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Extensive intra-phylotype diversity in lactobacilli
and bifidobacteria from the honeybee gut

Kirsten M Ellegaard'", Daniel Tamarit'", Emelie Javelind', Tobias C Olofsson?, Siv GE Andersson'”

and Alejandra Vasquez®

Abstract

Phosphotransferase systems, Niche specialization

Background: In the honeybee Apis mellifera, the bacterial gut community is consistently colonized by eight distinct
phylotypes of bacteria. Managed bee colonies are of considerable economic interest and it is therefore important
to elucidate the diversity and role of this microbiota in the honeybee. In this study, we have sequenced the genomes
of eleven strains of lactobacilli and bifidobacteria isolated from the honey crop of the honeybee A. mellifera.

Results: Single gene phylogenies confirmed that the isolated strains represent the diversity of lactobacilli and
bifidobacteria in the gut, as previously identified by 165 rRNA gene sequencing. Core genome phylogenies of the
lactobacilli and bifidobacteria further indicated extensive divergence between strains classified as the same
phylotype. Phylotype-specific protein families included unique surface proteins. Within phylotypes, we found a
remarkably high level of gene content diversity. Carbohydrate metabolism and transport functions contributed up
to 45% of the accessory genes, with some genomes having a higher content of genes encoding phosphotransferase
systems for the uptake of carbohydrates than any previously sequenced genome. These genes were often located in
highly variable genomic segments that also contained genes for enzymes involved in the degradation and modification
of sugar residues. Strain-specific gene clusters for the biosynthesis of exopolysaccharides were identified in two
phylotypes. The dynamics of these segments contrasted with low recombination frequencies and conserved gene order
structures for the core genes. Hits for CRISPR spacers were almost exclusively found within phylotypes, suggesting that
the phylotypes are associated with distinct phage populations.

Conclusions: The honeybee gut microbiota has been described as consisting of a modest number of phylotypes;
however, the genomes sequenced in the current study demonstrated a very high level of gene content diversity within
all three described phylotypes of lactobacilli and bifidobacteria, particularly in terms of metabolic functions and surface
structures, where many features were strain-specific. Together, these results indicate niche differentiation within
phylotypes, suggesting that the honeybee gut microbiota is more complex than previously thought.
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Background

Honeybees are social insects that divide labor and live
in highly structured communities. As pollinators, the
honeybees play an instrumental role in shaping natural
ecosystems by facilitating gene flow between plants [1].
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Furthermore, managed honeybee colonies provide pollination
services for many agricultural crops, and are therefore of
considerable economic importance [2]. Dramatic losses of
honeybees in recent years have spurred research towards a
better understanding of mutualistic and pathogenic mi-
croorganisms associated with the honeybee [3,4]. Some
beekeepers use antibiotics to control pathogens, which in
turn has affected the commensal microbiota and resulted
in the accumulation of antibiotic resistances with un-
known long-term consequences for honeybee health
[5]. An improved understanding of the evolution and
function of the honeybee microbiota is therefore an
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important step towards devising long-term viable man-
agement strategies for improving honeybee health.

Currently, little is known about the role of individual
members of the commensal microbiota, and their interac-
tions with each other and the honeybee host. However,
similarly to the human gut microbiome [6-8], the honeybee
microbiota is thought to be involved in the defense against
pathogens and in the food processes within the beehive
[9-11]. Several independent studies of samples from diverse
geographic origins have shown that the healthy honeybee
gut contains a specialized microbial community, dominated
by eight distinct phylotypes [4,12-14]. Quantitative studies
have indicated that the community composition fluctuates
between honeybees and sites, but that the eight phylotypes
generally represent >99% of all bacterial sequences in the
gut metagenome of the worker bees [15-17].

Two phylotypes of the honeybee microbiota belong
to the genus Lactobacillus of the phylum Firmicutes
(named “Firm-4" and “Firm-5"), with abundances in
individual bees ranging from less than 5% to more than
50% [15-17]. A third phylotype belongs to the genus Bifi-
dobacterium (named “Bifido”) of the phylum Actino-
bacteria. Similarly to the lactobacilli, bifidobacteria are
consistently found in the honeybee gut microbiota,
although at lower abundances [15-17].

Phylotypes, or species, are commonly inferred from a
97% cut-off in percentage identities for the 16S rRNA
genes, under the assumption that strains in such groups
are ecologically similar, but the adequacy of this cut-off
is debated [18,19]. Notably, inconsistencies between the
sequence similarity of the 16S rRNA genes and protein
coding genes was recently reported for a single-cell gen-
ome study of the honeybee gut phylotypes Gilliamella
apicola and Snodgrasella alvi, where it was suggested
that recombination has homogenized the 16S rRNA genes
within phylotypes, while other genomic regions have con-
tinued to diverge [20]. Similarly to G. apicola and S. alvi, a
high similarity in the 16S rRNA genes for two strains of
the “Firm-5" phylotype contrasted with an average nu-
cleotide identity of 86% for their genomes [21]. This
suggests that the honeybee gut bacteria may be func-
tionally divergent despite having highly similar 16S
rRNA genes.

Honeybees are generalist pollinators and their main food
sources are nectar and pollen produced by flowers. The
sugar concentration in nectar varies widely, from less than
10% to more than 70% [22]. Nectar consists mainly of the
disaccharide sucrose and its monosaccharides fructose and
glucose, but the exact composition of sugars differs be-
tween continents, seasons and sources [22]. Consistent
with the adaptation to a carbohydrate-rich diet, a metage-
nomic study of the bee gut identified protein families in-
volved in carbohydrate metabolism and transport among
the significantly enriched functional categories [23]. These

Page 2 of 22

include phosphotransferase systems (PTS) and enzymes
involved in the breakdown of polysaccharides in nectar,
pollen walls or host glycans, such as glycoside hydrolases,
polysaccharide lyases and pectin.

Nectar collected from flowers is first stored in the crop,
which is a highly osmotic and microaerophilic bacterial
hostile environment that precede the mid- and hindgut.
Despite the harsh conditions in the crop, bacteria have
been isolated from this compartment, including Lactoba-
cillus kunkeii [24] and diverse members of the “Firm-4",
“Firm-5" and “Bifido” phylotypes described for the honey-
bee gut microbiota [10,25,26]. Thus, similar strains of
Lactobacillus spp. and Bifidobacterium spp. have been
isolated from the entire alimentary tract. The identified
strains are found in all honeybees that belong to Apis mel-
lifera and its subspecies regardless of the geographic loca-
tion [10,27,28]. Previous research has demonstrated that
the isolated bacterial strains secrete substances such as
bacteriocins and antimicrobial proteins [29], and can in-
hibit the growth of the honeybee pathogens (Paenibacillus
larvae and Melissococcus plutonius) and food spoilers
in vitro, and in vivo in honeybee larvae [10,11,29]. How-
ever, at the genetic level, nothing is known about these
strains beyond the 16S rRNA genes, and as we know from
previous studies of other phylotypes of the honeybee gut
microbiota, comparisons of the 16S rRNA genes may
underestimate the divergence and diversity of the protein
coding genes.

To study the correlation between the diversity of gene
sequences and functions, we have sequenced and analyzed
the genomes of 11 bacterial strains isolated from the crop
of A. mellifera. The strains were selected to include repre-
sentatives of the “Firm-4", “Firm-5" and “Bifido” phylo-
types, several of which have recently been described as
novel species [30]. By comparative genome analyses, in-
cluding 6 recently published genomes of bifidobacteria
isolated from honeybees and bumblebees [31,32], we
have quantified sequence divergence levels, identified novel
gene acquisitions and estimated recombination frequen-
cies. We discuss the genome-wide level of diversity and the
finding that each of the three phylotypes contains highly
diverse communities of strains with distinct metabolic
properties.

Results

Genome overview

We have sequenced the genomes of 11 strains of Lacto-
bacillus and Bifidobacterium spp. (Table 1) isolated from
the crop of Apis mellifera mellifera, as described previously
[10,25,29]. For 9 of the 11 strains, most of the contigs
could be organized into a single scaffold, and the number
of contigs in the final assemblies ranged from 11 to 38
(Additional file 1: Table S1). Overall, the genomes showed
the expected GC-skew curves that followed the putative
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Table 1 Strains sequenced in the current study

Strain  Species’ Genus Bee gut phylotype®
Bmab B. coryneforme/ Bifidobacterium Bifido-2
B. indicum

Bin2 B. asteroides Bifidobacterium ~ Bifido-1
Bin7 B. asteroides Bididobacterium  Bifido-1
Hma3 B. asteroides Bifidobacterium Bifido-1
Hmall L apis Lactobacillus Firm5
Bma5 L. helsingborgensis  Lactobacillus Firm5
Hmag L. melliventris Lactobacillus Firm5
Hma2 L. kimbladii Lactobacillus Firm5
Biut2 L. kullabergensis Lactobacillus Firm5
Hon2 L. mellis Lactobacillus Firm4
Bin4 L. mellifer Lactobacillus Firm4

'Species descriptions were recently published for the Lactobacillus strains in
[30]. For the Bifidobacterium strains, the closest relative (based on the 16S
rRNA gene) is indicated.

