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Thirty-four strains of Pseudomonas pseudomallei isolated from soil were selected for their ability to degrade
the phosphonate herbicide glyphosate. All strains tested were able to grow on glyphosate as the only phos-
phorus source without the addition of aromatic amino acids. One of these strains, P. pseudomallei 22, showed
50% glyphosate degradation in 40 h in glyphosate medium. From a genomic library of this strain constructed
in pUC19, we have isolated a plasmid carrying a 3.0-kb DNA fragment which confers to E. coli the ability to
use glyphosate as a phosphorus source. This 3.0-kb DNA fragment from P. pseudomallei contained two open
reading frames (gipA and glpB) which are involved in glyphosate tolerance and in the modification of glypho-
sate to a substrate of the Escherichia coli carbon-phosphorus lyase. glpA exhibited significant homology with the
E. coli hygromycin phosphotransferase gene. It was also found that the hygromycin phosphotransferase genes
from both P. pseudomallei and E. coli confer tolerance to glyphosate.

Glyphosate (N-phosphonomethyl)glycine is an effective non-
selective herbicide that inhibits the enzyme 5-enolpyruvylshiki-
mate-3-phosphate synthase (EPSPS; EC 2.5.1.19), of the
shikimic acid pathway (19). Disruption of this pathway pre-
vents synthesis of aromatic amino acids, their secondary me-
tabolites, and the products derived from chorismate (15, 18).
Glyphosate is a competitive inhibitor of EPSPS with respect to
phosphoenolpyruvate (4) and has been shown to block import
of the EPSPS preprotein into chloroplast (6), the subcellular
location of the shikimic acid pathway. One of the many attrac-
tive aspects of the use of this herbicide is its rapid and com-
plete degradation by soil organisms (9). However, only a few
bacteria that can utilize phosphonates, which include glypho-
sate, as their sole source of phosphorus for growth have been
isolated (3, 14). Two pathways for the breakdown of glyphosate
have been identified in Pseudomonas spp. One involves cleav-
age of the molecule to form aminomethylphosphonic acid
(AMPA), which is further broken down by subsequent steps (2,
10). The second pathway is via initial cleavage of the C-P bond
to produce sarcosine by a C-P lyase activity (12, 14). In this
study, Pseudomonas pseudomallei glyphosate-degrading strains
were isolated from soil. The kinetic parameters associated with
glyphosate uptake were studied in P. pseudomallei 22, and this
strain selected for cloning and sequencing of the genes in-
volved in glyphosate utilization.

MATERIALS AND METHODS

Strains. The wild-type strain of P. pseudomallei was isolated from soil with a
history of repeated applications of glyphosate. Escherichia coli strains used in this
study were JM103 (aroA4), AB1321, K38, BW14893 (lyase mutant defective in
phosphonate transport), and BW16711 (lyase mutant defective in catalysis
genes), kindly donated by Barry L. Wanner (Purdue University, West Lafayette,
Ind.).

Media and chemicals. Glyphosate free acid form (99.7% active ingredient)
was a gift from PYOSA (Monterrey, Mexico). All other chemicals were of
analytical grade. Bacteria were isolated in glucose-10 mM morpholinepropane-
sulfonic acid (MOPS) medium (13) containing (250 mg of 1.5 to mM) glyphosate
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per liter as the sole phosphorus source instead of P;. This medium was designated
MG.

Isolation procedure. Erlenmeyer flasks (250 ml) containing 25 ml of MG broth
were inoculated at a rate of 1% (vol/vol) with samples from soil (on a weight/
volume basis). The flasks were shaked at 200 rpm for 5 days at 28°C. After six
transfers in MG broth, cultures were streaked for bacterial isolation on MG
plates. The bacteria were identified by the procedure and methods outlined in
the Bergey’s Manual of Systematic Bacteriology (12a).

The reported intermediate metabolites of glyphosate breakdown, sarcosine
and AMPA, were tested as an alternative carbon-nitrogen or phosphorus
sources, using MG medium with incubation at 28°C. Glyphosate levels in the
experiments with glyphosate as the only phosphorus source were measured by
the method of Ames (1) and by the ninhydrin reagent. Samples were analyzed in
triplicate.

