The ISME Journal (2019) 13:676-685 7 94;
https://doi.org/10.1038/s41396-018-0298-3 =17

ARTICLE
®

Check for

Gut bacterial and fungal communities in ground-dwelling beetles
are associated with host food habit and habitat

Rina Kudo'? - Hayato Masuya® - Rikiya Endoh* - Taisei Kikuchi®? - Hiroshi lkeda’

Received: 29 March 2018 / Revised: 23 August 2018 / Accepted: 8 September 2018 / Published online: 17 October 2018
© International Society for Microbial Ecology 2018

Abstract

Beetles (Coleoptera) have the highest species diversity among all orders, and they have diverse food habits. Gut microbes
may have contributed to this diversification of food habits. Here, we identified the pattern of the relationship between
ground-dwelling beetles and their gut microbial communities (bacteria and fungi) in the field. We collected 46 beetle
species of five families from secondary deciduous forests and grasslands in Japan and extracted microbial DNA from
whole guts for amplicon sequencing. The gut bacterial and fungal communities differed among all habitats and all food
habits of their hosts (carnivores, herbivores, omnivores, and scavengers) except for the fungal communities between
carnivores and scavengers. Specifically, the abundant bacterial group varied among food habits: Xanthomonadaceae were
abundant in scavengers, whereas Enterobacteriaceae were abundant in carnivores and herbivores. Phylogenetically closely
related beetles had phylogenetically similar communities of Enterobacteriaceae, suggesting that the community structure
of this family is related to the evolutionary change in beetle ecology. One of the fungal groups, Yarrowia species, which
has been reported to have a symbiotic relationship with silphid beetles, was also detected from various carnivorous
beetles. Our results suggest that the symbiotic relationships between ground-dwelling beetles and these microbes are

widespread.

Introduction

Beetles (Coleoptera) have the highest species diversity
among all orders and comprise ~40% (350 000 species) of
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all insects [1]. Beetles are also ecologically diverse, with
species having carnivorous, herbivorous, omnivorous, and
scavenger food habits [1], and they therefore play diverse
roles in ecosystems. One possibility for the diversification
of food habit is that it occurred in beetles via the estab-
lishment of symbiotic relationships with gut microbes. This
has been reported in gall midges (Diptera: Cecidomyiidae)
[2] and bugs (Hemiptera: Pyrrhocoridae) [3, 4]. However,
these relationships have not been studied well in beetles,
although symbiotic relationships between several beetles
and yeasts are known [e.g., ref. 5].

Community analyses have revealed that the gut bacteria
of vertebrates such as fish and mammals are related to these
animals’ food habits [e.g., refs. 6, 7]. For example, herbi-
vores depend more on gut microbes for digestion than do
omnivores and carnivores, and they possess unique
and diverse bacterial communities. The gut bacterial
communities of fish differ among habitats [8], and this may
also be the case with the gut microbial communities of
beetles.

Diverse ground-dwelling beetles with various food habits
live in forests and grasslands [e.g., refs. 9-11]. Ground-
dwelling beetles are an appropriate model group for
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investigating the relationship between beetles and their gut
microbes, because we can obtain sympatric, ecologically
diverse species. In the ground-dwelling beetle family Sil-
phidae, whose species consume dead vertebrates and
invertebrates such as earthworms [12, 13], the yeast Yar-
rowia lipolytica and a related species group that can break
down diverse carbon sources, including hydrocarbons and
lipids [14], have been isolated [15, 16]. Vogel et al. [16]
also noted that the gut bacteria of a silphid species con-
tribute to the digestive process of their hosts, and suggested
that Yarrowia species also help inhibit the growth of other
microbes by producing an antimicrobial substance.
Although various microbes inhabit beetle guts, symbiotic
relationships such as mutualism and parasitism have not
been studied in most beetles in the field.

In this study, we identified the general patterns of sym-
biotic relationships between beetles and their gut microbes
(bacteria and fungi) in the field by using ground-dwelling
beetles as a model system. We examined the relationships
between the food habits and habitats of ground-dwelling
beetles and the diversity and structure of their gut microbial
communities. We also examined the relationship between
the phylogenetic relatedness among beetle species and the
similarity of their gut microbial communities to infer the
evolutionary relationship between host and microbe.
Finally, we also specifically examined the symbiotic rela-
tionship with yeasts, because mutualism with beetles,
including a few ground-dwelling silphid species, has been
reported [e.g., refs. 5, 15-18].

