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ABSTRACT: Arbuscular mycorrhizal fungi (AMF) influence plant—insect interactions, yet how they modulate volatile organic
compounds (VOCs) to affect insect behavior remains unclear. This study integrates physiological assays, GC—MS volatile
metabolomics, and insect bioassays to investigate how Funneliformis mosseae (Fm) and Rhizophagus intraradices (Ri) inoculation
affects Perilla frutescens growth and its resistance to Spodoptera exigua. The results showed that Fm and Ri inoculation both promoted
plant growth but differed in defense strategies. Ri inoculation increased the tannin content (16.98%) and polyphenol oxidase activity
(40.52%), whereas Fm inoculation showed neutral effects. VOC profiling revealed that Ri inoculation upregulated leaf monoterpenes
and phenylpropanoids, while Fm inoculation reduced sesquiterpenes (e.g., f-selinene). Insect bioassays showed that Ri inoculation
inhibited the insect growth, whereas Fm inoculation promoted the insect growth and enhanced its feeding preference. These results
revealed that AMF triggers a plant growth—defense trade-off, with sesquiterpenoid regulation critical for insect behavioral shifts. The

findings provide a basis for sustainable pest management using AMF—plant symbiosis.

KEYWORDS: arbuscular mycorrhizal fungi, Perilla frutescens, Spodoptera exigua, insect resistance, volatile organic compounds,

behavior selection

1. INTRODUCTION

In 1885, German plant physiologist Frank first proposed the
term “mycorrhiza” to describe the fungal—plant root
mutualistic symbiosis.' Arbuscular mycorrhizal fungi (AMF),
classified under the phylum Glomeromycota, represent the most
widely distributed symbiotic fungal group in nature.” AMF can
establish symbiotic relationships with 80—90% of terrestrial
plants, forming hyphae, vesicles, and arbuscules in root cortical
cells.” The symbiosis significantly expands the root absorption
surface area, enhancing both host plant water and nutrient
uptake. In return, plants transfer 20% of their photosyntheti-
cally fixed carbon to the fungi through hyphal networks to
support fungal growth and development.” Recent studies
demonstrate that AMF inoculation significantly promotes host
plant growth.”® Following colonization by Funneliformis
mosseae, Cannabis sativa exhibits enhanced maximum PSII
photochemical efficiency, increased efficiency of light energy
utilization, and ultimately improved plant yield.” The benefits
of AMF symbiosis for host plants extend beyond promoting
plant growth, playing a significant role in enhancing plant stress
resistance.”” Numerous AMF have been commercialized and
applied to improve plant adaptability to harsh environ-
ments.'”"" Notably, AMF symbiosis has also been observed
to influence host plant resistance against insects. The effects of
AMF on phytophagous insects can be categorized as positive,
negative, or neutral, which may depend on multiple factors
including plant species, insect species, and AMF species.'”~"*
Relevant studies demonstrate that AMF can enhance the
defense mechanism of plants against insects. This is achieved
by regulating the physiology and secondary metabolism of
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plants.''® Inoculation with F. mosseae and Rhizophagus

intraradices increased the level of accumulation of flavonoids
in Rosa rugosa leaves. When Lymantria dispar larvae fed on
mycorrhiza-colonized leaves, their growth was significantly
inhibited."” Similarly, R. intraradices colonization significantly
increased phenolic compounds and lignin content in Vigna
mungo leaves while also reducing the feeding capacity of
Spodoptera litura."® This mycorrhiza-induced insect resistance
exhibits broad-spectrum efficacy, persistence, and systemic
characteristics, demonstrating a stronger adaptability against
phytophagous insects. Consequently, it has garnered increasing
attention from researchers in recent decades.

Plant volatile organic compounds (VOCs) are key to
chemical communication between plants and insects. Plants
can repel insects or attract natural enemies through VOC
emissions as part of direct or indirect defense strategies.'”*’ In
plant—herbivore interactions, plant volatiles regulate insect
behavior, and the development of attractants or repellents
based on these compounds could mitigate issues associated
with chemical pesticides.”"”* Relevant studies indicate that
AMEF colonization alters the generation and emission of VOCs
in host plants, subsequently influencing insect preferences and
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performance.'®*"** Papantoniou et al. (2022)** demonstrated
that Solanum lycopersicum inoculated by Rhizophagus irregularis
exhibited increased attractiveness to the herbivorous insect
Macrolophus pygmaeus, with the elevated levels of a-terpinene
in mycorrhizal leaves potentially playing a key role. However,
some studies have reported that AMF symbiosis suppresses
VOC:s in host plants or shows no significant effects, and the
underlying mechanisms warrant further investigation.”*°
These findings suggest that altered production of VOCs may
represent a mechanism through which beneficial microbes
mediate plant—insect interactions.

