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ABSTRACT

@roponehts of the recognition concept of species hold that isolating mechanisms,
inclucling chromosome rearrangements, play no role in speciation while the more commonly
acceptec], biological species concept proposes that isolation mechanisms are instrumental in the
formation of new species. Moreover, some adherents of the ]Jiological concept of species, reject
the hypotha;is that chromosomal rearrangements can be instrumental in causing reproductive
isolation an(l, hence, speciation.

Evidence to the causative role played in speciation by chromosome changes can be
obtained from cytogenetic investigations of sil)]_ing species, in paraﬂel with analyses of gene
products, DNA polymorphism and premating behaviour.

This stucly reports the results of a cytogenetic investigation of 97 specimens of the vlei
rat O. irroratus, from 18 South African localities, and 11 samples of the Angoni vlei rat O.
angoniensis from two geographicaﬂy distant populations. All O angoniensis individuals showed
a constant ]:zaryotype with 56 acrocentric chromosomes but extensive variation was detected in
O. irroratus. Five cytotypes could be recognize& within the latter. In the south-eastern parts of
its South African range, O. irroratus had a diploid number (2n) of 30 chromosomes in which
all autosomes were acrocentric (cytotype A) while further east (cytotype A2), the diploid num-
ber was 30-32 with, again, acrocentric autosomes. A further acrocentric cytotype (Al) with
2n = 2427 occupied the southern and south-eastern slopes of the Drakensberg range. A type
with 2n = 28-30 (cytotype B), with eigllt pairs of biarmed autosomes, was found in the
southern Cape region while in the Cape of Good Hope and in the north-eastern parts of
South Africa, O. irroratus had 2n = 28 with only four pairs of biarmed autosomes (cytotype
C). Most of the numerical changes were due to variation in the number of copies of B-
chromosomes which were small ' biarmed and partly heterochromatic.

C-l)a-ncli‘ng a’nalysis_ revealed that the short arms of biarmed autosomes were totaﬂ'y
heterochromatic. On the other hand, G-l)ancling patterns of acrocentric autosomes were, with

two exceptions (Al and A2 types), similar in all cytotypes while G—Landing of the long arms
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of biarmed chromosomes matched the pattern of their i'iomoiogues in acrocentric cytotypes. A
potentiaiiy heterotic rearrangement was detected in the Al localities where a unique
acrocentric autosome was identified as the prociuct of a fusion between chromosomes 7 and
12.

The geograpiiic distribution of these groups of iearyotypes co.rreiateti, i)y Discriminant
Function Analysis, with bioclimatic regions of South Africa. The Al cytotype was shown to
occupy the coldest and wettest region of the montane Drai:aensi)erg while the B type is found
in the hot area of the eastern Cape with an unpre(iictaiz)ie rainfall pattern: group C occupies
regions of intermediate climate.

Gene prociuct anaiysis was carried out using the novel approacii of sui)jecting liver
homogenates to "Western blotting”. This method was first assessed at supraspecific level using
specimens of various southern African rodents, and allowed the generation of piiyiogenies
essentiaﬂy similar to those produced i)y aiiozyme studies of the same taxa. At intraspeciiic
level, imrnunoi)iotting anaiysis did not reveal synapomorpin'es congruent with izaryotype
groups. This was interpreted, in conjunction with available aiiozyme data from the same
populations, as evidence of low genetic differentiation between O. irroratus cytotypes. A
measure of genetic divergence was indicated in two populations from the Cape province and
this was in agreement with existing data from aiiozyme electrophoresis and mitochondrial
DNA polymorphism.

The cytogenetic results were related to available data on i)reeding and premating
behaviour concerning some of the O. irroratus popuiations investiga’ce(i here. The presence of
the 7/12 chromosome fusion in the Al cytotype correlated with a dramatic reproductive
impairment of F1 individuals originated from A1/A2 and A1/B cytotype crosses. Bvidence of
partiai premating behavioural barriers has been reporte(i iiy oti'lers, but information on
premating behaviour between popuiations which are not Ciiromosomaiiy isolated is iacie_ing.
Therefore, it was not possii)ie to establish if behavioural premating barriers prececieci, or fol-
iowed, the fixation of negativeiy heterotic chromosomal rearrangements. It was, nevertifieiess,
suggeste(i that the existence of such impairecl mate recognition may be an exampie of

reproductive character displacement which may have followed the fixation of the +(7:12) typi-



VIII

cal of the Al populations.

In conclusion, the existence of chromosome changes in the Al, and possibly A2,
populations accompaniec]. Ly low genetic divergence and severely impairecl hyl)rld repro&uctive
success, are consistent with a hypothesis whereby chromosomal repro&uctive isolation causes
speciation. Nonetheless, other speciation mechanisms mediated by genetic clivergence and/or
mate recognition failure, are possil)le in other populations where no chromosome c]nanges of

nega’cively heterotic potential were found.
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CHAPTER 1

INTRODUCTION

I his work is concerned with the genetic variability of the vlei rat Otomys irroratus
(Brants, 1827). Documenting the genetic variability which is often involved in speciation
events whereby new species are formed, is essential in providing insight into concepts such

as species, speciation modes and isolation mechanisms.

®  Species, speciation and isolation

Several concepts of species have been proposed over the years (see King, 1993 for a
recent review). However, with the exception of the advocates of the recognition concept of
species (Patterson, 1978; 1985), most evolutionary l)iologists, particularly those studying
mammals, subscribe to a concept which defines a species as a group of populations which is
capa]:)le of interbree&ing but is reprocluctively isolated from other such groups of
populations. This isolation concept of species (sensu Vrba, 1985) and its attendant
processes of speciation are best typif‘iea by the work of Mayr (1942, 1963, 1970, 1982,
1988).

The most commonly accepted mode of speciation, allopatric speciation, has been
eminently discussed Ly various authors (inter alia Mayr, 1942, 1963, 1970, 1982, 1988;
White, 1978a, 1978b, 1982) and is usually understood as the &ivergence of two or more
popu]ations which have become separated, often ]')y geographic barriers, from the main
distribution area of the species. Because they no longer can come in contact, therefore, they
no ]onger interbreed. In addition to this, White (1982) recognizes sympatric speciation (i.e.
separation through adaptation to different habitat and/or niches within the same area),
stasipatric speciation (i.e. chromosomal separation) and various mechanisms which lead to

parapatric distribution patterns and which are, sometimes, referred to as parapatric
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speciation (White, 1978a).

Whatever the mode of speciation, the i)ioiog'icai concept of species requires the
existence of naturaiiy occurring isolating agencies whose effect is to prevent two popuiations
of the same species from interi)reeciing. This statement, however, may be somewhat
oversimplified since parapatric distribution patterns, for exampie, postuiate that isolated
popuiations or incipient species overiap to some extent and may iiyi)ridize, aitiiougii the
i’iyi)ri&s are not expected to be fertile (see White, 1978a).

Since the crucial issue is that of failed interbreeciing, the isoiating mechanisms can
either be pre-mating or post-mating. Among the first type of mechanisms which prevent
interspecific crosses, Mayr (1963) listed seasonal and habitat isolation, behavioural
isolation and mechanical isolation (unsuccessfui copuiation). Post-mating isoiating
mechanisms would include all events wirierei)y réprociuctive success of interspecific crosses is
impaired and, therefore, involve gamete inviai)iiity, zygote inviai)iiity or mortaiity, iiyiarici

inviaiaiiity and i'iyi)ri(i steriiity (Mayr, 1963).

¢ Chromosomal speciation

The group of post-mating isoiating mechanisms is of concern to this investigation
since it is tiirougi'i these that chromosomal speciation is expected to occur. Models invoi:aing
isolation tiirougii the agency of chromosome rearrangements posit that crosses between
ci‘iromosomaiiy isolated popuiations would suffer from the negative heterosis caused iiy
carrying the chromosomal neomorph(s) in the heterozygous state. This, generally, implies
that the rearrangement(s) must be of a type capable of causing meiotic malsegregation -
thus gamete aneupioiciy - followed i)y failed or impaire«i reprocluction. Recentiy, Capanna
and Redi (1994) have provided a critical re-evaluation of these views and attribute a role to
interpiiase nuclear and chromosomal architecture in causing the negative iiyi)ricl heterosis
required for reproductive isolation to ensue. These authors point out, further, that impaireci

gametogenesis can be a most prevaierit event in structural iieteIOZygotes.
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There is, however, little agreement concerning the role played })y lzaryotypc
evolution in the process of speciation. While many authors (inter akia White, 1978a;
Capanna, et al. 1985; Baker and Bickham, 1986; Nevo, 1991) do not doubt that
chromosomal rearrangements can initiate speciation, others maintain that there is no
causal relationship between karyotype changes and speciation events (inter alia Vrba, 1985;
John and Miklos, 1988) and that fixation of chromosomal alterations is merely an
accidental Ly-procluct of small population size and {;orcecl selection for reorganization
during speciation (Carson, 1982). Criticism of the concept of chromosomal isolation has
originatecl from two schools: the followers of the recognition concept of species (Patterson,
1980, 1985; Vrba, 1985) and some of the evolutionists who endorse the biological species
concept such as Mayr (1963) and Carson (1982) although, at a later stage, Mayr (1969)
modified his position and accepte& the possibi]ity of chromosomal isolation in sp_ecia] cases
of very small peripheral]y isolated populations.

Criticism from the "Pattersonians" is logically consequent to their concept of species
based on recognition of potential mates:

"We can, tlzere][ore, regard as a species that most inclusive popu]ation o][

individual biparental organisms which share a common fertilization system."

(Patterson, 1985).

Therefore, as 1or1g as their members can recognize one another as potential mates, because
they share their fertilization systen, two populations are part of the same species whether
tl'ley interbreed or not: post-zygotic (and geographic) isolation does not play a role in
speciation. Both camps, however, use similar arguments to refute the valiclity of lzaryotypic
isolation. Proponents of these models focus on the fact that before a chromosome
rearrangement becomes fixed in a population, it must undergo a stage of chromosomal
heterozygosity and that, therefore, structural heterozygotes will suffer from the same type of
heterosis as interspecific hyl)ricls. The alge]:)ra of population genetics, maintain these

authors, pre&icts instead that these heterozygotes will be rapicﬂy eliminated from the
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general population, thus homokaryotypes can never become established (see White, 1978a).
However, this need not be the case if the organism in question, for example, displays low
vagi]ity or is generally restricted to a Jf.ragmentecl habitat. Both conditions would favour
inbreeding with consequent rapicl fixation of new chromosomal morphs; meiotic drive may
_be a further factor facilitating fixation (White, 1978a). Therealfter, selection may operate
against the energetic wastage of failed repro&uction, which would favour reinforcement or
repro&uctive character displacement of post-zygotic with pre-mating barriers (Butlin, 1987;
see also Meester, 1988). An algebraic model for heterozygous disadvantage under random
mating has also been used by Patterson (1978) to demonstrate the impossibility of
chromosomal rearrangements acting as reproductive bar_riers upon secondary contact.
However, Robinson and Roux (1985) have demonstrated that judicious use of such algebra
- under the assumptions of limited sympatry and/or low migration rates - results in stable
equilibria _and selection for positive assortative mating.

Although the views expressed, amongst others, by White (1978a; 1982) and
Robinson and Roux (1985) seem to be accepted by most cytotaxonomists, perusal of the
relevant literature of the past two decades elicits little consensus as to which mode of
speciation pertains to karyotype evolution. Some investigators fit chromosome
rearrangements into sympatric or stasipatric speciation models (White, 1982) while others
(Mayr, 1982; Bickham and Baker, 1980; Sites, 1983) find little evidence to support such
a view and pre{er a scenario where chromosomal evolution occurs in allopatry. On the other
hand, Bickham and Baker (1979) have proposed an allopatric model of chromosomal
speciation (canalization model) which postulates an adaptive significance for karyotypic
modifications associated with speciation. These authors have suggestecl that fo“owing
chromosomal isolation, incipient species colonize new habitats and un&ergo further

karyotypic cl'langes &uring aclaptation to these environments.
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¢ The llypotllesis

Regardless as to whether these events occur in sympatry or a”opatry, Meester
(1988) proposed a special case of chromosomal evolution whereby sibling species,
phenotypicauy in&istinguisl'lable from one another, are the most erly result of the post-
zygotic repro&uctive breakdown caused by chromosome rearrangements. A corouary of this
hypothesis is that formation of si]aling species is compati]')le with both sympatric and
a”opatric modes of speciation.

"It is )[requent]y overlooked that any event, such as a c}zromosoma/

mutation, affecting some but not all individuals within a population, is in

)[act occurring sympatrica”y within that popu]ation, whether or not the

popu/ation has a c/ose/y related a]/opatric relative. Fixation o][ a

chromosomal mutation, therefore, is a sympatric event..." (Meester, 1988).
Meester, however, pointed out that it is more parsimonious to postulate an aHopatric
isolation. This would facilitate overcoming the bottle-neck of negative heterosis by
favouring inbreeding - hence fixation - in small peripheral isolates, in accordance with
Mayr's (1982) peripatric speciation model (i.e. allopatric speciation). At this stage, Meesler
(1988) emphasized, there should be little or no detectable genetic divergence between the
incipient species, a phenomenon already noted by White (1982) in association with
sympatric and stasipatric speciation. T he repro&uctive isolation established by chromosome
cl’xanges, couplecl to reproductive character clisp]acement, would then hasten the
accumulation of the genetic differences associated with the conventionally understood
a“opatric speciation mode ahd usua“y considered to precede speciation. This may be
particu]arly applicable if, as indicated earlier, the siHing species in question also display low
migration rates. A possible example of "si})ling speciation” may be found in the case of
Mastomys natalensis and M. coucha, which were long regarde& as a single species but have
¢merged as sibling species differing in diploid number (Hallett, 1979), G-banding pattefn
(Lyons et al., 1977, 1978), haemoglobin electrophoretic migration (Robbins et al., 1983)
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and sperm morphology (Gordon and Watson, 1986). Other, less studied, possible test
species could be within Aet}zomys clzrysoplzi/us, between na//omys paec]u/cus and T

nigricaua]a, as well as Otomys angoniensis and O. irroratus (Meester, 1988).

¢ Experimenta] aspects and scope of the study

Meester's hypothesis of si})hng speciation has two major merits. Firstly, because it is
not in conflict with recognized modes of speciation, it can also provide insights and indirect
evidence for more general models of chromosomal speciation such as the stasipatric and the
canalization ones. Seconcﬂy, it is more amenable than other hypotheses to testing, because
it preclicts a lack of genetic differentiation - as well as little pl’lenotypic difference and poorly
clevelope& pre-mating isolation systems - in the populations })eing investigatecl. Methods to
acquire the necessary information for testing, such as differential chromosome staining and
allozyme starch gel electrophoresis, have been available for more than two decades while
new and more sensitive methods have been &evelopecl in more recent times (see Hillis and
Moritz, 1990 for an anthology and manual) or are being developed (see chapter 5).

