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While both innate and adaptive immune system mechanisms have been implicated in resistance against the chytrid fungus Batrachochytrium dendrobatidis (Bd), studies on the role of specific MHC haplotypes on Bd infection are rare. Here, we studied variation in MHC Class IIB loci in the common toad Bufo bufo along a latitudinal gradient across Sweden. In general, Swedish toad populations had few MHC Class IIB haplotypes and MHC diversity declined from south (13 haplotypes) to the north (four haplotypes). The low diversity may compromise the ability of northern populations to fight emerging disease, such as Bd. In a laboratory experiment, we infected newly metamorphosed toads with two strains of the Global Pandemic Lineage of the fungus (Bd-GPL) and compared survival with sham controls. Bd-infected toads had lower survival compared to controls. Moreover, survival was dependent on the Bd-strain and northern toads had lower Bd-mediated survival than southern individuals. MHC diversity was lower in northern toads. All northern experimental animals were monomorphic for a single MHC haplotype, whereas we found seven different haplotypes in southern experimental animals. In southern toads, survival was dependent on both Bd-strain and MHC haplotype suggesting differential infection dynamics depending on both Bd-strain and host immune system characteristics.
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INTRODUCTION

Emerging infectious diseases are a severe threat to global biodiversity, causing population declines and extinctions across a range of taxa (Daszak et al., 2000). Amphibian populations world-wide are faced with emerging diseases, among them the chytrid fungus Batrachochytrium dendrobatidis (Bd) which is known to infect more than 700 amphibian species and implicated in the extinction of 90 species (Fisher et al., 2009; Lips, 2016; Scheele et al., 2019). Bd consists of numerous strains and lineages, some of which are highly pathogenic while others are more benign (Refsnider et al., 2015; Dang et al., 2017). The highly pathogenic lineage Bd-GPL has evolved within the last century in east Asia and has since spread over the world infecting naïve amphibian species and populations (O’Hanlon et al., 2018), while in other cases populations and species appear resistant to the infection (Miaud et al., 2016; Gervasi et al., 2017; Russell et al., 2019). Studies on the variation in the pathogenicity of the fungus and whether host populations vary in resistance are therefore vital, as is pinpointing the immunological and genetic basis for such differences. The ability of any amphibian species to resist the fungal infection will vary depending on a range of factors ultimately linked to differences in pathogenicity and immunogenetic variation of the species among different lineages and strains of Bd (Grogan et al., 2018).

The Major Histocompatibility Complex (MHC) is a multigene family coding for peptides involved in the adaptive immune defense of jawed vertebrates (Janeway et al., 2001). It codes for proteins that are part of the adaptive immune system and is associated with disease and parasite resistance (Hedrick, 1994). MHC class II is relevant due to its extreme polymorphism and role in combating bacterial and fungal infections (Barribeau et al., 2008). The exceptionally high diversity at MHC class II loci is believed to be maintained by various forms of balancing selection (Hughes and Nei, 1988). Genetic variation of MHC class II in wild populations can be maintained by several evolutionary mechanisms, such as various forms of frequency dependent selection and heterozygosity advantage (Sommer, 2005). Because of the immune response enhancing properties of MHC, it is suggested that heterozygous individuals are more resistant to pathogens as they have a larger available repertoire to recognize pathogens (Doherty and Zinkernagel, 1975). Previous studies of amphibians have shown a direct association between specific MHC alleles and Bd-resistance (Savage and Zamudio, 2011). However, immunogenetic variation may also be shaped by genetic drift which may vary in force within and among species (Piertney and Oliver, 2006; Cortázar-Chinarro et al., 2017).

Understanding geographic variation in immunogenetic diversity is complicated by which mechanisms shape such diversity (Potts and Slev, 1995; Hedrick, 1999). In general, historical events such as postglacial colonization processes have had a profound impact on the geographical distribution of genetic diversity. During the Last Glacial Maximum (LGM), species inhabiting northern Europe were restricted to refugia in southern Europe (Hewitt, 2004; Hampe and Petit, 2005). After the LGM, species expanded northwards, a process which involved repeated founder events (Hampe and Petit, 2005). Bottlenecks in population size caused by such founder events lead to loss of genetic variation (Nei et al., 1975). Therefore, populations residing at northern latitudes generally display less genetic diversity as compared to populations residing near former refugia (Hewitt, 2000). For example, a recent paper showed that two separate lineages of common toad Bufo bufo colonized the Scandinavian peninsula from two directions and genetic diversity was significantly higher at southern latitudes (Thörn et al., 2021). This study since it is an abundant and common species along the latitudinal gradient. This abundant species is also notably variable in Bd susceptibility (Meurling et al., in press) and MHC diversity.

