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Summary 

 

 The major histocompatibility complex (MHC) is a relatively large region found in the 

genomes of all the jawed vertebrates. Most of the genes in this region are necessary for a 

functioning immune response and are thus vital to the survival of an organism. MHC 

molecules function in the presentation of peptides derived from intra-and extra-cellular 

pathogens. MHC class II proteins, in particular, are expressed on the surface of specialized 

antigen presenting cells, such as macrophages, and their primary function is to present 

extracellular antigens to helper T cells. The mature MHC class II complex is composed of one 

alpha and one beta peptide chain that are encoded by the MHC II A and B genes. The antigen 

binding site of this heteromeric protein complex is encoded by the second exons of the alpha 

and beta genes. These sites are often extremely polymorphic and show signatures of natural 

selection. Theories that predict the high variation of these sites include: heterozygote 

advantage, frequency dependent selection and disassortative mating preferences.  

Because these genes and the antigen binding sites specifically are so variable and play 

such a key role in the vertebrate immune response, they are often used as markers with which 

to assess the population structure and status. Populations with low MHC variability may be 

highly threatened by infections and/or by the effects of inbreeding. 

 In case of amphibians and reptiles, especially frogs and snakes, there are very few 

studies focusing on MHC gene structure and variability. Many snake and frog species are 

experiencing population declines due to these emerging infectious diseases. Assessment of the 

genetic variation at MHC loci in endangered and threatened amphibian and reptile species can 

be used for developing conservation management strategies that target the maintenance of 

adaptive variability in wild frog and snake populations. 

 The COI/COX1 (cytochrome c oxidase subunit 1) is the main subunit of the 

cytochrome c oxidase protein complex, it is coded in the mitochondria and it has catalytic 

function. It is the most popular marker for population genetic and phylogeographic studies 

across the animal kingdom. Its popularity has increased even more since it appears that the 

M1-M6 partition of the COI gene (The Folmer region) is an efficient indication tool for 
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Metazoan species. This is the reason why this gene fragment became the subject sequence of 

DNA barcoding. DNA barcoding can serve as a means of accessing taxonomic information 

and help in the identification of species as well as highlighting those species for which no data 

are available. It is not a complete tool for phylogenetic reconstruction, but completing with 

other nuclear or mitochondrial markers we can obtain detailed and accurate information about 

species/populations phylogeny, phylogeography and population structure. 

 The present PhD study focused on the identification, characterization and applicability 

of two different types of molecular markers (MHC class IIB exon 2 and COI) in amphibian 

and reptile species. The study species were the following: Rana dalmatina, Rana temporaria, 

Rana arvalis, Pelophylax lessonae Pelophylax kurtmuelleri, and Mesotriton alpestris – 

amphibian species and Natrix tessellata, Natrix natrix and Lacerta agilis – reptile species. 

 

Theoretical background  

 

1. Use of the MHC genes in population genetics 

 This section is dealing with the molecular structure, classification and function of the 

MHC genes, general approaches for the isolation of these genes and their use in population 

genetics.  For population genetics studies the most relevant is the exon 2 of the MHC class 

IIB gene. This exon is coding the antigen binding groove of the MHC class II protein beta 

chain (Fig. 1.) and it is the most variable site in a vertebrate genome (Penn &Ilmonen 2005). 

 

 

Figure 1: Schematic structure of the MHC class II genes and protein. 
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After the mammalian model, the MHC is generally divided into regions with similar 

functions, including class I, class II and class III, extended class I and class II regions (Kelley 

et al. 2005). The number of genes and the presence of each region vary between species.  

Several hypotheses have been proposed to explain how MHC polymorphisms are 

maintained by natural selection: The heterozygote advantage hypothesis -overdominant 

selection, frequency dependent selection, MHC dependent disassortative mating, and the 

inbreeding avoidance hypothesis (Penn 2002).   

MHC genes generate a great interest form ecologists, because they are extremely 

polymorphic and are relevant to many questions of ecology and evolution. Since they are 

essential in immune recognition of the parasites, they become involved in any area of 

questions in which parasites play a role. Studies of fitness, expression of secondary sexual 

characters and mate choice can benefit from the knowledge of MHC variation.  MHC genes 

are potentially becoming important in conservation genetics, and their exceptional diversity 

can offer novel insights into the population genetic structure and history (Hedrick 2003). 

 

2. Use of COI genes in phylogeny, phylogeography and population 

genetics 

This section is presenting the structure and function of the cytochrome oxidase subunit 

I genes, approaches to their isolation and their use in animal species barcoding, phylogeny 

and phylogeography. Studies associated with the Consortium for the Barcode of Life (CBOL) 

usually sequence a 648 bps long sequence of the COI gene, starting from the 5’end. 

Intraspecific variation in this sequence is generally 10% less than the interspecific variations 

and insertions or deletions are rare (Waugh 2007). 

 

3. Population genetics 

This section presents and explains general terms, methods and principles applied in 

population genetics. 
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4. Typical statistical methods for the MHC genes  

The MHC genes are different from other genes regarding the positive selection acting 

on their antigen binding sites, thus their analysis needs certain specific methods, which are 

presented in this section. 

