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� The inter-species diversity of A.
cerana and A. mellifera core gut
bacteria was revealed.

� Core bacterial species of A. cerana and
A. mellifera are distinctive in function.

� Functional profile of overall gut
community of A. cerana and A.
mellifera are similar.

� Metabolome showed that A. cerana
and A. mellifera gut bacteria have
similar metabolic capability.

� A. cerana and A. mellifera core gut
bacteria have no strict host
specificity.
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Introduction: The functional relevance of intra-species diversity in natural microbial communities
remains largely unexplored. The guts of two closely related honey bee species, Apis cerana and A. mellifera,
are colonised by a similar set of core bacterial species composed of host-specific strains, thereby provid-
ing a good model for an intra-species diversity study.
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Objectives: We aim to assess the functional relevance of intra-species diversity of A. cerana and A. melli-
fera gut microbiota.
Methods: Honey bee workers were collected from four regions of China. Their gut microbiomes were
investigated by shotgun metagenomic sequencing, and the bacterial compositions were compared at
the species level. A cross-species colonisation assay was conducted, with the gut metabolomes being
characterised by LC-MS/MS.
Results: Comparative analysis showed that the strain composition of the core bacterial species was host-
specific. These core bacterial species presented distinctive functional profiles between the hosts.
However, the overall functional profiles of the A. cerana and A. mellifera gut microbiomes were similar;
this was further supported by the consistency of the honey bees’ gut metabolome, as the gut microbiota
of different honey bee species showed rather similar metabolic profiles in the cross-species colonisation
assay. Moreover, this experiment also demonstrated that the gut microbiota of A. cerana and A. mellifera
could cross colonise between the two honey bee species.
Conclusion: Our findings revealed functional differences in most core gut bacteria between the guts of A.
cerana and A. mellifera, which may be associated with their inter-species diversity. However, the func-
tional profiles of the overall gut microbiomes between the two honey bee species converge, probably
as a result of the overlapping ecological niches of the two species. Our findings provide critical insights
into the evolution and functional roles of the mutualistic microbiota of honey bees and reveal that func-
tional redundancy could stabilise the gene content diversity at the strain-level within the gut community.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction characteristics, as reviewed by Oldroyd et al. [26]. A. mellifera
Animals carry massive and diverse communities of symbiotic
microbes in their gastrointestinal tracts [1]. Some of these commu-
nities play vital roles in host health [2-5]. There has been growing
evidence that intra-species level or strain level diversity is omni-
present in the gut microbiota because the same species of bacteria
consists of a coherent group of strains [6,7], which may display
gene content variation and nucleotide polymorphism [8,9]. How-
ever, the functional contribution of intra-species genomic variation
to the gut microbiome remains obscure in natural microbial com-
munities. The overall functional profile (see Glossary) of the gut
microbiota can change significantly, with only minor changes
being displayed in the taxonomic profiles [10,11], providing indi-
rect evidence for the functional relevance of intra-species diversity
[12]. Distinct gut microbiomes can also lead to similar microbial
genetic profiles. Shan et al. [13] found that high-energy diets with
different fat-to-sugar ratios can induce different gut microbiota
that share similar genetic and metabolite compositions. Contradic-
tory findings have shown that strain-level diversity can lead to a
similar or different functional gene profile among the gut micro-
biomes of different hosts; however, what drives these different
outcomes is still unknown. Addressing this question can signifi-
cantly improve our understanding of the functional relevance of
intra-species diversity.

Honey bees (Apis spp.) have unique advantages as model organ-
isms for gut microbiota studies [14], particularly in terms of intra-
species diversity. Firstly, honey bees harbour a simple and conser-
vative gut community, mainly consisting of 8–10 phylotypes (see
Glossary) [15,16]. Secondly, multiple studies have revealed that
high strain diversity exists in the major lineages of Apis mellifera
guts [7,17-19], and host-specific intra-species diversity exists
among bee species [15,20,21]. Finally, the honey bee gut micro-
biota reveals parallels with the human gut microbiota; they have
both presumably coevolved with their host over millions of years
and are transmitted primarily through social interactions
[14,15,22,23].

The Eastern honey bee Apis cerana and the Western honey bee
A. mellifera are the only two honey bee species that have been com-
mercially reared for food crop pollination; they have immense eco-
nomic and ecological value [24,25]. Historically, A. cerana and A.
mellifera were geographically isolated in Asia and Europe-Africa,
respectively. As a result of allopatric speciation, these two honey
bee species demonstrate different behavioural and physiological
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was introduced into Asia with the development of the modern bee-
keeping industry. However, in recent years, the health and popula-
tions of A. cerana and A. mellifera have been declining in many parts
of the world [27-29]. While the historically geographical isolation
might result in the differentiation of gut microbiota between the
two honey bee species, the modern sympatry has provided oppor-
tunities for the cross-transmission of gut microbiota between the
two species. The comparative study of the gut microbiota of these
two bee species would provide important insights into the differ-
entiation and host specificity of gut microbiota and also help
understand the function of these gut bacteria in the health of
honey bee individuals and their colonies [30-33].

