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ABSTRACT

Glyphosate (N-phosphonomethyl-glycine) is the active ingredient in
-the nonselective herbicide Roundup. The sensitivity of crop plants to
glyphosate has limited its in-season use as a postemergence herbicide.
The extension of the use of Roundup herbicide to allow in-season
application in major crops such as soybeans [Glycine max (L.) Merr.]
would provide new weed control options for farmers. A glyphosate-
tolerant soybean line, 40-3-2, was obtained through expression of the
bacterial 5-enolpyruvylshikimate-3-phosphate synthase (EPSP syn-
thase, EPSPS) enzyme from Agrobacterium sp. strain CP4. Line 40-3-2
is highly tolerant to glyphosate, showing no visual injury after applica-
tion of up to 1.68 kg acid equivalent (a.e.) ha~' of glyphosate under
field conditions. Molecular characterization studies determined that
the single genetic insert in line 40-3-2 contains only a portion of the
cauliflower mosaic virus 35S promoter (P-E35S), the Petunia hybrida
EPSPS chloroplast transit peptide (CTP), the CP4 EPSPS gene, and
a portion of the 3' nontranslated region of the nopaline synthase gene
(NOS 3') terminator. Inheritance studies have shown that the transgene
behaves as a single dominant gene and is stable over several genera-

tions.
WEED MANAGEMENT is a critical step in maximizing
soybean yields and retaining a high quality harvest,
free of weed seeds. For effective weed control, the farmer
typically selects a herbicide based on several factors:
weed spectrum, lack of crop injury, cost, and environ-
mental characteristics. Desirable environmental charac-
teristics include minimal toxicity, low or no groundwater
movement, and limited persistence. Few herbicides avail-
able today deliver optimal performance in all of these areas.
Several classes of broad-spectrum herbicides exist, but
most are nonselective and kill or significantly injure crops
at the application rates required for effective weed control.
One such nonselective herbicide is glyphosate (N-
phosphonomethyl-glycine), the active ingredient in
Roundup' herbicide (Malik et al., 1989). Glyphosate is
highly effective against the majority of annual and peren-
nial grasses and broad-leaved weeds. Recent advances
in plant biotechnology have made it possible to insert a
gene into soybeans to provide crop tolerance specifically
to glyphosate, and bring the benefits of its use to weed
management in soybeans (Barry et al., 1992; Padgette
et al., 1995a). Glyphosate-tolerant soybeans (GTS, also
referred to as Roundup Ready soybeans) can positively
impact current agronomic practices in soybean by (i)
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offering the farmer a new wide-spectrum weed control
option; (ii) allowing the use of an environmentally sound
herbicide; (iii) providing a new herbicidal mode of action
for in-season soybean weed control with a product for
which no weed resistance has developed in almost 20
yr of use (Holt et al., 1993); (iv) offering compatibility
with minimum or no-till conservation systems, which
result in increased soil moisture, while reducing soil
erosion and fuel use; and (v) providing cost-effective
weed control.

The development of glyphosate-tolerant crops has been
pursued since the early 1980s (Gasser, 1989; Hinchee
et al., 1993; Padgette et al., 1989, 1995; Mazur, 1989;
Kishore and Shah, 1988; Kishore et al., 1988). The
target-site modification herbicide tolerance mechanism
was utilized for soybeans, whereby a herbicide-
insensitive target protein was identified and introduced
into the crop by genetic engineering techniques. Glypho-
sate specifically binds to and blocks the activity of 5-enol-
pyruvylshikimate-3-phosphate synthase (EPSP synthase,
EPSPS) (E.C. 2.5.1.19) (Steinrucken and Amrhein,
1980), an enzyme of the aromatic amino acid biosynthetic
pathway (Haslam, 1993). EPSPS catalyzes the reaction of
shikimate-3-phosphate (S3P) and phosphoenolpyruvate
(PEP) to form 5-enolpyruvylshikimate-3-phosphate
(EPSP) and phosphate. Glyphosate inhibition of EPSPS
thus prevents the plant from making the aromatic amino
acids essential for the synthesis of proteins and some
secondary metabolites. EPSPS is the only physiological
target of glyphosate in plants, and no other PEP-utilizing
enzymes are inhibited by glyphosate (Steinrucken and
Amrhein, 1984). EPSPS is present in all plants, bacteria,
and fungi, but not in animals; animals do not make their
own aromatic amino acids, but receive them from plant,
microbial, or other animal foods. In plants, EPSPS is
localized in the chloroplasts or plastids (della-Cioppa et
al., 1986). Upon glyphosate treatment, the GTS plant
remains unaffected because the continued action of the
introduced glyphosate-tolerant EPSPS enzyme meets the
plant’s need for aromatic amino acids. This is in contrast
to the death or severe growth reduction observed upon
glyphosate treatment of conventional susceptible soy-
beans and other plants.

Extensive research indicated that the achievement of
high levels of glyphosate tolerance in planta depended
on the expression of a glyphosate-tolerant EPSPS with
a high catalytic efficiency in the presence of glyphosate
(Barry et al., 1992). Extensive work was carried out on

Abbreviations: a.e., acid equivalent; CP4 EPSPS, 5-enolpyruvyl-
shikimate-3-phosphate synthase from Agrobacterium sp. strain CP4;
ELISA, enzyme-linked immunosorbant assay; EPSP, 5-enolpyruvyl-
shikimate-3-phosphate; EPSPS, 5-enolpyruvylshikimate-3-phosphate syn-
thase; GTS, glyphosate-tolerant soybeans; GUS, B-glucuronidase; kb,
kilobase; kD, kilodalton; PCR, polymerase chain reaction; PEP, phospho-
enolpyruvate; S3P, shikimate-3-phosphate.
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the G101A (glycine to alanine substitution at position
101) petunia EPSPS (Padgette et al., 1991) and other
variant EPSPSs (Ruff et al., 1991), but none were identi-
fied that were both highly glyphosate tolerant and that
bound the PEP substrate comparably to wild-type EPSPS.
The naturally occurring EPSPS enzyme from Agrobac-
terium sp. strain CP4 (CP4 EPSPS) was identified from
a screen of microorganism cell extracts as having very
favorable glyphosate tolerance kinetic parameters,
namely high glyphosate tolerance (appKi[glyphosate] =
2.7 mM) and tight binding of PEP (appKn[PEP] = 12
uM) (Barry et al., 1992; Padgette et al., 1995a). The
appKi[glyphosate] represents the enzyme’s capability to
bind to and be inhibited by glyphosate. The higher the
appK; value, the more the enzyme is able to resist glypho-
sate inhibition. The K,[PEP] is a measure of the enzyme’s
ability to bind PEP—the lower the appKn[PEP], the
better the enzyme is able to interact with PEP and catalyze
the reaction. Based on these kinetic parameters, and thus
the suitability for use in conferring glyphosate tolerance
to crops, the gene for CP4 EPSPS was cloned from Agro-
bacterium sp. strain CP4, and expressed in both Escherichia
coli (Padgette et al., 1989~1990, unpublished results) and
several crop plants for further characterization.

