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Abstract

Infectious diseases are causing catastrophic losses to global biodiversity. Iridoviruses in the genus Ranavirus are among the
leading causes of amphibian disease-related mortality. Polymorphisms in major histocompatibility complex (MHC) genes are
significantly associated with variation in amphibian pathogen susceptibility. MHC genes encode two classes of polymorphic cell-
surface molecules that can recognize and bind to diverse pathogen peptides. While MHC class I genes are the classic mediators of
viral-acquired immunity, larval amphibians do not express them. Consequently, MHC class II gene diversity may be an important
predictor of Ranavirus susceptibility in larval amphibians, the life stage most susceptible to Ranavirus. We surveyed natural
populations of larval wood frogs (Rana sylvatica), which are highly susceptible to Ranavirus, across 17 ponds and 2 years in
Maryland, USA. We sequenced the peptide-binding region of an expressed MHC class I3 locus and assessed allelic and genetic
diversity. We converted alleles to functional supertypes and determined if supertypes or alleles influenced host responses to
Ranavirus. Among 381 sampled individuals, 26% were infected with Ranavirus. We recovered 20 unique MHC class IIf3 alleles
that fell into two deeply diverged clades and seven supertypes. MHC genotypes were associated with Ranavirus infection
intensity, but not prevalence. Specifically, MHC heterozygotes and supertype ST1/ST7 had significantly lower Ranavirus
infection intensity compared to homozygotes and other supertypes. We conclude that MHC class 113 functional genetic variation
is an important component of Ranavirus susceptibility. Identifying immunogenetic signatures linked to variation in disease
susceptibility can inform mitigation strategies for combatting global amphibian declines.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00251-019-01104-1) contains supplementary

material, which is available to authorized users. Infectious disease results from the interaction among patho-

gens, hosts, and their shared environment (Scholthof 2007).
Understanding the relative roles of these factors in driving
disease outbreaks and severity has required multiple investi-
gations into a variety of variables in natural and controlled
settings. Common goals in conservation genetics are to assess
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whether hosts can persist with pathogens given their current
genetic diversity and to determine the genetic potential for
host disease resistance, a research focus with a host-centric
perspective (Spielman et al. 2004; Allendorf et al. 2010).
The major gap, and one of the management relevance, is the
elucidation of how host genetics responds across environmen-
tal and pathogen pressure gradients (Smith et al. 2009).
Within a host, receptor molecules in the acquired immune
system of vertebrate animals interact directly with pathogens.
In particular, genes of the major histocompatibility complex
(MHC) encode diverse cell surface molecules that can
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recognize and bind to a wide array of pathogen-derived pep-
tides (Cresswell 1994). Class I MHC genes play a large role in
self-nonself recognition and defense against intracellular path-
ogens such as viruses. Class Il MHC gene code for the prima-
ry molecules can initiate acquired immunity against foreign
organisms, particularly bacterial, protozoal, and fungal patho-
gens (Cooke and Hill 2001). However, recent advances in
immunology have revealed significant cross-talk among all
MHC classes (Dengjel et al. 2005), suggesting that either class
I or class II molecules can respond to microbial pathogens.
While class I genes also show high allelic diversity and play
critical roles in adaptive immunity, class Il MHC genes are of
particular interest in wildlife disease studies because they have
the highest levels of allelic polymorphism across all vertebrate
genes (Flajnik and Kasahara 2001; Sommer 2005), show ex-
tensive copy number variation (Schaschl et al. 2009; Siddle
et al. 2010), are often under strong positive selection based on
nonsynonymous to synonymous substitution rate ratios
(Hughes and Nei 1989; Aguilar et al. 2004), and can persist
across closely related species and genera due to balancing
selection (i.e., trans-species and trans-generic polymorphism;
Takahata 1990; Klein et al. 1998). Within an individual, har-
boring a diverse array of class I and class II pathogen-
recognition molecules is critical for disease resistance, while
among-individual diversity improves population persistence
in the presence of a pathogen (Hedrick 1998).

