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Abstract

We provide a culturomics analysis of the cultivable bacterial communities of the crop, mid-
gut and hindgut compartments, as well as the ovaries, of the invasive insect Vespa velutina,
along with a cultivation-independent analysis of samples of the same nest through 16S

rRNA amplicon sequencing. The Vespa velutina bacterial symbiont community was domi-
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nated by the genera Convivina, Fructobacillus, Lactiplantibacillus, Lactococcus, Sphingomonas
and Spiroplasma. Lactococcus lactis and Lactiplantibacillus plantarum represented generalist
core lactic acid bacteria (LAB) symbionts, while Convivina species and Fructobacillus fructo-
sus represented highly specialised core LAB symbionts with strongly reduced genome
sizes. Sphingomonas and Spiroplasma were the only non-LAB core symbionts but were not
isolated. Convivina bacteria were particularly enriched in the hornet crop and included
Convivina intestini, a species adapted towards amino acid metabolism, and Convivina

praedatoris sp. nov. which was adapted towards carbohydrate metabolism.
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INTRODUCTION

cases, V. velutina was accidentally introduced through shipments from

China (Monceau et al., 2014). Today, this invasive species has spread

The yellow-legged Asian hornet Vespa velutina is a eusocial wasp spe-
cies, native to South-East Asia. It was first observed outside its native
region in 2003 in South Korea, from where it spread further into
Japan (Takeuchi et al., 2017). In 2004, the Asian hornet was first
detected in Europe, that is, in the South-West of France. In both

throughout Europe and has been reported in Spain, Portugal, Italy,
Belgium, the UK, Germany, The Netherlands and Switzerland
(Espinosa et al., 2019; Keeling et al., 2017).

The strong reliance of V. velutina upon honey bees (Apis mellifera)
and other native insects in invaded regions has negative ecological
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and economic impacts. Recent studies suggest that insect predation
by the Asian hornet can lead to disturbances in local ecological net-
works and potentially affect the provision of ecosystem services such
as pollination (Rojas-Nossa & Calvino-Cancela, 2020). It may also
affect native species such as the European hornet (Vespa crabro)
through competition for the same resources (Cini et al., 2018). On an
economical level, predation of honey bee workers may affect the bee-
keeping sector which is already subject to a range of different threats
(Goulson, 2010; Potts et al., 2010; Steinhauer et al., 2018). The preda-
tory activity of V. velutina could weaken honey bee colonies and
accelerate their individual collapse (Laurino et al., 2020; Requier
et al., 2019). Furthermore, the Asian hornet often establishes its nests
in urban areas which may pose a threat to humans as well, as its
venom may induce toxic and allergic reactions (Vidal et al., 2021).

Vespa velutina is a social insect inhabiting a monogynous colony
(Monceau et al., 2014). The gut microbial communities of only a limited
number of social insect species have been studied to date. These
include the economically important honey bees and bumble bees
(Martinson et al., 2011), but also termites and ant species (Anderson
et al,, 2012; Ohkuma & Brune, 2011). These social insects each display
distinctive bacterial communities with specialised gut symbionts that
are acquired through social transmission within the colony. The gut
symbionts exhibit important functionalities within their host, including
nutrient provisioning, insect development and pathogen resistance
(Engel & Moran, 2013). The dietary behaviour of hornets is however
unlike that of other social Hymenopterans such as the herbivorous and
well-studied honey bees and bumble bees. Hornets acquire carbohy-
drates from plant derived liquids such as nectar, tree sap and ripening
fruits, but obtain their proteins from animal prey (Monceau et al., 2014).
Hornet workers prey on insects to feed them to larvae in the form of
meat pellets. In return, the larvae secrete nitrogen-rich saliva which is
consumed by adult hornets as these are unable to eat solid foods. This
dietary behaviour is likely to influence the gut microbial communities as
is seen in predatory and herbivorous ants (Anderson et al., 2012).

The rapid spread of hornets in invaded regions has prompted
research which focused mainly on ecological aspects and development
of control strategies. Few studies thus far analysed their gut microbial
communities. A first study addressed the gut microbiome of Vespa man-
darinia and Vespa simillima in Japan (Suenami et al., 2019) and reported
that both species had simple but distinct gut microbiota communities,
consisting of seven and eight core operational taxonomic units (OTUs),
respectively. Core OTUs could be linked to diet and some core OTUs
such as Gilliamella were indistinguishable from those associated with
prey insects such as honey bees. A first study of the gut microbiota of
V. velutina was performed in Korea (Kim et al., 2018). The latter study
reported a gut microbiome mainly composed of the bacterial phyla Bac-
teroidota (previously called Bacteroidetes; Oren & Garrity, 2021) and
Pseudomonadota (previously Proteobacteria; Oren & Garrity, 2021),
which were represented by the genera Flavobacterium, Aeromonas,
Pseudomonas and Pedobacter. The gut microbiome communities in
V. velutina individuals of different castes and life stages, as well as col-
ony samples, were investigated in Italy (Cini et al., 2020) which revealed

that sample type shaped the community structure of both bacteria and

fungi. Overall, Bacillota (previously Firmicutes; Oren & Garrity, 2021),
Pseudomonadota and Actinomycetota (previously Actinobacteria;
Oren & Garrity, 2021) were the most abundant bacterial phyla, and
Ascomycota, Basidiomycota and Zygomycota as the most abundant
fungal phyla. The adult stages harboured mainly bacilli and gammapro-
teobacteria which revealed little similarities to the bacterial community
reported in the Korean hornets (Kim et al., 2018). Recently, the midgut
bacterial communities in queens, workers, and males of two subspecies
of V. velutina, V. velutina nigrithorax and V. velutina auraria, were charac-
terised in China (Zhang et al., 2022). The midgut bacterial communities
of the two subspecies were similar and dominated by Lactobacillus and
Sphingomonas reads.

In the present study, we analysed the cultivable gut bacterial commu-
nities of multiple hornets of a single nest of V. velutina, caught in Belgium
in 2018. By combining these cultivation-based data with a 16S rRNA
gene amplicon sequencing analysis of samples of the same nest we aimed
to provide a more comprehensive image of the bacterial communities of
the Asian hornet (Duthoo et al, 2022; Hong et al., 2009; Lagier
et al,, 2012; O'Callaghan et al., 2021) and to provide axenic cultures with
accurate species level identification of key symbionts (Engel et al., 2016).
In addition, we performed an in-depth functional genomic, metabolic and
taxonomic characterisation of Convivina bacteria, a poorly known genus
of lactic acid bacteria (Praet et al., 2015) and core symbiont of the Asian
hornet.

MATERIALS AND METHODS

Collection of specimen and preparation of cell
suspensions

Five male and five female Asian hornets were collected from a nest in
Essene, Belgium (50°54'15.313" N, 4°8'12.636" E) upon nest destruc-
tion using a pyrethroid insecticide in November 2018. The samples were
transported to the laboratory and immediately frozen at —80°C until fur-
ther use. Specimens were dissected under sterile conditions after
surface-sterilisation using Umonium38 Medical Spray. The gut was
extracted, and crop, midgut and hindgut fractions were separated.
Ovaries were collected as well. Gut fractions and ovaries were each
homogenised in 250 L of physiological saline (0.85% sodium chloride,
0.1% peptone, 0.1% Tween 80) using sterile micro-pestles. 125 pL of
each cell suspension was stored at —80°C until DNA extraction. The
remaining 125 plL cell suspension was mixed with an equal volume of
40% glycerol and stored at —80°C using a Nalgene® Mr. Frosty™ Freez-

ing container until microbiological analyses.

Isolation of bacteria

Cell suspensions were thawed and diluted to 10~ for crop and mid-
gut samples and to 10~ for hindgut and ovary samples. An aliquot of
50 pL of each dilution was plated onto multiple agar media in order to

isolate a maximal bacterial diversity. The choice of isolation media and
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growth conditions was based on results obtained during earlier micro-
biota analyses of hornets and other social bees (Cini et al., 2020;
Kwong & Moran, 2016; Praet et al., 2018). Samples were incubated at
35°C micro-aerobically (80% N5, 15% CO,, 5% O,) on several general
purpose isolation media: All Culture (AC) agar (20 g/L tryptose, 3 g/L
beef extract, 3 g/L yeast extract, 3 g/L malt extract, 5 g/L dextrose,
0.2 g/L ascorbic acid, 18 g/L agar); AC agar supplemented with 0.2%
activated charcoal; Brain Heart Infusion agar (Oxoid) and Tryptone
Soya Agar (Oxoid) supplemented with 5% sheep blood.

For the isolation of bifidobacteria, samples were incubated at 35°C
anaerobically (80% N,, 10% H,, 10% CO,) on LMG medium
144 (23 g/L special peptone, 1 g/L soluble starch, 5 g/L sodium chlo-
ride, 0.3 g/L cysteine hydrochloride, 5 g/L glucose, 15 g/L agar) and on
de Man, Rogosa and Sharp (MRS) agar (Oxoid) supplemented with 0.1%
L-cysteine. For the isolation of lactic acid bacteria (LAB), samples were
incubated at 35°C on MRS agar (aerobically and anaerobically), MRS5
agar (Meroth et al., 2003) with sucrose instead of maltose (aerobically
and anaerobically) and MRS agar supplemented with 2% and 20% fruc-
tose (aerobically). For the isolation of acetic acid bacteria (AAB), samples
were incubated on LMG medium 404 and LMG medium 13 at 28°C
aerobically (Li et al., 2017). An enrichment for acetic acid bacteria was
performed by adding 50 pL of undiluted sample to 10 mL of enrichment
medium 1 (EM1) and enrichment medium 2 (EM2) broth (Lisdiyanti
et al,, 2003) and incubating aerobically for 3 days at 28°C. The enrich-
ment culture was plated on LMG medium 13, LMG medium 404, EM1
and EM2 agar after serial dilution. All media were supplemented with
10 ppm cycloheximide to inhibit fungal growth.

After 5 days of incubation, colonies were picked randomly and
subcultivated twice using the respective isolation conditions.

MALDI-TOF MS dereplication

Third generation axenic cultures were used for protein extraction and
were analysed via matrix-assisted laser desorption/ionisation time-of-
flight mass spectrometry (MALDI-TOF MS) as described before
(Wieme et al., 2014). MALDI-TOF MS was performed on a Bruker
Microflex LT/SH s-Smart platform (Bruker Daltonics, Bremen,
Germany). For the identification of isolates, spectra were compared to
the Bruker MSP library using MBT Compass Explorer software
according to the manufacturer’s settings (Bruker Daltonics). Mass
spectra were converted to text files via the Flex Analysis batch pro-
cessing software (Bruker Daltonics) and grouped into operational iso-
lation units (OlUs) using the dereplication tool SPeDE with default
settings (Dumolin et al., 2019). This dereplication step enabled the
retention of only isolates with distinct mass spectra as a proxy to

genetically distinct strains and as references for further analysis.

