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The intestinal microbial community composition of different bee species typically has host
specificity, yet little is known about the underlying formation mechanism. There are signs
that dietary habits vary in different bee species, suggesting that there may be close
relationships between dietary habits and intestinal microorganisms. We explored this
hypothesis by comparing the dietary habits and gut microbiota of two common bee
species (Apis mellifera L. and Apis cerana cerana) in China. Bee bread and midgut samples
from wild and laboratory-reared bees were collected, and the differences in intestinal
microbial community composition and growth and development before and after the
change in dietary habits of different bee species were compared. We found that the two
sympatric species had different dietary specializations and similar metagenomic diversities.
The microbiota composition differed between the two species. Moreover, we revealed
that changes in native dietary habits destroyed the intestinal microbiota community
composition, negatively affecting the growth and development of honeybees.

Keywords: dietary habits, honeybee, intestinal microorganism, hypopharyngeal gland, digestive enzyme

INTRODUCTION

As a large microbiological body, the diet and gut microbiome have fundamental roles in host
nutrition, physiology, and health (Clemente et al., 2012; Chatelier et al., 2013; Kartzinel et al.,
2019). Studies on the intestinal microbial communities of different hosts have shown that the
composition of the microbial community is very different among different hosts (Burke et al,,
2011; David et al., 2014; Kartzinel et al., 2019), and the intestinal microbial functional structure
of specific species has high stability and spatiotemporal specificity (Antonopoulos et al., 2010;
Caporaso et al., 2011; Martiny et al., 2015; Oh et al.,, 2016; Goldford et al., 2018). Mounting
evidence suggests that gut microbiome composition and diversity are mainly affected by
environmental factors, and dietary habits (especially dietary structure) may play a critical role
in shaping the host gut microbiome (Falony et al., 2016; Zhernakova et al., 2016; Rothschild
et al, 2018; Kartzinel et al, 2019). Recently, a study on food and human microbiomes first
provided evidence that fermented foods can be a possible source of lactic acid bacteria for
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the human gut microbiome (Pasolli et al., 2020). A previous
study also found that insect microbiomes depend on the
microbiomes in their living environment (Hannula et al., 2019).
However, it is still not fully understood how diet interacts
with the host gut microbiome.

Honeybees are a good model for microbiome research (Engel
et al,, 2016). Honeybees are one of the few animals that can
create fermented food, such as honey and bee bread. Bee bread
contains approximately 15-28% proteins, 8—10% moisture, 3-9%
lipids, 24-35% carbohydrates, 3-5% minerals (Bleha et al,
2019; Khalifa et al., 2020), and a variety of bacteria (Anderson
etal,, 2013; Disayathanoowat et al., 2020) and fungal communities
(Disayathanoowat et al.,, 2020), and the nutrient composition
of bee bread varies with different plant sources (Mayda et al.,
2020), bee species (Capcarova et al, 2019), and production
areas (Sobral et al, 2017; Urcan et al, 2018; Bleha et al.,
2019). Some evidence shows that the nutritional components
of bee pollen change significantly during the process of
transformation into bee bread (DeGrandi-Hoffman et al., 2013;
Mayda et al., 2020). The composition of gut microbiota among
the same bee species is highly conserved and specific (Kwong
and Moran, 2016; Raymann and Moran, 2018), but considerable
variation in gut communities has been found among bee species
(Kwong et al., 2017). However, the related formation mechanism
is still unclear.

A recent study of two commercial species of honeybees
under the same environmental conditions showed similar core
microbial community structures in bee pollen and bee breads
(Disayathanoowat et al., 2020), suggesting that there may
be other factors shaping the honeybee gut microbiome. By
consulting the relevant literature, we found that there may
also be differences in dietary habits among different honeybee
species (DeGrandi-Hoffman et al, 2013; Urcan et al, 2018;
Disayathanoowat et al., 2020). However, little is known about
the interactions between dietary habits, especially dietary
structure preference, and the colonization patterns of gut
microbiota among different honeybee species.

Studies on stomach of mammals (Noto and Peek, 2017)
and the midgut of some insects, such as mosquitoes (Boudko
et al., 2001) and termites (Tim et al., 2012), have shown that
although the gastrointestinal intragastric environment is harsh,
there are also small but structured bacterial communities. Our
recent study found that the emptying time of food in the
midgut of western honeybees is within 12-24h (Wang et al,
2020c). The persistent peritrophic membrane structure in the
midgut provides a good medium for microbial attachment and
colonization. Although previous works have shown that the
number of microorganisms in the midgut of honeybees is
small (Disayathanoowat et al., 2020), it is worth further exploring
that whether bees have the same pattern characteristics as
other insects or mammals.

