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example, the effect of the arbuscular mycorrhizal (AM) symbiosis on chewing

insects, positive for specialists and negative for generalists, has been previously
demonstrated. Conversely, the impact of AMF on phloem-suckers with relatively
different levels of specialization remains unexplored.

e We tested the influence of the AM Funneliformis mosseae on the fitness of the
specialist aphid Acyrthosiphon pisum and the generalist aphid Myzus persicae on
Vicia faba plants. Further, we investigated the effects of AMF on the higher tro-
phic level, the aphid parasitoids Aphidius ervi (specialist) and Aphidius colemani
(generalist), by evaluating plant attractiveness and parasitoid fitness. To support
the results of behavioral and biological bioassays we characterized the photosyn-
thetic parameters, the volatilome and the transcriptome of tested plants.

e Mpycorrhizal plants proved unsuitable for the generalist M. persicae but enhanced

the fitness of the specialist A. pisum. The AM symbiosis had no effects on the
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CASCONE ET AL

A. ervi.
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1 | INTRODUCTION

In recent years the impact of soil symbionts on aboveground insect
communities mediated by the plant has been shown in different multi-
trophic systems (Coppola, Cascone, et al., 2019; Yu et al., 2022). The
outcome of these interactions is an important source of information
that could be exploited for sustainable plant protection. One of the
most significant interactions that occurs in the below-ground part is
attributed to arbuscular mycorrhizal fungi (AMF) which, in spite of
some degree of preference under certain ecological conditions
(Cesaro et al., 2008), are considered unspecific symbionts, because a
small number of fungal species (a few hundred) are able to establish a
symbiosis with several thousands of species belonging to very distant
clades of Embryophytes (Smith & Read, 2008). In fact, while the AMF
receive the needed carbon supply from the plant, the plant exploits
the fungi's ability to enhance the availability and the uptake of nutri-
tional elements from the soil, particularly phosphorous (Smith &
Read, 2008). So far, a large body of evidence indicates that AMF are
able to enhance plant defenses (Frew et al., 2022; Garcia-Garrido &
Ocampo, 2002; Gianinazzi-Pearson et al., 1996; Jung et al., 2012; Li
et al., 2019; Wang et al., 2023), but the effect on herbivore insects is
variable. For instance, in some cases, a positive effect of AMF on
aphid weight and fecundity was reported (Gange et al., 1999; Maurya
et al., 2018), while in other cases the aphids were negatively affected
(Balog et al., 2017; Guerrieri et al., 2004). The impact of belowground
symbionts on aboveground insects is also possibly related to the feed-
ing habit of the herbivore, whether it is a chewer (e.g., caterpillar) or a
sucker (e.g., aphid) (Koricheva et al., 2009). Nonetheless, the common
aspect that emerges from all these studies is the species-specificity of
these belowground-aboveground interactions: different symbiont
strains (e.g., Trichoderma) or species (e.g., AMF spp.) differentially
affect phytophagous insects (Charters et al., 2022; Gange, 2001;
Simon et al, 2017; Stallmann & Schweiger, 2021; Tomczak &
Miuiller, 2017) and their natural enemies (insect predators and parasit-
oids) by altering the volatile organic profile released by colonized
plants (Babikova et al., 2014).

In general, the performance of an herbivorous insect depends on
the nutritional quality of the host plant and on the effectiveness of
its constitutive/induced defenses. In the never-ending battle

between plants and herbivorous insects, specialist species have

behavioral response of A. colemani and enhanced the attraction and fitness of

e Volatilome and transcriptome profiling corroborated the results of bioassay

highlighting a bottom-up effect of the AMF across a plant-aphid-parasitoid system.

arbuscular mycorrhizal fungi, integrated pest management, multi-trophic interactions, specialist
and generalist aphids, Vicia faba

evolved to overcome plant defenses, for example by using plant-
derived powerful toxic compounds to their own advantage. The glu-
cosinolates, a group of compounds characterizing the plant species
of the family Brassicaceae which are extremely toxic for the vast
majority of herbivore insects, are in fact exploited by the specialist
aphid Brevicoryne brassicae to speed up its development and eventu-
ally to poison its antagonists (Sun et al., 2021). Conversely, the suc-
cess of a generalist species usually links to its ability to either
excrete plant-derived toxic compounds, hampering their detrimental
effect, or to disperse effectively in search of more suitable host
plants (Ali & Agrawal, 2012). These complex scenarios are altered by
the presence of root symbionts (Koricheva et al., 2009). Indeed, the
concomitant presence of a root symbiont, inducing a plant response,
and of an herbivore insect, activating direct and indirect defensive
responses, could either combine in a synergic way or act in opposite
ways, counterbalancing each other. Because the root symbioses are
widely widespread in nature, it is important to understand if and
how they affect the communities of generalist and specialist insects
and in turn ecosystem dynamics. With respect to host plant coloni-
zation, AMF can be considered generalist species: single fungal iso-
lates, like Rhizophagus irregularis, have been shown to colonize
hundreds of plant species across several plant families (Zeng
et al, 2018, and references therein). The effect of the arbuscular
mycorrhizal (AM) symbiosis on aboveground insects has been long
studied on a number of experimental and natural systems. It has
been reported that these effects change with the insect species,
and this applies to both herbivores and antagonist species
(Gange, 2001; Guerrieri et al., 2004). Far scarcer are the data on the
impact of root symbionts on aboveground insects characterized by
the same feeding habit but by different levels of host plant speciali-
zation. Some information is available on the effect of AM symbiosis
on specialist and generalist chewers (Koricheva et al., 2009, and ref-
erences therein): to summarize, mycorrhizal symbiosis favours the
specialists and hampers the generalists (Koricheva et al., 2009).
Conversely, there is a lack of data referring to sap-sucking insects
and relative antagonists, despite the importance of this category
which includes aphids and whiteflies, also known for their ability to
act as vectors of economically important phytopathogens
(e.g., viruses). Aphids stand as one of the most destructive groups of

