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In natural and field environments, plants are simultaneously exposed to a diverse set of stressful conditions, like
biotic and abiotic stressors, and must respond accordingly. These interactions result in intricate cross-talk be-
tween hormonal pathways, microbial communities, and volatile organic compounds (VOCs), shaping plant
fitness and resistance mechanisms. Recent studies demonstrate that multifactorial stress combinations often
trigger unpredictable transcriptional and metabolic responses, distinct from those induced by individual stressors
alone. How multiple simultaneous or sequential biotic stresses affect plant fitness and defense, however, have
been less reported. Climate change and extreme weather events are intensifying the likeliness that these con-
ditions strike simultaneously or in close sequence, and increase the complexity of stress responses. Still, our
knowledge on the mechanisms of plant defense to concomitant or sequential biotic stresses remains critically
limited. Findings from unifactorial plant defense studies are often hindered in their precise extrapolation to
complex, multifactorial natural environments. Thus, plant research urgently needs to consider multifactorial and
combinatorial stressors, dynamic microbial interactions, and ecological trade-offs in plant stress adaptation.
Resilient crop development and sustainable agriculture under global warming profoundly depend on our char-
acterization of the complex mechanisms and cross-talks involved. We believe it is time for research to shift to-
wards more complex, realistic stress scenarios to improve the applicability of findings and strengthen crop
resilience amidst evolving agricultural demands.

Introduction

Driven by the increase in greenhouse gases and the consequent
global warming, the intensification of severe weather events across the
globe is becoming an ever-present threat caused by climate change (Ebi
et al., 2021; Zandalinas et al., 2021a). Intense heat waves, prolonged
drought periods, or rapid flooding are only a few of the extreme phe-
nomena that are becoming more common annually, posing significant
detrimental effects and yield losses on crops (Ebi et al., 2021; Yadav
et al., 2021).

It is widely acknowledged that these weather events lead to abrupt
changes in ecosystems and their interconnectedness, shaping already
established communities in unforeseeable ways (Blois et al., 2013;
Hoegh-Guldberg et al., 2018; Suréwka et al., 2020; Trivedi et al., 2022).
Particularly for crops, this implies an increased prevalence of simulta-
neous biotic and abiotic interactions in the field, challenging plant de-
fense responses on multiple fronts (Hamann et al., 2021; Rivero et al.,

2022; Schneider et al., 2022; Trivedi et al., 2022). Crops interact with
various species of insect, bacteria, fungi, and viruses, which can occur in
a simultaneous or sequential manner. If properly combined and given
sufficient time, the possible number of permutations can reach astro-
nomical magnitudes (Dietz, 2021; Suzuki et al., 2014). Although the
concept of plants encountering multiple concomitant stresses in nature
is not new (Chapin et al., 1987; Mooney and Winner, 1991; Stout et al.,
2006), the topic has gained significant attention recently, notably by
studies on simultaneous abiotic combinations (Rillig et al., 2019; Zan-
dalinas et al., 2021b). These cumulative stress factors were shown to
exert pronounced effects on soil microbial diversity and plant fitness,
while stress combinations showed additive effects even when individual
stress levels were insufficient to cause significant fitness loss (Rillig
etal., 2019; Sinha et al., 2024; Zandalinas et al., 2021b). Furthermore, a
study with 10 Arabidopsis ecotypes demonstrated that over half of
transcriptome changes induced by dual combinations of abiotic stresses
or flagellin were not predictable from individual stress responses
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(Rasmussen et al., 2013). These studies highlight the inherent limita-
tions of single-stress models, in which mechanisms and signaling path-
ways identified therein may not fully represent plant defense responses
under natural, complex conditions. This knowledge gap is particularly
critical for understanding multiple biotic interactions in plants. Thus, we
believe it is imperative that future plant stress research incorporate a
broader spectrum of variables. This is particularly crucial to validate
known mechanisms in natural contexts and to discover novel signaling
responses that emerge only under combined stress conditions. The topic
of multifactorial stress combination, including examples of synergistic
and antagonistic interactions and their molecular mechanisms, has been
extensively reviewed (Atkinson et al., 2014; Dietz, 2021; Nadeem et al.,
2023; Rivero et al., 2022; Suzuki et al., 2014; Zandalinas et al., 2021a;
Zandalinas and Mittler, 2022). Despite their excellence, most reviews
primarily focused on combinations of different abiotic factors with at
most a single biotic stressor. This underscores the need for more
comprehensive consideration of multiple biotic stress in plant research.