Materials and Methods
Sampling and sequencing of beetles

We collected samples at three sites in northern Japan
(Supplementary Table S1). Each site contains secondary
deciduous forest and grassland adjacent to each other. At
each habitat, we collected beetles over 1 day by using 50
pitfall traps made of plastic cups. The surveys were con-
ducted once each in July and August in 2013 and 2014 and
twice each in July and August in 2015 at sites 1 and 2, and
once each in July and August in 2013 at site 3. Individual
beetles were placed separately into a tube or vial; they were
brought back to the laboratory in cooler boxes with refrig-
erant and kept at 4 °C until use. We also collected surface
soil samples from each habitat at sites 1 and 2 for DNA
extraction.

The samples collected in 2013 and 2014 were used for
molecular analysis of beetles and yeasts, and those collected
in 2015 were used for community analysis of gut microbes
by amplicon sequencing. Species identification of beetles
was performed based on the references [19-21].

Parts of the mitochondrial COI gene and 28S ribosomal
RNA gene were amplified and sequenced as described
previously [22] by using the primers listed in Supplemen-
tary Table S2. Sequences were deposited in DDBJ under
accession numbers LC373578-LC373737.

Amplicon sequencing with MiSeq and microbial community
analysis

We dissected beetles under the microscope within 2 days
after sampling to minimize changes in the gut microbial
community to the degree possible. Extracted guts (from
foreguts to hindguts) were preserved in 99% (v/v) ethanol.
DNA from soil samples (0.8 g) and whole guts with gut
contents were extracted by using a FastDNA SPIN Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA) following the
manufacturer’s protocol. Extracted DNA was subjected to
PCR amplification targeting an ~300-bp fragment of the
16S rRNA variable region 4 (EMP 515F and 806R) for
bacteria [23] and an ~250-bp fragment containing rRNA
ITS1/2 regions (EMP ITS1F and ITS2) for fungi [24].
Primers used for those amplifications contain barcode tags
to distinguish samples (Supplementary Table S2). Ampli-
fication was performed with the GoTaq Green Master Mix
(Promega KK, Tokyo, Japan) in a thermal cycler under the
following conditions: 94 °C for 3 min; 25 cycles of 94 °C
for 30 s, 50 °C for 60 s, and 72 °C for 90 s; and finally 72 °C
for 10 min. Triplicate PCRs were performed independently
for each DNA sample and mixed.

PCR products were purified using the NucleoSpin Gel
and PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instruction and quantified
using a NanoDrop 2000c (Thermo Fisher Scientific, Wal-
tham, MA, USA). All barcoded amplicons were pooled in
equal concentrations and sequenced on the MiSeq platform
using the MiSeq Reagent Nano Kit v2 (500 cycles; Illu-
mina, San Diego, CA, USA) according to the manu-
facturer’s recommended protocol (https://icom.illumina.
com/) to produce 251-bp paired-end reads. We obtained
paired-end reads (accession number: DRAO006652) and
removed low-quality sequence data using QIIME2 ver.
2018.04 [25] for further analysis. We removed 46 bp at the
5’-end from the ITS sequence data for fungi in order to fit
our data to the reference database. We used DADA2 [26]
implemented in QIIME2 to construct an operational taxo-
nomic unit (OTU) table for OTU representative sequences.

We analyzed the microbial communities in beetle guts by
using QIIME2. We used the GreenGenes 13.08 database
with 99% identity [27] for bacteria and assigned taxonomies
to OTU representative sequences by using RDP Classifier
(conducted on 3 June 2018) [28]. We used the UNITE
database released on 10 October 2017 [29]; this is the
database of OTUs identified by taxonomic experts as having
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singleton sequences for fungi. We added the ITS1/
2 sequence data of the genus Yarrowia into the database
from GenBank (accession numbers: FR856611, EU343806,
AM279270, NRI111357, KY101920, AM?279259,
AM279254,  NRI111212,  EF621566, KY105998,
KF649296, KF649301, and KF425323). We assigned
taxonomies to OTU representative sequences by using the
q2-feature-classifier plugin with BLAST+ method. To
exclude OTUs other than those of fungi, such as those of
beetles and their food resources, we removed the ITS1/
2 sequence data identified as “unassigned” when assigning
taxonomies for community analysis.

