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Abstract

Ips typographus, the most serious pest of spruce forests in Europe, is associated with microorganisms facilitating its invasion
and development inside spruce tissues. Despite the importance of I. typographus, little is known about its core gut microbiome.
Hereby, we describe the composition of bacterial and fungal microbiomes throughout I. typographus life cycle in spring and
summer generations. We used cultivation technique and molecular identification in combination with DNA and RNA metabar-
coding to achieve deep inside into the beetle’s microbiome composition and structure. As it is not known whether microbiome
forms stable communities inside the beetle’s gut, we observed gut epithelium for biofilm formation with Transmission Elec-
tron Microscopy. Cultivation technique together with DNA and RNA metabarcoding indicated similar dominant taxa. The
bacterial community belongs almost exclusively to the phylum Proteobacteria (newly Pseudomonadota) and the most com-
mon orders and genera are Enterobacteriales (Erwinia and Serratia), Pseudomonadales (Pseudomonas) and Xanthomonadales
(Pseudoxanthomonas, Stenotrophomonas). Yeasts (Saccharomycetes) highly dominated the fungal microbiome, followed by
Sordariomycetes represented mainly by Ophiostoma bicolor and Endoconidiophora polonica. The most common yeasts were
Wickerhamomyces bisporus, Kuraishia molischiana, Nakazawaea ambrosiae, Yamadazyma spp. and Cyberlindnera sp. The
proportions of the dominant taxa belonging to the core microbiome of I. typographus change throughout its life cycle and
generations. We did not observe any biofilm formation on gut epithelium, which suggests that microbial cells pass through the
beetle’s gut with chyme. We propose that species belonging to the core microbiome has similar functions and alternate in the

I. typographus ecosystem depending on environmental conditions.

INTRODUCTION

Bark beetles (Curculionidae: Scolytinae) is an ubiquitous, taxonomically and ecologically highly diversified
group of insects. They include more than 6,000 species that feed on various plant tissues (Kirkendall et
al., 2015). Bark beetles are an integral part of forest ecosystems as they promote forest heterogeneity and
resilience across multiple scales (Kulakowski et al., 2016). However, they cause increasingly severe outbreaks
worldwide as a result of global climate change, insufficient forest management and introductions of new
invasive species often linked to international trade (Hlasny et al., 2021). Thus, bark beetles are considered
the most important threat to agricultural forests (Kirkendall & Faccoli, 2010; Hicke et al., 2013; 2016; Mezei
et al., 2017).

The evolutionary success of bark beetles has been undoubtedly facilitated by a wide range of associations
with microbial symbionts (Sun et al., 2013; Douglas, 2015; Garcia-Fraile, 2018; Chakrabotry 2020; Dinkins-
Bookwalter et al., 2015). Nature of the symbiosis is diverse, ranging from parasitism to mutualistic relation-
ship (Six, 2012; Su et al. 2013) and microbiome fulfills multiple proposed functions. Firstly, these microorga-



nisms enrich beetles’ diet with sterols, vitamins, essential amino acids, and nitrogenous compounds (Rivera
et al., 2009; Hernandez-Garcia et al., 2018; Ibarra-Juarez et al., 2020; Fabryova et al., 2018; Veselska et al.,
2018; Garcia-Fraile, 2018; Bentz & Six 2006; Ayres, Wilkens et al., 2000). Secondly, they ease plant tissue
colonization by detoxification of tree defense compounds (Hammerbacher et al., 2013; Giron et al., 2020),
or by production of small molecules defending against pathogens, parasites, and predators (Conord, 2008;
Berasategui et al., 2016; Giron et al., 2020). Thirdly, they ferment sugars in the tree phloem and convert
them into beetle’s pheromones (Zhao et al., 2019). For that purpose, insects’ symbionts are a promising
source of new bioactive compounds (VanMoll et al., 2021; Saati-Santamarfa et al., 2018). Finally, some of
the symbionts are phytopathogens that can necrotize healthy plant tissue, thereby not only increasing insects’
fitness but causing tree mortality (Li et al., 2022; Hofestetter, 2015).

Previous studies of the microbiome have studied a very different set of substrates, such as galleries or whole
larvae or adults, or their mixture, not allowing to distinguish between ecto- and endosymbiotic microbial
communities. When looking at the gallery system in more detail, it is clear that it is composed of a number
of different niches. The life cycle of the beetle begins with the maternal beetles laying eggs and actively or
passively introducing microorganisms into the system, which then grow into the surrounding plant tissues and
are further consumed by larvae, which build their tunnels. Ectosymbiotic microorganisms proliferating around
and inside galleries are the most conspicuous and studied, because they include tree-killing ophiostomatoid
fungi. However, bark beetles, like other herbivores, also have endosymbiotic communities in their guts, which
are then in direct interactions (e.g. detoxification, nutrient supply, protection, pheromone production) with
ingested plant matter (Douglas 2015; Engel & Moran 2013; Giron et al. 2017). Several studies, mostly on
Dendroctonus beetles and bacteria (e.g. Hou et al. 2022), have investigated the structure and composition
of bark beetle gut microbial communities. More work is needed to understand how specific or labile gut
communities are, and how their structure and composition relates to functions required by the beetle host
(reviewed in Six et al. 2013; Engel, P. & Moran 2013).

