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Non-target organisms are globally exposed to herbicides. While many herbicides —
for example, glyphosate — were initially considered safe, increasing evidence
demonstrates that they have profound effects on ecosystem functions via altered
microbial communities. We provide a comprehensive framework on how herbicide
residues may modulate ecosystem-level outcomes via alteration of microbiomes.
The changes in soil microbiome are likely to influence key nutrient cycling and
plant-soil processes. Herbicide-altered microbiome affects plant and animal
performance and can influence trophic interactions such as herbivory and
pollination. These changes are expected to lead to ecosystem and even evolutionary
consequences for both microbes and hosts. Tackling the threats caused by agro-
chemicals to ecosystem functions and services requires tools and solutions based
on a comprehensive understanding of microbe-mediated risks.

Microbes in the Anthropocene

Overexploitation and chemicalization are major drivers of accelerating biodiversity loss — one of the
greatest global threats to functions and services in natural and agricultural ecosystems [1]. The
heavy use of agrochemicals, such as herbicides (see Glossary), plays a critical role in the
contamination, exposing non-target plants, animals, and humans [2]. While many herbicides were
initially considered safe for non-target taxa as their mechanism of action was thought to be absent
in these organisms, it has been understood only recently that herbicides may have profound effects
on non-target taxa via alterations of microbial communities and microbial function in sail, plants, and
animals [3,4] (Table 1). Given the imperative role of microbes in driving ecoevolutionary adaptations
since the origin of life, and that microbes and their hosts comprise coevolving, multipartite entities,
holobionts [5], a comprehensive understanding of the risks associated with altered microbiomes
is needed [6]. Here, we propose that herbicides can influence natural and agricultural ecosystem
functioning due to soil- and host-associated microbiome alteration (Figure 1) and may have evolution-
ary consequences. Further, we discuss the limitations in the current literature to address these ques-
tions. We focus mainly on terrestrial ecosystems where herbicides are intended to be used, although
agrochemicals are known to escape to aquatic environments as well [7]. We address ecosystem
processes from molecular biology through physiology to ecological and evolutionary ecosystem
processes. Thus, our Opinion, providing a conceptual framework on how sublethal herbicide residues
modulate ecological and evolutionary changes in ecosystems, is important to fundamental ecological
understanding as well as to applications in agroecological and environmental management.

Risks of herbicides: global habitat contamination

Global herbicide usage has increased drastically over the past decades, with 1 Mt used every
year [8]. Glyphosate is globally the most-used herbicide [9]. Glyphosate is used in agriculture,
but, importantly, also in horticulture, silviculture, and urban environments [9], leading to global
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contamination of manmade and natural ecosystems. Other widely used herbicides are, for example,
triazines (e.g., atrazine), acetochlor and metolachlor, paraquat, and dicamba [8,10] (Table 1). Resi-
dues of herbicides are found in soil, water, non-target plants, animals, and humans [3]. In addition
to active ingredients, commercial herbicides include co-formulants, which can be even more
toxic to non-target organisms (Box 1). Herbicides can have non-microbiome-mediated effects on
non-target plants and animals, but the effects via altered soil and host-associated microbes are
less understood and therefore are our focus.

