Received: 20 April 2017 | Revised: 23 January 2018 | Accepted: 25 January 2018

DOI: 10.1111/mec.14500

SPECIAL ISSUE: THE HOST-ASSOCIATED MICROBIOME:

Wl LEY Ru(e)nes)w.N:§: ee)Kole)

PATTERN, PROCESS AND FUNCTION

Influence of immunogenetics, sex and body condition on the
cutaneous microbial communities of two giant salamanders

Obed Hernandez-Gémez?!

1Department of Forestry and Natural
Resources, Purdue University, West
Lafayette, IN, USA

2Missouri Department of Conservation,

Jefferson City, MO, USA

Correspondence
Obed Hernandez-Gémez, University of

California, Berkeley, Berkeley, CA, USA.

Email: obedhg@berkeley.edu

Funding information
Purdue University

1 | INTRODUCTION

| Jeffrey T. Briggler? | Rod N. Williams?

Abstract

The complex association between hosts and microbial symbionts requires the imple-
mentation of multiple approaches to evaluate variation in host physiology. Within
amphibians, heterogeneity in immunogenetic traits and cutaneous microbiota is associ-
ated with variation in disease resistance. Ozark (Cryptobranchus alleganiensis bishopi)
and eastern hellbenders (C. a. alleganiensis) provide a model system to assess variation
in host traits and microbial communities. Ozark hellbenders have experienced declines
throughout their range, are federally endangered and experience wound retardation
that is absent in the eastern subspecies. Previous microbial investigations indicate dif-
ferentiation in the composition of the skin microbiota of both hellbender subspecies,
but it is not clear whether these patterns are concurrent with diversity in the major his-
tocompatibility complex (MHC) genes. We characterized the MHC [IB and the skin
microbiota of hellbenders in Missouri, where both subspecies co-occur though not sym-
patric. We compared the microbiota composition and MHC diversity between both
subspecies and investigated whether individual-level MHC diversity, sex and body con-
dition were associated with microbiota composition. Overall, MHC IIB diversity was
lower in Ozark hellbenders compared to the eastern subspecies. Multivariate statistical
comparisons identified microbiota differentiation between Ozark and eastern hellben-
ders. MHC IIB allele presence/absence, allele divergence, body composition and sex
defined grouping of hellbender microbiotas within populations. Differentiation of the
cutaneous microbiotas and MHC |IB genes between eastern and Ozark hellbenders
suggests that differences exist in immunity between the two subspecies. This study
demonstrates how simultaneous assessments of host genetic traits and microbiotas can

inform patterns of microbial community structure in natural systems.
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Stagaman, Dethlefsen, Bohannan, & Relman, 2012). Contributions

provided by the microbiome often depend on the composition of

Characterization of animal microbiomes has shed light on important the community (Costello et al.,, 2012; Round & Mazmanian, 2009).
associations between hosts and microbes. Recent work describes the Variation in immunity/metabolism among hosts is associated with
role of microbial symbionts in the maintenance of important aspects differences in symbiont community composition (Lam, Walke, Vre-
of host physiology including metabolism and immunity (Costello, denburg, & Harris, 2010; Shafquat, Joice, Simmons, & Huttenhower,
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2014). Composition of microbial symbiont communities is shaped by
fundamental ecological processes (i.e., selection, competition, speci-
ation, dispersal; Christian, Whitaker, & Clay, 2015). Habitat selec-
tion within the host environment (e.g., immune system response)
can act as a strong influence in the assembly of host-associated
microbial communities (Shafquat et al., 2014). In the case of
immunological attack, functional overlap can exist between the
host immune system and members of the microbiome. Thus,
investigating host traits along with microbiome characterization is
important to develop a full understanding of patterns of pheno-
typical variation among hosts.

Amphibians provide an opportunity to characterize the contribu-
tions of host traits and microbial community composition to host
phenotypes. Composition of the skin microbial communities is attrib-
uted to host susceptibility among populations to cutaneous patho-
gens (Lam et al, 2010). Several amphibian skin bacteria produce
antifungal metabolites that inhibit the growth of the lethal fungal
pathogen Batrachochytrium dendrobatidis (Bd) in vitro and in vivo
(Harris et al., 2009). As a result, previous research investigated how
pressures from the host environment (e.g., temperature, land use,
microbial reservoirs; Krynak, Burke, & Benard, 2016; Longo, Savage,
Hewson, & Zamudio, 2015; Loudon et al., 2014) and host character-
istics (e.g., body composition, immunity, ontogeny; Colombo, Scal-
venzi, Benlamara, & Pollet, 2015; Kohl, Amaya, Passement, Dearing,
& McCue, 2014; Kueneman et al., 2014; Longo et al., 2015) corre-
late with diversity and composition of amphibian cutaneous micro-
bial communities. In addition to microbial contributions, other
studies describe host factors such as adaptive immunity (Savage &
Zamudio, 2011, 2016), innate immunity (Rollins-Smith et al., 2006;
Woodhams, Voyles, Lips, Carey, & Rollins-Smith, 2006), body condi-
tion (Venesky et al., 2012) and neutral genetic diversity (Pearman &
Garner, 2005) that correlate with observed heterogeneity in host
immunity. Simultaneous influence of host filters on symbiont
microbes and pathogen colonization suggests a complex system
dominating immunity on the skin of amphibians. Therefore, it may
be beneficial to investigate synergistic effects of host and skin
microbial characteristics to patterns of disease resistance within
natural populations.

Immunogenetic traits (e.g., major histocompatibility complex-
MHC) are known to influence microbial community composition in
other systems (Bolnick et al., 2014; Kubinak et al, 2015). The
MHC class Il genes encode for cell-surface glycoproteins that are
expressed on antigen-presenting cells such as macrophages, den-
dritic and B cells (Cresswell, 1994). Function of the MHC class I
involves presenting peptides derived from extracellular pathogens
to components of the immune system (Kaufman, Flajnik, & Du
Pasquier, 1985). MHC class ll-expressing dendritic cells and
Langerhans lymphocytes are present on the amphibian skin (Car-
rillofarga, Castell, Perez, & Rondan, 1990), indicating a possible link
between MHC class Il genes and cutaneous microbes. In fact,
individual MHC class IIB genotype is associated with heterogene-
ity in resistance to the lethal amphibian skin fungus Bd (Savage &
Zamudio, 2011, 2016). Despite the evidence for MHC expression

on the skin of amphibians, no research has evaluated possible
relationships between these loci and the skin symbiont community
assembly of amphibians. To effectively manage for disease suscep-
tibility among populations of amphibians, it is imperative to evalu-
ate host characteristics (e.g., immunity or health status), skin
microbiome and their interactions.

