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SUMMARY

A study has been made of electrophoretícally detectable protein

variation in fourteen isolated populatíons of the Australian bush-rat,

Rattus fusei'pes çr'eyii. A small number of índividuals from each of the

other three .R. fuscipes subspecies Í/ere examined. Farníly daËa f rom

abouË 50 laboratory matíngs suggest that the thirteen proteins examíned

represent the products of genes aÈ síxteen different loci

The Æ. f. gneyü populations inhabít several small off-shore islands

(less than 300 ha), a large ís1and (about 400,000 ha), and three separate

mainland areas (each about 400r000 ha). Seven sma11-island populations

are monomorphic for all loci and two other sma11-island populatíons are

each polynorphic at one l-ocus on1-y. The mean heterozygosity for Èhe

snall-island populaËions is 0.007. These populations are genetÍcally

less varíable than most manmalian populatíons. The three mainland and

the large-ísland populatíons are polyrnorphíc at two to four genetic loci

and the mê,an heterozygosíty in these populations is O.O42.

.The .R. f, gveAíí populations studíed are reproductively isolaÈed

from one another and the tíme of ísolation can be esËimated at between

5,000 and 141000 years. It ís presumed that prior to ísolation these

populations shared a cormnon gene pool. The variaËion at several genetic

locl throws líght on Èhe composítion of this ancestral gene pool-. Some

genes, found only in one population, are apparently recent muËanÈs, while

others are more widespread, indicaÈing Ëhat they were probably present in

the ancestral population. For some loci ít seems líkeJ-y that cl-ines in

gene frequency \¡rere present in the ancestral populaÈion. These inferences

are supported by evidence from protein variaËion in the three other

R. fuseipes subspecies. It is suggested that in the past,.R. f. greAií

has been a link between the eastern and r'restern Australían subspecies of

R. fuscipes
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Ttre gene frequency data are sr:mmarised by a modifícation of the

method of principal componenÈ analysis for contingency tables and by

other genetíc distance measures. The genetíc disÈances between

R. f. greA¿i populations are on average, greater Ëhan Èhe genetÍc

dístances reported hítherto between oËher maumalían populatíons

belongíng to the same subspecies and the genetic dístances between

R. fuseipes subspecies are greater than the distances between other

manmalían subspecíes. The genetic dissÍmi1-aríty beÈween -R. f . greyii

populatÍons appears to have evolved exËremely rapídly, by the fixatÍon

of different genes present in the ancestral populaËion and by the

incorporation of ne\¡I mutants since isolation.

There is evídence thaË both natural selectíon and random genetic

drift have played important roles in determÍning Ëhe gene frequencies

in the R. fuseLpes populations.

A study of metrícal variaÉion of eighteen skul1 and body characters

ín R. f. greAii populatíons revealed signif icant heterogeneíty betr^reen

populations for all characters. For most characters there is no

signífícant difference between.small ísland and large popul-aËions. The

variance ín each character is less ín small populations than ín large

populatíons, but this dífference Ín most cases is not statistically

significant. The relationshíps between the populations as described

by multívaríate analyses of the metric daËa is siurí1ar to that described

by the proteín variation.



ffi

DECLARATION

I declare that this thesls contains no materfal_ whÍch has

been accepted for the award of any other degree or díplonra in any

University, and that to the best of my knowledge and belief, íË

contaíns no unteríal prevlously published or writ,ten by another

person, Ð(cepÈ where due reference is made.

L. H. Schmítt



fv

ACKNOÌ.ILEDGM{ENTS

I am sincerel-y grateful to Dy supervisors, Professor J.H. Bennett,

Dr. D.L. Hayrnan and Dr. R.lf. Hope, for theír helpful suggestíons,

constructive criticisms and assistance r^7íth this work. In acldiËíon,

Mr. J.G. oakeshoÈt and Mr. R.B. Hal-liday provided much help and

discussion.

Dr. R.J. trrlhite kindly provided statistical advi-ce and computed

the canonícal discríminant and correspondence analyses.

Dr. G.C. Kirby, Dr. P.R. Baverstock, Dr. C.R. Thridale and Dr. M.

