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The Core Gut Microbiome of the American Cockroach, Periplaneta
americana, Is Stable and Resilient to Dietary Shifts
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Department of Microbiology, University of Georgia, Athens, Georgia, USA

ABSTRACT

The omnivorous cockroach Periplaneta americana hosts a diverse hindgut microbiota encompassing hundreds of microbial
species. In this study, we used 16S rRNA gene sequencing to examine the effect of diet on the composition of the P. americana
hindgut microbial community. Results show that the hindgut microbiota of P. americana exhibit a highly stable core microbial
community with low variance in compositions between individuals and minimal community change in response to dietary
shifts. This core hindgut microbiome is shared between laboratory-hosted and wild-caught individuals, although wild-caught
specimens exhibited a higher diversity of low-abundance microbes that were lost following extended cultivation under labora-
tory conditions. This taxonomic stability strongly contrasts with observations of the gut microbiota of mammals, which have
been shown to be highly responsive to dietary change. A comparison of P. americana hindgut samples with human fecal samples
indicated that the cockroach hindgut community exhibited higher alpha diversity but a substantially lower beta diversity than
the human gut microbiome. This suggests that cockroaches have evolved unique mechanisms for establishing and maintaining a

diverse and stable core microbiome.

IMPORTANCE

The gut microbiome plays an important role in the overall health of its host. A healthy gut microbiota typically assists with de-
fense against pathogens and the digestion and absorption of nutrients from food, while dysbiosis of the gut microbiota has been
associated with reduced health. In this study, we examined the composition and stability of the gut microbiota from the omnivo-
rous cockroach Periplaneta americana. We found that P. americana hosts a diverse core gut microbiome that remains stable
after drastic long-term changes in diet. While other insects, notably ant and bee species, have evolved mechanisms for maintain-
ing a stable association with specific gut microbiota, these insects typically host low-diversity gut microbiomes and consume
specialized diets. In contrast, P. americana hosts a gut microbiota that is highly species rich and consumes a diverse solid diet,
suggesting that cockroaches have evolved unique mechanisms for developing and maintaining a stable gut microbiota.

Most insects host simple gut microbial communities, with
only a few unique species represented; the reed beetle, honey
bee, fruit fly, and gypsy moth all have fewer than 10 species of
bacteria in their guts (1). The low complexity of these communi-
ties has been attributed to selective pressures dictated by host
physiology (2) and the lack of extensive parental contact with
offspring in many insects, which offers few opportunities for ver-
tical and social transmission of gut microbes (1, 3). However,
certain social and/or gregarious insect species, including cock-
roaches and their close relatives, the termites, host complex gut
communities comprising hundreds of species (1, 4, 5).

The cockroach gut is composed of three compartments: the
foregut, midgut, and hindgut. Of the three, the hindgut has the
highest bacterial density and diversity (6). This hindgut microbial
community breaks down recalcitrant dietary components from
food that has passed through the fore- and midgut, supplying the
cockroach with volatile fatty acids such as acetate (7). While this is
not thought to be an obligate symbiosis, reducing the gut micro-
biota in Periplaneta americana slows development and results in
lowered body weight and metabolic activity, suggesting that the
gut microbiota plays an important role in the health and fitness of
cockroaches (7-9). Recent work also suggested that the hindgut
microbiota is responsible for producing pheromones, including
volatile fatty acids, which promote social behavior among cock-
roaches (10).

While cockroach gut microbes are most closely related to mi-
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crobes found in termites and other insects, they share many clades
with those found in mammals, including humans (4, 11). Mam-
malian studies have found that diets can have strong impacts on
the gut microbiome composition (12-14). As a result, we sought
to determine the extent to which the response of the cockroach gut
microbiota to dietary shifts resembles those identified in mam-
mals.

