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Abstract

High throughput rRNA amplicon surveys of bacterial communities provide a rapid snapshot of
taxonomic composition. But strains with nearly identical rRNA sequences often differ in gene
repertoires and metabolic capabilities. To assess strain-level variation within Snodgrassella alvi, a
gut symbiont of corbiculate bees, we performed deep sequencing on amplicons of a single copy
coding gene (minD) as well as the 16S rDNA V4 region. We surveyed honey bees (Apis mellifera)
sampled globally and 12 bumble bee species (Bombus) sampled from two regions of the USA. The
minD analyses reveal that S. a/vi contains far more strain diversity than is evident from 16S rDNA
analysis. Many taxa inferred on the basis of 16S rDNA are shared between A. melliferaand
Bombus species, but taxa inferred on the basis of m/nD are never shared and often are restricted to
particular Bombus species. Clustering based on minD revealed that gut communities often reflect
host species and geographic location. Both minD and 16S rDNA analyses indicate that strain
diversity is higher in A. melliferathan in Bombus species. The minD locus flanks a 16S gene,
enabling development of strain-specific 16S fluorescent probes to illuminate the spatial
relationship of strains within the bee gut.

Introduction

The gut microbiota of corbiculate bees contains several specialized bacterial clades that are
shared across host species in the genera Apisand Bombus (Cox-Foster et al. 2007;
Martinson et al. 2011; Koch et al. 2013). Notable among these is Snodgrassella alvi
(Betaproteobacteria: Neisseriales), which inhabits the ileum, the hindgut region joining
midgut to rectum, along with an associated species, Gilliamella apicola
(Gammaproteobacteria) These two bacterial species occur worldwide in honey bees (Apis
melliferd) and other members of the genus Ap/s (Martinson et al., 2011; Cox-Foster et al.,
2007; Jeyaprakash et al., 2003; Mohr and Tebbe, 2006; Ahn ef a/., 2012; Disayathanoowat et
al., 2012), and also in all species of the genus Bombus (Cariveau et al., 2014; Koch and
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Schmid-Hempel, 2011; Koch et al,, 2013; Kaltenpoth, 2011; Li ef a/., 2015; Martinson et al.,
2011). S. alviforms a robust biofilm on the epithelium and intima of the ileum, while G.
apicola grows in a layer over this and into the lumen (Martinson et a/., 2012; Kwong and
Moran, 2013). S. alviand G. apicola are of particular interest because of their close
interaction with host tissue, hypothesized pathways for host interaction and their ubiquitous
presence in bees worldwide (Kwong et al., 2014; Engel et al., 2012). With the recent
declines in bee populations globally, it is critical to investigate potential effects of these
bacteria on host health, nutrition and pathogen defense (Kaltenpoth and Engl, 2014).
Furthermore, these species are models for investigating evolution, specialization, diversity,
distribution and colonization in host-restricted, socially transmitted symbionts. Analogous
systems are found in vertebrate guts (Frese et al,, 2011; Walter and Ley, 2011).

Genomic analysis of single bacterial cells sorted from honey bee guts has revealed the
presence of distinct strains of S. a/viwith different gene sets (Engel et al.,, 2014). The extent
of this strain variation and its distribution across members of the same and different host
species is not yet evident. Analysis of cloned amplicons of nearly full length 16S rDNA
from individual bees indicates some level of specificity to host species (Koch et al., 2013) as
well as to geographic region and colony (Moran et al., 2012). However, rRNA sequences are
highly conserved and often cannot be used to distinguish closely related strains. Thus, in the
bee gut, strains with >99% identity of 16S rRNA commonly have only 80-90% identity of
homologous protein-coding genes and may have very different gene repertoires (Engel et al.,
2014). The strain-level variation in the honey bee gut parallels that recently documented for
species in the human gut microbiota (Zhu et al., 2015; Greenblum et al., 2015). The
limitations of 16S rRNA surveys are further exacerbated in studies using high throughput
sequencing technologies based on short amplicons (<400 bp) typically of the V4 region of
16S rRNA (Caporaso et al., 2012); these short reads are even less likely than full length 16S
rRNA surveys to distinguish closely related strains.

