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Abstract
Reticulated flatwoods salamander (Ambystoma bishopi) populations began decreasing dramatically in the 1900s. Contemporary
populations are small, isolated, and may be susceptible to inbreeding and reduced adaptive potential because of low genetic
variation. Genetic variation at immune genes is especially important as it influences disease susceptibility and adaptation to
emerging infectious pathogens, a central conservation concern for declining amphibians. We collected samples from across the
extant range of this salamander to examine genetic variation at major histocompatibility complex (MHC) class Iα and IIβ exons
as well as the mitochondrial control region. We screened tail or toe tissue for ranavirus, a pathogen associated with amphibian
declines worldwide. Overall, we found low MHC variation when compared to other amphibian species and did not detect
ranavirus at any site. MHC class Iα sequencing revealed only three alleles with a nucleotide diversity of 0.001, while MHC
class IIβ had five alleles with a with nucleotide diversity of 0.004. However, unique variation still exists across this species’ range
with private alleles at three sites. Unlike MHC diversity, mitochondrial variation was comparable to levels estimated for other
amphibians with nine haplotypes observed, including one haplotype shared across all sites.We hypothesize that a combination of
a historic disease outbreak and a population bottleneck may have contributed to low MHC diversity while maintaining higher
levels of mitochondrial DNA variation. Ultimately, MHC data indicated that the reticulated flatwoods salamander may be at an
elevated risk from infectious diseases due to low levels of immunogenetic variation necessary to combat novel pathogens.
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Introduction

Immune genes are crucial for species survival, as immunoge-
netic diversity is necessary to effectively combat a broad range

of infections; without it, complex organisms face a greater risk
of disease and extinction. Moreover, disease threatens many
amphibian species and is a key factor in some recent amphibian
extinctions (McCallum 2007; Richmond et al. 2009).
Ranaviruses (frog virus 3 and Ambystoma tigrinum virus) are
a type of emerging amphibian pathogen that is increasing in
prevalence and becoming more virulent through recombination
of viral strains, threatening species worldwide (Chinchar 2002;
Gray and Chinchar 2015; Claytor et al. 2017; Peace et al. 2019)
while chytrid fungi (Batrachochytrium dendrobatidis and
B. salamandrivorans) have devastated populations of amphib-
ians around the world (Berger et al. 1998; Martel et al. 2013;
O’Hanlon et al. 2018).

In North America, ranavirus accounts for a large percent-
age of disease-related amphibian deaths each year (Green
et al. 2002), affecting both captive and wild populations
(Johnson et al. 2008; Claytor et al. 2017). Ranavirus kills its
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host through a combination of lesions, abdominal swelling,
and hemorrhaging (Gray and Chinchar 2015). Larval amphib-
ians are the most susceptible to fatal infection, and mass die-
offs can devastate entire larval cohorts resulting in complete
recruitment failure (Teacher et al. 2009). Some ambystomatid
species, like the tiger salamander (Ambystoma tigrinum), can
tolerate ranavirus infection (Greer et al. 2009) while others
like the California tiger salamander (Ambystoma
californiense) exhibit high mortality rates following experi-
mental infection (Picco et al. 2007). This disease is spreading,
and in recent years, amphibian deaths on five continents have
been attributed to ranavirus (Marsh et al. 2002; Fox et al.
2006; Kik et al. 2011; Miller et al. 2011; Price et al. 2014).
The incipient threat of disease in an interconnected world
underscores the importance of disease screening, biosecurity,
and immune gene research for vulnerable species.

Major histocompatibility complex (MHC) immune genes are
among the most important determinants of disease resistance in
jawed vertebrates (Sommer 2005). This region is well studied
and considered to be one of the most genetically diverse regions
in the genome (Sommer 2005). MHC genes code for transmem-
brane proteins with cell surface domains, which bind peptides
derived from antigens and then present them for inspection to T
cells that in turn activate other components of the immune re-
sponse (Bernatchez and Landry 2003). The MHC consists of
two main classes: class I, which monitors intracellular fluid, and
class II, which interacts with extracellular fluid. Class I proteins
bind antigens found inside the cell and present them on the cell’s
surface to cytotoxic Tcells, which destroy infected cells (Alberts
et al. 2015). These antigens usually derive from viruses or intra-
cellular bacteria. Class II proteins present to and activate helper
T cells, which in turn activate B cells, macrophages, and other
immune cells. Class II proteins typically present antigens from
extracellular bacteria and fungi (Alberts et al. 2015). Together,
these two classes of proteins combine to protect vertebrates
against a diverse array of pathogens.

