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Preface

The present volume of "Current Topics in Microbiology and Immunology
is a ser1es of papers on subjects that are relevant to the growing
use of 'wild mice' in immunological, microbiological and genetical
research. 'Wild mice' is a jargonistic term that is used chiefly in
the laboratory to refer to the naturally living forms of house mice
(Mus musculus) and also other species closely related to M. musculus.
This group of species is designated by systematists as the genus

Mus. Immunologists began 20 years ago to study the po]ymorph1sms of
1mmunoglobu11ns and major histocompatibility complex antigens in

wild mice. An extrordinary extension of the highly polymorphic

array of phenotypes known in inbred mice was encountered. Breeding
stocks of wild mice were brought into the laboratory. This included
not only M. musculus but also many of the available species in the
genus Mus “from Southeast Asia and Europe. This availability led to
other comparisons of 'wild' and inbred mice and the discovery of
other new and interesting phenotypes and genotypes. It became
apparent that inbred strains of mice provided only a limited window
for viewing the genetic diversity of Mus musculus.

The papers in this book cover a broad range of topics: systematics
of the genus Mus; spec1a1 populations of M. musculus such as island
populations and the mice in hybrid zones which offer 1ntr1gu1ng
opportunities for population geneticists; polymorphisms in wild mice
of specialized genes of the immune system as well as several other
systems, such as the t-complex and retroviral insertions. Also,
there are papers on genes that determine susceptibility and resis-
tance to viral, bacterial and protozoal infections.

The last chapter in the book is the first listing of available
,stocks of wild mice, inbred strains derived from them and inbred-
wild mouse congenics. Included is a brief discussion of the current
status of the genus Mus.

The composition of the genus Mus is not clearly settled. It is
changing from a classification based on morphology to one based

more directly on genetical grounds. Molecular genetics will greatly
facilitate this development.

The classification of the genus Mus proposed by J. T. Marshall, Jr.,
has had wide influence and is the basis for many of the studies in
this book. Much of the current work focuses on M. musculus and the
other 1iving species that are close relatives. This, of course, is
influenced by the vast amount of genetical, physiological and
pathological data that has been amassed in inbred strains of M.
musculus. There exist today species in the genus Mus, such as M.
Eretus, that have been genetically isolated from M. musculus for
over a million years. During this time the two spec1 have
diverged extensively but remarkably can be mated in the laboratory
to produce fertile hybrids (see Guenet, this book). A large part
of the genomes of M. spretus and M. musculus have drifted apart and
now have accumulated many new restriction enzyme sites, mutations
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and differences in the gene copy numbers. This makes it possible
to find polymorphic forms of many genes in M. musculus and will
lead in the next few years to a detailed mapping of the mouse
genome.

The authors of these papers participated in a workshop on this
subject in Bethesda, Maryland, November 4-6, 1985, that was spon-
sored by the National Cancer Institute and the Jackson Laboratory.
The workshop brought together workers with a wide diversity of
interests. Remarkable enthusiasm was generated, not only because

of the realization that the genus Mus offers such a great potential
for extending our knowledge about the biology of the immune system
and the ways in which the mammalian organism defends itself against
microorganisms of diverse types, but also because it is now becoming
possible to understand the structure and function of the genome of a
single mammalian species Mus musculus. Understanding the chromo-
somal segments that govern specialized immune functions is becoming
more dependent on the concept of the complex genetical system of
which which they are but a part.

We are very grateful to Professor Dietrich Goetze, Ms. Anna Deus
and the staff of Springer-Verlag for their assistance in publishing
this book. Their willingness to rapidly publish the collections of
of papers in this developing field makes it possible for many to
assimilate the work and thoughts of the contributors. The pace of
development in modern genetics is so extensive this type of summary
becomes an invaluable aid to progress. We thank the National Cancer
Institute and Dr. Alan S. Rabson for sponsoring and encouraging the
workshop that brought most of the authors of this book together.
Most of all we acknowledge with appreciation the efforts of Ms.
Victoria Rogers of the Laboratory of Genetics, NCI, in organizing
and preparing the manuscripts in this book.

Michael Potter
National Cancer Institute

Joseph H. Nadeau
Jackson Laboratory

Michael P. Cancro
University of Pennsylvania
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Systematics



Origin and Evolution of Mice:
An Appraisal of Fossil Evidence and Morphological Traits

L. Thaler

MORPHOLOGY AND BIOMETRICS: A LINK BETWEEN GENETICISTS AND PALEONTOLOGY

Systematics of mice has progressed during the last 16 years owing to
biochemical genetics (Selander et al. 1969, other references to be found mainly
in Marshall and Sage 1981, Thaler et al. 198la, 1981lb, Bonhomme, this
symposium). Such studies have brought about the collapse of most older ideas
which were based on morphology. However the very progress due to genetics has
promoted a revival of morphology. The genus Mus as well as its taxonomic
components (species, subspecies, chromosomal races), have recently been
redefined. The interactions between these taxa (sympatry, parapatry; syntopy
and allopatry; various degrees and modes of introgression; direct and indirect

Fig. 1 Geographical distribution of the five taxa referable to the
genus Mus in Europe (from Bonhomme et al., 1984).



competition) are now better wunderstood. These have revealed complex
phylogenetic relationships : diverging and reticulate evolution. It now becomes
necessary to place the evolution of mice in real time in history, prehistory
and geology. Thus, the fossil and subfossil remains of mice have to be studied,
morphologically and biometrically.

The aim of this paper is to evaluate what can be gained from morphology
and biometry as the only possible means of linking modern biosystematics, based
on genetics, to paleontology dealing only with the remains (i.e. teeth and
bones that have been preserved in fossils. The combined paleontological and
genetical approach of evolutionary processes is a question of general interest
to evolutionary biology and 1is applicable to the study of certain basic
problems.