Recently, Ellegaard et al. [21] compared the composition of gut
bacteria between A. cerana and A. mellifera. While compositional
difference at the strain level was identified for core gut bacteria,
it remains unclear whether the bacterial difference would bring
about metabolic differences between the two honey bee species
and then affect their physiology. Because the two honey bee spe-
cies have adapted to similar niches and played similar ecological
roles, we hypothesised that the gut bacteria of them are similar
in overall functional profiles. To test this hypothesis, we employed
shotgun metagenomic sequencing to comprehensively analyse the
resident gut microbiota of A. cerana and A. mellifera colonies in
China (Fig. 1A). Furthermore, we conducted a cross-species coloni-
sation assay and characterised the metabolomes of workers har-
bouring different gut microbiota to uncover whether these
strain-specific bacteria have host specificity (Fig. 1B). Our study
confirmed that the core bacterial species of honey bees consist of
distinctive strains, which differ significantly in their functional
profiles. Interestingly, pathway reconstruction based on the overall
gut microbiomes and metabolic analyses suggested that the overall
gut communities of A. cerana and A. mellifera have similar capabil-
ities. Our results also suggested that there is no host specificity in
core gut bacteria between A. cerana and A. mellifera.
Materials and methods

Ethics statement

The owners of the sampled apiaries gave us permissions to col-
lect honey bee samples. No additional permits were required
because the study did not involve endangered or protected species.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. The experimental design of our study. (A) The sampling sites of field honey bees were Beijing, Guangzhou, Hangzhou, and Kunming. In each location, five Apis cerana
colonies and five A. mellifera colonies were sampled from the same apiary. (B) The experimental procedures of cross-species colonisation assay. Gnotobiotic workers were
colonised with A. cerana or A. mellifera gut bacteria, and then used for metagenomic and metabolic analyses.
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Field honey bee sample collection

Honey bee workers from 20 A. cerana colonies and 20 A. mellif-
era colonies were collected from four apiaries located in Kunming,
Hangzhou, Beijing, and Guangzhou in June 2019. In each apiary,
five A. cerana and five A. mellifera colonies were sampled. To collect
foraging workers, colony entrances were blocked, and approxi-
mately 100 workers carrying pollen were sampled. After chilling
bees at 4 �C to immobilise them, the ileum and rectum (hindgut)
of individual bees were dissected using sterile forceps and iris scis-
sors. A total of 50 dissected guts from each colony were pooled
together, submerged in 50% glycerol, and stored at �80 �C.
DNA extraction, library preparation, and sequencing

Before DNA extraction, the gut bacteria were enriched accord-
ing to Ellegaard et al. [7], in which the gut tissue was homogenised
with a bead-beater using glass beads. The homogenates were cen-
trifuged at 500 g for 5 min to remove debris, and the supernatant
was collected into new Eppendorf tubes. The samples were then
centrifuged at 10000g for 10 min to pellet the bacterial cells. The
supernatant was removed, and the bacterial pellets were resus-
pended in PBS and centrifuged again at 500g for 5 min. Finally,
the samples were centrifuged at 10,000g for 15 min to pellet the
bacterial cells.

Bacterial DNA was extracted using a CTAB-based DNA extrac-
tion protocol. For the DNA sample preparation, 200 ng DNA per
sample was used as input material. First the DNA sample was frag-
mented by sonication to a size of 350 bp. Then, sequencing
libraries were constructed using the NEBNext Ultra DNA Library
Prep Kit (NEB, USA), and index codes were added to attribute
sequences to each sample. Specifically, the Chip DNA was purified
using the AMPure XP system (Beckman Coulter, USA). After adeny-
lation of the 30 ends of DNA fragments, the NEBNext Adaptor with a
hairpin loop structure was ligated to prepare for hybridisation. Fol-
lowing this, 3 mL USER Enzyme (NEB, USA) was added to the
adaptor-ligated DNA, and the mixture was incubated at 37 �C for
15 min followed by 95 �C for 5 min. PCR was carried out with Phu-
sion High-Fidelity DNA polymerase, Universal PCR primers, and
Index (X) primers provided in NEBNext Multiplex (NEB, USA).
21
Finally, PCR products were purified (AMPure XP system) and
library quality was assessed using the Agilent Bioanalyzer 2100
system. Sequencing was performed on an Illumina NovaSeq sys-
tem by Novagene Co., Ltd.

Sequence quality control and assembly

To obtain high-quality reads, the raw fastq data from the Illu-
mina NovaSeq platform were trimmed to remove low-quality
(30% of bases with Q < 15 per read), ambiguous bases (N > 5%
per read) and the overlap with adapter sequences of � 5 bp. For
each sample, scaffolds were then assembled using Megahit v1.2
with parameters ‘‘- k-list 45,55,67,73”.

Metagenome assembly and gene prediction

For scaftigs (see Glossary) >500 bp in each sample, the open
reading frames (ORFs) were predicted using MetaGeneMark with
the MetaGeneMark_v1.mod model. The CD-HIT program [34] was
used to obtain an initial non-redundant gene catalogue (nrGC)
from the predicted ORFs (>100 bp) with parameters ‘‘-c 0.95, -aS
0.9”. The abundance of non-redundant genes (unigenes) was mea-
sured by realigning the reads to the nrGC using SoapAligner [35].
Genes with � 2 mapped sequences in all samples were excluded
from further analysis. To calculate the relative abundance of a
gene, the number of reads that were aligned to the gene was scaled
by the gene length and the total number of reads that were
mapped to the entire non-redundant gene catalogue for each
sample.

Taxonomic and functional assignment of genes

To obtain the taxonomic information of unigenes, DIAMOND
v0.9 was used to search the assembly against the NCBI microNR
database (including bacteria, fungi, archaea, and viruses, version
13 July 2019) with a blastp, e value � 1 � 10�5 threshold. The tax-
onomic information of each gene was determined using the lowest
common ancestor-based algorithm (LCA) implemented in MEGAN
(version 4, Tübingen, Baden-Württemberg, Germany). Alpha diver-
sity (see Glossary) was calculated using vegan [36] and picante
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packages [37] in the R statistical software [38]. The taxonomic
compositions at the genus and species levels were organised as
0/1 (presence/absence) matrix and were input into the PanGP pro-
gram [39] for core/pan analyses with the default parameter.