Concomitant combinations of pests, pathogens and their respective
microbiome modulation are ubiquitous in plants, yet our understanding
of the intricate molecular response is still limited (De-la-Pena and
Loyola-Vargas, 2014; Franco et al., 2017, 2021; Gallan et al., 2023;
Leite-Mondin et al., 2021). Similarly to what was observed for multiple
combined abiotic stresses, the complexity introduced by concomitant or
sequential biotic interactions is vast, influencing plant signaling mech-
anisms and defense responses in ways that require further investigation
(Fig. 1). A holistic view of plants and their surrounding organisms is
essential to elucidate the complex interactions occurring in real envi-
ronmental conditions. This review focuses on addressing this critical
knowledge gap by highlighting recent examples of multifactorial biotic
interactions and their impact on plant fitness, examining how multiple
biotic stressors shape plant defense responses. Also, we strongly
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advocate that researchers in the plant stress science field prioritize the
investigation of plant defense responses to multiple simultaneous
stresses. For that, we propose an integrated framework for designing and
performing multifactorial biotic stress research in plants. This is
particularly important for crops involving complex biotic interaction
networks. Moving beyond isolated, binary interactions will be crucial to
better prepare plants for future challenges caused by climate change.

Stress order and intensity affect plant defense response

Agricultural ecosystems are hotspots of biotic stress interactions,
where herbivory, pathogen infections, and competition with invasive
species often co-occur. Unlike abiotic stresses, these interactions are
characterized by co-evolutionary dynamics, as plants and their antago-
nists engage in a constant evolutionary arms race (Savary et al., 2019).
The underlying mechanisms governing these interactions in plants often
involve complex trade-offs between growth and defense, mediated by
phytohormones, particularly jasmonic acid (JA), salicylic acid (SA), and
ethylene (ET) (Thaler et al., 2012). These hormones orchestrate plant
defenses, with JA predominantly associated with herbivory or
necrotrophic pathogen responses, while SA is often linked to biotrophic
pathogens and phloem-feeding insects (Roychowdhury et al., 2025; Vos
etal., 2013). However, their signaling pathways can exhibit antagonistic
cross-talk, compromising the overall defense strategy when pests and
pathogens co-occur (Lazebnik et al., 2014). Furthermore, ET has been
implicated in complex cross-talk networks with both JA and SA (Natalini
and Palma, 2023). Consequently, a system-level understanding of how
plants manage such stressors is essential to uncover the molecular
mechanisms involved. Advances in multi-omics approaches, especially
transcriptomics, proteomics, and metabolomics, offer promising ave-
nues for identifying key regulators of combined stress responses, and are
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Fig. 1. Schematic representation of the complexity of biotic and abiotic interactions influencing plant physiology and metabolic processes. Biotic factors that interact
with plants, including insects, nematodes, fungi, bacteria, and viruses, may form mutualistic, pathogenic, or complex trophic network relationships involving or-
ganisms from many different families. Biotic signaling mechanisms include the activation of PRRs (Pattern Recognition Receptors) and NLRs (Nucleotide-binding
Leucine-rich Repeat Receptors) which are essential for defense against pests and pathogens. Complex molecular cross-talks between immunity hormone signaling
pathways in multitrophic interactions are still poorly understood. Volatile organic compounds (VOCs) mediate inter- and intraspecific communication, influencing
plant-microorganism and plant-insect interactions. Abiotic stresses can further affect plant responses to these organisms and alter biochemical processes in plant
metabolism and defense. The understanding on how each stress impact plants molecular response to other concomitant interactions is paramount for the devel-

opment of more resilient crops prepared to withstand future challenges.
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being increasingly used to understand them in plants (Dangi et al., 2018;
Schneider et al., 2022). Despite these advances, the question of how
plants will respond to multiple biotic stressors striking at the same time
or in sequence remains in debate.

In multifactorial biotic stresses, the type of defense response induced
appears to depend on the order and intensity that each stressor interacts
with the plant. For example, a study showed that Eurydema oleracea
herbivory in Arabidopsis causes the induction of the SA pathway as a
strategy to antagonize JA signaling that would deter its feeding
(Costarelli et al., 2020). However, when plants were pre-inoculated with
Botrytis cinerea, a necrotrophic pathogen, a JA-dependent response was
triggered, which consequently decreased leaf damage caused by subse-
quent herbivory. Yet, this effect was not seen when the pre-inoculation
was carried out with the biotrophic pathogen Golovinomyces orontii,
indicating that the pre-induction of JA was beneficial for the plant
against a following insect interaction (Ederli et al., 2021). Similarly,
pre-inoculation of Arabidopsis plants with B. cinerea delayed
caterpillar-induced transcriptome changes caused by subsequent her-
bivory of Pieres rapae, in early time points of 3 h, although changes soon
converged to an insect response (Davila Olivas et al., 2016). Conversely,
P. rapae herbivory on Arabidopsis induced a JA-response that proved
ineffective against the necrotrophic fungi Alternaria brassicola, but
bolstered local defense against bacterial pathogens Pseudomonas syringae
pv tomato and Xanthomonas campestris pv armoriciae (De Vos et al.,
2006). Nevertheless, a transcriptomics study in Brassica nigra showed
that Pieres brassicae herbivory dominated the transcriptome response
even when plants were pre-treated with X. campestris pv. raphanin, egg
extracts, or aphids, while larvae gained more weight from plants
pre-treated with pathogen than egg extracts (Bonnet et al., 2017). Au-
thors hypothesize that the high induction of SA under pathogen treat-
ment might have led to decreased JA response due to antagonism, and
thus decreased defense against the larvae. Regardless, eggs or egg ex-
tracts of P. brassicae deposited on Arabidopsis leaves were able to induce
systemic acquired resistance, via SA, that reduced growth of bacterial
pathogen Pseudomonas syringae and inhibited B. cinerea and Hyaloper-
onospora arabidopsidis infection (Alfonso et al., 2021; Hilfiker et al.,
2014). Although the defense response against B. cinerea is expected to be
more JA-dependent, it is suggested that SA might play a partial role in
the defense against this pathogen (Alfonso et al., 2021). This intricate
response network highlights that much still needs to be learned about
hormone cross-talk in multifactorial biotic stresses. These findings still
need to be validated in more realistic field trials, with crops attacked by
these pests and pathogens, while enduring natural field variations and
interactions. The aforementioned studies make evident that the order
and intensity that each stress interacts with the plant host are crucial in
defining its defense response, but it remains to be seen if this is always
the case.

