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Abstract: Nutrients are the driving force of plant and herbivore interactions. Different elements and
fertilization levels in soil, or artificially fertilized substrates can have a direct impact on plant defense responses.
Meanwhile, nutrient levels mediated by root associated microbes can indirectly affect plant-herbivore
interactions. Nutrient uptake promoted by beneficial mycorrhizal fungi or rhizobacteria interacting with roots
can stimulate plant tolerance to herbivore attack, as evidenced by herbivore performance, plant nutrient status,
plant biomass allocation and compensatory growth. In return, herbivory affects nutrient fluxes between plants
and their associated beneficial microbes. Furthermore, aboveground and belowground herbivory can affect the
nutrient exchange between plants and soil microbial communities, mainly for carbon-and nitrogen-based
resources supporting herbivores” life cycles. These ecological interactions are governed by jasmonic acid (JA)
and key enzymes on the molecular level. This review summarizes the current scientific literature on the role of
nutrients in plant-herbivore interactions. This will support efforts to optimize plant defense strategy via
managing nutrient variance.

Keywords: microbe-plant-herbivore interactions; nutrients; resistance; tolerance; soil; mycorrhiza;
rhizobia

Introduction

Inorganic soil nutrients are the fundaments of almost all life on Earth. Plants take up inorganic
nutrients and then build photosynthetic reactors to fix carbon (C), the skeleton of organic compounds.
In a complex food web, plants, as primary producers, are the basic food of consumers, especially that
of arthropods and large mammals.

Herbivory by arthropods is a common biotic stress influencing plant growth and productivity.
On one side, herbivory can have a direct effect by removing plant tissues. On the other side, herbivory
can indirectly affect plant growth by changing the host plants” primary or secondary metabolic
profile. In order to survive, plants have evolved defense strategies that can prevent or mitigate
damage by herbivory. Resistance and tolerance are two defense strategies of plants against pathogens
and pests (Rosenthal and Kotanen, 1994; Strauss and Agrawal, 1999, illustrated in Figure 1). The
resistance strategy aims to diminish the performance or host preference of herbivores (Belsky, 1993;
Strauss and Agrawal, 1999). The tolerance strategy comprises plant regrowth after damage by
herbivores; this is also known as ‘compensatory growth” (Belsky, 1993; Strauss and Agrawal, 1999).
There is a common theory that trade-offs exist between resistance-and tolerance-defense
mechanisms. Moreover, increasing empirical evidence suggests that plants have evolved a mixed
pattern of resistance-tolerance strategies (Carmona and Fornoni, 2013; Leimu and Koricheva, 2006).
In other words, plants can allocate resources to both strategies simultaneously (Leimu and Koricheva,
2006). The engagement of different defense strategies suggests allocation of nutrient elements to
divergent metabolites. As reported recently, nutrients and herbivory can jointly determine grassland
seed bank abundance (Eskelinen et al., 2023).

So far, there is still less known about how nutrients play a role in plant-herbivore and microbe-
plant-herbivore interactions. Moreover, many studies demonstrate that microbes can induce plant
resistance to herbivore damage, compared to fewer studies on plant tolerance strategy. In this review,
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I summarize the role of nutrients in plant defense response to herbivory and further strengthen the
mechanism of beneficial microbes involving in plant defense responses on plant physiological and
molecular level. This review will give more comprehensive insights into the role of nutrients and
microbes, as critical players, in plant defense response. Knowledge about the relation between
nutrients and defense may affect the methodology of applying differentiated nutrients to mitigate or
compensate pest damage and maximize crop production.
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Figure 1. Two defense strategies of plants. At the left, microbes enhance the levels of shoot defensive
metabolites constitutively or induced, which significantly reduces herbivore damage. At the right,
microbes provide the nutrients, allowing plants to tolerate herbivore attack by compensatory growth.
As described, plants have a mixed pattern of these two strategies. The blue arrows indicate the
nutrient flow from belowground to aboveground.

Nutrient availability affects plant-herbivore interaction

Plants respond to herbivore feeding attack by conveying resistance and tolerance responses.
Plant nutrient status and associated soil microbes can affect these responses.

