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Variation in gut microbial communities and its
association with pathogen infection in wild bumble

bees (Bombus)
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Bacterial gut symbiont communities are critical for the health of many insect species. However, little
is known about how microbial communities vary among host species or how they respond to
anthropogenic disturbances. Bacterial communities that differ in richness or composition may vary
in their ability to provide nutrients or defenses. We used deep sequencing to investigate gut
microbiota of three species in the genus Bombus (bumble bees). Bombus are among the most
economically and ecologically important non-managed pollinators. Some species have experienced
dramatic declines, probably due to pathogens and land-use change. We examined variation
within and across bee species and between semi-natural and conventional agricultural habitats.
We categorized as ‘core bacteria’ any operational taxonomic units (OTUs) with closest hits to
sequences previously found exclusively or primarily in the guts of honey bees and bumble bees
(genera Apis and Bombus). Microbial community composition differed among bee species.
Richness, defined as number of bacterial OTUs, was highest for B. bimaculatus and B. impatiens.
For B. bimaculatus, this was due to high richness of non-core bacteria. We found little effect of
habitat on microbial communities. Richness of non-core bacteria was negatively associated with
bacterial abundance in individual bees, possibly due to deeper sampling of non-core bacteria in
bees with low populations of core bacteria. Infection by the gut parasite Crithidia was negatively
associated with abundance of the core bacterium Gilliamella and positively associated with richness
of non-core bacteria. Our results indicate that Bombus species have distinctive gut communities,

and community-level variation is associated with pathogen infection.
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Introduction

Diverse communities of bacteria inhabit insect guts
and provide critical functions for their hosts, such as
digestion (Warnecke et al., 2007), pathogen defense
(Dillon et al.,, 2005) and insecticide resistance
(Kikuchi et al., 2012). Most work on functional
importance of gut microbiota has focused on one or
a few species of bacteria. However, community-level
factors such as composition and richness may also
impact insect health and survival through mechan-
isms, such as colonization resistance (Dillon et al.,
2005). For example, particular bacterial
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communities are better able to resist invasion by
pathogens in humans (Berg, 1996). Therefore broad-
scale surveys of gut microbial communities coupled
with studies of functional consequences for hosts, as
has been done in human systems (Frank et al.,
2007), will further the understanding of the role of
gut microbiota in insect health, ecology and evolu-
tion (Hamdi et al., 2011).

When taking a community approach to under-
standing the insect microbiome, it is useful to
differentiate between ‘core’ taxa that are repeatedly
found in individuals of a particular host species or
cluster of closely related host species and ‘non-core’
taxa that often occur in non-host-associated envir-
onments. Whereas some insect species possess
erratic gut communities consisting of environmental
bacteria that vary widely among individuals (Engel
and Moran, 2013; Wong et al., 2013), other insect
species have gut bacteria that are completely or
largely restricted to the guts of their hosts (Warnecke
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et al., 2007; Martinson et al., 2011; Anderson et al.,
2012; Sudakaran et al., 2012). Dominance by such
core bacterial species may be more common in
social insects as interactions among host individuals
facilitate transmission (Martinson et al., 2011). Core
bacteria may have evolved in close association with
hosts and are potentially commensal or beneficial
(Berg, 1996; Martinson et al., 2011; Koch et al.,
2013). However, this assumption has rarely been
tested. Although they are facultative, environmen-
tally acquired bacteria sometimes provide fitness
benefits to their hosts (Kikuchi et al., 2012;
McFrederick et al., 2012; Ridley et al., 2012). High
richness or abundance of non-core bacterial may
also reflect dysbioses associated with disease and
pathogens (Sartor, 2008; Hamdi et al., 2011).

In this study, we examine the composition of gut
microbial communities in Bombus species (bumble
bees). Bombus are among the most important wild
pollinators in natural and agricultural habitats
(Hegland and Totland, 2008; Garibaldi et al., 2013).
Furthermore, some Bombus species have undergone
dramatic recent declines. Some of these population
declines may result from land-use change and
pathogens (Goulson et al., 2008; Grixti et al., 2009;
Williams and Osborne, 2009; Cameron et al., 2011),
but the mechanisms underlying the declines of some
Bombus species remain unknown. The few studies
of Bombus gut microbiota reveal a simple yet
distinctive bacteria community (Mohr and Tebbe,
2006; Martinson et al.,, 2011; Koch and
Schmid-Hempel, 2011b). Bombus and Apis share
many of the same groups of core bacterial taxa,
including species within Alphaproteobacteria, Beta-
proteobacteria, Gammaproteobacteria and Lacto-
bacillales (Martinson et al., 2011; Koch et al., 2012).
However, previous studies of Bombus gut bacteria
have mostly been targeted to specific taxa, and the few
broad sequence-based surveys suggest more variation
in Bombus gut communities (Martinson et al., 2011).

