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A plasmid carrying a 2.4-kilobase-pair fragment of DNA from Pseudomonas sp. strain PG2982 has been
isolated which was able to increase the glyphosate resistance of Escherichia coli cells. The increase in resistance
was dependent on the presence of a plasmid-encoded protein with a molecular weight of approximately 33,000,
the product of a translational fusion between a gene on the vector, pACYC184, and the insert DNA. An
overlapping region of the PG2982 chromosome carrying the entire gene (designated igrA) was cloned, and a
plasmid (pPG18) carrying the gene was also able to increase glyphosate resistance in E. coli. A protein with a
molecular weight of approximately 40,000 was encoded by the PG2982 DNA contained in pPG18. This plasmid
was not able to complement a mutation in the gene for 5-enolpyruvylshikimate-3-phosphate synthase (aroA) in
E. coli, and modification of glyphosate by E. coli cells containing the plasmid could not be demonstrated. The
nucleotide sequence of the PG2982 DNA contained an open reading frame able to encode a protein with a

calculated molecular weight of 39,396.

Glyphosate [N-(phosphonomethyl)glycine] is the active
ingredient in the herbicide Roundup, produced by the Mon-
santo Chemical Co., St. Louis, Mo. Glyphosate is able to
inhibit the growth of a wide variety of procaryotic and
eucaryotic organisms primarily through its ability to inhibit
strongly the enzyme 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS; E C 2.5.1.19) (31), the product of the aroA
gene in Escherichia coli. This enzyme catalyzes the conver-
sion of shikimate-3-phosphate to 5-enolpyruvylshikimate-3-
phosphate in the prechorismate aromatic amino acid biosyn-
thetic pathway (13).

Glyphosate resistance has been the subject of several
investigations (1, 6, 16, 23, 24), and recent efforts to genet-
ically engineer plants displaying herbicide selectivity have
involved the construction of plants resistant to glyphosate
(5, 10, 25, 29). Some of these studies have involved the
expression, in plants, of genes encoding a glyphosate-resis-
tant EPSPS. While these plants did show an increase in
resistance to glyphosate, they usually did not grow as well as
plants which were not exposed to the herbicide (5, 10). This
was probably due to a decrease in the ability of the mutant
enzyme to carry out catalysis. Alternatively, it has been
suggested (5) that other targets of glyphosate exist and were
affected in these plants. A study by Comai et al. (6) has also
suggested that multiple targets of glyphosate may exist.
After ethyl methanesulfonate mutagenesis of Salmonella
typhimurium, only about 1% of the glyphosate-resistant
mutants they isolated were also aroA mutants.
Pseudomonas sp. strain PG2982, isolated by Moore et al.

(19), is able to grow in concentrations of glyphosate exceed-
ing 100 mM (H. D. Braymer, unpublished observations),
while growth of E. coli is severely inhibited by a concentra-
tion of 5 mM (24) and very little growth of Corydalis
sempervirens (a higher plant) occurs in the presence of 0.5
mM glyphosate (29). PG2982 also has the ability to utilize
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glyphosate (19), as well as several other phosphonate com-

pounds (27), as a sole phosphorus source.
In this report, we describe the cloning of a novel gene from

PG2982 which was able to increase the glyphosate resistance
of E. coli cells.

MATERIALS AND METHODS
Bacteria and plasmids. Pseudomonas sp. strain PG2982

has been described by Moore et al. (19). E. coli strains used
in this study included K802 (metBl hsdR2 mcrBl mcrA) (33),
LC3 [hsdR::TnS(Tcr) aroA] (6), CSR603 (recA uvrA6 phr-J)
(21), and NM522 [A(lac-pro) F'lacZAM15 lacIq hsdA5] (12).
Plasmids pACYC184 and pUC19 have been described before
(3, 34). Phage vectors M13mpl8, M13mpl9, and XEMBL3
have also been described (12, 32, 34).
Media and reagents. Minimal medium (9) without phos-

phorus, containing 1% gluconate, 100 pLg of thiamine per ml,
1% methionine, and the appropriate antibiotic, was used to
test for the ability to utilize glyphosate as a sole phosphorus
source. M63M broth, used to test for glyphosate resistance,
was M63 minimal broth with glucose as the carbon source,
described by Silhavy et al. (28), plus methionine (1%). E. coli
strains were maintained on L agar plus the appropriate
antibiotic. L agar was Luria broth (LB; 18) with 1.5% agar.
Antibiotic concentrations were as follows: ampicillin (Ap),
50 ,ug/ml; chloramphenicol (Cm), 50 Fig/ml (200 ,ug/ml for
plasmid amplification); tetracycline (Tc), 10 ,ug/ml.

