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SUMMARY
Most bacterial species encompass strains with vastly different gene content. Strain diversity in microbial
communities is therefore considered to be of functional importance. Yet little is known about the extent to
which related microbial communities differ in diversity at this level and which underlying mechanisms may
constrain and maintain strain-level diversity. Here, we used shotgun metagenomics to characterize and
compare the gut microbiota of two honey bee species, Apis mellifera and Apis cerana,which diverged about
6 mya. Although the host species are colonized largely by the same bacterial 16S rRNA phylotypes, we find
that their communities are host specific when analyzed with genomic resolution. Moreover, despite their
similar ecology, A. mellifera displayed a much higher diversity of strains and functional gene content in the
microbiota compared to A. cerana, both per colony and per individual bee. In particular, the gene repertoire
for polysaccharide degradation was massively expanded in the microbiota of A. mellifera relative to
A. cerana. Beemanagement practices, divergent ecological adaptation, or habitat sizemay have contributed
to the observed differences in microbiota genomic diversity of these key pollinator species. Our results
illustrate that the gut microbiota of closely related animal hosts can differ vastly in genomic diversity while
displaying similar levels of diversity based on the 16S rRNA gene. Such differences are likely to have
consequences for gut microbiota functioning and host-symbiont interactions, highlighting the need for
metagenomic studies to understand the ecology and evolution of microbial communities.
INTRODUCTION

Most bacteria live in complex communities, which typically

encompass strains with highly variable gene content [1–3]. In

host-associated bacterial communities, strain-level diversity

can be substantial, despite the general assumption that genetic

diversity destabilizes mutualistic interactions [4]. For example,

multiple strains of a sulfur-oxidizing endosymbiont were found

to co-colonize individual hosts of deep-sea mussels, presum-

ably because they encode complementary functions [5, 6]. In

contrast, strains of the human gut microbiota have been shown

to segregate among individuals, resulting in host-specific ge-

netic profiles [7–9]. However, despite the increased awareness

of the existence and functional importance of strain-level diver-

sity in host-associated bacterial communities, little is known

about differences in diversity across host species or the under-

lying mechanisms that constrain and maintain diversity within

and among hosts. This is largely due to (1) the limited ability of

16S rRNA gene amplicon sequencing to resolve strain-level
2520 Current Biology 30, 2520–2531, July 6, 2020 ª 2020 The Autho
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diversity [10–12], (2) the technical challenges associated with

the deep sequencing and analysis of bacterial genomes from

complex natural communities [13], and (3) the difficulty to

generate comparable datasets across host organisms.

Unlike most animals, eusocial corbiculate bees (honey bees,

stingless bees, and bumble bees) have been shown to harbor

a relatively simple, yet specialized, gut microbiota with a highly

conserved taxonomic composition, consisting of up to 10 phylo-

types, as based on 16S rRNA gene analyses (with phylotypes

having >97% sequence identity in the 16S rRNA gene) [14, 15].

Some of these phylotypes are common across a wide range of

social bees, suggesting they were acquired around the time

when eusociality evolved in the bees [14]. Several studies based

on genomic data have demonstrated an impressive amount of

genetic flexibility within 16S rRNA phylotypes of the honey bee

gut microbiota [7, 16–21], indicating that major functional differ-

ences are encoded at the genomic level, as has also been shown

to be the case for other bacteria [3, 22, 23]. Given these charac-

teristics, the gut microbiota of social bees represents an
rs. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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A Figure 1. Analysis of Community Composi-

tion and Diversity in Bacterial Communities

(A) Schematic phylogeny illustrating three levels

of diversity, which can be analyzed for bacte-

rial communities: phylotypes; sequence-discrete

populations (SDPs); and strains. While amplicon

sequencing of the 16S rRNA gene can be used to

characterize the phylotype-level composition,

analysis of SDPs or strains requires either genomic

or metagenomic data [7, 11, 30]. SDPs have

recently been proposed to represent bacterial

species [11, 30], and even closely related strains

can differ widely in gene content [3]. Therefore,

bacterial communities that appear similar when

analyzed using the 16S rRNA gene can potentially

display major differences in composition, di-

versity, and gene content (as also illustrated by the

Venn diagram).

(B) Relative abundance of phylotypes in

A. mellifera and A. cerana for metagenomic sam-

ples analyzed in the current study. Most of the

phylotypes are shared between both hosts.

Shared phylotypes are indicated in blue and green

colors and highlighted by black outline. Relative

abundances correspond to approximately 90% of

the host-filtered reads in all samples.

See also Figure S1.
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emerging model for studies on genomic diversity and evolution

of host-associated bacterial communities [7, 14, 15, 24].

Despite extensive horizontal gene transfer in bacteria [3],

recent studies have shown that bacteria exist as discrete popu-

lations, which can be identified based on metagenomic read

recruitment [25–28] or gANI (genomic average nucleotide iden-

tity) [11, 29, 30]. Bacteria belonging to the same population

generally have more than 95% gANI with each other, whereas

bacteria from different populations typically have less than

90% gANI [11, 30]. These populations have therefore also

been referred to as ‘‘sequence-discrete populations’’ (SDPs) or

even ‘‘species’’ [11, 27, 30], although the latter term continues

to be controversial for bacteria. For the western honeybee,

Apis mellifera, a recent metagenomic study identified 1–4

SDPs per 16S rRNA phylotype in the gut microbiota [7]. It is

therefore possible for bee species with similar phylotype-level

gut microbiota composition to display major differences, due

to changes occurring at the SDP or strain level (Figure 1A).

Indeed, two previous studies based on amplicon sequencing

data have provided evidence that the extent of diversity can

differ between different species of social bees [14, 31]. However,

comparative community-wide analyses, based on data with

genome-level resolution, are lacking.

In the current study, we perform a comparative metagenomic

analysis of the gut microbiota of two closely related species of

honey bees, Apis mellifera and Apis cerana. Based on molecular

data, their last common ancestor has been dated to approxi-

mately 6 mya [32–35], and previous 16S rRNA-based studies

have shown that they are colonized mostly by the same 16S

rRNA phylotypes [14]. With the exception of A. mellifera, all
extant species of honey bees (genus Apis) are confined to

Asia, pointing toward an Asian origin of the Apis genus [33].

Based on molecular analysis, A. mellifera expanded into its

native range (Africa, Europe, and Western Asia) approximately

300,000 years ago [32]. However, A. mellifera was recently re-

introduced to Asia by humans [36, 37], thereby bringing not

only the bees but also their associated bacterial communities

into close proximity, potentially resulting in a homogenization

of their gut microbiota.

In order to compare the composition, diversity, and evolution

of the gut microbiota of A. mellifera and A. cerana at the strain

level, we analyzed shotgun metagenomes of individual bees us-

ing a common DNA extraction protocol and comparable

sequencing depth. We find that each host species harbors a

highly distinct bacterial community, composed of different

SDPs and strains, with occasional transfers among sympatric

bees. Quantitative analysis revealed that the gut microbiota di-

versity of A. mellifera is much higher than for A. cerana, resulting

in a larger metabolic potential at both the individual and colony

level. These results represent the first comparative genome-

wide analysis of strain-level diversity between related host-asso-

ciated microbial communities, raising new questions regarding

underlying mechanisms and functional consequences.

RESULTS

Metagenomic Data Reveal that the Gut Microbiota of
A. mellifera and A. cerana Are Distinct
A total of 40 shotgun metagenome samples were collected from

individual bees, with 20 bees per host species (A.mellifera andA.
Current Biology 30, 2520–2531, July 6, 2020 2521
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cerana). Bees were collected from inside the colonies, targeting

nurse bees (see STARMethods). Two colonies were sampled for

each host species, with all colonies originating from different api-

aries, no more than 100 km apart, close to Tsukuba (Japan). We

also included 36 previously published metagenomes from indi-

vidual bees sampled from two colonies from Switzerland. In or-

der to analyze the community composition across samples, we

first established a genomic database of isolated strains (Data

S1) representative of both hosts. Eleven new genomes isolated

from A. ceranawere sequenced (see STARMethods) and added

to a previously established, non-redundant honey bee gutmicro-

biota database [7], together with previously published genomes

isolated from more distantly related bee species. Approximately

90% of the host-filtered reads mapped to the new database,

regardless of the host affiliation of the samples, indicating that

the database is highly and equally representative of the gut mi-

crobiota of both host species (Figure S1).