We compared Faith’s phylogenetic diversity of bacteria
and fungi among habitats and among food habits as an
index of alpha diversity. We conducted a pairwise Kruskal—
Wallis test implemented in QIIME2. In addition, we per-
formed principal coordinates analysis (PCoA) of the
unweighted Unifrac distance [30] for bacteria and fungi as
an index of beta diversity to evaluate similarity among the
gut microbial communities. We set the sampling depth to
1300 for bacteria and to 5000 for fungi in order to remove
samples with low sequence reads for these analyses. We
conducted permutational multivariate analyses of variance
(PERMANOVAs) for the unweighted Unifrac distance
matrices to compare the differences in microbial commu-
nities among food habits and among habitats of beetles by
using the “adonis” command with 1 million permutations in
the vegan package in R ver. 3.5.0 [31]. Beetle species and
collection season (July or August) were also included as the
independent variables. If these PERMANOVAs for the
comparison among food habits were significant, we con-
ducted a post hoc test using the “pairwise.perm.manova”
command with 100 000 permutations, Pillai’s trace statistic,
and Benjamini—-Hochberg correction for P-value in the
RVAideMemoire package in R ver. 3.5.0.

Yeast isolation, DNA extraction, PCR fingerprinting, and
nucleotide sequencing

We isolated yeasts from beetles to assess whether the
symbiotic relationship reported in a few ground-dwelling
beetle species [15, 16] is a general phenomenon. A series of
preliminary experiments showed that the yeast species
assemblage on the exoskeleton surface of beetles was
similar to that isolated from the beetle gut (Supplementary
Table S3). We therefore isolated yeasts from the exoske-
leton to obtain cultures of importance. After a beetle’s
species had been identified, yeast was isolated from the
beetle’s whole body surface (in the case of samples col-
lected in 2013) or from the elytra (in the case of samples
collected in 2014). Beetles (whole body or elytra only) were
aseptically placed in 1 ml of sterile 0.03% (v/v) Tween
20 solution and vortex-mixed for 1 min. A sterile plastic
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spreader was used to spread the solution onto a YM agar
plate supplemented with 100 ppm chloramphenicol. The lid
was left open for about 3 min, and then the plate was sealed
and incubated for 2—7 days at room temperature (ca. 20 °C).
The texture, color, and surface of agar-grown colonies that
appeared on the plates were examined to distinguish yeasts
from filamentous fungal colonies based on the reference
[32], where apparently fast-growing filamentous colonies
such as Trichoderma-like and Aspergillus-like ones were
excluded. When yeast colonies appeared, 10 of them were
randomly selected and picked up on a fresh YM agar plate,
and then incubated for 2-7 days. Single colony isolation
was performed again on YM agar, and the resultant pure
culture was used for preservation and subsequent DNA
extraction. The culture was suspended in 1 ml of 10% (v/v)
glycerol solution and preserved at —-20°C. For DNA
extraction from yeast cultures obtained in 2013, the cell
mass was suspended in 200 ul of sterile distilled water,
heated in a microwave oven at 700 W for 10s, and then
kept at =20 °C until used. For yeast cultures obtained in
2014, the cell mass was suspended in 200 pl of TE buffer,
heated in a metal block bath at 100 °C for 10 min, chilled on
ice, and then centrifuged at 15 000 rpm for 3 min at 4 °C.
One hundred microliters of the supernatant were kept at —
20 °C until used.

PCR fingerprinting using a microsatellite primer (GTG)s
(5'-GTG GTG GTG GTG GTG-3") was performed on the
yeast isolates, as described previously [33]. Banding pat-
terns after electrophoresis were grouped manually, and then
a few representative isolates were selected for each group,
for which PCR was performed to amplify the D1/D2 region
of the large subunit ribosomal RNA gene (LSU D1/D2) and
the small subunit ribosomal RNA gene (SSU) using the
primers listed in Supplementary Table S2. PCR conditions
for LSU D1/D2 were 40 cycles of 98 °C for 10, 52 °C for
30s, and 72 °C for 45s; those for SSU were 40 cycles
of 94 °C for 20s, 52°C for 30s, and 68 °C for 2 min.
The subsequent procedures for nucleotide sequencing were
the same as those employed for COI and 28S gene
sequencing in beetles (accession numbers: LC373738—
LC373914).

