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Complete D-loop sequences of 20 Mus from three localities in Turkey and seven in Iran were
characterized. These countries are thought to be close to the place of origin of the subspecies Mus
musculus domesticus. Five newM. m. domesticus haplotypes were added to the nine already known for
the region. Four of these 14 haplotypes were very similar to the consensus D-loop sequence for western
Europe de®ned by Nachman et al. (1994), which may represent the ancestral condition for
M. m. domesticus. A divergent mtDNA lineage is found in various parts of Turkey and northern
Iran; it has spread into western Europe, but other European lineages were not found in either Turkey
or Iran. The otherMusD-loop sequences were ofM.m. castaneus andMus macedonicus and con®rmed
M. macedonicus as a monotypic species with low nucleotide diversity. The prevalence of the standard
40-chromosome complement in this region is particularly interesting with regardsM. m. domesticus, as
it is consistent with the in situ origin of Robertsonian karyotypic races (2n < 40) in western Europe.
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Introduction

The genus Mus arose within the last 4 Myr and is
currently represented by nine species (Bonhomme &
GueÂ net, 1996). The most familiar of these is the house
mouse Mus musculus, which is subdivided into at least
three subspecies: musculus, castaneus and domesticus
(Bonhomme & GueÂ net, 1996). M. m. musculus occurs in
eastern Europe and throughout northern Asia and
M. m. castaneus is found in southern Asia. Mus mus-
culus domesticus occupies western Europe and has
colonized much of rest of the world (the Americas,
Australasia, Africa) as a commensal of humans. The
genus Mus in general, and M. m. domesticus in partic-
ular, have been the subject of much evolutionary study
(Boursot et al., 1993; Sage et al., 1993), not only because
of their instrinsic fascination as a group of rodents with
interesting ecologies, genetics and colonization histories,
but because of the status of the laboratory version of
M. m. domesticus as the primary biomedical model for

genetic analysis (Silver, 1995). Not only have the
biomedical community an interest in the evolutionary
history of their study organism, but they have, of course,
described genetic markers which allow the evolutionary
history inMus to be more easily unravelled than in other
mammals.

Recently there have been studies examining genetic
variation over the whole range of Mus musculus in order
to elucidate the site of origin of this species and its most
important subspecies, M. m. domesticus. There are two
evolutionary models relating to this (which we, for
convenience, call models `I' and `II'). For model I, Din
et al. (1996) and Boursot et al. (1996) have suggested that
the species Mus musculus arose in northern parts of the
Indian subcontinent but thatM.m. domesticus originated
in the Fertile Crescent (speci®cally to the west of the
Zagross mountains, in the vicinity of present-day Iraq)
following an expansion from the species source area. The
house mice currently living in northern India and the
surrounding area used to be called `M. m. bactrianus', but
Din et al. (1996) and Boursot et al. (1996) prefer to
consider these mice as an unde®ned `oriental' form. It*Correspondence. E-mail: jbs3@york.ac.uk
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appears that `M. m. bactrianus' is in fact a westerly
extension of M. m. castaneus (Prager et al., 1998) which
otherwise occurs in south-eastern Asia. Thus, model I
may be restated that house mice originated in northern
India and were castaneus-like, and that domesticus-like
mice derived from them following spread into the Fertile
Crescent.
In contrast, model II, stated by Prager et al. (1998), is

that the Fertile Crescent was the source area for the
whole species and that the ®rst house mice were
domesticus-like. Thus, in both models I and II, the Fer-
tile Crescent was the site of origin of M. m. domesticus,
and it is from there that the subspecies began its
extensive colonization of western Europe and northern
Africa, and ultimately elsewhere in the world (Boursot
et al., 1996; Din et al., 1996; Prager et al., 1998).
Given that M. m. domesticus originated in south-