Identification of isolates

References of each OIU with a Bruker log score > 2.0 were consid-

ered identified at the species level. References with a Bruker log
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score < 2.0 were further identified through sequence analysis (see
below). To this end, DNA was extracted through alkaline lysis by
suspending one colony in 20 uL of alkaline lysis buffer (0.25%
(w/v) SDS, 0.05 M NaOH) and heating for 15 min at 95°C. After
lysis, 180 pL of Milli-Q water was added and the suspension was
collected after centrifugation for 5 min at 13,000 rpm at 4°C. The
16S rRNA gene was PCR amplified as described before (Coenye
et al., 1999). For LAB, a fragment of the phenylalanine-tRNA ligase
alpha subunit (pheS) gene was PCR amplified as described by
Naser et al. (2007), as this gene has a higher taxonomic resolution
than the 16S rRNA gene (Naser et al., 2007). The PCR products
were purified using a NucleoFast 96 PCR clean-up kit (Macherey-
Nagel, Eupen, Belgium) and were submitted for Sanger sequencing
by a commercial company (Eurofins Genomics, Ebersberg,
Germany). Complete 16S rRNA gene sequences were obtained
using forward primers 16F358 (5-CTCCTACGGGAGGCAGCAGT-
3) and 16F926 (5'-AACTCAAAGGAATTGACGG-3') and the
reverse primers 16R519 (5-GTATTACCGCGGCTGCTGGCA-3')
and 16R1093 (5-GTTGCGCTCGTTGCGGGACT-3) (Coenye
et al., 1999). A 361-428 nucleotide fragment of the pheS gene was
determined using the PCR primers (Naser et al., 2007). Sequences
were assembled using BioNumerics version 7.6 (Applied Maths,
Sint-Martens-Latem, Belgium), and EzBioCloud (Yoon, Ha, Kwon,
et al., 2017) and NCBI BLAST were used for the analysis of the
16S rRNA and pheS gene sequences, respectively. LAB isolates
were considered identified at the species level based on a reported
3% pheS intra-species divergence (Naser et al.,, 2007). Bacterial
isolates with 16S rRNA gene sequences that shared >98.65%
sequence identity to only one type strain were considered tenta-
tively identified at the species level (Kim et al., 2014). In case 16S
rRNA gene sequences shared >98.65% sequence identity to multi-
ple type strains, or when 16S rRNA gene sequences shared
<98.65% sequence identity with established type strains, isolates

were considered identified at the genus level only.

16S rRNA gene amplicon sequencing

DNA was extracted as described before (Snauwaert et al., 2016). Sam-
ples with DNA concentrations below 5 ng/pL were pooled per sample
type for sequencing (Table S1). The resulting DNA samples were sent
to Novogene (Cambridge, UK) for library preparation and amplicon
sequencing. The 16S rRNA V3-V4 region was amplified using forward
primer 341F (5'-CCTAYGGGRBGCASCAG-3') and reverse primer
806R (5-GGACTACNNGGGTATCTAAT-3') containing lllumina adap-
tors. The library was sequenced on an lllumina NovaSeq 6000 plat-
form generating 250 bp paired-end reads. Raw reads were analysed
with the DADA2 pipeline version 1.14.1 (Callahan et al., 2017) follow-
ing the default parameters with minor modifications. After read qual-
ity inspection, the forward and reverse reads were trimmed to a
length of 226 bp and 223 bp, respectively. Upon modelling the error
rates, a monotonicity was introduced (https://github.com/benjjneb/
dada2/issues/791). Merged paired reads with a length between
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403 bp and 430 bp were retained for further analyses. Taxonomy was
assigned to the resulting amplicon sequence variants (ASVs) using the
DADAZ2 formatted training FASTA files of the SILVA SSU database
version 132 (Quast et al., 2013). Sequences attributed to chloroplasts,
mitochondria, Archaea, Eukarya and unclassified phyla were removed
from further analyses. Taxonomic assignments of the 20 most abun-
dant ASVs were reviewed through EzBioCloud (Yoon, Ha, Kwon,
et al.,, 2017).

Genome sequence analysis

Two Convivina intestini isolates (i.e., R-77811 and R-78131) and three
Convivina sp. isolates (i.e., LMG 324477, R-77815 and R-78138) were
cultivated on their respective isolation media. DNA was extracted
using an automated Maxwell DNA preparation Instrument (Promega).
Genome sequences were determined using the Illlumina HiSeq4000
platform (PE150) at the Oxford Genomics Centre (University of
Oxford, UK). Read quality was assessed by FastQC. Data cleaning and
assembly were performed using shovill version 1.1.0 containing
SPAdes genome assembler version 3.14.0 (Bankevich et al., 2012).
Contigs were filtered at a minimum length of 500 bp and reads were
mapped back onto the contigs using BWA-MEM (Li, 2013). Quast was
used to create quality reports of the resulting assemblies (Gurevich
et al., 2013). Prokka version 1.14.5 was used for genome annotation
(Seemann, 2014). Genome completeness and contamination were
estimated with CheckM version 1.1.2 using gene markers specific to
the Leuconostocaceae family (Parks et al, 2015). The genome
sequence of C. intestini DSM 28795 was retrieved from GenBank
(accession no. QEKTO0000000) for further analyses.

Phylogenomic and comparative genomic analyses

All Convivina genomes were submitted to the Type (Strain) Genome
Server (TYGS) for calculation of the digital DNA-DNA hybridization
(dDDH) values using the recommended settings of the Genome-to-
Genome Distance Calculator (Meier-Kolthoff & Goker, 2019). Average
nucleotide identity (ANI) values of the genomes were calculated using
the OrthoANIu algorithm, accessible via the EZBioCloud webserver
(Yoon, Ha, Kwon, et al., 2017). The whole-genome sequence of strains
LMG 324477 and DSM 28795, and of type strains of type species of
closely related Lactobacillaceae genera were used to construct a phy-
logenomic tree based on 107 single-copy core genes using BcgTree
(Ankenbrand & Keller, 2016). Visualisation and annotation of the tree
were performed using iTOL (Letunic & Bork, 2021). A comparative
functional genomics analysis of all Convivina genomes was performed
using the anvi'o pangenomics workflow (Eren et al., 2021). Gene clus-
ters, defined as clusters of translated DNA sequences from predicted
open reading frames, were identified using NCBI's blastp with default
settings (Camacho et al., 2009) and an MCL inflation parameter of
8 (Van Dongen & Abreu-Goodger, 2012). Genes were functionally
annotated with Clusters of Orthologous Genes (COGs) using NCBI's

COG database (Galperin et al., 2021) and with eggNOG-mapper ver-
sion 2.1.4 (Cantalapiedra et al., 2021). Pangenomes were visualised in
the anvi'o interactive interface. Species-specific differences were ana-
lysed by identifying species-specific gene clusters and relative differ-
ences in COG classification.

Metabolic pathways were predicted via the KEGG Automatic
Annotation Server (KAAS) version 2.1 (Moriya et al., 2007). Carbohy-
drate active enzymes (CAZy) were identified via the dbCAN2 meta
server using tools HMMER, DIAMOND and Hotpep (Zhang
et al., 2018). Enzymes belonging to CAZy families with hits in two or
more of the employed tools were manually inspected in the eggNOG
annotations to verify their presence.

Metabolic characterisation

Biochemical characteristics were determined for C. intestini LMG 282917
and Convivina sp. strain LMG 32447". Growth tests were recorded after
1, 2, 3, 6 and 7 days. The temperature growth range was tested aerobi-
cally on MRS at 4, 15, 20, 28, 35, 37, 40 and 45°C. Anaerobic growth
was tested on MRS at 28°C and 37°C. Tolerance to NaCl was investi-
gated aerobically in MRS broth supplemented with different concentra-
tions of NaCl ranging from 0% to 10% with 1% intervals. Tolerance to
pH was evaluated aerobically in MRS broth at pH 4.0 to 9.0 at intervals
of 1 pH unit using acetate buffer (pH 4.0-5.0), phosphate buffer
(pH 6.0-8.0) and Tris-HCI (pH 9.0). Catalase and oxidase activity were
verified using conventional procedures (MacFaddin, 2000).

Fructophilic growth was investigated using MRS supplemented
with 2% p-fructose and incubation in aerobic and anaerobic atmo-
spheres (Endo et al., 2018). Growth with 20 g/L p-glucose, p-fructose,
sucrose, b-trehalose, b-maltose, p-ribose, p-fucose, b-melibiose, pb-cel-
lobiose, starch or chitin in MRS broth was measured after O, 1, 2, 3,
4 and 7 days of aerobic incubation at 35°C by measuring the optical
density at 600 nm using a spectrophotometer (Tecan, Mannedorf,
Switzerland). Production of lactate and acetate from b-glucose, bp-
fructose or sucrose metabolism was determined after 3 days of aero-
bic incubation at 35°C in MRS broth containing 20 g/L of the respec-
tive sugar using high-performance liquid chromatography combined
with an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA).
Sodium acetate was excluded from the MRS media as this can inter-
fere with acetate measurements. Ethanol accumulation was measured
using an Anton Paar Alcolyzer Plus. Consumption of bp-glucose,
p-fructose and sucrose and mannitol production was determined
using a Dionex ICS-3000 high-performance anion exchange chroma-
tography coupled with pulsed amperometric detection system
(Thermo Fisher Scientific, Waltham, MA, USA) and a Dionex CarboPac

PA20 column. These experiments were performed in triplicate.

Statistical data analyses

Statistical analyses were performed in R version 4.1.0. Alpha diversity

indices (Observed richness and Shannon diversity) were computed
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and plotted using the phyloseq package version 1.36.0 (McMurdie &
Holmes, 2013). The Kruskal-Wallis test was employed to compare
the diversity indices between the different compartments and
Wilcoxon rank sum test was used to perform pairwise comparisons.
p values were adjusted for multiple hypothesis testing with the
Benjamini-Hochberg method. Statistical tests were applied using the
ggpubr package version 0.4.0.

RESULTS
Isolation of the bacterial community

A total of 861 isolates were collected from crop, midgut, hindgut and
ovary samples of 5 female Asian hornets and were dereplicated into
197 OlUs, that is, mass spectrometry-defined independent strains
(Dumolin et al., 2019). Reference isolates, hereafter referred to as
‘references’, of 116 OlUs had Bruker log scores 22.0 and were con-
sidered identified to the species level (Table S2). References of the
remaining 81 OIUs were further identified via comparative sequence
analysis (Table S3). The identification result for each of these refer-
ences was then applied to all isolates of the same OIU and both sets
of identification results were combined in Table 1.

Isolates belonging to 57 species were obtained (Table 1). Overall,
the isolates belonged to the phyla Bacillota (81.6%), Pseudomonadota
(14.4%), Actinomycetota (2.7%) and Bacteroidota (1.0%). The smallest
number of species was isolated from hindgut (n = 15) and ovary
(n = 17) samples, while crop and midgut samples yielded isolates of
31 and 28 species, respectively. LAB and AAB isolates dominated the
cultivated fraction of all four sample types (79.1%). LAB isolates were
identified as Lactococcus lactis, Lactiplantibacillus plantarum, Fructoba-
cillus fructosus, Leuconostoc species, Convivina species and, sporadi-
cally, Enterococcus species and Carnobacterium divergens. Acetobacter
indonesiensis was the most frequently isolated AAB, but also Asaia pla-
tycodi, Gluconobacter cerinus and Commensalibacter sp. were isolated.

Lactococcus lactis and L. plantarum were dominantly isolated from all
four sample types, except for the ovaries where L. plantarum was isolated
only sporadically (Figure 1). Fructobacillus fructosus was dominantly iso-
lated from midgut and hindgut samples, whereas Leuconostoc mesenter-
oides and A. indonesiensis represented major fractions of the hindgut
isolates. Fructobacillus fructosus and Leuconostoc species were not iso-
lated from the crop, which contained major fractions of Convivina sp. and
Devosia submarina. Bacillus pumilus and Bacillus sp. represented a major

fraction of the ovaries and were only isolated from this sample type.