Cloning and genetic manipulations. Chromosomal DNA was partially di-
gested with Sau3A, and DNA fragments of 5 to 10 kb were purified and ligated
into the BamHI site of pUCI19. E. coli IM103 competent cells were transformed
by using the ligated DNA (21). The transformants were selected on MG medium
supplemented with ampicillin at 100 pg/ml and incubated at 37°C for 5 days.
Recombinant clones with the ability to utilize glyphosate as a P source were
transferred to fresh MG-ampicillin broth to verify the glyphosate degradation
phenotype. To determine the minimal size of the DNA required for the cellular
expression of glyphosate utilization, subclones were constructed from the origi-
nal plasmid (pGlp-2.0). The methods of Sambrook et al. (21) were used for
Southern blot analysis of genomic DNA from P. pseudomallei.

DNA sequencing. Overlapping DNA fragments from pGlp-2.0 were subcloned
into Bluescript plasmids pBSK* and pBSK ™, and the recombinants were trans-
fected into E. coli JM103 to produce single-stranded templates (21). Nucleotide
sequences of the clones were determined by the dideoxy-chain termination
method of Sanger et al. (22) by using a Sequenase kit (U.S. Biochemical Corp.,
Cleveland, Ohio). Sequence analysis was carried out for both strands by com-
puter analysis (Gene Works; IntelliGenetics, Inc.).

Analysis of protein expressed from cloned genes. The polypeptide chains
encoded by the 3.0-kb HindIII fragment inserted in pGlp-2.0 were analyzed by
using a T7 RNA polymerase expression system. Strain K38 was first transformed
by the T7 RNA polymerase-containing plasmid pGP1-2 (23). The kanamycin-
resistant strain was further transformed with the pT7 recombinant plasmids
under T7 RNA polymerase promoter ¢10 control. The transformants were
selected simultaneously by incubation in the presence of kanamycin and ampi-
cillin. [**S]methionine-labeled cells were prepared, and the labeled proteins were
analyzed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis
(SDS-PAGE). Protein gels were stained with Coomassie blue and then dried by
a gel dryer under vacuum. Autoradiography was performed with Du Pont Cronex
4 film.

Phosphotransferase assay. Cell extracts from E. coli JM103 harboring plas-
mids pGlp-2.0, pUC19, and pHph+1 (Boehringer Mannheim) were tested with
hygromycin B or glyphosate for aminoglycoside-phosphorylating ability with
[y->*P]ATP as described by Haas and Dowding (8). Enzyme activities were
assayed by means of the phosphocellulose paper binding assay, which measures
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FIG. 1. Metabolism of glyphosate with an initial concentration of 170 mg/
liter (100%) and growth of P. pseudomallei 22 in MG medium with glyphosate as
the only phosphorus source. O.D., optical density.

transfer of radiolabel from a suitable cofactor to the substrate. Quantification of
enzyme activities and dot blot analysis were performed.

Nucleotide seq e acc ber. The GenBank accession number for
the sequence of the glyphosate utilization genes is X74325.

RESULTS

Isolation of P. pseudomallei 22. Using a phosphate-free min-
eral medium with glyphosate as the phosphorus source, a total
of 34 cultures of P. pseudomallei that could metabolize the
herbicide were isolated from soil and identified.

An initial experiment was performed to determine the
amount of glyphosate necessary to saturate the MG medium
with phosphorus. The addition of glyphosate above 250 mg/
liter did not result in additional growth in a medium with 10
mM D-glucose. The strains were able to grow in concentrations
of herbicide as high as 10.2 g/liter. Concentrations of glypho-
sate below 85 mg/liter limited growth. Only traces of P; were
detected by the assay of Ames (1) in analytical-grade glypho-
sate (99.7% active ingredient).

P. pseudomallei 22 was tested for its ability to utilize AMPA
and sarcosine, since both compounds had been reported as
intermediate metabolites in the breakdown pathway of glypho-
sate. P. pseudomallei 22 grew well in mineral medium contain-
ing equimolar amounts of AMPA, glyphosate, or P;. No growth
was recorded with glyphosate, AMPA, or sarcosine as a carbon
source.