Predictions of Meester's hypothesis woul&, tlrms, be fulfilled should chromosome
rearrangements be detected in concomitance with low inter—population genetic &ivergence,
as measured }:)y electrophoretic methods which detect gene product variation. Similar]y,
mating bel'laviour, as observed in the 1al)oratory, should be such that inter})reeding between
population members is still possi]ale and the successful matings should result in o{‘fspring of
limited fertility and/or limited vialoility. This should then be taken as indication that, by the
time an isolating homol:zaryotype becomes established, interbreeding is still possible.
Barring the chromosomal cliﬂ‘erences, therefore, lack of genetic impecliments to the
pro&uction of healtl'xy and fertile offspring would be implie(‘l. The existence of interfertile
populations, within the species distribution range, carrying different and "non-isolating”
chromosomal rearrangements can - if they are detected - confirm such a conclusion. This

would allow the establishment of a tempora] sequence of events 1eacling to sibling
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speciation. Also, if populations with greater numbers of isolating karyotypic differences are
uncoverecl, their levels of genetic clivergence and pre-mating behavioural differences should
also be greater. Furthermore, should natural hybridization zones be found between
cl'xromosomany diverse populations within the species distribution range, the theoretical
requirements for the more general mode of stasipatric speciation would be met. On the
other hand, the possible Ein&ing of correlation between the distributions of intraspecific
cytotypes and habitat and/or climatic patterns, may provicle indirect support for the
canalization model of chromosomal speciation.
Consequently, the scope of the investigation presente& here is articulated according
to the following lines. |
1. Samphng within the distribution range of the species O. irroratus.
2. Karyotype analysis of the specimens by conventional Giemsa staining, G- and C-
l)anding foHowing established methods.
3. Analysis of the load of genetic mutation l)y methods c].esigned to detect variation

amongst gene products.

4. Correlation of the data obtained from the two types of analysis.
5. Correlation of such data with environmental parameters.
6. Correlation of such data with pre-mating behaviour of the specimens as studied })y

Pillay et al. (1992, 1993).
7. Correlation of all data with those from mitochondrial DNA (mt.DNA) restriction
fragment length polymorphism (RFLP) analysis as reported by Rimmer et .

(1996) and those from analysis of randomly amplified polymorphic nuclear DNA
sequences (RAPD) Dace (1995).

¢  Layout of the manuscript
The aspects listed above are treated as follows. The next section provides a review of

the general biology of the test species. The cytogenetical findings with related methods and
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discussion are detailed in Chapter 2 which incorporates suital)ly edited versions of two
papers1 published on the subject in 1992.

Chapter 3 ("Environmental correlates") deals with statistical analysis and correla-
tions of lzaryotype distribution with climatic and habitat parameters and it is an edited ver-
sion of a paper2 published in 1994.

Immunoreactivity of gene products both at generic and intraspecific levels is
Jetailed and discussed in Chapters 4 and 5 respectively which include edited versions of two
papers3 on the sul)ject. The last section of the manuscript, Chapter 6, prov-icles a synthesis
of the experimental data and discussions presentecl in previous chapters. Moreover, aspects

which are not dealt with in previous sections are discussed therein.

¢ The test organism

As indicated in page 5 of this chapter, Meester (1988) suggested O. angoniensis and
O. irroratus as 1i12e1y candidates to show evidence for sil)ling chromosomal speciation.
Meester based his suggestion on the fact that these two species are morphologicaﬂy
indistinguis}lal)le apart from the shape of the posterior petrotympanic foramen (slit—lilze in
O. angoniensis and round in O. irroratus) and the diploid number of the two karyotypes:
2n=>56 in O. angoniensis, 2n=28 in O. irroratus. However, the consideration that the two
rodents were already recognized as goocl, albeit si})]jng species, and of the great difference in
respective diploid numl)ers, suggested that they may have already &iverged suﬁiciently as to

make the task of clernonstrating chromosomal speciation rather difficult. On the other

1
Contrafatto G., Meester J.A., Willan K., Taylor P.J., Roberts M.A. & Baker C.M. 1992a. Genetic variation in the African

subfemily Otomyinae (Muridae) II: chromosomal changes in some populations of Otomys irroratus. Cytogenetics and Cell Genetics 59:
Contrafatto G., Meester J., Bronner G., Taylor P.J. & Willan K 1992h. Genetic variation in the African rodent subfamily
(Muridae) IV: chromosome G-banding analysis of Otomys irroratus and O. angoniensis. Israel Journal of Zoology 38: 277-291.

2
Taylor, P I, G. Contrafatto & K. Willan. 1994. Climatic correlates of chromosomal variation in the African vei rat,Otomys irroratus.
Mammaka, 58(4): 624-634
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hand, Robinson and Elder (1987), in reporting lack of G-banding homology between the
karyotype of O. irroratus and those of O. unisulcatus and Rattus norvegicus, rightly inferred
that the vlei rét must have unclergone an extensive genome reorganization duﬁng its evolu-
tionary history. This suggested that O. irroratus itself might be the better species to be used

as a test case for a chromosomal speciation hypothesis.

The general biology of this
species of vlei rat has been exhaus-
tively reviewed by De Graaff (1981)
and Skinner and Smithers (1990).

Therefore, only a synthesis of these
Figure 1.1 - Otomys photographed in captivity authors' contributions is presented
(courtesy of K. Willan and N. Pillay).

here, covering the aspects which may

be necessary to peruse this manuscript. Figure 1 shows a representative of this species.
Otomys irroratus is a medium sized vole-like rodent endemic to Southern Africa. It
is stocky, blunt-nosed with shaggy pelage of long and soft hair. The ears are round and
1arge - hence the generic name - and well haired. The tail, much shorter than in common
rodents, is about 60 per cent of the length of body and head. Total animal length averages

240 mm while body mass is on average 122 g in males and 114 g in females. Coat colour

is geographicaﬂy variable and, in the dorsal parts, is a grizzled dark slate-gray tinged with

buff or brown. The flanks and under parts are paler and grayer, while the tail is brown in
the upper surface and buffy below, the feet dark gray.
The incisors are large and grooved while the molars, as in all other Otomyines, are

laminated with the upper third molar l'xaving four to seven laminae and the lower first molar

showing only four. This feature is used as a key character to distinguish O. angoniensis and

3
Contrafatto G, David D. & Goossens-Le Clerq V. 1994. Genetic variation in the African rodent subfamily Otomyinae (Muridae) V:
phylogeny inferred by immunoblotting. Durban Museum Novitates 19: 1-7.
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O. irroratus from other members of the genus (Meester et al., 1986) while a molar series
longer than 8.8 mm is the character that separates O. irroratus from O. saundersiae. The
species is similar in appearance to its.partiy sympatric sii)i'mg species O. angoniensiss.
Distinguishing characters include the aireacly mentioned sirlape of the posterior
petrotympanic foramen (see page 8) and the hind foot length of 29-34 mm in O. irroratus
and 25-28 mm in O. angoniensis. A distinct ring of orange coloured hair around the eye of
O. angoniensis which is absent in O. irroratus, is also listed as a useful identification feature
(Skinner and Smithers, 1990) but does not appear to be reliable. Of several unidentified
Otomys from the north-eastern part of the O. irroratus range of distribution - where it is
sympatric with its sii)iing species - all of those that showed such an orange ring around the

eye (K. Wiiian, pers. comm.) had an O. irroratus izaryotype (Pers. oi)s.).

The species distribution

illustrated in i:igure 1.2, is within the

limits of the Southern African region.

In addition to the areas within the

South African poiiticai confines, it is

aiso recorded as an isolated population

from the eastern parts of Zimbabwe and

Figure 1.2 - Map of Southern Africa and
adjacent Mozambique, south of the distribution of O. irroratus (After Skinner and
Smitliers, 1990).

Zambesi river. Aitiiougi'i catholic in dis-

tribution as it occurs througiiout grassiancis, O.irroratus prefers moist habitats associated
with rivers and vieis, hence its common name of vlei rat. However, in montane areas these
animals occur on grassy hillsides and ricigetops at a distance from water (Rowe-Rowe and

Meester, 1982).

The vlei rat is of crepuscular habits and socially territorial (see Pillay, 1993); it

Contrafatto, G, van den Berg, ] R & Grace, J H, Cenetic variation in the African rodent subfamily Otomyinae (Muridae). VI:
elootrotransfer of liver proteins of some Otomys irroratus (Brants 1827) populations. Tropical Zookgy. 9:000-000 (in press)
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seldom, if ever, burrows and normally constructs variously shapecl nests under grass cover.
Home range éize in the north-eastern part of the species distribution has been reported to
be 1730 m? for males and 1252 m” for females. Pillay (1993) measured average distances
(Av.D.) travelled between successive captures, as an index of adult home range size, varying
from 10.1 to 18.8 m in two KwaZulu/Natal populations. Home range size decreases
marginally in autumn and winter (Skinner and Smithers, 1990; PiHay, 1993). O. irroratus
is a herbivorous species and, t}lus, exhibits specializations to this diet such as transverse
lopl')s in the teeth and 1arge and complex caecum. O. jrroratus uses grass bOtl’l, as a food
source and as cover. Some grass species, such as Eragrostis curvula, are considered
unpalatable to vlei rats (Willan and Bigallze, 1982). These rodents, nonetheless, have been
shown in some habitats to associate with E. curvula in preference to grasses of higher nutri-
tional value (i.e. Themeda triandra) since the former offers better opportunities for cover as
indicated by readings of ground level light penetration in the KwaZulu/Natal Midlands (Pil-
lay, 1993).

Reproduction, in areas of summer rainfall, peaks cluring the warm wet summer
months but has been reported to begin as early as August and continue through to May.
Pillay (1993), however, reports a short reproductive season in one of two populations from
KwaZulu/Natal. Females are polyoestrous and, since the gestation period is 40 days, they
can produce up to seven litters, with a mean size of 2.33, each season. Their precocial pups
show nipple-clinging behaviour up to 14 days of life. Pillay (1993) suggests that nipple-

clinging, which is common to all Otomyines, correlates with the species lifestyle of nesting

on the surface rather than l)urrowing.
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CHAPTER 2

THE KARYOTYPE OF O. IRRORATUS

¢ Introduction

crhe genus Ofomys is endemic to Africa and is, for the most part, confined to
Southern Africa with only four of its 10 species entirely extralimital (Misonne, 1974). Some
of the Southern African species are clearly distinct from each other, and were previously
assigned to two further genera (Roberts, 1951): Myotomys (O. unisuleatus; O. sloggetti) and
Lamotomys (O. laminatus). All of these are currently considered synonyms of Otomys (Meester
et al., 1986). On the other hand, O. irroratus and the frequently sympatric O. angoniensis are
difficult to distinguish, being described as sibling species (Misonne, 1974), whereas the
extralimital O.tropicalis is regarded by some (Honacki et al., 1982) as a synonym of O.
irroratus, in spite of a marked geographic discontinuity between their ranges. Meester et al.
(1986) provisionally listed eight subspecies of O. irroratus and stated that too many subspecies
are probably recognized. Allozyme analysis (Taylor et al., 1989a) of four otomyinae has
highlighted the distinctiveness of O. irroratus, supported the hypothesis of a diphyletic evolution
of this subfamily and also suggested the inclusion of the bush Karoo rat, O. unisulatus, within
the genus Parotomys. |
The range of taxonomic relationships found within Otomys and the difficulties of
distinguishing between phenotypically very similar taxa within the genus, suggest the need to go
beyond morphological taxonomic approaches to chromosomal and biochemical techniques in
dealing with these problems. The karyotypes of O. angoniensis (2n = 56) and O. unisuleatus (2n
= 28) have been described (Matthey, 1964) but a G-banded karyogram of O. angoniensis has not
yet been published. Matthey (1964) referred to O.unisuleatus as'O. irroratus', but others (Robbins
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and Baker, 1978; Robinson and Elder, 1987) have corrected this misidentification.
Robinson and Elder (1987) provided karyotypes of O. irroratus and O. unisuleatus, and
pointed out that although their diploid number was the same (2n = 28), chromosome
morpl'xology was marlzedly different and no homologies in chromosome G—})anding patterns
were apparent between these two species. The Lzaryotype of O. irroratus described by these
authors comprises eight pairs of submetacentric autosomes, one pair of metacentric and
four pairs of acrocentric autosomes. The Y chromosome is a small acrocentric whereas the
X chromosome is submetacentric.

Meester ot al., (1992) suggestecl that chromosomal speciation may be occurring in
this species by post-zygotic isolation. The aim of this chapter, therefore, is to describe the
chromosomes of 18 populations of O. imoratus, as well the G-banded karyotype of O.
angoniensis and to uncover possible homologies between the chromosomes of the two
species. In turn this may enable one to establish what phylogenetic relations}xips may exist
between the various O. irroratus populations and to provide some evidence in favour of a
speciation model which envisages chromosomal changes 1eac1ing to speciation })y post-

zygotic repro&uctive isolation.

L Materials and methods

Chromosome preparations were obtained from 97 specimens of O. irroratus (and 11
of O. angoniensis) from various Southern African localities encompassing most of the
distribution range of this species. Fourteen of these animals were born in captivity in the
anima]-housing facilities of the Department of Biology. Details of animals, localities and
habitats are given in Table 2.1. The localities of the specimens studied are mappecl in
Figure 2.1 Voucher specimens of these rodents have been deposited in the mammal
collections of the Durban Natural Science Museum and their accession numbers are

providecl in the appendix at the end of chapter 2.

Chromosome preparations were obtained from cultured spleen lymphocytes,



C}lapter 2 - O. irroratus lzaryotype 18

cultured skin or spleen fibroblasts and by direct harvesting of bone marrow samples.
Spleens were minced in Dulbecco's Modified Eagles Medium (DMEM, Highveld
Biological, R.S.A.) with forceps and scissors and the resulting cell suspension and tissue
fragments were then cultured at 37 °C with phytohaemagglutinin (PHA) (Wellcome, U.K.)
for 72 houus.

19° 250 310
— [} 1

Figure 2.1 - Map of South Africa with the approxiamte position of the localities where the
Otomyine specimens reportecl here were collected. 1=Constantia, 2=Bloemfontein,
3=Rietvlei, 4=Nylsvlei (O. angoniensis), 5=Mariepskop*, 6=Garden Castle", 7=Dargle
Station”®, 8=Karlzloo{, 9=Durban (O. angoniensis), 10=Umgeni VaHey Nature Reserve®,
l11=loteni Nature Reserve®, 12= Kaml)erg Nature Reserve, 13=Vergelegen Nature
Reserve, 14=Umtamvuna®, 15=Stutterheim, 16=Hog'sl)acla, 17=Alice, 18=Committees
Drift, 19=Grahamstown, 20=Port Elizabeth. (Asterisks refer unpublished observations).
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Table 2.1. Saxnple size and localities data for the O. iroratus popu]ations presented in this stucly.

Veld types: Acocks (1975).

