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Abstract

The gut microbiota of bees affect nutrition, immunity, and host fitness, yet the role of diet, sociality, and geographic variation
in determining microbiome structure, including strain-level diversity and relatedness, remain poorly understood. Here, we use
full-length 16S amplicon sequencing to compare the crop and gut microbiomes of two incipiently social carpenter bee species,
Xylocopa sonorina and Xylocopa tabaniformis, from multiple geographic sites within each species’ range. We found that
Xylocopa species share a set of core taxa consisting of Bombilactobacillus, Bombiscardovia, and Lactobacillus apis, 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 both species was comprised nearly entirely of Apilactobacillus with occasionally
abundant nectar bacteria. Despite sharing core taxa, Xylocopa species’ microbiomes were distinguished by multiple bacterial
lineages, including species-specific strains of core taxa. In both bee species, bacterial species exhibited geographic patterns in the
presence of specific sequence variants. 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 (V4) was considered. We
conclude that these Xylocopa species host a distinctive microbiome, similar to that of previously characterized social apids,
which suggests that further investigation to understand the evolution of bee microbiome and its drivers is warranted.

Introduction

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 functionally important bacterial
communities in the GI tract (Martinson et al. 2011, Lee et al. 2015, Moran 2015, Engel et al. 2016). As a low-
diversity and tractable experimental system, the bee gut represents an excellent model to examine metabolic
specialization, function and coexistence within microbial 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 their functions remain poorly understood (Engel et al. 2016), but sociality
has been proposed as an important driver of gut microbiome evolution for bees, like other macroorganisms
(Moeller et al. 2016, Kwong et al. 2017, 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
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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 (Koch and Schmid-Hempel 2011, Powell
et al. 2014, Billiet et al. 2017). By contrast, in non-social bee species, including those closely related
to social corbiculates (McFrederick and Rehan 2019), individuals host more variable and less distinctive
microbiomes, likely driven by environmental rather than social acquisition of microbes (McFrederick et al.
2012, McFrederick and Rehan 2019, Cohen et al. 2020). However, key tests of the sociality hypothesis
using bee species in the genus Halictus (which contains solitary and social species) found limited influence
of sociality on bacterial composition (McFrederick et al. 2014, Rubin et al. 2018). These results 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 structuring 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
important pollinators in some systems (Keasar 2010, Giannini et al. 2015), and nest in timber or dead stalks
of plants (Barrows 1980). Of particular note, several species of carpenter bees have been characterized 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 X. sonorina , which lives in small, fluid, dominance-based societies with reproductive division
of labor, where the proportion of individuals nesting socially is temporally dynamic (Ostwald et al. 2020).
Moreover, in all of the best-studied Xylocopa species, both social and solitary nests are present within the
same population (Gerling et al. 1989). Investigation of the microbiome of carpenter bees—close relatives of
corbiculates with contrasting social structure– may offer insights into the role of sociality in the evolution of
the bee microbiome.

Here, we examine the composition of bacterial full-length 16S rRNA genes in Xylocopa sonorina Smith [pre-
viously X. varipunctaPatton] and Xylocopa tabaniformis orpifex Smith (Bezark 2013), two carpenter bee
species common in the western North America. We leverage PacBio Sequencing and a sample inference
method with single-nucleotide resolution (Callahan et al. 2019) to examine strain-level resolution and phylo-
genetic relationships to previously characterized bee microbial taxa. 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 examined microbiome composition in two tissues, the crop (foregut) and gut (com-
bined midgut and hindgut), which are disparate in function and separated by a proventricular valve affecting
movement between these regions. 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 predominance
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 Xylocopamicrobiomes 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 geographic locations and first compared how
bacterial alpha and beta-diversity differ among tissues, species and geographic locations. 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 strains 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 clades previously detected in corbiculates. In
addition, Xylocopaspecies host phylogenetically and geographically distinct lineages within core clades which
are revealed by the full-length 16S but not by the V4 region alone.

