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Abstract

Glyphosate (N-(phosphonomethyl)glycine) has emerged as the top-selling herbicide worldwide because of its versatility in
controlling annual and perennial weeds and the extensive use of glyphosate-resistant crops. Concerns related to the wide-
spread use of glyphosate and its ubiquitous presence in the environment has led to a large number of studies and reviews,
which examined the toxicity and fate of glyphosate and its major metabolite, aminomethylphosphonic acid (AMPA) in the
environment. Because the biological breakdown of glyphosate is most likely the main elimination process, the biodegra-
dation of glyphosate has also been the object of abundant experimental work. Importantly, glyphosate biodegradation in
aquatic and soil ecosystems is affected not only by the composition and the activity of microbial communities, but also by the
physical environment. However, the interplay between microbiomes and glyphosate biodegradation in edaphic and aquatic
environments has rarely been considered before. The proposed minireview aims at filling this gap. We summarize the most
recent work exploring glyphosate biodegradation in natural aquatic biofilms, the biological, chemical and physical factors
and processes playing on the adsorption, transport and biodegradation of glyphosate at different levels of soil organization
and under different agricultural managements, and its impact on soil microbial communities.

Keywords Glyphosate - Soil microbial communities - Herbicide fate - Plant residues - Soil structure - Porosity - Aquatic
environments

Introduction middle of the last century, the widespread intensification of

industrial agriculture stemming from the so-called Green
The present individual and societal environmental awareness ~ Revolution allowed major increases in crop yield required
demands that the increase in the efficiency of agricultural  to keep pace with worldwide population growth. Yet the sig-
production systems does not come at the expense of soil  nificant improvements in crop production have relied in part
sustainability and health of natural ecosystems. Since the  on the extensive use of fertilizers and pesticides (Pimentel
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1996). The herbicide glyphosate (N-(phosphonomethyl)
glycine) was introduced in 1974 and has since been widely
used due to its versatility in controlling annual and perennial
weeds. It has subsequently been at the center of consider-
able controversy shortly after the introduction of transgenic,
glyphosate-resistant crops and the increasing adoption of no-
till farming worldwide. Concerns related to the widespread
use of glyphosate has prompted many studies and reviews on
the environmental fate of glyphosate and its major metabo-
lite, aminomethylphosphonic acid (AMPA) (Singh and
Walker 2006; Borggaard and Gimsing 2008; Padilla and
Selim 2020; Chow et al. 2020).

A major issue is that glyphosate also affects prokaryotes
because it targets 5-enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS; EC 2.5.1.19), also known as aroA enzyme,
a central enzyme of the shikimate pathway involved in the
synthesis of aromatic amino acids. Soil microorganisms are
essential components for sustaining the multiple functions
delivered by soils. Any environmental factor that affects
microbial diversity and function could therefore poten-
tially affect soil ecosystem services. In turn, the complex
plant-associated microbial community, i.e. the rhizosphere
microbiome, is critical for plant health and growth. Thus, the
numerous research efforts addressing the effect of glypho-
sate on soil fungal and prokaryotic communities are well
justified by the widespread agricultural use of glyphosate
for weed control.

The biological breakdown of glyphosate is the main dis-
sipation process in the environment, and is driven mainly
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by microbial activity, in which bacteria have a predominant
role. The microbial degrading capacity has been largely
studied and reviewed and it is well established in in vitro
experiments that they are able to use glyphosate as a source
of inorganic P as well as N and C source under certain cir-
cumstances (Singh and Walker 2006; Ermakova et al. 2017;
Zhan et al. 2018).

However, the fate of glyphosate and its effect on ecosys-
tems will depend on microbial traits as well as on glypho-
sate application rate, soil characteristics, soil transport
processes and soil management, among other factors. That
is in part why the literature is characterized by seemingly
contradictory findings. Microbiological processes, includ-
ing glyphosate degradation, occur in physical environments
where air, water and nutrients are further dependent on the
organization of mineral and organic components. Thus, soil
habitats must be considered as a key factor regulating, not
only glyphosate biodegradation but also glyphosate adsorp-
tion and dissipation leading to an overall occurrence of this
molecule in the environment (Fig. 1). Consequently, detailed
description of soil characteristics, properties and structural
arrangements are needed.

It follows that assessing the direct impact of herbicides on
soil microbial communities is not straightforward: the fac-
tors and processes affecting glyphosate biodegradation must
be identified and analyzed at the appropriate level of analy-
sis. Soil type, farming system, crop sequence, agricultural
management, climate, sampling season and other factors are
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Fig.1 Overview of the main biological, chemical and physical processes responsible for the environmental fate of glyphosate
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potentially confounding factors that must be accounted for
before definite conclusions can be drawn.

Understanding the interplay between glyphosate biodeg-
radation, soil and water microbiomes and soil physical and
chemical properties is of crucial importance to ensure the
maintenance of soil health and fertility. This mini-review
aims at filling this gap. We have summarized research, with
particular focus on the last 6 years, exploring the following
issues: (i) Metabolic routes of microbial glyphosate bio-
degradation, (ii) The effect of glyphosate on soil microbial
communities, (iii) The effect of soil chemical and physical
characteristics on glyphosate availability and biodegrada-
tion, (iv) Glyphosate biodegradation in natural aquatic bio-
films and the effect of aquatic habitat characteristics and (v)
The impact of soil management, e.g. the presence of stub-
ble, the fertilization regime, and other agronomic factors, on
glyphosate biodegradation.

Soil microorganisms: tolerance
to glyphosate and degrading capacity

Isolates

Two types of EPSP synthases have been described from
various organisms on the basis of their intrinsic glyphosate
sensitivities and their substantial sequence variations (Cao
et al. 2012; Yi et al. 2016). While type I EPSP synthases,
present mainly in plants and some bacteria, are naturally
sensitive to glyphosate, the type II EPSP synthases exhibit
significant activity under high glyphosate concentrations, so
they are glyphosate-tolerant.

Glyphosate-degrading bacterial ability is widely dis-
tributed in the Bacteria domain and it is not restricted to
particular taxonomic groups. On the contrary, most fungal
strains isolated from glyphosate polluted environments are
restricted to a few taxa and have relatively slow degrading
activity with a predominance of the AMPA pathway, using
glyphosate as a P source (Zhan et al. 2018; Singh et al. 2019;
Correa et al. 2023).

Table 1 includes the most recent discoveries of bacterial
and fungal degrading microbes, along with a minimum set
of variables reported for the isolation. Research published
before 2015 can be found in many previous reviews (Zhan
et al. 2018; Padilla and Selim 2019; Singh et al. 2020).
Most of the isolated bacteria were able to use glyphosate
either as a sole source of P (Manogaran et al. 2017; Masotti
et al. 2021) or both C and P source (Ermakova et al. 2017,
Gonzalez-Valenzuela and Dussan 2018; Firdous et al. 2020).
Fewer studies reported the isolation of bacteria able to use
glyphosate as sole source of C (Zhao et al. 2015). Fungal
isolates belong to the Ascomycota division and were all
able to use glyphosate as sole source of P (Zhan et al. 2018;

Singh et al. 2020; Correa et al. 2023) or either P and N
sources (Carranza et al. 2019) (Table 1).

