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Host-associated microbiomes, particularly gut microbiomes, often harbor related but
distinct microbial lineages, but how this diversity arises and is maintained is not well
understood. A prerequisite for lineage diversification is reproductive isolation imposed
by barriers to gene flow. In host-associated microbes, genetic recombination can be
disrupted by confinement to different hosts, for example following host speciation, or
by niche partitioning within the same host. Taking advantage of the simple gut micro-
biome of social bees, we explore the diversification of two groups of gut-associated bac-
teria, Gilliamella and Snodgrassella, which have evolved for 80 million y with honey
bees and bumble bees. Our analyses of sequenced genomes show that these lineages
have diversified into discrete populations with limited gene flow. Divergence has
occurred between symbionts of different host species and, in some cases, between sym-
biont lineages within a single host individual. Populations have acquired genes to
adapt to specific hosts and ecological niches; for example, Gilliamella lineages differ
markedly in abilities to degrade dietary polysaccharides and to use the resulting sugar
components. Using engineered fluorescent bacteria in vivo, we show that Gilliamella
lineages localize to different hindgut regions, corresponding to differences in their abil-
ities to use spatially concentrated nitrogenous wastes of hosts. Our findings show that
bee gut bacteria can diversify due to isolation in different host species and also due to
spatial niche partitioning within individual hosts, leading to barriers to gene flow.
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Most animal guts contain microbial communities, which often affect health, develop-
ment, and behavior. These communities are dominated by bacteria and often by bacte-
rial lineages restricted to the guts of one or few host species. Examples of gut-restricted
bacteria can be found in humans (1) and other primates (2), ruminants (3), termites
(4), and social bees (5), including species of honey bees (genus Apis) and bumble bees
(genus Bombus). Studies profiling diversity of gut-restricted bacteria have revealed high
levels of fine-scale strain diversity within single host individuals, among individuals
within host species, and across related host species; these communities contain clusters
of closely related strains, defined on the basis of various sequence divergence cutoffs;
the most common cutoff is based on a genome-wide average nucleotide identity
(gANI) of 95% (6). Within gut communities, strain clusters may adopt specific spatial
(7) or metabolic niches (8) as they compete for resources, engage in interstrain and
interspecies warfare (9), and exchange nutrients through cross-feeding (10).

Potentially, the diversification of these strain clusters is linked to different ecological
strategies (11). However, differences in ecological roles do not necessarily lead to diver-
sification. In both prokaryotes and eukaryotes, speciation and diversification of lineages
depend on reproductive isolation: the lack of homologous recombination among
genomes of the diverging lineages (12-14). In communities of microorganisms, the
forces leading to divergence of lineages are relatively little studied, and this is specifi-
cally true for bacterial communities inhabiting animal guts. One way that a gut bacte-
rial lineage might split into two clusters is through separation or speciation of the host
populations (15). Host-restricted gut bacteria are typically exchanged among hosts of
the same species through close contact, during social interactions or group-living;
examples include most mammals (16), termites (17), cockroaches (18), and social bees
(19). This exchange can prevent genetic divergence of bacterial lineages within a host
species, but restriction to different host species following host speciation could provide
barriers to symbiont exchange. Some evidence for such cospeciation has been reported
for gut bacteria of hominins (2), termites (17), and social bees (5). A second route to
diversification might be adoption of different ecological niches within the gut. Ecologi-
cal differences can impose barriers to gene flow, but only if they impose spatial or tem-
poral separation that curtails exchange of chromosomal fragments among strains (11).
Demonstrations of ecological niches leading to spatial separation in host-associated
microbiomes remain few (8). As yet, the extent to which confinement to different hosts
versus niche partitioning within hosts affects bacterial diversification remains unclear.
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Significance

The diversification of host-
associated microbial communities
depends on barriers to gene flow,
imposed by confinement to
different hosts or by niche
partitioning within single hosts.
However, most gut microbiomes
are too complex to disentangle
the diversification processes.
Taking advantage of the simple
gut microbiomes of social bees,
we demonstrate that bee gut
bacteria have diversified both
between host species and within
single host species through the
acquisition of different ecological
niches within the same gut. Our
study further shows that gut
microbiomes differ in spatial
distributions within the same host,
possibility due to adaptation to
specified nutritional niches, such
as urea utilization.
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To investigate diversification of gut bacteria at a fine scale,
we advocate for the delineation of clusters based on the extent
of gene flow. In this paper, we use “population” for sets of
recombining strains, and our use corresponds to the usual
meaning of “species” under the biological species concept,
although most of these entities do not have formal species
names. The delineation of populations based on gene flow has
been validated in various organisms, including bacteria (20,
21), viruses (22, 23), and eukaryotes (20). Both host speciation
and niche differentiation can disrupt gene flow in host-
associated microbes, so analyses aimed at detecting gene flow
can elucidate gut microbe diversification. In addition, as gene
flow-based approaches delineate populations based on the sig-
nificant decrease of homologous recombination between popu-
lations, genome-wide sequence identity cutoffs are not required
for different species (21, 24). Therefore, gene flow-based
approaches can describe populations across various bacterial
groups in a consistent, and biologically meaningful way.

