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Abstract
The gut microbiota of bees affects nutrition, immunity and host fitness, yet the 
roles of diet, sociality and geographical variation in determining microbiome struc-
ture, including variant-level diversity and relatedness, remain poorly understood. 
Here, we use full-length 16S rRNA amplicon sequencing to compare the crop and 
gut microbiomes of two incipiently social carpenter bee species, Xylocopa sono-
rina and Xylocopa tabaniformis, from multiple geographical sites within each spe-
cies' range. We found that Xylocopa species share a set of core taxa consisting of 
Bombilactobacillus, Bombiscardovia and Lactobacillus, found in >95% of all individual 
bees sampled, and Gilliamella and Apibacter were also detected in the gut of both 
species with high frequency. The crop bacterial community of X. sonorina comprised 
nearly entirely Apilactobacillus with occasionally abundant nectar bacteria. Despite 
sharing core taxa, Xylocopa species' microbiomes were distinguished by multiple bac-
terial lineages, including species-specific variants of core taxa. The use of long-read 
amplicons revealed otherwise cryptic species and population-level differentiation in 
core microbiome members, which was masked when a shorter fragment of the 16S 
rRNA (V4) was considered. Of the core taxa, Bombilactobacillus and Bombiscardovia 
exhibited differentiation in amplicon sequence variants among bee populations, but 
this was lacking in Lactobacillus, suggesting that some bacterial genera in the gut may 
be structured by different processes. We conclude that these Xylocopa species host 
a distinctive microbiome, similar to that of previously characterized social corbiculate 
apids, which suggests that further investigation to understand the evolution of the 
bee microbiome and its drivers is warranted.
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1  |  INTRODUC TION

Gut microbial communities can be important mediators of host 
health and fitness (McFall-Ngai et al.,  2013). Many bee species 
(Hymenoptera: Apoidea: Anthophila) host distinct and function-
ally important bacterial communities in the gastrointestinal (GI) 
tract (Engel et al.,  2016; Lee et al.,  2015; Martinson et al.,  2011; 
Moran, 2015). As a low-diversity and tractable experimental system, 
the bee gut represents an excellent model to examine metabolic 
specialization, function and coexistence within host-associated mi-
crobial communities (Engel et al., 2016). However, bee species vary 
in microbiome composition, including the presence of specialized 
taxa and the relative abundance of environmental bacteria (Kwong 
et al., 2017; McFrederick et al., 2017). The factors that predict this 
variation among species and microbial functions remain poorly un-
derstood (Engel et al., 2016), but sociality has been proposed as an 
important driver of gut microbiome evolution for bees, as with other 
macroorganisms (Kwong et al.,  2017; Moeller et al.,  2016; Moran 
et al., 2019).

Social corbiculate bees in the subfamily Apinae (“pollen basket” 
bees), including honey bees and bumble bees, are characterized by 
distinctive gut microbial communities that are relatively consistent 
among individuals within a species (Kwong et al.,  2017). In honey 
bees and bumble bees, gut bacterial communities are consistent 
among individuals and transmitted by social interactions (Billiet 
et al., 2017; Koch & Schmid-Hempel, 2011; Powell et al., 2014). By 
contrast, in nonsocial bee species, including those closely related to 
social corbiculates (McFrederick & Rehan,  2019), individuals host 
more variable and less distinctive microbiomes, probably driven by 
environmental rather than social acquisition of microbes (Cohen 
et al., 2020; McFrederick et al., 2012; McFrederick & Rehan, 2019). 
However, key tests of the sociality hypothesis using bee species in 
the genera Megalopta and Halictus (both of which contain solitary 
and social species) found limited influence of sociality on bacterial 
composition (McFrederick et al., 2014; Rubin et al., 2018). These re-
sults raise the possibility that other traits instead of or in addition to 
sociality may be more important in shaping microbiome composition 
and specialization among bees.

Carpenter bee species in the genus Xylocopa (Apidae: Xylocopini) 
offer a unique system to study the relative role of sociality in struc-
turing microbiome composition. Xylocopa are large-bodied bees 
and close phylogenetic relatives of social corbiculate apids (Bossert 
et al., 2019). Xylocopa are locally common and economically import-
ant pollinators in some systems (Giannini et al., 2015; Keasar, 2010), 
and nest in timber or dead stalks of plants (Barrows,  1980). Of 
particular note, several species of carpenter bees have been char-
acterized as facultatively or incipiently social (Gerling et al., 1989; 
Michener, 1990). In characterized species, the oldest female in a nest 
maintains reproductive dominance and feeds younger nestmates via 
trophallaxis (Lucia et al., 2015), but cooperative brood care is rarely 
documented. One species in which sociality has been well-studied 
is Xylocopa sonorina, which lives in small, fluid, dominance-based so-
cieties with reproductive division of labour, where the proportion 

