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Abstract Microbial communities associated to the gut of in-
sects are attracting an increasing interest, mainly because of
their role in influencing several host life-traits. The character-
ization of the gut microbial community is pivotal for under-
standing insect ecology and, thus, to develop novel pest man-
agement strategies. The pine processionary moth,
Thaumetopoea pytiocampa (Denis & Schiff.) (Lepidoptera:
Thaumetopoeidae), is a severe defoliator of pine forests, able
to feed on several pine species. In this work, we performed a
metabarcoding analysis to investigate, for the first time, the
diversity of the gut bacterial community of pine processionary
larvae associated with three different host pine species (Pinus
halepensis, Pinus nigra subsp. laricio, and Pinus pinaster).
We found that the gut microbia l communi ty of
T. pityocampa larvae collected on P. halapensis was different
from that associated with larvae collected from P. nigra and
P. pinaster. Moreover, the high presence of bacteria belonging
to the genera Modestobacter, Delftia, and unidentified
Methylobacteriaceae retrieved in larvae feeding on
P. halapensis suggested that specific interactions can occur.
Our results provide the evidence that different host plant

differently impact on the microbiota diversity of
T. pityocampa larvae, contributing to the general knowledge
of this pest with information that could be useful in shaping
the next generation of pest control strategies.
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Introduction

Most of the microorganisms are known to have a cosmopoli-
tan distribution, and interacting with other organisms can
structure and modulate several biotic interactions [1, 2].
Recently, the microbial communities associated with insects
attracted increasing interest, mainly because of their ecologi-
cal and economical importance. Indeed, microorganisms pos-
sess metabolic properties that are often absent in insects so, in
this way, they can provide traits which enable insects to over-
come plant defenses [3]. This is particularly clear in herbivo-
rous insects because plant tissues, having a wide range of
indigestible and toxic compounds, do not represent a promis-
ing food for them. Therefore, insects evolved a series of strat-
egies to overcome plant defenses [4], including the association
with bacterial and fungal symbionts to exploit different hosts
[5, 6]. The interaction between insects and microorganisms
can be extended at different levels of the trophic ladder and
can also comprise indirect interactions mediated by plants
[7].

The ecological interactions between gut bacteria and in-
sects have a great impact on various host life-traits contribut-
ing, for example, to food digestion, production of essential
vitamins, and to counteract potentially harmful microbes [8].
Insect gut microbiota demonstrates also a certain degree of
plasticity, with the ability to adapt rapidly to changes in the
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insect diet, even with modifications in the microbial popula-
tion structure [9]. This plasticity, on the other hand, can be
useful for insects to exploit different food sources, providing
the basis for the development of host-associated differentia-
tion (HAD), which is an adaptive ecological radiation that
could explain the high species diversity observed in insects
[10–13]. Thus, the characterization of the gut microbial com-
munity is essential for a comprehensive understanding of the
biology and ecology of the host insect and, potentially, can
lead to the development of novel pest management strategies.
This appears particularly attractive not only for insect pest of
agricultural interest but also for insects that are harmful to
forests, where pest control programs are limited and/or diffi-
cult to realize [14].

The pine processionary moth, Thaumetopoea pytiocampa
(Denis & Schiff.) (Lepidoptera: Thaumetopoeidae), is one the
most devastating defoliator insect of pine forests in Southern
Europe and North Africa. This moth is univoltine, with po-
lyphagous larvae feeding on Pinus spp., Cedrus spp., and
Larix spp. [15]. Development requires the passage through
five larval instars during the autumn and winter. Larvae are
strongly gregarious; during winter, they group inside silky
nests which provide protection from low temperatures.
Mature larvae have urticating setae, which can cause severe
health problems in warm-blooded animals, including humans,
such as dermatitis, conjunctivitis, and anaphylaxis.
Throughout the Italian territory, T. pityocampa affects the
growth of several pine species, resulting the most destructive
pest in pine plantations [16, 17]. The host plant and the forest
type play an essential role on the susceptibility to
processionary attacks, due to an active process of host detec-
tion and selection by adult female moths prior to oviposition,
and/or differential survival of eggs or immature larvae [16].
Pine species were largely used in Italy for reforestation pro-
grams started at the beginning of last century, favoring the
spread of the pine processionary caterpillar [17]. Insect attacks
are still a key problem in the management of pine-woods for
many areas, which seem to be linked to the forest structure,
and in particular to the species of pine, the age of the trees, and
the stand density [17]. This appears particularly true in
Southern Italy, where the Laricio pine (Pinus nigra subsp.
laricio Poir. (Maire)) has been widely used in reforestation,
although no forest management or forestry operations have
been carried out to maintain the improved landscape, resulting
extremely vulnerable to abiotic and biotic agents [18].

