentration
controls flux down the aspartate-lamily pathway. However,
expression of E. coli AKIL along with Corynebacterium
DHDPS daocs not increase tysine accumulation in canola seeds
over the incrcase obtained by expressing Corynebacterium
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FIGURE 3. Free lysine in single canola seeds. Free amino acids
were extracted from sixteen single seeds from each line. Amino
acids were separated and quantitated as described in the
Experimental Protocol. (A) lines pFS926-22 (black), pFS926-11
(white), pFS926-27 (gray) contained a single transgene inser-
tion. (B) lines pFS926-68 (black), pFS926-6 (white), pFS926-29
(gray) contained two transgene insertions.

DHDPS alone (Table 1). On the other hand, expression of
Corynebacterium DHDPS prevents the accumulation of excess
threonine that is seen in canola seeds expressing lysine-
insensitive E. coli AKIII alone; this effect was also previ-
ously observed in tobacco seeds’’ and leaves‘. Thus,
Corynebacterium DHDPS apparently directs the flow of
pathway intermediates down the lysine branch and away

TABLE 2. Soybean transformants: pBT614: phaseolin
§’Icts/dapA/phaseoiin 3’ + phaseolin 5'/cts/lysC-M4/phaseolin
3.

Western Western Percent Total

Coryne. E. Coli Amino Acids'
Cultivar-Line-Seed DHDPS AKIII-M4 K Sac
A2396 L= - 58 0
A2396-145-2 + - 712 0.3
A2396-233-Bl + + 25 nd.
A2396-234-B28 + + i5 0.1
A2396-240-E7 + + 11 0
A2396-248-B33 + - 7.1 n.d.
A2396-267-El14 + + 6.4 0
A2242 - .- 6.0 0
A2242-273-D28 + + (] 1.0
A2242-315-E25 + + 17 04
A2242-316-E37 + + 12 0.5
A5403 - - 59 0
A5403-175-8 + + 1.7 0.7
AS5403-183-2 + + 73 0.4
AS5403-196-4 + + 1.6 04
A5403-214-ES1 + + 34 0.1
A5403-222-E65 + + 15 0.5
AS5403-225-E75 + + 13 0.5

"Total amino acids are shown as pereentages of K (lysine) or Sac
(saccharopine) of the totat seed amino acid content (exciuding tryptophan
and cystemne).
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from threonine.

Inheritance of the high Iysine trait. R1 seeds from line
pFS926-27, which carried the transgenes at a single insertion
site, were morphologically indistinguishable from standard
canola seeds and germinated well. Three R1 plants predicted
to be homozygous for the transgene, based upon quantitative
PCR analysis of leaf DNA, were grown to maturity and R2
seed was analyzed for lysine content. Seeds from all three
plants exhibited higher levels of free lysine than the pooled R1
(segregating) seed. Total lysine content in the R2 seeds aver-
aged 9.3% (a 45% increase over standard canola), compared to
7.1% lysine (or an 11% lysine increase) seen in the R1 seed.

Seeds from canola transformants accumulating high levels
of free lysine were also morphologically indistinguishable
from standard canola seeds, but germination of the R1 seeds
from the highest lysine lines, e.g. pFS926-3 and pFS926-9, was
poor. Because both of these lines carried multiple insertions, it
was not clear whether the high lysine content of the seeds was
the cause of the poor germination. If only low lysine contain-
ing seeds were able to germinate, R2 seeds would be expected
to have lower lysine content than the R1 seeds. However, pools
of (still segregating) R2 seed from pFS926-3 and pFS926-9
maintained high levels of free lysine and the total lysine level
of these seeds remained about 12% of the total seed amino acid
content. Thus, association of the high lysine phenotype with
poor germination of the R1 seeds is uncertain.

Transgenic soybean seeds with high levels of lysine. The
vector pBT614 (Fig. 2C), carrying the chimeric gene cassettes
phaseolin promoter/cts/cordapA/phaseolin 3’ and phaseolin
promoter/cts/lysC-M4/phaseolin 3', was used for DNA-coated
particle bombardment mediated transformation of soybean. As
a scorable marker gene for transformation, the vector also
carried a 35S promoter/uidA/Nos 3’ gene for expression of E.
coli, B-glucuronidase (GUS)". GUS-positive transformants
were also screened for the presence of the dapA coding region
using PCR. Transformed soybean plants were self-pollinated
and mature seeds were harvested.

Single seeds from transformed lines were analyzed for GUS
expression via enzyme assay and DHDPS and AK protein via
western blot. All transformants showed linkage of GUS,
DHDPS and AK expression in individual R1 seeds. Twenty-one
of twenty-three transformants expressed the DHDPS protein
and eighteen of the twenty-one also expressed the AKIII-M4
protein. As was seen in canola, the size of the DHDPS protein
on western blots indicated that most of the protein had the
chloroplast transit peptide removed, suggesting that most of
the DHDPS had been imported into the plastids.

Soybean transformants expressing Corynebacteria DHDPS
alone or in concert with £ . coli AKI1I-M4 accumulated high
levels of free lysine in their seeds. Analysis of individual seeds
in the segregating R population showed that incrcased free
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FIGURE 4. Free lysine in single soybean
seeds. Free amino acids were extracted

4 from ten single seeds from each line.
’ 0 Amino acids were separated and quanti-
++ ++ tated as described in the Experimental
et o+ Protocol. Line A2396-145 (black), A2396-
183 (white). Expression of GUS, DHDPS

+4+ ++ and AK is indicated where tested.

lysine was observed in seeds expressing the transgenes
(Fig. 4). It seemed likely that the seeds exhibiting the highest
levels of free lysine would be homozygous for the transgene
insertion, including the linked GUS marker gene. It was possi-
ble to test this directly since only a fraction of the R1 seed was
used for analysis and the remainder of the seed could be
planted. In several cases where this was done, analysis of the
R2 seed confirmed the prediction. For example, the two seeds
from line A2396-145 in Figure 4 containing the highest free
lysine were planted and the R2 seeds showed no segregation of
the GUS marker gene.

The level of free lysine accumulation varied from ten-fold
increases in some lines to several hundred-fold increases in
others. It has not been possible to correlate this with gene copy
number, as in canola, because the DNA insertion patterns
resulting from gene gun mediated transformation were usually
more complex and more difficult to interpret. It was generally
true in transformants where insertion was at a single locus that
seeds wherein the transgene was homozygous accumulated
more lysine than in the heterozygous siblings.

Accumulation of free lysine in soybean seeds is also con-
trolled in part by the catabolic rate, as was seen in canola. In
contrast to canola however, it is saccharopine, which is the first
intermediate of lysine catabolism, rather than a-aminoadipic
acid, that accumulates. Levels of saccharopine higher than that
of most of the other free amino acids demonstrate that a large
amount of lysine is entering the catabolic pathway. The build-
up of this intermediate indicates that the breakdown of saccha-
ropine is a rate-limiting step for lysine catabolism in soybean.

The free lysine increases obtained in these transformants
resulted in significant increases in total seed lysine. In seeds
from transformed soybean lines that expressed Corynebacteria
DHDPS alone (see for examples Table 2, lines A2396-145-2
and A2396-248-B33) lysine makes up as much as 7.2% of the
total seed amino acids, about a 25% increase over untrans-
formed soybean. Soybean seeds expressing Corynebacteria
DHDPS in concert with E. coli AKIII-M4 showed much
greater accumulation of total seed lysine than those expressing
Corynebacteria DHDPS alone, in contrast to the resuits in
canola. Seeds with lysine making up 11-17% of the total
amino acid content, a two to three-fold increase over standard
soybean, were obtained from seven different transgenic lines
in three different elite parents (Table 2). Even more striking are
two transgenic lines with seeds showing a four to five-fold
increase in total lysine content (Table 2, lines A2396-233-Bl1
and A5403-214-ES1). In the latter seeds lysine makes up
25-33% of the total seed amino acids.

Sced morphology and inheritance of the high lysine
trait. Sceds with a lysinc content up to about 12% of the total
amino acids, double the content of standard soybeans, werc
normal in appearance and germinated well. The lysine content
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in R2 and R3seeds from the lines so-fac analyzed has cemained
at feastas lgh as that observed in the R seed, demonsteating,
heritability ot the trait. Sceds from soybean transformants
accumulating the highest fevels ot lysine were wrinkled in
appearance, and germination of these RE seeds was poor.
Corrclation of wrinkled seed with poor germination was also
scen inthe R2 generation. This cffect was evident in sceds {rom
scveral different lines where lysine was 15% or more of the
total sced amino acids, and thus appears to be a consequence
of the increased lysine.

Discussion

We have been able to substantially increase the lysine con-
tent in the seeds of canola and soybcan. This was accomplished
by bypassing the normal ccllular control of the biosynthetic
pathway resulting in the accumulation of excess free lysine. To
be successful, it was necessary to achieve a rate of synthesis
that exceededthe rate of lysine catabolism. In the future it may
be possible to make the process more efficient by decreasing
the rate of catabolism through mutation or genetic engineering.

It is possible to estimate the economic value of the high
lysine seeds, although this depends upon the prices of the
various animal feed ingredients and the specifi¢ uses. The cost
of the crystalline lysine is curvently about $1.20/1b. Transgenic
lines that double the seed lysine content provide about 3 lbs of
additional lysine per 100 lbs of soybean meal. Thus, a soybean
meal with double the normal lysine content is worth an
additional $3.60/100 lbs over commodity soybean meal, which
represents a 30-35% increase in value.

It must be pointed out that there are a number of uncer-
tainties that will need to be addressed before these nutritionally
improved crops can be commercialized. Agronomic effects
such as seed germination, pest susceptibility, and yield will
have to be carefully evaluated. Because these seeds have a dif-
ferent composition from the standard varieties, seed handling,
storage and processing characteristics will also have to be
studied. The extensive use of crystalline lysine as a supplement
in animal diets gives us reason to expect that the excess free
lysine in these seeds will be available to animals, but this will
have to be demonstrated through animal feeding studies. The
effects of the catabolic by-products, saccharopine or a-amino
adipic acid, on animals will also have to be thoroughly investi-
gated. Animals have the capability of breaking down lysine via
the same pathway that operates in plants. Thus it is unlikely that
these non-protein amino acids will pose a problem.

Recently we have applied this technology to corn and
achieved a two to three-fold increase in com seed lysine con-
tent (manuscript in preparation). We are currently working on
extending this metabolic engineering approach to increase the
accumulation of the other amino acids derived from aspartate,
threonine and methionine.

Experimental Protocol

Gene construction. The Corynebacterium dapA gene was isolated
from genomic DNA from ATCC strain 13032 using polymerase chain reac-
tion (PCR). The nucleotide sequence of the Corynebacierium dupA gene
has been published®. The oligonucicotide primers used for PCR were: 5'-
CCCGGGCCAT GGCTACAGGT TTAACAGCTA AGACCGGAGT
AGAGCACT and 5'-GATATCGAAT TCTCATTATA GAACTCCAGC
TTTTTTC. The primers added unique restriction sites (undertined) at the
start codon (Nco 1) and just past the stop codon (EcoR 1) of the gene. In
addition to introducing an Nco | sit¢ at the transtation start codon, thc PCR
primers also resuited in a change of the second codon from AGC coding
for serinc to GCT coding for alanine. Several clones that expressed active,
lysinc-insensitive DHDPS were isolated, indicating that the sccond codon
amino acid substitution did not affect activity. The E. coli lysC, which has
been cloned and sequenced previously®, was obtained on bacteriophage
lambda clones 4ES and 7A4 {rom the ordered £, coli genomic library of
Kohara, Akiyama and Isano™. An EcoR {-Nhe | fragment was isolated and
subeloned in plasmid pBR322 yiclding pBT436. To cstablish that the
cloned fsC gene was functional it was shown to relieve the nutritional

reguirenients ol £ coli st GUEOOME (1 coli Genetie Stock Center
st CGSC-5074) which has mutations in cach ol the three £, coli AR
acnes' Addition of 0.2mM Tysine o mineal growth medium inhibits the
prowth of GiTO6M 1 wranstormed with pBT436 because AKIE is inhibited
by exogenously added lysine fcading to starvation lor threonine and
methionine. This property of pBT436-transtoriied Gif lOGM | was used o
seleet for mutations i /ysC that encoded lysine-insensitive AKHL Three
lysine tolerant mutants expressed AKIT that was uninhibited by 15mM
fysine, whercas wild type AKIIL is 50% inhibited by 0.3-0.4mM lysinc.
The sequences ol the theee mutant fysC genes each ditfered (rom the wild
type sequence by a single nucleotide. Mutant M2 is an A to G transition
resulting inan isoleucing (o methionine substitution atamino acid 318 and
mutants M3 and M4 have identical T for C transitions resulting in an
isoleucine for threonine substitution at amino acid 352. An Nco [ site was
inserted at the translation initiation codon of the wild type and mutant lysC
genes using oligonucicotide adaptors. The chloroplast iransit sequence
(cts) of the small subunit of ribulosc 1,5-bisphosphate carboxylase from
soybean'* was fused to the dapA and lysC-M4 coding scquences. The cts
was added in two steps using 75 and 90 basc pair oligonucleotides for the
{ysC gene, and then PCR was used to generate a full-length cts for addition
1o the dapA gene. The cts/dapA and cts/lysC genes were inserted into a
sced-specific genc expression cassette composed of the promoter and tran-
scription terminator from the gene cncoding the 3 subunit of the seed stor-
age protein phascolin from the bean Phaseolus vulgaris. The phaseolin
cassctte includes about 500 nucleotides upstream (5’) from the translation
initiation codon and about 1650 nucleotides downstream (3') from the
translation stop codon of phaseolin'. Betwcen the 5° and 3' regions the
unique restriction endonuclease sites Nco | (which includes the ATG trans-
lation initiation codon), Sma I, Kpn | and Xba [ were added using an
oligonucleotide adaptor. The entire cassette is flanked by Hind III sites.
The chimeric gene cassettes phaseolin promoter/cts/cordapA/phaseolin 3’
plus phaseolin promoter/cts/lysC-Md4/phaseolin 3' were inserted into the
binary vector pZS199. To insent the phascolin promotericts/cordapA/
phascolin 3’, oligonucleotide adaptors were used to add BamH 1 sites to
the ends of the gene cassette, which was then isolated as a 2.7 kb BamH I
fragment and inserted into BamH | digested pZS199, yielding plasmid
pFS§926 (Fig. 2A) and into a previously constructed pZS199 derivative
coniaining the phaseolin promoter/cts/lysC-M4/phaseolin 3', yielding
pBT597 (Fig. 2B). The chimeric gene cassettes were inserted into a soy-
bean transformation vector consisting of the 35S promoter from
Cauliflower Mosaic Virus driving expression of the E. coli B-glu-
curonidase gene'* with the Nos 3’ region in a modified pPGEM9Z plasmid.
To insert the phaseolin promoter/cts/lysC-M4/phaseolin 3', the gene cas-
sette was isolated as a 3.3 kb Hind III fragment and inserted into Hind Il
digested vector yielding plasmid pBT609. To insert the phaseolin pro-
moter/cts/cordapA/phaseolin 3', the gene cassette was isolated as a 2.7 kb
BamH | fragment and inserted into BamH [ digested pBT609, yielding
plasmid pBTé614 (Fig. 2C).

Transformation of canola and soybeans. The binary vectors pFS926

‘or pBT597 were transferred by tri-parental matings"’ to the disarmed

Agrobacterium tumefaciens strain LBA4404/pALA404". Brassica napus
cultivar “Westar” was transformed by co-cultivation of seediing pieces
with the (wo Agrobacterium strains (focr details see ref. 5). Transformed
canola plants were grown under a 16:8-hr photoperiod, with a daytime
temperature of 23°C and a nightime temperature of 17°C. When the pri-
mary flowering stem began to elongate, it was covered with a mesh polien-
containment bag to prevent outcrossing. Sclf-pollination was facilitated
by shaking the plants several times each day. Mature seeds derived from
self-pollinations were harvested about three months after planting.
Soybean was transformed with plasmid pBT614 by Agracetus Company
(Middleton, WT) according to the procedure described in Christou et al.™.

Evaluation of transgenic canola and soybean sceds. A partiaily
defatted canola seed meal was prepared as follows: 40 milligrams of
mature dry seed was ground with a mortar and pestle under liquid nitrogen
to a fine powder. One ml of hexane was added and the mixture was shaken
at room temperature for 15 min. The meal was pelleted in an eppendorf
centrifuge, the hexane was removed and the hexane extraction was
repeated. Then the meal was dried at 65° for [0 min. To extract protein,
approximately 30-40 mg of meal was put into a 1.5 ml disposable plastic
microfuge tube and ground in 0.25 ml of 50 mM Tris-HCl pH 6.8, 2 mM
EDTA, 1% SDS, 1% {-mercaptocthanol. The resultant suspensions were
centrifuged for 5 min at room temperature in a microfuge to remove
particulates. Three volumes of extract was mixed with | volume of
4 X SDS-gel sample bufTfer (0.17M Tris-HCl pH6.8, 6.7% SDS, 16.7%
3-mercaptoethanol, 33% glyccrol) and 5 ! from each extract were run per
lane on an SDS polyacrylamide gel, with bacterially produced DHDPS or
AKIII serving as a size standard and protein extracted from untransformed
secds serving as a negative control. The proteins were then electrophoret-
ically bloticd onto a nitrocellulose membrane. The memibranes were
cxposed to the DHDPS or AKIII antibodies at a 1:5000 dilution of the rab-
bit serum using standard protocol provided by BioRad with their Immun-
Blot Kit. Following rinsing to remove unbound primary antibody the
membrines were exposed to the secoadary antibady. donkey anti-rabbit Ig
conjugated ta horseradish peroxidasc (Amersham) at a 1:3000 dilution.
Following rinsing to remove unbound sccondary antibody, the membrancs
were exposed 10 Amersham chemilumineseence reagent and X-ray film,
To measure free amino acid composition of the seeds, they were extracted
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Tro A0 me ol the delaned mcal accordime to the method ol “‘IL"L‘\I\I
and Turaer " Samples were hvdrolvzed ON hvdrochlone aad, 046
B-mercaptocthanol under mitrogen for 24 bt HHO=1207C, and run on a
Beehnman Model 6300 anuno acid analy rer using post-column minhvdein
detection. Soybean meal was prepared by grinding @ iagment from indi-
vidual sceds mto pfine powder, Totad protems weie extracted {rom the meal
by adding I mg 1o 0.1 mil ol 43 M Tris-HCH pH 6.8, 1.7% SDS, 43¢
B-mercaptoctluanol, 8% glycerol, vortexing the suspension, boiling for 2-3
munutes and vortexing again, The resultant suspensions were centrifuged
for 5 min at room temperature inmicrofuge 1o remove particubites and
10l from each extract were run per lane onan SDS polyaceylamide el
and analyzed as described above. Soybean (ree amino acids were extracted
{rom 810 mg ol the meal as described above; 1710 of the sumple was used
tor anadysis. To identify seeds that expressed B3-glucuronidase (GUS) the
transtormation marker, a small chip of the seed was cut ot with a razor and
put into a well e disposable plastic microtiter plate. A GUS assay mix
consisting of 100 mM NaH,PO,, 10 mM EDTA. 0.5 mM K,Fe(CN),. 0.1%
Triton X-100, 0.5 mg/ml 5-bromo-4-chloro-3-indolyl B-p-glucuronic acid
was prepared and 0.15 ml was added o each microtiter welt. The nicro-
titer plate was incubated at 37° for 45 minutes. The developnient of biue
color indicated the cxpression of GUS. To measure the total amino acid
composition of mature sceds, [-2 ing of the detatied meal (canola) or non-
defatted meal (soybean) were hydrolyzed in 6N hydrochloric acid, 0.4%
B-mercaptocthanol under nitrogen for 24 h at [ 10-120°C; 1/50-1/100 of
the sample was run on a Beckman Model 6300 amino acid analyzer using
post-column ninhydrin detection.
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ABSTRACT  Chimeric bacterial genes conferring resistance
to aminoglycoside antibiotics have been inserted into the Agro-
bacterium tumefociens tumor-inducing (Ti) plssmid and intro-
duced into plant cells by in vitro transformation techniques. The
chimeric genes contain the nopaline synthase §' #1nd 3’ regulatory
regions joined to the genes for neomyvin phosphotransferase type
aor type [1. The chimeric genes ‘vere cloned into an intermediate
vector, pMON 120, and inserted into pTiB6S3 by recombination
and then introduced into petunia and tobacco cells by cocultivating
A tumefaciens cells with protoplast-derived cells. Southern hy-
bridization was used to confirm the presence of the chimeric genes
in the transformed plant tissues. Expression of the chimeric genes
was determined by the ability of the transformed cells to prolif-
erate on medium containing normally inhibitory levels of kana-
mycin (30 pg/ml) or other aminoglycoside antibiotics. Plan® cells
transformed by wild-type pTiB6S3 or derivatives carrying the
bacterial neomycin phosphotransferase genes with their own pro-
moters failed to grow under these conditions. The significance of
these results for plant genetic engineering is discussed.

The transformation of plant cells by virulent strains of Agro-
bacterium tumefaciens has been studied extensively by several
laburatories (1-4). A small fragment of the tumor-inducing
(Ti) plasmid, called transferred DNA (T-DNA), is known to be
transferred to and stably incorporated in the nuclear DNA of
transformad plant cells (5-7). The. T-DNA is actively tran-
scribed in plant cells (8-10) and specific gene Emducts have
been shown to be respons‘bie for the observed phytohormone-
independent growth characteristics (11, 12) and novel mets-
bolic capacities (13) exhibited bv crown gall tumor cells. The
transfer ::;nedmuﬁoNA into plant DNA is &t'}emdn to
involve ide sequences present nesr the T-DNA
“borders™ (14, 15) as well as other genes of unknown function
located in specific virulence regions outside of T-DNA (16, 17).

In spite of our considerable understanding of the A. tume-
faciens-Ti plasmid system, several problems remain which limit
its use as a vector for genetically modifying higher plants. Be-
cause of the high levels of phytohormones prod by crown
gall tumor cell; (17! they bave generally proven recalcitrant to
attempts to induce regeneration into whole plants (19, 20). Ex-
ceptions to this are cases in which, as a result of sberrant in-
tegration or spontaneous deletion events, transiormed cells have
lost all or part of the Ti plasmid tumor genes and ~an now be
regenenated (21, 22). In addition, t-ansformation of cells by
weakly virulent, mutant Ti plasmids (23) and transformation by
root-inducing (Ri) plasmids (24, 25) have been shown to pro-
duce callus that can be regenerated into whale plants. How-
ever, these plants often display morphological aberrations and
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may retain certain tomorous properties (26). Another obstacle
has been the failure to obtain expression from a variety of for-
eign genes that have been introduced into plants (23, 27). Rea-
sons for this include the fact that, up to now, most studies have
utilized either heterologous genes from bacteria, fungi, and
mammalian cells whose regulatory regions may not be recog-
nized by the plant RNA polymerases or highly regulated plant
genes which are normally expressed in specialized tissues and
which may not be transcribed in undifferentiated crown gall
tumor tissue.

To bypass the dependence on tumor genes for identifying
transformed plant cells and to overcome the barriers to gene
expression in plants, chimeric genes that function as dominant
selectable markers have been assembled. These contain the
neomycin phosphotransferase (NPTase) coding sequences from
the bacterial Tn5 (type II) or Tn60! (type I} joined
tothe 5’ and 3’ regions of the nopaline synthase gene
from the Ti plasmid. This paper describes the construction of
l;ﬁhe;eehin:eﬁcgenesmdtheirinuoducﬁonmdcxpressionh
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MATERIALS AND METHODS

DNA Preparation. Plasmid pBR322 and its derivatives or
M13 replicative form DNAs were purified by vsing either a Tri-
ton-X-100/CsCl] procedure (28) or a large-scale alkaline lysis
procedure (29), followed by purification on hydroxylapatite (30).

DNA fragments were isolated by electroelution into dialysis

- bags after polyacrylamide gel electrophoresis and band excision

or by adsorption onto NA-45 DEAE membrane (Schleicher &
Schuell) after agarose gel e is (31). :

The BamHI synthetic DNA linkers (5° C-C-G-G-A-T-C-C-
G-G) were purchased from Collaborative Research (Waltham,

" MA). Other synthetic DNAs were synthesized by using a mod-
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ification of the phosphite procedure (32).

Enzymes. All restriction endonucleases and the large Kle-
now fragment of DNA polymerase 1 were obtained from New
England Biolabs or Bethesda Research Laboratories and were
used sccording to the instructions of the supplier. Phage T4
DNA ligase was prepared as in ref. 33. DNA fragment assembly
was carried out as described (31).

Transformation of Escheri_his coll Cells. Masmid DNAs were
introduced nto E. culi celis by using CaClg-treated or RuCly-
trested cells (31). The recipient E. coli K-12 strains were SR200
= C600 thr pro recAS6 hedR(r"m*) (34); LE392 = ED8554
hodR (r"m*)(31); SR20 = GM42 = his dam-3 (35); and the M13

Abbrevistiow.: bp, bu .2 puir(s); ki, kilobase(s); NPTase ] and NPTase I1.
: 1 and ' T id,

neomycin . IL, ; T plasm
tumor-inducing J)'usmld; T-DN%!&M DNA: Ri plasmid. root-
inducing plasmid.




phage host, JM101 (36). Cells carrying recombinant plasmids
were selected or grown (or both) on Luria medium plates or
broth at 37°C containing appropriate antibiotics (ampicillin, 200
ug/mi; spectinomycin, 50 ug/mi; and kanamycin, 40 ug/ml).

Introduction of pMON120 Derivatives into A. tumefaciens.
Plasmid pMONI20 or its derivatives were transferred to a
chloramhpenicol-resistant A. tumefaciens strain GV3111 =
C58C1 Cm" carrying pTiB6S3tra° (37) by using a triparental plate
mating procedure (ref. 38; R. Riedel, personal communication).
Briefly, 0.2 ml of & fresh overnight culture of LE392 carrying
pMONI20 or its derivative was mixed with 0.2 ml of an over-
night culture of HB101 (31) carrying the pRK2013 (38) plasmid
and 0.2 ml of an overnight culture of GV311! cells. The mix-
ture of cells was spread on an LB plate and incubated for 16-
24 hr at 30°C to allow plasmid transfer and recombination. The
cells were resuspended in 3 ml of 10 mM MgSO, and 2 0.2-ml
aliquot was then spread on an LB plate containing 25 ug of
chloramphenicol per ml and 100 ug each of spectinomycin and
streptomycin per ml to select A. tumefaciens carrying the
pMONI20 derivatives. After incubstion for 48 kr at 30°C, =~10
colonies per plate were obtained. Control matings between
YBIC1/pRK2013 cr!'s and GV3111 c=lls never gave rise to col-
onies after this selection. Typicaily, one colony was chosen and
grown at 30°C in LB medium containing chloramphenicol,
spectinomyvcin, and streptomycin at the same concentrations
given above.

Protoplast Isolation and Culture. “Mitchell” petunia plants
were grown in environmental chambers under fluorescent and
incandescent illumination (=5,000 lux, 12 hr/day) at 21°C in
250:50 mixture of vermiculite and Pro-mix BX (Premier Brands.
Quebec, PQ, Cenada). Leaves were surface sterilized, cut into
2-mm strips, and enzymatically digested as described (39). The
resulting protoplasts were purified by passage through stainless
steel meshes and by density floatation as described (39). The
protoplasts were platad in tissue culture flasks (T75, Falcon; 6
mi per flask) at a cell density of 10° cells per ml in culture me-
dium [MS salts (GIBCO), B-5 vitamins, 3% (wt/vol) sucrose,
9% (wt/vol) mannitol, 1 ug of 2,4-D per ml. and 0.5 ug of ben-
zyl adeninc per ml, pk 5.7].

Cocultivation of A. tumefacicns Cells with Plant Protoplasts.
On day 2 after protoplast isolation, aliquots (10~50 sl) of an
overnight culture of A. tumefaciens cells were added to each
flask (final bacterial cell density = 10° cells per ml) and co-
cultivation with plant cells was carried out for 24--30 br essen-
tially as described (40). On day 3, 6 m! of culture medium (lack-
ing phytohormones and mannitol) containing carbenicillin (1.5
mg/ml) was sdded to each flask (final concentration = 500 ug/
mi) to prevent further bacterial growth. On day 4, an additional
& ml of the above medium (containing carbenicillin at 500 ug/
ml) was added. On day 6, 0.5 ml of the cell mixture was trans-
ferred to and spread in a thin layer on the surface of double-
filter feeder plates (41). These consisted of agar medium (MS
salts, B-5 vitamins, 3% sucrose, 3% mannitl, 0.1 ug of indole
scctic acid por ml, and 500 ug of carbenicillin per mi st pH
5.7), a layer of Nicotinia tabscum su:pension cells, a tight fit-
ting 8.5-cm *V_.itman filter paper disc (guard disc), and 2 7.0-
«m Whatman filter paper disc (transfer disr). After 7-10 days,
microcolonies (=0.5 mm) were observable on the feeder plates
and the transfer disc was removed and placed on selection me-
dium (MS salts, B-5 vitamins, 3% sucrose, 500 ug of carben-
icillin per mi st pH 5.7) lacking phytohormones. Within 2 wk,
hormone- t transformants could be readily distin-
guished as green colonies tgninst a background of dying, brown
nontransformed cells. Tne transformation {requency in these
experiments was ~10~'. The hormone-independent transform-
ants were then transferred to medium (MS salts, B-S vitamins,

3% sucrose, 500 ug of carbenicillin per mi at pH 5.7) containing
kanamycin (50 ug/ml).

Analysis of Transformants. Octopine and nopaline synthase
activities were determined as in ref. 42 with the substitution of
{(“Clarginine (Amersham, 0.5 uCi/2.5-pl assay; 1 Ci = 3.7 x
10'° Bq) for the unlabeled arginine in the assay buffer. The con-
ditions for electrophoresis were as described (42) and the re-
sulting electrophoretograms.were exposed to x-ray film (Kodak,
XAR-5) for 16-24 hr. The positions of octopine, nopaline, and
arginine were established by their comigration with authentic
standards.

Callus for NPTase assays were frozen in liquid Ny and ex-
tracted by using 2 mortar and pestle in 2 minimal volume of
buffer (0.2 M Tris'HCl/2 mM EDTA/7.5% polyvinylpolypyr-
rolidone). The crude extract was clarified by centrifugation
(Eppendorf; Brinkmann) and assays were performed as de-
scribed (43).

RESULTS

NPTase coding sequences were used in the nitial chimeric gene
constructions described in this study becsuse plant cells were
determined to be sensitive to various aminoglycoside antibiot-
ics (unpublished data), and the expression of NPTase in yeast
(43) and mammalian cells (44, 45) has been previously shown
to confer resistance to the antiobiotic, C418. The nopaline syn-
thase gene promoter and 3'-nontranslated s were se-
lected because this gene has been well characterized (9, 46) and
it is known to be constitutively in most plant tissues
transformed with the A. tumefaciens Ti plasmid (47).
Construction of Chimeric Genes. The nopaline synthase
promoter region, obtained on 2 ir (bp) Seu3A frag-
ment from the HindI11-23 fragment of pTiT37 (Fig. 1; ref. 46),
was engineered to remove the entire nopaline synthase coding
sequence. The resulting promoter fragment that extends from
bese —264 to base 35 of the nopaline synthase sequence (46)
was positioned next to the Bgl 11 site located just outside the
NPTsse I coding sequence (49). In addition, a 260-bp Mbo 1
fragment, extending from base 1,297 to base 1,554 of the pub-
lished nopaline synthase (46), was isolated from the
HindlI1-23 fragment. This Mbo 1 fragment contains the no-
paline synthase 3'-pontranslated region and polyadenylylation
site. This fragment was ligated together with the EcoRI-BamH]1
fragment that contained the nopaline synthase promoter and
NPTase I structural gene to yield the intact chimeric gene on
a 1.5-kilobese (kb) EcoRI fragment (Fig. 1). A second chimeric
gene, containing the nopaline synthase promoter and 3'-am-
transiated region joined to the NPTase I coding sequence (Fig.
2), was constructed in a similar fashion. As controls, plasmids
were constructed that contained an intact NPTase II promoter
and structural sequence with the nopaline synthase 3’-non-
translated region (pMON139 and pMON140; Fig. 2).
Introduction of Chimeric Genes into the Ti Plasmid. The
vector pMONI120 used for the transfer of the chimeric genes
into A. tumefaciens cells is shown in Fig. 2 Its essential fea-
tures include (i) a segment of pBR322 DNA for replication in
E. coli, (H) a segment from pTIT37 that contains a functional
nopelipe synthase gene o frcilicate the rapid idemtification of
transformants, (i#) 3 segnwmi of Tn7 carrying the spectino-
mycin/streptomycin-resistance determinant for selection in A.
tumefaciens, (iv) 2 DNA segment obtained from the pTiA6 T-
DNA fragment HindII1-18¢ (see T-DNA map, ref. 11), which
is included to provide homologv for recombination with a res-
ident octoptne. v T/ alasmid in A tumefociens, and (o) unique
restriction sites (EcoRI and HindIIl) for insertion of the chi-
meric genes. The pMON120 plasmid and derivatives were in-
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F1G. 1. Isolation and assembly of a chimeric gene containing no-
naiine synthase (NOS) promoter-NPTase LI (NPT II) coding sequence-
nopeline synthase 3'-nontransiated region. The nopaline synthase pro-
moter was isolated on a 350-bp Sou3A fragment that also contained the
first 44 bp of the nopaline synthase coding sequence. The sense strand
of this fregment was cloned into the BamHI site in M13 mp7 (36), the
44 bp was removed by using a modification of a published synthetic
primer procedure (48) with a primer complementary to bases 22-35 of
the published nopeline s, nthase sequence (48), and a 308-bp promoter
fragment was obtained after digestion with EcoRl. Tre flush-end of the
promoter {ragment was joined tn a 1.kb Bgl I-BamHI fragment car-
rying the NPTase I coding sequence (a BamHI linker had been in-
serted at the Sma [ site) at the filled-in Bgl II site (49). This fusion re-
generates the Bgl 11 site. The chimeric gene was completed by the addition
of a 260-bp Mbo | fragment that contained the nopaline synthase 3'-
nontransiated region. This fragment, which contains a polysdenyly)-
ation signal (48), was coaverted to a flush-ended fragment with Klenow
polymerase and cloned into the Sma I site of 2 M13 mp8 (50) to intro-
duce BamHI and EcoRl sites at the 5’ and 3’ ends, respectively. The
resulting 280-bp fragment was joined to the 1,300-bp EcoRI-BamHl
ropaline synthasy prometer-NPTeae U coding sequancs fagmert to
genercie Use comuplete chimeric gene.

: od:oc;‘d into A. tumefaciens as described in Materials and
Methods.

Selection of Kanamyein-Resistant Petunia Transformants.
Several hundred hormone-independent calli (1-2 mm in di-
ameter) obtained from cocultivation experiments with A. tu-
mefaciens strains carrying pTiB653: :pMON 120 (or derivatives)
recombinant plasmids were pooled and analyzed by DNA blot
hybridization for the presence of the chimeric genes (Fig. 3).
The results confirm the presence of the expected 1.6-kb EcoRl
fragment, which carries the chimeric nopaline synthase-NPTase
11-nopaline synthase gene in pMON128 and pMON129 trans-
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Fi0. 2. Structures of the pMON120 intermediste vector and chi-
meric genes introduced into plant cells. Plasmid pMON120 contains
the following segments of DNA: the 1.7-kb pBR322 Puu I to Pvu | frag-
ment that carries the origin of replication and bom site (51), a 2.2-kb
partial Cla | to Pvu | fragment of pTiT37 DNA that encodes an intact
nopaline synthase (NOS) gene, a 2.7-kb Clz I-EcoRI fragment of Tn7
(37) DNA carrying the determinant for spectinomyein/streptomycin
resistance, and the 1.6-kb HindITI-Bg! Il fragment from the HindIII-

" 18c fragment of the pTiA6 plasmid. This T-DNA fragment is known to

specify two transcripts that are not essential for tumorous growth (8,
12). At the bottom are three chimeric genes inserted at the unique EcoRI
site of pMON120. The chimeric nopeline synthase-NPTase II-nopaline
rynthase gene was inserted to give pMON129 and pMON128. In all of
these examples, the first plasmid carries the inserted gene as it is drawn
in the figure. The second plasmid carries the insert in the opposite ori-
entation to that drawn. Plasmids pMON131 and pMON130 carry a chi-
meric nopaline synthase-NPTase -nopaline synthase gene. The final
chimeric gene is carried in plasmids pMON 140 and pMON139. The bae-
terial NPTase Il promoter and coding sequence have been joined to the
nopaline synthase 3'-nontransiated region.

formants, and the control NPTase {I-NPTase II- ine syn-
thase construct in pMON139 and pMON140 transformants (Fig.
3a). : :

Similar results were obtained for pMONI130 and pMON131
transformants, which contain the chimeric nopaline synthase-
NPTasc I-nopaline synthase gene on a 1.5-kb EcoRI fragment
(Fig. 3b). No hybridization with either the Tn5- or Tn601-spe-
cific probe was detected in transformants containing only the
pMONI120 vector. Other minor bands of hybridization are
present in (b2 pMON129 and pMON140 transformants; these
may be attributabl: io partial diestion or uberrant integration
events aud their assignment awaits further analysis of clonal
tissue. Blot hybridization analysis of DNA fl’:l; J:esc trans-
formants using T-DNA-specific probes confirm presence
of the expected internal T-DNA fragments in the transformed
tissues and ~iled out any possibility that thi: plant tissue was
contaminated by A. tumefaciens cells (data not shown).

Other trmsformed, hormone-independent calli from these
experiments were transferred to agar medium containing kana-

m
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Fia. 3. DNA blot hybridization analysis of in vitro transformants.
Several hundred hormone-i t in vitro transformants from each
experiment were pooled and total DNA was extracted (52). The DNAs
were digested with EcoRl and the fragments were separated by elec-
trophoresis and transferred to nitroceliulose (53). () Hybridization with
NPTase II-specific probe. A gel-purified 3.3-kb HindIIl fragment from
Tn5 (54) was used as probe. Lane 1, pMON128::Ti plasmid marker: lane
2, pMON120 trans’:>*mants; larc 3, pMON139 transformants; lane 4,
pMON140 transformants; lane 5, pMON128 transformants; lane 6,
pMUON129 transfon.:ants; lane 7, pMON128 transformants; and lane
8, pMON129 transformants. Lanes 2-6 represen( transformants se-
lected for hormone-independent growth prior to scoring for kanamyein
registance; lanes 7 and 8 represent transformants selected only for
kanamycin resistance on medium containing phytohormones. () Hy-
bridization with NFTase I-specific probe. A gel-purified 1.2-kb Ava I
fragment from Tn60! (55) was used as a probe. Lane 1, pMON130:: T}
plasmid marker; lane 2, pMON120 transformants; lane 3, pMON130
transformants; lane 4, pMON131 transformants; lane 5, pMON130
transformants; and lane 6, pMON131 transformants. Lanes 2—4 rep-
resent transformants s«jected for hormone-independent growth prior
to scoring for kanamycin resistance; lanes 5 2nd 6 represent trans-
formants selected only for kanamycin resistance on medium containing
phytohormones.

mycin (50 ug/ml) and these were scored after 2-3 wk for re-
sistance to the antibiotic. All transformants obtained from ex-
perin:ents utilizing pMON 120, pMON139, or pMON 140 failed
to grow on medium supplemented with kanamycin, whereas all
the transformants from experiments utilizing pMON128,
pMON129. pMON130, or pMONI131 grew on medium con-
taining the antibiotic at rates comparable to growth on normal
medium. A quantitative assessment of the level of resistance
conferred by the chimen: genes is shown for pMONI20,

: ’ik\ |
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T o} «
il '
L] !
“ \'=L -\s:>3
200

100
Kanamyein, ug/ml

No. 4 Growth of transformants at various antibiotic concentra-
tions. In vitro transformants were obtained after cocultivetion with A.
tumefaciens strains earrying pMON120, pMON129, or
pMON131. Hormone-independent calli (1- to 3-mm diameter) from each
experiment were transferred to plates (16 calli per plate) containing the
antibiotic concentration shown. After 3 wk, the net growth (wet weight)
at each antibiotic concxr.t~ation was determined and the results were
expressed as the % of control in the absence of anti-

growth (growth
biotics). o, pMON129 transformants; o, pMON131 transformants; and
O, pPMON120 transformants.

- mRNA in the transformed tissues and nuclease S1
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~ pMONI29. and pMONI13I (Fig. 4). The results are hased on

the net growth of independent transformants on medium con-
taining the levels of antibiotic shown in the figure, compared
to growth in the absence of antibiotics. It is apparent that trans-
forinants containing the chimeric nopaline synthase-N PTase 11-
nopaline synthase gene (pPMON129) require =20-fold higher
levels of kanamycin to depress net growth by 50% in compar-
ison to transformants lacking the chimeric gene (pMON120).
Similar results were obtained for pMON128, which contains
the chimeric gene in the opposite orientation in the pMON120
vector (not shown). Transformants containing pMON139 and
pMON 140 have dose responses identical to pMON120. Trans-
formants containing pMON130 or pMONI131 (chimeric nopal-
ine synthase-NPTase l-nopaline synthase gene) are less resist-
ant to kanamycin than those containing pMON 128 or pMON129
{results shown for pMON130). However, this level of resis-
tance (~3-fold greater than control cells) is still quite adequate
for selection {see below).

Additional cocultivation experiments were carried out with-
out hormone-independent selection (i.e.. medium supple-
mented with phytohormones which support the growth of non-
transformed cells). The resulting microcolonies (=1 mm) were
transferred to phytohormone-supplemented medium contain-
ing kanamycin (50 ug/ml) and within 2-3 wk, growing colo-
nies were readily observable on plates containing cells that
were transformed with pMONI128, pMON129, pMON130,
or pMON131. The frequency of transformation obtained by us-
ing antibiotic selection was comparable to that obtained by us-
ing hormone-independent selection. Opine (data not shown)
and Southern hybridization analysis (Fig. 3a, lanes 7 and 8; Fig.
3b, lanes 5 and 6) of the kanamycin-resistant colonies- con-
firmed that they were indeed transformants. No growing col- -
onies were observable on plates containing cells transformed by
pMON120, pMON139, or pMON140 plasmids.

DISCUSSION

The expression of the prokaryotic NPTase I and NPTase 11 en-
zymes in plant cells by using the intermediate vector pMON120
probably depend: on transcription from the nopaline synthase
. Support for this comes from the facts that () the pro-
mgam with their own promoters do not confer anti-
biotic resistance to petunia cells (Figs. 2 and 4) and (i) all of
the constructions function identically in either orientation in
the pMON120 vector, suggesting that transcription does not
initiate elsewhere in the vector. RNA blot hybridiztion ex-
periments have confirmed the presence of NPTase Il-specific
ing ex-
periments demonstrate the expected 5’ and 3’ ends for the chi-
meric NPTase 11 mRNA (data not shown). In addition. low lev-
els of neomycin-dependent NPTase Il activity have been
reproducibly observed in crude cell extracts from tissues trans-
formed with pMON 128 or pMON!129 (no activity has been de-
tected in extracts from control cells or cells transformed with
pMON120, pMON139, or pMON140).
lheuﬁnrmdtbaedmmicmdbbﬁcm;em

appears to be quite broad. In addition to. the resuits t-
ed for petunia, succassful solection of mnodmm
teut tranvormants has also been uemonstrated for tobecco,
sunflower, and carrot (results not shown). It seems likely that
most plants within the host range of A. tumefaciens could be
transformed and identified in this manner. Those plant cells
that are not sensitive to kanamycin may b killed by
cther ammngivouside mtibiotics In this respect pMON128 (or
pMON129) and pMON130 (or pMON131) also function to con-
fer resistance tu G418 and neomycin on petunia, carrot, sun-
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flower, and tobacco (unpuhlished data).

The availability of dominant selectable markers on small
plasmids such as pMON 120 should facilitate the development
of alternate, non-A. tumefaciens-mediated methods for trans-
forming plant cells such as spheroplast fusion (56) or the use of
liposomes (57) or calcium-phosphate (58) techniques. These
chimeric genes should also prove useful as markers in somatic
hybridization experiments or as sensitive probes for studyving
promoter function. Finally, two ohvious but significant aspects
of the results presented in this paper are (1) it should now be
possible, by using Ti plasmids that have the tumor genes (i.e..
tms and tmr loci, 12) deleted, to obtain kanamvcin-resistant
transformants that can be readilv and reproducibly regenerated
into phenotypically normal plants, and (if) there is no reason to
believe that NPTase I and NPTase I are unique in their ability
to be expressed in plant cells and it is quite likely that other
bacterial, fungal, or mammalian genes, including those whose
products could be expected to modify plant properties in a use-
ful manner, could also be successfully engineered and ex-
pressed.
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ABSTRACT We have developed a gene-fusion system
based on the Escherichia coli B-glucuronidase gene (uid4). The
uiddA gene has been cloned from E. coli K-12 and its entire
nucleotide sequence has been determined. B-Glucuronidase
has been purified to homogeneity and characterized. The
enzyme has a subunit molecular weight of 68,200, is very
stable, and is easily and sensitively assayed using commercially
available substrates. We have constructed gene fusions of the
E. coli lacZ promoter and coding region with the coding region
of the uidA gene that show B-giucuronidase activity under lac
control. Plasmid vectors have been constructed to facilitate the
transfer of the B-glucuronidase coding region to heterologous
control regions, using many different restriction endonuclease
cleavage sites. There are several biological systems in which
uidA -encoded B-glucuronidase may be an attractive alternative
or complement to previously described gene-fusion markers
such as B-galactosidase or cnioramphenicol acetyitransferase.

The use of fusions between a gene of interest and a reporter
~=pne with an easily detectable product offers several advan-

es for the study of gene expression. The use of a single set
vi assays to monitor the expression of diverse gene control
regions simplifies analysis and often enhances the sensitivity
with which measurements of gene activity can be made.
Many genes in higher organisms are members of gene families
consisting of several related genes whose expression may be
independently controlled (1). It is often desirable to study the
expression of one member of such a gene family free from the
background of the other members of the family. The use of
in vitro-generated gene fusions and DNA transformation
permits such an analysis.

The most frequently used reporter gene is probably the
Escherichia coli lacZ gene, which encodes a 8-galactosidase
(2, 3). B-Galactosidase has many features that make it
attractive as a gene fusion marker. The gene and gene product
are well characterized genetically and biochemically (3).
There are sensitive assays for the enzyme that utilize com-
mercially available substrates, including several that allow
visualization of enzyme activity in situ. B-Galactosidase is
not, however, ideal for all systems. There are several
intensively studied biological systems in which endogenous
B-galactosidase levels are high enough that it is difficult or
impossible to detect chimeric S-galactosidase by enzymatic
methods. In addition, the enzyme and gene are very large,
sometimes making the in vitro construction and analysis of
gene fusions unwieldy.

Another gene that has been used recently in the analysis of
in vitro-generated gene fusions encodes a chloramphenicol
acetyltransferase (CAT). There is very little endogenous
AT activity in most eukaryotic systems that have been

.died, but quantitative enzyme assays are expensive,
laborious, and complicated by the presence of endogenous
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esterases and there are no histochemical methods for ana-
lyzing the spatial distribution of enzyme activity in tissues (4).

Because of some of these limitations, we have developed
a gene fusion system that uses the E. coli B-glucuronidase
gene (uidA) as the reporter gene. B-Glucuronidase (8-D-
glucuronoside glucuronosohydrolase, EC 3.2.1.31) is an acid
hydrolase that catalyzes the cleavage of a wide variety of
B-glucuronides. Substrates for B-glucuronidase are generally
water-soluble, and due to the extensive analysis of mamma-
lian glucuronidases (6), many substrates are commercially
available, inciuding substrates for spectrophotometric,
fluorometric, and histochemical analyses. This ability to
perform histochemical analysis of gene fusions is an impor-
tant feature for the study of gene expression in metazoans and
plants, where spatial discrimination is often essential for
assessing the regulation of genes. Methods have been de-
scribed that allow subcellular localization of glucuronidase
activity (reviewed in ref. 7).

The uidA gene has been analyzed genetically and was
shown by Novel and coworkers (8-11) to be the pB-
glucuronidase structural gene. Plasmid clones have been
obtained that contain the uidA locus, and a partial DNA
sequence of the uidA regulatory region has been published
12, 13).

MATERIALS AND METHODS

DNA Manipulation. Restriction endonucleases and DNA-
modifying enzymes were obtained from New England
Biolabs whenever possible and used per the instructions of
the supplier. Plasmid DNA preparations were done by the
method of Birnboim and Doly (14) as described by Maniatis
et al. (15). Routine cloning procedures, including ligations
and transformation of E. coli cells, were performed essen-
tially as described (15). DNA fragments were purified from
agarose gels by electrophoresis onto Schleicher & Schuell
NA45 DEAE membrane (16) as recommended by the man-
ufacturer. DNA sequences were determined by the dideoxy
chain-terminator method of Sanger and Coulson (17), as
modified by Biggin et al. (18). Oligodeoxynucleotide primers
for sequencing and site-directed mutagenesis were synthe-
sized using an Applied Biosystems (Foster City, CA) DNA
synthesizer and were purified by preparative polyacrylamide
gel electrophoresis. Site-directed mutagenesis was per-
formed on single-stranded DNA obtained from pEMBL-
derived plasmids, essentially as described (19). The strain
used for routine manipulation of the uidA gene was RAJ201,
arecA derivative of JM83 (20) generated by bacteriophage Pl
transduction. Strain PK803 was obtained from P. Kuempel
(University of Colorado at Boulder) and contains a deletion
of the manA-uidA region. Plasmid vectors pUC7, -8. and -9
(20) and pEMBL-9 (21) have been described.

