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Abstract 
 

Black grouse (Tetrao tetrix) is a species that has declined rapidly in population size and range 
in most central and Western European countries during the last fifty years. Previous studies 
have shown decreased genetic diversity at neutral loci (microsatellites) in small and isolated 
populations compared with continuous ones. However neutral markers cannot give direct 
information about how selection is acting in different environments, nor the adaptive 
potential of individuals, which is also very important for long-term survival of endangered 
species. The major histocompatibility complex (Mhc) is a cluster of genes harboring a high 
level of polymorphism, thus it provides perfect candidates for studying adaptive variation. In 
this study I compared diversity of the B region Mhc class II β (BLB) gene among a large 
range of black grouse populations in different threat status: continuous, isolated and small 
isolated, and in addition also historical populations. The results indicate decreased Mhc 
diversity in isolated (both small and mediate) populations compared to continuous and 
historical populations. Although genetic drift appears to be the dominant force driving the 
short-term dynamic of adaptive genetic diversity in most isolated black grouse populations, 
the excess of nonsynonymous substitutions at PBS indicates the dominant strength of positive 
selection over evolutionary time-scales. For those black grouse populations with extremely 
small population size, declining Mhc variation set off the last alarm bell of local extinction. 

 
Introduction 
 

Black grouse (Tetrao tetrix) is a species under specific conservation concern, as populations in 
most central and Western Europe countries have diminished in numbers and have become 
fragmented during the last fifty years. Black grouse in Denmark was reported extinct since 2001 
(BirdLife International 2004). In England, black grouse was initially a widespread species, but the 
species is now restricted to the Northern Pennines (Warren et al. 2008). The Netherland population 
declined dramatically from the original population of 5000-8000 displaying cocks before 1940, to 
no more than 30 cocks around 1990 (Larsson et al. 2008). Nowadays, in lowland areas of Western 
Europe black grouse populations are present only in highly isolated habitat fragments. 
 
Several papers have shown that small and isolated black grouse populations are exhibiting loss of 
genetic variation (Höglund et al. 2007, Caizergues et al. 2003), which may attribute to increased 
level of inbreeding, increased importance of genetic drift and decreased gene flow from other 
populations. This pattern has been shown using selectively neutral markers (microsatellites). Most 
conservation genetics research has focused on using neutral microsatellite markers. They have the 
advantage that by ignoring selection and being highly variable, they can be used to estimate 
effective population size, past bottlenecks, gene flow, historical and geographical relationships 
between groups, or founder contributions (Hedrick et al. 2001). However, neutral markers cannot 
give direct information about how selection is acting in different environments, nor the adaptive 
potential of individuals, which is also very important for long-term survival of endangered species. 
Adaptive diversity is thus needed to be estimated using coding genes as genetic markers, 
preferably fitness-correlated genes. 
 
Mhc (Major Histocompatability Complex) genes provide perfect candidates for adaptive markers. 
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They are closely related to individual fitness as they code for immunoglobulins which present 
pathogen peptides to T cells to initiate the immune responses of vertebrates. In contrast to most 
other fitness-related genes with less genetic variation, they have showed a noticeable high level of 
polymorphism compared to other parts of the genome (Klein 1986). This is predictable as the 
allelic diversity could help protect against variable diseases. Due to their importance in immune 
defense and fitness, Mhc genes are among the most extensively studied clusters in vertebrate 
genomes (Horton et al. 2004), which provides another advantage of using them as adaptive 
markers. 
 
The high polymorphism of Mhc loci is most likely maintained by balancing selection caused by 
heterozygote advantage (Doherty and Zinkernagel 1975), frequency-dependent selection (Takahata 
and Nei 1990), or spatial and temporal variance in parasite selection regimes (Hill 1991). 
Additionally Mhc-dependent mate choice may contribute (Penn 2002). Positive selection could be 
tested by comparing rates of nonsynonymous substitutions with synonymous substitutions (dN/dS 
ratio), if this ratio is above one, then positive selection is indicated. Another way is to contrast 
pattern of Mhc population structure with neutral markers, to test uniform or different selection 
pattern among populations. The Ewens-Watterson homozygosity test of neutrality is also one way 
to indicate the mode (positive or directional) of selection (Ewens 1972, Watterson 1978). 
 
