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Abstract: Background: The major histocompatibility complex (MHC) plays a key role in the
adaptive immune response to pathogens due to its extraordinary polymorphism. However, the
spatial patterns of MHC variation in the striped hamster remain unclear, particularly regarding the
relative contribution of balancing selection in shaping MHC population and diversity compared to
neutral forces. Methods: In this study, we investigated the immunogenic variation of the striped
hamster in four wild populations in Inner Mongolia, which experience heterogeneous parasitic
stress. Our goal was to identify local adaptation by comparing the genetic structure at MHC with
that at seven microsatellite loci, taking into account neutral processes. Results: We observed
significant variation in parasite pressure among sites, with parasite burden showing a correlation
with temperature and precipitation. Molecular analysis revealed a similar co-structure between
MHC and microsatellite loci. We observed lower genetic differentiation at MHC loci compared to
microsatellite loci, and no correlation was found between the two. Conclusions: Overall, these
results suggest a complex interplay between neutral evolutionary forces and balancing selection in
shaping the spatial patterns of MHC variation. Local adaptation was not detected at a small scale
but may be applicable at a larger scale.

Keywords: local adaptation; major histocompatibility complex; balancing selection; parasite; striped
hamster; population differentiation

1. Introduction

The term "local adaptation” refers to the phenomenon when a population evolves to be better
adapted to its specific local environment compared to migrants from nearby populations [1].
Adaptation is crucial for the survival of populations in dynamic environments characterized by
ongoing changes such as climate change, anthropogenic influences, and emerging infectious diseases.
The capacity of populations to adapt to spatially diverse and temporally fluctuating landscapes is
influenced by the interplay of natural selection, gene flow, and genetic drift [2]. Therefore, examining
genetic similarities and differences within and between populations not only unveils the evolutionary
history of a species but also offers valuable insights into its future evolutionary potential. Historically,
numerous studies have concentrated on habitat adaptation, trophic specialization, and the impact of
resource competition [3]. However, these factors not only directly impact organism performance but
also have indirect effects on other ecosystem components that can influence overall performance [4].

In host-parasite systems, the genetic variation among hosts and parasites creates dynamic
environments that require adaptation. The degree of local adaptation is influenced by gene flow, as
well as the variation in genes associated with fitness. Studies on host-parasite adaptation often
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prioritize examining the ability of pathogens to adapt to their hosts, as the shorter generation times
of pathogens make them more likely to exhibit patterns of local adaptation. However, parasites can
engender significant ecological and evolutionary interactions with both hosts and host populations
[5]. Parasites thrive at the expense of other organisms by extracting energy from their hosts,
potentially leading to reduced host condition and reproductive success [6,7]. Specifically, infections
can initiate and facilitate local immunogenic adaptation, which relies on dissimilarities within the
parasite community [8]. The geographical distribution of parasites can be highly heterogeneous due
to various ecological factors. This distribution shapes the genotype distribution of their hosts through
natural selection and contributes to host genetic diversity through balancing and disruptive selection
[9,10].

The Major Histocompatibility Complex (MHC) plays a crucial role in adaptive immunity,
primarily due to its ability to recognize antigens and initiate the immune response [11]. MHC class 1
presents antigens of intracellular parasites to cytotoxic T-cells, while MHC class II presents antigens
of extracellular parasites to helper T-cells[12]. As antigen-binding is highly specificc MHC genes
exhibit considerable diversity, even in small or bottlenecked populations [13-15]. Large numbers of
alleles have been identified in various vertebrate species, including rodents [16-18]. Three major
hypotheses, namely Heterozygote Advantage (HA), Negative Frequency Dependent Selection
(NFDS), and Fluctuating Selection (FS), have been proposed to account for the high levels of
polymorphism [19]. Importantly, due to the adaptive significance and enduring persistence of MHC
polymorphism, the MHC has emerged as a paradigm for studying pathogen-mediated balancing
selection [20]. Spatial variation in the selection of MHC genes can result in a mosaic of immunogenic
divergence and local adaptation across populations [21,22]. Several studies have explored how
balancing selection acts on MHC alleles in response to variations in local parasite-related selective
pressures [13,23-25].

The striped hamster (Cricitulus barabensis) frequently causes significant agricultural damage and
has the potential to act as a vector for numerous severe zoonotic diseases [26]. This species is solitary
and leaves its birthplace to breed after reaching sexual maturity. The striped hamster is widely
distributed in the open landscapes of southern Siberia, Mongolia, and northern China. Previous
studies have classified the species into several subspecies based on phenotype and genotype [27],
revealing the significant potential for differentiation and local adaptation under varying
environmental conditions. Due to its susceptibility to various parasites and the establishment of
several laboratory models for studying parasite infections [28,29], the striped hamster serves as an
ideal model for investigating local adaptation mediated by parasites.

The objective of our study was to analyze the spatial patterns of the immune locus MHC and
neutral microsatellite markers across four sympatric populations of striped hamsters in order to
identify patterns of local adaptation. First, we anticipated discovering the neutral history that has
influenced these populations using microsatellite data. Second, we employed high-throughput
sequencing to assess the sequence diversity of MHC DRB exon 2 and identified divergence among
populations. Finally, in order to assess the impact of balancing selection on MHC genetic variation,
we conducted a comparison of genetic diversity and structuring at microsatellite loci and MHC. Our
research will contribute to a deeper understanding of the patterns of local adaptation and provide
essential data for the development of novel public health surveillance strategies in Inner Mongolia.

2. Materials and Methods

2.1 Ethics Statement

This study received ethical approval from the Ethical Committee of the National Institute for
Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention.
All rats were captured in areas designated for rodent control, which were neither privately owned
nor protected. The described field studies did not require any specific permits.

2.2 Study Area and Sampling Methods
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The study was conducted in the grasslands of the Inner Mongolia Autonomous Region, China.
The region extends over a vast area of 2400 km from east to west, with a precipitation gradient
difference of 300 mm per year. It also has a maximum north-south distance of 1700 km, and the annual
temperature difference exceeds 10C. To ensure the selection of optimal sampling locations for
effective inter-site comparisons, we carefully chose nine sampling points based on prior sampling
experience. We considered both the east-west direction (precipitation gradient) and the north-south
direction (temperature gradient). (Figure 1, Table S1). Temperature and precipitation data were
obtained from Worldclim at a resolution of 5 km?2 [30].
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Figure 1. Sample locations in Inner Mongolia. The sample sites are located in New Barag Right Banner
(N1), East Ujimqin Banner (N2), Xilin Hot (N3/W3), Baiyin Siler (N4), Taibus banner (W1), Sonid Right
Banner (W1), Abag Banner (W2), West Ujimqin Banner (W4), Tongliao (W5). The black dots represent
locations where stripted hamster were sampled in this study.

We conducted a total of six sampling events over a two-year period, which took place three
times per year in May (spring), July (summer), and September (autumn). We deployed a total of 600
traps, covering an area of approximately 0.05 square kilometers during each sampling event. To
ensure sufficient sample sizes for each population, we left the traps in place for one to two days at
each location. To minimize potential parasite influence, we placed each captured striped hamster in
a clean cloth bag every morning after checking the traps. The bags were securely fastened to prevent
parasites from escaping. The impact of dead mice on parasite count was relatively consistent among
individuals, therefore not significantly affecting the final results.

2.3 Parasite Screening

We meticulously extracted ectoparasites from the mice's fur using a comb. We meticulously and
comprehensively enumerated fleas and gamasid mites for each specimen. We microscopically
identified parasites to the species level based on morphological characteristics. Our focus was on the
average parasite burden per individual at the population level. To account for the low population
sizes in certain groups, we chose a subset consisting of N2, N3, W2, and W4 for comparing parasite
pressure across populations using the Kruskal-Wallis test in R 4.1.1.

