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INTRODUCTION
Proteins of the major histocompatibility complex (MHC) 

play an important role in the vertebrate immune sys-
tem by binding and presenting antigens to T-cells (Klein 
1986). In most taxa, class I proteins are found on all 
nucleated cells and bind endogenous peptides, where-
as class II proteins are expressed by antigen-presenting 
cells and bind exogenous peptides (but see Star et al. 
2011 for a notable exception). The extraordinary poly-
morphism exhibited by MHC genes is thought to be main-
tained by balancing selection (i.e., heterozygote advan-
tage, negative frequency-dependent selection) mediated 
by host-pathogen interactions (Bernatchez and Landry 
2003, Ejsmond et al. 2010, Spurgin and Richardson 
2010). In MHC class II, much of this variation is found 
within the antigen-binding sites (ABS) of the β-1 domain, 
encoded by exon 2 (Klein 1986).
Genetic diversity at the MHC has been associated with 

various measures of phenotypic fitness. Low MHC diver-
sity has been linked to increased parasitism and disease 
susceptibility in birds (Briles et al. 1977), fish (Grimholt 
et al. 2003), amphibians (Savage and Zamudio 2011), 
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and mammals (Lane et al. 2012). Additionally, MHC vari-
ation has been linked to reproductive success in many 
taxa (Penn 2002, Huchard et al. 2010, Strandh et al. 
2012). However, the influence of MHC variation on pop-
ulation viability remains unclear (Radwan et al. 2010).
While recent work has characterized MHC genes in a 

few non-avian reptiles (Miller et al. 2005, Li et al. 2008, 
Glaberman et al. 2009), snakes have received less atten-
tion (Wittzell et al. 1999, Kelley et al. 2005). What little 
is known about MHC variation in snakes is largely based 
on analyses of restriction-fragment length polymorphism 
(RFLP). Parasite load and longevity are associated with 
MHC variation in the Water Python (Liasis fuscus; Mad-
sen and Ujvari 2006). Similarly, MHC variation was linked 
to population viability in the European Adder (Vipera be-
rus; Madsen et al. 1999).
A more complete understanding of MHC variation in 

snakes would facilitate investigations into a variety of 
questions related to the ecology and evolution of snakes. 
Snakes often rely on olfactory cues for critical behav-
iors; such as finding mates, locating prey, and avoiding 
predators (Shine et al. 2005). In addition, an emerging 
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fungal disease (Ophidiomyces, formerly Chrysosporium) 
has been documented in an increasing number of snake 
populations throughout the eastern United States (Allen-
der et al. 2011). As a potentially relevant parallel, MHC 
heterozygosity was linked to reduced mortality in am-
phibians experimentally infected with Batrachochytrium 
dendrobatidis (Bd; Savage and Zamudio 2011). Although 
the causes and consequences of Ophidiomyces remain 
unclear, future conservation efforts may benefit from a 
better understanding of MHC variation in snakes.
The Eastern Massasauga (Sistrurus catenatus) is a small 

rattlesnake native to the midwestern United States and 
southern Canada (Figure 1). It is listed as threatened or 
endangered throughout most of its range and is a can-
didate for listing under the U.S. Endangered Species Act 
(USFWS 2010). Historically, the Eastern Massasauga was 
abundant, but habitat loss and human persecution have 
contributed to its range-wide decline (Szymanski 1998). 
Here, we isolate and describe MHC IIB exon 2 sequenc-
es in the Eastern Massasauga. These results provide an 
initial characterization of MHC genes in snakes and con-
tribute to our understanding of MHC evolution. This in-
formation will aid in the development of more effective 
management practices for the Eastern Massasauga, as 
well as other snakes of conservation concern (Reading 
et al. 2010).