Phylogenetic analysis of beetles and yeasts

Haplotypes for beetles and yeasts were detected by using
the “pgelimdupseq” command in Phylogears2 ver. 2.0 [34];
individuals with the same haplotypes were excluded from
phylogenetic analyses. We included the sequence data of
Cupedidae (Archostemata) as the beetle outgroup species,
those of Zygomycota as the yeast outgroup species, and
those of identified yeast species from GenBank (Supple-
mentary Tables S4 and S5). We used MAFFT ver. 7.308
(xinsi method) for the alignment of beetle 28S and yeast
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SSU and LSU [35]. The alignments were inspected by eye
for obvious misalignments.

Phylogenetic analyses were based on the maximum
likelihood and Bayesian methods. The optimum substitu-
tion models were estimated by Kakusan4 [36]. Maximum
likelihood analyses were performed using TreeFinder ver.
March 2011 [37] on the basis of the models selected by
AICc4 (beetles: proportional model among regions and
non-partitioned model among codons, COl: TVM+G, 28S:
TVM+G; yeast: proportional model among regions, SSU:
GTR+G, LSU: J14+G) with 1000 bootstrap replications.
Bayesian analyses were performed in BEAST ver. 1.8.4
[38] with a log-normal relaxed clock model and substitution
models selected by BIC4 (beetles: COLl: GTR+G, 28S:
GTR+G; yeast: SSU: GTR+G, LSU: GTR+G). The COI
sequences of beetles were partitioned by their codon posi-
tions without unlinking parameters among codon positions.
We set constraints for each beetle family (Carabidae, Sil-
phidae, and Tenebrionidae) to be monophyletic in Bayesian
analysis. We performed a run for 100 million generations
with trees sampled every 10 000 generations, and we dis-
carded the first 2500 trees. All of the 45 estimated para-
meters for beetles and 34 of the 37 estimated parameters for
yeasts presented effective sample-size scores > 100.

Correlated evolutionary patterns between beetles and their
gut microbes

We tested the correlation between the phylogenetic distance
among beetle species and the dissimilarity of gut microbial
communities among beetle species for several microbial
families. In this analysis, we used the microbial families for
which the mean relative abundance among individuals in
each beetle species was higher than 5% in more than five
beetle species, because abundant microbes in several beetle
species are likely to have an evolutionary relationship with
the host species group. Carabidae species were used for this
analysis, because many species were collected in this
family. We extracted the microbial sequence data with high
relative abundance. We used the unweighted Unifrac dis-
tance for bacteria and fungi as an index of community
dissimilarity and set the sampling depth to 100 for bacteria
and to 200 for fungi. We used the mean interspecific dis-
tance of all pairs of beetle individuals. The phylogenetic
distance among beetle species was calculated by using a
tree constructed by BEAST, with one individual per species
and the “cophenetic.phylo” command in the ape package in
R ver. 3.4.1. We conducted a Mantel test with Pearson’s
correlation coefficient by using the “mantel” command with
1 million permutations in the vegan package in R ver. 3.5.0.
The false discovery rate for multiple tests was controlled by
using the Benjamini—-Hochberg method [39]. A positive
correlation of the phylogenetic distance among beetles with

the dissimilarity among gut microbial communities would
suggest that beetle evolution and their gut microbial com-
munities are related.

Molecular identification of yeasts

We conducted molecular identification of yeasts by the QC
auto method implemented in Claident [40] by using the
eukaryote LSU and SSU gene sequence databases at the
genus and species level. If the identified taxonomic levels
were different among genes and among databases, we
applied the result with the lowest taxonomic level. We
identified the samples that were not classified at the genus
or species level by Claident to the genus level based on the
phylogenetic relationship with known species data (Sup-
plementary Table S5) on the phylogenetic tree.

Results
Beetle food habit and habitat

We collected 46 beetle species representing carnivores,
omnivores, herbivores, and scavengers (dead-animal fee-
ders) from five families from 2013 to 2015 (Table 1, Sup-
plementary Tables S6 and S7). We obtained 32 species
(mainly carnivores) from forests and 30 species (mainly
carnivores but with more omnivores and herbivores than in
the forests) from grasslands. Most carnivorous and omni-
vorous species belonged to the Carabidae (Supplementary
Tables S6 and S7). The herbivores consisted of Carabidae
and Tenebrionidae species, whereas the scavengers belon-
ged to the Silphidae.

