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ABSTRACT
Drought events are becoming increasingly frequent and intense, posing major challenges to crop productivity. Beyond direct 
water stress, drought can indirectly affect plants by enhancing herbivore performance. While arbuscular mycorrhizal fungi 
(AMF) have been proposed to alleviate drought stress and to enhance plant resistance to herbivory, their role in mediating plant 
responses to the two combined pressures remains poorly understood. Here, we examined the individual and interactive effects 
of drought, AMF colonisation, and herbivory by Spodoptera exigua on maize (Zea mays) performance by combining a semi‐field 
experiment with growth chamber assays. Drought reduced maize biomass (by 21.5%) and chlorophyll content (by 8.2%), while 
AMF improved reproductive traits. In particular, AMF colonisation increased the number of ears (from 1.1 to 1.4) and ear 
length (from 22.5 to 24.3 cm). Interestingly, drought transiently decreased DIMBOA‐Glc levels in maize leaves, an effect that 
was exacerbated under AMF colonisation. Consistently, drought increased leaf herbivore performance by 32%. However, AMF 
colonisation mitigated the drought‐induced increase in herbivore performance, even though leaf damage levels remained 
similar, indicating a post‐ingestive resistance effect. This study highlights the need to consider multi‐stressor interactions to 
harness AMF benefits in agriculture under increasing drought pressure.

1 | Introduction 

Drought is becoming increasingly frequent and intense across 
many regions due to shifting climate patterns, posing a serious 
threat to global food security (Farooq et al. 2023; Inter
governmental Panel on Climate Change IPCC 2023; Rezaei 
et al. 2023). While drought directly impairs plant growth and 
yield by limiting water and nutrient uptake, it can also increase 
herbivore pressure, either by weakening plant defences or 
by improving plant tissue nutritional value. Arbuscular 

mycorrhizal fungi (AMF) can improve plant drought resilience 
by enhancing water and nutrient acquisition and by modulating 
drought‐responsive metabolic pathways (Abdalla et al. 2023; 
Abrar et al. 2024; Chandrasekaran and Paramasivan 2022; Khan 
et al. 2024; Zaman et al. 2024; Zou et al. 2021). Beyond their 
effects on drought tolerance, AMF also influence plant resist
ance or tolerance to herbivory by altering nutrient allocation 
and secondary metabolite production (Dowarah et al. 2022; 
H. Yang et al. 2014). However, the role of AMF in mediating 
plant responses under combined drought and herbivory 
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remains poorly understood. Addressing this knowledge gap is 
essential for developing sustainable strategies to improve plant 
resilience in increasingly variable environments.

The increasing frequency and severity of drought events 
threaten agricultural productivity worldwide, especially in 
regions already vulnerable to water scarcity (Intergovernmental 
Panel on Climate Change IPCC 2023; Rosenzweig et al. 2014; 
Yuan et al. 2024). Among climate‐related stressors, drought is 
one of the most damaging, with the potential to reduce crop 
yields by over 50% on arable land by 2050 (Vinocur and 
Altman 2005). The three major cereal crops, maize, wheat, and 
rice, which together provide over half of the global caloric in
take, are particularly sensitive to water stress (Deribe 2025; 
Farooq et al. 2023; Kheyruri et al. 2024; Mohammadi 2024; 
Sheoran et al. 2022). Drought leads to impaired photosynthesis, 
stunted growth, disrupted nutrient uptake, early senescence, 
and reduced yield (Gupta et al. 2020; Qiao et al. 2024). A meta‐ 
analysis showed that a 40% water reduction caused yield 
declines of up to 21% in wheat and 40% in maize in the field 
(Daryanto et al. 2017). As drought episodes intensify, safe
guarding these staple crops is essential to ensure food security 
for a growing population.

Beyond its direct effects on plant growth and yield, drought can also 
indirectly exacerbate plant stress by increasing herbivore pressure 
(Chávez‐Arias et al. 2021). Water limitation can trigger increased 
tissue concentrations of sugars and amino acids due to osmotic 
adjustment and weaken or delay activation of defence pathways 
(Ruan 2014). In crops, drought has been shown to impair the jas
monic acid (JA)‐ and salicylic acid (SA)‐mediated defence responses 
that normally deter herbivory (Shafi et al. 2024). For instance, the 
drought‐mediated downregulation of JA marker gene expression 
led to reduced activity of serine protease inhibitors and peroxidase 
(POD) in tomato plants, increasing growth and damage rate of 
tomato rust mite (Ximénez‐Embún et al. 2017). However, abscisic 
acid (ABA) the canonical drought hormone, can also synergise with 
JA‐dependent defences and potentiate JA‐mediated herbivore de
fences such as proteinase‐inhibitor defences, leading to reduced 
performance of some chewing herbivores (Nguyen et al. 2016). 
These results highlight that drought‐induced JA‐related defences 
and resistance to herbivory remain unpredictable and likely depend 
on the species, severity and/or timing of drought, herbivore type, 
and possibly the plant's genetic background (Liao et al. 2025), and 
underscore the importance of considering biotic and abiotic stress 
interactions.

AMF form symbiotic associations with the roots of most terrestrial 
plants and play a key role in improving plant resilience to drought 
(Bhupenchandra et al. 2025; Martin and van der Heijden 2024; 
Wang et al. 2024). AMF penetrates cortical cells of the roots and 
produce arbuscles where an exchange of nutrients between the two 
partners takes place. This symbiotic association helps the plant to 
acquire nutrients, resistance against pathogens, enhanced growth 
under abiotic stresses (Bhupenchandra et al. 2025; Kumar 
et al. 2024). The fungi, in return receive carbohydrates and lipids 
from the plant (Balestrini et al. 2020; Salmeron‐Santiago et al. 2022). 
By extending their hyphal networks into the soil, AMF enhance 
water uptake beyond the root depletion zone, thereby improving 
plant hydration under limited water availability (Abrar et al. 2024). 
Furthermore, AMF increase the acquisition of essential nutrients 
such as phosphorus, potassium, and micronutrients, which are 
often less mobile in dry soils (Balestrini et al. 2020; Bhupenchandra 

et al. 2025). In addition to improving resource uptake, AMF mod
ulate plant physiological responses to drought by promoting 
osmotic adjustment through the accumulation of solutes like pro
line and soluble sugars, enhancing antioxidant enzyme activity, and 
stabilising photosynthetic processes (Begum et al. 2019). These ef
fects help maintain cell turgor, delay senescence, and support root 
hydraulic conductivity under water‐limiting conditions (Abdalla 
et al. 2023). Studies across various species have demonstrated that 
AMF‐inoculated plants maintain higher biomass, chlorophyll con
tent, and stomatal conductance under drought stress compared to 
non‐mycorrhizal plants (Tang et al. 2022). For instance, mycorrhizal 
symbiosis can increase the uptake nutrients such as nitrogen, 
phosphorus and iron as demonstrated in a study in Pelargonium 
graveolens under drought stress (Amiri et al. 2017). Similarly. AMF‐ 
inoculated pistachio plants revealed high levels of phosphorus, 
potassium, zinc and manganese (Bagheri et al. 2012). Several 
studies have indicated that the association of AMF with plants led 
to an increase in biomass, rise in net CO2 assimilation and stomatal 
conductance (Kakabouki et al. 2023; Ran et al. 2024). The photo
synthetic activity indicated by higher levels of photosynthetic pig
ments and chlorophyll fluorescence parameters were also observed 
(Bagheri et al. 2019). Under drought stress, AMF can stabilise water 
relations, improving plant resilience through mechanisms such as 
increased root hydraulic conductivity when plants are subjected to 
drought stress (Erice et al. 2024). These improvements in hydraulic 
conductivity are often linked to AMF‐mediated modulation of plant 
aquaporins, particularly plasma membrane intrinsic proteins (PIPs), 
whose enhanced expression or activity facilitates water transport 
across root cells under drought conditions (Quiroga et al. 2017). 
Through these multifaceted mechanisms, AMF contribute signifi
cantly to plant drought tolerance and represent a promising tool for 
improving crop resilience in water‐scarce environments.