Therefore, the comprehension of the relationship between
plant-insect-microorganisms is essential to understand the
ecology of this system. The output of these interactions could
be predictable for monophagous species, which survival is
linked to a single plant species. Thus, it is questionable how
the gut microbial community reacts when an insect can exploit
different plant species as food source. The answer to this
question can be essential in planning the future generation of

eco-friendly pest management practices in forest systems, like
the attempts currently under development in other biological
systems [19–21]. In this work, we aimed to characterize the
gut bacterial community of pine processionary larvae associ-
ated with three different host pine species (Pinus halepensis
Miller, P. nigra subsp. laricio, and Pinus pinaster Aiton) in
order to get information about the microbial community asso-
ciated to this pest, and whether it changes according to differ-
ent host plants.

Materials and Methods

Insect Samplings and Storage

Larvae of T. pityocampa at the fourth instar were collected in
January 2016 at Aspromonte National Park (Reggio Calabria,
Italy, 38° 9′ 32.76″ N–15° 55′ 14.16″ E), directly from nests
collected from three differentPinus species.We chose to study
the fourth larval instar, since it represents a mature larva,
which has been feeding on the same host species for several
weeks; thus, it is supposed to have been developed an adapted
gut microbiota. Host plant species were selected on the basis
of the different susceptibility to the processionary moth [15]:
the Aleppo pine (P. halepensis), the Maritime pine
(P. pinaster), and the Laricio pine (P. nigra subsp. laricio).
For each host, we selected 3 plants outdistanced about 20 m
among them and from which we collected 5 larvae (15 spec-
imens per host plant). Immediately after collection, larvae
were kept at 4 °C until transportation to the laboratory and
then placed at −80 °C. Dead insects were then sterilized su-
perficially with a solution of sodium hypochlorite (21.6 g/L)
for 5 min, washed once in ethanol (70% v/v) for 2 min and
finally three times in sterile distilled water for 10 s. Dead
larvae were then placed in phosphate buffer solution to excise
the complete gut with sterile forceps. Samples were then
stored at −80 °C until DNA extraction.

DNA Extraction and Library Preparation

Gut tissues were crushed in the extraction buffer (10 mMTris,
100 mM NaCl, 10 mM EDTA, 0.5% SDS) with the aid of a
bead mill homogenizer (three 1 mm∅ stainless steel beads per
1.5-ml tube, milled for 5 min at 30 Hz), and the mixture was
treated with proteinase K (5Prime GmbH, Germany) follow-
ing the producer’s instructions [22]. Total DNAwas extracted
using the MoBio PowerSoil Kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA, USA) following the manufacturer’s protocol
[23]. DNA concentration and quality were assessed by means
of a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc., USA).