Factors affecting microbial degradation in vitro

Many studies have focused on the optimization of batch
culture conditions to achieve efficient microbial glyphosate
degradation that would lead to a better understanding of
the factors involved in its metabolism, e.g. (Yu et al. 2015;
Ermakova et al. 2017; Manogaran et al. 2018; Firdous et al.
2020).

As mentioned before, glyphosate can bind to humic
acids and metal ions at a range of pH conditions, leading
to reduced availability for microbial degradation and thus,
increasing its lifetime in aquatic and soil environments.
Singh et al (2019) reported that the addition in the culture
medium of humic acids (HA, 10 ppm) had the most inhibi-
tory effect on degradation rates of the isolates Streptomyces
sp. GP1, Bacillus sp. GP2 and R. leguminosarum GP 3, fol-
lowed by cupric (15 ppm) and ferric (25 ppm) ions. This
resulted in up to 30% less glyphosate degrading at a slower
rate, with half-life increasing about 50% in comparison to
the control without ions or HA (Singh et al. 2019).

Metabolic pathways that microbes follow in in vitro
studies

Glyphosate is metabolized through either one of two known
pathways, the C-P lyase pathway and the glyphosate oxi-
doreductase pathway, GOX (Borggaard and Gimsing 2008).
The activation of the C-P lyase operon is downregulated by
the external and endogenous levels of Pi and it is therefore
rarely induced in the natural environments (Hove-Jensen
et al. 2014; Zhan et al. 2018). However, glyphosate degra-
dation under P starvation conditions has been analyzed in lab
experimental studies. In the C-P lyase pathway, glyphosate
is transported and cleaved by means of a set of about 14
proteins encoded in the phn operon, producing a P contain-
ing molecule (5-phosphoribosyl 1-diphosphate, PRPP) that
subsequently releases inorganic P (Pi) and N-methylglycine
(sarcosine), which can be further oxidized through sarcosine
oxidase activity.

The GOX pathway results in the cleavage of the C-N
bond with the formation of AMPA and release of glyoxylate
that bacteria use as a C source. The ulterior fate of AMPA
is less well-established. Some bacteria simply excrete it to
the environment without further processing, while others
metabolize it through acetylation, transamination, or meth-
ylation, probably rendering a less active compound (Zhan
et al. 2018; Singh et al. 2020). As AMPA still retains the C-P
bond, some bacteria ultimately channel this metabolite to
the C-P lyase pathway for complete degradation (Jochimsen
et al. 2011). Thus, the C-P lyase pathway is critical in the
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mineralization of glyphosate as a connecting step in both
metabolic pathways (Sviridov et al. 2015).

Besides the glyphosate oxidoreductase, the glycine oxi-
dase enzymes, encoded by thiO gene, are also capable of
catalyzing the oxidative deamination of glyphosate as well
as other amines cleaving the C-N bond. Glyphosate degra-
dation probably occurs as a result of low substrate speci-
ficity of these enzymes, which are widely distributed in
many genera of bacteria such as Ochrobactrum, Rhizobium,
Pseudomonas, Bradyrhizobium and others (Iyer et al. 2018;
Guijarro et al. 2021).

Noteworthy, most of the isolates harbor more than one of
the known degradation pathways (Zhao et al. 2015; Erma-
kova et al. 2017; Gonzalez-Valenzuela and Dussan 2018;
Singh et al. 2019; Firdous et al. 2020; Masotti et al. 2021).

The relevance of the previously discussed results goes
beyond the intrinsic interest of disentangling microbial
metabolism of the herbicide. It is particularly important
to understand the multiplicity of metabolic strategies that
these microbes may deploy in situ, where they interact with
each other and with glyphosate-sensitive microorganisms.
(Ermakova et al. 2017). For instance, three Achromobac-
ter and one Ochrobactrum strains could complement each
other’s capacities in the degradation of glyphosate (Erma-
kova et al. 2017). The degradation metabolite AMPA or Pi
could be excreted to the environment in O. antrhopi GPK3
and support the growth of Achromobacter sp. MPK7 cells,
which were unable to use glyphosate as source of P even
under starvation conditions (Ermakova et al. 2017). These
results give grounds to analyze how the interactions among
glyphosate-degrading, glyphosate-sensitive and glyphosate
“neutral” microbes in a microbial community may modulate
the end-point response to glyphosate exposure in soils.

Biodegradation in whole-soil studies

Most experimental studies of glyphosate degradation with
whole soil were performed either in microcosms or soil
columns, which present obvious limitations to reflect real
conditions for soil degradation, yet they are clearly more rep-
resentative than in vitro studies of isolated microbial degrad-
ers. The fundamental role of soil microbiota in glyphosate
degradation and the influence of temperature and soil mois-
ture in regulating their metabolic activities has been dem-
onstrated in whole soil experiments by the use of abiotic
controls (Bento et al. 2016; Tang et al. 2019; Sun et al. 2019;
Muskus et al. 2020).

Table 2 shows studies reporting glyphosate degradation
in soils in the period 2015-2021. They were conducted in
a wide variety of soil types and textures as well as under
different uses and management conditions, although most
studies were performed on heavy soils (clayey to silty loam)
and only a few were light soils (loam to sandy). All these

@ Springer

edaphic characteristics, as well as other soil properties (pH,
organic carbon (OC), moisture, etc.), climatic conditions
(temperature) and biota have been shown to affect glypho-
sate degradation at different degrees (Norgaard et al. 2015;
Guijarro et al. 2018; Mercado and Mactal 2021).

Comparing the effect of the degradation rates between
studies is difficult due to the large heterogeneity of formula-
tions used and the limited information on the rationale for
the chosen glyphosate doses. The informed doses ranged
from 1 to> 100 mg kg™' (Table 2), while the average DTy,
in the microcosm’s studies ranged from only 1.5 days (Bento
et al. 2016) to almost 6 months (Padilla and Selim 2019),
although under field conditions is probably short-lived (Gui-
jarro et al. 2018; Carretta et al. 2021).

The vast majority of the studies were performed in agri-
cultural soils. Therefore, a higher level of complexity is
expected by the effect of agricultural management practices,
such as fertilization, tillage, cover cropping, as well as by the
previous glyphosate use history (Tang et al. 2019). Carretta
et al (2021) analyzed the effects of tillage regime (no till, NT
vs. conventional tillage, CT) on glyphosate degradation at
two soil depths (0-5 and 5-20 cm) in a silt loam soil under
maize-wheat/ soybean rotation. They suggested that, apart
from influencing these soil properties, NT operation may
also increase compaction and reduce the aeration necessary
for microbial glyphosate degradation. P fertilizer added to
glyphosate-treated microcosms resulted in mobilization of
glyphosate in all soils, although a more marked effect was
seen in a gray forest soil (Kulikova et al. 2020). This effect,
however, did not increase the abundance of glyphosate-
degrading bacteria that could use the herbicide as P source,
nor affected the wheat growth in the exposed soils.