Bacterial community richness and composition

16S rRNA gene amplicon sequencing was performed on a total of
14 samples from different gut compartments of V. velutina (Table S1). A
total of 1,939,107 demultiplexed paired-end reads of the 16S rRNA
V3-V4 region were obtained. Analysis with the DADAZ2 pipeline and data
cleaning resulted in 1,269,718 high quality reads which were assigned to
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2727 ASVs. Each of the 14 samples contained between 71,431 and
113,987 reads and between 84 and 1270 ASVs. Rarefaction curves of all
14 samples reached a plateau indicating that a sufficient sampling depth
was reached (data not shown). The observed number of ASVs and Shan-
non diversity of the samples were not significantly different between the
analysed gut compartments (p > 0.05, Kruskal-Wallis test, Figure S1).
Pairwise comparisons of both alpha diversity indices between the frac-
tions and between individually sequenced and pooled samples within
fractions indicated similar richness and diversity between bacterial com-
munities (paq; > 0.05, Wilcoxon test, data not shown).

The majority of the reads were classified through the SILVA SSU
database as Bacillota (62.3% of total reads) and Pseudomonadota
(28.0%), followed by Mycoplasmatota (previously Tenericutes; Oren &
Garrity, 2021) (6.8%) and Actinomycetota (1.6%). The remaining 1.3%
of the reads represented 25 phyla. The 20 most abundant ASVs com-
prised 1,213,094 reads and represented 95.5% of the total number of
reads. Verification of the assigned SILVA taxonomy of these ASVs
through EzBioCloud confirmed the majority of the assignments
(Table 2). However, ASV4 and ASV5 were both assigned to the genus
Leuconostoc via SILVA but appeared to be highly similar to C. intestini
sequences upon EzBioCloud analysis, with 100% and 99.53% sequence
similarity, respectively. Therefore, the taxonomy of ASV4 and ASV5
was adjusted to Convivina. Similarly, EzBioCloud analysis of Serratia
ASVs ASV10, ASV12 and ASV13 revealed Ewingella americana as high-
est match and their identification was adjusted accordingly.

While individual variation between the samples of each fraction
could be observed in the midgut, hindgut and ovaries (Figure 2), Convi-
vina reads represented about 69% of all reads of the crop sample, fol-
lowed by Lactococcus (about 13%), Sphingomonas (about 5%) and
Fructobacillus (about 4%) reads. Midgut samples were dominated by
Lactococcus reads (about 52%), followed by Sphingomonas (about
26%), Spiroplasma (about 9%), and Convivina (about 5%) reads. In hind-
gut samples, the relative proportion of Lactococcus reads was even
higher (about 61%), followed by Sphingomonas (about 8%), Spiroplasma
(about 9%), and Convivina (about 4%) reads. Finally, ovary samples had
a strongly different composition that was characterised by Lactococ-
cus and Sphingomonas reads, both representing about 47% of the
reads. The presence of core microbiota in each gut compartment was
determined as defined by Graystock et al. (2017), that is, core micro-
biota are present in at least half of the samples at a relative abun-
dance greater than 1%. Six core ASVs were present in the crop, that
is, Convivina (2 ASVs), Lactococcus, Sphingomonas, Fructobacillus and
Spiroplasma. All of these except Fructobacillus were also identified as
midgut core ASVs, while Lactococcus and Sphingomonas represented

the core ASVs of both hindgut and ovary samples.

Genome characteristics of Convivina strains

Genome sequences of two C. intestini and three Convivina sp. isolates
were determined and compared with the C. intestini DSM 287957
(a bumble bee isolate) genome sequence (Praet et al., 2015). As shown
in Table 3, the OrthoANIu and dDDH values between isolates R-
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TABLE 1 Distribution of isolates over the crop, midgut, hindgut and ovary compartments.

o | st

Number of isolates from Taxon
Total number frequency
of isolates among 861
Identification Crop Midgut Hindgut Ovaries for a taxon isolates (%) Isolation medium
Bacillota
Bacillus pumilus 0 0 0 27 27 3.1 ACC, BHI, M13, M404
Bacillus sp. 1 0 0 0 26 26 3.0 ACC, BHI, MRS5
Bacillus sp. 2 0 0 0 1 1 0.1 BHI
Bacillus subtilis 0 1 0 0 1 0.1 M404
Brevibacillus sp. 0 0 0 1 1 0.1 M13
Carnobacterium divergens 0 0 2 0 2 0.2 ACC
Convivina intestini 2 0 10 1 13 1.5 AC, MRS, MRSC, TSAB
Convivina sp.? 12 3 5 0 20 2.3 AC, M404, MRS, MRS5
Enterococcus casseliflavus 1 0 0 1 0.1 BHI
Enterococcus plantarum 0 0 2 0.2 AC
Fructobacillus fructosus 0 25 45 3 73 8.5 AC, ACC, M13, M144, M404,
MRS, MRS5, MRSF20
Lactiplantibacillus plantarum 25 65 74 2 166 19.2 AC, ACC, EM1, EM2, M13,
M144, M404, MRS, MRS5,
MRSF20
Lactococcus lactis 45 46 53 122 266 30.8 AC, ACC, BHI, EM1, EM2, M13,
M144, M404, MRS, MRS5,
MRSC, TSAB
Leuconostoc citreum 1 0 2 0 3 0.3 BHI, MRS
Leuconostoc mesenteroides 0 0 60 0 60 7.0 ACC, MRS5, MRSC, MRSF
Leuconostoc pseudomesenteroides 0 3 1 2 6 0.7 ACC, BHI, M144, M404, MRS5
Leuconostoc suionicum 0 1 0 0 1 0.1 ACC
Lysinibacillus boronitolerans 3 0 0 0 3 0.3 BHI
Lysinibacillus sp. 2 0 3 0 5 0.6 BHI, M13
Lysinibacillus xylanilyticus 3 0 0 0 3 0.3 BHI
Mammaliicoccus sciuri 0 0 6 0 6 0.7 ACC
Mammialiicoccus sp. 1 1 0 0 2 0.2 BHI, TSAB
Paenibacillus typhae 0 0 0 6 6 0.7 MRS5
Psychrobacillus sp. 0 0 1 0 1 0.1 BHI
Staphylococcus capitis 0 1 0 0 1 0.1 M404
Staphylococcus epidermidis 0 0 0 3 3 0.3 MRS5
Staphylococcus pasteuri 0 0 0 1 1 0.1 M144
Staphylococcus warneri 0 0 0 5 5 0.6 MRS5
Alphaproteobacteria
Acetobacter indonesiensis 6 2 34 4 46 53 AC, ACC, EM1, EM2, M13,
M404
Asaia platycodi 3 0 8 11 1.3 M13, M404
Commensalibacter sp. 3 0 3 6 0.7 M13, M404
Devosia sp. 1 0 0 0 1 0.1 EM2
Devosia submarina 12 0 0 0 12 1.4 EM2
Gluconobacter cerinus 0 0 0 6 6 0.7 M13
Paenochrobactrum sp. 0 0 0 1 0.1 TSAB
Betaproteobacteria
Achromobacter sp. 1 1 0 0 2 0.2 AC, TSAB

(Continues)
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TABLE 1 (Continued)
Number of isolates from Taxon
Total number frequency
of isolates among 861
Identification Crop Midgut Hindgut Ovaries for a taxon isolates (%) Isolation medium
Advenella kashmirensis 1 0 1 0.1 TSAB
Alcaligenes faecalis 6 9 1.0 AC, BHI, TSAB
Comamonas serivorans 1 0 0 0 1 0.1 TSAB
Gammaproteobacteria
Acinetobacter guillouiae 2 1 0 0 3 0.3 AC, ACC
Acinetobacter sp. 0 1 0 0 1 0.1 TSAB
Lelliottia amnigena 1 1 0 0 2 0.2 AC, BHI
Pseudomonas fulva 0 1 0 0 1 0.1 BHI
Pseudomonas protegens 4 1 0 0 5 0.6 AC, TSAB
Serratia liquefaciens 0 1 0 0 1 0.1 BHI
Serratia marcescens 0 0 5 0 5 0.6 BHI
Serratia sp. 1 0 0 0 1 0.1 AC
Stenotrophomonas rhizophila 2 2 0 0 4 0.5 M13, TSAB
Stenotrophomonas sp. 1 2 0 0 0 2 0.2 M13, M404
Stenotrophomonas sp. 2 0 1 0 0 1 0.1 TSAB
Actinomycetota
Arthrobacter woluwensis 6 8 1 0 15 1.7 AC, BHI, TSAB
Cutibacterium acnes 0 1 0 0 1 0.1 M144
Leucobacter sp. 3 1 0 0 4 0.5 AC, ACC, TSAB
Microbacterium sp. 2 2 0 0 4 0.5 AC, BHI, TSAB
Oerskovia sp. 1 0 0 0 1 0.1 TSAB
Bacteroidota
Flavobacterium ceti 1 2 0 0 3 0.3 TSAB
Sphingobacterium sp. 5 1 6 0.7 AC, TSAB

Note: Media used for isolation were All Culture agar (AC), AC agar supplemented with 0.2% activated charcoal (ACC), Brain Heart Infusion agar (BHI),
enrichment medium 1 (EM1) and 2 (EM2) for acetic acid bacteria, LMG medium 13 (M13), LMG medium 144 (M144), LMG medium 404 (M404), de Man,
Rogosa and Sharp agar (MRS), MRS5 agar with sucrose instead of maltose (MRS5), MRS agar supplemented with 0.1% L-cysteine (MRSC), and MRS agar
supplemented with 2% (MRSF) and 20% fructose (MSRF20) and Tryptone Soya Agar supplemented with 5% sheep blood (TSAB).

2Convivina praedatoris sp. nov. reported in the present study.

77811 and R-78131 and C. intestini DSM 287957 were well above
the species delineation thresholds of 70% dDDH (Meier-Kolthoff
et al., 2013) and 95%-96% orthoANIu (Yoon, Ha, Lim, et al., 2017),
and therefore identified these isolates as C. intestini (Table S2).
Isolates LMG 324477, R-77815 and R-78138, in contrast, showed
values below the species delineation thresholds towards C. intestini
DSM 28795T but shared dDDH and orthoANIu values well above the
species delineation thresholds, and thus represented a single novel
species closely related to C. intestini (Table 3), for which we propose
the name Convivina praedatoris sp. nov. (Table S4). The phylogenomic
position of this novel species within the genus Convivina and among
representatives of closely related Lactobacillaceae genera is shown in
Figure S2. The genome features of all Convivina isolates were sum-
marised in Table S4. All genomes displayed completeness values
>95% and low contamination values (0.48%) after CheckM analysis.

