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Details of data collection 

Mitochondrial DNA haplotypes of European wolves 

The analysis of the frequency and distribution of wolf mtDNA haplotypes in Europe 

was based on our published (Pilot et al. 2006; 643 samples) and new data (31 samples), and 

other studies on mtDNA variability of European wolves (Vilà et al. 1999; Randi et al. 2000; 

Flagstad et al. 2003; Valière et al. 2003; see Table S1 in Additional file 1). DNA extraction, 

PCR amplification and sequencing of the new samples were performed as described in Pilot et 

al. (2006). Sequences were compared using BLAST and aligned using Clustal W algorithm 

(Thompson et al. 1994) to identify different haplotypes.  

The samples were mapped with various precision, depending on the source of data. 

Locations of samples from Eastern Europe analyzed in our earlier study (Pilot et al. 2006) 

were determined with the precision of at least 30 km radius. Flagstad et al. (2003) reported 

counties (in Sweden and Norway), and Valière et al. (2003) provinces (in France and 

Switzerland) or countries (Spain, Portugal, Italy, Romania and Croatia) where the samples 

were collected. Vilà et al. (1999) and Randi et al. (2000) reported countries only. The samples 

were mapped with the maximum precision reported in the respective studies. Although 

sample locations were not precise, this should not affect the analysis made in the scale of 

entire Europe. 

 From the studies of Vilà et al. (1999) and Randi et al. (2000), data on wolves from 

southern Europe (Spain, Portugal, Italy, Greece, Croatia, former Yugoslavia, Romania) and 

northern Europe (Finland, Estonia) were used. In the case of haplotypes of wolves from 

France and Switzerland reported by Valière et al. (2003), we used only the haplotypes that 

were obtained from the analysis of tissue samples, and only from regions where the wolf 

population is already established, i.e. south-eastern France and southern Switzerland. If there 

was any premise that the same samples might have been analyzed in more than one study (e.g. 

the samples of Spanish wolves analyzed by Randi et al. (2000) might have been the same as 

some of the samples analyzed by Vilà et al. (1999)), these samples were counted only once.   
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In the case of wolves from the Scandinavian Peninsula, we used the data from the 

study of Flagstad et al. (2003) on historical, pre-bottleneck wolf population from this region. 

In particular, we considered the samples from the period 1960-1979. We used these data 

instead of the data on the contemporary wolf population from Sweden, because Vilà et al. 

(2003) have shown that the contemporary Swedish population had only one female founder. 

The use of the recent historical data should not cause any bias in the results, because 

haplotype w1, which is fixed in the contemporary Swedish population, also prevailed in the 

historical samples from the Scandinavian Peninsula (Flagstad et al. 2003). 

We also sequenced additional fragment of the control region using the primers L16462 

and H222 from Vilà et al. (1997) for 42 wolves carrying each of the 22 European haplotypes 

detected in Pilot et al. (2006) (w1-w22, see Table S1 in Additional file 1), selecting two 

individuals representing most distant geographical locations of each haplotype, except for 

haplotypes w18 and w20, each detected in one individual only. Combining this new fragment 

with the fragment that we had sequenced earlier (see Pilot et al. 2006), we obtained 661 bp 

control region sequences. We also obtained from GenBank sequences of the same length for 

three additional European haplotypes: w24 (AF008137; Vilà et al. 1997), w26 (AF098115; F. 

Koop and co-authors, unpublished) and w27 (AB007372; Tsuda et al. 1997), as well as for 

Indian and Himalayan wolves (AY289973, AY289974, AY289985; Aggarwal et al. 2007), 

and coyotes C. latrans (AF008185, DQ480509-DQ480511), which were used as the 

outgroup.  
 

Mitochondrial DNA haplotypes of Asian and North American wolves 

Information about mtDNA control region sequences of contemporary and historical grey 

wolves from Asia and North America were collected from published studies (Tsuda et al. 

1997; Vilà et al. 1999; Randi et al. 2000; Savolainen et al. 2002; Sharma et al. 2004; Leonard 

et al. 2005; Aggarwal et al. 2007) and NCBI database (accession numbers: AF098115-

AF098125, AY240073, AY570178-AY570181; see Table S1 in Additional file 1). 
 