Genetic variation at MHC genes plays an important role in
fighting infectious diseases. Variation is vital to the long-term
persistence of a species, and high MHC diversity allows a
species to adapt to, and survive, a broad range of pathogens.
This diversity is especially important when a species is faced
with a novel pathogen because higher diversity can increase
the chance a population survives. To date, most MHC-related
amphibian research has focused on anurans with less attention
to caudates, but research has shown associations between dis-
eases andMHC diversity in amphibians. For instance, specific
MHC class Iα and class IIβ alleles have been associated with
increased survival following exposure to chytrid fungus and
ranavirus (Teacher et al. 2009; Savage et al. 2016; Savage and
Zamudio 2016; Fu andWaldman 2017; Savage et al. 2018). In
other species, MHC class IIβ heterozygosity correlates with
increased survival in Chiricahua leopard frogs (Lithobates
chiricahuensis) and lowland leopard frogs (L. yavapaiensis)

infected with chytrid fungus (Savage and Zamudio 2011;
Savage et al. 2018). Similarly, wood frogs (Rana sylvatica)
that are heterozygous at MHC class IIβ had a lower ranavirus
infection intensity when compared to homozygotes (Savage
et al. 2019). Because MHC diversity is important in combat-
ing pathogens, conserving that diversity will be a key compo-
nent in countering global amphibian species declines (Elbers
and Taylor 2016; Savage et al. 2018).

The reticulated flatwoods salamander (RFS, Ambystoma
bishopi) is a federally endangered species (USFWS 2009)
that has experienced severe declines in population size and
the number of breeding sites. These declines may have
caused a genetic bottleneck, leading to inbreeding and re-
duced genetic diversity. Inbreeding increases genome-wide
homozygosity and may lead to inbreeding depression,
which can manifest as reduced fecundity and decreased
survival, including that caused by increased disease sus-
ceptibility (Allendorf et al. 2013). RFSs occur in fire-
maintained longleaf pine (Pinus palustris) ecosystems
(Palis 1996; Petranka 2010). Once a wide-ranging species,
the RFS was locally abundant throughout the coastal plain
of the southeastern USA and could be found in southern
Alabama, western Georgia, and the panhandle of Florida
west of the Apalachicola River (Palis 1996; Pauly et al.
2007; IUCN 2008). Over the last century, however, fire
suppression, extensive land conversion, extended
droughts, and loss of longleaf pine habitat have severely
reduced and fragmented RFS populations (Frost 1993;
Palis 1997; Bishop and Haas 2005; IUCN 2008;
Chandler et al. 2016; McIntyre et al. 2018). As a result,
only twenty-two breeding sites could be identified when
the RFS was listed as endangered in 2009 (USFWS 2009,
Farmer et al. 2016). All known breeding sites are restricted
to Florida (n = 20) and Georgia (n = 2), with an estimated
adult population size of just 10,000 individuals in 2009
(Pauly et al. 2007; IUCN 2008). Since 2009, the number
of known active breeding sites has declined from twenty-
two to six, although part of this decline is because many
known sites on private land have not been surveyed in the
intervening years (Farmer et al. 2016; O’Donnell et al.
2017; Semlitsch et al. 2017). A loss of genetic diversity
in RFS may affect its long-term persistence because genet-
ic variation is the foundation upon which natural selection
acts, enabling populations to adapt to changing environ-
mental conditions (Frankham et al. 2002).

In this study, we estimated MHC diversity in the RFS to
investigate range-wide genetic variation at breeding sites de-
fined by USFWS. The control region of mitochondrial DNA
was also sequenced to provide an additional estimate of ge-
netic variation unrelated to immune gene variation and so
unlikely to be affected by selection driven by disease. We also
screened RFS for ranavirus infection to assess its occurrence
across the range and to examine associations between
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immunogenetic variation and ranavirus, if present.
Understanding the prevalence of ranavirus and the extent of
immunogenetic diversity following bottlenecks will inform
conservation efforts and management strategies for the RFS.

Methods

Sample collection

Sampling occurred at five breeding sites across the extant
range of the RFS (Fig. 1). We identified “breeding sites” as
defined by the US Fish and Wildlife Service in 2015, which
considers any grouping of RFS ponds within 3.2 km (2 miles)
of each other as a single breeding site (USFWS 2015, data by
pond available in Supplemental 1). Between 2011 and 2019,
we collected samples from: East and West Eglin Air Force
Base (AFB), Florida (East: n = 147, West: n = 41); Escribano
Point Wildlife Management Area (WMA), Florida (n = 48);
Garcon Point Water Management Area, Florida (n = 4); and
Mayhaw WMA, Georgia (n = 5). Sample sizes were

unbalanced across sites, reflecting salamander abundance as
well as sampling effort. Tissue was taken with sterilized scis-
sors from the toes of adult salamanders caught in drift-fence
funnel traps or from the tails of larvae captured during dipnet
surveys. Both tissue types were stored in 95% ethanol at 4 °C,
and DNAwas extracted using a DNEasy Blood and Tissue Kit
(Qiagen) following the manufacturer’s protocol.