insect pests globally, leading to annual yield losses ranging from tens
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of millions to billions of US dollars across various food and commod-
ity crops (van Emden & Harrington, 2007). Hence, besides the scien-
tific value, the thorough characterization of these multitrophic and
multilevel interactions could have important practical relevance for
the sustainable protection of agricultural crops. The use of AMF rep-
resents a significant potential for reducing pesticide usage if their
colonization has a negative impact on aphids and/or attracts natural
enemies. Studies involving aphids, AMF and their parasitoids are rel-
atively scarce (Bennett et al., 2016; Guerrieri et al., 2004; Hempel
et al., 2009; Maurya et al., 2018; Volpe et al., 2018). As far as we
know, the impact of this kind of study has not been extended to
broad bean, which is an economically important crop. In this paper,
we designed several multidisciplinary experiments aiming at asses-
sing the impact of the AMF Funneliformis mosseae on (i) the develop-
ment and the reproduction of a specialist and a generalist aphid
species (as a measure of plant direct defenses), (i) the attraction of
natural antagonists of the specialist and generalist aphid species
(as a measure of plant indirect defenses), and (iii) a selection of key
morphological parameters of the natural antagonists of the specialist
and generalist aphid species (as an indirect measure of their fitness).
The results of these tests were corroborated by the characterization
of (i) RNAseq of plants used in all treatments including mycorrhizal
symbiosis and aphid attack and (ii) plant volatilome collected from
plants used in all treatments including mycorrhizal symbiosis and
aphid attack.

2 | MATERIALS AND METHODS

21 | Plants, insect rearing, and mycorrhizal
inoculant

The broad bean plants (Vicia faba cultivar “Aguadulce Supersimonia”)
were grown in a glasshouse at the Institute for Sustainable Plant Pro-
tection under the following controlled conditions: relative humidity
(RH) of 65+ 5%, photoperiod of 16L:8D h, light irradiance of
700 umol m~2 s71 and light/dark thermoperiod of 24/22°C. The
aphids Acyrthosiphon pisum Harris and Myzus persicae Sulzer (both,
Hemiptera: Aphididae) were permanently reared in separated mesh
cages (Vermandel, The Netherlands) on broad bean plants under the
same conditions as described above. Similarly, the parasitoid wasps
Aphidius ervi Haliday and Aphidius colemani Viereck (both, Hymenop-
tera: Braconidae) were continuously reared on their relative natural
aphid hosts, A. pisum and M. persicae, maintained on potted broad
bean plants in mesh cages as described above. Aphids and parasitoids
rearings were located in separate glasshouse compartments.
F. mosseae BEG12 (T.H. Nicolson & Gerd.) C. Walker & A. Schi3ler
was provided by the European Bank of Glomales (Dijon) and propa-
gated in Sorghum bicolor plants grown on sterile quartz sand for about
3 months as described in detail by Cesaro et al., 2020. The inoculum
consisted of fragmented hyphae, spores, and small pieces of colonized

roots in quartz sand (62 propagules g™ 1).
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2.2 | Experimental design
All specialist and generalist organisms, experimental treatments, and
experiments performed are summarized in Figure 1.

In all experiments, broad bean seeds were placed in 0.5 L-plastic
pots (one seed/pot) filled with sterile quartz sand. For mycorrhizal
treatments (Fm--), each seed was inoculated at the time of sowing
with 30 mL of the AM fungus F. mosseae BEG12, placing the inoculum
under the seed. For relative control treatments (Nm--) seeds were
placed on the same quantity of sterile substrate. The seeds were then
covered with sand and watered with modified Long Ashton solution P
64 uM (Trotta et al., 1996). The same solution was used for watering
the plants three times a week. After seed germination, broad bean
plants were maintained in a growth chamber for 4 weeks under the
following controlled conditions: RH of 65 + 5%, photoperiod of
16L:8D h, light irradiance of 150 umol m~2 s~%, and light/dark ther-
moperiod of 24/22°C. Both mycorrhizal and control plants were
transferred to a glasshouse under the conditions described above and
reared before running the experimental tests (Figure 1c). At the end
of all three experiments, below described, mycorrhizal colonization
was checked for all Fm-- treatments and its absence was verified in
all Nm-- treatments. Fifty 1-cm-long root pieces were cut from each
root system, fixed in 70% ethanol and stored at 4°C until analysis.
Then, they were cleared in 10% potassium hydroxide (KOH)
solution for about 30 min at 60°C, stained with 1% methyl blue in lac-
tic acid, and mounted on a slide. Mycorrhizal colonization was micro-
scopically estimated according to Giovannetti and Mosse (1980). The
microscopic analyses also allowed us to assess the complete absence

of root nodules induced by nitrogen-fixing bacteria.