Kyoto Encyclopedia of Genes and Genomes (KEGG) [40] annota-
tion and Carbohydrate-Active enzymes Database (CAZy) [41] of
each gene were also performed using DIAMOND against the KEGG
database and CAZy database (version: 25 November 2014), respec-
tively. The relative abundance of the annotated functional features
was calculated by summing the relative abundances of the genes
annotated to the features.

Strain-level nucleotide diversity analysis

The strains of Bartonella apis BBC0122 (NZ_CP015625.1) [42],
Bifidobacterium asteroides PRL2011 (NC_018720.1) [43], Frischella
perrara PEB0191 (NZ_CP009056.1) [44], Gilliamella apicola wkB1
(NZ_CP007445.1) [45], and Snodgrassella alvi wkB2
(NZ_CP007446.1) [45] were selected as representatives of the five
core species according to Ellegaard et al. [7]. Their complete gen-
omes were employed as references for mapping the raw reads of
the five bacterial species in our study. The reference genes, which
were defined in this study as the genes conserved among the five
representative genomes, were identified by pairwise BLAST
searches (blastp, e value � 1 � 10�20) (see additional file 8 at
https://doi.org/10.17605/OSF.IO/SEMYG). Bowtie2 was used for
mapping the raw reads against the nucleotide sequences of these
reference genes [46]. Based on the alignment results, single nucleo-
tide polymorphism (SNP) were identified using Samtools, mpileup,
and Vcftools [47]. The SNPs located within the reference genes
were used as the input for principal component analysis (PCA) by
using PLINK v2.0 with default parameters [48]. Furthermore, the
dominant allele sequences of these reference genes for each sam-
ple were concatenated for their use as inputs for the subsequent
evolutionary analyses. MEGA v10.0.5, was used to construct the
neighbour-joining trees, with the Jukes-Cantor (JC) substitution
model and 100 bootstrap replicates [49]. The pairwise nucleotide
distances were also calculated by using MEGA with the JC model.

Strain-level gene content analysis

For each of the five core bacterial species, the ORFs assigned to
each species were extracted according to the taxonomic assign-
ment. Within each species, the homologous relationship among
the predicted ORFs was determined by comparing the protein
sequences of the ORFs with the blastclust program in the NCBI
BLAST package; the parameters 0.5 length coverage (-L) and 80%
protein identity (-S) were applied. After binning the ORFs into gene
clusters, the abundance of each gene cluster was obtained by sum-
ming the abundances of all ORFs belonging to the gene cluster. A
gene cluster with an abundance > 0 was considered to be present
in the sample; otherwise, it was considered absent. The pairwise
similarity of gene content between samples was defined as the
number of shared gene clusters divided by the number of identi-
fied gene clusters for the compared samples.

Strain-level functional analysis

For each of the five core bacterial species, the ORFs assigned to
each species were extracted according to the taxonomic assign-
ment. Subsequently, the ORFs were binned into functional units
according to their functional annotations. The abundance of each
functional unit was obtained by summing the abundances of ORFs
belonging to the functional unit. Finally, principal coordinate anal-
ysis (PCoA) and principal component analysis (PCA) were per-
formed on the abundances of functional units among the samples.
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Cross-species colonisation assays

A. cerana and A. mellifera gut bacteria were prepared as follows:
10 honey bee forager workers were sampled near the entrance of a
colony of each honey bee species in Hangzhou. Their hindguts
were dissected immediately and homogenised in 1 mL PBS. The
gut homogenate was centrifuged at 10,000 g for 10 min, and the
supernatant was removed to eliminate possible virus contamina-
tion. To prepare pollen containing gut bacteria, the isolated bacte-
ria were resuspended in 1 mL PBS, and 100 lL suspension was
mixed with sterilised pollen.

Germ-free A. cerana and A. mellifera workers were obtained
using the protocol described by Zheng et al. [31]. The germ-free
workers were divided into four groups for the cross-species coloni-
sation assays: 1) Acc: A. cerana workers inoculated with A. cerana
gut microbiota; 2) Amc: A. melliferaworkers inoculated with A. cer-
ana gut microbiota; 3) Amm: A. mellifera workers inoculated with
A. mellifera gut microbiota; and 4) Acm: A. cerana workers inocu-
lated with A. mellifera gut microbiota. Each group consisted of 60
workers placed in a single cage. Different groups of workers were
supplied with pollen containing respective gut bacteria described
for 5 days and then switched to sterilised pollen. Approximately
1 � 105 bacterial cells were fed to each honey bee worker. In addi-
tion, another cage of germ-free A. cerana and germ-free A. mellifera
workers with no inoculation of gut bacteria were used as a nega-
tive control to confirm that honey bees were not contaminated
by bacteria from other sources, and contamination was not
observed. Honey bees were housed according to standard methods
[50]. On day ten, from each cage, forty workers were sampled and
pooled for metagenome sequencing as described above, ten work-
ers were sampled and pooled for untargeted metabolomics analy-
sis, and five workers were sampled and used for 16s rDNA
quantification individually. The experiment was conducted in trip-
licate using three A. cerana and three A. mellifera colonies.
Quantification of the absolute bacterial loads of cross-species
colonisation honey bee samples

The absolute bacterial loads of Acc, Acm, Amm, and Amc work-
ers were determined by qPCR using universal bacterial 16S rRNA
primers (F: 50-AGAGTTTGATCCTGGCTCAG-30, R: 50-CTGCTGCCTCC
CGTAGGAGT-30) [22]. Workers were frozen at �20 �C until immo-
bilised, and their guts were immediately dissected in RNase-free
water and used for DNA extraction. DNA was extracted using a TIA-
Namp Stool DNA Kit (Tiangen Biotech Co., Ltd, Beijing, China) fol-
lowing the manufacturer’s recommendations. 16 s rRNA copy
numbers were quantified using the StepOne Plus real-time PCR
system with thermal cycling conditions as follows: initial denatu-
ration at 95 �C for 30 s, 40 cycles of 95 �C for 5 s and 60 �C for 30 s,
followed by a melting curve from 60 �C to 95 �C at 0.5 �C/5 s
increments.
Metabolite extraction

