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In contrast to the honey bee gut, which is colonized by a few characteristic bacterial clades, the hive of the honey bee is home to a
diverse array of microbes, including many lactic acid bacteria (LAB). In this study, we used culture, combined with sequencing,
to sample the LAB communities found across hive environments. Specifically, we sought to use network analysis to identify mi-
crobial hubs sharing nearly identical operational taxonomic units, evidence which may indicate cooccurrence of bacteria be-
tween environments. In the process, we identified interactions between noncore bacterial members (Fructobacillus and Lactoba-
cillaceae) and honey bee-specific “core” members. Both Fructobacillus and Lactobacillaceae colonize brood cells, bee bread, and
nectar and may serve the role of pioneering species, establishing an environment conducive to the inoculation by honey bee core
bacteria. Coculture assays showed that these noncore bacterial members promote the growth of honey bee-specific bacterial spe-
cies. Specifically, Fructobacillus by-products in spent medium supported the growth of the Firm-5 honey bee-specific clade in
vitro. Metabolic characterization of Fructobacillus using carbohydrate utilization assays revealed that this strain is capable of
utilizing the simple sugars fructose and glucose, as well as the complex plant carbohydrate lignin. We tested Fructobacillus for
antibiotic sensitivity and found that this bacterium, which may be important for establishment of the microbiome, is sensitive to
the commonly used antibiotic tetracycline. Our results point to the possible significance of “noncore” and environmental micro-
bial community members in the modulation of honey bee microbiome dynamics and suggest that tetracycline use by beekeepers
should be limited.

The gut of the European honey bee (Apis mellifera) is host to
a characteristic microbial community composed predomi-

nantly of three major phyla (Firmicutes, Proteobacteria, and Acti-
nobacteria) within which several honey bee-specific families and
genera are taxonomically classified (1–3). The adult bee gut has
been characterized as being colonized by a small number of bac-
terial clades, some with genus and species designations (2). These
core clades (and named genera), found within the previously
mentioned bacterial phyla, are as follows: Firm-4, Firm-5 (within
the Firmicutes), Bifido (within the Actinobacteria), and Alpha-2.1,
Alpha-2.2 (Parasaccharibacter sp.), Alpha-1, Beta (Snodgrassella),
Gamma-1 (Gilliamella sp.), and Gamma-2 (Frischella sp.) (within
the Proteobacteria) (2). The development of a honey bee micro-
biome inclusive of these core clades requires interaction between
kin and/or with hive components (4, 5). The honey bee is a euso-
cial insect that lives in a dense population of individuals that make
up the colony. The worker caste of bees performs different tasks in
the hive, dependent on their age. Younger bees (“nurse bees”) are
generally constrained to the hive, feed on protein and lipid rich
processed pollen (“bee bread”) and participate in the rearing of
brood. Older bees (“foragers”) fly out of the hive in search of
nectar and pollen (6). When food is brought back to the hive, it is
passed from bee to bee via trophallaxis, a mechanism for food
exchange, and made into the food products honey and bee bread.
Lactobacillus sp. commonly associated with pollen, have also been
identified in the crop of adult honey bees (7, 8). Social transmis-
sion of the honey bee microbiome has been tested previously; bees
allowed access to bee bread alone, but kept in isolation, were
found to lack some members of the core microbial clades later in
life (4). In addition, newly eclosed worker bees that were exposed
to hive components acquired some of the characteristic bacterial
phylotypes, suggesting that social transmission is not necessary for
colonization of the honey bee by some clades but that interaction

with comb might facilitate inoculation (4). Similarly, more recent
results also suggest that full transmission of the characteristic gut
microbiota requires the physical interaction of honey bees with
hive environments, and perhaps with fecal material, and cannot
be completed through trophallaxis alone (5). It seems that natural
hive rearing, including interactions with other bees and hive com-
ponents, is critical to the colonization by Gram-negative core bac-
teria (such as Gilliamella species) while exposure to comb or tro-
phallaxis alone resulted in gut communities which contained
other core microbial members (Firm-4, Firm-5, Gamma-2, Bi-
fido, Snodgrassella, and Alpha-2.1) (5).

