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Geographical genetic structure within the human lung

fluke, Paragonimus westermani, detected from DNA

sequences
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

Nucleotide sequences were obtained for the second internal transcribed spacer of the ribosomal gene repeat and for part

of the mitochondrial cytochrome c oxidase subunit I gene from geographical isolates of Paragonimus westermani from

Japan, China, Korea, Taiwan, the Philippines, peninsular Malaysia and Thailand. Sequences were obtained from several

other species of Paragonimus for comparative purposes. Two groups were recognized within P. westermani : an NE group

(China, Japan, Korea, Taiwan) which was relatively uniform and included both diploid and triploid forms, and a southern

group (Malaysia, Thailand, Philippines), members of which were genetically distant from one another. According to both

ITS2 and COI data, genetic distances among P. westermani isolates equalled or exceeded those between some distinct

species of Paragonimus. The ITS2 sequences were conserved relative to COI sequences. Substitutions among the latter

may be approaching saturation within the genus Paragonimus.

Key words: genetic structure, mitochondrial cytochrome c oxidase subunit I, Paragonimus westermani, phylogenetic trees,

nuclear ribosomal second internal transcribed spacer.



The lung fluke, Paragonimus westermani (Kerbert,

1878), was first described from the lungs of a tiger

which died in Amsterdam Zoo in 1877. The

geographical origin of the tiger is unclear, although

Miyazaki (1978) has stated that it came from India.

Human infections with lung fluke are acquired by

eating fresh– or brackish-water crustaceans con-

taining live metacercariae or by ingesting raw meat

from mammals which act as paratenic hosts. The

species has been reported from Pakistan east to

southeastern Russia and south to Sumatra, the

Philippines and possibly Papua New Guinea. Given

this extensive range, and the medical significance of

the species, P. westermani has been the focus of much

taxonomic and biological study in the past. Early

taxonomic studies have been summarized by Yoko-

gawa, Cort & Yokogawa (1960). Several names in the

literature might represent synonyms of P. wester-

mani. These include P. ringeri (Cobbold, 1880)

Ward & Hirsch, 1915, P. edwardsi Gulati, 1926, P.

macacae Sandosham, 1954 (see Miyazaki, 1956) and

P. asymmetricus Chen, 1977 (see Liu et al. 1982).
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Taxonomic subdivision of P. westermani was

proposed following the discovery of a triploid,

parthenogenetically reproducing strain, often sym-

patric with sexually reproducing diploids, in Japan,

Korea (diploids absent), Taiwan and N.E. China.

The triploid form is more pathogenic than the

diploid. Miyazaki (1978) proposed the name P.

pulmonalis for this form.

Subspecies within P. westermani have also been

proposed. Paragonimus westermani ichunensis Chung,

Hsu and Kao, 1978 was erected for worms from N.E.

China and the adjacent part of Russia. Paragonimus

westermani filipinus was named by Miyazaki & Habe

(1979) for the strain occurring in the Philippines.

This strain had previously been given full specific

status by 2 groups of workers (i.e. P. filipinus

Miyazaki, 1978 and P. philippinensis Ito, Yokogawa,

Araki and Kobayashi, 1978: see Miyazaki, 1981).

Diploids from Taiwan were also referred to this

subspecies by Miyazaki & Chiu (1980). Miyazaki

(1983) proposed the name P. westermani japonicus for

diploid forms from Japan. Miyazaki (1991) placed all

other diploid forms in the nominate subspecies, P.

westermani westermani.

Allozyme electrophoresis (reviewed by Blair,

1993) has been used to examine genetic structure

within P. westermani. Peninsular Malaysian and

Philippine isolates are genetically rather distant from

one another, but both are very distant from diploid
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Table 1. Material used, geographical origin and gene sequences

obtained

(GenBank accession numbers are given.)