Abbreviations: bp, base pair(s); kb, kilobase(s). )
*Present address: Department of Molecular Genetics, Plant Breeding
Institute, Maris Lane, Trumpington. Cambndge. England CB2
2L.Q.

'Present address: Synergen. Inc.. 1885 33rd Street. Bouider. CO
80301.




Protein Sequencing and Amino Acid Analysis. Sequence
analysis was performed by A. Smith (Protein Structure
Laboratory, University of California, Davis), using a Beck-
man 890M spinning-cup sequenator. Amino acid composition
was determined by analysis of acid hydrolysates of purified
B-glucuronidase on a Beckman 6300 amino acid analyzer.

Protein Analysis. Protein concentrations were determined
by the dye-binding method of Bradford (22), using a kit
supplied by Bio-Rad Laboratories. NaDodSQ./PAGE was
performed using the Laemmli system (23).

B-Glucuronidase Assays. Glucuronidase was assayed in a
buffer consisting of 50 mM sodium phosphate (pH 7.0), 10
mM 2-mercaptoethanol, 0.1% Triton X-100, and 1 mM
p-nitrophenyl 8-D-glucuronide. Reactions occurred in 1-mi
volumes at 37°C and were terminated by the addition of 0.4
ml of 2.5 M 2-amino-2-methylpropanediol. p-Nitrophenol
absorbance was measured at 415 nm. Routine testing of bac-
terial colonies for B-glucuronidase activity was done by trans-
ferring bacteria with a toothpick into microtiter wells containing
the assay buffer. During the preparation of this paper, the
histochemical substrate S-bromo-4-chloro-3-indolyl B-D-
glucuronide (analogous to the B-galactosidase substrate **X-
Gal'') became commercially available (Research Organics,
Cleveland, OH). We found it to be an excellent and sensitive
indicator of B-glucuronidase activity in situ when included in
agar plates at a concentration of 50 ug/mi.

Purification of B-Glucuronidase. 8-Glucuronidase was pu-
rified by conventional methods from the -strain RAJ201
containing the plasmid pRAJ210 (see Fig. 1). Details of the
method are available upon request (26).

RESULTS

Subcloning and Sequencing of the uidA Gene. The starting
point for the subcloning and sequencing of the S-glucuroni-
dase gene was the plasmid pBKuidA (Fig. 1). This plasmid
has been shown to complement a deletion of the uidA-manA
region of the E. coli chromosome (R. Bitner and P. Kuempel,
personal communication), restoring 8-glucuronidase activity
when used to transform the deleted strain, PK803. The
strategy for the localization of the gene on the insert is shown

Civmm wun wun 00 (1930)

in Fig. 1. A restriction map of the insert was obtained, ar
various subclones were generated in the plasmid vect:
pUCS and tested for their ability to confer 8-glucuronida:
activity upon transformation of PK803. The intermedial
plasmid pRAJ210 conferred high levels of glucuronidas
activity on the deleted strain and was used for the purificatia
of the enzyme. Several overlapping subclones containe
within an 800-bp EcoRI-BamHIl fragment conferred hig
levels of constitutive B-glucuronidase production only whe
transformed into a uidA™ host strain and showed no effec
when transformed into PK803. We surmised that the 800-b
fragment carried the operator region of the uidA locus an
was possibly titrating repressor to give a constitutivel
expressing chromosomal uidA™* gene. With this informatio
to indicate a probable direction of transcription and a mini
mum gene size estimate obtained from characterization of th
purified enzyme (see below), we generated a series o

- BAL-31 deletions from the Xho 1 site of pRAJ210. Tht

fragments were gel-purified, ligated into pUC9, and trans
formed into PK803. The resulting colonies were then assayec
for B-glucuronidase activity. The smallest clone obtained thas
still gave constitutive levels of g-glucuronidase was pRAJ-
220, which contained a 2.4-kilobase (kb) insert. Subclones ot
this 2.4-kb fragment were generated in phage vectors
M13mp8 and -mp9 and their DNA sequences were deter-
mined (Fig. 2).
Manipulation of the uidA Gene for Vector Construction. The
fasmid pRAJ220 contains the promoter and operator of the
5. coli uidA locus, as well as additional out-of-frame ATG
codons that would reduce the efficiency of proper transla-
tional initiation in eukaryotic systems (24). It was necessary
to remove this DNA to facilitate using the structural gene as
areporter module in gene-fusion experiments. This was done
by cloning and manipulating the 5’ region of the gene
separately from the 3’ region and then rejoining the two parts
as a lacZ-uidA fusion that showed B-glucuronidase activity
under lac control. The resulting plasmid was further modified
by progressive subcloning, linker additions, and site-directed
mutagenesis to generate a set of useful gene-module vectors.
The details of these manipulations are in the legend to Fig. 3.
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FiG.1. Subcloning and strategy for determining the nucleotide sequence of the uidA gene. pPBKuidA was generated !?y cloning into pBR325.
pRAJ210 and pRAJ220 were generated in pUCY, with the orientation of the uidA gene opposite to that of the lacZ gene in the vector. Sequence
was determined from both strands for all of the region indicated except nucleotides 1-125. Orientation of the coding region is from left to right.
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ATTGGTTAACTAATCAGATT. AﬂAﬂAwmmAcaAcmccrrm'rmccrm AGAAALOCCCAACCCCTGAAATCAAAAAACTOGAOGOCCTGTGGGCA
-« MetLeuArgProvalGluThrProThrArgGlul leLysLysLeuAspGlyLeuTrphAla
400
TTCAGTCTGGATOGCGAAAACTGTH \TTGCTGTGCCAGECAGTTTTAACGATCAGT TOGOCGATGCAGATATT

GGARTTGATCAGCGT TGGTGCGAAAGCGOGTTACAAGARAGCCGGGCAN
PheSerLeuASpArgGluAsnCy sGly 1 1eAspGLnArgTY pIrpGlusSe rAl aleuGLnGluSe rargAl alleAlava LProGlySer PheAsnAspGLnPheAlaAspAlaAsplle
500

COGTAAT TATGCGGGCAACG TCTGGTATCAGCGCGAAG TCT T TATACCGAAAGG T TGGGCAGAC CAGCGTATCGTGCTGC G T TTC GATGC GG TCACTCATTACGGCAAAG TG TGGGTCAAT

ArgAsnTyrAlaGlyAsnvalTrpTyrGlnArgGluValPhelleProLysGlyTrpAl aGlyGlnArglleValleuArgPheAspAlava l'mrHLs‘MClyLysval'h:pVa lAsn

600

AATCAGGAAGTGA TGGAGCATCAGGACGGCTATACGCCATTTGAAGCOGATG TCACGOCGT! AWWMAWWMWW

AsnGLnGluValMetGluHisGInGlyGlyTyrThrProPheGluAlaAspVa lThrProTyrvallleAlaGlyLysServalArgl leThrValCysValAsnAsnGluleuAsnTrp
800

CAGACTATCOC GO GLGAR TGGTGATTACOGACGAAAACGOC ARGARAAAGCAGTC T TAC TTCCATGAT TTC T TTAACTATGC CGGGATOCATCGCAGCGTAATGCTCTACACCACGACG
GLnThrlleProProGlyMetVallleThrAspGluAsnGlyLysLysLysGlnSerTyrPheHi sAspPhePheAsnTyrAl aGlylleHisArgServalMetLeuTyrThrThrPro
900 )
AACAOCTGGGTGGACGATATCACOG TG TGACGCATG TOGCGCAAGAC TG T AACCACGCGTC TG T TGACTGGCAGGTGGIGAC CAAT GG TGATGTCAGCGTTGAACTGUGTGATGOGGAT
AsnThrTrpValAspAspl leThrValvValThrHisvalAlaGlnAspCysAsnHisAl aSerVa lAspTrpGlnvalvalAl aAsnGlyAspvalServValGluleuArgAsphlaAsp
1000
CAACAGGTGG T TGCAACTGGACAAGGC ACTAGOGGGAC T TTGCAAG TGGTGAATOOGCACC TCTGRCAACCGGETGANGGT TATCTCTATGAACTGTGOGTCACAGOCAAAAGOCAGACA
GlnGLnValValAla’!thlmeGlmuSe:Glymﬂe\ﬁLnVa 1ValAsnProHisLeuTrpGlnProGlyGluGlyTyrLeuTyrGluleuCysValThrAlaLly sSerGlnThr

mmmmmmmmmmmm

GluCysAspl leTyrProleuArgValGlylleArgServalAlavalLysGlyGluGlnPheleul 1eksmsLysPtoH\dlyrHﬁerlyM1yquﬂst1uAspAuAsp

1200 130

nmmmmmmwmrmm
. LeuArgGlyLysGlyPheAspAsnValleuMetVa 1HisAspHisAl aleuMetAspTrplleGlyAl aAsnSerTy rArgThrSerHisTyr ProTyrAlaGluGluMetLeuAspTrp

1400
GCAGATGAACATGGCATOG TGO TGATTGATGAAAC TG TGC TG TOGGC T TTAACC TCTC T T T AGGCATTGG T TTOGAAGOGGGCAACAAGCCOGAAAGANCTGTACAGOGAAGAGGCAGTC
AlaAspGluHisGlyllevalVallleAspGluThrAlaAlavalGlyPheAsnleuSerLeuGlylleGlyPheGluAlaGlyAsnLysProlysGluleuTyrSerGluGluAlaval
1500
AMGGGGAAAC TCAGCAAGDGCACTTACAGAOGATTAMGAGCTGATAGOGOG TGACAAAAACCACCCAAGOG TG TGATG TGGAG TAT TGCCAACGAACCGGATACCOGTCOGCAAGTG
AsnGlyGluTheGlnGlnAlaHisleuGlnAlallelysGluLeul leAlaArgAsplysAsnHisProServalvalMet TrpSer IleAlaAsnGluProAspThrArgProGlnval
1600
CACGOGAATAT T TOEOCAC TGROGGAAGCAACGOG TARAC TOGAC X GACGOG TOOGATCACC TOUG TCAATG TAATG T T  TROGACGC TCACACOGATACCATCAGCGATCTCT TTGAT
HisGlyAsnl leSerProleuAlaGluAl aThrArgLysLeuAspPToThrArgProl leThrCysVa lAsnVa IMetPheCysAspAl aHi SThrAspThrIleSerAspLeuPheAsp
1700

GIGCTG T IGAA G T T AT TACGGATGGT ATG TOCAAMGOGGCGAT T TGGAAA GG AGAGAAGGTACTGGAAAAAGAAC T TC TGROC TGGCAGGAGAAACTGCATCAGCCGATTATC

Vawsmwwmmlmmyw.i 1G1nSerGlyAspleuGluThrAl aGluLysvaue\ﬁluLysGLuLe\nexNamhﬂluLyMsGLanI lelle

1800 1900

Ammrmmmmmrmm

11eThrGluTyrGlyValAspThrleuAl aGlyleuHisSerMe tTyr ThrAspMet Trp5e rGluGluTyTGLlnCysAl aTrpleuAspMetTyrii sArgVa 1PheAspArgvalSer

2000
GOOGTOG TORG TGAACAGE TATGGAAT T TOGCCGAT T T TGCGACC TG AAGGC AT AT TOOGCG T TGECGETAACAAGAAAGGGATC T TCACTOR GACCGCAAOCGAAGTOGGOGACT
AlaValValGlyGluGLnValTrpAsnPheAlaAspPheAl aThrSerGLnGly leleuArgValGlyGlyAsnLysLysGlyI lePheThrArgAspArglysProLysSerAlaAla

WymwmﬂmanyclMMyclywﬂm" '
mmmmmmmmmmmmm

2300
GOOGACG T T T TGOOGGACGAG TGG TGGACAG TG TGAAT ACCGC TGGRGGAAAA TTCOGOOOG T T T T TAC TC T TOGG TACTGOGOOG T TAATGATC T TCAGOG TG TGGTAT TCTGRGTAC

2400 2439
TGACCGACTGGAGOCATGGTAGCAAAGTGGTGTATGCATG

FiG. 2. DNA sequence of the 2439-bp insert of pRAJ220, containing the p-glucuronidase gene. The arrows before the coding sequence
indicate regions of dyad symmetry that could be recognition sequences for effector molecules. The overlined region is the putative
Shine-Dalgarno (ribosome binding site) sequence for the uidA gene; brackets indicate two possible Pribnow boxes. All of the palindromic regions
fall within the smallest subcloned region (from the Sau3A site at 166 to the Hinfl site at 291) that gave constitutive genomic expression of uidA
when present in high copy in trans, consistent with their proposed function as repressor binding sites. The terminator codon at 2106 overiaps
with an ATG that may be the initiator codon of a second open reading frame, as indicated (see Discussion).

Purification and Properties of B-Glucuronidase. 8-Glucu-
ronidase activity in E. coli is induced by a variety of
B-glucuronides; methy! glucuronide is among the most effec-
tive (25). To determine the size and propertiés of the enzyme
and to verify that the enzyme produced by thé clone pRAJ210
was in fact the product of the uidA locus, we purified the

z:in from the overproducing strain and compared the
+ ied product with the enzyme induced from the single
genomic locus by methyl glucuronide.

Aliquots of supermatants from induced and uninduced cul-
tures of E. coli C600 were analyzed bv NaDodSO,/PAGE and
compared with aliguots of the purified S-glucuronidase (Fig. 4).
The induced cuiture of C600 shows only a single band difference
relative to the uninduce? culture. The new band comigrates

with the purified g-glucuronidase, indicating that the enzyme
purified from the overproducing plasmid strain has the same
subunit molecular weight as the wild-type enzyme.

The purified enzyme was analyzed for amino acid compo-
sition and subjected to 11 cycles of Edman degradation to
determine the amino-terminal sequence of amino acids. The
amino acid composition agrees with the predicted composi-
tion derived from the DNA sequence, and the determined
amino acid sequence agrees with the predicted sequence,
identifying the site of translational initiation and |nd1caung
that the mature enzyme is not processed at the amino
terminus (26).

E. coli B-glucuronidase is a very stable enzvme. with a
hroad pH optimum (pH 5.0-7.5): it is half as active at pH 4.3
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Fi1G. 3. B-Glucuronidase gene-module vectors. pRAJ220 (see Fig. 1) was digested with Hinfl, which cleaves between the Shine-Dalgar
sequence and the initiator ATG, the single-stranded tails were filled in and digested with BamHI, and the resulting 515-bp fragment v
gel-purified and cloned into pUC9 that had been cut with Hincll and BamHI. This plasrmd was digested with BamHI, and the 3’ regmn of :
uidA gene carried on a 1.6-kb BamHI fragment from pRAJ220 was hgated into it. The resulting plasmid, pRAJ230, showed isopror
B-D-thiogalactoside inducible g-glucuronidase activity when transformed into E. coli JM103. pRAJ230 was further modified by the addition
Sal I linkers to generate pRAJ240, an in-frame lacZ-uidA fusion in pUCT. pRAJ230 was digested with Aar [, which cuts 45 bp 3’ of the ui.
translational terminator, the ends were filled and digested with Ps: I, and the resulting 1860-bp fragment was gel-purified and cloned into pEMB.
cut with Pst 1 and Sma 1. The resuiting plasmid, pRAJ250, is an in-frame lacZ-uidA fusion. We eliminated the BamHI site that occurs witt
the coding region at nucleotide 807 by oligonucleotjde-directed mutagenesis of single-stranded DNA prepared from pRAJ250, changing t
BamHLI site from GGATCC to GAATCC, with no change in the predicted amino acid sequence. The clone resulting from the mutagenes

. pRAJ25S, shows normal ﬁ-glucuromdase activity and lacks the BamHI site. This plasmid was further modified by the addition of a Pﬂ I ink
to the 3’ end and cloned into pEMBLY cut with Pst [, to generate pRAJ260.

a b ¢ d e and pH 8.5 as at its neutral optimum, and it is resistant
thermal inactivation at 50°C (26).

DISCUSSION

Molecular Analysis of the uid Locus. We have determine
the complete nucleotide sequence of the E. coli uidA gent
encoding B-glucuronidase. The coding region of the gene -

o 1809 bp long, giving a predicted subunit molecular weight fc
the enzyme of 68,200, in agreement with the experimentali
determined value of about 73,000. The translational initiatic
site was verified by direct amino acid sequence analysis of th
purified enzyme.

Genetic analysis of the uidA locus has shown three distinc
controlling mechanisms, two repressors and a cAMP-depen
dent factor, presumably the catabolite activator protein CA}
(11). The DNA sequence that we have determined include:
three striking regions of dyad symmetry that could be the
binding sites for the two repressors and CAP. One of the
sequences matches well with the consensus sequence fo.
CAP binding and is located at the same distance from the
putative transcriptional initiation point as the CAP bindins
site of the lac promoter. It is interesting that the putative CAI
binding site overiaps one of the other palindromic sequences
suggesting a possible antagonistic effect of CAP and one o:
both repressors.

Our sequence analysis indicates the presence of a secona
open reading frame of at least 340 bp, whose initiator codon
overlaps the translational terminator of the uidA gene. This
open reading frame is translationally active (26). Although a
specific glucuronide permease has been described biochem-
ically (25), the level of genetic analysis performed on the uid
locus would not have distinguished a mutation that eliminated

Fic. 4. NaDodS0,/7.5% PAGE analysis of S-glucuronidase.
Lanes: a, molecular weight standards: b, extract from uninduced E.
coli C600; ¢, extract from C600 induced for B-glucuronidase with
methyl glucuronide; d. 0.3 ug of purified B-glucuronidase (calculated
to cortain the same activity as the induced extract); e, 3.0 ug of
purified B-glucuronidase.

glucuronidase function from a mutation that eliminated
transport of the substrate (8, 9). All mutations that specifi-
cally eliminated the ability to grow on a glucuronide mapped
to the uidA region of the E. coli map, indicating that if there
is a gene responsible for the transport of glucuronides, it is
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tightly linked to uidA. By analogy to the lac operon, we
r-~nose that the coupled open reading frame may encode a
\ease that facilitates the uptake of B-glucuronides.

uidA as a Gene-Fusion Marker. We have constructed
plasmid vectors in which the uidA structural gene has been
separated from its promoter/operator and Shine-Dalgarno
(ribosome binding site) region and placed within a variety of
convenient restriction sites. The gens on these restriction
fragments contains all of the B-glucuronidase coding infor-
mation, including the initiator codon; there are no ATGs
upstream of the initiator. These vectors allow the routine
transfer of the B-glucuronidase structural gene to the control
of heterologous sequences, thereby facilitating the study of
chimeric gene expression in other systems.

The widA-encoded B-glucuronidase is functional with sev-
eral combinations of up to 20 amino acids derived from the
lrcZ gene and/or polylinker sequences. Translational fusions
to B-glucuronidase have also been used successfully in
transformation experiments in the nematode Caenorhabditis
elegans, and in Nicotiana tabacum, giving enzyme activity
with many different combinations of amino-terminal struc-
tures (refs. 5 and 26; T. Kavanagh, R.A.J., and M. Bevan,
unpublished data).

There are several systems currently amenable to DNA
transformation in which the study of gene fusions using
B-glucuronidase as the reporter enzyme may be advanta-
geous. Very little, if any, B-glucuronidase activity has been
detected in most higher plants, including tobacco (Nicotiana
tabacum) and potato (Solanum tuberosum) (unpublished
data). Fusions of g-glucuronidase to several plant genes have
recently been used to monitor tissue-specific gene activity in
transformed tobacco plants (R.A.J., T. Kavanagh and M.
" an, unpublished data). There is no detectable 8-glucuron-

e activity in the slime mold Dicryostelium discoidum (R.
Firtel, personal communication) or the yeast Saccharomyces
_cerevisiae (unpublished data). Extracts from Drosophila
melanogaster have shown no B-glucuronidase activity under
conditions that show S-galactosidase levels several hundred-
fold over background (26).
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Chris Link for enthusiasm; and Fran Storfer, Chris Fields, and Mike
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Kunitz Trypsin Inhibitor Genes Are Differentially
Expressed during the Soybean Life Cycle and in
Transformed Tobacco Plants

K. Diane Jofuku' and Robert B. Goldberg?
Department of Biology, University of Califomia, Los Angeles, California 90024-1606

We investigated the structure, organization, and deveiopmental regulation of soybean Kunitz trypsin inhibitor genes.
The Kunitz trypsin inhibitor gene family contains at least 10 members, many of which are closely linked in tandem
pairs. Three Kunitz trypsin inhibitor genes, designated as KTit, KTi2, and KTi3, do not contain intervening sequences,
and are expressed during embryogenesis and in the mature plant. The KTi1 and KTi2 genes have nearly identical
nucieotide sequences, are expressed at different levels during embryogenesis, are represented in leat, root, and
stem mRNAs, and probably do not encode proteins with trypsin inhibitor activity. By contrast, the KTi3 gene has
diverged 20% from the KTi1 and KTi2 genes, and encodes the prominent Kunitz trypsin inhibitor found in soybean
seeds. The KTi3 gene has the highest expression level during embryogenesis, and is also represented in leaf
mRNA. All three Kunitz trypsin inhibitor genes are regulated correctly in transformed tobacco plants. Our resuits
suggest that Kunitz trypsin inhibitor genes contain different combinations of cis-control elements that program

PR U

distinct qualitative and quantitative expression pattems during the soybean life cycle.

INTRODUCTION

Soybean' seeds contain two major proteinase inhibitor
classes—the Kunitz trypsin inhibitor and the Bowman-Birk
proteinase inhibitor (Laskowski and Kato, 1980, Ryan,
1981, 1988).- These inhibitors are found in other legumes
(Norioka et al., 1988), are localized within protein bodies
(Horisberger and Tacchini-Vonlanthen, 1983; Vodkin and
Raikhel, 1986), and are specific for serine proteases (Las-
kowski and Kato, 1980; Ryan, 1981). The Kunitz trypsin
inhibitor class is the most prevalent soybean protease
inhibitor, is represented by a 21-kD protein, and is specitic
for trypsin (Ryan, 1981; Kim et al., 1985; Tan-Wilson,
1988). By contrast, the Bowman-Birk class consists of
several related 8-kD proteins, and inhibits trypsin, chymo-
trypsin, and elastase (Laskowski and Kato, 1980; Ryan,
1981, 1988; Tan-Wiison, 1988).

Proteinase inhibitors have been proposed to function as
storage proteins, regulators of endogenous proteinases,
or factors that protect plants from insect attack (Ryan,
1981). Transfer of an alfaita Bowman-Birk inhibitor gene
to tobacco plants showed directly that this proteinase
inhibitor can function as an endogenous insecticide (Hilder
et al., 1986). Because soybean nuil lines exist that lack
either the Kunitz trypsin inhibitor (Orf and Hymowitz, 1979)

' Current address: Laboratorium voor Genetica, Rijksuniversiteit
Gent. 8-9000 Gent, Belgium.
* To whom correspondence should be addressed.

or the Bowman-Birk protease inhibitor (Stahihut and Hy-
mowitz, 1983), these proteins are not essential for normal
growth and deveiopment.

We showed previously that the Kunitz trypsin inhibitor
gene family is highly regulated during the soybean life cycie
(Goldberg et al., 1981; Walling, Drews, and Goldberg,
1986; Jofuku, Schipper, and Goidberg, 1989). These
genes are expressed at precise times during embryogen-
esis, have different expression levels in the embryo coty-
fedon and axis, and are either inactive or expressed at low
levels in mature plant organ systems (Goidberg et al.,
1981; Waliing et al., 1986). Both transcriptional and post-
transcriptional processes regulate Kunitz trypsin inhibitor
gene expression (Walling et al., 1986). Jofuku et al. (1989)

" showed that a null line that lacks Kunitz trypsin inhibitor

activity has a frameshift mutation in the major Kunitz
trypsin inhibitor gene (KTi3). This mutation prevents KTi3
mRNA from being translated correctly in embryo cells
{(Jofuku et al., 1989). Other Kunitz trypsin inhibitor mMRANAs
(e.g.. KTi1 and KTi2) are unaffected by the frameshift
mutation (Jofuku et al., 1989).

To begin to identify the DNA sequences that reguiate
Kunitz trypsin inhibitor gene expression, we investigated
the organization and developmental reguiation of specific
Kunitz trypsin inhibitor gene family members. Our studies
indicate that the Kunitz trypsin inhibitor family contains at
least 10 members, and that some of these genes are
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organized into tandem pairs. We further show that three
distinct Kunitz trypsin inhibitor genes (KTi1, KTi2, and
KTi3) have different expression pattems during the soy-
bean life cycie and in transformed tobacco plants. Our
results suggest that each Kunitz trypsin inhibitor gene
contains a unigue combination of cis-control elements that
programs specific expression pattems during embryogen-
esis and in the mature plant.

RESULTS

Kunitz Trypsin Inhibitor I1s Encoded by a Mutltigene
Family

We described previously the isolation of a Kunitz trypsin
inhibitor cONA plasmid, designated as A-37, from a library

of mid-maturation stage embryo mRNA (Goidberg et al.," -

1981). DNA sequence analysis revealed that the mRNA
represented by A-37 encoded a protein with only 70%
homology to the major Kunitz trypsin inhibitor present in
soybean seeds (data not shown). To isolate a CONA cione
representing the major Kunitz trypsin inhibitor mRNA, we
constructed a second library using mRNA isolated from
immunoselected Kunitz trypsin inhibitor polysomes (Vod-
kin, 1981; J.J. Harada and R.B. Goldberg, unpublished
results). We screened the KTi-enriched embryo mRNA

library at a reduced criterion (32°C, AT, = —28°) with the

A-37 cDNA plasmid and identified a second Kunitz trypsin
inhibitor plasmid, designated as pKT3. The pKT3 DNA
sequence indicated that it represented the major Kunitz
trypsin inhibitor mRNA (Jofuku et al., 1989).

We hybridized the A-37 and pKT3 cONA piasmids with
DNA gel blots to estimate the Kunitz trypsin inhibitor gene
copy number. Figure 1A shows that, under moderately
stringent hybridization conditions, A-37 hybridized with a
single-copy 4.0-kb EcoRI DNA fragment (42° lane). At the
same criterion, pKT3 hybridized with two single-copy
EcoR! DNA fragments, 5.5 kb and 0.6 kb in length (Jofuku
et al., 1989). By contrast, a mixed A-37 and pKT3 probe
hybridized with greater than 10 EcoR! fragments under
fess stringent hybridization conditions (Figure 1A, 22°
lane). Together, these results indicate the presence of a
large number of Kunitz trypsin inhibitor DNA sequences in
the soybean genome, and that genes represented by the
A-37 and pKT3 cDNA plasmids are present on different
EcoRlI fragments.

Kunitz Trypsin Inhibitor Genes Are Organized as
Tandem Pairs

We used the A-37 and pKT3 cDNA piasmids to screen
two A Charon 4 soybean genome libraries for Kunitz trypsin
‘inhibitor genes (see Methods). Figure 1B shows that we
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Figure 1. Soybean Kunitz Trypsin inhibitor Gene Structure and
Organization.

(A) Kunitz trypsin inhibitor gene representation in the soybean
genome. Dare variety leat DNA was digested with ECORI, fraction-
ated by electrophoresis, transferred to nitroceliuiose, and hybnid-
ized with the Kunitz trypsin inhibitor cONA plasmid A-37 (Goldberg
ot al.. 1981; Jofuku et al.. 1989) at either 42°C (AT, = —18°) or
22°C (aT. = —38°). SC lane contained a single-copy equivalent
ot EcoRi-digested AClone 6 DNA.

(B) Kunitz trypsin inhibitor gene sequence organization. Boxes
and arows represent gene locations and transcriptional onenta-
tions, respectively. The open box represents 8 non-seed protein
gene described previously by Waling et al. (1986). Lines above
the AClone 6 and AClone 4A phages indicate gene sequences

represented by the cDNA plasmids A-37 and pKT3, respectively. ..

Brackets indicate the EcoRI DNA fragments that hybridized with
tabeled A-37 and pKT3 plasmid DNAs at 22°C (AT, = =38°). The
circles and triangles correlate phage DNA fragments with soybean
DNA segments detected by the DNA gel biot shown in (A).

(C) Kunitz trypsin inhibitor gene structure. ACione 6 and AClone
4A DNAs were hybridized with embryo mANA under conditions
that form R-oops (Fischer and Goldberg. 1982). Bars represent
1 kb. )
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identified seven recombinant phages that contained 10
distinct Kunitz trypsin inhibitor genes. Coliectively, the DNA
inserts present in these phages represented more than
145 kb of the soybean genome and contained greater than
90% of the EcoRt DNA fragments detected by A-37 and
PKT3 in the DNA gel blot shown in Figure 1A.

Restriction endonuclease mapping and localization of
Kunitz trypsin inhibitor DNA sequences within the recom-
binant phages demonstrated that several genes were clus-
tered in tandem pairs. For example, Figure 1B shows that
AClone 6 contains two Kunitz trypsin inhibitor genes, des-
ignated as KTi1 and KTi2, that are separated by less than
0.5 kb and are present on the 4.0-kb EcoRI DNA fragment
that hybridized strongly with the A-37 plasmid (Figure 1A,
SC and 42° lanes). Similarty, Figure 1B shows that AClone
4A possesses two Kunitz trypsin inhibitor genes, desig-
nated as KTi3 and KTi4. The KTi3 gene is present on the
5.5-kb and 0.6-kb EcoR! DNA fragments that hybridized
strongly with the pKT3 plasmid, suggesting that KTi3 is
the major Kunitz trypsin inhibitor gene (Jofuku et al., 1989).
AClone 4 also contains two Kunitz trypsin inhibitor gene

.sequences (Figure 1B). Together, these resuits indicate

that at least six of the 10 cloned Kunitz trypsin inhibitor
genes are closely linked as tandem pairs in the soybean
genome.

The KTi1, KTi2, and KTi3 Kunitz Trypsin inhibitor
Genes Do not Contain Introns

We characterized the KTi1, KTi2, and KTi3 Kunitz trypsin
inhibitor genes by R-loop analysis (Fischer and Goldberg,
1982) to visualize their structures in the electron micro-
scope. Figure 1C shows that these genes do not contain
introns detectable by electron microscopy. We sequenced
the KTi1, KTi2, and KTi3 genes and their contiguous
regions to verify these structures directly. The KTi1 and
KTi2 DNA sequences are presented in Figure 2, while the

- KTi3 gene sequence is presented in Jofuku et al. (1989).

A schematic representation of ali three genes is shown in
Figure 3, along with relevant consensus sequences and a
companson of homologous gene regions. A comparison
of the translated protein sequences with the sequence of
the major Kunitz trypsin inhibitor protein (Kim et al., 1985)
is shown in Figure 4.

Figures 2 and 3 show directly that introns are absent
from all three Kunitz trypsin inhibitor genes. Analysis of
the protein sequences encoded by the Kunitz trypsin inhib-
itor genes indicates that the KTi3 gene encodes a protein
identical to the major Kunitz trypsin inhibitor found in
soybean seeds (Figure 4; Jofuku et al., 1989). By contrast,
the KTi1 and KTi2 genes encode proteins with only 70%
homology with the major Kunitz trypsin inhibitor protein
(Figure 4). Together, these resuits indicate that the KTi1,
KTi2, and KTi3 Kunitz trypsin inhibitor genes have simpie
structures, and that they encode distinct proteins.

Kunitz Trypsin Inhibitor Gene Regulation 1081
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Figure 2. KTi1 and KT2 Kunitz Trypsin Inhibitor Gene
Sequences.

Boxes enciose TATA ke sequences, transiation start and stop
codons, and a CACA sequence motif (Goldberg et al.. 1989).
Brackets at —335, +1137/-335, and +984 enclose sequences
with >90% similarity between the two gene regions. §° and 3’
ends of an insertion that arose from a duplication of 3’ KTil gene
sequences (nucleotides +674 to +829) are designated by the V.
An amow shows the position at which this insertion sequence
would occur within the homologous KTi2 gene region (nucieotide
+836).
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Figure 3. Kunitz Trypsin inhibitor Gene Similarities.

Relevant consensus sequences and their iocations are shown
above the genes. Brackets below the gene regions indicate KT11
nucieotides +674 to +829 that are duplicatad to form a portion
of the 5'-flanking region of KTi2. Arrows indicate the KTi2 and
KTi3 3’ regions that do not contain the duplicated KTI1 DNA
that are highly homoiogous between the KTI1, KTR2, and KTI3

genes.
(A) KTi1 and KT2 gene sequence comparison. Boxes filled with
similar pattermns indicate compared gene regions. Percent homol-
ogy and nucieotide reference points are shown above and below
the designated gene region, respectively.

(B) KT11, KTi2, and KTi3 gene sequence comparisons. Percent
homology of KTi3 gene regions with corresponding KT11 or KTR2
sequences is shown above the designated region. The 5’ and 3’
ends of compared gene regions are shown below the designated
gene region. Thin knes between regions indicate gaps introduced
into the KTI3 gene sequence 1o allow for maximum alignment of
all three gene saquences.

The KTI1 -ndeunnzTrypdnlnhWGonum
Nearly identical to Each Other

Figure 3A shows that the KTi1 and KTi2 genes are closely
related to each other. For exampie, the coding regions of
these genes differ by only 18 out of 608 nudleotides,
indicating approximatsly 97% sequence similarity (Figure
3A). in addition, the KTi1 and KTi2 5’-flanking regions
differ by only 1 nucieotide up to position —335. Upstream

Figure 4. Kunitz Trypsin Inhibitor Amino Acid Comparisons.

The amino acid sequence of the Kunitz trypsin inhibitor T7* allelic
form (Kim et al., 1985) s shown for reference. The translated
protein sequences of the KTi1, KTi2, and KTI3 genes are shown
below the TI* sequence. Dashes indicate amino acid sequence
identities with the T/ alleiic form. Asterisks designats gaps intro-
duced into & given amino acid sequence to cbtain maximum
alignment of all four proteins. Closed circles above the sequence
designate Kunitz trypsin inhibitor amino acids that form possible
contacts with specific amino acids of porcine trypsin (Sweet ot
al.. 1974). Box encioses amino acids Arg-63 and lie-84. The
mmmmmmmhmww
(Ozaws and Laskowski, 1968). Substitution and/or deletion of
mmwwmmmmmym
1981).
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of this position, the KTi1 5’ region continues for at least 1
kb, while the KTi2 5' region merges with the KTi1 3’ region
(Figure 3A). By contrast, Figure 3B shows that the KTi3
coding region is only 80% similar to the corresponding
KTi1 and KTi2 gene regions. A slightly higher degree of
similarity is found between the KTi3 and KTi1/2 5'-Hanking
regions. Together, these findings indicate that the KTi1
and KTi2 genes are aimost exact copies of each other,
and that the KTi3 gene represents a divergent relative.

Kunitz Trypsin Inhibitor Gene Expression Is Regulated
during Embryogenesis

We hytxidized A-37 plasmid DNA with dot blots containing
mRNAS from 14 different embryonic stages to investigate
the combined KTi1 and KTi2 Kunitz trypsin inhibitor gene
expression pattemns during embryogenesis. We showed
that, under our DNA/RNA hybridization conditions (42°C,
AT, = ~18°), there was less than 10% cross-reaction
between A-37 and KTi3 mRNA and between pKT3 and
KTi1 and KTi2 mRNAs (G. de Paiva and R.B. Goldberg,
unpublished results). Figure 5A shows that the KTi1/2
mRNAs accumulated early in embryogenesis, reached a
maximum level at mid-maturation {77 days after fiowering
(OAF)], and then decayed prior to dormancy.

. To determine the prevalence of KTi3 mRNA relative to
the KTi1 and KTi2 mRNAs, we hybridized A-37 and pKT3
plasmid DNAs with mid-maturation stage embryo mRNA
gel biots under the same hybridization conditions. figure
58 shows that both probes hybridized with a prevalent
0.9-kb embryo mRNA. However, the hybridization signal
obtained with the pKT3 probe was approximately fivefold
more intense than that obtained with A-37. This resuit
indicates that KTi3 mRNA is more prevalent than both the
KTi1 and KTi2 mRNAs at mid-rmaturation.

To determine whether the difference in KTi1/2 and KTi3
mRNA leveis refiected the transcriptional activities of the
KTi1/2 and KTi3 genes, we hybridized embryo ¥P-nuciear
RNA synthesized in vitro (Walling et al., 1986) with DNA
gel blots containing KTi1/2 and KTi3 gene fragments.
Figure 6 shows that ¥P-nuciear ARNA hybridized approxi-
mately fivefold more intensely with the KTi3 DNA fragment
than with the KTi1/2 DNA fragment. Together, these data
indicate that Kunitz trypsin inhibitor genes are regulated
temporally during embryogenesis, that the KTi3 gene is
expressed at a higher level than both the KTil1 and KTi2
genes, and that the ditference in KTi1/2 and KTi3 gene
expression levels is due primarily to a higher KTi3 tran-
scription rate.

The KTi1 and KTi2 Kunitz Trypsin inhibitor Genes Are
Expressed at Different Levels during Embryogenesis

Figures 2 and 3 show that the KTi1 and KTi2 Kunitz trypsin
inhibitor genes and their flanking regions are nearly iden-
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tical to each other, suggesting that they may have similar
expression programs. We used both primer extension and
mRNA gel blot studies with two gene-specific oligonucie-
otide probes, designated as P, and P,, to determine the
individual KTi1 and KTi2 gene expression levels n mid-
maturation stage embryos. The nucleotide sequences of

(A) (8)
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ﬂ
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Figure 5. Kunitz Trypsin inhibitor Gene Expression during
Soybean Embryogenesis.

{A) Accumuiation of KTi1/2 mRNAs during soybean embryogen-
esis. 0.2 ug of embryo mRNA from different developmenta! stages
mmwmmmwnmzedﬁmw A-37
plasmia DNA (Figure 1). Soybean embryo developmental stages
relative 1o days after flowering were described by Goldberg et al.
(1989).

(8) Representation of KTi1/2 and KTi3 mRNAs in soybean em-
bryos. Two micrograms of Soybean mid-maturation stage embryo
mRNA was fractionated on methyimercury hydroxide agarose
gels, transferred to nitroceliuiose. and hybridized with labeled A-
37 ana pKT3 plasmid DNAs (Figure 1).
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Figure 6. Kunitz Trypsin Inhibitor Gene Transcription n Soybean
Embryo Nuclei.

Plasmid DNAs were digested with relevant restnction endonu-
cleases, fractionated by electrophoresis on agarose geis, and
transferred to nitroceliuiose. The DNA gei biots were then hybrid-
ized with ®P-nuciear RNAs synthesized from 60 DAF soybean
ambryo nudiei. We showed previously that at this developmental
stage soybean seed protein gene transcnptional activities reach
maximum levels (Walling et al., 1986). KTi1/2 and KTi3 refer to
lanes containing 0.6 xg of KTi1 and KTi3 plasmid DNA inserts
that are 2.7 kb and 0.85 kb n length, respectively.

the P, and P, oligonucieotides and their locations within
the KTi1 and KTi2 genes are shown in Figure 2 and are
schematically represented in Figure 7A.

We hybridized the 22-nucleotide P, oligonucieotide with
mid-maturation stage mRNA, and then extended the
primer with reverse transcriptase in the presence of ¥pP-
TTP. The P, oligonucieotide sequence is present in both
the KTi1 and KTi2 genes (Figure 2). However, as seen in
Figures 2 and 7B, the KTi1 and KTi2 Kunitz trypsin inhibitor
genes differ by 1 nucleotide in the region 5' to the shared
P, oligonucieotide sequence (5'-ACA-3" versus 5'-AAA-
3’). Because of the cytosine residue in the KTi1 mRNA
sequence, extension of a P, oligonucieotide/KTi1 mRNA
hybrid will terminate 2 nucieotides before that of the anal-
ogous P,/KTi2 hybrid in the presence of only 2P-TTP
(Figure 7B). Comparison of the P,/embryo mRNA primer
extension products enables the KTil1 and KTi2 mRNA
leveis to be estimated individually, even though the two
mRNAs differ by only a few nucieotides (Figures 2 and 3).

Figure 7C shows that the expected 23-nucieotide and
25-nucieotide primer extension products were synthesized

(A) R HP_HP a
i
1
T KTit KTi2
1 P|
L {{ - ' J
' 190 21w A
P,
0 ! 2 3 4ud
L ] 1 ! J
(B) (C)
s y
. ACAUCUCCAUUACAUGCCCUVULUA ONa RNA
KTQ T e ——
23
® - _25hy
. . -23bp
. AAAucuccavuacauGeccuuuuua
KTIZ TTT
25bp
(D) . (E)
EtBr P

Stoined 2

KTi2 b -2.1kb
KTi}— .'I.ka-

Figure 7. KTi1 and KTi2 Gene Expression in Soybean Embryos.

(A) Organization of the KTi1 and KTi2 Kunitz trypsin inhibitor
genes. A schematic representation of the pBR325 recombinant
plasmid pE4 is shown for reference. Ammows indicate the sites
within the DNA fragments that are recognized by pnmers P, and
P, (Figure 2).

(8) Expenimental strategy for primer extension analysis using P,.
Dark boxes represent the 22-nucieotide P, pnmer. The 23-nucieo-
tice and 25-hucieotide products expected from extending the
P.:mRNA hybrids with reverse transcriptase are shown below the
corresponding mRNA sequence.

(C) Primer extension analysis. Five micrograms of embryo mRNA
were hybridized with primer P,, and DNA was synthesizrd in the
presence of only ZP-TTP (lane RNA). A controi reaction was
camed out using 1 xg of denatured pE4 DNA template (lane DNA).
(D) Hybridization of primer P, to DNA gel biots. pE4 DNA was
digested with EcoRi and Hpal, fractionated by electrophoresis,
and transferred to nitroceliuiose. The DNA gel biot was then
hybridized with iabeied P, (lane P,). KTi1 and KTi2 refer to the
1.9-kb and 2.1-kb EcoRI/Hpal DNA fragments (A).

(E) Hybridization of P, and P, primers with mRNA gel biots. Five
micrograms of embryo mRNA were fractionated on agarose gels,
transferred to nitroceliulose, and hybridized with (abeled P, and
P,. KTi lanes refer to reactions with P, and P,. Le lane refers to
reactions with a 25-nucieotide primer that represents nucleotides
+102 to +127 of the Le1 lectin gene (Goldberg. Hoschek, and
Vodkin, 1983). The 0.1X and 1X tanes contained 0.5 ng and S ng
of mid-maturation stage (77 DAF) embryo mRNA. 1.1 kb and 0.9
kb refer 10 loctin and Kunitz trypsin inhibitor mRNA sizes,
respectively.
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in equimolar amounts using KTi1 and KTi2 DNA as tem-
plates, respectively (DNA lane). By contrast, the 23-ny-
cleotide KTi1 mRNA extension product was synthesized
at a 20-fold higher ievel than the 25-nucieotide KTi2 mRNA
product in the presence of mid-maturation stage embryo
mRNA (RNA lane). Experiments with mRNAs from ditferent
embryonic stages indicated that the difference in KTi1 and
KTi2 mRNA levels occurred throughout embryogenesis (G.
de Paiva and R.B. Goidberg, unpublished resuits).

To verity this resuit with a different procedure, we hy-
bridized labeled P, and P, oligonucieotide probes with
embryo mRNA gel blots. Under the hybridization conditions
used (see Methods), the 14-nucleotide P, oligonucieotide
probe should hybridize specifically with KTi2 mRNA be-
cause of a 3-nucieotide difference in the comresponding
KTi1-mRNA region (see Figure 2). Figure 7D shows that,
as expected, P, hybridized with KTi2 DNA and did not
hybridize detectably with KTi1 DNA (P, lane). By contrast,
the shared P, probe hybridized with KTi1 and KTi2 DNAs
with equal intensities (data not shown). .

Figure 7E shows that both oligonucieotide probes hy-
bridized with a 0.9-kb embryo mRNA. However, the P,
probe produced a 10-fold lower hybridization signal with
mid-maturation stage embryo mRNA than did the P, probe
(compare lanes P, and P,), confirming that the KTi2 mRNA
is less prevalent than the KTi1 mRNA. By reference to
seed lectin mRNA standards (Figure 7E, Le lanes), we
estimated that the KTi1 and KTi2 mRNAs represented
0.75% and 0.075% of the mid-maturation stage embryo
mRNA mass, respectively. Because the KTi3 mRNA is at
least 5 times more prevalent than the KTi1 and KTi2
mRNAs (Figure 5), it represents approximately 4% of the
mRNA mass at this developmental stage. Together, these
data show that the KTi1 and KTi2 Kunitz trypsin inhibitor

genes are expressed at different quantitative levels during

embryogenesis even though these genes have nearty iden-
tical DNA sequences and flanking regions.

Kunitz Trypsin Inhibitor Genes Are Expressed in
Mature Plant Organ Systems

We hybridized Kunitz trypsin inhibitor gene probes with
leaf, stem, and root mMRNA gel biots to determine whether
the Kunitz trypsin inhibitor genes were expressed in organ
systems of the mature plant. As seen in Figure 8A, a 4.0-
kb KTi1/2 gene probe (Figure 7A) hybridized with a low-
prevaience 0.9-kb RNA present in leaf, stem, and root
mRNAs. By contrast, Figure 88 shows that the KTi3 gene
probe produced a 0.9-kb signal with leaf mRNA but not
detectably with stern-or root mRNAs. Relative to embryo
mRNA standards (Figure 8, E lanes), we estimated that
the KTi1, KTi2, and KTi3 mRNAs were present in mature
plant organ systems at concentrations at least 1000-fold
lower than those observed in mid-maturation stage em-
bryos (compare L, S, R, and E lanes). Together, these
resuits indicate that the KTi1/2 and KTi3 Kunitz trypsin
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(A) - (B)
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. Figure 8. Kunitz Trypsin inhibitor Gene Expression in Mature

Piant Organ Systems.

Five micrograms of soybean leaf (L), stem (S), and root (R) mMRNAs
was fractionated on methyimercury hydroxide agarose gels and
transferred to nitrocellulose paper. The mMRNA gel biots were
hybridized with Kunitz trypsin inhibitor gene probes and were then
subjected to a 42°C washing critenon.

(A) KTi1/2 gene expression in mature plant organ Systems.
KTi1/2 indicates hybrdization with labeled pE4 plasmid DNA
(Figure 7). Lane E contained 10 ng of mid-maturation stage
embryo mRNA, or the equivalent of 30 molecules of Kunitz trypsin
inhibitor MRNA per cell (Figure 7; Goidberg et al., 1981).

(B) KT3 gene expression in mature plant organ systems. KTi3
represents reaction with labeled pKT3 plasmid DNA (Figure 1).
Lane E contained 0.5 ng of mid-maturation stage MANA or
approximately two molecules of KTi3 mRNA per cell (Figures S
and 7).

inhibitor genes are expressed in specific organ systems of
the mature plant in addition to being expressed during

embryogenesis.

Kunitz Trypsin Inhibitor Genes Are Expressed
Correctly during Tobacco Seed Development

Tobacco Transformants Contain One Kunitz Trypsin
inhibitor Locus

We transformed tobacco plants with the KTi1, KTi2, and
KTi3 Kunitz trypsin inhibitor genes to begin to localize
sequences responsible for their developmental-specific
expression pattems. Figure 9 schematically shows the
Kunitz trypsin inhibitor gene regions transferred to tobacco
plants. We utilized three DNA fragments: (1) the 4.0-kb
EcoR! DNA fragment containing both the KTi1 and KTi2
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Figure 9. The KTi1/2 and KTi3/4 Kunitz Trypsin inhibitor Gene
Regions.

(A) Schematic representation of the KTit and KTi2 gene region.
Rl and Sst refer to EcoRl and Sst! restnction endonucieases,
respectively. Boxes represent gene locations, and arrows show
transcriptional orientations (Figure 1). Lines below the gene region
represent the 4.0-kb KTi1/2 and 2.2-kb KTi2 DNA fragments
utilized in the gene transfer studies.

(B) Schematic representation of the KTi3 and KTi4 gene region.
Rl and B2 refer to EcoRl and Bglil restriction endonucieases,
respectively. Boxes represent gene iocations and transcriptional
orientations, respectively (Figure 1). Line below the gene region
represents the 12.5-kb Bgill DNA fragment used in the gene
transfer studies.

genes (Figures 1, 3A. 7A, and 9A), (2) a 2.2-kb. Ssti
fragment containing only the KTi2 gene (Figure 9A), and
(3) a 12.5«b Bqglil fragment containing the KTi3 gene
(Figures 1, 3B, and 9B). In addition to the KTi3 Kunitz
trypsin inhibitor gene, the 12.5-kb Bglll DNA fragment
contains another Kunitz trypsin inhibitor gene, designated
as KTi4 (Figures 1 and 9B). The DNA sequence of the
KTi4 Kunitz trypsin inhibitor gene has not yet been
determined.

We selected several independent transformants for each
Kunitz trypsin inhibitor gene region, and then determined
genetically the number of Kunitz trypsin inhibitor loci pres-
ent in each transformant by scoring the kanamycin-resist-
ance (Kn") phenotype conferred by linked vector gene
sequences (Hain et al., 1985). Seeds obtained from self-

fertilized transformed plants segregated 3:1 relative to the
Kn® marker, indicating the presence of a single_Kunitz
trypsin inhibitor locus in each transformed tobacco genome
{data not shown).