DNA amplification and sequencing

We sequenced three loci: MHC class Iα exon 3, MHC class
IIβ exon 2, and the mitochondrial control region (D-loop).
MHC class Iα was amplified using primers P3S and P3AS
as described in Sammut et al. (1999), but with different am-
plification conditions. PCRs optimized for RFS were per-
formed at a final volume of 20 μl with concentrations of 1X
PCR buffer, 3 mM of MgCl2, 4 mM dNTPs, 6 μM of each
primer, 0.1 μl of Taq polymerase (New England Labs,
Ipswich MA), and 1.0 μl of DNA template. The thermal pro-
file consisted of an initial denaturation step of 30 s at 95 °C
followed by 35 cycles of 95 °C for 30 s, 63 °C for 30 s, 68 °C

Fig. 1 Map of breeding sites sampled for RFS from 2011 to 2019
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for 30 s, and a final extension step of 68 °C for 5 min. Despite
multiple attempts to optimize conditions, previously pub-
lished primers (Bos and DeWoody 2005) did not amplify the
MHC class IIβ locus in RFS, so we designed new primers
targeting MHC class IIβ using program Geneious v11.1.2
(Kearse et al. 2012). Primers were designed by aligning pub-
lished sequences of all ambystomatid species available in
GenBank (AF209115, AF209117, DQ125478-80,
KP408179-209) and initially creating degenerate primers to
target a conserved region across all sequences, an exonic por-
tion of MHC class IIβ. After obtaining sequences from the
degenerate primers, we redesigned new primers to target con-
served regions of the RFS’s MHC class IIβ exon (forward 5′
GGATCTCCTTCTGGCTGTTC 3′, reverse 5′ CGAGTGCC
GCWTTCTGAACG 3′). PCRs were performed as above ex-
cept with a final concentration of 1 mM of MgCl2 and an
annealing temperature of 60 °C. We also sequenced the mito-
chondrial D-loop, which has been used previously for genetic
studies in the RFS (Pauly et al. 2007). We amplified this re-
gion using primers THR and DL1 following Shaffer and
McKnight (1996) and Pauly et al. (2007).

All purified PCR products were cycle sequenced in for-
ward and reverse directions using 5× BigDye buffer
(Applied Biosystems Inc), Big Dye v3.1, 10 μM primer,
1.5 μl purified PCR product, and nanopure water for a total
reaction volume of 7.0 μl. The thermal profile followed an
initial step of 60 s at 96 °C followed by 24 cycles of 96 °C
for 10 s, 50 °C for 5 s, and 60 °C for 4 min. Cycle-sequenced
product was purified with Sephadex G50 Fine (Sigma-
Aldrich) and sequenced on an ABI 3130xl DNA analyzer at
the LSU Genomics Facility (Baton Rouge, LA).

Pathogen screening

RFS samples (n = 249) were screened for ranavirus using
primers 4 and 5, and the PCR protocol was described in
Mao et al. (1997). Primers 4 and 5 amplify a region of the
major capsid protein and have reliably detected ranavirus
infection in many amphibian species including the closely
related tiger salamander (Ambystoma tigrinum: Picco
et al. 2007; Greer et al. 2009) as well as more distantly
related plethodontid salamanders (Blackburn et al. 2015).
To confirm results, a random subsample (n = 119) was re-
tested with primers M151 and M152 (which amplify a
different region of the major capsid protein gene) and
the PCR protocol described in Marsh et al. (2002).
Negative and positive controls were included with every
PCR run. The negative control consisted of nanopure wa-
ter, whereas the positive control was a 521-bp fragment of
linearized ranavirus plasmid (Allender et al. 2013). All
PCR product was run on 2% agarose gels, where the
presence or absence of bands equal to the size of the

positive control indicated the presence or absence of
ranavirus.

Data analysis

MHC variation was examined both by using sequence
data and by assigning each unique sequence an allele
number (e.g., allele 01) to create genotype data. Before
analysis, all sequences were quality checked, low-quality
reads were trimmed, and aligned using Geneious, then
phased using DnaSP v6 (Rozas et al. 2017). All nucleo-
tide and protein sequences were checked against se-
quences from other ambystomatid species using the
NCBI BLAST algorithms blastx and blastp (https://blast.
ncbi.nlm.nih. gov/Blast.cgi). Estimates of nucleotide
divers i ty, or the average number of nucleot ide
differences per site between sequences, were calculated
in DnaSP v6 (Rozas et al. 2017). Observed and expected
heterozygosities (HO and HE) for MHC loci (Weir and
Cockerham 1984) were estimated in GenePop v4.6
(Raymond and Rousset 1995; Rousset 2008). Each
MHC locus was tested for Hardy-Weinberg Equilibrium
(HWE) within each breeding site using GenePop v4.6.
The p.adjust function in R (Core Team 2018) was then
used to correct for multiple tests (n = 5) using the false
discovery rate (FDR, Benjamini and Hochberg 1995) as
well as both sequential and regular Bonferroni-adjusted of
0.05. Allelic richness (AR) was estimated with FSTAT v2.
9.4 (Goudet 2001). This calculation uses a rarefaction
technique to estimate the expected number of alleles in a
subsample and is standardized to the smallest number of
individuals typed at a location (Garcon Point n = 4). In
order to translate DNA to amino acid sequences and de-
termine synonymous and non-synonymous nucleotide
substitutions, the reading frame was selected after se-
quence processing by comparing the translation starting
at nucleotide 1, 2, or 3. Each translation was inspected
for stop codons (indicating an improper reading frame)
in Geneious and compared to sequences of similar species
published in GenBank. The non-synonymous to synony-
mous (dN/dS) substitution ratio was calculated and exam-
ined for evidence of selection using two separate tests.
First, MEGA X v10.0.5 was used to conduct a Z test with
5000 bootstraps to determine if dN = dS using the Nei and
Gojobori method with a Jukes-Cantor correction (Kumar
et al. 2018). The dN/dS ratio was measured using the en-
tire sequence, as well as the codons predicted to be within
the peptide binding region (Lillie et al. 2014; Bondinas
et al. 2006). Second, HyPhy was used to test for selection
on a per site basis with a fixed effects likelihood (FEL)
method implemented in DataMonkey 2.0 (Kosakovsky
et al. 2005; Weaver et al. 2018). For both MHC regions
and mitochondrial DNA, a haplotype network was created
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using a minimum joining network in Popart 1.7 (Fig. 2;
Bandelt et al. 1999). Finally, to compare MHC diversity
in the RFS with other amphibians, a literature search was
conducted reviewing 23 other species for MHC class Iα
and class IIβ diversity. Data on sample size, number of
alleles, and nucleotide diversity were summarized and
compared to results from the RFS.