Rodents play an important role in paleontological as well as in genetical
research, and are exceptionally suited for this double approach. The best known
fossils (e.g. Apodemus among murids) have not been studied much by geneticists
and conversely the rodents best studied by geneticists (e.g. Mus, Rattus) have
as yet a very poor fossil record owing to the scarcity of collections from the
remote tropical countries where most of their evolutionary history took place.

WHAT KINDS OF MORPHOLOGICAL TRAITS AND HOW TO USE THEM

1. Coat colour and tail length

All mice look alike (and many other species of murids look like mice). Two
characters only vary conspicuously: 1) The belly coat colour may be about the
same as that of the back or much lighter, 2) The length of the tail varies from
longer than the body to much shorter. In addition some systematists of the
typological era used the faintest variations of fur shade and of overall size
in order to create an absurdly high number of species and subspecies.

The advent of the '"new systematics" based on the population concept of
species resulted, as far as mice are concerned, in the 1943 revision of Schwarz
and Schwarz. It is sad to say that this work was not a step forward. Since that
time text-books as recent as Corbet's second edition of 'The mammals of the
palaearctic region" maintain that there is only one species of mice, Mus
musculus in Europe. The lumping of all European mice in one species was based
on simplistic univariate or bivariate statistical analyses failing to show any
clear-cut differences among them except for tail length which was discarded as
insignificant. This was contrary to the long accepted opinion of zoologists
like Miller (1912) who proposed that in most Mediterranean countries two
sympatric species of mice could be distinguished not only by their tail lenmgth
but by their habitat preference: short tailed mice are outdoor dwellers, while
long tailed mice occur almost always indoors.

When using electrophoretic markers we were able for the first time to
demonstrate complete reproductive isolation of two species of mice in a
Mediterranean country (Britton & Thaler, 1978). We found as a by-product of the
work that tail length was indeed a good character for species identification
(fig.2). On the contrary colour of the belly, a character widely used by
Schwarz and Schwarz as well as older students to define subspecies of Mus
musculus proved to be loosely correlated with electrophoretic groupings. This
led us eventually to drop the popular distinction between the grey bellied M.
musculus domesticus and the white-bellied M. m. brevirostris (Britton & Thaler,
1978).
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Fig. 2 Relative length of tail among mice from southern France referred
to as Mus musculus domesticus (black dots) and Mus spretus (open dots)
according to electrophoretic markers.

Among the five biochemical groups of mice occurring in Europe (four
species, one of them subdivided into two subspecies) only one, the subspecies
M. musculus domesticus, is clearly distinguishable on live specimens: it is the
long tailed mouse. Pairwise comparisons between the four groups of
shorter-tailed mice may produce statistical differences in tail length but this
is obscured by large overlaps due to individual and geographic variation in
each species.

2. Bones

Accurate identification of specimens by way of electrophoresis has enabled
morphologists to search skulls for meaningfull qualitative features. Characters
have been found for identifying European species and subspecies (Darviche &
Orsini, 1982) and are readily usable for identification of remains such as
those found in owl pellets. Admitedly though, M. spicilegus and M. macedonicus
are very difficult to distinguish on this basis and the two subspecies of M.
musculus are not always easy to recognize.

To get any further with skulls and other bones it seems necessary to
perform multivariate analyses based on morphometric traits. Work in progress
has produced good discriminant functions for distinguishing the skulls of the
two closest species, M. spicilegus and M. macedonicus (Gerassimov, in prep.).

Through a morphometric analysis of the mandible Thorpe et al. (1982) were
able to distinguish between a Robertsonian and a non-Robertsonian population of
M. m. domesticus in Northern Italy. Our team has extended this approach to
several others populations. It appears that in this region the various
Robertsonian populations are well separated from each other on the basis of




morphometry while the non-Robertsonian populations are quite uniform. These
results point to an intriguing relation between chromosomal and morphologic
differentiation. Besides, lower jaws being the best preserved among bone
remains, the prospect of identifying the subfossil ancestors of the chromosomal
races can now be carried out.

3. Teeth

3.1. Genus level. Even jaw bones are not preserved in most paleontological
localities. The common stuff of fossil rodent material is made of isolated
teeth. Fortunately it happens that rodent molars are very complicated and
informative structures. Not only paleontologists but also zoologists are
relying more and more on teeth morphology for establishing diagnoses of species
and genera. Only recently has this morphological systematics been checked out
by electrophoretic markers.

At the genus level, it appears that in the family of murid rodents
morphology and electrophoretical methods agree fairly well. It is worth noting
the results of a survey of the so-called hidden variability by way of
sequential electrophoresis (Iskandar & Bonhomme, 1984). This technique revealed
no new alleles when comparing species belonging to the same genus. Whereas, a
huge hidden variability showed up when the comparison involved distinct genera.
However, two outstanding exceptions were found concerning the genera Apodemus
and Mus:

Apodemus designates a set of 0ld World field mice united by systematists
because they share the presence of a tooth tubercle t7 which was absent in the
extinct genus Progonomys, the common ancestor of all Murids. Electrophoretical
analysis shows that species of Apodemus fall into two groups as distantly
related from each other as they are from other genera such as Mus, Rattus,
etc... Actually, some systematists had already differentiated these two groups
due to some external characters and designated them as the subgenera Sylvaemus
and Apodemus. We have proposed to give them full genmeric rank (Bonhomme et al.,
1984 ). Concerning teeth, the tubercle t7 is an apomorphy (new character state),
not a synapomorphy (shared by common ancestry), and developed independently in
Sylvaemus and Apodemus.