Species Origin ITS2 COI

P. westermani (2n) Hyogo, Japan U96907 U97205

Ohita, Japan (U96907)* —

Chiba, Japan (U96907)* U97207

Mie, Japan (U96907)* U97208

Minqing, Fujian, China (U96907)* U97209

Taipin, Taiwan (U96908)† —

Karapai, Taiwan U96908 —

Leyte, Philippines U96910 U97213

Thailand — U97212

Kuala Pilah, Malaysia — U97211

Sungai Wa, Malaysia U96909 U97210

P. westermani (3n) Tsushima, Japan (U96907)* (U97205)‡
Amakusa, Japan (U96907)* U97206

Bogil Island, Korea (U96907)* (U97205)‡
P. ohirai Tanegashima, Japan U96911 U97214

P. miyazakii Miyazaki, Japan U96912 U97215

P. skrjabini China, Sichuan U96913 U97216

* ITS2 sequence identical to that of P. westermani from Hyogo, Japan.

† ITS2 sequence identical to that of P. westermani from Karapai, Taiwan.

‡ Partial COI nucleotide sequence identical to that of P. westermani from Hyogo,

Japan.

strains from Taiwan, Japan and N.E. China. Popu-

lations from these three countries are relatively

similar to one another and to triploids in the same

region.

There are clear geographical differences in host

specificity and other biological features. Strains from

the Philippines and peninsular Malaysia utilize

thiarid snails whereas those in China, Japan, Korea

and Taiwan utilize pleurocercid snails (Davis et al.

1994). There are also differences in the extent to

which geographical strains utilize various mammals

as paratenic, rather than definitive, hosts. P. wester-

mani in the Philippines matures readily in rats

(Miyazaki & Habe, 1979), which elsewhere are

usually paratenic hosts. Cats and dogs, usually

excellent experimental hosts, are relatively poor

hosts in Malaysia (Habe, 1987).

In this paper, geographical structuring within P.

westermani is investigated using data from DNA

sequences. These were obtained for the second

internal transcribed spacer (ITS2) of the nuclear

ribosomal gene repeat and for part of the mito-

chondrial cytochrome c oxidase subunit I gene

(COI).

  

Sources of material used are listed in Table 1. Adult

worms were raised in experimental animals. DNA

extraction and purification of mtDNA were as

described previously (Agatsuma et al. 1994). A

single worm was used in each case. Gene regions

were amplified using the polymerase chain reaction

(PCR). For the COI region, the primers used were

as described by Bowles et al. (1993). For the

ITS2, primers used were BD2 and 3S (Bowles,

Blair & McManus, 1995). An additional primer,

A28 (5« GGGATCCTGGTTAGTTTCTTTTC-

CTCCGC 3«), was sometimes used instead of BD2.

All sequences were determined directly from the

PCR products. Cycle sequencing reactions were run

on an ABI 373A automated sequencer. PCR primers

were used as sequencing primers.

For the COI region, published sequence for

Fasciola hepatica (GenBank accession number

M93388) was used for comparison (Garey &

Wolstenholme, 1989). Codon usage was derived

from the same paper, except that the codon ATA was

translated to isoleucine rather than methionine

(Bowles, Blair & McManus, 1992) and AAA was

translated to asparagine rather than lysine (Ohama et

al. 1990).

Trees showing relationships among the species

studied were constructed in TREECON (Van De

Peer & De Wachter, 1991). Numbers of transitions

and transversions in pairwise comparisons among

COI sequences were calculated using a utility in

TREECON.



We were unable to obtain data from both gene

regions from some specimens (Table 1). Alignment

of sequences was simple and unambiguous for both

gene regions. The ITS2 alignment (Appendix A)
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Table 2. Pairwise differences among ITS2 sequences

(Note that all isolates from Japan, China and Korea had sequences identical to

that from Hyogo, Japan. Both Taiwanese isolates had identical sequences.)