How herbicides affect microbes and microbial communities

The effects of herbicides on soil- and host-associated microbes can be either () direct, influencing mi-
crobe function and survival or (i) indirect, via the environment or host, depending on the mode of
action of the herbicide [4] (Table 1). Glyphosate can influence microbial survival directly as it inhibits
the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) of the shikimate pathway,
which produces essential amino acids in both plants and the majority of microbes [15]. Other
herbicides directly inhibiting microbial metabolic processes include acetolactate synthase (ALS) in-
hibitor herbicides altering the biosynthesis to branch-chained amino acids, acetyl-CoA carboxyl-
ase (ACC) inhibitors interfering with fatty acid synthesis, and glutamine inhibitors interfering with
nitrogen metabolism [4]. In another group of herbicides, the mode of action does not directly target
microbes but targets plant cellular metabolism, such as photosynthesis and plant hormone
biosynthesis. Any changes in plant traits, however, can alter the microbiota interacting with plants
[16]. Herbicide exposure can ultimately change microbial communities via multiple processes [17]
(Figure 1). (i) Microbes differ in their intrinsic susceptibility to herbicides. For example, certain amino
acid markers determine the affinity of glyphosate for the target enzymes and thereafter the microbial
sensitivity [18,19]. Differences in microbe sensitivity can lead to changes in their abundance under her-
bicide exposure. (i) Many microbes can metabolize herbicides and use them as sources of nutrients.
Examples include atrazine and glyphosate, which are metabolized by Pseudomonas and
Arthrobacter, acetochlor and dicabma metabolized by Sphingomonas, and paraquat metabolized
by Lipomyces yeast [20]. Therefore, herbicide residues can increase the abundance of herbicide-
metabolizing microbes in the community. (jii) Herbicides can cause functional changes in microbes
that could cascade to community effects. (iv) All of the abovementioned alterations can further alter
microbe—microbe interactions. Healthy microbial communities are able to maintain potential for self-
regulation in the long term [21]. Thus, changes due to herbicide exposures can negatively impact
community functionality.

Consequences of herbicide residues for soil processes

Soail- and rhizosphere-associated microbes are essential for the capacity of soil to support vital
ecosystems. The consequences of herbicide use for soil processes depend on the herbicides’ chem-
ical composition, their mode of action, and the microbes’ susceptibility to them, as well as edaphic
factors and climate. The fate of herbicide and its legacy in sail are difficult to predict because they de-
pend on multiple and/or partly counteracting forces; herbicides affect microbial communities and
microbes degrade herbicides, and two processes can be interactively determined by the physical
and chemical characteristics of the soils, agricultural management practices, and climatic conditions.
Accordingly, the findings on herbicide effects on soil microbiomes have been variable [7,44]. For
example, glyphosate (active ingredient) negatively affects shikimate pathways present in the majority
of microbes, but their genetic resistance to glyphosate varies [18]. Therefore, some of the resistant
and glyphosate-degrading microbes that can use glyphosate as a nutrient source may become
prevalent in the microbial community [26]. Similarly, in some environments atrazine may not affect
the overall microbial community ([45]; active ingredient), while in other environments it can decrease
soil microbial biomass or increase atrazine-degrading bacteria ([46,47]; active ingredient) due to
strong selection favoring them, thus leading to atrazine degradation.
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Glossary

5-Enolpyruvylshikimate-3-
phosphate synthase (EPSPS):
enzyme that is inhibited by glyphosate in
many microbes.

Acetolactate synthase (ALS): some
herbicides inhibit this enzyme pathway
also in microbes.

Acetyl-CoA carboxylase (ACC):
some herbicides inhibit this enzyme
pathway also in microbes.

Active ingredient: chemical element or
compound in a herbicide having specific
effects on plant metabolism resulting in
plant death.

Co-formulants: non-active ingredients
in herbicides to increase the efficiency of
the product. For example, surfactants
are added to reduce surface tension,
increasing the emulsifying, spreading,
dispersibility, and wetting properties of
the liquid.

Herbicide: plant protection product
that is used to eradicate undesired
plants.

Microbiome: microorganisms
(bacteria, archaea, fungi) and their genes
in a particular habitat.

Mycorrhiza: symbiotic association
between a plant root and a fungus.
Non-target taxa: microbe, plant, or
animal species that are not targeted with
a herbicide.

Phyllosphere: aboveground plant
surfaces; the largest biologically active
surface on Earth, plant-atmosphere
interphase, and habitat for diverse
microbes.