The replicates of each group were shipped on dry ice to Novo-
gene Corporation (Beijing, China) for metabolomic analysis. Pooled
honey bee hindguts were ground with liquid nitrogen, and the
homogenate was resuspended with pre-chilled 80% methanol
and 0.1% formic acid. The suspensions were cooled on ice for
5 min and then centrifuged at 15,000g at 4 �C for 5 min. The super-
natant was diluted to a final concentration containing 53% metha-
nol using LC-MS grade water. The solution was transferred to a
fresh Eppendorf tube and centrifuged at 15,000g at 4 �C for
10 min to obtain the supernatant for analysis.
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LC-MS/MS analysis was conducted using a Vanquish UHPLC sys-
tem (Thermo Fisher, Waltham, Massachusetts, United States) cou-
pled with an Orbitrap Q Exactive series mass spectrometer
(Thermo Fisher, Waltham, Massachusetts, United States). Samples
were injected onto a Hyperil Gold column (100 � 2.1 mm,
1.9 lm) using a 16-min linear gradient at a flow rate of 0.2 mL/
min. The eluents for the positive polarity mode were eluent A
(0.1% FA in water) and eluent B (methanol). The eluents for the
negative polarity mode were eluent A (5 mM ammonium acetate,
pH 9.0) and eluent B (methanol). The gradient elution was set as
follows: 1.5 min, 2% B; 12.0 min, 2–100% B; 14.0 min, 100% B;
14.1 min, 100–2% B; 17 min, 2% B. The Q Exactive series mass spec-
trometer was operated in positive/negative polarity mode with a
spray voltage of 3.2 kV, capillary temperature of 320 �C, sheath
gas flow rate of 35 arb, and aux gas flow rate of 10 arb.

Untargeted metabolomics data analysis

Compound Discoverer 3.1 (Thermo Fisher, Waltham, Mas-
sachusetts, United States) was used to perform peak alignment,
peak picking, and quantitation for each metabolite, with the fol-
lowing settings: retention time tolerance, 0.2 min; actual mass tol-
erance, 5 ppm; signal intensity tolerance, 30%; signal/noise ratio, 3;
and minimum intensity, 100,000. The peak intensities were then
normalised to the total spectral intensity. The normalised data
were used to predict the molecular formula based on the additive
ions, molecular ion peaks, and fragment ions. Peaks were then
matched with the mzCloud, mzVault, and MassList databases to
obtain accurate qualitative and relative quantitative results. The
area normalisation method was applied to the data that were not
normally distributed. The metabolites were annotated using the
HMDB database (http://www.hmdb.ca/), Lipidmaps database
(http://www.lipidmaps.org/), and KEGG database (http://www.
genome.jp/kegg/). PCA and hierarchical clustering were performed
using MetaboAnalyst [51]. Statistical significance (P-value) was
calculated using univariate analysis (t-test).

Statistical analysis

Statistical analysis was performed using the R software v3.6.1
[38]. The significant taxonomic and functional differences between
A. cerana and A. mellifera samples were determined by Student’s t-
tests. For comparisons of the pairwise distance of SNP, gene con-
tent similarity, and 16 s rDNA copy number, Kruskal-Wallis tests
were used. All P values were adjusted using the false discovery rate
(FDR) method, and adjusted P values < 0.05, were considered as
statistically significant [52]. Hierarchical clustering was conducted
using the hclust function in the stats package. PCA was performed
using the prcomp function and PCoA based on the Bray-Curtis dis-
tance was performed using the ape library [53]. The Adonis test
was used to distinguish group similarity, and the statistic R2 repre-
sents effect size, which reveals the percentage of variation in dis-
tances explained by the grouping being tested. The Mantel test
was used to test for differences across geographical populations.
Metabolites with VIP > 1, P value < 0.05, and fold change� 2 or fold
change � 0.5, were considered to be differential metabolites. The
differential abundance of taxonomy and functional category was
tested using Metastat [54].

Availability of data and material

The raw sequence data from metagenome shotgun sequencing
were submitted to NCBI SRA under BioProject accession numbers
PRJNA599289 (field honey bees) and PRJNA599288 (cross-species
colonisation assay). All data generated or analysed during this
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study are included in this published article and its supplementary
information files at OSF, https://doi.org/10.17605/OSF.IO/SEMYG.
Results

Characterisation of the Apis cerana and A. mellifera gut community

High-throughput sequencing metagenomics and the de novo
assembly of paired-end reads resulted in 1,765,642 scaffolds with
an average length of 1.36 kb. Detailed quality metrics, including
the number of reads, reads mapped to contigs, reads that were suc-
cessfully annotated, and reads that were mapped to honey bee
genomes are listed in supplementary file Table S1 in the Open
Science Framework, https://doi.org/10.17605/OSF.IO/SEMYG.
Rarefaction analysis of our samples revealed a curve approaching
saturation (Fig. S1), demonstrating that the vast majority of A. cer-
ana and A. mellifera gut microbial genes were present in our gene
catalogues.

Consistent with previous studies [7,15,21], the overall commu-
nity profile showed that A. cerana and A. mellifera guts were both
dominated by six genera in our samples, namely, Lactobacillus, Bifi-
dobacterium, Snodgrassella, Bartonella, Gilliamella, and Frischella.
The guts of the A. cerana workers also harboured a significant
amount of the genus Apibacter, whereas the A. mellifera gut was
colonised by the genus Commensalibacter (Fig. 2A).

