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Abstract

Selection necessarily acts within the same current and historical demographic framework as neutral 
evolutionary processes, and the outcome of the interplay between these forces may vary according to 
their relative strength. In this study, we compare the variation at a major histocompatibility complex 
(MHC) locus (DRB exon 2), typically subject to strong diversifying selection, and mitochondrial 
diversity (D-loop) across populations encompassing the entire distribution of 2 species of South 
American subterranean rodents: Ctenomys australis and C. talarum (tuco-tucos). Although these 
species are parapatric along most of their distribution, historically they have followed distinct 
demographic trajectories associated with sea level changes during the Quaternary. We surveyed 
8 populations of C. australis and 15 of C. talarum, from which we analyzed 70 and 212 D-loop 
haplotypes and 91 and 346 DRB genotypes, respectively. Both species have gone through a 
recent demographic expansion; however, the signal of this process only encompasses the entire 
distribution of one of the species: C. australis. While balancing selection on MHC in C. talarum-
enhanced DRB diversity at the local level compared to D-loop, although not promoting divergence 
among populations, in C. australis local diversifying selection may have driven higher population 
differentiation at DRB than at D-loop. Our findings reinforce the idea that the relative strength of 
selection acting on MHC genes varies spatially and temporally within and among species, even 
between species using the same macrohabitat and exposed to similar immune challenges.

Subject area: Population structure and phylogeography
Keywords: balancing selection, DRB exon 2, D-loop, subterranean rodents

Immune defenses play an essential role in parasite and pathogen 
resistance, and thus understanding variation in these traits is key to 
integrate organism biology, ecology, and evolution (Adelman 2014). 
The major histocompatibility complex (MHC) is a fundamental 
component of the vertebrate immune system (Penn et al. 2002); they 

code for glycoproteins involved in the recognition and binding of 
foreign antigens, for their presentation to T-lymphocytes, which elicit 
the associated immune response (Klein 1986). In particular, class II 
MHC genes bind peptides produced by extracellular pathogens such 
as parasites and bacteria (Klein and Horejsi 1997; Janeway and 
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Travers 1999). Given the role of MHC alleles in recognizing specific 
pathogen peptides, parasite-driven balancing selection is thought to 
be important in maintaining high levels of variation at these loci, 
with this selection acting through either heterozygote advantage 
(Doherty and Zinkernagel 1975) or rare allele advantage (Lively 
and Dybdahl 2000). Temporal and geographic heterogeneity of the 
parasite community may also create opportunities for variation in 
the magnitude of pathogen-mediated selection, thus contributing to 
maintenance of MHC variation in host populations (Hedrick 2002).

However, selection necessarily acts within the same current and 
historical demographic framework as neutral evolutionary processes, 
and while in some cases MHC variation correlates with that of neu-
tral markers (Berggren et  al. 2005; Babik et  al. 2008; Biedrzycka 
and Radwan 2008; Miller et al. 2010; Vásquez-Carrillo et al. 2014), 
other studies have not found such association (Bryja et al. 2007). In 
some of these cases, balancing selection was able to outweigh the 
effects of genetic drift, even in severely reduced populations (Aguilar 
et al. 2004; Oliver and Piertney 2012), leading to similar levels of 
MHC allelic variation among populations (Koutsogiannouli et  al. 
2009; Tobler et al. 2014). On the contrary, increased MHC diver-
gence has been documented among populations relative to neutral 
markers, which may be the consequence of diversifying local selec-
tion as a result of spatial variation in pathogen-mediated regimes 
(Ekblom et al. 2007; Alcaide et al. 2008; Malé et al. 2012).

Rodents of the genus Ctenomys (tuco-tucos) provide an oppor-
tunity to assess the selective and neutral processes underlying spatial 
variation in MHC diversity in naturally occurring populations of 
mammals. These subterranean mammals, which occur from south-
ern Peru to Tierra del Fuego and from the Andes to southeastern 
Brazil (Reig et al. 1990; Lessa and Cook 1998; Castillo et al. 2005), 
have shown extensive sharing of MHC allele lineages among species 
(trans-species polymorphism—Klein 1987), suggesting that balanc-
ing selection has played a significant role in shaping MHC diversity 
over the history of this genus (Cutrera and Lacey 2007). Further, 
comparisons of 2 parapatric populations, one of Ctenomys talarum 
versus another of C. australis, suggested that demographic history 
(i.e., recent expansion) can substantially influence genetic structure at 
MHC loci (Cutrera et al. 2010). Within species, selection on MHC 
genes appears to vary predictably with demographic attributes such 
as social structure and population density (Lacey and Cutrera 2007). 
Detailed analyses of two populations of C. talarum have revealed that 
specific DRB alleles are associated with parasite load and intensity of 
humoral immune response (Cutrera et al. 2011), suggesting that par-
ticular MHC alleles can influence resistance to pathogens, but more so 
in the more dense population, with higher parasite exposure (Cutrera 
et al. 2014). At the same time, field and laboratory studies of animals 
from this species indicate that females may engage in MHC-associated 
mate choice (Cutrera et al. 2012), providing another potential source 
of spatial variation in the selective pressures acting on MHC genes, 
considering that there is evidence that suggests that the strength of 
polygyny may vary between populations of tuco-tucos (Zenuto et al. 
1999a, 1999b, 2003).

This study expands on our previous assessment of the MHC vari-
ation in 2 parapatric species of subterranean rodents of the genus 
Ctenomys that had experienced concordant or different demo-
graphic histories, depending of the geographical location consid-
ered (Cutrera et al. 2010; Mora et al. 2007, 2013a). Although their 
distributions are sympatric in one portion in the south-east of the 
Buenos Aires Province, ecologically, these species occupy slightly 
different microhabitats. C. australis is restricted to sandy friable 
soils of permanent dunes on the coast of the Buenos Aires province, 