Directional change in species composition in an environment,
over time, is referred to as ecological succession. From studies of
bacterial succession in the digestive tract of mammals, we know
that young are relatively uncolonized and that the first members
to colonize the gut are often facultative anaerobes, such as Esche-
richia coli (9–12). These “pioneering species” pave the way for
colonization of the gut by obligate anaerobes by consuming oxy-
gen, producing carbon dioxide, and changing the pH (10). During
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early stages of succession, bacterial diversity is often low, and the
community changes rapidly; this result has been observed in the
mammalian digestive tract and also in the insect gut and in other,
non-host-associated environments (9–17). However, after this
period of early succession, the bacterial community reaches a
steady state often referred to as the “climax community.” The
climax community of a bacterial population would be reached
when there is an equilibrium that can be maintained of a specific
mix of bacteria (9, 10). The event often coincides with a later
developmental stage of the organism harboring the bacterial com-
munity (9, 11, 12, 15). Bacterial diversity and the total number of
bacteria are higher in a climax community than during early suc-
cession (9, 10, 17). The honey bee is a holometabolous insect and
moves through a life cycle marked by the metamorphic transition
from larval stage into a developed imago form. During the course
of this event, a matured larva is enclosed in its brood cell by worker
bees, pupates, and develops into a honey bee. It is understood that,
during this metamorphic period, the larval gut is shed (18). Con-
sequently, newly eclosed worker bees (NEWs) retain none of the
characteristic microbiota associated with the larval gut and, over
the span of a few days, are colonized with bacterial phylotypes
characteristic of an adult honey bee (5). However, because larval
bees mature and pupate in the same space—the brood cell—it is
possible that they are reinoculated with the same microbes they
were exposed to as larvae upon completion of their metamorphic
transition. In addition, because NEWs interact with hive compo-
nents such as comb and processed food, colonization of these hive
components by bacterial community members may impact com-
munity succession.

Although there has been substantial investment into profiling
the microbes most commonly associated with the honey bee gut,
research directed toward determining the microbes commonly
associated with honey bee-related environments has been more
limited in scope. For example, 16S rRNA profiling of pollen and
bee bread found sequences homologous to the Pasteurelaceae fam-
ily, as well as Lactobacillus and Bifidobacteriaceae phylotypes (8).
Another study, using quantitative PCR (qPCR), determined that
bee bread was deficient in the characteristic phylotypes commonly
found associated with the honey bee gut, although bacteria be-
longing to the phylotype Alpha-2.2 were identified (4). In addi-
tion, culture based studies have identified the presence of Bacillus
species in bee bread samples (12). Relatively little research has
been devoted to identifying bacteria associated with other hive
components, such as propolis and the comb itself. For example,
phospholipid based analyses have revealed a diversity of bacteria
associated with hive components but did not resolve strain-spe-
cific signatures (19).

We attempted here to determine the environments from which
honey bees may be inoculated and interactions between bacterial
community members that may shape the microbiome. Although
workers shed their gut lining during metamorphosis, bacteria
present during the developmental process, in the food produced
by the bees, or in the comb, may persist or may facilitate coloni-
zation by core microbiome members. We therefore looked to
identify possible trends in microbial communities found in the
larvae, nurse bees, and hive components. We cultured and se-
quenced a subset of the bacterial community, the lactic acid bac-
teria (LAB), an abundant and ubiquitous clade of microbes found
associated with bees throughout development and in other exter-
nal hive environments. We examined LAB community composi-

tion across the hive and in the honey bees themselves. Examina-
tion of pairwise comparisons between environments containing
identical 99% operational taxonomic units (OTUs) suggests a ho-
mogenous distribution of microbes between the hive environ-
ments. Finally, we identify a strain of Fructobacillus found in mi-
crobial hubs, able to promote the growth of honey bee-specific
LAB, and able to utilize the complex plant carbohydrate lignin,
providing a potential candidate as a pioneering species in the de-
velopment of the honey bee gut community.

MATERIALS AND METHODS
Bee sampling and microbiological protocols. Samples were obtained
from three healthy, established hives located in Bloomington, IN. All sam-
pling was performed aseptically (sterilized collection equipment and
cryogenic vials were used and gloves were worn throughout). Young
worker bees, associated with brood cells and observed actively feeding a
larva, were identified as nurse bees and collected, along with the associated
larva. A sterile swab was used to sample the brood cell contents previously
inhabited by the larva. In addition, a sample of pollen, found in the nearby
comb, was taken from each hive. For two hives, we additionally sampled
nectar by pipetting 100 �l of volume out of cells and into a sterile cryo-
genic vial. Nectar was identified for sampling as fresh honey, regurgitated
by forager bees but not yet desiccated or capped for maturation. Each of
these five samples (nurse, larvae, cell, pollen, and nectar) were collected
from the same frame, within each individual hive. All samples were trans-
ported on ice and directly plated on media within one-half hour of col-
lection.

