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ABBREVIATIONS 
 
ARE1P, -2P Artiodactyl repeat element in porcine 
ARS  Antigen recognition site 
BCS  Bovine consensus sequence 
BDDF  Bovine dimer-driven family 
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BoLA  Bovine leucocyte antigen system 
bp  Base pairs 
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H-2  Mouse leucocyte antigen system 
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kDa  Kilo dalton 
LINE  Long interspersed nuclear element 
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QTL  Quantitative trait loci 
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RTase  Reverse transcriptase 
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YAC  Yeast artificial chromosome  
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I. INTRODUCTION AND AIMS OF THE STUDY 
 
Mammalian genome diversity and underlying 
evolutionary processes are objects of modern 
comparative genomics. A dominant portion of 
the 3000 Mbp of hereditary information in the 
mammalian genome consists of non-coding 
DNA. The genes, i.e. protein coding DNA only 
covers about 3 % of the genome. A large part 
of the non-coding DNA is repetitive. Simple 
sequence repeats (SSRs) or microsatellites are 
tandemly organised, while short interspersed 
nuclear elements, SINEs, are the best known 
group of interspersed repetitive DNA. Both 
SSRs and SINEs offer powerful tools for 
genome analysis by providing several classes 
of single and multilocus DNA markers and 
approaches.  

Pseudogenes are another class of non-
coding DNA. Nuclear mitochondrial DNA 
segments, numts, are pieces of mitochondrial 
genome that have been moved from the 
cytoplasm to the nucleus and integrated into 
the chromosomal DNA. In addition to 
providing molecular markers for different 
purposes, numts as ‘molecular fossils’ can give 
information about the evolution of the 
mitochondrial genome. 

Non-coding DNA can be considered as 
selectively neutral hereditary material. In some 
cases, changes in the protein coding DNA can 
be favoured by selection. Major 
histocompatibility complex (MHC) genes 
encode proteins involved in pathogen 
resistance and maintain an unusually high 
genetic diversity. MHC genes are sources of 

highly polymorphic molecular markers. 
This review of the literature forms an 

introduction to the origin and evolution of 
SINE, SSR, numt and MHC diversity (Fig. 1) 
and analysis of genomic variation both in intra- 
and interspesific level utilizing these DNA 
markers.  

The aims of the present thesis are the 
following: 

 
1. to assess the applicability of the SINE 

targeting approach for isolation of 
bovine microsatellite markers from 
complex DNA sources (publication I) 

2. to study the applicability of interspersed 
repetitive sequence (IRS)-PCR 
generated multilocus fingerprints in 
gaining phylogenetic information 
(publication II) 

3. to analyse the integration history of 
mtDNA sequences into the nuclear 
genome of ruminants, to study their 
evolution as nuclear pseudogenes and 
the information that these ‘molecular 
fossils’ can provide about structural 
evolution of the mitochondrial control 
region (publication III) 

4. to examine MHC DRB diversity of 
Finnsheep, endangered Finncattle and 
two commercial breeds by SSCP and 
sequence analysis of exon 2 
(publications IV and V) 

 
 

 
Figure 1. Mammalian genome organization and DNA markers introduced
 

MHC class II DRB gene

numt pseudogenes

SINEsSSRs

single copy repetitive

tandemly organized

protein coding DNA

nuclear DNA  

non coding DNA 

interspersed   
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II. REVIEW OF THE LITERATURE 
 
 
1. REPETITIVE DNA AS A SOURCE FOR GENOMIC AND EVOLUTIONARY 
MARKERS 
 
 
 
 
1.1. Short interspersed nuclear elements 
(SINEs)  
 
1.1.1. The origin of SINEs 
SINEs are from 100 bp to 500 bp in length and 
often present in more than 105 copies per 
genome of multicellular animals from 
invertebrates to mammals (e.g. Okada 1991; 
Deininger and Batzer 1993). SINEs have 
originated via reverse transcription of an RNA 
intermediate and integration back into the 
chromosomal DNA, a process which is known 
as retroposition (Rogers 1985; Weiner et al. 
1986). Typical features for SINEs are an 
internal RNA polymerase III promoter, a poly 
A- or simple repeat 3’- tail, and a variable 
length direct repeat at insertion site (e.g. 
Deininger and Batzer 1993). 

Most of the SINEs reported to date, 
from sources as diverse as mammals and 
plants, are fusion products of a tRNA-derived 
and an unrelated sequence. Primate Alu and 
rodent B1 families originate from 7SL RNA 
(reviewed by Okada et al. 1991; Deininger and 
Batzer 1993). Recently, Oshima et al. (1996) 
have proposed that tRNA-related SINEs may 
have arisen with the aid of long interspersed 
nuclear elements, LINEs. SINEs do not encode 
the reverse transcriptase (RTase) needed for 
processing a complementary DNA (cDNA) 
from the RNA intermediate but may have 
utilized RTase of the corresponding LINEs for 
retroposition. Turtle and salmon SINEs share a 
60-80 bp segment at their 3’ end with a 
particular LINE, in which it most probably 
represents the recognition site for the RTase  

(Eickbush 1992; Smit 1996). Further 
confirmation for the above described 
hypothesis (reviewed by Shedlock and Okada 
2000) have come from cattle (Okada and 
Hamada 1997) and from cichlids (Terai et al. 
1998) as well as from mammalian-wide 
interspersed repeat (MIR) SINEs (Smit 1996; 
Terai et al. 1998)  
 
1.1.2. Bov-tA and Bov-A2 SINEs and Bov-B 
LINE  
Bov-tA and Bov-A2 are the main SINE 
families of cattle. Bov-tA is a construct of a 
115 bp Bov-A monomer and a 73 bp part noted 
as a tRNA derivative (Rogers 1985; Sakamoto 
and Okada 1985) and identified as 85 bp by 
Kaukinen and Varvio (1992). Bov-tA SINE 
often possess a (CA)n simple sequence repeat 
tail (Kaukinen and Varvio 1992). The Bov-A2 
includes two Bov-A elements connected by a 
27 bp linker sequence comprising 
hexanucleotide (CACTTT)n repeats and 
contains a (AGC)n trinucleotide repeat tail 
(Kaukinen and Varvio 1992) (Fig. 2). The A-
monomer has also been detected alone 
(Kaukinen and Varvio 1992). From database 
entries Lenstra et al. (1993) have estimated that 
Bov-tA and Bov-A2 are present in 285 000 and 
220 000 copies, respectively, in the haploid 
genome of cattle. Both Bov-A2 (Bov-A) and 
Bov-tA were first identified by Watanabe et al. 
(1982), who did not give any specific names 
for them, but later several names have been 
used (Table 1). Here, I will use those suggested 
by Lenstra et al. (1993).  
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Figure 2. Bov-A2 and Bov-tA SINEs and Bov-B LINE. The 115 bp element is the Bov-A monomer and the 73 bp block 
a tRNA related part (noted as 85 bp by Kaukinen and Varvio 1992) of the Bov-tA. See II/1.1.2. details regarding repeats 
(R). Adapted from Okada and Hamada (1997) with modifications. 
  
. 

 
The Bov-B has been originally 

described as a SINE (art2, Pst, see Table 1) of 
560 bp or less in length constructed by a PstI 
repeat and a 78 bp segment homologous to 
Bov-A at the 3’ end (Duncan 1987; Majewska 
et al. 1988). Bov-B was estimated to be present 
in 60 000 copies in the haploid genome of 
cattle (Lenstra et al. 1993). Characterization of 
 the first full-length (3.1 kbp) Bov-B (bovine 
dimer-driven family, BDDF, see Table 1) lead 
to its reclassification as a LINE (Szemraj et al. 
1995). Malik and Eickbush (1998) have 
confirmed that instead of being target sites for 
Bov-B insertions as proposed by Szemraj et al. 
(1995), Art2 and Pst are deletions of full length 
LINEs.  

The origin of Bov-A has been a 
mystery since no promoter for polymerase III 
typical for SINEs has been identified (Rogers 
1985; Weiner et al. 1986). According to the 
hypothesis presented by Okada and Hamada 
(1997) Bov-A has been generated by deletion 
of the central part of the Bov-B LINE (step 1 in 
Fig. 3), and Bov-A2 has arisen by duplication 
of Bov-A (step 2’ in Fig. 3). Then, the Bov-tA 
has been originated by combining a tRNA 
pseudogene with Bov-A (step 2 in Fig. 3). 
Then, the Bov-tA has been originated by 
combining a tRNA pseudogene with Bov-A 
(step 2 in Fig. 3).  

 
Table 1. The nomenclature of Bov-A, Bov-A2 and Bov-
tA SINEs and Bov-B LINE 
 
 
 

 
i= names  according to Lenstra et al. (1993) 

 
 

 

SINE/ 

LINEi 

Name Reference 

Bov-A D and A Schon et al. 1981 

 A Rogers 1985 

 BCS Spence et al. 1985 
   
Bov-A2 BDF Skowronski et al. 1984 

 A1-A2 Rogers 1985 

   

Bov-tA C-D/A Schon et al. 1981 

 BMF Skowronski et al. 1984 

 C-A3 Rogers 1985 

 C-BCS Spence et al. 1985 

   

Bov-B art-2 Duncan 1987 

 Pst Majewska et al. 1988 

 BDDF Szemraj et al. 1995 

R R

R Bov-tA

115 bp 115 bp

115 bp73 bp

Bov-A2

1/2ml R1/2mrRT Bov-B LINE   
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Figure 3. Hypothetical origin of Bov-A and Bov-tA SINEs from Bov-B LINE as presented by Okada and Hamada 
(1997). Adapted from Okada and Hamada with modifications. 
 
 
1.1.3. Distribution of SINEs and LINEs in 
ruminants 
The Bov-tA SINE has been found in the 
pecoran and tragulid ruminants (Fig. 4) 
determined by dot blot hybridization 
(Shimamura et al. 1999). The Bov-A2 and 
Bov-B have been detected from the same 
species as Bov-tA by Southern or dot blot 
hybridization of genomic DNA (Jobse et al. 
1995; Buntjer et al. 1997; Shimamura et al. 
1999). The presence of Bov-A as well as Bov-
B like sequences in the Tragulus was 
confirmed by PCR amplification of the 
elements (Buntjer et al. 1997). However, from 
their hybridization studies Modi et al. (1996) 
have come to the conclusion that Bov-B is not 
present in chevrotain (Tragulidae) but must 
instead have inserted after the divergence of 
Tragulina and Pecora, which is not in 
accordance with observations of other authors 
and the hypothesis by Okada and Hamada 
(1997) concerning the origin of Bov-A from a 
Bov-B LINE.  