By applying gene flow-based approaches, we explore the
diversification of two bacterial clades, the genera Gilliamella
and Snodgrassella, which are exclusively associated with guts of
a clade of social bees (Corbiculata), including honey bees
(genus Apis), bumble bees (genus Bombus), and stingless bees
(tribe Meliponini). Gilliamella and Snodgrassella belong to a
consortium of bacterial lineages that have evolved with corbicu-
late bees for 80 million y (5). While Gilliamella is only found
in corbiculate bees, it belongs to the family Orbaceae, which is
widely associated with insect guts, having been found in beetles,
butterflies, wasps, and flies (19). Based on analyses of complete
genome sequences from cultured isolates and of metagenomic
sequences, Gilliamella appears to contain considerable strain
variation both within and between host species; at least two
species, Gilliamella apicola and Gilliamella apis are recognized
within single individuals of the western honey bee Apis mellifera
(25, 26). Due to ongoing gene acquisition and loss, strains vary
in the presence of genes expected to impact host and symbiont
ecology, such as those underlying utilization of dietary carbohy-
drates and interstrain antagonism (27-30). Here we use com-
plete genome sequences of 117 Gilliamella isolates and 57
Snodgrassella isolates from several Apis and Bombus host species,
with most intensive sampling from A. mellifera. We define pop-
ulations on the basis of gene flow at shared loci (21). We find
that the diversification of lineages in the bee gut microbiome
reflects both host speciation and nutritional niche partitioning
within a single gut. We explore one example involving Gillia-
mella populations. We find differences in capabilities for urea
uptake and utilization, and show that these functional differ-
ences correspond to differences in spatial distribution within
individual honey bee guts.

Results

Core-Gene Sequence-Based Phylogeny and Gene Content
Analysis Show Symbiont Diversification between Bee Host
Species. After removing potentially contaminated genomes (57
Appendix, Table S1), we retained complete genome sequences
for 117 Gilliamella isolates and 57 Smodgrassella isolates for
analyses. For Gilliamella, 63, 43, and 11 of the genomes are
from A. mellifera, Bombus species, and other Apis species,
respectively; for Snodgrassella, 34, 20, and 3 of the genomes are
from A. mellifera, Bombus, and other Apis, respectively (Fig. 1).

After gene annotation and ortholog assignment, we con-
structed phylogenetic trees for Gilliamella based on 1,141 core
orthologous groups and for Snodgrassella based on 1,305 core
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Fig. 1. Maximume-likelihood phylogenies of (A) Gilliamella strains and (B)
Snodgrassella strains based on nucleotide sequences of core genes. Internal
nodes colored in blue denote bootstrap value > 95%. Bootstrap values
were added to three internal nodes with low bootstrap support. Major
clades have background colors based on their host species. Names and the
ring at the outer edge of A. mellifera-derived strains are colored by geo-
graphic locations. Abbreviations of major clades are in parentheses. Two
clades of Gilliamella from A. mellifera are labeled as G. apis (denoted as
Am_Gapis) and G. apicola (denoted as Am_Gapicola), based on the place-
ment of type strains (NO3 and wkB1) in those clades. For Bombus-derived
Snodgrassella strains, some are restricted to a single Bombus species (host-
specific, denoted as B_specific); some occur in multiple Bombus species
(broad-host-range, denoted as B_broad); others do not have host specificity
information (denoted as clade B) (25).

orthologous groups, defined as single-copy gene families present
in at least 80% of the strains. In phylogenies for both Gilliamella
and Snodgrassella, strains from the same host species tend to
cluster together (Fig. 1). For Gilliamella, the topology among
A. mellifera-derived (clades Am_Gapis and Am_Gapicola), Apis
cerana-derived (clades Acl, Ac2, Ac3, and Ac4), and Bombus-
derived (clade B) Gilliamella strains matches the host phylogeny,
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consistent with the long-term codiversification of host and sym-
biont. However, Apis dorsata-derived Gilliamella strains (clade
Ad) branch at the base of the Gilliamella tree, before the split
between other Apis strains and Bombus strains. For Snodgrassella,
A. mellifera-derived (clade Am) and Bombus-derived strains
formed two monophyletic groups and were sister to each other.
However, these two groups were sister to Snodgrassella strains
from other Apis species (clade A in Fig. 1), which conflicts with
the host phylogeny. Thus, the current distribution of symbiont
strains across host species is consistent with codiversification
occasionally interrupted by switching among host lineages.