Nurse bee guts were removed via aseptic hindgut dissection and ho-
mogenized using a plastic, sterile pestle in 1� phosphate-buffered saline
(PBS; pH 8.0). Bee bread and whole larval samples were similarly homog-
enized. Each homogenate was plated on de Man, Rogosa, and Sharpe
(MRS) agar at 1:100 dilutions. Swabs taken from cells were streaked di-
rectly, without dilution. Cultures were incubated anaerobically at 37°C for
24 h. The resulting cultures of bacteria on each plate were scraped from
the plate in 1 ml of PBS and then pipetted into 1.5-ml microcentrifuge
tubes. The use of pH neutral PBS did not bias our results, since we were are
able to culture representative isolates of Fructobacillus, Firm-4, Firm-5,
Bifido, and Lactobacillus on neutral to slightly basic media (Luria-Bertani
[LB], brain heart infusion [BHI], and tryptic soy agar [TSA]) in addition
to MRS.

DNA extraction, amplification, and sequencing. DNA was extracted
from the bacterial homogenates using the MoBio PowerSoil DNA extrac-
tion kit. DNA concentration from each sample was quantified spectro-
photometrically, normalized, and amplified via PCR (using Earth Micro-
biome barcoded primers 515F and 806R and tags rcbc1 to rcbc20) (20).
Earth Microbiome amplification protocols were followed, except for the
polymerase used (NEB HF Phusion). Reactions were performed in tripli-
cate, using 100 ng of template DNA for each 25-�l reaction. Each reaction
was visualized on a 1% agarose gel to confirm amplification. Replicate
amplicons were pooled and then cleaned with a Qiagen PCR cleanup kit.
Picogreen protocol was used to quantify DNA concentration for each
pooled sample. Samples were then normalized and pooled collectively for
sequencing. Sequencing was performed on an Illumina Miseq, using 300
PE cycles.

Bioinformatics and OTU-based analyses. All sequence processing
was performed using the Mothur microbial ecology suite (21). Reads from
each sample were combined into contiguous sequences and screened for
quality (maxambig � 0, maxlength � 275). Sequences were then aligned
with the Silva reference database (silva.bacteria.fasta), preclustered, and
examined for chimeras via the uchime function. After removal of chime-
ric sequences, sequences were taxonomically classified using a honey bee-
specific training set as a reference (1) and binned into operational taxo-
nomic units (OTUs) based upon 99% sequence identity (see Files S1 and
S2 in the supplemental material). The data set was also subsampled to the
smallest sample size of 4186 sequences, in order to normalize results
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across all environments. The 10 OTUs with the highest sequence abun-
dance in this subsampled data set were identified (see Table S1 in the
supplemental material). The data from these 10 OTUs, from the three
sampled hives, were averaged for each environment, and the standard
errors were calculated. In addition, relative sequence abundance was ex-
plored for each hive independently. Diversity metrics (such as Simpson
indices and Bray-Curtis dissimilarities) were also calculated within
Mothur.

Network analysis. The presence of each of the top 10 OTUs was cal-
culated for each sampling environment (nodes) and used to generate an
interaction network in Cytoscape. For visualization purposes only, the
connections between nodes (edges) were weighted based on relative
abundance of the shared OTUs making up that edge. The network was
constructed using OTU data from two of the three sampled hives, for
which we had data for all six sampled environments. To identify impor-
tant hubs in the network, centrality was assessed. “Betweenness centrality”
measures how often a path passes through a specific node while moving
from one node to another (22).

Bacterial culture, antibiotic sensitivity, and coculture assays. The
Newton Laboratory honey bee bacterial strain bank was utilized as a
source of bacterial isolates for this portion of the work. Briefly, bacteria
from the honey bee gut and bee bread were cultured on either MRS, LB,
BHI, or TSA agar (at 37°C for 48 h under anaerobic conditions), and
individual colonies were massively isolated using a robotic colony picker
(QPExpression; Genetix). The classification of each isolate was based on
16S rRNA gene sequencing and classification using the Naive Bayesian
Classifier and the honey bee-specific training set (1). For the present
study, we chose LAB isolates identified in each of the sampled environ-
ments (Bifidobacteria, Firm-4, Firm-5, and Fructobacillus). Each isolate
was cultured for 48 h in MRS broth at 37°C under anaerobic conditions.
After 48 h, measurements of the culture optical density at 600 nm (OD600)
were taken, and each was normalized to the lowest OD. The bacteria were
cultured alone or in coculture in triplicate, parallel experimental repli-
cates under all pairwise combinations. In addition, bacterial supernatants
were used in lieu of cultures to determine whether metabolic by-products
of a specific organism (Fructobacillus) stimulated the growth of isolates.
To analyze the coculture data, the expected optical density of cocultures
was first calculated based on the growth of each isolate alone. If the isolates
grew better in coculture, the expected OD would be significantly greater
than (i.e., outside of the standard deviation) that of the calculated ex-
pected OD. Similarly, if one of the isolates inhibited the growth of the
other, the OD would be below the expected value.

