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Abstract

Glyphosate [N -(phosphonomethyl)-glycine] is a broad-spectrum, non-selective, post-emergence herbicide that is
widely used in agricultural. We studied, in vitro, changes in the microbial activity of typical Hapludult and Hapludox

Brazilian soils, with and without applied glyphosate. Glyphosate was applied at a rate of 2.16 mg glyphosate kg�1 of

soil and microbial activity was measured by soil respiration (evolution of CO2) and fluorescein diacetate (FDA) hy-

drolysis over a period of 32 days. We found an increase of 10–15% in the CO2 evolved and a 9–19% increase in FDA

hydrolyses in the presence of glyphosate compared with the same type of soil which had never received glyphosate. Soil

which had been exposed to glyphosate for several years had the strongest response in microbial activity. Most probable

number (MPN) counts showed that after 32 days incubation the number of actinomycetes and fungi had increased

while the number of bacteria showed a slight reduction. After the incubation period, high pressure liquid chromato-

graphy (HPLC) detected the glyphosate metabolite aminomethyl phosphonic acid (AMPA), indicating glyphosate

degradation by soil microorganisms.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, the intensive use of herbicides has

increasingly become a matter of environmental concern,

partially because of the adverse effects of these chemicals

on soil microorganisms. Glyphosate [N -(phosphonom-
ethyl)glycine] is a broad-spectrum, non-selective, post-

emergence herbicide that is widely used in agriculture.

The commercial success of glyphosate as a highly effec-

tive herbicide has stimulated several studies on its be-

havior and persistence in soil (Krzysko-Lupicka and

Orlik, 1997; Forlani et al., 1999; Jonge and Jonge, 1999).

Microbial degradation is considered to be the most

important of the transformation processes that deter-

mine the persistence of herbicides in soil (Souza et al.,

1999). In the case of glyphosate, Wiren-Lehr et al. (1997)

observed that mineralization of this herbicide is related

to the both the activity and biomass of soil microor-

ganisms. Microbial degradation of glyphosate produces

the major metabolite aminomethyl phosphonic acid

(AMPA), and ultimately leads to the production of

water, carbon dioxide and phosphate (Forlani et al.,

1999).

The presence of glyphosate in soil may cause changes

to the microbial population and activity of a soil. Wardle

and Parkinson (1990a,b) observed that the presence of

glyphosate in a soil was related to a temporary increase

in the both number of bacteria in a soil and the overall

microbial activity of the soil, although the number of
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fungi and actinomycetes was not affected. On the other

hand, in studying the effect of glyphosate on the number

of microorganisms in a soil, microbial biomass and soil

respiration Stratton and Stewart (1992) observed only a

small increase in microbial biomass but no negative or

positive effects in respect to the number of microor-

ganism or soil respiration. More recently, Haney et al.

(2000) and Busse et al. (2001) evaluated the effect of

glyphosate on the microbial community of soils and

observed that microbial activity was stimulated in the

presence of this herbicide.

The aim of the work presented in this paper was to

evaluate the effects of glyphosate on microbial activity in

two soil types (with and without a previous history of

glyphosate application) and determine which groups of

microorganisms were most active.

2. Material and methods

2.1. Soil samples

Two different soil types were collected from fields

with and without a reported history of glyphosate ap-

plication. One soil type was collected from a peach or-

chard at the experimental station of Escola Superior de

Agricultura Luiz de Queiroz (ESALQ), Piracicaba-S~aao
Paulo, Brazil and classified as a typical Hapludult (HT)

Brazilian soil. Soil samples were collected from the

surface layer of the soil up to a depth of 10 cm, in an

area no reported application of glyphosate (samples

HTG0) and an adjacent area with six years applica-

tion of glyphosate (sample HTG6). The other soil type

was collected at the experimental station of Instituto

Agronôomico do Paran�aa (IAPAR), Londrina-Paran�aa,
Brazil and classified as a typical Hapludox (HX) Bra-

zilian soil. Soil samples without reported application of

glyphosate (samples HXG0) were collected from a ba-

nana orchard and those with 11 years of application of

glyphosate (HXG11) from a no-tillage soybean field.

The principal characteristics of the soils are shown in

Table 1.