To make an initial broad comparison of the gut microbiota

composition, the relative abundance of all phylotypes in the

database was quantified, based on mapped read coverage to

single-copy core genes. Overall, the phylotype-level composi-

tion was consistent with previous studies employing amplicon

sequencing of the 16S rRNA gene [14] (Figure 1B). The five phy-

lotypes that have been proposed to constitute the core micro-

biota of corbiculate bees [14] were found to colonize both host

species, although the relative abundance profiles were distinct

between the hosts (Figure 1B). Other phylotypes associated

with A. mellifera (Bartonella apis, Frischella perrara, and Com-

mensalibacter sp.) were not detected in any of the A. cerana

samples (Figure 1B), consistent with a very low prevalence in

this host [14]. Conversely, although Apibacter was not detected

in any of the A. mellifera samples, it was prevalent among the

A. cerana samples (Figure 1B).

To determine whether the five core phylotypes colonizing both

host species are distinct at the SDP level (Figure 1A), candidate

SDPswere inferred from isolate genomes in the database, based

on core genome phylogenies (Figures 2A–2C, 2G, and 2H) and

pairwise gANIs (Data S2). Subsequent metagenomic validation

(Figure S2) confirmed three new SDPs within theGilliamella phy-

lotype (Figure 2A) and one new SDP within the Lactobacillus

Firm5 phylotype (Figure 2B), all of which were represented exclu-

sively by A. cerana-derived isolates. A new SDP was also

confirmed for Snodgrassella (Figure 2C), based on isolates

from A. cerana, A. andreniformis, and A. florea, suggesting that

this SDP may be shared among other species of honey bees

than A. mellifera. In contrast, for the two remaining core

phylotypes Lactobacillus Firm4 and Bifidobacterium, no new

candidate SDPs were inferred (Figures 2G and 2H), because

the A. cerana-derived genome isolates had gANI values of up

to 95% and 90% to the A. mellifera isolates, thus falling within

the range of gANI values observed among the A. mellifera iso-

lates (Data S2).

To further validate the host specificity of the novel SDPs, we

quantified the relative abundance of each SDP across the meta-

genomic samples, including samples previously collected in

Switzerland [7]. All SDPs found to be host specific in the genomic

database displayed a clear host preference across the metage-

nomic samples, but a small number of transfers were neverthe-

less detected among the Japanese samples within the
2522 Current Biology 30, 2520–2531, July 6, 2020
Lactobacillus Firm5 and Gilliamella phylotypes (Figures 2D–2F

and S3). These results therefore indicate that honey bees do

get exposed to non-native SDPs, at least in Japan, occasionally

resulting in colonization.

For the two SDPs represented by genome isolates from both

hosts (Figures 2G and 2H), rooting of the core genome phylog-

enies with isolates from bumble bees (Figure 2G) or the most

closely related SDP (Figure 2H) suggested that the A. cerana-

derived isolates diverged prior to the A. mellifera-derived iso-

lates, as would be expected if a more recent host specialization

had occurred. Therefore, to determine whether these SDPs differ

between the host species at the strain level (Figure 1A), the frac-

tion of shared single-nucleotide variants was calculated for all

sample pairs and visualized using principal coordinate analysis

(Figures 2I and 2J). Remarkably, the samples were found to clus-

ter strongly by host, indicating that each host species is colo-

nized by a distinct population of strains. In contrast, there was

no clustering by country or colony affiliation (Figures 2I and

2J). For other community members, clustering by country or col-

ony was observed for only a subset of SDPs (Data S3), indicating

that strains are not necessarily geographically specialized.

Finally, to obtain a database-independent estimate of the host

specificity of the gut microbiota of A. mellifera and A. cerana, we

de novo assembled the metagenomes (using 20 million host-

filtered paired-end reads per sample) and compared the gene

contents by clustering all predicted ORFs (open reading

frames) by sequence identity. Clustering was done using a

range of thresholds (80%–95% nucleotide identity), resulting in

101.581–185.585 clusters. Regardless of clustering threshold,

only a very low number of clusters contained sequences from

both hosts (Figure 2K), further corroborating the small overlap

of the gut microbiota between the two host species.

In conclusion, although the gut microbiota of A. mellifera and

A. cerana is colonized largely by the same phylotypes (Figure 1B),

metagenomic analysis clearly demonstrates that the communities

are distinct, being composed of divergent SDPs and strains.

The Diversity of the Gut Microbiota Is Higher in
A. mellifera Compared to A. cerana

As shown in Figure 2K, the clustering analysis of the metage-

nomic ORFs resulted in a much larger number of clusters for

A. mellifera compared to A. cerana. This difference may in part

be explained by A. mellifera housing a bacterial community

composed of more SDPs. Although 90% of the host-filtered

reads mapped to the database for both hosts (Figure S1), these

mapped reads represent 12 SDPs for the five core phylotypes in

A. mellifera (plus up to 4 non-core members) but only 7 in

A. cerana (plus Apibacter sp. and occasionally Lactobacillus

kunkeei; Figures 2 and S3). Indeed, the number of gene clusters

and the total genome assembly size per bee were both approx-

imately twice as large for A. mellifera when using comparable

subsets of host-filtered reads (Figures 3A and 3B). However,

the sharp drop in the number of clusters from 95% to 90%

sequence identity observed only for A. mellifera (Figure 2K) indi-

cates that strain-level diversity is also a contributing factor.

Previous analysis of strain-level diversity in A. mellifera

showed that strains segregate among individuals within colonies

[7], in contrast to the SDPs, which mostly co-exist (Figures 2D–

2F and S3). Therefore, sequence clusters occurring only in a
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Figure 2. The Gut Microbiota of A. mellifera and A. cerana Are Composed of Divergent SDPs and Strains

(A–C, G, and H) Core genome phylogenies of the five core phylotypes (A) Gilliamella; (B) Lactobacillus Firm5; (C) Snodgrassella; (G) Lactobacillus Firm4; and (H)

Bifidobacterium; colonizing bothA.mellifera andA. cerana. For (A)–(C) and (H), the treeswere rootedwith isolates derived frombumble bees, while for (G), the tree

was rooted with the genome isolate from the Lactobacillus Firm4-2 SDP. Confirmed SDPs are indicated by the labels of the clades, with the SDPs identified in the

current study highlighted with bold fonts. Genomes are highlighted with blue shades for isolates from A.mellifera and red shades for isolates from A. cerana. Gray

shades indicate isolates from other honey bee species. Bars correspond to 0.1 substitutions per site.

(D–F) Barplots displaying relative abundance of the confirmed SDPs for the phylotypes (D) Gilliamella; (E) Lactobacillus Firm5; and (F) Bifidobacterium, across

metagenomes from Japan.

(I and J) Principal coordinate analysis plots based on the pairwise fractions of shared SNVs (Jaccard distance) for the SDPs (I) "Firm4-1" and (J) "Bifido-1". Dots

represent individual samples, color-coded by host and colony origin, as indicated by the legend. CH, Switzerland; JP, Japan.

(K) Number of host-specific and mixed sequence clusters generated from all metagenomic ORFs at different clustering thresholds. Metagenome assemblies

were generated separately for each sample, using 20 million host-filtered paired-end reads per sample. Number of metagenomic samples included is as follows:

n = 48 for A. mellifera and n = 20 for A. cerana.

See also Figures S2 and S3 and Data S1, S2, and S3.
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Figure 3. Major Differences in Strain-Level Diversity in the Gut Microbiota of A. mellifera and A. cerana

(A) Number of sequence clusters per sample for each host, based on metagenomic ORFs from assemblies generated with 20 million paired-end host-filtered

reads. For each boxplot, the center line displays the median, and the boxes correspond to the 25th and 75th percentiles; all data points are shown (n = 48 for

A. mellifera; n = 20 for A. cerana).

(B) Total length of metagenome assemblies generated from different amounts of host-filtered reads. Each line represents different subsets of reads derived from

the same sample. Samples from the two Swiss colonies are shown in the same plot in different colors. CH, Switzerland; JP, Japan.

(C) Fraction of single-nucleotide variants (SNVs) within core genes in each sample, for SDPs corresponding to the core phylotypes, plus Apibacter sp. SDP labels

correspond to Figure 1.