Taking advantage of the high resolution of the metagenome, we
analysed and compared gut bacteria compositions at the species
level (Fig. S2). Of the six core bacterial genera, Bifidobacterium
asteroides, Snodgrassella alvi, Bartonella apis, Gilliamella apicola,
and Frischella perrara were the dominant species identified in both
A. cerana and A. mellifera (Fig. S3), and we referred to these five bac-
terial species as the core bacterial species of A. cerana and A. mel-
lifera throughout our study. Contrasting this, we found that the
genus Lactobacillus was composed of multiple species, which var-
ied significantly in the gut biota of the two honey bee species
(Fig. 2B). PCA and PCoA of the bacterial communities at the species
level showed that the gut communities of sympatric A. cerana and
A. mellifera were distinguishable at the species level (Fig. 2C, S4,
Adonis test: P = 0.005). Furthermore, samples within each honey
bee species were clustered together based on their geographic
locations (Fig. 2C, Mantel test: P = 0.02). Interestingly, when we
reanalysed the metagenome data of A. mellifera from the USA,
which was published by Engel et al. [4], this sample was grouped
within A. mellifera samples from Guangzhou (Fig. 2C), suggesting
that the geographical separation of the samples might not be solely
determined by the geographical distance between the sampling
locations.
Strain-level diversity of Apis cerana and A. mellifera core bacteria
species

The intra-specific diversity of the A. cerana and A. mellifera core
bacterial species was demonstrated through the single nucleotide
polymorphisms present in the B. apis, B. asteroides, F. perrara, G.
apicola, and S. alvi, of A. cerana and A. mellifera species living in
the same habitat in China.

PCA and PCoA analyses based on the SNP patterns revealed that
different hosts carry diverse strains. Specifically, B. asteroides, S.
alvi, G. apicola, and F. perrara strains in A. cerana and A. mellifera
colonies were distinctly host-specific, and B. apis strains were also
largely host-specific (Fig. 3A, S4, Adonis test: all P = 0.001). How-
ever, the geographical region failed to correlate with any notable
difference between these five core bacterial species (Fig. 3A, Man-
tel test: all P > 0.05). We also constructed a phylogenetic tree using
the dominant alleles as representative sequences for each sample

http://www.hmdb.ca/
http://www.lipidmaps.org/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/


Fig. 2. Gut community of Apis cerana and A. mellifera workers. (A) Composition at genus level. (B) Heatmap of the composition of Lactobacillus at species level. The colours
represent the relative abundance of each bacterial species. (C) Principal Component Analysis of overall bacteria at species level. Symbols are coloured according to the host
species and shaped according to the region of sampling. AcBJ: A. cerana workers sampled in Beijing; AcGZ: A. cerana workers sampled in Guangzhou; AcHZ: A. ceranaworkers
sampled in Hangzhou; AcKM: A. cerana workers sampled in Kunming; AmBJ: A. mellifera workers sampled in Beijing; AmGZ: A. mellifera workers sampled in Guangzhou;
AmHZ: A. mellifera workers sampled in Hangzhou; AmKM: A. mellifera workers sampled in Kunming; USA: metagenome sample of A. mellifera from United States (50).
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and found that the dominant strains of each A. cerana and A. mel-
lifera samples formed separate branches (Fig. 3B). The only excep-
tion was B. apis; the predominant strains of four A. mellifera
samples (from three different sampling locations) and A. cerana
samples were twined together (Fig. 3B). We then compared their
SNP similarity and stratified them into intra- and inter-host com-
parisons (Fig. 3C). We found that the intra-host comparisons pos-
sessed more similar strains within A. cerana as compared to A.
mellifera, which demonstrated that the diversity of the gut micro-
biota was higher in A. mellifera at the strain level, but with the
exception of G. apicola. These findings are consistent with those
of previous studies [15,21].

Functional variation in the distinctive strains of Apis cerana and A.
mellifera

The aforementioned strain-level distinction between A. cerana
and A. mellifera was also reflected in its accessory genome varia-
tion. First, we compared the gene content similarity, which is the
percentage of shared genes between two genomes, of these five
bacterial species within and between these two honey bee species.
Fig. 3. Strain-level diversity of Apis cerana and A. mellifera core bacterial species. (A) Pr
perrara, Gilliamela apicola, and Snodgrassella alvi strains. (B) Phylogenetic tree of B. apis,
strains is indicated to the right of the tree. (C) Average SNP pairwise distance per genome
center line displays the median and whiskers span minimum to maximum. Different lette
host comparison within A. cerana; within Am: intra-host comparison within A. mellifera;
workers sampled in Beijing; AcGZ: A. cerana workers sampled in Guangzhou; AcHZ: A. ce
AmBJ: A. mellifera workers sampled in Beijing; AmGZ: A. mellifera workers sampled in G
workers sampled in Kunming; USA: metagenome sample of A. mellifera from the United S
for A. mellifera.
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We noticed that the inter-species gene content similarities were
significantly smaller than intra-species comparisons, revealing a
significant differentiation between the accessory genomes of the
A. cerana and A. mellifera strains.