Nutrient supply from the soil or artificially fertilized substrates

Soil fertilization changes plant nutrient content and consequently impacts on the preference and
performance of insects (Sarfraz et al., 2009). There are two ways of nutrients impacting on herbivore
performance. First, enhanced nutrient supply directly improves herbivore performance due to better
nutritional quality of plant material available for the herbivores. For example, a positive correlation
between foliar content of nitrogen (N) and phosphorus (P) and insect herbivores performance was
found, also suggesting a potential role for magnesium (Mg), sodium (Na) and potassium (K) in plant-
insect interactions (Joern et al., 2012). Similarly, P in the diet is likely to affect the larval growth rate
and population dynamics (Perkins et al., 2004). Moreover, the decline of P content of lupin is
associated with decreased larval growth and survival, which leads to an observed negative
relationship between herbivore abundance and host density (Apple et al., 2009). Furthermore, the
availability of N in soils is limited by P, so the effects of plant tissue quantity or quality mediated by
P are vital to the growth of insect herbivores in the N and P co-limited conditions (Bishop et al., 2010).
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Second, nutrients affect the production of defensive compounds in plants, thereby indirectly
influencing herbivore performance. As shown for Plantago spp., fertilized plants have lower total
iridoid glycosides (defense compounds) and lower aucubin (one of the iridoid glycosides) levels than
unfertilized plants (Prudic et al., 2005). Similarly, a high dose of P decreases the alkaloid content and
thus weakens the effectiveness of the defensive system in a natural grassland (Graff et al., 2020).
Utilization of K fertilizer, however, minimizes the incidence of diseases and pest invasion in most
cases (Amtmann et al., 2008). Apart from the above cases, there are numerous studies showing that
different elements lead to distinct effects on plant defenses (Table S1). Admittedly, these responses
also highly depend on the context of bioassays used.

Nutrient supply from the microbes interacting with plant roots

Beneficial microbes, such as phosphate solubilizing microorganisms, nitrogen-fixing microbes
and symbiotic microorganisms, can promote plant nutrient uptake. Besides the direct effect of
fertilization on plant defense responses, the interaction of host plant roots with beneficial microbes
may affect plant-herbivore interactions via nutrients. For example, nutrient elements promote
herbivory and pathogen intrusion in diversely mycorrhiza-colonized tree monocultures and
mixtures (Ferlian et al., 2021). Adequate nutrient provision may drive shifts among plant defense
strategies, which can lead to decreased allocation to active antiherbivore defenses but increased
investment in regrowth and tolerance to herbivory (Coley et al., 1985). Under nutrient-impoverished
environments, AM (arbuscular mycorrhizal) fungi can improve the accessibility of plants to nutrients,
and also AM-colonized plants are armed to defend against pathogens (Chen et al., 2019). In return,
nutrient-rich plants directly provide palatable food for herbivores, which is in exchange for fungal-
acquired nutrients (Wilkinson et al., 2019). Moreover, in addition to improving access to N and P,
AM fungi can also enhance the acquisition of other elements which are important for plant defense.
For example, when silicon in the soil is limiting, AM fungi can increase the uptake of silicon and thus
augment silicon-based resistance to herbivores (Frew et al., 2017).

Apart from AM fungi, other microbes are also involved in the provision of nutrient uptake or
transport. The growth-promoting rhizobacteria GB03 induce the transcripts encoding for sulfur (S)-
rich aliphatic and indolic glucosinolates (Aziz et al., 2016). As a result, GB03-infested plants enhance
S assimilation and then strengthen the sophisticated involvement of microbial signaling in plant
defense against Spodoptera exigua (Aziz et al., 2016). Virus-infection of host plants causes an almost
30-fold rise in overall phloem amino acids (AAs) but the phloem composition rapidly changes upon
the arrival of whiteflies, and finally, the effect of colonization by whiteflies outcompetes the effect of
the virus on AA composition (Angeles-Lopez et al., 2016). Root colonization by nitrogen-fixing
bacteria is more abundant on silicon-supplemented plant roots, which makes Medicago sativa more
susceptible to aphids because of the increase of essential foliar AAs due to high levels of root
nodulation (Johnson et al., 2017). There are greater levels of total N, essential AAs and vitamins of
the B-group (VBs) in fungal tissue and fungus-infected leaves, so caterpillars prefer to feed on black
poplar foliage infected by fungus (Eberl et al., 2020). There is a prediction that endophytes with varied
alkaloid-producing levels are favored under different levels of herbivory and soil nutrients in terms
of N limitations to the host plants (Faeth and Fagan, 2002). Apart from the above examples, other
elements or nutrients involved in microbe-plant-herbivore interactions are listed in Tables 52 and S3.

