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Abstract

Korea’s unique climate and agricultural environment suggest that the gut microbiome of honey bees may possess distinctive compositions
influenced by regional factors. With the decline in honey bee populations and rising health challenges, understanding the role of gut micro-
biomes is essential for enhancing honey bee health and their resilience to environmental stressors. To explore caste-specific gut microbiota
and identify microbial signatures associated with honey bee health, this study examined the gut microbial composition of worker bees,
queen bees, and drones of Apis mellifera using 16S rRNA gene amplicon sequencing. Analysis of beta diversity and species richness demon-
strated significant differences between worker bees and both drones and queens, with no significant differences identified between drones
and queens. Notably, Lactobacillus dominated all groups, comprising 98.6% of the drones, 95.4% of the queens, and 68.3% of the workers.
Additionally, Bombella was prominent in queens (4%), whereas Gilliamella (23%) and Frischella (4.7%) were notably enriched in workers.
Drones and queens exhibited similar gut microbiome profiles, while workers displayed distinctly different compositions. These findings
underscore the variation in gut microbiota composition and potential functional roles across honey bee castes. Such microbial distinctions
may reflect caste-specific roles and physiological demands within the colony. Future research should investigate the physiological roles of
gut microbiota and their contributions to environmental resilience, paving the way for microbiome-based strategies to promote honey
bee health. This study lays a crucial scientific foundation for conserving the honey bee ecosystem and promoting sustainable agriculture.
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Introduction ers, queens, and drones that fulfill distinct biological

Honey bees (Apis mellifera) are fundamental to ag-  roles. The health and productivity of these colonies are
riculture and ecological balance due to their vital role closely connected to internal and external factors, in-
in pollination. As a eusocial species, honey bees exhib-  cluding nutrition, immunity, and microbial symbiosis
it a caste-based colony structure consisting of work- (Kapheim et al. 2015; Copeland 2022). When it comes
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to digestion, pathogen protection, and immunological
regulation, the honey bee gut microbiota is crucial and
has a direct impact on colony survival and resilience.
(Zheng et al. 2018; Motta and Moran 2024). Howev-
er, disruptions in gut microbiota due to pesticides, in-
adequate nutrition, or infections can cause dysbiosis,
diminishing foraging efficiency, immunity, and overall
health in honey bees (Hamdi et al. 2011; Anderson and
Ricigliano 2017).

The gut microbiome, a complex community of bac-
teria, fungi, viruses, and their genetic materials, plays a
crucial role in maintaining health and colony function
(Boon et al. 2014). Joshua Lederberg initially proposed
research into microbiomes, which has advanced rap-
idly through large-scale initiatives, such as the Human
Microbiome Project (HMP) and MetaHIT (Institute of
Medicine 2009; Garcia-Lopez et al. 2019; Noor et al.
2024). These projects have highlighted the significant
impact of microbiomes on health, ecosystems, and
other aspects. Innovative methods, such as metage-
nomics and next-generation sequencing (NGS), have
revolutionized the analysis of microbiomes, enabling a
detailed examination of microbial diversity, functions,
and interactions with hosts and their environments
(Casaburi 2014; Wdjcik et al. 2023).

Korea’s varied climate zones, seasonal temperature
fluctuations, and region-specific beekeeping practices
make it a relevant location for studying how environ-
mental conditions shape honey bee gut microbiomes.
Such a regional environment may influence the gut
microbiome composition in specific ways, potentially
affecting honey bee health and resilience to stressors
(Chmiel et al. 2020). Recent studies indicate that honey
bee populations in Korea face challenges due to envi-
ronmental factors, including climate change, pesticide
exposure, habitat loss, and pathogens (Jung and Lee
2018; Min et al. 2024). These stressors reflect global
concerns about colony losses, resulting in significant
economic losses in the beekeeping industry. Current
research on honey bee gut microbiota examines its im-
pact on bee health and explores the use of microbial
symbionts in managing bee diseases.

Understanding and promoting a balanced gut mi-
crobiota is essential for protecting bee health and en-
suring the production of premium honey, a vital com-
modity for human consumption and environmental
sustainability. Honey bees with a healthy gut microbi-
ome are better able to digest food, absorb nutrients, and
maintain robust immune systems, which enables them
to forage efficiently and produce high-quality honey
(Taylor et al. 2019; El-Seedi et al. 2022). Conversely,

Shuvo M.S.H. et al. 4

disruptions in the microbiome can compromise bee
health, reduce foraging effectiveness, and negatively
impact the quantity and quality of honey produced
(El-Seedi et al. 2022).

By employing high-throughput sequencing and
bioinformatics analysis, this study focuses on the mi-
crobiome of honey bees in Korea, examining the com-
position and predictive functional profiles (using PI-
CRUSt) of gut microbiota in support of caste-specific
needs and overall colony health. This research provides
important baseline data on caste-specific gut microbio-
ta in Korean honey bees, offering insights into microbi-
ome-based strategies for enhancing colony health and
agricultural sustainability.

Experimental
Materials and Methods

Honey bee samples. Honey bees (Apis mel-
lifera) were collected from Kkul Dorae Farm,
Chungcheongnam-do, South Korea (36°28727.1"N,
126°46'55.2"E) during early summer (June—July
2023). The ambient temperature during the sampling
period ranged from approximately 16°C to 27°C. Fif-
ty-one adult honey bees were collected from nine sep-
arate colonies, including five queens, four drones, and
42 worker bees. Multiple colonies were included to ob-
tain sufficient representation for comparative analysis
among the three bee castes. About five to seven bees
were sampled from a separate colony. Bees were select-
ed based on visual health, specifically, the absence of
physical damage, signs of parasitism, or abnormal be-
havior. After capturing the live bees, they were placed
in boxes and transported to the Human Microbiome
Medical Research Center (HM-MRC), where they
were stored at —80°C for downstream processing.

Extraction of genomic DNA from honey bee gut.
To preserve sample integrity, whole bees were stored at
—-80°C. After thawing, the entire bee gut was separated
from the exoskeleton. Each bee was dissected under
sterile conditions. The isolated gut tissue was homoge-
nized in 1x PBS to ensure sample uniformity. Accord-
ing to the manufacturer’s protocol, DNA was extracted
from the homogenized gut sample using a QIlAamp
PowerFecal Pro DNA Kit (QIAGEN, Germany). DNA
concentrations were measured using the Qubit™ 4 Flu-
orometer (Invitrogen™, Thermo Fisher Scientific Inc.,
USA) with the Qubit™ 1X dsDNA High Sensitivity Kit
(Invitrogen™, Thermo Fisher Scientific Inc., USA). The
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DNA quality was assessed by 0.8% agarose gel electro-
phoresis. A gel documentation system (Gel Doc™ XR+;
Bio-Rad Laboratories, Inc., USA) was used to visualize
the electrophoresis results. All samples were subse-
quently stored at —20°C for further analysis.

Construction of metagenomics library. The ge-
nomic DNA extracted from the gut of a honey bee
underwent PCR amplification targeting the 16S (V4
region) bacterial rRNA gene. An Illumina 16S (V4 re-
gion) bacterial rRNA amplicon primer set (Forward
primer: TCGTCGGCAGCGTCAGATGTGTATAA-
GAGACAGCCTACGGGNGGCWGCAG;  Reverse
primer: GTCTCGTGGGCTCGGAGATGTGTATAA-
GAGACAGGACTACHVGGGTATCTAATCC) from
a previous study was employed (Seo et al. 2023). The
PCR mix included 12.5 pl of KAPA HiFi HotStart
ReadyMix (Kapa Biosystems, USA), 10 ng of genomic
DNA (10 ng/ul), 1 pl of forward primer, 1 pl of each
reverse primer, and ddH,O to bring the total volume of
25 pl following a previously described protocol (Kim et
al. 2021a). PCR was then conducted using the Veriti™
Thermal Cycler 96-well (Applied Biosystems™, Thermo
Fisher Scientific Inc., USA) for all samples, including a
negative control (no template DNA) and a positive con-
trol (5 ng of mouse stool DNA). PCR cycling parame-
ters were as follows: initial denaturation at 95°C for 3
minutes, followed by 25 cycles each of denaturation at
95°C for 30 seconds, annealing at 55°C for 30 seconds,
and extension at 72°C for 30 seconds, concluding with
a final extension at 72°C for 5 minutes. Subsequently,
the Nextera™ XT DNA Library Prep Kit (Illumina, Inc.,
USA) was utilized for index PCR following the recom-
mended protocol, with initial denaturation at 95°C for
3 minutes, then 8 cycles of denaturation at 95°C for
30 seconds, annealing at 55°C for 30 seconds, and ex-
tension at 72°C for 30 seconds, concluding with a fi-
nal extension at 72°C for 5 minutes. For the indexing
process, 5 ul of each sample’s purified amplicon PCR
product was used. AMPure beads (Beckman Coulter,
Inc., UK) were employed for PCR product purification
following the manufacturer’s instructions. The final
DNA concentrations of each sample were adjusted to
1 nM with H,O, and 5 pl from each sample was pooled
together. This pooled library (50 pMol) was then se-
quenced using a 30% PhiX spike on an iSeq™ 100 plat-
form (Illumina, Inc., USA).