AMF can further enhance plant defences against herbivory 
under ambient conditions (Meier and Hunter 2018). AMF can 
increase plant vigour and support the synthesis of defensive 
secondary metabolites by improving nutrient acquisition, par
ticularly of phosphorus and nitrogen (Amani Machiani 
et al. 2022; Orine et al. 2025). Additionally, AMF can enhance 
plant resistance to herbivory through both signalling and 
metabolic pathways. AMF colonisation has been shown to 
prime or amplify defence signalling pathways, notably those 
mediated by JA (Rivero et al. 2021). For example, AMF inocu
lation increased gibberellic acid and JA content in peanut and 
tomato plants under feeding by Spodoptera exigua (L. He 
et al. 2017). Such AMF‐mediated activation of defence pathways 
can translate into both direct effects on herbivores, through 
increased toxicity or reduced digestibility of plant tissues, and 
indirect effects, by enhancing the production of volatiles that 
attract natural enemies. For example, AMF reconfigure sec
ondary metabolite profiles, increasing phenolic compounds 
such as quercetin, vanillic acid, rutin, coumaric acid, and 
kaempferol in quinoa (Benaffari et al. 2024), tannins in Perilla 
frutescens (Y. Liu et al. 2025), as well as benzene‐ and sulphur‐ 
containing defensive compounds in Solanum nigrum (Rashidi 
et al. 2024). In tomato plants, AMF enhanced tolerance to 
S. littoralis even in JA‐deficient genotypes, suggesting that 
mycorrhizae can even compensate for impaired defence sig
nalling (Formenti and Rasmann 2019). In Asclepias species, 
AMF inoculation increased foliar phosphorus levels and 
conferred greater resistance to monarch butterfly larvae 
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(Tao et al. 2016). Similarly, AMF associations reduced aphid 
performance on Ageratina adenophora by lowering 
nymph survival and supporting stronger plant growth (E. Du 
et al. 2022). These examples demonstrate that AMF can bolster 
plant defences and mitigate herbivore damage under normal 
environmental conditions, highlighting their potential as a 
natural strategy for pest management in agriculture.

While AMF have been shown to improve plant tolerance to both 
drought and herbivory when studied separately, their role under 
simultaneous exposure to these stressors remains poorly under
stood. In real‐world agricultural settings, plants often face multi
ple, interacting stresses rather than isolated ones. It is therefore 
critical to understand whether AMF can continue to support plant 
performance and defence when both stressors co‐occur. Simulta
neous drought and herbivory may profoundly alter AMF‐mediated 
effects because plants must reallocate limited resources between 
osmotic adjustment, growth, and defence, and because drought 
and herbivory activate partially overlapping signalling pathways 
that can interact antagonistically or synergistically. Some studies 
suggest that AMF can prime plant defence pathways even under 
abiotic stress, potentially maintaining resistance to herbivores 
during drought. For instance, Medicago truncatula inoculated with 
Rhizophagus irregularis showed increased expression of JA‐ 
responsive genes and elevated flavonoid levels under combined 
drought and insect stress, suggesting that mycorrhizal colonisation 
can help sustain chemical defences even when plants face water 
limitation (Adolfsson et al. 2017). However, the benefits of AMF 
may be highly context‐dependent, varying with the timing, 
severity, and combination of stresses, as well as the plant and 
AMF genotypes involved. Investigating AMF‐plant‐herbivore in
teractions under realistic, multi‐stress conditions will enable us to 
better predict and harness their potential for sustainable crop 
protection and climate‐resilient agriculture.

The present study aimed at investigating the individual and 
combined effects of drought stress, AMF colonisation, 
and herbivory on maize performance and yield. We first 
assessed how AMF colonisation by Rhizophagus irregularis in
fluenced maize growth, yield, and natural herbivory under 
ambient and drought conditions in a semi‐field experiment. We 
then conducted a controlled growth chamber assay to evaluate 
how AMF modulated plant responses to drought and herbivory 
by the beet armyworm S. exigua larvae, a common insect pest 
worldwide. By integrating physiological, metabolic, and herbi
vore performance data, our goal was to determine whether 
AMF can enhance maize resilience under simultaneous abiotic 
and biotic stress, and to identify potential mechanisms under
lying these effects. Specifically, we aimed to test the hypotheses 
that (i) AMF colonisation mitigates the negative impacts of 
drought on maize growth and yield, (ii) AMF improves plant 
defences and decreases herbivore performance, and (iii) these 
effects interact under combined stress conditions to improve 
overall plant resilience.

2 | Methods 

2.1 | Biological Resources 

B73 maize seeds were obtained from Maize GDB germplasm 
(MGCSC, Urbana, USA) and multiplied by Delley Semences 
et Plantes (DSP, Delley‐Portalban, Switzerland). Inoculum 

containing sand, soil, roots, and spores of the AMF Rhizophagus 
irregularis (SAF22) as well as a mock inoculum without AMF 
was produced in the greenhouse, as previously described by 
Lutz et al. (2023), and were provided by the Swiss Collection of 
Arbuscular Mycorrhizal Fungi (SAF, Zurich, Switzerland). 
Briefly, Plantago lanceolata was inoculated with SAF22 or no 
AMF for the mock inoculum, and grown in a mixture of au
toclaved soil and sand. Pots were watered regularly and 
received every second week 20 mL of a modified Hoagland 
solution (Hoagland and Arnon 1950), containing one quarter of 
the original P concentration. After 3 months of growth, water
ing was stopped and the pots dried out. The content of the pots 
was mixed and used as a source of inoculum. Spore density was 
approximately 15–30 spores/g. Eggs of S. exigua were bought 
from Frontiers Agricultural Sciences, Newark, NJ, USA and 
larvae were reared on artificial diet (Lepidoptera diet; Frontier 
Agricultural Sciences, Newark, NJ, USA). Second‐instar larvae 
were used.