Understanding infectious disease risk is particularly impor-
tant for amphibian hosts. Amphibians are declining globally
(Houlahan et al. 2000; Stuart et al. 2004) with disease often
cited as an important causative agent of decline and extinction
(Alroy 2015). While the fungal disease chytridiomycosis,
caused by Batrachochytrium dendrobatidis (Bd), has devas-
tated amphibians globally (Wake and Vredenburg 2008; Alroy
2015), two other amphibian pathogens have emerged in recent
decades, the Irridoviridae viral lineage Ranavirus (Chinchar
2002; Gray et al. 2009) and the alveolate parasite Perkinsea
(Chambouvet et al. 2015; Karwacki et al. 2018). Recent as-
sessment of 247 wild anuran mortality events in the USA from
1999 to 2015 found that Ranavirus was the most common
pathogen associated with mortality, accounting for 37% of
all cases (Isidoro-Ayza et al. 2017), which highlights that
Ranavirus may be particularly devastating in certain regions
of the world. Furthermore, Ranavirus lineages can readily
cross species barriers and infect a wide array of ectothermic
vertebrates, including fish, reptiles, and amphibians (Gray
et al. 2009; Chinchar et al. 2011). Frog virus 3 (FV3) is the
type species of the genus Ranavirus and is the most common
and widespread viral lineage in amphibians and other ecto-
thermic vertebrates (Chinchar and Waltzek 2014).
Understanding Ranavirus susceptibility in amphibian hosts
and how to mitigate infection risk is of primary interest for
developing strategies to mitigate disease-associated popula-
tion decline.
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In amphibians, MHC genes are significantly associated with
host responses to pathogen infection. For instance, susceptibility
to chytridiomycosis is significantly associated with MHC class 11
genetic variants in a variety of host species and populations
(Savage and Zamudio 2011; Bataille et al. 2015; Savage and
Zamudio 2016; Kosch et al. 2016; Hu et al. 2017). However,
Ranavirus susceptibility has been studied most extensively in
the context of MHC class I genetic variation and gene expression
in the model frog genus Xenopus. Xenopus laevis has one classi-
cal MHC class I locus (i.e., a single class Ia gene; Shum et al.
1993) that contributes to FV3 susceptibility (Gantress et al. 2003).
Non-classical class I (class Ib) loci also contribute to X laevis
FV3 susceptibility based on reduced survival times of
experimentally-infected larvae with a transgenically non-
functional class Ib gene (Edholm et al. 2013). Adult X laevis
are readily infected with FV3, but the infection is localized to
the kidneys where it can be rapidly cleared via antibody and
cytotoxic T cell responses that are likely stimulated by MHC class
la antigen presentation (Morales et al. 2010). In contrast, larval
X. laevis, which cannot express MHC class la genes (Flajnik et al.
1987), have reduced innate immune responses to FV3 (Andino
et al. 2012) and develop systemic infections that often cause
mortality (Robert et al. 2011). MHC class I associations with
FV3 susceptibility have been investigated in one additional frog
species, the highly FV3-susceptibile Rana temporaria, and class
genotypes were significantly associated with FV3 infection status
(Teacher et al. 2009). Due to the traditional role of class Ia mol-
ecules in generating antiviral immunity and evidence in support
of this process in adult frogs, it is unsurprising that investigations
into MHC class II genotype relationships to Ranavirus suscepti-
bility are lacking. However, because larval amphibians are the life
stage most susceptible to Ranavirus and can only express MHC
class II genes to stimulate acquired immune responses (Flajnik
et al. 1987; Rollins-Smith 1998), quantifying immunogenetic re-
lationships between MHC class II alleles and Ranavirus infection
dynamics in larval anurans can establish the role of acquired
immune responses in larval susceptibility to viral pathogens.

Wood frogs (Rana sylvatica) show the highest
Ranavirus susceptibility among 19 North American am-
phibian species tested in FV3 lab exposures (Hoverman
et al. 2011). Rana sylvatica is one of the best amphibian
models for Ranavirus infection experiments due to its
broad distribution, amenable life history, and high larval
susceptibility (Lee-Yaw et al. 2008; Lesbarréres et al.
2012). Consequent studies have revealed that
R. sylvatica susceptibility to FV3 is dose-dependent
(Forzan et al. 2015), that variation in host susceptibility
drives larval FV3 transmission (Brunner et al. 2017), and
that ecological and epidemiological factors are associated
with ranavirosis (Price et al. 2017). However, the relation-
ship between immunogenetic diversity and Ranavirus sus-
ceptibility has not been evaluated within the R. sylvatica
model system.
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Here, we investigate whether host immunogenetic fac-
tors contribute to Ranavirus susceptibility within natural
populations of larval R. sylvatica by sequencing the
peptide-binding region (PBR) of a constitutively-
expressed MHC class II3 locus (Kiemnec-Tyburczy
et al. 2010; Mulder et al. 2017). This locus has previously
been associated with amphibian chytridiomycosis suscep-
tibility in several amphibian hosts (reviewed in Fu and
Waldman 2017), but has not been evaluated in the context
of Ranavirus susceptibility in natural anuran populations.
We measure Bd and Ranavirus infection prevalence and
infection intensity across 17 ponds and 2 years, character-
ize individual- and population-level MHC class 113 poly-
morphism, test for evidence of positive selection in driv-
ing MHC gene evolution, and assess whether immunoge-
netic diversity predicts Ranavirus infection prevalence
and intensity. Understanding the relationship between
MHC class 113 variation and larval susceptibility to
Ranavirus will help to clarify the role of MHC class II-
mediated acquired immunity for defense against viral
pathogens in an amphibian life stage that lacks MHC
class I immune function. Improved knowledge of larval
immune function will also improve management strate-
gies for amphibians threatened with infectious diseases.