2.2. Biodegradation of glyphosate

A solution of technical glyphosate (analytical stan-

dard) sufficient to give a final glyphosate concentration

of 2.16 mgkg�1 was added to 75 g sub-samples of soil,

which were then incubated in flasks in the dark for

32 days at 25 �C. Soil moisture content was adjusted
to two-thirds of the field capacity. Biodegradation of

glyphosate was evaluated by the carbon dioxide evolu-

tion method using the procedure described by Bartha

and Pramer (1965). Carbon dioxide evolution was

monitored at 2, 4, 8, 16, 24 and 32 days after glyphosate

application.

2.3. Soil microbial activity

Soil microbial activity was evaluated by measuring

fluorescein diacetate (FDA) hydrolysis according to the

method of Schn€uurer and Rosswall (1982).

2.4. Enumeration of microorganisms

Bacteria, fungi and actinomycetes were enumerated,

by the plate counts method (Jahnel et al., 1999), at the

start and end of incubation period. 10 g (dry weight) of

soil samples was used to provide a dilution series of

10�3, 10�4, 10�5, 10�6 and 10�7. For bacterial counts, 0.1

ml of each of the 10�4, 10�5, 10�6 and 10�7 dilution were

added to each of 5 nutrient agar spread-plates. For ac-

tinomycetes counts, 0.1 ml of each of the 10�3, 10�4,

10�5 and 10�6 dilution were added to 5 casein agar

spread-plates. Fungal propagules counts were deter-

mined from the same four dilution by using 5 malt ex-

tract agar spread-plates with 100 lg g�1 streptomycin
and 50 lg g�1 aureomycin. The plates were incubated at
28 �C for 72 h.

2.5. Detection of glyphosate breakdown products

To analyze for breakdown products, 10 g soil sam-

ples were taken from the flasks and added to 40 ml of a

solution containing 0.25 N NH4OH and 0.1 N KH2PO4

Table 1

Characteristics of the Brazilian soils investigated

Code Soil type Glyphosate

application

(Years)

Soil characteristic

Sand (%) Silt (%) Clay (%) pH Organic

matter (g/kg)

Cation exchange

capacity (Mmol/kg)

HTG0 Hapludult No reported

application

41 13 46 5.7 23 88.3

HTG6 Hapludult 6 49 9 42 5.9 23 92.0

HXG0 Hapludox No reported

application

3 11 86 5.6 26 118.2

HXG11 Hapludox 11 1 8 91 5.2 20 92.1
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and shaken for 90 min. The mixture was centrifuged at

3000 revmin�1 for 20 min and the supernatant removed.

This procedure was repeated, and the supernatants

pooled and acidified to pH 2.0 with HCl and the volume

reduced to less than 5 ml under vacuum in a rotary

evaporator in a water-bath set at 60 �C. The concen-
trated solution was adjusted to pH 1.8–2.0 with am-

monium hydroxide, transferred to a centrifuge tube and

centrifuged at 4000 rev min�1 for 10 min. The super-

natant was then transferred to a column of cation ex-

change resin activated with 100 ml HCl 0.01 M, with

flow rate of 2.5 mlmin�1. Glyphosate and aminomethyl

phosphonic acid (AMPA) were eluted from the column

using 5� 20 ml of 0.1 M hydrochloric acid, the elu-

tate being evaporated to dryness in a rotary evaporator

and re-dissolved in 0.08 M phosphoric acid. Residual

glyphosate and AMPA were post-column derivatized

using the OPA-MERC reagent and detected using a

fluorescence detector (Ex 350 nm; Em 440 nm). Retention

times for glyphosate and AMPA were 22 and 44 min,

respectively.

2.6. Statistical analysis

Treatments were replicated three times in a com-

pletely randomized design. Statistical analysis was con-

ducted using the SAS System software (SAS Institute

Co.). For comparison of averages the Tukey test was

used at the 5% probability level.

3. Results and discussion

3.1. Glyphosate biodegradation as measured by carbon

dioxide evolution

During incubation of the soil samples (three repli-

cations), more carbon dioxide was released from soils to

which glyphosate had been added than from controls

without added glyphosate (Fig. 1a and b).