The objectives of the research described herein were
(i) to produce transgenic soybean lines expressing Agro-
bacterium sp. strain CP4 EPSPS; (ii) to determine
whether CP4 EPSPS could confer high levels of glypho-
sate tolerance to soybean, as suggested by its kinetic
parameters; (iii) to determine the expression levels of
the CP4 EPSPS protein in the leaves and seeds from the
soybean line demonstrating the highest level of glypho-
sate tolerance; and (iv) to characterize in detail the in-
serted DNA in the same GTS line. We now report
the successful utilization of the CP4 EPSPS gene in
generating a GTS line with commercial utility, designated
line 40-3-2, along with detailed information on the pro-
duction and molecular characterization of the line. Re-
sults from multi-year yield tests are described in a com-
panion paper (Delannay et al., 1995, this issue). The
development of GTS has been recently reviewed (Pad-
gette et al., 1995a).

MATERIALS AND METHODS
Plasmid PV-GMGT04

The CP4 EPSPS gene was engineered for plant expression
by fusing the 5"-end of the gene to a chloroplast transit peptide
sequence derived from petunia EPSPS (Shah et al., 1986;
Gasser et al., 1988; della-Cioppa et al., 1986). This chloroplast
transit peptide has been shown previously to deliver bacterial
EPSPSs to the chloroplasts of higher plants, which is the
site of the aromatic amino acid biosynthetic pathway and the
organelle to which the plant EPSPS is targeted (della-Cioppa
et al., 1987). Previous studies had shown that it was critical
to target glyphosate-tolerant EPSPSs to the chloroplast to obtain
the highest levels of in planta glyphosate tolerance. In vitro
chloroplast uptake assays verified that the petunia EPSPS chio-
roplast transit peptide delivered CP4 EPSPS to the chloroplasts
(unpublished results, 1989-1990). After the pre-CP4 EPSPS
protein (containing the chloroplast transit peptide amino-
terminal extension) reaches the chloroplast or plastid stroma,

the chloroplast transit peptide is cleaved and degraded, as are
the chloroplast transit peptides from other naturally occurring
nuclear-encoded chloroplast-targeted proteins (Bartlett et al.,
1982). This leaves the mature CP4 EPSPS, with no chloroplast
transit peptide sequences retained, as the CP4 EPSPS species
present in planta (Harrison et al., 1995).

The plasmid PV-GMGTO04 used to generate the soybean
line 40-3-2 contained three bacterial genes driven by plant
promoters: two CP4 EPSPS genes and a gene encoding
B-glucuronidase (GUS) from E. coli (Jefferson et al., 1986)
(Fig. 1). PV-GMGTO04 is a pUC-Kan vector that was delivered
to the donor organism by a particle acceleration transformation
system. This vector is a derivative of the high copy E. coli
plasmid pUC119 (Vieira and Messing, 1987) and was con-
structed by fusing the 1.3-Kb Fspl-Dral pUC119 fragment
containing the origin of replication to the 1.3-Kb Smal-HindIIl
Klenow-filled fragment from pKC7 (Rao and Rogers, 1979),
which contains the KAN gene (the neomycin phosphotransfer-
ase type II gene, nptll). The nptll gene confers bacterial
kanamycin resistance and replaces the ampicillin resistance
gene of pUC119. Table 1 lists the genetic elements used to
assemble plasmid PV-GMGTO04.

DNA Delivery

Introduction of DNA into soybeans by the particle accelera-
tion method was performed by Agracetus Company (Madison,
WI), and the methodology has been described previously
(Christou et al., 1988; McCabe et al., 1988). Soybean cultivar
A5403, a commercial variety developed by Asgrow Seed Com-
pany, was used for transformation. The expression of the GUS
gene was used as the initial evidence of transformation. GUS
expression was detected by a staining method in which the
GUS enzyme converts a substrate (5-bromo-4-chloro-3-indolyl
B-D-glucuronide) into a blue precipitate (Jefferson et al., 1986).

Glyphosate Tolerance of Transformants

R; seed from regenerants expressing the GUS gene were
planted in a greenhouse at the Monsanto Life Sciences research
center in Chesterfield, MO, and treated 2 wk later with a rate
of 3.36 kg a.e. ha™! of glyphosate (equivalent to 1 gallon/acre
of the commercial Roundup formulation). A few plants from
each R, family were left untreated as controls. Individual R,
families were scored for tolerance to glyphosate 7, 14, and
28 d after spray with a scale of 0 (completely dead) to 10 (no
difference from nonsprayed control within the same progeny).
Since the R; families were segregating for the inserted gene,
the scoring was performed only on the tolerant plants (the
susceptible plants exhibited extensive chlorosis by the initial
7-d evaluation and subsequently died or remained severely
stunted). The segregation ratio was recorded for a preliminary
assessment of the mode of inheritance of the glyphosate toler-
ance trait in each progeny. Individual plants of the highest
scoring R, families were harvested for further evaluation. See
Fig. 2 for a schematic diagram of the lineage of the GTS lines
described herein.