METHODS
Molecular methods
Blood was sampled from three wild-caught Eastern 

Massasaugas from Piatt County, IL (40º00’N, 88º39’W; 
Figure 1). All tissue samples were collected under Uni-
versity of Illinois Urbana-Champaign IACUC protocols 
#99283, 02010, 04311, 08019, 10238, 13007, 14000 
and Illinois Department of Natural Resources permit 
#05-11S. The samples were stored in 95% ethanol at 
–20 ºC until DNA extraction. Genomic DNA was extract-
ed using Qiagen DNeasy Blood and Tissue Kits (Qiagen, 
Inc., Valencia, CA) according to the manufacturer’s pro-
tocols. The degenerate primers MHC-UP (5’-AAG GBC 
SAG TGY TAC TWY ABB AAC GG-3’) and MHC-DP (5’-TAG 
TTG TGS CKG CAG WAS GTG TC-3’) were used to amplify 
a 166-bp fragment (excluding primers) of MHC IIB exon 
2. These primers target conserved regions of exon 2 and 
have successfully amplified this same fragment in other 
reptile species (Li et al. 2008).
Amplifications were performed in 30-μL reactions con-

taining 1× GoTaq Flexi Buffer (Promega, Madison, WI, 
USA), 1 U of GoTaq DNA Polymerase, 200 μM of each 
dNTP, 1.5 mM of magnesium chloride (MgCl2), 0.5 μM 
of each primer, and 50–100 ng of genomic DNA. Cycling 
conditions were as follows: initial denaturation at 94 °C 
for 5 min, followed by 35 cycles of 94 °C for 30 s, 50 °C 
for 30 s, and 72 °C for 30 s, and a final extension at 72 °C 
for 5 min. Amplicons were electrophoresed on a 1% aga-
rose gel stained with ethidium bromide, visualized under 
ultraviolet light, and photographed with a digital image 
system (Eastman Kodak, Rochester, NY, USA). A single 
band of the expected size (~215 bp) was observed.
Amplicons were purified using ExoSAP-IT (USB Corp., 

Cleveland, OH, USA) and cloned into a TA cloning vector 
(pGEM-T Easy Vector kit, Promega, Madison, WI, USA). 
For each snake, a minimum of 32 recombinant colonies 
were identified using blue-white screening and re-ampli-
fied using universal primers MF (5’-TGT AAA ACG ACG 
GCC AGT-3’) and MR2 (5’-TTT CAC ACA GGA AAC AGC-
3’). These amplicons were purified (as above) and se-
quenced through a commercial service (Macrogen, Inc., 
Seoul, South Korea) using the T7-promoter universal 
primer (5’-TAA TAC GAC TCA CTA TAG GG-3’).
Sequences were inspected and trimmed using Gene-

ious Pro v4.0.2 (Drummond et al. 2012). To avoid the 
inclusion of PCR/cloning errors, analyses were limited to 
those MHC sequences that were (1) observed in two or 
more snakes or (2) observed in two or more independent 
PCR/cloning reactions from the same snake (Babik et al. 
2005, Kloch et al. 2010).

Data analysis
CLUSTAL W (Thompson et al. 1994) was used to align 

confirmed Eastern Massasauga variants. Pairwise uncor-
rected amino acid p-distances and Tamura-Nei genetic 
distances were calculated using MEGA v5 (Tamura et al. 
2011). Nucleotide diversity (π) was calculated using the 
nuc.div function as implemented in the pegas package 
(Paradis 2010) in R v2.15.2 (R Core Team 2013).
Two approaches were used to test for positive selec-

tion. First, the relative rate of non-synonymous to syn-
onymous substitutions (dN/dS) was analyzed separately 
for the putative antigen-binding sites (ABS; Brown et al. 
1993) and nonantigen-binding sites (non-ABS) in MEGA 
v5 (Tamura et al. 2011) using the modified Nei-Gojobori 
method (Nei and Kumar 2000) with Jukes-Cantor correc-
tion. For each analysis, standard errors were obtained 