Perilla frutescens (L.) Britt., an annual herbaceous plant in
the Lamiaceae family, is widely acknowledged as a species of
notable medicinal and industrial importance. The primary
bioactive constituents, including phenolic and volatile com-
pounds, are extensively utilized in the food and cosmetic
industries.”” The beet armyworm (Spodoptera exigua)
represents a polyphagous agricultural pest with strong flight
capacity and global distribution, causing substantial economic
losses to crops including P. frutescens.”® While synthetic
insecticides remain the predominant control method against
S. exigua infestations, the extensive use of broad-spectrum
chemical pesticides has led to ecological consequences such as
the elimination of natural enemies, pest resurgence, insecticide
resistance, and other environmental hazards.”>*° Conse-
quently, environmentally friendly and sustainable alternative
solutions for pest management are urgently required. Although
mycorrhizal symbiosis has emerged as a potential substitute for
chemical pesticides and fertilizers in sustainable agriculture,
divergent effects of AMF colonization on phytophagous insect
performance have been observed across various mycorrhizal
plants. Therefore, in order to expand the potential applications
of mycorrhiza-induced resistance (MIR) in plant protection
and understand the mechanisms underlying AMF-mediated
enhancement of plant insect resistance, further investigation is
required.”’ ~*’

In this study, the effect of F. mosseae and R. intraradices
inoculation on P. frutescens growth, physiological character-
istics, and resistance against S. exigua was investigated.
Additionally, volatile metabolomic analysis was conducted on
the leaves of mycorrhizal plants to determine the influence of
AMEF symbiosis on the feeding behavior of S. exigua. Using this
experimental framework, the following hypotheses were
examined: (1) AMF colonization enhanced P. frutescens growth
via photosynthetic optimization; (2) AMF-induced leaf
metabolites influenced S. exigua larval development; (3)
AMF colonization altered volatile compounds’ emission in
leaves, shaping the S. exigua feeding preference.

2. MATERIALS AND METHODS

2.1. Plants, AMF, and Insects. P. frutescens plants used in this
experiment were propagated from seeds obtained from Qingdao
100Herb Co., Ltd. (Shandong, China). Seeds were treated with 10%
(v/v) hydrogen peroxide for surface sterilization for 20 min before
sowing, after which they were washed twice with deionized water.
Seeds were surface-dried using sterile filter paper and placed in 9 cm
Petri dishes containing double-layered filter paper, followed by the
addition of 5 mL of deionized water per dish. All dishes were sealed
with parafilm to prevent evaporation and incubated in an artificial
climate chamber (25 °C, 12/12 h light/dark photoperiod, 75%
relative humidity). After 7 days, seeds exhibiting radicle emergence
were transferred to autoclaved (121 °C, 120 min) river sand-filled
plug trays for subsequent cultivation. Upon emergence of the second
pair of true leaves, seedlings were transplanted into pots (upper

diameter X base diameter X height = 20.5 cm X 14.5 cm X 17 cm)
filled with the test soil, followed by AMF inoculation with one
seedling per pot. The test soil, prepared as a soil: perlite: vermiculite
mixture (2:1:1 v/v), was autoclaved at 121 °C for 120 min. The
physicochemical properties of the test soil were as follows: pH, 5.57;
organic carbon, 15.69 g kg™'; hydrolyzed nitrogen, 98.87 mg kg™;
and available phosphorus, 12.51 mg kg™".

F. mosseae and R. intraradices (AMF) were obtained from the
Forestry Academy of Wuwei City, Gansu Province. The AMF strains
were propagated using maize and clover as host plants, with the
inoculant containing spores (13 spores g'), hyphae, root fragments,
and sand.

The S. exigua egg masses were purchased from Keyun Biological
Co., Ltd. (Henan, China). The eggs were surface-sterilized in 10% (v/
v) formaldehyde solution for 40 min. The egg clusters were then
rinsed with distilled water to remove the residual formaldehyde. After
air-drying, the individual egg masses were placed in S00 mL plastic
rearing containers and incubated at 25 °C with 60% relative humidity
for hatching. After hatching, the larvae were transferred to an artificial
diet (supplied by the Chinese Academy of Forestry Sciences, Beijing)
and reared under controlled conditions (25 °C, 14/10 h light/dark
photoperiod, 60% relative humidity) until the second instar stage.

2.2. Experimental Design. The experiment was conducted in the
greenhouse of the School of Landscape Architecture at Northeast
Forestry University. Uniform P. frutescens seedlings were transplanted
into the pots. The experimental design included three treatments:
inoculation with F. mosseae (Fm), inoculation with R. intraradices
(Ri), and non-AMF (control). For AMF treatments, each pot received
3 kg of sterilized soil mixed with 30 g of Fm or Ri inoculum, while
control pots contained 3 kg of sterilized soil without inoculum. Each
treatment was comprised of 24 plants, with 8 plants per biological
replicate. The greenhouse maintained natural lighting, an average
temperature of 25 + 2 °C, and a relative humidity of 70 & 5%. During
the entire experimental period, double-deionized water (ddH,0) was
applied every 2 days to ensure a normal water supply, with no
additional fertilizers added. Sixty days post-inoculation, mycorrhizal
colonization rates were assessed. The growth and photosynthetic
parameters of seedlings across the treatments were subsequently
measured, and leaves were stored at —80 °C for physiological and
metabolomic analyses.