Hellbenders (Cryptobranchus alleganiensis) provide an ideal
model to describe immune traits, host-symbiont communities and
the interaction between these components. Currently, two hellben-
der subspecies are recognized: the Ozark (C. a. bishopi) and east-
ern hellbender (C. a. alleganiensis). Ozark hellbenders are endemic
to south draining streams in the Ozark Plateau of southern Mis-
souri and northern Arkansas (Nickerson & Mays, 1973). In con-
trast, eastern hellbenders inhabit rivers throughout the eastern
United States, including a disjunct, isolated population in the north
draining streams of the Missouri Ozark Plateau (Mayasich, Grand-
maison, & Phillips, 2003). Genetic assessments using both mito-
chondrial (Sabatino & Routman, 2009) and microsatellite markers
(Tonione, Johnson, & Routman, 2011) indicate that the two sub-
species of hellbenders within Missouri are paraphyletic. In the past
30 years, hellbenders have faced population declines throughout
their range (Wheeler, Prosen, Mathis, & Wilkinson, 2003). Declines
in the Ozark subspecies resulted in federal listing under the
Endangered Species Act in 2011 (Federal Register 2011). Along
with population loss, most adult Ozark hellbenders experience
chronic wounds that result in tissue necrosis on the head and
limbs (Hernandez-Gémez, Kimble, Briggler, & Williams, 2017b;
Hiler, Wheeler, & Trauth, 2005; Nickerson et al., 2011; Wheeler,
McCallum, & Trauth, 2002). While Bd and ranaviruses are not
associated with the chronic wounds, opportunistic bacterial agents
are suspected (Briggler et al, 2007; Hernandez-Gémez et al.,
2017b; Nickerson et al., 2011). In contrast, chronic skin lesions
are not observed in eastern hellbenders within Missouri
(J. Briggler, unpublished data). A previous investigation of the skin
microbiota of hellbenders in Missouri suggests divergence in com-
position between subspecies; however, that study was limited in
that it included individuals from only one population of each sub-
species (Hernandez-Gomez et al, 2017b). Moreover, it remains
unclear whether the composition of the skin microbial communi-
ties is linked to diversity in the MHC class Il genes.

We set out to characterize the MHC class 1IB (MHC IIB) and
the skin microbiota of Ozark and eastern hellbenders in Missouri.
Our objectives were to (i) investigate differences in individual
MHC 1B allele divergence (i.e., amino acid and nucleotide diver-
gence) between the two subspecies, (ii) assess compositional dif-
ferences of the cutaneous microbiota between the two subspecies
of hellbenders and (iii) evaluate variation in the composition of
the skin microbiota in relation to host traits (body condition, sex,
presence/absence of MHC IIB alleles and amino acid divergence).
We expected to observe differences in individual MHC IIB allele
divergence between the two subspecies, with Ozark hellbenders
possessing significantly lower individual amino acid divergence
than eastern hellbenders. In addition, we predicted differentiation
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in the skin microbiota of the subspecies, with the Ozark sub-
species associated with potentially pathogenic lineages. Finally, we
anticipated a negative correlation between individual MHC [IB
diversity and richness of the skin microbiota and an effect of host

traits on microbial community composition.

2 | MATERIALS AND METHODS

2.1 | Field methods

We sampled hellbenders between 24 August and 29 October 2015
within six rivers in Missouri (Ozark hellbenders: North Fork of the
White, Eleven Point and Current River; eastern hellbenders: Niangua,
Gasconade and Big Piney River; Table S1). We handled all hellben-
ders following an approved protocol by the Purdue University Ani-
mal Care and Use Committee (PACUC protocol # 1406001094). We
captured hellbenders by hand after lifting any boulder-sized rocks
within the stream as in Burgmeier et al. (2011) and sampled the skin
microbiota from the dorsum of each individual following the protocol
of Herndndez-Gomez et al. (2017b). We measured each hellbender’s
total body length and mass using a portable CS-series 2,000 g scale
(OHAUS Corp., Parsippany, NJ). We also collected 1-2 drops of
blood using a 21 or 23-gage, 1.5-inch needle from the caudal vein of
each hellbender and preserved each blood sample in lysis buffer (1 m
Tris, 0.5 m EDTA pH 8.0, 5 M NaCl, 20% SDS). We returned all hell-
benders to their original location of capture within the river after
sampling was complete. After sampling was completed in each river,
we collected 2 L of water 1 to 10 m upstream from where sampling
began. We stored the river water in ice or in a —20°C freezer until
filtering occurred in an aseptic environment using Whatman #1 11-
um filter paper (GE Healthcare, Chicago, IL). Water filters and skin

swab samples were stored in liquid nitrogen until return to the labo-

ratory.
2.2 | Laboratory methods
2.2.1 | MHC IIB amplification

We extracted genomic DNA from each individual’s blood sample using
a standard proteinase K/phenolchloroform/isoamyl alcohol procedure
(Sambrook & Russell, 2001) and resuspended in 100 pl of TLE buffer
(10 mm Tris—Cl, 0.1 mm EDTA). The MHC |IB of hellbenders had not
been characterized before; therefore, we used a hellbender spleen
transcriptome data set to characterize the MHC IIB of this species.
Detailed information on our MHC |IB characterization protocol is
located in MHC Characterization Methods, Supplemental Information.
To amplify the MHC 1IB gene, we performed 25 ul PCRs consisting
150 ng of template DNA, 1x MyTaq MasterMix (Bioline, Taunton,
MA) and 0.4 um of forward and reverse hellbender MHC 1B primers.
PCR conditions consisted of 2 min at 94°C for 2 min, 35 cycles of
94°C for 30 s, 58.9°C for 30 s and 72°C for 30 s, followed by 72°C
for 10 min. We cleaned the PCR products using a low-ethanol precipi-
tation protocol (Sambrook & Russell, 2001).

2.2.2 | 16S rRNA amplification

We isolated DNA from river water samples using the PowerWater
DNA isolation kit (MoBio Laboratories Inc., Carlsbad, CA) following
manufacturer’s instructions. We isolated DNA from hellbender skin
swabs using the PowerSoil DNA Isolation Kit (MoBio Laboratories
Inc.) following the protocol described in Hernandez-Gémez et al.
(2017b). In short, we amplified the bacterial 16S rRNA V2 region
using primer pair 27F/338R (Fierer, Hamady, Lauber, & Knight,
2008) with the attachment of connector sequences (Hernandez-
Gémez et al.,, 2017b). We ran each sample in triplicate, and each
reaction consisted of 5 pl of template DNA, 1x MyTaq Master Mix,
0.4 um of forward and reverse primers, and 6.5 ul of PCR water
(MoBio Laboratories Inc.) for a total of 25 ul per reaction. PCR con-
ditions consisted of 95°C for 2 min, 30 cycles of 94°C for 45 s,
50°C for 60 s and 72°C for 90 s, followed by 72°C for 10 min. We
pooled 16S rRNA amplicon triplicates and cleaned the products
using the UltraClean PCR Clean-Up kit (MoBio Laboratories Inc.).

