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Introduction 

Biodiversity 

Biodiversity incorporates not only ecosystem and species diversity, but also 
genetic diversity. A general concern for the conservation of biodiversity is to 
maintain the genetic variation, particularly for endangered species when the 
remaining populations are fragmented or small. Small and isolated popula-
tions are highly susceptible to further decline not only by demographic sto-
chastic factors, but also by genetic drift and increased risk of inbreeding 
(reviewed in Höglund 2009). A large meta-analysis of species from all major 
taxa demonstrated convincingly that most threatened taxa have lower genetic 
diversity than closely related non-threatened taxa (Spielman et al. 2004b). 
Therefore, threatened taxa face greater extinction risk as genetic diversity is 
thought to be an important component to ensure the viability of animal popu-
lations (Frankham 1996).  

The maintenance of all levels of biodiversity can be beneficial for people. In 
a recent review it was argued that intact biodiversity could protect humans 
against zoonotic infectious disease (Keesing et al. 2010). For example, high 
species diversity among wild birds is correlated to reduced vector-borne 
disease risk for humans (Swaddle & Calos 2008), predator species richness 
is associated with reduced Sin Nombre Virus in island deer mice (Orrock et 
al. 2011) and manipulated high species diversity in a field experiment led to 
lower hanta virus infection prevalence in reservoir rodent species (Suzan et 
al. 2009). Similarly, host genetic diversity may buffer against diseases 
(Altizer et al. 2003; Spielman et al. 2004a). Taken together, these studies 
suggest that biodiversity loss, at different levels, could lead to increased 
spread of pathogens to their final hosts.  

Neutral genetic diversity 
Take moulted feathers from the ground in several different areas from a bird 
species of your interest. Without even observing the birds, the information 
hidden in these feathers will reveal facts about the bird species that resem-
bles those obtained from a forensic investigation. However, instead of clues 
to find the criminal, one will get information about population structure, 
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number of populations and individuals, gene flow between populations and 
if the populations are inbred. Neutral genetic diversity is a contemporary yet 
classic tool to assess whether certain populations are suffering from the det-
rimental effects of elevated levels of genetic drift and inbreeding which lead 
to loss of genetic variation (Höglund 2009). Neutral genetic markers are 
used for analyzing a subset of neutral genes (such as microsatellites) and this 
is a way to measure neutral genetic diversity and population structure.   

Adaptive genetic diversity 
In contrast to neutral parts of the genome, adaptive genes are functional and 
expressed. A population with low diversity in neutral parts of the genome 
may also have lowered diversity in parts of the genome important for adapta-
tion to environmental changes, such as new pathogens or a warmer climate. 
There are many genes that potentially are responsible for a population’s evo-
lutionary ability to respond to environmental changes, for example pigmen-
tation genes, photoperiodism genes and immune system genes (Höglund 
2009).  

 
Examples of positive correlations between neutral and adaptive genetic di-
versity can be found in the literature (Radwan et al. 2010), but in a large 
meta-analysis no clear patterns were identified (Reed & Frankham 2001). 
Therefore, it has been argued, to predict a population’s evolutionary poten-
tial it is not enough to only study neutral genetic markers (Kirk & Freeland 
2011). 
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Major Histocompatibility Complex 
Gene organisation 
The Major Histocompatibility Complex (MHC) acts at the interface between 
the immune system and infectious disease and is a cluster of immune related 
genes known for being the most diverse genes among vertebrates (Piertney 
& Oliver 2006). A striking example is humans, where close to a thousand of 
different alleles are known from the MHC class II DRB1 loci (Robinson et 
al. 2011). The MHC gene organization, gene number and degree of expres-
sion are highly variable among taxa, such as birds, mammals and fish, and 
are also often very different between closely related species (Kelley et al. 
2005).  

In birds, domestic chicken (Gallus gallus domesticus) is the avian MHC 
model species with a more than 60 year history of MHC studies (Briles et al. 
1950). The core of MHC in chicken is called the classical MHC or the 
BF/BL region, which among others, consists of MHC class I and class II 
genes, TAP genes, Tapasin and one MHC class IV (BG) gene. This gives a 
total of 19 genes in 92 kb (Kaufman et al. 1999). In comparison humans 
have 128 expressed genes in 3600 kb (including pseudo genes) (The MHC 
sequencing consortium 1999). Because of the compact and small structure of 
the chicken MHC compared to humans it has been named “a minimal essen-
tial MHC”. However, the entire chicken MHC is larger than 92kb since it 
also contains Y (formerly called Rfp-Y) genes and other BG genes. The 
various MHC classes consist of variable numbers loci depending on the spe-
cies. In chicken, MHC class II B (BLB) encompasses two loci: namely 
BLB1 and BLB2,  with evidence suggesting  BLB2 is more transcribed than 
BLB1 at the RNA level (Jacob et al. 2000; Pharr et al. 1998).  

Associations to disease and survival 
MHC class I encodes molecules that present peptides from intracellular 
pathogens, like viruses, to cytotoxic T-cells which then kill the infected 
cells. The class I receptors are presented on the surfaces of nearly all nucle-
ated cells. Class II genes on the other hand are expressed on specialized cells 
of the immune system, such as B-cells and macrophages. The class II mole-
cules present peptides from extra cellular pathogens like bacteria to T-helper 
cells that trigger the production of antibodies (Kelley et al. 2005). Both class 
I and class II genes are important in the adaptive immune response of verte-
brates and chickens have the strongest known disease-MHC associations. 
This includes resistance to viral, bacterial and parasitic pathogens (Kaufman 
2008). MHC is also involved in autoimmune diseases and in the response to 
certain vaccines in chicken (Kaufman 2008). 
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The fact that numerous associations have been found between MHC geno-
types and pathogen resistance in various species (Bonneaud et al. 2006; 
Meyer-Lucht & Sommer 2005; Oppelt et al. 2010; Westerdahl et al. 2005) 
together with MHC diversity being related to survival in birds (Bonneaud et 
al. 2004; Brouwer et al. 2010; Worley et al. 2010), makes MHC genes one 
of the most suitable candidates for studies of adaptive genetic diversity in 
birds (Piertney & Oliver 2006). 

Zoonotic diseases 
Zoonotic diseases are infectious diseases that are transmitted from wildlife to 
humans. It has been estimated that 75% of emerging human infectious dis-
eases are zoonotic (Taylor et al. 2001). There are examples of occurrence of 
zoonotic diseases being correlated to MHC in wild host species, such as 
rabies in raccoons (Procyon lotor) (Srithayakumar et al. 2011) and hanta 
virus in bank voles (Myodes glareolus) (Deter et al. 2008).  

Wild birds are involved in transmitting zoonotic disease, as both reser-
voirs and/or vectors (Tsiodras et al. 2008). Pathogens found to be associated 
with wild birds to date are influenza A virus (Munster et al. 2007), west nile 
virus (Swaddle & Calos 2008), sindbis virus (Kurkela et al. 2008) and lyme 
disease (borrelia) (Brinkerhoff et al. 2011). In addition, there are other zoon-
otic pathogens with a theoretical risk of transmission from wild birds to hu-
mans, for example anaplasma, campylobacter, Japanese encephalitis and 
cryptosporidium (reviewed in Tsiodras et al. 2008). 

In this context, MHC genetic diversity is important to monitor in wild 
populations that are or will be at risk of directly or indirectly transmitting 
zoonotic diseases to humans. 

Selection of MHC 
Since MHC genes are extremely polymorphic, it is relevant to consider how 
this variation is maintained. Natural selection is acting on the individual 
phenotype, yet targets the genotype, or alleles, that have an impact on an 
individual’s fitness. The consensus explanation is that classical MHC genes 
have been under balancing selection driven by selection against pathogens, 
leading to maintenance of diversity in populations. Balancing selection at 
MHC preserves variation by heterozygote advantage (overdominance but in 
some cases also dominant), rare-allele advantage (negative frequency-
dependent selection), but also (temporally and spatially) fluctuating selection 
(see Spurgin and Richardson 2010). Heterozygote advantage occurs when 
individuals heterozygous at a locus have greater fitness than the homozy-
gotes. Frequency-dependent selection describes a situation when the pheno-
type fitness of an allele is dependent on its frequency relative to other pheno-
types in a population. Gene conversion and recombination (reviewed in Mar-
tinsohn et al. 1999), trans-species evolution (Takahata 1990), MHC-
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dependent sexual selection (reviewed in Piertney and Oliver 2006) and se-
lection against hitchhiking recessive deleterious mutations (van Oosterhout 
2009) may also play a role in shaping MHC diversity. 