European bark beetle, Ips typographus is currently the most serious pest of spruce forests (Biedermann et
al., 2019). Its distribution follows in its entirety the area of its host treePicea abies which has a continuous
range in Scandinavia, north-eastern Europe and western Russia, and central Europe.Ips typographus has one
to three generations annually depending on temperature. Predictions suggest that the number of complete
generations will increase as a result of global climate change (Jakoby, et al. 2019; Biedermann, et al. 2019).
Despite the economic significance of I. typographus and the known importance of microorganisms on bark
beetles” ecology, we have only limited knowledge of the composition, ecological functions and seasonality
of the microorganismal community associated with I. typographu s. Current knowledge is based almost
exclusively on cultivation approaches, often focused on ophiostomatoid fungi only. Thus, baseline data on
the total spectrum of associated microorganisms is missing. Ips typographus transmits microorganisms via
gut and body surface, as it lacks any specialized phoretic structure (Bentz, et al. 2019). Ophiostomatoid fungi
such asGrosmannia penicillata , Ophiostoma bicolor and Endoconidiophora polonica , which participate in
the detoxification of spruce defense compounds (Hammerbacher et al., 2013; Zhao et al., 2019), are reported
as dominant and stable associates. They are followed by a variety of other filamentous fungi and yeasts
such asOgataea , Pichia , Candida , Kuraishia and Cryptococcus (see Linnakoski et al., 2012 for review).
Bacteriome has so far been studied sporadically and only few taxa such asSerratia liquefaciens (Muratoglu
et al., 2009), Erwinia typographi (Skrodenyté-Arbadiauskiené et al., 2012),Staphylococcus , and Pseudomonas
(Berasategui et al., 2016, Peral-Aranega et al., 2020, Saati-Santamaria et al., 2021) were reported. So far, only
two studies based on fungal and bacterial DNA metabarcode sequencing respectively have been published
(Chakraborty et al., 2020a, 2020b). However, these studies were focused only on large scale comparison of
gut-associated microbiome among several bark beetle species, including I. typographus . Thus, our study is
the first which brings detailed analyses of I. typographus microbiome throughout its life cycle and seasons.
It is surprising that for such a fundamental forest pest, we do not have a clear idea of the complete structure
of microbial communities (both intestinal and ectosymbiotic) and their changes during the life cycle and
seasons (i.e. in different generations during the year). Due to sampling design biases, there is also a lack of
information about which organisms the bark beetle vectors and which it acquires from the environment, via



environmental filtering.

Here we report the first rigorous description of the core microbiome of I. typographus throughout its life cycle
and two generations using a combination of cultivation technique, DNA and RNA metabarcode sequencing
and transmission electron microscopy. For that purpose, we collected parental adults (beetle-finding gal-
leries), larvae, pupae and young adults (teneral adults) from the two generations of the same year (spring
and summer generation). Precise taxonomic identification allowed us to distinguish taxa mostly at the
species level, which is essential for the interpretation of the ecology and biology of the particular symbiont.
According to the current state of art, there are multiple definitions of core microbiome (Berg et al., 2020;
Risely, 2020). In the present study, dominant species from the DNA and RNA metabarcode sequencing were
assigned to belong among the core microbiota. We found that even though the taxonomic composition of
core microbiota is rather similar, the proportions of the dominant taxa varies throughout the life cycle and
seasons. Fungal microbiome is dominated by yeasts (mainly Wickerhamomyces bisporus , Nakazawaea am-
brosiae and Kuraishia molischiana ). Bacterial microbiome is dominated by orders Enterobacteriales, mainly
by Erwinia typographi , Pseudomonadales and Pseudoxanthomonadales.

MATERIAL AND METHODS
Sample collection

During May and August 2020, four and five trunks (dbh 20-25 cm), respectively, were sampled in the
surroundings of Nizbor (Czechia, 49°59°09.9"N 13°56’47.5”E, 390 m.a.s.l.). The sampling site is situated
in a continuously forested area belonging to Protected Landscape Area Kiivoklatsko. The average annual
temperature is 9 °C and the average annual precipitation is 494.9 mm (Lény observatory, Czech Hydrome-
teorological Institute). Spruce trees infested by I. typographu s were randomly selected, felled, cut into logs
and transported to the Institute of Microbiology of the CAS, Prague. Logs were incubated in the exterior in
a shaded place simulating the original forest site and successively sampled for various bark beetle life stages
regardless of the gender (parental adults, larvae, pupae, young (teneral) adults, and infested pigmented and
intact phloem as a control, see sampling scheme, Fig. 1). We also sampled freshly laid eggs; however, we
were not able to ensure their proper surface sterilization. Thus, the eggs were omitted from the analysis.
Beetle species determination was based on their macromorphology under a binocular magnifier (Nikon SZ30,
Minato, Japan) using determination literature (Pfeffer, 1955). Beetle samples were taken out of the galleries
and surface sterilized by subsequent washing with 70% ethanol, 2% Tween 80 (Avantor, USA) and sterile
distilled water. Randomly selected 5 galleries from each log were sampled and pooled into one representative
sample containing 10 individuals. Suspicious or parasitized galleries or individuals were excluded from the
study. In the summer season, the parts of the infested phloem (2x5 mm) from active galleries and parts of
intact phloem (2x5 mm) were collected. The single sample consisted of five phloem pieces collected on the
same log, and pooled. Fresh intact phloem was sampled at the beginning of the beetle development at least
10 cm from the young maternal gallery where no colonization by microorganisms was visible. Infested phloem
was sampled at the end of the development of teneral adults and was distinct by the colorization of plant
tissues. Pooled samples were frozen at -80°C in Eppendorf tubes till DNA/RNA extraction, if necessary.

