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Abstract A general and practical understanding of the pro-
cesses that drive microbiome assembly and structure are para-
mount to understanding organismal biology, health, and evolu-
tion. In this study of stream-dwelling crayfish, we conceptual-
ized colonization of microbial symbionts as a series of ecolog-
ical filters that operate at the environment, host, and host
microsite levels, and identified key ecological processes at each
level. A survey of Cambarus sciotensis in western Virginia,
USA, showed that the local environment and host microsites
interact to create complex patterns of microbial diversity and
composition. An in situ experiment confirmed a prevailing

effect of host microsite on microbial composition, and also
showed that an ectosymbiot ic worm (Annel ida;
Branchiobdellida) which feeds on biofilms and other symbionts
had significant effects on microbial composition of the host
carapace, but not gills. Bacterial communities of the carapace
were taxonomically rich and even, and correlated with micro-
bial communities of the ambient environment. Conversely,
communities on gills were less diverse and dominated by two
taxa with potential functional significance: Comamonadaceae
and Chitinophagaceae. The bacterial communities of the gills
appear to be tightly coupled to host biology, and those of the
carapace are mostly determined by environmental context. Our
work provides the first characterization of the crayfish
microbiome and shows howmulti-scale and experimental stud-
ies of symbiont community assembly provide valuable insights
into how the animal microbiome is structured under conditions
of natural complexity. Furthermore, this study demonstrates
that metazoan symbiont taxa, i.e., the branchiobdellidans, can
alter microbiome assembly and structure.
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1 Introduction

Recent advances in our understanding of the intimate and
diverse interactions between plants, animals, and their micro-
bial symbionts have blurred the lines that define individual
organisms and fundamentally changed the way we think about
ecology and evolution (Gilbert et al. 2012). Animals and
plants are colonized by diverse communities of symbionts that
can significantly influence the survival, growth and reproduc-
tion of their hosts, and in turn symbionts affect the impact their
hosts have on their environments (Brown et al. 2002, 2012;
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Palmer et al. 2010). Given these strong direct effects of sym-
bionts on their hosts and potential indirect effects on their
host’s communities and ecosystems, our understanding of
populations, communities and ecosystems should be greatly
enhanced if we have greater knowledge of which symbionts
are associated with various hosts and how these symbionts
may influence integration of hosts into various communities
and ecosystems.

While there is an extensive empirical and conceptual liter-
ature on the associations between many metazoan symbionts
and their hosts, we have only recently begun to accumulate
comparable data and concepts for microbial symbiont com-
munities. Observational studies utilizing new sequencing
technologies have highlighted patterns of microbial symbiont
diversity and composition across a range of contexts
from specific host body parts to geographic regions (e.g.
Costello et al. 2009; Dominguez-Bello et al. 2010;
Kuczynski et al. 2010; Huttenhower et al. 2012; Shafquat
et al. 2014). Increasingly, frameworks that embrace multi-
scale processes of community structure are being used to ex-
plain the typically complex patterns of symbiont diversity
(e.g. Dethlefsen et al. 2007; Pedersen and Fenton 2007;
Graham 2008; Mihaljevic 2012). Though promising, these
multi-scale frameworks are in need of empirical evaluation,
and particularly experimental evaluation.

Although animal microbiome research has been largely
focused on humans and other terrestrial vertebrates, essential
relationships with microbial symbionts are also ubiquitous
among aquatic animals (Scheuring and Yu 2012; Clay
2014). Skin bacteria serve as protective agents against am-
phibian pathogens (Harris et al. 2009; Loudon et al. 2014).
Microbial symbionts unlock novel food resources, and com-
petitively exclude potentially harmful pathogens for many
aquatic invertebrates, including sponges, corals, and arthro-
pods (Scheuring and Yu 2012; Peerakietkhajorn et al. 2015).
Given the ubiquity of important microbial associations in
aquatic animals, important and yet undiscovered relationships
between crayfish and microbial symbionts seem likely and
may have far-reaching consequences. Crayfish have a world-
wide distribution in freshwaters, serve as keystone species and
ecosystem engineers (e.g. Creed 1994; Statzner et al. 2000,
Statzner et al. 2003; Usio and Townsend 2002, 2004;
Creed and Reed 2004), and include many endangered,
as well as invasive nuisance species (Taylor et al. 2007;
Helms et al. 2013; Owen et al. 2015). Crayfish are also one of
the most frequently used model organisms in organismal bi-
ology (Holdich and Crandall 2002). Part of the interest in
crayfish research stems from their amenability to field and
laboratory studies, including experimental studies of symbiot-
ic associations (Skelton et al. 2013). Despite the wealth of
interest and intense study of crayfish, we are unaware of pre-
vious investigations focused on the development of the cray-
fish microbiome.

In this study, we conceptualized the bacterial microbiome
of stream inhabiting crayfish as the result of a series of nested
filters operating at scales from the geographic region to
microsites on the hosts’ bodies (Fig. 1). At the coarsest scale,
physical and biological characteristics of a local environment
filter out a subset of all bacterial taxa that could potentially
colonize the habitat from the regional species pool (Fig. 1a).
This subset of the regional pool represents the environmental
pool of potential microbial symbionts for hosts living in a
given local habitat. Microbiome community membership
may again be filtered at the interface between host and envi-
ronment because only a subset of environmental microorgan-
isms are able to colonize and thrive on any individual host
(Fig. 1b). The specific characteristics of different parts of the
host’s body, here called Bmicrosites^, may further filter colo-
nizingmicrobial symbionts at the microsite level (Fig. 1c). For
example, the gills of crayfish are the site of gas exchange and
ammonia excretion. Conversely, the carapace is thicker and
far less permeable. Thus, the chemical environments of these
two microsites are likely quite different and likely to host very
different microbial communities.

We implemented field surveys and an in-situ experiment to
identify the processes that filter colonizing microbial commu-
nities at each level in our framework. We examined the
strength of environmental filtering on microbial symbiont
communities by comparing environmental and symbiotic bac-
terial communities in four watersheds. To assess the relative
strength of environmental filtering at the level of host
microsite versus host habitat, we compared microbial commu-
nities of the gills and carapace across all four watersheds.
Finally, we conducted a field experiment with manipulated
co-infection treatments of Cambarincola ingens Hoffman
1963 (Annelida: Branchiobdellida), an obligate ectosymbiont

Regional microbe
species pool

Environmental microbes

Microsite 
community

Fig. 1 Conceptual diagram showing multi-level filtering of microbial
symbiont community during symbiont community assembly. Potential
symbionts from the regional species pool are filtered by habitat
characteristics such as water chemistry and pH at the host habitat level,
by host characteristics at the host-habitat interface, and by symbiont
interactions and habitat characteristics at the host microsite level. Thus
the community structure observed at any microsite within the host is the
product of a series of nested ecological filters that operate at scales from
geographic to cellular
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that feeds on crayfish biofilms and other co-occurring symbi-
onts, to explore the effects of metazoan symbionts on the
diversity and composition of the crayfish microbiome. Our
results demonstrate the necessity of a complete multi-level
framework to understand patterns of microbial symbiont di-
versity and to identify key interactions that may influence
microbiome assembly and structure.