The genome size of the C. intestini isolates was approximately

1.6 Mbp with a G + C content of 40.9%. The C. praedatoris isolates
LMG 324477, R-77815 and R-78138 displayed smaller genomes of
approximately 1.5 Mbp with 40.2% G + C content. Accordingly,
C. intestini genomes encoded on average 1616 genes, whereas
C. praedatoris genomes encoded on average 1584 genes. Finally, a
comparison of genome-extracted 16S rRNA gene sequences with
ASV sequences revealed that Convivina ASV5 showed 100% sequence
identity to the V3-V4 region of the C. intestini LMG 282917 165 rRNA
gene sequence, whereas Convivina ASV4 showed 1 nucleotide differ-
ence with the 16S rRNA V3-V4 region of C. praedatoris LMG 324477,

Convivina pangenome analysis

A Convivina comparative genomics analysis was performed using the

anvi'o pangenomics workflow to identify functions that were over-

85UB0|7 SUOWIIOD BAEa.D 3|t (dde au) Aq peusenob ke ssjole VO ‘8sn JO SajnJ Joj Afeiq1 8UlUO AB]1M UO (SUOIPUOD-PUB-SULIBY WO A8 | 1M AlRIq U1 [UO//:SANY) SUORIPUOD PUe SWS | 84} 88S *[£202/TT/ST] Uo ARIqiTauluO A8 |1 1D eayiol|qiasiBIS BAIUN AQ ¥8ZT qWTTTT OT/I0p/Wod 48| 1M Arelq pul|uos eunokal//sdny wouy pepeojumod ‘S ‘€202 ‘€852S9ET



CORE SYMBIONT CONVIVINA IN VESPA VELUTINA

Insect Molecular
Biology

1.00

0.75

0.50

Relative abundance

0.25

0.00

Crop Midgut

Hindgut

. | s

Bacillus

Devosia
Leuconostoc
Pseudomonas
Sphingobacterium
Arthrobacter
Mammaliicoccus
Microbacterium
Alcaligenes
Asaia

Convivina
Fructobacillus
Acetobacter
Lactiplantibacillus
. Lactococcus

I

Ovaries

FIGURE 1 Relative abundance of predominant bacteria in crop, midgut, hindgut and ovaries of the Asian hornet Vespa velutina, as revealed
through cultivation experiments. The proportion of the 20 most abundant species is summarised at genus level. The gap between the bars and
100% represents the proportion of low abundant species not included in the figure.

and underrepresented between the two species. The pangenome of
the six isolates was computed from a total of 9558 gene calls and con-
tained 1901 gene clusters (Figure 3). The six genomes shared 1285
gene clusters (7854 genes) which represented the Convivina core
genome. COG category assignments of the genes per isolate are sum-
marised in Table 4 and were highly concordant within species.
Between 21.9 and 23.1% of genes could not be assigned to COG cat-
egories. Genes involved in carbohydrate transport and metabolism
(category G) accounted for 6.2 to 6.8% of genes assigned to a COG
category and ranked 4th and 5th in C. praedatoris and C. intestini,
respectively. The ratio of category E genes (amino acid transport and
metabolism) was 9.8 to 11.4% and ranked 2nd within both species.
The species-specific gene clusters were defined as gene clusters
exclusively present in all three analysed genomes per species and
were composed of 95 gene clusters (including 293 genes) specific for
C. intestini and 120 gene clusters (including 363 genes) specific for
C. praedatoris. Species-specific gene clusters were analysed to verify
relative differences in COG category assignments and species-specific
characteristics (Figure 4 and Table S5). Up to 37.9% and 53.7% of
C. intestini and C. praedatoris species-specific genes were not classified
into COG categories, respectively. COG categories F (nucleotide
transport and metabolism), N (cell motility), U (intracellular trafficking,
secretion and vesicular transport) and X (mobilome: prophages, trans-
posons) were not represented in the species-specific gene clusters.
Gene clusters specific for C. intestini were most notably enriched
in category E (amino acid transport and metabolism), accounting for

more than 21% of the species-specific genes (Figure 4). Closer

inspection of these genes revealed CDSs for a Na+/glutamate sym-
porter as well as genes involved in the biosynthesis of methionine
(m00017), histidine (m00026) and L-isoleucine from threonine
(m00570). Analysis after KAAS prediction of pathways confirmed the
presence of complete biosynthesis pathways for these amino acids in
C. intestini strains, whereas the same pathways were incomplete in
C. praedatoris. Convivina intestini specific gene clusters were further-
more enriched in COG categories K (transcription) and O (posttransla-
tional modification, protein turnover, chaperones), whereas categories
L (replication, recombination and repair) and V (defence mechanisms)
were missing.

The C. praedatoris specific gene clusters were most prominently
enriched in category G (carbohydrate transport and metabolism) with
12 gene clusters (36 genes). However, only five gene clusters had
annotations that were exclusively found in this species, including
aldose 1-epimerase (galM), maltose phosphorylase (mapA), fucose per-
mease (fucP), EamA-like transporter family (yicLl) and oligo-1,-
6-glucosidase (malL). Categories | (lipid transport and metabolism) and
J (translation, ribosomal structure and biogenesis) are missing from

the C. praedatoris specific genes (Figure 4).
Carbohydrate metabolism analysis
All Convivina genomes were annotated via the KEGG database using

the KAAS system for pathway prediction and via the bdCAN2 server
to identify carbohydrate-active enzymes. The six Convivina isolates
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FIGURE 2 Relative abundance of predominant bacteria in crop, midgut, hindgut and ovaries of the Asian hornet Vespa velutina as revealed
through 16S rRNA gene amplicon sequencing. The proportion of the 20 most abundant ASVs is summarised at genus level. The gap between the
bars and 100% represents the proportion of low abundant ASVs not included in the figure. Pooled samples are indicated with *.
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TABLE 3 OrthoANIu and digital DNA-DNA hybridization (dDDH) values of the Convivina genomes towards the genomes of the type strains
Convivina intestini DSM 28795" and Convivina praedatoris LMG 324477,

OrthoANIlu value (%) dDDH value (%)

C. intestini DSM 287957 C. praedatoris LMG 324477 C. intestini DSM 287957 C. praedatoris LMG 324477

C. intestini DSM 287957 100 91.17 100 42.8
C. intestini R-77811 99.88 91.02 99.8 42.6
C. intestini R-78131 97.68 90.89 78.5 41.8
C. praedatoris LMG 324477 91.17 100 42.8 100
C. praedatoris R-77815 91.21 99.88 429 99.6
C. praedatoris R-78138 91.09 99.75 42.7 98.3
did not contain all necessary genes to perform a complete glycolysis invertase/sucrase. dbCAN2 predicted genes for levansucrase

pathway. A phosphofructokinase enzyme was lacking for the conversion (EC 2.4.1.10, CAZy family GH68) and inulosucrase (EC 2.4.1.9, CAZy

of Dp-fructose-6-phosphate to bD-fructose-1,6-biphosphate. Therefore, family GHé8) in both species, as well as a dextransucrase gene
metabolism of glucose initially occurs through the phosphoketolase path- (EC 2.4.1.5, CAZy family GH70) only in C. intestini. This indicates that
way where glucose is converted into Dp-glyceraldehyde-3-phosphate Convivina is able to produce polysaccharides while degrading sucrose.

(GAP) and acetyl-phosphate. GAP is further metabolised via the glycoly- Furthermore, maltose phosphorylase (EC 2.4.1.8, CAZy family GHé65)
sis pathway into pyruvate. As Convivina lacks several TCA cycle genes, and oligo-1,6-glucosidase (EC 3.2.1.10, CAZy family GH13 subfamily

pyruvate will be converted to lactate, acetyl-coA or acetyl-phosphate 31) were identified in the genomes of C. praedatoris only. Other
through the activity of lactate dehydrogenase, pyruvate dehydrogenase carbohydrate-active enzymes identified via the dbCAN2 server are
complex or pyruvate oxidase, respectively. Acetyl-phosphate can be con- summarised in Table Sé.

verted to acetate via acetyl-phosphate kinase or to acetyl-coA through
phosphate acetyltransferase. Acetyl-coA can be further reduced into
acetaldehyde and ethanol via the bifunctional acetaldehyde/alcohol Proteolytic metabolism analysis
dehydrogenase.
Convivina can import and metabolise sucrose through the pres- KEGG and eggNOG annotations were investigated to map the proteo-

ence of sucrose phosphotransferase, sucrose phosphorylase and lytic potential of Convivina. The Convivina genomes analysed lacked an
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FIGURE 3 Pangenome analysis of Convivina strains computed through the anvi'o pangenomics workflow. Gene clusters (n = 1901) were
ordered according to a hierarchical clustering of their presence/absence (inner dendrogram). Genomes were ordered based on the presence/
absence of the gene clusters. The outermost ring indicates the number of genomes contributing to a gene cluster. The second ring indicates the
number of genes that fall into a respective gene cluster. The third ring depicts for which gene clusters a COG20 function was assigned (dark
green). The inner purple and blue rings display the presence (dark colour) or absence (light colour) of the gene clusters in each of the six genomes.
The outer grey arc depicts the core genome composed of gene clusters present in all six Convivina genomes. The purple and blue arcs indicate
gene clusters exclusively present in all three genomes of C. intestini or C. praedatoris, respectively.

extracellular proteinase for the initiation of proteolysis. However, sev-
eral peptide and amino acid transporter systems were identified in the
Convivina core genome such as the oligopeptide ABC transporter Opp
and the di-/tripeptide transporter DtpT. Convivina intestini encodes an
additional Na+/glutamate symporter not identified in C. praedatoris.
Intracellular degradation of peptides is mediated by different pepti-
dases located in the Convivina core genome: aminopeptidase (PepA),
aminopeptidase N (PepN), tripeptidase (PepT), oligoendopeptidase F
(PepF) and Xaa-proline aminopeptidase (PepP).

Phenotypic characterisation

Convivina intestini LMG 28291" and C. praedatoris LMG 324477 were
catalase- and oxidase-negative and grew at pH values between 5 and
8. The latter tolerated higher temperatures and NaCl concentrations
for growth, that is, 15-37°C and 0%-6% [weak growth at 7%] NaCl
versus 15-35°C and 0%-5% NaCl. Both strains grew aerobically and

anaerobically, both with and without 2% fructose. They showed no or
very poor growth with p-ribose, p-fucose, p-melibiose, p-cellobiose,
starch or chitin in MRS broth (Figure S3). Both strains showed similar
growth with p-fructose and sucrose. Convivina intestini LMG 282917
did not grow with D-maltose as single carbon source, while
C. praedatoris LMG 324477 did. In contrast, both strains grew well
with p-glucose and p-trehalose as single carbon source, but much
higher cell yields were obtained for C. intestini LMG 28291" compared
to C. praedatoris LMG 32447". Both strains showed a similar produc-
tion of metabolites from D-glucose, except for acetate, which was
accumulated at a higher concentration by C. praedatoris LMG 324477
(Table S7). p-Fructose and sucrose metabolism resulted in a higher
production of mannitol and acetate by C. intestini LMG 282917 com-
pared to C. praedatoris LMG 32447". The latter produced significantly
more lactate from growth on p-fructose, although the concentration
of lactate accumulated by both strains was lower than with p-glucose
or sucrose metabolization. Furthermore, sucrose was not fully utilised
by C. praedatoris LMG 32447".
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TABLE 4 Number of genes assigned to each COG category for all six analysed Convivina strains.
C. intestini C. praedatoris
DSM 287957 R-77811 R-78131 LMG 324477 R-77815 R-78138
C—Energy production and conversion 46 46 45 47 47 47
D—Cell cycle control, cell division, chromosome partitioning 31 31 31 31 31 30
E—Amino acid transport and metabolism 142 142 143 120 120 119
F—Nucleotide transport and metabolism 75 75 74 74 74 74
G—Carbohydrate transport and metabolism 77 78 79 83 83 83
H—Coenzyme transport and metabolism 64 64 64 64 64 64
|I—Lipid transport and metabolism 52 52 52 50 50 50
J—Translation, ribosomal structure and biogenesis 181 182 182 180 180 180
K—Transcription 81 81 83 79 79 76
L—Replication, recombination and repair 91 92 86 92 90 91
M—Cell wall/membrane/envelope biogenesis 65 64 70 66 66 67
N—Cell motility 5 5 5 5 5 5
O—Posttranslational modification, protein turnover, 53 54 53 51 51 52
chaperones
P—Inorganic ion transport and metabolism 55 56 51 48 47 48
Q—Secondary metabolites, biosynthesis, transport and 10 10 11 11 11 11
catabolism
R—General functional prediction only 54 54 55 58 58 58
S—Function unknown 63 66 69 67 67 68
T—Signal transduction mechanisms 32 32 33 32 33 32
U—Intracellular trafficking, secretion and vesicular transport 14 14 14 14 14 14
V—Defence mechanisms 31 31 30 28 28 31
X—Mobilome: prophages, transposons 20 22 16 20 17 17
No category assigned 369 367 350 368 348 365
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FIGURE 4 Relative COG category classification of the Convivina pangenome. Pangenome analysis, species-specific genome analysis and
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classification of genes into COG categories were performed through the anvi'o pangenomics pipeline. The core genome of Convivina was

composed of genes present in all six analysed strains. The species-specific genomes of the two species were composed of genes present in all

three genomes of each species. Function of each COG category is shown in Table 4.
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DISCUSSION

We identified the cultivable bacterial communities of the crop, mid-
gut, hindgut and ovaries in a single nest of the invasive hornet
V. velutina through a large-scale isolation campaign. We subsequently
compared the results obtained with those of a 16S rRNA amplicon
sequencing analysis of samples of the same nest to provide a more
complete image of these bacterial communities, as both approaches
have intrinsic biases and limitations (Duthoo et al, 2022; Hong
et al., 2009; Lagier et al., 2012; O’Callaghan et al., 2021). Both
cultivation-independent and cultivation-dependent approaches
revealed a dominant occurrence of Bacillota and Pseudomonadota in
the hornet’s gut microbiota, which was consistent with results from
other insect species (Yun et al., 2014), other hornet species (Suenami
et al., 2019) and two recent studies of V. velutina (Cini et al., 2020;
Zhang et al, 2022). While 16S rRNA gene amplicon sequencing
revealed a different gut microbiota composition in each of the sample
types (i.e., gut fractions and ovaries), each sample type displayed a

similar richness and diversity (Figure S1).