Fungal cultivation and identification

Surface sterilized larvae (described above) were dissected straight after collection, their guts were stored
in 200 pl of 25% glycerol until further manipulation. Once we obtained enough guts, we crushed and
homogenized them by sterile plastic pestle in 1.5 ml Eppendorf tube with 1 ml of sterile 1% Tween 80 in
dH>0, and vortexed for approximately 10 s on bench vortex (IKA MS3 vortexer). The vortexed inoculum
was spread on 9 cm agar plates with 2% YES medium with antibiotics (5 g/l of yeast extract, 30 g/l of
glucose, 15g/1 of agar, 60 mg/1 of streptomycin and 60 mg/1 of chloramphenicol all from Sigma-Aldrich, St.
Louis, Missouri, USA). The method of serial dilutions (1, 10, 100 x) was used to determine the abundance of
individual taxa. Agar plates were cultivated at 25 °C for one week in the dark and after this period colonies
were morpho-typed and morphologically unique cultures were taken for further identification. In the present
study, we describe cultivation and identification only for fungal microbiome as the bacterial part is described



elsewhere (Peral-Aranega et al., in press). For the identification of fungal isolates, the DNA was extracted
from the fresh pure cultures using a DNeasy PowerSoil Pro Kit (QTAGEN GmbH, Hilden, Germany). Fungi
were identified by ITS-LSU rDNA barcode which was amplified using the ITS4 primer (O’Donnell 1992
White et al., 1990). SAP-Exo kit (Jena Bioscience GmbH, Germany) was used for purification of PCR
amplicons and sequencing was done at Macrogen Inc. (Seoul, Korea). Obtained sequences were manually
aligned in Bioedit v.7.2.5. The obtained sequences were blasted (Altschul et al., 1990) to those of type strains
of described species available in public databases to identify the isolates.

DNA metabarcode analysis
DNA extraction

DNA was extracted from the surface sterilized beetle samples (parental adults, larvae, pupae, and teneral
adults) and infested and intact phloem. Although we were focused on intestinal microbiota, we isolated DNA
from the whole individuals not directly from guts as the softness of pupal bodies impede such manipulation.
DNA was extracted following the phenol-chloroform protocol (Sagova-Mareckova et al., 2008) using the
phenol-chloroform—isoamyl alcohol (25:24:1) premixed solution (Sigma-Aldrich, St. Louis, Missouri, USA).
The initial homogenization was done on FastPrep-24 5G Instrument (Irvine, California, USA) using wolfram
beads in combination with glass beads (BioSpec Products, Inc., Bartlesville USA). DNA yield was quantified
on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) using Qubit dsDNA
BR Assay Kit and DNA quality was checked on Nanodrop (NanoDrop 2000c, ThermoFisher scientific).

Amplicon sequencing

PCR amplification was done by kit KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland) using
an input DNA concentration of 50 ng/ul. We used ITS2 and 16S markers for the identification of fungi
and bacteria, respectively. Genetic markers were amplified using labeled pairs of primers ITS3_KYO2 and
ITS4 KYO3 (Toju et al., 2012) for ITS2 marker and primer pair 799F (Chelius and Triplett 2001) and
1115R (Redford et a. 2010) for 16S marker V5-V6 region. Each DNA sample was amplified in triplicates
in separate 96-microtiter plates, which were subsequently pooled into one sample. Each 96-microtiter plate
also included three negative controls (PCR grade water used as a template) and one positive control for
fungal/bacterial species (a random DNA sample of one of our pure bacterial/fungal cultures was used as
a template). Amplicons were then purified from oligonucleotides by SAP-Exo kit (Jena Bioscience GmbH,
Germany). 1 pg of purified amplicon served as a template for library construction using KAPA HyperPlus
Kit in combination with KAPA UDI primer mixes (Kapa Biosystems, Massachusetts, USA). Amplicon’s size
selection of the final libraries was done by KAPA Pure Beads (Kapa Biosystems) and its effectiveness was
checked on 1% agarose gel (SeaKem@®) LE Agarose, Lonza Group Ltd, Basel Switzerland). The amplicons
size for ITS and 16S were around 450 bp and 300 bp, respectively. The quality of the ligated library was
quantified using the EliZyme Library Quantification Kit (Elisabeth Pharmacon, Brno, Czechia). Library
sequencing was done on the Illumina MiSeq platform (San Diego, California, USA) on a 2x300 bp paired-end
reads run performed at CEITEC institute (Brno, Czechia).

DNA metabarcoding data processing

Sequencing data were processed using QIIME 2.0 2021.8 (Bolyen, et al. 2019). Raw reads were demultiplexed
and quality filtered using the g2-demux plugin, and in the case of fungal datasets, the ITS region was
extracted using the q2-ITSxpress plugin (Rivers et al. 2018). Afterwards, reads were denoised using the
DADA2 algorithm (Callahan, et al. 2016) and a feature table with counts of amplicon sequence variants
(ASVs) per sample was produced. Taxonomy was assigned using the q2-feature-classifier classify-sklearn
(Bokulich, et al.2018) using a trained naive Bayes classifier against the SILVA_138_SSURef Nr99 bacterial
reference database and UNITE QIIME release for Fungi version 8.0. Rarefaction analysis of final ASV
tables was performed to assess the completeness of the dataset and the admissible data resampling level for
statistical analysis.

Metatranscriptome analysis



RNA extraction

For RNA extraction, the whole ventriculus, foregut, midgut and hindgut of each specimen was eviscerated
under the binocular magnifier from the parental adults (11 samples), larvae (7 samples) and teneral adults
(8 samples) of Ips typographus . Pupae were not analyzed as the softness of their bodies impeded such
manipulation. RNA was extracted using the Nucleospin RNA plant kit (Macherey-Nagel). The intestines
were eviscerated directly into lysis buffer RA1 supplemented with 1% B-mercaptoethanol and then kept in
the freezer at -80°C until needed. Samples in lysis buffer were then homogenized using Lysing Matrix A (MP
Biomedicals) on FastPrep-24 5G Instrument (Irvine, California, USA) for 30 s at 5.5 m/s. The DNA digestion
step was omitted from the protocol. The DNA digestion was then performed with TURBO DNA free kit
(Invitrogen). The absence of residual DNA in the samples was verified by PCR amplification of ITS and 16S
regions and visualization of the reaction products on the agarose gel. The purity of isolated RNA was checked
by Nanodrop (NanoDrop 2000c, ThermoFisher scientific). Samples with A260/A280 and A260/A230 lower
than 1.8 were repurified by isopropanol precipitation with 3 M sodium acetate, pH 5.2. RNA concentration
was measured on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) using
Qubit dsRNA BR Assay Kit. Quality of isolated RNA was examined on Bioanalyzer using RNA 6000 Pico
Kit (Agilent).