2.2 | Maize Growth and Yield in the Field 

The individual and interactive effects of drought and AMF on 
maize growth and yield were evaluated by conducting a semi‐ 
field assay. The experiment was carried out in Ostermundigen 
(46°57′59.8 ″N 7°29′13.1 ″E), Switzerland between June and 
October 2024. Weather data was provided by MeteoSwiss 
(Federal Office of Meteorology and Climatology, Zürich, 
Switzerland) and are presented in Supporting Information S1: 
Table S1. Maize seeds (var. B73) were surface sterilised using 
15% (v/v) bleach (Potz, Migros, Zurich, Switzerland) in distilled 
water for 15 min. The seeds were then rinsed with distilled 
water and pregerminated by placing them on damped filter 
papers (90 mm; Cytiva, Marlborough, MA, USA) in a plastic box 
(Semadeni, Bern, Switzerland) in the dark for 3 days. Ten‐liter 
pots (Hortima, Hausen, Switzerland) were covered at the bot
tom using fabric sheath (Neeser, Reiden, Switzerland) and filled 
with approximately 11.4 kg of soil (Landerde, Ricoter, Aarberg, 
Switzerland). The soil chemical profile was analyzed by the 
laboratory Labour für Boden‐ und Umweltanalytik (LBU, Stef
fisburg, Switzerland) (Supporting Information S1: Table 2). For 
AMF inoculation, we followed the procedure developed by Köhl 
et al. 2016. Approximately 500 g of the AMF inoculum were 
added to half of the pots (AMF + , n = 27) and mixed with the 
soil, which corresponds to approximately 4% (w/w). The same 
amount of mock inoculum was added and mixed with the soil 
of control pots (AMF‐, n = 27). Three pregerminated seedlings 
were placed 3 cm deep into the soil in individual pots. After 
7 days, maize growth was assessed and one seedling (the most 
central) per pot was kept by manually removing additional 
seedlings. All plants were watered daily for 2 weeks. After this 
period, only control plants received water daily (AMF + : n = 9, 
AMF−: n = 9), while drought‐exposed plants were left un
watered until drought symptoms appeared (leaf wilting score of 
4, Sudhakar et al. 2016). Afterwards, all plants were watered 
once to twice weekly. The watering decision was based on soil 
dryness (5 cm depth) and leaf wilting symptoms of the RCP8.5 
(severe drought) treated plants. Watering of all plants occurred 
only when RCP8.5 plants showed moderate wilting symptoms 
(no watering if low to no symptoms), resulting in a watering 
frequency for all plants of once to twice weekly. The plants 
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received either 2.3 L (ambient), 1.9 L (RCP2.6) or 1.66 L 
(RCP8.5) water (n = 9 per treatment). The volume of water to 
add was based on the calculated soil moisture of the current 
ambient conditions and predicted future climate scenarios 
RCP2.6 and RCP8.5 with a water content of 23%, 19%, and 
16.6% (v/v) respectively (Guyer et al. 2018). All plants received 
1% NK fertiliser (NK Flüssigdünger; Biorga, Grossaffoltern, 
Switzerland) during the eighth and ninth week of the experi
ment. All pots were covered with 35 L plastic bags (Quick Bag, 
Galaxus, Zürich, Switzerland) during rain episodes. The 54 pots 
(2 AMF treatments × 3 drought levels × 9 replicates) were 
randomly placed in the beds to avoid positional bias.

Plant phenotypic parameters were measured after 60, 85 and 
100 days. Relative chlorophyll content of the youngest leaf was 
measured using Soil and Plant Analysis Development SPAD502 
plus (Konica Minolta, München, Germany) around 12 pm for 
all the plants. The duration of the measurements lasted from 
30 min to 1 h. Plant height was measured by using a ruler from 
the tip of the youngest leaf down to the soil surface. Herbivory 
damage was measured visually using a score of 1–3, one as the 
lowest scoring (1. Herbivory of < 5% leaf tissue, 2. Herbivory of 
5%–15% leaf tissue, 3. Herbivory of > 15% leaf tissue.). Maize 
yield was approximated by measuring tassel and cob develop
ment after 85 and 100 days of planting the pregerminated 
seedlings. When two cobs were present, the length of the oldest 
cob was taken into account for further analyses. The experiment 
was unexpectedly interrupted when an individual entered the 
field and collected most maize cobs, resulting in the premature 
termination of the experiment on Day 118. As a result, and 
while fresh shoot and root biomass were measured at the ter
mination of the experiment, no final cob parameters are avail
able. Maize youngest leaves were collected on Days 60 and 120 
and flash frozen in liquid nitrogen for sugars, hormones and 
benzoxazinoid analysis. Maize roots were collected on Day 120 
for benzoxazinoid analysis and AMF colonisation evaluation.

2.3 | Herbivore Performance Under Growth 
Chamber Conditions 

The impact of AMF and drought on maize resistance to her
bivory was investigated by measuring herbivore damage and 
herbivore performance under laboratory conditions. Maize 
seeds were sterilised and pregerminated as described above. 
Germinating seedlings were placed in 3 L pots (Hortima, Hau
sen, Switzerland) covered at the bottom using fabric sheath 
(Neeser, Reiden, Switzerland). The pots were filled with either 
3.4 kg soil (95% of pot volume; Landerde; Ricoter, Aarberg, 
Switzerland) mixed with 150 g AMF inoculum (AMF + , n = 36) 
or with 3.4 kg soil (95% of pot volume; Landerde; Ricoter, 
Aarberg, Switzerland) mixed with 150 g of autoclaved control 
inoculum (AMF−, n = 36). Maize plants were grown in a 
growth chamber at 23 ± 1°C and 18 ± 1°C with 14/10 h of light 
and darkness respectively to simulate natural conditions and 
60% (v/v) relative humidity. All plants were watered daily for 
2 weeks. Because no difference was observed between the two 
drought levels in the field, only one drought treatment (RCP8.5) 
was used in this experiment. Half of the AMF+ and AMF− 
plants were further well‐watered on a daily basis. The second 
half of the plants were watered with 500 mL only upon 
leaf wilting (score 4) symptoms (RCP8.5). After 60 days, five 

pre‐weighed S. exigua larvae were placed in the middle of the 
shoot tip. Control plants did not receive any insects. All plants 
were covered with a fleece (cover fleece 1.6 × 20 m; Florada, 
Hannover, Germany) to prevent larvae from escaping. The pots 
were randomly placed in the growth chamber. Five days later, 
S. exigua larvae were collected and weighed. Infested plants 
where no larvae were collected were excluded from the analysis. 
ImageJ software (version 1.54p, NIH, Bethesda, MD, USA) was 
used to quantify leaf damage from scanned leaf images. Images 
were calibrated to scale (1 pixel = 0.055 mm) by setting a known 
distance in the image with ‘Set scale’. Further, the damaged 
area was selected manually with the ‘Polygon selections’ tool, 
and the particles were quantified with the ‘Measure’ function. 
The area was then expressed as fed leaf area in cm2. The 
youngest leaves and crown roots were collected and flash‐frozen 
in liquid nitrogen to analyze the benzoxazinoid contents. Maize 
roots were collected and stored at minus 20⁰C for AMF colo
nisation assessment by microscopy. The experiment was 
repeated twice to ensure a sufficient number of replicates per 
herbivore treatment (n = 8). One replicate (ND treatment) was 
removed as no larvae were recovered at the end of the assay.

