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munities, ii) soil physicochemical properties, iii) previous exposure to the herbicide. A soil without previous
record of GP application (PO) and two agricultural soils, with 5 and >10 years of GP exposure (A5 and A10)
were subjected to the application of glyphosate at doses of 3 mg-kg ™. The concentration of GP and AMPA was
determined over time and the dynamics of soil bacterial communities was evaluated using 16S ARN ribosomal

Editor: Jay Gan
gene amplicon-sequencing. The GP exposure history affected the rate but not the extent of GP biodegradation.

Keywords: The herbicide was degraded rapidly, but PO soil showed a dissipation rate significantly lower than soils with ag-
Soil microbial communities ricultural history. In PO soil, a significant increase in the relative abundance of Bacteroidetes was observed in re-
Next-generation sequencing sponse to herbicide application. More generally, all soils displayed shifts in bacterial community structure, which
Glyphosate nevertheless could not be clearly associated to glyphosate dissipation, suggesting the presence of redundant bac-
Nonparametric Microbial Interdependence Test teria populations of potential degraders. Yet the application of the herbicide prompted a partial disruption of the

bacterial association network of unexposed soil. On the other hand, higher values of linear (Kd) and nonlinear (Kf)
sorption coefficient in PO point to the relevance of cation exchange capacity (CEC), clay and organic matter to the ca-
pacity of soil to adsorb the herbicide, suggesting that bioavailability was a key factor for the persistence of GP and
AMPA. These results contribute to understand the relationship between bacterial taxa exposed to the herbicide, and
the importance of soil properties as predictors of the possible rate of degradation and persistence of glyphosate in soil.
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1. Introduction

The herbicide glyphosate [N-(phosphonomethyl)-glycine] is a syn-
thetic phosphonate used extensively in the entire world. The introduc-
tion of glyphosate-resistant crops, pre-emergence applications and
weed control between crops has broaden its application (Székacs and
Darvas, 2012), with a concomitant increase in the volume applied per
hectare. Environmental concern related to the widespread use of glyph-
osate has derived in a large number of experimental studies (reviewed
by Cerdeira and Duke, 2006; Borggaard and Gimsing, 2008; Mamy et al.,
2016) and modelling studies (la Cecilia and Maggi, 2018; Wang et al.,
2016) focusing on its fate. The persistence of glyphosate in the environ-
ment increases the possibility of freshwater and groundwater contami-
nation, as well as the interception and absorption by weeds and crops
(Bento et al., 2017; Doublet et al., 2009).

Degradation of glyphosate (GP) in soils is mainly microbiological
(Sprankle et al., 1975), and the role of abiotic factors on its dissipation
is negligible (Bento et al., 2016). Therefore, the role of soil microorgan-
isms is critical in minimizing the environmental concentration of the
herbicide. GP biodegradation occurs by two alternative pathways
(Singh and Walker, 2006). One of the pathways, carried out by microor-
ganisms that utilize the herbicide as a source of phosphorous, involves
the conversion to sarcosine, which is subsequently mineralized to car-
bon dioxide and water. This pathway rarely occurs in natural environ-
ment because the enzymes involved are induced when the
intracellular P; is deficient, a situation not typically encountered in agri-
cultural soils (Sviridov et al., 2015). In the other pathway, GP is metab-
olized to glyoxylate and aminomethylphosphonic acid (AMPA) by
microorganisms that use GP as a source of N. The capacity of many
soil bacteria to degrade GP, yielding both sarcosine and AMPA, has
been demonstrated in the laboratory (Sviridov et al., 2015). The biodeg-
radation of GP via AMPA has been well documented, and this metabolite
has been detected at higher concentrations than GP in agricultural fields
(Aparicio et al., 2013; Battaglin et al., 2014; Primost et al., 2017; Silva
et al,, 2018). An important body of literature, mostly performed in mi-
crocosms, has revealed that GP exposure affects the structure of soil mi-
crobial communities. A wide variety of responses have been described,
ranging from transient to permanent changes, affecting members of
phylum Acidobacteria (Newman et al., 2016a), ammonia-oxidizing bac-
teria (Allegrini et al., 2017), mycorrhiza (Druille et al., 2013), and others.
Either the reduction or the enhancing of the microbial activity and bio-
mass in soil has also been reported (Gémez et al., 2009; Haney et al.,
2002).