Several studies were conducted that examined the effect of diet
in various cockroach species (15-19). These studies found a vari-
ety of results, with Schauer et al. (18) reporting a highly stable core
microbiome in Shelfordella lateralis, Bertino-Grimaldi et al. (17)
reporting a small but significant response to dietary shifts in P.
americana, and Pérez-Cobas et al. (19) reporting a strong response
in Blattella germanica. However, these studies typically focused on
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TABLE 1 Nutrient information for 100-g servings of each diet
treatment”

Diet treatment®? Calories  Protein  Carbohydrate Fat  Fiber
Bran (L) 375 17.5 67.5 5 17.5
Butter (S, L) 714 0 0 79 0
Filter paper (L) uU* 6] U U U
Honey (S) 286 0 81 0 0
Tuna (S, L) 107 27 0 1 0
White flour (S, L) 367 13 73 0 3
Whole wheat flour (S) 333 13 67 2 13
Mixed (S) 239 18 27 7 2
Starvation (S, L) NA? NA NA NA NA

@ Nutritional facts are as stated by the manufacturers of each food product. The mixed
diet was based on the general guidelines for a typical human diet. Thus, it was
calorically composed of 25% tuna, 25% butter, 16.67% whole-wheat flour, 16.67%
white flour, and 16.67% honey; the values shown assume a daily diet of 2,000 calories.
bL, long-term dietary shift; S, short-term dietary shift.

€U, unavailable.

4 NA, not applicable.

responses to a limited range of substrates, particularly lignocellu-
losic materials, and all but that reported by Pérez-Cobas (19)
(three replicate experiments per treatment) lack replication or
characterization of the interindividual variability in microbiome
composition. In this study, we utilized high-throughput 16S
rRNA gene sequencing to characterize the hindgut microbiome of
P. americana and its response to a wide range of dietary com-
positions, including high-fat, high-carbohydrate, and high-
protein diets.

MATERIALS AND METHODS

Insects. P. americana cockroaches were provided by the University of
Georgia’s entomology department from a colony that has been main-
tained in captivity for over 10 years. Cockroaches were maintained in
mixed-age mixed-sex colonies in aquarium tanks at room temperature on
a diet of dog food (Kroger nutritionally complete bite-sized adult dog
food, composed of 21% protein, 8% fat, and 6% fiber) ad libitum. Each
tank was provided with corn cob bedding, cardboard tubes for nesting,
and a cellulose sponge saturated with water.

Adult cockroaches were selected, weighed, and marked for later iden-
tification. Initial 14-day experiments used 20 adult cockroaches (5 male,
15 female) per treatment. Later time-series experiments used either 43 (26
male, 17 female) or 20 (10 male, 10 female) adult cockroaches per treat-
ment. Each dietary treatment group was housed in a single plastic tank
that contained pebbles for bedding, polyvinyl chloride (PVC) tubes for
nesting, and food and water in shallow plastic dishes. Food, water, and
PVC tubes were changed daily, and any visible debris (or deceased cock-
roaches) was removed. Diet treatments included a diet of bran (Bob’s Red
Mill organic high fiber oat bran hot cereal), butter (Kroger unsalted butter
sticks), filter paper (Whatman qualitative filter paper, grade 1), honey
(Kroger pure clover grade A honey), tuna (StarKist Selects low-sodium
chunk light tuna in water), white flour (King Arthur unbleached bread
flour), whole-wheat flour (King Arthur 100% whole-grain whole-wheat
flour), a mixed diet (calorie count of 25% tuna, 25% butter, 16.67%
whole-wheat flour, 16.67% white flour, and 16.67% honey), and a starva-
tion control (Table 1).

For studies of wild-caught cockroaches, insects were collected in traps
placed outside on the University of Georgia’s campus. The traps were glass
jars containing glass wool saturated with beer as a lure and with petroleum
jelly placed around the jar opening to prevent insects from escaping the
jars after entering. Traps were checked daily, and any captured P. ameri-
cana adults were either sacrificed immediately or placed in an aquarium
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tank under laboratory culture conditions (as described above) for 14 days
before being sacrificed.