2The “Bifido” group was further divided into subgroups, based on the core
genome phylogeny (Figure 2).

origin and terminus of replication (Additional file 2: Figure
S1A). Furthermore, read coverage generally displayed a
smooth curve with a coverage peak around the origin and
a valley at the terminus (Additional file 2: Figure S1B), sug-
gesting that the genomes had been accurately assembled.
Contigs not contained within the scaffolds included
sequences from the rRNA regions. A highly increased
coverage over these contigs indicated the presence of
multiple rRNA gene copies. Most of the remaining con-
tigs not included in the main scaffolds were putatively
identified as plasmids.

Table 2 Descriptive statistics on genomes
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The genomes were about 2 Mb in size, ranging from
1.54 Mb (L. apis) to 2.13 Mb (L. kimbladii), and contain-
ing from 1,327 to 1,891 genes, of which from 44 to 258
genes (>300 nucleotides) showed no hits to genes in the
public databases (Table 2). Plasmids were identified in 6 of
the 11 strains, and some strains had more than one plas-
mid. For the bifidobacteria, two small plasmids were asso-
ciated with strain Hma3, while none were found in the
other strains, thus conforming to the general trend that
only small plasmids are present in the Bifidobacterium
genus [33]. In contrast, large plasmids of more than
100 kb were found in 4 of the Lactobacillus strains
(Table 2). Prophage regions were putatively identified
in most genomes. An increase in sequence coverage
over the phage-regions was observed in the L. kulla-
bergensis and L. melliventris genomes, indicating the
presence of multiple phage gene copies or replication
of the prophage. The latter is perhaps more likely since
some read pairs supported circularization whereas other
read pairs suggested that the region was located within
the main chromosomal scaffold.

Core phylogenies of lactobacilli and bifidobacteria

To place the isolated strains in a phylogenetic context, we
retrieved complete genome sequence data from all species
of the families Lactobacillaceae and Leuconostocaceae (as
of May 18, 2013) (Additional file 3: Table S2). We identified
6053 protein family clusters with Ortho-MCL for this set of
genomes, of which 303 were single-copy genes present in
all genomes. The sequences of the pan-orthologous
proteins were aligned and concatenated, and used for a
phylogenetic inference with the maximum likelihood

Strain/species Genome Plasmids Total plasmid Phage GC #of Mean gene rRNA (55, tRNA Pseudo- Partial # Unique
size' (bp) size (bp) regions content CDS? size (bp)®  16S, 23S) genes CDS*  genes®

Bmab 1738065 None NA None 61 1327 1146 multiple 46 7 11 78

Bin2 2087605 None NA 1 61 1569 1159 multiple 45 8 14 45

Bin7 2120336 None NA 1 61 1576 1172 multiple 45 19 2 49

Hma3 2217062 2 15107 1 60 1672 1161 multiple 46 18 7 44

L. apis 1542091 1 137911 None 37 1498 964 multiple 49 14 10 180

L. 1868619 1 123906 None 36 1730 986 multiple 49 20 18 198

helsingborgensis

L. melliventris 1956081 2 144786 1 36 1891 961 multiple 50 22 12 213

L. kimbladii 2130297 2 15247 1 36 1872 982 multiple 50 22 19 225

L. kullabergensis 2079016 None NA 2 36 1844 975 multiple 50 21 21 199

L. mellis 1790038 None NA 1 37 1572 976 multiple 53 18 7 258

L. mellifer 1681465 2 104625 2 39 1568 967 multiple 49 21 24 254

'Total size of contigs larger than 500 bp, excluding contigs annotated as plamids.

2CDS, excluding pseudogenes and partial genes.

3CDS (excluding pseudogenes and partial genes) divided by total length.

4CDS overlapping a contig border.

°Genes larger than 300 bp with no significant blast-hits found during annotation.
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method (Figure 1). This analysis showed that five of the
Lactobacillus strains (L. apis, L. helsingborgensis, L.
melliventris, L. kimbladii, L. kullabergensis) belonged to
the so-called NCFM clade [34], named after Lactobacillus
acidophilus. The two other Lactobacillus species sequenced
here, L. mellis and L. mellifer, formed a separate strongly
supported clade that diverged prior to the NCFM clade.
Furthermore, the two species were not particularly closely
related to each other (94% sequence similarity in the 16S
rRNA gene), similarly to the diversity found in a recent
study using the 16S rRNA gene [35].

Likewise, we identified and aligned single-copy gene
orthologs for each species of the genus Bifidobacterium for
which complete genome data was available (as of May 18,
2013), to which we added five recently published genomes
of bifidobacteria isolated from honeybees and bumblebees
[31] (Additional file 3: Table S2) and the four genomes
sequenced in the current study. We also included Gardner-
ella vaginalis, which is closely related to the genus Bifido-
bacterium and for which the taxonomic placement is
debated [36]. We inferred a maximum likelihood phyl-
ogeny of these species based on the concatenated align-
ment of 400 single-copy orthologs (Figure 2). Strain
Hma3, Bin2 and Bin7 formed a clade (“Bifido-1") with
B. asteroides, isolated from the gut of Apis mellifera
[32,37], while strain Bma6 was part of a sister clade
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(“Bifido-2") to this group, clustering together with B.
indicum and B. coryneforme. The two “Bifido” groups
and B. actinocoloniiforme (isolated from the bumble-
bee) formed a strongly supported clade that diverged
prior to the common ancestor of previously sequenced
Bifidobacterium species isolated from non-invertebrate
habitats.

Notably, although these two groups of Bifidobacter-
ium strains isolated from the honeybee are on average
98% identical in their 16S rRNA gene sequences (and
as such are classified as the same phylotype), the
lengths of the branches separating the groups indicate
a higher level of divergence between the groups com-
pared to previously sequenced bifidobacterial species
with similar 16S rRNA divergences (i.e. 97-98% iden-
tity in 16S rRNA sequences between B. breve and B.
longum). The two other strains isolated from the
bumblebee (B. bohemicum and B. bombi) formed a
separate clade with G. vaginalis, which also diverged
prior to the common ancestor of previously sequenced
bifidobacteria from non-invertebrate habitats. G. vagi-
nalis is currently classified as the sole species of the
genus Gardnerella, which in turn belongs to the Bifido-
bacteriaceae family. Thus, in the phylogeny presented
here, the Bifidobacterium genus is paraphyletic suggesting
that Gardnerella should be re-classified.

L. mellifer < Firm4

—_—
100 meliis
L. johnsonii
100 —E
100, gasseri
100 L. delbrueckii
NCEM L. apis
100 100 Too L helsingborgensis
00 L. me/{/vemn? ( Firm5
100 100 L. kimbladii
L. kullabergensis
L. acidophilus
100 amylovorus
L. kefiranofaciens
L. helveticus
GG L. sakei
100 —|100 16 L. rhamposus
L= [ casei
L. salivarius
W. koreensis
100 O.oeni
100 [ Le. mesenteroides
100 Le. carnosum
100 Le. citreum
WCFS 100 10(1)00 Le. kimchii

L. reuteri
L. brevis

100 Le- gelidum

Le. gasicomitatum
L. fermentum

L. buchneri
L. sanfranciscensis

L. plantarum

P. pentosaceus

P. claussenii

[700

Streptococcus pyogenes

all genomes are listed in Additional file 3: Table S2 (L. = Lactobacillus, Le.

Enterococcus faecalis

Figure 1 Core genome phylogeny of lactobacilli. Phylogenetic tree inferred from a maximum likelihood analysis of a concatenated alignment of
303 pan-orthologous genes. Strains sequenced in the current study are highlighted in red, with their group names indicated to the right
("Firm4” and “Firm5"). The main groupings of lactobacilli as identified by Kant et al. [34] are indicated with bold letters. Accession numbers of

Lactococcus lactis

0.2

= Leuconostoc, W. = Weissella, O. = Oenococcus, P. = Pediococcus).
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Figure 2 Core genome phylogeny of bifidobacterial strains. Phylogenetic tree inferred from a maximum likelihood analysis of a concatenated
alignment of 400 pan-orthologous genes. Strains sequenced in the current study are highlighted in red, with their group names indicated to the
right (“Bifido-1" and “Bifido-2"). Other strains isolated from the honeybee gut are shown in light blue, and strains isolated from the bumblebee
gut are shown in dark blue. Accession numbers of all genomes are listed in Additional file 3: Table S2.
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Phylogenetic comparison to the honeybee gut microbiota
To examine the relationships of our strains to the phylo-
types described for the digestive tract of A. mellifera
[14], we also inferred phylogenetic trees based on the
16S rRNA and the uvrC genes. The 16S rRNA gene
phylogeny of the Lactobacillus strains analyzed here and
related sequences from the bee gut microbiota [12,14]
confirmed that L. mellifer and L. mellis belong to the
“Firm-4" phylotype, and that L. apis, L. helsingborgensis,
L. melliventris, L. kimbladii and L. kullabergensis belong
to the “Firm-5" phylotype (Additional file 4: Figure S2A,
Table 1). Furthermore, the phylogeny inferred from the
uvrC gene showed that each of the four “Firm-5" phylo-
type uvrC sequences obtained from a metagenome sam-
ple of the honeybee gut [23] were more closely related
to the species sequenced in the current study than to
each other, indicating that these species are representa-
tive of the “Firm-5" bacterial community in the honey-
bee (Additional file 4: Figure S2B).