Glyphosate (free acid form, 99.7% purity) and [3-14C]
glyphosate were supplied by the Monsanto Chemical Co.,
St. Louis, Mo.
DNA manipulations. Small-scale plasmid preparations

were done by the method of Birnboim and Doly (2). Large-
scale cesium chloride plasmid preparations were done by the
method of Guerry et al. (15) after amplification with chlor-
amphenicol (4) when possible. The methods of Silhavy et al.
(28) were used for the preparation of lambda DNA and
chromosomal DNA from Pseudomonas sp. strain PG2982.
The methods of Maniatis et al. (17) were used for all other
basic DNA manipulations, including hybridizations and
lambda library construction.

Maxicell preparations. The maxicell procedure of Silhavy
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FIG. 1. Autoradiograph of sodium dodecyl sulfate-polyacryla-
mide gel showing plasmid-encoded proteins labeled with L-[35S]
methionine, using the maxicell procedure. Lanes: 1, pACYC184; 2,
pPG2.4; 3, pPG4.2. The position of the 33-kDa hybrid protein is
marked by the arrow. The sizes (kilodaltons) and positions of
molecular weight marker proteins are indicated.

et al. (28) was performed for 35S labeling of plasmid-encoded
proteins, using E. coli CSR603 (21).

Glyphosate breakdown assay. Breakdown of [3-14C]gly-
phosate by Pseudomonas sp. strain PG2982 results in the
evolution of 14CO2 and loss of radioactivity from the culture
(26). To assay for the breakdown of glyphosate by E. coli
cultures containing DNA from PG2982, cells were grown to
mid-log phase in M63M broth plus appropriate antibiotics.
They were concentrated 20-fold in the same medium, and
[3-14C]glyphosate was added to a final concentration of 1
mM. Cells were then incubated for 2 days at room temper-
ature with constant shaking. Samples were removed period-
ically, and radioactivity was measured by liquid scintillation
on a Beckman LS6800 scintillation counter (Beckman In-
struments, Inc., Fullerton, Calif.).
TLC. After incubation with [3-14C]glyphosate, superna-

tants were spotted onto cellulose thin-layer chromatography
(TLC) plates (Brinkmann Instruments, Inc., Westbury,
N.Y.). The plates were chromatographed in solvent system
I of Sprankle et al. (30) consisting of ethanol-water-15 N
NH40H-trichloroacetic acid-17 N acetic acid (55:35:2.5:
3.5g:2, vol/vol/vol/wt/vol/). To localize "4C-labeled com-

pounds on the TLC plates, consecutive 1-cm lengths of
the TLC plate lanes were scraped into vials and counted
by liquid scintillation. Control lanes, spotted with gly-
phosate only, were cut from the plate, and glyphosate was

visualized by spraying the plate uniformly with a 1% ninhy-
drin solution in ethanol and heating at 60°C for 10 min. The
position of the glyphosate spot on the plate was then
correlated with peaks of radioactivity from the labeled
samples.

Glyphosate uptake and resistance assays.[3-14C]glyphosate
uptake assays were performed by the method of Fitzgibbon
and Braymer (11). Briefly, bacteria, grown to mid-log phase
in M63M broth plus antibiotics, were suspended in the same

medium to an optical density at 600 nm (OD6.) of 1.0 and
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FIG. 2. Hybridization of 32P-labeled pPG124 to chromosomal
DNA isolated from PG2982 and phage DNA prepared from XPG2
and XPG6. Lanes: 1, PG2982 DNA digested with EcoRI; 2, PG2982
DNA digested with Sall; 3, XPG2 DNA digested with EcoRI; 4,
XPG2 DNA digested with Sall; 5, XPG6 DNA digested with EcoRI;
6, XPG6 DNA digested with Sall.