Sample collection and DNA extraction. Hindgut samples were col-
lected on day 14 of the short-term dietary shift and, as the treatment
populations permitted, throughout the long-term dietary shift (see Data
Sets S1A and S1B in the supplemental material). For comparisons with
wild-caught cockroaches, hindgut sample collection occurred either
within 24 h of collection or after 14 days under laboratory conditions (see
Data Set S1C in the supplemental material). Cockroaches were removed
from tanks, weighed, and placed on ice in sterile culture plates. After
approximately 20 min, or when the cockroaches were sufficiently torpid,
cockroaches were dissected and the entire gut was removed. Any visible
debris, including fat bodies or exoskeleton, was removed with forceps.
The hindgut was then separated from the rest of the gut using a scalpel and
placed on Parafilm. The hindgut was submerged in 100 pl of RNAlater
(Ambion, Austin, TX) and a pipette tip was used to break open the gut and
disperse the contents into the RNAlater (Ambion). The suspended gut
lumen was then removed from the hindgut wall and stored at —80°C.

DNA was extracted from an aliquot of the total preserved hindgut
sample using a modified version of the EZNA Bacteria kit (Omega Bio-
tek, Norcross, GA). Preserved frozen hindgut samples were thawed on ice.
A 30-pl volume was removed for extraction while the rest was returned to
storage at —80°C for future use. To each sample aliquot, 100 wl of bal-
anced salt solution (2.5 gK,HPO,, 1 g KH,PO,, 1.6 g KCl, 1.4 g NaCl, and
10 ml of 1 M NaHCO; per liter, pH 7.2) was added, and the sample was
mixed and centrifuged for 10 min at 5,000 X g. After centrifugation, the
supernatant was discarded and the pellet was resuspended in 100 pl TE
buffer (10 nM Tris, | mM EDTA [pH 8]) and 10 pllysozyme (as supplied
by kit). The sample was incubated at 37°C for 30 min. Approximately 25
mg of glass beads (as supplied by kit) were added to the sample, which was
bead beaten for 5 min at 3,000 rpm using a vortex mixer with a horizontal
adaptor. To each sample, 100 pl BTL buffer and 20 wl proteinase K solu-
tion (as supplied by the kit) were added and the sample was incubated at
55°C while shaking at 600 rpm for 1 h. After this step, the manufacturer’s
protocol (June 2014 version) was followed beginning at step 11. Samples
were eluted in 50 pl preheated elution buffer after a 5-min incubation at
65°C. The final DNA concentrations (typically between 5 to 50 ng/pl) and
A,g0lAsgo Were measured using a NanoDrop Lite spectrophotometer
(Thermo Scientific, Wilmington, DE).

Library preparation and sequencing. The V4 region of the 16S rRNA
gene from each gut sample was amplified in duplicate using a two-step
PCR method on the basis of work by Caporaso et al. (20). The initial PCR
used Q5 Hot Start high-fidelity DNA polymerase (New England BioLabs,
Ipswich, MA) and 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) primers in a 10-pl PCR mixture (1X
Qb5 reaction buffer, 200 pM deoxynucleoside triphosphates [dNTPs], 0.5
wM 515F, 0.5 M 806R, 2 ng DNA, and 0.02 U/l Q5 polymerase) under
the following conditions: 98°C for 30s, followed by 15 cycles at 98°C for 10
s, 52°C for 30 s, and 72°C for 30 s, with a final extension step at 72°C for 2
min for the initial V4 region amplification.

Immediately following the initial amplification, the resulting product
was reamplified using primers (see Table S1 in the supplemental material)
that contained double Hamming barcodes (21). This two-step PCR
scheme was used for ensuring high quality amplicons, as the initial repli-
cation occurred before the addition of Illumina-specific adaptors or sam-
ple-specific barcodes. The secondary amplification mixture contained 1X
Q5 reaction buffer, 200 wM dNTPs, 0.5 uM 515F, 0.5 uM 806R, 2 ng
DNA, and 0.02 U/l Q5 polymerase. From this mixture, 21 pl was added
to 9 pl of the initial reaction product. These reactions were then cycled
under the following conditions: 98°C for 30 s, followed by 4 cycles at 98°C
for 10s, 52°C for 10's, and 72°C for 30 s, followed by 6 cycles at 98°C for 10
sand 72°C for 1 min, concluding with a final extension at 72°C for 2 min.