Antagonistic multitrophic interactions were also reported in crops. In
wheat, infection by powdery mildew Blumeria graminis reduced subse-
quent Sitobion avenae aphid performance while attracting its natural
enemy, Aphidius gifuensis, likely due to SA pathway gene induction
(Kang et al., 2018). However, S. avenae infestation, followed by Fusarium
graminearum infection, led to increased disease severity, mycotoxin
accumulation, and the suppression of pathogenesis-related genes
compared to those not pre-treated with the aphid (De Zutter et al.,
2016). Similarly, F. graminearum was shown to benefit from concomitant
interaction with S. avenae, also exhibiting faster disease progression and
mycotoxin accumulation when both treatments were combined
(Drakulic et al., 2015). Most likely, the hormonal cross-talk of SA and JA
is involved, meaning, in practical terms, that the underlying mecha-
nisms governing this host-pathogen interaction in the field are directly
influenced by the presence or absence of the aphid. In a similar manner,
herbivory by Diatraea saccharalis in sugarcane leads to strong upregu-
lation of pathogenesis-related proteins that have no effect against the
insect, but rather act against phytopathogenic fungi that commonly
occur after mechanical damage (Franco et al., 2014; Medeiros et al.,
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2012). These examples underscore why studies seeking to understand
plant defense to pests and pathogens should consider their other bio-
logical interactors, which might be present in natural environments, and
have co-evolved complex traits and responses. The classification of the
diverse set of strategies that plants adopt for multiple biotic stresses
arriving simultaneously or sequentially has already been proposed for
herbivores, but is still lacking for the other multitude of organisms that
commonly interact with plants (de Bobadilla et al., 2022).

Not only insects modulate plant pathogen responses, but co-infection
by multiple pathogens also influences their reciprocal disease severity
and progression (Tollenaere et al., 2016). While one might assume that
the co-occurrence of two detrimental biotic stresses (e.g., pest + path-
ogen, or pathogen + pathogen) invariably increase plant damage, this is
not always true. In potato, combined infection by Alternaria solani and
Phytophthora infestans resulted in an increased severity effect only for
A. solani, both in plant and in field trials (Brouwer et al., 2023). Authors
hypothesize that the necrotrophic lifestyle of A. solani could lead to the
death of cells needed for the early biotrophic phase of P. infestans, thus
hindering the start of the infection. Another possibility is that molecules
secreted by A. solani could lead to cell death of P. infestans, thereby
preventing its survival (Brouwer et al., 2023). On the other hand,
P. infestans secretes effectors that could be hampering potato’s immune
response or leading to increased SA production, thus favoring subse-
quent infection by A. solani (Brouwer et al., 2023). In this case, the order
of infection does matter and has a direct impact on disease dynamics in
the field. A summary of multifactorial stress interactions and their key
findings is presented in Table 1.

To date, few studies have investigated how plants respond to mul-
tiple combined biotic stresses, and many open questions remain. Will
plants always prioritize the most intense stress (e.g., herbivory), or does
order matter most? What are the molecular cues that cause plants to shift
defense pathways for one stressor in detriment of the other, and how can
we manipulate them to breed better crops? If SA and JA are not always
the sole messengers, as indicated by the previous examples, which other
hormones and signaling molecules are involved in combined biotic in-
teractions? Most importantly, how applicable are the conclusions drawn
from single interaction studies, performed under controlled conditions,
to the actual plant response in natural environments and crop fields? If
we aim to better translate basic research into applied technology, more
effort must be dedicated to understand multifactorial stresses in plant
research.