2 Materials and methods

Field surveyWe examined the crayfish microbiome at 4 sam-
pling sites within the New River drainage near Blacksburg,
Virginia, USA; Sinking Creek (37°18′9.34″ N, 80°29′6.9″
W), Big Stoney Creek (37°24′53.33″ N, 80°34′53.58″ W),
Tom’s Creek (37°14′23.82″ N, 80°27′30.55″ W), and Spruce
Run Creek (37°15′54.43″N, 80°35′52.67″W). Six adult cray-
fish (Cambarus sciotensis Rhoades, 1944) of similar size
(35 mm mean carapace length [CL], ± 5 mm SD) from each
site were sampled. Terminal restriction fragment length poly-
morphism (TRFLP) analysis of the 16S rRNA gene was used
to estimate bacterial diversity and compositional variation
(Thies 2007), in addition to 3 replicate samples of benthic
substrate biofilms from each site. TRFLP is a largely automat-
ed process suited for high sample through-put and is useful for
tracking changes in microbial community structure at coarse
taxonomic scales over time and space (Schütte et al. 2008).
All sampling sites were within the contiguous range of
C. sciotensis (Hobbs et al. 1967). Sites were chosen based
on accessibility and to capture a range of benthic sub-
strata types, including limestone (Spruce Run Creek and
Sinking Creek), shale (Big Stoney Creek), and sand (Toms
Creek). Sampling of benthic substrata consisted of swabbing
a 1 cm2 upward facing surface of randomly selected cobbles
from the streambed.

Cleaner symbiont experiment We conducted a field experi-
ment to assess the influence of metazoan ectosymbionts on the
crayfish microbiome. Twenty crayfish enclosures (Bcages^)
were installed in the South Fork of the New River near the
campus of Appalachian State University in Boone, N.C. in
June 2012. Cages consisted two layers of hardware cloth mesh
(12 mm) on the front and back to permit unimpeded flow of
stream water, while isolating individual crayfish for recapture
and preventing transmission of ectosymbionts to caged cray-
fish from external crayfish (cages described in Brown et al.
2012; Skelton et al. 2013). Approximately 40 L of mixed
substrate collected immediately downstream was added to
each cage. Cages were arrayed according to a randomized
block design, with 5 blocks perpendicular to stream flow to
control for upstream/downstream effects of cage placement
(Fig. 2). Each block contained four cages, wherein a single
crayfish received one of four treatments: no worms (all

branchiobdellidans removed), 6 worms, 12 worms, or imme-
diate harvesting for assessment of initial microbial communi-
ties at the experiment’s outset. Our 6 worm treatment repre-
sents typical densities of C. ingens for Cambarus of the size
used in our experiment (30–35 mm CL; Brown and Creed
2004; Brown et al. 2012; Skelton et al. 2016). Our 12 worm
treatment represents a higher than typical density, but is within
the observed range of densities for our site.

Cambarus chasmodactylus James, 1966 of carapace length
(30-35 mm) and bearing all appendages were collected from
tributaries of the New River. All branchiobdellidan worms
were removed in the laboratory via manual removal by for-
ceps, followed by 5 min submersion in a 0.5 M MgCl2 solu-
tion (Brown et al. 2002). Crayfish were then kept in the ex-
perimental cages for 13 days to allow reconditioning of gill
and carapace surfaces with native microorganisms. Then, we
began the experiment by transplanting large worms
(C. ingens) collected from local tributaries onto crayfish at
treatment levels. Midway through the 43 d experiment, cray-
fish were physically examined and worm treatments adjusted
by reapplying missing worms as necessary to achieve initial
treatment levels. Debris was removed from the exterior of
cages every other day throughout this period to prevent accu-
mulation of sediment or altered flow in/around cages.

Microbial sampling protocols For both the survey and field
experiment, sampling of microorganisms was performed in-
field using flame-sterilized equipment. Carapace communities
were sampled by wiping one randomly selected lateral
half of the carapace with a sterile swab for 10s and
immediately preserving the swab head in a microcentrifuge
tube preloaded with a sucrose lysis buffer (pH = 9) (Mitchell
and Takacs-Vesbach 2008). Similar techniques were used to
sample a 1 cm2 area of cobbles comprising the benthic
substrate of our field survey. For gill samples, the car-
apace was removed and the rear-most gill tuft from one
lateral side (randomly chosen) was clipped and stored in a
tube of buffer. All samples were kept on ice and moved to
−80 °C storage within hours. All remaining crayfish carcasses
were preserved in 70% ethanol for determination of final
worm densities.

DNA extraction was performed using a conservative tech-
nique optimized for potentially low-biomass and low diversity
environmental samples (Geyer et al. 2013). Briefly, DNAwas
extracted using a cetyltrimethylammonium bromide (CTAB)
procedure that involves a mixture of 1% CTAB, 10% sodium
dodecyl sulfate, phenol/chloroform/isoamyl alcohol
(pH = 7.5), lysozyme (0.2 μg/μL), and proteinase K (20 μg/
μL) with either a swab head or gill tissue. Extracted DNAwas
resuspended in Tris buffer (pH = 8.0) and quantified via spec-
trophotometry (NanoDrop 2000; Thermo Scientific,
Wilmington, DE, USA). The average recovery of DNA from
carapace swabs was ~50 ng DNA/μL and ~500-1000 ng
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DNA/μL per gill filament (a majority of which was assumed
to be crayfish DNA).

TRFLP analysis PCR amplification of extracted DNA took
place in triplicate (25 μL reaction volume) using a standard
2uL of diluted template, 5 units/μL of Taq Hot Start
Polymerase (Promega Corporation, Madison, WI, USA),
and the universal bacterial primers 8F (5 ′-AGAG
TTTGATCMTGGCTCAG-3 ′) and 519R (5 ′-ACCG
CGGCTGCTGGCAC-3′), the forward primer labeled with a
5′ 6-FAM fluorophore (Integrated DNA Technologies,
Coralville, IA, USA). Amplification was optimized for con-
centrations of MgCl2 (2.5 mM per reaction), BSA (1 μL/re-
action), annealing temperature (53 °C), and final extension
time (5 min). Amplification replicates were pooled and
cleaned using a QuickClean II PCR Extraction Kit
(GenScript, Piscataway, NJ, USA). Amplifications were
digested with HaeIII (New England BioLabs, Ipswich, MA,
USA) in triplicate (20 μL reaction volume) for 3 h at 37 °C
following manufacturer’s suggested protocols. Digestion rep-
licates were then pooled and cleaned using GenScript extrac-
tion kits. Fragment separation/quantification took place in
quadruplicate with an ABI 3130xl Genetic Analyzer
(Applied Biosystems, Carlsbad, CA, USA) and fragments
binned using the GeneMarker software AFLP protocol.
Resulting sample profiles were standardized using the proce-
dures outlined in Dunbar (2001) to produce both a consensus
profile among replicates and final normalization of all sample
profiles by total sample fluorescence.