Relationship between microbial community and
beetle ecology

We examined the gut microbial communities of 116 beetle
individuals from 32 species in four families (Supplementary
Table S6). Bacterial phylogenetic diversity was significantly
greater in soil than in the beetle guts, regardless of habitat

Table 1 Numbers of beetle species collected from each habitat

Habitat
Food habit Forest Grassland
Carnivore 22 14
Omnivore
Herbivore
Scavenger
Equivocal 1 0
Total 32 30
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Fig. 2 Bacterial communities in beetle guts, clustered by using PCoA
based on the unweighted Unifrac distance. Circles and triangles cor-
respond to samples collected in forest and grassland, respectively, and
are colored according to beetle food habits. Eigenvalues of PCoA1 and
PCoA2 are shown in parentheses

(Fig. 1a, Supplementary Table S8). Bacterial phylogenetic
diversity in beetle guts did not differ between habitats
(Fig. 1a), but that of scavengers was significantly greater
than those of the other food habits (Fig. 1b, Supplementary
Table S9). The PCoA showed that bacterial community
structure in beetle guts differed between habitats
(R*=0.172, P =0.008; Fig. 2, Supplementary Table S10).
The soil bacterial community showed high similarity
between habitats.

The relative abundance of sequence reads of each bac-
terial family in soil was distributed among more families
than that in the beetle guts (mean number of families: soil:
n=4, 41.8+10.8 [SD]; beetle gut: n =111, 11.7+9.9),
and thus most families were classified as “others” (Fig. 3).
The relative abundances of Enterobacteriaceae and Enter-
ococcaceae were high in the guts of beetles collected from
both habitats (Fig. 3a, Supplementary Figure S1). The
PCoA (differed significantly among all food habits
(R*=0.172, P <0.001; Supplementary Table S11). Food
habit explained a much larger proportion of overall the
variance than habitat did, although both food habit and
habitat were significant factors (Supplementary Table S10).
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Fig. 3 Relative abundance of each bacterial family collected from the
guts of beetles (a) from each habitat and b with each food habit.
Sampling depth was set to 1300 to remove samples with low sequence
reads. OTUs that could not be classified into orders are summarized as
“Unclassified.” Names of classified families with total abundances >
5% are shown with order names in parentheses. Other families are
summarized as “Others.”

We obtained a similar pattern for PERMANOVA when we
conducted the statistical analyses for the Bray—Curtis dis-
tance matrix (Supplementary Tables S12, S13). The bac-
terial families with high relative abundances differed among
food habits. Scavengers possessed a unique bacterial com-
munity, which clustered tightly on the PCoA plot (Fig. 2)
and was composed mainly of Xanthomonadaceae (Fig. 3b).
Members of Enterobacteriaceae were relatively abundant in
the guts of beetles with other food habits—specifically in
carnivores and herbivores—although this family did not
show high relative abundance in soil. Members of Enter-
ococcaceae were also abundant in the guts of carnivores.
Fungal phylogenetic diversities were similar between
habitats and among food habits (Fig. 4, Supplementary
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Table S8 and Table S9). The fungal community structure in
beetle guts differed significantly between forest and grass-
land (R*=0.054, P<0.001; Fig. 5, Supplementary
Table S10). Habitat explained a slightly larger proportion of
the overall variance than food habit did (Supplementary
Table S10). We obtained a similar pattern for PERMA-
NOVA when we conducted the statistical analysis for the
Bray—Curtis distance matrix (Supplementary Table S12).
The forest soil fungal community was similar to that in the
guts of beetles collected from forest according to the PCoA
plot (Fig. 5). The relative abundance of each fungal family
was distributed among many families in soil and beetle guts
(mean number of families: soil: n =4, 53.5+13.4 [SD];
beetle gut: n =109, 27.9+11.6), and the fungal families
with high relative abundances varied among beetle species.
Thus, the relative abundance of most families was less than
5%, and they were classified as “others” (Fig. 6). Members
of Russulaceae were abundant in forest soil, whereas
members of Mortierellaceae, an unnamed family of Hypo-
creales, and Pyronemataceae were abundant in grassland
soil, although their relative abundances were less than 5% in
beetle guts from each habitat (Fig. 6, Supplementary Fig-
ure S2). We found significant differences in fungal com-
munity structure among food habits (R*=0.046, P <

1.00
0.80 I
0.60
0.40

0.20

0.00
carnivore herbivore omnivore scavenger  soil

Fig. 6 Relative abundance of each fungal family collected from the
guts of beetles (a) from each habitat and b with each food habit.
Sampling depth was set to 5000 to remove samples with low sequence
reads. OTUs not classified into orders are summarized as “Unclassi-
fied.” Names of classified families with total abundance>5% are
shown with order names in parentheses. Other families are summar-
ized as “Others.”