Here, we experimentally infected newly metamorphosed common toads from the north and the south of Sweden with two strains of Bd-GPL, originating from Sweden and the United Kingdom, respectively. We contrasted treated toadlets with sham controls and recorded their survival over 30 days. We focused on MHC Class IIB variation of common toad populations in Sweden. The aims of the study were to quantify MHC Class II variation along the latitudinal gradient across Sweden, and to study whether Bd-mediated mortality depends on: (1) the Bd-strain, (2) the presence of certain MHC Class IIB haplotypes, or (3) the geographic origin of the experimental animals. This study should be investigated for the first time differences in pathogenicity between the Swedish and United Kingdom Bd-GPL strains.



MATERIALS AND METHODS


Field Collection

For the analyses of geographical MHC-variation we collected tissue samples from 20 adult toads at each of 12 locations in four different regions along a latitudinal gradient across Sweden (Supplementary Table 1) in April–May 2015. The toads were caught in breeding aggregations and a small piece of rear leg webbing was removed and immediately stored in 96% ethanol. DNA was extracted from the tissue by using a DNeasy Blood and Tissue kit (Qiagen, Germany) according to the manufacturer’s protocol. An additional 160 individuals reared for experiments were included in tissue extractions and MHC analyses and are included in later sections (see section “Experimental infections”).



Evaluation of Major Histocompatibility Complex IIB Variation Along the Latitudinal Gradient

We amplified MHC Class II exon 2 loci (279 bp) by using the primers by Zeisset and Beebee (2013). Both forward (2F347F: GTGACCCTCTGCTCTCCATT) and reverse (2R307R: ATAATTCAGTATATACAGGGTCTCACC) primers were modified for Illumina MiSeq sequencing with an individual 8 bp barcode (custom adapters) and a sequence of three N to facilitate cluster identification, see Cortázar-Chinarro et al. (2017) for details. PCR was done in a 2720 thermal cycler with the protocol: 97°C for 30 s, followed by 35 cycles of 98°C for 10 s, 57°C for 20 s and 72°C for 15 s, and a final round of 72°C for 8 min until the samples are cooled down and stored at 4°C. PCR was conducted in a total volume of 30 μL: 0.5 μL of DNA and 22.1 μL ddH2O, 6 μL Phuside HF buffer, 0.6 μL dNTP, 0.75 μL of both forward and reverse primer and 0.3 μL Phusion Taq. Samples were amplified by using 13 different specific barcode tags, four forward primers and nine reverse primers in a single step PCR process (Cortázar-Chinarro et al., 2017). After amplification, samples were pre-pooled in five to nine pools in equimolar amounts and purified following the MiniElute Gel Extraction kit (Qiagen, Germany). Quantification of equimolar pre-pools was measured prior to purification by using Qubit (Thermo Fisher Scientific, Germany). After pre-pooling, quantifying and purifying the existing pre-pools, eight pools were prepared with a ThruPlex DNA-Seq Kit (Rubicon genomics). A final equimolar pool quality-controlled prior to sequencing using Bionalayser 2100 (Agilent). Sequencing was done in two independent Illumina Miseq V2 (250x) lanes at NGI Uppsala (Uppsala Genome Center).

In total 240 wild individuals and 160 experimental animals were included for geographical and experimental infection studies, respectively. In addition, we replicated the molecular analyses for a subset of samples, which were amplified twice and sequenced independently to check for accuracy and concordance. Replicates for the geographic analyses were selected randomly across populations, with a replication rate of ∼40% (72 samples out of 160). All experimental individuals were replicated by using a different barcoded PCR to be sure that the failing PCR was not related to the barcode used. Additionally, we used used a different Illumina tag for each replicate sample pool.