To verify this result directly, we hybridized gel blots
containing DNA from transformants containing the KTi1
and KTi2 Kunitz trypsin inhibitor genes (Figure 9A) with
the 4.0-kb KTi1/2 gene probe shown in Figures 7A, 9A,
and 10A. Figure 10B shows that no detectable signal was
obtained with untransformed tobacco DNA (tane C). By
contrast, low-copy soybean DNA fragments of the ex-
pected size (4.0 kb) were present in transformants con-
taining the KTi1/2 gene region (Figure 108, RI lanes). in
addition, only one DNA fragment was obtained with a
restriction enzyme that does not digest either the vector
or the KTi1/2 DNA (Figure 108, Hp ianes). Together, these
findings suggest that each tobacco transformant contained
a single unrearranged Kunitz trypsin inhibitor gene region.

The KTi1 and KTi2 Kunltz Trypsin inhibitor Genes Are
Expressed Differentially in Tobacco Seeds

We hybridized tobacco seed mRNA gel biots with the 4.0
kb KTi1/2 gene probe shown in Figure 11A to determine
whether the KTi1 and KTi2 Kunitz trypsin inhibitor genes
were comrectly expressed during tobacco seed develop-
ment. Figure 11B shows that no detectable signal was
observed with untransformed tobacco mRNA (C lane). By
‘contrast, the 4.0-kb KTi1/2 gene probe produced a 0.9-kb
signal with seed mRNAs from tobacco plants containing
either the KTi1 and KTi2 gene (Figure-118, KTi1/2 lane) or
the KTi2 gene alone (Figure 11B, KTi2 lane). As predicted
from the resuits obtained with soybean embryo mRNA
(Figure 7), the KTi2 mRNA was present at a lower level
than the KTi1 mRNA in the transformed tobacco seeds
(compare Figure 118, KTi1/2 and KTi2 lanes). The difter-
ence in KTi1/2 and KTi2 mRNA levels was not paralieled
by a similar difference in vector Kn™ mRNA levels in seeds
of the same transformants (data not shown). This suggests
that the observed mRNA prevalence differences were due
to actual differences in KTi1 and KTi2 Kunitz trypsin inhib-
itor gene expression leveis and not due to position effects.

The KTi1 and KTi2 Kunitz Trypsin Inhibitor Genes Are
Reguiated Temporally during Tobacco Seed
Development

We isolated transformed tobacco seed mRNAs at different
times during seed development and hybridized each
MRNA population with the 4.0-kb KTi1/2 gene probe to
determine whether the KTi1 and KTi2 Kunitz trypsin inhib-
itor genes were temporally reguiated during tobacco seed
development. As shown in Figure 11C, the KTi1/2 mRNAs
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Figure 10. Representation of the KTi1/2 Kunitz Trypsin inhibitor
Gene Region in Transformed Tobacco Plants.

Five micrograms of leaf nuciear DNA from transformed tobacco
plants containing the KTi1 and KTi2 trypsin inhibitor genes was
digested with the indicated restriction endonucieases, fractionated
by electrophoresis, transferred to nitrocefiulose, and hybridized

with the 4.0-kb EcoRI DNA fragment from plasmid pE4 (Figure 7). .

(A) Map of relevant KTi1 and KTi2 gene restniction endonuciease
sites and locations. Ri and Sstl refer to the EcoRl and Sstt
restriction endonucieases. respectively. Boxes and arrows rep-
resent gene locations and transcriptional orientations, respectively
(Figure 1). The bracketed line below the restriction map indicates
the 4-kb KTi1/2 DNA fragment that was transierred 1o tobacco
and is present in KTi1/2 transformants designated T1 and T2
(Figure 9). .

(8) Digestion of tobacco DNAs with EcoRI and Hpal. Rl and Hp
refer to tobacco DNA digested with EcoRl and Hpal restriction
endonucieases, respectively. T1 and T2 refer to DNAs from
transformed tobacco plants T1 and T2, respectively. C relers to
untransformed tobacco DNA. Reconstruction lanes contained 0.2,
1, and 2 copy equivaients of EcoRi-digested AClone 6 phage DNA
(Figure 1). DNA copy equivalents were caiculated using a tobacco
genome size of 2.4 x 10° kb (Okamurc and Goidberg, 1985).
Sizes of restriction fragments in kilobases are shown to the right
of the autoradiograms. Circles refer to tobacco DNA fragments
that contain the KTi1/2 gene region shown in (A).
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accumulated during the mid- to late-maturation periods of

seed development (3 wk, 4 wk lanes). Similar accumutation

pattems were obtained with seed mRNAs from several
independent tobacco plants containing both the KTi1 and
KTi2 genes, or the KTi2 gene alone (data not shown). At
their peak prevaiences (3 to 4 weeks), we estimated that
the KTi1 and KTi2 mRNAs represented approximately 2 X
107 and 2 x 10~ of the levels observed in mid-maturation
stage soybean embryos, respectively (compare tobacco
and soybean mRNA lanes, Figures 118 and 11C). Taken
together, these data indicate that (1) the KTi1 and KTi2
genes are reguiated temporally during tobacco seed de-
velopment, (2) the KTi1 and KTi2 gene expression leveis
in tobacco seeds are lower than those observed in soy-
bean embryos, and (3) that the KTi1 gene is expressed at
a higher level than the KTi2 gene in tobacco seeds.

The KTi3 and KTi4 Kunitz Trypsin inhibitor Genes Are
Expressed during Tobacco Seed Development

We hybridized tobacco seed mRNA gei biots with pKT3
plasmid DNA and the 0.9-kb KTi4 gene probe shown in
Figure 11D to determine whether the KTi3 and KTi Kunitz
trypsin inhibitor genes were also expressed corectly dur-
ing tobacco seed development. As seen in Figures 1E
and 11F, both gene probes produced 0.9-kb signais with
seed mMRNAs from KTi3/4 transformed tobacco plants
(KTi3/4 tanes). Both the KTi3 and KTi4 mRNAs accumu-
lated during the mid- to late-maturation stages of tobacco
seed development (Figures 11E and 11F, KTi3/4 3 wk, 4
wk lanes). Densitometric analysis indicated that KTi3
mRNA represented approximately 0.1% of the tobacco
seed mMRANA mass, and was higher in concentration than
that estimated for the KTi1 and KTi2 mRNAs (Figures 118
and 11C). Together, these results demonstrate that each
Kunitz trypsin inhibitor gene is regulated temporally during
tobacco seed development, and that the quantitative dif-
ferences in KTi1, KTi2, and KTi3 gene expression leveis
observed in soybean embryos (Figures 5 and 7) are main-

tained in developing tobacco seeds.

Kunitz Trypsin Inhibitor Protein is Present in
Transformed Tobacco Seeds

We isolated proteins from mature tobacco seeds and then
reacted protein gel blots with antibodies raised against the
mjorKuitztrypsiniﬁbitortodetenninewhemerme
Kunitz trypsin inhibitor genes were expressed at the pro- -
tein level. As shown in Figure 12 (T1, T2 lanes), the Kunitz

in inhibitor antibodies reacted with several proteins
from seeds of transformants containing the KTi3 and KTi4
Kunitz trypsin inhibitor genes (Figure 110). By contrast,
the Kunitz trypsin inhibitor antibodies did not react detect-
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Figure 11. Kunitz Trypsin Inhibitor Gene Expression during Tobacco Seed Development.

(A) The KTi1 and KTi2 gene region. The 4.0-kb KTi1 and KTi2 EcoRI DNA fragment described in Figures 7 and 9 is shown schematicaily
for reference. RI and Ssti refer to EcoRI and Ssti restriction endonucieases, respectively. Boxes and arrows represent gene locations and
transcriptional polarities, respectivety. The bracketed ine E4.0 refers to the 4.0-kb EcoRl DNA fragment utilized as a hybridization probe
in mANA gel biot expenments shown in (B) and (C). KTi1/2 and KTi2 indicate the Kunitz trypsin inhibitor DNA fragments trans!erred to
tobacco plants (Figure 9).
(B) KTi1 and KTi2 gene expression in transformed tobacco seeds. Five micrograms of tobacco seed MRNA harvested 3 weeks after
poliination was fractionated by etectrophoresis, transferred to nitroceiluiose. and hybridized with the E4.0 probe described in (A). KTi1/2
refers to tobacco seed MRNA from transformed plant T1 that contains both KTit and KTi2 genes (Figure 9). KTi2 refers to seed mRNA
from a pool of five independent tobacco transformants. Genetic' analysis indicated that four of the five plants containec the KTi2 trypsin
inhibitor gene region described in Figure 9 (data not shown). C refers to untransformed tobacco seed mRNA. The soy embryo .0002X
and .002X lanes contained 1 ng and 10 ng of mid-maturation stage embryo mRNA or the equivalent of three and 30 molecules of KTi1/
KTi2 Kunitz trypsin inhibitor MRNA, respectively (Figure 7).
(C) KTi1 and KTi2 gene expression in developing tobacco seeds. MRNA gel biots containing S ug of tobacco seed mRNA from different
deveiopmental stages were hybridized with the labeled £4.0 DNA fragment. T1 and T2 refer to seed mRNAs from KTi1/2 transformed
tobacco plants T1 and T2, respectively (Figure 10). C refers to untransformed tobacco seed MRNA. Wk refers to week after pollination.
The soy embryo lanes .004X and .002X contained 10 ng and 20 ng of mid-maturation stage embryo mRNA, and represented Kunitz
trypsin inhibitor mMRNA prevalences of 0.01% and 0.02%. respectively.
(D) The KTi3 and KTi4 Kunitz trypsin inhibitor gene region. A schematic representation of the KTi3/4 gene region described in Figure 9 is
shown for reference. Rl and B2 refer to the EcoRi and Bgill restriction endonucieases, respectively. Boxes and arrows represent
approximate gene locations and transcniptional polarities, respectively. The bracketed lines pKT3 and 0.9 refer to the KTi3 and KTi4 gene
probes used in MRNA gel blot experiments described in (E) and (F), respecﬁveiy KTi3/4 indicates the 12.5-kb DNA fragment used for
the gene transfer studies described in Figure 9.
(E) KTi3 gene expression in transformed tobacco seeds. MRNA gel blots containing 0.5 ug of tobacco seed mRNA were hybridized with
labeled pKT3 plasmid DNA. KTi3/4 and C refer to transformed and untransformed tobacco seed mMRNAS, respectively. Wk refers to week
- sfter poliination. The soy embryo .01X, .1X, and 1X lanes contained 0.005 ug, 0.05 ug, and 0.5 ug of mid-maturation stage embryo mRNA
and cofrespond to KTi3 mRNA prevalences of 0.045%, 0.45%, and 4.5%, respectively (Figures 5 and 7).
(F) KTi4 gene expression in tobacco seeds. mRANA gel blots containing 0.25 ug of tobacco seed MRNAS were reacted with the 0.9-kb
KTi4 gene probe. KTi3/4 and C refer to transformed and untransformed tobacco seed mRNAS, respectively. The soy embryo .01X, .1X,
and 1X lanes contained 0.0025 «g. 0.025 ug. and 0.25 ug of mid-maturation stage MRNA, respectively.
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Figure 12. Presence of Soybean Kunitz Trypsin Inhibitor Protein
n Transformed Tobacco Seeds.

Sixty micrograms of tobacco seed protein (12 seed equivalents)
was fractionated by electrophoresis on polyacrylamide geis, trans-
ferred to nitrocellulose, and reacted with Kunitz trypsin inhibitor
antibodies. Kunitz trypsin inhibitor protein was detected by using
a horseradish peroxidase immunoassay. T1 and T2 refer to seed
proteins from KTi3/4 transformed tobacco plants T1 and T2,
respectively. C refers to untransformed tobacco seed protein. The
KTi lanes contained 10 ng and 100 ng of purified soybean Kunitz
trypsin inhibitor protein.

ably with seed proteins from tobacco plants transformed
with the KTi1 and KTi2 genes (data not shown), or with
proteins from untransformed tobacco seeds (Figure 12, C
lane). The 19-kD and 21-kD seed protein bands from
KTi3/4 transformants were comparable in size with those
obtained with purified Kunitz trypsin inhibitor protein (KTi
lanes) and with total soybean seed protein (data not
shown). We presume that the 15-kD and 16-kD proteins
detected with transformed seeds represent degradation
products (Figure 12, T1, T2 lanes). Relative to known
Kunitz trypsin inhibitor standards. we estimated that the
Kunitz trypsin inhibitor represented 0.2% of the tobacco
seed protein mass, or approximately 1/20th of the level
found in soybean. Together, these data demonstrate that
at least one Kunitz trypsin inhibitor gene (KTi3) is ex-
pressed at the protein level in transformed tobacco seeds.

Kunitz Trypsin Inhibitor Genes Are Expressed in
Tobacco Organ Systems

We hybridized tobacco leaf. stem, and root mMRNA gel
blots with Kunitz trypsin inhibitor gene probes (Figures
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11A and 11D) to establish whether the Kunitz trypsin
inhibitor genes were expressed in organ systems of the

= ——— —— -+

mature tobacco plant. Figures 13A and 138 show that the
4.0-kb KTi1/2 gene probe hybridized with 0.9-kb leaf and
stem mMRNAs from tobacco plants containing both the
KTi1 and KTi2 genes (TOB-T: L, S lanes, Figure 13A), or
the KTi2 gene aione (TOB-T; L, S lanes, Figure 13B). By
contrast, no detectable signals were obtained with either
KTi1/2 or KTi2 transformed root mRNAs (TOB-T; R lanes,
Figures 13A and 13B), or with untransformed leaf, stem,
and root mRNAs (TOB-C lanes, Figure 13A). Figures 13C
and 13D show that the KTi3 and KTi4 gene probes pro-
duced 0.9-kb signals with tobacco leaf mMRNA from plants
containing the KTi3 and KTi4 Kunitz trypsin inhibitor genes
(TOB-T; L lanes), and did not react detectably with either
stem or root MRNASs from the same piants (TOB-T; S and
R lanes). Together, these results demonstrate that the
Kunitz trypsin inhibitor genes are expressed in tobacco
mature plant organ systems, and that the organ system
expression programs for individual Kunitz trypsin inhibitor
genes differ as in soybean (Figure 8).

DISCUSSION

Many Kunitz Trypsin Inhibitor Genes Are Present in
the Soybean Genome

Kunitz trypsin inhibitor genes represent one of several
seed protein gene families that are highly regulated during
the plant life cycle (Goidberg et al., 1989; Shotwell and
Larkins, 1989). Both DNA gel blot studies and character-
ization of genomic clones indicate that there are at least
10 Kunitz trypsin inhibitor genes in the soybean genome
(Figure 1). At least four of these genes (KTi1, KTi2, KTi3,
and KTi4) are expressed at the mRNA level in both soy-
bean and transformed tobacco plants (Figures 5, 7, and
11). cDNA clones have been identified that are specific for
two additional Kunitz trypsin inhibitor genes that are pres-
ent on AClone 4 and AClone 30 phages (Figure 18; G. de
Paiva, K.D. Jofuku, and R.B. Goldberg, unpublished re-
sults). Thus, we have evidence that at least six of the 10
Kunitz trypsin inhibitor genes are active in soybean

Genetic studies indicated that a single gene is respon-
sible for encoding a seed protein with Kunitz trypsin inhib-
itor activity (Orf and Hymowitz, 1979). Three allelic forms
of this gene (T, Ti®, T} encode proteins that differ by
only a few amino acids (Orf and Hymowitz, 1979; Kim et
al., 1985). Soybean lines have been identified that have
reduced amounts of Kunitz trypsin inhibitor protein and
lack detectable Kunitz trypsin inhibitor activity (Orf and
Hymowitz, 1979). The nult phenotype is due to a mutation
in the Kunitz trypsin inhibitor structural gene (e.g.. Ti*), and
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Figure 13. Kunitz Trypsin inhibitor Gene Expression in Mature
Tobacco Plant Organ Systems.

mRNA gel biots containing § ug of tobacco teaf (L), stem (S), and

root (R) mMRNAs were hybridized with the Kunitz trypsin inhibitor
KTi1/2 E4.0, pKT3, and 0.9-kb KTi4 gene probes shown in Figure
11. TOB-T and TQB-C refer to transformed and untransformed
tobacco mMRNAs, respectively.

(A) KTi1/2 gene expression in transformed tobacco leal, stem,
and root. KTi1/2 L,, S,, and R, refer to mRNAs from KTi1/2

transformed tobacco plant T1, and L, refers to leaf mRNA from -

KTi1/2 transformant T2 (Figures 10 and 11). The .002X and .004X
reconstruction lanes contained 10 ng and 20 ng of soybean mid-
maturation stage embryo mRNA and corespond to Kunitz trypsin
inhibitor mRNA prevalences of 0.006% and 0.01%. respectively
(Figures S and 7).

(B) KTi2 gene expression in transformed tobacco leaf. stem, and
root. KTi2 L,, S,, and R, refer to mRNAs from KTi2 tobacco
transformant T1 (Figure 11). The .002X and .004 X lanes contained
soybean mid-maturation stage embryo MRNA and correspond to
Kunitz trypsin inhibitor mMRNA prevaiences of 0.006% and 0.01%,
respectively.

(C) KTi3 gene expression in mature tobacco plant organ systems.
KTi3/4 L,. S.. and R, lanes contain leal. stem, and root mMRNAs
from KTi3/4 transformed tobacco plant T1. The .0001X, .001X.
and .01X lanes contained soybean mid-maturation stage embryo
MRNA and correspond to approximately 2, 20, and 200 KTi3
mMRNA molecules per cell (Figures 5 and 7).

(D) KT4 gene expression in tobacco plant organ systems. KTi3/4
Ls. Sy, and R, refer to mRNAs from KTi3/4 transformed plant T1.
The .0001X, .001X, and .01X reconstruction lanes contained
0.0005 ug, 0.005 ug. and 0.05 ug of soybean mid-maturation
stage (77 DAF) embryo mRNA, respectively.

is inherited as a recessive allele (t/; Orf and Hymowitz,
1979). These results suggest that most of the Kunitz
trypsin inhibitor genes identified in our experiments (Figure
1) do not encode proteins with trypsin inhibitor activity.

DNA sequence analysis of the KTi3 Kunitz trypsin inhib-
itor gene (Figure 4, Jofuku et al., 1989) indicates that it
encodes a protein identical to that of the Kunitz trypsin
inhibitor Ti* allelic form (Kim et al., 1985). A null line that
lacks Kunitz trypsin inhibitor activity has three mutations
in the KTi3 gene (Jofuku et al., 1989). These mutations
cause a frameshift that results in premature termination of
KTi3 mRNA translation. and lead to a 100-fold reduction
of KTi3 mRNA in soybean embryos (Jofuku et al., 1989).
The KTi1 and KTi2 mRNAs are unaffected by the KTi3
gene mutation (Jofuku et al., 1989), and are probably
responsible in part for the residual Kunitz trypsin inhibitor
cross-reacting matenal found in mutant seeds (K.D. Jofuku
and R.B. Goldberg, unpublished resuits).

The KTi1 and KTi2 gene sequences (Figure 2) indicate
that they encode proteins with only 70% similarity to the
Kunitz trypsin inhibitor Ti* form (Figure 4). Inspection of
the KTi1 and KTi2 protein amino acid sequences (Figure
4) shows that they lack the Arg-63 and lie-64 amino acids
responsibie for trypsin inhibitor activity (Laskowski and
Kato, 1980: Ryan, 1981). Nor do they contain other amino
acids at these sites that would cause the KTi1 and KTi2
proteins to have chymotrypsin or elastase inhibitor activi-
ties (Ryan, 1981). These findings correlate well with the
genetic analysis of Kunitz trypsin inhibitor null lines (Orf
and Hymowitz, 1979), and strongly suggest that the KTi3
Kunitz trypsin inhibitor gene is responsible for encoding
most of the Kunitz trypsin inhibitor actnvnty and protein
found in soybean seeds.

Several Kunitz Trypsin Inhibitor Genes Are Tandemly
Linked

We do not know yet how all 10 Kunitz trypsin inhibitor
genes are organized with respect to each other in soybean
chromosomes because we have not attempted to link the
genomic clones by either DNA walking studies (Harada,
Barker, and Goldberg. 1989; Nieisen et al.. 1989) or by
genetic studies with restriction fragment length polymor-
phisms (Cho, Davies, and Nielsen, 1989). Analysis of indi-
vidual Kunitz trypsin inhibitor genomic clones (Figure 18),
however, demonstrated that several Kunitz trypsin inhibi-
tor genes are linked in tandem pairs. The most: striking
example of this form of organization is the KTi1 and KTi2
gene pair (Figures 1B and 1C). These genes are approxi-
mately 0.5 kb apart. are in the same transcriptional orien-
tation, and have >95% nucleotide sequence similarity in
their 5°, coding. and 3’ regions (Figures 2 and 3). The
KTi1 and KTi2 Kunitz trypsin inhibitor genes also show
extensive similarity to the KTi3 5°, coding. and 3’ regions
(Figure 3). These results suggest that the KTi1, KTi2, and
KTi3 genes probably originated from the duplication of an
ancient relative, and that the KTi1 and KTi2 gene pair
probably refiects a recent duplication and/or gene conver-
sion event.
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Kunitz Trypsin Inhibitor Genes Have Different
Expression Programs

A significant aspect of our results is the observation that

individual Kunitz trypsin inhibitor genes have different qual- -

native and/or quantitative expression programs. All Kunitz
:rypsin inhibitor genes investigated encode 0.9-kb mRNAs
that are temporally regulated in soybean embryos and in
seeds of transformed tobacco plants (Figures 5, 7, and
11). In both soybean and tobacco, however, individual
Kunitz trypsin inhibitor mRNAs accumuiate to different
levels dunng seed development (Figures 5, 7, and 11). The
KTi3 mRNA is the most prevalent (Figures S and 11), and
is followed in prevalence by the KTi1 and KTi2 mRNAs
(Figures 7 and 11). Transcription studies demonstrated
that the difference in KTi3 and KTi1/2 mRNA levels is due
pnmarily to a difference in the transcription rates of their
corresponding genes (Figure 6).

Kunitz trypsin inhibitor genes are expressed at low levels
in organ systems of soybean (Figure 8) and transformed
tobacco plants (Figure 13). The reduced organ system
expression levels are due in part to lower Kunitz trypsin
inhibitor gene transcription rates in the leaf, root, and stem
(Walling et al., 1986). Expression of the Kunitz trypsin
inhibitor gene family in mature plant organ systems is
similar to that observed for the lectin gene (Okamuro,
Jofuku, and Goldberg, 1986; Goidberg et al., 1989), but
differs from the glycinin and g-conglycinin storage protein
genes that are expressed only during embryogenesis (Har-
ada et al., 1989; Nielsen et al., 1989).

KTi1 and KTi2 mRNAs are present in the soybean leaf,
stem, and root (Figure 8). in transformed tobacco plants
these mRNAs are detected in both the leaf and stem but
not the root (Figure 13). The absence of KTi1 and KTi2
mRNAs in transformed tobacco roots may indicate that
the KTi1 and KTi2 genes are expressed at levels unde-
tectable by our mRNA gel blot procedure. that position
effects altered the KTi1 and KTi2 expression programs, or
that the hybridization signat obtained with soybean root
mRNA was due to expression of a related Kunitz trypsin
inhibitor family member. By contrast with these findings,
KTi3 and KTi4 mRNAs are detectable only in the leaf of
both soybean (Figure 8) and transformed tobacco plants
{Figure 13). We conclude from these observations that
individual Kunitz trypsin inhibitor genes can have different
qualitative expression programs in mature plant organ
systems.

in situ localization studies shown in the accompanying
paper (Perez-Grau and Goldberg, 1989) indicate that other
differences occur in Kunitz trypsin inhibitor gene expres-
sion programs. These studies showed that KTi3 mRNA is

.more prevalent than the KTi1/2 mRNAs in the soybean
embryo axis. In addition, KTi3 mRNA accumulates in spe-
cific globutar stage embryo cells long before the KTi1 and
KTi2 mRNAs are visualized. Finally, KTi3 and KTi1/2
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mRNAs are distributed differently within embryo cotyledon
cells, and have distinct spatial accumulation programs.

Control of Kunitz Trypsin Inhibitor Gene Expression—
A Simple Hypothesis

What are the molecular events responsible for specitying
the individual Kunitz trypsin inhibitor gene expression pro-
grams? The simplest hypothesis is that all Kunitz trypsin
inhibitor genes share elements that program their expres-
sion during embryogenesis (Goldberg, 1986). Quantitative
differences in expression levels (e.g., KTi3 versus KTil
and KTi2 genes) could be due to the number of embryo
cis-control elements and/or the presence of additional
elements that enhance gene transcription rates in embryo
cells. By contrast, expression in mature plant organ sys-
tems may be due to the presence of other control elements
that are specific for cells within the leaf, root, or stem
(Goldberg, 1986). Different combinations of these ele-
ments would cause Kunitz trypsin inhibitor genes to have
different expression programs in mature plant organ
systems.

At the present time we have no evidence for or against
this hypothesis. Recent experiments with the caulifiower
mosaic virus 35S gene indicate, however, that a hierarchy
of discrete control elements is responsible for program-
ming 35S gene expression to specific tobacco cell and
tissue types (Benfey, Ren, and Chua, 1989). The Kunitz
trypsin inhibitor gene family provides a unique opportunity
to dissect control elements responsible for programming
gene expression at all stages of the plant life cycie. What
these elements are, and how they interact with regulatory
gene products, remain to be determined.

METHODS

Isolation of Kunitz Trypsin inhibitor Phages and Plasmids

The isolation and characteristics of the A-37 Kunitz trypsin inhit-
itor CONA plasmid were described previously (Goldberg et al.,
1981; Jofuku et al., 1989). The pKT3 cONA plasmid representing
the major Kunitz trypsin inhibitor gene KTi3 was isolated from a
soybean mid-maturation stage embryo CONA brary (J.J. Harada
and R.B. Goldberg, unpublished results) as described previousty
(Jofuku et al.. 1989). Recombinant A Charon 4 phages containing
Kuitztryps'nhﬁbitorgu\asmisolatodtrunasoybeanFor-
rest variety EcoRl genome kibrary (Fischer and Goidberg, 1982).
and an Alul/Haelll linker library of soybean Dare variety DNA. The
jinker library was constructed according to the procedure of
Maniatis et al. (1978).

DNA isolation and Labeling

Plant, phage. and plasmid DNAs were isolated as described
previously (Jofuku and Goidberg, 1988). Synthetic oligonucieo-
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tides were synthesized and purified according to established
procedures (Matteucci and Caruthers, 1981; Vomdam and Ker-
schner, 1986). DNAs were labeled by nick transiation under
conditions specified by Bethesda Research Laboratories. Oligo-
nucieotides were 5’ end-labeled as described by Maniatis et al.
(1978).

Polysomal mRNA Isolation

Soybean and tobacco polysomal poly(A) mRNAs were isolated as
described (Cox and Goldberg, 1988).

Seed Protein isolation

Tobacco seed proteins were extracted according to Sano and
Kawashima (1983).

Filter Hybridization Studies

DNA and mRNA gel biot experiments were carried out according
to the procedures of Wahl, Stern, and Stark (1979) and Thomas
{1983). respectively. MRNA gel blot studies with oligonucieotide
probes were performed as described by Woods et al. (1982) and
by Whitehead et al. (1983). Dbt biot experiments were carried out
as descrived by Thomas (1983). Protein gel biot studies were
performed as described by Johnson et al. (1984).

R-Loop Analysis

R-ioops were formed between Kunitz trypsin inhibitor phage DNAsS
and soybean mid-maturation stage embryo mRNAs as described
previously (Fischer and Goidberg, 1982).

Primer Extension Anslysis

A greater than 50-fold mass excess of a 22-nucieotide synthetic
oligonuciectide primer (P,; Figure 2) was hybridized with mid-
maturation stage embryo mRNA or with denatured pE4 plasmid
DNA (Figure 7) at 42°C in 10 mM Tris (pH 7.6), 300 mM NaCl,
and 0.5 mM EDTA. The primer was then extended by reverse

& transcriptase using only 2P-TTP (>600 Ci/mmol) as described by
Murray, Hoftman, and Jarvis (1983). Labeled primer extension
products were subjected to electrophoresis on a 20% polyacryl-
amide gel under denaturing conditions, and then visualized by
autoradiography.

®P-Nuclear RNA Synthesis
Synthesis of labeled RNA from isolated soybean embryo nuciei

was carried out as described by Walling et al. (1986) and Cox and
Goldberg (1988).

Tobacco Transformation and Plant Regeneration

Tobacco leaf discs and protoplasts were transformed with the
KTi1/2, KTi2, and KTi3/4 gene regions (Figure 3) according to the

procedures of Horsch et al. (1985). Okamuro et al. (1986). ang
Barker, Harada. and Goidberg (1988).
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Genetic modification of the storage lipids of plants

Anthony } Kinney
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Edible vegetable oils often require extensive chemical modification to

increase their utility. A number of genetically altered plants that produce

ready-modified oils have recently been reported. Genetic modification of

oil-producing plants has been achieved, both by chemically induced or

radiation-induced mutagenesis, and by genetic engineering. Approaches that

combine mutants and transgenics have great potential for the production of
commercially valuable phenotypes.
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Introduction

Many plants use oil as an energy-rich storage com-
pound, and a number of these plants, such as soybean,
canola, olive, sunflower and safflower, are utilized as a
source of oils for human consumption. The major lipid
component of vegetable oils is triacylglycerol, which
consists of three fatty acids esterified to the hydroxyl
groups of the three carbons of a glycerol molecule. In
edible oils, the predominant triacylglycerols have fatty
acids that are 16 and 18 carbons in length. The 16-car-
<" bon fatty acid is normally pf{saturated (i.e. palmitic
¢ acid, 16:0) and, although the ).{ﬁsamrated 18-carbon
equivalent (i.e. stearic acid, 18:0) is also found, the
majority of 18-carbon fatty acids in edible oils normally
‘contain one, two or three double bonds (i.e. oleic acid,
18:1: linoleic acid, 18:2; and linolenic acid, 18:3).

The usefulness and quality of the oil depends upon the
relative amounts of the above five fatty acid species.
Oils rich in oleic acid are oxidatively stable, tend to
have good flavor characteristics and may also have
positive health benefits, whereas oils rich in polyunsat-
urated fatty acids (i.e. linoleic and linolenic acids) have
poor flavor and low stability [1*¢). In soybean oils, for
example, a strong negative correlation (r=—0.89) exists
between linoleic acid content and flavor quality and
intensity (2**]. Most unmodified vegetable oils con-
tain greater than 509% polyunsaturated fatty acids [3),
and these oils require partial chemical hydrogenation
if they are to be heated during use. Extensive hydro-
genation of vegetable oils is required when the oil is
used as a replacement for some animal fats, such as in
the production of margarines [P1}.

Within the past ten years or so, the primary focus
of genetic improvement of oilseed crops has shifted
from increased production and disease resistance to
the improvement of oil quality by genetic, rather than
chemical, means. Initially, the genetic modification of

oilseeds was achieved by germplasm selection and
chemical mutagenesis. More recendy, the cloning of
a number of important plant genes encoding lipid
biosynthetic enzymes has led to the first transgenic
oilseed plants with a modified seed oil composition
(see Table 1).

In this review, I briefly overview recent progress in
mutagenesis and in the introduction of cloned genes
into oilseed plants, concentrating mainly on the pro-
duction of edible oils. The modification, by genetic
engineering, of domesticated oilseed plants to pro-
duce specialized industrial oils (e.g. ricinoleic acid)
has also recendy received considerable attention, and
is reviewed elsewhere (4, 5”]

Decreased linolenic acid content

The synthesis of linolenic acid from linoleic acid is
the result of a desaturation reaction catalyzed by a
membrane-associated omega-3 desaturase. Both mi-
crosomal and plastid isoforms of omega-3 desaturases
are found, and, in oilseeds, both types probably con-
tribute to the final triacylglycerol linolenic acid content .38
[6**). The main substrate for microsomal omega-3 de- iR
saturation is linoleoyl phosphatidylcholine, whereas
that for plastid omega-3 desaturation is linoleic acid
esterified mainly to galactolipids and sulfolipids (see
Fig. 1).

Genetic mutations that lead to a reduced seed triacyl-

glycerol linolenic acid content have been identified in
flax (7¢], canola (P2°] and soybean (8,9]. Both maize R
and sunflower appear to be naturally deficient in seed 2%
omega-3 desaturases because their seed triacylglycerol g
linolenic acid content is negligible (1% or less of the to- [
tal triacylglycerol fatty acid content (FAC)]. The canola
mutant /MCO1 has a seed triacylglycerol linolenic acid

Abbreviations
ACP—acyt carrier protein; CoA—coenzyme A; FAC—iotal triacylglycerol fatty acid content;
KAS (—[}-ketoacylsynthetase 1; KAS H—f}-ketoacylsynthetase Il
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Table 1. Some of the sdybean, canola and Arabidopsis mutants and transgenics with altered fatty acid content,
—
Genetic Species Phenotype Reference
maodification
Mutation
IMCO1 Canola Reduced linolenic acid (18:3) in seed (P2°]
C1640 Soybean Redu’cec'i linolenic acid (18:3) in seed [9,10)
(fan 1), which varies with temperature
FAD 3 Arabidopsis Reduced linolenic acid (18:3) in all tissues (6°°,13]
A23 Soybean Reduced linolenic acid (18:3) in seed (15]
(fan 2), which varies with temperature,
but averages ~2% less than the wild type
at similar temperature
Al6/A17* Soybean Reduced linolenic acid (18:3) (fan 1 + {15]
fan 2), which constitutes ~2% of seed
triacylglycerol
FAD 2 Arabidopsis Reduced linoleic acid (18:2) and increased [6“,13]
. oleic acid (18:1)
A5 Soybean Reduced linoleic acid (18:2) and increased (8l
oleic acid (18:1), the latter of which
varies with temperature
IMC129t Canola Reduced linoleic acid (18:2) and raised (22°,P5,P6°] -
linolenic acid (18:3). Leaves and roots also
have increased oleic acid (18:1)
c1727 " Soybean Increased palmitic acid (16:0) to 17% (FACQ) (26]
A6 Soybean Increased stearic acid (18:0) to 30% (FAQ) (25,27¢}
C1726 Soybean Reduced palmitic acid (16:0) to 8.5% {FAC) (26}
Transgene -
Omega-3 desaturase Soybean Reduced linolenic acid (18:3) b4
antisense o in*seed to <1.5% (FAC)
Omega-6 desaturase Soybean and Reduced linoleic acid (18:2) and §
antisense canola increased oleic acid (18:1) (80% (FAC)
or greater] in seed
Acyl-ACP thioesterase Canola increased palmitic acid (16:0) and stearic (P10°]
sense acid (18:0) [>20% (FAC)] in seed
Delta-9 desaturase Canola Increased stearic acid (18:0) (29
antisense (>30% (FAQ)] in seed a
*A16/A17 are segregants from a cross between AS and A23. **Also contains the FAN 1 mutation allelic to the C1640 mutation (i.e.
contains reduced linolenic acid). A number of mutants with a similar phenotype have been described. £A} Kinney, unpublished data.
§WD Hitz, Al Kinney, unpublished data. (See text for a more detailed explanation of these phenotypes.)
content of 2-3%.(FAC), compared with a content of oil produced from these mutant seeds lwas impro.Ved
about 6-8% (FAC) in varictics such as Westar. ‘The organoleptic characteristics and an increased oxida-
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tive ‘stability (P2°]. A reduction in seed triacylglycerol
linolenic acid content from about 7-8% (FAC) in the
parent line (Century) to about 3—4% (FAC) was ob-
served in the soybean mutant C1640 when the plants
were grown at 28'C during the day and 22°C during the
night (9,10].

An allelic mutation has previously been described in
the low linolenic/high oleic soybean line A5 (8]. The
locus at which this mutation occurred has been desig-
nated the FAN locus {9,11,12] and may be equivalent
to the FAD 3 locus of Arabidopsis (13}. 1t should be
observed, however, that the soybean fan mutation is
expressed only in roots and sceds {14], whercas the
Arabidopsis fad 3 mutation is constitutive. A scecond
major gene controlling linolenic acid conwent of soy-
bean seeds has recently been ideatified by a mutation
at the FAN 2 locus, in line A23 [15°). Ficld-grown
A23 plants have a linotenic acid content of about

acylglycerol linolenic acid content of 8% (FAC) or ~2%
(FAQ), respectively. It seems likely that a second de- .

Fig. 1. Scheme illustrating some im-
portant reactions of fatty acid biosyn-
thesis and desaturation in the develop-
ing oil seed. The level of triacylglyc-
erol, the main storage lipid, is depen-
dent on the balance of activities of a
number of enzymes. Fatty acid biosyn-
thesis and elongation involves impor-
tant plastid enzymes, such as fatty acid,
synthase (in bold type, as it represents
many enzymes), B-ketoacylsynthetase i
and delta-9 desaturase. Plastid omega-
3 desaturase catalyzes the desaturation
of linoleic acid (18:2). to linolenic acid
(18:3). (See text and (6°%,13] for fur-
ther details of these enzymes.) Fatty
acids are liberated from ACP by acyl-
ACP thioesterase and exported to the cy-
tosolic pool (dark shading). This pool is
also supplemented by the activities of
omega-3 desaturase and omega-6 desat-
urase. Acylation and hydrolysis of these

result in the formation of triacylglyc-
erol. Abrreviations include the following:
CoA, coenzyme A; DAG, diacylglycerol;
DGDOG, digalactosyldiacylglycerol; G-3-
P, glycerol-3-phosphate; LPA, lysophos-
phatidic acid; PA, phosphatidic acid; PC,
phosphatidylcholine; and MGDG, mono-
galactosyidiacylglycerol.

5.5% (FAC), compared with 7.5% (FAC) in Century
and about 4% (FAC) in CI1640 plants grown in simi-
lar plots. A cross between CI1640 and A23, however,
yielded segregants with a seed linolenic acid content
of less than 2.5% (FAC). The oil produced from two
lines from this cross (i.e. A16 and A17) was shown
to be more stable to oxidation than oil from com-
mmercial soybean lines, and it also had improved
organoleptic properties {1**]. The soybean fan mutant
phenotype in C1640 is temperature sensitive (10,16°).

When these plants were grown either at 15°C during °
the day and 12°C during the night, or at 40°C during ?

the day and 30°C during the night, they had a seed tri-

saturase gene locus is present in soybean, expression
of which is induced by low temperatures. The effect

of temperature on linolenic content is independent of
the fun mutation (16°]. 1t is, thus, cither the result of §

precursors.in the endoplasmic reticulum -

" e .
BefA e,
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a temperature-regulated plastid omega-3 desaturase or
the result of a second temperature-regulated locus of a
microsomal omega-3 desaturase, possibly correspond-
ing to FAN 2. :

The <DNA encoding the Arabidopsis microsomal

omega-3 desaturase (FAD 3) has been cloned by chro-
mosome walking (17**] and also by T-DNA tagging
{18°°]. The corresponding cDNAs from canola and soy-
bean have been cloned using the Arabidopsis gene
{18°*]. Sced-specific antisense expression of the soy-
bean ¢DNA in an Elite line (42872 results in a re-
duction of seed triacylglycerol linolenic acid content
to about 1.5% (FAC) in transgenic plants, compared
with 8-10% (FAC) in the control 42872 plants (AJ Kin-
ney, unpublished data). The reduction is seen only in
seed fatty acids and is independent of the plant growth
temperature. The remaining 1.5% (FAC) linolenic acid
is presumably the result of the plastid omega-3 desat-
urase, expression of which is not affected by antisense
cDNA. It has become apparent from these transgenic
studies, therefore, that the temperature-induced vari-
ation in linolenic acid content observed in C1640 is
probably the result of the activity of a second locus of
a microsomal omega-3 desaturase. This second locus is
effectively inhibited by the antisense cDNA construct in
the seeds of transgenic soybeans. The cDNAs encod-
ing plastid omega-3 desaturases have also been cloned
from both canola and soybean (18*¢). Thus, the possi-
bility now exists of reducing to zero the seed triacyl-
glycerol linolenic acid content of these oilseed crops.

-fncreased oleic acid content

It is likely that most of the polyunsaturated fatty acids in
the seed triacylglycerols of oilseeds are the result of the
initial desaturation of oleoyl-phosphatidylcholine by a
microsomal omega-6 desaturase [19**]. In Arabidopsis,
a mutation at the FAD 2 locus results in a reduction in
both linoleic and linolenic acids, as well as an increase
in oleic acid. The FAD 2locus has recently been shown
to be a structural gene for a microsomal omega-6 de-
saturase [19+¢,20**]). Mutants in 18:1 desaturation in the
seed, and thus, with an increased seed oleic acid con-
went, have been found in sunflower (21), safflower (3],
maize [P4°], soybean (8] and canola (22°P5,1°6°]. The
seed triacylglycerol oleic acid content of these crops
ranges, in commercial varieties, from around 18-22%
(FAC) in sunflower and soybean to around 75% (FAC)
in canola lines, such as Westar.

High 18:1 mutants of sunflower (21}, in which oleic acid
constitutes 80-90% (FAC), are now well established,
ﬂn_d the high oleic soybean mutant 45, in which oleic
aad constitutes ~40% (FAC), was discovered a num-
ber of years ago (8. More recently, high oleic mu-
Lnts of maize (>65% (FAC) oleic acid), of safflower
(>8F’°/" (FAC) oleic acid), and of canola (>80% (FAC)
\Ult‘{c acid) have been reported (22¢,93,04°,5,P6°]. The
oleic acid content of the high ole¢ic acid maize and sun-

OWer mutants appears to be temperature stable; how-

ever, the seed triacylglycerol oleic acid content of the
high oleic soybean mutant A5 does vary with tempera-
wre, and may be as low as 13% (FAC) in plants grown
at 15°C during the day and 12°C during the night {10].

Canola mutants with an oleic acid content as high as
87% (FAC) have been described {22°] and, although this
may be an environment-insensitive phenotype, analy-
sis of a similar high oleic acid mutant of canola (WD
Hitz, unpublished data) has revealed that both leaf and
root oleic acid contents are also elevated, resulting in
severe growth problems when the plants are grown at
lower temperatures (20°C during the day and 10°C dur-
ing the night). The abnormal growth resulting from the
combined effect of low polyunsaturation of root and
leaf lipids with low growth temperature has also been
observed when Arabidopsis fad 2 mutants were trans-
ferred from 20°C to 6°C (23**]. The gradual development
of symptoms at the lower temperature has led to the
suggestion that a number of diverse, subtle and largely
unknown factors may be the cause of retarded growth,
rather than a general deterioration in membrane in-
tegrity resulting from fluidity changes. Nevertheless,
the need to restrict large changes in fatty acid unsatu-
ration to the seeds of oilseed plants is clearly illustrated
by these observations.

An Arabidopsis cDNA corresponding to the gene at
the FAD 2 locus has now been cloned from a T-
DNA tagged mutant allelic to the chemically mutated
fad 2 (20**). Equivalent cDNAs have also been cloned
from canola and soybean (24*). Transgenic canola
and soybean containing antisense omega-6 desaturase
cDNAs expressed only in the seed have now been
made (WD Hitz, AJ Kinney, unpublished data) and
will be a promising source of temperature insensitive
high oleic canola and soybean seeds. In canola, for ex-
ample, antisense desaturase plants produce seeds with
an oleic acid content of >85% (FAC) (WD Hitz, unpub-
lished data).

Increased and decreased saturated fatty acid
content

Edible oils with increased amounts of palmitic acid or
stearic acid would reduce the need for chemical hydro-
genation in the production of vegetable oils products,
such as margarines and confectionary fats [P7]. A num-
ber of mutants in soybean (25,26} and canola [P6°] with
altered amounts of saturated fats are available. In soy-
bean, for example, the mutant line C1727 contains 17%
(FAQ) palmitic acid {26], and the the 46 line contains
over 30% (FAC) stearic acid {25, although the phe-
notype of the latter is also environmentally sensitive
{27]. Comparable commercial varicties have about 12%
(FAC) palmitic acid and 3% (FAC) stearic acid.

‘The quest for healthier food has also led to a search
for vegetable oils with decreased saturate content and,
accordingly, reduced saturate mutants have been re-
ported in soybean [26), sunflower (8¢ and canola
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[P6°]. The low palmitate mutant of soylbxan (C1726)
has about 8.5% (FAC) palmitic acid (26], resulting in
a licde less than 12% of the total sawrates. Generic
canola, on the other hand, has only around 6% (FAC)
saturates, and some recently described mutant lines
have as little as 4% (FAC) total saturates [P6%). Thus,
as a healthy oil, canola has something of a head stant
over most other vegetable oils. It is unclear, in most
of these altered saturate mwutants, whether the muta-
tions are in structural genes, and if they are, which
structural genes are involved. Part of the problem is
that the biochemical pathway leading to the synthesis
of palmitic acid and stearic acid, and their subsequentc
release into the cytoplasm, involves many enzymes and
is not linear [28}.

Palmitic, stearic and oleic acids are synthesized in the
plastids of oilseeds while esterified to acyl carrier pro-
tein (ACP) (see Fig. 1). Palmitoyl-ACP (16:0) is made
from the condensation of myristoyl-ACP (14:0) and car-
bon dioxide by four consecutive reactions. The speci-
ficity of this conversion is determined by the enzyme
catalyzing the first rate-limiting reaction, the conversion
of myristoyl-ACP to B-ketopaimitoyl-ACP, a reaction
catalyzed by B-ketoacylsynthetase I (KAS I). KAS I also
catalyzes the three condensation reactions involved in
the conversion of octanoyl-ACP (8:0) to myristoyl-ACP.
The conversion of palmitoyl-ACP to stearoyl-ACP is cat-
alyzed by a simliar set of reactions with the condensza-
tion step catalyzed by a unique condensing enzyme,
B-ketoacylsynthetase II (KAS II). Stearoyl-ACP (18:0) is
desaturated to oleoyl-ACP (18:1) by a soluble, deita-9

. desaturase. Acyl-ACP thioesterase releases fatty acids

from ACP so they may be exported from the plastid
to the cytoplasm, where, as acyl-CoA, they are further
desaturated or assembled into triacylglycerol. Thus, the
thioesterase competes with both KAS II and deita-9 de-
saturase for substrate: The ratio of fatty acids in the cy-
toplasm, and hence in triacylglycerol, therefore, is the
result of a balance of the activities of a number of plas-
tid enzymes.

The cloning of cDNAs for all of the above enzymes has
been reported, and their relative abundance manip-
ulated in transgenic oilseed plants [29°°,19,P10%,P11)

- Antisense RNA suppression of the delta-9 desaturase

in canola {29**] resulted in oil with up to 40% (FAC)
stearic acid. An increase in total saturates to over 20%
(FAC) has also been observed in canola oils by seed-
specific overexpression of the acyl-ACP thioesterase
c¢DNA ([P10°); WD Hitz, unpublished data). Since the
thioesterase is competing for substrate with KAS Il and
delta-9 desaturase, more thioesterase protein results in
better competition and, thus, greater release of palmi-
tate and stearate from ACP rather than enlongation or,
in the case of stearate, desaturation. The increase in
stearate was greater than that of palmitate such that
the relative abundance of palmitate and stearate in
the transgenic canola was about the same (around
10% (FAC) for cach). This is probably because, in
wild-type plants, thioesterase competes for substrate
nuch more cffectively with KAS [T than with deha-9
desaturase and, thus, nocmally, less 18:0-ACP escapes

_ stearoyl-CoA desaturase uses both palmitoyl-CoA and

from plastid. A greater effect on stearate (18:0) is seen,
therefore, when this competition for both substrates is
biased in favor of the thioesterase by increasing the
relative activity of the thioesterase in the transgenic.
It is, thus, theoretically possible to increase total sat-
urates even more by combining the delta-9 desaturase
suppression phenotype with the thioesterase overex-
pression phenotype, either by cotransformation or by
crossing the two different transgenic lines.

Some biological limitations may, however, be placed
on increasing the relative abundance of total saturates
in plant oils. For example, the amount of saturated
acyl-CoAs attached to tracylglycerols may be limited
by the substrate preferences of the acyltransferases.
Also, it is not known if solid fats can be catabolized
as efficiently as liquid oils by germinating seeds, or if
they can be catabolized at all. Since highly saturated
oils are solid at the temperatures at which most plants
are grown, a seed may find it impossible to germinate
if it cannot mobilize its energy reserves. This may even
be true of tropical high-saturate plant oils. Thus, al-
though the total 16:0+18:0 saturate content of some
palm oils can be greater than 50% (FAQ), this is due
entirely to the contribution of mesocarp oil to the total
fatty acid content [3]. Most of the saturated fatty acids
in the palm kernal are of shorter chain length (12:0 and
14:0). The longer chain saturates comprise, on average,
around 12% (FAC) (and not more than 20% (FAC)] (3].

Transgenic lines with reduced saturates have been
somewhat more elusive to obtain. A recent report
has demonstrated a reduction [from 6% (FAC) to about
3.5% (FAC)] in the total saturate content of Arabidop-
sis seeds when KAS 1 and KAS II subunits, under
the control of the napin promoter, are both overex-
pressed in the same plant (JL Bleibaum, A Genez,
J Fayet-Faber, DW McCarter, GA Thompson, National
Plant Lipid Cooperative, Plant Lipid Symposium, Min-
neapolis, Minnesota, July 29-31, 1993, Poster A18). A
reduction in the total saturate content of total lipid has
been observed when either the yeast [30°*} or rat [31*]
stearoyl-CoA desaturase was expressed, under the con-
trol of the cauliflower mosaic virus 35S promoter, in the
cytoplasm of tobacco cells. In yeast and mammals, the

stearoyl-CoA as a substrate. Thus, in the transgenic to-
bacco, these plant cytoplasmic CoAs were desaturated
to palmitoleoyl-CoA and oleoyl-CoA before being in-
corporated into complex lipids. In both cases, how-
ever, very little change in seed triacylglycerol fatty acid
composition was seen. Probably as a consequence of
using the 35S promoter, the greatest increases in 16:1 ;
were observed in stems and roots, and to a lesser ex- |
tent in the leaves. The decrease in total saturates in the Ji
seeds amounted to less than 2% (FAC) (i.e. from 11.4% 3%
(FAC) to 10.1% (FAC)! (30°*]. These results do demon- §

strate, however, the potential for lowering triacylglyc- B
erol saturates in oilseed crops by expressing the yeast 3
or rat desaturase gene under the control of seed-spe-SE
cific promoters, although it is unclear how the publicj "
will react to ficlds of transgenic plants expressing ralg
genes. oo i
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Conclusions

References and recommended reading

Although many of the modified-oil phenotypes pro-
duced through mutagenesis are similar to those pro-

duced by genetic engineering, most mutant pheno- |

types are either expressed only within a particular
range of plant growth temperatures or the mutant
plants themselves are environmentally sensitive. This
is because plants have evolved to respond to adverse
growth temperatures by changing their membrane fatty
acid composition and, as a consequence of the altered
acyl-CoA pool, these changes are also reflected in the
composition of storage lipids.

