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Abstract

Ambrosia beetles are fungal-growing insects excavating galleries deep inside the wood. Their success as invaders increased scien-
tific interest towards them. However, most studies on their microbiota targeted their fungal associates whereas the role of bacterial
associates is understudied. To explore the role of abundant microbial associates, we isolated bacteria from active galleries of two
widespread ambrosia beetles, Xylosandrus crassiusculus and X. germanus. These isolates were classified within the Erwiniaceae family
and through a phylogenetic analysis including isolates from other insects we showed that they clustered with isolates obtained from
ambrosia and bark beetles, including Erwinia typographi. The whole genome analysis of the isolate from active galleries of X. crassius-
culus suggested that this bacterium plays both a nutritional role, by providing essential amino acids and enzymes for the hydrolysis
of plant biomass, and a defensive role, by producing antibiotics. This defensive role was also tested in vitro against fungi, including
mutualists, common associates, and parasites. The bacteria inhibited the growth of some of the common associates and parasites
but did not affect mutualists. Our study supported the hypothesis of a mutualist role of Erwiniaceae bacteria in ambrosia beetles and

highlighed the importance of bacteria in maintaining the symbiosis of their host with nutritional fungi.
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Introduction

Ambrosia beetles (Coleoptera: Curculionidae: Scolytinae and
Platypodinae) are a polyphyletic group of fungus-growing insects
that are mostly distributed in tropical and subtropical regions
of the world (Huler et al. 2015, Kirkendall et al. 2015, Hulcr and
Stelinski 2017). Several of them colonize stressed trees contain-
ing and emitting ethanol (Cavaletto et al. 2021, 2023, Ranger et al.
2021) by excavating galleries deep inside the wood, where they ac-
tively farm the nutritional fungal symbionts that they carry inside
specific organs, called mycetangia (Skelton et al. 2019, Diehl et al.
2022, Mayers et al. 2022). In addition to being a common example
of insect-microbial symbiosis (Hulcr et al. 2020), ambrosia bee-
tles are also successful invaders. More than 50 species are estab-
lished outside their native range (Lantschner et al. 2020), includ-
ing a few serious pests in natural settings and orchards (Hughes
et al. 2017, Gugliuzzo et al. 2021). Consequently, the interest in
ambrosia beetles has increased exponentially over the last few
decades.

Ambrosia beetles live in association with a wide range of mi-
croorganisms, including fungi and bacteria (Hulcr et al. 2012,
Hulcr and Skelton 2023). Among fungi, nutritional symbionts,
such as Ambrosiella spp., Dryadomyces spp. and Raffaelea spp. (As-
comycota: Ophiostomatales) (Hulcr and Skelton 2023, Osborn
et al. 2023), are commonly present together with several other
species that can be found both in the mycetangia and other body

parts (Kostovcik et al. 2015, Bateman et al. 2016, Miller et al. 2019,
Strzalka et al. 2021, Kolarik and Hulcr 2023). These additional
fungi can be acquired from the tree hosts and the environment
(Rassati et al. 2019, Morales-Rodriguez et al. 2021) and can be
transient microbes, mutualists, or parasites of either the nutri-
tional fungal symbionts (e.g., mycopathogens) or the beetles (e.g.,
entomopathogens) (Skelton et al. 2018). Among bacteria, Erwini-
aceae, Enterobacteriaceae and Pseudomonadaceae represent the
core part of the ambrosia beetle microbiome (Aylward et al. 2014,
Ibarra-Juarez et al. 2020, Nones et al. 2021, Diehl et al. 2022, 2023),
similarly to what is observed in other fungus-growing insects (Ayl-
ward et al. 2014, Barcoto et al. 2020). Their widespread presence
on the beetle body, in the gut, inside the mycetangium, and in the
galleries (Hulcr et al. 2012, Ibarra-Juarez et al. 2020, Diehl et al.
2022,2023) clearly suggests that they can play a beneficial role for
the beetle, potentially taking part as a third player in the bipartite
beetle-fungus symbiosis.

Erwiniaceae bacteria found in association with other insects
have been primarily assumed to play a nutritional role by hy-
drolyzing plant biomass and fixating nitrogen (Pinto-Tomas et al.
2009, Suen et al. 2010, Walterson and Stavrinides 2015). Nonethe-
less, they might play other important roles. As shown for Er-
winia typographi, one of the most abundant bacterial phylotypes in
the microbiome of different Ips bark beetle species (Skrodenytee-
Arbaciauskiene et al. 2012, Chakraborty et al. 2020, Moussa et al.
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2023, Veselska et al. 2023), Erwiniaceae bacteria can also resist
high concentrations of diterpenes (Skrodenytee-Arbaciauskiene
et al. 2012) and can inhibit the growth of entomopathogenic fungi
(Peral-Aranega et al. 2023). In addition, Erwiniaceae bacteria are
known to produce antibiotics (Lim et al. 2014, Walterson et al.
2014, Smits et al. 2019). In systems characterized by an obligated
symbiosis, the production of antibiotics is often involved in de-
fending the host and its symbionts against competitors and par-
asites (Kroiss et al. 2010, Poulsen et al. 2005). Nonetheless, which
functional roles are played by Erwiniaceae bacteria in ambrosia
beetles is still unclear.

In this study, we aimed at investigating the presence and the
functional roles of Erwiniaceae bacteria in ambrosia beetles. We
hypothesized that these bacteria act as positive symbionts, pro-
viding different functions which include defensive and nutritional
roles. To test these hypotheses, we first isolated Erwiniaceae bac-
teria from ambrosia beetles and we classified the isolates in a phy-
logenetic analysis of the partial 16S TRNA. Second, we sequenced
the genome of one of the isolated Erwiniaceae bacteria and we
screened for genes associated with different functional roles, in-
cluding essential amino acids supplementation, plant biomass re-
moval, nitrogen fixation, diterpene removal, and synthesis of an-
tibiotics. Third, we carried out interaction assays between this Er-
winiaceae bacterium isolate and fungi commonly found in as-
sociation with ambrosia beetles to test whether the latter bac-
teria might play a defensive role. Our findings help to elucidate
the main functions of bacteria that are part of the core micro-
biome of ambrosia beetles, aiding in the understanding of the
multi-kingdom symbiotic web associated with this emerging in-
sect group.

Materials and methods
Microbial isolation

Samples were obtained during an experiment conducted in a
broadleaved-dominated forest in spring 2022 to compare the
effect of plant stress on ambrosia beetle colonization (Riserva
Naturale Integrale Bosco Nordio, Chioggia, Veneto, 45°07'30"" N,
12°15'47" E), using 120 potted trees of various broadleaved tree
species (diameter at the base 3.0-4.5 cm, height 2.0-3.0 m). One
of these tree species, the European hornbeam Carpinus betulus,
was selected for the isolation of the bacteria and fungi associ-
ated with two widespread ambrosia beetle species (i.e. Xylosan-
drus crassiusculus and Xylosandrus germanus). Bacteria were isolated
from active galleries (i.e., galleries with living beetle colonies) in
the xylem. On each tree, three active galleries per ambrosia bee-
tle species were identified and dissected aseptically, the insects
excised, and the walls scraped with a sterile scalpel. Wood tis-
sue fragments from the gallery walls were individually placed
in sterile vials and ground in 1 ml sterile NaCl 0.9% (m/v) solu-
tion using sterile plastic pestles. Consecutive decimal dilutions
were performed in the same solution using the ground material.
The decimal dilutions were then inoculated into three different
growth media, potato-dextrose agar (PDA), Luria Bertani (LB) agar,
and yeast extract/mannitol agar (YEMA) supplemented with an-
tibiotics (2 mg/L cycloheximide and 1 mg/L streptomycin) (Bie-
dermann et al. 2013), using Drigalski spatulas. Petri dishes were
incubated at 28°C in the dark for two months. Every week, each
morphotype per sample was further isolated on LB (bacteria) or
PDA (fungi). Individual isolates were stored in glycerol 20% at
-80°C.

Molecular identification of bacterial and fungal
isolates

Isolates of bacteria and fungi were identified through barcod-
ing. Genomic DNA was extracted using the Quick-DNA Miniprep
Plus Kit (Zymo Research). For bacteria, PCR amplification of the
partial 16S rRNA gene was performed according to the protocol
described by Lane (1991), using the primers 27F/1492R. Fungal
identification was performed using the primers ITS4/ITSS5 (White
et al. 1990) for all but Ophiostomatales, for which the primers
SSUfungiF/SSUfungiR were used (Ibarra-Juarez et al. 2020). The
ITS markers do not allow good barcoding results for fungi in
this taxonomic group (Diehl et al. 2022, 2023). The PCR products
were Sanger sequenced by BMR Genomics (Padova, Italy), using a
3730XL DNA Analyzer (Applied Biosystems). The sequences were
edited with DNAbaser to remove low quality regions and identi-
fied by searching for close relatives using the BLAST tool (Altschul
et al. 1990).