Miseq Data Analysis

We merged forward and reverse reads from pair-end sequencing data using FLASH (Magoè and Salzberg, 2011). The NextGen workbench1 was used to transform the files to ‘.fasta’ format for further analysis. We demultiplexed the sample sequences with jMHC (Stuglik et al., 2011). An Excel macro (Lighten et al., 2014) was used to estimate allele variants per individual based on Degree of Change (DoC) calculations. The DoC criterion calculates cumulative amplicon sequencing depth among the variants in the amplicon. Plotting the sequencing depth per variant shows an inflection point where the true alleles contribute to a large proportion of the cumulative depth and all the artificial variants only contribute a minor proportion. We assigned the most frequent variants as valid MHC alleles that occurred in at least 3% of the reads (Babik et al., 2009; Galan et al., 2010). Amplicons with < 300 reads were discarded from analyses for quality reasons. We thoroughly checked for chimeras by eye and if any sequences contained insertions, deletions, or stop codons these were removed. Verified MHC class IIB exon 2 alleles were named in accordance with Klein (Klein, 1975), a species abbreviation followed by gene and a following number, e.g., Bubu*01. Generalized linear mixed models (GLMM) implemented in R (lme4 package; Bates et al., 2007) were used to estimate differences in number of alleles per population.



Experimental Infections

Common toad eggs were collected in 2016 at two locations in Skåne in southernmost Sweden (PM and PH, Supplementary Table 1 and Figure 1) and two locations near Luleå in the north (LU1 and LU2). We collected ca. 10 eggs from 10 clutches per pond (∼100 eggs). Eggs were brought to the laboratory in Uppsala and reared in 20 L containers in reconstituted soft water (RSW; NaHCO3, CaSO4, MgSO4 and KCl added to deionized water; APHA, 1985). RSW was then used throughout the experiment. Each clutch was kept in a separate container under 18:6 h light/dark regime at 19°C. The tadpoles were fed ad libitum spinach and fish flakes and water was changed every third day. At metamorphosis stage 42 (Gosner, 1960), the animals were moved to another tank of the same size with access to aquatic and terrestrial (aquarium sand) habitat and a shelter. Four days after completion of tail absortion, the animals were transported to the sealed experimental facilities at the Swedish Institute for Veterinary Science, Uppsala, where they were they were experimentally infected with either Bd-GPL strain or sham controls consisting of water individually in 1.2 l plastic tanks lined with moist paper towels and a lid of a plastic bottle as a shelter. The metamorphs were kept in these tanks until the end of the experiment and fed fruit flies and crickets ad libitum under 18:6 h light/dark regime at 19°C. The condition of each animal was checked daily and the tanks were cleaned every third day.
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FIGURE 1. Haplotype frequency distribution of MHC class II sequences in Bufo bufo in 12 sites in four regions in Sweden.


The UK isolate of Bd-GPL (UK Mal 01, GPL-UK) was obtained from the Institute of Zoology, at University College of London (UCL). The Bd-GPL was isolated from an alpine newt (Ichthyosaura alpestris) in the UK in 2008. This Bd-GPL-UK strain is used by the UCL as a model system for Bd infection studies (Miaud et al., 2016). The Swedish isolate (SWED-40-5, GPL-SWED) originated from a green toad (Bufotes viridis) caught in Norra Hamnen, Malmö municipality, Sweden in 2015. For the Bd-GPL-SWED, we selected an isolate from B. viridis as a host because it was the only infected species reported showing a high Bd infection load in Sweden at the time of the experiment. Strains were passaged four times in liquid media (0.8% Tryptone, 0.2% Gelatin hydrolyzate, and 0.4% of Lactose in destilled water) prior to the experiment. Then, we carefully checked the isolates used in the experiment to be sure that they were active the day of infection. The number of zoospores were calculated with hemocytometer (standard practice) and diluted. We administered equal concentrations into tanks across all treatments.