 

5. Typical statistical methods for phylogeny and phylogeography, 

based on mitochondrial markers 

This section is dealing with the explanation of general terms of phylogenetics and 

phylogeography, model choice for sequence analysis, description of models and analytical 

methods. 

 

Research projects and results 

In this section there are presented the research projects separately. For each research 

the methods results and discussions are separate. 

 

1. Identification of partial MHC class II B exon 2 sequences in two 

closely related snake species: Natrix tessellata and Natrix natrix 

 

Two individuals of Natrix tessellata (N. tesselata1 and N. tesselata2) and one 

individual of Natrix natrix (N. natrix) were used in our study. To demonstrate that our 

sequences are indeed MHC sequences and construction of phylogenetic tree, we used 

homologue MHC sequences from the NCBI. For primer design we used the two M. corallinus 

sequences (FL589895.1 FL590235.1) since alignments with the other reptile sequences 

yielded few conserved regions. The designed degenerate primers SnakeMHC F: AGC GGG 

TGC GGT TCC TSS and SnakeMHC R: GTC CRC ATC CGS CTC CCC yielded a 113 bps 

long product at the annealing temperature of 59ºC. 

In case of the 20 N. tessellata clones from the 2 individuals we only found 2 alleles 

(N. tessellata 1 and N. tessellata 2). In case of the single N. natrix individual we found 4 

alleles (clone1-4). The phylogenetic tree indicates that our MHC sequences cannot be used to 

distinguish between species. The N. natrix clone1 and clone3 clusters together with the N. 

tessellata 1, while the N. natrix clone2 and clone4 cluster together with N. tessellata 2, and the 



 9 

M. corallinus sequences. Our results indicate the presence of trans-species polymorphism, a 

phenomenon in which the same alleles are retained in different species over evolutionary time 

(Klein et al. 1998).  It is important to note that the snake MHC sequences cluster together 

with the mammalian MHC sequences instead of the rest of reptile species, which seem to be 

closer to the bird MHC sequences (Fig. 2.). 

 

 FL589895.1 Micrurus corallinus

 FL590235.1 Micrurus corallinus

 N. tessellata.2

 N. natrix.clone2

 N. natrix.clone4

 HO056457.1Bungarus multicinctus

 N. tesselata.1

 N. natrix.clone1

 N. natrix.clone3

 HQ230724.1 Hyaena hyaena

 L77103.1 Galago garnetti

 GU825757.1 Tupaia belangeri

 AB490486.1 Melursus ursinus

 AJ555156.1 Homo sapines

 EU512174.1 Mesotriton alpestris

 FJ448004.1 Triturus cristatus

 AB302187.2 Eudyptula minor

 AY694406.1 Gallinago media

 FJ853407.1 Anser cygnoides

 AF256651 Caiman crocodilus

 AY937204.1 Mauremys reevesii

 FJ886736.1Crocodylus niloticus

 AY491421.1 Alligator sinensis

 AY772946.1 Eumeces chinensis

 EF210744.1 Bombina variegata

 EF210760.1 Rana temporaria

97

96

83

90

69

59

82

96

99

87

83

0.05  

Figure 2: Maximum likelihood phylogenetic tree of the partial MHC class II B exon 2 sequences, generated with 

1000 bootstrap replicates. 
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2. Identification and characterization of major histocompatibility 

complex class IIB alleles in three species of European ranid frogs 

 

 Interest in monitoring amphibian populations, however, is increasing because of the 

emergence of infectious diseases caused by Batrachochytrium dendrobatidis (Bd) (Berger et 

al. 1998) and ranavirus(es) (Granoff 1989).  Many European ranid frogs are experiencing 

population declines due to these emerging infectious diseases (e.g., Rana klepton esculenta; 

Wood et al. 2009 and Rana temporaria; Teacher et al. 2010). 

The aim of the present study was to identify and characterize the MHC class II beta 

chain exon 2 in three European ranid species: the Moor frog (Rana arvalis), the Balkan Water 

Frog (Pelophylax kurtmuelleri) and the Pool Frog (Pelophylax lessonae). Our goal was to 

successfully develop and optimize amplification using primers that can be used for population 

structure analysis and species phylogeography on these and other closely related ranid 

species. 

We used ethanol-preserved tissues from R. arvalis (n=3), P. kurtmuelleri (n=2), R. 

temporaria (n=2) and P. lessonae (n=2). P. kurtmuelleri is difficult to distinguish from R. 

ridibunda, we tested our two specimens with the universal primers 16Sar and 16Sbr (Palumbi 

1996). We used a degenerate primer pair (MHC-F and MHC-5R) developed by Hauswaldt et 

al. (2007) to amplify a 235 bps fragment from R. arvalis and R. temporaria genomic DNA. . 

Using the sequences of R. pipiens, R. sylvatica, R. palustris, R. warszewitschii, R. 

yavapaiensis and R. catesbeiana from the NCBI database, we developed a set of degenerate 

primers to amplify exon2. The sequences of these primers were as follows: RanaF 5′-CAG 

TGT TAT TAC CGG AAC GGG ACG-3′ and RanaR2: 5′-TTT SMG STC TAT GGC TGY 

AGG-3′. The expected product length of this primer pair was 243 bps (including primers). 