One critical role of gut bacteria could be pathogen
defense, and pathogens are likely an important
cause of declines in Bombus populations. Nosema
bombi, an intracellular microsporidian that initially
invades midgut epithelial cells, is suspected to
negatively impact some North American Bombus
species (Cameron et al., 2011), and Crithida bombi, a
trypanosome that infect Bombus guts, may also lead
to declines (Brown et al., 2003; Otterstatter and
Thomson, 2008; but see Cordes et al., 2012). Using
experimental manipulations, Koch and Schmid-
Hempel (2011a, 2012) found that gut colonization
by core bacteria, including Gilliamella (Gamma-
proteobacteria) and Snodgrassella (Betaproteobacteria)
species, lowered Crithidia infection in an European
bumble bee. Although the mechanism is unknown,
these bacteria produce a biofilm on the hindgut wall
that may impede infection by gut pathogens (Engel
et al., 2012, Martinson et al., 2012).

Here we use deep sequencing to examine the gut
microbial communities of three native, wild Bombus
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species (B. bimaculatus Cresson, B. impatiens
Cresson and B. griseocollis DeGeer) collected from
semi-natural and agricultural habitats. We sought to
first determine whether microbial communities
differ among bee species and, second, whether
microbial communities are influenced by anthropo-
genic change. We focus on agricultural land-use
change as it represents the dominant form of
anthropogenic change globally (Pereira et al,
2010). Work in non-Bombus systems has shown that
gut microbial communities can be influenced by
host genotype, diet, geography and environmental
factors (Zouache et al., 2010; Huang and Zhang,
2013). However, no studies have examined the effect
of land-use change on the gut communities of
Bombus. Agrochemical inputs can have dramatic
negative consequences for managed and native bees
(Whitehorn et al., 2012; Di Prisco et al., 2013; Pettis
et al., 2013). A recent analysis conducted in our
New Jersey study region found that cranberry
agriculture (the habitat type examined here) used
more types of fungicides than other crops and that
fungicide exposure was associated with increased
infection of honey bees (Apis mellifera) by the gut
pathogen Nosema (Pettis et al., 2013).

Specifically, we investigated three questions:
(1) How do gut microbial community metrics such
as richness (number of operational taxonomic units
(OTUs)), beta diversity and composition differ
among three common Bombus species and between
semi-natural and agricultural habitats? (2) Do core
and non-core gut microbiota differ among species
and between semi-natural and agricultural habitats?
(3) Do core and non-core gut microbiota have
different associations with (a) the infection of
Bombus by two important gut parasites: Crithidia
sp. and Nosema sp., and (b) the overall abundance
of gut bacteria of the host?

Materials and methods

Study design and field data collection

To assess whether agricultural land-use affects
Bombus gut microbiota, specimens were collected
from six agricultural and six semi-natural sites in
Burlington County, NJ, USA in May and June 2011
(Supplementary Figure S1). Agricultural sites were
conventionally managed cranberry farms with high
fungicide use implicated to have negative conse-
quences for honey bee health (Pettis et al., 2013).
Semi-natural habitats were abandoned cranberry
bogs that had not been managed as farms for at least
5 years before collection and are reverting to natural
wetlands. In all the 12 sites, the dominant flowering
plant was cranberry (Vaccinium macrocarpon
Aiton: Ericaceae); the use of a focal study plant
limited between-treatment differences in diet that
might confound effects of land-use and agrochem-
ical input. Sites were separated by a mean of 19.9km
(4.2-38.4km) to minimize the probability of



collecting specimens from the same colony at
different sites. In addition, sites of semi-natural
habitats were located a mean of 20.2km (6.1-
38.4km) from agricultural habitats to ensure that
collected bees did not forage in areas of active
agriculture. A Mantel test using our primary out-
come variable (proportion of core bacterial species)
indicated no spatial autocorrelation among sites
(Mantel r=0.19; P=0.11).

At least three individual workers from each
species were collected at each site. Specimens were
identified in the field using morphological charac-
teristics, placed into vials with 50ml of 100%
ethanol and held at 4 °C until further processing.

