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Gut microbiota is a potential 
factor in shaping phenotypic 
variation in larvae and adults of 
female bumble bees
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Host symbionts are often considered an essential part of the host phenotype, 
influencing host growth and development. Bumble bee is an ideal model for 
investigating the relationship between microbiota and phenotypes. Variations in 
life history across bumble bees may influence the community composition of 
gut microbiota, which in turn influences phenotypes. In this study, we explored 
gut microbiota from four development stages (early-instar larvae, 1st instar; 
mid-instar larvae, 5th instar; late-instar larvae, 9th instar; and adults) of workers 
and queens in the bumble bee Bombus terrestris using the full-length 16S rRNA 
sequencing technology. The results showed that morphological indices (weight 
and head capsule) were significantly different between workers and queens from 
5th instar larvae (p < 0.01). The alpha and beta diversities of gut microbiota were 
similar between workers and queens in two groups: early instar and mid instar 
larvae. However, the alpha diversity was significantly different in late instar larvae 
or adults. The relative abundance of three main phyla of bacteria (Cyanobacteria, 
Proteobacteria, and Firmicutes) and two genera (Snodgrassella and Lactobacillus) 
were significantly different (p < 0.01) between workers and queens in late instar 
larvae or adults. Also, we  found that age significantly affected the microbial 
alpha diversity as the Shannon and ASVs indices differed significantly among the 
four development stages. Our study suggests that the 5th instar larval stage can 
be  used to judge the morphology of workers or queens in bumble bees. The 
key microbes differing in phenotypes may be involved in regulating phenotypic 
variations.
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Introduction

Microbial symbionts are often considered an important part of the host phenotype, 
participating in host health maintenance, nutrition uptake, energy release, and regulation of host 
physiology (Tremaroli and Bäckhed, 2012; Archie and Tung, 2015). Similarly, gut bacterial 
communities reflect changes in host phenotype and are influenced by the host’s diet and 
physiology (Chandler et al., 2011; Koch and Schmid-Hempel, 2011). Whether phenotypic 
diversity among individuals results from host–microbe interactions deserves further exploration.
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Compared with the gut microbiota of many other animals, the 
social bumble bees and honey bees harbor a relatively simple yet 
specialized gut microbiota, including Snodgrassella alvi, Lactobacillus, 
and Gilliamella apicola (Neveling et al., 2012; Kwong and Moran, 2013; 
Zheng et  al., 2016). It is reported that these microbes have many 
beneficial interactions with bumble bees and honey bees, including 
increasing metabolic function and protection from invading 
pathogens (Kwong et al., 2017).

The eusocial Hymenoptera provides an excellent opportunity to 
explore the relationship between microbiota and host phenotypic 
variation. In many social species of ants, bees, and wasps, individuals 
in the same colony show differences in the division of labor, 
accompanied by changes in nutritional status and physiology (Wilson, 
1971). For example, in bumble bees, queens lay fertilized eggs (one set 
of chromosomes from the drone, one from the queen) that mature 
into workers and new queens; Alaux et  al., 2007). Morphology, 
physiology, behavior, longevity, and other life-history traits 
significantly differ between queens and workers, although they are 
derived from the same genome (Weiner and Toth, 2012). Compared 
to workers, the queen is larger with more developed reproductive 
organs and a longer life span (Bloch and Hefetz, 1999). Also, since 
they share a nested environment and transfer food using trophallaxis 
during development, the larvae of workers and queens have a similar 
diet (Pereboom et al., 2003).

Shared social communities and environments generally contribute 
to common gut microbiota (Degnan et al., 2012; Zhang and Zheng, 
2022). In support of this view, the gut microbiota sampled from social 
species of bees, such as honey bees and bumble bees, tend to be host-
specific (Koch et al., 2013). Similar gut microbiota has also remarkably 
been observed for workers from different colonies of honey bees 
(Martinson et al., 2011). The physical interactions in social species 
create a potential for colony-wide transmission of gut microbiota, 
suggesting little microbiome variation among individual members in 
a colony, such as between soldiers and workers in termites (Otani 
et al., 2019).

However, some gut microbiotas may be involved in phenotypic 
variation by improving digestion and enhancing metabolism (Engel 
and Moran, 2013). These gut microbiota characteristics in turn 
correspond to their roles in the division of labor (Engel et al., 2012). 
Specifically, workers harbor more complex gut communities than 
queens, presumably more suited to process food than queens. In Apis 
mellifera, queen microbiomes may enhance the metabolic conversion 
of energy from food to egg production (Aupinel et al., 2005). Within 
the worker caste, young (nurse) honey bees that perform tasks inside 
the hive, such as brood care, have more diverse gut microbial 
communities than foragers (Jones et al., 2018). Furthermore, age has 
an influence on gut microbial communities during the development 
of bees (Hroncova et al., 2019). For example, the genera Bartonella and 
Enterobacter are mainly founded in the first instar larvae, while 
Acinetobacter and Rhodococcus are mainly founded in the fifth instar 
larvae of the bumble bee (Andrena camellia; Kou et al., 2022).

Bombus terrestris, one of the eusocial Hymenoptera species, is an 
ideal model to investigate the relationship between microbiota and 
phenotypes (Koubová et al., 2019). Although the diet of queens and 
workers is similar, the gut microbial composition may differ. In this 
study, we first measured morphological changes between workers and 
queens during larval development. Then, we explored changes in gut 
microbiota in larvae and adults of bumble bee workers and queens. 

We  hypothesized that (i) the richness of some key microbiotas is 
different between workers and queens, (ii) the diversity of microbiota 
changes with the development of bumble bees. The findings of this 
study will improve our understanding of possible relationships 
between gut microbial communities and the phenotypic variation of 
bumble bees.