Analysis of the honey bee gut microbiome based
on 16S rRNA gene amplicons. To analyze the diver-
sity, taxonomic composition, and functional poten-
tial of the gut microbiota and to gain insights into the
microbial community structure, iSeq™ 100 Illumina’
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FASTQ reads were examined using established meth-
ods (Kim et al. 2021b). Data processing was conducted
on the EzBioCloud server (http://www.ezbiocloud.net)
(Chalita et al. 2024). Low-quality reads (< Q25) were
filtered, and their quality was assessed using Trimmo-
matic v0.32 (Bolger et al. 2014). Primer trimming was
performed using Myers and Miller’s alignment algo-
rithm (Myers and Miller 1988). Samples lacking 16S
rRNA encoding were identified using HMMER and
nhmmer software applications (package version 3.2.1)
(Wheeler and Eddy 2013; Potter et al. 2018). Unique
and duplicate read clusters were processed with the
derep_full length tool in VSEARCH (Rognes et al.
2016). VSEARCH and the 16S rRNA database from
EzBioCloud were utilized for taxonomic assignment
(Myers and Miller 1988; Rognes et al. 2016; Yoon et al.
2017). UCHIME filtered chimeric reads, and the clus-
ter_fast function created operational taxonomic units
(OTUs) to identify sequences at lower taxonomic levels
(Shokralla et al. 2015; Rognes et al. 2016). OTUs with
only one read were excluded from further analysis.
ACE, Chaol, Jackknife, and OTU counts were em-
ployed to assess species richness in the alpha diversity
study (Burnham and Overton 1979; Chao 1987; Chao
and Lee 1992;). NPShannon, Shannon/Simpson, and
phylogenetic diversity were utilized to analyze species
richness (Faith 1992; Chao and Shen 2003; Magur-
ran 2021). The Jenson-Shannon, Bray-Curtis, Gen-
eralized UniFrac, and UniFrac methods were applied
to examine the beta diversity distances, while PER-
MANOVA (Permutational Multivariate Analysis of
Variance) assessed the significance of beta diversities
between groups (Beals 1984; Lin 1991; Hamady et al.
2010; Chen et al. 2012;). The statistical comparison
techniques of Kruskal-Wallis H tests and LEfSe (Lin-
ear Discriminant Analysis Effect Size) were employed
to identify taxonomic biomarkers (Kruskal and Wallis
1952; Segata et al. 2011). Using PICRUSt (Phylogenet-
ic Investigation of Communities by Reconstruction of
Unobserved States), functional profiles of the samples
were predicted based on KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways (Douglas et al. 2020;
Ye and Doak 2009). The data is considered statistically
significant if the p-value is less than 0.05.
Quantitative PCR analysis. For comparative quan-
tification of the genera Lactobacillus, Gilliamella, Bom-
bella, and Frischella in each group, qRT-PCR was per-
formed using BioRad CFX Connect™ real-time-system
thermocyclers (Bio-Rad Laboratories, Inc., USA) and
iQ™ SYBR' Green Supermix (Bio-Rad Laboratories,
Inc., USA). Previously reported genus-specific primers
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(Table SI) were used for qPCR (Dubernet et al. 2002;
Kwong et al. 2013; Emery et al. 2017; Yun et al. 2017).
All the samples, along with a negative control (no
template DNA), were used in this experiment. DNA
samples were normalized to the same concentration
prior to qPCR to ensure consistency and comparabil-
ity across reactions. qPCR was conducted in triplicate
using 10 ng of genomic DNA from each sample, 10 pl
of 2x SYBR™ Green Master Mix (Bio-Rad Laboratories,
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Inc., USA), 1 ul forward primer (1 pM), 1 ul reverse
primer (1 uM), and qRT-PCR-grade water (QIAGEN,
Germany) added until the total volume reached 20 pl
for each reaction. Thermal cycling conditions were set
as follows: initial denaturation at 95°C for 5 minutes,
followed by 40 cycles of denaturation at 95°C for 10
seconds, and annealing/extension at 56°C for 30 sec-
onds. Melting curve analysis was performed from 65°C
to 95°C to confirm specificity.

Table I
Average taxonomic composition of significantly different taxa among worker, queen, and drone bees.
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Only taxa with a relative abundance composition of 1% or higher that showed significant differences according to the Wilcoxon rank-

sum test are presented (¥p < 0.05; **p < 0.01; ***p < 0.001). No significant differences in taxa were observed between queen (Q) and

drone (D) bees. Significant differences compared to worker (W) bees are indicated as “a” for queen (Q) bees and “b” for drone (D) bees.

Results

Baseline characteristics. The attributes were ex-
amined initially in 51 honey bees across three groups:
42 workers, five queens, and four drones (Fig. 1). Af-
ter collecting the bees, they were separated according
to their caste-specific traits (Fig. 1A). In the study, live
bees were collected in a box (Fig. 1B) and transported

to the laboratory. They were stored at —80°C for down-
stream processing (Fig. 1C). Body length and weight
for each bee type were measured manually, revealing
significant differences between the groups (Fig. 1D).
The average body length of drones (16 mm) was slight-
ly greater than that of queens (15 mm), while workers
had the shortest average body length of 13 mm. Weight
measurements exhibited a similar pattern, with drones



4 Characterization of gut microbiota of honey bees 432

t 4
Queen Drone Worker

Body length Body weight
20 # 300
. #
# #
2 16 5 240
£ g
= 12+ 2 180+
) .20
g 15}
= 8 2 120
Zz =
3 5§
@A 44 A 60
0- 0-
S & & S & &
®o Q@ $°& ®0 Q,\o $°&

Fig. 1. Baseline characteristics of the honey bee population studied.

A) Queen bees, worker bees, and drone bees were collected from the Chungnam region of Korea; B) live bees were collected in boxes; C)
samples were stored at —80°C; D) body length and weight were manually measured prior to gut extraction. Distinct morphological differ-
ences were evident among the castes: drone bees had the most considerable body length and weight, worker bees were the smallest, and
queen bees were intermediate in size. Significance among groups was analyzed using one-way ANOVA in GraphPad Prism v9.1.1 (Graph-
Pad Software, USA, www.graphpad.com) (# - p < 0.0001).
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Fig. 2. Mean taxonomic composition of the honey bee gut microbiome.

The taxonomic relative abundances across bee castes were classified at multiple levels: A) phylum, B) class, C) order, D) family, E) genus.
Statistical significance among groups (*p < 0.05; **p < 0.01; ***p < 0.001) was analyzed using the Wilcoxon rank-sum test, and relative
abundances below 1% are represented as “ETC”. Overall, drone and queen bees exhibited similar levels of taxonomic diversity, with no sig-
nificant taxa identified between them. In contrast, worker bees showed greater taxonomic diversity compared to the other two castes, with
several significant taxa identified. Significant differences compared to worker bees are indicated as “a” for queen bees and “b” for drone bees.
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Table II
Beta diversity index among the honey bee castes.
Index Worker-Queen Worker-Drone Drone-Queen
Bray—Curtis NS (p =0.078) NS (p=0.301) NS (p=0.313)
Jensen—Shannon NS (p =0.438) NS (p =0.581) NS (p = 0.644)
Generalized UniFrac *(p=0.031) *(p=0.050) NS (p = 0.495)
UniFrac ** (p=0.003) ** (p=0.007) NS (p = 0.835)

The significance of the beta diversity index among groups was determined using PERMANOVA

(Permutational Multivariate Analysis of Variance).
*—p<0.05; ** - p<0.01; p > 0.05 — not significant (NS)

weighing the most at 212 mg, followed by queens at
166 mg, and workers at 108.5 mg, highlighting the size
and mass distinctions among bee types.

Comparative analysis of gut microbiome com-
position across bee castes. The average taxonomic
composition of worker, queen, and drone bees was ex-
amined at multiple levels - Phylum, Class, Order, Fam-
ily, and Genus - to determine differences in microbial
abundance and diversity (Fig. 2 and S2). These findings
underscore significant variations among bee types with
distinct statistical significance. Tables SII and SIII pres-
ent the raw data, and only taxa with relative taxonomic
abundances greater than 1% that showed significant
differences were taken out and compiled in Table I.