In tooth structure, Mus is even more similar to the extinct ancestor
Progonomys than is Apodemus. While paleontologists felt it necessary to create
an extinct genus Parapodemus for classifying species intermediate in morphology
between Progonomys and Apodemus, they did not create any genus intermediate
between Progonomys and Mus. The latter differs from its ancestor by small
transformations only: size reduction, elongated shape of first molars,
rudimentation of third molars, and a few other characters of even smaller
magnitude. The many species referred to as Mus look alike but most of the
character states they share are plesiomorphic (already present in the ancestor
of all Murids, Progonomys). The morphological departure from Progonomys
resulting in Mus is so slight that it has probably occurred more than once. So
it is not too surprising to find, according to electrophoretical evidence (see
Bonhomme, this symposium), that several subgenera of Mus are no more related to
each other than they are to other genera like Rattus, Apodemus, etc... They
diverged at the same time but experienced less morphological transformation
than the line leading to Apodemus, which is evidence of differences of rates of
morphological evolution among Murids. Up to now, the subgenera concerned are
Nannomys, Mus, Pyromys and Coelomys, our opinion being to give them full
generic rank. A special case is that of the subgenus Leggada which was used




until recently for grouping the pigmy mice of Africa and India. The two
geographic components of the subgenus behave differently in electrophoresis.
The Indian pigmy mice, to which belong the type species of Leggada, are so
closely related to Mus proper that we question the usefulness of the subgenus
Leggada. As to the African pigmy mice, they are no more related to Mus than
they are to Rattus or Apodemus for instance, and are referred to as the already
mentioned Nannomys.

When this sorting out of discrete groups of species by electrophoresis or
other genetical markers will be finished, the genus Mus, of which Mus musculus
is the type species, will probably retain at least a dozen species. To sum up,
electrophoretical analysis leads to a splitting of the genus Mus as defined
until now into several unrelated genera of Murids exhibiting the same Mus-like
character states of tooth structure, most of these states having been retained
from the common ancestor of Murids, the others having been acquired through
parallel evolution.

3.2. Species level. To the eye of a paleontologist studying only teeth, the
four species and two subspecies of European mice are so similar that as fossils
they would be referred to as a single species. It is only in localities where
two species occur together that sometimes statistical differences in teeth size
could be used for identification (fig. 3 and fig. 4).
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Fig. 4 Lower teeth-rows of subfossil M.
spretus and M. m. domesticus from
Menorca (200 - 300 BC).

However the prospect is different when the morphologist deals with
specimens previously identified using genetical markers. He is then able to
assess the systematic value of characters formerly neglected because it was not
possible to decide if they varied between species or within species. This has
been done for the sympatric pair of mice Mus musculus domesticus and Mus
spretus in Southern France (Darviche & Orsini, 1982). Besides differences in
teeth size, very minute qualitative differences have also been found in upper
as well as in lower molars.

3.3. Infraspecific level. Geographic variation in a species of mice has not yet
been studied except in a few islands (Darviche, 1978). For instance, compared
to continental populations, mice from Corsica have tails as long as in Mus m.
domesticus and teeth as large as in M. spretus. This puzzling situation was
submitted to electrophoretical analysis and resulted in a clear relatedness
with M. m. domesticus only. This increase of size, since it is restricted to
teeth, is probably not of the same nature as the general trend toward increase
of overall size observed in most insular populations of other species of
micromammals .

APPLICATIONS AND DISCUSSION

1. Origin of the genus Mus and calibration of the molecular evolutionary clocks

Jacobs and Pilbeam (1980) have observed that the time of divergence of 30 MY
between Mus and Rattus currently used for calibration of molecular evolutionary
clocks 1is much too old. They rely on fossil evidence from the Sivaliks



(Pakistan) where in beds 8 MY old are found together remains of Mus auctor and
of Karnimata an extinct genus more related to Rattus than to Mus. Mus auctor is
actually morphologically half-way between Progonomzs and Mus. In 11ght of our
previous remarks on the high prevalence of parallel evolution of teeth it may
be questionned if Mus auctor is really a Mus. Theoretically the line leading to
M. musculus could “have branched off from Pr Progonomys earlier or later than M.
auctor. However this does not matter much if we take into account the whole
adaptative radiation of murids. From electrophoretic data it is clear that the
lineages leading to recent genera such as Mus, Rattus, Sylvaemus, Apodemus,
etc. belong to the earliest radiation of murids and diverged from each other
more or less simultaneously. Evidence from European fossils shows that
‘Sylvaemus ancestry can be traced back continuously to Progonomys through
Parapodemus (Michaux, 1971). The lineage was well differentiated
morphologically 8 to 10 MY ago together with many other lineages most of them
now extinct. Considering that morphological differentiation in murid rodents
lags usually well behind biological speciations it may be considered that the
earliest radiation was well under way 10 MY ago earlier. It could not be
earlier than 12 MY when the stem genus Progonomys appeared (Chabbar Ameur et
al. 1976). It is difficult to be more precise as long as the lineage leading to
gzlvaemus is the only surviving lineage reconstructed. A similar reconstruction
is highly desirable for Mus and Rattus but 1is encountering practical
difficulties for the location of the fossil material to look for lies in remote
Asiatic countries.

2. Origin of species of mice

There were no mice in Europe during the Last Glacial, so the few findings of
fossil mice during an Interglacial in the Pannomic Basin (Janossy, 1961) do not
represent direct ancestors of the post-glacial fauna. It is clear that the
species and subspecies of mice which have been present in Europe for a few
thousand years differentiated elsewhere. Where and when these differentiations
occurred are questions paleontologists will not be able to answer as long as
they will refer to the European mice as only one morphological species.

Discovery of new morphological characters following genetical
identification may help paleontologists to achieve higher systematic
resolution. For instance work in progress on pleistocene mice from North Africa
has shown that they possess the peculiar teeth character states specific to
recent M. spretus but developped to a lower degree. This observation is in
favor of the hypothesis according to which M. spretus differentiated as a
geographical isolate restricted to North Africa during the Pleistocene before
spreading to South Western Europe with the help of Neolithic navigators.

