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he honey bee, Apis mellifera, harbors

a characteristic gut microbiota com-
posed of only a few species which seem
to be specific to social bees. The mainte-
nance of this stable and distinct microbial
community depends on the social life-
style of these insects. As in other animals,
the bacteria in the gut of honey bees prob-
ably govern important functions critical
to host health. We recently sequenced
a metagenome of the gut microbiota of
A. mellifera, assigned gene contents to
bins corresponding to the major species
present in the honey bee gut, and com-
pared functional gene categories between
these species, and between the complete
metagenome and those of other animals.
Gene contents could be linked to differ-
ent symbiotic functions with the host.
Further, we found a high degree of genetic
diversity within each of these species. In
the case of the gammaproteobacterial
species Gilliamella apicola, we experi-
mentally showed a link between genetic
variation of isolates and functional differ-
ences suggesting that niche partitioning
within this species has emerged during
evolution with its bee hosts. The consis-
tent presence of only a few species, com-
bined with strain variation within each of
these species, makes the gut microbiota
of social bees an ideal model for studying
functional, structural, and evolutionary
aspects of host-associated microbial com-
munities: many characteristics resemble
the gut microbiota of humans and other
mammals, but the complexity is consid-
erably reduced. In this addendum, we
summarize and discuss our major find-
ings and provide a detailed perspective on
future research.
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Introduction

The gut microbiota of animals typi-
cally contributes to development, immu-

nity, and nutrition*

and thus, plays an
important role in the host’s health status.
However, many bacterial gut communi-
ties display complex composition’® and

temporal/spatial dynamics'®"?

that present
a challenge for disentangling functional
roles, unraveling bacterial interactions,
and understanding evolutionary trajecto-
ries of individual lineages.>”? In particu-
lar, animals with a social lifestyle harbor
characteristic and highly specialized gut
microbiota.!*" Social interactions between
host individuals, such as maternal care,
food sharing or grooming, facilitate trans-
mission of gut-associated bacteria result-
ing in persistent associations, coevolution
with hosts and the emergence of special-
ized symbiont lineages, and the competi-
tive exclusion of unspecific colonizers. In
many invertebrates, progeny develop inde-
pendently of parents and must acquire gut
bacteria from the environment each gen-
eration. However, transmission in social
insects, such as termites, ants, and certain
bees and wasps, resembles that in humans
and other mammals, in which mother-
offspring contact and other social interac-
tions are a source of symbiont acquisition.
This makes the gut microbiota of social
animals suitable models to study func-
tional and evolutionary aspects of host-
associated microbial communities.

In the social insect A. mellifera (honey
bee), independent studies of bacterial
community profiles based on 16S rRNA
sequences showed that female worker bees

harbor a distinctive gut microbiota.> "
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With only nine species (i.e., closely related
strains with = 97% sequence identity in
their 16S rRNA gene), the composition
of this bacterial assemblage is relatively
simple compared with other gut-associ-
ated communities. The main bacterial
members of the community are two gam-
maproteobacterial species, one recently
assigned the formal name Gilliamella
apicola and the other one referred to as
Gamma-2, one Betaproteobacterium
recently named Snodgrassella alvi, two
distinct Firmicutes, one Bifidobacterium,
two Alphaproteobacteria, and one spe-
cies within Bacteroidetes. The prospects
for future experimental work on these
species are enhanced by recent success in
growing most of them in axenic culture,
which also enables the establishment of
official nomenclature.?® A subset of these
species has also been found in the guts of
various Bombus species (bumble bees),
a genus of social bees closely related to
A. mellifera*' Based on non-culture-based
surveys, non-social insects have gut bacte-
ria mostly falling within known bacterial
genera common in numerous environ-
ments and having erratic distribution
among host individuals within a species,
suggesting that the microbiota is acquired
via repeated colonization from environ-
mental sources.””* Interestingly, most
of the bacterial species present in Apis
and Bombus have neither been found in
solitary bees nor elsewhere in the environ-
ment and occur as deep-branching phylo-
genetic lineages.” Within these lineages,
taxa isolated from honey bees and bum-
ble bees seem to constitute distinct sister
clades."”®?” These findings indicate long-
standing association between these bacte-
ria and their hosts, potentially reflecting
long-term coevolution, and suggesting the
existence of specific symbiotic interactions
relevant for the characteristic lifestyle of
these insects.