P. pseudomallei 22 metabolized 50% glyphosate in MG broth
medium within the first 40 h of growth, with a generation time
of 4 h at 28°C (Fig. 1). Therefore, the studies of glyphosate
utilization and cloning of the genes for its metabolism were
performed with this organism.

Cloning of the genes involved in glyphosate utilization. To
isolate the genes involved in glyphosate utilization from P.
pseudomallei 22, a genomic library was constructed from this
strain in the vector pUCI19. The library was screened by
complementation of E. coli JM103 for growth on glyphosate as
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a phosphorus source. From approximately 7.1 X 10* ampicil-
lin-resistant E. coli transformants, one colony was observed to
have the ability to grow in MG medium. Control E. coli trans-
formants harboring plasmid pUC18 did not grow in this me-
dium. This transformant contained a plasmid with an insert of
3,069 bp and was designated pGlp-2.0. Southern blot analysis
of genomic DNA from P. pseudomallei 22 digested with Hin-
dIII and probed with **P-labeled pGlp-2.0 showed that pGlp-
2.0 contained an approximately 3.0-kb HindIII fragment orig-
inally cloned from P. pseudomallei 22 (data not shown). E. coli
cells carrying pGlp-2.0 were able to grow in minimal medium
with glyphosate (250 mg/liter) as the sole phosphorus source
(after 48 h at 37°C with shaking), while control cultures were
unable to grow under this condition. To eliminate the possi-
bility that an aro4 gene was present on the HindIII fragment,
pGlp-2.0 was tested for the ability to complement the aroA
mutation of E. coli AB1321. This plasmid was unable to com-
plement this mutant.

Characterization of genes involved in glyphosate utilization.
The 3.0-kb HindIIl DNA fragment conferring glyphosate uti-
lization activity isolated from P. pseudomallei 22 was se-
quenced completely on both strands. The nucleotide sequence
is shown in Fig. 2. Two open reading frames (glpA and gipB)
were located on one DNA strand. glpA4 is 1,260 nucleotides in
length and could code for a protein as large as 420 amino acids
(46.2 kDa); glpB is 927 nucleotides in length and could code for
a protein of 309 amino acids (33.9 kDa).

To determine the minimum amount of DNA required for
the glyphosate utilization, several subclones were constructed.
Subclones were made in which terminal fragments with a
length of 609 bp (Xbal-Xbal; pGlp-2.1) and 612 bp (Nhel-
HindIII; pGlp-2.2) were removed from the 3.0-kb insert from
either end. Only pGlp-2.1 could support the growth of E. coli
JM103 on MG medium. This result indicated that both glpA
and glpB were intact in pGlp-2.1 and that glpB was essential for
glyphosate utilization in pGlp-2.2 (Fig. 3).

To test the activities, glpA and glpB were independently
cloned (Fig. 3). The activity of glpA was tested by subcloning
the Xbal-Nhel fragment from pGlp-2.0. glpA could not confer
the glyphosate assimilation phenotype in E. coli even when
aromatic amino acids were added to MG medium (pGlp-2.3).
Similarly, glpB was subcloned as a EcoRI-HindIII fragment
(pGlp-2.4). It was observed that JM103 strains containing
pGlp-2.4 were able to use glyphosate as a phosphorus source
but only in the presence of aromatic amino acids.

In E. coli, phosphonates are broken down solely by the C-P
lyase pathway, and the products of the 14 genes involved in a
10.9-kb operon have been extensively studied and mutagenized
(16, 17). We transformed a lyase mutant (phnC? DEFGHI-
JKLMNOP) defective in phosphonates transport system and a
lyase mutant (phnHIJKLMNOP) in which most of the catalysis
genes coding for the C-P lyase are deleted with the different
subclones constructed (Fig. 3) and found no complementation
of the respective mutants when glyphosate or AMPA was used
as the phosphorus source.