The gut microbiome of honey bee castes reveals
striking caste-specific microbial profiles. The phy-
lum-level data (Fig. 2A) showed that Firmicutes domi-
nate the gut microbiome of all honey bee casts, with the
highest abundance in queens (95.4%) and the lowest
in workers (69.0%). In contrast, Proteobacteria were
more prevalent in workers (30.4%) compared to queens
(4.3%) and drones (1.0%). At the class level (Fig. 2B),
Bacilli predominated in drones (98.6%) and queens
(95.4%), with significant differences between workers
and queen (p < 0.05) compared to workers (69.0%). Alp-
haproteobacteria were more prevalent in queens (4.0%)
and drones (0.8%) compared to workers (0.1%), with
statistical significance between workers and queens (p
<0.01). In comparison, Gammaproteobacteria showed
a greater abundance in workers (30.3%) than in queens
and drones (0.3% each), with significant differences
between workers and queens (p < 0.001) and workers
and drones (p < 0.01). At the order level (Fig. 2C), Lac-
tobacillales dominated in queens (95.4%) and drones
(98.6%) compared to workers (69.0%) with significant

worker-queen (p < 0.05) differences. Orbales was high-
ly abundant in workers (27.7%) but minimal in queens
(0.3%) and drones (0.2%), showing significant differ-
ences for both worker-queen (p < 0.001) and work-
er-drone (p < 0.01) comparisons. At the family level
(Fig. 2D), Lactobacillaceae was prominent in queens
(95.4%) and drones (98.6%) versus workers (68.3%),
showing significant worker-queen (p < 0.05) differ-
ences. In contrast, Orbaceae was abundant in workers
(27.7%) but low in queens (0.3%) and drones (0.2%),
with highly significant differences between workers
and queens (p < 0.001) and workers and drones (p <
0.01). Acetobacteraceae showed a higher abundance in
queens (4.0%) and drones (0.8%) compared to workers
(0.1%), with significant differences in worker-queen
comparisons (p < 0.01). At the genus level (Fig. 2E and
S2), Lactobacillus, the most prevalent genus, was dom-
inant in queens (95.4%) and drones (98.6%) compared
to workers (68.3%), showing significant worker-queen
(p < 0.05) differences. Bombella was more prevalent in
queens (4.0%) than workers (0.1%) and drones (0.5%),
with significant worker-queen differences (p < 0.01),
and Frischella and Gilliamella showed greater presence
in workers, with significant worker-queen (p < 0.05,
p < 0.001) and worker-drone (p < 0.05, p < 0.01) dif-
ferences, respectively. Consequently, according to the
taxonomic lineage, queens and drones exhibited a high
abundance of Lactobacillales members, such as Lac-
tobacillus, whereas workers predominantly featured
Gammaproteobacteria, particularly the order Orbales
and family Orbaceae.

Alpha diversity analysis. The analysis of species
richness metrics, including ACE, CHAO, Jackknife,
and OTU counts, revealed no significant differences
among worker, queen, and drone bees (Fig. 3 and Table



Fig. 3. Box plots of species richness indices among honey bee groups.
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Species richness was analyzed using A) Ace, B) Chaol, C) Jackknife indices, D) OTUs (Operational Taxonomic Units) counts. The bars
represent the median values, while the hinges indicate the lower and upper quartiles. No statistically significant differences were observed

among the three bee castes.

SIV). The p-values for all pairwise comparisons across
these richness metrics were above the typical threshold
for significance (p > 0.05), indicating similar levels of
species richness across castes (Fig. 3A-3C). The p-val-
ue closest to significance was observed in the OTU
counts between workers and queens (p = 0.070), yet
this did not reach statistical significance (Fig. 3D).

In contrast, species diversity metrics — NPShan-
non, Shannon, and Simpson indices — showed signif-
icant differences between workers and both queens
and drones (Fig. 4 and Table SIV). The NPShannon
and Shannon indices yielded highly significant p-val-
ues for worker-queen (p = 0.002) and worker-drone
(p = 0.001) comparisons (Fig. 4A and 4B). Simpson
index results similarly indicated significant diversity
differences, with comparisons between workers and
both queens and drones yielding a p-value of 0.001.
However, no significant differences in diversity were
observed between drones and queens (p = 0.327 for
all indices) (Fig. 4C). Phylogenetic diversity revealed
no significant differences across comparisons, with all
p-values above 0.05 (Fig. 4D). While species richness
is consistent across bee castes, species diversity is nota-
bly higher in worker bees than in queens and drones,
highlighting a distinct microbial diversity profile with-
in the worker caste.

Beta diversity analysis. Distinct microbial commu-
nity structures characterize the honey bee castes, with
significant divergence observed among the groups. A
PCoA (Principal Coordinate Analysis) was conduct-
ed using four diversity metrics: Bray-Curtis, Jensen—
Shannon, Generalized UniFrac, and UniFrac (Fig. 5).
Jensen-Shannon and Bray-Curtis analyses reveal min-
imal differentiation across castes (p > 0.05), with the
Bray-Curtis measure approaching significance in the
worker-queen comparison (p = 0.078). However, Gen-
eralized UniFrac and UniFrac metrics reveal statisti-
cally significant differences in microbial composition,
particularly between workers and queens (p = 0.031
and p = 0.003, respectively) and workers and drones
(p =0.050 and p = 0.007, respectively) (Table II). These
findings elucidate that drone and queen groups exhibit
broadly similar distribution patterns, but the microbial
community in workers is unique, underscoring their
cast-specific microbiome differentiation.

A clustering analysis using the unweighted pair
group method with arithmetic mean (UPGMA) was
conducted to assess the relationships among groups, as
illustrated in Fig. 6. The analysis showed that workers
were the most predominant group, with a prominent
presence. Conversely, queens and drones were more
evenly distributed across the cluster, showing a bal-
anced pattern without noticeable skew or bias towards
either group.
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community composition among the castes. The analysis reveals that the microbial communities of worker bees are distinct from those of

queen and drone bees.
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Fig. 6. UPGMA clustering analysis of gut microbiome profiles among honey bee castes.

The UPGMA (Unweighted Pair Group Method with Arithmetic Mean) clustering method was used to analyze the gut microbiome profiles
of the three honey bee castes: worker, queen, and drone. The dendrogram illustrates the hierarchical grouping of these castes based on the
similarity of their gut microbiome compositions. The results highlight the distinctiveness of workers and the relative similarity and closer

grouping of queens and drones.

Taxonomic biomarker discovery. Taxonomic bio-
markers among groups were investigated with LEfSe
analysis and the Kruskal-Wallis H test (Fig. 7 and Ta-
ble SV). Only taxa with an LDA (linear discriminant
analysis) score of 3 or higher, indicating significant dif-
ferences in the Kruskal-Wallis H test, were identified
as potential biomarkers and are detailed. The relative
taxonomic composition between honey bee groups
revealed several lineages as potential biomarkers dis-
tinguishing workers, queens, and drones. A significant
reduction in the Gammaproteobacteria class, Orbales
order, Orbaceae family, and Gilliamella genus lineage
in queens and drones, compared to workers, emerged
as a critical biomarker for workers. In contrast, relative
to queens, a notable decrease in the Rhodospirillales
order, Acetobacteraceae family, and Bombella genus lin-
eage among workers and drones underscored a distinc-
tive biomarker profile for the queens. Additionally, the
increased abundance of the Lactobacillales order, Lac-
tobacillaceae family, and Lactobacillus genus lineage in
drones, compared to workers and queens, designates
this lineage as a unique biomarker for the drones.
These results highlight specific microbial signatures
unique to each honey bee group, potentially indicating
functional adaptations in gut microbiota composition.

Quantification of biomarker based on qRT-PCR.
Quantitative analysis using qRT-PCR was performed
to examine the relative abundance of the Lactobacil-
lus, Gilliamella, Bombella, and Frischella genera in the
gut microbiomes of the three honey bee castes (Fig.
8). The results revealed distinct bacterial distribution
patterns across castes, consistent with previous NGS
findings. For Lactobacillus, workers exhibited a lower
abundance than drones and queens; however, these
differences were not statistically significant (Fig. 8A).
Conversely, the Gilliamella load was higher in workers
than in drones and queens, but no significant differ-
ences were observed (Fig. 8B). In contrast, the analysis
of Bombella and Frischella revealed statistically signif-
icant variations. Queens harbored a markedly higher
abundance of Bombella than workers and drones (***, p
<0.001; Fig. 8C). Regarding Frischella, workers showed
significantly elevated levels compared to queens (***,
p < 0.001) and drones (**, p < 0.01; Fig. 8D). These
findings, corroborating trends observed in NGS data,
provide robust evidence for the differential abundance
of key bacterial genera in the gut microbiomes of hon-
eybee castes.

Prediction of functional biomarkers. An analysis
of functional biomarker predictions was performed
for the three honey bee castes: workers, queens, and
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Fig. 7. Taxonomic biomarker analysis of gut microbiome differences among bee castes using LEfSe (LDA Effect Size).

Based on LEfSe analysis, taxonomic cladograms highlight significant biomarkers among bee castes with a Kruskal-Wallis p-value < 0.05
and an LDA score > 4. The analysis identified distinct microbial features for each caste: Lactobacillus as a biomarker for drones, Gil-
liamella and Frischella as biomarkers for workers, and Bombella as a biomarker for queens. The taxa presented represent key microbial

markers that differentiate the bee groups, providing insights into caste-specific microbial community compositions.
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Fig. 8. PCR validation of biomarker strains across the three honey bee castes.

