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The bacterial communities in the guts of the adults and larvae
of the Asian honey bee Apis cerana and the European honey
bee Apis mellifera were surveyed by pyrosequencing the
16S rRNA genes. Most of the gut bacterial 16S rRNA gene
sequences were highly similar to the known honey bee-spe-
cific ones and affiliated with Pasteurellaceae or lactic acid
bacteria (LAB). The numbers of operational taxonomic units
(OTUs, defined at 97% similarity) were lower in the larval
guts (6 or 9) than in the adult guts (18 or 20), and the fre-
quencies of Pasteurellaceae-related OTUs were higher in the
larval guts while those of LAB-related OTUs in the adult
guts. The frequencies of Lactococcus, Bartonella, Spiroplasma,
Enterobacteriaceae, and Flavobacteriaceae-related OTUs were
much higher in A. cerana guts while Bifidobacterium and
Lachnospiraceae-related OTUs were more abundant in A.
mellfera guts. The bacterial community structures in the
midguts and hindguts of the adult honey bees were not dif-
ferent for A. cerana, but significantly different for A. mellifera.
The above results substantiated the previous observation that
honey bee guts are dominated by several specific bacterial
groups, and also showed that the relative abundances of OTUs
could be markedly changed depending on the developmental
stage, the location within the gut, and the honey bee species.
The possibility of using the gut bacterial community as an
indicator of honey bee health was discussed.

Keywords: honey bee, gut, bacterial community, 16S rRNA
gene, pyrosequencing

Introduction

Honey bees are greatly valued as honey producers for human
consumption, and even more importantly, as pollinators in
natural and agricultural ecosystems. However, there is clear
evidence of recent declines in both wild and domestic polli-
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nators, including honey bees (Potts et al., 2010). The sug-
gested drivers for this phenomenon include changes in land
use, agrochemicals, pathogens, foreign species, climate change,
and the interactions between them. Thus, research on honey
bee health is increasing, especially with respect to both the
beneficial and harmful symbionts harboured by honey
bees, including bacteria, fungi, yeasts, protozoans, mites,
and viruses (Gilliam, 1997; Cox-Foster et al., 2007; Evans
and Schwarz, 2011).

The gut bacteria of insects are known to be essential for
host nutrition and defence against pathogens (Dillon and
Dillon, 2004), and therefore, it is thought that the health
status of the host can be monitored by observing the micro-
bial communities in the guts, as revealed by the human gut
microbiome studies (Turnbaugh et al., 2008; Armougom et
al., 2009). Recent studies have shown that several character-
istic bacterial groups occupy most of the bacterial commun-
ities in the guts of honey bees and bumble bees (Mohr and
Tebbe, 2006; Koch and Schmid-Hempel, 2011a; Martinson
et al., 2011), and some of the groups may contribute to the
host defence against known bee pathogens (Koch and Schmid-
Hempel, 2011b). The simple bacterial communities in the
honey bee guts contrast with those in the human guts
(Rajili¢-Stojanovié et al., 2007; Nam et al., 2011), and this
may be attributed to their simple food requirements of nectar
and pollen (Winston, 1987). The former provides carbohy-
drates in the form of sugars, and the latter, protein, lipids,
vitamins, and minerals.

Two honey bee species are reared in Korea: the Asian
honey bee, Apis cerana, and the European honey bee, Apis
mellifera. In 2008, the number of A. cerana hives in Korea
accounted for only 22.7% of all hives (Lee et al., 2010). This
is because A. cerana produces less honey, has a high rate of
swarming and absconding, and lacks established beekeeping
methods. However, the honey produced by A. cerana sells
at a higher price than that by A. mellifera due to its rarity in
Korea.

In this study, we investigated the bacterial communities in
the guts of the adult honey bee and the larvae of the two
honey bee species collected in Korea, by pyrosequencing their
16S rRNA genes. For adult honey bees, the bacterial com-
munities in both the midguts and hindguts were surveyed.
Most digestion and absorption occur in the midgut (ventri-
culus), and solid wastes are then passed through the intes-
tine to the hindgut (rectum) for excretion (Winston, 1987).
Because most of the studies on the bacterial symbionts of
honey bees have focussed on A. mellifera, this study will
provide new insights into the symbionts of the Asian coun-
terpart. In addition, the ultra-deep sequencing enabled by
pyrosequencing is expected to provide more comprehensive



I /36 Ahnetal

and quantitative information about the beneficial or harmful
bacterial symbionts of honey bees than that provided by
previous studies based on terminal restriction fragment
length polymorphism (T-RFLP) (Babendreier et al., 2007;
Disayathanoowat et al., 2012), single-strand conformation
polymorphism (SSCP) (Mohr and Tebbe, 2006), or 16S rRNA
gene clone library analysis (Martinson et al., 2011).

Materials and Methods

Sample collection and DNA extraction

The adult honey bees (n=40 for A. cerana and n=30 for A.
mellifera) and the larvae (n=20 for each species) were col-
lected from an apiary in the Rural Development Administra-
tion, Suwon, Korea on June 2, 2011. The hives of A. cerana
and A. mellifera were separated by about 10 m and sam-
pling was performed on one hive per honey bee species.
Each sample was collected into 100% ethanol, and then im-
mediately transferred to a nearby laboratory for DNA extrac-
tion. For surface sterilisation, samples were suspended in 70%
ethanol, 5% sodium hypochlorite, and then sterile water
for 1 min each. The guts of the adult honey bees were iso-
lated from the abdomen with sterile forceps, and the midguts
and hindguts were separated with a sterile scalpel. The larvae
were dissected with sterile forceps, and the whole gut was
isolated. The gut samples of the same type (larval guts, adult
midguts or adult hindguts from each honey bee species)
were immediately transferred to a Lysing Matrix E tube
provided in the FastDNA SPIN Kit for Soil (MP Biomedicals),
and DNA was extracted according to the manufacturer’s
instruction.

