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The spontaneous occurrence of resistance to the herbicide glyphosate in weed species has been an extremely infrequent
event, despite over 20 years of extensive use. Recently, a glyphosate-resistant biotype of goosegrass (Eleusine indica) was
identified in Malaysia exhibiting an LD, value approximately 2- to 4-fold greater than the sensitive biotype collected from
the same region. A comparison of the inhibition of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) activity by
glyphosate in extracts prepared from the resistant (R) and sensitive (S) biotypes revealed an approximately 5-fold higher
IC5(glyphosate) for the (R) biotype. Sequence comparisons of the predicted EPSPS mature protein coding regions from both
biotypes revealed four single-nucleotide differences, two of which result in amino acid changes. One of these changes, a
proline to serine substitution at position 106 in the (R) biotype, corresponds to a substitution previously identified in a
glyphosate-insensitive EPSPS enzyme from Salmonella typhimurium. Kinetic data generated for the recombinant enzymes
suggests that the second substitution identified in the (R) EPSPS does not contribute significantly to its reduced glyphosate
sensitivity. Escherichia coli aroA— (EPSPS deficient) strains expressing the mature EPSPS enzyme from the (R) biotype
exhibited an approximately 3-fold increase in glyphosate tolerance relative to strains expressing the mature EPSPS from the
(S) biotype. These results provide the first evidence for an altered EPSPS enzyme as an underlying component of evolved

glyphosate resistance in any plant species.

Spontaneous resistance is generally thought to oc-
cur within weed populations as a consequence of the
intense selective pressure exerted by a lack of diver-
sity in weed management practices (Gressel and Se-
gel, 1978). Factors such as extended residual soil
activity, lack of rotation to other herbicidal modes of
action, and specific managerial practices further dis-
criminate between resistant and susceptible individ-
uals within a population (Powles and Holtum, 1994).
In addition, the rate and severity at which resistant
weed infestations occur is influenced by genetic and
ecophysiological determinants such as the mode of
inheritance of a given resistance mechanism, the ab-
sence or presence of fitness penalties associated with
resistance, as well as the reproductive habit of a
given weed species (Gressel and Segel, 1978; Jasie-
niuk et al., 1996; Gardner et al., 1998). To date, there
exist more than 249 herbicide-resistant weed bio-
types distributed among 52 different countries, in-
volving at least 17 different herbicide modes of action
(Heap, 2001).

Goosegrass (Eleusine indica) is an annual, self-
pollinating, diploid grass species of undetermined
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origin possessing a relatively small genome size of
approximately 8.03 X 10% bp (Ganeshaiah and
Umashaanker, 1982; Mysore and Baird, 1997). The
species’ habitat is wide-ranging and includes south
Asia, eastern and southern Africa, and North Amer-
ica. Although goosegrass is used as animal feed and
a source of grain in some regions, it is considered one
of the five “world’s worst weeds” and has been re-
ported to be a problem weed in 46 different crop
species in more than 60 countries (Holm et al., 1977).
Compounding this problem is the fact that the spe-
cies has demonstrated the capacity to evolve resis-
tance against dinitroanilines, acetohydroxyacid syn-
thase inhibitors such as imazapyr, and acetyl-CoA
carboxylase inhibitors such as fluazifop, all impor-
tant herbicides for maintaining its control within
crops (Mudge et al., 1984; Marshall et al., 1994; Heap,
1997).

Glyphosate [N-(phosphonomethyl) Gly] is the ac-
tive ingredient of the most extensively used foliar-
applied, broad-spectrum herbicide, Roundup (Malik
et al., 1989). This herbicide has demonstrated efficacy
against the majority of annual and perennial grasses
and broad-leaved weeds (Bradshaw et al., 1997). The
primary mode of action in planta for glyphosate is
competitive inhibition of the enzyme 5-enolpyruvyl-
shikimate-3-phosphate synthase (EPSPS; E.C. 2.5.1.19),
which catalyzes the penultimate step of the prechoris-
mate part of the plastid-localized shikimate pathway
(Steinrticken and Amrhein, 1980; Franz et al., 1997;
Gruys and Sikorski, 1999). In plants, as much as 20%
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of all fixed carbon flows through the shikimate path-
way leading to the formation of the aromatic amino
acids Tyr, Phe, and Trp, as well as tetrahydrofolate,
ubiquinone, and vitamins K and E (Haslam, 1993;
Franz et al., 1997). The aromatic amino acids, in turn,
serve as precursors for an array of secondary metab-
olites including lignin, flavonoids, and alkaloids
(Herrmann, 1995). The shikimate pathway occurs ex-
clusively in plants and microorganisms, and this,
coupled with the specificity of glyphosate as an in-
hibitor of EPSPS, contributes in large part to glypho-
sate’s lack of toxicity to animals.

Evaluation of resistance risk criteria along with
current and historical use data have led to the sug-
gestion that glyphosate is a herbicide at low risk for
the evolution of weed resistance (e.g. Benbrook, 1991;
Bradshaw et al., 1997). This notion has been sup-
ported in theory by saturation mutagenesis experi-
ments conducted with Arabidopsis, as well as in
vitro mutagenesis experiments performed using a
petunia (Petunia hybrida) EPSPS cDNA (Haughn and
Somerville, 1987; Padgette et al., 1996; Bradshaw et al.,
1997; Baerson et al., 1999). Nevertheless, recent reports
have documented the appearance of glyphosate-
resistant Lolium rigidum in Australia (Pratley et al.,
1996; Powles et al.,, 1998), and glyphosate-resistant
biotypes of goosegrass in Malaysia (Tran et al., 1999;
Lee and Ngim, 2000). In all but one instance (Lee and
Ngim, 2000), resistant weed biotypes occurred in areas
subjected to repeated applications of glyphosate for at
least 10 years before their emergence.