Library construction and sequencing

Isolated RNA was separated into two fractions. The first fraction included eukaryotic mRNA that was
extracted from total RNA by NEBNext(r) Poly(A) mRNA Magnetic Isolation Module (BioLabs) following
manufacturers’ protocol. The second fraction (bacterial RNA and eukaryotic rRNA) was extracted from
the supernatant after mRNA separation by RNAClean XP beads (Beckman Coulter). Both fractions were
used for library constructions. cDNA libraries were built by Zymo-Seq RiboFree Total RNA-Seq Library Kit
(Zymo Research) following manufacturers’ protocol. The quality of cDNA libraries was then visualized on
Bioanalyzer by High Sensitivity DNA Kit (Agilent). Libraries were sequenced at CEITEC institute (Brno,
Czechia) on the Illumina novaseq platform on a 2x 150 bp paired-end reads run.

Metatranscriptome analysis

Raw data were processed using SqueezeMeta v1.4.0 pipeline (Tamames & Puente-Sanchez 2019). Assembly
was done using Megahit (Li et al 2015). Short contigs (<150 bps) were removed using prinseq (Schmieder
et al., 2011). Contig statistics were done using prinseq (Schmieder et al., 2011). RNAs were predicted using
Barrnap (Seeman 2014). 16S rRNA sequences were taxonomically classified using the RDP classifier (Wang
et al., 2007). tRNA/tmRNA sequences were predicted using Aragorn (Laslett & Canback 2004). ORFs were
predicted using Prodigal (Hyatt et al., 2010). Similarity searches for GenBank (Clark et al 2016), eggNOG
(Huerta-Cepas et al., 2016), KEGG (Kanehisa and Goto, 2000), were done using Diamond (Buchfink et
al., 2015). HMM homology searches were done by HMMER3 (Eddy, 2009) for the Pfam database (Finn
et al., 2016). Read mapping against contigs was performed using Bowtie2 (Langmead and Salzberg, 2012).
Pathway prediction for KEGG (Kanehisa and Goto, 2000) and MetaCyc (Caspi et al., 2018, Nucleic Acid
Res 46(D1), D633-D639) databases was done using MinPath (Ye and Doak, 2009).

Transmission electron microscopy (TEM)

Twenty-four larvae were left to develop in felled spruce longs up to their 2nd or 3rd instar. They were then
removed from the logs, surface sterilized by rinsing in distilled water and 40% ethanol, which also killed
them gently. The larvae were then dissected under a binocular magnifier in a drop of sterile buffer (10x
PBS). The digestive tract of each individual was then separated into 3 subsamples (foregut, midgut and
hindgut) to facilitate orientation in the sample and fixed by following protocol. For TEM analysis, pieces of
the digestive tract were fixed for 24 h in a solution of 2.5% glutaraldehyde in 0,1 M cacodylate buffer (pH
7.2) and postfixed in 2% OsO4 in the same cacodylate buffer. Fixed samples were dehydrated through a
standard ascending ethanol and acetone series and embedded in Araldite - Poly/Bed(r) 812 resin mixture.
Thin sections were cut on an ultramicrotome (Reichert-Jung Ultracut E) and stained using uranyl acetate
and lead citrate following the Hayat (2000). Sections were examined and photographed using JEOL JEM-



1011 (JEOL Ltd., Japan) transmission electron microscope. Fine structure measurements were performed
using a Veleta camera and iTEM 5.1 software (both Olympus Soft Imaging Solution GmbH, Germany).
Photos were made under accelerating voltage from 100 to 300 keV.

Statistical analyses

Statistical analyses were done either using plugins from Qiime 2.0 v.2021.8 (Bolyen, et al. 2019) environment
or in R Statistical Software (v4.2.1; R Core Team 2021), R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.,
using packages Phyloseq (McMurdie and Susan Holmes 2013), Vegan (Oksanen et al. 2022), Qiime2R, (Bisanz
2018), Microbiomeutilities (v1.0.16, Shetty et Lahti 2022), R package version 1.00.16., microViz (v0.9.7,
Barnett et al. 2021), MicrobiomeStat (v1.1, Zhang et Chen 2022), MicrobiomeMarker (v1.2.2, Cao et al.
2022) and ANCOMBC (v1.6.3, Lin et Peddada 2020). Alpha diversity indices including Chaol, observed
ASVs, shannon and simpson as well as beta diversity indices including bray-curtis, jaccard, weighted and
unweighted unifrac were calculated using plugin diversity and corresponding pipelines from Qiime 2 and
significant differences between groups were assessed for both groups of indices. Significance in beta diversity
differences among groups was assessed by adonis PERMANOVA test. Furthermore, dispersion of beta
diversity differences within groups was assessed by the permdisp method. All of the mentioned analyses
were performed in Qiime 2. Ancom analysis to identify differentially abundant features was performed in
the R environment with the help of aforementioned R packages.

RESULTS
Diversity of fungal isolates revealed by cultivation

Metabarcoding using the relatively short reads often does not allow accurate identification at species level.
Thus, to determine the exact identity of ASVs identified by metabarcoding, we cultured and identified the
dominant fungi, (bacteria were identified elsewhere by Peral-Aranega et al. in press and are deposited in
GenBank with accession numbers OP935778-OP935900). In total, we isolated 108 fungal strains belonging
to 12 species (8 yeasts, 2 filamentous fungi). The most frequently isolated species were Ogataea ramenticola
Meyerozyma guilliermondii , Wickerhamomyces bisporus , Nakazawaea ambrosiae , and Ophiostoma bicolor
(Figure 2, Supplementary Table 1).