Argentina, whereas C. talarum occupies interdune and inland habi-
tats characterized by harder, more humid, and more vegetated soils 
(Vassallo 1993). Related to this, previous work using neutral genetic 
variation of mitochondrial DNA control region has demonstrated 
that while C. australis has experienced a recent and gradual demo-
graphic expansion (Mora et al. 2006), C. talarum shows a stable 
demographic history in the northern and inland populations, but 
presents signs of a recent and abrupt population expansion in the 
southeastern distributional range (Mora et al. 2007, 2013a). This 
study aims to expand the geographic scope of the previous work 
performed by Cutrera et al. (2010), in which only one population 
of each species was included, missing the complexity of the demo-
graphic history of these subterranean rodents over their entire dis-
tribution, particularly that of C. talarum (Mora et al. 2013b). To 
test the contrasting hypotheses about the role of balancing versus 
directional selection on MHC loci in C. australis and C. talarum, and 
to further our understanding of their history, this study compares 
MHC (DRB exon 2) and mtDNA (D-loop) variation over the entire 
distribution of C. australis (8 populations) and almost the complete 
distribution of C. talarum (15 populations). Specifically, if DRB exon 
2 is subject to balancing selection, variation at this gene is expected 
to be higher within a population, and differentiation among popula-
tions to be lower compared with variation at mtDNA. Alternatively, 
if DRB is subject to different selective local regimes, this locus is 
expected to show higher population divergence among populations 
compared with mtDNA. However, if the recent demographic expan-
sion experienced by C. australis and the southern populations of 
C. talarum has a strong effect on MHC, as it does on mtDNA, we 
expect to find a correlation in the patterns of differentiation at these 
two genetic regions.

Materials and Methods

Sampling
This study included sampling sites from the entire distributional 
range of C. australis (from Necochea to Punta Alta, see Figure 1), 
and sampling locations from almost the entire distribution of 
C. talarum, which is composed of 2 continuous coastal geographic 
ranges (the southern coastal distribution from Necochea to Pehuén 
Có, and the northeastern coastal distribution from Magdalena to 
Mar de Cobo localities along the Atlantic coast; Figure 1), and for 
some small inland populations (e.g., Sierra de la Ventana; Figure 1). 
Individuals were live-trapped as described by Mora et  al. (2006, 
2007, 2013a) and a tissue sample (toe snip, preserved in 95% etha-
nol for subsequent DNA extraction) was obtained, after which they 
were released back inside the same burrow system from where they 
had been originally captured. All parts of this study concerning the 
handling of animals in the field followed guidelines of the American 
Society of Mammalogists (Sikes et al. 2011).

Genomic DNA was isolated following a protocol modified from 
Miller et al. (1988), involving treatment with sodium dodecyl sul-
phate and digestion with proteinase-K, NaCl precipitation of pro-
teins, and subsequent isopropylic alcohol precipitation of DNA, as 
described by Mora et al. (2006, 2007, 2013a).

Mitochondrial DNA Data
We used 70 sequences of 401  bp of the mitochondrial control 
region (D-loop) of C. australis generated by Mora et al. (2006) and 
212 D-loop sequences (438 bp) of C.  talarum generated by Mora 
et  al. (2007, 2013a) available at Genbank (Accession numbers: 
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DQ416717–DQ416740 for C. australis; and JX297345–JX297358, 
JX297361–JX297368, JX297370–JX297372, EF531719.1–
EF531750.1 for C. talarum).

MHC Data
We amplified the MHC class II DRB exon 2 from a total of 57 tis-
sue samples of Ctenomys australis and 174 of C. talarum collected 
by Mora et al. (2006, 2007, 2013a: Table 1). Plus, we used 34 DRB 
exon 2 sequences from C. australis and 172 of C.  talarum gener-
ated by Cutrera et al. (2007, 2010, 2011: Table 1) and available at 
Genbank (Accession numbers: C. australis: EU035205, GQ497462–
GQ497470 and C.  talarum: JF799108–JF799116). Therefore, a 
total of 91 samples of C. australis, which encompassed 8 geographi-
cally defined populations (Figure 1), and 346 samples of C. talarum, 
categorized in 15 populations (Figure 1), were used for this study. 
This represents the entire distribution of C. australis and almost the 
complete distribution of C.  talarum, with the exception of some 
small inland populations from the Buenos Aires province, Argentina 
(Figure 1; see also Mora et al. 2013a).

MHC Amplification
We assessed variability at the MHC class  II DRB locus for all the 
individuals mentioned above. Exon 2 of this locus was selected for 
analysis because it is known to contain the peptide-binding regions 
of the associated MHC molecules, which are the portions of these 
genes that typically are most subject to balancing selection (Hughes 
and Hughes 1995). DNA extraction, polymerase chain reaction con-
ditions, cloning of polymerase chain reaction products, and sequenc-
ing were performed according to Cutrera and Lacey (2006) and 
Cutrera et al. (2011, 2014). Specifically, amplicons from 6 positive 
clones per individual were sequenced; this number of cloning prod-
ucts was enough to determine the genotype of each animal and to 
avoid reading errors or recombinant sequences generated during the 
PCR amplifications. Each new allele detected was sequenced in both 
directions to confirm diagnostic base-pair changes. Those sequences 
that differed by only a single base-pair substitution were considered 
distinct alleles if each variant occurred in multiple cloning products 
per individual (obtained from at least 2 different PCRs and rounds 
of cloning or both).

Figure 1. Geographical distribution of the sampled populations of Ctenomys talarum and Ctenomys australis in Buenos Aires Province, Argentina. The areas 
in dark gray represent the current distribution of C. talarum (see Mora et al. 2007), whereas areas in black represent the current distribution of C. australis 
(Mora et al. 2006). The most important rivers and streams in the area are also shown. Abbreviations and coordinates of sampling localities for C.  talarum 
(diamonds) and C. australis (triangles) are indicated as follows: MAG, El Destino (35º08ʹS 57º23ʹW); PIN, Punta Indio (35º20ʹS 57º11ʹW); CGL, Cerro de la Gloria 
(35º51ʹS 57º26ʹW); SCL, San Clemente (36º19ʹS 56º45ʹW); PM, Punta Médanos (36º52ʹS 56º42ʹW); MC, Mar de Cobo (37º46ʹS 57º26ʹW); NC, Necochea (38º37ʹS 
58º50ʹW); SCAY, Balneario San Cayetano (38º43ʹS 59º26ʹW); RET, Reta (38º53ʹS 60º19ʹW); QSA, Río Quequén Salado (38º54ʹS 60º28ʹW); SCH, Arroyo Sauce Chico 
(38º19ʹS 62º34ʹW); LPA, Estancia La Paloma (38º09ʹS 62º23ʹW); TOR, Tornquist (38º03ʹS 62º15ʹW); MA, Balneario Marisol (38º55ʹS 60º34ʹW); PCO, Pehuén Có 
(39º0ʹS 61º34ʹW); MHO, Monte Hermoso (38º59ʹS 61º14ʹW); CLA, Claromecó (38º50ʹS 59º58ʹW); and ORE, Orense (38º48ʹS 59º43ʹW).