of individuals nesting socially is temporally dynamic (Ostwald 
et al., 2020). Moreover, in all Xylocopa species in which sociality has 
been examined, both social and solitary nests are present within 
the same population (Gerling et al., 1989). Investigation of the mi-
crobiome of carpenter bees—close relatives of corbiculates with 
contrasting social structure—may offer insights into the role of so-
ciality in the evolution of the bee microbiome. Recent sequencing 
efforts in Xylocopa tenuiscapa document gut communities domi-
nated by Lactobacillales, Enterobacteriaceae and Bifidobacteriacae 
(Subta et al., 2020), while three of the four Xylocopa species from 
the central and eastern USA hosted Bifidobacterium, Bombiscardovia, 
Bombilactobacillus, Apilactobacillus and Lactobacillus, in striking sim-
ilarity to social corbiculate microbiomes (Holley et al., 2022). These 
results suggest that the bacterial communities of some Xylocopa 
may resemble those of social corbiculates, but it is unclear if other 
Xylocopa species with well-studied social structure exhibit similar 
microbiome composition. Further, geographical or population-level 
variation in microbial communities within a species may inform 
processes that shape microbiome composition among and within 
Xylocopa species.

Here, we examine the composition of bacterial full-length 16S 
rRNA genes in X. sonorina Smith [previously X. varipuncta Patton] 
and Xylocopa tabaniformis orpifex Smith (Bezark, 2013), two carpen-
ter bee species common in western North America. These Xylocopa 
species often co-occur locally, collect nectar and pollen from the 
same plant hosts, and show a similar seasonal phenology in activity 
and reproduction. We utilize PacBio Sequencing and a sample infer-
ence method with single-nucleotide resolution (Callahan et al., 2019) 
to examine phylogenetic relationships among bacterial variants and 
previously characterized microbial taxa. We examined microbiome 
composition in two tissues, the crop (foregut) and gut (combined 
midgut and hindgut), which are disparate in function and separated 
by a proventricular valve. We hypothesized that the crop would be 
variable in bacterial composition among individuals, due to frequent 
intake of food including pollen, low microbial biomass and a predom-
inance of environmentally sourced microbes (Anderson et al., 2013). 
We hypothesized that if Xylocopa is similar to social apids, the gut 
would host a core microbiome distinctive from the crop that was 
consistent among individuals (Moran,  2015), or if Xylocopa micro-
biomes resemble solitary bees sampled to date, the gut would host 
a variable microbiome with high similarity to the crop (Voulgari-
Kokota et al., 2019).

To address these hypotheses, we sampled bees from three 
geographical locations and first compared how bacterial alpha and 
beta diversity differ among tissues, species and geographical loca-
tions. We also examined if sex or foraging status was associated 
with bacterial composition. Next, we defined the core bacterial 
taxa for these species and examined phylogenetic patterns among 
variants within these core clades. Lastly, to examine if shorter 
regions of the 16S rRNA gene could also detect these patterns, 
we repeated analyses using the full-length data that had been 
trimmed to the V4 region only. Our results suggest that carpenter 
bees host distinctive gut bacterial communities including bacterial 
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clades previously detected in corbiculates. In addition, Xylocopa 
species host phylogenetically and geographically distinct lineages 
within core clades, which are revealed by the full-length 16S rRNA 
but not by the V4 region alone.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

Between 2019 and 2020, 33 Xylocopa sonorina and 22 X. tabani-
formis adults were collected. Bees were captured in one of three 
ways: netted while foraging, caught using traps over the nest en-
trance (Figure  S1) or through excavation of logs to sample entire 
nests. The type of capture was recorded, with bees caught foraging 
in flight denoted as “foraging” and those captured within or exiting 
a log denoted as “nest-caught.” Samples were obtained from Davis, 
California (21 X. sonorina; 14 X. tabaniformis), Anza-Borrego Desert 
State Park in southern California (one X. sonorina, eight X. tabani-
formis) and Tempe, Arizona (11 X. sonorina). Samples from Davis and 
Anza-Borrego were captured during late summer and early autumn 
while samples from Tempe were collected in early summer (see data 
file for collection date). Bee species can be distinguished morpholog-
ically, and identifications were verified using voucher specimens at 
the Bohart Museum of Entomology. Captured carpenter bees were 
photographed, then killed by placing them in a − 20°C freezer where 
they were stored until dissection.

2.2  |  Sample processing and DNA extraction

Before dissection, carpenter bee samples were rinsed in 70% etha-
nol for 15s. They were then air dried and placed in a sterile Petri 
plate for dissection. Dissecting tools were flame sterilized before 
dissection and before each organ removal. The crop and the rest of 
the gut (combined midgut and hindgut) were separated and stored at 
−20°C until DNA extraction.