Previous studies have measured the Mhc variation in recently or historically bottlenecked 
populations with reduced genetic diversity at neutral markers. Five of them showed reduced Mhc 
diversity influenced by genetic drift, in one bird species, one tuatara species and in three mammal 
species (Miller et al. 2004, 2008, Nigenda-Morales et al. 2008, Seddon and Ellegren 2004, 
Fernandez-de-Mera et al. 2009), while three studies showed high levels of Mhc diversity despite 
low diversity at neutral markers, in two birds and in one mammal (Richardson and Westerdahl 
2003, Jarvi et al. 2004, Aguilar et al. 2004). These studies demonstrate that adaptive variation is 
not always consistent with neutral variation, and therefore adaptive variation should also be 
measured in endangered populations to provide more comprehensive conservation plans. 
 
While Mhc class I genes code for molecules on most cells that bind to short epitopes of antigens 
derived from intracellular pathogens, the class II gene codes for molecules on special 
antigen-presenting cells which bind to epitopes derived from extracellular pathogens, and present 
such to CD4+ T-helper cells. The Mhc class II molecule is a heterodimer formed by an α and 
β chain, in which the α1 and β1 subdomain contain the antigen binding sites (Madden 1995). In 
humans, most of the variable sites are found in the β1 region (Reche and Reinherz 2003), the 
second exon of Mhc class II β gene. Thus it is widely used to test the genetic diversity of Mhc 
genes. 
 
Black grouse Mhc structure showed high accordance with chicken Mhc, the classical ‘BF/BL’ 
region, so-called “minimal essential Mhc”, where functional genes exists in a dense and small 
region B (Strand et al., 2007). In this project I used a method called Reference Strand Comparison 
Analysis (RSCA) to genotype Mhc variation in the second exon of the B region Mhc class II β 
(BLB) genes, throughout a broad range of European black grouse populations. Those populations 
incorporate three threat statuses: continuous (putative population size is approximately 3000), 
isolated (population size around 300) and small isolated (population size around 30), together with 
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historical populations (population size uncertain) sampled before the year 1985. This was the first 
study at such a large range of populations in different threat status to test the Mhc variance. The 
null hypothesis was that the level of Mhc variation would be correlated with threat status, and that 
small and isolated populations would harbor lower levels of Mhc diversity due to genetic drift and 
lack of immigrants. 
 

- A brief introduction of the RSCA genotyping method 
To indentify alleles in a specific locus, the most reliable method until now is cloning of PCR 
products to separate different alleles followed by sequencing. However, this method requires 
substantial effort. To be economically feasible only a small sub-sample can be cloned, and 
therefore it will probably lead to an underestimation of allelic diversity. Faster and more economic 
genotyping methods such as denaturing gradient gel electrophoresis (DGGE) and single-strand 
conformation polymorphism analysis (SSCP) also have their disadvantages. These are low 
resolution between overlapping allele values and poor reproducibility due to variation in the gel 
matrix between runs (Lenz et al., 2009). 
 
Reference Strand-mediated Conformation Analysis (RSCA), in contrast, is an efficient and 
reproducible method with high resolution, which was developed by Arguello et al. (1998). In this 
study we amplified all the BLB Exon II sequences in one individual simultaneously. The PCR 
products were then hybridized to a fluorescent-labeled reference strand. Since variant sequences 
have distinct mismatches with the reference strand, heteroduplexes could then be separated 
according to their migration value in a capillary electrophoresis. Four reference strands were used 
to produce a multi-dimensional coordinate for each single allele, therefore highly increased the 
resolution among overlapping allele values. ET400R-Size standard was used as a background 
ladder, which corrects the variation in gel matrix between runs. RSCA could also reduce the labour 
for cloning and sequencing as we need only to clone the individual showing new peaks in the 
RSCA results. 
 

Materials and Methods 
- Black grouse samples 

Blood, feather, wing muscle or toe scrap tissue of 293 black grouse individuals was collected 
(including museum samples), from 16 populations throughout different European countries. These 
populations could be assigned into three different groups according to their fragmentation category 
and putative population size (Table 1). For the group ‘historical’, there’s no prominent 
demographic data remaining to assign them into one of the three categories. Some of them might 
have already been threatened at the time of sampling (for example the extinct black grouse 
population in Denmark). I therefore maintained them as a separate group. The sample size is the 
number of individuals in each population that were typed and gave reliable results. Populations 
with a sample size smaller than 10 were excluded in further analysis. 
 