Two independent PCRs with unique barcode combinations were gen-
erated for each sample. These technical replicates were pooled and puri-
fied using the EZ Cycle Pure kit (Omega Bio-tek) according to the man-
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FIG 1 Relative abundances of microbial phyla across 14-day diet treatments (Table 1). Each bar represents an individual cockroach gut. The 10 most abundant

phyla are shown.

ufacturer’s protocol. Samples were eluted in 30 wl of elution buffer.
Purified amplicons were quantified using a NanoDrop Lite spectropho-
tometer (Thermo Scientific). Amplicons from 12 guts obtained from
cockroaches treated with the short-term dietary shift, all available guts
excluding day 30 from cockroaches treated with the long-term dietary
shift, and all available guts from the wild-caught cockroaches were nor-
malized and pooled to a concentration of 10 nM on the basis of a predicted
total product size of ~400 bp. The quality of the prepared library was
assessed using the Agilent 2100 Bioanalyzer DNA-HS assay (Agilent Tech-
nologies, Santa Clara, CA) before submission to the Georgia Genomics
Facility for sequencing (Illumina MiSeq 250 X 250 bp; Illumina, Inc., San
Diego, CA).

American Gut Project (AGP) data retrieval. The American Gut Proj-
ect (AGP) is a collaborative effort for characterizing the human gut mi-
crobiome through crowdsourcing fecal samples from the public for 16S
rRNA gene analysis (22, 23). We used data from the AGP as a human
comparison for our cockroach data, as the AGP uses the same 16S rRNA
gene primers (515F/806R) and sequencing technology (Illumina MiSeq)
that we used in our experiments (22). A file containing all demultiplexed
full-length debloomed sequences from the AGP was downloaded (April
2015 version). From this file, a subset of 157 samples was randomly se-
lected from individuals who provided their sex and were between 20 and
60 years of age. This subset of samples was analyzed using the method
described below.

Data analysis. The mothur software package was used for analyzing
the sequences generated in this experiment (24). The MiSeq standard
operating protocol was followed (25, 26) with the following modifica-
tions: after sequences were assembled, sequences that had any ambiguous
bases or were longer than 275 bp were removed; sequences that passed this
initial screening process were aligned to the Silva reference database (Re-
lease 123) (27-29); aligned sequences were again screened to remove se-
quences that contained homopolymers of 8 or more base pairs; UCHIME
was used for identifying chimeras from the remaining sequences (30);
after chimera removal, the Wang method was used for taxonomic classi-
fication of samples with the greengenes reference database (August 2013
version) (31-33); sequences that were unclassifiable or identified as chlo-
roplasts, mitochondria, Eukaryota, or Blattabacterium (a cockroach endo-
symbiont found in fat body cells) were removed. The remaining se-
quences were clustered into operational taxonomic units (OTUs) on the
basis of 97% or greater sequence identity.

To make an accurate comparison between data generated from this
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experiment and data provided by the AGP, sequences generated from this
experiment were trimmed to match the length of samples provided by the
AGP. All sequences were then analyzed using the same pipeline as de-
scribed above. Figures containing only the unique data generated in this
experiment used the original data set; figures containing comparisons to
the AGP data used the trimmed data set.

Accession number(s). The sequences generated from this experiment
were submitted to the NCBI Sequence Read Archive and are available
under the accession numbers SRP075213, SRP075102, and SRP075057.

