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Simple Summary: It is increasingly recognized that gut microbiota plays crucial roles in host health
and function. Various ecological and physiological factors influence the structure of the gut mi-
crobial community, resulting in, for example, the formation of enterotypes or the development of
inflammatory disease by dysbiosis in humans. Social insects, such as bees, ants, and termites, are
known to harbor unique but stable gut microbiota among individuals, which can be a good model
to understand how gut microbial communities are shaped and stably maintained in host popula-
tions. This review summarizes current knowledge regarding structures of gut microbiota in social
insects. Microbes colonizing those insect guts and differentially abundant among host castes are
mainly featured.

Abstract: Gut bacterial communities assist host animals with numerous functions such as food
digestion, nutritional provision, or immunity. Some social mammals and insects are unique in
that their gut microbial communities are stable among individuals. In this review, we focus on
the gut bacterial communities of eusocial insects, including bees, ants, and termites, to provide
an overview of their community structures and to gain insights into any general aspects of their
structural basis. Pseudomonadota and Bacillota are prevalent bacterial phyla commonly detected in
those three insect groups, but their compositions are distinct at lower taxonomic levels. Eusocial
insects harbor unique gut bacterial communities that are shared within host species, while their
stability varies depending on host physiology and ecology. Species with narrow dietary habits,
such as eusocial bees, harbor highly stable and intraspecific microbial communities, while gener-
alists, such as most ant species, exhibit relatively diverse community structures. Caste differences
could influence the relative abundance of community members without significantly altering the
taxonomic composition.

Keywords: social insects; gut microbiota; bacterial community structure

1. Introduction

All eukaryotes are in association with microorganisms. In animals, the gut is espe-
cially important for microbes, as it is a nutrient-rich environment. Many gut microbes are
symbionts of their hosts and provide numerous benefits, such as improved metabolism
and immunity [1]. However, host animals can also accidentally acquire pathogens or
opportunistic microbes from the environment. To maximize the benefits of gut symbionts,
it is therefore important for hosts to properly shape and stably maintain their gut micro-
biota. Social animals have the unique characteristics that individuals in a population have
similarly structured gut microbiota, implicating that social interactions between members
help to share microbes across the population [2,3]. This stability of gut microbiota among
individuals makes social animals a useful model to study basic principles that control
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the structure, function, and evolution of gut microbial communities. However, because a
large number of bacterial species compose mammalian gut microbiota (e.g., approximately
300 operational taxonomic units (OTUs) per individual mouse [4]), the biological interac-
tions between microbes and hosts are highly complex, making it difficult to elucidate the
fundamental mechanisms that shape the gut microbiota.

In contrast to mammals, insects generally harbor simpler gut microbiota [5]. Several
gut microbes are known to be beneficial to the host insects [6–8], although they can be
lost during development. Insects inevitably undergo molting (all species) and pupation
(only holometabolous species), during which gut microbes are lost with the shedding of
the gut epithelium [5,9,10]. Reinoculation is thus required to gain and maintain beneficial
gut microbes, but the basic lifestyle of insects often poses challenges for the transfer of
microorganisms between generations: most insects are classified as solitary, with females
abandoning their eggs after laying, and thus opportunities to transfer gut microbes between
conspecifics are limited.

To avoid those risks, several insects have evolved unique systems for the stable
transfer of their symbiont microorganisms. Many endosymbionts, obligate symbiotic
bacteria associated with specific insects, undergo maternal germ-line transmission to
offspring [11]. Some obligate symbionts are known to be transmitted vertically via spe-
cific capsules deposited by adult females upon oviposition and then taken in by newborn
nymphs [12]. Another example, but probably the most successful system, is that of social
insects, including termites, ants, and some wasps and bees, which have evolved gregari-
ous or social lifestyles. They share the living space and show social interactions such as
oral/proctodeal trophallaxis or coprophagy, which allow indirect or direct transmission
and maintenance of gut symbionts within their populations [13–15]. Consistent asso-
ciations between gut microbes and social insects lead to the hypothesis that they have
coevolved [16–18].

Gut microbiotas of social insects have been reviewed in several works of literature by
insect groups, such as social bees or termites [19–21]. In the present review, we overview the
gut microbiota of a wide range of eusocial insects together and summarize their structures
at a glance to gain insight into any general/common aspects of their structures. Our
focus is on intestinal bacterial communities rather than specific endosymbionts whose
characteristics have been reviewed elsewhere [22–24]. Because of a recent increase in 16S
rRNA amplicon sequencing studies, we discuss their communities mainly at the 16 rRNA
phylotype level.

2. General Ecology of Social Insects

The type of insect sociality is categorized by the degree of cooperation [25]. The
highest level of sociality is found in eusocial insects such as ants, termites, and some bees
and wasps, which are characterized by three traits of sociality: 1. Cooperative brood care,
2. reproductive division of labor, and 3. overlapping generations. A general lifestyle of
eusocial insects is explained here with ants as an example. Ants form a colony consisting
of one or more reproductive queens, many non-reproductive female workers, and a small
number of males, which are dedicated to reproduction [26]. Workers have a marked
division of labor, with individuals performing specific tasks within a colony, such as
foraging, nest construction, and nursing. The triggers for individual task preference vary
among social insects. In ants, it is generally correlated with age: younger workers stay
in the nest for brood care, and older workers leave the nest to forage [26]. On the other
hand, morphology influences task allocation in bumble bees and stingless bees [27,28]. In
addition to the age-related task polyethism, individual workers of ants also change their
roles flexibly according to the needs of their colony [29,30].

