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Abstract: Arbuscular mycorrhizal (AM) fungi favor plant growth by improving nutrient acquisition,
but also by increasing their resistance against abiotic and biotic stressors, including herbivory.
Mechanisms of AM fungal mediated increased resistance include a direct effect of AM fungi on
plant vigor, but also a manipulation of the hormonal cascades, such as the systemic activation of
jasmonic acid (JA) dependent defenses. However, how AM fungal inoculation and variation in
the endogenous JA production interact to produce increased resistance against insect herbivores
remains to be further elucidated. To address this question, three genotypes of Solanum lycopersicum L.,
a JA-biosynthesis deficient mutant, a JA over-accumulating mutant, and their wild-type were either
inoculated with AM fungi or left un-inoculated. Plant growth-related traits and resistance against
Spodoptera littoralis (Boisduval) caterpillars, a major crop pest, were measured. Overall, we found
that deficiency in JA production reduced plant development and were the least resistant against
S. littoralis. Moreover, AM fungi increased plant resistance against S. littoralis, but such beneficial
effect was more pronounced in JA-deficient plant than on JA over-accumulating plants. These results
highlight that AM fungi-driven increased plant resistance is negatively affected by the ability of
plants to produce JA and that AM fungi complement JA-mediated endogenous plant defenses in
this system.

Keywords: arbuscular mycorrhizal fungi; herbivores; plant-microbe-insect interaction;
plant resistance; prosystemin; Rhizophagus irregularis

1. Introduction

Plants are the primary source of energy on Earth and are constantly under attack by higher
trophic-level organisms such as herbivores and pathogens [1]. To cope with biotic attack, plants have
evolved a plethora of defensive strategies, which range from nutrient allocation and overcompensation
of damaged tissue to mechanical and chemical defenses [2–4]. The coordination of the plant defense
responses to biotic attack is mediated by plant hormones [5], of which jasmonic acid (JA), salicylic
acid (SA), and ethylene (ET) are the most crucial. Other phytohormones, such as abscissic acid
(ABA), gibberellins, auxins, and cytokinins, however, are emerging as important defense regulators
as well [6,7]. More specifically, plants’ responses to leaf chewing herbivores are mainly mediated
by JA and a related compound [8,9], which when activated, modify plants’ physical and chemical
phenotypes, in general resulting in increased resistance against the attacker. Moreover, upon damage,
a plant may enter in a state of priming for more rapid and intense response to a subsequent stress [10].
Plant defense priming has been observed upon herbivore damage [11] and pathogen attack [12],
but also in plants interaction with soil microorganisms, such as mycorrhizal fungi [13–15].
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In terrestrial ecosystems, approximately 80% of the vascular plants can associate in roots
endosphere with obligate biotrophes such as arbuscular mycorrhizal fungi (AM fungi), which colonize
plant roots for acquisition of photosynthetic products in exchange of nitrogen, phosphorus, minerals,
and water [16]. The benefits of plant-AM fungi association are not only restricted to enhancing
soil nutrient uptake by the plant, but also by enhancing plant defenses against pathogens [17,18] or
herbivores [19,20]. A meta-analysis reporting the general effect of AM fungi on plant insect herbivore
interaction has highlighted variation across insect feeding guilds and that AM-mediated increased
resistance is particularly strong against generalist chewing insect herbivores [21], although results
from different studies strongly vary, even reporting cases of increased plant susceptibility after AM
fungi colonization [22].

The mechanisms for AM fungi-mediated that increase plant resistance against herbivores and
pathogens include: (i) increased plant tolerance; (ii) modification of the physical and chemical plant
phenotype [19,23,24]; and (iii) the priming of defenses [13,25,26]. First, AM fungi association indirectly
increases plant tolerance by enhancing nutrient uptake. Tao et al. [27] showed an increased tolerance
to defoliation across different milkweed (Asclepias) species when colonized by AM fungi. Second,
AM fungi can stimulate plants to produce more toxins because more energy is available. Vannette
et al. [28] observed increased cardenolide production in milkweeds when colonized by AM fungi,
but this effect was highly species-specific. Third, AM fungal colonization can prime plant defenses
during the mycorrhization process, which indeed requires the antagonistic activation of the SA and JA
pathways [17,29]. Song et al. [14], showed that the AM fungus Funneliformis mossae (T.H.Nicolson &
Gerd.) C.Walker & A.Schüßler primed JA-dependent defenses in tomatoes plant (i.e., JA-related gene
expression was stronger after AM-fungal colonization) and reduced the performance of the generalist
herbivore caterpillars Helicoverpa arimigera (Hubner).