Results

At theMHC class Iα locus, we sequenced 190 individuals and
amplified DNA fragments between 243 and 248 bp. Those
fragments were trimmed to 243 bp each and after phasing
three alleles were observed (Tables 1 and 2). The nucleotide
sequences of these alleles matched the MHC class Iα chain of
the Mexican axolotl (Ambystoma mexicanum) with more than
94% similarity and e-values between 6e−93 and 3e−96 (NCBI
blastn algorithm, https://blast.ncbi.nlm.nih.gov/Blast.cgi,
GenBank accession numbers U88185.1, U83137.1, and
U83138.1). Protein sequences for MHC class Iα matched
the Mexican axolotl with more than 91% similarity and e-
values between 7e−44 and 7e−46 (NCBI blastp algorithm,
https://blast.ncbi.nlm.nih.gov/Blast.cgi, GenBank accession
numbers AAC60111.1, AAC60108.1, and AAC60109.1). At
the MHC class IIβ locus, we sequenced 93 individuals and
amplified DNA fragments between 160 and 163 bp. Those
fragments were trimmed to 160 bp each and after phasing
five alleles were observed (Tables 1 and 3). These sequences
matched with more than 92% similarity to the MHC class IIβ
chain of both theMexican axolotl and tiger salamander with e-
values between 1e−53 and 2e−55 (NCBI blastn algorithm,
GenBank accession numbers KP408205.1, DQ125478.1,

and DQ071905.1). Protein sequences for MHC class IIβ
matched Mexican axolotl and tiger salamander with 78–81%
similarity and e-values between 1e−22 and 3e−23 (NCBI
blastp algorithm, https://blast.ncbi.nlm.nih.gov/Blast.cgi,
GenBank accession numbers AKC35261.1 and AAY99198.
1). After correcting for multiple tests,MHC loci at all breeding
sites were in Hardy-Weinberg equilibrium except for the
MHC class IIβ locus at Escribano Point (X2 = 16.9, p = 0.
03). We sequenced 682 bp of the mitochondrial D-loop in
238 individuals and observed nine haplotypes: seven were
previously undescribed while two were 100%matches to hap-
lotypes recovered from other study sites sampled by Pauly
et al. (2007; Genbank accession numbers H2: EU517607.1
and H3: EU517606.1). One haplotype, H3, was found at all
five breeding sites, whereas haplotypes H2 and H9 were
shared among two sites each, and seven haplotypes were pri-
vate to a single breeding site (Fig. 2).

For each MHC locus, a maximum of two alleles was re-
covered in every individual, indicating that pseudogenes and
gene duplication were absent, as previously demonstrated for
other ambystomatids withMHC primers (Sammut et al. 1997;
Bos and DeWoody 2005; Tracy et al. 2015). For MHC class
Iα, only a single reading frame (beginning with nucleotide 2)
produced an amino acid sequence with no stop codons. MHC
class IIβ had two reading frames that did not produce stop
codons (starting with nucleotide 2 or 3), so we compared the
sequence to the same region of the tiger salamander
(DQ125478.1 and DQ071905.1) and used the reading frame
of the tiger salamander (reading frame 3). All further analyses
were conducted using reading frame 2 for MHC class Iα and
reading frame 3 for MHC class IIβ. For the analysis in
MEGA, the dN/dS ratio did not differ from neutral expecta-
tions at eitherMHC locus, indicating no evidence for selection

Fig. 2 Haplotype network of
MHC class Iα (a), MHC class IIβ
(b), and mitochondrial D-loop (c)
sequences. Circle size is propor-
tional to the number of individ-
uals per haplotype, and each dash
represents a single base
substitution
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(MHC class Iα Z = − 0.24, p = 0.81; MHC class IIβ Z = 0.55,
p = 0.60). For MHC class Iα, no amino acids in our sequences
were predicted to be part of the peptide binding region (Lillie
et al. 2014). For MHC class IIβ, seven amino acids were
associated with peptide binding (Bondinas et al. 2006), al-
though this region did not appear to be under selection as
the dN/dS ratio did not differ from neutral expectations (Z =
0.38, p = 0.88). Using HyPhy, no selection was detected for
MHC class Iα but for MHC class IIβ, purifying selection was
detected at amino acid 33 in the peptide binding region (α =
84.5, p = 0.019).