western Asia, further genetic characterization of mice
from this area is important. Such studies should help to
establish more clearly the ancestral characteristics of
M. m. domesticus and help interpret better the pattern of
genetic variation found throughout the species range. In
particular, there is much known about the mitochond-
rial (mt) DNA and chromosomal variation of M. m.
domesticus in western Europe (Prager et al., 1993;
Nachman et al., 1994; Nachman & Searle, 1995) but
little information from south-western Asia. If it could be
shown that some mtDNA or chromosomal variants
found in western Europe are not found in the south-west
Asian source area, it may suggest origin of those
variants during or subsequent to the range expansion
of M. m. domesticus into western Europe. Likewise,
presence of certain mtDNA or chromosomal variants
only in south-western Asia and not in western Europe
may suggest that only part of the genetic variation
present in the source area was carried during the
colonization of western Europe. There is considerable
interest in elucidating the genetic processes that occur
during geologically recent colonizations (Hewitt, 1996).
In this paper we describe a small-scale study of M. m.

domesticus mtDNA and chromosomal variation in south-
western Asia, close to the putative source area for this
subspecies. As in the previous extensive mtDNA studies
of M. m. domesticus from western Europe (Prager et al.,
1993; Nachman et al., 1994), we sequenced the D-loop
(control region). In total, we describe ®ve new D-loop
haplotypes from localities in central and northern
Turkey and southern Iran. This adds to nine complete
or near-complete haplotypes from Georgia, southern
Turkey and western Iran described by Prager et al.
(1996, 1998).
Our collections from Turkey and Iran included mice

with M. m. castaneus mtDNA haplotypes. The ab-
original mouse Mus macedonicus was also represented.

D-loop sequences from these specimens were obtained
for further comparison with data in the literature.

Materials and methods

Altogether 20 Mus were caught at three localities in
Turkey and seven localities in Iran during 1996±98
(Table 1, Fig. 1). Standard external measurements were
taken: head + body, tail, hindfoot and ear lengths.
Direct chromosome preparations were made from

somatic tissue and diploid numbers obtained. Four mice
from one site in Turkey (Samsun) were unavailable for
measurement and chromosome preparation (Table 1),
but samples were taken for DNA studies.
For DNA analysis, tail tips were preserved in 100%

ethanol and maintained at 4°C. DNA was extracted by
the standard phenol/chloroform procedure (Sambrook
et al., 1989). The whole of the D-loop and ¯anking
regions were ampli®ed in two overlapping fragments by
PCR: a 724-bp fragment generated with the primers
L15774 and H16498 (5¢-CCTGAAGTAGGAACCA-
GATG-3¢) (Kocher et al., 1989; P. Taberlet, pers.
comm.; numbering according to Anderson et al., 1981)
and a 632-bp fragment produced with primers L15735
and H00072 (Prager et al., 1993; numbering according
to Bibb et al., 1981).
For each primer pair, double-stranded ampli®cations

were carried out using standard concentrations of DNA
and reagents (Bilton et al., 1998). For primers L15774-
H16498, 30 cycles of 2 min at 93°C, 1 min at 50°C and
2 min at 72°C were carried out. For primers L15735-
H00072 there were only 25 cycles and an annealing
temperature of 64°C. PCR products were puri®ed with
the QIAquick PCR puri®cation kit (Qiagen) and
sequenced using the ABI PRISM Dye Terminator Cycle
Sequencing Ready Reaction Kit. For the 724-bp frag-
ment, generally only the L15774 primer was used to
generate the sequences, which were exceptionally clear
in all cases (some checks were made by sequencing in
the other direction as well, using the H16498 primer).
The 632-bp fragment was sequenced in both directions
using primers L15735 and H00072. The sequencing
PCR consisted of 25 cycles of 96°C for 30 s, 50°C for
30 s and 60°C for 4 min for primers L15774 and
H16498, whereas it di�ered in annealing temperature
(53°C) for primers L15735 and H00072. The sequencing
products were loaded onto an ABI PRISM 377 auto-
mated sequencer.
Sequence traces were downloaded, checked using

Analysis software (ABI) and aligned using SeqEd
(ABI). For all specimens we obtained sequences for
the mtDNA region between positions 15283±16295 of
Bibb et al. (1981), although a shorter length (15363±
16295) was used in the analyses. This comprised the
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whole D-loop (879 bp) and a small amount of ¯anking
tRNA sequence. Diversity estimates and phylogenetic
analyses were performed using our sequences and
selected sequences from the literature (Nachman et al.,
1994; Prager et al., 1996, 1998). Some of the relevant
sequences in Prager et al. (1998) had missing bases.
These were only included if there were ®ve or fewer

missing positions; we followed the approach of Prager
et al. in coding these.