Glyphosate degradation in soils is thought to be driven
by microbial co-metabolism, as the majority of glyphosate
degrading microbes do not use it as source of C (Sviridov
et al. 2015). It was recently shown that glyphosate degra-
dation into AMPA was enhanced in microcosms amended
with P and N sources and C limited, probably as a result
of microbial use of the herbicide as a C source (Tang et al.
2019). The authors could not rule out, however, that co-met-
abolic degradation was taking place as a result of increased
microbial activity. In another amendment experiment, soil
plus C and N was P-limited and this promoted complete
glyphosate degradation without any lag (Tang et al. 2019).
In soil degradation experiments it has been demonstrated
that the formation of AMPA through the GOX pathway is
more frequently detected than the production of sarcosine
resulting from the activity of the C-P lyase pathway. This
may not necessarily represent the predominance of GOX
pathway over C-P lyase pathway, but only the higher per-
sistence of AMPA over sarcosine. Interestingly, a study that
did not detect AMPA in any of the soils analyzed for glypho-
sate degradation suggested that the sarcosine pathway (C-P
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lyase pathway) was predominant under their experimental
conditions (Kulikova et al. 2020). Similarly, it was observed
that glyphosate degradation did not result in a concomitant
increase in AMPA levels, attributing this result to preferred
herbicide degradation via C-P lyase pathway generating
sarcosine (Okada et al. 2019). The authors highlighted that
this pathway is usually underestimated because the labile
nature of sarcosine and its production from many different
natural sources makes it difficult to link its concentration to
glyphosate degradation. In contrast, it was reported that, on
average, 20 to 43% of the '*C-glyphosate applied to micro-
cosms of two different soils was mineralized to '*CO, while
most '*C remained associated to the phosphonic acid moiety
in AMPA, which is indicative of degradation via the GOX
pathway (Padilla and Selim 2019). They showed that 18 to
40% of the adsorbed '“C-glyphosate was degraded to AMPA
in the silt loam soil while 56 to 74% of it was converted
in the clay soil, which despite a higher affinity to adsorb
glyphosate may harbor a more active microbial community
and/or degrading species. The non-significant relationship
between sorption and degradation was previously postulated
by Norgaard et al. (2015) when degraders are very numer-
ous in a soil.

The composition of the glyphosate commercial formula-
tion is also relevant with regards to the degradation rates and
potential detrimental effects observed in soil experiments.
The studies that have explored this aspect of glyphosate deg-
radation are rather scarce, mainly because it is difficult to
obtain proprietary information of commercial products so as
to conduct appropriately controlled experiments that allow
distinguishing between the active ingredient’s effects from
the surfactants and adjuvants’ effects (Carretta et al. 2020).
After the European Union banned the use of polyethoxilated
tallow amine (POEA) adjuvant, most glyphosate-based prod-
ucts contain a blend of non-ionic alkyl polyglucoside (APG)
and nitroryl (Mesnage et al. 2019). Carretta and coworkers
(2020) investigated the effect of different concentrations of
the APG-based surfactant Triton CG-110, on the adsorp-
tion and mineralization of glyphosate when used in realistic
doses in two soils of contrasting texture and inert sand. Tri-
ton CG-110 reduced glyphosate adsorption more strongly in
the inert sand, followed by the sandy soil and only slightly in
the clay soil, while no significant differences were observed
among surfactant concentrations in the herbicide mineraliza-
tion based on “C-CO, evolution. This study showed that the
presence of up to 30% Triton CG-110 in the formulations
would have negligible effects in glyphosate degradation in
soils (Carretta et al. 2020).

@ Springer

Impact of glyphosate on soil microbial
communities

Soil bulk and rhizosphere microbiomes

A review published almost a decade ago already highlighted
the role played by soil type and soil physicochemical proper-
ties on glyphosate biodegradation and on the inhibitory or
stimulatory effects of glyphosate on soil microbiota (Wol-
marans and Swart 2014). A later meta-analysis identified
pH, glyphosate concentration, OC and time after appli-
cation as moderator variables that significantly affected
microbial biomass and its activity (Nguyen et al. 2016),
and concluded that at recommended field application rates
(i.e. <10 mg kg™!) glyphosate application had no significant
effect on soil microbial respiration and soil microbial bio-
mass. Using a range of enzyme activities and C substrates
in three contrasting agricultural soils, Nguyen et al (2018)
confirmed that soil type and formulation of the herbicide
are important factors when assessing potential impacts on
soil, although the effects on soil functions were negligible
at application rates below 2.9 mg kg~".

Earlier investigations about glyphosate’s effect on soil
microbial communities were based on culture-dependent
techniques, phospholipid fatty acid (PLFA) profiles, molecu-
lar fingerprinting analysis of 16S rRNA genes, such as dena-
turing gradient gel electrophoresis (DGGE) and terminal-
restriction fragment length polymorphism (T-RFLP). Most
of those studies showed minor or no effects on microbial
community structure (see (Dennis et al. 2018) and references
therein). The use of more advanced sequencing techniques
for the study of microbial community structure allows for
a more integrative analysis of the communities and a bet-
ter understanding of the network of complex interactions
present in soils. Yet even with the use of more sophisticated
techniques, studies may still lack the needed statistical power
to discern small differences between treatment and controls.
Table 3 lists more recent published studies about the effects
of the application of glyphosate on soil and rhizosphere
microbiota.

Several studies have investigated the structure, diver-
sity, and functions of microbial communities in short term
experiments under controlled conditions in greenhouse and
microcosm experiments and fewer have been conducted at
field scale. Among the latter studies, three multi-site, multi-
year field experiments did not find any impact caused by
glyphosate on the whole populations of bacteria, archaea
and fungi associated with the roots of glyphosate-resistant
crops across diverse farming systems, regardless the previ-
ous history of herbicide use (Allegrini et al. 2015; Schlatter
et al. 2018; Kepler et al. 2020). Similarly, only small effects
on the wheat rhizosphere bacterial communities were found
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Table 3 (continued)

&

Country Reference

Community changes Pathogens fate

GLY use Taxa targeted Analysis tool Study length
history

Glyphosate concen-

tration

Crops/plants

Type of soil*

Study
scale

Springer

1.9 kg ha™!

Zabaloy et al.

(2017)

Argentina

N/A

Glyphosate + N fertilizer
amendment had no

AOA, AOB qPCR, DGGE 32 days

N/A

Sandy loam none

Micro-

Petrocalcic

cosms

effect compared to

fertilizer alone

Paleustoll (ST)

Imparato et al.
(2016)

N/A Denmark

Increase in protist

30 days

DGGE, MPN,

2.4 mL of RoundUp N/A Bacteria,

Barley

Sandy loam

abundance and in

gPCR

flagellates and

protists

(9.6 g L™! glypho-

sate)

bacterial abundance

and diversity

#Type of Soil denotes soil texture and taxonomy when available. ST Soil Taxonomy, WRB World Reference Base

in a wheat monoculture or pea—wheat rotation in two till-
age systems after 7 years of continuous glyphosate appli-
cation in the field (Lupwayi et al. 2021), in different soil
types with different herbicide application history in the field
(Guijarro et al. 2018) or under laboratory conditions (Den-
nis et al. 2018). Likewise, glyphosate residues did not affect
plant-microbe interactions or plant growth, despite shifts
in the endophytic microbiota community structure (Ramula
et al. 2021).

