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ABSTRACT
Mycorrhizal symbiosis influences plant growth and nutrition and can affect the performance of insect
herbivores, but these effects are context-dependent. This study aims to investigate the influence of
nitrogen fertilization and mycorrhizal symbiosis on maize and Spodoptera exigua performance and to
explore the potential underlying mechanisms. Mycorrhiza promoted maize growth and reduced
S. exigua performance, but these effects were dependent on nitrogen availability. We then
assessed whether the consequences for S. exigua were mediated by its gut microbiota. Neither
nitrogen nor mycorrhization affected S. exigua gut bacterial community. Reduced herbivore
performance was instead potentially due to the effects of nitrogen-mycorrhiza interaction on the
plant nutritional value.
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1. Introduction

In nature, plants coexist and interact with multiple beneficial
and antagonistic organisms, including microorganisms and
insects (Biere and Tack 2013; Heinen et al. 2018). Herbivory
by phytophagous insects is an example of a two-way inter-
action with detrimental effects on plant health and notorious
consequences for crops (Dhaliwal et al. 2010; Deutsch et al.
2018). Besides, the mutualistic symbioses between plants
and soil-borne beneficial microbes can benefit plant nutri-
tion and resistance, which positively affects yield pro-
ductivity (Finkel et al. 2017; Bargaz et al. 2018). Because
both phytophagous insect and plant symbionts rely on
plant resources, they can simultaneously or sequentially
interact with the same host, being potentially affected by
each other via the plant (Biere and Bennett 2013; Chrétien
et al. 2018; Gruden et al. 2020; de Bobadilla et al. 2022).

The mutualistic association between arbuscular mycor-
rhizal fungi (AMF) and plants, known as arbuscular mycor-
rhizal (AM) symbiosis, is an ecologically widespread plant-
microbe interaction with beneficial effects on plant perform-
ance (Jeffries et al. 2003). Benefits of this symbiosis include
an improved capacity of the host plant to acquire mineral
nutrients from the soil, positively affecting its nutritional sta-
tus (Van Der Heijden et al. 2006; Porras-Soriano et al. 2009;
Balliu et al. 2015; Bhantana et al. 2021). Moreover, root colo-
nization by AMF can induce resistance in the host plant, pro-
tecting both roots and aerial parts against future aggressors
(Pozo and Azcón-Aguilar 2007; Rivero et al. 2021; Man-
resa-Grao et al. 2022). This phenotype, known as Mycor-
rhiza-Induced Resistance (MIR), is usually characterized by

the priming of the plant defenses, a faster and/or more effec-
tive activation of the plant defense responses upon challenge
(Conrath et al. 2006; Pozo and Azcón-Aguilar 2007; Jung
et al. 2012; Pieterse et al. 2014). MIR is generally accepted
to be effective against aboveground organisms that are sensi-
tive to the plant defenses regulated by jasmonic acid (JA) sig-
naling, including generalist leaf-chewing insects, but it can
also negatively affect aphids performance (Vicari et al.
2002; Guerrieri et al. 2004; Koricheva et al. 2009; Pineda
et al. 2010; Pozo et al. 2010; Pineda et al. 2013; Song et al.
2013). However, abiotic conditions can influence the out-
come of plant-AMF interactions, thus impacting plant
growth or pest resistance (Borowicz 1997; Gange et al.
1999; Sanchez-Bel et al. 2016; López-Carmona et al. 2019;
Real-Santillán et al. 2019).

Similar to plants, phytophagous insects can establish ben-
eficial associations with microorganisms that confer ecologi-
cal advantages to exploit their environments (Dubreuil et al.
2014; Sugio et al. 2015; Giron et al. 2017). They may rely on
gut bacteria to supplement their nutritional demands by pro-
viding novel metabolic pathways or facilitating the digestion
of nutrients (Giron et al. 2017; Gurung et al. 2019; Mason
et al. 2019). Insect’s gut microbiota can also contribute to
counteract plant defenses through detoxification or seques-
tration of anti-herbivore compounds (Giron et al. 2017;
Zhang et al. 2018; Favery et al. 2020; Jing et al. 2020).
Environmental factors can contribute to shape the gut
microbiota of insect herbivores and part of their micro-
biomes can be actively acquired through their diet or directly
from the soil (Hannula et al. 2019; Leite-Mondin et al. 2021).
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Despite microorganisms can provide significant benefits to
insects, reliance on symbionts for plant resources exploita-
tion can fluctuate across phytophagous insects (Hammer
et al. 2017; Sudakaran et al. 2017; McKenna et al. 2019;
Frago et al. 2020).

Due to the potential impact of beneficial microbes on the
performance of both plants and insects, symbionts can be
targeted for optimized crop production in sustainable agri-
culture, either by improving plant resistance and/or by
impairing insect performance (Yuan et al. 2021). However,
since host-microbe interactions are highly context-depen-
dent, studies on particular plant-herbivore systems under
different environmental conditions are required for the effec-
tive application of symbiont-targeted strategies in pest
management.

Lepidoptera includes some of the most destructive and
economically relevant agricultural pests (Goldstein 2017).
Most caterpillars are herbivores, and the composition and
abundance of their gut microbial communities are known
to vary largely both inter- and intraspecifically (Hammer
et al. 2019; Mason et al. 2020). Interconnection between
the gut microbiota and the performance of caterpillars is a
current controversial topic (Hammer et al. 2017, 2019).
Their gut morphology and physicochemical properties,
together with their rapid digestive transit, have been pro-
posed to impede potential symbionts to colonize digestive
tracts (Engel and Moran 2013; Hammer et al. 2017; Hammer
and Moran 2019). However, antibiotic suppression of gut
bacterial communities in some caterpillar species can affect
their nutrition (Kaiser et al. 2010) or affect their innate
immunity (Krams et al. 2017).