Evolution of MHC genes 
MHC genes show pronounced differences in genomic organisation and num-
ber of loci among vertebrate lineages (Kelley et al. 2005), especially when 
mammalian and non-mammalian species are compared (Hess & Edwards 
2002; Kulski et al. 2002). Therefore, different hypotheses have emerged for 
how the complex MHC multigene family has evolved.  

The consensus theory is that MHC evolution is characterized by repeated 
gene duplication (birth) and gene loss (death), therefore loci evolve under a 
birth-and-death model (Nei et al. 1997; van Oosterhout 2009). Phylogenetic 
patterns can reveal if observed duplicated genes arose in the modern species 
(recent duplication) or in an ancestor (early duplication). Recent duplication 
leads to a pattern where different MHC loci within a species is more closely 
related than orthologous MHC loci among species (Kaufman 2008; Walker 
et al. 2011). Early duplication results in orthologous MHC loci from differ-
ent species being more closely related than different MHC loci within spe-
cies. The pattern identical to what is expected in recent duplication can also 
be caused by concerted evolution acting on early duplicated genes (Burri et 
al. 2008a; Hess & Edwards 2002). Concerted evolution occurs when a frag-
ment of one locus is copied to another (inter locus genetic exchange or non-
reciprocal recombination or gene conversion) (Martinsohn et al. 1999). Fur-
thermore, convergent evolution occurs if unrelated genes have functionally 
converged and this can result in a pattern of convergent MHC loci among 
species being more similar than MHC loci within species (i.e. same pattern 
as in early duplication genes) (Burri et al. 2008a; Burri et al. 2010). These 
different theories are not mutually exclusive, which adds a further level of 
difficulty understanding MHC genes and interpreting MHC data.  
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Non-model bird species  
During the last twenty years, avian MHC studies have been performed in 
wild birds and poultry species other than domestic chicken (Alcaide et al. 
2010; Burri et al. 2008b; Cloutier et al. 2011; Edwards et al. 1995; Ekblom 
et al. 2007; Jarvi & Briles 1992; Miller & Lambert 2004a; Reed et al. 2011; 
Richardson & Westerdahl 2003; Worley et al. 2008). Studies of bird species 
within the same order as chicken, Galliformes, reveals similar overall organ-
isation but sometimes large differences in number of duplicated MHC genes 
(Shiina et al. 2004) and in the orientation of genes (Chaves et al. 2009). The 
different organisation and number of genes among bird species, even within 
families, makes it very difficult to predict their organisation in a non-model 
focal species. This has consequences for analysis of MHC data. If amplifica-
tion of expressed MHC loci and separation of the highly variable alleles is 
successful, the problem of separating the alleles from duplicated MHC loci 
often remains unsolved.  

Because of the problems with nearly identical MHC loci, single locus 
amplification of polymorphic and expressed (or putatively expressed) MHC 
genes in birds has been a goal for evolutionary biologists for over a decade 
(Edwards et al. 1998; Miller & Lambert 2004b) but has not been successful 
until recently. Very few bird species studied so far have only a single MHC 
class II B locus (i.e. parrots (Hughes et al. 2008), penguins (Tsuda et al. 
2001) and kestrels (Alcaide et al. 2007). Among the numerous birds holding 
duplicated MHC class II loci, single locus amplification has so far only been 
reported in red jungle fowl/domestic chicken (Gallus gallus) (O'Neill et al. 
2009; Worley et al. 2008), captive turkey (Meleagris gallapavo) (Reed et al. 
2011) and Barn owl (Tyto alba) (Burri et al. 2008b).  

Inferences of heterozygosity, evolutionary patterns as well as detailed cor-
relations to reproductive success and diseases, cannot be performed until 
MHC can be amplified in a locus-specific manner.  
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Objectives of thesis 
In this thesis I focussed on MHC to understand how immunogenetic diversi-
ty is affected by environmental changes. I studied MHC class IIB genes in 
black grouse (Tetrao tetrix), which is threatened in parts of its range. This is 
an optimal study species since within its present distribution it holds both 
large healthy populations, as well as reduced populations in severely frag-
mented habitats.  

 
My thesis is also a notebook of how to study MHC genes in a species 

without any prior genomic knowledge of MHC.  

More specifically my objectives were: 

1. To study if black grouse has orthologous loci to chicken MHC class II B 
(BLB) and Y (YLB), and to examine the number of loci present. In addi-
tion, explore transcription and quantify levels of polymorphism in BLB 
and YLB genes (PAPER I). 

2. To identify the type of natural selection acting on different MHC class II 
B loci in black grouse (PAPER I and V). 

3. To optimise a genotyping method to separate BLB alleles in black 
grouse (PAPER II). 

4. To analyse if diversity in BLB and neutral markers are lower in small 
and fragmented populations than in large continuous populations (PA-
PER III). 

5. To investigate if diversity and population structure is different between 
BLB and neutral markers (PAPER III). 

6. To assess if diversity in both BLB and neutral markers has decreased in 
two bottlenecked populations in central Europe and examine the effects 
of genetic drift (PAPER IV). 

7. To develop a method to separately amplify BLB1 and BLB2 loci in 
black grouse and to investigate if BLB1 and BLB2 have different evolu-
tionary histories (PAPER V). 
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Methods 

Study species  

Black grouse 
As a focal species I used the black grouse which is threatened in parts of its 
range. Therefore, it is an optimal study species in this context since it in-
cludes large more or less continuous populations as well as reduced popula-
tions residing in severely fragmented habitats (Storch 2007). Because of the 
species spectacular mating system the bird has received considerable atten-
tion from both the public and research community. Black grouse has been 
subjected to studies of sexual selection (including mate choice) in the wild 
for decades (de Vos 1979; Hjorth 1970; Höglund & Alatalo 1995; Koivisto 
1965; Lebigre et al. 2007). The MHC could potentially be involved in the 
mate choice of lekking birds, as males provide neither parental care nor re-
sources to females, contributing only genes to their offspring (Zelano & 
Edwards 2002). 

Grouse are popular game species and the black grouse is no exception. 
During the 18th and 19th centuries and even the first half of the 20th century 
black grouse was an economically valuable species in Sweden (Svensson et 
al. 1999). Based on hunters reports, an estimation of between 25 000 and 
50 000 black grouse were culled each year in Sweden during the last 30 
years (Svenska jägarförbundet 2011). The latest national count in Sweden 
indicates there are approximately 180 000 females, with the highest breeding 
densities in central Sweden (southern Norrland and northern Svealand) 
(Ottosson et al. in press).  

It has been suggested that black grouse and other grouse species in Fin-
land may be involved in the transmission of the mosquito-borne zoonotic 
Ockelbo disease (Sindbis virus) (Kurkela et al. 2008). This is because virus 
outbreaks in humans emerge in approximately 7-year cycles and coincide 
with peaks in the cycling of grouse populations (Brummer-Korvenkontio et 
al. 2002). In addition, detection of high levels of antibodies to Sindbis virus 
in black grouse have coincided with human outbreaks (Brummer-
Korvenkontio et al. 2002; Kurkela et al. 2008). These findings add further 
emphasis to the importance of studying black grouse in regards to immune 
genes. 
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Distribution and threat 
Black grouse is distributed from the United Kingdom in the west, to the 
mountains bordering the People’s Republic of China and North Korea in the 
east (the European range is displayed in Figure 1). Despite large distribution 
and large world population, black grouse is indexed in Annex 1 in the Euro-
pean Union wild bird Directive (The European parliament and the council of 
the European Union 2010), which means it is a species “subject of special 
conservation measures concerning their habitat to ensure their survival and 
reproduction in their areas of distribution”. However, the black grouse is not 
globally threatened since it is listed as “least concern” on the IUCN red list 
of threatened species (BirdLife International 2009). Still, black grouse is 
listed in national red data books in many countries in central and western 
Europe (Storch 2007). These populations have rapidly decreased since the 
1970s and many small ones have become extinct (Klaus et al. 1990). The 
major cause of this decline is habitat degradation and deterioration due to 
intensified human land-use (e.g. forest plantations and drainage of moor-
lands). 