We hypothesised that, at the strain-level, gene content differ-
ences would bring about functional differences. In accordance with
a previous study [21], the KEGG profiles of these host-specific
strains, based on the functional assignments and relative gene
abundances, displayed a difference in the functions of these host-
specific strains. The PCA and PCoA assessments of the KEGG ortho-
logs (KOs) revealed a clear separation between the core bacterial
species of A. cerana and A. mellifera (Fig. 4B, S5, Adonis test: all
P = 0.001). When we further grouped the genes into KEGG path-
ways, most of them revealed a significant difference between the
strains hosted by A. cerana and A. mellifera (Fig. S6). We also anal-
ysed the genes related to carbohydrate digestion using the CAZy
database. In line with KOs, the carbohydrate-active enzyme
(CAZyme) profiles of B. asteroides, S. alvi, G. apicola, and F. perrara
also diverged between the host groups (Fig. 4C, S5, Adonis test:
all P = 0.001). Detailed lists of KOs and CAZymes are provided in
Supplementary Dataset 2.
incipal Component Analysis of Bartonella apis, Bifidobacterium asteroides, Frischella
B. asteroides, F. perrara, G. apicola, and S. alvi strains. The geographical origin of the
for B. apis, B. asteroides, F. perrara, G. apicola, and S. alvi strains. For each boxplot, the
rs represent significant differences (Kruskal-Wallis test, P < 0.001). Within Ac: intra-
Ac VS Am: inter-host comparison between A. cerana and A. mellifera. AcBJ: A. cerana
rana workers sampled in Hangzhou; AcKM: A. cerana workers sampled in Kunming;
uangzhou; AmHZ: A. mellifera workers sampled in Hangzhou; AmKM: A. mellifera

tates (50). Throughout this figure, the colour red has been used for A. cerana and blue



Fig. 4. Functional gene profile of Apis cerana and A. mellifera core bacterial species. (A) Gene content similarities of Bartonella apis, Bifidobacterium asteroides, Frischella perrara,
Gilliamela Apicola, and Snodgrassella alvi. For each boxplot, the center line displays the median and whiskers span minimum to maximum. Different letters represent
significant differences (Kruskal-Wallis test, P < 0.001). Within Ac: intra-host comparison within A. cerana; within Am: intra-host comparison within A. mellifera; Ac VS Am:
inter-host comparison between A. cerana and A. mellifera. (B and C) Principal Component Analysis of the functional profiles of B. apis, B. asteroides, F. perrara, G. apicola, and S.
alvi based on the KEGG orthologies (KOs) and carbohydrate-active enzymes (CAZymes) subfamilies. Symbols are coloured according to the host species. (D) Relative
abundance of CAZymes subfamilies targeting the plant cell wall in B. asteroides and G. apicola. Data are shown as mean ± SD ‘‘*” represents significant differences between A.
cerana and A. mellifera (Kruskal-Wallis test, Pmaximum = 0.003). Ac: A. cerana; Am: A. mellifera. Throughout this figure, the colour red has been used for A. cerana and blue for A.
mellifera.

Y. Wu, Y. Zheng, S. Wang et al. Journal of Advanced Research 37 (2022) 19–31
Plant polysaccharides are abundant in the honey bee diet, espe-
cially cellulose, hemicellulose, and pectin [55]. Of the CAZymes tar-
geting the plant cell wall [4,56], 24 CAZyme subfamilies have been
identified in honey bee core bacterial species. In accordance with a
previous study [57], most of the related enzymes were identified in
B. asteroides and G. apicola (Table S2), and their relative abundances
significantly differed between A. cerana and A. mellifera (Fig. 4D).
26
Gene functions enriched in the metagenome of honey bees

The identification of clear compositional and functional differ-
ences between A. cerana and A. mellifera core bacteria at the strain
level led us to speculate whether the overall gut metagenome of
these two honey bee species also differed in function. Interestingly,
analyses of the functional profile of the overall gut metagenome of
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A. cerana and A. mellifera revealed that the percentage of signifi-
cantly different KOs was notably higher among most individual
core bacteria than in the overall microbial ecosystem, except for
B. apis (Fig. 5A). While the KO profiles of A. cerana and A. mellifera
were still significantly different (Fig. 5B, S7, Adonis test: all
P = 0.001), we noticed that the R2 value of the overall gut micro-
biomes in A. cerana and A. mellifera was much smaller than that
of most of the core bacterial species (R2

overall gut community = 0.18,
R2

B. apis = 0.08, R2
B. asteroides = 0.77, R2

F. perrara = 0.85, R2
G. apicola = 0.51,

and R2S. alvi = 0.71).
The majority of KOs of both the gut microbiomes of A. cerana

and A. melliferawas enriched in transportation and metabolic path-
ways including ‘‘ABC transporters”, ‘‘phosphotransferase system
(PTS)”, ‘‘purine metabolism”, ‘‘pyrimidine metabolism”, ‘‘amino
sugar and nucleotide sugar metabolism” and ‘‘fructose and man-
nose metabolism”, among other pathways (Fig. 5C). For these path-
ways, while their overall abundances of pathways were similar
between A. cerana and A. mellifera, the contributions from individ-
ual gut bacteria were significantly different (Fig. 5C). In addition,
we found that Apibacter, Commensalibacter, and other non-core
bacteria also played an important role in the functional profile of
the honey bee microbial ecosystem, as they contributed signifi-
cantly to the KEGG pathways (Fig. 5C). The functional profile using
the CAZyme annotation showed a similar situation, as the overall
CAZyme profile was indistinguishable between the hosts (Fig. S8).

We then attempted to reconstruct the shift from a functional
distinction at the species level to functional convergence at the
microbiota level. First, we summed all the significantly different
KOs in each core bacteria and analysed their changes in the overall
microbiome, and nearly half of these KOs (1354/2989) no longer
had a significant influence at the microbiota level (Fig. 5D). We
then binned the species based on the profiles of these KOs and
assessed their contributions to diversity. As shown in Fig. 5E, 5F,
these KOs were contributed by varied combinations of multiple
community members in A. cerana and A. mellifera.
Metabolite profiles of workers harbouring diverse gut microbiota

It is challenging to predict the metabolic output from only shot-
gun metagenomic sequencing data. Therefore, we characterised
the robust metabolic profiles of workers harbouring different gut
microbiota. To eliminate the possible influences and disturbances
of the metabolites from host species, we attempted to colonise
germ-free A. cerana and A. mellifera workers with complete A. cer-
ana and A. mellifera gut microbiota (Fig. 1B), with the aim of obtain-
ing honey bees that were harbouring gut bacteria from another
honey bee species.