Kordis and Gubensek (1995) have 
described a 620 bp segment in the viper 
(Vipera ammodytes) genome with a high  
homology to the cattle art2 SINE (truncated 
Bov-B LINE) suggesting horizontal transfer 
between vertebrate classes. However, Malik 

and Eickbush (1998) have proposed that a more 
probable explanation for this nucleic acid 
homology is that these SINEs encode the 
carboxyl end of the Bov-B open reading frame 
(ORF) containing both apurinic-apyrimidic 
endonuclease and reverse-transcriptase 
domains characteristic for LINEs. 
 ARE-1P and ARE-2P (Artiodactyl 
Repetitive Element 1,2-Porcine) SINEs (or 
LINEs, see Nikaido et al. 1999) have been 
recently described in pig, and a search of 
database entries and hybridization studies have 
revealed that these elements occur as rare 
components in the bovine and sheep genomes 
(Alexander et al. 1995). This was confirmed by 
Buntjer et al. (1997), who showed that ARE1  
and ARE2 are abundantly present in the 
genomes of artiodactyl species by Southern 
hybridization of genomic DNA. Other SINEs 
in the ruminant genomes are CHR-1 (for 
Cetacea, hippopotamus and Ruminantia) and 
CHR-2 (Shimamura et al. 1997; 1999). 
 In addition to enabling estimation of the 
integration time of a particular SINE family in 
the artiodactyl lineage, presence/absence of a  
single SINE and LINE insertions has been used 
as phylogenetic markers to infer relationships  
of the cetartiodactyl lineage (see II/1.4). 
 

1/2ml R1/2mrRT Bov-B LINE

R1/2ml 1/2mr Bov-A

115 bp

R1/2ml 1/2mr

115 bp

R

115 bp

1/2ml 1/2mr Bov-A2R

115 bp

1/2ml 1/2mr

73 bp

tRNA-related

Deletion (Step 1)

Recombination with a tRNA pseudogene
 (Step 2)

Bov-tA

Duplication of Bov-A (Step 2')
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Figure 4. Distribution of Bov-A2, Bov-tA, Bov-B, CHR-1, CHR-2, ARE and PRE-1 elements in the Cetartiodactyl 
lineage. Adapted from Nikaido et al. (1999) with modifications. 
 
 
 

 
 
 

1.2. Simple sequence repeats (SSRs) 
 
1.2.1. The origin of SSRs 
Simple sequence repeats or microsatellites are 
monotonous repetitions of very short (1-6 bp) 
nucleotide motifs (e.g. Tautz 1989). The 
(CA)n/(GT)n represents the most frequent 
microsatellite repeat of the mammalian 
genome, outnumbered only by poly (A)/(T) 
monomers (Beckmann and Weber 1992). The 
mammalian copy number estimates for 
(CA)n/(GT)n repeats based on hybridization 
studies range from 30 000 in cattle to 100 000 
in mouse (Hamada et al. 1982; Hamada and 
Kakunaga 1982). Analysis of a large number of  
human cosmid clones and database sequences 
have given the average of one (CA)n/(GT)n 
repeat per 30 kb in the human DNA (Stallings 
et al. 1991; Beckmann and Weber 1992).  

The process that leads to microsatellite 
formation is not yet established (Levinson and 
Gutman 1987a; Tautz 1989). It has been 
suggested that microsatellites may arise from 
cryptically simple sequences which are 
microsatellite-like and more common in 
genomes than expected by chance (reviewed by 
Hancock 1999). Messier et al. (1996) have 
presented evidence concerning substitutions, 
which most probably have lead to different 
microsatellites in distinct primate lineages: one 
substitution has resulted in the (ATGT)2 
tetranucletide repeat from the ‘basic’ 

ATGTGTGT sequence, which has then 
expanded to (ATGT)5 in one lineage. 
Similarily, another substitution has created 
(GT)5, which has expanded by one repeat in 
one lineage. Since 3’ ends of several SINE 
families contain a polymorphic microsatellite, 
for example human Alus (e.g. Economou et al. 
1990), PRE-1 of pig (Miller and Archibald 
1993; Ellegren 1993) and ruminant Bov-tA 
(Kaukinen and Varvio 1992), they have been 
proposed as one candidate for origin of 
microsatellites (Kaukinen and Varvio 1992; 
Arcot et al. 1995).  
 
1.2.2. Microsatellites evolve through errors 
during the replication 
Microsatellites are highly polymorphic (Litt 
and Luty 1989; Weber and May 1989; Tautz 
1989). In general, their mutation rate is high, 
estimates ranging from 10-2 to 10-5 per locus 
per generation (e.g. Weber and Wong 1993 and 
references therein; Ellegren 1995). Slipped 
strand mispairing (slippage) during DNA 
replication (Levinson and Gutmann 1987a; 
Schlötterer and Tautz 1992) has been suggested 
to be a mechanism for generating diversity in 
microsatellite loci. It occurs when the nascent 
strand of tandemly repeated DNA dissociates 
from the template strand and reanneals out of 
phase with neighboring repeat. This leads 
either to insertion or deletion of a DNA 
segment, depending on whether the slippage 

Bov-tA
Bov-A2
Bov-B

Camels
Pigs

Peccaries

Chevrotains

Pecorans

Hippopotamuses

Toothed whales

Baleen whales

Tylopoda

Suiformes

Ruminantia

Hippopotamidae

Cetacea

ARE

CHR-1
CHR-2

(Bovidae, Cervidae, 
Giraffidae, Antilocapridae)

(Tragulidae)

PRE-1
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occurs in the 5’→3’ direction or in the opposite 
one. In addition to slippage strand mispairing, 
recombination by crossing over or by gene 
conversions, more typical for minisatellite 
evolution, can be responsible for part of the 
new variation (Hancock 1999). 

Several lines of evidence support the 
slippage hypothesis. First, most of the length 
mutations at microsatellites represent gains or 
losses of a single repeat unit although also 
more complex alterations have been identified 
(e.g. Weber and Wong 1993; DiRienzo et al. 
1994; Primmer et al. 1996). Second, 
interruption of microsatellites results in 
reduced polymorphism (Weber 1990) and 
reduced mutation rates (Bichara et al. 1995; 
Chong et al. 1995; Kunst et al. 1997) consistent 
with the greater difficulty of forming slipped 
intermediates in the presence of sequence 
interruptions. In addition, in vivo studies have 
shown that microsatellite mutation rates 
increase with array length in both E.coli 
(Levinson and Gutmann 1987b; Murphy et al. 
1989) and yeast (Wierdl et al. 1997).  
 
1.2.3. Bovine microsatellites 
In domestic animals, like cattle, the main 
purpose for generating polymorphic DNA 
markers is for constructing genetic linkage 
maps, which in turn are developed for 
identifying regions of the genome that 
influence economically important traits. The 
majority of the traits selected in livestock 
production are quantitative traits: the individual 
phenotype reflects the action of several genes, 
confounded by environmental effects. Mapping 
of underlying genes or quantitative trait loci 
(QTL) should allow marker assisted selection 
(MAS), which is expected to increase the rate 
of genetic progress (Georges et al. 1993a). 
Examples of cattle QTL mapped by 
microsatellite analysis are horn development 
(Georges et al. 1993b), weaver disease 
(Georges et al. 1993a) and milk production 
(Georges et al. 1995). 

Soon after the first reports about 
microsatellite polymorphisms in humans (Litt 
and Luty 1989; Weber and May 1989), Fries et 
al. (1990) showed that dinucleotide blocks may 
be an abundant source of DNA polymorphism 

in cattle. Vaiman et al. (1994) suggested that 
the cattle genome possesses less (CA)n/(GT)n 
sequences than other mammalian species and 
gave an estimate of from a few thousand to 30 
000 as the total number of microsatellites. The 
small and large scale development of random 
microsatellite markers (e.g. Vaiman et al. 1994; 
Moore et al. 1994 and references therein) 
resulted in genetic linkage maps for cattle 
(Barendse et al. 1994; 1997; Bishop et al. 
1994) of which the most recent one is 
constructed of 1231 polymorphic microsatellite 
loci, two other DNA markers and 14 
erythrocyte antigen and serum proteins 
(Kappes et al. 1997). At present, the generation 
of additional markers is concentrated to 
specific genomic regions containing QTL 
(Kappes et al. 1997). 

 
1.3. Interspersed repetitive sequence (IRS)-
PCR 
 
1.3.1. Preparative IRS-PCR 
IRS-PCR approach is based on utilization of 
repetitive sequences as priming sites for 
amplification of genomic segments. When two 
priming sites are in opposite orientation, 3’- 
ends facing each other, and close enough for 
conventional PCR, amplification can occur. 

The roots of the IRS-PCR are in the 
studies of human Alu elements, which were the 
first priming sites for the approach named at 
that point Alu-PCR (Nelson et al. 1989). The 
goal was to develop a method to isolate human-
specific sequences from hybrid cells containing 
regions of the human genome in rodent cell 
backgrounds utlizing the narrow taxonomic 
distribution of SINEs. Similarily, the approach 
was useful in isolation of fragments from yeast 
artificial chromosome (YAC) clones as well as 
for probe preparation in bacteriophage vectors 
(Nelson et al. 1989). With some modifications 
to this procedure, IRS-PCR (Ledbetter et al. 
1990) has been used for example for isolation 
of chromosome and subchromosome -specific 
genomic regions (e.g. Cotter et al. 1990; 
Ledbetter et al. 1990) and DNA markers (e.g. 
Guzzetta et al. 1992; Brooks- Wilson et al. 
1992). IRS-PCR has made it possible to search 
microsatellites (see II/1.2) from complex DNA 
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sources and from specific chromosomal areas 
(Pereira de Souza et al. 1994; Davies et al. 
1994). Genomic fragments isolated by IRS-
PCR has also been utilized for YAC contig 
assembly (Hunter et al. 1994; Liu et al. 1995) 
as well as for filter-based genotyping 
(McCarthy et al. 1995; Elango et al. 1996). 
 
1.3.2. IRS-PCR generate multilocus 
fingerprints 
Sinnet et al. (1990) have suggested Alumorphs 
detected by Alu-specific primers as promising 
markers for genome mapping. Their dominant 
nature (presence/absence of a genomic 
fragment flanked by Alu repeats) was 
suggested to be compensated because multiple 
loci can be analysed simultaneously. Multiplex 
mapping has also been performed by IRS-PCR 
with primers specific for mouse SINEs and 
LINEs (Cox et al. 1991). Zietkiewicz et al. 
(1992) have shown that ‘alumorphs’ can serve 
as markers in linkage studies.  

Kaukinen and Varvio (1992) have 
characterized multilocus mendelian 
polymorphisms in a sample of cattle and sheep 
with four primers derived from a consensus 
sequence of the Bov-tA element. They named 
the approach SINE-PCR. Similarily, Miller 
(1994) have detected polymorphisms with 
primers annealing to pig SINE and LINE.  

Polymorphisms revealed by IRS-PCR 
are mainly dominant, presence-absence of a 
fragment. They result from base mutations or 
structural changes in an annealing site, 
preventing the amplification or generating 
length variability in the intervening sequence 
because of an alternate priming site. With 
primers derived from SINEs, length 
polymorphisms can be detected due to the 
occurence of polymorphic microsatellites at 
their 3’ end (see II/1.2.1).  

Various approaches utilizing the 
concept described above have been indroduced, 
named with diverse sets of names and used as 
multilocus profiling techniques in both 
eukaryotes and procaryotes (see Caetano-
Anolles and Gresshoff 1998). In general, IRS-
PCR have been mostly utilized for generating 
intraspecific polymorphims. However, the 
method is similarily suitable for interspecific 

studies. Zietkiewitcz et al. (1994) have 
suggested this application using primers 
derived from CA microsatellite repeats.  
 