2.3 | Experiment 1: aphid survival and
reproduction assays

Two bioassays were conducted using the aphids A. pisum and
M. persicae. For each bioassay and species, 40 four-week-old broad
bean mycorrhizal plants (Fm) and 40 control plants (Nm) were infested
with one newly born first-instar nymph (<24 h old) transferred to
them by a soft brush. All plants were checked daily to assess the pres-
ence of aphids, the presence of exuviae (evidence of moulting), and
the presence and number of newly laid nymphs and dead aphids.
When reproduction started, the offspring were removed daily leaving
only the initial individual on the plant. The mortality of the aphids and
the number of newly laid nymphs were recorded daily until death. The
following population parameters were calculated as described in
Cascone et al., 2018: the intrinsic rate of increase (r.,), the finite rate
of increase (A), the net reproductive rate (Rp), the mean generation
time (T), the doubling time (Dt), the age-specific survival rate (Ix), and
the age-specific fecundity (mx). Survival and fertility curves were ana-
lyzed using the Kaplan-Meier method using the log-rank test, and the
indexes Ro, rm, T, and Dt and their variance were estimated using
the jack-knife method (Cascone et al., 2018).
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FIGURE 1

Experimental design for determining the effect of the arbuscular mycorrhizal fungi (AMF) Funneliformis mossae on the specialist

aphid Acyrthosiphon pisum and the generalist aphid Myzus persicae, and relative parasitoid Aphidius ervi and Aphidius colemani. Graphical
representation of all specialist (lime green background) and generalist (sky blue background) organisms (a), treatments (b) and experiments

(c) under study in this research. NmMp: non-AM control plant infested by M. persicae, NmAp: non-AM control plant infested by A. pisum; NmNi:
non-AM control and un-infested plant, FmMp: mycorrhizal plant infested by M. persicae, FmAp: mycorrhizal plant infested by A. pisum, FmNi:

mycorrhizal and un-infested plant.

24 | Experiment 2: parasitoid behavioral bioassay

To assess for possible effects of AM colonization on parasitoid behavior,
the attractiveness of the broad bean plants subjected to each treatment
combination (Figure 1b) was estimated in a wind tunnel by testing a total
of 60 female parasitoids over six different days on six different plants.
For treatments involving A. pisum (--Ap) and M. persicae (--Mp), 4-week-
old plants, mycorrhizal (Fm--) or not (Nm--), were infested for 7 days by

100 aphids of mixed ages ranging from third instar to adult for each

aphid species. Relative control un-infested plants (--Ni) were grown
under the same conditions for 7 days. Experimental tests were run com-
bining all possible treatments as follows: NmMp, NmAp, NmNi, FmMp,
FmAp, and FmNi. The percentage of responses (oriented flights, landings)
to each target was calculated. The number of parasitoids responding, as
oriented and unoriented flight, to each target was compared by a G-test
for independence, as described in Coppola et al., 2018. To support the
results of behavioral bioassays we have performed photosynthetic,

volatilome, and transcriptome analyses for each treatment.
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241 | Photosynthetic and VOC measurements
from broad bean plants

Measurements (three plants for each of the six treatments) were car-
ried out with a portable system of simultaneous gas exchanges and
chlorophyll fluorescence analysis (Heinz Walz GmbH GFS-3000,
Effeltrich, Germany). All measurements were conducted between
8:00 a.m. and 3:00 p.m. After leaves were dark-adapted for 30 min in
an 8 cm® leaf cuvette, a saturating pulse was applied to obtain
the maximum quantum vyield of photosystem Il (PSIl) (Fv/Fm).
Photosynthetic measurements were carried out with light intensity
1000 pmol m~2 s~ leaf temperature 30°C, relative air humidity 50%,
and CO, set to 400 ppm, matching ambient CO, levels. The leaf was
stabilized under the standard conditions until the stomata opened and
a steady state of CO, and water vapor exchange rates were reached.
The parameters A, gH20, ETR, PhiPSll, and ci were obtained from
the data.

Volatile organic compound (VOC) analyses were performed with
proton transfer reaction-time of flight-mass spectrometer (PTR-Qi-
TOF-MS) (lonicon Analytik GmbH, Innsbruck, Austria) as described in
Coppola, Di Lelio, et al. (2019). Tentative peak identification was
performed using an in-house library developed by the authors and
available literature reported as in List S1. Peaks below the 5 cps
threshold (count per second signal from the ion detector, raw signal)
were discarded as background noise. ANOVA assumptions of normal-
ity and homogeneity of variances of the area peaks were tested using
the “gvima” package (Pefia & Slate, 2006). When ANOVA assump-
tions were satisfied, a one-way ANOVA analysis was run to assess the
effect of F. mossae and aphids (M. persicae vs. A. pisum) on the VOC
emitted and photosynthetic measurements. An alternative analysis
was made using the non-parametric Kruskal-Wallis test. The volatile
emission patterns, measured as peak areas, were analyzed through
multivariate data analysis using projection to latent structures
discriminant analysis (PSL-DA) using the R package “ropls” (Thévenot
et al., 2015).

2.4.2 | Transcriptome analysis: RNA extraction and
library construction from broad bean plants

Total RNA was extracted from at least 1 g of leaves (four replicates
for each of the six treatments) using the RNeasy Plant RNA isolation
kit (Qiagen, Italy) and it was digested after purification with RNase-
free DNase | (Qiagen, Italy), in accordance with the manufacturer's
instructions. In the first step, RNA quantity and quality were assessed
by spectrophotometry (Beckman Coulter DU80O, Milan, Italy), and by
denaturing agarose gel electrophoresis. RNA samples were then sent
to Iga technology service (Udine, Italy) for library preparation and
sequencing. Table S1 shows the number of reads produced at this
step for each sample. A quality check was performed on the raw lllu-
mina sequencing data, low-quality portions were removed while the
longest high-quality parts of next generation sequencing (NGS) reads
were preserved. The software BBDuk (Bushnell et al., 2017) was used

P’:’J—S

for the trimming step setting up the following parameters: the mini-

People P

mum length equal to 35 bp and the quality score was 25. The quality
of the reads was checked before and after the trimming step with
FastQC (Andrews, 2010).

