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Summary 
 
 
 
Theories on the evolution and maintenance of sex are challenged by the 

existence of ancient asexual lineages like bdelloid rotifers and darwinulid 

ostracods. Ancient asexual origin of several speciose taxa has also been 

proposed for oribatid mites (Acari). 

In the present work, I analysed genetic divergences in different 

parthenogenetic and sexual lineages of oribatid mites to estimate the age 

of these lineages and to evaluate if the evolution of oribatid mites was 

without recombination.  

Age estimations were based on genetic distances of the mitochondrial 

gene for cytochrome oxidase I (COI) between clonal lineages of different 

parthenogenetic oribatid mite species. Species from two parthenogenetic 

taxa (Platynothrus peltifer, P. yamasakii, P. sibiricus, Heminothrus thori 

and Camisia horrida (Camisiidae) and Mucronothrus nasalis 

(Trhypochthoniidae)) were sampled in different sites in Europe, North 

America, South America, Australia and Asia. Corrected distances reached 

up to 157% on DNA level and 10% on amino acid level. Using different 

calibrations for a molecular clock, an age of up to 240 million years since 

the separation of the lineages was estimated. With this age, oribatid mites 

contain the oldest living parthenogenetic metazoan taxa. 

Further analyses investigated if the high evolutionary age of Platynothrus 

and other oribatid mite taxa (Mucronothrus nasalis, Tectocepheus velatus, 
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Atropacarus striculus, Steganacarus magnus and Metabelba pulverulenta) 

was attained without gene recombination. To address this question, the 

two alleles of the hsp82 gene (coding for the 82 KD heat shock protein) 

were analysed for their genetic divergence. Due to gene recombination, 

sexual species in general have maximum divergences of 4% for this gene; 

higher amounts of divergence indicate absence of gene recombination as 

expected for parthenogenetic organisms. Genetic distances were up to 

70% on DNA level and 15% on amino acid level indicating ancient lack of 

recombination. The absence of recombination in hsp82 was estimated to 

have happened 350 million years ago. The amount of genetic divergences 

between the alleles was in the same range in sexual and asexual oribatid 

mite species. 

High allelic divergence between hsp82 alleles in sexual and asexual 

species may be explained by the special mechanism of inheritance in 

oribatid mites: chromosomes are holokinetic and inverted meiosis has 

been inferred. If inverted meiosis occurs together with chiasma 

terminalisation gene recombination is suppressed in both sexual and 

parthenogenetic species. Together with terminal fusion in parthenogenetic 

species this mechanism resembles mitotic cloning.  

Inverted meiosis is a simple form of meiosis and it is discussed if this 

mechanism might be ancestral to “normal” meiosis. A scenario is 

proposed on how “normal” meiosis and monocentric chromosomes 

evolved from inverted meiosis and holokinetic chromosomes. 

Particular conditions may favour the frequent independent evolution and 

persistence of parthenogenetic clusters in oribatid mites. The absence of 

gene recombination in sexual and asexual oribatid mite species for at least 

350 million years and the evolution of perhaps 100,000 oribatid mite 

species without gene recombination is an evolutionary mystery 

contradicting theories on sex and recombination and is unique in the 

animal kingdom.  
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Chapter One 

 
1. Introduction 
 

 

1.1. Oribatid mites 

 

Oribatid mites (Acari, Oribatida) are a speciose group of mainly soil living 

invertebrates with about 10,000 described species (Schatz 2002), a 

conservatively estimated total number of 50,000 species (Travé et al. 

1996) or maybe even 100,000 (Schatz 2002). The first indisputable fossil 

records of oribatid mites are from Devonian sediments deposited at least 

380 million years ago (Shear et al. 1984; Norton et al. 1988) but the origin 

of the group presumably is older, about 400-440 million years (Lindquist 

1984). About 16% of the oribatid mite species show a cosmopolitan 

distribution; these species presumably predated the breakup of Pangea 

which was about 200 million years ago and kept their distinct morphology 

(Hammer and Wallwork 1979). 

Oribatid mites are important decomposers (Lussenhop 1992) in forest 

ecosystems, fallows, fields and meadows with densities up to 500,000 per 

square meter in acidic soils of northern boreal forests (Maraun and Scheu 

2000). A strong co-evolution between oribatid mites and fungi was 

hypothesised (Wallwork 1983; Bernini 1986) and there is trophic niche 

differentiation concerning feeding preferences between different oribatid 

mite species (Scheu and Falca 2000; Maraun et al. 2003a). 

The reproduction rate of oribatid mites is low compared to other soil 

microarthropods (Travé et al. 1996; Maraun 1997), due to their longevity 

oribatid mites are presumably generally iteropar (Mitchell 1977).  
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Oribatid mites are divided in six groups: Palaeosomata, Enarthronota, 

Parhyposomata, Circumdehiscentiae (=Brachypylina), Mixonomata and 

Nothroidea (=Desmonomata) (Grandjean 1969). The first four groups are 

assumed to be monophyletic while Mixonomata and Desmonomata are 

probably paraphyletic (Norton et al. 1993). A state-of-the-art phylogeny of 

oribatid mite groups is shown in Figure 1.1 (Maraun et al. submitted). 

The monophyly of oribatid mites is questioned in general due to the 

possible origin of the Astigmata within oribatid mites (OConnor 1984; 

Norton 1994). OConnor (1984) postulated that the Astigmata originated 

within Desmonomata and Norton (1994) assumed that they are a sister 

taxon of the Trhypochthonoidea, an exclusively asexual group within the 

Desmonomata. Recent molecular studies do not support these 

hypotheses, but they sustain the idea that the Astigmata evolved within 

oribatid mites (Maraun et al. submitted) and that oribatid mites therefore 

are a paraphyletic group. 

Parthenogenesis in oribatid mites was first reported in 1941 (Grandjean 

1941). It is a widespread phenomenon in these mites and there is 

morphological and molecular evidence for radiations of several speciose 

asexual monophyletic taxa (Norton and Palmer 1991; Palmer and Norton 

1992; Maraun et al. 2003b, Maraun et al. submitted). Important groups of 

Desmonomata with asexual radiations are the monophyletic 

Trhypochthonoidea comprising 68 asexual species, the Camisiidae (92 

spp.), Nanhermanniidae (56 spp.), Malaconothridae (104 spp.) and the 

genus Nothrus (54 spp.). All these taxa lack closely related sexual species 

and are presumably ancient (Norton and Palmer 1991). In most asexual 

oribatid mite species, sterile males are produced at low frequencies 

(Grandjean 1941). This is a widespread phenomenon among obligate 

parthenogens (Lynch 1984). Due to the sterlility of males (Taberly 1988) 

and fixed heterozygosity in asexual oribatid mites (Palmer and Norton 

1992) sexual reproduction presumably is absent despite the sporadic 

presence of males.  
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Figure 1.1 
Phylogenetic relationships of the main oribatid mite groups based primarily 
on the hypothesis by Haumann (1991), with modifications according to 
Weigmann (1996) and including the Astigmata as suggested by Norton 
(1994) (Maraun et al. submitted). 
Palaeosomata, Enarthronota, Circumdehiscentiae and Parhyposomata are 
monophyletic, Mixonomata and Desmonomata are paraphyletic groups. 
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1.2. The aim of this work 
 

The ancient absence of sexual reproduction challenges evolutionary 

theories on sex. Asexual lineages are assumed to be short-lived and 

doomed to extinction on evolutionary small timescales (Maynard Smith 

1978). Just a few groups of organisms are known to contradict theses 

theories and reproduce asexually for millions of years (Normark et al. 

2003; Milius 2003). These organisms may serve as model systems in 

many questions of evolutionary biology. 

Oribatid mites contain several speciose taxa comprising many asexual 

species without sexual relatives (Norton and Palmer 1991). The group is 

hardly investigated by evolutionary biologists and there are few molecular 

studies regarding the asexual status of oribatid mites.  

Different questions are addressed in this work: (i) How old are asexual 

lineages in different oribatid mite taxa? (ii) Is recombination absent? (iii) Is 

the evolutionary success of asexual oribatid mites based on a special 

genetic mechanism? 

After an introduction about theories on sex and parthenogenesis at the 

end of this chapter, the first question will be addressed in chapter two. The 

worldwide genetic divergences of a part of the mitochondrial gene for 

cytochrome oxidase I (COI) on both, DNA and protein levels in different 

species of Camisiidae and Trhypochthoniidae were analysed. Using 

different methods for the calibration of a molecular clock for COI, 

divergences indicate an evolutionary age of up to 240 million years for the 

studied oribatid mite species. The second question on the absence of 

recombination will be addressed in chapter three, where intraindividual 

allelic comparisons of a highly conserved gene (82 kD heat shock protein: 

hsp82) will be used to show that recombination in oribatid mites 

presumably has been ceased for about 350 million years. Chapter four 

deals with the genetic mechanism of inheritance in oribatid mites. The 

evolution of meiosis will be discussed in general with a focus on 

evolutionary consequences of holokinetic chromosomes and inverted 

meiosis known from oribatid mites. 
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1.3. Sex and parthenogenesis 

 

Sexual reproduction is the predominant form of reproduction in eukaryotes 

and both probably evolved together (Cavalier-Smith 2002). Eukaryotes 

probably originated about 2.0-3.5 billion years ago (Miyamoto and Fitch 

1996); recent calculations date the origin of eukaryotes and sex back to 

2.5 billion years (Gu 1997). Eukaryotes without sexual reproduction 

therefore have abandoned sex at some time in their evolution due to 

hybridisation, cytological dysfunction or bacterial infection (Lynch 1984; 

Hurst et al. 1993).  

The first records of parthenogenesis were described from aphids at the 

end of the 17th century (Leeuwenhoek 1695). Parthenogenetic organisms 

were construed as abnormal and incomplete individuals (Steenstrup 1842) 

until the late 19th century when cytological studies by August Weismann 

clarified mechanisms of parthenogenesis (Lynch 1984). Parthenogenetic 

species can be found in almost all groups of organisms (about 2000 

parthenogenetic species are known, Milius 2003); even within vertebrates, 

some 50 species reproduce without sex (Lynch 1984). Almost all 

organisms are assumed to have a certain potential for asexual 

reproduction (White 1973).  

Besides the widespread occurrence of parthenogenesis it is a reproductive 

strategy with a patchy taxonomic distribution, presumably due to long-term 

costs that offset the short-term numerical advantages (Maynard Smith 

1978; Bell 1982; Kondrashov 1993; Butlin et al. 1999; Butlin 2002). The 

short-term advantages are twofold due to the absence of males and it’s 

been called the “queen of problems in evolutionary biology” to explain why 

most eukaryotic organisms reproduce sexually (Bell 1982). By 1993, at 

least 20 theories had been proposed to explain the widespread 

occurrence of sexual reproduction (Kondrashov 1993). Most theories fall 

into one of two categories: either sex increases the rate of adaptive 

evolution (short-term advantages) by generating new gene combinations, 

or it prevents the accumulation of deleterious mutations (long-term 

advantages) (Butlin 2002; Figure 1.2). None of the theories is broadly 
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accepted. Therefore, a pluralist approach to sex and recombination was 

suggested (West et al. 1999) combining aspects of different theories.  
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Figure 1.2 
Schematical overview of theories on the evolution and maintenance of 
sexual reproduction. 
Mullers ratchet: favourable genotypes and mutation free genotypes may 
be lost in the long-term by genetic drift (Muller 1964). Mutational load: Due 
to the absence of recombination, asexual organisms accumulate 
deleterious mutations (Kondrashov 1985).  
Best-Man-Hypothesis: Sex provides genetic variability for progeny in a 
changing environment (Williams 1966). Tangled Bank: Sex provides 
genetic variability in capricious environments (Ghiselin 1974; Bell 1982). 
Red Queen: Sex provides genetic variability to compete with predators or 
parasites (van Valen 1973; Hamilton 1980). 
 
 

Whatever theories state, parthenogentic lineages are assumed to be 

short-lived and evolutionary dead ends (Muller 1964; Maynard Smith 

1978; Kondrashov 1988). Few exceptions contradict this dogma of 

evolutionary biology and were called “evolutionary scandals” (Maynard 

Smith 1978).  

Known ancient asexual groups are the bdelloid rotifers (363 species, Mark 

Welch and Meselson 2000), the darwinulid ostracods (26 species, Martens 

et al. 2003) and probably several speciose groups of asexual oribatid 

mites (Norton and Palmer 1991; Maraun et al. 2003b; Heethoff et al. 

submitted). In general, there is little empirical data on the age of 

parthenogenetic lineages (Judson and Normark 1996; Schön et al. 1996, 
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1998; Sandoval et al. 1998; Butlin et al. 1999; Mark Welch and Meselson 

2000; Butlin 2002; Normark et al. 2003) but bdelloid rotifers may have 

abandoned sex for 80 million years (Butlin 2002), darwinulid ostracods for 

200 million years (Martens et al. 2003) and some oribatid mites for about 

240 million years (Hammer and Wallwork 1979). 

Parthenogenetic reproduction is defined by the development of an 

individual from an unfertilised egg. Parthenogenesis is a collective term for 

different genetic mechanisms. Some hymenopterans and mesostigmatid 

mites undergo arrhenotoky where unfertilised eggs develop into haploid 

males and fertilised eggs develop into diploid females (Stearns 1987). 

Another form of parthenogenesis is thelytoky where bisexual reproduction 

is completely absent. Apomictic thelytoky describes the development of a 

female from an unfertilised egg without reduction of chromosome number 

and meiosis (Hughes 1989) and is realised by many plants and animals 

(Suomalainen et al. 1987). Automictic thelytoky includes some kind of 

meiosis in oogenesis and is more common in animals than in plants 

(Suomalainen et al. 1987). In automictic thelytoky, there is some potential 

for intrachromosomal recombination but recombination is usually 

suppressed (Lynch 1984). 

In parthenogenetic oribatid mites oogenesis is automictic, diploidy is 

restored by terminal fusion and inverted meiosis has been inferred 

(Wrensch et al. 1994; see also chapter four). This set of features 

genetically mimics apomixis and rules out recombination (Palmer and 

Norton 1992; Wrensch et al. 1994). 
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Chapter Two 

 
 
2. Age of parthenogenetic oribatid mite lineages 

 

 

2.1. Introduction 

 

Mitochondria own a separate genome which is almost independent from 

the nuclear genome of the cell. Mitochondrial genomes show large size 

variations, ranging from 14 kb to 450 kb (Lewin 1991). Despite this 

variation, the gene content of the mitochondrial genome is highly 

conserved; size differences are due to variations in noncoding regions 

(Harrison 1989) or multiple repeats of some genes (Stanton et al. 1994). 

Metazoan mitochondria comprise in general 36 or 37 genes: 2 for 

ribosomal RNA, 22 for tRNAs, 13 for subunits of multimere proteins (e.g.  

subunits I-III of the cytochrome oxidases) and a control region of variable 

size (Boore and Brown 1995; Harrison 1989). 

Mitochondria are uniparentally inherited, maternal in animals, paternal in 

some plants, and do not recombine (Horak et al. 1974; Giles et al. 1980; 

but see Rokas et al. 2003). This fact and the presence of different 

evolutionary rates in different regions of the mitochondrial genome make it 

a powerful tool for phylogenetic and evolutionary investigations (Harrison 

1989; Wolstenholme 1992; Simon et al. 1994; Lunt et al. 1996). As 

mitochondria are clonally inherited, evolutionary rates are not expected to 

be influenced by reproductive mode (Schön et al. 1998) and should 

therefore be the same in both sexual and asexual species. 
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Especially the genes coding for the cytochrome oxidase subunits I and II 

(COI and COII) are commonly used regions to address phylogenetic and 

evolutionary questions (e.g. Simon et al. 1994; Lunt et al. 1996; Salomone 

et al. 2002; Heethoff et al. 2003). The COI gene is an auspicious 

candidate for calculations of divergence times (e.g. Knowlton 1993; 

Sandoval et al. 1998; Andersen et al. 2000; Salomone et al. 2002). 

Evolutionary rates of COI differ slightly in different taxonomic groups, but 

on average they seem to evolve in a clock-like manner in arthropods 

(DeSalle et al. 1987; Brower 1994) with a divergence rate of 2-2.3% 

corresponding to an evolutionary rate of 1-1.15% per million years. This 

rate was also used for COI divergence time estimations for oribatid mites 

(Salomone et al. 2002). 

Cytochrome c oxidase is an indispensable enzyme which is found in all 

organisms which perform aerobic respiration (Adkins et al. 1996). It is the 

terminal and, possibly, the rate limiting (Poyton et al. 1988) component of 

the mitochondrial respiratory chain and is embedded in the inner 

membrane of the organelle (Schmidt et al. 1997). In its active form in 

mammals it is a dimeric enzyme composed of two monomers, each of 

which contains 3 subunits (I-III) encoded by the mitochondrial genome and 

10 subunits encoded by the nuclear genome (Cooper et al. 1991). The 

essential role played by COI-III is indicated by the fact that these are the 

only subunits with homologs in both eukaryotes and prokaryotes. Only a 

few eukaryotes lack mitochondria and are strictly anaerobic (Müller 1988).   

Cytochrome c oxidase performs a four-electron reduction of oxygen to 

water in conjugation with the transfer of protons into the intermembrane 

space during the final stage of electron transfer. The electrochemical 

gradient formed by this process is an intermediate step in the conversion 

of redox energy to ATP (Castresana et al. 1994; Taanman and Williams 

2001). 

The insect COI protein comprises 511 amino acids which are arranged in 

25 regions: besides the NH2- and COOH-termini there are 12 

transmembrane domains, 6 external and 5 internal loops (Clary and 

Wolstenholme 1985; Lunt et al. 1996). The COOH-terminal is the most 
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variable region of the protein, amino acids in the reaction centres are 

highly conserved but they do not dominate the entire COI molecule, 

allowing scope for considerable variability in some regions (Liu and 

Beckenbach 1992; Lunt et al. 1996). There is no significant rate variability 

between transmembrane domains, internal or external loops but there are 

differences in the mean variability of different regions of the same 

structural class with the external loop E4, the internal loop I1 and the 

transmembrane domains M2, M6 and M8 being the most conserved 

regions (Lunt et al. 1996).  

The extent of DNA sequence variation between parthenogenetic lineages 

reflects time since the split of these lineages (Avise 1994). By analysing 

worldwide divergences of the COI gene and its corresponding protein in 

monophyletic asexual taxa and different calibrations of a molecular clock I 

aimed to date the split of the different oribatid mite lineages and duration 

of asexual reproduction.  

 

2.2. Materials and methods 

 

Sampling of species 

Five species of Camisiidae representing the three principal genera, 

including 61 specimens of Platynothrus peltifer from 18 sites in North 

America, Europe and Asia, and 11 specimens from other Camisiidae 

(Platynothrus yamasakii, P. sibiricus, Camisia horrida and Heminothrus 

thori), and also 23 specimens of Mucronothrus nasalis 

(Trhypochthoniidae) from 6 sites in North and South America, Europe, 

Asia and Australia were analysed (Figure 2.1, Table 2.1). All analysed 

species reproduce exclusively via parthenogenesis. 

Platynothrus peltifer is distributed in soils of the whole Palaearctic region 

(Karppinen 1958; Dalenius 1960) with broad niche adaptations (Siepel 

1990). P. peltifer feeds on decomposing litter, wood or fungi (Hartenstein 

1962) with fungi being probably the most important food resource (Luxton 

1972; Maraun 1997) and was classified like most other oribatid mites as 

sapro-mycophagous (Vera-Ziegler et al. 1990). More recent studies using 
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stable isotopes (15N) indicate that P. peltifer is primary saprophagous 

(Scheu and Falca 2000). 

Reproduction is by automictic thelytoky (Taberly 1987) with 1-4 eggs laid 

per clutch (Grandjean 1950) which are laid once a year between March 

and September (Harding 1971). Therefore, P. peltifer has a K-style 

reproductive biology despite its parthenogenetic reproduction. 

Mucronothrus nasalis lives in a very distinctive habitat: it is always found in 

cold springs or icy melt-water at high altitudes (Hammer and Wallwork 

1979). Due to its wide distribution and its restriction to freshwater habitats 

it has been assumed that the distribution of extant populations is due to 

continental drift (Hammer and Wallwork 1979); a conclusion which was 

raised by Hammer (1965) and subsequently supported by morphological 

studies (Travé 1971, 1973). Reproduction seems to be distributed over the 

whole year with May and June being the months with the lowest 

reproduction rate (Norton et al. 1988). As a trhypochthonoid mite, M. 

nasalis is assumed to reproduce also by automictic thelytoky (Taberly 

1987). The feeding behaviour of M. nasalis is not well studied; diatoms, 

filamentous algae, organic particles and fungal hyphae were detected by 

gut content analyses (Norton et al. 1988). 

 
 
Figure 2.1 
Origin of analysed species. Grey dots: Camisiidae, black dots: 
Mucronothrus nasalis. 
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Table 2.1 
Origin of the analysed species; n=numbers of analysed specimens 
 
Species Origin n 

 
Abbreviation 

Platynothrus peltifer USA, Washington D. C. 5 PPUW 
 USA, New York, Tully 3 PPUH 
 Norway, Bergen 2 PPNB 
 Germany, Schwedt 1 PPDB 
 Germany, Solling 5 PPDS 
 Germany, Darmstadt 4 PPKW 
 Belgium, Rockroi 2 PPBA 
 Belgium, Calestienne 2 PPBC 
 Belgium, Ottignies 2 PPBO 
 Austria, Graz 6 PPOG 
 Italy, Trento 3 PPIC 
 Italy, Siena 3 PPIS 
 Italy, Elba 4 PPIE 
 Italy, Tirol 1 PPIO 
 Italy, Monte Bodone 1 PPIM 
 Kashmir, Srinagar 4 PPK 
 Japan, Yatsugatake 8 PPJY 
 Japan, Fuji Yoshida 5 

 
PPJF 

Platynothrus sibiricus Costa Rica 4 
 

PSCR 

Platynothrus yamasakii China, Beijing 3 
 

PYCH 

Heminothrus thori Germany, Schwedt 2 
 

HTDB 

Camisia horrida Costa Rica 2 
 

CH 

Mucronothrus nasalis Canada, Toronto 6 MNCT 
 Canada, British Columbia 4 MNCB 
 USA, Colorado 1 MNUC 
 Chile, Cap Horn 4 MNCH 
 Norway, Finse 6 MNNF 
 Papua New Guinea 2 MNNG 
 

 

 

Molecular techniques 

Oribatid mite specimens were preserved in 70% v/v ethanol until 

preparation. Due to the small size of oribatid mites (< 1 mm) it is difficult to 

obtain enough DNA for analysis from single specimens. Therefore, 

different principles of DNA extraction from single specimens were 
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conducted. Highest amounts of DNA were obtained with the DNeasy 

Tissue Kit (Qiagen). The principle of this technique is the use of a silica-

gel-membrane for efficient purification of total cellular DNA without organic 

extraction or ethanol precipitation. Specimens were frozen on liquid 

nitrogen and squeezed with a mortar in an Eppendorff tube. The 

homogenised cells were lysed with a buffer containing detergent and 

proteinase K for digestion of cellular proteins and histones (Lottspeich and 

Zorbas 1998). DNA was bound to a silica-gel-membrane in presence of 

chaotropic reagents (Vogelstein and Gillespie 1979), washed and eluted in 

30 µl of water. Of these, 5 µl with unknown concentration were used for 

PCR amplification (Saiki et al. 1985) with the HotStarTaq Master Mix Kit 

(Qiagen) and primers COIarch1 (5’GGTCAACAAATCATAAAGAYA 

TYG3’) and COIarch2 (5’TAAACTTCAGGGTGACCAAAAAATCA3’) 

(Thomas, personal communication). The total reaction volume of 50 µl 

contained 1.5 mM MgCl2, 200 µM of each dNTP, 200 pmol of each primer 

and 2.5 units of Taq polymerase. PCR was specific; conditions were 15 

min at 95°C for polymerase activation, 30 sec at 94°C for denaturation, 60 

sec at 51°C for primer annealing and 60 sec at 72°C for elongation. Thirty-

six cycles were performed followed by a terminal elongation (10 min) at 

72°C. Products were purified on a 1% w/v agarose gel and stained with 

ethidium bromide; bands were excised, purified using chaotropic reagents, 

cloned with the Perfectly Blunt Cloning Kit (Novagen) and transfected in 

Nova Blue SinglesTM competent cells (Novagen) by heat shock. Positive 

clones were selected by blue/white screening. Plasmids were purified by 

alkaline lysis. Inserts were sequenced in both directions by SRD GmbH 

(Oberursel, Germany) on an ABI capillary sequencer. All sequences are 

available at Genbank (AN: AY279416-AY279511). 

 
Data analysis  

All phylogenetic methods make assumptions, whether explicit or implicit, 

about the evolutionary process of DNA substitutions (Felsenstein 1988). 

For example, an assumption common to many phylogenetic methods is 

that bifurcating trees are appropriate representations of species 
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phylogenies (Huelsenbeck and Crandall 1997). Due to the nature of 

nucleotide sequences (only four character states are possible for every 

site and these four characters can change in all directions) the occurrence 

of convergent evolution between old and strongly diverged sequences is 

likely (Avise 1994; Page and Holmes 1998). As time goes by, the number 

of differences between two sequences becomes less and less of an 

accurate estimator of the actual number of substitutions that occurred 

since two sequences diverged from their common ancestor meaning that 

the distance of two sequences becomes saturated (Page and Holmes 

1998). Classical phylogenetic methods using nonparametric maximum 

parsimony approaches to reconstruct evolutionary history therefore often 

are misleading. Given that observed distances may underestimate the 

actual amount of evolutionary change, many parametrical models were 

developed to convert the observed distances into measures of actual 

evolutionary distances (e.g. Jukes and Cantor 1969; Felsenstein 1981; 

Kimura 1980; Hasegawa et al. 1985; Rodriguez et al. 1990; Yang et al. 

1994).  

In addition, all evolutionary models can be modified by parametric 

assumptions on different substitution probabilities for different nucleotide 

positions in a gene (like third codon positions) underlying a Γ distribution 

with the shape parameter α which specifies the range of rate variation 

among sites (Yang 1996). Small values of α result in an L-shaped 

distribution with extreme variation in rates (most sites are invariable but 

few have very high rates of substitution). Conversely, the larger α the 

smaller is the range of rates (for α >1 the distribution gets bell-shaped; 

Yang 1996). 

The measurement of genetic distances and phylogenetic analyses of 

nucleotide sequences are strongly dependant on the choice of the 

evolutionary model and the estimated parameters (Goldman 1993). A 

likelihood ratio test uses log likelihood scores to establish the model of 

DNA evolution that best fits the data with a minimum number of estimated 

parameters by comparison of more than 50 models (Posada and Crandall 

1998, Figure 2.2).  
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A likelihood ratio test statistic is  

 

)]/(max[
)]/(max[log2

1

0

DataeModelAlternativL
DataNullModelL

=δ    

 

where L0 is the likelihood under the null hypothesis (simple model) and L1 

is the likelihood under the alternative hypothesis (more complex model) 

(Posada and Crandall 1998).  

Likelihood ratio tests were conducted with ModelTest 3.06 (Posada and 

Crandall 1998), genetic distances were calculated in PAUP* 4b10 

(Swofford 1999) based on the evolutionary model and the parameters 

established by ModelTest 3.06 (Table 2.2).  

 

 
Figure 2.2 
Hierachical hypothesis testing in ModelTest (Posada and Crandall 1998). 
At each level the null hypothesis (upper model) is either accepted (A) or 
rejected (R). Г: gamma distribution; I: proportion of invariable sites; df: 
degrees of freedom; π: frequency of nucleotides; α: transition rate; β: 
transversion rate. 
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The admissibility to use genetic distances for time estimations depends on 

the clock-like evolution of the analysed genes. A simple way to test the 

accuracy of the molecular clock is to estimate the difference in number of 

substitutions between two closely related taxa in comparison with a third, 

more distantly related outgroup species by a relative rate test (Page and 

Holmes 1998). This test does not require any knowledge of the divergence 

times of the taxa in question. Tajimas relative rate test (Tajima 1993; 

Figure 2.3) is implemented in MEGA2.1 (Kumar et al. 2001); Oribatula 

tibialis (Oribatida: Poronota) was used as outgroup for pair-wise 

comparison of all Camisiidae and M. nasalis.  

 

Figure 2.3 
A 

Consider three sequences A, B and O and let O 
be the outgroup. Let nabo be the observed 
number of sites (n) where sequences A, B and O 
have nucleotides a, b and o. Under the 
molecular clock hypothesis, E(nabo)=E(nbao) 
irrespective of the evolutionary model and 
whether or not the substitution rate varies with 
site. If this hypothesis is rejected, then the 
molecular clock hypothesis can be rejected for 
this set of sequences (Tajima 1993). 

B 

O

 

 

Genes coding for proteins are usually under negative selection when 

synonymous substitution (ss) outnumber those which are non-

synonymous (ns) (ss>ns; Page and Holmes 1998). The rate of ss and ns 

can therefore be used to identify mitochondrial pseudogenes in the 

nuclear genome that have no function and are under neutral selection 

(ss=ns). A measurement of the difference between ss and ns is therefore 

important to verify that origin of sequences is from mitochondrial genes 

rather than from nuclear pseudogenes. Different algorithms have been 

developed to measure ss and ns (Li et al. 1985; Pamilo et al. 1993; Li 

1993; Nei and Kumar 2000); all of them have some critical aspects in 

estimating the number of potential and realised synonymous and non-
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synonymous substitutions (Nei and Kumar 2000). Therefore, all above 

mentioned methods to estimate ss and ns were used. 

A valuable nonparametric measurement of genetic distances in coding 

regions is the percentage distance estimation in fourfold degenerate sites 

(D4; Mark Welsh and Meselson 2000). D4 sites do not effect the protein 

sequence and are assumed to have a slower saturation and less 

sensitivity to transition-transversion bias than other sites (Li 1993). 