1.4. SINE insertion sites are powerful 
phylogenetic markers; relationships among 
cetartiodactyls as an example 
 
Single SINE loci analysed by a 
presence/absence approach with primers 
flanking the insertion have turned out to be 
promising markers for phylogenetic purposes 
(reviewed by Cook and Tristem 1997; Hillis 
1999). A clade marker approach assumes that 
two host species share a particular element 
because of an insertion occured in the germ 
line of their common ancestor. It relies on 
assumption that SINEs can insert essentially 
anywhere in the genome, which implies that 
convergence, i.e. that insertion will occur in 
identical positions in two distinct lineages, is 
unlikely and that the insertion events are 
irreversible (Cook and Tristem 1997). SINE 
insertion analysis is excellent for tree topology 
but not for branch length estimation, because 
the generation of new insertions may well be 
episodic rather than clock-like (Cook and 
Tristem 1997). Okada and coworkers have used 
SINE insertions as ‘temporal landmarks of 
evolution’ in molecular systematics of 
salmonid fish (Murata et al. 1993; Murata et al. 
1996) as well as cetartiodactyls (e.g. Nikaido et 
al. 1999). Similarily, Tatout et al. (1999) have 
used SINE insertions as clade markers in 
analysis of phylogenetic relationships of wild 
crucifer species (genus Brassica).  
 Persisting questions in cetartiodactyl 
evolution have been whether hippopotamus is a 
close relative of pig, and whether whales are 
closer relatives of artiodactyls than of the other 
ungulates (Fig. 4). Attempts to solve this have 
been done both by morphological and 
molecular studies (reviewed by Nikaido et al. 
1999). Recently, distribution of single SINE 
and LINE insertions have been utilized to find 
answers to these questions (Shimamura et al. 
1997; Nomura et al. 1998; Nomura and Yasue 
1999; Nikaido et al. 1999). Shimamura et al. 
(1997) showed that CHR-1 SINE is present in 
whales, hippopotamus and ruminants but not in 
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pig and camels by using presence/absence 
approach for nine SINE insertions. Nomura et 
al. (1998) isolated 30 SINE sequences from 
hippopotamus, which they found to be 
genetically related to CHR-2 described from 
whale by Shimamura et al. (1997). The dot blot 
hybridization experiments revealed that CHR-2 
was more abundant in whale and hippopotamus 
genomes than in other artiodactyls. Further 
analysis of three CHR-2 insertions revealed 
that ruminants were first separated from a 
common ancestor of hippopotamus, ruminants 
and cetaceans. After these events 
hippopotamus and cetaceans were separated 

(Nomura and Yasue 1999). Recently, Nikaido 
et al. (1999) have characterized more SINE and 
LINE insertion sites and confirmed the 
previous results. Yasue and Wada (1996) and 
Sulanderi et al. (1997) have previously shown 
that PRE-1 SINE sequences are distributed in 
the genomes of pig and its close relatives, but 
not in hippopotamus and cattle. The perfect 
correspondence between the reported 
SINE/LINE insertions (Nikaido et al. 1999) 
and the established phylogeny of artiodactyls 
(Gatesy et al. 1999) have supported their 
usefulness for phylogenetic inference.  
 

 
 
 
 
2. NUMTS; PSEUDOGENES OF MITOCHONDRIAL ORIGIN 
 
 
2.1. The origin of numts  
 
2.1.1. A DNA or RNA mediated process? 
The formation of a numt involves several steps: 
the generation of a mtDNA fragment to be 
transferred, transposition of it from the 
mitochondria to the nucleus and integration 
into the chromosomal DNA. The genomic 
organization of numts in different species 
suggests that there may be several strategies for 
formation of numt pseudogenes. 

The generation of numts is assumed to 
be a DNA rather than an RNA mediated 
process, because control region sequences, 
which represent the untranscribed part of the 
mitochondrial genome have been isolated from 
many species (e.g. Lopez et al. 1994; Zischler 
et al. 1995; 1998; Lemos et al. 1999). 
However, in some plants, transfer of mtDNA 
sequences to the nucleus have been suggested 
to involve an RNA intermediate (e.g. Nugent 
and Palmer 1991; Grohmann et al. 1992; 
Blanchard and Schmidt 1995).  

Zischler et al. (1995) have proposed 
that the displacement loop, the third DNA 
strand during the mtDNA replication (see 
II/2.4) may have a tendency to escape from 
mitochondria and integrate into the nuclear 
genome. Lopez et al. (1994) have suggested a 

mechanism analogous to the ’petite’ mtDNA 
mutations in yeast for generation of a cat numt. 
The mitochondrial genome has been 
fragmented and then reunited by intramolecular 
recombination, and this intermediate has 
transposed into the nucleus (Lopez et al. 1994 
and references therein). Similar indications 
have been found also in a yeast numt (Farrelly 
and Butow 1983).  

Release of mitochondrial DNA or RNA 
into the cytoplasm due to weakening of 
mitochondrial membranes in stress conditions 
has been suggested to enhance insertions of 
mitochondrial fragments into nuclear genome 
(e.g. Hadler et al. 1983; Kamimura et al. 1989; 
Shay and Werbin 1992). Thorsness et al. 
(1993) have isolated yeast mutants with 
elevated rates of transfer of mitochondrial 
DNA to the nucleus possibly due to leakage of 
nucleic acids through the membranes.  
 
2.1.2. Integration by end-joining mechanim 
Several lines of evidence have suggested that 
mitochondrial sequences have integrated into 
the nuclear genome by a non-homologous 
integration mechanism (e.g. Nomiyama et al. 
1985; Fukuda et al. 1985; Kamimura et al. 
1989; Blanchard and Schmidt 1996; Zischler et 
al. 1995). In agreement with this, the flanking 
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sequences in human numts, have not shown 
significant homology to corresponding regions 
of the human mtDNA at the junctions of the 
mtDNA-like and the nuclear DNA sequences 
(Nomiyama et al. 1985; Fukuda et al. 1985; 
Kamimura et al. 1989). A further confirmation 
for the hypothesis has recently come from an 
experimental study in yeast (Ricchetti et al. 
1999).  

Remnants of transposable or viral 
elements have been found in proximity of yeast 
(Farrelly and Butow 1983), locust (Gellissen et 
al. 1983), human (Nomiyama et al. 1985; 
Fukuda et al. 1985; Kamimura et al. 1989), 
protist (Ossario et al. 1991) and rat (Zullo et al. 
1991) numts. Analysis of human and yeast 
numts from databases has suggested that 
mtDNA movement and the integration process 
appear to be independent in retroelement 
insertions (see Fig. 1, 2, and 3 in Blanchard and 
Schmidt 1996). Similarily, neither direct nor 
inverted repeats or duplication of the nuclear 
DNA sequences have been found in the 
flanking sequences of human numts 
(Nomiyama et al. 1985; Fukuda et al. 1985; 
Kamimura et al. 1989), and although some 
LINE sequences have been co-isolated with 
human numts, sequence analysis has revealed 
that mitochondrial sequences were first taken 
up at various sites in the nuclear DNA, after 
which a retroelement was translocated within 
one of the insertions, and thus did not have a 
role in the movement of mtDNA sequences 
(Nomiyama et al. 1984).  
 
 
2.2. The genomic organization of numts 
 
2.2.1. Several numts of different age 
MtDNA fragments representing protein-
coding, tRNA and rRNA genes and D-loop 
region sequences seem to have been 
continuously integrated into the nuclear 
genome during the evolution of primates 
(Fukuda et al. 1985; Hu and Thilly 1994; van 
der Kuyl et al. 1995; Zischler et al. 1995; 
1998). Based on library screening, Fukuda et 
al. (1985) have estimated that human nuclear 
DNA contains at least several hundred copies 
of mtDNA-like sequences. When a number of 

primate numts have been compared, lack of 
sequence homology between the nuclear target 
sites (Nomiyama et al. 1985; Fukuda et al. 
1985; Kamimura et al. 1989), phylogenetic 
analysis of numts (e.g. van der Kuyl et al. 
1995) and the differences in homology to 
contemporary mitochondrial sequences (Hu 
and Thilly 1994) have indicated separate 
integrations. Recently, sequence comparisons 
and phylogenetic analysis of orthologous 
mtDNA from four opossum species (genus 
Didelphis) and paralogous nuclear sequences 
have suggested that mtDNA migration to the 
nuclear genome has occured more than once in 
the evolution of Didelphis (Lemos et al. 1999).  

In some cases numts have duplicated 
after the nuclear integration. For example, 
Collura and Stewart (1995) have sequenced 
two cytochrome b nuclear pseudogenes from 
orangutan cellular DNA, which most probably 
have originated by duplication after the 
integration into the nuclear DNA. Similarily, in 
rat, flanking region sequences of numts share 
88 % identity suggesting a single integration 
event, followed later by a duplication (Zullo et 
al. 1991). 
 
2.2.2. Several recent integrations in closely 
related taxa 
Sorenson and Fleischer (1996) have described 
six independent recent transpositions of a 
mitochondrial control region in seven closely 
related taxa of diving ducks (tribe Aythyini). 
PCR amplification with primers specific for 
mitochondrial DNA and nuclear integrations, 
respectively, revealed only one numt, which 
was present in two species, while the other 
ones were found only from one species. 
Phylogenetic analysis confirmed the 
independent transposition events by placing 
each nuclear sequence as a close relative of the 
mtDNA haplotype of the species from which it 
was isolated.  

A similar situation has been described 
by Sunnucks and Hales (1996), who found 
seven numts having a high proportion of 
unique characters and sharing a few derived 
ones and thus evidently representing seven 
independent integration events in aphids (genus 
Sitobion). Only one of the numts was more 
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closely related to another pseudogene than to 
contemporary mtDNA from the same species. 
Recently, Vaughan et al. (1999) have localized 
mitochondrial sequences to chromosomal DNA 
of grasshoppers (orthopherans), which revealed 
different nuclear locations of numts in different 
genera. Bensasson et al. (2000) have sequenced 
87 distinct numts from 12 grasshopper 
individuals representing different subfamilis. 
The distance tree revealed that they result 
mainly from events which have occured since 
these grasshopper species diverged from each 
other.  
 
2.2.3. Amplification of numts  
A dramatic example of a numt has come from 
domestic cat (Lopez et al. 1994). A 7.9 kb 
mitochondrial segment has recently integrated 
into a specific chromosomal location, become 
amplified 38-76 times and now occurs as a 
tandem repeat macrosatellite with multiple-
length alleles segregating in cat populations 
(Lopez et al. 1994). Hu and Thilly (1995) have 
reported that one human numt is present at 
least five copies in each cell and that 
amplification has occured very recently. 
 