 

1:150 000 000

Fin_C

Lat_C

SweJ_C

Nor_C

Eng_I

Neth_SI

Alps_C

Ger_SI

Aus_SI

Pol_I

LH_I

 
Figure 1. Map over sampled contemporary populations (paper III). The black 
grouse distribution range is displayed in grey (range map from Storch (2007)). The 
code names of the populations indicate the population category: continuous (_C), 
isolated (_I) and small isolated populations (_SI). Population code as in Table 1. 
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Sampled populations  
The DNA and RNA from black grouse I used in this thesis came from a va-
riety of sources and locations (in this thesis referred to as populations) 
(Figure 1 and Figure 2). I used footpad scrapes from museum specimens, 
moulted feathers collected on mating grounds, eggshells, tissues and feathers 
from carcasses or hunted individuals and, blood samples from captured indi-
viduals. In some countries I had to rely entirely on non-invasive sampling 
(i.e. collected feathers) because hunting or capturing is not allowed due to 
the threat status.  

In paper I, I included 31 individuals sampled around Jyväskylä in Finland, 
of which 21 belonged to three family groups. In paper II, I tested a genotyp-
ing method on 24 individuals across Europe (but mainly from Finland). In 
paper III, I divided 320 European samples into different categories based on 
population size and degree of isolation, resulting in eleven “contemporary” 
populations (Table 1 and Figure 1). In paper IV, we used museum speci-
mens (referred to as historical populations) and two contemporary popula-
tions with a total of 125 individuals from central Europe (Table 1 and Figure 
2). In paper V, I included 13 individuals (mainly sampled in Finland). 

 
 

 
 

Figure 2. Map displaying northern Germany, Netherland and Denmark. Shaded 
grey areas represent black grouse distribution from the 1960s. Dotted dark blue areas 
represent current distribution. The current sampled populations Sallandse Heuvelrug 
(SH) and Lüneburger Heide (LH) are highlighted (paper IV). 
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Table 1. Details over contemporary and historical black grouse populations sam-
pled for the population studies in paper III and IV. The code name indicates whether 
samples belong to paper III or IV and N indicates an approximated population size. 

Category Population Code Country Year of sampling 

Contemporary          

Continuous Jyväskylä Fin_CIII Finland 2001, 1989-95 

(N≈>1000)  Kristiansand Nor_CIII Norway  1990-1991 

  Jämtland SweJ_CIII Sweden 2007 

  Latvia Lat_CIII Latvia 2002-2003 

  Alps Alps_CIII Switzerland 2005 

Isolated Northern Pennines Eng_IIII UK 2000-2006 

(N<300) Lüneburger Heide LH_IIII, LHIV Germany 1994-2008 

  Sudety Mountains Pol_IIII Poland 2007-2008 

Small isolated Sallandse Heuvelrug Neth_SIIII, SHIV Netherlands 2003-2006 

(N≈30) Waldviertel Aus_SIIII Austria 2002-2003 

  Rhön Ger_SIIII Germany 1992,93,95,2003 

Historical         

(N≈7000 ) (1955) Germany Ger_HIV Germany <1887-1978 

(N≈15000) (1941) Netherlands Nl_HIV Netherlands 1893-1941 

(N≈2000 ) (1942) Denmark Dk_HIV Denmark 1905-1984 

Lab methods  

DNA and RNA extraction 
For the majority of blood samples, genomic DNA was extracted using a 
standard phenol-chloroform procedure (Sambrook et al. 1989), but salt ex-
traction (Paxton et al. 1996) was also occasionally used. Genomic DNA 
from feathers and muscle was extracted using DNeasy Tissue kit as de-
scribed in Höglund et al. 2011. 

In preparation for extraction of RNA (cDNA) a young male (D870) was 
sacrificed in 2004 near Jyväskylä, the spleen was dissected immediately, 
stored in RNAlater (Ambion, Austin, TX) and refrigerated. Isolation of total 
RNA was made with the “RNeasy Mini Kit Protocol for isolation of total 
RNA from animal tissues” (Qiagen Nordic, Solna, Sweden) on the collected 
tissue according to the manufacturer’s protocol.  

PCR 
MHC studies in a species without any prior information of the genomic or-
ganization of MHC, involves considerable testing of primers and PCR proto-
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cols. It is a challenge to amplify functional MHC loci in the presence of mul-
tiple loci, pseudo genes and highly divergent alleles (Babik 2010).  

The successful MHC primers in this thesis are presented in Table 2 and in 
Figure 3, where the amplified BLB regions are displayed. In paper I, I used 
primer pair Ex2a/Ex3b (originally designed for chickens) for amplifying 
YLB sequences from gDNA in black grouse. Ex2a/Ex3b and a degenerated 
Ex2a/Ex3b were used to amplify sequences from cDNA. I aligned the result-
ing YLB gDNA and BLB cDNA sequences. Where they deviated, I designed 
the primer pair RNAF1a/RNAF1a in conserved regions of exon 2 from 
cDNA for amplifying functional BLB but not YLB alleles. This stable pri-
mer pair resulted in a PCR product of 125 bp (without primers), which is an 
ideal length, as working with non-invasive sampling often results in degrad-
ed DNA. RNAF1a/RNAF1a was used in all projects in this thesis and is also 
capable of amplifying BLB in hazel grouse (Bonasa bonasia) (J. Roza, T. 
Strand et al. manuscript), willow and red grouse (Lagopus lagopus) (un-
published) and greater prairie-chicken (Tympanuchus cupido) (Eimes et al. 
2010). This indicates the primers amplify a wide range of BLB, but not 
YLB, alleles. 

For each primer par (either designed for black grouse or obtained from 
other authors), I required a protocol that amplified the correct PCR product 
in black grouse. For details of resulting PCR protocols amplifying a single 
robust product of correct nucleotide size, see the corresponding paper in 
thesis (Table 2).  

Table 2. MHC primers and corresponding sequences used in the thesis. The MHC 
column highlights the genes amplified with each primer pair and the product length 
reflect the PCR product size without primers. Paper roman numbers reflect the 
projects in which the primer pair has been used. Reference (Ref.)* refers to (Zoorob 
et al. 1993), ** to (Jacob et al. 2000) and *** to a modification of primer C262 in 
(Jacob et al. 2000).  

MHC Primer Sequence 5'-3' Product length (bp)  Paper Ref. 

YLB Ex2a GAGTGCCACTACCTGAACGGCACCGAGCGG 367  I * 

  Ex3b CGTCACGTAGCACGCCAGACGGTC   I * 

BLB RNA F 1a GACAGCGAAGTGGGGAAATA 125 I,II,III,IV,V 

RNA R 1a CGCTCCTCTGCACCGTGA I,II,III,IV,V 

BLB Vorinex2 TGCCCTCTGCCCGCAGCGTTCTT 231 V   

  Postex2  GCACTCACCGCTCCTCTGCA   V   

BLB1 C275 GGTTCCAGGTGCAAGGCGATGGTCTCTGTGCATACCT 1870 V ** 

 NBG262 GCACTTCGACAGCGAAGTGGGGAAA V *** 

BLB2 preBLB2F GGAGGCATCTGGATGACAGT 1319 V   

  BLBex3R GTAGAAGCCCGTCACGTAGC   V   
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Vorinex/Postex

Blec1                  BLB1          Tapasin BLB2                BRD2              

C275/NBG262 preBLB2F/BLBex3R

RNAF1a/RNAR1a RNAF1a/RNAR1a

 
Figure 3. Schematic figure of the black grouse MHC class II B (BLB) genomic 
region with names of genes above and primer positions and names below. 

Separation of alleles 
In addition to a successful PCR protocol I needed suitable and accurate 
methods for identifying the output MHC alleles for each project (Table 3). It 
is a great task to separate MHC alleles since they are highly diverse, often 
heterozygous but still have the same number of base -pairs. Microsatellites 
for example, are highly diverse and often heterozygous but are easily sepa-
rated based on their length.  