2.4.3 | Dataanalysis for transcriptome sequencing:
de novo assembly and functional annotation

The software Trinity v2.13.0 (Grabherr et al., 2011) was used on the
trimmed lllumina reads to obtain a bulk of normalized reads represent-
ing the entire experimental groups. As a second step, the software
TransAbyss (Robertson et al., 2010) was used to generate a de novo
transcriptome assembly setting a k-mer length of 31 and a minimum
length of 300 bp. Then, transcriptome redundancy was removed with
the software BLAST-like alignment tool (BLAT) setting a minimum
identity of 95%. Finally, the expression of all the transcripts was calcu-
lated in all the samples using Kallisto (Bray et al., 2016) with the
options “--bias --fr-stranded” and the transcripts with no expression
in any samples were considered artefacts and removed. The complete-
ness of the transcriptome assembly was evaluated using the software
Benchmarking Universal Single-Copy Orthologs (BUSCOv4) (Manni
et al., 2021) against the databases of Eukaryote and Viridiplantae con-
served genes (Figure S1). The software Kallisto was employed with
the RNA-seq reads to quantify the expression of the predicted tran-
scripts with the options “--bias --fr-stranded.” Both the effective
counts and the normalized expression values in transcripts per
kilobase million (TPM) were obtained. The obtained expression matrix
was then analyzed with R with the package NOISeq (Tarazona
et al., 2015), together with the ASCA removal of systematic noise
(ARSyN) approach to remove background and unwanted noise from
the expression data, in order to identify differentially expressed tran-
scripts (DETs). Only the DET with a probability of differential
expression higher or equal to .95 was considered significant. Based on
the experimental groups, the following comparisons were performed:
NmAp versus NmNi, NmMp versus NmNi, FmAp versus FmNi, and
FmMp versus FmNi. V. faba is not supported by Kyoto Encyclopedia
of Genes and Genomes (KEGG). The closest to V. faba model species
in KEGG databases, Medicago truncatula L., was used as a proxy. A
local blast with the following parameters: task dc-megablast, identity
>30%, e-value 0.00001, and query coverage per hsp >20 was per-
formed to search significant transcripts against the cds of
M. truncatula retrieved from the National Center for Biotechology
Information (NCBI, accession GCF_003473485.1). A mean + SE of
77.86 £2.34% of V. faba transcripts for the four treatment
comparisons have been converted in M. truncatula transcripts. The
KEGG pathway enrichment analysis was conducted by the
ClusterProfiler packages in R (Wu et al., 2021). All transcripts were
used as background for enrichment (n = 15,405). A p-value of <.01
cutoff was used on gene ontological terms with the addition of a fold-
enrichment cutoff of >1.5 relative to the background. In order to
visualize the KEGG enrichment result, the compareCluster function

was utilized.
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25 |

Experiment 3: parasitoid fithess bioassay

To assess for possible effects of AMF treatments on the fitness of the
parasitoid A. ervi the following morphological traits and ratios were
measured on 6 mothers and 45 relative progenies grown on aphids
fed by mycorrhizal and non-AM control plants. Morphological traits
(head width, frontovertex width, mid tibia, and hind tibia length)
and relative proportions (head width:frontovertex width) have been
calculated at a dissection binocular provided with a micrometric
lens. ANOVA assumptions of normality and homogeneity of variances
of the proportions were tested using the “gvima” package (Pefia &
Slate, 2006). When ANOVA assumptions were satisfied a Welch
Two Sample t-test was run to assess the effect of F. mosseae, and
alternative analyses were made using the non-parametric Kruskal-
Wallis test.

3 | RESULTS

3.1 | Mycorrhizal impacts on aphid fitness

The age-specific survival rate (LX) and fecundity (MX) of A. pisum
(the specialist) and M. persicae (the generalist) reared on V. faba
plants were calculated from the data obtained by the first

Specialist
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0 N
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A. pisum age
(days)
F. mosseae

10 20

M. persicae age

m——— on-AM control

experiment. Figure 2 indicates a significant positive effect for
both parameters (survival: log-rank test, x%= 6401 p=.011;
fertility: log-rank test, x?=45.135 p<.001) of the AMF
F. mosseae on the specialist aphid (Figure 2a,c), and a significant
opposite trend (survival: log-rank test, x> = 8.722 p = .003; fertility:
log-rank test, x?=92482 p=<.001) for the
(Figure 2b,d).

These data were used to calculate the life table parameters

generalist

reported in Figure 3. AMF improved A. pisum (specialist) fitness that
showed an intrinsic rate of increase (r,) enhanced by 27%, a finite rate
of increase A\ enhanced by 8%, and a net reproductive rate Rg
increased by 92% on mycorrhizal plants compared with non-AM con-
trols (Figure 2a). Hence, the population of specialist aphids on mycor-
rhized plants needed approximately half a day less to double and to
complete one generation with respect to non-AM control (Figure 2a).
Conversely, AMF impaired the fitness of M. persicae (generalist),
resulting in an ry, A, and Rp decreased by 32%, 12%, and 69%, respec-
tively, compared with non-AM controls (Figure 2b). Consequently, the
population of the generalist fed on mycorrhizal plants needed 0.87
and 1.03 more days to double and to complete one generation,
respectively, compared with non-AM control plants. All demographic
indexes were significantly different between the aphid population
reared on AM colonized plants and relative non-AM control plants
(jack-knife test, p < .001).