Bul1 also rnade valuable comments. Dr. N. tr{ace provided unpublished

sea-bed contour maps for the area around Dog and Goat rsl-ands. Mr.

P.F. Aitken and lulr. J. Seebeck provid.ed information on the dj-sÈríbutiol

of -R. f. greyi¿. Dr. D. Day helped me develop the cell fractionation

techniques.

Technical assÍstance and advice v/as generously given by Mr. r.R.

Goodwins, ÙIr. J.R.B. l,Ialpole, ft. c. chesson, Mrs. D. Goldíng and Mr.

A. Kawenko. I would líke to thank Mi-ss G. Psaltis for her excellent

typíng.

I am indebted to Mr. J. Forrest for col-lecting the llopkíns Island

sample and Dr. A.C. Robinson for colIecËing all specÍrnens other than

R. f. greyií. In addition, valuable contributíons were made by the

followíng people and groups who helped in many dífferenË ways while r

was collecting specimens: Mr. P.F. Aitken, the Australían Department

of Transport, l"lr. R. Baker, Mr. H. Enge, the Fíeld Naturalists Socíety

of South Australia Mammal Club, Mr. R.I¡I. Giles, Mr. G.N. Growden,

Mr. B. James, Mr. E. Jerícho, Mr. G. McCu11um, the late Mr. G. Mowbray,

Mr. T. Shannon, the South Australían National Parks and trIíldlife Service,

!fr. J. Tucknott and Mr. L. trüillíams. Special thanks are also due to



v

Mr. and Mrs. R. Burford and Mrs. M. Ful-ton, wlth whom I stayed on many

occasíons durlng collecting trips.

Flnal-J-y, I would like to thank my wlf e and parents, whose

encouragement and support made thís work posslble.

This sÈudy was undert.aken duríng the tenure of a postgraduate

scholarship under the Unlversíty of Adelaide Research Grant.



1 : -.-.." 
';.r,/".. \ \,

|-/ 1{'\[,,_! lH
l; i ji''i
t \ ,.j¡/;,:-;
\.;.,." ... .:lllr

1...:i,.,iì__'CHAPTER 1

INTRODUCTION

Investigations into genetic variation withín and betr¿een naLural

populations are usually concerned wíth determi-ning: (i) the amount,

exÈenÉ and naÈure of Èhe varíation, (ii) the forces governing these

characËeristics, and (iíi) the evolutíonary signífícance of the

variation. Untll about ten years ago, most of the genetic varíation

deÈecËed involved differences in blood group, karyotype or morphology.

tr{iËh the introduction of the technique of gel electrophoresis and the

adaptation of hístochemícal procedures, Ëhe study of genetic varíation

Ín natural populations has been revolutionised. The techníque enables

Ëhe identífication of genetícally determined variaÈion in the prímary

structure of proteins, and given certaín assumPËions' ít allows an

estimate of the total amount. of genetic varíatíon at all structural

gene loci in natural populations. Furthermore, since the variaËíon

Ís ín proteins it is possible to look for in uitro differences between

the products of allelic genes, which might reflect ín uiuo dífferences

of selective Ímportance.

However, with some notable exceptíons (e.g. Èhe human síckle-cell

haemoglobin polymorphisrn) it has remained dífficult to determine either

the forces rnaintaíníng genetic varíation ín any partícular case or Íts

evolutÍonary signíficance. The difficulty i-s ín many cases due to

inadequate knowledge of ecologÍcal and dernographic statistícs of the

populations concerned. For example, in comparing the observed

heterozygosíty wíth thaË predicted by random genetíc dríft ít is

necessary to have estimates of the effective population size and the

mutation rate. Furthermore, to understand the evolutíon of genet.ic

differences between populations it 1s necessary to measure not only

populatÍon size and mutation rates, but also Ehe time of isolation and
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migration rates.