Table 1. Number of sequences analyzed (n), source, year of collection, and reference to original studies in which they were published for 
the first time for MHC Class II DRB exon 2 and mitochondrial DNA control region (D-loop) for both study species: Ctenomys australis and 
C. talarum

Locus N Sequence source Year of sample collection Reference

C. australis DRB 57 Tissue 2002–2006 This study
34 Genebank 2003 Cutrera et al. 2010

D-loop 70 Genebank 2002–2006 Mora et al. 2006
C. talarum DRB 174 Tissue 2003–2008 This study

172 Genebank 2006–2010 Cutrera et al. 2010, 2011, 2014
D-loop 212 Genebank 2003–2008 Mora et al. 2007, 2013b
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Characterizing Variation at MHC and mtDNA
To obtain an estimate of the relative variability at the DRB exon 
2, the number of MHC alleles was compared to the number of 
D-loop haplotypes (Seddon et al. 2001; Berggren et al. 2005). MHC 
allelic richness (A) was estimated using rarefaction to standardize 
A  to the smallest population size in each species as performed by 
Fstat (Goudet 2001) while ARLEQUIN version 3.11 (Excoffier et al. 
2007) was used to calculate MHC observed (Ho) and expected (He) 
heterozygosity. Number of segregating sites, haplotype diversity, and 
nucleotide diversity were calculated for mtDNA and MHC data for 
each species and population using DnaSP version 5 (Librado and 
Rozas 2009).

Evidence of Selection Based on Substitution Rates
Rates of nonsynonymous (dN) to synonymous (dS) substitutions are 
routinely used to identify departures from neutrality and to iden-
tify the type of selection that has acted on a given locus (Kimura 
1983; Ohta 1993). ω is equivalent to the dN/dS selection parameter 
of Nei and Gojobori (1986). Simply, values of ω  <  1,  =  1 or >1 
mean negative purifying selection, neutral evolution, and positive 
selection, respectively. However, the ratio averaged over all sites and 
lineages is almost never >1, since it is unlikely that positive selec-
tion will affect all sites over prolonged time. Thus, for codon-specific 
analyses, ω is preferred because it allows for variation in the selective 
pressures experienced by different codons (Nielsen and Yang 1998). 
To identify codons subject to positive selection and to determine 
if the nature of selection varied among codons in the same exon, 
observed values of ω were compared to 5 model distributions of 
nucleotide substitutions using the CodeML subroutine of PAML, 
version 3.14 (Yang 1997), as previously described in Cutrera et al. 
(2010). The 5 distributions examined were M1a (nearly neutral), 
which assumes both conserved sites (i.e., sites under purifying selec-
tion, 0 < ω < 1) and selectively neutral sites (ω = 1) among codons 
for the same protein; M2a (positive selection), which adds a third 
class of sites with ω as a free parameter (thus allowing for sites with 
ω > 1); M3 (discrete), which estimates the proportion of conserved, 
neutral, and unrestricted codons from the data; M7 (beta), which 
does not allow for positively selected sites (0 < ω < 1); and M8 (beta 
and ω), which adds an additional site class to the beta model to 
account for sites under positive selection (for details on models M1a 
and M2a, see Yang et al. 2005). Likelihood-ratio tests (Yang et al. 
2005) were used to compare model M1a with M2a and model M7 
with M8. According to Yang et al. (2005), when alternative models 
M2a and M8 suggest the presence of codons with ω > 1, this can 
be interpreted as evidence of positive selection. Bayesian posterior 
probabilities were used to identify codons that appeared to be con-
served versus neutral or subject to positive selection (Nielsen and 
Yang 1998).

Departures from Neutrality
To detect departures from neutrality, Hardy–Weinberg tests were 
used to determine whether observed heterozygosities at the DRB 
locus were significantly in excess of those expected under equilib-
rium conditions in each population. Also, Ewens–Watterson tests 
(Ewens 1972; Watterson 1986; Garrigan and Hedrick 2003) were 
applied per population to determine whether DRB allele frequency 
distributions were consistent with those expected under balancing 
selection. These analyses were conducted using ARLEQUIN version 
3.11 (Excoffier et  al. 2007). As an alternative means of detecting 
departures from neutrality, Tajima’s D (Tajima 1989) and Fu’s FS 

(Fu 1997) tests of neutrality for MHC and mtDNA data were per-
formed globally and for each population using 10 000 iterations as 
performed in ARLEQUIN 3.11 (Excoffier et al. 2007). Because these 
tests are based on the site frequency spectrum, they are influenced 
by long-term mutation patterns as well as more recent population 
dynamics (Garrigan and Hedrick 2003). Significant negative values 
of Tajima’s D and Fu’s FS are indicative of an excess of low frequency 
mutations, relative to expectations under the standard neutral model 
(strict neutrality of variants, constant population size, and lack 
of population subdivision), and are consistent with demographic 
expansion and/or purifying selection.

Phylogeographical Analyses
In order to infer hierarchical population structure, analyses of 
molecular variance (AMOVAs) were performed considering both 
genetic distances between mtDNA haplotypes/MHC alleles and their 
frequencies, using ARLEQUIN version 3.11 (Excoffier et al. 2007). 
For both data sets (neutral and adaptive) AMOVAs were performed 
for the 2 study species 1)  across sampling localities as independ-
ent units, and 2) across different regions, to test the effect of major 
natural barriers and geographical proximity on the partitioning of 
the genetic variance, using previous information regarding the phy-
logeography of both species (Mora et al. 2006, 2007; see Table 3). 
Haplotype networks for mtDNA haplotypes and MHC alleles were 
built using the median-joining algorithm defined by Bandelt et  al. 
(1999) in NETWORK 4.5.1, which essentially uses a maximum par-
simony approach to search for the shortest, least complex network 
from a given data set. Networks were then edited manually using 
Microsoft Office Excel v. 2007.