In this paper, we examine and compare expression
levels, sensitivity to glyphosate, as well as describe
cloning experiments and kinetic analysis for the her-
bicide target site, EPSPS, in glyphosate-resistant and
-sensitive goosegrass biotypes collected in Malaysia.
We have obtained evidence that a simple amino acid
substitution in the EPSPS enzyme expressed in the
resistant biotype contributes to the underlying basis
for resistance. This is the first report to our knowl-
edge for a glyphosate resistance mechanism involv-
ing an altered EPSPS enzyme to have evolved in any
plant species.

RESULTS AND DISCUSSION

EPSPS Expression Levels and Genomic Characterization
of the Sensitive (S) and Resistant (R)
Goosegrass Biotypes

To examine the possibility that the glyphosate re-
sistance mechanism of goosegrass involves overex-
pression of EPSPS, both enzyme-specific activity and
steady-state mRNA accumulation levels were deter-
mined for (R) and (S) biotype individuals (Fig. 1, a
and b). Because target site overexpression could po-
tentially involve differences in basal expression lev-
els as well as differences in the capacity to respond to
herbicide challenge via feedback regulation, both
possibilities were examined. Two clones each were
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Figure 1. Basal and induced EPSPS expression levels in glyphosate-
sensitive and -resistant goosegrass individuals. Two clones were gen-
erated from each representative plant; (S) clones were spray-treated
with 0.5 kg acid equivalent (a.e.) ha™' glyphosate and (R) clones were
treated with 2 kg a.e. ha™" glyphosate. Clones were harvested imme-
diately (time [t} = O h) or 48 h post-treatment (t = 48 h), then
independently analyzed for EPSPS activity and mRNA levels. a, EPSPS
activity levels. Extracts prepared from crown tissues were radiometri-
cally assayed for EPSPS activity (see “Materials and Methods”). Spe-
cific activities were calculated based on extract protein concentration
and all assays were performed in triplicate. Each bar represents the
mean activity observed within five individuals from each biotype.
Error bars indicate sps. b, RNA-blot analysis. Ten micrograms of total
RNA, isolated from crown tissues, was loaded per lane, then size
fractionated on 1.0% (w/v) agarose gels containing 0.66 m formal-
dehyde and transferred to nylon membranes. Blots were hybridized
with an L. rigidum *?P-labeled EPSPS cDNA. S1 through S5 samples
were isolated from duplicate clones derived from five different (S)
individuals; R1 through R5 samples were isolated from duplicate
clones derived from five different (R) individuals.

first generated from representative (R) and (S) indi-
viduals by removing approximately 10 to 20 tillers
and subtending root mass from mature plants, which
were then repotted. All clones were then subjected to
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sublethal glyphosate spray applications equivalent to
0.5 kg a.e. ha ! for (S) clones, and 2.0 kg a.e. ha™! for
(R) clones. Crown tissues, which contained the high-
est levels of extractable EPSPS activity among tissues
examined (data not shown), were then harvested at
t = 0 and t = 48 h postapplication for analysis. In
addition, control experiments involving clones gen-
erated from both biotypes were performed using
surfactant-only treatments to ensure that any differ-
ences observed were not due to abiotic stress im-
posed by the surfactant or other variables not specific
to glyphosate-treated plants (not shown).

The comparison of EPSPS activity levels between
the two biotypes indicated that resistance was not
associated with target enzyme overexpression (Fig.
la). In fact, basal activity levels (t = 0 h) appeared
slightly higher (approximately 35%) in the (S) bio-
type as compared with the (R) biotype. In response to
sublethal glyphosate applications, significant in-
creases in EPSPS activity levels were observed in
both biotypes at t = 48 h. The fold induction ob-
served was similar for (S) and (R) individuals, in-
creasing approximately 4-fold in (S) plants and
slightly less than 3-fold in the (R) biotype. Collec-
tively, these results indicate that the resistance phe-
notype is not associated with increased levels of ei-
ther basal or glyphosate-induced EPSPS activity.

Northern analyses were also performed using the
same crown tissue samples analyzed for determining
EPSPS enzyme activity levels (Fig. 1b). Total cellular
RNAs were prepared from five (S) and five (R) indi-
viduals (S1-S5 and R1-R5, Fig. 1b), then probed us-
ing a radiolabeled L. rigidum EPSPS cDNA (see “Ma-
terials and Methods”). As was the case for enzyme
activity levels, these data did not indicate elevated
basal or glyphosate-induced EPSPS steady-state
mRNA levels in the (R) as compared with the (S)
biotype. Although basal (t = 0 h) mRNA levels were
slightly higher in the (R) plants analyzed for this
study, this was not observed in all cases. Increases in
EPSPS mRNA levels were seen for both biotypes 48 h
after exposure to glyphosate; however, overall levels
were similar in (R) and (S) individuals.

Because specific amplification of EPSPS genes has
frequently been associated with resistance to glypho-
sate in selected cell lines (e.g. Shah et al., 1986; Suh et
al., 1993; Jones et al., 1996), Southern analyses were
also performed using genomic DNAs isolated from
five (S) and five (R) individuals (Fig. 2). In all indi-
viduals analyzed, the data indicate that the EPSPS
gene families from the two biotypes are of similar
complexity, comprising either small gene families or
possibly a single gene (Fig. 2). In particular, the data
generated from Sspl and Scal digests are consistent
with EPSPS being represented by a single locus in
goosegrass, with two alleles segregating within the (S)
population. This is also consistent with the data gen-
erated from Sphl digests, which reveal EPSPS-related
polymorphisms among different (S) individuals, but
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Figure 2. DNA-blot analysis of glyphosate-sensitive and -resistant
goosegrass individuals. Ten micrograms of Genomic DNA from five
sensitive individuals (samples S1-S5) and five resistant individuals
(samples R1-R5) were digested with either EcoRV, Sphl, Sspl, or Scal
as indicated above, then size fractionated on 0.8% (w/v) agarose gels
and transferred to nylon membranes. Blots were then hybridized with
an L. rigidum *?P-labeled EPSPS cDNA, washed at high stringency
(see “Materials and Methods”), then subjected to autoradiography.

not (R) individuals. Furthermore, the lack of detect-
able polymorphisms from Scal digests allows for un-
ambiguous comparison of (R) and (S) plants, revealing
that the two biotypes contain identical EPSPS gene
copy numbers.