DNA metabarcode analysis

A total of 2, 231, 208 and 2, 796, 381 pair-end reads were obtained after the quality control test for ITS and
16S markers, respectively. Rarefaction curves for both genetic markers (Supplementary Figure 1) showed
that our sampling was sufficient to cover species diversity present in the guts and galleries of I. typographus
. A count of assigned ASVs in respect to season and sample type is summered in Table 1. The reads were
grouped into 201 fungal and 239 bacterial ASVs in the spring season and 226 fungal and 560 bacterial ASVs
in the summer season. The total number of assigned ASVs in the summer season is increased compared to
spring due to the additional sampling of phloem samples.

Richness and diversity of the bacterial and fungal microbiome in seasons and throughout the life cycle

The bacterial ASVs richness and diversities were similar between the two seasons (p>0.05, Kruskal-Wallis,
Fig. 3C); however, they change throughout the beetle’s life cycle. In the spring season, Simpson and
Shannon’s bacterial diversities were significantly higher for larval and pupal samples than diversities of
parental adult and teneral adult samples (p<0.05; Kruskal-Wallis). In the summer season, the bacterial
richness and diversity indexes were rather similar throughout the beetle’s life cycle; however, ASVs richness
(Ace and Chaol index) was much lesser compared to intact phloem (p<0.02; Kruskal-Wallis). See also
Supplementary Figure 2.

Overall fungal ASVs richness and Shannon diversity were higher in the spring season compared to the summer
season (p < 0.05, Kruskal-Wallis, Fig. 3C). Fungal richness and diversities fluctuated more throughout the
life cycle than that of the bacterial microbiome (see Supplementary Figure 3). In both seasons, the richness of



the fungal microbiome was higher in parental and teneral adults compared to larval and pupal samples, where
pupae have the lowest ASVs richness. Simpson and Shannon’s indexes had a similar course. In the spring,
they achieved the highest value in parental adult samples, then the values decreased in larval samples and
were successively restored during pupal and teneral adult’s development. In summer, the highest diversity
was achieved in parental samples. The diversities in larval, pupal and teneral adult samples were more or
less similar. The Chaol index had a similar course in both seasons. The parental adult and teneral adult
samples had significantly higher values than larval and pupal samples. Species richness (ACE and Chaol)
was the highest in intact phloem (p<0.05, Kruskal-Wallis).

The core microbiome of Ips typographus in respect to season

Only ASVs that accounted for at least 0.5 % of total ASVs number and were present in at least in five
samples were considered part ofl. typographus bacterial or fungal core microbiome in the respective season.
Bacterial and fungal communities were significantly affected by seasonality (Fig. 3B, p < 0.005, permanova
Jaccard and Bray-Curtis distance).

In both seasons (Fig. 2, 3A), most of the bacterial ASVs belonged to the phylum Proteobacteria (98 %
in spring and 96 % in summer season), other phyla were presented only marginally (Bacteroidetes up to 2
%, Actinobacteria up to 1 %, Patescibacteria up to 0.2 and Firmicutes up to 2 %). Proteobacteria were
represented by the classes Alphaproteobacteria and Gammaproteobacteria. The last one dominated in both
seasons as it accounted for more than 95 % of bacterial ASVs. Gammaproteobacteria were further rep-
resented mostly by the orders Enterobacteriales and Xanthomonadales in summer and additionally with
Pseudomonadales (represented by Pseudomonas bohemica ) in the spring season. The family Enterobac-
teriaceae largely dominated in both seasons and was mostly represented by species of Erwinia (around 70
% of the total bacterial reads) and Serratia (6.4 % of reads in spring and 2 % in summer). Pseudozan-
thomonas(Xanthomonadales, Xanthomonadaceae) was the second most abundant genus in spring (5.5 %)
and summer season (19.2%). Bacterial spring community further differed from the summer by presence of
the genusStenotrophomonas (Xanthomonadales) and by almost absence of the genus Taibaiella (Chitinopha-
gales) and the family Lachnospiraceae (Clostridiales).

Ascomycetous fungi dominated in both seasons (Fig. 2, 3A). Saccharomycetes represented 81 % of diversity in
the spring and 91 % in the summer season. The second most common class was Sordariomycetes which took
almost the rest of the reads. The taxonomic representation was strongly biased toward several species that
largely dominated the samples. In both seasons, the most abundant yeasts were Wickerhamomyces bisporus ,
Kuraishia molischiana and Nakazawaea ambrosiae ; however, their proportions differ between seasons. Spring
season was characterized by high incidence of yeasts Wickerhamomyces bisporus and Yamadazyma species
(Saccharomycetales) and filamentous fungi Endoconidiophora polonica and Graphium fimbriasporum (both
Microascales). The proportion of these fungi largely decreases in the summer season. The proportion of
the yeasts Kuraishia molischiana andNakazawaea ambrosiae increased as the proportion of W. bisporus
decreased. A similar course was found for E. polonicathat was almost absent in the summer seasons and
was replaced by O. bicolor (Ophiostomatales).

The microbiome of Ips typographus throughout its life cycle

Bacterial and fungal communities significantly change throughout the life cycle of I. typographus (p=0.001).
We found significant differences between the individual beetle’s developmental stages; however only part of
them was kept between seasons. In both seasons, the fungal microbiome of parental adults significantly differs
from pupal samples (p<0.04 in Bray-Curtis permanova test) and pupal samples differ from teneral adult
samples (p<0.02 in Jaccard permanova test). Ancom analysis shows that in both seasons larval and pupal
samples differ from parental and teneral adults by higher proportion of ASVs belonging to yeasts Kuraishia
molischiana and Nakazawaea ambrosiae and almost absence of filamentous fungi Ophiostoma brunneolum and
Morchella importuna . Pupae and parental adults differ from larvae and teneral adults by lower abundance
of ASV belonging to yeast Wickerhamomyces bisporus . In the summer season, yeast Saccharomycopsis
lassenensis and ASV belonging to closely undefined family Enterobacteriaceae was found to be specific for



parental adult samples. We are limited by a low number of parental adult samples in the spring season;
however, our data suggest similar findings. In the summer season, we also analyzed the microbial community
of intact and infested phloem. Intact phloem hosted much higher microbial diversity than infested phloem
(Supplementary Figure 2 and 3), which was largely dominated by Ophiostoma bicolor , a filamentous fungus
that is known to be vectored by I. typographus , and bacteria belonging to the genus Pseudozanthomonas
. All taxa of the gut microbiome, except of E. polonica and O. bicolorwere presented also in uninfested
phloem.