To assess gene content differences among hosts, we applied
principal component analysis (PCA) based on all orthologous
groups and constructed gene-content trees based on gene pres-
ence and absence. Despite the incongruence between the core-
gene phylogeny and the host phylogeny, Apis-derived strains
tend to group together based on their similar gene content. All
Apis-derived Snodgrassella strains clustered together in PCA and
formed a monophyletic group in the gene-content tree (Fig. 2
and S/ Appendix, Fig. S1). The similar gene contents across
Apis-derived  Snodgrassella strains, despite evidence for past
switching between host species, indicate that gene sets could
reflect adaptation to Apis hosts.

To investigate the importance of shared genes to host adap-
tation, we assigned Swodgrassella genes as essential genes in
culture or as genes beneficial for bee gut colonization, as deter-
mined by a previous study using transposon insertion sequenc-
ing (31). In total, 26 orthologous groups were found only in
Apis-derived Snodgrassella strains. Of these, four were colonization-
beneficial genes related to pathways including vitamin B3 biosyn-
thesis and holin. A total of 19 orthologous groups were found only
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Fig. 2. PCA of all the orthologous groups among (A) Gilliamella and (B)
Snodgrassella strains. Abbreviations of major clades and colors of popula-
tions are consistent with Fig. 1.

PNAS 2022 Vol.119 No.18 2115013119

in A. mellifera- and Bombus-derived Snodgrassella strains. Of these,
four were colonization-beneficial genes related to lipid transporta-
tion and thioesterase. None of the dade-specific orthologous
groups cotresponded to essential genes.

Population Delineation Based on Gene Flow. One approach
used to delineate bee gut bacterial populations is based on arbi-
trary sequence similarity cutoffs, such as gANI > 89% (26,
32). Here we investigated Gilliamella and Snodgrassella popula-
tions using a gene flow-based approach, PopCOGenT (21),
which identifies recombinant regions by measuring the length
distributions of identical regions between pairs of genomes.
PopCOGenT analysis classified genomes into 28 Gilliamella
populations and 9 Snodgrassella populations (Fig. 3). The mini-
mum gANI within Gilliamella populations varied from 86 to
98%, and the minimum gANI values for Snodgrassella popula-
tions were >96% (Fig. 3 and SI Appendix, Fig. S2). Strains of
G. apis and G. apicola belong to distinct populations, verifying
their status as separate species within the related honey bee
species A. mellifera and A. cerana (25, 26), but G. apis and
G. apicola each contained multiple populations, indicating that
current nomenclature does not reflect the diverse biological spe-
cies within Gilliamella.

As PopCOGenT identifies recombination based on lengths
of identical regions flanked by nucleotide polymorphisms, near-
identical genomes (with divergence <0.0355%) were collapsed
together due to insufficient mutations to detect homologous
recombination (21). Many A. mellifera-derived strains from the
same geographic location were collapsed; these strains were usu-
ally collected from the same hive or nearby hives. Interestingly,
several populations defined on the basis of gene flow include A.
mellifera-derived strains from different continents (Fig. 1), indi-
cating that the global commercial transportation of A. mellifera
hives (33) introduces gene flow among their gut microbiomes.

Functional Genes Enriched in Different Gilliamella Populations.
As bacterial populations adapt to specific ecological niches
within hosts, we expect populations to accumulate genes
involved in specialized functions. We investigated the enrich-
ment of functional pathways and orthologous groups at differ-
ent levels, including host species, major symbiont clades, and
symbiont populations (SI Appendix, Supplementary Materials
and Methods). Since the presence of these ecology-related func-
tional genes varies among genomes, due to gene loss and gain
through horizontal transfer, many are distinct from the shared
genes used for detecting homologous recombination between
pairs of genomes in the PopCOGenT analyses. Genes with
inferred functions related to various metabolic pathways, inter-
bacterial antagonistic interactions, and CRISPR-Cas systems
are enriched in certain populations (Fig. 3 D and E). Here, we
focus on genes related to polysaccharide metabolism and to
nitrogen metabolism. This focus is motivated by prior evidence
that the bee gut community derives energy from degradation of
pollen cell walls and depends on nitrogen waste products for
biosynthesis of amino acids (30-32).

Genes related to polysaccharide and sugar metabolism. Gillia-
mella is one of several members of the bee gut community that
degrade and ferment polysaccharides present in pollen cell
walls (30); at least some of these fermentation products are
taken up by the host (34). Gilliamella populations possess
diverse carbohydrate-active enzymes (CAZymes) for extracellu-
lar degradation (designated as GH, for glycosyl hydrolases)
and genes related to transport and processing of the products
(27, 28, 30).
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Fig. 3. Gene flow among (A) Gilliamella and (B) Snodgrassella genomes. Near-identical genomes were collapsed by PopCOGenT. Edges connecting two
genomes indicate gene flow. Boxes represent the clades in the phylogeny. Major populations from A. mellifera and Bombus are named. Nodes are colored
based on population designation. Nodes in gray are strains showed significantly low gene flow with other sampled genomes. Note that one of the Bombus-
derived genome Bif1-4 only shows low levels of gene flow with Occ4-3 but not with other genomes; therefore, it is not included in population 6 by PopCO-
GenT. (€) Minimum nucleotide identity in Gilliamella and Snodgrassella populations. Minimum nucleotide identity was calculated as the gANI between the
most divergent members of the same population. Genes related to metabolic pathways, interbacterial antagonistic interactions, and CRISPR-Cas systems

are significantly enriched in populations of (D) Gilliamella and (E) Snodgrassella.