2.4 Microsatellite Genotyping

We collected multiple tissues, including lung, liver, spleen, and kidney, from each individual.
Before DNA extraction, all tissue samples were rapidly frozen in liquid nitrogen and stored at -80°C.
Total genomic DNA was extracted from liver samples using the Qiagen DNeasy Blood and Tissue
Kit, following the manufacturer's instructions. We genotyped the total genomic DNA extracted from
each individual using a set of 7 highly polymorphic microsatellite markers (Table S2). The forward
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primers of the markers were labeled with four different fluorophores (FAM, HEX, ROX, and
TAMRA) at the 5' end. PCR was performed with a final volume of 25 ul, consisting of 12.5 ul of 2x
PCR mix, 1 pM concentration of each primer, 1 pul of DNA, and 9.5 ul of ddH2O. The PCR conditions
were as follows: 10 min at 94 °C, followed by 30 touchdown cycles of 30 s at 94 °C, 30 s at 64 °C (0.5
°C per cycle), and 30 s at 72 °C, 10 cycles of 30 s at 94 °C, 30 s at 49 °C, and 30s at 72 °C, and a 10 min
final extension step at 72 °C. The amplified products were genotyped on an ABI 3730xl Genetic
Analyzer, and the output was analyzed using GeneMarker software [31].

2.5 Microsatellite Analysis

We assessed the genetic diversity of each locus and population using GenAlEx [32]. The
following parameters were utilized: number of alleles (Na), number of effective alleles (Ne),
Shannon’s information index (I), observed heterozygosity (Ho), expected heterozygosity (He), and
Fixation index (F). [33]. We assessed linkage disequilibrium (LD) and deviations from Hardy-
Weinberg equilibrium (HWE) using the Fisher’s exact test in Arlequin [34].

We conducted a series of analyses to identify the genetic structure among populations of striped
hamsters. Initially, we employed a Bayesian model-based algorithm implemented in STRUCTURE
[35] to determine the probable number of clusters. We performed ten independent runs for each K
value (K=1 to 4), with a burn-in' period of 50,000 iterations and 1,000,000 replications. To determine
the most likely number of clusters, we employed Evanno's method implemented in Structure
Harvester [36]. The results of ten replicate runs for each K value were aggregated using the Greedy
algorithm of Clumpp [37]. Graphical representations of the summary outputs were generated using
District [38]. Additionally, principal component analysis (PCA) was conducted using GenAlEx to
assess population structure at the MHC-DRB locus and maximize intergroup variation.

2.6 MHC Genotyping

We targeted the MHC class II DRB gene exon 2, as it harbors the majority of functionally
important antigen binding sites that have been extensively studied [39]. Amplification of a 171bp
fragment of DRB exon 2 was achieved using modified primers [40]. The PCR employed fusion
primers that incorporated Illumina adapters and a 6bp barcode, ensuring unique molecular tagging
for each individual through distinct barcode combinations across the forward and reverse fusion
primers. We used unique barcode combinations across forward and reverse fusion primers so that
each individual had a unique molecular tag. To ensure accurate genotyping, three independent
amplifications were performed for each individual, allowing for comprehensive evaluation. The PCR
reaction was carried out for 35 cycles with temperature cycles of 94°C for 30s, 55°C for 30s, and 72°C
for 30s. Following visualization of the amplicons on 1% agarose gels, equimolar pooling was
performed to create sequencing libraries. Sequencing was performed using two Illumina MiSeq 2 x
150bp runs following purification and dilution.

Subsequently, raw sequence data was processed into individual genotypes using the Stepwise
Threshold Clustering program implemented in the amplisas web software [41]. The software
generates a table presenting individual genotypes (columns) and unique MHC sequences (rows)
along with their respective read depths. A maximum read depth of 5000 was set for each individual,
ensuring the capture of all possible MHC variants. Clustering parameters were set according to
Nlumina data recommendations, including 1% substitution errors, 0.001% indel errors, and a
minimum dominant frequency of 25%. To ensure the analysis of genuine MHC alleles, we excluded
sequences containing stop codons and retained only those alleles recovered in at least two distinct
individuals.

2.7 MHC Analysis

2.7.1 Test for Positive Selection

To assess the historical selection pressure on DRB, we calculated the relative ratio of non-
synonymous (dN) to synonymous (dS) base pair substitutions (w) using the Nei and Gojobory method
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[42], with the Jukes-Cantor correction applied. We performed an overall average Z-test of selection
implemented in MEGA to examine the differences in w rates. Two approaches were employed to
detect the signature of positive selection for each codon. Firstly, we tested seven models in
EasyCodeML software [43] , which accounted for different selection intensities among sites: MO (one-
ratio), M1a (nearly neutral), M2a (positive selection), M3 (discrete), M7 (beta distribution), M8 (beta
distribution and positive selection), and M8a (beta distribution and nearly neutral selection). The
Bayes empirical Bayes (BEB) procedure was used to estimate the Bayes Posterior Probability (BPP),
with BPP values exceeding 95% considered significant. A Bayesian inference analysis using MrBayes
[44], was conducted to generate the phylogenetic tree in the required input format (nekwick). The
best-fit model for the Bayesian inference analysis was determined using jModelTest based on the
Akaike Information Criterion (AICs) [45]. The likelihood ratio tests (LRT) in CODEML were
employed to compare the codon-based models. Additionally, the Hyphy package in the DataMonkey
web server was used to detect the signature of positive selection for each codon, utilizing four
different codon-based maximum likelihood tests: fixed effects likelihood (FEL), branch-site
unrestricted statistical test for episodic diversification (BUSTED), fast, unconstrained Bayesian
approximation (FUBAR), and the mixed effects model of evolution (MEME) [46].

2.7.2 MHC Diversity, Polygenetic Relationships, and Population Structure

Vertebrates commonly exhibit variation in the number of MHC loci within individuals, posing
challenges in assigning MHC alleles to specific loci. To assess MHC allelic diversity at the intra-
population level, we quantified the number of alleles per population (A), the number of segregating
sites (S), and nucleotide diversity () using DnaSP [47]. Additionally, we calculated the average
number of MHC alleles per site (An) across mice.

To investigate the phylogenetic relationships among these alleles, we compiled 20 MHC-DRB II
alleles of striped hamsters from the Shandong Provinces (Genbank: HM102423~HM102442). We
constructed a neighbour-net network using SplitsTree [48] to visualize potential reticular
relationships. We selected the JC+G model of nucleotide substitution based on the AIC values
obtained from JmodelTest. The neighbour-net network was constructed with edge weights using
ordinary least squares variance and a threshold of 10.

We conducted Bayesian Clustering analysis in STRUCTURE using correlated allele frequencies,
without incorporating prior location information. For each K value, we performed ten independent
Markov Chain Monte Carlo (MCMC) runs, each consisting of 1,000,000 generations with a burn-in of
500,000. The input file for Structure analysis assigned a value of 1 if the corresponding alleles were
present for each individual, 0 if they were not present, and -9 if the data was missing. To further
examine the population structure exhibited at the MHC DRB locus, we performed Principal
Component Analysis (PCA) to maximize the differences between populations and minimize the
variations within populations. The inter-population differentiation at the MHC locus was quantified
using pairwise Rho values. T To consider nonlinear population distribution and migration patterns,
the pairwise Rho values were transformed to Rho/ (1-Rho). The analyses were conducted using
SPAGeDi [49].