Identification of D4 sites and translation of DNA into protein were 

conducted in MEGA2.1 (Kumar et al. 2001).  

 

 

2.3. Results and discussion 

 

A fragment of 600 bp of the COI gene was analysed corresponding to the 

positions 61-660 of the Drosophila yakuba COI gene and 21-220 of the D. 

yakuba protein (Clary and Wolstenholme 1985) (Appendix A). Sequences 

were verified by comparison with known sequences in GenBank using the 

BLAST search algorithm (Altschul et al. 1997). Nucleotide sequences 

were translated into amino acids using the invertebrate mitochondrial 

genetic code (Clary and Wolstenholme 1985). Sequences were aligned by 

hand; the alignment was free of gaps and unambiguous. The analysed 

part of the protein comprised 200 amino acids with two complete and one 

partial external loops, two complete internal loops and four complete and 

one partial transmembrane domains (Figure 2.7). With the internal loop I1 

and the transmembrane domain M2 two of the most conserved regions of 

the COI protein were included in the analyses (Lunt et al. 1996). 

Phylogenetic analyses did not indicate correlation of highly diverged 

sequences of Platynothrus peltifer and Mucronothrus nasalis with their 

geographical origin for either species indicating that COI lineages 

separated before separation of the populations (at least 200 miIion years 

for M. nasalis; Hammer and Wallwork 1979; Norton et al. 1988b). In 

addition, genotypes of the different Camisiidae species were not 

associated with particular species indicating that COI lineages separated 
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before the radiation of Camisiidae into extant genera or species and 

confirms the hypothesis of asexual radiation of Camisiidae (Figures 2.4, 

2.5). Therefore, all species of Camisiidae were merged for further 

calculations (Table 2.2).  

Due to the persistence of different lineages and the apparent absence of 

lineage sorting it is unlikely that sexual reproduction occurred within or 

between areas. 

 

 

 outgroup

 MNCT1

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2.4 
Phylogenetic analysis of M. nasalis nucleotide sequences. The tree is a 
Neighbour Joining tree calculated in PAUP*. Distances were calculated 
based on the evolutionary model estimated by ModelTest with suggested 
parameters (Table 2.2). The 14 haplotypes are distributed over at least 2 
lineages. Note that lineages and geographic origin are poorly correlated 
(geographic origin indicated by different accentuations). Abbreviations see 
Table 1. 

MNCT2

MNNG2.1

MNNG1

MNCB4.9

MNCT6

MNCT3
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MNCT5

MNCT4
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MNNF1.3 

MNNF2.9 
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MNCH2.3 

MNCH4.9 

MNNF1.6 

MNNF1.7 

MNCB3.7 

MNUC2 
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outgroup

 
Figure 2.5 
Phylogenetic analysis of Camisiidae nucleotide sequences. The tree is a 
Neighbour Joining tree calculated in PAUP*. Distances were calculated 
based on the evolutionary model estimated by ModelTest with suggested 
parameters (Table 2.2). The 42 haplotypes are distributed over at least 6 
lineages (I-VI). There is no correlation between lineages and geographical 
origin of specimens nor a correlation between species (P. peltifer, P. 
yamasakii, P. sibiricus, H. thori, C. horrida) and genotype. For 
abbreviations see Table 1. 
 

PPUH3
PPI03
PPDB21
PPBC4
PPUH1
PPNB3
PPBA4
PPNB5
PPBO2
PPBC1
PPBA2
PPBO1
PPKB
PSCR2
CHA
PYCHC
PSCRA
PPKA
PPKW6
PPUH2
PPKW5
PPKW1
PPKW2
PPIE4
PPJY4
PPJY3
PPJYMark4
PPJYMark3
PPJY1
PPJY2
PPJYMark1
PPJYMark2
PPDSKat2
PPDSKat1
PPOG1
PPIC1
PPJF4
PPJF3
PPJF1
PPJF2
PPJF5
PPOG3
PPK4
PPOG6
PPOG5
PPOG2
PPIS2
PPOG4
PPK3
PPDS3
PPIM2
PPIS1
PPIS3
PPIE3
PPUW2
PPIC3
PPDS5
PPIE2
PPUW4
PPUW3
PPUW1
PPIC2
PPUW5
PPDS4
PPIE1
HTDB1
HTDB2
PSCRC
PYCHB
PYCHA
CHC
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II 
 
 
 
 
 
 
 
III 
 
 
 
 
IV 
 
 
 
V 
 
VI 
 PSCRB
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All sequences were free of stop codons, and highly conserved positions 

able 2.2 

ariability for the 600 bp cytochrome oxidase I region of 

Camisiidae M. nasalis 

were equal in all sequences. For Camisiidae, 261 nucleotide positions 

were variable and formed 42 different haplotypes. The M. nasalis 

sequences consisted of 14 haplotypes with 249 polymorphic sites. The 

preponderant type of substitutions was synonymous (ss-sn averaged 1.1 

for M. nasalis and 1.2 for Camisiidae). Therefore, it is unlikely that 

sequences represent nuclear pseudogenes. 

 

 

T

Genetic v
Camisiidae (72 specimens from 22 sites) and Mucronothrus nasalis (23 
specimens from 6 sites). 
 
 
   
Polymorphic sites for DNA 

0.2993 0.2893 

io test (model choice) KY+I+Γ

1  

ion ratio 

261 249 
Number of haplotypes 42 14 
A frequency 
C frequency 0.2435 0.2489 
G frequency 0.1354 0.1352 
T frequency 

t
0.3218 0.3266 

Likelihood ra H
4151 

 
2988 -lnL (log likelihood) 

Gamma-shape (Γ) .0076 1.1272
Invariant sites (I) 

rs
0.4858 0.5246 

Transition/transve 4.6592 5.5250 
   
 

 

It is interesting to note that the A+T content (57% and 58% for Camisiidae 

and M. nasalis, respectively), highly biased in the COI gene in other 

studied Chelicerata (Avise et al. 1994; Navajas et al. 1996; Salomone et 

al. 1996), tends to be much less biased in Camisiidae and M. nasalis 

being the only known arthropods with A+T contents in the COI gene less 

than 60%. Several hypotheses have been put forward to explain biases in 

nucleotide contents (Moriyama and Gojobori 1992; Jermiin and Crozier 

1994; Wirth et al. 1999; Xia 2000) but a consistent explanation for this high 

variability in nucleotide frequencies has not yet been provided. In order to 
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determine the mechanisms governing the base composition in Camisiidae 

and M. nasalis more detailed analyses on the pattern and direction of 

mutation in the mitochondrial genome of these taxa are necessary. 

About 15% of all sites in the analysed COI gene were fourfold degenerate 

ximum pair wise corrected distances between lineages were 

aspecific variability for Camisiidae and M. nasalis is more than 15-

volution of COI 

separation of lineages can be estimated. 

(D4); in Camisiidae and M. nasalis, 100% and 99% of these were variable, 

respectively, suggesting high saturation of sequences. The maximum 

pairwise percentage distance of D4 sites was 76% for Camisiidae and 

73% for M. nasalis. Using this nonparametric distance estimation with a 

maximum conservative evolutionary rate of 5% (Tautz et al. 2003) an age 

of more than 7 million years of asexual reproduction was estimated for 

Camisiidae and M. nasalis. This estimation can be refined by parametrical 

approaches. 

Therefore, ma

calculated. Due to high saturation, distances were corrected using an 

evolutionary model selected by a likelihood ratio test (Posada and 

Crandall 1998). Distances were calculated for Camisiidae and separately 

for M. nasalis using the estimated model with suggested parameters 

(HKY+I+ Γ (Hasegawa et al. 1985); Table 2.2). For Camisiidae the genetic 

distance averaged 61% with a maximum of 136%; for M. nasalis it 

averaged 67% with a maximum of 157%. Distances of more than 100% 

are possible if backmutations are taken into account. Maximum distances 

apply to the deepest branching in the group and thus to its age (Avise 

1994). 

The intr

fold higher than in sexual populations of the oribatid mite species 

Steganacarus magnus and the insect species Lymantria dispar and even 

about 30-fold higher than in the putative ancient asexual ostracod D. 

Stevensoni (Figure 2.6). These findings indicate an ancient split of the 

different COI lineages and the absence of lineage sorting. 

Relative rate tests (Tajima 1993; Figure 2.3) indicate that e

sequences was clockwise for Camisiidae and M. nasalis (no rate 

heterogeneity with Χ²<3.85 and p>0.05). Therefore, the time elapsed since 
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Figure 2.6 

ivergenc Lymantria 
ispar (Hexapoda: Lepidoptera; Bogdanowicz et al. 2000) ; Steganacarus 

ari: Oribatida; Salomone et al. 2002) ; Darwinula stevensoni 

ed to evolve at a divergence 

te of 2.15% per million years (Salomone et al. 2002) suggesting an age 

 the COI protein in oribatid 

D e of the COI gene for some invertebrate species. 
d
carlosi (Ac
(Crustacea: Ostracoda; Schön et al. 1998).  
 
 
The COI gene of oribatid mites was determin

ra

of 63 and 73 million years for Camisiidae and M. nasalis, respectively. 

Since sequences were highly saturated, backmutations likely occur and 

the calculated ages are minimum estimates.  

To further improve time estimations we used COI protein sequences of 

Camisiidae and M. nasalis. The structure of

mites is similar to that in insects (Lunt et al. 1996). The evolutionary rate of 

the protein was estimated using those of 6 Neoptera insect species (2 

Caelifera and 4 Diptera; Table 2.3).  The last common ancestor of these 

insect species lived in the Carboniferous about 285-360 million years ago 

(Gullan and Cranston 1994). 
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Table 2.3 
Origin of the data concerning 
 

the COI protein of insect species. 

Reference 

   

Species Accession 
number 

Chorthippus parallelus Lunt et al. 1996 
Locusta migratoria Flook et al. 1995 

Beard et al. 1993 
Anop tus Cockburn et al. 1990 

Drosophila yakuba X03240 Clary and Wolstenholme 1985 
Protophormia terraenovae Wells and Sperling 2000 

AF229010 
X80245 

 
Anopheles gambiae L20934 

heles quadrimacula L04272 

L14946 
   

 

 

f the 200 analysed amino acids in Neoptera, 39 were variable and the 

aximum pair wise distance was 15% between Locusta migratoria and 

orton et al. 1996) but the strong variability in 

O

m

Anopheles quadrimaculatus. This distance is according to an age of 285-

360 million years indicating an evolutionary rate of 0.04-0.05% of 

divergence per million years. Within Camisiidae and also in M. nasalis 34 

amino acids were variable (Figure 2.7). The maximum pairwise distance 

was 7.5% and 10% for Camisiidae and M. nasalis, respectively, indicating 

an age of at least 143-180 million years for Camisiidae and 190-240 

million years for M. nasalis. Therefore, the hypothesis that M. nasalis 

predated the breakup of Pangaea 200 million years ago (Hammer and 

Wallwork 1979; Norton et al. 1988b) is strongly supported, and the 

Camisiidae probably also existed at that time. Due to the absence of 

closely related sexual species, frequent evolution of parthenogenetic 

lineages from sexual ancestors is unlikely (Norton and Palmer 1991; 

Palmer and Norton 1992). 

Mucronothrus nasalis is considered a single species with little 

morphological variability (N

the COI gene, its disjunct biogeographical distribution (Hammer and 

Wallwork 1979) and its clonal population structure (Palmer and Norton 

1992) suggests that it is an ancient asexual species. 
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Camisiidae M. nasalis

 

Figure 2.7: Partial structure of the cytochrome oxidase I protein 
The analysed part of the COI protein corresponds to positions 21-220 of 
the insect COI. Conserved amino acids for the neopteran and the oribatid 
mite protein are indicated in one-letter-code. Positions marked with “1” are 
variable between and within insects and oribatid mites, “2” are variable 
between insects and oribatid mites, “3” are variable within insects and “4” 
are variable only within oribatid mites. M1-M5: transmembrane domains; 
E1-E3: external loops; I1-I2: internal loops 
 

 

Similar in Camisiidae, the variability in COI, the absence of sexual 

reproduction (Norton and Palmer 1991) and the clonal structure of the 

examined species indicate ancient asexual origin. Oribatid mites therefore 

represent more than a third “evolutionary scandal”; they contain several 

ancient and speciose parthenogenetic groups representing a number of 

evolutionary scandals. With 240 million years they probably contain the 

oldest living asexual metazoan taxa. Presumably, a combination of factors 

- including habitat stability and an automictic genetic system with inverted 

meiosis - is responsible for the independent evolution, longevity, and 

radiation of multiple lineages of parthenogenetic oribatid mites. 
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Appendix A 
 
Nucleotide sequence alignment of the 72 Camisiidae specimens 

             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
CHA          TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
CHC          TTTCGGTACC TGGGTGGCcT AATGGGATCT TCTCTAAGAG CATTAATTCG ATTGGAATTA GGACAACCAG  
HTDB1        TTTGGTACAT GAGCTGGATT AATAGGGTCA TCATTAAGGG CTTTAATTCG ACTTGAGTTA GGGCAGCCCG  
HTDB2        TTTGGTACAT GAGCTGGATT AATAGGGTCA TCATTAAGGG CTTTAATTCG ACTTGAGTTA GGGCAGCCCG  
PSCR2        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PSCRA        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PSCRB        TtcGGTACCT GGGCTGGCCT AATGGGATCT TCTCTAAGAG CATTAATTCG ATTGGAATTA GGACAACCAG  
PSCRC        TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
PYCHA        TTCGGtACCT GGGCTGGCCT AATGGGATCT TCTCTAAGAG CATTAATTCG ATTGGAATTA GGACAACCAG  
PYCHB        TTCGGTACCT GGGCTGGCCT AATGGGATCT TCTCTAAGAG CATTAATTCG ATTGGAATTA GGACAACCAG  
PYCHC        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGtG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPK3         TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPK4         TTTGGtaCAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CTTTGATTCG TCTTGAATTA GGACAGCCCG  
PPKA         TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGtG CTTTGATTCG TCTTGAGTTA GGtCAACCCG  
PPKB         TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPUW1        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPUW2        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPUW3        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPUW4        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPUW5        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPUH1        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPUH2        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTG GGTCAACCCG  
PPUH3        TTCGGCACAT GGGCTGGGCT GATGGGCTCG TCTTTAAGAG CTCTAATTCG GCTAGAACTA GGTCAACCCG  
PPJYMark1    TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJYMark2    TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJYMark3    TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJYMark4    TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJY1        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJY2        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJY3        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJY4        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJF1        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJF2        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJF3        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJF4        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPJF5        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPIE1        TTTGGTACAT GAGCTGGATT AATAGGGTCA TCATTAAGGG CTTTAATTCG ACTTGAGTTA GGGCAGCCCG  
PPIE2        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPIE3        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPIE4        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPIC1        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPIC2        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPIC3        TTTGGAACTT GAGCGGGATT GATAGGCTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPIS1        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPIS2        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPIS3        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPIM2        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPI03        TTTGGAACTT GAGcTGGGCT AATAGGATCT TCTTTAAGTG CCCTGATCCG TCTCGAGTTG GGACAGCCCG  
PPOG1        TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPOG2        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPOG3        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAACCCG  
PPOG4        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPOG5        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPOG6        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPNB3        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPNB5        TTTGGGACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTTG TCTTGAGTTA GGTCAACCCG  
PPBC1        TTTGGAACCT GGGCTGGATT GGTAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPBC4        TTTGGAACCT GGGCTGGATT AATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPBA2        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPBA4        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPBO1        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPBO2        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
PPDB21       TTTGGAACCT GGGCTGGATT AATAGGATCT TCCTTAAGTG CCTTGATTCG TCTTGAGTTG GGTCAACCTG  
PPDSKat1     TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPDSKat2     TTTGGGACTT GAGCTGGGTT AATGGGATCT TCTCTAAGTG CTTTAATTCG CCTCGAGTTA GGACAACCTG  
PPDS3        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGtG CCTTGATTCG TCTTGAATTA GGACAGCCCG  
PPDS4        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPDS5        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
PPKW1        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTG GGTCAACCCG  
PPKW2        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTG GGTCAACCCG  
PPKW5        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTG GGTCAACCCG  
PPKW6        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTG GGTCAACCCG  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
CHA          GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
CHC          GCTCTCTTCT CGAAAATGAC CAAATTTACA ACACAATTGT CACTGCACAC GCCTTCGTAA TAATCTTCTT  
HTDB1        GATCACTTTT AGATAACGAC CAAATCTATA ACACCATCGT TACAGCACAC GCTTTCGTAA TAATTTTTTT  
HTDB2        GATCACTTTT AgATAACGAC CAAATCTATA ACACCATCGT TACAGCACAC GCTTTCGTAA TAATTTTTTT  
PSCR2        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PSCRA        GTTCACTACT AGACAACGGC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PSCRB        GCTCTCTTCT CGAAAATGAC CAAATTTACA ACACAATTGT CACTGCACAC GCCTTCGTAA TAATCTTCTT  
PSCRC        GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGtAA TAATTTTTTT  
PYCHA        GCTCTCTTCT CGAAAATGAC CAAATTTACA ACACAATTGT CACTGCACAC GCCTTCGTAA TAATCTTCTT  
PYCHB        GCTCTCTTCT CGAAAATGAC CAAATTTACA ACACAATTGT CACTGCACAC GCCTTCGTAA TAATCTTCTT  
PYCHC        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPK3         GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPK4         GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPKA         GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPKB         GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPUW1        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPUW2        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACAGCTCAC GCTTTCGTTA TGATTTTCTT  
PPUW3        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPUW4        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPUW5        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPUH1        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPUH2        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPUH3        GATCCCTTAT AGATAATGAC CAAATCTACA ACACTATTGT TACTGCTCAC GCTTTCGTTA TGATCTTCTT  
PPJYMark1    GATCTCTCTT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCTCAC GCCTTCGTAA TAATTTTCTT  
PPJYMark2    GATCTCTCTT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCTCAC GCCTTCGTAA TAATTTTCTT  
PPJYMark3    GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJYMark4    GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJY1        GATCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJY2        GATCTCTCTT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCTCAC GCCTTCGTAA TAATTTTCTT  
PPJY3        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJY4        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJF1        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJF2        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJF3        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJF4        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPJF5        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPIE1        GATCACTTTT AGATAACGAC CAAATCTATA ACACCATCGT TACAGCACAC GCTTTCGTAA TAATTTTTTT  
PPIE2        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPIE3        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPIE4        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPIC1        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPIC2        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPIC3        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPIS1        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCTTTCGTAA TGATTTTTTT  
PPIS2        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPIS3        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCTTTCGTAA TGATTTTTTT  
PPIM2        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCTTTCGTAA TGATTTTTTT  
PPI03        GTTCACTTTT GGACAATGAC CAAATTTATA ACACCATTGT TACGGCCCAC GCCTTCGTAA TAATTTTCTT  
PPOG1        GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPOG2        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPOG3        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPOG4        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPOG5        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPOG6        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
PPNB3        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPNB5        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPBC1        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPBC4        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPBA2        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPBA4        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPBO1        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPBO2        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPDB21       GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCTTTTGTAA TAATTTTTTT  
PPDSKat1     GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPDSKat2     GGTCTCTCCT AGATAACGAT CAAATCTACA ATACTATTGT TACAGCCCAC GCCTTCGTAA TAATTTTCTT  
PPDS3        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGcTCAC GCTTTCGTAA TGATTTTTTT  
PPDS4        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPDS5        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
PPKW1        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPKW2        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPKW5        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
PPKW6        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
CHA          CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
CHC          TATAGTAATG CCTGTAATAA TTGGAGGGTT TGGAAACTGG CTAGTACCCA TGATAATCGG AGCCCAAGAC  
HTDB1        CATAGTTATA CCGGTAATAA TTGGAGGATT TGGAAATTGA TTAGTTCCCC TAATAATTGG CGCACAAGAT  
HTDB2        CATAGTTATA CCGGTAATAA TTGGAGGATT TGGAAATTGA TTAGTTCCCC TAATAATTGG CGCACAAGAT  
PSCR2        CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PSCRA        CATAGTTATG CCCGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PSCRB        TATAGTAATG CCTGTAATAA TTGGAGGGTT TGGAAACTGG CTAGTACCCA TGATAATCGG AGCCCAAGAC  
PSCRC        TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATtGG TGCTCAAGAT  
PYCHA        TATAGTAATG CCTGtAATAA TTGGAGGGTT TGGAAACTGG CTAGTACCCA TGATAATCGG AGCCCAAGAC  
PYCHB        TATAGTAATG CCTGTAATAA TTGGAGGGTT TGGAAACTGG CTAGTACCCA TGATAATCGG AGCCCAAGAC  
PYCHC        CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPK3         CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPK4         CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPKA         CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPKB         CATAGTTATG CCTGGAATAA TTGGtGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPUW1        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPUW2        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPUW3        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPUW4        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPUW5        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPUH1        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGGAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPUH2        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPUH3        TATAGTCATG CCCGTAATAA TTGGAGGATT TGGAAACTGA CTTGTCCCCC TAATAATTGG AGCCCAAGAC  
PPJYMark1    CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGA CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJYMark2    CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGA CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJYMark3    CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJYMark4    CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJY1        CATGGTAATG CCAGTGATAA TCGGAGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJY2        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGA CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJY3        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJY4        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJF1        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJF2        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJF3        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJF4        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPJF5        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPIE1        CATAGTTATA CCGGTAATAA TTGGAGGATT TGGAAATTGA TTAGTTCCCC TAATAATTGG CGCACAAGAT  
PPIE2        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPIE3        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPIE4        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPIC1        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPIC2        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPIC3        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPIS1        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPIS2        CATAGTAATA CCGGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPIS3        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPIM2        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPI03        CATGGTAATG CCTGTAATAA TTGGTGGATT CGGGAATTGA TTAGTTCCAT TAATAATCGG AGCTCAAGAC  
PPOG1        CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPOG2        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPOG3        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPOG4        CATAGTAATA CCGGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPOG5        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPOG6        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPNB3        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPNB5        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPBC1        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPBC4        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPBA2        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPBA4        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPBO1        CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPBO2        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPDB21       CATAGTCATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCTCAAGAT  
PPDSKat1     CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPDSKat2     CATGGTAATG CCAGTGATAA TCGGTGGATT TGGGAATTGG CTAGTTCCAC TGATAATTGG AGCTCAAGAC  
PPDS3        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
PPDS4        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPDS5        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
PPKW1        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPKW2        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPKW5        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
PPKW6        CATAGTTATG CCTGTAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
CHA          ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
CHC          ATGGCATTCC CaCGAATGAA TAACATGAGA TTCTGATTAC TACCACCCTC TCTCACTCTT TTGTCAGCAT  
HTDB1        ATAGCCTTCC CACGAATAAA CAACATGAGA TTCTGACTTC TTCCGCCCTC TTTATGCCTT CTTTCGGCTT  
HTDB2        ATAGCCTTCC CACGAATAAA CAACATGAGA TTCTGACTTC TTCCGCCCTC TTTATGCCTT CTTTCGGCTT  
PSCR2        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PSCRA        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PSCRB        ATGGCATTCC CACAAATGAA TAACATGAGA TTCTGATTAC TACCACCCTC TcTCACTCTT TTGTCAGCAT  
PSCRC        ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
PYCHA        ATGGCATTCC CACGAATGAA TAACATGAGA TTCTGATTAC TACCACCCTc TCTCACTCTT TTGTCAGCAT  
PYCHB        ATGGCATTCC CACGAATGAA TAACATGAGA TTCTGATTAC TACCACCCTC TCTCACTCTT TTGTCAGCAT  
PYCHC        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTcTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPK3         ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPK4         ATGGCCCTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPKA         ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPKB         ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGtGTCTC CTTTCAGCAT  
PPUW1        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPUW2        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPUW3        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPUW4        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPUW5        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPUH1        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPUH2        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPUH3        ATAGCATTCC CACGAATAAA CAACATAAGG TTTTGGCTTC TACCTCCGTC CTTATGTCTT CTATCAGCAT  
PPJYMark1    ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJYMark2    ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJYMark3    ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJYMark4    ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJY1        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJY2        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJY3        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJY4        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJF1        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJF2        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJF3        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJF4        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPJF5        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPIE1        ATAGCCTTCC CACGAATAAA CAACATGAGA TTCTGACTTC TTCCGCCCTC TTTATGCCTT CTTTCGGCTT  
PPIE2        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPIE3        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCGGCCT  
PPIE4        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPIC1        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPIC2        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPIC3        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPIS1        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCTCAT  
PPIS2        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACCCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPIS3        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCTCAT  
PPIM2        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCTCAT  
PPI03        ATGGCCTTCC CTCGAATAAA CAACATAAGA TTCTGGCTCC TCCCTCCGTC ACTATGCCTC CTCTCAGCAT  
PPOG1        ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPOG2        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPOG3        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPOG4        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPOG5        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPOG6        ATGGCCTTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
PPNB3        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPNB5        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPBC1        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCCC CTTTCAGCAT  
PPBC4        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPBA2        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPBA4        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPBO1        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPBO2        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPDB21       ATGGCTTTCC CTCGTATAAA TAATATGAGA TTCTGGCTCC TTCCTCCATC CCTATGTCTC CTTTCAGCAT  
PPDSKat1     ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPDSKat2     ATGGCCTTCC CTCGTATGAA CAACATAAGA TTCTGGCTCC TTCCTCCATC ACTGTGCCTC CTCTCAGCTT  
PPDS3        ATGGCCTTcC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTcTT cTTTCCTCAT  
PPDS4        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPDS5        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
PPKW1        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPKW2        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPKW5        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
PPKW6        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
CHA          CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
CHC          CTGCCTTTGC AGGAATAGGA GCAGGAACAG GATGAACAGT ATATCCTCCC TTAGCCGGAA ATTTATTTCA  
HTDB1        CAGCCTTTGC TGGTCTAGGT GTAGGAACCG GATGAACAGT GTATCCTCCA TTGGCTGGAA ACCTGTTTCA  
HTDB2        CAGCCTTTGC TGGTCTAGGT GTAGGAACCG GATGAACAGT GTATCCTCCA TTGGCTGGAA ACCTGTTTCA  
PSCR2        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PSCRA        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PSCRB        CTGCCTTTGC AGGAATAGGA GCAGGAACAG GATGAACAGT ATATCCTCCC TTAGCCGGAA ATTTATTTCA  
PSCRC        CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
PYCHA        CTGCCTTTGC AGGAATAGGA GCAGGAACAG GATGAACAGT ATATCCTCCC TTAGCCGGAA ATTTATTTCA  
PYCHB        CTGCCTTTGC AGGAATAGGA GCAGGAACAG GATGAACAGT ATATCCTCCC TTAGCCGGAA ATTTATTTCA  
PYCHC        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPK3         CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPK4         CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPKA         CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAGCTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPKB         CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPUW1        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPUW2        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPUW3        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPUW4        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPUW5        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPUH1        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPUH2        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPUH3        CTGCCTTCGC AGGACTAGGG GTAGGAACAG GATGAACCGT ATATCCACCT CTAGCAGGAA ACTTATTCCA  
PPJYMark1    CTGCTTTTGC TGGATTAGGG GTGGGAACCG GATGAACTGT GTATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJYMark2    CTGCTTTTGC TGGATTAGGG GTGGGAACCG GATGAACTGT GTATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJYMark3    CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJYMark4    CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJY1        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJY2        CTGCTTTTGC TGGATTAGGG GTGGGAACCG GATGAACTGT GTATCCTCCC CTAGCAGGAA ATCTTTTcCA  
PPJY3        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJY4        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJF1        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJF2        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGAAA ATCTTTTCCA  
PPJF3        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJF4        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPJF5        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPIE1        CAGCCTTTGC TGGTCTAGGT GTAGGAACCG GATGAACAGT GTATCCTCCA TTGGCTGGAA ACCTGTTTCA  
PPIE2        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPIE3        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPIE4        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPIC1        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPIC2        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPIC3        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPIS1        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPIS2        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPIS3        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPIM2        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPI03        CTGCTTTTGC CGGATTAGGA GTGGGGACTG GCTGAACTGT CTACCCTCCC TTGGCTGGAA ATCTTTTCCA  
PPOG1        CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPOG2        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPOG3        CTGCTTTCGC CGGATTAGGT GTAGGAACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPOG4        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPOG5        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPOG6        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
PPNB3        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPNB5        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPBC1        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPBC4        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPBA2        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPBA4        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPBO1        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPBO2        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPDB21       CAGCCTTTGC TGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGAA ACCTCTTCCA  
PPDSKat1     CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPDSKat2     CTGCTTTTGC TGGATTAGGA GTGGGAACCG GATGAACTGT ATATCCTCCC CTAGCAGGAA ATCTTTTCCA  
PPDS3        CTGCTTTCGC CGGATTAgGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTTCA  
PPDS4        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPDS5        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
PPKW1        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPKW2        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPKW5        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
PPKW6        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
 
 
 
 
  