2.3.  Evolution of mitochondrial DNA 

 
Mitochondrial DNA has been reported to 
evolve from five to ten times the rate of single 
copy nuclear DNA (reviewed by Gray 1989). 
The substitution rate is strongly dependent on 
the region of mitochondrial genome considered 
(e.g. Pesole et al. 1999). The 16 -17 kb 
mammalian mitochondria includes 13 protein 
coding genes, 22 tRNA and 2 rRNA genes as 
well as the control, or D-loop region (Fig. 5). 
This control region is highly structured and has 
been divided into three domains: the central 
region (CCR) and two peripheral ones, 5’ left 
and 3’ right (Saccone et al. 1991) or as recently 
named ETAS and CSB domains (Sbisa et al. 
1997) (Fig. 6). Nonsynonymous sites of 
mitochondrial protein coding genes, the CCR 
and tRNA and rRNA genes evolve much more 
slowly than synonymous sites and both the 
peripheral domains of the control region 
(Pesole et al. 1999). Based on comparisons of 
several pairs of species from the Mammalian  

 
 
Figure 5. Representation of vertebrate mtDNA. The 
shaded areas represent the 22 tRNA genes. The 12s and 
16s rRNA genes are shown. OH and OL are the respective 
origins of H- and L-strand synthesis. HSP and LSP are 
the respective promoters for transcripts copies from the 
H and  L template strands. Arrows denote the directions 
of synthesis.  For protein coding genes, see Clayton 
(1991). Adapted from Clayton (1991). 
 
 
orders Primates, Carnivora, Cetacea and 
Perissodactyla, substitution rates for the ETAS 
domain and the CCR of the control region were 
19 and 4 x 10 –9 substitutions per nucleotide 
site per year, respectively (see standard errors 
in Table 2 in Pesole et al. 1999)  

In addition to high substitution rates in 
the ETAS and CSB domains, they can also 
show large structural differences due to long 
and short repeats (LR and SR, respectively), 
which have been found in a diverse set of 
species (e.g. Fumagalli et al. 1996 and 
references therein). In addition, both domains 
also contain indels of different size and have 
been found difficult to align even between two 
closely related species (Pesole et al. 1999). 
Saitou and Ueda (1994) have compared nuclear 
and mitochondrial noncoding sequences in 
primates and found that insertions and 
deletions occur at the rate 2.0/kb/Myr in 
mitochondria while the corresponding estimate 
for nuclear DNA was ten times lower. 
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Base composition varies between the 
various mitochondrial regions and between 
different species. For example, in cattle and 
sheep 70 and 64 % of bases in the ETAS 
domain of the control region are A or T, 
respectively, while the AT and GC contents of 
the CCR domain are approximately equal 
(Sbisa et al. 1997). At fourfold degenerate third 
codon positions, the proportion of GC in cattle 
has been measured to be 33 % while the 
corresponding estimate in human is 47 % 
(Perna and Kocher 1995). 
 
2.4. The ETAS domain include the putative 
termination signal for mtDNA replication 
 
Replication of the mitochondrial genome 
begins by initiation of the heavy (H) strand 
synthesis from the origin of heavy strand 
replication (OH) (Fig. 6) located in the CSB 
domain, utilizing as primer an RNA transcribed 
from the light (L) strand promoter (reviewed by 
Clayton 1982; Clayton 1991). DNA synthesis 
proceeds unidirectionally, and is optionally 
aborted to form the diplacement loop (D-loop) 
triplex replication intermediate (Doda et al. 
1981). Light strand synthesis starts at a 
separate origin, only after 2/3 of the H strand 
has been completed and thus productive 

replication involves read-through of the 
terminator (Clayton 1982).  

The 3’ end of the displacement loop has 
experimentally been mapped to the ETAS 
domain 500–1000 bp downstream the initiation 
site, for example in human and mouse (Doda et 
al. 1981), in pig (MacKay et al. 1986) and in 
cattle (Madsen et al. 1993). By sequence 
comparisons, the termination points have been 
characterized also in sheep (Wood and Phua 
1996) and in several cervid species (Douzery 
and Randi 1997). Since conserved sequence 
blocks have been preserved in the otherwise 
highly divergent ETAS domain, they have been 
suggested as candidates for termination 
signal/s.  

Termination associated sequences 
(TASs) are conserved elements of 12-15 bp 
described first in human, mouse (Doda et al. 
1981) and pig (MacKay et al. 1986) upstream 
of the mapped 3’ ends of the displacement 
loop. Because the number of TAS and 3’ ends 
corresponded, Doda et al (1981) and MacKay 
et al. (1986) concluded that termination of H 
strand synthesis is associated with these 
sequences. The accumulation of more 
mitochondrial sequence data have revealed 
features which have lead some authors to 
question their functional role (Foran et 

 
 
 

al. 1988; Sbisa et al. 1997). For example, the 
 

 

 
 
 
Figure 6. Schematic representation of the mitochondrial control region bounded by the tRNA genes for proline (Pro) 
and phenylalanine (Phe). The origin of heavy (H) strand replication OH, the displacement (D) loop and the place of a 
putative termination  signal are presented. Adapted partly from Douzery and Randi (1997). 
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conservation of some of the TAS is low, they 
occur in variable number which can exceed the 
number of 3’ termini experimentally mapped 
and in addition they are located at variable 
distance upstream from the termination sites 
(e.g. Foran et al. 1988). In cattle, seven TAS 
have been identified (Madsen et al. 1993), in 
sheep Zardoya et al. (1995) have reported 10 
TAS while Sbisa et al. (1997) have mentioned 
16. In cervids Douzery and Randi (1997) have 
described four sequence blocks showing high 
homology to cattle and sheep TAS. 

Another candidate for termination 
signal has been secondary structures 
accompanied by negative free-energy changes 
and thus likely to form in a non-duplex 
molecule sections. Dunon-Bluteau and Brun 
(1987) and Brown et al. (1986) have identified 
secondary structures near the mapped 
termination point of the D-loop in some 
mammalian species (but see Foran et al. 1988). 
Dunon-Bluteau and Brun (1987) noticed a 
conserved pentanucleotide (5’ TACAT 3’) 
base-paired in the secondary structures. 
Saccone et al. (1991) have also reported that 
these short mirror symmetries, 
TACAT/ATGTA (or GYRCAT by Douzery 
and Randi 1997) repeated several times in the 
mammalian mtDNA are able to form stable 
hairpin-loops. An 8 bp conserved element with  
a mirror sequence has been identified in sheep  

and a 22 bp element in cervids, both noted to 
be able to form stable secondary structures 
(Hiendleder et al. 1998; Douzery and Randi 
1997).  

By functional analysis Madsen et al. 
(1993) have demonstrated that in cattle, a ~ 48-
kDa protein binds specifically to a single TAS 
element (TAS-A) located 58 bp upstream of the 
D-loop 3’ end thus being a trans-acting factor 
in D-loop formation. TAS-A has been 
identified by sequence homology in sheep 
(Wood and Phua 1996) and in cervids 
(Douzery and Randi 1997). Suzuki et al. (1996) 
have identified an approximately 97-kDa 
protein named Mt5-binding protein (Mt5BP), 
which binds to the Mt5 element including the 
3’ end of the displacement loop in some 
mammalian species including cattle. 

Sbisa et al. (1997) have recently 
characterized two blocks, each about 60 bp, 
named ETAS 1 and ETAS 2, which are 
conserved in 26 analysed species representing 
10 mammalian orders. Sbisa et al. (1997) have 
suggested that ETAS1 could contain the 
recognition signal (primary and secondary 
structural elements) for the termination of the 
nascent DNA or RNA chain, while ETAS2 
could contain the binding sites for termination 
factor(s). In general, ETAS1 and ETAS2 
included all the TASs and secondary structures 
previously identified and described above.  
 

 
 
 
3. POLYMORPHISM IN THE MAJOR HISTOCOMPATIBILITY COMPLEX (MHC)-DRB 
GENE OF DOMESTIC CATTLE AND SHEEP 
 
3.1. MHC of cattle and sheep 
 
Bovine leucocyte antigen system (BoLA) has 
been located in chromosome 23 and represents 
one of the best characterized MHC regions 
surpassed only by the human leucocyte antigen 
(HLA) system and H2 complex of mice (Lewin 
1996).  For sheep MHC (Mhc-Ovar), which 
has been mapped to chromosome 20, available 
data suggest a structure similar to the BoLA 

complex (Andersson and Davies 1994; 
Schwaiger et al. 1996). MHCs of human and 
mice have been divided into three areas: class I, 
class II and Class III (Trowsdale 1995). The 
class II MHC genes of cattle appear to be 
further divided into two distinct regions (Fig. 7; 
Andersson and Davies 1994; Lewin 1996). For  
presentation of organization of MHC genes in 
vertebrates, see Trowsdale (1995). 
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 Class I and II MHC membrane 
glycoproteins bind foreign antigens and present 
them to T lymphocytes. Class I molecules exist 
on most nucleated cell types whereas class II 
molecules are restricted primarily to B-cells 
and macrophages. Class II MHC molecules are 
composed of two chains (α and β) (Fig. 8), 
encoded by separate genes, A and B (Fig. 7).  
The BoLA-DRA gene has been found to be 
monomorphic, DRB3 is highly expressed, 
DRB2 is transcribed at low level and DRB1 is a  
pseudogene. For a presentation of expression 
of other BoLA class II α and β genes see Fig. 7 
and Davies et al. (1997). Compared to other 
domesticated species Mhc-Ovar is poorly 
characterized. There is indication of existence 
of only one Ovar-DRA gene, while several 
DRB genes exist of which Ovar-DRB1 has 
been found to be highly polymorphic and 
Ovar-DRB2 is a pseudogene (reviewed by 
Andersson and Davies 1994; Schwaiger et al. 
1996). 

 

 
 
Figure 8. Schematic representation of the MHC class II 
molecule. Adapted partly from Andersson and Davies 
(1994). 
 
 

 
 
 

 
 
 

 
 
 
 
 

 
Figure 7. Genetic map of structural genes located on bovine chromosome 23. Map distances are expressed in. Adapted 
mainly from Lewin (1996) but also from centimorgans Davies et al. (1997). For details, see Lewin (1996). Expressed 
class II genes are bolded.  
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3.2. Origin and maintenance of MHC 
diversity 
 
3.2.1. Trans-species origin of MHC alleles 
First evidence of MHC polymorphism pre-
dating the speciation of two species has come 
from rats and mice (e.g. Arden and Klein 1982; 
Figueroa et al. 1988), and human and 
chimpanzee (e.g. Lawlor et al. 1988; Mayer et 
al. 1989; Gyllensten and Erlich 1989). In 
general, the trans-species evolution of MHC 
allelic polymorphism (Klein 1987) has been 
described for all species investigated.  

Due to common ancestry, related MHC 
alleles from different species cluster by 
lineages rather than by species when 
phylogenetic trees are constructud. An allelic 
lineage is a group of alleles that are more 
similar to one another than they are to members 
of other such groups. A lineage usually 
encompasses genes from different but related 
species, whereby all the genes of the group are 
derived from a common ancestral gene that is 
not the same as the ancestral gene of other 
lineages (Klein et al. 1993). 

Although the allelic lineages are old, 
the alleles can have a more recent origin 
(Gyllensten et al. 1991; 1996). The human 
leucocyte antigen system (HLA)-DRB1 alleles 
have been divided into thirteen lineages 
corresponding to serological DR specificities. 
Lack of intron variation within allelic lineages 
have proposed that the vast majority (greater 
than 90 %) of the contemporary HLA-DRB1 
alleles have a mean age of 250 000 years 
(Bergström et al. 1998). Evidence of new 
alleles described for isolated human 
populations (Titus-Trachtenberg et al. 1994; 
Mack and Erlich 1998) have also been shown 
as support for the more recent (10 000-20 000 
years) origin of part of the MHC diversity. 
 