Nucleotide diversities (p) were calculated according to
Nei (1987) using the ARLEQUINARLEQUIN 1.1 package of Schneider
et al. (1997).

For the phylogenetic analyses, both parsimony and
distance methods were used. Maximum parsimony

Fig. 1 Collection localities in Turkey
and Iran. See Table 1 for further details.

Table 1 Collection data and mtDNA haplotypes of 20 Mus from Turkey and Iran. Codes are used to map the position
of localities in Fig. 1. The D-loop haplotyes found in each country are numbered sequentially with dom, cas and mac
indicating haplotypes of M. musculus domesticus, M. m. castaneus and M. macedonicus type mtDNA, respectively. External
measurements were also taken of all but four mice from Samsun (see Materials and methods)

Locality
code Locality N

Latitude/
Longitude

Date of
capture

Tail
length

Haplotype
designation

Turkey
A Campus of Ondokuz 4 41o19¢N 36o19¢E 8/97 L* domTurkey.1

Mayõs University, 2 8/97 Ð macTurkey.4
Kurupelit, Samsun 1 8/97 Ð macTurkey.5

B Campus of Erciyes 1 38o43¢N 35o29¢E 9/98 L domTurkey.2
University, Kayseri 1 10/98 S macTurkey.6

C AygoÈ rmez KoÈ yuÈ , 1 38o06¢N 36o23¢E 11/98 L domTurkey.3
PõnarbasË õ, Kayseri

Iran
D Arak city, Markazi 1 34o06¢N 49o43¢E 11/96 S macIran.3

province
E 50-60 km north of 1 29o03¢N 57o37¢E 9/96 L casIran.6

Jiroft city, Kerman
province

F Tehran city 2 36o00¢N 51o30¢E 10/96 L+ casIran.5
G Kermanshah city 3 34o27¢N 47o53¢E 10/96 S+ macIran.4
H Bampur city (suburbs) 1 27o11¢N 60o30¢E 10/96 L casIran.7
I 9 km east of Chah Bahar 1 25o18¢N 60o44¢E 11/96 L domIran.1
J Bandar Abbas 1 27o13¢N 56o23¢E 2/97 L domIran.2

L, tail longer than 71 mm; S, tail shorter than 70 mm; +, sample includes one individual with a tail of 70±71 mm; *, sample includes
one individual not measured; Ð, no individual measured.
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analyses were run using PAUPPAUP* (Swo�ord, 1998) with a
variety of di�erent weighting schemes. Where possible,
the branch-and-bound option was used to generate the
shortest trees. Otherwise we used an heuristic search
with stepwise addition (10 random replicates) and the
tree bisection-reconnection (TBR) setting. For each
analysis a strict consensus tree was generated. Bootstrap
values were produced with separate analyses, based on
1000 pseudoreplicates, using either heuristic search
(same settings as above) or branch-and-bound.
Distance trees were generated using the PHYLIPPHYLIP pack-

age (Felsenstein, 1991). Pairwise distances between taxa
were produced under the assumption of the Kimura
2-parameter model, and trees constructed by the neigh-
bour-joining method (Saitou & Nei, 1987). Again,
bootstrap values were based on 1000 pseudoreplicates.
Our sequences have been deposited in the EMBL

database (accession numbers1 AJ286317±AJ286329).