2.3. Mycorrhizal Colonization. The mycorrhizal colonization
rate was measured following a modified Phillips and Hayman (1970)
method.>* Root segments were first cut into 1 cm lengths and then
treated with 10% potassium hydroxide at 90 °C for 60 min in a water
bath. After cooling, they were rinsed three times with distilled water,
bleached in 10% hydrogen peroxide for 15 min, and acidified with 2%
hydrochloric acid for 30 min after three more distilled water rinses.
Roots were stained with 0.05% (w/v) trypan blue at 90 °C for 30 min.
AMEF structures were observed using an optical microscope (ZEISS
Axio Scope Al), with >100 root intersections examined per sample.
The colonization rate was computed based on the following equation:

Percentage of AMF colonization (%)

total number of infected mycorrhiza

total number of root segments examined by microscopy

X 100

2.4. Plant Growth Index and Photosynthetic Parameters.
Following plant harvest, fresh biomass was determined by using an
analytical balance. The dry biomass was measured after it had been
dried to a constant weight. Three randomly selected plants from each
treatment were designated as one biological replicate for photo-
synthetic parameter measurement with three independent replicates
established. Photosynthetic parameters were measured between 9:00
and 11:00 AM using an LI-6400XT system (LI-COR Biosciences,
USA). The third fully expanded true leaf per plant was analyzed to
determine the key photosynthetic indices per unit leaf area: net
photosynthetic rate (Pn), intercellular CO, concentration (Ci),
transpiration rate (Tr), and stomatal conductance (Gs).
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Figure 1. Mycorrhizal colonization and plant growth. (A,B) Morphological structure and colonization rate of AMF. (C,D) Effects of AMF on the
growth performance and plant fresh biomass of P. frutescens. Control, uninoculated treatment; Fm, Funneliformis mosseae inoculation; Ri,
Rhizophagus irregularis inoculation. Statistical significance (P < 0.05) is indicated by different lowercase letters. Data represent biological replicate

means + standard deviation (n = 3).

2.5. Determination of the Plant’s Secondary Metabolites
and Enzyme Activity. In order to obtain the phenol content, 3 mL
of 75% ethanol was added to 0.2 g of fresh leaves, and the mixture was
then ground into a homogenate. Then, S mL of 75% ethanol was
added for rinsing, resulting in a total of 10 mL. This was then
centrifuged at 2500 rpm for S min, and the resulting supernatant was
the total phenol extract. The total phenol content was determined via
the Folin—Ciocalteu colorimetric assay.>® The total flavonoid and
tannin contents were obtained by weighing 0.5 g of fresh leaves and
placing them in a 25 mL volumetric flask. 95% Methanol was added to
obtain a total of 25 mL. This was allowed to soak for 12 h,
ultrasonically extracted for 2 h, and then filtered to obtain the
flavonoid and tannin extracts. The total flavonoid content was
determined through the aluminum chloride complexation method.*®
The tannin content was determined using the vanillin—hydrochloric
acid (vanillin—HCl) method.*”

Enzymatic activities were evaluated by first placing 0.2 g of fresh
leaves into a mortar; S mL of a phosphoric acid buffer solution with
pH 7.8 was then added. The mixture was ground in an ice bath,
homogenized, and poured into a centrifuge tube. The mixture was
centrifuged in a refrigerated centrifuge at 4 °C for 20 min (10,000g).
The supernatant was stored at 0—4 °C for future use. Enzymatic
activities were evaluated as follows: the phenylalanine ammonia-lyase
(PAL) activity was measured by monitoring L-phenylalanine
deamination, polyg)henol oxidase (PPO) activity via catechol
oxidation kinetics,”® and peroxidase (POD) activity employing the
guaiacol—H,0, system.*

2.6. Determination of the Leaf VOCs. Leaves for the
experiments were collected, measured for mass, and rapidly frozen
using liquid nitrogen prior to long-term storage at —80 °C. For
analytical processing, cryogenically preserved samples were pulverized
in liquid nitrogen to achieve homogeneous particulates. Precisely 500
mg (equivalent to 1 mL of volumetric displacement) of the resultant
powder was aliquoted into 20 mL hermetic headspace vials (Agilent
Technologies, Palo Alto) containing a sodium chloride-saturated
aqueous solution to prevent enzymatic degradation. Vials were
hermetically sealed by using crimp-top closures with PTFE-lined
silicone septa (Agilent).