0.001), and significant differences were observed between
food habits, except between carnivores and omnivores
(Supplementary Table S11). We obtained weaker differ-
ences among food habits when we conducted the analysis
for the Bray—Curtis distance matrix (Supplementary
Table S13). Members of Trichocomaceae were abundant in
scavengers.

We constructed a beetle phylogenetic tree using 611 bp
of the COI gene and 655bp of the 28S gene from 165
individuals of 36 beetle species (Supplementary Figure S3).
None of the fungal families showed high relative abundance
(>5%) in more than five carabid species. In one bacterial
family, Enterobacteriaceae, we found a significant positive
relationship between beetle phylogenetic distance and the
dissimilarity of bacterial community structure in beetle guts,
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species (for those microbial families with high relative abundance).
Statistical results of Mantel tests with Pearson’s correlation coeffi-
cients are also shown. Significant P-values after correction by using
the Benjamini—-Hochberg method [40] are in bold. Solid line shows the
regression line for a significant relationship (P <0.05)

indicating that the Enterobacteriaceac community was
more similar between more closely related beetle species
(r=0.480, P =0.009; Fig. 7).

Relationship between yeast and beetle ecology

We attempted to isolate yeasts from 450 beetles belonging
to four families and 42 species (Supplementary Tables S7).
One hundred ninety-five samples of 28 beetle species
yielded yeast isolates (Supplementary Tables S7). Yeasts
were obtained from scavengers and carnivores at high rates,
whereas they were obtained from herbivores and omnivores
at low rates. The average lengths of the nucleotide
sequences for LSU D1/D2 and SSU of the isolated yeasts
were 501 and 875 bp, respectively. Although both asco-
mycetous and basidiomycetous yeasts were detected, most
isolates appeared to be members of Ascomycetes, as
determined from the sequence identities inferred by Clai-
dent and the yeast phylogenetic tree. Of note, the majority
of isolates were closely related to a couple of Yarrowia
(Saccharomycetes, Saccharomycotina) species (Supple-
mentary Figure S4 and Table S7). Also, isolates related to
the genera Priceomyces and Starmerella/Wickerhamiella
(Saccharomycetes, Saccharomycotina) were obtained from
nine and five beetle species, respectively (Supplementary
Figure S4 and Table S7). The relative abundance of Yar-
rowia species was high in the scavenger Necrophila japo-
nica according to the fungal community analyses using the
MiSeq reads (n=06, 5.94+541% [SE]), and Yarrowia
species were detected at low rates (<0.04%) in carnivores
(Synuchus melantho and Pterostichus fuligineus).

Yeast species assemblages detected from beetles were
not significantly different between habitats, but they did
differ among food habits (Supplementary Figure S4 and
Table S7). Yeasts assumed to be Yarrowia species were
frequently isolated from scavenger silphid beetles
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(Supplementary Table S7). Yeasts were also isolated from
carnivorous beetles: Yarrowia-related isolates were readily
detected and Priceomyces- and  Starmerella/Wick-
erhamiella-related ones were less frequently found in sev-
eral carnivorous beetles. In addition, basidiomycete
Vanrija- and Papiliotrema-related isolates were also
detected in a couple of beetle species. The frequency of
yeast isolation (mainly Yarrowia and Priceomyces) was
particularly high (>50%) from carnivorous Leptocarabus
arboreus, Carabus albrechti, and Pterostichus fuligineus,
all of which belong to Carabidae. Yeasts were less common
in herbivorous beetles. No herbivorous beetle species
(excluding rare species, of which only a few individuals
were collected) yielded yeast isolates with a frequency of
50% or more (Supplementary Table S7). Nonetheless,
herbivorous beetles yielded minor isolates such as Star-
merella/Wickerhamiella-, Kurtzmaniella-, Saitozyma-, and
Moesziomyces-related yeasts, as well as Yarrowia-related
ones. The former four isolates were exclusively found in
herbivorous beetles. The diversity of yeast taxa was high in
the herbivorous beetles Harpalus eous and Gonocephalum
japanum. Very few yeast isolates were obtained from
omnivorous beetles, unlike the case with carnivorous or
herbivorous beetles.