Phylogenetic analyses of Erwiniaceae bacteria

A phylogenetic analysis based on the partial 16S TRNA gene
marker was performed using sequences obtained from the Er-
winiaceae bacteria isolated from active galleries of ambrosia bee-
tles and others retrieved from the NCBI GenBank database. The
latter sequences belonged to microbes isolated from the body
of ambrosia beetles, bark beetles and other Coleoptera (Hern-
don 1999, Cardoza et al. 2009, Morales-Jiménez et al. 2009, Skro-
denyté-Arbaciauskiené et al. 2012, Ahmet and Hatice 2013; Bie-
dermann unpublished data), Diptera (Pidiyar et al. 2004, Joyce et
al 2011, Chandel et al. 2013, Valiente Moro et al. 2013), Hemiptera
(Kenyon et al. 2015, Gonella et al. 2020), Hymenoptera (Harada
et al. 1996, Pinto-Tomas et al. 2009, Suen et al. 2010, Adams et
al. 2011, Véasquez et al. 2012), and Thysanoptera (De Vries et al.
2008). As references taxa we also included sequences of defined
lineages used in taxonomic studies to describe the Erwiniaceae
family (Walterson and Stavrinides 2015, Adeolu et al. 2016). All
sequences were aligned using the MAFFT 7 CRBC Server (Katoh
et al. 2019) and trimmed using MEGA11 (Tamura et al. 2021). The
phylogenetic trees were inferred using the Maximum Likelihood
method and Tamura-Nei model (Tamura and Nei 1993). The boot-
strap consensus tree was inferred from 10000 replicates, and the
analysis involved 91 nucleotide sequences with 941 positions in
the final dataset. Phylogenetic analyses were conducted using the
MEGA11 software (Tamura et al. 2021).

Genome sequencing of an Erwiniaceae isolate
from X. crassiusculus

A protocol combining Illumina and Oxford Nanopore sequencing
was adopted to obtain the complete and assembled genome se-
quence of the isolate 1C4 obtained from active galleries of X. cras-
siusculus. We selected the latter isolate instead of the one from
X. germanus because the geographic distribution of X. crassiuscu-
lus on a global scale is wider than that of X. germanus (Gugliuzzo
et al. 2021). The isolate was grown to the late exponential phase
in LB broth (25 °C, 150 r/m), cells were pelleted (10 min, 500 g),
the supernatant was removed, cells were resuspended in cryop-
reservation fluid, and then stored in a Microbank tube (Pro-Lab
Diagnostics, United Kingdom). The tube was sent to MicrobesNG
(United Kingdom) for sequencing, following the Enhanced Ser-
vice protocol. Briefly, genomic DNA libraries were prepared using
a Nextera XT Library Prep Kit (lllumina, USA). DNA quantifica-
tion and library preparation were performed using the Microlab
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STAR system (Hamilton, USA). Pooled libraries were quantified us-
ing the Kapa Biosystems Library Quantification Kit for [llumina
(Roche, South Africa) on a Roche Light Cycler 96 qPCR system.
Libraries were sequenced on an Illumina HiSeq using a 250 bp
paired end protocol. Reads were adapter-trimmed using Trimmo-
matic 0.30 with a sliding window quality cut-off of Q15. Long read
genomic DNA libraries were prepared with the Oxford Nanopore
SQK-RBKO004 kit and SQK-LSK109 kit with Native Barcoding EXP-
NBD104/114 (ONT, United Kingdom) using 400-500 ng of HMW
DNA. Then, twelve to twenty-four barcoded samples were pooled
together into a single sequencing library and loaded into a FLO-
MIN106 (R.9.4) flow cell in a GridION (Oxford Nanopore Technolo-
gies, United Kingdom).

De novo genome assembly was performed using Unicycler
v0.4.0 (Wick et al. 2017). Assembly graphs were inspected with
Bandage v0.8.1 (Wick et al. 2015) and contigs were annotated using
Prokka v1.11 (Seemann 2014). Assembly quality and annotation
completeness was evaluated using BUSCO analysis (Seppey et al.
2019). The OriTfinder server (Li et al. 2018) was used to determine
the origin of transfer (oriT) and conjugation-related regions of the
plasmid. The PATRIC phylogenomic service was used to construct
a tree comparing the available sequenced genomes of Erwiniaceae
bacteria and the isolate 1C4 obtained in this study from active gal-
leries of X. crassiusculus (Wattam et al. 2017). Additional functional
annotations were performed using the eggNOG-mapper against
the eggNOG V 5.0 database (Huerta-Cepas et al. 2019), which
includes the Carbohydrate-Active Enzymes (CAZymes) database
(Cantarel et al. 2009). The PATRIC annotation service was used to
predict genes associated to antibiotic resistance (Wattam et al.
2017). Biosynthetic gene clusters (BGC) annotation analysis was
conducted using antiSMASH 5.0 (Blin et al. 2019) with default re-
laxed detection parameters. GC content and GC skew were de-
termined using Artemis v18.1.0 (Carver et al. 2012). rRNA oper-
ons were identified using Barrnap (Seemann 2018). tRNA genes
were identified using tRNAscan-SE (Lowe and Chan 2016). In or-
der to look for genes corresponding to specific proteins of inter-
est, single comparisons were carried out using pBLAST (Altschul
et al. 1990). In particular, we investigated proteins involved in
diterpene removal and nitrogen fixation, using respectively se-
quences from the dit gene cluster found in Pseudomonas abieta-
niphila BKME-9 (Martin et al. 1999), and the nif cluster of Klebsiella
pneumoniae (Dixon et al. 1980). Protein candidates were excluded
if they showed <30% of identity to the described sequences. Cir-
cular plots were generated using DNAplotter v18.1.0 (Carver et al.
2009).

In vitro interaction assays to test defensive role
of an Erwiniaceae isolate from X. crassiusculus

To test the potential defensive role of Erwiniaceae bacteria, the
isolate 1C4 obtained from active galleries of X. crassiusculus was
confronted in co-culture using Sabouraud dextrose agar (SDA)
to ambrosia beetle associated fungi that were isolated in this
study from their active galleries. Other fungi used for the in
vitro assay were obtained from a microbial collection maintained
at the Department of Agronomy, Food, Natural resources, Ani-
mals, and Environment (DAFNAE), University of Padova. We se-
lected fungi belonging to genera that are known as common as-
sociates of ambrosia beetles (McPherson et al. 2013, Malacrino
et al. 2017, Morales-Rodriguez et al. 2021, Diehl et al. 2023), in-
cluding Alternaria, Diplodia, Diaporthe, and Fusarium, as well as
the mycopathogen Trichoderma atroviride (Table S1). Additionally,
we included commercially available entomopathogens (Beauve-
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ria bassiana, Lecanicillium muscarium, Metarhizium brunneum, Pae-
cilomyces lilacinus, Paecilomyces fumosoroseus) and another myco-
pathogen (Trichoderma harzianum) (Table S2).

The interaction assays were conducted in a co-culture between
the bacterial isolate and the different fungi. The bacterial inocu-
lum was inoculated along a longitudinal streak of 50 uL of a late
exponential culture (LB broth, 25°C, 150 r/m) across the center of
the Petri dish and using a bacteriological loop. Each fungus was in-
oculated twice 2 cm away from each side of the bacterial streak.
Fungal inocula were 6 mm circles of confluent solid media, which
were prepared by incubating the fungi for 10 days at 25°C in the
dark. For each fungus, a set of controls without bacterial inoculum
were also used. The Petri dishes were incubated for 10 days at 25°C
in the dark. After the incubation period, the total area of the dish
colonized by the tested fungus (i.e., the sum of the colonized area
in the two Petri dish halves) was calculated as a percentage using
the Image]J software (NIH). Each interaction assay was replicated
six times. Per each set of fungi, a non-parametric Wilcoxon rank-
sum test was used to compare the percentage of fungal coloniza-
tion between Petri dishes with and without the bacterial inocu-
lum. We used a non-parametric test instead of a parametric one
because of the small sample size (i.e. 6 replicates) and because the
data did not follow a normal distribution. The statistical analysis
was performed using R (R Core Team 2021).