 
29 



Chapter Two Age of parthenogenetic lineages
 
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
CHA          CTCAGGACTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
CHC          TTCCAGAATC TCAGTAGACC TAGCTATTTT TAGACTACAT TTAGCTGGGG CCTCCTCCAT CTTAGGGGCA  
HTDB1        CTCTGGATTC TCTGTAGATC TAGCGATTTT CAGGtTACAC TTAGCAGGAG CTTCATCAAT CTTAGGAGCT  
HTDB2        CTCTGGATTC TCTGTAGATC TAGCGATTTT CAGGTTACAC TTAGCAGGAG CTTCATCAAT CTTAGGAGCT  
PSCR2        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PSCRA        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PSCRB        TTCCAGAATC TCAGTAGACC TAGCTATTTT TAGACTACAT TTAGCTGGGG CCTCCTCCAT CTTAGGGGCA  
PSCRC        CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
PYCHA        TTCCAGAATC TCAGTAGACC TAGCTATTTT TAGACTACAT TTAGCTGGGG CCTCCTCCAT CTTAGGGGCA  
PYCHB        TTCCAGAATC TCAGTAGACC TAGCTATTTT TAGACTACAT TTAGCTGGGG CCTCCTCCAT CTTAGGGGCA  
PYCHC        CTCAGGACTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPK3         CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPK4         CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPKA         CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG cGTCCTCCAT TCTTGGAGCT  
PPKB         CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPUW1        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPUW2        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPUW3        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPUW4        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPUW5        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAACGGGTG CCTCTTCCAT TTTAGGTGCC  
PPUH1        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPUH2        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPUH3        CTCTGGATTC TCAGTTGATT TGGCAATTTT CAGCCTCCAC TTAGCCGGAG CCTCTTCCAT CTTAGGGGCC  
PPJYMark1    CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJYMark2    CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJYMark3    CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJYMark4    CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJY1        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJY2        CTCAGGATTT TCTGTAGATC TtGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJY3        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJY4        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJF1        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJF2        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJF3        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJF4        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPJF5        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPIE1        CTCTGGATTC TCTGTAGATC TAGCGATTTT CAGGTTACAC TTAGCAGGAG CTTCATCAAT CTTAGGAGCT  
PPIE2        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPIE3        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPIE4        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGCCTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPIC1        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPIC2        CTCCGGTTTC TCTGTAGATT TAGCAATCTT CAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPIC3        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPIS1        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPIS2        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPIS3        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPIM2        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPI03        CTCAGGATTT TCCGTAGATC TTGCAATCTT TAGCCTTCAT CTAGCAGGTG CCTCCTCCAT TCTGGGGGCC  
PPOG1        CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPOG2        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPOG3        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPOG4        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPOG5        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPOG6        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
PPNB3        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPNB5        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPBC1        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPBC4        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPBA2        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPBA4        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPBO1        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPBO2        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
PPDB21       CTCAGGATTT TCCGTAGATC TTGCAATCTT TAGTCTCCAC TTAGCAGGTG CGTCCTCCAT TCTTGGAGCT  
PPDSKat1     CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPDSKat2     CTCAGGATTT TCTGTAGATC TTGCAATTTT TAGACTCCAC TTGGCAGGTG CCTCCTCTAT TCTGGGGGCC  
PPDS3        CTCAGGATTT TCAGTaGACC TTGcAATTTT CAgGCTcCAT CTTGCAgGAG CTTcTTcTAT cTTGGGGGCC  
PPDS4        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPDS5        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
PPKW1        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCTAT TCTTGGAGCT  
PPKW2        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCTAT TCTTGGAGCT  
PPKW5        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCTAT TCTTGGAGCT  
PPKW6        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
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Chapter Two Age of parthenogenetic lineages
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
CHA          ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
CHC          ATCAACTTTA TCACAACAAT CATAAACATA CGCTCTTCAT CAATAAGGTT GGATTCAATC CCCCTTTTCG  
HTDB1        ATTAACTTCA TTACTACCAT TCTcAACATA CGGtCCTCCa CAATAAGACT AgACTCAATT CCCTTATTTG  
HTDB2        ATTAACTTCA TTACTaCCAT TCTcAACATA CGGtCCtcCA CAATAAgACT AGACTCAATT CCCTTATTTG  
PSCR2        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PSCRA        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PSCRB        ATCAACTTTA TCACAACAAT CATAAACATA CGCTCTTCAT CAATAAGGTT GGATTCAATC CCCCTTTTCG  
PSCRC        ATTAACTTTA TCACTACAAT CATAAATATa CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
PYCHA        ATCAACTTTA TCACAACAAT CATAAACATA CGCTCTTCAT CAATAAGGtT GGATTCAATC CCCCTTTTCG  
PYCHB        ATCAACTTTA TCACAACAAT CATAAACATA CGCTCTTCAT CAATAAGGTT GGATTCAATC CCCCTTTTCG  
PYCHC        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPK3         ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTTCATC CCATTATTCG  
PPK4         ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTcCA CAATAAGCCT AgACTCCATC CCATTATTCG  
PPKA         ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPKB         ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPUW1        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPUW2        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPUW3        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPUW4        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPUW5        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPUH1        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACCATTCG  
PPUH2        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPUH3        ATTAACTTCA TCACCACCAT TCTAAATATA CGATCCTCTA CTATAAGCCT AGATTCAATC CCCCTATTCG  
PPJYMark1    ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJYMark2    ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJYMark3    ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJYMark4    ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJY1        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJY2        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJY3        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJY4        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPJF1        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPJF2        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPJF3        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPJF4        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPJF5        ATCAATTTCA TCACCACAAT CTTAAGCATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPIE1        ATTAACTTCA TTACTACCAT TCTCAACATA CGGTCCTCCA CAATAAGACT AGACTCAATT CCCTTATTTG  
PPIE2        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPIE3        ATCAACTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPIE4        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGATTCCATC CCATTATTCG  
PPIC1        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPIC2        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPIC3        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPIS1        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPIS2        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCACTATTCG  
PPIS3        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPIM2        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPI03        ATCAATTTCA TCACCACAAT CTTAAATATA CGGTCATCCA CAATAAGTTT AGACTCCATC CCACTATTCG  
PPOG1        ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPOG2        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPOG3        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPOG4        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPOG5        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPOG6        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPNB3        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPNB5        ATCAATTTCA TCACCACAAC CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPBC1        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPBC4        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPBA2        ATCAATTTCA TCACCACAAT CTTAAATATA CGACCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPBA4        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPBO1        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPBO2        ATCAATTCCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPDB21       ATCAATTTCA TCACCACAAT CTTAAACATA CGATCATCCA CAATAAGCTT AGACTCCATC CCACTATTCG  
PPDSKat1     ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPDSKat2     ATCAATTTCA TCACCACAAT CTTAAACATA CGGTCATCCA CAATGAGATT AGACTCCATC CCATTATTCG  
PPDS3        ATTAATTTCA TCACTACAAT TTTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
PPDS4        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPDS5        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
PPKW1        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPKW2        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPKW5        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
PPKW6        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
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Chapter Two Age of parthenogenetic lineages
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                495        505        515        525        535        545        555                  
CHA          TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
CHC          TCTGATCTGT ACTAATCACA GCCGTCCTTT TACTTCTAGC CCTCCCAGTT TTGGCAGGGG CTATCACAAT  
HTDB1        tTTGAtCAGT TCTAATCACC GCAATTCTCC TACTTCTAGC ACTTCCCGTA CTAGCGGGAG CTATCACTAT  
HTDB2        tTTGATCAGt TCTAATCACC GCAATTcTcC TACTTcTAGC ACTTCCCGTA CTAGCGGGAG CTATCACTAT  
PSCR2        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
PSCRA        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
PSCRB        TCTGATCTGT ACTAATCACA GCCGTCCTTT TACTTCTAGC CCTCCCAGTT TTGGCAGGGG CTATCACAAT  
PSCRC        TATGATCTGT TCTAATTaCA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
PYCHA        TCTGATCTGt ACTAATCACA GCCGtCCTTT TACTTCTAGC CCTcCCAGTT TTGGCAGGGG CTATCACAAT  
PYCHB        TCTGATCTGT ACTAATCACA GCCGTCCTTT TACTTCTAGC CCTCCCAGTT TTGGCAGGGG CTATCACAAT  
PYCHC        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
PPK3         TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPK4         TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPKA         TTTGACCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
PPKB         tTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
PPUW1        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPUW2        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPUW3        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPUW4        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPUW5        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPUH1        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPUH2        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPUH3        TATGATCTGT TCTGATTACC GCAGTACTTC TTCTATTAGC CCTCCCAGTG CTGGCTGGAG CTATCACTAT  
PPJYMark1    TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTGCCAGTA TTAGCTGGAG CCATCACGAT  
PPJYMark2    TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTGCCAGTA TTAGCTGGAG CCATCACGAT  
PPJYMark3    TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJYMark4    TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJY1        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCCACCAGTA TTAGCTGGAG CCATCACGAT  
PPJY2        TTTGATCTGT cTTAATCACT GCCGTTCTAT TACTTCTGGC CCTGCCAGTA TTAGCTGGAG CCATCACGAT  
PPJY3        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJY4        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJF1        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJF2        TTTGATCTGT CTTAACCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJF3        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJF4        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPJF5        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPIE1        TTTGATCAGT TCTAATCACC GCAATTCTCC TACTTCTAGC ACTTCCCGTA CTAGCGGGAG CTATCACTAT  
PPIE2        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPIE3        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPIE4        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPIC1        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPIC2        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPIC3        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPIS1        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTA TTAGCAGGAG CTATTACCAT  
PPIS2        TATGATCCGT TTTAATCACT GCCGTCTTAT TATTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPIS3        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTA TTAGCAGGAG CTATTACCAT  
PPIM2        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTA TTAGCAGGAG CTATTACCAT  
PPI03        TTTGATCAGT CTTAATCACC GCCGTCTTGT TACTACTAGC ATTACCAGTA TTAGCTGGAG CCATCACAAT  
PPOG1        TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPOG2        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPOG3        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPOG4        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPOG5        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPOG6        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
PPNB3        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPNB5        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPBC1        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPBC4        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPBA2        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPBA4        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPBO1        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
PPBO2        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPDB21       TTTGATCAGT TCTAATTACC GCAGTCTTGT TATTACTGGC TTTACCGGTG TTGGCTGGAG CCATTACAAT  
PPDSKat1     TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPDSKat2     TTTGATCTGT CTTAATCACT GCCGTTCTAT TACTTCTGGC CCTACCAGTA TTAGCTGGAG CCATCACGAT  
PPDS3        TATGATCCGT TTTAATCACT GCCGTTTTAT TACTACTGGC GCTACCCGTA TTAGCAGGAG CTATTACCAT  
PPDS4        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPDS5        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
PPKW1        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPKW2        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPKW5        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
PPKW6        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAT  
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Chapter Two Age of parthenogenetic lineages
 
             ....|....| ....|....| ....|....| ....|....|  
                565        575        585        595            
CHA          ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
CHC          GCTTTTAACT GACCGAAACT TTAACACATC ATTTTTTGAT  
HTDB1        ACTCTTAACG GATCGAAACT TTAACACTAC ATTTTTTGAT  
HTDB2        ACTCTTAACG GATCGAAACT TTAACACTAC ATTTTTTGAT  
PSCR2        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PSCRA        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PSCRB        GCTTTTAACT GACCGAAACT TTAACACATC ATTTTTTGAT  
PSCRC        ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
PYCHA        GCTTTTAACT GaCCGAAACT TTAACACATC ATTTTTTGAT  
PYCHB        GCTTTTAACT GACCGAAACT TTAACACATC ATTTTTTGAT  
PYCHC        ACTCTTAACA GACCGAAACT TCAATACAAC ATTcTTCGAC  
PPK3         ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPK4         ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPKA         ACTcTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPKB         ACTcTTAACA GACCGaAACT TCAATACAAC ATTcTTCGAC  
PPUW1        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPUW2        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPUW3        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPUW4        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPUW5        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPUH1        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPUH2        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPUH3        ACTTTTAACG GACCGAAACT TCAACACAAC ATTCTTTGAT  
PPJYMark1    ACTCTTAACA GACCGGAATT TTAATACAAC ATTTTTTGAC  
PPJYMark2    ACTCTTAACA GACCGGAATT TTAATACAAC ATTTTTTGAC  
PPJYMark3    ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJYMark4    ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJY1        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJY2        ACTCTTAACA GACCGGAATT TTAATACAAC ATTTTTTGAC  
PPJY3        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJY4        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJF1        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJF2        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJF3        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJF4        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPJF5        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPIE1        ACTCTTAACG GATCGAAACT TTAACACTAC ATTTTTTGAT  
PPIE2        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPIE3        ACTCTTAACA GACCGAAGCT TCAATACAAC ATTCTTCGAC  
PPIE4        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPIC1        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPIC2        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPIC3        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPIS1        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPIS2        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPIS3        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPIM2        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPI03        ACTCCTAACG GACCGAAACT TCAATACAAC ATTTTTTGAT  
PPOG1        ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPOG2        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPOG3        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPOG4        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPOG5        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPOG6        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPNB3        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPNB5        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPBC1        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPBC4        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPBA2        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPBA4        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPBO1        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPBO2        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPDB21       ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPDSKat1     ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPDSKat2     ACTCTTAACA GACCGAAATT TTAATACAAC ATTTTTTGAC  
PPDS3        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
PPDS4        ACTTCTAACG GACCGAAGCT TCAATACAAC ATTCTTTGAC  
PPDS5        ACTTCTAACG GACCGAAACT TCAATACAAC ATTCTTTGAC  
PPKW1        ACTATTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPKW2        ACTATTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPKW5        ACTATTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
PPKW6        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
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Nucleotide sequence alignment of the 23 Mucronothrus nasalis specimens 
 

             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MNCT1        TTTGGAACTT GAGCGGGATT GATAGGTTCC TCTTTAAGGG CGCTGATCCG GTTAGAACTA GGGCAGCCAG  
MNCT2        TTTGGTACAT GAGCTGGACT AATAGGCTCC TCCCTAAGTG CTTTGATTCG TCTTGAATTA GGACAGCCCG  
MNCT3        TTTGgAACCT GGGcTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNCT4        TTTGGAACCT GGGCTGGATT GATAGGATCT CCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNCT5        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNCT6        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNNF1.1      TTCGGTACTT GAGCGGGACT AATGGGCTcT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNNF1.3      TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNNF1.6      TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNNF1.7_     TTCGGTACTT GAGCGGGACT AATGGGcTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNNF2.9      TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNNF3.17_    TTCGGTACTT GAGCGGGACT AATGGGcTCT TCACTgAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNCB1.1      TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNCB3.7      TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNCB4.9      TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNCB6.17     TTCGGTGCTT GGGCCGGCAT ACTCGGCTCC TCCTTAAGAG CCATCATTCG ATTAGAATTG GGTCAACCAG  
MNCH2.3_     TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNCH3.8      TTCGGTACCT GGGATGGCCT AATGGGATCT TCTCTAAGAG CATTAATTCG ATTGGAATTA GGACAACCAG  
MNCH4.9      TTCGGTACTT GAGCGGGACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
MNCH5.17     TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNNG1        TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNNG2.1      TTTGGAACCT GGGCTGGATT GATAGGATCT TCTTTAAGTG CTTTGATTCG TCTTGAGTTA GGTCAACCCG  
MNUC2        TTCGGTACTT GAGCGGAACT AATGGGCTCT TCACTGAGAG CCCTGATTCG TTTAGAATTA GGACAACCTG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MNCT1        GATCATTACT AGACAATGAC CAAATTTATA ACACAATTGT TACGGCTCAC GCTTTCGTTA TGATTTTCTT  
MNCT2        GTTCACTTCT AGATAACGAC CAAATCTACA ACACTATTGT CACAGCTCAC GCCTTCGTAA TGATTTTTTT  
MNCT3        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNCT4        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGtAA TAATTTTTTT  
MNCT5        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNCT6        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNNF1.1      GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNNF1.3      GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNNF1.6      GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNNF1.7_     GTTCCcTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNNF2.9      GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNNF3.17_    GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNCB1.1      GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNCB3.7      GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNCB4.9      GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNCB6.17     GCTCCCTACT AGAGAATGAC CAAATTTACA ACACCATCGT CACCGCCCAC GCATTTGTCA TGATTTTCTT  
MNCH2.3_     GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNCH3.8      GCTCTCTTCT CGAAAATGAC CAAATTTACA ACACAATTGT CACTGCACAC GCCTTCGTAA TAATCTTCTT  
MNCH4.9      GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
MNCH5.17     GTTCACTACT AGACAACGGC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNNG1        GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNNG2.1      GTTCACTACT AGACAACGAC CAAATTTATA ACACCATTGT TACAGCCCAC GCCTTTGTAA TAATTTTTTT  
MNUC2        GTTCCCTCCT TGAAAATGAT CAAATCTATA ACACTATTGT CACTGCCCAT GCCTTCGTAA TAATTTTTTT  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
MNCT1        TATAGTCATG CCTGTTATAA TTGGAGGGTT CGGAAACTGA CTGGTACCTC TGATGATCGG AGCTCAAGAT  
MNCT2        CATAGTAATA CCAGTAATAA TTGGGGGGTT TGGAAACTGG CTAGTACCGC TGATAATTGG GGCACAAGAT  
MNCT3        CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNCT4        CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGg AGCCCAAGAT  
MNCT5        CATAGTTATG CCTGGAATAA TTGGtGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNCT6        CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNNF1.1      TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNNF1.3      TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNNF1.6      TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNNF1.7_     TATAGTAGTG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNNF2.9      TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNNF3.17_    TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNCB1.1      CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNCB3.7      TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNCB4.9      CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNCB6.17     TATAGTAATG CCTGTAATAA TTGGAGGATT CGGGAATTGA CTGGTTCCAT TAATAATCGG AGCACAAGAC  
MNCH2.3_     TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNCH3.8      TATAGTAATG CCTGTAATAA TTGGAGGGTT TGGAAACTGG CTAGTACCCA TGATAATCGG AGCCCAAGAC  
MNCH4.9      TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
MNCH5.17     CATAGTTATG CCCGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNNG1        CATAGTTATG CCTGGAATAA TTGGtGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNNG2.1      CATAGTTATG CCTGGAATAA TTGGTGGGTT TGGAAATTGA TTAGTTCCGT TAATAATTGG AGCCCAAGAT  
MNUC2        TATAGTAATG CCTGTTATAA TCGGAGGTTT CGGGAATTGA CTAGTTCCAA TAATAATTGG TGCTCAAGAT  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
MNCT1        ATGGCTTTTC CCCGTATGAA CAACATGAGA TTCTGGCTTC TCCCACCATC CTTGTGTCTT CTTTCAGCCT  
MNCT2        ATGGCCCTCC CCCGCATAAA TAATATAAGA TTCTGACTCC TTCCTCCTTC TCTATGTCTT CTTTCCGCAT  
MNCT3        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNCT4        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNCT5        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTcTC CTTTCAGCAT  
MNCT6        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNNF1.1      ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNNF1.3      ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNNF1.6      ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNNF1.7_     ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNNF2.9      ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNNF3.17_    ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNCB1.1      ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNCB3.7      ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNCB4.9      ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNCB6.17     ATAGCCTTTC CACGTATAAA CAATATAAGG TTTTGACTTC TACCGCCTTC TTTAACCTTC CTAACGGCAT  
MNCH2.3_     ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNCH3.8      ATGGCATTCC CACGAATGAA TAACATGAGA TTCTGATTAC TACCACCCTC TCTCACTCTT TTGTCAGCAT  
MNCH4.9      ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
MNCH5.17     ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAgCAT  
MNNG1        ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNNG2.1      ATAGCTTTCC CTCGTATAAA TAATATGAGA TTCTGACTTC TTCCCCCATC ACTGTGTCTC CTTTCAGCAT  
MNUC2        ATGGCATTCC CTCGAATAAA TAACATGAGA TTTTGACTAC TGCCTCCCTC TTTAACACTC CTATCAGCCT  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
MNCT1        CTGCTTTCGC AGGGTTAGGT GTAGGGACAG GATGGACAGT ATACCCCCCA CTCGCTGGGA ATTTATTTCA  
MNCT2        CTGCTTTCGC CGGATTAGGT GTAGGGACCG GGTGAACCGT GTACCCCCCA CTAGCTGGAA ATCTTTTCCA  
MNCT3        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNCT4        CAGCCCTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNCT5        CAGCCTTCGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAgCCGGGA ACCTCTTcCA  
MNCT6        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNNF1.1      CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNNF1.3      CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNNF1.6      CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNNF1.7_     CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNNF2.9      CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNNF3.17_    CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNCB1.1      CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAGCTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNCB3.7      CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNCB4.9      CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNCB6.17     CTGGGTTTGC TGGAATAGGA GCAGGAACGG GATGAACAGT ATATCCACCA CTAGCAGGGA ACTTGTTTCA  
MNCH2.3_     CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNCH3.8      CTGCCTTTGC AGGAATAGGA GCAGGAACAG GATGAACAGT ATATCCTCCC TTAGCCGGAA ATTTATTTCA  
MNCH4.9      CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
MNCH5.17     CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGt CTACCCCCCT CTAgCCGGGA ACCTCTTCCA  
MNNG1        CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNNG2.1      CAGCCTTTGC CGGGCTAGGA GTGGGAACTG GGTGAACTGT CTACCCCCCT CTAGCCGGGA ACCTCTTCCA  
MNUC2        CAGCTTTTGC AGGAATAGGG GCTGGAACAG GATGAACGGT ATACCCGCCA TTGGCTGGAA ATCTCTTCCA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
MNCT1        CTCCGGTTTC TCTGTAGATT TAGCAATCTT TAGCCTTCAC CTAGCGGGTG CCTCTTCCAT TTTAGGTGCC  
MNCT2        CTCAGGATTT TCAGTAGACC TTGCAATTTT CAGGCTCCAT CTTGCAGGAG CTTCTTCTAT CTTGGGGGCC  
MNCT3        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNCT4        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGcTGGTG CGTCCTCCAT TCTTGGAGCT  
MNCT5        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGtG CGTcCTCCAT TCTTGGAGCT  
MNCT6        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNNF1.1      CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNNF1.3      CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNNF1.6      CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNNF1.7_     CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNNF2.9      CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNNF3.17_    CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNCB1.1      CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNCB3.7      CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNCB4.9      CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNCB6.17     TTCAGGGATC TCAGTAGACC TAGCAATCTT CAGGTTACAC TTAGCAGGTG CATCCTCCAT TCTGGGAGCA  
MNCH2.3_     CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNCH3.8      TTCCAGAATC TCAGTAGACC TAGCTATTTT TAGACTACAT TTAGCTGGGG CCTCCTCCAT CTTAGGGGCA  
MNCH4.9      CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
MNCH5.17     CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNNG1        CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNNG2.1      CTCAGGATTT TCCGTAGATC TCGCAATCTT TAGCCTTCAC CTAGCTGGTG CGTCCTCCAT TCTTGGAGCT  
MNUC2        CTCTAGAATT TCAGTAGATT TGGCAATTTT CAGATTACAC CTAGCTGGTG CCTCTTCCAT TTTAGGGGCA  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
MNCT1        ATCAACTTCA TCACTACTAT TTTAAATATA CGTTCCTCTA CCATAAGGCT AGATTCAATT CCTTTATTTG  
MNCT2        ATTAATTTCA TCACTACAAT TCTAAACATA CGATCTTCCA CAATAAGCCT AGACTCCATC CCATTATTCG  
MNCT3        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNCT4        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNCT5        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNCT6        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNNF1.1      ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTcTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNNF1.3      ATTAACTTTA TCACTACAAT CATAAATATA CGGtCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNNF1.6      ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNNF1.7_     ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNNF2.9      ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNNF3.17_    ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNCB1.1      ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNCB3.7      ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNCB4.9      ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNCB6.17     ATTAATTTCA TTACCACGAT CATAAACATA CGTTCCTCAA CCAGAAGCCT GGACTCAATC CCACTATTTG  
MNCH2.3_     ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNCH3.8      ATCAACTTTA TCACAACAAT CATAAACATA CGCTCTTCAT CAATAAGGtT GGATTCAATC CCCCTTTTCG  
MNCH4.9      ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCTTTTTG  
MNCH5.17     ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNNG1        ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNNG2.1      ATCAATTTCA TCACCACAAT CTTAAATATA CGATCATCCA CAATAAGCTT GGACTCCATC CCACTATTCG  
MNUC2        ATTAACTTTA TCACTACAAT CATAAATATA CGGTCTTCTT CCATGAGGCT TGATTCAATT CCCCCTTTTG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                495        505        515        525        535        545        555                  
MNCT1        TGTGATCAGT TTTGATTACT GCTGTATTGC TTCTTTTAGC GCTACCCGTT TTAGCAGGAG CTATCACCAT  
MNCT2        TATGATCCGT TTTAATCACT GCCGTCTTAT TACTACTGGC GCTACCCGTG TTAGCAGGAG CTATTACCAT  
MNCT3        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNCT4        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNCT5        TTCGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNCT6        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNNF1.1      TATGATCTGT TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
MNNF1.3      tATGATCTGt TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
MNNF1.6      TATGATCTGT TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCGGGGG CCATTACTAT  
MNNF1.7_     TATGATCTGT TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
MNNF2.9      TATGATCTGt TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
MNNF3.17_    TATGATCTGT TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
MNCB1.1      TTTGATCAGT CCTAATTACC GCAGTATTGt TATTACTGGC TTTACCAGTG CTGGCTGGAg CCATCACAAC  
MNCB3.7      TATGATCTGT TCTAACTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTaCTAT  
MNCB4.9      TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNCB6.17     TATGATCAGT ACTAATTACT GCAGTGCTAT TACTACTGtC CTTACCAGTA TTAGCAGGGG CAATTaCTAT  
MNCH2.3_     TATGATCTGT TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
MNCH3.8      TCTGATCTGT aCTAATCACA GCCGtCCTTT TACTTCTAGC CCTcCCAGTT TTGGCAGGGG CTATCACAAT  
MNCH4.9      TATGATCTGt TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTcCAGTA TTGGCAgGGG CCATTACTAT  
MNCH5.17     TTTGATCAGT CCTAATTACC GCAGTATTGt TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNNG1        TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNNG2.1      TTTGATCAGT CCTAATTACC GCAGTATTGT TATTACTGGC TTTACCAGTG CTGGCTGGAG CCATCACAAC  
MNUC2        TATGATCTGT TCTAATTACA GCAATCCTAT TACTCTTAGC TCTTCCAGTA TTGGCAGGGG CCATTACTAT  
 
             ....|....| ....|....| ....|....| ....|....|  
                565        575        585        595            
MNCT1        ACTTCTAACG GACCGAAGCT TCAATACAAC ATTCTTTGAC  
MNCT2        ACTTTTGACA GACCGTAATT TCAACACAAC GTTTTTTGAT  
MNCT3        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNCT4        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNCT5        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNCT6        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNNF1.1      ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNNF1.3      ACTTTTAACA GATCGtAATT TTAATACCTC ATTCTTTGAT  
MNNF1.6      ACTTTTAACA GATCGTAATT TTAATaCCTC ATTCTTTGAT  
MNNF1.7_     ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNNF2.9      ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNNF3.17_    ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNCB1.1      ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNCB3.7      aCTTTCAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNCB4.9      ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNCB6.17     ACTATTAACA GACCGTAACT TCAACACTTc ATTCTTTGAC  
MNCH2.3_     ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNCH3.8      GCTTTTAACT GACCGAAACT TTAACACATC ATTTTTTGAT  
MNCH4.9      ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
MNCH5.17     ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTcGAC  
MNNG1        ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNNG2.1      ACTCTTAACA GACCGAAACT TCAATACAAC ATTCTTCGAC  
MNUC2        ACTTTTAACA GATCGTAATT TTAATACCTC ATTCTTTGAT  
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Chapter Three 

 
 
3. Absence of recombination in oribatid mites 
 

 

 

3.1. Introduction 

 

Recombination is assumed to be one of the main advantages of sexual 

reproduction (Kondrashov 1993; West et al. 1999) bringing together 

favourable mutations (Fisher 1930; Müller 1932) and being an important 

mechanism in DNA repair (Bernstein and Bernstein 1991; Michod 1993; 

Michod 1998). Recombination is also responsible for a non-biased 

distribution of genes after meiosis and to avoid segregation distorters from 

acting (Ridley 2000). Therefore, the absence of recombination is assumed 

to be an evolutionary dead end (Maynard Smith 1978; see also chapter 

1.3). 

Just one exception is known to be evolutionary successful in the long-term 

without recombination: Bdelloid rotifers (Mark Welsh 1999; Mark Welsh 

and Meselson 2000).  

In sexually reproducing species, recombination and segregation allow 

random drift to drive selectively neutral alleles toward fixation or extinction, 
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limiting the divergence between allelic sequences (Kimura and Crow 1964; 

Kreitman 1983; Mark Welsh and Meselson 2000). Reported species 

averages for synonymous site diversity in a wide range of animal species 

are between 0.1 an 4% (Li and Sadler 1991; Palumbi and Metz 1991; 

Avise 1994; Moriyama and Powell 1996; Wang et al. 1997; Mark Welsh 

and Meselson 2000).  

Alleles are alternative forms of a single gene, differing from each other in 

sequence but coding for the same polypeptide or RNA. They usually 

occupy the same locus on particular homologous chromosomes and are 

referred to as homozygous if the sequence is identical or heterozygous if it 

is not (Birky 1996). 

Asexual species lack the ability of recombination and segregation. 

Descendants of formerly allelic sequences within individual genomes 

therefore are supposed to be highly divergent if not lost by deletion, mitotic 

crossing over, gene conversion or reduction of ploidy (Birky 1996; Mark 

Welsh and Meselson 2000). Chromosomes may also acquire different 

rearrangements resulting in heteromorphy (White 1973). 

Allele sequence divergence confounds phylogenetic analysis, causing 

gene trees to depart drastically from species trees and making it difficult or 

impossible to recover the correct tree topology (Birky 1996). A remarkable 

consequence of asexual reproduction is that the two alleles in an 

individual may differ from each other more than each does from an allele 

in a related species or clone of the same asexual clade (Birky 1996). If 

asexual radiation occurred, a phylogeny of the two alleles should consist 

of two clades for each allele containing the separate species (Figure 3.1). 

Therefore, the analysis of the two alleles and their divergence may lead to 

conclusions about presence or absence of gene recombination during the 

radiation of asexual lineages and look different in sexual and asexual 

species (Birky 1996; Figure 3.1). 
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Figure 3.1 

Phylogeny of four species A, B, C and D which are related like (a). 

Phylogenetic analyses using both alleles of each individual (indicated by 
large and small letters) lead to different tree topologies according to 
reproductive mode. With sexual reproduction and recombination, allele 
pairs within an individual are more closely related to each other than to 
any allele in another individual (b). With asexual reproduction and lack of 
recombination, each allele within an individual is more closely related to its 
“sister” in another individual than to the second, homologous allele within 
the same individual (c) (Birky 1996). 
 