RNA metabarcode

The total number of reads processed was 848,460,028. The final number of contigs obtained was 457,282
totaling 301,840,624 bp with N50 of 711 bp. The number of ORFs identified reached 411,387. Results
obtained from metatranscriptome analysis were in accordance with the results from DNA metabarcode
analysis. In the Bacteria domain, the phylum Gammaproteobacteria dominated (48% of reads, Fig. 4);
however, not so strongly as in DNA metabarcode analysis and other classes, mainly Betaproteobacteria (21%
of reads) and Actinomycetia (6.6% of reads), were also abundant (Fig. 4). The most abundant bacterial
genera revealed by DNA metabarcode were also detected in RNA metabarcode, especially genus Erwinia ,
which belongs among the most abundant genera with almost 5% of reads. Another highly represented genera
wereKlebsiella and Enterobacter (both belonging to Enterobacteriaceae) (Fig. 4).

Although RNA was isolated from the insect’s gut, 91% of eukaryotic reads belong to Arthropoda. The
second most abundant eukaryotic phylum was Nematoda with 1.9% of reads. Fungal domain took only
0.35% of reads which almost all belong to Ascomycota. Similarly to DNA metabarcode analysis, the most
abundant fungi in the metatranscriptome dataset were yeasts from the class Saccharomycetes, followed by
Sordariomycetes (Fig. 4). Other presented classes include Pezizomycetes, Eurotiomycetes, Leotiomycetes,
Lecanoromycetes and Orbilliomycetes. However, these classes have minor representation.

Transmission electron microscopy (TEM)

In some insect specific structures for vertical transport of endosymbionts were formed during evolution
(e.g. Xue et al. 2014, Matsuura et al. 2018). It is not known whether Ips typographusgut microbiome is
transmitted vertically or is acquired horizontally from the environment. We used TEM for direct observation
of Ips typographus gut in purpose to examine possible formation of biofilm on intestinal wall. We examined
all three parts of the beetle’s gut (foregut, midgut, and hindgut); however, we did not find any sign of
polymicrobial biofilm formation on the beetle’s tissues. We found bacterial and fungal cells as a part of
chyme together with clean epithelia and microvilli without any signs of formed residual biofilms (Fig. 5).

DISCUSSION

Ips typographus is a serious spruce pest that largely impacts the European landscape. Albeit known impor-
tance of microorganisms on bark beetle fitness, sparse information is available about the microorganismal
community associated with I. typographus (Chakraborty et al. 2020a, 2020b). Our study is the first that
describes the fungal and bacterial intestinal microbiome of the spruce bark beetle I. typographus throughout
its whole life cycle in two subsequent generations. Combination of DNA metabarcode analyses with cultiva-
tion and subsequent molecular identification of pure cultures enables us to identify the dominant fungal and
bacterial taxa mostly up to the species level. As the DNA metabarcode analysis is biased by capturing total
persisting environmental DNA| even DNA from already dead cells eaten by insects (Gifford at al.,2014),
their functional dominance was further confirmed by RNA metaborcode analysis. The intestinal microbiome
was also observed directly in the gut by Transmission Electron Microscopy (TEM) to examine potential
formation of biofilm structure.

In some herbivorous insects as well as bark beetles, gut communities are fairly specific and highly resistant
to perturbation (e.g.Dendroctonus ponderosae, Adams et al. 2013). In other cases, the bacterial community
appears to be more dynamic, mostly food derived and differing between host populations (D. valens , Adams
et al. 2010). It is known that host plants fundamentally influence gut microbiome of insect herbivores



(Jones et al. 2019, Sigut et al. 2022) and intestinal microorganisms could be acquired horizontally from
the environment (Kikuchi et al. 2007). On the other hand, specific internal structures like bacteriocytes,
mycetocytes (Douglas 1998), or fat body cells (Xue, Zhou et al. 2014) allowing vertical transmission have
also been described in insects.l. typographus belongs among bark beetles that lack any specific external
morphological structures for transmission of associated microorganisms and visualization of its gut epithelium
is scarce (Takov et al., 2012). Thus, it is not clear to which extent are microorganisms transferred vertically
via gut and body surface or recruited de novo in a new host.

Overall microbial intestinal a-diversity was low, which is typical for bark beetle associated communities (e.g.
Briones-Roblero et., 2017; Barcoto et al., 2020), with a few dominant species. At the same time, the intesti-
nal microbiome of I. typographus represents a subset of species endophytically residing in uninfested spruce
phloem. Lower microbial diversity in gut compared to body surface of bark beetle Dendroctonus valens (Lou
et al., 2014) also indicates that only a subset of species from the environment enters into the insect gut. In
addition, we did not observe any specific structure or biofilm formation in the beetle gut by TEM analysis.
This suggests non-specific distribution of microorganisms in gut lumens and their attachment to the digested
plant residuals. We thus propose that the intestinal microbiome of I. typographus is mostly recruited from
the plant tissue and formed by environmental filtering which selects for species that can cope with the stress-
ful environment of insect gut (Appel & Maines 1995; Douglas, 2015; Engel &Moran 2013). Future feeding
experiments may answer this hypothesis. Only exceptions for above mentioned observations were mutualis-
tic filamentous fungi Ophiostoma bicolor and Endoconidiophora polonica(Jankowiak and Hilszczanski 2005;
Linnakoski et al. 2016; Repe et al. 2013). These fungi were found in very low numbers in fresh uncolonized
spruce phloem; however, their proportions increase throughout life cycle and finally they dominate in phloem
adjected to bark beetles’ galleries at the end of I. typographus development. These fungi create sticky conidia
as an adaptation for transmission on beetles’ body surface (Harrington, 2005) and our data support vertical
transmission of these fungi into a new host.