In the case of polyunsaturated fatty acid biosynthesis,
crops such as soybean and canola most likely have
at least two genes for each of the major membrane-
associated desaturases. One of these genes is proba-
bly expressed predominantly in the seed, and mutation
at this locus (e.g. fan in soybean) would, thus, affect
only seed lipids. The second locus is expressed con-
stitutively and, in some cases, is temperature sensitive.

_ Consequently, at low temperature, expression of this
second locus is able to mask the effect of the seed-
specific mutation. A combination, however, of a muta-
tion at the second constitutuve locus with a mutation
at the seed-predominant locus (e.g. the very high oleic
canola) would effectively block polyunsaturate synthe-
sis in both root and leaf. This would explain the poor
growth of the double-mutant plant at low temperatures
{23**). One way of avoiding this would be to discover
a mutation-in a gene that regulates desaturase expres-
sion specifically in the seed, if such a regulator exists.
Perhaps, however, a transgenic approach, either using
seed-specific promoters to antisense desaturase genes
or to trans-inactivate desaturase genes (32¢°), may be
the best way to overcome these difficulties. In addition,
transformation with a cloned cDNA or gene is proba-
bly the only efficient way of causing an increase in the
expression of a specific gene.

Finally, although mutated plants and transgenic plants
are often regarded as conceptually different entities,
a transgenic phenotype is really nothing more than
a highly specific ‘mutation’. It is likely that the com-
bination of these two approaches will enable further
germplasm variation. Many of the mutants and the
transgenics described above would be expected to
complement each other. In the future, making crosses
with mutants and transgenics may be the most efficient
way of combining or enhancing oil traits.
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Arabidopsis'FADZ Gene Encodes the Enzyme That Is
Essential for Polyunsaturated Lipid Synthesis

John Okuley,® Jonathan Lightner,® Kenneth Feidmann,® Narendra Yadav,® Ellen Lark,*
and John Browse®™! :

* Institute of Biological Chemistry, Washingion State University, Pullman, Washington 33164-6340
b Agricultural Products and Central Research and Development, E.1. Du Pont de Nemours & Co., Experimental Station,
PO. Box 80402, Wilmington, Delaware 19880-0402

The polyunsaturated fatty acids linoleate and a-linolenate are important membrane components and are the essential
fatty acids of human autrition. The major enzyme responsible for the syntheslis of these compounds is the plant oleate
desaturase of the endoplasmic reticulum, and [ts activity [s controlled In Arabldopsis by the fatty acid desaturation 2

(fad2) locus. A fad2 allele was identified in a population of Arabldopsl!s In which mutations had been created by T-ONA

insertions. Genomic DNA flanking the T-DNA was cloned by piasmid rescue and used to isolate cONA and genomic clones
of FAD2. A cONA contalning the entire FAD2 coding sequence was expressed (n fad2 mutant piants and shown to com-
plement the mutant fatty acid phenotype. The deduced amino acid sequence from the cDNA showed homology to other
plant desaturases, and this confirmed that FAD2 is the structural gene for the desaturase. Gel blot analyses of FAD2
mRNA levels showed that the gene is expressed throughout the plant and suggest that transcript ieveis are in excess
of the amount needed to account for oleate desaturation. Sequence analysis identified histidine-rich motits that coulid
contribute to an lron binding site in the cytoplasmlc domain of the protein. Such a position would facliitate Interaction
between the desaturase and cytochrome bg, which Is the direct source of electrons for the desaturation reaction, but

WO

would limit Interaction of the active site with the fatty acyl substrate.

INTRODUCTION .

The polyunsaturated fatty acids linofeate (A9, 12-18:2) and
adinolenate (A9, 12, 15-18:3) are synthesized by plants but
not by most other higher eukaryotes. Both of these fatty acids
are essential components of human nutrition, because in mam-
mals they act as precursors not only of membrane lipids but
also of families of signaling molecules including the prostaglan-
dins, thromboxanes, and leukotrianes (Smith and Borgeat,
1985). in many higher plants, 18:2 and 18:3 account for more
than 70% of the.fatty acids in leaf cells and 55 to 70% of the
fatty acids in nonphotosynthetic tissues such as roots
(Harwood, 1980). in both plants and animals, polyunsaturated
acyl structures are considered to be essential membrane com-
ponents, in part because they are virtually ubiquitous in the
membranes of higher eukaryotes. Experimental manipulations
designed to reduce membrane polyunsaturation also point to
a critical role for these structures in ensuring proper membrane
function and organism viability (Hugly and Somaerville, 1992;
Miquel et al., 1993).

In angiosperms as a whotle, the vast majority of polyun-
saturated lipid synthesis passes through a single enzyme, the
18:1 desaturase of the endoplasmic reticulum. Although a

! To whom corrospondonce shouid boe addressad.

chloroplast 18:1 desaturase also operates in leaf celis of at.
least some plants, it is likely that the endopiasmic reticulum
enzymae is quantitatively more important even in these celis
(Browse and Somerville, 1991; Miquel and Browse, 1992). Fur-
thermore, it is responsible for more than 90% of the
polyunsaturated fatty acid synthesis in nonphotosynthetic tis-
sues, such as roots, and in the developing seeds of ail crops,
including soybean, sunfiower, and canofa, in which fatty acids
are stored as triacylglycerol oils. Thus, one important func-
tion of the endoplasmic reticulum 18:1 desaturase is to provide
18:2 and (foliowing further desaturation) 18:3 required for the
correct assembly of cellular membranes throughout the plant.
Just as importantly, the enzyme provides the polyunsaturated
fatty acids found in vegetable oils that in turn are the major
source of essential fatty acids in most human diets.
Mutants of Arabidopsis at the fatty acid desaturation 2 (fad2)
locus are deficient in activity of the endoplasmic reticuium
desaturase (Miquel and Browse, 1992). Biochemical and
genetic studies of these mutants have been important to our
understanding of this desaturation step because the enzyme,
like most of the plant desaturases, is an integral membrane
protein that has been difficult to solubilize and, therefore, to
investigate by traditional enzymological methods. in the ab-
sence of a purilied enzyme, genstic techniques can also
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provide an alternative maans to clone the relevant genaetic lo-
cus. For exampte, cONAs corresponding to the FAD3 gene have
beaen obtained by both map-based cloning (Arondel et al., 1992)
and by gene tagging (Yadav et al., 1993). The homology of
these cONAs to other desaturase genes indicates that they
correspond to the structural gene encoding the endoplasmic
reticulum 18:2 desaturase. The FAD3 cDNAs have made pos«
sible the cloning of at least three distinct, additional desaturase
genes. Each of these contained a 5' peptide sequence with
the characteristics of a chloroplast transit peptide and, on this
basis, the genes are thought to encode three of the chioroplast
desaturases (lba et al., 1993; Yadav et al., 1993; W. Hitz, J.
Okutey, N. Yadav, and J. Browse, unpublished data). Exten-
sive efforts using the four available gene sequences have, to
date, failed to isolate a gene encoding the endoplasmic retic-
ulum 18:1 desaturase.

In this study, we describe the identification of a fad2 allele
in a population of Arabidopsis in which mutations have been
generated by T-DNA insertion (Feldmann, 1991) and the sub-
sequent cloning and characterization of the wild-type FAD2
gene. The expansion of the family of genes encoding plant
membrane desaturases now permits some discussion of a pos-
sible structure for the 18:1 desaturase.

RESULTS

Identification of a fad2 Allele in a T-DNA Line

To initiate our screen, we grew the 1800 T-DNA insertional lines
(T» generation) that were then available and directly mea-
sured the overali fatty acid composition of leaf tissues by gas
chromatography (Browse et al., 1986b; Feldmann et al., 1989).
Because the T-DNA—containing lines segregated for the in-
sert (and thus for any resultant mutation), it'was necessary
for us to sample several individuals from each line. To simplify
the procedure, we harvested single leaves from 10 plants of

ong ling and pooled these for analysis. Based on reconstruc-
tion experiments using the chemically induced Arabidopsis
lipid mutants, we expected to be able to successtully identify
any one of seven mutants in a segregating population.
Among the pooied feal samples analyzed in this way, one
sampie from iine 658 was identified as having an increase in
18:1. The increase was considerably smaller than would be
expected from the data on chemically induced fad2 mutants
(Miquel and Browse, 1992)—18:1 in the mutant pool was only
5.5% compared with 2.8% in neighboring, wild-type pools. In
principle, this result might have arisen from underrepresenta-
tion of homozygous mutants within the small number of leaves
that had been pooled for analysis. However, as shown in Ta-
ble 1, analysis of tissue samples from individual plants of the
658 line demonstrated that whereas the line was segregating
for 18:1 content, the most extreme phenotypes (homozygous
for the lipid mutation) contained considerably lower propor-
tions of 18:1 than previously described for fad2 mutants (James
and Dooner, 1990; Lemieux et al., 1990). Reciprocal crosses
between homozygous individuals from line 658 and the
fad2-1 mutant (Lemieux et al., 1990) produced F; progeny

with fatty acid compositions intermediate between those of the

two parents. The lack of complementation in these crosses
demonstrated that the lipid mutation in line 658 is an allele
of fad2, which we designated fad2-5. '
When 200 T, seeds of line 658 were germinated on agar
containing 50 pg/mL kanamycin, only four kanamycin-sensitive
individuals were identified. This proportion of kanamycin-
sensitive seedlings is a good approximation to a 63:1 ratio and
indicated to us that the (ine contained three unlinked T-DNA

inserts. In this and two other experiments, a total of 56

kanamycin-sensitive seedlings were Identified. Fifty-three of
these were analyzed for fatty acid composition and at ieast
seven displayed 18:1 levels that were higher than those ob-
served in wild-type seedlings grown under these conditions.

To further test whether the fad2-§ mutation might be the re-
sult of T-DNA insertion, we isolated a derivative line that
segregated for a sihgle locus for both kanamycin resistance

Table 1. Fatty Acid Compositions of Root, Leal, and Seed Tissues of the Wild-Type, fad2-5, and fad2-1 Mutant Arabidopsis Plants®

E Root Leaf Seed

atty

Acid WT fad2-5 lad2-1 wWT lad2-5 lad2-1 wWT fad2-5 lag2-1
16:0 24.7 12.7 14.0 13.7 10.0 13.9 10.2 8.5 8.6
16:1 1.2 1.3 2.3 2.4 4. 2.2 -® - -

16:3 - - - 16.0 15.4 18.5 - - -
18:0 3.2 2.0 1.7 0.4 0.5 0.5 25 40 43
18:1 6.8 27.9 55.9 23 15.0 20.9 15.4 37.7 535
18:2 29.8 20.0 6.4 14.5 46 3.8 327 8.1 3.2
18:3 29.1 20.4 12.8 50.8 45.0 39.6 20.3 11.3 5.5
20:1 - - - - - - 16.6 26.0 23.9

e s e b g -

* Data lor wild type (WT) and fad2-1 are from Lomioux et al. (1990). Root tissue was harvested from plants grown in liquid medium (Miquel

and Browsa, 1992). Leaves from 17-day-oid plants wero analyzod. Soeds were samplied from mature siliques. Data are mol %.

® Dashes indicate that the fatty acid was not detected.
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and the mutant fatty acid phenotype. Approximately 100 in-
dividual T, plants were grown to maturity, and seeds were
collected. One sample of seed from each T; plant was tested
for tho ability to germinate and grow in the presence of kanamy-
cin. in addition, the fatty acid compositions of 10 additional
individual seeds from each fine were determined. A T, plant;
658-75, was identified whose progeny seeds segregated 28
kanamycin sensitive to 60 kanamycin resistant and seven seeds
with fow or intermediate 18:1 (15 to 22%]) to two with high 18:1
(35 to 38%). Approximately 400 T, progeny of the derivative
line 658-75 were grown, and their leaf fatty acid compositions
were determined. From these, 91 plants were identified as be-
ing homozygous for the fad2-5 mutation. The remaining plants
could not be definitively assigned to wild-type and heterozy-
gous classes on the basis of leaf fatty acid composition and,
thus, could not be used to test linkage between the T-DNA
markers and the fatty acid phenotype. Eighty-three of the 91
homozygous plants were tested for the presence of nopaline,
which is a second, easily scored marker of the T-DNA
(Errampalli et al., 1991). All 83 plants were positive for the
presence of nopaline. Thus, this experiment indicated cosegre-
gation of the fad2 locus with the T-DNA insert present in the
658-75. Therefore, we set out to isolate plant DNA flanking the
site of T-DNA insertion.

‘Cloning a cDNA That épans the Site
of T-DNA Insertion

The modified T-DNA used to generate the mutant population
contains the origin of replication and the ampicillin resistance
gene of plasmid pBR322 (Feldmann and Marks, 1987). This
feature permits the recovery of T-DNA-plant DNA junction frag-
ments as plasmids in Escherichia ¢oli by the method of plasmid
rescue (Behringer and Medtord, 1992). Genomic DNA from
homozygous mutant segregants of the 658-75 line was digested
to completion with either the BamHI or Sall restriction enzyme
and allowed to religate at a dilute concentration to promote
self-ligation. The ligation products were used to transform E.
coli cells that were then subjected to ampicillin selection. No
ampicillin-resistant colony was obtained from the experiment
with Sali-digested DNA, but a single ampicillin-resistant colony
was identified from the plasmid rescue of BamHi-digestad DNA
and designated pTF-658. Restriction analysis of pTF-658 with
BamHlI, Sall, and EcoRl restriction enzymes indicated that in
addition to the expected 14.2-kb portion of the T-DNA, it
contained a 1.6-kb EcoRI-BamH1 fragment of putative plant
DNA that would lie adjacent to the left T-DNA border (which
contains an EcoRl site). This EcoRl-BamHI fragment was
subcloned into a pBluescript SK- vector to yield plasmid
pSI658.

When the 1.6-kb fragment was radiolabeled and used 1o
probe gel blots of genomic DNA from wild-type Arabidopsis
at high stringency, strongly hybridizing bands were observed,
which confirmed that the flanking sequence was piant DNA.

. For DNA from plants of the segregating 658-75 line, the same

FAD2 Geno and Polyunsaturated Lipid Synthesis 149

bands were present, but, in addit_ion, a set of distinct bands
was visible (data not presented). This finding indicated that
the 1.6-kb fragment is indeed part of the locus that is intes-
rupted by the T-DNA. The 1.6-kb EcoRI-BamHl fragment was
used as a radiolabeled hybridization probe to screen an
Arabidopsis AYES cONA library (Elledge et al., 1991). Four of
the positively hybridizing plaques identified were subjected to
ptaque purification. Plasmids containing the cONA sequences
were then genearated by utilizing the cre-lox recombination fea-

- ture of the AYES library (Elledge et al., 1991). The four cDNAs

ranged in length from 1 to 1.4 kb. Restriction enzyme map-
ping and partial sequence determination indicated that they
ail represent the same gene. Nucleotide sequencing of. two
of the cONAs (pF2a and pF2b) produced the 1372-bp sequence
shown in Figure 1A that contains an open reading frame that
encodes a predicted protein of 383 amino acids.

A genomic clone corresponding to the cONA was isolated
by screening an Arabidopsis library using the insert from pF2b
as a radiolabeled probe. The 6-kb Hindill insert from a puri-
fied, positively hybridizing plaque was subcloned into a
pBluescript SK— vector. Sequencing of 3 kb of the genomic
clone spanning the sequence shown in Figure 1A revealed
the presence of a single intron of 1134 bp at a position be-
tween nucleotides 88 and 89 of the cONA. Partial sequencing
of the 1.6-kb EcoRI-BamHI genomic border fragment insert
in pSI6s8 from the EcoRl end showed that, for the first 61
nucleotides, it is colinear with the left T-DNA border (except
for a deletion of nine contiguous nucleotides at position 42
in the barder fragment) and colinear from nucleotides 57 to
104 with that of nucleotides 41 to 88 of the cDNA. This resulit
suggests that the left end of the T-DNA disrupted the gene
within a 4-bp (5'TGTT-3) region of homology between the
T-DNA border and host DNA and shows that the T-DNA dis-
rupted the gene in the transcribed region and 5§’ to the intron
in the untranslated sequence. The structure of the fad2-5 lo-
cus together with the cloned flanking sequence and three of
the cDNA inserts are shown diagrammatically in Figure 16.

DNA from a genomic phage clone was also used to detect
and map a restriction fragment length polymorphism inagel
blot containing Hindlli-digested genomic DNA from inbred fines
derived from a cross between Arabldopsis thallana (ecotype
Wassileskija) and A. thaliana marker line W100 (ecotype
Landsberg erecta background) essentially as described
previously by Reiter et al. (1992). A single genetic locus corre-
sponding to this gene was positioned on the upper arm of
chromosome 3 between the cosmid c3838 and AAT228 restric-
tion fragment length polymorphism markers and just 45
centimorgans proximal to the fad7 locus previously mapped
in the same population (Yadav et al., 1993).

Complementation of the fad2-1 Mutant
To establish definitively that the cloned gene represents the

fad2 locus, we transformed the cDNA into /ad2-1 mutant plants.
The 1.4-kb EcoRl fragment containing the cDNA was isolated




150 The Plant Cell

. AGAGAGAGAGATTCTGCGGAGGAGCTTCTTCT 32
TCCTACGCTCﬂCATCGTTATTMCG'I'TATCGCCCCTACCTCAGCTCCATCTCCAGWC 97

ATGGGTGCAGGTGCAI\(‘MTCCCGCTTCCTACTTCTTCCAACAMTCCCAMCCGACACC Va2
1 P vV C T S S X K S €

Acmccc'rcfcccc'rcccAGwcccccwrc‘rcca'rccCAcucrcMcwchf_ 212
21T K R VP £ K F 5 vV G o L x kK A I

CCGCCGCATTCTTTCAAACGCTCAATCCCTCCCTCTTTCTCCTACCTTATCAGTGACATC 272
4 r P H C F XK R S I P R 5 F S Y L I 5 0 |1

ATTATAGCCTCATGCTTCTACTACGTCCCCACCAATTACTTCTCTCTCCTCCCTCAGCLT 132

611 I A § C F Y T V A T K Y F § L L P Q ¢r

CTCI'CTTACTNGCITGCCCACTCTATTGGGCCTG'I‘CA.AGGCTGTC'I‘CCI‘AACTGCTATC 392
1L 5 Y L A C QG C V L TG

TGGGTCATAGCCCACGAATGCGGTCACCACGCATTCAGCGACTACCAATGGCTCGATGAC 452
101w v 1 A M E C C H H A F S D Y Q %W L D D

ACAGTTGGTCTTATCTTCCATTCCTTCCTCCTCGTCCCTTACTTCTCCTGCAAGTATAGT 512
120T vV 6 Lt U F s F L L VP Y F S ¥ K X 5

CA'R:GCCG'I‘CACCA‘I'I'CCMCACTGGANCCTCGMAGAGATGMGTAWCCMAG 572
141 #_R R _H H S ¥ T G S L E R D E v P K

cmmAmmmrumrAccrcumccrmmmrcAm €12
161 K $§ A I K % Y 6 K Y L N N P L G R I

ANHMCCGTCCAGT‘H’GNﬂCGGGTGGCCCITGTAmAGCCmMCGTC‘I’CTGGC €92
11 L T V Q F V L G % P L Y L r & v s

AGACCGTATGALGGGTTCGCTTIGCCATTICTTCCCCAACGCTCCCATCTACAATGACCGA 752
200k P Y D G F A C H F F F N A PF I Y N DR

GANCGCCTCCAGATATACCTCTCTGATGCGGGTATTCTAGCCGTCTUTTTTIGLATCTTITAC 812
22 e R L Q@ I Y L 8 D A G I L AV CF G L Y

ccﬂAmmwmAmmumrmAcmmccmm 872
241 R Y A A A Q G M A I €L Y GV P L L

ATAGTGAATGCGTICCTCCTCTTGATCACTTACTTIGCAGCACACTCATCCCTCGTTGCCT 932
20 I v ¥ A F L V L I T Y L Q H T u ¢ 5 L P

CAnAmmwwammmAccmAummc 992
28l H Y D S S € % D ™% L R G A v D

TACGGAX' TGTTCCACACATTACAGACACACACGTGGCTCATCACCTG 1052
J30LY G I L M K V F & ® I T D T H. Y A M H I

TTCTCGACAATCGCGCATTATAACGCAATGGAAGCTACAAAGGCGATAAMGCCAATTCTG 1112
321 f _S T M P H Y N AMEATT KA ATETKTEPTIL

GGAGACTATTACCAGTTCGATCCAACACCGTGGTATGTAGCGATGTATAGGGAGGCAMG 1172
341G 0 Y Y Q F D G T P ¥ Y V A M Y RE A K

GAGTGTATCTATGTAGAACCGGACAGGGAAGG TGACAAGAMGGTGTGTACTGGTACAAC 1232
3¢t ¢ ¢ I T VviEPDREGDOIEKIKTG GV YUWTN

AATAAGTTA

ACAMITGTCGACCTITCTCTTGTCTGTTTOTCTTT 1292
MmN KL

mﬂwcmrkmmmrururanmc\mmnAMA 1352
TTTTGGCTGCTCATTATSTT 1372

T-ONA

FAD2 ' o

TF-658

pFaa
pF2b

er————— O F 2C

—_—230

Figure 1. Structure and Organization of the Arabidopsis FAD2 Gene.

(A) Nucleotide and derived amino acid sequencas of a FAD2 cONA.
The 4-bp sequence that is homologous to a sequence in the T-DNA
border and into which T-DNA insertion appears to have occurred is
shown in boldface letters. The arrowhead indicates the site of the in-
tron found in the genomic sequence. The three histidine-rich sequences
that show homology to other membrane-bound desaturases are

from plasmid pF2a and subcloned into the EcoRi site of the
binary vector pGA748. One of the resulting plasmids, desig-
nated pGA-Fad2, contained the cDNA in the sense orientation
behind the cauliflower mosaic virus 35S promoter. The plas-
mid pGA-Fad2 was transformed into Agrobacterium strain
R1000 carrying the Ri plasmid to generate transformants
R1000/pGA-Fad2. These transformants and R1000 cells trans-
formed with pGA748 alone were used to transform fad2-1
mutant Arabidopsis using a stem-transformation protocol (Aron-
del et al., 1992). Wild-type Arabidopsis was also transformed
with the empty vector control.

Hairy roots emerging from explants were maintained for 4
days on medium containing cefotaxime and carbenicillin for
counterselection of the Agrobacterium and then transferred
to the same medium containing kanamycin to select roots that
had been cotransformed with the kanamycin resistance gene
from the pGA748 vector. Six days after this transfer, the 12
kanamycin-resistant root cuitures from the experiment employ-
ing the pGA-Fad2 construct were sampled together with three
cuitures derived from fad2-1 and one cuiture derived from wild-
type Arabidopsis control transformations. The fatty acid com-
position of each sample was determined. Figure 2 shows the
desaturase products, 18:2 and 18:3, plotted as a percentage
of the total fatty acids in each sample. It is clear that the fatty
acid phenotype in roots from fad2-1 (11 to 21% 18:2 + 18:3)
was very substantially complemented in all the kanamycin--
resistant transformants with the exception of one (number 5),
which showed a proportion of 18:2 + 18:3 that was only a lit-
tle higher than the mutant controls. ln some transformants,
the proportion of 18:2 + 18:3 was slightly higher than that in
the wild-type control.

Limited Transcript Levels in fad2-5 Allow
Considerable Desaturation

The comparison of the fatty acid compasitions of roots, shoots,
and seeds of fad2-5 mutant plants with similar tissues from
the fad2-1 mutant in Table 1 demonstrates the leaky nature
of the mutation found in the T-DNA line. If the proportions 18:2
plus 18:3 (the two products of the 18:1 desaturase) are used
as an approximate, relative measure of desaturase activity, then
fad2-5 is estimated to have 53 ({40.4-19.2}/[58.9-19.2)), §2,
and 24% of wildtype activity in roots, leaves, and seeds,
respectively. We examined the steady state levels of FAD2 RNA
in wild-type, fad2-8, and fad2-1 tissues. As shown in Figure
3, the tevel of FAD2 RNA in both shoals and roots of fad2-1

underlined. The GenBank accession number of the sequonce is
L26296.

(8) The genome structure at the fad2-5 locus showing the T-DNA in-
sert, intron, open reading (rame, and partial restriction map. The
approximate lengths and locations of the 1.6-kb flanking sequence (rom
the plasmid rescue (TF-658) and three cDNAs (pF2a, pF2b, and pF2c)
are shown in the lowar pant of the ligure. RB, right border; LB, left bordar.




was indistinguishable from that detected in carresponding wild-
type tissues, which suggests that the fad2-1 allele produces -
a mutant protein without alfecting the size or stability of the
mANA. In contrast, the fad2-5 plants showed greatly reduced
levels of an RNA of a simifar length to the wild-type molecule.
Howaever, this transcript was barely detectable in shoot tissue”
and was only at a slightly higher leve! in roots. Densitometry.
of the bands shown in Figure 3 suggested that the transcript
level in roots of fad2-5 plants is no more than 12 to 15% of
the wild type. This very low transcript level was nevertheless
able to effect more than half of the 18:1 desaturation attribut-
abfe to the FAD2 gene product in wild-type Arabidopsis roots.
Because the bands shown in Figure 3 were the only regions
of the gel biot to hybridize to the radioactive ¢cDNA probe, it
is probable that they represent the total level of transcript avail-
able for synthesis of the desaturase.

FAD2 Transcript Level Is Not Increased in Response
to Chilling

An active FAD2 gene product is essential for the survival of
Arabidopsis at low temperatures (Miquel et al., 1993). Further-
more, observations in plants and other organisms suggest that
the level of membrane lipid .unsaturation increases with
decreasing temperature, possibly as a regulated response to
chilling treatment (Somerville and Browse, 1991; Thompson,
1993). To determine whether transcriptional regulation of FAD2
occurs in Arabidopsis in response to chilling treatment, we
transferred wild-type Arabidopsis plants from 22 to 6°C. At the

C1C2 C3 v 2 3 4 S 6 7 8 9 10 1 12 WT

Transformants

Figure 2. Polyunsaturatod fatty Acid Content of Transgenic fad2-1
Plants.

Thae rosults shown are 18:2 + 18:3 (as porcent of total fatty acids) for
sampies of hairy-root cultures trom 12 indepandont transformants of
tho Arabidopsis fad2-1 mutant with the pF2a cONA insort. Controi trans-
formants (emply voactor) of fad2-1 (C1 to C3) and wild-typo (WT) plants
aro included for comparison. -
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Figure 3. Transcript Levels in WildType and fad2 Mutant Arabidopsis.

Ten micrograms of total RNA per lane from shoots and roots of wild-
type (WT), fad2-5, and fad2-1 Arabidopsis plants was subjected to gel
blot analysis using the pF2a insert as a probe (FAD2). Blots were
stripped and reprobed with the Arabidopsis 28S rRNA gene (28S) as
a ioading controf. )

time of transfer and at different times after transter, samples
of leaf material were harvested, and the level of FAD2 tran-
script within the total RNA was determined by gel blot analysis.

‘The data in Figure 4 Indicate that the steady state level of FAD2

transcript, relative to both the estimated amount of total RNA
and the level of 28S RNA transcript, remalned approximately
constant for at least 3 days after transfer to the cold. Thus,
transcriptional regulation of the FAD2 gene apparently plays
no role in acclimation of Arabidopsis o low temperatures. How-
aver, our results leave open the possibility that 18:1 desaturase
activity could be regulated at either the translational or enzyme
levels.

DISCUSSION

Cosegregatlon Analysis

The fad2-5 allele that we isolated in the T-DNA insertion line
658 exhibited a leaky fatty acid phenotype (Table 1; Lemieux
at al., 1990). More importantly, some of the seedlings that died
on kanamycin-containing medium were homozygous or het-
arozygous lor the /ad2-5 mutant phenotype. Both of these
results argue against the fad2-5 mutation being caused by
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Figure 4. Transcript Levels in Wilddype Plants after Transfer to 6°C.

Ten micrograms of totai RNA per lane from plants maintained at 22°C
or transferred to 6°C for up to 72 hr was subjected to gel blot analysis
using the pF2a insert as a probe (FAD2). Blots were stripped and
raprobed with the Arabidopsis 28S rRNA gene (28S) as a loading
control.

T-DNA insertion. in particular, the identification of the mutant
fatty acid phenotype in plants that died during kanamycin se-
lection would normally be taken as strong evidence that the
fad2 gene was not tagged. However, our successful cloning
of the FAD2 locus demonstrated that these dead seedlings
probably contained the T-DNA insert. it must be assumed that
either the neomycin phosphotransferase il gene, which is
responsible for kanamycin resistance in the T-DNA, was inac-
tivated in these individuals (perhaps as a resuit of DNA
mathylation) or that the seedlings were inviable for unrelated
reasons. it should also be noted that our second cosegregation
analysis —the identification of nopaline in all 83 homozygous
fad2-5 individuals that were tested —provides only a very weak
test of linkage. Even if the T-DNA and the fad2 locus were as

much as 5 centimorgans apart, there would stilf be a 40% prob-

ability of our obtaining the observed result. These results
illustrate some of the difficulties involved in trying to decide
whether to cione the T-DNA flanking regions in the search for
a mutant locus. '

Leaky fad2-5 Allele Results from T-DNA Insertion in
the 5’ Untranslated Region of the FAD2 Gene

The comparison of the (atty acid compasitions of fad2-5 tis-
sues with those of fad2-1 and the wild type (Table 1; Lemisux
et al., 1990) indicated that the homozygous T-DNA mutant con-
tained considerable 18:1 desaturase activity. Despite the
tocation of the T-DNA in the transcribed (but untranslated) re-
gion of the FAD2 gene, a low level of FAD2 transcript was

dotactad in roots and shoots of fad2-5 plants. Prasumably, this

. low lavol of transcript is responsible for the increased 18:1 de-

saturation rolative to other alleles of fad2.

The T-DNA from the 3850:1003 plasmid is large (>16 kb),
and the presence of a 14.2-kb BamHi-EcoRl fragment in our
rescued plasmid, although not conclusive, suggests that at
least ane copy of the T-DNA was incorporated into the genome
atthe site of insertion. For this reason, it is highly unlikely that
the endogenous FAD2 promoter is responsible for the synthe-
sis of FAD2 mRNA that we observed. Although we cannot ruie
out this possibility or the possibility that a promoter exists within
the 1134-bp intron (Figure 18), our findings strongly indicate
that there is a waak but functional promoter within the teft bor-
der region of the T-DNA. The promoter controls the synthesis
of an RNA which, when processed, is of a similar fength to
the transcript produced in wild-type and fad2-1 plants. Interest-
ingly, a T-DNA insertion in the fad3 gene of line 3707 of the
T-DNA population also produced a leaky mutation (Yadav et
al., 1993). In this casse, the site of insertion is 612 bp 5’ to the
initiation codon, but it is the right border of the T-DNA that
is proximal to the FADJ open reading frame. From these results,
we inferred that the residual activity of the endoplasmic retic-
ulum 18:2 desaturase observed in homozygous mutants from
line 3707 is mediated by a truncated form of the endogenous
promoter confined to the 612-bp region 5' to the initiation codon
of the FADJ gene.

The ability of the insert from pf2a to complement the fatty
acid phenotype of the fad2-1 mutant confirmed the identity of
the cloned gene. Given the low transcript level associated with
the leaky fad2-5 phenotype, itis not surprising that all but orie
of the transgenic hairy-root cultures produced more than 60%
of the fevei of 18:2 plus 18:3 found in wild-type plants (Figure
2). At least two of the transgenic cultures exhibited slightly

higher proportions of 18:2 plus 18:3 and lower 18:1 than the -

wild-type control, suggesting the possibility that FAD2 overex-
pression can lead to more extensive desaturation of 18:1.
Howevar, the nearly complete (>90%) desaturation of 18:1 that
occurred in wild-type Arabidopsis root cultures limits our abil-
ity to detect additional synthesis of polyunsaturated fatty acids
as a result of FAD2 overexpression. We would anticipate that
the effects of overexpression might be more dramatic in plant
species that contain higher levels of 18:1.

In both root and shoot tissues of wild-type Arabidopsis, the
levels of FAD2 transcript appeared to be high, considering that
much lower transcript levels will support 50% of the desatu-
ration attributable to the endoplasmic reticulum 18:1 desaturase
in the wild type (Figure 3 and Table 1). This result suggests
that in wild-type plants, the FAD2 transcript may be present
severalfold in excess of the amount needed to account for 18:1
desaturase activity and that there may be considerable trans-
lational and post-translational control of expression. Because
the desaturation of 18:1 is the critical step in polyunsaturated
lipid synthesis, it is possible that this excess is maintained to
ensure that the enzyme activity is never limited by availabifity
of transcript. Such a concept is consistent with the observa-
tion that the level of FAD2 transcript does not increase following
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transfer to low temperatures even though the membrane fipids °

of Arabidopsis, like those of many plants, became more un-
saturated with decreasing temperature (Browse et al., 1986a).

FAD2 Sequence Shows Low Homology to Other Fatty
Acid Desaturases

The homologies between the open reading frame of FAD2 and
previously described desaturases are low at both the nucleo-
tide and protein levels. Comparisons of the predicted protein
sequences of eight different fatty acid desaturases are included
in Table 2. Only the comparisons with the Arabidopsis FAD3
and FAD7 (formerly FADD) sequences indicate moderate ho-
mologies (35 to 40% identity; 55 to 60% similarity}, whereas
the Brassica FAD6 homolog and cyanobacterial DesA se-
quences show weak homology (24% identity). As shown in
Table 2, the FAD2 sequence does not show any more homol-
ogy to the other membrane desaturase sequences than it does
to the very divergent, soluble enzyme that catalyzes the de-
saturation of 18:0-ACP.

The overall low identity in these comparisons expiains why
FAD3, FAD7, and other cDNAs failed to identify the FAD2 gene
when they were used as heterologous probes. A second
strategy that we and others employed in the search for FAD2
was to design oligonucleotide probes to a nine-amino acid
sequence (FVLUVGHDCGH; residues 97 to 105 in Arabidop-
sis FAD3) that is conserved between the higher plant 18:2
desaturases and the desA gene of Synechocystis strain PCC
6803 (Wada et al., 1990; Yadav et al., 1993). The correspond-
ing sequence in FAD2 (WVIAHECGH; residues 101 to 109) is
sufficiently divergent at the nucleotide level to preclude the
possibility of successfully using such oligonucieotide probes
to identify FAD2 cDNA clones.

A considerable difference between the FAD2 and FAD7
genes is also seen in the structures of the genomic clones.
The FAD7 gene contains seven introns that vary in length from
79 to 301 bp and that are all located within the coding sequence
(Iba et al., 1993). By contrast, the only intron in the FAD2

Table 2. Homology between the Deduced Amino Acid Sequences
of Fatty Acid Desaturases

Sequence Identity* Similarity*
% %
Arabidopsis FAD3 37.2 58.2
Arabidopsis FAD7 344 58.5
Brassica FAD6 homolog 24.3 48.6
Synechocystis Des A 23.8 50.5
Synechocystis A6 18.0 48.8
Brassica 18:0-ACP 19.1 41.7
Yeast-18:0-CoA 19.1 433
Rat-18:0-CoA 17.0 44 .8

* Comparisons aro with the FAD2 sequence employing the Gap pro-
gram of tho GCG package (Doveroux et al., 1984) using a gap weight

. of 3.0 and longth weight of 0.1.
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sequence is large (1134 bp) and located 5' to the openreading -
frame but still in the transcribed region of the gene. Unlike the
Arabidopsis FAD3 gene product but like the soybean and mung
bean FAD3 homologs (Yadav et al., 1993), the predicted se-
quence of the FAD2 protein lacks either of the lysine-rich,
carboxy-terminal motifs.that have been suggested to repre-
sent the retention signal for integral membrane proteins in the
endoplasmic reticulum (Jackson et al., 1990). The predicted
FAD2 protein also lacks a recognizable signal sequence for
targeting to the endoplasmic reticulum. This indicates that the
protein may insert into the membrane post-translationally as
does the rat 18:9 desaturase (Thiede et al., 1985).

Identification of Putative lron Binding Motifs

The fatty acid desaturases fall into a generali class of en-
zymes that contain iron that is not incorporated within a
heme prosthetic group (Heinz, 1993). Recently, spectroscopic
analysis has been used to demonstrate that the soluble 18:0-
acyl-carrier-protein (18:0-ACP) desaturase is a member of a
class of diiron-oxo proteins in which the two atoms of iron,
bridged by an oxygen, are coordinated into the protein by histi-
dine and carboxylic acid (aspartate and glutamate) residues-
(Fox et al., 1993). Because of the very close similarity between
the reactions catalyzed by the membrane-bound desaturases
and the desaturation of 18:0-ACP, it is reasonable to consider
the possibility that the integral membrane proteins also con-
tain a diiron-oxo reaction center, even though some data
suggest that the mammaiian membrane-bound 18:0-Co-
enzyme A desaturase may contain only one molecule of iron
per polypeptide (Strittmatter et al., 1974).

Two quite different coordination structures are known from
higher resolution x-ray crystallography of soluble' dilron-oxo
proteins. In the free radical protein of ribonucleotide reduc-
tase, the diiron cluster is ligated to two histidines and four acidic
amino acids (Nordlund et al., 1990). The primary sequence
of this protein contains two EXXH motifs (the critical residues
are on the same face of an a-helix) that provide four of these
six ligands. The same replicate EXXH motifs are present in
unrelated enzymes (including the 18:0-ACP desaturase) that
are recognized from thaeir spectroscopic characteristics
as diiron-oxo proteins (Fox et al., 1993). The structure of
hemerythrin (Stenkamp et ai., 1984) reveals a diifon cluster
that is ligated through five histidines and two acidic residues.
Three pairs of residues in the primary coordination sphere (H54
ES8, H73 H77, and H106 D111) are three or four residues apart
in the primary sequence, but the detailed structure of this ac-
tive site is quite distinct from that found in ribonucleotide
reductase (Nordlund et al., 1990). It should be noted that the
EXXH motifs are found in enzymes that catalyze reactions for
which high-valent iron-oxo structures have been proposed as
catalytic intermediates, whereas hemerythrin is an Oz bind-
ing protein with no catalytic capacity.

With these considerations in mind, we started our analysis
of the putative sequences of FAD2 and the other desaturases
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pting to identify possible iron binding motifs. Com-

ttem
by @ of the higher plant, membrane-bound daesaturases

parisons

FAD2. FAD3, FAD7 (Figure 5), and FAD6 (W. Hitz, personal .

communication) reveated sizable blocks of homology and
similarity but only relatively short stretches where there was
perfect agreement across all four sequences. Tha FAD?2 se-
quence contains only one EXXH motif (residues 106 to 109;
in the other plant desaturases this is present as DXXH) so that
the protein does not meet the criteria of a putative diiron-oxo
protein of the ribonucleotide reductase type. The other three
plant sequences each contain a second D/EXXH motif, but
these second copies are at very different positions in the vari-
ous proteins. This suggests that they are not likely to be part
of a conserved active site.

As a second stage of comparison, we assembled a total of
eigitt distinctly different sequences including the four higher
plant sequences together with the yeast OLE1 (Stukey et al.,
1990), Synechocystis A6 and A12 (Wada et al., 1990; Reddy
et al., 1993), and the rat 18:0-CoA (Thiede et al., 1986)
desaturases. The wide evolutionary and biochemical diver-
gence represented by these eight sequences allowed the
overall homology to degenerate to a point at which it was pos-
sible to identify just three regions of strong conservation among
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Figure 5. Comparison of the Deduced Amino Acid Sequences of Three
Arabidopsis Fatty Acid Desaturases.

Identical and similar residues are shown on backgrounds of black and
gray, respactively. The FAD3 gene ancodes the endoplasmic reticu-
lum 18:2 desaturase; the FAD7 gene (previously FADD) encodes a
chloroplast 18:2 desaturase.

these intogral membrane desaturases. The most strongly con-
sarved motit is represented in FAD2 by WKYSHRRHH
(residues 137 to 145). The tryptophan and ail three histidine
rasidues are present with the same spacing in alf eight se-
quences, except thatin the Synechocystis A12 desaturase, the
spacing in the HXXHH box is increased by one residue
(WRYRHNYLHH; residues 119 to 128) (Reddy et al., 1993).
Interestingly, the tryptophan and the second histidine (with the
same spacing as FAD2) are present in the two soluble plant
acyl-ACP desaturases (Shankfin and Somervifie, 1991; Cahoon
et al., 1992) where the histidine is a critical residue in one-haif
of the proposed iron binding site {Fox et al., 1993).

The HXXHH motif is repeated toward the carboxy terminus
of each sequence (in FAD2 as HVAHHLFS, residues 315 to
322). Again, all three histidine residues and the spacing are
conserved in all eight membrane desaturases, except that the
Synechocystls A12 desaturase once again has one extra resi-
due in the spacing (HQVTHHLFP, residues 302 to 310). Finally,
the FAD2 sequence HECGHHSF (residues 105 to 112) showed
conservation of the first two histidines in all the higher plant
and cyanobacterial enzymes as well as aspartate (glutamate
in FAD?2) as the second residue. [n both the yeast and rat se-
quences, the spacing between the two histidines in this region
is increased (HRLWSH in both), and there is no D/EXXH se-
quence present.

As discussed above, we failed to identify conserved, paired
D/EXXH motifs within the eight sequencas that were compared.
Itis possible that the positioning of the motifs varies between
the different enzymaes for functional reasons and/or that the
ligands required to coordinate a diiron cluster are recruited
from distinct individual sites throughout each protein sequence.
However, the large number of highly conserved histidines
among the blocks of homology that were identified suggest
that if the membrane desaturases are diiron-oxo proteins, then
a histidine-rich primary coordination shell for the iron cluster
should be considered as a possibility, even though such a struc-
ture has, to date, only been identified in a protein that does
not have a catalytic function. Alternatively, the membrane-
bound desaturases may not be diiron-oxo proteins and the con-
served histidine motifs may represent a different type of iron
binding site. Of the three histidine-rich matifs that we have iden-
tified, the second and third in the protein sequence show the
greatest degree of conservation. The spacing would place all
three histidines on the same face of an a-helix (except for the
Synechocystis A12 desaturase), although there is no evidence
that the proteins are helical in these regions.

The Problem of Getting the Substrate Acyl Chain to
the Active Site

The hydropathy profile calculated for the predicted FAD2 pro-
tein and displayed in Figure 6 is similar in several respects
to those of other membrane-bound desaturases (Stukey et al.,
1990; Wada et al., 1990; Reddy et al., 1993; €. Lark and J.
Browsse, unpublished data). Two long stretches (>45 residues

e~ ———
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Figure 6. Hydropathy Plot of the Arabidopsis FAD2 Sequence.

The plot was made according to the method of Kyte and Doolittle
(Devereux et al., 1984). Six candidate membrane-spanning sequences
are numbered. The short lines indicate regions corresponding to the
three histidine-rich saquences that show homology to ather membrané-
bound desaturases.

each) of hydrophobic residues are present (55 to 107 and 228
to 273 in FAD2) together with shorter hydrophobic sequences
near the center of the molecule.

From comparisons of the yeast and rat proteins, Stukey et
al. (1990) proposed a model in which the long hydrophobic
sequences form two membrane-traversing loops, each com-
prised of two membrane-spanning, a-helical segments. In this
structure, the bulk of the protein (240 of 334 residues for the
rat 18:0-CoA desaturase) Is on the cytosolic side of the
endoplasmic reticuium membrane. However, in the FAD2
hydropathy profile, there are two additional -hydrophobic
stretches that are very good candidates for single-pass
membrane-spanning segments (regions 3 and 4 in Figure 6).

- The hydropathy plots of other plant desaturases also show one
or more potential (single-pass) membrane-spanning se-
quencess in addition to the proposed loops (data not presented).
One of these (region 3 shown in Figure 6) corresponds to a
comparable peak in the profiles of the predicted yeast and rat
proteins (Stukey et al., 1990). However, acceptance of all six
potential membrane-spanning regions in the FAD2 structure
would make it impossible to orient all the conserved histidine-
containing motifs on the cytosolic side of the membrane. The
most highly conserved motif (residues 137 to 145) would al-
ways be on the side of the membrane away from the other
two. One possible explanation that would retain the proposed
ratlyeast structure for the plant and cyanobacterial enzymes
is that the additional hydrophobic regions are involved in other
aspects of protein structural determination or interaction with
the substrate membrane lipids. Potentially, it will be possible
to resolve these questions for one or more of the desaturase
proteins using direct measurements of membrane topology
(Jennings, 1989).

Regardless of the actual topology of the 18:1 desaturase,
it is cloar from Figure 6 that all the putative active site histidines
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are located in relatively hydrophilic regions of the protein. Pre-
sumably, such exposed locations would facilitate interactions
of the active site with cytochrome bg (the immediate electron
donor to the desaturase) on the cytopiasmic surface of the
membrane (Heinz, 1993). However, the enzyme will use the
two electrons from cytochrome bg to abstract two hydrogens
of an 18:1 acyl chain that are on carbons 12 and 13 and, thus,
normally 25 Aor so below the membrane surface. Moving the
electrons through the protein toward the center of the bilayer
and drawing a glycerolipid molecule out of the membrane to
effect desaturation are both energetically challenging options,
although a precedent for partial removal of a glycerolipid sub-
strate from the bilayer is well established in the case of
phospholipase A, enzymes (Scott et al., 1990). The most
straightforward explanation for this apparent conflict may lie
in the extremely dynamic nature of the membranes’ fatty acid
core (Venable et al., 1993). The flexibility of the acyl chains
allows the C12-C13 region of the desaturase substrate (where
the double bond is to be placed) a small but significant proba-
‘bility of being located close to the membrane surface at any
given time. The rate of oleate turnover by desaturation in
Arabidopsis and other higher plants is slow, with a half-time,
calculated from in vivo labeling experiments (Miquel and
Browse, 1992), of 2 to 4 hr. Consequently, the frequency with
which the C12-C13 region of any particular 18:1 acyl chain
would be located close to the membrane surface might not
fimit the rate of desaturation (Heinz, 1993).

Conclusion

~ The cloning of the Arabidopsis FAD2 gene and the unusual
structure and expression pattern of the fad2-5 insertional al-
lele have provided information on the molecular-genetic control
of the 18:1 desaturation step carried out by the product of the
FAD2 gene. Sequence analysis of the predicted FAD2 protein
and other membrane-bound fatty acid desaturases has per-
mitted useful speculation about the structure and location of
a putative active site. In addition, the availability of genes en-
coding the endoplasmic reticulum 18:1 and 18:2 desaturases
(Arondel et al., 1992; Yadav et al., 1993) should now permit
the manipulation of tissue fatty acid compositions through over-
expression and the use of antisense techniques. Such
approaches will contribute to our understanding of how mem-
brane lipid composition affects plant function and may lead
to the useful manipulation of seed storage lipids to produce
modified vegetable oils.

METHODS

Screening .of the Arabidopsis T-DNA Population

Approximately 30 plants from each of 1800 fines in a population of
Arabidopsis thaliana (ecotype Wassilewskija) that were transformed
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with a modifiod T-ONA (Feldmann and Marks, 1987) woro grown in
3.in-diamotor pots in controliéd environmont chambers. Ton loaves
(each fram a diffarent plant) were harvested from a pot and pooled
for analysis (Browso et ai., 1986b) to provide a single, avarage fatty
acid composition for each sogragating line. Once line 658 had boon
identified as segregating for increased 18:1, homoZygous mutant segre-
gants of this line were usod in reciprocal crosses with plants containing
the fatty acid desaturation 2-1 (lad2-1) allele (Lemieux et al., 1990; Miquel
and Browse, 1992) and the F, progeny anaiyzed for fatty acid com-
position. The fad2-1 allele is derived from the Columbia ecotype.
Howaver, wild-type plants of Columbia and Wassilewskija exhiblt very
similar leaf fatty acid compositions so that comparisons of mutants
in these two genetic backgrounds are entirely valid.

Two markers wero used to follow segregation of the T-DNA inserts.
Activity of the nopaline synthase gene was determined by assaying
tor the presence or absence of nopaline In extracts of single leaves
using the method of Errampalli et al. (1991). Activity of the neomycin
phosphotransferase ll gene was determined by germinating seeds on
agar medium containing S0 ug/mL kanamycin (Feldmann et al., 1989).
The derivative line, 658-75, was identified as the T, progeny of a sin-
gle T, plant that was segregating for the fatty acid phenotype and for
a single kanamycin resistance locus.