Overall, it is highly important to interpret herbivore performance with their ecological
stoichiometry (Huberty and Denno, 2006). Differentiated nutrient levels contribute to the adjustment
of the herbivore population. An increase in plant or soil nutrient heterogeneity within plant and
microbe communities could help to maintain the sustainable control of insect pests in ecosystems
(Wetzel et al., 2016). Therefore, from an agricultural perspective, increasing crop varieties by
enlarging genetic diversity within varieties or by mixing varieties, following with high nutrient
variance, would mitigate the loss of crop production by pests.
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Herbivory drives nutrient exchange between plant and microbial communities

From the concepts of herbivory in ecosystem dynamics, there are two points: on one side,
herbivory can decelerate nutrient cycling and reduce plant abundance; on another side, herbivory
can facilitate nutrient cycling, which may lead to a higher plant abundance (Belovsky and Slade,
2000). From the large number of recent studies (Bell et al., 2022; Eskelinen et al., 2023; Li et al., 2022;
Zeng et al., 2022), here I discuss that herbivory contributes to the nutrient exchange in multitrophic
levels (Figure 2).

Nutrient exchange between aboveground and belowground
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Figure 2. Graphical illustration of herbivory driving nutrient exchange between aboveground and

belowground. Plants live in a dynamic and complex ecosystem where roots can interact with many
organisms including pathogens, earthworms, nematodes, plant growth promoting bacteria, and
arbuscular mycorrhiza; shoots suffer from attack by herbivores including bugs, caterpillars, moths,
whiteflies, aphids, beetles, slugs, and mammals. In these multitrophic interactions, herbivory affects
the nutrient flow between aboveground and belowground. Herbivores obtain C resources for
maintaining their life cycles. Meanwhile, plant roots acquire inorganic nutrients including N, P, K,
Ca, Mg, Fe and others for their growth needs, directly from soil substrates or indirectly from the
interacting microbes or degraded by organic matter, to support the formation of photosynthetic
assimilates.

In the presence of microbes that interact with plants, N, C and P are the most frequent nutrients
addressed in the selected studies of microbe-plant-herbivore interactions (Figure 3). There are
probably other nutrients to be analyzed, how they are affected by tripartite interactions. Nevertheless,
it is well known that soil microbes affect plant nutrient uptake either in a positive or negative manner.
To see the overall effect of herbivory on plant nutrient content in the plant-microbe interactions, I
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further selected the studies with approachable digital data of plant N and C content, and performed
a meta-analysis (Figure 4). It is visible that herbivory has a slightly positive overall effect on plant N
and C content, but not statistically significant (Figure 4). The results advance our current
understanding of taking advantage of soil microbes in crop production.
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Figure 3. The frequency of nutrients involved in the selected studies of microbe-plant-herbivore
interactions. Plants interact with herbivores aboveground and microbes belowground. The brown
arrows indicate C flow from aboveground to belowground; the blue arrows indicate the flow of
inorganic nutrients from belowground to aboveground. In the right part of the figure, the numbers of
studies, in which the respective nutrient appears, are shown. There are 31 studies in total which meet
the criteria. The method of how to screen these articles from “Web of Science” database is listed in
Method S1. AAs, amino acids; VBs, vitamins of the B-group.
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Figure 4. The effect size of herbivory on plant N (A) and C (B) content in the presence of microbes
that interact with plants. Error bars denote 95% confidence intervals (CIs). The size of each blue
square indicates biological replicates in relation to the overall mean difference. The black diamond
shows the overall effect size. Vertical solid lines show Hedges=0. The effect is significant when the
95% CI does not include zero. The method of data analysis is described in Method S2.