To summarize, the protective effects of AM fungi vary depending on several factors such as
plant and fungal genetic make-up, as well as herbivore type. This hypothesis is also based on the
observations that AM fungi can sometimes diminish plant resistance while favoring growth [30], as well
as the functionally distinct AM fungi that differentially induces resistance and defenses, including
JA production [31]. Therefore, the interaction between fungal functional types and plant genotypic
variation in defense would result in differential resistance against herbivores. In the present study,
we addressed the interactive effects of JA production and AM fungi on plant growth and resistance
against herbivores. We had two contrasting predictions: (1) AM fungal inoculation increases resistance
only when the JA signaling pathway is functional. This prediction stands on the assumption that that
AM-fungal colonization triggers plant defense priming. (2) The benefits of AM fungal inoculation are
mainly visible on JA-impaired plants. This prediction rests of the assumption that AM-fungal effect on
plant resistance is independent of JA priming and/or activation.

To test our predictions, we manipulated the JA phytohormonal pathway (JA-treatment) by using
three tomato plant types: (1) a tomato mutant defenseless-1 (def-1) that is defective in the JA biosynthetic
pathway [32] and used in several studies investigating the biotic and abiotic stress on plant resistance
and development [33–36]. The tomato line def-1 is mutated downstream to JA production at a gene
encoding for a JA precursor (12-OPDA). Therefore, while this line may be still responsive to JA,
it shows a serious reduction of JA accumulation leading to a severe decrease of protein inhibitor
II [37]. (2) A transgenic tomato line 35S::prosystemin (35S::PS) that constitutively overexpresses the
plant peptide hormone prosystemin, which leads to the constitutive production of systemin (generally
only released after wounding), is the subsequent induction of JA-related plant defense genes and JA
accumulation [38,39]. Ultimately, this cascade of events is mainly followed by the upregulation of
protein inhibitors and various defensive secondary metabolites, but it has been shown to also affect
several additional hormonal and physiological processes in the plant [40]. (3) A wild-type (WT) tomato
(cv. Castlemart) that is in the same genetic background and used to compare with the two mutant
lines [41]. Overall, while these three plant types differ greatly in expression of defenses (see results),
they are morphologically indistinguishable [42]. The use of these tomato lines is a well-established
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system for investigating JA-dependent plant defenses and to measure the direct effect of JA signaling
in combination with other treatments [43]. To investigate the synergic effect of AM fungi and plant
genotype on plant resistance against a generalist herbivore attack, tomato plants where infested
with the Egyptian cotton leafworms Spodoptera littoralis (Lepidoptera: Noctuidae), which is a highly
polyphagous nocturnal moth originating from North Africa and Mediterranean Basin and is considered
a major pest of crop plants including tomato [44]. We expect that if the magnitude of the AM fungal
effect on plant resistance was higher in JA-accumulating plants, it would indicate synergism between
AM fungi and JA signaling pathway [14]. If the magnitude of the AM fungal effect on plant resistance
was higher in JA signaling-impaired plants, it would indicate complementarity of the effects of AM
fungi and JA signaling pathway.

2. Materials and Methods

2.1. Plant Growth and Mycorrhizal Inoculation

We measured the effect of JA production and AM inoculation on tomato plants’ resistance against
a generalist caterpillar feeding on six JA-by-AM fungi combination treatments. Seeds of all tomato
plants were surface-sterilized with bleach solution (5% commercial bleach) and germinated on a culture
media with 8% [w/v] agar, MS-agar (2g/L of Murashige and Skoog Basal Salt Mixture (Sigma-Aldrich,
Saint Louis, MO, USA), and 0.25 g/L MES hydrate (Sigma-Aldrich, Saint Louis, MO 63103, USA))
on petri dishes. One week after germination, 36 seedlings of each genotype were transplanted in 1 L
plastic pots filled with autoclaved soil mixture of medium-low P potting soil (Orbo-2, Schweizer AG,
Lausanne; Switzerland) with perlite (3:1 v:v). Soil was autoclaved twice at 121 ◦C for 20 min with a
rest of 24 h between the cycles. No fertilizer was added to the soil during the experiment. Next the
plants were assigned to one of two AM fungi treatments: the control without fungi (un-inoculated)
or a mycorrhizal treatment (AM-inoculated) by directly inoculating 250 fungal spores in 1 mL water
solution (Rhizophagus irregularis (Błaszk., Wubet, Renker & Buscot) C.Walker & A.Schüßler, Glomygel,
Micovitro S.L., 18220 Albolote, Granada, Spain) near the roots, 1 cm deep into the soil. The control
plants received the same amount of autoclaved spore solution. The same procedure was repeated again
after one week of growth. Plants were then randomized on a greenhouse bench and allowed to grow
for seven weeks at 25/18 ◦C, 14 h/day length and 55% relative humidity prior to insect infestation.
We used 18 plants per three genotype (def-1, WT, 35S::prosystemin) per two AM fungal treatment
(un-inoculated and AM-inoculated) resulting in 108 plants, of which 36 where left herbivore-free as
control, and 72 where later infested with caterpillars for the resistance bioassay (see below).