Results

Morphology, mtDNA and karyotypes

For Iran and Turkey, previous D-loop sequences
obtained by Prager et al. (1998) are readily categorized
as characteristic of M. m. domesticus, M. m. castaneus
and M. macedonicus. Alignments indicate that all the
mtDNA sequences that we obtained clearly belong to
one or other of these haplotypes.
All long-tailed mice (tails >71 mm) had a

M. m. domesticus or M. m. castaneus D-loop haplotype,
whereas all short-tailed mice (tails <70 mm) had
M. macedonicus haplotypes (Table 1). These tail lengths
®t well with Prager et al.'s (1998) assessment of `short-
tailed' and `long-tailed' mice. Mus macedonicus is well
known to have a shorter tail than M. m. domesticus and
`M. m. bactrianus' (which we consider here to be within
M. m. castaneus) (Marshall & Sage, 1981; Au�ray et al.,
1990; Chondropoulos et al., 1995).
We could not separate mice withM. m. domesticus and

M. m. castaneus haplotypes on the basis of tail length or
other external measurements (data not shown).
The standard Mus diploid number of 40 was found in

all mice examined, i.e. seven mice with M. m. domesticus
haplotypes from ®ve localities in Turkey and Iran,
®ve mice with M. macedonicus haplotypes from three
localities in Turkey and Iran, and four mice with
M. m. castaneus haplotypes from three localities in Iran.

Mus musculus domesticus D-loop haplotypes

D-loop haplotypes clearly recognizable as M. m.
domesticus type (Fig. 2) were found in mice from ®ve
localities in Turkey and Iran, although the precise

haplotypes di�er among the localities (Table 1). All the
haplotypes show di�erences from the laboratory mouse
sequence of Bibb et al. (1981) at nucleotide positions
15493, 15823, 15912, 16119, 16241 and 16268, as is
normal for wild M. m. domesticus. Four out of ®ve
haplotypes also have a T instead of a C at position
15597. Although a mouse with only these changes from
Bibb et al. has, to our knowledge, not been found, this is
the consensus sequence for M. m. domesticus from
western Europe [Fig. 2, i.e. these are the most common
bases at each nucleotide position that Nachman et al.
(1994) found among 56 specimens examined across
western Europe]. The two Iranian haplotypes, domIran.1
and 2, are very close to this consensus, di�ering only by
three and two substitutions, respectively (Fig. 2). The
south Turkish haplotype 107 and Iranian haplotype 110
described by Prager et al. (1998) also di�er from the
consensus by only two substitutions and two substitu-
tions plus two insertions, respectively.
Our three Turkish haplotypes (domTurkey.1, 2 and 3)

are very similar to each other, even though they derived
from two well-separated parts of the country (Fig. 1). In
contrast to our Iranian haplotypes, they di�er substan-
tially from the consensus of Nachman et al. (1994). The
domTurkey.1, 2 and 3 haplotypes share substitutions
and indels relative to the consensus at positions 15550±1,
15718, 16009, 16250 and 16252, as do single Turkish and
Iranian haplotypes of Prager et al. (1998), the Georgian
haplotypes of Prager et al. (1996), and haplotypes in
Greece, Portugal, Spain and Switzerland (Prager et al.,
1993; Nachman et al., 1994). The domTurkey.1, 2 and 3
haplotypes di�er from each other and the Nachman
et al. consensus by six, two and three further substitu-
tions, respectively (Fig. 2).
To investigate further the relationship of our new

M. m. domesticus sequences with those in the literature,
we conducted phylogenetic analyses including all
D-loop haplotypes previously described in Iran, Turkey
and neighbouring countries (Prager et al., 1996, 1998)
together with representatives of European mtDNA
lineages (clades I±VI of Nachman et al., 1994). After
alignment of all the sequences, the relative frequencies of
transitions, transversions and indels were calculated as
1:0.32:0.11. Given that transversions and indels are
relatively rare types of mutation, it can be argued that
they are more informative than transitions and should
therefore be weighted more highly in phylogenetic
analysis (see Nachman et al., 1994). However, although
insertion±deletion events occur at rather few nucleotide
positions in the house mouse, there is evidence that they
occur repeatedly in these positions (Prager et al., 1993,
1998; Nachman et al., 1994; Boissinot & Boursot, 1997).
Figure 3 shows a neighbour-joining tree generated

with transversions weighted at the inverse of their
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frequency relative to transitions (to the nearest integer)
and indels zero-weighted (which may be most appropri-
ate given the problem of homoplasy), i.e. a relative

weighting of 1:3:0 (transitions:transversions:indels). The
tree shows the representatives of the six clades de®ned by
Nachman et al. (1994). Based on the bootstrap values,