Rhizosphere: soil surrounding plant
root impacted by plant root exudates
and associated microbiota.
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Table 1. Examples of studies on the effects of herbicides with different modes of action on soil, plant, and animal microbiomes®

Herbicide
class/model of
action

Direct effect ACC inhibitors

Example of chemical

Diclofop, haloxyfop

Effect on microbiome

Soil

Composition, including

Plant

Rice, Oryza sativa

on microbes Sulfur-cycling-associated [23] A
bacteria [22] F
ALS inhibitors Sulfonylureas, imidazolinones, Community composition [24] A Arabidopsis [25] A
triazolopyrimidines
EPSPS Glyphosate Microbial functions [26] AF Arabidopsis [27] A
inhibitors
Glutamine Glufosinate Community functional response Oilseed rape
synthetase [29] A Brassica napus
inhibitors [30] F
Indirect Auxin-like 2,4-D, aminopyralid, dicamba Bacterial diversity [32] F Rice Oryza sativa
effect on herbicides L. japonica [33] A
microbes
Photosystem Il Triazine herbicides Community structure [35] A Millet Pennisetum
inhibitors americanum
[36] A
Photosystem | Bipyridinium herbicides Nitrogen-fixing bacteria [38] F Rice O. sativa
inhibitors (e.g., diquat, paraquat), diphenyl [39] F
ether
Gibberellin Acetochlor, metolachlor, Composition, nitrogen-fixing Wheat Triticum
inhibitors pendimethalin bacteria [41] A aestivum [42] A

Animal

Japanese quail Coturnix
Japonica [28] F

Mouse Mus musculus [31] A

Mouse M. musculus [34] A

Black spotted frog
Pelophylax nigromaculatus
[37]1A

Mouse M. musculus [40] A

Ground beetle
Pterostichus melas italicus
[43] F

8The first four have a mode of action with direct antimicrobial effects, while the latter four affect plant traits, and therefore microbes only indirectly. Our aim is to demonstrate
the breadth of microbial processes affected and provide examples across taxa when available, but also to point to missing information in the literature, to our knowledge
(marked -). We have further provided information on whether the study used an active ingredient (A) of the herbicide or a commercial formulation (F).

The potential ecological and evolutionary consequences of glyphosate and other herbicides for
microbial soil communities are insufficiently understood [19,48]. Nevertheless, recent studies
indicate a negative correlation between pesticide use and beneficial soil- and root-associated mi-
crobes ([12,49,50]; active ingredient and commercial formulation) and herbicide-modulated nutri-
ent cycling in soils [13]. For example, the glyphosate molecule contains phosphorus (P) that adds
an extra P load to the ecosystem [13]. In addition, herbicides may further affect soil P cycling by com-
peting with phosphate ions for the same binding sites. However, the outcome of this
glyphosate—phosphorus interaction in the soil again depends greatly on the soil properties and biotic
factors (vegetation type and soil microbial communities), as well as climate and weather conditions.

Consequences of herbicides on plant-microbe and plant-animal interactions

Herbicide residues may affect a plant and its associated microbes, either individually or in concert as a
metagenomic unit. The consequences of sublethal herbicide doses, especially glyphosate, for soil
processes are now increasingly recognized, but the effects on plant associated microbiota, plant
physiology and subsequent consequences for species interactions remain poorly understood
(Figure 1). The negative impact of glyphosate (active ingredient and formulations) on root infectivity,
colonization, and the arbuscule density of arbuscular mycorrhizal fungi (AMFs) has been repeatedly
observed [13,14,49,51]. This has consequences for the water and nutrient economy of plants and
may also impact AMF diversity and ecosystem functioning [14]. Far less is known about the impacts
of herbicides on ectomycorrhizal fungi, although the majority are potentially sensitive to glyphosate
[18] and are known to play a key role in boreal and taiga forest ecosystems. As root-associated
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Figure 1. Consequences of herbicides for plant-microbe and plant-animal interactions. Herbicides can directly affect
non-target organisms (grey, green, blue), especially microbes (yellow), and cause ecosystem-level changes. Microbes are a
significant component of all healthy living organisms. Thus, herbicides can indirectly affect the behavior and performance of
organisms. These changes can further shape species interactions and ecosystems (ecological processes: blue arrows) as well
as evolutionary processes (black arrows). This figure was created using BioRender (https://biorender.com).

fungiimpact their hosts’ fitness [52], the selective suppression of fungal associates has the potential to
shape plant communities and ecosystems based on them.