29°32' 5, 29°2T E

Z

Locality and Grid Reference n | Sex|Veld Type and Number
Alice (Eastern Cape) 5 F | False thornveld: (21)
32047'S, 26°50'E 7 M
Captive born from Alice specimens 2 M
Bloemfontein (Orange Free State) 2 M | Dry Cymbopogon-Themeda
29°06' S, 26014' E veld (50)
Captive born from Bloemfontein specimens 1 F
Committee's Drift (Eastern Cape) 2 F | Valley bushveld: (23)
33005'S, 26°46'E 3 M
Constantia (Western Cape) 34000’ S, 18°30' E 4 M | Coastal macchia 47)
Dargle (KwaZulu/Natal) 29°30' S, 30°01' E 1 M | Ngongoni veld of the Natal
mist belt: (45)
Garden Castle Nature Reserve (KwaZulu/Natal) 3 F HighlancI sourveld: (44A)
29°45' S, 29°15'E 1 M
Grahamstown (Eastern Cape) 3 F | False macchia (70)
33e17 S, 26°33' E 3 M
Hogsl)acla (Eastern Cape) 3 F |Highland sourveld: (44A)
32033'S, 26°57E 6 M
Kamberg Nature Reserve (KwaZulu/Natal) 4 M |Highland sourveld (444)
29023' 5, 29°43' E
Karkloof (Natal) 5 F [Ngongoni veld of the Natal
29°21'S, 30°13'E 8 | M | mist belt: (45)
Captive born from Karkloof specimens 1 F
3 | M
Loteni N. R. (KwaZulu/Natal)29°27' S, 29°32'E| 4 | F |Highland sourveld: (44A)
: l Mariepskop (Northern Province) 1 F | Sourish mixed bushveld: (19)
24035' S, 30°35' E
Port Elizabeth (Eastern Cape) 33055'S,25°40E | 2 | M [Alexandria forest: (2)
1 F
Rietvlei (Northern Province) 4 F | Sourish mixed bushveld (19)
25051'S, 28°18'E 6 M
Stutterheim (Eastern Cape) 32°030' S, 27°17 B 7 F | Dohne sourveld: (44B)
Umgeni Valley Nature Reserve (KwaZulu/Natal) 1 F [Ngomgoni veld of the Natal
29°28' S, 30°15' E mist belt: (45)
Umtamvuna (KwaZulu/Natal) 2 F | Dohne sourveld: (44B)
31°03' S, 30°10' E
Vergelegen Nature Reserve (KwaZulu/Natal) 1 Highland sourveld (444)
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The cultures were then transferred to conical centrifuge tubes and incubated for a
further 50 minutes with 25 ng/ml of colchicine (BDH Chemicals,U.K.). Fibroblasts that
remained attached 1o the bottom of the culture flasks (25 cm”, NUNC, Denmark) were
cultured further. Primary fibroblast cultures were established from small ear biopsies
(<0.5em?). Colchicine treatment, in such cases, was at a concentration of 50 ng/ml for 25
minutes while bone marrow preparations were obtained following established procedures
(Shiloh and Cohen, 1978). DMEM (Highveld Biological, R.S.A.) with 20 percent foetal
bovine serum (Highveld Biological, R.S.A.) was used in all culturing procedures.

Karyograms were constructed from one individual per population unless microscope
observation suggested the existence of significant intra-population variability. For
comparative purposes, the classification and nomenclature used by Robinson and Elder
(1987) were adopted in the preparation of the karyograms. Thus, chromosomes whose
banding patterns did not match those of the published karyotype were generally not assigned
pair numbers.

Chromosome G-banding was carried out by trypsin treatment (Seabright, 1971) or
by incubation in Sorenssen's phosphate buffer at pH 8.0 for 22 hours at 65 °C. C-banding
was unsuccessfully attempted on preparations from Alice and Stutterheim by incubation in
50 ml of saturated barium hydroxide for 10-20 minutes followed by 2 x SSC buffer
incubation. In subsequent chromosome preparations from other populations C-bands were
obtained following, pari passu, a method described by Modi (1987). Differential staining
similar to C-banding was also performed by treatment with the restriction endonuclease Ak
I (Miller et al., 1983; Mezzanotte et al., 1983a, Mezzanotte et al., 1983b). In order to
analyze heterochromatin in more detail, a technique which is under development
(Contrafatto, unpublished), was employed on some preparations by incubating them in a
phosphate buffer (pH 8.4) at 65 °C for 24 hours prior to Giemsa staining.

Cladistic analysis of the cytogenetic data employed the PAUP (Phylogenetic

Analysis Using Parsimony) computer programme of David Swofford (Version 2.4), while



Cllapter 2 - O. irroratus lzaryotype 21

the same data were also sul)jectecl to phenetic analysis with the programme BIOSYS of
Swofford and Selander (Release 1.7) coding each chromosome pair as a locus as described
by others (Porter and Sites, 1986). In the case of cladograms, trees were rooted from the

outgroup (O. angoniensis).

¢ Results

No differences were observed in the modal chromosome number in the same
individual when more than one culturing method was used on tissue from the same animal.
When direct bone marrow preparations were used in parauel with culturing techniques,
modal numbers consistently matched those found in cultured cells (P. Taylor, Pers. Com.).
In some cases, chromosome preparations from fibroblast cultures showed a hlgh frequency
of aneuploid spreads.

The G-banded chromosomes of O.angoniensis are shown in Figure 2.2. This
confirms earlier reports of a &ip]oi& number of 2n = 56 and a karyotype comprising 28
pairs of acrocentric chromosomes (Matthey, 1964). The X-chromosome is the second
largest member of the karyotype while the Y-chromosome is the smallest (see Table 2.2).
No prominent chromosomal alterations were detected in the specimens from this species.
Numerical and rnorphological learyotype varialiility, however, occurred between popu_lations
and within some of the populations of O. irroratus and between these karyotypes and that
of Titsikama published by Robinson and Elder (1987). The diploid numbers found in my
study are listed in Table 2.3. Biarmed cytotypes with at least seven large submetacentric

autosomes with heterochromatic short arms (B cytotype) were observed at Committee's

Dn’f‘t, Port Elizabeth, Alice and Grahamstown.
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Table 2.2 - Mean relative chromosome ]eng‘t]ns (MRL) and standard error (SE) from 10 spreads of
O.angoniensis expressecl as percentage of the haploid lmryotype.

Chr MRL SE Chr MRL SE Chr MRL SE
1 717  0.21 11 3.70 0.16 21 256 0.11
2 537 002 12 3.60 0.16 22 251 011
3 516 0.09 13 3.13 0.14 23 240 0.10
4 5.00 0.07 14 2.89 0.13 24 238 0.10
5 496 0.06 15 289 0.03 25 228 0.10
6 478 0.21 16 2.89 0.13 26 228 0.10
7 439 0.19 17 285 0.13 27 195 0.08
8 4.38 0.19 18 285 013 X 6.21 0.17
9 437 0.19 19 2.11 0.12 Y 1.60 0.15

10 419 0.18 20 257 011

Acrocentric karyotypes lacking heterochromatic short arms (A cytotype) were
detected at Stutterheim and Umtamvuna while acrocentric karyotypes carrying a tandem
fusion of autosomes 7 and 12 (Al cytotype) were detected in specimens from Hogsback,
and at the Nature Reserves of_ Kamberg, Vergelegen, Loteni and Garden Castle. A further
acrocentric karyotype without the (7:12) but showing two unique pairs of supernumerary
medium-sized acrocentrics (A2 cytotype) was seen in specimens from Karl:zloof, Umgeni
Valley Nature Reserve and Dargle. In addition, the populations at Constantia,
Bloemfontein, Rietvlei and Mariepskop (C cytotype) exhibited intermediate karyotypes: only
four of the largest autosomes carried heterochromatic short arms. As shown in Figure 2.6
(page 33), the G-banding pattern of the acrocentric cytotypes corresponded to that of the

long arms in the biarmed cytotypes while complete homology was seen between the

acrocentric small chromosomes (pairs 11-14).
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Figure 2.2 - G-banded karyotype of the Angoni vlei rat O. angoniensis (2n=56, NF=56).

The sex chromosomes were similar in all cytotypes so far studied: the X-
chromosome was a medium-sized submetacentric carrying a heterochromatic short arm of
variable length while the Y-chromosome is a whol]y heterochromatic small
acrocentric.Intrapopulation numerical differences were due mostly to variation in the

number of copies ({:rom zero to four) of two small heterochromatic biarmed autosomes

(chromosomes 8 and 9).

. Cytotype A

All the specimens from Stutterheim and Umtamvuna (see Fig. 2.1) were
karyotypically consistent having 30 chromosomes, including three small biarmed
autosomes (pairs 8 and 9). The remaining autosomes were all acrocentric (Figure 2.3-C;

) - One of the small acrocentrics did not match
any other member of the karyotype (see 'a' in Figures 2.3-C, page 25 and 2.6 page 33) and
it is possila]e that this chromosome represented a uniarmed heteromorph of pair 9 without
the heterochromatic short arm. The X chromosome was a medium sized submetacentric

while the Y chromosome was a small acrocentric. A G-banded karyogram typical of these

populations
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Table 2.3 - Diploicl and fundamental numbers in is depicted in Figu_re 23-A_ Apart from

the O. irroratus populations studied.

Population Cytotype | 2n [NEF | M | F
Stutterheim A 30 | 33 7
Umtamvuna A 30 34 2
Garden Castle Al 24 124 |1 |3
' 23 | 24 1
24 | 24 1
Hogsback Al 25 (26 | 3|1
260 128 | 1
21 | 30 | 2
24 | 24 | 1
25126 | 2
Kam Lerg Al 26 | 28
27 | 30 | 1
Loteni Al 24 | 24 4
Vergelegen Al 24 124 111
Dargle A2 30 30 1
29 | 30 1
30130 (513
Karkloof A2 31 3213 ]|1
32 134 |3 |1
Umgeni Va]ley A2 32134 |1
28| 44 | 3|2
Alice B 29 [46 |2 |1
30 48 | 4 | 2
Committee's B 28 | 46 | 3 |2
Drift
Gral)axnstown B 28 42 213
43 | 1
Port Elizabeth B 28 |44 | 2 |1
Bloemfontein C 29 38| 2
30 | 40 1
Constantia C 28 | 42 | 3
41 | 1
Mariepskop c 28136 |1
Rietvlei C 2836 |6 |4

the lack of heterochromatic short arms,
the banding pattern matched that of the
Tsitsikama population studied by
Robinson and Elder (1987) but an extra
autosomal pair (14) was present which was

not reporte& in the Tsitsikama specimens.

* Cytotype Al

Ten of the eleven individuals from
Hogsback had modal numbers ranging
from 24 to 27 chromosomes with 22
acrocentric autosomes. A further specimen
exhibited a diploid number of 23 with 20
acrocentric autosomes and a large
metacentric which originated from the
centric fusion of chromosomes 1 and 3
(Figure 2.3-D, upper inset). Small
polymorpl'xic and partiaﬂy heterochromatic
chromosomes similar to pairs 8 and 9
from other populations were not observed
in three specimens. However, four
individuals had a pair 9, one carried a pair
9 and one member of pair 8 while the

remaining three had only one member of

pair 9.
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The X-chromosomes were similar to those of other O. irroratus cytotypes. All specimens
were characterized by the presence of a unique autosomal pair (pair 'A' in Figure 2.3-D)
and the absence of pairs 7 and 12. The G-banding pattern indicated that this chromosome
resulted from a tandem fusion of autosomes 7 and 12 (Figure 2.3-D, lower inset), which
were present in an unfused state in most other populations.

As expected in view of the close proximity of these localities (see Table 2.1 page
19 and Figure 2.1 page 18), Kamberg (2n = 24-27), Vergelegen, Loteni (2n=24-25)
and Garden Castle 2n = 24) Nature Reserves specimens yielded the same karyotypes
which were all-acrocentric and similar to that from the widely separated Hogsback locality.
The banding pattern of these acrocentric chromosomes matched that of the long arms of
their homologues in the biarmed cytotypes. Pairs 7 and 12 were missing and were replaced
by a large acrocentric with bands matcheing those of the Hogsback tandem fusion (see inset
in figure 2.3-A page 25 and chromosome "A" in figure 2.6 page 33). No members of
pairs 8 and 9 were found in the preparations from the single Vergelegen specimen or two
from Kamberg. Of the other two Kamberg animals, one exhibited both members of pair 9
and one number 8 while the other had only one of each pair. Only one of the Loteni
specimens showed one of each pair whereas none of these chromosomes were found in the

four specimens from Garden Castle.

. Cytotype A2

Karkloof specimens had diploid numbers ranging from 29 (one individual) to 32
(three individuals) with intermediate numbers of 30 (four individuals) and 31 (six
specimens; see Table 2.2). All these karyotypes displayed 14 pairs of acrocentric autosomes
(pairs 1-7, 10-14, 'al’ and 'a2' in Figure 2.3-C) and the X- and Y-chromosomes were
similar to those of the other cytotypes. Most of the differences in diploid number were due
to variation in the number of small biarmed chromosomes (pairs 8 and 9), which varied

from zero in the 2n = 30 karyotypes to one in the 2n = 31 and two in the 2n = 32 types.
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In all 2n = 31 specimens there was a single biarmed autosome (number 8) whereas in one
of the 2n = 32 karyotypes, both biarmed elements were identified as members of pair 9.
However, in the other lwo animals with a d.ip]oid number of 32, one small biarmed
chromosome was classified as a chromosome 9 while the other was similar to the
chromosome 8 observed in other cytotypes (see Figure 2.4-A). Three of the 2n=31 O.
irroratus specimens originated, in captivity, from the mating of a 2n = 32 male with a 2n
= 30 female; similarly, one 2n = 30 individual was an offspring of a 2n = 31 male and a
2n = 30 {emale. Further evidence for the unusuauy polymorphic nature of these
heterochromatic chromosomes was obtained from the three Captive—l)orn sib]ings with 2n =
31, whose mother had one copy each of chromosomes 8 and 9. These offspring all carried
one copy of chromosome 8 and no number 9. Thus preferential segregation of chromosome
8 was apparent in these matings.

A C-banded metapllase sprea& from an individual with 32 chromosomes is shown in
Figure 2.3-B (page 25). This showed very small amounts of centromeric heterochromatin
in most }arge acrocentrics, and interstitial C-bands in three pairs of medium sized
chromosomes (al, a2 and 11). The C-banding pattern of chromosome 8 appeared to be
different from that of chromosome 8 in the Tsitsikama cytotype (Robinson and Elder,
1987); namely because its short arm had no heterochromatin but this was, instead, present
in the terminal portion of the long arm. The X-chromosome and autosome 9 had
heterochromatic short arms while the Y-chromosome was fu]_ly heterochromatic and
acrocentric. In the Karkloof specimen with 29 chromosomes the small biarmed autosomes
were absent while one member of pair 1 had undergone a centric fusion with one member of
pair 3. This rearrangement was also found in one specimen from Hogsback (see page 24
and inset in Figure 2.3-D page 25). Therefore, this diploid number can be derived from
the 30-chromosome cytotype by centric fusion involving one homologue each from pairs 1
and 3.