During solid-phase microextraction (SPME), samples underwent
thermal equilibration at 60 °C for S min, followed by headspace
adsorption using a 120 um triphasic fiber (DVB/CAR/PDMS;
Agilent) over 15 min at an equivalent temperature. Subsequent
thermal desorption occurred in the GC inlet (7890B GC system,

Agilent) maintained at 250 °C for S min under splitless conditions.
Chromatographic separation was achieved using a DB-SMS capillary
column (30 m X 0.25 mm ID, 0.25 um film thickness) with helium
carrier gas (1.2 mL/min constant flow). The temperature program
was initiated at 40 °C (3.5 min hold), followed by three ramping
phases: 10 °C/min to 100 °C, 7 °C/min to 180 °C, and 25 °C/min to
280 °C (S min final hold). Detection was performed using a 7000D
triple-quadrupole mass spectrometer (Agilent) operated in the
electron ionization mode (70 eV) with selected ion monitoring.
Critical thermal zones were maintained as follows: ion source (230
°C), quadrupole (150 °C), and transfer line (280 °C).

2.7. Insect Feeding Experiment. An insect feeding assay was
conducted using second instar S. exigua larvae (newly molted at < 12
h). After 12 h of starvation, they were placed in circular insect-rearing
boxes (upper diameter X base diameter X height = 5.5 cm X 4.0 cm X
3.0 cm), with one larva in each box. Each treatment included three
biological replicates, with 15 larvae per replicate. Fresh leaves from
differentially treated P. frutescens were provided to feed the larvae (one
leaf per chamber) and replaced daily to remove the frass and residual
material. Larval development was monitored daily, and instar
developmental durations (third, fourth, and fifth instar stages) were
calculated based on the molting time of the larvae. Upon reaching the
target instars, individual larval weight was measured using an
analytical balance. The larvae were positioned on a millimeter grid
paper and photographed. Body length measurements were obtained
through image analysis using Image] software (version 1.8.0, National
Institutes of Health, Bethesda, MD, USA) with scale calibration based
on grid references.

2.8. Behavior Selection of S. exigua Larvae. The selection
behavior of S. exigua larvae was assessed using a Y-tube
olfactometer.*” The apparatus comprised of a central stem bifurcating
into two symmetrical arms at a 75° angle. Each arm was connected via
a Teflon tubing to separate the odor source chambers (A and B). Test
plants included an AMF-inoculated treatment and a nonmycorrhizal
control treatment, each placed in distinct odor chambers. Airflow
purification was achieved through activated charcoal filtration prior to
delivery into the system. Gas flow uniformity (250 mL/min per
olfactory arm) was regulated using precision-calibrated mass flow
controllers. Third instar larvae were individually positioned at the
olfactometer’s central stem. Behavioral trajectories were continuously
tracked over a 10 min observation window, with the directional
preference defined by two criteria: (1) migration exceeding one-third
of the arm’s total length and (2) positional persistence >60 s. Larvae
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Figure 2. Effects of AMF on the net photosynthesis (A), stomatal conductance (B), intercellular CO, concentration (C), and transpiration rate
(D) of Perilla frutescens. Control, uninoculated treatment; Fm, Funneliformis mosseae inoculation; Ri, Rhizophagus irregularis inoculation. Statistical
significance (P < 0.05) is indicated by different lowercase letters. Data represent biological replicate means + standard deviation (n = 3).

showing no locomotory activity within the observation period were
excluded from the analysis. The experimental design incorporated five
replicates per treatment group, with each replicate containing a cohort
of 8 larvae. Response indices were computed using the following
chemotaxis equation:***"

Response rate (%) = (total number of larvae selected for AMF
group + total number of larvae selected for control group)

/ (total number of larvae tested) X 100

Selection rate (%) = (total number of larvae selected for control
group or AMF group)/(total number of larvae selected for AMF
group + total number of larvae selected for control group)

X 100

Selectivity coefficient = (total number of larvae selected for AMF
group — total number of larvae selected for control group)
/ (total number of larvae selected for AMF group

+ total number of larvae selected for control group)

2.9. Statistical Analyses. Statistical analysis was processed using
SPSS 26. Plant growth and physiology and larval growth data were
subjected to one-factor analysis of variance with post-hoc verification
through Tukey’s HSD multiple comparison protocol. Larval behavior
selection data were evaluated using a chi-square test. The metabolic
data set underwent multivariate pattern recognition through non-
supervised principal component analysis (PCA) utilizing the prcomp
algorithm in the R statistical environment (version 4.3.0). Differential
metabolite screening employed dual-threshold criteria: variable
importance projection score >1.0 coupled with fold-change >1.5 or
<0.67. Identified metabolites were annotated using the genes and
genomes (KEGG) Compound database (http://www.kegg.jp/kegg/
compound/); annotated metabolites were then mapped to the KEGG
pathway database (http://www.kegg.jp/kegg/pathway.html).*” Path-
ways with significantly regulated metabolites mapped to were then fed
into MSEA (metabolite sets enrichment analysis), and their
significance was determined by the hypergeometric test’s p-values.