OD measured above or below the standard deviation of the expected
value was considered significant. Experiments using culture supernatants
were similarly analyzed (using Microsoft Excel). To examine a specific
interaction between Fructobacillus spent medium and the honey bee-spe-
cific Firm-5 isolate, Firm-5 was grown to an OD of 1.4 and subcultured to
an OD of 0.01 in either MRS or Fructobacillus spent medium (MRS me-
dium in which Fructobacillus had been cultured at 30C, aerobically, to an
OD600 of 1.5 and then spun at 15,000 rpm for 10 min to remove cells).
After 48 h of growth at 37°C under anaerobic conditions, OD600 measure-
ments were taken, and the cultures were diluted and plated. All results
were normalized to starting OD600 values. Evolutionary analyses were
conducted in MEGA6 using the 16S rRNA gene sequences and using a
maximum-likelihood method based on the general time reversible model
with a gamma distribution, invariable sites, and 100 bootstrap replicates
(23). For antibiotic sensitivity tests, overnight cultures of Fructobacillus
sp. were mixed with soft MRS agar and overlaid onto MRS plates, onto
which an antibiotic impregnated disc had been placed. Diameters of zones
of inhibition measured around each antibiotic disc using a ruler. The
antibiotics used were as follows: BBL Sensi-Disc tetracycline, 30 �g; am-
picillin with sulbactam, 20 �g; rifampin, 5 �g; ciprofloxacin, 5 �g; and
vancomycin, 30 �g.

Carbon source utilization assay. The Fructobacillus isolate used for
the coculture assays was grown for 72 h in MRS broth at 30°C under

aerobic conditions. Cells were pelleted via centrifugation, and the super-
natant was removed. The pellet was resuspended in a buffer of 0.1 M
Tris-HCl (pH 6.5). This centrifugation and resuspension process was per-
formed twice to ensure removal of all residual MRS. Then, 15 �l of cell
suspension was added to each well of an MT2 plate (Biolog, Inc.). To this,
150 �l of 2% carbohydrate solutions was added to the wells, and the
experiment for each carbohydrate was repeated in triplicate. In addition,
water control wells were established in triplicate and inoculated with cell
suspension and filtered, autoclaved water. The carbon sources examined
in here were fructose, glucose, sucrose, maltose, galactose, sorbitol, xylan,
pectin, and lignin (all from Sigma-Aldrich). Plates were read via spectro-
photometry at an A590 immediately after inoculation in order to establish
a baseline. The plates were incubated aerobically at 30°C, and A590 read-
ings were taken every 24 h. The assay was deemed complete when a max-
imum A590 was observed for the plates. To assess whether a carbon source
was utilized, absorbance readings from time points with peak absorbance
were compared to the absorbance of the initial time point. The absorbance
in water control wells was subtracted from the absorbance in carbohy-
drate-containing wells. These differences were averaged. Using standard
unpaired t tests, differences in growth compared to the water control were
compared between the initial and final time points. A carbon source was
determined to have been utilized by Fructobacillus if the difference was
statistically significant with a P value of �0.001.

GenBank accession numbers. For the LAB isolates identified in each
of the sampled environments (Bifidobacteria, Firm-4, Firm-5, and Fruc-
tobacillus), the GenBank accession numbers are KT598287 to KT598296.

RESULTS
LAB community profiles across environments. We chose to
query the lactic acid bacteria (LAB) associated with the honey bee
as a representative community, through which we could begin to
examine potential trends in microbial transmission between
honey bee associated environments. Processing 2,040,169 total
sequences resulted in 1,519,195 unique sequences, grouped into
4,005 individual OTUs when binned at a 99% sequence identity.
The rationale behind using a 99% identity threshold was to reach
strain level resolution when examining each environment. This
facilitated the ability to determine whether specific microbes were
being transferred between environments or whether the appear-
ance of the same taxa in two locations was merely an artifact of
homology. An abundance threshold of 1% of total sequence abun-
dance was applied to the data set, yielding 10 OTUs that met the
criteria. These 10 OTUs dominated the data set, containing 89.7%
of total sequence abundance. The other 10.3% of OTUs in the
sequence data were similarly classified as the 10 largest OTUs (as
Firm-5, Fructobacillus, Bacillus weinhenstephaensi, Bifidobacteri-
aceae, Firm-4, Lactobacillales, or Alpha-2.2) but did not meet our
abundance threshold. To confirm that these top 10 OTUs were
members of a group of bacteria previously identified as associated
with the honey bee gut, a phylogenetic analysis was performed.
Utilizing representative sequences taken from each OTU (the
most abundant sequence in that OTU), as well as sequences from
a honey bee-specific training set (1), a maximum-likelihood tree
was constructed. The phylogeny confirmed the classification of
each of the top 10 OTUs, with each member forming a clade with
previously identified sequences (Fig. 1). Therefore, our combined
culture and amplicon sequencing method identified previously
known, honey bee-associated bacteria.

