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Glyphosate application increased catabolic activity of gram-negative
bacteria but impaired soil fungal community
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Abstract
Glyphosate is a non-selective organophosphate herbicide that is widely used in agriculture, but its effects on soil microbial
communities are highly variable and often contradictory, especially for high dose applications. We applied glyphosate at two
rates: the recommended rate of 50mg active ingredient kg−1 soil and 10-fold this rate to simulate multiple glyphosate applications
during a growing season. After 6 months, we investigated the effects on the composition of soil microbial community, the
catabolic activity and the genetic diversity of the bacterial community using phospholipid fatty acids (PLFAs), community level
catabolic profiles (CLCPs), and 16S rRNA denaturing gradient gel electrophoresis (DGGE). Microbial biomass carbon (Cmic)
was reduced by 45%, and the numbers of the cultivable bacteria and fungi were decreased by 84 and 63%, respectively, under the
higher glyphosate application rate. According to the PLFA analysis, the fungal biomass was reduced by 29% under both
application rates. However, the CLCPs showed that the catabolic activity of the gram-negative (G−) bacterial community was
significantly increased under the high glyphosate application rate. Furthermore, the DGGE analysis indicated that the bacterial
community in the soil that had received the high glyphosate application rate was dominated by G− bacteria. Real-time PCR
results suggested that copies of the glyphosate tolerance gene (EPSPS) increased significantly in the treatment with the high
glyphosate application rate. Our results indicated that fungi were impaired through glyphosate while G− bacteria played an
important role in the tolerance of microbiota to glyphosate applications.
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Introduction

Extensive use of herbicides is a serious matter of environmen-
tal concern because of potential adverse effects on ecosystems

(Busse et al. 2001; Pizarro et al. 2016). Glyphosate ([N-
phosphonomethyl] glycine), one of the most commonly used

Yehao Liu, Yongchun Li and Xiaomei Hua contributed equally to this
work.

Responsible editor: Diane Purchase

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-1676-0) contains supplementary
material, which is available to authorized users.

* Jinliang Qi
qijl@nju.edu.cn

* Yonghua Yang
yangyh@nju.edu.cn

1 NJU-NJFU Institute of Plant Molecular Biology, State Key
Laboratory of Pharmaceutical Biotechnology, School of Life
Sciences, Nanjing University, Nanjing 210023, China

2 School of Environmental and Resource Sciences, Zhejiang A & F
University, Hangzhou 311300, China

3 Nanjing Institute of Environmental Sciences, Ministry of
Environmental Protection Agency, Nanjing 210042, China

4 The New Zealand Institute for Plant & Food Research Limited,
Ruakura Research Centre, Private Bag, Hamilton 3123, New Zealand

5 School of Environment and Chemical Engineering, Foshan
University, Foshan, Guangdong 528000, China

Environmental Science and Pollution Research (2018) 25:14762–14772
https://doi.org/10.1007/s11356-018-1676-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-1676-0&domain=pdf
https://doi.org/10.1007/s11356-018-1676-0


herbicides worldwide, is applied to control a broad spectrum
of weeds in agriculture, horticulture, silviculture, and urban
landscapes (Candela et al. 2007; Duke 2017). It inhibits the
activity of 5-enoylpyruvylshikimate-3-phosphate synthase
(EPSPS), an enzyme involved in the shikimate pathway.
This enzyme is essential for the synthesis of aromatic amino
acids, which are necessary for plant survival (Duke and
Powles 2008). The shikimate synthesis pathway is also found
in microorganisms, and it would be assumed that the micro-
bial growth and activity of susceptible species may be
disrupted by glyphosate (Nguyen et al. 2016). In vitro exper-
iments demonstrated that glyphosate can inhibit microbial
growth of environmental isolates (Bonnet et al. 2007) and
gut microbiota at concentrations greater than 75 mg L−1

(Shehata et al. 2013). However, results of studies investigating
glyphosate impacts on soil microbial communities are highly
variable and often contradictory (Newman et al. 2016a;
Nguyen et al. 2016).