Species Origin 2 3 4 5 6 7

P. westermani 1 Hyogo, Japan 1 7 6 35 25*† 25†
2 Karapai, Taiwan 8 7 36 26*† 26†
3 Leyte, Philippines 1 38 29*† 29†
4 Sungai Wa, Malaysia 37 28*† 28†

P. ohirai 5 27*† 27†
P. miyazakii 6 0*

P. skrjabini 7

* Ignoring 1 ‘N’ in P. miyazakii.
† Ignoring a deletion 2 nt long in P. miyazakii and P. skrjabini.

Fig. 1. Tree depicting relationships among Paragonimus

species inferred from ITS2 data. A distance matrix was

calculated using the Kimura 2-parameter model and the

tree constructed using the neighbour-joining approach

in TREECON. The data set was bootstrapped 1000

times and the appropriate bootstrap values placed on

each branch.

was 363 bases in length. Identical ITS2 sequences

were obtained from all Japanese, Korean and

Chinese P. westermani isolates, whether diploid or

triploid. Only the diploid from Hyogo is included in

Table 2 as a representative of these isolates. Speci-

mens from Taipin and Karapai (both Taiwan), were

identical to each other but differed from Japanese

specimens at 1 site. Malaysian and Philippine

sequences differed from one another at a single site

but had 6 sites in common to the exclusion of

samples from other countries (Table 2). Figure 1

shows relationships among the isolates used as

inferred from their ITS2 sequences.

The COI alignment (Appendix B) is 393 bases

long including an insertion of one codon (3 nt) in the

outgroup, F. hepatica, relative to all the Paragonimus

species. This insertion was excluded from all

calculations. In contrast to the ITS2 data, only 3

isolates of P. westermani exhibited identical COI

nucleotide sequences. These were the diploid from

Hyogo (Japan) and triploids from Tsushima (Japan)

and Bogil Island (Korea). Other isolates from Japan

differed from these by only a single transitional

change and the sample from Minqing, China differed

at 6 sites. Sequences from peninsular Malaysia, the

Philippines and Thailand differed from Japanese

sequences, and from each other, at many more sites,

with most of the changes being transitions (Table 3).

All P. westermani isolates differed at many sites from

other members of the genus and from F. hepatica

(Table 3) and transition:transversion ratios were

much lower than among P. westermani isolates. The

tree shown in Fig. 2 shows relationships among

isolates based on COI DNA sequences.

The many nucleotide substitutions seen among

members of the genus Paragonimus are almost all

synonymous. The maximum number of amino acid

differences among Paragonimus species is 4, as

opposed to 20–22 differences between F. hepatica

and Paragonimus species.



Paragonimus westermani is partitioned into at least 2

groups according to both ITS2 and COI sequences.

One group, the N.E. group, consists of diploids and

triploids from China, Japan, Taiwan and Korea and

exhibits relatively little molecular variation. The

second group, the southern group, is less clearly

defined, especially from the COI data. It consists of

isolates from Malaysia, Thailand and the Philip-

pines. Based on the COI data, each isolate in this

group is almost as distant from the others as from

any member of the N.E. group. The two groups are

also distinguished by a major biological feature – the

family of snail hosts utilized. Members of the

southern group utilize thiarids as far as is known,

and members of the N.E. group utilize pleurocercids

(Davis et al. 1994).

The genetic divisions identified from our data

correspond only in part to taxonomic subdivisions

proposed previously. The N.E. group, comprising

diploids and triploids from Japan, Taiwan, Korea

and China, does not show strong substructuring.

The triploid form (P. pulmonalis of Miyazaki, 1978)

is not distinct from sympatric diploids. Recognition

of the name P. pulmonalis would therefore render P.
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Fig. 2. Tree depicting relationships among Paragonimus

species inferred from COI nucleotide data. A distance

matrix was calculated using the Kimura 2-parameter

model and the tree constructed using the neighbour-

joining approach in TREECON. The data set was

bootstrapped 1000 times and the appropriate bootstrap

values placed on each branch. Fasciola hepatica was used

as an outgroup taxon.

westermani paraphyletic. The Taiwanese diploids we

sampled are allied with the N.E. group according to

the sequence data. Affinities with populations from

the Philippines, suggested by Miyazaki & Chiu

(1980), are not supported by our sequence data.