3. RESULTS

3.1. Effects of AMF on the Growth and Photosyn-
thesis of P. frutescens. A successful symbiotic association
was established between AMF and P. frutescens. Mycorrhizal
colonization rates were determined as follows: Fm: 68.67% and
Ri: 72.67% (Figure 1A,B). AMF symbiosis significantly
improved the growth of P. frutescens compared to non-
mycorrhizal plants. Fm inoculation had a greater effect on the
increase in biomass, compared to Ri. Fm and Ri inoculation
significantly increased the leaf fresh weight by 73.38% and
42.60%, stem fresh weight by 113.02% and 52.09%, and root
fresh weight by 89.48% and 52.84%, respectively (Figure
1C,D). Compared with the control, Fm and Ri inoculation also
significantly increased the dry weight of P. frutescens (Figure
S1).

In addition, the effects of AMF colonization on the
photosynthetic characteristics of P. frutescens leaves were also
measured. It was found that AMF inoculation increased the
level of photosynthesis of P. frutescens. Compared with the
control, Fm inoculation significantly increased the net
photosynthesis, stomatal conductance, intercellular CO,
concentration, and transpiration rate by 56.86%, 86.17%,
12.92%, and 120.99%, respectively. Ri inoculation significantly
increased the net photosynthesis, stomatal conductivity, and
transpiration rate by 45.81%, 42.55%, and 8.41%, respectively,
and showed no significant difference in intercellular CO,
concentration compared with control (Figure 2A—D).

3.2. Effects of AMF on the Secondary Metabolic
Substances and Defense Enzyme Activity of P.
frutescens. In order to explore the mechanism of mycorrhizal
colonization affecting the resistance of P. frutescens to S. exigua,
defense-related secondary metabolites, and enzymes in their
leaves were measured. It was found that, compared to the
control, Ri inoculation significantly increased the tannin
content in the P. frutescens leaves by 16.98%. The flavonoid
and total phenol contents also showed an increasing trend, but
the data were not significant. Inoculation with Fm had no
significant effect on the total phenol, flavonoid, and tannin
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Figure 4. Larvae developmental duration (A), body length (B), body weight (C), and behavior selection (D) of Spodoptera exigua. Control,
uninoculated treatment; Fm, Funneliformis mosseae inoculation; Ri, Rhizophagus irregularis inoculation. Statistical significance (P < 0.05) is indicated
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difference. Selection coefficient for positive number means that active volatile is attractive to S. exigua; conversely, negative number indicates a
repellent effect.

contents in the P. frutescens leaves (Figure 3A—C). Compared
with the control, Ri inoculation significantly increased the PPO
activity in the P. frutescens leaves by 40.52%, but no significant
difference was observed in POD and PAL activities between
the treatments. Inoculation with Fm showed no statistically
significant effect on the activity of defense-related enzymes in
P. frutescens leaves compared to the control (Figure 3D,E).
3.3. Larval Development and Behavior Selection of S.
exigua. The larvae were fed with different treatments of P.
frutescens leaves, and the developmental duration, body weight,
and body length of the larvae at three instars were calculated. It

was found that different mycorrhizal inoculations had different
effects on insect larval development. Compared to the control,
the larvae of S. exigua fed on Ri-inoculated P. frutescens leaves
exhibited significantly prolonged developmental durations,
with the fourth and fifth instar stages extended by 7.28% and
10.86%, respectively. In contrast, larvae consuming Fm-
inoculated leaves showed no statistically significant difference
in developmental duration compared with the control (Figure
4A). Furthermore, larvae of S. exigua fed on Ri-inoculated P.
frutescens leaves exhibited reduced body weight and shorter
body length. Compared to the control, the body length and
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weight of fifth instar larvae fed on Ri-inoculated P. frutescens
leaves significantly decreased by 5.27% and 5.65%, respectively,
while fourth instar larvae showed a decreasing trend in body
length and weight, though data were not significant. Never-
theless, compared to the control, the body length and weight of
fifth instar larvae fed on Fm-inoculated P. frutescens leaves

significantly increased by 5.82% and 6.13%, respectively, and

the body weight of fourth instar larvae significantly increased
by 11.98% (Figure 4B,C).

In the experiment of insect behavior selection, it was found
that P. frutescens seedlings inoculated by Fm exhibited
significant attraction to S. exigua larvae (y* = 5.77, P < 0.05)
(Figure 4D).

3.4. Effects of AMF on the VOCs of P. frutescens
Leaves. The results indicated that a total of 504 compounds
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were detected in the P. frutescens leaves, the complete list of
which is provided in Table S1. Among them, terpenoids
accounted for the largest proportion, making up 26.98% of the
total compounds (Figure SA). PCA revealed significant
experimental repeatability and differences in the levels of
VOCs between mycorrhizal and nonmycorrhizal plants (Figure
SB). Orthogonal partial least-squares discriminant analysis
(OPLS-DA) indicated that this model was capable of
effectively differentiating the samples of each comparison
group (Figure S2).