The impact of belowground herbivory on nutrient exchange

Belowground herbivory can affect nutrient shifts between plants, herbivores and soil organisms.
The effect of belowground herbivory on plant growth performance depends on the nutrient
conditions of substrates and the composition of microbial communities. For instance, the
belowground herbivory by nematodes enhances plant growth and nutrient uptake under C-and N-
abundant substrates, owing to pivotal interactions between plants and soil microbial communities
which increases nutrient availability (Gebremikael et al., 2016). The combined interaction of the root-
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knot nematode Medloidogyne incognita and endogenic earthworm Octolasion tyrtaeum with roots
of Brassica oleracea, leads to increased N uptake, shoot biomass and microbial biomass in soil (Wurst
et al., 2006). However, earthworms mobilize more soil N than litter N while nematodes are inclined
to improve the microbial biomass in soil (Wurst et al., 2006). Indeed, there exists a complex nutrient
flow and cycling between soil substrates (including organic and inorganic matter), soil microbial
communities and plants. As shown, the belowground root-feeding beetle larvae increase plant
photosynthetic products in soil; however, they lead to an 8% decrease in total soil carbon along with
a 13% and 16% increase of C and N in microbial biomass, respectively (Gan et al., 2018). Root
herbivores speed up C flow into soil, and thus facilitate the decomposition of existing soil organic
matter (Gan et al., 2018). Additionally, nematodes affect belowground N fluxes and induce N transfer
from legumes to non-N-fixing plants via the soil microbial community (Ayres et al., 2007).

In a certain number of cases, however, root herbivores can downregulate plant defense
responses and have adverse effects on plant growth. For instance, root herbivory and soil fertilizer
affect the defensive chemistry of Citrus aurantium, with increased root protein and peroxidase content
but decreased activities of chitinase and glucanase related to the resistance to microbial pathogens
(Borowicz et al., 2003). Root herbivory has an overall strong negative effect on plant growth and
reproduction, indicating direct negative effects over any potential indirect benefits (Barber et al.,
2015). Moreover, the effects of root herbivory on root defensive chemistry may not align with its
effects on leaf chemical profile, underlining the need for research that integrates aboveground and
belowground interactions (Borowicz et al., 2003).

The impact of aboveground herbivory on nutrient exchange

Aboveground herbivory does not only mediate the nutrient exchange in the direct uptake
pathway via root epidermis or root hairs but also in the indirect pathway via associated microbes.
Meanwhile, aboveground herbivory does not only impact on the soil nutrient availability for plants,
but also on the way of plants’ nutrient acquisition (Barthelemy et al., 2017). For example, oak
seedlings mitigate insect herbivore damage with a set of allocation shifts - increased foliar C,
remained C rhizodeposition and N assimilation, and shifted N resources to storage in taproot and
stem tissues (Frost and Hunter, 2008). In the indirect pathway, the positive effect of herbivore
removal/feeding on plant growth is accomplished via the changes in soil properties and thus it can
solve the high grazing pressure on plants (Barthelemy et al., 2019). Moreover, the aboveground
herbivory can reduce the allocation of carbon to shoots but increase C fluxes belowground including
roots, root exudates and rhizosphere respiration, thus enhancing C resources available to microbial
populations (Holland, 1995; Holland et al., 1996). Strikingly, soil legacy by grazing can exert long-
lasting effects on plant productivity and ecosystem functioning even after grazing has ceased
(Barthelemy et al., 2019).

Aphid has been investigated as a model aboveground herbivore organism in microbe-plant-
insect interactions. Aphids decrease the plant N uptake by the direct pathway as a result of microbial
immobilization and by the indirect pathway probably due to the interaction of microbial
immobilization and C stress (Katayama et al., 2014). Interestingly, another study shows that plants in
low N conditions and exposed to aphids (without herbivore damage) promote N-fixing activity
(Zekveld and Markham, 2011). This suggests that the effect of herbivores on plants needs to be
separated from the presence of herbivores and their removal of plant tissues (Zekveld and Markham,
2011). Under resource shortage and herbivore attack by grasshoppers, the strategy of C partitioning
between aboveground and belowground changes the relationship of the source and sink to
compensate for the removal of the aboveground tissue (Potthast et al., 2021). Besides, severe short-
term herbivory increases ecosystem N cycling by N immobilization and by efficiently preventing N
draining (Potthast et al., 2021).