2.8 Comparisons between Neutral and Adaptive Markers

To compare the substructuring levels exhibited by two different marker types, we conducted
Mantel tests and partial Mantel tests using the Vegan package in R [50]. To examine patterns of
isolation by distance, we conducted separate tests to determine the relationship between
microsatellite loci and geographic distance, and between the MHC-DRB locus and geographic
distance. Geographical distances were calculated as Euclidean distances using the pointDistance
function in the RASTER R package [51]. Additionally, we conducted further tests for isolation by
distance at the MHC-DRB locus by comparing Rho/(1-Rho) values for MHC with geographic
distance, while accounting for neutral pairwise differentiation. Finally, we assessed the correlation
between pairwise estimates of Rho/(1-Rho) for microsatellites and MHC-DRB, while considering
geographic distance. The significance of all correlations was evaluated using 999 permutations.
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Population genetic differentiation at MHC loci is expected to be more pronounced than that
resulting from neutral genetic variation due to selective pressure. We chose to perform a co-inertia
analysis (CoA) [52] to assess the relationship between the MHC gene and microsatellites. Due to its
advantages over traditional genetic differentiation methods and its avoidance of equilibrium
assumptions, CoA was deemed beneficial for assessing the genetic co-structure between MHC and
microsatellites, and for inferring patterns of local adaptation. The PCA results of MHC and
microsatellite data were used as input files to construct the CoA. In a CoA plot, the length of the
vector connecting the arrow and the dot represents the divergence between the marker types. If both
genetic markers exhibit strong shared trends, the arrow will be short.

3. Results

3.1 Parasite Communities

The flea load ranged from 0 to 17, while the gamasid mite load ranged from 0 to 38. We identified
a total of 11 flea species and 22 gamasid mite species. In the W4 population, we observed one
individual carrying a maximum of five flea species, while the hamster infected with up to five
gamasid mite species was also from W4. Among the four analyzed populations, W4 exhibited the
highest species richness for both fleas (0.49) and gamasid mites (1.09). W2 had the highest flea load
(1.19), while W4 had the highest average number of gamasid mites (2.89). We observed that the load
and abundance of gamasid mites in the N2 population were significantly lower than those in the
other three populations. We found no significant difference in flea burden among these populations.
(Figure 2).
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Figure 2. Parasite burden among populations: (A) Gamasid Mite Load, (B) Gamasid Mite Richness,
(C) Flea Load, (D) Flea Richness.

Temperature increase was positively correlated with gamasid mite load (0.175+0.038, p < 0.05),
gamasid mite richness (0.131+0.060, p < 0.05), and flea load (0.241+0.067, p < 0.05). Precipitation was
positively correlated with gamasid mite burden (load: -0.004+0.001, p < 0.05; richness: -0.004+0.001, p
< 0.05). However, we did not observe any significant effect of precipitation on flea burden (load: -
0.001+0.001, p = 0.19; richness: -0.002+0.001, p = 0.114), as shown in Figure 3.
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Figure 3. Model averaged parameter estimates and their 95% confidence intervals for (A) temperature
and (B) precipitation associated with four parasite indices. ® a parameter with a significant effect.

3.2 Microsatellite Genetic Diversity and Population Structure

This study utilized 7 pairs of fluorescent primers to amplify 181 samples from 4 populations,
resulting in polymorphic loci for all markers. The overall polymorphic characteristics of microsatellite
markers were summarized in Table 2. The Na varied among populations, ranging from 6.094 (N2) to
21.429 (W4). The Ne in all populations was lower than the Na, with an average value of 8.781. The
lowest Ho was 0.477 at N3, while the highest was 0.600 at W4. Observed heterozygosity was higher
than expected heterozygosity at all sites. The HWE test indicated that all populations were in
equilibrium, except for W4. No significant departures from LD were observed within global regions
after Bonferroni correction.

Table 1. Genetic diversity in 7 populations of striped hamster from Inner Mongolia, China.

Pop Na Ne I Ho He uHe F Ar HWE
N2 9.286 6.094 1975 049 0.828 0.862 0.390 4.84 0.167
N3 10571 7.708 2116 0.477 0.850 0.874 0.428 5.02 0.092ns
W2 15143 9176 2362 0.552 0.873 0.883 0.358 5.15 0.104~
W4 21429 12146 2594 0.600 0.890 0.894 0.317 5.34 0.000°
Total 14.107 8.781 2.262 0.531 0.860 0.878 0.373 5.08 /

Abbreviations: Na, number of alleles per population; Ne, effective allele; I, Shannon’s information index; Ho,
observed heterozygosity; He, expected heterozygosity; uHe, unbiased expected heterozygosity; F, Fixation
Index; Ar: rare Allelic richness; HWE: Hardy-Weinberg equilibrium test, significant (p < 0.05) deviations from
Hardy-Weinberg expectations are indicated with an asterisk. Key: ns=not significant, * P <0.05.

Although the Bayesian clustering analysis with STRUCTURE identified the most likely number
of clusters as 2, there was no significant population genetic structure observed among the populations
(Figure 4A). In the PCA plot (Figure 5A), the first axis (65.63%) clearly separated N2 from the other
populations. Pairwise Rho/ (1-Rho) values are presented in Table 3. The highest pairwise Rho/(1-Rho)
value among the four populations was observed between N2 and W4 (0.029).

A

B

L
& Lo & Q
Figure 4. Population genetic structure of striped hamster estimated from microsatellite (A) and MHC
allelic data (B). The population structure estimated in Structure using the most reliable number of

clusters (K = 2). Each vertical bar represents an individual. The height of each bar indicates the
probability of assignment to each of K optimal clusters (different colours)
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Figure 5. Co-inertia analysis (CoA) between microsatellite and MHC binary-encoded data for seven
regions. Ordination of the first two between-class axes for (A) microsatellite and (B) MHC loci, where
dots represent populations constrained by sampling locations distinguished in different colors; (C)
CoA plot, showing the relative position of each population on the factorial plane for the first two CoA
eigenvalues and given by the co-variation between MHC and microsatellite data seta. The red dots
represent the variation observed at MHC, while the blue triangles represent the variation at
microsatellite (MS).

Table 2. Population pairwise Rho/ (1-Rho) values for 7 microsatellite loci (lower left) and for MHC-
DRB (top right) in 4 striped hamster populations.

N2 N3 W2 W4
0.006 0.005 0.043 N2
0.014 0.004 0.020 N3
0.020 0.003 0.022 W2
0.029 0.018 0.016 W4

3.3 MHC Genotyping

The average depth of individual sequencing coverage for MHC DRB exon 2 was 4381 reads
(ranging from 3331 to 4826). There was no significant correlation between the number of alleles and
sequencing depth (R? = 0.001, p = 0.733), indicating that our sequencing was adequate for reliable
genotyping. Our validation process identified a total of 89 unique sequences. The MHCO01 allele was
the most prevalent among nearly all individuals.

3.4 MHC Selection

The Z test revealed a significant excess of non-synonymous substitutions, indicating a high
overall w (dN/dS) ratio for residues (Z = 2.67, p < 0.05). Positive selection was detected in all four
nested models based on likelihood ratio test (LRT) P values (Table S3). The M8 model identified three
codons (site 5, 16, 36) under positive selection. Using the FEL, MEME, FUBAR, and SLAC site
mutation models in DataMonkey, we identified 11 out of 57 sites that were considered positively
selected (Table 4). Among these, two sites were found to be under positive selection across all four
models, while the remaining sites showed positive selection in less than three tests. Additionally, no
recombination events were detected as there were no significant potential breakpoints identified by
the GARD recombination algorithm.

Table 3. Identification of the codons in MHC-DRB.

Models 5 9 16 17 23 30 36 40 46 49 53 56 57
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3.5 MHC Population Diversity and Structure

Multiple MHC loci in the striped hamster contain the sequence, as evidenced by the detection
of up to 25 alleles within an individual. The majority of individuals carried 7-15 alleles, with only two
individuals having fewer than 3 alleles. Among the sampled locations, W4 exhibited the highest level
of diversity with a total of 70 alleles, whereas N2 had the lowest diversity. DRB exon 2 displayed a
substantial average nucleotide diversity (7 = 0.105). The number of segregating sites (S) varied from
66 to 77 across populations, and the haplotype diversity (Hd) exceeded 0.97 for all populations (Table
4).

Table 4. Genetic variation at MHC-DRB for 4 striped hamster populations from Inner Mongolia.