Comparison of EPSPS Sensitivity to Glyphosate for the
(S) and (R) Biotypes

Previous mutagenesis studies have demonstrated
the ability to generate glyphosate-insensitive EPSPS
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variants that differ from their wild-type counterparts
by only a single amino acid (for review, see Padgette
et al., 1996). Therefore, the possibility could not be
excluded that a similar mutation occurred spontane-
ously in goosegrass, leading to the emergence of a new
glyphosate-resistant biotype. To address this question,
crown tissue extracts prepared from (R) and (S) indi-
viduals were compared for inhibition of [14C]phos-
phoenolpyruvate (PEP) conversion to ['*C]5-enol-
pyruvylshikimate-3-phosphate (EPSP) in the
presence of varying amounts of glyphosate (Fig. 3).
At 0.1 mm glyphosate concentrations, ['*C]PEP turn-
over in extracts prepared from (S) biotype plants was
inhibited approximately 92%, whereas the (R) bio-
type extracts retained approximately 22% activity at
the same concentrations. The glyphosate concentra-
tions required to inhibit [**C]PEP turnover by 50%
(IC5, values) were also calculated based on nonlinear
regression analysis of the inhibition curves (see “Ma-
terials and Methods”). By this analysis, the ICs, val-
ues for EPSPS activities from the (S) and (R) biotypes
were determined to be approximately 3.0 and 16.0
M, respectively. These data indicate the presence of
an EPSPS enzyme expressed in the (R) biotype exhib-
iting reduced sensitivity to glyphosate.

Comparison of EPSPS ¢cDNAs for the (S) and (R)
Goosegrass Biotypes

To examine the molecular basis for the differential
glyphosate sensitivity of the activities detected in
crude extracts (Fig. 3), EPSPS cDNAs were isolated
from both biotypes by reverse transcriptase (RT)-
PCR, then compared by sequence analysis (Fig. 4).
Degenerate oligonucleotides were designed for am-
plification of EPSPS coding regions based on a com-
parison of known amino acid sequences for plant
EPSPS enzymes (see “Materials and Methods”). In
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Figure 3. 1C;, (glyphosate) determinations for the (R) and (S) biotype
EPSPS activities. Radiometric EPSPS assays were performed on (R)
and (S) biotype crown tissue extracts in the presence of glyphosate at
concentrations ranging from 0.1 to 100 um. Inhibition curves and
IC5, (inflection point) values were generated by nonlinear regression
analysis using the GraFit software package (Leatherbarrow, 1998).
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plants, EPSPS is synthesized as a cytosolic precursor
possessing an N-terminal chloroplast transit peptide
that is removed by proteolysis during translocation,
resulting in the mature form (Della-Cioppa et al,,
1986). The oligonucleotides Ei2a and Ei9a (Fig. 4)
were initially chosen for these experiments because
the approximately 1.0-kb RT-PCR products gener-
ated would represent the majority of the mature pro-
tein coding sequence (minus 63 N-terminal and 36
C-terminal amino acids; based on the published full-
length corn EPSPS sequence), and encompass critical
residues identified in all known glyphosate-resistant
EPSPS variants (Padgette et al., 1996; Franz et al.,
1997; Lebrun et al., 1997).

To minimize ambiguity due to potential thermo-
stable polymerase-induced errors, RT-PCR products
were cloned from multiple, pooled reactions, then
clones were randomly selected for sequence analysis.
In addition, a proofreading polymerase mixture was
used for all amplifications. Single nucleotide poly-
morphisms within a biotype that occurred in only
one of the 20 clones analyzed were not included
because these could potentially have arisen during
amplification. Twenty clones were sequenced for
each biotype and the comparison is summarized in
Figure 4.

Four single-nucleotide differences were identified
between the (R) and (S) biotype, which were consis-
tent among all the cDNAs analyzed. No other poly-
morphisms were detected that occurred in more than
one clone, indicating that a single mRNA species
predominates in goosegrass crown tissues. Two of
the nucleotide differences detected, A225 (S biotype)
— G (R biotype) and A651 (S biotype) — G (R bio-
type), correspond to silent changes in codon wobble
positions for Ala-74 and Leu-216, respectively. The
remaining two nucleotide changes result in amino
acid substitutions within the predicted mature EPSPS
protein from the (R) biotype. C319 (S biotype) — T (R
biotype) replaces Pro-106 with Ser-106 in the (R)
biotype, substituting a polar residue (Ser) for a helix-
destabilizing, nonpolar residue (Pro). C1145 (S bio-
type) — T (R biotype) replaces Pro-381 with Leu-381
in the (R) biotype, causing a nonconservative change
of Pro for the hydrophobic Leu residue. The identi-
fication of a Pro-106 — Ser substitution in the (R)
biotype EPSPS is of particular significance because
the same amino acid substitution at the correspond-
ing residue in the Salmonella typhimurium aroA gene
(EPSPS) was previously determined to be the genetic
basis of glyphosate resistance in an ethyl methane-
sulfonate (EMS)-mutagenized strain (Comai et al.,
1983; Stalker et al., 1985). More recent studies have
shown that the analogous change made to the petu-
nia EPSPS enzyme via site-directed mutagenesis
results in an approximately 7.5-fold increase in
'I<i(apfp2(g.lyphosate), reflecting a significant reduction
in affinity for glyphosate (Padgette et al., 1991).
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Differential Growth Response to Glyphosate of
Escherichia coli aroA— Cells Expressing the (R) or (S)
Biotype EPSPS