Community richness and diversity were assessed for each sam-
pled environment, using the Chao1 richness index and the inverse
Simpson index, respectively. Upon averaging across each of the
three sampled hives, we found that no sampled library contained a

LAB in Honey Bee Hives

October 2015 Volume 81 Number 20 aem.asm.org 7263Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=KT598287
http://www.ncbi.nlm.nih.gov/nuccore?term=KT598296
http://aem.asm.org


FIG 1 Phylogenetic analysis of top 10 OTUs, based on 16S rRNA sequences. A maximum-likelihood tree was constructed using a Jukes-Cantor correction
model, with 1,000 bootstrap replicates. Sequence names beginning with “AB” or “HM” are published sequences taken from a honey bee-specific training set (1).
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significantly richer or more diverse culturable LAB community
(Table 1). To identify trends in culturable LAB composition
across sampling environments, abundances of the top 10 OTUs
were averaged and analyzed for all hives together as well as inde-
pendently (Fig. 2). The culturable LAB community profile in lar-
vae was different compared to nurse bees: Lactobacillales, Alpha-
2.2, and Fructobacillus, which were largely representative of larval
samples, in contrast to a predominantly Firm-5 and Bifidobacteri-
aceae LAB community culturable from the nurse gut (Fig. 2a). The
same Lactobacillales and Fructobacillus OTUs found in larvae were
also identified in the bee bread and the brood cell (Fig. 2), as well
as in nectar samples (number of sequences/total; Fructobacillus �
2,257/4,186; Lactobacillales � 1,320/4,186). Interestingly, whereas
a significant amount of variation was observed in larval LAB com-
munities from different hives, nurse guts demonstrated largely
consistent compositions (Bray-Curtis dissimilarity [mean � the
standard deviation] � 0.192 � 0.0.029) (Table 1).

Environmental habitats may facilitate transfer of bacteria
across the colony. To examine OTU-based relationships between
sampling environments, an interaction network was generated.
The presence of the same OTU in two different habitats might
suggest microbial exchange between the two habitats. By using a
classification threshold of 99%, we increased the likelihood that
we were observing the same strain in the two different environ-
ments; it is not possible to assign directionality to observed inter-
actions through these methods alone. However, if two habitats
undergo frequent and extensive microbial exchange, we would
expect to observe a large number of shared OTUs. Through pair-
wise comparisons of environments containing identical OTUs,
connections (edges), weighted based on proportion of total se-
quence abundance observed, were made between environments
(nodes). Visual inspection and connectivity analysis suggest the
presence of homogeneity in interactions; microbes sampled
were found across virtually all hive environments, suggesting
that these environments are highly connected (see Fig. 4). As
expected, environments that are behaviorally connected, such
as the nurse gut and the brood cell, are also connected in this
interaction network. In addition, betweenness centrality met-
rics point to both the brood cell and bee bread as central hubs
of the network, through which the OTUs are connected be-
tween environments (betweenness centrality: brood cell �
1.97; bee bread � 1.822) (Fig. 3). These environments may act
as microbial hubs through which honey bees obtain, deposit,

and propagate lactic acid bacteria within the hive and to the
next generation.

The network analysis was also performed using a 97% classifi-
cation threshold in order to reinforce results yielded from the 99%
classified network. Although the network was less well resolved,
and connectivity and centrality measurements were quantitatively
different, trends in the data remained unchanged (brood cell and
bee bread maintained the highest betweeness centrality, whereas
the connectivity was equally distributed across environments).
Therefore, our results were not biased based on the OTU diver-
gence threshold used.