Isolation of a T-DNA-Pfant ONA Junction Fragment

Genomic ONA was prepared from leaves of homozygous mutant indi-
viduals of the 658-75 line by the method of Rogers and Bendich (1985).
A sample (1.5 pug) of this DNA was digested in a 50-uL volume with

9 units of BamH| (Bethesda Research Laboratories) according to the
manufacturer's instructions. Following purification by phenol extrac-
tion and ethanol precipitation, the digested ONA was resuspended
at 2.5 pg/mL In a ligation buffer containing 50 mM Tris-HC!, pH 80,
10 mM MgCl,, 10 mM dithlothreitol, 1 mM ATP and 4 units of T4 DNA
ligase and incubated for 16 hr at 16°C. Competent cells (Bathesda Re-
search Laboratories) were transfected with 10 ng of ligated ONA per
100 uL. according to the manufacturer’s specifications. Transformants
were selacted on Luria-Bertani plates (10 g Bacto Tryptone, 5 g Bacto
yeast extract 5 g NaCl, 15 g agar per liter, pH 7.4) containing 100 ug/mL
ampicillin. After overnight incubation at 37°C, the plates were scored
for ampicillin-resistant colonies.

A single, ampicillin-resistant colony was used to start an overnight
culture in Luria-Bertani medium containing 25 mg/L ampicillin, Plas-
mid DNA (rom pTF658 was isofaled from harvested cells by an alkaline
lysis method (Ausubel et al., 1991) to provide DNA for restriction anal-
ysis and for the synthesis of labeled probes. The 1.6-kb EcoRI-BamHI
fragment from the pTF658 plasmid was also subcloned into the
pBluescript SK~ vector (Stratagene) as pSI658.

Isolation ot cONA and Genomic Clones Corresponding to the
FAD2 Gene

The EcoRI-BamH! (ragmaent from ptasmid pTF-658 was puritied and
“iabetad with a-32P-dCTP using a random priming kit (Bethesda Re-
soarch Laboratorias) according to the manufacturar's recommendations.
Approximatoly 17000 plaques of an Arabidopsis cONA library in the
AYES vector (Eliedgo et al., 1991) were screened essentially as de-
scribed by Ausubal ot al. (1991). Fiftean positively hybridizing ptaques

woro idontifiod, and live of thoso were subjoctod to plaquo purifica-
tion. The cONA clonos woro convortod 0 plasmids by incubation in

+ Escharichia coli BNN-132 calls (Ellodgo ot al., 1991), and ampicillin-

rosistant plasmid clones were grown and usad as a source of plasmid
DNA as doscribod above. Four cONA clones (pF2a, pF2b, pF2¢, and
pF2d) that ware confirmed as hybridizing to the EcoRI-BamH| frag-
ment from pTF-658 wore subjected to restriction analysis and partial
sequencing. Because the four cONAs contained sequences in com-
mon, the longest cONA clone pf2a (1.4 kb) was sequenced In both
diractions using a ONA polymerase (Sequenase T7; U.S. Biochemi-
cal Corp.) according to the manufacturer's instructions, and primers
were designed from newly acquired sequences as the experiment
progressed. .

The pF2b cDNA insert was used as a radiolabeled probe to screen
an Arabidopsis genomic DNA library (Yadav et al., 1993). ONA from
several pure, strongly hybridizing phage were analyzed by gel blot hy-
bridization to the cONA probe to identify a 6-kb Hindlll Insert fragment
that contained the entire coding region of the gene. This fragment was
subcioned into the pBlugscript SK- vector and partially sequenced
as described above. Analysis of the predicted protein sequences of
FAD2 and other desaturase gene products was performed using the
GCG sequence analysis software package (Devereux et al., 1984).

Plant Transformation

The 1.4-kb cONA fragment of pF2a was subcloned into the EcoRl site
of the binary vector pGA748 (kindly supplied by G. An, Washington
State University, Pullman). This vector contains the caulifiower mo-
saic virus 35S promotar, the nopaline synthase 3’ terminator saquenca,
and the NPTIf gene that confers kanamycin resistance (An et al., 1988).
A vector construct (pGA-Fad2), cloned In E. coli and identified as be-
Ing correctly inserted in the sense orientation by restriction enzyme
analysis, was transformed into Agrobactenum tumefaciens R1000 (a
CS58 strain carrying the Ri plasmid) using the freeze—thaw method
(Holsters et al., 1978) to produce strain R1000/pGA-Fad2. This strain
and a corresponding control (no insert) were used to transform fad2-1
and wild-type Arabidopsis using a stem-transformation protocol (Arondel
et al., 1992).

Measuring Levels ot FAD2 Transcript

Shoot material of wildtype, /ad2-1, and fad2-5 Arabidopsis plants was
harvested from plants as the first flowers were opening. Root material
was harvested from 2-week-old plants grown in liquid culture (Miquel
and Browse, 1992). For the chilling experiment, plants were grown at
22°C, 100 to 120 umol quanta m? sec™* constant light and 60 to 70%
relative humidity for 17 days before transfer to 6°C with the same fight
and humidity. Samples of shoot material were taken at intervals after
transfer and from control plants left at 22°C. Harvested plant tissue
was rapidly frozen in liquid nitrogen and the RNA extracted from it
by a phenol-SDS method (Ausubel et al., 1991). In the separations
shown here, 10 ug of total RNA was fractionated by electrophoresis
on 1.2% (w/v) agarose 2.2 M formaldehyde gels and blotted onto
nitroceliulose membranes (Schleicher & Schuell). The blots were
probad sequentially with 32P-labeled probaes {rom the cONA Insert of
pF2a and from the Arabidopsis 28S rRNA gane as described by Ausubel
et al. (1991).
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Identification of DNA sequences
required for activity of the
cauliflower mosaic virus 35S promoter

Joan T. Odell, Ferenc Nagy & Nam-Hai Chua

Laboratory of Plant Molecular Biology, The Rockefeller University,
1230 York Avenue, New York, New York 10021-6399, USA

Although promoter regions for many plant nuclear genes have
been sequenced, identification of the active promoter sequence has
been carried out only for the octopine syuthsse promoter’. That
analysis was of callus tissue and made use of an enzyme assay.
We have analysed the effects of 5’ deletions In a plant viral
promoter in tobacco callus as well as in regenerated plants, laclud-
ing different plant tissues. We assayed the RNA traascription
product which allows a more direct assessment of deletlon effects.
The caulifiower mosaic virus (CaMYV) 35S promoter provides a
model plant nuclear promoter system, as its double-strand DNA
genome is transcribed by host nuclear RNA polymerase 1l from
a CaMV minichromosome?. Sequences extending to —46 were
sufficient for accurate transcription initiation whereas the region
between —46 and —105 increased greatly the level of transcription.
The 35S promoter showed no tissue-specificity of expression.
The 35S promoter region was isolated as a BglII fragment
extending from —941 to +208 with respect to the transcription
start site mapped for the 35S RNA found in CaMV-infected
turnip leaves’. The polyadenylation site for the 19S and 358
CaMYV transcripts located at +180 (ref. 3) was deleted, as
described in Fig. | legend, to eliminate any possible processing
signalsin the promoter fragment. A 3’ deleted promoter fragment
extending to +9 was deleted at its 5’ end (see Fig. 1) and
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Fig. 1 Construction of 35S promoter region fragments. A 1.15-kb

Bgl11 fragment was subcioned from pCS101, a clone containing
the entire Cabb-S CaMV genome’, into the BamHI site of pUCI13.
The resulting plasmid was lincarized at the Sall site in the pUCI3
polylinker next to the 3' end of the promoter fragment, digested
with Bal31 exonuclease'!, ligated to Hindl11l linkers and recircular-
ized. Clones were analysed for the extent of 3’ deletion by polyacry-
lamide gel sizing of the Accl/Hindlll fragments and finally by
dideoxy sequencing'? of subciones in pUC using the universal
primer. The plasmid containing a 3’ deletion fragment with the
Hindl1ll linker at +9 was linearized with Accl (site at -391),
digested with Bai3{ exonuclease, ligated to Clal linkers and recir-
culanized. Clones were analysed for the extent of §' deletion by
polyacrylamide gel sizing of the Clal/ Hindl1I fragment, foliowed
by dideoxy sequencing of subclones in pUC using either the.
universal primer or primer generation by exonuclease 111 diges-
timnald Akava s tha cantenns af the — 106 th =74 rroinn af the 35S

fragments extending to —343, —168, —105 and —46 were chosen
for analysis. .

An abbreviated human growth hormone gene (hgh)* was
added as a test gene downstream to the 35S promoter deletion
fragments. Information on plant cell recognition of animal gene
splice and 3‘ polyadenylation signals obtained from analysis of
hgh RNA transcribed in transformed plant cells will be presen-
ted elsewhere (A. Hunt, N. Chu, J.T.O,, F.N. and N.-H.C,, in
preparation). The 35S promoter-hgh chimaeric gene was inser-
ted in the pMONI178 tumour-inducing (Ti)-plasmid vector, a
derivative of pMONI120 (ref. S). Included in this vector is the
nopaline synthase (NOS) promoter placed §' to the neomycin
phosphotransferase-II (npt-11) coding region (NOS promoter-
npe-11 gene), which is co-transferred with the 35S promoter-hgh
gene into the tobacco genome and provides an internal standard
for comparison of the activities from different 35S promoter

deletion fragments.

Following tri-parental matings®®, Agrobacterium tumefaciens
containing both chimaeric genes was used to infect SRI
Nicotiana tabacum cells by wounding® and co-cultivation®”.
Calli obtained by wounding were selected for kanamycin resist-
ance (50 wgmi™') and hormone independence. Plants were
regenerated from co-culture with selection for kanamycin resist-
ance, making use of the short transfer property of the split-end
vector system® which eliminates the T-DNA tumour genes.

Southern blots of DNA extracted from transformed calli (Fig.
2) showed the expected 1.58-kilobase (kb) EcoRI fragment
containing the NOS promoter-npt-I1 gene and a 1.7-2.0-kb
EcoRI fragment containing the 35S promoter-hgh gene, the size
depending on the length of the specific promoter deletion frag-
ment involved, indicating that no rearrangements had occurred
in these two genes. Comparison with reconstructions of gene
copy numbers in lanes 5-7 indicate that the copy number of
these two genes varies between different transformed calli, but

Fig. 2 Southern blot analysis of DNA from ransformed tobacco
calli. DNA was prepared, digested with EcoRl, electrophoresed
on 2 0.7% agarose gel and biotted onto a nitrocellulose filter'®. A
plasmid constructed to serve as the hybridization probe contains
a BamHl/Smal hgh gene fragment and a BamH1/ Bgill npt-11
gene fragment cloned into pUC12 (GH-Neo24). The plasmid was
nick translated '* and hybridized to the Southern blot by the method
of Thomashow er al.'’. The following samples contain 15 ug of
calli DNA transformed with: lane |, -343 35S promoter-hgh: lane
2, - 168 355 promoter-hgh: lane 3, -105, 35S promoter-hgh: lane
4, -46 35S promoter-hgh. Reconstructions of the NOS promoter-
npt-11 gene and )5S promoter-hgh gene copy numbers contain
15 ug of control untransformed plant DNA mixed with different
amounts of the pMON 178 plasmid containing the —105 35S pro-
moter-hgh gene: lane 5, 17 pg = | copy: lane 6, 85pg =3 copie}:
lane 7, 170 pg = 10 copies. The bands near the top of the filter in
lanes 1-4 result from hybridization of the pBR322 sequences in
the GGH-Nen24 orobe plasmid to pBR322 sequences in the




that there is an equal number of the two genes in each callus,
supporting the assumption that the two genes are co-transferred
into the tobacco genome. Thus, the NOS promoter-npe-11 gene
provides a control for variables inherent in the transformation
system including copy number and integration site.

Northern blots of poly(A)* RNA from transformed calli
carrying each of the 35S promoter deletions showed the expected
npe-11 transcript and also a 2.3-kb transcript that contains hgh
sequences (Fig. 3). The 355 promoter is responsible for transcrip-
tion of the hgh RNA, as S, protection experiments indicate that
the 5’ end of this RNA maps to the normal 35§ transcription
start site (Fig. 4). All the deleted promoters initiate transcription
atthe same site (data not shown). To compare the transcriptional
activities of the different deletions, the ratio of hgh to npt-11
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Fig. 3 Northern blot analysis of transformed tobacco calli tran-
scripts. RNA was prepared from calli using guanidinium thiocyan-
ate as a protein denaturant'® and polyadenylated RNA was isolated
by chromatography on poly(U)-Sepharose'®. RNA samples were
denatured with giyoxal, electrophoresed on a 1% agarose gel and
transferred to nitrocellulose filters®®. The filters were hybridized
with nick-translated probes'® for 40 h in 50% formamide, §x SSC,
2x Denhardt’s, 20 mM sodium phosphate, 0.1% SDS and 100 ug
mi~' denatured DNA. Filters were then washed in 2xSSC,
0.1% SDS at 23 °C followed by 0.1x SSC, 0.1% SDS at $5 *C for
I h. a, Purified DNA fragments from the npt-11 (BamH |1/ Hind111)
and hgh (BamHI/Smal) genes labelled with approximately equal
-specific activities (10* c.p.m. ug™') were hybridized to a filter con-
taining 0.5-2ug poly(A)* RNA from call transformed with:
lane I, control pMON vector: lane 2, —46 35S promoter-hgh:
lane 3, ~105 35S promoter-hgh; lane 4, ~168 35S promoter-hgh
lane 5, 343 35S promoter-hgh. b, Purified apt-11 and hgh frag.
ments were labelled so that the specific activity of the npr-11
fragment was approximately 10-fold lower than that of the hgh
fragment. Hybridization was to 2 ug poly(A)* RNA (rom call
transformed with: lane 1, —46 35S promoter-hgh; lane 2, ~10$
35S promoter-hgh. ¢, The GH-Neo24 plasmid described in Fig. 2
legend was used as the probe. Each RNA preparation was made
from a pool of severat plants derived from different transformation
events, but carrying the same 35S promoter deletion fragment. Gel
samples contain ~2 ug poly(A)*RNA from: lanes t-4, RNA from
different pants of plants transformed with - 168 35§ promoter-hgh ;
lane I, roots: lane 2, petals: tane 3, stems: lane 4, leaves: lealf RNA
from plants transformed with: lane 5. =343 358 promoter-hgh;
lane 6, - 168 35S promoter-hgh: lane 7, —105 355 promoter-hgh ;
lane 8, -46 35S promoter-hoh

transcripts was determined for each RNA sample. By qu;ntitat-
ing silver grains eluted from bands on X-ray films®, the hgh/ npt-
Il ratios were: —46, 0.16/1:; ~-105, 0.9/1: ~168, 2.6/1; -343,
3.1/1. The hgh/ npt-11 ratio is the same for different RNA prepar-
ations from calli transformed with the same deletion fragment
(data not shown). The —46 promoter fragment has an approxi-
mately 20-fold lower transcription level than the —343 fragment,
whereas the —105 fragment has a 3-fold decrease and the ~168
fragment has no significant decrease in activity. We also found
that the ~343 fragment and a~941 fragment have no significant
difference in promoter activity (data not shown).

Regenerated transformed tobacco plants contain one to two
copies per genome of the NOS promoter~npt-II and 35S pro.
moter-hgh genes, determined by Southern blots (data not
shown). This low copy number in plants, compared with the
high copy numbers in calli (Fig. 2), could be explained by the
transformation procedure (co-cultivation versus wounding) or
by the type of T-DNA transfer event involved (short verus long).
Northern blots show that leaves of plants transformed with each
of the four 35S promoter deletions contain the same 2.3-kb hgh
RNA found in transformed calli (Fig. 3¢). By §, analysis the 5’

a
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Fig. 4 a, S, nuclease mapping?' of the 5’ end of the hgh transcr'ipt
to the CaMV sequence. Total RNA (10 ng) from callus carrying
the —168 35S promoter-hgh gene construction was hybridized to
the probe diagrammed in & in 80% formamide at 37 °C. Samples
were digested in 100 ul with the following amounts of S, nuclease:
lane 1, 12.5U; lane 2, 25 U; lane 3, 50 U. The sazme probe was
sequenced using the Maxam and Gilbert technique: lane 4, A +G
reaction: lane S, T+ C reaction. All samples were clectrophorescg
on an 8% polyacrylamide/7 M urea gel. The DNA sequence

surrounding the hgh RNA $° end is shown to the right. b, Diagram
of S, probe and region protected by hgh RNA. A Clal/Avall
DNA fragment extending from the 5° border of the 35S promoter
fragment and into the §' leader region of the hgh transcript was
5" end-labelled and strand separated on a polyacrylamide gel.
Between the probe’s labelled Avall end and the §° end of the Agh




end of this leaf hgh RNA was found to be identical to that of
the callus hgh RNA (data notshown). The effects of the deletions
on promoter activity in transformed plant leaves (Fig. 3¢) closely
resemble results described for the transformed calli. The 35S
promoter was also active in roots, petals and stems of trans-
formed plants (Fig. 3¢), with deletions having no specific effects
on tissue expression (data not shown). The ratio of hAgh/ npt- 1
transcripts is constant in the different tissues. Both transcripts
appear reduced in the root RNA preparation, but this could be
due to varying amounts of ribosomal RNA contamination in
the polyadenylated RNA preparations.

Here, we have shown that although the normal host range of
CaMV is limited to members of the Cruciferae, the 35S promoter
is active when isolated as a fragment from the viral genome and
integrated into the tobacco genome. Thus, accurate transcription
from the 35S promoter does not depend on any trans-acting
viral gene products. The ability to regenerate tobacco plants
from transformed protoplasts has allowed us to demonstrate
that the 35S promoter is expressed in leaves, stems, roots and
petals.

Promoter deletion analysis in transformed calli and plants
showed that a —46 fragment, which does contain a TATA-box
sequence (see Fig. 1), produces a low level of correctly initiated
transcripts. The region between —46 and ~10S5 which greatly
increases the level of transcription contains a CAAT-box
sequence, an inverted repeat region and a sequence resembling
the consensus core for enhancers in animal systems
(GTGGHAG) (ref. 10; see Fig. ). We are investigating whether
one or more of these features plays a substantial role in increas-
ing the level of 35S promoter activity or could act to increase

transcription from a foreign promoter.
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Soybean Seed Protein Genes Are Regulated Spatially
during Embryogenesis '

Luis Perez-Grau and Robert B. Goldberg'
Department of Biology, University of California, Los Angeles, California 90024-1606

We used in situ hybridization to investigate Kunitz trypsin inhibitor gene expression programs at the cell levei in
soybean embryos and in transtormed tobacco seeds. The major Kunitz trypsin inhibitor mMRNA, designated as KTi3,
is first detectabie in a specific globular stage embryo region, and then becomes localized within the axis of heart,
cotyledon, and maturation stage embryos. By contrast, a related Kunitz trypsin inhibitor mRNA class, designated
as KTi1/2, is not detectable during early embryogenesis. Nor is the KTi1/2 mRNA detectable in the axis at later
developmental stages. Outer perimeter cells of each cotyledon accumulate both KTi1/2 and KTi3 mRNAs early in
maturation. These mRNAs accumulate progressively from the outside to inside of each cotyledon in a “wave-like”
pattern as embryogenesis proceeds. A similar KTi3 mRNA localization pattern is observed in soybean somatic
embryos and in transformed tobacco seeds. An unrelated mRNA, encoding 8-conglycinin storage protein, also
accumulates in a wave-like pattern during soybean embryogenesis. Our results indicate that cell-specific differences
in seed protein gene expression programs are established early in development, and that seed protein mRNAs
accumulate in a precise cellular pattern during seed maturation. We also show that seed protein gene expression
patterns are conserved at the cell level in embryos of distantly related plants, and that these patterns are established

in the absence of non-embryonic tissues.

INTRODUCTION

Seed proteins are encoded by a diverse gene set that is
highly regulated duning the plant life cycle (Goldberg, Bar-
ker, and Perez-Grau, 1989). Seed protein genes are reg-
ulated temporally during embryogenesis, are either re-
pressed or active at low levels in the mature plant, and are
often expressed at different levels in the cotyledon and
axis (Goldberg et al., 1981a; Meinke, Chen, and Beachy,
1981; Ladin et al., 1987; Goldberg et al., 1989). Both
transcnptional and post-transcriptional processes have
been shown to regulate seed protein gene expression
(walling, Drews, and Goidberg, 1986; Goldberg et al.,
1989). Gene transfer expenments have identified regions
5’ to several seed protein genes that are responsible, in
part, for their developmental-specific expression pro-
grams (Chen, Schuler, and Beachy, 1986; Chen, Pan,
and Beachy, 1988; Bustos et al., 1989; Chen et al., 1989;
Goldberg et al., 1989; Jordano, Almoguera, and Thomas,
1989). In some cases, these regulatory regions have
been shown to interact with DNA binding proteins that
may play a role in seed protein gene transcription (Jofuku,
Okamuro, and Goldberg, 1987; Allen et al., 1989; Bustos
et al., 1989; Jordano et al., 1989; Riggs. Voelker, and
Chrispeels, 1989).

' To whom correspondence should be addressed.

In the accompanying paper (Jofuku and Goldberg,
1989), we showed that Kunitz trypsin inhibitor genes are
expressed differentially during the soybean life cycle and
in transformed tobacco plants. Individual members of the
Kunitz trypsin inhibitor gene family have distinct qualitative
and quantitative expression programs, suggesting that
each gene has a unique cis-element combination that
targets its activity to a specific differentiated state (Jofuku
and Goldberg, 1989). A major unresolved question is how
Kunitz trypsin inhibitor genes, and other seed protein
genes, are regulated with respect to cell type during em-
bryogenesis. That is, how do differentiation events that
result in specific embryo cell types correlate with proc-
esses that lead to the accumulation of individual seed
protein mMRNAs?

In this study, we investigated the cellular expression
programs of two Kunitz trypsin inhibitor gene classes,
designated as KTi1/2 and KTi3 (Jofuku and Goldberg,
1989; Jofuku, Schipper, and Goldberg, 1989), and com-
pared these programs with those of the B-conglycinin
storage protein gene family (Barker, Harada, and Gold-
berg, 1988; Chen et al., 1988; Chen et al., 1989; Harada,
Barker, and Goldberg, 1989). Our results show that seed
protein genes are highly regulated with respect to cell type
in both zygotic and somatic embryos, that seed protein
mRNAs accumulate in a “wave-like" pattern during embry-
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ogenesis, and that similar events occur during the devel-
opment of transformed tobacco seeds. We conclude that
embryo cells become committed to express specific seed
protein genes early in embryogenesis, that the seed protein
mRNA localization patterns are conserved between dis-
tantly related plant species, and that these patterns can
occur in the absence of surrounding non-embryonic seed
tissue.

RESULTS

Kunitz Trypsin Inhibitor mRNA Is Present Early in
Embryogenesis

in the accompanying paper (Jofuku and Goldberg, 1989),
we described the general expression programs for two
Kunitz trypsin inhibitor gene classes, designated as KTi1/2
and KTi3. The KTi1 and KTi2 genes are almost identicat
to one another, direct the synthesis of mMRNAs that accu-
mutate to different levels during embryogenesis, and prob-
ably encode proteins lacking trypsin inhibitor activity (Jo-
fuku and Goldberg, 1989). By contrast, the KTi3 gene is
only 80% similar to the KTi1 and KTi2 genes at the
nucleotide level, is expressed at a higher level during
embryogenesis, and encodes the major Kunitz trypsin
inhibitor protein present in soybean seeds (Jofuku and
Goldberg, 1989; Jofuku et al., 1989). All three Kunitz
trypsin inhibitor genes are expressed at low levels in
mature plant organ systems; however, the KTi1/2 and
KTi3 gene expression patterns diﬂ‘ier (Jofuku and Gold-

e berg, 1989).

We hybridized KTi1 and KTi3 anti-mRNA probes (see
Methods) in situ with seed sections containing globular,
heart, and cotyledon stage embryos. The KTi1 anti-mRNA
probe will hybridize with both-KTi1 and KTi2 mRNAs under
the in situ RNA/RNA hybridization conditions used (Cox
and Goldberg, 1988; G. de Paiva and R.B. Goldberg,
unpublished results). By contrast, the KTi3 anti-mRNA
probe will hybridize only with KTi3 mRNA (G. de Paiva and
R.B. Goldberg, unpublished results). Together, these
probes measure the distnbution of KTi1/2 and KTi3 mRNA
moiecules in developing seeds.

Figures 1A to 1D show bright-fieild photographs of lon-
gitudinal seed sections (see Methods) containing embryos
in the initial stages of development. Figure 1A shows the
structure of a soybean seed shortly after fertilization. A
500-cell globular stage embryo (E), shown at a higher
magnification in Figure 1B, is surrounded by non-embry-
onic endosperm tissue (En) and seed coat tissue (SC).
Both the micropyle (M) and hilum (H) seed coat regions
can be distinguished at this developmental stage. Figure
1C shows that embryo cells are morphologically similar
untit the heart stage, when polanzation into the cotyledons

{C) and axis (A) occurs. As shown in Figure 1D, the
cotyledons and axis become more prominent at the coty-
ledon stage, or period of rapid cell division (Goldberg et
al., 1981b; Goldberg et al., 1989), and protoderm tissue
(P), ground meristem tissue (G), and pre-vascular tissue
(V) can be visualized in both embryonic organ systems.

Figures 1E to 1G show that the KTi1/2 anti-mRNA probe
did not produce hybndization grains over background lev-
els with RNA present in the globular stage embryo (Figure
1E), heart stage embryo (Figure 1F), or cotyledon stage
embryo (Figure 1G). Nor were there grains above back-
ground within non-embryonic endosperm or seed coat
tissue. By contrast, Figure 1H shows that the KTi3 anti-
mRNA probe hybridized intensely with RNA in celis at the
micropylar end of the globular stage embryo, producing a
polanzed pattem. As seen in Figures 1} and 1J, the KTi3
anti-mRNA probe also hybridized with RNA present within
the axis of heart stage and cotyledon stage embryos, but
did not hybridize detectably with RNA present within the
cotyledon. Hybridization grains were visualized only over
axis ground mernistem regions, indicating that KTi3 mRNA
was localized specifically within this tissue early in
development.

We hybridized *H-poly(l) with the seed sections con-
taining globular and cotyledon stage embryos to localize
the distribution of total poly(A) RNA molecules during early
deveiopment. As seen in Figures 1K and 1L, hybridization
grains appeared over the embryo, endosperm, and seed
coat regions. By contrast with the results obtained with
the KTi3 anti-mRNA probe (Figures 1H and 1J), the distn-
bution of grains was uniform throughout each embryo
(Figures 1K and 1L). Together, our data show that the
KTi1/2 and KTi3 mRNAs accumulate differentially during
early seed deveiopment, that giobular embryo cells des-
tined to form part of the axis accumulate KTi3 mRNA, and
that KTi3 mRNA is localized only within axis ground mer-
istem cells early in embryoggpesis.

Kunitz Trypsin Inhibitor mRNAs Do not Accumulate
Simultaneously in All Embryo Cells during Maturation

We hybridized the KTi1/2 and KTi3 anti-mRNA probes in
situ with seed sections containing maturation stage em-
bryos to localize Kunitz trypsin inhibitor molecules at later
developmental stages. Figures 2A to 2E show bright-fieid
photographs of transverse seed sections (see Methods)
containing maturation stage embryos. Two prominent co-
tyledons (C) can be visualized that are surrounded by
endosperm tissue (En) and seed coat tissue (SC). Within
each cotyledon, storage parenchyma cells can be distin-
guished from the more darkly stained vascular tissue (V).
As maturation progresses, the cotyledons enlarge by cell
expansion (Goldberg et al., 1981b; Goidberg et al., 1989)
and fill the entire seed cavity (Figures 2A to 2D).
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The KTi3 Kunitz Trypsin inhibitor mMRNA Accumuiates in
a Wave-Like Pattern

Figure 2F shows that the KTi3 anti-mRNA probe hybridized
intensely with RNA present within the cotyiedons of em-
bryos at 25 days after flowering (DAF). As seen in Figure
2F, KTi3 mRNA was localized primarily within cells along
the outer edge of each cotyledon, and the hybridization
grains were uniformly distributed along the periphery. No
hybridization grains above those produced with the KTi3
mRNA control probe (Figure 20) were visualized within
inner cotyledon cells or within non-embryonic seed coat
and endosperm tissues. Figures 2G and 2H show that, as
maturation continued, there was a progressive localization
of KTi3 mRNA from the outer to inner margins of both
cotyledons. By 70 DAF, KTi3 mRNA was distributed uni-
formly throughout each cotyledon. However, hybndization
grains were not detectable within vascular tissue (Figures
2G and 2H), indicating that KTi3 mRNA was localized
primarily within storage parenchyma cells. By contrast,
Figure 21 shows that the KTi3 anti-mRNA probe did not
produce a uniform hybridization pattern with embryos later
in maturation (80 DAF). KTi3 mRNA was concentrated
primarily along the perimeter of each cotyledon similar to

Figure 1. Kunitz Trypsin Inhibitor mRNA Localization duning Early
Soybean Embryogenesis.

(A) Developing seed with a globular stage embryo. E, En, H. M,
and SC refer to embryo, endosperm, hilum, micropyle, and seed
coat, respectively. Actual seed length was 1.25 mm. Photograph
was taken with bright-field microscopy.

(B) to (D) Bnght-field photographs of a globular stage embryo
(B). a heart stage embryo (C), and a cotyledon stage embryo (D).
Relative 10 the seed shown in (A), the magnification factors for
the giobutar, heart, and cotyledon stage embryos were x4, X2,
and x2, respectively. A, C, G, P, and V refer to axis, cotyledon,
ground meristem, protodermn, and procambium or pre-vascular
tissue, respectively.

(E) to (G) In situ hybridization of a KTi1/2 anti-mRNA probe with
a globular stage embryo (E), a heart stage embryo (F),.and a
cotyledon stage embryo (G). Magnification factors relfative to the
seed shown in (A) were x4, x2, and %2 for the globular, heart,
and cotyledon stage embryos, respectively. Photographs were
taken by dark-field microscopy. White grains represent back-
ground hybridization levels, and were identical in density to those
produced with the control KTi1/2 mRNA probe (data not shown).
(H) to (J) In situ hybridization of a KTi3 ant-mRNA probe with a
globular stage embryo (H), a heart stage embryo (I}, and a
cotyledon stage embryo (J). Magnification factors relative to the
seed shown in (A) were x4, x2, and x2 for the globular, heart,
and cotyledon stage embryos, respectively. White areas represent
regions containing RNA/RNA hybrids.

(K) and (L) In situ hybridization of *H-poly(U) with a seed containing
a globular stage embryo (K) and a seed containing a cotyledon
stage embryo (L). Magnification factors for both photographs
were x(0.8 relative to the seed shown in (A).
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the pattern observed with 25 DAF and 55 DAF embryos
(Figures 2F and 2G).

Figure 2J shows that *H-poly(U) hybridized intensely with
RNA present in embryonic and non-embryonic regions of
a 55 DAF seed. Hybridization grains were uniform through-
out each cotyledon and were present within both vascular
and storage parenchyma tissues. This result contrasts the
non-uniform KTi3 mRNA distribution observed within co-
tyledons of embryos at the same stage of development
(Figure 2G). Hybridization of the KTi3 anti-mRNA probe
with embryo longitudinal sections (data not shown) pro-
duced resuits identical to those obtained with the trans-
verse sections (Figures 2F to 2l). These observations
indicated that the KTi3 mRNA localization pattern was
different from that of embryo total poly(A) RNA and was
not confined to a single region of the developing embryo.
Together, our results show that the KTi3 mRNA is localized
specifically within embryo cotyledon storage parenchyma
cells, that KTi3 mRNA accumulates progressively in a
wave-like pattem from the outer to inner cotyledon mar-
gins, and that this pattem is reversed as KTi3 mRNA
decays prior to seed dehydration.

KTi1/2 mRNAs Accumulate Later in Embryogenesis
and Are Localized Primarily along the Border of Each
Cotyledon

Figures 2K to 2N show the in situ hybridization resuits
produced by the KTi1/2 anti-mRNA probe with adjacent
sections of the same seeds used to localize KTi3 mRNA
(Figures 2F to 2I). No hybridizatiori grains above back-
ground were observed within 25 DAF seeds (Figure 2K),
in contrast to the results obtained with the KTi3 anti-
mRNA probe (Figure 2F). Figure 2L shows that, at 55 DAF,
KTi1/2 mRNAs were localized within a thin band of outer
cotyledon cells at the hilum end (H) of the seed. As shown
in Figure 2M, KTi1/2 mRNAs spread to a wider band of
cotyledon cells by 70 DAF, but remained concentrated
primanly on the outer margins. Later in maturation, the
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KTi1/2 mRNAs retreated to a narrow zone of peripheral
cells in a ring around each cotyledon (Figure 2N). Analo-
gous to the resuits obtained with the KTi3 anti-mRNA
probe (Figures 2G and 2H), hybridization grains were
observed only within storage parenchyma tissue (Figures
2L to 2N).

Grain counts indicated that the hybridization signals
obtained with the KTi1/2 anti-mRNA probe were at least
fivefold to 10-fold lower than those obtained with the KTi3
anti-mRNA probe in the same outer cotyledon cells
throughout maturation (data not shown). We infer from
this result, and from those shown in Figure 2, that the
KTi1/2 mRNAs have a lower prevalence than the KTi3
mRNA in mid-maturation stage embryo mRNA (Jofuku and
Goidberg, 1989) because a smaller proportion of embryo
cells contain the KTi1/2 mRNAs, and because there are
fewer KTi1/2 mRNA molecules in cells containing both
classes of Kunitz trypsin inhibitor mRNAs. Compared with
the control hybridization obtained with a KTi1/2 mRNA
probe (data not shown, see Figure 20), no hybridization
grains above background were observed at any stage of
maturation within non-embryonic seed tissue (Figures 2K
to 2N). Together, these results |nd|<¥e that the KTi1/2
mRNAs appear later in development tifan the KTi3 mRNA,
that the KTi1/2 mRNAs accumulate in an abbreviated
wave-like pattern dunng maturation, and that KTi1/2
mRNAs remain concentrated within parenchyma cells
along the outer perimeter of each cotyledon. Combined
with the results obtained with younger embryos (Figure 1),
these observations indicate that the KTi1/2 and KTi3
Kunitz trypsin inhibitor gene expression programs differ
with respect to both timing and ceil specificity during
embryogenesis. '

Kunitz Trypsin Inhibitor mMRNAs Accumulate
Ditferentially within the Embryonic Axis

We hybridized the KTi1/2 and KTi3 anti-mRNA probes in
situ with mid-maturation stage axis sections to localize the

Figure 2. Kunitz Trypsin Inhibitor mRNA Localization in Maturation Stage Soybean Embryos.

(A) to (E) Bright-fieid photographs of seeds containing maturation stage embryos at 25 DAF (A), 55 DAF (B), 70 DAF (C). 80 DAF (D),
and 55 DAF (E). Actual length of the seed shown in (A) containing the 25 DAF embryo was 3.1 mm. Magnification factors for the seeds
shown in (B), (C), and (E) were the same as that shown in (A). The magnification factor for the seed shown in (D) was x0.8 relative to
that shown in (A). C, En, H, SC, and V refer to cotyledon, endosperm, hilum, seed coat, and vascular tissue, respectively.

(F) to (1) In situ hybridization of a KTi3 anti-mRNA probe with maturation stage embryos at 25 DAF (F). 55 DAF (G), 70 DAF (H). and 80
DAF (1). Photographs were taken with dark-field mlcrosoopy White grains represent regions containing RNA/RNA hybrids. Magnification
factors correspond to those used in (A) to (D).

(J) In situ hybridization of YH-poly(U) with a 55 DAF maturation stage embryo. Magnification factor corresponds to that used in (E).

(K) to (N) In situ hybridization of a KTi1/2 anti-mRNA probe with maturation stage embryos at 25 DAF (K), 55 DAF (L), 70 DAF (M), and
80 DAF (N). Magnification factors correspond to those used in (A) to (D). White regions within the 25 DAF seed (K) were identical to
those produced with a KTi1/2 mRNA control probe (data not shown).

(O) In situ hybridization of a KTi3 mRNA probe with a maturation stage embryo (80 DAF). White regions represent background hybnidization
levels as well as dark-field light-scattening through the stained seed coat tissue. A KTi1/2 mRNA control probe produced the same results
(data not shown). Magnification factor corresponds to that used in (D).
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Figure 3. Kunitz Trypsin Inhibitor mRNA Localization in the Soy-
bean Embryonic Axis.

(A) Bright-field photograph of a mid-maturation stage embryo axis
(70 DAF). Actual axis length was 4.5 mm Magnification factors
of (A) to (E) were the same. A, C. G. RM..SM. and V refer to
axis, cotyledon. ground menistem. root meristem. shoot menistern,
and vascular tissue. respectively.

{B) 10 (E) In situ hybndization of a mio-maturation stage axis (70
DAF) with a KTi1/2 anu-mRNA probe (B) & KTiZ anti-mRNA
probe (C) 2 KTiZ mRNA probe (D) anc =-nolyiU. (E). Photo-
graphs were taken by dars-heic microscooy

distribution of Kunitz trypsin inhibitor molecules within this
embryonic organ system. Figure 3A shows a bright-field
photograph of. a longitudinal axis section (A) from a 70
DAF embryo and an adjacent cotyledon (C) region. Anal-
ogous to the organization of the cotyledon stage embryo
axis (Figure 1D). the vascular tissue (V) is surrounded by
ground meristemn (G), and these tissues extend throughout
the axis from the shoot menstem (SM) to the root meristem
(RM).

Figure 3B shows that the KTi1/2 anti-mRNA probe did
not produce any detectable hybridization grains above
background over the axis, in contrast to the numerous
grains observed on the cotyledon penphery of the same
embryo (Figures 2M and 3B). RNA gel blot studies did
detect the KTi1/2 mRNAs in the axis, but at a concentra-
tion 50-fold lower than that observed in cotyledon mRNA
(G. de Paiva and R.B. Goldberg, unpublished results}—a
level too low to be detected by our in situ hybridization
procedure. By contrast, Figure 3C shows that the KTi3
anti-mRNA probe produced an intense hybridization signal
throughout the length of the entire axis. This signal was
equal in intensity to that produced within the cotyledons
(Figures 2H and 3C), and was localized primarily over
ground meristem tissue (G) and the root meristematic
region (RM).

Figure 3D shows that in situ hybridization with a KTi3
mRNA control probe provided an estimate of background
grains within the axis sections. The grain densities did not
differ detectably from those obtained with the KTi1/2 anti-
mRNA probe (Figure 3B), or from those obtained with the
KTi3 anti-mRNA probe over the axis vascular and shoot
meristern tissues (Figure 3C). As shown in Figure 3E, in
situ hybridization with *H-poly(U) produced a uniform grain
density over the entire axis, indicating that the poly(A) RNA
concentrations were approximately the same  different
axis regions and in vascular and ground meristermn tissues.
Together, these results indicate that KTi1/2 and KTi3
mRNAs have different prevalences in the axis, that the
KTi3 axis and cotyledon mRNA prevalences are similar,
and that KTi3 mRNA is localized primanly within axis
ground menistemn cells. Because the KTi3 anti-mRNA probe
produced similar localization pattemns with heart and co-
tyledon stage embryo axes (Figures 11 and 1J), our results
also suggest that the cells containing KTi3 mRNA at the
globular stage of development (Figure 1H) mark the lineage
that gives rise to axis ground meristem at mid-maturation.

B-Conglycinin Storage Protein mRNA also
Accumulates in a Wave-Like Pattern during
Embryogenesis

We hybridized a CG-4 g-conglycinin anti-mRNA probe in

_situ with adjacent sections from the same seeds used for

the Kunitz trypsin inhibitor localization studies (Figures 1
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Figure 4. 3-Conglycinin mRNA Localization during Soybean Embryogenesis.

(A) Bright-field photograph of a developing soybean seed with a globular stage embryo. E. En. H, M, and SC refer to embryo. endosperm,
hilum, micropyle, and seed coat, respectively. Boxed area encloses the globular embryo. Actual seed length was 1.25 mm.

(B) to (D) In situ hybndization of a 8-conglycinin anti-mRNA probe with a globular stage embryo (B). a hean stage embryo (C). and a
cotyledon stage embryo (D). A and C refer to axis and cotyledon, respectively. Photographs were taken by dark-field microscopy.
Magnification factors relative to the seed shown in (A) were x4, x2, and x2 for the globular. heart. and cotyledon stage embryos,
‘respectively. White grains represent background hybridization levels and were identical in density to those produced with a CG-4 mRNA
probe control (data not shown).

(E) to (H) In situ hybndization of a s3-conglycinin anti-mRNA probe with maturation stage embryos at 25 DAF (E). 55 DAF (F) 70 DAF
(G). and 80 DAF (H). V retfers to vascular tissue. White areas within embryo represent regions containing RNA/RNA nvbrnds Whnite areas
on seed coat are due to hight-scattering effects of dark-held microscopy. Magnification factors relative to the seec snowr i~ (A} were
x0.5, x0.5, x0.5. anc x0.4 for the 25 DAF embryo (E). 55 DAF embryo (F). 70 DAF embrvo (G). ana 8C DAF embrve (H) respeciively
(1) and (J) In situ hybnidization of a ;3-conglycinin anti-mRNA probe with maturation stage embryonic axes a: 55 DAF (Ij anc ~{ DAF (J)
Actual lengths of the 55 DAF and 70 DAF axes were 2.5 mm and 5 mm. respectively Magnification factore rerative 1o (7€ see” shawriin
(A) were x0.4 for both (1) and (J). White areas show regions containing RNA/RNA nybnias
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to 3) to compare the cellular distribution of different seed
protein MRNAs. The CG-4 3-conglycinin gene encodes a
1.7-kb embryo mRNA (Barker et al.. 1988; Harada et al.,
1989). Under our in situ hybndization conditions (Barker et
al., 1988: Cox and Goidberg. 1988), the CG-4 anti-mRNA
probe will cross-react with a related 2.5-kb g-conglycinin
mRNA, designated as CG-1 (Harada et al., 1989; S.J.
Barker and R.B. Goldberg, unpublished resuits). Thus, in
situ hybridization grains will refiect the distribution of both
CG-1 and CG4 p-conglycinin mRNAs, as well as other
related 5-conglycinin mRNAs (Harada et al., 1989).

Figure 4A shows a bnght-field photograph of a longitu-
dinal seed section similar to that shown in Figure 1A. As
seen in Figures 4B to 4D, no hybridization grains above
background were observed with the CG4 anti-mRNA
probe with seeds containing a globular stage embryo
(Figure 4B), a heart stage embryo (Figure 4C), or a coty-
ledon stage embryo (Figure 4D). These results were similar
to those obtained with the KTi1/2 anti-mRNA probe (Fig-
ures 1E to 1G). By contrast, Figure 4E shows that the
CG+4 anti-mRNA probe hybridized intensely with RNA
within the outer edges of 25 DAF embryo cotyledons
similar to that produced with the KTi3 anti-mRNA probe
({Figure 2F). As seen in Figures 4F and 4G, S-conglycinin
mRNA remained localized prnimarily along the outer mar-
gins of 55 DAF embryo cotyledons (Figure 4F), and was
distnbuted over the entire cotyledon at mid-maturation
(Figure 4G). These results were similar to the wave-like
accumulation pattern observed with KTi3 mRNA (Figures
2F to 2H), but differed from the abbreviated pattern seen
with KTi1/2 mRNAs (Figures 2K to 2M). Figures 4F to 4H
show that, like the KTi1/2 and KTi3 Kunitz trypsin inhibitor
mRNAs, S-conglycinin mRNA was localized primarily within
cotyledon storage parenchyma cells and was not detect-
able within vascular tissue or non-embryonic seed tissue.
By contrast with both the KTi1/2 and KTi3 Kunitz trypsin
inhibitor mRNAs (Figures 2| and 2N), Figure 4H shows that
B-conglycinin mRNA remained uniformly distributed over
both cotyledons late in seed maturation.

Figure 41 shows that §-conglycinin mRNA was present
in the axis of 55 DAF embryos and was localized specifi-
cally within ground meristem tissue, as observed for the
KTi3 Kunitz trypsin inhibitor mRNA (Figure 3C). As seen in
Figure 4J, a similar g-conglycinin mRNA localization pat-
tern was observed in the axis of 70 DAF embryos. At both
developmental stages, hybridization grain densities were
similar within the cotyledons and axis (Figures 41 and 4J).
Recently, we showed that only the 2.5-kb CG-1 8-congly-
cinin MRNA is detected in the axis under more stringent
in situ hybndization conditions (S.J. Barker and R.B. Gold-
berg, unpublished results). Thus, the axis hybridization
signals observed with the CG-4 anti-mRNA probe probably
reflect CG-1 mRNA molecules. Taken together, our find-
ings indicate that g-conglycinin mRNA is not detectable
during early embryogenesis. that 3-conglycinin mRNA ac-
cumulates in a wave-like pattern during maturation, and

that g-conglycinin and Kunitz trypsin inhibitor genes are
expressed within similar embryo cell types.

Kunitz Trypsin Inhibitor mRNA Localization Patterns
Are the Same in Zygotic and Somatic Embryos

We hybridized the KTi3 anti-mRNA probe in situ with
somatic embry0s to determine whether fertilization events
andfor non-embryonic seed tissues were required to in-
duce the mRNA localization pattems observed during seed
deveiopment (Figures 1 to 3). Figures 5A to 5D show
longitudinal sections of somatic embryos that were derived
from embryogenic callus at vanous developmental stages.
During the earliest stages of somatic embryogenesis (Fig-
ure 5A), embryos (E) are observed “budding” from the
callus (CA). Later in development (Figures 5B to 5D), the
somatic embryos become polanized and the axis (A) and
cotyledons (C) can be visualized. Vascular tissue (V), mer-
istematic tissue (SM and RM), and ground mernistem tissue
(G) can be distinguished from each other in the more
mature somatic embryos (Figures 5B to 5D), and the
organization of these tissues is similar to that observed in
zygotic embryos (Figures 1 to 3). Somatic embryos similar
to the one shown in Figure 5C have the potential to
“germinate” and form plantiets in cuiture (data not shown).

Figures SE to 5G show that the KTi3 anti-mRNA probe
hybridized intensely with somatic embryos at all stages of
development. As shown in Figure SE, hybridization grains
were observed within embryogenic callus tissue and within
emerging globular- and heart-like embryos. Figures SF and
5G show that the KTi3 anti-mRNA probe hybndized with
equal intensity to RNA present within the axis and cotyle-
dons. Analogous to the results observed with mid-matu-
ration stage zygotic embryos (Figures 2 and 3), KTi3
hybridization grains were only observed over parenchyma
and menstematic tissues and were not detected within
vascular tissue (Figures 5E to 5G). By contrast, Figures
5H and 5L show that H-poly(U) hybridized uniformly with
RNA in all axis and cotyledon tissues, and Figures 5I to
5K show that a KTi3 mRNA control probe produced no
hybridization grains above background at any stage of
somatic embryogenesis. Together, these resuits indicate
that, with respect to timing, organ system, and cell types,
the KTi3 mRNA localization pattem is similar in somatic
and zygotic embryos, and that this pattern can be estab-
lished independently of non-embryogenic tissues and fer-
tilization events.

Kunitz Trypsin Inhibitor mRNA Accumuiates in a
Wave-Like Pattern in Transformed Tobacco Seeds

We showed in the accompanying paper (Jofuku and Gold-
berg, 1989) that the KTi3 Kunitz trypsin inhibitor gene is
expressed in transformed tobacco plants at the correct
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Figure 5. Localization of Kunitz Trypsin Inhibitor mRNA in Soybean Somatic Embryos.

(A) to (D) Bnght-field photographs of embryogenic callus with a globutar-like embryo (A), young somatic embryo with emerging cotyledons
(B). mature somatic embryo with fully developed cotyledons and axis (C), and young somatic embryo with emerging cotyledons (D). A,
C. CA, E. G, RM, SM, and V refer to axis, cotyledon, callus, embryo. ground meristem, root menstem, shoot meristem, and vascular
tissue, respectively. Actual length of the embryo shown in (D) was 2.0 mm. Magnification factors refative to the embryo in (D) were x2,
X1, and X1 for the embryos in (A) to (C). respectively.

(E) to (G) in situ hybnidization of a KTi3 anti-mRNA probe with embryogenic callus containing globular-like embryos (E), a young somatic
embryo with emerging cotyledons (F), and a mature somatic embryo with fully developed cotyledons and axis (G). Magnification factors
correspond with those shown in (A) to (C). White areas represent regions containing RNA/RNA hybnds. Photographs were taken by
dark-field microscopy.

(H) In situ hybndization of *H-poly(U) with a young somatic embryo with emerging cotyledons. Magnification factor corresponds with that
used in (D).

(1 to (K) in situ hybridization of a KTi3 mRNA probe with an embryogenic callus containing globuiar- and heart-like embryos (l), a young
somatic embryo with emerging cotyledons (J), and a mature somatic embryo with fully developed cotyledons and axis (K). Magnification
factors correspond with those shown in (A) to (C). White grains show background hybridization levels.

(L) in situ hybridization of *H-poly(U) with a mature somatic embryo containing fully developed cotyledons and axis. Magnification factor
corresponds with that shown in (D).
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Figure 6. Localization of Kunitz Trypsin Inhibitor mRNA in Transformed Tobacco Seeds.