FIGURE 2 The effect of arbuscular
mycorrhizal fungi (AMF)

Funneliformis mossae colonization on
aphids Acyrthosiphon pisum and

Myzus persicae fitness. Age-specific
fecundity (MX panels a and b) and age-
specific survival rate (LX, panels c and d)
of the specialist aphid A. pisum (panels a
and c, background lime green) and the
generalist aphid M. persicae (panels b and
d, background sky blue) reared on

Vicia faba plants.

(days)
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FIGURE 3 The effect of arbuscular mycorrhizal fungi (AMF) Funneliformis mossae colonization on the development and population
growth of the aphids Acyrthosiphon pisum and Myzus persicae. Aphids' associated life-table parameters and standard error, represented by
error bars, were estimated by jackknife technique for A. pisum (column a, specialist, lime green background) and M. persicae (column b,
generalist, sky blue background) reared on Vicia faba plants inoculated with F. mossae (Fm) or uninoculated controls (Nm). Dt, doubling time
(days); A, finite rate of increase (female/female/days); ry,, intrinsic rate of increase (female/female/days); Ro, net reproductive rate (female/
female); T, mean generation time (days). Statistically significant differences between treatments (Nm, Fm) were labeled by asterisks

(*p < .001, jack-knife test).

3.2 |
behavior

Mycorrhizal impacts on aphid parasitoids'

The effect of AMF on the flight behavior of A. ervi and A. colemani,
parasitoids of A. pisum and M. persicae, respectively, was tested for
aphid-infested and un-infested broad bean plants in wind tunnel bio-
assay (Experiment 2). Figure 4a,c shows that root colonization

affected the foraging behavior of A. ervi by inducing a significant

increase of the oriented flights (Figure 4a, FmNi vs. NmNi, G test,
X2 = 8.985 p = .003) and landings (Figure 4c, FmNi vs. NmNi, G test,
X2 = 6.17 p = .013). Concerning the oriented flights of A. ervi, we also
recorded a synergic effect of aphid infestation and mycorrhizal inocu-
lation (Figure 4a, FmAp vs. FmNi, G test, x2 = 4.855 p = .028). Con-
versely, no effect was recorded for A. colemani due to AMF in terms
of oriented flights (Figure 4b, FmNi vs. NmNi, G test, x2 = 0.262
p = .609) and landings (Figure 4d, FmNi vs. NmNi, G test, x2 = 0.059
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FIGURE 4 The effects of arbuscular mycorrhizal fungi (AMF) Funneliformis mossae colonization and aphids Acyrthosiphon pisum and
Myzus persicae infestations on relative parasitoids. Flight behavior (in terms of oriented flights - panels a and b - and landings on source - panels c
and d - percentages towards Vicia faba plants) of the specialist parasitoid Aphidius ervi (panels a and c - lime green stripes pattern) and generalist

parasitoid Aphidius colemani (panels b and d - sky blue stripes pattern). NmMp: non-AM control plant infested by M. persicae, NmAp: non-AM
control plant infested by A. pisum; NmNi: non-AM control and un-infested plant, FmMp: mycorrhizal plant infested by M. persicae, FmAp:
mycorrhizal plant infested by A. pisum, FmNi: mycorrhizal and un-infested plant. Different letters indicate significant differences between means

(G-test, p < .05).

p = .808). For both parasitoids, a natural attraction towards plants
infested by the relative host aphid was recorded in terms of oriented
flights (Figure 4a, NmAp vs. NmNi, G test, x2 = 10.094 p = .001;
Figure 4b, NmMp vs. NmNi, G test, x2 = 11.619 p = .001) and land-
ings (Figure 4c, NmAp vs. NmNi, G test, x2 = 6.749 p =.009;
Figure 4d, NmMp vs. NmNi, G test, x2 = 6.685 p = .01). The excep-
tion was for the plants infested by M. persicae and inoculated with
F. mosseae, which resulted in a dramatic loss of attractiveness towards
the parasitoid A. colemani (Figure 4d, FmMp vs. NmNi, G test,
x2 =0.076 p = .782).

3.3 | Mycorrhizal and aphids impact on
photosynthesis and VOC emissions

In order to support the differential parasitoid behavior noted in the
second experiment, on the same broad bean plant we collected
and analyzed the photosynthetic parameters and VOC emitted for
all treatments. We recorded a significative lowered net assimilation
rate (A) (Kruskal-Wallis test, x2 = 6.896 p = .032) and photosystem
Il efficiency (PhiPSIl) (Kruskal-Wallis test, x2 = 6.062 p = .048)

physiological parameters due to aphids (Figure 5), in line with
literature (Pincebourde & Ngao, 2021), while no effect was
recorded on these parameters by mycorrhization and aphid feeding
(Figure 5).

Regarding the volatilome, a total of 144 metabolites were col-
lected and 70 were tentatively identified. Fourteen were significantly
influenced by AMF, while aphid infestations changed the release rate
of 80 metabolites with 18 differentially released by A. pisum and
M. persicae infested plants (Table S2).