2.2. Plant Growth and Resistance Bioassay

Eggs of S. littoralis were obtained from Syngenta, Stein, Switzerland and hatched at 18 ◦C. Next,
10 first instar, with a maximum 24-h old, larvae were placed on plants assigned to the herbivore
treatment (n = 12 plants per genotype and per AM fungi treatment). Prior to insect infestation,
all plants (including herbivore-free plants) were covered with a fine-mashed nylon net to prevent
larval movement away from plants. After one week of herbivore infestation, larvae where collected
and dried at 40 ◦C over four days. Larval survival on each plant was recorded and the dry biomass of
larvae were measured and averaged for each plant.



Agronomy 2019, 9, 131 4 of 19

At the end of the herbivory assay, six functional traits in tomato plants were recorded: (1) plant
size, measured as the distance between the stem bottom and the highest stretched canopy part;
(2) plant aboveground biomass and (3) root biomass, both measured after seven days drying in
an oven at 40 ◦C; (4) chlorophyll content, measured three times per leaf and for three leaves per
plant using a SPAD-502Plus chlorophyll meter (Konica Minolta Investment Ltd., Chiyoda, Tokyo,
Japon), which informs about the chlorophyll concentration by measuring ultraviolet light refraction of
chlorophyll; (5) specific leaf area (SLA), measured as the area of three leaf discs of 1 cm in diameter per
plant divided by their dry biomass (mm2 mg−1); and (6) trichome density, recorded as the number
of all type trichomes on the adaxial part of the middle section of the largest leaflet. Chlorophyll
content, SLA, and trichome density were measured on the youngest fully expanded non-infested
systemic leaves. We chose this set of functional traits in order to assess the effect of JA and AM fungi
on plant performance. Besides the number of trichome density that could be directly linked to plant
resistance against chewing herbivore insects [45] and SLA that can be considered as both a plant
resistance trait (reflecting the density of leaf tissue), as well as a growth-related trait, all other traits
are related to plant resource acquisition and carbon storage [46]. Higher biomass, height, chlorophyll
content, and shoot biomass values indicate fast resource use and subsequently fast growth [47].
High root-to-shoot biomass ratio indicate preferential allocation of resources to belowground organs.
For plant resistance traits, we considered the average larval weight gain of S. littoralis caterpillars
per plant. Therefore, plant functional traits (size, biomass, chlorophyll content, and SLA) would
inform on plant growth and carbon storage, while trichomes and S. littoralis performance would
inform on physical and, indirectly, chemical defenses [2]. We did not specifically measure tomato
plants’ secondary metabolites as a defense mechanism, since we consider S. littoralis performance as
the integrated outcome of the myriad chemical and nutritional responses of the plants under attack.
We also did not measure plant endogenous JA, JA-related defense compounds, or JA-specific gene
expression in our experiment, as the mutant lines that were used have been carefully assessed in
several previous experiments [32,34,37,48,49]. Finally, AM fungi root colonization was measured by
staining about 1 g of fresh root tissue per plant using 1.5 mL of KOH 10% and blanching for 45 min in
90 ◦C water. Root samples were then rinsed and colored with a Tryphan Blue solution 5% during 60
min in 90 ◦C water. Colonization was checked by microscopy on 10 randomly chosen root segments of
1 cm length and expressed as AM fungi structure cm−1 root length.

2.3. Statistical Analyses

All analyses were performed using the R software (version 3.5.2) [50].

2.3.1. Plant Traits

To assess the effect of plant type, AM fungi inoculation and herbivory on plant growth and
defense, the seven plant traits (plant size, aerial biomass, root biomass, root: shoot ratio, chlorophyll
content, SLA, and trichome density) were compared across the 12 combinatory treatments: plants type
(G) def-1, WT, 35S::PS by AM fungi (M, AM-inoculated, or un-inoculated plants) by herbivory (H,
with S. littoralis herbivory, or undamaged), using a three-way multivariate analysis of variance
(MANOVA, implemented with Wilks’ lambda test), followed by three-way univariate analyses of
variance (ANOVAs) to test for individual main effects.
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2.3.2. Resistance