- DNA preparation 
The genomic DNA was extracted from each ethanol-preserved blood, feather and tisssue sample 

using Qiagen blood and tissue DNA extraction kit or high-salt purification method. BLB sequences 
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were amplified using designed primers RNA F 1a (5’-GACAGCGGTGGGGAAATA-3’) and RNA 
R 1a (5’-CGCTCCTCTGCACCGTGA-3’). This primer pair amplifies a 125bp fragment from the 
108th bp in exon 2 until the 270th (the last) bp of exon 2 (Strand et al, 2007). A PCR reaction 
volume of 25 µl contained 2 - 100 ng DNA (concentration varies), 0.48 µM of each primer, 150 
µM of each dNTP, 3 mM of MgCl2, 1*buffer and 0.75 units BioTaq polymerase (Bioline). The 
reaction started at 94oC for 1 min and then ran for 35 cycles at 94 oC for 1 min and 30 s at both 
64.9 oC and 72 oC before a final extension step at 72 oC for 10 min. 

 
Table 1 Black Grouse populations studied and sample sizes of typed individuals 

Population category Population code Country Year of sampling Sample size 

Continuous pop (N=3000) Finland Fi Finland 2001 34 

 Norway  No Norway  1990 & 1991 17 

 Sweden Sw Sweden 2000 & 2007 13 

 Lithuania Li Lithuania 2002 & 2003 11 

Isolated pop (N=300) England Northern Pennines ENP UK 1996-2002 18 

 Lüneburger Heide LH Germany 1994-2008 15 

Small isolated pop (N=30) Netherland  Ne Netherland 2003-2006 44 

 Waldviertel Wa Austria 2002 & 2003 14 

 Poland  Po Poland 2007 & 2008 22 

 Rhön Rh Germany 1992-2006 13 

 Belgium Be Belgium 1992-2008 6 

Historical pop Old Sweden OS Sweden before 1982 16 

 Denmark De Denmark 1938-1984 11 

 German Museums GM Germany prior to 1946 30 

 Netherland Museum NM Netherland prior to 1946 19 

 Czech Cz Czech 1968-1983 7 

 
- RSCA protocol 

Preparation of fluorescent labeled reference strands (FLR) 
Four clones of BLB exon II sequences, one from black grouse and three from the closely related 
species hazel grouse, were screened out as reference strands, named FLR 1, FLR 10, FLR 13 and 
FLR 19 respectively. The same primer pair except the forward primer is labeled with 
FAM-fluorescein was used for the FLR PCR. Approximately 100 ng DNA, 0.5 μl of the FAM 
forward primer, 0.05 μl of the reverse primer, 0.5mM of dNTP, 2.5 mM MgCl2, 1 x buffer and 
0.25 units BioTaq polymerase (Bioline) were used in the 100 μl FLR PCR reaction. The reaction 
programme was the same with that of the amplification of genomic DNA. The PCR products were 
purified with the Millipore cleaning kit and eluted in 100 µl TE buffer (pH 7). 
 
Hybridization 
3 µl PCR products from genomic DNA were mixed with 2 µl FLRs in appropriate dilutions. As 
each FLR has specific hybridization efficiency due to the genetic distance from target sequences 
and GC content. Sometimes the ratio needs to be adjusted according to the concentrations of PCR 
product. A good ratio will give equal-height-peaks of homo- and heteroduplexes in capillary 
electrophoresis. The hybridization reaction started with denaturing at 95 oC for 10 min, then a 
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cooling step of 1.5 o/sec till 55 oC to help the formation of heteroduplexes, and held for 20 min. A 
final step at 4 oC for 15 min is to facilitate stabilization of the heteroduplexes. 
  
Capillary electrophoresis 
Each sample was diluted in 4 µl cold ddH2O and then 2 µl of this dilution was mixed with 8 µl 
ET400R-Size standard solution (0.45 µl ET400R-Size standard plus 7.55 µl ddH2O). A 
MegaBACE 1000 (96-well capillary) DNA Analyzer was used for genotyping. 3% non-denaturing 
MegaBACE Long Read Matrix provided non-denaturing environment for the heteroduplexes to 
migrate and separate with each other due to their tertiary structure. The running conditions are  
30 oC run temperature, 3 kV injection voltage, 45 sec injection time, 10 kV run voltage and 60 sec 
run time. 
 