It has been shown that repeated use of the same pesticide for several
years brings about the ability of soil biota to degrade it rapidly (James
et al., 2010). However, this process depends on the intervals between
successive pesticide applications, and on the stability of the active mi-
crobiota (Kaufman et al., 1985). Previous studies on the effect of re-
peated applications of GP focused on the activity of microbial
communities rather than on the kinetics of biodegradation. Aradjo
et al. (2003) found an increase in respiration and FDA activity in agricul-
tural soils after GP application, compared to soils with no history of GP
exposure. On the other hand, Allegrini et al. (2015) did not find differ-
ences in the microbial community tolerance to GP from contrasting
soils with and without history of exposure to the herbicide.

Because soil is a very complex and dynamic environmental matrix,
herbicide degradation in soil is not only determined by the microorgan-
isms and the environmental factors, such as land use, soil moisture,
temperature and sources of nitrogen and carbon (Girvan et al., 2003;
Lauber et al., 2008; Bento et al., 2016; Zabaloy et al., 2016), but it is
also critical that the molecule is available for enzymatic attack
(Throckmorton et al., 2015). Once GP is sprayed, a part of the herbicide
attaches to soil particles due to their high adsorption capacity, and will
be more or less bioavailable, depending on the reversibility of adsorp-
tion equilibrium. Some mechanisms have been proposed to describe
the interaction between GP and soil particles (Cruz et al.,, 2007;

Gimsing and Borggaard, 2002; Ololade et al,, 2014). Yet it is not entirely
clear what are the main factors that control the adsorption of GP to soil.
Weber et al. (2004 ) proposed a pedotransfer function for predicting the
linear sorption coefficient (Kd) of different pesticides, and more re-
cently Dollinger et al. (2015) put forward a specific function for GP, in
which Kd is mainly driven by cation exchange capacity (CEC) and clay
content.

Although it is known that sorption influences both the immobiliza-
tion and the microbial degradation of the herbicide, less attention was
devoted to studying the interplay between soil properties, microbial
community composition and GP biodegradation. Our working hypothe-
sis is that soil characteristics, rather than the dependency on specific mi-
croorganisms, determine the glyphosate dissipation in soil. To that aim,
the specific objectives of this work are: i) to evaluate the degradation
rates in soils with and without previous exposure to GP, ii) to establish
the relationship between the dynamics of biodegradation and the
changes in soil bacterial communities iii) to elucidate the influence of
soil properties on microbial community structure and GP bioavailability.
We based our study in three soils located in the southeast of Buenos
Aires Province, Argentina, with similar edapho-climatic conditions, but
different history of land use and herbicide exposure. These fields have
contrasting characteristics in clay, CEC and soil organic matter, which
make them appropriate for evaluating, on a field experiment, the rela-
tionship between soil parameters and herbicide dissipation, as well as
the role of native bacterial communities in response to glyphosate
application.

2. Materials and methods
2.1. Experimental design

The field experiments took place between November 2013 and Feb-
ruary 2014 at INTA Balcarce Agronomic Experimental Station, Province
of Buenos Aires. Soils studied are classified as Luvic Phaeozem (IUSS
Working Group WRB, 2007). Three locations were selected: a soil with-
out previous exposure to herbicides (P0: S37°45'47.9” W058°18'28.4")
belonging to a football stadium surrounded by a row of trees, and two
agricultural soils, with 5 and almost 10 years of GP application history
(A5: S37°45'49.7" W0O58°17'33.1” and A10: S37°45'17.4” W058°17’
51.8”, respectively). Agricultural soils were managed under conven-
tional tillage with maize-wheat/soybean rotation. The history of GP
use and spraying dosage during the last year and the 5 years before
this experiment are shown in Table 1 and Supplementary Table S1. A
randomized block design with six plots of 10 m? was made at each loca-
tion. Commercial glyphosate (DuPont® Premium HL 48% w/v) was
sprayed onto three of the six plots, whereas the other three plots
remained as controls (no herbicide added). Considering a depth of
5 cm and a soil bulk density of 1.2 t m ™3, the sprayed soils received uni-
form manual application of approximately 3 mg of active ingredient
kg™ of soil.