A single specimen trapped at the Umgeni Valley Nature Reserve, near Karkloof,
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yielded a karyotype in all respects similar to that of Karklool (2n = 32 with pair 8) and a

juvenile from the Darg]e area showed a 2n = 30 lzaryotype similar to that of Karkioof.

. Cytotype B

Karyotypes of the Committee's Drift, Port Elizabeth, Alice and Grahamstown
specimens bore the closest resemblance to that described by Robinson and Elder (1987) for
the Tsitsikama locality. Individuals from Committee's Drift and Port Elizabeth exhibited
an identical karyotype with a diploid number of 28 (Figure 2.4 A page 27) comprising
seven pairs of submetacentric autosomes (pairs 1-6 and 10), one pair of small metacentrics
(9), one pair of medium metacentrics (7) and four pairs of acrocentrics (11-14). The X-
chromosome was submetacentric and the Y-chromosome was a small acrocentric. The
autosomes assigned })y Robinson and Elder to pair 8 were apsent in these specimens, which
exhibited instead an extra acrocentric pair (14). Figure 2.4-B depicts a C-banded spread
from the Port Elizabeth indiviclual, in which most biarmed chromosomes had
heterochromatic short arms and lacked C-band positive chromatin in the acrocentric
autosomes.

Three Izaryolypic variants were seen in the Alice O. imoratus population (see Table
2.3 page 24 and Fig 2:4 A insets page 27) and these exhibited diploid numbers of 28,
29 and 30. In general, while these karyolypes were similar to those of Port Elizabeth and
Committee's Drift, the varation in diploid numbers reflscled the presence or absence of
members of pairs 8 or 9 or both. The 2n = 30 animals carried a pair of small
submetacentric autosomes not present in the 2n = 28 specimens (see top right inset in Fig
2.4-A page 27). These submetacentric chromosomes could be considered homologous to
pair 8 of the Tsitsikama cytotype only in size and general morphology, as their G-banding
often appearecl featureless. The two members of the presumecl pair 8 in one of the 2n=30
specimens exhibited different amounts of chromatin in the short arm (see upper n’gl'lt inset

in Figure 2.4-A). Pair 7 of this individual was submetacentric, as in the Tsitsikama
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Figure 2.5 - Heterochromatin in O. irroratus. A: C-banding-like pattern produced by Al I
restriction enzyme on a metaphase from a Grahamstown animal. B: metaphase plate from

a Constantia specimen after high pH treatment.
population, in which the short arm of pair 7 was shown to be polymorphic (Robinson and
Elder, 1987), rather than fully metacentric as in the other specimens from Alice, Port
Elizabeth and Committee's Drift. One specimen with 2n = 29, displayed three small
biarmed chromosomes (not shown in Fig 2.4-A page 27) which banded poorly and were
variable in 1ength and arm ratio so that their homology to pairs 8 and 9 could not be
established. One individual, with a modal chromosome number of 28, carried a pericentric
inversion involving one member of pair 6, similar to that found in an animal from
Tsitsikama (Robinson and Elder, 1987) (see lower right inset in Figure 2.4-A page 27).
As shown by C-banding, all short arms in these biarmed cytotypes, except those of pair 6,
were entirely heterochromatic (Figure 2.4-B page 27).

The Grahamstown population (2n = 28) had an essentially similar karyotype to
that of the Port Elizabeth and Committee's Drift animals, in which autosome pairs 1-7 and
10 were submetacentric while pairs 11 to 14 were acrocentric. In the specimens studied,
both members of pair 9, and neither member of pair 8, were found. However, the

Grahamstown lczaryotype was heterozygous for the inverted chromosome 6 and presence of
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chromosomes 6 and 10: three individuals out of six carried one acrocentric member in each
of these two pairs (Figure 4-D page 27). Of the remaining three individuals, one was
homozygous for the biarmed morph in both pairs, one was homOZygous biarmed in pair 10
and one was homozygous acrocentric in pair 0. Treatment with the restriction enzyme Ak I
procluce& differentiation in staining intensity within all heterochromatic short arms except
those of pair 9 and of the X-chromosome which were totaHy heterochromatic (Figure 2.5-A
page 30) while all euchromatic regions were wealzly G-banded. As shown in this
illustration, a feature of this tec}mique was its al)ility to reveal short arm heteromorpl'xism
between members of the same pairs. This staining method showed that sizeable portions of
most heterochromatic short arms in O. irroratus are high repeats of the AG1CT

recognition sequence of this endonuclease.

. Cytotype C

O. irroratus from the Rietvlei, Mariepskop, Bloemfontein .ancl Constantia
populations exhibited }zaryotypes intermediate between the biarmed ones of the Eastern
Cape and the more easterly all-acrocentric ones, in which only four of the largest autosomes
carried heterochromatic short arms.

Two individuals from Bloemfontein had a diploid number of 29. Only pairs 1,2, 3
and 6 were biarmed, while pairs 7 and 10 to 14 were acrocentric. Only one member of pair
8 was observed in these specimens and a supernumerary pair of small acrocentrics of the

same size and with staining properties as the short arm of chromosome 9 was seen (see

Figure 2.4-C, pair 9, page 27). One individual from this population had, besides the two
uniarmed 9, both members of pair 8 (2n = 30).
The specimens {rom Rietvlei and the one from Mariepslzzop, had a cliploid number

of 28. Like at Bloemfontein, only pairs 1, 2, 3 and 6 were biarmed and pair 9 was

acrocentric.

The Constantia O. irroratus also exhibited a karyotype similar to that of Rietvlei,
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with a cliploicl number of 28. In this population, however, the heterochromatic short arms,
in other cytotypes associated with pairs 8 and 9, were seen on pairs 9, 13 and 14. This
}zaryotype, therefore, included three pairs of small biarmed, four pairs of 1arge biarmed and
only six pairs of acrocentric autosomes (see Figure 2.6- page 33). One individual from
Constantia, was heterozygou.s for the pericentric inversion of chromosome 6, as in the case
of several Grahamstown specimens. Figure 2.5-B (page ) shows a metaphase spreacl,
from the Constantia individual heterozygous for the autosome 6 pericentric inversion,
treated with a high pH buffer (see page 20). This technique stained the chromosomes light
blue while the heterochromatic short arms of pairs 9, 13 and 14 were highlighted by taking
up a magenta—red colour. The paracentromeric regions of the short arm of pairs 1 to 3
showed less prominent spots of magenta stained chromatin. A prominent magenta—re& band
could be observed on the distal portion of the short arm of the biarmed autosome 6 but not
in its acrocentric homologue.

A comparison of G-banding patterns between the O. irroratus karyotypes described
above is given in Figure 2.6 (page 33). Because there was complete homology between
some of the karyotypes, only one population per cytotype is presented here. With the
exception of pairs 'al' and 'a2' (present at Karkloof only) and pairs 7 and 12 (absent at
Hogsback but replaced by pair 'A?), full banding homology was evident for the chromosomes
from the acrocentric oytotypes; these matched the bancling patterns of the 1ong arms of
their biarmed morphs in the western and northern cytotypes.

The dendrograms generated by cladistic and phenetic analyses are presentecl in
Figure 2.7 (page 34). Parsimony analysis procluced five equaﬂy parsimonious trees which
differed from one another })y the brénching of the acrocentric cytotypes. This uncertainty

was borne out by the consensus tree shown in Figure 2.7B, whose topology showed this

node as an unresolved dichotomy.
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Figure 2.6 - O. irroratus chromosomes slnowing G-band homologies Letween cytotypes and O. angoniensis.
Inset: complete O. angoniensis autosome 1. Arrows indicate chromosomes ahsent at that locali’cy.

C=Constantia, B= Bloemfontein, AZAJiCe,K:Karleloo£, S= Stutterheim, H= Hogsl)aclz.




C}lapter 2 - O. irroratus lzaryotype 34

CD.axd PE. P
(A) JI=—_‘—|; Alice } B

Grahamstown

— Rietvlei, Mariep. }

I l Bloemfontein &

Constantia

Hog. Kam., Ver. }Al
=‘L| Stut., Umtam. } A
I Ka!lzloo[, Darg'le A2

O. angoniensis

———CD.ud PE. }TYPe
e Allice B
| Grahamstown
|‘ l Rietvlei, Mariep.
[ Bloemfontein } C
Constantia
Hog., Kam.,Ver. }Al
Stut., Umtam. 1} A
Kar]t]oo{, Darg]e JAZ
O. angoniensis
(C) Alice Type
; Grahamstown } B
C.D. and P.E.
[ — Rietvlei,Mariep.
l—l; Bloemfontein
Coustantia

i —— Karkloof, Dargle } A2
|_|:— Slut., Umtam. } A

Hog.,Kam.,Ver. JAl
Q. angoniensis

} —4 4
1.2 0.6 . 01 0
Nei's Genetic Distance

1L 5

Figure 2.7 - Dendrograms summarizing the relationships between various O. irroratus populations
and O. angoniensis. A: one of the five equally most parsimonious claclograms obtained
from the BANDB alg‘orit]am included in the PAUP programme of Swofforcl, consistency
index = 0.889. B: consensus tree from the same programme (both ADAMS and STRICT

consensus trees were iclentica]), consensus information = 0.680. C: UPGMA pl)enogram
{from BIOSYS), co-phenetic correlation = 0.687.



C]'Lapter 2 - O. irroratus ]czaryotype 35

4 Discussion

The O. angoniensis chromosomes tended to be much shorter than those of O.
irroratus. N otwithstanding the use of synchronized cultures and short colchicine treatment
times, | obtained very few metap};ase sprea(ls with suﬁiciien'tly extended chromosomes to
allow a detailed comparison of band sequences. 1t is, tl'lus, possib]e that Future
implementaﬁon of hig})-msolutioﬁ bancling methods o material [rom this species may
reveal further homoiogies. On the basis of the considerable difference in diploid numl)exs, 1t
may be expected that many O. iroratus chromosomes would have derived [rom these of O.
angoniensis Ly whole chromosome fusions. In comparing G—l)ancling }xomo[ogies, Lowever,
no obvious rearrangemenls which could expla.in the derivation of the chromosomes of the
former species from those of the other were detected. This may imply that these two species
diverged from a lqypothel;ical ancestor, maintaining only a few shared primitive cllara.ciers,
while all others may be derived. The choice of O. angoniensis as an outgroup appears lo be
justified not only because these two groups are considered sibling species (Meester, 1988)
but also because both anzyme data (Taylor el al., 1989a; Tay]or et al., 19891)) and
immunoblot analysis (see C}la.p‘l:er 5) clearly indicate that, among the Otomyinae, O.
angoniensis is the closest sister group to O. irroratus.

A comparison of G—l)anding patterns between the pu_blished Tsitsikama lgaryo[ype
(Robinson and Elder, 1987) and the B cytotypes reveals no apparent difference between
chromosomal pairs with the exception of chromosome 14, which was absent from
Tsitsi]zama, and possi})]y chromosome 8 which, in my preparations, appearé lo he
polymorphic (see Figure 2.6, page 33 and upper insets in Figure 2.3-A, page 25). In
this cytotype pair 7, a]tllough metacentric in the Alice popu]a.tion, has a heterochromatic
short arm, but its long arm appears to be homologous to that of Tsitsikama pair 7.
Similarly, chromosome 10 is biarmed with a heterochromatic short arm in the B cytotype,
but the bands of its long arm and these of chromosome 10 of the Tsilsikama specimen

show comp]ete homology. Furl:hermore, the ljancling pattern of the chromosomes in the all-
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acrocentric cytotypes matches that of the 1ong arm of their homologues from Alice and
Tsitsikama. Exceptions to this are pair 0, which has undergone a pericentric inversion, and
pairs 'A" at Hogsback, 'al' and ‘a2’ at Karkloof, which are unique to these cytotoypes. The
lower right inset in Figure 2.4-A (page ) shows that the acrocentric autosome 0 is
shorter than its biarmed homolog. The bancling pattern suggests that the postcentromeric
region of the biarmed autosomal short arm has been lost from the acrocentric morpl'l. An
analogous region was shown })y Robinson and Elder (1987) to be heterochromatic in the
Tsitsikama cytotype. Another finding of interest concerns the polymorphism of
chromosome pairs 6 and 10 in the Grahamstown population (see Figure 2.4-D, page ):
the frequency of the pair O heterOZygosity for the pericentric inversion was consideraHy
higher than that found in the Alice population. Further, the heterozygosity of the
acrocentric morph in pair 10 has not been detected in any other population. Although the
heterozygote frequencies do not deviate significantly from Harcly-Weinberg equilil)rium
(chromosome 6: chi-square=0.024, DF=1 and P=0.877; chromosome 10: chi-
square=1.071, DF=1 and P=0.301), they appear high for a data-set (chromosomes)
whose norm is to be homozygous. There is no ready explanation for this result; it does not
appear to be due to hybridization with acrocentric populations, as the other biarmed
chromosomes did not show this kind of polymorphism. A more detailed discussion of this
aspect of O. irroratus chromosomes can be found in Chapter 6 (pages 112-117).

The most striking morphological difference between the A, B and C cytotypes lies
in the presence or absence of short arms. Such short arms, however, are totally
heterochromatic, with the exception of pair 6 (Figure 2.3-B and Robinson and Elder,
1987), although they reveal a different staining pattern when treated with the restriction
endonuclease Al [ (Figure 2.4-C). T his may indicate the presence of an Alu-like family of
sequences in most heterochromatic blocks of this species.

Similar chromosomal rearrangements (i.e. gain or loss of whole heterochromatic

arms) have been previously reportecl in arvicolid rodents (Modi, 1987) and in the genera
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Gerbillus (Volobouev et al., 1988) and Thomomys (Patton and Sherwood, 1982). Such
rearrangements, therefore, appear to be common in the differentiation of rodent karyotypes,
altl'xough their significance in terms of speciation and cellular physiology is obscure.

Some authors (Viegas-Pequignot et al., 1986) seem to consider biarmed
chromosomes with totauy heterochromatic short arms as being acrocentric, presumably
because constitutive heterochromatin contains highly repeatecl non—co&ing sequences (Hsu,
1973; Vosa, 1973). Others (John and Miklos, 1988), consider this type of chromatin to
be devoid of recognizable function.'Nevertheless, the available evidence (]ohn and Miklos,
1979; John, 1988) suggests that not all heterochromatin is non-coding and that, in some
organisms, the presence of partly or wl'loHy heterochromatic B-chromosomes influences the
f'requency of interchromosomal recombination events. There{ore, a possible role may exist
for constitutive heterochromatin in increasing genetic varia})ility and, consequently, rates of
speciation (Fredga and Mandahl, 1973).

Polymorp}lism of the small biarmed autosomes was common in all populations, as
shown in Figure 2.3-A (upper insets) and 2.3-C (pair 8) and provicled a possible
explanation for the lack of C—banding homology between chromosomes 8 of the Karkloof
and Tsitsikama populations.