(D and E) Cumulative number of sequence clusters for each host, relative to the number of samples, shown (D) per host and (E) per colony.

(F and G) Cumulative fractions of SNVs within core genes relative to the number of samples for the SDPs (F) ‘‘Bifido-1’’ and (G) ‘‘Firm4-1’’ (Figures 2G and 2H).

Blue-green shades represent different A. mellifera colonies, whereas the samples for the two A. cerana colonies were pooled due to the smaller number of

samples.

See also Figure S4.
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subset of bees are likely to represent strain-level diversity. To

determine how the sequence clusters distribute across bees,

we plotted the number of clusters relative to the number of sam-

ples, using the 95% nucleotide sequence identity threshold.

From the cumulative curves (Figure 3D), it is evident that the

gene content harbored within individual bees represent a minor

fraction of the total gene content present across hosts. More-

over, the number of sequence clusters increased more rapidly

with sample size for A. mellifera as compared to A. cerana and

did not appear to have reached saturation with the current
2524 Current Biology 30, 2520–2531, July 6, 2020
sampling size. This difference was not related to diversity be-

tween colonies or countries for A. mellifera (Figure 3E). Rather,

the gene content of the gut microbiota is highly variable among

bees, also within colonies, and much more so for A. mellifera

compared to A. cerana (Figures 3D and 3E). Taken together

with the consistent taxonomic profile among bees (Figures 2D–

2F and S3), these results indicate that amajor fraction of the vari-

ation in gene content is related to strain-level diversity.

To quantify the extent of strain-level diversity, the fraction

of single-nucleotide variants (SNVs) within core genes was
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Figure 4. Functional Comparison of the Gut Microbiota of A. mellifera and A. cerana

All ORFs were obtained from assemblies generated with 20 million paired-end host-filtered reads per sample.

(A) Relative abundance of COG annotations according to general functional COG categories, across metagenomes from Japan.

(B) Mean number of ORFs assigned to each CAZyme family, calculated separately for each host (n = 48 for A.mellifera; n = 20 for A. cerana). As shown by the blue

regression line, there was a linear correlation between the counts, indicating that the CAZyme families display similar relative abundance patterns in both hosts.

But the total number of ORFs assigned to each CAzyme family is larger in A. mellifera samples as compared to A. cerana samples, as indicated by the deviation

from the black line.

(C) Number of sequence clusters within each CAZyme family (clustered at 50% amino acid sequence identity), as estimated across metagenomes from Japan

(n = 20 for A. mellifera; n = 20 for A. cerana). Colors indicate the subsets of clusters specific to each host and clusters containing ORFs derived from both hosts.

Only families with at least two clusters are shown.

(D) SDP affiliation for ORF sequences annotated asGH/PLCAZyme families, as estimated fromblast hits against the honey bee gutmicrobiota database). Results

are only shown for close hits (>95% amino acid sequence identity). The upper panel includes all ORFs passing this threshold; the lower panel includes the subset

of these occurring within host-specific clusters (C). SDP labels correspond to Figure 1. Ap, Apibacter sp.; Fp, Frischella perrara; Co, Commensalibacter sp.; Lk,

Lactobacillus kunkeei.

See also Figure S5.

ll
OPEN ACCESSArticle
determined for all SDPs (615–1,046 genes per SDP, with the

same positions being evaluated for all profiled samples for

each SDP; see STAR Methods). At the level of individual

bees, only two of the SDPs colonizing A. cerana were found

to harbor more than 2% SNVs in any of the samples

(‘‘Firm5-7’’ and ‘‘Bifido-1’’; Figure 3C). In contrast, nearly all

the SDPs colonizing A. mellifera had more than 2% SNVs

per bee in a major fraction of the samples (Figure 3C). For

example, ‘‘Bifido-1’’, an SDP shared between both bee spe-

cies, had on average 9.6% SNVs per individual bee in

A. mellifera, while in A. cerana the average percentage SNVs

was as low as 0.8%.

To quantify diversity at the colony level, we again generated

cumulative curves of SNVs as a function of the number of

analyzed bees (Figures 3F, 3G, and S4). Interestingly, the two

SDPs occurring in both hosts, ‘‘Bifido-1’’ and ‘‘Firm4-1’’ (Figures

2G and 2H), displayed a clear difference in strain-level diversity

between the host species (Figures 3F and 3G). This difference

was not explained by the choice of reference genome, because
the pattern persisted after swapping the reference genome with

an isolate from the alternate host (Figure S4).

Based on these results, we conclude that strain-level diversity

in A. mellifera is substantially higher than in A. cerana, both in in-

dividual bees and within colonies.

The Gut Microbiota of A. mellifera Encodes More
Diverse Enzymes for Polysaccharide Degradation
The observed differences in SDP composition and strain-level

diversity raise the question whether the gut microbiota is func-

tionally distinct between the two host species. To address this

question, we annotated metagenomic ORFs using the COG

and CAZyme databases. Although the number of ORFs per sam-

ple was approximately twice as high for A. mellifera compared

to A. cerana, the relative COG profiles were indistinguishable

among hosts (Figures 4A and S5). Consistent with previous

studies [20], carbohydrate metabolism and transport (COG cate-

gory ‘‘G’’) was abundant across the metagenomic samples of

both host species. In order to identify possible differences within
Current Biology 30, 2520–2531, July 6, 2020 2525
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this important functional category, metagenomic ORFs encod-

ing glycoside hydrolases (GHs) and polysaccharide lyases

(PLs) were annotated with dbCAN2 [38]. Notably, when calcu-

lating the mean number of ORFs annotated per CAZyme family

for each host species, a linear correlation was observed (Fig-

ure 4B), indicating that the relative abundance of each GH/PL

family is highly similar. However, samples from A. mellifera

harbored approximately twice as many genes per family, as evi-

denced from the slope of the correlation (Figure 4B).

Although enzyme substrate specificities are known to be var-

iable within CAZyme families, the substrate specificity of most

sequences in the CAZyme database still await experimental

characterization [39, 40]. Therefore, to estimate the potential

for carbohydrate metabolism within the gut microbiota of

each host species, the sequences of each GH/PL family were

clustered separately, using only the Japanese samples (in order

to have the same sampling depth for each host). Remarkably,

even with a highly conservative clustering threshold (50%

amino acid sequence identity), an average of 10.4 clusters

per family was generated, indicative of very high diversity

among genes annotated to the same family. A total of 52 out

of 62 GH/PL families contained host-specific clusters (Fig-

ure 4C). However, only 17 families contained clusters specific

to A. cerana, whereas all 52 contained clusters specific to

A. mellifera (Figure 4C). Moreover, the mean number of host-

specific clusters per family was 6.0 for A. mellifera but only

3.1 for A. cerana. Taken together, these results therefore indi-

cate that both host species may harbor specialized functions

for polysaccharide degradation, with a higher versatility for

A. mellifera as compared to A. cerana.

In order to gain further insights into the origin of the GH/PL

families, the sequences were blasted against the honey bee

gut microbiota database. Overall, 97% of the sequences had

significant hits to the database (e-value < 10e�05; >80% query

coverage), with 79% having a close hit (>95% amino acid iden-

tity). Among the sequences with close hits, the vast majority of

hits were to genomes of the ‘‘Bifido-1’’ SDP, followed by other

SDPs of the Lactobacillus Firm4 and Firm5 phylotypes (Fig-

ure 4D, upper panel). For the host-specific GH/PL clusters,

only 52% of the sequences falling within A. mellifera-specific

clusters had a close hit to the database, whereas 67% of the

A. cerana-specific clusters had close hits. Thus, although the

current database contains fewer genome isolates from

A. cerana compared to A. mellifera, it is more representative

of A. cerana in terms of GH/PL families, likely as a conse-

quence of GH/PL genes being at least partly associated with

strain-level diversity. Among the sequences corresponding to

host-specific GH/PL clusters, the majority of blast hits were

once again to ‘‘Bifido-1’’ (Figure 4D, lower panel). Strikingly,

for both of the SDPs shared between the host species (‘‘Bi-

fido-1’’ and ‘‘Firm4-1’’), almost all host-specific sequences

came from A. mellifera. In contrast, for the clusters specific to

A. cerana, most of the hits were to Apibacter sp. and ‘‘Firm5-

7’’, suggesting that diversity occurring at the phylotype- and

SDP-level contribute more to functional specialization than

strain-level diversity in A. cerana.