Pairwise and overall FST values for DRB exon 2 and D-loop were 
estimated using ARLEQUIN version 3.11 (Excoffier et  al. 2007) 
and their significance was evaluated using 100 000 permutations. 
Standardized pairwise values for DRB exon 2 and D-loop were also 
estimated using AMOVA routines implemented in GenAlEx version 
6.5 (Peakall and Smouse 2012); the estimation of standardized FST 
values was done following Meirmans (2006). This approach is rec-
ommended when levels of genetic variation obtained from molecular 
markers with different mutation rates and/or comparisons between 
species are used in the analysis (see Supplementary Material). We 
assessed whether pairwise FST values were correlated with geo-
graphic distances between populations using Mantel tests. Also, to 
test whether population differentiation at DRB was similar to dif-
ferentiation at D-loop irrespective of geographic distance, we used 
partial Mantel tests where pairwise FST for MHC data was correlated 
with pairwise FST for mtDNA data, while controlling for geographic 
distance (Ekblom et  al. 2007). Ordinary and partial Mantel tests 
were performed using PASSage v. 2 (Rosenberg and Anderson 2011).

Historical Demography
Mismatch distribution analyses allowed us to differentiate between 
populations that have been demographically stable over time 
(according to an “equilibrium model” with constant long-term 
effective population size) from those that have experienced recent 
demographic or range expansion, departures from strict neutrality 
or a combination of these factors (Harpending et al. 1998; Schneider 
and Excoffier 1999; Ramos-Onsins and Rozas 2002). We employed 
parametric bootstrapping as implemented in ARLEQUIN 3.11 to 
test the goodness of fit of the observed mismatch distribution to that 
expected under the sudden and spatial expansion model using the 
sum of squared deviations (SSD) statistic.
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In addition, population change through time was inferred using 
Bayesian skyline plots (BSPs) as implemented in BEAST 1.5.4 
(Drummond and Rambaut 2007). This approach includes the 
uncertainty in the genealogy by using Markov chain Monte Carlo 
integration under a coalescent model, providing information about 
effective population sizes through time (Drummond et al. 2005). The 
program was run for 6 × 107 iterations and sampled every 10 000 
steps under a relaxed lognormal molecular clock with uniformly 
distributed priors. In our analyses, the first 10% of the iterations 
were discarded to allow for burn-in. The best-fit substitution model 
for the data was estimated in jModelTest (Posada 2008). To assess 
the robustness of parameter estimates, 4 independent chains were 
run with identical settings. Log-files were analyzed in Tracer 1.4.8 
(Drummond and Rambaut 2007), and effective sample sizes were 
used to evaluate Markov chain Monte Carlo convergence within 
chains. These analyses were performed globally in both species and 
for the most important macroregions in C. talarum. To obtain esti-
mates of absolute times of demographic events suggested by BSPs, 
we used the substitution rate (and node ages) previously estimated 
for the mtDNA control region for the genus Ctenomys, reported in 
Mora et al. (2013a), which is 4.41 × 10−8 per site per year.

Data availability
In accordance with the Journal of Heredity data archiving pol-
icy, we have deposited the MHC sequences in Genbank (acces-
sions KY906252- KY906266 for C. talarum sequences and 
KY906267-KY906279 for C. australis sequences).

Results

Variation and Evidence of Selection at MHC
For C. australis, some of the populations showed greater variation at 
D-loop than at MHC class II DRB exon 2, whereas others showed 
the opposite pattern (Table  2). Patterns of D-loop variation were 
not associated with geographic location: the lowest level of genetic 
variability was presented in CL (Hd = 0.15 and Nd = 0.0004), and 
the highest in ORE (Hd = 0.9 and Nd = 0.0088), both populations 
are only 20 km apart from each other (Table 2). For C. talarum, the 
majority of the populations surveyed showed higher variability at 
the DRB exon 2 compared to D-loop. Specifically, higher number 
of DRB alleles, greater number of segregating sites, and higher hap-
lotype and nucleotide diversity were observed in almost all of the 
C. talarum populations of this study (Table 2).

Table  2. Number of allelic variants, V ratio (D-loop/DRB exon 2), DRB allelic richness (A), number of segregating sites (S), haplotype  
diversity (Hd), and nucleotide diversity (Nd) calculated by population for C. australis and C. talarum are shown

Pop Variants Vratio A S Hd Nd Ho He Fs D

C. australis D-loop/DRB exon 2

 PCO (8/9) 5/4 1.25 3.250 7/12 0.86/0.63 0.0055/0.021 0.222 0.627 −0.90 −0.79/2.29
 CLA (13/14) 2/5 0.40 3.992 1/11 0.15/0.69 0.0004/0.011 0.714 0.698 −0.53 −0.15/0.13
 SCAY (7/5) 4/3 1.33 3.000 5/2 0.81/0.65 0.0049/0.0028 1.000 0.644 −0.13 −0.10/0.22
 RET (7/8) 4/9 0.44 6.609 7/14 0.71/0.89 0.0035/0.011 0.875 0.892 −0.70 −1.50/−1.09
 MHO (7/5) 4/1 4.00 1.000 3/0 0.81/0 0.0028/0 −1.22 −0.3/---
 ORE (5/6) 4/4 1.00 3.818 8/5 0.9/0.68 0.0088/0.006 0.833 0.742 −0.04 −0.44/−0.31
 MA (12/10) 4/6 0.67 4.746 7/12 0.71/0.76 0.0044/0.015 0.900 0.763 0.64 −0.92/0.36
 NC (11/34) 7/10 0.70 2.324 7/26 0.82/0.25 0.0064/0.003 0.265 0.274 −2.26 0.08/−2.68
 Total 24/23 19/31
 Overall 0.83/0.72 0.0055/0.015 −27 −1.33/−0.76