The presence or absence of the small hetrochromatic biarmed chromosomes (pairs 8
and 9, and of the heterochromatic short arms in some of the 1arger members of a cytotype,
is not associated with any overt rnorpl'xological change in the animals. The origin of pairs 8
and 9 is not clear. If they originated from small acrocentrics by acquisition of
heterochromatic short arms, their presence in any one cytotype would be expected to
correlate with the absence of an equivalent number of small acrocentric chromosomes. This
may be the case at Stutterheim where a single presumed chromosome 9 was consistently
found with an unpaired small acrocentric, or at Tsitsikama where the presence of pair 8 was
associated with the absence of pair 14. However, such associations were not observed in the

other cytotypes. Numerical variation is Lmlikely to be an artefact of the harvesting method
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because chromosomal numbers were consistent in preparations from both cultures and bone
marrow, which had been prepare& by two different workers. The lzaryotypes of the Rietvlei
and Bloemfontein populations suggest that chromosome 9 may originate from a
supernumerary small acrocentric showing no obvious G-bands. The lzaryotype of the
Constantia animals suggests that chromosome 8 may originate from pair 14 as, in this
population, autosome 14 carries a heterochromatic short arm. I am, therefore, unable to
explain the origin of these two pairs. Indeed, because of their numerical varia]oility, partly
hete_rochromatic appearance and absence of overt phenotypic effect, these small
chromosomes (pairs 8 and 9) are reminiscent of B-chromosomes of some plants,
grasshoppers, and crickets. Similar supernumerary B-chromosomes have been reporte&,
tl'xough uncommonly, in mammals (V oloboujev, 1981; Switonski et al., 1987; see also
John and Miklos, 1988).

The short arms of these chromosomes appear to consist of a different type of
heterochromatin which is resistant to Ak-I digestion and stains differently from the short
arms of other chromosomes after incubation in high pH buffers (see page 20). This
technique reveals magenta—red staining on the short arm of chromosomes 2 and 6, against
a background of uniformly stained blue chromosomes (Figure 2.5-B, page 30). The short
arms of these small chromosomes and that of the X-chromosome appear to be composed
exclusively of this type of heterochromatin. These magenta-recl regions do not correspond to
silver staining nucleolar organizing regions (NOR) because, in this species, these have been
shown to occur paracentricaﬂy on the short arms of autosomes 3 and 7 and distaﬂy on the
long arm of autosome 3 (Robinson and Elder, 1987). The remote possibility that these
positive regions may, nevertheless, represent ribosomal gene clusters cannot be ruled out
because silver staining is specific for transcriptionally active NORs (Miller et al., 1976,
Croce et al., 1977) and not all NORs, and not always the same ones, are active in different
cells (Ferraro and Prantera, 1988). Since lack of transcription can correlate with base

methylation (Voet and Voet, 1990), it is possible to speculate that the short arms of these



Chapter 2 - O. irroratus karyotype 39

B-chromosomes could represent methylated (i.e. inactivated) NORs.

A noticeable karyotypic difference between the Al cytotype and all other
populations was the absence of pairs 7 and 12, together with the presence of a pair of large
acrocentric chromosomes (Figure 2.3-D, pair 'A', page 25) which was unique to this
cytotype. Altiiougii comparing the Lanciing patterns of these two chromosomes from other
cytotypes with that of pair 'A’ does not produce a totally convincing match (Figure 2.3-D
lower inset), the most likely interpretation is that chromosome 'A’ derives from a tandem
fusion of chromosomes 7 and 12. The lack of compiete i'iomoiogy in band sequences is due
to the presence of a prominent band of undetermined origin, present halfway along the
length of chromosome 'A', near the presumed point of fusion. It is possible that further
rearrangements (i.e. insertion) may have occurred here sui)sequent to the fusion. Crossing
animals from Hogsback with tiio_se from other cytotypes would then produce hybrids which
are heterozygous for Pairs 'A', 7 and 12. In turn, this may result in the formation of
aneuploid gametes through malsegregation of meiotic multivalents, as described by others
(Moritz, 1986) in the genus Gehyra and thus cause reduced fertility. Breeding experiments
involving captive specimens from Hogsback indicate that while these animals are able to
reproduce successfully with individuals from all the other localities studied, back-crosses to
either parental stock have no breeding success (Pillay et o/, 1992). In interpopulation
experiments (involving animals from Hogsback, Kamberg, Karkloof and Committee's
Drift), the presence of this translocation correlated with a drastic reduction in breeding
success. Unsuccessful breeding occurred in backerosses between the F1 hybrids involving
Al cytotype animals with parental stock from all three localities (Pillay et al., 1992). As
detailed in this chapter, the Karkloof population lacked this tandem fusion and instead
carried two unique pairs of medium-sized acrocentrics (see Figure 2.3-C) whose origin
could not be determined. Piiiay (1991) noted that repro&uotion of F1 hy]:)ricls between
Karkloof and Committee's Drift parents was also impaired though to a lesser extent than

backcrosses involving Hogsi)aciq animals. In the same crosses, a iugii pre-weaning mortaiity,
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particularly of males, was also recorded (Pillay, 1991).

As shown in Figure 2.3-A (lower inset, page 25), pair 6 of the acrocentric
cytotypes displayed complete homology with one member of pair 6 from the Tsitsikama
individual which had un&ergone a pericentric inversion (see Robinson and Elder, 1987).
This rearrangement was also detected in one of the specimens from Alice, as shown in
Figure 2.4-A (lower right inset, page 27) and was present in 50 per cent of the
Grahamstown specimens studied and is, thus, comparatively common in the 'biarmed’
cytotypes. Because this pericentric inversion has the potential to cause post-zygotic
isolation, through meiotic bivalent 1oop formation, the ﬁnding can be regarclecl as evidence
that this type of chromosomal mutation can reach stable equilibria under sympatric
conditions.

A further point which may be relevant to chromosomal evolution is the presence of
a centric fusion involving chromosomes 1 and 3 in one individual each from two
geographically well separated populations such as Hogsback and Karkloof (see Figures 2.1,
page 18 and 2.3-C and D, page 25). Should this be detected in other specimens of O,
irroratus, it would suggest that some chromosomes of this species are more prone than
others to un&ergo Robertsonian translocations. In turn, this would suggest a propensity for
chromosomal orthoselection in accordance to Bickham and Baker's (1979) canalization
model of chromosomal speciation.

On the basis of the present study and a previous report (Robinson and Elder, 1987)
O. irroratus can be divided into three major chromosomal categories. The first group (group
A in Figures 2.6 and 2.7 pages 33 and 34) comprises cytotypes with acrocentric
chromosomes (Stutterheim, Umtamvuna, Hogsback, Kamberg, Vergelegen, Loteni,
Garden Castle, Karkloof, Umgeni Valley and Dargle) while a second type (group B in
Figures 2.6 33) includes karyotypes with at least seven pairs of large hiarmed autosomes
(Alice, Port Elizabeth, Committee's Drift and Grahamstown). The third kind (group C in

Figure 2.6 page 33), so far found at Mariepskop, Rietvlei, Bloemfontein and Constantia,
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includes cytotypes with four pairs of 1arge biarmed chromosomes. Grouping along these
lines, however, does not carry a sufficient amount of phylogenetic information. While
groups B and C can interbreed successfully, reproductive biology (Pillay, 1991) and
chromosome rearrangements suggest that group A can be divided into three meaningful
subgroups. One of these (Al) is represented by the cytotypes from Hogsback, Kamberg,
Vergelegen, Loteni and Garden Castle in which the tandem fusion of autosomes 7 and 12
| was detected (see inset in Figure 2.3-D) while group A2 (Karkloof, Umgeni Valley and
Dargle) do not carry the fusion but have a pair of unique supernumerary autosomes.
Moreover, group A - so far inclu&ing the localities of Stutterheim and Umtamvuna but,
probably, extending further north-east into KwaZulu/Natal - can be described as a B
cytotype without heterochromatic short arms.

Both cladistic and pl’lenetic analyses of the chromosomal data included in Figure
2.7, reflect the relationslqips here suggested. It should, however, be stressed that this
analysis is based on the assumption that karyotype evolution in the Otomyinae proceecled
from high to low diploid numbers and from acrocentric to biarmed learyotypes. Such
reduction in chromosome numbers may have occurred };)y orthoselection via tandem fusions
followed by inversions or reciprocal translocations. Robertsonian fusions do not appear to
have played a major role: only one, +(1,3) in the heterozygous state, was detected in two of a
total of 98 animals stu&ie&. A second stage of orthoselection, through acquisition of
heterochromatic short arms, would follow with the establishment of group C cytotypes as a
first step. Thus, because it carries two extra chromosome pairs, the Karkloof cytotype would
be the lileely ancestor to all other populations studied with Stutterheim ancestral to
Constantia which, in tum, would give rise to groups B and C. This suggested phylogeny
corresponds to the l)ranching pattern of the cladogram shown in Figure 2.7-A (page 34),
one of the five equally most parsimonious (BANDB algorithm of PAUP) trees used to
construct the consensus tree in Figure 2.7-B. In both denclrograms, the acrocentric

cytotypes are separatecl from the biarmed ones, which are further divided into groups with
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lower and higher numbers of biarmed autosomes (groups B and.C). However, the separation
between Hogsi)aciz, Karkloof and Stutterheim is not resolved in the consensus tree. Figure
2.7-C (page 34) shows a phenogram based on the unweighted pair group method for
averages (UPGMA) cluster analysis of Nei's (1978) genetic distances. This topology is
similar to the cladogram (Figure 2.7-A) and consensus tree (Figure 2.7-B) but the node
involving group A cytotypes is resolved.

Meester (1988) proposed that speciation can occur through the agency of
chromosomal rearrangements which can cause reproductive isolation without the
piienotypic ciianges usuaiiy associated with this process. Most of the chromosomal ci'langes
detected in O. irroratus involve an increase or decrease in the amount of heterochromatic
material and are uniiizeiy to cause the disturbances in meiotic pairing and segregation which
are consistent with post-zygotic reproductive isolation. However, the correlation between the
reduced reproductive success and the cytogenetic iindings in the Al cytotypes is consistent
with incipient speciation and supports Meester's i'iypotiiesis of chromosomal speciation.
This is particuiariy true in view of the results of aiiozyme electrophoresis (Tayior et al.,
1992) which contrast with the chromosomal picture of this species. These authors point
out that the popu.iation genetic structure of O. irroratus does not agree with that of a
Wrigiritian model consisting of small isolated demes, which would be in accord with a model
of stasipatric speciation. Moreover, aiiozyme anaiysis reveals iugin i'ieterozygosity, low Fis
values indicative of lack of inbreeding, relatively low Fsr values and low genetic distances.
On the other hand, if these parameters are calculated using the available chromosomal data
(H=0.015, Fis=-0.145, Fsr=0.935 and high genetic distances) a fragmented Wrightian
population, rather than panmictic, is suggested aiti'iougii the negative Fis value somewhat
blurs this picture. It can be deduced, tiiereiore, that chromosome rearrangements in O.
irroratus proceed more rapidiy than detectable gene mutations with the result that tiiey can

initiate reproductive isolation, and speciation, before piienotypic divergence has deveioped.
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¢ Appena’ix
With the exception of the specimens listed l)y collector's numbers (KW or GCC)
voucher specimens were depositecl with the Durban Natural Science Museum where they

were allocated the following accession numbers.

Alice: 1985, 2026, 2029, 2031, 2945, 2946, 2947, 2948, 2950, 2951, 3032, 3318,
KW960, KW961.

Bloemfontein: 1995, 3073, KW&44:.

Committee's Drift: KW360, KW494, KW549, KW571, KW709.

Constantia: 3074, 3075, 3076, 3077.

Dargle: GCC1.

Garden Castle Nature Reserve: 3151, 3152, 3153, 3154..

Grahamstown: 1991, 2002, 2010, 2019, 3080, 3085.

Hogsback: 2932, KW302, KW303, KW309,KW335,KW339, KW365, KW366,
KwW370.

Kamberg: 3016, 3019, KW467, KW558.

Karkloof: 1993, 1994, 1996, 2007, 2011, 2901, 2902, 2904, 2905, 2907, 3041,
3093, 3095, KW346, KW347, KW348.
Loteni Nature Reserve: 31416, 3148, 3149, 3150.
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Mariepskop: KW1136.

Port Elizabeth: 3006, 3007, KW418.

Rietvlei: 1992, 2004, 2006, 3058, 3061, 3062, 3065, 3068, KW791, KW952.

Stutterheim: 2912, 2914, 2918, 2920, 2925, 2926, 2991.

Umgeni Valley Nature Reserve: KW502.

Umtamvuna: KW1134, KW1135.

Vergelegen Nature Reserve: 3032, KW603.

O. angoniensis (Durban): 2877, 2878, 2881, 2961, 3021, KW98, KW476, KW477 (9)
(Nylsvlei): 3078, 3079.
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CHAPTER 3

CLIMATIC CORRELATES OF O. IRRORATUS
CYTOTYPES

¢ Introduction

many workers have postu.lateci an aciaptive role for chromosomal rearrangements in
the process of speciation. Bickham and Baker (1979) suggested that an individual's karyotype
contributes (iirectly to its fitness in a given environment. Accor(iing to these authors, non-
Robertsonian chromosomal mutations (i.e. inversions, translocations, etc.) provicie a possilf)le
source of genetic regulatory cllange which may alter individual fitness. Tlierefore, selective
a(ivantage may overcome the (iisadvantage of negative lieterosis, allowing fixation of a new
chromosomal arrangement in reasonal)ly large populations. Baker et a/., (1983) demonstrated
positive chromosomal heterosis in pocleet gopllers, and concluded that differential fitness of
chromosomal piienotypes may be an important force in chromosomal evolution.

The stasipatric and cascading models of White (1978) and Hall (1973) emphasize the
importance of drift acting in small (iemes, as requisite mechanism for evolution of new
chromosomal complements. However, White (1978) proposed an adaptive role for
chromosomal mutations in explaining the establishment and sprea(i of new cytotypes, wlierel)y
coadaptecl gene complexes may be protecteci from introgression from neig]nl)ouring populations
l)y means of chromosomal sterility barriers. Concerning the fixation of new chromosomal
rearrangements, White (1982) commented that "...it must be supposed that the new
homozygous type has a biological advantage”.

Nevo (1991) described parallel cases in Spalax cherenbergi in Israel and Spalax leucodon
in Turleey of a positive correlation between cliploici numbers and increasing ari(iity and
climatic unpreclictal)ility. He suggesteci that a lngli (iiploi(i number may have been selected for

in unpre&ictal)le climates due to the iiiglier recombination index (associated with a greater
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level of genetic recombination and heterozygosily) provided by the higher 2n. In Israel, the
ranges of four chromosomal species (2n = 52, 54, 56, 60) correspond closely with four
climatic regions defined on the basis of temperature and 11umidity, and multivariate
analysis demonstrated a close association between chromosomal and climatic variation
(Nevo, 1985).

Sharman et al. (1990) found a close correspondence between bioclimatic variables
and the distribution of karyotYpicaHy defined, parapatric species and races of rock wallabies
(Petroga]e) in Australia. Although selection acting on different chromosome races occupying
diverse climatic regimes could explain the origin and sulosequent spreacl of new
chromosomal forms of Petroga/e, it could not loe established whether different }zaryotypes
contributed to individual fitness or t]xey were simply incidental byproduets of a“opatric
divergence.