Soil samples were collected the day before application and on days 1,
3,5,8,16,24,32,44 and 72 after herbicide application. Each sample was
a composite of ten sub-samples per plot, collected from the top 0 to
5 cm, using a soil core device, which was cleaned by flashover to avoid
cross-contamination between samples. Samples were homogenized,
dried at 30 °C and sieved through 2-mm mesh, and stored at —20 °C
until DNA extraction.

Soil texture was determined using the pipette method (Gee and
Bauder, 1986). Cation-exchange capacity (Chapman, 1965), pH (1:2.5
soil: water ratio), total organic carbon (Nelson and Sommers, 1982)
and available phosphorus (Bray and Kurtz, 1945) were determined by
standard procedures.

Temperature and rain data during the experiment were collected in
the Meteorological Station of INTA Balcarce (http://anterior.inta.gov.ar/
balcarce/info/meteorologia/meteoro2.htm) and the information is sum-
marized in Fig. S1.
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Table 1
Properties of the studied soils and soil properties dataset analyzed.
Soil properties A10_Balcarce A5_Balcarce PO_Balcarce
Coordinates S37°45'17.4" $37°45'49.7" S37°45'47.9"
WO058°17'51.8”  'WO058°17’33.1” 'W058°18'28.4”

Spraying dosage in the 7.30 8.05 -

last year
(mg ia kg soil ')
SOM (%) 50+ 045b 414 051b 106 £ 092 a
pH 570 £ 0.10 5.80 £+ 0.06 6.10 £+ 0.15
CEC (cmol kg™ ") 2500 +£0.75b 27504+ 544b 4040 £2.59a
Sand (%) 46.804+3.15a 4040 +£2.07b  39.50 4 2.28 b
Silt (%) 29.20 + 3.37 33.40 + 1.80 30.50 + 2.68
Clay (%) 2460+ 183b 26104+ 145b 2920+ 147a
P-Bray (mg kg™ ") 5846 +9.89a 24.014228c 2827 +£1.64b
k constant (days™') 0.058 £ 0.011a 0.071 +0.009a 0.024 £ 0.006 b
¥ (days) 8.56 10.35 16.12
Pedotransfer functions

(Dollinger et al., 2015)

Kd (Lkg™!) 172.59 4+ 7.88 188.63 £ 574  277.45 £+ 27.35

Kf (Lkg™") 19939 + 888 22557 +£6.26  292.47 + 32.46

OC organic carbon, CEC cation exchange capacity. Different letters indicate significant dif-
ferences between sites (p < 0.05).

2.2. Extraction and quantification of glyphosate and AMPA

Five grams of soil were spiked with 50 piL of 10 mg L™! isotope-labeled
glyphosate (1,2-13C N, Sigma-Aldrich) and incubated 30 min at room
temperature. Particulate material was extracted using 25 mL of a solution
containing (100 mM Na,B40; 10H,0; 100 mM K,HPO,; pH = 9, reagent-
grade), and the extract was analyzed according to the methodology pro-
posed by Peruzzo et al. (2008). Briefly, samples were sonicated and then
centrifuged to separate the suspended material. Supernatants were
derivatized with 9-fluorenylmethylchloroformate (FMOC-CL) in acetoni-
trile (HPLC-grade) and incubated overnight in the dark at room tempera-
ture. Subsequently, 5 mL of dichloromethane (CH,Cl,, HPLC-grade) were
added, and the mixture was vortexed and centrifuged. The aqueous phase
was collected and filtered through a 0.22 um nylon filter for chromato-
graphic analysis.

Standards of GP (Pestanal®, Sigma) and AMPA (Sigma-Aldrich)
were prepared in extract solution, in concentrations ranging from 0.5
ug L™ to 200 pg L™! for each analyte. In order to evaluate GP recovery
from samples, 4 pL of 10 mg L™ isotope-labeled GP were added to
this series of dilutions. The standards were derivatized and processed
by the same methodology described above.