Materials and Methods

(A) Sample Collection
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Between 2019 and 2020, 33 X. sonorina and 22 X. tabaniformis adults were collected. Bees were captured
in one of three ways: netted while foraging, caught using traps over the nest entrance (Supplementary
Figure S1) or through excavation of logs to sample entire nests. The type of capture was recorded, with
bees caught on the wing denoted as ‘foraging’ and those captured within or exiting a log denoted as ‘nest-
caught’. Samples were obtained from Davis, CA (21 X. sonorina ; 14 X. tabaniformis ), Anza-Borrego
Desert State Park in Southern California (1 X. sonorina , 8 X. tabaniformis ), and Tempe, Arizona (11
X. sonorina ). Samples from Davis and Anza-Borrego were captured during late summer and early fall
while samples from Tempe were collected in early summer (see data file for collection date). Bee species can
be distinguished morphologically, 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
oC freezer where they were stored until dissection.

(B) Sample processing and DNA extraction

Before dissection, carpenter bee samples were rinsed in 70% ethanol for fifteen seconds to minimize environ-
mental microbe contamination. 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 -20oC until DNA extraction.

Microbial DNA was extracted from crop and gut samples, extraction liquid, and kit reagents for an extraction
control, using a modified procedure for the Qiagen DNeasy PowerSoil Kit (Rubin et al. 2014). Modifications
include adding 4 magnetic beads per PowerBead Tube after tissue samples had been added and beating
tubes in a BeadBlaster 24 Homogenizer for 3 cycles of speed 7 for 20 seconds per cycle. 60 μL of Solution C1
and 2 μL Proteinase K solution (600mAU/ML – from Qiagen Tissue and Blood) were then added to each
tube and tubes were incubated overnight at 56oC. The following 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. Briefly, full-length 16S region was amplified using 27F (Paliy et al. 2009) and 1492R (Lane 1991) and
sequenced using PacBio Sequel v3 chemistry by the Dalhousie University Integrated Microbiome Resource
facility (Halifax, Canada).

(C) Bioinformatics

Preliminary processing and filtering of raw full-length 16S rRNA reads into Amplicon Sequence Vari-
ants (ASVs) was performed in R v4.1.0 (R Core Team, 2021) using DADA2 (v1.20.0) (Callahan et al.
2019). Primers (F27 = AGRGTTYGATYMTGGCTCAG; R1492 = AAGTCGTAACAAGGTARCY) were
removed, and reads were filtered by size and quality to yield sequences ranging from 1000 – 1600 bp with no
ambiguous bases, 2 maximum expected 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 and Reid 2021) and SILVA
v 138.1 (Quast et al. 2012); resulting taxonomy was nearly identical (Supplementary File 1) and we present
assignments from BEExact below.

The ASV and taxonomy tables generated from the DADA2 pipeline outlined above were merged with meta-
data using phyloseq (McMurdie and Holmes 2013). ASVs classified as chloroplast or mitochondria were
removed and only samples with greater than 500 total sequences, where sampling curves saturated, were re-
tained (Supplementary Figure S2). The extraction control contained only a single sequence and was removed
at this step.

(D) Statistical analysis

Alpha and beta diversity

All statistical analyses were performed using R v.4.1.0. We examined rarefaction curves to assess if sampling
depth was adequate and all samples plateaued (Supplementary Figure S2). Alpha diversity was quantified
using Chao1 as an estimate of species richness, and Shannon diversity which also accounts for evenness of
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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. 2011),
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).

To examine drivers of species composition among samples, we first examined if predictor variables, including
species, tissue, geographic location, or sex contributed significantly to differences in species composition,
using permutational ANOVA (PERMANOVA) using adonis2 and assessed variation in dispersion among
groups usingbetadisper (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 Supplementary Table S1). Differences between GI tract tissues were confirmed using PERMANOVA on
a subset of the data containing 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 geographic effects in our dataset using stratified PERMANOVA. First, we subset the dataset to
only samples collected in Davis, where both bee species were sampled and examined effects of bee species.
Second, we examined the effect of sampling location separately for each bee species. In both cases, we used
PERMANOVA implemented in adonis2 .