The cultivation technic captured only around 11% of fungal and 9% of bacterial species identified by DNA
metabarcoding as many species are hard or still impossible to cultivate (Six, 2003; Lou e al., 2014; Hiergeist
et al., 2015; Wang et al., 2020). However, these species belong to the dominantly present species in DNA
metabarcode analysis. We were able to identify functionally active microorganisms from RNA metabarcode
analysis up to genera level in Bacteria and mostly to family level in Fungi. Functional analysis revealed similar
dominant taxa; however, the proportions of some rare bacterial and fungal classes in DNA metabarcode
analysis were increased, see below.

Fungal microbiome was dominated by yeasts (Ascomycota: Saccharomycetales), which indicates their im-
portant function in I. typographus gut. The most dominant yeasts are Wickerhamomyces bisporus, Nakaza-
waea ambrosiae, Kuraishia molischiana, Ogataea ramenticola, Cyberlindnera, Yamadazyma scolyti and
Meyerozyma guilliermondii. Meyerozyma guilliermondii was captured by us only from cultivation and it
was also recorded in the microbiome of ambrosia beetle Platypus koryoensis (Yun et al. 2015), where also
its enzymatic capability of plant tissue degradation was detected. Wickerhamomyces bisporus was previously
found in association withl. typographus (Giordano et al. 2012) and is also the dominant yeast species found
on phoretic mites of the same beetle species (Linnakoski et al., 2021). Species of Wickerhamomyces have
been also reported from galleries and guts of wood-boring insects (Hui et al. 2013; Ninomiya et al. 2013),
indicating their common association with beetles. The importance of yeasts in bark beetles’ ecosystem was
proposed earlier based on the cultivation technic (Beck, 1922; Siemaszko, 1929; Shifrine & Phaff, 1956) and
also emphasized in recent molecular studies (Chakraborty et al. 2020, Ibarra-Juarez et al., 2020). Some gut
yeasts can convert host tree defensive chemicals to beetle pheromones; however, the insect is not dependent
upon them for this function (Hunt and Borden 1990). Yeasts provide a variety of benefits in several insect
systems (Ganter, 2006; Rohlfs & Kurschner, 2010). Nevertheless, the roles yeasts play in bark beetle systems
remain unclear (Six, 2013). The second most abundant order was Sordariomycetes, which was mainly rep-
resented by symbiotic Ophiostoma bicolor and Endoconodiophora polonica(Jankowiak & Hilszczanski 2005,
Linnakoski et al., 2016; Repe et al., 2013). Their abundance in the gut microbiome gradually increases
throughout I. typographus life cycle. This may be due to the fact that their frequency also increases over



time in infested phloem, which in turn affects the composition of the intestinal biota. Another filamentous
fungi, Morchella importuna (Pezizomycetes), was also significantly more abundant at the end of the beetle
development. The significance of Pezizomycetes was further highlighted in RNA metabarcode analysis in
which this class took 2.9 % of total fungal reads. That may also point to succession in beetle’s galleries
which are at first dominated by yeasts which are only after some time accompanied by filamentous fungi.

Bacterial class Gammaproteobacteria was found to dominate the bacterial microbiome of fungus growing
insects (Barcoto et al., 2020). This predominance was also described in bark beetles (Hernandez-Garcia et
al., 2018; Chakraborty et al., 2020) and confirmed in the present study. However, our functional analysis
highlighted the importance of other bacterial classes: Betaproteobacteria (22% of reads), Actinomycetia (8%
of reads) and Alphaproteobacteria (7% of reads). Interestingly, some of the most active microbes (higher
abundance in metatranscriptomic samples) are not among the most abundant taxa identified in the metabar-
coding analyses. For instance, Klebsiella ,Enterobacter , and Phyllobacterium , have been found as the three
most active genera in I . typographus. It has been suggested that Klebsiella spp. may fix nitrogen within
other bark beetle species and insects (Yaman et al., 2010). Enterobacterspecies have been isolated from other
bark beetles, such as the great spruce bark beetle (Dendroctonus micans ) (Morales-Jiménez et al., 2012).
Finally, as far as we know, there is not any report that suggests the presence nor any function of Phyllob-
acterium spp. within bark beetles; however, it is a common plant endophytic genus, which harbors strains
with the ability to promote the growth of spruce trees (Anand et al., 2006). The activity of these microbes
should be further investigated to understand their roles within the I. typographusholobiont. The microbiome
was dominated by order Enterobacteriales, especially by species Erwinia typographi, which is common in
intestinal communities as it is able to grow in almost anaerobic conditions in the gut and is resistant against
high concentrations of monoterpene myrcene (Skrodenyté-Arbaciauskiené et al., 2012). Other abundant
taxa were Pseudomonas bohemica (Pseudomonadales) and Pseudoxanthomonas (Pseudoxanthomonadales).
These genera were previously isolated from I. typographus and seem to be also common associates of other
bark beetles (Briones-Roblero et., 2017; Garcia-Fraile, 2018; Hernandez-Garcia et al., 2018; Saati-Santamaria
et al., 2018; Barcoto et al., 2020; Chakraborty et al., 2020; Peral-Aranega et al., 2020; Saati-Santamaria et al.,
2021). Micrococcus luteusisolated by us from I. typographus gut, was previously isolated from oral secretion
of bark beetle Dendroctonus rufipenis where it helps with inhibition of growth of antagonistic filamentous
fungi (Cardoza et al., 2006). Overall, inferred functions of these bacteria are degradation of lignocellulose,
detoxification of plant secondary metabolites, protection against fungal pathogens and metabolism of diverse
nutrients (Garcia-Fraile et al., 2018; Ibarra-Juarez et al., 2020; Barcoto et al., 2020).