C. talarum D-loop/DRB exon 2

 CGL (18/17) 4/6 0.67 4.152 8/9 0.63/0.8 0.0077/0.013 0.765 0.795 3.37 1.54/1.86
 PIN (24/25) 3/3 1 2.747 2/6 0.58/0.56 0.0021/0.01 0.640 0.564 1.25 1.65/2.58
 TOR (13/13) 3/5 0.60 3.888 3/9 0.3/0.75 0.0010/0.013 0.923 0.748 −0.69 −1.65/1.41
 SCL (18/18) 4/7 0.57 4.764 2/9 0.54/0.78 0.0015/0.014 0.833 0.783 −1.05 0.33/1.84
 LPA (11/11) 2/5 0.40 4.367 1/9 0.18/0.78 0.0004/0.012 0.910 0.784 −0.41 −1.13/0.96
 MAG (9/9) 4/4 1 3.856 12/7 0.75/0.76 0.0136/0.012 0.778 0.758 3.13 1.64/1.86
 PM (18/18) 1/9 0.11 4.852 0/11 0/0.78 0/0.011 0.500 0.779− ---/0.37
 SCH (5/5) 1/5 0.20 5.000 0/9 0/0.8 0.0/0.016 1.000 0.800--- ---/1.65
 RET (22/24) 7/8 0.88 2.658 8/11 0.77/0.75 0.0046/0.014 0.792 0.754 −0.96 −0.59/1.61
 PCO (10/10) 8/3 2.67 1.556 7/9 0.96/0.43 0.0046/0.009 0.300 0.426 −5.04 −0.77/0.007
 MHO (8/8) 8/2 4 4.571 17/9 1/0.13 0.013/0.004 0.125 0.125 −3.46 −1.04/−2.15
 QSA (7/7) 3/5 0.60 4.621 4/8 0.52/0.78 0.0026/0.012 1.000 0.780 0.26 −1.43/1.12
 SCAY (9/9) 5/6 0.83 4.162 6/8 0.72/0.78 0.003/0.012 0.778 0.784 −1.78 −1.72/1.45
 MC (90) 9/11 0.82 2.633 10/13 0.81/0.76 0.0045/0.012 0.855 0.756 −2.45 −0.76/1.18
 NC (82) 5/5 1 5.074 7/11 0.7/0.53 0.0041/0.008 0.622 0.528 −0.33 −0.77/0.23
 Total 58/26 63/17
 Overall 0.95/0.84 0.017/0.015 −24.4 −0.85/1.45

The number of individuals per population sequenced for each molecular marker is given between parentheses besides the population name (n D-loop/n DRB 
exon2). The total and overall values of these parameters are also presented. Observed (Ho) and expected (He) heterozygosity are shown. For Ho values, those 
presented in bold are significantly different to values expected under Hardy–Weinberg equilibrium (P < 0.05). Values of Fu’s Fs and Tajima’s D are presented (note 
that Fu’s Fs were calculated only for D-loop sequences). Numbers in bold are statistically significant (P < 0.05) as well as those presented in bold and italics (P < 
0.01). ---: Statistic not estimated. Abbreviations are detailed in Fig. 1.
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For C. australis, likelihood-ratio tests revealed no differences in 
fit between any of the 5 nucleotide substitution models considered 
(see Supplementary Table S1). In contrast, for C. talarum, models 
that allowed for the inclusion of positive selection (M2a and M8) 
had a significantly better fit than simpler models (M1a and M7), 
suggesting that, for this species, selection may be acting on specific 
codons within this exon. Specifically, residues 19, 27, 37, 45, and 
75 of the DRB exon 2 from C. talarum were identified as subject 
to positive selection (Supplementary Table S1). For C.  australis, 
Hardy–Weinberg (H-W) tests revealed evidence of significant excess 
of MHC heterozygotes in 2 out of the 8 populations surveyed, 
while 1 population showed a significant deficit of heterozygotes 
(Table 2). For this species, no significant departures from neutral-
ity were detected by Ewens–Watterson (E-W) tests. For C. talarum, 
H-W tests revealed evidence of significant excess of MHC heterozy-
gotes in 5 out of the 15 populations surveyed, while only 1 popula-
tion showed a significant deficit of heterozygotes (Table  2); E-W 
tests revealed evidence of balancing selection in only 1 population 
(MAG: F  =  0.284, Watterson’s F, P  =  0.054, Slatkin’s exact test, 
P = 0.033).

For C.  australis, overall values of Fu’s Fs and Tajima’s D cal-
culated for D-loop were significantly lower than zero. Accordingly, 
Tajima’s D for DRB exon 2 in this species was negative, but not 
significant (Table 2). For C. talarum, while overall values of Fu’s Fs 
and Tajima’s D calculated for D-loop were also negative, Tajima’s 
D values for DRB exon 2, although not significant, were positive 
(Table  2). Specifically, in 9 of the 15 populations, Tajima’s D for 
D-loop were negative while in 14 populations out of 15 these values 
for DRB exon 2 were positive. Despite this latest tendency, only Fu’s 
Fs statistics was significantly positive at a global level for C. talarum, 
and both Tajima’s D and Fu’s Fs were significantly negative for 
C. australis.

Phylogeographical Structure
C. australis did not show significant apportionment of the genetic 
variance among regional groups using the neutral marker (D-loop) 
and considering localities assembled into groups separated by 
major rivers (Quequén Salado), forestations, and streams (Cristiano 
Muerto and Sauce Grande; see AMOVAs in Table 3; Figure 1). Thus, 
population differentiation in this species does not seem to be related 
to the presence of major natural barriers in the landscape. Although 
DRB exon 2 showed high population differentiation when the west-
ern populations (Pehuén-Co [PCO], Monte Hermoso [MHO], and 
MA) and the most eastern populations (NC) were divided from 
the central populations (SCAY, CLA, ORE, and RET), the greatest 
population differentiation was found without clustering populations 
into particular regions (Table 3). For this molecular marker, it seems 
that differentiation among localities in C. australis has no apparent 
regional pattern: isolation among local populations has been more 
significant than the effect of the major natural barriers considered 
in this study. Finally, overall FST values for D-loop and DRB were 
0.27 and 0.56, respectively, and, for all levels of apportionment of 
the genetic variance, the ΦST values were greater for the exon 2 of 
DRB than for D-loop (Table 3), suggesting that the MHC variation 
in C. australis seems to be more geographically structured than the 
neutral variation. For C.  talarum, we found the opposite pattern: 
neutral variation was more geographically structured than MHC 
variation. Specifically, overall ΦFST for D-loop and DRB were 0.79 
and 0.22, respectively. Also, at all levels explored, the ΦST values were 
greater for D-loop than for DRB. For both markers, however, there 
was a pronounced differentiation between the 2 populations situ-
ated at PCO and MHO and the rest of the populations. Haplotype 
networks built for both species showed similar results to those of 
AMOVA, regarding the geographic apportionment of the variation 
at MHC and D-loop loci (see Supplementary Figure S1).