Materials and methods

Sample collection

Bombus terrestris colonies were reared under standard laboratory 
conditions (27 ± 2°C, 60 ± 5% relative humidity; Gurel and Karsli, 
2013). Fresh pollen and sugar solutions (1:1, w/v) were provided ad 
libitum as a diet (Zhang et al., 2021).

To collect the worker and queen larvae accurately, we monitored 
the whole development period of the larvae. Monitoring began 
when the colonies had about 100 workers, which is close to the time 
for new queens to develop. At this stage, we recorded the location 
and time of each batch of eggs laid by queens daily, then took one 
larva on the 1st, 5th, and 9th, whereas the remaining were left to 
develop into adults. We determined whether the collected larvae 
were queens or workers based on the adult bees that emerged from 
the remaining larvae. Moreover, to explore the development of the 
queens and workers throughout the larval span, we took the larvae 
of each instar of workers and queens to determine the 
morphological index. The larval body weight was measured using 
a digital electronic scale (accurate to within 0.1 mg) (BSA124S, 
Sartorios, Gottingen, Germany), and the head capsule was observed 
using a microscope (SZ2ILST, Olympus Corporation, Tokyo, Japan; 
Cnaani et al., 1997).

Gut microbiota was sampled from four stages, three of which 
were larval stages and one was the adult bumble bee stage (Figure 1). 
These samples consisted of: (a) early-instar queen-destined larvae 
(EQ, 1 instar larvae, 80 larvae from six colonies, representing four 
biological replicates) and early-instar worker-destined larvae (EW, 
1 instar larvae, 80 larvae from six colonies, representing four 
biological replicates); (b) mid-instar queen-destined larvae (MQ, 5 
instar larvae, 32 larvae from six colonies, representing eight 
biological replicates) and mid-instar worker-destined larvae (MW, 
5 instar larvae, 20 larvae from six colonies, representing 5 biological 
replicates); (c) late-instar queen-destined larvae (LQ, 9 instar 
larvae, 8 larvae from 6 colonies, representing 8 biological replicates), 
and late-instar worker-destined larvae (LW, 9 instar larvae, 8 larvae 
from 6 colonies, representing 8 biological replicates); (d) adult 
queens (AQ, 7 instar adults, 8 individuals from 6 colonies, 
representing 8 biological replicates), and adult workers (AW, 7 
instar adults, 8 individuals from 6 colonies, representing 8 biological 
replicates). Harvested samples were kept at –80°C until the total 16S 
rRNA was extracted.

DNA extraction and sequencing of 16S 
rRNA

Following the manufacturer’s instructions, DNA from fecal 
contents was extracted by a QIAamp DNA Stool Mini Kit from Qiagen 
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(Germany). The primer sequences of the full-length 16S rRNA were 
as follows: 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R 
(5’-ACCTTGTTACGACTT3’; He et  al., 2020). The PCR reaction 
conditions were 95°C for 5 min, 95°C for 30 s, 50°C for 30 s, and 72°C 
for 1 min, with 25 cycles in a reaction volume of 10 μl. PCR products 
were purified by adding Genome DNA Clean magnetic beads of equal 
volume. DNA concentration was measured using Qubit® DNA Assay 
Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA, United States). 
The samples with DNA concentrations greater than 20 ng/μL were 
used for constructing the DNA library (Pacific Biosciences SMRT 
bellTM Template Prep Kit 1.0), sequencing by PacBio SMRT RS II 
instrument P6  - C4 reagent computer, and the movie times were 
240 min by CCS mode. Demultiplexed CCSs were generated using the 
RS_ReadsOfInsert.2.1 protocol in SMRT Analysis software version 
2.3.0 with the following settings: Minimum Full Passes = 2, Minimum 
Predicted Accuracy = 90, and Minimum Barcode Score = 22  in 
Symmetric Barcode Mode (Callahan et  al., 2019). All subsequent 
library building and sequencing work were conducted at Berry 
Genomics Biotech Co., Ltd. (China).

Data processing of gut samples

The data from different samples were identified according to the 
barcode sequence and converted into fastq datasets. We  used the 
DADA2 pipeline within the QIIME2 (version 2021.8) package1 to 
filter low-quality and chimera errors and generate unique sequence 
variants. Because the “operational taxonomic units (OTUs)” resulting 
from DADA2 are created through the grouping of unique sequences, 
these sequences are the equivalent of 100% OTUs, and are generally 
referred to as amplicon sequence variants (ASVs; Straub et al., 2020). 
The obtained ASVs were taxonomically annotated in the Greengene 
reference database (Smith et al., 2020).

1 https://qiime2.org

Statistical analysis

The alpha diversity measures such as the observed ASVs (i.e., the 
total number of ASVs detected per sample) and Shannon index (i.e., 
the number of taxa and evenness of their distribution, more influenced 
by the richness and rare species) were compared (Delbeke et al., 2022). 
The Kruskal–Wallis test was used to compare the differences among 
groups as some of the variables were not normally distributed. The 
effects of age and phenotype in the 2-by 2-factor design on alpha 
diversity were analyzed by linear mixed model in R (implemented in 
R package limerTest; Bates and Pinheiro, 1998).

Bray–Curtis dissimilarity was used to visualize beta diversity to 
examine the difference in microbial composition among the sampled 
groups. The principal component analysis (PCA) was visualized in R 
(implemented in R package vegan) (Segata et  al., 2011). We used 
pairwise permutation multivariate analysis of variance 
(PERMANOVA) with 999 random permutations to test the 
significance of the differences among groups (Anderson, 2001).

Also, we used PICRUSt2 to predict the functional capacity of the 
gut microbial community. The ASVs table was supplied to PICRUSt2, 
and then predicted functional genes were categorized into MetaCyc 
pathways (Low et al., 2021).