Eglin AFB, as a whole (combining the East andWest sites),
had the highest levels of allelic richness, heterozygosity, and
nucleotide diversity for the MHC class IIβ (Table 1), as well
as the greatest number of haplotypes, highest nucleotide di-
versity, and greatest number of private haplotypes at the
mtDNA D-loop (Table 1). In contrast, Eglin had lower
MHC class Iα nucleotide diversity and allelic richness than
all other sites except Garcon Point. Escribano Point exhibited
the highest MHC class Iα nucleotide diversity and allelic rich-
ness. Escribano Point also was the only site to exhibit private
MHC alleles, at both loci. Mayhaw WMA had intermediate

levels of nucleotide diversity at both MHC loci. It also had
very low levels of mtDNA haplotype and nucleotide diversity.
Garcon Point was the least diverse site and exhibited low
nucleotide diversity and heterozygosity at both MHC loci
and mtDNA. Although Garcon Point and Mayhaw WMA
did not have any private alleles, they did share a unique
MHC class IIβ allele that was not found on Eglin AFB or
Escribano Point (Table 1).

When these results were compared to other amphibian spe-
cies, RFS had the fewest alleles and lowest nucleotide diver-
sity at MHC class Iα, and only one species, the Mountain
Stream Salamander (Ambystoma altamirani), had lower
MHC class IIβ diversity (Table 4). Though MHC diversity
was lower than almost all surveyed amphibian species, mito-
chondrial variation was similar to other ambystomatid species
with RFS exhibiting comparable haplotype diversity (Table 1;
Church et al. 2003; Zamudio and Savage 2003).

We did not detect ranavirus in any RFS samples, during
any year, with either protocol. This result is in accordancewith
records from the US Geological Service wildlife health center
database (https://www.usgs.gov/centers/nwhc/data-tools),
which had no reports of ranavirus over the last 100 years for

Table 1 Genetic diversity estimates for mitochondrial D-loop and MHC class Iα and IIβ in RFS

Locus Breeding site Sample
size

Alleles or
haplotypes

Allelic
richness

Private alleles or
haplotypes

HO HE Nucleotide diversity
(SD)

MHC class Iα Eastern Eglin 105 2 1.388 0 0.105 0.117 0.0005 (0.0001)

Western Eglin 37 2 1.654 0 0.243 0.217 0.0009 (0.0002)

All Eglin 142 2 1.46 0 0.141 0.144 0.0006 (0.0001)

Escribano
Point

39 3 2.835 1 0.59 0.643 0.0032 (0.0002)

Mayhaw
WMA

5 2 2 0 0.6 0.556 0.0023 (0.0003)

Garcon Point 4 1 1 0 0 0 0.0000 (0.0000)

Total 190 3 1.98 - 0.168 0.199 0.0013 (0.0001)

MHC class
IIβ

Eastern Eglin 29 3 2.253 0 0.379 0.542 0.0040 (0.0006)

Western Eglin 26 3 2.509 0 0.346 0.52 0.0049 (0.0008)

All Eglin 55 3 2.37 0 0.364 0.533 0.0044 (0.0005)

Escribano
Point

29 4 2.279 1 0.276 0.525 0.0041 (0.0006)

Mayhaw
WMA

5 2 2 0 0.6 0.466 0.0028 (0.0008)

Garcon Point 4 2 2 0 0.25 0.25 0.0016 (0.0011)

Total 93 5 2.471 - 0.344 0.537 0.0044 (0.0004)

mtDNA East Eglin 144 5 - 3 - - 0.0012 (0.0001)

West Eglin 40 3 - 2 - - 0.0021 (0.0003)

All Eglin 184 7 - 5 - - 0.0019 (0.0001)

Escribano
Point

46 3 - 1 - - 0.0011 (0.0001)

Mayhaw
WMA

5 2 - 0 - - 0.0006 (0.0004)

Garcon Point 3 2 - 0 - - 0.0001 (0.0005)

Total 238 9 - - - - 0.0019 (0.0001)
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either the RFS or the closely related frosted flatwoods
salamander (Ambystoma cingulatum).