[3-"4C]glyphosate was added to 1 mM. Samples (100 ,ul) were
drawn periodically between 30 s and 10 min after addition of
glyphosate. They were immediately filtered through 0.45-
,um-pore-size Metricel membrane filters (Gelman Sciences
Inc., Ann Arbor, Mich.), washed with 5 ml ofM63M broth at
room temperature, and placed in vials; radioactivity was
measured by liquid scintillation.
To test for glyphosate resistance, overnight cultures,

grown in M63M broth with the appropriate antibiotics, were
used to inoculate 20 ml of M63M broth plus antibiotics in
50-ml flasks. When the cultures reached an OD600 of be-
tween 0.250 and 0.400, glyphosate was added to the culture
(to 1 or 2 mM) and OD60 was monitored during subsequent
growth.
DNA sequencing. For sequencing, DNA from pPG18 was

subcloned into M13mpl8 or M13mpl9 (34). Single-stranded
template DNA was prepared from M13 lysates by the
method of Gough and Murray (14). Sequencing was done by
the method of Sanger et al. (22) or using the recommended
procedures with the Sequenase DNA sequencing kit (United
States Biochemical Corp., Cleveland, Ohio). Both strands of
the DNA were sequenced for the entire coding region of the
gene and approximately 300 nucleotides flanking the coding
region.

Analysis of the sequence data was performed with the
University of Wisconsin Genetics Computer Group software
described by Devereux et al. (8). The GenBank accession
number for the DNA sequence of the igrA gene is M 37389.
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FIG. 3. Map of pPG146. The position of the open reading frame is indicated. Also shown is the portion of pPG146 DNA which is also

contained in pPG2.4 (EcoRI-PstI restriction fragment).

RESULTS
Chromosomal DNA isolated from Pseudomonas sp. strain

PG2982 was partially digested with EcoRI, and the resulting
restriction fragments were ligated into the EcoRI site of
pACYC184. Ligations were used to transform E. coli K802.
After transformation and outgrowth, the transformation mix-
tures were washed twice in M63M broth and placed into four
50-ml flasks each containing 20 ml of M63M broth plus 2 mM
glyphosate. After 24 h, growth was apparent in one of the
flasks. This culture was streaked onto an L-agar plate
containing tetracycline, and small-scale plasmid prepara-
tions were done with six of the isolated colonies from the
plate. Of the six plasmids recovered, three contained the
same EcoRI insert of approximately 2.4 kbp. This plasmid
was designated pPG2.4. To be sure that a chromosomal
mutation was not responsible for the observed increase in
glyphosate resistance, pPG2.4 was used to retransform
strain K802 to tetracycline resistance. In the presence of 2
mM glyphosate (added at an OD60 of 0.250), this transform-
ant had a generation time of 5 h, while the control culture,
containing pACYC184, had a generation time of 12 h. (In the
absence of glyphosate, each had a generation time of 2 h.)
The ability of this plasmid to increase glyphosate resis-

tance was found to be dependent on the orientation of the
EcoRI insert within the vector. Plasmid pPG4.2, containing
the same insert in the opposite orientation (isolated by
digesting pPG2.4 with EcoRI, religating, and screening plas-

mids from Tcr Cms colonies by restriction analysis), was not
able to confer an increase in glyphosate resistance. Maxicell
analysis of plasmid-encoded proteins demonstrated the pro-
duction of a 33,000-Da protein from pPG2.4 but not from
pPG4.2 (Fig. 1). Therefore, a translational fusion between
the Cmr gene of pACYC184 and the PG2982 DNA was
thought to be responsible for the glyphosate-resistant phe-
notype of cells containing pPG2.4.
To isolate this entire gene from Pseudomonas sp. strain

PG2982, a lambda library was constructed in the vector
XEMBL3. The library was screened for hybridization to the
32P-labeled plasmid pPG124 (pUC19 plasmid vector contain-
ing the EcoRI insert from pPG2.4). Positive plaques were
purified and confirmed by rehybridization. One lambda clone
which hybridized very strongly to pPG124 was found
(XPG2). Another, XPG6, did not hybridize as well as XPG2
but the hybridization signal was quite strong. In addition,
three other phages showed slight hybridization to the probe.
Hybridization of the same probe to EcoRI-digested DNA
from PG2982, XPG2, and XPG6 demonstrated that XPG2
contained the 2.4-kbp EcoRI restriction fragment originally
found in pPG2.4. XPG6 contained an EcoRI restriction
fragment of approximately 10.0 kbp which also hybridized to
the probe (Fig. 2).
XPG2 contained a PstI fragment of approximately 2,000 bp

which included about 950 bp ofDNA that was also contained
in pPG2.4 (Fig. 3, EcoRI-PstI restriction fragment) in addi-
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FIG. 4. Autoradiograph of sodium dodecyl sulfatepolyacrylam-
ide gel showing plasmid-encoded proteins labeled with L-[35S]
methionine, using the maxicell procedure. Lanes: 1, pUC19; 2,
pPG146. Arrow marks the position of the 40-kDa protein produced
by pPG146. The sized (kilodaltons) and positions of molecular
weight marker proteins are indicated.