Soil microbes are vital to maintain soil ecosystem functions
including nutrient cycling and bioremediation (Rick and
Thomas 2001; Li et al. 2018). Despite the fact that glyphosate
was considered to have a low mammalian and ecological tox-
icity (Busse et al. 2001), recently, concerns have been raised
by some scientists that the increasing use of glyphosate might
affect non-target organisms in the soil (Bai and Ogbourne
2016). Many studies investigated the effects of glyphosate
on soil microbial properties, such as microbial biomass, en-
zyme activity, and respiration, applying broad-scale or inte-
grative methods (Hosseini Bai et al. 2014; Imfeld and
Vuilleumier 2012; Newman et al. 2016b). A recent meta-
analyses indicated that the effect of glyphosate on soil micro-
bial communities is not consistent but depends on many dif-
ferent factors, including, for example, the concentration and
formulation of glyphosate in an application, soil pH and ex-
posure time (Nguyen et al. 2016). For example, glyphosate
concentration > 200 mg kg−1 increased soil microbial biomass
under short-term exposure (< 100 days) and low soil pH (<
5.5) conditions, while lower glyphosate concentrations de-
creased the microbial biomass in the longer term (> 100 days)
and at neutral pH (Nguyen et al. 2016). Although these studies
provided insight into the response of soil microbial commu-
nities to glyphosate application, its effects on community-
level dynamics and microbial metabolic activity are still poor-
ly understood.

Previous studies on microbial communities showed differ-
ent responses to glyphosate applications. In general, bacterial
community composition was shifted adaptively toward more
glyphosate-tolerant species over time (Jacobsen and Hjelmsø
2014; Lancaster et al. 2010). Glyphosate use led to a decrease
in most bacterial and all fungal biomass in rhizosphere and
favored more glyphosate-tolerant bacteria through shifting the
composition of bacterial communities (Newman et al. 2016a).
The shifts in the microbial community composition might

subsequently affect microbial functions involving carbon
(C), nitrogen (N), and phosphorus (P) cycling (Hosseini Bai
et al. 2014). Therefore, it is necessary to determine whether
microbial groups are impaired by different glyphosate appli-
cation rates.

Previous studies observed a glyphosate-induced increase in
soil microbial activity and functional diversity 15 days after
glyphosate application, while it was inconsistent with the re-
sponse of the microbial community 30 days after glyphosate
treatment (Iker et al. 2009). Most previous studies were short-
term studies, and the potential long-term (here defined as stud-
ies > 100 days) effects are not yet comprehensively document-
ed (Newman et al. 2016a, b). To identify endpoint effects of
glyphosate use, application rates used are often much higher
than recommended label rates in contrast to agronomic stud-
ies, which usually investigate application rates relevant to ag-
ricultural practices (Nguyen et al. 2016). Our objective was to
evaluate the long-term effects of glyphosate applied at differ-
ent application rates on soil microbial communities. We used
the recommended glyphosate application rate and 10-fold
higher rate. Specifically, the following hypotheses were test-
ed: (1) soil bacterial community responds to glyphosate appli-
cation, and, in turn, increases the catabolic activity of Gram-
negative bacteria; (2) glyphosate application impairs soil fun-
gal community, ultimately, decreasing the fungi to bacteria
ratio (F/B); and (3) the increase in the abundance of the glyph-
osate tolerance gene EPSPS depends on the glyphosate appli-
cation rate.

Materials and methods

Experimental design and soil sampling

This experiment was carried out in Nanjing (118° 46′ E, 32°
03′ N), Jiangsu Province, China. This area belongs to the
semitropical zone with an annual mean temperature of
15.3 °C and a mean annual rainfall of 1106.5 mm. Loam soil
was collected at a depth of 0–20 cm from an agriculturally
used site that has not received any agrichemicals. After re-
moving the plant residues by sieving the soil to < 2.0 mm,
the soil sample was divided into samples of 10 kg. Each sam-
ple was loosely packed into a 20-cm high pot with 20 cm
diameter. The pots were cultivated with grass (Cynodon
dactylon L. Pars) and randomly placed with a distance of
about 2 m from each other. At the end of the experiment, the
erect stems of the grass reached heights of approximately
10 cm with deep root systems. Three treatments with four
replicates were established in a completely randomized de-
sign: a control without glyphosate (GLY0), the recommended
glyphosate application rate (GLY1) with 50 mg commercial
product kg−1 soil (equal to 1.33 kg active principle per hect-
are) (Busse et al. 2001; Weaver et al. 2007), and a high
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glyphosate application rate (GLY10) of 500 mg commercial
product kg−1 soil. Applying glyphosate several times during
one growing season, sometimes at higher than recommended
application rates as an attempt to control glyphosate-tolerant
weeds in glyphosate-resistant crops, is common practice. This
can lead to glyphosate accumulation in soils, a situation we
have mimicked with our high glyphosate application rate
treatment. Glyphosate (commercial product) was dissolved
into 50 mL distilled water and evenly sprayed to the surface
of the soils to simulate agricultural application and create a
decreasing stress gradient from the soil surface to the bottom
of the pots. The control soil samples (GLY0) received the
same amount of distilled water. The glyphosate application
was a single application. The half-life of glyphosate is about
20 days (provided by manufacturer).