Field Evaluation

Progeny from selected single R, plants were evaluated in
the field in the summer of 1991 at one, two, or three locations,
depending on the seed supply available. The locations were
the Monsanto experimental farm in Jerseyville, IL, and the
Asgrow breeding stations in Marion, AR, and Queenstown,
MD. The plots consisted of single rows per R, family, 1.5 m
long and 0.76 m apart, planted in four separate blocks. Individ-
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A. Plasmid Map of PV-GMGT04

Notl 144
Hindlil 155

BamHI 436
EcoRI 454

Inserted DNA
presentin GTS
line 40-3-2

BamHl 1624
Ncol 1636

Bglll 2058

Notl 8064
PV-GMGTO04

BamHI 77817 10511 bp 53

EcoRlI 7763

Pstl 2705
Hindill 2707
Pstl 2717
BamH! 3160
EcoR1 3181

Ncol 5042
Bglll 5048

B. Schematic diagram of inserted DNA present in GTS line 40-3-2
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NOS 3’ CP4 EPSPS B pe | E35S
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plant DNA / / / plant DNA
69 201 base pairs 2329 2435
-# .

largest insert possible = 2266 base pairs

Hind it Hind 1l

Fig. 1. Plasmid PV-GMGT04 and the inserted DNA in GTS line 40-3-2.

ual R, families tracing to the same R, plant were planted side to24, 48, and 64 oz./acre of the commercial Roundup herbicide
by side within each block (approximately 15 seed/m). One formulation). Damage on nontransgenic control plots ranged
block served as nonsprayed control, and the others were from severe stunting at the 0.63 kg ha™' rate to complete death
sprayed at the V3 stage (Fehr et al., 1971) with 0.63, 1.25, at the higher rates. Again, a rating scale of O to 10 was used
and 1.68 kg a.e. ha™! of glyphosate respectively (equivalent to evaluate the tolerance of the R, families 7, 14, and 28 d

Table 1. Summary of component parts of glyphosate tolerance vector PV-GMGT04.

Genetic element  Size

Function

Kb
P-E358 0.61
CTP 0.22
CP4 EPSPS 1.36

NOS 3’ 0.26
KAN 1.32
ori-pUC 0.65
LAC 0.24

P-MAS 0.42
GUS 1.81
sy 0.43
P-FMV 0.57

The cauliflower mosaic virus (CaMV) 35S promoter (Odell et al., 1985) with the duplicated enhancer region (Kay et al., 1987).

The N-terminal chloroplast transit peptide sequence from the Petunia hybrida EPSPS gene (Shah et z}l., 1986)_.

The C-terminal 5-enolpyruvylshikimate-3-phosphate synthase gene (CP4 EPSPS) from an Agrobacterium species (Barry et al.,
1992).

The 3 nontranslated region of the nopaline synthase gene (Fraley et al., 1983).

The Tn5 neomycin phosphotransferase type II gene (nptll) from plasmid pKC7 (Rao and Rogers, 1979). The nptll confers
kanamycin resistance on the bacterial cloning host. .

The origin of replication from the high copy E. coli plasmid pUC119. (Vieira and Messing, 1987). ) .

A partial E. coli lacl coding sequence, the promoter Plac, and a partial coding sequence for p-D-galactosidase or lacZ protein
from pUC119 (Yanisch-Perron et al., 1985).

The TR 2' mannopine synthase promoter region (Velten et al., 1984). . . .

The coding region of the E. coli B-glucuronidase gene (Jefferson et al., 1986). The expression of the gene in plants is used as a
scoreable marker for transformation. ]

The 3’ nontranslated region of the soybean 7S seed storage protein alpha subunit (Schuler et al., 1982).

The figwort mosaic virus 35S promoter (Gowda et al., 1989).
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after spray. Ratings of 0 to 2 were characteristic of susceptible
plants. Ratings of 3 to 7 indicated a low to intermediate level
of tolerance which would be far from acceptable commercially.
Ratings of 8 to 10 were characteristic of the best levels of
tolerance. A rating of 9 usually indicated very minor differences
from the controls.

Individual R, families that appeared homozygous for toler-
ance to the highest levels of glyphosate utilized in the summer
1991 field tests were harvested in bulk and sent to the Asgrow
winter nursery in Isabela, Puerto Rico, for seed increase and
further testing. They were planted in single rows, 3 m long
and 76 cm apart (25 seeds/m). Each R-derived line was planted
in three different blocks, and each block received a different
treatment (0, 1.68, and 3.36 kg a.e. ha™') of glyphosate at
V3 stage of growth. The same scoring system was used as
for the 1991 summer field trials.

General Laboratory Procedures

The DNA extraction technique utilized was a modification
of a previously published procedure (Dellaporta et al., 1983),
using one or two leaflets from the first trifoliate leaf of green-
house-grown plants. An RNAse incubation step followed by
a phenol/chloroform extraction was added before the final
precipitation. Southern blots (Southern, 1975; Church and
Gilbert, 1984) were performed as previously described (Sam-
brook et al., 1989). Polymerase chain reaction (PCR) reactions
were performed according to manufacturer’s instructions (Per-
kin-Elmer kit #N801-0055, Perkin-Elmer Corp., Norwalk,
CT). PCR reactions were done in 100 pL total volume, con-
taining 100 pmol of each indicated oligo, 1 pg of template,
deoxynucleotide triphosphates (dNTPs) at 200 pa, 10 units
Tag DNA Polymerase (Perkin-Elmer Corp.). The PCR ampli-
fication cycle consisted of 94°C denaturation for 1.5 min.,
65°C annealing for 1.5 min., and a 72°C extension for 6 min.
The cycle was repeated 24 times. Products were separated on a
3.0% agarose gel and visualized by ethidium bromide staining.
Protein levels in extracts used for enzyme-linked immunosor-
bent assay (ELISA) were determined using the method of
Bradford (Bradford, 1976) (Bio-Rad protein assay kit, Bio-Rad
Laboratories, Richmond, CA) in a 96-well plate format.

ELISA Assays

Extracts of GTS line 40-3-2 and contro] A5403 seed were
prepared for ELISA expression analysis by grinding five to
six seeds into a fine powder in liquid nitrogen with a mortar
and pestle. The seed powder was then weighed into a 5-mL
polypropylene tube and extraction buffer was added (100 mM
Tris-HCI, pH 7.8, 100 mM sodium borate, 5 mM magnesium
chloride, 0.05% v/v Tween 20, and 0.2% sodium ascorbate).
The suspension was homogenized (Brinkmann PT3000 Poly-
tron, setting of 18, Brinkmann Instruments Inc., Westbury,
NY) on ice for approximately 30 s. The suspension was then
centrifuged for 10 tol5 min and the supernatant (extract) was
removed and aliquotted into Eppendorf tubes (Eppendorf North
America, Inc., Madison, WI). The extracts were either ana-
lyzed immediately or stored at —80°C until assayed. The
tissue to buffer ratio was determined to be optimal for assay
at 1:100 tissue to buffer ratio (30 mg tissue/3 mL buffer) for
CP4 EPSPS and 1:20 tissue to buffer ratio (150 mg tissue/3
mL buffer) for GUS. Due to the different tissue to buffer ratios,
separate extracts were prepared for each protein ELISA.