Likewise, the diversity of the bifidobacterial strains
from the crop matched the diversity of bifidobacterial
sequences in the bee gut microbiota (Additional file 5:
Figure S3). However, while the topologies of the 16S
rRNA and uvrC gene phylogenies were largely consistent
with the core genome phylogeny, the 16S rRNA gene
phylogeny in particular was poorly supported, indicating
that this genetic marker does not contain sufficient

information for reliable phylogenetic inference within
the genus Bifidobacterium. Based on the uvrC gene
phylogeny, the two “Bifido” phylotype uvrC sequences
from the honeybee gut microbiota [23] are most closely
related to strain Hma3 in the current study, while strains
Bin2 and Bin7 clustered with B. asteroides [37].

We conclude that the strains sequenced in the current
study are representative of the Lactobacillus and Bifido-
bacterium phylotypes described for the honeybee gut
microbiota. For reasons of consistency with the nomen-
clature used previously to describe the key members of
the bee gut microbiota, we refer to the cultivated strains
from the crop as the “Firm-4”, “Firm-5" and “Bifido”
groups in the following analyses, with “Bifido-1" and
“Bifido-2" referring to each of the subgroups within the
“Bifido” phylotype group (Figure 2, Table 1).

Inference of the core and accessory genomes

The repeated isolation of multiple members of the same
phylotype from the same apiary [25] suggests that the
strains form stable communities, consistent with the sim-
ultaneous identification of most of the strains in an inde-
pendent metagenomic dataset [23] (Additional file 4:
Figure S2B, Additional file 5: Figure S3B). As a first step
towards understanding the maintenance of these commu-
nities, we inferred the core and accessory genomes for
each phylotype group.
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From the two separate Ortho-MCL clusterings of the
Lactobacillaceae/Leuconostocaceae and Bifidobacterium
proteome datasets, we identified 1015 and 1046 single-
copy orthologs present in all strains of the “Firm-5" and
“Bifido” groups, respectively. To identify the accessory
gene pools for each group, we counted protein family
clusters (as estimated with Ortho-MCL) that lacked one
or more strains for each group. In total, 1371 and 1076
protein families were found to be variably present within
the “Firm-5" and “Bifido” groups respectively. For the
“Bifido” subgroups, 721 and 195 protein families were
accessory in “Bifido-1" and “Bifido-2" respectively, out of
which 37 were accessory in both. To visualize patterns of
shared gene content within each of these groups, we plot-
ted the accessory protein families, including singletons, in
Venn diagrams (Figure 3, Additional file 6: Figure S4 and
Additional file 7: Figure S5). These plots revealed an ap-
proximately even distribution of shared protein families,
with protein families being shared between strains in all
possible combinations, consistent with ongoing gene
losses and/or horizontal gene transfers. For the “Firm-4"
group, which was only represented by two strains in the
current study, the core and accessory genomes were not
estimated. However, we noted that 373 and 382 protein
family clusters/singletons did not include both strains.
Thus the sequenced genomes suggest a very high level of
gene content diversity within all three groups.

Despite the presence of large accessory gene pools, the
gene order of the genomes was highly conserved within
the groups, with strain-specific genes scattered along
backbones of conserved core genes (Figures 4, 5 and 6).

Adaptation to the arthropod and mammalian gut

The honeybee and bumblebee digestive tract, including
crop, mid- and hindgut, represents a unique environment
compared to previously described habitats for Lactobacil-
lus and Bifidobacterium species. Therefore, core genes
specific to strains isolated from bees are candidates for
traits associated with adaptation to the arthropod gut. We
identified about 20-40 protein families uniquely present
in each of the “Firm-4", “Firm-5" and “Bifido” groups,
but not in the proteomes of their related species in Lacto-
bacillaceae/Leuconostocaceae and Bifidobacterium. Al-
though most of these proteins were of unknown function,
several interesting group-specific gene functions were
identified.

Among the genes shared exclusively among the Bifido-
bacterium strains isolated from bees were the ¢ydABCD
genes involved in aerobic respiration (previously described
for B. asteroides [32]), suggesting that these genes are im-
portant for colonization of the arthropod gut for bifido-
bacteria. The cydABCD genes were also present in the
“Firm-4" group, but not in the “Firm-5" group, possibly
reflecting adaptation to distinct microhabitats within the
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Bin7

Hma3

Figure 3 Venn diagram of shared protein families within the “Bifido-1"
group. Numbers correspond to protein families of orthologous
sequences, inferred with Ortho-MCL, plus singletons (proteins unique to
a single strain). Similar plots for the “Firm-5" and “Bifido-2" groups can
be found in Additional file &: Figure S4 and Additional file 7: Figure S5.

- J

gut. The cydABCD genes have previously been shown to
be sporadically present among the lactobacilli, with several
independent gene losses being the most parsimonious ex-
planation for their scattered distribution pattern [38].
Consistently, the GC content of the ¢ydABCD genes of
the “Bifido” genomes was similar to the genomic GC
content, suggesting that this gene cluster was ancestrally
present and has been lost at the node separating the bee-
associated bifidobacteria from the other bifidobacterial
genomes.

The group-specific genes also included genes coding for
compounds involved in carbohydrate storage. Trehalose is
used for carbohydrate storage in bacteria, yeast and in-
sects [39], whereas glycogen is the main carbohydrate
storage compound in mammals. Uniquely present in
the bee-associated bifidobacteria were the otsAB genes,
which code for enzymes involved in the biosynthesis of
trehalose. In contrast, the genes for glycogen biosyn-
thesis (glgABC) and degradation (glgPX) were absent in
the bee-associated bifidobacteria, although these were
otherwise conserved in all other bifidobacterial genomes
included in this study. Likewise, homologs of the glycogen
biosynthesis operon in Lactobacillus acidophilus [40]
could not be detected in either of the “Firm-4” and
“Firm-5” groups.

Novel group-specific outer surface proteins of the honeybee
gut microbiota

Several of the core genes specific to the “Firm-4", “Firm-5"
and “Bifido” groups were inferred to code for outer surface
structures based on protein domain predictions. The
“Firm-5" group contained a variable number of tan-
demly repeated genes coding for large proteins of 1500
to 4600 amino acids found in two distant genomic
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Figure 4 Genome synteny plot of the “Firm-4" strains. Comparative analysis of the “Firm-4" genomes. The genome and plasmid sequences are
represented by horizontal grey lines. The similarity between genomes was inferred with blastn and is shown with connecting grey lines, where
darker lines indicate higher similarity. Blue bars show the positions of conserved group-specific core genes. Yellow bars indicate the positions of
genes, which are not shared between the two strains. Red bars indicate the conserved group-specific operon encoding the putative cscAB genes
[52], whereas green bars show the position of putative eps-clusters.

.

L. apis plasmid

— by s mprpm gy 2 |

\

\

L. helsingborgensis crispr plasmid

_ |||||jZ mupt.m#qmq_rl W g/ e

plasmids
||_||llm /0

. |l ||t --h l_l“‘”ﬂlllll‘l

500 kb

Figure 5 Genome synteny plot of the “Firm-5" strains. Comparative analyses of the “Firm-5" genomes. The genome and plasmid sequences are
represented by horizontal grey lines. The similarity between genomes was inferred with blastn and is shown with connecting grey lines, where
darker lines indicate higher similarity. Blue bars show the positions of conserved group-specific core genes. Yellow bars indicate the positions of
genes, which are strain-specific. The positions of the putative surface-exposed proteins are indicated in red. CRISPR genes are shown in purple.
The tree topology is as in Figure 1.
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Figure 6 Genome synteny plot of the “Bifido” strains. Comparative analyses of the “Bifido” genomes. The genome and plasmid sequences are
represented by horizontal grey lines. The similarity between genomes was inferred with blastn and is shown with connecting grey lines, where
darker lines indicate higher similarity. Blue bars show the positions of genes conserved within the “Bifido-1" and “Bifido-2" groups respectively.
Yellow bars indicate the positions of genes, which are strain-specific. Red bars indicate the positions of genes containing the RCC1-repeat domain,
where the largest region is indicated with text. CRISPR genes are shown in purple. Green bars show the positions of putative eps-clusters. The tree