Figure 1. (A) An Eastern Massasauga at a study site in Cass 
County, Michigan (photo by E. Hileman in 2012). (B) The histori-
cal distribution of the Eastern Massasauga is shown in light grey. 
Dark grey counties contain extant populations. White counties 
contain extirpated populations.
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based on 1,000 replicates and rates were compared us-
ing a Z-test with a significance level of α=0.05 (Nei and 
Kumar 2000). Second, evolutionary models of dN/dS were 
analyzed in a maximum likelihood framework using CO-
DEML (included in PAML v4.7; Yang 2007). Positively se-
lected sites were identified by comparing nested models 
of dN/dS: (1) models M1a vs. M2a, (2) models M7 vs. M8. 
Nested models were compared using likelihood ratio (LR) 
tests: LR = 2 [ln(Li) – ln(Lj)]. Results of the LR tests were 
compared to a χ2 distribution with a significance level of 
α = 0.05 and degrees of freedom equal to the difference 
in the number of parameters between the models. Posi-
tively selected sites were identified using Bayes Empirical 
Bayes analysis.
The Eastern Massasauga variants were aligned with rep-

tilian MHC IIB exon 2 sequences available on GenBank: 
Great Snipe (Gallinago media; AY620021), Common 
Yellowthroat (Geothlypis trichas; GQ247604), Chicken 
(Gallus gallus; AF09914), Nile Crocodile (Crocodylus ni-
loticus; FJ886741), Spectacled Caiman (Caiman croco-
dilus; AF256651), Chinese Alligator (Alligator sinensis; 
AY491421–AY491430), Painted Turtle (Chrysemys pic-
ta; AHGY01372457, AHGY01378671, AHGY01394149, 
AHGY01423642, AHGY01439834, AHGY01507622), 
Chinese Pond Turtle (Mauremys reevesii; AY937200–
AY937206), Tuatara (Sphenodon punctatus; DQ124236, 
DQ124238), Marine Iguana (Amblyrhynchus cristatus; 
FJ623746–FJ623752), Chinese Skink (Plestiodon chinen-

sis; AY764032, AY772946–AY772951), Krait (Bungarus 
multicinctus; HO056457), Coral Snake (Micrurus cor-
allinus; FL589895, FL590235). Several sequences not 
available on GenBank were also included: Grass Snake 
(Natrix natrix) and Dice Snake (Natrix tessellata; Marosi 
et al. 2011).
A gene tree was constructed in a Bayesian framework 

using MrBayes v3 (Ronquist and Huelsenbeck 2003) with 
a GTR+G+I substitution model selected by jModelTest 
(Posada 2008). The Chicken sequence (Gallus gallus; 
AF09914) was specified as the outgroup. Two runs were 
performed, each with four chains of two million gener-
ations, sampling every 100 generations. Trees and pa-
rameters were estimated after discarding the first 25% 
of samples as burn-in. Analyses were run on the Cyberin-
frastructure for Phylogenetic Research (CIPRES v3) clus-
ter at the San Diego supercomputer center (Miller et al. 
2010).

RESULTS
We observed a total of 46 unique MHC IIB exon 2 vari-

ants in three individual Eastern Massasaugas. Of these, 
only nine variants met the “two-PCR” criterion (Babik et 
al. 2005, Kloch et al. 2010) and were confirmed. These 
sequences have been deposited in the European Nucleo-
tide Archive (ENA), with accession numbers HG313835–
HG313843. The remaining 37 variants shared high se-
quence similarity to the confirmed variants (data not 
shown), but were only observed in a single individual. 
Consequently, these sequences were considered PCR/
cloning artifacts and were excluded from subsequent 
analyses. Eight of the confirmed variants (166 bp exclud-
ing primers) were putatively functional and were named 
Sica-DAB*01–*08 according to nomenclatural standards 
(Klein et al. 1990). These variants (Sica-DAB*01–*08) 
share high identity with MHC sequences from other spe-
cies, contain open reading frames, and lack frame-shift 
mutations and premature stop codons (Figure 2). Two 
Eastern Massasaugas possessed six and one possessed 
seven of these variants, indicating the presence of at 
least four MHC IIB loci in this species (Table 1). Four vari-
ants (Sica-DAB*01, *03, *04, and *06) were observed in 
each of the three individuals. The ninth confirmed variant 
(Sica-DAB*09) contained a 29-bp insertion resulting in 
a premature stop codon and frame-shift. Although Si-
ca-DAB*09 was observed in two individuals, it may rep-
resent a pseudogene. Consequently, Sica-DAB*09 was 
excluded from subsequent analyses.
Eastern Massasauga MHC IIB exon 2 variants were 