Next-generation sequencing Illumina MiSEQ amplicon se-
quencing was used to examine the diversity of bacterial com-
munities. Approximately 150 ng of 48 DNA extracts were

provided to the Virginia Bioinformatics Institute at Virginia
Tech for 150 bp paired end sequencing of the V4-V6 region of
the16S rRNA bacterial gene. The result was ~500 k reads per
sample with an average length of 253 bp after stitching of
paired reads. PANDAseq was used to merge forward and re-
verse reads, correct errors in the region of overlap, and reject
any reads that failed to overlap sufficiently (Masella et al.
2012). Taxonomy was assigned to all unique sequences using
the UCLUST method and GreenGenes reference database
(13_8 release) (DeSantis et al. 2006) in QIIME (1.7.0)
(Caporaso et al. 2010). USEARCH was used to cluster all
dereplicated reads into OTUs at the 97% similarity level and
filter chimeras (Edgar 2010). The UPARSE pipeline was
followed for all data denoising (Edgar 2013). A total of
10,489 OTUs were successfully annotated and formed the
basis of subsequent multivariate analyses. To reduce the influ-
ence of spurious OTUs, we aggregated OTUs at the finest
taxonomic level and removed all OTUs that comprised less
than 0.1% of the total dataset prior to analysis. We also re-
moved OTUs identified as chloroplasts by BLAST search.
Sequences for all bacterial OTUs were deposited in
GenBank (accession numbers KY250848 - KY260576).

Statistical methods To assess bacterial diversity observed on
carapaces and gills, we calculated Simpson diversity for each
sample from normalized TRFLP fragment peaks using the
diversity() function of the vegan package for R v2.0–10
(Oksanen et al. 2016). Simpson diversity indices were con-
verted to effective numbers of taxa following Jost (2006). This
conversion approximates the total number of equally abun-
dant taxa in a community and makes comparisons among
communities more interpretable and intuitive than raw diver-
sity indices (Jost 2006). We used linear regression to correlate

Fig. 2 In-stream enclosures
arranged in a randomized block
design field experiment with 4
treatment levels and 5 blocks
perpendicular to streamflow.
Double walls of wire mesh
prevent contact between
experimental and wild crayfish,
and prevent transmission of
worms into cages, while allowing
natural stream flow and
colonization of crayfish prey
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the observed diversity of crayfish samples with bacterial di-
versity of the local substrate and to compare diversity ob-
served on gills to that of carapaces. We first calculated the
average diversity of all substrate samples from each sampling
locality, and then used average substrate diversity as a
continuous predictor and crayfish microsite (gill versus
carapace) as a categorical factor, with an interaction term. We
also used linear regression to assess the effects of sample type
(gills versus carapaces) and branchiobdellidan treatment level
with an interaction term in our symbiont experiment. In
this case, diversity was calculated as described above using
the number of reads assigned to each OTU after se-
quence binning.

We examined the main and interactive effects of host
microsite (gills versus carapaces) and sampling site on the
TRFLP fragment composition (a proxy for bacterial communi-
ty composition) using permutations multivariate analysis of
variance (PERMANOVA; Anderson 2001) implemented using
the adonis() function in the R package Vegan v2.0–10
(Oksanen et al. 2016), with a Bray-Curtis dissimilarity matrix
and 10,000 permutations. Compositional effects were visual-
ized by non-metric multidimensional scaling (NMDS) using
the metaMDS() function in vegan v2.0–10. The same statistical
methods were used to assess the effects of branchiobdellidan
treatment levels on the bacterial composition of gills and cara-
paces in the symbiont experiment. We also usedMantel tests to
assess the strength of multivariate correlations between average
within-site TRFLP profiles from substrate samples, to those of
gills and carapaces across all 4 sites. This was done by taking
the average peak height for each fragment length from
each sample type (gills, carapaces, and cobbles) within each
site to create 3 site by fragment length matrices; 1 ma-
trix each for cobbles, gills and carapaces. We then used
2 Mantel correlations to correlate gills and cobble, and cara-
paces and cobbles across sites (mantel() function; vegan 2.0–
10; Oksanen et al. 2016).

3 Results

Field survey DNA fingerprinting (TRFLP) results recovered
an average of 37.9 (min = 21, max =47) and 20.3 (min = 8,
max =36) OTUs from carapace and gill microsites, respective-
ly, suggesting greater overall phylum-level richness of cara-
pace biofilms (Fig. 3). Cobbles sampled from the stream bed
had an average of 30.2 taxa (min = 13, max =50). There was
significant variation in microbial diversity among host
microsites and among sampling locations (Fig. 3), and mar-
ginally significant, interactive effects of sampling location and
host microsite on symbiotic microbial diversity (Table 1).
Variation among watershed in the microbial diversity inferred
from TRFLP analysis of the carapace was correlated with the
microbial diversity of local substrate, however among-site

variation in the diversity of the gills was not related to sub-
strate diversity (Fig. 3).

Host microsite accounted for most of the compositional
variation inferred from TRFLP analysis among samples
(PERMANOVA, F1,33 = 23.86, p < 0.001, R2 = 0.33).
Additionally, there was significant among-site variation in mi-
crobial composition (PERMANOVA, F3,33 = 2.68, p = 0.003,
R2 = 0.11), and interactive effects of sampling site and
microsite on composition (PERMANOVA, F3,33 = 2.54,
p = 0.003, R2 = 0.10). NMDS ordination recovered 2 conver-
gent solutions after 12 tries and a final stress of 0.12. The
bacterial composition inferred from TRFLP analysis of the
carapace biofilm was largely indistinguishable from that of
local substrate biofilms, whereas the composition of the gills
was distinct from the substrate (Fig. 4). Across watersheds,
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Fig. 3 Field survey results depicting the relationship between microbial
diversity originating from crayfish (gills[grey symbols]; carapace[black
symbols]) and surrounding environment (substrate) from four sampling
sites, ± 1 SE. Diversity is shown as the effective number of equally
abundant unique fragment lengths, derived from Simpson’s Index of
relativized TRFLP data. Grey reference shows 1:1 relationship. Diversity
of carapace was typically higher than, and positively correlated with
substrate diversity. Gill diversity was typically lower than, and
uncorrelated with substrate diversity

Table 1 Linear regression for effects of average substrate diversity and
crayfish microsite on bacterial diversity. The overall model was highly
significant (F3, 37 = 30.21, p < 0.001). Bold font p-values indicate signif-
icance for α = 0.05

Coefficients Estimate t statistic p value

Intercept 10.25 3.685 < 0.001

Sample type (Gills) -2.91 -0.718 0.477

Mean substrate diversity 0.521 2.507 0.017

Sample type × substrate diversity -0.521 0.300 0.090
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there was a significant correlation between the bacterial com-
position of the benthic substrate and the carapace microbiome
(Mantel r = 0.812, p = 0.034), and a marginally significant
correlation between substrate composition and the composi-
tion of the gills biofilm (Mantel r = 0.527, p = 0.089).