In conclusion, despite the similarity in the general functional

profiles, A. mellifera harbors a much more diverse repertoire

of GH/PL families, with many more host-specific GH/PL
2526 Current Biology 30, 2520–2531, July 6, 2020
clusters compared to A. cerana. Moreover, the majority of

GH/PL sequences were associated with the ‘‘Bifido-1’’ SDP,

which is much more diverse in A. mellifera compared to

A. cerana, suggesting that strain-level diversity in A. mellifera

is a major contributor to functional differences between the

two host species.

A. mellifera and A. ceranaDiffer in Bacterial Community
Size within Individual Bees
According to neutral theory, diversity is expected to correlate

with population size, where smaller populations are subject to

increased genetic drift [41–44]. The strong segregation of strains

among bees within colonies suggests that the bacterial popula-

tions found within individual bees are temporally isolated from

each other. Therefore, if the census population size of the gut mi-

crobiota within individuals is smaller for A. cerana than for

A. mellifera, this could potentially explain the observed differ-

ences in strain-level diversity. Based on wet-weight, the hindgut,

where most of the bacteria reside, was not significantly different

between the hosts (Figure 5A). However, the bacterial commu-

nity size, as estimated from quantitative real-time PCR with uni-

versal 16S rRNA primers (normalized to the copy number of the

host gene actin) was still found to be significantly larger for

A. mellifera compared to A. cerana (p < 0.001; Mann-Whitney

U test; Figure 5B).

DISCUSSION

In the current study, we carried out a community-wide meta-

genomic characterization of the gut microbiota of two closely

related honey bee species, A. mellifera and A. cerana. From

this analysis, three key results emerged. First, we found that

the gut bacterial communities of the two host species were

highly divergent, consisting of different SDPs and strains,

despite having a very similar phylotype-level composition.

Second, the two host species displayed major differences in

the magnitude of strain-level diversity within their bacterial

communities. And third, the gut microbiota of A. mellifera

harbored a much larger repertoire of enzymes related to poly-

saccharide breakdown. Thus, in the time since their last com-

mon ancestor, approximately 6 mya [32, 35], the gut bacterial

communities of A. mellifera and A. cerana have undergone

substantial changes in composition, genomic diversity, and

functionality, with likely consequences for the interaction

with their hosts.

Based on amplicon sequencing of the 16S rRNA gene, multi-

ple studies have shown that gut microbiota composition is influ-

enced by host phylogeny [45, 46], with the overall observation

that closely related host species harbor more similar gut bacte-

rial communities at the phylotype level than more distant ones

[47]. However, the slow evolutionary rate of the 16S rRNA gene

[10] does not permit evolutionary analysis of phylotypes that

are shared across related hosts. Therefore, there are currently lit-

tle data providing insights into the evolution of the gut microbiota

for closely related animal hosts. Targeting the fast-evolving gyrA

gene for three bacterial families colonizing hominids, Moeller

et al. [48] found evidence of co-diversification in the Bacteroida-

ceae and Bifidobacteriaceae, but not the Lachnospiraceae.

Similarly, for honey bees and bumble bees, amplicon
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Figure 5. Possible Factors Explaining the

Difference in Gut Microbiota Diversity be-

tween A. mellifera and A. cerana

(A and B) Comparison across hosts for (A) wet

weight of the hindgut (n = 18 for A. mellifera; n = 16

for A. cerana) and (B) bacterial community size

(estimated with qPCR, targeting the 16S rRNA gene

and normalized by copy number of the host gene

actin; n = 20 for A. mellifera; n = 18 for A. cerana).

For each boxplot, the center line displays the me-

dian, and the boxes correspond to the 25th and 75th

percentiles; all data points are shown. Statistical

significance was calculated using a Mann-Whitney

U test (ns, not significant; ***p < 0.001).

(C) Schematic illustration of three possible factors

explaining differences in diversity. ‘‘Human influ-

ence’’: transportation and mixing of A. mellifera

colonies and genotypes around the world by bee-

keepers results in mixing of strains from different

geographic origins and thereby increasing strain-

level diversity in A. mellifera. ‘‘Dietary specializa-

tion’’: A. mellifera may have a more generalist diet

(here illustrated by pollen grain diversity) as

compared to A. cerana and thereby be able to

sustain a more diverse community. ‘‘Species-area

relationship’’: although previously applied to spe-

cies-level diversity in animals, this concept may

also apply to strain-level diversity in bacteria. For

the honey bee gut microbiota, spatial differences

are applicable at three levels: the size of the bac-

terial community within individual bees; the size of

honey bee colonies; and the size of the geographic

range.
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sequencing of the minD gene uncovered both host-specific and

more generalist clades within the core phylotype Snodgrassella

[31]. Consistently, comparative genome analyses of bacterial

isolates have also uncovered several examples of host-specific

lineages [16–19]. However, the current study is the first to report

community-wide patterns of host specialization using metage-

nomic data.

Interestingly, although we found evidence of host specializa-

tion for all of the five core phylotypes colonizing both hosts, the

extent of divergence differed widely among them. For three of

the phylotypes (Lactobacillus Firm5, Gilliamella, and Snodgras-

sella), each host was found to be colonized by different SDPs,

i.e., discrete bacterial populations that are sufficiently divergent

to be classified as different species (having less than 90% gANI

to each other) [30]. In contrast, the host specialization of the

Bifidobacterium and Lactobacillus Firm4 phylotypes only

became evident when analyzed with strain-level resolution,

consistent with the comparatively short branch lengths

observed for the core genome phylogenies. Assuming a 16S

rRNA gene divergence rate of about 1% per 50 Ma [49, 50], it

seems unlikely that any of the SDPs could have emerged within

the 6 Ma separating A. mellifera and A. cerana. More likely, the

current SDP composition represents a selection of pre-existing

SDPs, with secondarily evolved traits resulting in the observed

host preference. For example, we found that all SDPs within the
Lactobacillus Firm5 phylotype contributed to highly divergent

host-specific glycoside hydrolases, which could potentially

allow for dietary specialization and host adaptation. In contrast,

the comparatively little sequence divergence between the host-

specialized strains of Lactobacillus Firm4 and the Bifidobacteria

could match a time span of 6 Ma and thus be a product of co-

diversification. However, a larger genomic dataset from multi-

ple host species will be needed to properly test this hypothesis.

Remarkably, we also found that the two host species differed

substantially in terms of the extent of genomic diversity in their

gut microbiota. In comparison, a previous study employing am-

plicon sequencing of the 16S rRNA gene found only a subtle

trend toward lower diversity in A. cerana compared to

A.mellifera, even when using a highly elevated sequence identity

clustering threshold of 99.5% [14]. Because the 20metagenomic

samples ofA. cerana came from only two colonies in Japan, it re-

mains to be confirmed whether our findings also apply to other

subspecies of A. cerana outside of Japan. However, given that

many studies have shown a lack of concordance between the

16S rRNA gene and genome-level divergence in bacteria

[10, 12, 22, 23, 25], also in the honey bee gut microbiota [21],

these results rather seem to highlight that genome-wide data

are needed for quantification of strain-level diversity, especially

at short evolutionary timescales. This is also supported by

amplicon sequencing of the minD gene, which revealed marked
Current Biology 30, 2520–2531, July 6, 2020 2527
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differences in strain-level diversity for the phylotype Snodgras-

sella between bumble bees and honey bees, indicating that the

16S rRNA gene strongly underestimates diversity in the honey

bee gut microbiota [31].

However, despite a rapid increase in metagenomic studies

during the last decade, quantification of strain-level diversity

frommetagenomic data is still technically challenging and quan-

titative comparisons across hosts are therefore rare. Differences

in sampling, DNA extraction, and sequencing depth can have a

strong impact on both composition and diversity, making

cross-comparisons between samples and studies particularly

difficult [5, 51, 52]. In the current study, sequencing and sampling

biases were limited by using a common sampling and DNA

extraction protocol and a comparable sequencing depth.

Because of the simple taxonomic composition of the honey

bee gut microbiota, we obtained high and comparable mapping

and de novo metagenome assembly efficiencies in both hosts.

Furthermore, normalization by sampling and sequencing depth

was applied in all analyses. Taken together, we are therefore

confident that the observed community-wide differences in

strain-level diversity are not due to technical biases.