Results

Fifth-instar is the key point for 
morphological difference between worker 
and queen bumble bees

The whole development period of worker-destined larvae was 
different from queen-destined larvae. Queen larvae took more time 
(11 days) than worker larvae (9 days) for development. In addition, 
significant body weight differences were found between queen and 
worker bees at 5th - 9th instar larvae (Figure 2A; t-test, p < 0.01). 
Similarly, the head capsules were significantly larger in queens than in 
workers from 5th - 9th instar larvae (Figure 2B; t-test, p < 0.01), while 

FIGURE 1

Schematic overview of this study. We monitored the development of larval in Bombus terrestris. Some larvae were used to measure morphological 
indicators while others were used to determine microbiota. The gut microbiota was sampled at four stages (ES represents early larvae stage, MS 
represents mid larvae stage, LS represents late larvae stage, and AS represents adult stage).
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there were no differences from the 1st – 4th instar larvae (Figure 2B; 
t-test, p > 0.05). Thus, our results showed that the 5th instar larval 
stage was the key period at which the weight and head capsule began 
to show significant variation between workers and queens of 
bumble bees.

Variation of microbial compositions 
between worker and queen bumble bees

To identify whether gut microbiota exhibited variations in 
response to workers and queens, we analyzed 16S rRNA sequences 
from gut samples. After quality control, a total of 267,307 high-quality 
sequences were retained for all samples and an average of 5,043 
sequences were obtained per sample.

Overall, there was no significant difference in microbial diversity 
between workers and queens. We found a total of 205 shared ASVs, 
and 310 and 270 ASVs that were specific to worker and queen samples, 
respectively (Figure 3A). In addition, the linear mixed-effects model 
analysis indicated that phenotype could not significantly affect 
microbial alpha diversity within the bumble bees (Table 1; FASVs = 0.79, 
p = 0.3783; FShannon = 1.99, p = 0.1646). Based on PERMANOVA of the 
Bray-Curtis distance matrix, we revealed that microbial communities 
were not significantly different between workers and queens (p > 0.05). 
The principal-coordinate analysis (PCoA) graphs clearly illustrated 
that worker and queen samples were clustered together (Figure 3B).

However, the ASVs index was significantly different between 
workers and queens, indicating significant differences in the microbial 
richness at the late stage (Figure 3C; Wilcoxon test, p < 0.05). The 
Shannon index was higher in workers than in queens, revealing a 
significant difference in the abundance of bacteria at the adult stage 
(Figure 3C; Wilcoxon test, p < 0.05). Moreover, we found that the 
relative abundance of three main phyla (Cyanobacteria, 
Proteobacteria, and Firmicutes) significantly differed between queens 
and workers. The relative abundance of Cyanobacteria was 
significantly higher in queens compared to workers of the late larvae 
group (Figure  3D; Wilcoxon test, p  < 0.01) while the relative 
abundance of Proteobacteria was significantly high in queens than in 

workers of the adult group (Figure  3D; Wilcoxon test, p  < 0.05). 
Firmicutes were significantly less abundant in queens than in workers 
of both late larvae and adult groups (Figure  3D; Wilcoxon test, 
p < 0.05).

Moreover, the taxonomic composition and distribution of 
microflora at the genus level revealed that the relative abundance of 
Snodgrassella was significantly higher in queens than in workers of the 
adult group (Figure  3D; Wilcoxon test, p  < 0.05). In contrast, the 
relative abundance of Lactobacillus genus was significantly lower in 
queens than in workers of both late larvae and adult groups 
(Figure 3D; Wilcoxon test, p < 0.05).

Microbial diversity varied as the age 
increased in worker and queen bumble 
bees

Linear mixed-effects model analysis indicated that age was an 
important factor for changes in microbial diversity within bumble 
bees (Table  1; FASVs  = 2.63, p  = 0.06; FShannon  = 4.54, p  = 0.0067). In 
worker bumble bees, ASVs and Shannon indices were not significantly 
different (Figure 4A; Kruskal–Wallis test, p = 0.22, p = 0.072), but the 
values were higher in the three late groups (MW, LW, and AW) than 
in the EW group. Additionally, the PERMANOVA analysis showed 
that microbial communities (beta-diversity) were significantly 
different between groups (Figure 3B; p < 0.05). The PCoA plot showed 
that larval samples (EW, MW, and LW) were clustered together, 
different from adult bumble bee samples (AW; Figure  4B). 
Furthermore, the relative abundance of the top five phyla 
(Proteobacteria, Firmicutes, Cyanobacteria, Bacteroidetes, and 
Actinobacteriota) differed in the four groups (Figure 4C). The relative 
abundance of Firmicutes was significantly higher in both LW and AW 
than in EW and MW groups, whereas the relative abundance of 
Cyanobacteria was significantly lower in LW and AW groups 
(Figure  4D; Wilcoxon test, p  < 0.05). The relative abundance of 
Bacteroidetes was significantly high in the AW than in other groups 
(Figure 4D; Wilcoxon test, p < 0.05). Thus, the diversity of microbiota 
was affected by the age of workers.

A B

FIGURE 2

Larval growth and development curve of larvae in Bombus terrestris. The weight (A) and head capsule (B) of worker and queen larvae during their 
entire development (t-test; ns represents p > 0.05, * represents p < 0.05, ** represents p < 0.01).
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Likewise, in queen bumble bees, we found both ASVs and Shannon 
indices significantly differed between the four groups (Figure  5A; 
Kruskal–Wallis test, p = 0.024, p = 0.023). Both ASVs and Shannon 
indices were significantly higher in MQ, LQ, and AQ than EQ group 
(Figure  5A; Wilcoxon test, p  < 0.05). The PERMANOVA analysis 
revealed that microbial communities (beta-diversity) were significantly 
different between the four groups (p < 0.05). The PCoA plot showed that 
larval samples (EQ, MQ, and LQ) were clustered together, which were 
also different from adult bumble bee samples (AQ; Figure  5B). In 
addition, the relative abundance of the top five phyla (Proteobacteria, 
Firmicutes, Cyanobacteria, Bacteroidetes, and Actinobacteriota) 
differed in the four groups (Figure 5C). Proteobacteria were significantly 

more abundant in AQ than in other groups (Figure 5D; Wilcoxon test, 
p < 0.05), while Cyanobacteria were significantly less abundant in AQ 
than in MQ and LQ groups (Figure  5D; Wilcoxon test, p  < 0.05). 
Therefore, our results showed that the richness and abundance of 
microbiota were also influenced by age in queens.