Soil nutrients availability affects both plants and insect
herbivores, either directly or indirectly (Panda and Khush
1995). In this context, biologically available nitrogen (N) is
one of the major growth-limiting factors for both plants
and insects (LeBauer and Treseder 2008; Tripathi et al.
2014; Chaudhary et al. 2018). N supply is often correlated
with several benefits for plants, such as higher biomass and
faster developmental cycles (Burns 1995; Leghari et al.
2016). Moreover, N is necessary for plants to synthetize
metabolites with important anti-herbivore functions (Chen
2008; Anulika et al. 2016). From the herbivore’s perspective,
N availability in the soil can modify plant’s nutritional value,
digestibility and toxicity, thus reducing its quality as food
(Dormann 2003). High N fertilization has also been pro-
posed to enrich insect gut microbiota, coinciding with higher
larval weight and insecticide tolerance (Hu et al. 2022).
AMF-modulated improved capacity of the host plant to
acquire N from the soil can therefore have cascading
effects on insect herbivores (García-Gómez et al. 2021).

Nitrogen availability has been previously reported to
interfere with MIR against pathogens (Sanchez-Bel et al.
2016), but its impact on MIR against pests and whether
insect symbionts and plant symbionts can be functionally
linked via the plant are still unknown. Our study aims to
fill this gap by investigating the influence of N availability
and AM symbiosis on the performance of the generalist
chewing insect Spodoptera exigua (Hübner) (Lepidoptera:
Noctuidae), using two different species of AMF. We
hypothesized that N availability and AMF interact in
their influence on plant nutrition and defenses, thus redu-
cing the performance of insect herbivores. We explored the
potential underlying mechanism through the

characterization of the insect microbiota, the plant defense
and the plant nutritional value.

2. Materials and methods

2.1. Experimental design

A completely randomized 3 × 2 factorial design was con-
ducted to study the interaction between two factors: AMF
and nitrogen availability. We used two different AMF
species. Thus, the factor ‘AMF’ had three levels: non-inocu-
lated plants (Ni), plants inoculated with Funneliformis mos-
seae (Fm) and plants inoculated with Rhizophagus
irregularis (Ri). The factor ‘N’ had two levels: 0% (N0) and
100% (N100, regular growing conditions), to test the effect
of N deficiency and N-full availability. This resulted in six
experimental treatments: (1) NiN100, (2) FmN100, (3)
RiN100, (4) NiN0, (5) FmN0, (6) RiN0. Eight replicates
per treatment were established.

2.2. Fungal materials, plant materials and growing
conditions

Two species of AMF were used to conduct this experiment.
F. mosseae BEG12 (International Bank of Glomeromycota,
https://www.i-beg.eu/cultures/BEG12.htm) was obtained
and inoculated as described by Rivero et al. (2021). Rhizo-
phagus irregularis MUCL 57021 in vitro culture, spores
extraction and inoculation were performed as described by
Minchev et al. (2021).

Maize seeds (Zea mays hybrid DK-2061) were surface dis-
infected by immersion in 5% NaHClO during 10 min, fol-
lowed by multiple sterile water washes. Disinfected seeds
were sown in 1.1 L pots filled with 1 L of nutrient-poor
sandy soil (BVB, The Netherlands) sterilized by gamma
irradiation. AMF inoculation was performed during sowing.
Seed germination failed for 1 replicate of treatments FmN0
and RiN0 (n = 7), while germination succeeded for all
NiN100, FmN100, RiN100 and NiN0 replicates (n = 8), giv-
ing 46 plants in total. Plants were maintained in a greenhouse
at 25/16°C with a diurnal photoperiod of 16/8 h and watered
twice a week with a 1 mM in phosphorous and N-full
strength (20 mM) Long Ashton nutrient solution (Hewitt
1966) for 3 weeks. After this period, plants were watered
with either N-full strength Long Ashton solution (N100, nor-
mal growing conditions) or N-free Long Ashton solution
(N0, N deprivation growing conditions) depending on
their treatment group.

2.3. Herbivory bioassay

Nine weeks after sowing, Ni, Fm and Ri plants grown under
the different N fertilization regimes were challenged with
S. exigua caterpillars. Eggs were provided by Dr Salvador
Herrero Sendra of the Biotechnological Control of Pest Lab-
oratory of the Universidad de Valencia, Spain. S. exigua lar-
vae were reared on artificial diet (Greene et al. 1976) without
antibiotics until they reached the L3 instar. The fifth leaf of
each plant was harvested as a basal level of reference before
herbivory (T0), frozen in liquid nitrogen and stored at
−80°C. Then, two L3 larvae were placed in the sixth leaf of
each plant after recording their initial weight. Clip-cages of
30 mm Ø were used to limit the movement of caterpillars.
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Clip-cages were moved across the same leaf every day to
ensure food accessibility and herbivory was maintained for
5 days. The survival and weight of the caterpillars were
daily recorded. At the end of the bioassay, surviving larvae
were collected and preserved at −80°C to characterize their
gut bacterial communities.

2.4. Plant physiological measurements, harvest and
mycorrhiza quantification

Before (T0) and after 5 days of continuous herbivory, a por-
table chlorophyll CL-01 meter was used on the third fully
expanded leaf of each plant to measure the relative chloro-
phyll content. The measurements were collected on three
different points of the lamina (upper, medium and bottom)
and their average was used. After 5 days of continuous her-
bivory, plant shoot and root fresh weight were recorded. The
attacked leaf (local leaf, LL) and the immediately upper leaf
(systemic leaf, SL) of each plant were harvested as after her-
bivory samples and preserved in liquid nitrogen and stored
at −80°C. Roots were harvested, washed, cleared in KOH
(10%) and stained with 5% ink (Lamy, Germany) in 2%
acetic acid (García et al. 2020). The percentage of root length
colonized by AMF was determined according to the gridline
intersection method (Giovannetti and Mosse 1980).