RESULTS

Effect of diet on hindgut microbial community. Laboratory-
raised adult cockroaches were maintained for 14 days on a variety
of diets, including tuna, butter, honey, whole-wheat flour, white
flour, a mixture of the above, and a starvation diet. Over the course
of the experiment, only the butter and starvation treatments were
found to have significant effects on weight (paired ¢ test, P < 0.001
and P < 0.05, respectively). After 14 days on each diet, cock-
roaches were sacrificed and hindgut lumen contents were used for
microbial DNA extraction and 16S rRNA gene amplicon sequenc-
ing. A total 0f 28,742,658 16S rRNA gene sequences were obtained
from 99 unique samples, of which 15,754,172 passed quality
checks, resulting in an average of 1,294 OTUs per sample (see Data
Set S1A in the supplemental material).

Bacteroidetes, Firmicutes, and Proteobacteria were the predom-
inant phyla present in the gut microbiota of cockroaches receiving
all treatments (Fig. 1; see also Fig. S1 in the supplemental mate-
rial). Within the Bacteroidetes phylum, bacteria from the Porphy-
romonadaceae, Rikenellaceae, and Bacteroidaceae families were es-
pecially prevalent, accounting for over 40% of the total bacteria
found in several cockroaches. Clostridia represented the majority
of Firmicutes in the cockroach gut, though there were other classes
present, such as Erysipelotrichia and Bacilli. In the Proteobacteria
phyla, Desulfobacteraceae and Enterobacteriaceae were the major
families represented. The predominant archaeal taxon was Metha-
nomicrococcus blatticola, a methanogen associated most com-
monly with cockroaches (34). These results agree well with those
from previously published studies of cockroaches (17-19). Over-
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FIG 2 Alpha and beta diversities among cockroach gut and human fecal samples. Boxplots show Shannon diversity indices (left) and weighted (middle) and
unweighted (right) Bray-Curtis dissimilarities among the laboratory cockroaches raised on a dog food diet, all cockroach treatment groups, and human gut
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sequences. For each group, the bars delineate the means, the hinges represent the lower and upper quartiles, the whiskers extend to the most extreme values
(which are no more than 1.5 times the interquartile range from the box), and outliers are plotted, if present.

all, most identified microbes were typical of those found in the
guts of omnivores, including the human gut (13, 35). However,
many of the microbes found were unclassifiable above the class or
family level, suggesting that they may belong to poorly character-
ized, insect-specific lineages.

Dietary shifts did not result in large changes in gut microbial
community composition. No large differences in the relative
abundances of major bacterial phyla or families were observed
among dietary treatments (Fig. 1; see also Fig. S1 in the supple-
mental material). This is in contrast to results found in mammals,
where dietary shifts have been found to change the ratio of Bacte-
roidetes to Firmicutes and the proportions of other members of the
microbial community (13, 14). This stability in gut microbiome
composition was apparent at all taxonomic resolutions. An ordi-
nation analysis did not identify a strong impact of diet on the
microbial community composition at the 97% OTU level (see Fig.
S2 in the supplemental material). Neither nonmetric multidimen-
sional scaling nor principal component-based analyses de-
tected clear separation between diet treatments, suggesting that
diet does not have a strong impact on the microbial community
composition. Permutational multivariate analysis of variance
(PERMANOVA) found a significant effect for diet on community
composition (P = 0.001). However, the biological significance of
this difference is unclear, as the effect size was small (R> = 0.21
overall, average R* for 100 random permutations of data labels =
0.08). Similarly, pairwise comparisons of results from individual
diets with those from dog food controls identified small (R* = 0.11
to 0.23) but significant (P = 0.001 to 0.004) shifts in community
composition (see Table S2 in the supplemental material). In ad-
dition, we did not observe large shifts in alpha or beta diversity
following the treatments (see Fig. S3 in the supplemental mate-
rial).

The initial short-term dietary perturbation was followed up
with an extended time series. This long-term dietary shift included
the two additional dietary treatments of bran and filter paper (Ta-
ble 1) as well as more frequent sampling on days 1, 2, 3, 7, 14, 30,
60, and 90 (see Data Set S1B in the supplemental material). These
experiments also showed minimal dietary effects on gut microbi-
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ota composition (see Fig. S4 through S7 in the supplemental ma-
terial).