 
 
 

This analysis is most appropriate for single copy genes which are not 

accompanied by a paralog (Mark Welch and Meselson 2000). An 

auspicious candidate is the hsp82 gene for which BLAST searches 

(Altschul et al. 1997) revealed no species in which the gene has a paralog 
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since the origin of metazoans (Mark Welsh and Meselson 2000). In 

eukaryotic cells, specific hsp90 homologs exist in the cytosol (Cy) and the 

endoplasmatic reticulum (ER) (Gupta 1995); homologs of HSP90 have 

also been found in prokaryotes (referred to as HptG) (Bardwell and Craig 

1987). The Cy and the ER hsp90 homologs constitute paralogous families 

which diverged from each other at a very early stage in the evolution of 

eukaryotic cells and another Cy hsp90 gene differentiation has happened 

in the vertebrate clade (Gupta 1995). How these two forms differ in their 

physiological function is not known (Lindquist and Craig 1988). 

The hsp82 gene is coding for an 82kD protein of the HSP901 family, 

proteins which are highly conserved in animals, fungi and prokaryotes 

(Picard 2002). HSP90 corresponds to about 1% of the cytosolic proteins in 

unstressed cells and is therefore one of the most abundant proteins (Lai et 

al. 1984; Nollen and Morimoto 2002). Due to the high concentration in 

unstressed cells and its only few-fold induction after stress, the name 

“heat shock protein” is somewhat of a misnomer for HSP90 (Picard 2002). 

HSP90 contributes to the folding, maintenance of structural integrity and 

proper regulation of a subset of cytosolic proteins involved e.g. in cell 

cycle control and signal transduction (Wiech et al. 1992; Miyata and 

Yahara 1992). 

By analysing allelic divergence of the hsp82 gene it was aimed to 

investigate if the assumed 180-240 million years since the split of the 

mitochondrial COI lineages (see chapter 2) were really without 

intrachromosomal recombination in the nuclear genome. To address this 

question, species with different reproductive modes were analysed. Three 

species from exclusively parthenogenetic taxa, one sexual and one 

asexual species from a group where both reproductive modes exist, and 

one sexual species from an exclusively sexual taxon were included. This 

set of species enables comparisons of allelic divergence between species 

and taxa with different modes of reproduction.   

 
                                                 
1 The HSP90 family refers to different names in the literature: HSP80, 82, 83, 84, 85, 86 
and 90 (Gupta 1995). Here, HSP82 and HSP90 are used as referring to the same protein 
in oribatid mites. 
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3.2. Materials and methods  

 

Sampling of species 

A partial sequence of the hsp82 gene was analysed in different sexual and 

asexual oribatid mite species (Table 3.1). Between 2 and 20 sequences 

were obtained from each specimen. Analysed specimens for which less 

than five sequences were obtained and all of these had the same 

sequence were excluded from the analysis and are not listed. 

 
 
Table 3.1 
Analysed oribatid mite species. For details on the geographic origins see 
chapter 2.2. P: parthenogenetic species; S: sexual species. 
 

 

Species Taxon Origin Abbreviation Reproduction 
 

Platynothrus 
yamasakii 

 

 
Camisiidae 

 
China 

 
PYCH 

 
P 
 

Platynothrus 
peltifer 

Camisiidae Germany 
Germany 
Kashmir 

PPKWX 
PPKWY 
PPKA 

 

P 

Mucronothrus 
nasalis 

Trhypochthoniidae New Guinea 
Canada 

MNNG 
MNCB 

 

P 

Tectocepheus 
velatus 

 

Tectocepheus Germany TVDO 
 

P 

Atropacarus 
striculus 

 

Mixonomata Germany ASA 
 

P 

Steganacarus 
magnus 

 

Mixonomata Germany SM 
 

S 

Metabelba 
pulverulenta 

 

Belbidae Germany MPA 
 

S 

 

This set of species was chosen to span a wide range of taxa with different 

patterns of reproductive biology. Platynothrus is a member of Camisiidae. 

Camisiidae form one of the speciose (92 species) taxa of oribatid mites 

which exclusively reproduces by parthenogenesis and presumably 
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radiated without sexual reproduction. Two species of Platynothrus were 

analysed and from P. peltifer, two different geographical origins were 

considered. More details on the biology of the analysed species from 

Camisiidae are given in chapter two. M. nasalis belongs to the 

Trhypochthoniidae. This also is an exclusively asexual taxon comprising 

68 species. The biology of M. nasalis is also described in chapter two. T. 

velatus and the whole genus Tectocepheus are presumably also 

parthenogenetic (Nübel-Reidelbach 1994). There are nearly forty species-

group names under this genus but maybe just fifteen are valid (Norton, 

personal communication). Phylogenetically, Tectocepheus were usually 

assigned to the Apheredermata; molecular analysis and recent 

morphological studies more likely assign them to the Poronota (Maraun et 

al. 2003b). Tectocepheus velatus is of cosmopolitan distribution, has a 

wide ecological niche and is amongst the most abundant oribatid mite 

species in soil (Murphy and Jalil 1964). Like the Camisiidae and 

Trhypochthoniidae they are assumed to have evolved by asexual 

radiation. The Mixonomata comprise sexual and asexual species. I 

analysed the sexual species Steganacarus magnus and the parthenogen 

Atropacarus striculus. As the Mixonomata are a group in which both 

reproductive modes exist (while sexual reproduction is more common; 

Norton and Palmer 1991) it is an important group for comparisons with 

exclusively parthenogenetic and exclusively sexual taxa. Although the 

Mixonomata comprise sexual and asexual species, cyclical or 

geographical parthenogenesis are absent, as like as in all other oribatid 

mites. As a representative of an exclusively sexually reproducing taxon 

Metabelba pulverulenta (Damaeidae) was sampled.  

This assembly of species enables comparisons among taxa with 

parthenogenetic reproduction, taxa with mixed reproduction and taxa with 

sexual reproduction. 
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Molecular techniques 

Most sequences were obtained by cloning (see chapter 2.2). I designed 

the denatured primer pair hspeu1 (5’TCNATGATHGGNG 

ARTTYGGTGTNGGTTTYTA3’) and hspeu2 (5’YTTNACNGCTCA 

RTGRTCYTCCCARTCRTT3’) and I used primers designed by Schön and 

Martens (2003) (hsp1.2: 5’TGCTCTAGAGCACARTTYGGTGTNGGT 

TTYTA3’; hsp8.x: 5’ACGTTCTAGARTGRTCYTCCCARTCRTTNGT3’) for 

amplification via PCR. The total reaction volume of 50 µl contained 1.5 

mM MgCl2, 200 µM of each dNTP, 200 pmol of each primer and 2.5 units 

of Taq polymerase. The two-step PCR conditions were (i) 15 min at 95°C 

for polymerase activation, 50 sec at 94°C for denaturation, 50 sec at 50°C 

for primer annealing and 120 sec at 72°C for elongation for 10 cycles and 

(ii) 50 sec at 94°C for denaturation, 50 sec at 55°C for primer annealing 

and 120 sec at 72°C for elongation for 36 cycles followed by a terminal 10 

min elongation at 72°C.  

In addition, TTGE (Temporal Temperature Gradient Electrophoresis; Zoller 

et al. 1998) analyses were conducted for some samples to confirm the 

identification of the two alleles; the differences in length of the two hsp82 

alleles were too small to be separated by agarose gel electrophoresis. 

TTGE was performed with the DCode™ universal mutation detection 

system (BioRad, Munich) which allows to differentiate between two 

sequences of equal length which differ in at least one nucleotide position. 

The technique is an advancement of the commonly used DGGE 

(Denaturing Gradient Gel Electrophoresis; Fischer and Lerman 1979) and 

TGGE (Temperature Gradient Gel Electrophoresis; Rosenbaum and 

Riesner 1987). The replacement of spatial temperature gradients by 

temporal temperature gradients allows the use of simpler electrophoretic 

systems with a higher reproducibility (Yoshino et al. 1991; Wiese et al. 

1995; Borresen-Dale et al. 1997). TTGE uses a single constant 

concentration of urea and formamid for the denaturation of doublestranded 

DNA while gradually increasing the temperature during the run (Borresen-

Dale et al. 1997). TTGE gels contained 6% polyacrylamide/bis (37.5:1) 

and 7M urea. Urea decreases the melting temperature of double stranded 
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DNA by 2°C/M in the gel and allows TTGE to be used at moderate 

temperatures (Lottespeich and Zorbas 1998; Zoller et al. 1998). The 

temperature range for electrophoresis of hsp82 was estimated using 

WinMelt (BioRad), a program for calculation of melting temperatures of 

sequences for TTGE analysis (Figure 3.2). The program is based on an 

algorithm to estimate the temperature where half of each basepair is 

bound and half is melted (Lerman and Silverstein 1987). Despite the fact 

that every basepair has an individual melting temperature it was shown 

that domains of up to 300 basepairs are correlated with their melting 

properties (Lerman and Silverstein 1987) and usually, sequences contain 

more than one of such melting domains (Myers et al. 1985). The 

temperature range for different runs was corrected according to the urea 

concentration of the gel. 
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Figure 3.2  

Melting profile of hsp82 as estimated by the program WinMelt. 

 

 

To avoid total dissociation of double stranded DNA, one primer (hsp1.2) 

was modified by a GC-clamp constituting of 40 GC nucleotides (Borresen 

et al. 1991). 
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According to 7 M urea concentration, the temperature range was set to 48-

66°C (corresponding to 62-80°C in a non-denaturing gel) with a ramp 

between 1.5 and 5°C/h. The highest temperature does not melt the GC-

clamp domain ensuring that DNA remains double stranded during the run. 

 

Data analysis 

Affiliations of obtained sequences to the hsp82 gene were ensured via 

BLAST search (Altschul et al. 1997) and comparisons of signal sequences 

in the analysed region of the protein (Gupta 1995). Sequences were 

compared with the paralogous sequences from HSP90 known to be acting 

in the endoplasmatic reticulum to ensure that all analysed sequences 

belong to the cytoplasmatic hsp82 copy (Table 3.2). Contaminations from 

other organisms, such as fungi, nematodes or bacteria representing 

parasites or gut content were excluded by a deep branch phylogenetic 

analysis of the HSP90 protein. The Genbank database was screened for 

available sequences of HSP90 from different taxa (Table 3.3).  

Alignments of amino acid sequences were performed using ClustalX 

(Higgins and Sharp 1988, 1989; Higgins et al. 1992; Thompson et al. 

1994; Thompson et al. 1997) with the BLOSUM 30 scoring matrix for 

weighing of different substitutions (BLOck SUbstitution Matrix; Henikoff 

and Henikoff 1992; Figure 3.2), a gap opening penalty of 10 and a gap 

extension penalty of 0.1. The BLOSUM 30 matrix assumes that two 

sequences are closely related when their amino acid sequences match in 

more than 30% of positions and clusters these sequences. 

 

 

Table 3.2 
Sequences and accession numbers used for testing of ER copies 
 

Taxon Species Location AN 

Viridiplantae Catharantus roseus ER L14594 

Vertebrata Canis familiaris ER U01153 

 Sus scrofa ER X76301 
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Table 3.3 
Sequences and accession numbers used for testing of contaminations 
 

Taxon Species AN 

Prokaryota Campylobacter jejuni jejuni NC_002163 
 Borellia burgdorferi NC_001318 
 Mycobacterium leprae NC_002677 
 Pseudomonas putida NC_002947 
 Escherichia coli NC_002655 
 Salmonella typhimurium NC_003197 
 Shigella flexneri NC_004741 

“Protozoa” Tetrahymena thermophila AF151114 
 Babesia bovis AF136649 
 Theileria parva M57386 
 Eimeria tenella AF042329 
 Crypthecodinium cohnii AF421541 
 Leishmania infantum X87770 
 Trypanosoma brucei X14176 

Viridiplantae Ipomoea nil M99431 
 Arabidopsis thaliana NM_124983 
 Zea mays S59780 

Fungi Saccharomyces cerevisiae NC_001148 
 Schizosaccharomyces pombe NC_003424 
 Candida tropicalis AF251005 
 Ajellomyces capsulatus M55629 

Nematoda Brugia pahangi AJ005784 
 Meloidogyne javanica AF201338 
 Heterodera glycines AF461150 

Rotifera Oncicola sp. AF375826 
 Habrotrocha constricta AF249999 
 Philodina roseola AF250004 

Hexapoda Spodoptera frugiperda AF254880 
 Bombyx mori AB060275 
 Anopheles albimanus L47285 
 Drosophila melanogaster U57473 
 Sarcophaga crassipalpis AF261773 

Pisces Salmo salar AF135117 
 Oncorhynchus tshawytscha U89945 
 Danio rerio NM_131310 

Mammalia Sus scrofa U94395 
 Equus caballus AB043677 
 Rattus norvegicus AJ428213 
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For comparison of the oribatid mite sequences, nucleotide sequences 

were translated into amino acids using the standard genetic code in 

BioEdit 5.0.9 (Hall 1999). Amino acid sequences were aligned to avoid 

codons from being disrupted during the alignment of nucleic acid 

sequences. Aligned amino acid sequences were translated back to 

nucleotide sequences and the originally used codons.  

Allelic distances were estimated by calculating uncorrected percentage 

distances of fourfold degenerate sites (see chapter 2.2.) and percentage 

distance of DNA and amino acid sequences. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 
BLOSUM 30 matrix with scores and penalties for different substitution 
types. Scores are between -7 and 20. Positive values indicate common 
substitutions and are shaded grey. Negative values are uncommon 
substitutions. 
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Likelihood ratio tests were conducted (see chapter 2.2) to estimate an 

applicable evolutionary model for the nucleotide sequence dataset. 

Phylogenetic analyses of the nucleotide sequences were performed using 

maximum likelihood algorithms in PAUP* (Swofford 1999) with the 

estimated parameters. Maximum likelihood approaches chose between 

different trees by calculating which tree (H) has the highest likelihood (L) 

to be the outcome of the particular dataset (D; L=P(D/H)). The probability 

of given substitutions is calculated for each site of the dataset by involving 

discrete models of sequence evolution and is summed up for the whole 

dataset. The tree with the highest likelihood value is assumed to be the 

best tree for the observed data (Page and Holmes 1998).  

Phylogenetic analyses of amino acid sequences were conducted using 

Neighbour Joining (NJ; Saitou and Nei 1987) in PAUP* (Swofford 1999).  

The robustness of all phylogenetic trees was tested by bootstrap analyses. 

All trees were tested with 10,000 bootstrap replicates and NJ as tree 

building algorithm. 

 

 

 

3.3. Results 

 

Two allelic sequences were obtained from five parthenogenetic and two 

sexual species (Table 3.1). Lengths of alleles were between 534 and 549 

base pairs corresponding to 178 and 183 amino acids, respectively. All 

sequences were free of introns, senseless and stop codons and were 

verified by BLAST search (Altschul et al. 1997) and signal sequence 

comparisons (Gupta 1995).  

The proportion of variable sites for the entire sequences was between 0% 

for the sexual species S. magnus and 26% for the parthenogen P. peltifer. 

The average distance of the two alleles was 18% over all species 

examined. D4 distances were at a maximum in the sexual species M. 

pulverulenta and smallest in S. magnus. Over all species, D4 distances 

averaged 54%. Protein distances between the two alleles were on 
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average 11% with a maximum value of 15% for M. nasalis and P. peltifer 

(Figure 3.3, Table 3.4). Three different sequences were found in two 

specimens (A. striculus and M. nasalis).  

 

 

Table 3.4 
Allelic divergences of analysed specimens 
 
 

 

N
um

be
r o

f 
al

le
le

s 

D
N

A
 le

ng
th

  
[b

p]
 

D
N

A
 v

ar
ia

bl
e 

[%
] 

D
4 

si
te

s 
 

[b
p]

 

D
4 

va
ria

bl
e 

[%
] 

P
ro

te
in

 le
ng

th
  

[a
a]

 

Pr
ot

ei
n 

va
ria

bl
e 

[%
] 

        
Platynothrus yamasakii 

PYCH 
2 537 

546 
20 46 61 179 

182 
14 

Platynothrus peltifer 
PPKWX 

2 534 
534 

26 47 70 178 
178 

15 

Platynothrus peltifer 
PPKWY 

2 534 
546 

19 49 55 178 
182 

13 

Platynothrus peltifer 
PPKA 

2 537 
546 

19 46 59 179 
182 

11 

Mucronothrus nasalis 
MNNG 

2 546 
549 

17 48 63 182 
183 

9 

Mucronothrus nasalis 
MNCB 

3 540 
546 
546 

19 46 50 180 
182 
182 

15 

Atropacarus striculus 
ASA 

3 534 
543 
546 

21 48 69 178 
181 
182 

12 

Tectocepheus velatus 
TVDO 

2 540 
546 

16 46 41 180 
182 

12 

Steganacarus magnus 
SM 

2 534 
534 

0 53 0 178 
178 

0 
 

Metabelba pulverulenta 
MPA 

2 534 
546 

24 48 73 178 
182 

10 

 

 

 

Four specimens representing two species of the parthenogenetic genus 

Platynothrus were analysed. Within Platynothrus, D4 divergences 
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averaged 61% and amino acid divergence averaged 13%. Of the two 

specimens of the parthenogen M. nasalis, one had two different 

sequences and one had three; divergence between alleles were on 

average 57% regarding D4 sites and 12% on amino acid level. T. velatus 

differed in 16% and 12% on DNA and amino acid level, respectively, with 

a divergence of 41% in neutrally evolving sites. The two sexual species 

showed different patterns: while for S. magnus just one sequence was 

obtained, M. pulverulenta had two sequences differing at 73% of D4 sites.  
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Figure 3.3 
Proportion of variable sites as an indicator of allelic distances for analysed 
specimens. For S. magnus (SM) just one sequence was found. For 
abbreviations see Table 3.1. 
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Figure 3.4 
Phylogenetic analysis of nucleotide sequences. ML algorithm based on 
the TrN+G model (Tamura and Nei 1993; Yang 1996). ). Base frequencies 
and substitution parameters as estimated by a likelihood ratio test: A 
(0.3552), C (0.1949), G (0.2963), T (0.1536); [A-G] (2.7885), [C-T] (6.865); 
Gamma: 0.4055. 
The dashed line indicates the possible split of the two alleles. Numbers on 
branches indicate bootstrap values from 10,000 replicates (not all shown). 
 
 
 

Phylogenetic analysis of all allelic sequences leads to a tree topology 

where alleles between individuals are more closely related to each other 

than those within individuals (Figure 3.4). The bootstrap value of 100 

strongly supports a robust split of the tree in two parts, each containing 

one of the suspected alleles (allele A and B) from all specimens. All 

sequences from allele B are very uniform while allele A sequences are 

more diverse. 

While in the sexual species S. magnus only one allele was found 

representing the allelic cluster A, the second sexual species, M. 
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pulverulenta, had two alleles with the one being represented in the allelic 

cluster A and the other in B. The allelic sequence divergence of M. 

pulverulenta was in the same range as in the analysed parthenogenetic 

species (Figure 3.3). 

In the two specimens where three allelic sequences were obtained, two of 

these were represented in one of the allelic clusters (A for A. striculus and 

B for M. nasalis) and the third in the other allelic cluster. While the three 

sequences just differ slightly in A. striculus (indicated also by phylogenetic 

position of ASA1 and ASA7), the differences in the three sequences of M. 

nasalis were more pronounced (MNCB11, MNCB15 and MNCB16 are 

widely spread over the phylogenetic tree).  

 

 

 

3.4. Discussion 

 

The absence of recombination during the evolution and radiation of 

asexual species clusters leads to a specific phylogenetic topolology if both 

alleles are used for phylogenetic analyses (Birky 1996, Figure 3.1). 

Phylogenetic analyses of the obtained hsp82 alleles had the expected 

topology under the assumption that intrachromosomal recombination was 

absent (Figure 3.4). If both sequences represent alleles then 

recombination was absent during the whole period of evolution of the 

analysed oribatid mite species. The last common ancestor of analysed 

species lived in the Carboniferous about 350 million years ago (Norton, 

personal communication) as indicated by fossil records. The high allelic 

divergences between alleles, up to 70% in neutrally evolving sites, 26% on 

DNA level and 15% in the amino acid sequence, are profound indicators 

that this in fact was the case. 

To confirm this assumption, several alternative conclusions have to be 

considered: (i) one of the sequences may correspond to the hsp90 

paraloge from the endoplasmatic reticulum, (ii) one of the sequences may 

represent contaminations from gut content or parasites or (iii) the two 
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sequences may not represent alleles but paralogous genes due to a gene 

duplication. 

To confirm that all obtained sequences belong to the cytoplasmatic copy 

of oribatid mites rather than to any kind of contamination from the ER or 

other organisms, a deep branch phylogeny was conducted with amino 

acid sequences of the ER paralog and cytoplasmatic sequences from a 

wide range of taxa from prokaryotes to vertebrates (Table 3.2 and 3.3; 

Figure 3.5).  

All sequences from oribatid mites formed a distinct cluster in this 

phylogenetic analysis (Figure 3.5); this grouping is highly supported by a 

bootstrap value of 100. A high bootstrap value was also found for 

Arthropoda represented by oribatid mites and five insect species. As there 

are no sequences of possible contaminations related to oribatid mites, 

contaminations from gut content (fungi or plants) or parasites (nematodes 

or prokaryotes) are unlikely. The paralog from the endoplasmatic reticulum 

is at the basis of the phylogenetic tree and therefore, it is unlikely that it is 

represented in the obtained oribatid mite sequences. Hence, all 

sequences likely represent the cytosolic hsp82 gene from the oribatid mite 

genome.  

As assumed by Gupta (1995), HSP90 is a suitable genetic marker for 

deep branch phylogeny. My phylogenetic analysis supports this findings 

as all important groups are supported by high bootstrap values. 
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Figure 3.5 
Phylogenetic analyses of HSP90 from a wide range of different taxa and 
from the eukaryotic ER paraloge. Alignment was conducted with ClustalX 
(BLOSUM30 matrix, gap open penalty: 10, gap extension penalty: 0.1). 
Values represent bootstrap analyses with 10,000 replicates. For 
abbreviations see Table 3.4. 
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An interesting finding of this phylogeny is that nematodes and arthropods 

are not closely related as assumed by Aguinaldo et al. (1997) and do not 

represent a monophyletic group “Ecdysozoa”, a taxon which was 

intensively debated during the last years (Aguinaldo et al. 1997; Giribet 

and Wheeler 1999). Although bootstrap values are not strongly supporting 

that nematods and rotifers are sister taxa a close relationship of 

nematodes and arthropods excluding rotifers is not supported at all. This is 

not in the focus of this thesis but further analyses of HSP90 from other 

groups of the “Ecdysozoa”, Annelida and Mollusca might be an interesting 

field of research to evaluate relationships among protostome animal taxa. 

Due to the topology of the phylogenetic analyses, contaminations were 

shown to be unlikely represented in the obtained sequences attributive to 

oribatid mites in this study. However, it has to be demonstrated 

unequivocally that the sequences are not paraloges which originate from 

gene duplication within oribatid mites or chelicerates.  

In general, gene duplications have been assumed to have an important 

influence on biological evolution even before the structure of the DNA was 

clarified by Watson and Crick (1953) (Bridges 1936; Stephens 1951). As 

more genomic information became available in the 1990s it became clear 

that a substantial part of prokaryotic and eukaryotic genomes originated 

from gene duplications (Zhang 2003) with up to 65% of all genes in 

Arabidopsis thaliana (Kaul et al. 2000) and 41% in Drosophila 

melanogaster (Rubin et al. 2000). Most likely the contribution of duplicated 

genes to the eukaryote genome is even higher because many duplicated 

genes diverged strongly thereby masking their origin (Zhang 2003). Gene 

duplications were estimated to arise and be fixed at an approximate rate of 

one gene per 100 million years (Lynch and Conery 2000) but many of the 

duplicated genes later become nonfunctional pseudogenes which might 

be deleted from the genome (Wang et al. 2001) or acquire a new function 

(Li 1983). Gene duplications can result from unequal cross over or 

retrotransposition. Unequal cross over usually generates tandem gene 

duplications with linked genes in a chromosome which might evolve 

together by concerted evolution (Dover 1982; Hurst and Smith 1998). 
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Retrotransposition occurs when mRNA is retrotranscribed to 

complementary DNA (cDNA) and then inserted into the genome. Due to 

this process, there are several molecular features of retrotransposition 

such as the loss of introns and regulatory sequences which are not 

represented in the mRNA (Long 2001). In addition, genes duplicated by 

retrotransposition are usually unlinked to the original gene because the 

insertion of cDNA into the genome is more or less random (Zhang 2003).  

When a gene duplication event occurs, the duplicate genes have 

redundant functions. Many deleterious mutations may then be harmless, 

because even if one gene suffers a mutation, the redundant gene copy 

can provide a backup function (Wagner 2002). Therefore, one of the 

duplicates should experience relaxed selective constraints that result in 

elevated rates of evolution indicated by non-synonymous substitutions 

having the same rate as synonymous substitutions (Wagner 2002). 

Paralogs which originated by retrotransposition are therefore usually easy 

to detect and have a likely fate of pseudogenisation, the process by which 

a functional gene becomes a pseudogene (Zhang 2003). This 

pseudogenisation usually occurs in the first few million years after 

duplication if the duplicated gene is not under selection (Lynch and Conery 

2000). Two genes with identical functions are unlikely to be stably 

maintained in the genome (Nowak et al. 1997) unless they differ in some 

aspects of their functions which can occur by subfunctionalisation like the 

division of gene expression after duplication (Force et al. 1999). One of 

the most important outcomes of gene duplication is the origin of a novel 

function (neofunctionalisation) although it seems improbable that entirely 

new functions could emerge in a duplicated gene (Zhang 2003). 

Generally, gene duplication probably is an important mechanism to make 

biological systems robust against genetic turbulence (Kitami and Nadeau 

2002; Gu et al. 2003). 

 

Can both copies of the hsp82 gene found in oribatid mites be ascribed to 

alleles rather than to duplicated genes? Absence of introns in one of the 

two sequence clusters would be an indicator of retrotranspositional gene 
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duplication. As both sequence clusters were free of introns, the 

presence/absence of introns cannot be used as an indicator for gene 

duplication of one of the two copies. The predominant type of substitutions 

was synonymous in both alleles (ss-sn=0.95; Kumar 2001; chapter 2.2) 

indicating that both copies are under negative selection and therefore are 

likely functional. Also, all sequences are highly conserved in a signal 

sequence region of the HSP90 family (Gupta 1995) indicating affiliation to 

HSP90. Together with the ancient split of analysed oribatid mite species 

(350 million years) this makes pseudogenisation of one of the copies 

unlikely although allele A exhibits a higher degree of divergence than 

allele B (Figure 3.3). Expression studies of the two sequence clusters are 

lacking, therefore, it cannot be concluded if there is a subfunctionalisation 

between the two genes. Analyses of transcribed mRNA might give 

information, if both copies represent active genes. In fact, after RNA 

isolation and specific cDNA synthesis using the same primers as for DNA, 

both copies were represented in the mRNA pool of oribatid mites (Domes, 

Scheu, Heethoff unpublished; Figure 3.5). This proofs the functionality of 

both sequence clusters. Neofunctionalisation is unlikely due to the high 

amount of homology in signal sequences and structure of the protein.  

A problem in distinguishing between alleles and paralogs remains due to 

two reasons: (i) both sequence clusters were present in one of the two 

sexual species (M. pulverulenta) and (ii) three sequences were found in A. 

striculus and M. nasalis.  

(i) Finding two diverged copies in some sexual oribatid mite species was 

not surprising due to their genetic mechanism, holokinetic chromosomes 

and inverted meiosis (Wrensch et al. 1994), which prevents 

intrachromosomal recombination (see chapter 4). This is in accordance 

with finding just one copy in the other sexual species, S. magnus. Due to 

interchromosomal recombination a Hardy-Weinberg (Hardy 1908) 

distribution of alleles is expected among sexual oribatid mite species. 

Future studies have to evaluate if this is in fact the case. In recent studies 

(Domes, Scheu, Heethoff unpublished) both sequence clusters were found 

to be present also in S. magnus with allelic distances similar to those 
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reported here. Finding homozygous and heterozygous individuals in 

sexual oribatid mite species indicate linkage of the sequence clusters and 

that they represent alleles. 

(ii) The presence of more than two copies in some specimens might be 

due to an ancient hybrid polyploid origin of the species which is unlikely 

since all investigated oribatid mites are diploid (Norton et al. 1993). 

Another possible explanation is the occurrence of somatic mutations, as 

postulated for ostracods (Schon and Martens 2003). This might explain 

the slight differences in the third sequence found in A. striculus but is 

unlikely for the three sequences found in M. nasalis because the 

differences here are more pronounced. One copy in M. nasalis (MNCB16) 

is identical to one of the alleles found in T. velatus (TVDOacon). A cross 

contamination is probably the most parsimonious explanation for this 

sequence. 
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Figure 3.5 
Phylogenetic analyses of 
hsp82 mRNA. ML 
algorithm based on the 
TrN+G model (Tamura 
and Nei 1993).  
The dashed line 
indicates the possible 
split of the two alleles. 
Numbers on branches 
indicate bootstrap 
values. cDNA sequences 
are represented in both 
sequence clusters 
(RNAa and RNAb). 
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Figure 3.6 
Camparisons of allelic divergences. Sexual species were analysed over a 
wide range of taxa, values for sexual species and bdelloid rotifers are from 
Mark Welsh and Meselson (2000). 
 

 

In conclusion there is strong evidence that both sequence clusters 

represent in fact alleles of the hsp82 gene although some further 

investigations are needed to unequivocally proof this assumption. The 

degree of divergence between both alleles is the highest known for allelic 

sequences (Figure 3.6). If both sequences represent alleles, this is an 

indication that the “Meselson effect” (Mark Welsh and Meselson 2000) 

acts in sexual and asexual oribatid mites. The absence of recombination 

during the evolution of oribatid mites, a taxon presumably comprising 

100,000 species (Schatz 2002), contradicts evolutionary theory on the 

importance of sex and recombination in the long-term (Kondrashov 1993, 

West et al. 1999). Under certain genetic circumstances, such as inverted 

meiosis, evolution in the long-term presumably also is possible without 

recombination. 
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Appendix B 
 

The following pages contain the sequence alignments of the alleles for 

different specimens. Shown are the two or three alleles found within 

specimens. Not all sequenced samples (>200) are shown, just one 

candidate from each allele within single specimens. The first block for 

each specimen constitutes of the DNA sequences, the second of amino 

acid sequences.  