2.5. Spodoptera exigua DNA extraction

Larvae were surface-disinfected with 75% ethanol during 90
s, rinsed with sterile water and the whole gut, including the
gut content, was dissected. Total DNA was then extracted
using the DNeasy Blood & Tissue Kit (Qiagen), following
the manufacturer’s instructions with a few modifications.
In brief, lysis of the samples with Proteinase K was left over-
night and final elution volume (buffer AE) was 100 µL. DNA
extracts were stored at −20°C until further processing.

DNA extracts were amplified using the pair of primers S-
D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′)
and S-D-Bact-0785-a-A-21 (5′-GACTACHVGGGTATC-
TAATCC-3′) (Herlemann et al. 2011). The amplicon
sequencing protocol targets the 16S rRNA gene V3 and V4
regions (465 bp), with the primers designed surrounding
conserved regions. Molecular identification (MID) tags
were incorporated into the primers in order to generate
uniquely MID-tagged PCR products for each amplification.
DNA libraries were generated using a limited cycle PCR:
initial denaturation at 95°C for 5 min, followed by 25 cycles
of annealing (95°C 40 s, 55°C 2 min, 72°C 1 min), extension
at 72°C for 7 min. PCR success was checked through gel elec-
trophoresis (2%) and purifiied using MagSi-NGSprep Plus
beads (Steinbrenner Laborsysteme GmbH, Wiesenbach,
Germany).

After DNA amplification, Illumina sequencing adaptors
(Nextera XT index kit v2) were added to the amplicon.
The adaptor ligation was conducted by PCR (9 cycles of
annealing, following the same sample annealing temperature
previously described). Ligation success was confirmed by gel
electrophoresis and DNA concentrations were measured
using a Qubit fluorometer (Life Technologies, Carlsbad,
USA). Samples were then combined into 40 µL pools con-
taining equimolar concentrations of 100 ng. Pooled DNA
was purified and selected by size using MagSi-NGSprep
Plus beads (Steinbrenner Laborsysteme GmbH, Wiesenbach,

Germany) and sequencing was performed at the core facility
of Fraunhofer IZI (Leipzig).

2.6. Metabarcoding library filtering and taxonomic
classification

Prior to filtering of metabarcoding libraries, the quality of
the libraries was checked using FastQC (Andrews 2010)
on, both, forward and reverse reads (previously merged
in one fastq file). Next, we merged complementary forward
and reverse reads using PEAR (Zhang et al. 2014), with a
minimum quality score of 30 (Phred score). Unassembled
reads were discarded and successfully merged reads were
joined for subsequent analyses in a single fastq file using
the sed command. The remaining filtering steps were per-
formed using vsearch v2.8.1 (Rognes et al. 2016). The fas-
tx_filter command was used to remove the potential
sequencing mistakes by quality rate filter ( fastq_maxee =
1), producing and output file in fasta format. Next, derepli-
cation (only unique sequences were kept) was done apply-
ing the derep_fulllength command and we removed
frequency errors by denoising (UNOISE3 algorithm)
using cluster_unoise command. This was followed by the
removal of insertions and deletions (filter by length)
using the fastx_filter command, allowing amplicon lengths
from 250 to 350 bp, and the removing of potential chimeras
‘de novo’ using the command uchime3_denovo. At this
point, we obtained a set of biological sequences of bacterial
communities that correspond to our communities, which
the Amplicon Single Variants (ASV), that are stored in a
fasta file. These sequences were mapped to the reads
using the search_exact command.

The sequences were classified against Silva database
(v138.1) (Quast et al. 2012) using the command classify.-
seqs() from software mothur (Schloss et al. 2009; Schloss
2020), setting a bootstrap threshold of 80%. Moreover, we
performed a classification against NCBI using BLAST algor-
ithm (Johnson et al. 2008) and R package taxonomizr
(https://github.com/sherrillmix/taxonomizr/; last accessed
on October 2021) to obtain the taxonomy table.

The ASV table was filtered to remove the samples with
less than 1000 reads using prune_samples() from phyloseq
R package. Filtered data was then normalized by CSS (cumu-
lative-sum scaling) to avoid technical bias related to different
sequencing depth using the command phyloseq_trans-
form_css(), which is available in metagenomeSeq Bioconduc-
tor R package. Potential contaminants were also removed
using the subset_taxa() function from phyloseq. Filtered
data (ASV table, fasta file and taxonomy table) were used
for subsequent biodiversity analyses. The raw dataset gener-
ated and analyzed during the current study was submitted to
the NCBI Sequence Read Archive (SRA) under the BioPro-
ject PRJNA843567 (16S rRNA genes).

2.7. Microbiota biodiversity analyses

A rarefaction curve was constructed to assess the sequencing
depth and the species richness of each sample. Individual
rarefaction curves were then diluted to obtain the inter-treat-
ment curves. Rarefaction curves were generated using the
function rarecurve() from vegan R package. Relative Read
Abundance (RRA) metric, the percentage of reads that are
present in each treatment, was used to characterize
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S. exigua bacterial composition across treatments (Deagle
et al. 2019). This metric was computed using a customized
R script and phyloseq R package (Wickham et al. 2021).

We calculated the differences in ASV richness (alpha
diversity) using two different indices (Chao1 and Shannon),
applying the function estimate_richness() from phyloseq R
package. To test the significance of alpha diversity measures
across treatments, we applied a Kruskal–Wallis using the
function kruskal.test(). Finally, we used adonis2() function
with Bray–Curtis dissimilarity (PERMANOVA using dis-
tance matrices, vegan R package) to test whether microbial
composition differed between treatments. PCoA was used
to visualize separations among treatments.

