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Abstract 

Ambr osia beetles ar e fungal-gr owing insects excav ating galleries dee p inside the wood. Their success as invaders increased scien- 
tific inter est tow ards them. Howev er, most studies on their microbiota targeted their fungal associates whereas the role of bacterial 
associates is understudied. To explore the r ole of a bundant micr obial associates, we isolated bacteria fr om acti v e galleries of two 
widespr ead ambr osia beetles, Xylosandrus crassiusculus and X. germanus . These isolates wer e classified within the Erwiniaceae famil y 
and through a phylogenetic analysis including isolates from other insects w e show ed that they clustered with isolates obtained from 

ambrosia and bark beetles, including Erwinia typographi . The whole genome analysis of the isolate fr om acti v e galleries of X. crassius- 
culus suggested that this bacterium plays both a n utritional r ole, by pr oviding essential amino acids and enzymes for the hydr ol ysis 
of plant biomass, and a defensi v e r ole, by pr oducing antibiotics. This defensi v e r ole w as 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. 

Ke yw ords: Ambrosia beetles; Xylosandrus crassiusculus ; Xylosandrus germanus ; Erwinia ; Symbiosis; Mutualists 
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Introduction 

Ambr osia beetles (Coleopter a: Curculionidae: Scol ytinae and 

Platypodinae) are a polyphyletic group of fungus-growing insects 
that are mostly distributed in tropical and subtropical regions 
of the world (Hulcr et al. 2015 , Kirkendall et al. 2015 , Hulcr and 

Stelinski 2017 ). Se v er al of them colonize str essed tr ees contain- 
ing and emitting ethanol (Cavaletto et al. 2021 , 2023 , Ranger et al.
2021 ) by excavating galleries deep inside the wood, where they ac- 
tiv el y 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 in vaders . 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 or char ds (Hughes 
et al. 2017 , Gugliuzzo et al. 2021 ). Consequently, the interest in 

ambrosia beetles has increased exponentially over the last few 

decades. 
Ambr osia beetles liv e in association with a wide r ange of mi- 

cr oor ganisms, 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 ), ar e commonl y pr esent together with se v er al other 
species that can be found both in the mycetangia and other body 
Recei v ed 25 August 2023; revised 29 October 2023; accepted 8 November 2023 
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r e pr oduction in any medium, provided the original work is properly cited. For com
arts (K osto vcik et al. 2015 , Bateman et al. 2016 , Miller et al. 2019 ,
trzalka et al. 2021 , Kolarik and Hulcr 2023 ). These additional
ungi can be acquir ed fr om the tree hosts and the environment
Rassati et al. 2019 , Morales-Rodriguez et al. 2021 ) and can be
r ansient micr obes, m utualists, or par asites of either the nutri-
ional fungal symbionts (e.g., mycopathogens) or the beetles (e.g.,
ntomopathogens) (Skelton et al. 2018 ). Among bacteria, Erwini- 
ceae, Enterobacteriaceae and Pseudomonadaceae represent the 
ore part of the ambrosia beetle microbiome (Aylw ar d et al. 2014 ,
barr a-Juar ez et al. 2020 , Nones et al. 2021 , Diehl et al. 2022 , 2023 ),
imilarly to what is observed in other fungus-growing insects (Ayl-
 ar d et al. 2014 , Barcoto et al. 2020 ). Their widespread presence
n the beetle body, in the gut, inside the mycetangium, and in the
alleries (Hulcr et al. 2012 , Ibarr a-Juar ez et al. 2020 , Diehl et al.
022 , 2023 ) clearly suggests that they can play a beneficial role for
he beetle, potentially taking part as a thir d play er in the bipartite
eetle-fungus symbiosis. 