Table 3. Available MHC genotyping methods and those I utilized and/or optimized 
in the thesis (corresponding paper in roman numbers). Definitions of abbreviations 
are RFLP (Restriction Fragment Length Polymorphism), PCR-SSP (PCR with Se-
quence Specific Primers), SSCP (Single Strand Conformation Polymorphism), 
DGGE (Denaturing Gradient Gel Electrophoresis), RSCA (Reference Strand-
Mediated Conformational Analysis), SBT (Sequence-based typing) and NGS (Next 
Generation Sequencing) (reviewed in Babik 2010 and SNP-based (Single Nucleotide 
Polymorphism) (de Bakker et al. 2006).  

MHC genotyping methods Used thesis paper 

1. non PCR DNA-based methods  

RFLP I 

2. PCR based methods  

a. PCR-SSP -
b. Conformation-based mutation detection  

SSCP - 

DGGE - 

RSCA II, III, IV 

c. Microsatellite-based - 

d. DNA sequencing  

Cloning/Sanger sequencing I, II, III, IV,  

SBT V 

NGS - 

e. SNP-based -
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For achieving separate MHC sequences in paper I, I performed cloning and 
classic Sanger sequencing of BLB and YLB PCR products, together with the 
coarse genotyping of Restriction Fragment Length Polymorphism (RFLP) 
analysis. RFLP is based on restriction cleavage and southern blotting accord-
ing to Westerdahl et al. (1999) and gives a relative estimate of number of 
MHC genes in a species.  

In paper II, I optimized the genotyping method Reference Strand-Mediated 
Conformational Analyses (RSCA) (Arguello et al. 1998) to separate MHC 
BLB sequences instead of the slower and more costly cloning, a method that 
we used for MHC genotyping of populations in paper III and IV. The RSCA 
was performed on a 96-capillary MegaBACETM 1000 DNA Analysing Sys-
tem (GE Healthcare), a sequencer not used for RSCA in other studies before 
mine. I constructed a RSCA library based on 16 cloned and verified black 
grouse alleles and compared my RSCA protocol with cloning/sequencing in 
24 individuals. 
To improve black grouse MHC genotyping further I attempted to use pri-
mers anchored outside BLB1 and BLB2 (and/or design new primers) from 
chicken (Jacob et al. 2000) for single locus typing (paper V). This method 
has previously been successful in red jungle fowl (Worley et al. 2008). I was 
able to amplify the BLB1, but not BLB2, locus based on the chicken se-
quences (paper V, Table 2). Instead we changed strategy and decided to do a 
fosmid library in black grouse across the MHC B region to ultimately un-
cover the complete MHC B composition in black grouse (B. Wang, R. 
Ekblom, T. Strand, S. Portelobens and J. Höglund in prep.). The resulting 
black grouse fosmid sequence (Figure 4) revealed that Tapasin (TAPBP) is 
reversed in black grouse compared to chicken which explained earlier diffi-
culties designing primers within the Tapasin gene sequence for amplifying 
BLB1 and BLB2 separately. Based on the fosmid, I designed primers in 
Primer BLAST (Rozen & Skaletsky 2000), where the flanking regions of 
BLB2 were different from BLB1 but conserved between black grouse, 
chickens and turkey (paper V, Table 2 and Figure 3).  

In paper V, the genotyping method RSCA was not necessary since I had 
developed a single locus sequence-based typing (SBT) method for BLB1 
and BLB2 with long-range anchored PCR and non-specific nested primers 
(Table 2 and Figure 3).  
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Figure 4. MHC BF/BLB composition, direction of genes and expression from a 
black grouse fosmid library and 454 sequencing (B. Wang, R. Ekblom, T. Strand, S. 
Portelobens  and J. Höglund, in prep.). (TAPBP =Tapasin). The genes (arrowed 
boxes) and the expression coverage (below) are aligned to the actual length in Kb.  

Other genetic markers 
In paper III and IV, we compared the patterns in MHC with patterns in mi-
crosatellite and Single Nucleotide Polymorphism (SNP) markers. We geno-
typed nine microsatellites: TUT1, TUT3, TUT4, BG10, BG12, BG15, 
BG16, BG18 and BG19 (Piertney & Höglund 2001; Segelbacher et al. 2000) 
and 21 polymorphic SNPs from protein-coding genes (Berlin et al. 2008).  

Data analysis 

MHC 
I aligned the resulting black grouse MHC sequences in BioEdit for paper I 
and CodonCodeAligner version 3.7.1 (LI-COR, Inc, USA) for paper II, III, 
IV and V. High quality sequences that I observed in two or more separate 
PCRs were verified as a new MHC sequence and deposited to GenBank for 
archiving. In paper V, allelic phase for the heterozygote sequences was de-
termined by computational inference with the PHASE haplotype reconstruc-
tion function (Stephens & Donnelly 2003) in DnaSP version 5.10.05 
(Librado & Rozas 2009). All unique black grouse MHC class II B and Y 
exon sequences I derived for this thesis are presented in Figure 5. 
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Figure 5. Alignment of all known unique and verified amino acid exon 2 sequences 
for black grouse MHC class II B (BLB) and Y (YLB). Sequences without locus 
designation are marked with *. Notice that BLB sequence 04 and 14 are found both 
in BLB1 and BLB2. All sequences are from genomic DNA without four from 
cDNA.  

In paper I, nucleotide diversity (π) and number of nucleotide differences 
(Theta k) for BLB and YLB were calculated in DnaSP version 4.1 (Rozas et 
al. 2003). In paper III and IV, genetic diversity for MHC was calculated 
using average percentage difference of alleles in populations (APD), total 
number of different MHC alleles in a population divided by sample size 
(MHC/pop) and mean number of MHC alleles per individual (MHC/ind). 
MHC Pi and theta k were calculated in Arlequin 3.5.1.2 (Excoffier et al. 
2005). Mean APD was calculated by a purpose built code in MATLAB ver-
sion 7.11 (Natick, Massachusetts: The MathWorks Inc., 2010). In paper V, I 
calculated the summary statistics in DnaSP v. 5.10.05 (Librado & Rozas 
2009). 

In paper I, I examined BLB and YLB black grouse sequences with related 
taxa in a Neighbour-Joining (NJ) phylogenetic tree and in a Maximum Par-
simony tree in MEGA v.3.1 (Kumar et al. 2004). In paper V, we performed 
both NJ trees and networks to elucidate evolutionary relationships for black 
grouse BLB1 and BLB2 loci. In paper V, we also compared whole sequence 
trees with third codon position trees. Under early duplication, gene history 
inferred from third codon positions is expected to match the phylogenetic 
relationships inferred from whole sequences (Burri et al. 2010).  

Other genetic markers 
In paper III we tested for outliers from neutrality in microsatellites and SNP 
markers using both a hierarchical Bayesian method and LOSITAN (Antao et 
al. 2008) analyses. For the microsatellite data in both paper III and IV, 
FSTAT 2.9.3 (Goudet 1995) was used for calculating Hardy-Weinberg dis-
tribution, genotypic disequilibrium and summary statistics. In paper IV, 
GENETIX (Belkhir et al. 2004) was also used for summary statistics. For 
SNPs in paper III and IV, Hardy-Weinberg distributions were calculated 
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using Genepop (Raymond & Rousset 1995). SNP genotypic disequilibrium 
and summary statistics was calculated in GenAlEx (Peakall & Smouse 
2006). 

Statistical methods for detecting selection 
The type of selection acting on genotypes can be inferred by comparing pat-
terns of diversity and population structure at MHC genes with those ex-
pected under a theoretical neutral distribution, or through neutral markers 
(Garrigan & Hedrick 2003; Spurgin & Richardson 2010).  