In total were isolated 13 MHC class II exon 2 alleles from the genomic DNA of the 

three European frog species we sampled.  The translated amino acid sequences of all alleles 

showed significant amino acid similarity to other frog sequences accessioned in GenBank 

(BLAST e-values less than 2.4e-48). Our 2 R. temporaria sequences were only used in the 

construction of the phylogenetic tree because MHC II B sequences from R. temporaria have 

already been characterized (Zeisset and Beebee 2009) but our identified alleles were longer 

and not identical to the ones present in the NCBI. 
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In R. arvalis, out of the 61 amino acids in the alignment, there were 12 variable amino 

acid positions among the eight alleles. Eight of these variable sites were predicted to be in the 

ABS (antigen binding site) based on the model of Tong et al. (2006). 

The rate of nonsynonymous mutations- dN was significantly higher than the rate of 

synonymous mutations- dS, a result which indicates positive selection has acted on these sites 

(Table 1.). In contrast, the rate of nonsynonymous substitutions was not higher than the rate of 

synonymous substitutions outside the antigen binding sites. 

 

Table 1:  Estimates of nonsynonymous (dN) and synonymous (dS) substitution rates of the MHC class II exon 2 

sequences from two ranid frog species 

Sites N dS dN dN-dS P 

R. arvalis ABS 8 0.015 ± 0.014 0.154 ±0.009 0.139 ± 0.043 0.003 

R. arvalis Non-ABS 8 0.032 ± 0.016 0.01±0.005 -0.022 ± 0.017 1.0 

P. lessonae ABS 4 0.324 ± 0.280 0.431 ±0.214 0.107 ± 0.333 0.375 

P. lessonae Non-ABS 4 0.334 ± 0.121 0.199 ± 0.041 -0.135 ± 0.134 1.0 

 

For P. kurtmuelleri we found only 1 allele. In the third species, P. lessonae, we found 

30 variable amino acid sites, with seven of them occurring in the ABS defined by Tong et al. 

(2006) and 23 in the non–ABS region.  We found no significant evidence of positive selection 

in the ABS and or non-ABS in P. lessonae (Table 1.). 

The molecular phylogenetic analysis indicated common alleles between species: trans-

species polymorphism (Fig. 3.). The R. arvalis alleles formed one well-defined clade, but two 

alleles of P. lessonae grouped together with the R. kurtmuelleri sequence with very high 

support. Notably, the two other P. lessonae alleles formed a separate clade that was more 

closely related to the New World ranid species. Surprisingly, the R. temporaria alleles we 

amplified grouped together with MHC sequences from New World Rana sequences, although 

the node separating R. temporaria and New World ranids from the R. arvalis sequences had 

low support. 

We infer that the R. arvalis genome has least two MHC class IIB loci because we 

recovered four unique alleles from one individual. We also predict that P. lessonae has at 

least two loci, because the amino acid differences between the two groups of alleles are so 

large that it is likely they represent two loci. 
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 R. pipiens (HQ025937)

 R. sylvatica (HQ025938)

 R. palustris (HQ025933)

 R. palustris (HQ025934)

 R. pipiens (HQ025936)
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 R. yavapaiensis (HQ025941)

 R. catesbeiana (HQ025931)

 R. sylvatica (HQ025939)

 R. temporaria (JN412622)
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 R. arvalis (JN412609)

 R. arvalis (JN412610)
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 P. lessonae (JN412618)
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 P. lessonae (JN412619)

 X. laevis (D13687)

 X. laevis (D13688)

 A. mexicanum (AF209115)

99

79

99

99

99

97

95

79
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77

74

76

90

0.05  

Figure 3: Phylogenetic relationships of the MHC class IIB exon 2 sequences in frogs generated with maximum 

likelihood. Ambystoma mexicanum was used as an outgroup and bootstrap values (1000 replicates) are shown for 

nodes that received greater than 60% support. GenBank accession numbers are given after the sequence name 

both for homologue sequences from the NCBI and both for sequences identified by us. 
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3. Identification of COI partial sequences in two closely related 

frog species, Rana dalmatina and Rana temporaria  

 

Here we present COI partial sequences of the two species and analyze the 

phylogenetic relationships between these sequences and those of other Rana species available 

in the NCBI database. In order to corroborate species assignment based on morphology we 

also analyzed 16S RNA partial gene sequences of the respective species. Two individuals 

each of Rana dalmatina (dalmatina1 and dalmatina2) and Rana temporaria (temporaria1 and 

temporaria2) were used in our study species. 

We used the universal primers 16Sar and 16Sbr (Palumbi 1996) to amplify a sequence 

of approximately 590 bps of the 16S RNA coding mitochondrial gene. 

In order to obtain partial COI gene sequence we used the degenerate primer pair V1F and 

V1R published by Smith et al (2008). Initially a 710 bps fragment was amplified on 

dalmatina1 genomic DNA. Based on the sequenced product of this PCR the specific primers 

were designed: RanaCOIF: 5’TTCTCTACTAACCACAAAGACATTGG 3’ and RanaCOIR: 

5’ TAGACTTCTGGGTGGCCGAAAAATCA 3’. The length of the sequences obtained form 

the direct sequencing with the RanaCOIF was around 640 bps. 