Following Fm inoculation, 165 differential metabolites
(DEMs) were identified, including 12 upregulated and 153
downregulated compounds. Strikingly, terpenoids dominated
the downregulated DEMs (Figure S3). In the case of Ri
inoculation treatment, 28 DEMs were singled out, with 19
metabolites showing upregulation and 9 metabolites displaying
downregulation (Figure SC, Tables S1 and S2). The analysis of
the shared differential metabolites showed that there were 6
DEMs co-upregulated by the two types of AMF inoculation
and 9 DEMs that were co-downregulated (Figure 6A-B). Fm
inoculation was found to have downregulated more volatile
substances, and the 144 downregulated substances mainly
included terpenoids, esters, and heterocyclic compounds.
Among these, 53 were terpenoids, with sesquiterpenes
accounting for 80.80% of these downregulated terpenoids
(Figure 6C). Some sesquiterpenes (e.g., f-selinene, f-elemene,
and a-humulene) closely related to insect behavior were
significantly downregulated in FM-inoculated P. frutescens
leaves (Figure 6D). In addition, hexanal, (Z)-3-hexenal, (E)-
2-hexenal, and other green leaf volatiles (GLVs) were
significantly downregulated under Ri treatment (Figure 6E).

3.5. Analysis of Metabolic Networks under AMF
Inoculation. The enrichment pathways of the DEMs were
analyzed by using the KEGG database. Following inoculation
with Fm, the DEMs in P. frutescens leaves were mainly enriched
in secondary metabolite biosynthesis and monoterpenoid
biosynthesis. Ri inoculation resulted in preferential enrichment
of phenylpropanoid biosynthesis (Figure 7A,B).

Volatile terpenoids are greatly influenced by mycorrhizal
symbiosis. Consequently, the alterations in terpenoid metab-
olism under mycorrhizal colonization were systematically

analyzed. A correlation heatmap revealed that the Fm
inoculation reduced the content of most terpenoids, especially
sesquiterpenoids (Figure 8A). Based on the DEMs and the
metabolic pathway database, a metabolic pathway network of
terpenoids in P. frutescens leaves was constructed. It was found
that different types of mycorrhizal inoculations had distinct
effects on the terpenoids of P. frutescens leaves. Although it was
not reflected in the DEMs, several monoterpenoids, such as
(+)-(R)-limonene, perillyl alcohol, and a-pinene-oxide, were
also significantly accumulated under the Ri inoculation (Figure
$4). The Fm inoculation significantly reduced the contents of
myrcene and (—)-trans-isopiperitenol. In addition, the
contents of three sesquiterpenoids, f-selinene, a-humulene,
and (S,E)-nerolidol, were significantly reduced, while Ri
inoculation had no significant effect on the contents of these
three sesquiterpenoids (Figure 8B and Tables S1).

The results revealed that Ri inoculation significantly
stimulated phenylpropanoid biosynthesis. Ri inoculation
promoted the accumulation of cinnamic acid and eugenol. In
contrast, Fm inoculation exhibited no significant influence on
these metabolites, while at the same time, it even caused a
significant decrease in chavicol content (Figures 8C and SS).

4. DISCUSSION

4.1. AMF Colonization Enhances P. frutescens Growth
and Photosynthetic Performance. The enhancement of
plant growth and biomass accumulation following AMF
inoculation has been extensively documented across laboratory
and field studies, a phenomenon defined as the positive
mycorrhizal growth response.*”** This symbiotic association
between AMF and plant root systems establishes extensive
hypha networks that amplify the root absorption capacity. It
thereby enhances water and nutrient acquisition and
upregulates photosynthetic activity, playing an important role
in improving plant growth.45’46 In this study, inoculation with
Fm and Ri significantly promoted the growth of P. frutescens,
with Fm exhibiting a more pronounced effect. Generally, a high
colonization rate of AMF on host plants serves as a critical
guarantee for their effective application in practical environ-
ments to enhance plant growth and stress resistance.'” The
present study revealed that the colonization rates of Fm and Ri
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on P. frutescens reached 68.67% and 72.67%, respectively,
highlighting their substantial potential for application in
medicinal and economic crops such as P. frutescens. Previous
studies have demonstrated that during the symbiotic
association between AMF and host plants, AMF competes
with the host for photosynthetic products, consuming 4—20%
of the plant’s photo-assimilated carbon.”” A high colonization
rate may indicate increased carbohydrate allocation to fungal

partners, potentially imposing a certain degree of negative
impact on the host plant."**’ However, the findings in the
present study revealed that P. frutescens maintained a
mutualistic symbiotic association with both fungal species,
even under high colonization rates. This phenomenon could be
attributed to the mycorrhizal seedlings’ capacity to upregulate
energy metabolism, thereby compensating for the energy costs
induced by AMF colonization.'” Photosynthesis is the sole
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pathway for plants to synthesize energy substances.”’ There-
fore, the photosynthetic indices of P. frutescens were measured
under the condition of AMF colonization. The investigation
demonstrated that AMF inoculation significantly enhanced
photosynthetic performance, as evidenced by marked increases
in the net photosynthetic rate, stomatal conductance, and
transpiration rate. It is speculated that this photosynthetic
upregulation could serve as the energetic foundation
supporting high AMF colonization rates and leads to a positive
growth response in P. frutescens.