I contrasted patterns in MHC with neutral markers (SNPs and microsatel-
lites) to control for the effects of demography. In paper III and IV, pairwise 
MHC FST were calculated in Arlequin 3.5.1.2 (Excoffier et al. 2005) by en-
tering the nucleotide sequence of the MHC allele and number of individuals 
with that allele in each population as haplotype data. Microsatellite FST was 
calculated in FSTAT 2.9.3 (Goudet 1995) and SNP FST in GenAlEx (Peakall 
& Smouse 2006). FST is argued to be an appropriate measure for biallelic 
markers like SNPs but the value of FST may be affected by highly variable 
markers (Meirmans & Hedrick 2011). For this reason, in paper III we com-
pared classical FST with Jost’s D (DEST) (Jost 2008) for all three types of 
markers. DEST were calculated for microsatellites and SNP markers using the 
online program SMOGD v1.2.5 (1000 bootstraps) (Crawford 2010) and for 
MHC in the program SPADE (version Feb 2009) (Chao & Shen 2010) (10 
000 bootstraps).  

The correlation between pairwise estimates of FST/(1-FST) (Rousset 1997) 
for different markers was evaluated in paper III by performing Mantel tests 
and partial Mantel (Pearson statistics) tests (controlling for geographical 
distance) using the Vegan package v1.17-11 (Oksanen et al. 2009) in R 
(10 000 matrix permutations). Isolation by distance was tested by comparing 
FST/(1-FST) and natural logarithm of distance in kilometres between popula-
tions in Mantel tests (and correcting for neutral markers when testing MHC 
using partial Mantel tests) in the Vegan package in R (10 000 matrix permu-
tations). 

In paper IV, along with the FST analyses, we performed a multivariate analy-
sis using the R package adegenet for the individuals genotyped at microsatel-
lites and SNPs (Jombart 2008). A third method we adopted to analyse popu-
lation structure in paper IV was to identify genetic clusters both in the mi-
crosatellite and SNP datasets with the Bayesian model-based clustering algo-
rithms implemented in STRUCTURE v. 2.3.3 (Hubisz et al. 2009).  

In both paper I and paper V, I calculated averaged synonymous (dS) and non-
synonymous (dN) substitutions in MEGA (v 3.1 and v. 5.05) (Tamura et al. 
2011) and used a Z-test (incorporated in MEGA) to test deviations from 
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neutrality (dN=dS). Each codon of the gene that codes for the amino acids 
involved in antigen recognition is called peptide binding region (PBR). In 
some analysis I tested both the full DNA sequences and separately with only 
the PBR codons. Since I do not know the exact positions for PBRs in black 
grouse, I used the positions of human PBRs (Brown et al. 1993; Tong et al. 
2006) in paper I (with Brown) and paper V (with Tong). Tong PBRs have 
been proven to yield higher dN/dS (ω) values than Brown PBRs in some spe-
cies (Ekblom et al. 2010; Hauswaldt et al. 2007). 

In paper V, we analysed ω in more detail, using CODEML in PAML ver-
sion 4.4c (Yang 2007). We also used CODEML to determine significantly 
positively (or balancing) selected sites using a Bayes empirical Bayes (BEB) 
analysis.  

In paper V, I performed Tajima’s D (average and sliding window), Fu and 
Li’s D/F and McDonald Kreitman (MK) tests in DnaSP v. 5.10.05 (Librado 
& Rozas 2009).  

In paper V I also tested for inter- and intra-genetic exchange. Minimum 
number of recombination events was calculated in DnaSP v. 5.10.05 
(Librado & Rozas 2009). In addition, we tested for linkage between alleles at 
BLB1 with alleles in BLB2 within individuals in Genetix 4.05.2 (Belkhir et 
al. 2004). We also calculated the relative evolutionary rate at each nucleotide 
site using the program “rate4site.3.2” (Mayrose et al. 2004).  

Other statistical tests 
For paper II, differences between alleles derived by cloning/sequences ver-
sus RSCA were tested with paired Wilcoxon signed rank test in R v2.13.1. 
For paper III, differences between diversity measures among population 
categories were tested with ANOVA and post hoc tests were performed with 
Tukey HSD in R.  
 
In paper IV, differences in genetic diversity measures between historical and 
current populations were tested by resampling and comparing confidence 
intervals. 
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Results and discussion 

The MHC class II of the black grouse (Tetrao tetrix) consists of 
low numbers of B and Y genes with variable diversity and 
expression (I) 
This study became the first published report of MHC in a lekking galliform 
bird species. My finding of YLB sequences in black grouse confirmed that 
the YLB system is not restricted to the chicken (Wittzell et al. 1995). This 
became the first established case of orthology among avian MHC genes de-
tected from coding sequences (Burri et al. 2008a) since the BLB and YLB 
sequences formed two distinct clusters in a NJ distance tree (Figure 6). We 
found low number of MHC genes in black grouse, two to three BLB loci, 
and this observation is close to what has been found in chickens, where two 
BLB loci map to the BF/BL region. 

Black grouse BLB are polymorphic and functional as revealed by high nu-
cleotide diversity, high number of unique alleles, different RFLP patterns 
among individuals and observation of cDNA BLB. High polymorphism is 
one indicator of balancing selection, however we found other signs of bal-
ancing selection such as an elevated dN/dS ratio in the peptide binding re-
gions (Brown et al. 1993). In addition, black grouse BLB alleles are mixed 
with other galliform BLB alleles in the phylogenetic tree, indicative of trans-
species evolution (Figure 6). On the other hand, all the black grouse YLB 
sequences clustered on a separate branch next to the chicken YLB within the 
YLB lineage. 

The black grouse and chicken BLB genes showed the same level of nu-
cleotide diversity (Figure 7). The YLB genes were less variable than the 
BLB genes, similar to chicken (Figure 7). However, the functional signifi-
cance of YLB still remains obscure. 
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Figure 6. Neighbour-joining tree of the 14 black grouse sequences (in paper I) in-
cluding MHC class II B (BLB) and Y (YLB) sequences from other galliformes spe-
cies, using Kimuras’s 2-parameter model. The analysed sequences are the major part 
of MHC class II exon 2 (spanning from the 57th bp to the 270th bp intron/exon 
boundary in Zoorob et al. (1990)). The chicken sequences in the figure begin with 
“gallus” and then the locus locations are shown, BLBI, BLBII or BLBV. Phco is 
Phasianus colchicus, Coja is Coturnix japonica, Coco is Coturnix coturnix, Pacr is 
Pavo cristatus, Mega is Meleagris gallopavo and Nume is Numida meleagris. Num-
bers represent percentages of bootstrap values (1000 replicates) and the scale bar 
represents genetic distance. A mallard duck Anas plathyryncos sequence is used as 
the outgroup.  
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Figure 7. Nucleotide diversity (π) for black grouse (Tete) and chicken (Gallus) 
MHC class II B (BLB) and Y (YLB) gDNA sequences (paper I). 

As the title of my first paper suggests, I found that black grouse possess low 
numbers of BLB and YLB genes with variable diversity and expression.  We 
cannot reject that YLB are expressed in black grouse, but if so they are either 
expressed at a much lower degree than BLB or in other tissues than spleen. 
We also proposed that YLB are too monomorphic to be pseudogenes. The 
second intron was identical in all YLB sequences, but if YLB contains 
pseudogenes the rate of mutation should be similar to that of the second exon 
(Boyson et al. 1995), which was not the case. A corresponding Y loci in 
MHC class I (YF) has been shown to be expressed in chickens (Hunt et al. 
2006) and recently, expressed YLB genes were found in the spleen of turkey 
(Meleagris gallapavo) (Reed et al. 2011). Due to their monomorphic charac-
ter, we hypothesized that the YLB genes could have been subjected to puri-
fying selection. YLB may have an important function in the immune re-
sponse since they have been preserved from the time of the species diver-
gence into greater prairie-chicken (Eimes et al. 2010), turkey (Reed et al. 
2011), ring-necked pheasant (Phasianus colchicus) (Wittzell et al. 1995), 
chicken (Briles et al. 1993) and black grouse. 