highly variable. Seventy of 166 (42.2%) nucleotide and 
37 of 55 (67.3%) amino acid positions were variable. 
Nucleotide diversity (π) was 0.1833. Pairwise genetic dis-
tances ranged from 1.2 to 51.2% (overall mean ± SE 
= 26.9 ± 4.1%) and from 3.6 to 54.5% (overall mean 
± SE = 34.5 ± 3.9%) for nucleotides and amino acids, 
respectively (Table 2).
We observed evidence of positive selection acting on 

the Eastern Massasauga MHC Class IIB exon 2 variants 
(dN/dS= 2.46, P = 0.0004; Table 3). As expected, selec-
tion was strongest on antigen-binding sites (ABS; dN/dS 
= 4.11, P = 0.0008), but significant selection was also 
observed in other portions of the sequence (non-ABS; 
dN/dS = 1.95, P = 0.0173). Similarly, maximum likelihood 
analyses indicated positive selection: M1a vs. M2a (LR = 
19.85, df = 2, P < 0.0001); M7 vs. M8 (LR = 22.86, df 
= 2, P < 0.0001). Bayes Empirical Bayes (BEB) analysis 
identified five positively selected sites when comparing 

Table 1. Summary of MHC IIB exon 2 variants identified via clon-
ing in three individual Eastern Massasaugas. Values indicate the 
number of colonies containing each variant.

			         Individual
		  PS04	 PS33	 PS34

Sica-DAB*01	 1	 9	 7
Sica-DAB*02		  5	 12
Sica-DAB*03	 1	 4	 3
Sica-DAB*04	 3	 1	 6
Sica-DAB*05		  2	 1
Sica-DAB*06	 2	 1	 4
Sica-DAB*07	 15a		
Sica-DAB*08	 1		  5
Sica-DAB*09b	 2		  1
No. Coloniesc	 42 (25)	 32 (22)	 57 (39)
No. Confirmed Variants	 7	 6	 8

a Verification based on two independent PCR/cloning reactions 
for the same individual.
b Putative pseudogene.
c Total number of colonies screened. Number of colonies con-
taining a confirmed variant in parentheses.

Figure 2. Alignment of MHC IIB exon 2 amino acid sequences 
of the Eastern Massasauga with a published human sequence 
(ABB05231). Dots (.) indicate identity with the first sequence. 
Shading indicates residues expected in functional MHC IIB mole-
cules. Asterisks (*) indicate putative antigen-binding sites (ABS) 
identified based on homology to the human sequence (Brown et 
al. 1993). Plus signs (+) indicate sites under positive selection.
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model M1a vs. model M2a (A37, K40, L47, I50, K54). In 
addition to these five sites, BEB analysis identified three 
more positively selected sites (L6, A18, K51) when com-
paring model M7 vs. M8.
Phylogenetic analysis of reptilian MHC IIB exon 2 se-

quences resulted in a gene tree (Figure 3) in which 
non-avian reptilian sequences formed a well-supported 
clade, and there was strong support for a clade contain-
ing snake MHC sequences. Within this snake clade, the 
MHC gene tree differed topologically from species-lev-
el phylogenetic relationships, suggesting a pattern of 
trans-species polymorphism. However, several of these 
nodes received low support (posterior probability < 
0.90).