3.2.2. Intraexonic sequence exchanges (gene 
conversions) 
Exchange of segments between alleles and, 
more rarely, between loci due to gene 
conversion or other recombinational processes 
have generated MHC diversity both in class I 
and class II loci of a variety of species. Gene 
conversion means transfer of genetic 

information from a donor to an acceptor gene 
without the donor being changed in the 
process. Gyllensten et al. (1991) have 
suggested that allelic polymorphism at the 
HLA-DRB1 locus may have been generated in 
part by combining different variants of the two 
structural domains, β pleated sheet and α 
helical domain (see Fig. 9).  

Several authors have reported that in 
artiodactyls, sequence exchange plays a role in 
generating diversity in class II genes similar to 
that reported by Gyllensten et al. (1991). 
Schwaiger et al. (1993b; 1994) have identified 
DRB exon 2 sequences in goat and sheep, 
which most probably have originated via 
double-recombination and/or sequence 
conversion events, and there is also evidence 
that single crossover have occured. They 
concluded that, in addition to exchange 
between α helical and β sheet encoding 
regions, sequence exchange in class II genes 
appear rather randomly as has also been 
noticed by She et al. (1991) for murine class II 
genes. In the case of cattle, Mikko and 
Andersson (1995a) have published a large 
number of new BoLA-DRB alleles but 
mentioned that only a few ‘new’ sequence 
motifs were identified, and concluded that 
much of the allelic diversity is due to the 
presence of various combinations of shared 
sequence motifs. Similarily, in moose and in 
American bison sequence analysis of DRB 
alleles have indicated that intraexonic sequence 
exchange (intragenic recombination/interallelic 
recombination) has contributed significantly to 
the generation of allelic diversity at this locus 
(Andersson and Mikko 1995; Mikko et al. 
1997). The importance of gene conversions in 
generating variability in cattle class II genes 
has been also suggested by Ohta (1995). 

Most of the evidence about intraexonic 
exchanges have come from sequence 
comparisons of exon 2 alleles. In addition, 
Belich et al. (1992) and Watkins et al. (1992) 
have described HLA-B alleles from isolated 
Native American populations, which most 
probably have originated through single 
microrecombination between pre-existing 
alleles. Direct indication has come from 
analysis of human sperm indicating that about 
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1/10,000 sperm represents a new HLA-DPB1 
allele sequence generated by gene conversion 
within the second exon (Zangenberg et al. 
1995). Some authors have criticised strongly 
the intraexonic exchange hypothesis and 
instead suggested that a long temporal 
existance of MHC alleles (tens of millions of 
years; Klein et al. 1993) have made possible 
the accumulation of parallel mutations in 
different allelic lineages under the direction of 
positive selection, i.e. convergent evolution 
(e.g. reviewed by Klein and U’hUigin 1995; 
U’hUigin 1995). 
 
3.2.3. Balancing selection is operating on 
MHC loci 
The most direct evidence of balancing 
(overdominant) selection operating in MHC 
genes has come from comparisons of 
substitution patterns in antigen recognition 
sites (ARS) and the other regions of the human 
and mouse class I and II MHC genes (Hughes 
and Nei 1988; 1989). Hughes and Nei (1988; 
1989) compared the number of mutations that 
alter the amino acid in a particular site, 
nonsynonymous substitutions, (dn) and 
synonymous substitutions (ds), which do not 
chance the amino acid in ARS, to other regions 
of the genes. The frequency of dn was 
significantly higher than ds in ARS while in 
other regions, the reverse was true indicating 
purifying selection. Under neutrality the dn/ds 
ratio is expected to be more or less equal. 
Similar comparisons in other species also have 
revealed an enhanced rate of nonsynonymous 
nucleotide substitution in the ARS (e.g. Hughes 
and Hughes 1995). 

The large number of alleles at MHC 
loci showing a relatively even frequency 
distribution and a lower level of homozygosity 
than expected under neutral theory has 
suggested the action of balancing selection 
(Hedrick and Thompson 1983). Heterozygosity 
excess has been found in many isolated Native 
American populations (Black and Salzano 
1981; Markow et al. 1993; Black and Hedrick 
1997) suggesting that selection is acting in 
present generations.  

 
 

Overdominant and frequency-
dependent selection, or heterozygote and rare 
allele advantage, respectively, are selection 
mechanims based on host-pathogen interaction. 
The possibility that MHC polymorphism could 
be maintained by heterozygote advantage was 
suggested already by Doherty and Zinkernagel 
(1975), who argued that a heterozygote having 
two different MHC molecules would be more 
resistant to infectious diseases than a 
homozygote with only one type of MHC 
molecule. According to the frequency-
dependent selection model, host individuals 
carrying a recently arisen mutant allele have a 
selective advantage because pathogens will not 
have had time to adapt to infecting cells 
carrying a new mutant antigen (Bodmer 1972). 
Hughes and Nei (1988), and Takahata and Nei 
(1990) have pointed out that the frequency 
dependent selection model can not explain the 
high degree of polymorphism nor the long 
persisting polymorphism at the MHC loci but 
would lead to constant turnover of alleles in the 
population since old alleles lose resistance to 
pathogens. For further biological support for 
overdominant hypothesis, see review by Nei 
and Hughes (1991). 

MHC-based mating preference and 
selective abortion are selection mechanims 
associated with reproduction and have been 
documented in mice and human populations 
(reviewed in Edwards and Potts 1996; Edwards 
and Hedrick 1998). 
 
3.3 DRB typing methodology 
 
3.3.1. Before the PCR era 
Before the introduction of PCR, cattle and 
sheep MHC class II polymorphism were 
mostly characterized by serology, by isoelectric 
focusing and by restriction fragment length 
polymorphism (RFLP) and Southern 
hybridization analysis of genomic DNA. With 
all these typing methods, used alone or in 
collection, it was possible to detect haplotypes, 
i.e. a collection of alleles of different loci (e.g. 
Davies et al. 1992; Andersson and Davies 
1994; Escayg et al. 1996).  
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3.3.2. Exon 2 based typing 
The second exon of the DRB gene encodes the 
antigen binding groove of the MHC class II 
molecule (Fig. 8) and maintains virtually all the 
polymorphism. At present, 63 different BoLA- 
DRB3 exon 2 alleles have been named (Davies 
et al. 1997; Russel et al. 1997; 
http://www2.ri.bbsrc.ac.uk/bola/) of which a 
large part has been identified using exon 2 
specific primers and cloning and/or sequencing 
of the amplified segments (e.g. Sigurdardottir 
et al. 1991; Gelhaus et al. 1995; Mikko and 
Andersson 1995a; Maillard et al. 1999).  

PCR amplified second exons have been 
also examined by RFLP analysis (van der Eijk 
et al 1992). However, Gelhaus et al (1995) 
concluded that although PCR-RFLP analysis is 
suitable for inbred populations, with outbred 
population some information could be missed. 
Maillard et al. (1999) have performed the 
RFLP analyses for cloned PCR products, 
which allowed the isolation of both alleles 
from each animal and made the approach more 
sensitive for detecting novel alleles. Sitte et al. 
(1996) have done genotyping by sequence 
specific oligonucleotide (SSO) typing for 
presence or absence of a deletion at the codon 
65 of BoLA-DRB3*2A allele (BoLA-
DRB3*0201 in present nomenclature; Davies et 
al. 1997). 
 
3.3.3 Microsatellite based DRB typing 
The second intron of the cattle DRB gene 
possesses a highly polymorphic microsatellite 
repeat (Ammer et al. 1992; Ellegren et al. 
1993). In addition, basically the same motif 
(gt)n(ga)m has been sequenced from several 
artiodactyl species such as sheep, goat, gazelle 
and giraffe (Schwaiger et al. 1993b; Schwaiger 
et al. 1994). Ellegren et al. (1993) have 
suggested that strong association between the 
microsatellite length polymorphism and exon2 
sequence polymorphism can be utilized for 
DRB typing but noticed that the microsatellite 
polymorphism did not distinguish all the 
known DRB3 alleles. van Haeringen et al. 
(1999) have shown that the resolution of 
microsatellite based DRB3 typing is much 
better when the length polymorphism of 

another microsatellite in corresponding 
location in DRBP1 pseudogene is included.  

Schwaiger et al. (1993a, b) have 
described an oligonucleotide typing method for 
DRB genes, in which PCR fragments, 
including the second exon and the adjacent 
intron are first separated in polyacrylamide gel 
based on length variations of the microsatellite 
repeat, then hybridized with probes for both the 
intronic repeat and exonic sequence. This 
polymorphism-specific oligonucleotide typing 
(PSO) has been utilized especially for Mhc-
Ovar DRB1 typing (Schwaiger et al. 1996). 
 
3.4. Association of MHC haplotypes and 
resistance 
 
So far, several documented cases exist where 
specific MHC haplotypes or genotypes provide 
resistance to parasites. One classic example 
comes from chicken, in which animals with the 
haplotype B21 have much higher resistance to 
Marek’s disease (MD), a type of viral leukemia 
(Briles et al. 1977). If chickens are selected for 
resistance to this fatal disease, the frequency of 
the B21 haplotype increases rapidly (Gavora et 
al. 1986). In cattle, Xu et al. (1993) have 
reported an association of resistance to 
persistent lymphocytosis (PL) caused by 
bovine leukemia virus and a BoLA-DRB3 exon 
2 polymorphism and Zanotti et al. (1996) have 
found association of class II haplotypes and 
resistance to the same disease. Paterson et al. 
(1998) have described association of MHC 
variation with juvenile survival and parasite 
resistance in unmanaged sheep population. 
Although the data was more consistent with the 
frequency dependent selection model, the 
authors proposed that different MHC alleles 
may exhibit different associations at different 
stages during the Soya sheep’s life leading to 
heterozygotes showing the highest overall 
fitness.  

In humans, Hill et al. (1991) have 
provided evidence that in West Africa specific 
class I and class II alleles are associated with 
resistance to Plasmodium falciparum malaria 
and suggested that their data favour the 
hypothesis of frequency dependent selection  
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rather than overdominant selection (but see 
Hughes and Nei 1992). Heterozygote 
advantage have been reported for HLA in 
hepatitis B virus infection (Thursz et al. 1997) 
and human immunodeficiency virus-type-1 
(HIV-1) (Carrington et al. 1999). 
 
3.5. MHC and conservation of endangered 
populations 
 
The level of MHC diversity is expected to be 
connected to welfare and survival of a 
population. MHC polymorphism is believed to 
increase the ability to bind peptides of different 
origin, and thus facilitate the recognition of 
many different pathogens. However, there is no 
unambiguous link between low intraspecific 
MHC variation and disease susceptibility (Caro 
and Laurenson 1994). The best-known example 
of a species maintaining low MHC diversity 
and documented health problems is cheetah; 
nonetheless, there is low variability throughout 
the cheetah genome, and other loci could be 
responsible for the numerous susceptibilities to 
disease recorded (reviewed by Edwards and 
Potts 1996). A number of cases have been 
found where a limited amount of MHC  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

polymorphism has been characterized without 
showing any indication of lower viability 
(reviewed in Table 14-2 in Edwards and Potts 
1996). Moose has provided an additional 
example of a viable population with restricted 
MHC polymorphism probably due to a 
population bottleneck or limited amount of 
pathogens due to a rather solitary lifestyle 
(Mikko and Andersson 1995b; Ellegren et al. 
1996). 