Additionally, to examine if bees caught foraging or nesting differed 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, behavior and sex.

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 if a core bacterial community was shared between the guts ofX. sonorina and X. tabaninformis
bees, individual ASVs were first collapsed at the genus species level usingtax glom(). The function eu-
lerr::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 constructed to visualize the number of shared core taxa.

Phylogenetic tree construction

Within the core taxa identified above, we constructed phylogenies to compare our sequences to previously
characterized bacteria from bees or other related habitats. Previously published 16S rDNA sequences were
downloaded from NCBI’s 16S rRNA RefSeq database. Our strain list was comprised of previous studies of
solitary and social bee-associated bacteria with published full-length16S sequences or genomes, as well as
related strains within these groups (Lugli et al. 2017, Zheng et al. 2020).

To build trees, sequences were first alignied using AlignSeqs(Wright 2015). Pairwise distances of aligned
sequences were calculated and used in the construction of neighbor joining trees optimized using internal
maximum likelihood estimation (Schliep 2011) and visualized using ggtree (Yu et al. 2017).

Assessing differences between full-length and V4 datasets

To generate a short-read dataset from our full-length sequences, we repeated the DADA2 pipeline but used V4
universal bacterial primers (V4 F = GTGCCAGCMGCCGCGGTAA V4 R = GGACTACHVGGGTWTC-
TAAT ) in place of PacBio sequencing primers, then repeated all downstream bioinformatics steps. To
compare inference between datasets, we produced new phylogenetic trees and repeated our beta diversity
analyses using this V4 dataset. The effects of different predictors on the beta diversity of our V4 dataset
were assessed via adonis PERMANOVA tests, as with full-length sequences. In addition, to determine which
V4 ASVs comprised which full-length ASVs, we mapped ASVs in the full-length dataset to their matching
V4-only ASVs using the command bb.split.sh , part of the BBTools (Bushnell 2014) package.
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Results

Sequencing results

From the 110 bee samples submitted, 1 negative control, and 1 extraction liquid sample for PacBio long
amplicon sequencing, 532,208 raw reads and 326,739 high-quality sequences were retained after processing.
From these sequences, 810 unique amplicon sequence variants (ASVs) were inferred, 86 of which were clas-
sified as chloroplast or mitochondria and removed. The samples containing fewer than 500 total sequences
(17, all crop and extraction or negative controls) were removed. Overall, the pipeline resulted in a final
dataset containing 724 ASVs and 93 samples (55 gut and 38 crop) with a median of 2,472 sequences per
sample. Sampling curves (Supplementary Figure S2) were saturating, indicating sufficient sampling depth.

Drivers of alpha and beta-diversity in Xylocopa microbiomes

Xylocopa gut samples hosted ˜222% more ASVs and had greater evenness than did crop samples (Figure
1; Chao1 lmer F1, 54= 148 p <0.001; Shannon lmer F1, 45 = 171 p <0.001) across bee species. Xylocopa
sonorina hosted marginally greater species richness than X. tabaniformis (F1, 56 = 3.78 p = 0.057) and
significantly greater diversity (F1,51 = 15.9, p <0.001), while the interaction of tissue and species was not
significant (Chao1 F1,54 = 0.12, p = 0.73; Shannon F1, 45 = 0.056 p = 0.81). 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; Supplementary Figure S3), but no difference was detected inX. sonorina between sexes in
the crop (Chao1 p>0.05; Shannon p>0.05), nor between sexes in either tissue forX. tabaniformis (p >0.2).