DISCUSSION
We have provided evidence of at least four MHC IIB 

loci in the Eastern Massasauga (Sistrurus catenatus). 
We identified eight putatively functional MHC IIB exon 
2 variants (Sica-DAB*01–*08), and we found one pu-
tative pseudogene (Sica-DAB*09). Pseudogenes have 

been reported in other taxa, including birds (Hess et al. 
2000, Aguilar et al. 2005) and mammals (Hughes 1995, 
Wilming et al. 2013). More extensive sampling using 
next-generation sequencing methods is ongoing (Jaeger 
et al., unpublished) which may clarify this result.
Although more than 30 clones were sequenced for each 

of the three snakes, 37 MHC variants could not be con-
firmed. This may indicate the presence of additional loci 
and/or high rate of PCR/cloning error (Lenz and Becker 
2008). A cDNA sequence analysis is needed to assess 
the degree to which these loci are expressed. Such an 
analysis would also permit the development of locus-
specific primers (Glaberman et al. 2009).
The number of MHC loci is also known to vary with-

in and among species (Siddle et al. 2010, Cheng et al. 
2012). Two variants were identified in the Dice Snake 
and four variants were observed in one individual Grass 
Snake (Marosi et al. 2011), but too few clones were ex-
amined to reliably infer the number of loci. Four loci were 
identified in the Marine Iguana (Glaberman et al. 2009) 
and the Tuatara (Miller et al. 2005). Massively parallel 
454 amplicon sequencing revealed at least nine puta-
tively expressed MHC IIB loci in the Collared Flycatcher 
(Ficedula albicollis; Zagalska-Neubauer et al. 2010).
The Eastern Massasauga MHC IIB sequences contained 

an RFDS motif and a tyrosine residue which are thought 
to play important roles in T-cell interactions and hydro-
gen bonding with the antigen, respectively (Mazerolles 
et al. 1988). In addition, MHC IIB proteins typically con-
tain a NGT glycosylation site within the β-1 domain. This 
motif has been observed in MHC IIB sequences of nearly 
all vertebrate taxa examined to date, with the notable 
exception of the Marine Iguana (Glaberman et al. 2009). 
Indeed, the forward primer used in this study was de-
signed to target this conserved portion of the gene. While 
our methods cannot provide direct evidence, successful 
amplification suggests that the NGT glycosylation site is 
present in the Eastern Massasauga MHC. 
The confirmed Eastern Massasauga MHC IIB variants 

exhibited relatively high nucleotide (26.9 ± 4.1%) and 
amino acid (34.5 ± 3.9%) distances. These values are 
higher than similar metrics in the Marine Iguana (Glaber-
man et al. 2009) and the Tuatara (Miller et al. 2005). Nu-
cleotide diversity in the Eastern Massasauga (π = 0.183) 
is also higher than that in the Marine Iguana (π = 0.065; 
Glaberman et al. 2009), the Chinese Alligator (π = 0. 
092; Li et al. 2008) and the Chinese Skink (π = 0.022), 
but comparable to that in the Chinese Pond Turtle (π = 
0.222). 
The portion of exon 2 examined in this study includes 14 

amino acid residues corresponding to the antigen-bind-
ing sites (ABS) in humans, as identified from the crystal 
structure (Brown et al. 1993). We observed relatively 
higher rates of nonsynonymous to synonymous substitu-

Table 2. Pairwise uncorrected amino acid p-distances (above diagonal) and Tamura-Nei genetic distances (below diagonal) among 
Eastern Massasauga MHC IIB exon 2 variants.

		  *01	 *02	 *03	 *04	 *05	 *06	 *07	 *08

Sica-DAB*01	 –	 0.055	 0.255	 0.055	 0.327	 0.527	 0.436	 0.309
Sica-DAB*02	 0.038	 –	 0.273	 0.073	 0.345	 0.545	 0.455	 0.327
Sica-DAB*03	 0.165	 0.183	 –	 0.236	 0.382	 0.527	 0.509	 0.382
Sica-DAB*04	 0.032	 0.059	 0.156	 –	 0.309	 0.527	 0.455	 0.291
Sica-DAB*05	 0.180	 0.200	 0.250	 0.171	 –	 0.491	 0.327	 0.036
Sica-DAB*06	 0.464	 0.498	 0.447	 0.479	 0.398	 –	 0.364	 0.527
Sica-DAB*07	 0.389	 0.390	 0.512	 0.402	 0.330	 0.252	 –	 0.327
Sica-DAB*08	 0.171	 0.190	 0.250	 0.162	 0.012	 0.424	 0.331	 – 