Microbial DNA was extracted from individual crop and gut sam-
ples separately and kit reagents only as a blank extraction control, 
using the Qiagen DNeasy PowerSoil Kit with slight modifications 
(Rubin et al., 2014). Modifications include adding four magnetic beads 
per PowerBead Tube after tissue samples had been added and beat-
ing tubes in a BeadBlaster 24 Homogenizer for three cycles of speed 
7 for 20s per cycle. Then 60 μl of Solution C1 and 2 μl Proteinase K 
solution (600 mAU ml−1; Qiagen Tissue and Blood) were added to 
each tube and tubes were incubated overnight at 56°C. The follow-
ing day tubes were beaten once more using the same cycle settings 
and the rest of the protocol followed the manufacturer's protocol 
beginning at step 6. Extracted DNA was sent for library prepara-
tion and sequencing at Dalhousie University Integrated Microbiome 
Resource Facility. Briefly, the full-length 16S rRNA region was am-
plified in duplicate using 27F AGRGTTYGATYMTGGCTCAG (Paliy 
et al.,  2009) and 1492R RGYTACCTTGTTACGACTT (Lane,  1991) 

using full-length fusion primers (PacBio adapters + barcodes + spe-
cific regions). PCR (polymerase chain reaction) products were visual-
ized using a Hamilton Nimbus Select robot using Coastal Genomics 
Analytical Gels. PCR products were pooled within a sample, 
cleaned and normalized using a Charm Biotech Just-a-Plate 96 Well 
Normalization kit and quantified fluorometrically before sequenc-
ing. PacBio Sequel 2 chemistry was used in sequencing, performed 
by the Dalhousie University Integrated Microbiome Resource facil-
ity (Halifax, Canada).

2.3  |  Bioinformatics

Preliminary processing and filtering of raw full-length 16S rRNA 
reads into amplicon sequence variants (ASVs) was performed in 
R version 4.1.0 (R Core Team,  2021) using dada2 (version 1.20.0; 
Callahan et al., 2019). Primer sequences were removed, and reads 
were filtered by size and quality to yield sequences ranging from 
1000 to 1600  bp with no ambiguous bases, two maximum ex-
pected errors and a minimum quality score of 3. Filtered reads were 
then dereplicated, and sequencing errors were inferred using the 
PacBioErrfun function and removed. Chimeras were inferred with 
a minFoldParentOverAbundance value of 3.5 and removed using 
sequence consensus as a method. Finally, taxonomy was assigned 
using the BEExact database (Daisley & Reid, 2021) and SILVA ver-
sion 138.1 (Quast et al.,  2012); the resulting taxonomy was often 
identical but BEEexact allowed more specific annotations for a few 
groups, so we present assignments from BEExact below.

The ASV and taxonomy tables generated from the dada2 pipe-
line outlined above were merged with metadata using phyloseq 
(McMurdie & Holmes, 2013). ASVs classified as chloroplast or mito-
chondria were removed and any ASVs found in the control sample 
were removed, resulting in the removal of a single ASV annotated as 
Entomomonas that was only found in the negative control. The final 
data set included only samples with more than 500 total sequences 
(see sampling curves in Figure S2).

2.4  |  Statistical analysis

2.4.1  |  Alpha and beta diversity

All statistical analyses were performed using R version 4.1.0. We ex-
amined rarefaction curves to assess if sampling depth was adequate 
and all samples plateaued (Figure  S2). Alpha diversity was quanti-
fied using Chao1 as an estimate of species richness, and Shannon 
diversity which also accounts for evenness of ASVs in a sample. 
To determine if host species, tissue type, their interactions, or sex 
and foraging type significantly affect diversity, a linear mixed effect 
model was constructed using lmer (Bates et al., 2015), with separate 
models for Chao1 and Shannon diversity. In both models, individual 
bee was included as a random effect and p-values were calculated 
using the lmerTest package (Kuznetsova et al., 2017).
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    |  1533HANDY et al.

To examine drivers of species composition among samples, we 
first examined if predictor variables, including species, tissue, geo-
graphical location or sex contributed significantly to differences in 
species composition, using permutational ANOVA (PERMANOVA) 
using adonis2 and assessed variation in dispersion among groups 
using betadisper (Oksanen et al., 2012). We present results using 
Bray–Curtis dissimilarities in the main text, but results are nearly 
identical to those based on weighted Unifrac dissimilarities (both 
presented in Table  S1). Differences between GI tract tissues 
were confirmed using PERMANOVA on a subset of the data con-
taining only bees from which both the crop and gut sequenced 
successfully.

Because not all species of bee were sampled at each site, we 
conducted additional analyses to validate detected species and geo-
graphical effects in our data set using stratified PERMANOVA. First, 
we subset the data set to only samples collected in Davis, where 
both bee species were sampled, and examined effects of bee spe-
cies. Second, we examined the effect of sampling location sepa-
rately for each bee species. In both cases, we used PERMANOVA 
implemented in adonis2.

Additionally, to examine if bees caught foraging or nesting dif-
fered in bacterial diversity or composition, we repeated all alpha and 
beta diversity analyses on only X. sonorina samples, the only bee 
species for which we had nesting and foraging individuals. Models 
included sampling location, tissue, behaviour and sex.

2.4.2  |  Assessing bacteria that distinguish bee 
species and are core to Xylocopa

To identify bacterial taxa that differ between host species and tissue 
type, we compared relative abundance of ASVs between bee species 
and tissues using deseq2 (Love et al., 2013), with a false discovery 
rate (FDR) <0.05.