-Plasmid library 
A plasmid library of 11 distinct BLB sequences (BLB 1-11) has been collected from cloned Finnish 
black grouse individuals during previous lab work (Strand et al. 2007, Strand & Höglund 
manuscript). Migration values for each BLB sequences with each of the four FLRs were recorded, 
according to several runs independently (at least 6 times for each, except allele 10 and 11, which 
were run only 2-3 times). Most of the alleles in this library can be distinguished from each other, 
except BLB1 and 3, BLB 8 and 9 (Fig. 1). 
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Fig. 1 Migration value of the BLB alleles with the four reference strands (FLR). Mean and SD of each allele from 
at least two independent runs. Solid symbols represent major migration value, and open symbols represent extra 
peaks which sometimes co-existed with major peaks. 
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-Mhc typing and cloning for new alleles 
The plasmid library served as a starting point of Mhc typing. Peaks of black grouse individuals 
were compared with the migration value of the 11 BLB sequences, and allele identity were 
assigned to the heteroduplexes if three of the four migration values corresponded to the library. 
The migration values for the library were set as mean +/- 3, not as mean +/- SD, as the migration 
values appeared to vary a lot due to co-migration. After genotyping, peaks that could not be 
assigned any allele identity were recorded as new peaks. Eleven individuals were chosen from 
Finland, Norway, Sweden and England as representatives of the individuals containing alien 
alleles after genotyping those four populations. They were cloned to identify the sequence of the 
new alleles. Subsequently those new alleles were added to the plasmid library (Fig. 1). 

 

-Data analysis 
Sequence data were aligned in the software CodonCodeAligner (CodonCode Corporation). Rates 
of synonymous (dS) and nonsynonymous (dN) substitutions and z-test for positive selection in all 
sites, peptide-binding sites (PBS), and non-peptide-binding sites (non-PBS) were estimated using 
Nei & Gojobori method with the Jukes-Cantor correction in Mega 4.0 (Tamura et al. 2007). The 
coding region was assigned after alignment to the second exon of Mhc class IIβ gene of great snipe 
(Ekblom et al. 2007). The peptide-binding sites (PBS) were set according to Brown et al. (1993). 
 
Since more than one BLB locus were found in many of the individuals, and they so far can not be 
separated (Strand et al. 2007), I treated all alleles as single locus, haploid data, and when 
calculating allelic frequencies, the total count of one allele in one sample was divided by the total 
count of all alleles appearing in the sample. Based on this, calculation of gene diversity (standard 
indices), nucleotide diversity (molecular indices), population pairwise genetic distance (pairwise 
Fst), Ewens-Watterson homozygosity test (Ewens 1972, Watterson 1978), and isolation by distance 
(Mantel test) were performed using Arlequin 3.11 (Excoffier et al. 2005). The Ewens-Watterson 
homozygosity test of neutrality was based on the theory that the balancing selection will induce a 
more even allelic frequency distribution than under neutral expectations. One would expect a lower 
homozygosity (F) in genes under balancing selection than neutral genes. P values were recorded as 
the probability of observing random samples with F values identical or smaller than the original 
sample. P values close to 0 indicate balancing selection, values around 0.50 indicate neutrality, and 
values close to 1 indicate directional selection. For the test of isolation by distance, the natural 
logarithm of the geographical distance between populations and Slatkin’s linearized Fst’s (Slatkin, 
1995) were used. Due to time limit the cloning work was only performed on four populations that 
were genotyped first (Finland, Norway, Sweden, and England). New alleles will probably appear 
in populations genotyped later if more cloning work was carried out. Thus the allelic number 
mentioned is the minimum number of alleles per population standardized by the smallest sample 
size 11. Additional statistical analyses were performed in Minitab 14 (Minitab Inc.) 
 

Results 
 
-Mhc typing 
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Mhc class IIβ genes were typed for a total number of 280 individuals from 14 populations 
(excluding the individuals with poor results and populations with sample size smaller than 10). 20 
different alleles were found (Fig. 2), in which the 20th allele was found only when cloning and 
sequencing (in the population from Norway), but not when genotyping. The sequence of BLB 1-11 
came from Genbank (Strand et al. 2007, Strand & Höglund manuscript); BLB 12-20 were from 
cloning and sequencing after showing of new alleles during genotyping. The primer pair RNA F 1a 
and RNA R 1a amplified a sequence 125 bp long, from the 128th bp until the 253rd bp in exon two 
of BLB gene (a full length of 270 bp). 37 of the 125 nucleotide sites of the second exon were 
variable. In each individual, one to twelve different alleles were found by genotyping. One to six 
different alleles were found by cloning and sequencing (the reason for this difference will be 
discussed later). According to the cloning and sequencing, there are at least three BLB loci in the 
black grouse genome. 