To determine if the EPSPS enzyme from the (R)
biotype is able to confer glyphosate resistance in
intact cells, liquid phase growth assays were utilized
to directly compare the effects of glyphosate on E. coli
transformants expressing the (R) or (S) EPSPS. To
generate expression cassettes, the remainder of the
mature EPSPS coding sequence from goosegrass was
first determined using 5'- and 3'-RACE, and RT-PCR
(Fig. 4; see also “Materials and Methods”). Gene-
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Figure 4. Sequence comparison of EPSPS cD-
NAs isolated from the (S) and (R) goosegrass
biotypes. The nucleotide sequence of the (S)
EPSPS is indicated in the line below only where
nucleotide differences occur between the two
biotypes. The translation termination codon
(TAA) is marked with an asterisk. Single nucle-
otide differences and corresponding amino acid
substitutions are indicated in bold face. PCR
primer sites are indicated by arrows. The de-
duced amino acid sequence of the (R) EPSPS
mature protein coding region is shown above
the nucleotide sequence, which has approxi-
mately 98% identity with the EPSPS enzyme
from corn (Zea mays; GenBank accession no.
X63374) and a predicted M, of 47,402. A motif
conserved in all plant and most bacterial EPSPS
enzymes is boxed in black. Amino acid assign-
ments referred to in the text are based on the
plant EPSPS numbering system used by Padgette
et al. (1996). EMBL accession numbers for the
(R) and (S) EPSPS sequences are AJ417033 and
AJ417034, respectively.

specific primers were designed based on sequence
data obtained from the initial RT-PCR products (de-
scribed above), then the remainder of the mature
protein sequence was deduced from the resulting 5'-
and 3'-RACE products. The high degree of sequence
identity observed between goosegrass and corn
EPSPS (Lebrun et al., 1997) allowed for the identifi-
cation of a homologous Ala residue as the putative N
terminus for the mature goosegrass enzyme. Two
oligonucleotides were then designed for additional
RT-PCR reactions (EiLFT1 and EiRT1; Fig. 4), which
generated products from both the (R) and (S) biotype
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cDNA preparations suitable for direct cloning into
the P, .-based E. coli expression vector pMON45337
(Fig. 5). To ensure accuracy of the cloned sequences,
RT-PCR products were generated using a proofread-
ing thermostable polymerase mixture, then cloned
from multiple, pooled reactions. The resulting E. coli
expression constructs, pPMON45364 and pMON45365
(Fig. 5), contain the predicted mature EPSPS open
reading frames from the (R) and (S) biotypes, respec-
tively (preceded by an ATG start codon), controlled
by the native promoter and operator sequences of the
E. coli lac operon. Both plasmids were subsequently
transferred into an E. coli aroA— host deficient in
EPSPS activity (SR481; Padgette et al., 1987).

Fresh overnight cultures of SR481 cells harboring
pPMON45364 (R-EPSPS) and pMON45365 (S-EPSPS)
were used to inoculate culture tubes containing
minimal media supplemented with ampicillin, iso-
propylthio-B-galactoside (IPTG), and either 0, 0.5,
1.5, or 5.0 mm glyphosate. At various time points,
aliquots were removed and cell densities were mon-
itored spectrophotometrically. The results of these
experiments are shown in Figure 6. Both the (S) and
(R) biotype EPSPS complemented the deficiency in
SR481, which normally requires exogenously sup-
plied aromatic amino acids for growth (Fig. 6, a and
b). In the absence of glyphosate, pMON45364 and
PMON45365 transformants both grew to saturation
within 32 h. In contrast, cells transformed with an
“empty” control plasmid (pMON45337) showed little
growth over the entire 48-h time course, and the
small increase in cell density that was observed is
most likely attributable to aromatic amino acid car-
ryover from the inoculum (see “Materials and Meth-
ods”). Cell lines expressing the (S) EPSPS from

PMON45337 —P-/ac Jlac-0}s/n|ter [~
I\
/N

pPMON45364 — P-lac

ol R e
o I T
o] P106S e~
so| P381L e

Figure 5. DNA cassettes containing different EPSPS mature protein
coding regions for E. coli expression studies. P-lac and lac-O repre-
sent the native promoter and operator sequence from the E. coli lac
operon. The Shine/Dalgarno sequence is indicated by the letters S/D.
The predicted EPSPS mature coding region from the resistant biotype
is indicated by (R) and the sensitive biotype EPSPS by (S). P106S is an
engineered variant of (R) containing a Pro at position 381; P381L is
a an engineered variant of (R) containing a Pro at position 106; “ter”
represents the rho-independent transcriptional terminator element of
the E. coli trpA gene (Sato et al., 1987).
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Figure 6. Glyphosate sensitivity of pMON45364- and pMON45365-
transformed cell lines. Overnight cultures of E. coli SR481 (aroA—)
cell lines harboring pMON45364 [containing the EPSPS cDNA from
the (R) biotype], and pMON45365 [containing the EPSPS cDNA from
the (S) biotype], were used to inoculate 3.0-mL cultures containing
minimal media supplemented with either 0.0, 0.5, 1.5, or 5.0 mm
glyphosate. Aliquots were removed att = 0, 24, 28, 32, and 48 h and
optical densities were monitored at 595 nm. Before inoculation,
optical density measurements were taken from the original overnight
cultures to confirm similar cell densities. Each data point represents
the mean of three replicates; error bars indicate sb. Where not
visible, the error is enclosed within the data symbol. C, Growth rates
of cells harboring pMON45337 (“empty” vector control). a, Growth
rates of cells expressing the mature (S) EPSPS from pMON45365. b,
Growth rates of cells expressing the mature (R) EPSPS from
pMON45364.