Methods
Field sampling

We sampled a random set of ephemeral ponds to esti-
mate the prevalence of Ranavirus at the Patuxent
Research Refuge, Maryland, USA. At each site and sam-
pling date, we captured up to 12 R. sylvatica tadpoles
using dip nets and collected tail tips (<5 mm) using
sterilized scissors. Tail samples are a non-lethal sampling
technique used to test for Ranavirus and have high de-
tection probability for the pathogen (Mosher et al. in
press). To sample for the presence of Bd, we swabbed
the mouthparts of each individual using cotton-tipped
swabs, rubbing around their oral disc 10 times. Each
swab and tail tip were placed into a sterile 1.5 ml
microcentrifuge tube with 70% ethanol and kept frozen
until analysis. Individual samples were allocated random-
ly to plates for molecular diagnostics of Ranavirus loads.
To quantify MHC alleles in these populations, we ran-
domly selected four 96-well plates, comprising 381 sam-
ples collected in March and April 2012 and in
June 2013. This resulted in an uneven sampling among
sites and years, but because it was random, allows us to
make inference to the entire Patuxent Research Refuge
population of wood frogs.

Molecular pathogen analyses

We quantified pathogen infection intensity for Bd and
Ranavirus using gPCR. We extracted DNA from mouthpart
swabs and tail clips using the Qiagen Biosprint kit following
the tissue extraction protocol. We tested swabs for Bd in
singlicate following Boyle et al. (2004) with slight modifica-
tions as follows: KlearKall Mastermix was used, primer con-
centrations were 0.6 uM, BSA was added at 0.4 pg/pl
(Garland et al. 2010), and gPCR conditions included an initial
denaturation at 95 °C for 10 mins followed by 45 cycles of
95 °C for 15 s and 60 °C for 45 s. Negative PCR controls and
Bd positive standards (100, 10, 1, and 0.1 zoospore genomics
equivalents created from the Maine Bd isolate JEL 404) were
run with each set of Bd qPCR reactions. We tested tail clips for
Ranavirus in singlicate using the methods outlined by
Brunner and Collins (2009) with slight modifications as fol-
lows: KlearKall Mastermix was used, BSA was added at
0.4 pg/ul, 25 ul reactions consisted of 20 pl mastermix and
5 ul of DNA and qPCR conditions were initial denaturation at
95 °C for 15 mins then 40 cycles of 95 °C for 15 s, 54 °C for
30s,and 72 °C for 15 s. The primers and probes target a 70-bp
region within the major capsid protein (MCP) of Ranaviruses
(Brunner and Collins 2009). Negative controls and Ranavirus
positive standards (10 virus copies/pl to 10% virus copies/pl;
obtained from Jesse Brunner) were run with each set of
Ranavirus qPCR reactions. The Ranavirus positive control
was a plasmid bearing the MCP gene from FV3. For a subset
of samples, we performed replicate JPCR reactions on the
same DNA extracts (n = 52) and replicate qPCR reactions on
replicate tissue DNA extracts (n = 23) to validate our methods
for Ranavirus detection and quantification.

We sequenced a 321 bp fragment of the MCP gene
from 18 Ranavirus positives from three ponds (pond 7:
n=6, pond 11: n=8, pond 12: n=4). We used PCR to
amplify Ranavirus DNA using the primers M151F and
MI152R (Marsh et al. 2002). PCR conditions were carried
out in 25 pl reaction containing 5 pl of DNA, 2.5 ul of
10x Amplitaq Gold PCR buffer, 0.8 uM of each primer,
0.2 mM of DNTPs, 2 mM of MgCl,, BSA at 0.4 ug/ul,
and 0.2 U of AmpliTaq Gold DNA polymerase (Applied
Biosystems). PCR conditions consisted of denaturing at
95 °C for 15 min then 45 cycles at 95 °C for 30 s,
62 °C for 30 s, and 72 °C for 40 s; with a final extension
of 72 °C for 5 min. We then cleaned amplified PCR prod-
ucts with ExoSAP-IT (United States Biochemical), and
sequenced the cleaned amplicons using the BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems,
Inc). The sequenced products were column-filtered, dried
down, rehydrated with 10 ul of HPLC purified formam-
ide, and then analyzed on an Applied Biosystems 3130xI1
DNA Analyzer. Individual sequences were assembled and
edited in a Sequencher 5.1.
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MHC sequencing and bioinformatics