The bacterial community of 15 specimens from each sam-
pled host plant was characterized using a metabarcoding
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approach targeting the bacterial 16S rRNA. To avoid the co-
amplification of eukaryotic small subunit ribosomal RNA
(SSU) rDNA, a nested PCR strategy was used. For the exter-
nal PCR amplification, we used the primer Eub8F [24] and the
broad coverage primer 984yR [25]. Then, the V4 hyper-vari-
able region of 16S rRNA region was amplified using the 16S
rRNA primers 515f/806rB developed by Caporaso et al. [26],
following the procedure described by Caporaso et al. [27].
Each amplification was carried out in triplicate, including a
negative control with nuclease-free water instead of DNA.
Amplification success was checked by electrophoresis on
1.5% agarose gel stained with GelRed (Biotium Inc.,
Fremont, CA, USA). PCR products from the same sample
were then pooled together to reduce stochasticity errors [28]
and cleaned using Agencourt AMPure XP kit (Beckman
Coulter, Brea, CA, USA). A further short-run PCR was per-
formed to integrate Illumina i7 and i5 indexes following the
producer’s protocol (Nextera XT, Illumina, San Diego, CA,
USA), and amplicons were purified again as explained above.
Libraries were then quantified with the Invitrogen Qubit™
dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA), nor-
malized to a concentration of 10 ng/μl using nuclease-free
water, pooled together, and sequenced with the Illumina
MiSeq sequencer, using the MiSeq Reagent Kit v3 600-
cycles chemistry (Illumina, San Diego, CA, USA) following
the producer’s protocol.

Data Analysis

Demultiplexed forward and reverse reads were merged
using PEAR 0.9.1 algorithm applying default parameters
[29]. Data handling was carried out using QIIME 1.9
[30], quality filtering reads, binning OTUs using open-
reference OTU-picking through UCLUST algorithm,
discarding chimeric sequences discovered with
USEARCH 6.1, and assigning taxonomy querying to-
wards GreenGenes database using the BLAST method.
Singletons and OTUs retrieved in less than five samples
were discarded from the downstream analyses. Samples
with number of sequences <9000 were discarded, i.e.,
seven samples (four from P. pinaster and three from
P. nigra subsp. laricio) were not used in the analyses.

R statistical software [31], plugged with the packages veg-
an, phyloseq, and DESeq2 [32–34] was used to calculate the
species accumulation curves (SACs) and diversity indices for
each sample. Multivariate analyses were performed compar-
ing samples by host plant by a PERMANOVA analysis, sup-
ported by Tukey’s MCT and visualizations by DPCoA (dou-
ble principal coordinate analysis). DESeq2 was used to filter
the OTUs differentially present according to host plant, and
the GLM procedure with Tukey’s MCTwas performed to test
their abundance on larvae collected from different plants.

Results

Analyses yielded a total of 1,396,775 reads after quality
check, with an average of 36,757 sequences per sample. In
order to be processed, reads were clustered by a similarity of
0.97, ending up to a total of 1007 OTUs. As demonstrated by
SACs (Fig. S1), the sequencing depth per sample was deep
enough to uncover most of the bacterial diversity in insects’
guts. Also, the Shannon’s diversity index resulted homoge-
neous among the insects sampled on the on the tested Pinus
spp. (Fig. S2). An overall analysis indicated that most of the
sequences from the bacterial community associated with
T. pityocampa developing on different Pinus spp. belonged to
Proteobacteria (61.03 ± 2.68%), followed by Actinobacteria
(19.1 ± 3.23%), Bacteroidetes (14.69 ± 1.57%), and
Firmicutes (2.53 ± 0.45%). Proteobacteria resulted the highly
dominant and diverse phylum, represented by all four classes:
α-Proteobacteria (11.4 ± 0.78%), β-Proteobacteria
(7.62 ± 1.22%), γ-Proteobacteria (41.82 ± 2.99%), and δ-
proteobacteria (0.2 ± 0.04%). γ-Proteobacteria, the most abun-
dant lineage within Proteobacteria, was represented by
Mora x e l l a c e a e ( 3 3 . 0 6 ± 2 . 9% ) , f o l l owed by
Enterobacteriaceae (3.88 ± 1.25%) and Pseudomonadaceae
(3.15 ± 0.5%).

Comparing the microbial community of insects collected
on the different plants, using PERMANOVA multivariate
nonparametric test, differences among the three plant species
were highlighted (F3, 38 = 6.02; P < 0.001). The Tukey’s MCT
evidenced differences between P. halepensis and the other two
host plants (P < 0.01), but not between P. nigra subsp. laricio
and P. pinaster (P > 0.05). This result is also depicted in the
DPCoA graph (Fig. 1), which shows that larvae collected on
P. halepensis clustered separately from those collected on the
other Pinus species.