Several factors could potentially have contributed to the

observed difference in strain-level diversity (Figure 5C). First,

although A. cerana has long been used for honey production

in Asia, A. mellifera differs from all other extant honey bee spe-

cies by having been extensively transported around the globe

by humans for hundreds of years [37]. Thus, it is possible that

humans have contributed to a mixing of locally adapted strains,

thereby increasing diversity within colonies (Figure 5C, ‘‘human

influence’’). As of yet, large-scale studies on the geographic

distribution of strains are still lacking, and previous studies

have reported mixed results [14, 31]. Likewise, in the current

study, ordination plots based on shared SNVs clustered by

country for only a subset of SDPs (Data S3). Future studies

on wild honey bee populations should provide further insights

into this question. Interestingly, if the high strain-level diversity

in A. mellifera is caused by human interference, it raises the

possibility that the gut microbiota of A. mellifera is sub-optimal

for local conditions, potentially resulting in reduced colony

fitness.

However, based on molecular data, A. mellifera has had a

large and varied geographic range long before human interfer-

ence [32, 33]. Moreover, despite the occurrence of colony

collapse disorder in managed colonies around the world

[53–55], A. mellifera has been found to successfully establish

feral colonies even outside its native range (i.e., the New World),

indicative of a remarkable ability to survive under highly varied

conditions [56]. Thus, it is possible that A. mellifera is more of a

generalist than A. cerana, for example, by having a wider

foraging range, and therefore is able to maintain a more varied

bacterial community and larger repertoire of sugar breakdown

functions (Figure 5C, ‘‘dietary specialization’’). Indeed, diet has

been shown to have an impact on diversity in the gut microbiota

in multiple studies, with, for example, a reduction of diversity re-

ported for the human gut microbiota as a consequence of west-

ernized diet [57, 58]. As of yet, large-scale systematic studies on

the foraging preferences of A. cerana and A. mellifera have not

been conducted, but they appear to have largely overlapping

foraging ranges in Asia [59, 60]. Further studies are therefore
2528 Current Biology 30, 2520–2531, July 6, 2020
needed to determine whether differences in strain-level diversity

are related to dietary differences.

Finally, it is also possible that the difference in strain-level di-

versity between A. mellifera and A. cerana is driven by neutral

processes (Figure 5C, ‘‘species-area relationship’’). Specifically,

the species-area relationship posits a positive correlation be-

tween habitat size and diversity and is widely held to constitute

one of the few laws in ecology [61–63]. However, it is still debated

whether this relationship also applies to bacteria [64–66]. The gut

microbiota represents an attractive model system for testing the

hypothesis, because bacterial populations in this case can be

easily delineated, due to the host association. Indeed, it has pre-

viously been proposed that differences in gut microbiota diver-

sity in different bee species could be explained by the species-

area relationship, because 16S rRNA gene diversity was found

to correlate with both colony size and bacterial population size

within individual bees when compared among honey bees,

bumble bees, and stingless bees [14, 31]. Interestingly, our re-

sults uncovered much more dramatic differences in diversity at

the strain level compared to the species level, raising the ques-

tion of whether the species-area relationship must be adapted

to include strain-level diversity in bacterial communities. In the

case of A. mellifera and A. cerana, which are very similar in terms

of colony cycle and behavior, spatial differences exist at multiple

levels, possibly explaining the differences observed in strain-

level diversity (Figure 5C, species-area relationship). First, we

found that the size of the bacterial communities within individuals

was significantly larger for A. mellifera compared to A. cerana, a

trend that was also observed in the previous study comparing di-

versity across bees [14]. Second, A. mellifera is known to form

larger colonies than A. cerana [34]. And third, the native range

of A. mellifera is also larger compared to A. cerana [37, 67, 68].

Our analysis clearly shows that the diversity within individual

bees is much lower than the diversity found within their colonies.

Thus, it seems plausible that competition among strains is allevi-

ated when strains colonize different hosts. If so, it also follows

that larger colonies should be able to support more strain-level

diversity, by providingmore colonization opportunities for strains

that would otherwise compete. However, given that the diversity

was also consistently higher for individual bees of A. mellifera as

compared to A. cerana, the species-area relationship may be

equally applicable at this level. In contrast, the inclusion of mul-

tiple colonies had very little impact on diversity estimates, sug-

gesting that host geographic range is of less importance for

maintenance of strain-level diversity in honeybees.

In conclusion, the results of the current study brought several

fundamental questions regarding the evolution andmaintenance

of diversity in host-associated bacterial communities to the fore-

ground. Although the term ‘‘diversity’’ has an inherently positive

connotation, it is not obvious whether diversity in host-associ-

ated bacterial communities should be beneficial and, if so, in

what sense [69]. For example, high strain-level diversity in the

gut microbiota of A. mellifera may provide more metabolic flexi-

bility, facilitating foraging on more diverse pollen sources and

thereby faster adaptation to changing environmental conditions.

On the other hand, high strain-level diversity could also lead to

increased competition within the gut microbiota, with resources

being diverted toward inter-bacterial warfare rather than host-

symbiont mutualistic interactions. It is also possible that a less
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diverse gutmicrobiota consisting of strains adapted to local con-

ditions would be more beneficial than a more diverse one. These

possibilities can be experimentally tested in honey bees, thereby

providing novel insights into the functional relevance of strain-

level diversity in host-associated bacterial communities and for

honey bee health.
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Biological Samples

Apis mellifera AIST (National institute of advanced

sciences), Japan

N/A

Apis mellifera University of Tokyo, Japan N/A

Apis cerana Chiba (local beekeeper), Japan N/A

Apis cerana Hodogaya (local beekeeper), Japan N/A

Apis cerana NIES (National intitute for

environmental studies), Japan

N/A

Chemicals, Peptides, and Recombinant Proteins

Tryptic Soy Agar BD Difco 236950

Columbia blood agar base Oxoid CM0331

Sheep blood defibrinated Oxoid SR0051E

MRS agar (DE MAN, ROGOSA, SHARPE) Oxoid CM0361

BHI agar (Brain Heart Infusion) BD Difco 11708872

Glucose Sigma G7021

Fructose Sigma F2543

L-cysteine Fluka 30120

Bacto Tryptone BD Difco 211705
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Cellobiose Sigma 22160
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KCl Wako Cat#163-03545

Na2HPO4 Wako Cat#194-02875

KH2PO4 Wako Cat#169-04245

UltraPureTM DNase/RNase-free distilled water Invitrogen Cat#10977023

1.0mm glass beads TOMY Cat#GB-10

0.1mm zirconia/silica beads TOMY Cat#ZSB-01

Ethylenediamine-N,N,N’,N’-tetraacetic acid,

disodium salt, dihydrate

DOJINDO Cat#N001

Proteinase K Wako Cat#160-14001

Proteinase K TaKaRa Cat#U0506A

2-Mercaptoethanol Wako Cat#133-06864

Trizma� base Primary Standard and Buffer,

R 99.9% (titration), crystalline

Sigma-Aldrich Cat#T1503
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HCl Wako Cat#080-01066

Hexadecyltrimethylammonium Bromide (synonym

of CTAB)

Wako Cat#036-021-02

Phenol/Chloroform/Isoamyl alcohol (25:24:1) nacalai-tesque Cat#25970-14

Phenol/Chloroform/Isoamyl alcohol (25:24:1) NIPPON GENE Cat#311-90151

Chloroform Wako Cat#038-02606

NaOAc NIPPON GENE Cat#316-90081

Glycogen Wako Cat#079-00832

RNase A (17,500U) QIAGEN Cat#19101

T-Vector pMD-20 TaKaRa Cat#3270

TB Green premix Ex TaqII (Tli RNaseH Plus) TaKaRa Cat#RR820S

ROX reference dye II TaKaRa Cat#RR820S

Critical Commercial Assays

NexteraXT DNA Library Preparation kit (96 samples) Illumina Cat#FC-131-1096

Deposited Data

Raw sequence reds for metagenomes have been

deposited on the NCBI Sequence Read Archive

This paper PRJNA598094

Code used for bioinformatic analysis This paper http://doi.org/10.5281/zenodo.3747314