Functional enrichment analysis suggests that Gilliamella
populations differ in use of substrates derived from pollen cell
walls. The Am_Gapicola clade possesses all key genes for
extracellular degradation of pectin (PL1, PL9, PL22, and
CE12), whereas Gilliamella Am_Gapis population 1 has lost
genes for secreted enzymes but retains most of the inner mem-
brane transporters (tog7, exuT, kdgT) and galacturonide con-
version genes (Fig. 4). Am_Gapis population 1 has also lost
the transporter on the outer membrane, oligogalacturonate-
specific porin family protein (kdgM), as well as its transcrip-
tional regulator kdgR. Differences in CAZyme repertoires
were also found among the Gilliamella Am_Gapicola clades:
for example, population 3 has lost the GH105 gene; popula-
tion 4 has lost GH4, GH43, and GT2 (Fig. 4). Thus, these
populations are predicted to differ in abilities to degrade dif-
ferent polysaccharides.
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The degradation of polysaccharides produces a mixture of
monosaccharides that can be used by some Gilliamella strains
as carbon substrates (35). Gilliamella populations differ in abili-
ties to use specific monosaccharides. Am_Gapicola populations
possess the genes for using xylose, arabinose, mannose, rhamnose,
and galactose, whereas Am_Gapis populations have lost the trans-
porters for xylose, arabinose, and key enzymes for galactose
metabolism (S Appendix, Fig. S3). Am_Gapis population 2 but
not population 1 possesses the mannose-6-phosphate isomerase
gene, mand, suggesting differences in ability to use mannose
(35).

Genes related to nitrogenous waste utilization. The Malpighian
tubules empty nitrogenous wastes as uric acid and urea into the
gut lumen at the pylorus sphincter forming the midgut-hindgut
junction, providing an abundant source of nitrogen potentially
usable by bacteria. A striking difference among Gilliamella
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populations involves genes related to urea utilization (Fig. 3.D).
All strains in Am_Gapis population 2, two strains (A-4-12 and
P62G) in population 1, as well as strains in the Am_Gapis clade
not assigned to any population (Fig. 5), possess an 11-kb geno-
mic island that encodes the urea ABC-type transporters
urtABCDE and urease genes ureABCDEFG, which degrade urea
to ammonia (Fig. 5 and S7 Appendix, Fig. S4). To investigate the
origin of the urea transporters and urease genes found in Gillia-
mella, we searched the amino acid sequences against the National
Center for Biotechnology Information (NCBI) nonredundant
protein database and constructed phylogenetic trees for each
urea-related gene. Although other bee gut bacterial species, Snod-
grassella and Bartonella, possess homologs of these genes, the Gil-
liamella copies are mostly closely related to genes from Sodalis
and other Enterobacteriaceae (SI Appendix, Fig. S5), suggesting
that G. apis gained these genes through horizontal gene transfer
from a member of the Enterobacteriaceae.

Interestingly, urea transporter (##p) and urease (ureABCDEFG))
genes are also significantly enriched in some Snodgrassella popula-
tions (Fig. 5), suggesting that urea recycling could be important
for Snodgrassella host adaptation. Apis-derived strains and B_spe-
cific population 7 possess both the ##p and the urease genes, while
the B_broad populations have lost the transporter, and population
6, the other host-specific population, has lost all urea-related
genes. Of the four strains in population 5, three strains have lost
all the urease genes while keeping the urea transporter; however,
the transporter genes in population 5 appear nonfunctional, as
they contain multiple internal stop codons and transposases.
While lacking genes for converting urea to ammonia, Bombus
derived strains possess arginine deiminase genes (arcAC) that
enable degradation of arginine to ammonia via citrulline (Fig. 5).

PNAS 2022 Vol.119 No.18 2115013119

Genes related to symbiont interactions. Gene-enrichment analy-
sis suggests that Gilliamella populations differ in their inter-
actions with the gut community and in their modes of gut
colonization. Most Am_Gapis populations lack genes related
to capsular polysaccharide transporters, type I (colicin V secre-
tion proteins), type II (Tight adherence [Tad] export appara-
tus), and type VI secretion systems (S Appendix, Fig. S6).
These genes are important for interbacterial competition and
biofilm formation. Am_Gapis population 1 also lacks the cvad
and cvaB genes that underlie the type I secretion system, which
enables antibacterial peptide secretion.