Based on the overdominance selection 
model, it has been suggested that all captive 
breeding programs for endangered vertebrate 
species should be designed with the 
preservation of MHC allelic diversity as the 
main goal (Hughes 1991). Another way of 
choosing animals for captive breeding 
programmes is based on a frequency dependent 
model, and  favour rare alleles or haplotypes 
probably having higher fitness. However, any 
captive breeding scheme designed around a 
linkage group will erode genome-wide 
diversity drastically compared to a model based 
on preservation of overall levels of genetic 
diversity (reviewed by Edwards and Potts 
1996). 
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III. MATERIALS AND METHODS 
 
Materials 
 
DNA samples (isolated from blood and muscle with standard methods) from six species 
representing two ruminant families were included into the five studies. 
Family Bovidae:  

Cattle (Bos taurus) (I, II, III, V) 
Sheep (Ovis aries) (II, III, IV) 

Family Cervidae: 
Moose (Alces alces) (II, III) 
Reindeer (Rangifer tarandus) (II, III) 
White-tailed deer (Odocoileus virginianus) (II) 
Red deer (Cervus elaphus) (III) 

 
In addition, whale (Balaenoptera acutorostrata; Cetacea), pig (Sus scrofa; Suina) and horse (Equus 
caballus; Perissodactyla) DNA samples were used (II, III). 
 
Polymerase chain reaction (PCR) amplification with 
1. primers derived from consensus sequence of Bov-tA SINE (Kaukinen and Varvio 1992) (I, II) 
2. SSRanchored primers (II) 
3. universal mtDNA control region primers L15905 and H16517 (Gottelli et al. 1994) (III) 
4. primers specific for four numts (III) 
5. primers LA31 and LA32 (Sigurdardottir et al. 1991) (IV, V) 
 
Gel electrophoresis  
1. low-melting agarose (I, II, III, IV, V) 
2. polyacrylamide (PAGE) (II, III) 
3. single strand conformation polymorphism (SSCP) (III-V) 
 
PCR fragment purification, cloning, library construction and sequencing 
1. purification of PCR fragment from low-melting agarose (I, II, III, IV, V) and from PAGE (III) 
2. cloning of purified PCR fragment (I, II, III, IV, V) 
3. plasmid library construction and hybridization with oligonucleotide probes (I, II) 
4. allele fingerprinting of replicate clones (III, IV, V) 
5. plasmid isolation and manual sequencing (I, II, III, IV, V) 
6. automated cycle sequencing (V) 
 
Phylogenetic analysis 
1. by maximum parsimony (II, III) 
2. by neighbor-joining (NJ) (II, III) 
 
Other analysis 
1. test for Hardy-Weinberg proportions and f estimates (V) 
2. comparative sequence analysis of various structural and sequence evolution features in 

mitochondrial DNA and numt pseudogenes (III) 
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IV. RESULTS AND DISCUSSION 
 
 

 
 

1. SINE TARGETING OF BOVINE MICROSATELLITE MARKERS (publication I) 
 
 
 
At present, when a large number of bovine 
microsatellite markers exist the major goal is to 
generate new markers from specific genomic 
regions and fill the gaps in the genetic linkage 
map (Kappes et al. 1997; see II/1.2.3). In the 
present study, SINE targeting by IRS-PCR and 
primers specific to the Bov-tA element (called 
C-A element in publication I; see Table 1) was 
utilized for isolation of bovine microsatellites 
from hybrid cell genomes containing fragments 
of bovine chromosomes in rodent cell 
background.  

Seven different libraries were 
constructed (for details, see publication I) from 
the two bovine/rodent hybrid cell lines, BO 
8.1C and BO 8.1R (Table 1, publication I). The 
hybridization with labelled (TG)10 and (TC)10 
probes resulted in 102 clones with positive 
signal. Inserts from these were isolated, 
resolved in agarose gels and their lengths 
compared. Altogether 47 positive clones were 
sequenced resulting in 27 unique genomic 
fragments, 15 duplicates of them and 5 false 
positives (inter-SINE PCR fragments with no 
microsatellite repeat).  

The libraries from the two cell lines 
were treated separately. Their genomic origins 
were partly in the same chromosomal regions, 
which provides one explanation for the high 
number of sequenced duplicates. Interestingly, 
no duplicates were found between libraries 
which were constructed using IRS-PCR  

fragments generated with primer SINE2 (c1, 
c2, r1) and  with primer SINE10 together with 
primer/s from the A-subelement (c3, c4, r2, r3). 
This indicates that these primers may anneal to 
different Bov-tA subfamilies.  

Nine long repeats (n≥ 12) were found 
(1/3 of the unique genomic segments) of which 
one was a previously characterized 
microsatellite locus, UWCA9 (Sun et al. 1994) 
(Table 2, publication I). With one exception 
(b2) they were located as 3’ tails of the Bov-tA 
element. Primer/s were designed for eight 
repeats of which five detected useful 
polymorphism, and their genotype data for 
international reference families were merged 
with the Cattle Genotypic Database (CGD). 
Four of the microsatellites were assigned to 
bovine Chromosome (Chr) 11 and one to Chr 9 
(Fig. 1, publication I).  

SINE targeting proved to be a useful 
method for isolation of bovine microsatellite 
markers from complex DNA sources. Using 
several primers derived from different parts of 
the element could be a workable strategy for 
SINE targeting. The unique PCR primers, 
which were used together with a SINE primer 
in genotyping (Table 2, publication I) were 
designed carefully avoiding homologies to any 
repeated sequences. All of them worked well 
which further supports the usability of the 
approach in developing markers from genomic 
regions of interest. 
 

 
 
2. INTER-SINE AND INTER-SSR FINGERPRINTS IN SIX ARTIODACTYL SPECIES  
(publication II) 
 
Applications of IRS-PCR have mostly been 
concentrated to intraspecific polymorphisms 
(e.g. Sinnet et al. 1991; Kaukinen and Varvio 
1992; Miller 1994). However, IRS fingerprints  

 
should also carry information on the 
evolutionary relationships of related species 
and thus provide characters for systematic 
studies. This was suggested by Zietkiewicz et 
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al. (1994) when showing the applicability of 
inter-simple sequence repeat (SSR)-PCR for 
genomic fingerprinting at the interspecies level. 
In the present study, IRS-PCR was utilized to 
generate fingerprints in six artiodactyl species: 
cattle, sheep, moose, reindeer, white-tailed deer 
and pig. Since their phylogenetic relationships 
are quite well established (see discussion of 
publication II), they serve as a good model to 
examine the phylogenetic signal of IRS-PCR 
fingerprints. 
 Three primers derived from the Bov-tA 
SINE were used. Of these SINE10, was from 
the tRNA related part while two, SINE11 and 
SINE2, were from the A-subelement. 
Similarily, SSR-anchored primers, (CA)8GG, 
(CA)8AG and (CA)8AT in three different 
combinations were applied in IRS-PCR 
fingerprinting experiments. To combine the 
SSR primers was based on the idea that more 
information can be generated in a single 
experiment.  
 Polyacrylamide gel electrophoresis of 
IRS-PCR products revealed primer and 
species-specific fingerprint profiles, with a low 
level of intraspecific polymorphisms (Fig. 2 
and Table 1, publication II). In some cases, the 
variability of inter-SINE PCR fragments was 
related to differences in available priming sites. 
Interestingly, SINE11 generated twice as many 
IRS-PCR fragments in cervids than in bovids. 
This may indicate a subfamily structure similar 
to that found in the priming site of SINE10, 
where an indel of 9 bp most probably has 
prevented the amplification in a large number 
of Bov-tA SINEs. 
 The fragments of IRS-PCR fingerprint 
profiles were treated as binary characters 
(presence/absence), and species relationships 
were assessed both by character- and distance-
based methods, i.e. by maximum parsimony 
and NJ-clustering, respectively. For the 
character-based approach, a fragment was 
scored as present if found in any individual of a 
given species. For the phenetic approach, a 
band-sharing similarity was calculated for each  
 

pair of individuals as the number of shared 
fragments divided by the average total number 
in the two individuals.  
 Changes in inter-IRS fingerprint 
patterns may be caused by length variations in 
the inter-element segments, and by processess 
of primer site evolution. New annealing sites 
for SINE primers are created by retroposition 
(II/1.1.1.) and lost by point mutations or indels 
in the primer site. Degeneration through 
mutation or collapse of the SSR length destroys 
priming sites of SSRanchored primers 
(II/1.2.2.).  
 In most of the six experiments the IRS-
PCR fingerprint data recover the correct 
phylogeny with parsimony and clustering 
analysis. In general, on time scales < 30 Myr 
the IRS-PCR fingerprinting approach seems to 
reveal a considerable amount of true 
information on mammalian relationships. A 
prominent example comes from the cervid 
species, whose relationships have been 
contradictory (see discussion of publication II). 
The ((reindeer, wt deer) moose) hierarchy was 
supported by the combined data from inter-
SINE and inter-SSR fingerprints and from four 
of the six individual experiments. Recent data 
from nuclear and mitochondrial sequences have 
supported the same topology (Randi et al. 
1998; Polziehn and Strobeck 1998). 

Here, we show that IRS-PCR can 
provide a “quick-and-dirty” method for 
phylogenetic analysis. Since the phylogenetic 
signal varied between individual experiments 
but the combination of them results in a robust 
tree, a good strategy may be to use several 
primers for fingerprinting experiments and then 
combine the data. Especially the SSRs which 
are known to be ubiquitous components of all 
the eukaryotes can provide universal priming 
sites for IRS-PCR. The narrow taxonomic 
distribution of SINEs (e.g. Deiniger and Batzer 
1993) as well as the fact that sequence 
information is required for primer synthesis 
limit they usefulness in inter-IRS 
fingerprinting.  
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3. DISTRIBUTION AND EVOLUTION OF Bov-tA SINE IN THE ARTIODACTYLA 
(publication II) 
 
Interspersed sequences independently 
described in two bovids, cattle (Watanabe et al. 
1982) and goat (Schon et al. 1981) were shown 
to represent the same SINE family (Rogers 
1985).  

We offer several lines of evidence that 
supports the presence of Bov-tA in cervid 
species. Primers derived from Bov-tA PCR 
amplified a comparable amount of fragments 
from cervids, which indicates that, as well as in 
bovids, this SINE family is a ubiquitous 
component of a cervid genome (Fig. 2 and 
Table 1, publication II). Similarily, the Bov-tA 
sequences generated by inter-SINE PCR 
indicated a similar structure of Bov-tA in 
cervids (Fig. 1, publication II). The 
phylogenetic analysis did not reveal clustering 
with taxonomic origin (Fig. 5, publication II). 
Sequence analysis of paralogous sequences of  

 
bovids and cervids indicated divergence over 
25 MYR ago. Recently, Shimamura et al. 
(1999) have confirmed by dot blot 
hybridization that Bov-tA is distributed into 
genomes of pecoran and tragulid ruminants 
(see Fig. 4). 

Using a primer derived from the tRNA 
related part of the Bov-tA, Kaukinen and 
Varvio (1992) have shown that amplification 
occurs not only in bovids (sheep and cattle), 
but also in pig. The primer site showed a high 
homology to porcine SINE (Fig. 4 in Lenstra et 
al. 1993), which could explain the successful 
amplification. Here, the SINE 2 and –11, both 
derived from the A-subelement amplified 2 and 
4  fragments from pig DNA, respectively.  
These fragments most probably represent 
random priming. 
 