2.2.3 | Barcoding and sequencing

We performed a second PCR on 16S rRNA and MHC IIB amplicons to
add-on dual-index barcodes connected to lllumina sequencing adap-
tors (Hernandez-Gémez et al., 2017b) to the ends of amplicons. The
PCR consisted of 5 pl of clean amplicons, 1x MyTag Master Mix,
0.4 pm of forward and reverse barcode primers and 6.5 pl of water for
a total of 25 pl reactions. PCR conditions consisted of 95°C for 2 min,
5 cycles of 94°C for 45 s, 65°C for 60 s and 72°C for 90 s, followed
by 72°C for 10 min. We quantified the PCR products using a Qubit
Fluorometer (Invitrogen Corp, Carlsbad, CA). We pooled MHC bar-
coded amplicons in equimolar amounts and purified on a 2% agarose
gel. We isolated amplicons from the band corresponding to the
expected amplified product size using a custom gel extraction protocol
(Gel Extraction Protocol, Supplemental Information). We pooled 16S
rRNA amplicons in equimolar amounts and cleaned using the Ultra-
Clean PCR Clean-Up kit. The 16S rRNA and MHC amplicons were
sequenced separately on a MiSeq machine (lllumina Inc. San Diego,
CA\) using the Reagent Kit V2 to produce 250-bp paired end reads.

2.3 | Amplicon sequence analysis

We processed raw amplicon sequencing reads using Trimmomatic
(Bolger, Lohse, & Usadel, 2014) to remove adapter sequences, bases
below threshold quality of phred-20 from both ends of reads and
any resulting reads under 30 bp. We paired reads that passed initial
quality control using PANDAseq (Masella, Bartram, Truszkowski,
Brown, & Neufeld, 2012). Only reads that paired successfully were
employed in subsequent analysis.

2.3.1 | MHC genotyping

We performed our MHC IIB amplicon sequence analysis to differen-

tiate between true allele reads from error variants in order to
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determine each hellbender’s allelic make-up. We wrote a custom
PYTHON program to count sequencing depth for each variant within
each individual sample (Python Code, Supplemental Information).
We made a list of all unique variants and obtained the maximum
per amplicon frequency depth (MPAF) for each variant among all
samples following Radwan, Biedrzycka, and Babik (2010). To dis-
cern between true alleles and sequencing artefacts, we uploaded
the unmultiplexed read file to ampLisas (Sebastian, Herdegen, Migal-
ska, & Radwan, 2016). ampLisas is a web browser interface that
performs read demultiplexing, variant clustering and putative allele
filtering based on user-specified criteria. We implemented am-
pUsAs’s default settings to remove any samples with less than 100
read depth and set the max number of alleles per amplicon to
ten. In addition, we directed ampLsas to filter out chimeric
sequences and discard any variants within each individual if
sequencing depth fell below the calculated MPAF (4.5%). This
threshold excludes erroneous variants that do not cluster along
with parental alleles (e.g., unremoved chimeras, contaminant reads,
errors beyond the clustering algorithm). Because allele richness
may be underrepresented in samples with low sequencing depth,
we decided to test for a bias of sample coverage on individual
allele richness through a correlation test (Stutz & Bolnick, 2014).
We detected a nonsignificant and negligible correlation between
these two variables; thus, we felt comfortable proceeding with
allele analysis. We BLasted all variants designated as true alleles
against the NcBI GENBANK nucleotide database (Benson et al., 2013).
We only retained variants that matched to the MHC class IIB of
Andrias davidianus or other closely related amphibian species at an
E-value <0.05.

2.3.2 | Microbiota sequence analysis

Our microbiota sequence analysis consisted of established read pro-
cessing pipelines to filter erroneous reads, cluster reads into opera-
tional taxonomic units (OTUs) and generate abundance-based OTU
tables. We used a custom pyTHON program to remove quality scores
and rename reads with a name compatible with the chosen pipeline
(Hernandez-Gémez et al., 2017b). We processed the resulting read
file using the QUANTITATIVE INSIGHTS INTO MICROBIAL ECOLOGY version 1.8.0
(QIIME) pipeline (Caporaso et al., 2010b). We clustered reads at the
standard 97% similarity using the open-reference protocol (Rideout
et al., 2004) and the creencenes 13_5 reference database (DeSantis
et al., 2006). Reads that failed to cluster using the open-reference
algorithm were clustered into de novo OTUs with UCLUST (Edgar,
2010). OTUs that clustered using the creencenes database retained
the accorded taxonomy, while de novo OTUs were assigned taxon-
omy using the RDP Classifier (Wang, Garrity, Tiedje, & Cole, 2007)
at 80% confidence. We aligned representative sequences to the pre-
aligned GRreeNGENEs reference using pyNasT (Caporaso et al., 2010a)
and used the alignment to produce a phylogenetic tree through rast-
Tree (Price, Dehal, & Arkin, 2010). To avoid including any OTUs gen-
erated by sequencer error, such as base miscalls or chimeras, we

performed additional quality filtration on the OTU table by removing

OTUs that were represented by fewer than 0.005% of the total read
count, had matched taxonomy to chloroplasts, or were absent from

more than one sample (Bokulich et al., 2013).

2.4 | Data analysis

To compare MHC IIB diversity between eastern and Ozark hellben-
ders, we first evaluated differences in population MHC IIB diversity
and individual allele divergence between subspecies. We then com-
pared the microbiota between the two subspecies by assessing dif-
ferences in community richness/diversity, community structure and
associations with bacterial families. Finally, we tested for a correla-
tion between host traits and microbiota richness/composition of the
skin microbiota of hellbenders. We performed all statistical analyses

in R version 3.3.1 unless otherwise noted.

2.4.1 | MHC IIB divergence analysis

We uploaded the MHC IIB allele sequences to Meca 6.0 and
aligned the sequences using ciustaiw (Larkin et al., 2007). To
assess evidence of positive selection at the MHC [IB PBR in hell-
benders, we calculated Tajima’s D (Tajima, 1989). Tajima’'s D eval-
uates whether deviation from neutral processes exists in the MHC
IIB. A positive Tajima’s D value corresponds with positive/balanc-
ing selection or a population bottleneck, while a negative value
suggests the presence of negative selection or a recent population
expansion. We built an integer neighbour-joining haplotype net-
work (French et al., 2013) through popaArT (http://popart.otago.ac.
nz) to visualize MHC IIB allele relationships across the populations
sampled. We were unable to assign alleles to individual MHC [IB
loci; therefore, we could not calculate individual-level heterozygos-
ity. Instead, to assess differences in population-level MHC [IB
genetic variation between the two subspecies, we calculated aver-
age per cent difference (APD) for each subspecies as described in
Yuhki and Obrien (1990). APD is a measure of the average per-
centage of sequences that differ among individuals in each sub-
species.

For each allele, we calculated Poisson corrected amino acid dis-
tances, nucleotide distances (Kimura 2-parameter model), and aver-
age rates of synonymous and nonsynonymous substitution using the
Nei-Gojobori and Jukes Cantor correction for multiple substitutions.
For all individuals, we derived average amino acid and nucleotide
distances (e.g., divergence) among its alleles. We implemented a qua-
sibinomial generalized linear model to assess differences in individual
amino acid diversity and nucleotide diversity between both hellben-

der subspecies.