 

Platynothrus yamasakii (PYCH) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PYCHA.4      CAGTTTGGTG TGGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
PYCHA.6      CAGTTTGGTG TCGGTTTCTA TTCTGCGTAT TTGATCGCAG ATAAGGTCAC CGTTTACTCC AAACACAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PYCHA.4      ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
PYCHA.6      ACGACGAACA GTACGTCTGG GGGTCGTCTG CTGGCGGGTC GTTCACTATA AAGCCAGACA ATACCGGA--  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
PYCHA.4      GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
PYCHA.6      -CCTCTCGGC AGAGGCACCA AAATTATTCT TCACCTCAAA GAGGATCAGT TGGAGTACTC CGAAGAGAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
PYCHA.4      CGCATTAAAG AAATTGTTAA AAAACACTCC CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
PYCHA.6      CGTATAAAAG ATATCGTGAA AAAACACTCC CAATTCATCG GATATCCAAT CAAACTATTG GTCCAAAAGG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
PYCHA.4      AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
PYCHA.6      AGAGGGAAAA AGAGGTCTCA GACGACGAGG AAGAGAAAGA AGAGGACAAG AAAGAGGACG AAGAGAAGAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
PYCHA.4      AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
PYCHA.6      AGAGGACAAA ------GAGG GCGGAGATGA AGACGAACCC AAAGTAGAAG ACGTCGAAGA CTCTGACGAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
PYCHA.4      AAGAAAGACA AGAAAAAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAGCTG AATAAAACTA  
PYCHA.6      AAGAAGGATA AGAAGAAGAA GAAGAAGATT AAGGAAAAGT ACGTCGAAGA CGAAGAGCTG AACAAAACGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
PYCHA.4      AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
PYCHA.6      AACCAATTTG GATGAGAAAT CCGGATGACA TCACTCAAGA AGAATACGGA GAATTC 
 
 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PYCHA.4      QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PYCHA.6      QFGVGFYSAY LIADKVTVYS KHNDDEQYVW GSSAGGSFTI KPDNTG-PLG RGTKIILHLK EDQLEYSEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PYCHA.4      RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEEDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
PYCHA.6      RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEKEEDK KEDEEKKEDK --EGGDEDEP KVEDVEDSDE  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
PYCHA.4      KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
PYCHA.6      KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
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Platynothrus peltifer (PPKWX) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PPKWX1       CAGTTTGGTG TTGGTTTTTA CAGCGCATAC CTGATCGCCG ATAAGGTTGT GGTGACCTCT AAGCACAACG  
PPKWX2       CAATTTGGTG TTGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AGGCATAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PPKWX1       ACGACGAGCA GTACGTGTGG GAGTCGTCGG CCGGCGGCTC GTTCACCATC CGGGCCGACA AC---ACCGA  
PPKWX2       ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGCGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
PPKWX1       GCCGTTGGGC AGAGGCACGA AGATTGTGCT GCaCCTGAAG GAAGACCAGT TGGAGTACGC GGAGGAGAAG  
PPKWX2       GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA GAAgACCAGT TGGAATACgC GGAGGAAAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
PPKWX1       CGCATCAGAG AGATCGTGAA GAAGCACTCG CAGTTCATCG GATACCCAAT CAAACTACTC GTGCAGAAGG  
PPKWX2       CGCATTAAAG AAATTGTTAA AAAACACTCC CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
PPKWX1       AACGCGAGAA GGAGGTGTCC GACGACGAGG AGGAAGAGGC GAAG------ GACGAGAAGA AAGACGAGGA  
PPKWX2       AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
PPKWX1       GAAGAAGGAG TCCGAA---G GCGGCGATGA GGACGAGCCG AAGGTCGAGG ACGCGGAGGA CTCGGACGAG  
PPKWX2       AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
PPKWX1       AAGAAAGACA AAAAGAAAAA GAAGAAAATA AAGGAGACGT ACGTCGAGGA CGAGGAGCTG AATAAGACTA  
PPKWX2       AAGAAAGACG AGAAAAAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGGAGAGCTG AATAGAACTA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
PPKWX1       AGCCGTTATG GATGCGCAAC CCCGACGACA TCACTCAGGA AGAGTACGGC GAGTTT 
PPKWX2       AACCCATTTG GATGAGAAAT CCCGATGACA TC-------- ----AACGGA GAATTC 

 
 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PPKWX1       QFGVGFYSAY LIADKVVVTS KHNDDEQYVW ESSAGGSFTI RADN-TEPLG RGTKIVLHLK EDQLEYAEEK  
PPKWX2       QFGVGFYSAY LIADRVTVTS RHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PPKWX1       RIREIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEEAK-- DEKKDEEKKE SE-GGDEDEP KVEDAEDSDE  
PPKWX2       RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
PPKWX1       KKDKKKKKKI KETYVEDEEL NKTKPLWMRN PDDITQEEYG EF 
PPKWX2       KKDEKKKKKI KEKYVEDGEL NRTKPIWMRN PDDI----NG EF 
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Chapter Three Absence of recombination 
 

Platynothrus peltifer (PPKWY) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PPKWY.2      CAGTTTGGTG TAGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
PPKWY.14     CAGTTCGGTG TGGGTTTCTA TTCTGCGTAT TTGATTGCAG ATCGAGTGGT GGTTCACTCG AAGCACAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PPKWY.2      ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
PPKWY.14     ACCACGAGCA GTACGTCTGG GAGTCGGCAG CCGGCGGTTC GTTCACTATT CGTGTGGAC- --ACTGGCGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
PPKWY.2      GCCTTTAGGT CGCGGAACTA AGATTGTACT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
PPKWY.14     GTCTTTGGGT CGCGGAACTA AGATTGTGCT CCATTTGAAA GAGGATCAGT TGGATTACAC TGAGGAGAGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
PPKWY.2      CGCATTAAAG AAATTGTTAA AAAACACTCC CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
PPKWY.14     CGCATCAAAG ATATCGTTAA AAAGCACTCG CAGTTCATCG GGTATCCCAT CAAACTCGTG GTTCAAAAGG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
PPKWY.2      AGAGAGAAAA AGAAGTCTCT GATGACGAAC AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
PPKWY.14     AAAGAGAGAA AGAGATCTCT GATGACGAAG AAGAGAAGGA AGAGGAGAAA AAAGATGAAA CCGAGGAAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
PPKWY.2      AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
PPKWY.14     GGAGAAAACC GAAGAGAAT- --------GA AGACCAACCG AAAGTCGAGG ACGTGGAGGA CTCGGAAGAC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
PPKWY.2      AAGAAAGACA AGAAAAAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAGCTG AATAAAACTA  
PPKWY.14     AAGAAAGACA AAAAGAAAAA GAAGAAAATA AAGGAAAAGT ATGTGGAGGA CGAAGAATTG AACAAAACGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
PPKWY.2      AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
PPKWY.14     AACCAATTTG GATGCGAAAT CCCGATGACA TCACTCAAGA AGAGTACGGC GAGTTC 
 
 
 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PPKWY.2      QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PPKWY.14     QFGVGFYSAY LIADRVVVHS KHNDHEQYVW ESAAGGSFTI RVD-TGESLG RGTKIVLHLK EDQLDYTEER  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PPKWY.2      RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEQDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
PPKWY.14     RIKDIVKKHS QFIGYPIKLV VQKEREKEIS DDEEEKEEEK KDETEEKEKT EEN---EDQP KVEDVEDSED  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
PPKWY.2      KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
PPKWY.14     KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
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Chapter Three Absence of recombination 
 

Platynothrus peltifer (PPKA) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PPKA2        CAGTTCGGTG TGGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
PPKA.1       CAGTTCGGTG TTGGTTTCTA TTCTGCGTAT TTGATCGCAG ATAAGGTCAC CGTTTACTCC AAACACAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PPKA2        ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
PPKA.1       ACGACGAACA GTACGTCTGG GAGTCGTCTG CTGGCGGGTC GTTCACTATA AAGCCAGACA ATACC---GA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
PPKA2        GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
PPKA.1       ACCTCTCGGC AGAGGCACCA AAATTATTCT TCACCTCAAA GAGGATCAGT TGGAGTACTC CGAAGAGAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
PPKA2        CGCATTAAAG AAATTGTTAA AAAACACTCC CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
PPKA.1       CGTATAAAAG ATATCGTGAA AAAACACTCC CAATTCATCG GATATCCAAT CAAACTATTG GTCCAAAAGG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
PPKA2        AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAAGAGAAG ACTGAAGAAA AGAGTGAGGA  
PPKA.1       AGAGGGAAAA AGAGGTCTCA GACGACGAGG AAGAGAAAGA AGAGGACAAG AAAGAG---- --GACGAAGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
PPKA2        AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
PPKA.1       GAAGAAAGAG GACAAAGAGG GCGGAGATGA AGACGAACCC AAAGTAGAAG ACGTCGAAGA CTCTGACGAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
PPKA2        AAGAAAGACA AGAAAAAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAGCTG AATAAAACTA  
PPKA.1       AAGAAGGATA AGAAGAAGAA GAAGAAGATT AAGGAAAAGT ACGTCGAAGA CGAAGAGCTG AACAAAACGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
PPKA2        AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
PPKA.1       AACCAATTTG GATGAGAAAT CCGGATGACA TCACTCAAGA AGAATACGGA GAATTC 
 

 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PPKA2        QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PPKA.1       QFGVGFYSAY LIADKVTVYS KHNDDEQYVW ESSAGGSFTI KPDNT-EPLG RGTKIILHLK EDQLEYSEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PPKA2        RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
PPKA.1       RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEKEEDK KE--DEEKKE DKEGGDEDEP KVEDVEDSDE  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
PPKA2        KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
PPKA.1       KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
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Chapter Three Absence of recombination 
 

Mucronothrus nasalis (MNNG) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MNNG1.1      CAGTTCGGTG TTGGTTTCTA TTCGGCGTAT TTGATCGCAG ACAGAGTGAC CGTCACTTCT AAGCATAACG  
MNNG1.6      CAGTTTGGTG TCGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MNNG1.1      ACGACGAACA GTATGTCTGG GAGTCATCGG CCGGCGGCTC CTTCACTATC AGGACAGATA ATAGC---GA  
MNNG1.6      ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
MNNG1.1      ACCATTAGGT CGAGGCACTA AAATTGTCTT ACTTCTCAAA GAAGACCAAT TAGAATACGC AGAAGAAAAA  
MNNG1.6      GCCTTTAGGT CGCGGAACTA AGATTGTACT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
MNNG1.1      CGTATTAAAG AGATCGTGAA AAAACACTCG CAATTCATCG GATATCCGAT CAAACTTGTC GTTCAAAAGG  
MNNG1.6      CGCATTAAAG AAATTGTTAA AAAACACTCC CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
MNNG1.1      AAAGAGAAAA AGAGATCTCA GACGACGAGG AAGACAAAGA AGAAGCCAAA GAAGATAAAG AAGACAAGAT  
MNNG1.6      AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAGGAGAAA ACT------G AAGAAAAGAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
MNNG1.1      CGAAGATGAA GACAAGACCG AAGAGAAGAA AGAAGAGGGC GACGAGCCTA AGGTCGAAGA CGTCGAGGAC  
MNNG1.6      TGAGGAAAAT AAGACCGAAG AAGAGAAGAT TGATGAA--- GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
MNNG1.1      TCTGAAGATA AGAAAGACAA GAAAAAGAAG AAA---ATTA AGGAAAAGTA TGTCGAAGAC GAAGAACTAA  
MNNG1.6      TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC GAAGAGCTGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....| 
                495        505        515        525        535        545        555            
MNNG1.1      ACAAAACAAA ACCAATTTGG ATGAGAAATC CAGACGATAT CACTCAAGAA GAATACGGAG AATTC 
MNNG1.6      ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA GAATACGGAG AATTC 

 
 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MNNG1.1      QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDNS-EPLG RGTKIVLLLK EDQLEYAEEK  
MNNG1.6      QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MNNG1.1      RIKEIVKKHS QFIGYPIKLV VQKEREKEIS DDEEDKEEAK EDKEDKIEDE DKTEEKKEEG DEPKVEDVED  
MNNG1.6      RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEEDKEEEK T--EEKSEEN KTEEEKIDE- DEPKVEDVED  
 
             ....|....| ....|....| ....|....| ....|....| ....| 
                145        155        165        175        185        
MNNG1.1      SEDKKDKKKK K-IKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
MNNG1.6      SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
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Chapter Three Absence of recombination 
 

Mucronothrus nasalis (MNCB) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MNCB1.1      CAGTTTGGTG TGGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAATG  
MNCB1.5      CAGTTCGGTG TTGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAATG  
MNCB1.6      CAGTTCGGTG TGGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAAGGTGAC GGTTCACTCA AAACACAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MNCB1.1      ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ACTCACTATC AGAACTGACG CCACGGGTGA  
MNCB1.5      ACGACGAACA GTGCGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGCGA  
MNCB1.6      ACGACGAACA GTACGTCTGG GAGTCATCTG CCGGCGGATC CTTCACTATA AAGCCAGACG TCGAGGGCGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
MNCB1.1      GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
MNCB1.5      GCCTTTAGGT CGCGGAACTG AGATTGTATT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
MNCB1.6      ACCTCTCGGC AGAGGCACCA AAATCATCCT TCACTTGAAA GAGGATCAGT TGGGGTACTC CGAAGAGAAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
MNCB1.1      CGCATTAAAG ATATTGTTAA AAAACACTCC CAATTCATCG GTTATCCCAT TAAACTCTTG GTTCAGAAAG  
MNCB1.5      CGCATTAAAG AAATTGTTAA AAAACACTCC CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
MNCB1.6      CGCATCAAAG ATATCGTGAA AAAACACTCA CAATTCATCG GATATCCCAT CAAACTATTG GTTCAAAAGG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
MNCB1.1      AGAGAGAAAA AGAAGTCTCT GATGACGGAG AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
MNCB1.5      AGAGAGAAAA AGAAGTCTCT GTTGACGAAC AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
MNCB1.6      AAAGAGAAAA AGAGGTCTCC GATGACGAGG AGGACAAAGA AGAAGATAAG AAAGAAGAC- -----GACGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
MNCB1.1      AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
MNCB1.5      AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
MNCB1.6      AAAGAAAGAA GAGAAAGAGG GCGGAGACGA AGACGAACCC AAAGTTGAAG ACGTCGAGGA TTCAGAGGAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
MNCB1.1      AAGAAAGACA AGAAAGAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAGCTC AATAAAACTA  
MNCB1.5      AAGAAAGACA AGAAGAAGAA GAAAAAAATT CAGGAAAAGT ATGTCGAAGA CGAAGAGCTG AATAAAACTA  
MNCB1.6      AAGAAAGACA AAAAGAAGAA GAAGAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAACTT AACAAAACTA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
MNCB1.1      AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGC GAATTC 
MNCB1.5      AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
MNCB1.6      AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
 

 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MNCB1.1      QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSLTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
MNCB1.5      QFGVGFYSAY LIADRVTVTS KHNDDEQCVW ESSAGGSFTI RTDATGEPLG RGTEIVLHLK EDQLEYAEEK  
MNCB1.6      QFGVGFYSAY LIADKVTVHS KHNDDEQYVW ESSAGGSFTI KPDVEGEPLG RGTKIILHLK EDQLGYSEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MNCB1.1      RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDGEDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
MNCB1.5      RIKEIVKKHS QFIGYPIKLL VQKEREKEVS VDEQDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
MNCB1.6      RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEEDK KED--DEKKE EKEGGDEDEP KVEDVEDSEE  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
MNCB1.1      KKDKKEKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
MNCB1.5      KKDKKKKKKI QEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
MNCB1.6      KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
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Chapter Three Absence of recombination 
 

Atropacarus striculus (ASA) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
ASA1         CAGTTCGGTG TGGGTTTTTA TTCGGCATAT TTGGTTGCGG ACAGAGTTGT GGTTCACTCG AAACACAACG  
ASA7         CAGTTTGGTG TCGGTTTCTA TTCGGCATAT TTGGTTGCGG ACAGAGTTGT GGTTCACTCG AAACACAACG  
ASA8         CAGTTTGGTG TGGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
ASA1         ACGACGAGCA GTACGTGTGG GAGTCTTCGG CCGGCGGTTC GTTCACCATT CGCGTCGAT- --AGCGGAGA  
ASA7         ACGACGAGCA GTACGTGTGG GAGTCTTCGG CCGGCGGTTC GTTCACCATT CGCGTCGAT- --AGCGGAGA  
ASA8         ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
ASA1         ATCTTTGGGT CGCGGAACCA AAATAATCCT TTTTTTGAAA GAAGATCAGT TGGATTACAC TGAGGAAAGA  
ASA7         ATCTTTGGGT CGCGGAACCA AAATAATCCT TTTTTTGAAA GAAGATCAGT TGGATTACAC TGAGGAAAGA  
ASA8         GCCTTTAGGT CGCGGAACTA AGATTGTACT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
ASA1         CGTATCAAAG ATATCGTTAA AAAGCATTCG CAATTCATTG GATATCCGAT TAAGCTTTTG GTACAAAAGG  
ASA7         CGTATCAAAG ATATCGTTAA AAAGCATTCG CAATTCATTG GATATCCGAT TAAGCTTTTG GTACAAAAGG  
ASA8         CGCATTAAAG AAATTGTTAA AAAACACTCC CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
ASA1         AGAGAGAAAA AGAGATCTCT GATGACGAGG AAGAGAAGGA AGAAGAG--- ---------A AAAAGGATGA  
ASA7         AGAGAGAAAA AGAGATCTCT GATGACGAGG AAGAGAAGGA A---GAGAAG GAAGAAGAGA AAAAGGATGA  
ASA8         AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
ASA1         A------ACT GAGGAGAAAG AGAAGACCGA AGAGAATGAA GACGAGCCGA AAGTAGAGGA CGTGGAAGAC  
ASA7         A------ACT GAGGAGAAAG AGAAGACCGA AGAGAATGAA GACGAGCCGA AAGTAGAGGA CGTGGAAGAC  
ASA8         AAATAAGACC GAAGAA---- -----GAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
ASA1         TCTGAGGATA AGAAAGACAA AAAGAAAAAG AAGAAAATAA AGGAAAAGTA TGTCGAAGAC GAAGAACTGA  
ASA7         TCTGAGGATA AGAAAGACAA AAAGAAAAAG AAGAAAATAA AGGAAAAGTA TGTCGAAGAC GAAGAACTGA  
ASA8         TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC GAAGAGCTGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....| 
                495        505        515        525        535        545        555            
ASA1         ACAAAACGAA ACCGATTTGG ATGCGAAACC CCGATGACAT CACTCAAGAA GAGTATGGAG AATTC 
ASA7         ACAAAACGAA ACCGATTTGG ATGCGAAACC CCGATGACAT CACTCAAGAA GAGTATGGAG AATTC 
ASA8         ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA GAATACGGAG AATTC 

 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
ASA1         QFGVGFYSAY LVADRVVVHS KHNDDEQYVW ESSAGGSFTI RVD-SGESLG RGTKIILFLK EDQLDYTEER  
ASA7         QFGVGFYSAY LVADRVVVHS KHNDDEQYVW ESSAGGSFTI RVD-SGESLG RGTKIILFLK EDQLDYTEER  
ASA8         QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
ASA1         RIKDIVKKHS QFIGYPIKLL VQKEREKEIS DDEEEKEEE- ---KKDE--T EEKEKTEENE DEPKVEDVED  
ASA7         RIKDIVKKHS QFIGYPIKLL VQKEREKEIS DDEEEKE-EK EEEKKDE--T EEKEKTEENE DEPKVEDVED  
ASA8         RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEEDKEEEK TEEKSEENKT EE---EKIDE DEPKVEDVED  
 
             ....|....| ....|....| ....|....| ....|....| ....| 
                145        155        165        175        185        
ASA1         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
ASA7         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
ASA8         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
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Tectocepheus velatus (TVDO) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
TVDOa        CAGTTCGGTG TGGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAAGGTGAC GGTTCACTCA AAACACAACG  
TVDOb        CAGTTTGGTG TGGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
TVDOa        ACGACGAACA GTACGTCTGG GAGTCATCTG CCGGCGGGTC GTTCACTATA AAGCCAGACG TCGAGGGCGA  
TVDOb        ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
TVDOa        ACCTCTCGGC AGAGGCACCA AAATCATCCT TCACTTGAAA GAGGATCAGT TGGAGTACTC CGAAGAGAAA  
TVDOb        GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA GAAGACCAGT TGGAATACGC GGAGGAAAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
TVDOa        CGCATCAAAG ATGTCGTGAA AAGACACTCA CAATTCATCG GATATCCCAT CAAACTATTG GTTCAAAAGG  
TVDOb        CGCATTAAAG AAATTGTTAA AAAACACTCC CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
TVDOa        AAAGAGAAAA AGAGGTCTCC GATGACGAGG AGGACAAAGA AGAAGATAAG AAAGAAGCC- -----GCCGA  
TVDOb        AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
TVDOa        AAAGAAAGAA GAGAAAGAGG GCGGAGACGA AGACGAACCC AAAGTTGAAG ACGTCGAGGA TTCAGAGGAA  
TVDOb        AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
TVDOa        AAGAAAGACA AAAAGAAAAA GAAGAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAACTT AACAAAACTA  
TVDOb        AAGAAAGACA AGAAAAAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAGCTG AATAAAACTA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
TVDOa        AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
TVDOb        AACCCATTTG GATGAGAAAT CCCGATGACA TCACTCAAGA AGAATACGGA GAATTC 
 

 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
TVDOa        QFGVGFYSAY LIADKVTVHS KHNDDEQYVW ESSAGGSFTI KPDVEGEPLG RGTKIILHLK EDQLEYSEEK  
TVDOb        QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
TVDOa        RIKDVVKRHS QFIGYPIKLL VQKEREKEVS DDEEDKEEDK KEA--AEKKE EKEGGDEDEP KVEDVEDSEE  
TVDOb        RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
TVDOa        KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
TVDOb        KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDITQEEYG EF 
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Steganacarus magnus (SM) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
SM1.6        CAATTCGGTG TAGGTTTTTA TTCTGCGTAT TTGATTGCAG ATCGAGTGGT GGTTCACTCG AAGCACAACG  
SM1.2        CAATTCGGTG TAGGTTTTTA TTCTGCGTAT TTGATTGCAG ATCGAGTGGT GGTTCACTCG AAGCACAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
SM1.6        ACGACGAGCA GTACGTCTGG GAGTCGGCAG CCGGCGGTTC GTTCACTATT CGTGTGGACA CTGGCGAGTC  
SM1.2        ACGACGAGCA GTACGTCTGG GAGTCGGCAG CCGGCGGTTC GTTCACTATT CGTGTGGACA CTGGCGAGTC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
SM1.6        TTTGGGTCGC GGAACTAAGA TAGTGCTCCA TTTGAAAGAG GATCAGTTGG ATTACACTGA GGAGAGACGC  
SM1.2        TTTGGGTCGC GGAACTAAGA TAGTGCTCCA TTTGAAAGAG GATCAGTTGG ATTACACTGA GGAGAGACGC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
SM1.6        ATCAAAGATA TCGTTAAAAA GCACTCGCAG TTCATCGGGT ATCCCATCAA ACTCGTGGTT CAAAAGGAAA  
SM1.2        ATCAAAGATA TCGTTAAAAA GCACTCGCAG TTCATCGGGT ATCCCATCAA ACTCGTGGTT CAAAAGGAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
SM1.6        GAGAGAAAGA GATCTCTGAT GACGAAGAAG AGAAGGAAGA GGAGAAAAAA GATGAAACCG AGGAAAAGGA  
SM1.2        GAGAGAAAGA GATCTCTGAT GACGAAGAAG AGAAGGAAGA GGAGAAAAAA GATGAAACCG AGGAAAAGGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
SM1.6        GAAAACCGAA GAGAATGAAG ACGAACCGAA AGTCGAGGAC GTGGAGGACT CGGAAGACAA GAAAGACAAA  
SM1.2        GAAAACCGAA GAGAATGAAG ACGAACCGAA AGTCGAGGAC GTGGAGGACT CGGAAGACAA GAAAGACAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
SM1.6        AAGAAAAAGA AGAAAATAAA GGAAAAGTAT GTGGAGGACG AAGAATTGAA CAAAACGAAA CCAATTTGGA  
SM1.2        AAGAAAAAGA AGAAAATAAA GGAAAAGTAT GTGGAGGACG AAGAATTGAA CAAAACGAAA CCAATTTGGA  
 
             ....|....| ....|....| ....|....| ....|....| .... 
                495        505        515        525              
SM1.6        TGCGAAATCC CGATGACATC ACTCAAGAAG AGTACGGCGA GTTC 
SM1.2        TGCGAAATCC CGATGACATC ACTCAAGAAG AGTACGGCGA GTTC 
 

 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
SM16         QFGVGFYSAY LIADRVVVHS KHNDDEQYVW ESAAGGSFTI RVDTGESLGR GTKIVLHLKE DQLDYTEERR  
SM1.6        QFGVGFYSAY LIADRVVVHS KHNDDEQYVW ESAAGGSFTI RVDTGESLGR GTKIVLHLKE DQLDYTEERR  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
SM16         IKDIVKKHSQ FIGYPIKLVV QKEREKEISD DEEEKEEEKK DETEEKEKTE ENEDEPKVED VEDSEDKKDK  
SM1.6        IKDIVKKHSQ FIGYPIKLVV QKEREKEISD DEEEKEEEKK DETEEKEKTE ENEDEPKVED VEDSEDKKDK  
 
             ....|....| ....|....| ....|....| ....|... 
                145        155        165        175      
SM16         KKKKKIKEKY VEDEELNKTK PIWMRNPDDI TQEEYGEF 
SM1.6        KKKKKIKEKY VEDEELNKTK PIWMRNPDDI TQEEYGEF 
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Metabelba pulverulenta (MPA) 
 
 
DNA          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MPA2         GAGTTCGGTG TTGGTTTTTA CAGCGCATAC CTGATCGCCG ATAAGGTTGT GGTGACCTCT AAGCACAACG  
MPA3         GAGTTCGGTG TTGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA AAGCATAACG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MPA2         ACGACGAGCA GTACGTGTGG GAGTCGTCGG CCGGCGGCTC GTTCACCATC CGGGCCGACA ACACC---GA  
MPA3         ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC AGAACTGACG CCACGGGTGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                145        155        165        175        185        195        205                  
MPA2         GCCGTTGGGC AGAGGCACGA AGATTGTGCT GCACCTGAAG GAAGACCAGT TGGAGTACGC GGAGGAGAAG  
MPA3         GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA GAAGACCAAT TGGAATACGC GGAGGAAAAA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                215        225        235        245        255        265        275                  
MPA2         CGCATCAAAG AGATCGTGAA GAAGCACTCG CAGTTCATCG GATACCCAAT CAAACTACTC GTGCAGAAGG  
MPA3         CGCATTAAAG AAATTGTTAA GAAACACTCC CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                285        295        305        315        325        335        345                  
MPA2         AACGCGAGAA GGAGGTGTCC GACGACGAGG AGGAAGAGGC G------AAG GACGAGAAGA AAGACGAGGA  
MPA3         AGAGAGAAAA AGAAGTCTCT GATGACGAAG AAGACAAAGA GGAGGAGAAG ACTGAAGAAA AGAGTGAGGA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                355        365        375        385        395        405        415                  
MPA2         GAAGAAG--- GAGTCCGAAG GCGGCGATGA GGACGAGCCG AAGGTCGAGG ACGTGGAGGA CTCGGACGAG  
MPA3         AAATAAGACC GAAGAAGAGA AGATTGATGA AGACGAACCT AAAGTTGAAG ACGTCGAGGA CTCCGAAGAT  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475        485                  
MPA2         AAGAAAGACA AAAAGAAAAA GAAGAAAATA AAGGAGACGT ACGTCGAGGA CGAGGAGCTG AATAAGACTA  
MPA3         AAGAAAGACA AGAAAAAGAA GAAAAAAATT AAGGAAAAGT ATGTCGAAGA CGAAGAGCTG AATAAAACTA  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|. 
                495        505        515        525        535        545          
MPA2         AGCCGTTATG GATGCGCAAC CCCGACGACA TCACTCAGGA AGAGTACGGC GAGTTC 
MPA3         AACCCATTTG GATGAGAAAT CCCGATGACA CCACTCAAGA AGAATACGGA GAATTC 
 

 
 
 
 
Protein      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
MPA2         EFGVGFYSAY LIADKVVVTS KHNDDEQYVW ESSAGGSFTI RADNT-EPLG RGTKIVLHLK EDQLEYAEEK  
MPA3         EFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
MPA2         RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEEA--K DEKKDEEKK- ESEGGDEDEP KVEDVEDSDE  
MPA3         RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEEEK TEEKSEENKT EEEKIDEDEP KVEDVEDSED  
 