Two-way ANOVAs were used to test the interactive effect of the plant type (G), the AM fungi
treatment (M), the interaction (G × M) on larval biomass, and larval survival. In addition, to estimate
larval growth response to AM fungi inoculation across the three different tomato type, we used
standardized effect size (SES), calculated based on Cohen’s d metric using the effsize function in
the effsize package in R [51]. The figure obtained with the effect sizes aims at representing if larval
growth rates on the different tomato plants respond positively or negatively to AM fungi inoculation,
as well as to report the magnitude of the response. A 95% of confidence interval bar that deviates from
zero shows a significant effect of treatment (positive or negative effect of AM fungi inoculation) [52].
While the barplot (see Results) allowed extrapolating the relative effect of AM fungi within each tomato
plant type, standardize effect size gave information about the strength of the AM fungal treatment
taking in account the common variance across un-inoculated and AM-inoculated plants.

2.3.3. AM-Colonization

AM colonization rates between different plant type and herbivory treatment were compared
using a two-way ANOVA.

Tukey’s mean separation tests were performed to evaluate differences within and among
treatments for the plant trait, the resistance, and AM-colonization.

2.3.4. Multivariate Analysis

To visualize the dissimilarities among treatments based on the different measured dependent
variables (i.e., plant functional traits), a non-metric multidimensional scaling (NMDS) plot was
calculated using Bray–Curtis dissimilarities indices (metaMDS function). The relation of the NMDS
ordination plot based on the plant traits with larval biomass was visualized using the ordisurf function.
The multivariate correlation between larval biomass and the seven plant functional traits (plant size,
aerial biomass, root biomass, root:shoot ratio, chlorophyll content, SLA, trichome density, and AM root
colonization) was evaluated with the envfit function. All the functions in the multivariate analyses
were used in the vegan package (version 2.0.10) [53].

Finally, to explore the relative contribution of the entire measured plant functional traits on the
performance of S. littoralis caterpillars, we performed a stepwise model selection using AIC in both
directions for both larval biomass and larval survival using the step function, followed by a multiple
linear regression with the best fitted predictors. We examined the relationship between the single
selected predictors and larval performance using the residuals obtained from the relationship between
larval performance (larval biomass and survival) and the other selected predictors [54]. Using residuals
values statistically controls for the effect of other factor included in the multiple regression, to reveal
the contribution of each single predictor.

3. Results

3.1. Plant Functional Traits

The three-way MANOVA revealed a significant multivariate main effect for the tomato plant
type (G; Wilks’ λ = 0.14, F14,94 = 10.89, p < 0.001), the AM fungi treatment (M; Wilks’ λ = 0.67,
F7,47 = 3.34, p < 0.01), and for the triple interaction term plant type—AM fungi—herbivory (G × M × H;
Wilks’ λ = 0.53, F14,94 = 2.48, p < 0.01). Given the significance of the test, the univariate main effects
were examined for each variable, independently (Table 1).
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Table 1. Three-way interaction ANOVAs table on tomato plant growth and defense traits and
two-way interaction ANOVA on AM-colonization of plant roots. Factors include (G) tomato plant
type: JA expression deficient plants (def-1), wild-type (WT) plants, and JA constitutive expression
plants (35S::PS); (M) inoculation or not with the AM fungus R. irregularis, (H) herbivory attack or not
by S. littoralis caterpillar. Plant traits and root colonization were measured after eight weeks of plant
growth. Bold indicate significant effect (p < 0.05).

Response Variable Factor d.f. Fx,y p

Plant size (cm) Genotype (G) 2 23.33 <0.001
AM fungi (M) 1 0.14 0.71
Herbivore (H) 1 0.29 0.59

G × M 2 4.17 <0.05
G × H 2 0.10 0.91
M × H 1 0.04 0.84

G × M × H 2 2.75 0.07
Residuals (R) 53

AG biomass (g) G 2 10.7 <0.001
M 1 1.85 0.18
H 1 1.41 0.24

G × M 2 1.71 0.19
G × H 2 0.05 0.95
M × H 1 0.72 0.40

G × M × H 2 0.94 0.40
R 53

Root biomass (mg) G 2 30.86 <0.001
M 1 0.03 0.88
H 1 1.05 0.31

G × M 2 0.22 0.83
G × H 2 3.99 <0.05
M × H 1 0.66 0.42

G × M × H 2 0.37 0.69
R 53

Root:shoot G 2 80.00 <0.001
M 1 0.65 0.42
H 1 0.33 0.57

G × M 2 0.42 0.66
G × H 2 2.56 0.09
M × H 1 2.18 0.15

G × M × H 2 1.83 0.17
R 53

Chlorophyll content G 2 4.81 <0.05
M 1 5.93 <0.05
H 1 2.32 0.13

G × M 2 1.62 0.21
G × H 2 0.09 0.91
M × H 1 0.75 0.39

G × M × H 2 1.36 0.27
R 53

SLA (mm2/mg) G 2 1.26 0.29
M 1 19.55 <0.001
H 1 1.58 0.21

G × M 2 0.76 0.47
G × H 2 4.55 <0.05
M × H 1 0.94 0.34

G × M × H 2 3.74 <0.05
R 53
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Table 1. Cont.