Gut symbiont community of the Asian hornet

16S rRNA gene amplicon sequencing allowed us to define bacterial
core ASVs for each of the sample types and revealed three dominant
V. velutina gut symbionts: Lactococcus and Sphingomonas were identi-
fied as bacterial core ASVs across all sample types and were the most
abundant in the midgut, hindgut and ovaries, whereas Convivina ASVs
dominated the crop. Other core ASVs were assigned to Fructobacillus
and Spiroplasma. Isolates representing Sphingomonas and Spiroplasma
core ASVs were not obtained during the cultivation campaign. While
the former should be cultivable on several of the general-purpose iso-
lation media used, the latter is a fastidious organism that requires
highly specific isolation conditions (Bell-Sakyi et al., 2015). Isolates
recovered during the cultivation campaign were primarily LAB and
AAB, which are well-known members of the insect gut microbiota,
especially in sugar-feeding insects (Crotti et al., 2010; Engel &
Moran, 2013). Although the logistics of a large-scale isolation cam-
paign did not allow to process all collected samples immediately after
collection, the decision to immediately freeze freshly collected hornet
specimens at —80°C until further analysis may have introduced a bias
in our study. Nevertheless, a much higher species level diversity was
detected through cultivation compared to 16S rRNA gene amplicon
sequencing, as also observed in earlier studies (Audisio et al., 2011;
Olofsson & Vasquez, 2008; Praet et al., 2018). We isolated represen-
tatives of 12 LAB and 4 AAB species while 5 LAB ASVs and a single
AAB ASV were detected among the top 20 most predominant ASVs
through 16S rRNA amplicon sequencing. Other LAB and AAB ASVs
were only detected at an overall low relative abundance of less
than 0.1%.

The dominantly isolated (Table 1) and detected (Table 2) LAB and
AAB species in the present study differed from those reported in
honey bees (Moran, 2015). Lactococcus lactis, L. plantarum, Convivina
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spp., F. fructosus and Leuconostoc species were the most abundantly
isolated LAB (Table 1). However, no representatives of the ‘Firm 4’
(i.e., the genus Bombilactobacillus; Zheng et al., 2020) or ‘Firm 5’
(i.e., the genus Lactobacillus; Zheng et al., 2020) phylotypes that are
dominant in social bees, or the more sporadically detected ‘Lacto-3’
phylotype (i.e., the genus Apilactobacillus; Zheng et al., 2020) were iso-
lated. We also did not isolate representatives of the ‘Alpha 2.2’ Aceto-
bacteraceae phylotype (i.e., the genus Bombella; Li et al., 2015) but did
obtain several Commensalibacter isolates (Table 1). The latter corre-
sponds with the ‘Alpha 2.1’ phylotype which is detected sporadically
in honey bees and fruit flies (Bonilla-Rosso & Engel, 2018; Martinson
et al., 2011; Roh et al., 2008). We finally did not isolate representa-
tives of the ‘Bifido’ or ‘Alpha 1’ phylotypes (i.e., Bifidobacterium and
Bartonella, respectively) detected in honey bees. However, the
compartment-specific bacterial community and similar alpha diversity
indices between gut compartments corresponded with observations
in honey bees (Callegari et al., 2021). The most predominant bacteria
in our study were consistently present along the gut but varied in
abundance in the gut compartments as Convivina dominance declined
and Lactococcus abundance increased from crop towards the hindgut.
A similar pattern was reported in the honey bee gut community where
fermentative LAB was more dominant towards the distal compart-
ments (Kwong & Moran, 2016; Martinson et al., 2012).

ASVs of honey bee-associated bacteria were previously detected
in V. velutina (Cini et al.,, 2020), but also in the Japanese hornets
V. simillima and V. mandarinia (Suenami et al., 2019), suggesting the
detection of prey microbiota. Inspection of ASVs generated in the pre-
sent study also revealed the sporadic occurrence of ASVs of honey
bee-associated bacteria such as Apilactobacillus kunkeei, Lactobacillus
melliventris, Bifidobacterium, Bombella and Commensalibacter, with less
than 0.1% relative abundance (data not shown). This suggests that
honey bee-associated bacteria can be detected upon honey bee pre-
dation but are likely not adapted for colonisation of the hornet gut.
Vespa velutina hornets sampled in Korea showed a very distinctive
bacterial community dominated by Flavobacterium, Aeromonas, Pseu-
domonas and Pedobacter (Kim et al., 2018). Most of the genera
detected in the latter study were minimally represented in our ASV
dataset, except for Sphingomonas and Stenotrophomonas which
belonged to the 20 most abundant ASVs. While diet or environment-
induced effects cannot be ruled out, this major difference in bacterial
community is likely explained by the DNA extraction method
employed by Kim et al. (2018) which led to the detection of predomi-
nantly Gram-negative bacteria. The DNA extraction procedure used
by Cini et al. (2020) was more similar to ours, as were their results.
Adult hornet microbiota samples in Italy were dominated by lactoba-
cilli and Lactococcus (Cini et al., 2020). Sequence analysis of the most
abundant ASVs retrieved from the amplicon sequencing data of the
Italian study (Cini et al., 2020) revealed a 100% identity with the most
abundant Lactiplantibacillus and Lactococcus ASVs in our dataset and
furthermore had a 100% sequence identity to the 16S rRNA V3-V4
region of L. plantarum and Lc. lactis isolates of the present study
(Table 1). In contrast, Fructobacillus and Sphingomonas were detected

in a very low abundance and Convivina was not reported earlier (Cini
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et al., 2020). Re-examination of all Leuconostoc ASVs and Lactobacilla-
ceae ASVs with unassigned genus status from the Cini et al. study
identified two ASVs as Convivina: one with 100% sequence identity to
C. intestini and one with 100% sequence identity to C. praedatoris.
Together, these data confirmed the presence of Lactococcus, Lacti-
plantibacillus, Fructobacillus, Sphingomonas and Convivina in the Italian
study (Cini et al., 2020). Furthermore, Lactococcus, Lactiplantibacillus,
Fructobacillus, Sphingomonas, and Spiroplasma were also reported in
the midgut microbiome of V. velutina in the native region China
(Zhang et al., 2022).

The distinct LAB community in the Asian hornet that was domi-
nated by Lactococcus, Lactiplantibacillus, Convivina and Fructobacillus
in the two European populations examined thus far may assume func-
tions similar to those provided by the LAB phylotypes in the social
bee gut, but is likely to be tailored to the more ancestral carnivorous
diet of its host. Consumption of sugar-rich plant-derived liquids as a
carbon source is a common trait between hornets and bees, and vari-
ous LAB have different carbohydrate processing affinities. LAB are
bacteria with small genomes that range in size between 1.3 Mbp and
3.5 Mbp, highlighting processes of considerable gene loss in this phy-
logenetic lineage (Maeno et al., 2021). Analysis of LAB genomes sug-
gested that the bulk of the genes lost were linked to adaptation to
protein and carbohydrate-rich food environments (Schroeter &
Klaenhammer, 2009). Some LAB, such as Fructobacillus species, are
characterised by excessive gene loss (Endo et al., 2015; Maeno
et al.,, 2021), while others, such as L. plantarum and Lc. lactis, have
counterbalanced gene loss by retaining a larger number of sugar
uptake systems and complete pathways for biosynthesis of most
amino acids, and by the emergence of new genes via duplication and
horizontal gene transfer (Makarova et al., 2006; Sun et al., 2015; Wels
et al., 2019). Yet, the small LAB genomes typically encode a broad rep-
ertoire of transporters for efficient carbon and nitrogen acquisition
from the nutritionally rich environments they live in to compensate
for a limited biosynthetic potential (Makarova et al., 2006;
Schroeter & Klaenhammer, 2009).

Ecology, metabolism, and functional genomics of
Convivina

The Asian hornet thus hosts a community of LAB that are on the one
hand well-known as broad generalists (i.e., L. plantarum and Lc. lactis),
and others that have emerged as highly adapted specialists (Fructoba-
cillus and Convivina). Convivina was the dominant LAB genus in the
crop, with two ASVs comprising almost 70% of the reads of the
pooled crop sample. So far only one species, isolated from the gut of
the bumble bee Bombus terrestris, has been described (Praet
et al., 2015). Apart from its subsequent detection in bumble bees and
recently also in stingless bees (Figueroa et al., 2021), little is known
about the habitat and functional role of these bacteria. A single ‘Fruc-
tobacillus sp.” isolate (16S rRNA accession no. JN167936) from Hedera
helix flowers was reported in 2012 in a study in Sweden (Vasquez
et al., 2012); its 16S rRNA sequence presented 99.85% identity with

the C. intestini type strain (data not shown). Similarly, a 16S rRNA
gene sequence of a single ‘Leuconostoc sp.’ isolate (16S rRNA acces-
sion no. JX863368.1) from a honey bee gut sample in South Korea
was deposited in GenBank in 2012 (unpublished data) and presented
99.57% 16S rRNA gene sequence identity with the C. intestini type
strain (data not shown), demonstrating that both strains belonged to
Convivina as well. In the present study, we isolated a novel Convivina
species, C. praedatoris sp. nov., from the three gut fractions of
V. velutina. The two Convivina ASVs (Table 2) corresponded with the
two species isolated from the hornet gut (Table 1) and with ASVs
reported in the ltalian study (Cini et al., 2020).

The genomic features of the Convivina strains were generally similar
to those of Fructobacillus and Leuconostoc strains (Endo et al., 2015),
their nearest phylogenetic neighbours. Category E genes (amino acid
metabolism and transport) ranked 2nd in genomes of all three genera,
whereas the ratio of category G (carbohydrate metabolism and trans-
port) genes in Convivina genomes ranked higher than in Fructobacillus
genomes but lower than Leuconostoc genomes (Table S5) (Endo
et al., 2015). The comparative functional genome analyses presented
here revealed that C. intestini has a genome that is more adapted
towards amino acid metabolism, whereas C. praedatoris showed adapta-
tion towards carbohydrate metabolism (Table 4; Tables S5 and Sé). The
lack of complete biosynthesis pathways for several amino acids in
C. praedatoris indicates that this species is more dependent on the pro-
teins, peptides and amino acids which V. velutina obtains through inges-
tion of nitrogen-rich larval saliva (Takashi et al., 1991). It seems
plausible to speculate that C. praedatoris may have lost more of its
amino acid biosynthetic potential as these are freely available in the
hornet gut. Another striking difference between the two species is the
presence of maltose phosphorylase and oligo-1,6-glucosidase in
C. praedatoris (Table S6). These two enzymes can be directly linked to
the capability of C. praedatoris to metabolise degradation products of
starch, such as maltose, which is lacking in C. intestini (Figure S3).
Maltose is a disaccharide formed by starch degradation during fruit rip-
ening (Stone & Morell, 2009). As ripening fruits are a part of the hornet
diet as a source of carbohydrates, this may highlight another adaptation
of C. praedatoris towards the host diet.