In contrast, after repeated application of glyphosate dur-
ing 4 consecutive years, there was a reduction in the abun-
dance of total culturable pseudomonads and enrichment in
glyphosate-degrading lineages (Lorch et al. 2021). Suppres-
sion of rhizosphere fluorescent pseudomonads by glyphosate
had been observed before in a greenhouse experiment (Zobi-
ole et al. 2011). Whole cell metabolome studies suggested
that the disruption of the de novo biosynthesis of aromatic
amino acids, notably tryptophan, was responsible for the
adverse effects of glyphosate on sensitive soil Pseudomonas
species (Lorch et al. 2021). Indirect and confounding factors
originate from the selective action of plant root exudates,
which may influence or mask the effects of glyphosate on
microbial communities, and reciprocally, the buildup of
residues resulting from the effect of glyphosate on plants,
which may alter the chemical composition of the rhizosphere
and have subsequent impacts on rhizosphere communities.
Since plant root exudates are key determinants of rhizos-
phere microbiota composition, glyphosate deleterious effect
on rhizosphere pseudomonads may derive from the elimi-
nation of vegetation, which takes away substrates that they
utilize for growth.

Whereas the consequences of the reduction of benefi-
cial microorganisms on plant health cannot be ruled out,
root microbiome contains a diverse number of bacterial and
fungal genera. Several reports indicated shifts in microbial
structures and functions, which can be attributed to release
of organic matter from the dying roots following glyphosate
application. These included the increase in soil microbial
respiration (Bruckner et al. 2019), the contrasting changes
in bacterial abundance of copiotrophs, such as Proteobacte-
ria and oligotrophs, such as Acidobacteria (Newman et al.
2016; Schlatter et al. 2017), the response of saprophytic
fungi (Schlatter et al. 2018), the increase in the abundance of
rhizosphere culturable bacteria and protists (Imparato et al.
2016), and the increase in bacterial diversity (Arango et al.
2014; Schlatter et al. 2017). The influence that decaying root
material may have on rhizosphere microbial communities
following glyphosate desiccation call attention to the need
of using proper controls of herbicide-free mechanical sup-
pression (Allegrini et al. 2019).

Rhizospheric communities appear to play a role in the
well-known ability of low doses of glyphosate to increase
growth in a variety of plant species (Cedergreen et al. 2009).
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Ramirez-Villacis demonstrated that even though low doses
of glyphosate produced only small changes in the composi-
tion of the root microbiome of Arabidopsis, there is a com-
plex interplay between the plant associated bacteria and the
plant’s hormesis response to the herbicide, which depends
on the presence or absence of root growth inhibitors and
other bacterial strains in the rhizosphere (Ramirez-Villacis
et al. 2020).

Emerging concerns on glyphosate-exposed
microbial communities

A growing number of studies in the last three years have
begun to raise concerns about the effects of glyphosate in
one of the major strategies of bacterial communities to adapt
to environmental changes and generate genetic diversity: the
horizontal gene transfer (HGT) process and its role in antibi-
otic resistance proliferation. The implications of these effects
acquire a special relevance in agroecosystems, where the
release of antibiotics of veterinary use through direct depo-
sition of animal feces and urine, treated waste and liquid
effluents from intensive animal husbandry and soil applica-
tion of manure and organic amendments, contributes to the
spread of antibiotic resistant bacteria and the transmission of
antibiotic resistance genes (ARGs). Shifts in mobile genetics
elements (MGESs) and bacterial conjugation of broad host-
range plasmids have all been reported in glyphosate-exposed
soils. Exposure of bacterial communities in bulk soil to pure
glyphosate (10 mg kg~!) significantly raised the number
and the relative abundance of MGEs and ARGs and higher
conjugation frequency compared to the controls (Liao et al.
2021). Interestingly, these changes were observed even in
the absence of large shifts in taxonomic composition, sug-
gesting a cryptic herbicide-mediated selection acting on
genetic composition rather than on species abundances. A
stimulation of conjugative transfer rates in a concentration-
dependent manner was also reported in aqueous medium,
at concentrations between 0.1-0.6 mg L™! in the culture
medium (Zhang et al. 2021). Shifts in broad host range plas-
mids (Allegrini et al. 2019) or transposons genes (Zeng et al.
2021) have also been reported in rhizospheric soil of com-
mon oat (Avena sativa L.) and cassava (Manihot esculenta),
respectively. Allegrini et al (2019) reported changes in the
occurrence of broad host range plasmids (IncP-1 plasmids
from € and p subgroups) in the rhizosphere of a cover crop
under glyphosate desiccation without clear changes in the
structure of bacterial communities. IncP-1 plasmids from
the € and p subgroups have been suggested as important vec-
tors in agricultural systems for HGT of antibiotic resistance
genes (Heuer et al. 2012).

A higher relative abundance of whole MGEs was detected
in the rhizosphere metagenome of glyphosate-treated plants
as well as a higher relative abundance of istA and istB genes,

related with IS21 family of transposons (Zeng et al. 2021).
This family can modulate the expression of several flanked
genes, including genes encoding efflux pumps for antimicro-
bial and xenobiotics compounds (Vandecraen et al. 2017).
Interestingly, degradative genes have also been reported to
be flanked by members of IS21 family, such as the organo-
phosphorus degradation gene opd (Singh and Walker 2006).
Whether a potential relationship exists between MGEs in
complex soil microbial communities and the spread of
degradative genes among several taxa of known degraders
remains unclear (Table 1). Nevertheless, genomic analyses
have indicated that phn genes for phosphonate degradation
are frequently located close to genes encoding transposases
or inactivated transposases and phylogenetic analyses sug-
gest an extensive lateral gene transfer during evolution of
phosphonate degradative pathways (Huang et al. 2005).
Also, for some rhizobacteria such as Mesorhizobium loti,
phn genes have been detected in conjugative plasmids close
to genes for transposases and may have evolved separately
from its chromosomal counterpart (Huang et al. 2005).

The exact biological mechanism triggered by glyphosate
to increase the transfer rates of MGEs through conjugation
has not been completely elucidated (Zhang et al. 2021; Liao
et al. 2021). Beyond the biological mechanisms that mediate
higher conjugation frequencies, it should be highlighted that
a well-described inducer of HGT is the exposure to subin-
hibitory environmental levels of several antibiotics (Bernier
and Surette 2013; Iavicoli et al. 2021) and pesticides (Xing
et al. 2020), as well as mixtures of pesticides and antibi-
otics (Xing et al. 2020). Thus, from a microbial ecology
perspective, future concerns about the effects of glyphosate
in microbial communities should be based on subinhibitory
levels rather than focusing only on residual glyphosate levels
above the minimum inhibitory concentration values for the
different bacterial taxa. This consideration is particularly
relevant because specific environments, like the rhizosphere,
the high microbial activity stimulates a fast dissipation of
xenobiotics, e.g. antibiotics (Jechalke et al. 2014) and root
exudates lead to an acidification, which stimulates glypho-
sate sorption.