Many of these problems can be overcone or avoíded, aL least to some

extenË, by careful selection of the populations to be studied ' In thís

respect-, populations inhabiting small íslands may have some useful

characterisEícs íncluding, for example, their reproductive isolation

from one another, small population size' and a restricted well-definecl

habitat. In addition, the period of ísolation can somet'ímes be estimated

and smal.l isl-ands often occur in clusÈers, províding natural replícates of

evolut.íonary "experimentsrr. These f eaËures may make the study of small

ísland popuJ-ations less compl,ex and more informative than those of 1-arger

and less well-defined nainland populatíons, and often valuable compari-sons

can be made betwe-en island and mainland populatíons'

This thesís describes an investigation into genetic variation in a

series of isolated populaËions of an Australían mammal, the southern

bush-rat (Ra-btus fuscipes) ' This specÍes Bras chosen because: i) it

occurs as a series of ís1and and m¿inland populations v¡ith features

símÍlar to those lísÈed above, ii) ít ís easy to collect samples of

reasonable síze, and iíi) animals breed and are easy to maintain ín

the l-aboratory.

There are four recognísed subspecies of the s'outhern bush-raÈ' and

each inhabits a separate coastal region of AusÈralía (see Fig. 3'2)'

Thís study ís primarijy concerned with the South Australian subspecies'

R. fuscipes gyeAii, whích inhabits three geographically isolated areas

on the mainland and at least thirteen off-shore íslands. The three

mainland populatíons and one island population occupy areas of similar

slze, about 400roo0 ha. The oÈher populatÍons investígated inhabit

Íslands whích range in area from about 50 to 300 ha. This contrast in

the extent of the areas occupied by different populations is probably

accompanied by a correspondj-ng difference in the numbers of indíviduals

fn the populaÈions, although no studies of population size have been made'



3

DurJ-ng the last íce-age ín the late Pleistocene, all of the íslands

in question were part of Èhe mainland. As the ice ref:reated, Ehere was

an eustatic rise ín Èhe sea leve1 and the islands were formed. The

tirne of isolation of each population can be estímated from data on the

mean sea level during the last 201000 year:s and the present topography

of the sea bed.

It is postulated that the .R. f, gregíí island populatíons are relícs

from the time when the íslands were connected to the mainland rather than

being the result of subsequent colonisation over-ülater. R. f. greAi¿

was probably distributed across most of central southern AustraU-a during

the last íce-age, when at Ëímes Èhe clirnate rfas vreÈter than at Present'

and íË is reasonable to assume that suítable habitat for the specíes \^7as

more ¡rrídespread. The existence of populations of. R. f . gneAii on Dog

Is|and and Goat Island, wíth no contemporary population on the adjacent

mainland, also suggests a prevíously wider dístríbution. llhí1e ít is

recognised that this distríbutíon may not have been continuous it ís

expedient to consider that the founders of the present day populatíons

came from an ttancesÈral populatíon". The present day díscontinuity in

the dístriburion of ,R. f. greA¿i on the maÍnland presumably has resulted

from recent cljmatic changes (see, for example, Twidale' 1969) and human

habitation which l-ed to the destruction of suitable bushland habiLat.

Early European settlers brought competitors and predators of R, f. gTeAii

r¡í-th them, and consequently Ã. f. gTeAíi has been forced to live ín the

more densely vegetated habí.tats which afford Ëhe best protection.

It is unlíkely that there has been much, í.f any, migration bet\iÍeen

these island populaÈions, since their isolation. Small mammals' except

those comnensal with Man, are poor dispersers over waËer barríers. It

seerns líkeLy then that a widespread ancestral population of- R. f. gre7i¿

was, fragmented by environmental changes ínto a series of populations ' some
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occupylng small areas and others more \ridespread, and beËween which no

recent rnígrat.ion has occurred.

This study is concerned with deÈermining: (i) the amounts of

genetic variatíon in island and mainland populatíons, (íí) the paÈterns

of geographíc varíation in gene frequencies and the genetic distance

between populations, and (ííí) the evolutíon of these dífferences,

including the importance of natural selection and random geneÈic drift

in determining (i) and (ii¡. Four wídespread and ten small ísland

populatíons of .R. f. %,eAii have been studled, a1-ong with some individuals

from the other three subspecies (4. f. fuseipes, R. f. assimLLis ar.d

R. f. eoracíus). Starch gel electrophoresÍs and hístochemical stainíng

were used to investigate genetic variaËion of thirteen proteins r¿hích

are probably conÈro1led by síxteen different genetic locí. In addítion

a small study was made of meÈrica1 varíation in skull and body characters.
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CHAPTER 2

GENETIC VARIATION II'] NATURA], POPULATIONS

The following discussion ís primaríly concerned with genetic

variation determining elecÈrophoretícally dÍstinct proteíns.