(A) to (D) Bright-field photographs of developing tobacco seeds containing a globular embryo (A), a heart stage embryo (B), and
maturation or torpedo stage embryos |(C) and (D)). Seeds were harvested from capsules at 9 DAP (A), 16 DAP (B), 18 DAP (C), and 24
DAP (D). Actual seed lengths were 0.75 mm. Magnification factors of (A) to (D) were the same. A, C. E, En, RM, S, SC, SM, and V refer
to axis, cotyiedon, embryo, endosperm, root menstem, suspensor, seed coat, shoot meristem, and vascular tissue, respectively. These
plants were transformed with the 12.5-kb Bglll fragment containing the KTi3 and KTi4 Kunitz trypsin inhibitor genes and were the same
transformants analyzed previously (Jofuku and Goidberg, 1989).

" (E) In situ hybridization of *H-poly(U) with a deveioping seed containing a late heart stage embryo (17 DAP). White areas represent regons
Coniaining RNA/RNA hybrids. Photograph was taken by dark-field microscopy. Magnification factor corresponds to that used in (A) tc (D).
(F) to (1) in situ hybridization of a KTi3 anti-mRNA probe with developing tobacco seeds containing a 9 DAP globular stage embryo (F}. a
16 DAP heart stage embryo (G). an 18 DAP maturation stage embryo (H), and a 24 DAP maturation stage embryo (I). Magnification
factors correspond with those used in (A) to (D). Hybridization grains shown in (F) did not differ in density with those produced with a
KTi3 mRNA probe, and represent background hybridization levels. '

(J) In situ hybridization of *H-poly(U) with a developing seed containing an 18 DAP maturation stage embryo. Magnification factor
corresponds with that used in (A) to ().

stages of the life cycie. We hybridized the KTi3 anti-mRNA
probe in situ with tobacco seed sections containing the
KTi3 Kunitz trypsin inhibitor gene (Jofuku and Goldberg,
1989) to localize KTi3 mRNA molecules at different devel-
opmental stages. Figures 6A to 6D show longitudina!
sections of tobacco seeds at different times after pollina-
tion (DAP). Figure 6A shows a globular embryo (E) that is
embedded in non-embryonic endosperm tissue (En) and
seed coat tissue (SC). As shown in Figure 6B, a young
heart stage embryo has become polarized into axis (A)
and cotytedon (C) regions. Figures 6C and 6D show that
the axis and cotyledons become more prominent in mat-
uration or torpedo stage embryos, the vascular tissue (V)

and meristem tissue (SM and RM) can be visualized, and
the embryo is still anchored to the seed coat by a small
suspensor (S). In contrast with soybean seeds (Figures 1
and 2), endosperm persists throughout tobacco seed de-
velopment and still surrounds the embryo late in maturation
(Figures 6C and 60).

Figure 6F shows that no detectable hybridization grains
above background were observed over any region of a
seed containing a globular stage embryo. By contrast.
Figure 6G shows that the KTi3 anti-mRNA probe produced
an intense hybridization signal on the outer margins of the
heart stage embryo. mid-way between the axis and coty-
ledon termini. As shown in Figures 6H and 6!, hybridization




signals were evenly spread over both the axis and cotyle-
don regions, and progressed in a wave-like pattern from
the outer to inner embryo margins during maturation.
Figure 6! shows that by late maturation, KTi3 hybridization
grains were present over most embryo cells, including
those forming the entire axis root meristem region. Anai-
ogous to the results obtained with soybean zygotic em-
bryos (Figures 1 to 3) and somatic embryos (Figure 5), no
hybndization grains above background were observed
within embryo vascular tissue (Figures 6H and 61), or within
non-embryonic tissues at any developmental stages (Fig-
ures 6F to 6i). This contrasts with the results shown in
Figures 6E and 6J for *H-poly(U), in which hybridization
grains were uniform over the entire embryo and were
visualized within both endosperm and seed coat tissues.
Together, these results indicate that the KTi3 gene expres-
sion program at the cell level is the same in soybean and
transformed tobacco seeds, and that analogous cells aiong
the margins of soybean and tobacco embryos become
committed early in development to express seed protein
genes.

DISCUSSION

Kunitz Trypsin Inhibitor mRNA Is Localized at One
Pole of a Globular Stage Embryo

The molecular processes by which cells become differen-
tiated from each other dunng plant development are not
yet understood. All plant organ systems, including the
embryo axis and cotyledons, are organized from three
primary tissues—protoderm, ground meristem, and pro-
cambium (Steeves and Sussex, 1989). These tissues are
formed early in embryogenesis; however, it is not known
when their cell lineages are specified (Steeves and Sussex,
1989). Identification of a set of gene markers that are
activated at the time of embryo cell specification should,
in principle, open the door to unraveling this fundamental
differentiation event at the molecular level (Davidson,
1989). :

A significant aspect of our results is the observation that
the KTi3 Kunitz trypsin inhibitor gene is expressed specif-
ically within a small set of cells at the micropyle pole of the
globular stage embryo (Figure 1H). These cells do not
contain detectable levels of KTi1/2 Kunitz trypsin inhibitor
mRNAs (Figure 1E), 8-conglycinin mRNA (Figure 4B), or
glycinin and lectin mRNAs (L. Perez-Grau and R.B. Gold-
berg, unpublished results). Previous studies showed that
a globular stage embryo similar to the one shown in Figure
1B contains approximately 500 cells (Goldberg et al.,
1981b). Globular embryos at earlier developmental stages
also contain KTi3 mRNA molecules in the same micropyle
region, but at a reduced level (L. Perez-Grau and R.B.
Goldberg, unpublished resuits). Together, these observa-
tions indicate that a specific seed protein mRNA is distrib-
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uted asymmetrically within one embryonic region only 8 to
9 cell divisions after fertilization has taken place.

At the developmental stage when KTi3 mRNA first ap-
pears, most embryo cells are similar to each other and
cannot be distinguished using a morphological criterion
(Figure 1B). Only protoderm cells along the periphery of
the globular embryo can be observed, and the ground
meristem and procambium tissues have not differentiated
visibly (Figure 1B). it is not yet known how many genes
are expressed at this stage of embryogenesis, or the
extent to which differential gene activity occurs in vanous
globular embryo cells and regions (Goldberg et al., 1989).
However, our observation that KTi3 mRNA molecules
accumuiate at one pole of the globular embryo indicates
that the embryo has already become polarized at the
molecular level and that cells have become committed to
express different gene sets.

The KTi3 mRNA Serves as a Marker for Axis Cell

. Specification -

The presence of the KTi3 Kunitz trypsin inhibitor mRNA in
cells at the micropyle pole of globular stage embryos
provides a molecular marker for one of the most important
events in plant development—the switch from a spherical
globutar embryo to a heart stage embryo with bilateral
symmetry (Figures 1B and 1C). During this embryonic
period, the cotyledons begin to differentiate, the root-shoot
axis forms, the plant body visibly becomes polarized, and
all three primary tissues become more prominent due to
cell division events (Steeves and Sussex, 1989). Figure 1!
shows that KTi3 mRNA molecules remain distributed
asymmetrically within the embryo at the heart stage and
are concentrated specifically within ground meristem tis-

- sue of the emerging axis. This localization pattern is main-

tained in the cotyledon stage embryo axis (Figure 1J) and
within the fully differentiated axis of maturation stage
embryos (Figure 3C). The persistence of KTi3 in the axis
ground menstem through embryogenesis strongly sug-

gests that this tissue is derived clonally from globular’

embryo cells containing KTi3 mRNA, and that KTi3 mRNA
molecules serve as a marker for ground menstem cell
specification and embryo polarization early in development.
Uncovering the DNA control elements and protein factors
responsible for KTi3 gene activation at the globular embryo
micropyle pole should provide entry into the regulatory
pathway responsible for the fate of one cell type during
early embryogenesis.

Cotyledon Cells Are Specified before Seed Protein
Genes Are Activated

In contrast with the mRNA localization pattern observed
at the micropyle pole, KTi1/2 and KTi3 Kunitz trypsin
inhibitor mRNAs (Figures 1E and 1H) and §-conglycinin
mRNAs (Figure 4B) are not detected at the endosperm
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pole of the globular embryo (Figures 1A and 4A). Nor are
other seed protein mMRNAs present, such as those encod-
ing glycinin and lectin (L. Perez-Grau and R.B. Goldberg,
unpublished resuits). Seed protein mRNAs are also not
detectable in the cotyledons that emerge from the embryo
endosperm pole at heart stage {Figures 1F and 11, Figure
4C; L. Perez-Grau and R.B. Goidberg, unpublished re-
sults). Nor are they present within developing cotyledons
of a cotyledon stage embryo (Figures 1G and 1J; Figure
4D; L. Perez-Grau and R.B. Goldberg, unpublished
resuits).

Previously, we showed that seed protein gene families
are either not detectably transcribed, or are transcribed at
a very low level, at the late cotyledon stage of development
when the embryo contains at least 100,000 celis (Goldberg
et al., 1981b; Walling et al., 1986). At this developmental
stage, both cotyledons are well formed and are larger than
those present in the cotyledon stage embryo shown in
Figure 1D. We conclude from these observations that
events responsibie for activating seed protein genes within
the cotyledon are removed temporally from those leading
to the cotyledon cell lineage specification prior to the heart
stage of development, and that seed protein genes are
transcriptionally activated after a large number of cotyle-
don cells have formed.

Seed Protein mRNAs Accumulate within the
Cotyledons in a Wave-Like Pattern

Figures 2 and 4 show that Kunitz trypsin inhibitor and 8-
conglycinin mRNAs are first detected in celis along the
outer margins of each cotyledon early in maturation. This
result has also been observed for both lectin and glycinin
mRNAs (L. Perez-Grau and R.B. Goldberg, unpublished
resuits). As maturation stage embryos develop, each seed
protein mMRNA accumulates progressively in a wave-like
pattern from the outer to inner edges of each cotyledon
(Figures 2 and 4). Both the timing and extent to which the
“wave” occurs is specific for each seed protein mRNA. For
example, the KTi1/2 mRNAs accumuiate later than the
KTi3 and 8-conglycinin mRNAs (Figures 2F and 2K; Figure
4E). In addition, the KTi1/2 mRNAs only display an abbre-
viated wave-like pattern because they remain concen-
trated along the cotyledon outer borders throughout mat-
uration (Figures 2K to 2N). We conclude from these resulits
that cells become committed to express seed protein
genes in an ordered pattern during embryogenesis, that
this pattern develops from the outer to inner edges of each
cotyledon, and that the cell commitment pattern is slightly
different for each seed protein gene.

Soybean seed protein mRNAs also accumulate in a

wave-like pattern during the deveioprnent of transformed '

tobacco embryos. Figure 6G shows that the KTi3 Kunitz
trypsin inhibitor mRNA is localized along the outer edges
of a heart stage tobacco embryo and then accumulates

progressively to the inner edges as the embryo matures
(Figures 6H and 61). The same pattern is observed for
lectin mMRNA in independently transformed tobacco plants
(L. Perez-Grau and -R.B. Goldberg, unpublished results).
We infer from these observations that the selective com-
mitment of cells on the outer edge of maturation stage
embryos to express seed protein genes is caused by
molecutar events that are conserved between distantly
related plants and probably represent an intnnsic feature
of cotyledon development.

Seed Protein mRNA Localization Patterns Are
Established in the Absence of Non-Embryonic Tissues

Diffusible substances from seed coat and/or endosperm
tissue, or those originaily present within the embryo sac
prior to fertilization, are probably not responsible for estab-
lishing the wave-like seed protein mRNA accumulation
pattemn because a similar pattern occurs duning the devel-
opment of somatic embryos. Figures 2, 3, and 5 show that
the KTi3 Kunitz trypsin inhibitor mRNA is localized within
the same cell types, tissues, and regions of soybean
somatic and zygotic embryos. A similar somatic and zyg-
otic embryo localization pattem is also observed for lectin
mRNA (L. Perez-Grau and R.B. Goldberg, unpublished
results). Both KTi3 and lectin mRNAs accumulate during
somatic embryogenesis in a wave-like pattern from the
outer to inner embryo margins (Figure 5; L. Perez-Grau
and R.B. Goldberg, unpublished results). The simplest
hypothesis to explain these results is that seed protein
mRNAs accumulate progressively from the outer to inner
cotyledon borders as a consequence of embryo-specific
events that are set into motion.at a precise time during
embryogenesis.

Seed protein gene transcription rates increase dramati-
cally during maturation and are responsible, to a large
extent, for the accumulation of seed protein mRNAS within
the embryo (Walling et al., 1986; Goldberg et al., 1989).
Although we have no direct proof at the present time, this
observation suggests that the wave-fike accumulation pat-
tern is due to the progressive transcriptional activation of
seed protein genes in cotyledon cells dunng embryogen-
esis and refiects the presence of active seed protein gene
transcription factors. Whether these putative factors are
induced by the transmission of intercellular signals from
one cotyledon cell to another, by a gradient of reguiatory
substances that radiate inward from the outer edge of
each cotyledon, or by an intrinsic clock that indicates when
cotyledon cells reach the same developmental age is not
yet known.

Seed Protein Genes Have Cell-Specific Expression
Patterns

Seed protein genes are differentially expressed within spe-
cific embryo cells and tissues, irrespective of the mecha-




nisms responsible for establishing seed protein mRNA
accumulation patterns. Figures 2 and 4 show that both
Kunitz trypsin inhibitor and g-conglycinin mRNAs are lo-
calized primarily within mid-maturation stage embryo co-
tyledon storage parenchyma celis and are not detectable
within vascular tissue. Lectin and glycinin mRNAs (L.
Perez-Grau and R.B. Goldberg, unpublished results), as
well as Arabidopsis 12S storage protein mRNA (Pang,
Pruitt, and Meyerowitz, 1988), are also present exclusively
within cotyledon storage parenchyma cells. Within the axis,
seed protein mRNAs are not detectable within vascular
tissue and are preferentially concentrated within the
ground meristem parenchyma cells (Figures 3C and 4J).
By contrast, the relative concentration of total poly(A) RNA
molecules appears to be the same within ail cotyledon
cells and regions (Figure 2J) and within all axis tissues
(Figure 3E).

Soybean seed protein MRNAs are present within anai-
ogous cell types in transformed tobacco embryos. Figure
61 shows that the KTi3 mRNA is concentrated within
parenchyma cells in the tobacco cotyledon and axis re-
gions. 3-Conglycinin, lectin, and glycinin mRNAs aiso have
the same distnbution patterns in transformed tobacco

embryos (Barker et al., 1988; L. Perez-Grau and R.B.

Goldberg, unpublished results). We conclude that the non-
random distribution of seed protein mRNAS within different
embryo cell types reflects the differential expression of
seed protein genes at the cellular level, and that the
mechanisms responsible for seed protein gene celi-specific
expression patterns are conserved between distantly re-
lated plants. ’

How Are Seed Protein Gene Expression Pattemns
Established in Specific Embryo Cell Types?

The differential expression of seed protein genes at the
cell level can be explained by a simple model that assumes
that the embryo mRNA localization pattems reflect the
distribution of factors capable of inducing seed protein
gene transcription. These factors would then interact with
seed protein gene control elements specific for individual

embryo cell types. For example, absence of detectable -

seed protein mMRNAs from embryo vascular tissue implies
that factors capable of directing seed protein gene tran-
scription are either inactive or absent from that embryo
tissue type. A cascade leading to the segregation of active
factors in different cell types might be triggered initially
when the protoderm, procambium, and ground menstem
cell lineages are specified during early embryogenesis.

A more difficuit observation to account for is the expres-
sion of seed protein genes within the same cell type but
at different times during development. For example, Fig-
ures 2 and 4 show that KTi1/2 Kunitz trypsin inhibitor
mRNAs accumulate in cells on the outer border of each
cotyledon after the KTi3 and S-conglycinin mRNAs are
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aiready present. Post-transcriptional processes could be
responsible for these temporal differences, as well as other
cell-specific seed protein gene expression patterns (Har-
ada et al., 1989). Alternatively, factors capabie of inducing
the transcription of seed protein genes within specific celi
types might be different from those that establish temporal
transcription patterns (Davidson, 1989). Clearly, the pre-
cise mechanisms by which embryo cells are programmed
to express specific seed protein genes remain to be
determined.

METHODS

Plant Material

Soybean Dare vanety plants were grown in the greenhouse, and
seeds were harvested and staged as descnbed previously (Gold-
berg et al. 1981a, 1981b; Goldberg et al., 1983). Dare somatic
embryos (Christianson, Warnick, and Carison, 1983; Lippmann
and Lippmann, 1984) were obtained from Dr. T.S. Rangan (Phy-
togen Inc., Pasadena, CA). Transformed tobacco plants contain-
ing the KTi3 Kunitz trypsin inhibitor gene were described in the
accompanying paper (Jofuku and Goldberg, 1989).

Seed and Embryo Preparation for in Situ Hybridization

Soybean seeds containing globular, heart, and cotyledon stage
embryos were dissected from developing pods. Seed chalazal
ends were sliced off to permit fixative penetration, and then the
seeds were fixed with giutaraldehyde as described by Cox and
Goldberg (1988). Seeds containing maturation stage embryos
were removed from developing pods and staged. These seeds
were then sliced honizontally through their centers into 2-mm to
4-mm pieces and fixed with glutaraldenyde. Somatic embryos
were fixed in glutaraldehyde without slicing. Tobacco seeds were
harvested from developing capsules and staged using severai
criteria including DAP, color, and dry weight (Barker et al., 1988).
Tobacco seeds were fixed with formaldehyde without slicing as
described previously (Barker et al., 1988). Fixed seeds and em-
bryos were dehydrated, cleared, embedded in paratfin, and sliced
into 10-um sections as described by Cox and Goldberg (1988).

In Situ Hybridization Probes

Single-stranded **S-RNA probes were synthesized using the
PGEM transcription system (Promega Biotec). The KTil probe
represented nucleotides +9 to +504 of the KTi1 Kunitz trypsin
inhibitor gene (Jofuku and Goldberg, 1989). In this region the KTi1
and KTi2 Kunitz trypsin inhibitor genes are greater than 97%
similar (Jofuku and Goldberg. 1989). The KTi3 gene probe repre-
sented nucleotides —106 to +718 of the KTi3 Kunitz trypsin
inhibitor gene region (Jofuku and Goldberg, 1989; Jofuku et al.,
1989). The g-conglycinin probe represented nucleotides +960 to
+2427 of the CG-4 8-conglycinin gene (Barker et ai., 1988; Harada
et al., 1989). :
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in Situ Hybridization Conditions

In situ hybridization experiments were carried out exactly as
described by Cox and Goldberg (1988) and by Barker et al. (1988).
in brief, *S-RNA probes were hydrotyzed to a modal size of
approximately 0.2 kb and then hybndized with fixed seed or
embryo sections for 14 hr at a 42°C, 0.3 M Na*, 50% formamide
hybndization criterion. Anti-mRNA probes were used to localize
MRNA molecules, whereas mRNA probes were used to measure
background hybndization. Following hybridization, the seed or
embryo sections were incubated with RNase A, and then washed
at a 57°C, 0.02 M Na* cnitenon (Barker et al., 1988; Cox and
Goldberg, 1988). Slides containing hybndized tissue sections
were coated with nuclear track emulsion (Kodak NTB2), exposed
for 2 days to 4 days, developed, and then stained with 0.05%
toluidine blue. Photographs were taken with Kodacolor VRG100
film using an Olympus AHBT microscope with either bright-field
or dark-field illumination. Colos pnints were produced by Village
Photo (Westwood, CA) using a standard automated developing
and printing process. In most cases these prints were spliced
together to reconstruct the seed and/or embryo visualized in the
microscopic field.
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I have determined the 4362-nucleotide-pair se- method (Lobban and Kaiser 1973). When G—C tailing

quence of the plasmid cloning vector pBR322 using the
DNA-sequencing technique of Maxam and Gilbert
(1977). The DNA structure has several interesting
features that lead to testable predictions.

pBR322 contains DNA segments assembled in vitro
from three naturally occurring plasmids (Bolivar et al.
1977¢). The tetracycline resistance (Tc') phenotype
derives from a fragment of the Salmonella plasmid
pSC101 (Cohen and Chang 1977). The ampicillin resis-
tance gene (amp'’) comes from the Tn3 transposon
originally carried by the S. pararyphi B plasmid R7268
(later known as R1drd19) (Datta and Kontomichalou
1965; Meynell and Datta 1967). The replicator region
is derived from pMBI, an Escherichia coli plasmid
bearing the genes for ColEl, colicin immunity, and the
EcoR]I restriction and modification cnzymes (Betlach
et al. 1976). Plasmid pMBI1 appears to be related to
the extensively studied plasmid ColE1; both plasmids
replicate in the relaxed mode. require both RNA
polymerase and DNA polymerase I for replication. are
in the same incompatibility group. and share extensive
DNA-sequence homology at the origin of replication.
Figure 1 shows the detailed genealogy of pBR322.

Plasmid pBR322 is the most versatile cloning vector
developed thus far. It has been approved as an EK-2
vector for E. coli cloning projects. There are seven
known enzymes which cleave the pBR322 circle, each
at a single site (Bolivar et al. 1977c. and this paper).
Although all of these sites can be used for cloning
foreign DNA fragments (inserts). three sites are espe-
cially valuable because their use inactivates genes.
Inserts in the BamHI and Sall sites destroy the T¢’
phenotype normally conferred by the plasmid. but not
ampicillin resistance. Such amp'ter® bacteria can be
selected for by cycloserine enrichment (Bolivar et al.
1977a;: Hamer and Thomas 1976). Similarly. inserts at
the Pstl site often destroy ampicillin resistance, leav-
ing the bacterium amp'ter’. These can be detected by
replica plating. The Pstl site is particularly useful
because its 3 tetranucleotide extensions are ideal
substriates for terminal transferase; hence. this site is

excellent for cloning by the homopolymer tailing
“Present address: Department of Cellular and Developmental -
Munology, Scripps Clinic and Rescarch Foundation, 16kt North

Toreey Pines Road. La Joila, Cahifornia 92037

is used, the Pstl restriction site is regenerated and the
insert may be cut out with that enzyme.

Knowledge of the entire nucleotide sequence greatly
enhances the value of pBR322 as a cloning vector,
since, with the sequence in hand, it is relatively simple
to map any new DNA fragments created by cloning.
In addition. the plasmid contains three regions of
interesting biological function (the Ap’ and Tc¢" deter-
minants and an origin of replication) which the DNA
sequence will help to explain. The amp’ gene codes for
a PB-lactamase whose kinetic properties (Hall and
Knowles 1976) and crystal structure (Knox et al. 1976)
had been studied. but whose primary amino acid
sequence had not been solved. That sequence is medi-
cally important for the design of better penicillins and
can be deduced from the DNA sequence. The plasmid
has a replicator region similar to ColE1. A comparison
of these two origins should help to sort out which parts
of the DNA are most necessary for plasmid replica-
tion. Very little is understood about the molecular
features of .tetracycline resistance and the primary
sequence should be particularly helpful in this regard.
Finally, the plasmid can serve as a rich source of DNA
fragments of a vanety of known sequences and
lengths. and these should be useful in many sorts of
biochemical investigations.

EXPERIMENTAL PROCEDURES

pBR322. Plasmid pBR322 was obtained from H.
Boyer in strain RR1. It has been renamed pBR322GS
to indicate that it is directly related to the sequenced
DNA.

DNA sequencing. DNA-sequencing reactions were
carried out by the procedure of Maxam and Gilbert
with one exception: magnesium acetate was omitted
from the hydrazine reaction stop solutions. This omis-
sion (A. Maxam, pers. comm.) eliminated the forma-
tion of a hydrazine-magnesium pellet, which was fre-
quently noticed in the pyrimidine-specific reactions.
The pellet often caused smeary clectrophoresis lanes.
In addition, partial solubilization of the hydrazine
during the strand-scission step was consistently as-
sociated with incomplete cleavage. Incorporating this
alteration into the published protocol made it possible




Figure 1. The ascent of pBR322. R7268 was isolated in London in 1963 (Datta and Kontomichalou 1965) and later renamed R1.
(1) A varant. R1drd19, which was derepressed for mating transfer, was isolated (Meynell and Datta 1967). (2) The Ap
transposon, Tn3, from this plasmid was transposed onto pMB1 to form pMB3 (Betlach et al. 1976). (3) This plasmid was
reduced in size by EcoRI* rearrangement to form a tiny plasmid pMB8 (Rodriguez et al. 1976) which carries only colicin
immunity. (4) EcoRI* fragments from pSC101 (Cohen and Chang 1977) were combined with pMBR opened at its unique EcoRI
site and the resulting chimeric molecule rearranged by EcoRI* activity to generate pMB9Y, a vector that has seen much service in
the clone wars (Boyer et al. 1977). (5) In a separate event. the Tn3 of R1drd 19 was hopped to ColEl to form pSF2124 (So et al.
1976). (6) The Tn3 element was then transposed to pMBY to form pBR312. (7) EcoRI* rearrangement of pBR312 led to the
formation of pBR313 (Bolivar et al. 1977a), from which (¥) two separate fragments were isolated and ligated together to form
pBR322 (Bolivar et al. 1977c). During this series of constructions. R1 and ColEl served only as carriers for Tn3. Matenal
originally in pMB1! and pSCI101 ended up in pBR322.

L
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to read consistently sequence ladders substantially
farther from the 5’ end. Although this explanation has
never been demonstrated explicitly. I have a large
number of examples .of sequences run with and with-
out magnesium and totally subscribe to this aiteration.

For most of the sequences that I determined, DNA
fragments labeled on both §' ends were subcut with a
second restriction enzyme and the reaction products
separated on preparative gels. This was usually a
successful approach. To choose an enzyme appropriate
for a given labeled fragment. several aliquots of frag-
ment (amounting to a small percentage of the total
labeled DNA), each with a different candidate en-
zyme, were digested and that enzyme which gave the
largest and most well-resolved subfragments was
selected. Strand separation seldom worked, but sub-

cutting was quite reliable. New strand-separation tech-.

nology may make that method of DNA preparation
equally reliable.

RESULTS AND DISCUSSION
Strategy

The strategy used to sequence the plasmid was
rather straightforward. Initially, I intended to se-
quence only the amp” gene and focused on that region.
When I realized it was feasible to do the entire
plasmid. I adopted the tactic of sequencing every
obtainable 5 end produced by those restriction en-
zymes that were accessible and that gave a pattern of
well-resolved restriction bands. I thereby sequenced
every 5" end produced by Hinfl and almost all ends
produced by Haelll. Alul. and Hpall. Some longer
fragments required the use of other enzymes to pro-
duce a 5 end within a particular stretch of DNA. It
was necessary to use Tagl and Mbol and two other
enzymes. Thal and Avall, whose cutting sites had not
been previously determined to sequence the entire
4362 base pairs (bp). The fragments from which the
sequence is read are shown in Figure 2. It was possible
to sequence the entire 4362 bp by relying on only eight
enzymes to produce 5’ ends. (EcoRIl. BamHI. HindIl.
and HindIIl were also used. but they need not have
been.)

The gel patterns from which the DNA sequences
are read are generally rather clear. Chemical artifacts
or contaminating sequences in the background occa-
sionally obscure the sequence pattern on an au-
toradiograph. When such problems occur. the entire
run is usually lost as far as obtaining reliable sequence
data, but these problems do not occur frequently
€nough to pose a substantial obstacle.

An artifact that cannot be circumvented directly is

caused by intrastrand pairing during electrophoresis.

The result is a compression of the DNA banding
pattern such that the bands often superimpose upon
each other. rendering that particular region of the
sequence film unreadable. A solution for this aber-
rancy is to sequence the other DNA strand. If the

same structural aberration appears it will be located at
a different region of the DNA sequence (where the
complementary sequence appears).

Intrastrand base pairing can occur when a sequence
and its complement appear on the same DNA strand.
Practically speaking, these electrophoresis problems
were observed only when a GC-rich stem of four or
more pairs could form. I ran sequencing gels very
warm (1300 V on a 40-cm gel). P. Farabaugh (pers.

comm.) observed stems with more A-T pairs when

running at lower temperature. Higher running temper-
ature reduces the stability of the stem interaction such
that only stronger stems are observed. I observed eight
compressions during the sequencing of pBR322.

Since the usefulness of a sequence depends upon its
degree of accuracy, | maximized accuracy by taking
several precautions. First, as can be seen in Figure 2,
all parts of pBR322 were sequenced at least twice and
about 75% of it on both strands to avoid strand-
specific artifacts. Second, I sequenced across all re-
striction junctions (Fig. 2). This eliminated the possi-
bility of omitting a small DNA fragment whose omis-
sion would result in a deletion in the sequence. Had [
relied on restriction mapping to order fragments and
depended on such an order to avoid sequencing across
all restriction cuts. I could have had as many as five
gaps in the final sequence.

Third. all sequence data were read on three separate
occasions to eliminate errors in transcription. The
freshly read sequences were noted separately and
those determinations were compared with the master
sequence. Discrepancies between separate readings
were resolved by going back to the films. Such dis-
crepancies (which were not infrequent) were of two
sorts, misreading a film or unfaithful copying of the
result. Both sorts were of a clerical nature, since
film-reading errors were usually corrected by a subse-
quent check of the film. Occasionally, a region of a
sequence was difficult to read on one film. but a film
covering the complementary region on the other
strand always led to unambiguous resolution of the

sequence. Fourth, the data were not fit to a precon--

ceived idea of what the sequence should be. That is.
the final sequence was obtained for each region before
it was compared with preexisting data. Finally, the
printed sequence was checked extensively against the
handwritten master sequence with the help of many
peopie. All of these precautions were necessary be-
cause of the sheer volume of the data that had to be
extracted. Chemical problems were minor compared
with the clerical problems of handling the data.

The entire pBR322 DNA sequence is presented in
Figure 3. A complete set of restriction maps along
with a tabulation of fragment sizes for use as DNA
size markers and for characterizing pBR322 inserts
have been published elsewhere (Sutcliffe 1978b).

During the course of solving the pBR322 sequence.
gel-separation technology improved so that longer
runs (occasionally exceeding 300 nucleotides) could be
read from a single labeled end. Variations in gel
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Figure 2. The overlapping sequences determined for pBR322. (a) Schematic restriction map of pBR322 for the enzymes
Haelll(H), Hpall(P), Alul(A), and HinfI(F). The sites in the top strip are the unique sites for EcoRI(R), BamHI(B), and
HindIII(D) and a few of the sites for Avall(V) and Thal(T). The map is numbered in base pairs. The arrows within the strip
for each different enzyme show the extent of individual sequencing runs. The tail of the arrow is at the 5’ end of the sequenced
fragment. It should be noted that all sequences were determined at least twice and all restriction sites were overlapped. (b)
Similar data for the B-lactamase region (3259362). This figure is numbered in the counterclockwise, as well as the clockwise,
direction (0-1100 is counterclockwise). Mbol (M). (Reprinted, with permission, from Sutclitfe 1978a.)
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AA)TTCTCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTAYCACAGYTAAAYTGCTAACGCAGTCAGGCACCGTGTATGAAATCTAACAAT
100,
AAGAGTACAAACTGTCGAATAGTAGCTATTCGAAATTACGCCATCAAATAGTGTCAATTTAACGATTGCGTCAGTCCGTGGCACATACTTTAGATTGTTA

GCGCYCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTTATGCCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCG
200.

CGCGAGTAGCAGYAGGAGCCGTGGCAGTGGGACCTACGACATCCGYAYCCGAACCAATACGGCCATGACGGCCCGGAGAACGCCCTATAGCAGGTAAGGC
ACAGCAYCGCCAGTCACTATGGCGTGCTGCTAGCGCTAYATGCGTTGAYGCAATTTCTATGCGCACCCGTTCTCGGAGCACTGTCCGACCGCTTTGGCCG
TGTCGTAGCGGTCAGTGATACCGCACGACGATCGCGATATACGCAACTACGTTAAAGATACGCGTGGGCAAGAGCCTCGTGACAGGCTGGCGAAACCGGC

CCGCCCAGTCCTGCTCGCTTCGCTACTTGGAGCCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTGTGGATCCTCTACGCCGGACGCATCGTG
GGCGGGTCAGGACGAGCGAAGCGATGAACCTCGGTGATAGCTGATGCGCTAGTACCGCTGGTGTGGGCAGGACACCTAGGAGATGCGGCCTGCGTAGCAC

GCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTT
CGGCCGTAGTGGCCGCGGTGTCCACGCCAACGACCGCGGATATAGCGGCTGTAGTGGCTACCCCTTCTAGCCCGAGCGGTGAAGCCCGAGTACTCGCGAA

GTTTCGGCGTGGGTATGGTGGCAGGCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTC
CAAAGCCGCACCCATACCACCGTCCGGGCACCGGCCCCCTGACAACCCGCGGTAGAGGAACGTACGTGGTAAGGAACGCCGCCGCCACGAGTTGCCGGAG

AACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGG
TTGGATGATGACCCGACGAAGGATTACGTCCTCAGCGTATTCCCTCTCGCAGCTGGCTACGGGAACTCTCGGAAGTTGGGTCAGTCGAGGAAGGCCACCC

CGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGA

GCGCCCCGTACTGATAGCAGCGGCGTGAATACTGACAGAAGAAAYAGTACGTTuAGCATCCTGTCCACGGCCGTCGCGAGACCCAGTAAAAGCCGCTCCT

CCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGYATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAA
GGCGAAAGCGACCTCGCGCTGCTACTAGCCGGACAGCGAACGCCATAAGCCTTAGAACGTGCGGGAGCGAGTTCGGAAGCAGTGACCAGGGCGGTGGTTT

CGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCGACGCGCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTCCCCA
1000.

GCAAAGCCGCTCTTCGTCCGGTAATAGCGGCCGTACCGCCGGCYGCGCGACCCGATGCAGAACGACCGCAAGCGCTGCGCTCCGACCTACCGGAAGGGGT
TTATGATTCTTCTCGCTTCCGGCGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAGCTTCAAGGATC
AATACTAAGAAGAGCGAAGGCCGCCGTAGCCCTACGGGCGCAACGTCCGGTACGACAGGTCCGTCCATCTACTGCTGGTAGTCCCYGTCGAAGTTCCTAG

GCTCGCGGCTCTTACCAGCCTAACTTCGATCACTGGACCGCTGATCGTCACGGCGATTTATGCCGCCTCGGCGAGCACATGGAACGGGTTGGCATGGATT
CGAGCGCCGAGAATGGTCGGATTGAAGCTAGTGACCTGGCGACTAGCAGTGCCGCTAAATACGGCGGAGCCGCTCGTGTACCTTGCCCAACCGTACCTAA

GTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGTTGCGTCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCACCTCGCTAA
CATCCGCGGCGGGATATGGAACAGACGGAGGGGCGCAACGCAGCGCCACGTACCTCGGCCCGGTGGAGCTGGACTTACCTTCGGCCGCCGTGGAGCGATT

CGGATTCACCACTCCAAGAATTGGAGCCAATCAATTCTTGCGGAGAACTGTGAATGCGCAAACCAACCCTTGGCAGAACATATCCATCGCGTCCGCCATC
GCCTAAGTGGTGAGGTTCTTAACCTCGGTTAGTTAAGAACGCCTCTTGACACTTACGCGTTTGGTTGGGAACCGTCTTGTATAGGTAGCGCAGGCGGTAG

TCCAGCAGCCGCACGCGGCGCATCTCGGGCAGCGTTGGGTCCTGGCCACGGGTGCGCATGATCGTGCTCCTGTCGTTGAGGACCCGGCTAGGCTGGCGGG
AGGTCGTCGGCGTGCGCCGCGTAGAGCCCGTCGCAACCCAGGACCGGTGCCCACGCGTACTAGCACGAGGACAGCAACTCCTGGGCCGATCCGACCGCCC

GTTGCCTTACTGGTTAGCAGAATGAATCACCGATACGCGAGCGAACGTGAAGCGACTGCTGCTGCAAAACGTCTGCGACCTGAGCAACAACATGAATG%T

CAACGGAATGACCAATCGTCTTACTTAGTGGCTATGCGCTCGCTTGCACTTCGCTGACGACGACGTTTTGCAGACGCTGGACTCGTTGTTGTACTTACCA

CTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCCCTGCACCATYATGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGT
GAAGCCAAAGGCACAAAGCATTTCAGACCTTTGCGCCTTCAGTCGCGGGACGTGGTAATACAAGGCCTAGACGTAGCGTCCTACGACGACCGATGGGACA

GGAACACCTACATCTGTATTAACGAAGCGCTGGCATTGACCCTGAGTGAYTTTTCTCTGGTCCCGCCGCATCCATACCGCCAGTTGTTTACCCTCACAAC
CCTTGTGGATGTAGACATAATTGCTTCGCGACCGTAACTGGGACTCACTAAAAAGAGACCAGGGCGGCGTAGGTATGGCGGTCAACAAATGGGAGTGTTG

Figure 3. The pBR322 DNA sequence. The sequence is presented in double-strand form. The top strand is §'—3', the lower
strand is complementary 3'—5'. The circular nature of the sequence is indicated by the nucleotides in parentheses at the ends.
The sequence is numbered such that 0 is the middle of the umque EcoRlI site and the count increases first through the ter genes.
then pMBI material. and finally through the Tn3 region. This is clockwise numbering on the map in Fig. 4.
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GTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTATCGTGAGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATTCCCCCTT
1900.

CAAGGTCATTGGCCCGTACAAGTAGTAGTCATTGGGCATAGCACTCGTAGGAGAGAGCAAAGTAGCCATAGTAATGGGGGTACTTGTCTTTAAGGGGGAA

ACACGGAGGCATCAAGTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGC
2000.

TGTGCCTCCGTAGTTCACTGGTTTGTCCTTTTTTGGCGGGAATTGTACCGGGCGAAATAGTCTTCGGTCTGTAATTGCGAAGACCTCTTTGAGTTGCTCG

TGGACGCGGATGAACAGGCAGACATCTGTGAATCGCTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAA
2100.

ACCTGCGCCTACTTGTCCGTCTGTAGACACTTAGCGAAGTGCTGGTGCGACTACTCGAAATGGCGTCGACGGAGCGCGCAAAGCCACTACTGCCACTTTT

CCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGG
GGAGACTGTGTACGTCGAGGGCCTCTGCCAGTGTCGAACAGACATTCGCCTACGGCCCTCGTCTGTTCGGGCAGTCCCGCGCAGTCGCCCACAACCGCCC

TGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATAT
ACAGCCCCGCGTCGGTACTGGGTCAGTGCATCGCTATCGCCTCACATATGACCGAATTGATACGCCGTAGTCTCGTCTAACATGACTCTCACGTGGTATA

GCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTG
CGCCACACTTTATGGCGTGTCTACGCATTCCTCTTTTATGGCGTAGTCCGCGAGAAGGCGAAGGAGCGAGTGACTGAGCGACGCGAGCCAGCAAGCCGAC

CGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCA?AAGG
50
GCCGCTCGCCATAGTCGAGTGAGTTTCCGCCATTATGCCAATAGGTGTCTTAGTCCCCTATTGCGTCCTTTCTTGTACACTCGTTTTCCGGTCGTTTTCC

CCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGG%GAAA
60

GGTCCTTGGCATTTTTCCGGCGCAACGACCGCAAAAAGGTATCCGAGGCGGGGGGACTGCTCGTAGTGTTTTTAGCTGCGAGTTCAGTCTCCACCGCTTT

CCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTLCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTT
00Q.

GGGCTGTCCTGATATTTCTATGGTCCGCAAAGGGGGACCTTCGAGGGAGCACGCGAGAGGACAAGGCTGGGACGGCGAATGGCCTATGGACAGGCGGAAA

CTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGA%CC’C
GAGGGAAGCCCTTCGCACCGCGAAAGAGTTACGAGTGCGACATCCATAGAGTCAAGCCACATCCAGCAAGCGAGGTTCGACCCGACACACGTGCTTGGGG

CCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAG»AGCCACTGGT%ACAG
GGCAAGTCGGGCTGGCGACGCGGAATAGGCCATTGATAGCAGAACTCAGGTTGGGCCATTCTGTGC TGAATAGCGGTGACCGTCGTCGGTGACCATTGTC

GATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCgG
CTAATCGTCTCGCTCCATACATCCGCCACGATGTCTCAAGAACTTCACCACCGGATTGATGCCGATGTGATCTTCCTGTCATAAACCATAGACGCGAGAC

CTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTA
GACTTCGGTCAATGGAAGCCTTTTTCTCAACCATCGAGAACTAGGCCGTTTGTTTGGTGGCGACCATCGCCACCAAAAAAACAAACGTTCGTCGTCTAAY

CGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCA;GSG
GCGCGTCTTTTTTTCCTAGAGTTCTTCTAGGAAAC TAGAAAAGATGCCCCAGACTGCGAGTCACCTTGCTTTTGAGTGCAATTCCCTAAAACCAGTACTC

ATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGfTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAA
TAATAGTTTTTCCTAGAAGTGGATCTAGGAAAATTTAATTTTTACTTCAAAATTTAGTTAGATTTCATATA?ACTCATTTGAACCAGACTGTCAATGGTT

TGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTYCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCT

ACGAATTAGTCACTCCGTGGATAGAGTCGCTAGACAGATAAAGCAAGTAGGTATCAACGGACTGAGGGGCAGCACATCTATTGATGCTATGCCCTCCCGA

TACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGC’CGAAGGGCCGAGCGCAG
ATGGTAGACCGGGGTCACGACGTTACTATGGCGCTCTGGGTGCGAGTGGCCGAGGTCTAAATAGTCGTTATTTGGTCGGTCGGCCTTCCCGGCTCGCGTC

AAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGLAACGTTGTT
TTCACCAGGACGTTGAAATAGGCGGAGGTAGGTCAGATAATTAACAACGGCCCTTCGATCTCATTCATCAAGCGGTCAATTATCAAACGCGTTGCAACAA

Figure 3. (Continued)
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QCCATTGCTGCAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGUTTCCCAACGATCAAGGCGAGTTACATGATCCCCCASGT
Q
CGGTAACGACGTCCGTAGCACCACAGTGCGAGCAGCAAACCATACCGAAGTAAGTCGAGGCCAAGGGTTGCTAGTTCCGC TCAATGTACTAGGGGGTACA
TGTGCAAAAAACCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAG|TGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTC

jgoaq.
ACACGTTTTTTCGCCAATCGAGGAAGCCAGGAGGCTAGCAACAGTCTTCATTCAACCGGCGTCACAATAGTGAGTACCAATACCGTCGTGACGTATTAAG
TCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGC
AGAATGACAGTACGGTAGGCATTCTACGAAAAGACACTGACCACTCATGAGTTGGTTCAGTAAGACTCTTATCACATACGCCGCTGGCTCAACGAGAACG
CCaG CGTCAACACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTAC

GGCCGCAGTTGTGCCCTATTATGGCGCGGTGTATCGTCTTGAAATTTTCACGAGTAGTAACCTTTTGCAAGAAGCCCCGCTTTTGAGAGTTCCTAGAATG

CGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAG?GGG
. . . . 4 .
GCGACAACTCTAGGTCAAGCTACATTGGGTGAGCACGTGGGTTGACTAGAAGTCGTAGAAAATGAAAGTGGTCGCAAAGACCCACTCGTTTTTGTCCTTC

G--AAATGCCGCAAAAAAGGGAATAAuGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTYTTCAAYAYTAYTGAAGCATTTATCAGGGTTATTGT
Q0.
CuTTTTACGGCGTTTTTTCCCTTATTCCCGCTGTGCCTTTACAACTTATGAUTATGAGAAGGAAAAAGTTATAATAACYTCGTAAATAGTCCCAATAACA

CsCATGACCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCA

GAGTACTCGCCTATGTATAAACTTACATAAATCTTTTTATTTGTTTATCCCCAAGGCGCGTGTAAAGGGGCTTTTCACGGTGGACTGCAGATTCTTTGGT

TTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAA(TTC)

AATAATAGTACTGTAATTGGATATTTTTATCCGCATAGTGCTCCGGGAAAGCAGAAGTTCTT

Figure 3. (Conninued)

thickness. length, running temperature, and ac-
rvlamide concentration all affect the amount of infor-
mation that can be extracted from a single run (Sanger
and Coulson 1978; W. Gilbert and R. Tizard, pers.
comm.; A Maxam, in prep.; and this author). In
particular, the best resolution is obtained on I-m-long.
0.4 mm-thick gels which are run quite warm to the
touch. Sequences away from the labeled end are better
resolved on lower-percentage acrylamide gels. With
multiple sample loadings. the 20% gels described in
the original Maxam and Gilbert presentation of this
technique are totally adequate for the first 100 bases
from the labeled end and often further (on several
occasions. [ have read further than 170 bases from
such gels). A more modern approach would utilize
separate gels of different resolution capabilities, rather
than multiple loadings on the same gel. Thus. at this
time. repeating the project would require fewer se-
quencing runs simply because of improved gel
technology.

It was undoubtedly easier and quicker to sequence
many fragments almost indiscriminately than to spend
time determining a restriction map which could even-
tally be read directly from the sequence. [ developed
this attitude while the project was in motion. Solving a
“*quence of similar size would now require less time

an the 13 months spent on this project. Three of the
arrows presented in Figure 2 came from one |-m gel
which was run by R. Tizard: the rest of the data were
generated by myself. Analysis of the films and proof-
reading consumed a substantial portion of the time.

amp” Gene

A detailed description of the amp® gene was pub-
lished earlier (Sutcliffe 1978a) but several points bear
repeating in relation to the total nucleotide sequence.

1. The B-lactamase gene covers the unique Psel site
located 3611 bp clockwise from the unique EcoRI
site (see Fig. 4).

2. The direction of translation of B-lactamase is coun-
terclockwise and starts about 200bp from the
EcoRI site. The ribosome-binding site is shown in
Figure 5.

3. The gene sequence indicates that S-lactamase is
synthesized with a hydrophobic secretion signal of
23 amino acids at its amino-terminal end. The signal
does not appear in the 263-amino-acid mature 8-
lactamase isolated from the cell periplasmic space
(Ambler and Scott 1978; Sutcliffe 1978a). The protein
sequence, as deduced from the DNA sequence, is
shown in Figure 6.

4. The accuracy of the sequence across the gene is
largely verified by partial protein sequencing (Am-
bler and Scott 1978).

5. A glutamine-to-lysine change near the amino-
terminal end of the protein does not seem to alter
the kinetic properties of S8-lactamase.

6. When rat proinsulin mRNA reverse transcript was
inserted at the Pst! site using homopolymer tailing
and E. coli 1776 was transformed with this DNA,
insulin antigen was found in the periplasmic space
covalently fused to truncated B-lactamase antigen.
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n3 I pSCI01

pSC101
pMB1

l-‘iggre 4. Biological map of pBR322. The boundaries of the DNA derived from pSC101. pMBI1. and TnJ are indicated at the
perimeter. Unique sites for the enzymes EcoRI, HindIIl, BamHI, Sall, Aval. Pvull, and Pstl are indicated. Several proteins
that couid be encoded by the DNA sequence are indicated by the bold arrows inside and outside of the perimeter. The length in
amino acids of each peptide is indicated on the arrow, whose tail is at the amino-terminal end. The 23-amino-acid-long signal for
B-lactamase is indicated on the protein in the amp’ region. The origin of replication is indicated as a blowup and is presented in
more detail in Fig. 7. The exact positions of the starts for the *genes’ and the orgin are found in the legends to Figs. 5 and 7.
The pSC101/pMBI junction is at 1762, and the pMB1/Tn3 switch occurs at 3146.

Furthermore, many such fusion strains express low-
level ampicillin resistance (Villa-Komaroff et al.
1978).

Tn3 Inverted Repeat

The Ap‘ transposon used in the construction of
pBR322 originated from Rldrd(9 (So et al. 1976:
Bolivar et al. 1977a). E. Ohtsubo et al. (pers. comm.)
have completed the sequence of the inverted repeats
of this transposon. A comparison between pBR322
and the Tn3 repeat region shows total agreement
between the Rldrd19-derived Tn3 “left-end” repeat
and the pBR322 sequence from 346 to 3448 (within

the carboxyterminal end of the B-lactamase gene).
This concurrence shows that this region has not been
disrupted by the manipulations used to construct
pBR322. Furthermore, the 5 bp immediately preceding
the Tn3 inverted repeat are not like any of those that
have been found by Qhtsubo et al. (this voiume) to be
duplicated on the opposite ends of Tn3. This fact is
consistent with their notion that, at least for TnJ3. there
is no site specificity for the integration of the transpo-
son. This comparison also defines the extent of Tn3
material on pBR322. The other end is slightly inde-
finite (since no sequence data from pSC101 are avail-
able) but it is somewhere close to the EcoRlI site within
the 200 bp between the amp® and tet’ promoters.
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TAAGGAGHTGATC SHINE -DALGARNY
A-17) AMCGCAGTLACO.ACCQIOTATG taa (37)
4-37  TCACCRALACICIAGCGAACGTG raa (1543)
A-06  CAACGTTCCAGLRACCCGGCATG  rea (1818)
3-125 AACCCAGTCAGCTCCTTCCGGIG rea (6977
3-112 TATGCCGCCTCGGCGAGCACATG  rac (1180)
-338 TATGCGTICATGCAATTTCTATG rtea (26Q)
C-84  TTCGCTCCAAGCTRGGCTGIGTG toa (2789)
0-132 TTTITCCTGITIQGICACTTGATG raa (1912)
3-32 GAGCACCGCCGTCGCAAQQAATG  rag (571D
£-286 AATATTGAAAQBOCAAGAGTATG  rtaa (4]53)
£-152 GALCCTTORASCTGTCCCTGATG  rac (1080
F-33  GAAAGCGGICCTCGCCGARARTG raa (788)
Figure 5. The hypothetical genes of pBR322. The 20 bases
immediately preceding the initiator (ATG or GTG) of each
of the “‘genes” discussed in the text are presented. The entry
at the left (a letter “ A’ through “F" and a number) carnes
two pieces of information. The letter represents from which
of the six possible reading frames (arbitranily chosen A-C
clockwise, D-F counterclockwise) the protein is translated.
The number is the iength in amino acids. The letters in the
third column represent the nonsense triplet which terminates
the protein. The number in parentheses corresponds to the
position in the DNA sequence of the first base (A or G) in
the initiator methionine codon. Above the sequence is the
complement of the 165 RNA 3’ end (Shine and Dalgamo
1974; Steitz and Jakes 1975). Homologous runs of 3 or more
hases in those which precede the initiator are underlined.
;e representing possible ribosome-binding sites. The 8-lac-
.nase (E-286) and D-82 have particularly good matches.