For example, the cumulative amount of carbon di-

oxide (lg g�1 of soil) released from the soils without

added glyphosate (the controls) at the end of the in-

cubation period (day 32) was 0.32 for sample HTG0,

0.39 for HTG6, 0.38 for HXG0 and 0.40 for HXG11,

while the amount of carbon dioxide released from soils

which had received supplementation with 2.16 lg kg�1

of glyphosate was higher at 0.42 for sample HTG0, 0.49

for HTG6, 0.46 for HXG0 and 0.49 for HXG11. The

larger amounts of carbon dioxide released in the pres-

ence of glyphosate suggest that the soil microbiota is

capable of using glyphosate as a carbon source, agreeing

with the results of Wardle and Parkinson (1990a) who

suggest that carbon dioxide production is related to the

decomposition of glyphosate in soil. Souza et al. (1999),

observed that the glyphosate was degraded quickly up to

the 10th day of incubation, while other authors (Spr-

ankle et al., 1975; Nomura and Hilton, 1977) have re-

ported rapid degradation of glyphosate in the initial

period of incubation and suggested that the adsorption

of this herbicide to soil particles may lead to it becoming

unavailable to soil microorganisms. In contrast, our

experiment disagrees with these findings in that the rate

of carbon dioxide evolution, and hence glyphosate de-

gradation, was greatest between eight and thirty two

days of incubation. It also appears that those soils that

came from areas which had previously been treated with

herbicides containing glyphosate (HTG6 and HXG11)

produced a total amount of carbon dioxide, which was

about 10–15% higher as compared to the soils that

had no reported application of glyphosate (HTG0 and

HXG0).

3.2. Microbial activity as measured by fluorescein diace-

tate (FDA) hydrolysis

Microbial activity of the soil, as measured as lg FDA
hydrolyzed per gram of soil, increased significantly with

time and glyphosate addition (Table 2). Soil samples

from areas that had previously been treated with glypho-

sate had high microbial activity both at the start and end

of incubation. The Table 2 shows that there was both

a direct (short-term) and indirect (long-term) positive

effect of glyphosate on the microbial activity. These re-

sults indicate that application of glyphosate rapidly

stimulated soil microbial activity in short term and

suggested that glyphosate was the direct source of in-

creased microbial activity.

On the other hand, long-term effects of repeated

application (six and eleven years) showed an increase in

the microbial activity compared to soils with no reported

application of glyphosate, showing that repeated appli-

cation lead to increased microbial activity due the uti-

lization of glyphosate as an available substrate.

The microbial activity is an important factor in the

behavior of glyphosate in the soil. According to Hei-

nonen-Tanski (1989) soils with high microbial activity

favor the fast biodegradation of glyphosate, and our

results for glyphosate degradation as measured by car-

bon dioxide evolution correlate with our results for soil

microbial activity.

3.3. Enumeration of microorganisms

The number of microorganisms at the start and end

of incubation is shown in Table 3. There were no sig-

nificant differences for bacteria number, with the ex-

ception of HTG6 plus glyphosate. Thus, viable bacteria

were generally unaffected by glyphosate. However, the

numbers of viable bacteria in soil were low. Probably the
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content of organic matter in the soils favored the hete-

rotrophic microorganisms, as the fungi and actinomy-

cetes, while the bacteria had a depletion in the viable

cells.

Table 2

Microbial activity of different types of soil as determined by the fluorescein diacetate (FDA) method before and after incubation for 32

days with and without added glyphosate

Soil typea Microbial activity expressed as lg of FDA hydrolyzed per gram of soil

Day 0 Day 32

Soil with no added glyphosate Soil with no added glyphosate

(control)

Soil supplemented with 2.16

mgkg�1 glyphosate

HTG0 29.06 c 33.99 b 41.56 a

HTG6 48.26 c 49.39 b 55.66 a

HXG0 27.25 c 37.49 b 46.61 a

HXG11 50.26 c 72.45 b 78.05 a

Values in the same row with the same letter do not differ significantly by the Tukey test (P P 0:05).
a Soil type key: HTG0¼Hapludult soil with no reported application of glyphosate; HTG6¼Hapludult soil with six years appli-

cation of glyphosate; HXG0¼Hapludox soil with no reported application of glyphosate; HXG11¼Hapludox soil with 11 years
application of glyphosate.
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Fig. 1. Evolution of carbon dioxide from Hapludult soil with no reported application of glyphosate (HTG0) and Hapludult soil with

six years application of glyphosate (HTG6) (a). Evolution of carbon dioxide from Hapludox soil with no reported application of

glyphosate (HXG0) and Hapludox soil with eleven years application of glyphosate (HGX11) (b).
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In the case of fungi, application of glyphosate re-

sulted in higher counts. According to Wardle and Par-

kinson (1990b), glyphosate can influence the number of

fungi directly and, indirectly, by affecting the interaction

of fungi with other microorganisms. These results indi-

cate that fungi may use glyphosate as a nutrient and

energy source. Actinomycetes showed a significant in-

crease with time, mainly in the presence of glyphosate.