Table 3. Hierarchical analysis of molecular variance (AMOVA), using a square matrix of pairwise genetic distance between D-loop haplo-
types and DRB alleles for C. australis (A) and C. talarum (B)

A. Source of variation (C. australis) Regions defined ΦCT
P ΦST

P

 No clustering of subpopulations into regions [PCO] [MHO] [MA] [NC] [SCAY] [CLA] [ORE] [RET] 0.56 <0.001
0.27 <0.001

 Among 2 macroregions [PCO MHO] [MA NC SCAY CLA ORE RET] 0.35 0.11 0.66 <0.001
0 0.82 0.24 <0.001

  Among 3 macroregions limited by the most im-
portant natural barriers (Quequén Salado  
River and forestations)

[PCO MHO MA] [NC] [SCAY CLA ORE RET] 0.5 <0.05 0.6 <0.001
0 0.9 0.25 <0.001

  Among 5 regions limited by major natural  
barriers (major rivers, streams, highlands)

[PCO MHO] [NC] [SCAY] [CLA ORE] [RET MA] 0.03 0.4 0.56 <0.001
0.12 0.1 0.28 <0.001

B. Source of variation (C. talarum) Regions defined ΦCT P ΦST P

 No clustering of subpopulations into regions [MAG] [PIN] [CGL] [SCL] [PM] [MC] [NC] [SCAY]  
[RET] [QSA] [SCH] [LPA] [TOR] [MHO] [PCO]

0.22 <0.001
0.79 <0.001

 Among 2 macroregions [MAG PIN CGL SCL PM MC NC SCAY RET QSA SCH LPA 
TOR] [MHO PCO]

0.30 <0.05 0.43 <0.001
0.63 <0.001 0.9 <0.001

  Among 6 regions limited by major natural  
barriers (major rivers, streams, highlands)

[MAG PIN CGL] [SCL PM MC] [NC SCAY] [RET QSA] 
[SCH, LPA, TOR] [MHO PCO]

0.12 <0.05 0.23 <0.001
0.46 <0.001 0.8 <0.001

 Among 3 macroregions [MAG PIN CGL SCL PM MC] [NC SCAY RET QSA MHO 
PCO] [SCH LPA TOR]

0 0.65 0.22 <0.001
0.18 <0.05 0.8 <0.001

 Among 4 macroregions [MAG PIN CGL SCL PM MC] [NC SCAY RET QSA] [MHO 
PCO] [SCH LPA TOR]

0.08 <0.05 0.24 <0.001
0.45 <0.001 0.82 <0.001

The fixation indexes (Φ statistics) are shown. Significance of Φ statistics was tested by 16 000 permutations according to Excoffier et al. (2007). Regions defined 
are presented between brackets. Adaptive variation (DRB exon 2) and neutral variation (D-loop) are presented in black and bold, respectively.
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For C. australis, no significant relationship was found between 
pairwise FST values of D-loop and geographic distance (Mantel test: 
r = −0.18, P = 0.77). However, a significant positive relationship was 
observed between pairwise FST values of DRB exon 2 and geographic 
distance (Mantel test: r = 0.53, P < 0.05). As expected given these 
results, no significant relationship was found between pairwise FST 
values of D-loop and those of DRB (Partial Mantel correlation test: 
r = −0.19, P = 0.74). On the contrary, for C. talarum, neither D-loop 
pairwise FST values nor DRB exon 2 pairwise FST values were signifi-
cantly correlated with geographic distance (Mantel test: rD-loop = 0.12, 
P = 0.21; rDRB = 0.01, P = 0.37). However, a significant positive corre-
lation was found between pairwise FST values of D-loop and those of 
DRB (Partial Mantel correlation test: r = 0.39, P < 0.01). Population 
pairwise FST values for D-loop and DRB for both species are reported 
as Supplementary Data (Supplementary Tables S2 and S3).

Historical Demography
Mismatch distribution of C.  australis was unimodal, as expected 
for populations that have undergone a population expansion in 
the recent past (Figure  2). In accord with this, neither SSD nor 
Harpending’s Raggedness index (HRI) showed significant departures 
from a population expansion for C. australis considering both mod-
els, a sudden and geographic expansion (see Supplementary Table 
S4). The mismatch distribution of C. talarum was not clearly mul-
timodal at a global level, suggesting a lack of constant population 

size and/or sustained subdivision for a long period of time, such that 
the SSD between observed and expected mismatch distributions did 
not show significant departures from a sudden or spatial expansion 
model (Figure 2; Supplementary Table S4).

Further, SSD and HRI did not present significant departures nei-
ther from a sudden nor from a geographic expansion models in the 
regions defined for C. talarum (Supplementary Table S4).

BSPs were performed 1) over the entire distribution range of 
both species and 2) considering partial demographic reconstruc-
tions for southern coastal distribution (excluding MHO and 
PCO), southern coastal distribution (including MHO and PCO), 
northern coastal distribution, and inland distribution for C. 
talarum (see Figure 3). The demographic scenario inferred by the 
BSP showed populations expansions for both species. Although C. 
australis registered a gradual and steady increment in their effec-
tive population size since 40 000 years B.P. until present, an abrupt 
population expansion since approximately 20 000 years B.P. until 
present was estimated for C. talarum. Population expansion in C. 
talarum seems to be related to a population size increment in the 
southern current distribution from Necochea to Quequén Salado 
River. On the contrary, inland and northern distributional ranges 
of this species seem to have been stable over time, at least dur-
ing the Late Quaternary. C. talarum appears to have occupied the 
sand dune habitat in the southern distribution in the recent past, in 
the Late Pleistocene to Early Holocene limit (Figure 3).

Figure 2. Observed and expected global mismatch distributions for C. australis and C. talarum (A and B, respectively). For C. talarum, mismatch distributions 
from the southern coastal distribution (excluding MH and PCO, C), from the complete southern coastal distribution (including MH and PCO, D), from the 
northern coastal distribution (E), and inland distribution (F) are also shown. The black line represents the observed distribution; the light gray line represents the 
theoretical expected distribution under a sudden population expansion model, the dark gray line represents the theoretical expected distribution under a spatial 
expansion model, following Schneider and Excoffier (1999). F(i) indicates frequency, i denotes pairwise nucleotide differences.
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Discussion

It is well known that the markedly high polymorphism observed at 
MHC loci is the result of the action of positive selection (Garrigan 
and Hedrick 2003). However, selection operates necessarily 
against a given demographic background, historical, or contem-
porary, and therefore the preeminence of this force against sto-
chastic processes (gene flow, genetic drift) may vary, depending on 
the strength of selection and population size (Maruyama and Nei 
1981). Our findings demonstrate that while selection is most likely 
the predominant force that contributes to shape the low differen-
tiation among populations at MHC loci in C. talarum, the pattern 
seems to differ for C. australis, for which the local divergence at 
MHC among populations seems to be greater in comparison to 
D-loop. Overall, our results partially agree with a previous study 
that compared MHC and D-loop variation in only 2 sympatric 
populations of C. australis and C. talarum (Cutrera et al. 2010). 
At the same time, our findings contribute to shed new light into 
the interplay between demography and selection over larger geo-
graphic distances and deeper time scales for these 2 species of sub-
terranean rodents.