While both Convivina species shared many biochemical character-
istics, they differed in growth with p-glucose and p-trehalose as sub-
strate (Figure S3). Inspection of the metabolites produced from b-
glucose metabolism showed a significantly higher production of ace-
tate by C. praedatoris (Table S7), possibly leading to a growth inhibi-
tion due to the increasing acidity of the environment. p-Fructose
metabolism resulted in lower lactate concentrations than p-glucose
metabolism (Table S7), as p-fructose can be used as both a ferment-
able substrate and as an electron acceptor: per mol of p-fructose
metabolised, 2 mol of b-fructose must be reduced to mannitol to
regenerate NAD ™" (Wisselink et al., 2002). The excess of electrons is a
result of the conversion of acetyl-phosphate to acetate instead of eth-
anol, and explains the lower concentrations of ethanol for growth
with p-fructose compared to growth with p-glucose. The two Convi-
vina species showed significant differences in the yield of lactate, ace-
tate and mannitol from bp-fructose metabolism (Table S7), likely
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indicating that mannitol dehydrogenase is more active in C. intestini
(which produces less lactate, but more mannitol and acetate).
Furthermore, the present data suggested that invertase/sucrase
was less active in C. praedatoris, as sucrose was not fully metabo-
lised. Once sucrose is converted to p-glucose and b-fructose, b-
glucose can be fermented to lactate and ethanol or, in lower
amounts, acetate, whereas p-fructose is again utilised as an electron
acceptor and reduced to mannitol. Genome analyses furthermore
indicated that both species can produce polysaccharides from
sucrose degradation (Table Sé). Dextran, levan and inulin may be
involved in biofilm formation, which is important for adhesion and
colonisation of the gut tissue. Furthermore, the latter two are
known as prebiotics that stimulate the growth of gut beneficial bac-
teria in mammals (Dogsa et al, 2013; Schmid et al, 2019;
Velazquez-Hernandez et al., 2011).

The small size of the Convivina genomes (1.5-1.6 Mbp) is a hall-
mark of gene reduction involved in carbohydrate transport and
metabolism (category G) in LAB, as was recently shown in other small
genome Lactobacillaceae species (Maeno et al., 2021). Using the for-
mula for correlation between genome size and number of genes
involved in category G (y = 95.452x — 52.387) (Maeno et al., 2021),
C. intestini and C. praedatoris should have approx. 100 and 93 category
G genes, respectively. The observation of only 77 and 83 genes,
respectively, in both type strains confirmed a reduction in category G
genes, especially in C. intestini. Although gene reduction is not as high
as in fructophilic LAB, it likely highlights adaptation and specialisation
to carbohydrate-rich habitats, which is in accordance with their isola-
tion sources. The present and an earlier study (Cini et al., 2020) dem-
onstrated that both C. praedatoris and C. intestini occur in European
V. velutina populations, whereas C. intestini was earlier isolated from
gut samples of B. terrestris bumble bees (Praet et al., 2015). Consider-
ing its high abundance in samples in the present study, it is unlikely
that C. intestini is merely a prey bacterium transiting the hornet gut.
The strong reduction in carbohydrate metabolism genes in C. intestini
limits this organism to carbohydrate-rich habitats, which is provided in
the gut of both hosts. It seems plausible to speculate that Convivina
bacteria are present in more carbohydrate-rich habitats linked to
social insects, or specifically the clade Aculeata, but that this relatively
recently described LAB genus (Praet et al., 2015) has not been identi-
fied or misidentified in earlier studies.

CONCLUSION

Our study provided a comprehensive description of the cultivable
bacterial community of the crop, midgut and hindgut compartments,
as well as the ovaries of the invasive hornet V. velutina. While these
results were obtained through the analysis of samples from a single
nest of Asian hornets in Belgium, they were largely congruent with
16S rRNA amplicon sequencing data reported in ltaly (Cini
et al., 2020) and China (Zhang et al., 2022). The results obtained sug-
gested that the Asian hornet bacterial community was dominated by

Convivina, Fructobacillus, Lactococcus, Sphingomonas, Spiroplasma and
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Lactiplantibacillus. We reported and discussed the functional genomic
potential of two Convivina species from the hornet gut: C. intestini,
which was previously isolated from a bumble bee, and the novel spe-
cies C. praedatoris. Comparative functional genomics analyses of both
species indicated specialisation towards amino acid and carbohydrate
metabolism, respectively.

Description of Convivina praedatoris sp. nov.

Convivina praedatoris (L. gen. n. praedatoris, from a predator, referring
to the isolation source of the reported strains).

Gram-positive, rod-shaped cells, 1.5-10 um long and about
0.8 um wide. Rods can be short or elongated and can occur in chains
of 2 or 3 cells. Aerobic growth on MRS occurs at 15-37°C and anaer-
obic growth occurs at the tested temperatures (28°C and 37°C).
Grows anaerobically in MRS broth at pH 5 to 8 and NaCl concentra-
tions of O to 6%,; after prolonged incubation up to 7 days weak growth
is obtained at 7% NaCl. Catalase and oxidase negative. Growth on
MRS supplemented with 2% fructose occurs in both aerobic and
anaerobic conditions. The type strain grows with p-glucose, p-fruc-
tose, sucrose, b-maltose and p-trehalose as single carbon source, but
not with p-ribose, p-cellobiose, p-fucose, b-melibiose, starch or chitin.
Lactic acid, acetic acid and ethanol are produced as end products from
glucose, fructose and sucrose metabolism. Mannitol is produced dur-
ing growth in fructose and sucrose, with higher mannitol levels pro-
duced during fructose metabolism.

The type strain LMG 324477 (=R-78119", CECT 30512") was iso-
lated in 2019 from the hindgut of the Asian hornet V. velutina sampled
in Essene, Belgium. The accession numbers of the 16S rRNA and partial
pheS gene sequences of C. praedatoris LMG 324477 are OW028325
and OW028324, respectively. The whole-genome sequence of strain
LMG 32447 has a size of 1.5 Mbp and a G + C content of 40.18 mol
%. This whole-genome sequence is publicly available under accession
number CAKOEU010000001 - CAKOEU010000022.

AUTHOR CONTRIBUTIONS

Amanda Hettiarachchi: Conceptualization; methodology;
writing - original draft; formal analysis; investigation; software; pro-
ject administration. Margo Cnockaert: Methodology; formal analysis;
investigation; writing - review and editing. Marie Joossens: Concep-
tualization; methodology; supervision; writing - review and editing.
David Laureys: Methodology; investigation; formal analysis;
writing - review and editing. Jessika De Clippeleer: Methodology;
investigation; formal analysis; writing - review and editing. Nicolas
J. Vereecken: Writing - review and editing; funding acquisition; pro-
Michez:

writing - review and editing; project administration. Guy Smagghe:

ject  administration.  Denis Funding  acquisition;
Funding acquisition; writing - review and editing; supervision; project
administration. Dirk C. de Graaf: Funding acquisition; writing - review
and editing; resources. Peter Vandamme: Conceptualization; supervi-
sion; writing - original draft; writing - review and editing; funding

acquisition; resources; project administration; methodology.

85UB0|7 SUOWIIOD BAEa.D 3|t (dde au) Aq peusenob ke ssjole VO ‘8sn JO SajnJ Joj Afeiq1 8UlUO AB]1M UO (SUOIPUOD-PUB-SULIBY WO A8 | 1M AlRIq U1 [UO//:SANY) SUORIPUOD PUe SWS | 84} 88S *[£202/TT/ST] Uo ARIqiTauluO A8 |1 1D eayiol|qiasiBIS BAIUN AQ ¥8ZT qWTTTT OT/I0p/Wod 48| 1M Arelq pul|uos eunokal//sdny wouy pepeojumod ‘S ‘€202 ‘€852S9ET



CORE SYMBIONT CONVIVINA IN VESPA VELUTINA

Insect Molecular
Biology

FUNDING INFORMATION
This study was funded by the FWO and F.R.S.-FNRS joint program
Excellence of Science (EOS) for the project ‘Climate change and its

effects on pollination services’ (CliPS, project number 3094785).

CONFLICT OF INTEREST STATEMENT
The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed

as a potential conflict of interest.

DATA AVAILABILITY STATEMENT

All data generated during the present study are archived at the
European Nucleotide Archive. 16S rRNA gene amplicon sequencing
data are accessible through Bioproject PRJEB51475. Annotated
whole-genome sequences and C. praedatoris LMG 324477 165 rRNA
and pheS gene sequences through Bioproject accession number
PRJEB47662.

ORCID

Amanda Hettiarachchi "= https://orcid.org/0000-0002-4577-6692
Denis Michez "> https://orcid.org/0000-0001-8880-1838

Guy Smagghe = https://orcid.org/0000-0001-8334-3313

Peter Vandamme "> https://orcid.org/0000-0002-5581-7937

REFERENCES

Anderson, K.E., Russell, J.A., Moreau, C.S., Kautz, S., Sullam, K.E., Hu, Y.
et al. (2012) Highly similar microbial communities are shared among
related and trophically similar ant species. Molecular Ecology, 21,
2282-2296.

Ankenbrand, M.J. & Keller, A. (2016) bcgTree: automatized phylogenetic
tree building from bacterial core genomes. Genome, 59, 783-791.

Audisio, M.C., Torres, M.J., Sabate, D.C., lbarguren, C. & Apella, M.C.
(2011) Properties of different lactic acid bacteria isolated from Apis
mellifera L. bee-gut. Microbiological Research, 166, 1-13.

Bankevich, A., Nurk, S., Antipov, D. Gurevich, AA., Dvorkin, M,
Kulikov, A.S. et al. (2012) SPAdes: a new genome assembly algorithm
and its applications to single-cell sequencing. Journal of Computa-
tional Biology, 19, 455-477.

Bell-Sakyi, L., Palomar, A.M. & Kazimirova, M. (2015) Isolation and propa-
gation of a Spiroplasma sp from Slovakian Ixodes ricinus ticks in Ixodes
spp. cell lines. Ticks and Tick-Borne Diseases, 6, 601-606.

Bonilla-Rosso, G. & Engel, P. (2018) Functional roles and metabolic niches
in the honey bee gut microbiota. Current Opinion in Microbiology, 43,
69-76.

Callahan, B.J., Mcmurdie, P.J. & Holmes, S.P. (2017) Exact sequence vari-
ants should replace operational taxonomic units in marker-gene data
analysis. ISME Journal, 11, 2639-2643.

Callegari, M., Crotti, E., Fusi, M., Marasco, R., Gonella, E., Noni, I.D.
et al. (2021) Compartmentalization of bacterial and fungal micro-
biomes in the gut of adult honeybees. Npj Biofilms and Micro-
biomes, 7, 42.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J.,
Bealer, K. et al. (2009) BLAST plus: architecture and applications.
BMC Bioinformatics, 10, 421.

Cantalapiedra, C.P., Hernandez-Plaza, A., Letunic, I., Bork, P. & Huerta-
Cepas, J. (2021) eggNOG-mapper v2: functional annotation, orthol-
ogy assignments, and domain prediction at the metagenomic scale.
Molecular Biology and Evolution, 38, 5825-5829.

o | s

Cini, A., Cappa, F., Petrocelli, I., Pepiciello, I., Bortolotti, L. & Cervo, R.
(2018) Competition between the native and the introduced hornets
Vespa crabro and Vespa velutina: a comparison of potentially relevant
life-history traits. Ecological Entomology, 43, 351-362.