In our recently published study,?® we
sequenced a metagenomic DNA sample
from the pooled guts of 150 A. mellifera
worker bees originating from the same
colony. Our analysis provided insights
into the evolution and the functional gene
content of this characteristic gut micro-
biota and allowed us to predict the sym-
biotic capabilities of these bacteria in the
host. In the following, we will give a short
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summary of the results and provide a per-
spective for future research.

Results and Discussion

We assembled ~81 million Illumina shot-
gun reads from a 500 bp insert library into
76.6 Mb of total sequence. Taxonomic
profiles generated from this data based on
conserved protein sequences confirmed
the simple composition of the honey
bee gut microbiota on the species level:
most assembled sequences fell into a few
deep-branching  phylogenetic lineages
corresponding to the nine previously
identified species. Interestingly, we found
a high degree of genetic diversity within
each of these lineages, as indicated by the
presence of closely related, but divergent
homologs of single-copy genes (Fig. 1A).
Analysis of variable sites in a conserved
set of ribosomal protein-encoding genes
confirmed the presence of many divergent
sequences in each lineage. These findings
indicate that genetically divergent variants
of these species coexist in a single colony;
and a study focusing on rRNA sequences
showed coexistence of divergent strains
within individual bees.'

The honey bee lifestyle might have
contributed to the unique composition of
its microbiota. Because honey bee colonies
are founded by swarms of many individu-
als, no severe transmission bottleneck
restricts strain diversity. Opportunities for
inter-colony exchange are also frequent,
when beekeepers introduce new queen
bees into existing hives (a regular apicul-
tural practice) or via forager bees robbing
the food resources from neighboring hives.
By promoting colonization of individual
bees with multiple strains, social interac-
tions, facilitate inter-strain recombination.
Although the metagenomic assembly is
not suited for assessing extent of recom-
bination, inter-strain recombination was
detected in analyses of cloned 16S rRNA
sequences from S. alvi and G. apicola.'®

Besides providing novel insights into
the taxonomic diversity of this charac-
teristic microbial consortium and its evo-
lution beyond the 16S rRNA level, our
metagenomic study enabled the identifi-
cation of gene contents involved in sym-
biotic functions with the host. Compared
with the gut microbiota of other animals,
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the honey bee gut metagenome is gener-
ally enriched in carbohydrate-related
functions, most likely reflecting specific
adaptation to the carbohydrate-rich diet
of their host. Nectar and honey mainly
contain the two monosaccharides glucose
and fructose and the disaccharide sucrose.
These sugars provide an abundant energy

2930 a5 well as for its

source for the host,
gut microbiota, and sugar uptake systems
belonging to different phosphotransfer-
ase system (PTS) families were enriched
in our metagenomic data set. Many of
these transporters belonged to the man-
nose family of PTSs. Typically, mannose
is present only in trace amounts in nec-
tar.”’ However, when present in higher
concentrations, it is highly poisonous for
honey bees.?> Whether honey bee gut bac-
teria are able to specifically metabolize
mannose, and thus detoxify certain nectar
components, remains to be experimentally
tested. Alternatively, PTSs of the mannose
family can show broad substrate specific-
ity,® so these systems could function in
the metabolism of various non-toxic sug-
ars derived from nectar, pollen, or host
glycans.

