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Plants generate energy flows through natural food webs, driven by competition for resources
among organisms, which are part of a complex network of multitrophic interactions. Here,
we demonstrate that the interaction between tomato plants and a phytophagous insect is
driven by a hidden interplay between their respective microbiotas. Tomato plants colo-
nized by the soil fungus Trichoderma afrobarzianum, a beneficial microorganism widely
used in agriculture as a biocontrol agent, negatively affects the development and survival
of the lepidopteran pest Spodoptera littoralis by altering the larval gut microbiota and
its nutritional support to the host. Indeed, experiments aimed to restore the functional
microbial community in the gut allow a complete rescue. Our results shed light on a
novel role played by a soil microorganism in the modulation of plant—insect interaction,
setting the stage for a more comprehensive analysis of the impact that biocontrol agents
may have on ecological sustainability of agricultural systems.
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Plants, as primary producers in all ecosystems, fix solar energy, which then flows through
natural food webs driven by continuous coevolutionary arm-races among organisms com-
peting for nutritional resources (1). This competition for resources is part of a complex
network of multitrophic interactions and drives life evolution, resulting in an amazing
diversification of ecological niches. Understanding the dynamics of evolutionary processes
and the underpinning mechanisms of resource allocation through competition is crucial
for shedding light on the functioning of both natural and anthropic ecosystems, as a basis
to develop safe and sound strategies for their sustainable management.

Interspecific competition among closely related species sharing overlapping ecological
niches is a well-known and consolidated concept (2, 3). In contrast, far less investigated
and understood are the competitions among species belonging to distant phyla or to
different kingdoms, including viruses (3), even though competition is the commonest
form of interaction existing in nature (4). For example, sharing the same host is the
major driving force of peculiar competition strategies among unrelated entities, such as
parasitic wasps and viral pathogens attacking the same insect host, which can reinforce
its defense barriers against wasps by acquiring viral genes encoding toxins through hori-
zontal transfer (5).

A further layer of complexity is added to these bioevolutionary scenarios by microor-
ganisms associated with their interacting hosts, collectively denoted as holobionts, which
are frequently considered as superorganisms controlled by hologenomes (i.e., the host
genome and its microbiome) evolving as single units of selection (6). Even though this
concept is debated (7), it is certainly true that the host phenotype is partly determined
by its microbiota.

Plants provide excellent examples of these intricate interactions among holobionts. Their
response to environmental stress agents is strongly conditioned by the root microbiota (8).
Indeed, these plant-associated microorganisms can concur in the regulation of the plant
hormonal balance underlying the defense response against different types of attackers,
finely orchestrated by cross-modulating pathways, targeting different stress agents (9).
Ultimately, plant parasites, pathogens, and the root microbiota compete amongst them-
selves for the nutritional resources made available by plants. More generally, competitive
interactions are largely modulated by immune barriers and attack strategies used by com-
peting organisms that are strongly influenced by associated microorganisms.

Root microbiota and endophytic microorganisms have established a broad range of
intimate interactions with plants, which can be of mutual benefit and exert a significant
impact on higher trophic levels, conferring protection against different biotic stress agents
and promoting plant growth (10, 11). Among the many members of the soil microbiota,
fungi show an amazing level of diversification of ecological habits and modes of nutrition,
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Significance

Plant multitrophic interactions
are extremely complex, and the
underlying mechanisms are not
easy to unravel. Using tomato
plants as a model system, we
demonstrated that a soil fungus,
Trichoderma afroharzianum,
widely used as a biocontrol agent
of plant pathogens, negatively
affects the development and
survival of the lepidopteran pest
Spodoptera littoralis by altering
the gut microbiota and its
symbiotic contribution to larval
nutrition. Our results indicate
that insect-plant interactions can
be correctly interpreted only at
the metaorganism level, focusing
on the broad network of
interacting holobionts which
spans across the soil and the
above-ground biosphere. Here,
we provide a new functional
framework for studying these
intricate trophic networks and
their ecological relevance.
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offering unparalleled opportunities to study interkingdom com-
petition processes. In particular, the Sordariomycetes, one of the
largest classes in the division Ascomycota, are characterized by a
wealth of nutritional strategies ranging from saprotrophy to
biotrophic interactions with several organisms, including bacteria,
plants, animals, and fungi (12). Hypocreales is the largest order
in this class, deriving from ancestors (-200 to 170 Mya) originally
mycoparasites of wood-decomposing Basidiomycota fungi which
during their evolution underwent several intra- and inter-kingdom
host shifts, involving fungi, plants, and animals (13—15). The shift
in the animal host likely started in the Jurassic (201.3 to ~145
Mya) and culminated during the Cretaceous (-145 to 66 Mya)
with the appearance of entomopathogens, in parallel with the high
diversification of insects and angiosperms (14).

The genus Trichoderma represents one of the most successful
groups in Hypocreales, which includes a plethora of species present
both in natural and managed ecosystems, where they play a well-
known role as plant decomposers (saprotrophs), plant endophytes,
and fungal antagonists/parasites (mycoparasites) (16). These bio-
logical characteristics have promoted the wide use of many
Trichoderma species as efficient biocontrol agents of fungal plant
pathogens and as a source of enzymes for industrial applications
(17-19). The direct biocontrol activity of Trichoderma species is
associated with the antagonism or parasitism of fungal plant path-
ogens, whereas indirect biocontrol activity involves the activation
of plant defenses, via induced resistance (local or systemic), and
a priming effect that stimulates more rapid and intense response
upon pathogen or pest attack (13, 17, 18, 20-23). These plant
responses are induced either by fungal metabolites released in the
soil or modulated by the endophytic behavior of several
Trichoderma species, able to enter cortical layers of plant roots and
establish a molecular dialogue (18, 23, 24). The resulting
Trichoderma—plant interaction, well characterized at the functional
and molecular level, is clearly mutualistic, with plants receiving
protection against biotic and abiotic stress, increased nutrient
availability, and growth promotion from the fungal symbiont,
which in turn obtains nutritional benefits (17, 18, 20, 25-27).