Social insects are also categorized according to a wide range of dietary ecology, from
herbivorous to omnivorous and carnivorous. Herbivorous insects utilize plant sources
such as nectar, pollen, wood, and grass. Most eusocial bees and termites belong to this
group. Carnivorous insects, such as predatory army ants, use other animals as their food.
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Omnivorous insects are versatile as they can feed on both plant and animal sources. Some
ants and wasps belong to this category. This diet ecology could, to some extent, be related
to gut bacterial community structures, as we discuss in the following sections.

3. Eusocial Bee Gut Microbiota

Eusocial bees belong to the order Hymenoptera [31]. Eusocial bee species (e.g., Apis
honey bees, Bombus bumble bees, and Tetragonula stingless bees) have similar but not
identical social systems to each other. For example, honey bees, like ants, show age-
dependent polyethism, whereas bumble bees show it related to morphology rather than age
(see Section 2). Task allocation in stingless bees is influenced by both age and
morphology [28,32]. Most eusocial bees are herbivorous, collecting nectar for carbohydrates
and pollen for proteins, lipids, vitamins, and other macronutrients [33]. The digestive tract
of eusocial bees consists of the crop for the temporary storage of food, the midgut for
digestion and absorption of food, and the hindgut, which consists of the ileum and rectum,
for removal of water and nutrients and preparation for excretion [5,34]. Honey bees are
insects whose gut microbiota have been extensively studied [19].

3.1. Apis mellifera and Other Honey Bees

The genus Apis consists of approximately 10 species [35,36], of which the European
honey bee, A. mellifera, is the most studied species for its gut microbiota. A. mellifera estab-
lishes a larger colony than other Apis species, with an average of 100,000 individuals [37].
Honey bee colonies reproduce by swarming, through which a single colony splits into two
or more colonies with newly mated queens. In the whole gut of female workers, more than
80% of the bacterial community is represented by five dominant (or “core”) phylotypes
(Figure 1A) [19]: Snodgrassella (Betaproteobacteria), Gilliamella (Gammaproteobacteria), Bom-
bilactobacillus Firm-4 and Lactobacillus Firm-5 (Bacilli), and Bifidobacterium (Actinomycetes),
comprising approximately 12, 23, 7, 24, and 14% of the community, respectively [38].
Frischella (Gammaproteobacteria) and Bartonella (Alphaproteobacteria) are less abundant than
the five core phylotypes, accounting for 4 and 7% of the bacterial biomass, respectively [38].
Interestingly, these seven phylotypes are bee-specific lineages that are restricted to bees
and their nest environment [19,39]. They are known to be socially transmitted between A.
mellifera individuals [15], but have also been detected in other Apis species with different
abundance and/or prevalence among host species [38]. A typical example is that preva-
lence and relative abundance of Snodgrassella are strikingly low in Apis dorsata workers
(prevalence, 0–20%; relative abundance, 1% or less). Although the mechanism underly-
ing gut microbiota diversification among Apis species is unknown, their ecology, such as
population size per colony and nest openness, could be involved in the difference in gut
microbiome structure [36,37].

Functions of some gut bacteria relevant to their presence in A. mellifera have been
experimentally demonstrated. Gilliamella produces pectin-degrading enzymes for pollen
breakdown and utilizes monosaccharides derived from natural nectar, such as mannose
and xylose, which can be toxic sugars to hosts [33,40]. Pollen processing is also supported
by other community members [8]. In addition to those contributions to host nutrition, gut
bacteria stimulate the production of host hormones known to impact bee development and
growth [8,41] or activate the host immune system [42,43].

As the age-dependent polyethism in honey bees involves changes in the physiology
and working environment of workers, one might assume that it also influences the structure
of the gut microbiota. However, the community structure is similar among A. mellifera work-
ers regardless of age and task in the natural colony [44,45]. When ‘single-cohort’ colonies
were experimentally established to investigate the influence of task on gut microbiota
independent of age, a significant difference in the relative abundance of some phylotypes
was detected between nurses and foragers: B. Firm-4, L. Firm-5, and Bifidobacterium are
more abundant in nurses than in foragers, while an opportunistic bacterium Apilactobacil-
lus kunkeei becomes more abundant in foragers than in nurses [46]. Therefore, different
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tasks could influence the gut microbiota of workers, although age-related physiological
changes would mask the effect. In addition, a few phylotypes, L. Firm-5, A. kunkeei, and
Parasaccharibacter apium, are known to be more abundant in reproductive castes (i.e., queens
and males) than in workers (Figure 2A) [44,47]. Although the mechanisms underlying the
difference have not been well understood, their physiology related to reproduction and/or
the diet provided by workers may affect it.
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Figure 1. Structural profiles of gut microbial communities in eusocial insects. Heat map illustrates
average relative abundance with standard deviations of bacterial taxa in representative eusocial
bees (A), ants (B), and termites (C). Only phylotypes discussed in the text are presented with dif-
ferent colors at the phylum level: blue, Pseudomonoadota; magenta, Bacillota; orange, Actinomycetota;
green, Bacteroidota; grey, Mycoplasmatota; and black, other phyla. References are indicated in square
brackets [38,48–55]. Average and standard deviation are calculated assuming a Gaussian distribu-
tion of the population. Metadata of each sample are summarized in Supplemental Table S1. n.d.,
not detected.
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To what extent gut microbiota is stable against environmental changes is of interest
in understanding community robustness. While geography does not have a large effect,
seasonality influences the abundance of core phylotypes in A. mellifera workers [19,56–58].
Pollen consumption is known to increase the absolute abundance of most phylotypes in
laboratory-reared workers [58]. Thus, changes in diet or climate alter the abundance of
core phylotypes but not their composition.