16S rRNA gene PCR and pyrosequencing

Amplification, purification, and pyrosequencing of partial
bacterial 16S rRNA gene sequences were performed at
Chunlab, Inc (Seoul, Korea), as previously described (Chun
et al., 2010) with the primer pair V1-9F/V3-541R and the
following touchdown PCR protocol: initial denaturation at
94°C for 5 min, followed by 10 cycles at 94°C for 30 sec,
60°C for 45 sec, and 72°C for 90 sec, in which the annealing
temperature was reduced by 0.5°C/cycle from the preced-
ing cycle, followed by 20 cycles of 94°C for 30 sec, 55°C for
45 sec, and 72°C for 90 sec.

Processing of pyrosequencing data

The removal of PCR and pyrosequencing errors was per-
formed using the PyroNoise algorithm (Quince et al., 2011)
implemented in the Mothur software package (version 1.22.1)
(Schloss et al., 2009) and the modified otupipe script [version
1.1.9, a pipeline based on USEARCH (Edgar, 2010) and
UCHIME (Edgar et al., 2011) (http://drive5.com/otupipe)].
Briefly, the pre-filtered flowgrams of the pyrosequencing
reads of each sample were clustered using the PyroNoise
algorithm, and the modified otupipe script was run to remove
chimeric sequences (minimum size of the cluster=1, identity
threshold=98, alignment by the Needleman-Wunsch algo-
rithm, and the final clustering procedure was omitted). Then,
the sequences were trimmed to the first 300 bp with refer-

ence to the sequencing primer in order to reduce the error
rate (Gilles et al., 2011; Schloss et al., 2011). Several chi-
meric sequences were further identified on the basis on the
results of BLAST analysis (Altschul et al., 1997). The quali-
fied sequences from each sample were merged, and the
pair-wise distances were calculated using the pairwise.seqs
command in the Mothur package, which aligns two sequences
by the Needleman algorithm. Sequences were then clustered
to operational taxonomic units (OTUs) at the cut-off of 97%
similarity by the average neighbour algorithm.

When the above pipeline was applied to a raw pyrosequenc-
ing data set (SRR042616 in the NCBI sequence read archive)
obtained from a mock community, which consisted of 20
different bacterial genomic DNAs (Schloss et al., 2011), we
obtained 26 OTUs, which consisted of 18 Goods (OTUs
containing reference sequences and pyrosequencing reads),
2 Misses (OTUs containing only reference sequences), and
6 Noises (OTUs containing only pyrosequencing reads).

Phylogenetic analysis

The representative sequences for each OTU and closely re-
lated sequences in GenBank were imported into the ARB
software package (version 5.2) (Ludwig et al., 2004) loaded
with the SILVA 16S rRNA database (SSURef-108) (Pruesse
et al., 2007). Sequences were aligned using the SINA aligner
(version 1.1) (Pruesse et al., 2007), if absent from the data-
base. Nearly full-length sequences (>1,300 bases) were used
for the construction of the initial tree by using the maxi-
mum-likelihood algorithm (Phylip) and the positional var-
iability filter for Bacteria provided with the ARB package.
The shorter sequences from this study (398-501 bases) were
added to this tree by using the ARB parsimony tool, which
allowed the addition of short sequences to phylogenetic
trees without changing global tree topologies (Ludwig et
al., 1998). The alignments of the nearly full-length sequences
were exported to the MEGA program (version 5.0) (Tamura
et al., 2011), and the bootstrap values were calculated using
the maximum-likelihood algorithm. Taxonomic assignment
to each OTU was performed on the basis of the above phy-
logenetic analysis and the classifier tool in the RDP release
10 (http://rdp.cme.msu.edu/classifier). The OTUs assigned
to the chloroplasts or mitochondria were removed from
subsequent analysis.

Hierarchical clustering using Fast UniFrac

A maximum-likelihood tree was constructed using the rep-
resentative sequences for each OTU and the MEGA program
(version 5.0). The resulting tree and the number of reads
per OTU were imported into the Fast UniFrac environment
(http://bmf.colorado.edu/Fast UniFrac/) (Hamady et al.,
2009). Weighted Fast UniFrac distance measures between
the gut samples were calculated, and a UPGMA dendrogram
was constructed on the basis of the distance measures.
UniFrac significances were also calculated using 1,000 per-
mutations to compare the microbial communities.

DNA sequence data

Raw pyrosequencing data is available in the NCBI Sequence
Read Archive under the accession number SRP010401. The
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Table 1. Summary of the pyrosequencing data from the honey bee gut samples

Apis cerana Apis mellifera
Larvae Midgut® Hindgut® Larvae Midgut® Hindgut®
Number of reads 1,999 1,852 2,598 6,164 3,626 5,135
Good’s coverage 1.0 1.0 1.0 1.0 1.0 1.0
Number of OTUs 6 18 20 9 20 18

* The midguts and hindguts were obtained from the adult honey bees.

representative sequences for each OTU were deposited under
the accession numbers JQ437498-JQ437535.