Root colonization by Trichoderma can also enhance the direct
plant defense response to insects, such as aphids (28, 29), white-
flies (30), thrips (31), and Lepidoptera (25, 29, 32, 33), in addi-
tion to tetranychid spider mites (34) and nematodes (35).
Moreover, this beneficial fungus reinforces indirect defense bar-
riers, by determining the production of plant volatiles attracting
pest natural enemies, including both parasitoids (29, 36, 37) and
predators (36, 38). All these studies describe how insect survival
and behavior are affected by Trichoderma colonization of the
plant, as well as plant transcriptomic and metabolomic changes
associated with the observed effects. However, how these plant
changes can negatively impact insect survival remains poorly
understood. This is a complex phenomenon and likely modulated
by a wealth of synergistic defense barriers such as toxic plant
secondary metabolites (e.g., phenylpropanoids, flavonoids, antho-
cyanins, alkaloids, terpenoids, and glucosinolates), and antinu-
tritional enzymes and proteins (e.g., proteinase inhibitors, amino
acid catabolizing enzymes, polyphenol oxidases, and peroxidases)
(39). Research addressing this latter aspect needs to consider the
amazing diversity of insect—microorganism associations and their
pivotal role in the regulation of insect physiology and structure/
dynamics of their communities, composed of interacting holobi-
onts (40-42). Indeed, the study of plant—insect interactions from
this perspective shows high level of complexity and sheds light
on the key role played by the interplay among microorganisms
associated with plants and insects, a fascinating research area still
in its infancy (43).
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In this study, we investigate how Trichoderma afrobarzianum, a
well-known plant-beneficial microorganism widely used in agricul-
ture as a biocontrol agent of plant pathogens, when applied as a seed
treatment to tomato plants (Solanum lycopersicum) can negatively
affect the development and survival of the lepidopteran pest
Spodoprera littoralis feeding on leaves of the treated plants. This exper-
imental system offers unique opportunities for elucidating the
underlying functional mechanism, given the significant amount of
molecular and functional data already available for tomato plants
colonized by Trichoderma, and the suitability of noctuid moth cat-
erpillars for physiological and molecular analyses. Using a multifac-
eted experimental approach, we demonstrate that 7. afroharzianum
modulates the fate of this insect—plant interaction by altering the
insect gut microbiome, indicating the central importance that micro-
organisms may have in the regulation of natural food webs, spanning
across the soil and the above-ground biosphere.

Results

Trichoderma Colonization of Tomato Plants Has a Negative
Impact on Survival and Development of S. littoralis. The survival
rate of S. /itroralis larvae fed on leaves from tomato plants obtained
from seeds coated with spores of 7. afroharzianum strain T22
(i.e., T22-larvae and T22-plants) was significantly lower than
in larvae fed with untreated control plant leaves (i.e., C-larvae
and C-plants) (Fig. 14). The higher mortality induced by
T22-plants was evident from day 2 of the fourth instar (Fig. 14),
accompanied by a significant reduction in weight gain over time
(Fig. 1B and SI Appendix, Results and Table S1). This resulted
in a significant developmental delay since surviving T22-larvae
took longer than C-larvae to attain the critical weight needed to
pupate (Fig. 1B). Moreover, the weight of T22-pupae (Fig. 1C)
and their survival (Fig. 1D) were both significantly lower than
in controls. T22-adults emerged significantly later (Fig. 1E) and
showed reduced longevity compared to controls (Fig. 1F).

The delayed growth and development of T22-larvae were asso-
ciated with levels of food consumption like those observed for
C-larvae (S Appendix, Resulrs and Fig. S1). This indicates that the
T22-plant material shows unaltered palatability and excludes the
possible occurrence of antifeedant effects. Since the observed neg-
ative effects on survival and development could be mediated by the
fungal induction of plant defense barriers targeting midgut func-
tionality (39), we focused our attention on the direct impact that
Trichoderma colonization of tomato plants may have on larval
midgut and/or on the microbial community harbored in its lumen.

T22-Plants Cause Metabolic Redirection and Activation of
Antibacterial Immune Genes in Midgut Cells of S. littoralis
Larvae. To assess the possible occurrence of any direct impact on
the midgut structure of T22-larvae, we carried out a microscopy
analysis on the midgut isolated from fourth instar larvae, which
were those showing the highest level of mortality during the feeding
bioassay (Fig. 14). T22-larvae and C-larvae showed very similar
morphological and ultrastructural features (Fig. 2 A-H), with no
signs of evident alterations of the general structure (Fig. 2 4 and
E), peritrophic matrix (Fig. 2 B and £), and microvilli (Fig. 2 C
and G and ST Appendix, Results and Fig. S2 A and C); furthermore,
stem cells from both T22- and C-larvae exhibited similar blast
morphology with no sign of proliferation (Fig. 2 D and H), usually
associated with structural lesions (44).