Overall, the gut microbiota of A. mellifera and other Apis species consists mainly of
the five bee-specific core phylotypes, which are socially transmitted. The structure is
generally consistent among individuals, but the relative abundance of core phylotypes
differs between reproductive and non-reproductive castes. Seasonality and diet, but not
geography, also influence that abundance.
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Figure 2. Differentially abundant microbes among host castes. Bar plots show average relative
abundance with standard deviations of representative bacterial lineages, which exhibit more than 1%
abundance in either caste and more than 2-fold change in the abundance between castes. Gut samples
from natural colonies of Apis mellifera (A), Temnothorax nylanderi (B), and Macrotermes natalensis (C) are
used. Note that bacterial lineages are described with different taxonomic levels, following references
that are indicated in square brackets [38,44,47,55,59]. Average and standard deviations are calculated
assuming a Gaussian distribution of the population. Metadata of each sample are summarized in
Supplemental Table S2. BDL, below the detection limit.

3.2. Bumble Bees

There are more than 250 species of bumble bees over the world [60]. Bumble bees
establish colonies that are smaller than those of A. mellifera and house a single queen, female
workers, and males [60,61]. Unlike honey bees, colony foundation is carried out by the
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queen alone, suggesting that the queen is the source of gut microbiota for offspring in the
same colony [62]. Bumble bee workers have a similar gut microbiota to that of honey bees in
terms of core phylotypes (Figure 1A). In seven bumble bee species investigated so far, two
core phylotypes, Snodgrassella and Gilliamella, are detected with a relatively high prevalence
of >60% and >40%, respectively, while the prevalence of Gram-positive phylotypes (Lacto-
bacillus and Bifidobacterium) is variable across the host species [38]. B. Firm-4 is noticeable
as it is not detected in most of the seven bumble bee species. The gut microbiota of bumble
bees is generally dominated by Pseudomonadota (formerly “Proteobacteria”), and relative
abundances of Snodgrassella and Gilliamella are 14–55% and 15–49%, respectively [38]. Some
bumble bee species have two Bombus-specific phylotypes, Bombiscardovia (Actinomycetes)
and Schmidhempelia (Gammaproteobacteria) (Figure 1A) [38,63,64]. The functions of gut mi-
crobes in bumble bees are not well understood, but there are a few reports investigating
their involvement in pathogen inhibition, learning, and memory [65–67]. Interestingly,
some bumble bee species are known to have two enterotypes in nature, in contrast to
A. mellifera, which has a single enterotype [68]. One of the enterotypes is enriched with
the common phylotypes described above, while the other is characterized by Serratia and
Hafnia (Gammaproteobacteria), which include insect pathogens [68]. The lack of the common
phylotypes in the latter enterotype might be related to the hibernation of queens or the
invasion of foragers by environmental bacteria [68], although it is unknown whether the
enterotype is disadvantageous to bumble bees.

Differences in gut microbiota among castes of bumble bees have not been well investi-
gated. A preliminary report shows that a Bombus pascuorum queen, foragers, and inhive
workers share a similar microbiota [69]. This is consistent with the above hypothesis that
gut microbiota is transferred from a colony-founding queen to her offspring [62], although
further studies with different samples and colonies are needed. In queens of B. lantschouen-
sis and B. terrestris, the abundance of opportunistic bacteria varies depending on their
life stages, such as aging and hibernation [70,71]. Such changes in the queen’s gut micro-
biota could be crucial for colony fitness, as her microbiota could be directly transmitted to
her offspring.

In short, bumble bee workers have similar core phylotypes to those of honey bees,
with the exception of B. Firm-4, which is absent in most of the bumble bee species. A
unique feature of bumble bees is that some species have two enterotypes, one of which
contains possible insect pathogens. The gut microbial structure is largely similar among
castes, although the queen’s gut microbiota is known to change during her life cycle.