 

Figure 2. Nucleotide sequences of BLB 1-20, starts from 128 bp to 253 bp of exon II, Mhc class IIβ gene. Dots 
represent identity to the first nucleotide sequence shown on top. 
 

-Genetic diversity comparisons among different fragmentation categories: 
Since comparison among the originally divided four fragmentation categories gave no clear pattern 
of difference and considering the category “isolated populations” contained only two populations, 
both with sample size relatively small (less than 20 individuals), I combined isolated and small 
isolated populations into one single category which was named isolated. 2-sample t tests showed 
that except comparison of gene diversity between continuous and isolated populations (T-Value = 
2.65, P-Value = 0.038), all the other tests gave no significant differences of genetic diversity 
among the three categories. Despite that, all those measures of diversity showed a clear pattern 
(Fig. 3) that continuous populations harbor the highest diversity, historical populations slightly 
lower, and isolated populations obviously lower than both of them. 
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Figure 3. Genetic diversity comparisons between continuous and isolated populations (median, first and third 
quartiles were generated in Excel), tested by (a) gene diversity (b) Number of alleles standardized by sample size 
(c) Nucleotide diversity (d) Nucleotide diversity in peptide-binding sites. 
 

-Population differentiation. 
In Pairwise Fst comparisons most (67%) of the values were significant, indicating strong 
population differentiation. While comparing pairwise Fst values within and between population 
categories (Fig. 4), the Fst value between continuous vs. historical populations were the lowest 
(median=0.021), and the highest were for comparisons between continuous vs. isolated 
populations (median=0.042). A 2-sample t test showed significant difference between the pairwise 
Fst value of these two category pairs (T-Value = 2.08, P-Value = 0.045). Within different 
categories, the pairwise Fst value within isolated populations was higher than the other two 
categories, and among continuous populations the pairwise Fst value was the lowest. This 
suggested that, genetically, isolated populations were not only more deviated from the other two 
categories, but also more deviating among themselves. 
 
Temporal variation between old Sweden and Sweden, Netherland museum and Netherland, 
Germany museums and Germany (Luneburger Heide & Rhön) were all significant (Fst = 0.03012, 
0.01886, 0.05895, 0.0606; P = 0.00879, 0, 0.12207, 0). 
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Table 2 Pairwise Fst values for Mhc class IIβ genes variation between different populations. Values significantly 
differing from zero (P<0.05) are in bold. P values were obtained from 1023 permutations (above diagonal). 

  Continuous Isolated Small isolated Historical 

  Fi No Sw Li ENP LH Ne Wa Po Rh OS De GM HM 

Fi 0 0 0.03223 0.29688 0 0 0.1543 0.15137 0 0.00293 0.67285 0.02246 0.00195 0.10254 

No 0.05228 0 0 0.00098 0 0.02344 0 0.00195 0 0 0 0.00098 0.02148 0 

Sw 0.01602 0.04575 0 0.41504 0 0.15137 0.08594 0.08203 0.00195 0.0127 0.00879 0.0332 0.37988 0.00977 

Li 0.00246 0.04345 0.00014 0 0 0.05957 0.10449 0.70703 0.07812 0.25 0.07617 0.38281 0.08496 0.0752 

ENP 0.04117 0.08272 0.07032 0.08009 0 0 0 0 0 0 0 0 0 0 

LH 0.05159 0.02689 0.01186 0.0167 0.13381 0 0 0.06055 0.02441 0.05176 0 0.03516 0.12207 0 

Ne 0.00285 0.04929 0.01222 0.00922 0.03853 0.0482 0 0.10352 0 0.00098 0.04004 0.02441 0.00781 0 

Wa 0.0069 0.04356 0.01611 -0.00688 0.09426 0.02011 0.01023 0 0.22949 0.45898 0.13867 0.80078 0.07129 0.02734 

Po 0.05706 0.09109 0.05957 0.02172 0.17533 0.03537 0.06791 0.00644 0 0.57715 0.00098 0.2334 0 0 

Rh 0.03745 0.07831 0.03963 0.00586 0.14038 0.02125 0.04021 -0.00164 -0.00485 0 0.00293 0.3291 0.00488 0.00098 