2.4.2 | Host species’ microbiota comparisons

We compared alpha metrics of adult hellbender skin microbiota
samples between the two hellbender subspecies. Before calculating
alpha metrics, we rarefied the OTU table to 3,917 sequences per
sample to standardize depth across all samples. We calculated


http://popart.otago.ac.nz
http://popart.otago.ac.nz

HERNANDEZ-GOMEZ €T AL.

community richness (observed OTUs) and diversity (Shannon diver-
sity) values on each sample in QIIME using the relative abun-
dance-based OTU table. To evaluate whether OTU richness differs
between the two subspecies, we implemented community richness
as a dependent variable, subspecies identity as a fixed factor and
river locality as a random variable in a Poisson regression model.
To evaluate whether Shannon diversity differs between the two
subspecies, we implemented individual subspecies identity as an
independent variable, and river locality as a random variable and
Shannon values as dependent variables in a generalized linear
mixed model.

We transferred an OTU table containing only river water data
and corresponding Newick phylogenetic tree to r. We imple-
mented the packages cuniFrac (Chen et al., 2012) and vecan 2.2-1
(Oksanen, Kindt, Legendre, O'Hara, & Stevens, 2007) to build Uni-
Frac distance (unweighted and weighted; Lozupone, Lladser,
Knights, Stombaugh, & Knight, 2011) and Bray—Curtis dissimilarity
matrices. For each matrix, we consolidated river water community
variation using a principal component analysis. We retained the
river scores of the first principal components for each distance
matrix as variables in subsequent analyses. To reduce individual
variance caused by rare skin OTUs specific to each population,
we filtered out OTUs represented in less than 50% of individuals
(nonubiquitous OTUs) from each population from the prerarified
hellbender skin OTU table (removing 317 OTUs and ~12.7% of
total depth). We rarified this OTU table to 3,419 sequences per
sample to equalize depth across all samples and transferred the
OTU table and corresponding Newick phylogenetic tree to r. We
built UniFrac distance (unweighted/weighted) and Bray—Curtis dis-
similarity matrices for all animal samples as well. We performed
Adonis tests using the UniFrac/Bray—Curtis matrices to partition
the variation between each subspecies. For each Adonis test, we
also included river water community PC loadings from the corre-
sponding distance matrix as grouping variable as well. We visual-
ized differences in community structure among subspecies and
populations using unweighted UniFrac distances through a princi-
ple co-ordinate analysis (PCoA) generated through the r package
ADE4 (Dray & Dufour, 2007).

We implemented the LINEAR DISCRIMINANT ANALYSIS EFFECT SIZE (LEFSE)
algorithm described in Segata et al. (2011) to test significant differ-
ences in OTU relative abundance between the two subspecies. The
LEFsE algorithm identifies the OTUs whose abundance statistically dif-
fers between the subspecies through a nonparametric factorial
Kruskal-Wallis rank-sum test (« < 0.05). Subsequently, a pairwise Wil-
coxon test is used to assess whether pairwise comparisons between
rivers within each subspecies significantly agree with the subspecies-
level trend. Finally, the algorithm generated effect sizes for divergent
OTUs through a linear discriminant analysis (LDA). The effect sizes
represent the magnitude of the association of each relevant OTU to
the assigned subspecies. OTU taxonomy data were retrieved from
GREENGENES assignments performed in QIIME with an additional search
of sequences in the Ribosomal Database Project (RDP) to confirm tax-
onomy or resolve unassigned sequences (Cole et al., 2014).
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24.3 | Associations between host traits and the
skin microbiota

To test associations between host traits and the skin microbiota, we
generated an OTU table containing only samples for which we pos-
sessed sex information, MHC and microbiota data. Within each sub-
species, we tested whether individual MHC IIB amino acid
divergence had an association with OTU richness. We performed
this analysis using a negative binomial generalized linear mixed
model with river locality as a random variable.

High bacterial species turnover (e.g., replacements) has been
described between individuals from separate sampling localities
(Herndndez-Gomez, Hoverman, & Williams, 2017a); thus, to limit
variation from OTU replacements, we assessed individual-level
effects on microbiota composition within each river separately. We
recalculated UniFrac distance (unweighted/weighted) and Bray-Cur-
tis dissimilarity matrices for individuals within each population (Big
Piney/Gasconade River, Niangua River, North Fork of the White
River, Current River and Eleven Point River). We combined samples
from the Big Piney and Gasconade Rivers because we only obtained
both MHC/microbiota data for a limited number of individuals from
each population (Big Piney River: n = 5; Gasconade River: n = 4),
and these two populations are genetically similar (Crowhurst et al.,
2011). For each beta diversity matrix, we implemented distance-
based redundancy analysis (dbRDA) to assess linear relationships
between explanatory variables and grouping of samples (Legendre &
Anderson, 1999). We tested for significant grouping of samples
based on individual MHC IIB amino acid divergence, presence of
common MHC IIB alleles (present in >3 individuals and <100% of
individuals in the population), body condition (i.e., mass/total body
length least squares regression residuals; Schulte-Hostedde, Zinner,
Millar, & Hickling, 2005) and sex. We tested the significance of
explanatory variables using a NPMANOVA at 999 permutations. For
the Big Piney/Gasconade River analysis, we included river as a con-
ditional variable to partition out variation created by OTU turnover.
Within each dbRDA performed, we implemented stepwise elimina-
tion of nonsignificant variables and repeated the analysis until all

variables in the model became significant at a p < .10.

3 | RESULTS

We collected a total of 25 eastern and 29 Ozark hellbender blood
and microbiota samples (Table S1). Raw MHC IIB PBR amplicon
sequencing data consisted of 1,113,312 raw reads with an average
length of 130 base pairs. After quality filtering, we confidently char-
acterized 25 true MHC IIB alleles of 192 bp length in 21 eastern
and 28 Ozark hellbenders. However, we discarded one allele (Cral-
DAB*17) because it did not sLasT to an MHC |IB domain in the NCBI
database. 16S rRNA V2 amplicon sequencing resulted in 2,043,110
reads with an average length of 318 base pairs. After filtering out
reads by base pair length, we processed the remaining reads through

QIIME using the open-reference clustering method to return 1,422
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OTUs for all skin and river water samples after OTU abundance fil-
tration and rarefaction.

3.1 | MHC divergence analysis

Eastern hellbenders shared fewer MHC IIB alleles than Ozark hell-
benders as evidenced by higher APD values (Ozark ADP + SE:
75.31 + 0.75; eastern ADP + SE: 85.67 + 1.10). Within both sub-
species, we characterized between two to five alleles of the MHC
IIB per individual, indicating the presence of at least three loci. Taji-
ma'’s D value for the 24 alleles was 1.34, corresponding to a signal
of positive selection. One allele (Cral-DAB*02) was recovered with
varying frequency among populations of both subspecies, and this
allele was more closely related to Ozark hellbender specific alleles
than to those of the eastern subspecies (Figure S1). Within the
Ozark subspecies, the North Fork of the White River population
possessed the highest MHC allelic richness (n = 8) compared to the
Eleven Point (n = 7) and Current River (n = 4) populations (Figure 1).
In addition, alleles Cral-DAB*02 and Cral-DAB*03 were common
within the Current and Eleven Point River populations. The Niangua
River possessed the highest allele richness (n = 8) in the eastern sub-
species compared to the Gasconade (n = 4) and Big Piney (nh = 4)
River populations (Figure 1). Alleles Cral-DAB*02 and Cral-DAB*04
were highly frequent in the Big Piney and Gasconade River popula-
tions. Ozark hellbenders possessed lower amino acid (Ozark
mean + SE: 0.17 + 1.4 x 10™% eastern mean =+ SE: 0.26 + 3.4 x