500 kb

locations (Figure 5, Figure 7A). Some of the genes were
located at assembly contig borders (shown with grey
boxes in Figure 7A), suggesting that additional copies
may be present in some strains. The proteins were all
predicted to contain an YSIRK signal motif in the N-
terminal segment, up to five copies of a domain of un-
known function (DUF1542) in the central part of the
protein, and two SLAP domains at the C-terminal end.
The YSIRK motif serves as a signal peptide for protein
secretion in Staphylococcus and Streptococcus [41], and
has been identified in various Lactobacillus adhesins
[42-45]. The SLAP domain is the common denomin-
ator for surface layer (S-layer) proteins in the NCFM
clade [46], and mediates binding of the S-layer protein
to the cell envelope [47-50]. However, while the

previously identified Lactobacillus S-layer proteins are
in the size range of 40-200 kDa and encode a single
SLAP domain, these group-specific putatively surface-
exposed proteins of the “Firm-5" clade are substantially
larger, 350-500 kDa, and encode two SLAP domains.
The “Bifido” genomes contained 7-24 genes per gen-
ome coding for RCC1 repeat domain proteins, previ-
ously identified in 19 gene copies in the B. asteroides
genome [32]. Some additional RCC1-repeat domain pro-
teins were found at assembly contig borders (partially
assembled genes), likely due to the repetitive nature of
the proteins. Furthermore, 10 RCCl-repeat domain pro-
teins were present in B. actinocoloniiforme, the most
closely related outgroup strain to the “Bifido” group
(Figure 2), suggesting the genes were acquired in the
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Figure 7 Comparative analysis of regions containing group-specific putative outer-surface proteins. A) Two genomic regions containing duplicated
genes for novel putative surface exposed proteins in “Firm-5" strains. Genes are shown as boxes, where blue and grey boxes represent the putative
outer surface proteins, and white boxes represent other genes in the regions. Grey boxes correspond to genes identified at contig borders in the
genome assemblies (partially assembled). The tree topology is as in Figure 1. B) Comparative analysis of the main genomic region containing
tandemly duplicated genes for RCC1-repeat domain proteins in “Bifido” strains.” Genes are shown as arrows, where genes corresponding to each
of the two protein clusters indicated by OrthoMCL and phylogeny (Additional file 8: Figure S6) are shown in light and dark blue respectively. Genes
containing RCC1-repeats that are members of other protein familes, as predicted by OrthoMCL, are shown in purple. Genes not containing the RCC1-
repeat domains are shown in white. The genomic position of the region is indicated in Figure 6. The tree topology is as in Figure 2. C) Genomic
regions containing the putative cscAB genes in “Firm-4" strains. Genes are shown as arrows, where light-blue arrows represent the putative cscA
genes, and dark-blue arrows represent the putative cscB genes. The gene with homologues in other lactobacilli strains used for the OrthoMCL search
is shown with a red border. In all comparisons, the similarity between genomes was inferred with tblastx and is shown with connecting grey lines,

where darker lines indicate higher similarity.

common ancestor of the clade, and have since diversified.
Most of the RCC1 repeat domain proteins were co-located
in clusters with tandemly repeated genes (Figure 6, marked
in red), the longest cluster of which is shown in Figure 7B.
All genes were found to encode a Listeria-Bacteroides re-
peat domain (Flg_new) upstream of each RCC1-domain,
and the cell wall anchoring signal LPxTG sequence at the
C-terminal end with a hydrophobic stretch of amino acids
and a short positively charged tail [51], indicating that the
RCC1-domain proteins are covalently attached to the
peptidoglycan.

On average, we identified 7 repeats per domain, with
2—4 domains per protein. Interestingly, the two “Bifido”
subgroups differed in both the number and type of RCC1-
repeat domain proteins encoded in the genomes. The
RCCl1-repeat domain proteins of the “Bifido-1" subgroup
mainly contained 2 domains, with a single 3-domain
protein present in all “Bifido-1" strains and no 4-domain
proteins. In contrast, the “Bifido-2" subgroup strains had
multiple RCC1-repeat domain proteins with 3 domains as

well as a single 4-domain protein conserved in all strains.
Phylogenetic inference based on the RCC1-repeat domain
proteins with two (Additional file 8: Figure S6) and three
domains respectively (Additional file 9: Figure S7) also re-
vealed a clear separation of the subgroups, with the B.
actinocoloniiforme RCC1 repeat-domain proteins forming
a separate clade from the two subgroups. In contrast, the
clustering of proteins from the same subgroup was highly
variable, and the proteins were generally not positional
orthologs. We conclude that the RCC1 repeat domain
proteins evolve by duplication and divergence under di-
versifying selection, with recombination and horizontal
gene transfers mainly restricted to the subgroup level.

The “Firm-4" genomes contained 11 conserved group-
specific protein families residing in a contiguous region of
12 genes (Figure 4, Figure 7C). Six of these genes code
for proteins with two domains of unknown functions
(DUF916 and DUF3324), and three for a protein con-
taining the WxL domain. L. mellifer also contained one
additional gene outside the cluster coding for a protein
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with the WxL domain. These domains have previously
been identified in several plant-associated gram-positive
bacteria, and were found to be particularly numerous in
Lactobacillus plantarum [52]. Genes containing these do-
mains are organized into nine clusters in L. plantarum,
each of which contains one or more copies of the
¢scABCD genes, where cscA code for proteins with the
DUF916 domain and cscBC for proteins that contain
the WxL domain [52]. The functional role of WxL do-
main proteins has not been determined, but the domain
has been demonstrated to bind to the cell wall of gram-
positive bacteria [53], and to mediate co-aggregation
with other bacteria [54]. Additionally, it has been pro-
posed that the ¢scABCD genes in L. plantarum encode
cell-surface protein complexes involved in the degradation
and utilization of complex plant polysaccharides [52].
Positional orthologs formed separate clusters with
OrthoMCL, suggesting that the duplications arose before
the separation of the L. mellifer and L. mellis species.

Carbohydrate metabolism and transport functions
dominate the accessory gene pool

The maintenance of a diverse bacterial community con-
sisting of phylotypes with large accessory gene contents is
suggestive of niche differentiation within the phylotypes.
In order to gain clues about such potential differentiation,
we functionally characterized the accessory genes. About
40-50% of the accessory protein families in the “Firm-5"
and “Bifido” groups could be assigned to a COG category.
Among these, the COG category “carbohydrate metabol-
ism and transport” was highly over-represented. Overall,
100-250 protein families per strain were assigned to
carbohydrate transport and metabolism, of which about
60 were conserved among all strains of each phylotype.
This represents 21-43% of the variably present families
with a COG annotation, as compared to only 9-17% of the
total proteome.

Expansion of phosphotransferase systems in the “Firm-5"

group

In the “Firm-5" group, the accessory gene pool was domi-
nated by PTS transporters, which represented 50-60% of
the 40-180 accessory genes assigned to COG category
“G” in each strain. We assigned the identified transporters
to the 7 described PTS transporter families with the aid of
the transporter classification database [55] (see methods)
and found that the large majority of genes coded for trans-
porters of the Mannose-Fructose-Sorbose (Man) family
(4.A.6) (Additional file 10: Figure S8). L. kullabergensis
and L. kimbladii contained as many as 69 and 73 genes
per genome for the Man transporter family, correspond-
ing to at least 15 and 16 complete transporter operons
with genes for all four subunits respectively.

Page 10 of 22

Although the PTS transporters were not restricted to
any specific part of the genomes, different PTS trans-
porters were often found in genomic islands with a general
lack of sequence similarity between genomes (Figure 8). A
more detailed plot of one such region with multiple differ-
ent PTS transporters is shown in Figure 9. This region
contains several genomic islands with variable numbers
and families of PTS transporters. Not even the most closely
related species, L. kimbladii and L. kullabergensis, have a
similar set of genes for PTS transporters in the same order
in this region.

To investigate the evolutionary relationships of the
PTS genes in more detail, we inferred phylogenies of the
Man PTS transporters based on the Man IIC and Man
IID protein subunits (Additional file 11: Figure S9). The
topology provided statistical support for more than 20
different groups, only one of which contained positional
orthologs in all strains. In the two most closely related
species L. kimbladii and L. kullabergensis 18—19 PTS
transporter operons were identified, of which 13 sites
were orthologous. Additional Man PTS gene clusters in
L. kullabergensis were most similar to Man PTS genes in
L. melliventris, while one showed a more distant rela-
tionship to Man PTS genes in L. mellis of the “Firm-4"
clade. Overall, these results suggest that the PTS trans-
porters have undergone an extreme expansion, which pre-
ceded the diversification of the “Firm-5" strains, followed
by loss, recombination, diversification and possibly also
transfer between the “Firm-4" and “Firm-5" groups.

Furthermore, we found that the PTS genes were co-
located with other genes also involved in carbohydrate me-
tabolism, including enzymes involved in the degradation
and modification of sugar residues, such as glucosidases,
hydrolases, isomerases, racemases, epimerases, aldolases
and phosphatases, and their regulatory genes. Thus, the
genomic islands in the “Firm-5" group code mainly for
carbohydrate-related functions and are extremely dynamic
in structure and gene content.

Diversity of the eps clusters within the “Firm-4" and
“Bifido” groups

Within the accessory gene content of the “Bifido” group,
we identified carbohydrate ABC transporters as well as
many enzymes involved in the degradation of complex
carbohydrates, such as xylan and mannan (which are plant
cell wall components), starch, and cellulose. We also iden-
tified a hyper-variable region coding for accessory proteins
with a putative function in the biosynthesis of cell wall as-
sociated polysaccharides (Figure 10A). This region con-
tains a gene cluster for the biosynthesis of the rhamnose
precursor “dTDP-rhamnose” in the “Bifido-2” group as
well as in the “Bifido-1" strain Bin2 (rfbA, fused rfbCD
and rfbB). In the other “Bifido-1" strains, only the rfbB
gene could be identified.
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Figure 8 Genomic locations of PTS transporters in the genomes of the “Firm-5" strains. Genome sequences, similarity and phylogeny are as for
Figure 5. PTS transporters are shown as red and yellow bars along the genomes, where red bars represent the Man family PTS transporters and
yellow bars represent all other PTS transporters. Additionally, the Man PTS transporters have been numbered according to the order of their
occurrence in the genomes. The green boxes show the position of the variable region analyzed in Figure 9.