The purposes of this study were to investigate the effects
of dietary habits on the shape of honeybee gut microbial
communities. To address this issue, we first analyzed the main
differences in the dietary structure of the two species of
sympatric honeybees and provided evidence that their dietary
habits were different. Then, we compared the differences in

intestinal microbial community composition and growth and
development before and after the change in dietary habits of
different bee species. The results indicate that the different
midgut microbiota community compositions between the two
bee species may be shaped by their native dietary habits.
Moreover, we found that changes in dietary habits have a
negative effect on the development of honeybee midguts and
hypopharyngeal glands (HPGs).

MATERIALS AND METHODS
Bee and Bee Bread Sampling

Three colonies each of Apis mellifera ligustica (Apis mellifera)
and Apis cerana (Apis cerana) were used in this study. All
honeybee colonies were kept in the same apiary located at
Shandong Agricultural University in Tai'an, Shandong Province,
China. In the early spring, combs with stored bee bread were
all replaced with empty combs, and all of the bee and bee
bread samples were collected in May 2018.

The experimental design is shown in Figure 1A. For each
colony, the following processes were conducted: 300g of hive-
stored bee bread made by Apis mellifera and Apis cerana bees
(grouped as MB and CB, respectively) was collected; newly
emerged workers were color marked on the abdomen, and 50
of those were removed from each colony 9 days after emergence
(grouped as AM-MB in Apis mellifera and AC-CB in Apis
cerana, respectively). To verify the effect of bee bread sources
on midgut microorganisms, 50 newly emerged workers were
collected from each colony and maintained in sterilized cages
in a sterilized incubator (30°C, 55% RH; Wang et al., 2014).
To avoid the influence of external microorganisms on these
workers, we selected only upcoming bees with complete wax
caps using a tag tracking method by Wang et al. (2015). The
Apis mellifera bees were fed CB (AM-CB), the Apis cerana
bees were fed MB (AC-MB), and 10 of those bees were removed
from each cage 9days after emergence. We stress that during
the experimental period, the caged AM-CB and AC-MB bees
were supplied with plenty of sterilized water and sterilized
sugar water (50% sucrose, w/v).

Physical and Chemical Analyses

Bee bread (0.5g) or 10 midguts were used for the pH value
test. The samples were dissolved in distilled water (1:1) in
centrifuge tubes, homogenized, and centrifuged at 10,000 x g
for 5min. The pH values of the supernatants were measured
using a pH meter (AS-pH-11, AS ONE, Osaka, Japan).

The moisture content of the bee bread samples was measured
at 105°C until a constant weight was achieved. The analyses
of the crude protein, fructose, glucose, and sucrose contents
and a midgut development index were determined using the
methods reported by previous studies (Wang et al., 2014, 2016).

To assess digestive enzyme activities, 120 midguts from the
four groups with three repetitions were used to determine the
digestive enzyme activities. Sample preparation was performed
as described by Zhang et al. (2015a). To avoid the influence
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FIGURE 1 | Experimental design (A) and the comparison of the chemical composition (B) and pH (C) of bee bread made by Apis cerana and Apis mellifera.

(A) Experimental design: Honeybee and bee bread samples were obtained from sympatric Apis mellifera and Apis cerana colonies (three colonies of each group).
Honeybee samples of Apis mellifera bees fed Apis mellifera bee bread (AM-MB) and Apis cerana bees fed Apis cerana bee bread (AC-CB) were obtained from their
natural colonies, and honeybee samples of Apis mellifera bees fed Apis cerana bee bread (AM-CB) and Apis cerana bees fed Apis mellifera bee bread (AC-MB) were
obtained under laboratory-fed sterile conditions (methods). (B) Chemical compositions of bee bread made from Apis cerana and Apis mellifera (%, fresh weight).
Data are reported as the mean of each group (Supplementary Figure S1). (C) Comparison of the pH of bee bread made by Apis cerana and Apis mellifera. Data
are reported as the mean +SE. Statistical analysis was performed by independent samples t-test, “*p<0.01, and **p<0.001.
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of food factors on midgut enzyme activity and digestive
physiology, midgut samples without chyme were excluded from
sampling. The digestive enzyme activities of midgut proteinase,
amylase, invertase, and lipase were assayed with the corresponding
commercial enzyme activity assay kits (Jiancheng Institute of
Biological Engineering, Nanjing, China), and the test methods
were carried out according to the instructions.

To estimate the developmental status of the midgut, 10
midguts of 9-day-old workers from each group were separated
and rapidly transferred to a 10% buffered neutral formaldehyde
solution (pH 7.2). The midgut thickness of the collected bees
was measured using the methods reported by Wang et al. (2014).