Bacterial species composition varied with sampling location, tissue type, species, their interactions, as well
as the sex of bees (Figure 1D; full model Bray-Curtis PERMANOVA p <0.05 for all, Supplementary Table
S1, Supplementary Figure S3). Paired analyses conducted on bees where both the crop and gut sequenced
confirmed that crop and gut communities differed in both bee species (Supplementary Table S2; X. sonorina
Bray F = 5.63, R2 = 0.098, p <0.001; X. tabaniformis Bray F = 3.87, R2 = 0.16, p <0.001). 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 <0.05; X. tabaniformis p <0.01; Fig 1B;
Supplementary Figure S4).

In our validation analysis, species differed in bacterial composition when samples from a single location
where both species were sampled were considered (Davis), for both the crop (Supplementary Table S3, Bray
R2 = 0.10 F=2.56, p=0.01) and the gut tissues (Bray R2 = 0.21 F=8.52, p<0.001).

Geographic variation within species

Collection location and its interaction with Tissue type were highly significant in the full model (Supple-
mentary Table S1) but to account for unbalanced sampling and understand drivers of these interactions,
we also compared the effect of location within each species and tissue type separately. For X. sonorina ,
samples collected in Davis and Tempe locations differed in species composition for both the crop and gut
(Supplementary Table S4; Bray-Curtis crop R2 = 0.16 F = 4.47 p <0.001; gut R2 = 0.093 F = 3.10 p
<0.001). For X. tabaniformis , samples from Davis and ABDSP differed in species composition, but only
significantly in the gut, but to a lesser extent in the crop (Bray-Curtis dissimilarity gut R2 = 0.17 F = 4.18
p <0.001, crop R2 = 0.15 F = 1.58 p = 0.073).

Effects of foraging behavior on bacterial composition

Within X. sonorina (the only species in which we sampled bees from nests and while foraging), bees caught
foraging had significantly greater richness compared to nest-caught bees (F1,49=4.6, p=0.04) and a trend
towards higher diversity (Supplementary Figure S3; F1,26=3.1, p=0.08). Bacterial composition differed
between foraging bees and nest-caught bees (PERMANOVA p=0.007) and between male and female bees
(p=0.04) as well as with location and tissue (p<0.001). No male bees were captured while foraging and no
significant interaction between tissue and foraging type was observed (p=0.07). Foraging bees exhibited a
lower distance to centroid compared to nest-caught bees (betadisper behavior p=0.016) and male bees had
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lower distance to centroid compared to females (betadisper sex p=0.001). Notably, the crop of nest-inhabiting
bees was nearly entirely comprised by Apilactobacillus , while the crop of foragers varied among individuals,
with some foraging bees containing high abundance of known nectar inhabitants includingAcinetobacter
nectaris and Neokomagataea thailandica .

Bacterial ASVs that distinguish species and tissue types

In the crop, 15 ASVs differed significantly between X. sonorinaand X. tabaniformis , 13 of which were
classified asApilactobacillus (DESeq2 FDR <0.05, Supplementary Figure S5). In the gut, 59 ASVs dif-
fered between Xylocopaspecies, 15 of which were classified as Bifidobacteriaceae (mostlyBombiscardovia ),
27 as Lactobacillaceae (mostlyBombilactobacillus ), and 6 Orbaceae (Gilliamella ) (DESeq2 FDR <0.05,
Supplementary Figure S5).

In addition ASVs also differentiated the crop and gut in X. sonorina and X. tabaniformis (Supplementary
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 , Apibacter , with additional
genera differentially abundant depending on the bee species considered, with more taxa enriched in the gut
within X. sonorina .

Core Xylocopa gut bacteria

We detected 25 genus-species bins present in the gut of bothXylocopa species (Figure 2). Of those 25
taxa,Bombiscardovia coagulans , Bombilactobacillus bombi , andLactobacillus bxid5692 (BEExact ID num-
ber) were highly abundant and prevalent (present in at least ˜98% of gut samples) and we refer to these
groups as ‘core taxa’ hereafter. DespiteEntomomonas having the highest average abundance of all shared
bacterial taxa (Figure 2), it was not detected in a subset of X. sonorina individuals. Gilliamella was de-
tected in 69.1% of samples and had an average of 4.36% relative abundance across all gut samples; Apibacter
(87.3% of samples, 10.5% relative abundance) and Apilactobacillus , which was more frequently detected in
the gut of X. sonorina (54.5% of samples) compared to X. tabaniformis (13.6% samples).