Standard surveys based on 16S sequences rely on clustering reads into Operational
Taxonomic Units (OTUSs) based on sequence similarity, usually at the 97% identity threshold
(the conventionally accepted level for species boundaries (Stackebrandt ef al., 2002). To
date, attempts to resolve finer relationships from 16S data have been limited. Some
investigators have examined relationships by clustering OTUs at >97% identity (Moeller et
al., 2013) threshold, while another group (Tikhonov et a/., 2014) used a “‘dynamical
similarity’ approach to examine highly similar (>99.2%) OTUs based on temporal signatures
in individual hosts sampled over time.

To explore novel approaches to interrogating strain-level diversity, we have conducted high
throughput sequencing of a region of a single copy protein-coding gene (minD) in S. alvi
and compared these results to those from a typical 16S V4 analysis of the same samples. We
exploited the greater resolution of the protein-coding sequence to address several biological
questions. First, to what extent are individual strains restricted to particular host species?
Second, what is the extent of strain diversity within host individuals and species? Third, is
strain diversity higher in honey bees than in bumble bees, as expected based on life cycle
differences between these hosts? We used strain-specific fluorescent in situ hybridization
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(FISH) to determine if coexisting strains live in distinct areas of the gut within an individual
host.

Materials and Methods

Bombus samples

Two species of Bombus (B. bimaculatus and B. impatiens) were collected at 4 locations near
New Brunswick, New Jersey in spring and summer 2013, and 12 species (B. appositus, B.
balteatus, B. bifarius, B. ferviaus, B. flavifrons, B. frigidus, B. huntii, B. mixtus, B.
nevadensis, B. occidentalis, B. rufocinctus, and B. sylvicola) were collected at 15 sites near
Crested Butte, Colorado in summer 2014 (see Supplementary Table SI1 for locations, dates
and additional information). Workers were captured with nets in the field and visually
identified; their guts were aseptically dissected and placed in RNAlater (Ambion, Austin,
TX, USA) for preservation. Preserved guts were stored at —80°C until nucleic acid was
extracted. Specimen bodies were pinned and maintained as vouchers.

DNA was extracted from these samples using the Epicentre Masterpure kit (Epicentre,
Madison, WI, USA) using the manufacturers’ protocol with an initial lysozyme treatment
(250,000 units 1 hour at 37°C). DNA was suspended in ultrapure water and normalized to a
concentration of 20 ng/ul.

Bombus species identifications were verified by amplifying, sequencing and submitting the
COl gene to the Bold System V3 identification database as detailed in (Cariveau ef al.,
2014).

Apis mellifera samples

Collections of adult workers were obtained from several colonies in the USA, Europe and
New Zealand. These included samples from colonies with histories of antibiotic treatments
that ranged from untreated feral colonies and hives with no history of antibiotic intervention
to those from recently treated colonies. Specimens were preserved in 95% ethanol and stored
at 4°C until dissection. Whole gut samples were prepared via the methods outlined in
(Powell et al., 2014) and archived at —80°C.

Amplification and sequencing

Sample DNA extracts were screened for the presence of bacteria and specifically S. a/vi
using the 27F-short/1507R universal 16S primers and the Beta forward primer with 1507R,
using primers and methods from (Martinson et a/., 2011). Samples producing amplicons
based on visualization on 2% agarose gels were utilized for high throughput microbial
diversity screening. Bacterial diversity of the samples was assessed by amplifying the V4
region of the 16S rRNA gene (Powell et a/,, 2014), and runs were performed at the
University of Texas Genome Sequencing and Analysis Facility (UT-GSAF) on MiSeq
(IMumina, San Diego, CA, USA). Read processing metrics are detailed in Supplementary
Table SI1. We selected minD as a single copy protein-coding gene (locus SALWKB2_0320
of GenBank accession CP007446). For a set of sequenced genomes of S. a/v/isolates, we
observed identities of 99.4% +/—- 0.6 S.D at the 16S V4 locus compared to 90.6% +/- 7.7
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S.D. at minD. Most coding genes show similar or greater divergence (Engel et al., 2014).
This gene was selected because, based on i silico analysis of representative genomic
sequences of S. alvi, it contains appropriately spaced conserved regions for obtaining
assembled sequences from a 2 x 300 bp paired-end Illumina MiSeq run. The choice was also
motivated by the chromosomal position of minD adjacent to a 16S rRNA gene, enabling us
to link coding gene diversity to polymorphisms within the rDNA that might serve as targets
for FISH probes, thus enabling localization of different strains.