tion to 1,050 bp upstream of this region. This fragment was
ligated into the PstI site of vector pUC19, and the resulting
plasmid was designated pPG146 (Fig. 3). Maxicell analysis of
pPG146 demonstrated production of a protein of about 40
kDa in addition to the 1-lactamase polypeptides produced by
the vector (Fig. 4). The gene was then removed from pPG146
by digestion with BamHI and HindIII and ligated into
pACYC184 which had been digested with the same en-
zymes. The resulting plasmid (pPG18) was able to confer a
significant increase in glyphosate resistance; in resistance
assays the generation time of K802 (pPG18) was 9 h as
opposed to 12 h for K802(pACYC184). (Glyphosate was
added to 1 mM at an OD6. of 0.400.) We have designated
this gene igrA for increased glyphosate resistance.
Both plasmids (pPG2.4 and pPG18) were tested for the

ability to complement the aroA mutation of E. coli LC3.
Neither plasmid was able to complement the mutant. (The E.
coli aroA gene would not hybridize to chromosomal DNA
from PG2982 and would not hybridize to the plasmids
isolated in this study [data not shown].)

Increased glyphosate resistance could also have resulted if
the igrA gene product was responsible for the ability to break
down or modify glyphosate. However, E. coli cells carrying
either pPG2.4 or pPG18 were unable to grow in minimal
medium with glyphosate as the sole phosphorus source (after
4 days at 37°C with shaking), while control cultures, con-
taining 2 mM inorganic phosphate in place of glyphosate,
showed significant growth in <24 h. Glyphosate breakdown

assays, performed on cells containing pPG2.4, showed that
even after 48 h at room temperature with constant shaking,
[3-14C]glyphosate was not lost from the culture in the form of
14CO2 and the label was not found in anything other than
glyphosate after TLC analysis of the culture supernatant
(data not shown).

It was also possible that the igrA gene product was
responsible for exclusion of glyphosate from the cell. How-
ever, [3-14C]glyphosate uptake assays indicated that uptake
was similar in cells containing pPG2.4 and pACYC184. In
both cultures, uptake reached a maximum of approximately
10 nmol/ml of cells during the first 3 min of the assay and
thereafter remained very close to this value.
The nucleotide sequence of igrA is shown in Fig. 5. It

contains an open reading frame from nucleotide 217 to
nucleotide 1272. A search of the DNA upstream of the
possible translational initiation site has revealed a region
which resembles known promoter sequences of Pseudomo-
nas genes (7). In addition, a sequence containing 7 bp in
common with the E. coli consensus promoter sequence (20)
has been located in this region (Fig. 5). The reading frame
would encode a protein with a calculated molecular weight
of 39,396. This is very close to the molecular weight (40,000)
of the protein estimated by its mobility in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

Nucleotide sequence comparisons have not shown any
clear similarity to known genes in the GenBank data base,
including the E. coli and S. typhimurium genes for EPSPS.
Translation of the putative open reading frame and subse-
quent amino acid sequence comparisons have also shown no
significant similarity to known proteins.

DISCUSSION

A gene has been isolated from Pseudomonas sp. strain
PG2982 which has the ability to confer an increase in
glyphosate resistance when cloned in E. coli. PG2982 is able
to grow in concentrations of glyphosate exceeding 100 mM
(Braymer, unpublished observations); its EPSPS is probably
resistant to glyphosate. Expression of the gene encoding this
enzyme would likely increase the glyphosate resistance of E.
coli cells. However, comparisons of the igrA gene with the
aroA genes of E. coli and S. typhimurium revealed no
significant similarity, or regions of similarity, between these
sequences. Also, the igrA gene was not able to complement
the E. coli aroA mutation of strain LC3. (We have, as yet,
been unable to isolate an aroA complementing plasmid or
phage from the PG2982 genomic library.) Therefore, if igrA
is the gene for EPSPS, the protein is not capable of func-
tioning properly in the heterologous host. Efforts to con-
struct an EPSPS mutant of PG2982 have not been success-
ful; therefore, we have not been able to test the ability of this
gene to complement such a mutation in the homologous
system. Proof that this gene does, or does not, encode the
PG2982 EPSPS must await construction of the PG2982
mutant or purification of the 40-kDa protein and testing of its
EPSPS activity.
PG2982 is also able to utilize glyphosate and other phos-