Phylogenetic analysis: core taxa ASVs display a high degree of host specificity

Phylogenetic and strain-level analysis suggests that the majority of the ASVs comprising core gut bacteria are
host-specific (Figure 3, Figure 4). In contrast only a few ASVs span host species and locations, including the
most abundant Lactobacillus sequence (ASV9). Moreover, while some ASVs are found at multiple geographic
sampling locations, some are highly location-specific, particularly inBombilactobacillus and Bombiscordovia.

Bombilactobacillus bombi ASVs grouped into two clades (Figure 3b). One contained a known B. bombi
isolated from bumble bees andB. mellis , isolated from honey bees while the other clade was phylogenetically
distinct, detected only in X. sonorina , and found at all locations (Figure 3b). Lactobacillus bxid5692 ASVs
formed a clade that was distinct from previous L. apis and aside from the most abundant ASV, was found
primarily in X. sonorina(Figure 3c). The Bifidobacteriaceae genus Bombiscardovia coagulans also grouped
into two clades, one of which contained a knownB. coagulans isolated from bumble bees; the other more
closely related to the newly described B. xylocopae . We detected extensive strain-level diversity within
Bombiscordovia (Figure 4). Sequence variants were exclusively restricted to a single species and were often
location-specific.

Comparison between long and short amplicon reads

Amplicon length influenced bacterial diversity and ecological inference. When only V4 regions were consid-
ered, 174 unique ASVs were detected (636 fewer than the full-length 16S dataset at this step), 43 of which
were classified as chloroplast or mitochondria and removed. Finally, 17 samples containing fewer than 500
sequences were removed, resulting in a final V4 dataset containing 93 samples with a median of 4,076 se-
quences per sample. Reduced sequence length in the V4 region resulted in the clustering of sequence variants
from the full-length dataset: ASVs that in the full-length dataset distinguished host species or geographic
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location were considered a single ASV in the V4 dataset (Supplementary Figure S7-S9). However, despite
a lower number of sequence, beta diversity inference was quite similar when either full-length or V4 re-
gions was considered, with interactions among sex and sampling location less pronounced in the V4 dataset
(Supplementary Tables S1-S4).

In addition, V4-region phylogenies contain fewer ASVs, most of which are found at high abundance in
multiple host bee species, masking species-level differentiation in strains revealed by the full-length 16S
region (Supplementary Figure S7, S8).

Discussion

Our results demonstrate that the Xylocopa species examined here, although incipiently social, host a micro-
biome that exhibits similarities to previously characterized social corbiculates in at least two ways. First,
Xylocopa individuals host a specific and distinctive set of bacterial taxa found consistently in bees that span
geographic sampling locations, sexes, and individuals displaying different behaviors (nest-caught vs. forag-
ing), unlike most previously characterized 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
(Kwong et al. 2017). Below, we discuss the specific taxa found and the implications for the effect of sociality
on the evolution of the bee microbiome.