The oldest fossils exhibiting spretus attributes occur in the middle
Pleistocene suggesting that the differentiation was under way a few hundred
thousand years ago. How much older is the time of divergence, that is to say
the geographic isolation which is the initial step in the history of the
spretus lineage ? First fossil mice known in North Africa are 3 MY old but the
subsequent story of the mammal fauna of the region is characterized by a high
rate of extinctions and reappearances by migration. So pending an actual
reconstruction of the spretus lineage, a reasonable guess of the time of
divergence would be between 1 and 3 MY.

It is by refining this type of approach and extending it to all species,
subspecies and chromosomal races that the evolutionary history of mice will be
inserted in true time and space.



For the time being we can only attempt to replace the spretus lineage in
the phylogenetic tree of the genus Mus sensu stricto as derived from genetical
studies and extend our guesses by suggesting that all recent species of Mus
sensu stricto diverged during the last very few MY. -

3. Insularity

Pleistocene mammal faunas of the Mediterranean islands are composed of endemic
extinct species characterized either by '"insular dwarfism' (size reduction of
large animals) or by '"insular gigantism' (size increase of small ones). The
dwarf elephants from Sicily are famous. The gigantic mice from Creta are not as
popular but their evolution is no less dramatic (Mayhew, 1977). Study of their
teeth pattern indicates that despite large transformations they belong to genus
Mus. The species 1is designated as Mus minotaurus. From which continental
species lineage did it derive is yet to be found.

Following establishment of man on the islands in post-paleolithic times
the highly endemic species became extinct and continental species were
introduced, among them mice. In Mallorca (Balearic Islands) the story of these
mice is well documented in cave deposits. Using morphological and biometrical
criteria it has been possible to ascribe the remains to two species. M. spretus
found alone in older deposits and M. musculus coexisting with the former up to
the present time. In lower deposits where it is the only species M. spretus
exhibits a slight increase in teeth size. After introduction of M. musculus an
additional increase is observed in M. spretus. On the contrary there is in M.
musculus a decrease of teeth size. This is suggestive of character displacement
due to competition between the two species.

CONCLUSION

Progress in systematics due to the use of genetical methods is a challenge to
morphologists. The few attempts cited show that in some instances at least it
is possible to assess new morphological and biometrical characters allowing the
identification of the newly defined species and even of infraspecific units
such as chromosomal races. Some of these characters are preserved in fossils,
rendering possible the questions of when and where the recent taxa
differentiated. This is a very valuable feed-back from paleontology to genetics
(think of calibration of molecular evolutionary rates). As yet results of these
double-way interaction between paleontology and genetics through morphology are
very limited. Limitation is today on the side of morphology and paleontology.
Refined morphometrics, especially of teeth and jaws has to be performed in all
representatives of the genus Mus. Fossil mice and their ancestors have to be
collected in their centers of origin, that is mainly in tropical and central
Asia. These laboratory and field investigations will be as money- and
time-consuming as genetical programs.
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Systematics of the Genus Mus

J.T. Marshall

My purpose is first to show how the geographic color races of Mus
musculus can be identified by coat color and tail length (Fig. 1);
second, to report specimens that appear to link domesticus with musculus
by intergradation around the back way in Asia; and third, to identify
anew specimens in the National Museum of Natural History by means of the
cranial traits discovered by Darviche and Orsini (1982). The resulting
nomenclature of the genus Mus, based on morphology and distribution, is
commensurate in its species-1imits with other genera of Muridae that have
not received intensive biochemical study.

A problem with taxonomy of Mus is the occurrence together in the same
meadow of two kinds of mice that are difficult to tell apart. Several
such pairs of species were uncovered before the invention of enzyme
genetics: Matthey and Petter (1968) distinguished Mus booduga from M.
dunni by karyotype and molars, Pantuwatana et al. (1969) separated Mus
caroli from M. cervicolor by differences in feet and tail, and Mishra et
al. (1972) separated sympatric Mus platythrix from M. saxicola by their
unique species of lice. - -

The genus Mus consists of small O0ld World rodents possessing a laterally
pointed parietal bone, a first upper molar longer than half the
tooth-row, and upper molars lacking a postero-internal cusp. Most of the
species occupy India and Southeast Asia (Marshall 1977b). There I
discovered a hiatus in the distribution of outdoor Mus musculus; other
species fill the natural and agricultural habitats. They belong to three
subgenera: Coelomys is small-eyed and has broad frontal bones; Mus is
narrow between the orbits; Pyromys has supraorbital ridges like a rat
(Mus saxicola is the one colonized from Mysore by T.H. Yoshida).

Asian species of the subgenus Mus, which prevent the house mouse from
occupying outdoor habitats, exemplify differences among real species.
They are agricultural pests easily dug from paddyfield dikes for

study in a terrarium. They are distinguished from house mice by a long,
shallow rostrum. Below are some of their attributes, more fully described
by Marshall (1977a, 1977b). Copies of the latter reference, with
photographs of living mice taken by Boonsong Lekagul, can be obtained at
the above address. In the following descriptions a '"long tail" means as
long as the head plus body length, and "medium size" is the head-and-body
length of the house mouse.

Mus booduga: Small; short-tailed; upper incisors recurved, with a notch;
upper molars broad; the underparts are white. Mus booduga is the type of
Leggada, which name is therefore not available for African pygmy mice.

Mus caroli: Medium size; upper incisors inclined foreward and colored
dark tan, nasals short; the tail is very long.

—

Fig. 1. Identification of house mice by means of coloration, tail length,
and geography
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Mus cervicolor: Pro-odont, nasals long, tail short, and the feet are
white. Occurs as medium sized (annamensis, cervicolor) and large
(popaeus) races.

Mus cookii: Upper incisors recurved, tail long; teeth are large but the
first upper molar is slender. Occurs as large sized (cookii) and medium
sized (nagarum, palnica) subspecies.