Fig. 2 Mus mtDNA sequences from Turkey and Iran. All variable positions in the M. m. domesticus (dom), M. m. castaneus (cas)

and M. macedonicus (mac) haplotypes relative to the laboratory mouse sequence of Bibb et al. (1981) are shown. The total sequence
screened ranged between nucleotide positions 15283 and 16295, although a shorter length (15363±16295) was used for the diversity
estimates and phylogenetic analyses to provide alignment with published sequences. Nucleotide substitutions are shown with

reference to the numbering system of Bibb et al. (1981), and a dot indicates identity to the sequence of Bibb et al. Each insertion or
deletion relative to the sequence of Bibb et al. is indicated by an `i' or a `d', respectively. For a deletion, a dash is shown in the
sequence concerned at the relevant nucleotide position. For an insertion, a dash is shown in the Bibb et al. sequence; the insertion
occurs after the nucleotide position indicated. Note that the insertions of Cs after positions 160087 and 160093 are positioned

arbitrarily; they add to a string of Cs and in the analyses reported here, the addition of the two Cs is taken to be two insertion events.
The plus at position 15537 for two M. m. castaneus sequences indicates a tandem repeat from 15538 to 15615 (76 bp); the 3¢ variant
is shown on a separate line. The 5¢ variant was used in phylogenetic analysis, following Prager et al. (1998). The consensus sequence

of Nachman et al. (1994) for the region between nucleotide positions 15363 and 16295 is also shown; see text for further details.
Note that in their list of sequences (Table 3), Nachman et al. (1994) did not record the di�erence between their consensus sequence
and the sequence of Bibb et al. (1981) at position 16119.
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most of these clades are retained with low (54±60%: II,
III, VI), moderate (72%: V) or high (93%: I) support,
but without any south-west Asian haplotypes within the
clades. Many of the Turkish and Iranian haplotypes are
scattered basal to clades II, III and V, but with uncertain
a�nity.

Clade IV of Nachman et al. is not retained in the tree
in Fig. 3. However, one representative of this clade
(1173) branches together with various haplotypes from
south-western Asia into a `new' clade with low boot-
strap support (58%). These are the haplotypes that were
described above as distinctly di�erent from the Nach-
man et al. consensus.
Although weakly supported in the neighbour-joining

tree with a weighting of 1:3:0, the new clade is
particularly strongly supported (90% bootstrap) in a
parsimony tree that we generated with the same
weighting scheme. In other respects this parsimony tree
shows less structure than Fig. 3, although clades I, V
and VI of Nachman et al. are retained with moderate or
strong bootstrap support. Parsimony trees were also
generated with the weightings: 1:1:0, 1:6:0, 1:1:1, 1:3:1,
1:6:1, 1:3:3, 1:3:5, 1:3:9, 1:6:9, and the new clade as well
as clade I of Nachman et al. are found in all these trees,
except for those with the highest weightings for indels.
Clades II, III, V and VI of Nachman et al. are less
frequently retained under the various weighting
schemes. These schemes failed to produce any further,
well-supported groupings of south-west Asian haplo-
types.

Mus musculus castaneus and Mus macedonicus
D-loop haplotypes

In the phylogenetic analysis of M. m. castaneus and
M. macedonicus D-loop haplotypes, we combined
our data with all other complete or near-complete
M. macedonicus sequences and other sequences of M. m.
castaneus from Iran (Prager et al., 1996, 1998). Repre-
sentative sequences of M. m. musculus,M. m. domesticus
and south-east AsianM. m. castaneus were also included
in the analysis, and aM. spretus sequence was used as an
outgroup. As with the phylogenetic analysis of M. m.
domesticus, we used a variety of weighting schemes.
Figure 4 shows a parsimony tree where transversions
are weighted by the inverse of their frequency relative to
transitions, and indels are zero-weighted, i.e. a relative
weighting of 1:3:0 (transitions:transversions:indels).
Very similar trees were generated after parsimony
analysis with weightings of 1:1:0, 1:2:0, 1:6:0, 1:1:1,
1:3:1, 1:3:5 and after neighbour-joining analysis with a
weighting of 1:3:0. The branching order of M. macedo-
nicus, M. m. domesticus, M. m. musculus and M. m.
castaneus is identical to that in Fig. 4 in all these trees.
There are also always two major clades within M. m.
castaneus (one clade formed by casIran.6 and 7 and
cas17Iran; the remaining haplotypes forming the other),
as in Fig. 4. The relationship between M. macedonicus
haplotypes varies somewhat between trees, but macIran.3
and 4 always form a well-supported clade.