DNA preparation

DNA from whole guts was extracted and quantified
using protocols described in Moran et al. (2012), and
DNA extracts were normalized to<50ngul-* for
further procedures. Process controls included DNA
of both Escherichia coli K-12 and A. mellifera
microbiota (sample AZ125.3); the latter was char-
acterized previously using the same pyrotag
approach used in Moran et al. (2012). The presence
of microbial DNA was verified by PCR using
universal primers: 27F-HT and 1492R’-HT (Tyson
et al., 2004). Any specimens for which DNA failed to
amplify were replaced by preparations from alter-
nate specimens. Bombus species identifications
were verified by amplifying and sequencing the
Cytochrome Oxidase I gene using LepF1 and LepR1
primers (Hebert et al., 2004). Cleaned Cytochrome
Oxidase I amplicons were sequenced at Yale Science
Hill DNA Analysis Facility and returned sequences
were submitted to the Barcode of Life Database
(http://www.boldsystems.org) for taxonomic assign-
ment (Ratnasingham and Herbert, 2007). Sequences
from specimens field-identified as B. griseocollis
contained several polymorphic regions, and taxo-
nomic assignments for B. griseocollis specimens
were based on manually trimmed monomorphic
segments. Based on these sequences, one specimen
was incorrectly identified in the field and removed
from analysis. Primers and reaction conditions are
listed in Supplementary Table S1.

PCR, pyrosequencing and pyrotag analysis

To amplify 16S rRNA gene sequences, primers
338GF_TBF and 1492R_TBRn were designed with
8bp barcodes in BARCRAWL (Frank, 2009) with
Titanium adaptors and Lib L keys (Supplementary
Tables S1 and S2). Approximately 50ng DNA from
three individuals per species per site was amplified
in triplicate along with a negative control. The
triplicate reactions were pooled, and products were
screened on 1% agarose gels. Reactions that failed to
amplify or for which a negative control amplified
were repeated. DNA from specimens that failed
three attempts at amplification were replaced with
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alternate specimens. Any of the specimens of a
species at a particular site that failed to amplify were
pulled from the data set (n=7). Pooled amplicon
was cleaned using Agencourt Ampure beads (Beck-
man Coulter, Brea, CA, USA) and quantified using
the Quant-it Picogreen dsDNA quantification kit
(Invitrogen, Life Technologies, Grand Island, NY,
USA) on a Victor X3 plate reader (Perkin Elmer,
Waltham, MA, USA). Equimolar amounts of cleaned
amplicon were pooled and sent to the University of
Georgia Genomics Facility for pyrosequencing via
GS FLX Titanium XL+ (454 Life Sciences,
Branford, CT, USA). Initially, a 1/8 pilot plate was
sequenced followed by a full plate. Reads were
analyzed using tools in QIIME versions 1.3 and 1.4
(Caporaso et al., 2010). A summary of read-proces-
sing steps and read-related data is in Supplementary
Table S3, and a mapping file may be found in
Supplementary Table S4.

Relative abundance of microbiota in individual
samples was visualized by using ‘high abundance’
OTUs binned taxonomically (Supplementary Table
S5 and Supplementary Figure S2). To assign ‘high
abundance’ OTUs to specific taxonomic groups,
BLASTn (Altschul et al., 1997) searches against the
GenBank nr database (accessed 20 September 2012)
were performed through the National Center for
Biotechnology Information sequence search func-
tion of Geneious (Drummond et al., 2011). High
abundance OTUs were defined as those constitut-
ing>1% of any one sample. These 76 OTUs (from a
total of 352) contained 98.95% of total reads. The
top 10 BLAST hits for each OTU were reviewed, and
the best BLAST hit was chosen as a representative
assignment for that OTU. Best BLAST hits were
chosen based on the highest bit score. When multi-
ple hits had equivalent ranking, sequences derived
from bees, floral samples or other insect hosts were
chosen. OTUs were binned at the taxonomic level of
Order for analysis (Supplementary Table S5).
Previously observed bacterial species found in
corbiculate bees (for example, Gilliamella apicola
and Snodgrassella alvi) are noted down to genus in
the taxonomic and phylogenetic analyses. These
taxonomical bins were used in order to visualize
microbial community structure within samples
(Supplementary Figure S2) while statistical analyses
utilized ungrouped but taxonomically assigned
OTUs. Control samples and one Bombus sample
with few reads (<200) were removed. A total of 99
Bombus specimens were analyzed in the pyrotag
data set comprised of 30 B. bimaculatus, 36 B.
impatiens and 33 B. griseocollis.