Cleaner symbiont experiment Examination of all crayfish at
the middle and conclusion of the experiment confirmed that our
methodology prevented colonization of worms on crayfish in
the 0 worm treatment. Previous studies using these cages have
had similar success (Brown et al. 2012; Skelton et al. 2013).
There was some mortality of adult worms, as well as worm
reproduction during the experiment that led to variation in worm
density among crayfish within each worm treatment level. After
the experiment, the high density treatment had an average of 4.6
(± 0.75 SE) adult worms and 16.8 (± 3.01 SE) juvenile worms
(21.4 total). The medium density treatment had an average of
3.0 (± 0.58 SE) adult worms and 10.0 (± 4.58 SE) juvenile
worms (13.0 total). Thus the high density treatment remained
high compared to the medium density treatment, with an aver-
age of 1.64Xmoreworms than in themedium density treatment.

Similar to the TRFLP results from the field survey, Illumina
sequencing of the experimental crayfish biofilms confirmed that
the bacterial communities of carapaces were much more diverse
(mean adjusted Simpson’s index =35.2) than those of the gills
(mean = 4.75). There were no significant effects of
branchiobdellidan treatments on the microbial diversity of the

carapace or the gills (Table 2). Again, similar to the results of
our field survey which were inferred from TRFLP analysis,
Illumina sequencing of microbial composition of crayfish sam-
ples showed that the carapace was distinct from that of the gills.
Bacterial communities of the carapaces contained many evenly
abundant taxa, whereas the gills contained many fewer taxa and
were dominated by two bacterial families; Comamonadacea and
Chitinophagacea (Fig. 5). Comamonadacea had the highest rel-
ative abundance of all taxa recovered from gill samples, com-
prising an average of 41.0% (± 3.9%SE) of reads in gill samples.
Second was Chitinophagacea which comprised an average of
15.5% (± 2.4%SE) of reads from gill samples. Conversely, these
taxa comprised an average of 4.4% (±0.007% SE) and 0.4% (±
0.003% SE) of reads from carapace samples respectively.
Illumina sequencing showed that branchiobdellidan treatments
had no detectable effects on the microbial composition of the
crayfish gills (Fig. 6 left panel). In contrast, there was a signifi-
cant effect of worm treatment on the bacterial composition of the
carapaces in which crayfish exposed to high symbiont densities
were distinct from controls and medium density treatments
(Fig. 6 right panel). There was no significant difference in mul-
tivariate dispersion among treatments (F2,12 = 0.169, p = 0.847).

4 Discussion

Although some microbial symbionts are transmitted from par-
ent to offspring, or from host to host, most are obtained from
environmental sources (Bright and Bulgheresi 2010; Walke
et al. 2014). In this study, we examined ecological filters that
operate at multiple levels as the crayfishmicrobiome is assem-
bled from environmental sources. We found significant
sources of variation at each level, from geographic sampling
location, to interactions among metazoan and microbial sym-
bionts within host microsites. By far, the strongest influences
over microbiome community composition were observed at
the microsite level, where colonizing bacterial symbionts in-
teract with host tissues and other symbionts.

Host habitat level Our field survey showed that local envi-
ronment had variable influence on the microbial communities
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Fig. 4 Non-metric multidimensional scaling (NMDS) of field survey
results showing relationships among the bacterial biofilm community of
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locations; red = BSinking Creek^, blue = BBig Stoney ,̂ green = BSpruce
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Table 2 Linear regression for effects of branchiobdellidan worm
treatment and crayfish microsite type on bacterial diversity. The overall
model was highly significant (F3, 28 = 79.56, p < 0.001). Bold font p-
values indicate significance for α = 0.05

Coefficients Estimate t statistic p value

Intercept 35.51 18.033 < 0.001

Worm treatment 0.182 0.249 0.470

Sample type (Gills) -29.53 -9.629 < 0.001

Sample type × worm treatment -0.252 -0.655 0.518
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of each host microsite. Microbial composition of the gills and
carapaces varied among watersheds, and were correlated with
the composition observed from the local substrata, indicating

that many taxa sampled from crayfish are probably opportu-
nistic environmental bacteria. This result is similar to those of
other studies of aquatic animal microbiomes (Walke et al.

carapaces gills

carapaces

gills

g: Rhodococcus
g: Cellulomonas
g: Geobacter
o: Rhodocycales
g: Pseudomonas
p: Preteobacteria
g: Crenothrix
p: Acidobacteria
p: Acidobacteria
f: Verrucomicrobiaceae
f: Pirellulaceae
f: Deinococcaceae
g: Hyphomicrobium
g: Gemmata
g: Plantomyces
c: Betaproteobacteria
f: Saprospiraceae
k: Bacteria
o: Sphingobacteriales
o: Rhizobiales
o: Ac�nomycetales
Unassigned
f: Comamonadaceae
f: Chi�nophagaceae
o: Saprospirales
g: Leadbe�erella
f: Methylophilaceae
g: Cloacibacterium

Fig. 5 Comparison of microbial communities of the crayfish carapace and
gills. (left) Rank abundance curves for the 100 most frequently observed
taxa showed that carapace communities were more taxonomically even than
those of the gills, and gills were largely dominated by few taxa. (right) Heat
map of showing the log counts of reads for 30most frequently observed taxa

revealed major compositional differences between gills and carapaces.
Columns are arranged by similarity using hierarchical clustering. The gills
were dominated by two taxa, Comamonadacea andChitnophagacea. Letters
before taxa indicate finest taxonomic rank resolved from bioinformatics
pipeline (e.g., g = genus, f = family, o = order)
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2014). Our results also indicate that processes acting at a finer
level limit gill community diversity, but not carapace diversity.
The microbial richness of the carapace was similar to, and
positively correlated with the richness of environmental sam-
ples, indicating that richness of the carapace is determined by
richness of the environment. However, environmental rich-
ness and gill richness were not correlated, and gills consistent-
ly had many fewer taxa than environmental samples. Thus a
process that operates at the microsite level, such as host im-
munity, restricts successful colonization of most environmen-
tal taxa on the gills (discussed below).

We suspect that the observed variation in microbial com-
munities among watersheds may be attributed to local physio-
chemical characteristics of each watershed. It is well-known
that global patterns in soil and stream bacteria composition and
diversity are shaped by pH gradients at both world-wide and
local spatial scales (Fierer et al. 2007; Lauber et al. 2009;
Rousk et al. 2010). Althoughwe did not assess physiochemical
characteristics of our sampling sites in this study, pH seems to
be a likely underlying environmental driver of among site var-
iation based on the results of work from another temperate
watershed in the eastern United States (Fierer et al. 2007).