After 6 months (April–September) soil samples were col-
lected in 0 to10 cm depth and sieved to 2 mm. Soil carbon (C),
nitrogen (N), and phosphorus (P) concentrations, phospholip-
id fatty acids (PLFAs), and community level catabolic profiles
(CLCPs) were then immediately measured in the soil samples.
The measurement techniques are described below. Sub-
samples were stored in sterile plastic bags at − 20 °C for 16S
rRNA gene analysis. Physico-chemical properties of all soils
weremeasured with the methods described in a previous study
(Wang et al. 2006).

Soil microbial biomass C, soil organic C, total N,
and total P concentrations

Soil microbial biomass C (Cmic) was measured by the chloro-
form fumigation-extraction method (Vance et al. 1987). In
brief, each replicate of the three treatments (equivalent to
50 g oven-dried soil weight) was divided into two parts and
labeled as CF (chloroform fumigated) and NF (non-fumigat-
ed). Only the CF sub-sample was exposed to CHCl3 vapor at
20 °C for 24 h in the dark. To elute the water-soluble oxidized
C, 250 mL of 0.5MK2SO4 was added to all sub-samples prior
to filtering. Extractable organic C was measured using an
organic C autoanalyzer (Shimadzu TOC 5000A, Japan). The
following equation was used to calculate Cmic (μg g

−1) = 2.64
Ec, where Ec is the difference in organic C concentration
between CF and NF.

The concentration of total organic C (Corg), total N (Ntot),
and total P (Ptot) was determined using air-dried soil samples
with PerkinElmer 240c analyzer (PerkinElmer Co., Ltd.,
USA), Foss Heraeus CHN-O-rapid elements analyzer (Foss
Heraeus Co., Ltd., Germany), and Jarell-Ash ICP quantometer
(Jarell-Ash Co., Ltd., USA), respectively.

PLFA analysis

The analysis of PLFAs was conducted according toWhite and
Findlay (1988). In brief, total lipids were extracted from 5 g

freeze-dried soil using a mixture of chloroform, methanol, and
citrate buffer (V/V = 1:2:0.8). Then the PLFAs were separated
using silica solid phase extraction columns (Supelco, Inc.,
Bellefonte, PA, USA) followed by trans-esterification with a
mild alkaline to produce fatty acid methyl esters (FAMEs).
The FAMEs were then separated and identified using gas
chromatography (N6890, Agilent, USA). In order to identify
PLFAs, chromatographic retention times and mass spectra
were compared with those of the standard qualitative bacterial
acid methyl ester mix (Supelco UK, Poole, Dorset, UK) that
ranged from C11 to C20 using GC 6890 Plus analyzer
(Hewlett-Packard Co. USA).

In this study, the sum of 15:0, i15:0, a15:0, i16:0, i17:0
cy17:0, 18:1ω9t, 18:1ω9c and cy19:0 was considered to rep-
resent bacterial biomass (Frostegård et al. 1993, Liang et al.
2008, Tong et al. 2007). The sum of i15:0, a15:0, i16:0 and
i17:0 was considered to represent gram-positive (G+) bacterial
biomass, and the sum of cy17:0, cy19:0, 18:1ω9t and
18:1ω9c was considered to represent gram-negative (G−)
bacteria (Tong et al. 2007). The polyenoic and unsaturated
18:2ω6 was used as indicator of fungal biomass (Frostegård
et al. 1993), and the ratio of 18:2ω6 to bacterial PLFAs was
used as estimate of the ratio of fungal to bacterial biomass in
the soil (Frostegård and Bååth 1996).

CLCPs of soil G− and G+ bacteria

Community level catabolic profiles (CLCPs) of soil microbial
communities were measured with Biolog GP and GN micro-
titer plates (Biolog Inc. USA) (Garland andMills 1991). Fresh
soil equivalent to 25 g of dry weight was added to 250 mL of
0.1 M potassium phosphate buffer (pH 7.0) and shaken at
200 rpm for 1 min. After settling for 5 min at 0 °C, the super-
natant was diluted 100 times using phosphate buffer (pH 7.0)
to equalize the turbidity of the eluted solutions from all soil
samples (A595 < 0.1). Then, 125 μL of the aliquot was inocu-
lated to wells of preheated plates and incubated at 30 °C for
1 week. During incubation, absorbance values in each well
were read at 595 nm every 12 h with Sunrise Plate Reader
(TECAN, Switzerland).

Average well color development (AWCD) was used to as-
sess the overall catabolic activity of the microbial community.
It was calculated from the mean of all net absorbance values of
the 95 wells containing substrates.