We used 454 amplicon chemistry to sequence the MHC class
113 locus to high coverage (n = 381). Barcoded fusion primers
were previously designed to amplify only a single locus by
targeting the flanking introns of the exon 2 (Mulder et al.
2017). We used 25 forward and 8 reverse primers to multiplex
all 381 samples on two parts of one 454 FLX run. Amplicons
were amplified using AmpliTaq Gold (Thermo Fisher
Scientific, Waltham, MA) following manufacturer guidelines
in 25 pl reactions and adding 2X BSA and 0.12 uM of each
primer. PCRs were run using a touchdown of 10 cycles
(95 °C, 55 °C t0 50 °C, 72 °C for 45 s each) and 30 additional
cycles at an annealing temperature of 50 °C and adding an
initial 5 min of 95 °C and a final extension of 10 min at 72 °C.
We used agarose gels stained with Gel-Red (Biotium Fremont,
CA) to pool all samples in groups of 12 based on band inten-
sity. We also included 15 pl of all PCR negatives for quality
control. Pools were cleaned with 2X Sera-Mag beads and
quantified using the dsDNA HS assay kit on a Qubit 2.0
(Thermo Fisher Scientific, Waltham, MA) to produce final
library pools, each with unique barcodes for sequencing.
Libraries were quantified using qPCR and run on our in-
house 454 FLX (Center for Conservation Genomics,
Smithsonian Institution) using Lib-A chemistry and split over
the two parts of the plate.

Reads were demultiplexed and primers were removed
using JMHC version 1.0 (Stuglik et al. 2011). Many MHC
amplicon studies follow the two PCR criterion, requiring an
allele to be found in at least two independent PCRs for it to be
considered a true allele (Babik 2010). As we only ran one
PCR per individual, but also amplified only a single locus,
we defined alleles as true alleles if they were recovered from
at least two individuals at over 20% Minor Allele Frequency
(MAF) or in one individual at 30% MAF. We considered an
individual a heterozygote if it had at least 10% MAF of one of
our defined true alleles. To avoid negatively biasing the num-
ber of homozygotes in our dataset, we excluded any individ-
ual that had a unique potential allele that we could not confirm
as real because the MAF was between 10 and 30% and it did
not occur in any other individual. Second, we excluded any
individual that had fewer than 50 total preassigned reads or
more than three alleles at 10% MAF. After exclusions of these
individuals, 334 sampled individuals had robust genotypes
that were included in the final dataset. We also prepared a
second dataset that excluded any individuals that had a unique
allele. We used this dataset of 331 individuals to ensure that
our statistical analyses were not biased by these rare alleles
that were not confirmed by a second PCR. All true alleles
were aligned using 16 iterations of MUSCLE as implemented
in a Geneious 9.1 (Kearse et al. 2012) adding Xenopus laevis
(GenBank ID: D50039.2) as an outgroup. We assigned exon-
intron boundaries using X. laevis as the reference, identified
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PBR codons following the Brown et al. (1993) model, and
identified the conserved codons from Kaufman et al. (1994),
all following the approach described in Mulder et al. (2017).

MHC supertyping

Alleles were converted into functional supertypes by analyz-
ing physiochemical binding properties of the 13 codon posi-
tions within our MHC class II3 gene alignment. Functional
supertypes are known to affect peptide-binding capabilities of
human class I MHC alleles (Jones et al. 2006). We character-
ized each of the 13 codon sites based on five physiochemical
descriptor variables, including: z1 (hydrophobicity), z2 (steric
bulk), z3 (polarity), z4, and z5 (electronic effects; Sandberg
et al. 1998). We then conducted a discriminant analysis of
principle components (DAPC) analysis, which implements a
k-means clustering algorithm using the Bayesian information
criterion (BIC), to define functional clusters using the
adegenet 1.4-0 package in R (Jombart et al. 2010). Our
threshold for identifying the optimal number of clusters was
ABIC <2, and all alleles within clusters based on this thresh-
old were collapsed into one PBR supertype.

Genealogy reconstruction and population genetics

All subsequent phylogenetic and selection analyses were per-
formed on the coding region of the alignment. Nucleotide
diversity statistics and Tajima D were calculated in MEGA7
(Kumar et al. 2016). Hardy-Weinberg Equilibrium (HWE)
and population genetic differentiation (pairwise FST among
all populations) were calculated using Genepop (Rousset
2008) implemented with the R package “genepop” (https://
CRAN.R-project.org/package=genepop). We used the
Markov chain method (1000 batches, 100 iterations per
batch) to generate the HWE Fisher exact test P-values for all
R. sylvatica populations with sufficient sampling (N>5
individuals). We used the PartitionFinder 2 (Lanfear et al.
2016) to find the best fitting substitution model for our align-
ment using linked branch lengths, the corrected Akaike
Criterion (AICc) and allowing the alignment to be partitioned
across all three codon positions. To reconstruct the genealogy,
we ran MrBayes 3.2 (Ronquist et al. 2012) using the opti-
mized partitions and substitution schemes for 10 million gen-
erations, sampling every 500 generations and excluding a
burn in of 25%.