Estimation of the expected number of wolf haplotypes in Europe 

We estimated the total number of wolf haplotypes that can be expected in Europe, 

using the method of rarefaction curve (Kohn et al. 1999) that plots the cumulative number of 

haplotypes found with increasing sample size, and estimates the total number of haplotypes as 

the asymptote of this curve. This method has been originally developed to estimate population 

size based on the frequency of re-samplings of the same individuals when non-invasive 
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methods of genetic analysis are applied (Kohn et al. 1999), but may be also used to estimate 

population size (e.g. Leonard et al. 2005). Three different functions have been proposed to fit 

the rarefaction curve. Kohn et al. (1999) used the equation: y = ax/(b+x), where y is the 

cumulative number of haplotypes, x is the number of genotyped samples, a is an asymptote 

(i.e. estimate of the total number of haplotypes) and b is a slope of the function. Eggert et al. 

(2003) used an equation y = a(1-ebx), and Valière (2002) used an equation proposed by 

Chessel: y = a – a[1-(1/a)]x (the meaning of the symbols is the same as in the first equation). 

As the sampling order affects the curve shape, the data set was randomized 1000 times 

(without replacement of haplotypes) using GIMLET (Valière 2002), and 1000 rarefaction 

curves were generated using the R package (Ihaka & Gentleman 1996) and a script file 

produced by GIMLET. The population size was estimated as the mean value of all iterations for 

the asymptote a. This procedure was performed for each equation described above.  

In the analysis performed for all European wolves, Kohn’s equation gave the mean 

estimate of the total number of haplotypes 28.72  1.29, and median estimate 28.60. Chessel’s 

equation gave the mean estimate 23.15  0.84, and median 23.18. This estimate was lower 

than the number of sampled haplotypes (27) and therefore unreliable. According to GIMLET 

manual, Chessel’s equation may under-estimate the results, whereas Kohn’s equation gives 

unbiased estimation for medium sampling effort and over-estimation when the sampling effort 

is high. Eggert’s equation could not be fit to the data and therefore did not produce results. 

Thus, Kohn’s equation seems to be most appropriate for the purpose of this study. 

 

Analysis of past population dynamics in BEAST 

 We applied several coalescent models (constant population size, exponential growth, 

expansion growth, and Bayesian skyline plot) implemented in the software BEAST 1.4.6 

(Drummond & Rambaut 2007) to reconstruct past population dynamics of European wolves. 

For each model applied, two independent MCMC runs of four chains each were run for 

10,000,000 iterations, of which the first 10% was discarded as burn-in. Samples from two 

runs (which yielded similar results) were combined to estimate model parameters. 

Genealogies and model parameters were sampled every 1,000 iterations. The strict molecular 

clock model was applied, the substitution model used was HKY and variation in mutation 

rates among sites was modelled using a gamma distribution with four rate categories. Mixing 

and convergence of the chains to the stationary distribution were checked using TRACER 1.4 

(A. Rambaut & A.J. Drummond, http://evolve.zoo.ox.ac.uk/software.html?id=tracer). For 

each run, the effective sample size for each parameter exceeded 100, which indicated efficient 
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mixing (i.e. low autocorrelation in the Markov chain) and sufficient sampling of model 

parameters.  
 

Discussion on defining the haplogroups  

The two haplogroups defined in this study have been supported in a phylogenetic tree 

of wolf mtDNA haplotypes constructed by Leonard et al. (2007) (see Table S3 in Additional 

file 1), and there haplogroup 1 formed a clade with a bootstrap support higher than 50%. The 

study by Vilà et al. (1997) showed that the reduction of length of wolf and dog mtDNA 

control region sequences from 1030 bp to 261 bp decreased the bootstrap support for 

branches, but did not cause changes in the assignment of haplotypes to the main clades in the 

wolf/dog tree. This is consistent with a simulation study showing that the analysis of shorter 

sequence data (500 versus 1000 bp) did not increase the fraction of incorrectly inferred 

topologies (Woolley et al. 2008). Therefore, the consistency of all phylogenetic methods in 

identifying haplogroup 1 as a clade strongly suggests that this reflects the true topology, 

despite the lack of bootstrap support for this clade in our study.  
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Based on 230 bp sequences. Numbers and symbols denote haplotype numeration in different 
studies:  
w1 – w75: symbols of haplotypes introduced in this study;  
Valière: Valière et al. 2003;  
Vilà: Vilà et al. 1999 and Leonard et al. 2005;  
Randi: Randi et al. 2000;  
Ellegren: Ellegren et al. 1996 and Flagstad et al. 2003;  
Tsuda: Tsuda et al. 1997;   
Savolainen: Savolainen et al. 2002;  
Koop: F. Koop and co-authors, unpublished (GenBank: AF098115-AF098125);  
Sharma: Sharma et al. 2004;  
a other studies: Aggarwal et al. 2007, A. Ardalan and co-authors, unpublished (GenBank: 
AY570178-AY570181), R.L. Gundry and co-authors, unpublished (GenBank: AY240073);  
b haplotypes found only in museum specimens;  
c sequences GW-AMM and GW-Gujarat from Aggarwal et al. (2007) also match this 
haplotype; 
E – Europe, EA – Eurasia, A – Asia, NA – North America. 
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Table S2. Results of the BEAST analysis of contemporary and ancient European wolves 
based on 57 bp sequences of mtDNA control region and estimated substitution rate, and 
contemporary European wolves based on 661 bp sequences and fixed substitution rate. 
 