2.8. Benzoxazinoids quantification

Before and after herbivory (LL) samples were used to analyze
foliar levels of 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxa-
zin-3(4H)-one (DIMBOA) and 6-methoxy-2-benzoxazoli-
none (MBOA) and 2-hydroxy-4,7-dimethoxy-1,4-
benzoxazin-3-one glucoside (HDMBOA-glc), major second-
ary metabolites involved in maize defense. Three biological
replicates per treatment were analyzed, each replicate con-
sisting of a pool of 2 samples from independent plants. DIM-
BOA, MBOA and HDMBOA-glc were extracted from the
samples according to Ahmad et al. (2011). A 50 mg of
freeze-dried leaf material were homogenized in 1 mL of
extraction buffer (methanol/acetic acid; 49/1; v/v), sonicated
for 10 min and centrifuged (12,600 rpm, 10 min). The
extraction buffer contained N-Benzoyl-L-tyrosine (100
ppb) as an internal standard for BXs quantification (Sasai
et al. 2009). Supernatants were recovered, filtered through
0.22 µm cellulose filters (Regenerated Cellulose Filter, 0.20
μm, 13 mmD. pk/100; Teknokroma) and collected for analy-
sis. Ten µl of extracted solution were injected into an Acquity
UPLC system coupled to a XEVO TQD Triple quadrupole
instrument, UPLC_MS/MS (Waters, Milford, MA, USA).
Chromatographic separation was conducted through a
UPLC Kinetex EVO C18 column (2.6 μm particle size; 100
A, 50 × 2.1 mm; Phenomenex) and the mobile phase con-
sisted of a mixture of solvent A (pure water) and solvent B
(methanol/isopropanol/acetic acid; 3800/200/1; v/v). The
solvent gradient was initiated with isocratic conditions at
10% B for 3 min, ramped to 90% B for 2 min and then
ramped back to 10% B for 3 min.

Retention times of DIMBOA, MBOA and HDMBOA-glc
were determined from synthetic standards (provided by Pro-
fessor Jurriaan Ton). Standard curves, which showed linear-
ity between peak area and compound concentration, and N-
Benzoyl-L-tyrosine were used to determine the content of
the three compounds (ng/g dry weight).

2.9. Anti-herbivory related enzymatic activities

Six independent biological replicates of leaf samples after
herbivory (LL) were used for leucyl aminopeptidase (LAP)
and polyphenol oxidase (PPO) activity assays. LAP activity
assay was performed according to Gamir et al. (2021). For
protein extraction, 50 mg of grinded fresh leaf material
were homogenized by vortex with 900 µL of extraction
buffer 50 mMTris-HCl, 0.5 mMMgCl2, pH 8. Homogenized
samples were centrifuged at 10,000 g (4°C) for 20 min.
Supernatant was recovered and used as protein extract. For

LAP activity, 40 µL of protein extract and 200 µl of enzyme
substrate (3 mM Leu-p-nitroanilide in 50 mM Tris-HCl,
0.5 mM MgCl2, pH 8) were incubated at 37°C for 15 min.
The absorbance was measured in a 96-well microtiter plate
at 410 nm.

PPO activity assay was carried out as described by Shi-
kano et al. (2018). For protein extraction, 50 mg of grinded
fresh leaf material were homogenized by vortex with
1.25 mL of ice-cold extraction buffer (5% polyvinylpyrroli-
done in 0.1 M potassium phosphate buffer, pH 7) and incu-
bated in ice for 5 min. Samples were centrifuged at 11,000 g
(4°C) for 10 min. Supernatant was recovered and used as
protein extract. To measure PPO activity 5 µL of protein
extract and 200 μL of 3 mM caffeic acid in 0.1 M potassium
phosphate buffer were added to a 96 well microtiter plate and
after 10 min the absorbance was measured at 450 nm.

Total protein concentration for each sample was deter-
mined by the Bradford protein assay (Bradford 1976). LAP
and PPO activities were expressed as Absorbance/mg of
protein.

2.10. Carbon and nitrogen plant content

Foliar C/N ratio was used as proxy of plant nutritional qual-
ity to insect herbivores. Total carbon (C) and total nitrogen
(N) before and after herbivory (SL) were determined using
an Elemental Analyzer (LECO TruSpec CN) according to
standard procedures at the Ionomic Laboratory of the Tech-
nical Services of the Estación Experimental del Zaidín (EEZ-
CSIC) in Granada, Spain. Four independent biological repli-
cates were analyzed per treatment, each one consisting of a
pool of 2 freeze-dried leaf samples from independent plants.

2.11. Amino acid profile

Foliar accumulation of Protein-Bound Amino Acids
(PBAAs) and Free Amino Acids (FAAs) after herbivory
(LL) were determined by gases chromatography – mass
detection (GC-MS). Powdered freeze-dried H+ samples
were divided into two subsets of 5 mg, one for FAAs analysis
and one for PBAAs analysis. FAAs were extracted with 1 mL
acetonitrile 25% in HCl 0.01 M (1:3, v:v). Using other sub-
sets, proteins were hydrolyzed into their protein-bound
amino acids with 500 μL of 4 M methanesulfonic acid at
150°C for 2 h. Either FAAs or PBAAs extracts were trans-
ferred into new vials and pH was confirmed to be between
1.5 and 5.0. Extraction and derivatization were then con-
ducted by using EZ:faast GC-ms kit for free amino acids or
protein hydrosilates (Phenomenex Torrance, California,
USA) according to the manufacturer’s specifications. Norva-
line at 200 nmol·mL−1, used as an internal standard (IS), and
standards for each physiological amino acids at
200 nmol·mL−1 were provided by the kits. Extracts were
then analyzed by an Agilent 7890B gas chromatograph
coupled to an Agilent 7000C mass spectrometer Triple
Quad (Agilent Technologies, Santa Clara, CA, USA). We
used an autosampler (Gerstel, Mühleim an der Ruhr,
Germany) to inject 2 µL of extracted solution into the col-
umn (Zebron ZH-5HT inferno, 30 m × 0.25 mm × 0.25 µm,
Phenomenex, Torrance, CA, USA) in splitless mode; the
injector was heated at 250°C. The following temperature pro-
gram was used: a temperature ramp from 110°C to 320°C at
15°C/min with a final hold time of 7 min. Helium was used
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as a carrier gas, with a constant flow of 1.2 mL/min. The
transfer line was set at 320°C. We used Electron Ionization
with electron energy of −70 eV and an ionization source at
230°C. The scan range was 45–450 m/z with 3.7 scans/s.