For HPG morphometric measurements, HPGs of 15 bees
from each group with three repetitions were dissected immediately
using a binocular stereomicroscope (SMZ18, Nikon, Tokyo,
Japan). Follow-up procedures were carried out according to
the method reported by Jianke et al. (2010).

DNA Extraction and PCR Ampilification
For DNA extraction, 0.5g bee bread or 10 midguts of each
sample from each group (n=3, three repetitions samples) were
added to sterile centrifuge tubes and stored at —80°C until
use. All further DNA extraction and PCR amplification steps
were performed as previously described (Guo et al., 2017).
Amplicons were extracted from 2% agarose gels and purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, United States) according to the manufacturer’s
instructions and quantified using QuantiFluor-ST (Promega,
United States). Purified amplicons were pooled in equimolar
ratios and paired-end sequenced (2x250) on an Illumina
platform by NovaSeq 6,000 according to standard protocols.
The raw reads were deposited into the NCBI Sequence Read
Archive database (BioProject ID: PRJNA695151).

Bioinformatics Analysis

To ensure the statistical reliability and biological validity of
the subsequent analysis, the raw data were pretreated using
previously described methods (Wang et al., 2019). In brief,
paired-end clean reads were merged as raw tags using FLASH
(Mago¢ and Salzberg, 2011; version 1.2.11). Noisy raw tag
sequences were filtered by QIIME (Caporaso et al., 2010; version
1.9.1) under specific filtering conditions (Caporaso et al., 2010)
to obtain high-quality clean tags. The clean tags were compared
to the reference database' using the UCHIME algorithm? to
detect chimeric sequences. All chimeric tags were removed to
obtain effective tags for further analysis.

UPARSE (Edgar, 2013) was used to cluster the effective
tags of all samples into operational taxonomic units (OTUs)
at an identity threshold of 97% similarity. The representative
sequences were classified as organisms by a naive Bayesian
model using an RDP classifier (Wang et al., 2007; version 2.2)
that was based on the SILVA database (Version 132; Pruesse
et al., 2007). The abundance of each taxonomic group was

'http://drive5.com/uchime/uchime_download.html
*http://www.drive5.com/usearch/manual/uchime_algo.html

determined with a Perl script and visualized using R software
(version 2.15.3). Because the obtained sequences, especially
the bee food treatment group, contained a large number of
chloroplast and mitochondrial sequences, we filtered these
sequences before analysis. The stacked bar plot of the community
composition was visualized in the R project ggplot2 package
(version 2.2.1; Wickham, 2016). All analyses of alpha and beta
diversity indexes were performed with QIIME (Caporaso et al.,
2010), and R software (version 2.15.3) was used to analyze
beta diversity index differences among groups. To compare
the alpha indexes among groups, Tukey’s HSD test was performed
in SPSS 21.0 software (SPSS Inc., Chicago, Illinois). Multivariate
statistical analyses, including a principal coordinate analysis
(PCoA) of unweighted UniFrac distances, were performed and
plotted in R.

Statistical Analysis

SPSS 21.0 software (SPSS Inc., Chicago, Illinois) was used for
statistical analyses. The data with a normal distribution are
expressed as the mean + SEM. A ¢-test was used for comparisons
between two groups, and ANOVA with Tukey’s HSD post hoc
test was performed for comparisons among multiple groups.
For statistical data with a non-normal distribution, the Mann-
Whitney U test was used for comparisons between two groups,
and the Kruskal-Wallis H test was used for comparisons among
multiple groups. Pearson’s correlation analysis was used to test
the relationship between the two variables. Statistically significant
differences were recognized at p<0.05.

RESULTS

The Native Dietary Habits of Apis cerana
Are Different From Those of Apis mellifera
To evaluate the differences in dietary preferences between the
two honeybee species, we tested the five main nutritive
components of Apis cerana bee bread (CB) and Apis mellifera
bee bread (MB), including moisture, crude protein, fructose,
glucose, and sucrose (Figure 1B; Supplementary Figure S1).
Specifically, the results showed that the bee bread of Apis cerana
contained significantly higher moisture and lower crude protein
levels than that of Apis mellifera (t-test, p<0.001 and p<0.01,
respectively). To ascertain whether the higher moisture and
lower protein in the Apis cerana bee bread are a peculiarity
of the forage available in this location, or whether this generally
holds true across the species, we collected five groups of Apis
cerana and Apis mellifera bee bread from Jining City, Shandong
Province, China, in August 2021 and measured their water
and protein contents. The results were similar to those of
samples collected from Taian (Supplementary Figure S2),
indicating that the nutritional components of bee food brewed
by the two species do have species specificity. Thus, the feeding
habits of different honeybees may have interspecific specificity.
No statistically significant difference was found between CB
and MB in the contents of fructose, glucose, or sucrose (t-test,
all p>0.05). To further verify the taste preference differences
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between Apis cerana and Apis mellifera, the acidity of CB and
MB samples was tested (Figure 1C). The results indicated that
the pH of bee bread made by Apis mellifera (4.22+0.18) was
significantly higher than that of bee bread made by Apis cerana
(3.86+0.17, t-test, p=0.000).