The role of the microbiome in multifactorial interactions

Recently, it has been proposed that plants and their associated
microbiome form a single entity known as the plant holobiont, which is
evolutionary influenced as a whole (Trivedi et al., 2022; Vanden-
koornhuyse et al., 2015). Growing evidence also suggests that below-
ground communities significantly affect aboveground plant phenotypes.
Notably, root-associated microbiota serves as a first line of defense
against many pathogens, mediating plant immunity, fitness, and growth
under various stress scenarios (Liu et al., 2020; Teixeira et al., 2019;
Trivedi et al., 2022, 2020). In this context, hormonal cross-talk is
especially important. Plants evolved mechanisms to recruit rhizobac-
teria reported to suppress disease progression and insect colonization,
primarily by activating the JA pathway (Carvalhais et al., 2017). Other
microbes also induce systemic resistance through SA-dependent re-
sponses, priming plants against future biotic stressors (Teixeira et al.,
2019). In the case of multifactorial biotic interactions, studies have
demonstrated how microbial consortia can suppress pathogens or
exacerbate their effects, depending on environmental conditions
(Carrion et al., 2019; Trivedi et al., 2022). This is particularly critical
given the climate change scenario, as many abiotic stresses, such as
drought, lead to abscisic acid (ABA) signaling and repression of JA and
ET, thereby hindering plant defense responses (Anderson et al., 2004;
Prasch and Sonnewald, 2015). However, how the plant holobiont is
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Table 1
Summary of key findings on the impact of stress order and intensity in multi-

Table 1 (continued)

Interacting Organisms  Order/Intensity Key Findings References
factorial biotic interactions.
Diatraea saccharalis Herbivory by Strong upregulation ~ (de

Interacting Organisms Order/Intensity Key Findings References (herbivore) + D. saccharalis of pathogenesis- Bobadilla
Eurydema oleracea E. oleracea Induction of the SA (Davila Colletotrichum related proteins that et al., 2022;

(herbivore) on herbivory pathway that Olivas et al., falcatum have no effect Tollenaere

Arabidopsis antagonize JA 2016) (hemibiotroph) + against the insect, et al., 2016)

signaling Fusarium but show antifungal

Botrytis cinerea Pre-inoculation Prior activation of (De Vos verticillioides activities against

(necrotroph) + with B. cinerea JA-dependent et al., 2006) (hemibiotroph) on phytopathogenic

E. oleracea on followed by response decreased sugarcane fungi

Arabidopsis E. oleracea leaf damage caused Alternaria solani + Co-infection by Increased disease (Trivedi

herbivory by subsequent Phytophthora A. solani and severity only for et al., 2020)
herbivory infestans P. infestans A. solani

Golovinomyces orontii Pre-inoculation Activation of SA (De Vos (necrotroph) on

(biotroph) + with G. orontii pathway did not et al., 2006) potato

E. oleracea on followed by alter subsequent

Arabidopsis E. oleracea herbivory

herbivory modulated in response to concomitant biotic interactors, like multiple

Botrytis cinerea + Pre-inoculation Delayed caterpillar-  (Bonnet pathogens or insects, is still scarcely comprehended. Nevertheless,

Pieres rapae with B. cinerea induced etal, 2017) recent studies are beginning to shed light on these complex interactions,
(herbivore) on followed by transcriptomic . . . . . s
L . revealing the dynamic role of the microbiome in mediating plant re-
Arabidopsis P. rapae herbivory ~ changes X L X R .
(early time points sponses to combined biotic challenges. Knowing which microbes are
of 3h) beneficial or detrimental in specific biotic interactions could be key to
P. rapae + Alternaria Herbivory by JA-induced (Hilfiker develop sustainable agricultural practices (Arif et al., 2020).

brassicola
(necrotroph) on

P. rapae followed
by A. brassicola

response was
ineffective against

et al., 2014)

For instance, the interplay between soil microbiomes and multiple
aboveground stressors has been investigated in a multifactorial study

Arabidopsis infection the subsequent
necrotrophic fungus with oak seedlings (Quercus robur) (van Dijk, L.J. et al., 2022). Plants
P. rapae + P. rapae herbivory  The JA-induced (Hilfiker were exposed to single, dual, or triple sequential or concomitant stresses
Pseudomonas followed by response increased et al., 2014) involving powdery mildew (Erysiphe alphitoides), aphids (Tuberculatus
syringae pv tomato / pathogen local defense . . . . .
) ; : . . annulatus), and caterpillars (Phalera bucephala), while growing in soils
X. campestris pv infection against bacterial X o K . . o X
armoriciae pathogens with distinct natural microbiomes. The specific soil microbiome and the
(hemibiotroph) on combination of stresses significantly affected the severity of powdery
Arabidopsis . ' mildew disease. Further, these combinations mediated the impact on
Pieres brassicae Herbivory by P. brassicae (Alfonso aphid population size (van Dijk, L.J. et al., 2022). Surprisingly, the
(herbivore) + P. brassicae on herbivory et al., 2021) bined P Iphitoid d I b 1
Brevicoryne plants pre-treated  dominated the combined treatment of E. alphitoides and T. annulatus on Q. robur plants
brassicae (aphid) +  with X. campestris  transcriptomic did not alter the plants metabolome significantly, whereas single
X. campestris pv. pv. raphanin, egg response in all pre- stressors did (van Dijk, L.J.A. et al., 2022). It is, thus, suggested that a
raphani extracts, or treatment potential negative feedback mechanism might be involved when plants
(hemibiotroph) + aphids combinations.