A deeper analysis of the dataset allowed to identify 41
OTUs, which were differently abundant among insects asso-
ciated with the three different plant species (P < 0.01). These
were further filtered taking into account only taxa that repre-
sented at least 1% of the microbiota in larvae feeding on dif-
ferent host plant, allowing to detect 28 OTUs representing
seven taxa with likely a major role in T. pityocampa ability
to exploit different host plants (Table 1, Fig. 2). Larvae col-
lected on P. halepensiswere characterized by a higher amount
of Actinobacteria (40.43 ± 4.03%) compared with insects col-
lected on P. nigra subsp. laricio (4.94 ± 0.53%) and
P. pinaster (5.45 ± 0.6%). More specifically, this effect was
associated with the differential abundance of 8 OTUs associ-
ated with the genus Modestobacter (38.4 ± 4.05%), which
resulted more abundant in P. halepensis than P. nigra subsp.
laricio and P. pinaster (Table 1). Differently, the phylum
Proteobacteria was less abundant in larvae feeding on
P. halepensis (46.68 ± 3.2%) than those collected on
P. nigra subsp. laricio (73.38 ± 3.68%) or P. pinaster
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(67.15 ± 2.57%). However, a different pattern arises when
analyzing this lineage more in detail. Specifically, 2 OTUs
belonging to Methylobacteriaceae, 1 OTU associated with
unidentified Pseudomonadaceae, and 12 OTUs associated
with the genusDelftiawere more abundant in larvae collected
from P. halepensis, whereas 1 OTU associated with
Pseudomonas and 3 OTUs with Acinetobacter were more
abundant on larvae collected from both P. pinaster and
P. nigra subsp. laricio (Table 1). Finally, 2 OTUs associated
with unidentified Comamonadaceae were more abundant only
in larvae feeding on P. nigra subsp. laricio.

Discussions

We analyzed for the first time the diversity of the gut bacterial
community of T. pityocampa, which composition resulted
considerably affected by the three host pine species tested in

this study. Our results fit in a wider framework, which sees a
recurrent interplay between host plant and herbivore, influenc-
ing to each other. This kind of interaction has been previously
observed, for example, in the oligophagous aphid Aphis
ci t r ic idus (Kirkaldy) [35] and in the pea aphid
Acyrthosiphon pisum (Harris) [36]. It has been argued there-
fore that the main drivers that shape insect gut microbial com-
munity are diet, life stage, and environment [9]. Symbionts
have been investigated for the effects on their host, directly by
mediating interactions with other species, or indirectly by
impacting the host genetic diversity, with effects that could
be extended at the community level [37]. These symbionts
could be vertically transferred from one generation to the next,
horizontally among individuals of the same species, but can
also be acquired directly from the environment [38].
Moreover, symbionts can influence insect response to plant
defenses, provide protection from natural enemies, and influ-
ence the reproductive system [37]. These are just few exam-
ples of the plasticity of insect-microorganism relationship. On
the other hand, this association can be so strict that experimen-
tal exchanges of gut microbial communities in herbivorous
insects lead to a decrease in performance on host plant [39].
Although several studies investigated bacterial communities
associated to insects, current knowledge on the fungal micro-
biota is still quite restricted and the available studies highlight
unexpected ecological interactions between insects and fungi
[22, 40, 41]. The characterization of insect microbial commu-
nities, together with information on any host-associated vari-
ation in microbiota composition, is essential for a comprehen-
sive understanding of insect ecology as well as for the devel-
opment of novel pest management strategies. For example, as
outlined by Crotti et al. [42], microbes can be used to enhance
SIT programs, to counteract the spread of insect-borne patho-
gens and their vectors and to protect beneficial insects. To
develop such techniques, baseline knowledge on the biology

Table 1 Key bacterial taxa identified to be associated to larvae of Thaumetopoea pityocampa feeding on different host plants (Pinus halepensis, Pinus
nigra subsp. laricio, and Pinus pinaster)

Taxon Nr. OTUs F2,35 Sign. Pinus halepensis Pinus pinaster Pinus nigra subsp. laricio