Host-habitat interface As microbial symbionts are acquired
from the surrounding environment, membership of the
microbiome may again be filtered at the interface of host
and environment. It is not likely that all microorganisms pres-
ent in an environment are suited for symbioses with an animal
host, and variation among hosts (species and individuals) may
select for different subsets of the environmental pool
(McKenzie et al. 2012; Kueneman et al. 2014; Walke et al.
2014). Ecological and host-mediated differences among
microsites on, or in, the host body may select for a more
specialized subset of the global pool. For example, microbial
communities of human skin vary widely among parts of the
human body (Costello et al. 2009; Grice and Segre 2011).
Therefore, the communities of bacteria found in association
with a host microsite may represent a restricted subset of the
global pool of potential colonists. Carapace diversity was sim-
ilar to bacterial samples taken from local substrates.
Conversely, microbial communities of the gills were shown
by TRFLP analysis of survey data to be less diverse than local
substrate and carapaces at all sampling sites, and again found
to be less diverse than carapace biofilms by direct sequencing
of experimental animals. Thus the gills appear to impose a
strong filter on microbial symbiont communities, but similar
filtering is weak or non-existent on the less physiologically
active carapace.

Microsite processes Crayfish gills are a vital interface be-
tween the crayfishes’ internal physiology and the external en-
vironment. The gills exchange respiratory gases with the en-
vironment, are sites of nitrogenous waste excretion, and

regulate ion exchange. Consequently, the gills are composed
of thin, un-sclerotized epithelia. Conversely, the carapace is
composed of heavily sclerotized and calcified cuticle, and is
approximately 300 times less permeable than the gills
(Pequeux 1995). Both microsites are accessible to microbial
colonization from environmental sources. Although the gills
are contained within a partially closed gill chamber, water is
routinely moved across the gills to maintain a respiratory cur-
rent. This water contains environmental sediments that serve
as sources of microbes that could colonize the gills, and accu-
mulations of sediments and microbial biofilms on the gills are
a major challenge to crayfish physiology (Bauer 1998;
Rosewarne et al. 2014).

Because of the physiological challenges imposed by micro-
bial colonization of the gills, we predicted that the microbial
communities the gills would be limited by host defenses to few
specialized taxa. Our results supported our predictions. In con-
trast to the carapace, crayfish gills were found to have less
diverse microbial communities that were dominated by two
taxa. While carapaces were characterized by many evenly dis-
tributed taxa, the gills were dominated by Comamonadacea
and Chitinophagacea. Reduced bacterial diversity, and
constrained microbial membership of the crayfish gills may
be at least in part attributable to host immunity and the produc-
tion of antimicrobial chemicals. Previous work has shown that
the hemolymph of some crayfish species can inhibit the growth
of some bacterial taxa in culture and may reduce bacterial
accumulations on crayfish gills (Farrell et al. 2014).

Microbiome studies are increasingly focused on non-
random microbiome community assembly, with a particular
focus on beneficial microbial taxa (e.g. Bäckhed et al. 2005;
Dethlefsen et al. 2006, 2007; Huttenhower et al. 2012;
Scheuring and Yu 2012; Shafquat et al. 2014). Most beneficial
microbes provide either nutritional advantages or defense
against invading pathogens (Bäckhed et al. 2005;
Huttenhower et al. 2012). Based on recent theoretical develop-
ments (Scheuring and Yu 2012), we suspect that microbial
resources released through the thin and permeable cuticle of
the gills fuels the competitive dominance of Comamonadacea
and Chitinophagacea, and that one or both taxa may produce
antimicrobial compounds to maintain dominance and protect
the host from invading pathogenic taxa. The gill cuticle itself
could be a resource for Chitonphagacea, as several strains
within this family are known to degrade chitin (Rosenberg
2014). Similar relationships between animals and protective
microbes are common in nature and have been described in
many marine invertebrates such as sponges and corals
(Scheuring and Yu 2012; Clay 2014). Given the ubiquity of
protective microbes on marine animals it is likely that similar
associations may occur in freshwater habitats.

Evidence from other freshwater animals further indicate that
Comamonadacea and Chitinophagacea may serve a significant
function in crayfish biology. Recent experimental work has
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demonstrated a positive effect of bacterial symbionts on the
population growth rates of a small freshwater crustacean,
Daphnia (Peerakietkhajorn et al. 2015). Similar to our study,
beneficial microbial communities were largely composed of
Betaproteobacteria belonging to the Comamonadacea; a find-
ing congruent to previous investigations of the bacterial
symbionts of Daphnia (Qi et al. 2009; Freese and Schink
2011). Moreover, Comamonadacea and Chitinophagacea are
often dominant members of the skin microbiomes of aquatic
amphibians (Harris et al. 2009; McKenzie et al. 2012;
Kueneman et al. 2014; Walke et al. 2015), yet the processes
that led to their ubiquity and dominance in aquatic animal
microbiomes, and their potential functional significance are
not resolved.

Because our field survey used DNA fingerprinting, the
identity of the dominant taxa on the gills ofC. sciotensis could
not be determined. Because the sequencing study and the field
survey were conducted on different Cambarus species, it is
possible that the gills of C. sciotensis and C. chasmodactylus
are dominated by different microbial taxa. Host specificity in
the microbial symbionts of crayfish gills remains an unex-
plored and potentially fruitful avenue for future research.
Nonetheless, the observations and methodologies presented
here clearly indicate that patterns of microsite diversity are
consistent among bothCambarus species. Specifically, micro-
bial communities of the carapace have higher taxon richness
and evenness than the gills.

The study of symbioses continues to expand beyond con-
cepts based on pairwise species interactions and is embracing
the realistic complexity of symbiosis. Recent synthetic work
has highlighted the importance of direct and indirect interac-
tions among symbionts during symbiont community assem-
bly (Graham 2008; Skelton et al. 2015, 2016; Thomas et al.
2016). However, perspectives that transcend microbe-microbe
or microbe-host interactions are not typically considered. We
have shown that metazoan symbionts exert influence over
microbial symbiont communities at the microsite level.
Crayfish growth and survivorship can be increased by hosting
branchiobdellidan worms (reviewed in Skelton et al. 2013).
Several lines of evidence suggest that the positive effect of
worms on their host is mediated by interactions with microbial
communities that develop on the gills. Cambarincola ingens
often enter the gill chamber and consume organic matter that
accumulates therein, in addition to grazing on the exoskeleton
biofilm (Brown et al. 2002, 2012). Accumulations of organic
matter, particularly bacterial flocs, present a major challenge
to crayfish in their natural benthic environment (Bauer 1998;
Rosewarne et al. 2014). Thus researchers have hypoth-
esized that C. ingens increase the growth and survival
of their hosts by consuming harmful organic matter, including
bacteria flocs, from the gill epithelia (Brown et al. 2002,
2012). Support for this hypothesis has come from multiple
studies demonstrating context-dependent outcomes in the

interactions between crayfish and their worms (Lee et al.
2009; Brown et al. 2012; Thomas et al. 2013, 2016; Skelton
et al. 2014).