Gene expression. To determine whether the open reading
frames encoded by the 3.0-kb HindIIl DNA fragment were
translated, the T7 RNA polymerase-dependent in vivo tran-
scription-translation system was used. Cells harboring plasmid
pGP1-2 were cotransformed with the pT7 recombinant plas-
mids carrying the 3.0-kb HindIII-HindIII DNA fragment (pT7-
71) and 2.4-kb Xbal-HindIIl DNA fragment (pT7-72), both
subcloned from pGlp-2.0. Plasmid pT7-7 was used as a control.
The [**S]methionine-labeled polypeptides were analyzed by
SDS-PAGE. Two proteins of 46 and 33 kDa were seen for
pT7-71- and pT7-72-transformed cells (data not shown). The
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TGGTAGAGGA TCTAGTGACT TTTGGAGTGG TGTGGCTAGG GGTTCGGGAG AGAAGATGGA GGAGCCGGCT TAACCGAAAA GCAGCTCGAA TGCTGATTGC 200

CAAGAGTCGA ACGCCGAGAA GGCGAAATGC ACCGGACACT GGGGATGCTG CTGGAAGATG GGCCGACAAA GGACTCAGCT GCTACTGAGT CATAAATAGT 300

TCGGATTGAC GGCTGAGTCG AAAGCGTTCG TATATATIGG TCTGATTCAC GATTCGGAAG AAATTCTACA AGGTTGCGCA GCTCAGGTCA TCTTAAGTTT 400

ACTCTCACCG TCTCGAGTGG CGGCAGATGT GAGTCGTGTG CTACAAAACG TGAATCGACA CGCGCAGGGC GGAACCAAAA AARAACCCCCA CCCCGCTGTC 500

AAGTTGACAA ATCAACACAT TTGTTACAAT TTCAAATCGG GARATCAARA ATTAGGGCCA GATCAGCGAT CAGGAATGGT AATCGGGTAA CAGAGGTCGC 600

AAAATCGTCT AGAAAGTGGA AGAAGAACGT GGTAACTAGG AGCGAATGCT GCAAACTTCT AAAAARAAAT CTGGGCACGA TGAAAGTTGG GCTAACGCTG 700
MetLe uGlnThrSer LysLysLysS erGlyHisAs pGluSerTrp AlaAsnAlaA
ACGCTCACAA ATGGCGTGGC GAAAGGAAGC GAGACAATCG GARAATTGTT CTCTCGGGCA CCACAAAGCT GTTGTTTGTC GCTGAAGAAC AATTCCAACT 800
spAlaHisly sTrpArgGly GluArglysA rghspAsnAr glysIleVal LeuSerGlyT hrThrLysLe ulLeuPheVal AlaGluGluG lnPheGlnLe
GATTCCGCCG CCTTCCTATT GCGTCAGCCT TGTACCTAAG CTGCCGAGTA ACGTCACTCA ACCTCTCTTT GAATACTGCT TTGCTCCGCG AATACTTTTC 900
ulleProPro ProSerTyrC ysValSerLe uValProlys leuProSerA snValThrGl nProleuPhe GluTyrCysP heAlaProAr glleLeuPhe
TTCTATGCGC TCAAGAAAAT GACACAGCAC ACCAAGCTCT GCAAACTTTC TTCGCTCATC TGGCGCGAAA TGTGGGCCAT TTCTTCTCGC CTGCAATGGC 1000
PheTyrAlal eulyslysMe tThrGlnHis ThrLysLeuC yslysLeuSe rSerlLeulle TrpArgGluM etTrpAlall eSerSerArg LeuGlnTrpG