The bacterial load of A) Lactobacillus, B) Gilliamella, C) Bombella, D) Frischella in the samples was quantified using qRT-PCR. The results
confirmed the biomarker status of each strain: Lactobacillus had the lowest Ct values in drones, Gilliamella and Frischella in workers, and
Bombella in queens. Statistical significance among groups was determined using one-way ANOVA (¥*p < 0.01; ***p <0.001).
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Table 111
Prediction of functional biomarkers for the three honey bee castes.
.\ LDA Worker | Queen | Drone
Ortholog Definition effect size p-value (%) %) %)
K11904 Type VI secretion system secreted protein 3] 0.000 02 00 0.0
VerG
K15580 Oligopeptide tran;port sysFem substrate-bind- 29 0.007 01 02 02
ng protein
Orthology K07052 Uncharacterized protein 2.9 0.000 0.2 0.3 0.3
K01439 Succinyl-diaminopimelate desuccinylase 2.9 0.042 0.1 0.2 0.2
K10947 PadR family transcnptl(?nal regulator, regula- 29 0.002 01 03 0.2
tory protein PadR
K02945 Ribosome, bacteria 3.7 0.042 5.7 6.8 6.6
K11904 Type VI secretion system 3.6 0.000 0.8 0.0 0.0
Module K02035, K02031, . .
(PICRUSH) K02032 Peptides/nickel transport system 34 0.000 0.9 1.3 1.3
K00798, K02226 Cobalamin b10synthes1s,. cobinamide => co- 33 0.060 0.4 0.8 0.7
balamin
K15580 Oligopeptide transport system 33 0.002 0.3 0.7 0.6
K17204 Erythritol transport system 32 0.000 0.3 0.5 0.6
K02052 Putative spermldlne/f;gescme transport sys- 30 0.000 03 0.6 06
Module 110491, k20492 Lantibiotic transport system 3.1 0.000 | 0.2 05 0.5
(MinPath) ’ POt 8y ' ’ ’ ' ’
KI11195 PTS system, fructose-specific II component 3.1 0.000 0.3 0.6 0.6
K12536 Hemophore/metalloprotease transport system 3.1 0.000 0.2 0.4 0.4
K00010, K00011, .
K00015, K00016 Metabolic pathways 3.7 0.001 15.9 16.7 16.7
KO01995, K02031, .
K02032, K02035 Quorum sensing 33 0.000 1.6 2.1 2.1
Pathway Flagellar assembl 33 0000 | 04 | o1 0.0
(PICRUSt) £ Y : : : : :
K02945 Ribosome 32 0.006 2.0 24 2.3
K00010, K00015, Microbial metabolism in diverse environ-
K00016, K00033 - 32 0.000 4.8 5.1 5.1
K00466 Tryptophan metabolism 3.6 0.000 0.8 1.5 1.6
K00965, K01198, . . .
K02790. K02791 Amino sugar and nucleotide sugar metabolism 3.5 0.000 1.0 1.5 1.6
Pathway .. . .
(MinPath) K01259 Arginine and proline metabolism 3.5 0.000 1.1 1.8 1.8
KO00011, K00965, .
K01785, K02744 Galactose metabolism 3.5 0.000 0.7 0.1 0.1
K13993 Protein processing in endoplasmic reticulum 34 0.000 1.2 1.7 1.7
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Fig. 9. Summary of the characterization of caste-specific gut microbiota in honey bees from Korea.

This figure summarizes the study investigating the gut microbiota of honey bees collected in Korea, focusing on worker, queen, and drone

castes. The top section outlines a standardized protocol for honey bee microbiome analysis, which includes bee collection, gut dissection,

DNA extraction, metagenomic library preparation, and next-generation sequencing (NGS). The bottom section highlights the microbiota

composition of the three castes: worker bees exhibit a diverse composition with Lactobacillus (68.3%), Gilliamella (23.0%), and Frischel-

la (4.7%); queen bees are dominated by Lactobacillus (95.4%) with Bombella (4.0%); and drone bees are almost entirely composed of

Lactobacillus (98.6%). These results highlight the distinct microbial communities associated with each caste and provide insights into

their physiological roles and colony health.

drones (Table III). Based on LEfSe analysis, several
orthologies, modules, and pathways with an LDA ef-
fect size greater than 2 were identified as functional
biomarkers. Notably, variations in these biomarkers
highlight potential functional adaptations among the
castes. Among the orthologies, the “Type VI secretion
system secreted protein VgrG (K11904)" was exclu-
sively identified in workers, with no detectable pres-
ence in queens or drones. Orthologies such as ‘Oli-
gopeptide transport system substrate-binding protein
(K15580) and ‘Succinate-diaminopimelate desucci-
nylase (K01439)" were more abundant in queens and
drones compared to workers. Several modules were
enriched across the castes. For instance, the ‘Ribosome,
bacteria’ module (K02945) showed the highest LDA ef-
fect size, with slightly greater representation in queens
and drones than in workers. Similarly, the ‘Peptides/
nickel transport system’ module was more abundant in
queens and drones compared to workers. Interesting-
ly, workers had a unique enrichment in the “Type VI
secretion system’ module (K11904), which was absent
in the other two castes. Pathway-level analysis revealed
significant differences in metabolic and transport
pathways. ‘Metabolic pathways’ and ‘Microbial metab-
olism in diverse environments’ showed consistent rep-

resentation across all three castes, with slightly higher
levels in queens and drones. In contrast, the ‘Flagel-
lar assembly’ pathway was predominantly present in
workers. Modules involved in transport systems, such
as the ‘Erythritol transport system’ and the ‘Lantibiotic
transport system, were enriched in queens and drones
compared to workers. Similarly, pathways related to
amino sugar and nucleotide sugar metabolism were
notably more abundant in queens and drones.

Discussion

A balanced gut microbiome plays a crucial role in
honey bee health, influencing immunity, metabolism,
and resilience against pathogens (El-Seedi et al. 2022;
Wang et al. 2022). Recent studies have demonstrated
the role of the microbiome in managing not only in-
fectious diseases but also metabolic diseases (Kim et al.
2024; Rahim et al. 2024; Hossain et al. 2025). However,
environmental stressors such as disease, chemical ex-
posure, and habitat loss have disrupted these microbial
communities, contributing to colony decline (Hristov
et al. 2020). The significance of this study lies in its ex-
ploration of the potential impacts of environmental
factors on the honey bee gut microbiome.



Our analysis revealed significant differences in the
gut microbiome composition among the three hon-
ey bee castes, with worker bees displaying distinct
microbial profiles compared to queens and drones.
Gammaproteobacteria were significantly enriched in
workers, aligning with previous research (Martinson
et al. 2012; Jones et al. 2021). Conversely, Lactobacil-
lales predominated in the microbiomes of queens and
drones. Lactobacillus was the most abundant genus
across all castes, comprising 68.29% in workers, 95.36%
in queens, and 98.57% in drones, underscoring its role
in honey bee immunity and digestion (Ellegaard et al.
2015; Dong et al. 2020; Khan et al. 2020a). Its higher
prevalence in queens and drones enables them to per-
form additional functions in reproductive health and
nutrient absorption tailored to their specific biological
needs (Geng and Geng 2019). Moreover, Lactobacillus
species may act as natural probiotics, contributing to
improved immunity during overwintering periods, of-
fering protection against pathogens, and mitigating the
effects of pesticide-induced stress (Rahim et al. 2022;
Hossain et al. 2024; Barman et al. 2025). Their func-
tional roles are not only important for individual health
but may also influence caste differentiation and overall
colony resilience through the microbial regulation of
hormonal and nutritional pathways (Mudronova et al.
2011; Brar et al. 2025; Pradeep et al. 2025). Gilliamella,
a key component of the worker microbiome, constitut-
ed 23% of their bacterial community but was sparse
in queens (0.23%) and drones (0.17%). This genus is
associated with carbohydrate digestion and the break-
down of complex plant chemicals, reflecting the work-
ers’ foraging role and diverse diet (Bridson 2020). The
microbiome differences likely underscore caste-specif-
ic adaptations to ecological roles and biological func-
tions (Zheng et al. 2016; Lee et al. 2018; Dong et al.
2020). Frischella is more abundant in workers (4.68%)
than in queens and drones and is known to activate the
host immune system, influencing gut immunity and
homeostasis. An increased abundance of Frischella is
associated with dietary changes and abnormal host
development (Maes et al. 2016; Emery et al. 2017).
However, the Bifidobacterium and Frischella genera
can serve as bacterial indicators for assessing the age
of the bees (Anderson et al. 2018). These caste-specific
microbial profiles highlight the microbiome’s role in
supporting the biological functions and needs of each
bee caste. Bombella is present in both worker (0.10%)
and queen bees (3.96%), with a higher concentration
in queens, and is linked to fermentation and immune
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system support through antimicrobial compounds.
The higher Bombella levels in queens may help protect
them from infections, supporting their reproductive
health, which is essential for colony survival (Li et al.
2023; Miller 2023).

Caste-specific enrichment patterns were found
in the projected functional profiles, indicating that
the gut microbiome is functionally specialized across
honey bee castes. Due to their increased exposure to
the environment while foraging, worker bees showed
a notable enrichment of the Type VI secretion system
(K11904), which is frequently associated with inter-
bacterial competition and immunological regulation
(Evans et al. 2006). Queens and drones, on the other
hand, had higher amounts of pathways linked to the
metabolism of amino sugars and nucleotide sugars, as
well as the metabolism of arginine and proline — func-
tions that may be connected to energy regulation and
reproductive processes (Li et al. 2023). Furthermore,
caste-specific enrichment in quorum sensing and co-
balamin biosynthesis pathways may facilitate microbi-
al communication and vitamin B, metabolism, sup-
porting host physiology and gut stability in general
(Kwong 2015).