Individual-to-individual variation. An initial hypothesis was
that diet-driven changes in gut microbiome composition might
have been obscured by high individual-to-individual variation.
To test this, we compared the relative level of individual-to-indi-
vidual variation observed for P. americana to that found in other
animals with complex gut communities. For this comparison, we
used 16S rRNA gene sequences from 157 randomly chosen human
fecal samples obtained from the American Gut Project (AGP)
(22). This data set was chosen because it represents an extensive
examination of individual-to-individual variation in gut micro-
biome composition in an animal that shares many traits (an om-
nivorous diet and an anoxic, circumneutral hindgut lumen that is
extensively colonized by microbes) with cockroaches. One poten-
tial caveat is that the degree to which fecal samples accurately
reflect the microbial community composition of the gut lumen is
poorly constrained. However, we feel that this comparison places
our observations of cockroach gut microbial diversity in context.
To minimize artifacts resulting from differences in the sequencing
technologies used, we trimmed our cockroach data to match the
read length for the human data and jointly reprocessed the com-
bined human and cockroach data sets as described in Materials
and Methods. After quality control measures, a total of 2,768,251
16S rRNA gene sequences remained from 138 unique human fecal
samples, with an average richness of 1,075 OTUs per human fecal
sample. The reprocessed cockroach data comprised 15,899,340
16S rRNA gene sequences with an average of 1,713 OTUs per
sample.

The comparison of P. americana hindgut community compo-
sition with the community composition of human fecal samples
revealed that the cockroach gut community consistently exhibited
higher alpha diversity at the 97% OTU level than did the human
gut microbiota (Fig. 2). In contrast, comparisons of P. americana
composition identified much lower beta diversity than that ob-
served among human samples (Fig. 2). Similar trends were ob-
served for comparisons of our data to data sets from studies of
humans and humanized mice (36-38) (data not shown). Pairwise
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FIG 3 Comparison of laboratory-raised and wild-caught cockroach gut microbiota. (A) Relative abundances of the 10 most abundant phyla identified among
laboratory-raised and wild-caught cockroach gut samples immediately following capture (T0) or after 14 days of culture under laboratory conditions (T14). Each
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the whiskers extend to the most extreme values (which are no more than 1.5 times the interquartile range from the box), and outliers are plotted, if present.

comparisons of individual cockroach gut samples found signifi-
cantly lower average Bray-Curtis dissimilarities than a similar
comparison with human fecal samples for abundance-weighted
and unweighted measures (Fig. 2). This suggests that the cock-
roach population has less individual-to-individual variation than
does the human population. Moreover, the lower unweighted
(presence/absence-based) dissimilarity suggests that the cock-
roach population has a richer and more extensive core gut micro-
biota than does the human population (Fig. 2). A shared core
community of 201 OTUs (see Table S3 in the supplemental ma-
terial) was identified across all dietary treatment groups, averaging
67% of the sequences recovered from cockroaches from all dietary
treatment groups. In contrast, only 5 OTUs were shared among all
138 human samples (see Table S4 in the supplemental material),
accounting for an average of 31% of the sequences recovered from
human fecal samples.

Comparison between gut microbiota of wild-caught and lab-
oratory-raised insects. The dietary perturbations resulted in a
laboratory-raised P. americana host gut microbiota with very low
individual-to-individual variability relative to that in human fecal

November 2016 Volume 82 Number 22

Applied and Environmental Microbiology

samples. A comparison between the laboratory-raised and wild-
caught P. americana microbiota was conducted to verify that this
low diversity was a common property in this species and not an
artifact of laboratory culture conditions. To do so, we examined
the gut microbiota from freshly captured P. americana individuals
immediately upon capture and following 14 days of culture under
laboratory conditions.