Discussion

MHC class Iα and IIβ diversity in RFS was lower than levels
observed in many other amphibians (Table 4), including spe-
cies that have experienced severe population declines, such as
the southern corroboree frog (Pseudophryne corroboree),
Mexican axolotl, and Chinese giant salamander (Andrias
davidianus, Contreras et al. 2009; Zhu et al. 2014; Kosch
et al. 2017). It is, however, difficult to make direct compari-
sons of MHC diversity among amphibian species because
different selective pressures are probably acting on each spe-
cies, and many frogs and some salamanders have MHC
pseudogenes and gene duplications (i.e., multiple loci) at
MHC genes (Sammut et al. 1997; Bos and DeWoody 2005;
Kiemnec-Tyburczy et al. 2012; Zhao et al. 2013; Tracy et al.
2015; Kosch et al. 2017). However, a few species did have
low levels of MHC class IIβ diversity similar to RFS: the
mountain stream salamander (Ambystoma altamirani),

plateau tiger salamander (Ambystoma velasci), and
Chiricahua leopard frog all have five or fewer alleles. Also,
northern (post-glacial) populations of Great Crested Newt
(Triturus cristatus), an abundant and widespread species,
had the lowest MCH class IIβ diversity with only 2 alleles
(Babik et al. 2009). These three species have all experienced
recent and dramatic population declines, caused mostly by
extens ive habi ta t loss for the sa lamanders and
chytridiomycosis for the Chiricahua leopard frog. Although
these species had similarly low levels of diversity at MHC
class IIβ, the RFS also exhibited depauperate MHC class Iα
diversity with few alleles and low nucleotide diversity when
compared to all other species examined (Table 4).

Low levels of MHC diversity in RFS may have been
caused by many factors, such as the documented population
declines, neutral processes like drift, or perhaps selection
caused by previous exposure to disease. Microsatellite M-ra-
tios are consistently < 0.5 in all Eglin breeding ponds, indicat-
ing that a severe bottleneck has occurred in this area (James
Roberts, unpublished data). Yet population declines alone do
not typically reduce MHC diversity to the extent observed in
RFS. For example, the San Nicolas island fox (Urocyon

Table 2 Amino acid alignment for MHC class Iα in RFS. The “-” sign
indicates that the amino acid is the same as allele 1. Allele 1 and 3 are
different by a single synonymous base pair substitution, and thus, their

amino acid sequence is the same, but these two alleles occur on different
breeding sites. AMME represents the protein sequence for the Mexican
axolotl (AAC60108.1)

Position 1 10 20

MHC class Iα Allele 1 V S R R K S H D R T L L T C Y A Y G F Y

Allele 2 - - - - - - - - - - - - - - - - - - - -

Allele 3 - - - - - - - - - - - - - - - - - - - -

AMME - - - - - - G - - - - - - - - - - - - -

21 30 40

Allele 1 P R E I E V K W I R S G V E M P L E W S

Allele 2 - - - - - - - - - - - - - - - - - - - -

Allele 3 - - - - - - - - - - - - - - - - - - - -

AMME - - - - - - - - - - - - - - - - - - - -

41 50 60

Allele 1 Q L L P N P D G T Y Q I K T T V E V Q E

Allele 2 - - - - - - - - - - - - - - - - - - - -

Allele 3 - - - - - - - - - - - - - - - - - - - -

AMME - - - - - - - - - - - - - A - - - - - -

61 70 80

Allele 1 G H K E K M Y E C Q V E H S S L P E T A

Allele 2 - D - - - - - - - - - - - - - - - - - -

Allele 3 - - - - - - - - - - - - - - - - - - - -

AMME - D E K N - - - - - - - - - - - - - I V

Frequency East Eglin West Eglin Escribano Point Mayhaw WMA Garcon Point

Allele 1 0.941 0.882 0.474 0.500 1.000

Allele 2 0.059 0.118 0.295 0.500 -

Allele 3 - - 0.231 - -
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littoralis dickeyi), Peary caribou (Rangifer tarandus pearyi),
Chinese giant salamander, and the Lake Patzcuaro salamander
(Ambystoma dumerilii) all retained more MHC alleles than
observed in RFS despite large population bottlenecks
(Aguilar et al. 2004; Taylor et al. 2012; Tracy et al. 2015).
Although these species may have had historically larger effec-
tive population sizes (and therefore greater diversity), compar-
ing the relative loss of diversity among marker types is sug-
gestive of a bottleneck for the RFS. For example, genetic
diversity as estimated with microsatellite data (HE, HO, AR)
for RFS on Eglin AFB was comparable to other amphibian
species (Wendt 2017), but MHC diversity was lower in RFS
than in eighteen other amphibian species (Table 4). This pat-
tern also holds for mitochondrial diversity: RFSmitochondrial
diversity was similar to other ambystomatid species (Church

et al. 2003; Zamudio and Savage 2003), whereas MHC diver-
sity was lower. Similarly, the Chiricahua leopard frog, which
experienced a bottleneck caused by a combination of habitat
loss and disease pressure, apparently lost much of its MHC
diversity, but retained mitochondrial diversity (Savage et al.
2018). Thus, a population bottleneck could reduce genetic
diversity of MHC, microsatellite and mitochondrial markers
evenly, but if that bottleneck was in combination with a his-
torical disease outbreak, RFS could have lost MHC diversity
to a greater extent. Low MHC diversity suggests that the RFS
could be at an elevated risk from infectious diseases, as it lacks
the broad spectrum of alleles useful in combating pathogens
(Savage et al. 2019). Ranavirus is spread easily, and if the few
remaining RFS breeding sites were exposed to this virus or
any other amphibian pathogen, it could negatively impact