Quantification of cultivable bacteria,
phosphobacteria, and fungi

Fresh soil (approximate dry weight of 10 g) was dissolved in
100 mL of 0.1 M sodium phosphate buffer (pH 7.0) by agi-
tating the slurry for 30 min. The suspension was diluted 10-
fold for three times in succession, and then 100 μL of the
diluted solution was incubated to (1) trypcasein soy agar
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(TSA) medium to quantify the amount of bacteria (Wu et al.
2001), (2) modified standard SRSM1 enrichment medium of
Sundara Rao and Sinha specific for the isolation of phosphate-
solubilizing microorganisms (Vazquez et al. 2000), and (3)
fungi agar medium to enumerate the amount of fungi
(Toledohernández et al. 2007). The density of microbes was
assessed by visually quantifying colony formation unities
(CFU) per milliliter of sample (CFU mL−1) after 5 days of
cultivation at 28 °C in the dark.

Soil DNA extraction and 16S rRNA-DGGE
fingerprinting

Soil microbial DNA was extracted with the method of SDS-
CTAB lysis (Zhou et al. 1996). In brief, crude DNA samples
were size-fractionated by agarose gel electrophoresis to reduce
the possibility of chimera formation and to remove inhibitors
such as heavy metals and humic acids. DNA of about 23 kb
was recovered using Geneclean UNIQ-10 Spin kit (Sangon,
China) according to the manufacturer’s instruction. For 16S
rRNA gene nested PCR, the eubacterial primers 27f (5′-
AGAGTTTGATCCTGGCTCAG-3′) and 1492r (5′-AGAG
TTTGATCCTGGCTCAG-3′) were used in the first round,
and 1 μL of the resulting PCR product was used as template
in the second round with the primers GC40-341f (5′-CGCC
CGCCGCGCGCGGCGGGCGGGGCACGGGGGGCCTA
CGGGAGG-3′) and 907r (5′-CCGTCAATTCCTTTGTTT-
3′). The 16S rRNA gene was amplified in 50 μL of reaction
system, containing 2.5 U Taq DNA polymerase (Tiangen,
China), 5 μL ExTaq buffer, 3 μL MgCl2, 1 μL of
10 mmol L−1 dNTPs, 1 μL of 10 μmol L−1 of the primer,
and 1 μL of a template DNA. PCR reactions were performed
with the following cycling conditions: 5min at 94 °C; 30 cycles
of 30 s at 94 °C, 30 s at 55 °C, and 30 s at 72 °C.

Denaturing gradient gel electrophoresis (DGGE) was per-
formed using D-code™Universal Mutation Detection System
(Bio-Rad, USA). PCR products were loaded into 6% (w/v)
polyacrylamide gel, which consisted of a linear denaturing
gradient ranging from 40% denaturant at the top of the gel
to 65% denaturant at the bottom (100% denaturant is defined
as 7 M urea and 40% (v/v) deionized formamide).
Electrophoresis was conducted at 130 V and 60 °C for
330 min. The gel was incubated in 0.5 μg mL−1 ethidium
bromide solution for 30 min, rinsed in water for 20 min,
photographed with GelDoc 2000 gel photo system (BioRad,
USA), and analyzed with BioRad’s Quantity One software
package. In order to detect the diversity of soil bacteria at
the molecular level, the mutual and specific bands were ex-
cised and suspended in 20 μL water overnight at 4 °C.
Approximately 5 μL of the supernatants was used for re-
ampl i f i c a t ion wi th the pr imers 341f (5 ′ -CCTA
CGGGAGGCAGCAG-3′) and 518r (5′- ATTACCGC
GGCTGCTGG-3′). The PCR products were purified using

AXYGEN PCR purification kit (AXYGEN, China) and
sequenced.

The 16S rRNA sequences were identified using the
BLAST algorithm against the GenBank database. Sequences
in the GenBank database with more than 98% similarity to the
16S rRNA sequence were assigned to the same phylotype. All
identified sequences were aligned with their closest relatives.

Quantification of EPSPS gene abundance

The class II EPSPS gene was amplified with the primers (5′-
CGTAAGTAAGTGAAAGTAACAATACAGC-3′) and (5′-
CGCTTCTTCGGACAATGACAGAC-3′) (Tian et al. 2010)
from the microbial genomic DNA as mentioned above. The
amplified fragment was cloned into the vector pCR2-TOPO,
and transferred into Escherichia coli TOPO10. The plasmid
DNAwere extracted and purified with a commercial plasmid
kit (AXYGEN, China). Then, 101–108 copies of the recombi-
nant EPSPS gene were used to generate a standard curve.
Real-time quantitative PCR was carried out with EvaGreen
reagents (Biotium, USA) according to the manufacturer’s
standard protocol. Amplification reactions were performed
using ABI Prism 7000 sequence detector (Applied
Biosystems, USA), and the data were analyzed by Applied
SDS software version 1.1 (Applied Biosystems, USA).