Compounds were then identified based on the mass spec-
tra provided by the EZ:faast kit and NIST (National Institute
of Standards and Technology) libraries. The IS was used to
quantify each identified amino acid. The peak area of each
amino acid was multiplied by the concentration of the IS
and divided by the peak area of the IS.

2.12. Statistical analyses

All statistical analyses were conducted using the ‘R’ software
version 4.1.0 (R Development Core Team 2021). Figures
were obtained using the package ggplot2 (Wickham 2011).
Treatment effects on larval survival were assessed by com-
paring the survival curves using the Kaplan-Meier estimator
(Kaplan and Meier 1958). Survival distribution comparison
between treatments was performed using the non-para-
metric Log-rank test (Mantel–Cox). Survival analyses were
performed using survival and survminer R packages. Multi-
factorial ANOVAs and post hoc tests were conducted to ana-
lyze the impact of the studied factors on the larval weight
gain, plant growth, plant defenses, total and individual
HAAs and total FAAs. Model validations were performed
using Shapiro–Wilk and Levene’s tests. If required, data
was transformed to meet the model assumptions. Spearman
correlation between relative chlorophyll content and foliar N
content was calculated using the cor.test() function of stats R
package.

3. Results

3.1. Impact of N and AMF on plant growth and
relative chlorophyll content

Visible differences in the aspect of the plants according N
supply (N100, regular growing conditions or N0, N-
deficiency) and AMF inoculation (Ni, non-inoculated plants;
Fm, F. mosseae-inoculated plants or Ri, R. irregularis-inocu-
lated plants) were observed at the beginning of the herbivory
bioassay (T0). Plants supplied with N100 were bigger,
greener and developed more leaves than N0 plants and
mycorrhizal N100 plants were bigger than NiN100 plants
(Figure 1(A), Supporting Figure 1).

Chlorophyll meter measurements at T0 confirmed the
visual differences observed in the leaf greenness of the plants.
No significant effects of N-AMF interaction were found
according to multifactorial ANOVA (F = 2.79, p = 0.07),
while main effects of N (F = 160.65, p < 0.05) and AMF (F
= 37.62, p < 0.05) on the relative chlorophyll content were
observed. On average, the relative chlorophyll content of
N100 plants was higher than in N0 plants (Figure 1(B)). Ni
plants showed a higher chlorophyll content than Fm plants,
while no differences between Ri and Ni plants were found
(Figure 1(B)).

At harvest, the shoot fresh weight (SFW) of plants was
compared across treatments. N-AMF interaction on plant
growth was significant according to multifactorial ANOVA
(F = 144.13, p < 0.05). N deprivation led to a reduction of
the SFW of the plants and AMF inoculation promoted

plant growth under regular growing conditions (N100)
(Figure 1(C)).

Mycorrhizal symbiosis was well-established in all AMF
inoculated plants and both N levels, with values ranging
46% and 53% of root length colonized by the fungi (53%
and 51% for Fm, and 46 and 50% for Ri at N0 and N100
respectively). Lack of mycorrhizal colonization was
confirmed in non-inoculated plants.

3.2. Impact of N and AMF colonization on S. exigua
performance

Larval survival and weight were compared across treatments
to study the effects of the AMF inoculation and N levels on
S. exigua performance. No differences in the survival curves
were detected across treatments (Figure 2(A)). Treatments
gradually affected S. exigua weight and significant effects
were observed after 96 h of herbivory. A continuous increase
in weight was only observed for larvae fed on NiN100 plants
(Figure 2(B)). Indeed, at the end of the bioassay (120 h), both
factors and their interaction significantly affected the larval
weight gain (F = 4.28, p < 0.05). Caterpillars fed on NiN0
plants showed a reduced weight gain compared to larvae
fed on NiN100 plants and AMF inoculation did not influence
S. exigua weight gain under N deficiency (Figure 2(C)).
FmN100 significantly reduced the weight gain of S. exigua
compared to Ni100, while this reduction was not significant
for RiN100 (Figure 2(C)).

3.3. Impact of N and AMF colonization on S. exigua
microbiota

To determine whether changes in larval performance are
associated with differences in S. exigua microbiota, the gut
bacterial composition of the caterpillars was compared
across treatments. Regarding 16 S rRNA gene library quality,
we obtained 3,374,278 raw reads, out of which, 1,683,244
were retained (Supporting Table 1). After quality filtering
steps and contaminant removal, the library retained 7,681
ASVs, which corresponded to gut bacterial community of
S. exigua. Out of the 49 S. exigua samples, 39 were kept
(>1000 reads, Supporting Table 2). Regarding the complete-
ness of the sampling, rarefaction curves reached a plateau
(Supporting Figure 2).

Practically the totality of filtered ASVs (99.5%) was
assigned to Firmicutes phylum, representing 100% of the
relative abundance of phyla observed in larvae fed on
plants grew under regular N conditions and NiN0 plants,
99% in larvae fed on FmN0 and 96% in larvae fed on
RiN0. Further analyses at the genus level revealed a low
diversity and great similarity in S. exigua gut bacterial
composition across treatments (Figure 3). Enterococcus
spp. represented more than 90% of the relative abundance
of observed genera in S. exigua gut microbiota, indepen-
dently of the treatment (Figure 3(A)). Alpha diversity did
not show differences between treatments (Shannon: R2 =
1.47, p = 0.92; Chao1: R2 = 3.30, p = 0.65; Figure 3(B)).
Principal coordinate analysis (PCoA) was used to visualize
S. exigua gut community composition and structure by
clustering individual samples (Figure 3(C)). PERMANOVA
confirmed that N and AMF inoculation did not influence
the bacterial community composition of S. exigua (R2 =
0.12, F = 0.99, p = 0.30). Thus, results suggest that neither
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N nutrition nor mycorrhizal symbiosis modify S. exigua
microbiota.