2.4 | AMF Colonisation Rates 

Root length colonisation was quantified using the magnified inter
section method from (McGonigle et al. 1990). Roots were stained 
following a previously established procedure (Vierheilig et al. 1998). 
Maize thin roots (diameter 0.5–1 mm) were cut into small segments 
of approximately 1.5 cm in length and preserved in 50% EtOH 
(Alcosuisse, Rüti b. Büren, Switzerland). The ethanol was rinsed off 
using distilled water and the samples were then cleared with 10% 
w/v KOH (Sigma‐Aldrich, Steinheim, Germany) at 80°C in a dry 
bath (Digital Dry Bath; Labnet, Edison, NJ, USA) for a duration of 
30 min. After incubation, the roots were rinsed using distilled water 
and stained with ink (Pelikan, Hannover, Switzerland) ‐vinegar 
solution (5% acetic acid; MBudget, Migros, Zurich, Switzerland) and 
incubated at 80°C for 30 min. After a final rinse with distilled water, 
the samples were stored in 50% glycerol (Dr. Bähler Dropa AG, 
Bern, Switzerland). The root samples were placed on a microscopic 
slide, mounted with 50% glycerol, and covered with the help of a 
cover slip. The samples were observed under a Fluorescence epi 
microscope with camera (Leica DMC6200; Leica Microsystems, 
Heerbrugg, Switzerland) at the magnification of 200× (magnifying 
lens * ocular lens). The average number of root segments analyzed 
for each plant in the field assay was 100, while the average of 60 
root segments for each plant was analyzed for the herbivory assay. 
To exclude contamination in controls, on average 85 root segments 
were analyzed in the field assay. Each root segment was examined 
and categorised as either negative, arbuscule, vesicle, or internal 
hyphae. Colonisation is the percent of non‐negative intersections 
(Bodenhausen et al. 2021).

2.5 | Soluble Sugar Quantification 

The quantification of soluble sugars was performed using Ultra 
High Performance Liquid Chromatography (UHPLC) coupled 
with Mass Spectrometry (MS) following a protocol adapted from 
(Barzen‐Hanson et al. 2018; J. Yang and Rainville 2019; Zhu 
et al. 2015). Maize roots and leaves samples were ground to a 
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fine powder in liquid nitrogen using a mortar and a pestle. 
Aliquots of 100 ± 1 mg were extracted by adding 500 µL of 50% 
(v/v) aq. EtOH in 2 mL tubes microtubes (Sarstedt AG and 
Co. KG, Nümbrecht, Germany). The samples were incubated 
for 15 min at 78°C in a dry bath, vortexed, and centrifuged at 
14,000 rpm at 4°C for 10 min, and the supernatant was trans
ferred to a new tube. This extraction was repeated twice, adding 
the supernatants of the same sample to the same tube. The 
samples were diluted 100 times and stored at −20°C until 
analysis. Fructose, glucose, and sucrose profiling were per
formed with an Acquity UPLC I‐Class system coupled to a 
single quadrupole mass spectrometer (QDa) equipped with an 
electrospray source (Waters, Milford, MA, USA). Gradient 
elution was performed on an Acquity BEH Amide (1.7 μM, 
2.1 × 150 mm i.d.; Waters, Milford, MA, USA) column main
tained at 85°C, using normal phase chromatography in negative 
ion mode. The elution conditions were as follows: solvent A 
consisted of isopropanol (IPA) and aq. 10 mM ammonium for
mate (50:50 v/v), while solvent B consisted of acetonitrile 
(ACN), IPA, and aq. 10 mM ammonium formate (90:5:5 v/v). 
The flow rate was set to 0.7 mL/min. The gradient programme 
was: 100% solvent B from 0.00 to 2.00 min; a linear gradient 
from 100% to 60% solvent B from 2.00 to 6.00 min; 60% solvent B 
from 6.00 to 8.00 min; a rapid linear gradient from 60% to 100% 
solvent B from 8.00 to 8.10 min; and finally, 100% solvent B 
from 8.10 to 10.00 min. MassLynx v4.1 SCN923 (Waters, Mil
ford, MA, USA) was used to control the instrument and for data 
processing. Absolute quantities were determined using standard 
curves of the corresponding pure compounds. Glucose, fructose, 
and sucrose standards were bought from Sigma‐Aldrich Chemie 
GmbH (Buchs, Switzerland).

2.6 | Phytohormone Analyses 

Salicylic acid (SA), oxophytodienoic acid (OPDA), jasmonic acid 
(JA), jasmonic acid‐isoleucine (JA‐Ile), and abscisic acid (ABA) 
concentrations were quantified by UHPLC‐MS/MS as described 
by Glauser et al. (2014) with minor adjustments (Gfeller 
et al. 2023). Aliquots of 85 ± 5 mg ground plant material were 
extracted by adding 990 µL of extraction solvent, consisting of 
ethyl acetate (Sigma‐Aldrich Chemie GmbH, Buchs, Switzer
land) and formic acid (FA; Thermo Fisher Scientific, Waltham, 
MA, USA; 99.5:0.5 v/v), and 10 µL internal standard solution 
(isotopically labelled hormones at 100 ng/mL in water; d6‐SA 
from Sigma‐Aldrich Chemie GmBH, Buchs, Switzerland; d6‐ 
ABA and d5‐OPDA from OlChemIm, Olomouc, Czech Repub
lic; d5‐JA from CDN Isotopes, Quebec, Canada; 13C6‐Ja‐Ile 
produced in the laboratory of the Neuchatel Platform of Ana
lytical Chemistry). The solution was vortexed (Vortex‐Genie 2; 
Genie, Bohemia, NY, USA) for 10 s before adding 5–10 glass 
beads for mixing in a mixer mill (MM300; Retsch, Haan, 
Germany) at 30 Hz for 3 min and subsequently centrifuged at 
14,000 rpm for 3 min (Centrifuge 5427 R; Eppendorf, Hamburg, 
Germany). The supernatants were transferred to 2 mL tubes 
microtubes. The pellet was re‐extracted in 500 µL of extraction 
solvent and centrifuged as described above. The two super
natants were combined. The solvent was evaporated using a 
centrifugal evaporator (CentriVap; Labconco, Kansas City, MO, 
USA) and resuspended in 200 µL of aq. MeOH (50:50 v/v; 
Thermo Fisher Scientific, Waltham, MA, USA) using vortex and 

ultrasounds (Ultrasonic bath XUBA1; Grant Instruments Ltd, 
Royston, UK). The supernatant was filtered through a poly
tetrafluoroethylene hydrophilic syringe filter (0.22 µm × 13 mm 
i.d.; BGB, Boeckten, Switzerland) and collected in a clean Ep
pendorf tube (Microtube CapLock; Nolato, Torekov, Sweden). 
Hormone profiling was conducted using an Acquity UPLC 
I‐Class (Waters AG, Baden‐Dättwil, Switzerland) coupled to a 
QTRAP 6500+ mass spectrometer (Sciex, Framingham, MA, 
USA) operated in multiple reaction monitoring (MRM) mode 
with negative ionisation. Chromatographic separation was 
performed on an Acquity BEH C18 column (1.7 μM, 
2.1 × 50 mm i.d.; Waters, Milford, MA, USA) coupled to a guard 
column of identical phase chemistry. UHPLC gradient condi
tions were as follows: solvent A consisted of H2O and FA 
(99.95:0.05 v/v), and solvent B consisted of ACN and FA 
(99.95:0.05 v/v). The flow rate was set to 0.4 mL/min. The 
injection volume was 1 µL and the column temperature was 
maintained at 35°C. The gradient programme was: a linear 
gradient from 5% to 50% solvent B from 0.00 to 5.00 min; a 
linear gradient from 60% to 100% solvent B from 5.00 to 
8.00 min, 100% solvent B from 8.00 to 12.00 min; and re‐ 
equilibration at 5% solvent B from 12.00 to 16.00 min. Analyst 
v.1.7.1 (Sciex, Framingham, MA, USA) was used to control the 
instrument and for data processing.