Erwiniaceae bacteria found in association with other insects 
ave been primarily assumed to play a nutritional role by hy-
r ol yzing plant biomass and fixating nitrogen (Pinto-Tomás et al.
009 , Suen et al. 2010 , Walterson and Stavrinides 2015 ). Nonethe-
ess , they might pla y other important roles . As shown for Er-
inia typographi, one of the most abundant bacterial phylotypes in

he microbiome of different Ips bark beetle species (Skr oden ytee-
rbaciauskiene et al. 2012 , Chakraborty et al. 2020 , Moussa et al.
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023 , Veselská et al. 2023 ), Erwiniaceae bacteria can also resist
igh concentrations of diterpenes (Skrodenytee-Arbaciauskiene 
t al. 2012 ) and can inhibit the growth of entomopathogenic fungi
Per al-Ar anega et al. 2023 ). In addition, Erwiniaceae bacteria are
nown to produce antibiotics (Lim et al. 2014 , Walterson et al.
014 , Smits et al. 2019 ). In systems c har acterized by an obligated
ymbiosis, the production of antibiotics is often involved in de-
ending the host and its symbionts against competitors and par-
sites (Kroiss et al. 2010 , Poulsen et al. 2005 ). Nonetheless, which
unctional roles are played by Erwiniaceae bacteria in ambrosia
eetles is still unclear. 

In this study, we aimed at investigating the presence and the
unctional roles of Erwiniaceae bacteria in ambrosia beetles. We
ypothesized that these bacteria act as positive symbionts, pro-
iding different functions which include defensive and nutritional
oles. To test these hypotheses, we first isolated Erwiniaceae bac-
eria fr om ambr osia beetles and we classified the isolates in a phy-
ogenetic analysis of the partial 16S rRN A. Second, w e sequenced
he genome of one of the isolated Erwiniaceae bacteria and we
creened for genes associated with different functional roles, in-
luding essential amino acids supplementation, plant biomass re-
ov al, nitr ogen fixation, diter pene r emov al, and synthesis of an-

ibiotics . T hir d, w e carried out interaction assays between this Er-
iniaceae bacterium isolate and fungi commonly found in as-

ociation with ambrosia beetles to test whether the latter bac-
eria might play a defensive role. Our findings help to elucidate
he main functions of bacteria that are part of the core micro-
iome of ambrosia beetles, aiding in the understanding of the
ulti-kingdom symbiotic web associated with this emerging in-

ect group. 

aterials and methods 

icrobial isolation 

amples were obtained during an experiment conducted in a
r oadleav ed-dominated for est in spring 2022 to compar e the
ffect of plant stress on ambrosia beetle colonization (Riserva
atur ale Integr ale Bosco Nordio , Chioggia, Veneto , 45 ◦07 ′ 30’’ N,
2 ◦15 ′ 47’’ E), using 120 potted trees of various broadleaved tree
pecies (diameter at the base 3.0–4.5 cm, height 2.0–3.0 m). One
f these tree species, the European hornbeam Carpinus betulus ,
as selected for the isolation of the bacteria and fungi associ-
ted with two widespread ambrosia beetle species (i.e. Xylosan-
rus crassiusculus and Xylosandrus germanus ). Bacteria were isolated
r om activ e galleries (i.e., galleries with living beetle colonies) in
he xylem. On eac h tr ee, thr ee activ e galleries per ambr osia bee-
le species were identified and dissected aseptically, the insects
xcised, and the walls scr a ped with a sterile scalpel. Wood tis-
ue fr a gments fr om the gallery w alls w er e individuall y placed
n sterile vials and ground in 1 ml sterile NaCl 0.9% (m/v) solu-
ion using sterile plastic pestles. Consecutive decimal dilutions
ere performed in the same solution using the ground material.
he decimal dilutions were then inoculated into three different
r owth media, potato-dextr ose a gar (PDA), Luria Bertani (LB) a gar,
nd yeast extract/mannitol agar (YEMA) supplemented with an-
ibiotics (2 mg/L cycloheximide and 1 mg/L stre ptom ycin) (Bie-
ermann et al. 2013 ), using Drigalski spatulas. Petri dishes were

ncubated at 28 ◦C in the dark for two months. Every week, each
orphotype per sample was further isolated on LB (bacteria) or

DA (fungi). Individual isolates were stored in glycerol 20% at
80 ◦C. 
olecular identification of bacterial and fungal 
solates 

solates of bacteria and fungi were identified through barcod-
ng. Genomic DN A w as extracted using the Quic k-DNA Minipr ep
lus Kit (Zymo Research). For bacteria, PCR amplification of the
artial 16S rRNA gene was performed according to the protocol
escribed by Lane ( 1991 ), using the primers 27F/1492R. Fungal

dentification was performed using the primers ITS4/ITS5 (White
t al. 1990 ) for all but Ophiostomatales, for which the primers
SUfung iF/SSUfung iR wer e used (Ibarr a-Juar ez et al. 2020 ). The
TS markers do not allow good barcoding results for fungi in
his taxonomic group (Diehl et al. 2022 , 2023 ). The PCR products
ere Sanger sequenced by BMR Genomics (P adov a, Ital y), using a
730XL DNA Analyzer (Applied Biosystems). The sequences were
dited with DNAbaser to r emov e low quality regions and identi-
ed by searching for close relatives using the BLAST tool (Altschul
t al. 1990 ). 