Fructobacillus is present early in bee development, found in
bee-associated environments, and promotes the growth of
honey bee-specific microbes. Larvae are in contact with both the
brood cell and the bee bread during development, and these hive
components are known to efficiently transmit Firmicutes (4, 5).
Since Fructobacillus and Lactobacillus sp. were found in the brood
cell and bee bread, both microbial hubs based on our analyses, we
sought to determine whether honey bee core members interacted
in vitro with these two taxa. We used coculture assays and found
that the “noncore,” yet predominant taxa found associated with
the microbial hubs (the brood cell and the bee bread) promoted
the growth of bee-specific “core” members (Fig. 4). Specifically,
Fructobacillus F2 in coculture with five isolates (Firm-5 D7-1,
Firm-4 G10-1, Bifido G10-2, Firm-4 SF6D, and Bifido B08) sig-
nificantly promoted growth above the expected OD. In addition,
Lactobacilliales incertae sedis G10-3 was also associated with pos-
itive growth of four isolates (Firm-5 D7-1, Firm-4 G10-1, Firm-4
SF6D, and Bifido B08). In contrast, a honey bee isolate from the
Newton lab strain bank not found associated with the hub (Staph-
ylococcus EBHJ0) was associated with the negative growth of two
isolates when grown in coculture (Firm-4 G10-1 and Bifido G10-
2). To determine whether Fructobacillus F2 mediated interactions
with core phyla via by-products of metabolism, we cultured these
same core strains with the cell-free supernatant of Fructobacillus
F2 spent cultures. The results with Fructobacillus F2 supernatant
recapitulated a subset of the results from Fructobacillus F2 cocul-
tures; Fructobacillus F2 supernatant had a similar, positive effect
on growth of Bifido G10-2, Firm-4 SF6D, Firm-5 D7-1, and Bifido
B08 compared to growth of these isolates alone. Because Firm-5
species are known to associate with second-instar honey bee larvae
(24) and therefore are present early in development, we further
characterized the potential interaction between a Firm-5 strain
(Firm-5 D7-1) and Fructobacillus F2. Spent medium from Fructo-
bacillus F2 significantly increased the differential optical density
reached by Firm-5 compared to growth in MRS alone based on
both the optical density and the CFU (Fig. 4).

Carbon source utilization of Fructobacillus. Because Fructo-
bacillus and its spent media promoted the growth other honey bee
microbiome members, specifically Firm-5, we reasoned that Fruc-
tobacillus could play a syntrophic role, interacting with other bac-
terial members via metabolic by-products. We therefore charac-
terized the isolate’s ability to utilize an array of single carbohydrate
sources. Using Biolog MT2 plates inoculated in triplicate with our
Fructobacillus isolate and a panel of single simple or complex car-
bohydrates typically found in the honey bee’s diet (see Materials
and Methods), we were able to determine that Fructobacillus is
capable of utilizing the simple sugars fructose and glucose, in ad-
dition to lignin, a plant-derived complex polysaccharide (com-

TABLE 1 Microbial community richness and diversity measures for
each sampled environment in the honey bee hivea

Sample

Microbial community richness and diversity measurement

Chao1 Inverse Simpson Bray-Curtis

Mean SD Mean SD Mean SD

Bee bread 37.667 23.544 2.2372 1.7716 0.8008 0.2033
Brood cell 90.503 66.414 4.1760 1.6069 0.5985 0.0996
Larvae 12.083 13.220 1.7666 0.5928 0.6842 0.2725
Nurse gut 10.000 8.8882 1.4677 0.3536 0.1921 0.0286
a Each metric was calculated for individual replicates and averaged within each
environment. Chao1 estimates show the expected taxon richness within each
environment. Inverse Simpson results are a measure of diversity, with a higher number
indicating greater diversity. The Bray-Curtis results represent the dissimilarity found in
pairwise comparisons between samples from the same environment and highlight the
consistency of the nurse gut replicates.
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FIG 2 Sequence abundance of the top 10 LAB OTUs cultured from each of four subsampled honey bee environment, in three hives, binned at 99% identity based
on 16S rRNA sequencing. (a) Average OTU abundances for each sampled environment for each of the top 10 OTUs. The data were compiled and averaged from
each of three sampled hives. Error bars are the results of three independent biological replicates. (b) Sequence abundance for the top 10 OTUs found in each of
three sampled hives across four environments.
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pared to water-only controls, unpaired t test; P � 0.001 for OD590

measurements postincubation).
Fructobacillus is sensitive to antibiotics. Honey bees are com-

monly treated with oxytetracycline, prophylactically, for the pre-
vention of foulbrood diseases caused by the bacteria Melissococcus
plutonius and Paenibacillus larvae. Our data suggested that Fruc-
tobacillus may produce by-products that promote the growth of
honey bee gut core microbiome members. We reasoned it would
be important to identify whether this bacterial strain was resistant
to antibiotics since treatment might alter the abundance of Fruc-
tobacillus, if sensitive. Using soft agar overlays, we exposed Fruc-
tobacillus cultures to five different antibiotics (tetracycline, ampi-
cillin [with sulbactam], rifampin, ciprofloxacin, and vancomycin)
and measured the resulting zones of inhibition (Table 2). In three
of five cases, we found Fructobacillus to be susceptible to these
antibiotics. It was most sensitive (the largest zone of inhibition
was produced) when exposed to tetracycline or ampicillin. Since
these two antibiotics are commonly used in agriculture, they are
particularly relevant.