Characterization of core vs non-core bacteria

Characterization of OTUs as either core or non-core
was determined by phylogenetic placement for
representative genomic sequences. OTUs were
classified as core if they were monophyletic with
other bacteria consistently and primarily associated
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with Apis and Bombus (major groups of corbiculate
bees). This analysis was performed by retrieving
full-length and nearly full-length 16S rRNA
sequences of closely related taxa from GenBank.
Representative sequences of bee-associated and
other closely related taxa from previously published
studies of Bombus and Apis microbiota were used
(Cox-Foster et al., 2007; Martinson et al., 2011; Koch
and Schmid-Hempel, 2011a). All sequences were
aligned via web submission to Infernal aligner of
RDP 2.2 (Wang et al., 2007). The alignments were
used to reconstruct maximume-likelihood trees with
bootstrap support via RAXML v7.4.2 (Stamatakis,
2006) in the CIPRES web portal (Miller et al., 2009).
A GTRgamma base substitution model was used
with 1000 iterations. Resulting Newick files were
visualized with Figtree 1.4 (http://tree.bio.ed.ac.uk/
software/figtree/).

The Lactobacillus tree was inferred by a different
route because of the complexity and size of the
genus and ambiguities within 16S rRNA gene
alignments (Claesson et al., 2008). We used an
alignment based on a secondary structure model
used in a previous study of host specificity between
hymenopterans and Lactobacilli (McFrederick et al.,
2013). We obtained the alignment from TreeBASE
(Morell, 1996), trimmed representative OTU
sequences to 636bp (5 bases were ambiguously
aligned in initial attempts) and then added them to
the alignment using the PyNAST tool within QIIME.
This full alignment was used to reconstruct max-
imum-likelihood trees and bin core associates as
described above. All resulting trees are presented in
Supplementary Figure S3. Sequences are deposited
in the Sequence Read Archive under BioProject ID
PRJNA217796.

Crithidia and Nosema infection

Infection status with the eukaryotic parasites
Crithidia and Nosema was detected by PCRs
specific for either parasite using DNA extracted
from guts as template. For Crithidia, a part of the
ITS region was amplified using the Crithidia-
specific primers CrithITS1f and CrithITS1r
(Schmid-Hempel and Tognazzo, 2010). To detect
infections with Nosema, we used the Nosema-
specific primer pair SSUrRNA-f1 and SSUrRNA-
rlb (Li et al., 2012) targeting the microsporidian
small subunit rRNA gene. In addition, all samples
were screened with the N. bombi-specific primer
pair N.b.af and N.b.ar (Erler et al., 2012). Primers
and reaction conditions are listed in
Supplementary Table S1. Positive amplification
and product sizes were verified on a 1.5% agarose
gel. Products were sequenced directly from positive
PCR reactions with the respective forward primer
for confirmation. Nosema SSU sequences were also
sequenced with the reverse primer and assembled
in MacVector (12.7). Nosema sequences were
aligned in ClustalW (http://www.genome.jp/tools/
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clustalw/) (Thompson et al., 1994). We included
sequences representing the known microsporidian
parasites of bees and additional close matches in
GenBank. A maximum-likelihood phylogenetic
tree was computed with PhyML (Guindon et al.,
2010) using a GTR +G+1 model and 500 bootstrap
replicates.

Quantification of bacterial abundance

To determine differences in abundance of bacteria
among individual bees, absolute copy numbers of
16S rRNA genes in each sample were assessed using
real-time qPCR. DNA samples were diluted to 1:10,
and 1 pl was amplified in triplicate with 16S rRNA
primers 27F and 355R (Castillo et al., 2006).
Absolute gene copy numbers were determined with
a standard curve using previously described meth-
ods (Martinson et al., 2012). Primers and reaction
conditions are listed in Supplementary Table S1.

Statistical analysis
The total number of bacterial reads per sample was
rarefied to the smallest number of reads for a given
sample (n=2500). Statistical tests were performed
using this subset.