Results

Overview of the bacterial diversity in honey bee guts

Table 1 shows the summary of the pyrosequencing data ob-
tained from the honey bee gut samples. Although the number
of pyrosequencing reads differed considerably among the
samples (from 1,852 to 6,164), Good’s coverage values (Good,
1953) were 1.00 for all the samples, indicating that direct
comparison of bacterial diversity was possible without nor-
malization of the read numbers. The number of OTUs was
larger in adult honey bee guts (18 or 20) than in the larval
guts (6 or 9) for both honey bee species.

The abundances and taxonomic affiliations of OTUs are
shown in Fig. 1, in which minor OTUs are not labelled for
simplicity. The abundances of all OTUs are presented in
Supplementary data Table S1. Figure 1 indicated that: (1)
Proteobacteria and Firmicutes dominate honey bee guts
(91.7-100.0%); (2) the proportions of Proteobacteria are
generally large in the larval guts (77.4-97.1%) compared to
those in the adult honey bee guts (13.3-81.1%); (3) in the
adult honey bee guts, the order Lactobacillales generally
dominates (17.0-84.2%); (4) the bacterial communities in
the midguts and hindguts of A. cerana are similar to each
other, but they are considerably different in the case of A.
mellifera; (5) several taxonomic groups are present exclu-
sively, or in much higher frequencies, in only one of the two
honey bee species (Lactococcus, Spiroplasma, Enterobacteri-
aceae, and Flavobacteriaceae in A. cerana; Lachnospiraceae
and Bifidobacterium in A. mellifera).

Figure 2 shows the similarities between the bacterial com-
munities from the different honey bee gut samples based
on the weighted Fast UniFrac analysis, which accounts for
changes in relative abundance of lineages between different
communities. The samples were divided into two clusters,
one containing the larval guts of both species and the midgut
of adult A. mellifera, and the other containing the two gut
sections of adult A. cerana and the hindgut of adult A.
mellifera. The UniFrac significance test also indicates that
the bacterial communities within one cluster are not different
from each other but generally differ from those within the
other cluster (P<0.001). This result indicates that the bacterial
communities in larval guts are significantly different from
those in adult guts. It also indicates that the bacterial com-
munities in the midguts and hindguts of A. cerana are similar
to each other but the bacterial communities in the midguts
of A. mellifera are more similar to those in the larval guts
than to those in the hindguts, as revealed by the taxonomic

distributions (Fig. 1). The latter fact suggests that the in-
testinal system of A. mellifera may be more specialised than
that of A. cerana.

Members of the bacterial communities in honey bee guts

The phylogenetic positions of each OTU are presented in
Figs. 3 and 4. Among the total of 38 OTUs obtained from
the six gut samples, 25 OTUs showed high 16S rRNA gene
similarities (= 97%) with clones or isolates found in honey
bees and bumble bees in previous studies (indicated by as-
terisks in Figs. 3 and 4). In addition, all eight phylotypes
defined as representative bacterial sequences from honey
bee guts (Martinson et al., 2011) were recovered in this
study (indicated at the corresponding nodes in Figs. 3 and 4).
Tentative cluster names were given based on shared taxo-
nomic assignments to OTUs within the cluster.

Ten OTUs were assigned to cluster 1 and clustered with
the bacterial isolates and clones from honey bees, bumble
bees, aphids, beetles, and fruit flies found in previous studies
(Fig. 3). Pair-wise similarities between these OTUs ranged
from 93% to 98%. Among these OTUs, OTU1 was recovered
in all gut samples of both honey bee species in relatively high
frequencies (4.4-45.1%), while OTU7 and OTUS8 occurred
mainly in the guts of A. cerana, and OTU4 and OTU10 in
the guts of A. mellifera (Fig. 1). Taken together, the OTUs
within this cluster occupied 55.6-76.9% in the larval guts
and 5.1-48.9% in the adult guts. The phylogenetic analysis
showed that this cluster is related to the family Pasteurella-
ceae (Fig. 3). Members of the family Pasteurellaceae are ob-
ligate parasites in vertebrates (primarily mammals and
birds), and some are important human and animal pathogens
(Korczak et al., 2004). In contrast, the members of cluster 1
appear to prefer insects as their hosts, as previously suggested
(Martinson et al., 2011). Both respiratory and fermentative
forms of metabolism are found among the members of the
family Pasteurellaceae (Garrity et al., 2005), including the
only type strain within cluster 1, Orbus hercynius. A recent
study has shown that strain W08.001, affiliated with this
cluster, may play a role in protecting bumble bees against
an intestinal parasite (Volkmann et al., 2010; Koch and
Schmid- Hempel, 2011b).