Results
Isolated microbes and phylogenetic analysis

Two Erwiniaceae bacteria were consistently isolated from active
galleries of X. crassiusculus and X. germanus, that are 1C4 and 7G6,
respectively (Table 1). The 16S rRNA phylogenetic study of these
bacterial isolates showed that they are closely related to isolates
from other Scolytinae species, including the ambrosia beetle Xyle-
borinus saxesenii and the bark beetles Dendroctonus ponderosae, Den-
droctonus valens, and L. typographus (Fig. 1). All these bacteria clus-
tered together and formed a monophyletic group isolated from
other defined lineages of Erwiniaceae, which include bacteria iso-
lated from different insect taxa. In addition, three fungi were con-
sistently isolated from the active galleries of X. crassiusculus, i.e.
Dryadomyces sp. and Raffaelea sp., which are both nutritional sym-
bionts, and Geosmithia pallida, which is a common associate of am-
brosia beetles (Table 1).

Whole genome sequencing of an Erwiniaceae
isolate from X. crassiusculus

Whole genome sequencing was undertaken for isolate 1C4 from
active galleries of X. crassiusculus, resulting in a 5.3 Mbp chromo-
some and a circular plasmid approximately 53.7 Kbp in length (
Fig. S1), showing a BUSCO completeness score of 99.3%. A general
representation of the chromosome is provided in Fig. 2; quality
statistics are listed in Tables S3 and S4, and a further description
of the genome can be found in the Supplementary Results. The
phylogenomic analysis using a total of 100 genes ( Table S5) re-
vealed that the isolate 1C4 is more closely related to Erwinia spp.
than to other genera in the family Erwiniaceae (Fig. S2). EggNOG
V 5.0 annotation of the chromosome revealed a potential nutri-
tional role through the presence of 65 CAZymes, including 24 gly-
cosyl hydrolases (Table 2). Among them, we found enzymes with
predicted activities related to cellulose (two B-glucosidases, and
one endoglucanase), hemicellulose (¢-xylosidase), and chitin (two
chitinases) hydrolysis. Enzymes with «-amylase and trehalose-
hydrolase activities were also annotated (Table 2). Additionally,
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Table 1. List of bacterial and fungal isolates obtained in this study. Information on isolation source and barcoding is provided.

Isolate (NCBI accession

Source Barcoding
number)
BLAST closest relative
(NCBI accession
Amplified gene Kingdom number) Identity bp (%)
Isolate 1C4 Active gallery of X. 16S rRNA Bacteria Pantoea cedenensis 1017/1028 (99%)
crassiusculus 16-CDF (FJ811867)
Isolate 7G6 (0Q991373) Active gallery of X. 16S rRNA Bacteria Pantoea cedenensis 911/924 (99%)
germanus 16-CDF (FJ811867)
Dryadomyces sp. 2C1 Active gallery of X. 18S rRNA Fungi Dryadomyces montetyi 446/446 (100%)
(0Q991371) crassiusculus PC06.001 (JF909512)
Raffaelea sp. 1C2 Active gallery of X. 18S rRNA Fungi Raffaelea sp. Hulcr7507 215/232 (93%)
(0Q991372) crassiusculus (KX267141)
Geosmithia pallida 4C1 Active gallery of X. ITS1-5.8S-ITS2 rRNA Fungi Geosmithia pallida U183 550/550 (100%)
(OR045359) crassiusculus (HF546284)
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Figure 1. Phylogenetic analysis of 16S TRNA sequences of Erwiniaceae bacteria isolated in this study. Bacteria from active galleries of X. crassiusculus
and X. germanus (i.e. 1C4 and 7G6, respectively) are pointed by black arrows. The clade grouping the latter two isolates and isolates from ambrosia and
bark beetles obtained in other studies are highlighted in yellow. The numbers above the branches represent their calculated posterior probabilities.
NCBI accession numbers and the insect host order (different colors/symbols) are also shown.

Prokka v1.11 annotation revealed genes for the synthesis of amino
acids, including histidine and tryptophan. On the contrary, the
PBLAST analysis showed the absence of sequences matching pro-
teins described for the clusters dit and nif, thus not supporting

roles in nitrogen fixation and diterpenes removal. The antiSMASH
5.0 in silico prediction revealed seven putative biosynthetic gene
clusters (BGCs) including genes that encode for antibiotic syn-
thesis, such as non-ribosomal peptide-synthetases (NRPS) and
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Figure 2. Chromosome map of the bacterial isolate 1C4 obtained from
active galleries of X. crassiusculus. From outside to inside: open reading
frames for the forward and reverse strands in red and blue; putative
biosynthetic gene clusters from the Anti-SMASH analyses in black,
showing the numbers that correlate with the information in Table 3; GC
content (purple: below average, gold: above average); GC skew (purple:
below average, gold: above average).

Table 2. Glycosyl hydrolases (GH) and putative activity detected in
the genome of the Erwiniaceae isolate 1C4 obtained from active
galleries of X. crassiusculus.

CAZy family Closest relative Predicted function

GH3 bglX B-Glucosidase

GH3 bglB B-Glucosidase

GHS5, GH8, GH9 bcsZ Endoglucanase

GH13 amyA a-amylase

GH13 ygM Glucosyltransferase

GH13, GH31 treC a-amylase

GH18 ydhO Polysaccharide hydrolase

GH18 chiAl Chitinase

GH19 xylB Chitinase

GH20 nahA Naphthalene dioxygenase

GH23 emtA rRNA methyltransferase

GH23 slt Peptidoglycan-modifying

enzyme

GH23 mltC Murein-degrading enzyme

GH31 yicl a-xylosidase

GH37 treA Trehalose hydrolase

GH37 treF Trehalose hydrolase

GH77 malQ 4-alpha-
glucanotransferase

GH102 mltA Murein-degrading enzyme

GH103 mltB Transglycosylase

polyketide synthases (T1PKS), supporting a defensive role. How-
ever, genes in these clusters showed variable similarity (13%-—
100%) to those for already described molecules (Table 3, Fig. 2).
PATRIC annotation revealed the presence of multiple genes that
would confer resistance to antibiotics, including 8 different efflux
pumps (Table S5).
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In vitro interaction assays to test defensive role
of an Erwiniaceae isolate from X. crassiusculus

The isolate 1C4 from active galleries of X. crassiusculus did not af-
fect the growth of the nutritional symbionts Dryadomyces sp. and
Raffaelea sp. (Fig. 3A and B, respectively). For both fungi, the per-
centage of colonization did not differ between Petri dishes with-
out or with the bacterial isolate (Table 4). On the contrary, most of
the fungi from genera known to be common, but non-mutualistic
associates of ambrosia beetles were inhibited by the bacterium,
namely Alternaria sp. (Table 4, Fig. 3C), Alternaria alternata (Ta-
ble 4, Fig. 3D), Diplodia seriata (Table 4, Fig. 3F), Fusarium solani (Ta-
ble 4, Fig. 3G), and G. pallida (Table 4, Fig. 3H). The only associate
from the culture collection which was not significantly affected by
the presence of the bacterium was Diaporthe foeniculina (Table 4,
Fig. 3E). Entomopathogens were differently affected by the bac-
terium, with a significant reduction for Beauveria bassiana (Table 4,
Fig. 31) and Paecilomyces lilacinus (Table 4, Fig. 3M) but no effects for
Lecanicillium muscarium (Table 4, Fig. 3]), Metarhizium brunneum (Ta-
ble 4, Fig. 3K), and Paecilomyces fumosoroseus (Table 4, Fig. 3L). Myco-
pathogens were also differently affected, with a significant reduc-
tion of T. atroviride (Table 4, Fig. 3N) but no effect on T. harzianum
(Table 4, Fig. 30).

Discussion

Erwiniaceae bacteria have been highlighted as part of the core mi-
crobiota of different ambrosia beetle species (Aylward et al. 2014,
Nones et al. 2021, Diehl et al. 2022, 2023). Nonetheless, their func-
tional roles in this emerging group of beetles were still unclear.
Here we showed that one of these Erwiniaceae bacteria isolated
from active galleries of X. crassiusculus is a common associate of
ambrosia beetles and it may provide different benefits to their
hosts, which range from nutrition, by supplementing with essen-
tial amino acids and removing plant polymers, to defense, by pro-
ducing antibiotics that inhibit the growth of common associates
and parasites. These results clearly highlighted that studying
the ambrosia beetle bacteriome is essential to better understand
the multi-kingdom interactions of this fungal-growing insect
system.