Pop h S Hd K T An
N2 47 66 0972 1849 0.108 10.80
N3 51 67 0971 18.12 0.106 10.45
W2 66 76 0971 18.01 0.105 11.91
W4 70 77 0970 17.86 0.104 12.52
Abbreviations: i, number of haplotype per population; S, number of segregating sites; Hd, haplotype

diversity; t, mean nucleotide diversity; An, the average number of MHC variants (per mice) in each site.

The split network analysis of 119 alleles did not show significant clustering patterns indicative
of trans-population evolution of MHC-DRB loci, as depicted in Figure 6. The alleles from different
sites exhibited a high degree of similarity in the striped hamster. Notably, only one sequence
(MHC10) was found in both Inner Mongolia and Shandong (HM102432), and the alleles from these
two regions were dispersed across the network with low bootstrap values.
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Figure 6. Neighbour-net network of striped hamster MHC-DRB alleles constructed from alleles
detected in this study and previously reported in the literature. The loops imply areas of phylogenetic
uncertainty or reticulations. The alleles marked with red were detected in Shandong.

In the STRUCTURE analysis of the MHC binary-encoded data, the highest likelihoods were
obtained when the samples were clustered into 2 groups. Similar to the microsatellite analysis, the
MHC alleles did not exhibit clear subdivision between different populations (Figure 4B). The
between-class PCA analysis of the MHC revealed that the first axis, accounting for 51.91% of the
variation, distinguished N2 from the other populations. Furthermore, pairwise Rho values based on
the MHC data supported the absence of genetic differentiation between the locations Figure 5B.

3.6 Comparing MHC and Neutral Diversity

There was no significant pattern of isolation by distance observed for microsatellites (r = 0.00, p
=0.667) or MHC-DRB (r = -1.00, p = 1.00). Controlling for neutral diversity, the correlation between
the MHC-DRB locus and geographic pairwise distances remained non-significant (r =-1.00, p = 1.00).
Additionally, no association was found between MHC-DRB and microsatellite inter-population
diversity when controlling for geographic distance. Despite the dissimilarity in cluster results
between PCA-based microsatellite and MHC, the CoA plot (Figure 5C) revealed overlapping co-
structure between the MHC and microsatellite, indicating a strong correlation between them.

4. Discussion

In this study, we investigated the spatial genetic variation of adaptive major histocompatibility
complex (MHC) genes in relation to neutral microsatellite loci across four populations of striped
hamsters in Inner Mongolia. We observed significant variation in parasite pressure among sites, with
parasite burden showing correlation with temperature and precipitation. Molecular analysis revealed
a similar co-structure between MHC and microsatellite loci. We observed lower genetic
differentiation at MHC loci compared to microsatellite loci, and no correlation between the two. Our
findings suggest that MHC genetic variation is primarily influenced by neutral processes, with a
lesser contribution from balancing selection, and no evidence of local adaptation.

4.1 Parasite Diversity at Different Sites

Despite extensive research devoted to studying parasite burden, our understanding of parasite
distribution remains limited. In this study, we observed significant variation in gamasid mite burden
among different sites, indicating that environmental heterogeneity may influence gamasid mite
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distribution. However, there was no significant difference in flea burden, possibly due to a dilution
effect caused by a high number of uninfected host individuals in our study. It should be noted that
since we used clips to catch striped hamsters, some fleas migrated to find new hosts after the hamsters
died, despite our efforts to minimize sampling time. Nevertheless, this migration had a consistent
impact on all individuals and did not significantly affect our results.

We observed a significant correlation between the annual temperature levels at each sampling
site and the parasite burdens found in striped hamsters. Specifically, we noted that flea load, gamasid
mite load, and gamasid mite richness increased with higher temperatures. Climate factors can
influence parasite development and transmission [53], abundance [54], and richness [55]. In general,
warmer temperatures can enhance parasite growth and reproduction rates, leading to higher parasite
burdens in hosts. Several studies have explored the relationship between temperature and parasite
burden [56,57]. Samuel et al. reported that temperature increases were associated with an increase in
off-host flea abundance, and they predicted that burrow temperatures and flea development rates
would rise, potentially resulting in higher flea abundance [58]. Hammond et al. also demonstrated a
notable connection between ambient temperature variation and the abundance of two flea species
[59].

Precipitation can have significant effects on parasite pressure. This is because the free-living
stages of parasites are directly exposed to the environmental conditions in their respective
microhabitats [60,61]. Our findings suggest that precipitation may decrease gamasid mite burden.
Heavy precipitation could inhibit population growth of gamasid mites in this region. A study
conducted in Yunnan, China, also demonstrated different effects of precipitation on various mite
species [62]. In contrast, conflicting results have been reported regarding the influence of
precipitation on parasitic load. For instance, in the spruce forests of Eastern Europe, regions with
high rainfall volume and well-developed moss sod exhibit the highest populations of gamasid mites
[63]. W However, we did not observe any significant effect of precipitation on flea burden. A study
from Vietnam, adjacent to southern China, showed a decreasing exponential trend in the flea index
with increasing monthly average rainfall [64]. Experimental work has also shown that relative
humidity significantly affects flea survival [65]. The effects of precipitation on fleas and gamasid
mites differ depending on their ecological habitats. For example, compared to the more climatically
variable habitats of the fynbos and the highland forests in Africa, greater parasite diversity was found
in lowland rainforests [66]. A study investigating infestation levels of ectoparasites on rodents found
higher ectoparasite indices in scrub habitats than in forest and farmland habitats [67]. When the
habitat is homogeneous, the host composition is also homogeneous, resulting in lower parasite
richness. Habitat type affects parasite diversity mainly by altering the distribution and composition
of the hosts. When the habitat is homogeneous, the host composition is also homogeneous and thus,
the parasite richness get low. Therefore, the effect of precipitation on parasites can be complex and
depended on various factors. On one hand, rainfall can increase the humidity in the environment,
creating ideal conditions for the survival and reproduction of some parasites. On the other hand,
heavy rainfall can have a negative effect as flooding can wash away parasite habitats and disrupt
their life cycles.

4.2 Characterization of MHC Polymorphism, Historical Selection, and Parasite Resistance

The MHC represents one of the most genetically variable regions in vertebrate genomes. Most
species that have been investigated exhibit high levels of MHC diversity [68,69], which is crucial for
individual fitness and the adaptive potential of population responses to environmental pressures
[70]. In this study, we observed a high allelic richness among striped hamster populations. With a
total of 89 alleles, MHC DRB exon2 exhibited high diversity. This level of MHC diversity was
relatively higher compared to a previous study conducted in Shandong Province, where only 3 or 4
alleles were obtained from 5 clones for each individual [71]. To the best of our knowledge, this is the
first study to report MHC variation in striped hamsters using a high-throughput sequencing method.
Compared to traditional methods, this approach significantly improves sequencing accuracy,
enabling the detection of rare and poorly amplified MHC variants [69,72]. Studies conducted on other
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rodent species (15 to 21) have reported similar numbers of MHC loci compared to those identified in
our study [73]. However, fewer gene copies have been detected in certain mouse species [16,74,75].
The mechanisms underlying the observed high levels of polymorphism in MHC genes remain
unclear. It is believed that MHC maintains high genetic diversity through pathogen-mediated
selection [76,77]. Theoretically, heterogeneous individuals are favored under balancing selection,
which leads to enhanced immune responses against pathogens. A study involving six experimental
populations exposed to different parasites demonstrated an increase in genes providing resistance to
specific parasites in the subsequent generation, indicating that rapid adaptive evolutionary changes
occur due to varying parasite selection, thereby facilitating the maintenance of MHC polymorphism
[78]. We discovered a prominent indication of historical positive selection, with w > 1, in the peptide
binding regions of MHC loci, suggesting a higher rate of non-synonymous substitutions than
expected under neutral selection. Additionally, by employing a series of codon models, we identified
several positive selection sites within the MHC molecules. It is plausible that micro-recombination,
to some extent, contributed to the diversity of MHC-DRB sequences, as evidenced by the presence of
multiple circular patterns connecting nodes on the splits tree, despite not detecting recombination in
our sequences [79].