AATGCGTCTG TGCGGCGAGG AGAATCACGA TGCGGAATGG GGGCTGGAAG TTCATAGAGA TGCTGAGTTG TTGGAGCGAC ATGGTACATA AGCATGAGTC 1100
1nCysValCy sAlaAlaArg ArgIleThrM etArgAsnGl yGlyTrplLys PhelleGluM etLeuSerCy sTrpSerAsp MetValHisL ysHisGluSe
TGTCCTGATT TCCACCCTCC CGTCTTTCAT CAACTTTCTC GTCGGACCCT TCCGATCGGC GGGCGCAGAA CCAGGCGGTA TGCACCGTAG GGTGGACCCA 1200
rValLeulle SerThrLeuP roSerPhelIl eAsnPheleu ValGlyProP heArgSerAl aGlyAlaGlu ProGlyGlyM etHisArgAr gValAspPro
CCGCGGCCAC TGTCGCCAGC CTTGATCGAG GCCTTCGACG GGGTCATGCA GCTCTCGGGC GCCCCCTCTC GTGGGGTCAC ACCAACCCCA CGAGGGCCAG 1300
ProArgProL euSerProAl alLeulleGlu AlaPheAspG lyValMetGl nLeuSerGly AlaProSerA rgGlyValTh rProThrPro ArgGlyProA
ATGCTTTGGG CCGGATAACA GATAGCCGCG GGGGGTCCGA GGCTGGCTAT AGGTTTAATA TGTGTAATCG GGCAGTACCA TCGGCCGCGC TCCCGATIGG 1400
spAlaLeuGl yArgIleThr AspSerArgG lyGlySerGl uAlaGlyTyr ArgPheAsnM etCysAsnAr gAlaValPro SerAlaAlal euProlleGl
GGAAGTGCTT GACATTGGGG AATTCAGCGG GAAGCGGACC TACCTGGCCG CCGTGCACAG GGCCCGCGAG CAAGACCTGC CTGAAACCGA ACTGCCCGCT 1500
yGluVallLeu AsplleGlyG luPheSerGl yLysArgThr TyrleuAlaA laValHisAr gAlaArgGlu GlnAspLeuP roGluThrGl uLeuProila
GTTCTGCAGC CCTGCACGGG CATGGCACAT GCGATCGCTG CGGCCGATCT TAGCCACACG AGCGGGTTCG CCCCATTCGG ACCGCAAGGA ATGGGTCAAG 1600
ValLeuGlnP roCysThrGl yMetAlaHis AlalleAlah laAlaAsple uSerHisThr SerGlyPheA laProPheGl yProGlnGly MetGlyGlnG
AGACTCCATG GCGTGATAAG CGCGATTGCT ATTTCGATCC CCAGGTGTAT TATTGGCTCT CTCARATGGG CGACACCCTA CGGGCGTCCG TCGCGCAGGG 1700
1uThrProTr pArgAsplys ArgAspCysT yrPheAspPr oGlnValTyr TyrTrpLeuS erGlnMetGl yAspThrLeu ArgAlaSerV alAlaGlnGl
TTTCGAAAAG CGGATGCTTT GGGCCGAGGA CTGCCCCGAA GCCCGGCACC TCCGGATTCA CGTAAAGGGG TCCAACGCTG CCCTGCCGGA ACCCGGCCCC 1800
YPheGluLys ArgMetLeuT rpAlaGluAs pCysProGlu AlaArgHisL euArgIleHi sVallysGly SerAsnAlaA laLeuProGl uProGlyFro
AAAACGTGGG CGGGGGACGG GAGCCAAGCG GTGTGGGCAG GCCGGCTGCG TCCCACCCAG GATTCCCGGT ACGTGGTCGC CAGCATCTTC CCCTGGAGGC 1900
LysThrTrpA 1aGlyAspGl ySerGlnAla ValTrpAlaG lyArgleuAr gProThrGln AspSerArgT yrValValAl aSerllePhe ProTrpArgP
CGTGGTGAAC TTGTAGGGAG CAGCAAACGC CCTACTTCGA GGGGAGGCAT CCCCAGCTGG CAAAATCGCC CCGGTTTCGG GCCCTAATGG GGCGCACCCC 2000