Response Variable Factor d.f. Fx,y p

Trichome density G 2 23.44 <0.001
M 1 0.11 0.74
H 1 0.63 0.43

G × M 2 0.12 0.88
G × H 2 0.03 0.97
M × H 1 0.38 0.54

G × M × H 2 1.88 0.16
R 53

AMF colonization G 2 5.96 <0.01
H 1 0.12 0.73

G × H 2 0.36 0.70
R 27

Variation in the JA phytohormonal pathway significantly affected the growth of tomato plants.
The WT and the 35S::PS plants were on average 11% and 13% taller (Figure 1a), produced 16.5% and
26.5% more aerial biomass (Figure 1b), and produced 5% and 9.5% more chlorophyll in their leaves
(Figure 1e) than the def-1, respectively (Table 1). An opposite trend was observed for the root biomass
and the root:shoot ratio. JA deficient tomato plants (def-1) significantly allocated more biomass to
the roots (Table 1). Root biomass (Figure 1c) and the root:shoot ratio (Figure 1d) on def-1 plants were
35% and 47% higher than in 35S::PS and WT plants, respectively. AM fungal colonization significantly
increased the leaf chlorophyll content, which overall was 8% higher than plants without AM fungi
(Table 1). In addition, a significant interaction between plant type and AM fungi inoculation revealed
that plant size in JA-accumulating plants (35S::PS) was decreased following AM fungal inoculation
compared to JA-deficient plants (def-1) and WT plants. AM fungal inoculation overall significantly
decreased SLA of JA-deficient plants (def-1) by 4.4% and 3.9% compared to WT and JA-accumulating
ones (35S::PS), respectively (Table 1). Herbivory treatment significantly affected only SLA. Although
the effect emerged only in a plant type and plant type by AM fungi treatment specific fashion (Table 1).
Figure 1f shows that SLA of JA-deficient tomato plants (def-1) inoculated with AM fungi was slightly
higher when free from larvae compared to infested plants, whereas the opposite pattern was visible on
WT plants.

3.2. AMF Colonization

None of the un-inoculated plants showed traces of AM fungi colonization. For the inoculated
plants, the two-way ANOVA revealed a significant effect of the tomato plant type (G) on AM fungi
colonization of the roots (F2,27 = 5.96, p < 0.01).

JA accumulating plants (35S::PS) showed a significant reduction in AM fungi colonization of the
roots compared to JA-deficient plants (def-1), which were 45% more colonized by AM fungi (Figure 2,
Table 1). Herbivory treatment (H) did not significantly affect AM fungi colonization in plant roots.
Finally, AM fungi colonization, considered as a continuous variable in a multivariate linear model,
was significantly positively correlated with larval biomass (F1,16 = 18.75, p < 0.001), larval survival
(F1,16 = 9.46, p < 0.01), and marginally with trichome density (F1,16 = 3.42, p < 0.08), but not with SLA
(F1,16 = 0.004, p = ns).
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Figure 1. Tomato plants growth and defense traits (mean ± standard error (SE)), including 
(a) plant size (n = 102), (b) plant biomass (n = 100), (c) roots biomass (n = 65), (d) roots:shoots 
ratio (n = 65), (e) chlorophyll content (n = 103), (f) specific leaf area (SLA; n = 66), (g) and 

Figure 1. Tomato plants growth and defense traits (mean + standard error (SE)), including (a) plant
size (n = 102), (b) plant biomass (n = 100), (c) roots biomass (n = 65), (d) roots:shoots ratio (n = 65),
(e) chlorophyll content (n = 103), (f) specific leaf area (SLA; n = 66), (g) and trichome density (n = 66).
The plants have different genotype: jasmonic acid (JA) expression deficient plants (def-1), wild-type
plants (WT), and prosystemin constitutive expression (35S::prosystemin) plants. Traits were measured
after eight weeks of growth. Half of the plants were either inoculated with Arbuscular mycorrhizal
fungi (AMF) (grey bars) or left un-inoculated (white bars). Dashed line bars represent plants treated
with S. littoralis for 7 d. Lower case letters above bars represent pairwise significant difference across
all treatments’ combination after Tukey’s mean separation test (p < 0.05). Capital letters above bars
represent difference across tomato genotypes.
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represent AM-inoculated and un-inoculated plant respectively. Plant type: JA expression 
deficient plants (def-1), wild-type plants (WT) and prosystemin constitutive expression 

Figure 2. AM root colonization (mean + SE, n = 6) depending on herbivory treatment and plant type:
JA expression deficient plants (def-1), wild-type plants (WT), and prosystemin constitutive expression
plants (35S::prosystemin). Root colonization was measured after eight weeks of growth. Letters above
the bars indicate significant difference among plant types according to Tukey’s mean separation test
(p < 0.05).