In bifidobacteria, genes for the biosynthesis of dTDP-
rhamnose are located within the eps gene cluster for the
biosynthesis of exopolysaccharides (EPS) [56]. Likewise,
it has been shown that dTDP-rhamnose is an important
precursor of cell wall polysaccharides and rhamnose-
containing EPS in Lactococcus lactis [57]. Two ABC-2
type transporter genes were also present in the hyper-
variable region, which may be involved in the transfer of
polysaccharides across the cytoplasmic membrane to the
cell wall. Multiple genes for diverse glycosyl-transferases
were present in all strains, consistent with a function in

EPS biosynthesis [58], as well as other proteins with
domains suggesting a function in polysaccharide bio-
synthesis (Additional file 12: Table S3). Finally, the
GC-content of the genes in the region varied between
53-55%, compared to the genomic average of 60-61%,
which is typical of eps clusters in bifidobacteria [56].
Since the segment containing the eps genes is located
at the same genomic position in all genomes (Figure 6),
we were able to identify the corresponding genes in the
bumblebee-associated outgroup strain B. actinocolonii-
forme (Additional file 13: Figure S10). The order of
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Figure 9 Hyper-variable regions containing multiple diverse PTS transporters. Genes are shown with bars along the sequences, where PTS
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genes was similar to the “Bifido-1" strain Bin7, but also
included genes for a putative cell wall hydrolase present
in all the “Bifido-2"” strains and the “Bifido-1" strain
Hma3. Thus, similarly to the diversity of PTS trans-
porters in the genomic islands of the “Firm-5" group, all
the “Bifido” genomes contain unique combinations of
genes within the eps-region (except for the two very
closely related strains B. indicum and B. coryneforme)
(Figure 10A), suggesting that the strains produce dis-
tinct cell wall associated polysaccharides. Furthermore, an
eps cluster located in another genomic island was previ-
ously identified in B. asteroides [56], but was found to be
absent from the “Bifido” strains sequenced in the current
study (Figure 6).

No eps-clusters were identified within the “Firm-5"
group, but L. mellifer and L. mellis contained the rfbABCD
genes for the biosynthesis of dTDP-rhamnose (Figure 10B).
Furthermore, a gene encoding the C-terminal domain of
the “priming” glycosyl-transferase, which is predicted to

carry out the transferase function of the gene, was iden-
tified in both species. Similarly to the putative eps-clus-
ter identified for the “Bifido” group, the two strains
contained a unique combination of genes in the region,
including multiple glycosyl-transferases, as well as genes
with homology to the plasmid-encoded eps-cluster of
Lactococcus lactis [59,60].

Carbohydrate fermentation patterns

In an effort to evaluate the metabolic capacity of the
strains, we determined the carbohydrate utilization profiles
of the Bifidobacterium strains sequenced in the current
study (Additional file 14: Figure S11), and compared these
to the profiles of the Lactobacillus species [30]. All strains
were able to grow on fructose and glucose, and these were
the sole carbon sources that promoted growth of the
“Firm-4" strains among the sugars tested. Additionally,
four of the “Firm-5" strains possessed the ability to
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Figure 10 Comparative analysis of putative eps-clusters. A) Putative eps-clusters for the “Bifido” strains. Phylogenetic tree is as in Figure 2. B) Putative
eps-clusters for the “Firm-4” strains. Similarity was estimated with tblastx, using a length filter of 100 bp. Pink: dTDP-rhamnose biosynthesis
genes, Green: ABC transporter genes, Yellow: glycosyl-transferases or genes with orthology to known eps genes, Orange: glycosyl-hydrolases,

Brown: C-terminal domain of priming glycosyl-transferase, Grey: other genes with a putative function in polysaccharide biosynthesis. Light blue: putative
catalase, dark blue: putative manganese transporter and repressor. For a complete list of protein domain predictions, see Additional file 12: Table S3.

ferment mannose. The “Bifido” strains showed the broad-
est spectrum of metabolic capacities among the tested
sugars; all strains utilized saccharose and arabinose, and
an additional six sugars were fermented by one or more
strains.

Low levels of homologous recombination in the core
genome

To place the dynamic changes of the genomic islands in
the context of the core genome, we inferred individual
gene phylogenies and compared their topologies to the
topology of the concatenated phylogenetic trees (Figures 1
and 2). The “Firm-5" and “Bifido” groups were in most
cases monophyletic, suggesting that recombination events
outside the groups that span across the gene boundaries
are rare. Furthermore, out of 1046 single gene

phylogenies, only two ABC-transporter genes and the
protein encoded by the rfbB gene in eps-cluster of the
“Bifido” group (Figure 10A) were incongruent with the
monophyly of the “Bifido-1" and “Bifido-2” groups.

To estimate the extent of shorter recombination tracts
within genes, we used the two larger core gene datasets
consisting of 1015 and 1046 single-copy genes present in
all members of the "Firm-5" and “Bifido” groups, respect-
ively. We applied three recombination-scanning methods
in PhiPack (NSS, MaxChi and Phi) on each alignment and
found 89 genes with evidence of recombination in the
“Firm-5" group (8.7%), while only 19 genes were signifi-
cant for recombination in the “Bifido” group (1.8%).

Finally, we quantified the overall ratio at which re-
combination and mutation events (r/m) have generated
substitutions in the strains sequenced here. To this
end, ClonalFrame was run on genes previously used in
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multilocus sequence typing of Lactobacillus casei (fusA,
ileS, leuS, pyrG, recA and recG) and Bifidobacterium
spp. (fusA, ileS, gyrB, rplB and rpoB). The r/m ratio was
estimated for these gene sets to 1.84 for the “Firm-5"
group (95% credibility region, 1.11-3.21) and to 0.60 for
the “Bifido” group (95% credibility region, 0.26-1.06).

Phylotype-specific diversity in adaptive immunity against
phages

Phages and plasmids were inferred to be present in most
of the genomes sequenced in the current study (Table 2).
Defense CRISPR-cas systems [61] were identified in
members of “Firm-5" and the “Bifido-1” groups, but not
in the “Firm-4" or the “Bifido-2" groups (Table 3). The
“Firm-5" strains encoded a CRISPR-cas system of type
II-A, located at the exact same site in all genomes (Figure 5,
Additional file 15: Figure S12A), while the “Bifido-2" sub-
group encoded CRISPR-cas systems of type I-E and I-C,
also located at the same site in all genomes (Figure 6, Add-
itional file 15: Figure S12B).

In the “Firm-5" group, a second region of CRISPR
spacers was found for L. helsingborgensis in another lo-
cation on the chromosome, but without any associated
cas-genes. The earliest diverging species, L. apis, con-
tained only the degenerate first part of the cas9 gene on
the chromosome, but a complete cas9 gene was found
on its plasmid together with a few CRISPR spacers
(Additional file 15: Figure S12A), suggesting that plasmids
can mediate exchange of CRISPRs between strains.

The outgroup species of “Bifido-1" and “Bifido-2", B.
actinocoloniiforme, encoded a type I-E CRISPR-cas sys-
tem. Located upstream of these genes was a fatty acid
biosynthesis operon, including the multifunctional type I
fatty acid synthase gene (fas) (Additional file 15: Figure
S12B). Surprisingly, the “Bifido-2” strains lacked both
the CRISPR-cas genes and the fatty acid biosynthesis op-
eron, which was otherwise present in all bifidobacteria
analyzed in the current study. A blast using the type II
fatty acid biosynthesis gene fabF from Arthrobacter phe-
nanthrenivorans (which was used as outgroup strain,
Figure 2) did not yield any significant results in the
“Bifido-2" group, nor could any fatty acid biosynthesis
genes be predicted using KAAS [62], so it is currently
unclear how these strains synthesize fatty acids.

Next, we investigated whether the spacers of the identi-
fied CRISPR-cas systems (from honeybee and bumblebee
associated strains) had similarity to any known sequences,
or to sequences contained within the genomes analyzed in
the current study. In total, hits were found for 26 out of
781 spacers (Additional file 16: Table S4). Most of the hits
were to genes with a putative phage function, or hypothet-
ical genes close to phage-related genes, and many hits
were targeting the same genomic regions. All the spacers
from the “Firm-5" group for which a hit could be found
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Table 3 CRISPR-cas systems'

Group  Species/strain CRISPR classification’ Number of
spacers per
region

“Bifido-1" Bin2 I-E 94

Bin7 I-E 81
Hma3 -C? 63
B. asteroides I-E 146
"Bifido-2" Bmab NA NA
B. coryneforme NA NA
B. indicum NA NA
“Firm-5" L. apis Incomplete® 5
L. helsingborgensis II-A 9
(region 1)
L. helsingborgensis Incomplete” 9
(region 2)
L. melliventris II-A 32
L. kimbladii II-A 91
L. kullagergensis II-A° 20
“Firm-4" L. mellis NA NA
L. mellifer NA NA
NA® B. actinocoloniiforme ~ I-E 80

'Classified according to [101].

2Frameshift in gene Cas3.

3cas9 gene present on plasmid, fragment of cas9 gene on chromosome.

“No cas genes, repeats are identical to region 1, but the spacers are different.
®Frameshift in gene csn2.