2.7 | Benzoxazinoid Profiling 

Benzoxazinoid contents were characterised using an Acquity 
UPLC I‐Class system coupled to a single quadrupole mass 
spectrometer (QDa) equipped with an electrospray source 
(Waters, Milford, MA, USA) as previously described (Hu 
et al. 2018). The plant metabolites were extracted from 
100 ± 1 mg by adding 1 mL MeOH:H2O:FA (70:30 v/v, 0.1% FA) 
and thoroughly vortexed for 10 s. The samples were then cen
trifuged for 20 min at 1300 rpm at 10°C and the supernatant was 
collected for analysis. Compounds were separated on an Ac
quity BEH C18 column (1.7 μM, 2.1 × 100 mm i.d.; Waters, 
Milford, MA, USA). The flow rate of the mobile phase was 
maintained at 0.4 mL/min. The injection volume was 1 µL and 
the temperature of the column was maintained at 40⁰C. The MS 
was operated in negative mode, and data were acquired in the 
scan range (m/z 150–650) using a cone voltage of 10 V. All other 
MS parameters were left at their default values. The elution 
conditions were as follows: solvent A consisted of H2O and FA 
(99.9:0.1 v/v), while solvent B consisted of ACN and FA 
(99.9:0.1 v/v). The gradient programme was: 2% solvent B from 
0.00 to 1.00 min; a linear gradient from 2% to 40% solvent B 
from 1.00 to 4.00 min; a linear gradient to 100% solvent B from 
4.00 to 6.00 min; 100% solvent B from 6.00 to 8.50 min; a gra
dient from 100% to 2% solvent B from 8.50 to 8.51 min; and 2% 
solvent B from 8.51 to 10 min. MassLynx v4.1 SCN923 was used 
to control the instrument and for data processing. The absolute 
quantities of HMBOA, DIMBOA, DIMBOA‐Glc, DIMBOA‐ 
2Glc, HDMBOA‐Glc, and MBOA were determined using stan
dard curves of the corresponding pure compounds. MBOA was 
purchased from Sigma‐Aldrich Chemie GmbH (Buchs, Switz
erland). DIMBOA‐Glc DIMBOA‐2Glc, and HDMBOA‐Glc were 
isolated from maize plants in our laboratory as previously 
described (Sutour et al. 2024; Thoenen et al. 2023). DIMBOA 
and HMBOA were synthesised in our laboratory following 
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published protocols (Macías et al. 2006). HMBOA‐Glc, 
HMBOA‐2Glc, HM2BOA‐Glc, DIMBOA‐3Glc, DIM2BOA‐Glc, 
and HDM2BOA‐Glc for which no analytical standards were 
available, were quantified by comparison with the standard 
curve of their closest parent compounds, HMBOA, DIMBOA‐ 
Glc, and HDMBOA‐Glc. Full names and chemical formulas of 
measured benzoxazinoids can be found in Supporting Infor
mation S1: Supporting Table S3.

2.8 | Statistical Analyses 

Statistical analyses and data visualisation were done with R (version 
4.4.2; R core team, 2018) using R studio (version 2024.12.0.467; Posit 
team, 2024). The data was read in with the package readxl (version 
1.4.3). For organising and structuring the data the package dplyr 
(version 1.1.4) was used. The semi‐field assay and the herbivory 
assay followed a fully multifactorial design. Two‐ and three‐Way 
ANOVAs were used to detect the effects of response variables, 
depending on the number of variables in the experiment. Ex
planatory variables were AMF presence or absence, water regimes, 
and for the herbivore assay presence or absence of herbivores. 
When significant effects were detected, Tukey's HSD post‐hoc tests 
were performed to identify differences between treatment level, and 
effect sizes were calculated as Cohen's d using the residual standard 
deviation from the ANOVA model. Homoscedasticity and normal
ity of distribution of residuals were confirmed visually with the 
diagnostic plots of base R. If the model fit was not satisfactory, 
the tested variables were rank transformed prior to analysis. For the 
insect performance data, no effect of the experimental repetition 
could be observed, and thus the data of both experiments were 
combined for analysis. Plots were made using the package ggplot2 
(version 3.5.1) and ggpattern (version 1.1.1).

3 | Results 

3.1 | Drought Decreased Maize Growth, but AMF 
Improved Plant Growth and Reproductive Success 
Independently of Soil Moisture Levels 

A semi‐field experiment was carried out to assess the effects 
of drought, AMF, and naturally occurring herbivores in con
ditions relatable to agriculture (Supporting Information S1: 
Figure S1A). The addition of AMF increased colonisation from 
2.34% to 76.1% in ambient conditions and from 0% to 46.3% and 
0.25% to 51.4% under RCP2.6 and RCP8.5 conditions respec
tively (Figure 1A). Drought further decreased shoot height 
already at day 60 and the effect intensified after 85 days but not 
further after 110 days (Supporting Information S1: Figure S1C). 
Shoot biomass was also decreased under RCP2.6 and RCP8.5 
drought conditions (Figure 1B). Drought further decreased leaf 
chlorophyll contents (Supporting Information S1: Figure S1D). 
Conversely, AMF presence increased shoot biomass, cob length, 
and cob number (Figure 1B–D). No interactions between 
drought and AMF were observed on any of the measured 
growth and reproductive parameters under semi‐field settings 
(Figure 1). Root biomass was not affected by treatments 
(Supporting Information S1: Figure S2). Field damage by her
bivores was low and did not show a treatment effect 
(Supporting Information S1: Figure S3).

3.2 | AMF and Drought Modulated Maize 
Metabolism in Semi‐Field Conditions 

In leaves, drought triggered transient changes in benzox
azinoids at day 60, reflected by a decrease in DIMBOA‐Glc 
levels and an increase in DIM2BOA‐Glc leaf concentrations 
(Figure 2A; Supporting Information S1: Figure S4). The 
AMF‐induced decrease in DIMBOA‐Glc was stronger under 
ambient than drought conditions (Figure 2A; Supporting Infor
mation S1: Figure S4). AMF colonisation was positively correlated 
with leaf sucrose and ABA concentrations (Supporting Informa
tion S1: Figure S5). At Day 60, AMF colonisation was negatively 
correlated with DIM2BOA‐Glc (Supporting Information S1: Fig
ure S6). After 120‐day, drought stress decreased sucrose and, albeit 
not significantly, glucose concentrations, but did not affect fructose 
levels in leaves (Figure 2B; Supporting Information S1: Figure S7). 
Drought did not affect leaf hormonal levels (Figure 2B; Supporting 
Information S1: Figure S7).

In roots, the prolonged drought increased fructose, JA, OPDA, 
SA, HMBOA‐2Glc, and HM2BOA‐Glc levels (Supporting Infor
mation S1: Figure S8). AMF presence increased fructose, glu
cose, and sucrose concentrations, and decreased OPDA and 
total benzoxazinoid levels, particularly through lowered con
centrations of HMBOA‐Glc and DIMBOA‐Glc (Supporting 
Figure 8). Drought and AMF presence showed an interactive 
effect on fructose, as AMF‐induced increase in fructose levels 
was stronger in the RCP2.6 drought scenario (Supporting 
Information S1: Figure S8). A negative correlation between 
AMF colonisation and HM2BOA‐Glc and DIMBOA‐2Glc was 
observed (Supporting Information S1: Figure S9).