Transcriptional changes in the midgut cells of fourth instar
T22-larvae, compared to C-larvae, revealed the differential expres-
sion of 85 genes, with 5 downregulated and 80 upregulated
(SI Appendix, Results and Dataset S14). The Gene Onthology
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Effects on survival and development of S. littoralis larvae feeding on leaves from tomato plants colonized by T. afroharzianum. (A) Survival rate of larvae

reared on tomato leaves obtained from plants treated with T. afroharzianum T22 (T22-larvae) or untreated control plants (C-larvae). Here and in the following
panels, the asterisk denotes a statistically significant difference (log-rank test: y%(1) = 29.72, P value < 0.0001). (B) Larval weight from third instar to pupation
(statistical indices are reported in S/ Appendix, Table S1); T22-larvae took longer than controls to pupate [Student’s t test: t(41) = 14.03, P value < 0.0001]. (C) Weight
of day 3 pupae [Student's t test: t{(41) = 4.54, P value < 0.0001]. (D) Pupal survival [log-rank test: ;(2(1) = 16.18, P value < 0.0001]. (E) Duration of pupal stage
[Student's t test: t(30) = 4.82, P value < 0.0001]. (F) Adult longevity [Student’s ¢ test: t(28) = 10.67, P value < 0.0001]. The values are means + SE. The gray arrows
and the black arrows indicate the molting occurrence for C-larvae and T22-larvae, respectively.

(GO) terms enrichment analysis of upregulated genes (Fig. 2/)
highlighted biological processes associated with immune response
activation (GO:0009617 response to bacterium; GO:0019731
antibacterial humoral response; GO:0009607 response to biotic
stimulus). Other enriched biological processes associated with
upregulated genes in T22-larvae included oxidative processes
(GO:0055114 oxidation-reduction process) along with lipid and
protein metabolic processes (GO:0006629 lipid metabolic pro-
cess; GO:0006508 proteolysis). Enriched molecular function GO
terms were also associated with lipid and protein degradation (e.g.,
GO:0004252 serine-type endopeptidase activity; GO:0052689
carboxylic ester hydrolase activity; S/ Appendix, Resulss, Fig. S3,
and Results 1).

To analyze possible alterations in specific midgut functions in
response to 1. afroharzianum, we investigated the variation in the

PNAS 2023 Vol.120 No.10 2216922120

expression of genes associated with digestive processes and mem-
brane transporters involved in nutrient absorption. The analysis
of 1,022 genes, subdivided into 11 functional categories
(81 Appendix, Results and Dataset S1B), clearly indicated that the
expression patterns remained largely unchanged in T22-larvae
compared to C-larvae, except for a few serine proteases (19 out of
381) and lipase (5 out of 120) genes, which were upregulated in
T22-larvae (Fig. 2/, SI Appendix, Results, and Dataset S1B).
However, these limited transcriptional changes of genes associated
with serine proteases, the major family of endopeptidases in
Lepidoptera (45), did not influence the activity profile of enzymes
involved in the initial phase of protein digestion (i.e., total prote-
olytic activity; Fig. 2K). Moreover, in agreement with the expres-
sion pattern, the activity of aminopeptidase N, one of the most
abundant exopeptidase families present in the midgut brush
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Fig. 2. Structural, transcriptional, and functional changes in S. littoralis larval midgut. (A-H) Morphological and ultrastructural features of the midgut in C-larvae
(A-D) and T22-larvae (E-H); optical microscopy images (A and E); Transmission Electron Microscopy images of the peritrophic matrix (B and F), microvilli of the
columnar cells (C and G), and stem cells (D and H); arrow: stem cell; arrowhead: muscles; bracket and E: epithelium; C: columnar cell; G: goblet cell; L: lumen; M:
microvilli; PM: peritrophic matrix; bars: 10 um (A and E), 2 pm (B, C, and F-H), and 5 um (D). (/) Semantic clustering of enriched biological process Gene Ontology
(GO) terms associated with T22-larvae upregulated genes resulting from midgut transcriptomic analyses; circle color indicates the -log;, P value of the enriched GO
terms, while the size is proportional to the number of Differentially Eexpressed (DE) genes associated with the GO term. (J) Proportion of differentially expressed
genes in the midgut (DE; in black) and non-DE genes (in gray); numbers on the right represent the ratio between DE genes and the total genes listed within the
category. (K-M) Activity of digestive enzymes in C-larvae and T22-larvae; (K) total proteolytic activity [Welch's t test: #(2.58) = 0.44, P value = 0.7]; | aminopeptidase
N activity [Welch's t test: t(7.41) = -0.07, P value = 0.94]; (M) a-amylase activity [Welch's ¢ test: t{(7.79) = -0.58, P value = 0.58]. (N and O) Glycogen deposits, visible
as purple/violet spots, in the midgut epithelium of C-larvae (N) and T22-larvae (0), evidenced with Periodic Acid-Schiff staining; bracket: epithelium, L: lumen;
bars: 10 pm. (P) Quantification of glycogen deposits in the midgut epithelium of C-larvae and T22-larvae [Welch's ¢ test: t(4.24) = -5.28, P value < 0.01]. (Q and
R) Accumulation of lipid droplets, visible as red spots, in the midgut epithelium of C-larvae (Q) and T22-larvae (R) evidenced with Oil Red O staining; bracket:
epithelium, L: lumen; bars: 10 ym. In K-M and P, the values are means + SE, asterisk indicates statistically significant difference.
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border of insect larvae responsible for the final phase of protein
digestion (46), and the activity of a-amylase, the major enzyme
that acts in the first step of maltopolysaccharide digestion (47),
also did not show any differences (Fig. 2 L and M). Although a
few genes encoding lipases were differentially expressed in the
midgut of T22-larvae, no difference in lipase activity was detected
between C-larvae and T-22 larvae, with activity being under the
limit of detection in both samples.

Transcriptional changes indicated the possible occurrence of
metabolic alterations (Fig. 2/ and SI Appendix, Results and Fig. S3);
we therefore performed histochemical analyses to assess the poten-
tial impact of T22-plants on the storage of nutrients, namely gly-
cogen and acylglycerols, because of the metabolic redirection
induced in T22-larvae. Glycogen deposits in the midgut cells of
T22-larvae were not only significantly higher compared to C-larvae
but also significantly larger (Fig. 2 N-P; SI Appendix, Results and
Fig. S2 B and D for the specificity of glycogen staining). However,
in contrast, the accumulation of lipid droplets was significantly
greater in midgut cells of C-larvae, being absent in the T22-larvae
(Fig. 2 Qand R).