egg extracts on
Brassica nigra

Eggs / egg extracts of

Egg or egg extract

Different marker
genes in each

face concomitant aphid and mildew interaction (van Dijk, L.J.A. et al.,
2022). Similar principles of plant-microbiome-multitrophic interaction

combination have also been observed in crop species. In Brassica oleracea, different
suggest SA/JA insect herbivory treatments, targeting either shoots or roots, distinctly
cross-talk

Induction of

(De Zutter

altered the soil microbiome composition, and influenced later plant
growth. When subsequent plants were grown in these differentially

P. brassicae on treatment systemic acquired etal., 2016;
Arabidopsis + followed by resistance (SAR) via  Kang et al., conditioned soils, and then exposed to root-feeding Delia radicum larvae,
Pseudonomas pathogen SA, which reduced 2018) plant growth and resistance were affected by the prior
3’1”"3‘;? " infection Pseudomonas hand insect-microbiome interactions. While all soil conditioning treatments
emibiotroph) + syringae growth an s .
Botrytis cinerea inhibited B. cinerea generally led to reduced gr(')wth of 'p}ants, th(?se COIlC'htIOIled by prior
(necrotoph) + and Plutella xylostella shoot herbivory mitigated this negative effect, result-
Hyaloperonospora Hyaloperonospora ing in comparatively better growth than plants in other conditioned soils
arabidopsidis arabidopsidis (Friman et al., 2021). Together, these systems demonstrate how soil
(comycete) ) infection _ microbiome composition and history can modulate plant phenotypes
Blumeria graminis Infection by B. graminis reduced (Drakulic d ltipl . 1 b d bel d bioti

(powdery mildew) powdery mildew aphid performance et al., 2015) and responses to mu tl.p e’. simultaneous above- and be OWgrOl_'ln .IOtIC
+ Sitobion avenae B. graminis and attracted its stressors. Thus, considering legacy effects and current microbiome
(aphid) on wheat followed by natural enemy composition is crucial to understand plant resilience in complex biotic

S. avenae (Aphidius gifuensis), environments.

infestati likely due to SA .

intestation I:afhzva;ingucﬁon Beyond roots and soil, aboveground structures also harbor a

S. avenae + Fusarium . avenae Increased disease (Medeiros specialized microbiome, which was shown to be dynamically modulated

graminearum infestation severity, mycotoxin et al., 2012) in maize silks in response to ear infection by Fusarium species (Adams
(hemibiotroph) on  followed by accumulation, and et al., 2024; Khalaf et al., 2021). Infection by pathogenic Fusarium spp.,
wheat F graminearum suppression of including F. verticillioides and F. graminearum, is a major concern due to

infection pathogenesis-

related genes
compared to plants
not pre-treated with
the aphid

kernel contamination, Fusarium Ear Rot, and mycotoxin accumulation
(Munkvold, 2003). Interestingly, the general silk microbiome of 14 ge-
notypes of healthy maize plants was similar, although some annual
fluctuations occurred (Khalaf et al., 2021). However, infection by
F. graminearum lead to a twofold increase in 16S read counts and a
substantial reduction in microbial taxa, indicating a selection for a core
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silk microbiome during pathogen challenge (Khalaf et al., 2021).
Nonetheless, environmental conditions drove the microbial diversity of
maize kernels, where a prevalence of Fusarium spp. was identified in
both healthy and F. verticillioides infected plants (Adams et al., 2024).
Authors hypothesize that some Fusarium species, such as F. subglutinans,
might compete with F. verticillioides and thus hinder disease progression,
while most other identified Fusarium species could be synergistic
(Adams et al., 2024). While disease resistance is often attributed to host
genes alone, there is growing evidence for a significant role of
host-mediated microbiome assembly in disease scenarios. For example,
stalk rot resistant maize varieties can recruit core Bacillus strains from
roots to stalks, contributing to defense against F. graminearum (Xia et al.,
2024). Notably, a Bacillus synthetic community, SC-III, led to increased
resistance due to activation of maize secondary metabolite pathways
linked to defense, rather than through the production of direct antimi-
crobial peptides (Xia et al., 2024). This suggests that, in addition to
classical resistance genes and molecules, the composition and function
of the plant microbiome are essential components of biotic stress re-
sponses, and should be further considered in biotic stress research.