 30 

Genotyping of black grouse MHC class II B using Reference 
Strand-Mediated Conformational Analysis (RSCA) (II) 
To make it possible to survey MHC polymorphism at a larger scale than is 
practically possible by cloning and sequencing I designed a new approach to 
separate black grouse MHC alleles. I optimized the RSCA method (Arguello 
et al. 1998) to genotype multiple BLB genes in black grouse using a 96-
Capillary Array Electrophoresis, the MegaBACETM 1000 DNA Analysing 
System (GE Healthcare), a sequencer not used for RSCA before. I used fluo-
rescently labelled reference strands from both black grouse and hazel grouse 
and observed good agreement between RSCA and cloning/sequencing (using 
24 individuals), with 71 alleles being observed by cloning/sequencing and 76 
alleles by RSCA. In 63% of the pair-wise comparisons, the identical allele 
was scored in RSCA as in cloning/sequencing. Nine out of 24 individuals 
had the same number of alleles in RSCA as in cloning/sequencing. At the 
individual level however, there was a trend towards more alleles scored with 
RSCA (1-6 per individual) than cloning/sequencing (1-4 per individual) 
(Figure 8). This result is comparable to an RSCA study in domestic cat (Fe-
lis catus) (Kennedy et al. 2003), but is different to Lenz et al. 2009 who 
obtained a higher congruence between RSCA and cloning/sequencing in 
three-spined stickleback (Gasterosteus aculeatus).  

 
Figure 8. Comparison cloning versus RSCA (paper II). Number of MHC class II B 
alleles scored per individual obtained from cloning/sequencing versus RSCA geno-
typing. One to four alleles were visible in cloning and Sanger sequencing. One to six 
alleles were scored in RSCA. 

Our discrepancies between cloning/sequencing and RSCA do not necessarily 
imply that cloning/sequencing is a more accurate method than RSCA. Some 
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reasons for observing fewer alleles in cloning could be that not enough 
clones were sequenced in our study, or that all observed unique sequences 
could not be verified. However, since there is a tendency for higher number 
of MHC alleles typed with RSCA than cloning/sequencing, and we cannot 
rule out that RSCA overestimates the number of alleles, this method is pres-
ently more suitable for population level studies of MHC diversity than stud-
ies at the individual level.  

Our RSCA protocol on a 96-capillary sequencer allows a faster RSCA 
genotyping than presented in many other RSCA studies. The method per-
forms well on black grouse DNA extracted from both blood and moulted 
feathers. The latter is important because it shows that the method also works 
for lower-quality DNA which is often the case for black grouse as many 
samples are from feathers and museums (paper III and IV). In summary, our 
RSCA protocol can be utilised for fast and reliable screening of MHC class 
II B diversity of black grouse populations, as well as hazel grouse popula-
tions (J. Roza, T. Strand et al. manuscript). 
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Can balancing selection on MHC loci counteract genetic drift in 
small fragmented populations of black grouse? (III) 
We sampled eleven different black grouse populations; five continuous, 
three isolated and three small isolated (Figure 1 and Table 1).We compared 
patterns of genetic variation in functional MHC class II B (BLB) (genotyped 
with RSCA) with markers we tested to be neutral (microsatellites and SNPs). 

The small isolated populations displayed significantly lower neutral ge-
netic diversity compared to continuous populations (Figure 9a and b). A 
similar trend, but not as pronounced, was found for BLB (Figure 9c). Both 
microsatellites and SNPs had lower genetic diversity in isolated compared to 
continuous populations (significant for microsatellites), indicating that iso-
lated black grouse populations experiences genetic drift in neutral markers.  
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Figure 9. Genetic variation comparing  population categories continuous (npop=5), 
isolated (npop=3) and small isolated (npop=3) for a) microsatellite expected heterozy-
gosity (HE), b) SNP expected heterozygosity (HE) and c) MHC theta k (paper III). 



 33

As expected, for both microsatellites and SNPs there is a trend for small 
isolated populations to be more genetically divergent than the larger popula-
tions (Figure 10). Populations were less divergent at MHC genes compared 
to neutral markers (Figure 10). Measures of genetic diversity and population 
genetic structure were positively correlated among microsatellites and SNPs, 
but none of them were correlated to MHC when comparing across all popu-
lations. Our results suggest that balancing selection at MHC loci does not 
counteract the power of genetic drift when populations become small and 
fragmented. However, the pattern of lower population structure in MHC than 
microsatellites and SNPs, suggests that selection on MHC is still operating 
on across European black grouse populations. 
 

 
Figure 10. Plot for pairwise FST across populations for microsatellites, SNPs and 
MHC (paper III). Each value is a data point for pairwise FST between two popula-
tions. All pairs are represented by open circles. Small circles are pairwise FST values 
where at least one of the two populations is a small isolated population. The larger 
circles in a lane on the right side of the small circles are all other population pairs, 
including both isolated and continuous population pairs. The negative FST values 
(below the dotted line) should be interpreted as no differentiation between pairs.  
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Historical and current populations of black grouse in central 
Europe – evidence for rapid loss of genetic diversity (IV) 
Here we compared genetic diversity of two contemporary small isolated 
populations (Sallandse Heuvelrug in the Netherlands and Lüneburger Heide 
in Germany) with 55 historical samples from the same range collected dec-
ades ago (Table 1 and Figure 2). The historical samples were derived from 
extinct populations in northern Germany (Ger_H), the Netherlands (Nl_H) 
and Denmark (Dk_H). The contemporary small isolated populations dis-
played lower neutral genetic diversity (derived from nine neutral microsatel-
lites and 21 neutral SNPs) compared to the historical samples (Table 4). A 
similar trend was found for genotypes at two functional MHC class II loci.  

Table 4. Summary statistics in paper IV for microsatellites, SNPs and MHC, show-
ing number of scored individuals (n), expected heterozygosity (HE), number of al-
leles (A), allelic richness (AR), proportion polymorphic loci (Poly) (a locus is con-
sidered polymorphic if the common allele frequency does not exceed 95%), mean 
number of MHC alleles per individual (MHC /ind), total number of different MHC 
alleles in pop/sample size (MHC/pop), mean average percentage difference among 
individuals (APD), π (mean number of pairwise differences between all pairs of 
alleles in the population) and theta k (index of allelic richness). Population code as 
in Table 1. 

Code Microsatellites SNPs   MHC         

  
n HE A AR   n HE Poly n MHC/ind MHC/pop APD π theta k 

LH 24 0.66 5.56 4.51 36 0.24 76.2 6 2 1.17 54.76 8.83 6.16 

SH 31 0.56 4.56 3.98 20 0.2 47.6 34 2.53 0.32 46.9 13.1 3.13 

Ger_H 18 0.74 5.67 5.1 19 0.21 76.2 8 2 0.63 71.43 14 2.1 

Nl_H 23 0.7 5.11 4.62 20 0.23 76.2 15 1.18 0.53 50.76 12.2 3.47 

Dk_H 11 0.58 3.89 3.89 13 0.19 57.1 8 1.75 0.63 66.07 15.8 2.33 

Furthermore, population structure was more pronounced among contempo-
rary populations compared to historical populations for microsatellites and 
SNPs. This effect was not as distinct for MHC, which suggests that MHC 
has been subjected to balancing selection in the past, a process upholding 
genetic variation and minimizing population structure for such markers. As 
predicted from theory, drift is the most potent evolutionary process affecting 
genetic variation when population size is small. For example, in Figure 11 it 
is evident that the current Netherlands population (SH), a highly isolated and 
small population, has undergone genetic drift (in neutral markers) away from 
the other populations. In contrast, the larger but still isolated Lüneburger 
Heide (LH) population has not (yet) drifted away. Interestingly, the Danish 
(Dk_H) population that is now extinct, had already drifted away at the time 
of sampling. Genetic differentiation among present populations highlights 
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the strong effects of population decline and habitat loss due to anthropogenic 
land use changes on genetic structure of natural populations.  

In this study, we showed that the loss of genetic diversity in black grouse 
populations is strongly correlated with an extreme decline in population size 
(see also Larsson et al. 2008). We suggest that the observed loss of genetic 
diversity and increased genetic population structure in contemporary sam-
ples compared to historical ones is caused by recent anthropogenic land use 
changes, leading to fragmentation and isolation of populations. Similar pat-
terns have been observed in other bird species, e.g. Mohua Mohoua ochro-
cephala in New Zealand (Tracy & Jamieson 2011), the Spanish imperial 
eagle Aquila adalberti (Martinez-Cruz et al. 2007) and other grouse species 
such as the capercaillie Tetrao urogallus (Segelbacher et al. 2008a). 

Future studies are needed to resolve whether species can persist despite 
being reduced in MHC variation. In theory, it is just a matter of time before 
MHC-reduced species are impacted by a novel pathogen to which they have 
no defence. 