8B. actinocoloniiforme is a Bifidobacterium species closely related to the “Bifido”
phylotype strains, which was isolated from the bumblebee.

were targeting other members of the “Firm-5" group.
Similarly, spacers originating from bifidobacteria isolated
from honeybees or bumblebees had hits to other members
of this group, with the exception of B. bohemicum, for
which two spacers had hits to B. longum. Furthermore,
one spacer from the recently sequenced genome of Gillia-
mella apicola had a hit to the identified plasmid from the
“Firm-5" species L. apis, albeit with multiple mismatches.
These results suggest that strains of different phylotypes
are subject to distinct phage populations within their
shared habitat.

Discussion

In this study, we have sequenced and analyzed 11 genome
sequences of Lactobacillus and Bifidobacterium spp. iso-
lated from the crop of the honeybee. We have shown that
the strains represent the diversity of rrs and uvrC geno-
types of the "Firm-4", “Firm-5" and “Bifido” phylotypes,
previously identified in the gut [14,26], and therefore con-
sider our dataset to be a good representation of these phy-
lotypes in the honeybee. Notably, the genomes revealed
extensive diversity in gene content. In the following, we
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will discuss these results in light of adaptation and niche
differentiation, both within and between the Lactobacillus
and Bifidobacterium phylotypes associated with honeybees
and bumblebees.

Niche differentiation between phylotypes

As seen from the concatenated protein phylogenies, each
of the three gram-positive phylotypes investigated in this
study are more closely related to bacteria isolated from
other habitats than to each other, and have therefore
adapted to the honeybee independently, as already sug-
gested for lactobacilli based on 16S rRNA gene sequences
[63]. Consistently, we identified several protein families
and functions specific to the bee-associated strains, but not
shared between phylotypes. For example, genes for aerobic
respiration were present in the “Bifido” and “Firm-4"
groups, but not in the “Firm-5" group. Novel outer sur-
face protein families, unique for each group were also
identified, which are likely to be involved in interactions
with both the host and the environment [41,46,64]. Fur-
thermore, transporters and enzymes involved in import
and degradation of sugar compounds differed extensively
between the phylotypes. Taken together, this suggests that
the three groups not only have different origins but also
occupy distinct micro-habitats within the bee gut.

Similarly to the human gut microbiome, it has been pro-
posed that the bee gut microbiota form a nutritional symbi-
otic association where the gut bacteria metabolize nutrients
that the host cannot process. Indeed, a recent study showed
that the honeybee gut microbiota is capable of metabolizing
diverse compounds [65]. While nectar mainly consists of
sucrose, glucose and fructose, trace amounts of other car-
bohydrates are also present, some of which are poisonous
to the honeybees [66,67]. Thus, it was previously suggested
that the “Firm-5" strains could be responsible for pro-
cessing mannose, based on the high diversity of PTS-
transporters of the mannose family in a metagenomic sam-
ple [23]. Our genome analysis confirmed the presence of
an exceptionally large number of PTS-transporters for the
“Firm-5" group and four of the five species within this
group have been shown to be able to ferment mannose
in vitro [30]. However, mannose was also fermented by
two “Bifido” strains in the current study, so the fermenta-
tion of mannose is not strictly phylotype-specific.

In terms of general patterns of adaptation to the gut en-
vironment, it has previously been suggested that the bio-
synthesis of glycogen, and its use for carbohydrate storage,
represents a specific adaptation in lactobacilli to the mam-
malian gastrointestinal tract [40]. Interestingly, we found
that these biosynthetic genes were absent from the “Bifido”,
“Firm-4" and “Firm-5" strains isolated from bees, which
provides indirect support for the hypothesis that glycogen
biosynthesis is indeed a specific adaptation to the mamma-
lian gut. Instead, we identified genes for the biosynthesis of
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trehalose, which functions as an energy storage compound
in insects. In bees, trehalose is produced in the fat body
and maintained at high concentrations in the haemolymph
[68]. Although more data is needed, it is intriguing that the
gut bacteria seem to utilize the same storage compounds
as the hosts to which they are adapted.

However, several other functions for trehalose have also
been described in bacteria, such as stabilization of proteins
and membranes during various stress-conditions, and pro-
tection from damage by oxygen radicals [39]. Considering
the concomitant presence of the respiratory chain com-
plex (¢ydABCD) in all the bee-associated bifidobacteria, it
is possible that trehalose helps protect against oxidative
stress. Although a number of other candidate genes were
previously proposed to serve this function [32], none of
these were conserved in all strains associated with honey-
bee and bumblebee associated strains in this study. How-
ever, an argument against such a general role is that no
orthologs of the trehalose biosynthetic genes could be
identified in the “Firm-4" group, which also encodes the
¢ydABCD operon.

Niche differentiation within phylotypes

Our study has shown that about 40-50% of the identified
genes in the genomes are variably present among strains
of the same phylotype. Interestingly, phylotype sequences
of the “Firm-5" group from the same metagenomic study
were more similar to the species sequenced in the current
study than to each other, suggesting that these species are
maintained in the honeybee colony. This result is particu-
larly remarkable when considering that the protocol used
for DNA extraction in the metagenomic study was de-
signed to enrich for gram-negative bacteria, and therefore
represents a conservative estimate of the diversity of
gram-positive bacteria [23]. Although the basis of the co-
existence of these species in the honeybee is not known,
niche differentiation connected to the phylotype accessory
gene content is an intriguing possibility.

Within the “Firm-5” group, an exceptionally large num-
ber of PTS transporters were identified; for example, L.
kullabergensis and L. kimbladii from the “Firm-5" group
encode an estimated 41 and 42 complete PTS trans-
porters, a diversity that to our knowledge is unprece-
dented [69,70]. For comparison, L. plantarum contains 25
complete operons for PTS transporters, and this has until
now represented the largest number of PTS transporters
in lactobacilli genomes [71]. While other members of the
NCFM clade, to which the “Firm-5" group belongs, also
encode multiple PTS transporters, none of them encode
as many as the “Firm-5" strains [69,71]. Thus, the evolu-
tion of the “Firm-5" group has likely been driven by selec-
tion for expansion and loss of the PTS transporters.
Consistently, the PTS genes were mostly located inside
genomic islands containing strain-specific sets of PTS
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genes, indicative of high rates of duplications, losses and
gains. Similarly, a previous evolutionary study of Man
family PTS transporters also showed that the trans-
porter phylogenies were generally incongruent with
the species phylogeny [70].

Despite the name, PTS transporters of the Man family
are also known to import other sugars than mannose, and
individual transporters may import a range of sugars [72].
Considering the extensive diversity of sequences within
the Man transporter genes in the current study, it seems
likely that this is also true for the Man family PTS trans-
porters in the “Firm-5" group. Notably, it was previously
shown that 18 out of 27 tested carbohydrates were fer-
mented only by a subset of the “Firm-5" strains [30], so
the specificity of these transporters merits further studies.

Phylotype-specific outer-surface protein families, which
contain protein domains previously identified in secreted
and cell surface proteins, also displayed extensive intra-
phylotype diversity. Strain-specific variations in the num-
ber of genes and domains in each gene indicate that they
evolve by duplication and divergence under diversifying
selection. The RCCl-repeat domain proteins associated
with the “Bifido” group showed particularly high levels of
diversity.

Finally, we identified gene clusters associated with the
biosynthesis of cell wall associated polysaccharides in both
the “Firm-4" and “Bifido” groups, where each strain
encoded a unique gene set (except for the two closely
related strains B. indicum and B. coryneforme). Cell wall
associated polysaccharides have been shown to influence
gut colonization and interactions with the immune re-
sponse, suggesting that these genes may be of great im-
portance for host-symbiont interactions in the honeybee
gut [73]. Furthermore, exopolysaccharides are frequently
involved in biofilm formation, which may provide resist-
ance to the host immune response and exclude other bac-
teria from the habitat [74]. Thus, a particularly interesting
question in this context is whether biofilms in the honey-
bee gut consist of members of different phylotypes, strains
of the same phylotype or perhaps individual strains [75].

Genetic exchange of mobile elements between members
of the honeybee gut microbiota

Niche differentiation could also be the result of barriers to
sequence exchange within or between phylotypes. We
identified several large plasmids within the “Firm-5"
group, two of which were highly similar, indicative of a re-
cent transfer. In contrast, a recent publication of two add-
itional strains of the “Firm-5" group did not identify any
large plasmids, consistent with their dynamic nature [21].
Furthermore, the identification of prophages and CRISPR
regions provides indirect evidence that bacteriophages are
active in this environment. By including previously se-
quenced strains from honeybees and bumblebees, we
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found significant hits for 26 out of 781 spacer sequences.
Interestingly, hits were mostly restricted to members of
the same phylotype, suggesting that lactobacilli and bifido-
bacteria of honeybees consist of genetically well-separated
phylotypes with distinct phage populations.

Within phylotypes, the emergence of resistance mecha-
nisms to phage infections via the CRISPR-cas systems could
prevent gene flow between certain strain combinations, and
thereby further contribute to strain differentiation. Indeed,
the phylogenies clearly supported the formation of micro-
clusters within phylotypes, and only 2-9% of the phylotype
core genes were significant for recombination. Further-
more, the ratio at which recombination versus mutation
events contribute to sequence divergences in the core genes
was in the range of 0.6 to 1.8, thus being low also for
shorter recombination tracts. These values are similar to
previous estimates for one of the lineages in Lactobacillus
sakeii (r/m =1.37) inferred to represent a clonal, special-
ized subpopulation [76].