We infected 50 (5 SK1, 14 SK2, 15 LU1, 16 LU2) post-metamorphosed toadlets with the GPL-UK strain and 52 (4, 17, 16, 15) with the GPL-SWED strain. Fifty-two (7, 17, 15, 13) toadlets were treated with a sham control. The number of individuals included in the experiment were not exactly the same between populations because not all individuals survived to the infection stage. The experimental animals were exposed individually for 5 h to 200 μl culture media containing a dosage of 60,000 zoospores from one of the Bd strains in 30 ml of reconstituted soft water (RSW). The animals in the control group were exposed for 5 h to an equivalent volume of sterile media and RSW.

Survival was recorded daily, and dead animals were preserved in 96% ethanol. Thirty days after infection, the experiment was ended and surviving toadlets were euthanized with an overdose of MS222, preserved in 96% ethanol and stored at 4°C until DNA extraction. We chose 30 days for two reasons as according to earlier studies this time is enough to detect the effects on survival in bufonids including common toad (Carey et al., 1999; Bielby et al., 2015). DNA from all animals used in the experiment were extracted from the muscle and were genotyped for MHC Class IIB sequence variation according to the protocol described above.



DNA Extraction and qPCR Analyses of Bd

To confirm infection status, we assessed the presence of Bd by using qPCR. We extracted the DNA from the hind leg using a Prepman Ultra method described in Boyle et al. (2004). The leg was excised with a sterile small blade and smashed to facilitate tissue digestion for DNA extraction later on. Presence of Bd was assessed by amplifying the internal transcribed spacer (ITS)-5.8S rRNA region (Boyle et al., 2004). Twenty-five μl reactions containing 12.5 μl 2X Taqman Master Mix (Applied Biosystem, ref. 4318157), 2.25 μl 10 μM each of forward and reverse primers, 0.625 μl 10 μM MGB probe and 5 μl of DNA (diluted x10 in water) were run. Each sample was run in triplicate. An exogenous internal positive control (IPC; Hyatt et al., 2007) was added to one well in each triplicate (1 μl 10XExo IPC master mix and 0.5 μl 50XExo IPC DNA to each sample, VICTIM dye, Applied Biosystems ref. 4304662) to avoid false negatives due to inhibitors. The qPCR assays were run on a Biorad CFX96 Real Time System machine using amplification conditions described in Boyle et al. (2004) with standards of 0.1, 1, 10, and 100 genomic equivalents “GE” and a positive control of approximately 1-10 “GE.” qPCR standards were provided by UCL (Miaud et al., 2016). For the positive control, we used samples from 2015. To generate the qPCR standard curve, we used the Global Pandemic lineage (Bd-GPL) isolated from an Alpine newt (Ichthyosaura alpestris) at the Institute of Zoology in London (see Meurling et al., in press, for more information). An individual was recorded as positive if at least one of the triplicate samples exhibited a positive signal according to Kriger et al. (2007). If the IPC showed signs of inhibition, negative samples were re-run again. Samples showed signs of inhibition or negative samples were, assigned as not scoreable (NA) and removed from the data set (see Supplementary Table 2). We note that using hind leg swab samples and this range of standards was sufficient to determine whether a sample was Bd + or Bd- but not necessarily for accurate quantification of loads. For this reason, our analyses are focused on survival but not on zoospores load values.



Experimental Infection Models

We used individual survival until the end of the experiment as a binomial response variable with Bd treatment (GPL-UK, GPL-SWED, and Control), geographic region or population (depending on the model) and presence/absence of every MHC allele in every individual as independent variables as well as their interactions in Generalized Linear Models. Due to under-dispersion, we used a quasibinomial error distribution with the logit link function where the dispersion parameter was estimated to 0.615. Geographic location was tested either as the actual population of origin or classified as region (north or south). Models followed the general structure:

Survival ∼ Bd-strain treatment + Region/Population + MHC alleles + Interactions

Model selection was based on Akaike’s Information Criterion (AIC) and all analyses were run by using the R packages “car” (Fox et al., 2012) and “nlme” (Pinheiro et al., 2017) implemented in R version 4.1.1 (R CoreTeam, 2019). We also tested individual body size at infection affected survival, and in a separate model how size in turn was affected by Region/Population and the MHC alleles (see Supplementary Table 5).