Discussion

The gut microbial community obtained from related sym-
patric beetles differed among taxa depending on their food
habit and habitat, as reported previously in vertebrates
[6-8]. However, the pattern differed between bacteria and
fungi. Similar bacterial families were abundant in the guts
of beetles in forests and grasslands, whereas the abundant
bacterial families differed among food habits. On the other
hand, we did not find particularly abundant fungal families
associated with either habitats or food habits (except sca-
vengers), because diverse fungal families were detected in
beetle guts and the fungal families with high relative
abundances varied among beetle species. In addition,
although both food habit and habitat had significant effects
on bacterial and fungal community structures, the strength
of these effects differed. Food habit explained a much larger
proportion of the overall variance in the bacterial commu-
nity than habitat did, whereas habitat explained a slightly
larger proportion of overall variance in the fungal com-
munity than food habit did. These results may suggest that
some bacterial groups tend to have symbiotic relationships
with their host species groups in relation to beetle food
habits, and they tend to become dominant in beetle guts.
The gut morphology of ground-dwelling carabid beetles
varies among subfamilies [41], and this variation reflects
their food habits in part. The gut bacterial community may
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be affected by gut morphology related to food habit, and
bacterial groups that find the gut environments suitable can
inhabit them. Gut bacterial and fungal communities also
differed between habitats. This could reflect the likelihood
that the food resources of beetles already differ between
habitats, even if the beetles’ food habits are the same, and
the microbes that enter opportunistically with food resour-
ces and from the environment, such as from soil, are also
different.

Gut bacterial communities had much lower diversity than
that of soil bacterial communities, although no differences
were detected in the diversities of gut fungal communities.
The bacterial families with high relative abundances in
beetle guts (Xanthomonadaceae, Enterobacteriaceae, and
Enterococcaceae) are also abundant in a silphid species
showing parental care, Nicrophorus vespilloides; these
bacteria suppress the growth of competing microbes, sug-
gesting that they play a role in preservation of the carcass
for parental care [42]. These bacteria may also suppress
other microbes in the guts of ground-dwelling beetles; thus
microbe communities are filtered in the food resources or
the guts (or both) of beetles by their activities. Our results
suggest that not only silphid species with parental care but
also some ground-dwelling beetles have symbiotic rela-
tionships with these bacteria. They may grow prolifically
on, or in, the food resources and guts of ground-dwelling
beetles and prevent beetle food resources from decaying by
suppressing the proliferation of other microbes.

Phylogenetically more closely related carabid species
had more phylogenetically similar communities of Enter-
obacteriaceae, suggesting that the community structure of
this family is related to evolutionary changes in beetle
ecology such as food habit, habitat, and gut morphology.
Members of Enterobacteriaceae were reported to be abun-
dant in the gut of one silphid species, N. vespilloides [42],
and they normally inhabit the digestive tracts of animals,
including humans; some genera are pathogenic to insects
[43]. Thus, some Enterobacteriaceae groups might have
cospeciated or coevolved (or both) in host—parasite rela-
tionships with beetles.

Microbes enter the beetle gut by vertical transmission
from parents to their offspring or by horizontal transmission
from the surrounding environment. The beetle species
examined in this study, except Nicrophorus concolor [12],
are not known to show parental care or any behaviors
promoting vertical transmission, and thus vertical trans-
mission is less likely to occur. However, anobiid and
tenebrionid beetles transmit microbes vertically by attaching
microbes to the egg surface [44, 45]. Phylogenetically
closely related beetles possess phylogenetically similar
communities of Enterobacteriaceae, and this family showed
low relative abundance in soil (0.2%). This family may be
transmitted vertically through such a process.

We also found some gut microbes that showed high
relative abundances in a few particular beetle species. Sil-
phid scavengers possessed Xanthomonadaceae with high
relative abundance. Vogel et al. [16] noted that members of
this family could promote carcass digestion by promoting
esterase, lipase, and urease activities in the hindgut. These
microbes might have mutualistic relationships within rela-
ted beetle species groups. In addition, all of the OTUs
assigned as Streptococcaceae, which showed high relative
abundance in herbivorous beetles, were classified as Lac-
tococcus. This genus generally inhabits the guts of animals,
including humans [46]. Xanthomonadaceae and Strepto-
coccaceae bacteria are abundant in the guts of beetles of
particular food habits partly because of their ability to uti-
lize the food resource of each type of beetle.