Based on the multiple alignment of R. temporaria, R. dalmatina and database-derived 

COI sequences of other Rana species a Maximum likelihood phylogenetic tree was 

constructed (Fig. 4.).  

The COI-based tree presents a topology similar to that obtained with 16S RNA 

sequences as far as R. dalmatina and R. temporaria are concerned. As in the case of 16S RNA 

sequences, R. pyrenaica is found to be more closely related to R. temporaria than to R. 

dalmatina. The clear separation of the European species Rana temporaria, Rana dalmatina 

and Rana pyrenaica from the American ones is also in accordance with the data obtained 

using 16S RNA sequences. 

 To our knowledge this is the first report of COI sequences for Rana temporaria and 

Rana dalmatina. The specific primers developed for direct sequencing should facilitate a fast 

assessment of population variability in these two species. 
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Figure 4: Maximum likelihood phylogenetic tree of COI partial coding sequences of different Rana species. 

Bootstrap values were generated from 1000 replicates. GenBank accession numbers are given near species 

names. 

 

 

4. COI based phylogeography and intraspecific genetic variation 

of Rana dalmatina populations in the vicinity of the Carpathians. 

 

The most well known regions that provided refugia for various animal and plat species 

are the Mediterranean peninsulas and the Caucasus (Taberlet et al. 1998). However it seems 

that recent glacials could have been survived in more northern cryptic refugia as in case of the 

cold tolerant Rana arvalis, which species shows a high diversity in the Carpathian basin 

(Babik et al. 2004). Local refugium was identified with genetically distinct haplotypes for the 

Rana temporaria in the south west of Ireland (Teacher et al. 2009). Considering the presence 

of cryptic refugia for the Rana temporaria and Rana arvalis outside the Mediterranean 

peninsulas, we searched for possible indication of cryptic refugia of the Rana dalmatina 

species in the vicinity of the Carpathian Mountains and in the Transylvanian plateau.  

Based on the fragment of the cytochrome oxidase subunit I gene COI) that is also used 

for species barcoding (Smith et al. 2008) we tried to elucidate the genetic variability of the 

Rana dalmatina populations in Romania. 
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Frog specimens were sampled from 7 geographical regions of Romania (Image 1.). 

The regions were marked with letters from A – G. Samples belonging to the region A (n = 31) 

were from the Transylvanian plateau, and they were regarded as one metapopulation since 

there was no considerable geographical barrier that could split the populations. The region B 

was west to the Apuseni Mountains and south to the Criș River with sample size of n = 5.  

The region marked with C was near the southeast part of the Danube River with n = 5 

samples. The region D was bordered to the east by the Olt river valley and to the north by the 

Southern Carpathians with sample size n = 6. The region E included the undulating area in the 

southeast of the Carpathians with sample size n = 6. From the region marked with F in the 

vicinity of the Siret River valley we could only collect n = 2 specimens. The region marked 

with G was the plateau of Dobruja with n = 7 samples. Beside the 62 samples from Romania 

we analyzed sequences from specimens received from other parts of Europe: n = 1 sample 

from Spain (North West of the Pyrenees), n = 2 samples from Croatia (South of the Drava 

River), n = 4 samples from Slovakia, n = 1 sample from Austria and n = 2 samples from 

Hungary. These sequences were not included in the population structure analyses. 

 

 

Image 1: Sample collection sites. 

 

For PCR amplifications and for direct sequencing we used the primers 

RanaCOIF/RanaCOIR from the previous study. 

From the analyzed 72 R. dalmatina specimens we have identified 13 variable 

nucleotide positions. All the nucleotide position were synonymous, they did not alter the 
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amino acid of the translated protein. The sequences differed only in singletons. For the 

Romanian samples we have identified 9 different alleles. 

The haplotype diversity was the highest for samples of the D region, with 5 alleles. In 

the region A there were 3 alleles and 2 alleles for the B region. In region F we also found 2 

alleles from the 2 specimens but due to this low number of the specimens, haplotype diversity 

must be treated with caution in this case (Table 2.). For the regions C, G, E, we only found the 

same common allele. 

 

Table 2: Haplotype diversity of the 7 sampled regions; h: haplotype diversity, uh: unbiased haplotype diversity. 

Pop h uh 

C 0.000 0.000 

D 0.778 0.933 

A 0.231 0.239 

B 0.320 0.400 

G 0.000 0.000 

E 0.000 0.000 

F 0.500 1.000 

 

The Pairwise Nei genetic distances were the highest for the samples from the region D 

(Table 3.). The Mantel test between the genetic distance (GD) and geographic distance (GGD) 

indicate a weak negative correlation Rxy = -0.108 with a no significant P = 0.07 value. 