The vlei rat Otomys irroratus is wi&ely distributed in mesic habitats in South Africa,
Mogambique and Zimbabwe. As detailed in Chapter 2, extensive chromosomal variation
has been found in South African populations of this species. Variation resulted rﬁain]y
from the addition of heterochromatic short arms, the presence or absence of small B-
chromoéomes, as well as tandem fusion and pericentric inversion events. Cladistic analysis
of chromosomal changes (see page 34) recognized three major, allopatrically-distributed,
cytotypes defined on the basis of the number of heterochromatic short arms (Figure 3.1;
Table 3.1): (A) an all-acrocentric form which can be further subdivided into two subtypes:
(Al) a form occurring in the Drakensherg Mountain range in KwaZulu/Natal and Easlern
Cape, carrying a tandem fusion of autosomes 7 and 12; and (A2) a further acrocenlric
cytotype without the tandem fusion but with two extranumerary autosomal pairs, occurring
at lower altitudes in the KwaZulu/Natal midlands; (B) a further Eastern Cape form having
at least seven pairs of biarmed autosomes; and (C) a form occupying the highveld of the
Orange Free State, Northern Province and Western Cape, carrying an intermediate

number (four) of 1arge, biarmed autosomes.

This chapter details a multivariate statistical approach to investigate possib]e
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climatic correlates of chromosomal variation in O. irroratus. Principal component analysis
was used to explore climatic relationships of known—cytotype localities. Climatic separation
among the four recognized cytotypes was assessed statistica]_ly 1)y means of discriminant

analysis.

¢  Materials and Methods
Procedures for obtaining karyotypes have been described in Chapter 2 (pages 18-
35) together with details of karyotypes in 18 O. irroratus populations. A summary of the

chromosomal characteristics of each population is shown in Table 3.1.

Table 3.1 - Summary of chromosomal characteristics of 18 O. irroratus popu]ations.

! B-chromo NE Race

somes

Loca]_ity Geog rapl].ical coordinates 2n

Stutterheim (9) 32°34's 27°26'H 26 4 24 A
Umtamvuna (8) 31°03's 30°10E 26 4 24 A
Garden Castle (5) 29°45'S 29°15'E 24 0to3 22 Al
Hogsback (1) 32°33'5 26°57'F 24 0to3 22 Al
Kamberg (2) 29°23'8 29°43F 24 Oto3 22 Al
Loteni (3) 29°27'S 29°32'F 24 0to3 22 Al
Vergelegen (4) 29°32'8 29°27'F 24 0to3 22 Al
Dargle 29°30'S 30°01'E 30 0-- 28 A2
Karkloof (6) 29°21'S 30°13'E 30 Oto2 28 A2
Umgeni Valley (7) 29°28'S 30°15'E 30 2 28 A2
Alice (10) 320478 26°50'F 26 Otod 40 B
Committee's Drift (11) 33°05'S 26°46'F 26 2t04 40 B
Grahamstown (13) 33°17'8 26°33E 26 Otod 3640 B
Port Elizabeth (12) 33955's 25°40'B 26 2 40 B
Bloemfontein (14) 29°06'S 26°14'E 26 2t3 32 C
Constantia (15) 34°00'S 18°30'E 26 4 34 C
Mardepskop 24°35'S 30°35'E 26 2t03 32 C
Rietvlei (16) 25°51'S 28°18'E 26 213 32 C

! Diploid numbers excluding B-chromosomes. Numbers in brackets refer to localities in Fig. 2.1 (p. 18).

Climatic data recorded by the Weather Bureau station nearest to each 1oca1ity were
taken from the Weather Bureau publication WB40 (1986). Fourteen of the 18 localities

had nearest weather stations situated in the same or acljacent quarter clegree gri& squares (i.e
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within approximately 25 km, usually much closer); in the remaining four localities, the
ncarest weather station was scparated by a single grid square (i.e. within approximately 50
km).

Initially, 21 climatic variables including altitude were obtained for each locality.
Disregarding redundant variables and those with missing data, this number was reduced to
a group of 13 variables:

1 - mean annual temperature (_C, MAT)

2 - mean monthly maximum temperature (°C, MONMAXT)
3 - mean monthly minimum temperature (°C, MONMINT)
4 - absolute maximum temperature (°C, ABSMAXT)

5 _ absolute minimum temperature (°C, ABSMINT)

6 - mean annual precipitation (mm, MAP)

7 - minimum annual precipitation (mm, MINANNP)

8 - maximum annual precipitation (mm, MAXANNP)

9 - maximum precipitation in 24 hours (mm, MAX24H)

10 - highest maximum monthly precipitation (mm, MONMAXP)
11 - months with potentially zero rainfall (MONZEROP)

12 - average days with > 10 mm rainfall (DAYS10P)

13 - altitude (m, ALT).

Climatic data for each locality are shown in Table 3.2. Major regions (after
Schulze, 1965) are shown in Figure 3.1.

Two different multivariate techniques were used to analyse the relationships between
climatic and chromosomal variation. The distribution of the 18 localities with respect to
climatic variation was analysed using principal component analysis (PCA) of standardizad
data for the 13 climate variables. PCA also allowed analysis of correlations between
different climatic variables. Discriminant analysis (DA) was used to further analyse the
extent of climatic differentiation between the five recognized cytotypes. Discriminant
analysis was performed using a reduced set of 7 variables (selected on the basis of the

eigenvector matrix from PCA), as analyses based on larger sets of variables failed due
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Table 3.2 - Altitudinal and climatic data for 18 populaﬁons of O. irroratus included in present
analysis (see text for exp]anation of variables aLLreviations). Values for ABSMINT were
transformed (+13) prior to statistical analysis to avoid negative values.

Population 1 2 3 4 5 6 7 8 9 10 11 12 13

(weather station)

Stutterheim 162 219 106 403 45 759 537 1205 122 304 2 231 899

(Dohne)

Umtamvuna 181 225 136 411 1.7 1224 892 1985 337 586 3 321 514

(Paddock)

Garden Castle 132 209 55 335 -126 1093 808 1500 85 444 3 341 1860

(Waterford)

Hogsback 139 189 89 406 -61 1618 1257 2050 203 427 0 483 1450

(Evelyn Valley)

Kamberg 132209 55 335 -126 1093 808 1500 8 444 3 341 1700

(Waterford)

Loteni 132209 55 335 -126 1093 808 1500 85 444 3 341 1500

(Waterford)

Vergelegen 132 209 55 335 -126 1093 808 1500 85 444 3 341 1643

(Waterford)

Dargle 162 224 99 373 -76 861 S67 1462 179 558 3 26 1076

(Cedara) ‘

Karkloof 137 211 6.2 35 -105 853 516 1271 84 319 5 2712 1438

(Nottingham rd.)

Umgeni Valley 162 226 99 383 61 88 568 1470 121 385 3 2.1 1076
‘ (Cedara)

Alice 178 252 104 458 -39 574 227 967 118 211 5 161 536

(Lovedale)

Committee’s Drift 19.7 26.0 134 43 0.0 401 318 554 87 186 3 113 119

(Tyefu)

Grahamstown 164 229 10.0 423 40 681 401 998 129 308 4 166 539

(Grahamstown Vet.)

Port Elizabeth 175 222 127 407 05 662 407 1068 429 468 0 178 60

(H. . Verwoerd)

Bloemfontein 162 238 86 379 92 558 378 999 110 207 6 179 1422

(Tempe)

Constantia 128 161 94 364 -1.7 1690 1025 2205 129 522 2 493 761

(Table Mt. House)

Mariepskop 154 249 55 327 31 1480 933 2144 209 707 4 413 1432

(Graskop)

Rietvlei 162 234 9.0 361 -80 720 424 1084 126 284 6 23.0 1524

(Rietviei, Pretoria)
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Figure 3.1 - Distribution of the O. iroratus cytotypes in South Africa superimposecl on Schulze's

(1965) climatic regions (indicated by letters).

to unacceptably }ugh levels of inter-variable correlation coefficients. Further discussion of

the multivariate procéclures used in this stu&y can be_ found in Blackith and Reyment

(1971), Neff and Marcus (1980) and Pimentel and Smith (1986). All analyses were

performed using the statistical programme STATGRAPHICS 7.0 PLUS.

¢ Results

Figure 3.1 shows the distribution of the five cytotypes in relation

(1966) climatic regions of South Africa. Cytotype Al occupies the montane

to Schulze's
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Figure 3.2 - Plot of variable eigenvector loacling‘s on the first two components from a principa]

component analysis of 13 climate variables for 18 populations of O. irroratus.
Abbreviations of variables exp]ainecl in text.

Drakensherg (D) region; cytotypes A and A2 occupy an essentially warm, humid
subtropical climate (E and SE regions); cytotype B occupies the cool, temperate
afromontane (A) region and borders with the more semi-arid scrub/grassland (Ss) and

Karoo (K) regions; and cytotype C occupies both Mediterranean (fynbos) (M) and highveld
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grassland (H) ecosystems. Patterns of correlations between 13 climatic variables are
summarized by the plot of eigenvector loadings on the first two principal components from
a PCA of all 18 populations (Figure 3.2, page 55).

A strong negative correlation is obtained betwen all five temperature variables
(positive }ugh loadings on the first component) and five measures of precipitation (negative
})igl’l loadings on first component). Altitude is weakly correlated with precipitation (]ow
negative loading on first component).

Figure 3.3 (page 57) shows a scatterplot of the first two principal components
from a PCA of all 18 populations based on 13 climate variables. The first component
explains 54.5% of the total variance and the second component 29.5%.

Based on eigenvector 1oadings of individual variables (Figure 3.2, page 55), the
first compeonent is explainecl by an inverse relationship between rainfall and temperature.
Variables with highest 1oad'mgs on the second component include maximum precipitation
in 24 hours, absolute minimum temperature (positive values), altitude and number of
months with potentially zero rainfall (negative values). Cytotypes are not grouped together
on the PCA scatterplot although the seven metacentric group (cytotype B) occupies a
somewhat drier, hotter climate than the other chromosomal races (i.e. distributed on the
right of the first component).

Figure 3.4 (page 58) shows a plot of two discriminant functions from DA of five
cytotypes (A, Al, A2, B and C). Based on the discriminant functions obtained from seven
climatic variables, most individual localities were correct]y assigned to their appropriate
cytotypes with the exception of those belonging to groups A and C. The two localities from
group A are incorrectly assigne(i to group C 25 % of the times.

Table 3.3 shows the standardized coefficients corresponcling to the two discriminant
functions shown in Figure 3.4. The first discriminant function contrasts absolute
minimum temperature with minimum annual precipitation, while the second contrasts
absolute minimum temperature with mean annual precipitation. This clearly reflected in

the separation observed in Figure 3.4. Cytotypes Al and B were well separated from the
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Figure 3.3 - Plot of O. irroratus populations on the first two principal components from a principal

component ana]ysis of 13 climatic variables. Sym.l)ols are as in Figure 3.1.
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Digcriminant Ana}ysis of O. irroratus Cyfotypcs
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Figure 3.4 - Discriminant analysis of five recognized cytotypes of O. irroratus, based on seven
climate variables. Symbo]s are as in Figure 3.1. Crosses represent mean centroids for each

cytotype.
other cytotypes on the first axis, with group Al occupying a climate subject to extremely
low temperatures but with a more predicta]ole moisture regime. The seven-metacentric

group (B) appeared to occupy the most arid climate (lowest minimum annual precipitation),
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subject to the lowest absolute minimum temperatures. The remaining cytotypes (A, A2 and
C) were oniy partiaiiy separated on the second axis and seemed to occupy a climate

intermediate between those of Al and B.

Table 3.3 - Results of a [ive group discriminant anaiysis ol O. irroratus cytolypes (A, AT, A2, B and
C; abbreviations explaineci in text).

Mean Values (* standard deviation) Standardised discriminant
function coefficients

j)
(89}

Variable {units) A Al B C 1

Mean annual temperature (°C) 17.1 1.34) 13.3(0.31) 154(144) 17.8(1.37) 151(16ly 019 -1.25 -3.31
Mean annual precipitation (mm) 991 (328.8) 1198 (234.8) 861 (7.5) 880 (127.8) 1112 (556.8) -0.43 -3.50 0.39
Minimum annual precip. (mm} 714 (251.0) 898 (200.8) 550 (29.7) 338 (84.6) 690 (336.3) -5.00 1.55 0.83
Absolute minimum temp. (°C) 11.6 (4.38) 1.7 (2.90) 4.9 (2.24) 109 (2.15) 1.5 (3.66) 6.51 4.50 2.25
Altitude (m) 706 (272.2) 1630 (163.8) 1196 (209.0) 320 (266.7) 1284 (352.2) 2.29 2.71 0.25
Months with zero precip. (°C) 2.5 (0.70) 2.4 (1.34) 3.7(1.15) 3.0 (2.16) 4.5 (1.91) 1.17 1.38 -0.63
Monthly maximum temp.(°C) 22.2(0.42) 20.5(0.89) 22.0(0.81) 24.1(1.81) 221@4.01) -3.28 -1.50 297

¢  Discussion

From PCA, most inter-locality variation (54.5 % of the total) can be explained by
an inverse relationship between precipitation and temperature (Figures 3.2 and 3.3 pages
55 and 57). However, this combination of variables is Cieariy not effective in separating
cytotypes (Figure 3.3). On the other hand, from DA (which seeks to maximise inter-group
relative to intra-group variance), at least three O. irroratus cytotypes can be predicted with
100 % accuracy based on a combination of variables which emphasize extreme rather than
mean values of temperature and precipitation and which, therefore, seem to be related to
climatic unpredictability (Table 3.3 and Figure 3.4, page 58). The first discriminant
function in particu_iar can be convenientiy labelled as an axis of climatic pre&ictai)iiity (iiigii
coefficients for extreme values and low coefficients for mean values of temperature and

precipitation) with unpredictability increasing from left (e.g. constant, iiigii rainfall
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Drakensberg localities) to right (e.g. semi-arid Karoo-type) which is typified by Committce's
Drift, where there is a strong correlation between decreasing precipitation and decreasing
reliability of precipitation (Werger, 1978).

The Al cytotype which comprises all the populations carrying the 7-12 fusion, and
which is associated with impaire& hybri& £erti1ity when mated with A2 and B cytotypes
(Pillay et al., 1992) (A1-C and Al-A cytotype pairings have not been attempted but are
also 1ilze]y to show impaire& hy]:)ri(i fertility), is associated with a predictable moisture
regime (minimum annual precipitation of 808 mm for Drakensberg localities) and a
temperature regime subject to cold fluctuations as low as -12 °C (Table 3.2, page 53;
Figures 3.1 and 3.4, pages 54 and 58). From the evidence at hand it is unclear whether
the fixation of the tandem fusion occurred in a“opatry as a result of stochastic factors
acting in a hypothetica] small ancestral Al population, or whether natural selection has
favoured the sprea& of this chromosomal mutation throughout the montane Dra]:zensl:)erg
region due to new or different regulatory gene functions induced by the rearrangement (i.e.
position ef{ect; see Bickham and Baker, 1979).