Likewise, plant rhizosphere bacterial communities are shaped by herbicide exposure ([50,53]; active
ingredient and formulations). While the findings on gross community structures are variable and
dependent on the plant host, the experimental system, and exposure levels, studies show a consis-
tent reduction in the relative abundance of nitrogen-fixing bacteria ([54,55]; commercial formulations)
and repression in plant-beneficial microbial functions (nitrogen fixation, 1-aminocyclopropane-1-
carboxylic acid deaminase, and antifungal enzymes [53]; commercial formulations). As many
plant traits, including growth, phenology, and resistance to abiotic stressors and pathogens, are
modulated by rhizosphere microbiome, changes in rhizosphere composition and functioning are
likely to be reflected in host fitness and growth [50].

In plants, the compounds derived from physiological pathways interfered with by herbicides, such as
the shikimate pathway, are essential precursors for many plant defense and signaling metabolites.

Therefore, sublethal doses of glyphosate (active ingredient and formulations) can potentially disrupt
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Box 1. Active ingredients and co-formulants

Herbicides used in the field are a combination of the active ingredient and a complex mixture of co-formulants. A
compound is classified as active when it is intentionally added for toxicity to target species. However, the active ingredient
(e.g., glyphosate) of a herbicide is effective only if it can persist on the leaf surface long enough to penetrate the plant
epidermis in variable weather conditions; thus, co-formulants are added to the commercial product to increase the
efficiency of the active ingredient. Under the current regulations and laws, usually only the active ingredients are required
to be tested for their toxicity to non-target organisms [11]. Furthermore, the co-formulants in a commercial product can
vary geographically and over time and are regarded as confidential information.

An increasing number of studies is showing that the effects of commercial herbicide formulations on microbes and other non-tar-
get organisms are stronger than the effects of the active ingredient alone [8,12—14]. However, often it is not possible to differen-
tiate whether the results are the outcome of the effect of the active ingredient, the co-formulants, or their combination, because
many studies do not adequately explain what commercial formulations they have used. To better understand the ecological and
evolutionary consequences of herbicides in natural ecosystems and agroecosystems, we need more well-replicated, field-real-
istic, and long-term experiments using active ingredients and various commercial formulants.

virtually all plant aboveground (phyllosphere) interactions with other coevolving organisms such as
pathogens, plant-mutualistic microbes, herbivores, and pollinators [16,50,56,57] (Figure 1). For ex-
ample, in Arabidopsis thaliana glyphosate altered the plant metabolome, causing a change in the
core phyllosphere microbiome ([27]; active ingredient). Thus, microbial changes in the phyllosphere
may be caused indirectly by changes in the plant metabolome, which may have a substantial impact
on plant resilience and is likely to affect ecoevolutionary processes at the field scale [52]. Phytohor-
mones are key regulators of plant metabolite biosynthesis in response to herbivory or microbial infec-
tions. Several plant-associated bacteria modulate plant phenotype by biosynthesis and the regulation
of phytohormones such as auxins and ethylene [58]. Thus, residues of glyphosate-based herbicides
in soil may disrupt the phytohormone homeostasis of plants directly or indirectly via altered
microbiome [59]. On a field scale, the persistent effects of pesticides on the plant metabolome may
have cascading effects in multitrophic and multispecies networks, with unknown consequences for
entire ecosystems and the coevolution of plant-microbe and plant-insect dynamics [16].

Besides altering herbivory, herbicides can reduce pollinator visitation; both may be explained by
changes in the volatile organic compounds (VOCs) released by plants [16,59] attracting pollina-
tors and predatory insects. Some VOCs derived, for example, from the shikimate pathway are af-
fected by low glyphosate doses ([60]; active ingredient). It remains to be elucidated to what extent
glyphosate-mediated changes in the plant volatilome impact pollination or pest control, but global
studies indicate general trends towards decreased ecosystem multifunctionality on agricultural
fields managed using pesticides compared with organic farming [61].