PMON45365 were extremely sensitive to added
glyphosate, and failed to reach saturation in the pres-
ence of 0.5 mM glyphosate even after 48 h of incuba-
tion at 37°C (Fig. 6a). The same glyphosate concen-
trations showed little or no inhibitory effect on
PMON45364 transformants expressing the (R) EPSPS
enzyme (Fig. 6b). At 1.5 mm glyphosate concentra-
tions, pMON45365 transformants showed no detect-
able growth above control levels by 48 h (Fig. 6a),
whereas for pMON45364 transformants, growth
above control levels was observable within 28 h, and
cultures had reached saturation by the time the 48-h
experimental period was completed (Fig. 6b).
Growth was completely inhibited for both cell lines
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at 5.0 mm glyphosate concentrations. These data in-
dicate that the SR481 cells expressing the EPSPS
cDNA isolated from the (R) biotype exhibit greater
than 3-fold higher levels of glyphosate resistance
than cells expressing the EPSPS cDNA from the (S)
biotype. It is interesting to note that the level of
resistance conferred by the (R) EPSPS in the present
study is on par with greenhouse experiments where
approximately 2- to 4-fold higher glyphosate levels
were necessary to achieve equivalent weed control
for the goosegrass (R) biotype as were necessary for
the (S) biotype (Tran et al., 1999). Taken together,
these data provide compelling evidence that the ge-
netic basis for glyphosate resistance in goosegrass
involves the resistant EPSPS variant described in this
report.

Kinetic Characterization of E. coli-Expressed
EPSPS Variants

Glyphosate inhibition of EPSPS is competitive with
respect to its substrate PEP (Boocock and Coggins,
1983); thus, it is not surprising that most efforts to
engineer glyphosate resistance in plant enzymes by
one or two amino acid substitutions result in pertur-
bations in PEP binding (Padgette et al., 1996). This
has been proposed as the mechanistic basis for the
lack of evolved target-based resistance to glyphosate
in weed species because resistant enzymes may not
provide sufficient EPSP to support aromatic amino
biosynthesis under conditions of limited PEP avail-
ability (Bradshaw et al., 1997). Previous work per-
formed by Padgette et al. (1991) using the cloned
petunia enzyme has shown that substitution of Gly-
101 with Ala, as well as Pro-106 with Ser, results in an
apparent reduced affinity for PEP as well as glypho-
sate. Given that, at least in crown tissues, a resistant
EPSPS, which includes a Pro-106 — Ser substitution,
appears to be the predominant enzyme species ex-
pressed in the goosegrass (R) biotype, it is of consid-
erable interest to determine if perturbations in sub-
strate binding also occur in this enzyme. It is possible
that the second substitution identified (Pro-381 —
Leu; Fig. 4) could modulate the effect of the Pro-106
— Ser substitution, allowing the enzyme to bind
more tightly to PEP, thus lowering or eliminating
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fitness penalties associated with the expression of a
glyphosate-resistant EPSPS enzyme. Although not
specifically implicated in catalysis, Pro-381 lies in
proximity to other putative active site residues
(Shuttleworth et al., 1999). To address these ques-
tions, two additional constructs were prepared from
PMON45364 (R-EPSPS expression vector; Fig. 5) via
site-directed mutagenesis to determine the effect
each substitution has on PEP and glyphosate inter-
actions with the (R) EPSPS enzyme. In pMON45370,
Leu-381 is converted to a Pro, and in pMON45371,
Ser-106 is converted to a Pro, resulting in single-
substitution (R) EPSPS variants, containing only the
Pro-106 substitution or Leu-381 substitution, respec-
tively (Fig. 5). The apparent affinity for PEP [K,(app)]
and glyphosate [Kj,pp)] were then determined for
these variants as well as the native (R) and (S) bio-
type EPSPS enzymes expressed in E. coli. The results
of these experiments are shown in Table I.

The K., (app)(PEP) for the (S) EPSPS obtained was 3.8
uMm (Table T), similar to results obtained for other
plant enzymes, which generally fall within the 5 to
14 pm range (Franz et al., 1997). The K;,)(glypho-
sate) versus PEP was found to be 47.8 nm, which is
lower than values reported for other plant enzymes,
which generally fall between 80 and 400 um. How-
ever, the majority of these studies involved dicot
sources that tend to be slightly less sensitive to
glyphosate than monocot enzymes (Franz et al.,
1997). In comparison, the K, (glyphosate) versus
PEP for the (R) biotype EPSPS was determined to be
759 nM, indicating an approximately 16-fold decrease
in glyphosate sensitivity as compared with the (S)
biotype EPSPS. The difference in sensitivity at satu-
rating substrate levels as indicated by ICs, values
(Table I) was approximately 5-fold, similar to the
differences observed in crude extracts prepared from
(R) and (S) biotype plants (Fig. 3).

The Ky, (app)(PEP) for the (R) EPSPS was determined
to be 7.0 um, which is surprisingly similar (less than
2-fold higher) to the K pp)(PEP) for the sensitive
enzyme. When the corresponding substitution (Pro-
106 — Ser) was made in the wild-type petunia enzyme
by Padgette and coworkers (1991), Ky (app)(PEP) in-
creased from 5.0 to 44 pm, and K, (glyphosate)
increased approximately 8-fold. These data further

Table 1. Kinetic parameters for E. coli-expressed enzymes

Kinetic constants were determined as described previously (Padgette et al., 1991) using triplicate
assays for all experiments. Calculations were performed using the GraFit software package (Leather-

barrow, 1998). ICsq, Kyapp)(PEP), and Ki,,,(glyphosate) values are expressed as + st derived from the
best fit.
Construct EPSPS 1C50 Kincapp)(PEP) Kiapp(Glyphosate)
M nm
pMON45364 Resistant 304 *2.7 7.0+ 1.0 759 = 140
pMON45370 P106S 382 7.6 89 *1.0 1,040 = 138
pMON45365 Sensitive 6.3 £0.9 3.8 1.1 47.8 £ 16
pMON45371 P381L 8.6 +1.3 3.2*0.5 29.2 £ 5.1
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support the notion that the (R) EPSPS could represent
a component or all of the underlying genetic basis for
the observed resistance to glyphosate in goosegrass
because the expected loss of enzyme substrate affinity
associated with reduced glyphosate inhibition appears
to be minimized in this case.