The significance of observed heterochromatic cl’xanges in O. irroratuscytotypes is
even more obscure. Heterochromatin has been suggested to 11eigl'1ten laaryotypic varial)ility
and rates of speciation (Fredga and Mandahl, 1973). There is experimental evidence
suggesling a correlalion between the presence ol B-chromosomes and/or heterochromatic
knobs and increased frequency of recombination events at meiosis in maize (Chang and
. Kikudome, 1974; Nel, 1973; Rhoades, 1978). Whichman et a/. (1991) have presented
evidence suggesting that the position rather then quantity of heterochromatin may be
important; interstitia”y located heterochromatin appeared to enhance lQaryotypic variability
by providing "safe" break points for chromosomal rearrangements without the risk of
damage to euchromatic portions of the genome.

Nevo (1991) suggested that a higher recombination index in Spalax chrenbergi and
S. leukodon (associated with higher diploid numbers) may have been selected for in

unpredictable (e.g. arid) environments. This follows from the niche-width variation
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hypothesis that increased genetic variation may be an aclvaniage in heterogeneous
environments (see Nevo, 1978 for a discussion of this hypot]lesis).

Since (a) the presence and/or position ol heterochromatin may increase karyolypic
and genetic lieterogeneity (Clmng and Kikudome, 1974: Nel, 1973; Rhoades, 1978;
Whichman et al., 1991), and (b) genetic heterogeneity may be an adaptation to
heterogeneous climates, accorcling to the niche-width variation hypo’thesis, it could bhe
postulated that increased heterochromatin in the short arms of the B cytotype of O.
irroratus may be an adaptation to the rela’cively arid and unpre&ictable climate experienced
by this race. The acrocentric cytotypes, having the least amount of heterochromatin occupy
the most predictable climates such as Drakensberg (D) and subtropical-humid (E and SE
in Figure 3.1). However, due to lack of conclusive data, it is equally plausible that
cytotypes having different numbers of heterochromatic short arms became fixed separately
in different founder populations due to stochastic factors. Adaptation to ditferent climatic
regimes could have then followed the fixation of chromosomal cliHerences, in which case
heterochromatic chromosomal changes need have no aclaptive value.

The adaptive hypothesis outlined above predicts increased genetic heterozygosity n
populations with lzaryotypes containing greater amounts of heterochromatin. Thus it would
pre&ict a decrease in heterozyg‘osity from the B cytotype to C cytotype to A cytotypes.
Based on available allozyme data (Taylor et al., 1992), average heterozygosity (H) of
cytotypes decreases from Al (H=0,085) to B (H=0.076) to A2 (H=0,062) to C
(H=0.030). Allozyme data, therefore, argue against the adaptive hypothesis. Clearly,
{urther»studies are necessary to test the possi]')]e aclaptive nature of chromosomal differences
between the five cytotypes: the apparent correlation between O. irroratus chromosomal types
and climatic variation cannot be assumed to imply causality.

Geographical isolation has clear]y playecl a role in the distribution of vlei rat
cytotypes, as witness the sequential arrangements of the A (inclucling Al and A2), B and C
groups in a ring surrounding the high Drakeﬁsherg massif. In this respect, O. irroratus

seems to behave as a "ring species”. The distribution of the A's, B and C cytotypes
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corresponds closely with the "KwaZulu/Natal-Lowveld", "Eastern Cape" and "Karoo" genetic
races of another ring species, the widely distributed tree Acacia karroo (Brain, 1989).
However, as O. irroratus is distributed widely throughout the High Mountains (> 3000 m)
of Lesotho (Lynch, 1994), there is potential for gene flow across the Drakensberg Massi.
Further work is needed to determine the extent of the cytotypes distribution, and to
establish whether geographic or ecological barriers have played a role in isolating the Al
race from the neighbouring cytotypes.

Finally, there is also an apparent correlation between body size and climatic
variables in O. irroratus, with larger body size being associated with lower temperatures at
higher altitudes, in accordance with Bergmann's Rule (Hoffman, 1990). There is also an
apparent relationship between body size and karyotype with acrocentric populations having
a greater body and skull size than biarmed populations (Hoffman, 1990). Further research
is needed to establish causality of demonstrated correlations hetween karyotype, climate and

l)ody size in this species.
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CHAPTER 4

INTERSPECIFIC IMMUNOREACTIVITY

¢ ’ntroc[uction

K ecent taxonomic interpretations (Meester et al., 1986; Skinner and Smithers,
1990) recognize, in the Southern African sulvregion, the foHowing Otomyine species: 0.
angoniensis, O. irroratus, O. Jaminatus, O. saunc/ersiae, 0. s/oggetti, O. unisu/catus, Parotomys.
brantsii and P. hittledaki. The number of laminations of the molars together with body size,
bulla size, shape of the posterior petrotympanic foramen and nasal width distinguish between
species. While most Otomys species arc pllcnotypica”y similar, some (O. unisuleatus and O.
s/oggetti) share habitat, skull, dental and genetic affinities with the two Parotomys specics
(Taylor et al., 1989a and 1989h; Van Dyk et al., 1991) giving rise to uncertainty regarding
their correct taxonomic status (Taylor et a/., 1989a). These authors suggested that genctic
distances between species did not support the recognition of the two genera Otomys and
Parotomys but, if two genera were to be retained, O. unisulatus should be grouped with the
Parotomys species. The biochemical data further indicated the existence of two evolutionary
lineages of Otomyines, one essentia”y arid-a&apted and the other mesi-c—adapted. The
existence of these 1ineages was also supported on ecological, morphological and paleontological
grounds.

At least one species, Otomys irroratus, has been shown to be chromosomally variable.
Three groups of learyotypes differing in the number of chromosomes carrying heterochromatic
short arms have been documented, as well as a fu.“y acrocentric cytotype })earing a tandem
fusion (see Chapter 2). However, Taylor et al. (1992) established by electrophoresis that liver
iso-enzymes from this species do not show a higll degree of polymorphism and that the
phylogeny inferred from cytogenetic data (see Chapter 2, Figure 2.7 page 34) did not match

those obtained from aHoZyme data.
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A further taxonomic uncertainly concerns the inclusion of the Otomyines in either
the family Cricetidae as suggested by Misonne (1974) and Lavocat and Parent (1985), or
the family Muridae (Meester et al., 1986), or Nesomyidae (Lavocat, 1978). It has also
been suggested that the suh—Fami]y Otomyinae should be elevated to family status (Rol')erl.s,
1951).

It appears, therefore, that additional studies of genetic &iversity within this rodent
group are necessary to substantiate phylogene'tic relationships at intra~speci'[ic as well as
speciﬁc, generic and family levels. Because current measures of genetic cliversity best resolve
phylogenetic relationships at different taxonomic levels (see Murphy et o, 1990; Werman
et al., 1990; Dowling et al., 1990) I have developed a method capable of detecting genetic
polymorpllism at all levels of taxonomic lqierarchy to confirm the signi‘Eicance of genelic
changes in a“ozyme and chromosome palterns. This method involves separation ol liver
homogenates on Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) followed by "Western Blotting' (Towhin et al., 1979) and detection using a specilic
antiserum. Similar methods have been used to characterize antigenic molceules of different
parasite sub—species (Pratt ef al., 1984; Boustouller et o/, 1986) but, to my knowledge, not
in phylogenetic studies of mammals. This approach combines the 11ig11 reso]ving‘ power of
SDS-PAGE exploited by Qumsiyeh et a/. (1990) with the high sensitivity of
immunologica] reactions, as il allows the identilication of electroplmretica“y separatccl
antigenic proteins by Enzyme Linked Immuno-sorbant Assay (ELISA) (see Tsang et al.,
1983). The results of a preliminary study undertaken to assess the potential of this

technique are presented in this c]qapter.

L4 Materials and Methods

Two specimens each of the Otomyine species O. irroratus, O. angoniensis, O.
unisuleatus, O. s/oggetti and one specimen each of O. laminatus, Parotomys brantsii and P.
hittledalei were studied. At inter-family level, T examined two samples each of O. irroratus,

representative of the cricetines (Mesocricetus auratus), a representative of the gerhillines
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(Tatera leucogaster), the Murine genus Mastomys, and one specimen each of the following
African Murines: Rhabdomys pumilio, Grammomys dolichurus and Dasymys incomtus.
Samples of liver stored in liquid nitrogen in the Biology Department of the University of
Natal (Durban) were used. Voucher specimens have been deposited with the Durban

Natural Science Museum, accession numbers are included in the appendix.

. Preparation of antiserum

Livers from three specimens of O. irroratus from Karkloof were homogenized in
phosphate buffered saline (PBS, pH 6.8) with an Ultra Turrax (Janke and Kunkel,
Germany) homogenizer. Cellular debris was discarded by spinning twice for 30 min at
3000 rpm in a GPR centrifuge (Beckman, USA). Total protein concentration in the
supernatant was determined by the Biuret method.

Polyvalent rabbit antiserum against O. irroratus liver proteins was developed by the
staff of the Biomedical Resource Centre of the University of Durban-Westville.
Immunization was by intravenous injection of 50 mg total protein in 250 pl sterile PBS
and 250 pl Freund's incomplete adjuvant (Difco, USA), followed by two booster injections
(50 mg protein in 500 pl PBS) three and four weeks later. Samples of rabbit serum (200-
500 ul each), obtained before each immune challenge were tested for antibody activity
against O. irroratus liver homogenate by 'dot-blot' ELISA (Hawkes, 1983) using a rabbit
antibody detection kit (Amersham, UK). Immunization was discontinued after the second

boost when the antibody titer was approximately 3000 antibody units.

. Sample preparation

Liver samples of 50-100 mg each were washed twice in cold PBS and homogenized
in 100 pl each of PBS using a Teflon micro-pestle and mortar (200 gl volume) attached
to a Janke and Kunkle homogenizer head. Cellular debris was removed by centrifugation for
30 min at 11 000 rpm in a Sepatech Biofuge B (Heraeus, Switzerland). This was
followed, after 1:10 dilution in PBS, by filtration through 0.22 um pore size membrane
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filters (Dynaguard, UK). Protein concentration was estimated by comparison ol
spectrophotometric rea&ing‘s at 280 nm with a liver homog‘enate of known protein

concentration.

. Electrophoresis

Each sample was diluted in Tris-HCI bufler (pH 6.8) containing 43 % (v/v)
glycerol and 4 % (w/v) SDS and loaded onto 12.5 % SDS-Polyacrylamide (BDH
Chemicals, UK) gels to a total protein content of 50-60 pg per lane. A negative control
consisting of 30 wg each of azocasein and ovalbumin was also included.

Electrophoresis was performed, on duplicate gels, in a Protean dual vertical gel
apparatus (Bio-Rad, USA) at a constant voltage of 150 V for 5 to 6 hours. One ol the
gels was stained with Brilliant Blue G-250 (BDH Chemicals, UK), the other was used for

immu11o—electro—trans£er as descrilaecl I)GIOW.

. E/ectro—trans][er and detection

The second gel was soaked for three to five minutes in transfer buffer (25 mM Tris,
193 mM glycine and 20 % v/v methanol) then blotted onto a nitrocellulose membrane
(Hybond-C, Amersham, UK) using a TE70 SemiPhor horizontal transfer apparatus
(Hoefer Scientific Instruments, USA) at 118 mA for 90 min.

Detection of immunogenic liver proteins, using a rabbil anLi})o&y delection kit
(Amersham, UK) containing a biotinylated second antibody and streptavidin conjugated

alkaline phospl'latase, was performed accor&ing to the manulacturer's instructions.

° Ana/ysis 0][ the immuno-blots

Bands w}u'ch, on the nitrocellulose sheets, showed positive reaction to the anti-
O.irroratus antiserum were scored so as to generate a multistate character matrix.
Therefore, each band showing‘ strong reactivity to the anliserum was assigned a character

state of zero, while progressive]y higher state numbers were given to e]ectromorphs with
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weaker or no reactivity. Table 4.1 summarizes the criteria used in character state

assignment.

Table 4.1 - Assignment of character states to electromorphs according to reactivity to anti-O.
irroratus antiserum.

Migration Change Antibody Reactivity Character State
No Strong 0
No Weak 1
No Absent 2
Yes Strong 3
Yes Weak 4
Yes Absent not found
Greater than states 3and 4~ Strong 5
Greater than states 3and 4 ~ Weak not found
Greater than states 3and 4~ Absent not found

Two matrices were constructed, for the Otomyines and the non-Otomyine rodents
respectively, and analyzed cladistically using the implicit enumeration algorithm of the
computer programme Hennig86 (Farris, 1988). Characters of equivocal interpretation
were inactivated before analysis. Bootstrap confidence intervals of the resulting phylogenies,
were estimated with the programme BOOT in the PHYLIP computer package
(Felsenstein, 1989). The two matrices were then combined (see Table 4.2) to determine
the relationships among all taxa. Nei's (1978) unbiased genetic distances were also
estimated using the programme BIOSYS (Swofford and Selander 1989), coding each

character as a 1ocus and each state of such a Character as a clif{erent allele.
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Table 4.2 - Multi-state character matrix of all species. (C]laracters 4-8,11,12,14,19,20 were
inactivated due to eq'uivocal interpretation).

Character
T 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2

1

.lrroratus
.angoniensis
.brantsii
.sloggetti
.unisulcatus
.laminatus
.littledalei
R.pumilio
G.dolichurus

QO O OO O

Mastomys sp.
D.incomtus
M.auratus
T.leucogaster

N D O = N ) ) '.\J “)
B W N e ) ) N Y Y
W Y O 0 O NNO R OB OO
R =00 OO0 00000 oo
W) 2 ) ) ) RN PO
NN S BRNO R P OO0 o
O R ON WR = B O = P P O
W W D W Y O RO O O O
B WD N WNO R DNDDNRE O
W 0 D0 OO0 O O NN
WD 0 0 ) ) OO O O DM OO
BN O 9N NN O
W NP, NNRRPRPNDNDDNDOOOO
W) W W Y OO B O
Nd WD NN OO DN
NRE NMNNMNNMNDNOOOOC O OO
WD W e OO OO O OO
NN OONEFE B DNDDNMOCO
B W DN RO R WwWwo o
Wl e 0 2 DN NGO

W) W 0 RN NGO

¢  Results

Prominent variability in band migration and reactivity to antibody was observed in
the blot of the Otomyines as shown in Figure 4.2 (page 73); the most striking variation
was in the 14-16 KD region (possibly analogous to the @ and B chains of human
haemoglobins). Here the O. slbggetti and P. brantsii lanes showed strong reactivity as well as
faster migration compared with the O. irroratus samples; O. angoniensis displayed weaker
reactivity to antibody and the O. unisulatus specimens exhibited very low reactivity and
slow migration. The two fastest bands corresponding to MW of 10-12.8 KD were not
consistently detected in all blots. These bands were, therefore, excluded from the parsimony
analysis.