Two models were built on VOC data emitted by broad
bean plants with partial least-squares-discriminant analysis
(PLS-DA), using the treatments (NmAp, NmMp, NmNi) and (FmAp,
FmMp, FmNi) as categorical variable (y) for the uninoculated con-
trol and mycorrhizal plants, respectively (Figure 6a,b), and VOC
emission as independent variable (x). Each model explained more
than 60% of the total variability and resulted in a clear separation
between the treatments, with all components being significant

(Figure  6a:  pl-R?X =0.524, R?Y=0489, Q*>=0.388;
p2-R?X = 0.106, R%Y =0.487, Q%?=0.698; Figure  6b:
pl-R?X = 0.430, R?Y=0494, Q?>=0.235  p2-R?X =0.254,

R?Y = 0.486, Q> = 0.917).
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FIGURE 5 The effects of arbuscular mycorrhizal fungi (AMF) Funneliformis mossae colonization and aphids Acyrthosiphon pisum and

Myzus persicae infestations on photosynthetic parameters. Values of net assimilation rate (A), electron transport rate (ETR), the maximum
quantum yield of photosystem Il (Fv/Fm), stomatal conductance to water vapor (gH20), photosystem Il efficiency (PhiPSll) and intercellular CO,
concentration (ci) and SE (error bars) are reported. The effect of AMF F. mosseae, aphid infestation, and feeding specialization (A. pisum/

M. persicae) on the parameters are reported as subtitle (W/ A indicate significant lowering/increasing effects p < .05 Kruskal-Wallis or one way
ANOVA). NmMp: non-AM control plant infested by M. persicae, NmAp: non-AM control plant infested by A. pisum; NmNi: non-AM control and
un-infested plant, FmMp: mycorrhizal plant infested by M. persicae, FmAp: mycorrhizal plant infested by A. pisum, FmNi: mycorrhizal and un-

infested plant.

3.4 | Mycorrhizal and aphids impact on the
transcriptome

In order to support the differential parasitoid behavior noted in the
second experiment and to evaluate the metabolic pathways involved
in these multitrophic interactions, we used NmNi as a reference for
NmAp and NmMp treatments, and FmNi as a reference for FmAp and
FmMp treatments. As shown in Figure 7a, compared with NmNi,
there were: 71% different DETs in NmAp treatment of which 2841
were upregulated and 1646 were downregulated, 13% DETs in
NmMp treatment of which 359 were upregulated and 485 were
downregulated, and 16% DETs shared by these treatments. Figure 7b
shows, compared with FmNi, that there were: 68% DETs in FmAp
treatment of which 4908 were upregulated and 5924 were downre-
gulated, 6% DETs in FmMp treatment of which 764 were upregulated
and 273 were downregulated, and 26% DETs were shared by these
treatments.

In order to acquire a comprehensive insight into what pathways
were influenced by V. faba treatments, DETs were annotated based
on KEGG pathway enrichment via the ClusterProfiler package. A total
of 120 pathways were enriched (Table S3). Among these enriched
KEGG pathways, 27 were the most significant ones (p < .01) and are

shown in Figure 8. The highest number of DETs (886, 592 upregu-
lated and 294 downregulated) were enriched for FmAp, followed by
DETs enriched by FmMp treatment (576, 308 upregulated and
268 downregulated), NmAp (238, 93 upregulated and 245 downregu-
lated) and NmMp (264, 34 upregulated and 230 downregulated).
Remarkable pathways are involved in VOC biosynthesis (phenylpropa-
noids, isoflavonoid, flavonoid biosynthesis; alpha-linolenic, linolenic
acid metabolism, and phenylalanine metabolism) or in interaction with
plant pathogen (Figure 8). All enriched DETs are mapped on the signif-
icative enriched metabolic pathways as shown in Figure S2-528.

3.5 | Mycorrhizal impact on aphid parasitoids'
fitness

To investigate whether the better performance of the specialist aphid
A. pisum on mycorrhizal plants which was possibly linked to better
plant quality, could also reflect on host quality for the development of
the parasitoid A. ervi, we measured some morphological traits and
development duration across one parasitoid generation (mother
and F1 progeny). All considered morphological parameters, that is,
head width (Welch Two Sample t-test, t= —5.71, df =87.92,
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FIGURE 6 The effects of arbuscular mycorrhizal fungi (AMF) Funneliformis mossae colonization and aphids Acyrthosiphon pisum and

Myzus persicae infestations on volatile organic compounds (VOCs) emitted by plants. Partial least squares-discriminant analyses on VOC emitted
by non-AM controls (a) and plants colonized by AMF (b) Vicia faba plants infested by specialist (A. pisum, lime green) and generalist (M. persicae,
sky blue) aphids and relative un-infested controls (black). The asterisk indicates a significant component (p < .05). NmMp: non-AM control plant
infested by M. persicae, NmAp: non-AM control plant infested by A. pisum; NmNi: non-AM control and un-infested plant, FmMp: mycorrhizal
plant infested by M. persicae, FmAp: mycorrhizal plant infested by A. pisum, FmNi: mycorrhizal and un-infested plant.

p <.001), mid tibia length (Welch Two Sample t-test, t = —3.53,
df = 87.23, p < 0.001), hind tibia length (Welch Two Sample t-test,
t = 244, df = 82.53, p = .017), and the ratio head width:frontovertex
width (Kruskal-Wallis x? = 57.381, df = 1, p-value < 0.001) signifi-
cantly increased in the progeny (F1) from aphids reared on mycorrhi-
zal plants (Figure 9). Conversely, no effect of F. mosseae was noted on

the parasitoid development time.

4 | DISCUSSION

In this study, we examined the effect of AM symbiosis on two sap
suckers, the aphids A. pisum and M. persicae, which are characterized
by a thorough difference in plant preference. A. pisum is a clear spe-
cialist on Fabaceae while M. persicae is a wide generalist attacking
hundreds of plant species across several plant families.