hylogenetic analyses of Erwiniaceae bacteria 

 phylogenetic analysis based on the partial 16S rRNA gene
arker was performed using sequences obtained from the Er-
iniaceae bacteria isolated from active galleries of ambrosia bee-

les and others r etrie v ed fr om the NCBI GenBank database . T he
atter sequences belonged to microbes isolated from the body
f ambrosia beetles, bark beetles and other Coleoptera (Hern-
on 1999 , Cardoza et al. 2009 , Morales-Jiménez et al. 2009 , Skro-
enyt ̇e-Arba ̌ciauskien ̇e et al. 2012 , Ahmet and Hatice 2013 ; Bie-
ermann unpublished data), Diptera (Pidiyar et al. 2004 , Joyce et
l 2011 , Chandel et al. 2013 , Valiente Moro et al. 2013 ), Hemiptera
K en yon et al. 2015 , Gonella et al. 2020 ), Hymenoptera (Harada
t al. 1996 , Pinto-Tomás et al. 2009 , Suen et al. 2010 , Adams et
l. 2011 , Vásquez et al. 2012 ), and Thysanoptera (De Vries et al.
008 ). As r efer ences taxa we also included sequences of defined
ineages used in taxonomic studies to describe the Erwiniaceae
amily (Walterson and Stavrinides 2015, Adeolu et al. 2016 ). All
equences were aligned using the MAFFT 7 CRBC Server (Katoh
t al. 2019 ) and trimmed using MEGA11 (Tam ur a et al. 2021 ). The
hylogenetic tr ees wer e inferr ed using the Maximum Likelihood
ethod and Tam ur a-Nei model (Tam ur a and Nei 1993 ). The boot-

tr a p consensus tr ee was inferr ed fr om 10 000 r eplicates, and the
nal ysis involv ed 91 nucleotide sequences with 941 positions in
he final dataset. Phylogenetic anal yses wer e conducted using the
EGA11 software (Tamura et al. 2021 ). 

enome sequencing of an Erwiniaceae isolate 

rom X. crassiusculus 
 protocol combining Illumina and Oxford Nanopore sequencing
as adopted to obtain the complete and assembled genome se-
uence of the isolate 1C4 obtained from active galleries of X. cras-
iusculus . We selected the latter isolate instead of the one from
. germanus because the geogr a phic distribution of X. crassiuscu-

us on a global scale is wider than that of X. germanus (Gugliuzzo
t al. 2021 ). The isolate was grown to the late exponential phase
n LB broth (25 ◦C, 150 r/m), cells were pelleted (10 min, 500 g),
he supernatant was r emov ed, cells wer e r esuspended in cryop-
 eserv ation fluid, and then stored in a Microbank tube (Pro-Lab
iagnostics , United Kingdom). T he tube was sent to MicrobesNG

United Kingdom) for sequencing, following the Enhanced Ser-
ice protocol. Briefly, genomic DNA libraries were prepared using
 Nextera XT Library Prep Kit (Illumina, USA). DNA quantifica-
ion and library preparation were performed using the Microlab
023
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STAR system (Hamilton, USA). Pooled libraries were quantified us- 
ing the Kapa Biosystems Library Quantification Kit for Illumina 
(Roche, South Africa) on a Roche Light Cycler 96 qPCR system.
Libr aries wer e sequenced on an Illumina HiSeq using a 250 bp 

pair ed end pr otocol. Reads wer e ada pter-trimmed using Trimmo- 
matic 0.30 with a sliding window quality cut-off of Q15. Long read 

genomic DN A libraries w ere prepared with the Oxford Nanopore 
SQK-RBK004 kit and SQK-LSK109 kit with Native Barcoding EXP- 
NBD104/114 (ONT, United Kingdom) using 400–500 ng of HMW 

DN A. Then, tw elve to tw enty-four bar coded samples w ere 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 