             ....|....| ....|....| ....|....| ....|....| .. 
                145        155        165        175              
MPA2         KKDKKKKKKI KETYVEDEEL NKTKPLWMRN PDDITQEEYG EF 
MPA3         KKDKKKKKKI KEKYVEDEEL NKTKPIWMRN PDDTTQEEYG EF 
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Alignment of amino acid sequences of all alleles from oribatid mites 
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
PYCHA4       QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PYCHA6       QFGVGFYSAY LIADKVTVYS KHNDDEQYVW GSSAGGSFTI KPD-NTGPLG RGTKIILHLK EDQLEYSEEK  
PPKWX1       QFGVGFYSAY LIADKVVVTS KHNDDEQYVW ESSAGGSFTI RAD-NTEPLG RGTKIVLHLK EDQLEYAEEK  
PPKWX2       QFGVGFYSAY LIADRVTVTS RHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PPKWY1       QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PPKWY2       QFGVGFYSAY LIADRVVVHS KHNDHEQYVW ESAAGGSFTI RVD-TGESLG RGTKIVLHLK EDQLDYTEER  
PPKA2        QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
PPKA1        QFGVGFYSAY LIADKVTVYS KHNDDEQYVW ESSAGGSFTI KPD-NTEPLG RGTKIILHLK EDQLEYSEEK  
MNNG11       QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTD-NSEPLG RGTKIVLLLK EDQLEYAEEK  
MNNG16       QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
MNCB11       QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSLTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
MNCB15       QFGVGFYSAY LIADRVTVTS KHNDDEQCVW ESSAGGSFTI RTDATGEPLG RGTEIVLHLK EDQLEYAEEK  
MNCB16       QFGVGFYSAY LIADKVTVHS KHNDDEQYVW ESSAGGSFTI KPDVEGEPLG RGTKIILHLK EDQLGYSEEK  
ASA1         QFGVGFYSAY LVADRVVVHS KHNDDEQYVW ESSAGGSFTI RVD-SGESLG RGTKIILFLK EDQLDYTEER  
ASA7         QFGVGFYSAY LVADRVVVHS KHNDDEQYVW ESSAGGSFTI RVD-SGESLG RGTKIILFLK EDQLDYTEER  
ASA8         QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
TVDOacon     QFGVGFYSAY LIADKVTVHS KHNDDEQYVW ESSAGGSFTI KPDVEGEPLG RGTKIILHLK EDQLEYSEEK  
TVDObcon     QFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
SM16         QFGVGFYSAY LIADRVVVHS KHNDDEQYVW ESAAGGSFTI RVD-TGESLG RGTKIVLHLK EDQLDYTEER  
MPA2         EFGVGFYSAY LIADKVVVTS KHNDDEQYVW ESSAGGSFTI RAD-NTEPLG RGTKIVLHLK EDQLEYAEEK  
MPA3         EFGVGFYSAY LIADRVTVTS KHNDDEQYVW ESSAGGSFTI RTDATGEPLG RGTKIVLHLK EDQLEYAEEK  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 75         85         95        105        115        125        135                     
PYCHA4       RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
PYCHA6       RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEKEE-- ---DKKEDEE KKEDKEGGDE DEPKVEDVED  
PPKWX1       RIREIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEEAK-- ---DEKKDEE KKES-EGGDE DEPKVEDAED  
PPKWX2       RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
PPKWY1       RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEQDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
PPKWY2       RIKDIVKKHS QFIGYPIKLV VQKEREKEIS DDEEEKEE-- -EKKDETEEK EKTEE---NE DQPKVEDVED  
PPKA2        RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
PPKA1        RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEKEE-- ---DKKEDEE KKEDKEGGDE DEPKVEDVED  
MNNG11       RIKEIVKKHS QFIGYPIKLV VQKEREKEIS DDEEDKEEAK EDKEDKIEDE DKTEEKKEEG DEPKVEDVED  
MNNG16       RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
MNCB11       RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDGEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
MNCB15       RIKEIVKKHS QFIGYPIKLL VQKEREKEVS VDEQDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
MNCB16       RIKDIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEE-- ---DKKEDDE KKEEKEGGDE DEPKVEDVED  
ASA1         RIKDIVKKHS QFIGYPIKLL VQKEREKEIS DDEEEKEE-- -EKKDETEEK EKTEE---NE DEPKVEDVED  
ASA7         RIKDIVKKHS QFIGYPIKLL VQKEREKEIS DDEEEKEEKE EEKKDETEEK EKTEE---NE DEPKVEDVED  
ASA8         RIKEIVKKHS RFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
TVDOacon     RIKDVVKRHS QFIGYPIKLL VQKEREKEVS DDEEDKEE-- ---DKKEAAE KKEEKEGGDE DEPKVEDVED  
TVDObcon     RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
SM16         RIKDIVKKHS QFIGYPIKLV VQKEREKEIS DDEEEKEE-- -EKKDETEEK EKTEE---NE DEPKVEDVED  
MPA2         RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEEEAK-- ---DEKKDEE KKES-EGGDE DEPKVEDVED  
MPA3         RIKEIVKKHS QFIGYPIKLL VQKEREKEVS DDEEDKEE-- -EKTEEKSEE NKTEEEKIDE DEPKVEDVED  
 
             ....|....| ....|....| ....|....| ....|....| ....| 
                145        155        165        175        185        
PYCHA4       SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
PYCHA6       SDEKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
PPKWX1       SDEKKDKKKK KKIKETYVED EELNKTKPLW MRNPDDITQE EYGEF 
PPKWX2       SEDKKDEKKK KKIKEKYVED GELNRTKPIW MRNPDDIN-- --GEF 
PPKWY1       SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
PPKWY2       SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
PPKA2        SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
PPKA1        SDEKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
MNNG11       SEDKKD-KKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
MNNG16       SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF  
MNCB11       SEDKKDKKEK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
MNCB15       SEDKKDKKKK KKIQEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
MNCB16       SEEKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
ASA1         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
ASA7         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
ASA8         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
TVDOacon     SEEKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
TVDObcon     SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
SM16         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDITQE EYGEF 
MPA2         SDEKKDKKKK KKIKETYVED EELNKTKPLW MRNPDDITQE EYGEF 
MPA3         SEDKKDKKKK KKIKEKYVED EELNKTKPIW MRNPDDTTQE EYGEF 
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Alignment of DNA sequences for all oribatid mite alleles 
 
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55                      
ASA1         CAGTTCGGTG TGGGTTTTTA TTCGGCATAT TTGGTTGCGG ACAGAGTTGT GGTTCACTCG  
ASA7         CAGTTTGGTG TCGGTTTCTA TTCGGCATAT TTGGTTGCGG ACAGAGTTGT GGTTCACTCG  
ASA8         CAGTTTGGTG TGGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
TVDOacon     CAGTTCGGTG TGGGTTTcTA TtCCGCGTAT TTGATCGCCG ATAAGGTGAC GGTTCACTCA  
TVDObcon     CAGTTTGGTG TGGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
MNCB11       CAGTTTGGTG TGGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
MNCB15       CAGTTCGGTG TTGGTTTCTA TTCCGCGTAT TtGATCGCCG ATAGAGTGAC CGTCACTTCA  
MNCB16       CAGTTCGGTG TGGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAAGGTGAC GGTTCACTCA  
MNNG11       CAGTTCGGTG TTGGTTTCTA TTCGGCGTAT TTGATCGCAG ACAGAGTGAC CGTCACTTCT  
MNNG16       CAGTTTGGTG TCGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
MPA2         GAGTTCGGTG TTGGTTTTTA CAGCGCATAC CTGATCGCCG ATAAGGTTGT GGTGACCTCT  
MPA3         GAGTTCGGTG TTGGTTTTTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
PYCHA4       CAGTTTGGTG tGGGTTTTTA TTCCGCGtAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
PYCHA6       CAGTTTGGTG TCGGTTTCTA TTCTGCGTAT TTGATCGCAG ATAAGGTCAC CGTTTACTCC  
PPKWX1       CAGTTTGGTG TTGGTTTTTA CAGCGCATAC CTGATCGCCG ATAAGGTTGT GGTGACCTCT  
PPKWX2       CAATTTGGTG TTGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
PPKWY1       CAGTTTGGTG TAGGTTTCTA TTCCGCGTAT TTGATCGCCG ATAGAGTGAC CGTCACTTCA  
PPKWY2       CAGTTCGGTG TGGGTTTCTA TTCTGCGTAT TTGATTGCAG ATCGAGTGGT GGTTCACTCG  
PPKA2        CAGTTCGGTG TGGGTTTTTA TTCCGCGTAT TTGaTCGCCG ATAGAGTGAC CGTCACTTCA  
PPKA1        CAGTTCGGTG TTGGTTTCTA TTCTGcGtAT TTGATCGCAG ATAAGGTCaC CGTTTACTCC  
SM16         CAATTCGGTG TAGGTTTTTA TTCTGCGTAT TTGATTGCAG ATCGAGTGGT GGTTCACTCG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 65         75         85         95        105        115                    
ASA1         AAACaCAACG ACGACGAGCA GTACGTGTGG GAGTCTTCGG CCGGCGGTTC GTTCACCATT  
ASA7         AAACACAACG ACGACGAGCA GTACGTGTGG GAGTCTTCGG CCGGCGGTTC GTTCACCATT  
ASA8         AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
TVDOacon     AAACACAACG ACGACGAACA GTACGTcTGG GAGTCATCTG CCGGCGGGTC GTTCACTATA  
TVDObcon     AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
MNCB11       AAGCATAATG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ACTCACTATC  
MNCB15       AAGCATAATG ACGACgAACA GTgCGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
MNCB16       AAACACAACG ACGACGAACA GTACGTcTGG GAGTCATCTG CCGGCGGATC CTTCACTATA  
MNNG11       AAGCATAACG ACGACGAACA GTATGTCTGG GAGTCATCGG CCGGCGGCTC CTTCACTATC  
MNNG16       AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
MPA2         AAGCACAACG ACGACGAGCA GTACGTGTGG GAGTCGTCGG CCGGCGGCTC GTTCACCATC  
MPA3         AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
PYCHA4       AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
PYCHA6       AAACACAACG ACGACGAACA GTACGTCTGG GGGTCGTCTG CTGGCGGGTC GTTCACTATA  
PPKWX1       AAGCACAACG ACGACGAGCA GTACGTGTGG GAGTCGTCGG CCGGCGGCTC GTTCACCATC  
PPKWX2       AGGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
PPKWY1       AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
PPKWY2       AAGCACAACG ACCACGAGCA GTACGTCTGG GAGTCGGCAG CCGGCGGTTC GTTCACTATT  
PPKA2        AAGCATAACG ACGACGAACA GTACGTTTGG GAGTCTTCTG CTGGCGGGTC ATTCACTATC  
PPKA1        AAACACAACG ACGACGAACA GTACGTcTGG GAGTCGTCTG CTGGCGGGTC GTTCACTATA  
SM16         AAGCACAACG ACGACGAGCA GTACGTcTGG GAGTCGGCAG CCGGCGGTTC GTTCACTATT  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                125        135        145        155        165        175                
ASA1         CGCGTCGAT- --AGCGGAGA ATCTTTGGGT CGCGGAACCA AAATAATCCT TTTTTTGAAA  
ASA7         CGCGTCGAT- --AGCGGAGA ATCTTTGGGT CGCGGAACCA AAATAATCCT TTTTTTGAAA  
ASA8         AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTACT GCACTTGAAA  
TVDOacon     AAGCCAGACG TCGAGGGCGA ACCTCTCGGC AGAGGCACCA AAATCATCCT TCACTTGAAA  
TVDObcon     AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA  
MNCB11       AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA  
MNCB15       AgAACTGACG CCACGGGCGA GCCTTTAGGT CGCGGAACTG AGATTGTATT GCACTTGAAA  
MNCB16       AAGCCAGACG TCGAGGGCGA ACCTCTCGGC AGAGGCACCA AAATCATCCT TCACTTGAAA  
MNNG11       AGGACAGAT- --AATAGCGA ACCATTAGGT CGAGGCACTA AAATTGTCTT ACTTCTCAAA  
MNNG16       AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTACT GCACTTGAAA  
MPA2         CGGGCCGAC- --AACACCGA GCCGTTGGGC AGAGGCACGA AGATTGTGCT GCACCTGAAG  
MPA3         AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA  
PYCHA4       AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA  
PYCHA6       AAGCCAGAC- --AATACCGG ACCTCTCGGC AGAGGCACCA AAATTATTCT TCACCTCAAA  
PPKWX1       CGGGCCGAC- --AACACCGA GCCGTTGGGC AGAGGCACGA AGATTGTGCT GCaCCTGAAG  
PPKWX2       AGAACTGACG CCACGGGCGA GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA  
PPKWY1       AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTACT GCACTTGAAA  
PPKWY2       CGTGTGGAC- --ACTGGCGA GTCTTTGGGT CGCGGAACTA AGATTGTGCT CCATTTGAAA  
PPKA2        AGAACTGACG CCACGGGTGA GCCTTTAGGT CGCGGAACTA AGATTGTATT GCACTTGAAA  
PPKA1        AAGCCAGAC- --AATACCGA ACCTCTCGGC AGAGGCACCA AAATTATTcT TCACCTCAAA  
SM16         CGTGTGGAC- --ACTGGCGA GTCTTTGGGT CGCGGAACTA AgATAGTGCT CCATTTGAAA  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                185        195        205        215        225        235                
ASA1         GAAGATCAGT TGGATTACAC TGAGGAAAGA CGTATCAAAG ATATCGTTAA AAAGCATTCG  
ASA7         GAAGATCAGT TGGATTACAC TGAGGAAAGA CGTATCAAAG ATATCGTTAA AAAGCATTCG  
ASA8         GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
TVDOacon     GAGGATCAGT TGGAGTACTC CGAAGAGAAA CGCATCAAAG ATGTCGTGAA AAGACACTCA  
TVDObcon     GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
MNCB11       GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG ATATTGTTAA AAAACACTCC  
MNCB15       GAAGACCAGT TGGAATACgC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
MNCB16       GAGGATCAGT TGGGGTACTC CGAAGAGAAG CGCATCAAAG ATATCGtGAA AAAACACTCA  
MNNG11       GAAGACCAAT TAGAATACGC AGAAGAAAAA CGTATTAAAG AGATCGTGAA AAAACACTCG  
MNNG16       GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
MPA2         GAAGACCAgT TGGAGTACGC GGAGGAgAAG CGCATCAAAG AGATCGTGAA GAAGCACTCG  
MPA3         GAAGACCAAT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA GAAACACTCC  
PYCHA4       GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
PYCHA6       GAGGATCAGT TGGAGTACTC CGAAGAGAAA CGTATAAAAG ATATCGTGAA AAAACACTCC  
PPKWX1       GAAGACCAGT TGGAGTACGC GGAGGAGAAG CGCATCAGAG AGATCGTGAA GAAGCACTCG  
PPKWX2       GAAgACCAGT TGGAATACgC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
PPKWY1       GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
PPKWY2       GAGGATCAGT TGGATTACAC TGAGGAGAGA CGCATCAAAG ATATCGTTAA AAAGCACTCG  
PPKA2        GAAGACCAGT TGGAATACGC GGAGGAAAAA CGCATTAAAG AAATTGTTAA AAAACACTCC  
PPKA1        GAGGATCAGT TGGAGTACTC CGAAGAGAAA CGTATAAAAG ATATCGTGAA AAAACACTCC  
SM16         GAGGATCAGT TGGATTACAC TGAGGAGAGA CgCATCAAAG ATATCGTTAA AAAGCACTCG  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                245        255        265        275        285        295                
ASA1         CAATTCATTG GATATCCGAT TAAGCTTTTG GTACAAAAGG AGAGAGAAAA AGAGATCTCT  
ASA7         CAATTCATTG GATATCCGAT TAAGCTTTTG GTaCAAAAGG AGAGAGAAAA AGAGATCTCT  
ASA8         CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
TVDOacon     CAATTCATCG GATATCCCAT CAAACTATTG GTTCAAAAGG AAAGAGAAAA AGAGGTCTCC  
TVDObcon     CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
MNCB11       CAATTCATCG GTTATCCCAT TAAACTCTTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
MNCB15       CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAgTCTcT  
MNCB16       CAATTCATCG GATATCCCAT CAAACTATTG GTTCAAAAGG AAAGAGAAAA AGAGGTCTCC  
MNNG11       CAATTCATCG GATATCCGAT CAAACTTGTC GTTCAAAAGG AAAGAGAAAA AGAGATCTCA  
MNNG16       CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
MPA2         CAGTTCATCG GATACCCAAT CAAACTACTc GTGCAgAAGG AACgCGAGAA GGAGGTGTCC  
MPA3         CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
PYCHA4       CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
PYCHA6       CAATTCATCG GATATCCAAT CAAACTATTG GTCCAAAAGG AGAGGGAAAA AGAGGTCTCA  
PPKWX1       CAGTTCATCG GATACCCAAT CAAACTACTC GTGCAGAAGG AACGCGAGAA GGAGGTGTCC  
PPKWX2       CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
PPKWY1       CGATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTCTCT  
PPKWY2       CAGTTCATCG GGTATCCCAT CAAACTCGTG GTTCAAAAGG AAAGAGAGAA AGAGATCTCT  
PPKA2        CAATTCATCG GTTATCCCAT TAAACTATTG GTTCAGAAAG AGAGAGAAAA AGAAGTcTCT  
PPKA1        CAATTCATCG GATATCCAAT CAAACTATTG GTCCAAAAGG AGAGGGAAAA AGAGGTCTCA  
SM16         CAGTTCATCG GGTATCCCAT CAAACTCGTG GTTCAAAAGG AAAGAGAGAA AGAGATCTcT  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                305        315        325        335        345        355                
ASA1         GATGACGAGG AAGAGAAGGA AGAA------ ---GAGAAAA AGGATGAAAC TGAGGAGAAA  
ASA7         GATGACGAGG AAGAGAAGGA AGAGAAGGAA GAAGAGAAAA AGGATGAAAC TGAGGAGAAA  
ASA8         GATGACGAAG AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
TVDOacon     GATGACGAGG AGGACAAAGA AGAA------ ---------G ATAAGAAAGA AGcCGCCGAA  
TVDObcon     GATGACGAAG AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
MNCB11       GATGACGGAG AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
MNCB15       GTTGACGAAC AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
MNCB16       GATGACGAGG AGGACAAAGA AGAA------ ---------G ATAAGAAAGA AGACgACgAA  
MNNG11       GACGACGAGG AAGACAAAGA AGAAGCCAAA GAAGATAAAG AAGACAAGAT CGAAGATGAA  
MNNG16       GATGACGAAG AAGACAAAGA GGAG------ ---GAGAAAA CTGAAGAAAA GAGTGAGGAA  
MPA2         GACgACgAGG AGGAAGAGGC GAAG------ ---------G ACGAGAAGAA AGACgAGGAG  
MPA3         GATGACGAAG AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
PYCHA4       GATGACGAAG AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
PYCHA6       GACGACGAGG AAGAGAAAGA AGAG------ ---------G ACAAGAAAGA GGACGAAGAG  
PPKWX1       GACGACGAGG AGGAAGAGGC GAAG------ ---------G ACGAGAAGAA AGACGAGGAG  
PPKWX2       GATGACGAAG AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
PPKWY1       GATGACGAAC AAGACAAAGA GGAG------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
PPKWY2       GATGACGAAg AAgAGAAGGA AGAG------ ---GAGAAAA AAGATGAAAC CGAGGAAAAG  
PPKA2        GATGACGAAG AAGACAAAGA GGAA------ ---GAGAAGA CTGAAGAAAA GAGTGAGGAA  
PPKA1        GACGACGAGG AAGAGAAAGA AGAG------ ---------G ACAAGAAAGA GGACGAAGAG  
SM16         GATGACgAAG AAGAGAAGGA AGAG------ ---GAGAAAA AAGATGAAAC CGAGGAAAAG  
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             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                365        375        385        395        405        415                
ASA1         GAGAAGACCG AAGAG----- ----AATGAA GACGAGCCGA AAGTAGAGGA CGTGGAAGAC  
ASA7         GAGAAGACCG AAGAG----- ----AATGAA GACGAGCCGA AAGTAGAGGA CGTGGAAGAC  
ASA8         AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
TVDOacon     AAGAAAGAAG AGAAAGAGGG CGGAGACGAA GACGAACCCA AAGTTGAAGA CGTCGAGGAT  
TVDObcon     AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
MNCB11       AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
MNCB15       AATAAGACCG AAGAAGAGAA GATTGATGAA GACgAACCTA AAGTTGAAGA CGTCGAGGAC  
MNCB16       AAGAAAGAAG AGAAAGAGGG CGGAGACGAA GACGAACCCA AAGTTGAAGA CGTCgAGGAT  
MNNG11       GACAAGACCG AAGAGAAGAA AGAAGAGGGC GACGAGCCTA AGGTCGAAGA CGTCGAGGAC  
MNNG16       AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
MPA2         AAGAAGGAGT cC---GAAGG CGGCGATgAG GACGAGCCGA AGGTcgAGGA CGTGGAGGAC  
MPA3         AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
PYCHA4       AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
PYCHA6       AAGAAAGAGG ACAAAGAGGG CGGAGATGAA GACGAACCCA AAGTAGAAGA CGTCGAAGAC  
PPKWX1       AAGAAGGAGT CC---GAAGG CGGCGATGAG GACGAGCCGA AGGTCGAGGA CGCGGAGGAC  
PPKWX2       AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
PPKWY1       AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
PPKWY2       GAGAAAACCG AAGAG----- ----AATGAA GACCAACCGA AAGTCGAGGA CGTGGAGGAC  
PPKA2        AATAAGACCG AAGAAGAGAA GATTGATGAA GACGAACCTA AAGTTGAAGA CGTCGAGGAC  
PPKA1        AAGAAAGAGG ACAAAGAGGG CGGAGATGAA GACGAACCCA AAGTAGAAGA CGTCGAAGAC  
SM16         GAGAAAACCG AAGAG----- ----AATGAA GACgAACCGA AAGTCGAGGA CGTGGAGGAC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                425        435        445        455        465        475                
ASA1         TCTGAGGATA AGAAAGaCaA AAAGAAAAAG AAGAAAATAA AGGAAAAGTA TGTCGAAGAC  
ASA7         TCTGAGGATA AGAAAGACAA AAAGAAAAAG AAGAAAATaA AGGAAAAGTA TGTCGAAGAC  
ASA8         TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
TVDOacon     TCAGAGGAAA AGAAAGACAA AAAGAAAAAG AAGAAAATTA AGGAAAAGTA TGTCGAAGAC  
TVDObcon     TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
MNCB11       TCCGAAGATA AGAAAGACAA GAAAGAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
MNCB15       TCCGAAGATa AGAAAGACaa GAAGAAGAAG AAAAAAATTC AGGAAAAGTa TGTCGAAGAC  
MNCB16       TCAGAGGAAA AGAAAGACAA AAAGAAGAAG AAGAAAATTA AGGAAAAGTA TGTCGAAGAC  
MNNG11       TCTGAAGATA AGAAAGAC-- -AAGAAAAAG AAGAAAATTA AGGAAAAGTA TGTCGAAGAC  
MNNG16       TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
MPA2         TCGGACGAGA AGAAAGACAA AAAGAAAAAG AAGAAAATaA AGGAGACGTa CGTcGAGGAC  
MPA3         TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
PYCHA4       TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
PYCHA6       TCTGACGAAA AGAAGGATAA GAAGAAGAAG AAgAAGATTA AGGAAAAGTA CGTCGAAGAC  
PPKWX1       TCGGACGAGA AGAAAGACAA AAAGAAAAAG AAGAAAATAA AGGAGACGTA CGTCGAGGAC  
PPKWX2       TCCGAAGATA AGAAAGACGA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
PPKWY1       TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTA TGTCGAAGAC  
PPKWY2       TCGGAAGACA AGAAAGACAA AAAGAAAAAG AAGAAAATAA AGGAAAAGTA TGTGGAGGAC  
PPKA2        TCCGAAGATA AGAAAGACAA GAAAAAGAAG AAAAAAATTA AGGAAAAGTa TGTCgAAGAC  
PPKA1        TCTGACGAAA AGAAGGATAA GAAGAAGAAG AAGAAGATTA AGGAAAAGTA CGTCGAAGAC  
SM16         TCGGAAGACA AGAAAGACAA AAAGAAAAAG AAGAAAATAA AGGAAAAGTa TGTGGAGGAC  
 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                485        495        505        515        525        535                
ASA1         GAAGAACTGA ACAAAACGAA ACCGATTTGG ATGCGAAACC CCGATGACAT CACTCAAGAA  
ASA7         GAAGAACTGA ACAAAACGAA ACCGATTTGG ATGCGAAACC CCGATGACAT CACTCAAGAA  
ASA8         GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
TVDOacon     GAAGAACTTA ACAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
TVDObcon     GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
MNCB11       GAAGAGCTCA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
MNCB15       GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACaT CACTCAAGAA  
MNCB16       GAAGAACTTA ACAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
MNNG11       GAAGAACTAA ACAAAACAAA ACCAATTTGG ATGAGAAATC CAGACGATAT CACTCAAGAA  
MNNG16       GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
MPA2         gAGGAGCTGA ATAAGACTAA GCCGTTATGG ATGCGCAACC CCGACGACAT cACTcAGGAA  
MPA3         GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAC CACTCAAGAA  
PYCHA4       GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
PYCHA6       GAAGAGCTGA ACAAAACGAA ACCAATTTGG ATGAGAAATC CGGATGACAT CACTCAAGAA  
PPKWX1       GAGGAGCTGA ATAAGACTAA GCCGTTATGG ATGCGCAACC CCGACGACAT CACTCAGGAA  
PPKWX2       GGAGAGCTGA ATAGAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CAAC------  
PPKWY1       GAAGAGCTGA ATAAAACTAA ACCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
PPKWY2       GAAgAATTGA ACAAAACGAA ACCAATTTGG ATGCGAAATC CCGATGACAT CACTCAAGAA  
PPKA2        GAAGAGCTGA ATAAAACTAA aCCCATTTGG ATGAGAAATC CCGATGACAT CACTCAAGAA  
PPKA1        GAAGAGCTGA ACAAAACGAA ACCAATTTGG ATGAGAAATC CGGATGACAT CACTCAAGAA  
SM16         GAAGAATTGA ACAAAACGAA ACCAATTTGG ATGCGAAATC CCGATGACAT CACTCAAGAA  
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             ....|....| ....| 
                545        555  
ASA1         gAGTATGGAG AATTC 
ASA7         GAGTATGGAG AATTC 
ASA8         GAATACGGAG AATTC 
TVDOacon     GAATACGGAG AATTC 
TVDObcon     GAATACGGAG AATTC 
MNCB11       GAATACGGCG AATTC 
MNCB15       GAATACGGAG AATTC 
MNCB16       GAATACGGAG AATTC 
MNNG11       GAATACGGAG AATTC 
MNNG16       GAATACGGAG AaTTC 
MPA2         GAGTaCgGcG AGTTC 
MPA3         GAATACGGAG AATTC 
PYCHA4       GAATACGGAG AATTC 
PYCHA6       GAATACGGAG AATTC 
PPKWX1       GAGTACGGCG AGTTT 
PPKWX2       ------GGAG AATTC 
PPKWY1       GAATACGGAG AATTC 
PPKWY2       GAGTACGGCG AGTTC 
PPKA2        GAATACGGAG AATTC 
PPKA1        GAATACGGAG AATTC 
SM16         GAGTACGGCG AGTTC 
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Alignment of amino acid sequences used for testing of contaminations. 

For AN, see Table 3.2 and 3.3. 