Cini, A., Meriggi, N., Bacci, G., Cappa, F., Vitali, F., Cavalieri, D. et al. (2020)
Gut microbial composition in different castes and developmental
stages of the invasive hornet Vespa velutina nigrithorax. Science of
the Total Environment, 745, 140873.

Coenye, T., Falsen, E., Vancanneyt, M., Hoste, B., Govan, J.RW., Kersters, K.
et al. (1999) Classification of Alcaligenes faecalis-like isolates from the
environment and human clinical samples as Ralstonia gilardii sp. nov.
International Journal of Systematic Bacteriology, 49, 405-413.

Crotti, E., Rizzi, A., Chouaia, B., Ricci, I., Favia, G., Alma, A. et al. (2010)
Acetic acid bacteria, newly emerging symbionts of insects. Applied
and Environmental Microbiology, 76, 6963-6970.

Dogsa, I., Brloznik, M., Stopar, D. & Mandic-Mulec, I. (2013) Exopolymer
diversity and the role of levan in Bacillus subtilis biofilms. PLoS One, 8,
e62044.

Dumolin, C., Aerts, M., Verheyde, B., Schellaert, S., Vandamme, T., van der
Jeugt, F. et al. (2019) Introducing SPeDE: high-throughput dereplica-
tion and accurate determination of microbial diversity from matrix-
assisted laser desorption-ionization time of flight mass spectrometry
data. mSystems, 4, e00437-e00419.

Duthoo, E., de Reu, K., Leroy, F., Weckx, S. Heyndrickx, M. &
Rasschaert, G. (2022) To culture or not to culture: careful assessment
of metabarcoding data is necessary when evaluating the microbiota
of a modified-atmosphere-packaged vegetarian meat alternative
throughout its shelf-life period. BMC Microbiology, 22, 34.

Endo, A., Maeno, S., Tanizawa, Y., Kneifel, W., Arita, M., Dicks, L. et al. (2018)
Fructophilic lactic acid bacteria, a unique group of fructose-fermenting
microbes. Applied and Environmental Microbiology, 84, €01290-18.

Endo, A, Tanizawa, Y., Tanaka, N., Maeno, S., Kumar, H., Shiwa, Y. et al.
(2015) Comparative genomics of Fructobacillus spp. and Leuconostoc
spp. reveals niche-specific evolution of Fructobacillus spp. BMC Geno-
mics, 16, 1117.

Engel, P., Kwong, W.K., Mcfrederick, Q., Anderson, K.E., Barribeau, S.M.,
Chandler, J.A. et al. (2016) The bee microbiome: impact on bee
health and model for evolution and ecology of host-microbe interac-
tions. MBio, 7, e02164-15.

Engel, P. & Moran, N.A. (2013) The gut microbiota of insects - diversity in
structure and function. FEMS Microbiology Reviews, 37, 699-735.

Eren, AM., Kiefl, E., Shaiber, A., Veseli, |., Miller, S.E., Schechter, M.S. et al.
(2021) Community-led, integrated, reproducible multi-omics with
anvi'o. Nature Microbiology, 6, 3-6.

Espinosa, L., Franco, S. & Chauzat, M.P. (2019) Could Vespa velutina
nigrithorax be included in the World Organisation for Animal Health
list of diseases, infections and infestations? Revue Scientifique Et
Technique-Office International Des Epizooties, 38, 851-862.

Figueroa, L.L., Maccaro, J.J., Krichilsky, E., Yanega, D. & Mcfrederick, Q.S.
(2021) Why did the bee eat the chicken? Symbiont gain, loss, and
retention in the vulture bee microbiome. Mbio, 12, e02317-21.

Galperin, M.Y., Wolf, Y., Makarova, K.S., Alvarez, R.V., Landsman, D. &
Koonin, E.V. (2021) COG database update: focus on microbial diver-
sity, model organisms, and widespread pathogens. Nucleic Acids
Research, 49, D274-D281.

Goulson, D. (2010) Impacts of non-native bumblebees in Western Europe
and North America. Applied Entomology and Zoology, 45, 7-12.

Graystock, P., Rehan, S.M. & Mcfrederick, Q.S. (2017) Hunting for healthy
microbiomes: determining the core microbiomes of Ceratina, Mega-
lopta, and Apis bees and how they associate with microbes in bee
collected pollen. Conservation Genetics, 18, 701-711.

Gurevich, A, Saveliev, V., Vyahhi, N. & Tesler, G. (2013) QUAST: quality
assessment tool for genome assemblies. Bioinformatics, 29, 1072-
1075.

85UB0|7 SUOWIIOD BAEa.D 3|t (dde au) Aq peusenob ke ssjole VO ‘8sn JO SajnJ Joj Afeiq1 8UlUO AB]1M UO (SUOIPUOD-PUB-SULIBY WO A8 | 1M AlRIq U1 [UO//:SANY) SUORIPUOD PUe SWS | 84} 88S *[£202/TT/ST] Uo ARIqiTauluO A8 |1 1D eayiol|qiasiBIS BAIUN AQ ¥8ZT qWTTTT OT/I0p/Wod 48| 1M Arelq pul|uos eunokal//sdny wouy pepeojumod ‘S ‘€202 ‘€852S9ET


https://orcid.org/0000-0002-4577-6692
https://orcid.org/0000-0002-4577-6692
https://orcid.org/0000-0001-8880-1838
https://orcid.org/0000-0001-8880-1838
https://orcid.org/0000-0001-8334-3313
https://orcid.org/0000-0001-8334-3313
https://orcid.org/0000-0002-5581-7937
https://orcid.org/0000-0002-5581-7937

526 Insect Molecular Royal
Biology @

Hong, S.H., Bunge, J., Leslin, C., Jeon, S. & Epstein, S.S. (2009) Polymerase
chain reaction primers miss half of rRNA microbial diversity. ISME
Journal, 3, 1365-1373.

Keeling, M.J., Franklin, D.N., Datta, S., Brown, M.A. & Budge, G.E. (2017)
Predicting the spread of the Asian hornet (Vespa velutina) following
its incursion into Great Britain. Scientific Reports, 7, 6240.

Kim, E., Seo, J., Yang, S.H., Kim, 1.-S. & Koo, Y. (2018) Intestine bacterial
microbiota of Asian Hornet (Vespa velutina nigrithorax) and honey
bee. Korean Journal of Environmental Agriculture, 37, 135-140.

Kim, M., Oh, H.S., Park, S.C. & Chun, J. (2014) Towards a taxonomic coher-
ence between average nucleotide identity and 16S rRNA gene
sequence similarity for species demarcation of prokaryotes. Interna-
tional Journal of Systematic and Evolutionary Microbiology, 64,
346-351.

Kwong, W.K. & Moran, N.A. (2016) Gut microbial communities of social
bees. Nature Reviews Microbiology, 14, 374-384.

Lagier, J.C., Armougom, F., Million, M., Hugon, P., Pagnier, I., Robert, C.
et al. (2012) Microbial culturomics: paradigm shift in the human gut
microbiome study. Clinical Microbiology and Infection, 18, 1185-
1193.

Laurino, D., Lioy, S., Carisio, L., Manino, A. & Porporato, M. (2020) Vespa
velutina: an alien driver of honey bee colony losses. Diversity-Basel,
12,5.

Letunic, I. & Bork, P. (2021) Interactive tree of life (iTOL) v5: an online tool
for phylogenetic tree display and annotation. Nucleic Acids Research,
49, W293-W296.

Li, H. (2013) Aligning sequence reads, clone sequences and assembly con-
tigs with BWA-MEM. arXiv, 3, 13033997.

Li, L.L., Cleenwerck, I., De Vuyst, L. & Vandamme, P. (2017) Identification
of acetic acid bacteria through  matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry and report of
Gluconobacter nephelii Kommanee et al. 2011 and Gluconobacter
uchimurae Tanasupawat et al. 2012 as later heterotypic synonyms of
Gluconobacter japonicus Malimas et al. 2009 and Gluconobacter oxy-
dans (Henneberg 1897) De Ley 1961 (Approved Lists 1980) emend
Gossele et al. 1983, respectively. Systematic and Applied Microbiology,
40, 123-134.

Li, L.L., Praet, J., Borremans, W., Nunes, O.C., Manaia, C.M,, Cleenwerck, .
et al. (2015) Bombella intestini gen. nov., sp nov., an acetic acid bacte-
rium isolated, from bumble bee crop. International Journal of System-
atic and Evolutionary Microbiology, 65, 267-273.

Lisdiyanti, P., Katsura, K., Potacharoen, W., Navarro, R.R., Yamada, Y.,
Uchimura, T. et al. (2003) Diversity of acetic acid bacteria in
Indonesia, Thailand, and The Philippines. Microbial Culture Collection,
19, 91-99.

MacFaddin, J.F. (2000) Biochemical tests for identification of medical bacte-
ria, 3rd edition. Baltimore, MD: Williams and Wilkins.

Maeno, S., Nishimura, H., Tanizawa, Y., Dicks, L., Arita, M. & Endo, A.
(2021) Unique niche-specific adaptation of fructophilic lactic acid
bacteria and proposal of three Apilactobacillus species as novel mem-
bers of the group. BMC Microbiology, 21, 41.

Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mirkin, B., Koonin, E. et al.
(2006) Comparative genomics of the lactic acid bacteria. Proceedings
of the National Academy of Sciences of the United States of America,
103, 15611-15616.

Martinson, V.G., Danforth, B.N., Minckley, R.L., Rueppell, O., Tingek, S. &
Moran, N.A. (2011) A simple and distinctive microbiota associated
with honey bees and bumble bees. Molecular Ecology, 20, 619-628.

Martinson, V.G., Moy, J. & Moran, N.A. (2012) Establishment of character-
istic gut bacteria during development of the honeybee worker.
Applied and Environmental Microbiology, 78, 2830-2840.

McMurdie, P.J. & Holmes, S. (2013) phyloseq: an R package for reproduc-
ible interactive analysis and graphics of microbiome census data.
PLoS One, 8, e61217.

Entomological
Soclety

HETTIARACHCHI ET AL.

Meier-Kolthoff, J.P., Auch, A.F., Klenk, H.P. & Goker, M. (2013) Genome
sequence-based species delimitation with confidence intervals and
improved distance functions. BMC Bioinformatics, 14, 60.

Meier-Kolthoff, J.P. & Goker, M. (2019) TYGS is an automated high-
throughput platform for state-of-the-art genome-based taxonomy.
Nature Communications, 10, 2182.

Meroth, C.B., Walter, J., Hertel, C., Brandt, M.J. & Hammes, W.P. (2003)
Monitoring the bacterial population dynamics in sourdough fermen-
tation processes by using PCR denaturing gradient gel electrophore-
sis. Applied and Environmental Microbiology 69, 475-482.

Monceau, K., Bonnard, O. & Thiery, D. (2014) Vespa velutina: a new inva-
sive predator of honeybees in Europe. Journal of Pest Science, 87,
1-16.

Moran, N.A. (2015) Genomics of the honey bee microbiome. Current Opin-
ion in Insect Science, 10, 22-28.

Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A.C. & Kanehisa, M. (2007)
KAAS: an automatic genome annotation and pathway reconstruction
server. Nucleic Acids Research, 35, W182-W185.

Naser, S.M., Dawyndt, P., Hoste, B., Gevers, D., Vandemeulebroecke, K.,
Cleenwerck, I. et al. (2007) Identification of lactobacilli by pheS and
rpoA gene sequence analyses. International Journal of Systematic and
Evolutionary Microbiology, 57, 2777-2789.