Statistical analyses

Statistical analyses were performed with SPSS version 16.0
(SPSS, Chicago, IL, USA). One-way ANOVA (n = 3,
p < 0.05) of the completely randomized design with glypho-
sate as factor was performed to test significant differences.
Before performing the ANOVA, the normality of distribution
and homogeneity of the variance was tested, and the data were
log-transformed if the assumption of homogeneity was violat-
ed. Principal component analysis (PCA) was carried out to test
the effect of glyphosate application on soil bacterial commu-
nities measured by CLCP and PLFA analysis. The DGGE
bands were transformed into a 1–0 binary matrix based on
the presence or absence of DGGE bands. Then, the binary
matrix was also used to generate cluster dendrogram with
the GenStat 10.0 software package to illustrate the soil bacte-
rial community variance. The statistical significance was de-
termined at the 5% level.

Results

Soil properties and microbial biomass C

There was no significant difference between the three treat-
ments in soil pH, Corg, Ntot, and the other basic soil parameters
analyzed (Table 1). Compared to the Ptot concentrations in the
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control GLY0 and the treatment GLY1, the concentration of
Ptot was increased by 118% in the treatment GLY10, accom-
panied by a significant decrease in Corg/Ptot (Table 2). On
average, Cmic and Cmic/Corg were significantly reduced by
45 and 47% in the treatment GLY10, respectively, compared
to those of the control.

Community structure and diversity of soil bacteria

The changes in the composition of microbial PLFAs, as an
indicator of active soil microbial biomass and community
composition, are summarized in Table 3. One of the G+ bac-
teria’s PLFA (a15:0) decreased by 21% in the treatment
GLY10 compared to the control GLY0 (Fig. 1). However,
no significant difference was found in the total microbial
PLFA and bacterial biomarkers. PCAwas conducted to visu-
alize the differences between the PLFAs that contributed to the
difference induced by the glyphosate treatment (Fig. 2). The
first two components explained 67% of the total variance, and
eight PLFAs were strongly correlated (r ≥ 0.6, r is the absolute
value of correlation coefficient) to PC1. Four of these PLFAs
(i15:0, a15:0, i16:0 and cy17:0) were bacterial signatures, and
the other four (18:2ω6, 20:0, 18:1ω9t and 2-OH 14:0) were

strongly correlated to PC2, indicating that these PLFAs played
important roles in the response to the glyphosate treatment.
The CFU count of total bacteria was reduced significantly by
84% in the treatment GLY1 compared to the control
(Table S1).

Biolog GN and GP microplates were used to determine the
substrate utilizing potential of G− and G+ heterotrophic bac-
teria, respectively. Changes in the average well color develop-
ment (AWCD) values reflected the different response of G−
and G+ bacteria to the imposed glyphosate stress (Fig. 3).
After 72 h of incubation, only the AWCD value of G− bacteria
in the treatment GLY10 was higher than for the control, while
no difference was detected in the AWCD value of G+ bacteria.
The PCA results further illustrate the impacts of glyphosate on
G− and G+ bacteria (Fig. S1). Two components, PC1 and
PC2, accounted for 52 and 51% of the total variance in
Biolog GN and GP microplates, respectively. Only the treat-
ment GLY10 was different to the control in the GN Biolog
plates. Moreover, both glyphosate treatments, GLY1 and
GLY10, were different from the control in the GP Biolog
plates.

DGGE pattern of amplified 16S rRNA fragments was used
to examine the effects of glyphosate application on the genetic
structures of the soil bacterial community (Fig. S2). A total of
18 distinguished bands from the soil samples and the solution
in Biolog plates were excised from DGGE gels and se-
quenced. Based on the results of blast and phylogenetic anal-
ysis, we found that 72% of the identified bands were related to
G− bacteria (Table 4). Compared to the control, four bands
decreased in intensity at position a, b, d, and e, and one band
disappeared at position c (Fig. S2). In addition, one band in-
creased in intensity at position f, and four new bands appeared
at position g, h, i, and j on the DGGE gel in the treatments
GLY1 and GLY10 compared to the control soil (Fig. S2). We
also identified cultivable bacteria from the solution of the
Biolog plates to investigate the response of soil bacteria to
the glyphosate application. Some cultivable bacteria, such as
Burkholderia and Gamma proteobacterium, were detected
(Table 4). However, there were only two bands in the Biolog
samples, and one band diminished at position i in the treat-
ments GLY1 and GLY10 compared with the bands of the

Table 2 Carbon (C), nitrogen (N), and phosphorus (P) profiles of the soils

Treatment Cmic (μg g−1) Corg (mg g−1) Ntot (mg g−1) Ptot (mg g−1) Cmic/Corg Corg/Ntot Corg/Ptot