Further variations were observed in the 55-97 KD region. At the migration
distance of glutamate clehyclrogenase (see Figure 4.1, page 73), for example, antil)ocly

aviclity was }ugh against O. irroratus, O. angoniensis, O. s/oggetti and P. brantsii samples but
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very Jow against the other species of Otomyines. The opposile (weak reactivity in O.
irroratus, O. angoniensis and P. brantsii) was the case with two heavier proteins of about 60
KD. Comparison with the cluplicate gel indicated that these proteins were present at Jow
concenlrations in O. irroratus, O. angoniensis and P. brantsii (i.c. represenling diflerences
in gene expression).

Similarly striking‘ differences were observed in the blot showing the supra-generic
re]ationships which included various Murines as well as one representative each of
Gerbillinae and Cricetinae (see Figure 4.3, page 74). A pertinent aspecl of the
phylogenetic analysis was the need to determine the most appropriate outgroup for the
Otomyines. To this end, a pllenetic ana]ysis of the available non-Oltomyine rodents and of
O. irroratus samples was undertaken. As shown in Table 4.3 (page 74), the lowest
estimate of Nei's unbiased genetic distance was that between R. pumilio and O. irroratus.
Therefore, I took this to indicate that the g‘eneticauy closest rodent to O. irroratus was R.
pumi/io and used this species as the outgroup to root the Otomyine pliylogenetic tree(s).

Figure 4.4 depicts the most parsimonious tree of the non-Otomyine rodents
whereas the shortest tree representing the Otomyine plwylogeny is shown in Figure 4.5
(page 75). The topology of the tree in Figure 4.4 indicales an early separation of R.
pumi/io and O. irroratus from the other rodents while a close relationship between Otomys
and the Cricetine is not indicated. The Otomyine c]aclogram shows two evolutionary
1ineages: a group inclucling species occupying mesic habitats, such as O. irroratus, O.
angoniensis and O. Jaminatus, and a second one including the aricl—aclaptecl species. Figure
4.6 (page 76) presents the Nelson consensus tree from the two shortest cla&ograms found

including all the taxa used in this study. The relationships implied in Figures 4.4 (page
75) and 4.5 are broadly confirmed here.
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Oi Oa Oa Pb Os Os Ou Ou Ol PIl Sh -ve St KD

— 340
— 97.4
i — 554
: — 36.5
- — 20.1

Fig‘ure 4.1 - SDS-g’e] of Otomyines samples. 0i=0. irroratus, Qa=0. angoniensis, Ph=
P.I)randtsii, Os=0. s]oggetti, Ou=0. um'sulcatus, Ol=0. iaminatus, Pl=P. /ii‘tlecla]ei,
Sh=ovine liver Lomog‘enate, St=calibration proteins. Combitech calibration proteins: 340
I<D=az-macroglobulin, 170 KD=a2-macrog101)ulin (reduce(l), 97.4 I{D=phosp]10rylase l);
55.4 KD=g1utamate de]‘lyclrogenase, 36.5 KD=lactate clellyclrogenase, 20.l=trypsin
inhibitor. Numbered lines to the left of the illustration represent location of characters.

01 Oi Oa Oa Pb Os Os Ou Ou Ol Pl Sh -ve St KD

1__ —340
S —

—_— ——97.4

_ ——55.4
14 _ —36.5

. —20.1

18__

—_— " ol g Yisorr LI e T

_ Ty v “ ‘:%
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Figure 4.2 - Western-blot of duplicate gel shown in Figure 4.1. Legend as in Figure 4.1.
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-ve H]a Rh Gr Ma Ma Da Oi Oi Me Me Ta Ta St KD

—21.5

18

Figure 4.3 - Western-blot of non-Otomyine rodents. Hb= bovine llaemoglol:)in, Rh=R. pumilio,
Gr=G. dolichurus, Ma=Mastomys sp., Da=D. incomtus, Oi=O. irroratus, Me=M. auratus,
Ta=T. /eucagaster, St=calibration proteins. Amersham rainbow calibration proteins: 200
KD=myosin, 97.4 KDZpLosphorylase }), 69 KDZalLumin, 46 KD=ova”)umin, 30
KD=carbonic anl]y&rase, 21.5 KD=trypsin inhibitor.

Table 4.3 - Estimated Nei (1978) unbiased genetic distances below diagonal and unbiased genetic
identities above cliag‘onal.

Taxon O.iror.  R.pum. G.dokic. ~ Mastom.  D.inc. M.aur. T lesko.
O.irroratus 0.476 0.429 0.381 0.333 0.442 0.401
R.pumilio 0.742 0.524 0.571 0.476 0.541 0.693
G.dolichurus ~ 0.847 0.647 0.667 0.619 0.455 0.438
Mastomys 0.965 0.560 0.405 0.762 0.602 0.620
D.incomtus 1.099 0.742 0.480 0.272 0.639 0.620
M.auratus 0.816 0.615 0.788 0.507 0.448 0.602

T leukogaster ~ 0.913 0.367 0.826 0.478 0.478 0.507
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O. irroratus

RlzaZwZomys

Gmmmomys

8 Mastomys

59 Dasymys

53 Tatera

64

Mesocricetus

Figure 4.4 - The most parsimonious tree (]engt}: = 68) of non-Otomyine rodents from Hennig86
implicit enumeration. bootstrapping‘ estimates from 100 replicates (BOOT {rom P}]ylip)

s}iown at nodes.

Rhabdomys

O. laminatus

80

O. irroratus

86

O. angoniensis

O. s]oggetti

60

P. brantsii

33

O. unisulcatus

43

P. littledales

Figure 4.5 - Shortest Otomyine tree (lengtll = 57) obtained using the same progranmme options as
in Figure 4.4. '
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Measocricetus }

Tatera 1

Dasgmys

Magtom ys

Grummomys ‘

Rhsbdomys

P. brantsii

O. B’Oggl.’u'i

O. unisuluatus

P. littledalei

O. faminatus

). irrorabus

Q. angoniensis

Figure 4.6 - Consensus tree of all taxa constructed from the two most parsimonious cladograms

(length = 108).
¢  Discussion

. Immunoblotting

Our major concern was to deve]op a technique Capable of cletecting po]ymorphism
at various taxonomic levels. Although allozyme electrophoresis, for example, has been
successfu.“y employed in intra—speciﬁc investigations, its greatest pl]ylogenetic usefulness is
at the species level or among closely related genera (Murphy et o/, 1990). DNA-DNA
hybridization studies tend to involve inter—specific and higher taxon phylogenetic
relationships (Werman ef af., 1990), whereas mt-DNA restriction fragment length
polymorphism (RFLP) seems to be most appropriate at intra-specific levels or, at best,
between closely related species (see Dowling et a/, 1990 for a review). Mammalian
chromosome analysis by G- and C—bancling has proven useful at various hierarchical
taxonomic levels (Capanna et al., 1976; Capanna, 1988; Eldrid,ge et al., 1991; Bickham

and Baker, 1979) but is unpredictable since in some taxa intra-specific chromosomal
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varial)ility is inexplica]')ly high while other groups clisplay a liigh deg‘ree of conservalism.

Our results indicate that the techniques exploited in this study can detect
polymorphism between sub-families, genera and species of rodents. However, convergence
due to mu]tip]e mutations, resulting‘ in similar net Charge in proteins from unrelaled taxa
and similar migration, could still be a proHem at higher taxonomic levels. This type ol
error, nevertheless, would tend to be minimized because SDS-PAGE relies most]y on
migration l)y molecular mass rather than charg‘e. Furthermore, the immunologica]
interaction of epitope and antibody variable region 1s primarﬂy a function of conformation,
malzing it unlilqely that loss of reactivity by an antigenic determinant would be reacquired as
a result of multiple mutations. On the other hand, when band reactivily is due to more
than one epitope, bin&ing to one or more antibodies, mutations and consequent loss of
activity l)y one antigenic determinant may go undetected thus leacling to divergence
underestimates. A potential pitEaH, due to comigration, is in the interpretation of mo]ai]ity
shifts. A safer approacl—l would be that of using monoclonal or puri{iecl antibodies. However,
it was felt that, at this stage of technical eva]uation, some reliability of interpretation could
be traded off for the speed resulting from the ablility to detect many characters in a single
blot.

This method appears to be informative at several taxonomic levels as it allowed
identification of nineteen characters per taxon in any sing’]e experiment. This represents a
distinct advantage over established methods employing a“ozyme mo})ility analysis, since a
single blot can yield an amount of information equivalent to that generatecl l)y several
starch gel slices, each stained with a different aHozyme substrate. Moreover, this method
offers a benefit over other immunological techniques used in phylogenetic studies (Maxson
and Maxson, 1990) that yield exclusively distance data because the anti-serum detected
about nineteen electromorphs in the liver homog‘enates. Therefore, this providecl about
nineteen clata-points per pair of taxa and the information could either be analyzecl

cladisticauy or transformed into distance data.

On the other hand, an undesirable side-effect of the method presented here lies in
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the fact that the antiserum, as may be expected in such a reagent, contained a number of
antibodies of varying specificities. This resulted in the detection of closely spaced bands in
regions of the blot close to the origin and, particularly between 50 and 60 KD, making
interpretation difficult. Furthermore, 1 did not readi]y detect a corresponclence between
electromorphs and putative alternate alleles since most of these could not be posilive]y
identified. Because of this, therefore, as well as the presumed presence of heteromeric
enzymes in the samples, a genetic interpretation based on scoring allelic variation was not
possiHe. These factors make it awkward to analyze data sets of this kind ]oy a phenetic
approach. A possible solution to this pro})lem could be the use of graclien’t polyacry]amicle
gels instead of 12.5 % continuous gels combined with the use of specific antibodies purifie&
from anti-O. irroratus seram by affinity Chromatog‘raphy. This need not be a major
drawback, however, since - as discussed below - the clenclograms generated from the data
presented here corresponcled close]y with both phenog‘rams and cladograms procluced })y
aHozyme studies. Ultimately, the choice of method will depend on the investigalor's
preference .for either cladistic or p]denetic ana]yses. Converling multistale characters inLe
alleles and loci, to evaluate genetic distances, may have led to incorrect estimates. However,
such a systematic error would have been evenly distribuled across all taxa ancl, therefore,
would not have influenced their ranking. [ thus justifiecl this practice in this context as it
was implemented for the sole purpose of finding which taxon was closest to O. jrroratus.

. Phylogenies

The topology of the cladogram included in Figure 4.5 (page 75) closely resembles
that procluced l)y aHOZyme analysis of the seven Southern African species of Otomyinae
(Taylor et al, 1989b) and confirms the suggestion presented by Taylor ef al (1989a) of a
clipl’xy]etic evolution in this group . Their recommendation that O. unisulkatus be included
in the genus Parotomys is also supported on this stucly. In acl(iition, the results indicate that

a similar suggestion can be made regarding O. s/oggetti.

The family group relationships shown in Figure 4.4 (page 75), as well as the
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genetic distances reportecl in Table 3, indicate that the species O. irroratus is more closely
related to the true Muridae than to either the Gerbillinae or the Cricetidae. This lends
support to modern classifications (Meester ef al., 1986) which include this subfamily in the
family Muridae. This conclusion is supportecl })y in&ependent experimenta] evidence
including sperm morphology comparison (Bernard et /., 1990), DNA-DNA hybridization
(Chevret et al, 1992), cytochrome oxidase sequences (R. L. Honeycutt, pers. comm.) and
analysis of long interspersed nuclear repeats (LINES) (K. Usdin, pers. comm.).

The phylogenetic relationships suggesteﬁl ky the cla&ogram in Figure 4.6 (page 70)
should still be considered tentative because of the limited number of non-Otomyine rodents
available. Nonetheless, the relationships emerging from the trees depicted in Fig’ure 4.4
and 4.5 are }Jroadly confirmed when all the specimens included in the present study are
analyzed as a single multistate matrix (see Figure 4.6). A notable exception, for which I
have no ready explanation, is that two of the arid-adapted Otomyines (P. brantsii and O.
s/oggetti) are here indicated as })eing‘ ancestral to the other five Otomyine species.

In conclusion, 1 helieve that immuno-electro-trans(er of liver proteins shows higli
potential as a method of phylogenetic analysis since, In my hands, it has proclucecl resulls
comparable to those obtained from more established techniques. It appears, so far, to be
reliable in cletecting polymorphism between species, genera and sub-families. An assessment

of the potential of this method at intra—speciﬁc level, in the species O. irroratus, is

unclerway.
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¢  Appendix

With the exception of the two O. irroratus specimens (collector's numbers KW
342, and KW 343) from the Karkloof locality (29°21' S, 30°13' E) all voucher specimens
were deposited with the Durban Natural Science Museum where they were allocated the
following accession numbers. O. angoniensis: DM 2966 and DM 2967. O. Jaminatus: DM
2906. O. unisuleatus: DM 2980 and DM 2981. O. slggetti: DM 25638 and DM 2539.
P. brantsii: DM 2975. P. littledali: DM 2983. Mastomys: DM 2039 and DM 2035.
Dasymys incomtus: DM 2033. Grammomys dolichurus: DM 2038. Tatera leucogaster: DM
2037 and DM 2038. Mesocricetus auratus: DM 2044 and DM 2045.
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CHAPTER 5

INTRASPECIFIC IMMUNOREACTIVITY
¢ Introduction

otomys irroratus and its sibling species O. angoniensis Wroughton, 1906 (the
Angoni vlei rat) have been proposed as likely examples of speciation initiated by chromosomal
changes (Meester 1988) and considerable chromosomal variation in O. irroratus has been
documented (see Chapter 2). As detailed in Chapter 2, a group of cytotypes which include
eight pairs of large biarmed autosomes with heterochromatic short arms (see inter alia Figure
2.7, page 34, group B) is localized west of 26°957F while populations cast of this longitude
have varying diploid numbers (Figure 2.7, group A) and all acrocentric karyotypes.
Populations north of the Drakensberg mountains and in the Cape of Good Hope peninsula
make up a third group of cytotypes which have only four pairs of large autosomes with
heterochromatic short arms (Figure 2.7, group C). More importantly, in the group with
acrocentric karyotypes, the three populations at Hogshack, Kamberg and Vergelegen (Figure
2.7, group Al) carry a tandem fusion between autosomes 7 and 12 (7q:12q) which probably
explains the break-down in the reproduction of hybri&s between individuals from this group
and those from other populations. Cladistic and phenetic analyses of cytogenetic data
produced dendograms which lent support to this interpretation (Figure 2.7).

These chromosomal variants have been shown by discriminant analysis (DA) to
correlate strongly with climatic variables such as temperature and rainfall of the bioclimatic
regions of Southern Africa (Taylor et al. 1994, see Chapter 3). Allozyme starch gel
electrophoresis, however, demonstrated low intraspecific variation and extensive gene flow
between all populations which suggested a panmictic genetic structure of this species (Taylor et
al., 1992) whereas [ indicated in Chapter 2 (page 42) that the cytogenetic findings were

consistent with a 'Wrigl'ltian', fragmenliecl popu.lation. Both sets of results appear to agree with

i
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(inter alia) 