In terms of alpha diversity, workers exhibited sig-
nificantly greater species diversity compared to queens
and drones, as measured by Shannon, Simpson, and
Phylogenetic Diversity indices. This elevated diversity
is likely a reflection of their environmental exposure
during foraging activities, which introduces a broader
range of microbial taxa into the gut (Engel et al. 2012;
Zheng et al. 2018). Queens and drones, in contrast,
showed lower alpha diversity, consistent with their
more restricted diets and limited environmental inter-
action (Bridson 2020). These findings support the con-
cept that diet and environmental contact are key drivers
of microbial richness in eusocial insects. Beta diversi-
ty analysis further demonstrated distinct clustering of
worker microbiota compared to those of queens and
drones, indicating significant compositional differ-
ences between castes. Principal Coordinates Analysis
(PCoA) plots based on Generalized UniFrac dissimi-
larity and UniFrac distance revealed clear separation of
the worker samples, while queens and drones clustered
closely together. These results suggest that caste-re-
lated factors, such as task allocation, physiology, and
dietary inputs, powerfully shape microbial community
structure (Kapheim et al. 2015).

The composition of the honey bee gut microbiome
varies across regions and is influenced by environmen-
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tal factors, diet, and social behaviors (Jones et al. 2018).
In various countries, including the U.S. and European
regions, honey bees consistently exhibit a core gut mi-
crobiota dominated by phyla such as Firmicutes (e.g.,
Lactobacillus and Bifidobacterium), Proteobacteria
(e.g., Gilliamella and Snodgrassella), and occasionally
Actinobacteria (Moran et al. 2012; Powell et al. 2014).
This pattern closely aligns with our study, suggesting
a globally conserved microbiome composition among
honey bees of different castes. In the USA, research
indicates a dominance of Gilliamella and Snodgrassel-
la among workers, reflecting their diet of pollen and
nectar processed in a high-protein, colony-specific
environment (Copeland et al. 2022; Anderson and
Copeland 2024). European honey bee populations
have shown a higher prevalence of Fructobacillus and
Bombella, likely related to differences in floral resourc-
es (Praet et al. 2018). All castes of Korean honey bees
exhibit a notable predominance of Lactobacillus, which
may be a result of regional diets and beekeeping tech-
niques, such as the use of fermented pollen and nectar
products. However, it is essential to note that Lacto-
bacillus is a common environmental bacterium that
can be acquired through exposure to pollen, plants,
and water in various geographic regions. Core gut
microbiota - including Lactobacillus, Gilliamella, and
Snodgrassella - are consistently found in honey bees
worldwide, regardless of environmental conditions or
location (Jones et al. 2018; Brar et al. 2024).

The gut microbiota of queen bees, dominated by
Lactobacillus and Bombella, exhibit significantly lower
diversity compared to that of worker bees. Significant
microbiome differentiation between queens and work-
ers is associated with dietary differences during both
larval and adult stages (Engel et al. 2016). Queens de-
pend heavily on royal jelly, which contains antimicro-
bial peptides, leading to a less diverse but functionally
specialized microbiota (Staczek et al. 2023). Similarly,
caste-specific differentiation in Korea reflects distinct
dietary and behavioral roles, with workers encoun-
tering environmental microbiota during foraging
and drones exhibiting lower diversity due to limited
environmental interaction. In regions with diverse
microbiota, such as tropical areas, the incorporation
of environmental microbes into the gut microbiome
of workers is higher compared to temperate regions
(Khan et al. 2020b). Conversely, in Korea, colony hy-
giene and antimicrobial substances, such as propolis,
diminish the influence of environmental microbes
(Chuttong et al. 2023). Research across countries high-
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lights the crucial role of gut microbiota in immunity
and overall health. Our findings contribute to the glob-
al narrative by detailing caste-specific microbiomes in
Korea. It may potentially serve as a baseline for moni-
toring honey bee health in East Asia.

This study highlights the caste-specific adapta-
tions of the honey bee microbiome, offering insights
into its ecological functions. However, the small sam-
ple size, particularly for drones and queens, limits
the generalizability of the results, and future studies
should include more samples. While next-genera-
tion sequencing (NGS) identifies microbial taxa, it
does not provide functional insights, which could be
gained through metagenomic or metatranscriptomic
approaches. Moreover, the V3-V4 region of the 16S
rRNA gene lacks sufficient resolution to distinguish
between closely related species (Rognes et al. 2016;
Johnson et al. 2019). Future studies employing full-
length 16S rRNA gene sequencing or shotgun metage-
nomics could provide enhanced taxonomic resolution
and elucidate how specific microbial genera influence
caste physiology, behavior, and colony resilience across
diverse environments. Additional statistical analyses
could reveal deeper patterns, aiding in the develop-
ment of diagnostic tools to assess honey bee health and
microbiome functions.

Conclusion

A comprehensive study was conducted to charac-
terize the honey bee gut microbiome of worker, queen,
and drone bees using 16S rRNA gene amplicon se-
quencing, and uncovered distinct microbial commu-
nities associated with the physiological and ecological
roles of each bee type. Focusing on honey bees in Ko-
rea, this research offers region-specific baseline data
on the gut microbiome composition of worker, queen,
and drone bees. The study highlights the diversity of
the honey bee gut microbiome. Additionally, the find-
ings highlight the growing impact of environmental
stressors and pathogens on bee populations, underlin-
ing the need for more comprehensive functional inves-
tigations. Future research should integrate microbiome
studies into strategies for honey bee conservation and
health improvement. The comprehensive workflow
and findings summarized in Fig. 9 provide a basis for
future microbiome research and practical applications
in improving colony health and sustainability.



4 Characterization of gut microbiota of honey bees

ORCID
Ho-Yeon Song https://orcid.org/0000-0003-4429-1383

Availability of data and material

Sequences were deposited in Sequence Read Archive (SRA)
(Bio-Project ID: PRJNA1219777, accessible at http://www.ncbi.
nlm.nih.gov/bioproject/1219777).

Acknowledgments

This research was supported by the National Research Foun-
dation of Korea’s Leading Research Center project (RS-2023-
00219563) under the Ministry of Science and ICT. This research
was also supported by the “Establishment of innovative infrastruc-
ture for manufacturing process for next-generation microbiome
drugs (P248400003)” program, supervised by the Korea Institute
for Advancement of Technology (KIAT) under the Ministry of
Trade, Industry and Energy (MOTIE). The Soonchunhyang Uni-
versity Research Fund also supported this research. We express
our gratitude to all the researchers at HM-MRC of Soonchunhy-
ang University for their support in this study. Our heartfelt thanks
also go to everyone at Kkul Dorae Farm in Cheongyang, Chungc-
heongnam-do, for their valuable assistance. Furthermore, we thank
Uhjin Song, M.D.,, for his medical advice and for proofreading this

manuscript in English.

Author Contributions

H.-Y.S. conceptualized, supervised, and supported the fund;
H.S. supported the fund and directed the research as a whole;
M.S.H.S. contributed to the methodology, data curation, formal
analysis, and prepared the original draft manuscript. M.S.H. con-
tributed to the methodology. S.K., S.J., and I.B. data visualization
and analysis. H.S. and M.A.R. provided intellectual comments
while preparing the manuscript. M.S.H.S., M.A.R,, H.S., and H.-
Y.S. writing, reviewing, and editing the manuscript. Y.J. project ad-
ministration and resources. S.K. and H.J. sampling and technical

guidance. Each author reviewed the manuscript.

Conflict of interest

The authors do not report any financial or personal connec-
tions with other persons or organizations, which might negative-
ly affect the contents of this publication and/or claim authorship

rights to this publication.

Literature

Anderson KE, Copeland DC. The honey bee “hive” microbiota:
Meta-analysis reveals a native and aerobic microbiota prevalent
throughout the social resource niche. Front Bee Sci. 2024;2:1410331.
https://doi.org/10.3389/frbee.2024.1410331

Anderson KE, Ricigliano VA, Mott BM, Copeland DC, Floyd
AS, Maes P. The queens gut refines with age: Longevity pheno-

442

types in a social insect model. Microbiome. 2018;6:108. https://doi.
org/10.1186/s40168-018-0489-1

Anderson KE, Ricigliano VA. Honey bee gut dysbiosis: A novel
context of disease ecology. Curr Opin Insect Sci. 2017;22:125-132.
https://doi.org/10.1016/j.cois.2017.05.020

Barman I, Seo H, Kim S, Rahim MA, Yoon Y, Hossain MS, Shuvo
MSH, Song HY. Isolation of new strains of lactic acid bacteria from
the vaginal microbiome of postmenopausal women and their pro-
biotic characteristics. Curr Microbiol. 2025;82(2):76. https://doi.
org/10.1007/s00284-024-04034-8

Beals EW. Bray-Curtis ordination: An effective strategy for anal-
ysis of multivariate ecological data. Adv Ecol Res. 1984;14:1-55.
https://doi.org/10.1016/S0065-2504(08)60168-3

Bolger AM, Lohse M, Usadel B. Trimmomatic: A flexible trimmer
for Illumina sequence data. Bioinformatics. 2014 Aug;30(15):2114-
2120. https://doi.org/10.1093/bioinformatics/btul70

Boon E, Meehan CJ, Whidden C, Wong DHJ, Langille MGI, Beiko
RG. Interactions in the microbiome: Communities of organisms
and communities of genes. FEMS Microbiol Rev. 2014;38(1):90-
118. https://doi.org/10.1111/1574-6976.12035

Brar G, Floden M, McFrederick Q, Rajamohan A, Yocum G,
Bowsher J. Environmentally acquired gut-associated bacteria are
not critical for growth and survival in a solitary bee, Megachile ro-
tundata. Appl Environ Microbiol. 2024;90(9):e02076-23. https://
doi.org/10.1128/aem.02076-23