Selection analyses

We used the full alignment and our reconstructed Bayesian
genealogy to conduct selection analyses using the program
“Hypothesis testing using Phylogeny” (HyPhy; Kosakovsky
Pond et al. 2005) implemented on the Datamonkey server
(Delport et al. 2010). Because intragenic recombination can
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bias selection results, we tested for recombination using
GARD (genetic algorithms for recombination detection) prior
to conducting selection analyses (Kosakovsky Pond et al.
2005; Kosakovsky Pond et al. 2006). We tested for positive/
diversifying selection (excessive nonsynonymous (dN) rela-
tive to synonymous (dS) substitution rates, or significantly
positive dN-dS ratios) and negative/purifying selection (sig-
nificantly negative dN-dS ratios) using the three methods cur-
rently recommended by Datamonkey that test for codon-based
positive and negative selection: FEL (fixed effects likelihood),
SLAC (single likelihood ancestry counting), and FUBAR
(fast unconstrained Bayesian approximation; Kosakovsky
Pond and Frost 2005; Murrell et al. 2013). We considered P-
values lower than 0.05 to indicate significant evidence of pos-
itive or negative selection, except when using the Bayesian
approach in FUBAR for which we considered a posterior
probability of at least 0.98 as significant. To test for diversi-
fying selection along individual branches of the genealogy, we
also implemented the branch-site random effects model
(aBSREL), which uses models of different complexity for
different branches in the phylogeny to allow variation in se-
lective pressures among both codon sites and individual
branches (Smith et al. 2015). The significance threshold was
set at a likelihood ratio test P-value lower than 0.05.

Statistical analyses

We determined if Ranavirus infection status and pathogen
load changed in relation to host immunogenetics using a hur-
dle model (function hurdle in R package “pscl”: Jackman
2017). Hurdle models are two-part models that first model
infection status as a binomial process (uninfected versus in-
fected), and then model pathogen load as a count process
(either poisson or negative binomial). Larval MHC genetic
variation was measured using three metrics of MHC class
113 diversity: (i) allelic heterozygosity (homozygote or hetero-
zygote), (ii) supertype PBR heterozygosity and (iii) supertype
PBR genotype (the combination of supertypes present within
an individual). We included all individuals in the analyses
with robust genotypes and with supertype genotypes that were
represented by more than five individuals (V=301/381 indi-
viduals and 7/18 supertype genotypes). We were unable to
include allelic genotype in our statistical analyses due to the
high diversity of genotypes with many genotypes represented
by few individuals. In the final dataset of 301 individuals, 229
samples were collected in 2012, and 72 samples were collect-
ed in 2013. We included allelic heterozygosity, supertype PBR
heterozygosity and supertype PBR genotype as explanatory
variables and sampling year as a covariate in the hurdle model
with infection status and load as response variables in both
submodels. We found that the hurdle model with a negative
binomial distribution provided the best fit for the data com-
pared to a hurdle model with a Poisson distribution or a zero-

inflated negative binomial model (function zeroinfl in package
“pscl”) based on Akaike’s information criterion (AIC). We
determined significance of variables using the summary func-
tion and the Anova function in the R package “car” (Fox and
Weisberg 2011) using the F test as the test statistic. For ex-
planatory variables that were significant, as a second step we
then fit hurdle models with that sole explanatory variable to
identify how infection status or pathogen load changed across
the range of that covariate. We exponentiated the coefficients
of the two-part hurdle model to interpret odds ratios (binomial
model) and multipliers (count model).

Results

We tested 381 individual R. sylvatica larvae for Bd and
Ranavirus from 17 ponds sampled over 2 years (Figs. 1 and 2;
Online Resource 1). At two ponds (16 and 17; Fig. 1), we
collected fewer than 5 total individuals; therefore, we excluded
them from population-level comparisons (Fig. 3). We did not
detect Bd on any individual. We detected Ranavirus on 97/381
of individuals (26% overall prevalence; Fig. 2), with an average
pathogen load of 6.3 x 107 virus copies (SE+3.5x 107).
Replicate Ranavirus assays produced similar measures of viral
copy number (Online Resource 2). We detected 2/24 individuals
as false negatives. We did not detect any false positives, and
replicate qPCR values for infected individuals (n=51) were
on average 1.4x different between the two values (SE + 0.2x).
The Ranavirus strain we detected was most likely FV3, as
Sanger sequences from 18 Ranavirus positive samples produced
a 321 bp consensus sequence of the MCP gene which matched
the MCP gene in the FV3 genome (Genbank: AY548484.1) at
100% sequence similarity (E-value, 9E ') as well as similar
100% matches to other FV3 isolates (e.g., GenBank:
FJ601916.1, GQ144408.1, FJ459783.1). We detected no dis-
ease signs or evidence of Ranavirus outbreaks during either
sampling year.