Primers specific to the minD of S. alviwere designed based on minD alignments from
several sequenced genomes from isolates of S. a/vi as well as minD sequences obtained by
single cell genome sequencing (Engel et al., 2014). A 514 bp minD region was amplified
and prepared for sequencing via a two-step amplification procedure. Samples were amplified
in triplicate with Illumina-adapted primers RND1_MinDF15" -
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCGGTAATTGATTTTGA
TG-3’ and RND1_MinDR2wbl2: 5 -GTCTCGTGGGCTCGGAGATGTGTATAA-
GAGACAGRCGYAAAATATCCTGAATATC-3" (minD primers are in bold and Illumina
platform primers are in standard text). This first round of PCR consisted of an initial 2 min
denaturation at 98°C, 30 cycles of 10 s at 98°C, 15 s at 59°C and 15 s at 72°C plus a final 2
min extension at 72°C. Each 20 pl reaction mixture contained 1 ul template, 4 ul component
buffer GC, 1 ul of each 10 uM primer, 0.2 ul Phusion Tag (New England Biochemical,
Ipswich, MA, USA), 0.4 ul 10mM deoxynucleotide triphosphates (ANTPs), 0.6 ul DMSO
and 11.8 ul H,0. The reactions were pooled and cleaned with Agencourt Ampure beads
(Beckman Coulter Genomics, Indianapolis, IN, USA) and resuspended in 25ul dd H,0. A
second PCR reaction was performed in order to add dual indexed barcodes to both ends of
the amplicon. This reaction used primers provided by UT-GSAF based on (Wang and Qian,
2009) with the format: Hyb_Fnn_i5, AATGATACGGCGACCACCGAGATCTACAC
nnnnnn TCGTCGGCAG CGTC Hyb_Rnn_i7, CAAGCAGAAGACGGCATACGAGAT
nnnnnn GTCTCGTGGGCTCG G, where nnnnnn is the variable barcode sequence. The
PCR reactions used 1 pl of the cleaned amplicon from the first PCR, 4 pl component buffer
HF, 2 ul of each 5 uM primer, 0.2 ul Phusion Tag (New England Biochemical, Ipswich, MA,
USA), 0.4 pul 10mM deoxynucleotide triphosphates (ANTPs) and 10.4 ul H,O. The
thermocycling profile consisted of an initial 2 min denaturation at 98°C, 12 cycles of 10 s at
98°C, 15 s at 55°C and 15 s at 72°C and a final 2 min extension step at 72°C. Reactions
were cleaned with Ampure beads, quantified with a Qubit dsSDNA BR assay (Invitrogen/Life
Technologies, Grand Island, NY, USA), and equimolar amounts of all reactions were sent
for sequencing. Sequencing was performed as several partial MiSeq 2x300 runs at UT-
GSAF.

Bioinformatic analyses

Qiime version 1.9 (Caporaso et al., 2010) was used to process and analyze both 16S and
minD datasets. Reads were assembled by the seqprep method, and OTU clustering was
performed at both the 97 and 100% identity thresholds using the summaclust method
(Mercier et al., 2013). Singletons for both sets, and both plastid and mitochondrial sequences
for the 16S set were filtered out. Additionally, OTUs comprising less than 1% of any sample
were removed from the table, and the representative sequences of filtered OTUs were
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removed. Taxonomic assignments were performed by using the SILVA 119 database (Quast
et al., 2013) at the default Qiime settings. An OTU table consisting of filtered 16S reads
pertaining to S. a/viwas constructed and used for comparison to the full m/inDtable (read
processing statistics are reported in Table SI1).