Four Enterobacteriaceae-related OTUs (Fig. 3, cluster 2)
occurred mainly in the guts of adult A. cerana (Fig. 1). They
were clustered with the bacterial clones or isolates from
honey bees, stink bugs, plant, and humans. The Pseudomo-
nadaceae-related OTU15 (Fig. 3, cluster 3) was detected only
in the guts of adult A. mellifera (~0.6%). The close relatives
(299%) to OTU15 in GenBank were only the sequences
obtained from A. mellifera (Babendreier et al., 2007), sug-
gesting its close association with honey bees. The Neisseri-
aceae-related OTU16 (Fig. 3, cluster 4) occupied 5.3% and



e /38 Ahnetal

nBpury
esojijjow sidy

inbpuiy
Buelad sidy

(€)]

(9)

(110Z “Jv 32 AOPUQ) (7 BUOIY SUISN PAIINISUOD 212M SUIBLD 214 "Paj[2qe] 10U a1am s 1,0 1outy “Ayodidus 10g
pasde|[od a1am S[IAI] JIWOUOXE] IWIOG “1IYISSE]D J(IY PUE (F pue ¢ s8iq) sisdjeue onauafopdyd jo siseq ayy uo pauniopad aram suonesyisse)) () v4afijjaw “y yMpe jo MSpury ayy pue () vaafijau *y ympe jo
Sprur ) () deae| vaafijjous 'y Jo 18 ay) (D) puw.a2 *y INpe Jo Spury ay) (g) vuvsa? *y INPe Jo INSpIu aY) () AeATe] vup.) 'Y J0 NS Y UL SHNUNUILOD [ELIAIIRQ U] JO SUOHNQLISIP S1wouoxe], *| *Biy

:

SnipeqojIe]

nBpiw

o
fo
f

esayljjow sydy

@

(a

(@

aense| |
euesad sidy ¥

(v)



0.05

30.5% in the midguts of A. cerana and A. mellifera, respec-
tively; their abundance decreased to 0.7% and 2.9% in the
hindguts of both species, respectively (Fig. 1). This obser-
vation indicates that the OTU16 may prefer the environ-
mental condition of the midgut to that of the hindgut.

OTU18 was assigned to the genus Bartonella (Fig. 3, cluster
6) and occupied the highest proportion in the larval gut of
A. cerana (41.4%), but was only a minor member in the other
gut samples (<0.8%) (Fig. 1). Bartonella spp. are facultative
intracellular pathogens in a variety of mammals (Minnick
and Anderson, 2006). However, OTU18 appeared to be non-
pathogenic to honey bees because the closely related se-
quences (299%) were frequently found in seemingly healthy
honey bees with high proportions (about 10-30%) in pre-
vious studies (Jeyaprakash et al., 2003; Babendreier et al.,
2007; Martinson et al., 2011).

The Acetobacteraceae-related OTU21 (Fig. 3, cluster 8) oc-
cupied 8.4% and 3.0% in the hindguts of A. cerana and A.
mellifera, respectively, and was not detected in the midguts
of either species (Fig. 1), suggesting that the hindgut pro-
vides more favourable conditions for OTU21 than does the
midgut. Recent studies have shown close symbiotic rela-
tionships between acetic acid bacteria (AAB) of the family
Acetobacteraceae and insects that rely on sugar-based diets
such as nectar and fruit sugars (Crotti et al., 2010). The fre-
quent occurrence of these bacteria in the insect digestive
system was attributed to the aerobic environment, acidic pH,
and presence of diet-derived sugars in this niche. Because
known members of AAB are obligate aerobes (Kersters et
al., 2006), the hindguts of the honey bees are thought to be
relatively aerobic compared to the midguts.

Eight OTUs were assigned to the genus Lactobacillus (Fig. 4,
cluster 9) and occupied 0.7-2.9% in the larval guts, 17.0-
19.2% in the midguts of adult honey bees, and 50.9-84.2%
in the hindguts of adult honey bees (Fig. 1). The pair-wise
similarities between these OTUs ranged from 82% to 98%.
0OTU24, OTU26, and OTU27 occupied 95.8-99.8% of the
Lactobacillus-related sequences in the adult honey bee guts
(Fig. 1). OTU26 and OTU27 showed a close phylogenetic
association (Fig. 4, cluster 9), and closely related clones and
isolates were frequently found in honey bees and bumble
bees, and were present in high proportions in previous
studies, indicating that these OTUs are important residents
in the guts of honey bees. One strain isolated from A. melli-
fera, Bma5 (97% and 99% similar to OTU26 and OTU27,
respectively), showed a strong inhibitory effect against Paeni-
bacillus larvae, the causal agent of American foulbrood
(AFB) (Olofsson and Vasquez, 2008; Forsgren et al., 2010).
Another putative Lactobacillus sp., OTU24, occupied 42%
of the bacterial communities in the hindguts of A. mellifera,

Midguts of Apis mellifera
— Larvae of Apis mellifera
Larvae of Apis cerana
Hindguts of Apis mellifera

{ Midguts of Apis cerana
Hindguts of Apis cerana
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Fig. 2. A UPGMA dendrogram based on the weighted
pair-wise Fast UniFrac distances between the bacterial
communities of the honey bee gut samples.

and was also detected in the guts of adult A. cerana (0.8-2.9%)
(Fig. 1). Highly similar sequences (299%) were also recov-
ered from honey bees in high frequencies in previous stud-
ies; a strain showing a high 16S rRNA gene similarity with
OTU24 (99%), Hon2, has also been reported to have a strong
inhibitory effect against P. larvae (Olofsson and Vasquez,
2008; Forsgren et al., 2010). OTU22 and OTU29 were re-
covered only in A. mellifera guts (Fig. 1). OTU29 showed
high 16S rRNA gene sequence similarities (299%) to L.
kunkeei YH-15" (Y11374) and L. kunkeei Fhon2, isolated
from wine (Edwards et al., 1998) and honey bees (Olofsson
and Vésquez, 2008), respectively.