We generated 293,433 high-quality sequences of the MHC
class 113 locus across all 381 individuals, including the com-
plete exon sequence (261 bp) and 14 bp of flanking intron.
Among individuals with robust genotypes (N =334), no indi-
vidual had more than 2 alleles, and only these individuals were
retained in the analyzed MHC dataset. We recovered 20 true
MHC class IIf3 alleles (GenBank accession
numbers MK372646-MK372665), of which 17 alleles dif-
fered in the coding regions and three pairs varied only within
intronic regions (Rasy-2 and Rasy-7; Rasy-6 and Rasy-8,
Rasy-4 and Rasy-12; Fig. 3). These 20 alleles represent 7
functional supertypes based on physiochemical binding prop-
erties of the PBR amino acids (Fig. 3; Online Resource 3).
None of the alleles had stop codons, suggesting functional,
expressed alleles. Nine populations showed significant devia-
tions from HWE based on observed MHC class IIf3 genotype

@ Springer



340

Immunogenetics (2019) 71:335-346

Fig. 1 Map of ponds sampled for
Rana sylvatica larvae and their

Sampling Locations

Ranavirus infection intensities in
2012 and 2013 in Patuxent State
Park, Maryland, USA. Numbers
1-15 represent each robustly
sampled pond ordered clockwise
west to east and are consistent
with pond supertype frequencies
shown in Fig. 2. Numbers 16 and
17 represent the two ponds where
sample sizes were insufficient (V
< 5) for population assessments.
The inset shows the state of
Maryland with the location of our
sampling area indicated in purple
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population differentiation was variable among population
pairs, but three populations (8, 9, and 15; Figs. 1 and 3)
showed consistently high levels of differentiation compared
to all other populations (FST > 0.05; Online Resource 5).

We detected intermediate levels of nucleotide diversity
when looking across the entire exon (Table 1). When

restricting the analyses to the codons representing the
peptide-binding region of the protein, nucleotide diversity
and Tajima’s D increased, consistent with balancing selection
acting on the PBR. Conversely, when restricting analyses to
codons in the Kaufman model, Tajima D decreased but was
still higher than 1. This is most likely a combination of
balancing selection acting on the exon as a whole, but certain
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Population Supertype Frequencies
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Fig. 3 Phylogenetic reconstruction of the 20 recovered Rana sylvatica
MHC class II{3 alleles, seven corresponding PBR supertypes (ST1-ST7),
and supertype frequencies across ponds. Labels 1-15 represent sampled

configurations being selected against because they interrupt
the stable and functional structure of the protein. Codon 19
was found to be under significant positive selection (dN-dS =
4.19) by both FEL (P=0.032) and FUBAR (posterior proba-
bility = 0.99), but not by the more conservative SLAC model
(P=0.22). Codon 62 was under negative selection (AN-dS =
—6.41) using all three methods (SLAC, P=0.032; FEL, P=
0.016; FUBAR, posterior probability =0.99). No other co-
dons were found under significant positive or negative selec-
tion using more than one method.

In the alignment of all 20 R. sylvatica alleles and the
X. laevis outgroup allele, we identified three different substi-
tution models for the codon partitions (codon 1: SYM + G,
codon 2: F81 + G, codon 3: HKY). Phylogenetic analysis
grouped class IIf3 alleles into two large clades, with consider-
able variation in branch lengths among allelic lineages (Fig.
3). Three supertypes clustered phylogenetically (ST4, ST5,
and ST7), two were represented by single alleles (ST3 and
ST6), and two were paraphyletic (ST1 and ST2), although
allelic relationships within these two supertypes had low

Xenopus laevis (D50039.2)

ponds numbered clockwise west to east, corresponding to Fig. 1.
Numbers below each pie chart indicate the number of individuals geno-

typed per pond

posterior support (Fig. 3). Using aBSREL, only the branch
leading to the ST4 and ST5 clades was under significant di-
versifying selection, although weaker evidence of diversifying
selection was present along terminal branches leading to sev-
eral alleles in ST1 and ST7, suggesting very recent selection
(Online Resource 6). Supertypes ST1 and ST7 occurred in
larvae from all 15 sampled ponds and ST4 occurred in larvae
from all except one pond. ST2 and ST5 were also present in
more than half of the sampled ponds. In contrast, ST3 and ST6
were each only recovered from larvae in a single pond (Fig. 3).