4.3 Neutral Processes Mostly Shaped MHC Population Variation

The ability of populations to adapt across spatially heterogeneous and temporally variable
landscapes is influenced by the competing forces of natural selection, gene flow, and genetic drift
[80]. Although demonstrating patterns of local adaptation proved challenging, it is possible to
distinguish the effects of selection from those of gene flow and genetic drift by comparing variations
at adaptive and neutral loci [81,82]. In this study, we expected the pattern of MHC-DRB variability
to align with neutral forces: MHC-DRB exhibited a similar population structure to that of
microsatellite loci based on CoA analysis. This indicated that, at the population level, neutral
processes played a more significant role than balancing selection in driving the spatial variation of
MHC [83,84]. Among non-selective forces, genetic flow has played a significant role in determining
the observed differentiation and diversity at the MHC. This is supported by several lines of evidence:
(i) the four striped hamster populations exhibit panmixia with no genetic structure detected at the
MHC, suggesting substantial gene flow between populations that mitigates the effects of genetic drift.
Furthermore, (ii) no apparent isolation-by-distance was observed for both MHC and microsatellite
divergence.

In contrast to the genetic structure observed in microsatellite loci, MHC-DRB exhibited lower
genetic differentiation among the four populations, indicating weaker genetic structure. Pairwise
Rho/ (1-Rho) values for microsatellites displayed greater magnitude than those for MHC, and no
correlation was found between them. This disparity may stem from limitations in uncovering
patterns of genetic structure when transforming data into binary-encoded format. Nevertheless, this
approach does offer a means to compare multilocus MHC and microsatellite data [85]. I Indeed,
reduced genetic structure relative to neutral loci has been documented in other animal systems,
including wolverine[86], island foxes[87], and zebras[87]. It has been proposed that the genetic
similarity across populations is attributed to homogenizing directional selection driven by a common
parasite affecting all populations. Based on these findings, we suggest that, to some extent, balancing
selection may influence the genetic variation of striped hamsters, despite the predominance of neutral
processes.

4.4 The Spatial Scale of Local Adaptation

Gene flow among the four populations is expected due to the relatively small geographical scale
of this study, in contrast to the extensive range of the striped hamster throughout northern Asia. It is
noteworthy that although we did not observe any local adaptation of MHC in Inner Mongolia, the
MHC allele frequencies of striped hamsters in this region differ from those in Shandong Province.
This suggests that patterns of local adaptation may vary depending on the spatial scale. While local
adaptation has been frequently demonstrated, our understanding of its spatial scale remains limited.
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Generally, the prevalence of local adaptation tends to increase with geographical distance [88]. As
the geographical distance increases, greater genetic isolation and environmental differentiation are
expected. Several studies have shown that local adaptation occurs primarily at larger spatial scales
(between regions), rather than among populations within regions [89,90]. When the homogenizing
effect of gene flow is limited and divergent selection consistently operates, local adaptation can occur
on micro-geographical scales, particularly in small, isolated populations [91]. The balance between
gene flow and the strength of natural selection is crucial for local adaptation. The solitary lifestyle of
the striped hamster may also influence local adaptation. Studies have found that the African striped
mouse (Rhabdomys pumilio) can switch from group- to solitary-living with the onset of the breeding
season to avoid competition for reproduction within groups [92]. Additionally, males are the
dispersing sex compared to females, and less competitive males tend to migrate longer distances in
search of reproductive success. The sex ratio of the striped hamster is close to 2:1, indicating that
males face greater pressure to reproduce successfully. Although no studies have confirmed migration
in striped hamsters, we hypothesize that this trait facilitates gene flow between populations and
partly contributes to the limited occurrence of local adaptation in striped hamsters under
heterogeneous pressures at broader spatial scales.

4.5 Implications for Plague Control

Four plague foci are located in Inner Mongolia: the Meriones unguiculatus plague focus in the
Inner Mongolian Plateau, the Microtus brandti plague focus in the Xilin Gol Grassland, the
Spermophilus dauricus plague focus in the Song-Liao Plain and the Marmota sibirica plague focus in the
Hulun Buir Plateau. Recent years have seen reported cases of plague in this region [93]. Previous
studies have identified the striped hamster as a host of plague bacteria in all of the aforementioned
areas. The striped hamster can be infected with various fleas, some of which are important vectors of
plague, such as Citellophilus tesquorum mongolicus, Amphipsylla primaris mitis, Frontopsylla luculenta,
and others [94]. Based on the findings of this study, frequent gene exchange and consistent adaptive
traits were observed among different populations of striped hamsters. Therefore, the most crucial
step that public health authorities in Inner Mongolia can take is to monitor inter-animal plague
transmission and control the density of rodent populations, particularly in those plague foci

5. Conclusions

Our findings indicate that the genetic variation at MHC DRB exon 2 in striped hamsters is
influenced by the interplay of neutral processes (gene flow) and, to a lesser extent, balancing
selection. Additionally, we emphasize the importance of considering spatial scale in investigations of
local adaptation. Collectively, this study contributes to our understanding of MHC gene evolution in
wild populations. Furthermore, given the significant gene flow observed, efforts aimed at preventing
the spread of plague should prioritize monitoring inter-animal plague transmission and controlling
rodent density, particularly in areas affected by plague outbreaks.
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paper posted on Preprints.org. Table S1: Sampling information of different populations of striped hamster; Table
52: Characteristics of 7 microsatellite loci of striped hamster; Table S3: Results from maximum likelihood codon-
based models of selection using EastyCodeml.

Author Contributions: Conceptualization, L.L. and Q.L.; methodology, P.L.; software, P.L. and L.D.; validation,
L.L. and Q.L.; formal analysis, P.L.; investigation, G.L. N.Z. X.5. BW.L.Z.L.D., P.L, and L.L.; resources, X.S. and
JJW.; data curation, P.L; writing—original draft preparation, P.L.; writing—review and editing, L.L;
visualization, P.L.; supervision, Q.L.; project administration, G.L.; funding acquisition, Q.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Major Program of National Natural Science Foundation of China,
grant number 32090023.

Institutional Review Board Statement: The animal study protocol was approved by the Ethical Committee of
the National Institute for Communicable Disease Control and Prevention of Chinese Center for Disease Control
and Prevention (protocol code 2020-019 and 2020-09-07).”


https://doi.org/10.20944/preprints202306.2025.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 June 2023 doi:10.20944/preprints202306.2025.v1

14

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting the conclusions of this article are included within the article and
its supplementary files.

Acknowledgments: This work was supported by the Major Program of National Natural Science Foundation of
China (Grant N0.32090023). We thank Dr. Dianmin Bao of Xinlon Gol CDC for the help in sample collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Williams, G.C. Adaptation and natural selection: A critique of some current evolutionary thought; Princeton
university press, 2018, ISBN 0691185506.

2. Gandon, S, Michalakis, Y. Local adaptation, evolutionary potential and host-parasite coevolution:
interactions between migration, mutation, population size and generation time. J. Evol. Biol. 2010, 15, 451-
462.

3. Reyna, D.L.; Fernando., L. The ecology of adaptive radiation in Darwin's finches., McGill University (Canada).

4. Weiskopf, S.R.; Rubenstein, M.A.; Crozier, L.G.; Gaichas, S.; Griffis, R.; Halofsky, J.E.; Hyde, K.J.; Morelli,
T.L.; Morisette, ].T.; Mufoz, R.C. Climate change effects on biodiversity, ecosystems, ecosystem services,
and natural resource management in the United States. Sci. Total Environ. 2020, 733, 137782.

5. Tartally, A,; Thomas, J.A.; Anton, C.; Balletto, E.; Barbero, F.; Bonelli, S.; Brau, M.; Casacci, L.P.; Cs8sz, S.;
Czekes, Z. Patterns of host use by brood parasitic Maculinea butterflies across Europe. Philosophical
Transactions of the Royal Society B 2019, 374, 20180202.