Chaol estimates of alpha diversity (number of
bacteria OTUs) were calculated in QIIME and were
used to examine differences in bacteria between the
three species and habitat by performing analysis of
variance in JMP10 (SAS, Cary, NC, USA). We use the
number of OTUs as our measure of richness.
Rarefaction curves of the Chaol estimate were
constructed in QIIME at 10 subsamplings of every
100 reads and were used to verify adequate depth
of sampling (Supplementary Figures S4a and b). We
used a beta-dispersion test to examine differences in
beta diversity between habitats and bee species
using a Bray—Curtis dissimilarity matrix (Anderson,
2006). This test determines whether the turnover of
bacterial communities among individual bees dif-
fered among groups (species or habitat). We used an
NMDS (nonmetric multidimensional scaling) to
visualize differences in bacterial community com-
position among species and habitat and assessed
differences statistically using a PERMANOVA for
Bray—Curtis distances in community composition
among groups (Anderson, 2001). Factors in the
PERMANOVA were bee species, habitat and their
interaction. All community composition analyses
were done using the vegan package in R (Oksanen
et al., 2013).

To determine whether core and non-core bacteria
varied between habitat types or among bee species, a
generalized linear mixed model was applied using
the Imer package in R (Pinheiro et al., 2013). The
response variable was proportion of core bacteria
per bee. This parameter indicates how much of the
total gut microbiota is composed of core bacterial
groups. Bee species, habitat and their interaction
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were fixed effects. Collection site was a random
effect. We used a Gaussian distribution as residuals
were normally distributed. For this and all following
generalized linear mixed models, non-significant
interactions and fixed effects were removed from the
model (P>0.05). To determine which core bacterial
OTUs best characterized the gut microbiota com-
munities as a function of bee species, habitat and
pathogen infection status, we used indicator species
analysis in labdsv package in R (Roberts, 2012).
Indicator species values are based on how specific
and widespread an OTU is within a particular group
and are independent of the relative abundances of
other bacteria (Dufréne and Legendre, 1997).

A generalized linear mixed model was used to
determine whether core and non-core gut microbiota
differ in their association with infection by Crithidia
and Nosema. Separate models were conducted for
each pathogen. The presence or absence of Crithidia
or Nosema was the response variable; therefore, a
binomial error distribution was used. Bee species,
absolute number of 16S rRNA gene copies, richness
of core bacteria, richness of non-core bacteria and
habitat were fixed effects. Site was a random effect.

Finally, we used a generalized linear mixed model
to determine whether absolute number of 16S rRNA
gene copies (an index of total bacterial counts per bee)
was influenced by gut community richness. The
response variable was the number of 16S rRNA genes,
and it was log-transformed to control for overdisper-
sion. As the residuals were normally distributed
following transformation, we used a Gaussian error
structure. Fixed effects were richness of core bacteria,
richness of non-core bacteria, bee species and habitat.

Results

Overall community-level measures differed among
Bombus species but not among habitat types.
B. bimaculatus and B. impatiens (45.0+4.0 s.e.,
47.1+ 3.6 s.e., respectively) had a richer gut micro-
biota than B. griseocollis (33.6 £ 3.8, Supplementary
Figure S4a). Rarefaction curves of Chaol alpha
diversity estimates showed that 2500 reads reflected
a saturated sampling depth (Supplementary Figure
S4b). Chao1 alpha diversity estimates for Bombus
gut microbiota did not differ between semi-natural
and agricultural habitats for any species
(Supplementary Table S6). B. griseocollis had lower
alpha diversity than the other two bee species
(Supplementary Table S6). Beta diversity analysis
indicated that variability in gut microbial commu-
nities among B. bimaculatus samples was higher
than the other two species (beta-dispersion test:
F,0s=17.52; P<0.001; Figure 1). There was no
difference in beta diversity between habitat types
(F,.0,=0.62; P=0.43). Similarly, microbial commu-
nity composition differed among species (PERMA-
NOVA R*=0.27; F,43=17.7; P<0.001; Figure 2a)
but was not affected by habitat types (F;q5=1.29;
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Figure 1 Results of multivariate dispersion test. Gut commu-
nities among B. bimaculatus are more variable than those among
B. impatiens and B. griseocollis.

P=0.23; Figure 2b) or the interaction between
habitat type and species (F,q¢3=1.29; P=0.22).
Comparing across bee species, the gut microbiota
of B. bimaculatus had the lowest proportion of core
bacteria (0.61+0.07 s.e., Figure 3), followed by
B. impatiens (0.74+0.09 s.e., Figure 3) with B.
griseocollis having the highest (0.98+0.09 s.e.;
Figure 3). For B. bimaculatus, the proportion of core
bacteria was lower in semi-natural than agricultural
habitats (0.24 +0.09 s.e. vs 0.61 + 0.07 s.e.), but this
proportion did not vary for the other two species
(Figure 3).