Of 301 individuals with robust and common supertypes
(N=2291n2012 and N =72 in 2013), Ranavirus was detected
on 81 individuals, with an average pathogen load of 7.9 x 10’
virus copies (SE £4.4 x 107). Among Ranavirus-infected in-
dividuals, pathogen load was significantly influenced by PBR
supertype (Fig. 3a; hurdle count model, F=5.3, df=6,
P <0.001) and allelic heterozygosity (Fig. 3b; hurdle count
model, F=16.8, df=1, P<0.001; Online Resource 7).
These results remained significant even when removing the
three individuals that had unique MHC alleles recovered only
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Table 1 Nucleotide diversity statistics across the 20 unique alleles as
calculated by MEGA 7. The data was additionally sub-divided by the
previously defined PBR regions, non-PBR regions, and conserved

regions. S = Segregating sites, ps =segregating sites out of total sites,
© = Watterson estimator, 7t = nucleotide diversity, Tajima’s D = Tajima’s
test statistic

MHC subset Size (bp) No. codons S ps (C] U Tajima’s D
Whole exon 261 87 38 0.15 0.041 0.059 1.72
PBR 72 24 20 0.28 0.078 0.13 248
Non-PBR 189 63 18 0.10 0.027 0.032 0.71
Conserved codons (Kaufmann) 60 20 4 0.067 0.19 0.027 1.31

once. Ranavirus infection intensity was lowest in larvae with
MHC supertype genotype ST1/ST7 (hurdle count model;
pairwise P <0.001). Compared to the ST1/ST7 baseline
(Fig. 4A), infection intensity increased by at least 1.8 x 10°
(ST4/ST7) to as high as 5.6 x 10° (ST7/ST7). Ranavirus in-
fection intensity was similar among all other MHC supertype
genotypes, except that the homozygote supertype genotype
ST7/STT had significantly higher average infection intensities
compared to the heterozygote supertype genotype ST4/ST7
(hurdle count model; P=0.01). Average Ranavirus infection
intensity was 2.2 x 10 virus copies for all MHC heterozy-
gotes and 4.4 x 10® virus copies for all MHC homozygote
genotypes. MHC homozygotes had a 23-fold increase in
Ranavirus infection intensity compared to heterozygotes
(Fig. 4B). We did not find an association between allelic het-
erozygosity, PBR heterozygosity or PBR supertype, and
Ranavirus prevalence (hurdle binomial model, P> 0.05).

Discussion

MHC-linked associations with disease susceptibility have
been documented in humans (Trowsdale 2011) and a variety
of wildlife taxa (Acevedo-Whitehouse and Cunningham
2006), including amphibians (Fu and Waldman 2017). Here,

we find that MHC class II genotypes are associated with var-
iation in Ranavirus infection intensity in free-ranging popula-
tions of wood frogs. In contrast, none of the measured vari-
ables explained the observed variation in Ranavirus preva-
lence, suggesting that other ecological factors may influence
occurrence of the pathogen. This two-step process of disease
progression (i.e., the probability of initial infection, followed
by the rate of pathogen replication within infected individ-
uals), with different variables driving outcomes of each pro-
cess, is also observed in Bd disease dynamics (Raffel et al.
2015). However, an opposite pattern of genetic associations is
frequently recovered from studies of Bd-MHC associations:
Bd prevalence tends to be associated with host genotype,
while infection intensity is best explained by climatic factors
such as temperature (Savage et al. 2015; Horner et al. 2017).
The pattern we identified for FV3 disease dynamics, where
probability of infection may be linked to (unmeasured) envi-
ronmental variation, while infection intensity is predicted by
host genotype, is likely explained by viral biology. FV3 infec-
tion intensity is positively associated with mortality (Miller
et al. 2011) and varies among hosts and host genotypes in
controlled exposure experiments conducted in several frog
and salamander systems (Rojas et al. 2005; Price et al. 2018;
Ariel et al. 2009), including R. sylvatica (Echaubard et al.
2014; Brand et al. 2016). Thus, infection intensity is a robust
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Fig. 4 Mean Ranavirus infection intensity among FV3-infected individ-
uals based on (A) PBR genotype and (B) MHC allelic heterozygosity.
PBR genotypes are measured as the combination of functional MHC
supertypes (ST) based on physiochemical binding properties of PBR
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predictor of FV3 susceptibility in amphibians, whereas Bd
susceptibility is more complex, with numerous species main-
taining high Bd intensity and remaining asymptomatic
(Garner et al. 2006; Rollins-Smith et al. 2015; Savage and
Zamudio 2016).

The nature of the relationship between immune gene diver-
sity and response to pathogens in natural populations of ver-
tebrates is highly variable. At the population level, some stud-
ies find evidence of negative frequency-dependent selection
driving high allelic polymorphism, while others reveal direc-
tional selection for particular alleles (Bernatchez and Landry
2003). At the individual level, diverse patterns are also ob-
served. Even when considering the amphibian-Bd system on-
ly, empirical support exists for heterozygote advantage
(Savage and Zamudio 2011), homozygote advantage
(Savage et al. 2017), and specific alleles that are associated
with differential pathogen susceptibility (Bataille et al. 2015).
In our particular Ranavirus-larval R. sylvatica study system,
we found weak evidence for site-specific positive selection,
with one codon showing elevated nonsynonymous to synon-
ymous rate ratios. Although this codon does not sit in the
canonical PBR as found by Brown and Tong, it has been
found to be under positive selection in numerous studies that
have used a variety subsets of amphibian species (Mulder
et al. 2017; Bataille et al. 2015; Kiemnec-Tyburczy et al.
2010; Lillie et al. 2015) and has been hypothesized by
Mulder et al. (2017) to be an important codon for
amphibian-specific pathogen-recognition.