Table 3 Amino acid alignment for MHC class IIβ in RFS. Shaded
columns represent amino acids that comprise the putative peptide
binding regions (Bondinas et al. 2006). The “-” sign indicates that the
amino acid is the same as allele 1. AMME represents the protein sequence

for the Mexican axolotl (AKC35261.1), and AMTI represents the tiger
salamander (AAY99198.1). Bold letters indicate purifying selection de-
termined by HyPhy

Position 1 18

MHC class IIβ Allele 1 C R I L N G T E R V R F V E R Y S Y

Allele 2 - - - - - - - - - - - - - - - - - -

Allele 3 - - - - - - - - - - - - - - - - - -

Allele 4 - - - - - - - - - - - - - - - - - -

Allele 5 - - - - - - - - Q - - - - - - - - -

AMME - - F - - - - - - - - - - - - - - -

AMTI - H F - - - - - - - - - - - - - - -

19 36

Allele 1 N Q Q Q L L H F Y S E K G V Y E A D

Allele 2 - - - - - - - - - - - - - - F - - -

Allele 3 - - - - V - - - - - - - - - - - - -

Allele 4 - - - - V - - - - - - - - - F - - -

Allele 5 - - - - - - - - - - - - - - - - - -

AMME - - - - F V - - D - D T - - F K - -

AMTI - - - - F V - - D - D T - - F K - -

37 52

Allele 1 D L L G V P D A Q Y W N S Q K E

Allele 2 - - - - - - - - - - - - - - - -

Allele 3 - - - - - - - - - - - - - - - -

Allele 4 - - - - - - - - - - - - - - - -

Allele 5 - - - - - - - - - - - - - - - -

AMME - - - - - - - - E S - - - - - -

AMTI - - - - - - - - E S - - - - - -

Frequency East Eglin West Eglin Escribano Point Mayhaw WMA Garcon Point

Allele 1 0.483 0.404 0.483 - -

Allele 2 0.483 0.519 0.483 0.700 0.875

Allele 3 0.034 0.077 0.017 - -

Allele 4 - - 0.017 - -

Allele 5 - - - 0.300 0.125
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population size, cause local extirpations, or even drive the
species to extinction.

Biosecurity measures to prevent the spread of disease, such
as washing all equipment in a 5% bleach solution (Gold et al.

2013; Gray and Chinchar 2015), are currently in place at most
breeding sites; however, application is not uniform and dis-
ease screening is irregular. Biosecurity is vital as new, more
virulent, chimeric ranaviruses are occurring as a result of

Table 4 Published MHC class Iα and IIβ variation in amphibian species. NR indicates that the metric was not reported

Locus Species Sample
size

Number of
alleles

Nucleotide
diversity

IUCN conservation
status

Citation

MHC class
Iα

Reticulated Flatwoods
Salamander

190 3 0.001 Vulnerable This study

(Ambystoma bishopi)
Chinese Giant Salamander 8 26 NR Critically Endangered Zhu et al. 2014
(Andrias davidianus)
Southern Corroboree Frog 11 9 0.146 Critically Endangered Kosch et al. 2017
(Pseudophryne corroboree)
Red-eyed Tree Frog 5 19 0.212 Least Concern Kiemnec-Tyburczy et al. 2012
(Agalychnis callidryas)
Emerald Glass Frog 5 12 0.145 Least Concern Kiemnec-Tyburczy et al. 2012
(Espadarana prosoblepon)
Masked Tree Frog 5 11 0.122 Least Concern Kiemnec-Tyburczy et al. 2012
(Smilisca phaeota)
Green Frog 5 16 0.113 Least Concern Kiemnec-Tyburczy et al. 2012
(Lithobates clamitans)
Lowland Leopard Frog 5 9 0.08 Least Concern Kiemnec-Tyburczy et al. 2012
(Lithobates yavapaiensis)
Bullfrog 5 12 0.115 Least Concern Kiemnec-Tyburczy et al. 2012
(Lithobates catesbeianus)
Spot-legged Tree Frog 11 7 0.115 Least Concern Zhao et al. 2013
(Polypedates megacephalus)
Omei Tree Frog 27 20 0.132 Least Concern Zhao et al. 2013
(Rhacophorus omeimontis)

MHC class
IIβ

Reticulated Flatwoods
Salamander

93 5 0.004 Vulnerable This study

(Ambystoma bishopi)
Tiger Salamanader 33 9 NR Least Concern Bos and DeWoody 2005
(Ambystoma tigrinum)
Mountain Steam Salamander 19 3 0.008 Endangered Tracy et al. 2015
(Ambystoma altamirani)
Anderson's Salamander 13 9 0.062 Critically Endangered Tracy et al. 2015
(Ambystoma andersoni)
Lake Patzcuaro Salamander 12 11 0.057 Critically Endangered Tracy et al. 2015
(Ambystoma dumerilii)
Mexican axolotl 27 9 NR Critically Endangered Tracy et al. 2015 & Richman et al.