3.3. Defense and Resistance Traits

Variation in the JA phytohormonal pathway had a significant impact on trichome density.
WT plants and the plants which constitutively express prosystemin (35S::PS) produced on average
56% and 69% more trichomes per unit of surface than JA-deficient (def-1) plants, respectively
(Figure 1g, Table 1). Herbivore performance was driven by both plant type and AM fungi inoculation.
The average larval biomass (Figure 3a) and survival (Figure 3b) were strongly affected by plant type
(G; F2,66= 71.64, p < 0.001, F2,66= 46.31, p < 0.001) and were on average 43% and 70% (for larval biomass),
and 56% and 51% (for survival) lower in WT and JA-accumulating plants (35S::PS), respectively, than on
JA-deficient plants (def-1) (Figure 3a).
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Figure 3. Effect of plant type and AM fungi treatment (mean + SE, n = 12) on (a) larval biomass (mg
D.W., log10 + 1) and (b) larval survival (%). Grey solids and dotted black lines represent AM-inoculated
and un-inoculated plant respectively. Plant type: JA expression deficient plants (def-1), wild-type
plants (WT) and prosystemin constitutive expression plants (35S::prosystemin). Larvae were placed on
plants after seven weeks of growth and larval biomass and mortality were measured after one week
of feeding on plants. Letters above the bars indicate significant difference according to Tukey’s mean
separation test (p < 0.05).
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Likewise, harboring AM fungi significantly decreased the larval biomass and survival
(M; F1,66 = 25.39, p < 0.001, F1,66 = 6.47, p < 0.05) about 32% and 19% compared to un-inoculated
plants, respectively. In addition, the interaction between plant type and AM fungi treatment was
significant (G × M; F1,66 = 3.39, p < 0.05) for the larval biomass (Figure 3a), indicating that AM fungi
inoculation affect larval biomass in a plant type-specific fashion. On JA-deficient (def-1) and wild-type
(WT) plants treated with AM fungi the larval biomass was significantly reduced by 32% and 38%,
respectively, when compared to un-inoculated plant (relative intensity of AM fungi effect). On the
contrary, for JA-accumulating (35S::PS) plants, larval biomass was similar between AM fungi treated
plants and un-inoculated plant. In addition, in terms of absolute larval biomass, caterpillars feeding, on
un-inoculated WT plants performed the same as larvae feeding on JA-deficient (def-1) AM-inoculated
plants, and larvae feeding on un-inoculated JA-accumulating plants (35S::PS), which performed
similar to those feeding on AM-inoculated WT plants (Figure 3a). Finally, standardized effect size (SES)
analysis illustrated that overall larval biomass responds negatively to AM fungi treatment across all the
three tomato plant types, but the response is significant only in def-1 and WT plants (95% confidence
interval bar does not cross the zero line). Additionally, the same analysis showed that the magnitude
of the negative response for the larvae is stronger in def-1 tomato that in WT plants (Figure 4).
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Figure 4. AM fungi responsiveness measure of the three plant type: JA expression deficient plants
(def-1), wild-type plants (WT), and prosystemin constitutive expression plants (35S::prosystemin).
Different colors represent the three different genotype. Effect size were based on the average larval
biomass (n = 12). Negative standardized effect size indicate that larval biomass negatively responded
to AM fungi presence in plant roots.

3.4. Multivariate Analyses

As visualized in the Non-metric multidimensional scaling (NMDS) ordination plot based on plant
functional traits, the discrimination of the different treatments is strongly based on the AM fungi root
colonization along the x-axis (Figure 5).
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Figure 5. Non-metric multidimensional scaling (NDMS) ordination of different tomato plant type
colonized or not by AM fungi on plant functional traits. Larval biomass of S. littoralis feeding
on different plant treatments is overlaid as response curves in grey. Treatments are enclosed
by ovals according to plant type: JA expression deficient plants (def-1), wild-type plants (WT),
and prosystemin constitutive expression plants (35S::prosystemin) coloured in light grey, dark grey,
and black, respectively, and AM fungi treatment dotted ovals for AM-inoculated plant and solid line
for un-inoculated plants. n = 35.