Brar G, Ngor L, McFrederick QS, Torson AS, Rajamohan A,
Rinehart J, Singh P, Bowsher JH. High abundance of lactoba-
cilli in the gut microbiome of honey bees during winter. Sci Rep.
2025;15:7409. https://doi.org/10.1038/s41598-025-90763-0
Bridson C. Interactions between insect gut microbiotas and the
environment [PhD Thesis]. Manchester (UK): The University of
Manchester; 2020. Available from https://research.manchester.
ac.uk/en/studentTheses/interactions-between-insect-gut-microbi-
otas-and-the-environment

Burnham KP, Overton WS. Robust estimation of population
size when capture probabilities vary among animals. Ecology.
1979;60(5):927-936. https://doi.org/10.2307/1936861

Casaburi G. Next generation genomic sequencing and bioinfor-
matics approaches for the study of the human gut microbiome in
selected diseases of the human gut [PhD Thesis]. Naples (Italy):
Universita degli Studi di Napoli Federico II, Medicina Molecolare
e Biotecnologie Mediche; 2014. Available from http://www.fedoa.
unina.it/9660/

Chalita M, Kim YO, Park S, Oh HS, Cho JH, Moon J, Baek N,
Moon C, Lee K, Yang J, et al. EzBioCloud: A genome-driven data-
base and platform for microbiome identification and discovery. Int
J Syst Evol Microbiol. 2024;74(6):006421. https://doi.org/10.1099/
ijsem.0.006421

Chao A, Lee SM. Estimating the number of classes via sample cov-
erage. ] Am Stat Assoc. 1992;87(417):210-217. https://doi.org/10.1
080/01621459.1992.10475194

Chao A, Shen TJ. Nonparametric estimation of Shannon’s index
of diversity when there are unseen species in sample. Environ Ecol
Stat. 2003;10:429-443. https://doi.org/10.1023/A:1026096204727
Chao A. Estimating the population size for capture-recapture data
with unequal catchability. Biometrics. 1987;43(4):783-791. https://
doi.org/10.2307/2531532


https://orcid.org/0000-0003-4429-1383
https://doi.org/10.3389/frbee.2024.1410331
https://doi.org/10.1186/s40168-018-0489-1
https://doi.org/10.1186/s40168-018-0489-1
https://doi.org/10.1016/j.cois.2017.05.020
https://doi.org/10.1007/s00284-024-04034-8
https://doi.org/10.1007/s00284-024-04034-8
https://doi.org/10.1016/S0065-2504(08)60168-3
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1111/1574-6976.12035
https://doi.org/10.1128/aem.02076-23
https://doi.org/10.1128/aem.02076-23
https://doi.org/10.1038/s41598-025-90763-0
https://research.manchester.ac.uk/en/studentTheses/interactions-between-insect-gut-microbiotas-and-the-environment
https://research.manchester.ac.uk/en/studentTheses/interactions-between-insect-gut-microbiotas-and-the-environment
https://research.manchester.ac.uk/en/studentTheses/interactions-between-insect-gut-microbiotas-and-the-environment
https://doi.org/10.2307/1936861
http://www.fedoa.unina.it/9660/
http://www.fedoa.unina.it/9660/
https://doi.org/10.1099/ijsem.0.006421
https://doi.org/10.1099/ijsem.0.006421
https://doi.org/10.1080/01621459.1992.10475194
https://doi.org/10.1080/01621459.1992.10475194
https://doi.org/10.1023/A:1026096204727
https://doi.org/10.2307/2531532
https://doi.org/10.2307/2531532

443

Chen J, Bittinger K, Charlson ES, Hoffmann C, Lewis J, Wu GD,
Collman RG, Bushman FD, Li H. Associating microbiome com-
position with environmental covariates using generalized UniFrac
Bioinformatics. 2012;28(16):2106-2113. https://doi.
org/10.1093/bioinformatics/bts342

Chmiel JA, Daisley BA, Pitek AP, Thompson GJ, Reid G. Under-
standing the effects of sublethal pesticide exposure on honey bees:

distances.

A role for probiotics as mediators of environmental stress. Front
Ecol Evol. 2020;8:22. https://doi.org/10.3389/fev0.2020.00022
Chuttong B, Lim K, Praphawilai P, Danmek K, Maitip J, Vit P, Wu
MG, Ghosh S, Jung C, Burgett M, et al. Exploring the functional
properties of propolis, geopropolis, and cerumen, with a special
emphasis on their antimicrobial effects. Foods. 2023;12(21):3909.
https://doi.org/10.3390/foods12213909

Copeland D. The honey bee superorganism: Social insect life histo-
ry and the microbiome [PhD Thesis]. Tucson (USA): The Univer-
sity of Arizona, Department of Microbiology; 2022. Available from
https://repository.arizona.edu/handle/10150/664253

Copeland DC, Maes PW, Mott BM, Anderson KE. Changes in gut
microbiota and metabolism associated with phenotypic plasticity
in the honey bee Apis mellifera. Front Microbiol. 2022;13:1059001.
https://doi.org/10.3389/fmicb.2022.1059001

Dong ZX, Li HY, Chen YE, Wang E, Deng XY, Lin LB, Zhang QL,
Li JL, Guo J. Colonization of the gut microbiota of honey bee (Apis
mellifera) workers at different developmental stages. Microbiol Res.
2020;231:126370. https://doi.org/10.1016/j.micres.2019.126370
Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Tay-
lor CM, Huttenhower C, Langille MGI. PICRUST?2 for predic-
tion of metagenome functions. Nat Biotechnol. 2020;38:685-688.
https://doi.org/10.1038/541587-020-0548-6

Dubernet S, Desmasures N, Guéguen M. A PCR-based method for
identification of lactobacilli at the genus level. FEMS Microbiol Lett.
2002;214(2):271-275.  https://doi.org/10.1111/j.1574-6968.2002.
tb11358.x

Ellegaard KM, Tamarit D, Javelind E, Olofsson TC, Andersson
SGE, Vasquez A. Extensive intra-phylotype diversity in lactoba-
cilli and bifidobacteria from the honeybee gut. BMC genomics.
2015;16:284. https://doi.org/10.1186/s12864-015-1476-6

El-Seedi HR, Ahmed HR, El-Wahed AAA, Saeed A, Algethami
AF, Attia NE, Guo Z, Musharraf SG, Khatib A, Alsharif SM, et al.
Bee stressors from an immunological perspective and strategies to
improve bee health. Vet Sci. 2022;9(5):199. https://doi.org/10.3390/
vetsci9050199

Emery O, Schmidt K, Engel P. Inmune system stimulation by
the gut symbiont Frischella perrara in the honey bee (Apis mellif-
era). Mol Ecol. 2017;26(9):2576-2590. https://doi.org/10.1111/
mec.14058

Engel P, Kwong WK, McFrederick Q, Anderson KE, Barribeau
SM, Chandler JA, Cornman RS, Dainat J, De Miranda JR, Dou-
blet V, et al. The bee microbiome: Impact on bee health and mod-
el for evolution and ecology of host-microbe interactions. MBio.
2016;7(2):€02164-15.. https://doi.org/10.1128/mbio.02164-15
Engel P, Martinson VG, Moran NA. Functional diversity with-
in the simple gut microbiota of the honey bee. Proc Natl Acad
Sci USA. 2012;109(27):11002-11007. https://doi.org/10.1073/
pnas.1202970109

Shuvo M.S.H. et al. 4

Evans JD, Aronstein K, Chen YP, Hetru C, Imler JL, Jiang H,
Kanost M, Thompson GJ, Zou Z, Hultmark D.. Immune path-
ways and defence mechanisms in honey bees Apis melifera. In-
sect Mol Biol. 2006;15:645-656. https://doi.org/10.1111/j.1365-
2583.2006.00682.x

Faith DP. Conservation evaluation and phylogenetic diversity.
Biol Conserv. 1992;61(1):1-10. https://doi.org/10.1016/0006-
3207(92)91201-3

Garcia-Lopez R, Pérez-Brocal V, Moya A. Beyond cells - The
virome in the human holobiont. Microb Cell. 2019;6(9):373-396.
https://doi.org/10.15698/mic2019.09.689

Geng¢ M, Geng F. Stress factors on honey bees (Apis mellifera L.)
and the components of their defense system against diseases, para-
sites, and pests. Mellifera. 2019;19(1):7-20.