Collectively, these data indicate that midgut cells exposed to
T22-plant material show neither structural alterations nor reduc-
tion in digestion capability but exhibit a significant metabolic
redirection, characterized by an extensive use of intracellular pro-
teins and lipid stores and an increased accumulation of glycogen,
as a likely consequence of changes in the nutritional profile of the
biochemical milieu in the gut lumen. Moreover, another evident
alteration is the activation of antibacterial immune genes, suggest-
ing the occurrence of a change in the microbiota composition with
a possible switch of commensal species to a pathogenic lifestyle.

T22-Plants Induce Structural and Transcriptional Alterations
in the Gut Microbiota of S. littoralis Larvae. Given the key role
played by the gut microbiota on host fitness (e.g., supply of
essential nutrients), we analyzed the impact of T22-plant leaves on
the microbiota of S. /ittoralis fourth instar larvae. In T22-larvae, we
observed a taxonomic shift in the composition of the microbiota
and an increase of its diversity (Fig. 3 A and B, SI Appendix, Results
and Results 2, and Dataset S1C). Two bacterial genera,
Erysipelatoclostridium (Erysipelotrichia; Erysipelatoclostridiaceae)
and Alicycliphilus (Gammaproteobacteria; Comamonadaceae)
represented only a negligible fraction of the C-larvae microbiota
(1% and 6%, respectively), while reaching an average relative
abundance of ~24% and ~17% in the microbiota of T22-larvae
(Fig. 3A4). Overall, the relative abundance of Enterococcus, the
dominant bacterial genus in the microbiota of S. lirtoralis (48,
49), remained unchanged between T22-larvae and C-larvae
(Fig. 34 and S Appendix, Results 2). Among the five most abundant
Amplicon Sequence Variants (ASVs) assigned to Enterococcus,
which accounted for 97.8% of the total Enterococcus reads, two
ASVs (ASV 1 and ASV 2, 1 Single Nucleotide Polymorphisms
(SNPs) of difference), identified as FEnterococcus mundtii
(confidence 0.98), were more represented in T22-larvae than in
C-larvae (Fig. 34). Two further ASVs (ASV 3 and ASV 4, 1 SNP of
difference) were more abundant in the control group, while ASV
5 had similar abundance in both groups (Fig. 34). However, these
last three ASVs can only be assigned to Enterococcus casseliflavus
or to Enterococcus gallinarum based on the variable 3 and 4 (V3-
V4) 16S ribosomal RNA (rRNA) gene region (1 or 2 SNPs of
difference). The observed microbiota composition of C-larvae
is consistent with previous studies in which a relatively simple
microbiota, at least in terms of the core taxa, was detected (50, 51).

Modification in the composition of the gut-associated bacterial
community observed in T22-larvae was coupled with alterations

PNAS 2023 Vol.120 No.10 2216922120

in the microbiota transcriptional profile (Fig. 3C and SI Appendix,
Results 3). The activity of the microbiota harbored in the midgut
of C-larvae was characterized by the prevalence of pathways asso-
ciated with the biosynthesis and degradation of purine ribonucle-
osides, sugars degradation (rhamnose, galactose, and stachyose),
and biosynthesis of glycogen, peptidoglycan, and amino acids (Ile,
Leu, Lys, Met, Pro, Thr, and Val; ST Appendix, Results and Fig. S4).
Noteworthily, most of the metabolic pathways consistently tran-
scribed in the microbiota of C-larvae were associated with bio-
synthesis of essential amino acids for the host (Ile, Leu, Lys, Met,
Thr, and Val). A clear separation between C-larvae and T22-larvae
was further highlighted by both principal component analysis
(PCA) and cluster analyses on abundances of metabolic pathways
(SI Appendix, Results and Fig. S5). In the PCA, the first principal
component accounted for 83.9% of the variance, allowing a clear-
cut separation of the two groups, while in the cluster analyses the
samples grouped into two well-separated sets, corresponding to
C-larvae and T22-larvae. In the microbiota associated with T22-
larvae, a strong perturbation of the transcriptional activity was
observed for 20 pathways (Fig. 3C). Notably, these pathways were
among the most highly expressed in C-larvae and were consist-
ently associated with the biosynthesis of amino acids and the
metabolism of sugars and ribonucleotides. Moreover, the entirety
of the pathways undergoing changes in abundance was mainly
attributed to E. casseliflavus (Fig. 3C), supporting the assignment
of ASVs 3, 4, and 5 to this taxon. These results highlight the
important nutritional support provided by E. casseliflavus to S. lit-
toralis, through the supply of six essential amino acids (see above),
thus having a more conspicuous role for the host than E. mundiii
(52, 53).

The overall analysis of the hologenomic domain shows an evi-
dent functional complementarity between the host and microbiota
domains. The substantial reduction in the supply of amino acids
by the gut microbiota in T22-larvae results in a reduced support
to the energy metabolism, which, in the gut of Lepidoptera is
largely dependent on amino acids and lipids (54-56). Therefore,
the increased expression of genes associated with lipid and protein
metabolism, as well as with the degradation of host intracellular
proteins and lipids (Fig. 27 and ST Appendix, Results and Fig. S3),
and the observed increased degradation of lipid stores (Fig. 2R)
could likely be the consequence of a shortage of amino acids due
to impairment of the microbiota. Moreover, the reduced glycogen
biosynthesis by the gut microbiota (Fig. 3C) may favor the uptake
of the resulting monosaccharide excess present in the lumen by
the gut cells and the downstream accumulation of glycogen in the
midgut of T22-larvae (Fig. 20).