Heatmaps of shared OTUs within the Apisand Bombus sets were generated using relative
abundances within hosts in OTU tables and visualized in R (R Development Core Team,
2008). Only samples with >90 total reads at a clustering level were used to generate relative
abundance tables and heatmaps. Alpha and Beta diversity analysis of the 16S 97% and 100%
identity clustered tables was performed by subsampling without replacement at 100 reads,
while the minD table was subsampled at 500 reads. Sampling level was based on
examination of rarified Alpha diversity tables with 10 iterations of subsampling at every 100
reads (shown in Figure SI1). Samples not having sufficient read depth were eliminated from
the dataset. Kruskal-Wallis was used in R as a one-way test of variance of the Alpha
diversity means, and Kruskal-Wallis multiple comparisons tests were utilized post hoc
through the R package PMCMR (Pohlert, 2013) to examine means between host species
groups.

Binary Bray-Curtis distances were calculated by performing jackknifed beta analyses at the
previously mentioned sampling depths and were used to look at beta diversity between
samples and groups. PCoA ordinations were plotted for these distance matrices, and the
matrices were utilized for statistical analysis via the ADONIS method of permutational
multivariate analysis with 999 permutations (Oksanen et a/., 2013). Phylogenetic analysis
was performed by retrieving minD sequences from available genome sequences of S. a/vi
strains isolated from Bombusand Apis species including published (Kwong et al., 2014;
Engel et al,, 2014) and novel genomes sequenced using Illumina HiSeq. These sequences
were submitted to the www.phylogeny.fr website (Dereeper et al., 2008) where they were
aligned via MUSCLE (Edgar, 2004), screened for informative sites via Gblock (Castresana,
2000), and used to infer a phylogeny via PHYML 3.0 (Guindon et a/., 2010). (Reads are
deposited with NCBI Sequence Read Bioproject: PRINA305910)

Strain specific fluorescent in situ hybridization (FISH) probe experiment

To visualize spatial distribution of strains within the bee ileum, S. a/vistrains wkB2 (Kwong
and Moran, 2013) and PE78 were cultured on HIA + 5% sheep’s blood at 35°C and 5% CO»,
for 36 hours. Colony PCR was performed on the strains with primers RND1_MinDR2wbl2
and 1507R (Martinson et al., 2011) in order to amplify the sequence running from minD
through 16S (4.3 KB). Targeting of individual strains in a mixed community would be
performed by utilizing a strain-specific primer for the minD locus. Full-length amplicon was
screened by running on a 2% agarose gel in 1x TAE for 20 minutes at 120V. Product was
sent to the Sequencing Core at the University of Texas with 16S primers 27Fshort and
1507R (Martinson et al., 2011). Full-length sequence was returned and aligned in Geneious
(Kearse et al., 2012). A short polymorphic region was observed (3 bp of a 4 bp sequence at
position 1168-1171 based on E. coli). Fluorescent probes were designed for each strain (for
wkB2, 5”- Cy3/TCCTCCGGTTTGTCACCGGC -3 and for PE78, 5'-TEX615/
TCCTCCGGCATATCACCGGC-3’ (Life Technologies, Grand Island, NY, USA). The
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probe position was queried for signal intensity via Probe base (Loy et a/., 2003) and a low
intensity (11) was indicated. Helper oligos, complementary to regions flanking the probe
position were designed (H-20 5"-AGTCTCATTAGAGTGCCCA-3’, Hnull20+40 5’ -
TCCTCCGGCATATCACCGGC-3’, H+20 5"-ACTTGACGTCATCCCCACCT-3") in order
to raise probe intensity. Helper oligos have been demonstrated to reliably raise probe
intensity when problematic secondary structure is an issue (Fuchs et a/., 2000). A general
probe previously used for S. a/viwas also used (beta-572) (Martinson et al., 2012).