We found evidence for balancing selection acting on MHC
allelic diversity at the population level in the PBR compared to
non-PBR regions as indicated by positive Tajima’s D values.
One caveat is that demographic processes can also produce
Tajima’s D values that mimic those expected under directional
or balancing selection (Nielsen 2005). At the individual level,
we recovered a more striking and definitive pattern of hetero-
zygote advantage, with MHC heterozygotes showing a 23-
fold reduction in Ranavirus infection intensity. The impor-
tance of individual MHC molecules or allele combinations
relative to heterozygosity arising from any combination of
alleles remains unclear in our study and in others (Acevedo-
Whitehouse and Cunningham 2006). However, the variation
in pairwise MHC genetic differentiation among populations
and in whether a population showed significant MHC devia-
tions from HWE suggests that different alleles may be bene-
ficial across sampled populations, potentially in response to
the variable pathogen pressures observed within and among
years.

The significant associations between MHC genotypes and
Ranavirus infection intensity we observed in larval
R. sylvatica provides evidence that MHC class II variants
are indeed contributing to antiviral immunity in amphibian
populations. However, the role of MHC class II gene
products—which would reveal an understanding of a heritable

mechanism for population susceptibility—in amphibian anti-
viral immunity are poorly understood. Extensive work on im-
munity in the X. Jaevis amphibian model system demonstrates
that larval anurans do not express MHC class I gene products
(Rollins-Smith 1998), which are the central regulators of ac-
quired antiviral immune function across vertebrates
(Matsumura et al. 1992). Indeed, X. laevis larval susceptibility
to Ranavirus is significantly higher than adult susceptibility,
which may be driven by a lack of MHC class I gene products
stimulating CD8 T cell restricted immune function. However,
larval X. laevis exhibit significant variation in Ranavirus sus-
ceptibility among individuals (Chen and Robert 2011), sug-
gesting that variation in other immune loci may drive suscep-
tibility. MHC class II loci are expressed and can generate
acquired immune responses in pre-metamorphic X. laevis in-
dividuals by stimulating CD4 T cells (Rollins-Smith 1998;
Rollins-Smith 2001). Processes such as autophagy can also
cause MHC class Il molecules to present intracellular antigens
such as viruses on the surface of antigen-presenting cells
(Dengjel et al. 2005). Thus, CD4 T cell-restricted acquired
immunity may be more important for larval amphibian antivi-
ral immunity than the traditional dogma of MHC class restric-
tion would suggest (Cresswell et al. 2005). As genome editing
becomes increasingly feasible in non-model animal systems,
conducting functional genomics experiments in diverse am-
phibian lineages will allow us to better understand the impor-
tance of different immune genes in driving susceptibility to
global pathogens such as Ranavirus and Bd.

Our data on free-ranging amphibian populations demon-
strate that MHC class II3 functional genetic variation may be
an important component of Ranavirus susceptibility in wood
frogs. We recovered typically high levels of MHC polymor-
phism and heterozygosity, both within and among ponds.
Therefore, we encourage future comparative studies of
MHC diversity relative to overall population genetic varia-
tion to assess the specific importance of functional PBR var-
iants for Ranavirus susceptibility. Replicating this study de-
sign across a range of larval host amphibians and Ranavirus
strains, as well as conducting experimental exposure trials
across MHC genotypes, will be important next steps in
assessing how general this association is relative to other
factors such as temperature (Brand et al. 2016), additional
immune genes (Teacher et al. 2009), or host microbiome
(Campbell et al. 2018). Rana sylvatica is among the most
Ranavirus-susceptible ranid frogs in North America
(Hoverman et al. 2011) despite high levels of class II PBR
diversity and heterozygosity within the small spatial scale
investigated here, suggesting that the presence of particular
alleles within individuals may be more important for
Ranavirus susceptibility than overall immunogenetic diver-
sity. Broader characterization of MHC class II functional
variation among species using rapid amplicon sequencing
approaches developed for ranid frogs (Mulder et al. 2017)
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can further elucidate allele-supertype-heterozygosity rela-
tionships across a variety of anurans with a history of expo-
sure to Ranavirus. Ultimately, understanding whether natu-
ral selection favoring MHC or other genetic variants in nat-
ural amphibian populations can lead to the evolution of
Ranavirus resistance can inform intervention strategies,
such as genetically-informed captive breeding or gene
editing resistance alleles, for affected populations and reduce
disease-associated global amphibian declines.
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