6. Karvonen, A.; Seehausen, O. The Role of Parasitism in Adaptive Radiations—When Might Parasites
Promote and When Might They Constrain Ecological Speciation? International Journal of Ecology 2012, 2012,
1-20, doi: 10.1155/2012/280169.

7.  Shaner, P.L.; Yu, AY,; Li, S.H.; Hou, C.H. The effects of food and parasitism on reproductive performance
of a wild rodent. Ecol. Evol. 2018, 8, 4162-4172, doi: 10.1002/ece3.3997.

8.  Lazzaro, B.P,; Little, T.J]. Immunity in a variable world. Philos. Trans. R. Soc. B-Biol. Sci. 2009, 364, 15-26, doi:
10.1098/rstb.2008.0141.

9.  Matthews, B.; Harmon, L.J.; M'Gonigle, L.; Marchinko, K.B.; Schaschl, H. Sympatric and allopatric
divergence of MHC genes in threespine stickleback. Plos Omne 2010, 5, 10948, doi:
10.1371/journal.pone.0010948.

10. Eizaguirre, C.; Lenz, T.L.; Traulsen, A.; Milinski, M. Speciation accelerated and stabilized by pleiotropic
major histocompatibility complex immunogenes. Ecol. Lett. 2009, 12, 5-12.

11. Langmann, T, Rehli M. Immunobiology. Editorial. Immunobiology 2010, 215, 673, doi:
10.1016/j.imbio.2010.07.001.

12. Neefjes, J.; Jongsma, M.L.M.; Paul, P.; Bakke, O. Towards a systems understanding of MHC class I and
MHC class II antigen presentation. Nat. Rev. [mmunol. 2011, 11, 823-836, doi: 10.1038/nri3084.

13. Meyer, B.S.; Hablutzel, P.I; Roose, A.K.; Hofmann, M.].; Salzburger, W.; Raeymaekers, J. An exploration of
the links between parasites, trophic ecology, morphology, and immunogenetics in the Lake Tanganyika
cichlid radiation. Hydrobiologia 2019, 832, 215-233, doi: 10.1007/s10750-018-3798-2.

14. Mona, S.; Crestanello, B.; Bankhead-Dronnet, S.; Pecchioli, E.; Ingrosso, S.; D'Amelio, S.; Rossi, L.; Meneguz,
P.G.; Bertorelle, G. Disentangling the effects of recombination, selection, and demography on the genetic
variation at a major histocompatibility complex class II gene in the alpine chamois. Mol. Ecol. 2008, 17,
4053-4067, doi: 10.1111/j.1365-294x.2008.03892.x.

15. Garrigan, D.; Hedrick, P.W. Perspective: detecting adaptive molecular polymorphism: lessons from the
MHC. Evolution 2003, 57, 1707-1722, doi: 10.1111/.0014-3820.2003.tb00580.x.

16. Scherman, K,; Raberg, L.; Westerdahl, H. Borrelia Infection in Bank Voles Myodes glareolus Is Associated
With Specific DQB Haplotypes Which Affect Allelic Divergence Within Individuals. Front. Immunol. 2021,
12, 703025, doi: 10.3389/fimmu.2021.703025.

17.  Oliver, M.K;; Telfer, S.; Piertney, S.B. Major histocompatibility complex (MHC) heterozygote superiority to
natural multi-parasite infections in the water vole (Arvicola terrestris ). Proceedings of the Royal
Society B: Biological Sciences 2009, 276, 1119-1128, doi: 10.1098/rspb.2008.1525.


https://doi.org/10.20944/preprints202306.2025.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 June 2023 doi:10.20944/preprints202306.2025.v1

15

18. Froeschke, G.; Sommer, S.; Stoute, J.A. Insights into the complex associations between MHC class II DRB
polymorphism and multiple gastrointestinal parasite infestations in the striped mouse. Plos One 2012, 7,
€31820, doi: 10.1371/journal.pone.0031820.

19. Peng, F.; Ballare, K.M.; Hollis, W.S.; den Haan, S.; Bolnick, D.I. What evolutionary processes maintain MHC
II diversity within and among populations of stickleback? Mol. Ecol. 2021, 30, 1659-1671, doi:
10.1111/mec.15840.

20. Jacek, R.; Wiestaw, B.; Jim, K; Tobias, L.L.; Jamie, W. Advances in the Evolutionary Understanding of MHC
Polymorphism. Trends Genet. 2020, 36.

21. Hedrick, P.W. Pathogen resistance and genetic variation at MHC loci. Evolution 2002, 56, 1902-1908, doi:
10.1111/1.0014-3820.2002.tb00116.x.

22. Rico, Y.; Ethier, D.M.; Davy, C.M.; Sayers, J.; Weir, R.D.; Swanson, B.].; Nocera, J.J.; Kyle, C.]. Spatial
patterns of immunogenetic and neutral variation underscore the conservation value of small, isolated
American badger populations. Evol. Appl. 2016, 9.

23. Bracamonte, S.E.; Hofmann, M.].; Lozano-Martin, C.; Eizaguirre, C.; Barluenga, M. Divergent and non-
parallel evolution of MHC IIB in the Neotropical Midas cichlid species complex. Bmc Ecol. Evol. 2022, 22,
41, doi: 10.1186/s12862-022-01997-9.

24. Hablutzel, P.I; Volckaert, F.A.; Hellemans, B.; Raeymaekers, ].A. Differential modes of MHC class IIB gene
evolution in cichlid fishes. Immunogenetics 2013, 65, 795-809, doi: 10.1007/s00251-013-0725-6.

25. Hablutzel, P.I; Gregoir, A.F.; Vanhove, M.P.; Volckaert, F.A.; Raeymaekers, J.A. Weak link between
dispersal and parasite community differentiation or immunogenetic divergence in two sympatric cichlid
fishes. Mol. Ecol. 2016, 25, 5451-5466, doi: 10.1111/mec.13833.

26. Shuai, L.; Wang, L.; Yang, Y.; Zhang, F. Effects of density dependence and climatic factors on population
dynamics of Cricetulus barabensis: a 25-year field study. . Mammal. 2020, 101.

27. Natalia, P.; Anna, B.; Karsten, N.; Marina, P.; Irina, K.; Yuriy, B.; Pavel, B.; Alexey, A.; Alexey, S.; Vladimir,
L. Phylogeographic structure in the chromosomally polymorphic rodent Cricetulus barabensis sensu lato
(Mammalia, Cricetidae). J. Zool. Syst. Evol. Res. 2019, 57.

28. Li, Y.E,; Shuai, M.A.; Wang, Y.].; Zheng, ] W.; Wang, D.P.; Gui-Jun, L.L; Fan, JW.; Shi, Y.S.; Zhang, X.F.;
Bai, ].Y. Biological characteristics of Chinese hamster infected with Babesia. Chinese Journal of Comparative
Medicine 2016.

29. Zhang, X.F.; Liu, R,; Cui, X.X,; Shuai, M.A.; Zhang, X.C.; Bai, ].Y.; Center, L.A. Changes of cytokines in the
Cricetulus barabensis and their albino mutant infected with trichinella spiralis. Chinese Journal of
Comparative Medicine 2014.

30. Hijmans, R.J.; Cameron, S.E.; Parra, J.L.; Jones, P.G.; Jarvis, A. Very high resolution interpolated climate
surfaces for global land areas. International Journal of Climatology: A Journal of the Royal Meteorological Society
2005, 25, 1965-1978.

31. Holland, M.M.; Parson, W. GeneMarker® HID: A reliable software tool for the analysis of forensic STR
data. J. Forensic Sci. 2011, 56, 29-35.

32. Peakall, R.; Smouse, P.E. GENALEX 6: genetic analysis in Excel. Population genetic software for teaching
and research. Molecular ecology notes 2006, 6, 288-295.