Carbon-nutrient balance theory provided by Bryant et al. (1983) conveys the concept that in
nutrient-limited conditions chemical defenses are largely determined by C: In abundant nutrient or
low-carbon environments carbon-based defenses decline, but nitrogen-based defenses become
pronounced. Nutrient availability can dominate the impact of mammals on soil carbon and nitrogen
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pools in grassland, and it shows that grazed and fertilized zones retain the highest mean soil C and
N pools (Sitters et al., 2020). Surplus fixed carbon, as a consequence of growth limitation imposed by
insufficient nutrient or water supply, or low temperature or elevated atmospheric COz, drives
allocation and plant-soil interactions (Prescott et al., 2020).

Soil nutrients, invasive plants and insect herbivores jointly determine the aboveground and
belowground responses, and the combined effects may be independent or interdependent, which
vary with the scale (Wright et al., 2014). Overall, it is necessary to integrate aboveground and
belowground organisms into a dynamic and sophisticated ecosystem while studying the effect of
nutrients on multitrophic interactions.

Herbivory drives nutrient exchange between plant and mycorrhizal fungi

The reciprocal nutrient exchange between plants and mycorrhizal fungi is the driving force of
AM associations. AM fungi contribute to the transfer of inorganic and organic N into host root cells
(Hodge and Fitter, 2010; Miransari, 2011), whereas the phosphate (Pi) level of plants is an essential
signal for AM symbiosis establishment and maintenance (Kobae et al., 2016). Nutrients taken up by
AM fungi, such as N, P, K, and S, are transferred to the plant in exchange for C (Wang et al., 2017).
AM fungi have a biotrophic lifestyle and demand C from the host plant. So far, there are two forms
of C transportation reported, “sugar pathway” and “lipid pathway” (Luginbuehl et al., 2017; Manck-
Gotzenberger and Requena, 2016). However, the relative contribution of each pathway in an
individual is still less known. The extent of mycorrhizal colonization within grass host plants is
strongly affected by C assimilation and allocation (Wearn and Gange, 2007).

The plant regrowth, mycorrhizal symbionts, and aboveground herbivores act as competitors for
the host’s C reserves (Piippo et al., 2011). Aphids affect the balance of nutrient exchange between
plants and AM fungi because plants transfer less C to mycorrhizal while fungal P supply to plants
remains (Charters et al., 2020). The presence of nematodes disrupted C for nutrient exchange between
plants and AMF, with plant C and mycorrhiza-mediated P overwhelmingly obtained by the
nematodes (Bell et al., 2022). Moreover, foliar herbivory alters direct and indirect Pi uptake pathways
(Zeng et al., 2022). Notably, salinity, as environmental stress, alter the relationship between plants
and AMF and thereafter also moderates animal grazing pressure (Ba et al., 2012). The researchers
should not ignore that some abiotic factors like salinity and light might fine-tune the course of
nutrient exchange.

There is a contradictory case which says that the attractiveness of beans to aphids is positively
correlated with AM fungi though neither P treatment nor leaf P content affects the attractiveness of
plants to aphids; instead, the mechanism is likely to manipulate by AM colonization-induced plant
systemic signaling (Babikova et al., 2014). The mycelial network could act as a pipeline to transmit
signals; among them, defense enzymes, volatile organic compounds, C and N content are involved
in the defense process (Yu et al., 2022). In conclusion, herbivory would probably be a major driver of
symbiont prevalence in native plant populations.

AM fungi-mediated resistance and tolerance

AM fungi-mediated resistance to herbivores has been largely investigated in many plant species
(reviewed in Fernandez-Conradi et al., 2018). AM fungi-inoculated plants grazed by wild herbivores
and cattle had greater biomass than non-inoculated plants, while AM fungi-inoculated plants where
large herbivores are excluded do not show the advantage of AM fungi in the increment of biomass
(Gonzélez et al., 2018). The tolerance and chemical defense mechanisms transmitted by AM fungi are
highly correlated with plant nutrient status, biomass allocation and growth rate (Tao et al., 2016). For
instance, induced tolerance against root herbivore attack was provided by Trichoderma harzianum
maintaining a robust and functional root system as evidenced by the increased uptake of Cu, Ca, Mg,
Na and K (Contreras-Cornejo et al., 2021). Even though AM fungi-mediated tolerance strategy has
been reported, there is less known about how the metabolism of nutrient elements plays a role in
plant tolerance to herbivory. Therefore, integrating nutrient metabolism into the study of plant-
herbivore interactions would minimize the knowledge gap in nutrient-based defense response.
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Mutual effects of nutrients on rhizobia-plant-herbivore interactions