Indicator species analysis restricted to core OTUs
revealed that different bacterial OTUs dominate gut
communities of the three Bombus species. The
OTUs classified as core in the B. bimaculatus gut
microbiota are best characterized by two Acetobac-
teraceae (Order Rhodospirillales), corresponding to
taxa previously referred to as ‘Alpha-2.2’ (Mohr and
Tebbe, 2006; Cox-Foster et al., 2007; Martinson
et al., 2011, Table 1, Supplementary Table S5). We
categorized Alpha-2.2 OTUs as core bacteria,
because they have been found repeatedly in Apis
and Bombus guts in previous studies. However,
unlike other core bacteria, the Alpha 2.2 OTUs are
also common in floral products, including nectar
and pollen. Thus, the finding that they are char-
acteristic of B. bimaculatus is consistent with the
conclusion that this host species is dominated by
gut bacteria acquired from environmental sources
(Table 1). In contrast, B. impatiens and B. griseo-
collis are best characterized by core bacteria that
have only been sampled from the guts of Apis and
Bombus (Table 1, Martinson et al., 2011).

We found that gut communities differed between
individuals infected and uninfected by pathogens.
Ten of the 99 specimens we analyzed were infected
with Crithidia (four impatiens, one griseocollis and
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Figure 2 Results of NMDS (nonmetric multidimensional scal-
ing) performed on bacterial gut communities, using individual
Bombus specimens as the replicates. Effects of (a) Bombus species
and (b) habitat type.

five bimaculatus). Indicator species analysis demon-
strated that gut microbiota of individuals infected by
Crithidia were characterized primarily by the
‘Alpha-2.2’-related OTUs (Table 2), and those not
infected were characterized by a Gillamella OTU
(no. 424; Table 2). Furthermore, logistic regression
analysis revealed that Crithidia infection increased
as the richness of non-core bacteria increased
(=0.13£0.06 s.e., P=0.024, Figure 4). Bombus
species, number of 16S rRNA gene copies, richness
of core bacteria and habitat were not significant and
were removed from the analysis.
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Figure 3 Estimates (means) from mixed model output showing
the proportion of gut microbiota made up of core OTUs. Grey bars
represent agricultural habitats while white bars represent semi-
natural habitats. Error bars represent + s.e.m.

Nosema was found in 11 specimens (five impa-
tiens, four griseocollis and two bimaculatus). We
found no difference in gut microbial communities
between hosts with and without Nosema. Interest-
ingly, based on a maximum-likelihood tree using
accessions from GenBank and the ones found in this
study, most infections are from a novel strain of
Nosema not previously represented in GenBank
(Supplementary Figure S5), with an additional three
individuals infected with N. ceranae. None of the
specimens contained N. bombi. Indicator species
analysis showed that one OTU (Snodgrassella no.
72) characterized Bombus infected by Nosema.
Mixed model analysis of Nosema infection did not
reveal a significant relationship for Bombus species,
habitat type or proportion of core bacteria.

The absolute number of gut bacteria per bee,
measured as the number of bacterial TRNA gene
copies, varied among Bombus species. Results from
the generalized linear mixed model indicated that the
log copy number was highest in B. impatiens
(14.37 £ 0.21 s.e., Figure 5), followed by B. griseocollis
(14.3+0.35 s.e., Figure 5) and B. bimaculatus
(11.7 £ 0.45 s.e., Figure 5). The average 30-fold differ-
ence in size of gut bacterial communities between
B. impatiens and B. bimaculatus does not correspond
to a difference in worker body size, which is similar for
the three species. The number of bacterial rRNA gene
copies was negatively associated with richness of
non-core OTUs and positively associated with richness
of core OTUs (Figure 6). Habitat type was not
significant and was removed from the final model.
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Table 1 Results of indicator species analysis showing the association between OTUs and host species

Indicator OTUs Association (GenBank) B. bimaculatus B. griseocollis Ind Val B. impatiens Ind Val P-Value
Ind Val
Acetobacteraceae, Alpha-2.2 (418) Floral 0.56 — — 0.003
Acetobacteraceae, Alpha-2.2 (384) Floral 0.44 — — 0.002
Gilliamella (22) Apis mellifera — 0.67 — 0.001
Snodgrassella (167) Bombus bimaculatus — 0.64 — 0.001
Unclass Gammaproteobacteria (258) Bombus terrestris 0.61 — 0.001
Lactobacillaceae (362) Bombus terrestris — 0.49 — 0.001
Lactobacillaceae (4) Bombus terrestris — 0.45 — 0.001
Gilliamella (424) Bombus terrestris — — 0.87 0.001
Gilliamella (342) Bombus impatiens — — 0.77 0.001
Unclass Bacteroidetes (366) Bombus terrestris — — 0.74 0.001
Snodgrassella (16) Bombus vagans — — 0.48 0.001
Snodgrassella (394) Apis mellifera — — 0.47 0.002
Snodgrassella (447) Bombus vagans — — 0.46 0.001
Snodgrassella (72) Apis mellifera — — 0.45 0.001
Gilliamella (105) Bombus impatiens — — 0.35 0.003