Furthermore, bacterial functions were predicted and ‘mapped’ in 
the MetaCyc database. A total of 220 metabolic pathways encoded 
were predicted, 67 and 26 of which were significantly different in 
queens and workers, respectively (Supplementary Table S1; Kruskal–
Wallis test, p < 0.01). The worker bacteria-encoded functions that were 
active throughout the life cycle mainly included amino acid 
metabolisms and biosynthesis (arginine ornithine and proline 
interconversion, l-histidine degradation I  and l-lysine 
biosynthesis III ; Figure 4E; Kruskal–Wallis test, p < 0.01). Also, the 
queen bacteria-encoded functions also mainly included amino acid 
biosynthesis (arginine ornithine and proline interconversion, 
l-methionine biosynthesis I  and l-lysine biosynthesis III) and 
generation of precursor metabolites and energy (hexitol fermentation 
to lactate, pyruvate fermentation to acetate and lactate II and aerobic 
respiration I; Figure 5E; Kruskal–Wallis test, p < 0.01). Overall, our 
results revealed that more pathways were enriched at the adult stage 
than at the larval stages of both worker and queen bumble bees.

Discussion

The gut microbiota of eusocial Hymenoptera is highly conserved 
and represented by a few phylotypes (Cornet et  al., 2022). Its 

A B C

D

FIGURE 3

The composition and diversity of microbiota in Bombus terrestris. (A) Venn diagram of common amplicon sequence variants (ASVs). Circle A represents 
worker samples; circle B represents queen samples. (B) PCoA plot based on Bray-Curtis distance metrics depicting the differences in microbial 
community structure between worker and queen bumble bees. (C) Alpha diversity (ASVs and Shannon indices) of microbiota between workers and 
queens (Wilcoxon test, * represents p < 0.05). (D) The relative abundance of phyla and genera significantly differed between workers and queens 
(Wilcoxon test, * represents p < 0.05).

TABLE 1 Linear mixed-effects model by restricted maximum likelihood 
(REML) for alpha diversity of ASV and Shannon indices in Bombus 
terrestris.

d.f. F Value of p

Main effects – ASV

AIC = 558.685

Age 50 2.63 0.06

Phenotype 50 0.79 0.3783

Main effects – Shannon

AIC = 134.9644

Age 50 4.54 0.0067

Phenotype 50 1.99 0.1646

d.f., degrees of freedom; AIC, Akaike information criterion.
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composition tends to be  dominated by phyla Proteobacteria, 
Firmicutes, Actinobacteria, and Bacteroidetes in Amdrena camellia 
(Kou et al., 2022). Likewise, Proteobacteria and Firmicutes are the 
most abundant taxa in Pheidole rugaticeps Emery (Hymenoptera: 
Formicidae) (Ashigar and Ab Majid, 2021). The study found that 
Proteobacteria, Firmicutes, Cyanobacteria, Bacteroidetes, and 
Actinobacteria were the main phyla in queen and worker bumble bees. 
The alpha and beta diversity of these microbial communities was not 
significantly different between workers and queens (Table  1; 
Figure 3C). One potential explanation is that B. terrestris shares nectar 
via honeypots inside the colony, thus the diversity of microbiota shows 
similarity (McFrederick et al., 2013).

Gut bacteria increase weight gain in young adult bees, affect the 
expression of genes governing insulin and vitellogenin levels, and 
increase sucrose sensitivity (Zheng et  al., 2017). Additionally, gut 
bacteria produce short-chain fatty acids, with acetate and propionate as 
the major metabolites, as in the guts of humans and other animals (Lee 
et  al., 2015). In our study, significant body weight differences were 
observed between queen and worker bees at 5th – 9th instar larvae 
(Figure 2A). The 5th and 9th instar larvae stages showed differences in 
alpha diversity between worker and queen bees. Also, these instar larvae 
stages exhibited differences in the relative abundance of bacterial 
groups, such as Cyanobacteria, Proteobacteria, and Firmicutes 
(Figures  3C,D), which play an important role in the digestion and 

A

B

C

D

E

FIGURE 4

The variation of microbial diversity between the four stages of workers in Bombus terrestris. (A) Alpha diversity (ASVs and Shannon indices) of 
microbiota in worker bumble bees using Kruskal–Wallis test. (B) PCoA plot based on Bray–Curtis distance metrics depicting the differences in 
microbial community structure (ES represents early larvae stage, MS represents mid larvae stage, LS represents late larvae stage. AS represents adult 
stage). (C) Phylum-level microbial composition of bumble bees. (D) The relative abundance of phyla significantly differed between the four groups 
(Kruskal–Wallis test, p < 0.05). (E) The relative abundance of the top 20 metabolic pathways using PICRUSt-predicted Metacyc orthologs.
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absorption of food. Cyanobacteria are photosynthetic prokaryotes that 
use light energy to split water and transfer electrons to produce ATP in 
insects (Kang et  al., 2021). Proteobacteria can digest secondary 
metabolites (such as terpenes, alkaloids, glycosides, and phenolic 
compounds) of insect hosts and help to maintain the growth and 
development of insects; its absence leads to slower development in 
insects (Shah et al., 2021). Studies show that Firmicutes play a role in 
energy absorption in insects (Zhang et al., 2022).