Trichoderma Colonization of Tomato Plants Significantly
Alters the Midgut Metabolome of S. littoralis. To study the
changes induced by T22-plant leaves on the biochemical
milieu of the midgut, metabolomics analyses of midgucts
isolated from T22-larvae and C-larvae were carried out. From
the 1,469 features (i.c., ions with a unique m/z and retention
time) detected, 337 differentially accumulated metabolites
(DAMs) were observed in T22-larvae compared to C-larvae
(with 210 and 127 down- and over-accumulated, respectively;
Fig. 44, SI Appendix, Results and Results 4, and Dataset S1D).
Opverall, the Liquid Chromatography-ElectroSpray lonization-
High Resolution Mass Spectrometry (LC-ESI-HRMS) analysis
highlighted a stark disparity in the metabolites present in the midgut
of the two groups, with features of plant origin (e.g., flavonoids,
fatty acids, saponins, and alkaloids) accounting for the larger part
of DAMs (Fig. 4B). The most represented classes of plant origin
were flavonoids and fatty acids. In T22-larvae, flavonoids were the
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Fig.3. Compositional and functional alterations in the midgut microbiota of S. littoralis. (A) 16S rRNA metagenomics of S. /ittoralis microbiota; pie charts represent
the taxonomic composition of the microbiota expressed as taxa relative abundance, while the associated bar plots represent the relative abundance of ASVs
attributed to the Enterococcus genus. (B) Microbiota diversity of C-larvae and T22-larvae inferred by 16S rRNA metagenomics and expressed as Hill's numbers.
(C) Metatranscriptomics pathways significantly associated with T22-larvae; on the right of each pathway, the following information are reported: i) the overall
abundance of the pathway in C-larvae, numbers in boxes express the rank value; for C-larvae and T22-larvae; ii) the pathway abundance expressed as copies per
million in a white to orange scale color and iii) pie charts representing the relative contribution of bacterial taxa to a specific pathway. Abbreviation: Ab.: abundance.

most over-accumulated metabolites (11 features), followed by fatty (22 features) (Fig. 4B). The resulting general lower abundance
acids involved in the jasmonic acid pathway (5 features), while of fatty acids in the midgut of T22-larvae is consistent with the
all the other fatty acids showed a clear reduction in accumulation  reduced lipid content in midgut cells (Fig. 2R), suggesting that this
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change may have both a direct effect on larvae as well as on the gut
microbiota. An additional change, which is nutritionally relevant,
is the reduction in amino acid content, corresponding with the
reduced abundance of amino acid-associated pathways highlighted
by the metatranscriptomics analysis (Fig. 3C); this finding further
indicates reduced nutritional support by the midgut microbiota
to the insect host. However, the correspondence between
metabolomics and the gut microbiota transcriptomics was not
observed for nucleosides (even though guanine is less prevalent in
T22-larvae) or sugar metabolites (S Appendix, Results and Dataset
S1D).

The over-accumulation in T22-larvae of metabolites acting as
toxins or having antibiotic properties was also observed (Fig. 4B),
indicating the presence of molecules that could concur in the
induction of the midgut dysbiosis, such as aphidicolin-like, acetyl-
neomycin-like, and aibekacin-like metabolites (S7 Appendix,
Results and Dataset S1D). Among metabolites of insect and plant
origin, it is interesting to note the differential accumulation of
prostaglandins and prostaglandin-like compounds in the midgut
of T22-larvae (Fig. 4B), which are mediators of both systemic and
gut immune responses (57). This evidence, together with the

PNAS 2023 Vol.120 No.10 2216922120

upregulation of immune genes (Fig. 2/), indicates the occurrence
of an immune alteration associated with gut dysbiosis.

Rescue of T22-Larvae by Restoring the Midgut Microbiota
Composition. To provide direct experimental evidence supporting
the potential functional link between the fitness reduction of
T22-larvae (Fig. 1) and the alteration of the gut microbiota
composition and functionality (Fig. 3 A and C), we performed
rescue experiments to recover insect development and survival as
“proof of concept.” We first verified that a significant rescue effect
could be obtained when T22-larvae were transferred to C-plant
leaves on day 2 of the third instar (Fig. 54 and SI Appendix, Results
and Fig. $6). To demonstrate that these effects could be attributed
to changes in the midgut microbiota, we attempted to rescue T22-
larvae through in vivo manipulations of the midgut microbiota.
Starting from day 2 of third instar, T22-larvae were fed with T22-
plant leaves overlaid with the whole midgut microbiota obtained
from fourth instar C-larvae [T22-larvae (I)] and with three
different amounts of E. casseliflavus cells [T22-larvae (II to IV)]
(SI Appendix, Methods 8), the bacterium that accounts for most of
the changes in the metatranscriptome (Fig. 3C). The administration
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of healthy midgut microbiota and E. casseliflavus cells resulted in
a complete rescue in terms of survival and development of T22-
larvae (Fig. 5B). The same rescue pattern was observed in terms
of larval weight (Fig. 5C and SI Appendix, Resulss, Fig. S7, and
Table S2), pupal weight (Fig. 5D), and duration of the pupal
stage (Fig. 5E).

Collectively, these results exclude a direct effect of plant/fungal
toxins on the insect and demonstrate that i) the alteration of the
midgut microbiota caused by 7. afroharzianum plant colonization
is of key importance in the induced plant resistance against insects,
and ii) E. casseliflavus is a key player for the survival of the insect host.