3.3 | AMF Colonisation Limited Drought‐ 
Induced Increase in Insect Performance 

Drought and AMF showed individual and interactive effects on 
maize leaf benzoxazinoids in the field (Figure 2). Because the 
natural herbivore pressure in the field was low (Supporting 
Information S1: Figure S3), the potential effects of drought and 
AMF‐mediated changes in benzoxazinoids on herbivore 
performance were assessed under controlled conditions. As in 
the semi‐field assay, drought reduced AMF colonisation, plant 
height, and shoot biomass (Supporting Information S1: 
Figure S11). Drought and AMF showed interactive effects on 
chlorophyll contents, as AMF‐induced decrease in chlorophyll 
content was pronounced only under ambient conditions 
Supporting Information S1: Figure S11).

After 2 months, plants were subjected to feeding of 5 S. exigua 
larvae for 5 days. The relative growth of the leaf herbivore S. 
exigua was not affected by AMF presence in soil but was slightly 
increased on plants that were subjected to drought than on 
plants that grew in ambient conditions (Figure 3A). While the 
herbivore performed better under drought conditions in the 
absence of AMF, the effect disappeared in the presence of AMF 
(Figure 3A). The leaf damage area was not affected by drought 
nor AMF (Figure 3B), but a significant correlation between the 
absolute mass gain of larvae and the leaf damage area was 
observed (Supporting Information S1: Figure S11).

In the leaves, levels of HMBOA‐Glc and DIM2BOA‐Glc 
increased and HDM2BOA‐Glc decreased under drought 
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conditions (Supporting Information S1: Figure S12). AMF alone 
showed no effect, but AMF presence induced an increase in 
DIMBOA‐2Glc under drought, but not ambiant, conditions 
(Supporting Information S1: Figure S13). Herbivory did not 
affect benzoxazinoid levels in leaves (Supporting Information 
S1: Figure S13).

In roots, drought increased the concentration of HMBOA‐ 
Glc, HMBOA‐2Glc, HM2BOA‐Glc, DIMBOA‐2Glc, DIM2
BOA‐Glc, and MBOA, while only HMBOA showed a 
decrease. AMF treatment affected DIMBOA‐3Glc through 
elevated concentrations in AMF+ plants. Interactive effects 
between drought and AMF were observed for DIMBOA and 
DIMBOA‐2Glc, yet following opposite trends. While DIM
BOA levels were lower in AMF+ plants under drought 
treatment, DIMBOA‐2Glc levels were increased in the same 

conditions. HMBOA‐Glc and DIMBOA‐Glc were increased 
under drought conditions when subjected to herbivory 
(Supporting Information S1: Figure S14).

4 | Discussion 

Our study revealed that drought significantly reduced maize 
vegetative growth, while AMF colonisation improved plant 
growth and reproductive success independently of soil moisture 
levels. Under controlled conditions, drought increased herbi
vore performance, yet this effect was neutralised in 
AMF‐colonised plants, suggesting that AMF may reduce drought‐ 
enhanced susceptibility to herbivory. Together, these findings 
highlight the potential of AMF to support maize reproductive 
performance and buffer biotic stress under drought.

FIGURE 1 | AMF colonisation promotes shoot biomass and cob length independently of moisture conditions. (A) AMF colonisation after 
120 days (Cohen's d > 0.8 for all significant differences between treatments), (B) fresh shoot biomass after 120 days, (C) mean cob length after 
100 days, (D) number of cobs after 100 days. Boxplots with individual data points or mean ± standard errors are shown (n = 9 per treatment). 
Ambient soil moisture: 23% (v/v); Drought soil moisture: RCP2.6 and RCP8.5: 19% and 16.6% (v/v) respectively. AMF = Arbuscular mycorrhizal 
fungi, Rhizophagus irregularis (SAF22). ANOVA tests were run to analyze differences among treatments, ns, not significant; = 0.05 < p < 0.10, 
* = p < 0.05, ** = p < 0.01, *** = p < 0.0001. Tukey's HSD post‐hoc test was performed when significant interactions were found. Different letters 
indicate significant differences between treatments when interactions between AMF and drought were observed. Effect size was calculated using 
Cohen's d. Data on drought and AMF colonisation effects on leaf chlorophyll contents, shoot height, root biomass, and field damage are provided in 
Supporting Information S1: Figures S1–S3. 
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Drought stress alone had clear effects on maize growth and 
metabolism, as well as on herbivore performance. Drought led 
to significant reductions in maize shoot height, biomass, and 
chlorophyll content, reflecting impaired photosynthetic capac
ity. Reductions in chlorophyll under drought are commonly 
associated with limited CO₂ assimilation caused by stomatal 
closure. In this study, drought reduced chlorophyll levels 
without markedly altering ABA concentrations in leaves, sug
gesting that stomatal or hydraulic limitations, rather than shifts 
in ABA accumulation, were the primary drivers of the reduced 
photosynthetic capacity and overall plant vigour. These 

observations are consistent with previous studies showing that 
drought reduces maize performance (Deribe 2025), although 
the extent of these effects can vary depending on genotype, 
developmental stage, and nutrient availability (Blein‐Nicolas 
et al. 2020; L. Liu et al. 2021). In roots, prolonged drought 
increased fructose and glucose concentrations, consistent with 
the known role of soluble sugars in osmotic adjustment and 
stress tolerance (Anjum et al. 2017; Sepulveda et al. 2022). 
However, in leaves, drought reduced sucrose and tended to 
decrease fructose concentrations, while glucose levels remained 
unchanged. This partially contrasts with studies reporting 