Consequences of herbicides for animal hosts and species interactions

Both gut and skin microbiomes are known to influence animal health, playing key roles in digestion,
pathogen resistance, and even neurobehavioral coordination in both invertebrates and vertebrates
[5]. Herbicides with direct antimicrobial effects have been shown to influence microbiome composi-
tion in invertebrate and vertebrate hosts [3] (Table 1). So far, the studies in terrestrial invertebrates
have mainly concentrated on bees (but see [62,63] for effects on beetles and mosquitoes using
both active ingredients and formulations). For example, glyphosate (active ingredient) has been
shown to increase pathogenic and decrease symbiotic bacteria [64,65], which may affect the sus-
ceptibility of bees to viral and fungal pathogens [56,66] with survival effects cascading to the ecosys-
tem level. In addition to direct herbicide exposure, herbicide-altered plant microbiomes and/or
metabolomes in plant leaves, pollen, and nectar may alter the exposure and consumption of pollina-
tors and herbivores, which can have cascading effects on their gut microbiomes and, therefore, the
health of the pollinators and herbivores [86]. Herbicides also lead to consistent compositional and
functional changes in vertebrate models (mice and poultry [3,28,31,56,67]; both active ingredients
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and formulations) with associated effects on, for example, endocrine and immune function [3,25]. Fur-
thermore, herbicides proclaimed to lack antimicrobial function have been revealed to affect animal
host gut microbiomes (e.g., in beetles, Drosophila, frogs, and mice [68-70]) (Table 1; both active in-
gredients and formulations). For example, low-dose paraquat (active ingredient) exposure
remodeled the microbiome of Drosophila Melanogaster, simultaneously influencing the adult
lifespan [70]. We propose that such effects of non-antimicrobial herbicides could be mediated
via alterations of the host physiology, which then drives the changes in the microbiome.

Ultimately, herbicide-driven changes in animal-host gut microbiomes may lead to ecosystem-
level changes. For example, altered gut microbiomes may directly affect pathogen resistance,
endocrine disruption, and, therefore, the survival/reproduction of animals or cause changes in-
directly by altering species—species interactions including pollination/herbivory, competition, or
predation. These could result from altered behavior driven by modifications of gut microbiomes
[71]. For example, altered gut microbiome and impaired locomotor activity and memory forma-
tion were reported in rats exposed prenatally to glufosinate ([31]; active ingredient). Under-
standing how these physiological and behavioral changes might contribute to organism
performance is therefore a key future research challenge. To summarize, any herbicide-
mediated change in host microbiome can have complex and unforeseen effects on species
associations.

Evolutionary consequences for microbiomes and how they feed back to ecosystem
level

In addition to the resistance of plants to herbicides, which can have cascading effects on
ecoevolutionary dynamics [17], a widely known evolutionary consequence of repeated herbicide
exposure is selection for increased herbicide resistance in free-living soil bacteria [19] (Box 2; see
Figure | in Box 2). This can further feed back to the ecosystem level, as the resulting changes in the
community composition may influence soil processes; for example, nitrogen and carbon flows [72].
Long-term exposure to herbicides may influence not only microbial evolution but also the evolution
of the animal hosts driven via microbes. For example, atrazine (active ingredient) exposure for 85
generations in the wasp Nasonia vitripennis led to adaptive changes in the gut and exerted
selective pressure on the host genome [68]. These results indicate that herbicide-mediated
host-microbiome coadaptation is leading to a new host-genome-microbiome equilibrium. The ef-
fects of herbicides on animal-host gut microbiomes can also feed back into soil processes when
they influence soil fauna, such as earthworms, contributing to detoxification [73], decomposition,
and nutrient cycling [74]. Several herbicides have been found to decrease earthworm microbiome
gut diversity ([75,76]; active ingredient and formulations), which may lead to both impaired soil pro-
cesses and selection on hosts.