Mus dunni: Small; upper incisors pro-odont, without notch; upper first
molar slender and with anterior accessory cusp; tail long; the white fur
of underparts has gray bases. Recently I collected several M. dunni in a
ricefield at Medan, Sumatra (now in American Museum of Natural History).
They would not enter the cold, wet aluminum traps and had to be taken in
snap traps.

Now we come to the house mice. They are members of the subgenus Mus that
possess a short, deep rostrum. Figure 1 shows the coloration and tail
length of a modal specimen of each species and subspecies. Their
arrangement in six tiers corresponds to relative positions on the map of
Eurasia. The '"zygomatic index," invented by Darviche and Orsini (1982),
divides the hillock mouse and its relatives with a broad dorsal root of
the zygomatic plate (as in M. caroli and M. cookii) from Mus musculus
with a narrow root (as in M. booduga, M. cervicolor, and M. dunni).

The house mouse, Mus musculus: Most adult specimens can be distinguished
from all others in the genus by a broad anterior portion of the zygomatic
arch, where it caps the zygomatic plate. Notice in Fig. 1 that Mus
musculus consists of an array of geographic subspecies. Each of them
intergrades with its neighbor to west and to east within the same tier.

Mus musculus (northern, short-tailed section; Fig. 1, uppermost tier):
Specimens traded by Richard D. Sage from the Academia Sinica, Beijing,
now in the Museum of Vertebrate Zoology, document intergradation between
long-furred wagneri (including the synonymous gansuensis and mongolius)
and the sleek molossinus (with which I synonymize the short-tailed
manchu, and pure-white-bellied yamashinai). The skull traits
distinguishing Linnaean Mus musculus musculus of Uppsala, Sweden, prevail
in this sweep of connected populations across the continent: outline of
skull in lateral view arched and rounded, tallest at about the level of
the fronto-parietal suture; prominent antero-external cusp on both the
upper and lower first molars such that the lower one is truncate
anteriorly; convexly curved anterior border of the zygomatic plate; and
smooth outline of the lateral parietal wing.

Mus musculus (southern, long-tailed section; Fig. 1, fourth tier): The
Tortuous northern distributional Timit of the dark-bellied subspecies
domesticus, where it comes against Mus musculus musculus, runs from the
British Isles, across Denmark, along the Elbe, south across Bavaria, and
thence toward Yugoslavia, where apparently the two populations diverge. I
can find only one specimen from Norway (National Museum of Natural
History 84693), along with one of musculus (142602) and one hybrid
(199504). The last is the only hybrid I have encountered among several
thousand museum specimens of Mus; a few other hybrid specimens were
mapped by Ursin (1952) and Kraft (1985) from their respective museums.

Because most South American domestic mice are dark, I regard
brevirostris, named from Uruguay, as synonymous with domesticus.

The long-tailed, pale-bellied population from the northwestern part of
the Mediterranean area can be called azoricus. Samples from some French
localities contain both dark and light specimens, indicating



intergradation with the northern subspecies.

From Morocco to Pakistan Mus musculus praetextus includes all long-tailed
populations that contain pure white-bellied individuals. It is
polychromatic in settlements of the west, including dark individuals and
a silver phase. Dark ones look more like mimics of Mus spretus than
domesticus or azoricus from ships. But at the edge of the desert,
eastward to Pakistan, populations are consistently sandy colored above
and snowy white beneath (= bactrianus, which I synonymize with
praetextus). In northern Pakistan these intergrade uphill with Himalayan
Mus musculus homourus. Nepalese homourus is the easternmost population of
Tong-tailed domestic mice that can live outside as well as in houses, to
which the high-altitude homourus repairs in winter (as collected by Steve
Frantz). Beyond Sikkim and the Indian desert at Jodhpur is the hiatus
where outdoor habitats are preempted by other species of the
40-chromosome subgenus Mus.

Back in Germany, the skull of Mus musculus domesticus is distinguishable
from that of M. m. musculus. In lateral view, the skull outline of
domesticus is wedge-shaped with the tallest part toward the rear of the
cranium, whence the skull tapers anteriorly in straight lines. The
antero-external cusp of the first molar is insignificant (Darviche and
Orsini 1982), such that the occlusal outline of the lower one is
triangular and pointed anteriorly. Noticeable are the straight, vertical,
anterior border of the zygomatic plate and the squiggly outline of the
lateral parietal wing. These traits prevail in samples of domesticus all
the way to its eastern 1limit of distribution in Yugoslavia, also in the
the sample of azoricus from Sicily. But east of the Mediterranean, traits
variously become more like musculus.

The overall picture so far shows us two tiers of subspecies: a
transcontinental one in the north with short tail and skull attributes of
the subspecies musculus; a second in the south, abruptly cut off at
Sikkim and eastern India, with long tail and musculus-like skull in the
east, but gradually taking on skull features of domesticus in successive
populations westward. These two tiers are separated by seas amd mountains
except along the secondary contact zone, 20 kilometers wide, in western
Europe. In the east, the width of Southeast Asia and most of India
separates northern molossinus from southern homourus cum praetextus.
Human commerce has injected the strictly indoor Mus musculus castaneus
into the gap. -

Mus musculus (Southeast Asian long-tailed section; Fig. 1, bottom tier):
The skull of Mus musculus castaneus is like that of molossinus, its
neighbor to the north, except that the zygomatic plate leans forward.
That one trait makes castaneus the easiest of house mouse taxa to
identify cranially. Coloration resembles domesticus except for chestnut
tints on the upperparts, ochre beneath and on the flanks. M. m. castaneus
is the only completely indoor mouse. (It does occur outdoors in the T
Pacific Islands where introduced by man, and occasionally in the
Philippines, because there are no Mus caroli and M. cervicolor to
interfere.) A pale, ochraceous subspecies, tytleri, is found in northern
Indian cities such as Varanasi, New Delhi, and Agra.