Moreover, the ordination clearly separates plants impaired in the JA production (def-1) versus
the WT and the plants expressing constitutively JA (35S::PS) along the y-axis of the NMDS plot
(Figure 5). The projection of the larval biomass vector onto the ordination was highly significant (envfit:
R2 = 0.53, p = 0.001, stress value = 0.06, K (number of dimensions) = 2), indicating the differential
larval growth, particularly along the JA-producing versus non-JA-producing plant axis. The multiple
regression analysis showed a positive correlation of larval biomass with SLA and root:shoot ratio
(Figure 6a,b) (overall model, Adj R2 = 0.46, F2,32 = 15.21, p < 0.001, SLA coefficient = 0.09, p = 0.02,
root:shoot coefficient = 0.04, p < 0.001) and larval survival with root:shoot ratio (Figure 6d) (overall
model, Adj R2 = 0.39, F2,32 = 11.91, p < 0.001, root:shoot coefficient = 5.31, p < 0.001, aboveground
biomass coefficient = 6.78, p non-significant). In contrast, aboveground biomass was not correlated
with larval survival that was selected as predictor by step AIC analysis and included to calculate
residual larval survival to visualize the relationship with root: shoot ratio. All of the other measured
traits (plant size, root biomass, chlorophyll content, and trichome density) showed no correlation with
caterpillar performance.
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Figure 6. Effect of plant growth and defensive traits on S. littoralis caterpillar performance. Seven plant
traits were included in the analysis but only the significant predictors following stepAIC selection
are illustrated: (a) SLA and (b) root:shoot to explain larval biomass and (c) aboveground biomass
and (d) root:shoot to explain larval survival. Residual larval biomass and larval survival refers to the
statistical model with the other factor in the analysis. Larger points represent mean ± SE. The plants
have different genotype shown with different colors: JA expression deficient plants (def-1) in white,
wild-tape plants (WT) in grey, and JA over-accumulating plants (35S::prosystemin) in black. Different
geometrical figures represent AM-fungal treatment: triangles represent un-inoculated plants and circles
AM-inoculated plants (n = 36).

4. Discussion

We tested for the interactive effects of a JA production and mycorrhizal inoculation (R. irregularis)
on tomato plants when challenged with a generalist insect herbivore (S. littoralis caterpillars). Overall,
JA-deficient plants performed worst in practically all growth and resistance traits, but in line
with the complementarity of functions hypothesis, these plants benefitted more by AM fungal
inoculation than plants with a functional JA pathway when measuring resistance against the generalist
caterpillar feeding.

4.1. Effect of JA on Plant Functional Traits

We found that JA-producing plants produced more biomass than then other two tomato genotypes
and that JA-producing plants produced twice the number of trichomes than the JA-deficient plants [48].
JA-dependent trichome production, through expression of several JA-responsive genes involved in
plant defense activation, has been shown in several systems including A. thaliana [55,56] and tomato
plants [57,58]. Such enhanced growth under high defense investment might counter the classically
postulated growth-defense trade-off, indicating plants that invest more in defenses should grow less,
and vice-versa [59]. Similarly, it has been shown that exogenous treatment of tomato plants with JA
does not negatively affect aboveground biomass production [60]. On the other hand, other studies have
shown that tomato plants treated with exogenous JA produced lower number of fruits with less seeds
compared to untreated plants [61], which indicates trade-offs between defenses and reproduction.
Therefore, trade-offs are highly context dependent and visible only under specific environmental
conditions [5], as well as variable across plant traits. To summarize, our experiment concords with
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previous results on the same system, indicating that JA signaling pathway strongly mediates changes in
plant trait expression, resource allocation, and development. However, this cannot be fully confirmed
here, since ectopic expressions of prosystemin have been previously observed in different plant species
altered in JA-biosynthetic pathway, and thus, the differences observed in in our prosystemin line
cannot be solely attributed to greater JA accumulation [62,63].

4.2. Effect of JA on AM Fungal Colonization

Tomato plants with reduced JA accumulation after wounding showed higher AM root colonization
compared to wild type and prosystemin-hyperaccumulating tomato plants. A relevant number of
studies has shown that tomato plants with deficient JA perception and/or biosynthesis showed
reduced [14,15,64], increased [65,66], or no difference in root colonization when compared to wild
types [14,33]. Furthermore, such effect is also dependant on plant species. JA levels reduced AM
fungal colonization in rice [67], Tropaeolus majus L., and Carica papaya L. [68], but enhanced AM fungal
colonization in Allium sativum L. [69] and Medicago truncatula (Gaetn) [70,71].