At the phylum level, the gut microbiota from wild-caught P.
americana is similar to that from the laboratory cockroach popu-
lation. Bacteroidetes, Firmicutes, and Proteobacteria were the pre-
dominant phyla present in the gut microbiota from all treatment
groups (Fig. 3A). Wild-caught individuals exhibited a higher
abundance of Proteobacteria and a relatively lower abundance of
Bacteroidetes and Firmicutes (t test, P < 10> for the two time
points), which became more similar in abundance following 14
days of cultivation under laboratory conditions.

At the 97% identity OTU level, laboratory-raised and wild-
caught populations were clustered independently by ordination
analysis, with wild-caught cockroaches becoming more similar to
the laboratory population following 14 days of housing under
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laboratory conditions (Fig. 3B). The microbiota of wild-caught
cockroaches exhibited higher alpha diversity (Fig. 3C) and had
increased individual-to-individual variation by unweighted Bray-
Curtis dissimilarity metrics (Fig. 3C). However, the microbiota of
wild-caught and laboratory-raised cockroaches had similar levels
of individual-to-individual variation by abundance-weighted
Bray-Curtis metrics (Fig. 3C), suggesting that much of the differ-
ence in beta diversity can be attributed to a greater representation
oflow-abundance, transiently hosted microbes in the guts of wild-
caught cockroaches. This may have resulted from environmental
exposure to a higher diversity of microbes. Consistent with this
hypothesis, alpha diversity in the guts of wild-caught cockroaches
decreased following 14 days of cultivation under laboratory con-
ditions.

Direct comparisons between microbiota of laboratory-raised
and wild-caught cockroaches identified significantly greater be-
tween-group than within-group dissimilarities (Fig. 3C). This
suggests that there are differences in the specific microbial OTUs
hosted by these two populations. However, these between-group
dissimilarities are lower than those observed between individual
human fecal samples, suggesting that these gut populations main-
tain a large degree of overlap after a decade of laboratory cultiva-
tion. Consistent with this, the three treatment groups, which had
an average of 1,575 OTUs per sample, shared 199 microbial OTUs
(see Table S5 in the supplemental material) that made up an av-
erage of 47% of the sequences in gut communities recovered from
the initial wild-caught cockroaches, 55% from the wild-caught
cockroaches after 14 days under laboratory conditions, and 54%
from the laboratory-raised cockroaches. Interestingly, while alpha
diversity within wild-caught populations decreased following 14
daysin the laboratory, the level of dissimilarity between laboratory
and wild-caught cockroach populations did not decrease substan-
tially. This suggests that the core gut microbiome of wild-caught
cockroaches was not replaced with laboratory-associated species
during that time period.

DISCUSSION

Diet has a strong role in shaping the structure and function of the
mammalian gut microbiome (12-14, 39). Our goal was to deter-
mine to what extent the microbiome in the omnivorous insect P.
americana exhibits similar trends. Our results show that adult P.
americana has a rich, extensive core gut microbial community
with minimal variation between individuals. The cockroach core
gut community (see Tables S3 and S4 in the supplemental mate-
rial) is composed primarily of bacteria in the Bacteroidetes and
Firmicutes phyla, although members of the Euryarchaeota, Actino-
bacteria, Proteobacteria, Synergistetes, Tenericutes, and Verrucomi-
crobia phyla are present along with multiple unclassified bacteria.
This core was present in laboratory-raised and wild-caught cock-
roaches. These results contrast strongly with observations from
human fecal samples, which exhibit substantial individual-to-in-
dividual variation and few, if any, shared microbial OTUs.

P. americana’s stable extensive core microbial community ap-
pears to be a unique characteristic of the cockroach and is highly
resilient to changes in host diet. Our results are in agreement with
those from a study of the cockroach S. lateralis that found no
observable differences among the gut microbiota of cockroaches
fed alow- or high-fiber diet (11). Similar work in P. americana and
the related cockroach species B. germanica identified significant
changes in their gut communities in response to diet (17, 19).
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However, both studies used alternate sequencing technologies
that resulted in smaller numbers of sequences (216 and 48,527,
respectively) and examined fewer treatments (three and two treat-
ments, respectively) (17, 19).