Banda ge v0.8.1 (Wic k et al. 2015 ) and contigs were annotated using 
Prokka v1.11 (Seemann 2014 ). Assembly quality and annotation 

completeness was e v aluated using B USCO anal ysis (Se ppe y et al.
2019 ). The OriTfinder server (Li et al. 2018 ) was used to determine 
the origin of tr ansfer (oriT) and conjugation-r elated r egions of the 
plasmid. The P A TRIC 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 Carbohydr ate-Activ e Enzymes (CAZymes) database 
(Cantarel et al. 2009 ). The P A TRIC 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 inv estigated pr oteins involv ed in 

diter pene r emov al and nitr ogen fixation, using r espectiv el y 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 ). Pr otein candidates wer e excluded 

if they sho w ed ≤30% of identity to the described sequences. Cir- 
cular plots wer e gener ated using DNAplotter v18.1.0 (Carver et al.
2009 ). 

In vitro interaction assays to test defensi v e 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 
confr onted in co-cultur e using Sabour aud dextr ose a gar (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, Natur al r esources, Ani- 
mals , and En vir onment (DAFNAE), Univ ersity of P adov a. We se- 
lected fung i belong ing to genera that are known as common as- 
sociates of ambrosia beetles (McPherson et al. 2013 , Malacrinò
et al. 2017 , Morales-Rodríguez et al. 2021 , Diehl et al. 2023 ), in- 
cluding Alternaria , Diplodia , Diaporthe , and Fusarium, as well as 
the mycopathogen Trichoderma atroviride ( Table S1 ). Additionally,
w e included commer ciall y av ailable entomopathogens ( Beauve- 
ia bassiana, Lecanicillium muscarium, Metarhizium brunneum, Pae- 
ilom yces lilacinus, Paecilom yces fumosoroseus ) and another myco-
athogen ( Trichoderma harzianum ) ( Table S2 ). 

The interaction assays were conducted in a co-culture between 

he bacterial isolate and the different fungi. The bacterial inocu-
um was inoculated along a longitudinal streak of 50 μL of a late
xponential cultur e (LB br oth, 25 ◦C, 150 r/m) acr oss the center of
he Petri dish and using a bacteriological loop. Each fungus was in-
culated twice 2 cm a wa y fr om eac h side of the bacterial streak.
ungal inocula were 6 mm circles of confluent solid media, which
er e pr epar ed by incubating the fungi for 10 days at 25 ◦C in the
ark. For each fungus, a set of controls without bacterial inoculum
ere also used. The Petri dishes were incubated for 10 days at 25 ◦C

n the dark. After the incubation period, the total area of the dish
olonized by the tested fungus (i.e., the sum of the colonized area
n the two Petri dish halves) was calculated as a percentage using
he Ima geJ softwar e (NIH). Eac h inter action assay was r eplicated
ix times. Per each set of fungi, a non-parametric Wilcoxon rank-
um test was used to compare the percentage of fungal coloniza-
ion betw een P etri dishes with and without the bacterial inocu-
um. We used a non-parametric test instead of a parametric one
ecause of the small sample size (i.e. 6 replicates) and because the
ata did not follow a normal distribution. The statistical analysis
as performed using R (R Core Team 2021 ). 

esults 

solated microbes and phylogenetic analysis 

wo Erwiniaceae bacteria wer e consistentl y isolated from active
alleries of X. crassiusculus and X. germanus , that are 1C4 and 7G6,
 espectiv el y (Table 1 ). The 16S rRNA phylogenetic study of these
acterial isolates sho w ed that they ar e closel y r elated to isolates
r om other Scol ytinae species, including the ambr osia beetle Xyle-
orinus saxesenii and the bark beetles Dendroctonus ponderosae, Den- 
roctonus valens , and I. typographus (Fig. 1 ). All these bacteria clus-
ered together and formed a monophyletic group isolated from 

ther defined lineages of Erwiniaceae, which include bacteria iso- 
ated from different insect taxa. In addition, three fungi were con-
istently isolated from the active galleries of X. crassiusculus , i.e.
ryadomyces sp. and Raffaelea sp., which are both nutritional sym-
ionts, and Geosmithia pallida, which is a common associate of am-
rosia beetles (Table 1 ). 