To identify core gut bacterial communities, individual ASVs were 
first collapsed at the genus–species level using tax_glom(). The func-
tion eulerr::core_members() was then used to identify genus–species 
bins present at ≥0.01% relative abundance in at least 95% of gut 
samples and heatmaps were constructed to visualize the number of 
shared core taxa for both Xylocopa species together and separately.

2.4.3  |  Phylogenetic tree construction

We constructed phylogenies to compare our sequences to previ-
ously characterized bacteria from bees or other related habitats 
for Lactobacillaceae and Bifidobacteria. Previously published 16S 
rRNA sequences were downloaded from NCBI's 16S rRNA RefSeq 
database. Our list consisted of previous studies of corbiculate apid 
and non-Apis bee-associated bacteria with published full-length 16S 
rRNA sequences or genomes, as well as related outgroups (Lugli 
et al., 2017; Zheng et al., 2020).

To build trees, sequences were aligned using AlignSeqs 
(Wright,  2015). Pairwise distances of aligned sequences were cal-
culated and used in the construction of first a neighbour-joining 
tree then fitting a GTR + G + I maximum-likelihood tree using the 
neighbour-joining tree as a starting point (Schliep, 2011) and visual-
ized using ggtree (Yu et al., 2017).

2.4.4  |  Assessing differences between full-
length and V4 data sets

To generate a short-read data set from our full-length se-
quences, we repeated the dada2 pipeline but used V4 univer-
sal bacterial primers (V4_F  =  GTGCCAGCMGCCGCGGTAA 
V4_R = GGACTACHVGGGTWTCTAAT) in place of PacBio sequenc-
ing primers, and then repeated all downstream bioinformatics steps. 
To compare inference between data sets, we produced new phylo-
genetic trees and repeated beta diversity analyses using the V4 data 
set. The effects of different predictors on the beta diversity of our 
V4 data set were assessed via adonis PERMANOVA tests, as with 
full-length sequences.

2.4.5  |  Comparative visualization

To contextualize our sequencing results, we added data from the 
current study to a previously published summary table (Shell & 
Rehan,  2022). Briefly, we calculated mean relative abundance of 
bacterial genera present in X. sonorina and X. tabaniformis in more 
than 50% of samples with an average relative abundance of >0.5%. 
To compare among bee taxa, the top bacterial genera by abundance 
were selected from 71 additional species spanning 13 bee tribes, 
adding bacterial composition and count data from additional data 
sets to the level of genus (Figueroa et al., 2021; Holley et al., 2022; 
Shell & Rehan, 2022; Tola et al., 2021). Bacterial genera were classi-
fied as “Corbiculate core,” “Corbiculate associates and Lactobacillus” 
or “Environmental or insect-associated” following previous work 
(Kwong et al., 2017).

3  |  RESULTS

3.1  |  Sequencing results

From the 110 bee samples submitted, one negative control and 
one extraction liquid sample for PacBio long amplicon sequenc-
ing, 532,208 raw reads and 326,740 high-quality sequences were 
retained after processing. From these sequences, 811 unique ASVs 
were inferred, 80 of which were classified as chloroplast, mito-
chondria or present in the negative control and were removed. The 
samples containing fewer than 500 total sequences (17, all crop and 
extraction or negative controls) were removed. Overall, the pipeline 
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resulted in a final data set containing 731 ASVs and 93 samples (55 gut 
and 38 crop) with a median of 2472 sequences per sample. Sampling 
curves (Figure  S2) were saturating, indicating sufficient sampling 
depth. The most abundant bacterial genera within Xylocopa crops 
included Apilactobacillus, Acinetobacter and Saccharibacter, while the 
gut was dominated by bacterial genera often documented in social 
corbiculates including Apibacter, Bombilactobacillus, Bifidobacterium, 
Bombiscardovia and Gilliamella, as well as Entomomonas, Fructobacillus 
and members of the Lactobacillaceae (Figure 1).

3.2  |  Drivers of alpha and beta diversity in Xylocopa 
microbiomes

Xylocopa gut samples hosted ~219% more ASVs and had greater 
evenness compared with crop samples (Figure  2; Chao1 lmer 
F1,54 = 151, p < .001; Shannon lmer F1,45 = 169, p < .001) across bee 
species. Xylocopa sonorina hosted marginally greater species rich-
ness than X. tabaniformis (F1,56 =  4.18, p =  .046) and significantly 
greater diversity (F1,51 =  16.43, p < .001), while the interaction of 
tissue and species was not significant (Chao1 F1,54 = 0.16, p =  .69; 
Shannon F1,45 =  0.029, p =  0.87). Within X. sonorina, female bees 
had significantly greater species richness and diversity within the 
gut than male bees (Chao1 p = 0.001, Shannon p = 0.04; Figure S3), 
but no difference was detected in X. sonorina between sexes in the 
crop (Chao1 p > .05; Shannon p > .05), nor between sexes in either 
tissue for X. tabaniformis (p > .2).