3.3. Stingless Bees

This bee lineage consists of 60 genera with 600 species, which is a larger group than
other eusocial bees [72]. The colony size of stingless bees varies from a few hundred to
ten thousand workers, depending on the species [73]. Stingless bees generally have an
age-related task allocation similar to honey bees, while a few species exhibit a morphology-
based division of labor [32,74]. The gut microbiotas of stingless bees are more variable
among species, compared to those of other eusocial bees. A previous study has reported
gut bacterial community profiles of 13 Meliponini species, where none of the five core
phylotypes are consistently detected [38]. Of the 13 species, 5 harbor only one or two
core phylotypes; for example, Tetragonula laeviceps has only Bombilactobacillus Firm-4 and
Bifidobacterium (Figure 1A). Most of the Meliponini species, on the other hand, harbor an
Acetobacter-like phylotype that is seldom detected in other eusocial bees. These differences
between stingless bees and other eusocial bees seem to be due to the loss and gain of these
phylotypes during host bee evolution [38], which is further discussed in the recent study
using neotropical stingless bees [75].

It has also been proposed that stingless bees have undergone ecological shifts which
have released hosts from reliance on the five core phylotypes or the acquisition of new
microbes performing functions that have been carried out by the previous phylotypes [76].
Intriguingly, in contrast to honey bees and bumble bees, which are all pollinivores, stingless
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bees contain necrophagous species that consume vertebrate carcasses [77]. An obligate
necrophage, Trigona necrophaga, harbors some of the core phylotypes but also more abun-
dant Acetobacter and lactic acid bacteria (Figure 1A) [49]. This could be a typical example
that the extreme diet switch from pollen to carrion was likely facilitated by or resulted in
the novel composition of the stingless bee microbiota.

While the consistency of the gut microbiota of stingless bees has not been fully in-
vestigated experimentally, one study has reported that colony relocation significantly
changed the bacterial community in T. carbonaria [78]. Although further surveys with other
stingless bee species are needed, it suggests that their gut microbial communities might
be less stable than those of honey bees or bumble bees, and could be easily altered by
environmental disturbance.

3.4. Summary of Bee Gut Microbiota

Eusocial bee gut microbiotas generally exhibit a simple taxonomic composition. Honey
bees have five core phylotypes (Snodgrassella, Gilliamella, Bifidobacterium, Bombilactobacillus
Firm-4, and Lactobacillus Firm-5), most of which are shared with bumble bees and stingless
bees, suggesting that a common ancestor of those eusocial bees had harbored them. This
hypothesis is further supported by the fact that the host phylogeny is largely congruent with
trees based on phylogenetic marker genes of the core phylotypes [18,38]. In addition, Apis,
Bombus, and stingless bees have also acquired their own lineage-specific bacteria. These
indicate that the gut microbiotas of eusocial bees have coevolved with their host species.
On the other hand, the relative abundance of gut microbes could vary between castes
(e.g., queens and workers of A. mellifera) (Figure 2A), between different life stages (e.g.,
queens of bumble bees), or under external conditions (e.g., seasonality and environmental
changes associated with colony relocation). These suggest that some physiological or
ecological contexts of individual bees could also influence the gut bacterial community
structure, although it is highly consistent among individuals within the same caste. As a
number of studies have focused only on A. mellifera and a few bumble bee species, further
investigations on other social bees would provide new insights into physiological and
ecological mechanisms shaping their gut microbiota.

4. Ant Gut Microbiota

Ants belong to Formicidae in Hymenoptera and dominate the terrestrial ecosystems
around the world. They have been diversified into over 13,000 species, all of which are
eusocial [79]. The basic structure of the digestive tract is similar to that of eusocial bees,
although some ants have modified structures, such as pouches where commensal bacteria
densely colonize [80,81]. Ants have distinct gut microbiota, depending on their diet. Broad
surveys of ant gut microbiota suggest a clear trend that specialists (e.g., herbivores) have
increased bacterial density but reduced bacterial diversity in their guts. On the other hand,
generalists (e.g., omnivores) tend to have a low abundance of gut bacteria [50,51,79,82].

4.1. Herbivorous Ants

Species belonging to the genus Cephalotes, especially Cephalotes varians turtle ants,
have been well investigated for their gut microbiota. They are herbivores that favor
plant exudates, honeydew, and pollen [83,84]. Phylotypes belonging to Opitutales (Ver-
rucomicrobiota, formerly “Verrucomicrobia”), Xanthomonadales, Burkholderiales, Rhizobiales,
and Pseudomonadales (Pseudomonadota) are commonly detected in the guts of Cephalotes
ants [83,85]. Opitutus, belonging to the Opitutales, is predominant (on average 50% of rela-
tive abundance) in C. varians, followed by Xanthomonadaceae (15%), Burkholderiales (14%),
Rhizobiales (11%), and Pseudomonadales (6%) (Figure 1B) [50]. These observations suggest
adaptation and coevolution of these phylotypes to Cephalotes, which is further supported
by phylogenetic analyses where these phylotypes form Cephalotes-specific clades [7,50].
Indeed, a previous study has experimentally demonstrated that those gut microbes help
C. varians workers obtain amino acids from dietary urea [7]. C. varians workers from natu-
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ral and laboratory-reared colonies exhibit a similar composition of gut microbiota, while
pollen feeding significantly increases the relative abundance of Rhizobiales but decreases
that of Burkholderiales, suggesting that the feeding condition could alter the gut microbiome
structure [50].