Water bodies, impacted by agricultural anthropic activi-
ties, are scenarios that incorporate a wide variety of chemi-
cal contaminants, including antibiotics, which makes them
propitious for the acquisition and dissemination of ARGs.
Yet information related to exposure to glyphosate as a pos-
sible booster of the HTG in aquatic environments is lacking.

Arbuscular mycorrhizal fungi
Even though glyphosate targets plant’s EPSPS, the pres-
ence of the enzyme homologues in non-target organisms

creates concerns about its potential effects on beneficial
soil microorganisms. Arbuscular mycorrhizal fungi (AMF)

@ Springer
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Fig. 2 Fate of glyphosate in aquatic environments

establish symbiotic associations with plant roots, contribut-
ing to plant nutrition and growth. Wilkes et al. (2020) did
observe decreased mycorrhizal colonization of wheat roots
under no-till conditions following glyphosate application.
However, they also noted that the consequences on AM fun-
gal growth were less marked than the physical damage of
the AM fungi hyphal structures caused by the soil inversion
in conventional tillage. More pronounced effects of residual
glyphosate on mycorrhizal colonization of crop plants and
forage grasses were observed in cold climatic conditions,
where the rate of glyphosate degradation is slower (Helander
et al. 2018).

It was also observed that two years of glyphosate appli-
cation to a glyphosate residue-free soil caused a shift in the
relative abundance of AM species without affecting the root
colonization level (Sheng et al. 2012), whereas total AMF
root colonization was neither affected, although arbuscules
percentage and AMF viable spores were reduced (Druille
et al. 2016). Similarly, the decreased growth of AMF caused
by the combined effects of glyphosate and nitrogen fertiliza-
tion, did not translate into any detectable effect on below-
ground and aboveground interactions, or crop productivity
(Nivelle et al. 2018).

@ Springer
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The influence of plant residues on the fate
of glyphosate in soil

The effects of plant residues on bioavailability
and biodegradation

The fraction of glyphosate released into the soil via translo-
cation to the roots and exudation has been thoroughly inves-
tigated (e.g. Rodrigues et al. 1982; Martinez et al. 2018). A
comparatively less studied aspect is the fraction that reaches
the soil environment with plant residues, which is associated
with the decomposition of treated vegetal residues (aerial/
root biomass). Earlier studies found no significant differ-
ences in the mineralized fraction, nor in the bioavailability
of glyphosate from plant residues among soils with differ-
ent histories of herbicide application (Von Wiren-Lehr et al.
1997). An increase in the non-extractable residues (NER)
in soil and a decrease in the mineralization of '*C-labeled
glyphosate was reported for the first time in incorporated
oilseed rape (Brassica napus L.) residues (Doublet et al.
2009) (Table 4). Later studies using “C-labeled glyphosate
supported these observations, namely an increase in NER
in soil and a higher glyphosate persistence associated to the
vegetal tissue, i.e. protective effect, even with different plant
materials and different modes of exposure to the herbicide
(Cassigneul et al. 2016; Mamy et al. 2016). The negative
correlation between NER and soluble glyphosate fraction
in mulch, together with a weak mineralization and a steady
sorbed fraction suggested that NER formation is one of the
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main dissipation pathways in cover crop mulch (Cassigneul
et al. 2016). NER formation can involve different processes
including retention in the nanopores, diffusion to sites with
low accessibility or chemical stabilization by bonding (Cas-
signeul et al. 2016). Similar processes have been described
for antibiotics in the soil environment, reducing the bio-
availability with increasing contact time (Jechalke et al.
2014). However, in contrast to many antibiotics for which

mineralization represents less than 2% of the initial quan-
tity, the fate of glyphosate is strongly influenced by its rapid
degradation in soil. Thus, NER formation is not only related
with a physical entrapment but also with biogenic NER for-
mation from the degradation products (Muskus et al. 2019).
Agricultural management favoring mineralization and bio-
genic NER formation by endogenous microorganisms in soil
constitute a promising area of research (Muskus et al. 2019).

@ Springer



98 Page 20 of 29

World Journal of Microbiology and Biotechnology

(2022) 38:98

The fate of glyphosate in entire roots buried within the
soil profile warrants a special consideration, as mineraliza-
tion rates are lower for glyphosate in entire plant residues
than those homogeneously mixed in soil (Mamy et al. 2016).
This is a particularly relevant field of research for glyphosate
sensitive crops, in which glyphosate applications are fol-
lowed by a turnover period of necrotic root tissues (Imparato
et al. 2016). Knowledge in this area will contribute to predict
potential effects on crops sown immediately after applica-
tion of glyphosate, as expected on cash crops after cover
crop desiccation. Similarly, for perennial forest plants, recent
studies have demonstrated that residual glyphosate can be
detected for up to 12 years post-treatment in the roots of
fireweed (Chamaenerion angustifolium L. Scop), with a
retention of more glyphosate and for a longer period than
shoots (Botten et al. 2021).

The effects of organicamendments on glyphosate
fate

Recent studies have demonstrated that glyphosate in animal
feed can accumulate in excretion products and spread via
organic fertilizers, decreasing the growth of a forage grass
(Festuca pratensis) and of the strawberry Fragaria x ves-
cana (Muola et al. 2021). Mineralization of '*C;-glypho-
sate was higher in microcosms amended with cow farm-
yard manure relative to the control microcosms (Muskus
et al. 2019). Similarly, extractability of glyphosate was also
higher, consistent with a raise in soil pH due to manure
additions (higher pH is a known cause of lower glypho-
sate adsorption). Microbial metabolism was also consistent
with a higher percentage of biogenic NER (between 70 and
87%) than xenobiotic NER in manure-treated microcosms
(Muskus et al. 2019).