33. Kalinowski, S.T. hp-rare 1.0: a computer program for performing rarefaction on measures of allelic richness.
Molecular ecology notes 2005, 5, 187-189.

34. Excoffier, L.; Lischer, H.E. Arlequin suite ver 3.5: a new series of programs to perform population genetics
analyses under Linux and Windows. Mol. Ecol. Resour. 2010, 10, 564-567.

35. Falush, D.; Stephens, M.; Pritchard, ].K. Inference of population structure using multilocus genotype data:
linked loci and correlated allele frequencies. Genetics 2003, 164, 1567-1587.

36. Earl, D.A,; Vonholdt, B.M. STRUCTURE HARVESTER: a website and program for visualizing
STRUCTURE output and implementing the Evanno method. Conserv. Genet. Resour. 2012, 4, 359-361.

37. Jakobsson, M.; Rosenberg, N.A. CLUMPP: a cluster matching and permutation program for dealing with
label switching and multimodality in analysis of population structure. Bioinformatics 2007, 23, 1801-1806.

38. Rosenberg, N.A. DISTRUCT: a program for the graphical display of population structure. Molecular ecology
notes 2004, 4, 137-138.

39. Hughes; Austin; L.; Yeager; Meredith. Natural selection at major histocompatibility complex loci of
vertebrates. Annu. Rev. Genet. 1998, 32, 415.


https://doi.org/10.20944/preprints202306.2025.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 June 2023 doi:10.20944/preprints202306.2025.v1

16

40. Schad; Sommer; Ganzhorn; Ju. MHC variability of a small lemur in the littoral forest fragments of
southeastern Madagascar. Conserv. Genet. 2004, 2004,5(3), 299-309.

41. Sebastian, A.; Herdegen, M.; Migalska, M.; Radwan, J. amplisas : a web server for multilocus
genotyping using next-generation amplicon sequencing data. Mol. Ecol. Resour. 2016, 16, 498-510, doi:
10.1111/1755-0998.12453.

42. Nei, M.; Gojobori, T. Simple methods for estimating the numbers of synonymous and nonsynonymous
nucleotide substitutions. Mol. Biol. Evol. 1986, 3, 418-426.

43. Gao, F; Chen, C,; Arab, D.A,;Du, Z.; He, Y.; Ho, S.Y.W. EasyCodeML: A visual tool for analysis of selection
using CodeML. Ecol. Evol. 2019, 9, 3891-3898, doi: 10.1002/ece3.5015.

44. Huelsenbeck, ].P.; Ronquist, F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 2001, 17,
754-755.

45. Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. jModelTest 2: more models, new heuristics and parallel
computing. Nat. Methods 2012, 9, 772.

46. Weaver, S.; Shank, S.D.; Spielman, S.J.; Li, M.; Muse, S.V.; Kosakovsky Pond, S.L. Datamonkey 2.0: a
modern web application for characterizing selective and other evolutionary processes. Mol. Biol. Evol. 2018,
35,773-777.

47. Librado, P.; Rozas, ]J. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data.
Bioinformatics 2009, 25, 1451-1452.

48. Huson, D.H. SplitsTree: analyzing and visualizing evolutionary data. Bioinformatics (Oxford, England) 1998,
14, 68-73.

49. Hardy, O.].; Vekemans, X. SPAGeDI: A versatile computer program to analyse spatial genetic structure at
the individual or population levels. Molecular Ecology Notes 2002, 2, 618-620.

50. Dixon, P. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 2003, 14, 927-930.

51. Hijmans, R.J.; Van Etten, J.; Mattiuzzi, M.; Sumner, M.; Greenberg, J.A.; Lamigueiro, O.P.; Bevan, A.; Racine,
E.B.; Shortridge, A. Raster package in R. Version. https://mirro rs. sjtug. sjtu. edu. cn/cran/webl/packa ges/rast e
riraster. pdf 2013.

52. Dolédec, S.; Chessel, D. Co-inertia analysis: an alternative method for studying species—environment
relationships. Freshw. Biol. 1994, 31, 277-294.

53. Altizer, S.; Dobson, A.; Hosseini, P.; Hudson, P.; Pascual, M.; Rohani, P. Seasonality and the dynamics of
infectious diseases. Ecol. Lett. 2006, 9, 467-484, doi: 10.1111/j.1461-0248.2005.00879.x.

54. Froeschke, G.; Harf, R.; Sommer, S.; Matthee, S. Effects of precipitation on parasite burden along a natural
climatic gradient in southern Africa - implications for possible shifts in infestation patterns due to global
changes. Oikos 2010, 119, 1029-1039, doi: 10.1111/.1600-0706.2009.18124 ..

55.  Guernier, V.; Hochberg, M.E.; Guegan, ].F. Ecology drives the worldwide distribution of human diseases.
Plos. Biol. 2004, 2, e141, doi: 10.1371/journal.pbio.0020141.

56. Johnson, P.; Haas, S.E. Why do parasites exhibit reverse latitudinal diversity gradients? Testing the roles of
host diversity, habitat and climate. Glob. Ecol. Biogeogr. 2021, 30, 1810-1821, doi: 10.1111/geb.13347.

57.  Nunn, C.L; Altizer, S.M.; Sechrest, W.; Cunningham, A.A. Latitudinal gradients of parasite species richness
in primates. Divers. Distrib. 2005, 11, 249-256.

58. Samuel, M.D.; Poje, ].E.; Rocke, T.E.; Metzger, M.E. Potential Effects of Environmental Conditions on Prairie
Dog Flea Development and Implications for Sylvatic Plague Epizootics. Ecohealth 2022, 19, 365-377, doi:
10.1007/s10393-022-01615-6.

59. Hammond, T.T.; Hendrickson, C.I.; Maxwell, T.L.; Petrosky, A.L.; Palme, R.; Pigage, ].C.; Pigage, H.K. Host
biology and environmental variables differentially predict flea abundances for two rodent hosts in a
plague-relevant system. International Journal for Parasitology: Parasites and Wildlife 2019, 9, 174-183, doi:
10.1016/j.ijppaw.2019.04.011.

60. Pietrock, M.; Marcogliese, D.J. Free-living endohelminth stages: at the mercy of environmental conditions.
Trends Parasitol. 2003, 19, 293-299.

61. Brooks, D.R.; Mclennan, D.A.; Ledn-Regagnon, V.; Hoberg, E. Phylogeny, ecological fitting and lung flukes:
helping solve the problem of emerging infectious diseases. Rev. Mex. Biodivers. 2006, 77, 225-233.

62. Yin, P; Guo, X; Jin, D.; Song, W.; Zhang, L.; Zhao, C.; Fan, R.; Zhang, Z.; Mao, K. Infestation and Seasonal
Fluctuation of Gamasid Mites (Parasitiformes: Gamasida) on Indochinese Forest Rat, Rattus andamanensis
(Rodentia: Muridae) in Southern Yunnan of China. Biology 2021, 10, 1297, doi: 10.3390/biology10121297.


https://doi.org/10.20944/preprints202306.2025.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 June 2023 doi:10.20944/preprints202306.2025.v1

17

63. Makarova, O.L. A review of gamasid mites (Parasitiformes, Mesostigmata) dwelling in the taiga of the
Pechoro-Ilychskii Nature Reserve (northern Cis-Ural Region) with analysis of their assemblages in spruce
forests. Entomological review 2011, 91, 915-931, doi: 10.1134/S0013873811070128.

64. Pham, H.V,; Dang, D.T.; Tran, M.N.; Nguyen, N.D.; Nguyen, T.V. Correlates of environmental factors and
human plague: an ecological study in  Vietnam. Int. ]. Epidemiol. 2009, 38, 1634-1641, doi:
10.1093/ije/dyp244.

65. Krasnov, B.R.; Khokhlova, 1.S,; Fielden, L.].; Burdelova, N.I. Time of survival under starvation in two flea
species (Siphonaptera: Pulicidae) at different air temperatures and relative humidities. J. Vector Ecol. 2002,
27,70-81.