 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
                 5          15         25         35         45         55         65                         
M57385       FGVGFYSAYL VADKVTVVSK NNADD---QY VWESTASGHF TVKKDDSHEP --LKRGTRLI LHLK-----E  
AF136649     FGVGFYSAYL VADKVTVVSK NNNDD---QY VWESNASGHF TVTKDESEDQ --LKRGTRLI LHLK-----D  
AF042329     FGVGFYSAYL VADSVTVVSK HNDDE---QY VWESAAGGSF TVQKDDKYEP --LGRGTRII LHLK-----E  
AF421541     FGVGFYSGYL VADKIRVVSK HNDDE---QY VWESGAGGSF TVQKDTEMVH GEIKRGTKII CYLK-----E  
X14167       FGVGFYSAYL VADRVTVVSK NNEDD---AY TWESSAGGTF TVTSTP---D CDLKRGTRIV LHLK-----E  
X87770       FGVGFYSAYL VADRVTVTSK NNSDE---SY VWESSACGTF TITSTP---E SDMKRGTRIT LHLK-----E  
AF151114     FGVGFYSAYL VAEKVEVISK SNDDES--QW RWESSAGGTF TVVNDDENPE -KLTRGTKII LHMK-----N  
PPKWX2       FGVGFYSAYL IADRVTVTSR HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
TVDObcon     FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
PPKA2        FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
MPA3         FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
ASA8         FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
MNNG16       FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
PYCHA4       FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
MNCB15       FGVGFYSAYL IADRVTVTSK HNDDE---QC VWESSAGGSF TIRTDATGEP --LGRGTEIV LHLK-----E  
PPKWY1       FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDATGEP --LGRGTKIV LHLK-----E  
MNCB11       FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSL TIRTDATGEP --LGRGTKIV LHLK-----E  
MNNG11       FGVGFYSAYL IADRVTVTSK HNDDE---QY VWESSAGGSF TIRTDNS-EP --LGRGTKIV LLLK-----E  
TVDOacon     FGVGFYSAYL IADKVTVHSK HNDDE---QY VWESSAGGSF TIKPDVEGEP --LGRGTKII LHLK-----E  
MNCB16       FGVGFYSAYL IADKVTVHSK HNDDE---QY VWESSAGGSF TIKPDVEGEP --LGRGTKII LHLK-----E  
PYCHA6       FGVGFYSAYL IADKVTVYSK HNDDE---QY VWGSSAGGSF TIKPDN-TGP --LGRGTKII LHLK-----E  
PPKA1        FGVGFYSAYL IADKVTVYSK HNDDE---QY VWESSAGGSF TIKPDN-TEP --LGRGTKII LHLK-----E  
MPA2         FGVGFYSAYL IADKVVVTSK HNDDE---QY VWESSAGGSF TIRADN-TEP --LGRGTKIV LHLK-----E  
PPKWX1       FGVGFYSAYL IADKVVVTSK HNDDE---QY VWESSAGGSF TIRADN-TEP --LGRGTKIV LHLK-----E  
ASA1         FGVGFYSAYL VADRVVVHSK HNDDE---QY VWESSAGGSF TIRVDS-GES --LGRGTKII LFLK-----E  
ASA7         FGVGFYSAYL VADRVVVHSK HNDDE---QY VWESSAGGSF TIRVDS-GES --LGRGTKII LFLK-----E  
PPKWY2       FGVGFYSAYL IADRVVVHSK HNDHE---QY VWESAAGGSF TIRVDT-GES --LGRGTKIV LHLK-----E  
SM16         FGVGFYSAYL IADRVVVHSK HNDDE---QY VWESAAGGSF TIRVDT-GES --LGRGTKIV LHLK-----E  
AF261773     FGVGFYSAYL VADKVTVTSK HNDDE---QY IWESSAGGSF TVKPDS-SEP --LGRGTKIV LYIK-----E  
U57473       FGVGFYSAYL VADKVTVTSK NNDDE---QY VWESSAGGSF TVRADN-SEP --LGRGTKIV LYIK-----E  
AB060275     FGVGFYSSYL VADRVTVHSK HNDDE---QY VWESSAGGSF TVRPDS-GEP --LGRGTKIV LHVK-----E  
AF254880     FGVGFYSCYL VADRVTVHSK HNDDE---QY MWESSAGGSF TVRPDP-GEP --LGRGTKIV LHIK-----E  
L47285       FGVGFYSAYL VADKVVVTSK NNDDE---QY VWESSAGGSF TVRADS-GEP --LGRGTKIV LHIK-----E  
AB043677     FGVGFYSAYL VAEKVTVITK HNDDE---QY AWESSAGGSF TVRTDT-GEP --MGRGTKVI LHLK-----E  
AJ428213     FGVGFYSAYL VAEKVTVITK HNDDE---QY AWESSAGGSF TVRTDT-GEP --MGRGTKVI LHLK-----E  
U94395       FGVGFYSAYL VAEKVTVITK HNDDE---QY AWESSAGGSF TVRTDT-GEP --MGRGTKVI LHLK-----E  
NM_131310    FGVGFYSAYL VAEKVTVITK HNDDE---QY AWESSAGGSF TVKVDH-GEP --IGRGTKVI LHLK-----E  
AF135117     FGVGFYSAYL VAERVTVITK HNDDE---QY IWESSAGGSF TVKVDT-GEP --MLRGTKVI LHMK-----E  
U89945       FGVGFYSAYL VAERVTVITK HNDDE---QY IWESAAGGSF TVKVDT-GES --IGRGTRVI LHMK-----E  
AF461150     FGVGFYSAFL VADRVTVTSK HNDDD---CY QWESSAGGSF IIRNCADPE- --VTRGTKIV LHLK-----E  
AF201338     FGVGFYSAFL VADRVTVTSK HNDDD---CH QWESSAGGSF IIRNCVDPE- --MTRGTKIT LYLK-----E  
AJ005784     FGAGFYSAFL VADKVVVASK HNDDD---CY QWESSAGGSF IIRQVNDPE- --LTRGTKIT LYIK-----E  
AF250004     FGVGFYSSYL VSDKVIVTSK HNDDE---QY VWESSAGGSF TIKRDTTGEP --LGRGTKIV MYMK-----E  
AF249999     FGVGFYSCYL VADKVVVTSK NNDDE---QY IWESSAGGSF TIKRDTTGEP --IGRGTKIV MYLK-----E  
AF375826     FGVGFYSCYL VADKVTVTSK HNDDE---QY IWESSAGGNF SVSIDKHGER --LGRGTKVT LYMK-----E  
AF251005     FGVGFYSLFL VADHVQVVSK HNDDE---QY IWESNAGGKF TVTLDETNER --LGRGTMLR LFLK-----E  
NC_001148    FGVGFYSLFL VADRVQVISK SNDDE---QY IWESNAGGSF TVTLDEVNER --IGRGTILR LFLK-----D  
NC_003424    FGVGFYSAYL VADKVQVVSK HNDDE---QY IWESSAGGSF TVTLDTDGPR --LLRGTEIR LFMK-----E  
M55629       FGVGFYSAYL VADKVTVISK SNDDE---QY IWESNAGGTF KVTQDDDGRA --IGRGTKMI LHLK-----D  
S59780       FGVGFYSAYL VADRVMVTTK HNDDE---QY VWESQAGGSF TVTHDTTGEQ --LGRGTKIT LFLK-----D  
M99431       FGVGFYSAYL VAEKVIVTTK HNDDE---QY IWESQAGGSF TVTRDVDGEQ --LGRGTKIT LFLK-----E  
NM_124983    FGVGFYSAYL VADKVVVTTK HNDDE---QY VWESQAGGSF TVTRDTSGEA --LGRGTKMV LYLK-----E  
U01153DogE   FGVGFYSAFL VADKVIVTSK HNNDT---QH IWESDSN-EF SVIADPRGNT --LGRGTTIT LVLK-----E  
X76301PigE   FGVGFYSAFL VADKVIVTSK HNNDT---QH IWESDSN-EF SVIADPRGNT --LGRGTTIT LVLK-----E  
L14594Plan   FGVGFYSVYL VPDYVEVISK HNDDK---QY IWESKADGAF AISEDVWNEP --LGRGTEIR LHLR-----D  
NC_004741    FGVGFYSAFI VADKVTVRTR AAGEKPENGV FWESAGEGEY TVADITKEDR -----GTEIT LHLR-----E  
NC_002655    FGVGFYSAFI VADKVTVRTR AAGEKPENGV FWESAGEGEY TVADITKEDR -----GTEIT LHLR-----E  
NC_003197    FGVGFYSAFI VADKVTVRTR AAGDKPENGV FWESAGEGEY TVADITKNDR -----GTEIT LHLR-----E  
NC_002947    FGVGFYSAFI VADKVDVYSR RAGQPAAEGV HWSSKGEGEF EVATIDKPQR -----GTRIV LHLK-----K  
NC001318     FGVGFYSAFI VSEKVEVTSK KALES--DAY IWSSDGKTGY EIEKAKKEES -----GTEIK LYLN-----K  
NC_002163    FGVGFYSAFM VASKIEVLSK KALDD--KAY LWSSDAN-GY EIDDANKEEQ -----GTSIT LYLK-----D  
NC_002677    FGIGFYSSFM VANKVELLTR KAGET--AAT RWSSDGEATY TIESVDEAPQ -----GTSVT LHLKPEDFED  
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M57385       DQTEYLEERR LKELVKKHSE FISFPISLSV EKTQETEVTD DEAELDEDKK PEEEK---PK DDKVEDVTDE  
AF136649     DQSEYLEERR LKELVKKHSE FISFPIRLSV EKTTETEVTD DEAEPTEAES KPEEK---IT DVTEEEEEKE  
AF042329     DQGEYLEERR LKDLVKKHSE FISFPIELAV EKTHEREVTE SEDEEEKKAD EKAEE---KE GEEKKEGEEK  
AF421541     DQSEFLEERR LKDLVKKHSE FIGFPIELYV EKSKEKEVTD SEEDEEDEKK KEEGA---EG DEPKIEEVDE  
X14167       DQQEYLEERR LKDLIKKHSE FIGYDIELMV ENTTEKEVTD EDEDEEAAKK AEEGE---EP KVEEVKDGVD  
X87770       DQMEYLEPRR LKELIKKHSE FIGYDIELMV EKTTEKEVTD EDE--EDTKK ADEDE---EP KVEEVRE--G  
AF151114     DNLEFLEERR IKDLIKKHSE FIAFPIELQV EKTEEKEETD EEDEEKEKED KEKTD---EP EIKEETEKKD  
PPKWX2       DQLEYAEEKR IKEIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
TVDObcon     DQLEYAEEKR IKEIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
PPKA2        DQLEYAEEKR IKEIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
MPA3         DQLEYAEEKR IKEIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
ASA8         DQLEYAEEKR IKEIVKKHSR FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
MNNG16       DQLEYAEEKR IKEIVKKHSR FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
PYCHA4       DQLEYAEEKR IKEIVKKHSR FIGYPIKLLV QKEREKEVSD DEEDKEEEKT EEKS---EEN KTEEEKIDED  
MNCB15       DQLEYAEEKR IKEIVKKHSQ FIGYPIKLLV QKEREKEVSV DEQDKEEEKT EEKS---EEN KTEEEKIDED  
PPKWY1       DQLEYAEEKR IKEIVKKHSR FIGYPIKLLV QKEREKEVSD DEQDKEEEKT EEKS---EEN KTEEEKIDED  
MNCB11       DQLEYAEEKR IKDIVKKHSQ FIGYPIKLLV QKEREKEVSD DGEDKEEEKT EEKS---EEN KTEEEKIDED  
MNNG11       DQLEYAEEKR IKEIVKKHSQ FIGYPIKLVV QKEREKEISD DEEDKEEAKE DKEDKIEDED KTEEKKEEGD  
TVDOacon     DQLEYSEEKR IKDVVKRHSQ FIGYPIKLLV QKEREKEVSD DEEDKEEDKK EAAE-----K KEEKEGGDED  
MNCB16       DQLGYSEEKR IKDIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEDKEEDKK EDDE-----K KEEKEGGDED  
PYCHA6       DQLEYSEEKR IKDIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEEKEEDKK EDEE-----K KEDKEGGDED  
PPKA1        DQLEYSEEKR IKDIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEEKEEDKK EDEE-----K KEDKEGGDED  
MPA2         DQLEYAEEKR IKEIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEEEAKDEK KDEE-----K KES-EGGDED  
PPKWX1       DQLEYAEEKR IREIVKKHSQ FIGYPIKLLV QKEREKEVSD DEEEEAKDEK KDEE-----K KES-EGGDED  
ASA1         DQLDYTEERR IKDIVKKHSQ FIGYPIKLLV QKEREKEISD DEEEKEE--- EKKDE---TE EKEKTEENED  
ASA7         DQLDYTEERR IKDIVKKHSQ FIGYPIKLLV QKEREKEISD DEEEKEEKEE EKKDE---TE EKEKTEENED  
PPKWY2       DQLDYTEERR IKDIVKKHSQ FIGYPIKLVV QKEREKEISD DEEEKEE--- EKKDE---TE EKEKTEENED  
SM16         DQLDYTEERR IKDIVKKHSQ FIGYPIKLVV QKEREKEISD DEEEKEE--- EKKDE---TE EKEKTEENED  
AF261773     DQTEYLEESK IKEIVNKHSQ FIGYPIKLLV QKERDQEVSD DEAEEEKKE- ---------- --MDTDEPKI  
U57473       DQTDYLEESK IKEIVNKHSQ FIGYPIKLLV EKEREKEVSD DEADDEKKEG DEKE------ --METDEPKI  
AB060275     DLAEFMEEHK IKEIVKKHSQ FIGYPIKLMV EKEREKELSD DEAEEEKKEE E--------- ----DEKPKI  
AF254880     DLTEYLEEHK IKEIVKKHSQ FIGYPIKLMV EKEREKELSD DEAEEEKKED EK-------- ---EDDKPKI  
L47285       DQLEYLEESK IKQIVNKHSQ FIGYPIKLLV EKEREKEVSD DEAEDDKKEE KK-------- ----EEDKKD  
AB043677     DQTEYLEERR IKEIVKKHSQ FIGYPITLFV EKERDKEVSD DEAEEKEDKE EEKEK---EE KESDDKPEIE  
AJ428213     DQTEYLEERR IKEIVKKHSQ FIGYPITLFV EKERDKEVSD DEAEEKEEKE EEKEK---EE KESDDKPEIE  
U94395       DQTEYLEERR IKEIVKKHSQ FIGYPITLFV EKERDKEVSD DEAEEKEDKE EEKEK---EE KESEDKPEIE  
NM_131310    DQTEYIEEKR VKEVVKKHSQ FIGYPITLYV EKERDKEISD DEA---EEEK AEKEE---KE EEGEDKPKIE  
AF135117     DQTEYVEEKR VKEVVKKHSQ FIGYPITLFV EKEREKEISD D-----EEEK AEEEK---EE KEAEDKPKIE  
U89945       DQFEYCEEKR VKEVVKKHSQ FIGYPITLFV EKSREKEVDL EEG---EKDE EADKD---SA AEDQDKPKIE  
AF461150     DQTDYLEERR VREVVKKHPQ FIGYPIKLLV EKERDKEISD DEAEEEKK-- ----E-DEAK EEEKKPEDDV  
AF201338     DQTDYLEERR IREVVKKHSQ FIGYPIKLLV EKERDKEISD DEAEDEKKDV KKEEE-KEEE KEIKKEEGED  
AJ005784     DQTDYLEERR IKEIVKKHSQ FIGYPIKLTV EKERDKEVSD DEAEEEKK-- ---------- DEDKEKKEGE  
AF250004     DQTEYLEERR LKEVVKKHSQ FIGYPIKLLV EKERDKEISD DEAEDEKK-- KTETK-DEDD TKKDAAKVEE  
AF249999     DQTEYLEEKR IKEVIKKHSQ FIGYPIKLLV EKERDKEISD DEAEDEKD-- KKEK--DEDE TKKDEAKVEE  
AF375826     DQLEFLEERK IKEIVKKHSQ FIGYPIKLVM QKEREKEVSD DEEEKKEEEM EVEKK----- -DEDKEKVDV  
AF251005     DQLEYLEEKR IIEVVKKHSE FVAYPIQLVV TKEVEKEVPE EETLAEDEDK ----A----- ---TGEDDKK  
NC_001148    DQLEYLEEKR IKEVIKRHSE FVAYPIQLVV TKEVEKEVPI PEEEKKDEEK KDEEK----- ---KDEDDKK  
NC_003424    DQLQYLEEKT IKDTVKKHSE FISYPIQLVV TREVEKEVPE EEETEEVKNE ---------- -----EDDKA  
M55629       EQTEYLNESK IKEVVKKQSE FIFYPIYLHV LKENEKEVPD EDAEEVKEDG ---------- ------DDKA  
S59780       DQLEYLEERR LKDLVKKHSE FISYPIYLWT EKTTEKEISD DEEEEDNKKE EEGD------ ----------  
M99431       DQLEYLEERR IKDLVKKHSE FISYPIYLWT EKTTEKEISD DEDDEP-KKE EEGD------ ----------  
NM_124983    DQMEYIEERR LKDLVKKHSE FISYPISLWI EKTIEKEISD DEEEEE-KKD EEGK------ ----------  
U01153DogE   EASDYLELDT IKNLVKKYSQ FINFPIYVWS SKTETVEEPM EEEEAAKEEK EDSD------ ----------  
X76301PigE   EASDYLELDT IKNLVKKYSQ FINFPIYVWS SKTETVEEPM EEEEAAKEEK EESD------ ----------  
L14594Plan   EAQEYLDEFK LKELVKRYSE FINFPIYLWA SKEVEVEVPA EEDDSSDDED NKSES----- -------SSS  
NC_004741    GEDEFLDDWR VRSIISKYSD HIALPVEIEK R--------- ---------- ---------- ----------  
NC_002655    GEDEFLDDWR VRSIISKYSD HIALPVEIEK R--------- ---------- ---------- ----------  
NC_003197    GEDEFLDDWR VRSIISKYSD HIALPVEIEK R--------- ---------- ---------- ----------  
NC_002947    DEQEFADGWR LRNVVKKYSD HIALPIQLPK EQA------- ---------- ---------- ----------  
NC001318     EGLEYANKWK IQEIIKKYSN HINYPIYIKY SEP-IMK--- ---------- ---------- ----------  
NC_002163    D--EFANAYK IESIIEKYSN HIQFPIFMEK EEFTPAK--- ---------- ---------- ----------  
NC_002677    ELHDYTSEWK IRELVKKYSD FIAWPIRMEV ERRAPAT--- ---------- ---------- ----------  
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M57385       KVTDVTDEEE KKEEKKKKKR KVTNVTREWE MLNKQKPIWM RLPSEVTNEE YAAF 
AF136649     KEAEKDGEE- ---KTEKKKR KVTNVTREWE MLNKQKPIWM RLPTEVTNEE YASF 
AF042329     KEGEEEKKE- ----KTGKTK KVQEVTREWE QLNKQKPLWM RKPEEVTEEE YASF 
AF421541     EKEKEEKKK- -------KTK KVKEVSHEWE QLNKNKPLWM RKSEDVTNEE YASF 
X14167       ADAKK----- ------KKTK KVKEVKQEFV VQNKHKPLWT RDPKDVTKEE YASF 
X87770       DEGEK----- ------KKTK KVKEVTKEYE VQNKHKPLWT RDPKDVTKEE YAAF 
AF151114     KKKKK----- ---------- -VKVVHTEFE EQNKNKPLWM RKPEEITKEE YVNF 
PPKWX2       EPKVEDVEDS EDKKDEKKKK KIKEKYVEDG ELNRTKPIWM RNPDDIN--- -GEF 
TVDObcon     EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
PPKA2        EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MPA3         EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDTTQEE YGEF 
ASA8         EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MNNG16       EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
PYCHA4       EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MNCB15       EPKVEDVEDS EDKKDKKKKK KIQEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
PPKWY1       EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MNCB11       EPKVEDVEDS EDKKDKKEKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MNNG11       EPKVEDVEDS EDKKD-KKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
TVDOacon     EPKVEDVEDS EEKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MNCB16       EPKVEDVEDS EEKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
PYCHA6       EPKVEDVEDS DEKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
PPKA1        EPKVEDVEDS DEKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
MPA2         EPKVEDVEDS DEKKDKKKKK KIKETYVEDE ELNKTKPLWM RNPDDITQEE YGEF 
PPKWX1       EPKVEDAEDS DEKKDKKKKK KIKETYVEDE ELNKTKPLWM RNPDDITQEE YGEF 
ASA1         EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
ASA7         EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
PPKWY2       QPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
SM16         EPKVEDVEDS EDKKDKKKKK KIKEKYVEDE ELNKTKPIWM RNPDDITQEE YGEF 
AF261773     EDVGEDEDAD KKDKDGKKKK TIKVAYTEDE ELNKTKPIWT RNPDDITQAE YGDF 
U57473       EDVGEDEDAD KKDKDAKKKK TIKEKYTEDE ELNKTKPIWT RNPDDISQEE YGEF 
AB060275     EDVGEDEDED KKDTK-KKKK TIKEKYTEDE ELNKTKPIWT RNADDITQDE YGDF 
AF254880     EDVGEDDEED KKDKK-KKK- TIKEKYTEDE ELNKTKPIWT RNADDITQEE YGDF 
L47285       DEPKLEDAED DDDKKDKKKK TVKVKYTEDE ELNKTKPIWT RNADDISQEE YGEF 
AB043677     DVGSDEEEEE KKDGDKKKKK KIKEKYIDQE ELNKTKPIWT RNPDDITNEE YGEF 
AJ428213     DVGSDEEEEE KKDGDKKKKK KIKEKYIDQE ELNKTKPIWT RNPDDITNEE YGEF 
U94395       DVGSDEEEEE KKDGDKKKKK KIKEKYIDQE ELNKTKPIWT RNPDDITNEE YGEF 
NM_131310    DVGSDDEED- TKDKDKKKKK KIKEKYIDQE ELNKTKPIWT RNPDDISNEE YGEF 
AF135117     DVGSDDEED- SKDKDKKKTK KIKEKYIDQE ELNKTKPIWT RNPDDITMEE YGEF 
U89945       DVGSDEDED- TKDSKNKRKK KVKEKYIDAE ELNKTKPIWT RNPDDITNEE YGEF 
AF461150     SDDEAEKKKE EGDKKKKKTK KIKEKYTEDE ELNKTKPIWT RNPDDISNEE YAEF 
AF201338     KEGEDEDKDK KDGEKKKKTK KIKEKYTEDE ELNKTKPIWT RNPDDITNEE YAEF 
AJ005784     IEDVGEDEEE DKKDKDKKKK KIKEKYHEDE ELNKTKPIWT RNPDDISNEE YAEF 
AF250004     VEDDDDDDDK KNDKDKKKKK KIKEKYIDEE ELNKQKPIWT RNPEDISTEE YAEF 
AF249999     VEDDDDDD-K KKDTDKKKKK KIKEKYTDEE ELNKQKPIWT RNPEDISTEE YAEF 
AF375826     EEVSDESDDE NKDKEKKKKK KIKEKYIDEE ELNKTKPIWT RNPEDIKHEE YAEF 
AF251005     PKLEEVK-DE EEETKEKKTK KIKEEVTETE ELNKTKPLWT RNPSDITQEE YNAF 
NC_001148    PKLEEVD-EE EE--KKPKTK KVKEEVQEIE ELNKTKPLWT RNPSDITQEE YNAF 
NC_003424    PKIEEVD-DE SEK-KEKKTK KVKETTTETE ELNKTKPIWT RNPSEVTKEE YASF 
M55629       PKVEEVDEDE EDKTKAKKTK KIKENKIEEE ELNKTKPIWT RNPADITQEE YASF 
S59780       -VEEVDDEDK DTKDKSKKKK KVKEVSHEWV QINKQKPIWL RKPEEITRDE YASF 
M99431       -IEEVDE--- DKEKEGKKKK KIKEVSHEWQ LINKQKPIWL RKPEEITKEE YASF 
NM_124983    -VEEVDE--- EKEKEEKKKK KIKEVSHEWD LVNKQKPIWM RKPEEINKEE YAAF 
U01153DogE   ---DEAAVEE EEEEKKPKTK KVEKTVWDWE LMNDIKPIWQ RPSKEVEDDE YKAF 
X76301PigE   ---DEAAVEE EEEEKKPKTK KVEKTVWDWE LMNDIKPIWQ RPSKEVEDDE YKAF 
L14594Plan   EEGEEEETEK EEDEKKPKTK KVKETTYEWE LLNDMKAIWL RNPKDVTDDE YTKF 
NC_004741    ---------- --------EE KDGETVISWA KINKAQALWT RNKSEITDEE YKEF 
NC_002655    ---------- --------EE KDGETVISWE KINKAQALWT RNKSEITDEE YKEF 
NC_003197    ---------- --------EE KDGETVISWE KINKAQALWT RNKSEIKDDE YNEF 
NC_002947    ---------- -------ATE GEEQPAEEWE TVNRASALWT RSRTEVKDEE YQEF 
NC001318     ---------- ---DG----K QEG-IEEKEE KLNETTALWT KNKSEIKAEE YNEF 
NC_002163    ---------- ---EG----E EEGKTELKIS QINKANALWR MQKSSLKAED YERF 
NC_002677    ---------- ---SDGEGAD GEEQVTIETQ TINSMKALWT KSKDEVSEDE YKEF 

 
 
 
 

 

 

 

 

 

 
77 



Chapter Four Inverted meiosis
 

 

 

 

 

 

 

 

 

Chapter Four 

 
An understanding of the nature and mechanisms of meiosis is basic to the 

analysis of many biological problems for while its causes are rooted to cell 

biology its consequences lie ultimately in evolution. 

Bernard John (1990) 

 
 
4. Genetic basis for inheritance in oribatid mites 
 
 
4.1. Origin and structure of chromosomes 

 

It has long been customary to divide organisms into two groups: the 

prokaryotes, whose DNA is located in the cytoplasm, and the eukaryotes, 

whose DNA is separated from the cytoplasm by a nuclear membrane. 

Eukaryotic chromosomes are linear, change from a diffuse to a highly 

condensed form during mitosis, chromosomal DNA has specialised ends 

(telomeres) and is usually packed into nucleosomes by histones. In 

contrast, prokaryotic chromosomes have been thought to lack these 

properties. These differences have been related to the presence or 

absence of a nuclear membrane (Bendich and Drlica 2000). However, 

recent studies suggest that the distinction between eukaryotic and 
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prokaryotic chromosome features are less straightforward, e.g. histone-

based DNA packing has been found in euryarcheotes (Sandman et al. 

1998; Li et al. 1999). In addition, some prokaryotic chromosomes undergo 

large movements similar to those found in eukaryotic mitosis (Margolin 

1998; Sharpe 1999). There are other exceptions to commonly held views 

on chromosome multiplicity, ploidy, linearity, heterochromatinisation, 

partitioning, and histone-based packing that chromosomal properties do 

not correlate well with the presence or absence of a nuclear membrane 

(Bendich and Drlica 2000).  

Evidence for a dichotomy between eukaryotes and prokaryotes comes 

from nucleosome-based packing (although it is absent in some 

eukaryotes; Sala-Rovira et al. 1991; Schreiner et al. 1995). In this 

dichotomy, some of the euryarcheotes are grouped with eukaryotes and 

are distinguished from non-nucleosomal cell types (Bendich and Drlica 

2000). This distinction also applies to the presence of histones in 

nucleosomal organisms (Sandman et al. 1998; Li et al. 1999). The 

presence of nucleosomal packing probably predates the evolution of a 

nuclear membrane and therefore represents a plesiomorphic character for 

eukaryotic organisms (Bendich and Drlica 2000). As indicated by 

chromosome structure, eukaryotic origin presumably was by symbiosis 

involving a euryarcheote as one of the symbionts (Lopez-Garcia et al. 

1999). Some prokaryotes contain a nucleoid bounded by a single (Fuerst 

et al. 1998) or a double bilayer membrane (Fuerst et al. 1991); however, it 

remains to be demonstrated unequivocally if these membranes represent 

homologies between prokaryotes and eukaryotes or convergent evolution 

(Bendich and Drlica 2000). 

The major DNA component of the eukaryotic cell is located in the nucleus 

and associated with basic histone proteins to form a molecular complex 

referred to as chromatin. This chromatin is organised into a series of 

subunits (nucleosomes), each of which contain a combination of 200 base 

pairs of DNA together with nine histone molecules (Matthews 1981). 

Collectively the nucleosomes are organised around a protein scaffold to 

form a system of two or more individual threads, the chromosomes, which 
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are highly diffused within the nucleus (John 1990). During cell divisions, 

the chromosomes are packed and undergo a movement along a spindle of 

microtubules. This movement is an active process involving kinetochores 

which usually are associated with the centromere region of the 

chromosome (Rieder 1982). According to the location of the centromere, 

chromosomes can be defined as metacentric, acrocentric, telocentric or, if 

no centromere structure exists, as acentric (=holocentric, holokinetic) 

(Figure 4.1). Acentric chromosomes have no localised centromere and the 

microtubules attach over the whole length of the chromosome during its 

movement, leading to the term holocentric. As not the centromere per se 

but the kinetochore is the functional part in the movement of the 

chromosome, holocentric chromosomes were termed holokinetic (John 

1990; Helle et al. 1984; Wrensch et al. 1994; Dernburg 2001). 

 

 

A B C DA B C D
 

 

Figure 4.1 
Different types of chromosomes. Black dots indicate centromeres: A. 
metacentric, B. acrocentric, C. telocentric, D. acentric (holocentric, 
holokinetic). Lines indicate attachment zones of the microtubules to the 
chromosome. 
 

 

Holokinetic systems are fundamentally different from monocentric ones 

(Evans and Pond 1964; John 1990; Wrensch et al. 1994). It is still not 

clear which type is ancestral to the other but it has been suggested that 
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monocentric chromosomes evolved from holokinetic ones (Wrensch et al. 

1994) and that centromeres derived from telomeric regions of holokinetic 

chromosomes (Holmquist and Dancis 1980; Stern and Hotta 1987). 

Telomeres are important features of linear chromosomes. They consist of 

repeated small G-rich sequences and form a small loop at the end. DNA-

polymerases act in one direction and they need a double stranded part of 

DNA to start polymerisation. Due to this end-replication problem, telomeric 

DNA is shortened as the cell divides (Watson 1972). In most eukaryotes, 

this shortening of telomeric DNA is compensated by the activity of an 

enzyme called telomere terminal transferase (telomerase) that synthezises 

telomeric DNA de novo (Blackburn 1992) but is strictly regulated to be 

inactive in many somatic cells (Harley et al. 1990). Certain proteins bind 

tightly to the folded back structure at the telomeric ends; these are thought 

to protect the ends of linear chromosomes from end-to-end fusion and 

exonucleolytic erosion (Blackburn 1991; Lodish et al. 1995; Ishikawa and 

Naito 1999). Although linear chromosomes are some burden for the cell, 

the linearity of chromosomes and the presence of telomeres seems to be 

an important precondition for sexual reproduction and meiosis (de Lange 

1998; Ishikawa and Naito 1999), since the movement and pairing of 

homologous chromosomes is based on the attachment of telomeres at the 

nuclear membrane (de Lange 1998). 

In the following, the origin of mitosis and meiosis will be discussed based 

on the behaviour of monocentric and holokinetic chromosomes in 

eukaryotic cells. 
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4.2. Mitosis in monocentric and holokinetic systems 

 

Conventionally, the life cycle of a eukaryote incorporates two principal 

phases of activity: development and growth on the one hand, and 

maturation and reproduction on the other (John 1990). In multicellular 

eukaryotes both phases of activity involve cell divisions. The reproduction 

of a cell is impossible without the duplication of the molecules out of which 

that cell is composed (John 1990). In the simplest and most common 

category of cell division the molecules are first multiplied and then 

separated into two identical daughter cells. This reproduction of the cell is 

termed mitosis (Greek, mitos: threads) based on the occurrence of 

chromosome threads within the nucleus at the outset of mitosis. 

Chromosomes are highly packed by higher order coiling of the primary 

chain of nucleosomes.  

In several unicellular eukaryotes mitosis serves as a form of reproduction, 

referred to as asexual. Mitosis is also the basis of vegetative propagation 

in multicellular eukaryotes (Suomalainen 1987; Hughes 1989; John 1990).  

Focussing on the chromosomes, mitosis involves two phases. During the 

phase of replication (synthetic or S phase) each chromosome is copied 

within the intact nuclear membrane and then consists of two identical 

sister threads (chromatids). Histone synthesis also occurs during S phase 

and is loosely coupled with DNA synthesis. Like DNA synthesis itself, the 

products of histone replication also segregate semi-conservatively 

(Matthews 1981). The second phase is the mitotic or M phase, when the 

sister chromatids of each condensed chromosome are separated 

accurately and equally into two nuclei (John 1990). This usually occurs in 

conjunction with the division of the cell itself. The separation of sister 

chromatids is due to their active movement along the spindle to opposite 

poles of the cell. In this movement the first substantial differences between 

monocentric and holokinetic chromosomes become obvious (Figure 4.2). 