Bacterial species composition varied with sampling location, 
tissue type, species, their interactions as well as the sex of bees 

(Figure  2; full model Bray–Curtis PERMANOVA p < .05 for all; 
Table S1, Figure S4). Paired analyses conducted on bees where both 
the crop and gut were sequenced confirmed that crop and gut com-
munities differed in both bee species (Table  S2; X. sonorina Bray 
F = 5.63, R2 = .098, p < .001; X. tabaniformis Bray F = 3.87, R2 = .16, 
p < .001). The gut and crop communities differed in dispersion. Using 
Bray–Curtis dissimilarities, the crop samples were more variable 
than the gut for both species (betadisper X. sonorina, p < .05; X. ta-
baniformis p < .01; Figure 2c; Figure S4).

In our validation analysis, species differed in bacterial com-
position when samples from a single location where both species 
were sampled were considered (Davis), for both the crop (Table S3, 
Bray R2 = .10, F = 2.56, p = .01) and the gut tissues (Bray R2 = .21, 
F = 8.53, p < .001).

3.3  |  Geographical variation within species

Collection location and its interaction with tissue type were highly 
significant in the full model (Table S1) but to account for unbalanced 
sampling and understand drivers of these interactions, we also com-
pared the effect of location within each species and tissue type 
separately. For X. sonorina, samples collected in Davis and Tempe 
differed in species composition for both the crop and gut (Table S4; 
Bray–Curtis crop R2 = .16, F = 4.47, p < .001; gut R2 = .094, F = 3.10 
p < .001). For X. tabaniformis, samples from Davis and Anza-Borrego 
differed in species composition, but only significantly in the gut, but 
to a lesser extent in the crop (Bray–Curtis dissimilarity gut R2 = .17, 
F = 4.18 p < .001, crop R2 = .15, F = 1.58 p = .072).

F I G U R E  1  Comparison of the 15 most abundant bacterial genera across all samples in the crop and gut in Xylocopa sonorina and X. 
tabaniformis described using full-length 16S rRNA PacBio sequencing. Vertical bars represent individual bee samples, for either the bee crop 
or gut (midgut and hindgut). Bars under individual bee samples indicate the geographical location where the bee was collected. Individual 
sequence variants (ASVs) were collapsed at the genus level. Category “other” includes ASVs classified but not in the most abundant 15 
genera. Category “Not classified” includes ASVs not classified to the genus level. [Colour figure can be viewed at wileyonlinelibrary.com]
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3.4  |  Effects of foraging behaviour on bacterial 
composition

Within X. sonorina (the only species in which we sampled bees from 
nests and while foraging), bees caught foraging had greater richness 
compared to nest-caught bees (F1,49 = 4.23, p = .045), and with a trend 
towards higher diversity (Figure S3; F1,26 =  2.80, p =  .11). Bacterial 
composition differed between foraging bees and nest-caught bees 
(PERMANOVA p = .009) and between male and female bees (p = .04) 
as well as with location and tissue (both p < .001). No male bees were 
captured while foraging and a significant interaction between tissue 
and foraging type was observed (p = .021). Foraging bees exhibited a 
lower distance to the centroid compared to nest-caught bees (betadis-
per behaviour p = .022) and male bees had a lower distance to the cen-
troid compared to females (betadisper sex p = .0046). Notably, the crop 
of nest-inhabiting bees was comprised nearly entirely Apilactobacillus, 
while the crop of foragers varied among individuals, with some for-
aging bees containing a high abundance of known nectar inhabitants 
including Acinetobacter nectaris and Neokomagataea thailandica.

3.5  |  Bacterial ASVs that distinguish species and 
tissue types

In the crop, 15 ASVs differed significantly between X. sonorina and 
X. tabaniformis, 13 of which were classified as Apilactobacillus (deseq2 
FDR <0.05, Figure S5). In the gut, 58 ASVs differed between Xylocopa 
species, 15 of which were classified as Bifidobacteriaceae (mostly 

Bombiscardovia), 27 as Lactobacillaceae (mostly Bombilactobacillus) 
and six as Orbaceae (Gilliamella) (deseq2 FDR <0.05, Figure S5).

In addition ASVs also differentiated the crop and gut in X. so-
norina and X. tabaniformis (Figure  S6). The crop was enriched in 
Apilactobacillus (X. sonorina only) and another undefined genus 
within the Lactobacillaceae (both species). In contrast, the gut of 
both species was enriched in many ASVs including from the genera 
Entomomonas, Bombiscardovia, Bifidobacterium and Apibacter, with 
additional genera differentially abundant depending on the bee spe-
cies considered, with more taxa enriched in the gut within X. sonorina.

3.6  |  Core Xylocopa gut bacteria

Of the genus–species bins present in the gut of Xylocopa species 
(Figure  3), Bombiscardovia coagulans, Bombilactobacillus bombi and 
Lactobacillus bxid5692 (BEExact ID number) were present in at least 
95% of gut samples of both species as well as in X. sonorina. In ad-
dition to these taxa, X. tabaniformis also contained Entomomonas, 
bxid5846_bxid5850 (Lactobacilliaceae) and Bifidobacterium in 95% 
of samples.