Fungus-growing ants are a group of herbivorous species which cultivate fungi in the
colony for food. While some of them are known to harbor bacteria on their body surface,
possibly to protect themselves and their habitats from infectious diseases [86], studies on
their gut microbiota have been limited to two genera of leafcutter ants, Acromymex and
Atta, which are infected by the endosymbionts Wolbachia (Rickettsiales) and/or EntAcro1
(Entomoplasmatales). In Acromymex echinatior, Acromymex octospinosus, and Acromymex
volcanus, OTUs belonging to Wolbachia, EntAcro1, Entomoplasma (another Entomoplasmatales),
and Rhizobiales occupy >97% of their gut microbiome (Figure 1B) [54]. Atta cephalotes
workers are also infected by EntAcro1, of which relative abundance varies from <0.07% to
99.9% among specimens [87]. At low levels of EntAcro1 (i.e., <0.07% relative abundance
in A. cephalotes workers), the gut microbiota is occupied by commensal bacteria such as
Rhizobiales, Pseudomonas and Pelomonas (Pseudomonadota), Staphylococcus and Lactococcus
(Bacillota), Chryseobacterium (Bacteroidota formerly “Bacteroidetes”), and Cyanobacteria [87].
Although the cause of the difference among A. cephalotes workers is still unknown, it is
possible that EntAcro1 and other commensal bacteria are in an antagonistic relationship.

4.2. Omnivorous Ants

Ants are unique insects compared to bees and termites in that they include not only
herbivorous but also carnivorous and omnivorous species. Omnivorous ants, such as Azteca
and Crematogaster, are known to have few or no gut bacteria [79,82]. While the reasons
for the low bacterial density are still under debate, the literature suggests that not all
species require a functional gut microbial community [88,89]. On the other hand, dense gut
microbiotas are found in some omnivores, such as Temnothorax nylanderi, of which workers
harbor a number of OTUs (646 OTUs excluding Wolbachia) in the abdominal microbiota
(Figure 1B) [55]. The structure of the gut microbiota is known to change with the seasons
or laboratory-rearing conditions, although Stenotrophomonas, Acinetobacter, and other gen-
era belonging to the Xanthomonadaceae or Moraxellaceae families are consistently detected
irrespective of those conditions, suggesting that these microbes are stably maintained in
the workers. A few bacterial lineages appear to be differentially abundant in workers
and queens of T. nylanderi (Figure 2B), although further sampling and statistical analyses
are required.

Camponotus carpenter ants are also known to be omnivorous based on their dietary
habits, although they are classified as herbivores based on trophic measurements [79,85].
The abdominal microbiota of Camponotus chromaiodes is dominated by two Acetobacteraceae
OTUs (with approximately 80% of reads after removing massive amounts of Candidatus
Blochmannia and Wolbachia endosymbionts reads), which are detected in distinct colonies,
castes, and other Camponotus species such as Camponotus castaneus [90]. The two OTUs
form a deeply divergent, monophyletic clade with other ant-associated Acetobacteraceae
OTUs [90], although they are reduced in laboratory-reared C. japonicus, suggesting that the
OTUs are not always required in the host [91]. C. japonicus queens have a more consistent
community than workers and males. The community structure does not differ significantly
among colonies [91].

In the omnivorous bullet ant, Paraponera clavata, collected in four Central or South
American countries, two Tumebacillus (Bacillota) OTUs are prevalently detected [92]. When
the ant is maintained in the laboratory with sterilized sucrose and water, one Granulobacter
(Pseudomonadota) OTU, four Asaia (Acetobacteraceae) OTUs, and one Frateuria (Xanthomon-
adaceae) OTU, all of which are minor in the field samples, are detected in more than 50%
of individuals, while the two prevalent OTUs are still present. The shift towards the
Acetobacteraceae-biased community might reflect adaptation to a sugar-rich diet [92].
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4.3. Carnivorous Ants

Although a number of ant genera are known to be specialists in animal prey, army
ants are the best-studied group of carnivorous ants on their gut microbiota. Army ants
are characterized by a strikingly simple and specialized microbiota in their gasters. In
40 army ant species (e.g., Eciton burchellii, Labidus praedator, and Aenictus gracilis) collected
in the New World and Old World, 89% of specimens have three or fewer OTUs at >1%
relative abundance [51]. Unclassified Bacillota and unclassified Entomoplasmataceae represent
approximately 58% and 22% of total reads, respectively, regardless of host species and
geography (Figure 1B). Based on phylogenetic analyses, these OTUs are hypothesized to
have been already harbored by the common ancestor of New and Old World army ants,
which diverged approximately 87 million years ago [51]. This suggests that army ants are
highly invested in symbioses with the dominant bacteria, although their stability against
environmental disturbances and functions of them need to be experimentally investigated.
Interestingly, 16S rRNA amplification is not always successful with individuals from the
same colony or across species in the same genus (e.g., the success rate was 90% for Labidus
praedator, but only 15% for Labidus coecus) [51,82]. These suggest that not all individuals of
army ants harbor gut bacteria, which is consistent with the cases of some omnivorous ants.