The kinetic data for the (R) EPSPS single mutation
derivatives strongly suggest that the observed differ-
ences in substrate and inhibitor affinity between the
(R) and (S) EPSPS enzymes can be primarily attributed
to the Pro to Ser substitution at position 106 (Table I).
The P106S variant expressed from pMON45370 shows
similar Ky, opp)(PEP) and K, (glyphosate) values to
the (R) EPS 5 expressed from pMON45365, and fur-
thermore, the kinetic parameters for the P381L variant
from pMON45371 are close to those for the (S) EPSPS
enzyme. Using the three-dimensional structure of
the E. coli EPSPS/shikimate-3-phosphate/glyphosate
ternary complex as a guide (Schonbrunn et al., 2001),
the residue at position 381 would likely reside on the
enzyme’s outer surface within a turn between two
beta-sheets, away from the active site. Thus, it is un-
likely to be directly involved in either catalysis, sub-
strate binding, or domain closure (J. Evans, personal
communication). Based on these data, the Pro-381 —
Leu substitution may represent a neutral change in
the primary sequence of the (R) enzyme, occurring
during an interval in which the two biotypes had
evolved in isolation. Determination of the relative
catalytic efficiencies using purified enzyme prepara-
tions will be required to definitively resolve this
question.

Taken together, these studies suggest that an al-
tered EPSPS provides a significant component of the
glyphosate resistance mechanism in goosegrass, and
represents the first example for target-based resis-
tance to glyphosate occurring in any plant species.
The potential for the existence of other factors that
contribute to resistance cannot be eliminated at the
present time; however, recent studies indicate that
metabolic inactivation of glyphosate and differential
herbicide uptake or translocation are not associated
with this biotype (T.L. Reynolds, unpublished data).
Cosegregation of the (R) EPSPS allele with the resis-
tance phenotype as well as the demonstration of
monogenic inheritance for this trait will be necessary
to demonstrate that the resistant EPSPS is the sole
determinant involved. Given that a simple C — T
nucleotide transition in the (R) EPSPS allele could
have created a resistant weed, it is surprising that no
other biotypes have evolved with an altered EPSPS
enzyme, and that Arabidopsis screens employing the
mutagen EMS have been unsuccessful in recovering
glyphosate-resistant mutants (Haughn and Somer-
ville, 1987; Baerson et al., 1999). GC — AT transitions
are the predominant substitutions caused by EMS
(Kreig, 1963); thus, the corresponding Pro-106 — Ser
EPSPS substitution would have been an expected
outcome from such mutagenesis screens. It is possi-
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ble that goosegrass may be predisposed to this type
of mechanism due to species-specific genetic or phys-
iological characteristics that remain obscure at
present.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Seed samples of glyphosate-resistant and susceptible goosegrass (Eleusine
indica) biotypes were collected from orchards located in the Jahor region of
Malaysia. The orchards from which these biotypes were collected have been
treated an average of eight times per year with 0.9 to 1.8 kg a.e. ha !
glyphosate for the past 10 years (Tran et al., 1999). Plants of both biotypes
were greenhouse grown in 10-cm square pots filled with prefertilized pot-
ting soil (1:1 [w/w] US10:Metro Mix 200), with an approximately 1-cm-thick
overlay of Metro Mix 350. Greenhouse conditions were maintained at ap-
proximate day/night temperatures of 28°C and 20°C, respectively, relative
humidity from 30% to 70%, and supplemental lighting added as needed to
maintain a 14-h photoperiod and a minimum of 500 pmol m~2 s~ '. For
analysis of EPSPS enzyme activity and steady-state mRNA levels, duplicate
clones were generated from representative (R) and (S) biotype individuals
by removing approximately 10 to 20 tillers and subtending root mass per
plant, which were then repotted in 10-cm? pots filled with Metro Mix 510
potting media. Before harvest, (S) and (R) clones were challenged with
sublethal spray applications of the isopropylamine salt of glyphosate, as
described by Pratley et al. (1999).

EPSPS Protein Extraction and Enzymatic Assays

Crown regions (compressed stem tissue near soil level where new tillers
arise) were dissected from whole plants, pulverized under liquid nitrogen
with a mortar and pestle, then stored at —80°C before extraction. Homog-
enates were prepared from 0.5 g of tissue per sample in 25 mL of extraction
buffer [100 mm Tris-HCI, 10% (v/v) glycerol, 1 mm EDTA, 1 mm benzami-
dine, 1 mm dithiothreitol, 1 mm 4-(2-aminoethyl)-benzenesulfonyl fluoride
HCI, and 0.1 mm leupeptin, pH 7.4] at 4°C using a model PT3000 Polytron
homogenizer (Brinkman Instruments Inc., Westbury, NY). Debris was then
removed by 0.2-um filtration, then the resulting supernatants were concen-
trated and desalted using an Ultrafree-15 centrifugal filtration unit (catalog
no. UFV2-BGC-10, Millipore Corp., Bedford, MA). Final sample volumes
were approximately 0.5 mL. Protein concentrations of the extracts were
determined spectrophotometrically using the method of Bradford (1976)
with bovine serum albumin as the standard.

EPSPS activity levels of the extracts were determined using a radiometric
HPLC-based assay essentially as described by Padgette et al. (1987, 1988).
Assays were performed using 10 uL of extract incubated at 25°C for 5 to 15
min (50-uL reactions included 50 mm HEPES, 5 mm potassium fluoride, 1
mm shikimate-3-phosphate, 0.5 mm [1-"*C]PEP, and 1.073 GBq mmol !
cyclohexylammonium salt; catalog no. CFQ10004, Amersham Life Science,
Inc., Arlington Heights, IL, and 0.1 mMm ammonium molybdate, pH 7.0).
Reactions were then quenched by the addition of 50 uL of an ethanol:0.1 N
acetic acid, pH 4.5 (9:1, v/v) mixture before loading. Thirty microliters of the
quenched reactions was then injected onto a Synchropak AX100 anion-
exchange column (catalog no. 942804, P.J. Cobert Associates, Inc., St. Louis)
equilibrated with 0.235 M potassium phosphate buffer, pH 6.5, and eluted
isocratically with the same buffer. A model D525 radioactive flow detector
(Packard Instrument Co., Downer’s Grove, IL) was used to monitor the
production of ["*CJEPSP in the reactions.