The AMOVA test did not indicate population differentiation between metapopulation 

separated by the Carpathian Mountains. However it indicated population differentiations 

when the 7 regions were analyzed separately (Table 4.), and the highest and significant 

pairwise PhiPT values were obtained for the D region samples. Our explanation for this high 

variability experienced in the population D is possible cryptic refugia of the species. 
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Table 3: Nei genetic distance (GD) and Nei genetic identity (ID) values for the 7 sampled regions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

 
Table 4: Pairwise population PhiPT and linearized PhiPT values estimations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pop1 Pop2 Nei GD Nei ID 

C D 0.347 0.707 

C A 0.007 0.993 

D A 0.353 0.702 

C B 0.030 0.970 

D B 0.377 0.686 

A B 0.037 0.964 

C G 0.000 1.000 

D G 0.347 0.707 

A G 0.007 0.993 

B G 0.030 0.970 

C E 0.000 1.000 

D E 0.347 0.707 

A E 0.007 0.993 

B E 0.030 0.970 

G E 0.000 1.000 

C F 0.347 0.707 

D F 0.693 0.500 

A F 0.353 0.702 

B F 0.377 0.686 

G F 0.347 0.707 

E F 0.347 0.707 

Pop1 Pop2 PhiPT LinPhiPT P(rand >= data) 

C D 0.261 0.352 0.060 

C A 0.000 0.000 0.220 

D A 0.337 0.508 0.010 

C B 0.000 0.000 0.010 

D B 0.075 0.082 0.160 

A B 0.000 0.000 0.110 

C G 0.000 0.000 1.000 

D G 0.333 0.500 0.010 

A G 0.000 0.000 0.130 

B G 0.073 0.079 0.440 

C E 0.000 0.000 1.000 

D E 0.300 0.429 0.050 

A E 0.000 0.000 0.300 

B E 0.040 0.042 0.560 

G E 0.000 0.000 1.000 

C F 0.474 0.900 0.330 

D F 0.000 0.000 0.520 

A F 0.329 0.490 0.070 

B F 0.015 0.015 0.540 

G F 0.588 1.429 0.260 

E F 0.538 1.167 0.270 
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5. COI based phylogeny in European ranid frogs: Rana arvalis, 

Rana temporaria, Rana dalmatina, Pelophylax kurtmuelleri and 

Pelophylax lessonae 

 

In the herein study we used the cytochrome oxidase subunit I gene sequence (Folmer 

region) to determine the phylogenetic relatedness of 5 ranid frog species. Although the 

phylogeny of ranid and other frog spices was already carried out by the aid of 16S rRNA, 12S 

rRNA, tRNA-valine, histone H3, rhodopsin (Frost et al. 2006, Veith et al. 2003), the COI 

gene sequence of ranid spices is still to be determined. The Folmer region of the COI gene is 

the most wide spread tool for metazoan species identification (Waugh 2007). DNA barcoding 

can serve as a means of accessing taxonomic information and help in the identification of 

species as well as highlighting those species that for which no data are available. The 

phylogenetic tree obtained from COI sequences of the ranid frogs can be compared to the tree 

constructed on the 16S rRNA sequences. 

The specimens were the same as from the previous studies and the 

RanaCOIF/RanaCOIR primers were used for PCR amplification and direct sequencing. 

From the 3 specimens of R. arvalis we obtained 3 different COI haplotypes while for the 2 

specimens of P. kurtmuelleri and P. lessonae we obtained only 1 COI haplotype per species. 

From our previous study we had 1 haplotype of R. dalmatina and 1 haplotype of R. 

temporaria. 

The estimates of evolutionary divergences between sequence pairs were relatively 

high, the highest values being between P. kurtmuelleri 01 and R. temporaria 01 (Table 5.). 

 

Table 5: Estimates of Evolutionary Divergence between the 7 identified haplotypes. 

P._kurtmuelleri_01             

P._lessonae_01 0.173           

R._arvalis_01 0.234 0.208         

R._arvalis_02 0.239 0.213 0.006       

R._arvalis_03 0.234 0.208 0.002 0.005     

R._temporaria_01 0.244 0.199 0.102 0.105 0.104   

R._dalmatina_01 0.235 0.225 0.155 0.151 0.153 0.159 

 

Using the available COI sequences from the NCBI and our obtained sequences we 

constructed a phylogenetic tree of the ranid species. According to the COI based phylogenetic 

tree the European Rana species form one distinct clade from the New World Rana spices, 

however the R. catesbeiana seems to occupy an intermediate position between Rana species 
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of the two continents (Fig. 5.). Within the European Rana species the R. temporaria is closest 

to the R. pyrenaica while the R. dalmatina represents a basal sequence for the European Rana 

species. The two Pelophylax species form a different clade from the Rana species, indicating 

that divergence between the green frogs and brown frogs is older than separation of the 

European and New World brown frogs. 

 

 R. arvalis 01

 R. arvalis 03

 R. arvalis 02

 R. temporaria 01

 EU746402.1 R. pyrenaica

 R. dalmatina 01

 EF525856.1 R. catesbeiana

 EF525888.1 R. pipiens

 EF525902.1 R. sylvatica

 P. kurtmuelleri 01

 P. lessonae 01

 EF525709.1 A. laterale

99

99

98

95

94

0.05  

Figure 5: COI based phylogenetic tree of ranid species based on Maximum likelihood method and 1000 

bootstrap replicates. 