4.4. Summary of Ant Gut Microbiota

Ants with narrower dietary ecologies, i.e., herbivorous and carnivorous species, harbor
simple gut microbiota dominated by a small number of phylotypes (Figure 1B). These
dominant microbes are often shared among conspecifics in nature, while some environ-
mental factors, such as food, alter the gut microbiome structure. It is thus implied that a
more restricted dietary ecology is associated with the presence and maintenance of such
unique microbes. On the other hand, omnivorous ants are known to have few or no gut
microbes, but this is not always the case. Some species have substantial gut microbes
which remain associated with the host. Acetobacteraceae OTUs are repeatedly detected in
several omnivorous ants and form a monophyletic group within the ant-associated cluster,
suggesting that a common function of these OTUs might be important in their ecology.

Although the influence of host-rearing conditions on ant gut microbiota is often
studied, other ecological aspects, such as differences in gut microbiota between individual
types (e.g., castes and sexes), would garner much interest but have not been examined in
most ants. Extremely low or absent gut microbes in some omnivorous and carnivorous
ants is another topic to understand the eco-evolutionary relationships between ants and
microbes. Unlike eusocial bees, which also belong to the order Hymenoptera, the presence
of endosymbionts in some species could be a unique feature of ants, although studies on
interactions between such endosymbionts and luminal bacteria are limited.

5. Termite Gut Microbiota

Termites are a large group of insects in the order Isoptera with more than
3000 species [93]. Their social structure is very different from those of bees and ants.
In a termite society, only the reproductive castes (kings and queens) are adults, while
workers and soldiers are larvae of males and females. Termite workers and soldiers can
develop into reproductives, unlike bees or ants, whose workers cannot replace their queens.
Termites are traditionally categorized as higher or lower termites: higher termites represent
species in the family Termitidae, which includes approximately 80% of all termite species,
while lower termites belong to other families [93,94]. This categorization is also related to
the presence of symbiotic gut flagellates, which are protists that help digest lignocellulose in
the gut. Lower termites have flagellates and feed exclusively on wood and/or grass, while
higher termites, which do not have flagellates, show a wider range of feeding habits, e.g., on
fungi, humus, soil, or wood [20,93,95]. The evolutionary changes in feeding habits between
lower and higher termites could explain the loss of flagellates and their replacement by a
greater diversity of prokaryotes in higher termites.
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Termites are important degraders of lignocellulose in terrestrial ecosystems [20]. Ligno-
cellulose digestion is a complex process involving the degradation of recalcitrant molecules,
for which higher termites compartmentalized their hindguts into P1 (ileum), P2 (enteric
valve), P3–P4 (colon), and P5 (rectum) [20,96,97]. The structure and function of these com-
partments differ among termite species in accordance with their feeding ecology. Lower
termites and fungus-eating termites do not have a P1, while the P1 of the soil-feeding
higher termites exhibits pronounced alkalinity to process humic acids. The compartments
also differ in redox potential and partial pressures of oxygen and hydrogen [20].

Symbiosis with flagellates, feeding habitat, and physicochemical properties of the
gut are associated with gut bacterial community structure. We discuss here some termite
bacterial communities at higher taxonomic levels (e.g., phylum), as bacterial communities
in termites are less characterized than in bees and ants.

5.1. Lower Termites

In the gut of lower termites, flagellates are generally associated with endosymbiotic
and ectosymbiotic bacteria [20,98]. This corresponds to the frequent occurrence of specific
bacterial taxa, such as Treponema (Spirochaetota, formerly “Spirochaetes”) and Endomicrobia
(Elusimicrobiota, formerly “Elusimicrobia”). Reticulitermes are well-studied lower termites in
terms of their gut microbiota. Soldiers and/or workers of Reticulitermes speratus, Reticuliter-
mes grassei, and Reticulitermes flavipes have abundant Spirochaetota, Elusimicrobiota, Bacillota,
Bacteroidota, and Pseudomonadota—in R. flavipes hindgut fluid, the relative abundance of
these phyla are approximately 25, 20, 18, 14, and 11%, respectively (Figure 1C) [13,48,99].
Spirochaetota, especially Treponema, is the most dominant symbiont in these Reticulitermes
species. The composition of the hindgut fluid bacterial community in R. flavipes is not sig-
nificantly altered by dietary treatments, although a large proportion of the microbiota (40%
of relative abundance) could not be annotated at taxonomic levels lower than phylum [48].

Stolotermes ruficeps is one of the most phylogenetically basal termites [100,101]. Nymphs
(a temporary worker caste) collected from different S. ruficeps colonies have similar gut
bacterial communities with each other: Bacteroidota and Spirochaetota are the most dominant
phyla, followed by Elusimicrobiota, Pseudomonadota, and Bacillota (46, 31, 9, 9, and 3% of
relative abundance, respectively) [101]. While the overall composition of the gut microbiota
is consistent with those of other lower termites, a relatively high abundance of Bacteroidota
is characteristic of Stolotermes (average relative abundance in other lower termites; Bac-
teroidota, 13%; Spirochaetota 49%; Elusimicrobiota 7%; Pseudomonadota 7%; and Bacillota 11%).
This might be related to the feeding habits of Stolotermes, which favor decaying wood
colonized by fungi [101,102].