Monocentric chromosomes are attached to a single spindle in the 

centromere region while holokinetic chromosomes have a number of 

active kinetochore regions. Therefore, chromosomal breaks are lost in 
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monocentric systems but can be restored in holokinetic systems. The 

mitotic phase can be subdivided in different stages (prophase, metaphase, 

anaphase and telophase). These stages are not distinct but they can be 

defined by chromosomal morphology (Griffiths et al. 1996).  
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Figure 4.2 

Schematic overview of the behaviour of monocentric (upper row) and 
holokinetic (lower row) chromosomes during mitosis. (A,B) Genotype of 
the diploid mother cell with 2n=4, black dots indicate centromeres in the 
upper row. (C,D) After replication of chromosomes and completion of the 
S phase, monocentric sister chromatids are attached at their centromere 
regions only, holokinetic sister chromatids are aligned over their whole 
length. (E,F) After orientation of chromosomes at the equatorial plate, 
monocentric chromosomes attach to the spindle by a single attachment 
located at the kinetochore in the centromere region. In holokinetic 
systems, spindles attach at various regions dispersed over the whole 
length of the chromosome. Holokinetic systems usually lack centrioles. 
(G, H) In anaphase, the divided sister chromatids move toward the poles. 
(I, J) The end of the telophase is also the end of the M phase. 
Independent from the presence of a centromere there are now two 
identical daughter cells in both monocentric and holokinetic systems. 
Nuclear membranes are not shown (after White 1973; John 1990; 
Wrensch et al. 1994; Lodish et al. 1995; Griffiths et al. 1996; Dernburg 
2001). 
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4.3. Meiosis in monocentric and holokinetic systems 

 

Meiosis is a basic process of most sexual eukaryotes, as it forms the basis 

of sexual reproduction (Solari 2002). In comparison to mitosis, where one 

cell is divided into two identical cells after a duplication of the 

chromosomes, meiosis consists of an additional division leading to four 

haploid instead of two diploid cells. Despite sex is present in the vast 

majority of eukaryotes, the origin of meiosis is still unknown. Presumably, 

meiosis evolved by adding an additional step to a mitotic cell division 

(Wrensch et al. 1994). Gessler and Xu (1999) also suggested that mitosis 

is ancestral to meiosis. While meiosis is inevitably linked with sexual 

reproduction and mitosis with asexual reproduction, a certain type of 

parthenogenesis includes meiosis (automoxis: Bell 1982; Suomalainen et 

al. 1987; Hughes 1989). In many automictic organisms the genome of the 

egg and one of the polar nuclei fuse although there are a number of 

alternative possibilities to restore diploidy (described in chapter 4.4). Often 

recombination is inhibited in automicts; in this case automixis may 

resemble apomixis (reproduction by mitosis; Lynch 1984). 

Meiosis is a collective term for different types and mechanisms (John 

1990). In “normal” meiosis the first of the two meiotic divisions is 

reductional and the second is equational. In “inverted” meiosis, the first 

division is equational and the second is reductional. The two types of 

meioses are also defined in respect to the orientation of bivalents: axial for 

normal meiosis and equatorial for inverted meiosis. 

It remains unclear if “normal” meiosis as documented in textbooks or 

inverted meiosis is ancestral. On the following pages, I will analyse meiotic 

features of holokinetic and monocentric chromosomes in normal and 

inverted meiosis and try to answers this question. 

 

Meiotic mechanisms in monocentric and holokinetic systems 

As documented above the behaviour of monocentric chromosomes is 

different from holokinetic chromosomes in mitosis. The differences are 

even more pronounced in meiosis as holokinetic chromosomes have the 
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potential to undergo an inverted meiosis, which is strikingly varying from 

normal meiosis (Figures 4.3 and 4.4).   

In normal meiosis, the first meiotic division (meiosis I) in reductional 

because homologous chromosomes (identical chromosomes with different 

parental origin) are separated and the two daughter cells are haploid after 

meiosis I. Sister chromatids are attached in their centromere region only, 

kinetic activity for the movement of the chromosome is restricted to 

kinetochores in the centromere region. In prophase I chiasmata occur 

leading to cross over and non-sister exchange of homologous 

chromosomes (=gene recombination, intrachromosomal recombination). 

Sister chromatids are separated in the second meiotic division leading to 

four haploid cells: one egg and three polar bodies in females or four sperm 

in males. Meiosis II is equational in normal meiosis because the ploidy 

number is unchanged after the second division. Due to the occurrence of 

gene recombination, the chromosomes in the four haploid cells differ from 

the parental chromosomes and from each other (John 1990). 

In inverted meiosis, the first division is equational because sister 

chromatids are separated and homologous chromosomes remain paired, 

leaving the ploidy number unchanged. The pairing of homologous 

chromosomes is by a single chiasma in the telomere region which does 

not lead to gene recombination in any other chromosomal regions 

(Wrensch et al. 1994). Due to the absence of gene recombination and the 

equational kind, meiosis I in inverted systems resembles mitosis. 

Homologous chromosomes are separated in meiosis II in inverted systems 

leading to four haploid cells (reductional division).  

The chromosomal composition after meiosis is different in monocentric 

and holokinetic systems. Both systems produce four haploid cells by 

meiosis where the assembly of the homologous paternal and maternal 

chromosomes is composed by chance (referred to as interchromosomal 

recombination). In monocentric systems, chromosomes underwent 

additional intrachromosomal recombination.  
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Figure 4.3 

Schematic overview of the first meiotic division in monocentric (upper row) 
and holokinetic systems (lower row). (A) After replication of the DNA sister 
chromatids are attached in their centromere regions. Homologous 
chromosomes are aligned. Chiasmata may occur in several regions 
leading to intrachromosomal recombination. (B) In holokinetic systems 
replicated chromosomes are associated in their telomeric regions by a 
terminalised chiasma. By the end of prophase I, homologous chromatids 
are connected in telomeric regions; sister chromatids have lost their 
connection. (C, E) In metaphase I of monocentric systems, sister 
chromatids remain paired and homologous chromosomes become 
separated by anaphase I. (D, F) In holokinetic systems, homologous 
chromatids remain paired in the first division while sister chromatids are 
separated by anaphase I. (G) In monocentric systems, the first meiotic 
division is reductional as the ploidy number after the initial replication is 
reduced. (H) The first meiotic division in inverted meiosis leads to two 
diploid cells and is therefore equational (after White 1973; John 1990; 
Wrensch et al. 1994; Lodish et al. 1995; Griffiths et al. 1996). 
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Figure 4.4 

Schematic overview of the second meiotic division in monocentric (upper 
row) and holokinetic systems (lower row). (A) After meiosis I in 
monocentric systems the two haploid cells undergo a second division 
without further DNA replication. (C, E) This cell division in meiosis II is 
equational in monocentric systems; sister chromatids are separated, as in 
mitosis and result in four haploid cells. (B) Holokinetic systems with 
inverted meiosis constitute two diploid cells after meiosis I containing one 
of each sister chromatids. (D, E) The second meiotic division is 
reductional. Here, homologous chromatids are separated resulting in four 
haploid cells. (E, F) As chiasmata are terminalised in holokinetic 
chromosomes there is no recombination of functional genes (after White 
1973; John 1990; Wrensch et al. 1994; Lodish et al. 1995; Griffiths et al. 
1996). 
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The success of sexual reproduction and meiosis is due to the ability to 

recombine the genomes of individuals in a way that makes selection more 

efficient (Rice and Chippindale 2001; see also chapter 1.3). Meiotic 

recombination is also responsible for a non-biased distribution of genes 

after meiosis and for preventing segregation distorters from acting (Ridley 

2000). 

As meiosis acts only in the germ line and produces haploid cells, a 

mechanism to restore diploidy in somatic cells of the offspring is 

necessary.  

 

The origin of meiosis 

To investigate the origin of meiosis organisms that are basal in the tree of 

eukaryotes have to be studied. It is remarkable that while sexual 

reproduction and meiosis are present in virtually all eukaryotes they are 

absent in archea and bacteria (Solari 2002). However, components of 

sexual reproduction and meiosis are present in archea and/or bacteria, 

such as molecular mechanisms of gene recombination, genome packing, 

separation of parental and replicated genomes and mechanisms for the 

association of genomes with membranes (Solari 2002).  

One of the most primitive component of sexual reproduction which is 

present in bacteria is the molecular apparatus for gene recombination. The 

first recognised recombinase, RecA, was isolated from the bacterium E. 

coli (Clark and Margulis 1965) and it has homologs in all studied 

eukaryotes. While RecA is not essential for sporadic bacterial gene 

recombination (instead, it is more important for the DNA synthesis when 

blocked by DNA damage; Courcelle et al. 2001) the homologs in 

eukaryotes are necessary for intrachromosomal recombination. In a 

similar way the bacterial proteins MutLS and MutH are essential in 

prokaryotes for the correction of mismatch errors in DNA after replication 

while the homologs in eukaryotes evolved an additional function: during 

meiosis, they are essential for the resolution of crossovers and mismatch 

repair at heteroduplex DNA in cross over regions during the prophase 

(Kirkpatrick 1999). However, there are large differences between 
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prokaryotes and eukaryotes: prokaryotes lack a nuclear envelope, nuclear 

pores, microtubules and a cytoskeleton similar to that of eukaryotes (Drlica 

and Bendich 2000; Bendich and Drlica 2000). These differences are 

related to the absence of a true mitotic process among prokaryotes (Lewis 

2001) which is an essential precondition for meiosis because it ensures 

the equal distribution of genomes in daughter cells (Solari 2002). 

Meiosis in extant organisms requires the activity of hundreds of genes, 

many of which are also needed for mitosis, and meiosis could have hardly 

evolved without a functional mitotic process for genome separation. 

Therefore, mitosis presumably evolved from prokaryotic cell division and 

meiosis evolved from mitosis (Wrensch et al. 1994; Gessler and Xu 1999). 

 

Ancestrality of inverted meiosis to normal meiosis 

As meiosis is assumed to have derived from mitosis and the first meiotic 

division with inverted meiosis resembles mitosis, this mechanism probably 

represents the ancestral kind of meiosis. As inverted meiosis is only 

possible with holokinetic chromosomes these probably also represent the 

ancestral type of chromosomes (Halkka 1959; Rhoades 1961; 

Suomalainen and Halkka 1963; John 1990; Wrensch et al. 1994). 

While holokinetic chromosomes are a precondition for inverted meiosis, 

holokinetic systems do not necessarily undergo an inverted meiosis with 

chiasma terminalisation (Nokkala and Nokkala 1997). Also, kinetic activity 

of holokinetic chromosomes is not always diffused over the whole length 

of the chromatids in meiosis but may become restricted to one of the 

telomeric regions (Perez et al. 2000). Probably both the absence of 

chiasma terminalisation and the restriction of kinetic activity to the 

telomeric region are linked because chiasma proximity inhibits kinetic 

activity (Camacho et al. 1985). This activation of localised kinetochores is 

another way, besides inverted meiosis, for holokinetic chromosomes to 

segregate correctly (Loidl, personal communication) and is realised in 

Caenorhabditis elegans and other nematodes (Albertson and Thomson 

1993). The occurrence of holokinetic chromosomes is widespread in fungi, 

plants and animals (for an overview, see Wrensch et al. 1994), 
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predominant in many arthropod groups and presumably universal in 

nematodes, mites and many insect orders, such as Hemiptera, Homoptera 

and Lepidoptera (Pazi 1997; Vanzela et al. 1998; Mandrioli et al. 1999; 

Perez et al. 2000; Rebagliati et al. 2001; Nokkala et al. 2002). Inverted 

meiosis is little studied but was inferred to occur in plants (Pazy 1997) and 

mites (Wrensch et al. 1994). 

The evolution of a synaptonemal complex allows almost all eukaryotes to 

keep maternal and paternal chromosomes paired tight during the 

prophase. Meiotic recombination is highly regulated and the number of 

crossovers and illegitime recombination is lower than in protists (Solari 

2002). One of the main adaptive advantages of the synaptonemal complex 

presumably is that it controls recombination by chiasmatic interference 

(inhibition of another recombinational event in the immediacy of a previous 

one; Pigozzi and Solari 1999; Gorlov and Gorlova 2001). A synaptonemal 

complex is also present in holokinetic systems with inverted meiosis. It 

breaks down together with the nuclear membrane when the telomeric 

association of sister chromatids switches to an association of homologous 

chromatids (Figure 4.3; Wrensch et al. 1994). 

Virtually all eukaryotes have linear chromosomes with conserved telomeric 

structures and it has been assumed that these are necessary for regular 

meiosis with recombination (Ishikawa and Naito 1999). Indeed, the 

presence of circular chromosomes poses a number of problems for 

meiosis: if two circular homologous chromosomes undergo one or any 

other uneven number of crossovers, they will produce dicentric 

chromosomes which should break up at meiotic division. Furthermore, the 

circularity of chromosomes raises difficulties for their pairing with 

homologous regions (Solari 2002). The evolution of linear chromosomes 

with differentiated telomeres therefore presumably preceded the origin of 

meiosis as the association of telomeres with the inner side of the nuclear 

envelope is also needed for the initiation of meiosis. Again, this indicates 

that holokinetic chromosomes are ancestral to monocentric chromosomes 

because they have the same functionality of telomeres but lack a complex 

centromere which is not important for the initiation of meiosis. 
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Evolution of normal meiosis from inverted meiosis 

Possibly “normal” meiosis and monocentric chromosomes evolved from 

inverted meiosis and holokinetic chromosomes (Figure 4.5). In this 

scenario, holokinetic chromosomes are ancestral and kinetic activity is 

distributed over the whole length of the chromosome. Due to the switch of 

telomeric association between sister chromatids and homologous 

chromatids with a teminalised chiasma in prophase I, meiosis is inverted 

and the first meiotic division is equational. If chiasmata are not completely 

terminalised, sister chromatids remain paired after prophase I and kinetic 

activity may become restricted to telomeres as there is no inhibiting 

chiasma in the telomeric region (Keyl 1957). Now, the first meiotic division 

is reductional. Here, telomeric regions are responsible for kinetic 

movement of the chromosome and for the regular functioning of 

telomeres. At this stage, an additional centromere function may form in the 

telomeric region (Holmquist and Dancis 1980). Centromeres are 

chromosomal regions of repetitive DNA sequences and are associated 

with kinetochores (Griffiths et al. 1996). Telomeres also contain repetitive 

DNA sequences; together with the restricted kinetic activity to telomeric 

regions, the evolution of a centromere under these circumstances is a 

conceivable step. As the centromere moves from the telomere to a more 

central point of the chromosome leading to acrocentric or metacentric 

chromosome morphology, telomeres retain their original function and the 

kinetic activity becomes restricted to the centromere region. This is the 

situation which is commonly depicted as “normal” meiosis in textbooks. If 

in fact “normal” meiosis evolved from “inverted” meiosis the terms are 

quite misleading as they swap evolutionary reality (Wrensch et al. 1994). 
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Figure 4.5 

First meiotic division. Proposed scenario for the evolution of monocentric 
chromosomes and normal meiosis (D) from holokinetic chromosomes and 
inverted meiosis (A). Grey dots indicate telomeres and are shown on one 
end of the chromosome only, black dots indicate centromeres. (A) 
Chromosomal activity in holokinetic systems with a terminalised chiasma 
and inverted meiosis (first meiotic division is equational leading to two 
diploid daughter cells; see Figure 4.3). (B) The chiasma is not 
terminalised, therefore, kinetic activity could be restricted to telomeric 
regions. Sister chromatids remain paired leading to a reductional first 
division. (C) The telomeres acquire an additional function as centromeres. 
Kinetic activity is restricted to the centromere region. (D) The centromere 
moves down the chromosome leading to acrocentric or metacentric 
morphology. Except in (A) in all steps intrachromosomal recombination 
may occur. 
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4.4. Meiosis in parthenogenetic organisms 

 

The former paragraphs dealt with mitosis and meiosis without considering 

whether the two homologous genomes are from different parents (sexual 

reproduction) or from the same individual (parthenogenesis). While 

apomixis (mitotic reproduction) is the most common form of 

parthenogenetic reproduction in unicellular eukaryotes and plants, 

automixis (parthenogenetic reproduction including meiosis) is common in 

many metazoan taxa (Suomalainen et al. 1987; Hughes 1989). There are 

different ways for automictic organisms to restore diploidy. 

One mechanism is gamete duplication where the haploid egg is duplicated 

and these two products fuse to give rise to complete homozygous diploidy 

(Figure 4.6). This is known from some species of crustaceans and insects 

(Suomalainen et al. 1987). 

 

 
Diploid mother cell

Replication finished

After meiosis I
Two haploid daughter cells
with sister chromatids

After meiosis II
Four haploid daughter cells
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Figure 4.6 

Automixis by gamete duplication, in the context of normal meiosis. The 
result is a diploid embryo which is completely homozygous, also in cross 
over regions. 
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Another mechanism to restore diploidy is central fusion. With central 

fusion, the two central polar nuclei fuse. Depending on the segregation of 

chromosomes in meiosis II, this may restores the heterozygous state of 

the mother except in cross over regions or also in cross over regions 

(Figure 4.7). Central fusion automixis is known from some insect species 

(Suomalainen et al. 1987). 
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Figure 4.7 

Automixis by central fusion, in the context of normal meiosis. The egg and 
the terminal polar body degenerate and the two central polar nuclei fuse. 
The result is a diploid embryo that is heterozygous except in cross over 
regions or a complete heterozygous embryo, depending on segregation of 
chromosomes in meiosis II. 
 

 

A third mechanism is terminal fusion (Figure 4.8.), in which the egg fuses 

with the second polar nucleus. Terminal fusion is realised in some species 

of nematodes, lumbricids, crustaceans and insects (Suomalainen et al. 

1987), as well as some mites. In monocentric systems with normal meiosis 

this leads to complete homozygosity except in cross over regions, since 

sister chromatids fuse to give rise to a diploid embryo.  
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Figure 4.8 

Automixis by terminal fusion, in the context of normal meiosis. Because 
replicated sister chromatids fuse, the diploid embryo is homozygous 
except in cross over regions. 
 

 

 

In holokinetic systems with inverted meiosis, terminal fusion leads to 

completely different results than with normal meiosis (Figure 4.9, 4.10; 

Figure 4.8). If chiasmata are terminalised and there is no 

intrachromosomal recombination the result of terminal fusion is an exact 

restoration of the mothers genotype. Therefore, the combination of 

terminalised chiasmata, inverted meiosis and terminal fusion mimics 

apomixis as the outcomes of mitosis and of terminal fusion are identical. 

This type of parthenogenesis is known from some insects like the 

Homoptera (Suomalainen et al. 1987) and was also inferred from data for 

oribatid mites (Wrensch et al. 1994).  
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Figure 4.9 

Automixis by terminal fusion with chiasma terminalisation, in the context of 
inverted meiosis. As recombination is absent except in the telomeric 
regions and no exchange of functional genes occurs the fusion of the egg 
nucleus with the second polar nucleus restores the genotype of the mother 
and therefore is equivalent to apomixis. 
 

 

 

 

If chiasmata are not terminalised, the genetic constitution of the embryo 

depends on the segregation of chromosomes in meiosis I (Figure 4.10). 

Without terminalisation of chiasma, holokinetic chromosomes may also 

segregate in a normal meiosis instead of inverted meiosis (Nokkala and 

Nokkala 1997). 
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Diploid mother cell

Replication finished

After meiosis I
Two diploid daughter cells

with homologous chromatids

After meiosis II
Four haploid daughter cells

One egg and three polar nuclei

The egg fuses with the
second polar body

 
 

Figure 4.10 

Automixis by terminal fusion without chiasma terminalisation, in the 
context of inverted meiosis. Gene recombination may occur, the genetic 
constitution of the embryo depends on segregation of chromosomes in 
meiosis I and may be complete heterozygous (left) or heterozygous except 
in cross over regions (right). 
 

 

In some species of trematodes, crustaceans and insects the egg fuses 

with a polar body of the first meiotic division. The result is a heterozygous 

embryo except in cross over regions. From the chromosomal view, this 

mechanism resembles central fusion (Figure 4.7).  

Another common mechanism to restore diploidy in automictic 

parthenogenesis is termed premeiotic doubling (Figure 4.11). Here, a 

second chromosome replication is added after the first has finished 

leading to a tetraploid cell. This cell undergoes a normal meiosis leading to 

a diploid egg and three diploid polar bodies which degenerate. Depending 

on the occurrence of cross over, the embryo is heterozygous except in 

these recombinant regions. Premeiotic doubling is a widespread 

mechanism and can be found in turbellaria, lumbricids, insects, tardigrads 

and also in vertebrates (Suomalainen et al. 1987).  
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Diploid mother cell

A second replication doubles
chromosome number prior to meiosis

After meiosis I
Two diploid daughter cells
with replicated sister chromatids

After meiosis II
Four diploid daughter cells
One egg and three polar nuclei

Three polar bodies degenerate
The diploid egg gives rise to the embryo

Replication finished

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 

Premeiotic doubling. Before entering meiosis, a second chromosome 
replication occurs. The diploid embryo therefore develops without the 
fusion of any meiotic products. 
 

 

These are not all of the diploidy restoring mechanisms exhibited by 

automictic organisms, but the other forms are so incompletely known that 

one can not ascribe them to any type of automictic parthenogenesis 

(Suomalainen et al. 1987). As the eggs of the automictic parthenogenetic 

species have undergone meiosis and, except in terminal fusion with 

inverted meiosis, cross over and segregation have taken place, they differ 

considerably from apomicts in both genetic and evolutionary aspects. 

However, many automictic organisms have evolved mechanisms to 

suppress recombination, and these can be referred to as functionally 

apomictic organisms (Lynch 1984). 
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4.5. Holokinetic chromosomes and inverted meiosis in oribatid mites 

 

Taberly (1987) performed the single available cytological study of meiosis 

during oogenesis in oribatid mites, in which the parthenogenetic species 

Platynothrus peltifer and Trhypochthonius tectorum were examined. 

Although he did not use the terminology, both species restore diploidy by 

terminal fusion automixis. Taberly discussed both possibilities, normal 

meiosis and inverted meiosis, with the latter discussed under the term 

“post-réduction”. As documented in figures 4.8 and 4.9, the occurrence of 

normal or inverted meiosis could be tested by analysing if the embryos 

have fixed hetero- or homozygosity. If heterozygosity is fixed, the only 

possible explanation for terminal fusion automixis is inverted meiosis, 

since terminal fusion after normal meiosis leads to fixed homozygosity. 

This issue was first investigated by Palmer and Norton (1992) using 

isozyme techniques. They found fixed heterozygosity, absence of 

complete homozygosity and absence of recombination in nine 

parthenogenetic oribatid mite species. The findings were discussed on the 

basis of Taberly’s work and the authors wondered how fixed 

heterozygosity could occur in organisms with terminal fusion. In light of 

conflicting data, they assumed that apomixis or central fusion automixis 

should be more common in parthenogenetic oribatid mites, even if neither 

mechanism had been discovered. This point of view changed when Dana 

Wrensch and colleagues raised the idea of inverted meiosis in oribatid 

mites (Wrensch et al. 1994). Fixed heterozygosity and terminal fusion 

were brought together with the occurrence of holokinetic chromosomes. 

With this new idea, both Taberly’s work and that work of Palmer and 

Norton could be explained. 

Investigations of the present study on the allelic divergence of hsp82 

(chapter 3.3.) also indicate fixed heterozygosity. However, this has to be 

analysed in more detail on the population level to prove if 

intrachromosomal recombination and sex are in fact absent in putative 

parthenogenetic oribatid mite species. The absence of recombination in 

the whole genome can be tested by analysing linkage disequilibrium of 
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different genes. Absence of sexual reproduction can be tested by 

analysing the allelic frequency distribution of a single locus like hsp82. For 

this locus, results of this study (chaper 3.3) suggest that intrachromosomal 

recombination was absent in both the sexual oribatid mite species 

Steganacarus magnus and Metabelba pulverulenta and the 

parthenogenetic species Platynothrus peltifer, P. yamasakii, Mucronothrus 

nasalis, Atropacarus striculus and Tectocepheus velatus since the 

evolution and radiation of oribatid mites about 350 million years ago. 

Possibly, however, hsp82 is located near the telomeric region where 

recombination is inhibited and other more distant genes recombine. 

However, as stated above, a general lack of recombination was assumed 

by Palmer and Norton (1992). The findings strongly support the 

suggestion that, independent of the mode of reproduction, oribatid mites 

undergo inverted meiosis with chiasma terminalisation.  

Without recombination and mixis, the whole genome serves as a single 

unit for selection and may evolve as a general purpose genotype (Lynch 

1984). This is also true for apomictic organisms. As inverted meiosis with 

terminal fusion and without recombination mimics apomixis, 

parthenogenetic oribatid mites may be examples for general purpose 

genotypes. It remains unsolved why this type of automixis is maintained 

when it is identical to apomixis. Wrensch et al. (1994) stated “… Fusion of 

these segregants restores the maternal genotype insofar as there is no 

crossingover. By minimizing chiasmata, such a system would maximize 

conservation of the maternal genotype while providing the benefits of DNA 

repair… The terminal chiasma in holokinetic chromosomes does not result 

in the recombination of functional genes. …”. I do not see scope for a 

different DNA repair in meiosis than in mitosis except in cross over 

regions. If chiasmata are terminalised and recombination is restricted to 

telomeres, this might be true for the telomeric regions only and is unlikely 

an evolutionary advantage of inverted meiosis over apomixis. However, 

the absence of intrachromosomal recombination in sexual species affects 

evolutionary theories as this is assumed to be one of the most important 

mechanisms to maintain sexual reproduction (Kondrashov 1993; West et 
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al. 1999). If recombination is really absent in sexual oribatid mite species 

this lack should facilitate the evolution of parthenogenetic lineages as the 

advantage of sexuality is reduced. In fact, about 10% of all oribatid mite 

species reproduce by parthenogenesis (Norton and Palmer 1991), 

whereas only about 1% of other eukaryotic taxa have abandoned sex 

(Norton et al. 1993). In oribatid mites, some parthenogenetic lineages are 

taxonomically scattered as expected from theory, but others are clustered 

without sexual relatives (Norton and Palmer 1991). The evolution of the 

high proportion of parthenogens in oribatid mites might be explained by 

their special genetic mechanism of meiosis. However, the maintenance of 

parthenogenesis in the long-term presumably has to be explained by 

ecological rather than genetic features. There is no strong correlation 

between habitat stability and reproductive mode in oribatid mites. 

Parthenogenetic oribatid mite species frequently occur in both stable 

habitats, such euedaphic soil horizons, and habitats of high temporal and 

spatial variability, such as early successional stages (temperate 

ecosystems as compared to the tropics) (Norton and Palmer 1991). 

Thelytoky is also predominant in freshwater habitats, probably due to a 

selection pressure against the ancestral spermatophore mating system 

(Norton et al. 1993).  

There is no evidence that the reproductive mode is related to the strength 

of biotic interactions, such as predator/prey or host/parasite interactions 

(red queen; see chapter 1.3) in oribatid mites as it is predicted for typical 

parthenogens (Cianciolo and Norton unpublished). Although few studies 

exist, oribatid mites may serve as prey for a variety of vertebrate and 

invertebrate predators (e.g. Schuster 1966; Kupfer and Maraun 2003), as 

hosts for different parasitic fungi and protozoans (van der Geest et al. 

2000), and as intermediate hosts for tapeworms (Anoplocephalidae, 

Denegri 1993; Trowe 1997). However, strong top-down control of oribatid 

mites is unlikely (Maraun 1997). Generally, selective forces driving most 

eukaryotic organisms to reproduce sexually seem to be reduced in soil, a 

stable and predictable habitat (Norton et al. 1993).  
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Sex ratios may be influenced by different mechanisms and it is known for 

haplodiploid systems that females can control the sex ratio of the offspring 

by providing sperm or not to the eggs (Hamilton 1993). In diplodiploid 

systems sex determination is usually by sex chromosomes and the ratio is 

assumed to be 1:1 (Fisher 1930). Sex determination may also be 

influenced by ecological factors, such as temperature (Ewert et al. 1994) 

or by hormonal or pheromonal determination (White 1973). Oribatid mites 

lack sex chromosomes despite their diplodiploidy and the sex 

determination is unknown (Wrensch et al. 1994). However, sexual oribatid 

mite species have sex ratios of 1:1 whereas males in parthenogenetic 

species are sporadic and sterile (Palmer and Norton 1992; Taberly 1988). 

A genetic mechanism based on inverted meiosis with terminal fusion 

automixis which mimics apomixis can not explain the occurrence of 

sporadic males. An ecological determination is also unlikely because 

sexual and parthenogenetic oribatid mite species coexist under the same 

ecological circumstances. Probably females can influence the sex ratio of 

the offspring; however, the mechanism for the sporadic production of 

sterile males remains to be uncovered.  

The proportion of parthenogenesis in soil is very high although a review on 

this topic is lacking: in addition to several oribatid mite species many 

species of earthworms, nematodes and collembolans reproduce by 

parthenogenesis and these represent the most widespread and abundant 

organisms in soil (e.g. Bell 1982; Suomalainen 1987; Hughes 1989; 

Hopkin 1997; Sims and Gerard 1999; Reul 1999). It remains to be 

demonstrated which characteristics of the soil habitat favour the frequent 

occurrence of parthenogenetic species and higher taxa.  
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Erratum 
 
 
 
After this thesis and the disputation were finished and accepted by the 

faculty we realised that some sequences in the dataset may represent 

cross contaminations. Therefore, some of the interpretations in this thesis 

may be misleading and remain to be confirmed. 

 
 