hole genome sequencing of an Erwiniaceae 

solate from X. crassiusculus 
hole genome sequencing was undertaken for isolate 1C4 from 

ctive galleries of X. crassiusculus , resulting in a 5.3 Mbp c hr omo-
ome and a circular plasmid a ppr oximatel y 53.7 Kbp in length (
ig. S1 ), showing a BUSCO completeness score of 99.3%. A general
 epr esentation of the c hr omosome is pr ovided in Fig. 2 ; quality
tatistics are listed in Tables S3 and S4 , and a further description
f the genome can be found in the Supplementary Results . T he
hylogenomic analysis using a total of 100 genes ( Table S5 ) re-
ealed that the isolate 1C4 is mor e closel y r elated to Erwinia spp.
han to other genera in the family Erwiniaceae ( Fig. S2 ). EggNOG
 5.0 annotation of the c hr omosome r e v ealed a potential nutri-

ional role through the presence of 65 C AZymes , including 24 gly-
osyl hydrolases (Table 2 ). Among them, we found enzymes with
redicted activities related to cellulose (two β-glucosidases, and 

ne endoglucanase), hemicellulose ( α-xylosidase), and chitin (two 
 hitinases) hydr ol ysis. Enzymes with α-amylase and tr ehalose-
ydrolase activities were also annotated (Table 2 ). Additionally,
 23
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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 
number) 

Source Barcoding 

Amplified gene Kingdom 

BLAST closest relati v e 
(NCBI accession 

number) Identity bp (%) 

Isolate 1C4 Active gallery of X. 
crassiusculus 

16S rRNA Bacteria Pantoea cedenensis 
16-CDF (FJ811867) 

1017/1028 (99%) 

Isolate 7G6 (OQ991373) Active gallery of X. 
germanus 

16S rRNA Bacteria Pantoea cedenensis 
16-CDF (FJ811867) 

911/924 (99%) 

Dryadomyces sp. 2C1 
(OQ991371) 

Active gallery of X. 
crassiusculus 

18S rRNA Fungi Dryadomyces montetyi 
PC06.001 (JF909512) 

446/446 (100%) 

Raffaelea sp. 1C2 
(OQ991372) 

Active gallery of X. 
crassiusculus 

18S rRNA Fungi Raffaelea sp. Hulcr7507 
(KX267141) 

215/232 (93%) 

Geosmithia pallida 4C1 
(OR045359) 

Active gallery of X. 
crassiusculus 

ITS1-5.8S-ITS2 rRNA Fungi Geosmithia pallida U183 
(HF546284) 

550/550 (100%) 

Figure 1. Phylogenetic analysis of 16S rRNA sequences of Erwiniaceae bacteria isolated in this study. Bacteria from active galleries of X. crassiusculus 
and X. germanus (i.e. 1C4 and 7G6, r espectiv el y) ar e pointed by blac k arr ows . T he clade gr ouping the latter two isolates and isolates fr om ambr osia and 
bark beetles obtained in other studies are highlighted in y ello w. The numbers above the branches represent their calculated posterior probabilities. 
NCBI accession numbers and the insect host order (different colors/symbols) are also shown. 
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rokka v1.11 annotation revealed genes for the synthesis of amino
cids, including histidine and tryptophan. On the contrary, the
BLAST analysis sho w ed the absence of sequences matc hing pr o-
eins described for the clusters dit and nif , thus not supporting
 oles in nitr ogen fixation and diter penes r emov al. The antiSMASH
.0 in silico pr ediction r e v ealed se v en putativ e biosynthetic gene
lusters (BGCs) including genes that encode for antibiotic syn-
hesis, such as non-ribosomal peptide-synthetases (NRPS) and
  2023
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Figure 2. Chr omosome ma p of the bacterial isolate 1C4 obtained fr om 

active galleries of X. crassiusculus . From outside to inside: open reading 
frames for the forw ar d 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 a verage , gold: abo ve a verage); GC skew (purple: 
below av er a ge, gold: abov e av er a ge). 

Table 2. Gl ycosyl hydr olases (GH) and putativ e activity detected in 

the genome of the Erwiniaceae isolate 1C4 obtained from active 
galleries of X. crassiusculus. 