In line with what was generally observed for chewers in previous
studies, we found that the AM symbiosis stimulated and improved the
development and the reproduction of the specialist aphid, but was
highly detrimental for the generalist one (Figures 2 and 3). In a similar
multitrophic system including a Fabaceae plant, a specialist aphid, a
mycorrhizal symbiont and a nitrogen-fixing bacteria, there was no
effect of AM colonization on aphid development (Dabré et al., 2022).
This apparent discrepancy could be partly due to the different mycor-
rhizal species used and the different protocols used for the assess-
ment of aphid development. In fact, it has been shown that

association with two different AMFs differently affects the water

stress tolerance in tomatoes (Volpe et al., 2018). Moreover, the colo-
nization of Phleum pratense by F. mosseae (or R. irregularis) had no
effect on the performance of the specialist aphid Rhopalosiphum padi
(Hempel et al., 2009) strengthening the hypothesis that there is a
species-specificity regulating the final outcome of these complex
interactions.

The AM symbiosis also had positive effects on the specific antag-
onist of the specialist aphid, the parasitoid A. ervi as shown in
Figure 4, where a significant synergic effect of aphid infestation and
AM colonization on the attraction of the aphid specialist parasitoid
A. ervi was also recorded. This positive effect was likely regulated by
the release of specific VOC (Table S2). As reported for other systems
(Guerrieri et al., 2004), we hypothesized that the AM symbiosis mim-
icked the effect of aphid infestation in a broad bean plant making it as
attractive as an infested one towards the parasitoid (Figure 4). How-
ever, only two tentatively identified compounds (2-methoxyphenol—
guaiacol and 4-Methyl-1,3-heptadiene) were released at a significantly
higher rate by mycorrhizal plants with respect to control ones
(Table S2), and no indications about their effect on the foraging
behavior of aphid parasitoids are available. Conversely, aphid infesta-
tion altered the release of 80 VOCs among which were 13 compounds
differentially elicited by A. pisum that could play a role in the foraging
behavior of A. ervi (terperns, monoterpens, sesquiterpens) (Table S2).
The synergy may be attributed to the VOC emitted, as some are influ-
enced solely by mycorrhizal colonization or aphid infestation. Addi-
tionally, certain emissions decrease in the presence of combined

treatments and are eliminated in mycorrhizal and infested plants. One
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FIGURE 7 Overlap of differentially expressed transcripts (DETs)
shared by plants infested by aphids Acyrthosiphon pisum and

Myzus persicae and colonized by arbuscular mycorrhizal fungi (AMF)
Funneliformis mosseae, and relative control. Venn diagrams of
significant DETs among the uninoculated control (a) or mycorrhizal
(b) Vicia faba plants infested by specialist (A. pisum, diagram border
lime greed) or generalist (M. persicae, diagram border sky blue) aphids.
The filled triangle refers to upregulation and an inverted filled triangle
refers to downregulation. The overlapping sections of the diagrams
represent the common DET between specialist and generalist aphids.
NmMp: non-AM control plant infested by M. persicae, NmAp: non-
AM control plant infested by A. pisum; NmNi: non-AM control and
un-infested plant, FmMp: mycorrhizal plant infested by M. persicae,
FmAp: mycorrhizal plant infested by A. pisum, FmNi: mycorrhizal and
un-infested plant.

example is geranyl acetone, recognized as a repellent for aphids
(Dardouri et al., 2019; Wrdblewska-Kurdyk et al., 2022; Zhang
et al., 2017), which potentially acts as a kairomone for A. ervi. Notably,
FmNi and NmAp plants exhibited similar levels of geranyl acetone,
while FmAp plants did not emit it at all. This, considering unidentified
VOCs, could provide an explanation for the observed synergy. Fur-
thermore, it is worth noting that the performance of A. pisum is

enhanced on mycorrhizal plants, raising the possibility that the

1 People Planet PJ_“

increased attractiveness to A. ervi is a result of a higher number of
aphids. Here, we found that the specialist A. pisum was able to sup-
press plant defense by downregulating genes involved in the plant-
pathogen interaction pathway (Figure S18), particularly those active
against the aphids including PR1, Pti6, KCS1/10, and elf18
(Lewandowska et al., 2020; Prince et al., 2014; Sun et al., 2022; Zhang
et al., 2020). Genes involved in the production of phenolic compounds
were also downregulated by A. pisum, thereby hampering plant
defenses against its infestation. Hence, A. pisum is confirmed to be
highly adapted to its natural host plant being also able to exploit plant
toxic compounds. For example, the leaves and the pods of V. faba
plants contain high quantities of DihydrOxyPhenylAlanine (.-DOPA)
(Burbano et al., 1995), which is detrimental for most generalist herbi-
vores, while it is exploited by the pea aphid for wound healing and
protection against UVA-radiation (Huang et al, 2011). However,
A. pisum-infested plants release this same compound belowground
alerting uninfested conspecific neighboring plants and making them
more attractive to the aphid parasitoid A. ervi (Cascone et al., 2023).

The very opposite situation was recorded for the “generalist
aphid” system where only aphid-infested plants were found to be
attractive towards the aphid parasitoid A. colemani. Moreover, even
though we cannot directly demonstrate a negative impact on a third
trophic level, indirect evidence suggests that AM significantly impairs
the fitness of M. persicae aphids to the extent that assessing the
impact on the fitness of their parasitoid A. colemani becomes impracti-
cal due to the elevated mortality of aphids. Conversely, AM symbiosis
in combination with M. persicae attack suppressed this attraction
(Figure 4b,d). In support of these results was the characterization of
VOC released by the tested plants analyzed by the PLS-DA. This anal-
ysis clearly separated the treatments indicating how the mycorrhizal
symbiosis and aphid species differentially alter the release of VOC
(Figure 6).