66. Loiseau, C.; Harrigan, R.J.; Robert, A.; Bowie, R.C.; Thomassen, H.A.; Smith, T.B.; Sehgal, R.N. Host and
habitat specialization of avian malaria in Africa. Mol. Ecol. 2012, 21, 431-441, doi: 10.1111/.1365-
294X.2011.05341.x.

67. Guo, T.; Xu, R. Study on flea communities of the rodent in Dongling Mountain in Beijing. Chinese Journal of
Vector Biology and Control 2002, 13, 355-357.

68. Yang, M.; Wei,];Li, P.; Wei, S.; Huang, Y.; Qin, Q. MHC polymorphism and disease resistance to Singapore
grouper iridovirus (SGIV) in the orange-spotted grouper, Epinephelus coioides. Sci. Bull. 2016, 61, 693-699.

69. Schenekar, T.; Weiss, S. Selection and genetic drift in captive versus wild populations: an assessment of
neutral and adaptive (MHC-linked) genetic variation in wild and hatchery brown trout (Salmo trutta)
populations. Conserv. Genet. 2017.

70. Keller, L.F.; Waller, D.M. Inbreeding effects in wild populations. Trends Ecol. Evol. 2002, 17, 230-241.

71. Xie, X.H.; Dong, X.B.; Qin, Z.; Kong, F.H.; Lai-Xiang, X.U. Cloning and Sequence Analysis of MHCII Exon
2 of DQA Gene in Cricetulus Barabensis. Journal of Qufu Normal University(Natural Science) 2009.

72.  Monzoén-Argiiello, C.; Garcia, D.; Gajardo, G.; Consuegra, S. Eco-immunology of fish invasions: the role of
MHC variation. Immunogenetics 2014, 66, 393-402.

73.  Winternitz, J.C.; Wares, ].P. Duplication and population dynamics shape historic patterns of selection and
genetic variation at the major histocompatibility complex in rodents. Ecology & Evolution 2013, 3, 1552-1568.

74. Winternitz, J.C.; Wares, J.P.; Yabsley, M.].; Altizer, S. Wild cyclic voles maintain high neutral and MHC
diversity without strong evidence for parasite-mediated selection. Evol. Ecol. 2014, 28, 957-975, doi:
10.1007/s10682-014-9709-8.

75. Scherman, K.; Raberg, L.; Westerdahl, H. Positive Selection on MHC Class II DRB and DQB Genes in the
Bank Vole (Myodes glareolus). ]. Mol. Evol. 2014, 78, 293-305, doi: 10.1007/s00239-014-9618-z.

76. Oliver, M.K,; Piertney, S.B. Selection Maintains MHC Diversity through a Natural Population Bottleneck.
Molecular Biology & Evolution 2012, 1713-1720.

77.  Milinski, M. The Major Histocompatibility Complex, Sexual Selection, and Mate Choice. Annual review of
ecology, evolution, and systematics 2006, 37, 159-186, doi: 10.1146/annurev.ecolsys.37.091305.110242.

78. Eizaguirre, C.; Lenz, T.L.; Kalbe, M.; Milinski, M. Rapid and adaptive evolution of MHC genes under
parasite selection in experimental vertebrate populations. Nat. Commun. 2012, 3, doi: 10.1038/ncomms1632.

79. Klitz, W.; Hedrick, P.; Louis, E.]. New reservoirs of HLA alleles: pools of rare variants enhance immune
defense. Trends Genet. 2012, 28, 480-486.

80. Gandon, S.; Michalakis, Y. Local adaptation, evolutionary potential and host-parasite coevolution:
interactions between migration, mutation, population size and generation time. J. Evol. Biol. 2010, 15, 451-
462.

81. Hansen, M.M.; Skaala, O.; Jensen, L.F.; Bekkevold, D.; Mensberg, K. Gene flow, effective population size
and selection at major histocompatibility complex genes: brown trout in the Hardanger Fjord, Norway.
Mol. Ecol. 2010, 16, 1413-1425.

82. Oliver, M.K.; Lambin, X.; Cornulier, T.; Piertney, S.B. Spatio-temporal variation in the strength and mode
of selection acting on major histocompatibility complex diversity in water vole (Arvicola terrestris)
metapopulations. Mol. Ecol. 2010, 18.

83. Hedrick, G.P.W. PERSPECTIVE: DETECTING ADAPTIVE MOLECULAR POLYMORPHISM: LESSONS
FROM THE MHC. Evolution 2003, 57, 1707-1722.

84. Spurgin, L.G.; Richardson, D.S. How pathogens drive genetic diversity: MHC, mechanisms and
misunderstandings. Proceedings of the Royal Society B: Biological Sciences 2010.

85. Krystyna; Nadachowska-Brzyska; Piotr; Zieliski; Jacek; Radwan; Wiesaw; Babik. Interspecific
hybridization increases MHC class II diversity in two sister species of newts. Mol. Ecol. 2011, 21.


https://doi.org/10.20944/preprints202306.2025.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 June 2023 doi:10.20944/preprints202306.2025.v1

18

86. Rico, Y.; Morris-Pocock, J.; Zigouris, J.; Nocera, J.J.; Kyle, C.J. Lack of Spatial Immunogenetic Structure
among Wolverine (Gulo gulo) Populations Suggestive of Broad Scale Balancing Selection. Plos One 2015,
10, €140170, doi: 10.1371/journal.pone.0140170.

87. Kamath, P.L.; Getz, WM. Unraveling the effects of selection and demography on immune gene variation
in  free-ranging plains zebra (Equus quagga) populations. Plos One 2012, 7, 50971, doi:
10.1371/journal.pone.0050971.

88. Fraser, D.J.; Weir, L.K,; Bernatchez, L.; Hansen, M.M.; Taylor, E.B. Extent and scale of local adaptation in
salmonid fishes: review and meta-analysis. Heredity 2011, 106, 404-420, doi: 10.1038/hdy.2010.167.

89. Tack, A.JM.; Horns, F.; Laine, A. THE IMPACT OF SPATIAL SCALE AND HABITAT CONFIGURATION
ON PATTERNS OF TRAIT VARIATION AND LOCAL ADAPTATION IN A WILD PLANT PARASITE.
Evolution 2014, 68, 176-189, doi: 10.1111/evo0.12239.

90. O'Malley, K.G.; Banks, M. A. A latitudinal cline in the Chinook salmon (Oncorhynchus tshawytscha) Clock
gene: evidence for selection on PolyQ length variants. Proc. R. Soc. B-Biol. Sci. 2008, 275, 2813-2821, doi:
10.1098/rspb.2008.0524.

91. Eckert, A.J.; Maloney, P.E.; Vogler, D.R;; Jensen, C.E.; Mix, A.D.; Neale, D.B. Local adaptation at fine spatial
scales: an example from sugar pine (Pinus lambertiana, Pinaceae). Tree Genet. Genomes 2015, 11, 42.

92. Schradin, C.; Lindholm, A.K.; Johannesen, J.; Schoepf, I.; Yuen, C.H.; Konig, B.; Pillay, N. Social flexibility
and social evolution in mammals: a case study of the African striped mouse (Rhabdomys pumilio). Mol.
Ecol. 2012, 21, 541-553, doi: 10.1111/j.1365-294X.2011.05256.x.

93. Li, J; Wang, Y,; Liu, F; Shen, X.; Wang, Y.; Fan, M.; Peng, Y.; Wang, S.; Feng, Y.; Zhang, W.; et al. Genetic
source tracking of human plague cases in Inner Mongolia-Beijing, 2019. Plos Neglect. Trop. Dis. 2021, 15,
€9558, doi: 10.1371/journal.pntd.0009558.

94. Liu, J.; Wang, ].]J. Fleas and the epidemiology of plague in Inner Mongolia,China. Chinese Journal of Vector
Biology & Control 2011.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202306.2025.v1