The bacterial taxa that we describe here are comprised of primarily bee-associated taxa or those that as-
sociate with diverse insects, similar to the previously characterized Xylocopa tenuiscapa(Subta et al. 2020).
Xylocopa gut samples containedBombilactobacillus (previously Lactobacillus Firm4),Bombiscardovia ( Bi-
fidobacteriaceae), and Lactobacillus bxid5692 (similar to Lactobacillus Firm5) in nearly every individual,
often with multiple co-occurring ASVs, and typically at high abundance, similar to previously characterized
Apis andBombus species (Kwong et al. 2017). Bombilactobacillus andBombiscardovia are considered core
symbionts of adult bumble bees (Killer et al. 2010, Kwong et al. 2017, Parmentier et al. 2018) and primarily
transmitted via social contact (Billiet et al. 2017). In addition, the full-length Bombiscardovia sequences
inXylocopa are diverse and cluster with B. coagulansisolated from Bombus , or closely related to the newly
describedBifidobacterium xylocopae and B. actinocoloniiforme from European Xylocopa sp; suggesting that
this bacterial group has a larger host range than previously recognized (Kwong et al. 2017, Alberoni et
al. 2019, Hammer et al. 2021). In Apis mellifera ,Bombilactobacillus and Bifidobacterium sp. colonize the
hindgut and are implicated in saccharide breakdown and fermentation (Lee et al. 2015). Despite similarities
to the A. mellifera andBombus microbiome, the Xylocopa microbiomes characterized here are also distinct
in the consistent presence of Apibacter , which is found consistently in Asian honey bees (Kwong et al. 2018)
but only sporadically in Bombus. In contrast to Bombus ,Xylocopa appears to mostly lack Snodgrassella— we
detected a single ASV in low abundance. Gilliamella was frequently detected, but differed between species:
X. sonorinahosted Gilliamella more consistently and at higher abundance in than did X. tabaniformis (Fig-
ure 2). In addition, the gut of bothXylocopa species consistently contained Entomomonas at relatively high
frequencies (Supplementary Figure 6), a bacterium with a highly reduced genome and limited metabolic
capabilities which was previously described in a diverse group of insects including Diptera, Coleoptera, and
other Hymenoptera, including ants andApis (Wang et al. 2020). The ecological role of this genus is not
understood. In X. sonorina , the crop was highly dominated byApilactobacillus (Supplementary Figures
S5a; S6a),previously documented in solitary bees and in the crop of social bees (McFrederick et al. 2018).
Apilactobacillus may dominate in the provisions of some bee species where they have been hypothesized to
inhibit pathogen growth or prevent spoilage of stored pollen (Vásquez and Olofsson 2009, McFrederick et al.
2018, Kapheim et al. 2021).

Since Xylocopa are incipiently social rather than classically eusocial (Gerling et al. 1981), their distinctive
microbiome raises questions about the mechanisms required for effective social transmission of the microbio-
me. Dominant Xylocopa females will feed newly emerged nestmates via trophallaxis, and allow consumption
of the stored provision (Gerling et al. 1989, Ostwald et al. 2021, Vickruck and Richards 2021). In this way,
Xylocopa exhibit behavioral similarities to Apis , which engage in trophallaxis, andBombus , which do not
engage in trophallaxis yet feed from shared food resources and engage in coprophagy (Näpflin and Schmid-
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Hempel 2016). In addition, Xylocopa individuals migrate among nests, including those of non-kin (Ostwald
et al. 2021, Vickruck and Richards 2021). We hypothesize that these behaviors, as well as the relatively
long lifespan (1-2 years), and large body size of Xylocopa 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 onX. tabaniformis sociality, this species is likely incipiently
social like X. sonorina (Breed 1976) yet differs in breeding systems: males patrol flowers for mating, while
X. sonorina males host non-resource based territories (Marshall and Alcock 1981). This could explain the
differences in sex-specific microbiomes between species. Additional information on social structure or nesting
biology may inform reduced sequence variant richness and more variable crop community in X. tabaniformis
compared to X. sonorina .

In previous work, the microbiome of halictid bees that nest socially, including those that exhibit trophallaxis
and eusociality (Kapheim et al. 2016), did not differ substantially from those that nest non-socially (McFre-
derick et al. 2014, Rubin et al. 2018), and resembled solitary bee microbiomes (Voulgari-Kokota et al. 2019),
which are primarily environmentally acquired (McFrederick et al. 2012, Kapheim et al. 2021). The primary
difference between solitary and social halictids was the abundance of Sodalis , an insect endosymbiont (Rubin
et al. 2018). Combined, these studies suggest that not only social behaviors but perhaps additional other
biological differences may be required for the maintenance of a distinctive bee microbiome.