roTrp

TCTTGCCAAA CTCTATCAAA GTTTGGGGGA GGGGAAGGGC GATGATGCGG CTGGGGCGCA GGGTCGAGGG GACGCCCGAC CCGGAGCCGG GAATCGTACT 2100
MetMetArg LeuGlyArgA rgValGluGl yThrProAsp ProGluProG lylleVallLe
GTCGGGCGTA CACAAATCGC GGCGCGGCCGE ACCGCCGCAG AAGGCCGCGT ATCTGGCCCG CTGGAAGTAC TCGCCGATAG TGGCGGCCGA CCCGAGGGCG 2200
uSerGlyVal HisLysSerA rgArgGlyAr gProProGln LysAlaAlaT yrLeuAlaAr gTrplysTyr SerProlleV alAlaAlaAs pProArgAla
CCCCAGCACT CGTGGGGGAA TAGTAGAGTA GATGCCGACC GGGAGCGGGG CAGCACCAAG ACACGGAACC CCAACAGTCG TGAGGAGGTG GTGATCTGCA 2300
ProGlnHisS erTrpGlyAs nSerArgVal AspAlaAspA rgGluArgGl ySerThrLys ThrArgAsnP roAsnSerAr gGluGluvVal VallleCysM
TGTCCAAATC CTGGAACGTG AATCACGAAC CACGAATCCT GAATAGCCAA TTTGCGCGAA AATCGCTGAA TGCCGCCAAA CCGAGCCACC GCGAGTTGCG 2400
etSerLysSe rTrpAsnVal AsnHisGluP roArgIleLe uAsnSerGln PheAlaArgl ysSerLeuAs nAlaAlalys ProSerHisA rgGluLeuAr
TGAAGTAGGC GTGAGGCACA CCCACGACTG GCGATTGTGG GTTGGTCGAC GACATTCGGT ACCCAGACCA ACACTCACGA CTTTTTGGGC TAGCTTGCAG 2500
gGluvalGly ValArgHisT hrHisAspTr pArgLeuTrp ValGlyArgA rgHisSerVa 1ProArgPro ThrLeuThrT hrPheTrpAl aSerleuGln
GCTGAGCCAA CTTTCTCCCT CACTCCCCGC TTTCCCCTCC ATCACGCTCA TTCCTTTGAAR GTGTTCATCC GGTATCATGA GCACTATATC ATAGTGAAAC 2600
AlaGluProT hrPheSerLe uThrProArg PheProLeuH isHisAlaHi sSerPheGlu ValPhelleA rgTyrHisGl uHisTyrIle IleVallysL
TCGCAACAAC CCGGTCTTCG TCGCGAAAGC AACCCTCCAT CGCTGCTGCC TCTTGCAGTG AAGACCGCCA CCATGCAGTC TACGCAGTCG AAGACCCTAC 2700
euAlaThrTh rArgSerSer SerArglysG lnProSerIl eAlaAlaAla SerCysSerG luAspArgHi sHisAlaval TyrAlaValG luAspProTh
ACGTCCAGTT CGTCCATTCT GGTCCTACAC ATTGTATCCA CGCACCCAAG TCTGCCAACG TGGAGTAAGT GAACCTTTTT TTGTCCTGTC GAGGCTCAAC 2800
rArgProvVal ArgProPheT rpSerTyrTh rLeuTyrPro ArgThrGlnV alCysGlnAr gGlyValSer GluProPheP heValLeuSe rArgLeulAsn
GTAGATCACA GGCTGATCAT CCACACTGGA GGCTCCTTTG ACATTACGCA GTCGCATTCT TACCCACTAG AGCTCCTCGA GATGACTACC TGTCAATGGG 2900
ValAspHieA rgLeullell eHisThrGly GlySerPheA splleThrGl nSerHisSer TyrProlLeuG luLeuleuGl uMetThrThr CysGlnTrpA
CTGCCTCTCT CCGACGTAGA GCCGCAGCTT ATCGAAGACG CCACTGGAGC GGTGACCTCG CTCGATGCTG ACGGCCGCTT CCTCGTTGAT AGCTTCCGAA 3000
laAlaSerle uArgArgArg AlaAlaAlaT yrArgArgAr gHisTrpSer GlyAspLeuA laArgCys
GATGGTGTCA ACGCCTCTAC CGACACCACC CAATCGACGC GGAAGGCAAC CCAGCATCAC CGGCTGTGCT TCAATCGCTG CTGCGCCGCG AAGCTTAGAT 3100
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FIG. 2. Nucleotide sequence of the glyphosate utilization genes and deduced amino acid sequence.

two polypeptides matched in size the predicted products of
glpA and glpB, respectively. Thus, the number of polypeptide
chains produced is in agreement with the open reading frames
predicted by DNA sequence.