Modestobacter 8 63.23 *** 38.4 ± 4.05% (b) 0.15 ± 0.1% (a) 0.07 ± 0.4 (a)

Unidentified Methylobacteriaceae 2 9.32 *** 2.74 ± 0.7% (b) 0.26 ± 0.08% (a) 0.13 ± 0.05% (a)

Unidentified Comamonadaceae 2 5.83 ** 0.66 ± 0.08% (a) 1.13 ± 0.13 (b) 0.7 ± 0.1% (a)

Delftia 12 9.67 *** 9.37 ± 2.38% (b) 0.59 ± 0.13% (a) 0.46 ± 0.19 (a)

Acinetobacter 3 19.45 *** 17.83 ± 1.33% (a) 35.99 ± 3.51% (b) 47.8 ± 5.04% (b)

Pseudomonas 1 7.63 ** 0.39 ± 0.07% (a) 0.9 ± 0.14% (b) 1.37 ± 0.28% (b)

Unidentified Pseudomonadaceae 1 3.49 * 3.79 ± 1.14% (b) 2.02 ± 0.46% (ab) 0.72 ± 0.1% (a)

For each host plant, it is reported the abundance of each taxon compared to the whole microbial community, with the result of the Tukey’s MCT (different
letters on the same row indicate differences for P < 0.05)

*P < 0.05; **P < 0.01; ***P < 0.001

Fig. 1 Double principal coordinate analysis (DPCoA) performed on the
whole microbial community associated to larvae of Thaumetopoea
pityocampa feeding on different host plant species (Pinus halepensis,
Pinus nigra subsp. laricio, and Pinus pinaster). Ellipses are calculated
at the 95% confidence interval
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of the target species, and the characterization of its associated
microorganisms, needs to be accomplished [43], including
both life stage and host-associated microbiota.

In this study, we found that the population of gut symbionts
of T. pityocampa larvae associated with P. halapensis was
different from the symbionts associated with larvae that fed
on P. nigra subsp. laricio and P. pinaster. Pinus halapensis is
mainly found in Aspromonte pinewoods within mixed forest
at low altitude (approx. 350–500 m a.s.l.), whereas P. nigra
subsp. laricio and P. pinaster are both mainly located at higher
altitude (>700 m a.s.l.) [44]. It has been reported that insects’
microbiota is geographically stable considering the same host
plant [45–47]; therefore, it is unlikely that in our study, the
location played a primary role. Further investigations may
help to shed some light on this aspect. On the other hand, as
the gut of lepidopteran larvae has a relatively simple morphol-
ogy [48] lacking specific structures for harboring microbial
symbionts, it is not surprising that the gut microbiota can be
affected by diet [49], as we experienced in our study. The
exploiting of different microbial communities on different di-
ets could also contribute to explain the different susceptibility
of the Pinus species to the attack by T. pityocampa. Indeed,
EPPO [15] provided an exhaustive list of hosts of pine
processionary moth, ranking them for their susceptibility to
this pest. In this case, P. nigra subsp. laricio is considered
more susceptible than P. halepensis and P. pinaster.
However, studies conducted in the Mediterranean basin sug-
gested a different order of pine species preference, which
seems to vary accordingly to the geographical regions or types
of experiments [16]. The different host species susceptibility
could play an important role in shaping T. pityocampa micro-
bial community, as Macchioni et al. [50] reported that the
main constituent in the essential oils extracted from the
needles of P. halepensis was myrcene, whereas the one ob-
tained from the needles of P. nigra, and P. pinaster, showed
higher amounts of α-pinene. Since it is acknowledged that

microbial symbionts can help insects to counteract plant de-
fense mechanisms [51], the lower overall susceptibility of
P. halepensis to T. pytiocampa can explain the different com-
position of pine processionary gut microbial community,
when compared to specimens collected on the other host
plants. For this instance, our results suggest that
Actinobacteria and Methylobacteriaceae, more abundant in
insects feeding on P. halepensis, may play an important role.