According to Miyazaki (1991), P. westermani

populations from the Philippines belong to one

subspecies (P. w. filipinus) and those from Malaysia

and Thailand to another (P. w. westermani). Genetic

differences (based on the COI data) between isolates

from these locations are considerable. However, the

Thai isolate is slightly closer to the Philippine isolate

than to the Malaysian. These COI differences are

almost as great as between two distinct species, P.

skrjabini and P. miyazakii. Differences between

ITS2 sequences were rather few. The fact that any

intraspecific ITS2 differences were noted is sur-

prising. Intraspecific variation in ITS2 sequences

among trematodes is virtually unknown. For

example, Morgan & Blair (1995) found no differences

in ITS2 sequences between samples of Echinostoma

revolutum from Germany and Indonesia. Similarly,

Despre! s et al. (1992) found no differences in ITS2

sequences among samples of Schistosoma mansoni

from many sites in Africa and the Americas.

Furthermore, several species within the Schistosoma

haematobium group had identical sequences. In this

study, we found identical ITS2 sequences shared by

P. skrjabini and P. miyazakii. Genetic differentiation

among P. westermani populations may be sufficient

to merit eventual recognition of distinct species (and

see Agatsuma et al. 1993). However, more data are

required to support this notion, and especially data
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from nominal P. westermani populations in Indo-

nesia, Sri Lanka, India and as-yet unsurveyed

regions of China.

Agatsuma and co-workers (reviewed by Blair,

1993), noted that all populations of the partheno-

genetic triploid form of P. westermani were electro-

phoretically identical. This implied a single origin of

the triploid, perhaps due to hybridization between a

Japanese form and one from elsewhere. Agatsuma et

al. (1994) suggested that the maternal ancestor of the

triploid form might have come from outside Japan

because none of the Japanese diploid strains exam-

ined had the same mitochondrial DNA restriction

fragment pattern as the triploid. Our COI sequence

data do not support this view. Given the geographical

variation noted among the COI sequences of P.

westermani, the fact that at least 1 Japanese strain had

a COI nucleotide sequence identical with 2 of the

triploids suggests a Japanese maternal ancestor. The

triploid strain from Amakusa differed at 2 nucleotide

sites, one of them non-synonymous, from the

remaining triploids. This could be a result of

mutations in the Amakusa lineage, or could result

from independent origins of the triploid populations

from varied ancestors. The data are too few to make

speculation worthwhile.

Of the 2 gene regions used, the ITS2 is clearly the

more conserved. Sequences from P. skrjabini from

China and P. miyazakii from Japan were identical.

Differences among P. westermani isolates were

few, and among Paragonimus species, substitutions

occurred generally at fewer than 10% of sites.

Saturation is not likely to have occurred in this

region. The ITS2 is likely to be a good marker for

 . Alignment of ITS2 sequences.

(Alignment gaps indicated by a hyphen. Sites with a nucleotide identical to that on the top line indicated with a dot.)

PwH P. westermani (Hyogo) ATATTGCGGCCACGGGTTAGCCTGTGGCCACGCCTGTCCGAGGGTCGGCTTATAAACTATCGCGACGCCCAA

PwK P. westermani (Karapai) ........................................................................

PwSW P. westermani (Sungai wa) ........................................................................

PwL P. westermani (Leyte) ........................................................................

Po P. ohirai ........................................................................

Pmi P. miyazakii ........................................................................

Psk P. skrjabini ........................................................................

//

PwH AAAGTCGCGGCTTGGGTTTTGCCAGCTGGCGTGATCTCCCCAATCTGGTCTTGTGCCTGTGGGGTGCCAGATCTGTGGCGTTTCCCTAACATACTCGGGC

PwK ....................................................................................................

PwSW ..........................................................................A.........................

PwL ..........................................................................A.........................

Po ...................................T...........AC.A....TTG................A...............C..TC.....