Another carbohydrate-related function
enriched in our data set was the “arabinose
efflux permease” family. These transport-
ers are involved in the export/import of
compounds such as antimicrobials, amino
acids, and sugars.* The large diversity of
this family in our sequencing data suggests
that these proteins confer a plethora of dif-
ferent functions in the bee gut microbiota.
A fraction of these transporters showed
similarity to known drug efflux pumps*
including closely related homologs of tet-
racycline resistance genes. A diverse set of
such export functions might confer pro-
tection for the bacteria against a range
of pesticides applied in apiculture and
agriculture or against naturally occur-
ring antimicrobials taken up by bees via
their plant-derived diet or produced by the
microbiota itself.>>¢

We also analyzed functional gene con-
tent differences between the distinct spe-
cies or lineages present in the honey bee
gut microbiome (Fig. 1A). To this end,
we assigned assembled metagenomic
sequences to bins representing the dif-
ferent species or lineages and compared
among them. One rationale behind this
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Figure 1. For figure legend, see page 63.

analysis came from a previous study which
showed that different species localize to
different gut regions and thus are likely to
occupy distinct functional niches.?” The
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analysis showed that bins correspond-
ing to the two Gammaproteobacteria
(G. apicola and Gamma-2) and to the
Betaproteobacterium (S. alvi) encoded a
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relatively high number of functions related
to biofilm formation and host interaction,
such as Type IV pili, outer membrane pro-
teins, and secretion (Fig. 1A). This was
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Figure 1 (See opposite page). (A) Sequences from the honey bee gut metagenome (pink color) fall into a few phylogenetic lineages distinct from
other bacteria. Although there can be more than one species per lineage (Gamma and Firm), the presence of several distinct sequences per lineage
indicates genetic diversity within these bee-specific bacteria. Functions belonging to COG categories enriched in one lineage relative to the others are
shown in boxes. Colors in the digestive tract of the bee illustration match colors of the different bacterial phyla in the tree and indicate regions where
the corresponding bacteria are most abundant.?”#8 (Localization of the two Alphaproteobacteria and the Bifidobacterium are not known). (B) Genetic
differences are linked to functional differences, as shown for the example of pectin degradation by G. apicola. The scheme of the pectin molecule
shows glycoside hydrolase (GHs) and polysaccharide lyase (PLs) families identified in the honey bee metagenome with their respective cleavage sites.
Different colors represent different sugar molecules. Degradation of polygalacturonate (PGA), the major component of pectin, by a subset of G. api-
cola isolates is demonstrated by clearance zones forming around bacterial patches on an agar plate. v, Gilliamella; B, Snodgrassella; a1, Alpha-1; and B,
Bifido. G. apicola isolates differing in capacity to degrade pectin (depicted by blue and red coloring) belong to distinct phylogenetic clades as shown
by a 16S rRNA gene tree. Pectinase genes were absent in isolates negative for PGA degradation.

in agreement with previously published
observations from fluorescence micros-
copy showing that exactly these species
associate closely with the host epithelium
where they form biofilm-like structures.”

Carbohydrate-related functions includ-
ing the previously mentioned sugar uptake
systems were predominantly present in the
Gammaproteobacteria, the Firmicutes,
and the Bifidobacterium (Fig. 1A). To
test whether these species have the genetic
potential to metabolize complex poly-
saccharides (besides the mono- and dis-
saccharides typically present in nectar),
we identified and classified all glycoside
(GHs)
lyases (PLs) present in the honey bee gut

hydrolases and polysaccharide
metagenome. Major cellulases and hemi-
cellulases, which are typical enzymes
involved in degradation of plant cell walls,
were absent from our data set. Instead, we
found genes encoding pectin-degrading
enzymes (Fig. 1B). Pectin is a heteropoly-
saccharide building up a jelly-like matrix in
which the cellulose/hemicellulose network
of plant cell walls is embedded.?” Pectin is
also a major constituent of the primary cell
wall of pollen and is highly abundant in
pollen tubes during pollen maturation.®
This is particularly interesting, as pollen is
the sole source of protein in the bee diet,
but breakdown of pollen in the honey bee
gut is not fully understood. Pollen con-
sists of a rigid exine structure,”” which is
thought to be resistant to enzymatic deg-
radation. It has been hypothesized that in
the gut of honey bees the exine structure is
either burst open by osmotic shock or that
pollen maturation results in the extrusion
of the primary plant cell wall.®* In either
case, the pectin-containing primary cell
wall would be accessible for enzymatic
degradation by the gut microbiota. This
might result in the disintegration of the
pollen cell wall providing host access to the
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nutrient-rich pollen germ. Strikingly, in a
histochemistry-based study focusing on
pollen digestion in the honey bee gut, pec-
tin degradation was found to occur in the
midgut region.”! Since genomes of honey
bees (and other animals) are not known to
encode enzymes for pectin degradation, it
was hypothesized that bacterial enzymes
mediate this activity.