100%
Cral-DAB*24]
Cral-DAB*21
90%
ICral-DAB*11) ral-DAB*18
ICral-DAB*19
80%
ICral-DAB*12]
70%
ICral-DAB*04]
, ICral-DAB*04]
60% cral-DAB*0S [ I
50%
ICral-DAB*05]
40%
30%

Cral-DAB*02

PJoL /A Cral-DAB*02

10%

0%
North Fork of
the White (7)

Big Piney (4) Gasconade (4) Niangua (7)

eastern

Cral-DAB*22

Cral-DAB*16

Current (8)

Ozark

1074 F146 = 649, p=.014) and nucleotide divergence (Ozark
mean + SE: 0.09 + 8.2 x 107>; eastern mean =+ SE: 0.16 + 2.1 x
1074 F1.46 = 9.01, p = .004) than the eastern subspecies.

3.2 | Host subspecies microbiota comparisons

We characterized differentiation in the skin microbiota between
eastern and Ozark hellbenders. OTU richness and evenness between
the two hellbender subspecies were comparable (observed OTUs:
LRT =7.00 x 1074, p =.977; LRT = 8.81 x 1072
p =.767), and both subspecies shared a considerable portion
(~83.7% of total OTUs) of their microbiota with each other (Fig-
ure 2). All hellbenders shared a mean + SE of 38.61 4+ 0.020% of
their OTUs with river water bacteria. We removed 317 OTUs after
filtering nonubiquitous OTUs at each river locality (~12.7% of total

Shannon:

read depth). The multivariate tests noted larger significant differ-
ences in the skin microbiota of eastern and Ozark hellbender using
all beta diversity matrices (Adonis—unweighted UniFrac: R = .12,
p < .001; weighted UniFrac: R = .11, p < .001; Bray-Curtis: R = .12,
p < .001) compared to environmental microbiome variation (Adonis
—unweighted UniFrac: R = .06, p = .003; weighted UniFrac: R = .06,
p = .014; Bray—Curtis: R = .06, p = .010). The PCoA plots comparing
both hellbender subspecies display distinct grouping by subspecies
ID among coordinates derived from the unweighted UniFrac
(Figure 3) and abundance-based metrics (Figure S2), indicating a pat-
tern of strong OTU turnover among the subspecies. The LEFSE

ral-DAB*06

FIGURE 1 Hellbender major
histocompatibility complex class 1B (MHC
1IB) allele distribution. Allele frequency and
Eleven Point distribution throughout six populations of

(9) eastern and Ozark hellbenders in Missouri.
Sample sizes within each population are
presented in parenthesis
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(b) Big Piney Gasconade (c) Current Eleven Point

FIGURE 2 Venn diagram summarizing ﬁ AA
the overlap of hellbender skin microbiota

OTUs. Diagrams portray overlap (a)
between eastern (Cryptobranchus
alleganiensis alleganiensis) and Ozark

(C. a. bishop) hellbenders, (b) among
populations of eastern hellbenders and (c)

among populations of Ozark hellbenders Niangua Narth Fork
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algorithm identified 41 distinct bacterial OTUs between Ozark and with multiple rare OTUs assigned to the phyla Proteobacteria and
eastern hellbenders (Table 1) at an LDA greater than 3.0. Twenty Bacteroidetes, including the genera Flavobacterium (334370, 254696,
OTUs were associated with Ozark hellbenders, whereas 21 were New.ReferenceOTUS530, and 114965), Enhydrobacter (New.CleanUp.
associated with the eastern subspecies. The abundant OTUs (mean ReferenceOTU69054, 574102 and New.CleanUp.ReferenceOTU

relative abundance >0.01) assigned to the family Comamonadaceae 28354), Fluviicola (702999), Anaerospora (New.CleanUp.Reference
(OTU ID New.ReferenceOTU40) and order Bacteroidales (New.Ref- 0OTU59416) and Acinetobacter (4391687). In contrast, the only abun-
erenceOTU11) were associated with the skin of Ozark hellbenders. dant OTU significantly assigned to the eastern subspecies was Lute-

In addition, the skin of the Ozark subspecies was also associated olibacter sp (New.ReferenceOTU165). Members of the phyla
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TABLE 1 Bacterial OTUs assigned to Ozark (C. a. bishopi) or eastern hellbenders (C. a. alleganiensis) at LDA > 3.0

Eastern Ozark

Operational taxonomic unit LDA p-Value BP GA NI CuU EP NF Taxonomy

Eastern hellbenders
New.ReferenceOTU165 4.88 <.001 7.6E-02 1.6E-08 22E-02 3.7E-02 Genus Luteolibacter
1054065 3.68 <.001 9.2E-03 2.1E-02 6.2E-04 O 0 0 Family Cerasicoccaceae
New.ReferenceOTU27 3.63 <.001 1.3E-02 1.9E-03 8.6E-03 O 0 0 Genus Leptospira
545460 344 001 57E-03 1.3E-02 88E-04 O 1.2E-03 1.3E-04 Family ACK-M1
336935 339 .001 7.6E-03 84E-03 5.2E-04 O 1.0E-03 3.2E-04 Family ACK-M1
4426763 3.25 .001 2.7E-03 4.0E-03 5.7E-03 6.5E-04 3.8E-04 8.1E-04 Family Comamonadaceae
New.ReferenceOTU314 324 014 3.0E-03 9.8E-03 28E-03 1.3E-04 1.9E-03 25E-03 Unassigned
4466646 324 <001 6.4E-03 3.0E-03 4.2E-04 O 0 6.5E-05  Genus Limnohabitans
817953 324  .002 9.2E-03 5.1E-03 2.5E-03 23E-04 O 14E-02 Genus Vogesella
New.ReferenceOTU558 3.17 <.001 1.1E-03 3.6E-03 4.5E-03 O 0 3.2E-05  Phylum Chloroflexi
589360 312  .004 1.9E-04 9.7E-05 O 0 0 0 Genus Crenothrix
97094 311  .035 55E-04 O 0 0 0 0 Family Microbacteriaceae
New.ReferenceOTU74 3.10 <.001 42E-03 24E-03 O 0 0 0 Family Methylophilaceae
319691 3.09 <001 4.5E-03 1.6E-03 8.8E-04 0 2.1E-04 1.6E-04 Family ACK-M1
New.CleanUp.ReferenceOTU47594  3.09 .033 19E-04 O 39E-04 O 0 1.3E-04  Family Methylophilaceae
New.CleanUp.ReferenceOTU60167 3.09 <.001 3.2E-03 3.0E-03 4.9E-04 O 0 0 Family Neisseriaceae
576960 3.08 <.001 3.5E-03 4.5E-03 29E-04 O 9.6E-04 O Genus Fluviicola
New.ReferenceOTU444 3.06 .001 3.5E-03 27E-03 O 0 0 0 Genus Flavobacterium
729833 3.06 <.001 2.2E-03 4.0E-03 6.5E-04 O 0 0 family Armatimonadaceae
New.ReferenceOTU266 3.05 <001 3.6E-04 O 55E-04 O 0 0 Genus Flavobacterium
New.CleanUp.ReferenceOTU52612 3.02 <.001 1.6E-04 6.7E-03 4.2E-04 O 0 0 Unassigned