3.7  |  Phylogenetic analysis: core taxon ASVs 
display a high degree of host specificity

Phylogenetic and variant-level analysis suggests that the majority of 
the ASVs comprising core gut bacteria are host-specific (Figures 3 

F I G U R E  2  Comparison of alpha 
and beta diversity between bee 
species, Xylocopa sonorina and Xylocopa 
tabaniformis, and between crop and 
gut tissues (see text for p-values). (a) 
Bacterial species Chao 1 richness and (b) 
Shannon's index diversity. (c) Species and 
tissues differ in beta diversity estimated 
using Bray–Curtis dissimilarity, with 
the gut communities tightly clustering 
and differentiated between bee 
species. [Colour figure can be viewed at 
wileyonlinelibrary.com] 0
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and 4; Figures S7 and S8). In contrast only a few ASVs span host 
species and locations, including the most abundant Lactobacillus se-
quence (ASV9). Moreover, while some ASVs are found at multiple 
geographical sampling locations, some are highly location-specific, 
particularly in Bombilactobacillus and Bombiscordovia (Figures  S7 
and S8).

Within the Lactobacillaceae, we detected ASVs closely related to 
corbiculate symbionts and those more closely related to taxa found 
across many social and solitary bee species in the Apilactobacillaceae 
(Figure 4). Most ASVs were limited to a single species (Figure 4) and 
a single population (Figure  S7), although species-specificity var-
ied among clades. Within the Bifidobacteriaceae, ASVs annotated 

as Bombiscardovia coagulans were closely related to isolates from 
Bombus and Xylocopa violacea (Figure 5). Sequence variants were ex-
clusively restricted to a single species and were sometimes location-
specific (Figure S8).

3.8  |  Comparison between long and short 
amplicon reads

Amplicon length influenced bacterial diversity and ecological infer-
ence. When only V4 regions were considered, 174 unique ASVs were 
detected (637 fewer than the full-length 16S rRNA data set at this 

F I G U R E  3  Heatmap of the relative abundance of bacterial genus–species bins from Xylocopa sonorina and X. tabaniformis gut samples. 
Bacterial taxa are ordered by descending mean relative abundance. Color refers to the relative abundance (out of 100) in an individual 
sample. Genus–species bins that were designated as core taxa (see main text for details) are indicated with stars. [Colour figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  4  Phylogenetic placement of Lactobacillaceae ASVs detected in Xylocopa sonorina or X. tabaniformis crop or gut samples, with 
members of the family previously isolated from social corbiculate bees (either Apis or Bombus), noncorbiculate bees, flowers, and other hosts 
and environments, and outgroup following Zheng et al. (2020). Phylogenetic relationships were first estimated using neighbour joining, 
then optimized using maximum likelihood, where nodes with >75% bootstrap support from 1000 resampled trees are indicated with a black 
point. Branch length is proportional to the number of sequence differences. Only ASVs present at >5% relative abundance in at least a single 
sample are included. [Colour figure can be viewed at wileyonlinelibrary.com]
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step), 42 of which were classified as chloroplast, as mitochondria or 
were detected in the negative controls and removed. Finally, 18 sam-
ples containing fewer than 500 sequences were removed, resulting 
in a final V4 data set containing 92 samples with a median of 2959.5 
sequences per sample. Reduced sequence length in the V4 region re-
sulted in the clustering of sequence variants from the full-length data 
set: ASVs that in the full-length data set distinguished host species or 
geographical location were considered a single ASV in the V4 data set 
(Figures S9 and S10). However, despite a lower number of sequences, 
beta diversity inference was quite similar when either full-length or 
V4 regions was considered, with interactions among sex and sam-
pling location less pronounced in the V4 data set (Tables S1–S4).

In addition, V4-region phylogenies contain fewer ASVs, masking 
species and population-level differentiation in variants revealed by 
the full-length 16S rRNA region (Figures S9 and S10).

4  |  DISCUSSION

The microbiome of the incipiently social Xylocopa species examined 
here is similar to previously characterized social corbiculates in at 
least two ways. First, Xylocopa individuals host a distinctive set of 
bacterial taxa found consistently in bees that span geographical 
sampling locations, sexes and individuals displaying different behav-
iours (nest-caught vs. foraging), unlike most previously character-
ized solitary bees (Voulgari-Kokota et al.,  2019). Second, many of 
the bacterial lineages detected at high abundance in the gut have 
been previously described in social corbiculates (Figure  6). Below, 
we discuss the specific taxa found and the implications for the effect 
of sociality on the evolution of the bee microbiome.