OTU30 occupied 40.2% and 10.1% in the midgut and
hindgut of A. cerana, respectively, but was not detected in
the guts of A. mellifera. OTU30 matched exactly with the
16S rRNA gene sequence of Lactococcus lactis subsp. lactis
NCDO 604" (AB100803) (Fig. 4, cluster 10). L. lactis is the
most important organism in the manufacturing of fermented
milk products; many strains have been isolated from fer-
mented dairy products, raw milk, bovine intestine, and
plant material (Klijn et al., 1995; Teuber and Geis, 2006),
and are also found in fish (Itoi et al., 2008, 2009; Pérez et al.,
2011) and other insects (Schultz and Breznak, 1978; Bauer
et al., 2000; Graber and Breznak, 2005; Morales-Jiménez et al.,
2009). A previous study showed that L. lactis-related species
predominate in the guts of termites (Bauer et al., 2000).
However, to our knowledge, this is the first report that L.
lactis-related sequences have been recovered from the gut
of honey bee. Hence, it is interesting how the presence of
the close relatives of L. lactis in the guts of A. cerana sampled
in this study affects the nutritional value of the honey and
bee bread, because these honey bee products are consid-
ered a food product fermented by the lactic acid bacteria
(LAB) in the honey bee stomach (Human and Nicolson,
2006; Vasquez and Olofsson, 2009).

OTU31 was affiliated with the genus Spiroplasma (Fig. 4,
cluster 11). The major habitats of Spiroplasma, which belongs
to the class Mollicutes, a wall-less and obligately parasitic
group, are insects and plants (Brown, 2010). OTU31 ex-
hibited 99% 16S rRNA gene similarity to Spiroplasma apis
B31T (M23937), which was the causal agent of a lethal in-
fection of honey bees (known as May disease) (Mouches et
al., 1984). S. apis and S. melliferum, another honey bee patho-
gen, cross the insect-gut barrier, reach the haemolymph,
multiply there, and kill the bees (Clark et al., 1985; Bové,
1997). The OTU31 was recovered in higher frequencies from
the adult A. cerana guts (2.1-4.8%) than from the adult A.
mellifera guts (~0.2%) in this study (Fig. 1).

The Lachnospiraceae-related OTU33 (Fig. 4, cluster 13)
was recovered in a significant proportion (21.9%) only from
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OTU1* (JQ437498)
clone SHOG727 (HM113332) [honey bee, Apis mellifera]
— OTUZ2* (JQ437514)
0.05 clone HBG_AS5V8-1 (DQB37603) [German honey bee, Apis mellifera mellifera)
clone pAJ206 (AY370192) [Cape honey bee, Apis mellifera capensis]
OTU3* (JQ437518)
clone SHOAG70 (HM112068) [honey bee, Apis meillifera)
strain Acj 201 (AB480768) [Japanese honey bee, Apis cerana japonica]
clone ACW_M4 (HM046574) [Indian honey bee, Apis cerana indica)
strain Trm1 (EF187248) [honey bee, Apis mellifera)
Gamma-1 OTU4* (JQ437527)
TUS (JQ437517) 1. Pasteurellaceae
OTUG (JQ437528) -related group
OTUT* (JQ437509)
strain W08.001 (JF813790) [buff-tailed bumble bee, Bombus terrestris]
strain Acj 122 (AB480765) [Japanese honey bee, Apis cerana japonica)
OTU8* (JQ437506)
OTU9* (JQ437531)
Gamma-2 clone (EU348326) [aphid, Stomaphis cupressi]
strain LvLi2 (EF187250) [honey bee, Apis mellifera)
OTU10* (JQ437499)
clone HBG_B1V3-1( DQ837610) [German honey bee, Apis mellifera mellifera)
Orbus hercynius CN3' (FJ612598) [wild boar]
clone PCC-74 (EF608532) [beetle, Poecilus chalcites)
clone XDE_O77L (JN420475) [fruit fly, Drosophila sp.]
_: Phocoenobacter uteri M1063U" (X89379) [harbor porpoise, Phocoena phocoena)
Pasteurella mairii CCUG 27189' (AF024532) [porcine fetus]
OTU11* (JQ437525)
clone ACP_C8 (HM046578) [Indian honey bee, Apis cerana indical
Enterobacter amnigenus JCM 1237' (AB004749) [soil]
clone F_CO06full (FJ626251) [beetle, Sphenophorus levis]
0oTuU12 (JQ437521) .
g?;?;fiﬁﬁ:;;g; 105566 (AJ508301) [Homo sapiens] 2 Entercbacteriaceae
clone AMW D6 (HM046566) [German honey bee, Apis mellifera mellifera) -related group
Klebsiella oxytoca JCM 1665' (AB0O04754) [pharyngeal tonsil]
— Erwinia chrysanthemi DSM 4610' (AJ233412) [plant]
Brenneria quercina LMG 2724' (AJ223469) [plant]
0OTU14 (JQ437534)
clone nk-2010-akg10 (AB541010) [stink bug, Cantao ocellatus gonad]
OTU15* (JQ437532)
_Ene HBG B1V3-4 (DQ837615) [German honey bee, Apis mellifera mellifera)|3- PSeudomonadaceae
clone BJ07228A2 (HM215023) [bufi-tailed bumble bee, Bombus terresiris] -related group
_:Azofobacrsr beijerinckii ICMP 8673' (AJ308319) [activated sludge]
Pseudomonas indica IMG 37" (AF302795) [soil]
Bet clone SHOAT13 (HM112094) [honey bee, Apis mellifera]
o clone AMP B2 (HMOO08719) [German honey bee, Apis mellifera mellifera)
OTU16* (JQ437500) 4. Neisseriaceae-related group
Simonsiella muelleri ATCC 28453' (ADCY01000105) [Homo sapiens]
Neisseria animaloris LMG 23011' (DQ006842) [dog bite wound]
OTU17 (JQ437526 .
O e omax paracous 1AM 12373' (D88006) (soi] | 5+ Variovorax-related group
Alpha-1 OTU18* (JQ437504)
clone HBG A4R5-2 (DQB37624) [German honey bee, Apis mellifera mellifera)
clone SHAIO7S (HM108430) [black dwaT honey bee, Apis andreniformis] 6. Bartonella-related group
Bartonella chomelii AB28' (AY254309) [even-toed ungulates, Bos faurus]
Bartonella doshiae R18" (Z31351) [vole, Microtus agrestis)
Methylocystis parvus OBBP' (Y18945) [peat bog)
OTU19 (JQ437510) 7. Methylocystis/Methylobacterium-
Methylobacterium variabile GR3' (AJ851087) [drinking water] related group
Alpha-2 0OTU20 (JQ437516)
clnoe SHOAT43 (HM112118) [honey bee, Apis mellifera)
clone pAJ205 (AY370188) [Cape honey bee, Apis mellifera capensis] 8. Acefobacteraceae