3.4. Impact of N and AMF colonization on plant
defenses

Foliar accumulation of DIMBOA, MBOA and HDMBOA-
glc before and after herbivory was compared across treat-
ments to determine the impact of N and AM symbiosis on
the accumulation of these defensive compounds.

N availability influenced the plant defense responses to
S. exigua chewing. DIMBOA and MBOA accumulation
was induced in response to herbivory only under N depri-
vation, while HDMBOA-glc was induced only under N avail-
ability (Figure 4(A–C)). No significant interactions between
AMF and the rest of the analyzed factors were found (Sup-
porting Table 3). Foliar accumulation of DIMBOA, MBOA
and HDMBOA-glc was similar for Ni and Ri, while Fm
tend to limit the accumulation of these compounds (Figure
4(D–F)).

To further explore whether the negative impact of
F. mosseae on the insect performance under regular N
fertilization is associated with changes in plant defenses,
we also analyzed the activity of anti-herbivory defense-
related enzymes LAP and PPO. No significant differ-
ences were found in LAP or PPO (Supporting Figure
3).

3.5. Impact of N and AMF colonization on plant
nutritional status

Three different parameters, plant C/N ratio, PBAAs and
FAAs were used as a proxy of plant nutritional quality to
insect herbivores.

3.5.1. Plant C/N ratio
Significant differences between plant C/N ratios before
and after S. exigua herbivory were observed across treat-
ments. N levels influenced the plant C/N ratio. The ratio
was significantly higher for N0 plants (Figure 5(A)).
AMF effects on plant C/N ratio depended on the

Figure 1. Impact of N and AMF on plant growth and relative chlorophyll content. (A) Picture of plants from each treatment, (B) shoot fresh weight and (C) relative
chlorophyll content before herbivory. Non-inoculated control plants (Ni), plants inoculated with Funneliformis mosseae (Fm), or plants inoculated with Rhizophagus
irregularis (Ri) and supplied with regular nitrogen (N100) or deprived of nitrogen (N0). Dots represent raw data, boxes represent the interquartile range, inner lines
in bold represent the median, black ‘+’ represents the mean, whiskers represent maxima and minima within 1.5 times the interquartile range and empty dots
represent outliers. Treatments not sharing a letter are statistically different based on two-way ANOVA followed by Tukey-Kramer’s (HSD) post hoc for unbalanced
sample size (p < 0.05, n = 7–8).
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interaction of AMF levels with the different levels of N
and herbivory (F = 4.09, p < 0.05). After herbivory,
FmN100 had significantly higher C to N after herbivory
than NiN100 plants, despite not presenting significant
basal differences (Figure 5(A)). This increased C/N ratio
was due to a reduction of the N content of FmN100
maize compared to NiN100 (Figure 5(B)). Measurements
obtained with the chlorophyll CL-01 meter have been pre-
viously proposed as a proxy of the plant nitrogen content

(Kalaji et al. 2016). Our results showed a positive corre-
lation between total plant nitrogen and the relative chlor-
ophyll content (R = 0.88, Supporting Figure 4).

3.5.2. Protein-bound amino acids and total protein
PBAAs content was lower in plants grown under N
deficiency (Figure 6(A)). AMF effects on PBAAs depended
on the interaction between AMF and N levels (F = 10.48, p
< 0.05). No significant differences in total PBAAs between

Figure 2. Impact of N and AMF on S. exigua performance. (A) Larval survival (B) absolute larval weights across time (C) S. exigua weight gain after 5 days feeding
on maize plants. Non-inoculated control plants (Ni), plants inoculated with Funneliformis mosseae (Fm), or plants inoculated with Rhizophagus irregularis (Ri) and
supplied with regular nitrogen (N100) or deprived of nitrogen (N0). Dots represent raw data, boxes represent the interquartile range, inner lines in bold represent
the median, black ‘+’ represents the mean, whiskers represent maxima and minima within 1.5 times the interquartile range and empty dots represent outliers.
Black ‘*’ represents statistical significance. Treatments not sharing a letter are statistically different based on two-way ANOVA followed by Tukey-Kramer’s (HSD)
post hoc for unbalanced sample size (p < 0.05, n = 4–8).
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mycorrhizal and non-mycorrhizal plants were detected inde-
pendently on N levels, although levels in FmN100 were lower
than RiN100 (Figure 6(A)). In N100 plants, the leaf protein
content of Fm plants was significantly lower than the total
protein content of Ni and Ri plants (Figure 6(B)). Effects
of N, AMF and AMF ×N interaction on individual PBAAs
and their patterns of accumulation in leaves across treat-
ments are shown in Supporting Table 4. Glutamic acid +
phenylalanine was the most abundant PBAAs in all treat-
ments, representing 39.50% of the total PBAAs detected. Ala-
nine was lower in FmN100 than in NiN100 (Supporting
Table 4).

3.5.2. Free amino acids
Levels of FAAs significantly differed across treatments.
Plants supplied with N displayed higher amounts of FAAs
than N-deprived plants and NiN100 plants showed the high-
est values (Figure 6(C)). The effect of AMF on FAAs
accumulation depended on N levels (F = 14.73, p < 0.05),
but mycorrhizal plants showed less FAAs than Ni plants

(Figure 6(C)). FmN100 had less FAAs than NiN100 and
RiN100 plants, showing similar quantities to those found
for N-deficient non-mycorrhizal plants (Figure 6(C)). Aspar-
tic acid + asparagine and alanine were the most represented
FAAs and non-proteinogenic amino acids were not detected
in any sample (Supporting Table 5).