Samples and standards were injected into a Waters® ACQUITY®
UPLC MS/MS system (Waters), calibrated for positive detection, using
a column ACQUITY® UPLC BEH C18 column (1.7 um, 50 x 2.2 mm) (Wa-
ters), and eluted using a methanol/water gradient containing 5 mM am-
monium acetate. Methanol and water were HPLC-grade. Calibration
curves were adjusted using a weighted least square regression 1/x, con-
sidering a satisfactory linearity when R? > 0.99. The recovery of GP in soil
was between 70 and 100%.

2.3. Dissipation analysis and constants of glyphosate sorption

GP dissipation was described using a first order kinetic model: GP;
= GP, » e X, where GP; (mg kg ") is the concentration at time ¢ (in
days), GP, is the average initial concentration (n = 3), and k is the
first-order dissipation constant (days~'). Additionally, the half-life
(t¥4) was calculated as: tV2 = In 2/k.

First order kinetics was fitted using nonlinear least square included
in the R package stats (R Core Team, 2017). Statistical differences
among means of GP first order dissipation constants (k) were analyzed
with the Kruskal-Wallis nonparametric rank test (p < 0.05).

We have also used a closed form solution for the measured GP decay
as a function of time, to obtain the maximum velocity, V., and the

Michaelis-Menten rate constant, Ky, (Schnell and Mendoza, 1997):

[GP](t) = KyW <% exp (_V%MHGPOD)

where W is the omega function, which satisfies the transcendental
equation W(x)exp.(W(x)) = x (Schnell and Mendoza, 1997). Goodness
of fit was assessed using the normalized root mean square error
(NRMSE).

To relate the properties of soils to their ability to adsorb GP, Kd and
Freundlich constant (Kf) were calculated empirically, as proposed by
Dollinger et al. (2015). The pedotransfer functions are: Kd (Lkg™") =
7.20 « CEC — 1.31 « Clay + 24.82 and Kf (L kg™' n™!) = 50.904
+ 9.246 « CEC — 1.985 + Clay — 11.811 OC (CEC in cmol kg™, with
clay and OC expressed as %: %0C = SOM%/1.724). The Kd and Kf were
compare with k (dissipation constant) and correlation analyses were
performed using Spearman'’s Rho coefficient.

Additionally, in order to confirm the relationship between proper-
ties of soils and their ability to adsorb GP and AMPA, we related our re-
sults with a dataset from 16 edaphically characterized soils of the
southeast of the Buenos Aires Province, for which, environmental con-
centrations of both GP and AMPA were reported by Aparicio et al.
(2013). The Kd and Kf values were calculated empirically, as described
above, and correlation analyses were performed with the sum of mole-
cules (moles of GP and AMPA kg ™! of soil) reported for each soil. This
analysis does not consider the initial concentration and history of use.
The sum of molecules of GP and AMPA for soils PO, A5 and A10 at day
42th was included in the analysis.

2.4. DNA extraction and sequencing

DNA was extracted from 0.25 g of soil using PowerSoil® DNA Extrac-
tion kit (MoBio, USA), following the manufacturer's instructions. A frag-
ment of the 16S rRNA gene (~640 bp) spanning V3-V5 hipervariable
region was PCR amplified, using primers: 357-forward 5'CACGACGTT
GTAAAACGACCCTACGGGAGGCAGCAG 3’ and 926-Reverse 5'CAGGAA
ACAGCTATGACCCCGTCAATTCMTTTRAGT 3'. PCR was performed in a
final volume of 30 L, containing 1 U Phusion® High Fidelity polymerase
and 1x Buffer (NEB, USA), 0.2 mM dNTPs and 0.03 pM of each primer.
Thermocycler program consisted of an initial step at 95 °C for 2 min,
followed by 30 cycles of 95 °C for 20 s, annealing at 51 °C for 1 min,
and extension at 72 °C for 1 min. The final extension was at 72 °C for
5 min. Three PCR reactions per sample was performed and pooled be-
fore sequencing. Amplicons were purified using Nucleospin® DNA,
RNA and protein purification” (Macherey-Nagel, Diiren, Germany),
and used as template for a second PCR. These reactions used primers
with ligation adaptors for 454 sequencing and barcodes or MID (multi-
plex identifiers) to the 5’ends. PCR reactions consisted in an initial step
at 95 °C for 5 min, and 20 cycles at 95 °C for 30 s and 72 °C for 1 min, fin-
ished with a final extension at 72 °C for 5 min. Amplicons were purified
and quantified to adjust its concentrations. DNA was sequenced using a
GS FLX Titanium 454 Sequencer (Roche) at INDEAR (Rosario,
Argentina).