oTu21* (JQ437507) &
Acetobacter syzygii 9H-2' (AB052712) [Malay rose apple, Syzygium malaccense] related group

Gluconacetobacter hansenii NBRC 14820' (AB166736) [vinegar]

Fig. 3. Phylogenetic tree of sequences obtained in this study (in bold) affiliated with Proteobacteria, inferred by maximum-likelihood analysis. Only one
representative sequence for each OTU was included in the tree. Asterisks indicate the high similarities (=97%) to the bacterial 16S rRNA gene sequences
obtained from honey bees or bumble bees in previous studies. Eight phylotypes defined in the previous study (Martinson et al., 2011) are indicated at the
corresponding nodes with arrows. The black spots on the tree nodes indicate bootstrap support above 90% based on 1,000 iterations. The scale bar in-
dicates a 0.05 estimated change per nucleotide. The isolation sources or host names (common or scientific) are indicated in square brackets, if known.
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i 0TU22* (JQ437530)
Firm-4 strain Bind (EF187245) [honey bee, Apis meliifera)
clone SHOAB36 (HM112042) [honey bee, Apis mellifera)
strain F7 (EU753690) [honey bee, Apis mellifera)
0oTU23* (JQ437511)
clone ACW US (HM046576) [Indian honey bee, Apis cerana indica]
0TU24" (JQ437502)

P |: OTU25* (JQ437523)
0.05 clone HBG_B1V3-3 (DQB37631) [German honey bee, Apis meflifera mellifera)
clone ACW_Z3 (HM046582) [German honey bee, Apis mellifera mellifera)
OTU26* (JQ437501)

. ] clone SHOGS526 (HM113174) [honey bee, Apis mellifera] 9. Lactobacillus
Firm-5 ™%  strain Bmas (EF187242) [honey bee, Apis mellifera] -related group
clone HBG_B1V1-3 (DQB837636) [German honey bee, Apis mellifera mellifera)
OTU27* (JQ437503)
OTU28* (JQ437512)

Lactobacillus helveticus DSM 20075' (ACLMO01000202) [emmental cheese]
Lac ius fi is TV1018' (Y18654) [Homo sapiens)
Lactobacillus amylotrophicus LMG 11400' (AM236149) [swine waste-corn fermentation]

Lactobacillus kunkeei YH-15' (Y11374) [grape juice]
' Lactobacillus kunkeei Fhon2 (EF187239) [honey bee. Apis mellifera]

clone SHOC724 (HM112753) [bee, Diadasia opuntiae)

:’ 0OTU29* (JQ437533)
—e '—— Lactobacillus farraginis NRIC 0676' (AB262731) [composting distilled shochu residue]
Lactobacillus dextrinicus JCM 5887' (D87679) [silage]
Lactococcus lactis subsp. lactis ACE002 (AB469872) [Amur catfish, Silurus asofus]
Lactococcus lactis subsp. lactis NCDO 604" (AB100803) :
Lactococcus lactis ZFX-2 (AY789461) [termite, Zootermopsis angusticollis] 10. Lactococeus lactis
— OTU30 (JQ437508) -related group
clone TS55 a03d03 (FJ370006) [Homo sapiens]
OTU31* (JQ437535)
Spiroplasma apis B31' (M23837) [honey bee, Apis meliifera]
Spiroplasma melliferum BC-3' (AY325304) [honey bee. Apis mellifera]
Mycoplasma bovis PG45' (U02968) [bovine mastitis]
Erysipelothrix rhusiopathiae ATCC 19414' (ACLK02000002) [spleen of pig with endocarditis]

0OTU32 (JQ437515)
clone 16slp77-09d12.p1k (FJ510978) [Homo sapiens] 12. Turicibacter-related group
Turicibacter sanguinis MOL361' (AF349724) [Homo sapiens)