Both Xylocopa species displayed microbiome differences among collection locations, suggesting population-
level differentiation in microbiome composition. Indeed, many ASVs of core taxa were location-specific (Sup-
plementary Figures 7, 8, 9), while only a few dominant ASVs (e.g. Lactobacillus bxid5692 ASV 9) was
detected at all locations in both bee species. Sampling location explained between 9-16% of variation in
bacterial composition, more than previous studies examining geographic 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 likely enable us to detect such patterns (Supplementary Table 1), distinctive Xylocopa
sociality and patterns of microbial transmission may also contribute to geographic structuring.

As expected, we found that restricting our analysis to the V4 region resulted in fewer taxa detected, a loss of
phylogenetic resolution (Supplementary Figure S7), and the loss of genetic information that could distinguish
bacterial taxa between host species and among geographic locations (Supplementary Table S4). Due to
reduced sequence length, ASVs that previously distinguished species and locations were collapsed into a single
ASV (Supplementary Figure S 9), yet species and geographic location could still largely be distinguished using
V4 sequences only (Supplementary Table S1). This comparison suggests that first-generation sequencing
may be able to detect drivers of microbial community composition, but fail to show the extent of strain-
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. Nevertheless
our data support the conclusion that long reads enable enhanced ecological insights into the strain-level
composition and evolution of the microbiome, suggesting that despite its greater cost, this approach may be
warranted when strain-level information may differentiate populations or closely related species (Tedersoo
et al. 2021).

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 that specific features of sociality, such as trophallaxis, play in shaping
the microbiome in the earliest stages of social evolution, and uncover the functional consequences of a
specialized microbiome.
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Figure legends

Figure 1. Microbiome comparison of two carpenter bee species A)Xylocopa sonorina and Xylocopa tabani-
formis, photos by K. Garvey, used with permission. In B) bacterial species Chao 1 richness and Shannon’s
index diversity. In C), species and tissues differ in beta diversity, with the gut communities tightly clustering
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and differentiated between species. In D), bacterial composition in bothXylocopa species and tissue types is
summarized at the Genus level.

Figure 2. Heatmap of bacterial genus-species bins detected in at least one sample of both Xylocopa species.
Bacterial taxa are ordered by descending mean relative abundance in each bee gut sample.

Figure 3. Phylogenetic placement of gut Xylocopa core taxa in the Lactobacillaceae. A) Neighbor-joining
phylogenetic tree optimized with internal maximum likelihood, where nodes with>75% bootstrap support
from 1000 resampled trees are colored blue, while those with <75% bootstrap support at colored red. Core
ASVs present at >= 0.1% relative abundance in at least one sample were used. Core taxa clades are indicated
in green for Bombilactobacillus and blue forLactobacillus. Subtree in B) shows Bombilactobacillus(green tips
in full Lactobacillaceae tree) ASVs from the current study (indicated as ASV) and their average relative
abundance in individual bee gut tissue of X. sonorina and X. tabaniformis , with stacked bars colored by
geographic location. Subtree in C) shows Lactobacillus ASVs (blue tip in full Lactobacillaceae tree) from
the current study and their average relative abundance in individual bee gut tissue of X. sonorina and X.
tabaniformis , with stacked bars colored by geographic location.

Figure 4. Phylogenetic placement of gut Xylocopa core taxa in the Bifidobacteriaceae, with outgroups
selected from (Lugli et al. 2017). A) Neighbor-joining phylogenetic tree optimized with internal maximum
likelihood, where nodes with>75% bootstrap support from 1000 resampled trees are colored blue, while
those with <75% bootstrap support at colored red. Core ASVs present at >= 0.1% relative abundance
in at least one sample were used. Core taxa clades are indicated in red for Bombiscardovia . Subtree in
B) shows Bombiscardovia (red tips in full tree) ASVs from the current study (indicated as ASV) and their
average relative abundance in individual bee gut tissue of X. sonorina andX. tabaniformis , with stacked
bars colored by geographic location.
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