2.5. Sequence data processing

Data were processed using QIIME 1.9.0, following pipelines for 454
data (Caporaso et al., 2010). Sequences were demultiplexed using
FASTA-formatted sequences, their corresponding quality scores data
files and the validated mapping file. This step assigned to each read
one barcode/sample, quality filtering based on minimum length of
reads of 220 bp, 2 errors in barcode as maximum and 2 mismatches to
the primer, removing of low quality or ambiguous reads and the
accomplishing of reverse primer removal. Additionally, the identifica-
tion of chimeric sequences was performed by ChimeraSlayer algorithm.
The workflow for pickotus was carried out picking Operational
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Taxonomic Units (OTUs) based on sequence similarity within the reads
(method uclust and sequence similarity threshold 0.97), selecting repre-
sentative sequences for each OTU by abundance and their alignment (by
PyNAST) and their taxonomy using Bacterial SILVA database as template
(available at: https://www.arb-silva.de/no_cache/download/archive/
release_123). The filtered data was used to obtain the OTU table, indi-
cating the number of times an OTU appeared in each sample. The se-
quences were normalized via random sub-sampling at 3173 reads per
sample for downstream analyses. OTUs with an occurrence lower than
25% of the total of samples were removed. These rarified OTU tables
were used to calculate alpha diversity metrics including: Shannon
index (Ludwig and Reynolds, 1988), observed OTUs, Chao 1 (Chao,
1984) and dominance. Beta diversity metrics were also estimated
through weighted and unweighted UniFrac (Hamady et al., 2010).
Venn diagram was constructed with package gplots in R 2.10.1(R Core
Team, 2017). All sequences were submitted to the NCBI Sequence
Read Archive (SRA) and are available under the accession number
PRJNA393173.

2.6. Statistical analysis of bacterial community structure

To test the existence of differences in the interdependence of micro-
bial species associated to GP application in the three soils over time, data
was analyzed using the Nonparametric Microbial Interdependence Test
using phyloseq data structure (NMIT-Phyloseq) (Zhang et al., 2017).
Taxa with relative abundances higher than 0.3% and present in >20%
of samples were included in the pair-wise correlation analysis (Kendall
rank correlation) within each experimental plot, separated by treat-
ment: GP-applied and control. Then, the statistical differences between
correlated structures associated with the GP-treatment, were deter-
mined by permutation MANOVA (Zhang et al.,, 2017). Additionally, cor-
relations >0.8 (positive and negative), in at least two of the three plots
per treatment, were graphed to visualized the group microbial interde-
pendence relationships.

The statistically significant differences of taxa abundances were de-
termined between treatments (GP- applied and control) for each site
using permutational multivariate analysis of variance using Adonis,
999 permutations (Vegan package). Alpha diversity metrics were com-
pared using compare_alpha_diversity.py script in the QIIME between
control and GP-treated soils for each site. Additionally, the variations
of alpha diversity metrics were analyzed over time through mixed lin-
ear model using the PROC MIXED procedure (SAS Institute version 9.0,
2002). The differences in the relative abundance over time of different
taxa by treatment also were analyzed using this procedure. Treatment
and site were considered as fixed and random effects, respectively,
and time as a repeated measure. Weighted UniFrac distances between
treatments for each site were compared using ANOSIM method, with
999 permutations (Vegan package). Principal coordinate analyses
(PCoA) was performance, using the beta_diversity_through_plots.py
script in the QIIME pipeline. Mantel test was used to identify the soil
properties that significant correlated with the bacterial community
compositions.