Pmi ...................................T.......C....C..C...G.....................................TC.....

Psk ...................................T.......C....C..C...G.....................................TC.....

//

PwH GCACCCACGTTGCGGCTGAAAGCCTTGACGGGGATGTGGCAACGGAATCGTGGCTCAATGAATGATTTATGTGCGCGTTCCGCTGTCCTGTCTTCATCTG

PwK .........................................................A..........................................

PwSW ............................................A..............A...................T....................

PwL ............................................A..............A...................T....................

Po .T.....T....T.......G......GT...............................G..T..................T......A..A......A

Pmi .T.....T....T...............T................................T......--..............A....A..A..G...A

Psk .T.....T....T...............T................................T......--..............A....A..A..G...A

//

PwH TGGTTTATGTTGCGCGTGGTCTGCTTTCGATGCTGACCTACGTATGTGCCATGTGGTTCATTCTCCTGACCTCGGATCAGACGTGAGTACC

PwK ...........................................................................................

PwSW ........................GA.................................................................

PwL ........................GA.................T...............................................

Po .....G...C.....A....G...G.C...C..CA...........G...G.....C..................................

Pmi .....G..............G..TGCC.............T...............C..........................N.......

Psk .....G..............G..TGCC.............T...............C..................................

specific relationships within the genus Paragonimus,

but less useful for investigating intra-specific genetic

structure.

The COI gene exhibits many more variable sites

and gives a clear indication of genetic structure

within P. westermani. It also distinguishes between

P. skrjabini and P. miyazakii whereas the ITS2 does

not. Among the more divergent isolates of P.

westermani, over 10% of sites exhibit substitutions

and the transition:transversion (TS:TV) ratio is

about 10:1. Among species of Paragonimus, substi-

tutions occur at up to 20% of sites and TS:TV

ratios can be lower than 2:1. Absolute numbers of

transitions are similar in comparisons among Para-

gonimus species and F. hepatica (although in com-

parisons with F. hepatica, the TS:TV ratio is about

1:1). This suggests that saturation is being ap-

proached, at least for transitions, within the genus

Paragonimus. Since almost all substitutions among

Paragonimus sequences are synonymous, only the

third (and a few first) codon positions are free to

change and saturation is probably reached quickly.

The phylogenetic resolving power of the COI gene

might be considerably reduced when distant species

in the same genus are included.
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 . Alignment of partial COI sequences displayed as codons.

(Sites with a nucleotide identical to that on the top line are indicated with a dot.)

PwHyo P. westermani (Hyogo Japan) C CTG ATT TTG CCT GGG TTT GGT ATC GTG AGC CAC ATT TGC ATG ACC

PwChi P. westermani (Chiba Japan) . ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ...

PwMie P. westermani (Mie Japan) . ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMin P. westermani (Mingin China) . ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PLey P. westermani (Leyte Philippines) T ... ... ... ... ... ... ..C ... ... ..T ... ..C ... ... ..T

PwTha P. westermani (Thailand) T ... ... ... ..G ... ... ... ... ... ..T ... ..C ... ... ..T

PwKua P. westermani (Kuala Pilah Malaysia) . ... ... ... ..A ... ... ... ... ... ..T ... ..C ... ... ..T

PwSW P. westermani (Sungai Wa Malaysia) . ... ... ... ..A ... ... ... ... ... ..T ... ..C ... ... ..T

PwTsu P. westermani (Tsushima Japan) . ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwAma P. westermani (Amakusa Japan) . ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... ...