Cohorts of 10 A. melliferaworkers, 1 day post emergence, were fed 5 pl 25% wi/v sucrose in
PBS either alone or with an ODggg = ~1 of either strain PE78, wkB2 or a 1:1 ratio of both.
Bees were fed on sterile sugar solution and gamma irradiated bee bread (Powell et a/., 2014)
for 5 days. Two randomly selected bees from each cohort were immobilized by refrigeration,
dissected, had DNA extracted with Qiagen DNeaAsy Kits from ileums and were then
screened via PCR with the round 1 minD primers and PCR protocol. Positive amplification
was observed for all bees receiving S. a/viand not for controls, providing evidence of
effective inoculation for the group. We aseptically dissected the ileums of three bees from
each cohort. The ileums were dehydrated, fixed, paraffin-embedded, sectioned and
hybridized with the probes, helper oligos (both at 10 pmol/ml) and DAPI (at 10 ug/ml) as
per (Engel et al., 2013). Sections were viewed on a Zeiss 710 LSM confocal microscope,
and the resulting images were converted to composite figures with scale bars in imageJ
(Abramoff et al., 2004) and assembled in Photoshop CS5.

Raw read data and processing steps from the MiSeq data are summarized in Table SI1,
which also includes samples excluded from analyses due to lack of amplification or low read
depth.

Strain distribution across hosts based on minD and 16S rDNA

The numbers and relative abundances of OTUs revealed by 16S and minD at the 97% and
100% clustering levels are summarized as heatmaps in Figure 1. The 97% 16S analyses
yielded 7 OTUs for A. melliferasamples and 7 OTUs for Bombus samples (Figure 1a, b).
All OTUs were shared between A. melliferaand Bombus, and no clear patterns of specificity
to host species or location were observed. In contrast, the 97% minD analysis yielded 29
OTUs in A. mellifera samples (Figure 1c, d) and 25 OTUs in Bombus samples, and none of
the OTUs was shared between the two host genera. The patterns of distribution of minD
OTUs showed some separation by geographic location for Apis (e.g., Texas samples vs.
other sites) as well as some separation between different Bombus host species (e.g., B.
nevadensis versus B. appositus).

The 100% analyses for 16S yielded 14 OTUs for Apisand 7 for Bombus (Figure 1e, f). Two
OTUs (16S100_OTU3 and 16S100_0OTU106) were shared between the two host genera.
Again there were no clear patterns reflecting host location. However, Bormbus samples
appeared to exhibit three different strain pattern motifs. The clustering of Bombus species is
interpreted in more detail in the results reported from the PCoA clustering below. The 100%
clustering analysis of 16S V4 for Apis samples was hampered by large-scale depletion of
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total reads (loss of ~50% of reads, see Table SI1); many low abundance OTUs were
generated then screened out based on the 1% filtering threshold. As a result, many samples
fell below the cutoff of at least 90 reads for abundance analysis. Bombus contained relatively
few and more distinct OTUs leading to a much-reduced filtering and depletion effect. This
depletion effect was seen in the m/inD data though it did not drop samples below the filter
threshold because of the much deeper initial sequencing depth.

The 100% minD tables revealed far more OTUs for both A. mellifera (total of 213 OTUs)
and for Bombus (total of 118 OTUs) (Figure 1 g—f). No OTUs were shared between A.
melliferaand Bombus, and some Bombus species or groups of species had distinctive OTU
composition (including B. sylvicola, B. fervidus, B. flavifrons, members of B. bifarius and
B. rufocinctus).