We found significant change in microbial communities throughout the life cycle of I. typographus . Some
fungal species are more abundant in certain developmental stages, e.g. Kuraishia molischiana and Nakazawaea
ambrosiae in larval and pupal stages orSaccharomycopsis lassenensis in parental adult stage. Developmental
stages also differ in the number of fungal ASVs, concretely we observed a drop in fungal ASVs number in
the larval and pupal life stages compared to parental and teneral stages. This phenomenon was also observed
by Lou et al. (2014) in yeast communities of bark beetle Dendroctonus valens and by Gonzélez-Serrano et
al. (2020) in bacterial communities of moth Brithys crini . The first drop in fungal diversity in larval stage
may be caused by loss of species transmitted in guts of parental adults from the previous hosts and the
second drop in pupal stage may be linked with metamorphosis and construction of a new intestinal system
(Gonzalez-Serrano et al., 2020).

Season has a statistically significant effect on microbial communities. Communities differ in proportion of
dominantly associated microbes rather than in change in species composition. Similarly to Jankowiak and
Hilszczanski (2005), Louca et al. (2016), and Bang-Andreasen et al. (2020), we suppose that environmen-
tal conditions shape the composition and structure of microbiomes. Filamentous fungi associated withlps
typographus have similar capability in detoxification of plant secondary metabolites and thus have interchan-
geable functions (Zhao et al., 2019) and similar situation can take place in the yeast and bacterial community,
when individual species have interchangeable functions and their proportion are driven by environmental
conditions.
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To conclude, this study is the first to show the composition of the core gut microbiome of spruce pest I. typo-
graphus based on cultivation and DNA/RNA metabarcode sequencing. We found it is changing throughout
the life cycle of the beetle with the drop in fungal diversity in larval and pupal stages. Saccharomycetous
yeasts and bacteria from the family Enterobacteriaceae dominate the intestinal microbiome. We also detec-
ted changes in proportions of the dominant taxa in respect to season. We propose that these species have
interchangeable functions in bark beetles’ habitat and their proportions are driven by environmental condi-
tions. Future studies may focus on functional analyses of the core microbiome of I. typographus to address
our hypothesis.
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Figure to Tables and Legends

Table 1. A number of assigned ASVs to a particular sample with respect to season.

Fig. 1 Work flow of the present study. Parental adults, larvae, pupae and teneral adults were sampled
in two seasons (spring and summer). Intestinal microbiome of individuals was analyzed using a combination
of several approaches (classical cultivation, DNA and RNA metabarcoding and TEM). Core microbiome in
respect to developmental stage and season was assessed based on species abundances. Figure adapted from
Six (2011).

Fig. 2. Proportions of the dominant fungal and bacterial genera change with season, higher
taxonomic ranks are similar. Dominance of Saccharomycetes followed by Sordariomycetes in the fungal
microbiome assessed by cultivation technique (only summer season) and DNA metabarcode in the spring
season (left column) and the summer season (right column). Dominance of Gammaproteobacteria and order
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Enterabacteriales in bacterial microbiome assessed by DNA metabarcode in the spring season (lift column)
and the summer season (column). *Multiple species were found to have the same similarity based on blastn
search. We chose P. spadiz (99.33% of similarity) and E. billingiae (99.66% of similarity) based on our data
from cultivation techniques (see Peral-Aranega et al., in press).

Fig. 3. Gut microbiome is strongly affected by season. A — heatmap representing 15 most abundant
bacterial and fungal species. B — NMDS analysis of bacterial microbiome in respect to season. C — NMDS
analysis of fungal microbiome in respect to season. Seasonality has a strong effect on bacterial and fungal
species distribution (p < 0.001, Bray-Curtis Permanova, number of permutations 999).*Multiple species were
found to have the same similarity based on blastn search. We choseP. spadiz (99.33% of similarity) and E.
billingiae(99.66% of similarity) based on our data from cultivation techniques (see Peral-Aranega et al., in
press).

Fig. 4. RNA metabarcode analysis revealed similar dominant taxa as DNA metabarcode ana-
lysis. Bacterial core microbiome assessed by A — RNA metabarcode, B — DNA metabarcode. Fungal core
microbiome assessed by C — RNA metabarcode, B — DNA metabarcode. * ,**Multiple species were found to
have the same similarity based on blastn search. We chose P. spadiz (99.33% of similarity) and E. billingiae
(99.66% of similarity) based on our data from cultivation techniques (see Peral-Aranega et al., in press).

Fig. 5. TEM photograph of Ips typographus gut. A — foregut, B — microvilli epithelium of midgut.
Examples of bacterial cells are highlighted with red arrows, C -microvilli epithelium of hindgut, D - hindgut
detail, Examples of bacterial cells are highlighted with red arrows. Scale bar = 2 ym.

Supplementary information

Supplementary Figure 1. Rarefaction curve for DNA metabarcode markers . A — 16S marker, after
normalization, we obtained 4,760 reads per sample. B — I'TS marker, after normalization, we obtained 5,700
reads per sample.

Supplementary Figure 2. Boagtepiah AX"g pignvecs avd a-diepoitd) LVWOLGES LV EECTEGT TO
BeetAe deslhontpevTaN CTAYE avd cEacoV . A - spring season, B - summer season. Different letters
indicate significant differences between samples.

Supplementary Figure 3. ®uvyal AX"g pignvecs avd a-SiepoiTd LWOLCES LV PpECTECT TO PBEETAE
dcehonUEVTAN oTaye avd ceacov. A - spring season, B - summer season. Different letters indicate
significant differences between samples.

Hosted file

Table 1.docx available at https://authorea.com/users/567969/articles/614034-the-core-gut-
microbiome-changes-throughout-life-cycle-and-season-of-bark-beetle-ips-typographus
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