One mechanism by which microbes influence plant defense re-
sponses is through the induction of defense pathways, known as induced
systemic resistance (ISR) (Sugio et al., 2015). By priming plant defenses,
bacteria and fungi can prepare plants for impending attacks, leading to
higher expression of defense-related genes. Overall, this induction also
helps plants defend against insect herbivores, although the degree of
specialization of the herbivore seems to be relevant. For example, Ara-
bidopsis plants primed in the roots by non-pathogenic Pseudomonas flu-
orescens led to decreased weight gain of generalist Spodoptera exigua, but
not against specialist P. rapae (Van Oosten et al., 2008). Interestingly,
three Arabidopsis accessions, primed in the leaves with bacterial sus-
pensions of two pathogenic (P. syringae DC3000 and X. campestris) and
one non-pathogenic (Bacillus cereus) bacteria, also exhibited increased
performance under constant herbivory by a generalist fungus gnat
compared to non-inoculated plants (Saleem et al., 2017). Although
spraying a pathogenic bacterial suspension might typically lead to dis-
ease and decreased plant growth, the low inoculum concentration in
two-week-old seedlings likely facilitated the incorporation of these
bacteria into the plant’s microbiome community (Saleem et al., 2017).
On the other hand, phloem-feeding or chewing herbivory can also shape
root-associated microbial diversity independently, adding further
complexity to microbiome modulation in plants under stress (Xing et al.,
2024). The holobiont concept need to be further considered to fully
comprehend pest and disease dynamics in the field. This is particularly
critical given the limited availability of studies that integrate multiple
concomitant or sequential biotic treatments on plant-associated micro-
biome modulation.

Nonetheless, the insect microbiome also plays an important role in
determining plant-insect biotic interactions. The gut microbiota of many
insect pests provides nutrients or detoxifies plant metabolites, thereby
allowing insects to live and reproduce on plants (Guillen Sanchez,
2021). For instance, over the course of four generations, the generalist
pest Trichoplusia ni selected for gut genera that either degrade glucosi-
nolate compounds, when fed in Arabidopsis, or that degrade alkaloids,
when fed in Solanum lycopersicum (Leite-Mondin et al., 2021). Similarly,
a Pseudomonas fulva strain, identified in the gut of specialist Bombyx
mori, was shown to detoxify the DNJ metabolite from mulberry, and
confer this tolerance to non-specialist Lepidopterans upon inoculation
(Zhang et al., 2024). Hence, identifying plant defense genes and path-
ways induced by insects requires careful consideration, as the resulting
products could be degraded by the gut microbiome, rendering them
ineffective in real environments. On top of that, microbial exchange and
community modulation between plants and herbivores commonly
occur. Plant-associated microbes, including endophytes, influence the
composition of the insect gut microbiome and can be transferred be-
tween hosts, often conferring adaptive advantages to the herbivore, such
as detoxifying plant defenses (Pirttila et al., 2023). Additionally, insect
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herbivory was shown to significantly reshape the plant leaf microbiome,
amplifying specific bacterial taxa, such as putatively phytopathogenic
Pseudomonas syringae, while reducing overall diversity (Humphrey and
Whiteman, 2020). This reciprocal microbial interchange can also facil-
itate invasive insect species’ adaptation to new hosts and environments
(Zhang et al., 2024). Given the effects of climate change in fostering new
biotic interactions, the presence of microbes that confer tolerance to
toxic compound and facilitate insect adaptation requires thorough
consideration. Incorporating more variables into biotic stress studies is
thus imperative to assess the real-world impact of research discoveries.

The chemical ecology behind multitrophic interactions

Volatile organic compounds (VOCs) play a fundamental role in the
chemical ecology that mediates trophic interactions between plants,
herbivores, and microorganisms (Takabayashi, 2022; Weisskopf et al.,
2021). Specifically, VOCs serve as essential defense and communication
mechanisms between plants and their pests and pathogens. Under her-
bivore attack, plants release specific VOCs that can attract natural en-
emies or alert neighboring plants to anticipate their defensive responses
(Franco et al., 2014; Medeiros et al., 2012). Similarly, pathogen recog-
nition induces antimicrobial VOCs that can act directly to reduce path-
ogen growth, or indirectly by activating plants defense (Abbas et al.,
2022; Duc et al., 2022). Root-emitted volatiles mediate attractive or
repellent interactions between plant roots and nematodes, and are
crucial for shaping belowground interactions, by suppressing fungal
pathogens or enhancing beneficial mycorrhiza (Massalha et al., 2017;
Wenke et al., 2010). Moreover, seagrasses can release volatile cues that
influence microbial colonization and herbivore behavior in aquatic
ecosystems (Akakabe and Kajiwara, 2009; Saha and Fink, 2022). These
findings reinforce the ecological importance of VOCs as key regulators of
multitrophic interactions across diverse environments. By altering their
VOC profiles, plants can reshape multitrophic networks, influencing
herbivore behavior and microbial community structure.

Microbes also release a plethora of VOCs that can have distinct ef-
fects in plant physiology, insect behavior, and microbe-microbe
communication (Schulz-Bohm et al., 2017). Microbial VOCs (mVOCs)
can directly alter host plant metabolism, promoting growth, alteration
in hormonal pathways or even priming for pathogen defense
(Gamez-Arcas et al., 2022; Weisskopf et al., 2021). Interestingly, Ara-
bidopsis plants could not distinguish between pathogenic or
non-pathogenic mVOC profiles, while both promoted growth compared
to control. This effect also led to increased susceptibility to subsequent
leaf chewing herbivory, highlighting a complex trade-off between
growth and defense (Moisan et al., 2019). Some species of Trichoderma,
known for their biocontrol activity, can emit mVOCs that inhibit path-
ogen growth and induce systemic resistance in plants
(Contreras-Cornejo et al., 2016). Similar interactions have been
observed in mosses, where VOCs mediate the suppression of fungal
colonization and prevent microbial overgrowth in high-humidity envi-
ronments (Briard et al., 2016; Vicherova et al., 2020). However, our
understanding of VOC modulation in multifactorial biotic interactions is
still scarce, and few solid examples illustrate this complex mechanism.