Figure 3. Bayesian gene tree of reptilian MHC IIB exon 2 se-
quences. Branch lengths are proportional to the number of sub-
stitutions per site. Bayesian posterior probability values are indi-
cated for each node.
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tions (dN/dS) when examining the entire sequences, and 
dN/dS was highest in the ABS, as expected. Five of the 
eight positively selected sites identified corresponded to 
ABS residues. The remaining nine ABS residues did not 
appear to be under positive selection. This suggests that 
the structure of the antigen-binding cleft in the East-
ern Massasauga MHC IIB protein may differ from that 
of mammals. An alternative explanation is that not all 
of the ABS residues are under strong positive selection. 
Similar results have been reported in fish (Hedrick et al. 
2001), lizards, turtles, and crocodilians (Li et al. 2008). 
Analysis of the three-dimensional structure of the East-
ern Massasauga MHC IIB protein is needed to address 
this question.
Phylogenetic analysis indicated strong support for a 

clade containing non-avian reptile MHC sequences; how-
ever, snake sequences do not cluster according to spe-
cies-level phylogenetic relationships (Pyron et al. 2011, 
2013). This may suggest a pattern of trans-species poly-
morphism (Klein 1987), which provides further evidence 
that these genes are under selection (Mayer et al. 1992, 
Garrigan and Hedrick 2003, Ottova et al. 2005, Edwards 
2009, Strandh et al. 2012). More thorough taxonomic 
sampling and the analysis of longer sequences would 
likely improve the resolution of this tree and provide a 
more complete view of MHC evolution in non-avian rep-
tiles.
Theoretical and experimental data suggest that the ex-

traordinarily high variation of MHC genes is maintained 
via some form of pathogen-mediated selection, such as 
heterozygote advantage or negative frequency-depen-
dent selection (Spurgin and Richardson 2010). While 
strong selection has been shown to maintain MHC di-
versity in some small, isolated populations (Aguilar et 
al. 2004), genetic drift may overpower selection and can 
result in a loss of adaptive genetic variation (Sutton et 
al. 2011). Our results are of particular importance in light 
of global reptile declines (Reading et al. 2010). Moreover, 
recent work has identified emerging fungal (Allender et al. 
2011, 2013) and viral (Hyndman et al. 2012) pathogens 
in snakes. Information related to adaptive variation at 
functional loci, such as the MHC, can provide insight into 
an individual’s susceptibility to these pathogens (Hedrick 
2002) and, when used in combination with selectively 
neutral DNA markers, can inform conservation efforts 
in the field and in captivity (Radwan et al. 2010). More 
generally, ectothermic vertebrates (including snakes) 
play an important role in the transmission cycle of some 
pathogens (Bingham et al. 2012). A more complete un-
derstanding of the interactions between snakes and their 
pathogens will contribute to more effective management 
of wildlife diseases (Joseph et al. 2013).
In summary, genetic variation within and among the 

Eastern Massasauga has been examined using selec-
tively neutral loci (Gibbs et al. 1997, Gibbs and Chiucchi 
2012, Ray et al. 2013, DiLeo et al. 2013). By character-
izing MHC IIB variation, we hope to complement previous 
efforts and offer an initial view of adaptive genetic vari-

ation in this endangered rattlesnake. We are currently 
implementing next-generation 454 pyrosequencing to 
obtain MHC genotypes for Eastern Massasauga samples 
collected from multiple populations of varying sizes and 
demographic histories. Levels of adaptive variation (i.e., 
MHC) will be compared to those of selectively neutral 
loci (i.e., microsatellites) to examine the relative roles 
of selection and drift in shaping genetic variation within 
this species. This information will contribute to the man-
agement of wild and captive Eastern Massasauga popu-
lations as part of the Association of Zoos and Aquariums 
Species Survival Plan (SSP; Earnhardt et al. 2011, Ray 
et al. 2013).
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