Moreover, we  found Snodgrassella and Lactobacillus 
significantly differed in worker and queen bumble bees (Figure 3D). 
Snodgrassella is the core genus in honey bees (Apis spp.) and 

bumble bees (Bombus spp.) (Cornet et  al., 2022). Functional 
analyses revealed the importance of small proteins, defense 
mechanisms, amino acid transport, and metabolism in 
Snodgrassella genus (Hammer et  al., 2021). Honey bees also 
associate with Lactobacillus from flowers and may therefore obtain 
these bacteria from flowers (McFrederick et al., 2017). A recent 
study shows that Lactobacillus plantarum influences mate 
preferences in Drosophila melanogaster, possibly through 
alterations of cuticular hydrocarbon sex pheromones affecting the 
phenotype (Sharon et al., 2010). Thus, our results elucidate the 
important role of bacteria in bumble bee developments.

A C

B

E

D

FIGURE 5

The variation of microbial diversity between four stages of queens in Bombus terrestris. (A) Alpha diversity (ASVs and Shannon indices) of microbiota in 
queen bumble bees using Kruskal–Wallis test. (B) PCoA plot based on Bray-Curtis distance metrics depicting the differences in microbial community 
structure (ES represents early larvae stage, MS represents mid larvae stage, LS represents late larvae stage. AS represents adult stage). (C) Phylum-level 
microbial composition of bumble bees. (D) The relative abundance of phyla was significantly different among the four groups (Kruskal–Wallis test, 
p < 0.05). (E) The relative abundance of the top 20 metabolic pathways using PICRUSt-predicted Metacyc orthologs.
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Microbial composition is significantly affected by age during bee 
development (Tarpy et al., 2015). Linear mixed-effects model analysis 
indicated that age was the major factor shaping microbial community 
alpha diversity within bumble bees (Table 1). This is consistent with 
the findings on Apis mellifera that there is an increase in the number 
of isolated bacterial colonies and diversity as the larvae age (Evans and 
Armstrong, 2006). One possible explanation is that the absence of 
defecation during the larval stage contributes to increasing diversity 
and abundance with successive larval instar. In addition, our results 
showed that the alpha diversity was lower in early larvae stage but was 
higher in other stages of bumble bees. Bacterial diversity may also 
have increased due to the increase in pollen in the larval food 
(Voulgari-Kokota et al., 2020). When glandular secretions of bees are 
mixed with increasing amounts of sugary crop contents, the larval 
food becomes more susceptible to microbial inoculation from pollen 
grains (Vojvodic et al., 2013).

Finally, microbial communities in the larval gut can differ from 
those in adults of Hymenoptera (Li et  al., 2021). For example, 
Gammaproteobacteria, Acetobacteraceae, Firmicutes, and Bacillus 
spp. differ between larvae and adult honey bees (Vojvodic et al., 2013). 
Our results showed that the microbial diversity of larval samples 
exhibited much higher similarity, different from adult bumble bees 
(Figures 4B, 5B). The bacteria-encoded functions that were active 
throughout the life cycle included mainly biosynthesis and generation 
of precursor metabolites and energy in adults than in larval bumble 
bees (Figures 4E, 5E). Bacteria play a role in metabolism processing 
during the early and fragile stages of bumble bees.

Conclusion

Fertilized eggs produced by the bumble bee queen develop into 
two phenotypes, the new queen (large size) and the worker (small 
size). This study explore the relationship between microbiota and 
phenotypic variation in bumble bees. The results show that alpha and 
beta diversity of gut microbiota is similar in workers and queens. 
However, the relative abundance of three main phyla of bacteria 
(Cyanobacteria, Proteobacteria, and Firmicutes) and two genera 
(Snodgrassella and Lactobacillus) are significantly different. 
Furthermore, results show microbiota diversity is significantly affected 
by age in bumble bees. The findings of this study give insights for 
further studies on the relationships between gut microbiota and 
phenotypic variation in female bumble bees.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

JA conceived the research project. BG collected the samples, 
analyzed the data, and sequenced the samples. BG, JT, GD, SM, JH, 
and JA wrote the manuscript. All authors read and approved the 
final manuscript.

Funding

This research was funded by the Natural Science Foundation of 
China (31672500 and 32072797), the Agricultural Science and 
Technology Project of Gansu Province (GSLK-2021-17 and GSLK-
2022-16), the Special Program for Basic Resources of Science and 
Technology (2018FY100404), the Agricultural Science and 
Technology Innovation Program (CAAS-ASTIP-2015-IAR), and the 
China Agriculture Research System-Bee (NYCYTX-44-KXJ5).

Acknowledgments

We are very grateful to Tom D. Breeze of Reading University for 
his valuable comments and suggestions about the manuscript. We also 
thanks to Wenbo Zhang and Yongshui Mu for their help in rearing 
bumble bees for this study.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1117077/
full#supplementary-material

References
Alaux, C., Boutot, M., Jaisson, P., and Hefetz, A. (2007). Reproductive plasticity in 

bumblebee workers (Bombus terrestris)—reversion from fertility to sterility under queen 
influence. Behav. Ecol. Sociobiol. 62, 213–222. doi: 10.1007/s00265-007-0455-6

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of 
variance. Austral Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

Archie, E. A., and Tung, J. (2015). Social behavior and the microbiome. Curr. Opin. 
Behav. Sci. 6, 28–34. doi: 10.1016/j.cobeha.2015.07.008

Ashigar, M. A., and Ab Majid, A. H. (2021). 16S rDNA metabarcoding of the 
bacterial community associated with workers of Pheidole rugaticeps Emery 
(hymenoptera: Formicidae). J. Asia Pac. Entomol. 24, 176–183. doi: 10.1016/j.
aspen.2020.12.003

Aupinel, P., Fortini, D., Dufour, H., Tasei, J., Michaud, B., Odoux, J., et al. (2005). 
Improvement of artificial feeding in a standard in vitro method for rearing Apis mellifera 
larvae. Bull. Insectol. 58:107.

https://doi.org/10.3389/fmicb.2023.1117077
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1117077/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1117077/full#supplementary-material
https://doi.org/10.1007/s00265-007-0455-6
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1016/j.cobeha.2015.07.008
https://doi.org/10.1016/j.aspen.2020.12.003
https://doi.org/10.1016/j.aspen.2020.12.003


Guo et al. 10.3389/fmicb.2023.1117077

Frontiers in Microbiology 09 frontiersin.org

Bates, D. M., and Pinheiro, J. C. (1998). Linear and Nonlinear Mixed-Effects Models. 
America: Kansas University.