Discussion

The fungal genus Trichoderma is composed of a vast number of
species (58), widely distributed in almost all geographic areas,
both in natural and anthropogenic environments. The remarkable
biodiversity and multifaceted ecological roles (13) make it difficult
to provide a comprehensive description of all significant biological
traits. However, the reconstruction of the evolution of nutritional
mode supports multiple interkingdom host jumps which gener-
ated different lineages attributed to nutritional roles as mycopar-
asites and saprotrophs or as plant mutualists (26, 27), that
eventually conferred benefits to plants (13, 17). Members of the
genus Irichoderma have been widely used over the past decades
as biocontrol agents of plant pathogens and plant growth
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promoters in agriculture, as well as model organisms for the indus-
trial production of cellulolytic enzymes (18, 59).

The mechanisms underlying the interaction between Trichoderma
and plants have been studied in great detail; they involve an intricate
cross-talk modulating different pathways that generate responses
enabling the plant to face various biotic or abiotic stress agents, there-
fore to modulate its ability to defend and/or grow (13). Recent stud-
ies have demonstrated that root colonization by Trichoderma can
induce plant resistance barriers against insects (25, 28-33). In-depth
metabolic reprogramming of the plant generates both indirect (i.e.,
the induction of volatiles attracting insect natural enemies) and direct
(i.e., molecules with a negative impact on insect physiology and
fitness) defense barriers (13).

The multifaceted experimental approach we have used in this
study demonstrates that these direct defense barriers do not always
exert a direct negative effect on insect physiology. Here, we show
that the metabolic changes induced in tomato plants by T22 col-
onization, associated with enhanced resistance to biotic stress
agents and growth promotion (28, 29, 32, 60), can mediate gut
dysbiosis in S. fittoralis larvae feeding on T22-plant leaves. Notably,
the dysbiosis affected the relative abundance of symbiotic
Enterococcus bacteria and the role of E. casseliflavus in providing
nutritional support to the host (i.e., mainly essential amino acids
and sugars), that results in a negative impact on insect develop-
ment and survival (Fig. 6). It has been recently demonstrated that
bacteria of the genus Enterococcus can improve the performance
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of a §. littoralis congener when reared on suboptimal diets (61).
Indeed, our study indicates that the larvae fed on tomato leaves
from T22-plants did not suffer structural damage to the gut and
alterations in the digestive capacity. In fact, the negative impact
on insect development and survival could be fully rescued by oral
administration of the functional S. fittoralis gut microbiota
obtained from larvae fed on control plant leaves or alternatively
from the administration of the E. casseliflavus bacteria alone.

The functional basis of the gut dysbiosis could be associated
with changes in the midgut metabolome due to toxins or com-
pounds of fungal and/or plant origin, such as saponins and flavo-
noids both known to have antimicrobial (62, 63) and insecticide
activity (64, 65), that can have a strong negative impact on midgut
microbiota. Interestingly, the analysis of the T22-larvae midgut
samples indicated a remarkable reduction of several fatty acids and
hydroxy-fatty acids, in particular of plant origin, which are impor-
tant membrane components and carbon suppliers for bacteria
(66). Therefore, this marked alteration of their profile might have
an impact on specific components of the gut microbiota, which
may contribute to the observed dysbiosis.

The reduced accumulation of plant-derived fatty acids could be
partly due to the effect of the Trichoderma treatment to tomato
plants which causes a shift in the plant biosynthesis processes, redi-
recting the upstream precursors of fatty acids in favor of the eicos-
anoid pathway supporting the enhanced biosynthesis of jasmonic
acid and other oxylipins (67), such as plant prostaglandins (68). In

above ground

below ground

Fig. 6. Schematic representation of the interactions among the plant
S. lycopersicum, the fungus T. afroharzianum strain T22, and the phytophagous
insect S. littoralis and its gut microbiome. The colonization of S. lycopersicum
roots by the fungus T. afroharzianum strain T22 (1) systemically conditions the
plant (2), generating a dysbiosis of the gut microbiome in S. littoralis larvae
feeding on tomato leaves with neither structural damages to the midgut
epithelium and peritrophic matrix nor alterations in the digestive capacity
of the insect. This dysbiosis, among others, affects symbiotic bacteria of
the genus Enterococcus and the functional capability of E. casseliflavus to
nutritionally support the insect host with sugars and amino acids (3), with
a consequent negative impact on S. littoralis development and survival (4).
E: E. casseliflavus bacterial cells; M: microvilli; PM: peritrophic matrix; orange,
green, and light blue shapes: insect digestive enzymes.
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our study, over- and down-accumulated prostaglandin levels, both
of plant and insect origin, were noted in the gut metabolome,
indicating the possibility of plant contribution to the induction of
an immune disguise causing a dysbiosis and a concurrent activation
of the insect immune reaction against an altered gut microbial
community. Indeed, prostaglandins are involved in several physi-
ological functions and, particularly, in the modulation of the
immune response (57). It has been recently reported that prosta-
glandins trigger the expression of Duox and the production of anti-
microbial reactive oxygen species in the gut of Spodoptera exigua
larvae (69). Moreover, the metabolic alteration observed in the
microbiota of T22-larvae, and mainly attributed to E. casseliflavus,
is compatible with an unhealthy status of this bacterium. This evi-
dence, together with the increased midgut microbiota diversity,
may indicate a possible reduced capability of E. casseliflavus to keep
under control the expansion of opportunistic bacteria, a role
reported for E. mundtii associated with the same lepidopteran host
(49). Therefore, the loss of this regulation ability by E. casseliflavus
could contribute to dysbiosis induction, with the consequent acti-
vation of a gut immune response, that is supported by the upreg-
ulation of antibacterial immune genes.

