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A plating medium was developed to isolate N-phosphonomethylglycine (glyphosate)-degrading microorga-
nisms, with glyphosate as the sole phosphorus source. Two industrial biosystems treating glyphosate wastes
contained elevated microbial counts on the medium. One purified isolate metabolized glyphosate to
aminomethylphosphonic acid, mineralizing this accumulating intermediate during log growth. This microor-
ganism has been identified as a Flavobacterium species.

N-phosphonomethylglycine (glyphosate) is a widely used,
broad-spectrum herbicide. Monsanto Co., St. Louis, Mo.,
makes and sells Roundup, in which glyphosate is formulated
as its isopropylamine salt. Glyphosate biodegradation occurs
in soils (7, 8) with aminomethylphosphonic acid (AMPA) and
carbon dioxide as the metabolites. Monsanto Co. maintains
a glyphosate-degrading activity in its waste treatment acti-
vated sludges used for treating glyphosate wastes. The
microbial characterizations and modeling of glyphosate-
degrading activity are under study to establish activated
sludge as the best available technology to meet U.S. Envi-
ronmental Protection Agency pesticide effluent guidelines.

Isolations of microorganisms which utilize glyphosate as
carbon or nitrogen sources have never been reported. Mi-
crobes which degrade other phosphonates as phosphorus
sources have been isolated and characterized (1), yet only
one laboratory has reported a microbe which metabolizes
glyphosate (6, 9). This Pseudomonas sp. grows with
glyphosate as a sole phosphorus source with no accumulat-
ing intermediates (3). To date, no microbe which accumu-
lates AMPA as an intermediate has been reported, nor have
any glyphosate-degrading microorganisms been isolated
from an environmental source. The purpose of this study
was (i) to devise a medium for isolation of glyphosate-
degrading microorganisms and (ii) to characterize the mi-
crobe(s) responsible for glyphosate metabolism in Monsanto
activated sludges.
Media and culture conditions. A microbial medium with

glyphosate as a sole phosphorus source was developed.
Glassware was meticulously cleaned in NOCHROMIX
(Godax Laboratories, New York, N.Y.). After 24 to 48 h,
the glassware was rinsed in house-deionized water and then
in deionized, distilled water to remove any phosphorus
contamination. The Leadbetter and Foster (5) basal salts
medium (minus Na2HPO4 and NaH2PO4) was used with
gluconate (0.1% [wt/vol]) and pyruvate (0.1 [wt/vol]) as
carbon sources and filter-sterilized glyphosate (analytical
grade; 99.9% by assay) as a phosphorus source (0.02%
[wt/vol]).

Purified agar (Difco Laboratories, Detroit, Mich.) was
used for plate enumerations (pH 6.8 to 7.0). For the broth
studies, samples were taken at different time intervals, and
growth was measured by a spectrophotometer (model 20;
Bausch and Lomb, Inc., Rochester, N.Y.) at 660 nm.
Samples were then filtered and analyzed for glyphosate,
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AMPA, and P043- by a modification of the accepted high-
pressure liquid chromatographic method for the analyses of

I industrial effluent (10).
Each sample was diluted, the pH was adjusted to 2 to 3,

and each sample was injected onto the ion-exchange column
(Brownlee AX-300; mobile-phase trifluoroacetic acid at pH
2.1) for component separation and flow injection analysis.
Flow injection was faster than air-segmented injection. The
components were then oxidized in a postcolumn reactor, and
the free P043- was reacted with molybdate to form a blue
complex that was quantitatively detected at 660 nm.

Microbial characterization. An isolate (GD1) from the
i glyphosate-containing plates was purified by restreaking on

fresh plates. It was studied by light microscopy (gram
negative, bipolar) and electron microscopy (negative stain-
ing revealed a short rod). The isolate was grown in 0.1%
nutrient broth and was determined to be catalase and oxi-
dase positive; a yellow pigment was produced in older
cultures. The following semiautomated microbial identifica-
tion test strips were used: API 20E, 20S, An-ident, and ZYM
(Analytab products, Plainview, N.Y.); EBC+ (Vitek Sys-
tems, St. Louis, Mo.); and DMS rapid CH (anaerobic,
aerobic) and rapid NFT (DMS Laboratories, Flemington,
N.J.). The isolate was tentatively identified by EBC+ as a
nonfermenter. The API index and Bergey's manual (2)
suggested the Flavobacterium sp.

Microbial enumerations. I1 and 12 are two industrial aero-
bic biosystems which treat glyphosate-containing wastes.
Waste treatment activated sludge samples were collected at
three time intervals and stored at 0 to 4°C. Samples were
streaked on a glyphosate-containing medium and incubated
for 5 days at 25°C before counting.