RESULTS


Geographic Major Histocompatibility Complex Variation

Major Histocompatibility Complex Class IIB DNA amplification occurred in all but one individual. A total of 8 million reads were recovered by the two Miseq runs with on average 2 million reads per library. Thirteen unique alleles were identified (Bubu*01 – Bubu*13). We found four alleles per individual only in 11 cases, while in all other individuals we found from one to three MHC class II exon 2 alleles. If mismatches between replicates were found, we assumed that it was due to PCR problems during the DNA amplification process and were therefore consecutively excluded in further analyses. However, if one of the two replicates failed due to PCR problems, we kept the sample in consecutive analyses if the quality of the sample was optimal based on the quality score threshold.

Allelic richness (number of alleles) varied between regions and populations (Figure 1 and Supplementary Figure 1) and decreased toward the north based on the DoC analyses quality threshold. We found significant differences in number of alleles among populations along the latitudinal gradient (F3,8.010 = 10.77, p = 0.003; Supplementary Figure 1). The observed number of different alleles in each region was from south to north [e.g., “Skåne” (south): Skåne 9, Uppland 5, “Västerbotten” (north) 5 and “Norrbotten” (north) 4]. We found one allele unique to Västerbotten (Bubu*10 in one individual). In Skåne we found four alleles unique to this region: Bubu*09, Bubu*08, Bubu*07, and Bubu*06. Bubu*01 was found in all individuals in all populations (see Figure 1 and Supplementary Figure 2).



Experimental Infections

Infection was confirmed by qPCR (Supplementary Table 3). Because of failed reactions, infection could not be determined in 14.9% of the individuals. Bd was not detected in one individual that had been exposed with the UK strain. Low infection loads were found in control individuals, ranging from 0.0017 to 0.235 “GE” (an infection mean of 0.083 “GE”) in 19.2% of control animals (Supplementary Table 2). However, the infection intensity was very low in control compared to infected individuals, where we found an average infection mean of 198.283 “GE.” Control samples were amplified below the lowest standard (0.1 “GE”) and therefore considered as negative samples (Belasen et al., 2019). We recovered a total of seven unique alleles: (Bubu*01, Bubu*02, Bubu*04, Bubu*06, Bubu*07, Bubu*09, and Bubu*11) in the experimental animals. All seven were found in the southern region, whereas in the northern region all individuals were monomorphic for Bubu*01 (Supplementary Figure 1).

All animals in the control treatment survived the 30-day experimental period. Of the 102 experimentally infected animals 54 died, 45 from the northern and nine from the southern region. We observed clinical signs of chytridiomicosis like slow mobility and moribund individuals. Of the six models tested, model 3 was chosen having the lowest AIC (Table 1). The model included Region, Bd-strain and MHC alleles as main effects and the interactions between Bd-strain and MHC haplotype as well as Bd strain and Region (Table 1).


TABLE 1. Overview of the different models with main effects and interactions modeled.
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Statistical modeling suggest that, the region from which the individuals were sampled had a strong effect on survival, with a lower survival on northern individuals (Table 2). This can for example be seen in Figure 2, looking at the survival among individuals carrying only the Bubu*01 allele (and thereby excluding any survival variation caused by the MHC-alleles), where northern individuals shows a lower survival rate in both infection treatments. Also, the interaction between the Bd-strain and the sampling region was significant (Table 2), where the UK Bd-strain caused a high mortality for individuals of the northern region, and no mortality of individuals on the southern region (Figure 2). Furthermore, in toads from the south, the haplotype Bubu*02 appeared to provide better protection against the Swedish Bd strain at the cost of less protection against the UK-strain (Table 2 and Figure 3A). The relatively rare haplotype Bubu*09 had a detrimental effect on survival with a non-significant interaction possibly suggesting that the Swedish strain was less detrimental for individuals carrying this allele (Table 2 and Figure 3B).


TABLE 2. Analysis of deviance table of the selected model (Model 3), using quasibinomial distribution and type two sums of squares.