OS -0.00259 0.05761 0.03012 0.0122 0.04198 0.06034 0.01003 0.00855 0.0578 0.0361 0 0.02148 0.00195 0.38477 

De 0.02328 0.06542 0.03542 0.00136 0.13806 0.03129 0.02565 -0.012 0.009 0.00427 0.03299 0 0.00391 0.00293 

GM 0.00607 0.05283 0.02542 0.01291 0.03779 0.05895 0.0217 0.02207 0.0586 0.045 0.00015 0.04924 0 0 

HM 0.02369 0.02008 0.00144 0.01255 0.06886 0.00952 0.01886 0.01513 0.0627 0.0374 0.02909 0.04395 0.0353 0 
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-Selection pattern acting on Mhc 
Putative amino acid sequences (Fig. 5) were obtained after alignment to the second exon of Mhc 
class IIβ gene of great snipe (Ekblom et al. 2007). All of the 20 alleles translated into different 
amino acid sequences. No frame-shift mutations or stop codons were found. 25 out of 41 amino 
acid sites were conserved. This indicates that the sequenced alleles were all from functional genes. 
For all the 125 sites, dN/dS ratio was approximately equal to 1 (1.018). For codons involving in 
peptide binding, the dN/dS ratio was higher than 1 (1.190), although the z-test for positive 
selection was not significant. For non-peptide-binding sites, dN/dS ratio was lower than 1 (0.826). 
(Table 3). 
 
The Ewens-Watterson homozygosity test of neutrality illustrated that all continuous and historical 
populations except Sweden, exhibited significant lower homozygosity than the neutral expectation. 
On the other hand all small and isolated populations except the Netherland exhibited 
non-significant values. Interestingly, the Polish population even suggested a directional selection 

Figure 4. Pairwise genetic distance (Fst) 
for Mhc genes between populations. The 
four points represents median value of 
pairwise Fst within the same population 
category (WC, WI, WH), between 
continuous and isolated populations (CI), 
between continuous and historical 
populations (CH), and between historical 
and isolated populations (HI), 
respectively. 
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with homozygosity slightly higher than the neutral expectation, although not significantly so 
(Table 4). 
 

 
Table 3 Rates of non-synonymous (dN) and synonymous (dS) substitutions in the 125 bp fragment from exon 
two of BLB genes. The rates were calculated in Mega 4.0, using Nei and Gojobori Method with the Jukes-Cantor 
correction. Standard errors were estimated by 1000 bootstrap iterations. 

 SEdN ±  SEdS ±  dSdN /  
All 034.0112.0 ±  038.0110.0 ±  1.018 
PBS 091.0238.0 ±  112.0200.0 ±  1.190 
Non-PBS 024.0057.0 ±  036.0069.0 ±  0.826 

 
Table 4 Ewens-Watterson homozygosity test of neutrality. All the samples but Poland showed lower 
homozygosity than for neutral genes. The samples with observed F values significantly lower than the expected 
F value (P<0.05) in bold. 

 Population Fi No Sw Li ENP LH Ne Wa Rh Po OS Da NM GM 

Sample size 174 63 44 51 124 52 186 48 45 52 90 33 78 100 

# of alleles 18 17 16 18 17 9 16 14 12 12 18 10 17 19 

Observed F value 0.075  0.083  0.107  0.077  0.097  0.134  0.081  0.105  0.145  0.186  0.081  0.126  0.092  0.082  

Expected F value 0.168  0.130  0.119  0.108  0.166  0.255  0.196  0.147  0.176  0.182  0.139  0.193  0.138  0.134  

Watterson F p-value 0 0.021 0.402 0.047 0.033 0.002 0 0.071 0.275 0.646 0.006 0.011 0.039 0.021 

 

-Isolation by distance: 
There was no isolation by distance (Mantel test, r=0.045, P= 0.33) among all populations, and the 
same was the case among continuous populations including historical ones (Mantel test, r=-0.125, 
P= 0.74). However, an isolation by distance relationship was found while only taking isolated 
populations into account (Mantel test, r= 0.527, P= 0.039), as visualized by Fig. 6. 