Composition of Microbiomes in Bee Bread
and Honeybee Midgut

The V3+V4 region of the 16S rRNA gene of 18 samples was
sequenced on the Illumina NovaSeq 6,000 platform. After
preliminary filtration, 78,001-192,780 effective sequences
(Supplementary Table S1) were obtained. The sequences were
further clustered into 1,402 OTUs based on 100% identity
(Supplementary Table S2). The rarefaction curves showed that
the sequence could represent the vast majority of microbial
diversity in each sample (Supplementary Figure S3) with
coverage of more than 99% (Supplementary Table S3), indicating
that Illumina HiSeq sequencing was deep enough to represent
all bacterial communities detected.

To clarify the characteristics of the native dietary habit and
midgut microflora between the two bee species, we performed
alpha diversity analyses using Tukey HSD tests. Under natural
conditions, the bacterial species richness (Chaol) and diversity
(Shannon) in bee bread and the midgut of Apis mellifera were
similar to those of Apis cerana, which share a relatively common
environment (Tukey HSD, all p >0.05; Supplementary Table S4).
For Apis mellifera, no statistically significant difference was
found between bee bread and midgut bacterial species richness
by the Chaol and Shannon indexes (Tukey HSD, all p>0.05;
Supplementary Table S4). When the dietary habits changed,
the midgut microbial community diversity of both Apis mellifera
(AM-CB) and Apis cerana (AC-MB) bees was significantly
increased (Supplementary Table S4). This was also true for
the Ace and observed OTU indexes, which displayed similar
patterns (Supplementary Table S4).

To clarify the microbial compositions of bee bread and midgut
microflora, we assessed the relative abundances of the five most
abundant bacterial phyla and five most abundant genera. In bee
bread, the five most abundant bacterial phyla were Proteobacteria
(57.88-59.97%), Firmicutes (13.13-13.92%), Bacteroidetes (7.79-
14.95%), Actinobacteria (11.62-10.10%), and Planctomycetes
(1.66-2.12%; Figure 2A; Supplementary Table S5). For natural
bees, Proteobacteria (56.43-86.99%) was the most abundant
bacterial phylum in the midgut, followed by Firmicutes
(10.44-17.22%), Bacteroidetes (0.31-20.25%), Actinobacteria (1.97-
6.02%), and Planctomycetes (less than 0.02%; Figure 2A;
Supplementary Table S5). Compared with Apis cerana bees, a
significantly higher abundance of Proteobacteria and a lower
abundance of Bacteroidetes were found in the Apis mellifera bee
midgut. For the diet intervention groups, the midgut microflora
composition of both AM-CB and AC-MB was significantly changed
(Figure 2A; Supplementary Table S5). Specifically, a significant
increase in the phylum Firmicutes and a decrease in the phylum
Proteobacteria were observed in these two groups compared to
the corresponding species of natural workers (Figure 2A;
Supplementary Table S5).

At the genus level, the relative abundances of Lactobacillus,
Gilliamella, Frischella, Snodgrassella, and Apibacter in bee bread
made by Apis mellifera were similar to those in bee bread
made by Apis cerana (all p>0.05; Supplementary Table S6).
For natural bees, Lactobacillus, Gilliamella, Frischella,
Snodgrassella, and Apibacter were the five most abundant genera
in the midgut of Apis mellifera bees and Apis cerana bees
(Figures 2B-F; Supplementary Table S6). However, there were
significant differences in the proportion of different kinds of
bacteria between the two bee species. Compared with Apis
cerana bees, a significantly higher abundance of Frischella and
Snodgrassella and a lower abundance of Apibacter were found
in the Apis mellifera bee midgut (Tukey HSD, all p<0.05;
Figures 2B-F; Supplementary Table S6). When dietary patterns
were changed, the unique characteristics of bacterial genera
in the midgut between Apis mellifera and Apis cerana bees
disappeared. More specifically, we found that the relative
abundance of Apibacter in the midgut of AC-MB was significantly
reduced (Tukey HSD, p<0.05), and the relative abundances
of Frischella and Snodgrassella in the midgut of AM-CB were
also significantly reduced (Tukey HSD, p<0.05; Figures 2B-F;
Supplementary Table S$6). Furthermore, the genus Bombella,
which remained at extremely low levels in the midgut of natural
Apis mellifera and Apis cerana bees, was more abundant in
the AM-CB and AC-MB samples (Tukey HSD, all p<0.05;
Figure 2G; Supplementary Table S6).