[image: Table 2]

[image: image]

FIGURE 2. Predicted survival probabilities for the different Bd-infection treatments, and for individuals sample from the southern and northern region. The survival is evaluated for individuals only carrying the Bubu*01 allele, and thereby excluding any survival effects caused by the other MHC-alleles in the model. We found a significant interaction between the regions and the Bd-infection (p-value > 0.05, see Table 2), where the UK-strain cause a strong mortality for individuals of the northern region. Errors bars indicate standard errors. Absence of error bars indicate all individuals had the same value.
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FIGURE 3. The predicted effects of two alleles with potential Bd-strain interactions in toads from the south. (A) The Bubu*02 haplotype provided protection against the Swedish Bd-strain but was detrimental for individuals infected with the UK Bd-strain. The predicted values are evaluated with a genetic background of carrying the Bubu*06 and Bubu*07 haplotypes as this were the case for all three individuals carrying the Bubu*02 haplotype. None of the three individuals with Bubu*02 were present in the control treatment, which was excluded. (B) Bubu*09 haplotype had a detrimental effect on survival for Bd-infected individuals, especially for the UK-strain. In both (A,B), predicted values are evaluated for individual of the southern regionals this was the case for all individuals carrying these MHC-alleles. We found a significant result for the interaction between the Bd-infection and the MHC-allele. The symbol (+) represent that the allele is present and the symbol (–) represents that the allele is absent in an individual. Errors bars indicate standard errors. Absence of error bars indicate all individuals had the same value.


Body size before infection had a strong positive effect on survival (Supplementary Table 4; see also Meurling et al., in press). We also observe that body size was in turn affected by the region, with larger individuals from the south (Supplementary Table 5). Additionally, most of the MHC alleles had an effect on body size. Whether Bubu*02, Bubu*09, and potentially Bubu*04 had a negative effect, Bubu*06 a positive effect (Supplementary Table 5).




DISCUSSION

The main objective of this study was to study the role of specific MHC Class II haplotypes on Bd infection across a latitudinal gradient through an experimental approach using two different Bd-strains. Results obtained from laboratory experiments and field samplings suggest a differential infection dynamic depending on the Bd-strain and the host immune system, resulting in a differential mortality across the gradient: with a higher mortality in northern toads without MHC diversity, while in southern individuals’ survival was dependent on Bd-strain and MHC haplotype.

The field sampling to quantify MHC Class II variation along the latitudinal gradient across Sweden showed lower MHC diversity at higher latitudes, which is in line with previous studies performed with other species, where MHC diversity tends to decline when populations move away from putative post glacial refugia (Babik et al., 2008; Talarico et al., 2019). Such patterns are generally explained by increased genetic drift in smaller peripheral populations, and historical demographic process, such as population size fluctuations mediated via bottlenecks and founder events (Nei et al., 1975). Generally, amphibian population sizes tend to be smaller and more fragmented at northern latitudes (Johansson et al., 2006; Eckert et al., 2008) in the Northern Hemisphere, and since the force of genetic drift is inversely related to population size (Wright, 1931), northern populations are generally predicted to be more influenced by drift. Conversely, in southern populations selection is expected to be relatively more influential as populations tend to be larger and more connected. This has consequences for populations’ ability to combat disease and pathogens since immunogenetic diversity is predicted to be shaped by selection to a lesser extent at northern latitudes (Cortazar-Chinarro et al., 2018), as the experimental result obtained in this study suggest.

The infection experiment highlights a higher mortality in northern individuals, whether this result depends on the observed lack of MHC variation or some other factor differing between both regions is not possible to discern with this study. Previously we found that smaller individuals were more vulnerable to Bd, and that northern individuals were generally smaller than the southern ones (Meurling et al., in press). The role of body size in shaping host susceptibility has been observed previously in common toads (Bielby et al., 2015) as well as in other species (Garner T.W. et al., 2009; Ortiz-Santaliestra et al., 2013), and might be a contributing factor to the observed regional differences. This is the first study where we found that body size might be affected by the MHC alleles but the effect on survival is not yet conclusive. We strongly suggest that further studies are needed, where the body size is measured before and after infection, in order to investigate the associations between body size, MHC alleles it its potential effect on individual survival.