10 20 30 40
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BLB1 VADTALGELQAEYWNNNTERLEYARGAVDTYCRHNYGVFEP
BLB2 ..............................F..........
BLB3 ....P.....................E..RF.......G..
BLB4 ....P..............Y...V..S...F......IL..
BLB5 .............M.....Y..IK.NE...F..........
BLB6 ....P...........D.QFI..KQ.Q..R........V..
BLB7 ....P........M..D..Y...R..E..R.......IL..
BLB8 ....P....P......D..Y...R..E..R........V..
BLB9 ....P....P......D..Y...R..E..R........G..
BLB10 ....P........R.....Y...L..S...F.......N..
BLB11 ....P..............Y...V..S...F.......N..
BLB12 ....P..................K..S..RF.......G..
BLB13 ....P..................K..S..RF.......N..
BLB14 ....P....P.............K..S..RF..........
BLB15 ....P........R.....Y...V..S...F......IL..
BLB16 ....P....P.............K..S..R.......IL..
BLB17 ....P....P...R.........R..S..R.......IL..
BLB18 ....P........M..D..Y...R..S...F......IL..
BLB19 ....P....P......G..Y...R..E..R........G..
BLB20 ....P....P.............K..S..RL..........

Figure 5. Putative amino acid sequences for the twenty 
alleles. The Open Reading Frame (ORF) in the figure starts 
from the 129th bp of exon two. Dots represent identity to the 
fisrst amino acid sequence shown on top. 
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I so l a t i o n  b y  d i s t a n c e
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Discussion 
 

With RSCA, each individual was found to have to have one to twelve different alleles, while with 
cloning and sequencing, only one to six different alleles were found per individual. This is because, 
there were several undistinguishable allele pairs in the RSCA typing, and whenever both appeared, 
I chose to consider both as positive because I could not determine which one (or both of them) to 
trust. Thus the extremely high number of alleles per individual is not considered true. According to 
the cloning result, there should be at least three BLB loci in the black grouse genome. However, in 
further analysis on genetic diversity, pairwise Fst etc, I choose to trust the genotyping result 
because this error occurred in the typing procedure of all the populations and uniformed typing 
rules were used on them. Therefore this error can be ignored when comparing the genetic 
characteristics among all the populations. 
 
From previous studies (Höglund et al. 2007, Caizergues et al. 2003) using neutral markers, small 
and isolated black grouse populations exhibited lower level of genetic variation compared with 
continuous populations. In this study, including some of the small and isolated populations 
previously been tested for neutral variation (England Northern Pennines, Netherland, Waldviertel 
and Rhön). I tested the adaptive variation using fitness-related Mhc genes among populations with 
different threaten status. In isolated populations, genetic drift outweighs balancing selection in 
shaping allelic frequencies. 
 
This was suggested by four lines of evidence: firstly, diversity measures consistantly demonstrated 
lower genetic diversity in isolated populations. In large and continuous populations, balancing 
selection is acting on Mhc genes, which will lead to more alleles inside the population that may be 
used to combat different types of parasites. In small and isolated populations where gene flow is 
restricted, the level of inbreeding and importance of genetic drift are increased. This will lead to an 
increased stochastic loss of alleles. The balancing selection is thus no longer capable to maintain a 
high level of Mhc diversity, as observed in this study. 
 
Secondly, in pairwise Fst comparisons, most (67%) of the values were significant, indicating 
strong population differentiation. This pattern is due to complex reasons including low gene flow 

Figure 6. Isolation by distance pattern obtained by 
comparing Mhc genetic distance and geographical 
distance for populations pairs. Open symbols 
represent comparisons among isolated populations, 
and solid symbols represent comparisons among 
continuous (including historical ones). 
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and spatial and temporal variation in selection regimes. By comparing pairwise Fst values within 
categories and between categories, isolated populations appeared to be most divergent both among 
themselves and with other categories. This could be explained in two ways: differential selection 
(local adaptation) in isolated populations that differ in their ecological settings and pathogen 
community. Alternatively, the balancing selection is weak in these populations and Mhc alleles are 
effectively neutral, and the balancing selection is predicted to lower differentiation between 
populations compared with neutral loci (Schierup et al. 2000). By contrasting my Fst data with that 
from a previous study of neutral loci (Höglund et al. 2007) between the same populations, the Fst 
values for Mhc genes are much lower than for neutral loci. This suggests differential selection is 
not the main force to drive isolated populations to become more deviating from each other and 
from populations in other categories. Therefore neutrality is again indicated in the Mhc alleles 
from isolated populations. 
 