To evaluate beta diversity, a PCoA was performed using
the unweighted UniFrac distances among groups. The results
showed that the food microbial community composition was
different from that of the midgut (Figure 3). The permutational
MANOVA (PERMANOVA) results showed that there was no
significant difference in the microbiota at the dietary pattern
and species levels (Supplementary Table S7). However, the
interactive effects of dietary patterns and species significantly
altered the bee midgut microbiota compositions (Figure 3;
Supplementary Table S7). Specifically, the interactive effects
of dietary intervention significantly altered the bee midgut
microbiota compositions more than normal dietary patterns
or bee species alone (Figure 3; Supplementary Table S7).

To further evaluate the correlations between dietary habits and
midgut bacteria of the two bee species, Pearsons correlation
analysis was performed between the three characteristic indexes
of dietary habits and the five most abundant bacteria at the
genus level. The results showed that the dietary patterns were
significantly correlated with the relative abundance of midgut
microbes (Supplementary Figures $4-56;
Supplementary Table S$8). With the increase in the protein content,
moisture content, and pH of bee bread, the dominant midgut
microbes of Apis mellifera and Apis cerana showed opposite trends
(Supplementary Figures S$4-S6; Supplementary Table S8).
However, the characteristic indexes of dietary type had different
correlation coefficients with the relative abundances of midgut
microbes (Supplementary Figures $4-S6;
Supplementary Table S8). Here, we mainly focused on the dietary
factors that were significantly associated with the characteristic
midgut microbes of the two honeybee species. The results showed
that the relative abundances of the genera Frishella and Snodgrassella
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FIGURE 2 | Comparison of major phyla and genera. (A) The relative abundances of the five most abundant bacterial phyla in all samples. (B-G) Comparison of the
relative abundances of the genera Lactobacillus (B), Gilliamella (C), Frischella (D), Apibacter (E), Snodgrassella (F), and Bombella (G) in the studied honeybee
midgut samples. MB: Bee bread samples made by Apis mellifera. CB: Bee bread samples made by Apis cerana. AM-MB: Midgut samples of Apis mellifera bees fed
Apis mellifera bee bread. AC-CB: Midgut samples of Apis cerana bees fed Apis cerana bee bread. AM-CB: Midgut samples of Apis mellifera bees fed Apis cerana
bee bread. AC-MB: Midgut samples of Apis cerana bees fed Apis mellifera bee bread. Values are means + SME (n=3). Detailed results are reported in
Supplementary Table S6. '0<0.05, “p<0.01, and *"p<0.001, by Tukey HSD test.

in the midgut of Apis mellifera bees were positively correlated  in the midgut of Apis cerana bees was negatively correlated with
with the crude protein content and negatively correlated with  dietary pH and positively correlated with the moisture content
the moisture content. The relative abundance of the genus Apibacter ~ (Supplementary Figures S4-S6; Supplementary Table S8).
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FIGURE 3 | Principal coordinate analysis (PCoA) of unweighted UniFrac
distances for all samples of the bee bread and midgut of Apis mellifera and
Apis cerana. MB: Bee bread samples made by Apis mellifera. CB: Bee bread
samples made by Apis cerana. AM-MB: Midgut samples of Apis mellifera
bees fed Apis mellifera bee bread. AC-CB: Midgut samples of Apis cerana
bees fed Apis cerana bee bread. AM-CB: Midgut samples of Apis mellifera
bees fed Apis cerana bee bread. AC-MB: Midgut samples of Apis cerana
bees fed Apis mellifera bee bread.

Effects of Changes in Dietary Habits on
Digestive Physiology and Hypopharyngeal
Gland Development in Honeybees

To further evaluate the effects of changes in dietary habits on
digestive physiology and hypopharyngeal gland development
in the two species of honeybees, we investigated the activity
of digestive enzymes, the pH of the midgut, midgut thickness,
and the development of the hypopharyngeal gland of 9-day-
old workers under normal conditions or dietary intervention.

The variations in the activities of digestive enzymes, including
proteinase, amylase, invertase, and lipase, are shown in
Supplementary Figure S7. For Apis mellifera, except for the
amylase activity of bees fed Apis cerana bee bread being
significantly higher than that of natural bees (Turkey HSD,
p<0.05), no statistically significant differences were observed
in the activities of proteinase, invertase, or lipase (Turkey HSD,
all p>0.05). For Apis cerana, a significant increase in invertase
and amylase activities and a decrease in proteinase activity
were observed in bees fed Apis mellifera bee bread compared
to normal bees (Turkey HSD, all p<0.05). Furthermore, no
statistically significant differences in the activity of lipase were
observed between the two Apis cerana groups (Tukey HSD,
p>0.05).