FIGURE 2 | Drought and AMF modulate the maize metabolism. (A) Heatmap of leaf metabolite concentrations relative to concentrations in 
control plants under ambient conditions after 60 days, (B) Heatmap of leaf metabolite concentrations relative to concentrations in control plants 
under ambient conditions after 120 days. Ambient soil moisture: 23% (v/v); Drought soil moisture: RCP2.6 and RCP8.5: 19% and 16.6% (v/v) 
respectively. AMF = Arbuscular mycorrhizal fungi, Rhizophagus irregularis (SAF22). Data were log‐transformed (n = 9 per treatment). Compounds 
highlighted in bold showed significant differences. Stars indicate significant differences (linear model for each compound): = 0.05 < p < 0.1, 
* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Tukey's HSD post‐hoc test was performed when significant interactions were found and different letters 
indicate significant differences between treatments. Histograms for individual compound graphs and roots are shown in Supporting Information S1: 
Figures S4, S5, and S8. Correlations between AMF colonisation and ABA and between AMF colonisation benzoxazinoids are shown in Supporting 
Information S1: Figures S6, S7, and S9. Structural equation modelling (SEM) is shown in Supporting Information S1: Figure S10. 
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whole‐plant sugar accumulation under drought (Y. Du 
et al. 2020; Mohammadkhani and Heidari 2008), possibly due to 
differences in sampling time, tissue type, or drought severity 
(Gurrieri et al. 2020; Sharma et al. 2019). Despite clear wilting 
symptoms, drought did not affect ABA levels in roots or leaves, 
which was surprising given its well‐established role in stomatal 
closure and drought signalling (Kim et al. 2010; Muhammad 
Aslam et al. 2022). Drought increased levels of JA, its precursor 
OPDA, and of SA in roots, but not in leaves, reflecting activa
tion of general stress responses. Drought reconfigured the 
benzoxazinoid leaf profiles. In particular, drought consistently 
led to decreased levels of DIMBOA‐Glc and increased concen
trations of DIM2BOA‐Glc in leaves during semi field (day 60) 
and in both laboratory assays. The observed shift between 
DIMBOA‐Glc and DIM2BOA‐Glc likely mirrors an increased 
activity of the 2‐oxoglutarate‐dependent dioxygenase BX13 and/ 
or of O‐methyltransferase BX7, enzymes responsible for the 
conversion of DIMBOA‐Glc to TRIMBOA‐Glc and subsequently 
to DIM2BOA‐Glc respectively (Handrick et al. 2016). These 
changes are consistent with the reported reconfiguration of 
benzoxazinoid profiles under abiotic stress as part of plant de
fence and stress adaptation (Robert and Mateo 2022; Sutour 
et al. 2024; Q. Zhang et al. 2020). Similarly, ZmBX13 was up
regulated under drought conditions, with even stronger induc
tion observed in a maize mutant selected for drought tolerance 
(C7‐2T), suggesting that enhanced BX13 expression may be part 
of a drought‐adaptive metabolic shift (Q. Zhang et al. 2020). In 
herbivory assays, drought increased the performance of 
S. exigua larvae. The observed increase is unlikely explained by 
changes in leaf sugar levels, as drought reduced leaf sucrose and 

fructose, both known to be feeding stimulant and promoting 
herbivore growth (Ai et al. 2022; S.‐S. Zhang et al. 2023). A 
possible explanation lies in the shift of benzoxazinoid profiles. 
While DIMBOA‐Glc and its aglucone DIMBOA are known to 
have strong anti‐feeding, anti‐digestive, or toxic activity on a 
broad range of generalist herbivores (Wouters et al. 2016), 
DIM2BOA‐Glc is largely ineffective against caterpillars such as 
S. exigua and S. littoralis, though it retains toxicity against 
aphids (Handrick et al. 2016; Robert and Mateo 2022). The 
drought‐induced decrease in DIMBOA‐Glc combined with a 
relative increase in DIM2BOA‐Glc therefore suggests a 
reallocation of defences toward phloem feeders, at the expense 
of resistance to chewing herbivores. In addition, other nutri
tional or defensive traits not quantified here, such as amino acid 
composition, nitrogen balance, or inducible defences, may also 
have contributed to the enhanced growth of S. exigua larvae. 
Overall, our data align with previous studies showing that 
drought can increase herbivore growth by altering plant nutri
tional quality (Carvajal Acosta et al. 2023; Duell et al. 2024; 
Ximénez‐Embún et al. 2017).

Under ambient conditions, AMF colonisation alone had sig
nificant effects on maize growth, yield, and defences. AMF‐ 
inoculated plants showed increased shoot biomass, cob length, 
and cob number, consistent with the well‐established role of 
AMF in promoting plant growth through improved nutrient 
acquisition and hormonal modulation (Bhupenchandra 
et al. 2025). Root fructose and glucose concentrations increased 
under AMF treatment, suggesting enhanced carbon sink 
strength and possibly greater metabolic activity in roots, 

FIGURE 3 | AMF alleviates the drought‐mediated increase in insect performance. (A) Relative individual weight gain (Cohen's d between 
Ambient AMF and RCP8.5 AMF plants is 0.76), (B) Leaf damage per larva. Boxplots with individual data points are shown (n = 7–8 per treatment). 
Ambient soil moisture: 23% (v/v); Drought soil moisture (RCP8.5): 16.6% (v/v). AMF = Arbuscular mycorrhizal fungi, Rhizophagus irregularis 
(SAF22). ANOVA tests were run to analyze differences among treatments: ns: not significant; * = p < 0.05. Tukey's HSD post‐hoc test were performed 
when significant interactions were found, and the effect sizes were calculated as Cohen's d. Different letters indicate significant differences between 
treatments when interactions between AMF and drought were observed. The effect of drought on AMF colonisation under controlled conditions is 
shown in Supporting Information S1: Figure S11. The correlation between the larval mass gain and leaf damage area is shown in Supporting 
Information S1: Figure S12. Benzoxazinoid levels in maize leaves and roots are shown in Supporting Information S1: Figures S13 and S14. No fitting 
SEM model was found. [Color figure can be viewed at wileyonlinelibrary.com] 

2088 Plant, Cell & Environment, 2026

 13653040, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.70357 by Forschungsinstitut fur biologischen L

andbau FiB
L

, W
iley O

nline L
ibrary on [17/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


a pattern also reported in peach and tomato plants colonised by 
AMF (Ge et al. 2008; Mo et al. 2016). Interestingly, AMF co
lonisation led to a reduction in root sucrose levels, possibly due 
to increased sucrose cleavage or altered sugar transport 
dynamics, as seen in other studies where AMF modulated sugar 
transporter expression (Ge et al. 2008; Tang et al. 2022). In 
terms of hormonal signalling, AMF colonisation decreased 
OPDA in roots and SA in leaves, contrasting with several 
reports that suggest AMF increase phytohormone levels under 
stress (Tang et al. 2022). Rather than indicating activation of JA‐ 
or SA‐dependent priming pathways, this pattern likely reflects 
AMF‐mediated buffering of stress signalling, as both OPDA and 
SA often function as upstream stress cues. AMF are known to 
stabilize hormonal homoeostasis and reduce perceived stress, 
and such buffering could contribute to improved tolerance and 
resource allocation under drought. In our system, the enhanced 
resistance to S. exigua in AMF‐inoculated plants is therefore 
more plausibly explained by AMF‐induced metabolic adjust
ments than by activation of canonical JA‐SA defence priming. 
AMF suppressed benzoxazinoid levels, including HDMBOA‐ 
Glc and DIMBOA‐Glc, possibly reflecting a trade‐off in which 
improved nutrient status and physiological condition reduce the 
need for costly chemical defences. The reduction in constitutive 
defence compounds under ambient conditions could also imply 
that AMF‐colonised plants rely more on induced defences or 
tolerance strategies. However, AMF colonisation can also lead 
to enhanced accumulation of defence metabolites such as 
DIMBOA under pathogen attack, suggesting a complex context‐ 
dependent regulation (Song et al. 2011). In the controlled assay, 
AMF colonisation did not alter benzoxazinoid levels in leaves 
under ambient conditions. This difference could reflect en
vironmental or developmental factors, as the semi‐field ex
periment involved a longer growth period and greater exposure 
to fluctuating conditions, possibly inducing stronger AMF‐ 
mediated reprogramming of defence metabolism. Consistently, 
AMF colonisation alone did not impact S. exigua growth in the 
herbivore assays. This aligns with earlier findings indicating 
that AMF‐mediated resistance is often context‐dependent and 
may require either a co‐occurring stress or stronger defence 
priming signals to translate into reduced herbivore perform
ance. For instance, AMF boosted resistance to S. littoralis in JA‐ 
deficient tomatoes, an effect that was only pronounced when 
defence pathways were compromised (Formenti and 
Rasmann 2019). Finally, the observed negative correlations 
between AMF colonisation and DIMBOA‐2Glc and HM2BOA‐ 
Glc may reflect AMF‐induced shifts in benzoxazinoid turnover 
or indicate that these compounds exert antifungal activity and 
reduce AMF colonisation. Overall, these findings highlight the 
multifaceted role of AMF in modulating maize metabolism, 
supporting both growth and fine‐tuned defence regulation even 
in the absence of external stressors.