3. Results
3.1. Dissipation of glyphosate in the field

Fig. 1A shows that GP was degraded under field conditions in the
three soils, regardless the previous exposure. Interestingly, no lag
phase was observed in the soil that had not previously received GP ap-
plications. Heavy rains had not occurred after spraying of the herbicide,
making negligible losses due to leaching or runoff. GP dissipation
followed in all cases first order kinetics (p < 0.05); yet the rates of dissi-
pation, measuring by constant k, were significantly different between
sites (p < 0.001; Fig. 1A). When attempting to fit the Michaelis-
Menten model, the GP decay curves approached a first-order

relationship, with Vmax/Km almost equaling the first-order rate con-
stant k, and with similar MRSE values (Table S2). For the PO soil, the
rate of herbicide degradation (k) was significant lower in comparison
with the agricultural soils (A5 and A10). Consequently the t¥2 of PO al-
most double (16.1 days) that of A10 (8.6 days). Values for these vari-
ables in the two agricultural soils were not significantly different,
irrespective of the application history, i.e. number of years exposed to
herbicide and application doses (Tables 1, S1). Levels of the main me-
tabolite AMPA increased over time, and remained high throughout the
experiment in all soils, when compared to GP (Fig. 1B). The small con-
centration of both GP and AMPA detected on day 72 in one of the 3 con-
trol plots, suggest possible dispersion of GP-containing soil particles
from close areas of agricultural production.

The use of empirical Kd and Kf functions as proxies for the degree of
GP sorption to soil suggested that the molecule adsorbs more strongly
to PO soil, which had the highest values of organic matter, clay and
CEC contents in comparison to the agricultural soils A10 and A5
(Table 1). Additionally, the values of Kd and Kf constants correlated neg-
atively with k values (Kd: r = —0.73,p = 0.025 and Kf: r = —0.80,p =
0.009), indicating that soils with a lower capacity to sorb GP show faster
rates of GP dissipation.

3.2. Glyphosate depletion and soil characteristics

To test the relation between soil properties and the extent of total GP
depletion, we sought to confirm the results obtained in this study with
data from agricultural soils from the Pampa region reported previously
(Table S3). The amount of residual GP and AMPA correlated significantly
with both Kd (Spearman R = 0.4702; p = 0.04221) and Kf (R = 0.4789,
p = 0.03802), regardless the differences in the amount of applied herbi-
cide, as well as the time elapsed after the last application (Aparicio et al.,
2013).

3.3. Analysis of microbial soil communities

The composition of bacterial communities was determined using
high-throughput sequencing of 16S rRNA gene amplicons. A total of
399,466 high-quality sequences were obtained after processing. Follow-
ing the exclusion of singletons, an average of 114,004 sequences per site
was obtained.

The analysis of alpha diversity metrics over time revealed transient
differences. For all soils, the observed-OTUs, Chaol richness and
Shannon's diversity estimates, increased transiently after GP application
at day 16, recovering the initial conditions at the end of experiment. A
slightly increase in dominance was also observed (Table S4). However,
the observed changes could not be attributed to bacterial communities'
exposure to herbicide, because similar changes were also observed for
control plots (Table S4).

As expected from the fact that soil samples were taken from closely-
spaced locations, all samples shared a large number of OTUs (Fig. 2). On
the other hand, OTUs unique to PO soil or to agricultural soils A5 and A10
represented a heterogeneous group of taxa with low representation
within the communities.

Principal coordinate analysis (PCoA) indicates that bacterial com-
munities of agricultural soils were more similar between them, and
more distant from those of the non-agricultural soil (Fig. 3). The first
principal coordinate of the PCoA analysis explained almost 19% of the
total variance. The bacterial community composition was significantly
correlated with soil organic matter content, CEC, pH and clay content
(Table 2).