ELISAs were developed and validated for the detection of
CP4 EPSPS and GUS. Quantitation was accomplished by
extrapolation from the logistic curve-fits of the purified mature
CP4 EPSPS or GUS standard curves (both standards purified

from E. coli overexpression strains). For the CP4 EPSPS
ELISA, the double antibody sandwich (primary antibody from
goat and secondary antibody from rabbit) was detected with
donkey anti-rabbit alkaline phosphatase conjugate followed by
development with p-nitrophenyl phosphate (pNPP). The assay
recognized the non-denatured CP4 EPSPS. The GUS direct
double antibody sandwich ELISA utilized a commercially avail-
able rabbit anti-GUS antibody (CLONTECH Laboratories,
Inc., Corning, NY) and its alkaline phosphatase-conjugate,
with pNPP development.

CP4 EPSPS and GUS Enzymatic Assays

The procedure utilized to determine the amount of function-
ally active EPSPS entailed the use of an HPLC with radioactiv-
ity detector, which has been previously described (Padgette
etal., 1988; Padgette et al., 1987). The final reagent concentra-
tions in the assay were 50 mM HEPES, 0.1 mM ammonium
molybdate, 5 mM potassium fluoride, 1 mM “C-PEP, and
2 mM S3P, pH 7.0. Reactions were run at 25°C. For EPSPS,
1 unit (U) is defined to be 1 umol EPSPS produced/minute
at 25°C, under the assay conditions specified. Samples for
both CP4 EPSPS and GUS enzymatic assays were extracted
with 100 mM Tris Cl, 100 mM sodium borate, 5 mM magne-
sium chloride, 0.2% sodium ascorbate, pH 7.8, then desalted
over spin-desalting columns (Penefsky, 1979).

The enzyme assay described for GUS was a modification of
the assay method of Jefferson (Jefferson et al., 1986; Naleway,
1992), based on the GUS-catalyzed formation of p-nitrophenol
from p-nitrophenyl-B-D-glucuronide. The final reagent concen-
trations in the assay were 8 mM p-nitrophenyl-B-D-glu-
curonide, 49 mM sodium phosphate, 10 mM P-mercapto-
ethanol, 10 mM EDTA, 0.1% sarkosyl, and 0.1% Triton
X-100, pH 7.4. The reactions were run for 1 to 5 min. at
37°C and quenched with 2.5 M 2-amino-2-methyl-1,3-
propanediol, and the absorbance measured at 406 nm versus
a standard curve of p-nitrophenol product. For GUS, 1 unit
(U) of activity is defined to be 1 pmol p-nitrophenol produced/
min at 37°C, under the assay conditions specified.

RESULTS AND DISCUSSION

Glyphosate Tolerance of the Transformed
Soybean Lines

A total of 316 transgenic soybean lines from transfor-
mations performed with various glyphosate-tolerance
plasmid vectors were obtained between June of 1990
and August of 1991 (Fig. 2). Fourteen lines, each derived
from GUS-expressing Ry plants produced by transfor-
mation with construct PV-GMGT04, were evaluated in
greenhouse tests during the winter of 1990-1991. One
such line, derived from Ry plant 40-3, showed no damage
14 and 28 d after spray with 3.36 kg a.e. ha™' of
glyphosate (score of 10). Its progeny was selected for
further evaluation in the field in the summer of 1991,
along with the progeny of 25 other lines transformed
with other constructs, Each of those Ro-derived lines
was represented by several R, families (progeny of indi-
vidual R; plants). Due to limited seed set of the original
R transformant, line 40-3 was represented in the field
by only four R, families. R, families 40-3-1 and 40-3-2
came from non-glyphosate-treated R, plants used as con-
trols in the greenhouse evaluation, while 40-3-3 and
40-3-4 came from R; plants treated with 3.36 kg ha™!
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Rg plant 40-3 (and other fines)

Assay for B-glucuronidase
enzyme activity in leaves

R1 seed

Greenhouse tests

Ry plant families (40-3-1, 40-3-2, 40-3-3, 40-3-4, etc.) | for glyphosate

~

Ro plants,Marion, AR

to nontransgenic
cultivars for inheritance
analysis (Table 3)

< Rgseed

/

Winter 1992 | Rq plants, line 40-3-2, Puerto Rico

tolerance
field tests on V
line 40-3-2

tolerance
phenotype

Ro seed from line 40-3-2, etc.

N

R, plants, Queenstown, MD Ro plants, Jerseyville IL | Summer

Seed used in crosses \ /

991
tolerance
field tests
(Table 2)

R3 seed

(Puerto R4 seed (February, 1992 harvest) - R4 plants, Puerto Rico (seed increase)

Rico) /

R4 plants, IN, MO

Rg seeds (June, 1992 harvest)
Rg plants, GA, Newport, AR, NC, AR, MS, LA

Rg seeds, GA, Newport, AR, NC, AR, MS, LA
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line 40-3-2 . .
(Tables 4, 5) Rg plants, Marlon,vAR seed increase
Rg seeds, Marion, AR
Summer Ry plants, AL, MD, MO, AR
field tests on
(Tabee A o Ry seeds, AL, MD, MO, AR

Fig. 2. Lineage of GTS line 40-3-2 seed utilized for glyphosate tolerance and CP4 EPSPS and GUS protein expression experiments.

a.e. of glyphosate. Seed from each of the families were
planted at one or two locations, depending on the supply
of seed available.