Ozark hellbenders

New.ReferenceOTU40 4.74 .024 8.4E-02 Family Comamonadaceae
New.ReferenceOTU11 4.56 .005 9.1E-02 O Order Bacteroidales
New.CleanUp.ReferenceOTU69054  3.68 .022 0 0 0 1.6E-04 4.2E-05 O Genus Enhydrobacter
334370 3.64 <.001 7.5E-04 3.9E-04 29E-04 24E-02 3.3E-03 34E-03 Genus Flavobacterium
574102 3.53  .004 6.6E-03 14E-02 5.2E-04 9.6E-03 27E-02 80E-03 Genus Enhydrobacter
229011 343 018 49E-03 34E-03 3.6E-04 9.0E-03 1.1E-02 3.4E-03 Family Cytophagaceae
254696 3.37 <001 3.6E-04 83E-04 O 4.6E-03 5.6E-08 4.6E-03 Genus Flavobacterium
New.CleanUp.ReferenceOTU59416  3.35 .022 0 0 0 0 1.7E-04 1.3E-04 Genus Anaerospora
New.CleanUp.ReferenceOTU28354  3.27 .022 0 0 0 3.2E-05 2.1E-04 3.2E-05 Genus Enhydrobacter
New.ReferenceOTU104 326 <001 0 0 1.6E-04 8.2E-03 1.5E-03 6.2E-04 Genus Flavobacterium
114965 321 <001 0 0 0 5.2E-04 4.2E-04 85E-03 Genus Flavobacterium
New.CleanUp.ReferenceOTU47527  3.21 .043 0 0 0 3.2E-05 1.7E-04 O Order Actinomycetales
702999 321 <001 0 0 0 1.5E-03 6.2E-03 2.0E-03 Genus Fluviicola
New.CleanUp.ReferenceOTU38842  3.19 .043 0 0 0 0 42E-05 1.3E-04 Family Moraxellaceae
815062 3.16 <001 29E-04 O 1.0E-03 1.1E-03 5.6E-03 2.7E-03 Genus Leptolyngbya
288283 312  .001 32E-08 4.1E-08 4.5E-04 6.0E-03 7.7E-03 3.4E-03 Family Caulobacteraceae
New.ReferenceOTU566 3.06 .003 0 49E-05 O 1.9E-04 1.7E-04 1.6E-04 Phylum Bacteroidetes
4391687 3.02 <001 0 19E-04 O 4.6E-03 24E-08 4.2E-04 Acinetobacter johnsonii
444649 301  .003 0 0 0 29E-04 21E-04 O Order Bacillales

358178 3.01 .001 0 7.1E-03 0 4.5E-03 1.2E-08 2.5E-083 Genus Exiguobacterium

A list of OTUs, LDA scores, mean relative abundance within each population (BP—Big Piney, GA—Gasconade, NI—Niangua, CU—Current, EP—Eleven
Point, NF-North Fork of the White) and OTU taxonomy is displayed. Cell colour is assigned based on relative abundance value from O (white) to 0.33
(black).
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TABLE 2 Host trait and hellbender (Cryptobranchus alleganiensis) skin microbial community turnover

Distance matrix Factor
Ozark hellbenders
Eleven Point River
Unweighted UniFrac Sex
Current River
Weighted UniFrac Sex
Bray—Curtis Sex
North Fork of the White River
Unweighted UniFrac Cral-DAB*02
Cral-DAB*07
Bray—Curtis Cral-DAB*02
Cral-DAB*07
Eastern hellbenders
Niangua River
Unweighted UniFrac AA
Weighted UniFrac AA
Cral-DAB*05

Body condition
Body condition
AA

Bray—Curtis

Pseudo-F p-value % variation
3.63 .047 421
3.49 .049 32.9
1.89 .087 21.3
1.83 .059 48.5
2.88 .005

1.99 .021 42.8
1.74 .054

4.13 .001 37.1
5.10 .002 71.9
3.26 .026

441 017

3.64 .065 50.4
245 .088

Statistical values for distance-based redundancy analyses (dbRDA) of individual major histocompatibility complex (MHC) IIB amino acid divergence (AA),
allele presence, body composition and sex on skin microbiota composition (unweighted/weighted UniFrac/Bray—Curtis distances) in Ozark and eastern
hellbender populations. Only significant tests on variables (p < 0.01) through backwards selection are presented for each distance matrix.

Actinobacteria (family ACK-M1: 545460, 336935 and 319691; fam-
ily Microbacteriaceae: 97094), Armatimonadetes (family Armatimon-
adaceae: 729833), Bacteroidetes (genus Fluviicola: 576960; genus
Flavobacterium: New.ReferenceOTU2666 and New.ReferenceOTU
444), Proteobacteria (family Comamonadaceae: 4426763; genus Lim-
nohabitans: 4466646; family Methylophilaceae:
OTU74 and New.CleanUp.ReferenceOTU47594; family Neisseriaceae:
New.CleanUp.ReferenceOTU60167; genus Vogesella: 817953; genus
Crenothrix:  589360), Spirochetes (genus Leptospira: New.Refer-

New.Reference

enceOTU27) and Verrucomicrobia (family Cerasicoccaceae: 1054065)
were among the rare OTUs associated with the eastern subspecies

skin.

3.3 | Associations between host traits and the skin
microbiota

We noted no significant associations between individual MHC 1IB
amino acid divergence and skin community richness in the Ozark
subspecies (LTR = 0.32, p =.569). When testing for correlations
between Ozark hellbender skin microbiota samples and host traits,
we detected significant grouping of samples defined by sex within
the Eleven Point and Current River populations and the presence of
alleles Cral-DAB*02/Cral-DAB*07 within the North Fork of the
White River population (Table 2). Within eastern hellbenders, we
observed a significant positive relationship between individual MHC

IIB amino acid divergence and microbial community richness

(LTR = 3.04, p = .081; estimate = 1.54 + 0.77; z = 1.99; p = .047).
In regards to correlations between host traits and the skin micro-
biota of eastern hellbenders, we did not detect significant grouping
of samples defined by these variables in the Big Piney/Gasconade
River populations (Table 2). However, in the Niangua River popula-
tion, we identified significant grouping of samples by amino acid
divergence using unweighted UniFrac distances/Bray—Curtis dissimi-
larities (Table 2). Amino acid divergence, the presence/absence of
allele Cral-DAB*05 and body condition dictated grouping of samples
within the Niangua River population based on weighted UniFrac dis-
tances (Table 2). Allele Cral-DAB*05 was a relatively common allele
within the Niangua population (Figure 1). In addition, Cral-DAB*05
was highly divergent (Figure S1) compared to other alleles present in
Niangua individuals with an average of 0.240 amino acid substitu-

tions per site.