Specimens in the National Museum of Natural History and the American
Museum of Natural History collected in Sichuan, labeled Mus musculus
tantillus, are recognizable as molossinus daubed with ochre and sprouting
long tails. These skins are actually intergrades between Yunnan

castaneus and Shaanxi molossinus. The position of the intergrading =zone
is probably related to the northern distributional limits of Mus caroli.
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The last link of the chain should be between New Delhi (my specimens of
Mus musculus tytleri) and Jodhpur to the southwest, where V.C. Agrawal
collected M. m. praetextus at the desert research station of the
Zoological Survey of India. It should be easy to find the intergrading
zone at the edge of the desert. Actually, tytleri is itself the
intergrade because its buff underparts are intermediate between
dark-bellied castaneus and snow-white-bellied praetextus. This explains
the continuation of the musculus-style skull westward into Pakistan from
the Orient. Even though tytleri is sequestered indoors it could meet and
mate with the indoor contingent of praetextus.

I think that the northern and southern tiers of Mus musculus, having each
deployed subspecies adapted to local environments, became separated at
the last glacial period. Populations in three far-flung refugia effected
genomic reorganisations pointing toward species differentiation of
castaneus, domesticus, and musculus. Before they could entirely reach
that level, and fail to interbreed, they were thrust back together.
Limited interbreeding at the western contact and both sides of castaneus,
is just enough to keep the genetic pot boiling and to cut off
evolutionary advance.

The short-tailed wild mouse, Mus spicilegus: The mound-building mouse and
its close relatives have a short tail, constant color pattern including a
white venter with slate bases, plain bevel on the upper incisors or an
obtusely angled notch, prominent antero-external cusp on upper and lower
first molars, and semicircular line of demarcation between the parietal
and frontal bones. The parietal has crept anterolaterally over the
frontal, broadening the lateral spine into a crescent. The geographic
range of this mouse is superimposed upon that of M. musculus. Aside from
western Mediterranean collections of the common form, spretus, specimens
are so rare in American collections as to border on the mythical. Three
taxa, spicilegus, spretus, and tataricus, apparently are not contiguous
geographically. The first builds mounds; the other two do not.

Mus spicilegus spicilegus: Excellent life history studies in Russia refer
to the mound-building mouse as Mus hortulanus, the oldest name, with type
locality the botanical garden at Odessa. That is an unlikely place for
storing grain in mounds. Unless the type specimen can be found and
identified as the mound-builder, we should take the advice of Bonhomme et
al. (1978) and use spicilegus, meaning ''gathering together spikes of
grain." The lectotype and former "cotype" of Mus spicilegus from Hungary
and six taken by Dr. Sage from mounds in Austria (at Halbturn) and
Yugoslavia (two fields near Belgrade) share additional features pictured
by Marshall and Sage (1981): skulls are tall dorso-ventrally but short
longitudinally. Thus the rostrum is relatively the deepest and shortest
in the genus Mus, and the narrow zygomatic plate is tallest, besides
being narrowest. In dorsal view the rostrum is narrow and the zygomatic
plates seem to have been pinched together; therefore a view from the
anterior shows the infraorbital foramen as more of a slit than an open
triangle. Paving a store of grain with earth is an inherited skill of
this mouse, accomplished to perfection by offspring removed from their
parents at an early age (Orsini et al. 1983).

Coloration of the hillock mouse is the same as that of Mus musculus
musculus in the same area (although this may not seem obvious from Fig. 1
because the Swedish mice either are paler than those of Yugoslavia or
have faded). This tribute to parallel evolution of external characters by
related species in the same environment need not detract from the
behavioral and internal differences.
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Mus spicilegus spretus: The elongated skull is sculptured in graceful
curves, teeth are large, the intermolar palatal rugae are reduced to
four, and the upper incisors are smoothly beveled. The tail is not only
short, but it is slender as well. Luis Thaler told me that spretus can
metabolize its own water supply.

Mus spicilegus tataricus: I abandon the name abbotti because the juvenile
type specimen (from Turkey) is too small for any member of the house
mouse complex. My measurements in millimeters of the type in spirit at
the British Museum are 44-50-15.1-9.6, complete upper molar row 3.0. The
two Mus species known to occupy Turkey have larger teeth than these and
juveniles larger than the type still lack the third molar. The type must
be a mislabeled pygmy mouse from Africa or India. Satunin (1908)
describes tataricus as a completely wild mouse living in a saline
Artemisia steppe near the saltworks at Bank, on the southwest shore of
the Caspian Sea; it is grayish brown on the back with some rufous along
the flanks; underparts are white with slate gray bases; feet are white
and the 69 mm tail is sharply bicolored. Satunin's description could
apply to the eastern Mediterranean short-tailed mouse, of which the
National Museum of Natural History has specimens from 6 places in Turkey
and from 40 km southwest of Asadabad in western Iran. (Some of the latter
have pure white underparts.) The teeth and gracile skull of these
specimens are exactly like those of spretus except that they are larger
and the incisors are usually notched. Thus the Turkish skulls are unlike
the few known examples of spicilegus. However, three wild-caught examples
that Dr. Sage took at Gradsko in Macedonian Yugoslavia, where they do not
build mounds, seem intermediate. They have the tall, narrow zygomatic
plate of spicilegus as well as the long skull of tataricus (RDS numbers
10145, 10149, 10150 in the Museum of Vertebrate Zoology, Berkeley,
California). The specimens from Egypt (National Museum of Natural History
and Field Museum) that I thought were abbotti have a narrow dorsal root
of the zygomatic plate and are merely the dark, short-tailed extremes of
polychromatic Mus musculus praetextus. I apologize to Lawrence
D'Hoostelaere and Harry Hoogstraal for luring them into a search for this
non-existent mouse.

Summary: Genus Mus
Subgenus Coelomys, mice of mountain forests.