Hamady M, Lozupone C, Knight R. Fast UniFrac: Facilitating
high-throughput phylogenetic analyses of microbial communities
including analysis of pyrosequencing and PhyloChip data. ISME J.
2010;4(1):17-27. https://doi.org/10.1038/isme;j.2009.97

Hamdi C, Balloi A, Essanaa J, Crotti E, Gonella E, Raddadi N,
Ricci I, Boudabous A, Borin S, Manino A, et al. Gut microbiome
dysbiosis and honeybee health. ] Appl Entomol. 2011;135(7):524—
533. https://doi.org/10.1111/j.1439-0418.2010.01609.x

Hossain MS, Seo H, Lee KA, Kim S, Jo S, Rahim MA, Tajdozian
H, Ghorbanian F, Yoon Y, Barman I, et al. Microbiome therapeu-
tic PMC72 through reverse translational research in gout. ] Micro-
biol. 2025;63(5):e2501002. https://doi.org/10.71150/jm.2501002
Hossain MS, Seo H, Rahim MA, Shuvo MSH, Barman I, Kim H,
An J, Kim S, Song HY. Identification of probiotic strains with an-
ti-tuberculosis activity and their characterization as potential ther-
apeutic agents. ] Bacteriol Virol. 2024;54(4):325-342. https://doi.
org/10.4167/jbv.2024.54.4.325

Hristov P, Shumkova R, Palova N, Neov B. Factors associated with
honey bee colony losses: A mini-review. Vet Sci. 2020;7(4):166.
https://doi.org/10.3390/vetsci7040166

Institute of Medicine. Microbial evolution and co-adaptation: A
tribute to the life and scientific legacies of Joshua Lederberg: Work-
shop summary. Washington (USA): The National Academies Press;
2009. https://doi.org/10.17226/12586

Johnson JS, Spakowicz DJ, Hong BY, Petersen LM, Demkowicz
P, Chen L, Leopold SR, Hanson BM, Agresta HO, Gerstein M,
et al. Evaluation of 16S rRNA gene sequencing for species and
strain-level microbiome analysis. Nat Commun. 2019;10(1):5029.
https://doi.org/10.1038/s41467-019-13036-1

Jones JC, Fruciano C, Hildebrand F, Al Toufalilia H, Balfour
NJ, Bork P, Engel P, Ratnieks FLW, Hughes WOH. Gut micro-
biota composition is associated with environmental landscape in
honey bees. Ecol Evol. 2018;8(1):441-451. https://doi.org/10.1002/
ece3.3597

Jones L, Brennan GL, Lowe A, Creer S, Ford CR, De Vere N. Shifts
in honeybee foraging reveal historical changes in floral resources.
Commun Biol. 2021;4(1):37. https://doi.org/10.1038/s42003-020-
01562-4

Jung C, Lee MI. Beekeeping in Korea: Past, present, and future
challenges. In: Chantawannakul P, Williams G, Neumann P, editors.
Asian beekeeping in the 21 century. Singapore: Springer; 2018. p.
175-197. https://doi.org/10.1007/978-981-10-8222-1_8


https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.3389/fevo.2020.00022
https://doi.org/10.3390/foods12213909
https://repository.arizona.edu/handle/10150/664253
https://doi.org/10.3389/fmicb.2022.1059001
https://doi.org/10.1016/j.micres.2019.126370
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1111/j.1574-6968.2002.tb11358.x
https://doi.org/10.1111/j.1574-6968.2002.tb11358.x
https://doi.org/10.1186/s12864-015-1476-6
https://doi.org/10.3390/vetsci9050199
https://doi.org/10.3390/vetsci9050199
https://doi.org/10.1111/mec.14058
https://doi.org/10.1111/mec.14058
https://doi.org/10.1128/mbio.02164-15
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1111/j.1365-2583.2006.00682.x
https://doi.org/10.1111/j.1365-2583.2006.00682.x
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.15698/mic2019.09.689
https://doi.org/10.1038/ismej.2009.97
https://doi.org/10.1111/j.1439-0418.2010.01609.x
https://doi.org/10.71150/jm.2501002
https://doi.org/10.4167/jbv.2024.54.4.325
https://doi.org/10.4167/jbv.2024.54.4.325
https://doi.org/10.3390/vetsci7040166
https://doi.org/10.17226/12586
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1002/ece3.3597
https://doi.org/10.1002/ece3.3597
https://doi.org/10.1038/s42003-020-01562-4
https://doi.org/10.1038/s42003-020-01562-4
https://doi.org/10.1007/978-981-10-8222-1_8

Kapheim KM, Rao VD, Yeoman CJ, Wilson BA, White BA,
Goldenfeld N, Robinson GE. Caste-specific differences in hind-
gut microbial communities of honey bees (Apis mellifera). PloS
One. 2015;10(4):e0123911. https://doi.org/10.1371/journal.
pone.0123911

Khan KA, Al-Ghamdi AA, Ghramh HA, Ansari MJ, Ali H, Alam-
ri SA, Al-Kahtani SN, Adgaba N, Qasim M, Hafeez M. Structural
diversity and functional variability of gut microbial communities
associated with honey bees. Microb Pathog. 2020a;138:103793.
https://doi.org/10.1016/j.micpath.2019.103793

Khan S, Somerville D, Frese M, Nayudu M. Environmen-
tal gut bacteria in European honey bees (Apis mellifera) from
Australia and their relationship to the chalkbrood disease. Plos
One. 2020b;15(8):€0238252. https://doi.org/10.1371/journal.
pone.0238252

Kim JH, Seo H, Kim S, Rahim MA, Jo S, Barman I, Tajdozian
H, Sarafraz F, Song HY, Song YS. Different prostatic tissue mi-
crobiomes between high-and low-grade prostate cancer patho-
genesis. Int ] Mol Sci. 2024;25(16):8943. https://doi.org/10.3390/
{jms25168943

Kim S, Seo H, Rahim MA, Tajdozian H, Kim YS, Song HY. Char-
acteristics of vaginal microbiome in women with pelvic inflam-
matory disease in Korea. Pol ] Microbiol. 2021a;70(3):345-357.
https://doi.org/10.33073/pjm-2021-033

Kim S, Seo H, Rahim MDA, Lee S, Kim YS, Song HY. Chang-
es in the microbiome of vaginal fluid after menopause in Korean
women. ] Microbiol Biotechnol. 2021b;31(11):1490. https://doi.
0rg/10.4014/jmb.2106.06022

Kruskal WH, Wallis WA. Use of ranks in one-criterion variance
analysis. ] Am Stat Assoc. 1952;47(260):583-621. https://doi.org/10
.1080/01621459.1952.10483441

Kwong WK, Moran NA. Cultivation and characterization of the
gut symbionts of honey bees and bumble bees: Description of Sto-
dgrassella alvi gen. nov., sp. nov., a member of the family Neisseri-
aceae of the Betaproteobacteria, and Gilliamella apicola gen. nov.,
sp. nov., a member of Orbaceae fam. nov., Orbales ord. nov., a sister
taxon to the order ‘Enterobacteriales’ of the Gammaproteobacteria.
Int J Syst Evol Microbiol. 2013;63(Pt_6):2008-2018. https://doi.
org/10.1099/ijs.0.044875-0

Kwong WK. Evolution and specialization of the gut microbiota of
eusocial bees [PhD Thesis]. New Haven (USA): Yale University:
2015.

Lee FJ, Miller KI, McKinlay JB, Newton ILG. Differential car-
bohydrate utilization and organic acid production by honey bee
symbionts. FEMS Microbiol Ecol. 2018;94(8):fiy113. https://doi.
org/10.1093/femsec/fiy113

Li WL, Huang Q, Li JL, Wu P, Wei B, Li XJ, Tang QH, Dong ZX,
Xiong J, Tang H, et al. Gut microbiota-driven regulation of queen
bee ovarian metabolism. Microbiol Spectr. 2023;11(5):e02145-
02123. https://doi.org/10.1128/spectrum.02145-23

Lin J. Divergence measures based on the Shannon entro-
py. IEEE Trans Inf Theory. 2002;37(1):145-151. https://doi.
org/10.1109/18.61115

Maes PW, Rodrigues PAP, Oliver R, Mott BM, Anderson KE.
Diet-related gut bacterial dysbiosis correlates with impaired de-
velopment, increased mortality and Nosema disease in the honey-
bee (Apis mellifera). Mol Ecol. 2016;25(21):5439-5450. https://doi.
org/10.1111/mec.13862

Characterization of gut microbiota of honey bees

444

Magurran AE. Measuring biological diversity. Curr Biol. 2021;
31(19):R1174-R1177. https://doi.org/10.1016/j.cub.2021.07.049
Martinson VG, Moy J, Moran NA. Establishment of characteris-
tic gut bacteria during development of the honeybee worker. Appl
Environ Microbiol. 2012;78(8):2830-2840. https://doi.org/10.1128/
aem.07810-11

Miller DL. Functional ecology and genomics of a honey bee defen-
sive symbiont, Bombella apis [PhD Thesis]. Bloomington (USA):
Indiana University; 2023.