4 | DISCUSSION

We implemented culture-independent microbiota characterization
and MHC 1IB sequencing to describe two known components of
amphibian immunity for the two subspecies of hellbenders. We iden-
tified low MHC IIB allele richness between populations of each sub-
species, and one allele (Cral-DAB*02) present across all populations
of hellbenders sampled. In addition, Ozark hellbenders possessed

lower MHC IIB allele divergence than eastern hellbenders. Our
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exploration of the cutaneous microbiota of hellbenders revealed bac-
terial OTUs that significantly associate with one subspecies over the
other. We also observed correlations between the skin microbiota
composition and host MHC 1IB amino acid divergence, common
allele presence and sex. These results support the role of subspecies
identity as an important determinant of skin bacterial communities in
hellbenders, and the importance of MHC IIB genotype as a selective

force on bacteria on the skin of amphibians.

4.1 | MHC IIB variation between Ozark and eastern
hellbenders

We identified between one and five alleles per individual in this
study, suggesting that hellbenders possess at least three MHC IIB
loci. This estimate differs from gene copy numbers observed in
other Cryptobranchids (n =2, Zhu et al., 2014), urodeles (n =1,
Babik et al., 2009; n=1, Bos & DeWoody, 2005) and anurans
(n = 2, Kiemnec-Tyburczy, Richmond, Savage, & Zamudio, 2010).
However, our methodology did not allow us to define copy num-
ber of these genes and accurately genotype every individual.
Given the evidence of disproportionate levels of long terminal
repeat retrotransposons contributing to genome expansions in hell-
benders (Sun & Mueller, 2014), duplication of the MHC is a possi-
bility. In addition, primer bias and cross-contamination may result
in preferential amplification of specific alleles leading to an under-
representation of allelic richness. By simply considering allele pres-
ence, we may be overestimating individual amino acid divergence.
Still, we can make conservative inferences regarding the distribu-
tion of MHC IIB alleles between both subspecies of hellbenders,
and potential associations between individual-level allele diver-
gence and microbiota composition. Numerous other investigations
have resorted to implementing similar methods when handling
multigene families as the MHC in nonmodel organisms (Miller,
Allendorf, & Daugherty, 2010; Whittaker, Dapper, Peterson,
Atwell, & Ketterson, 2012; Yuhki & Obrien, 1990).

The presence of allele Cral-DAB*02 in populations of both hell-
bender subspecies corresponds with patterns of trans-species poly-
morphism (TSP) in the MHC (Figure 1). TSP refers to the retention
of identical or similar alleles in closely related species (Klein, Sato,
Nagl, & O’hUigin, 1998). Patterns of TSP have been heavily docu-
mented in the MHC of multiple taxa due to balancing selection
maintaining beneficial alleles within populations (Tésicky & Vinkler,
2015). Within amphibians, cases of TSP in the MHC have been
described in Lithobates spp. (Kiemnec-Tyburczy et al., 2010), Ambys-
toma spp. (Bos & DeWoody, 2005) and Xenopus spp. (Bos & Wald-
man, 2006). In hellbenders, allele Cral-DAB*02 likely predates the
divergence of the two hellbender subspecies. Mitochondrial genome
analysis has been used to describe the family Cryptobranchidae as a
monophyletic group, with divergence of the genus Andrias (Asian
giant salamanders) and Cryptobranchus (North American giant sala-
manders) around 70 MYA (Zhang & Wake, 2009). Furthermore,
mitochondrial and microsatellite markers describe the root of the
Cryptobranchus genus lying within populations of the Current/Eleven

Point rivers (currently Ozark hellbender inhabited) and the New/Ten-
nessee Rivers in the southern Appalachia (currently eastern hellben-
ders; Sabatino & Routman, 2009). Ozark and eastern hellbenders
expanded their range following glacial meltdown 11,000 years ago
(Sabatino & Routman, 2009). We did not find Cral-DAB*02 within
the list of alleles that Zhu et al. (2014) characterized in the hellben-
der's sister species, Andrias davidianus. Therefore, it is likely that
Cral-DAB*02 originated after divergence of Andrias and Crypto-
branchus 70 MYA and has been maintained in North American Cryp-
tobranchus  populations  through balancing selection (e.g.,
heterozygote advantage, negative frequency dependent selection).
The presence of this allele through the divergence of eastern and
Ozark hellbenders suggests it may offer a degree of selective advan-
tage for disease resistance.

Lower MHC IIB allele divergence in the Ozark subspecies com-
pared to the eastern hellbender is among the first concrete explana-
tions for the unique presence of chronic wounds in Ozark
hellbenders. Infectious disease resistance has been positively associ-
ated with MHC allele divergence in other systems as well (Lenz,
Wells, Pfeiffer, & Sommer, 2009), suggesting an advantage of diver-
gent allele genotypes in pathogen detection (Wakeland et al., 1990).
Thus, differences in MHC IIB allele divergence may contribute to
immunity differences between the two subspecies of hellbenders.
Decreased MHC divergence corresponds with risk of population
extirpations due to future disease challenges (Radwan et al., 2010).
As a result, current conservation management programs should con-
sider incorporating approaches to preserve MHC diversity among
both subspecies of hellbenders. Captive breeding and rearing of both
hellbender subspecies is employed by the Missouri Department of
Conservation and the St. Louis Zoo-Ron Goellner Center for Hell-
bender Conservation (Ettling et al., 2013). Data from neutral genetic
makers are currently considered prior to arrangement of captive
mating pairs and wild population supplementation (Ettling et al.,
2013). This program provides the opportunity to also pair breeding
to preserve MHC allele diversity. While overall genetic diversity
should continue to be a priority, attention to MHC diversity in con-
servation management can bolster immunocompetence in declining
species (Madsen, Shine, Olsson, & Wittzell, 1999; Madsen, Ujvari, &
Olsson, 2004; Ujvari & Belov, 2011).

4.2 | Microbial community structure between
Ozark and eastern hellbenders

Subspecies identity was a primary driver of Ozark and eastern
hellbender skin microbial community composition, with variation in
environmental microbiota as a secondary factor. Differences in the
cutaneous microbiota of Ozark and eastern hellbenders suggest
that subspecies-specific factors are important in the assembly pro-
cesses of microbial communities. While we only characterized bac-
teria in the water and not substrate/biofilm communities, our
results indicate that variation in environmental bacterial reservoirs
can influence community assembly among populations of hellben-

der hosts. Our results parallel conclusions drawn from previous
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assessments of the skin microbiota in both subspecies (Hernan-
dez-Gomez et al.,, 2017b), but expand that work to multiple popu-
lations of each subspecies. The current study confirms a pattern
of skin symbiont divergence among the two subspecies by includ-
ing multiple populations within the range of both subspecies. Fac-
tors specific to each subspecies’ physiology (e.g., ontogeny, innate/
adaptive immunity, metabolism) could contribute to the success of
different microbes in colonizing skin microbial communities (Cost-
ello et al, 2012; Longo et al., 2015; Phillips et al., 2012; Walke
et al., 2014). Species identity as a predictor of cutaneous bacterial
community composition is an established pattern among other
amphibian systems as well. McKenzie, Bowers, Fierer, Knight, and
Lauber (2012) characterized strong differences in the microbiota
throughout four sympatric amphibian species. Furthermore, Kuene-
man et al. (2014) identified host species as a predictor of skin
microbiota diversity from samples collected across geographical
distances. Therefore, divergence in the microbial make-up of the
two hellbender subspecies indicates a mechanism through which
host selection processeson skin symbionts change over evolution-
ary time (Zilber-Rosenberg & Rosenberg, 2008).