PwK P. westermani (Korea) . ... ... ... ..A ... ... ... ... ... ..T ... ..C ... ... ..T

PoTan P. ohirai (Tanegashima Japan) T T.A ... ..A ..A ..A ... ..G ..T ... ..A ..T ... ..T ... ..T

Pm P. miyazakii (Miyazaki Japan) T T.. ... ... ..A ... ... ..G G.T ... ..G ..T ... ..T ... ..T

Pskr P. skrjabini (China) T T.. ... ... ..C ... ..C ..G G.T ... ..A ..T ... ..T ... ..T

Fasc Fasciola hepatica T T.. ... ..A ..C ... ... ..G G.T A.T ..T ..T ... ..T G.. ..T

//

PwHyo CTG ACC AAC AAC GAT TCC TTG TTC GGG TAC TAC GGG CTG GTG TTT GCG ATG GGG GCC ATT GTG TGT CTG GGT AGT

PwChi ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMie ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMin ..A ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwLey T.. ..T ..T ..T ... ... ... ..T ... ..T ..T ... T.. ... ... ... ... ... ..T ... ... ... ... ..C ...

PwTha T.. ..T ... ..T ... ... ... ..T ... ..T ... ... T.A ... ... ... ... ... ... ..C ... ..C T.. ..C ...

PwKua T.A ... ... ..T ... ... ... ..T ... ..T ... ... T.. ... ... ... ... ... ... ... ... ..C T.. ..C ...

PwSW T.A ... ... ..T ... ... ... ..T ... ..T ... ... T.. ... ... ... ... ... ... ... ... ..C T.. ..C ...

PwTsu ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwAma ... ... .G. ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwK ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PoTan ..A ..T ..T ..A ... ..G ... ..T ..C ..T ..T ..A T.. ... ... ..T ... ... ..G ... ... ... T.. ..A ...

Pm T.A ... ..T ..A ... ... ... ..T ..T ..T ..T ... T.. ..T ... ..T ... ... ..T ... ..T ... T.. ..A ..G

Pskr T.A ..T ..T ..A ... ..T ... ..T ..C ..T ..T ..A T.. ..T ... ..T ... ... ..T ... ..T ... ..A ..A ..G

Fasc ..A ..T ..T ..T ... ..T ... ..T ..T ..T ..T ..T ..T A.T ..A ..T ... .CT ..T ..A ..A ... T.A ... ...

//

PwHyo GTT GTG TGG GCG CAT CAC ATG TTC ATG GTT GGT TTG GAT GTC AAG ACT GCT GTT TTC TTT AGT TCT GTC ACG GGA

PwChi ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMie ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMin ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ..T ...

PwLey ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ..T ... ... ... ... ... ..G

PwTha ... ... ... ... ..C ... ... ..T ... ... ... ... ... ..T ... ... ... ..C ..T ... ..C ... ... ..T ..G

PwKua ... ... ... ... ... ..T ... ... ... ... ... C.A ... ... ... ..C ... ..C ..T ..C ... ... ..T ... ..G

PwSW ... ... ... ... ... ... ... ... ... ... ... C.A ... ... ... ..C ... ..C ..T ..C ... ... ..T ... ..G

PwTsu ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwAma ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwK ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PoTan ... ..C ... ..C ..C ..T ... ..T ... ... ... ... ... ..T ... ... ..A ..A ..T ..C ..A ... ..T ... ..G

Pm ..C ..T ..A ... ..C ..T ... ..T ... ... ..C ... ... ..T ... ... ... ..G ..T ... ... ... ..T ..A ...

Pskr ... ..T ... ... ... ..T ... ..T ... ... ... C.. ... ..T ... ... ... ..G ..T ... ..C ... ..T ... ..G

Fasc ... ..T ... ..T ... ..T ... ..T ... ..G ... ... ... ..G C.T ... ... ... ..T ... ... ... ..T ..T ATG

//

PwHyo GTG ATT GGG ATA CCC ACG GGG ATT AAG GTT TTC TCT TGG TTG TTC ATG CTG GGT GGA ACT CGT TTG --- CGG TTT

PwChi ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... --- ... ...

PwMie ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... --- ... ...

PwMin ... ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... --- ... ...

PwLey ... ... ... ... ..T ... ... ... ... ... ..T ... ... ... ..T ... T.. ... ... T.. ..C ... --- ..A ...

PwTha ... ... ... ... ..T ... ... ... ... ..C ... ... ... ... ... ... T.. ... ... T.. ... ..A --- ..A ...