C AZy famil y Closest relati v e Predicted function 

GH3 bglX β-Glucosidase 
GH3 bglB β-Glucosidase 
GH5, GH8, GH9 bcsZ Endoglucanase 
GH13 amyA α-amylase 
GH13 ycjM Glucosyltr ansfer ase 
GH13, GH31 treC α-amylase 
GH18 ydhO Pol ysacc haride hydr olase 
GH18 chiA1 Chitinase 
GH19 xylB Chitinase 
GH20 nahA Naphthalene dioxygenase 
GH23 emtA rRNA methyltr ansfer ase 
GH23 slt Peptidoglycan-modifying 

enzyme 
GH23 mltC Mur ein-degr ading enzyme 
GH31 yicI α-xylosidase 
GH37 treA Tr ehalose hydr olase 
GH37 treF Tr ehalose hydr olase 
GH77 malQ 4-alpha- 

glucanotr ansfer ase 
GH102 mltA Mur ein-degr ading enzyme 
GH103 mltB Tr ansgl ycosylase 
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polyketide synthases (T1PKS), supporting a defensive role. How- 
e v er, genes in these clusters sho w ed variable similarity (13%–
100%) to those for already described molecules (Table 3 , Fig. 2 ).
P A TRIC annotation r e v ealed the pr esence of m ultiple genes that 
would confer resistance to antibiotics, including 8 different efflux 
pumps ( Table S5 ). 
n vitro interaction assays to test defensi v e role 

f an Erwiniaceae isolate from X. crassiusculus 
he isolate 1C4 from active galleries of X. crassiusculus did not af-
ect the growth of the nutritional symbionts Dryadomyces sp. and
affaelea sp. (Fig. 3 A and B, respectively). For both fungi, the per-
entage of colonization did not differ between Petri dishes with-
ut or with the bacterial isolate (Table 4 ). On the contrary, most of
he fungi from genera known to be common, but non-mutualistic
ssociates of ambrosia beetles were inhibited by the bacterium,
amely Alternaria sp. (Table 4 , Fig. 3 C), Alternaria alternata (Ta-
le 4 , Fig. 3 D), Diplodia seriata (Table 4 , Fig. 3 F), Fusarium solani (Ta-
le 4 , Fig. 3 G), and G. pallida (Table 4 , Fig. 3 H). The only associate
r om the cultur e collection whic h was not significantl y affected by
he presence of the bacterium was Diaporthe foeniculina (Table 4 ,
ig. 3 E). Entomopathogens were differently affected by the bac-
erium, with a significant reduction for Beauveria bassiana (Table 4 ,
ig. 3 I) and Paecilomyces lilacinus (Table 4 , Fig. 3 M) but no effects for
ecanicillium muscarium (Table 4 , Fig. 3 J), Metarhizium brunneum (Ta-
le 4 , Fig. 3 K), and Paecilomyces fumosoroseus (Table 4 , Fig. 3 L). Myco-
athogens were also differently affected, with a significant reduc- 
ion of T. atroviride (Table 4 , Fig. 3 N) but no effect on T. harzianum
Table 4 , Fig. 3 O). 

iscussion 

rwiniaceae bacteria have been highlighted as part of the core mi-
r obiota of differ ent ambr osia beetle species (Ayl w ar d et al. 2014 ,
ones et al. 2021 , Diehl et al. 2022 , 2023 ). Nonetheless, their func-

ional roles in this emerging group of beetles were still unclear.
ere w e sho w ed that one of these Erwiniaceae bacteria isolated

r om activ e galleries of X. crassiusculus is a common associate of
mbrosia beetles and it ma y pro vide different benefits to their
osts, whic h r ange fr om nutrition, by supplementing with essen-
ial amino acids and removing plant polymers, to defense, by pro-
ucing antibiotics that inhibit the growth of common associates 
nd parasites . T hese r esults clearl y highlighted that studying
he ambrosia beetle bacteriome is essential to better understand 

he multi-kingdom interactions of this fungal-growing insect 
ystem. 