Herbivory also affects nutrient fluxes between plants and another beneficial microbe — rhizobia.
As reported, herbivory drives distinct plant allocation strategies across soil nitrate levels, advancing
our understanding of how rhizobia influence legumes both aboveground and belowground
(Thompson and Lamp, 2021). Under nutrient-limited conditions, the increased compensatory
response of hosts under herbivory pressure may be attributed to enhanced nutrient provisions made
by the rhizobia association (Ballhorn et al., 2017). Additionally, plant-rhizobia interactions impact on
the honeydew composition of aphids, leading to 160% more total sugars than the one collected from
non-nodulating plants (Whitaker et al., 2014). However, high leaf quality promoted by belowground
rhizobium symbiont results in plant susceptibility to a spider mite (Katayama et al., 2010). But the
authors predict that the soil N and rhizobia may independently affect the reproductive performance
of the spider mite (Katayama et al., 2010). Overall, rhizobia are another key player involved in the
nutrient cycling of ecosystems.

Molecular evidence of plant tolerance

The molecular underpinning of plant tolerance to herbivory is still less demonstrated. JA and its
derivates are essential phytohormones of plant defense against abiotic and biotic stress, including
salt, drought, osmotic, herbivore attack and pathogen infection stress. AM fungi-
colonized Medicago truncatula displays a lower JAs burst upon herbivory compared to the JA level of
non-colonized plants, presenting greater tolerance to herbivory by regulating JA and Pi signaling
pathways (Zeng et al., 2022). Generally, after an herbivore attack, high jasmonic acid-isoleucine (JA-
Ile) levels of plants lead to allocation of more resources into defense responses than into growth (He
et al., 2022). However, this antagonistic relationship of growth-defense trade-offs is not simply an
outcome of resource shifts but is regulated on the transcription level via hardwiring the molecular
network of growth and jasmonate signaling (Campos et al., 2016). The further research of the
molecular mechanism of growth-defense trade-offs can help to develop concepts of how to
disconnect this balance and eventually improve plant growth performance.

The enzyme GLUCOSE-6-PHOSPHATE DEHYDROGENASE 1 (G6PD1), as a key regulator,
contributes to the phenomenon of overcompensation viz its role in the oxidative pentose phosphate
pathway (OPPP) (Siddappaji et al., 2013). The invertase family of enzymes hydrolyze sucrose to
glucose and fructose, whereby the glucose produced is shunted into the OPPP and presumably
supports plant regrowth, development, and ultimately compensation. Invertases are essential not
only for average plant growth and development but also for plants’ abilities to regrow and eventually
compensate for fitness following apical damage (Siddappaji et al., 2015). Furthermore, herbivory
downregulates the transcripts of SNF1-related kinase SnRK1, which thus increases C to roots; this
silencing alters resource allocation and shows increased tolerance (Schwachtje et al., 2006). It is found
that induced JA signaling, root carbohydrate responses, and defoliation tolerance are closely linked,
but highly species-specific, even among closely related species (Machado et al., 2017).

Conclusion and future perspectives

The aboveground and belowground herbivores, soil nutrient availability and plant associated-
microbes are highly dependent on each other in ecosystems. Changing nutrient availability, either
through the type of elements or fertilization level, can potentially alter plant and herbivore
performance. Meanwhile, coordinating the plant-microbe interactions can also manipulate the
nutrient provision to plants and consequently influence the plant defense strategy. To date, some
studies reveal plant tolerance to herbivore damage and activated plant compensatory growth.
However, very little molecular evidence of tolerance strategy has been identified. In addition, many
studies focus on the C-, N-and P-based resource exchange. The function of other elements mediated
by microbes is still less known. Furthermore, considering the complex food web and biodiversity in
the tripartite interactions, the competition for nutrients in limited conditions among the same trophic
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level should also deserve more attention. Soil legacy, herbivory history and plant rotation are good
moderators when studying plant-herbivore interactions.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: The effect of nutrients on plant-herbivore interactions; Table S2:
Nutrients involved in microbe-plant-herbivore interactions; Table S3: Nutrients involved in AM fungi-or
rhizobia-plant-herbivore interactions; Method S1: Literature search for Figure 3, Figure 4, Table S2 and S3;
Method S2: Data analysis.
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