In an extensively studied case in natural ecosystems, the bark beetle
Ips typographus causes severe damage to spruce forests, mainly due to
frequent outbreaks and its interaction with phytopathogenic symbiont
fungi (Six and Wingfield, 2011). Different genera of bark beetle sym-
bionts are pathogens of spruce trees and benefit from their association
with I typographus (DiGuistini et al., 2011; Zhao et al., 2019). On the
other hand, these fungi aid bark beetles most likely by exhausting tree
defenses (Six and Wingfield, 2011). Interestingly, immature adult bee-
tles are attracted for media colonized by their symbiotic fungi over other
saprophytic species, and volatiles released by symbionts can be detected
by beetle antenna (Kandasamy et al., 2019). Strikingly, fungal symbi-
onts were able to convert spruce tree monoterpenes to a blend of vola-
tiles that attracted I typographus and stimulated tunneling (Kandasamy
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et al., 2023). Moreover, bark beetles’ attacks were shown to alter the
VOC profile of native spruce trees at outbreak areas, correlating with
increased insect abundance (Ghimire et al, 2016). Although
I. typographus preferred symbiont infected over fungus-free bark trees
regardless, this preference was independent of native or naive host and
symbiont species (Tanin et al., 2021). This is particularly alarming, as it
suggests that different geographical Ips species could easily adapt to new
hosts and environments, even from different continents.

Similar insect behavior modulation by microbial VOCs have also
been reported in crop multitrophic interactions. In sugarcane, patho-
genic F. verticillioides and Colletotrichum falcatum produce volatiles that
increase D. saccharalis attraction, both in larvae and adults (Franco et al.,
2021). Interestingly, adult moths without the fungi prefer to oviposit in
infected over healthy sugarcane plants. However, when insects were
previously contaminated with either F. verticillioides or C. falcatum,
moths were more attracted to healthy plants, possibly increasing path-
ogen dissemination in the field (Franco et al., 2021, 2022).

In a broader ecological context, VOCs emitted by plant-pathogen
interactions have also been shown to influence insect pollinators, as
floral scent alterations caused by pathogen infections can reduce polli-
nation success (Cellini et al., 2019). Furthermore, VOCs are not only
used defensively but can also serve as cues for parasitic plants such as
Cuscuta, which detects volatile signals from host plants to guide its
haustorial growth and attachment (Runyon, 2008). VOCs can also
mediate indirect interactions by altering the composition of rhizosphere
microbiota, promoting microbial communities that are more resilient
against infections (Kang et al., 2021). Interestingly, field inoculation of
Trichoderma harzianum in maize was recently shown to regulate the
aboveground community of interacting arthropods. By inducing JA
defense and volatile compounds, T. harzianum inoculation led to an in-
crease in chewing herbivores and their predators, while reducing
pierce-sucking insects (Contreras-Cornejo et al., 2021).

Thus, elucidating the role of VOCs in plant biotic interactions can
open new perspectives for agricultural biotechnology, enabling the
exploitation of these natural metabolites as tools for integrated pest and
disease management. However, the understanding of what a given
volatile means in terms of biological significance must consider the
multiple organisms that interact with it, in natural or field conditions.
Therefore, characterizing VOC emissions in plants subjected to multiple
concomitant or sequential stresses can provide valuable insights into
their molecular communication. Understanding their evolutionary role
in nature is crucial to develop sustainable agricultural management
strategies that exploit VOC-mediated regulation of plant biotic
interactions.

Transitioning from binary to multifactorial stresses in plant
research

In crop fields and natural ecosystems, plants are constantly exposed
to a multitude of concomitant or sequential biotic interactions. While
our understanding of plant responses to individual pests and pathogens
has advanced considerably, research that evaluates plant performance
under multiple, combined stress variables remains limited. Plant stress
research has largely relied on reductionist models and highly controlled
growth conditions (e.g., growth chambers, single biotic interactors,
undefined microbiome), which hardly reflects native and field envi-
ronments. Consequentially, many laboratory findings have often failed
to be effectively employed in the field (Atkinson et al., 2014; Mittler,
2006). Although the isolation of variables was crucial for dissecting
fundamental immune signaling networks, hormonal pathways, and de-
fense mechanisms, it is evident that more complex stress combinations
must be investigated. Current and future agricultural and ecological
challenges, intensified by climate change, demand a shift towards more
realistic, multifactorial stress scenarios in plant stress research.