GLY0 150.0 a 15.9 a 1.7 a 0.49 b 0.009 a 9.24 a 3.25 a

GLY1 163.2 a 14.9 a 1.4 a 0.49 b 0.011 a 10.0 a 2.84 a

GLY10 82.1 b 16.4 a 1.4 a 1.07 a 0.005 b 10.6 a 1.36 b

Data are presented as means of four replicates. Means between any two treatments in a column followed by the same lowercase letter indicate a non-
significant difference using anANOVALSD test at p < 0.05. The soil samples were collected at end of the experiment. Soil weight is based on oven-dried
soil

Cmic microbial biomass carbon, Corg organic carbon, Ntot total nitrogen, Ptot total phosphorus

Table 1 Physical and chemical properties of soil samples

Item Soil sample

GLY0 GLY1 GLY10

pH 6.65 a 6.64 a 6.47 a

Water content (%) 22.85 a 22.18 a 23.09 a

K (mg g−1) 13.3 a 13.3 a 13.9 a

Ca (mg g−1) 8.0 a 7.8 a 9.7 a

Na (mg g−1) 9.2 a 9.0 a 9.2 a

Mg (mg g−1) 4.3 a 4.2 a 4.7 a

Fe (mg g−1) 27.7 a 27.1 a 27.8 a

Data are means of four replicates. Means between any two soils in a row
followed by a same lowercase letter indicate no significant difference
using ANOVA LSD test at p < 0.05. The soil samples were collected at
end of the experiment. All data except for pH are based on masses of
oven-dried soil. Soil pH values are based on masses of air-dried soil
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control. The cluster analysis based onDGGE pattern indicated
that the community structure of soil bacteria in GLY1 was
more similar to the control than to the community of the treat-
ment GLY10 (Fig. 4).

Soil fungal community

There was a significant decrease of 29% in the concentration
of fungal PLFA (18:2ω6) in the treatments GLY1 and GLY10
compared to the control (Fig. 1; Table 3). The ratio of fungal to
bacterial biomass decreased significantly by 38% in both the
treatments GLY1 and GLY10.Moreover, the CFU counting of
soil fungi in both the treatments GLY1 and GLY10 was sig-
nificantly reduced by 77 and 63%, respectively, compared to
the control (Table S1).

Abundance of EPSPS gene and enumeration
of cultivable phosphobacteria

Real-time PCR was employed to determine the change in
copy numbers of the EPSPS gene in the soils treated with
glyphosate. The EPSPS gene was detected in all three treat-
ments with different copies, of which the copy number in the
treatment GLY10 was approximately 2.6-times higher than
those in the other two treatments (Fig. 5). Furthermore, the
CFU counting of phosphobacteria revealed significantly

higher numbers of phosphobacteria in the treatments GLY1
and GLY10 than in the control (Table S1).

Discussion

Response of the soil bacterial community
to glyphosate applications

A long-term effect of glyphosate applications at a recom-
mended and 10-fold higher application rate increased the cat-
abolic activity of G− bacteria but inhibited the fungal commu-
nity in the soils. This finding was consistent with a previous
meta-analysis showing that the glyphosate application rate is a
vital factor in determining microbial response (Nguyen et al.
2016). Our results showed that glyphosate application at a 10-
fold higher than recommended rate (GLY10) increased the
AWCD value rather than the biomass of G− bacteria com-
pared to the control (GLY0), indicating that the G− bacteria
activity had a stronger response at the higher dose than at the
recommended rate. The soil microbial community could have
increased their catabolic activity rather than reproducing
themselves to resist environmental stress (Dahlin and Witter
1998). Similarly, a previous study found that the abundance of
G− bacteria decreased in the rhizosphere of glyphosate-treated
plants (Newman et al. 2016b). The increase in catabolic
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Fig. 1 Concentration of
phospholipid fatty acids (PLFAs)
from glyphosate-treated and con-
trol soils. Bars indicate standard
deviation, n = 4.Asterisk indicates
significant differences (p < 0.05).
G− gram negative bacteria, G+
gram positive bacteria

Table 3 The concentration of
PLFAs associated with bacteria
and fungi communities in the
soils

Soil sample Total (mmol g−1soil) Bacterial (mmol g−1soil) Fungal (mmol g−1soil) F/B

GLY0 16.08 a 8.67 a 0.59 a 0.069 a

GLY1 16.43 a 9.90 a 0.42 b 0.043 b

GLY10 16.39 a 9.64 a 0.41 b 0.043 b

Data presented are means of four replicates. Means between any two soils in a column followed by the same
lowercase letter indicate a non-significant difference using ANOVA LSD test at p < 0.05. The soil samples were
collected at end of the experiment and soil weight is based on the weight of freeze-dried soil
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activity of G− bacteria can be interpreted as self-rescue ap-
proach of microbes allowing them to survive under environ-
mental stress caused by glyphosate applications (Wang et al.
2008).