Initially, we analysed the absolute and relative bacterial compo-
sitions and found no significant differences between Acc and Amc
or between Amm and Acm (Fig. 6A, 6B, S9). In addition, alpha
diversity analysis revealed that host species had no significant
influence on microbiome diversity based on Chao 1 and Shannon
indices (Fig. S10). These results suggested that A. cerana and A. mel-
Fig. 5. Functional gene profiles of Apis cerana and A. mellifera gut microbiota. (A) Num
orthologies (KOs) of core bacteria and overall microbiota between A. cerana and A. mellife
Component Analysis of the functional profiles of overall A. cerana and A. mellifera gut m
Comparison of KEGG functional profiles (15 pathways with the highest abundance) of gu
significantly differed at core bacteria level, Sig represents KOs that significantly differed a
differed at core bacteria level but not at the microbiota level. (E) Heatmap of the distribut
but not at the microbiota level. The contribution of a given bacteria to KO is calculated b
here includes Apibacter and Commensalibacter. (F) The distribution of species contributing
AcBJ: A. ceranaworkers sampled in Beijing; AcGZ: A. ceranaworkers sampled in Guangzho
in Kunming; AmBJ: A. mellifera workers sampled in Beijing; AmGZ: A. mellifera workers sa
mellifera workers sampled in Kunming. Throughout this figure, colour red has been used
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lifera gut bacteria can successfully colonise both A. cerana and A.
mellifera workers.

We then analysed homogenates of gut samples of Acc, Acm,
Amm, and Amc through untargeted metabolomics (complete
metabolome profiles are provided in Supplementary Dataset 6).
To uncover the metabolomic differences brought by the A. cerana
and A. mellifera gut microbiota, we mainly focused on two compar-
isons: Acc vs. Acm and Amm vs. Amc. In accordance with our
metagenomic analyses, although some differences existed, the
metabolomes of the different samples were mainly clustered
according to their host species rather than their gut microbiota.
PCA and hierarchical clustering revealed that the samples were
mainly separated according to their host species rather than the
gut microbiota they harboured (Fig. 6C, S11). In addition, only 48
and 67 metabolites of the 1,212 identified metabolites were signif-
icantly different in Acc vs. Acm and Amm vs. Amc, respectively
(Fig. 6D, Tables S3, S4).
Discussion

Bacterial evolution is shaped not only by mutations but also by
horizontal gene transfer [58]. A. cerana and A. mellifera were geo-
graphically isolated for millions of years [59], which limited possi-
ble interaction between their gut bacteria and enabled the
development of specialised gut microbiota that coevolved with
their hosts. Based on targeted amplicon sequencing, host-specific
strains of Lactobacillus Firm-5 and S. alviwere identified in the guts
of A. mellifera and A. cerana. Ellegaard et al. [21] found that the core
phylotypes colonising A. mellifera and A. cerana are distinct at the
sequence-discrete population level. Consistent with their findings,
our results also showed that the core bacterial species of A. mellif-
era and A. cerana in China were composed of distinct strains.

Previous genomic sequencing of several isolated strains of
honey bee gut microbiota has demonstrated an extensive sequence
divergence and gene content variation [17,18]. In addition,
metagenomic comparison using A. cerana and A. mellifera in Japan
also revealed that A. mellifera displayed a more diverse gene con-
tent in the microbiota than A. cerana [21]. Thus, it was expected
that these distinctive strains of A. cerana and A. mellifera in the pre-
sent study possessed different functional gene profiles. Interest-
ingly, we found that the functional profiles of the overall gut
microbiomes of A. cerana and A. mellifera were rather similar,
which was further supported by our metabolic analysis. The ani-
mal gut is populated by complex assemblages of microorganisms,
and functional redundancy (see Glossary) is a common aspect of
many microbial systems [60-62]. This functional redundancy of
the gut microbiome has been mentioned by Vatanen et al. [63],
in which most gene ontology terms displayed high within-
sample functional diversity in the human gut microbiome. Com-
parisons between the metagenomes of A. mellifera workers
revealed age-related changes in the distribution of the core gene
families, despite the variability in strain composition among honey
bee individuals of the same age, which indicated functional redun-
bers of significantly different (Sig) and not significantly different (None-Sig) KEGG
ra, symbols and line were the percentages of significantly differing KOs. (B) Principal
icrobiota based on the KOs. Symbols are coloured according to the host species. (C)
t microbiota of A. cerana and A. mellifera. (D) The changes of significance of KOs that
t both core bacteria and microbiota level, None-Sig represents KOs that significantly
ion of species contributing to the KOs that significantly differed at core bacteria level
y dividing its relative abundance by the total relative abundance of this KO. ‘Other’
to K00104 (glycolate oxidase) and K00101 (L-lactate dehydrogenase (cytochrome)).
u; AcHZ: A. ceranaworkers sampled in Hangzhou; AcKM: A. ceranaworkers sampled
mpled in Guangzhou; AmHZ: A. mellifera workers sampled in Hangzhou; AmKM: A.
for A. cerana and blue for A. mellifera.
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Fig. 6. Gut community and metabolite profiles of workers harbouring different gut microbiota. (A) Gut community composition of Acc, Acm, Amm, and Amc at genus level.
(B) Total bacterial loads in the gut of Acc, Acm, Amm, and Amc (n = 15 individual workers). 16 s rRNA copy number were assessed by quantitative PCR (qPCR) with universal
bacterial 16S rRNA primers. Lines represent mean and SD. Different letters represent significant differences (Kruskal-Wallis test, Pmaximum = 0.02). (C) Principal Component
Analysis of the metabolomes of Acc, Acm, Amm, and Amc with 95% confidence regions. (D) Metabolite changes between workers harbouring different bacteria. Fold change
(FC) of A vs. B is calculated as A/B, up represents FC > 2 and down represents FC < 2. Acc: A. cerana workers with A. cerana gut microbiota; Amc: A. mellifera workers with A.
cerana gut microbiota; Amm: A. mellifera workers with A. mellifera gut microbiota; Acm: A. cerana workers with A. mellifera gut microbiota.
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dancy across strains [7]. In this study, we found that functional
redundancy existed across the gut bacteria species in both A. cer-
ana and A. mellifera. Most functions of the honey bee gut micro-
biota were fulfilled by not only one but multiple bacterial
species, and the contributions of these bacteria to KOs differed
between A. cerana and A. mellifera. For example, we found that
K00104 (glycolate oxidase) was mainly encoded by G. apicola in
A. cerana, whereas Lactobacillus spp. were the main contributor in
A. mellifera. Moreover, these non-core bacteria also contribute sig-
nificantly to the functional redundancy of the honey bee gut com-
munity. Another example is of K00101 (L-lactate dehydrogenase
(cytochrome)), which is mainly encoded by S. alvi and B. apis in
A. cerana, but by B. apis and non-core bacteria in A. mellifera. Even-
tually, functional redundancy, which can confer resilience and sta-
bilise ecosystem functionality, contributes to the generation of
similar functional profiles between these two honey bee species.
In contrast to environmental ecosystems, the evolution of the gut
microbiome is not only driven from the bottom up by interactions
between microbes, but the host is also under strong natural selec-
tion to shape the microbiota from the top down and foster a com-
munity that is beneficial to it [1]. We speculate that the similarity
between the A. cerana and A. mellifera microbiomes is largely due
to the similarities between these two species. Although the Eastern
and Western honey bees have been geographically isolated and
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have developed several different behavioural traits [64], they still
share some ecological and physiological aspects in common, par-
ticularly those involving certain important factors that shape gut
community function, for example, a similar diet [26]. Therefore,
these two honey bee species have provided a stable environment
and similar selective pressure on their gut microbiota, which has
eventually shaped a similar metabolic potential.