Table 2 summarizes the tolerance scores obtained with
each of those four R, families. Since some of the Ry
families were segregating for the glyphosate tolerance
trait, the scores were based only on the tolerant plants
in the plots. When the plots also segregated for differing
levels of glyphosate tolerance (as was noticed for lines
40-3-3 and 40-3-4), a single score was given to represent
the plants with the highest level of tolerance. Scores for
the nontransgenic parent A5403 were generally 1 or 2
for the 0.63 kg ha™' treatment, and O (dead) for the
gther treatments. Based on the results of numerous exper-
iments on the weed control spectrum of glyphosate,
as well as knowledge of the common weeds infecting
soybeans, it was expected that the rate of glyphosate
necessary to control most weeds under field conditions
would generally be between 0.63 and 0.84 kg ha~!

(24-32 oz./acre of commercial Roundup formulation)
(unpublished data, 1989-1990). Therefore, tolerance to
the highest rate tested in the field in 1991 provided a
two- to three-fold safety factor for the soybean crop.
Line 40-3-1 showed only a low level of tolerance to
glyphosate in all its plants (Table 2). Line 40-3-2 showed
littie or no damage after application of 1.68 kg ha™" of
glyphosate. No segregation for tolerance was observed
in the 40-3-2 line. Lines 40-3-3 and 40-3-4 had a mixture
of plants with various levels of tolerance to glyphosate,
along with a few dead plants. This mixture of tolerance
Jevels is the main reason for the inconsistencies in the
ratings for those lines across treatments and locations.
A preliminary conclusion from those observations was
that the original Ry plant 40-3 received two different
plasmid DNA insertions, one coding for a high level of
glyphosate tolerance, and the other for a low level of
glyphosate tolerance. Line 40-3-2 was selected for further
evaluation in Puerto Rico during the winter of 1991-1992.
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Table 2. Glyphosate tolerance scores of R-derived lines from the Ry-

derived GTS line 40-3 in 1991 summer tests.

Line location Treatment Scores (days after treatment)f,§
kg ha™! 7d 144d 21d 284d 24
40-3-1 Jerseyville, IL 0.63 5 7 8 9 8
il 1.25 6 6 6 7 8
1.68 4 4 5 5 6
40-3-2 Marion, AR 0.63 10 10 9 10
1.25 10 10 10 10
1.68 10 10 10 10
Queenstown, MD 0.63 9 9 9 9 9
1.25 9 8 9 10 10
1.68 8 9 9 8 10
40-3-3 Jerseyville, IL 0.63 6 7 8 9 8
1.68 7 8 9 9 10
Marion, AR 0.63 10 9 10 10
1.25 9 9 8 9
1.68 8 9 9 9
40-3-4 Marion, AR 0.63 6 7 9 10
1.25 9 8 8 9
1.68 8 8 9 10

+0 = dead plants; 10 = no difference from unsprayed controls of the same line. )
1 Damage on nontransgenic control plots (A5403) ranged from severe stunting at the 0.63 kg ha~! rate to complete death at the higher rates (ratings of

0 to 2).

In the Puerto Rico test, line 40-3-2 had an overall score
of 10 after spray with 1.68 kg ha™' of glyphosate, and
9 after the 3.36 kg ha™' treatment.

Several plants of lines 40-3-1 and 40-3-2 were exam-
ined in the greenhouse for GUS activity to determine if
GUS could be used as a marker for backcrossing of
the glyphosate tolerance gene. Out of 10 40-3-2 plants
sampled, none had GUS activity when assayed by histo-
chemical staining. In contrast, all seven plants tested
from line 40-3-1 had GUS activity. This result combined
with the field segregation data suggested that line 40-3-2
was homozygous for an insert conferring a high level
of glyphosate tolerance but did not contain an active
GUS gene. Subsequent DNA and enzymatic analyses
(described below) confirmed this to be the case. Further-
more, 40-3-1 appeared to contain inserted DNA responsi-
ble for both GUS expression and a weak level of glypho-
sate tolerance.

Table 3 summarizes the segregation patterns of prog-
eny of crosses between 40-3-2 and 17 nontransgenic
cultivars. A consistent 3 tolerant to 1 sensitive ratio

Table 3. Segregation of glyphosate tolerance in F. progeny of
crosses between GTS line 40-3-2 and 17 nontransgenic cultivars.

Family Tolerant Sensitive bl
1 17 4 0.40
2 10 2 0.44
3 12 4 0.00
4 16 4 0.27
5 16 5 0.02
6 14 3 0.49
7 18 5 0.13
8 10 4 0.10
9 17 7 0.22

10 6 3 0.33

11 15 4 0.16

12 17 1 3.63

13 10 1 1.48

14 16 5 0.02

15 3 1 0.00

16 18 3 1.29

17 19 5 0.22

Total 234 61 2.94

+ Uncorrected chi-square goodness-of-fit test for hypothesis of 3:1 segrega-
tion. None of the chi-square values are significant at the 95% confidence
level (xfos. 140 = 3.84).

was observed among all F, progeny, indicating that the
glyphosate tolerance in 40-3-2 is conditioned by a single
dominant gene. The gene has proven to be stably inherited
over multiple selfed and outcrossed generations over the
past 3 yr (USDA, 1994, and references therein), and
the level of tolerance has remained stable also in those
progeny (Delannay et al., 1995).

Characterization of GTS Line 40-3-2

The only proteins which could be expressed from plant
promoters present in plasmid PV-GMGTO04 are the ones
encoded by the CP4 EPSPS and GUS genes (Fig. la,
Table 1). Expression tests for CP4 EPSPS and GUS
proteins were performed by ELISA analysis. Plant sam-
ples (leaf and seed) were obtained from field tests in
1992 (8-9 sites) and 1993 (3-4 sites, CP4 EPSPS analysis
only) (Fig. 2 and Table 4). As shown in Table 4, CP4
EPSPS is detected in both the seed and the leaf of GTS
line 40-3-2. However, GUS was not detected by ELISA
in either seed or leaf tissue. These results were supported
by enzymatic activity assays performed on seed pools
of line 40-3-2 collected from the 1992 field tests: glypho-
sate-tolerant EPSPS activity was present at 0.025 U/mg
but no GUS enzymatic activity was detected. Neither
EPSPS nor GUS enzymatic activity was detectable in
control A5403 seed extracts. These results indicate, as
expected from the glyphosate tolerance phenotype, that
at least one of the CP4 EPSPS genes shown in the Fig.
la plasmid map was incorporated into the line 40-3-2
genome. The lack of GUS activity could indicate either
(i) no GUS gene was incorporated into the line 40-3-2
genome; or, (ii) a GUS gene was incorporated which
does not produce detectable levels of GUS protein or
GUS enzyme activity. To answer this question and to
characterize fully the inserted plasmid DNA, Southern
blots and PCR experiments were performed on DNA
extracted from leaves of line 40-3-2.
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Table 4. ELISA analysis of CP4 EPSPS and GUS in GTS line
40-3-2.