Parameters Contemporary and ancient samples  Contemporary samples 

 Lower 

95% 

HPD 

limit 

Median Mean Upper 

95% 

HPD 

limit 

 Lower 

95% 

HPD 

limit 

Median Mean Upper 

95% 

HPD 

limit 

 Demographic expansion model 

Age estimate (Kyr B.P.) 

  All European wolves 

 

45  

 

70 

 

78  

 

136  

  

191 

 

315 

 

325 

 

480 

  Haplogroup 1 6  56  61  126  144 274 285 441 

  Haplogroup 2 45  68  74 119  155 291 299 455 

106 x effective size  of 

modern population (Ne)   

  

0.03 

 

1.09  

 

60  

 

304  

  

0.39 

 

4.38 

 

308 

 

126 

10-6 x substitution rate 

(subst./site/year) 

 

0.62 

 

2.92 

 

3.43 

 

7.37 

    

0.05 

 

Mean ln(posterior)   -883     -2013  

Bayes factor*   0.195     1.376  

 Constant population size model 

Age estimate (Kyr B.P.) 

  All European wolves 

 

46 

 

83 

 

101 

 

207 

  

204 

 

340 

 

353 

 

521 

  Haplogroup 1 9 68 83 196  169 301 313 490 

  Haplogroup 2 46 79 90 165  160 316 325 493 

106 x effective size  of 

modern population (Ne)   

 

0.03 

 

0.09 

 

0.11 

 
0.24 

  

0.42 

 

0.76 

 

0.79 

 

1.21 

10-6 x substitution rate 

(subst./site/year) 

 

0.49 

 

2.48 

 

2.91 

 

6.39 

    

0.05 

 

Mean ln(posterior)   -895     -2017  

Bayes factor*   5.134     0.727  

 
* Bayes factor of a given model as compared to the second model reported 
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Table S3. Comparison of the mtDNA haplogroups of worldwide grey wolves from 
Leonard et al. 2007 (based on 421-427 bp) and the present study (based on 230 bp).  
 
 
Leonard et al. 2007 Our data 

Geographic 
location 

upper haplogroup haplogroup 1  
lu1 w24 E 
lu2  - E 
lu14 w29 A 
lu21 w35 A 
lu17 w7 EA 
lu23 w37 A 
lu4 w10 E 
lu8 w3 E 
lu9  - E 
lu37 w54 NA 
lu18 w32 A 
lu19 w33 A 
lu20 w34 A 
lu22 w36 A 
lu33 w51 NA 
lu47 w57 NA 
lu50 w60 NA 
lu51 w61 NA 
lu7 w4 E 
lu10 w13 E 
lu11  - NA 
lu32 w48 NA 
lu54 w37 NA 
lu53 w63 NA 
lu38 w53 NA 
lu48 w58 NA 
lu49 w59 NA 
lu28 w55 NA 
lu52 w62 NA 
lu29 w56 NA 
lu30 w49 NA 
lu61 w52 NA 
lu31 w50 NA 
lower haplogroup haplogroup 2  
lu5 w22 E 
lu6 w14 E 
lu15 w30 A 
lu16 w31 A 
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Haplotypes are listed according to the order they appear in the phylogenetic tree in Leonard et 
al. 2007 (Figure 1 therein). Only extant haplotypes from Leonard et al. 2007 are listed, 
together with the corresponding symbols from the current study. The subdivision of the extant 
haplotypes into the two main haplogroups in the current study strictly corresponds to the 
subdivision of the extant haplotypes in Leonard et al. 2007. The upper haplogroup in the 
phylogenetic tree in Leonard et al. 2007 has a bootstrap support >50%, while the lower 
haplogroup is unsupported. Sequences of haplotypes lu2, lu9 and lu11 were not submitted to 
GenBank and therefore they could not be compared with the haplotypes from the present 
study. 
E – Europe, EA – Eurasia, A – Asia, NA – North America. 
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Figure S1. Spatial and temporal distribution of the ancient wolf Canis lupus samples. 
Based on data from Stiller et al. (2006). Unfilled symbols denote samples for which only 
approximate dating was reported. 
 