Thirdly, an isolation-by-distance pattern was only observed among isolated populations, indicating 
they have been more affected by drift compared with continuous and historical populations. Finally, 
the Ewens-Watterson homozygosity test of neutrality showed that most of the small and isolated 
populations were signified by selective neutrality at the studied Mhc loci, and almost all the 
continuous and historical populations showed significant evidence for positive selection. 
 
According to the neutral theory of evolution (Kiruma 1983), alleles are effectively neutral when s 
< 1/2Ne (s is the selection coefficient and Ne is the effective population size). If, for example, the 
expected long-term selection intensity is s < 0.02, in an effective population size of 25 individuals 
the alleles are expected to be effectively neutral. When applied to the present black grouse study, 
those populations with population size of approximately 30 individuals (small and isolated 
populations in lowland Western Europe) may be expected to be less affected by selection and more 
subjected to the effects of drift. However, the results above are only discernable when taking 
average values from isolated populations. When looking at the genetic diversity data in particular 
black grouse populations (supplemental material, table 5), only the populations from Luneberger 
Heide, Poland and Rhön are consistent with the prediction from the neutral theory. England, 
Waldvertiel and Netherland exhibits genetic diversity as high as in continuous populations. In 
Northern England, recovery projects have shown encouraging success with increase from 773 of 
lekking males in 1998 to 1,029 males in 2006 (Black grouse UK 2007). Thus the population size 
during sampling years (1996-2002) should have been higher than other isolated populations. 
However, there are indications that the populations in the Netherland and Waldviertel were indeed 
small (Höglund et al. 2006). According to the simulation by Aguilar et al. (2004), high Mhc 
diversity could also exist in severely bottlenecked (<10 individuals) populations, if the bottleneck 
happened 10-20 generations ago with selection coefficients greater than 0.5.  
 
Although drift appears to be the dominant force driving short-term dynamic of adaptive genetic 
diversity in most isolated black grouse populations, the excess of nonsynonymous substitutions at 
PBS, indicate the dominant strength of positive selection over evolutionary time-scales. Similar 
patterns of balancing selection across large time scales, while neutral forces determine short-term 
patterns of diversity were also found in other studies (e.g. Seddon and Ellegren 2004). 
 

-Implications for conservation of black grouse 
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The overall trends of declining genetic diversity in Mhc alleles calls for particular concern for 
isolated black grouse populations. Not only is neutral diversity lower in isolated populations, 
indicating an overall decline in genetic diversity, but also the Mhc gene, which is under balancing 
selection and presumed to be highly variable, signified impoverished diversity now. It has been 
predicted that low Mhc variation may increase susceptibility to pathogens, therefore increasing the 
probability of extinction (Hughes 1991). Studies have shown association between Mhc alleles and 
local resistance to specific pathogens (e.g. Bonneaud 2006). It is hard to answer how much Mhc 
diversity is required to ensure long-term survival of endangered populations, as in some cases 
(Babik et al. 2009) species can still survive a long time after losing Mhc diversity. Researchers 
may need to focus more on associations between specific Mhc alleles and resistance to specific 
pathogens, or include more immune genes other than Mhc class I and II genes in the future. In this 
particular case of conservation of black grouse, loss of Mhc diversity set off the last alarm bell for 
local extinction in extremely small populations. Although we can still observe high Mhc variation 
in some small and isolated populations such as Waldviertel and Netherland, it is just a matter of 
time before they are attacked by a new type of pathogen, and with such a small population size 
they are almost doomed to extinction. 
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Supplemental material 

 
Table 5 Gene diversity, nucleotide diversity, and nucleotide diversity in peptide binding sites for each population. 

Population Gene diversity 
# of alleles 
standerized by sample size 

Nucleotide diversity Nuceotide diversity in PBS 

Fi 0.93064 5.8 0.104858 0.059344 
No 0.93139 11.0 0.080262 0.042884 
Sw 0.91332 13.5 0.095772 0.055386 
Li 0.94118 18.0 0.100813 0.056819 
OS 0.92934 12.4 0.097095 0.052327 
De 0.90152 10.0 0.099273 0.05282 
GM 0.92687 7.0 0.095722 0.0478 
HM 0.92008 9.8 0.089177 0.05464 
ENP 0.91018 10.4 0.086649 0.046962 
LH 0.88311 6.6 0.077635 0.040659 
Ne 0.92398 4.0 0.100515 0.056512 
Wa 0.91401 11.0 0.093759 0.050455 
Po 0.83032 6.0 0.076814 0.039421 
Rh 0.87475 10.2 0.080881 0.038895 
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