Phylogenetic analysis of the bacteria isolated from active gal-
leries of X. crassiusculus (i.e., 1C4) and X. germanus (i.e., 7G6) clearly
assigned them to a clade including a few other isolates obtained
from ambrosia and bark beetles, especially E. typographi associ-
ated with the Eurasian spruce bark beetle I. typographus. The lat-
ter bacterial species is the most abundant phylotype in the guts
of different species of the bark beetle genus Ips (Chakraborty et
al. 2020, Moussa et al. 2023), and the genus Erwinia is mentioned
as part of the core microbiota of the gut and galleries of ambrosia
beetles (Diehl et al. 2022, Diehl et al. 2023) as well as a common
associate of other Curculionidae beetles (Berasategui et al. 2016).
Nonetheless, isolates from previous studies that we showed to
cluster within the clade of Erwiniaceae associated with ambrosia
and bark beetles were identified as Pantoea cedenensis (Cardoza et
al. 2009, Morales-Jiménez et al. 2009; Ahmet and Hatice 2013).
This species has been isolated also from other organisms, includ-
ing the pine wood nematode Bursaphelenchus xylophilus in Portugal
(Vicente et al. 2011) and plant buds of Prunus yedoensis in Korea
(Cheong et al. 2020). Furthermore, the reference bacteria P. cede-
nensis A34 (ATCC 700886) is reported to be an endophyte, a life
habit that has not been reported for the Erwiniaceae associated
with ambrosia and bark beetles so far. Our phylogenomic analysis
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Table 3. Putative biosynthetic gene clusters (BGCs) in the genome of the Erwiniaceae isolate 1C4 obtained from active galleries of X.

crassiusculus

BGC Type Position Closest relative
From To Most Similar BGC NCBI accession Similarity (%)?

1 NRPS, T1PKS 779799 837887 Micacocidin AL646052 40
2 T1PKS 957869 1000754 - - -
3 NI-siderophore 1164249 1176606 Desferrioxamine E MHO015039 100
4 Arylpolyene, hserlactone 2077797 2136607 Aryl polyenes NZ_FO704550 94
5 Thiopeptide 2199226 2225445 O-antigen AF035937 14
6 Hserlactone 2699139 2719798 - - -
7 Redox-cofactor 4919081 4941228 Lankacidin C AB088224.2 13

1
1

@Similarity: percentage of genes that are similar to the closest known BGC.

Table 4. Percentage of fungal colonization in Petri dishes with and without the isolate 1C4 obtained from active galleries of X. crassiusculus.
Results of the statistical analysis (i.e., W and p-value) are also included.

Without bacterial
Fungal species isolate With bacterial isolate W-statistics P-value
Dryadomyces sp. 100.0 + 0.0 100.0 + 0.0 18 1.0000
Raffaelea sp. 328 + 12 329 + 17 18 1.0000
Alternaria sp. 79.04 £ 0.7 3235 £ 16 36 0.0022
Alternaria alternata 29.8 £ 0.6 169 £ 7.2 36 0.0043
Diaporthe foeniculina 100.0 £ 0.0 100.0 £ 0.0 18 1.0000
Diplodia seriata 100 + 0.0 832 +52 36 0.0028
Fusarium solani 100 + 0.0 559 + 4.0 36 0.0028
Geosmithia pallida 394 + 0.6 284 + 45 36 0.0022
Beauveria bassiana 6.9 £ 0.5 36 +02 36 0.0022
Lecanicillium muscarium 119 £ 0.6 11.7 £ 0.4 22 0.5887
Metarhizium brunneum 26.6 £ 3.4 259 + 3.8 20 0.8089
Paecilomyces fumosoroseus 100.0 £ 0.0 100.0 £ 0.0 18 1.0000
Paecilomyces lilacinus 352 £ 1.1 221 £ 13 36 0.0022
Trichoderma atroviride 100.0 £ 0.0 53.1 £ 6.0 36 0.0028
Trichoderma harzianum 100.0 £+ 0.0 100.0 + 0.0 18 1.0000

of the isolate 1C4 from active galleries of X. crassiusculus placed it
within the genus Erwinia, highlighting that further studies should
revise the taxonomic classification of those isolates classified else-
where as P. cedenensis.

The genome analysis of the bacterial isolates from active gal-
leries of X. crassiusculus (i.e., 1C4) supported its nutritional role. In
particular, CAZymes profile showed that this bacterium is adapted
to interact with plants. The presence of sequences in the genome
for w-amylases, cellulases (B-glucosidases, endoglucanases), and
hemicellulose hydrolases (a-xylosidase) indicated that this bac-
terium can hydrolyse plant polymers, potentially aiding the insect
hostin the digestion of plant material. The same function was pro-
posed for other Erwiniaceae symbionts of fungal-growing insects
(Suen et al. 2010, Adams et al. 2011), even though the potential
role of our bacterial isolate as an endophyte cannot be excluded.
The presence of genes for the synthesis of essential amino acids,
including histidine and tryptophan, also suggests a beneficial nu-
tritional role which is known for other microbial insect symbionts
(Douglas 2011, Hansen and Moran 2014). The presence of putative
chitinases must be instead further investigated. Genes for chiti-
nases might imply a negative effect on the insect host chitinous
cuticula, as it has been proposed for other bacteria (Isaacson and
Webster 2002, Hussin and Majid 2020), or a benefit for fungal grow-
ing insects that feed on fungi with chitinous cell walls. Second,
the pBLAST analysis showed the absence of sequences matching
proteins described for the clusters dit and nif, thus not supporting

the roles in nitrogen fixation and diterpenes removal suggested by
previous studies (Diehl et al. 2022, Diehl et al. 2023, Moussa et al.
2023). Third, BGC annotation highlighted that the isolate from X.
crassiusculus might act as a protective symbiont. However, further
research is needed to describe the antibiotic molecules produced
by this bacterium. In fact, most of the putative clusters detected
by the antiSMASH 5.0 database showed low similarity, suggesting
that the molecules produced by the isolate 1C4 differ from those
of previously described clusters for antibiotics on other Erwini-
aceae bacteria (Lim et al. 2014, Walterson et al. 2014, Smits et al.
2019). Additionally, the presence of multiple resistance genes in
the genome can be translated into an adaptive advantage that fa-
vors this bacterium competitiveness against other bacteria in the
microbiome of the beetles.

Results of the interaction assays further supported the hypoth-
esis that the isolate 1C4 from X. crassiusculus may act as a de-
fensive symbiont in this species. The growth of Dryadomyces sp.
and Raffaelea sp., known as ambrosia beetles’ nutritional sym-
bionts (Hulcr and Skelton 2023, Osborn et al. 2023), was not af-
fected by the bacterium, which instead inhibited the growth of
other common, non-mutualistic associates of ambrosia beetles
and certain entomopathogens and mycopathogens. Among them,
only B. bassiana can be regularly isolated from ambrosia bee-
tles and their galleries (McPherson et al. 2013, Malacrino et al.
2017, Morales-Rodriguez et al. 2021, Diehl et al. 2023), while all
the others are probably not relevant in this multi-partite sym-
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Figure 3. Results of the interaction assays between the bacterial isolate 1C4 obtained from active galleries galleries of X. crassiusculus and the different
fungi tested in this study, divided per ecological category. Within each panel representative pictures of the control (left) and the co-culture assay (right)
are shown together with bars showing the percentage of the Petri dish colonized by the fungus (grey portion). P-values: ** = 0.01-0.001; ns = not

significant (>0.05).

biosis. The inhibitory effect can be attributed to the synthesis
of secondary metabolites with antimicrobial activities (Smits et
al. 2019), as suggested by the genome annotation. This defen-
sive role can be particularly important from an ecological per-
spective. Ambrosia beetles come in contact with a number of
fungi during their life cycle (Skelton et al. 2018, Rassati et al.
2019, Morales-Rodriguez et al. 2021), including endophytes living
in host trees and parasites, and can potentially carry them on
their body or inside the mycetangia (Kostovcik et al. 2015, Bate-

man et al. 2016). The capacity of the associated Erwiniaceae bac-
teria to protect the symbiosis between ambrosia beetles and their
nutritional fungi can be a key advantage for the beetle, aiding
in the likelihood of establishing and maintaining successful gal-
leries. The defensive role can have important implications also
for management strategies. Biocontrol agents can overgrow the
nutritional symbionts of ambrosia beetles (Kushiyev et al. 2021,
Gugliuzzo et al. 2022), but as we showed here this effect could be
inhibited by bacterial associates, which could translate into con-
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trol failure. However, in our study the inhibitory effect was evi-
dent only for certain entomopathogens or mycopathogens, which
can help to explain why certain strains of M. brunneum show
a stronger effect on ambrosia beetles than other strains of B.
bassiana (Castrillo et al. 2011, Castrillo et al. 2013, Tuncer et al.
2019). This finding should be taken into account as selecting the
right product or strain becomes basic to increase the likelihood
of success in any biological control program against ambrosia
beetles.