For ICs, determinations, assays were performed in the presence of
glyphosate at concentrations ranging from 0.1 to 100 um, then inhibition
curves and ICs, (inflection point) values were generated from the data by
nonlinear regression analysis using the GraFit software package (Leather-
barrow, 1998).

RT-PCR, 5’-RACE, and 3'-RACE for Isolation of EPSPS
Mature Protein Coding Sequences

For the isolation of EPSPS coding sequences by RT-PCR, total RNAs were
first extracted from flash-frozen, pulverized crown tissues using the RNeasy
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Plant Mini Kit (catalog no. 74904, Qiagen Inc., Valencia, CA) per manufac-
turer’s instructions. Oligo(dT)-primed first-strand cDNAs were prepared
from 5-ug samples of total RNA using the Superscript Pre-Amplification
System (catalog no. 18089-011, Life Technologies, Rockville, MD) per man-
ufacturer’s instructions. Two microliters of first-strand cDNA was used to
generate partial goosegrass EPSPS cDNAs via PCR using a modification of
the “touchdown PCR” technique (Don et al., 1991). Degenerate oligonucle-
otides were designed based on published plant EPSPS sequences: Ei2a (22
mer) 5'-T(ACGT)(AT) (CG)(ACGT) G T(ACGT) G A(AG) G C(ACGT) G
A(CT) A A(AG) G T-3/, and Ei%a (23 mer) 5'-GCC AT(ACGT) GCC AT-
(ACGT) C(TG)(AG) TG(AG) TC(AG) TC-3', and added to 50 uL of RT-PCR
reactions at a final concentration of 25 um each. PCR amplifications were
performed using the Expand High Fidelity PCR System (catalog no. 1732
641, Roche Molecular Biochemicals, Indianapolis) per manufacturer’s in-
structions. A thermal profile of 94°C for 20 s, followed by 60°C for 1 min,
then 72°C for 1 min 30 s was used for the initial 30 cycles with a 0.5°C decrease
in annealing temperature per cycle, followed by 10 additional cycles of 94°C
for 20 's, 45°C for 1 min, then 72°C for 1 min 30 s. RT-PCR products were then
gel purified, and directly cloned into the pCR2.1-TOPO vector (catalog no.
K4500-40, Invitrogen, Carlsbad, CA). The identity of cloned RT-PCR products
was confirmed by automated DNA sequence analysis using the Prism reagent
system (Applied Biosystems, Foster City, CA).

The remainder of the 3" end of EPSPS coding regions was generated
using the 3'-RACE System for Rapid Amplification of cDNA Ends (catalog
no. 18373-027, Life Technologies), with the gene-specific oligonucleotide:
Ei3'gspl (24 mer) 5'-GTGAAAGCAGAGCATTCTGATAGC-3’, per manu-
facturer’s instructions. The resulting 3'-RACE products were then gel puri-
fied and directly sequenced using internal, gene-specific oligonucleotides.

The remainder of the 5 end of the predicted mature protein coding
regions were generated using the SMART RACE cDNA Amplification Kit
(catalog no. K1811-1, CLONTECH Laboratories Inc., Palo Alto, CA), using the
gene-specific oligonucleotides Ei5'gspl (29 mer) 5'-GGCTGCTGTCAAT-
GTCGCATTGCAGTTCC-3' and Ei5'gsp2 (32 mer) 5'-CTCTTTCGCATCCT-
TCTCAACTGGGAACTTGC-3', per manufacturer’s instructions. First strand
c¢DNAs for 5'-RACE reactions were prepared from 150 ng of poly(A ") mRNA
isolated from crown tissues using an Oligotex mRNA Midi Kit (catalog no.
28704, Qiagen Inc.). PCR reactions were conducted as recommended by the
manufacturer, except that the Expand High Fidelity PCR System (catalog
no. 1732641, Roche Molecular Biochemicals) was used, and dimethyl sul-
foxide was included in all reactions at a final concentration of 5% (v/v) to
facilitate the amplification of GC-rich sequences. The oligonucleotide
Ei5'gspl (described above) was used in primary PCR amplifications, then
second round (“nested”) amplifications were performed using the oligonu-
cleotide Ei5'gsp2 (described above), with a 1-uL aliquot of a 1:100 dilution
of primary PCR reactions. The resulting 5'-RACE products were then gel
purified and directly sequenced using internal, gene-specific oligonucleo-
tides. Sequences generated by RT-PCR, 3'-RACE, and 5'-RACE were assem-
bled into continuous DNA sequences containing the entire open reading
frame for the mature goosegrass EPSPS protein using the SEQ-Man II
software package (DNASTAR Inc., Madison, WI).

Vector Construction

DNA manipulations and transformations of Escherichia coli were per-
formed according to standard procedures (Sambrook et al., 1989). An E. coli,
lac promoter-based heterologous expression vector, pMON45337, was em-
ployed for the inducible expression of different EPSPS cDNAs. pMON45337
was derived from pMON34610 (Valentin et al., 2000) to facilitate cloning
using Ndel. Two complementary oligonucleotides, 34610Ndela (79 mer) 5'-
GATCTCCTAGGGCTTAATTAATTAAGCACTAGTCACACAGGAGGTAAT-
TCATATGGGCATGCAGTACTGGTACCGAGCT-3' and 34610Ndelb (71 mer)
5'-CGGTACCAGTACTGCATGCCCATATGAATTACCTCCTGTGTGACTA-
GTGCTTAATTAATTAAGCCCTAGGA-3', were annealed together, then the
resulting double-stranded oligonucleotide was ligated with Sacl- and BglII-
digested pMON34610 DNA, resulting in the plasmid pMON45337.