In our study, we experimentally tested
different honey bee gut isolates for their
capability to degrade polygalacturonic
acid, the main component of pectin. As
predicted from the metagenomic gene
content, we exclusively found isolates of
the gammaproteobacterial species G. api-
cola to harbor pectin-degradation activity.
However, not all G. apicola isolates could
degrade pectin, suggesting functional dif-
ferences among isolates. PCR screening
for pectinase genes in combination with
phylogenetic analysis, indeed, revealed
that distinct phylogenetic clusters of
G. apicola differ in their capability to
degrade pectin (Fig. 1B). Thus, genetic
variation at the strain level in the gut
microbiota might be linked to differences
in ecologically relevant functions.

Perspective

With its simple and characteristic com-
position, the honey bee gut microbiota
provides an excellent model to study func-
tional and structural aspects of gut-associ-
ated bacterial communities. Furthermore,
their specific association with social bees
and their deep-branching phylogenetic
positions make the major bacterial taxa
of the honey bee gut community inter-
esting candidates for evolutionary analy-
sis. While several previous studies have
focused on using 16S rRNA to assess the
bacterial composition of the microbiota
and its localization in the honey bee gut,

Gut Microbes

our metagenomic analysis provides first
insights into the functional capabilities of
these bacteria, and thus provides a basis
for future experimental work. Based on
current knowledge, most members of the
microbiota can only be found in social
bees. This indicates a highly specific adap-
tation to this characteristic environment,
which has likely resulted in the evolution
of symbiotic interactions with the host.
Indeed, in bumble bees, it was recently
shown that the socially transmitted gut
microbiota protects against a common try-
posomatid pathogen, Crithidia bombus.*
Whether the honey bee gut microbiota
also confers such protection against corre-
sponding pathogens remains to be tested.
However, common symbiotic functions
are likely, in view of the similar composi-
tion of their gut microbiota and the close
relationship of common pathogens; possi-
bly, symbionts and their functions in hosts
were established in an ancestor of these
two bee genera. From the metagenomic
darta alone, we can only hypothesize how
such defensive functions might be medi-
ated. However, gene functions linked to
host interaction, biofilm formation, or
secretion are good candidates for involve-
ment in protective mechanisms. By mod-
ulating the immune system of the host,
some of these functions probably have an
indirect role in defense. Adult worker bees
largely lack gut bacteria at eclosion from
the pupal stage and acquire their symbi-
onts within the colony during the first
few days as adults.”” This initial coloni-
zation might prime the immune system
and could be a prerequisite for providing
protection against parasites. Nutrition
is another important aspect of health
and is likely supported by these bacteria.
Extracellular enzymes may help to break-
down dietary components, and bacterial
metabolism and biosynthetic capabilities
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may augment nutrient supplies. Food con-
sumption of young worker bees is regu-
lated via social interactions (trophallaxis),
and induces important behavioral changes
related to labor division in the hive.*
Thus, bacterial functions related to food
processing could possibly influence social
behaviors of their hosts.

For elucidating such functional

aspects, experimental approaches will
be extremely helpful. Functions in hosts
could be identified by comparing bees
that lack their specific gut microbiota to
bees re-colonized with bacteria grown in
the laboratory. By removing bees from
the hive before emergence, microbiota-
free individuals can be raised and subse-
quently colonized with isolates of interest.
Culturing of bacteria will also enable the
establishment of genetic tools, so that
specific hypotheses, for example pectin
breakdown by G. apicola isolates, could
be experimentally tested in vivo. Such
experimental approaches could be used to
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