Bloch, G., and Hefetz, A. (1999). Reevaluation of the role of mandibular glands in 
regulation of reproduction in bumblebee colonies. J. Chem. Ecol. 25, 881–896. doi: 
10.1023/A:1020805103379

Callahan, B. J., Wong, J., Heiner, C., Oh, S., Theriot, C. M., Gulati, A. S., et al. (2019). 
High-throughput amplicon sequencing of the full-length 16S rRNA gene with single-
nucleotide resolution. Nucleic Acids Res. 47:e103. doi: 10.1093/nar/gkz569

Chandler, J. A., Morgan Lang, J., Bhatnagar, S., Eisen, J. A., and Kopp, A. (2011). 
Bacterial communities of diverse drosophila species: ecological context of a host–
microbe model system. PLoS Genet. 7:e1002272. doi: 10.1371/journal.pgen.1002272

Cnaani, J., Borst, D. W., Huang, Z.-Y., Robinson, G. E., and Hefetz, A. (1997). Caste 
determination in Bombus terrestris: differences in development and rates of JH 
biosynthesis between queen and worker larvae. J. Insect Physiol. 43, 373–381. doi: 
10.1016/S0022-1910(96)00106-0

Cornet, L., Cleenwerck, I., Praet, J., Leonard, R. R., Vereecken, N. J., Michez, D., et al. 
(2022). Phylogenomic analyses of Snodgrassella isolates from honeybees and bumblebees 
reveal taxonomic and functional diversity. Msystems 7, e01500–e01521. doi: 10.1128/
msystems.01500-21

Degnan, P. H., Pusey, A. E., Lonsdorf, E. V., Goodall, J., Wroblewski, E. E., 
Wilson, M. L., et al. (2012). Factors associated with the diversification of the gut 
microbial communities within chimpanzees from Gombe National Park. Proc. Natl. 
Acad. Sci. 109, 13034–13039. doi: 10.1073/pnas.1110994109

Delbeke, H., Casteels, I., and Joossens, M. (2022). The effect of topical anesthetics on 
16S ribosomal ribonucleic acid amplicon sequencing results in ocular surface 
microbiome research. Transl. Vis. Sci. Technol. 11, 2–11. doi: 10.1167/tvst.11.3.2

Engel, P., Martinson, V. G., and Moran, N. A. (2012). Functional diversity within the 
simple gut microbiota of the honey bee. Proc. Natl. Acad. Sci. U. S. A. 109, 11002–11007. 
doi: 10.1073/pnas.1202970109

Engel, P., and Moran, N. A. (2013). The gut microbiota of insects–diversity in structure 
and function. FEMS Microbiol. Rev. 37, 699–735. doi: 10.1111/1574-6976.12025

Evans, J. D., and Armstrong, T.-N. (2006). Antagonistic interactions between honey 
bee bacterial symbionts and implications for disease. BMC Ecol. 6:4, 1–9. doi: 
10.1186/1472-6785-6-4

Gurel, F., and Karsli, B. A. (2013). Effects of CO2 narcosis on the onset of oviposition 
and colony founding success of post diapausing bumblebee (Bombus terrestris) queens. 
Kafkas Univ. Vet. Fak. Derg. 19, 221–224. doi: 10.9775/kvfd.2012.7576

Hammer, T. J., Le, E., Martin, A. N., and Moran, N. A. (2021). The gut microbiota of 
bumblebees. Insect. Soc. 68, 287–301. doi: 10.1007/s00040-021-00837-1

He, Q., Kwok, L.-Y., Xi, X., Zhong, Z., Ma, T., Xu, H., et al. (2020). The meconium 
microbiota shares more features with the amniotic fluid microbiota than the maternal fecal 
and vaginal microbiota. Gut Microbes 12:1794266. doi: 10.1080/19490976.2020.1794266

Hroncova, Z., Killer, J., Hakl, J., Titera, D., and Havlik, J. (2019). In-hive variation of 
the gut microbial composition of honey bee larvae and pupae from the same oviposition 
time. BMC Microbiol. 19:110, 1–8. doi: 10.1186/s12866-019-1490-y

Jones, J. C., Fruciano, C., Marchant, J., Hildebrand, F., Forslund, S., Bork, P., et al. 
(2018). The gut microbiome is associated with behavioural task in honey bees. Insect. 
Soc. 65, 419–429. doi: 10.1007/s00040-018-0624-9

Kang, M. J., Hong, S. J., Yoo, D., Cho, B. K., Lee, H., Choi, H. K., et al. (2021). 
Photosynthetic production of biodiesel in Synechocystis sp. PCC6803 transformed with 
insect or plant fatty acid methyltransferase. Bioprocess Biosyst. Eng. 44, 1433–1439. doi: 
10.1007/s00449-021-02520-y

Koch, H., Abrol, D. P., Li, J., and Schmid-Hempel, P. (2013). Diversity and evolutionary 
patterns of bacterial gut associates of corbiculate bees. Mol. Ecol. 22, 2028–2044. doi: 
10.1111/mec.12209

Koch, H., and Schmid-Hempel, P. (2011). Socially transmitted gut microbiota protect 
bumble bees against an intestinal parasite. Proc. Natl. Acad. Sci. U. S. A. 108, 
19288–19292. doi: 10.1073/pnas.1110474108

Kou, R., Dou, F., Li, H., Zhou, Z., Long, J., and Huang, D. (2022). Gut bacterial 
divergence between different larva instars of Andrena camellia Wu (hymenoptera: 
Andrenidae). J. Environ. Entomol. 44, 110–112.