In this study, branchiobdellidans had a significant effect on
the composition of carapace microbial communities, but no
detectable effect on microbial composition of the gills.
Bacterial richness was also unaffected on both gills and cara-
paces. The methods used in this study could only detect
changes in bacterial composition and not bacterial biomass,
so it remains possible that branchiobdellidans reduce bacterial
biomass on the gills without specific effects on the composi-
tion of bacterial communities. Because the gills were found in
this study to be dominated by a few taxa and perhaps influ-
enced directly or indirectly by the host, any effects of worms
on gill bacterial communities is more likely to be due to re-
ductions in microbial biomass and not changes in microbial
taxonomic composition. In contrast to the gills, microbial
communities of the carapace appear to be more variable, and
composed of abundant opportunistic colonizers whose rela-
tive abundances are influenced by local factors such as envi-
ronment and branchiobdellidan presence. The effect of
branchiobdellidans could be either from direct grazing or in-
direct effects of grazing via resource alteration. Whatever the
cause, the disparity between worm effects on gills and cara-
paces suggests that gill microbial communities are less sus-
ceptible to alteration from local biological factors, and that the
symbiosis between crayfish and the bacterial communities of
their gills is more tightly coupled to host biology than envi-
ronmental context.

5 Conclusions

Our goal for this study was to examine the effects of ecological
processes on patterns of microbial symbiont communities at
multiple scales, from watersheds to host microsites. We provid-
ed the first sequenced-based characterization of the crayfish
microbiome and identified taxa with potential functional sig-
nificance to crayfish biology. The crayfish microbiome was
influenced by local environment, host microsite, and interac-
tions with metazoan symbionts. Predominant ecological pro-
cesses that dictated membership of the crayfish microbiome
operated at the finest spatial scales, where microorganisms in-
teract with each other and with host tissues. The majority of
variation in microbial composition and diversity was explained
by host microsite, a result that was consistent across DNA
fingerprint analyses and high-throughput amplicon sequencing.
The microbial communities of the gills were found to be less
responsive than carapaces to the influences of environment and
interactions with metazoan symbionts, suggesting a stronger
influence of host control over microbial colonization of gills.
Gills were dominated by two bacterial families identified in
other studies as symbionts of other aquatic animals, suggesting
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that these organisms may represent important specialized
aquatic animal symbionts.

Acknowledgments We sincerely thankMichael J. Thomas andMathew
Hedin for their help in the field and laboratory. Allan Dickerman and the
staff of the Virginia Tech Bioinformatics Institute were critical partners for
high-throughput amplicon sequencing and analysis. This manuscript
benefited greatly from thoughtful comments from Michelle A. Jusino and
two anonymous reviewers. Funding was provided by the National Science
Foundation (DEB-0949780 to BLB and DEB-0949823 to RPC), Virginia
Tech Organismal Biology and Ecology Interdisciplinary Grants (to JS and
KMG), and the Virginia Bioinformatics Institute and Fralin Life Science
Institute Small Grants Program (to JS, KMG, JTL and BLB).

References

Anderson MJ (2001) A new method for non-parametric multivariate
analysis of variance. Austral Ecol 26:32–46

Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI (2005)
Host-bacterial mutualism in the human intestine. Science 307:
1915–1920

Bauer RT (1998) Gill-cleaning mechanisms of the crayfish Procambarus
clarkii (Astacidea: Cambaridae): experimental testing of setobranch
function. Invertebr Biol 117:129–143

Bright M, Bulgheresi S (2010) A complex journey: transmission of mi-
crobial symbionts. Nat Rev Microbiol 8:218–230

Brown BL, Creed RP (2004) Host preference by an aquatic ectosymbiotic
annelid on 2 sympatric species of host crayfishes. J N Am Benthol
Soc 23:90–100

Brown B, Creed RP, Dobson WE (2002) Branchiobdellid annelids and
their crayfish hosts: are they engaged in a cleaning symbiosis?
Oecologia 132:250–255

Brown BL, Creed RP, Skelton J, Rollins MA, Farrell KJ (2012) The fine
line between mutualism and parasitism: complex effects in a
cleaning symbiosis demonstrated by multiple field experiments.
Oecologia 170:199–207

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, Huttley
GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA,
McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR,
Tumbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld
J, Knight R (2010) QIIME allows analysis of high-throughput com-
munity sequencing data. Nat Methods 7:335–336

Clay K (2014) Defensive symbiosis: a microbial perspective. Funct Ecol
28:293–298

Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R
(2009) Bacterial community variation in human body habitats across
space and time. Science 326:1694–1697

Creed RP (1994)Direct and indirect effects of crayfish grazing in a stream
community. Ecology 75:2091–2103

Creed RP, Reed JM (2004) Ecosystem engineering by crayfish in a head-
water stream community. J N Am Benthol Soc 23:224–236

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K,
Huber T, Dalevi D, Hu P, Andersen GL (2006) Greengenes, a
chimera-checked 16S rRNA gene database and workbench compat-
ible with ARB. Appl Environ Microbiol 72(7):5069–5072

Dethlefsen L, Eckburg PB, Bik EM, Relman DA (2006) Assembly of the
human intestinal microbiota. Trends Ecol Evol 21:517–523

Dethlefsen L, McFall-Ngai M, Relman DA (2007) An ecological and
evolutionary perspective on human–microbe mutualism and dis-
ease. Nature 449:811–818

Dominguez-BelloMG, Costello EK, ContrerasM,Magris M, Hidalgo G,
Fierer N, Knight R (2010) Delivery mode shapes the acquisition and

structure of the initial microbiota across multiple body habitats in
newborns. Proc Natl Acad Sci 107:11971–11975

Edgar RC (2010) Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 26:2460–2461

Edgar RC (2013) UPARSE: highly accurate OTU sequences frommicro-
bial amplicon reads. Nat Methods 10:996

Farrell KJ, Creed RP, Brown BL (2014) Preventing overexploitation in a
mutualism: partner regulation in the crayfish–branchiobdellid sym-
biosis. Oecologia 174:501–510

Fierer N, Morse JL, Berthrong ST, Bernhardt ES, Jackson RB (2007)
Environmental controls on the landscape-scale biogeography of
stream bacterial communities. Ecology 88:2162–2173

Freese HM, Schink B (2011) Composition and stability of the microbial
community inside the digestive tract of the aquatic crustacean
Daphnia magna. Microb Ecol 62:882–894

Geyer KM, Altrichter AE, Van Horn DJ, Takacs-Vesbach CD, Gooseff
MN, Barrett JE (2013) Environmental controls over bacterial com-
munities in polar desert soils. Ecosphere 4:art127