5.2. Fungus-Eating Higher Termites

This termite group, consisting only of the subfamily Macrotermitinae, cultivates sym-
biotic fungi on the plant material, which is partially degraded by the fungi and provided to
the termites [93,103]. Gut bacterial communities of nine fungus-growing termite species are
highly dominated by Bacteroidota and Bacillota, followed by Spirochaetota, Pseudomonadota,
and Synergistota formerly “Synergistetes” (average 32, 34, 9, 9, and 7% of relative abundance,
respectively) (Figure 1C) [53]. In those phyla, the most abundantly and prevalently detected
genera are Alistipes 1 (Bacteroidota, 10.9% of relative abundance), Treponema 1a (Spirochaetota,
5.6%), Ruminococcaceae Gut Cluster 1 (Bacillota, 4.3%), Ca. Tammella (Synergistota, 3.9%),
and Desulfovibrio 3 (Pseudomonadota, 3.3%). Comparable results have been observed in
several studies [95,102,104]. The dominance of Bacteroidota and Bacillota and the relatively
high abundance of Synergistota in Macrotermitinae are similar characteristics to those of
omnivorous cockroaches rather than in other termites, suggesting that the unique deeding
habits rather than host phylogeny shape gut microbiota of these insects [53].

A number of OTUs are shared in all castes of Odontotermes spp. or Macrotermes natal-
ensis, both belonging to the Macrotermitinae, but some OTUs are differentially abundant
among them (Figure 2C) [59]. In particular, queens and kings of fungus-growing termite
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species are unique in that their microbiota are reduced in diversity and dominated by
only 1–3 bacterial genera, resulting in significant differences in gut microbiome structures
between reproductive and non-reproductive castes.

5.3. Wood/Soil-Eating Higher Termites

Gut bacterial communities of wood-feeding higher termites are dominated by Spirochaetota
(average 64% of relative abundance) and two specific phyla, Fibrobacterota, formerly “Fi-
brobacteres”(17%) and candidate phylum TG3 (10%), but the abundances of Bacillota and Bac-
teroidota, which are widely distributed in higher termites, are much lower (Figure 1C) [52].
On the other hand, soil-feeding higher termites consistently harbor Bacillota (35%) and
Bacteroidota (8%), as well as Spirochaetota (38%) as dominants (Figure 1C). Further classifica-
tion using a curated reference database reveals that Treponema I, TG3 Termite Cluster III,
and Fibrobacterota Termite Cluster I are frequently detected families in wood/grass-feeding
termites, while two genera from Lachnospiraceae (Gut Cluster 13 and Ca. Arthromitus) are
abundantly detected in soil-feeding termites [95,105]. Although little is known about the
relevant functions of these microbes in host colonization, it has been experimentally demon-
strated that the degradation of xylan, a major component of hemicellulose, is performed by
the dominant Sprirochaetota in a wood-feeding higher termite Nasutitermes [106].

The difference in community structures is based on distinct bacterial communities
in the gut compartments of these termites. P1, which shows high alkalinity [20], harbors
abundant Bacillota regardless of host diets (40–49 and 63–75% of total reads obtained from
P1 of wood/grass feeders and humus/soil feeders, respectively) [96]. On the other hand,
bacterial communities in P3 contain more Spirochaetota in wood/grass feeders than in
humus/soil feeders (55–76 and 4–19% of total reads from P3, respectively). Wood feeders
also harbor relatively higher amounts of Fibrobacterota and TG3 (3–7, and 5–18% of reads,
respectively) than grass/humus/soil feeders (<1% for both phyla), while humus/soil
feeders have more abundant Bacillota than wood/grass feeders (at 50–61 and 3–21% relative
abundance, respectively). In P4, both humus and soil feeders have a high abundance of
Bacillota (38–57% of reads), but humus feeders have a higher abundance of Bacteroidota
(25–34%) compared to soil feeders (5–13%). Wood/grass feeders exhibit variable bacterial
communities in P4 without any obvious trends.

5.4. Conclusions of Termite Gut Microbiota

Overall, lower and higher termites share similar gut microbial communities at the
phylum level, which are dominated by Spirochaetota, Bacteroidota, and Bacillota. On the other
hand, Elusimicrobiota is a specific phylum for lower termites, while Fibrobacterota and TG3
are detected mainly in wood-eating higher termites (Figure 1C). Compared to bees and
ants, it seems that more host species have been investigated for termite gut microbiota.
This allows us to infer the evolutionary trajectory of the gut microbiota across termite
species. Although the cladogram of the gut bacterial community largely discriminates
between lower and higher termite groups, the internal topology of the cladogram often
does not match the host phylogeny [102]. This suggests that termite gut microbiota has
drastically changed through lower/higher termite transition but consists of a mixture of
both bacterial lineages acquired through vertical and horizontal transmissions [107], and
that those microbes horizontally transferred among colonies or from the environments
could diversify termite communities.