2.L GEL ELECTROPHORESIS AND TIIE FREQUENCY OF POLYMORP}TISMS

The fírst extensíve surveys of elecËrophoretícally detectable

varíation were in Man (Harrís, 1966) and DrosophiLa pseudoobscura

(ttutby and Lervontin, 1966; Lewontín and Hubby, 1966) and revealed an

unexpectedly large number of protein varíants. In Man, three out of

ten proÈeins were found to be polymorphic and seven out of eighteerr r'rere

polyrnorphic in DrosophíLa pseudoobscura. Sínce these fírst reports'

data on proteín variaËion in many specíes have been col-lected and have

generally supported the initial findíngs in terms of the proportion of

polymorphic proteins (e.g. Harris and Hopkinson' L972; Selander and

Johnson, Ig73; LewonÈÍr, L974; Powell, 1975). If, for convenience,

a pol¡rmorphíc locus is defined rras one at which the mosË commonly

occurring allele in the parËicular population has a frequency whích is

less than 0.99t'(Ilarris, L975), then on average, populatíons seem to be

polymorphic for about 30% of theír locí. The amount of genetic variatj.on

in a population can also be measured by the average proporËion of hetero:

zygous ],oc1- pey índividual. Unlike the proportion of polymorphic loci'

Ëhis measure does not require the setting of arbitrary IÍmits for its

definition and is less dependent on the sample size than is a measure

of the proportion of polynorphíc 1oci. The average heterozygosiLy per

locus per índLvídual in most natural populations which have been studied

is about 10%.
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2.1.l Límitations of the technique

Genet.ic vari.ation detected by electrophoresis most probably

underestímates the total variatíon in genes coding for proteins.

Because of the redundancy of the genetic code, al1elic dífferences in

the DNA may noÈ be manifested ín Ëhe encoded proteíns. Furthermore,

proteins which díffer by one amino-acíd substitutíon will, in general,

have dístinct elecËrophoretíc mobilities only if the two amino-acids

concerned differ in thej-r net electrostaËíc charge.

From a consideration of the geneÈic code and the frequency wíth-

which the rlifferent amino-acíds are found in proteíns, ít has been

calculated that gel elecLrophoresís ís capable of distínguishing about

30% oÍ. all proteíns differing by one arrino-acid substitr¡tion (Ler¿ontín,

L974; King and WÍ.lson, L975). However, Markert (1968) suggested that

substitutlons involving amino-acids of different net charge may not be

as well tolerated as those involvíng amíno-acíds wiËh Èhe same charge,

because the charge proPerties of proteíns may be Ímportant for their

localisaËion withín the ce1l. The observed frequency of substituËions

ínvolvlng amino-acids of different electrostatic charge appears to be

less than that expected on Ëhe basis of random nucleotíde substi.tutíons.

For example, in an analysis of amíno-acid sequences of prírrate

haemoglobins, Boyer et aL. (L972) found that only about 15% of aIL

variants were the result of a substitution of one amino-acid for a

second whích dífferecl ín net charge, whereas 3O7" are expected to be

of this type.

The existence of more protein variatíon than that detected by

electrophoresÍs Ís índicated by such amino-acíd sequence studíes and

a1-so by in uitro heat denaturation studies. Studies of the latter type

have found that enzymes identícal with respect to electrophoretic mobility'

differ 1n Èheir resisËance Èo heat denaturation (Bernstein et aL. , L973).

Some of these differences in heat stabílity have been shown to be under
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the control of allelic genes (Tiroríg et aL. , L975; Singh et aL, ' L974)

Recently, it has 1¡een shov¡n that by using mul.tiple electrophoreËic

condÍtions (two different. pllrs and Ëwo gel concentratíons) much more

variation could be detected than when one condj-tíon was used (Coyne,

1976; Síngh et aL. , 1976).