 

 
Figure 11. Topology of three historical populations (NL_H, Ger_H, Dk_H) and two 
bottlenecked current populations (SH and LH) genotyped at microsatellites obtained 
by PCA (paper IV). Eigenvalues corresponding to the represented components are 
filled in black. Points represent the genotypes; populations are labelled inside their 
95% inertia ellipses. Population code as in Table 1. 
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Evolutionary history of black grouse BLB1 and BLB2 through 
single locus sequence-based typing (V) 
In paper V, we demonstrated a high-resolution, single locus sequence-based 
typing (SBT) method for independently amplifying MHC loci in black 
grouse. Exon 2 sequences (alleles) separated using PHASE from BLB1 and 
BLB2 were obtained from 13 individuals (Table 5). 

Table 5. Thirteen individuals were included in the BLB1 and BLB2 study (paper V). 
BLB2 sequences are either 125 bp or 231 bp depending on the primers used. Dis-
played are the allele designations for each individual. BLB1 alleles are highlighted 
in red and BLB2 alleles in blue. 

  125bp   231bp Summary 

Individual BLB1 BLB2 BLB2 BLB1 & BLB2 

D375 05 01 01A, 01B 05, 01A, 01B 

D476 05 01,09 01A, 09A 05, 01A, 09A 

H393 05, 06 01,04 01B, 04B 05, 06, 01B, 04B 

D249 06,11 09,10 09B, 10 06, 11, 09B, 10 

D115804 04,14 01,04 01A, 04B 04,14, 01A, 04B 

H071 04,05 01,02 02, 01B 04, 05, 02, 01B 

H070 05,06 01,09 01B, 09A 05, 06, 01B, 09A 

D320 03,06 01,07 1A, 07 03, 06,1A, 07 

10222 05 14,25 - 05, 14, 25 

D248 06 07,9C 07, 9C 06, 07, 9C 

H369 05 01,02 01A, 02 05, 01A, 02 

D870 03,04 01,02 01A, 02 03, 04, 01A, 02 

JHGO213 04 01,02 01A, 02 04, 01A, 02 

Nr of unique alleles 6 9 9 minimum 15 

Both BLB1 and BLB2 were transcribed and, as was expected for expressed 
MHC class II genes, displayed classic characteristics of balancing selection. 
Three identical codons were significantly positively selected in both BLB1 
and BLB2. One additional unique positively selected codon was also found 
in locus. Alleles at the two BLB loci were in linkage disequilibrium. Our 
findings thus provide additional support for the “minimal essential MHC” 
hypothesis, developed from data from the domesticated chicken, which 
states that the small size and simplicity of the chicken MHC allows co-
evolution of genes as haplotypes (Kaufman et al. 1999; Walker et al. 2011). 
Important findings in our study are the evidence of inter- as well as intra-
genic recombination in black grouse BLB. We showed that exon 2 and exon 
3, but not 3’UTR, sequences, are species-specific (Figure 13 and Figure 12). 
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In fact, the black grouse 3’UTR sequences reveal that BLB1 and BLB2 were 
duplicated in a common ancestor to black grouse, chickens and pheasants. In 
addition to supporting for the early duplication hypothesis, our study verifies 
concerted evolution (possibly arising from inter-locus gene conversion) in 
black grouse BLB genes. This supports the so far un-tested hypothesis of 
concerted evolution of BLB1 and BLB2 in pheasants and chickens (Wittzell 
et al. 1999). 

 
 
 

 
Figure 12. Neighbour Joining tree (paper V) for the 3’UTR BLB1 and BLB2 loci 
with sequences derived from black grouse (B. Wang et al. in prep.), chickens 
(AB268588) and pheasants (AJ224349) (unrooted). BG = black grouse, CK = chick-
ens and PH = pheasants. 
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Figure 13. Neighbour Joining trees (paper V) for black grouse (BG), chickens (CK; 
AB426144, AB426150-51, AJ248577, M29763) and red jungle fowl (JF; 
AM489767 - AM489776) BLB1 and BLB2 alleles for 125 nucleotide sequence of 
exon 2. Owl (EF641225) was used as the outgroup. BG_1_04 stands for black 
grouse, BLB1locus and allele 04. 
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Conclusion 

Investigating MHC diversity in wild populations is essential for understand-
ing how wildlife responds to common or novel pathogens in a changing en-
vironment. It is also important to monitor MHC diversity and population 
structure in wild animals to confidently predict which species will act as 
reservoirs or hosts for novel zoonotic diseases. 
 
I studied black grouse which in parts of its range exists as reduced popula-
tions in severely fragmented habitats. These threatened populations provided 
an excellent opportunity to study populations that have experienced an envi-
ronmental change – anthropogenic habitat destruction. There are large 
healthy black grouse populations in other areas of Europe. Samples from 
these healthy populations in combination with well-preserved museum sam-
ples from the historical population range functioned as unique control popu-
lations to the severely fragmented populations. During my PhD, I developed 
laboratory methods to analyse MHC alleles and loci in black grouse, a spe-
cies not been previously subjected to immunogenetic studies.  
 
I, together with colleagues, could show that birds other than chickens pos-
sess a similarly compact MHC (paper I, V and see also Figure 4), with co-
evolving genes (paper V) and presence of both MHC class II B and MHC 
class II Y genes (paper I), findings still restricted to the avian order Galli-
formes. The striking similarities we have demonstrated between black 
grouse and chicken MHC class II (in BLB1, BLB2 and YLB) will also in-
crease the knowledge of the origin of MHC in chickens. I also demonstrated 
that both MHC class II B genes in black grouse are expressed (paper I and 
V). 
 
By optimizing the Reference Strand-Mediated Conformational Analysis 
(RSCA) method (paper II) I managed to genotype functional MHC genes in 
hundreds of black grouse (paper III and IV). In both paper III and paper IV, I 
show that neutral genetic markers in small fragmented populations are 
shaped by genetic drift. Usually MHC diversity and structure is compared to 
microsatellites markers only, but here we also used SNP markers. If neutral 
markers are reflecting what is happening in genes under selection, genetic 
drift may prevent populations from adapting to environmental change. I have 
shown that in small populations, MHC diversity is lost but not at the same 
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speed as neutral markers due to a historical process of balancing selection. 
Our results suggest that balancing selection at MHC loci does not counteract 
the power of genetic drift when populations become small and fragmented. 
However, the pattern of lower population structure in MHC than microsatel-
lites and SNPs, suggests that selection on MHC is still operating across Eu-
ropean black grouse populations. If (or rather when) genetic drift becomes 
stronger than selection at MHC genes, some alleles will be lost or go to fixa-
tion. If an emerging pathogen then infected a population, we hypothesize 
that a demographically small and MHC depleted population would be at risk 
of extinction because there may not be any alleles left that can bind to the 
pathogen and trigger the immune response. Future studies are needed to re-
solve whether species can persist being reduced in MHC variation. 

 
MHC loci belonging to the same MHC class are, in many species, too simi-
lar to tell apart and it is not until it is possible to analyze loci separately that 
detailed studies of the evolutionary history of MHC can be performed. I 
successfully developed a single locus sequence-based typing (SBT) method 
(paper V) for independently amplifying MHC class II B (BLB) loci in black 
grouse. My colleagues and I found that BLB1 and BLB2 were duplicated in 
a common ancestor to chickens, pheasants and black grouse. Further, we 
showed that BLB1 and BLB2 in black grouse are subjected to homogenizing 
concerted evolution due to inter-genetic exchange between loci after species 
divergence.  
 
Studying MHC in black grouse is of significance as the species may be in-
volved in direct or indirect disease transmission to humans since it harbours 
antigens against Sindbis virus (Kurkela et al. 2008) and borrelia (H. Siitari, 
personal communication). My single locus SBT method will make it possi-
ble to explore correlations between MHC heterozygosity and resistance or 
susceptibility to disease. 
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Svensk sammanfattning 

Jag studerar vilda populationer för att förstå hur genetisk variation i immun-
försvaret påverkas av miljöförändringar. I teorin har en population med hög 
variation i gener som styr immunförsvaret lättare att stå emot nya sjukdomar 
än en population med lägre genetisk variation. Miljöförändringen jag har valt 
att studera är habitatfragmentering. Landområden kan vara naturligt frag-
menterade exempelvis på grund av bergskedjor eller stora vattenområden 
men också till följd av bebyggelse, skogs- och jordbruk och utbyggnad av 
infrastruktur. 
 