Origin of Replication

The ColE1 and pBR345 (also derived from pMBI)
origin sequences have been worked out (Tomizawa et
al. 1977: Bolivar et al. 1977b). Like pBR345. pBR322
is, except for 1bp. homologous to ColEl for 190
nucleotides upstream from the RNA/DNA junction
observed to be the changeover from RNA primer to
DNA chain when ColEl is replicated in vitro (To-
mizawa et al. 1977). Downstream from the replication
start there is general, but not precise. homology with
ColEL. and. except for an ||-bp-long Haelll fragment
which was not reported for pBR345, the two pMB1-
derived origins are the same. The sequence at the
origin of replication is presented in Figure 7.

An interesting symmetry feature of the pBR322
origin sequence includes the Ll-bp-long Haelll frag-
ment which is part of a tandem repeat that is repeated
again, largely conserved. once in the same orientation
and once inverted (Figs. 4 and 7). The inverted se-
quence occurs exactly at the RNA/DNA junction.
Figure 7 shows the striking degree of homology among
these repeats. Although there is no evidence for the
actual existence of secondary structure, stem-and-loop
structures can be drawn. The repeats are not required
“~r replication because Backman et al. (this volume)

ve shown that plasmids can stll replicate after this
region has been deleted. Figure 8 shows a gel pattern
which includes the 11-bp.

The extent of ColE!-like sequence in pBR322 was
determined by comparison with unpublished data of
H. Ohmori and J. Tomizawa (pers. comm.). From the

N THE TET® REGION

A-179:

GLLRD{VHSDSIASHYGVLLALYALMGFLCA
PVLGAL SDRFGRBPVLLASLLGAT {DYA IMATTPVLWILYAGRIVAGITGATGAVAGAY [
AD{ TOGEDRARHFGLMSACFGVGMVAGPWPGDCHAPSPCMHHSLRRRCSTASTYYWAAS

B8-112:
MERVGMDCRRRP [ PCLPPRVASRCMGPGHLDLNGSRRHLANGF TTPR GANQFLRRTVNA
QTNPWANIS(ASA [ SSSRIBRISGSVGSWPRVRMI VLLSLRTRLGWRGCLTG

8-125:
MGAGHDYRRRTYDCLLYHATRRTGAGSALGHFRRGPLSLERDDDRPVACG {RNLARPRSS
LRHHSRHOrFﬁBEAGHYREﬂGGEEAGLRLAGVRDARLDGLPHYDSSRFRRHRDARVAGHA
VQAGR

C-338:.
MRTRSRSTVRPLWPPPSPARFATWSHYRLRDHGDHTRPVDPLRRTHRGRHHRRHRCGCWR
LYRRHHRWGRSGSPLRAHERLFRRGYGGRPVAGGLLGA | SLHAPFLAAAVLNGLNLLLGC
FLMQE SHKGERRPMPLRAFNPVSSFRWARGMT | VAALMTVFF IMQLVGAVPAALWY [FGE
DRFRWSATMIGLSLAVFGILHALAGAFVTGPATKRFGEKQA ! [AGMAADALGYVLLAFAT
RGWMAFPIMILLASGG! GMPALQAMLSRQVDDDMQGQALAGSLAALTSLTSITGPLIVTAL
YAASASTWNGLAW! VGAALYLVCLPALRRGAWSRATST

D-82: X
MVHARRWRPTYPRPRACHHTHAETSAHEPEVASPIFPIGDVGDIGASNRTCGAGDAGHDA
SGVEDPQDGCGRHDRVVDSGSK

£-152:

MVV | YLPGQHGLQRGHP DAAGSEKNHNGEGHPASRRERQUDVAQRVGRHAGONGLLLAET
FGGGTSDEGLSEGVQDSEYRKRQADHRRAPAKAVLAENDPERCRHLSYELHDKEDSHKCG
DDSHAPRPPEGADWVEGSQGHRSTLSLMRLLH

F-39: B
MTQSAAGTCPTSCMIKKTVISAAT ! VMPRAHRKELTGLKALKGIGRRSPLCDOSCIRKGPS
SRLRPLSTAAARNGACKEMAPNSPPATGLPPYPRRNKRS

IN THE PHB1 REGION

A-96:
MF [ { SNPYREHPLSFHRYHYPHEQKFPLTRRHQV TKGEKTALNMARF [RSQTLTLLEKLN
ELDADEQADICESLHDHADELYRSCLARFGDDGENL

C-84:
MHEPPVQPDRCALSGNYRLESNPVRHDLSPLAAATGNR [ SRARYVGGATEFFKWWPNYGY
TRRTVFGICALLKPVTFGKRVGSS

2-LACTAMASE

£-286:

HPETLYKYKDAEDQUGARVGY I ELDLNSGK [ LESFRP
EERFPMMSTFKVLLCGAVLSRVDAGQEQLGRRIHYSQNDLVEYSPVTEKHLTDGMTVREL
CSAAITMSDNTAANLLLTTIGGPLELTAFLHNMGDHVTRLORWEPELNEA IPNDERDTTM
PAAMATTLRKLLTGELLTLASRQQL [ DWMEADKVAGPLLRSALPAGWF [ADKSGAGERGS
RGIIAALGPDGKPSRIVVIYTTGSQATMOERNRG [AEIGASL [ KHW

pSC101-PMBL Juncrion

A-37:
MKRLLLONVCDLSNNMNGLRFPCFVKSGNAEVSALHHY VPDLHRRMLLATLANTY ICINE
ALALTL3DFSLVPPHPYRQLFTLTTFQ

0-132:

MPPCKGEFLFMGVM]PMKREKMLT |RVTDDEHARLLERCEGKQLAVWMRRDQRK! TQGQC
QRFVNTDVGVPQGSQQHPAMG | RNIMVGGADFRVSRLYETRKPKT | HYVAQVADYLQQQS
LHYRSRIGDSFC

Figure 6. The protein sequences of the pBR322 “‘genes.” The
nomenclature is explained in the iegend to Fig. 5. The protein
sequences are given by the one-letter amino acid code.
A-179, B-112. B-125. C-338, D-82, E-152, and F-99 are all
within the rer region. A-179 has a signal-like sequence (under-
lined) at its amino terminus. The Arg-His-rich regions are
also underlined. A-96 and C-84 come from the pMBI1 region.
A-87 and D-132 are read across the pSC101/pMBI1 junction.
These two proteins may contain some residual information
from a nonrequired protein encoded by one of the parental
plasmids that was disrupted during the pBR322 construction.
The B-lactamase sequence (E-286) has its secretion signal
underlined.

end of the TnJ3 sequence (3146) to 1762, the sequences
are similar. but they diverge thereafter. This defines
the extent of pMBl-derived DNA and. therefore,
pSCI0{ material must occupy the region between the
EcoRI site and 1762. Within this pMB1 region two
short peptides are hypothetically encoded by the DNA
sequence. one, of 96 amino acids. downstream from
the origin and the other, of 84 amino acids. upstream
(see Fig. 4). Whether these proteins are actually trans-
lated remains unknown, but both hypothetical “‘genes™
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JUNCTION -
RNA / DNA UNIDIRECTIONAL REPLICATION —
T 2 3 s
1 ARAACGCCAGC
2 AAAAGGCC 6C
3 AAAAGGCCAGG
4 AAAARGCCAGC
- W
~GGGGGGCGGAGCCTATGGA

AAAACGCCAGCA
' ~CCCCCCGCCTCGGATACCTTTTTGCGGTCGTTG

TGCCAA

ACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTT
CGCCOGAARAA GGACCGOAAAACGACCGGAAAA

CGAGTGTACAAGAAA

Figure 7. Origin of replication. The RNA-primer-to-DNA switch in vitto has been demonstrated to occur predominantly at the
fourth A (and sometimes at the third A or the first C) in sequence 1 (Tomizawa et al. 1977). This is consistent with the
assignment of the start of the nascent strand for trapped replication intermediates of pBR345 (Bolivar et al. 1977b). Replication
proceeds unidirectionally in the direction indicated by the arrow. The three repeats are in the opposite orientation. There are
3 bp between | and 2. 7 bp between 2 and 3. and no base pairs between 3 and 4. The comparison of these four sequences shows
that, of the 11 positions, 8 are occupied by the same base in all four of the repeats. The other 3 positions are the same in three of
the four sequences. Sequence 2 had to be slipped in the ninth position in order to get a match at positions 10 and 11. The first A
in sequence 1 corresponds to position 2536 of the plasmid sequence. Replication proceeds counterclockwise on the biological

map (Fig. 4).

are preceded by sequences which have three base
complementary matches with the Shine and Dalgarno
(1974) sequence of the 3' end of the 16S ribosomal
RNA. These could possibly function as ribosome-
binding sites (see Fig. 5).

The *“‘gene’ for the peptide of 84 amino acids is
located in a portion of the DNA sequence required for
plasmid replication. Backman et al. (this volume) have
recently shown that most of the 580 bp located up-
stream from the origin must be present for replication
to occur. A replication protein necessary for plasmid
maintenance encoded close to the origin could be the
reason behind this observation. Only RNA polymerase,
DNA polymerase I, and RNase Hseem to be requiredin
vitro for initiation of replication (Itoh and Tomizawa,
this volume), so that cannot be the role of this protein.

No function is immediately suggested for the
hypothetical peptide of 96 amino acids whose “gene”
is downstream from the origin. In fact, it is unlikely
that this is a required plasmid function because, as will
be discussed, plasmid replication was not inactivated
when DNA was inserted at the unique Puull site which
lies within the “‘gene” for the peptide of 96 amino
acids. Perhaps this protein is related to DNA transfer
(H. Ohmori and J. Tomizawa, pers. comm.). The
sequences of these two hypothetical proteins are pre-
sented in Figure 6.

tet” Genes

Tetracycline resistance is lost when DNA fragments
are inserted at either the BamHI or Sall site. and
sometimes when inserts are cloned at the HindlII site
(Bolivar et al. 1977c). The entire DNA sequence can
code for only seven hypothetical polypeptides longer
than 100 amino acids. Except for the B-lactamase

gene, these cluster around the BamHI and Sa!l sites,
overlap, and are read from all three triplet frames of
both strands as indicated in Figures 4 and 5. These
hypothetical genes were identified by locating all of
the longest initiator (ATG or GTG) to nonsense
triplet strings in all three reading frames of each
strand. For the purpose of this discussion, read-
through from weak TGA terminators will be ignored,
although it could be relevant.

On the clockwise strand, four long hypothetical
‘‘genes” have been found which could code for pep-
tides of 179, 338, 125, and 112 amino acids. The long
protein of 338 amino acids spans both the BamHI and
Sall sites; the protein of 179 amino acids spans the
BamHI site only. The protein of 338 amino acids also
overlaps at least part of all of these other three
“genes.” On the other DNA strand, there are three
possible *“‘genes.” Two (152 and 99 amino acids) span
the Sall site, while the third (82 amino acids) spans the
BamHI site. Therefore. inserts at either the BamHI
or Sall site would interrupt three of these ‘‘genes.”
Two other hypothetical proteins (132 and 87 amino
acids) can be read across the junction of the material
derived from pMB1 and pSC101. It is unlikely that
these two are biologically important, but they could
represent residual parts of genes from one of the
parent plasmids.

Which, if any, of these “‘genes” is active? When
pMB9 or pSC101 is used to direct protein synthesis in
minicells, tetracycline-related protéins are observed
which have apparent molecular weights (depending on
the citation) in SDS gels of about 34.000. 19,000,
17.000, 14,000, and 12,000 daltons (Meagher et al.
1977; Tait and Boyer (978). The 34,000-dalton protein
disappears when the plasmid has either Bam or Sal
inserts and undoubtedly corresponds to the long pro-
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A*G G c C+T
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Figure 8. Sequence autoradiograph from the origin region.
This gel profile shows the Maxam-Gilbert sequence ladder
downstream from the origin of repiication. The 5" end of the
sequenced (ragment was the Hinfl site at position 2449. The
longer region shown here starts at 2470. The sequence
reads: AAGAACATGTGAGCAAAAGGCCAGCAAAA-

5CgapAGGAACCGTAAAAAGGCC. The shorter re-

n begins at position 2496 and confirms the other reading.
There are three anomalies on this pattern. The first occurs
between the T and G at position 2480. The light band
between these darker bands is spillover from the matenal
that was loaded earlier in the adjacent lanes and appears in
the unreacted position in those adjacent four lanes. The gap
(light C band) at position 2502 indicates a 5-methyl C {which
reacts slowly with hydrazine) at that location (Ohmon et al.
1978). There is a light band that shows up in ail four lanes
between G at position 2505 and the following A. This was
caused by a single-strand nick put into the DNA at this site
by Hinfl. The nick appears at G | AACC, which closely
resembles the normal Hinfl cutting site G | AXTC. Such
nicks were often observed. particularly when Hinfl was used.
These anomalies are interpretable for two reasons. First, itis
obvious to a practiced eye that the banding pattern is
irregular at these positions and. hence. one is alerted. Sec-
ond, the region was sequenced more than once using differ-
ent restriction fragments. The two false bands did not appear
on other runs through this region.

tein of 338 amino acids decoded from the DNA
sequence. The other proteins have not been well
characterized in the literature. but could come from
the “genes’ which overlap the 338-amino acid protein
(although the 14,000-dalton protein may come from
outside the region of DNA on pBR322). Unfortu-
nately. at least in my hands, the pBR322-directed
minicell-protein profile is dominated by the g-lactam-
ase protein such that the ter’ proteins are partially
obscured. In my experiments. the B-lactamase appears
s a singlet, but D. Vapnek (pers. comm.) has ob-
served three bands in the range of 25,000~31.000
daltons whose mabilities shift in unison when the Psti
site carries an insert.

There is what appears (by analogy to published
promoters) to be an excellent promoter sequence near
the HindlI site (Boyer et al. 1977; Majors 1977).
Transcripts from this site will include all of the clock-
wise-strand “genes.” The proteins of 179, 338, and 112
amino acids have sequences that could be ribosome-
binding sites (Shine and Dalgarno 1974), but I find no
such sequence upstream from the initiator of the
125-amino acid protein (see Fig. 5). On the other
strand. all three “‘genes” have a reasonable ribosome-
binding-site-like sequence (Fig. 5). Protein chemistry
will be required to prove a correlation between the
“genes” and the proteins observed in minicells. The
sequences of all of these hypothetical proteins are .
listed in Figure 6.

Two circumstantial observations tend to support the
overlapping-genes model for tetracycline resistance.
The phenotype of T¢' is pleiotropic (Levy et al. 1978;
Tait and Boyer 1978) and several different proteins
functioning at once could account for this. Also, the
protein sequences decoded from the DNA show that
the hypothetical proteins are somewhat similar in
amino acid composition as well as sharing stretches of
Arg-His-rich runs. These runs could be of functional
significance and implicate these “‘genes’” as a family
with functional relatedness. It is tempting to speculate
that the Arg-His regions are tmportant in tetracycline
binding. since all of the protetns may interact with the
antibiotic. The 338-amino acid protein resembles
superficially a histone or protamine in that the first 89
amino acids are 28% arginines. and this suggests that
it may be a nucleic-acid-binding protein. The amino-
terminal end of the 179-amino acid protein looks like a
hydrophobic secretion signal (Blobel and Dobberstein
1975). and therefore the protein could be membrane-
associated. The features of this protein which resembie
a secretion signal are the basic amino acid (lysine) at
residue 2 followed by a stretch of 16 out of 19 aliphatic
residues ending with two prolines separated by two
amino acids (see Fig. 6). This structure is reminiscent
of the B-lactamase signal (Sutcliffe 1978a), shown in
Figure 6. which has an arginine at position 6 along
with the rest of the structure. and also of a collection
of other prokaryotic and eukaryotic signals. many of
which share these properties (J. Knowles. pers.
comm.).

Tetracycline inhibits protein synthesis. Although
there is debate among investigators in the field over
several points, tetracycline resistance has clearly been
shown to involve several apparently separate molecu-
lar events. Tc’ cells accumulate less_tetracycline than
tetracycline-sensitive (Tc*) cells at the same external
tetracycline concentration (Tait and Boyer 1978; Levy
et al. 1978). Tc* cells exhibit a  separate ATP-
dependent. rapid tetracycline binding which is greatly
reduced in Tc’ cells (Tait and Boyer 1978). Finally, Tc*
cells can synthesize protein in the presence of internal
tetracycline concentrations that would totally inhibit
T¢ cells (Levy et al. 1978). There is some evidence
that this last feature is due to a nonribosomal factor
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since ribosomes from T¢' cells show some ability to
resist tetracycline in vitro but lose this ability after
they have been washed (Levy et al. 1978). It seems
likely, therefore. that more than one protein is in-
volved in tetracycline resistance and that, for instance,
the 179-amino acid protein (because of its postulated
secretion signal) is involved in one of the tetracycline-
exclusion events at the membrane and that the 338-
amino acid protein (because of its postulated nucleic-
acid-binding activity) is somehow involved in protein
synthesis.

Cloning in pBR322

While studying the pBR322 DNA molecule, 1 found
unique cutting sites for two enzymes that had not been
reported previously (see Fig. 4). The Puull site at map
position 2067 is suitable for flush-end cloning. A DNA
fragment containing the lac operator was inserted into
the unique Puull site by blunt-end ligation (Backman
et al. 1976). Cells carrying the lac plasmid could be
detected on indicator plates and these were Tc* as well
as Ap', so Puull provides a site for blunt-ending with
no inactivation of either of the two drug resistances or
replication. There is a unique Auval site at position
1424. (See also Note Added in Proof.)

The B-lactamase secretion signal, when hooked in
front of a new gene. can be used to secrete that
protein product (Villa-Komaroft et al. 1978). The
fact that the 179-amino-acid peptide in the fet region
also appears to have a secretion signal may mean that
genes cloned in the BamHI site can also lead to
secreted products.

Because the entire DNA sequence is known, it is
now very simple to determine a detailed restriction
map for an insert cloned into any of the pBR322 sites.
When total chimeric plasmid DNA is cut by a restric-
tion enzyme and the products are displayed on a gel,
the fragments from the pBR322 portion of the
molecule serve as internal size markers such that oné
can estimate the sizes of the insert bands accurately.
Data which simplify this process have been published
elsewhere (Sutcliffe 1978b). Plasmid pBR322 is quite a
good source of DNA size markers. A word of caution:
it has been noticed that the Mbol-EcoRI fragment
carrying the amino terminus of B-lactamase migrates
on gels slightly anomalously compared with other
Mbol-generated markers: it migrates as though it were
345 bp. rather than 316 bp, long (K. Talmadge. pers.
comm.). It is possible that other bands will occasion-
ally exhibit anomalous mobility.

Accuracy of the Sequence

The confidence level of this sequence is of prime
importance for two reasons. First. [ have discussed
several hypothetical gene products. Such discussions
would be frivolous if there were not goud reasons to
expect the sequence to.be accurate. Second. I am
certain that pBR322 DNA will be used for many

genetic and biochemical experiments because the
DNA sequence is known. Other investigators must
know how much to trust these data. The procedures
described under Strategy make it likely that the se-
quence is entirely correct. Comparisons with other data
raise the level of confidence even higher.

1. The sequence between the first and last amino acid
of B-lactamase was shown to agree with the partial
amino acid sequence for the protein (Sutcliffe
1978a; Ambler and Scott 1978). The one difterence
discovered as a result of comparison was shown to
be a strain difference. Because the f-lactamase
partial protein sequence was not consulted until the
gene sequence was completed, I expect the rest of
the pBR322 sequence to be comparably accurate.

2. The DNA sequence of the left-end inverted repeat
determined by Ohtsubo et al. (this volume) for the
Tn3 of Rldrd19 agrees completely with the pBR322
sequence.

3. The sequence from the end of Tn3 to position 2360
corresponds to the origin of replication. The origin
sequence for the related plasmid pBR345 has been
solved (Bolivar et al. 1977b). These workers also
have the sequence (unpubl.) for some of the rest of
the pBR34S miniplasmid (H. Boyer. pers. comm.).
A few diflerences appear. but in all cases the
pBR322 data are very clear at these sites. In one
instance the pBR345 sequence predicts an Alul cut
where there is none on the pBR322 sequence. Alul
cuts pBR345 but not pBR322 at that site. s0 these
two sequences have diverged.

4. Small regions of the sequence have been verified by
various other workers.

These direct sequence comparisons result in an
independent check of about 2200 bp. or roughly 50%
of the DNA. The fact that the restriction map matches
the restriction digestion pattern (Sutcliffe 1978b)
serves as a partial check on the rest of the plasmid.
Therefore. the DNA sequence determined for pBR322
is probably totally correct. It is possible that there
could be a few errors. but. because the same care was
used for all parts of thé sequencing. this 1s unlikely.

Evolution of pBR322

Unfortunately. the sequence of pBR322 is not static.
Cases have been observed. in nonmutagenized DNA
stocks. in which certain restriction patterns are altered
(K. Backman. pers. comm.). There are two sorts of
possible explanations for such findings. One is that the
plasmid was only recently constructed in vitro and is
still changing to reach its most stable form. The other.
and perhaps more likely. explanation is that within a
population of Chloramphenicol-ampliﬁed DNA mole-
cules, many molecules ditfer in one or 2 few posi-
tions from the norm. This was recently shown to be the
case for the RNA phage Qp (Domingo <t al. 1978).
When such plasmids are clonally amplified. a popula-
tion that has temporarily fixed the particular difference
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Arabidopsis thaliana T-DNA transformants were screened for
mutations affecting seed fatty acid composition. A mutant line was
found with reduced levels of linolenic acid (18:3) due to a T-DNA
insertion. Genomic DNA flanking the T-DNA insertion was used to
obtain an Arabidopsis cDNA that encodes a polypeptide identified
as a microsomal w-3 fatty acid desaturase by its complementation
of the mutation. Analysis of lipid content in transgenic tissues
demonstrated that this enzyme is limiting for 18:3 production in
Arabidopsis seeds and carrot hairy roots. This cDNA was used to
isolate a related Arabidopsis cONA, whose mRNA is accumulated
to a much higher level in leaf tissue relative to root tissue. This
related cDNA encodes a protein that is a homolog of the micro-
somal desaturase but has an N-terminal extension deduced to be a
transit peptide, and its gene maps to a position consistent with that
of the Arabidopsis fad D locus, which controls plastid w-3 desatu-
ration. These Arabidopsis cDNAs were used as hybridization probes
to isolate cDNAs encoding homologous proteins from developing
seeds of soybean and rapeseed. The high degree of sequence
similarity between these sequences suggests that the w-3 desatu-
rases use a common enzyme me_chanis_m.

The w-6 and w-3 fatty acid desaturases introduce the second
and the third double bonds, respectively, in the biosynthesis
of 18:2 and 18:3 fatty acids, which are important constituents
of plant membranes. (The -3 and w-6 designations refer to
positions of the double bond from the methyl end of fatty
acids.) They are also commercially important because the
oxidative stability and nutritional value of seed oils is affected
by the levels of these fatty acids. In leaf tissue, there are two
distinct pathways for polyunsaturated fatty acid biosynthesis,
one located in the microsomes and the other located in the
plastid membranes. In nongreen tissues and developing
seeds, the microsomal pathway predominates. In Arabidopsis
thaliana, the microsomal w-6 and w-3 fatty acid desaturations
- are controlled by the fad 2 and fad 3 loci, respectively (Lem-
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ieux et al., 1990), and the plastid w-6 and w-3 fatty acid
desaturations are controlled by the fad C and fad D lodi,
respectively (Browse and Somerville, 1991). It has been pos-
tulated that these loci correspond to structural genes for the
desaturase enzymes, which have been recalcitrant to purifi-
cation and study. Indeed, a cDNA encoding a Brassica napus
microsomal w-3 desaturase was recently cloned by homology
to a fragment of Arabidopsis genomic DNA isolated by map-
based cloning of the fad 3 locus (Arondel et al., 1992).

Genetic approaches for cloning plant genes encoding bio-
chemically intractable products, such as membrane-associ-
ated desaturases, are becoming increasingly more refined and
powerful, especially in studies that depend on the small,
well-characterized genome of A. thaliana. In addition to map-
based cloning, these methods include transposon tagging
(Balcells et al., 1991) and T-DNA tagging (Feldmann, 1991;
Walden et al., 1991). The T-DNA tagging method, in which
insertion of the T-DNA of Agrobacterium tumefaciens into a
gene of interest via transformation provides both the mutant
phenotype and the means with which to clone the mutant
allele, has been most successful to date.

We report here the isolation of the Arabidops:s microsomal
w-3 fatty acid desaturase gene by T-DNA tagging and the
subsequent use of its cognate cDNA to manipulate the levels
of polyunsaturated fatty acids in transgenic plant tissues as
well as to isolate cDNAs from Arabidopsis, soybean, and
rapeseed that encode homologs of the microsomal w-3 desat-
urase, including putative plastid w-3 desaturases.

MATERIALS AND METHODS
Screening of an Arabidopsis T-DNA Mutant Population

About 100 T, seeds (2 mg) of each of 6000 -members of a
population of T-DNA transformed lines of Arabidopsis thal-
iana (ecotype Wassilewskija) (Feldmann and Marks, 1987)

Abbreviations: ¢M, centimorgan; NOS, nopaline synthase gene;
NPTIl, neomycin phosphotransferase [I; PCR. polymerase chain
reaction; 16:0, palmitic acid; 16:1, palmitoleic acid; 18:0, stearic acid;
18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; 20:1, eicosen-
oic acid.
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Northern Analyses

The following Arabidopsis tissues were harvested and fro-
zen in liquid nitrogen: expanding leaves from the rosette
stage of wild-type and line 3707 Arabidopsis plants grown
side by side in soil in the greenhouse, 2-week-old whole
wild-type Arabidopsis seedlings (with roots) grown in coarse
sand, and in vitro cultured roots (Russell et al., 1992). RNA
was isolated as described in Rerie et al. (1991). Poly(A)”
mRNA was isolated using the PolyATtract mRNA isolation
system (Promega Corp.). RNA was fractionated on 1.2%
{(w/v) agarase, 2.2 M formaldehyde gels, blotted onto Nytran
membranes (Schleicher & Schuell), and cross-linked by UV
jrradiation (Ausubel et al.,, 1991). RNA blots were hybridized
at 60°C with the *P-labeled CF3 and CFD cDNAs (see
“Results’) and an Arabidopsis actin probe in 6X SSC, 50 mm
Tris-HCl, pH 8.0, 5X Denhardt’s solution, 1.0% (w/v) SDS,
100 ug/mL of salmon sperm DNA, and were washed at 65°C
to a stringency of 0.1xX SSC. The actin probe, which served
to normalize mRNA loadings, was obtained from RNA by
reverse transcription and PCR amplification with primers
corresponding to nucleotides 938 to 957 and nucleotides 1506
to 1524 of the AAcI gene (Nairn et al., 1988).

Plant Transformations

For constitutive expression in plants, the 1.4-kb CF3 cDNA
(see “Results”) was ligated in the sense orientation between
the 35S promoter and the 3° region of the NOS (Russell et
al., 1992) (see Fig. 4). For seed-specific expression, the cDNA
insert was cloned in sense orientation between the promoter
for the gene for the a-subunit of 8-conglycinin (Doyle et al.,
1986) and the 3’ region of the phaseolin gene (Slightom et
al., 1983). The chimeric genes were cloned adjacent to a
plant-selectable marker between the T-DNA borders of a
derivative of binary vector pZ594 (Russell et al., 1992) to
provide plasmids pAWS50 (8-conglycinin: CF3 ¢DNA) and
pAW?31 (355: CF3 cDNA). The plant-selectable markers were
sulfonylurea resistance (Russell et al., 1992) in plasmid
pAWS0 and kanamycin resistance (35S:NPT i1:3"NQS, see
Fig. 4) in plasmid pAW31. Plasmids pAW50 and pAW31
were transformed into A. tumefaciens strain LBA4404 (Hoe-
kema et al.,, 1983) and A. tumefaciens strain R1000 (a C58
strain carrying an Ri-plasmid) (Moore et al., 1979), respec-
tively, by the freeze/thaw method (Holsters et al., 1978).

Complementation of the mutation in line 3707 was carried
out by transformation of root explants of line 3707 homozy-
gous for the mutation by Agrobacterium strain LBA4404/
pAWSO0 (Russell et al., 1992). Primary transformants (R;)
were selected on chlorsulfuron and transferred to individual
containers as previously described (Russell et al., 1992). In-
dividual R; seeds from two independent transgenic plants
were analyzed for fatty acid composition.

Carrot (Daucus carota L.) cells were transformed by co-
cultivation of carrot root discs with Agrobacterium rhizogenes
strains R1000 or R1000/pAW31 (Petit et al., 1986). Inoculated
discs were incubated for 2 weeks at 25°C on an agar-solidi-
fied watér medium and then transferred to a medium con-
taining 500 mg/L of carbenicillin. Hairy roots that formed on
the cut surfaces were excised and individually maintained on

Murashige and Skoog minimal organics medium (Gibeo) with -
30 g/L of Suc and 500 mg/L of carbenicillin, with or without
50 ug/mL of kanamycin sulfate, and sampled for fatty acid
composition.

RESULTS

An Arabidopsis Mutant Defective in w-3 Desaturation
Due to T-DNA Insertion

Since the T; seeds of T-DNA-transformed lines are segre-
gating for the T-DNA insert, we combined approximately
100 T, seeds (2 mg) of each of 6000 members of the popu-
lation of T-DNA-transformed lines of A. thaliana and deter-
mined the fatty acid content of each of the 6000 pooled
samples (Browse et al., 1986). Based on our knowledge of
chemically induced lipid mutants (James and Dooner, 1990;
Lemjeux et al., 1990), we expected to be able to identify
mutants in a segregating line using this approach. Three
lines with reduced 18:3 were identified, and each of these

‘was shown to be segregating for the mutant phenotype. The

first of these lines identified (line 3707) produced homozy-
gous seeds that contained 3.1%. 18:3 (Table 1), suggesting
that the mutation in this line is “leaky” compared with the
previously described fad 3-2 mutant, which contains 1.9%
18:3 (James and Dooner, 1990). Individual plants of line
3707 were selfed, and 262 of the resultant T, progeny were
grown and assayed for the presence of nopaline in leaf
extracts (Errampalli et al., 1991). In addition, Ts seeds from
each of the T, plants were analyzed in bulk for fatty acid
composition and for their ability to germinate in the pres-
ence of kanamycin (Feldmann et al., 1989). The analysis
showed that the T, progeny of line 3707 fell into three
classes (Table II), indicating that a single T-DNA insertion
conditioned the low 18:3 pherotype in line 3707. The co-
segregation of the mutant phenotype and T-DNA markers
indicates with 95% certainty that the T-DNA and the mu-
tation are no further than 1.2 cM apart. On the basis of this
estimation of linkage, we proceeded to isolate plant DNA

flanking the site of T-DNA insertion.

Arabidopsis w-3 Desaturase Gene and cDNA

Since the modified T-DNA we used contains the origin of
replication and the ampicillin resistance gene of plasmid
pBR322 (Feldmann and Marks, 1987), the left T-DNA-plant
DNA junction fragments from line 3707 were recovered as
plasmids in Escherichia coli by the method of plasmid rescue

Table 1. Fauty acid composition of normal and mutant 3707 seeds

The normal sample is an average of pooled T; seeds from T-DNA
lines 3501 to 4000, the 3707 T, sample is pooled T, seeds from line
3707, and the 3707 T. sampie is pooled T, seeds from a selfed
progeny of line 3707 homozygous for the mutant fatty acid
phenotype.

Percent Fatty Acid

Sample

16:0 18:0 18:1 18:2 18:3 201
Normal 7.4 30 170 293 161 202
17077, 70 29 177 350 102 205
1707 T, 6.4 3.0 159 424 3 236




470

Table 1t. Co-segregation of mutant fatty acid phenotype and
T-DNA markers in line 3707

Leaves of 262 individual T, plants derived from line 3707 were
tested for the presence of nopaline, and their sclfed, progeny seeds
(Ts) were tested for the mutant fatty acid phenotype and kanamycin
resistance.

Number of T,

Individuals Phenotype

64 Nopaline absent in leaves; progeny (Ts) seeds

show wild-type fatty acid composition and
. are all kanamycin sensitive
134 Nopaline present in leaves; progeny (Ts)

seeds show heterozygous fatty acid com-
position similar to 3707 T, pool and segre-
gate for kanamycin 1esistance

64 Nopaline present in leaves; progeny (Ts)

seeds show the homozygous mutant fatty
acid composition and are all kanamycin
resistant

{Behringer and Medford, 1992). For this, line 3707 genomic
DNA was isolated, digested with either Sall or BamHI restric-
tion enzyme, self-ligated, and used to transform E. coli cells.
This resulted in the isolation of plasmids pS1 and pBl from
the Sall- and BamHI-digested DNAs, respectively. Restriction
analysis of these plasmids showed that, in addition to the
expected fragments of the T-DNA, pS1 contained a 2.9-kb
EcoRI-Sall fragment and pB1 contained a 1.4-kb EcoRI-BamHI
fragment (in each case, the EcoRI site being in the left T-DNA
border), and that the 1.4-kb EcoRI-BamHI fragment in pB1
was contained within the 2.9-kb EcoRI-Sall fragment in pS1.
Southern analysis using a radiolabeled 1.4-kb EcoRI-BamHI
fragment as the hybridization probe showed that it hybrid-
ized to specific fragments of genémic DNA from both wild-
type and line 3707 plants (data not shown). The nucleotide
sequence of approximately 0.8 kb of the junction fragment
starting from the EcoRI site in plasmid pS1 was determined;
it was co-linear with the sequence of the T-DNA up to
nucleotide position 65 in the left T-DNA border repeat (Yadav
et al., 1982). The sequence beyond this point of divergence
showed no significant identity to the T-DNA and revealed
no extended open reading frame.

To isolate a cDNA corresponding to the site of T-DNA
insertion, we isolated the corresponding genomic DNA from
wild-type plants. For this we used the **P-labeled 1.4-kb
EcoRI-BamHI fragment as the hybridization probe to screen
a phage library made to wild-type Arabidopsis genomic DNA.
Southern analysis of DNA isolated from several positively
hybridizing clones showed that a 5.2-kb Hindlll fragment
(Fig. 1) hybridized to the 1.4-kb EcoRI-BamHI fragment. The
5.2-kb HindIll fragment was isolated and used, in turn, as a
probe to screen an Arabidopsis cDNA library. Several posi-
tively hybridizing plaques were purified and their plasmids
were excised. One plasmid contained a 1.4-kb ¢cDNA, desig-
nated CF3, which was shown by Southern analysis to hy-
bridize to a region of wild-type Arabidopsis genomic DNA

Yadav et al.

Plant Physiol. Vol. 103, 1993

present to the right of the site of T-DNA insertion as shown
in Figure 1.

The nucleotide sequence .of CF3 ¢cDNA revealed a large
open reading frame (nucleotides 46-1206) that encodes a
386-amino acid polypeptide, designated A3 (Fig. 2). Com-
parison of the deduced amino acid sequence A3 to that of
the polypeptide encoded by the structural gene (des A) for a
cyanobacterium fatty acid desaturase (Wada et al., 1990)
revealed an overall identity of 26% and higher identity over
shorter stretches of amino acids. This strongly suggested that
CF3 cDNA encoded Arabidopsis microsomal w-3 fatty acid
desaturase. Arabidopsis polypeptide A3 showed 93 and 68%
overall identity to the subsequently published polypeptide
sequences of rapeseed w-3 fatty acid desaturase (Arondel et
al., 1992) and a mung bean ¢cDNA, ARG1, made to IAA-
induced mRNA (Yamamoto et al., 1992), respectively. How-
ever, it showed overall identities of only 21 and 17% to the
microsomal stearoyl-CoA desaturases from rat (Thiede et al.,
1986) and yeast (Stukey et al., 1990), respectively. No signif-
icant homology was observed with the soluble stearoyl-acyl
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Figure 1. A, Restriction map of the region of wild-type Arabidopsis
DNA containing the region hybridizing to the entire CF3 cDNA
{open bar). T-DNA marks the site corresponding to position of the
T-DNA insertion in line 3707. B, Southern analysis of genomic DNA
from wild-type (W) and 3707 (T} Arabidopsis plants using *P-labeled
CF3 cDNA as hybridization probe. The arrows show the novel, right
junction fragments in line 3707 due to T-DNA insertion. Enzymes
used are Sall (S), Hindlll (H), and EcoRl (E). Lane M containg 1-kb
ladder DNA size markers. .
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Figure 2. Comparison of the deduced amino acid sequences of higher plant w-3 fatty acid desaturase homologs using
standard one-letter amino acid codes. Identical and similar residues are shown on backgrounds of black and gray,
respectively. Ap, Cp, Sp, A3, C3, and S3 refer to the deduced amino acid sequences encoded by Arabidopsis CFD cDNA,
rapeseed BND cONA, soybean GMD cDNA, Arabidopsis CF3 ¢cDNA (Fad 3), rapeseed BN3 cDNA, and soybean GM3

cDNA, respectively.

carrier protein desaturases from higher plants (Shanklin and
Somerville, 1991; Thompson et al., 1991).

Southern analysis of genomic DNA from wild-type and
line 3707 plants using *?P-labeled CF3 cDNA showed that
the T-DNA integrated 5’ to the desaturase coding sequence
(Fig. 1). To accurately determine the site of T-DNA integra-
tion, the right T-DNA-plant DNA junction fragment was
isolated by screening a library made to genomic DNA from
line 3707 with **P-labeled CF3 ¢cDNA. Comparison of the
nucleotide sequence of the wild-type w-3 desaturase gene
with those of the T-DNA-disrupted gene in the left and right

junction fragments showed that the insertion in line 3707
resulted in a 56-bp deletion at the site of integration that
occurred 612 bp 5’ to the initiation codon for the desaturase
coding sequence.

Northern analysis of poly(A)* RNA isolated from leaf
tissues of wild-type Arabidopsis and line 3707 homozygous
for the low 18:3 phenotype showed that, relative to the wild-
type tissue, the mutant tissue contained about one-fifth to
one-tenth the amount of an apparently full-length w-3 de-
saturase mRNA (Fig. 3). The above data, taken together with
the leaky mutant phenotype in line 3707, suggest that the T-
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Figure 3. RNA gel-blot analysis of Arabidopsis using CF3 and CFD
probes. Poly(A)* mRNAs (0.3 ug) isolated from expanding leaves (L)
from wild-type and line 3707 rosette-stage plants, in vitro cultured
wild-type roots (R), and 2-week-old wild-type seedlings (S} were
separated on 1.2% agarose, 2.2 m formaldehyde gels, transferred
to a nylon membrane, and hybridized to **P-labeled CF3 cDNA,
CFD cDNA, or AAc! actin probe. The sizes of the hybridizing
mRNAs are indicated. The same blot was hybridized sequentially
with CF3 and CFD probes to determine the relative prevalences of
the corresponding mRNAs in these tissues. The actin probe was
used as a loading control. Autoradiographs for CF3 and CFD probes
were exposed for 12 h at —=70°C, and that for the actin probe was
exposed for 24 h at =70°C.

DNA insertion altered the quantitative expression of the
microsomal w-3 fatty acid desaturase without physically in-
terrupting its mRNA.

Overexpression of Arabidopsis w-3 Fatty Acid
Desaturase. in Transgenic Tissues

To confirm the identity of the gene product encoded by
CF3 cDNA, the complete cDNA was introduced in the sense
orientation behind a seed-specific promoter into line 3707.
Five of six R; seeds from each of two independent transgenic
plants tested showed more than a 10-fold increase in 18:3
level (Table III). The remaining seed from each transformant
showed the mutant fatty acid phenotype.

CF3 ¢DNA was also introduced into”carrot roots in- the
sense orientation behind the 35S promoter in binary vector
PAW31 via the binary Ri plasmid transformation method. By
this method, only a fraction (about halif) of the hairy roots
formed in the absence of the kanamycin selection will be
transformed with both the Ri plasmid and the experimental
plasmid, if present. The average 18:3 content in nine of the
control hairy roots (transformed with R1000 strain without
an experimental vector) was 9.2%, se 0.3%. Of the 20 hairy
roots transformed with R1000 strain containing pAW31 and
grown in the absence of kanamycin, 6 showed a high content
of 18:3 (average 62%. st 0.4%), 2 showed an intermediate
content (average 19%, st 4%), and 12 showed the normal
content (average 7.6%, se 2.2%) compared with the control.
Thus, overexpression of the ¢cDNA in some carrot roots
resulted in the conversion of up to 94% of the endogenous
18:2 into 18:3 (Fig. 4).

There was no significant change in fatty acids other than
18:2 and 18:3. Five roots of the high class (numbers 4, 19,
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22, 23, and 25), vne root of the intermediate class (number
36), one root with normal 18:3 (number 20), and one R1000
control root were tested for their ability to grow on kanamycin
and for the presence of the chimeric gene in their genomic
DNA. Roots 4, 19, 22, and 25 werc kanamycin resistant, root
36 was weakly kanamycin resistant, and roots 20 and 23 and
the R1000 control root were kanamycin sensitive. Southern
analyses using **P-labeled 355:CF3 ¢DNA:3’NOS chimeric
gene showed that all roots of the high and intermediate
classes contained the chimeric gene, whereas the root with
normal 18:3 (number 20) and the R1000 control root did not
(Fig. 4). It is unclear if the intermediate content of 18:3 in
root 36 is related to the reduced intensity of hybridization to
the 1.4-kb fragment in this root. Root 23 has an apparent
deletion of approximately 0.5 kb in the 4.4-kb Hindlll frag-
ment, and its kanamycin sensitivity suggests that the deletion
is in the 35S:NPTII1:3’NOS chimeric gene.

An Arabidopsis cDNA Encoding a Homolog of the
Microsomal w-3 Desaturase

32p-labeled CF3 ¢cDNA was used as a hybridization probe
at low stringency to screen the Arabidopsis etiolated hypocotyl
c<DNA library (Kieber et al., 1993). Several weakly hybridizing
plaques were purified and their plasmids were excised and
partially sequenced. The nucleotide sequence of 1550 bp of
the cDNA insert, designated CFD, in one plasmid revealed
an open reading frame encoding a 446-amino acid polypep-
tide, designated Ap; with an estimated molecular mass of 51
kD. Alignment of polypeptide Ap sequence with that of the
Arabidopsis microsomal w-3 desaturase showed an overall

Table llI. Fatty acid composition of seeds of line 3707 transformed
with B-conglycinin promoter:CF3cDNA:3’NOS chimeric gene

Wild-type and mutant 3707 compositions are each an average
of three individual seeds. Samples A-1 to A-6 are individual R;
seeds from one 3707 transformant, and samples B-1 to 8-6 are
individual R; seeds from an independent 3707 transformant. The
level of each fatty acid is shown as a percentage of all five.

Percent Fatty Acid

Sample
16:0 18:0 18:1 18:2 18:3
Wwild type 8.2 5.5 19.3 41.4 25.7
SE 020 0.32 0.46 0.30 0.08
Mutant 3707 8.7 5.1 19.8 61.8 4.5
SE 016  0.04 0.82 0.92 0.19
A-1 10.3 4.3 29.8 51.5 4.1
A-2 10.1 4.0 22.2 9.2 54.5
A-3 10.8 6.1 21.5 136 48.0
A-4 12.0 7.4 16.5 ‘5.5 56.7
"A-5 10.4 4.4 18.6 17.7 49.0
A-6 10.5 4.8 15.4 15.1 54.1
B-1 10.6 49 19.6 61.0 4.0
B-2 101 5.0 19.2 9.2 56.5
-3 8.9 4.2 27.1 7.8 52.0
g-4 10.3 5.2 17.3 9.9 57.4
8-5 9.8 47 19.5 9.2 56.8
3-6 10.4 5.3 16.9 17.8 49.5

Y1 = alp

i




.

ANRET R RO

T A — e e e T 1) AP 5 B Tt ISR

R

358:NPTILINOS 358:pCF3cONA:INOS
£ H 8 K N H N T
N 44kb T
8
M 4 19 20 2 23 25 3% - C
. . . ' - ew -« 44
ﬁ - e -« 14
05- g
18:2 4 12 67 5 9 6 44 - 64
18:3 67 64 4 70 70 68 24 - 3§

Figure 4. A, Physical map of a region of plasmid pAW31 showing
the 355:NPTI1:3'NQS and 355:CF3cDNA:3'NOS chimeric genes.
The 35S promoter (355) fragment is shown as gray boxes, the CF3
cDNA and the NPTII coding region are shown as open boxes, and
the 3’NOS regions are shown as solid boxes. B, Genomic DNA gel-
blot analysis of transgenic carrot hairy roots. Hindlll-digested total
DNA (100 ng) from individual root cuitures (numbers are shown on
top, lane C is'R1000 control transformant) were electrophoresed
on a 1% agarose gel, transferred to a nylon membrane, and hybrid-
ized with a 3?P-labeled CF3 cDNA. The sizes of standard mol wt
markers (X1000) in lane M are shown on the left, and those of the
observed Hindlll fragments (X1000) are shown on the right. The
ievels of 18:2 and 18:3 as percent of total fatty acids in the different
roots are shown below each lane.

similarity of 81% and identity of 66%. It also revealed an
approximately 63-amino acid N-terminal extension (Fig. 2).
The N-terminal Met is the only Met in the N-terminal exten-
sion and the extension has several characteristics of transit
peptides of nuclear-encoded chloroplast proteins. These in-
clude a high content of hydroxylated residues (the sequence
is 21% Ser), a low content of acidic residues (only one residue
each of Glu and Asp compared with eight basic residues),
and the highly conserved N-terminal dipeptide Met-Ala (de
Boer and Weisbeek, 1991; von Heinji and Nishikawa, 1991).

Northern analyses of poly(A)" RNA from wild-type Ara-
bidopsis leaf, seedling, and cultured root tissues showed that
the mRNAs corresponding to CF3 and CFD ¢DNAs were
differentially accumulated in leaf and root tissues. CF3
mRNA was about five times more abundant in leaf than in
root tissues. CFD mRNA, in contrast, accumulated at a high
level in leaf and seedling tissues and at only a trace level in
root tissue. [n addition, in leaf tissue CFD mRNA was about
three times more abundant than CF3 mRNA, whereas in root
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tissue CF3 mRNA was much more abundant than CFD -
mRNA (Fig. 3).

CFD ¢DNA was hybridized to genomic DNA from A,
thaliana (ecotype Wassileskija and marker line W100 ecotype
Landesberg background) digested with EcoRl. A restriction
fragment length polymorphism was identified and mapped
as previously described (Reiter et al., 1992). A single genetic
locus corresponding to this cDNA was positioned on the
upper arm of chromosome 3 at a position 8 + 2 cM proximal
to cosmid c3838 restriction fragment length polymorphism
marker, 9 = 2 cM distal to the A AT228 marker, and 39 £ 7
cM distal to the glabrous ( gl-1) locus (Reiter et al., 1992).

Soybean and Rapeseed cDNAs Encoding Homologs of
Arabidopsis CF3 and CFD cDNAs

cDNA libraries representing the mRNA population of soy-
bean and rapeseed cotyledons actively engaged in oil biosyn-
thesis were screened at a low stringency for ¢cDNAs related
to Arabidopsis CF3 and CFD cDNAs. The rapeseed library
was screened with *2P-labeled CF3 and CFD ¢DNAs. Several
cross-hybridizing clones were purified in each case and sub-
jected to nucleotide sequence analyses. Rapeseed cDNA,
designated BN3, was 1336 bp and contained a large open
reading frame that encodes a 377-amino acid polypeptide,
designated C3. Rapeseed cDNA, designated BND, contained
a 1416-bp sequence with an incomplete open reading frame
that encodes a 404-amino acid polypeptide, designated Cp.
Comparison of the amino acid sequences of rapeseed poly-
peptides C3 and Cp and Arabidopsis polypeptides A3 and Ap
showed that C3 and Cp polypeptides are homologs of the
Arabidopsis microsomal and putative plastid w-3 desaturases,
respectively. This conclusion is based on percent identity at
the amino acid level (Table IV) and the presence or absence
of an N-terminal amiro acid sequence (Fig. 2), even though
the deduced amino acid in BND ¢DNA contains only part of
the putative transit peptide sequence.

The soybean cDNA library was screened with **P-labeled
CF3 ¢DNA and one of the purified clones was shown to
contain a cDNA insert, designated GM3, with a large open
reading frame that encodes a 380-amino acid polypeptide,
designated S3. A 1-kb Hhal fragment of GM3 ¢cDNA was
isolated and used to rescreen the soybean cDNA library at
low stringency. This resulted in the isolation of a distinct
cDNA, designated GMD, that contained an open reading
frame that encodes a 454-amino acid polypeptide, designated
Sp. Comparison of the soybean polypetides S3 and Sp with
rapeseed polypeptides C3 and Cp and Arabidopsis polypep-

Table IV. Percent identity at the amino acid level between different
higher plant -3 fatty acid desaturase homologs
The nomenclature of the homologs is the same as in Figure 2.