Next, we examined the effects of dietary habit changes on
the midgut development of workers under different treatments
(Figure 4). From the midgut sections, an obviously developed
peritrophic membrane structure could be seen in all treatment
groups (Figure 4A). Furthermore, a significantly higher pH
was found in the midgut of natural Apis mellifera bees fed

Apis cerana bee bread than in other bees (Figure 4B). No
significant difference was found in the pH value of the midgut
between the two Apis cerana groups (AC-CB vs. AC-MB;
Figure 4B). Moreover, the following statistical analysis of midgut
thickness under different treatments showed that the natural
bees (AM-MB and AC-CB) had better developed midguts than
the corresponding species in the dietary intervention groups
(AM-CB and AC-MB, respectively; Figure 4C).

Furthermore, we evaluated the developmental variations of
hypopharyngeal glands between the four Apis mellifera and
Apis cerana groups (Figure 5). Scanning electronic microscopy
(SEM) photographs indicated that the shapes of hypopharyngeal
glands were different between Apis mellifera and Apis cerana
(Figure 5A). The hypopharyngeal gland of Apis mellifera was
ellipsoid with a compact distribution, while a spherical shape
with sparsely distributed glands was found in Apis cerana. It
is obvious that the hypopharyngeal glands of natural bees
(AM-MB and AC-CB) were plump with high uniformity, while
less even and developed hypopharyngeal glands were commonly
found in workers with dietary habit changes (AM-CB and
AC-MB). To describe the development of hypopharyngeal glands
quantitatively among treatments, we divided the morphology
of the developed hypopharyngeal glands into three levels
according to bee species traits and developmental degree
(Figures 5B,C). The statistical results showed that both natural
bees (AM-MB and AC-CB) had significantly more developed
hypopharyngeal glands than workers with changed dietary
habits (AM-CB and AC-MB, respectively; Figure 5D). This
was also true for the acinar diameters of the hypopharyngeal
glands, which displayed similar results (Figure 5E).

DISCUSSION

Similar to other animals, honeybees have simple and specific
gut microbiota, making them good models for gut microbiota
research (Zheng et al., 2018; Douglas, 2019). In this study, by
focusing on the dietary habits and midgut microflora diversities
of two sympatric honeybees, we sought to illuminate how
dietary habits and host genetic background influence the gut
microbiome under the same environmental conditions. Our
results showed that the native dietary habit may play a key
role in shaping the structural characteristics of bee midgut
microbiota. Furthermore, we revealed a number of different
features of the midgut microbiota between the two honeybee
species that may be relevant to the host genetic background.
We hope that these findings will provide valuable clues to
better understand the relationships between diet, host, and
intestinal microbiota.

Dietary Habits Were Different Between
Apis mellifera and Apis cerana

The differences in dietary habits among different races have
been widely confirmed in many species, especially in humans
(Filippo et al., 2010; Zhang et al., 2015b; Greene et al., 2020;
Matoba et al, 2020; Wang et al, 2020b). Previous studies

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 738226


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Dietary Habits Shape Midgut Microorganisms

independent samples t-test.

Thickness of midgut wall (pm)

B C
8- P=0.047 P=1.000
* n=3 ns
[ | [ |
o 6
2
©
>
T 49
[
2_.
0 T T
Q <> 37J Q
8 €
& & LS
v Y Y h&
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suggested that there may be significant differences in dietary
habits among different honeybee species (DeGrandi-Hoffman
et al., 2013; Disayathanoowat et al., 2020). In China, beekeepers
discovered long ago that the collecting habits of Apis cerana
were different from those of Apis mellifera. This phenomenon
has recently been confirmed by Disayathanoowat et al. (2020),
who found that Apis mellifera favors different main floral sources

than Apis cerana, who shares a relatively common environment.
In our study, we also found that the dietary structure of Apis
cerana was significantly different from that of Apis mellifera
(Figure 1B; Supplementary Figure S1), providing a stark
indication that the native dietary habits of these two bee species
were different. Pollen collected from different plant species
varies considerably in chemical composition (Roulston et al.,
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FIGURE 5 | The morphology and development of hypopharyngeal glands (HPGs) among Apis mellifera and Apis cerana bees. (A) Morphology of HPGs under
different treatments (SEM, x250). (B,C) The development grading levels of Apis mellifera (B) and Apis cerana (C) bees, respectively. Level 1: The development of
HPG is small and withered; Level 2: The development of HPG is moderately developed and plump; Level 3: The development of HPG is fully developed and plump.
(D,E) Comparison of the development degree (D) and average sizes (E) of HPGs between Apis mellifera and Apis cerana bees. Values are means + SME. "p<0.05,
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2000), and the nutritional concentrations of bee bread depend
on the plant sources, climatic conditions, and other environmental
conditions (Baltrusaityté et al., 2007; Urcan et al., 2017). Thus,
the difference in dietary structure between Apis cerana and
Apis mellifera in our study may be related to the differences
in their collecting habits.