Om jag hade studerat en mycket sällsynt art så skulle jag inte ha någon refe-
renspopulation att utgå ifrån eller jämföra med. Dessutom skulle jag troligt-
vis ha svårt att samla in prover. Modellarter som är genomiskt välkända har 
å ena sidan livskraftiga populationer men å andra sidan oftast inga hotade 
jämförelsepopulationer. Modellarter kan också vara begränsade geografiskt 
eller vara ekologiskt okända. En optimal studieart således, är en väl spridd 
art med både livskraftiga och små fragmenterade populationer, den är ekolo-
giskt välkänd och praktiskt möjlig att provta. Skogsfågeln orre (Tetrao tetrix) 
blev min studieart och den stämmer väl in på kriterierna ovan. Kyckling 
(Gallus gallus domesticus) är en genomiskt välstuderad modellart och det är 
inte orimligt att orren innehar liknande genom eftersom de är nära släkt 
(båda tillhör familjen Phasianidae).  
 
Orren har ett brett utbredningsområde, från Wales i väster till Nordkorea i 
öster, och innehar stora livskraftiga populationer i norra Skandinavien (Figur 
1). Visst är orren en fågel som kan flyga, men den sprider sig inte långt från 
födelseplatsen och flyger ogärna över städer, berg eller stora sjöar. Därför 
har den påverkas negativt av den ökande habitatfragmenteringen och har 
minskat avsevärt i antal. Orren har en uppseendeväckande parningsritual 
(som kan skönjas på avhandlingens framsida) och hannens karakteristiska 
utseende kan vara en förklaring till att orren finns rikt insamlad i tidiga mu-
seisamlingar. Jag har därför två typer av referenspopulationer till de små 
fragmenterade populationerna, både livskraftiga populationer främst i Nor-
den samt historiska prover från orrens tidigare mer homogena utbredning i 
norra kontinentala Europa. Det har också nyligen visat sig att orren kan vara 
involverad i spridning av Ockelbosjuka och borrelia i Finland. Båda är sjuk-
domar som sprids till människa. 
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Jag har fokuserat på en extraordinär genfamilj som kallas MHC (Major Hi-
stocompatibility Complex) och som är en central del av immunförsvaret hos 
alla ryggradsdjur. MHC är märkvärdig på flera sätt, men kanske framförallt 
att den innehåller otroligt många genvarianter och är associerad till många 
sjukdomar hos både människa och kyckling. Det har visat sig att MHC på 
olika vis evolverar genom genduplikation och på grund av kampen mellan de 
sjukdomsalstrande organismerna och deras värddjur. Därför kan innehåll och 
organisation av MHC gener se olika ut mellan både individer, populationer, 
arter och djurfamiljer. För att kunna studera MHC hos en genomiskt okänd 
art krävs ett omfattande arbete. Därför handlar min avhandling till mångt och 
mycket om hur jag har gått tillväga för att identifiera, mångfaldiga, geno-
typa, separera och analysera MHC gener hos orre. 
 
Jag har funnit att genuppsättningen av orrens MHC class II (den del av MHC 
komplexet som styr utvecklingen av antikroppar) är slående lik modellarten 
kyckling som har ett slimmat MHC jämfört med däggdjur (uppsats I and V). 
Liksom kyckling har orre både MHC class II B och MHC class II Y (uppsats 
I) och denna organisation ser för övrigt ut att vara begränsat till hönsfåglar. 
Jag har även visat att orren (liksom kyckling) har två MHC class II B gener – 
BLB1 och BLB2 och att båda är uttryckta hos orre (uppsats I och V). Genom 
detta grundläggande arbete kunde jag sedan möjliggöra fortsatta att studier 
av de funktionella generna BLB1 och BLB2 på populationsnivå. 
 
För att möjliggöra storskaliga MHC studier av populationer så är det nöd-
vändigt att utveckla en bra genotypningsmetod. Det finns en uppsjö av me-
toder att tillgå men oavsett metod så behövs de specialanpassas till de speci-
ella gener man studerar, vilken utrustning som finns och vilken kvalitet av 
DNA proverna har. I uppsats II så optimerade jag en metod som heter Refe-
rence Strand-Mediated Conformational Analysis (RSCA) till en sekvense-
ringsapparatur där metoden tidigare inte använts och för just MHC class II B 
hos orre.  
 
Jag använde sedan RSCA-metoden till att genotypa funktionella MHC gener 
hos hundratals orrar från olika delar av Europa (uppsats III och IV). Utöver 
att studera MHC gener hos dessa populationer, så samarbetade jag med kol-
legor som amplifierade neutrala genetiska markörer (gener som inte påver-
kas av naturligt urval) hos samma individer, så att vi tillsammans kunde 
analysera mönster i MHC jämfört med neutrala gener. I både uppsats III och 
IV visar jag och mina kollegor att neutrala genetiska markörer i små, isole-
rade populationer har förlorat genetisk variation och formas av genetisk drift 
(slumpmässiga förändringar i arvsanlagen som inte styrs av det naturliga 
urvalet). Om liknande slumpmässiga processer påverkar gener som är vik-
tiga för populationers anpassning till sin miljö, så kan dessa små population-
er ha svårt att anpassa sig evolutionärt till miljöförändringar. Jag har dock 
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visat att MHC variation inte försvinner i lika hög grad som i neutrala markö-
rer i små isolerade populationer. Detta beror troligtvis på MHC gener har 
utvecklats under en speciell variant av naturligt urval som kallas balanse-
rande selektion. Den minskning av MHC variation som dock är påvisbar i de 
små fragmenterade orrepopulationerna (både jämfört med historisk utbred-
ning och nuvarande kontinuerliga populationer) kan redan nu vara ett ytterli-
gare hot för deras överlevnad.  

Baserat på analyserna föreslår jag att en process av genetisk drift har på-
börjats hos MHC i små isolerade orrepopulationer. Inom snar framtid så 
skulle genetisk drift kunna bli starkare än selektion hos MHC gener hos 
dessa populationer. Det kan resultera i att en del MHC varianter försvinner, 
andra varianter kommer istället fixeras och selektion är därmed förhindrad. 
Om en ny sjukdom sedan sprider sig till populationen så kanske det inte 
finns några MHC varianter kvar som kan binda till viruset eller bakterien 
och då kan inte immunförsvaret längre skydda individen. En demografiskt 
liten och fragmenterad population med låg MHC diversitet riskerar då att 
försvinna. 
 
MHC gener som tillhör samma MHC klass är hos många arter mycket svåra 
att särskilja då de är extremt lika. Det är därför svårt att analysera generna en 
och en. Men det är inte förrän man lyckas med det som man kan studera 
generna i detalj och förstå hur de har utvecklats. Om man vill ha ett genetiskt 
mått på hur stora möjligheter arter har att utvecklas i en föränderlig miljö så 
är det viktigt att veta att generna man studerar är aktiva och under selektion 
eller om de exempelvis är på väg att bli så kallade pseudogener (icke aktiva 
gener som förlorat sin funktion).  
 
I min sista uppsats (nummer V) i avhandlingen utvecklar jag en metod för att 
analysera MHC klass II B gener separat hos orre. I denna studie kunde jag 
visa att BLB1 och BLB2 utvecklades i en förfader till kyckling, fasan och 
orre. Jag och mina kollegor kunde också visa att dessa gener har utbytt gen-
fragment med varandra efter att förfadern utvecklades till flera arter. Tack 
vare denna metod kunde jag också verifiera att båda generna är funktionella 
hos orren och under påverkan av balanserande selektion, även om jag har en 
del belägg för att BLB1 kan vara på väg att få en delvis annan funktion än 
BLB2. I fortsatta studier kommer jag därför att fokusera på BLB2. Min me-
tod för att separera MHC klass II gener hos orre kommer även att möjliggöra 
studier av sambandet mellan MHC variation och individernas förmåga att 
bekämpa olika typer av sjukdomar. 
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