phonate compounds as a sole phosphorus source (19, 27).
Expression of genes responsible for glyphosate catabolism
could increase the glyphosate resistance of E. coli. It seems
unlikely that this would occur in a medium such as M63M,
containing 50 mM inorganic phosphate, since inorganic
phosphate prevents the breakdown of glyphosate by PG2982
(K. Moore, M.S. thesis, Louisiana State University Baton
Rouge, 1983). However, if any of the plasmids were respon-
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10 30 50

AATTCCGCATTGTTGCGATACGCCGTCATCCAGAGTGAAGGCGACATACTTCTGTCTATT
70 90 110

ATCGGGCTCGGAAAGCAGCTTCGGCAAATCATGCAGGTGGACGGGCACAAGGCCCGCTTC
130 150 170

CAACGATGCTTCTATGGCCATTTCGAGCGTCTGCGGCGTAATCGAGAGAATAGCGTTCGG
190 210 230

GTCCAGTCGATCTGTCGCCTCTTCCGGTTTGACGTGATGCATCGTGAAGACGACTCCACG
MetHisArgGluAspAspSerThr

250 270 290

TCCACCGGCAGAAGGGAAGAGCGCCTCAGCACCGGAAAAGGCGATAGCCTCCAGCCCGGC
SerThrGlyArgArgGluGluArgLeuSerThrGlyLysGlyAspSerLeuGlnProGly

310 330 350

CCGGATCAGCGGATATTTCAAACTGCCCTTTATCGACCGCAGCGACATGGCCTGATTCTT
ProAspGlnArgIlePheGlnThrAlaLeuTyrArgProGlnArgHisGlyLeuIleLeu

370 390 410

TTCCCCCAAAGGCTCTACGGGAACTGCCTTGCCCCGTTGGCCTATAGCAATTACGTCGCC
PheProGlnArgLeuTyrGlyAsnCysLeuAlaProLeuAlaTyrSerAsnTyrValAla

430 450 470

CCGCGTGAATTGCATTCATCCATTCACGCGGAAGGCCGCACGCTGAGCGTACGCCTTATC
ProArgGluLeuHisSerSerIleHisAlaGluGlyArgThrLeuSerValArgLeuIle

490 510 530

ATGCTCTTCGTTAACACATCAAAGCGAAGTCGAACTCTTCCACCAGTCGGTTCCACCGTC
MetLeuPheValAsnThrSerLysArgSerArgThrLeuProProValGlySerThrVal

550 570 590

ATGCGCATACTGGTCAATCTCTGCCAGCTCCTCAGCGCTGAATTCCAGCTCTTCAGGGC
MetArgIleLeuValAsnLeuCysGlnLeuLeuSerAlaGluPheGlnLeuLeuGlnGly

610 630 650

TCCCAGCGGCTAATTTTCAAGCTGTGTTACCGAACTTGCCCCGATCAGCGAAGAGGTGAC
SerGlnArgLeuIlePheLysLeuCysTyrArgThrCysProAspGlnArgArgGlyAsp

670 690 710

ACGCGGGTCGCGCAGTGTCCAGGCGATAGCCATTTGAGCCAATGTCTGACCGCGACGTTC
ThrArgValAlaGlnCysProGlyAspSerHisLeuSerGlnCysLeuThrAlaThrPhe

730 750 770

jI.I>tW jXjLAi±bbb1- 1 W AJI- JJLA-3-. -. 1 XL * I 1 I

ArgAsnGlyValGlnArgProAspAlaProGlnGlnLeuPheValLeuCysThrGlyLeu

FIG. 5. Nucleotide sequence of the igrA gene. The possible Pseudomonas promoter found upstream of the coding region is underlined,
and the region bearing some similarity to the E. coli consensus promoter is overlined. The open reading frame would encode a protein with
a calculated molecular weight of 39,396.

sible for the production of enzymes involved in catabolism,
host cells would probably be able to utilize glyphosate as a
phosphorus source. Our results indicate that such utilization
did not occur, and it does not seem as though glyphosate was
modified by these cells. It is, however, possible that glypho-
sate was intracellularly modified to a form which remained
within the cell or was not easily distinguished from glypho-
sate in our TLC system.