Conclusions

Despite the interest in ambrosia beetles is rapidly increasing
worldwide most of the studies carried out so far are focused on
their fungal rather than bacterial associates. In this study we
showed that abundant bacteria associated with ambrosia beetles
can play key nutritional and defensive roles aiding the beetle colo-
nization success. These results support the idea that the bipartite
beetle-fungus symbiosis is in fact multipartite, and highlight the
importance of multi-domain microbial community studies in am-
brosia beetles and other insects. Future studies should try to in-
vestigate how Erwiniaceae bacteria are transmitted through gen-
erations, and if the bacterium is associated to other plant inhab-
iting animals. In addition, it would be important to investigate
the diversity of microbial species associated to ambrosia beetle
species and the role of the most abundant ones, as they might be
important for the beetle colonization success.

Author contributions

Juan Carlos Cambronero-Heinrichs (Conceptualization, Data cu-
ration, Formal analysis, Investigation, Methodology, Validation, Vi-
sualization, Writing — original draft, Writing - review & editing),
Andrea Battisti (Conceptualization, Funding acquisition, Project
administration, Supervision, Writing — review & editing), Pe-
ter Biedermann (Conceptualization, Supervision, Writing — re-
view & editing), Giacomo Cavaletto (Methodology), Victor Castro-
Gutierrez (Data curation), Lorenzo Favaro (Supervision, Writing —
review & editing), Giacomo Santoiemma (Data curation), and Da-
vide Rassati (Conceptualization, Funding acquisition, Project ad-
ministration, Supervision, Writing — original draft, Writing — re-
view & editing)

Acknowledgements

The authors would like to thank Francesca Carloni, Paolo Paolucci,
and Patrizia Dall’Ara for all the support during the development
of this project. We would also like to thank Enrico Mirandola for
providing the commercially available fungi. This work was pre-
sented as a poster at FEMS2023 Congress of European Microbiol-
ogist, Hamburg.

Supplementary data
Supplementary data is available at FEMSEC journal online.

Conflict of interest: The authors declare that they have no conflicts of
interest.

Funding

This work was supported by a scholarship grant by Fondazione
Cassa di Risparmio di Padova e Rovigo (CARIPARO), by the

University of Padua under the 2019 STARS Grants program
(project:MOPI—Microorganisms as hidden players in insect inva-
sions) and the 2022 BIRD 227440 (project: Interactions between
tree species and physiological stressors on colonization by exotic
ambrosia beetles). Additionally, this project won the participation
grant for ESA (Entomological Society of America) 2023 Interna-
tional Branch Virtual Symposium.

Data availability

The genome sequences used in this manuscript were submitted
to ENA under the BioProject accession number PRJEB62745.

References

Adams AS, Jordan MS, Adams SM et al. Cellulose-degrading bacte-
ria associated with the invasive woodwasp Sirex noctilio. ISME ]
2011;5:1323-31. https://doi.org/10.1038/ismej.2011.14.

Adeolu M, Alnajar S, Naushad S et al. Genome-based phylogeny
and taxonomy of the ‘Enterobacteriales’: proposal for Enterobac-
terales ord. nov. divided into the families Enterobacteriaceae, Er-
winiaceae fam. nov., Pectobacteriaceae fam. nov., Yersiniaceae
fam. nov., Hafniaceae fam. nov., Morganellaceae fam. nov,, and
Budviciaceae fam. nov. Int J Syst Evol Microbiol 2016;66:5575-99.
https://doi.org/10.1099/ijsem.0.001485.

Ahmet K, Hatice K. Isolation and identification of bacteria from Xy-
losandrus germanus (Blandford) (Coleoptera: Curculionidae). AfrJ
Microbiol Res 2013;7:5288-99. https://doi.org/10.5897/AJMR2013.5
822.

Altschul SF, Gish W, Miller W et al. Basic local alignment search tool.
J Mol Biol 1990;215:403-10. https://doi.org/10.1016/S0022-2836(05
)80360-2.

Aylward FO, Suen G, Biedermann PHW et al. Convergent bacterial
microbiotas in the fungal agricultural systems of insects. Mbio
2014,;5:02077-14. https://doi.org/10.1128/mBio.02077-14.

Barcoto MO, Carlos-Shanley C, Fan H et al. Fungus-growing insects
host a distinctive microbiota apparently adapted to the fungicul-
ture environment. Sci Rep 2020;10:12384. https://doi.org/10.1038/
541598-020-68448-7.

Bateman C, Sigut M, Skelton ] et al. Fungal associates of the Xylosan-
drus compactus (Coleoptera: Curculionidae, Scolytinae) are spa-
tially segregated on the insect body. Environ Entomol 2016;45:883—
90. https://doi.org/10.1093/ee/nvw070.

Berasategui A, Axelsson K, Nordlander G et al. The gut microbiota
of the pine weevil is similar across Europe and resembles that
of other conifer-feeding beetles. Mol Ecol 2016;25:4014-31. https:
//doi.org/10.1111/mec.13702.

Biedermann PHW, Klepzig KD, Taborsky M et al. Abundance
and dynamics of filamentous fungi in the complex ambrosia
gardens of the primitively eusocial beetle Xyleborinus saxe-
senii Ratzeburg (Coleoptera: Curculionidae, Scolytinae). FEMS
Microbiol Ecol 2013;83:711-23. https://doi.org/10.1111/1574-6941.
12026.

Blin K, Shaw S, Steinke K et al. antiSMASH 5.0: updates to the
secondary metabolite genome mining pipeline. Nucleic Acids Res
2019;47:W81-7. https://doi.org/10.1093/nar/gkz310.

Cantarel BI, Coutinho PM, Rancurel C et al. The Carbohydrate-Active
EnZymes database (CAZy): an expert resource for glycogenomics.
Nucleic Acids Res 2009;37:D233-8. https://doi.org/10.1093/nar/gk
nees.

Cardoza YJ, Vasanthakumar A, Suazo A et al. Survey and phylo-
genetic analysis of culturable microbes in the oral secretions

£20Z Jaquieoa(] |0 U0 J8Sn OLIE)IUNWOD & 8[euoizeulslul 0oljggnd onuip 1p ojuswilediq - BAOped 1P 1pN1s 116ap eusisAiun Aq €€€201 /v L PRY/Z 1L /66/2101B/28sWal/woo dnoolwspese//:sdny wolj papeojumoq


https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad144#supplementary-data
https://doi.org/10.1038/ismej.2011.14
https://doi.org/10.1099/ijsem.0.001485
https://doi.org/10.5897/AJMR2013.5822
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1128/mBio.02077-14
https://doi.org/10.1038/s41598-020-68448-7
https://doi.org/10.1093/ee/nvw070
https://doi.org/10.1111/mec.13702
https://doi.org/10.1111/1574-6941.12026
https://doi.org/10.1093/nar/gkz310
https://doi.org/10.1093/nar/gkn663

of three bark beetle species. Entomol Exp Appl 2009;131:138-47.
https://doi.org/10.1111/j.1570- 7458.2009.00844.x.

Carver T, Harris SR, Berriman M et al. Artemis: an integrated plat-
form for visualization and analysis of high-throughput sequence-
based experimental data. Bioinformatics 2012;28:464-9. https://do
1.0rg/10.1093/bioinformatics/btr703.

Carver T, Thomson N, Bleasby A et al. DNAPlotter: circular and lin-
ear interactive genome visualization. Bioinformatics 2009;25:119-
20. https://doi.org/10.1093/bioinformatics/btn578.

Castrillo LA, Griggs MH, Ranger CM et al. Virulence of commer-
cial strains of Beauveria bassiana and Metarhizium brunneum
(Ascomycota: hypocreales) against adult Xylosandrus germanus
(Coleoptera: curculionidae) and impact on brood. Biol Control
2011;58:121-6. https://doi.org/10.1016/j.biocontrol.2011.04.010.

Castrillo LA, Griggs MH, Vandenberg JD. Granulate ambrosia bee-
tle, Xylosandrus crassiusculus (Coleoptera: Curculionidae), survival
and brood production following exposure to entomopathogenic
and mycoparasitic fungi. Biol Control 2013;67:220-6. https://doi.or
g/10.1016/j.biocontrol.2013.07.015.