4.2. AMF Colonization Induces Alterations in De-
fense-Related Secondary Metabolites of P. frutescens to
Counter S. exigua Herbivory. MIR, a key ecological benefit
derived from mycorrhizal symbiosis, has been widely
documented to enhance plant tolerance to herbivorous
insects.'® In alignment with the Slow Growth—High Mortality
(SG—HM) hypothesis, insects requiring extended develop-
mental duration exhibit reduced fitness due to incomplete
metamorphosis and heightened predation pressure from
natural enemies.”’ Consequently, the suppression of insect
growth and developmental progression constitutes an alter-
native mechanism for fortifying plant resistance against
herbivory. The current study found that P. frutescens inoculated
with Fm and Ri showed different responses in resistance to S.
exigua. Notably, larvae fed on Ri-inoculated P. frutescens leaves
exhibited significantly reduced body weight and length in the
fifth instars, coupled with prolonged developmental duration
compared to nonmycorrhizal controls. In contrast, Fm
colonization promoted the growth of the larvae. These findings
demonstrate AMF species-specific effects on plant—insect
interactions. Similar results were also found in previous studies.
Zhao et al. (2024)°” reported that Ri-inoculated Populus
pseudocathayana X P. deltoides exerted neutral effects on L.
dispar larval development, whereas Fm-inoculated counterparts
unexpectedly enhanced the larval growth performance.
Furthermore, studies by Lv et al. (2022)"7 and Jiang et al.
(2022)"* have corroborated the tripartite complexity of AMF—
host plant—herbivore interactions. Consequently, field deploy-
ment of AMF inoculants demands rigorous risk assessment
protocols to mitigate the unintended enhancement of
phytophagous insect fitness, particularly in agroecosystems
where pest suppression is prioritized.

The AMF-induced resistance mechanisms against herbivo-
rous insects may involve the accumulation of insect-resistant
compounds of the host plant following symbiotic colonization.
The current study revealed that P. frutescens inoculated with Ri
exhibited a significantly higher tannin content compared to
nonmycorrhizal controls, with flavonoid and total phenol
contents also showing an increasing trend. In contrast, Fm
inoculation demonstrated no significant effects on the levels of
secondary metabolites or defense enzyme activities, with even a
slight decrease observed in some parameters. Correlation
analysis showed that there was a correlation between larval
growth, plant defense enzyme activity, and secondary
metabolites (Figure S6). Tannins and flavonoids are known
to reduce insect palatability due to their astringency, thereby
eliciting antifeedant responses in herbivores.'** Furthermore,
phenolic compounds can covalently bind to proteases in the
insect midgut, inhibiting digestive enzymes and impairing
nutrient absorption, which constitutes a critical chemical
defense mechanism.>*

4.3. AMF Colonization Induces Alterations in VOCs of
P. frutescens Leaves and Modulates Behavior Selection

in S. exigua. During the investigation, it was observed with
interest that Fm-inoculated seedings exhibited significantly
higher attractiveness to S. exigua than noninoculated controls,
whereas Ri-inoculated seedlings showed no effect on larval
preference. Many previous studies have demonstrated that
AMF can induce alterations in plant VOCs, but the effects of
these alterations on the insect behavior vary depending on the
host plant and insect species.”>*® For instance, Zhang et al.
(2023)*” reported that AMF inoculation significantly increased
the relative contents of benzenoid compounds and p-limonene
in Elymus nutans leaves, which played a critical role in
enhancing plant defenses and repelling herbivores. In contrast,
Babikova et al. (2014)°° found that AMF-inoculated Vicia faba
leaves exhibited significantly reduced levels of VOCs such as
(S)-linalool, (E)-caryophyllene, and (R)-germacrene D, while
concurrently displaying increased attractiveness to Acyrthosi-
phon pisum. Based on these studies, it is hypothesized that
AMF inoculation may similarly induce modifications in the
VOC profiles of P. frutescens leaves, which could consequently
influence the behavior selection of S. exigua. This study
revealed that AMF inoculation induced reprogramming of the
terpenoid backbone biosynthesis pathway in plants. However,
distinct AMF inoculation exerted different effects on the
terpenoid synthesis. Fm inoculation resulted in reduced
concentrations of leaf terpenoids, especially sesquiterpenoids,
whereas Ri inoculation moderately upregulated the accumu-
lation of some terpenoids in P. frutescens. Terpenoids represent
the largest and structurally most diverse classes of VOCs
emitted by plants. Functionally, these compounds modulate
the herbivore behavior, influence natural enemy interactions,
and exert developmental effects on insects. For example, a
reduction in leaf monoterpene levels in S. Ilycopersicum
significantly increases the feeding attraction of S. exigua
larvae.”” Monoterpenes such as a-pinene and f-pinene disrupt
insect nervous systems through acetylcholinesterase inhib-
ition.”® Furthermore, it has been found that sesquiterpenoids
also play an important role in defense against predation by
lepidoptera insects.”"”®> The emission of sesquiterpene a-
humulene exerts repellent and toxic effects on larvae, playing a
critical role in plant defense mechanisms against S. litura
herbivory.62 Multiple sesquiterpenoids including p-selinene
and f-elemene have been validated to possess insecticidal
properties as neurotoxins.””** The significant downregulation
of defensive terpenoids in Fm-inoculated P. frutescens leaves
may attenuate plant resistance, thereby enhancing the S. exigua
behavior preference. Future studies should prioritize larval
behavioral bioassays of these terpenoids to clarify their roles in
plant—insect chemical ecology and sustainable pest manage-
ment.