It does not seem likely that the igrA gene product was
responsible for exclusion of glyphosate from the cell since
our assays indicated that uptake is similar in cells containing
pPG2.4 or pACYC184.
While the ability to break down glyphosate and the ex-

pression of a glyphosate-resistant EPSPS probably contrib-

ute to the extraordinary glyphosate resistance of PG2982,
other factors may also be involved. Mutations in uniden-
tified genes other than aroA are known to increase glypho-
sate resistance in S. typhimurium (6). In Pseudomonas
sp. strain PG2982, one or more of these gene products
may be naturally resistant to glyphosate. When cloned in
E. coli, the gene(s) confers an increase in glyphosate resis-
tance.

Finally, other fragments ofDNA from PG2982 were found
to hybridize to the pPG2.4 insert (Fig. 2; see text). Prelimi-
nary resistance assays indicate that DNA from XPG6 may be
able to confer a similar phenotype. In addition to genes
encoding EPSPS and proteins involved in glyphosate break-
down, there may be other (possibly related) genes whose
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790 810 830

GlnGlyAlaAlaLeuIleArgProArgProPheGlyAspSerValGlnIleAlaGlyGly
850 870 890

CAGCAATCCTTGAGCCAGAGGCGAAAAGACAATGCAGCCGGTTCCGATCTCGCCAAGGGT
GlnGlnSerLeuSerGlnArgArgLysAspAsnAlaAlaGlySerAspLeuAlaLysGly

910 930 950

ATCGAGCAGGCCATTTTCGATCCAGCGATTGAACATGTTGTAATTGGGCTGATGAATGAA
IleGluGlnAlaIlePheAspProAlaIleGlul.isValValIleGlyLeuMetAsnGlu

970 990 1010

AAGCGGACCCGCTCTTCCTTAGGATCGCGGCAGCCTTCTGCGTCAGTTCCGGCGAATA
LysArgAsnProLeuPheLeuG1nAspArgGlySerLeuLeuArgGlnPheArgArgIle

1030 1050 1070

GCTGGAAATCCCCACATAAAGCGCCTTGCCCTGACGGTGCAGATGCGCGAGCGCTCCCAT
AlaGlyAsnProHisIleLysArgLeuAlaLeuThrValGlnMetArgGluArgserHis

1090 1110 1130

CGTCTCTTCCAGCGGCGTGGTGGCGTCCACACGGTGCGAATAGAAGATGTCGACATAGTC
ArgLeuPheGlnArgArgGlyGlyValHisThrValArgIleGluAspvalAspIleVal

1150 1170 1190

GAGCCCCATCCGCTTCAGCGACCTGGTCGAGGCTGGCGATCAGGTATTTGCGACCTGCCG
GluProHisProLeuGlnArgProGlyArgGlyTrpArgSerGlyIleCysAspLeuPro

1210 1230 1250

CcAATGCCTCCGTACGGCCCCGGCCACATGTCCCAACCGGC GAAGAGATGATCATT
ProMetProProTyrGlyProGlyHisMetSerGlnProAlaPheGluGluMetIleIle

1270 1290 1310

TCATCGCGATAGGGCCGAAAATCACTGGCCATCATGCGGCCGAAGTITTCTTCCGCTGAG
SerSerArg

1330 1350 1370

CCGGGAGGCGGTCCATAATTGTTTGCGAGGTCGAAGTGGGTCACGCCGAGATGCAACGCC
1390 1410 1430

CGCGCAGAATCGCCGGACCGTTTTCATAGACATCGCGACCGCCGAAATTGTGCCAGAGAC
1450 1470 1490

CAAGCGAAATAGCTGGCAGAATCGATAGCCGCTTCGACCAGTGCGGCGATAGATCATATC
1510

CGACTGATAACGGTCGGAGCTGCAG
FIG. 5-Continued.

products all contribute to glyphosate resistance in Pseudo-
monas sp. strain PG2982.
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