Cavaletto G, Faccoli M, Ranger CM et al. Ambrosia beetle response
to ethanol concentration and host tree species. ] Appl Entomol
2021;145:800-9. https://doi.org/10.1111/jen.12895.

Cavaletto G, Ranger CM, Reding ME et al. Species-specific effects
of ethanol concentration on host colonization by four common
species of ambrosia beetles. J Pest Sci 2023;96:833-43. https://doi.
0rg/10.1007/s10340-022-01537-w.

Chakraborty A, Ashraf MZ, Modlinger R et al. Unravelling the gut bac-
teriome of Ips (Coleoptera: Curculionidae: Scolytinae): identifying
core bacterial assemblage and their ecological relevance. Sci Rep
2020;10:18572. https://doi.org/10.1038/s41598-020-75203-5.

Chandel K, Mendki MJ, Parikh RY et al. Midgut microbial commu-
nity of Culex quinquefasciatus mosquito populations from India.
PLoS One 2013;8:e80453. https://doi.org/10.1371/journal.pone.008
0453.

Cheong EJ, Na M, Jeong U. The effect of endophytic bacteria on in
vitro shoot growth of Prunus yedoensis and its identification and
elimination. In Vitro Cell Dev Biol-Plant 2020;56:200-6.

De Vries EJ, Van Der Wurff AWG, Jacobs G et al. Onion thrips, Thrips
tabaci, have gut bacteria that are closely related to the symbionts
of the western flower thrips, Frankliniella occidentalis. ] Insect Sci
2008;8:23. https://doi.org/10.1673/031.008.2301.

Diehl JMC, Keller A, Biedermann PHW. Comparing the succession of
microbial communities throughout development in field and lab-
oratory nests of the ambrosia beetle Xyleborinus saxesenii. Front Mi-
crobiol 2023;14:1227. https://doi.org/10.3389/fmicb.2023.1151208.

Diehl JMC, Kowallik V, Keller A et al. First experimental evidence for
active farming in ambrosia beetles and strong heredity of garden
microbiomes. Proc R Soc B 2022;289:221458 https://doi.org/10.109
8/rspb.2022.1458.

Dixon R, Eady RR, Espin G et al. Analysis of regulation of Klebsiella
pneumoniae nitrogen fixation (nif) gene cluster with gene fusions.
Nature 1980;286:128-32. https://doi.org/10.1038/28612820.

Douglas AE. Lessons from studying insect symbioses. Cell Host Mi-
crobe 2011:10:359-67.

Gonella E, Orru B, Marasco R et al. Disruption of host-symbiont asso-
ciations for the symbiotic control and management of pentato-
mid agricultural pests-a review. Front Microbiol 2020;11:547031.
https://doi.org/10.3389/fmicb.2020.547031.

Gugliuzzo A, Ailello D, Biondi A et al. Microbial mutualism sup-
pression by Trichoderma and Bacillus species for controlling
the invasive ambrosia beetle Xylosandrus compactus. Biol Con-
trol 2022;170:104929. https://doi.org/10.1016/j.biocontrol.2022.10
4929.

Cambronero-Heinrichsetal. | 9

Gugliuzzo A, Biedermann PHW, Carrillo D et al. Recent advances to-
ward the sustainable management of invasive Xylosandrus am-
brosia beetles. J Pest Sci 2021;94:615-37. https://doi.org/10.1007/
$10340-021-01382-3.

Hansen AK, Moran NA. The impact of microbial symbionts on host
plant utilization by herbivorous insects. Mol Ecol 2014;23:1473-96.
https://doi.org/10.1111/mec.12421

Harada H, Oyaizu H, Ishikawa H. A consideration about the origin of
aphid intracellular symbiont in connection with bacterial flora.
J Gen Appl Microbiol 1996;42:17-26. https://doi.org/10.2323/jgam .4
2.17.

Herndon DR. Identification and Characterization of midgut-associated to
the Colorado Potato Beetle. Diss. Washington: Washington State Uni-
versity, 1999.

Huerta-Cepas J, Szklarczyk D, Heller D et al. eggNOG 5.0: a hierar-
chical, functionally and phylogenetically annotated orthology re-
source based on 5090 organisms and 2502 viruses. Nucleic Acids
Res 2019;47:D309-14. https://doi.org/10.1093/nar/gky1085.

Hughes MA, Riggins JJ, Koch FH et al. No rest for the laurels: sym-
biotic invaders cause unprecedented damage to southern USA
forests. Biol Invasions 2017;19:2143-57. https://doi.org/10.1007/s1
0530-017-1427-z.

Huler J, Atkinson TH, Cognato Al et al. Morphology, taxonomy and
phylogenetics of bark beetles. In: Vega FE, Hofstetter RW (eds).
Bark Beetles. Biology and Ecology of Native and Invasive Species. Lon-
don: Elsevier, 2015,pp. 41-84. https://doi.org/10.1016/B978-0-12-
417156-5.00002-2

HulcrJ, Barnes I, De Beer ZW et al. Bark beetle mycobiome: collabora-
tively defined research priorities on a widespread insect-fungus
symbiosis. Symbiosis 2020;81:101-13. https://doi.org/10.1007/s131
99-020-00686-9.

HulcrJ, Rountree NR, Diamond SE et al. Mycangia of ambrosia beetles
host communities of bacteria. Microb Ecol 2012;64:784-93. https:
//doi.org/10.1007/s00248-012-0055-5.

Hulcr J, Skelton J. Ambrosia beetles. In: Allison JD,
Paine TD, Slippers B, Wingfield MJ (eds). Forest
Entomology ~ and  Pathology.  Springer: ~ Cham, 2023,

Pp.339-60. https://doi.org/10.1007/978-3-031-11553-0_11

Hulcr J, Stelinski LL. The ambrosia symbiosis: from evolutionary
ecology to practical management. Annu Rev Entomol 2017;62:285—
303. https://doi.org/10.1146/annurev-ento-031616-035105.

Hussin NA, Ab Majid AH. Termiticidal activity of chitinase enzyme of
Bacillus licheniformis, a symbiont isolated from the gut of Globiter-
mes sulphureus worker. Biocatal Agric Biotechnol 2020;24:101548.
https://doi.org/10.1016/j.bcab.2020.101548

Ibarra-Juarez LA, Burton MAJ, Biedermann PHW et al. Evidence for
succession and putative metabolic roles of fungi and bacteria in
the farming mutualism of the ambrosia beetle Xyleborus affinis.
Msystems 2020;5:e00541-20. https://doi.org/10.1128/mSystems.0
0541-20.

Isaacson PJ, Webster JM. Antimicrobial activity of Xenorhab-

dus sp. RIO (Enterobacteriaceae), symbiont of the en-
tomopathogenic nematode, Steinernema riobrave  (Rhab-
ditida:  Steinernematidae). ] Invertebr  Pathol  2002;79:

146-53. https://doi.org/10.1016/50022-2011(02)00019-8

Joyce JD, Nogueira JR, Bales AA et al. Interactions between La Crosse
virus and bacteria isolated from the digestive tract of Aedes al-
bopictus (Diptera: Culicidae). ] Med Entomol 2011;48:389-94. https:
//doi.org/10.1603/ME09268.

Katoh K, Rozewicki J, Yamada KD. MAFFT online service: multiple
sequence alignment, interactive sequence choice and visualiza-
tion. Brief Bioinform 2019;20:1160-6. https://doi.org/10.1093/bib/
bbx108.