The most abundant phyla were Proteobacteria, Actinobacteria,
Acidobacteria and Bacteroidetes (Fig. 4). The microbial interdependences
profiles determined by the NMIT test were not statistically different be-
tween control and GP-applied soils for all sites (P0: p = 0.4; A5: p =
0.7 and A10: p = 0.3). However, changes in relative abundance of individ-
ual phyla exhibited small, but consistent differences, especially in PO soil.
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Fig. 1. Dissipation of glyphosate in the field conditions (A) and AMPA formation (B) at 3 soils. Two treatments were plotted (soils with GP application and control without application: PO
(with no history of GP application), A5 and A10 (agricultural soils with 5 and 10 years of glyphosate history, respectively). Error bars represent standard deviation (n = 3).

The decrease observed in the abundance of Actinobacteria after GP appli-
cation (p = 0.0428), was accompanied by a concomitant increase in the
abundance of Bacteroidetes (p = 0.0261), which was noticeable from
day 16 onwards, and was maintained over time. Within this phylum, fam-
ilies Flammeovirgaceae and Saprospiraceae (Sphingobacteriales-order) in-
creased following GP treatment from 16% to 20.3%, and 4% to 8.5%,

Al0

43

101 61

1531

PO A5

106 39
33

Fig. 2. Venn diagram representation of OTUs that were found at the three soils: PO, A5 and
A10.The numbers of overlapping tag sequences are indicated in the graph.

respectively. No significant changes between treatments were observed
for other major taxa.

Fig. 5 shows that control groups had higher interdependent struc-
ture than GP-treated soils, which indicates that GP treatment disturbs
the bacterial association network. Changes were more striking in the
PO site, where the complex network of interactions visualized at the
control soil decreased strongly in the presence of GP. Similar loss of in-
teractions was observed in A5, whereas in A10 the initially weak associ-
ation is not greatly affected by the use of the herbicide.

4. Discussion
4.1. Dissipation of glyphosate in the field

In this study, we show that glyphosate was degraded in soil without
major accompanying changes in bacterial community structure. This
might not come as a complete surprise, given that many soil microor-
ganisms are able to use GP as a source of nitrogen, phosphorous and car-
bon (Ermakova et al., 2010; Liu et al., 1991; Sviridov et al., 2015;
Zboinska et al., 1992), and that tolerance to GP (Allegrini et al., 2015),
as well as the capability of converting GP to AMPA, might not necessi-
tate from previous exposure of bacteria to the herbicide (Sviridov
et al,, 2015). However, it should be noted that despite the fact that our
control soil has never been directly exposed to herbicides, low amounts
of GP may have reached the site from the air due to its close proximity to
an agricultural area.
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Fig. 3. PCoA plot show the bacterial communities clustered by localities and treatments,
based on the weighted UniFrac distance matrix generated. The localities are the Balcarce
soils PO, A5 and A10 and the treatment are GP-applicated (A) and control (C) soils. Each
point corresponds to a sample: red squares: A5_A; blue circles: A5_C; purple triangles:
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percentages of variation explained by the plotted principal coordinates are indicated on
the axes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

It has been suggested that physico-chemical properties may prove to
be more important on degradation rates than the composition of soil
bacterial communities (Baker et al., 2010). Our observation that the
Michaelis-Menten model became essentially first order implies that
Km > GP, i.e. a low overall affinity to GP, which points to the complexity
of the biodegradation under field conditions. Parameters such as organic
matter and clay had a major influence on GP mineralization potential
and sorption in the soil (Vinther et al., 2008). Soils with high sorption
and low desorption of GP had shown less biological degradation, sug-
gesting limited GP bioavailability (Serensen et al., 2006; Okada et al.,
2017). The high GP affinity in soils of the Pampa region has been associ-
ated to high content of clay, CEC and A’ Fe and low pH and phospho-
rus content (Goémez Ortiz et al., 2017; Okada et al., 2016). Since previous
soil exposure to GP had a small effect on biodegradation kinetics and on
microbial dynamics, we hypothesized that bioavailability was a major
factor affecting the extent of total GP depletion. Correspondingly, we
show that empirical Kd and Kf pedotransfer functions, which are a priori
estimators of the degree of GP sorption to soil, were associated with the

Table 2
Correlations (r) and significances (P) between the composition of bacterial communities
and physicochemical soil properties, determined by Mantel test.