Fig. 3 Neighbour-joining phylogenetic tree for the Mus

musculus domesticus D-loop haplotypes that we found in
Turkey (Turkey.1±3) and Iran (Iran.1±2). Also included are all
other complete or near-complete D-loop haplotypes found in

M. m. domesticus from Iran, Turkey and Georgia by Prager
et al. (1996, 1998), using their numbering system (68, 69, 102,
104±107, 109, 110). In order to establish how these south-

western Asian haplotypes relate to those found in M. m.
domesticus from Europe, two divergent haplotypes from each
of the six clades identi®ed by Nachman et al. (1994) are
included in the phylogenies. Their four-digit numbering system

and country of origin are used: 1328 and 1334 (from their clade
I), 1036 and 1262 (II), 1272 and 1083 (III), 1173 and 1369 (IV),
1316 and 1176 (V) and 1008 and 1199 (VI). A M. m. musculus

sequence (Nachman et al., 1994) is included as an outgroup.
The tree was generated using a transition:tranversion:indel
weighting of 1:3:0 (see text). All bootstrap values over 50% are

shown.

MT DNA AND CHROMOSOMAL VARIATION IN MUS 463

Ó The Genetical Society of Great Britain, Heredity, 84, 458±467.



Considering the speci®c sequences that we obtained
(Fig. 2): the M. m. castaneus haplotypes that we
observed in Iranian mice are new, but similar to those
obtained previously in the same country by Prager et al.
(1998). In M. m. castaneus the D-loop in some haplo-
types includes a 76-bp repeat (Prager et al., 1998). We
observed haplotypes with and without the repeat in
Iran, as found previously by Prager et al. (1998). As

described above, these sequences always form two well-
supported clades in the phylogenetic analyses; casIran.6
and 7 and cas17Iran have the repeat and form one clade,
the other Iranian haplotypes and that from Thailand
(cas1Thailand from Prager et al., 1996) lack the repeat
and form a second clade (Fig. 4).

In our phylogenies, the M. m. castaneus haplotypes
are clearly grouped close to the M. m. musculus and
M. m. domesticus haplotypes, whereas the Mus macedo-
nicus haplotypes are well separated from the Mus
musculus haplotypes (Fig. 4). The distinctiveness of
M. macedonicus is also apparent from the nucleotide
sequences (Fig. 2). The nucleotide diversity (p� 0.0080)
among the 11 specimens of M. macedonicus from six
localities dispersed over the species range (Macedonia
and south-western Asia) is lower than that recorded in
M. m. domesticus (19 animals, 13 localities) and
M. m. castaneus (seven animals, six localities) from
south-western Asia (0.0100 and 0.0153, respectively).

Discussion

Karyotypes

A diploid complement of 40 chromosomes is considered
to be the norm for M. macedonicus, M. m. domesticus
and M. m. castaneus (both in mice from south-eastern
Asia and those in south-western Asia previously
described as `M. m. bactrianus') (Silver, 1995). `Mus
musculus bactrianus' with 40 chromosomes have been
found in Pakistan, Afghanistan, Turkmenistan, Tad-
jikistan and Kyrgyzstan by Moriwaki et al. (1986) and
Zima et al. (1990). Clearly, our results for Iranian mice
with a M. m. castaneus haplotype are consistent with
these earlier ®ndings. Mus macedonicus have been
karyotyped in Macedonia (Zima et al., 1990; Giagia-
Athanasopoulou et al., 1994), Israel (Ivanitskaya et al.,
1996), Armenia and Azerbaijan (Bulatova et al., 1991);
all individuals examined also had the standard number
of chromosomes. Our data from the south-east of the
distribution of M. macedonicus (Turkey and Iran) again
con®rm a 40-chromosome complement.