 
 
4. MULTIPLE INTEGRATIONS OF THE MITOCHONDRIAL CONTROL REGION INTO 
THE NUCLEAR GENOME OF RUMINANTS (publication III) 
 
An attempt to examine mitochondrial variation 
of Finncattle with universal PCR primers for 
the mitochondrial control region  gave us four 
mtDNA related sequences. In addition, a fifth 
sequence was isolated from moose genomic 
DNA with the same pair of primers. These five 
sequences are the first nuclear integrations of 
mtDNA described in Artiodactyla. 

The five numts were characterized in 
detail. First, their integration history was 
constructed. Second, their evolution as nuclear 
pseudogenes was considered. Third, primary 
and secondary structural features of the numts 
and contemporary mtDNA were identified and 
compared.  

The mitochondrial DNA fragment in 
question contains four segments showing 
different evolutionary dynamics in the 
mitochondrial environment (Fig. 1, publication 
III). In the analysis of structural features, 
sequence evolution and phylogenetic  

 
information in the data, these domains were 
treated separately.  
 
4.1. Integration history of five numts of 
mitochondrial control region 
Segments transferred before the divergence of 
two species will usually be present in the 
nuclear genome of both. Where there is a well-
established independent species phylogeny, the 
approximate date of transfer can be inferred by 
the phylogenetic distribution of the pseudogene 
(Perna and Kocher 1996).  

Sequence divergences of the marginal 
conserved domains (tRNA and CCR; see Fig. 1 
in publication III) gave a working hypothesis 
with five different integrations named 
artnumt1-5 (Fig. 3 in publication III). This 
hypothesis was experimentally tested with 
seven new primers, which were designed for 
targeted amplification of the artnumt2, -3, -4 
and -5 (Fig. 1 and Table 1, publication III).  
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In the case of artnumt2 and –3, results 
were in accordance with the hypothesis since 
PCR experiments resulted in amplification 
products from cattle and sheep, but not from 
cervids. According to the working hypothesis 
the artnumt4 and -5 should be present in the 
genomes of whale, pig and (horse). However, 
artnumt4 and -5 were amplified from bovids 
and cervids but not from the outgroup species 
(Table 1, publication III). The most probable 
explanation for this is  primer site degeneration 
in the artnumt4 and -5, since several indles 
were found in these sequences, particulary in 
the artnumt5 (Table 2, publication III). 

Some of the PCR experiments resulted 
in more than one type of sequences from a 
single individual per inferred numt locus, 
differing from each other by 0.2 to 1.9 %. They 
can represent alleles or PCR artefacts of a 
single locus, or alternatively secondary nuclear 
duplication/multiplication (e.g. Lopez et al. 
1994; Hu and Thilly 1995; see II/2.2). The 
single strand conformation polymorphism 
(SSCP) analysis of artnumt2 and -3 (Fig. 4a 
and b, publication III) confirmed that they are 
independent single-copy genes and located 
artnumt2 to the chromosome X in cattle. In 
addition, ‘fingerprinting’ and sequencing of 
replicate clones gave an estimate about 
sequence divergence for the allele sequences 
(0.5% to 0.8%) and the artefact clones (0.3% to 
1%). Using these figures, the extra sequences 
described from the artnumt4 and -5 were 
interpreted as PCR artefacts and both of them 
were determined to represent a single locus. 

Although the phylogenetic analysis 
based on the marginal conserved domain 
(tRNA, CCR) sequences displays artnumt4 & 5 
as sister lineages (Fig. 2a, publication III), the 
data provides no statistical support for this 
relationship (i.e. common integration followed 
by nuclear duplication). A more ancient origin 
of artnumt5 is supported by structural features.  
The marginal domains neither do not resolve 
the time of artnumt2 and -3 integrations with 
respect to the cervid/bovid and the 
bovine/ovine radiation (20-25 Myr ago; > 30 
Myr according to Hiendleder et al. 1998). The 
patterns of divergence and the identical size of 
artnumt2 and -3 suggests that their integartions 

were practically simultaneous, and although it 
does not seem likely, the possibility of a single 
nuclear integration followed by duplication 
within the nuclear genome cannot be excluded  
 
4.2. Artnumt pseudogene evolution 
When inserted into the nuclear genome, 
mitochondrial sequences begin to evolve like 
pseudogenes at a constant rate. Pseudogenes 
are subject to no functional constraints and thus 
would accumulate nucleotide substitutions at a 
rate equal to the mutation rate. 

Estimates of nuclear pseudogene 
divergence were obtained from comparisons of 
homologous sequences among the five taxa. 
The rates of numt pseudogene evolution at 
different loci generally appear similar (c. 
0.25%/Myr) but lower than corresponding 
estimate (1.2%/Myr) in other mammalian 
numts (Lopez et al. 1997). The sequence 
relationships correspond to the established 
phylogeny (Fig. 2b, publication III). The 
average rate of estimated pseudogene 
divergence between cattle and sheep in our 
study (c. 9%, see Fig. 2b and Table 2 in 
publication III) was remarkably similar to the 
9.1 %  found earlier for cattle ψ3β and goat ψxβ 
and ψzβ globin pseudogenes (Li 1997). The 
approximately similar diversity of four artnumt 
loci of different age and globin pseudogenes 
does not provide support for the hypothesis of 
Zischler et al. (1998) suggesting that due to 
differences in the basic evolutinary dynamics 
of mitochondrial and nuclear sequences 
pseudogenes of mitochondrial origin will 
undergo more rapid sequence evolution 
immediately after the integartion than later on.  

Comparison of divergence at the 
various nuclear loci and the four domains of 
the studied segment (tRNA, CCR, 5’ETAS, 
3’ETAS) in cattle and sheep suggested that the 
divergence is relatively uniform among loci 
and segments (Table 2, publication III). 
However, for some reason, the tRNA segment 
seemed to have diverged consistently less 
(average 3.6 %) than the control region 
sequence (average 8.2 %). The hypervariable 
5’ETAS showed the most prominent 
compositional biases and also differences in 
lineages. The rate of insertions and deletions 
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since bovine/ovine divergence (Table 2, 
publication III) was in accordance with 
estimate (0.2/kb/Myr) presented by Saitou and 
Ueda (1994). 
 
4.3. Structural features of the ETAS domain 
The 3’ETAS region is of relatively constant 
size in mitochondria and includes elements and 
sequences which have a putative functional 
relevance in the replication of mitochondrial 
DNA (see II/2.4.). An essential part of these 
sequences are short conserved motifs 
GYRCAT/TACAT/ATGTA. The array of the 
short elements was conserved in ruminants and 
well preserved in artnumt1, -2 and –3. Most 
motifs were also identifiable even in artnumt4 
and –5, but with more degeneration (Fig. 5a, 
publication III). The pairwise comparison of 
ruminant mtDNA illustrated the markedly 
slower evolution in the conserved elements 
than in the intervening parts, in support of their 
implied functional roles. Similar comparisons 
in pseudogenes showed homogenisation of the 
rate and the relaxation of the functional 
constraint (Fig 6, publication III). An attempt 

to demontrate the relaxation through 
degeneration of the potential secondary 
structures was not as illustrative (Fig. 5b, 
publication III). 

The 5’ETAS domain differs greatly in 
size among taxa (from 163 to 212 bp in 
ruminants) and especially the 3’ end has been 
involved in major rearrangements. 
Interestingly, a degenerated 53-bp repeat of the 
3’ETAS sequence was recognized in the 
adjacent 5’ETAS domain of the three youngest 
artnumt pseudogenes (Fig. 7, publication III). 
Traces of this duplicated sequence were seen in 
two cervid mtDNAs, but not in bovids. At 
artnumt2 & 3, the degeneration was markedly 
stronger in 5’ETAS than in the 3’ETAS 
domain. It may be that after the cervid-bovid 
split and the practically simultaneous 
fossilization of artnumt2 & 3 some 25 Myr 
ago, the degeneration in the mtDNA 5’ETAS 
replicate continued both in the cervid and ovid 
lineages, but to different degrees in different 
taxa. 
 

 
 
5. MHC CLASS II DRB DIVERSITY OF FINNCATTLE AND FINNSHEEP (publications IV 
and V) 
 
 
5.1.Heterozygosity excess in Finnish cattle 
breeds 
 
DRB3 diversity among the five Finnish breeds 
were compared using four parameters: 1) total 
number of exon 2 alleles, 2) number and 
combined frequency of private alleles (i.e. 
found only in one Finnish breed), 3) number 
and combined frequency of new (unpublished) 
alleles and 4) observed and expected 
heterozygosity (Hobs and Hexp, respectively).  

The amount of DRB3 diversity found in 
Finnish cattle breeds (Fig. 1; publication V) 
were comparable to that reported in other 
breeds (e.g. Mikko and Andersson 1995a; van 
Haeringen et al. 1999). The test for observed 
and expected heterozygosity revealed 
heterozygosity excess in both commercial 
breeds, Finnish Ayrshire and Holstein-Friesian  

and, in Western Finncattle (Table 1, 
publication V) indicating balancing selection in 
spite of intensive artificial selection. Recently, 
van Haeringen et al. (1999) have observed a 
highly significant trend towards a more even 
allele frequency distribution than expected 
under neutrality. Similarily, Sigurdardottir et 
al. (1988) have reported that the observed 
homozygosity at the cattle DQ locus was 
significantly lower than the expected 
homozygosity in a sample of 197 breeding 
bulls. Evidence for balancing selection has also 
been found in a free-living sheep population 
(Paterson 1998).  

In general, MHC diversity of all farm  
animals studied is high (see Shook and Lamont 
1996). Domesticated animals, like cattle and 
sheep, live in close herds which is a pathogen 
rich environment. That is why selection models 
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based on host-pathogen interaction are the most 
probable mechanim for maintaining the MHC 
diversity in these species (e.g. Mikko and 
Andersson 1995a).  
 
5.2. Ovar-DRB1 diversity of Finnsheep 
The SSCP and sequence analysis of 31 sheep 
representing five different breeds from Finland 
and Russia resulted in 19 Ovar-DRB1 alleles 
(Table 1, publication IV). Our sample size was 
too small for any conclusion about DRB1 
diversity of sheep in general, which by RFLP 
studies has been found to be either low and 
moderate (Grain et al. 1993; Escayg et al. 
1996) or high (Boyce et al. 1996), and by 
sequencing and oligonucleotide typing to be 
high (Schwaiger et al. 1993ab; Schwaiger et al. 
1994; Schwaiger et al. 1996). Schwaiger et al. 
(1996) have proposed that many more Ovar-
DRB1 alleles remain to be discovered, which I 
can agree with. In our sample of 31 sheep, 
seven new alleles were detected. As in the case 
for cattle (publication V), the native sheep 
breeds may carry unique MHC diversity to be 
discovered.  