Soil properties r P

SOM % 0.8486 0.001
pH 0.4155 0.001
CEC. 0.6859 0.001
P-Bray 0.0914 0.014
Sand 0.1137 0.008
Silt 0.0341 0.244
Clay 0.3979 0.001

amount of GP and AMPA found in Pampa soils, regardless the initial
doses of herbicide sprayed or the time elapsed after the last application.

4.2. Effects on the bacterial community structure

The diversity analysis of soil bacterial communities at the three sites
with different history of GP application revealed a separation according
to type of land use. Bacterial populations present in agricultural soils
were more similar to each other and less similar to populations present
in the non-agricultural soil. Differences in bacterial community struc-
ture were strongly correlated with soil SOM, CEC, pH and clay content.
The three soils belong to the same series, although the edaphic charac-
teristics had been modified as a result of the type of use. Agricultural
management practices, such as fertilization, crop rotation and pesticide
applications, influence the structural and functional diversity of micro-
bial communities (Berg and Smalla, 2009; Girvan et al., 2003; Lauber
et al,, 2008). Besides, the type of land use provokes long-lasting effects
on physicochemical characteristics of the soils, especially a decrease in
the organic matter content and pH changes (Galantini and Rosell,
2006; Sainz Rozas et al.,, 2011), which are important in shaping micro-
bial community composition (Zhao et al., 2016).

A recent study found that bacterial communities were more influ-
enced by location, cropping history and year of sample than by GP treat-
ment (Schlatter et al., 2017). In general, changes in the relative
abundance of specific taxa in this study could not be unequivocally asso-
ciated to GP dissipation. However, changes observed in Bacteroidetes
matched the late field dissipation of the herbicide, suggesting a differen-
tial response of this group to herbicide treatment, whether related to
the degradation of the molecule or its effect on the soil nutrients uptake
(Newman et al., 2016b). The increase in the relative abundance of
Bacteroidetes, in particular within the families Flammeovirgaceae and
Saprospiracea, was observed following GP treatment in the soil that
had no previous exposure to GP. Members of Bacteroidetes are generally
associated with the degradation of complex organic materials, and have
been reported as copiotrophs that thrive under conditions of high sub-
strate availability (Fierer et al., 2012). Since commercial GP-based prod-
uct containing 48% (w/v) of GP were applied, changes in bacterial
community structure due to the effect of other ingredients cannot be
ruled out. The increase of copiotrophs had been observed when organic
compounds are added to soil as fertilization strategy for improving soil
organic carbon (Fernandez et al., 2016; Li et al., 2017). Substantial vari-
ations in Proteobacteria and Bacteroidetes relative abundances were sim-
ilarly reported in wheat rhizosphere upon repeated GP application on
soils with and without history of GP use, an effect that was also associ-
ated with an increase in biomass of dying roots in soils (Schlatter et al.,
2017).

Using a recently described method to detect microbial temporal cor-
relations between bacterial taxa (Zhang et al., 2017), we found that ad-
dition of GP disturbed bacterial interdependence, reducing the number
of interactions at the family level. The partial disruption of the bacterial
association network prompted by the application of GP appears to be
especially noticeable in PO soil. Remarkably, bacterial associations in
soils with several years of exposure to GP were already low, and thus
less affected by a new addition of the herbicide. Microbial communities’
interactions through competitive and cooperative relations contribute
with the maintenance of ecosystem function (Hibbing et al., 2010).
Thus, what are the functional implications of the observed disturbances
on microbial interactions caused by short-term and long-term applica-
tion of glyphosate have yet to be established.

5. Conclusions

In summary, the results of this study suggest that GP degradation are
performed by a variety of taxa and that the bioavailability of the herbicide
to the bacterial communities involved in this process is influenced by soil
properties. The correlation between pedotransfer functions and constant
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of dissipation point to the role of physico-chemical properties, such as cat- Further research is required to identify a precise mechanism by which ad-
ion exchange capacity, clay and organic matter content as predictors of dition of glyphosate disturbs bacterial association networks, and to estab-
the rate of degradation and possible persistence of glyphosate in soil. lish whether this impairs soil ecosystem function.
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