Oligonucleotides

Primers for V3-V4 region of 16S rRNA [70] N/A

Primers for actin gene, A. mellifera See STAR Methods section N/A

Primers for actin gene, A. cerana See STAR Methods section N/A

Software and Algorithms

QuantStudio Design & Analysis Software

v1.4 (Firmware version 1.3.0)

Applied Biosystems N/A

EZR [71] http://www.jichi.ac.jp/saitama-sct/

SaitamaHP.files/statmed.html

Perl v.5.26.1 [72] https://www.perl.org

BioPerl v.1.7.5 [73] https://bioperl.org

Bash v. 4.4 23 https://www.gnu.org/software/bash https://www.gnu.org/software/bash

R version 3.5.0 R Development Core Team, 2008 https://www.r-project.org

BLAST+ version 2.2.31 [74] https://ftp.ncbi.nlm.nih.gov/blast/

executables/blast+

FastQC v.0.11.4 [75] http://www.bioinformatics.babraham.

ac.uk/projects/fastqc

Trimmomatic 0.35 [76] http://www.usadellab.org/cms/?

page=trimmomatic

fastANI v.1.3 [30] https://github.com/ParBLiSS/FastANI

Orthofinder v.2.3.5 [77] https://github.com/davidemms/OrthoFinder

mafft v.7.312 [78] https://mafft.cbrc.jp/alignment/software/

RAxML v.8.1.24 [79] https://github.com/stamatak/standard-RAxML

FigTree [80] https://github.com/rambaut/figtree/releases

SPAdes v.3.10.1 [81] http://cab.spbu.ru/software/spades/

bwa v.0.7.15-r1142-dirty [82] https://sourceforge.net/projects/bio-bwa

Samtools v.1.9 [83] https://github.com/samtools/samtools

Picard tools v.2.7.1 [84] https://broadinstitute.github.io/picard/

Prodigal v.2.6.3 [85] https://github.com/hyattpd/Prodigal

Freebayes v.1.0.2 [86] https://github.com/ekg/freebayes

GNU parallel 20180422 [87] http://www.gnu.org/software/parallel
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Vcflib v.41 [88] https://github.com/vcflib/vcflib

CD-HIT v.4.7 [89] https://github.com/weizhongli/cdhit

eggnog v.5.0 [90] http://eggnogdb.embl.de/#/app/home

eggNOG-mapper v. 1.0.3 [91] https://github.com/eggnogdb/eggnog-mapper

HMMER 3.1b2 http:/hmmer.org http:/hmmer.org

dbCan2 v.8 [38] http://bcb.unl.edu/dbCAN2/

Other

Tweezer No. 5-Dumoxel BIOLOGIE Dumont N/A

Micro SmashTM MS-100 bead-beater TOMY N/A

QuantStudio 3 Real-Time PCR Instrument (96-well,

0.2mL Block)

Applied Biosystems Cat#A28132
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Philipp

Engel (philipp.engel@unil.ch)

Materials availability
This study did not generate new unique reagents.

Data and code availability
The accession number for raw sequence data reported in this paper is NCBI BioProject: PRJNA598094. Accession numbers for ge-

nomes included in the genomic database are provided in Data S1. All databases used for analysis, files corresponding to metage-

nomic assemblies, and scripts generated for analysis, have been deposited on zenodo at: https://doi.org/10.5281/zenodo.3747314.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample acquisition
Dissection of hindguts from bees

For dissection of bees, the cuticle of the abdomen was peeled off and inner tissues were exposed, using tweezers (UV irradiated for

10 min). Furthermore, midgut and Malpighian tubules were removed, in order to obtain the hindgut section only (pylorus to rectum).

Metagenomic samples

A total of 40 metagenomic samples were collected from individual bees, with 20 samples from A. cerana japonica and A. mellifera,

respectively. For each host species, 10 bees were collected from each of two colonies, all estimated to be nurse bees based on

behavior (A. mellifera only) and the presence of a well-developed hypopharyngeal gland (both host species). The bees were soaked

in ethanol and stored at �20�C until dissection. All sampled colonies were from different apiaries (‘‘AIST,’’ ‘‘UT,’’ ‘‘Chiba,’’ ‘‘Kana-

gawa’’) located less than 100km apart, close to Tsukuba, Japan, in September 2017. Further metadata, including GPS coordinates,

is available for each sample via accession numbers in NCBI BioSample: SAMN13698777-SAMN13698816.

Bacterial isolates

Eleven new bacterial isolates were obtained from two A. cerana nurse bees, collected from Kanagawa (September 2017) and NIES

(November 2017), respectively. The nurse bee from Kanagawa came from the same colony as the metagenomic samples.

qPCR (bacterial load)

In order to estimate the size of the bacterial communities colonizing the gut of A. mellifera and A. cerana, 8-10 honeybees were

collected from each of two colonies, for each host. For A. mellifera, samples were collected in May 2019, from the same apiaries

as the metagenomic samples (but corresponding to different colonies). For A. cerana, samples were collected in September 2017

from Kanagawa (same colony as for metagenomic samples) and in October 2017 from NIES (different apiary). Dissected hindguts

were placed in bead-beating tubes (2 mL) with 364 mL ultra-pure DNase/RNase-free ddH2O and zirconia/silica beads (0.1mm),

and stored at �80�C until DNA extraction.

Gut weights

In order to estimate the wet-weight of the hindguts for each host, additional honey bees were collected fromAIST (A.mellifera, n = 18,

sampled in August 2019), and NIES (A. cerana, n = 16, sampled in September 2019). Dissected guts were weighed on the day of

collection, without freezing.
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Metagenomic DNA extraction and sequencing
Bacterial enrichment

The metagenomic samples were enriched for bacterial cells, as also described previously [7]. Dissected hindguts were placed in

bead-beating tubes with 1 mL of PBS (136.9mM NaCl, 2.7mM KCl, 8.1mM Na2HPO4, 1.5mM KH2PO4, pH 7.5), and kept on ice

for the duration of the dissection. Gut tissue was homogenized with a bead-beater (MicroSmash MS-100, TOMY) using glass-beads

(1mm, TOMY) for 30 s at 5,500rpm. A series of centrifugation and filtration steps were then carried out to enrich for bacterial cells in

the sample relative to host cells/tissue/pollen, all in PBS at room temperature. First, the homogenate was centrifuged at 2,500rpm,

5 min, to remove debris, and the supernatant was collected into new eppendorf tubes. The samples were then centrifuged at

9,000rpm, 15 min, to pellet bacterial cells. The supernatant was removed, and the bacterial pellets were re-suspended in 800 mL

PBS. The suspension was again centrifuged at 2,500rpm, 5 min, to remove additional host-cells/debris. Finally, the sample was

passed through a 10 mm filter (Merck), to remove large particles (pollen, remaining debris), and centrifuged at 10,000rpm for

15 min to pellet bacterial cells.

DNA extraction

DNA was extracted from the enriched bacterial pellet using a CTAB-based DNA extraction protocol. For each sample, the bacterial

pellet was re-suspended in 485.3 mL CTAB lysis buffer (100mM Tris-HCl, pH 8, 1.4M NaCl, 20mM EDTA pH 8.0, 2% w/v CTAB) with

1.3 mL 2-mercaptoethanol and 12 mL proteinase K (22 mg/ml, TaKaRa). The samples were transferred to bead-beating tubes with

zirconia/silica beads (0.1mm, TOMY), and homogenized on a bead-beater (MicroSmash MS-100, TOMY) for two times 90 s, at

5,500rpm. Samples were incubated at 56�C over-night. 5 mL RNase A (10mg/mL) was added to each sample, followed by incubation

at 37�C for 1 h. Finally, the DNA was extracted with PCI (phenol/chloroform/isoamyl alcohol 25:24:1)(nacalai-tesque), washed with

chloroform and precipitated with 1/10 vol NaOAc (3M, pH 5.2) and 2.5 vol 99.5% ethanol, with 4 mL glycogen (20 mg/ml) added as a

DNA carrier. Glycogen was purified through PCI treatment 4 times and precipitated using 1/10 vol NaOAc (3M, pH 5.2) and 2.5 vol

ethanol. After air-drying, the weight of the pellet was measured, and the pellet was re-suspended in ddH2O, to obtain 20 mg/ml

glycogen solution. DNA pellets were re-suspended in 20 ml ddH2O, and stored at �20�C until library preparation.