Another ímporËanË limitation of the elecËrophoretíc method, in

estimating the overall level of genetic variation, is that it ís noË

known how typical of the genome (in the amount of variaËíon) are Ëhe

strucLural genes detected by electrophoresís. Until methods are

developed r¿hich can detect many more genes or gene products which are

of a. different nature to those detected by electrophoresis (e.g.

regulatory genes), this líniÈation will rernai.n.

2.I,2 Levels of variability in diff erenL taxa

lühíle the data collected so far have geDeral-1-y supported the-

initial findings of a large number of protein polymorphisms in naÈural

populatíons, some substantial differences in the amount of varíatíon have

been f ound between species. The díversity in mean heterozygosity bet¡^reen

species is iltusÈrated ín Fig. 2.1.. Among animal species, invertebrates

have about three times Ëtre average heterozygosíty of vertebrates (15% and

52 respectívely - Selander and Kaufman, I975; Powell' 1975). However,

there is also considerable variation among species withín these broad

groupings. For example, vertebraËe subspecies have heterozygositíes

ranging from 0% to I87" (Powell, 1975). Thís is illustrated in Fig. 2.2,

which also displays the range of heËerozygositíes found within manrnalian

subspecies. These histograms should be treated with- some caution, since

some species are represented by many subspecíes, while others are

represented by only one population, and of course nost species are not

represented at all. It shoull also be noted th.at the standard errors

associated with these estímates are unknown and therefore strict
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staElstíca1 comparj-sons are not possi-ble.

The apparent difference ín the leve1 of heterozygosity between

vertebrates and invertebrates cannot be explaíned j-n terms of dífferences

ín populatíon síze or dispersal, abilities, sínce there are no consistent

differences j-n these qualities betvreen the groups (Selander and Kaufman,

Ig75). There are theoríes whích could account for the dífference (e.g.

Levíns, 1968; Gillespie, L974; Gillespie and Langley, L974; Powell,

L975), these theories being basecl on a causal relationshíp between

genetic and environmental variabílity. Ilowever, the evídence supportjfig

these theories is tenuous (see Section 2.3,5) -

2.r .3 Levels of variabílitv in different proËeíns

Surveys of enzyme varíatíon in natural populatíons have índícated

that ín general, geries coding fot enzymes involved in energy productíon

(glucose-metabolising or Group I enzymes) are less often polymorphíc than

those codíng for ottrer enzymes (nonspecific or Group II enzymes)

(Cillespie and lCojima, 1968; Kojima et aL., I970i Cohen et aL., 1973).

These results must be treated r,¡ith some caution since it is difficult to

determine to whíctr group many enzymes belong and the Group II data are

based on only a few enzymes. Genes coding for non-enzymatíc proÈeins

detecËable by electrophoresís (Group III), appear to be less often

polp.orphic than Group II enzymes CSelandet, 1976), although Selander

and Johnson (1973) found no dífferences between Group I, Group II and

Group III proteins, ín their leve1 of variability'

In seeking an explanation for tlre apparenË dífference in the 1evel

of varíabi1íty of Group I and Group II enzymes, Gillespie and Langley

(Lg74) redefined Group I enzymes as those characterised by a single

physíological substraËe which is usually generated and utílised intra-

cellularly, while Group I-I enzymes were defined as those with rnultipl-e

substrates. l[ht1e ttrese new definítions result ín a few enzymes being
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reclassified from Group IT to Group I, the difference ín variability

between the two groups is still evident (Gillespie. and Langley' L974;

Zouros, 1975). Gillespie and Langley (I974) showed theoretically, that

t'polymorphisms wí1l be more likely to occur ín more varÍable environmenÈsil

and suggested that the Group II enzynes experíence greater envírontnental

diversíty because of their substrate variabiliÈy, than do Group I enzymes.

Hence Group II enz¡rmes have a higher 1evel of polymorphísms thal Group I

enzymes.

IË has been suggesËed that rate lirniting enzymes in metabolic pathrvays

should be more often polymorphíc than non-regulatory enzymes (G.8. Johnson,

I97I, L974). However, both the theoretical grounds on which thís

suggestion has been made and the agreement of the data wÍth the expecËatíon

have been críticised (Ayala and Powell, L972; Selander ' 1976).