Mus crociduroides Sumatra
Mus famulus Southern India
Mus mayori Sri Lanka
Mus pahari SE Asia
Mus vulcani Java

Subgenus Mus, house mice and their relatives with diploid 40 chromosomes.
Mus booduga Pakistan, India and Burma (subspecies booduga);
- Sri Lanka (fulvidiventris) -
Mus caroli Ryukyu Islands, Fujian, and Yunnan (caroli) to
- Indonesia (ouwensi)
Mus cervicolor Laos and Vietnam (annamensis), Nepal to Vietnam

(cervicolor), Burma and Thailand (popaeus)

Mus cookii Mountains: Burma and Thailand (cookii); Nepal,

northwestern and central India (nagarum),
southern India (palnica)

Mus dunni India and Sumatra

Mus musculus Eurasia and northern Africa including northern
intergrading subspecies from eastern Asia
(molossinus) to Europe (musculus) via the
midcontinent (wagneri); southern intergrading
subspecies in northwestern Mediterranean area
(azoricus), western Europe (domesticus), south



slope of Himalayas (homourus), and northern
Africa to Pakistan (praetextus); and
southeastern, indoor subspecies (castaneus,
tytleri)
Mus spicilegus Separated subspecies on steppes of eastern

Europe (spicilegus); western Mediterranean rim
(spretus); and Macedonia, Turkey, Georgia, and
western Iran (tataricus)

Subgenus Nannomys, African pygmy mice with species minutoides, setulosus
and much, much more!

Subgenus Pyromys, spiny mice.

Mus fernandoni Sri Lanka

Mus phillipsi India

Mus platythrix India

Mus saxicola Nepal (subspecies gurkha), Pakistan (sadhu),

- and India (saxicola)

Mus shortridgei Burma, Thailand, Kampuchea, and Vietnam
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Evolutionary Relationships in the Genus Mus

F. Bonhomme

The Murids ., with their many genera, are the most diversified and recent
group of Rodents. Mus, along with Rattus and a few others, has been recognized as
a separate taxon for a long time. One of its numerous species, the house mouse,
has become the most studied vertebrate probably because its habitat is closest to
that of man. Because this little brownish animal 1is well adapted to indoor
conditions, it was easy to breed in the laboratory, and has become the universal
mammalian model. Although many aspects of 1its biology have been studied
extensively. the biosystematics of its natural populations and the evolutionary
relationships between the different members of the genus have only recently begun
to be explored.

One of the main reasons for this 1s that all the taxa referred to
currently as Mus seem rather homogeneous in terms of biometry and morphology.
Only subtle differences are displayed in dentition, cranial features or tail
length (see Thaler, this symposium, for further discussion). Therefore much of
what we know has been obtained only recently by such techniques as cytology,
protein electrophoresis, mtDNA studies and to a certain extent by RFLP studies of
genes and repeated sequences. More is known about the species closely related to
the house mouse (M. musculus) than is known about their distant Asian relatives.
In this paper, I will recall a few results obtained in the musculus complex of
species that may shed some light on phenomena such as reticulate and mosaic
evolution which help to understand the evolutionary relationships within the
genus as a whole and its position within the Murid phylogeny.

Polytypic species, polymorphic populations.

The study of gene variation within Mus musculus throughout a large
geographic area has shown (Selander et al., 1969; Wheeler and Selander, 1972;
Minezawa et al., 1976; Bonhomme et al., 1978; Sage. 1981; Bonhomme et al., 1984)
that several biochemically differentiated groups ranging from Africa and Western
Europe to East Asia can be recognized (see also Moriwaki, this symposium). Our
present state of knowledge is based primarily on the variability of mtDNA, rDNA
non-transcribed spacer regions, immunoglobulin light and heavy chains, T-cell
antigens, t-haplotypes, the major histocompatibility complex, B2 microglobulin.
maternally-transmitted-antigen, liver gangliosides, hemoglobin and
electrophoresis of a variety of soluble proteins. Of course, the geographical
coverage 1is far from complete, and there are still many problems to be solved
before we have a complete understanding of the intricate relationships between
the different taxonomical units of this differentiated worldwide complex species.
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Nevertheless, up to now, four main groups may be recognized, which for the sake
of convenience will be referred to by the following widely used latin trinomens
M. m. domesticus (Rutti, 1772- Western Europe and the Mediterranean
basin, Africa, Arabia, Middle East and transported by man to the New World and
almost anywhere else); M. m. musculus (Linnaeus, 1758 - from Eastern Europe to
Japan accross USSR and Northern China), M. m. bactrianus (Blyth, 1846 - from Iran
to Pakistan and India), M. m. castaneus (Waterhouse, 1843 - from Ceylon to South

East Asia through the Indo-Malayan archipelago).

Fig. 1 Geographical distribution of the four main taxonomical
units of the complex species Mus musculus.

Fig. 1 tentatively shows the distribution of these four groups in the 01d
World. It should be noted that the biochemical definition of these units does not
necessarily preclude an internal heterogeneity. For example, M. m. domesticus
includes a variety of different morphs which may exhibit variability 1in
characters other than biochemical ones, such as tail length, coat colour and
ecological preferenda (e.g. brevirostris from the Mediterranean belt and
praetextus from sub-desert biotopes), other morphologic characters (such as
changes the ones documented in insular populations) or even chromosomes (there
are many populations homogeneous for karyotypes modified by Robertsonian fusions.
See Winking, this volume). This differentiation raises questions for the
population geneticist concerning the amount of present day gene flow between
local populations. Nevertheless, all these phenomena are recent as compared to
the intergroup variability. A large number of animals belonging to M. m.
domesticus have been screened in our laboratory without revealing much protein
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variation, whether sampled among Robertsonian races (Britton-Davidian et al.,
1980) or otherwise (Britton-Davidian, 1986).