Interestingly, we also found a difference between the regions in response to the two different Bd-strains. When infected with the UK strain the southern individuals had almost complete survival, whereas the northern ones suffered high mortality. When infected with the Swedish strain, both southern and northern individuals had high mortality albeit the rate was higher in the north. Due to lack of MHC variation in the northern animals it is impossible to discern whether this was due to differences in MHC variation or some other factor, however, we have been able to find some MHC-related differences in survival in southern toads.

The presence of the haplotype Bubu*09 had a negative impact on survival when infected with the UK-strain in animals of the southern region, but the effect was limited when infected with the Swedish strain. The haplotype Bubu*02 had a negative impact on survival when infected with the UK-strain but was marginally beneficial when infected by the Swedish. To our knowledge, differences in host mortality related to different Bd-GPL strains have been only reported before in the western toad (Anaxyrus boreas) at the larval phase (Dang et al., 2017). The results obtained, where some haplotypes seem to be more susceptible to the UK-strain than to the Swedish-strain, suggest that southern populations have been coexisting with the Swedish-strain for a longer time, resulting in a reduced host susceptibility or pathogen virulence. Our result is not in concordance with what was found in the Belasen et al. (2022) meta-analysis review, where hosts presumed to have historically coexisted with endemic Bd did not show reduced mortality when exposed to Bd-GPL treatments compared with host that have not historically coexisted with endemic Bd; but like they hypothesized, endemic Bd lineages (Bd-GPL strain from Sweden) seems to pose a lower threat to amphibian species than Bd-GPL from UK. Also, Belasen et al. (2022) performed a separate analysis comparing local Bd-GPL to non-local GPL strains and did not find a significant difference. In any case, our findings highlight the importance of host- and pathogen-dependent factors in determining overall infection virulence. In addition, it shows the need to study virulence variation within the Bd-GPL lineage, which emerged only within the last century and has caused of the extinction of 90 amphibian species, while Bd-strains other than GPL are rarely associated with chytridiomycosis, population declines and species extinctions (O’Hanlon et al., 2018).

Previous studies have shown MHC Class IIB-haplotype related differences in survival in Lithobates yavapaiensis (Savage and Zamudio, 2011). In Litoria verreauxii, experimental studies showed that certain MHC Class IIB alleles conferred a survival advantage and the differences were ascribed to variation at the peptide-binding coding residues of the amino acid sequences (Bataille et al., 2015). The alleles which conferred a survival advantage in L. verreauxii were then compared to the most common alleles observed in species classified as either susceptible or resistant to Bd, and common toad was grouped among the resistant species (Bataille et al., 2015). However, common toad shows high mortality in experimental infections (Garner T. et al., 2009), and field studies on Swedish populations show that infected individuals have lower body condition than uninfected individuals (Kärvemo et al., 2019). Also, Bd has been shown to infect the sister species B. spinosus in a Spanish population (classified as common toad at the time of the study). While Bd was associated with mortality, no immediate population declines were reported (Bosch and Martínez-Solano, 2006). Yet, B. spinosus has declined in the study area since the time of the study (Bosch et al., 2018) and laboratory studies on the species found high mortality (Garner T.W. et al., 2009). All in all as these infection studies encompass different life-history stages, it is difficult to speculate on interspecific differences (Fu and Waldman, 2022).

In summary, our results show that populations suffered differently from Bd infection depending on latitude, Bd-GPL strain and we found a different immunogenetic responses associated to the specific MHC configuration of an individual. Despite the findings of an association between MHC class II alleles and amphibian susceptibility and vulnerability to infectious diseases in wild populations, further knowledge is needed to discern the effects of specific MHC alleles, Bd strain and individual sub-lethal effects when facing newly emerging diseases. The available evidence strongly suggests that susceptibility to Bd depends on a range of factors which may explain both intra- and interspecific differences. Intraspecific differences can be ascribed to immunocompetence and immunogenetic diversity. The constant co-evolutionary arms-race among hosts and pathogens is likely to lead to a range of susceptibilities and pathogenicity within and among species (Van Valen, 1973; Ejsmond and Radwan, 2015). Therefore, our study support prioritizing future studies on immunogenetic diversity and field infections to gain an understanding of wildlife vulnerability, especially at northern latitudes where amphibian populations might be more susceptible to habitat fragmentation and environmental changes.
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