The activation of plant defense compounds plays a key role
in the modulation of gut microbiota (43) and insect health.
Our study demonstrates the important role of plant metabolites
induced by 1" afroharzianum, and/or produced by the fungus
itself, in the alteration of microbiota structure and functionality
which modulates a complex network of multitrophic interac-
tions, having important evolutionary and ecological implica-
tions. These findings describe an interesting case of interkingdom
relationships between a nonpathogenic soil fungus colonizing
the plant and a phytophagous insect interacting with the same
host plant as its nutritional resource (Fig. 6). Once the symbi-
otic fungus establishes a mutualistic relationship with the plant
(20), i.e., endophytic status (18, 70), it acquires nourishment
and protection, while the plant increases its primary metabolism
(71) and resistance to both pathogens (21, 72) and pests (32)
which can be considered as competitors for food resources. Even
though the functional details on how Trichoderma induces plant
changes remain to be studied, the present investigation provides
insights into the ecology of these beneficial fungi, shedding light
on a yet undescribed multitrophic interaction, which can be
extremely important in the modulation of energy flow in natural
food webs.

Similar interkingdom interactions have likely driven the evo-
lution of other plant-associated soil fungi, which have acquired
the ability to infect and kill insects, giving rise to new lineages of
endophytic insect pathogens characterized by multifunctional
lifestyles (73). In this context, the entomopathogenic Metarhizium
is an excellent example of a fungus with genotypic plasticity allow-
ing a multifunctional lifestyle, ranging from insect pathogen to
plant colonizer or saprotroph depending upon exposure to differ-
ent environmental conditions (74—76).

The regulation of pest insects and plant pathogens by soil fungi
(e.g., refs. 17, 26, and 32) clearly suggests a central role of soil
microbiota in controlling the allocation of plant resources in nat-
ural food webs, for the orchestration of nutrient cycling, deter-
mining the quantum resources recaptured in the soil and made
available to plants (77-79). The soil microbiota not only provides
an essential ecosystem service by decomposing plant biomass,
directly providing nutrients to the plant, but also regulates the
development and survival of plant pathogens and parasites sharing
the same host, for optimal energy allocation. The competition
between kingdoms is extremely frequent and not always well
understood (4), but these soil biota-driven pathways of resource
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allocation in natural food webs through interkingdom interaction
are of key importance for Earth’s health: they are pacemakers of
the global energy budget.

This case study demonstrates that insect—plant interplays are
part of a much broader and complex network of interactions,
finely modulated by microorganisms spanning across below-
ground and above-ground ecological communities, including
those associated with other living organisms (Fig. 6). Both direct
and indirect plant responses to microbial interactions can largely
modulate plant—insect relations through partially hidden connec-
tions in the food web and further substantiate the concept that
interactions among living organisms can be fully understood only
when analyzed at the metaorganism level (6, 7). This is an aspect
that should be carefully considered when studying the mecha-
nisms of plant resistance and insect—plant coevolutionary path-
ways. Indeed, insect population diversity in terms of susceptibility
to plant resistance traits may be attributed to different assemblages
of gut microbiota, which are known to vary in a context-specific
manner (80). This concept is further corroborated by the recent
findings that plant resistance can trigger insect gut dysbiosis, with
resident commensal bacteria switching to a pathogenic lifestyle
(81). The possible occurrence of a similar phenomenon in the
present study appears to be supported by the observed alteration
in the composition of the microbiota and the enhanced expression
of immune genes in S. /ittoralis midgut. It will be interesting to
investigate how the microbial community in the haemocoel of
T22-larvae changes over time and correlates to variations in mor-
tality rates. Collectively, these fragments of emerging information
clearly indicate that microorganims are key players in the mod-
ulation of insect physiological pathways required to face the chal-
lenging use of plant tissues as a food substrate.

‘The intricate interactions among living organisms and the key
role played by associated microorganisms make it imperative that
we investigate the potential impact of plant protection products
on plant and animal microbiota, of both target and nontarget
organisms, in any risk assessment study. For example, the results
of this study suggest that potential negative impacts by 77ichoderma
and other plant symbionts on higher trophic levels (i.e., insect
predators and parasitoids, and pollinators) cannot be ruled out.
On the contrary, a positive effect could be the longer developmen-
tal time of surviving larvae, which increases their exposure to the
action of natural antagonists, enhancing the impact of natural
biocontrol (82). These aspects should be all carefully considered
in developing new risk assessment protocols, based on rigorous
modeling approaches, inspired by a holistic vision of the risk posed
by any pest control strategy (83). Plant health, in its broadest
sense, is crucial for primary production and food safety/security
and can only be pursued if the complexity of natural and managed
ecosystems is well understood, so that management strategies can
be developed with a genuine one-health approach that should
always guide our sustainable presence on Earth.

The discovery of how a network of microbial interactions, inter-
connecting the below-ground and above-ground environments,
contributes to the control of the global energy budget in nature
sheds light on the hitherto poorly understood interkingdom inter-
actions and the important role they may have in the evolution of
natural communities.

Materials and Methods

Insect Bioassays on Leaves of Tomato Plants Colonized by T. afrohar-
zianum Strain T22. S. lycopersicum cv "Dwarf San Marzano" plants colonized
by T. afroharzianum strain 122 (T22-plants) and control plants (C-plants) were
obtained by seed coating with spores as described by Coppola et al. (29). Plants
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were grown in the same environmental chamberat 25 = 1 °C, photoperiod 16:8
light/dark, and irrigated three times a week.

Bioassays were performed on S. littoralis larvae alimented from hatch-
ing with subapical leaves of 4-wk-old T22-plants (T22-larvae) or of C-plants
(C-larvae) to assess their impact on insect survival and development. Details
on S. littoralis colony, rearing procedures, protocols for bioassays, parame-
ters recorded during the experiments, and statistical analyses are reported
in SI Appendix, Methods 1.

Effects of T22-Plant Leaves on the Midgut of S. littoralis Larvae.