 

The phylogenetic tree constructed on the basis of 16S rRNA sequences is only slightly 

different from the COI based phylogenetic tree (Fig. 6.). 

  Our results indicate that the average evolutionary divergence over all sequences is 

0.2074 ± 0.0132 for the COI haplotypes (Kimura 2-parameter model) while for the 16S rRNA 

sequences it is significantly lower: 0.103 ± 0.01 (P < 0.01). We can conclude that the COI 

sequence having more variability can yield a better resolution and constitutes a better 

molecular marker for species barcoding and phylogeny. 

The alignment of the identified 7 haplotypes indicated a high number of variable sites 

between the 5 species. The high number of variable sites confirms that the Folmer region of 

the COI gene is the most convenient tool for species identification and barcoding. 
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 AY147938.1 R. arvalis

 AY147950.1 R. pyrenaica

 R. dalmatina 01

 R. temporaria 01

 DQ347323.1 R. pipiens

 DQ283387.1 R. sylvatica

 DQ283257 R. catesbeiana

 P. kurtmuelleri 01

 AY322276.1 P. lessonae

 AY728218.1 A. laterale

84

90

78

78

0.05  

Figure 6: 16S rRNA based phylogenetic tree of ranid species based on Maximum likelihood method and 1000 

bootstrap replicates. 

 

 

6. Glacial refugium of Mesotriton alpestris in the Apuseni 

Mountains 

 

This study aimed the genetic analysis of the alpine newts from Apuseni Mountains 

and   the Southern Carpathians, searching for possible cryptic refugia of the species. Two 

populations were analyzed, in concordance with the two geographical areas. From the 

Apuseni Mountains the newts originate from Mădrigeşti locality, from an altitude of 445 m. 

From the Middle Carpathians, the newts originate from the area of Voineasa locality, from 

830 m altitude. 

In total 48 mountain newts were sampled, 24 samples from each population 

(Mădrigeşti: m1-24, Voineasa: v1-24). 

After initial amplification with the universal primer set for vertebrates: V1F-V1R (Smith et al. 

2008) we designed or specific primers:  

MesF: 5’ - TTCTCTACTAACCACAAAGACATTGG - 3’ and  

MesR: 5’ - TAGACTTCTGGGTGACCAAAAAACCA - 3’. Using the specific primer set we 

performed PCR on the 48 samples, and in order to exclude any possible amplification errors, 

each PCR was repeated. 

After analyzing the 48 sequences, we identified 4 alleles: A, B, C and D. The 

identified alleles cluster together with the sequences of M. alpestris cyreni, which is from the 
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Iberian Peninsula and M. alpestris reiseri (Bosnian alpine newt), which species inhabits the 

Balkans (Fig. 7.). The sequences for comparison were obtained from the NCBI database.  

 C

 D

 B

 A

 EF525931.1 M. a. cyreni

 EF525932.1 M. a. cyreni

 EF525950.1 M. a. reiseri

 EF525951.1 M. a. reiseri

 EF525923.1 M. a. alpestris

 EF525925.1 M. a. alpestris

 EF525941.1 M. a. piperianus

 EF525945.1 M. a. piperianus

 EF525952.1 M. a. serdarus

 EU148289.1 Poromitra crassiceps

98

96

88

96

48

68

66

100

0.02  

Figure 7: Maximum likelihood phylogenetic tree of the identified alleles and the M. alpestris sequences from the 

NCBI database. Bootstrap values were generated from 1000 replicates. The accession numbers are marked on 

the left side of the species names.  

 

If we compare the two populations, there is a clear distinction in the allelic 

composition. All of the 4 identified allele were identified in the population from Mădrigeşti, 

with a haplotypical diversity of 0.615, while the population from Voineasa is homogenous, 

having only one allele (Fig. 8a. - b.), fact which involves the founder effect in case of this 

population. The value of the PhiPT is 0.665 (P=0.001), showing a major difference between 

the two populations. The AMOVA test shows that the molecular variability regarding the 

haplotypes is higher between the two populations than inside the two populations (Fig. 9.). 

 

 

 

 

 

 

 

 

 

 
Figure 8a: The frequency of the haplotypes in the populations from Mădrigeşti. 
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Figure 8b: The frequency of the haplotypes in the populations from Voineasa. 

 

Percentages of Molecular Variance

Among Pops

67%

Within Pops

33%

 
Figure 9: The percentage of molecular variance between and within the populations resulted by the AMOVA 

test.  

 

The comparison of the two populations clearly supports the hypothesis of cryptic 

refugia at the Mădrigeşti population, and the subsequent founder effect to the higher altitudes. 

 

7. Phylogeography of the dice snake (Natrix tessellata) in South-

East Europe  

 

In this study we used the cytochrome oxidase subunit 1 barcoding region to elucidate 

the phylogenetic relationship between Natrix tessellata haplotypes from Eastern Europe and 

The Balkans. We were able to compare the overlapping between the phylogenetic tree based 

on the COI sequences and the phylogenetic tree based on the cytochrome b from the study of 

Guicking et al. (2009). We used in total 15 specimens of N. tessellata (Image 2.). 