Although the standard diploid number for
M. m. domesticus is 40, numerous karyotypic races
characterized by Robertsonian fusions and a reduced
chromosome number have been described in western
Europe and northern Africa (Nachman & Searle, 1995).
It is generally assumed that these Robertsonian fusions
arose in situ, after colonization by 40-chromosome mice
(Britton-Davidian et al., 1989). These colonists would
have derived ultimately from south-western Asia, so it is
of interest that we were able to con®rm a standard
karyotype in mice with a M. m. domesticus haplotype
from ®ve localities within that region. Mus musculus

Fig. 4 A parsimony phylogenetic tree for the Mus musculus

castaneus and M. macedonicus D-loop haplotypes that we
found in Turkey (Turkey.4±6) and Iran (Iran.3±7). Also
included are all the other complete M. macedonicus haplotypes

available in the literature (Prager et al., 1996, 1998) and all the
complete and near-complete M. m. castaneus haplotypes found
previously in Iran (Prager et al., 1998). In addition, sequences
for M. m. castaneus from Thailand (Prager et al., 1996), M. m.

musculus from the Czech Republic (Nachman et al., 1994) and
M. m. domesticus from Iran (Iran.2) are included for
comparison and Mus spretus is included as an outgroup

following Prager et al. (1996), whose sequence we use. The tree
was generated using a transition:tranversion:indel weighting of
1:3:0 (see text) and shows all bootstrap values over 50%. It is a

strict consensus of the nine shortest trees obtained by the
branch-and-bound method and has a length of 175 steps, a
consistency index of 0.771 and a homoplasy index of 0.229.
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domesticus with 40 chromosomes have also been
described in Israel (Au�ray, 1993).

Mus musculus D-loop haplotypes

As in the previous study by Prager et al. (1998), we found
two major lineages of mtDNA in Mus musculus from
Turkey and Iran. One is the M. m. domesticus mtDNA
lineage. The other is the `oriental' lineage of Boursot
et al. (1996), but which Prager et al. (1998) showed could
readily be incorporated into the M. m. castaneus lineage;
we follow Prager et al.'s nomenclature here.
The three M. m. castaneus haplotypes that we found

are new and double the number of complete D-loop
sequences available for Iran. However, our three haplo-
types belonged to two clades already identi®ed in
M. m. castaneus by Prager et al. (1998), one character-
ized by a 76-bp repeat (casIran.6 and 7, cas17Iran:
Fig. 4) and the other not. Prager et al. (1998) analysed
M. m. castaneus from throughout southern Asia and the
reader is referred to their detailed account on this
subspecies.
The most interesting specimens carrying a M. m.

domesticus haplotype were those from south-eastern
Iran (localities I and J; Fig. 1). In both models I and II
for the origin of M. m. domesticus (see Introduction), it
is believed that the subspecies arose in the Fertile
Crescent and expanded westwards. The discovery of
M. m. domesticus haplotypes to the east of the Fertile
Crescent is therefore something of a surprise, although
in model I the progenitors of M. m. domesticus are
thought to have migrated through southern Iran
(Boursot et al., 1996). The M. m. domesticus mtDNA
in Iran may be a relict of this migration, or it may be a
consequence of a later human-mediated transport of
M. m. domesticus after2 its formation in the Fertile
Crescent (localities I and J are on the coast and mice
may have been brought there accidentally, by boat). In
either case, the haplotypes from Iran are of interest as
they provide insight into the ancestral D-loop sequence
of M. m. domesticus.
The two M. m. domesticus haplotypes that we

obtained from south-eastern Iran were very similar to
the consensus for the D-loop sequence described for
western Europe by Nachman et al. (1994). Two haplo-
types from northern Iran/southern Turkey described by
Prager et al. (1998) are also extremely close to this
consensus. Therefore, one possibility is that the consen-
sus sequence of Nachman et al. represents the ancestral
condition for M. m. domesticus, perhaps becoming ®xed
within or en route to the Fertile Crescent. A consensus
mtDNA sequence based on haplotypes collected widely
over the range of M. m. domesticus is likely to be similar
to the ancestral sequence if the subspecies spread rapidly