Comparing the Phylogeography of C. australis and 
C. talarum: Historical Demographic Scenarios
Our study species showed different patterns of population structure 
based on neutral variation; while C. talarum presented a strong phy-
logeographical signal on mtDNA variation, C. australis showed only 
a slight population differentiation. As previously suggested by Mora 
et  al. (2006), lack of clear differentiation among regional groups 
of C. australis suggests that putative geographical barriers do not 
markedly affect the existing pattern of genetic structure. One rea-
son is that important barriers in the landscape (e.g., streams and 
rivers) do not prevent dispersal among localities, possibly because 
of the small size or transient status of these barriers, such as water 
streams. On the other hand, if these species did not occupy their 
current distributions for a sufficiently long time (under the hypoth-
esis of recent expansion), the effect of barriers could not be detected 
yet. In our study, global departures from both mutation–drift and 
migration–drift equilibriums were observed for mtDNA in both spe-
cies. However, C. talarum showed a dual pattern: while no depar-
tures from mutation–drift equilibrium were detected in the northern 
and inland regions, disequilibrium was observed in the southern 

Figure 3. Bayesian skyline plots showing the complete reconstruction of female effective population size fluctuations (based on mtDNA data) throughout time in 
C. australis (A) and in C. talarum (B, complete distribution) during the Pleistocene–Holocene period. C, D, E, and F show partial demographic reconstructions for 
the southern coastal distribution (excluding MH and PCO), the complete southern coastal distribution (including MH and PCO), the northern coastal distribution, 
and the inland distribution of C. talarum, respectively. Black lines represent the median estimations and gray shading represents the upper and lower 95% 
credible intervals. The x-axes of these figures were estimated using a mutation rate of 4.41 per site per year estimated by Mora et al. (2013a) for the genus 
Ctenomys.
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distribution range (see also Mora et al. 2013a). For all C. talarum 
populations, pairwise estimates of population differentiation (FST’s) 
suggest low level of gene flow; these high levels of population frag-
mentation, limited gene flow, and the existence of isolated small-
sized demes have been associated with an intense action of genetic 
drift in the species (Mora et al. 2013a).

Phylogeographical Signal on MHC: Relative Roles of 
Selection and Historical Demography in C. australis 
and C. talarum
Differentiating between the effects of demographic history and selec-
tion is problematic and remains an important challenge to studies 
investigating the processes underlying variation at functional loci 
(Nielsen 2005). Comparing the current distribution of variation at 
neutral and adaptive markers is essential to understand the processes 
that shape the polymorphism of genes subject to selection (Schierup 
et al. 2000). For example, continuously distributed populations may 
be genetically structured if gene flow is limited or if they are under 
diversifying local selection (Hudson et al. 1992; Congdon et al. 
2000). Specifically for our study, while it was clear that all measures 
of variation—including number of allelic variants, number of segre-
gating sites and haplotype and nucleotide diversity—were generally 
higher for DRB exon 2 compared to D-loop in most populations of 
C. talarum, as expected if balancing selection was the predominant 
force acting on MHC, the pattern was less evident for C. australis. 
Although both species seem to have undergone demographic popu-
lation expansions in the Late Quaternary, this demographic change 
seems to have had a different impact in these species. Although an 
abrupt population increment was clearly observed in C. talarum in 
a restricted geographical region in the last 25 000 years, a gradual 
and steady increase has been reported for the entire distributional 
range of C. australis since 40 000 years B.P. Therefore, the demo-
graphic expansion undergone by C. australis encompassed the entire 
distribution of this species, while for C. talarum the sign of expan-
sion is restricted to the Southern region of its distribution. However, 
the sign of recent population expansion following repeated cycles 
of change in habitat availability associated with sea level fluctua-
tions in the southern populations of C. talarum has not erased the 
high levels of polymorphism observed at a global level in MHC loci. 
In particular, the relative level of D-loop variation in comparison 
to the MHC variation was 1–9 times lower in 10 out of the 15 
populations surveyed of C. talarum, whereas for C. australis 4 out 
of 8 populations showed greater, although much more moderate, 
D-loop variation compared to DRB. For C. talarum, these findings 
are in agreement with what is expected within a population for genes 
under balancing selection: DRB exon 2 shows higher variation than 
the neutral marker analyzed (in this case, D-loop). Lower differentia-
tion between populations is expected for genes subject to balancing 
selection in comparison to neutral loci (Klein et al. 1998; Schierup et 
al. 2000). Our results support this prediction for C. talarum, but not 
for C. australis. Specifically, AMOVA results for C. talarum showed 
that differentiation at DRB exon 2 was lower when compared with 
D-loop for all levels of apportionment of genetic variation explored. 
However, this pattern does not seem to hold for C. australis popula-
tions, for which population differentiation at mitochondrial DNA 
was not associated with the presence of major landscape barriers. 
The absence of a pattern of isolation by distance (IBD) for D-loop 
in C. australis, based on the results of the Mantel test, further sup-
ports this scenario. Contrary to this, a significantly positive relation-
ship was found between DRB FSTs and geographic distance in this 

species, suggesting that MHC variation may be under the action of 
local pathogen-mediated selection, in which populations that are 
spatially closer may have more similar pathogen communities. This 
pattern has also been described in C. australis for other traits that 
may evolve under selection, such as allozymes and skull morphol-
ogy, which also show an IBD pattern (Mora et al. 2013b), despite 
the strong signal of expansion verified for mtDNA. For C. talarum, 
neither of the markers used showed a global pattern of IBD, prob-
ably reflecting the fact that different regions have experienced dis-
tinct demographic trajectories coupled with very restricted gene flow 
in this species, as was previously reported by Mora et al. (2013b), 
who showed that evidence of IBD was present in some regions of C. 
talarum distribution but not in others.