The Cmic was reduced significantly through the glyphosate
application in the treatment GLY10 compared to the treatment
GLY1 and the control GLY0 (Table 2), suggesting that the
high concentration of glyphosate had a negative effect on soil
microbial activities, which is consistent with previous findings
(Andréa et al. 2003; Stratton and Stewart 1992). The persis-
tence of glyphosate varies across soil properties and environ-
mental conditions (Bai and Ogbourne 2016). For example, the
recent literature indicates that the half-life of glyphosate
ranges from 10 to 151 days based on a study with a loamy
soil in China (Zhang et al. 2015) and a study with a clay soil in
Sweden (Bergström et al. 2011), respectively. In our study, the
half-life of glyphosate was indicated to be about 20 days.
Higher rates of glyphosate application (> 100 mg kg−1) could
provide a metabolizable source of C, N, and P (Duke et al.
2012; Haney et al. 2002). In this study, Cmic/Corg was

significantly lower in the treatment GLY10 than in the control
GLY0 and the treatment GLY1, implying that less substrate C
was incorporated into the soil microbial biomass at the high
glyphosate application rate. Although the amounts of total and
bacterial PLFAs showed no significant differences among the
three treatments (Table 3), both PCAs based on the PLFAs
(Fig. 2) and the pattern of 16S rRNA DGGE (Fig. S2) con-
firmed that the soil bacterial community composition, specif-
ically G− bacteria, responded to the glyphosate application,
supporting our first hypothesis.

Phylogenetic analysis based on 16S rRNA DGGE pattern
showed that 72% of the identified bands belonged to G− bac-
teria (Table 4), suggesting that G− bacteria might have dom-
inated the whole soil bacterial community and played an im-
portant role in responding to the stress of the glyphosate ap-
plications. Previous studies indicated that G− bacteria tend to
grow well under substrate-rich condition (Chang and Chiu
2015; Margesin et al. 2009), and it was proposed that G−
bacteria are more resistant to chemical stress than other mi-
crobes because they possess a specific cell wall structure
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(Berg et al. 2005; Lapygina et al. 2002; Wang et al. 2008). In
the present study, some bacterial species, mainly Ralstonia
sp., Gamma proteobacterium, Burkholderia sp., and
Devosia sp. were detected in the treatments GLY1 and
GLY10. These had been shown to be capable of degrading
some chemicals, such as mono and dichlorophenols and tri-
chloroethylene (Ayoubi and Harker 1998; Cobos-Vasconcelos
et al. 2006; Lee 2007). Our results are consistent with a pre-
vious study, which showed that the dominance of some G−
bacteria in pesticide-stressed soils decreased the richness of
the bacterial community (Wang et al. 2008). Our results con-
firm the presence of a spectrum of sensitive bacteria among
the microbial population depending on the glyphosate appli-
cation rate as reported in previous study (Nguyen et al. 2016).

Impairment of the soil fungal community
through glyphosate applications

In this study, both the concentration of fungal PLFA and num-
bers of cultivable fungi decreased significantly in the treat-
ment GLY1 and GLY10 compared to the control, indicating
that the soil fungal community was impaired at both applica-
tion rates. This finding is consistent with a previous meta-
analysis showing that less resilient microbial population were
inhibited by increasing glyphosate concentrations over ap-
proximately 10 mg kg−1 (Nguyen et al. 2016), suggesting that
the fungal community is more sensitive to stress caused by
glyphosate than other microorganisms. Fungi are considered
to bemore sensitive to chemical stress (Edvantoro et al. 2003),

Table 4 Sequence analyses of
bands excised from DGGE gels
derived from bacterial 16S rRNA
extracted from the soils and
Biolog microplates

GenBank accession
no.