In the indicator OTU column, names represent taxonomic affiliation of OTU based on GenBank BLAST search. Numbers in parentheses are study-
specific OTU identifiers. Results are from only those OTUs classified as core based on GenBank searches and having indicator values >0.25 and

significant at P <0.05.

Table 2 Results of indicator species analysis showing the association of OTUs with the presence or absence of Crithidia and Nosema

pathogens

Pathogen Indicator OTUs

Association (GenBank) Pathogen Absent Ind Val Pathogen Present Ind Val P-Value

Crithidia
Crithidia
Crithidia
Crithidia
Crithidia
Crithidia
Nosema

Bombus terrestris
Pollen

Floral

Apis dorsata
Apis dorsata
Pollen

Apis mellifera

Gilliamella (424)
Acetobacteraceae, Alpha-2.2 (418)
Acetobacteraceae, Alpha-2.2 (384)
Acetobacteraceae. Alpha-2.2 (355)
Acetobacteraceae. Alpha-2.2 (62)
Acetobacteraceae, Alpha-2.2 (267)
Snodgrassella (72)

0.70 — 0.040
— 0.60 0.020
— 0.54 0.002
— 0.45 0.001
— 0.36 0.001
— 0.27 0.013
— 0.50 0.027

In the indicator OTUs column, names represent taxonomic affiliations of OTU based on GenBank BLAST searches. Numbers in parentheses are
study-specific OTU identifiers. Results are based on OTUs with indicator values >0.25 and significant at P <0.05.

Discussion

We used deep sequencing to characterize the
composition of gut communities of three Bombus
species in two habitat types and to test for associa-
tions between core and non-core gut bacteria,
pathogen infection and overall bacteria abundance.
We defined core bacteria as OTUs corresponding to
species primarily associated with Apis and Bombus
hosts in previous studies (Martinson et al., 2011;
Moran et al., 2012). OTU richness of core bacteria
had a positive association with absolute numbers of
bacteria. In contrast, richness of non-core bacteria
was negatively associated with the number of
bacteria per bee and positively associated with
Crithidia presence. Non-core bacterial taxa may be
less adapted to the bee gut environment and thus
less able to proliferate there, with the result that
Bombus individuals with a high proportion of non-
core bacteria may have lower numbers of gut
bacteria. However, this mechanistic explanation
remains untested. Also, in hosts with lower propor-
tions of core bacteria and lower overall numbers of
bacteria, non-core bacteria will be sampled more

deeply, resulting in higher richness estimates due to
sampling effects.

Although overall microbiota richness has been
assumed to be important in microbial gut function,
few studies have differentiated core from non-core
bacteria. Experimental work in locusts demon-
strated that increasing diversity of gut bacteria
reduces susceptibility to a pathogen (Dillon et al.,
2005). In contrast, Koch et al. (2012) found that
microbiota richness at the colony level was posi-
tively associated with Crithidia infection in bumble
bees. Our work may reconcile these seemingly
disparate results, as richness of core taxa may be
associated with healthy hosts while richness of non-
core taxa may represent dysbiosis.

We found that specific OTUs varied in their
association with pathogen infection. In particular,
an OTU corresponding to Gilliamella was positively
associated with bees uninfected by Crithidia. In
honey bees, Gilliamella produces a biofilm on the
ileum wall (Martinson et al., 2012; Kwong and
Moran, 2013) and may provide a barrier to attach-
ment or entry of gut pathogens such as Crithidia.
Further, Gilliamella had a weak, negative
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Figure 4 Results of logistic regression analysis. X axis represents
the richness of non-core gut microbiota. Y axis represents the
probability of infection by Crithidia. Different size points
represent the number of samples at a given coordinate.