over that range from a small source population charac-
terized by the ancestral mtDNA haplotype. Such
expansion leads to a star phylogeny (Slatkin & Hudson,
1991), as well-demonstrated for humans colonizing
western Europe (Richards et al., 1998). It is possible
that M. m. domesticus, as a commensal of humans, has a
similar true phylogeny.
Whereas inspection of haplotypes suggests one type of

ancestral mtDNA sequence for M. m. domesticus, the
phylogenetic trees that we produced by the outgroup
method of rooting, suggest another. Clade VI of
Nachman et al. (1994) tended to be basal within the
phylogenetic trees that we generated, using M. m.
musculus as an outgroup (it is also basal in the trees
that Nachman et al. produced). However, this clade was
de®ned by haplotypes of M. m. domesticus collected in
western Europe by Nachman et al. Not one of the 14
D-loop haplotypes that we considered from south-
western Asia belongs to this clade.
Clearly, there is a need for further sampling in south-

western Asia, and particularly the Fertile Crescent itself,
to resolve the ancestral D-loop sequence of M. m.
domesticus and to gain an understanding of the evolu-
tion of mtDNA clades found in western Europe and
northern Africa. Surprisingly, none of the Iranian and
Turkish D-loop haplotypes so far typed belongs to the
west European clades I, II, III, V and VI identi®ed by
Nachman et al. (1994). Whether this re¯ects an inade-
quacy of sampling in south-western Asia or evidence of
evolution of these lineages in the Mediterranean area
itself, requires further sampling.
However, one lineage not clearly identi®ed by Nach-

man et al. (1994) is found in both south-western Asia
and Europe. This is our strongly supported new clade of
south-west Asian and Greek haplotypes which, on the
basis of sequence similarity, is also probably found in
Portugal, Spain and Switzerland. Turkey or northern
Iran may therefore be the source area for this clade,
which appears to have spread widely across Europe.

Taxonomic status of the Mus musculus studied
in south-western Asia

In considering both the chromosomal and mtDNA data,
it is important to be aware of the problems with
matching the mtDNA haplotype of mice to their
taxonomic status, de®ned by morphology or nuclear
markers. This is particularly likely to be the case for
samples from Iran. Our data, and those of Prager et al.
(1998), imply that althoughM. m. domesticus does occur
in the west and south of Iran, it is M. m. castaneus
haplotypes that are particularly widespread. It is
tempting to suggest that these match with a morphology
that used to be called `M. m. bactrianus'. However, the
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correspondence between domesticus mtDNA haplotype
and domesticus morphology, and castaneus mtDNA and
`bactrianus' morphology, is far from perfect in Iran (see
data in Tables 1 and 2 of Prager et al., 1998). There is
also the complication of M. m. musculus haplotypes in
the north-east of the country which are not de®nitely
associated with a musculus morphology (Boissinot &
Boursot, 1997; Prager et al., 1998). Thus, any model of
evolution based purely on mtDNA sequences can only
be considered a working hypothesis of the mode of
evolution of M. musculus as a taxonomic entity. Studies
involving morphology and nuclear markers of house
mice in south-western Asia, initiated by Din et al. (1996)
and Prager et al. (1998), need to be continued for a
complete picture of house mice in this region.

Mus macedonicus D-loop haplotypes

It is safe to consider the M. macedonicus D-loop
haplotypes that we found as truly representing the
morphological and biological species M. macedonicus,
as it is unlikely that this form currently hybridizes with
or has recently hybridized with any of the M. musculus
subspecies (Bonhomme & GueÂ net, 1996). By combining
our data with those of Prager et al. (1998), we have been
able to examine the mtDNA variation over the broad
range of M. macedonicus, from Macedonia in the
extreme west to Turkey in the centre and Iran in the
extreme east. On the basis of low nucleotide variation
and tight phylogenetic clustering, M. macedonicus
appears to be a monotypic species that has recently
expanded from a rather small source, perhaps in relation
to the last glaciation. Obviously larger sample sizes
would be desirable to con®rm this result.
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