Fate of glyphosate in aquatic environments

Glyphosate and AMPA contaminate aquatic environments
mainly as a consequence of direct overspray or wind driven
drift during herbicide applications. Molecules sorbed to soil
particles, can also be transported by lixiviation—preferen-
tial flow through soil macropores- and surface runoff when
heavy rains occur shortly after herbicide applications (Borg-
gaard and Gimsing 2008). As a result, both glyphosate and
AMPA were often detected in surface water, groundwater
and sediments in several parts of North and South America,
Europe, Asia and Oceania. Glyphosate measures in aquatic
environments were mostly in ppb levels, with values rang-
ing from 0.2 to 45 pg L™! in surface waters, 0.1 to 9.7 ug
L~!in ground waters and 0.5 pg kg~! to 1 mg kg~ in sedi-
ments (Okada et al. 2018, 2020; Gunarathna et al. 2018;
Pires et al. 2020; Geng et al. 2021). The fate of glyphosate

@ Springer

biodegradation in aquatic environments is schematized in
Fig. 2. The average half-life of glyphosate in water bodies
may vary from a few days to 3 months (Tomlin 2006). The
evidence indicates that, similar to soil, the herbicide degra-
dation in water bodies is carried out by microorganisms of
multiple genera and by different and complementary meta-
bolic pathways (Huntscha et al. 2018; Rossi et al. 2021).
This process is mainly associated to sessile communities
(biofilms, sediments) rather than to free-living microorgan-
isms (Wang et al. 2016; Lozano et al. 2018). Accordingly,
periphyton is more resistant than phytoplankton to glypho-
sate, both in single formulations as in mixture with other
herbicides (Lozano et al. 2018). Microbial resilience, both
at structural and taxonomic levels, depends on the initial
glyphosate concentration (Vera and Trinelli 2021).

Several cyanobacterial strains have tolerance to glypho-
sate (Forlani et al. 2008), and many have the capacity to
use it as a sole source of P or N (Lipok et al. 2007; Lozano
et al. 2018). Strains evaluated in laboratory assays included
the genera Arthrospira, Anabaena, Leptolyngbya, Microcys-
tis, Nostoc, Synechocystis and Spirulina (Lipok et al. 2007,
Forlani et al. 2008; Lozano et al. 2018). Bacteria belong-
ing to genera such as Acidovorax, Agrobacterium, Ensifer,
Novosphingobium and Ochrobactrum, co-existing in stream
biofilms, have metabolized glyphosate and AMPA by differ-
ent and complementary pathways (Rossi et al. 2021).

Mineralization in sediments, the matrix with the high-
est concentration of glyphosate (Ronco et al. 2016; Wang
et al. 2016), occurs through the sarcosine and the AMPA
degradation pathways (Wang et al. 2016). Organic matter,
total phosphorus (P), copper (Cu) and sulfides are related
with the dissipation rates of glyphosate and AMPA on sedi-
ments (Ronco et al. 2016). The rates of glyphosate degrada-
tion are much higher and have shorter lag phases at lower
glyphosate concentrations (Wang et al. 2016) and are not
influenced by the level of glyphosate pre-exposure (Tang
et al. 2019). In turn, the high frequencies of AMPA detection
in sediments could indicate that this molecule is persistent
and more resistant to biodegradation than glyphosate (Tang
et al. 2019).

Biofilms play an important role in the bioconcentration
and biodegradation of glyphosate. The herbicide concentra-
tion in biofilms is almost 2 to 4 orders of magnitude higher
than those found in the surrounding water (Beecraft and
Rooney 2021). These dynamic and complex communities,
composed by diverse groups of bacteria, archaea, fungi,
viruses, algae and protists, are embedded in a protective
polymer matrix that facilitate glyphosate bioconcentration
(Klatyik et al. 2017; Carles et al. 2019). The presence of
glyphosate is accompanied by an increase in the rate and
extent of glyphosate metabolism (Klatyik et al. 2017), along
with changes in biofilm microbial communities (Gonzalez
et al. 2019; Carles and Artigas 2020). Glyphosate uptake by
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biofilms could be influenced by periphyton total biomass,
which increases during submersion periods and is modulated
by water velocity in streams and lakes. The periphyton thick-
ness and its microarchitecture are additional factors that con-
tribute to the sensitivity to glyphosate (Khadra et al. 2018).
Microalgal photosynthetic organisms- diatoms- and eukary-
otes in general are more susceptible to increasing glypho-
sate concentrations (Corrales et al. 2021), whereas shifts
in the structure of prokaryotes are associated with glypho-
sate transformation (Artigas et al. 2020; Carles and Artigas
2020). The eutrophication by P favors the incomplete deg-
radation of glyphosate in aquatic systems and the formation
of AMPA. In natural river biofilms, the rate of glyphosate
biodegradation is modulated by the concentration of P and is
not related to the previous exposure to the herbicide (Carles
et al. 2019). Yet, a higher frequency of detection of a phnD
gene involved in the metabolism of glyphosate, as well as an
increase of picocyanobacteria communities, were reported
in lakes impacted by glyphosate use for almost 3 decades
(Berman et al. 2020). The amount of the dissolved organic
matter (DOM) contributed by photoautotrophic organisms
does not enhance the glyphosate degradation rate in aquatic
biofilms (Artigas et al. 2020).

Factors and processes that affect glyphosate
fate at different levels of soil organization

Soils are characterized by a complex organization, which
derives both from the physical arrangement -or structur-
ing- of its components at different spatial scales, as well
as from the dynamic nature of these structures in time and
space. Numerous factors and mechanisms play in those dif-
ferent levels of organization influencing different functional
parameters, particularly the retention and movement of water
and, therefore, of soluble elements and colloidal particles.
Consequently, processes related to the fate of glyphosate
can be analyzed at different levels of observation, ranging
from the nanoscale in soils and sedimentary materials to
megastructures at the landscape level, and thus through a
multiplicity of analytical techniques (Fig. 3).

Soil components and herbicides behavior

Most of the studies on the behavior, interactions and fate of
glyphosate in soil are related to surface processes that occur
at the nano-scale level of organization and are evaluated
using ground and sieved samples. It has been shown that
high sorption and low desorption kinetics affected glypho-
sate bioavailability (Gomez Ortiz et al. 2017). As shown in
Tables 1 and 2 the main glyphosate degradation determi-
nants are soil texture, clay mineralogy (content and composi-
tion), organic carbon fractions (source and concentration),

clay/organic carbon ratio, salinity, pH, cation exchange
capacity (CEC), phosphates and Fe-oxides (Ololade et al.
2014; Sidoli et al. 2016). Most of these variables express the
ionic charges of the soil exchangeable complex and surface
reactivity, and thus the affinity or adsorption of glyphosate
molecule in soils. Glyphosate is an anion that can be sorbed
onto variable-charge surfaces and there is a consensus that
it has a high affinity to soil and organic carbon fractions
(organic carbon—water partition coefficient, K, in units of
L kg™": 884-60000). In terms of location and charge den-
sity of soil minerals, edge sites and external surfaces of
the clay minerals have been described as relevant sites for
glyphosate degradation (Maqueda et al. 2017). Thus, the
main sorption surfaces are those of Fe and Al oxides and
poorly ordered aluminum silicates, whereas soils dominated
by permanent charge minerals such as illite and other 2/1
clay minerals sorb less glyphosate (Borggaard and Gimsing
2008; Maqueda et al. 2017). Several authors agreed that this
process is governed by the mineral phase rather than by the
organic phase (Rampazzo et al. 2013). However, there is
evidence that suggests that mineral-organic complexes may
have higher glyphosate adsorption rates (Albers et al. 2009).
In a recent study, kaolinite bound with humic acids showed
higher adsorption compared to clean kaolinite (Guo et al.
2021). Hence, at this level of analysis, surface reactivity is a
key process modulating glyphosate affinity through adsorp-
tion on the mineral fraction and on the organic carbon frac-
tion and its subsequent degradation (Yang et al. 2018; la
Cecilia and Maggi 2018).