Community analyses of S. alvi strains based on minD and 16S

To address whether and how S. a/v/ strain profiles vary among samples and the effect of
using 16S versus minDto define OTUs, we carried out analyses based on principal
components analysis (PCoA) using binary Bray Curtis distances for ordination. For the
whole sample set, including both A. melliferaand Bombus, clustering patterns differ
depending on whether 16S or m/nD data were used (Figure 2a, b). In the PCoA plot based
on 97% clustering of 16S sequences, the dim1 vs. dim2 plot accounts for 93.35% of the
observed variation in that dataset. The plot shows distinct clustering of A. melliferaand
Bombus, and the host genus category is statistically significant (Adonis PERMANOVA, R?
=0.37; F1, 110 = 65.39; P=0.001). No distinctions were evident based on sampling location,
and the Bombus samples are so homogenous that many of the corresponding points are
superimposed on the plot.

The PCoA derived from minD-related distances at 97% also shows an impact of host genus
(Adonis PERMANOVA, R? = 0.30; F1, 100 = 42.87; P=0.001). Furthermore, Ap/ssamples
from Texas cluster separately from other Apis samples, which do not display clear groupings
(Figure 2b). Potentially, other location-specific patterns exist but are not evident due to
limited sampling. Also, the Texas samples were collected on the same date, and a seasonal
component to strain composition may contribute to their clustering. Bombus species also
show some grouping by species (e.g. B. fervidus, B. impatiensand B. appositus) with a
tightly clustered group composed mainly of the two New Jersey species, B. impatiensand B.
bimaculatus. When the Bombus samples alone are placed in an ordination, the host species
category is highly significant (Adonis PERMANOVA, R? = 0.61; F11, 50 =7.11; P=0.001).

The PCoA derived from binary Bray Curtis for 16S data at 100% clustering show a clear
split by genus and also distinct clustering of species groups. B. nevadensisand B. impatiens
cluster together with B. fervidus, and, B. occidentalis, although these host species are
phylogenetically divergent (Cameron et al., 2007). The B. appositus samples are spread
throughout the Bombus portion of the ordination while B. bifarius, B. rufocinctus, B.
mixtus, and B. silvicola dominate another cluster. Examining an ordination of only the
Bombus samples, groupings based on species categories are strong and statistically
significant (Adonis PERMANOVA, R2=0.78 ; F10.45 = 15.6; = 0.001) (Fig. 3c)
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For the minD PCoA for OTUs at 100% identity, Texas samples cluster together, though not
as tightly as for the 97% plot. This analysis also yields groupings of Bombus by species
though these groupings are not well separated within the ordination plot. In an ordination
based on Bombus samples only, samples cluster by species (Adonis PERMANOVA, R?2
=0.43; F11 41 =2.84; P=0.001) (Fig. 3d).

Diversity of S. alvi strains within samples based on minD versus 16S

The mean number of observed OTUs (alpha diversity) is higher for minD than for 16S, at
both clustering levels (Figure 3). A. mellifera samples have the highest number of observed
OTUs in all analysis conditions. In both of the 16S analyses, A. melliferasamples contain
significantly more OTUs than samples from any Bombus species (Kruskal-Wallis, A<0.001).
For the minD analysis, several Bombus species (e.g., B. appositus, B. bifarius, and B.
occidentalis) contain elevated numbers of OTUs and resembled A. melliferasamples in
terms of OTU richness; however, within both analyses the only statistically different groups
are A. melliferaagainst B. fervidus, B. mixtus and B. impatiens (Kruskal-Wallis post hoc, P
< 0.05). Much of the lack of significance can be attributed to low replicate number for most
species.

Direct comparison between numbers of observed OTUs from the 16S versus minD datasets
was performed using samples with observed values at both sampling levels for the two
targets. No groups were significantly different between the two loci (Kruskal-Wallis post
hoc, P> 0.05), though again this may be due to the low number of replicates.

Phylogenetic relationships of strains based on minD

Inferred phylogenetic relationships based on minD sequences from OTU representatives of
the 97% clusters as well as full length sequences from isolate genomes indicate that S. a/vi
clades are largely separate between Apisand Bombus (Figure 4). A surprising exception is
minD97_0OTU_7, represented mainly in B. impatiens samples but occurring on a long
branch within the Apis-associated clade. Several Bombus-associated clades are specific to
Bombus species (noted as clades 7and /i), whereas others appear to be more generalized
across Bombus species and subgenera. The most widespread clade is noted as broad host
range clade gen i.