3.4. Detection of glyphosate breakdown products

Aminomethyl phosphonic acid (AMPA), a molecule

which has a lower rate of degradation than glyphosate,

has been reported by Forlani et al. (1999) as the major

metabolite of glyphosate. The amount of glyphosate and

AMPA detected in the soils before and after incubation

are shown in the Table 4. The quantity of glyphosate

recovered at day 0 after addition of 2.16 mg kg�1 was

similar for the HT soils, although less was recovered

from the HX soils, probably due to the presence higher

clay content of this type of soil (Table 1). This indicates

that there was less bioavailability of glyphosate in the

HX soils. There were no differences between soils which

had previously been treated with glyphosate and those

which had not. After 32 days, the amount of residual

glyphosate in the HT soils was low, and there was no

difference between soil which had previously received

glyphosate and soil which had not. Residual glyphosate

was about twice as high in the HXG0 soil and four times

as high in the HXG11 soil than in the HT soils.

The metabolite AMPA was detected in all the soil

samples after 32 days of incubation in amounts about

Table 3

Type and number of microorganisms detected in different soil types before and after incubation for 32 days with and without added

glyphosate

Microorganism and soil typea Colony forming units per gram of soil

Day 0 Day 32

Soil with no added glyphosate Soil with no added glyphosate

(control)

Soil supplemented with 2.16

mgkg�1 glyphosate

Bacteria

HTG0 0.50� 105 a 2.20� 105 a 1.80� 105 a
HTG6 0.50� 105 a 4.00� 105 a 7.00� 105 b
HXG0 9.10� 105 a 4.90� 105 a 6.30� 105 a
HXG11 8.50� 105 a 1.05� 106 a 7.80� 105 a

Fungi

HTG0 1.00� 104 c 1.60� 104 b 4.50� 104 a
HTG6 0.50� 104 c 1.70� 104 b 3.50� 104 a
HXG0 0.62� 104 c 0.92� 104 b 3.30� 104 a
HXG11 0.87� 104 c 0.80� 104 b 5.30� 104 a

Actinomycetes

HTG0 0.24� 106 c 0.64� 106 b 5.40� 106 b
HTG6 0.40� 106 c 1.50� 106 b 2.40� 106 a
HXG0 0.12� 106 c 0.07� 106 b 0.55� 106 a
HXG11 0.80� 106 b 0.34� 106 b 2.50� 106 a

Values in the same row with the same letter do not differ significantly by the Tukey test (P P 0:05).
a Soil type key: HTG0¼Hapludult soil with no reported application of glyphosate; HTG6¼Hapludult soil with six years appli-

cation of glyphosate; HXG0¼Hapludox soil with no reported application of glyphosate; HXG11¼Hapludox soil with 11 years
application of glyphosate.

Table 4

Amounts of glyphosate and aminomethyl phosphonic acid

(AMPA) detected in different types of soil before and after in-

cubation for 32 days

Soil typea Quantity (mgkg�1)

Day 0 Day 32

Glyphosate Glyphosate AMPA

HTG0 2.116

(�0.03)
0.148

(�0.03)
0.504

(�0.64)
HTG6 2.376

(�0.10)
0.139

(�0.10)
0.788

(�0.47)
HXG0 1.455

(�0.01)
0.202

(�0.01)
0.446

(�0.60)
HXG11 1.450

(�0.01)
0.461

(�0.01)
0.677

(�0.53)
Mean plus standard deviation in parentheses (n ¼ 3) are given.

a Soil type key: HTG0¼Hapludult soil with no reported

application of glyphosate; HTG6¼Hapludult soil with six

years application of glyphosate; HXG0¼Hapludox soil with
no reported application of glyphosate; HXG11¼Hapludox soil
with 11 years application of glyphosate.
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1.5 times higher in soil collected from sites which had

previously been treated with glyphosate than in soils

which had not been exposed to glyphosate.

These results strongly indicate that glyphosate was

biodegraded by soil microorganisms with the formation

AMPA, and that the herbicide had positive effect on the

soil microbial activity in short- and long-term. Future

studies may shed light on the complex interactions oc-

curring between microorganisms during the biodegra-

dation of glyphosate.
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