The reactivity of mineral and organic fractions have been
synthetized in affinity measurements (i.e. the linear sorp-
tion coefficient, Kd), which are derived from some readily
available soil variables as clay content, pH, CEC and OC.
Thus, affinity coefficients estimated from these and other soil
variables have used in pedotransfer functions and modeling
to predict the adsorption and degradation of different herbi-
cides, including glyphosate, in soil profiles and at landscape
level (De Gerénimo et al. 2018; Giannini Kurina et al. 2019).

Soil architecture, soil biology and herbicide fate

Although most studies relate degradation process of herbi-
cides to soil characteristics measured on bulk soil samples,
the values obtained poorly reflect local environmental condi-
tions and the spatial heterogeneity of microorganisms (Vieu-
blé Gonod et al. 2006). Clearly, studies on homogenized
samples do not take into account the physical and chemical
anisotropy of the soil, which increases as the scale of soil
organization increases. For instance, lower CEC values have
been obtained using undisturbed compared to sieved soil
samples and different soil moisture and critical density limits
(i.e. Proctor tests) were obtained from disturbed and undis-
turbed samples (Hartmann et al. 1998). This implies that the
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ionic state together with the actual biological habitats cannot
be derived from disturbed soil samples. In this sense, Chap-
lain suggested that “to improve the understanding of the
fate of pesticides in soils, there is a need to better take into
account the soils heterogeneity and variability. Thus, studies
have to consider relevant integrative parameters describing
the soil structure and interfacial properties” (Chaplain et al.
2011).

Microbiological processes including glyphosate degra-
dation, occurs in physical environments where air, water
and nutrients are further dependent on the organization of
mineral and organic components. Thus, soil habitats must
be considered as a key factor regulating not only glyphosate
biodegradation but also glyphosate adsorption and dissipa-
tion, leading to an overall occurrence of this molecule in
the environment. The interaction between soil type and its
management, defining soil structure, surface reactivity and
therefore soil habitats, are main factors controlling biologi-
cal composition and activity (Rosa et al. 2014; Morrién et al.
2017). Hence, detailed description of soil characteristics,
properties and structural arrangements is highly relevant.

Textural porosities

Physical habitats and their influence on microbial behav-
ior can be characterized at different levels of organization
(Fig. 3). A first level of soil organization is what has been
called “basic microstructure” (Stoops 2021) and corresponds
to what is commonly called “textural porosity” and is the
result of the random packing of soil particles. The charac-
teristics of the pores thus formed depend on the size, mor-
phology and crystallo-chemical composition of the particles
involved. At this level of organization, porosity is given by
micro- and nanopores (pores <2 pm).

The sorption of several pesticides in micro-nanopores
have been studied in natural soils and sediments as well as
in different model solids (Hatzinger and Alexander 1995).
Nanometer-scale pores have dimensions comparable to the
sizes of organic molecules and biological molecules and
they can cause significant preservation of degradable organic
contaminants. Physical shielding of organic molecules and
exclusion of microorganisms from micro-nanopores are
mechanisms causing preservation of pesticides (Cheng et al.
2012). Thus, protection of glyphosate in textural pores can
inhibit their abiotic and biotic transformations and reduce
their bioavailability, playing a key role on its long-term fate
in the environment.

Structural porosities
The characterization of higher levels of soil structural organ-

ization is framed by the joint evaluation of aggregation and
porosity. Several parameters are considered to describe soil
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aggregates and pores, including the surface to pore volume
ratio that indicates the level of interaction between soil and
biological entities. Aggregate and pore characteristics con-
trol the hydrological connectivity of soils (Behrends Krae-
mer and Morras 2018a), biogeochemical processes (Horn
and Kutilek 2009) and microbial habitats (Nunan et al.
2006), which in turn are influenced by both soil inherent
properties and soil management. Conversely, soil structural
cohesion, strength and stability as well as pore features are
strongly influenced by the interactions between microorgan-
ism and soil groundmass. In opposition to textural poros-
ity, structural porosity resulting in the development of soil
aggregates offers a wider diversity of pore sizes and thus of
physical habitats (Chenu and Cosentino 2011) and the geo-
chemical cycles most relevant for soil microbiome appear to
occur within and between soil aggregates (Wilpiszeski et al.
2019). These facts support the conception that soil aggre-
gates represent a suitable organization level and an appropri-
ate transition scale between laboratory studies on disturbed
and homogenized samples and field measurements.

The relationship between aggregate and pore characteris-
tics and biological process have been studied using different
techniques, including micromorphology and micromorpho-
metry on soil thin sections, mercury intrusion porosimetry,
scanning electron microscopy, X-ray computed tomography,
electron and atom probe tomography, small-angle neutron
scattering. A complete description of benefits and limita-
tions and spatial resolution of these techniques are discussed
in (Wilpiszeski et al. 2019). Soil structure and porosity are
complex and difficult to quantify, yet such information is
essential to predict soil transport properties. The advent of
3D imaging technology as X-ray computed tomography as
well as the development of mathematical models to con-
struct 3D images based on the 2D measurements can bridge
the gap. On the other hand, the spatial organization of bacte-
rial cells in soil pore space can be described and quantified
using a combination of thin sections with image analysis and
mathematical modeling (Wu and Zhang 2011).

Micro-structure

Several researchers have suggested that sub-millimeter
spatial scale and aggregate-based approaches are the most
relevant to study microbial communities and their interac-
tion with bio-geochemical processes (e.g. Wilpiszeski et al.
2019). Microscale spatial patterns may have a regulatory
effect on bacterial density (Nunan et al. 2003) and activ-
ity (Grundmann et al. 2001), and on microbial functional
expression (Vos et al. 2013).

The microscopic architecture of the edaphic habitat can
influence the degradation of glyphosate through different
processes. Firstly, oxygen diffusivity as well as water and
organic carbon availability play a major role on glyphosate
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degradation metabolic pathways (la Cecilia and Maggi
2018). Circulation of fluids and their availability in soil are
regulated by the characteristics of the structure (i.e. size,
morphology, and degree of development of aggregates) and
by pore geometry (i.e. shape, orientation, continuity, tortu-
osity and rugosity features) (Morras 2015; Stoops 2021).
In turn, soil structure and pore characteristics depend
both on the type of soil and the agricultural management
(Woignier et al. 2011; Behrends Kraemer et al. 2022b). In
Mollisols under no-till, platy structures with horizontal
pore orientation decreased the saturated hydraulic conduc-
tivity (Behrends Kraemer and Morris 2018a) or restricted
infiltration and increased runoff process (Sasal et al. 2017,
Behrends Kraemer et al. 2022b), highlighting the impor-
tance of processes occurring in the pores and on their sur-
faces. The stability of aggregates must also be considered,
given the strong dependence of soil biology on both mor-
phology and pore stability (Carrizo et al. 2015).