Parallels to the human gut microbiota

Several interesting parallels can be drawn between the
honeybee microbiota and the human gut microbiome.
Neither microbiome is vertically inherited and must there-
fore be established by colonization at each generation. The
crop is sterile at eclosion, and the LAB microbiota starts to
build up within minutes post-eclosion by trophallactic ex-
change with nestmates [10]. Similarly, the colonization of
the infant gut begins during birth, where the mother’s vagi-
nal and fecal microbiomes provide an important source of
inoculum [77]. Interestingly, it has been shown that the hu-
man microbiome composition can change rapidly in re-
sponse to a switch from a plant-based to an animal-based
diet [78]. The ability to change the microbiota in response
to herbivorous versus carnivorous diets is likely to have
been a strongly selected trait in the evolution of humans,
just like the ability to respond to changes in carbohydrate
composition and concentrations in the nectar and pollen
may have been of prime importance for the honeybee
gut microbiota.

Conclusions

The honeybee gut microbiota has been shown to be re-
markably consistent, with a small number of phylotypes
being repeatedly found to dominate the community.
However, the current study revealed that the Lactobacil-
lus and Bifidobacterium phylotypes consist of multiple
strains with highly diverse gene content, indicating that
the community is more complex than previously thought.
Shared mobile elements and CRISPR spacer hits suggest
that that members of the same phylotype exchange gen-
etic material, which may provide possibilities for dynamic
development of the phylotype accessory genomes. How-
ever, the low levels of homologous recombination suggest
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that such exchanges rarely affect the core gene contents of
the strains, which will therefore continue to diverge.

We consider these results to be of specific interest for
our understanding of the gut bacterial community of the
honeybee and of general interest for our understanding of
niche differentiation between bacteria adapted to the same
habitat. The identification of unique outer surface struc-
tures, remarkably different repertoires of systems for the
import of carbohydrate and resistance mechanisms to
phage infections are some of the factors that may contrib-
ute to specialization, diversification and speciation. Experi-
mental studies to elucidate whether the strains three
phylotypes are spatially, temporally and/or functionally
differentiated is an interesting avenue for future research.

Methods

Sample preparation and sequencing

Eleven strains of Lactobacillus and Bifidobacterium spp.
were isolated from the crop of Apis mellifera mellifera,
all collected from the same apiary during the summer
season, in Jamtland, northern Sweden, as previously de-
scribed [10,25,29]. The strains were cultured individually
in MRS broth supplemented with 2% fructose and 0.1%
L-cysteine. Extracted DNA was sequenced with 6 kb
paired-end 454 and paired-end Illumina technologies.
454 sequencing was done on a 454 FLX Roche machine
using Titanium chemistry and standard preparation for
6 kb libraries. Illumina sequencing was done on a Miseq
instrument, using standard Illumina protocols for the
preparation of paired-end libraries, generating 2x150 bp
sequences from each fragment. All sequencing was done
at MWG Eurofins Operon (Ebensburg, Germany).

Genome assembly and annotation
The Illumina reads were trimmed using Trimmomatic
[79]. Assemblies were done de novo with both 454 and
[llumina data simultaneously with Newbler (454 Life
Sciences Corp., Roche, Branford, CR 06405, US). The
quality of the draft assemblies was evaluated using several
strategies: the Illumina reads were mapped onto the draft
genome sequences using bwa [80], and the coverage was
calculated from the resulting bam-files using the depth
command in samtools [81] and plotted using R [82]; GC
content and skew was calculated and visualized with Arte-
mis [83]; consistent versus inconsistent pair coverage was
manually checked for all scaffolds using Consed [84]. Con-
tigs smaller than 500 bp or with extremely low coverage
were manually removed from the assemblies. The final
contigs were concatenated prior to annotation, and the se-
quence was split and reverse-complemented as necessary
to start with the dnaA gene as the first coding sequence.
An annotation pipeline was developed using the
Diya framework [85], including the software Prodigal
[86], tRNAscan [87] and RNAmmer [88]. GenePrimp

Page 17 of 22

was used to identify suspicious start/stop codons and
pseudogenes [89]. Genes flagged by Geneprimp were
manually inspected and edited using Artemis. Genes
spanning contig borders were flagged as partial and
excluded from further analyses.

In order to gain putative functional information from
genes, which could not be functionally annotated using
the pipeline, an hmmsearch as implemented in the
perl-script pfam_scan.pl (ftp://ftp.sanger.ac.uk/pub/
databases/Pfam/Tools) was used for domain prediction
with the PFAM database [90]. Additionally, a COG
classification [91] was run on all genes. For a gene to
be assigned to a COG, an e-value below 0.01 to at least
two proteins in the COG was required. Genes with sig-
nificant hits in several were not assigned to any COG.
For COGs affiliated with multiple categories, the first
category was chosen.

Since PTS (Phosphotransferase systems) transporters
were found to be numerous in several genomes, the anno-
tation of these genes was manually refined. The complete
proteome of each strain was blasted against the trans-
porter classification database [55], and genes with hits to
the Phosphotransfer-driven group translocators (family
4.A) with a relaxed e-value of 0.01 or lower were ex-
tracted. Among these, a positive PTS transporter annota-
tion was inferred when the genes were found to be part
of an operon, and with consistent PFAM predictions of
PTS-domains. The annotated genes were further assigned
to one of the 7 described PTS transporter families (4.A.1-
7) based on their blast hits.

Putative genetic clusters involved in the biosynthesis of
cell wall associated polysaccharides were inferred based
on similarity to predicted eps-clusters in bifidobacteria
[56] or genes within the plasmid-encoded eps-cluster from
Lactococcus lactis [59], the presence of multiple glycosyl-
transferases (based on pfam-domain predictions) and
deviating GC content.

Plasmids were putatively identified based on read-
pairs supporting circularization, gene content (e.g. plas-
mid replication genes) and read coverage. Contigs with
uncertain status were analyzed as being part of the main
chromosome. Prophage regions were inferred using
ProphageFinder [92] with a conservative e-value of 0.001.

Phylogenomics, gene content and recombination

In order to place the strains sequenced in the current
study in a phylogenetic context with known species, com-
pleted genomes (Additional file 3: Table S2) were collected
as follows. All complete genome sequences from strains
classified within the Lactobacillaceae/Leuconostocaceae
families or the genus Bifidobacterium were retrieved from
Genbank. When several strains were available for a
species, a single representative was chosen. For the Lacto-
bacillaceae/Leuconostocaceae dataset, we included three
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outgroup strains: Enterococcus faecalis, Lactococcus lactis
and Streptococcus pyogenes. Similarly, three outgroup
strains were chosen for the Bifidobacterium dataset: Mobi-
luncus curtisii, Arthrobacter phenanthrenivorans and Jone-
sia dentrificans, together with Gardnerella vaginalis, since
the taxonomic position of this species relative to the Bifi-
dobacterium genus has previously been debated. Add-
itionally, for the Bifidobacterium data set, 5 recently
published genomes (three of which were draft genomes)
of strains isolated from honeybees and bumblebees were
included [31].

Orthologous genes were determined with OrthoMCL
[93] for each of the two datasets, using the recom-
mended inflation value (1.5). Clusters containing a single
copy for each genome were used for the inference of
core phylogenies. For the Lactobacillaceae/Leuconosto-
caceae data set, the 303 inferred single-copy orthologs
were individually aligned at the protein level using mafft
[94]. The alignments were pruned to remove gap sites
present in 50% or more of the aligned sequences. A phyl-
ogeny was inferred from the concatenated alignment with
RAXML using the PROTCATLG model [95]. One max-
imum likelihood tree was inferred with 100 bootstrap
replicates. The same procedure was followed for the Bifido-
bacterium dataset, except that the aligned genes were
back-translated to nucleotides prior to the phylogenetic in-
ference, and RAXxML was run using the GTRCAT model.

To evaluate the phylogenetic relationship between
the strains in the current study and strains correspond-
ing to the core gut microbiota of Apis mellifera, 16S rRNA
gene sequences of the phylotypes “Firm-4", “Firm-5" and
“Bifido” were selected from two studies [12,14] and down-
loaded from Genbank. The uvrC gene sequences cor-
responding to the “Firm” and “Bifido” phylotypes were
extracted from [23]. Phylogenies were inferred with
RAXML using the GTRCAT model. One slow best max-
imum likelihood tree was inferred with 100 rapid boot-
strap replicates.

To search for evidence of homologous recombination in
the core genome of both the Lactobacillaceae/Leuconos-
tocaceae and Bifidobacterium datasets, individual gene
phylogenies were inferred at the nucleotide level based on
the back-translated protein alignment, using RAXML with
the GTRCAT model. The trees were rooted with out-
groups when possible using bioperl. Since the core phy-
logenies had indicated the presence of three strongly
supported monophyletic groups (“Firm-4”, “Firm-5",
“Bifido”), the monophyly of each of these groups, as well
as the “Bifido” subgroups (“Bifido-1" and “Bifido-2") was
tested for the individual gene phylogenies using Newick
utilities [96].