Koubová, J., Jehlík, T., Kodrík, D., Sábová, M., Šima, P., Sehadová, H., et al. (2019). 
Telomerase activity is upregulated in the fat bodies of pre-diapause bumblebee queens 
(Bombus terrestris). Insect Biochem. Mol. Biol. 115:103241. doi: 10.1016/j.ibmb.2019.103241

Kwong, W. K., Mancenido, A. L., and Moran, N. A. (2017). Immune system 
stimulation by the native gut microbiota of honey bees. R. Soc. Open Sci. 4:170003. doi: 
10.1098/rsos.170003

Kwong, W. K., and Moran, N. A. (2013). Cultivation and characterization of the gut 
symbionts of honey bees and bumble bees: description of Snodgrassella alvi gen. Nov., 
sp. nov., a member of the family Neisseriaceae 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. 63, 2008–2018. doi: 10.1099/ijs.0.044875-0

Lee, F. J., Rusch, D. B., Stewart, F. J., Mattila, H. R., and Newton, I. L. (2015). Saccharide 
breakdown and fermentation by the honey bee gut microbiome. Environ. Microbiol. 17, 
796–815. doi: 10.1111/1462-2920.12526

Li, J., Li, C., Wang, M., Wang, L., Liu, X., Gao, C., et al. (2021). Gut structure and 
microbial communities in Sirex noctilio (hymenoptera: Siricidae) and their predicted 
contribution to larval nutrition. Front. Microbiol. 12:641141. doi: 10.3389/
fmicb.2021.641141

Low, A., Soh, M., Miyake, S., Aw, V. Z. J., Feng, J., Wong, A., et al. (2021). Longitudinal 
changes in diet cause repeatable and largely reversible shifts in gut microbial 
communities of laboratory mice and are observed across segments of the entire intestinal 
tract. Int. J. Mol. Sci. 22:5981. doi: 10.3390/ijms22115981

Martinson, V. G., Danforth, B. N., Minckley, R. L., Rueppell, O., Tingek, S., and 
Moran, N. A. (2011). A simple and distinctive microbiota associated with honey bees 
and bumble bees. Mol. Ecol. 20, 619–628. doi: 10.1111/j.1365-294X.2010.04959.x

McFrederick, Q. S., Cannone, J. J., Gutell, R. R., Kellner, K., Plowes, R. M., and 
Mueller, U. G. (2013). Specificity between lactobacilli and hymenopteran hosts is the 
exception rather than the rule. Appl. Environ. Microbiol. 79, 1803–1812. doi: 10.1128/
AEM.03681-12

McFrederick, Q. S., Thomas, J. M., Neff, J. L., Vuong, H. Q., Russell, K. A., Hale, A. R., 
et al. (2017). Flowers and wild megachilid bees share microbes. Microb. Ecol. 73, 
188–200. doi: 10.1007/s00248-016-0838-1

Neveling, D. P., Endo, A., and Dicks, L. M. (2012). Fructophilic Lactobacillus kunkeei 
and Lactobacillus brevis isolated from fresh flowers, bees and bee-hives. Curr. Microbiol. 
65, 507–515. doi: 10.1007/s00284-012-0186-4

Otani, S., Zhukova, M., NgA, K., da Costa, R. R., Mikaelyan, A., Sapountzis, P., et al. 
(2019). Gut microbial compositions mirror caste-specific diets in a major lineage of 
social insects. Environ. Microbiol. Rep. 11, 196–205. doi: 10.1111/1758-2229.12728

Pereboom, J., Velthuis, H., and Duchateau, M. (2003). The organisation of larval 
feeding in bumblebees (hymenoptera, Apidae) and its significance to caste 
differentiation. Insect. Soc. 50, 127–133. doi: 10.1007/s00040-003-0639-7

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. 
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, P47–P18. 
doi: 10.1186/gb-2011-12-s1-p47

Shah, S. T., Basit, A., Sajid, M., and Mohamed, H. I. (2021). “Microorganism: A potent 
biological tool to combat insects and herbivores” in Plant Growth-Promoting Microbes 
for Sustainable Biotic and Abiotic Stress Management. eds. H. I. Mohamed, H. E. D. S. 
El-Beltagi and K. A. Abd-Elsalam (Cham: Springer), 505–555.

Sharon, G., Segal, D., Ringo, J. M., Hefetz, A., Zilber-Rosenberg, I., and Rosenberg, E. 
(2010). Commensal bacteria play a role in mating preference of Drosophila 
melanogaster. Proc. Natl. Acad. Sci. 107, 20051–20056. doi: 10.1073/pnas.1009906107

Smith, P. E., Waters, S. M., Exposito, R. G., Smidt, H., Carberry, C. A., and 
McCabe, M. S. (2020). Synthetic sequencing standards: a guide to database choice for 
rumen microbiota amplicon sequencing analysis. Front. Microbiol. 11:606825. doi: 
10.3389/fmicb.2020.606825

Straub, D., Blackwell, N., Langarica-Fuentes, A., Peltzer, A., Nahnsen, S., and 
Kleindienst, S. (2020). Interpretations of environmental microbial community studies 
are biased by the selected 16S rRNA (gene) amplicon sequencing pipeline. Front. 
Microbiol. 11:550420. doi: 10.3389/fmicb.2020.550420