Ap o] Cp s3 Sp
A3 66 93 66 68 67
Ap 67 90 67 69
C3 68 68 68
Cp 68 74
S3 68
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tides A3 and Ap showed that S3 and Sp polypeptides are
homologs of the Arabidopsis microsomal and putative plastid
w-3 desaturases, respectively. This conclusion is based largely
on the presence or absence of an N-terminal amino acid
sequence (Fig. 2) but also partly on the percent identity at
the amino acid level (Table IV). The N-terminal sequence in
the deduced amino acid sequence of GMD cDNA is authentic,
because the open reading frame in GMD ¢DNA has an in-
frame termination codon 5° to the initiation codon and its
deduced amino acid sequence begins at the only Met residue
in it. Since it also shares characteristics of transit peptides of
nuclear-encoded chloroplast proteins, including the N-ter-
minal dipeptide Met-Ala, we deduce that it is the transit
peptide.

DISCUSSION

Although T-DNA tagging has been useful in cloning plant
genes, the genes that have been isolated have been those
that affect visible, easily scored multigenic traits (Feldmann,
1991). This report provides support for the utility of T-DNA
tagging in cloning an arbitrary gene for which there is only
a specific assay for gene function. Statistical analysis would
suggest that, assuming random insertion of the T-DNA into
the Arabidopsis genome (100 Mbp), screening the present
population of approximately 12,000 Arabidopsis transform-
ants containing approximately 16,000 T-DNA inserts (Feld-
mann, 1991) would provide a 30 to 40% chance of uncov-
ering a mutant at an arbitrary locus of 2.5 to 3 kb. If, as some
surmise (Walden et al., 1991), the T-DNA insertion is biased
toward transcriptionally active regions of the genome,
then the probability of uncovering active genes increases
correspondingly.

The identification of the polypeptide encoded by CF3
¢DNA as the microsomal w-3 fatty acid desaturase is based
on its complementation of the mutation in line 3707. Expres-
sion of the Arabidopsis enzyme in line 3707, under the control
of a seed-specific promoter, resulted in a 12-fold increase in
18:3 content when compared with the untransformed mutant
3707, and a 2-fold increase in 18:3 content when compared
with the wild-type control. Overexpression of the Arabidopsis
enzyme in carrot hairy roots resulted in a more than 7-fold
increase in the 18:3 content, and almost all endogenous 18:2
was converted to 18:3. Overexpression of the rapeseed en-
zyme in wild-type Arabidopsis roots was previously reported
to result in a 1.6-fold increase in 18:3 content (Arondel et al.,
1992). Thus, the reaction catalyzed by w-3 desaturase appears
to be a rate-limiting step in the biosynthesis of 18:3 in
Arabidopsis seeds as well as in Arabidopsis roots and carrot
hairy roots. This observation is supported by genetic studies
with fad 3 mutants that indicate gene dosage-dependence of
the fad 3 phenotype (Lemieux et al., 1990). If, as seems likely,
the w-3 desaturase enzyme is also rate limiting in agronomi-
cally important oilseeds such as rapeseed or soybean, then
the alteration of the 18:3 content in the triacylglycerols
of these plants by transgenic approaches should prove
practicable.

Mutants of Arabidopsis with specific alterations in mem-
* brane lipid composition have provided considerable infor-
mation about the effects of lipid structure on membrane
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function (Somerviile and Browse, 1991). However, these
mutants have invariably exhibited decreases in unsaturation
relative to wild-type plants. The isolation of the w-3 desatu-
rase gene and the demonstration that overexpression of its
coding sequence can result in very high 18:3 content in
transgenic plants will now enable the study of the physiology
and cell biology of plants in which the levels of membrane
unsaturation are higher than normal.

CFD ¢DNA, which was isolated using CF3 ¢cDNA as a
hybridization probe at low stringency, encodes polypeptide
Ap, which is a structural homolog of the microsomal fatty
acid desaturase, but with an N-terminal extension (Fig. 2).
This N-terminal sequence is deduced to be a transit peptide
because it shares several characteristics of transit peptides of
nuclear-encoded chloroplast proteins. These include a high
content of hydroxylated residues, a low content of acidic
residues, and the N-terminal dipeptide Met-Ala (de Boer and
Weisbeek, 1991; von Heinji and Nishikawa, 1991). In addi-
tion, it is co-linear with, and shares limited homology to, the
deduced transit peptide described for the soybean putative
plastid w-3 desaturase. mRNA corresponding to CFD ¢<DNA
accumulates at very high levels in leaf but not in root tissue
(Fig. 3). Finally, CFD cDNA maps 39 £ 7 cM distal to the
gl-1 locus. Two plastid fatty acid desaturation mutations, fad
D and fad B, were mapped 40 + 6 and 28 + 6 cM, respectively,
distal to the gl-1 locus (Hugly et al., 1991). Thus, the map
position for the gene encoding CFD ¢DNA is consistent with
that of the Arabidopsis fad D locus, which controls plastid w-
3 desaturation. Based on the above discussion, we postulate
that the CFD cDNA is derived from the fad D locus and
encodes the plastid w-3 fatty acid desaturase. This conclusion
will be confirmed by the biological expression of the CFD
cDNA.

Rapeseed polypeptide C3 was identified as the microsomal
w-3 desaturase by its high (93%) identity at the amino add
level to Arabidopsis microsomal w-3 desaturase. The rapeseed
w-3 desaturase reported in this study had a 96% amino acid
sequence identity with the previously reported rapeseed w-3
desaturase. It seems likely, therefore, that the two rapeseed
polypeptides are isozymes. Soybean polypeptide 53 has 68%

- and 67% identity with Arabidopsis microsomal and putative

plastid w-3 desaturases, respectively. Since it lacks the N-
terminal extension transit peptide, we postulate that it en-
codes the microsomal w-3 desaturase.

Soybean polypeptide Sp contains an N-terminal extension
deduced to be a transit peptide. The length of the deduced
transit peptide in Sp is similar to that in Ap, the putative
plastid w-3 desaturase of Arabidopsis. Although there is little
amino acid sequence identity with the Arabidopsis transit
peptide, the extension has characteristics similar to those o:f:
transit peptides of nuclear-encoded chloroplast proteins.
Thus, it is likely that soybean polypeptide Sp is a plastid w-3
fatty acid desaturase. The rapeseced BND cDNA encodes a
polypeptide, Cp, that was identified to be the plastid w-3
desaturase based on a 90% identity to the Arabidopsis putative
plastid desaturase, but the rapeseed cDNA is incomplete and
encodes only a part of a putative transit peptide.

Our identification of the rapeseed and soybean polypep-
tides is supported by the phylogenetic analysis based on
Flein’s alignment algorithm (llein, 1990). This algorithm
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assumes that the sequences are related in some way and
constructs a phylogeny based on evolutionary parsimony
(Fig. 5). The analysis shows that the earliest divergence in
ancestral relationships is between the group of sequences we
have identified as microsomal w-3 fatty acid desaturases and
the group we have identified as putative plastid w-3 fatty
acid desaturases. Based on these homologies, it is also appar-
ent that the previously unidentified mung bean cDNA
(ARG1) (Yamamoto et al., 1992) encodes a mung bean mi-
crosomal w-3 desaturase.

Microsomal w-3 desaturases from Arabidopsis and rape-
seed, both in this and the previously published report (Aron-
del et al,, 1992), share the motif of two Lys residues posi-
tioned three and five residues from the C terminus that is
believed to be sufficient for retention of transmembrane ER
proteins (Jackson et al., 1990). This motif is absent from the
putative plastid homologs from all three species. However,
its significance is unclear because the soybean homolog S3
lacks it altogether, and the mung bean homolog (encoded by
ARGI ¢DNA) (Yamamoto et al., 1992) shows a Lys-Ser-Lys
tripeptide at the C terminus. Additional soybean homologs
of polypeptide S3 are being investigated.

Comparison of the deduced amino acid sequences of the
different w-3 desaturase homologs, of both the microsomal
and the putative plastid types, shows that they have overall
identities of 66% or greater at the amino acid levels (Table
V). It also shows that the percent identity between the
microsomal and the putative plastid desaturases within each
species is similar to that between the soybean and Arabidopsis
microsomal (68%) or plastid (69 %) homologs.

We were not successful in cloning the microsomal w-6 fatty
acid desaturase frorn the Arabidopsis cDNA library using *2P-
labeled CF3 and CFD cDNAs as probes under low stringency
hybridization conditions in which CF3 and CFD cDNAs
cross-hybridize. This suggests that the microsomal w-3 desat-
urase is more closely related to the putative plastid w-3
desaturase than it is to the microsomal w-6 desaturase. There
is evidence that microsomal desaturations use phosphatidyl-
choline as the lipid substrate and Cyt bs as the immediate
electron donor (Smith et al., 1990), whereas plastid desatu-
rations (Schmidt and Heinz, 1990) and cyanobacterial desat-
urations (Wada et al., 1993) use galactolipids as the lipid
substrate and reduced Fd as the electron donor. Because
microsomal and plastid desaturations use different lipid sub-
strates and immediate electron donors, the high degree of
similarity between the primary structures of the microsomal
w-3 desaturase and its putative plastid homolog suggests a
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Figure 5. Phylogenctic tree of w-3 desaturase homologs based on
the gene conversion algorithm (Hein, 1990). The length of the
branches is proportional to the evolutionary divergence. ARGH is
the auxin-induced mung bean ¢CONA (Yamamoto et al,, 1992); other
nomenclature is the same as in Figure 2.

conserved enzyme mechanism and common structural motifs
that recognize the 18:2 fatty acyl moiety.
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General organization of the genes specifically
involved in the diaminopimelate-lysine biosynthetic pathway

of Corynebacterium glutamicum
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Sommary. We utilized diaminopimelate-lysine mutants of
Escherichia coli K12 to clone the genes specifically involved
in the Coryncbacterium glutamicum diaminopimelate-lysine
anabolic pathway. From a cosmid genomic bank of C. glu-
tamicumn strain AS019, we isolated cosmids pSM71, pSM61
and pSMS531, that are respectively able to complement
dapA|/dapB, dapD, and lysA mutants of E. coll. DNA hy-
bridization analysis indicates that these compiementing
genes are located on the chromosome of C. glutamicum
in at least three separate transcription units. Subcloning
of parental cosmids in dapA. dapD, and lysA mutants of
E. coli localized these genes, respectively, within 1.4, 3.4,
and 1.8 kb fragments, cloned in an E. coli/C. ghutamicum
shuttle vector. Enzymatic analysis in C, glutamicum: identi-
fied the dupA-complementing genc as L-2,3-dihydrodipico-
linate synthetase (dapA)., and the [ysA-complementing genc
as meso-diaminopimelate decarboxylase (/ysA). In contrast,
complementation of E. coli dup D8, presumably lacking -4'-
tetrahydrodipicolinate synthetase (dapD), led us to clone
a diaminopimelate-lysine anabolic gene of C. ghutamicion
which does not exist in E. codi: meso-diaminopimelate dehy-
drogenase. Although meso-diaminopimelate is crucial in ly-
sinc formation and in cell wall biosynthesis, expression of
the genomic copies of the cloned genes, which encode activi-

. ties involved at key branching points of the diaminopime-

late-lysine pathway of C. glutamicum, sppears constitutive
with regard to Lhe addition of diaminopimelate and/or ly-
sine during cell growth.

Key words: Corynebacterium ghutamicum ~ Diaminopime-
late-lysine anabolic pathway - Heterologous complementa-
tion - Homologous expression

Introduction

Coryneform bacteria of the genera Corynebacterium and
Brevibacterium comprise a large variety of gram-positive,
non sporulating, rod- or club-shaped bactena, widely dis-
persed in difTerent ecosystems. They include both animal
(C. diptheriae) and plant pathogens (C. fascians, C. michi-
ganese), as well as non-pathogens of industrial interest used
mainly for the production of L-amino acids inciuding lysine

¢ Presemt address: Genetica (Rhdne-Poulenc S.A.), 160 quai de
Polangis, F-94340 Joinville-le-pont, France

Offprint requests to: P. Yeh

and glutamate (C. glutamicum, C. lilium, B. flavum, B. lacto-
Sermentum).

Despite their economic importance, the in vitro DNA
characterization of coryneform genes is still rather limited.
Using a direct shotgun experiment, Follettie and Sinskey
(1986) recently reported the cloning and nucleotide se-
quence of the pheA gene of C. glutamicum, and Ozaki et al.
(1985) cloned the same gene from a different strain of this
organism, providing valuable insights into our general
knowledge of bacterial evolution (Ozaki et al. 1985; Follet-
tie and Sinskey 1986). Although meso-diaminopimelate
(meso-DAP) is a crucial component of the cell wall of C.
glutamicum (Keddie and Cure 1978 Pitcher 1983). we were
unable to isolate the corresponding auxotrophs of this or-
ganism and thus, cloning of the genes specifically involved
in meso-DAP synthesis could not be achieved through a
direct cloning procedure in C. glutamicum.

Complementation of Escherichia coli auxotrophs with
coryneform genomic DNA has been achieved with 8. lacro-
Jermentum DNA (Marquez et al. 1985; Del Real et al. 1985;
Mateos et al. 1987), and in this laboratory with C. glutami-
cum DNA, as previously reviewed (Batt et al. 1985). It now
appears that, due to the differences which might exist be-
tween the amino acid anabolic pathways of E. colf and
-C. glutamicum (see below), or B. lactofermentum, comple-
mentation of a wellcharacterized mutant of E. coli with
coryneform genomic information does not necessarily result
in the cloning of a corynefonm activity equivalent to that
lacking in £. coli. This observation points out the limits
of such a heterologous approach. In addition, it is also
necessary to overcome the restriction-modification system
of coryneform bacteria for further studies of the genetic
expression of the cloned genes back in their original envi-
ronment.

Lysine biosynthesis proceeds in bacteria through the
“DAP pathway”, as opposed to the “dipicolinate path-
way"” present in some eucaryotic cells. As shown in Fig. 1.
the presumptive DAP-lysine anabolic pathway of C. gluta-
micum shows major variations from that described and ex-
tensively studied in E. coli K12 (Stragier et al. 1983a; Patte
19%3; Bouvier et al. 1984; Richaud C et al. 1984; Martin
et al. 1986; Richaud F et al. 1986; Richaud C et al. 1987).
First, the occurrence of the reversible meso-DAP dchy-
drogenase, reported in some gram-positive organisms (Mi-
sono et al. 1979), generates a partial bypass of the DAP-
lysine anabolic pathway of C. ghutamicum (Ishino et al.
1984). Second, the regulation of the entirc pathway appears
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Fig. 1. Synthesis of meso-diaminopimelate (meso-DAP) and lysine
in Escherichia coli K12 and Corynehocterhum ghitamicum. Abbre-
viations used: ASP, L-asparuate; ASP-P, L-aspartyl-phosphate;
ASA, L-aspartate semialdchyde; DHDP, L-23-dihydrodipicolin-
ate; THDP, L-4'-tetrahydrodipicolinaie; NS-AKP, L-N-succinyt-
2-amino-6-ketopimelate; NS-DAP, Li-Nauccinyl-2.6-diaminopi-
melaie; l-DAP, LL-diaminopimelaie : meso-DAP, meso-diaminopi-
melate; Met, L-methionine; Thr, L-threonine; lle, L-isoleucine. ®,
gene repression mediated by lysine; o, gene induction mediated
by meso-DAP. For clarity, the allosteric inhibition of the enzymes
has not been represented, and the pathways jeading to Met, Thr,
lle, and cell wall biosynthesis have not been detailed (consecutive
arrows)
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to be different in C. glutamiciom since a unique aspartoki-
nase, inhibited through a concerted mechanism, has been
characterized in B. flavum (Shiio and Miysjima 1969),
which is quite different (rom the three independently regu-
lated isozymic aspartokinases of E. coli K12 (lysC, metl,
and thrA).

Since most previous work on the DAP-lysine anabolic
pathway of coryneform bacteria has focused on the charac-
terization of the enzymes involved in this pathway (Tosaka
and Takinami 1978; Ishino et al. 1984), and on the study
of feedback regulatory (eatures of key enzymes (Shiio and
Miyajima 1969), very little is known about the regulation
of these genes at the transcriptional level. In fact, to our
knowledge, none of the DAP-lysine anabolic genes of C.
glutamicum has ever been reported to be inducible or repres-
sible. !n contrast, numerous lysine-mediated transcriptional
regulatory mechanisms, probably involving DNA-protaa
interactions, have been described for most of the genes spe-
cifically involved in the DAP-lysine biosynthesis of E. coli
K12 (Boy et al. 1979; Patte 1983; Bouvier ct al. 1984; Ri-
chaud C et al. 1984). Interestingly, these genes are scattered

slong the chromosome in scparate transcription units (Buk-
hari and Taylor 1971a; Bachmann 1983). la addition, a
model has been proposed to explain the complex DAP-
mediated induction of the expression of the /ys4 gene, via
the product of the /ysR regulatory gene located immediately
upstream (rom the structural gene and transcribed diver-
gently (Stragier et al. 1983, b; Stragier and Patte 1983).

Genetic and enzymatic analyses are presented here
which indicate that, for C. glutamicion as well, the genes
specifically involved in DAP-lysine biosynthesis are scat-
tered along the chromosome in at least three separate tran-
scription units.

Materials and methods

Bacterial strains, plasmids, media and culture conditions.
Bacterial strains and plasmids used in this study are listed
in Table1. E. coli K12 strains AT997 (dapA, see text),
AT999 (dapB17). AT986 (dapD8) and AT2453 (IysA22) are
from Dr. B. Bachmann, Dept. of Human Genetics, Yale
University School of Medicine, Conn., USA. E. coli strain
RLAS81 (IysR) is from Dr. P. Stragier, Université Paris-Sud,
Orsay, France.

C. glutamicum strain ASO19 is a spontaneous rifampi-
cin-resistant (Rif") mutant of a glutamate-producing strain
(ATCC 13059). and thus, is very likely to harbor a wild-type
DAP-lysine anabolic pathway. Strain AS376 is one of our
ten lysine-requiring mutants of strain AS019. These lysine
auxotrophs, which do not require meso-DAP for their
growth in minimal medium (MMCG, see below), were ob-
tained after 1-methyl-3-nitro-1-nitrosoguanidine mutagene-
sis, according to the procedure of Follettie and Sinskey
(1986).

The cosmid genomic bank of C. glutamicion was con-
structed by M.T. Follettie; its utilization has been pre-
viously reviewed (Batt et al. 1985). Shuttle vector pWS124
was constructed by W.G. Shanabruch (unpublished re-
sults); its restriction map has been reported elsewhere (Fol-
lettie and Sinskey 1986).

LB medium (Maniatis et al. 1982), supplemented with
0.2% glucose, was used as rich medium for both E. coli
and C. glutamicum. M9 medium (Maniatis et al. 1982) was
used as minimal medium for E. coli, whilk MMCG was
used as minimal medium (or C. glutamicion (Follettic and
Sinskey 1986). L-lysine (Sigma). DAP (Sigma, a mix‘ure
of meso, Il and dd isomers), and 14 g/l agar were added
when appropriate. L-threonine and L-leucine were also from
Sigma and used as indicated in the text. Ampiillin (Ap,
50 mg/l) and kanamycin (Km, 20 mg/l) were used when
appropriate for E.coll and C. glutamicum cultures, respec-
tively.

E. coli and C. glutamicum were grown under serobic
conditions at 37° and 30° C, respectively.

Isolasion of DNA and transformacion procedures. Plasmid
and genomic DNA from C. glutamicum were isolated as
previously described (Follettie and Sinskey 1986). C. gluta-
micum was transformed via polyethylene glycol-mediated
uptake of DNA into lysozyme-treated cells, according 1o
the procedure of Yoshihama et al. (1985).

Plasmid DNA from E. coli was extracted according to
the procedure of Birnboim and Doly (1979). £. coli mutants
were transformed by using the calcium chloride method

A4
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Strains QOenotype or relevant characteristics Source or reference
Escherichia coli
ATI9? dap A mutant of E. coli K12 (see text) This work

(previous genotype: dapC15 thi-l reidl spoTl) Bukhari and Taylor (1971 s)
AT dapBI7: : Mu thi-1 reiAl spoTi Bukhari and Tayior (1971s)
ATYS6 dapD8 thi-1 reid! spoT1 Bukhari and Tayior (19719)
AT245) 153422 1hi-1 relAt spoT1 Bukhari and Taylor (19714, b)
RLAS! araD139 8(laclPOZYA) U169 StrA* thiAl1106 IysR: : Mucts 1101 Stragier ct al. (1983a)
Corynebacterium ghitamicem
AS019 Spontancous Ril' mutant of ATCC 13059 This laboratory
AS376 Lysine auxotroph isolated from AS019 This laboratory
Plasmids
Bank SaulA large inseri of AS019 genomic DNA cloned in the BamHI site of cosmid pHC?9  M.T. Follettie, this laboratory
pWS124 C. glutamicom/E. coli shuttle vector Km', Ap’ Follettic and Sinskey (1986)
pUCS Ap', lac P(polylinkerNacZ replicon ColE! Vieira and Messing (1982) i

of Cohen et al. (1973). Phenotypic complementation of
these mutants resulted in their growth on M9 Ap plates
after 48 h incubation.

DN A cloning experiments. All restriction enzymes, T4 DNA
ligase and Kienow (ragment were (rom New England Bio-
labs or International Biotechnologies Inc., and they were
used as recommended by the suppliers. Calf intestine phos-
phatase (Boehringer, Mannheim) was used as described in
Maniatis et al. (1982). 4 DNA cut with EcoRl and/or Hin-
dill (New England Biolabs) was used as a molecular weight
standard, as well as a DNA concentration reference, when
submitted to horizontal electrophoresis in agarose gels with
TBE buffer (Maniatis et al. 1982). Fragment size purifica-
tion was performed using an electroclution procedure.

DNA hybridization analysis. Cosmids pSM71, pSM61 and
pSMS31 were digested with restriction endonuciease Safl
and labeled with [a*?P)ATP (Amersham. 3000 Ci/mmol),
by the nick translation procedure of Rigby et al. (1977).
These radioactive. probes were used in DNA hybridizs-
tion analysis: cach lane of a 0.9% horizontal agarose gel
conuined 2 pg of Safl-Cigested genomic DNA (rom C. glu-
iamicwn strain AS019, or 10 ng of Sall-restricted cosmid
DNA. Aler clectrophoresis, DNA was transflerred onto
nitrocellulose paper by the procedure of Southern (1975).
Prehybridization, hybridization and st-ingent washing con-
ditions were as described in Maniatis et al. (1982). 1 DNA
cut with Hind11] was labeled by using a Klenow end-fifling
procedure as recommended by the supplier (New Ensland
Biolabs).

Preparation of crude extracts. C. glutamicum crude extracts
were preparced under the following standard conditions:
cells were grown in 100 ml MMCG, suppiemented as indi-
cated in the text, and collected at an ODyo0ua COrrespond-
ing to the late exponential growth phase (0.6-0.8). They
wer» washed in the corresponding enzymatic messurement
bufler, and sonicated on ice under stariard conditions (see
below). Aflter centrifugation for 45 min at 12000 rpen in
a JA-21 rotor, the supernatants were coliected (crude ex-
tracts), and immediately assayed for protein concentration
and enzymatic activity. Protein concentration was deter-

mined using a Bio-Rad assay with bovine serum albumin
(Sigma) as standard. Under these conditions protein con-
centrations of the crude extracts were between 0.5 and
{ mg/ml.

Measurement of enzymatic activities. For a given crude ex-
tract, protein concentration and enzymatic activitics were
measured at least twice and the average value was calcy-
lated. At least two different crude extracts were assayed
for a given experiment, and the reference crude extract
(strain ASQ019 harboring plasmid pWS124) was always as-
sayed in parallel for relative activity determination. Results
are given for one typical experiment.

L-2.3-dihydrodipicolinate (DHDP) synthetase (dapA)
was assayed by lollowing the 270 nm procedure of Yugari
and Gilvarg (1965). Its substrate (L-aspartic semialdehyde)
was prepared by ozonolysis of L-allylglycine as previously
described (Yugari and Gilvarg 1965). Reaction was initiated
with the addition of L-aspartic semialdehyde (approximate-
ly 1 mM). in a final volume of 1 ml. Under initial condi-
tions, one unit of activity is defined as the amount of en-
zyme which increases the OD;40.4 by One unit per minute.

Meso-DAP dehydrogenase activity of the crude extracts
was assayed spectrophatometrically at 25° C by following
the reduction of NADP *, essentially as described by Annie
et al. (1985). Conditions were slightly altered: in a final
volume of 1 ml, the reaction mixture contained the crude
extract, 0.t mM NADP*, 200mM sodium !~carbonate
buffer, pH 10.5, and the reaction was initiated with the
addition of DAP at a finsl concentration of 10 mM. One
unit is defined as the amount of enzyme which catalyzes
the formation of 1 nmol of NADPH per minute under ini-
tial conditions.

Meso-DAP decarboxylue (IysA) activity was deter-
mined by measuring '“CO, evclution from {1.7-'“CIDAP
(Amersham, a mixture of meso, //, and dd isomers, 117 mCi/
mmol), essentially as described in Kelland et al. (1985). The
assay mixture contained 50 mM potassium phosphate
buffer, pH8. 1SmM DAP (Sigma). 63nCi of
[1.7-*“C]DAP. 100 uM pyridozsl $°-phosphate. | mM ethy-
lenediaminetetraacetate, 1 uM S-mercaptoethanol, and the
crude extract in a final volume of | ml. The reaction, ini-
tiated with the addition of enzyme (crude extract), was incu-




bated at 30° C with continual shakiag, and the kinetics of

['*CIDAP decarboxylation were determined (three to five
points). Under initial conditions, one unit is defined as the
amount of enzyme that liberates 1 nmot of CO, per minute.

Results
Complicmentarion of E. coli K12 auxotrophs

with 7. glutamicum DN A

From a cosmid genomic bank of C. ghutamicum in cosmid
PHCT9, we isolated cosmids pSM71, pSM61, and pSMS31,
which are ablc to complement ATY97 (dap A, see below)/
AT999 (dapB17), AT986 (dapD8), and AT245) (lvsA22)
mutants of E. coli K12, respectively (Bukhari and Taylor
1971a). Restriction analysis revealed that each of these cos-
mids harbored & 30 to 40 kb DNA insert (data not shown).
The absence of cross-complementation between cosmids
PSMT1 (dapA/dap BI7, pSM61 (dapDS), pSMS31 (Iys422),
and the three complementation classes they define in E.
coli K12, suggests that the DAP-lysine anabolic genes of
C. glutamicum encoded by these cosmids are dispersed
along the chromosome in at least three separate transcrip-
tion units. It is noteworthy that the E. coli DAP-lysine
auxotrophs used in this experiment also map in different
regions of the chromosome (Bukhari and Taylor 1971 a;
Bachmann 1983).

To our knowledge, the identity of the defective enzymes
of these E. coli auxotrophs was unknown, with the excep-
tion of E. coli strain AT2453 (lys422) lacking meso-DAP
decarboxylase (Bukhari and Taylor 1971b). Surprisingly,
E. coli AT997 (dapC1S$ according to Bukhari and Taylor
1971a) is lacking DHDP synthetase (P. Stragier,
communication). We confirmed the absence of DHDP wn-
thetase, the dapA product, in this E. coli mutant (data not
shown) and thus, the dapC1S mutation of Bukhari and Tay-
lot is actually located in the dapA locus.

From the genomic bank used in this study, we could
not isolate a cosmid able to complement £. coli strain
RLAB1 (lysR), lacking the regulatory protein of the lysA
gene (Stragier ct al. 1983a).

Structural relationship between cosmids PSM71, pSM61 and
pPSMS31

DNA hybridization snalysis demonstrated the C. ghatami.
cum genomic origin of the inserts carried by cosmids
PSMS531 (Fig. 2), pSM71 and pSM61 (data not shown),

Since the cosmid genomic bank of C. ghutamicum was
built in the BamHI site of parental cosmid pHC?™ (M.T.
Follettie, personal communication), two unrelated recom-
binant cosmids should harbor two, but no more, related
Safl restriction fragments. Therefore, the autoradiogram
given in Fig. 2, for which we used cosmid PSM 531 (lysA22)
as & probe, confirmed the absence of a physical relationship
between the genomic DNA carried by cosmid pSMS31. and
the Sau3A genomic inseris carried by cosmids pSM7$
(lane E) and pSM61 (lane D). The absence of a detectable
relationship between these inserts was also confirmed by
using cosmid pSM71 (dapA/dapB17), or pSM61 (dapD8),
a3 a probe (data not shown).

From Fig. 2, it is also noteworthy that the immediate
environment of the lysA-complementing gene from cosmid
pPSMS531 (3.8 and 4.0 kb Safl restriction fragments, Yeh

Fig. 1. DNA hybridization analysis of cosmid pSM$31 (lysA). The
probe (cosmid pSMS31) was cut with Sall, labeled as indicated
in the text, and hybridized to Corynebacterium glutamicum genomic
DNA cut with Sall (lane A), itself (lane B), cosmid pSM61 (dapD)
cut with Safl (lane D), cosmid pSMT1 (dap A/dap B) cut with Salt
“ane E), and parental cosmid PHC? cut with Safl (lane F).
4 DNA cut with Hindill, labeled as indicated in Materials and
methods, was used as molocular weight standard (lane C). The
Safl restriction fragments spenning the /ys4 gene are indicated
as follows: ueupstream 4.0 kb San fragment; d. downstream
38kb Safl fragment; i, internal 1.4 kb Sal {ragment (sec text
and Yeh et al. 1988)

ct al. 1988) is found in the chromosome of C, glutamicum
strain AS019 without detectable rearrangement (lanes A
and B).

Subcloning of the cosmids, and ideniification
of the cloned genes

The complementing genes encnded by cosmids pSM71
(dapA/dapB17), pSM61 (dapD8) and pSMS31 (lysA22) were
subcloned in E. coli strains AT997 (dapA), AT986 (dapD8),
and AT2453 (IysA22) respectively. This functional subcion.
ing strategy localized these dapA-, dapD8- and lysA22-com-
plementing genes within small DNA fragments inserted in
PWS124, an E. coli/C. glutamicum shuttle vector stably
maintained in both organisms (W.G. Shanabruch, unpub-
lished results).
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Table 2. [dentification of the cloned geues and bomologous expression level

DHDP synthetase DAP dehydrogenase DAP decarborxylase

spec. act. rel. act. spoc. act. rel. act. spec. act. rel. act.
pWSI 0.21 £0.05 1.00 130+ 15 1.00 243 1.00
pRC3 1.5 £0.3 713 NT NT
pDH24 NT 2500 + 300 1813 NT
pRS? NT NT 5216 19103

Corynrbacteraom ghetamicum sirain AS019 harboring plasmids pWS124, pRCJ, pDH24, or pRS7 was grown in 100 ml MMCG. 20 mg/1
kasnamycin and specific activities (spec. act.) were determined and expressed in units per milligram total protein as defined in Materials
and methods. rel. act., relative activities. NT, not tested. DHDP, L-2,3-dihydrodipicolinute; DAP, diaminopimelate

From bifunctional cosmid pSM71 (dapA/dapB17). we
cbtained plasmid pRC3 containing a 1.4 kb Sau3A insent
(previously engineered, via a pUCS vector, as a 1.4 kb
BamH|1-Sall fragment), cloned as 8 BamHI-Safl fragment
in vector pWS124. Plasmid pRC3 (dapA) is not able to
complement strain AT999 (dapB17); this is obviously due
to the small size (1.4 kb) of the insert carried by this plas-
mid. From cosmid pSM61 (dapD8). we obtained plasmid
pDH24 contgining a 3.4 kb Sau3A fragment in the BamHI
site of vector pWS124, while from cosmid pSMS3|
(lysA22), we obtained plasmid pRS7 which contains a
1.8 kb SaulA (ragment cloned in the same résiriction site
of this shuttle vector.

Plasmids pRC3 (dapA), pDH24 (dapD8) and pRS?
(IsyA22) were introduced back into C. glutamicum strain
AS019 according to the procedure of Yoshihama etal.
(1985), and their restriction patterns were identical in both
organisms (data not shown). Enzymatic analysis of the
cloned activities in C. glutamicum demonstrated their iden-
uty (Table 2): a significant increase in DHDP synthetase
specific activity (four- to tenfold) was achieved with plasmid
pRC3 (dapA-complementing plasmid), which led us to con-
clude that it encodes the corresponding enzyme (DHDP
synthetase). Thus complementation of strain AT997 (dap A)
was due to the ability of the C. glutamicum dapA gene
-to substitute its counterpan lacking in £E. coli. A similar
conclusion was reached with plasmid pRS7 (lys422): s
introduction in C. glutamicum strain AS019 led to a signifi-
cant increase in meso-DAP decarboxylase specific activity
(although only twofold overexpression) and thus, comple-
mentation of E. coli AT2453 (/ysA22) was also due to sufli-
cient expression of & C. glutamicum genc equivalent to the
one lacking in this suxotroph (/y:s4). Furthermore, plasmid
pRS7 is able to complement all of our ten lysine suxotrophs
of C. glutamicum (e.g. strain AS176), providing genetic evi-
dence for the identity of the cloned gene (refer to Fig. 1).
On the basis of the E. coli system (Stragier ¢t al. 1983a),
the complementation abnlity to the C. glutamiciom lysA
gene does not provide genetic evidence (or the phenotype
of the C. glusamicum lysine auxotrophs used in this experi-
ment.

Interestingly, the heterologous complementation of E.
coli strain ATI86 (dapD8) led us to clone a DAP-lysine
snabolic gene of C. glutamicum which does not exist ia
E. coli: meso-DAP dehydrogenase (Misono et al. 1979). As
shown in Table 2. 18-fold overexpression of this singular
gram-positive activity was achieved after reintroduction of

plasmid pDH24 (dapD8) into C. glutamicum strain AS019.

Table 3. Expression studies under defined growth conditions

Growth DHDP DAP DAP
additions® synthetase dehydrogenase decarbozylase
None 0.19+0.08 135415 J0t4

DAP 0.15+004 120414 2243

Lys 0.2+ 0.06 130418 25+3
DAP+Lys NT 10512 NT

The 0.234+0.06 NT NT

Leu 0.22+40.06 NT NT

Results are given as the specific activities of the crude extract from
Corynebacterhom ghiamicion strain AS019 harboring plasmid
pWS124, expressed in units per milligram total protein (sec Maten-
als and methods)

¢ Cells were grown in 100 ml MMCG, 20 mg/1 kanamycin, with
the indicated amino acids at a final concentration of S mM. DHDP,
L-2.3-dihydrodipicolinate; DAP, diaminopimelate; Lys, lysine;
Thr, threonine. NT, not tested

Expression of the genes under defined growth conditions

Meso-DAP is involved in cell wall biosynthesis in C. gluta-
micum and in lysine formation (Fig. 1) and thus, regulation
mechanisms might exist which couid control the intracellu-
lar amounts of DAP and lysine in this bacterium. We as-
sayed the expression of the chromosomal DHDP synthetase
(dapA), meso-DAP dehydrcgenase, and meso-DAP decar-
boxylase (/ysA) genes of C. glutamicum strain AS019 under
defined growth conditions. As shown in Table 3. we found
that expression of these genes appears 1o be independent
of the addition of DAP and/or lysine (5 mM) to the growth
medium.

In addition, in contrast to what has been observed in
& lysine-producing strain of B. lactofermentum (Tosaks
et al. 1978). expression of the genomic DHDP synthetase
(dapA) of C. glutamicum strain AS019 is not repressed by
leucine (Table 3). Furthermore, although the dapA locus
encudes an enzyme located immediately after the branch
point of the pathway leading to DAP-lysine and threonine
biosynthesis (Fig. 1), its expression aiso appears to be con-
stitutive with regard to the sddition of threonine (5 mM)
during cell growth.

Discussion

By using & heterologous complementation strategy in var-
jous DAP or lysine auxotrophs of E. coli K12, we isolated
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three cosmids, carrying non-overlapping genomic inserts of
C. glutamicum nirain AS019, and encoding DHDP synthe-
tase (dapA), meso-DAP dehydrogenase (no cofresponding
locus in E. colf), and meso-DAP decarboxylase (lys4). These
genes are distributed along the chromosome of this organ-
ism in at least three separate transcription units: dapA (and
possibly dapB, see below), Iys4, and the genetic locus cod-
ing for the singular lysine anabolic bypass reported in some
gram-positive organisms, including C. ghutamicsn (Misono
et al. 1979; Ishino et al. 1984). Since we have provided evi-
dence that we have cloned the DAP-lysine biosynthetic by-
pass of C. glutamicum strain ASO19, and since the emer-
gence of the cryptic nature of this singular enzyme raises
interesting questions regarding the evolution of the DAP-
lysine anabolic pathway among bacteria, we propose (0
name this new locus dap Y by analogy with the DAP biosyn-
thetic genes of E. coli.

Furthermore, since DHDP reductase (dapB) occurs in
B. lactofermentum (Tosaka and Takinami 1978), a closcly
related coryneform bacteria (Minnikin et al. 1978). the
product of the dapB gene of C. glutamicum, present in bi-
functional cosmid pSM71 (dapA/dapB) and absent in plas-
mid pRC3 (dapA), is probably encoded in the vicinity of
the dapA locus. Therefore, it is very likely that we have
cloned the four structural genes specifically involved in the
presumptive DAP-lysine anabolic pathway of C. glutami-
cwm AS019: dapA. dapB. dap¥. and lysA (sce Fig. 1).

We focused our study on the genes located at strategic
branch points. As shown in Fig. 1. DHDP synthetase
(dapA) is the first enzyme involved in the specific DAP
biosynthetic pathway of C. glutamicum, while meso-DAP
dehydrogenase (dap Y) and meso-DAP decarboxylase (lysA)
are directly involved, at least in vitro, in meso-DAP catabol-
ism (Misono et al. 1979). Interestingly, expression of these
genes is constitutive with respect to the addition of L-lysine
(5 mM) to the growth medium (Table 3), while in E. coli
most of the genes involved in DAP-lysine anabolism are
repressed by this amino acid (see Fig. 1). In addition. it
is noteworthy that expression of these key enzymes also
appears (o be constitutive with regard to DAP (Table 3).

A possible explanation of these results would be that,
in contrast to what has been described in E, coli (see Fig. 1),
no transcriptional regulation mechanism exists in C. gluta-
micum which can control metabolic (lux toward cell wall
biosynthesis and lysine formation. 1t could be possible that
the reversible pH-dependent meso-DAP dehydrogenase of
C. glutamicum (1shino et al. 1984) is also involved in vivo
in anabolism/catabolism of meso-DAP, leading to a n.odu-
lation of the DAP-lysine pathway at the enzyme level. For
exampie, intraccllular pH might change during cell growth
of C. glutamicum, and therefore could modulate the cata-
Iytic propertics of this singular enzyme for its substrates:
meso-DAP and L-4'-tetrahydrodipicolinate (THDP. see
Fig. 1).

Aliernatively, although we have genetic evidence that
lysine is able to enter C. glutamicum cells (non-conditional
lysine auxotrophs have been isolated), the uptake of this
amino acid by this gram-positive organism might not be
efficient enough fcr detectable modulation of putative ly-
sine-inediated regulation of target genes. In addition, since
we do not have any genetic evidence that DAP is able to
enter C. glutamicum cells efficiently (DAP auxotrophs of
this organism have not been isolated), we cannot rule out
the possibility that, as in E. coli, DAP is involved in the

regilation of the DAP-lysine anabolic pathway of C., gluta-
micwn. This is supported by the fact that DAP s not able
10 enter Pseudomonas aervginosa efficiently (J.C. Patte, per-
sonal communication). This hypothesis is also supported
by the fact that in E. colt, for which several different DAP
auxotrophs have been reported (Bukhari and Taylor
19711), expression of the cloned meso-DAP dehydrogenase
of C. ghutamicum is subjet to a significant DAP-medisted
repression effect, dependent on the presence of & 1.7 kb
fragment adjacent to that encoding the structural activity
(Yeh et al., manuscript in preparation), althugh expression
of its genomic copy appears (o be insensitive to the addition
of this metabolite (Table 3). Additional studies on the up-
take of amino acids by corynebacteria are thereiore needed
for correct interpretation of our regulation data.

The dapA. dapY, and lysA genes of C. slutamicum strain
AS019 were cloned in plasmid pWS124 and reintroduced
into their original genetic environment, leading to overex-
pression of the cloned activities: approximately 7-fold for
DHDP synthetase (dap A, plasmid pRC3), 18-fold for meso-
DAP dehydrogenase (dapY. plasmid pDH24, and 2-fold
for meso-DAP decarboxylase (/ysA, plasmid pRS7). Since
plasmid pWS124 is thought to be present in C, glutamicun
at approximately 15 copies per cell, the homologous expres-
sion levels of DHDP synthetase (approximately 7-fold) and
meso-DAP dehydrogenase (18-fold) suggest that we have
cloned these structural genes under the controt of their orig-
inal promoters. In fact, these values are in good agreement
with the expression level of the constitutive pheA gene of
C. ghutamicum strain AS019 (6-fold). cloned in the same
shuttle vector by Follettie and Sinskey (1986). In contrast.
the expression level of meso-DAP decarboxylase encoded
by plasmid pRS7 is quite low, although significant (2-fold
overexpression). The possible reasons for such weak expres-
sion have been investigated elsewhere, leading o the full
expression of the cloned meso-DAP carboxylase (15-fold
overexpression, Yeh et al. 1988).

Acknowledgements. This work was supported by a grant from
Rhéne-Poulenc Sante, France. We thank Barbars Bachmann and
Patrick Stragier for providing us with £, colf DAP or lysine auxo-
trophe, Max T. Follettie for kindly providing us with the cosmid
genomic bank of C. glutamicum and for his constant interest
throughout this work, as well as helpful scientific discussions. We
sho thank Monica M. Pakcic for helpful advice in meso-DAP de-
carboxylase measurements, and Benoit Arcangioli, Julian Davies,
and Rosemary Souss for valuable criticisms of this manuscript
and helpful suggestions. This work was presented in part at the
Fifth International Symposium On The Genetics Of Industrial Mi-
croorganisms heid in Split, Yugosiavia, 14-20 Sept. 1986,

References

Aanie T, Bartiett M, White PJ (1985) Species of becillus that make
a vegetative peptidoglycan containing lysine lack diaminopime-
late epimerase but have diaminopimelate dehydrogenase. J Gen
Microbiol 131:2145-2152

Bachmann B (1983) Linkage man of Escherichia colf K-12. Ed. 7,
Microbiol Rev 47:180-230

Batt CA, Follettie MT, Shin HK, Yeh P, Sinskey AJ (1985) Genetic
enpneering of coryncform  bacteria. Trends  Biotechaol
3:308-310

Birnboim HC, Doly J (1979) A rapid alkaline extraction procedure
for screening recombinant plasmid DNA. Nucleic Acids Res
7:1513-1823 .

Bouvier J, Richaud C, Richaud F, Patte JC, Stragier P (1984)




Nucleotid and expr of the E. coll dapB gere.
J Biol Chemn 259:14829-14834

Boy E, Richaud C, Patte JC (1979) Multipie regulstion of DAP-
decarboxylase synthesis in £, coli K-12 FEMS Microbiol Lett
5:287-290

Bukhari Al Taylor AL (19712) Genetic analyis disminopimelic
scid- and lysine-requiring mutants of Escherichia coll. ] Bac-
teriol 105:844-854

Bukhari Al, Taylor AL (1971 b) Mutants of Escherichia coli with
a growth requirement for cither lysine or pyridozine. J Bacteriol
105:988-998

Cohen SN, Chang ACY, Hsu L (1973) Nonchromosomal antibiotic
resistance in bacteria: genctic transformation of Escherichia coll
by R-fasctor DNA. Proc Natl Acad Sci USA 69:2110-2114

De! Real G. Aguilar A, Martin JF (1985) Cloning and cxpression
of tryptophan genes (rom Breviboctertum lactofermennom in
Eschevichia coli. Biochem Biophys Res Commun
133:1013-1019

Follettie MT, Simkey AS (1986) Molecular cloning and nucleotide
sequence of the C. gluramicum phed gene. J Bacteriol
167:695-702

Ishino §. Ylmguchl K. Slurahnu K, Arski K (1984) [avolvement
of meso-x.z-d p te p-dehydrog in lysine biosyn-
thesis in C. ghutamicum. Agric Biol Chem 48:2557-2560

Keddie RM, Cure GL (1978) Ccll wal! composition. In: Bousficld
1J, Callaly AG (eds) Coryneform becteria. Academic Press inc.,
London, pp 47-3)

Kelland JG, Pakic MM, Pickard MA, Vederas JC (1985) Stereo-
chemistry of lysine formation by meso-diaminopimelate decar-
boxylase from wheat germ: use of ‘H-'C NMR shifl correla-
tion to detect stercospecific deuterium labelling. Biochemistry
24:3263-3267

Maniatis T, Fritsch FF, Sambrook J (1982) Molecular cloning.
a laborstory manuai. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York

Marquez G, Fernandez Souss JM, Sanchez F (1985) Cloning and
expression in E. coli of genes involved in the lysine pathway
of B. lactofermentom. ] Bacteriol 164:379-383

Martin C, Borne F, Cami B, Patte JC (1986) Autogenous regula.
tion by lysine of the lysA gene of Escherichia coli. FEMS Micro-
biol Lett 36:105-108

Mateos LM, Del Real G, Aguilar A, Martin JF (1987) Cloning
and expression in Escherichia coli of the homoserine kinase
(thrB) gene (rom Brevibacterhom lactofermennon. Mol Gen
Genet 206:361-367

Minnikin DE, Goodfellow M, Coflins MD (1978) Lipid composi-
tion in Whe classification and identification of coryneform and
related taxa in: Bousficld 1J, Callaly AG (eds) Coryneform
bacieria. Academic Press, London, pp 85-160

Misono H, Togawa H, Yamamoto T, Soda K (1919) Meso-as-
diaminopimciate D-dchydrogenase: distribution and the reac-
tion product. J Bacteriol 137:22-27

Onaki A. Kstsumata R, Oka T. Furuya A (198 Cloning of the
genes concerned in phenylalanine biosynthesis in Corymebacte-
riam ghatamicum and its application to breeding of s phenylals-
nine-producing strain. Agric Biol Chem 49:2925-2930

Patie JC (1983) Diaminopimciate and lysine. In: Hermans K, So-
merville R (eds) Amino acid biosynthesis and genctic regula.

tion. Addison-Wesley Publishing Co., Reading. MA

Piu:her DG (1983) Doonyribonucieic acid base composition of
diphtheriae and coryncbacieria with cell wall
tm IV. FEMS Microbiol Lett 16:291-29§

Richaud C, Richaud F, Martis C, Haziza C, Patte JC (1984) Regu-
lation of expression and nucieotide sequence of the E. colf dasD
gene. J Biol Chem 259:14824-14328

Richaud C, Higgias W, Mengin-Lecreutx D, Stragier P (1987) Mo-
lecular cloning. characiérization, and chromosomal localization
of dapF, the Escherichia coii gene (or diaminopimelate epimer-
ase. J Bacteriol 169:1454-1459

Richaud F, Richaud C, Ratet P, Patte JC (1986) Chromosmal
location and nucieotide seqneme of the E. coli dapA gene. §
Bacteriol 166:297-300

Rigby PW, Dieckmann M, Rhodel C. Berg P (1977 Labelling
DNA to high specific activity & cirro by nick translation with
DNA polymerase . J Mol Biol 113:237-251

Shiio {, Miysjims R (1969) Concerted inhibition and its reversal
by end products of aspartate kinase in Brevibacterium flarum.
J Biochem 65:849-359

Southern EM (1975) Detection of spexific sequences among DNA

feagments scparated by gel eclectrophoresis. J Mol Biol
98:503-517
Stragier P, Patte JC (1983) Reg of diaminopimciate decar-

boxylase synthesis in £. coll: lll Nucleotide sequcnee and regu-
lation of the /ysR gene. J Mol Biol 168:333-3%0

Stragier P, Richaud F, Borne F, Patte JC (1983a) Regnlation of
diaminopimelate decarboxylase synthesis in E. coli: 1. Identifi-
cation of a lysR gene encoding an activator of the lys4 gene.
J Mol Biol 168:307-320

Stragier P, Danos O, Patte JC (1983 b) Regulation of diaminopime-
late decarboxylase synthesis in £. cofi: 1. Nucleotide sequence
of the lys4A gene and its regulstory region. J Mot Biot
168:321-331

Tosaka O, Takinami K (1978) Pathway and regulation of lysine
biosynthesis in Brevibacterium lactofermentum. Agric Biol
Chem 42:95-100

Tosaka O, Hirakawa H, Takinami K, Hirose Y (1978) Regulation
of lysine biosynthesis by leucine in Brevibacterium lactofermen-
newm. Agric Biol Chem 42:1501-1506

Vicira J, Messing J (1982) The pUC plasmids, an M13 mp7 denived
system for insertion mutagenesis and sequencing with synthetic
universal primers. Gene 19:259-268

Yeh P, Sicard AM. Sinskey AJ (1988) Nucleotide sequence of the
Iy:A gene of Corynebacterium glutamicun and possible mecha-
nisms for modulation of its expression. Mol Gen Genet
212:112-119

Yoshihama M, Higashino K, Eswara AR, Akedo M, Shanabrush
WG, Folletie MT, Walker GC, Sinskey AJ (1985) Cloning
vector system for Corymebacterium glutamicum. ] Bacteriol
162:591-597

Yugari Y. Gilvarg C (1965) The condensation step in diaminopime-
late synthesis. J Biol Chem 240:4710-4716

\
JJ

¥

Communicated by J.W. Lengeler

e o

Received July 20, (987 / December 7, 1987

N
)
|V"a,'6