Gilbert SF, Sapp J, Tauber AI (2012) A symbiotic view of life: We have
never been individuals. Q Rev Biol 87:325–341

Graham AL (2008) Ecological rules governing helminth–microparasite
coinfection. Proc Natl Acad Sci 105:566–570

Grice EA, Segre JA (2011) The skin microbiome. Nat Rev Microbiol 9:
244–253

Harris RN, Brucker RM,Walke JB, Becker MH, Schwantes CR, Flaherty
DC, LamBA,WoodhamsDC, Briggs CJ, Vredenburg VT,Minbiole
KPC (2009) Skinmicrobes on frogs prevent morbidity andmortality
caused by a lethal skin fungus. ISME J 3:818–824

Helms B, Loughman ZJ, Brown BL, Stoeckel J (2013) Recent advances
in crayfish biology, ecology, and conservation. Freshwat Sci 32:
1273–1275

Hobbs HHJ, Holt PC,WaltonM (1967) The crayfishes and their epizootic
ostracod and branchiobdellid associates of the mountain Lake,
Virginia, region. Proc U S Natl Mus 123:1–84

Hoffman RL (1963) A revision of the North American annelid worms of
the genus cambarincola (Oligochaeta: Branchiobdellidae). Proc US
Natl Mus 114(3470):271–371

Holdich DM, Crandall K (2002) Biology of freshwater crayfish.
Blackwell Science, Oxford

Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH,
Chinwalla AT, Creasy HH, Earl AM, FitzGerald MG, Fulton RS,
Giglio MG, Hallsworth-Pepin K, Lobos EA, Madupu R, Magrini V,
Martin JC, Mitreva M, Muzny DM, Sodergren EJ, Versalovic J,
Wollam AM, Worley KC, Wortman JR, Young SK, Zeng QD,
Aagaard KM, Abolude OO, Allen-Vercoe E, Alm EJ, Alvarado L,
Andersen GL, Anderson S, Appelbaum E, Arachchi HM, Armitage
G, Arze CA, Ayvaz T, Baker CC, Begg L, Belachew T, Bhonagiri V,
Bihan M, Blaser MJ, Bloom T, Bonazzi V, Brooks JP, Buck GA,
Buhay CJ, BusamDA, Campbell JL, Canon SR, Cantarel BL, Chain
PSG, Chen IMA, Chen L, Chhibba S, Chu K, Ciulla DM, Clemente
JC, Clifton SW, Conlan S, Crabtree J, Cutting MA, Davidovics NJ,
Davis CC, DeSantis TZ, Deal C, Delehaunty KD, Dewhirst FE,
Deych E, Ding Y, Dooling DJ, Dugan SP, Dunne WM, Durkin
AS, Edgar RC, Erlich RL, Farmer CN, Farrell RM, Faust K,
Feldgarden M, Felix VM, Fisher S, Fodor AA, Forney LJ, Foster
L, Di Francesco V, Friedman J, Friedrich DC, Fronick CC, Fulton
LL, Gao HY, Garcia N, Giannoukos G, Giblin C, Giovanni MY,
Goldberg JM, Goll J, Gonzalez A, Griggs A, Gujja S, Haake SK,
Haas BJ, Hamilton HA, Harris EL, Hepburn TA, Herter B,
Hoffmann DE, Holder ME, Howarth C, Huang KH, Huse SM,
Izard J, Jansson JK, Jiang HY, Jordan C, Joshi V, Katancik JA,
Keitel WA, Kelley ST, Kells C, King NB, Knights D, Kong HDH,
Koren O, Koren S, Kota KC, Kovar CL, Kyrpides NC, La Rosa PS,
Lee SL, Lemon KP, Lennon N, Lewis CM, Lewis L, Ley RE, Li K,
Liolios K, Liu B, Liu Y, Lo CC, Lozupone CA, Lunsford RD,
Madden T, Mahurkar AA, Mannon PJ, Mardis ER, Markowitz

168 J. Skelton et al.



VM, Mavromatis K, McCorrison JM, McDonald D, McEwen J,
McGuire AL, McInnes P, Mehta T, Mihindukulasuriya KA, Miller
JR, Minx PJ, Newsham I, Nusbaum C, O’Laughlin M, Orvis J,
Pagani I, Palaniappan K, Patel SM, Pearson M, Peterson J, Podar
M, Pohl C, Pollard KS, PopM, Priest ME, Proctor LM, Qin X, Raes
J, Ravel J, Reid JG, Rho M, Rhodes R, Riehle KP, Rivera MC,
Rodriguez-Mueller B, Rogers YH, Ross MC, Russ C, Sanka RK,
Sankar P, Sathirapongsasuti JF, Schloss JA, Schloss PD, Schmidt
TM, Scholz M, Schriml L, Schubert AM, Segata N, Segre JA,
Shannon WD, Sharp RR, Sharpton TJ, Shenoy N, Sheth NU,
Simone GA, Singh I, Smillie CS, Sobel JD, Sommer DD, Spicer
P, Sutton GG, Sykes SM, Tabbaa DG, Thiagarajan M, Tomlinson
CM, Torralba M, Treangen TJ, Truty RM, Vishnivetskaya TA,
Walker J, Wang L, Wang ZY, Ward DV, Warren W, Watson MA,
Wellington C, Wetterstrand KA, White JR, Wilczek-Boney K, Wu
YQ, Wylie KM, Wylie T, Yandava C, Ye L, Ye YZ, Yooseph S,
Youmans BP, Zhang L, Zhou YJ, Zhu YM, Zoloth L, Zucker JD,
Birren BW, Gibbs RA, Highlander SK, Methe BA, Nelson KE,
Petrosino JF, Weinstock GM, Wilson RK, White O, Human
Microbiome Project C (2012) Structure, function and diversity of
the healthy human microbiome. Nature 486:207–214

Jost L (2006) Entropy and diversity. Oikos 113:363–375
Kuczynski J, Costello EK, Nemergut DR, Zaneveld J, Lauber CL,

Knights D, Koren O, Fierer N, Kelley ST, Ley RE (2010) Direct
sequencing of the human microbiome readily reveals community
differences. Genome Biol 11:210

Kueneman JG, Parfrey LW, Woodhams DC, Archer HM, Knight R,
McKenzie VJ (2014) The amphibian skin-associated microbiome
across species, space and life history stages. Mol Ecol 23:1238–
1250

Lauber CL, Hamady M, Knight R, Fierer N (2009) Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial commu-
nity structure at the continental scale. Appl Environ Microbiol 75:
5111–5120

Lee JH, Kim TW, Choe JC (2009) Commensalism or mutualism: condi-
tional outcomes in a Branchiobdellidae crayfish symbiosis.
Oecologia 159:217–224