Interactive effects between AMF and drought on maize physi
ology and metabolism were limited in the semi‐field assay but 
became more apparent under controlled conditions. Con
sistently with previous studies, drought reduced AMF coloni
sation (Orine et al. 2022). In the field, AMF and drought 
affected maize metabolism largely independently. While AMF 
was found to support maize growth and yield under drought in 
some studies (Deribe 2025), the absence of interactions was also 
reported (Tiepo et al. 2024), likely due to development‐specific 

effects (Abrar et al. 2024). Interactive effects were limited to 
root fructose levels and leaf DIMBOA‐Glc contents. AMF 
increased root fructose and the effect that was more pro
nounced under drought conditions. Such context‐dependent 
enhancement of sugar accumulation may indicate that AMF 
contributes to osmotic adjustment under moderate water stress 
as suggested in previous studies (Bahadur et al. 2019; 
Chandrasekaran and Paramasivan 2022). At day 60, AMF 
reduced DIMBOA‐Glc concentrations in leaves more strongly 
under ambient than drought conditions, suggesting drought 
constrained the AMF effect. Interestingly, under laboratory 
conditions, AMF similarly reduced DIMBOA‐Glc levels in the 
leaves, but increased them under drought conditions, resulting 
in comparable levels of the benzoxazinoid in control and AMF 
colonised plants. Systemic consequences of below‐ground shifts 
may arise through several AMF‐mediated signalling pathways. 
For example, AMF can affect whole‐plant carbon partitioning 
via modulation of SWEET and SUT sugar transporters, and can 
alter aquaporin activity, thereby adjusting hydraulic conduc
tivity and influencing shoot water status and metabolism (G.‐X. 
He et al. 2025; Romero‐Munar et al. 2024; Salmeron‐Santiago 
et al. 2022). In addition, AMF produce Myc‐derived signalling 
molecules that can trigger systemic transcriptional and meta
bolic responses independently of local colonisation (Salmeron‐ 
Santiago et al. 2022). Beyond the targeted metabolites quantified 
here, nutritional stoichiometry and vascular transport processes 
may also contribute to the AMF‐mediated rescue of resistance 
under drought. AMF are known to influence nitrogen acquisi
tion and amino acid metabolism, and to modify plant C:N 
balance through changes in nutrient uptake and carbon parti
tioning (Stratton et al. 2022; X. Yang et al. 2023). Moreover, 
AMF and drought both alter xylem transport capacity and 
phloem loading, potentially modifying the nutritional compo
sition of leaf tissues in ways that are not captured by our 
measured traits (de Vries et al. 2021). Although our data do not 
resolve the precise mechanism, these pathways provide a 
plausible framework for understanding how AMF‐mediated 
root metabolic reprogramming could contribute to the observed 
changes in shoot chemistry and herbivore resistance. While 
AMF alone had no effect on herbivore performance, their 
presence cancelled the drought‐induced increase in S. exigua 
growth observed in non‐mycorrhizal plants. The precise 
mechanisms by which AMF alleviated the drought‐induced 
increase in caterpillar performance remain unclear as inter
active effects were limited in the leaves and would not support 
the observed performance effect. However, AMF altered root 
metabolism under drought, including changes in soluble sugars, 
which may reflect adjustments in osmotic balance or nutrient 
allocation. Such belowground shifts could directly improve 
overall plant physiological status or indirectly affect leaf nutri
tional quality and defence signalling. For instance, AMF was 
found to alter the expression of marker genes involved in Ca2+ 

pathways, sugar transport, malondialdehyde accumulation, 
antioxidant enzyme activity, and water use under drought 
(Chen et al. 2025; Deribe 2025; Eftekhari et al. 2025). Although 
we explored structural equation modelling to test whether 
drought and AMF effects on larval performance could be sta
tistically explained by the measured leaf traits, none of the 
candidate models achieved acceptable fit. This indicated that 
the quantified traits did not fully capture the systemic processes 
through which AMF modulate plant physiology under drought. 
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Consistently, the restoration of herbivore resistance by AMF 
was not fully explained by leaf‐level metabolic responses alone, 
suggesting that the interactive effect on S. exigua performance 
likely arose from whole‐plant adjustments rather than from any 
single foliar trait. Future work integrating metabolomics with 
physiological measurements such as leaf water potential, 
phloem loading, or induced defence kinetics will be required to 
resolve the causal chain linking AMF‐mediated root repro
gramming to shoot resistance under drought. The AMF‐ 
mediated dampening of drought‐induced increases in herbivore 
performance highlights their potential as a valuable biological 
tool for promoting crop resilience and reducing reliance on 
chemical pest control in sustainable agricultural systems.

While our study provides novel insights into the role of AMF in 
maize responses to drought and herbivory, some limitations 
should be acknowledged. First, the semi‐field experiment relied 
on potted plants, which may have restricted root development 
and limited the natural spread and functioning of AMF net
works compared to open‐field conditions. Second, our drought 
treatment did not include concomitant heat stress, which fre
quently co‐occurs with water limitation in the field and can 
strongly influence plant‐microbe‐insect interactions. Finally, we 
focused on a single maize genotype and one AMF species, 
whereas responses may vary across genetic backgrounds and 
fungal partners. These factors should be addressed in future 
field‐based, multi‐genotype studies to better capture the 
complexity of plant responses under agricultural conditions.

5 | Conclusion 

This study demonstrates that AMF can enhance maize repro
ductive success and modulate plant metabolism under both well‐ 
watered and drought conditions, with additional benefits under 
combined abiotic and biotic stress. While drought reduced plant 
growth and increased herbivore performance, AMF colonisation 
improved yield‐related traits and mitigated drought‐induced sus
ceptibility to herbivory. These findings indicate that the AMF‐ 
mediated buffering of herbivore performance under drought was 
not due to any direct suppressive effect on the insect, but instead 
emerged from AMF‐induced adjustments to plant physiology and 
metabolism that reduced leaf suitability to S. exigua. The context‐ 
dependency of AMF effects, particularly their modulation of 
benzoxazinoids and defence signalling under variable environ
mental conditions, emphasises the need for integrated, multi‐ 
factorial studies to understand plant responses in realistic 
scenarios. From a practical perspective, the ability of AMF to 
buffer drought‐enhanced herbivore pressure offers promising 
opportunities for sustainable agriculture, reducing the need for 
external inputs while supporting crop resilience. Future research 
should aim to elucidate the mechanistic basis of these interactions 
across diverse plant and AMF genotypes, and under fluctuating 
field conditions, to better harness the full potential of AMF for 
climate‐smart crop management.
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AMF on SA and HDMBOA‐Glc in maize leaves in the field at day 120. 
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maize leaves in the field at day 60. Supporting Figure 6: AMF colo
nization correlated with sucrose and ABA levels in maize leaves in the 
field at day 120. Supporting Figure 7: AMF colonization correlated 
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