The model of mycorrhizal colonization proposes that a plant recognizes a mycorrhizal partner
as being more or less parasitic depending on how much of the molecular recognition patterns
are shared with root biotrophic pathogens [72]. Consequently, if the AM fungus appears to be
parasitic, it might trigger a similar plant immune system that would be displayed against pathogen
invaders [73]. It was shown that once the fungus enters the cortical cells of the roots, JA levels
increase in order to regulate the symbiosis [74,75]. Our results that show a reduction of AM fungal
colonization in prosystemin-overaccumulating plants confirm this model of JA-regulating fungal
symbiosis [65]. Nonetheless, the exact regulation of the mycorrhization process is also dependent on
other phytohormones (SA, ABA, ET (ethylene), oxo-phytodienoic acid (OPDA), and JA-Ile), ultimately
driving such strong context-dependency [76]. For instance, an induction of JA by AM fungi could be
inhibited by the crosstalk with the induction of SA by other organisms [77].

4.3. Interactive Effects of JA and AM Fungi on Plant Growth and Resistance

AM fungi favor nutrient acquisition in exchange of photosynthate [16]. When such nutrient
exchanges are optimal and the mutualistic symbiosis is stable [78–82], the growth of mycorrhizal
plants is favored. However, such a resource exchange model could be easily modified by the genetic
identity of the partners [31,83,84] and is highly context dependent [85,86]. Here, chlorophyll content
was higher in mycorrhizal plants. Increased chlorophyll content in the leaves of mycorrhizal plant [87]
indicates higher nitrogen content [88]. While photosynthetic activity and nitrogen content are generally
positively correlated with SLA [89], we observed that when mycorrhized, plants decrease SLA
levels. This implies that AM fungi can reverse classically-postulated traits correlations in plants [90].
All other growth-related traits (plant size and biomass) showed no variation depending on the
mycorrhizal status, while plant resistance did so. More specifically, mycorrhizal plants were overall
more resistant, when considering either larval biomass or larval survival. Our results agree with
the general predictions of AM fungi mediating increased plant defenses against generalist chewing
herbivores [91]. Moreover, similar work on tomato mutant lines, but using another noctuid generalist
caterpillar Helicoverpa arimigera, and other mutant lines deficient in JA accumulation or perception
(spr2 and jai1) demonstrated such AM fungi-mediated increased resistance by a priming effect,
in which pre-inoculated plants showed a faster and stronger JA-related gene expression compared to
un-inoculated plants when attacked by the caterpillars [14]. Priming of defense signaling pathway
by root-associated beneficial microbes has been postulated [13,25,92] and is observed in the tomato
systems [93]. Here, we observed that the JA-deficient plants benefit more in terms of defense to
the AM fungal treatment than JA overproducing plants. This would refute a potential JA priming
event. However, because in wild-type plants the differences in caterpillar biomass between AM
fungi-inoculated plants and un-inoculated plants remain significant (see also Figure 6), we cannot
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completely rule out a priming effect mediated by our strain of R. irregularis. For thoroughly testing
this, it would require a dense time-course measurement of JA-related gene expression pattern.

The multivariate linear model also revealed a positive effect of SLA on larvae biomass. SLA,
in addition to inform on the potential growth rate of the plant, can also provide insight about plants’
investment in structural defenses [94], in which, low SLA values (i.e., thicker leaves) have been often
correlated with higher resistance [89,95,96]. Low leaf SLA may require a more intense mechanical
power by the herbivore in order to access plant nutrients [97]. Different studies also showed (in line
with our results) that AM fungi tend to lower SLA values in plants [98,99]. Here, we showed that def-1
plants, when colonized by AM fungi and when damaged by herbivores, lower SLA values more than
the other two tomato lines, which might also contribute explaining the higher negative response of the
caterpillar feeding on JA-impaired plant when colonized by AM fungi.

Finally, we observed a positive correlation between AM root colonization and larval performance.
This may be counterintuitive, since we provide evidence that def-1 tomato plants seem to profit more
from AM fungi in terms of protection against herbivores. An eventual negative dose-dependent
effect of AM colonization on herbivore performance, as shown by Vannette and Rasmann [23] on
belowground herbivores, was probably masked by the strong effect of the different tomato lines on
AM fungal colonization in our study.

5. Conclusions

Overall, we observed a complementary effect of AM fungi and endogenous plant defense on
plant resistance; however, generalizations are yet to be fully achieved. Manipulating plant and fungus
genetic variation across multiple environments and across natural genetic variation of plants and AM
fungi will help to produce more generalizable predictions to be included in future agro-ecological
programs for more sustainable pest control.
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