DISCUSSION

A large number of diverse lactic acid bacteria are found associated
with insects, including bees, and have been suggested to provide
health benefits in various contexts (8, 25–27). Bacteria that com-
prise the lactic acid bacteria are not a phylogenetically cohesive
designation, based on 16S rRNA evolution, but instead are
grouped based on common metabolic characteristics, including
the production of lactic acid through fermentative metabolism.
Within the honey bee, several different LAB clades have been
found associated with the hymenopteran host through culture,
clone library sequencing, or amplicon-based sequencing (3, 7, 24).

Some of these LAB clades are described as part of the core honey
bee microbiome and include Firm-4, Firm-5, and Bifido. In our
study, we found OTUs corresponding to each of these honey bee-
specific LAB, as well as other noncore OTUs in environmental
samples taken from hives, including the bees themselves, as well as
bee bread and brood cells (Fig. 1). The genus Fructobacillus has
been previously identified as a contributing member to the larval
gut community (28) but is not considered a significant contribu-
tor to the adult honey bee microbiome; this bacterium is com-
monly associated with flowers, although it is sometimes identified
in association with bees (29–31). However, contigs with homol-
ogy to Fructobacillus can be found in previously published, cul-
ture-independent metatranscriptomic and metagenomic analyses
of the honey bee gut (32, 33). It is reasonable to hypothesize that
Fructobacillus is a transient member of the bee-associated gut mi-
crobiome, primarily associated with foraged foods. However, this
does not a priori mean that Fructobacillus, or any transient mem-
ber of the community, has no effect (direct or otherwise) on the
honey bee and its microbiome. In coculture, Fructobacillus has a
beneficial effect on the growth of “core” honey bee bacteria. Spe-
cifically, Fructobacillus had a significant positive effect on the
growth of one Firm-5, two Firm-4, and two Bifido isolates. Fruc-
tobacillus was found to utilize the simple sugars fructose and glu-
cose (previously determined to be utilized within the bee gut by
the microbial community [34]), as well as the plant carbohydrate
lignin. The utilization of lignin by Fructobacillus is particularly
interesting; Fructobacillus is associated with pollen and flowers,
and this complex plant carbohydrate is found in pollen collected
by the honey bee (35–38). Fructobacillus seems therefore well po-
sitioned to begin the breakdown of this important plant-derived
food.

FIG 3 The cell acts as a centralized hub, connecting OTUs between bee-associated environments. The network generated through pairwise examination of
environments sharing 99% identical OTUs. Edges weighted based on the proportion of total sequence abundance were observed in that interaction within the
subsampled data set. Metrics were not weighted. Connectivity measurements (the number of OTUs shared between environments) show that the honey
bee-associated environments sampled are all equally well connected. Centrality measurements (the number of shortest paths from one node to another that
passes through this particular node) suggest that the cell serves as a hub through which bacteria may be transferred across environments.
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Fructobacillus supernatants significantly promoted the growth
of a subset of honey bee microbiome isolates, and although the
exact mechanism has not yet been elucidated, we can hypothesize
both direct and indirect interactions. For example, Fructobacillus,
a member of the Leuconostocaceae, may produce fermentative
products, such as lactic acid, CO2, ethanol, or acetate (39); these
products may selectively promote the growth of the honey bee-
specific microbial community. Indeed, selective culture of many
of the “core” microbiome members requires elevated atmospheric
CO2 and acidic media such as MRS (40). Importantly, these effects
do not require the presence of Fructobacillus in the bee gut but may

be mediated by metabolic products ingested by the bee. Interac-
tions between Fructobacillus and other honey bee-specific mi-
crobes may include quorum sensing (via AI-2) or the production
of antimicrobials active against noncore members. These poten-
tial interactions between honey bee bacteria deserve future study
since they could impact community succession.