Homology searches. The deduced amino acid sequences of
glpA and glpB were compared for similarity to known proteins
in the New Swiss-Prot database (Gene Works; IntelliGenetics).
It was found that glp4 product has 42% identity to E. coli
hygromycin B phosphotransferase (7, 11). This homology is

exactly the kind of homology that we would expect for the
enzyme which is responsible for glyphosate tolerance activity.
Fitzgibbon and Braymer (5) reported the cloning from
Pseudomonas sp. strain PG2982 of a DNA sequence which is
able to increase glyphosate resistance (igr4 gene). We com-
pared the sequences of the glpA DNA and its translated
polypeptide with sequences of the igr4 gene and its protein. No
homology was found in either case. The same results were
obtained with the DNA and protein sequences from gipB.
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FIG. 3. Schematic representation of the 3.0-kb DNA fragment from P. pseudomallei containing glyphosate resistance genes. (A) The open reading frames (ORFs)
are shown by thick arrows, with transcriptional direction indicated. The sequencing strategy is shown; each arrow represents the direction and distance of the
sequencing. (B) The positions of restriction sites are indicated; Xbal belongs to pUC19 polylinker. The plasmid constructs and growth phenotypes (right) are shown.
Growth was determined by optical density (O.D.) at 650 nm in test tubes at 37°C for 24 h (average of four replicates). The aromatic amino acids (a.a.) were added as
follows: Trp, 0.1 mM; Tyr, 0.1 mM; and Phe, 0.3 mM. The double bar represents the cloned sequence, and the blank space indicates deleted regions.

glpA had 42% identity with the E. coli hygromycin B phos-
photransferase gene (hph), as determined from a homology
search (7, 11). To analyze whether glpA encodes a functional
hygromycin B phosphotransferase, P. pseudomallei 22 was
grown in M9 medium containing different hygromycin B con-

centrations. The strain tested was able to grow in concentra-
tions of hygromycin B exceeding 150 pg/ml, while growth of E.
coli JM103 was inhibited by a concentration of 50 wg/ml. It was
also found that E. coli strains harboring pGlp-2.0 and pGlp-2.1
were able to grow in hygromycin B at 100 pg/ml. In addition,
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TABLE 1. Phosphotransferase assay”

Plasmid Substrate cpm/pg of protein”
pUCI9 Glyphosate 64.0
pHph+1 Glyphosate 16,793.0
pGlp-2.0 Glyphosate 13,788.0
pUCI19 Hygromycin B 70.0
pHph+1 Hygromycin B 37,401.0
pGlp-2.0 Hygromycin B 14,403.0

@ Cell extracts from E. coli harboring different plasmids were tested for the
ability to phosphorylate hygromycin B or glyphosate with ATP as described by
Haas and Dowding (8).

b The values shown are corrected by reference to values for controls without
active enzyme.

E. coli cells containing the Aph gene (plasmid pHph+1; Boehr-
inger Mannheim) were able to grow in M9 medium with
glyphosate at 1 g/liter, whereas E. coli control cells not harbor-
ing the Aiph gene were inhibited at 0.25 g of glyphosate per liter.
E. coli cells containing the Aph gene failed to utilize glyphosate
as a phosphorus source. These results suggest that tolerance to
glyphosate can be achieved by the presence of a phosphotrans-
ferase gene. To test this activity, a phosphotransferase assay
was performed and the aminoglycoside-phosphorylating activ-
ity was tested by using glyphosate or hygromycin B with
[y->*P]ATP (Table 1 and Fig. 4). The results from the phos-
photransferase assays demonstrated that glyphosate was phos-
phorylated by the E. coli or P. pseudomallei phosphotransfer-
ase. However, the phosphotransferase from P. pseudomallei
showed a lower activity to phosphorylate hygromycin B com-
pared with the phosphotransferase from E. coli.

In the plasmid isolated from E. coli, the hph gene was found
downstream of the apramycin acetyltransferase gene (11).
Thus, we tested the ability of E. coli cells harboring plasmid
pGlp-2.0 to grow in M9 medium with apramycin, kanamycin,
neomycin, and streptomycin at 100 pg/ml. Results showed that
E. coli cells harboring plasmid pGlp-2.0 were inhibited at 25
pg/ml by the tested antibiotics. The predicted protein product
of glpB showed no similarities with known proteins.