 
 
 
ACACCCCTACATTCATATATTGAATCACCCCTACTGTGCTATGTCAGTATCTCCAGGTAAAC
CCTTCTTCCCTCCCCTATGTACGTCGTGCATTAATGGTTTGCCCCATGCATATAAGCATGTA
CATAATATTACATTCTTACATAGGACATATTAACTCAATCTCATAATTCACTGATCTATCAA
CAGTAATCAAATGCATATCACTTAGTCCAATAAGGGCTTAATCA 
 

Figure S2. Sequence of haplotype w1 (230 bp) with parsimony informative sites (when 
compared with other wolf haplotypes worldwide) indicated in grey. A part of this 
sequence (57 bp) that was determined for ancient European wolves in the study by Stiller et 
al. (2006) is marked in bold. 
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Figure S3. Phylogenetic relationships between mtDNA haplotypes of European wolves 
(based on 230 bp sequences). A) Median joining network. Large symbols with numbers 
represent the haplotypes, middle-sized white circles internal nodes, and small black circles 
mutational transitions. Each line represents a single mutational change. Dashed lines denote 
alternative mutational connections. B) Left: Bayesian tree constructed using HKY+I+Γ model 
of nucleotide substitution, and an exponential prior on branch lengths. Clade credibility values 
are indicated above the branches for an exponential prior and below branches for a coalescent 
prior (* if >0.5, ** if>0.8). Right: Maximum likelihood tree constructed using TIM+I+Γ 
model of nucleotide substitution. Bootstrap support is indicated if found in more than 50% of 
1000 bootstrap replicates (* if >50%, ** if>80%). The main haplogroups are denoted by 
numbers 1 and 2. 
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Figure S4. Phylogenetic trees of mtDNA haplotypes of European wolves (based on 661 bp 
sequences). Left: minimum evolution tree constructed using maximum likelihood distances and 
HKY+I+Γ model of nucleotide substitution. Bootstrap support for this tree is indicated by stars 
above branches, and for the maximum likelihood tree below branches, if found in more than 50% 
of 1000 bootstrap replicates. Right: maximum parsimony tree, 50% majority rule consensus. 
Bootstrap support for this tree is indicated above branches, and clade credibility values of the 
Bayesian tree (constructed with a coalescent prior) below branches, if higher than 0.5. Numbers 1 
and 2 denote branches corresponding to the main haplogroups from Figure 1 in the main text. 
Haplotype w20 has an ambiguous position in the phylogeny. The tree is rooted with the sequences 
of Indian and Himalayan wolves, and coyotes. 
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Figure S5. Maximum likelihood tree of worldwide grey wolves based on 230 bp mtDNA 
sequences, constructed using TIM+I+Γ model of nucleotide substitution. Bootstrap 
support, if found in more than 50% of 1000 bootstrap replicates, is indicated as: stars above 
the branches for the maximum likelihood tree, stars below the branches for the minimum 
evolution tree, and “+”above the branches for the maximum parsimony tree. “+” below the 
branches indicate clade credibility values for the Bayesian tree (constructed with a coalescent 
prior) if higher than 0.5. Numbers 1 and 2 denote branches corresponding to the main 
haplogroups from Figure 1 in the main text. 
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Figure S6. Statistical parsimony network of mtDNA haplotypes of ancient Eurasian 
wolves (red) and contemporary wolves (black) from the entire species range, excluding 
India and Himalaya, based on 57 bp common to all sequences.  
The haplotypes of contemporary wolves come from published studies and GenBank (see 
references in Table S1), and the haplotypes of ancient wolves from the study by Stiller et al. 
(2006). Thin dashed lines denote alternative mutational connections. Two thick dashed-line 
rectangles denote haplogroups corresponding to the European haplogroups 1 and 2.  
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Figure S7. Coalescent reconstruction of past population dynamics of European wolves 
based on the expansion model implemented in BEAST.  
(a) Based on 661 bp sequences of contemporary European wolves, and the fixed substitution 
rate 5 x 10-8. (b) Based on 57 bp sequences of contemporary and ancient European wolves, 
and the substitution rate 3.4 x 10-6 estimated from the data. The expansion model was the 
most strongly supported model for the first dataset and the second most strongly supported 
model for the second dataset (shown here for a comparison). The x-axis units are radiocarbon 
years, and the y-axis units are a product of the effective population size (Ne) and the 
generation length in radiocarbon years (). The thick black line is the median estimate, and the 
thin blue lines show the 95% highest posterior density intervals. 