Differences in gut microbiotas among termite castes, colonies, or geographical areas
have been examined in limited studies (Figure 2C) [13,48,59,101]. There are still many
reports that pooled worker termites as a sample, but knowledge of the gut microbiome
structure and dynamics at the level of individual termites should provide further eco-
evolutionary insights at a higher resolution.
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6. Gut Microbiota in Other Social Insects

There are other eusocial insects whose gut microbial communities have been investi-
gated. Eusocial wasps and hornets, belonging to the family Vespidae in Hymenoptera, have
evolved their social lifestyles independently of bees and ants [31]. Those adults feed on
plant sources and hunt other insects for larvae in the nest. They show trophallaxis like bees
and ants, opening up the path through which gut bacteria are shared among individuals.
Previous studies on gut microbiotas of hornet species suggest that their gut microbiota
are consistent within species. For example, the Asian giant hornet (Vespa mandarinia) and
Japanese yellow hornet (Vespa simillima) show a high similarity of gut microbiota among
individual workers within those species [108]. Their microbiotas are dominated by seven
to eight OTUs, three of which are shared by both species, possibly due to the close phy-
logeny and/or similar ecology of those hosts. The phylogenetic analysis found that those
dominant OTUs are close relatives of bacteria detected in potential foods for the hosts,
such as Zymomonas from fermented plant sap and Gilliamella from honey bees, suggesting
that hornets’ microbiotas mainly consist of environmentally acquired bacteria [108]. Vespa
velutina, another Asian hornet currently invading Europe, seems to harbor caste-specific
bacterial communities: In a worker and gyne (a female destined to become a queen in the
next season), Gammaproteobacteria (Pseudomonadota) and Bacilli (Bacillota) highly dominate
their gut microbial communities, while workers have less Lactobacilli, Alphaproteobacteria,
and Actinomycetota, but more Buttiauxella (Pseudomonadota) than gynes [109].

Some aphid and thrip species are known to exhibit eusocial lifestyles [110–112].
Although microbiomes sampled from whole bodies have been surveyed in some
aphids [113,114], gut microbial communities of eusocial aphids and thrips have not been in-
vestigated specifically. Aphids are rather used as a model to study mutualistic relationships
with obligate symbionts, such as Buchnera [115].

7. Concluding Remarks and Future Perspectives

Comparing the basic structures of gut bacterial communities of the three eusocial
insect groups (eusocial bees, ants, and termites), we could find some patterns of community
structures. First, Pseudomonadota is the most prevalent taxon ubiquitously associated
with those eusocial insects. Secondly, Bacillota is commonly detected in eusocial bees
and termites but not always in ant species. The presence of those two phyla across host
groups might be meaningful, but their compositions at lower taxonomic levels are different.
Snodgrassella and Gilliamella (Pseudomonoadota), Bombilactobacillus Firm-4, and Lactobacillus
Firm-5 (Bacillota) are specific for eusocial bees but never detected in ant or termite guts.
Thirdly, some bacterial genera are highly shared within each group of eusocial bees and
termites across host species: Lactobacillus (Bacillota) and Bifidobacterium (Actinomycetota) in
eusocial bees and Treponema (Spirochaetota) and Alistipes (Bacteroidota) in termites. Although
their relative abundances in their gut communities vary among host species, they must
play crucial roles in symbiosis. Indeed, some of the relevant functions to their presence in
those hosts have been reported previously [8,20,106].

Another finding is that ants exhibit significantly distinct gut bacterial communities
among host species, compared to eusocial bees and termites. A possible explanation for
the huge variation could be the explosive diversification of ant species (eusocial bees,
~860 species; termites, ~3000 species; ants, ~13,000 species). In addition, a more plausi-
ble mechanism could be their wide range of dietary habits. Ants include herbivorous,
carnivorous, and omnivorous species, while all eusocial bees and termites are herbi-
vores. Intriguingly, some omnivorous and carnivorous ants have few or no gut microbes
at the detectable level, while herbivorous species harbor abundantly [79,82,85]. These
clearly indicate that host food habit influences the composition of the gut bacterial com-
munity. Infection of endosymbiont (e.g., Wolbachia) is another important factor generating
drastic differences in gut microbiota between infected and uninfected species, as seen in
some ants [87].
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Eusocial insects tend to share intraspecific gut bacterial communities among individu-
als within species. This could be promoted by unique food habits and/or social interactions,
recurrently suggested by many works of literature [19,50,79,108]. In particular, eusocial
insects having narrow dietary habits (e.g., honey bees and termites) are associated with
unique gut bacterial species, which have coevolved with hosts. Despite the presence of in-
traspecific microbial communities, symbiotic relationships between eusocial insects and gut
microbes retain some degree of flexibility. Structural differences in gut microbiota become
obvious in some eusocial insects when the samples from different castes are compared
(Figure 2). It thus seems likely that physiological and ecological changes by social status
affect the gut bacterial community. Another representative case is that some carnivorous
and omnivorous ant colonies often contain some individuals who do not have detectable
gut bacteria, irrespective of their castes. Although the absence of microbes still remains an
enigma, some social insects may not rely on a functional gut bacterial community.

Host sociality has a large impact on shaping, maintaining, and specializing gut micro-
biota, as frequent interactions between individuals result in the long-term association of
microbes with the host species. This could serve as a driving force for developing consis-
tent community structures within host species. On the other hand, highly social systems,
such as the division of labor or task allocation within a population, diversify the behav-
ior and physiology of individuals, which could induce the alteration of gut microbiota.
A fundamental question is, thus, how host insects and gut microbes develop symbiotic
relationships with those ecological contexts. Changing the abundance of microbes without
altering community compositions might be a promising solution, although further experi-
mental approaches using various eusocial insects are required to test the possibility and
unveil its mechanisms.
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