To estimate the core and accessory genomes of the
“Firm-5" and “Bifido” groups, clusters were extracted
from the OrthoMCL predictions as follows. Group core
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clusters were defined as clusters containing a single gene
copy for each of the strains in the group (and any num-
ber of additional genes from other strains). Group
accessory clusters were defined as clusters containing a
subset of strains from a group in any number of copies
(and any number of additional genes from other strains).
For the “Firm-4" group, the core and accessory group
clusters were not determined, since the group only had
two members, which were not closely related. However,
strain-specific accessory clusters were estimated as clus-
ters containing one strain of the group, but not the other
(and any number of genes from strains outside the
group). To visualize the distribution of shared protein
families between members of the same group, Venn dia-
grams were drawn with the R package “VennDiagram”.

To estimate the fraction of the group core genomes af-
fected by recombination within the “Firm-5" and “Bifido”
groups, the genes of the group core clusters were aligned
individually at the protein level with mafft. PhiPack [97]
was run on each back-translated alignment, and recom-
bination was inferred when a p-value below 0.01 was
obtained with all three methods in the package (NSS,
Maxchi and Phi).

To estimate the overall ratio at which recombination
and mutation events (r/m) had generated substitutions,
ClonalFrame [98] was run on genes previously used in
multilocus sequence typing of Lactobacillus casei (fusA,
ileS, leuS, pyrG, recA and recG) [99], and Bifidobacter-
ium spp. (fusA, ileS, gyrB, rplB and rpoB). Clonalframe
was run for 20000 generations and 100 generations
between measures, and checked for convergence.

CRISPR detection and analysis
Putative CRISPR regions were detected by using the tool
CRISPRfinder [100]. The CRISPR-cas systems were clas-
sified by identification of the associated cas genes and
their order following the classification proposed in [101].
CRISPR spacers were first compared through blast
against the nr database and against a database containing
only plasmid and phage sequences from the NCBI data-
base. Second, the spacers of each CRISPR region were
compared for hits against non-CRISPR regions in a data-
base with masked spacer sequences, containing all the ge-
nomes analyzed in the current study and the recently
published genomes of Snodgrasella alvi and Gilliamella
apicola [20]. CRISPR region synteny was visualized with
GenoPlotR [102], using tblastx (translated nucleotide
blast) for the comparison files.

Plots on genome synteny and specific genomic regions

All genome overview and gene comparison plots were
constructed with GenoPlotR. Comparison files for the
genome plots were generated with nucleotide blast, and
filtered to exclude blast hits with a percentage identity
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below 80% or a hit length below 200 bp. For the “Firm-4"
strains, the length filter was set to 50 bp, based on the
more distant relationship between these strains. Similarly,
gene comparison plots of regions of specific interest were
also plotted with GenoPlotR, but the comparison files
were based on tblastx searches.

Carbohydrate fermentation

In order to assess how the strains utilize carbohydrates
present in nectars we performed sugar-fermentation pat-
terns using the API 50 CHL system (bioMérieux, Lyon,
France) in triplicates at 35 °C during 5 days of incubation.

Data deposition

These Whole Genome Shotgun projects have been de-
posited at GenBank under the accession numbers:
JXBX00000000, JWME00000000, JWMF00000000, JX]
S00000000, JXBY00000000, ] XLG00000000, JXLH0000
0000, JXLIO0000000, JXJR0O0000000, JXBZ00000000,
JXJQO00000000, where the versions described in this
paper are JXBX01000000, JWME01000000, JWMEFO010

00000, JXJS01000000, JXBY01000000, JXLG01000000,
JXLHO01000000, JXLI01000000, JXJR01000000, JXBZ0

1000000, JXJQO01000000. Additionally, the raw sequence
data has been deposited at SRA, accessible via the Bio-
Project numbers: PRINA257132-PRJNA257134, PRJN
A257136-139, PRINA257141-142, PRJNA257182, PR]
NA257185.

Additional files

Additional file 1: Table S1. Sequencing data and assembly statistics.

Additional file 2: Figure S1. GC skew and read coverage on final
assembly. Example plots from strain Bin7. A) Circular genome plot
showing GC content and GC skew. From inside out: 1. GC content, where
content below average is shown in purple, and content above average is
shown in yellow, 2. GC skew, 3. CDS on reverse strand, 4. CDS on leading
strand. B) Coverage is indicated with a blue line, which was calculated
with a moving average filter. Red vertical lines indicate the contig border
positions. The small contigs with increased coverage at the end of the
graph correspond to the rRNA gene operon.

Additional file 3: Table S2. Accession numbers for reference genomes.
Species names and accession numbers of genomes used for ortholog
predictions with Ortho-MCL.

Additional file 4: Figure S2. 165 rRNA and uvrC gene phylogenies of
Lactobacillus strains from the NCFM clade. Gene phylogenies inferred from
the A) 16S rRNA and B) uvrC gene sequences. The strains sequenced in the
current study are highlighted in red. Bee gut microbiota sequences
corresponding to phylotype “Firm4" are highlighted in green and
phylotype “Firm-5" are highlighted in blue (taken from [12,14,23]).
Additional sequences correspond to the members of the NCFM clade
in the core phylogeny (see Figure 1). Only bootstrap support values
above 70 are shown.

Additional file 5: Figure S3. 165 rRNA and the uvrC phylogenies of
Bifidobacterium strains. Gene phylogenies were inferred from the A) 16S
rRNA and B) uvrC gene sequences. The strains sequenced in the current
study are highlighted in red. Bee gut microbiota sequences corresponding
to phylotype “Bifido” are shown in green (taken from [14,23]). Sequences
from species isolated from the bumblebee are shown in dark blue, while
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species isolated from the honeybee are shown in light blue. Additional
sequences were taken from the Bifidobacterium strains included in the core
genome phylogeny (Figure 2). Only bootstrap support values above 70 are
shown.

Additional file 6: Figure S4. Venn diagram of shared protein clusters in
the “Firm-5" group. Numbers correspond to protein families of orthologous
sequences, inferred with Ortho-MCL, plus singletons (proteins unique to a
single strain).

Additional file 7: Figure S5. Venn diagram of shared protein clusters in
the "Bifido-2" group. Numbers correspond to protein families of orthologous
sequences, inferred with Ortho-MCL, plus singletons (proteins unique to a
single strain).

Additional file 8: Figure S6 Phylogeny of all two-domain RCC1-repeat
domain proteins in the “Bifido” group. Strains from the "Bifido-1" subgroup

are shown in yellow/red, strains from the "Bifido-2" subgroup are shown in

blue, and B. actinocoloniiforme is indicated in green. Only bootstrap support
values above 70 are shown.

Additional file 9: Figure S7. Phylogeny of all three-domain RCC1-repeat
domain proteins in the “Bifido” group. Strains from the "Bifido-1" subgroup
are shown in yellow/red, strains from the "Bifido-2" subgroup are shown in
blue. Only bootstrap support values above 70 are shown.

Additional file 10: Figure S8. Distribution of PTS transporter families in
“Firm-4" and “Firm-5" strains. The bars represent the number of genes
assigned to each of the seven PTS transporter families currently described in
the Transporter classification database [55]. Blue = L. kullabergensis, Green = L.
kimbladii, Purple = L. melliventris, Orange = L. helsingborgensis, Yellow = L. apis,
Brown = L. mellifer, Pink = L. mellis.

Additional file 11: Figure S9. Phylogeny of the PTS Man transporter
family proteins. Gene phylogenies were inferred from A) the IIC subunit
and B) the 1ID subunit. Only bootstrap values above 70 are shown.

Additional file 12: Table S3. Hits to the PFAM database for all genes
annotated in putative eps regions.

Additional file 13: Figure S10. Putative eps region in B. actinocoloniiforme.
Comparison of gene content in the putative ortholog region of B. indicum and
strain Bin7 is shown. Similarity was estimated with tblastx, using a length filter of
100 bp. Pink: dTDP rhamnose biosyntheis genes, Green: ABC transporter genes,
Yellow: glycosyl-transferases or genes with orthology to known eps genes,
Orange: glycosyl-hydrolases, Black: probable pseudogene, Grey: other genes
with a putative function in polysaccharide biosynthesis. Light blue: putative
catalase, dark blue: putative manganese transporter and repressor. For a
complete list of protein domain predictions, see Additional file 12: Table S3.

Additional file 14: Figure S11. Fermentation profiles. All carbohydrates
found in nectar were evaluated (except stachyose). Black boxes indicate a
positive fermentation, grey boxes indicate weak fermentation and white
boxes indicate no fermentation.

Additional file 15: Figure S12. Comparative analysis on CRISPR regions.
A) the CRISPR regions in “Firm-5" strains, B) the CRISPR regions in “Bifido”
strains and B. actinocoloniiforme. Genes are shown as arrows, where

cas genes are indicated in blue, pseudogenized cas genes are shown in
green, genes involved in fatty acid biosynthesis are shown in yellow
and other genes are shown in white. The similarity between genomes
was inferred with tblastx and is shown with connecting grey lines,
where darker lines indicate higher similarity. The topologies of the trees
are as in Figures 1 and 2.

Additional file 16: Table S4. CRISPR spacers and their targets. Spacers
were extracted from all available genomes from the honeybee core gut
microbiota (781 spacers), where the sub-set with significant hits is listed
in the table (26 spacers).
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