4. Discussion

This study aimed to investigate the influence of nitrogen fer-
tilization and mycorrhizal symbiosis on plant growth and
resistance to pests and to explore the potential underlying
mechanisms. Our results show that beneficial effects on
plant growth and protection against pests conferred by
AMF depend on the availability of N in the soil.

In accordance with the importance of N availability on
plant’s growth and development, complete deprivation of
N led to a reduction in maize growth. Both AMF species pro-
moted maize growth but only under full N availability. AM
symbiosis improves the capacity of the host plant to acquire

Figure 3. Gut microbiota of S. exigua larvae fed on plants from the different treatments. (A) Chao1 and Shannon indices of alpha diversity, (B) principal coordinate
analysis (PCoA) and (C) relative abundance of represented genera across treatments.
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mineral nutrients from the soil but, under total N depri-
vation, plants and AMF are likely to compete for the N
resources. Growth promotion is of interest when studying
mycorrhiza-induced resistance because trade-offs between
growth and defense usually occur in plants (Koricheva
et al. 2009). In our study, growth promotion by F. mosseae
coincided with a reduction of S. exigua weight gain,
suggesting that AMF-induced maize growth did not compro-
mise plant protection by F. mosseae against S. exigua. A simi-
lar trend was observed for Rhizophagus irregularis. In this
context, F. mosseae can double-benefit sustainable agricul-
ture, promoting both plant growth and defense.

Several factors have been proposed as potential drivers of
larval performance, including insect gut microbiota, plant
defenses and plant nutritional value (War et al. 2012; Bala
et al. 2018; Frago et al. 2020). Here we explore their contri-
bution to the phenotype observed as an attempt to decipher
mechanisms underlying the impact of N supply and AM
symbiosis on the performance of S. exigua.

In coherence with previous studies about microbiomes of
Lepidoptera, including Manduca sexta (Brinkmann et al.
2008), Spodoptera littoralis (Chen et al. 2016) or S. exigua
(Gao et al. 2019), our results show that gut microbiota of
late instar larvae of S. exigua fed on maize is low in

Figure 4. Effects of nitrogen availability, AMF and herbivory by S. exigua on DIMBOA, MBOA and HDMBOA-glc foliar accumulation. (A) Interactive effect of nitrogen
availability and herbivory on the foliar accumulation of DIMBOA, (B) MBOA and (C) HDMBOA-glc in plants supplied with regular nitrogen (N100) or deprived of
nitrogen (N0). (D) Main single effect of AMF inoculation on the foliar accumulation of DIMBOA and (E) MBOA and (F) HDMBOA-glc in non-inoculated plants (Ni),
plants inoculated with Funneliformis mosseae (Fm) or plants inoculated with Rhizophagus irregularis (Ri). Bars represent the mean ± standard error. Treatments not
sharing a letter are statistically different based on multifactorial ANOVA followed by Tukey’s (HSD) post hoc (p < 0.05, n = 3).
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Figure 5. Foliar C/N and N concentration before and after herbivory by S. exigua. (A) Carbon to nitrogen and (B) N concentration before or after herbivory by
S. exigua, in non-inoculated control plants (Ni), plants inoculated with Funneliformis mosseae (Fm), or plants inoculated with Rhizophagus irregularis (Ri) and
supplied with regular nitrogen (N100) or deprived of nitrogen (N0). Boxes represent the interquartile range, inner lines in bold represent the median, black
‘+’ represents the mean, whiskers represent maxima and minima within 1.5 times the interquartile range and empty dots represent outliers. Treatments not shar-
ing a letter are statistically different based on multifactorial ANOVA followed by Tukey’s (HSD) post hoc (p < 0.05, n = 4).
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abundance and in diversity and that Enterococcus spp. rep-
resented its major constituent. Several studies have reported
the impact of diverse factors (i.e. diet or environment) on the
gut microbial communities in caterpillars, including
S. exigua (Hannula et al. 2019; Martínez-Solís et al. 2020;
Mason et al. 2020). However, it remains unclear whether
the alteration of the microbial community of caterpillars
can influence their performance (Voirol et al. 2018; Mason
et al. 2020). Our results show that gut bacterial communities

of S. exigua remained unchanged across treatments regard-
less of the larval performance, discarding insect microbiota
as an explanatory factor for MIR observed.

To explore the potential mechanisms underlying herbi-
vore performance among treatments, we evaluated changes
in several plant defensive traits. The plant anti-herbivory
arsenal is complex and involves secondary metabolites and
defensive proteins, including peptidases and phenol oxidases
(War et al. 2012). Benzoxazinoids (BXs) are important N-