PwKua ... ... ..T ... ..T ... ... ... ... ... ..T ..C ... ... ..T ... ... ... ... ..G ... ..A --- ... ...

PwSW ... ... ..T ... ..T ... ... ... ... ... ..T ..C ... ... ..T ... ... ... ... ..G ... ..A --- ... ...

PwTsu ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... --- ... ...

PwAma ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... --- ... ...

PwK ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... --- ... ...

PoTan ... ..A ..T ..T ..T ..A ... ... ... ... ..T ... ... ..A ..T ... T.A ..G ..T ... ... C.A --- ... ...

Pm ... ..A ..C ..T ..T ... ... ... ... ... ..T ..C ... ..A ..T ... T.. ..A ..C ... ... ..A --- ..A ...

Pskr ..T ..A ..T ..C ..T ..A ..A ... ... ... ..T ... ... ... ..T ... T.. ..A ..G G.. ... ..A --- ... ...

Fasc ..T ... ..T ..T ..T ... ..T ... ... ..C ..T ..C ... ... A.A ... T.. ..G ..G GG. A.. .CT GTT ..T A.A

//

PwHyo TGG GAT CCT GTT TTG TGG TGA ATT CTT GGG TTT ATC TTC CTG TTC ACC ATA GGT GGT GTG ACC GGC ATC ATT CTG

PwChi ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMie ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwMin ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwLey ..A ... ... ... ... ... ..G ..C ... ... ... ... ..T ... ... ... ... ..G ... ... ..T ... ... ... T..

PwTha ..A ... ... ... ... ... ..G ..C ... ... ..C ..T ..T ... ... ... ... ..G ... ... ..T ... ... ... T..

PwKua ... ... ... ... ... ... ..G ..C ... ... ... ... ..T T.. ... ... ... ..G ..C ... ..T ... ... ... T..

PwSW ..A ... ... ... ... ... ..G ..C ... ... ... ... ..T T.. ... ... ... ..G ..G ... ..T ... ... ... T..

PwTsu ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwAma ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PwK ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

PoTan ... ... ... ..A A.A ..A ... ... ... ... ... ... ..T T.. ..T ..A ... ..G ... ..A ..T ..A ..T ..C T..

Pm ... ... ..G ..G A.T ... ... ... T.G ..A ... ... ..T ..T ..T ..T ... ..G ..G ..A ..T ..G ..T ... ...

Pskr ... ... ..G ..A A.T ... ... ... T.G ... ... ..T ..T ..T ..T ..G ... ..G ..G ..A ..T ..G ..T ... T..

Fasc ... ... ... ... G.. ... ... ... A.A ... ... ..T G.T T.A ..T ..T ..T ... ..G ..T ..T ..T ..T ..G ..T

//
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 . (cont.)

PwHyo TCC TCC TCC ATA CTG GAT AGT CTG TTG CAT GAT ACG TGG TTC GTC GT

PwChi ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..

PwMie ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..

PwMin ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ..

PwLey ..T ... ..T ..T ... ..C ... ... ... ... ..C ... ... ..T ..T ..

PwTha ..T ..T ... ..C ... ... ... ... ... ... ..C ... ... ..T ..T ..

PwKua ..T ... ... ... ... ... ... ... ... ... ... ... ... ..T ..T ..

PwSW ..T ... ... ... ... ... ... ... ... ... ... ... ... ..T ..T ..

PwTsu ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..

PwAma ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..

PwK ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..

PoTan ..T ..T ..T ..T T.. ..C ... T.A ... ... ..C ..T ... ..T ..T ..

Pm ..T ..T ..T ..C T.. ... ..C T.A ... ... ... ..C ... ..T ..T ..

Pskr ..T ..A ..T ..T T.. ... ..C T.A ... ... ... ..T ... ..T ..T NN

Fasc ..T G.T ..T C.T T.. ... .C. T.. C.T ... ... ..A ... ..T ..G ..
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