 In order to obtain partial COI gene sequence, we used the degenerate primer pair V1F 

and V1R published by Smith et al (2008).  

 
Haplotype Frequency for Voineasa

A

100%

B

0%

C

0%

D
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Out of the 15 specimens we have found 8 haplotypes provided with the following 

accession numbers: A (JN871603): Ro1 – Ro5, Ser1, Ser2; B (JN871604): Ser3; C 

(JN871605): Ita; D (JN871606): Gr3, E (JN871607): Ukr1, Ukr2; F (JN871608): Ukr3; G 

(JN871609): Gr1; H (JN871610): Gr2 (Image 2). 

Alignment of the sequences yielded 48 variable nucleotide positions out of 621 

nucleotides. 

 

 

Image 2: Identified haplotypes. 

 

The highest values for the pairwise divergence between sequences were found for the 

Gr1 and Ukr1-2 sequences (0.056) and in general the highest values were between the Gr1 

Gr2 sequences paired with the rest of the sequences suggesting the basal position of the 

haplotypes from Greece (Table 6.). 

 

Table 6: Estimates of pairwise divergences between sequences based on Kimura 2-parameter model. 

Gr1

Gr2 0.003

Gr3 0.052 0.050

Ita 0.052 0.050 0.013

Ro1 0.054 0.052 0.011 0.002

Ro2 0.054 0.052 0.011 0.002 0.000

Ro3 0.054 0.052 0.011 0.002 0.000 0.000

Ro4 0.054 0.052 0.011 0.002 0.000 0.000 0.000

Ro5 0.054 0.052 0.011 0.002 0.000 0.000 0.000 0.000

Ser1 0.054 0.052 0.011 0.002 0.000 0.000 0.000 0.000 0.000

Ser2 0.054 0.052 0.011 0.002 0.000 0.000 0.000 0.000 0.000 0.000

Ser3 0.056 0.054 0.013 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002

Ukr1 0.056 0.054 0.040 0.043 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.047

Ukr2 0.056 0.054 0.040 0.043 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.047 0.000

Ukr3 0.054 0.052 0.038 0.042 0.043 0.043 0.043 0.043 0.043 0.043 0.043 0.045 0.002 0.002  
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The phylogenetic analyses of the N. tessellata sequences indicate 3 major clades (Fig. 

10.). One group is formed by the Ukrainian sequences and another separate group by the Gr1 

and Gr2 sequences which are from the mainland of Greece. It was surprising that spatially 

distant samples clusters together (Gr3 sample from the island of Crete with the rest of the 

sequences from Romania, Italy and Serbia), but, actually, our results are in concordance with 

the findings of Guicking et al. (2009) which were based on the cytochrome b gene. According 

to that study, the colonization of Greece and Europe occurred in two waves, the Gr1 and Gr2 

COI haplotypes are remnants of the first colonization and they survived isolated since the 

early Pliocene. The rest of Western and Central Europe was colonized after the glacials. 

 The Ukrainian N. tessellata haplotypes form a separate clade from the European dice 

snake haplotypes and this topology is also in concordance with the findings of Guicking et al. 

(2009): the north of the Black Sea and the north east European habitats of the dice snake were 

colonized from the Caucasian refugium.  Northernmost and well isolated population of N. 

tessellata from Galichya Gora seems to be result from a very recent and fast colonization 

event: time of isolation was not long enough for any genetic divergence in the quite variable 

mitochondrial COI. 

 Ro5

 Ser1

 Ro4

 Ro3

 Ro2

 Ro1

 Ser2

 Ser3

 Ita

 Gr3

 Ukr3

 Ukr1

 Ukr2

 Gr1

 Gr2

 Natrix natrix

99

61

89

96

71

60

100

0.01  

Figure 10: Phylogenetic analysis of the 15 N. tessellata COI sequences, based on Kimura 2-parameter model 

and Maximum likelihood method. The bootstrap consensus tree was inferred from 1000 replicates. Natrix natrix 

((JN871611) sequence was used for outgroup. 
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8. Comparison between MHC and COI based phylogeny 

 

Having at disposal the MHC IIB exon 2 sequences and COI sequences from ranid 

species we can compare the phylogenetic trees yielded by the two types of molecular markers. 

The Phylogenetic trees were created by using our newly identified sequences together with 

sequences from the NCBI database. The newly identified sequences for the COI and MHC 

genes come from the same specimens; this is not the case for the sequences from the NCBI. 

The COI sequences group in 3 separate clades. One group is for the European Rana 

species, one group for the New World Rana species and one group for the Pelophylax species 

(green frogs). The Pelophylax sequences are basal to the brown frog sequences indicating that 

separation between green frogs and brown frogs predates the separation between the New 

World and European Rana species (Fig. 11.).  

The phylogenetic tree based on the MHC sequences seems slightly different. The 

alleles from the R. arvalis cluster together and they are positioned the closest to the R. 

temporaria alleles. The MHC alleles from the New World Rana species also cluster together, 

with one exception of a R. sylvatica allele, those groups together with the R. temporaria 

alleles. The trans-species polymorphism can be observed for the New World Rana sequences, 

the alleles from one species cluster closer to alleles for the other species. This is not the case 

for the green frog sequences that also group separately from the Rana sequences. As in case 

of the COI sequences the Pelophylax sequences are the basis for the ranid sequences 

supporting the hypothesis of earlier divergence between green frogs and brown frogs than 

between brown frogs of the two continents (Fig. 12.).  