However, the interesting point to deal with here 1s that these
biochemically defined groups, subspecies, semi-species, species or whatever you
may call them, exchange genes wherever they come into contact, even though they
are already quite differentiated as far as protein variation 1is concerned. For
instance, electrophoresis at 42 loci demonstrates a Nel genetic distance ranging
from 0,15 to 0,35 between these four groups (Bonhomme et al., 1984). These
exchanges seem to be secondary in the cases studied so far and probably result
from range expansion in recent times due to partial commensalism with man.

The best understood cases are those of M. m. musculus/M. m. domesticus in
Burope and M. m. musculus/M. m. castaneus in Japan. The latter has been
extensively studied by the Japanese authors (see Yonekawa, this symposium). They
have shown that the colonization of their archipelago by mice was the result of
at least two invasions paralleling those of men. The first one, northward bound
from South-eastern Asia, by M. m. castaneus. The second one, eastward bound from
China by M. m. musculus. The two taxonomical units have subsequently largely
hybridized and given birth to an original population (so called M. m. molossinus)
with differentially intermixed nuclear genomes (Minezawa et al., 1981, Miyashita
et al., 1985, Suzuki et al., 1985), and mtDNAs of the two types differentiated
on a geographical basis. The castaneus mtDNA is restricted to the two extremities
of Japan, while musculus mtDNA occupies the center (Yonekawa et al., 1981).

At the other end of Eurasia, M. m. domesticus and M. m. musculus are known
to interact along a hybrid zone ranging from Denmark (Selander et al., 1969) to
Bulgaria (Bonhomme et al., 1983), where they exchange nuclear genes in a
non-random fashion. Extensive mtDNA flow across this line occurs at several
points of the zone (Ferris et al., 1983; Boursot et al., 1984), and individuals
with nearly 100 % musculus nuclear genome and a domesticus cytoplasm are to be
found in Sweden for instance, while the reverse can be found in Greece. However
gene flow is asymetrical and differential depending on which part of the genome
is considered. For instance, an entire chromosome such as the Y does not seem to
cross the contact zone (Bishop et al., 1985). The blending of the two genomes is
thus not complete and there is some occurrence of male sterility in the northern
part of the hybrid zone (Denmark N-Germany, H. Winking, pers. comm., S-Germany,
R. D. Sage. pers comm.; Czechoslovaky, Forejt and Ivanyi, 1974) whereas a
similar phenomenon was not found in Bulgaria (F. Bonhomme, non published).
Nevertheless, autosomal alleles characteristic of M. m. domesticus have been
found in M. m. musculus populations more than 200 km North of the hybrid zone of
East Bulgaria (Vanlerberghe et al., 1986). Thus, it does not appear likely that
the process of gene exchange that started some 5000 years ago (Hunt and Selander,
1973) following deforestation of central Europe, is ready to stop. This blending
of two different genomes is a reality which concerns more than a narrow hybrid
zone, since most classical inbred strains appear to be recombinant between
domesticus- and musculus-like genomes (Bishop et al., 1985; Bonhomme and Guénet,
1986). o

Much less 1is known about the interaction of M. m. bactrianus with the
remainder of the species. Given its situation south of the Himalayas, it 1is more
likely to come into contact in the west with M. m. domesticus than with M. m.
musculus in the north. Although Isragli wild mice are referable to M. m.
domesticus, they possess alleles which could have come from M. m. bactrianus
(Britton-Davidian, pers. com.) or from a common ancestral stock. Also in a M. m.
domesticus 1nd1v1dua1 from Greece, Suzuki et al. (1985) reported the occurrence
in moderate frequency of a rDNA-NTS haplotype coming from M. m. bactrianus. To
the east, M. m. bactrianus probably interacts with M. m. castanggi. Yonekawa et
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al. (1981) report having studied two otherwise undistinguishable individuals from
Borneo, one with bactrianus type mtDNA, the other with castaneus mtDNA. Suzuki et
al. (1985) find a mixture of rDNA-NIS types in all of the M. m. bactrianus or M.
m. castaneus they have studied, with their R6 haplotype being found only in
castaneus and R8 predominant in bactrianus.

Intraspecific phylogenies.

What are the phylogenetic relationships between taxa within a complex
species which shows many primary or secondary genetic exchanges? How have these
groups been able to differentiate from a common ancestral stock while still
retaining the ability to intercross? A quick look at diverse phylogenies obtained
within the M. musculus species complex for different characters shows that there
is no simple answer to the first question. In Fig. 2, an '"average' phylogeny
between the four groups is given., based on electrophoretical data at 42 loci
coding for soluble proteins. The divergence is mostly the result of contrasting
gene frequencies rather than strict allele specificities.

Bact. Fig. 2 Dendogram showing the
biochemical relatedness of the four
subspecies of Mus musculus. Least

MusC squares method applied on a genetic
distance matrix based on data at 42
loci (Bonhomme et al. 1984). The

Cast. position of the root was determined

using M. spretus as an outgroup

Dom.
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Fig. 3 Mutational pathways between the four main types of mtDNA in Mus
musculus. The restriction sites distribution for six enzymes 1is determined
according to Yonekawa et al. (1981). Each site is assigned to a given branch of
the tree according to a parsimony criterion. Moving on the tree according to the
direction of an arrow indicates gain of a site, and counterwise a loss. No site
was found to mutate more than once.
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In Fig. 3, we show the mtDNA phylogeny based on endonuclease restriction
analyses for the same groups. Four main types of mtDNA have been found so far in
wild mice (Yonekawa et al., 1981). This phylogeny is peculiar in at least two
respects: firstly, it does not match the previous one very well (Fig. 2) and
secondly, it illustrates clearly that the rates of molecular evolution (primarily
nucleotide substitutions in mtDNA) may be very different in so far as a given
molecule may be evolving much faster in some taxa than in others. Consequently
existing subspecies possess molecules that are not necessarily at the tips of the
branches of the tree, such as is the case here for musculus (Fig. 3).

In Fig. 4, we show a possible reconstitution (based on d