CRISPR-Cas spacers largely confined to distinct populations. Gil-
liamella strains carry CRISPR-Cas systems to defend against
viruses (28). Except for a few Am_Gapis strains (N-W3 and N-
G2), most of the Am_Gapis strains carry both subtype I-E and
I-F Cas proteins (SI Appendix, Fig. S7) (36). We compared
CRISPR spacers across strains. Spacers represent genomic seg-
ments of bacteriophage from past infections, so matching
spacers reveals sets of Gilliamella strains that have undergone
infection by the same or very similar bacteriophage. Strains in
the same population often share similar CRISPR spacers. For
example, Am_Gapicola populations 3, 4, and 5 share extensive
spacers within each population, but no similar spacers were
found between populations.

Spatial Segregation of Gilliamella Populations in the Bee Gut.
As the Malpighian tubules secrete nitrogenous wastes into the
pylorus region (Fig. 64), we predicted that the differences in
prevalence of urea transporters and urease genes among popula-
tions reflected different ecological niches corresponding to
differences in physical locations of Gilliamella populations
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collapsed and represented by one genome.

along the A. mellifera gut. G. apis populations with the urea
metabolism-related genes are expected to localize near the
Malpighian tubules at the anterior end of the hindgut. To
explore this issue, we constructed strains of A. mellifera-derived
G. apis (strain M6-3G from Am_Gapis population 2),
G. apicola (strain wkB7 from Am_Gapicola population 4), and
Snodgrassella (strain wkB2 from Snodgrassella population 2) that
constitutively express distinct fluorescent proteins. We inocu-
lated these fluorescent strains into cohorts of emerged bees,
maintained these bees under hive-like conditions, and 7 d later
we dissected these bees and imaged their whole guts using fluo-
rescence microscopy (Fig. 6).
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Initially, we investigated how G. apis colonized bees when
inoculated alone. In all 18 inspected bees, G. apis robustly colo-
nized the pylorus, immediately after the pyloric sphincter
between the midgut and hindgut, the most proximal region of
the ileum (Fig. 60). This site immediately follows the pyloric
sphincter at which Malpighian tubules empty nitrogenous wastes
including urea into the lumen of the digestive tract (Fig. 64). In
contrast to G. apis, G. apicola repeatedly failed to effectively colo-
nize when administered alone. However, G. apicola did colonize
when coinoculated with Snodgrassella in 18 inspected bees (Fig.
6D). As seen previously (19, 37), both Snodgrassella and G. apicola
robustly colonized the ileum, with G. apicola apparently enriched
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Fig. 6. Spatial partitioning of G. apis and G. apicola in bee guts. Honey bees were colonized with Snodgrassella expressing E2-Crimson (magenta), G. apicola
expressing red chromoprotein (yellow), or G. apis expressing green fluorescent protein (cyan) alone or in combination. After 7 d, we dissected bee guts and
imaged them using fluorescent confocal microscopy. (A) Dissected gut of an adult honey bee, and schematic of gut regions. We compared the (i) pylorus
and (i) distal ileum-rectum junction for different samples (B-£E). White boxes across A-E indicate the pyloric sphincter regions. (Scale bars: 100 pm in B-E.) (B)
Uncolonized bees show minimal background fluorescence in pylorus and ileum. (C) Monocolonized G. apis (cyan) colonizes the pylorus, with minimal coloni-
zation of ileum (i-ii). (D) Cocolonization of G. apicola (yellow) and Snodgrassella (magenta) show slight pylorus colonization and robust ileum colonization. (£)
Bees coinoculated with G. apis (cyan), G. apicola (yellow), and Snodgrassella (magenta). Cocolonized species retain similar localization to monoculture strains,
with G. apis outcompeting G. apicola at the pylorus. For each inoculation condition, 6 to 12 bees were inspected during each of three independent coloniza-
tion trials. Representative images are shown. (F) Ratio of ureC gene copies between pylorus and distal ileum in 15 age-controlled bees with a conventional
gut microbiome. ureC gene copy number was normalized based on 16S rRNA gene copy number. Samples with ratio above 1 (red dotted line) have higher

abundance of G. apis in pylorus than in ileum (Wilcoxon signed-rank test P = 0.012).

near the distal portion of the ileum near the rectum. Both Snod-
grassella and G. apicola could partially colonize the region near the
pylorus, but this colonization was less robust than that of G. apis
and appeared further away from the pyloric sphincter.

Next, we coinoculated these fluorescent strains all together in
bees at approximately equal optical density, as a minimal defined
community of engineered strains. Surprisingly, in the 18
inspected bees, coinoculation had overall little effect on where
individual species colonized the bee gut. While in monoculture
both Snodgrassella and G. apicola could minimally colonize the
pylorus, when G. apis was present, G. apis reliably outcompeted
these strains to be the dominant colonizer of the pylorus (Fig.
6E). Snodgrassella was the most robust colonizer of the ileum,
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regardless of which other species were present and appeared to
form contiguous biofilms with G. apis near the pylorus and G.
apicola along the length of the ileum and near the rectum.