Phylogenetic analysis of the bacteria isolated fr om activ e gal-
eries of X. crassiusculus (i.e., 1C4) and X. germanus (i.e., 7G6) clearly
ssigned them to a clade including a few other isolates obtained
r om ambr osia and bark beetles, especiall y E. typographi associ-
ted with the Eurasian spruce bark beetle I. typographus . The lat-
er bacterial species is the most abundant phylotype in the guts
f different species of the bark beetle genus Ips (Chakraborty et
l. 2020 , Moussa et al. 2023 ), and the genus Erwinia is mentioned
s part of the core microbiota of the gut and galleries of ambrosia
eetles (Diehl et al. 2022 , Diehl et al. 2023 ) as well as a common
ssociate of other Curculionidae beetles (Berasategui et al. 2016 ).
onetheless, isolates from previous studies that w e sho w ed to
luster within the clade of Erwiniaceae associated with ambrosia 
nd bark beetles were identified as Pantoea cedenensis (Cardoza et
l. 2009 , Morales-Jiménez et al. 2009 ; Ahmet and Hatice 2013 ).
his species has been isolated also from other organisms, includ-

ng the pine wood nematode Bursaphelenchus xylophilus in Portugal 
Vicente et al. 2011 ) and plant buds of Prunus yedoensis in Korea
Cheong et al. 2020 ). Furthermor e, the r efer ence bacteria P. cede-
ensis A34 (ATCC 700886) is reported to be an endophyte, a life
abit that has not been reported for the Erwiniaceae associated
ith ambrosia and bark beetles so far. Our phylogenomic analysis
023
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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 relati v e 

From To Most Similar BGC NCBI accession Similarity (%) a 

1 NRPS, T1PKS 779799 837887 Micacocidin AL646052 40 
2 T1PKS 957869 1000754 – – –
3 NI-sider ophor e 1164249 1176606 Desferrioxamine E MH015039 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 

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

Ta ble 4. P er centage of fungal colonization in Petri dishes with and without the isolate 1C4 obtained fr om activ e galleries of X. crassiusculus . 
Results of the statistical analysis (i.e., W and p-value) are also included. 

Fungal species 
Without bacterial 

isolate With bacterial isolate W-statistics P -value 

Dryadomyces sp. 100.0 ± 0.0 100.0 ± 0.0 18 1 .0000 
Raffaelea sp. 32.8 ± 1.2 32.9 ± 1.7 18 1 .0000 
Alternaria sp. 79.04 ± 0.7 32.35 ± 1.6 36 0 .0022 
Alternaria alternata 29.8 ± 0.6 16.9 ± 7.2 36 0 .0043 
Diaporthe foeniculina 100.0 ± 0.0 100.0 ± 0.0 18 1 .0000 
Diplodia seriata 100 ± 0.0 83.2 ± 5.2 36 0 .0028 
Fusarium solani 100 ± 0.0 55.9 ± 4.0 36 0 .0028 
Geosmithia pallida 39.4 ± 0.6 28.4 ± 4.5 36 0 .0022 
Beauveria bassiana 6.9 ± 0.5 3.6 ± 0.2 36 0 .0022 
Lecanicillium muscarium 11.9 ± 0.6 11.7 ± 0.4 22 0 .5887 
Metarhizium brunneum 26.6 ± 3.4 25.9 ± 3.8 20 0 .8089 
Paecilomyces fumosoroseus 100.0 ± 0.0 100.0 ± 0.0 18 1 .0000 
Paecilomyces lilacinus 35.2 ± 1.1 22.1 ± 1.3 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 
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f the isolate 1C4 fr om activ e galleries of X. crassiusculus placed it
ithin the genus Erwinia , highlighting that further studies should
 e vise the taxonomic classification of those isolates classified else-
here as P. cedenensis. 
The genome analysis of the bacterial isolates from active gal-

eries of X. crassiusculus (i.e., 1C4) supported its nutritional role. In
articular, CAZymes profile sho w ed that this bacterium is adapted
o interact with plants . T he presence of sequences in the genome
or α-amylases, cellulases ( β-glucosidases, endoglucanases), and
emicellulose hydrolases ( α-xylosidase) indicated that this bac-
erium can hydr ol yse plant pol ymers, potentiall y aiding the insect
ost in the digestion of plant material. The same function was pro-
osed for other Erwiniaceae symbionts of fungal-growing insects