The mechanisms underlying AMF-induced alterations in
VOCs within plant tissues are multifaceted, with no singular
explanatory model currently established to fully account for
these biochemical shifts.”””*” Generally, terpenoid biosynthesis
may reﬁpresent a defensive response to fungal colonization in
plants.’® It is therefore hypothesized that the elevated
terpenoid content may represent a strategic response to Ri
colonization, enhancing the plant’s capacity to counter biotic
and abiotic stress. Although Ri inoculation had no effect on the
selection behavior of S. exigua, the production of perilla
alcohol, perilla aldehyde, and other compounds could enhance
the quality and economic value of P. frutescens. However, there
are also studies that suggest the amplified defensive responses
require metabolic costs, and there is a trade-off between
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defense and growth.””*® Terpenoids have been regarded as
one of the most energetically costly defensive metabolites
produced by plants.”® This study also found that Fm-
inoculated plants exhibited the highest biomass accumulation.
Based on this observation, it is speculated that Fm colonization
may drive resource reallocation in the host plants, prioritizing
investment in growth over defense-related metabolic expendi-
tures. This may lead to a significant increase in growth along
with a significant decrease in the number of terpenoids.

Volatile phenylpropanoids are an important category of
plant secondary metabolites. They can participate in plant
defenses through various mechanisms, such as repelling pests,
interfering with insect behavior, and indirectly attracting
natural enemies.””’® Cinnamic acid, as a pivotal precursor in
the phenylpropanoid pathway, serves as the substrate for
synthesizing antimicrobial and antifeedant compounds like
eugenol and chavicol.”' This metabolic shift likely reflects the
plant’s adaptive strategy to optimize chemical defenses while
maintaining symbiotic benefits from Ri inoculation. Notably,
the lack of Fm inoculation-induced phenylpropanoid accumu-
lation and even the suppression of chavicol implies divergent
microbial modulation of plant metabolism.”” The reduction in
chavicol, a volatile phenol with documented insect-repellent
properties, may indicate a trade-off where Fm inoculation
prioritizes plant growth over defense investment, potentially
compromising plant resistance under pest pressure. In
addition, changes in GLVs with insect-resistant properties in
plants inoculated with AMF have also been observed. GLVs
are plant-derived volatiles induced by biotic and abiotic
stresses, functioning in direct defense (repelling herbivorous
insects) and indirect defense (mediating tritrophic signaling to
attract natural enemies).””’* The study found that substances
such as (Z)-3-hexenal, (E)-2-hexene, and hexanal were
significantly downregulated under the treatment of inoculation
with Ri, while Fm inoculation had no significant effect on the
changes in their contents, possibly leading to the strong
attraction of FM-inoculated P. frutescens leaves to S. exigua.

In conclusion, AMF not only functions as biofertilizers to
enhance P. frutescens seedling growth and photosynthetic
efficiency, but R. irregularis inoculation further promotes the
accumulation of defensive compounds in leaves, thereby
improving the seedling resistance to L. dispar. These findings
highlight the diverse outcomes of AMF—host plant—
herbivorous insect interactions, which should be considered
in future research, and underscore the challenges and
complexities in applying AMF to agricultural production.
Furthermore, it was observed that AMF inoculation induces
alterations in the VOCs of P. frutescens leaves, potentially
modulating S. exigua behavior selection. Future investigations
should focus on elucidating the mechanistic basis of the effects
of VOCs on S. exigua, including their binding sites on insect
olfactory receptors and synergistic interactions among multiple
VOCs, with the aim of developing enhanced pest management
strategies.
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