— Alicyclobacillus sendaiensis NTAP-1" (AB084128) [soil]
Clostridium colinum DSM 6011" (X76748) [chicken)
clone CAL1G02 (GQ326959) [rumen]
clone TaHc101 (EF176856) [crane fly, Tipula abdominalis]
OTU33 (JQ437505) 13. Lachnospiraceae
Cellulosilyticum lentocellum DSM 5427' (X76162) [river sediment with paper mill waste] —related group
Clone GDIC2IK01EAPVE (JF564247) [methanogenic enrichment of carrot waste]
OTU34 (JQ437519)
Clostridium jejuense HY-35-12" (AY494608) [soil]
Butyrivibrio fibrisolvens NCDO 2221' (X89970) [rumen]
) Bifidobacterium asteroides CCUG 24607' (EF187235) [honey bee, Apis mellifera] . .
Bifido strain Amsbbt12 (HM534858) [honey bee, Apis mellifer) 14. Bifidobacterium
OTU35* (JQ437524) -related group
clone pAJ207 (AY370184) [Cape honey bee, Apis meliifera capensis)]
Actinomyces europaeus CCUG 32789A" (Y08828) [Homo sapiens]
Microbacterium natoriense TNJL143-2' (AY566291) [soil]
:Acfﬂr’nﬁcmba’um ferrooxidans DSM 10331' (U75647) [hot-spring run-off]
Nlumatobacter fluminis YM22-133' (AB360343) [sediment]

OTU36 (JQ437513) )
clone FFCH5337 (EU132562) [sail] 15. Gaiellaceae-related group
Gaiella occulta F2-223' (JF423906) [deep mineral water aquifer]

Thermoleophilum album ATCC 35263' (AJ458462) [mud from thermal environment]
OTU37 (JQ437529 ;
e FFCH{3473 {EU133}966} _— | 16. Unclassified group
clone Elev_165_604 (EF019377) [trembling aspen rhizosphere]
clone TK30 (AJ347041) [sponges, Aplysina aerophoba]

0OTU38* (JQ437522)
clone HBG A2V3-4 (DQB37639) [German honey bee, Apis mellifera meliifera]|17. Flavobacteriaceae
clone BJO7179A4 (HM215037) [garden bumble bee, Bombus horforum] -related group
Wautersiella falsenii NF 993' (AMO084341) [Homo sapiens]
Chryseobacterium scophthalmum LMG 13028" (AJ271009) [turbot]
Sphingobacterium canadense CR11' (AY787820) [corn root]
Bacteroides vulgatus ATCC 8482' (CP000139) [human faeces]
Niastella yeongj is GR20-13' (DQ244076) [soil cultivated with Korean ginseng]

11. Spiroplasma
-related group

Fig. 4. Phylogenetic tree of sequences obtained in this study (in bold) affiliated with Firmicutes, Tenericutes, Bacteroidetes, and Actinobacteria, inferred by
maximum-likelihood analysis. For further details, see the legend in Fig. 3.



I /42 Ahnetal

the larval gut of A. mellifera (Fig. 1). The species of this
family are obligate anaerobes (Rainey, 2009), and the envi-
ronmental sequences affiliated with this family were found
almost exclusively in the guts (Tamames et al., 2010). The
excretory tubules and the midguts of honey bee larvae are
closed off until feeding is completed, and open just shortly
before pupation for defecation (Winston, 1987). This may
provide a relatively anaerobic condition in the larval gut
compared to the adult gut.

OTU35 showed high 16S rRNA gene sequence similarities
(299%) to Bifidobacterium spp. isolated from honey bees
(Fig. 4, cluster 14) and occurred in higher frequencies in
the guts of adult A. mellifera (1.6-3.9%) than in the guts of
adult A. cerana (0.1-0.4%) (Fig. 1). Three Bifidobacterium
species were isolated from the guts of honey bees, and B.
asteroids (99% similar to OTU35) were the only species
found in the A. mellifera gut (Biavati and Mattarelli, 2006).
Bifidobacterium spp. are anaerobic, fermentative, and lactic
acid-producing bacteria, although some species are toler-
ant to oxygen.

The Flavobacteriaceae-related OTU38 (Fig. 4, cluster 17)
was recovered mainly from the guts of adult A. cerana
(1.7-3.5%, Fig. 1). The close relatives to OTU38 (296%) in
GenBank were recovered only from honey bees and bumble
bees through culture-independent studies (Babendreier et
al., 2007; Koch and Schmid-Hempel, 2011a). Most members
of the family Flavobacteriaceae are aerobic, although several
species prefer microaerophilic conditions (Bernardet and
Nakagawa, 2006).

The OTUs affiliated with Variovorax, Methylocystis, Methy-
lobacterium, Turicibacter, or Gaiellaceae (Figs. 3 and 4) were
recovered in low frequencies (£0.4%) from the honey bee gut
samples, and had no close relatives associated with honey
bees in GenBank. Therefore, it is thought that these OTUs
are not stable members in the guts of honey bees, but only
transiently introduced with food or during the experimental
procedure.

Discussion

All eight representative bacterial phylotypes harboured by
the guts of honey bees from Australia, Germany, South Africa,
Sweden, Switzerland, and the United States (Martinson et
al., 2011) were identified in the bacterial communities of the
honey bees sampled in this study, most of them as dominant
members. This result supports the previous hypothesis that
honey bees have a co-evolved symbiotic relationship with a
few specific bacterial groups (Martinson et al., 2011).

Most notably, the Pasteurellaceae- and LAB-related OTUs
were the most dominant in all the gut samples, occupying
58.6-89.3% of the gut bacterial communities (Fig. 1). The
beneficial effects of LAB, including Bifidobacterium spp., on
the health of their hosts have been widely studied, including
the regulation of the gut microflora, production of anti-
microbial substances, enhancement of the immune system,
and production of vitamins (Biavati and Mattarelli, 2006),
while almost nothing is known about the roles played by
the Pasteurellaceae-related OTUs in honey bees (Koch and
Schmid-Hempel, 2011b). However, these OTUs must have

an inseparable association with insects including honey bees,
considering that they were recovered almost exclusively
from insect guts.