To quantify the abundance of G. apis and G. apicola along
the gut, we cut the 11 guts inoculated with engineered G. apis
and G. apicola in the middle of the ileum and performed qPCR
targeting G. apis-specific ureC and Gilliamella-specific 16S
rRNA gene. After normalization based on 16S rRNA gene
copy number, G. apis populations with ureC have significantly
higher abundance in pylorus than in ileum (Wilcoxon signed-
rank test P = 0.014) (S/ Appendix, Fig. S8).

In addition to the spatial distribution of selected fluorescent
Gilliamella strains, we observed the same pattern in 15 age-
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controlled bees with a conventional gut microbiome containing
the native strain diversity; G. apis possessing ureC is significantly
enriched in the pylorus relative to the ileum (Wilcoxon signed-
rank test P = 0.012) (Fig. 6F and SI Appendix, Fig. S9). Our
results suggest that G. apis and G. apicola colonize the gut in dis-
tinct ways: G. apis is strongly localized at the pylorus, and G.
apicola colonizes the rest of the ileum and the rectum. Because
urea is expected to be most concentrated at the pylorus, this dis-
tribution coincides with the difference in abilities of G. apis and
G. apicola strains to utilize urea as a potential nitrogen source.

Discussion

The disruption of gene flow is critical for lineage diversification.
In host-restricted bacteria, gene flow can be interrupted in two
ways: isolation of symbionts in different hosts, following a host
shift or divergence of host species, and niche partitioning within
individual hosts, causing symbionts to be spadally isolated. The
bee gut community provides an unusual opportunity to study the
diversification of gut bacteria between and within host species. By
analyzing the available 117 Gilliamella genomes and 57 Snodgras-
sella genomes from social bee species, we reconstructed the diver-
sification of the bee gut microbiome between and within hosts.

Diversification of Gut Bacterial Populations between Hosts.
Consistent with the hypothesis that Gilliamella and Snodgras-
sella were acquired as gut symbionts in a shared ancestor of
eusocial corbiculate bees (5), the phylogeny of Gilliamella and
Snodgrassella is largely concordant with their host phylogeny
with several exceptions. A. dorsata-derived Gilliamella was placed
as the sister group to Gilliamella of other Apis species and
Bombus species; Snodgrassella of A. cerana, Apis florea, and Apis
andreniformis were placed as the sister group to Snodgrassella of
all other A. mellifera- and Bombus-derived Snodgrassella strains
based on core-gene trees (Fig. 1). This finding is consistent with
previous trees based on core genes (35) but inconsistent with
previous trees based on the 16S rRNA gene (38) or fast-evolving
protein-coding genes (5). However, based on gene content, Apis-
derived strains are more similar to each other than to the
Bombus-derived strains (Fig. 2 and S/ Appendix, Fig. S1).
Occasional gains and losses of symbionts by hosts can lead to
incongruence between symbiont and host phylogenies. We
hypothesize that the topology of the core-gene tree reflects gains
and losses of Gilliamella and Snodgrassella by particular host lin-
eages, despite overall long-term codiversification. In support of
this hypothesis, Kwong et al. (5) have shown that eusocial corbi-
culate bees have gained and lost their gut associates multiple
times. For example, A. dorsata appears to have lost its Snodgras-
sella, and one group of stingless bees, the genus Melipona, has
entirely lost Snodgrassella and Gilliamella (39). A study of Snod-
grassella strains in Bombus species showed that one Snodgrassella
clade had a broad host range and could colonize hosts in several
subgenera, indicating that switches between somewhat divergent
host species are possible (40). Experimental transfer experiments
showed that Srodgrassella can sometimes switch between Apis spe-
cies but cannot switch between Apis and Bombus hosts (5, 28).
We further hypothesize that the topology of the gene content
tree, which contrasts with the sequence-based tree in coinciding
closely with host clades, indicates convergence in accessory gene
sets to adapt to Apis hosts. For example, some colonization-
beneficial genes of Snodgrassella identified in a mutagenesis study
(31) are enriched in Apisderived Snodgrassella strains. Kwong
et al. (5, 28) have also shown that Snodgrassella from Apis species
but not from Bombus species can colonize the A. mellifera gut,
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supporting the idea that Apis-derived Snodgrassella strains share
similar functions absent from Bombus-derived strains.