Bacterium with related bacterial
sequence

Treatment Related to G−/G+
bacteria

EF452410 Bacillus clausii strain GLY0 (soil) G− bacterium

EF452411 Flavobacterium sp. GLY0 (soil) G− bacterium

EF452412 Uncultured delta proteobacterium GLY0 (soil) G− bacterium

EF452413 Uncultured Flavobacteria bacterium GLY0 (soil) G− bacterium

EF452414 Uncultured Acidobacteria bacterium GLY0 (soil) G− bacterium

EF452415 Uncultured bacterium GLY0 (soil) Unknown

EF452416 Uncultured bacterium GLY0 (soil) Unknown

EF452417 Uncultured bacterium GLY0 (soil) Unknown

EU255829 Burkholderia cenocepacia GLY0 (Biolog) G− bacterium

EU255817 Pseudomonas sp. GLY0 (Biolog) G− bacterium

EF452371 Uncultured soil bacterium GLY1 (soil) G− bacterium

EF452372 Uncultured bacterium GLY1 (soil) G− bacterium

EF452373 Ralstonia sp. GLY1 (soil) G− bacterium

EU255854 Gamma proteobacterium GLY1 (Biolog) G− bacterium

EU255852 Burkholderia sp. GLY1 (Biolog) G− bacterium

EF452374 Uncultured bacterium GLY10 (soil) Unknown

EF452375 Uncultured hydrocarbon seep
bacterium

GLY10 (soil) Unknown

EU255862 Devosia sp. GLY10
(Biolog)

G− bacterium

Fig. 4 Cluster dendrogram
showing the changes in bacterial
community composition of
glyphosate-treated and control
soils based on presence/absence
of DGGE bands
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and it was also reported that fungal PLFA biomarkers in the
rhizosphere decreased when plants were treated with glypho-
sate (Newman et al. 2016b). The F/B biomass ratio is often
used as indicator of changes in the carbon use efficiency of
microbial communities in response to environmental stress
(Chen et al. 2013). In the present study, the lower F/B ratio
in the treatments GLY1 and GLY10 supports our second hy-
pothesis and suggests that both the recommended and 10-fold
higher glyphosate application rate decreased the microbial
community’s efficiency to utilize carbon, which is in line with
the decreased Cmic/Corg ratio induced by the glyphosate
applications.

Glyphosate-induced increase in abundance of EPSPS
gene

The EPSPS gene showed high tolerance to glyphosate in cer-
tain strains (Sun et al. 2005). In the present study, the copy
number of the EPSPS gene in the treatment GLY10 was 2.6
times higher than that in the control GLY0, while there was no
significant difference between the treatments GLY0 and
GLY1 (Fig. 5), supporting our third hypothesis that the abun-
dance of the glyphosate tolerance EPSPS gene depended on
the glyphosate application rate. Some bacterial strains, such as
Pseudomonas sp. and Agrobacterium tumefaciens sp., are G−
bacteria, whose EPSPS genes can tolerate exposure to glyph-
osate (Jacob et al. 1988; Mcauliffe et al. 1990; Zhou et al.
2006). For example, previous studies reported that both
Pseudomonas sp. and Agrobacterium sp. have the capability
to metabolize glyphosate (Jacob et al. 1988; Mcauliffe et al.
1990), and A. tumefaciens sp. strain was successfully used in
glyphosate-tolerant crops due to its high glyphosate resistance
(Zhou et al. 2006). In addition, the high glyphosate application
rate (GLY10) increased the Ptot content of the soil and thereby
decreased the ratio of Corg/Ptot compared to the treatments
GLY0 and GLY1 (Table 2), suggesting that P assimilation
increased through the high glyphosate application (Wang
et al. 2008). Correspondingly, the numbers of cultivable

phosphobacteria increased 24- and 40-fold in the GLY1 and
GLY10 treatments, respectively (Table S1). Although glyph-
osate application had no effect on the contents of Corg in the
soils of this study, the chemical composition of Corg is likely to
influence the soil microbial population size (Li et al. 2013).
Recently, shifts in fungal community were shown to be linked
to the chemical composition of Corg in forest soils (Li et al.
2017a, b). Therefore, some specific microbial communities,
such as G− bacteria, phosphobacteria, and fungi, could play
important roles in tolerating or resisting glyphosate, but their
functions need to be further elucidated in future study.

Conclusion

In our 180-day study, we showed that the soil fungal com-
munity was impaired by the recommended glyphosate ap-
plication rate. In contrast, the high glyphosate application
rate had significant effects on the structure and functional
and genetic diversity of the soil microbial community.
Both, the G+ bacteria and fungal community were inhibited
while the catabolic activity of G− bacteria was increased,
indicating that these taxa were sensitive and responsive to
the environmental change caused by glyphosate applica-
tions. The higher application rate increased the dominance
of G− bacteria but decreased its richness, suggesting that G
− bacteria play an important role in the degradation of
glyphosate. Although the recommended glyphosate appli-
cation rate had no effects on the soil bacterial community,
the shifts observed in the community structure and function
of the soil microbial community at the recommended
glyphosate application rate warrant more detailed investi-
gations. Future research should employ a combination of
various approaches, including quantification of functional
gene activity at the mRNA level and next-generation se-
quencing to assess potential ecological effects of glypho-
sate applications on soil microbial composition and its
functions over a longer time period.
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