Tarpy, D. R., Mattila, H. R., and Newton, I. L. (2015). Development of the honey bee 
gut microbiome throughout the queen-rearing process. Appl. Environ. Microbiol. 81, 
3182–3191. doi: 10.1128/AEM.00307-15

Tremaroli, V., and Bäckhed, F. (2012). Functional interactions between the gut 
microbiota and host metabolism. Nature 489, 242–249. doi: 10.1038/nature11552

Vojvodic, S., Rehan, S. M., and Anderson, K. E. (2013). Microbial gut diversity of 
Africanized and European honey bee larval instars. PLoS One 8:e72106. doi: 10.1371/
journal.pone.0072106

Voulgari-Kokota, A., Steffan-Dewenter, I., and Keller, A. (2020). Susceptibility of red 
mason bee larvae to bacterial threats due to microbiome exchange with imported pollen 
provisions. Insects 11:373. doi: 10.3390/insects11060373

Weiner, S. A., and Toth, A. L. (2012). Epigenetics in social insects: a new direction for 
understanding the evolution of castes. Genet. Res. Int. 2012:609810, 1–11. doi: 
10.1155/2012/609810

Wilson, EO. (1971). The Insect Societies. Cambridge, MA: Harvard University Press

Zhang, Q., Ding, G., Li, J., Wu, J., Jiang, Y., and Huang, J. (2021). Males from 
multiple colonies improve queen mating success in the bumblebee Bombus 
lantschouensis (hymenoptera: Apidae). Apidologie 52, 1141–1151. doi: 10.1007/
s13592-021-00893-3

Zhang, X., Zhang, F., and Lu, X. (2022). Diversity and functional roles of the gut 
microbiota in lepidopteran insects. Microorganisms 10:1234. doi: 10.3390/
microorganisms10061234

Zhang, Z. J., and Zheng, H. (2022). Bumblebees with the socially transmitted 
microbiome: a novel model organism for gut microbiota research. Insect Sci. 29, 
958–976. doi: 10.1111/1744-7917.13040

Zheng, H., Nishida, A., Kwong, W. K., Koch, H., Engel, P., Steele, M. I., et al. (2016). 
Metabolism of toxic sugars by strains of the bee gut symbiont Gilliamella apicola. MBio 
7, e01316–e01326. doi: 10.1128/mBio.01326-16

Zheng, H., Powell, J. E., Steele, M. I., Dietrich, C., and Moran, N. A. (2017). Honeybee 
gut microbiota promotes host weight gain via bacterial metabolism and hormonal 
signaling. Proc. Natl. Acad. Sci. 114, 4775–4780. doi: 10.1073/pnas.1701819114

https://doi.org/10.3389/fmicb.2023.1117077
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1023/A:1020805103379
https://doi.org/10.1093/nar/gkz569
https://doi.org/10.1371/journal.pgen.1002272
https://doi.org/10.1016/S0022-1910(96)00106-0
https://doi.org/10.1128/msystems.01500-21
https://doi.org/10.1128/msystems.01500-21
https://doi.org/10.1073/pnas.1110994109
https://doi.org/10.1167/tvst.11.3.2
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1186/1472-6785-6-4
https://doi.org/10.9775/kvfd.2012.7576
https://doi.org/10.1007/s00040-021-00837-1
https://doi.org/10.1080/19490976.2020.1794266
https://doi.org/10.1186/s12866-019-1490-y
https://doi.org/10.1007/s00040-018-0624-9
https://doi.org/10.1007/s00449-021-02520-y
https://doi.org/10.1111/mec.12209
https://doi.org/10.1073/pnas.1110474108
https://doi.org/10.1016/j.ibmb.2019.103241
https://doi.org/10.1098/rsos.170003
https://doi.org/10.1099/ijs.0.044875-0
https://doi.org/10.1111/1462-2920.12526
https://doi.org/10.3389/fmicb.2021.641141
https://doi.org/10.3389/fmicb.2021.641141
https://doi.org/10.3390/ijms22115981
https://doi.org/10.1111/j.1365-294X.2010.04959.x
https://doi.org/10.1128/AEM.03681-12
https://doi.org/10.1128/AEM.03681-12
https://doi.org/10.1007/s00248-016-0838-1
https://doi.org/10.1007/s00284-012-0186-4
https://doi.org/10.1111/1758-2229.12728
https://doi.org/10.1007/s00040-003-0639-7
https://doi.org/10.1186/gb-2011-12-s1-p47
https://doi.org/10.1073/pnas.1009906107
https://doi.org/10.3389/fmicb.2020.606825
https://doi.org/10.3389/fmicb.2020.550420
https://doi.org/10.1128/AEM.00307-15
https://doi.org/10.1038/nature11552
https://doi.org/10.1371/journal.pone.0072106
https://doi.org/10.1371/journal.pone.0072106
https://doi.org/10.3390/insects11060373
https://doi.org/10.1155/2012/609810
https://doi.org/10.1007/s13592-021-00893-3
https://doi.org/10.1007/s13592-021-00893-3
https://doi.org/10.3390/microorganisms10061234
https://doi.org/10.3390/microorganisms10061234
https://doi.org/10.1111/1744-7917.13040
https://doi.org/10.1128/mBio.01326-16
https://doi.org/10.1073/pnas.1701819114

	Gut microbiota is a potential factor in shaping phenotypic variation in larvae and adults of female bumble bees
	Introduction
	Materials and methods
	Sample collection
	DNA extraction and sequencing of 16S rRNA
	Data processing of gut samples
	Statistical analysis

	Results
	Fifth-instar is the key point for morphological difference between worker and queen bumble bees
	Variation of microbial compositions between worker and queen bumble bees
	Microbial diversity varied as the age increased in worker and queen bumble bees

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