ug protein/mg tissue

fresh weight
Samplet No. of sites Mean Range}
CP4 EPSPS§
Leaf§ 1992 8 0.443 0.251~0.789
Leaf§ 1993 3 0.415 0.299-0.601
Seed 1992 9 0.288 0.186-0.395
Seed 1993 4 0.201 0.127-0.277
GUS§
Leaf{ 1992 8 ND# -
Seed 1992 9 ND# -

+ All samples were frozen immediately and shipped and stored frozen.
Means reported are of the site means. Soybean plant samples for ELISA
analysis were generated from nine locations in 1992 (Macon, MO; Wash-
ington, LA; Martinsville, IN; Greenville, MS; Newport, AR; Proctor,
AR; Winterville, GA; Seven Springs, NC; and Marion, AR) and four
locations in 1993 (Gordon, AL; Salisbury, MD; Steele, MO; and Marion,
AR). No leaf samples were taken from the Marion, AR, site either year.
Seed generations utilized are given in Fig. 2.

+ “Range” denotes the lowest and highest individual assay for each plot.

§ No CP4 EPSPS or GUS proteins were detected in the A5403 parental
control line samples (grown at identical locations) in either leaf or seed
samples.

{ The center leaflet from the fully expanded third trifoliate of six plants
randomly selected from different rows in various locations in each treat-
ment plot were collected and pooled by plot.

#ND = not detected.

DNA Analysis of GTS Line 40-3-2

In order to determine the number of DNA insertions
from plasmid PV-GMGTO04 in line 40-3-2, Southern blot
analysis was performed on isolated genomic DNA of
lines 40-3-2 and its parent A5403 using Spel, a restriction
enzyme that does not cut inside the plasmid PV-
GMGTO04. The presence of a single unique band of high
molecular weight DNA was suggested in the 40-3-2
digest, but not in the A5403 control DNA, when probed
with 32P-labeled PV-GMGT04 DNA (data not shown).
However, three faint background bands were detected
in control A5403 DNA as well as in the 40-3-2 DNA,
which complicated the conclusion of a single insert based
on the Spel digest alone. Other experiments were there-
fore required to prove the presence of only a single insert
in line 40-3-2.

Using Southern blot analyses, DNA from the following
genetic elements was used as **P-labelled probes: the CP4
EPSPS coding region, the E35S promoter, the CMoVb
(FMV) promoter, the NOS 3’ nontranslated region, and
the GUS coding region. The Southern blot analyses
showed that the CP4 EPSPS gene and a portion of the
E35S promoter are present in line 40-3-2 (Fig. 3). The
CMoVb promoter and the GUS gene are not present in
this line (Fig. 4). DNA from line 61-67-1, a GTS line
which contains both the GUS gene and the CMoVb-CP4
EPSPS cassette (but no E35S promoter), was used as a
control (Fig. 3 and 4). PCR was used to test for the
presence or absence of the ori-pUC and the nptII gene.
The results indicated that neither theori-pUC nor the
nptll gene are present in line 40-3-2 (data not shown).
The plasmid map in Fig. la schematically shows the
DNA from PV-GMGTO04 which inserted into line 40-3-2.

The absence of the GUS protein and gene in the 40-3-2
GTS line seems contradictory to the fact that GUS was

Panel A. CP4 EPSPS Panel B. E35S promoter

- 58Kb |

- 1536 bp—»
< 1.6 Kb
1536 bp—-

1188 bp—=-
1058 bp—>-

1 2345 1

Fig. 3. Southern blots probed for CP4 EPSPS and E35S promoter in
GTS line 40-3-2. PV-GMGT04 plasmid DNA was digested with
BamHI (Lane 1 in both panels). Soybean genomic DNA from A5403
control was digested with BgIIl and EcoRI (Panel A, Lane 2),
HindIII (Panel A, Lane 4) and BamHI (Panel B, Lane 2). GTS
line 40-3-2 DNA was digested with Bg/ll and EcoRI (Panel A, Lane
3), HindIII (Panel A, Lane 5), and BamHI (Panel B, Lane 3). GTS
61-67-1, a negative plant control for E35S, was digested with BamHI
(Panel B, Lane 4). Each lane represents 100 pg of plasmid DNA
or 5 pg of genomic DNA. The digests were subjected to electrophore-
sis in a 0.8% agarose gel and transferred to a nylon membrane.
The membranes were probed with **P-labeled coding region of CP4
EPSPS (Panel A), or E35S promoter (Panel B), and then subjected
to autoradiography. The smaller mark in Lane 1 of Panel B is a
dot on the blot and not an additional band.

23 4

utilized as a scoreable marker in the transformation pro-
cess. However, in light of the standard production and
analysis of the R, progenies of the parental line 40-3
(described above), it became apparent that the likely
explanation was that the original 40-3 R, plant had re-
ceived two DNA inserts located at different positions in
the genome. This explanation postulates that Insert 1
was responsible for the expression of the GUS marker
protein, and that Insert 2 had a strong expression of the
glyphosate tolerance trait, but did not express the GUS
protein. Since the 40-3-2 R, progeny exhibited strong
glyphosate tolerance but no GUS enzyme activity or
gene, 40-3-2 contained only Insert 2, while Insert 1 was
likely lost through normal genetic segregation.
Fine-structure analysis of the 5’ and 3’ ends of the
PV-GMGT04 DNA integrated into the genomic DNA
of line 40-3-2 was accomplished through PCR. If the
sequences of the DNA corresponding to selected PCR
primer pairs are present in line 40-3-2 genomic DNA,
product(s) will be produced similar in size to those
produced in the PCR reaction using PV-GMGTO04 as the
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Fig. 4. Southern blots probed for CMoVb promoter and GUS in GTS
Line 40-3-2. PV-GMGT04 plasmid DNA was digested with HindIII
(Panels A and B, Lane 1). Soybean A5403 control DNA was digested
with HindIII (Panels A and B, Lane 2). GTS line 40-3-2 DNA was
digested with HindII (Panel A and B, Lane 3), and GTS line
61-67-1 DNA was digested with HindIII (Panels A and B, Lane 4).
Each lane represents 100 pg plasmid DNA or 5 pg of genomic
DNA. The digests were subjected to electrophoresis in a 0.8%
agarose gel and transferred to a nylon membrane. The membranes
were probed with P labeled CMoVb promoter (Panel A) or the
coding region of GUS (Panel B) and then subjected to autoradiog-
raphy.

control template. If only one (or none) of the primer
sequences is present in line 40-3-2 genomic DNA, then
no product of the predicted size will be produced.