In mammals, different microbial groups are believed to spe-
cialize in the utilization of specific dietary substrates, in part be-
cause they tend to increase in abundance when these substrates are
enriched in the host’s diet. For example, Bacteroidetes are associ-
ated with high-protein diets, while Firmicutes are associated with
high-fiber diets (35). This hypothesis is on the basis of two as-
sumptions, (i) that not all gut microbes utilize all substrates
equally well and that microbial abundance in the gut is dependent
on their ability to obtain substrates for growth, and (ii) that a
change in dietary composition translates into a change in sub-
strate availability within the gut. The absence of diet-driven
changes in the composition of the cockroach gut microbiome sug-
gests that one of these assumptions is not true. One possibility is
that cockroach-associated gut microbes are substantially more
metabolically versatile than those in mammalian-associated spe-
cies, and they can therefore survive equally well when presented
with a wide range of dietary compositions. Similarly, the ability to
utilize the dietary substrates tested may be widely distributed
across cockroach gut microbial lineages, such that changes in
substrate availability drive “hidden” changes in the microbial rep-
resentation at a sub-OTU resolution. A final possibility is that
cockroach gut microbes obtain growth substrates through an al-
ternative pathway, such as metabolic cross-feeding between gut
microbes or the provision of key substrates by the host. Future
investigations of the metabolic capabilities of cockroach gut mi-
crobes should provide further insight into these questions.

Cockroaches are among the most diverse and abundant mem-
bers of the animal kingdom and survive in a wide variety of hab-
itats, from the tropical rainforest and mountainous caves to urban
environments (40, 41). The American cockroach, P. americana,
can be found throughout the world; however, it is best known as a
common household pest that thrives in warm and moist environ-
ments, such as steam tunnels or boiler rooms (6, 42). Maturing to
adulthood in as few as 6 months and living for up to 2 years, adult
P. americana cockroaches are opportunistic feeders that can sur-
vive on a wide variety of food sources (40, 43) and frequently
subsist on no or limited food for days at a time (5). Thus, a stable
resident gut community provides a remarkable evolutionary ad-
vantage.

Insects have evolved diverse mechanisms for the maintenance
of stable host-symbiont relationships with their gut microbiota.
Heteropteran stinkbugs have developed highly species-specific as-
sociations with individual gut symbionts that are either mater-
nally transmitted or acquired early in development (44-46).
Other insects have established stable relationships with simple gut
communities, including honey and bumble bees (47, 48) and ants
(49). While the mechanisms by which bees regulate their gut mi-
crobiome have not been established, the Sonoran Desert turtle
ant, Cephalotes rohweri, was recently found to have a mechanical
filter that blocks any bacteria or particles larger than 0.2 pm from
entering into the midgut and hindgut after an initial gut micro-
biome is established (50). However, stable host/gut symbiont as-
sociations have been found primarily in insects with specialized
diets and low-diversity gut microbiota. Thus, it is unlikely that the
same mechanisms are at work in P. americana, which consumes a
wide-ranging, omnivorous diet and hosts a highly diverse gut mi-
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crobiome that compositionally resembles that of mammalian om-
nivores (11).

Termites are known to have a symbiotic relationship with their
gut microbial community, which, like the cockroach gut microbi-
ota, is extensive and diverse (1, 51). The termite’s more restricted
herbivorous diet and social behavior are currently thought to be
the key drivers that shape the development of their specialized gut
microbiota (51). However, given that molecular analyses suggest
that termites fall within the cockroach radiation (52), these results
suggest an alternative hypothesis in which the ability to maintain a
stable gut microbiome evolved prior to, and perhaps facilitated,
the evolutionary shift to a lignocellulosic diet. Further work
should provide insight into the mechanisms underlying this sta-
bility and its role in shaping cockroach (and termite) evolution
and ecology.
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