FISH probes based on minD strain sequence divergence

Genotypic strain difference may be reflective of the utilization of alternative ecological
strategies of the bacteria within the host. FISH probes, designed by associating minD
sequence divergence with polymorphisms in 16S probe targets, showed small isolated
patches of S. a/viin bees inoculated with each single strain (Figure 5a). When coinoculated,
the two strains developed a robust composite biofilm (Figure 5b).

Discussion

This study adds weight to previous investigations that have indicated presence of multiple
strains of S. a/viwithin a single host (Moran et al., 2012). This condition is likely even more
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extensive for Gilliamellaand Lactobacillus which show higher diversity of 16S OTUs in
metagenomic analyses (Engel et al., 2012).

Both the 16S and m/nD analyses show that A. melliferasamples contain higher diversity of
S. alvi strains than do any Bombus species (Figure 1 and Figure 2). However, the use of the
protein-coding locus illuminates patterns of bacterial distribution not apparent from the
standard 16S method. Most prominently, the m/inD analysis reveals extensive specificity of
strains to host species (Figure 4). This specificity could result from inability to colonize
alternate hosts, or from lack of opportunity. However, opportunities for symbiont
transmission likely abound; for example, B. nevadensis forages at the same flowers as other
bees in the sampled Colorado sites, yet has distinctive OTUs. Therefore, some barriers due
to coevolution with specific hosts appear likely. Such barriers have been shown
experimentally for S. alvi strains from Apis versus Bombus (Kwong et al., 2014).

The higher S. alvi diversity in A. melliferaas compared to Bombus species is potentially the
result of life cycle differences. Honey bees form new colonies by swarming: the queen is
accompanied by thousands of workers which provide a diverse gut community inoculum for
the new colony, which can live for years. Bombus colonies, on the other hand, are restarted
each spring by a single overwintered queen, who is likely the sole source of gut symbionts
for her colony. Thus, the Bombus life cycle imposes a transmission bottleneck expected to
lower diversity, whereas the Apis life cycle does not.

A. mellifera colonies do exhibit differences in strain composition, raising the possibility that
differences in strain composition contribute to biological differences among colonies.
Unexpectedly, our results show a slight trend for A. mellifera colonies with recent antibiotic
exposure to have higher S. alvi strain diversity (Figure SI2). Diversity levels could also
reflect other management practices; for example, antibiotic use may be offset by pooling
workers from different colonies, as both practices are common in larger commercial
apiaries. Thus, management practices may determine levels of strain diversity in honey bee
guts. To date, no direct evidence supports the hypothesis that higher strain diversity of gut
bacteria benefits bee health, although genomic studies do indicate that distinct strains vary in
capacity to utilize different lignocellulose components and sugars (Lee et al., 2015; Engel et
al., 2012; Kwong and Moran, 2013).

Our study provides potential tools for visualizing strain distributions within guts via the use
of FISH probes. These probes exploit the diversity information provided by a protein coding
gene by associating it with polymorphic probe targets in rRNA sequences. In the case we
examined, two S. alvi strains showed similar colonization patterns and were intermixed
when co-inoculated. Our strain-specific probes demonstrated the potential to visualize
spatial relationships of strains within the gut.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relative abundances of S. a/vi OTUs assigned by clustering at the 97% or 100% threshold

based on the 16S rDNA V4 region or on the minD coding region. Each column represents
one bee, and intensity of color indicates relative abundance of an OTU within that bee. For
A. mellifera, columns are grouped by locality; Texas samples are further separated by hive
of origin. For Bombus, columns are grouped by species. Grey columns indicate samples for
which all OTUs contained fewer than 90 reads. Grey arrows indicate cases in which OTUs
were shared between A. melliferaand Bombus. The phylogram indicates relationships of
Bombus subgenera based on (Cameron et al., 2007). The species are abbreviated as follows:
nv = B. nevadensis, tv = B. fervidus, ap = B. appositus, rf = B. rufocinctus, o = B.
occidentalis, bf = B. bifarius, fl = B. flavifrons, f = B. frigidus, m = B. mixtus, s = B.
sylvicola, bi = B. bimaculatus, imp = B. impatiens.