DISCUSSION

Strains of P. pseudomallei that could metabolize glyphosate
as well as AMPA as sole sources of phosphorus were isolated
from soil. However, these cultures could not utilize either
glyphosate or AMPA as a carbon source. This finding is con-
sistent with previous studies in which it has been noticed that
few phosphonic acids can be used as sole carbon sources by
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FIG. 4. Autoradiogram of a dot blot showing the phosphotransferase assay.
Cell extracts from E. coli JM103 harboring plasmids pGlp-2.0 (dots 3 and 6),
pHph+1 (dots 2 and 5), and pUC19 (dots 1 and 4) were analyzed for phospho-
transferase-phosphorylating activity on Whatman P-81 phosphocellulose paper
(8), using glyphosate (G) or hygromycin B (H) as the substrate.
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microorganisms (14, 24). In P. pseudomallei, the initial attack
on the glyphosate molecule seems not to be at the C-P bond,
since this bacterium cannot utilize sarcosine or glyphosate as a
sole source of either carbon or nitrogen. If glyphosate is first
converted into sarcosine by a C-P lyase activity as previously
reported (14, 24), P. pseudomallei would be able to utilize this
compound as either a carbon or nitrogen source. Instead,
glyphosate may undergo a stepwise degradation from the car-
boxyl end of the molecule, with AMPA as a metabolic inter-
mediate, and therefore these organisms are able to grow with
AMPA or glyphosate as a phosphorus source. Similar results
were reported for Pseudomonas sp. strain LBr (10). This strain
was found to degrade glyphosate by way of AMPA, and it has
characteristics similar to those of P. pseudomallei 22, such as
the ability to grow in high levels of glyphosate. Balthazor and
Hallas (3) found that Flavobacterium sp. degraded glyphosate
in the presence of P; with AMPA as a metabolic intermediate.
P. pseudomallei 22 was able to grow in the presence of both
compounds.

We report the DNA sequence for P. pseudomallei glp genes
which permit E. coli cells to grow on glyphosate as a sole
phosphorus source. This utilization involves the activities of
two enzymes: a phosphotransferase and a unknown protein
that probably converts glyphosate by cleavage of the N-C bond
to AMPA a substrate of the E. coli C-P lyase.

The phosphotransferase (encoded by glpA) was able to use
the aminoglycoside hygromycin B antibiotic as a substrate, and
the enzyme hygromycin B phosphotransferase from E. coli
phosphorylated glyphosate. Therefore, gipA4 confers increased
tolerance to glyphosate in E. coli cells, and its product has
significant homology to phosphotransferases, whereas E. coli
cells harboring plasmid pGlp 2.4 carrying glpB were able to use
glyphosate as a phosphorus source. These results might suggest
that glpB encodes a protein with the ability to break down the
N-C bond of glyphosate to AMPA. There are no reports of
sequences with enzymatic activities similar to the glyphosate
activity of this glpB gene.

However, in Pseudomonas sp. strain PG2982, which can
grow in glyphosate as a phosphorus source, Fitzgibbon and
Braymer (5) also reported the presence of a plasmid-encoded
protein with the ability to increase glyphosate resistance (igr4
gene) in E. coli. Therefore, we compared the sequences and
found no homology between DNA and protein sequences with
glpA and glpB. These results suggest that the mechanisms of
tolerance in the two bacteria are different. The addition of
aromatic amino acids in the family Rhizobiaceae (14) was
found necessary to degrade glyphosate because of the lack of
an alternative tolerance mechanism. Additional data support-
ing the tolerance mechanism were found when all of the strains
tested in this work were able to grow with glyphosate even in
the presence of an inorganic source of phosphorus. Therefore,
our strain should have a mechanism which confers tolerance to
glyphosate by first phosphorylating (glpA) the herbicide and
then cleaving at the N-C bond (glpB) to probably form AMPA,
a substrate metabolized by the E. coli C-P lyase, thus support-
ing very high levels of glyphosate (10.2 g/liter).
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