The colonisation ability of exogenous microbes in a host envi-
ronment has been extensively studied, revealing that the host
genotype exerts different selective pressures on exogenous
colonisers [15,65-67]. Interestingly, our cross-species gut bacteria
transplantation assay results suggested that there is no host speci-
ficity in core gut bacteria between A. cerana and A. mellifera, since
A. cerana core bacteria could successfully colonise A. mellifera and
vice versa, and following colonisation, the gut microbial commu-
nity structure was not dramatically changed by the host. In fact,
we discovered that certain strains of B. apis from A. mellifera were
more similar to A. cerana strains in our field honey bee samples,
indicating a certain degree of putative host switches in the natural
environment.

The above findings raise an interesting question: if there is no
host specificity, how do A. cerana and A. mellifera maintain a dis-
tinctive gut community while their colonies are located in the
same habitat? This is of particular interest when considering the
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fact that A. cerana and A. mellifera honey bees for this study were
sampled from the same apiaries, in which they shared overlapping
ranges of activity. One possible explanation is that the sociality of
corbiculate bees provides a semi-closed and stable system for gut
bacterial transmission between generations [15]. Honey bee work-
ers acquire their gut microbiota within hours after emergence
through the faecal-oral route and fully establish a stable gut com-
munity within 5–6 days before they start to forage outside the hive
[22]. Moreover, it has been suggested that priority effects in the
early life assembly of the gut microbiota contribute to individu-
alised gut community profiles of A. mellifera workers [7]. Co-
inoculation trials using S. alvi strains revealed that strains of A. cer-
ana were able to simultaneously colonise A. mellifera workers
alongside a native strain, albeit with less efficiency [15], suggesting
that microbe competition may be essential to the assemblage of
honey bee gut microbiota. In addition, differences in gene function
profiles between the strains revealed in our study indicated differ-
ences in adaptability. Thus, we hypothesise that the highly con-
served social transmission route between generations within the
honey bee colony, along with the priority effects and the possible
competition between native and foreign strains, have ensured
the existence of a unique and stable gut community of A. cerana
and A. mellifera. However, our knowledge concerning the transmis-
sion of gut bacteria in honey bees and the competition between
different strains is still quite limited. Thus, future studies are
required to determine the mechanisms involved in obtaining,
assembling, and stabilising diverse honey bee microbial
communities.

Conclusion

In conclusion, through our systematic metagenomic compar-
ison between A. cerana and A. mellifera gut microbiomes, we found
that the distinctive A. cerana and A. mellifera gut bacterial strains
possess different functions, except in B. apis. However, our analysis
of the overall metagenomes and the metabolomes emphasises the
similarity in functional capabilities of the A. cerana and A. mellifera
gut microbiota, due to the functional redundancy of honey bee gut
bacteria. These findings not only reveal the functional importance
of strain-level diversity in host-associated bacterial communities,
but also provide fundamental insights into the functional contribu-
tion of intra-species diversity to the overall gut community.
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Glossary

Alpha diversity

The diversity within a particular area or ecosystem. There are
several metrics for measurement of alpha diversity, such as
Observed number of species, Chao1, ACE, Shannon and Simpson.

Functional profile

The profile of the function of a certain bacteria or microbiome.
In this study, the functional profile was inferred by gene annota-
tion of the Carbohydrate-Active EnZymes (CAZy) database or Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.

Functional redundancy

The ecological phenomena that multiple species representing a
variety of taxonomic groups can share similar, if not identical, roles
in ecosystem functionality.

Phylotype

A biological type that classifies an organism by its phylogenetic
relationship to other organisms. In prokaryotic microbiology, phy-
lotypes, often referred to as Operational Taxonomic Units (OTUs),
are a proxy for species.

Scaftigs

Continuous sequences within scaffolds.
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