Mol Ecol. Author manuscript; available in PMC 2017 October 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Powell et al. Page 14

12- a) b)

Ll

=

}_

2 8

=]

L]

=

e

7}

vy

o

o

L]

2 4

L]

U] i

< . —ll

S

i

2 0

40
c)

Ll

= 30

r....

o

=]

L]

=

]

& 20

0

o

L]

5 |

9 10 - = $

> I ] . H T

£ -
v i (0] i ot w v ] vi W Wi v 1] v v v v v v wi 1] v o Wi W P
= = 3 = e o = o &= W = £ ©° > 2 > 3 c 2 c 5 2 a = 3 =
Z 5 =8 2 £ 2 £ £ x c & U O 2 = § B g B g2 &2 %X £ 2 €8 8
c £ 5 ¢ ¥ & @ F £ & £ £ 5 6 & 5 2 £ 2 5§ £ g & £ £ 3
a O ] ) - - Q - ~ b (W) = a O ] O = = [l v = =] Q (W] —
a 5 & = £ E T T © @ a e = & g E g B 8 w
) £ e £ & © 5 o c = £ = = g w v

= c 8 = = c 5 =
Species
Figure2.

Average number of observed OTUs by bee host species from 10 subsamplings based on a)
16S S. alvi-filtered data at 97% clustering and 100 sequence read depth, b) 16S S. alvFi-
filtered data at 100% clustering and 100 sequence read depth. ¢) Average observed OTUs for
minD data at 97% clustering and 500 sequence read depth. d) Average observed OTUs for
minD data at 100% clustering and 500 sequence read depth. Levels of OTU richness for
multiple Bombus species are higher for minD than for 16S when compared at the same
clustering level.
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Figure 3.

PCoA plots of S. alvistrain composition of A. melliferaand Bombus (a and b) and of
Bombus only (c and d). a) 16S rRNA gene clustered at 97% identity. Apisand Bombus
samples cluster separately, but Bombus samples do not cluster by species, geographic
location or sampling site. b) minD clustered at 97% identity. Apisand Bombus samples
cluster separately; furthermore, Apis Texas samples cluster strongly as do Bombus New
Jersey samples (B. impatiens and B. bimaculatus). c) 16S rRNA gene at 100% identity, for
Bombus samples only. Clusters include samples from multiple host species. d) minD
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sequences at 100% identity, for Bombus samples only. Most host species form distinct
clusters, revealing species-specificity of S. a/vi strains.
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Figure 4.
Maximum likelihood tree inferred from representative minD sequences from 97% OTUs

plus sequences derived from genomic sequences of isolates. The host species is included in
each isolate’s title. Ap/s- and Bombus-associated OTUs and sequences form two distinct
clades with the exception of the B. impatiens-associated minD 97_OTU_7 (marked “*”)
within the Apis grouping. The Bombus-related groups contain several host-specific clusters
(noted as clusters / and /i.) as well as a lineage that appears to be a generalist across species
and subgenera (noted as broad host range clade gen /). Bootstrap values above 0.5 are
indicated.
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Figure5.
Strain-specific S. a/vi FISH probes of individual and combined strains in A. mellifera

ileums. a) Bee ileum inoculated with strain wkB2 only (yellow, Cy3 probe) forming small
assemblages on the epithelial surface and within the folds of the ileum. Host nuclei are
stained with DAPI (blue). b) Biofilm from ileum of a bee inoculated with both strains
(wkB2, yellow and PE78 Texas Red, red). Host nuclei are stained with DAPI (blue). These
two strains form a composite biofilm on the epithelial surface. Host tissue, specifically the
trachea in the lower left of the image, has strong auto fluorescence and appears as green.
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