Sequencing and quality filtering

Samples were prepared for metagenomic sequencing using the NexteraXT library kit, and sequenced on an Illumina HiSeq2500 in-

strument (paired-end, 2 3 100bp). The quality of the raw data was checked with fastQC [75], and the reads were subsequently

trimmed with Trimmomatic [76] using the settings: LEADING:28, TRAILING:28 MINLEN:60, and trimming for the Nextera adaptor.

The same filtering was also applied to 36 previously published metagenomes [7], corresponding to age-controlled bees (Day 10

and Day 22/24), collected from the apiary at the University of Lausanne, Switzerland [7].

Quantification of bacterial loads
Total DNA extraction

DNA was extracted using a CTAB-based protocol [92]. For each sample, 364 mL of CTAB lysis buffer (200mM Tris-HCl pH 8.0, 2.8M

NaCl, and 40mMEDTA pH 8.0, 4%CTAB (w/v)), 2 mL of 2-mercaptoethanol, and 20 mL of 20 mg/mL proteinase K (Wako) was added.

Bead-beating was done twice for 90 s, at 3,500rpm (MicroSmash MS-100, TOMY), with 1 min rest on ice in between. 1 mL of

10 mg/mL RNase A was added, and the tubes were incubated overnight at 55�C. Next, 750 mL PCI (phenol/chloroform/isoamyl

alcohol)(NIPPON GENE) was added, the samples were mixed by shaking, placed on ice for 2 min, and centrifuged at 13,300rpm

at 4�C for 30 min. DNA was precipitated with ethanol, washed, air-dried and dissolved in 50 mL ultra-pure DNAase/RNase-free

ddH2O.

qPCR assay

Bacterial loads were estimated with quantitative real-time PCR, targeting the V3-V4 region of 16S rRNA gene with the following

primers: 50-ACTCCTACGGGAGGCAGCAGT-30 (forward) and 50-ATTACCGCGGCTGCTGGC-30 (reverse) [70]. Normalization was

done relative to the actin gene of the host, using the following primers for A. mellifera: 50-TGCCAACACTGTCCTTTCTG-30 (forward)

and 50-AGAATTGACCCACCAATCCA-30 (reverse). For A. cerana, the reverse primer was 50-AGAATTGATCCACCAATCCA-30. Stan-
dards were prepared as also described in [93]. The target sequence was cloned into plasmid vector pMD-20 (TaKaRa). The insertion

of the target sequence was confirmed by sequencing, and the insert was amplified by PCR and purified. The copy number of the PCR

product was calculated, serially diluted and used as standard. qPCR reactionswere performed in triplicates in a total volume of 10 mL,

containing 5 mL of 2 x TBGreen premix Ex TaqII, 0.2 mLROX reference dye II, 0.2 mMof each primer and 1 mL of 100x-diluted extracted

DNA, on a QuantStudio 3 instrument (Applied Biosystems). The thermal cycling conditions were as follows: denaturation at 95�C for

30 s, followed by 40 amplification cycles at 95�C for 5 s, and 60�C for 1 min (actin) or 30 s (16S rRNA).

qPCR data analysis

The data was analyzed using QuantStudio Design & Analysis Software v1.4 (Firmware version 1.3.0) (Applied Biosystems) and Excel

(Microsoft).

Isolation of strains from A. cerana

To obtain bacterial isolates from A. cerana, the hindgut was dissected as described above and homogenized in PBS (136.9mMNaCl,

2.7mM KCl, 8.1mM Na2HPO4, 1.5mM KH2PO4, pH 7.5) with a bead-beater (MicroSmash MS-100, TOMY) using glass-beads (1mm,
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TOMY) for 30 s at 5,500rpm. The homogenized hindgut tissue was plated in different dilutions on the following media used for culti-

vation of the honey bee gut microbiota [94]: modified tryptone glucose yeast extract agar (0.2% Bacto tryptone, 0.1% Bacto yeast

extract, 2.2 mMD-glucose, 3.2mM L-cysteine, 2.9mM cellobiose, 5.8mM vitamin K, 1.4mMFeSO4, 72.1 mMCaCl2, 0.08mMMgSO4,

4.8mM NaHCO3, 1.36mM NaCl, 1.8mM Hematin in 0.2mM Histidine, 1.25% Agar adjusted to pH 7.2 with potassium phosphate

buffer), De Man, Rogosa and Sharpe agar supplemented with 2% w/v fructose and 0.2% w/v L-cysteine-HCl, tryptic soy agar, brain

heart infusion agar, and Columbia agar base supplemented with 5% (v/v) defibrinated sheep blood. The specific medium on which

each isolate was obtained is provided in Data S1. Details on sequencing and assembly of genomes is accessible via their IMG acces-

sion numbers (Data S1).

Bioinformatic analyses
Custom scripts

All the following computational tasks were done with custom scripts written in perl [72], bash or R unless otherwise indicated, and

have been deposited on zenodo (https://doi.org/10.5281/zenodo.3747314), with README.txt files explaining their usage.

Establishment of genomic database

A previously published honey bee gut microbiota genomic database [7] was updated to include recently published genomes isolated

from A. mellifera, plus genomes isolated from other social bee species. Moreover, the genomes of 11 new isolates of A. ceranawere

sequencedwith PacBio to increase the database representation for this host species for the current study. Pairwise genomic average

nucleotide identities (gANI) were calculated with fastANI [30] for all isolates of the same phylotype, and used to streamline the data-

base for redundancy. Genomes isolated from A. mellifera or A. cerana were required to have a maximum of 98.5% gANI to other

genomes within the database, whereas genomes isolated from other species were streamlined at circa 95% gANI, in both cases

prioritizing the most complete genome assemblies. Metadata and accession numbers for all genomes included in the database

are provided in Data S1.

Metagenomic assemblies

To filter off host-derived reads, the reads of each metagenomic sample were first mapped against a database containing the ge-

nomes of A. cerana (PRJNA235974) and A. mellifera (PRJNA471592, version Amel_Hav3.1), using bwa mem [82] with default set-

tings. Bam-files containing unmapped reads were generated with samtools [83] (flag -f 4), and paired reads were extracted from

the bam-files with Picard tools [84]. Additionally, subsets of the host-filtered reads were generated in increments of 10 million

read pairs for each sample. Metagenomic assemblies were generated independently for each sample and each read subset, using

SPAdes [81] with default settings for metagenomic assembly. The resulting contigs were filtered to have a minimum length of 500bp

and a minimum kmer coverage of 1 (parsed from the contig fasta header). To check for eventual differences in assembly efficiency

related to community complexity, the reads of each subset were mapped back to the corresponding assembly with bwa mem, and

the number of mapped reads was counted with samtools (samtools view, flags: -F 4, -c).

Identification and validation of SDPs

Candidate SDPs were identified within the non-redundant honey bee gut microbiota genomic database based on core genome phy-

logenies and pairwise genomic average nucleotide identities (gANI) (Data S2). Orthologous gene families were estimated separately

for each phylotype, for all genomes included in the genomic database (Data S1), using Orthofinder [77]. For the phylogenies, se-

quences of single-copy core gene families were aligned at the amino acid level with mafft [78] (option–auto), back-translated into

codon-aligned nucleotide alignments, and trimmed by removing positions represented by less than 50% of the sequences, using

BioPerl [73]. The alignments were merged into a single alignment, from which phylogenies were inferred with RAxML [79], with

100 bootstrap replicates, using the GTRCAT model. Since genomes isolated from bumble bees fell into separate well-supported

clades, as also observed in previous studies [16], the phylogenies were rooted with these isolates when possible. For phylotype

Lactobacillus Firm4, no isolates are available for other bee species, the tree was therefore rooted using the ‘‘Firm4-2’’ SDP. After in-

spection of the phylogenies and ANI tables, candidate SDPswere identified as forming discrete cladeswith 100%bootstrap support,

and having a minimum pairwise ANI of 89% within clusters, as also described previously [7].

Validation was done separately for each candidate SDP. First, a filtered set of core gene families was generated for each phylotype

according to two criteria: i) core gene families containing sequences shorter than 300bp were removed, ii) core gene families for

which the sequence alignment identity was larger than 95% for any pair of sequences belonging to different SDPs were removed.