Taste is another important indicator of dietary habits. Previous
studies suggested that different bee species have different
preferences for bee bread acidity (DeGrandi-Hoffman et al,
2013, Disayathanoowat et al., 2020). Here, we also found that
the pH of bee bread made by Apis cerana and Apis mellifera
was significantly different (Figure 1C), but the pH value
we measured was relatively lower than that in a previous
study (5.82+0.02 for Apis mellifera and 5.90+£0.02 for Apis
cerana; Disayathanoowat et al., 2020). The inconsistent results
may be related to the different plant sources and storage times
under the two laboratory setups (Loper et al, 1980;
Gilliam, 1997).

Microbiome Similarities and Differences
Between Apis mellifera and Apis cerana
Limited evidence of the interactions among pollen, bee food,
and the bee gut system found that the o diversity of gut
microbes in bees was highly similar to that of the bee bread
and honey they ate (Anderson et al., 2013; Disayathanoowat
et al., 2020). Our study showed that the microbial composition
of bee breads made by sympatric Apis mellifera and Apis cerana
honeybees was similar (Figure 2A; Supplementary
Tables S3-S5), and this result was consistent with those of
Disayathanoowat et al. (2020). Recent studies have shown that
the environment first shapes the microorganisms of plants
(Gong and Xin, 2021) and then shapes the microbiome of
insects that depend on host plants for their food (Hannula
et al,, 2019). In this study, we found that there was no significant
difference in the types of microorganisms between honeybee
intestinal species and their food bee bread (Supplementary
Tables S3-S5). The intestinal microbiomes of both Apis mellifera
and Apis cerana were significantly changed under the dietary
interventions (Figure 2; Supplementary Tables S3-S7). Since
the bee bread made by Apis mellifera and Apis cerana has the
same microbial composition, it seems that it was the diet
compositions rather than dietary microorganisms that should
be responsible for the change in midgut microbiome community
composition. However, it is worth emphasizing that bee bread
is not the only food-borne microorganism source for natural
honeybees, and this may also be related to the physiological
characteristics of the honeybee gut and the intestinal
microorganisms carried by honeybees themselves.

Numerous studies have proven that adult workers have
remarkably simple and conserved gut microbiota (Moran et al.,
2012; Zheng et al.,, 2018; Ellegaard and Engel, 2019). However,
it is generally thought that the midgut has few bacteria due
to the existence of the peritrophic membrane structure (Engel
and Moran, 2013). In this study, we confirmed that although
the number of microorganisms in the midgut of sympatric
natural Apis mellifera and Apis cerana honeybees was small

and stable, the midgut was still relatively stable (Figure 2).
The dominant microbiota established in the midguts of both
bee species were Proteobacteria, Firmicutes, Bacteroidetes,
Actinobacteria, and Planctomycetes, which is basically consistent
with the results of previous studies on other honeybee intestinal
segments (Ludvigsen et al, 2015; Kwong and Moran, 2016).
Here, we must emphasize that, according to the limited research
on the midgut microorganisms of bees, the midgut microbial
composition of bees is easily affected by season, diet, age, and
other factors (Ludvigsen et al., 2015; Kwong and Moran, 2016;
Ke$nerova et al, 2020; Ma et al., 2020; Wang et al.,, 2020a),
which suggests that it is necessary to control environmental
conditions in the study of honeybee intestinal microorganisms.
Furthermore, our study reports for the first time that the core
microflora in the midgut have strict host specificity between
different honeybee species. This has further enriched the
knowledge of bacterial communities within the honeybee gut.

Moreover, the gut microbiome is shaped by diet (Asnicar
et al., 2021), and studies on humans and other animals have
shown that changes in dietary habits or high dietary nutrient
(e.g., protein, fat, and carbohydrate) intake could significantly
change the structure of the intestinal microflora (Zhang et al.,
2015b; Hussain et al, 2019; Han et al., 2020; Asnicar et al,
2021). In this study, our results suggested that there was a
close linkage between the midgut microbiota and dietary
nutrients and that dietary habit changes could significantly
cause intestinal dysbacteriosis in honeybees (Supplementary
Figures S3-S5; Supplementary Tables S8, S9). The specific
manifestation of this effect is the disappearance of host-specific
dominant microbiota (Figures 2, 6) and the increased relative
abundance of Lactobacillus and some noncore bacteria (e.g.,
Bombella). Further studies on the relationship between dietary
habits and gut microbiota will be helpful in understanding
honeybee-microbiota interactions.