Given the compositional differences between both hellbender sub-
species, differences in skin OTU associations could correlate with the
presence of wounds in the Ozark hellbender. A previous microbiota
study on Ozark hellbenders identified abundant OTUs on wound tis-
sues compared to the healthy skin (Hernandez-Gémez et al., 2017b).
These OTUs included members of the families Comamonadaceae,
Moraxellaceae and Flavobacteriaceae and were assumed to be oppor-
tunistic pathogens of wound tissue. In the present study, the abun-
dance of OTUs identified to the family Comamonadaceae, genus
Flavobacterium (family Flavobacteriaceae) and genus Acinetobacter
(family Moraxellaceae) on the skin of Ozark hellbenders was signifi-
cantly higher compared to the skin from the eastern subspecies. These
taxa are described as common environmental microbes; however, all
three also contain numerous opportunistic pathogenic species that
affect humans, animals and plants (Teixeira & Merquior, 2014; Will-
ems, 2014). Within amphibians, members of these families are com-
monly described as part of the skin microbiota (Jiménez & Sommer,
2017). However, Batrachochytrium dendrobatidis infection can induce
a positive response in the abundance of Comamonadaceae, Flavobacte-
riaceae and Moraxellaceae (Federici et al., 2015; Jani & Briggs, 2014;
Walke et al., 2015), and studies recording the effects of captivity on
the skin of amphibians have recorded positive responses in members
of these families as well (Becker et al. 2014). We cannot confidently
say these families play a role in the development of wounds in the
Ozark hellbender without further investigation; however, increased
abundance could result from decreased immunity within this hellben-

der subspecies.

4.3 | Host traits and skin microbiota associations

We provide the first report linking MHC 1IB, body condition and sex
on composition of the skin microbiota in an amphibian, the hellben-
der. A limited number of studies have also drawn links between the
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MHC 1IB and the microbiota, but these have evaluated the effect of

the MHC on the gut of mammals and fish. In laboratory experiments,
Kubinak et al. (2015) described an influence of individual MHC poly-
morphism on the composition of the mouse gut microbiota. Bolnick
et al. (2014) took this methodology to the field and observed a rela-
tionship between stickleback (Gasterosteus aculeatus) individual MHC
IIB allele divergence and composition of the gut microbiota. Our
study expands on previous work by incorporating numerous popula-
tions of two wild amphibians to quantify the role of immunogenetics
and host characteristics on processes shaping skin microbial commu-
nity assembly.

We noted several correlations between the MHC IIB genes and
the skin microbiota in hellbenders; however, our small sample size
restricted our ability to accurately assess an influence of MHC IIB on
specific OTUs. Admittedly, another limitation of our study is that we
did not measure other aspects of immunity (e.g., Toll receptors, skin
peptides) that may contribute to selective pressures on skin symbionts
(Hopkins & DuRant, 2011; Woodhams et al., 2014). Still, we identified
correlations between MHC IIB amino acid divergence/allele presence
and skin community richness/composition of hellbenders. Within the
eastern subspecies, we characterized a positive correlation between
amino acid divergence and OTU richness. This observation is contrary
to what previous microbiota/MHC association studies have described
(Bolnick et al., 2014). However, eastern hellbenders with high allele
divergence were also more likely to possess the common alleles such
as the TSP allele Cral-DAB*02 and allele Cral-DAB*01. This pattern
might explain the lack of a significant association between MHC [IB
amino acid divergence and microbiota richness among Ozark hellben-
ders. The Ozark subspecies’ MHC IIB alleles were not as divergent as
the eastern hellbender’s alleles from the common alleles (Figure S1). In
fact, amino acid divergence and/or the presence/absence of common
alleles consistently had an impact on compositional variation in the
skin microbial communities of Ozark and eastern hellbenders. Pressure
from parasites may induce a selective disadvantage to individuals pos-
sessing common MHC alleles, as parasites evolve ways to deflect pre-
sentation by these alleles (Bernatchez & Landry, 2003). Thus, it is
possible that common alleles induce different selective pressures on
the microbiota compared to the rare variants. To better understand
how the MHC influences microbial composition in amphibians, future
studies should continue to evaluate the influence of host traits on the
composition of the skin microbiome of amphibians in controlled envi-
ronments.

We only observed an association between body condition and
compositional turnover in the skin microbiota of eastern hellbenders
from the Niangua River population. The absence of an effect of
body condition among the other populations likely results from our
reduced sample size within each river. Given that body condition has
been associated with resistance to integumentary pathogens (Searle
et al, 2011), more research needs to evaluate the effect of body
condition on associations with microbial symbionts. We did note sig-
nificant grouping of skin communities in response to individual sex
among populations of the Ozark subspecies. This pattern is contrary
to what has been previously documented in other salamander
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systems where individuals from both sexes shared similar microbial
communities (Prado-lrwin, Bird, Zink, & Vredenburg, 2017). Sex-
related differences in skin microbiota composition may result from
physiological variation between male and female hellbenders. Some
of our hellbender populations were sampled around the breeding
season (eastern hellbenders: mid-/late August to mid-September;
Ozark hellbenders: mid-/late September to mid-October; Nickerson
& Mays, 1973; Humphries & Pauley, 2005). During the mating sea-
son, male hellbenders guard nests and can engage in intraspecific
aggression (Miller & Miller, 2005), suggesting a spike in androgenic
hormones and subsequent altered immunity (Eikenaar, Husak, Escal-
lon, & Moore, 2012; Klein, 2000). As such, variation in hormone/
metabolism between males and females may alter associations
between hellbenders and their microbial communities. To further
evaluate the effect of sex and seasonality on the skin microbiome of
hellbenders, future studies should consider serial microbial surveys
on the skin of this salamander.

5 | CONCLUSIONS

Our investigation of Missouri hellbender immunogenetics and cuta-
neous microbiota provided several insights related to the possible
link between host traits and the cutaneous microbiome within
amphibians. Disentangling the complex association between hosts,
parasites and the microbiome is important to understanding the role
of skin symbionts on pathogen defence among this class (Jiménez &
Sommer, 2017). Our results support the role of individual host char-
acteristics on the assembly processes of the cutaneous microbiome
of amphibians. These findings suggest the urgent need to continue
to monitor/manage the immunogenetics of captive and wild popula-
tions of hellbenders in North America. In the end, assessing the
influence of host traits in the formation of microbial symbiont com-
munities can provide insight into microbiome structure and pheno-

type heterogeneity within natural systems.
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