Min S, Lee KY, Lee YB, Park BS, Lee D, Kim H, Son M, Kim SB.
Simulating honeybee (Apis mellifera) winter mortality rate under
climate change scenarios: Development and application of mete-
orological index-based predictive models. ] Apic. 2024;39(4):277-
306. https://doi.org/10.17519/apiculture.2024.11.39.4.277

Moran NA, Hansen AK, Powell JE, Sabree ZL. Distinctive gut
microbiota of honey bees assessed using deep sampling from in-
dividual worker bees. PloS One. 2012;7(4):e36393. https://doi.
org/10.1371/journal.pone.0036393

Motta EVS, Moran NA. The honeybee microbiota and its impact
on health and disease. Nat Rev Microbiol. 2024;22(3):122-137.
https://doi.org/10.1038/s41579-023-00990-3

Mudronova D, Toporcak J, Nemcova R, Gancarcikova S, Haj-
duckova V, Rumanovska K. Lactobacillus sp. as a potential pro-
biotic for the prevention of Paenibacillus larvae infection in hon-
ey bees. ] Apic Res. 2011;50(4):323-324. https://doi.org/10.3896/
ibra.1.50.4.11

Myers EW, Miller W. Optimal alignments in linear space. Bioin-
formatics. 1988;4(1):11-17. https://doi.org/10.1093/bioinformat-
ics/4.1.11

Noor F, Khurshid M, Aslam B, Ashfaq UA. Role of computation-
al biology in microbiome research. In: Khurshid M, Akash MSH,
edidors. Human microbiome: Techniques, strategies, and thera-
peutic potential. Singapore: Springer; 2024. p. 85-117. https://doi.
0rg/10.1007/978-981-97-3790-1_4

Potter SC, Luciani A, Eddy SR, Park Y, Lopez R, Finn RD.
HMMER web server: 2018 update. Nucleic Acids Res. 2018 Ju-
1;46(W1):W200-W204. https://doi.org/10.1093/nar/gky448
Powell JE, Martinson VG, Urban-Mead K, Moran NA. Routes
of acquisition of the gut microbiota of the honey bee Apis mellif-
era. Appl Environ Microbiol. 2014;80(23):7378-7387. https://doi.
org/10.1128/aem.01861-14

Pradeep S, Ys JTE, Angappan S, Murugaiyan S, Ramasamy SV,
Boopathi NM. Lactic acid bacteria: A probiotic to mitigate pesti-
cide stress in honey bee. Probiotics Antimicro Prot. 2025. https://
doi.org/10.1007/s12602-025-10507-4

Praet J, Parmentier A, Schmid¥Hempel R, Meeus I, Smagghe G,
Vandamme P. Large-scale cultivation of the bumblebee gut micro-
biota reveals an underestimated bacterial species diversity capable
of pathogen inhibition. Environ Microbiol. 2018;20(1):214-227.
https://doi.org/10.1111/1462-2920.13973

Rahim MA, Seo H, Kim S, Barman I, Ghorbanian F, Hossain MS,
Shuvo MSH, Lee S, Song HY. Exploring the potential of Lactoca-
seibacillus rhamnosus pmc203 in inducing autophagy to reduce the
burden of Mycobacterium tuberculosis. Med Microbiol Immunol.
2024;213(1):14. https://doi.org/10.1007/s00430-024-00794-z
Rahim MA, Seo H, Kim S, Tajdozian H, Barman I, Lee Y, Lee S,
Song HY. In vitro anti-tuberculosis effect of probiotic Lacticasei-


https://doi.org/10.1371/journal.pone.0123911
https://doi.org/10.1371/journal.pone.0123911
https://doi.org/10.1016/j.micpath.2019.103793
https://doi.org/10.1371/journal.pone.0238252
https://doi.org/10.1371/journal.pone.0238252
https://doi.org/10.3390/ijms25168943
https://doi.org/10.3390/ijms25168943
https://doi.org/10.33073/pjm-2021-033
https://doi.org/10.4014/jmb.2106.06022
https://doi.org/10.4014/jmb.2106.06022
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1099/ijs.0.044875-0
https://doi.org/10.1099/ijs.0.044875-0
https://doi.org/10.1093/femsec/fiy113
https://doi.org/10.1093/femsec/fiy113
https://doi.org/10.1128/spectrum.02145-23
https://doi.org/10.1109/18.61115
https://doi.org/10.1109/18.61115
https://doi.org/10.1111/mec.13862
https://doi.org/10.1111/mec.13862
https://doi.org/10.1128/aem.07810-11
https://doi.org/10.1128/aem.07810-11
https://doi.org/10.17519/apiculture.2024.11.39.4.277
https://doi.org/10.1371/journal.pone.0036393
https://doi.org/10.1371/journal.pone.0036393
https://doi.org/10.1038/s41579-023-00990-3
https://doi.org/10.3896/ibra.1.50.4.11
https://doi.org/10.3896/ibra.1.50.4.11
https://doi.org/10.1093/bioinformatics/4.1.11
https://doi.org/10.1093/bioinformatics/4.1.11
https://doi.org/10.1007/978-981-97-3790-1_4
https://doi.org/10.1007/978-981-97-3790-1_4
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1128/aem.01861-14
https://doi.org/10.1128/aem.01861-14
https://doi.org/10.1007/s12602-025-10507-4
https://doi.org/10.1007/s12602-025-10507-4
https://doi.org/10.1111/1462-2920.13973
https://doi.org/10.1007/s00430-024-00794-z

445

bacillus rhamnosus PMC203 isolated from vaginal microbiota. Sci
Rep. 2022;12(1):8290. https://doi.org/10.1038/541598-022-12413-z
Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: A
versatile open source tool for metagenomics. Peer]. 2016;4:e2584.
https://doi.org/10.7717/peer;j.2584

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett
WS, Huttenhower C. Metagenomic biomarker discovery and ex-
planation. Genome Biol. 2011;12:R60. https://doi.org/10.1186/gb-
2011-12-6-r60

Seo H, Yoon SY, Ul-Haq A, Jo S, Kim S, Rahim MA, Park HA,
Ghorbanian F, Kim MJ, Lee MY, et al. The effects of iron deficien-
cy on the gut microbiota in women of childbearing age. Nutrients.
2023;15(3):691. https://doi.org/10.3390/nul15030691

Shokralla S, Porter TM, Gibson JE, Dobosz R, Janzen DH, Hall-
wachs W, Golding GB, Hajibabaei M. Massively parallel multiplex
DNA sequencing for specimen identification using an Illumina
MiSeq platform. Sci Rep. 2015;5(1):9687. https://doi.org/10.1038/
srep09687

Staczek S, Cytryniska M, Zdybicka-Barabas A. Unraveling the role
of antimicrobial peptides in insects. Int ] Mol Sci. 2023;24(6):5753.
https://doi.org/10.3390/ijms24065753

Taylor MA, Robertson AW, Biggs PJ, Richards KK, Jones DF,
Parkar SG. The effect of carbohydrate sources: Sucrose, in-
vert sugar and components of manuka honey, on core bacteria
in the digestive tract of adult honey bees (Apis mellifera). PLoS
One.  2019;14(12):€0225845.  https://doi.org/10.1371/journal.
pone.0225845

Wang H, Lei L, Chen W, Chi X, Han K, Wang Y, Ma L, Liu Z, Xu
B. The comparison of antioxidant performance, immune perfor-
mance, IIS activity and gut microbiota composition between queen
and worker bees revealed the mechanism of different lifespan of
female casts in the honeybee. Insects. 2022;13(9):772. https://doi.
org/10.3390/insects13090772

Wheeler TJ, Eddy SR. nhmmer: DNA homology search with pro-
file HMMs. Bioinformatics. 2013;29(19):2487-2489. https://doi.

Shuvo M.S.H. et al. 4

org/10.1093/bioinformatics/btt403

Wéjcik M, Koper P, Zebracki K, Marczak M, Mazur A. Genom-
ic and metabolic characterization of plant growth-promoting rhi-
zobacteria isolated from nodules of clovers grown in non-farmed
soil. Int J Mol Sci. 2023;24(23):16679. https://doi.org/10.3390/
{jms242316679

Ye Y, Doak TG. A parsimony approach to biological pathway re-
construction/inference for genomes and metagenomes. PLoS
Comput Biol. 2009;5(8):1000465. https://doi.org/10.1371/journal.
pcbi. 1000465

Yoon SH, Ha SM, Kwon S, Lim J, Kim Y, Seo H, Chun J. In-
troducing EzBioCloud: A taxonomically united database of 16S
rRNA gene sequences and whole-genome assemblies. Int J Syst
Evol Microbiol. 2017;67(5):1613-1617. https://doi.org/10.1099/
ijsem.0.001755

Yun JH, Lee JY, Hyun DW, Jung MJ, Bae JW. Bombella apis sp.
nov.,, an acetic acid bacterium isolated from the midgut of a honey
bee. Int J Syst Evol Microbiol. 2017;67(7):2184-2188. https://doi.
org/10.1099/ijsem.0.001921

Zheng H, Nishida A, Kwong WK, Koch H, Engel P, Steele MI,
Moran NA. Metabolism of toxic sugars by strains of the bee gut
symbiont Gilliamella apicola. MBio. 2016;7(6):e01326-16. https://
doi.org/10.1128/mbio.01326-16

Zheng H, Steele MI, Leonard SP, Motta EVS, Moran NA.
Honey bees as models for gut microbiota research. Lab Anim.
2018;47(11):317-325. https://doi.org/10.1038/s41684-018-0173-x

Supplementary materials are available on the journal’s website.


https://doi.org/10.1038/s41598-022-12413-z
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.3390/nu15030691
https://doi.org/10.1038/srep09687
https://doi.org/10.1038/srep09687
https://doi.org/10.3390/ijms24065753
https://doi.org/10.1371/journal.pone.0225845
https://doi.org/10.1371/journal.pone.0225845
https://doi.org/10.3390/insects13090772
https://doi.org/10.3390/insects13090772
https://doi.org/10.1093/bioinformatics/btt403
https://doi.org/10.1093/bioinformatics/btt403
https://doi.org/10.3390/ijms242316679
https://doi.org/10.3390/ijms242316679
https://doi.org/10.1371/journal.pcbi.1000465
https://doi.org/10.1371/journal.pcbi.1000465
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001921
https://doi.org/10.1099/ijsem.0.001921
https://doi.org/10.1128/mbio.01326-16
https://doi.org/10.1128/mbio.01326-16
https://doi.org/10.1038/s41684-018-0173-x