These filtered core gene families were then used for SDP validation, as illustrated schematically in Figures S2A–S2D. In step 1, amino

acid alignments of the core gene sequences were generated and back-translated to nucleotide alignments (as for the core genome

phylogenies), for all the genomes associated with the candidate SDP (Figure S2B, illustrated by colored arrows and lines in the align-

ments). Furthermore, the core gene sequences were used as queries in a blastn search against a database containing all ORFs (pre-

dicted with Prodigal [85]) on all metagenomic assemblies (generated using all host-filtered reads). Sequences of metagenomic ORFs

were extracted from the blast file for hits where the ORF length was at least 50% of the query length and the blast alignment identity

was above 70%. In step 2, the sequence of each recruitedmetagenomic ORFwas added individually to the corresponding core gene

alignment, using mafft [78] with the option –addfragment (Figure S2B, metagenomic ORFs illustrated by gray arrows and lines in the

alignments), and their maximum percentage identity within the alignment was recorded (using Bioperl). Additionally, the recruited

metagenomic ORFs were blasted against the gut microbiota genomic database, and their closest SDPwas recorded (based on blast

hit percentage identity).
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For validation, the percentage identities calculated for the recruited ORFs were plotted as density distributions. ORFs with a best

hit to the SDP being evaluated were assigned to the first density distribution, while ORFs with a best hit to other SDPs were assigned

to the second density distribution (Figures S2C and S2D, shown in color and gray respectively). An SDP was considered confirmed if

the two distributions were non-overlapping (Figure S2C), indicating that the metagenomic ORFs recruited to the SDP were discrete

relative to related candidate SDPs contained within the database.

Community profiling

For each sample, all quality-filtered paired-end reads were mapped against the honey bee gut microbiota genomic database, using

bwa mem with default settings, and the resulting bam-files were subsequently filtered to retain mapped reads, using a minimum

alignment length of 50bp as filtering threshold. The unmapped reads were also extracted from the bam-files, using samtools (sam-

tools view, flag -f4) and picard tools, and mapped to the host genomic database to calculate the fraction of host-derived reads per

sample.

The relative abundance of community members within samples was quantified based on mapped read coverage to the filtered

single-copy core gene families generated for the SDP validation, using the approach described previously [7], with someminor mod-

ifications. First, themapped read coverage of each core genewas obtained from the bamfiles using samtools (samtools bedcov), and

divided by the gene length (resulting in meanmapped read coverage per bp, per gene). Next, the mean coverages were summed per

core gene family, per SDP. Finally, the summed coverages were plotted relative to their position on an SDP reference genome, and

the abundance was taken as the coverage at the terminus of replication, estimated using a fitted segmented regression line (R pack-

age ‘‘segmented’’ [95]). For generating plots on phylotype abundances, the terminus coverages estimated per SDPwere summed for

all SDPs associated with the phylotype.

SNV profiling

SNVs occurring within core genes were profiled using a reduced genomic database, containing one representative genome per SDP.

For the two SDPs represented by isolates derived from both A. cerana and A. mellifera (‘‘Bifido-1’’ and ‘‘Firm4-1’’), the pipeline was

repeated using a database containing a reference genome isolated from the alternate host species, in order to check the impact of

reference genome choice on SNV quantification. The reads were mapped against the reduced database (using bwa mem), and the

bam-files were filtered by both alignment length (min 50bp) and edit distance (max 5). Candidate SNVswere predicted with freebayes

[86] and GNU parallel [87], using the following options: ‘‘-C 5–pooled-continuous–min-alternative-fraction 0.1–min-coverage 10–no-

indels–no-mnps–no-complex.’’ Thus, complex variants were not predicted, and rare SNVs were excluded, in order to avoid inflation

of diversity estimates in samples where SDPs had very high coverage.

The VCF file was subset for SNVs occurring within core genes, and filtered, using a combination of custom perl scripts and vcflib

[88]. For each SDP, only samples with at least 20x terminus coverage were profiled, in order to avoid underestimating diversity in

samples where SDPs had low coverage. Furthermore, core gene families were excluded, if they had less than 10x mean coverage

in any of the profiled samples. Finally, candidate SNVs were excluded if freebayes reported ‘‘missing data’’ for more than 10% of the

profiled samples (indicative of localized low coverage in variable regions within genes). Thereby, the same core gene positions were

evaluated in all profiled samples for each SDP. Only SNVs remaining polymorphic across samples after all filtering steps were

included in the downstream analysis.

To quantify diversity within SDPs, the fraction of variable sites among all profiled sites was calculated for each SDP, both per sam-

ple and across the full dataset. Furthermore, the cumulative increase in the fraction of variable sites relative to the number of bees

sampled per host/colony was calculated, using 10 random sampling orders per SDP. To visualize the distribution of SNVs across

samples, and identify eventual patterns related to host species, country or colony affiliation, a Jaccard distancematrix was generated

based on shared polymorphic sites. Specifically, an SNV was considered to be shared between two samples if it occurred with an

intra-sample relative abundance of at least 10% in both samples. The jaccard distance was calculated as the fraction of non-shared

polymorphic sites divided by the number of sites profiled. The resulting matrix was visualized with a principal coordinate analysis (R

package: ape [96]) (Data S3).

Gene content diversity in metagenomes

To compare the total genetic diversity in the gut microbiota among individuals, the length of all the metagenomic assemblies corre-

sponding to increments of 10 Million host-filtered paired-end reads was first calculated. Since assembly length increases with

sequencing depth (due to increased coverage on rare community members or strains), the downstream quantitative analysis was

based on assemblies using 20 Million paired-end host-filtered reads per sample. ORFs were predicted with prodigal [85] (option

–meta), and were filtered for ORFs shorter than 300bp or flagged as partial by Prodigal (partial flag 11, 01 or 10), in order to minimize

the impact of spurious annotations. Sample affiliations were added to the fasta headers of the filtered ORFs, after which the

sequences were concatenated.

To quantify gene content diversity within and across samples and hosts, the filtered ORFs were clustered with CD-HIT [89], using a

range of thresholds (80%–95% nucleotide identity), with hierarchical clustering as recommended in the CD-HIT manual. For each

threshold, the number of shared and host-specific clusters were counted from the cluster file, taking advantage of the host-affiliation

contained within the headers of the ORFs. Likewise, the number of clusters in which each sample was represented was counted, in

order to quantify the number of clusters per sample. Finally, to estimate the segregation of sequence clusters among individuals, the

cumulative increase in the number of clusters relative to the number of individuals per host/colony was calculated, using 10 random

sampling orders.
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Functional characterization of metagenomes

As for the quantification of gene content diversity, the functional analysis was based on the filtered ORFs generated from assemblies

of 20 Million paired-end host-filtered reads. Amino acid sequences were annotated using the eggNOG database v.5 [90] with the

eggnog-mapper (version 1.0.3) [91], from which COG category annotations were extracted and counted. Polysaccharide lyases

and glycoside hydrolases were annotated using the dbCan2 database [38]. The database was queried with hmmsearch, and the re-

sults were filtered by e-value (max e-value 1e-05 for alignments longer than 80 amino acids, otherwise 1e-03), and HMM coverage

(min fraction 0.3). To investigate whether the gutmicrobiota of the two host species have a similar representation of CAZyme families,

the mean number of ORFs per sample annotated to each family was calculated, for each host.

To quantify and compare the diversity within CAZyme families, ORF sequences annotated as either glycoside hydrolases (family

‘‘GH’’) or Polysaccharide lyases (family ‘‘PL’’) were clustered separately for each CAZyme family. For this analysis, only the Japanese

samples were used, in order to have the same sampling depth per host. The clustering was done with CD-HIT, with a conservative

amino acid identity threshold of 50% (and word-size of 3 as recommended in the CD-HIT manual). Furthermore, the ORFs were

blasted (blastp) against the honey bee gut microbiota database, in order to estimate which SDPs contribute most to these enzyme

families (threshold of significance: e-value < 10e-05 and query-coverage > 80%, with ‘‘close hits’’ corresponding to the subset of

these having an amino acid percentage identity > 95%).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data shown in Figure 5Awas obtained from individual honey bees (n = 18 for A.mellifera, n = 16 forA. cerana), collected from one

apiary per host species. The data shown in Figure 5B was obtained from individual honey bees (n = 20 for A. mellifera, n = 18

for A. cerana), collected from two apiaries per host species. For both data-sets, statistical significance was calculated using a

Mann-Whitney U test [71] (with p < 0.05 as significance threshold).
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