£20Z Jaquieoa(] |0 U0 J8Sn OLIE)IUNWOD & 8[euoizeulslul 0oljggnd onuip 1p ojuswilediq - BAOped 1P 1pN1s 116ap eusisAiun Aq €€€201 /v L PRY/Z 1L /66/2101B/28sWal/woo dnoolwspese//:sdny wolj papeojumoq


https://doi.org/10.1111/j.1570-7458.2009.00844.x
https://doi.org/10.1093/bioinformatics/btr703
https://doi.org/10.1093/bioinformatics/btn578
https://doi.org/10.1016/j.biocontrol.2011.04.010
https://doi.org/10.1016/j.biocontrol.2013.07.015
https://doi.org/10.1111/jen.12895
https://doi.org/10.1007/s10340-022-01537-w
https://doi.org/10.1038/s41598-020-75203-5
https://doi.org/10.1371/journal.pone.0080453
https://doi.org/10.1673/031.008.2301
https://doi.org/10.3389/fmicb.2023.1151208
https://doi.org/10.1098/rspb.2022.1458
https://doi.org/10.1038/286128a0
https://doi.org/10.3389/fmicb.2020.547031
https://doi.org/10.1016/j.biocontrol.2022.104929
https://doi.org/10.1007/s10340-021-01382-3
https://doi.org/10.1111/mec.12421
https://doi.org/10.2323/jgam.42.17
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1007/s10530-017-1427-z
https://doi.org/10.1016/B978-0-12-417156-5.00002-2
https://doi.org/10.1007/s13199-020-00686-9
https://doi.org/10.1007/s00248-012-0055-5
https://doi.org/10.1007/978-3-031-11553-0_11
https://doi.org/10.1146/annurev-ento-031616-035105
https://doi.org/10.1016/j.bcab.2020.101548
https://doi.org/10.1128/mSystems.00541-20
https://doi.org/10.1016/S0022-2011(02)00019-8
https://doi.org/10.1603/ME09268
https://doi.org/10.1093/bib/bbx108

10 | FEMS Microbiology Ecology, 2023, Vol. 99, No. 12

Kenyon LJ, Meulia T, Sabree ZL. Habitat visualization and genomic
analysis of “Candidatus Pantoea carbekii” the primary symbiont of
the brown marmorated stink bug. Genome Biol Evol 2015;7:620-35.
https://doi.org/10.1093/gbe/evv006.

Kirkendall LR, Biedermann PH, Jordal BH. Evolution and diversity of
bark and ambrosia beetles. In: Vega FE, Hofstetter RW (eds). Bark
Beetles: biology and Ecology of Native and Invasive Species. New York:
Elsevier Academic Press, 2015,85-156. https://doi.org/10.1016/B9
78-0-12-417156-5.00003-4.

Kolarik M, Huler J. Geosmithia—Widespread and abundant but long
ignored bark beetle symbionts. Mycol Prog 2023;22:32. https://doi.
0rg/10.1007/s11557-023-01880-x

Kostovcik M, Bateman CC, Kolarik M et al. The ambrosia symbiosis
is specific in some species and promiscuous in others: evidence
from community pyrosequencing. ISME ] 2015;9:126-38. https://
doi.org/10.1038/isme;j.2014.115.

Kroiss J, Kaltenpoth M, Schneider B et al. Symbiotic streptomycetes
provide antibiotic combination prophylaxis for wasp offspring.
Nat Chem Biol 2010;6:261-3. https://doi.org/10.1038/nchembio.3
31.

Kushiyev R, Tuncer C, Erper [ et al. The utility of Trichoderma spp. iso-
lates to control of Xylosandrus germanus Blandford (Coleoptera:
Curculionidae: Scolytinae). J Plant Dis Prot 2021;128:153-60. https:
//doi.org/10.1007/s41348-020-00375-1.

Lane D. 165/23S rRNA sequencing. In: Usadel B (ed). Nucleic Acid Tech-
niques in Bacterial Systematics. Chichester, UK: John Wiley and Sons,
1991.

Lantschner MV, Corley JC, Liebhold AM. Drivers of global Scolytinae
invasion patterns. Ecol Appl 2020;30:€02103. https://doi.org/10.1
002/eap.2103.

Li X, Xie Y, Liu M et al. oriTfinder: a web-based tool for the iden-
tification of origin of transfers in DNA sequences of bacterial
mobile genetic elements. Nucleic Acids Res 2018;46:229-34. https:
//doi.org/10.1093/nar/gky352.

Lim JA, Lee DH, Kim BY et al. Draft genome sequence of Pantoea ag-
glomerans R190, a producer of antibiotics against phytopathogens
and foodborne pathogens. J Biotechnol 2014;188:7-8. https://doi.or
/10.1016/j.jbiotec.2014.07 .440.

Lowe TM, Chan PP. tRNAscan-SE on-line: integrating search and
context for analysis of transfer RNA genes. Nucleic Acids Res
2016;44:W54-7. https://doi.org/10.1093/nar/gkw413.

Malacrino A, Rassati D, Schena L et al. Fungal communities associ-
ated with bark and ambrosia beetles trapped atinternational har-
bours. Fungal Ecol 2017;28:44-52. https://doi.org/10.1016/j.funeco
.2017.04.007.

Martin VJJ, Yu Z, Mohn WW. Recent advances in understanding
resin acid biodegradation: microbial diversity and metabolism.
Arch Microbiol 1999;172:131-8. https://doi.org/10.1007/s0020300
50752.

Mayers CG, Harrington TC, Biedermann PHW. Mycangia define
the diverse ambrosia beetle-fungus symbioses. In: Schultz TR,
Gawne R, Peregrine PN (eds). The Convergent Evolution of Agricul-
ture in Humans and Insects. Cambridge, MA: The MIT Press 2022,
pp.105-42.

McPherson BA, Erbilgin N, Bonello P et al. Fungal species assemblages
associated with Phytophthora ramorum-infected coast live oaks fol-
lowing bark and ambrosia beetle colonization in Northern Cali-
fornia. For Ecol Manag 2013;291:30-42. http://dx.doi.org/10.1016/j
.foreco.2012.11.010.

Miller KE, Inward DJ, Gomez-Rodriguez C et al. Predicting the unpre-
dictable: how host specific is the mycobiota of bark and ambrosia
beetles?. Fungal Ecol 2019;42:100854. https://doi.org/10.1016/j.fu
neco.2019.07.008.

Morales-Jiménez J, Zufiga G, Villa-Tanaca L et al. Bacterial commu-
nity and nitrogen fixation in the red turpentine beetle, Dendroc-
tonus valens LeConte (Coleoptera: Curculionidae: Scolytinae). Mi-
crob Ecol 2009;58:879-91. https://doi.org/10.1007/s00248-009-954
8-2.

Morales-Rodriguez C, Sferrazza I, Aleandri MP et al. The fungal com-
munity associated with the ambrosia beetle Xylosandrus com-
pactus invading the mediterranean maquis in central Italy reveals
high biodiversity and suggests environmental acquisitions. Fun-
gal Biol 2021;125:12-24. https://doi.org/10.1016/j.funbio.2020.09.0
08.

Moussa A, Nones S, Vannucchi PE et al. The bacterial community of
the European spruce bark beetle in space and time. Biorxiv 2023.
https://doi.org/10.1101/2023.04.28.538755

Nones S, Simoes F, Trindade CS et al. Microbiome associated with the
mycangia of female and male adults of the ambrosia beetle Platy-
pus cylindrus Fab. (Coleoptera: Curculionidae). Insects 2021;12:881.
https://doi.org/10.3390/insects12100881.

Osborn RK, Castro J, Duong TA et al. Symbiotic fungi associated with
xyleborine ambrosia beetles (Coleoptera: Curculionidae: Scolyti-
nae) and the imperative of global collaboration. Ann Entomol Soc
Am 2023;116:51-71. https://doi.org/10.1093/aesa/saac024.

Peral-Aranega E, Saati-Santamaria Z, Ayuso-Calles M et al. New
insight into the bark beetle Ips typographus bacteriome re-
veals unexplored diversity potentially beneficial to the host.
Environ Microbiome 2023;18:53. https://doi.org/10.1186/s40793-0
23-00510-z.

Pidiyar V], Jangid K, Patole MS et al. Studies on cultured and uncul-
tured microbiota of wild Culex quinquefasciatus mosquito midgut
based on 16 s ribosomal RNA gene analysis. Am J Trop Med Hyg
2004;70:597-603. https://doi.org/10.4269/ajtmh.2004.70.597.

Pinto-Tomas AA, Anderson MA, Suen G et al. Symbiotic nitro-
gen fixation in the fungus gardens of leaf-cutter ants. Science
2009;326:1120-3. https://doi.org/10.1126/science.1173036.

Poulsen M, Cafaro M, Boomsma JJ et al. Specificity of the mutualistic
association between actinomycete bacteria and two sympatric
species of Acromyrmex leaf-cutting ants. Mol Ecol 2005;14:3597—
604. https://doi.org/10.1111/j.1365-294X.2005.02695.x

R Core Team. R: a Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing, 2021,
URL https://www.R-project.org/.

Ranger CM, Reding ME, Addesso K et al. Semiochemical-mediated
host selection by Xylosandrus spp. ambrosia beetles (Coleoptera:
Curculionidae) attacking horticultural tree crops: a review of ba-
sic and applied science. Can Entomol 2021;153:103-20. https://doi.
org/10.4039/tce.2020.51.

Rassati D, Marini L, Malacrino A. Acquisition of fungi from the envi-
ronment modifies ambrosia beetle mycobiome during invasion.
Peer] 2019;7:e8103. https://doi.org/10.7717/peer;.8103.