Figure 6. Total protein-bound amino acids, free amino acids and proteins in attacked leaves. Effects of N × AMF on the accumulation of (A) total protein-bound
amino acids and (B) free amino acids and (C) total protein content. Non-inoculated control plants (Ni), plants inoculated with Funneliformis mosseae (Fm), or plants
inoculated with Rhizophagus irregularis (Ri) and supplied with regular nitrogen (N100) or deprived of nitrogen (N0). Dots represent raw data, boxes represent the
interquartile range, inner lines in bold represent the median, black ‘+’ represents the mean and whiskers represent maxima and minima within 1.5 times the
interquartile range. Treatments not sharing a letter are statistically different based on two-way ANOVA followed by Tukey-Kramer’s (HSD) post hoc for unbalanced
sample size (p < 0.05, n = 7–8).
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containing defensive metabolites constitutively produced by
Poaceae (Morant et al. 2008; Ahmad et al. 2011; Zhou et al.
2018). Among others, maize BXs with anti-feedant and
insecticidal activities include HDMBOA-glc, DIMBOA and
the product of its spontaneous degradation, MBOA (Nie-
meyer 2009; Dixon et al. 2012). DIMBOA has been reported
to reduce the survival, food consumption and weight gain of
S. exigua (Rostás 2007). HDMBOA, which is released from
its corresponding glucoside during herbivore attack, has
also been observed to cause deterrent effects to S. littoralis
and Spodoptera frugiperda (Glauser et al. 2011). Plants
severely deprived of nutrients have been previously reported
to alter the production of defensive secondary metabolites
(Gershenzon 1984; Chishaki and Horiguchi 1997). In this
study, BXs accumulation in damaged leaves is strongly
influenced by N availability in the soil. Deprivation of N
led to an increase of DIMBOA and MBOA, while N supply
enhanced HDMOA-glc supporting that N availability is a
determining factor in the defense response of maize plants
against herbivores. Patterns of induction of the analyzed
anti-herbivore compounds cannot explain the differences
observed in S. exigua performance across treatments. These
results suggest that, even though DIMBOA, HDMBOA-glc
and MBOA may mediate maize responses to S. exigua attack
in relation to N availability, other factors that are affected by
N-AMF interaction contribute to determine the caterpillars’
performance. Besides BXs, enzymes such as leucyl amino-
peptidase and polyphenol oxidase are important players in
plant defense against herbivores. These enzymes can impair
insect nutrition by reducing the availability of essential nutri-
ents in the diet (Felton et al. 1989; Chen 2008; Zhu-Salzman
et al. 2008). Our results show that these enzymatic activities
in herbivore-attacked leaves were not significantly different
in mycorrhizal and non-mycorrhizal plants. Overall, our
results do not support that enhanced levels of plant defenses
are responsible for the reduced performance of the larvae
observed in Fm plants under full N nutrition.

According to the nitrogen limitation hypothesis (White
1993), phytophagous insects are positively influenced by
the N content of plant tissues. A positive correlation between
plant N and herbivore’s performance has been observed for
several insects, including caterpillars (Mattson 1980; Lu
et al. 2004; Cornelissen and Stiling 2009; Han et al. 2014).
In addition to elemental limitation per se, stoichiometric
mismatches between scarce and abundant nutrients have
been shown to impair herbivore’s growth (Filipiak and Wei-
ner 2017). Indeed, it is well established for numerous herbi-
vores that high C/N ratios reduce the dietary quality of
plants, negatively affecting their performances (Srinivasa
Rao et al. 2012; Xie et al. 2015; Dáder et al. 2016; Filipiak
and Weiner 2017).

In agreement with this, our results show that deprivation
of N negatively affects the nutritional quality of maize plants
for S. exigua by decreasing the total N content and increasing
the C/N ratio of the leaves. Full N-supply leads to a better
food quality (lower C/N ratio) which may explain the better
performance of S. exigua, when feeding on these plants. In
addition, relative chlorophyll content positively correlated
with plant N. Thus, higher relative chlorophyll content and
increased plant N were associated with an improved herbi-
vore performance, as previously described by Ho and Pen-
nings (2013). Plants inoculated with F. mosseae differed in
their ability to lower the C/N ratio compared to Ni- and

Ri-plants, but this ability was N-dependent, matching
observed effects in S. exigua weight gain. Under full N
supply, Fm-colonized plants had a lower concentration of
foliar N than non-inoculated plants. This might be due to
nutrient dilution caused by the promoted growth of mycor-
rhizal plants (Supporting Table 6). This lower foliar concen-
tration of N in Fm plants correlate with the reduced weight
observed in S. exigua larvae fed on these plants, pointing to
altered C/N of Fm plants as a potential mechanism mediat-
ing the decreased larval performance.

Moving from elemental composition to biological func-
tionality, N is an essential constituent of proteins, one of
the most important biomolecules for insects (Raubenheimer
and Simpson 1993; Simpson and Raubenheimer 1995; Beh-
mer 2009). Optimal concentrations of proteins have been
reported to have beneficial effects on diverse aspects of cater-
pillar’s health, including biomass gain, development and
immunity (Broadway and Duffey 1986; Cotter et al. 2011;
Truzi et al. 2021). In this experiment, under N availability,
plant inoculation with F. mosseae led to a reduction in the
foliar concentration of soluble proteins, which was associated
with a decreased weight gain of S. exigua caterpillars. Fur-
thermore, absorption of N in insect’s gut is carried through
simple molecules, such as free amino acids (Brodbeck and
Strong 1987). Thus, their direct assimilation can save meta-
bolic costs associated with proteolysis (Brodbeck and Strong
1987) and improve herbivore’s performance (Calatayud et al.
2002; Ximénez-Embún et al. 2017). Moreover, FAAs have
been observed to act as phagostimulants for diverse phyto-
phagous insects, including late instar caterpillars of
S. exigua (Allsopp 1992; Showler 2001; Calatayud et al.
2002). These observations are supported by results obtained
in this study, in which larval weight is negatively affected by
lower concentrations of FAAs in N-deprived plants and Fm
plants supplied with full N. Overall, MIR against S. exigua
seems to be linked to a reduced nutritional quality (increased
foliar C/N and reduced concentration of N, soluble proteins
and FAAs in leaves) of Fm plants supplied with full N.

Our study confirms that abiotic factors, such as nutrient
availability, influence the effect of plant-AMF symbiosis on
plant performance and resistance to herbivores. Plant growth
promotion and protection were only observed under full N,
and the degree of protection differed among the AMF species
tested. These findings illustrate that N levels can affect MIR
functionality and support the compatibility of AMF with
conditions used in agriculture, such as nitrogen fertilization,
potentially showing additive effects on crops performance.
Nevertheless, further research in MIR context-dependency
is needed to better predict AMF effects on crops under
specific conditions for optimized crop management in the
frame of sustainable agriculture.
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