Many bacterial taxa in the gut of most Xylocopa are consid-
ered core bacterial symbionts of corbiculate bees (Figures  4–6; 

F I G U R E  5  Phylogenetic placement of gut Xylocopa-associated Bifidobacteriaceae ASVs, with outgroups selected from Lugli et al. (2017) 
and other related taxa including species isolated from social corbiculate bees (Bombus or Apis) or other carpenter bees (Xylocopa violacea). 
The neighbour-joining phylogenetic tree was optimized with internal maximum likelihood, where nodes with >75% bootstrap support from 
1000 resampled trees are indicated with a black dot. Branch length is proportional to the number of sequence differences. Only ASVs 
present at >2.5% relative abundance in at least a single sample are included. [Colour figure can be viewed at wileyonlinelibrary.com]
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Subta et al.,  2020, Holley et al.,  2022). Bombilactobacillus (previ-
ously Lactobacillus Firm4), Bombiscardovia (Bifidobacteriaceae) and 
Lactobacillus bxid5692 (related to Lactobacillus Firm5) were detected 
in nearly every individual, similar to previously characterized Apis and 
Bombus species (Killer et al., 2010; Kwong et al., 2017; Parmentier 
et al., 2018), suggesting these genera have a larger host range than 
previously recognized (Alberoni et al., 2019; Hammer et al., 2021; 
Kwong et al.,  2017). In Bombus terrestris, Bombilactobacillus and 

Bifidobacterium sp. are socially transmitted (Billiet et al., 2017) and 
colonize the hindgut, and in Apis mellifera are implicated in saccha-
ride breakdown and fermentation (Lee et al., 2015). Future studies 
are required to examine if social transmission and bacterial function 
are similar in Xylocopa.

Despite similarities to the A. mellifera and Bombus microbiome 
(Figure 6), the Xylocopa microbiomes characterized here are distinct 
from those of Apis and Bombus in a few ways. First, most Xylocopa 

F I G U R E  6  Average relative abundances of bacterial genera across diverse bee species complied from Kwong et al. (2017), Shell and 
Rehan (2022) and the current study. Gut bacterial communities of bee species, including bacterial genera consistently present within 
corbiculate apids (here, “Corbiculate Core”), those often present within corbiculate apids (“Corbiculate associates + Lactobacillus,” see note 
below), and environmental or insect-associated genera. Bacterial genera were assigned to categories following Kwong et al. (2017) and 
Shell and Rehan (2022). The 22 most abundant bacterial genera across studies are shown. Bacterial ASVs or operational taxonomic units 
(OTUs) were aggregated at the genus level based on taxonomy in each study. Average relative abundance values are rounded to the nearest 
whole number, with a minimum average relative abundance >0.5% displayed. We note that the genus Lactobacillus includes taxa that were 
separated into new genera in newer studies but not prior to taxonomy changes (Apilactobacillus, Bombilactobacillus, etc.), and Pseudomonas 
probably includes taxa in the newly created genus Entomomonas in some but not all studies. Data from Tola et al. (2021), Figueroa 
et al. (2021) and Holley et al. (2022) were added to previously summarized data in Shell and Rehan (2022). The number of bee individuals 
sampled per species was typically at least five but often higher (see referenced studies for details). Some previous studies were omitted 
due to insufficient microbial taxonomic resolution. Bee phylogeny (on the y-axis) illustrates phylogenetic relationships among bee tribes so 
branch lengths are not intended to be interpreted quantitatively. Bee species are listed within the tri Meliponini, Bombini, Apini, Centridini, 
Ceratinini, Xylocopini, Anthophorini, Eucerini, Megachilini, Osmiini, Augochlorini, Halictini and Andrenini (from top to bottom) following 
Hedtke et al. (2013) and Gibbs et al. (2012). [Colour figure can be viewed at wileyonlinelibrary.com]
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consistently host Apibacter (Bacteriodetes) and Entomomonas 
(Proteobacteria), in contrast to their sporadic presence in Apis 
(Kwong et al., 2018) and Bombus (Figure 6). These bacteria contain 
limited metabolic capability (Kwong et al., 2018; Wang et al., 2020). 
Notably, Xylocopa also notably lacks Snodgrassella (we detected a 
single ASV in low abundance) and hosts very low relative abundance 
of Gilliamella, similarly to recently characterized social stingless 
Melipona species (Cerqueira et al., 2021) and some members of the 
Meliponini (Figure 6). In X. sonorina, the crop was highly dominated 
by Apilactobacillus (Figure 1; Figures S5a and S6a), a common bac-
terial taxon found in solitary bee gut and provisions and in the crop 
of bees (McFrederick et al.,  2018). Apilactobacillus have been hy-
pothesized to inhibit pathogen growth or prevent spoilage of stored 
pollen (Kapheim et al., 2021; McFrederick et al., 2018; Vásquez & 
Olofsson, 2009).