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068-9. https://doi.org/10.1093/bioinformatics
/btuls3.

Seemann T. GitHub - tseemann/barrnap: bacterial ribosomal RNA
predictor. 2018.

Seppey M, Manni M, Zdobnov EM. BUSCO: assessing genome assem-
bly and annotation completeness. In: Kollmar M (eds). Gene Pre-
diction: methods and Protocols. New York: Humana, 2019,227-45.
https://doi.org/10.1007/978-1-4939-9173-0_14

Skelton J, Johnson AJ, Jusino MA et al. A selective fungal transport
organ (mycangium) maintains coarse phylogenetic congruence
between fungus-farming ambrosia beetles and their symbionts.
Proc R Soc B 2019;286:20182127. https://doi.org/10.1098/rspb.201
8.2127.

£20Z Jaquieoa(] |0 U0 J8Sn OLIE)IUNWOD & 8[euoizeulslul 0oljggnd onuip 1p ojuswilediq - BAOped 1P 1pN1s 116ap eusisAiun Aq €€€201 /v L PRY/Z 1L /66/2101B/28sWal/woo dnoolwspese//:sdny wolj papeojumoq


https://doi.org/10.1093/gbe/evv006
https://doi.org/10.1016/B978-0-12-417156-5.00003-4
https://doi.org/10.1007/s11557-023-01880-x
https://doi.org/10.1038/ismej.2014.115
https://doi.org/10.1038/nchembio.331
https://doi.org/10.1007/s41348-020-00375-1
https://doi.org/10.1002/eap.2103
https://doi.org/10.1093/nar/gky352
https://doi.org/10.1016/j.jbiotec.2014.07.440
https://doi.org/10.1093/nar/gkw413
https://doi.org/10.1016/j.funeco.2017.04.007
https://doi.org/10.1007/s002030050752
http://dx.doi.org/10.1016/j.foreco.2012.11.010
https://doi.org/10.1016/j.funeco.2019.07.008
https://doi.org/10.1007/s00248-009-9548-2
https://doi.org/10.1016/j.funbio.2020.09.008
https://doi.org/10.1101/2023.04.28.538755
https://doi.org/10.3390/insects12100881
https://doi.org/10.1093/aesa/saac024
https://doi.org/10.1186/s40793-023-00510-z
https://doi.org/10.4269/ajtmh.2004.70.597
https://doi.org/10.1126/science.1173036
https://doi.org/10.1111/j.1365-294X.2005.02695.x
https://www.R-project.org/
https://doi.org/10.4039/tce.2020.51
https://doi.org/10.7717/peerj.8103
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1007/978-1-4939-9173-0_14
https://doi.org/10.1098/rspb.2018.2127

Skelton J, Jusino MA, Li'Y et al. Detecting symbioses in complex com-
munities: the fungal symbionts of bark and ambrosia beetles
within Asian pines. Microb Ecol 2018;76:839-50. https://doi.org/10
.1007/500248-018-1154-8.

Skrodenytee-Arbaciauskiene V, Radziute S, Stunzenas V et al. Erwinia
typographi sp. nov., isolated from bark beetle (Ips typographus) gut.
Int J Syst Evol Microbiol 2012;62:942-8. https://doi.org/10.1099/ijs.
0.030304-0.

Smits THM, Duffy B, Blom ] et al. Pantocin a, a peptide-derived an-
tibiotic involved in biological control by plant-associated Pantoea
species. Arch Microbiol 2019;201:713-22. https://doi.org/10.1007/
500203-019-01647-7.

Strzalka B, Kolarik M, Jankowiak R. Geosmithia associated with
hardwood-infesting bark and ambrosia beetles, with the de-
scription of three new species from Poland. Antonie Van
Leeuwenhoek 2021;114:169-94. https://doi.org/10.1007/s10482-0
20-01510-6

Suen G, Scott JJ, Aylward FO et al. An insect herbivore micro-
biome with high plant biomass-degrading capacity. PLoS Genet
2010;6:1001129. https://doi.org/10.1371/journal.pgen.1001129.

Tamura K, Nei M. Estimation of the number of nucleotide substitu-
tions in the control region of mitochondrial DNA in humans and
chimpanzees. Mol Biol Evol 1993;10:512-26. https://doi.org/10.109
3/oxfordjournals.molbev.a040023

Tamura K, Stecher G, Kumar S. MEGA11: molecular Evolutionary Ge-
netics Analysis Version 11. Mol Biol Evol 2021;38:3022—7. https:
//doi.org/10.1093/molbev/msab120.

Tuncer C, Kushiyev R, Erper I et al. Efficacy of native isolates of
Metarhizium anisopliae and Beauveria bassiana against the invasive
ambrosia beetle, Xylosandrus germanus blandford (Coleoptera:
Curculionidae: scolytinae). Egypt J Biol Pest Control 2019;29:1-6.
https://doi.org/10.1186/s41938-019-0132-x.

Valiente Moro C, Tran FH, Nantenaina Raharimalala F et al. Diversity
of culturable bacteria including Pantoea in wild mosquito Aedes

Cambronero-Heinrichs etal. | 11

albopictus. BMC Microbiol 2013;13:1-11. https://doi.org/10.1186/14
71-2180-13-70.

Vasquez A, Forsgren E, Fries I et al. Symbionts as major modula-
tors of insect health: lactic acid bacteria and honeybees. PLoS One
2012;7:e33188. https://doi.org/10.1371/journal.pone.0033188.

Veselska T, Svec K, Kostoveik M et al. Proportions of taxa belong-
ing to the gut core microbiome change throughout the life cycle
and season of the bark beetle Ips typographus. FEMS Microbiol Ecol
2023;99:fiad072. https://doi.org/10.1093/femsec/fiad072.

Vicente CS, Nascimento F, Espada M et al. Bacteria associated with
the pinewood nematode Bursaphelenchus xylophilus collected in
Portugal. Antonie Van Leeuwenhoek 2011;100:477-81.

Walterson AM, Smith DDN, Stavrinides J. Identification of a Pantoea
biosynthetic cluster that directs the synthesis of an antimicrobial
natural product. PLoS One 2014;9:e96208. https://doi.org/10.1371/
journal.pone.0096208.

Walterson AM, Stavrinides J. Pantoea: insights into a highly versatile
and diverse genus within the Enterobacteriaceae. FEMS Microbiol
Rev 2015;39:968-84. https://doi.org/10.1093/femsre/fuv027

Wattam AR, Davis JJ, Assaf R et al. Improvements to PATRIC, the all-
bacterial bioinformatics database and analysis resource center.
Nucleic Acids Res 2017;45:D535-42. https://doi.org/10.1093/nar/gk
w1017.

White T, Bruns T, Lee S et al. Amplification and Direct Sequencing
of Fungal Ribosomal RNA Genes for Phylogenetics. PCR Protocols: a
Guide to Methods and Applications. San Diego: Academic Press, 1990,
315-22.

Wick RR, Judd LM, Gorrie CL et al. Unicycler: resolving bacterial
genome assemblies from short and long sequencing reads. PLoS
Comput Biol 2017;13:e1005595. https://doi.org/10.1371/journal.pc
bi1.1005595.

Wick RR, Schultz MB, Zobel ] et al. Bandage: interactive visualization
of de novo genome assemblies. Bioinformatics 2015;31:3350-2. ht
tps://doi.org/10.1093/bioinformatics/btv383.

Received 25 August 2023; revised 29 October 2023; accepted 8 November 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

£20Z Jaquieoa(] |0 U0 J8Sn OLIE)IUNWOD & 8[euoizeulslul 0oljggnd onuip 1p ojuswilediq - BAOped 1P 1pN1s 116ap eusisAiun Aq €€€201 /v L PRY/Z 1L /66/2101B/28sWal/woo dnoolwspese//:sdny wolj papeojumoq


https://doi.org/10.1007/s00248-018-1154-8
https://doi.org/10.1099/ijs.0.030304-0
https://doi.org/10.1007/s00203-019-01647-7
https://doi.org/10.1007/s10482-020-01510-6
https://doi.org/10.1371/journal.pgen.1001129
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1186/s41938-019-0132-x
https://doi.org/10.1186/1471-2180-13-70
https://doi.org/10.1371/journal.pone.0033188
https://doi.org/10.1093/femsec/fiad072
https://doi.org/10.1371/journal.pone.0096208
https://doi.org/10.1093/femsre/fuv027
https://doi.org/10.1093/nar/gkw1017
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/bioinformatics/btv383
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Author contributions
	Acknowledgements
	Supplementary data
	Funding
	Data availability
	References