Yeasts were specific to each food habit of beetles
regardless of habitat, indicating a symbiotic relationship
between beetle and yeast that was related to beetle food
habits. Yarrowia species were extremely specific to the
scavengers in Silphidae: these beetle individuals possessed
yeasts at high rates (59/64), and all of them belonged to
Yarrowia. Vogel et al. [16] suggested that the Yarrowia
species contribute not only to digestion but also to inhibi-
tion of the growth of other microbes by producing anti-
microbial substances, and silphid species acquire benefits
from the yeasts. Yarrowia species have also been obtained
from other silphid species in Europe and the United States
[15, 16], suggesting that this symbiotic relationship is uni-
versal in Silphidae and has been constructed over a long
time scale. The species in Silphinae (one of two subfamilies
in Silphidae), such as N. japonica in this study, do not show
any parental care and related behavior, although members
of the other subfamily (Nicrophorinae) show such behaviors
[12, 47]. Therefore, the offspring of Silphinae may obtain
these yeasts every generation from their parents, which may
attach microbes to the egg surface in the same way as
anobiid and tenebrionid beetles do [44, 45], or from the
surrounding environment via food resources and soil.
Although these yeasts contribute to the preservation of the
carcasses used for parental care in silphid beetles [42], the
consistent association of these yeasts with related silphid
beetles that do not preserve carcasses suggests that in this
beetle group they also serve only a digestive function that
predates the evolution of parental care.

Some carnivorous species possessed yeasts at high rates
(Leptocarabus arboreus: 8/10 individuals; Carabus
albrechti: 39/46; Pterostichus fuligineus: 13/14), and Yar-
rowia species were isolated from most of these beetles.
These results suggest some kind of symbiotic relationship
between them. As in scavengers, Yarrowia species may
contribute to digestion and inhibition of the growth of other
microbes in these carnivorous beetles. Herbivorous beetles
possessed diverse yeasts from Ascomycetes and
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Basidiomycetes at low rates (<50%), indicating weak
relationships between the beetles and these yeasts. There-
fore, yeasts detected from herbivorous beetles do not appear
to have symbiotic relationships with their hosts.

Trichocomaceae fungi were specifically abundant in
scavengers in our fungal community analysis, although
these taxa were not previously detected in a silphid species
[16]. Trichocomaceae species in scavengers’ guts may be
difficult to culture, because no member of this family was
identified among the fungi isolated from the guts of beetles.
Moreover, although Trichocomaceae species are ubiquitous
in plant and soil materials [48, 49], this fungal family was
rarely found in the soil in our study (<0.63%). Entomo-
pathogenic species are also known in this family [50],
suggesting that there may be a parasitic relationship with
beetles. However, it is also possible that this group enters
scavengers’ guts with food resources such as dead car-
casses, where they grew prolifically.

Our study revealed that the gut bacterial and fungal
communities in ground-dwelling beetles were affected by
the food habits and habitats of their hosts. Specifically, the
abundant bacterial groups differed among food habits, and
the community structure of one bacterial family, Enter-
obacteriaceae, was related with the beetle phylogeny. Our
results indicate that some of the bacterial groups become
abundant in beetle guts in relation to their food resources
and gut environments (e.g. their gut morphology), which
have evolutionarily differentiated among beetle lineages,
suggesting symbiotic relationships between the bacteria and
beetles in relation to food habit. One fungal group, Yarro-
wia species, was detected at high frequency from both sil-
phid scavenger species and carnivorous beetles. This group
may contribute to digestion and the inhibition of growth of
other microbes in these beetles. Our results suggest that the
symbiotic relationships between beetles and these microbes,
including bacteria and fungi, are not limited to a few taxa
such as silphid beetles, as reported previously [15, 16, 42],
but are widespread in ground-dwelling beetles and perhaps
other beetles as well. Beetle guts contain a diverse eco-
system of microbes [S1], and there are also likely to be (as
yet unknown) mutualistic or parasitic relationships. Further
study is needed to elucidate the diverse symbiotic rela-
tionships between beetles and their microbes in more detail.
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