Proteobacteria was the dominant phylum in pine
processionary gut microbiome, which has been extensively
found to be associated with other insects [9, 52]. Mohr et al.
[53] identified the genus Delftia associated with some species
of bees. Furthermore, Acinetobacter johnsonii was identified
to be associated with mosquitoes [54] and Dendroctonus
valens LeConte [55]. Methylobacteriaceae have been discov-
ered to be associated with Bactrocera tau (Walker),
Helicoverpa armigera (Hüb.), and lycaenid butterflies
[ 5 6 – 5 8 ] . Memb e r s o f Comamon a d a c e a e a n d
Pseudomonaceae were identified in our study and already re-
ported to be associated to Anopheles gambiae Giles [59].
Beyond their identification, the role of these taxa continues
to be undisclosed although, as observed byRussel et al. [60] in
di fferent species of ants , bacter ia belonging to
Burkholderiales, Pseudomonadales, and Rhizobiales are
widely associated with herbivore habits. Furthermore, we
identified a high presence of Actinobacteria associated with
T. pityocampa. This bacterial lineage has been previously re-
ported for other insects, for example pyrrhocorid bugs, where
it looks to act as essential nutritional symbionts [61]. In gen-
eral, Actinobacteria associated with insects provide protection
against detrimental microorganisms [62]. Interestingly, among
Actinobacter ia , reads associated with the genus
Modestobacter were more abundant in T. pityocampa larvae
associated with P. halapensis than in larvae collected from the
other two Pinus species. This result is of particular interest
from an ecological point of view, since it suggests a specific

Fig. 2 Boxplot representing the differential abundance of key bacterial taxa in the microbial community associated to larvae of Thaumetopoea
pityocampa feeding on different host plants (Pinus halepensis, Pinus nigra subsp. laricio, and Pinus pinaster)
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association betweenModestobacter and T. pityocampa larvae
feeding on P. halapensis. Little is known about genus
Modestobacter. This genus belongs to the actinobacterial fam-
ilyGeodermatophilaceae [63], which contains species that are
typical inhabitants of exposed surfaces such as monuments
and natural stones [64] or surface soils [65] and arid soils
[66]. Pinus halapensis success in colonizing the less hospita-
ble rocks prefers warmer calcareous areas and is more tolerant
to drought compared to P. nigra subsp. laricio and P. pinaster
[67]. Thus, we do not exclude that the presence of member
belonging to the genus Modestobacter in the T. pityocampa
gut might have a role in the pine processionary moth adapta-
tion to this species of Pinus. Unfortunately, for many species,
the relationship between the insect and its microbiota remain
undefined. Recent studies reported the association of genus
Modestobacter with the microbial community of the sweet
potato whitefly, Bemisia tabaci (Gennadius) B biotype [68],
and with the herbivore beetle Cryptocephalus marginellus
Olivier [69]. Otherwise, we cannot exclude that
Modestobacter might be acquired by T. pityocampa from
P. halapensis during the evolutionary process of adaptation
and might contribute to the establishment of a permanent as-
sociation [70]. Further studies dealing with the genetic diver-
sity of pine processionary moths associated with different host
plants can be pivotal to disentangle this aspect.

This study provides the first information about the micro-
bial diversity associated with T. pytiocampa, showing that the
microbiota of larvae collected on P. halepensis was different
from those sampled on P. nigra subsp. laricio and P. pinaster.
Our results support the idea that the different host plant differ-
ently impact on the diversity of the microbiome associated
with larvae of pine processionary moth. It is not excluded that
heritable symbionts vertically transmitted may have a role in
the mechanism of T. pytiocampa adaptation to different hosts
and habitats, but further studies are needed to investigate this
aspect. Bacteria associated with insects can confer their host
partner with traits allowing them to differentially exploit dis-
tinct host plant species, defining the species host range [71,
72]. These results could be successfully extended in other
geographical areas, to test the stability of the microbial com-
munity along latitudinal and altitudinal gradients, and to other
plant species, to better understand which pattern drives the
diversification of gut microbial community. These informa-
tion could be essential in shaping the future generation of pest
management strategies.
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