Suen et al. 2010 , Adams et al. 2011 ), e v en though the potential
ole of our bacterial isolate as an endophyte cannot be excluded.
he presence of genes for the synthesis of essential amino acids,

ncluding histidine and tryptophan, also suggests a beneficial nu-
ritional r ole whic h is known for other microbial insect symbionts
Douglas 2011 , Hansen and Moran 2014 ). The presence of putative
 hitinases m ust be instead further investigated. Genes for chiti-
ases might imply a negative effect on the insect host chitinous
uticula, as it has been proposed for other bacteria (Isaacson and
ebster 2002 , Hussin and Majid 2020 ), or a benefit for fungal grow-

ng insects that feed on fungi with chitinous cell walls. Second,
he pBLAST analysis sho w ed the absence of sequences matching
roteins described for the clusters dit and nif , thus not supporting
he roles in nitrogen fixation and diterpenes removal suggested by
r e vious studies (Diehl et al. 2022 , Diehl et al. 2023 , Moussa et al.
023 ). Third, BGC annotation highlighted that the isolate from X.
rassiusculus might act as a pr otectiv e symbiont. Ho w e v er, further
 esearc h is needed to describe the antibiotic molecules produced
y this bacterium. In fact, most of the putative clusters detected
y the antiSMASH 5.0 database showed low similarity, suggesting
hat the molecules produced by the isolate 1C4 differ from those
f pr e viousl y described clusters for antibiotics on other Erwini-
ceae bacteria (Lim et al. 2014 , Walterson et al. 2014 , Smits et al.
019 ). Additionall y, the pr esence of m ultiple r esistance genes in
he genome can be translated into an ada ptiv e adv anta ge that fa-
ors this bacterium competitiv eness a gainst other bacteria in the
icrobiome of the beetles. 
Results of the interaction assays further supported the hypoth-

sis that the isolate 1C4 from X. crassiusculus may act as a de-
ensive symbiont in this species . T he growth of Dryadomyces sp.
nd Raffaelea sp., known as ambrosia beetles’ nutritional sym-
ionts (Hulcr and Skelton 2023 , Osborn et al. 2023 ), was not af-
ected by the bacterium, which instead inhibited the growth of
ther common, non-mutualistic associates of ambrosia beetles
nd certain entomopathogens and mycopathogens. Among them,
nly B. bassiana can be regularly isolated from ambrosia bee-
les and their galleries (McPherson et al. 2013 , Malacrinò et al.
017 , Morales-Rodríguez et al. 2021 , Diehl et al. 2023 ), while all
he others ar e pr obabl y not r ele v ant in this multi-partite sym-
 23
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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 stud y, di vided per ecological category. Within each panel r epr esentativ e pictur es 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). 
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biosis . T he 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- 
siv e r ole can be particularl y important fr om an ecological per- 
spectiv e. Ambr osia 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 (K osto vcik et al. 2015 , Bate- 
an et al. 2016 ). The capacity of the associated Erwiniaceae bac-
eria to protect the symbiosis between ambrosia beetles and their
utritional fungi can be a key adv anta ge for the beetle, aiding

n the likelihood of establishing and maintaining successful gal- 
eries . T he defensiv e r ole can hav e important implications also
or management strategies. Biocontrol agents can overgrow the 
utritional symbionts of ambrosia beetles (Kushiyev et al. 2021 ,
ugliuzzo et al. 2022 ), but as we showed here this effect could be

nhibited by bacterial associates, which could translate into con- 
2023
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r ol failur e. Ho w e v er, in our study the inhibitory effect was e vi-
ent only for certain entomopathogens or mycopathogens, which
an help to explain why certain strains of M. brunneum show
 stronger effect on ambrosia beetles than other strains of B.
assiana (Castrillo et al. 2011 , Castrillo et al. 2013 , Tuncer et al.
019 ). This finding should be taken into account as selecting the
ight product or strain becomes basic to increase the likelihood
f success in any biological control program against ambrosia
eetles. 

onclusions 

espite the interest in ambrosia beetles is r a pidl y incr easing
orldwide most of the studies carried out so far are focused on

heir fungal rather than bacterial associates. In this study we
ho w ed that abundant bacteria associated with ambrosia beetles
an play k e y n utritional and defensi v e r oles aiding the beetle colo-
ization success . T hese results support the idea that the bipartite
eetle-fungus symbiosis is in fact multipartite, and highlight the

mportance of multi-domain microbial community studies in am-
rosia beetles and other insects. Future studies should try to in-
estigate how Erwiniaceae bacteria are transmitted through gen-
rations, and if the bacterium is associated to other plant inhab-
ting animals. In addition, it would be important to investigate
he diversity of microbial species associated to ambrosia beetle
pecies and the role of the most abundant ones, as they might be
mportant for the beetle colonization success. 
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