Early successors of the microbiota in the honey bee gut may
have positive effects on bee health due to the promotion of the
“core” characteristic bacterial community. Through continued
characterization of bee-associated microbes, a number of benefi-
cial interactions with their insect host have been proposed. One
such interaction hypothesizes that gut microbes bestow increased
metabolic functionality to the honey bee by means of degrading
complex polysaccharides that are otherwise inaccessible to the
host organism (33). Honey bees subsist on a plant-based diet,
consisting of carbohydrates built on strings of �(1– 4) glycosidic
bonds, in addition to simple sugars such as glucose and fructose
(6). Indeed, while genomic studies of the honey bee uncover the
presence of several genes coding for �-glucosidases, transcrip-
tomic analysis reveals a pronounced lack in gene expression for
these particular enzymes (34). However, upon query of the bacte-
rial community, �-glucosidase genes specific to the breakdown of
cellulose were found to be present within and actively transcribed

FIG 4 Coculture of Fructobacillus sp. with honey bee-associated microbes. When honey bee-associated microbes are grown with Fructobacillus or with spent
medium from Fructobacillus, they exhibit a growth advantage compared to growth alone. (A) Phylogeny and heat map of isolates used in a coculture interaction
assay. The change in optical density from expected values was plotted as a heat map (yellow � more growth than expected; blue � less growth than expected).
Lactobacillus and Fructobacillus isolates significantly increased the growth of a Firm-5 isolate. (B) Optical density measurements suggest that Firm-5 grows more
robustly in Fructobacillus spent medium (SM) than in MRS medium (t � 11.196, df � 4, P � 0.001). (C) Difference in optical density corresponding to a dramatic
difference in colony numbers when Firm-5 is grown on MRS plates postincubation for 48 h in MRS or SM (106 dilutions of cultures plated in triplicate).

TABLE 2 Antibiotic sensitivity of isolated Fructobacillus spp.a

Antibiotic
Concn
(�g/ml)

Zone of inhibition
(mm) Interpretation

Tetracycline 30 32 Susceptible
Ampicillin with sulbactam 20 36 Susceptible
Rifampin 5 25 Susceptible
Ciprofloxacin 5 9 Resistant
Vancomycin 30 0 Resistant
a The zones of inhibition and the concentrations of antibiotics used on Fructobacillus
soft agar overlays are shown where the results demonstrated marked sensitivity to most
antibiotics.
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by community members belonging to Actinobacteria, Betaproteo-
bacteria, and Gammaproteobacteria (33, 34). This suggests that
members of the gut community may be assisting in the breakdown
of plant-based carbohydrates into monomeric subunits, which
can be subsequently absorbed by the host. Gut bacteria may also
provide immune benefits for their honey bee host. Previous work
has suggested that the presence of Bifidobacterium and Lactobacil-
lus in larvae may act to facilitate a more rapid and vigorous im-
mune response against invading pathogens (41). In addition, well-
established community members may provide exclusionary
effects against potential pathogens. For example, stratified bio-
films composed of core community members provide a compet-
itive advantage for these organisms, allowing them to outcompete
harmful microbes for important nutrients (4). Exclusionary ef-
fects have been previously documented, correlating the presence
of Bifidobacterium and other LAB strains with the absence of the
pathogens Melissococcus plutonis and Paenibacillus larvae, respec-
tively (42, 43).

We found that honey bee larvae are colonized with Fructoba-
cillus, Alpha-2.2, and Lactobacillales. Other studies of honey bee
larvae also identified Alpha-2.2 and Lactobacilliales as early colo-
nizers (24, 44, 45), suggesting that these clades may be commonly
found with young, larval bees. It is important to note that these
culture-based studies are dependent on the medium used to select
for microbial members and that the medium used here (and in
previous work) selects for acetic and lactic acid bacteria. There-
fore, it is still possible that other community members (such as
facultative enteric anaerobes) may be present among early colo-
nizers but cannot be detected through these methods. Regardless,
the fact that microbes can consistently be isolated from surface
sterilized honey bee larvae suggests bacterial presence, even if
methods such as qPCR fail to detect them (2, 5). In addition, the
fact that newly eclosed workers, even when exposed to hive com-
ponents alone, develop a mature gut microbiome containing
many of the core members (Firm-5, Firm-4, Frischella, Bifido,
Snodgrasella, and Alpha-2.1) (5) supports our observation that
comb, including the brood cell, may serve as a source of inoculum
for microbial transmission in the hive.

Our results have demonstrated that Fructobacillus and its by-
products promote the growth of honey bee gut community mem-
bers in vitro. Fructobacillus is present in the microbial hubs iden-
tified here (the brood cell and bee bread) and able to utilize lignin.
This environmental microbe may therefore affect early micro-
biome development. In addition, we have shown there exists a
marked level of sensitivity in Fructobacillus isolates to tetracycline,
the most commonly used antibiotic for prophylactic treatment of
hives (46) (Table 1). As such, we hypothesize that antibiotic treat-
ment of hives may act to decrease populations of environmental
microbes such as Fructobacillus, potentially disrupting the succes-
sion of important community members. Our work supports fur-
ther investigation of “noncore” honey bee community members
and suggests that hive environments, including the food prepared
by the bees, might impact development of the gut microbiome.
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