Coexistence of Populations within Hosts. Gut microbial com-
munities harbor genetic variation within individual hosts
(41-43). One basis of this variation may be the presence of dif-
ferent populations adapted to specific ecological niches (8, 44).
Such niche partitioning, if associated with spatial separation,
could lead to the formation of distinct populations with
reduced gene flow (20, 21). We showed that a gene flow-based
approach identifies distinct populations without setting a gANI
threshold (Fig. 3). In support of the niche-partitioning hypothe-
sis, specific accessory genes with different functions are enriched
in different populations. Gilliamella populations differ in gene
sets related to pectin degradation (Fig. 4) and sugar metabolism
(81 Appendix, Fig. S3), supporting that G. apicola populations
are the major degraders of pectin (30). These functional differ-
ences are supported by in vitro assays (27). G. apicola popula-
tions differ in genes for using the monosaccharide products of
pectin degradation, and these differences are also supported by
in vitro assays (35). In contrast, G. apis populations are enriched
with only the transporters and the genes related to pectin-
derived galacturonide metabolism. Potentially, they utilize differ-
ent substrates from pollen and therefore can coexist in the same
host, as documented for Lactobacillus species in bee guts (45).

Our results also support that different Gilliamella popula-
tions could interact differently with the host environment.
Some populations of Gilliamella have lost T6SSs (SI Appendix,
Fig. S6), which may benefit the colonization of bee guts (31),
suggesting distinct colonization processes.

Nitrogen Utilization and the Spatial Distribution of Gut
Bacterial Populations. We found that G. apis populations har-
bor an 11-kb region containing 12 genes related to urea metab-
olism. On the symbiont side, amino acid nitrogen is limiting in
the hindgut as it is absorbed by the host upstream in the mid-
gut; this was verified by a mutagenesis study showing that
Snodgrassella requires genes for biosynthesis of all protein amino
acids in order to colonize bee guts (31). But, in contrast to the
mammalian large intestine where overall nitrogen is likely
limiting (46), insect hindguts have a supply of nitrogen. The
Malpighian tubules deposit nitrogenous wastes into the gut
immediately following the pyloric sphincter (Fig. 6). We
hypothesized that G. apis populations utilize urea derived from
host waste, and therefore colonize most abundantly near the
pylorus. Using engineered fluorescent bacteria, we showed that
a G. apis strain possessing urea utilization genes localized to the
pylorus region of the honey bee gut. We observed the same pat-
tern in bees containing native strain diversity: G. apis strains
with ureC genes are enriched in the pylorus region. The urea
transporters and urease genes possessed by G. apis are predicted
to allow rapid acquisition and use of urea, a capability lacking
in G. apicola. We hypothesize that members of the gut commu-
nity unable to utilize urea instead depend on nitrogen-
containing compounds, such as amino acids, produced by
members such as G. apis and Snodgrassella that are able to use
it. This dependence may explain why G. apicola colonizes more
readily in the presence of Snodgrassella than alone. Similarly,
members of G. apis population 1 show variations in the presence
of urea transporters and urease genes (Fig. 54), although their
genomes show high similarity (Fig. 1) and gene flow (Fig. 3).
This finding suggests that members of population 1 could utilize
urea differently. G. apis population 1 strains without urease
genes could utilize nitrogen-containing compounds produced by
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other members in the population. The selective pressure on uti-
lizing urea is not strong enough for the urea metabolism-related
genes to quickly spread through the population (47).

Potentially, urea utilization also results in nitrogen recycling
at the level of the host. Nitrogen acquisition is critical for her-
bivorous insects, as plant material is nitrogen-poor. In some
other insects—including ants, termites, cockroaches, and
aphids—symbionts are able to recycle nitrogenous waste to
improve the host nitrogen budget (48, 49), but this has not yet
been demonstrated in bees.

In Snodgrassella, the distribution of urea utilization genes across
strains also matches the host distribution (Fig. 5B), suggesting
that nitrogenous waste utilization is critical for host adaptation.
Consistent with this hypothesis, the #reDG genes were found to
be beneficial to Snodgrassella colonization in honey bee guts (31).

By using engineered fluorescent bacteria, we were able to
image bacteria during colonization, without fixation or process-
ing protocols that may distort tissue morphology or disrupt bio-
films. Because sectioning is also not required, it is feasible to
inspect multiple gut regions or even the whole gut for coloniza-
tion, rather than thin sections. The engineered strains of
Snodgrassella and G. apicola appear to colonize similarly to wild-
type strains within native gut communities, based on microscopy
using fluorescent in situ hybridization (19, 37). The results of
gPCR assays based on bees containing native strain diversity
(Fig. 6) further confirm the spatial distribution of natural Gillia-
mella populations. Our experiments captured a single snapshot
of G. apis and G. apicola colonization. Future studies could
investigate how G. apis, and other gut bacterial strains, spatially
organize on different timescales or under different conditions.