To determine the NOS 3’ terminator boundary, the
PCR primers f through k were utilized (Fig. 5). Figure 5
shows a schematic diagram of the location of these primers
on the PV-GMGT04 plasmid and the predicted PCR prod-
uct sizes utilizing combinations of these primers to deter-
mine the NOS 3’ boundary. In the PCR reactions, the
positive control was PV-GMGT04 plasmid DNA, the nega-
tive control was line A5403 genomic DNA, and the test
substance was line 40-3-2 genomic DNA. Figure 5 shows
that a product is formed with GTS line 40-3-2 DNA using
primers f + g, f + h, and f + i, but not with primers
f + k. Therefore the 3’ end point of the inserted DNA
must lie between map numbers 201 and 169 (Fig. 1).
We concluded that one end of the inserted DNA sequence
is within that 32bp sequence of the NOS 3’ terminator.
The NOS 3’ polyadenylation site is located at map num-
bers 266 to 278 (Fig. 5, Fig. 1b) (Bevan et al., 1983)
and therefore remains intact in GTS line 40-3-2.

To determine the E35S 5’ boundary, the PCR primers
a through e were utilized, (Fig. 6; locations on the
plasmid and the predicted PCR product sizes are shown).
Two products are generated for each set of primers with

A5403
control  40-3-2  PV-GMGT04

A

123456789 10111213 14

molecular

molecular
wt. markers

wt. markers

473bp
f— 422
3tapp 220P

<@— 213bp

PV-GMGT04 map
numbers

End:
~169-201

42 buE
e el R R B =N o e

Fig. 5. PCR analysis of 3' end of the PV-GMGT04 plasmid DNA
inserted into GTS line 40-3-2. PCR reactions were carried out as
described in MATERIALS AND METHODS. Lanes 1 and 14 are
molecular weight markers; Lanes 2, 3, 4, and 5 contain A5403 as
template plus the combinations of primers as listed; Lanes 6, 7, 8,
and 9 contain 40-3-2 as template plus the combination of primers
as listed; Lanes 10, 11, 12, and 13 have PV-GMGT04 as template
plus the combination of primers as listed. The lower bands at the
bottom of each lane are unused oligos. The primers are indicated
in the figure with a letter above the arrowhead. Primer f is a
constant in all the reactions. The dashed lines indicate the predicted
size product that would be produced using Primer f with Primers
g, h, i, and k with plasmid PV-GMGT04 DNA as template in the
PCR.

PV-GMGT04 DNA as template. This is because the
E358S sequence contains a 252bp direct repeat (enhancer
region). The 252 base pair direct repeat starts at map
site 2691 and ends at map site 2440 (Fig. 6, Fig. 1a).
If both sets of sequences are present in line 40-3-2 (i.e.,
if the entire E35S promoter would be present), then both
products will be produced. If only one set of the repeated
sequences is present, then only one product will be pro-
duced. Figure 6 shows a schematic drawing of the primers
used in the PCR and the size of the predicted products.
In the PCR reactions, the positive control was PV-GMGT04
plasmid DNA, the negative control was line A5403 genomic
DNA, and the test substance was line 40-3-2 genomic
DNA. Since a product is formed in GTS line 40-3-2 with
primersa + b,a + e, anda + c (Fig. 6), and no product
is produced with primer a + d, the end point of the
inserted DNA must lie between map numbers 2329 and
2435 (Fig. 1). It is thus concluded that one end of the
inserted DNA sequence lies within that 106 bp sequence
interval of the E35S promoter. The data demonstrate
that the enhancer region of the E35S promoter was not
integrated into the genomic DNA of line 40-3-2 since
the enhancer region is between map site 2440 and 2691
(Odell et al., 1985; Kay et al., 1987). A schematic
diagram of the inserted DNA in GTS line 40-3-2 is
shown in Fig. 1b.

As described above, F, progenies of crosses between
other soybean lines and GTS line 40-3-2 consistently
segregate 3 tolerant to 1 sensitive, establishing that the
40-3-2 insert behaves as a single dominant gene inherited
in a Mendelian fashion (Table 3). The glyphosate toler-
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Fig. 6. PCR analysis of 5’ end of the PV-GMGTO04 plasmid DNA
inserted into GTS line 40-3-2. PCR reactions were carried out as
described in MATERIALS AND METHODS. Lanes 1 and 14 are
molecular weight markers; Lanes 2, 3, 4, and 5 contain A5403 as
template plus the primers as listed; Lanes 6, 7, 8, and 9 contain
40-3-2 as template plus the primers as listed; Lanes 10, 11, 12,
and 13 have PV-GMGTO04 as template plus the primers as listed.
The lower bands at the bottom of each lane are unused oligos. The
primers are indicated in the figure with a letter above the arrowhead.
Primer a is a constant in all the reactions. The dashed lines indicate
the predicted size product that would be produced using Primer
a with Primers b through e with plasmid PV-GMGT04 DNA as
template in the PCR.

ance phenotype and Mendelian transmission have been
consistent for more than seven generations of line 40-3-2
soybean tested to date. The genetic stability was further
confirmed by DNA analyses. A Southern blot was per-
formed with HindIIl to cut the genomic DNA of line
40-3-2 and the parental A5403 genomic DNA and then
probed with 3P labelled PV-GMGTO04. The blot showed
a single 5.8-Kb band in 40-3-2. As discussed above,
neither HindIIl site originally present in plasmid PV-
GMGTO4 (at positions 155 and 2707) is present in the
DNA inserted in line 40-3-2. Therefore, the two HindIIL
sites bordering the 5.8-Kb fragment are located in the
plant genome, on either side of the inserted DNA. This
fragment was therefore appropriate to monitor as an indi-
cator of the inserted DNA’s stability in line 40-3-2, because
both inserted and border DNA are present in the band.