Mean Natural Log Number of 16S rRNA Gene Copies per Specimen

0

bimaculatus griseocollis impatiens
Figure 5 Means of natural log-transformed numbers of bacterial
16S rRNA gene copies per specimen. Error bars represent * s.e.m.

association with Crithidia infection in B. terrestris in
Europe (Koch and Schmid-Hempel, 2011a). The
results presented here provide further evidence
that Gilliamella may confer protective benefits.
We found no evidence of a protective association
of gut bacteria against infection by Nosema, con-
sistent with previous studies (Koch and Schmid-
Hempel, 2011a). In fact, one OTU of the core
bacterium Snodgrassella had a positive association
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Figure 6 Results of mixed model analysis showing that the
richness of non-core (closed circles and solid line) bacteria OTUs
is negatively associated with total number of 16S rRNA gene
copies per bee specimen, whereas richness of core (open circles
and dashed line) bacteria OTUs is positively associated.

with Nosema infection. We note that our study
cannot determine whether associations are causal.
In particular, positive associations could result
if transmission occurs through common routes,
causing both a gut bacterium and pathogen to be
transferred together. Finally, five other core bacterial
OTUs, previously referred to as ‘Alpha-2.2’ within
the family Acetobacteraceae, had a positive associa-
tions with Crithidia infection. Although we categor-
ized this group as core based on repeated retrieval
from Apis and Bombus (Martinson et al., 2011;
Moran et al., 2012), these bacteria are also common
in nectar (Jojima et al., 2004) and solitary bees that
otherwise lack core bacteria found in Apis and
Bombus (Martinson et al., 2011; Koch et al., 2013).
Therefore, these Acetobacteraceae OTUs may be
repeatedly introduced from nectar, as suggested by
studies on honey bees (Vojvodic et al., 2013).

We found the largest differences in microbial
communities among the three Bombus species. The
most dramatic difference involved B. bimaculatus,
which had the highest variability among individuals
and the lowest proportion and richness of core
bacteria. In indicator species analysis, B. bimacula-
tus was characterized only by the Acetobacteraceae
OTUs, which are also found in nectar (Jojima et al.,
2004; Vojvodic et al., 2013). The distinctness of
B. bimaculatus communities does not reflect phylo-
genetic distance, as it is in the same subgenus as B.
impatiens (Pyrobombus) while B. griseocollis is in
the subgenus Cullumanobombus. Samples of gut
microbiota from multiple Bombus species coupled
with host traits and local ecological conditions are
needed to uncover mechanisms that drive variation



within and among species. In A. mellifera workers,
the proportion of core bacteria in individual guts
ranges from 0.95 to >0.99 (Moran et al., 2012),
with one species having similar (B. griseocollis
mean =0.96) and the other two Bombus species
having lower (B. bimaculatus mean = 0.48, B. impa-
tiens mean = 0.76) representation of core taxa, as
compared with A. mellifera. Potentially, these
differences among species reflect differences in gut
physiology or morphology, or differences in colony
life cycle, that impact transmission between hosts.

Despite the fact that bees were sampled from
farms with high agro-chemical use (Pettis et al.,
2013), we found little effect of habitat type on any
metric of gut microbial communities. High fungicide
applications are reported to increase risk of Nosema
infection in honey bees (Pettis et al., 2013). How-
ever, the only habitat effect evident in our study was
that B. bimaculatus had a greater proportion of core
bacteria when collected from farms. We may have
failed to detect a larger effect of habitat on gut
communities, because cultivated cranberry is a
temporary resource with bloom lasting for approxi-
mately 6 weeks, whereas the Bombus species we
studied are active for up to 6 months per year.
Potentially, these core gut bacteria are evolutionarily
conserved in host lineages and little affected by
local environment. In a study of 35 Bombus species
collected world-wide, Koch et al. (2013) found that
specific strains of core bacteria in the Snodgrassella
group were consistently associated with particular
phylogenetic groups within Bombus, independently
of geographic location. However, that study exam-
ined only presence/absence and did not exclude an
effect of environmental conditions on relative or
absolute abundance of particular bacterial strains.

The health of wild Bombus species is important to
understand as they are among the most important
pollinators for many native plants as well as a
number of crops (Hegland and Totland, 2008;
Garibaldi et al., 2013). For example, native bees are
important pollinators at the cranberry farms studied
here, as Bombus provide>70% of total pollination
from native, wild bees (Cariveau et al., 2013).
Several Bombus species have recently undergone
steep population declines, with pathogen infection
being a potential cause (Otterstatter and Thomson,
2008; Cameron et al., 2011). Our results suggest that
the community structure of gut microbiota may be
important factors in, or indicators for, the health of
wild Bombus.
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