To generate cDNAs containing the predicted mature EPSPS coding se-
quences from the (S) and (R) goosegrass biotypes, the oligonucleotides EiRT1
(36 mer) 5-GCAATTCCATATGGCGGGCGCGGAGGAGGTGGTGCT-3' and
EiLFT1 (48 mer) 5'-GACTAGGAATTCTTAGTTCTTTTGACGAAAGTG-
CTCAGCACGTCGAAG-3" were employed in RT-PCR reactions using 2 uL of
the first strand cDNAs described above for the initial isolation of (S) and (R)
biotype-specific EPSPS coding sequences. Oligonucleotides EiRT1 and

Plant Physiol. Vol. 129, 2002

Glyphosate-Resistant Goosegrass

EiLFT1 were added in 50-pL RT-PCR reactions at a final concentration of 0.4
uM each. PCR amplifications were performed using the Expand High Fi-
delity PCR System (catalog no. 1 732 641, Roche Molecular Biochemicals) per
manufacturer’s instructions, using a thermal profile of 94°C for 30 s, then
57°C for 2 min, followed by 75°C for 3 min, for a total of 35 cycles. The
resulting PCR products were then gel purified, digested with Ndel and
EcoRI, then ligated with Ndel- and EcoRI-digested pMON45337, resulting in
the plasmids pMON45364 and pMON45365, which contain the predicted
mature protein coding region for goosegrass EPSPS isolated from the (R)
and (S) biotype, respectively. To ensure accuracy of the cloned EPSPS
sequences, PCR products were pooled from a minimum of three indepen-
dent RT-PCR reactions before ligation into pMON45337, then five randomly
selected isolates per construct were confirmed by DNA sequence analysis.

Two additional constructs, pMON45370 and pMON45371, were derived
from pMON45364 using the QuikChange Site-Directed Mutagenesis Kit (cata-
log 1n0.200518, Stratagene, La Jolla, CA) per manufacturer’s instructions.
PMON45370 was created from pMON45364 using the complementary muta-
genic oligonucleotides EiP106Sa (37 mer) 5'-CGTCGGTCGAGGAAGGACCG-
GACTACTGCATTATCAC-3" and EiP106Sb (37 mer) 5'-GTGATAATGCAG-
TAGTCCGGTCCTTCCTCGACCGACG-3'. pMON45371 was created by
mutagenesis of pPMON45364 using the complementary mutagenic oligonucle-
otides EiP328La (31 mer) 5'-GGAACTGCAATGCGACCATTGACAG-
CAGCCG-3' and EiP328Lb (31 mer) 5'-CGGCTGCTGTCAATGGTCGCATTG-
CAGTTCC-3'. After mutagenesis, the resulting plasmids were confirmed by
DNA sequence analysis.

Heterologous Expression in E. coli

For enzyme kinetic studies, pMON45337, pMON45364, pMON45365,
PMON45370, and pMON45371 were all transformed into the E. coli strain
SR481, an aroA minus strain which lacks endogenous EPSPS activity
(Padgette et al., 1987). For preparation of bacterial extracts, fresh overnight
cultures were grown at 37°C in Terrific Broth (Sambrook et al., 1989),
supplemented with 50 ug mL ™" ampicillin and 100 ug mL~* each of L-Phe,
L-Tyr, and L-Trp. Overnight cultures were used to inoculate large-scale
cultures containing the same media at a 1:100 dilution, then grown at 37°C
to an optical density at 595 nm of 0.6. IPTG was then added to a final
concentration of 1.0 mM, and incubations were continued for an additional
4 h at 37°C. Cells were pelleted by centrifugation at 10,000¢ for 5 min, then
washed twice in ice-cold 0.9% (w/v) NaCl. Cell pellets were flash frozen in
liquid nitrogen and stored at —80°C before use. Homogenates were pre-
pared by resuspending 1 g of pelleted cells in 3 mL of extraction buffer,
followed by lysis using a French press (model no. J5-598A, American
Instrument Co., Silver Springs, MD). Cell debris was subsequently removed
by centrifugation at 14,000¢ for 10 min at 4°C. Supernatants were then
desalted using a PD-10 column (catalog no. 17-0851-01, Amersham Pharma-
cia Biotech Inc., Piscataway, NJ). EPSPS radiometric assays were then per-
formed as described above for plant-derived extracts.

Northern and Southern Analyses

Total RNA was isolated from flash-frozen, pulverized crown tissues as
described above. Genomic DNA was extracted from the same material as for
RNA isolations, using the Plant DNAzol Reagent (Life Technologies). Ap-
proximately 1 g of powdered tissue was mixed with 3.0 mL of Plant DNAzol
reagent supplemented with RNase A at a final concentration of 1.0 mg
mL~", then incubated at room temperature for 10 min with gentle shaking.
The remainder of the extraction procedure was carried out per manufactur-
er’s instructions, with an additional chloroform:isoamyl alcohol (24:1, v/v)
extraction step performed before ethanol precipitation. Restriction endonu-
clease digestions and northern and Southern blotting procedures were
performed according to standard protocols (Sambrook et al., 1989) using a
partial Lolium rigidum EPSPS cDNA as the probe (GenBank accession no.
AF349754). The integrity of all purified RNA and DNA samples was con-
firmed by agarose gel electrophoresis, and the concentration and purity of
each preparation was determined spectrophotometrically.

E. coli Growth Comparisons

For comparative growth studies, fresh overnight cultures of E. coli SR481
cell lines harboring pMON45337, pMON45364, and pMON45365 were
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grown in Terrific Broth (Sambrook et al., 1989), supplemented with 1.0 mm
IPTG, 50 ug mL~"! ampicillin, and 100 ug mL~" each of L-Phe, L-Tyr, and
L-Trp, at 37°C. One hundred-microliter aliquots of each overnight culture
were then used to inoculate 3.0 mL of M9 minimal media (Sambrook et al.,
1989), supplemented with 50 pg mL~* ampicillin, 1.0 mm IPTG, and either
0.0, 0.5, 1.5, or 5.0 mm glyphosate. Before inoculation, optical density mea-
surements at 595 nm were taken on all of the original overnight cultures to
confirm similar cell densities. Growth rates were monitored by removing
100-uL aliquots from each tube at indicated timepoints, then monitoring
optical densities at 595 nm.
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