Midgut microscopy. Day 2 fourth instar T22-larvae and C-larvae were anesthe-
tized on ice and then dissected to isolate the midgut with the enclosed intestinal
content. Light and transmission electron microscopy observations were carried
outto assess any structural, ultrastructural, and histochemical (i.e., glycogen and
lipid deposits) change of the midgut caused by the ingestion of T-22 plant leaves.
Protocols for midgut sample preparations for microscopy analyses, as well as the
method used to quantify glycogen deposits in C-larvae and T22-larvae midgut
cells, are reported in S/ Appendix, Methods 2.

Midgut transcriptomics. Day-2 fourth instar C-larvae and T22-larvae were
cold-anesthetized and surface-sterilized as previously described (84) and then
dissected under a horizontal-flow hood to isolate the midgut. After the removal of
fatbody and tracheal residues, the midgut epithelium was separated from the per-
itrophic matrix and its content and then washed with sterile phosphate-buffered
saline (PBS). Each sample was immediately placed in TRIzoI™ (Life Technologies)
and stored at —80 °C until RNA extraction, which was performed according to the
manufacturer's instructions. For both the midgut epithelium and the peritrophic
matrix content, the RNA extracted from three fourth instar larvae was pooled at
equimolar concentration and used as a biological replicate in the high-throughput
sequencing analyses (midgut epithelium transcriptomics, microbiota targeted
metagenomics, and metatranscriptomics); three replicates per group were used
for midgut epithelium and microbiota metatranscriptomics and five for microbi-
ota targeted metagenomics. Details on RNA quantification, library preparation,
sequencing, and bioinformatics analyses can be found in S/ Appendix, Methods 3.
Digestive enzyme assays. Day 2 fourth instar C-larvae and T22-larvae were
anesthetized on ice and dissected, as described above, to separate the midgut
epithelium from the peritrophic matrix and its content. The peritrophic matrix with
its content was centrifuged at 15,000 x g for 10 min at 4 °C, and the supernatant
(i.e., the midgut juice) was stored at —80 °C until use. The midgut epithelium
was washed in PBS, lightly blotted on filter paper, weighed, and stored in liquid
nitrogen until use.

Enzymatic assays were performed at 25 °C on midgut juice samples (total
proteolytic activity, a-amylase activity, and lipase activity) and on midgut tissue
homogenates (aminopeptidase N activity) using experimental conditions under
which product formation was linearly associated with enzyme concentration.The
protein concentration in each sample was determined using Coomassie Protein
Assay Reagent (Thermo Fisher Scientific). Detailed protocols for enzymatic assays
are reported in S/ Appendix, Methods 4.

Taxonomic and Functional Characterization of the Midgut Microbiota.
Taxonomy. In 165 IRNA metagenomic experiments, five replicates of endoperi-
trophic-derived RNA of fourth instar C-larvae and T22-larvae were processed (see
Midgut transcriptomics). For each replicate, 500 ug of the total RNA was treated
with ribonucleases-free deoxyribonuclease (Promega) according to the manu-
facturer's instructions. deoxyribonuclease-treated RNAs were checked for DNA
contamination through PCR using Bakt 341F/805R primers targeting the hyper-
variable V3 to V4 regions of the 16S rRNA gene (85), and no positive amplifica-
tions were obtained. For each sample, ~200 ng of deoxyribonuclease-treated RNA
was reverse-transcribed into complementary DNA by using GoScript™ Reverse
Transcriptase (Promega) and random primers according to the manufacturer’s
instructions. V3 to V4 16S rRNA libraries were obtained using Bakt 341F/805R
primers (85). Library preparation, NGS sequencing, bioinformatics, and statistical
analyses are described in S/ Appendix, Methods 5.

Transcriptomics. Three replicates of endoperitrophic-derived RNA from
fourth instar C-larvae and T22-larvae (see Midgut transcriptomics) were used as
templates in library preparation for the transcriptomics of the endoperitrophic
microbiota. Each indexed library was prepared from 500 ng of purified RNA
with the Universal Prokaryotic RNA-Seq (Tecan) according to the manufacturer's
instructions. Library preparation, NGS sequencing, and bioinformatic and statis-
tical analyses are described in S/ Appendix, Methods 6.
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Midgut Metabolomics. For untargeted metabolomics analysis, the midguts
from six day-2 fourth instar C-larvae and 6 T22-larvae were collected, weighted
(~0.06 g each), and subjected to LC-ESI-HRMS. A detailed description of the
extraction method, parameters used for the analysis of mass spectrometry data,
and MS chromatograms is reported in S/ Appendix, Methods 7.

Rescue Bioassays.

Plant.Feeding bioassays, performed as described above (see Insect Bioassays on Leaves
of Tomato Plants Colonized by T. afroharzianum Strain 22 and Sl Appendix, Methods
7),were carried out on two experimental groups made of 16 synchronous T22-larvae,
which, on day 2 of the third instar, were transferred to C-plant leaf disks to assess any
rescue effect. T22-larvae and C-larvae acted as controls (two groups of 16 individuals
for each experimental condition). During the bioassays, insect survival and develop-
ment were daily recorded (S/ Appendix, Methods 7).

Midgut microbiota. Midgut microbiota was obtained by isolating the peri-
trophic matrix and its content (see Midgut transcriptomics) from 10 fourth instar
C-larvae, on day 2. Details for midgut microbiota isolation, quantification, and
E. casseliflavus identification are reported in S| Appendix, Methods 8.122-larvae
at day 2 of the third instar (two groups of 16 individuals for each experimen-
tal condition) were used in the feeding bioassay and daily offered with T22-
plant 4-cm? leaf disks overlaid with different bacterial suspensions, to assess
their capacity to mitigate the negative effects of plant material, as detailed
in SI Appendix, Methods 8.

Data, Materials, and Software Availability. The raw data, the Markdown
file describing the whole pipeline of the analyses, and the intermediate files are
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