Linkage Among Diet, Midgut Microbes,
and Honeybee Development

It is well known that the midgut and hypopharyngeal gland
development of honeybees (Apis mellifera) is significantly affected
by the dietary protein concentration (DeGrandi-Hoffman et al.,
2010; Wang et al.,, 2014; Omar et al., 2017). Previous studies
have shown that there may be a close relationship between
gut microbes and honeybee health (Barron, 2015; Goulson
et al, 2015). Recently, a study on the changes in honeybee
intestinal microbiota in different seasons found that gut bacterial
loads were closely related to diet (Kes$nerova et al, 2020). In
our study, we also found that low-protein Apis cerana bee
bread had negative effects on the growth and development of
the Apis mellifera midgut and hypopharyngeal gland (Figures 4,
5, respectively). The gut microbiota play a critical role in
honeybee growth (Zheng et al., 2017) and health (Raymann
and Moran, 2018). Anecdotal evidence suggests that microbiota
dysregulation is closely related to the occurrence of diseases
and developmental disorders (Sherwin et al., 2018). Recently,
scientists from Massachusetts General Hospital and other
institutions have found that the gut microbiome is directly

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 738226


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al. Dietary Habits Shape Midgut Microorganisms

A. mellifera L. A. cerana cerana
High protein Diet Low protein
Low moisture intervention High moisture

High pH Low pH

_,_l

Lactobacillus Lactobacillus Lactobacillus
Gilliamella Gilliamella Gilliamella
Frischella Fm_rb Y/Z] Frischella
. pacter -
g :;ubacter . Snoligrazsella ;sdp;bactir
nodgrassella / ombellla nodgrassella

[ ‘

FIGURE 6 | Summary of the effects of dietary habits on shaping the honeybee midgut microbiota and health. The sympatric Apis mellifera and Apis cerana bees
have different dietary habits and midgut microbial characteristics. When their dietary habits changed, their unique microbiota signature disappeared, and a negative
impact on the growth and development of the two kinds of honeybees was also confirmed. The bacterial genera in large pink font are the characteristic taxa in the
corresponding host bee midguts.

related to dietary habits, and the microbiome is also directly  diets) shape different gut microbial communities, which cause
related to the levels of metabolic biomarkers of diseases (Asnicar ~ changes in metabolites by affecting gut microbial activity
et al,, 2021). Different diets (e.g., high-fiber and high-protein =~ (Marzorati et al., 2017). Therefore, it is reasonable to believe
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that in this study, the imbalance of intestinal microbiota in
workers caused by changes in dietary habits might be the main
factor causing midgut and hypopharyngeal gland dysplasia.

Homeostasis of the midgut is essential to maintain the
digestive and absorptive functions of honeybees. When the
internal environment of the midgut changes due to diet, bees
must take measures to keep the internal environment relatively
stable, such as the relatively stable activities of digestive enzymes.
This process is bound to mobilize and consume many nutrients
in the body (especially the midgut), thus affecting the
development of the midgut. This may explain why the high-
protein Apis mellifera bee bread had negative effects on the
growth and development of the Apis cerana midgut and
hypopharyngeal gland (Figures 4, 5, respectively), while the
digestive enzyme activities of the midgut did not appear to
be affected (Supplementary Figure S7).

This study focuses on the native dietary habits of the two
sympatric bee species and their effects on shaping midgut
microorganisms. To test whether the differences in midgut
microbiome structure between the two honeybees were caused
by bee food, we set up a “diet conversion” experiment. Limited
to the current research conditions, the experiment can only
be tested by indoor feeding experiments. During the experiment,
although, we tried our best to avoid the interference of external
adverse factors, there were still some limitations in this study.
First, we used bees form natural colonies as the control of
cross-feeding experimental groups. As the intestinal microbiota
composition of natural bees is jointly driven by dietary and
other factors, the role of dietary habits in the shaping of bee
intestinal flora may be amplified. Second, we are unable to
assess whether the association results caused by dietary change
are caused by dietary effect or cage effect, which would bias
the results of our overall analyses toward the null hypothesis.
Third, the study used a small sample size and was carried
out in single and sympatric environment, which affects the
validity and reliability of the experimental results to a certain
extent. It would be very important to carry out experiments
based on dietary habits data to further confirm our findings.
Future studies in different regions will help to better understand
how bee diets affect their physiology and gut communities.
However, there are some challenges in assessing the effect of
food type on gut microbiome composition. First, we lack more
data to support the differences in dietary habits among different
bee species. Second, studies on the interaction between dietary
habits and intestinal microorganisms produce large and complex
data sets, which is a great challenge for data analysis. Finally,
to avoid results bias, a perfect experimental design and careful
and standardized experimental control are necessary.

In summary, the results of this study demonstrated that
specific dietary habits played an important role in shaping the
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