Exchange of short sequence motifs by 
some form of recombination event(s) has been 
proposed to generate diversity at the DRB locus 
for example in primates (e.g. Gyllensten et al. 
1991) and in artiodactyls (e.g. Schwaiger et al. 
1993; Mikko and Andersson 1995a). 
Gyllensten et al. (1991) have suggested that 
part of the allelic polymorphism in primates 
may have been generated by combining 
different variants of two structural domains, the 
β-pleated sheet and α-helical domain. For two 
of the seven new Ovar-DRB1 sequences, 
DRB1*0204 and DRB1*0322, described from 
Finnish and Russian breeds, ‘ancestors’ of both 
β-pleated sheets and α-helical domains were 
found among the published alleles, and for four 
of them, DRB1*0115, DRB1*0116, 
DRB1*0205 and DRB1*0323, the ancestors of 
β-pleated sheets (Fig. 9). For DRB1*0324 the 
most similar β-pleated sheet sequence was 
DRB1*0306 and the α-helical domain of goat 
Caae-DRB1*0202 differed by only one bp 
supporting the transspecies hypothesis. 

 
5.3. DRB diversity and endangered native 
breeds 
Livestock breeds are recognized as important 
components of world biodiversity because the 
genes and gene combinations they carry may 
be useful to agriculture in the future (e.g. Hall 
and Bradley 1995). Native breeds are adapted 
to their local environments during several 
generations of natural selection. Today many of 
them, having once been economically 
important, are rare or even endangered because 
of displacement by commercial breeds.  

Eastern, Northern and Western 
Finncattle are native cattle breeds in Finland 
originally named on the basis of their 
geographic breeding areas. They have been 
used mainly for milk production but have been 
replaced during last decennia by more 
productive Finnish Ayrshire and Holstein-
Friesian cattle, which are efficiently selected, 
imported breeds. At present, Eastern and 
Northern Finncattle are considered endangered, 
with only 150 and 120 cows left, respectively. 
They were threatened with extinction in the 
1970s and 1980s, but are now being conserved 
in two gene bank herds. The Western 
Finncattle consists of 6000 cows.  

The SSCP and sequence analysis of 
BoLA-DRB3 exon 2 diversity in Finnish cattle 
breeds revealed extensive MHC diversity 
especially in Eastern Finncattle. This 
observation was in accordance with previous 
studies based mainly on neutral microsatellite 
loci indicating that native Finncattle maintain 
an equal amount and even slightly more genetic 
diversity than the commercial breeds (Varvio 
and Kaukinen 1993; Kantanen 1999).  
 
5.4. SSCP analysis in DRB exon 2 typing 
SSCP analysis allows detection of nucleotide 
changes in short DNA fragments due to 
mobility differences of a single-stranded 
molecule (Orita et al. 1989a, b). In general, the 
short double-stranded DNA fragments are first 
denatured by heating and then loaded in non 
denaturing polyacrylamide gels. The two 
complementary strands of DNA will migrate  
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Figure 9. Amino acid sequences of new MhcOvar-DRB1 alleles (bolded) and the published β-pleated sheet and α-
helical domain sequences compared to the HLA-DRB consensus sequence. ** indicates Caae-DRB1*0202.  
 
 
 
differently and will therefore separate during 
gel electrophoresis. Homozygous individuals 
produce two fragments, while in heterozygotes 
the SSCP pattern consist of four fragments. 
Although the basic idea of the approach is 
simple, i.e. that single stranded molecules 
adapt their conformation due to their primary 
sequence, the actual mechanims is not known. 
SSCP analysis has been applied in analysis of 
polymorphim in MHC DRB and DQ loci in 
moose (Mikko and Andersson 1995b; Ellegren 
et al. 1996), in bison (Mikko et al. 1997) and in 
sheep (Snibson et al. 1998) 

The approximately 300 bp (including 
primers) PCR amplified DRB exon 2 fragments 
of cattle and sheep were resolved in SSCP gels. 
The analyses were used both for visual 
comparison of DRB polymorphim as well as 
for ‘allele fingerprinting’ of cloned PCR 
products (publication IV). SSCP analysis has 
been reported to be highly sequence dependent 
and most effective for short PCR fragments 
(e.g. Glavac and Dean 1993; Hayashi and 
Yandell 1993).  

 
 
 
SSCP was powerful enough to separate 

even one bp differences between two DRB 
exon 2 fragments, which was confirmed by 
sequencing a large number of replicate clones. 
Hayashi (1991) have estimated that with SSCP 
single base pair changes will be detected in 99 
% of the cases for 100-300 bp fragments. Thus, 
it is a more sensitive method than denaturing 
gradient gel electrophoresis (DGGE) (Aldridge 
et al. 1998), which was recently introduced as a 
promising method for DRB typing with a 
remark that certain allele combinations may be 
difficult to separate if two alleles have similar 
melting temperatures. Glavac and Dean (1993) 
have concluded that most of the information in 
SSCP comes from the purine rich strand. The 
purine: pyrimidine ratio of exon 2 strands is 
3:2, which could explain the observed SSCP 
patterns where one of the two fragments seems 
to be more informative than the other (for 
example, Fig. 2a in publication IV).  

E-pleated sheet D-helical domain
              11         21         31         41         51         61         71         81
           _____________________________________________________     __________________________________

     EQ SKSECHFFNG TERVRFLDRY FYNQEEYVRF DSDVGEYRAV TELGRPDAEY WNSQKDLLEQ RRAAVDTYCR HNYGVGESFT
DRB1*0115 -Y T-K--R-S-- ---------- ---G---A-- ---W------ A----RS--- -----EI--R K--------- ----------
DRB1*0116 -Y T-K--R-S-- ---------- ---G---A-- ---W------ A----RS--- -----EI--R --TE------ -----I---S
DRB1*0105 -Y T-K--R-S-- ---------- ---G---A-- ---W------ A--------- -----EI--- T--------- ----------

DRB1*0204 -Y -T-------- ---------- ---G------ ---W------ A----QS--H -----E---R ---E------ -----I---S
DRB1*0201 -Y -T-------- ---------- ---G------ ---W------ A-------K- -----EI--R --TE------ -----I---S
DRB1*0303 -Y H--------- ---------- ---G------ ---W--F--- A----QS--H -----E---R ---E------ -----I---S

DRB1*0205 -Y -T-------- ---------- ---G------ ---W------ A-------K- -----EI--R --TE------ -----F----
DRB1*0201 -Y -T-------- ---------- ---G------ ---W------ A-------K- -----EI--R --TE------ -----I---S

DRB1*0322 -Y H--------- ---------- ---G------ ---W--F--- A-------K- ------F--S --T------- ----------
DRB1*0303 -Y H--------- ---------- ---G------ ---W--F--- A----QS--H -----E---R ---E------ -----I---S
M93432 -Y ---------- -----L-E-- ---G------ ---W--F--- A-------K- ------F--S --T------- ----------

DRB1*0323 -Y H----R-S-- -----Y---- ---G------ -N-W------ A----RS--- ------F--- T--E------ -----I---S
DRB1*0321 -Y H----R-S-- -----Y---- ---G------ -N-W------ A-------K- ------F--- T-TE------ -----I---S

DRB1*0324 -Y H----R-S-- ---------- ---G---A-- ---W------ A--------- -----E---R --TE------ ----------
DRB1*0306 -Y H----R-S-- -----Y---- ---G------ ---W------ A--------- ------F--R K--N------ ----------
DRB1*0202 ** -Y -T-----S-- -----L---- ---G--TL-Y ---W------ A--------- -----E---- --TE------ ----------
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V. SUMMARY AND CONCLUDING REMARKS 
 
The five studies included in the present thesis focus on intra- and interspecific genomic evolution 
and diversity of ruminants in the order Artiodactyla (Mammalia).  
 
Repetitive DNA, which constitutes a large part of hereditary material in the mammalian genome, is 
a source of genetic and evolutionary markers. By interspersed repetitive sequence (IRS)-PCR with 
primers derived from the ruminant Bov-tA SINE (short interspersed nuclear element) five new 
bovine microsatellite markers (HELMTT41-45) were isolated from bovine/rodent hybrid cell lines. 
SINE targeting approach thus provide an efficient tool to isolate microsatellites from complex DNA 
sources involving genomic regions of interest. Based on the results, I suggest that a useful strategy 
for SINE targeting of microsatellites could be to use several primers derived from various parts of 
the element resulting in amplification from maximum number of elements in different genomic 
regions. 
 
The usefullness of the IRS-PCR approach for interspecific studies was examined by fingerprinting 
two bovid (cattle and sheep) and three cervid (moose, reindeer and white-tailed deer) species with 
primers derived from Bov-tA SINE and (CA) simple sequence, or microsatellite repeat. Another 
artiodactyl species, pig, was included as an outgroup in the experiments. Inter-IRS fingerprints 
revealed a considerable amount of true information on mammalian relationships on time scales < 30 
Myr and thus could provide a universal “quick-and-dirty” method for phylogenetic studies. The 
Bov-tA SINE family was shown to be widespread already in the common ancestor of the bovids 
and cervids as evidenced by a comparable number of inter-SINE fragments and by analysis of 
paralogous Bov-tA SINE sequences. 
 
 
The third survey presents nuclear integrations of mitochondrial sequences in Artiodactyla isolated 
by “universal” primers from cattle, sheep and moose genomic DNA. The integration history of the 
five numts (artnumt1-5) representing the mitochondrial control region (5’ end and adjacent tRNAs) 
was reconstructed both experimentally and by comparative sequence analysis. The youngest 
integration, artnumt1, was estimated to be approximately 5 Myr while the oldest ones, artnumt4 and 
artnumt5 are probably older than the suid-artiodactyl divergence (65 Myr). The single locus status 
of artnumt2 and -3 (about 20-25 Myr old integrations) was confirmed by SSCP analyses that also 
indicated X-linkage of artnumt2 in cattle. The rate of artnumt pseudogene evolution (0.25%/Myr) 
was comparable to other ruminant pseudogenes. Artnumts provided ‘molecular fossils’ of different 
age, that have evolved since integration like nuclear pseudogenes and that reveale information about 
ancestral structure and evolution of the highly variable part of the control region. Short conserved 
elements (e.g. GYRCAT) were mapped in the mitochondrial DNA and in the artnumt pseudogenes. 
Comparison of sequence diversity and secondary structural features revealed degeneration of 
conservation in artnumts supporting the suggested functional role of the elements. 
 
 
The fourth and fifth studies focused on MHC class II DRB diversity of two domestic animals, cattle 
and sheep. The second exon of the DRB gene is a source of highly polymorphic marker. In the 
fourth study the applicability of SSCP and sequence analysis for DRB typing was examined in a 
small sample of sheep. An ‘allele fingerprinting’ approach was developed to aid the DRB typing. 
The PCR-SSCP approach resolved even one bp differences between two PCR amplified exon 2 
fragments and was thus found appropriate for DRB typing and able to discriminate novel allele 
sequences. In the fifth study DRB diversity of endangered native Finncattle and in comparison, two 
commercial breeds, Finnish Ayrshire and Holstein-Friesian was examined with the same approach. 
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The heterozygosity excess found in the commercial breeds and in the Western Finncattle indicates 
balancing selection. Deficiency of heterozygosity compared to Hardy-Weinberg proportions 
observed in Eastern Finncattle is most probably due to a subdivided population structure. The 
Eastern Finncattle maintained most different DRB3 alleles, and similarily most private and new 
DRB3 diversity. I can conclude, that although the Eastern and Northern Finncattle are considered 
highly endangered, consisting of only 150 and 120 cows, respectively, they carry considerable 
amount of unique MHC diversity, which should be conserved.  
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