Line 40-3-2 DNA from both R; and Rs plants and
DNA from line A5403 were cut with HindIIl and then
subjected to Southern blot analysis. The reference plas-
mid, PV-GMGTO04, was cut with EcoRI and included
on the blot. Figure 7 shows the Southern blot probed
with ?P-labelled PV-GMGTO04. All of the expected band
sizes of PV-GMGT04 are seen on the blot. The 5.8-Kb
HindIII band referred to above was evident when either
R3 generation or Rs generation line 40-3-2 were probed
with plasmid PV-GMGTO04. The fact that this same size
band is present in both generations of 40-3-2 indicates
that the plasmid DNA insert and the plant border DNA
are stably maintained throughout the plant life cycle over
four generations.

In conclusion, expression of the CP4 EPSPS gene

& N
¢ > &
& \(‘6 o N
& ed o3
F &
K & AN 4
R ¥ » N
@ @ < ssko
3166bp— @B
2524bp— &9
1536bp—»- @l
1188bp—p a
1058bp-—» @i
1 2 3 4

Fig. 7. Southern blot of GTS line 40-3-2 generations R; and R probed
with PV-GMGT04. PV-GMGT04 plasmid DNA was digested with
EcoRI (Lane 1). Soybean A5403 control genomic DNA(Lane 2),
line 40-3-2 (Rs) genomic DNA (Lane 3), and line 40-3-2 (R,) genomic
DNA (Lane 4) were digested with HindIII. Each lane represents
100 pg of plasmid DNA or 5 pg of genomic DNA. The digests were
subjected to electrophoresis in a 0.8% agarose gel and transferred
to a nylon membrane. The membrane was probed with 32p-labeled
PV-GMGTO4 plasmid DNA and then subjected to autoradiography.

confers a high level of glyphosate tolerance to soybeans,
as exemplified by the data presented herein on line 40-3-2.
Extensive molecular characterization indicates that line
40-3-2 contains a portion of the E35S promoter, the
petunia EPSPS chloroplast transit peptide, the CP4
EPSPS gene, and a portion of the NOS 3’ terminator.
No other plasmid-derived DNA sequences are present.
Yield tests have demonstrated that line 40-3-2 is tolerant
to applications of Roundup herbicide in excess of levels
required for weed control, with a very wide window of
application (Delannay et al., 1995). Extensive efforts
are continuing with seed companies to develop a wide
range of commercial soybean cultivars containing the
glyphosate tolerance locus present in line 40-3-2. In
parallel to those breeding efforts, new weed control
systems are being developed to include this new use of
glyphosate for the soybean grower. Finally, numerous
experiments have been conducted to support amending
the Roundup herbicide label to include foliar application
to soybeans, as well as to establish the environmental,
food and feed safety of the new transgenic crop (Padgette
et al., 1995b; Harrison et al., 1995; and Hammond et
al., 1995).
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Yield Evaluation of a Glyphosate-Tolerant Soybean Line
after Treatment with Glyphosate

X. Delannay,* T. T. Bauman, D. H. Beighley, M. J. Buettner, H. D. Coble, M. S. DeFéelice,

C. W. Derting, T. J. Diedrick, J. L. Griffin, E. S. Hagood, F. G. Hancock, S. E. Hart, B. J. LaVallee,
M. M. Loux, W. E. Lueschen, K. W. Matson, C. K. Moots, E. Murdock, A. D. Nickell, M. D. K. Owen,
E. H. Paschal II, L. M. Prochaska, P. J. Raymond, D. B. Reynolds, W. K. Rhodes, F. W. Roeth,

P. L. Sprankle, L. J. Tarochione, C. N. Tinius, R. H. Walker, L. M. Wax, H. D. Weigelt,
and S. R. Padgette

ABSTRACT

Transformation of soybean [Glycine max (L.) Merr.] with a gene
encoding a glyphosate-tolerance 5-enolpyruvylshikimate-3-phosphate
synthase enzyme from Agrobacterium sp. strain CP4 resulted in the
development of glyphosate-tolerant line 40-3-2. Glyphosate (N-phos-
phonomethyl glycine) is the active ingredient of Roundup herbicide.
Line 40-3-2 was yield tested at 17 locations in 1992, 23 locations in 1993,
and 18 locations in 1994. At those locations, broadeast applications of
glyphosate at various rates were made over 40-3-2 or its derivatives
from early vegetative growth to pod fill. No significant yield reduction
was observed as a result of the glyphosate treatment at any of the
locations. Development of glyphosate-tolerant soybean promises to
provide the farmer with access to a new weed control system that
should result in lower production costs and reliable weed control under
a wide range of conditions.
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ENETIC ENGINEERING promises to provide plant

breeders and agronomists with tools not previously
available because of the limitations of the gene pools
accessible through conventional plant breeding. Since
geneticists are no longer restrained by interspecific barri-
ers, genes now can be accessed from virtually any living
organism, modified for optimum expression in specific
tissues or plant parts, and inserted into the genome of
most crop species (Gasser and Fraley, 1989). In soybean,
one of the first practical applications of genetic engi-
neering has been the development of tolerance to glypho-
sate, the active ingredient in the herbicide Roundup!
(Padgette et al., 1995, this issue).

Roundup herbicide is a broad-spectrum compound
widely used in a variety of weed control programs
throughout most of the world (Baird et al., 1971; Malik
etal., 1989). The active ingredient, glyphosate (N-phos-
phonomethyl glycine), inhibits a specific enzyme in the
metabolism of aromatic amino acids, 5-enolpyru-
vylshikimate-3-phosphate synthase (EPSPS), resulting in
plant death. This enzyme is present in plants, bacteria,
and fungi, but not in animals. Due to its mode of action,
glyphosate is highly effective against the majority of
annual and perennial grasses and broadleaved weeds.
Other advantages of glyphosate are its relative low cost
and its favorable environmental features: It binds to the

"Roundup is a registered trademark of Monsanto Company.

Abbreviations: a.e., acid equivalent; CP4 EPSPS, 5-enolpyruvyl-
shikimate-3-phosphate synthase from Agrobacterium sp. strain CP4.