Secondly, the physical entrapment of organic molecules
in small pores conditions their bioavailability and reduces
the degradation by bacteria and fungi. This is in agreement
with the “pore size exclusion” theory, where the interaction
between different molecules, soil particles and biological
entities depends on the size of the neck of pores. Sorption
in micropores prevents contaminants from being accessed
by microorganisms and their extracellular enzymes, and can
also inhibit abiotic degradation by protecting them in con-
fined spaces with little reactive water, slowing down hydrol-
ysis and other water-mediated transformations (Cheng et al.
2012). Woignier showed that transport of agrochemicals
depended on soil microstructure, mesopores and tortuosity
(Woignier et al. 2018).

In summary, soil microstructure has a profound effect
on water and air dynamics controlling the accessibility and
activity of microorganisms, and therefore on the occurrence
and degradation of glyphosate.

Macro-structure: soil horizon

Although natural processes define the macro-structural
arrangement of the soil, any agricultural management pro-
duces a strong modification of the morphology of aggregates
and the geometry of pores, influencing the circulation of
fluids and thus soil physical, chemical and biological pro-
cesses. Agricultural management may affect glyphosate
degradation rates by producing compaction and by lowering
oxygen diffusivity, water transmission and retention (Villar-
real et al. 2020). On the other hand, glyphosate availability
in topsoil is related to the residence time in the soil matrix,
which could be affected by a high proportion of large verti-
cal macropores, enhancing leaching (Medalie et al. 2020),
or by dense and platy structures (Sasal et al. 2017) enhanc-
ing runoff and superficial redistribution. The cultural profile

methodology focusing on macro-structural features and their
spatial heterogeneity has been useful to explain water flux
and pesticides fate (Filipovi¢ et al. 2014). Management
treatments differing in tillage and crop intensities affect the
balance between mechanical densification and bioturbation
processes, with great impact on structural quality and pore
geometry, general anisotropy and thus air and water fluxes
related to soil biological habitats (Behrends Kraemer and
Morras 2018a).

Macro-structure: soil profile

Although most glyphosate transformations and dynamics
occur in the surface horizon of the soil, the soil as a whole
plays a meaningful role. The solubility, mobility and bio-
availability of organic pollutants, together with the differ-
ences in soil permeability, regulate the fate of agrochemi-
cals. Numerous studies indicate that glyphosate could be
transported through preferential flow, losing its bioavailabil-
ity (Caprile et al. 2017). Thus, horizon sequences, character-
istics, limits (i.e. smooth, abrupt) and impedances governing
water balance and aeration must be considered when adsorp-
tion of herbicides is analyzed.

However, when densified structures are present in the
upper part of the soil, which are also frequent under no-till
management (Behrends Kraemer and Morras 2018b; Cas-
tiglioni et al. 2018; Behrends Kraemer et al. 2022a), super-
ficial or sub-epidermal lateral flow occurs, rather than deep
preferential fluxes. Infiltration and hydraulic conductivity,
and thus movement of glyphosate, are highly dependent on
soil management. Soracco found higher temporal variation
and vertical transport of glyphosate and AMPA in a Mollisol
under conventional tillage than under no-tillage (Soracco
et al. 2018). In turn, platy structure resulting from no-tillage
also restricts water entry into the soil and favors surface
runoff (Sasal et al. 2017). Usually, the degradation of soil
structure limits leaching, increasing the concentration of
glyphosate and its metabolites in the topsoil, as well as its
surface dispersion (Silva et al. 2018; Andrade et al. 2021;
Mac Loughlin et al. 2022). Thus, superficial and sub-super-
ficial processes linked to agricultural managements appear
to be the main drivers that modulate glyphosate availability
for microbial degradation.

Mega-structure: landscape

Landscape scale integrates all previously discussed levels of
organization that should be considered to evaluate the fate of
pesticides in the environment. At this level, the occurrence
of a high complexity of adsorption, degradation and dissipa-
tion processes are synthesized in the quantity and distribu-
tion of residues finally found in soil and water.
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The complexity at the landscape level relates to their
interaction with different agricultural practices, making the
behavior of pesticides varied and difficult to decipher (Mor-
ras et al. 2022). For instance, glyphosate fate is controlled
by the interaction between tillage, crop phenology, product
application timing and climate conditions (Stenrgd et al.
2006; Yang et al. 2015; Silva et al. 2018; Andrade et al.
2021; Mac Loughlin et al. 2022). Dissipation processes,
including sorption and desorption, are strongly related to the
main factors playing at this level: climate, topography, vege-
tation and soil type (Fig. 3). Rainfall intensity, frequency and
regime are main factors affecting glyphosate leaching and
degradation (Borggaard and Gimsing 2008; Lefrancq et al.
2017; Andrade et al. 2021; Mac Loughlin et al. 2022). Tem-
perature is also a factor that directly affects biological and
biogeochemical reactions (Chow et al. 2020), affecting water
status due to evapo-transpiration mechanisms. Glyphosate
persists when inadequate biological habitats constrain bio-
logical activity, as in dry soils and at very low temperatures
(Bento et al. 2016).

Factors at the megastructure level modulate runoff, hydric
and wind erosion and thus soil water balance. These external
factors may interact with pesticides in soil, affecting their
occurrence in different environmental matrices (Stenrgd
et al. 2006; Yang et al. 2015). The risk of ground and surface
water pollution by glyphosate has been considered limited
because of sorption onto variable-charge soil minerals and
because of microbial degradation (Borggaard and Gimsing
2008). However, water erosion may be an important pathway
driving glyphosate towards water bodies (Todorovic et al.
2014; Yang et al. 2015; Caprile et al. 2019). Wind erosion
process is also considered an important driver of glyphosate
transport (Bento et al. 2016; Mendez et al. 2017; Silva et al.
2018; Ramirez Haberkon et al. 2020).

In summary, the adsorption and the clear tendency of
accumulation of glyphosate and its metabolites in the first
centimeters of soil, explain the magnitude of erosion-driven
transport and therefore their occurrence in the environment.
Given the relevance of climate, erosion and water balance in
the fate of glyphosate, other additional uncertainties appear
on the horizon regarding its behavior in a climate change
scenario.

Concluding remarks

Biological, chemical and physical factors and processes
playing on the adsorption, transport, degradation and in the
overall fate of glyphosate and its metabolites occur at differ-
ent levels of soil organization and must be studied through a
combination of different methods of analysis. Transforma-
tion of pesticides depends on soil structure and basically soil
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porosity that regulate glyphosate bioavailability. The evalua-
tion of soil structural variables from undisturbed samples is
an inevitable path to fully understand pesticide degradation
mechanisms.

We argue that the debate should focus the attention on
the functional consequences of glyphosate exposure on soil
ecosystem services, especially in agroecosystems, as well as
their impact on other environmental matrices—surface water
bodies and sediments- related with the herbicide application.
Further research of effects at subinhibitory levels, including
the complex and dynamic environment of the rhizosphere,
will permit assessment of the potential implications of envi-
ronmental long-term persistence of glyphosate.
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