Volatilome data obtained in Experiment 2 also provided an expla-
nation for the better performance of A. pisum on mycorrhizal plants
(Experiment 1). For example, geranyl acetone, which is reported to be
a powerful repellent for aphids including A. pisum (Zhang et al., 2017)
is significative reduced upon A. pisum infestation (NmAp) with respect
to control plants (NmNi) and a total depletion when aphid infestation
was combined with F. mossae colonization (FmAp) (Table S2). Also,
A. pisum infestation, in combination or not with mycorrhizal symbiosis,
resulted in the upregulation of two enzymes, phospholipase A and A1,
involved in the biosynthesis of linolenic acid (Figure S17) a precursor
of several VOCs, including jasmonates and green life volatiles (Gosset
et al., 2009), reported to play a crucial role in the foraging behavior of
A. ervi (Sasso et al., 2009; Takemoto & Takabayashi, 2015) (Figure 4).

The positive effect of the AM symbiosis by F. mosseae on A. ervi
performance extended to its fitness as shown in Figure 9, derived
from Experiment 3. Larger dimensions, particularly for parasitoid
species, are considered linked to better fitness and performance
(Ellers & Jervis, 2003; Wang & Keller, 2020). Contrary to what was
reported in the system composed of Glycine max, its specialist aphid
(Aphis glycines), and the relative parasitoid (Aphelinus certus) (Dabré
et al., 2022), we suppose an enhanced nutritional quality resulting

5U90117 SUOLLLLIOD SAIIER.1D) 3|01 dde 3} Aq PaULBAOD 918 SO YO 88N J0 S9N 10} ARIGIT8UIIUO AB|IAA UO (SLOTIPUOO-PUE-SWLBIALIOD" B |1 ARG UIIUO//STNY) SUONIPUOD PUe S 1 34} 3eS *[1202/20/80] U0 Ariq1 auIluO 411 B1MBURIL0D AQ £6¥0T £ddd/Z200T 0T/10p/ 00" A8 | Aeiq 1jpu U0 yduy/:sdny Wwoiy pepeojumod ‘0 ‘TT9Z2/Sz



CASCONE ET AL.

>
,9
o

ownregulated Upregulated

o O
°

D
$
£
R
sb
“ob
§
FFF
.
000
o®

Count

@ -0
b @
@ =
. 200

qvalue
0.008

0.006
0.004
0.002

&
K
5
ki
S’Q
2
5
&
00000000000000
oo
oo

K4
&
>
£
4
00000000000

FmAp FmMp  NmAp  NmMp FmAp FmMp  NmAp  NmMp

FIGURE 8 Functional annotation and KEGG enrichment analysis of significantly downregulated and upregulated expressed transcripts in
plants colonized by arbuscular mycorrhizal fungi (AMF) Funneliformis mossae, infested by aphids Acyrthosiphon pisum and Myzus persicae and
relative control. The ordinate shows the pathway names. The following treatments were applied to Vicia faba plants: NmMp: non-AM control
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from the AM symbiosis leading to better development and reproduc-
tive response of the aphid A. pisum, passed on to the higher trophic
level as shown by the larger dimensions of parasitoid progeny
obtained by aphids reared on mycorrhizal plants in respect to those
reared on control ones (Figure 9). As far as we know, this is the first
study to investigate the impact of AM symbiosis on the fitness of a
parasitoid.

There are interesting ecological considerations emerging from the
results of this research. Plants are the sessile substrate for different
organisms above and belowground that compete for the common
source (i.e., carbon). In our experimental system comprising both the
generalists, F. mosseae belowground and the aboveground M. persicae,
it appears that the AM fungus clearly prevails over aphids by reducing
dramatically the infestation ability of the aboveground competitor.
This also reflects on the higher trophic level, the one represented by
the parasitoid A. colemani, whose foraging activity is highly hampered
by F. mosseae colonization even if in the presence of its host aphid.
This phenomenon can be explained by a trade-off between direct and
indirect defense in which the plants allocate more direct resources to
fight against the aphid M. persicae instead of attracting the relative
natural enemies by activating indirect defense (Ballhorn et al., 2008).
Conversely, for the specialist species A. pisum, the AM symbiosis plays
a significant role in boosting and enhancing the aphid performance. At
this stage comes the plant response to herbivory that adds to that
induced by the presence of the mycorrhizal symbiont both in terms
of attractiveness towards the antagonist and of its fitness
(as represented by the larger size).

Even if we focused on the bottom-up effects due to the AM sym-
biosis on aboveground interactions, we also had little evidence that
aphid feeding did not influence the fitness of the AM fungi. Indeed,
no significant differences in mycorrhizal colonization have been
observed among FmNm (15.6 + 1.0%), FmAp (21.0+1.7%), and
FmMp (17.4 £ 1.8%) treatments. This suggests that aphids did not
affect AMF plant colonization, as previously reported in other experi-
mental systems (Babikova et al., 2014; Cabral et al., 2018).

5 | CONCLUSION

The results of this study contribute to reinforcing the concept of the
species-specificity of multitrophic (plant-herbivore-antagonist) and
multilevel (belowground-aboveground) interactions. The final out-
come of the involved species needs to be studied case by case. None-
theless, their thorough characterization renders these interactions a
source of powerful tools that can be potentially exploited for the sus-
tainable protection of agricultural crops and forests. Furthermore, this
work suggests the importance of investigating the physiological mech-
anisms (e.g., sodium and phosphorus uptake) influenced by mycorrhi-
zae which lead to an improved nutritional status of plants and can be
exploited in more sustainable agriculture. Moreover, the effect of mul-
tiple mycorrhizal fungal species (e.g., a mixed assemblage) needs also

be studied next, as this would replicate a field/real-world scenario.
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