The above result also confirms the previous observation that
the bacterial communities of honey bee guts are generally
dominated by facultatively aerobic or aerotolerant bacteria,
indicating that honey bee guts are not strictly anaerobic
(Mohr and Tebbe, 2006). The putative strict anaerobes (Lach-
nospiraceae-related OTU33) or strict aerobes (Acetobacter-
aceae-related OTU21) were present only in specific gut sam-
ples, indicating that these gut samples may provide the cor-
responding conditions, at least within some parts of the gut
samples.

Despite this general pattern of dominance, the relative
abundances of some OTUs markedly differed from sample
to sample, and several OTUs were sample-specific. Many
factors such as the presence of specialised structures, pH,
redox conditions, digestive enzymes, and type of food can
affect the bacterial communities in the gut (Dillon and Dillon,
2004).

It is known that the eggs of honey bees are usually free of
microorganisms because of the various antimicrobial systems
of bees and their food (Gilliam, 1997). A recent work showed
that most of the healthy A. mellifera larvae did not yield a
PCR product with the universal bacterial primers while
most of the larvae infected with European foulbrood yielded
one (Martinson et al., 2012). In this study, the bacterial se-
quences were recovered from the larval guts although the
number of OTUs in the larval guts was smaller than in the
adult guts (Table 1). One explanation for the difference is
that the honey bee colonies used in this study might not be
in a good health status and the antimicrobial systems might
not work properly (also see below). Otherwise, the larvae
might be in process of acquiring the gut microbiota. In such
a case, the bacterial diversity in the larval guts is thought to
increase as they grow through contact with nurse bees and
ingestion of contaminated food.

The abundances of the Pasteurellaceae-related OTUs were
higher in the larval guts, while those of the LAB-related OTUs
were generally higher in the adult guts (Fig. 1). The rela-
tively high abundances of the LAB-related OTUs in adult
honey bees in this study are in accordance with previous
studies (Mohr and Tebbe, 2006; Disayathanoowat et al., 2012).
Mohr and Tebbe (2006) attributed this observation to the
difference in the major food source (pollen for larvae and
nectar for adults) and more acidic pH conditions in adult
guts than in larval guts. The latter hypothesis is supported
by the presence of the Acetobacteraceae-related OTU2I,
another acidophilic group, in adult guts and their absence
in larval guts (Fig. 1).

It may be important to identify the reason for the low oc-
currence of LAB in the larval guts because colonisation of
the larval midgut is thought to be one of the key steps in
the pathogenesis of Paenibacillus larvae, and honey bee LAB
showed strong antagonistic effects against this pathogen
(Forsgren et al., 2010), but some members of the Pasteure-
llaceae-related OTUs did not (Yoshiyama and Kimura, 2009).
Chandler et al. (2011) observed that the Pasteurellaceae-related
OTUs and the LAB-related OTUs are also the dominant
bacterial members in the guts of Drosophila sp., and these



two groups generally show a pattern of reciprocal abundance,
suggesting competitive interaction between them.

Ultra-deep sequencing performed in this study also showed
the presence of bacterial groups specific for a honey bee
species. Bartonella-, Lactococcus lactis-, Spiroplasma-, Flavo-
bacteriaceae-, and Enterobacteriaceae-related OTUs were
detected exclusively, or in much higher frequencies, in the
A. cerana guts, while the frequencies of Lachnospiraceae-,
Neisseriaceae-, and Bifidobacterium-related OTUs were
higher in the A. mellifera guts (Fig. 1). L. lactis and Bifido-
bacterium spp. are generally considered to be non-patho-
genic and beneficial to their hosts. The pathogenicities of
the other OTUs require more studies. Runckel ef al. (2011)
detected the sequences of S. apis and S. melliferum in the
honey bees, which coincided with the high load of the putative
pathogenic microsporidia Nosema and the presence of several
common honey bee viruses. We observed several symptoms
of sacbrood, a viral disease, which was prevalent throughout
the country at the sampling time, only in the hive of Apis
cerana. The higher frequencies of the Spiroplasma-related
OTU and Enterobacteriaceae-related OTUs, and the lower
frequency of Bifidobacterium-related OTU in adult A. cerana
guts compared with adult A. mellifera guts may be associated
with this disease, considering their pathogenic or beneficial
effects on the hosts. This suggests that the gut bacterial com-
munity structure may be used as an indicator of the health
status of honey bees. It will be interesting to study whether
the transfer of the putative beneficial bacterial groups to the
honey bee species that do not harbour those groups may
improve the health status of the honey bee species or the
quality of the honey, for example, the transfer of LAB-re-
lated OTUs to the larvae.

Although the present study was based on a one-time sam-
pling, it substantiated the previous observation that honey
bee guts are dominated by several specific bacterial groups,
and also showed that the relative abundances of some OTUs
could be markedly changed depending on the developmental
stage, the location within the gut, and the honey bee species.
Continuous monitoring of the gut bacterial communities
of honey bees is needed to explain the community varia-
tions, with a particular emphasis on the relationship between
the gut bacterial community and honey bee health. In ad-
dition, the isolation and characterisation of yet uncultured
bacteria in the honey bee guts will be required to use them
as a “probiotic” for honey bees.
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