O'Callaghan, J.L., Willner, D., Buttini, M., Huygens, F. & Pelzer, E.S. (2021)
Limitations of 16S rRNA gene sequencing to characterize Lactobacil-
lus species in the upper genital tract. Frontiers in Cell and Developmen-
tal Biology, 9, 641921.

Ohkuma, M. & Brune, A. (2011) Diversity, structure, and evolution of the
termite gut microbial community. In: Biology of Termites: A Modern
Synthesis. Dordrecht: Springer.

Olofsson, T.C. & Vasquez, A. (2008) Detection and identification of a novel
lactic acid bacterial flora within the honey stomach of the honeybee
Apis mellifera. Current Microbiology, 57, 356-363.

Oren, A. & Garrity, G.M. (2021) Valid publication of the names of forty-
two phyla of prokaryotes. International Journal of Systematic and
Evolutionary Microbiology, 71, 005056.

Parks, D.H., Imelfort, M., Skennerton, C.T., Hugenholtz, P. & Tyson, G.W.
(2015) CheckM: assessing the quality of microbial genomes recov-
ered from isolates, single cells, and metagenomes. Genome Research,
25,1043-1055.

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O. &
Kunin, W.E. (2010) Global pollinator declines: trends, impacts and
drivers. Trends in Ecology & Evolution, 25, 345-353.

Praet, J., Meeus, l., Cnockaert, M., Houf, K., Smagghe, G. & Vandamme, P.
(2015) Novel lactic acid bacteria isolated from the bumble bee gut:
Convivina intestini gen. nov., sp nov., Lactobacillus bombicola sp nov.,
and Weissella bombi sp nov. Antonie van Leeuwenhoek International
Journal of General and Molecular Microbiology, 107, 1337-1349.

Praet, J., Parmentier, A., Schmid-Hempel, R., Meeus, I, Smagghe, G. &
Vandamme, P. (2018) Large-scale cultivation of the bumblebee gut
microbiota reveals an underestimated bacterial species diversity
capable of pathogen inhibition. Environmental Microbiology, 20,
214-227.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P. et al.
(2013) The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Research, 41,
D590-D596.

Requier, F., Rome, Q., Chiron, G., Decante, D., Marion, S., Menard, M. et al.
(2019) Predation of the invasive Asian hornet affects foraging activ-
ity and survival probability of honey bees in Western Europe. Journal
of Pest Science, 92, 567-578.

Roh, S.\W., Nam, Y.D., Chang, H.W., Kim, K.H., Kim, M.S., Ryu, J.H. et al.
(2008) Phylogenetic characterization of two novel commensal bacte-
ria involved with innate immune homeostasis in Drosophila melanoga-
ster. Applied and Environmental Microbiology, 74, 6171-6177.

85UB0|7 SUOWIIOD BAEa.D 3|t (dde au) Aq peusenob ke ssjole VO ‘8sn JO SajnJ Joj Afeiq1 8UlUO AB]1M UO (SUOIPUOD-PUB-SULIBY WO A8 | 1M AlRIq U1 [UO//:SANY) SUORIPUOD PUe SWS | 84} 88S *[£202/TT/ST] Uo ARIqiTauluO A8 |1 1D eayiol|qiasiBIS BAIUN AQ ¥8ZT qWTTTT OT/I0p/Wod 48| 1M Arelq pul|uos eunokal//sdny wouy pepeojumod ‘S ‘€202 ‘€852S9ET



CORE SYMBIONT CONVIVINA IN VESPA VELUTINA

Insect Molecular
Biology

Rojas-Nossa, S.V. & Calvino-Cancela, M. (2020) The invasive hornet Vespa
velutina affects pollination of a wild plant through changes in abun-
dance and behaviour of floral visitors. Biological Invasions, 22, 2609~
2618.

Schmid, J., Bechtner, J., Vogel, R.F. & Jakob, F. (2019) A systematic
approach to study the pH-dependent release, productivity and
product specificity of dextransucrases. Microbial Cell Factories,
18, 153.

Schroeter, J. & Klaenhammer, T. (2009) Genomics of lactic acid bacteria.
FEMS Microbiology Letters, 292, 1-6.

Seemann, T. (2014) Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics, 30, 2068-2069.

Snauwaert, ., Roels, S.P., Van Nieuwerburgh, F., Van Landschoot, A., De
Vuyst, L. & Vandamme, P. (2016) Microbial diversity and metabolite
composition of Belgian red-brown acidic ales. International Journal of
Food Microbiology, 221, 1-11.

Steinhauer, N., Kulhanek, K., Antunez, K., Human, H., Chantawannakul, P.,
Chauzat, M.P. et al. (2018) Drivers of colony losses. Current Opinion
in Insect Science, 26, 142-148.

Stone, B. & Morell, M.K. (2009) Chapter 9: Carbohydrates. In:
WHEAT: Chemistry and Technology. Washington, DC: AACC
International Press, pp. 299-362.

Suenami, S., Nobu, M.K. & Miyazaki, R. (2019) Community analysis of gut
microbiota in hornets, the largest eusocial wasps, Vespa mandarinia
and V. simillima. Scientific Reports, 9, 9830.

Sun, Z.H., Harris, H.M.B., Mccann, A., Guo, C.Y., Argimon, S., Zhang, W.Y.
et al. (2015) Expanding the biotechnology potential of lactobacilli
through comparative genomics of 213 strains and associated genera.
Nature Communications, 6, 8322.

Takashi, A., Yoshiya, T., Hiromitsu, M. & yasuko vy, K. (1991) Comparative
study of the composition of hornet larval saliva, its effect on behav-
iour and role of trophallaxis. Comparative Biochemistry and Physiology
Part C: Comparative Pharmacology, 99, 79-84.

Takeuchi, T., Takahashi, R., Kiyoshi, T., Nakamura, M., Minoshima, Y.N. &
Takahashi, J. (2017) The origin and genetic diversity of the yellow-
legged hornet, Vespa velutina introduced in Japan. Insectes Sociaux,
64, 313-320.

Van Dongen, S. & Abreu-Goodger, C. (2012) Using MCL to extract clusters
from networks. Methods in Molecular Biology, 804, 281-295.

Vasquez, A., Forsgren, E., Fries, |., Paxton, R.J., Flaberg, E., Szekely, L. et al.
(2012) Symbionts as major modulators of insect health: lactic acid
bacteria and honeybees. PLoS One, 7, €33188.

Velazquez-Hernandez, M.L., Baizabal-Aguirre, V.M., Cruz-Vazquez, F.,
Trejo-Contreras, M.J., Fuentes-Ramirez, L.E., Bravo-Patino, A. et al.
(2011) Gluconacetobacter diazotrophicus levansucrase is involved in
tolerance to NaCl, sucrose and desiccation, and in biofilm formation.
Archives of Microbiology, 193, 137-149.

Vidal, C., Armisen, M., Monsalve, R., Gonzalez-Vidal, T., Lojo, S., Lopez-
Freire, S. et al. (2021) Anaphylaxis to Vespa velutina nigrithorax: pat-
tern of sensitization for an emerging problem in western countries.
Journal of Investigational Allergology and Clinical Immunology, 31,
228-235.

e | s

Wels, M., Siezen, R., Van Hijum, S., Kelly, W.J. & Bachmann, H. (2019)
Comparative genome analysis of Lactococcus lactis indicates niche
adaptation and resolves genotype/phenotype disparity. Frontiers in
Microbiology, 10, 4.

Wieme, A.D., Spitaels, F., Aerts, M., De Bruyne, K., Van Landschoot, A. &
Vandamme, P. (2014) Identification of beer-spoilage bacteria using
matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry. International Journal of Food Microbiology, 185, 41-50.

Wisselink, H.W., Weusthuis, R.A., Eggink, G., Hugenholtz, J. & Grobben, G.
J. (2002) Mannitol production by lactic acid bacteria: a review. Inter-
national Dairy Journal, 12, 151-161.

Yoon, S.H., Ha, S.M., Kwon, S., Lim, J., Kim, Y., Seo, H. et al. (2017) Intro-
ducing EzBioCloud: a taxonomically united database of 16S rRNA
gene sequences and whole-genome assemblies. International Journal
of Systematic and Evolutionary Microbiology, 67, 1613-1617.

Yoon, S.H., Ha, S.M,, Lim, J., Kwon, S. & Chun, J. (2017) A large-scale eval-
uation of algorithms to calculate average nucleotide identity. Antonie
van Leeuwenhoek International Journal of General and Molecular Micro-
biology, 110, 1281-1286.

Yun, JH., Roh, SW., Whon, T.W.,, Jung, M.J., Kim, M.S,, Park, D.S. et al.
(2014) Insect gut bacterial diversity determined by environmental
habitat, diet, developmental stage, and phylogeny of host. Applied
and Environmental Microbiology, 80, 5254-5264.

Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P.Z.,, Yang, Z.L. et al.
(2018) dbCAN2: a meta server for automated carbohydrate-active
enzyme annotation. Nucleic Acids Research, 46, W95-W101.

Zhang, L., Liu, F., Wang, X.L., Wang, P.H., Ma, S.L,, Yang, Y. et al. (2022) Mid-
gut bacterial communities of Vespa velutina Lepeletier (Hymenoptera:
Vespidae). Frontiers in Ecology and Evolution, 10, 934054.

Zheng, J.S., Wittouck, S., Salvetti, E., Franz, C., Harris, H.M.B., Mattarelli, P.
et al. (2020) A taxonomic note on the genus Lactobacillus: descrip-
tion of 23 novel genera, emended description of the genus Lactoba-
cillus Beijerinck 1901, and union of Lactobacillaceae and
Leuconostocaceae. International Journal of Systematic and Evolution-
ary Microbiology, 70, 2782-2858.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Data S1. Supporting Information

How to cite this article: Hettiarachchi, A., Chockaert, M.,
Joossens, M., Laureys, D., De Clippeleer, J., Vereecken, N.J.

et al. (2023) Convivina is a specialised core gut symbiont of the
invasive hornet Vespa velutina. Insect Molecular Biology, 32(5),
510-527. Available from: https://doi.org/10.1111/imb.12847

85UB0|7 SUOWIIOD BAEa.D 3|t (dde au) Aq peusenob ke ssjole VO ‘8sn JO SajnJ Joj Afeiq1 8UlUO AB]1M UO (SUOIPUOD-PUB-SULIBY WO A8 | 1M AlRIq U1 [UO//:SANY) SUORIPUOD PUe SWS | 84} 88S *[£202/TT/ST] Uo ARIqiTauluO A8 |1 1D eayiol|qiasiBIS BAIUN AQ ¥8ZT qWTTTT OT/I0p/Wod 48| 1M Arelq pul|uos eunokal//sdny wouy pepeojumod ‘S ‘€202 ‘€852S9ET


https://doi.org/10.1111/imb.12847

	Convivina is a specialised core gut symbiont of the invasive hornet Vespa velutina
	INTRODUCTION
	MATERIALS AND METHODS
	Collection of specimen and preparation of cell suspensions
	Isolation of bacteria
	MALDI-TOF MS dereplication
	Identification of isolates
	16S rRNA gene amplicon sequencing
	Genome sequence analysis
	Phylogenomic and comparative genomic analyses
	Metabolic characterisation
	Statistical data analyses

	RESULTS
	Isolation of the bacterial community
	Bacterial community richness and composition
	Genome characteristics of Convivina strains
	Convivina pangenome analysis
	Carbohydrate metabolism analysis
	Proteolytic metabolism analysis
	Phenotypic characterisation

	DISCUSSION
	Gut symbiont community of the Asian hornet
	Ecology, metabolism, and functional genomics of Convivina

	CONCLUSION
	Description of Convivina praedatoris sp. nov.

	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