2007(Ambystoma mexicanum)
Plateau Tiger Salamander 13 5 0.072 Least Concern Tracy et al. 2015
(Ambystoma velasci)
Chinese Giant Salamander 8 17 0.045 Critically Endangered Zhu et al. 2014
(Andrias davidianus)
Great Crested Newt* 100 24 NR Least Concern Babik et al. 2009
(Triturus cristatus)
Wood Frog 334 20 0.06 Least Concern Savage et al. 2019
(Rana sylvatica)
Chiricahua Leopard Frog 182 5 NR Vulnerable Savage et al. 2018
(Lithobates chiricahuensis)
Lowland Leopard Frog 128 84 NR Least Concern Savage et al. 2016
(Lithobates yavapaiensis)
The Rock Frog 179 27 0.036 Vulnerable Belasen et al. 2019
(Thoropa taophora)
Asiatic Toad 60 8 0.104 Least Concern Bataille et al. 2015
(Bufo gargarizans)
Oriental Fire-bellied Toad 20 7 0.049 Least Concern Bataille et al. 2015
(Bombina orientalis)
Whistling Tree Frog 90 11 0.096 Least Concern Bataille et al. 2015
(Litoria verreauxii alpina)
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recombination among different strains (Claytor et al. 2017;
Peace et al. 2019). Although we did not detect ranavirus in
RFS, it is a highly virulent disease and, consequently, is one of
only two amphibian pathogens that must be reported to the US
Geological Service wildlife health center (Schloegel et al.
2010). Lack of detection in our samples was probably not
the result of amplification issues: during every screening, the
positive control amplified ranavirus DNAwhile the negative
control never produced amplified product. However, other
factors could have negatively impacted our ability to identify
virus, as ranavirus has been detected at low concentrations on
Eglin with qPCR in other amphibian species (Dr. Debra
Miller, University of Tennessee, personal communication).
Tissue type may have been a factor: although Greer et al.
(2009) successfully used tail clips to detect ranavirus, other
tissues like spleen harbor more viral DNA and may have
returned different results. Moreover, tail tissue tests posi-
tive for ranavirus later in the infection timeline when com-
pared to organ tissue, thus using tail tissue can underesti-
mate ranavirus prevalence (Greer and Collins 2007).
Ranavirus can also occur in pulse events; therefore, its
occurrence can vary widely from year to year (Gray and
Chinchar 2015), and it is possible that samples were col-
lected during a period of little ranavirus activity. However,
it is also possible that ranavirus really was absent as the
nature of RFS wetlands might reduce the presence of dis-
ease. RFS ponds are dry for much of the year, and the
basins are burned with some regularity. If dry conditions
and fire are inhospitable to ranavirus, it may not be sur-
prising that we did not detect this disease. However, given
the elevated risk of disease due to low immunogenetic
variation, continued disease monitoring and proper
biosecurity measures should be implemented at all sites
to minimize future exposure to novel pathogens.
Specifically, sampling multiple taxa across several sites
on a bi-weekly or monthly basis, while host species are
present, should detect most outbreaks. Non-lethal samples
like toe clips can be used, but if available, organ samples
should result in better detection (Gray and Chinchar 2015).

Despite low levels of genetic diversity, private alleles still
exist across the extant range of the RFS. In particular, MHC
IIβ allele 5 was found only at Garcon Point andMayhaw (Fig.
2). In spite of their smaller population sizes, these sites still
harbor unique genetic variants, which contributemeaningfully
to the overall diversity at that locus. In contrast, mitochondrial
diversity was unevenly distributed across the breeding sites.
Eglin AFB as a whole accounts for more than half of the
recovered haplotypes, five of which were private, although
the large sample size at Eglin AFB may explain higher levels
of diversity than that observed at other sites. Nevertheless, not
one location contains all remaining diversity and thus each
extant breeding site retains high conservation value.

We have demonstrated low levels of immune gene diversi-
ty, a result that emphasizes the urgency for further conserva-
tion and the need to consider genetic diversity as a valuable
asset alongside other restoration goals (Bonin et al. 2007).
Because the RFS is at an elevated risk from disease,
biosecurity should be a priority at all breeding sites.
Management should include considerations to preserve
unique genetic variants, increase allelic richness, and reduce
the loss of genetic diversity generally across the RFS range
(Radwan et al. 2010). Genetic variation takes thousands of
generations to replace; therefore, preserving genetic diversity
of the reticulated flatwoods salamander will be crucial for
conserving this vulnerable species.
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