Our findings implicate spatial barriers within host guts in lim-
iting gene flow in modern populations of Gilliamella. We note
that G. apicola and G. apis routinely occur with the same indi-
vidual bees and that analyzed genomes of both were sampled
from multiple continents. Thus, neither geographic separation of
host populations nor confinement to different host individuals
contributes to the maintenance of these genetically distinct pop-
ulations. Potentially, divergence of G. apicola and G. apis began
during a period when their ancestors were restricted to geographi-
cally separate host populations, although this possibility would not
explain why they have acquired distinct ecological niches within
individual guts. A plausible scenario is that acquisition of ecologi-
cally impactful genes, such as those for urea utilization, caused a
Gilliamella strain to localize to a new gut location, such as the
pylorus. This shift would then impose spatial barriers to DNA
exchange, resulting in genome-wide sequence divergence as muta-
tions are fixed in each lineage. At some divergence level, gene flow
due to homologous recombination ceases because of requirements
of recombination processes, such as that mediated by RecA (50).

In summary, combining comparative genomics and microscopy
with engineered fluorescent bacteria, we showed population-level
diversification of gut bacterial species between and within corbicu-
late bee host species. In Gilliamella and Snodgrassella, two clades
of core bee symbionts, both host speciation and niche partitioning
have contributed to diversification of gut bacterial species. Acqui-
sition of functional genes can help with adapting to specific hosts
and ecological niches. Niche partitioning can further lead to spa-
tial differentiation in the gut, potentially leading to disruption of
gene flow and speciation.

Materials and Methods

Detailed materials and methods are available in SI Appendix, Supplementary
Materials and Methods.
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Data Collection, Genome Annotation, and Phylogenetic Reconstruction.
We downloaded available Gilliamella and Snodgrassella genomes from the
NCBI. After removing low quality and contaminated genomes, we annotated the
genomes and assigned genes into orthologous groups using anvi'o (51). We
performed functional annotations using GhostKoala (52) for biological pathways,
dbCan2 (53) for CAZyme genes, and CRISPRCasFinder (54) for CRISPR spacers.
To investigate functional genes enriched in different lineages and populations,
we used a generalized linear model with the logit linkage function implemented
in anvi'o to compute an enrichment score and P value for each biological func-
tion and orthologous group.

We defined core-gene families as single-copy gene families that existed in at
least 80% of the species (i.e., 94 of the 117 Gilliamella genomes or 46 of the 57
Snodgrassella genomes). We aligned and concatenated nucleotide sequences of
core genes and constructed the phylogenetic trees using IQ-TREE (55).

Population Delineation Based on Gene Flow. To delineate populations in
Gilliamella and Snodgrassella, we used PopCOGenT (21) to estimate the amount
of recombination among strains. Recombination between divergent genomes
with low gANI was verified by investigating identical regions between genomes
and gene-specific sweeps in the core and flexible genome using PopCOGenT (S/
Appendix, Supplementary Materials and Methods and Fig. S11). To assess
whether vertical descent substitutions could give a false signal of population
delineation, we simulated genomes with the same divergence but without
homologous recombination using Seq-Gen (56). The results of PopCOGenT
showed that simulated genomes (with >0.0355% divergence) do not have evi-
dence of homologous recombination with each other (SI Appendix, Fig. S10).
Thus, the observed populations in the Gilliamella and Snodgrassella genomes
reflect homologous recombination.

Gut Colonization Experiment, Microscopy, and qPCR Analyses. We first
confirmed the location of G. apis and G. apicola populations along with Snod-
grassella using engineered strains expressing three different fluorescent proteins
(37). We performed three independent experiments by collecting 280 bees
emerged overnight from brood frames and inoculating them with different strain
combinations (57). After 7 d, we imaged 42 whole guts using a Zeiss 710 Laser
Scanning Confocal Microscope.

We also tested the spatial distributions of G. apis and G. apicola in bees with
a conventional gut microbiome. In order to control for age, we collected around
80 bees that emerged overnight from one brood frame in the laboratory. We
exposed these newly emerged bees to gut homogenates from 12 forager bees,
a method previously shown to establish a large and diverse gut community
indistinguishable from a native gut community (34). At 7 d after inoculation, we
dissected the bee guts to quantify the abundance of G. apis and G. apicola in dif-
ferent gut regions. We divided guts into pylorus and distal ileum samples by cut-
ting in the middle of the ileum on 11 guts inoculated with engineered strains
and 24 guts inoculated with the conventional community. We performed DNA
extraction and gPCR to quantify ureC genes of G. apis and 165 rRNA genes of
both G. apis and G. apicola. To control for the abundance of Gilliamella between
pylorus and ileum, we normalized the ureC copy number by dividing it by total
Gilliamella 16S YRNA gene copy number. For bees with the conventional commu-
nity, we only used guts colonized by both G. apis and G. apicola, including 15 bees
with ureC gene copy number > 1,000 for ileum and 16S gene copy number
> 1,000 for both pylorus and distal ileum. We then performed a Wilcoxon signed-
rank test between pylorus and ileum samples using wilcox.test function in R.

Data Availability. Data and code used in this study, including genome assem-
blies, gene annotations, orthologous groups, and functional annotations are
available on GitHub (https:/github.com/lyy005/bee_gut_bacteria) and Zenodo
(https://zenodo.org/record/5209528).
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