To advance the field and enhance the applicability of laboratory
findings, we propose an integrated framework for designing and
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executing multifactorial biotic stress research in plants (Fig. 2). First, the
foundation of any such study should be in the ecological and field
contextualization of a given plant model. This requires identifying co-
occurring pests, pathogens, and other interacting organisms specific to
the target plant species, cropping system, or geographical location.
Proper interactor identification relies on thorough investigation of biotic
stress literature of a given plant species, ideally complemented by
consultation with farmers for cropping systems, and ecologists for nat-
ural ecosystems. However, the limited availability of multifactorial
stress research represents a bottleneck, as documented synergistic, ad-
ditive, or antagonistic interactions for specific organisms may be absent.
Nevertheless, this also reflects an open field for elucidating new mech-
anisms and cross-talks in plant defense response.

Second, experimental design must incorporate at least two co-
occurring interactions in ecologically relevant concomitant or sequen-
tial patterns. This requires specifically defining the order, timing, and
intensity of each desired stress to capture dynamic outcomes. We
advocate for the implementation of factorial designs that move beyond
simplified pairwise interactions, integrating combinations of herbivores
(chewing insects and/or phloem-feeders) and pathogens (necrotrophic
and/or biotrophic) in both simultaneous and sequential applications.
Additionally, experiment design should always include single-stress and
unstressed control treatments. Ideally, soil and plant microbiome, and
its modulation upon stress, should be characterized to reduce inter-
experiment variation, which could be further mitigated by using syn-
thetic microbial communities in sterilized soil. Furthermore, a
comprehensive understanding of plant-environment communication
requires deeper exploration of the chemical ecology governing these
multitrophic interactions. Particularly, characterizing plant and micro-
bial VOCs during multifactorial stress combinations can be promising for
the identification of candidate molecules for field application. Inter- and
intra-kingdom communication signals, alongside non-volatile com-
pounds and root exudates that influence above and belowground in-
teractions are key targets.

Phenotypic evaluation of plant fitness under different stress combi-
nation is paramount when considering novel stress combinations in
model pathosystems. For instance, plant growth parameters, disease
progression and insect damage are important measurements, that can be
compared between individual and combined stresses, to identify unique
phenotypes. System biology approaches using multi-omics are essential
tools for generating hypotheses related to dynamic and systemic meta-
bolic alterations in combined stress, and should be employed thor-
oughly. Key candidate genes and pathways identified therein require
further functional validation, which can be performed by evaluating
overexpression and knockout lines against concomitant or simultaneous
stress scenarios. Candidate metabolites can be directly tested if synthetic
compounds are available, either by eliciting plants defense response, or
directly modulating disease progression or insect behavior. Finally,
findings validated in controlled or semi-controlled conditions must be
readily assayed for efficacy in natural and field environments.
Depending on the outcome, successful traits can be effectively added to
breeding programs, or new hypothesis should be generated if flaws in
experiment design are identified.

In conclusion, the traditional binary approach in plant stress
research, while fundamental, is insufficient to address the complex
ecological realities and agricultural challenges of a changing world. The
integrated framework proposed herein offers a structured pathway to
transition from binary to multifactorial experimental designs. By sys-
tematically incorporating ecological networks, factorial experimental
setups, and field validation pipelines, the intricate defense responses
that govern plant performance in natural environments can be further
elucidated. Integrating the exponential complexity of multifactorial
stress into experimental frameworks represents a critical shift for the
field, and is crucial for developing multi-resilient crops and preserving
natural ecosystems in the face of climate change.
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Fig. 2. Integrative framework for multifactorial biotic stress research in plants. The scheme details an integrated methodology for incorporating multiple variables in
biotic stress research, and is divided in seven sequential stages: (1) Environment Interactions and the ecological context need to be considered to identify co-occurring
stresses for a given plant model, and should be done through literature research and expert consultation. (2) Experimental Design need to integrate concomitant and
sequential stress scenarios, defining stress order and intensity to be applied, and ideally with time-course sampling. Single-stress and unstressed controls are
necessary to identify unique responses and reduce bias. The microbiome characterization is crucial to understand its dynamics, and reduce inter-experiment vari-
ability. (3) Phenotypic Analysis, especially in novel stress combinations, should focus on evaluating plant growth parameters, disease progression, and insect damage
under multiple stress scenarios to identify synergistic or antagonistic interactions; (4) Multi-Omics approaches are essential tools for biomarker discovery, hormonal
pathway cross-talk, VOC profiling and unique molecular dynamics caused by multifactorial stresses. (5) Hypothesis Generation is the fundamental step where
candidate molecules and unique combined-stress markers are linked to regulatory networks and the respective phenotype. (6) Functional Validation should evaluate
overexpression and knockout lines against multiple simultaneous or sequential biotic interactions to validate hypotheses. Key metabolites, as VOCs, can be directly
tested on their role eliciting plant defense, modulating insect behavior, or directly acting on pathogen growth. (7) Field Testing represents the final step in integrating

laboratory findings into traits that can breed multi-resilient crops.
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