 

 R. arvalis 02

 R. arvalis 03

 R. arvalis 01

 R. temporaria 01

 EF525856.1 R. catesbeiana

 EF525888.1 R. pipiens

 EF525902.1 R. sylvatica

 P. kurtmuelleri 01

 P. lessonae 01

 EU566846.1 X. laevis

100

99

99

0.02  

Figure 11: Phylogenetic analysis of the ranid COI sequences, based on Kimura 2-parameter model and 

Maximum likelihood method. The bootstrap consensus tree was inferred from 1000 replicates. 
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Figure 12: Phylogenetic analysis of the ranid MHC IIB exon 2 partial sequences, based on Kimura 2-parameter 

model and Maximum likelihood method. The bootstrap consensus tree was inferred from 1000 replicates. 

 

Our assumption is that MHC gene sequences can be more effective in species 

phylogeny analyses when we have most of the alleles from the target species. When we have 

more alleles we can differentiate between species specific alleles and common alleles between 

species. While the species specific alleles help the identification of the species, the common 

alleles still can indicate those species that share common alleles are closer to each other than 

species that do not share common alleles. Our study result conform the findings of Berggren 

et al. (2005), the use of MHC alleles together with the mitochondrial markers allows us to 

draw more detailed conclusions regarding species phylogeny. 
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Conclusions 

 

1. The major histocompatibility complex class II B gene partial sequences of the dice snake 

(Natrix tessellata) and the grass snake (Natrix natrix) show trans–species polymorphism. 

There are common alleles among different species. 

The grass snake has at least two MHC IIB loci since 4 alleles were identified in 1 specimen 

and they cluster separately. The 2 MHC loci can be predicted for the dice snake as well, since 

the two identified alleles cluster in different groups. 

The MHC class II B exon 2 region in the snakes has a high variability; in a sequence of 77 

bps we found 28 variable nucleotide positions. 

 

2. The major histocompatibility complex class II B gene partial sequences of the Rana species 

also present trans-species polymorphism. Alleles are shared within Rana species but not 

between Rana and Pelophylax species.  

The Rana arvalis genome has at least 2 MHC IIB loci, since 4 alleles were isolated from 1 

specimen. It can be predicted that the Pelophylax lessonae also has at least 2 loci because the 

amino acid differences between the two groups of alleles is of high value. 

For the Rana arvalis the rate of nonsynonymous mutation was significantly higher than the 

rate of synonymous mutation on the antigen binding sites. This substitution pattern is in 

concordance with the expected evolution pattern of the MHC genes, which predicts a positive 

selection on the antigen binding sites. 

 

3. The phylogenetic tree of the ranid species based on the cytochrome oxidase Folmer region 

has a similar topology to the phylogenetic tree based on 16S rRNA sequences. The COI 

sequences of the European Rana species cluster together and separately from the New World 

Rana COI sequences. The Pelophylax species form a distinct and basal clade to the Rana 

species. According to the COI sequences the divergence between green frogs (Pelophylax) 

and brown frogs (Rana) occurred earlier than the divergence between European and New 

World Rana species. 
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4. The cytochrome oxidase based phylogenetic study of the agile frog (Rana dalmatina) 

revealed a low genetic variability of the populations in Romania and the Carpathian basin, 

there were 9 identified alleles. 

The Carpathian Mountains do not represent a physical barrier for the gene flow and spread of 

this species. 

It is highly indicated the existence of a cryptic refugium between the Olt River valley and 

Southern Carpathians. In comparison with the other sampled regions this region showed a 

high allelic diversity.  

 

5.  The comparison of two alpine newt (Mesotriton alpestris) populations from the Apuseni 

Mountains and the Southern Carpathians revealed a cryptic refugium for the species in the 

Apuseni Mountains. 

The high altitude population form Southern Carpathians is homogenous indicating the 

founder effect from the lower altitude population, which has 4 alleles. 

 

6. The phylogenetic analysis of the dice snake (Natrix tessellata) in East Europe and the 

Balkans indicates 3 major clades and 8 different haplotypes of cytochrome oxidase subunit I 

sequence. One group is formed by specimens from Romania, Serbia and Crete, another clade 

by the samples from Ukraine and the third groups is formed by the sequences from the Balkan 

Peninsula. Sequences from the Balkan Peninsula (Thessaly) are basal to the other sequences 

indicating that colonization of Europe occurred in 2 waves and the colonization of Crete and 

East Europe is result if the from he second wave. 

 

7. The use of MHC alleles (nuclear marker) together with the COI alleles (mitochondrial 

marker) contribute to a more detailed phylogenetic analysis and systematics of the species, 

since the two type of markers complete well each other. The COI based phylogenetic tree of 

the ranid species is similar to the MHC based phylogenetic tree although the two types of 

markers have different evolutionary forces acting on them. 
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