Glyphosate was the sole source of phosphorus in the
medium, and care was taken to remove all other contami-
nating phosphorus. Thus, it was assumed that the only
colonies growing on these plates would be those utilizing
glyphosate as a phosphorus source. Table 1 presents the
CFU from the biosystems on the three sampling dates. I1
had the highest bacterial counts, averaging 23.5 x 106
CFU/ml. 12 bacterial counts averaged 5.48 x 106 CFU/ml
through day 28 but decreased by 50% by day 50. This may
have been due to a loss of glyphosate-degrading activity in
the 12 biosystem at day 40. Control plates that did not
contain glyphosate showed only a few pinpoint colonies on
I1 and 12. These results indicate that glyphosate increased
total microbial numbers. The growth of some small colonies
on the control plates containing no phosphorus source was
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TABLE 1. Enumerations of industrial activated sludge on plates
containing glyphosate as a sole phosphorus source

CFU (106) per ml at time (day)b

Biosystema 0 28 50

G+ G- G+ G- G+ G-

Il 24.7 <0.30 20.1 <0.30 25.7 <0.30
12 5.03 <0.30 5.93 <0.30 2.83 <0.30

a Total viable counts at I1 and 12 were 131 x 106 and 24.2 x 106 CFU/ml,
respectively. Standard deviation averaged 6%.

bPlates were amended with (G+) and without (G-) glyphosate. Standard
deviations averaged 10%.

presumably due to phosphorus carry-over from the aqueous
inoculum or cellular endogenous reserves.

Glyphosate metabolism. A single colony was picked at
random from a plate containing glyphosate that had been
streaked with I1 activated sludge. This isolate was streaked
on fresh glyphosate-containing medium, and a second col-
ony was picked. This isolate (GD1) was identified as a
Flavobacterium sp. (2).
GD1 was inoculated into glyphosate broth plus a control

broth lacking glyphosate; growth of GD1 and the fate of
glyphosate were monitored (Fig. 1). Lag phase lasted for
approximately 25 h. GD1 then began slow growth as
glyphosate was completely metabolized. Nearly stoi-
chiometric amounts of AMPA were produced. Log growth
lasted for 50 h. During this exponential phase, about 25% of
the AMPA was metabolized, and a small amount of PO43-
was released. The control medium supported minimal
growth. GD1 was also grown with AMPA as a sole phos-
phorus source (Fig. 2). Growth was similar to that observed
in glyphosate-containing broth in that approximately 25% of
the AMPA was used as a phosphorus source to support
exponential growth. Further experiments (data not shown)
indicate that the presence of P043- did not affect glyphosate
metabolism to AMPA but did inhibit AMPA degradation.
The metabolism of glyphosate to AMPA by Flavobacte-
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FIG. 1. Growth of Flavobacterium sp. in glyphosate broth and

the fate of glyphosate, AMPA, and P043-. Symbols: 0, growth in
medium containing approximately 0.02% glyphosate as sole phos-
phorus source; 0, growth in medium containing no glyphosate; El,

glyphosate; *, AMPA; x, phosphate.
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FIG. 2. Growth of Flavobacterium sp. in AMPA broth. Sym-
bols: 0, growth in medium containing approximately 0.02% AMPA;
0, growth in medium containing no AMPA; *, AMPA.

rium sp. strain GD1 was stoichiometric and occurred during
a slow growth phase. AMPA was then mineralized to P043-
during log-phase growth. Thus,

H203PCH2NHCH2CO2H + 02 -* H203PCH2NH2
glyphosate AMPA (1)

H203PCH2NH2 + 202 -- P043 + NH4+ + CO2 + H20
AMPA (2)

At least two enzymatic steps are involved; a cleavage of
glyphosate to AMPA (equation 1) and a phosphonatase
activity that mineralizes AMPA (equation 2). In equation 1,
the mechanism of carbon cleavage is unclear, with either two
C units or one C2 unit being produced. Ultimately, CO2
would be produced. There is published precedent for equa-
tion 2. LaNauze et al. (4) have suggested the presence of a
phosphonatase which would cleave a C-P bond, and Cook et
al. (1) have proposed similar enzyme step(s) operating for
AMPA degradation. Studies are under way to determine the
details of glyphosate metabolism.

This is the first report of a microorganism which simulates
the biodegradation of glyphosate in the environment, with
AMPA as an initial, observable metabolite. It is also the only
isolate which has been found to degrade glyphosate in the
presence of P043, a prerequisite for its use under environ-

, mental conditions. Currently, Monsanto Co. uses these
microbes in activated sludge to treat glyphosate-containing
wastes at its manufacturing facilities. Further work is war-
ranted to enhance, stabilize, and control glyphosate-
degrading activity to meet U.S. Environmental Protection
Agency pesticide effluent permits.

We acknowledge the advice and support of K. Lawrence, P. D.
Patel, C. P. Anderson, and C. Korndorfer. T. Roussel and M.
Bailey provided samples from the manufacturing plants. C. Ricketts
performed all chemical analyses; his skill and patience are hereby
acknowledged.
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