Loudon AH, Woodhams DC, Parfrey LW, Archer H, Knight R,
McKenzie V, Harris RN (2014) Microbial community dynamics
and effect of environmental microbial reservoirs on red-backed sal-
amanders (Plethodon cinereus). ISME J 8:830–840

Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD
(2012) PANDAseq: PAired-eND assembler for Illumina sequences.
Bmc Bioinforma 13:7

McKenzie VJ, Bowers RM, Fierer N, Knight R, Lauber CL (2012) Co-
habiting amphibian species harbor unique skin bacterial communi-
ties in wild populations. ISME J 6:588–596

Mihaljevic JR (2012) Linking metacommunity theory and symbiont evo-
lutionary ecology. Trends Ecol Evol 27:323–329

Mitchell KR, Takacs-Vesbach CD (2008) A comparison of methods for
total community DNA preservation and extraction from various
thermal environments. J Ind Microbiol Biotechnol 35:1139–1147

Oksanen J, Blanchet JG, Kindt R, Legendre P, Minchin PR, O’Hara PB,
Simpson GL, Solymos P, Stevens MHH, Wagner H (2016) Vegan:
Community Ecology Package. R package version 2.3-5.
http://CRAN.R-project.org/package=vegan

Owen CL, Bracken-Grissom H, Stern D, Crandall KA (2015) A synthetic
phylogeny of freshwater crayfish: insights for conservation. Philos
Trans Roy Soc London B: Biol Sci 370:20140009

Palmer TM, Doak DF, Stanton ML, Bronstein JL, Kiers ET, Young TP,
Goheen JR, Pringle RM (2010) Synergy of multiple partners, in-
cluding freeloaders, increases host fitness in a multispecies mutual-
ism. Proc Natl Acad Sci 107(40):17234–17239

Pedersen AB, Fenton A (2007) Emphasizing the ecology in parasite com-
munity ecology. Trends Ecol Evol 22:133–139

Peerakietkhajorn S, Tsukada K, Kato Y, Matsuura T, Watanabe H (2015)
Symbiotic bacteria contribute to increasing the population size of a
freshwater crustacean, Daphnia magna. Environ Microbiol Rep 7:
364–372

Pequeux A (1995) Osmotic regulation in crustaceans. J Crustac
Biol 15:1–60

Qi W, Nong G, Preston JF, Ben-Ami F, Ebert D (2009) Comparative
metagenomics of daphnia symbionts. BMC Genomics 10:1

Rosenberg E (2014) The family Chitinophagaceae. In: Rosenberg E,
DeLong EF, Lory S, Stackebrandt E, Thompson F (eds) The pro-
karyotes: other major lineages of bacteria and the archaea. Springer,
Berlin Heidelberg, Berlin, Heidelberg, pp. 493–495

Rosewarne P, Svendsen J, Mortimer RG, Dunn A (2014) Muddied waters:
suspended sediment impacts on gill structure and aerobic scope in an
endangered native and an invasive freshwater crayfish. Hydrobiologia
722:61–74

Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG,
Knight R, Fierer N (2010) Soil bacterial and fungal communities
across a pH gradient in an arable soil. ISME J 4:1340–1351

Scheuring I, Yu DW (2012) How to assemble a beneficial microbiome in
three easy steps. Ecol Lett 15:1300–1307

Schütte UME, Abdo Z, Bent SJ, Shyu C, Williams CJ, Pierson JD,
Forney LJ (2008) Advances in the use of terminal restriction frag-
ment length polymorphism (T-RFLP) analysis of 16S rRNA genes
to characterize microbial communities. Appl Microbiol Biotechnol
80(3):365–380

Shafquat A, Joice R, Simmons SL, Huttenhower C (2014) Functional and
phylogenetic assembly of microbial communities in the human
microbiome. Trends Microbiol 22:261–266

Skelton J, Farrell KJ, Creed RP, Williams BW, Ames C, Helms BS,
Stoekel J, Brown BL (2013) Servants, scoundrels, and hitchhikers:
current understanding of the complex interactions between crayfish
and their ectosymbiotic worms (Branchiobdellida). Freshwat Sci 32:
1345–1357

Skelton J, Creed RP, Brown BL (2014) Ontogenetic shift in host tolerance
controls initiation of a cleaning symbiosis. Oikos 123:677–686

Skelton J, Creed RP, Brown BL (2015) A symbiont’s dispersal strategy:
condition-dependent dispersal underlies predictable variation in di-
rect transmission among hosts. Proc R Soc B Biol Sci 282(1819):
20152081

Skelton J, Doak S, Leonard M, Creed RP, Brown BL (2016) The rules for
symbiont community assembly change along a mutualism-
parasitism continuum. J Anim Ecol 85:843–853

Statzner B, Fievet E, Champagne JY,Morel R, Herouin E (2000) Crayfish
as geomorphic agents and ecosystem engineers: biological behavior
affects sand and gravel erosion in experimental streams. Limnol
Oceanogr 40:1030–1040

Statzner B, Peltret O, Tomanova S (2003) Crayfish as geomorphic agents
and ecosystem engineers: effect of a biomass gradient on baseflow
and flood-induced transport of gravel and sand in experimental
streams. Freshw Biol 48:147–163

Taylor CA, Schuster GA, Cooper JE, DiStefano RJ, Eversole AG, Hamr
P, Hobbs HH III, Robison HW, Skelton CE, Thoma RF (2007) A
reassessment of the conservation status of crayfishes of the United
States and Canada after 10+ years of increased awareness. Fisheries
32:372–389

Thies JE (2007) Soil microbial community analysis using terminal restric-
tion fragment length polymorphisms. Soil Sci Soc Am J 71(2):579

Thomas MJ, Creed RP, Brown BL (2013) The effects of environmental
context and initial density on symbiont populations in a freshwater
cleaning symbiosis. Freshwat Sci 32:1358–1366

ThomasMJ, Creed RP, Skelton J, Brown BL (2016) Ontogenetic shifts in
a freshwater cleaning symbiosis: consequences for hosts and their
symbionts. Ecology 97:1507–1517

The crayfish microbiome 169

http://CRAN.R-project.org/package=vegan


Usio N, Townsend CR (2002) Functional significance of crayfish in
stream food webs: roles of omnivory, substrate heterogeneity and
sex. Oikos 98:512–522

Usio N, Townsend CR (2004) Roles of crayfish: consequences of preda-
tion and bioturbation for stream invertebrates. Ecology 85:807–822

Walke JB, Becker MH, Loftus SC, House LL, Cormier G, Jensen RV,
Belden LK (2014) Amphibian skin may select for rare environmen-
tal microbes. ISME J 8(11):2207–2217

Walke JB, BeckerMH, Loftus SC, House LL, Teotonio TL,Minbiole KP,
Belden LK (2015) Community structure and function of amphibian
skin microbes: an experiment with bullfrogs exposed to a Chytrid
fungus. PLoS One 10:e0139848

170 J. Skelton et al.


	Multi-scale ecological filters shape the crayfish microbiome
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References