What limits current understanding of ecosystem-level effects?

The lack of published studies limits our understanding of the extent and complexity of the ecosystem
and the evolutionary effects of herbicides. First, the co-formulants in herbicides can have additive or
synergistic effects that complicate the predicted effects of active ingredients (Box 1) but have not
been thoroughly quantified. Second, most studies are conducted in the laboratory or on agriculturally
important/model species, which poses several constraints. Model systems in the laboratory fail to
capture the breadth of variability inherent in wild coevolving microbes, plants, and animals, their
interactions, and their responses to variable environments. Thus, the ecoevolutionary consequences
on ecosystems are impossible to quantify in the laboratory. Although mechanisms can be examined
in laboratory studies, the dosages and durations of herbicide exposure are challenging to adjust
equivalent to the exposure in the natural environment. This holds true, especially, in long-term studies
with low chronic exposure levels. Although knowledge on the complex and indirect effects of
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Box 2. Evolution of resistance to glyphosate

Some species have evolved a variety of mechanisms resistant to glyphosate, including target-site and non-target-site mech-
anisms [77] (Figure |). Target site susceptibility can be determined based on bioinformatic analyses of amino acid markers in
the target protein sequence. The evolution of target site sensitivity to glyphosate has been thoroughly studied through the
identification of amino acid markers in the EPSPS active site [18]. Although the phylogenetics and lifestyles of bacteria
may determine the potential sensitivity to the glyphosate, the status may easily change by single mutations in the EPSPS ac-
tive site or via horizontal gene transfer [19]. Moreover, glyphosate may affect additional metabolic pathways, such as the mi-
tochondrial electron transport chain [78-80]; thus, some species may be sensitive to the herbicide even in the presence of the
EPSPS-resistant copy of the protein. The exposure hypothesis (i.e., free-living bacteria that are more exposed tend to be
more resistant to the herbicides than host-associated and parasitic bacteria) has been suggested for glyphosate based
on the analysis of target site mechanisms [19]. However, literature-mining studies suggest that pathogenic bacteria are likely
to be more resistant to the herbicide than free-living and host-associated bacteria [3,81], which may be explained by their
greater genomic plasticity [82]. Moreover, there are differences in target site sensitivity to glyphosate among animal organs
and plant tissues [81]. Further empirical studies are needed to disentangle the association between target and non-target site
mechanisms as well as the role of glyphosate and other herbicides in the selection for antimicrobial-resistant bacteria [33-85].
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Figure I. Target-site (blue) and non-target-site (purple) mechanisms of sensitivity/resistance (S/R) to
glyphosate. This figure was created using BioRender (https://biorender.com/). Abbreviation: EPSPS, 5-
enolpyruvylshikimate-3-phosphate synthase.

herbicides on microbes is emerging, the empirical studies on the wider ecoevolutionary conse-
quences of the long-term use of herbicides remain lacking.

Concluding remarks

The health of microbial communities is extremely important, since they maintain the well-being of
ecosystems. By altering microbial communities, herbicides can have far-reaching, long-term,
and unforeseen impacts on ecosystems. Therefore, tackling the threats caused by agrochemicals
requires tools and solutions based on a comprehensive understanding of microbe-mediated risks
(see Outstanding questions). To truly address and control microbiome-mediated herbicide effects,
these must be considered in future assessments of the registration of pesticides that currently do
not involve microorganisms.
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Outstanding questions

What are the effects of co-formulants
in commercial products on microbes
and microbial communities?

How do herbicide residues affect soil
ecosystem functions, such as nutrient
cycling, via changes in microbiomes?

How do herbicide effects on direct
and indirect (microbiome mediated)
pathways influence species interactions
in wild and agricultural ecosystems?

What are the effects of herbicide-
modulated microbiomes on ecosys-
tem functions and services?

What are the evolutionary consequences
of herbicide-altered changes in ecosys-
tem functions?
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