Since Xylocopa are incipiently social rather than classically eu-
social (Gerling et al.,  1981), their distinctive microbiome raises 
questions about the mechanisms required for effective social trans-
mission of the microbiome. Dominant Xylocopa females feed newly 
emerged nestmates via trophallaxis, and allow consumption of the 
stored provision (Gerling et al., 1989; Ostwald et al., 2021; Vickruck 
& Richards, 2021). In this way, Xylocopa exhibit behavioural similari-
ties to Apis, which engage in trophallaxis, and Bombus, which do not 
engage in trophallaxis yet feed from shared food resources and en-
gage in coprophagy (Näpflin & Schmid-Hempel, 2016). In addition, 
Xylocopa individuals migrate among nests, including those of nonkin 
(Ostwald et al., 2021, Vickruck & Richards, 2021). We hypothesize 
that the feeding and reproductive biology of Xylocopa, as well as the 
relatively long lifespan (1–2 years), and large body size could help 
explain the maintenance of specialized microbial taxa. Differences 
between Xylocopa species in microbiome composition and richness 
also suggest areas for future study. Although we lack details on X. 
tabaniformis sociality, this species is probably incipiently social like 
X. sonorina (Breed, 1976) yet differs in breeding systems: males pa-
trol flowers for mating, while X. sonorina males host nonresource-
based territories (Marshall & Alcock, 1981). This could explain the 
differences in sex-specific microbiomes between species. Additional 
information on social structure or nesting biology may inform mi-
crobiome differences observed between X. tabaniformis and X. so-
norina, and X. virginica and the other characterized Xylocopa (Holley 
et al., 2022).

It is notable that the bee genus Ceratina, a sister clade to Xylocopa, 
is mostly subsocial, interacting with the developing brood and occa-
sionally overwintering with adult offspring (Rehan & Richards, 2010), 
yet hosts a fundamentally distinct microbiome lacking corbiculate 
core or associated taxa (Figure 6). In previous work, the microbiome 
of halictid bees that nest socially, including those that exhibit tro-
phallaxis and eusociality (Kapheim et al., 2016), did not differ sub-
stantially from those that nest nonsocially (McFrederick et al., 2014; 
Rubin et al.,  2018), and resembled solitary bee microbiomes 
(Voulgari-Kokota et al., 2019), which are primarily environmentally 
acquired (Kapheim et al., 2021; McFrederick et al., 2012). Combined, 

these studies suggest that not only social behaviours but perhaps 
also additional other biological or ecological differences may be re-
quired for the maintenance of a distinctive bee microbiome.

Geographical populations of Xylocopa were differentiated by 
Bombilactobacillus and Bombiscardovia ASVs (Figures S7 and S8), and 
the bacterial genus Schmidhempelia was frequently present in south-
ern but not northern populations of X. sonorina (Figure 1). Sampling 
location explained 9%–16% of the variation in bacterial composi-
tion, more than previous studies examining geographical signatures 
in honey bees (Ge et al., 2021), stingless bees (Liu et al., 2021) and 
even some solitary Osmia (Rothman et al., 2020). Although long-read 
sequences probably enable us to detect such patterns (Table  S1), 
distinctive Xylocopa sociality and patterns of microbial transmission 
may also contribute to geographical structuring. Notable population-
level differentiation of Bombilactobacillus and Bombiscardovia but 
not Lactobacillus may suggest a different frequency or mode of 
transmission of bacterial genera among bees.

As expected, we found that restricting our analysis to the V4 
region resulted in fewer taxa detected, a loss of phylogenetic res-
olution (Figures  S9 and S10), and the loss of genetic information 
that could distinguish bacterial taxa between host species and 
among geographical locations (Table S4). Due to reduced sequence 
length, ASVs that previously distinguished species and locations 
were collapsed into fewer ASVs that largely masked such variation 
(Figures S9 and S10), yet species and geographical location could 
still be distinguished using V4 rRNA sequences only (Table S1). This 
comparison suggests that short-read amplicon sequencing may 
often be able to detect drivers of microbial community composi-
tion, but fail to show the extent of variant-level differentiation that 
exists among populations and species. However, we caution that 
our comparative approach does not account for realistic primer 
bias or sequencing bias (Quail et al., 2012; Tedersoo et al., 2018) 
and, as a result, may overestimate the similarity of these regions 
and their ecological inference in our simulated V4 data. Moreover, 
we caution that within-genome variation among 16S rRNA copies 
can inflate diversity estimates especially in some bacterial clades 
(Větrovský & Baldrian, 2013) and longer reads generated by PacBio 
sequencing may capture more of this variation than short-read 
amplicon sequencing. Nevertheless, our data support the conclu-
sion that long reads enable enhanced ecological insights into the 
variant-level composition and evolution of the microbiome, sug-
gesting that despite its greater cost, this approach may be war-
ranted to examine population-level variation in bacterial clades 
(Tedersoo et al., 2021) and generate hypotheses about drivers of 
such variation.

Overall, our results provide evidence that the microbiomes of 
species with simple social groups can have characteristics typically 
associated with the more complex eusociality of the corbiculate 
bees. Further work will be necessary to determine the role of so-
ciality, such as trophallaxis, as well as other ecological factors that 
determine symbiont gain and loss to uncover the functional conse-
quences of a specialized microbiome.
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