Regarding the strength of selection, we found that maximum-
likelihood analyses of patterns of codon-based substitutions, which 
are less sensitive to demography and are able to detect long-term 
selection, provided evidence of positive selection acting on DRB 
exon 2 in C.  talarum, but not in C.  australis. Specifically, models 
that incorporated the action of positive selection fitted the data sig-
nificantly better than simpler models in C. talarum, and several ami-
noacidic residues of the DRB exon 2 were identified as subject to 
positive selection, 4 of which (27, 37, 45, and 75) had already been 
identified in a previous study of DRB variation conducted in a single 
population in this species (Cutrera et al. 2011).

As an alternative means of detecting departures from neutrality, 
we used Fu’s Fs and Tajima’s D tests; however, for both of these 
analyses, rejection of the “standard neutral model” (Rosenberg and 
Nordborg 2002) does not necessarily imply acceptance of a selective 
alternative. Rejection of the neutral model may be caused by non-
selective processes, such as a population bottleneck, that imitate the 
effects of balancing selection maintaining several alleles or classes 
of alleles over a long time (Kreitman 2000), or population expan-
sion, which can simulate the outcomes of selective sweeps and selec-
tion against slightly deleterious mutations (Bertorelle and Slatkin 
1995; Harpending et  al. 1998). Therefore, applying these tests to 
functional and neutral markers in the same population is essential 
to tease apart the effects of selection versus purely demographic fac-
tors. Paleontological as well as population genetic data support the 
hypothesis that changes in sea level during the Quaternary made 
available areas of sand dune habitat for C. australis (Isla 1998; Isla 
et al. 2001), facilitating a geographic and demographic expansion of 
this species (Mora et al. 2006, 2007). Fu’s Fs and Tajima’s D values 
for D-loop reflected this historical scenario: they were negative in all 
but one of the C. australis populations analyzed; however, Tajima’s 
D values were negative for DRB exon 2 in only 3 of the 7 popula-
tions analyzed in this species. On the contrary, although most Fs and 
D values were negative for mitochondrial genetic data in C. talarum, 
D values for MHC were positive in all of the populations except one, 
suggesting that balancing selection is the predominant force shap-
ing MHC variation in this species, considering that the alternative 
demographic hypothesis (population bottleneck) is not supported by 
the results obtained with the neutral marker.

Evidence of balancing selection acting on MHC in C.  talarum 
comes from previous studies conducted at a local scale, which docu-
mented extensive polymorphism at genes of this complex (Cutrera 
and Lacey 2006; Cutrera et al. 2010), as well as associations between 
MHC variation and resistance/susceptibility to common parasite 
infections for the species (Cutrera et  al. 2011). Parasite-mediated 
balancing selection can weaken the influence of demographic history 
on MHC genes, as reported for bank voles (Malé et al. 2012) and 
brown hares (Koutsogiannouli et al. 2009). For C. talarum, however, 
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lower DRB differentiation among populations is accompanied by 
higher levels of DRB diversity compared to D-loop within popula-
tions, suggesting that even though MHC diversity may be driven by 
local host–parasite interactions (see Lion and Gandon 2015 for a 
review), these do not strongly promote population divergence, a pat-
tern that has also been recently described in fish (Poecilia mexicana, 
Tobler et al. 2014). In fact, Cutrera and Lacey (2007) reported the 
persistence of very similar, or even the same, MHC variants for longer 
periods than expected under neutral evolution across Ctenomys spe-
cies, resulting in a pattern of “trans-species polymorphism”, which 
is considered another evidence of the action of balancing selection 
on these loci (Klein 1987). Although demographic changes associ-
ated with a postglacial expansion seem to notably influence DRB 
diversity in C. australis, much more so than in C. talarum, the role 
of selection cannot be ruled out. Besides the results of the Mantel 
test, which showed higher population differentiation at DRB than 
at D-loop, we also found that one of the alleles widely spread across 
populations of C. australis, Ctau-DRB01, is shared with other 4 spe-
cies of Ctenomys (see Cutrera and Lacey 2007). This suggests that 
selection has contributed to shape MHC variation in C.  australis 
as well. Therefore, although diversity at DRB exon 2 seems to be 
comparable between C. australis and C. talarum, patterns of popu-
lation apportionment of such variation seem to differ substantially 
between these species, supporting distinct roles of local versus bal-
ancing selective regimes in shaping MHC structure in these species.

Conclusions

The relative influence of selection, genetic drift, and migration on 
MHC diversity has been explored in small mammals, with a focus on 
European species that have suffered demographic changes associated 
with glacial refugia and postglacial expansions, such as European 
hedgehogs (Erinaceus concolor and E.  europaeus, Berggren et  al. 
2005), water voles (Arvicola terrestris, Bryja et  al. 2007), brown 
hares (L. europaeus, Koutsogiannouli et al. 2009), and bank voles 
(Myodes glareolus; Malé et al. 2012). Lack of or weak spatial MHC 
structure among populations has been reported in comparison with 
neutral markers in brown hares (Koutsogiannouli et  al. 2009) as 
well as in water and bank voles (Bryja et al. 2007; Malé et al. 2012), 
while the opposite pattern was observed in hedgehogs, in which 
demographic changes have been more influential on MHC than 
balancing selection (Berggren et al. 2005). Fluctuations in popula-
tion size in cyclic populations of rodents and the strong genetic drift 
associated with these changes has also contributed to shape MHC 
diversity in water voles (Oliver and Piertney 2012), although these 
events are much less influential in the montane vole (Microtus mon-
tanus) MHC genes, despite the large fluctuations in population size 
documented for the species (Winternitz et al. 2014). Therefore, our 
findings and those described above support the idea that the relative 
strength of selection acting on MHC genes varies spatially and tem-
porally within and among species, even between species that inhabit 
the same macrohabitat and may be exposed to similar immune chal-
lenges, as is the case for C. talarum and C. australis. The different 
selective models proposed to maintain the high levels of MHC diver-
sity observed in natural populations have been extensively reviewed 
(Apanius et  al. 1997; Hughes and Yeager 1998; Hedrick 2002; 
Piertney and Oliver 2006), with a focus on the benefits for pathogen 
recognition and resistance that high MHC diversity entails. More 
recently, the importance of preserving MHC diversity in conserva-
tion strategies has been emphasized, due to its role in disease resist-
ance (Vásquez-Carrillo et al. 2014) and the severe consequences that 

a bottleneck may have on variation at these loci (Sutton et al. 2011). 
Our findings reinforce the need to study simultaneously the role 
of selection as well as historical demographic changes in modeling 
MHC diversity in natural populations of mammals.

Supplementary Material

Supplementary data are found at Journal of Heredity online.
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