2,2 GEOGRAPHIC VARIATION IN GENE FREQUENCIES

InvestÍ-gations into protein variability ín very large wídespread

populatíons, or groups of populations between which there ís some migratíon'

usually reveal tw-o corrllon patterns of varíation. Some proteins show no

variatíon r^ritÏún or betr.reen populatÍons and all individuals, with rare

exceptions, have the same phenotype. The other pattern of variation

involves proteins r¿hich are polymorphíc and the genes controllíng this

varíation have símilar frequencies ín all populations. Protein variation

ín DrosophiLa uiLListoni and Man provide good illustrations of this latter

type of variation (see Ayala, 1972 and, Mourant et aL., 1976 respectively,

for reviews).

Apart from Ëhese two more conmon situations, genetic varíation takes

other forms. Koehn and Rasmussen (1967) showed that the estezlase-l gene

frequencies in Catostomus cLaykíi are ljnearly correlated with latitude.

One allele, Es-14, shows a steady increase in frequency from 0.18 to 1.00

over a distance of about 525 miles. Examples of such clinal- varíation
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ín ¿3ene frecluencies have been found ior other proteins j-n other species

(e.g. Merritt , 1972; Piplsin el; q,L., 1973; Boyer, I974; Chrístiansen

and Frydenberg,1974; Guttman, I975; Johnson, L976).

Occa.sionally a gene will occur ín an appreciable frequency ín one

part of a populatíon, but will be absent or rare in the rest of the

population. The human haernoglobín C variant in Africa is an example

of this (Lehmann and lluntsman, 1974).

There are some examples where the frequencies of two or more- genes

fluctuate consÍderably in the range of a species (e.g. Dessauer and Nevo,

1969; F.M. Johnson, I97I; Selander et aL, ' 1971) . Ilowever, cases of

geographic variation in gene frequencíes are usually associaÈed with

geographíc isolation of populations.

Other examples of variation in gene frequencíes include cyclical

changes associaËed with changes in population size (Tamarin and Krebs,

1969; Berry and. Murphy, I97O; Gaínes and Krebs, I97I) and age dependent

gene frequencies (Fujino and IGng, 1968; Tinkle and Selander, L973;

Berry and PeEers, 1975) .

2.3 FORCBS RESP ONSIBLE FOR GENETIC POLYMORPHISMS

Theoretically, there are several mechanisms by which a genetic

po1-ymorphísm can be maj-ntaíned. Some of these mechanisms, together wíth

examples wíl-1 be presented. Ilowever, it should be made clear, Ëhat in

practice it is usually exËremely difficult to determÍne what mechanism is

maintaining a particular polymorphism, if índeed it ís being rrmaintaínedt'

by detenninisËic forces.

2.3.L Selective replacement of a gene

If, 1n a populatíon, a rare gene becomes selectívely advantageous,

then this gene w111 tend to lncrease in frequency and replace íts aIlele.

During the process of replacement a polymorphism will exist. Pigment
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variatlon within several specíes of British moths provided good examples

of thís type of polymorphisnr (for a review see Kettlewell, L973). Such

polymorphísms are said to be transient, since gene frequencies continually

change and ul-iimately the polyurorphisms are lost. It has been suggested

by Ford (1975) that these polymorphisms only represent a srnall- proportion

of all polyrnorphisms observed.

2.3.2 Genetic dríft

If, ín a finite population, a new mutant gene ís selectívely

equivalenL to the cofllnon allele in the population, then the rnutantrs

frequency may increase due to genetic drift and a polynorphism may result'

All-cles can be considered to be selectively e-quivalent íf the difference

between theír selective values is of a lower order of magniÈude than the

mutation rates or the reciprocal of the effecÈí-ve population síze (Crow

and Kimu::a, 1970). The snrall range of selective values over r¿hich

alleles can be considered to be selectively equivalenË led Iísher (1930)

to propose that such a síËuatíon is uncommon because envíronmental

f luctuations would only all-or,¡ it to occur f or short periods. The

Ímportance of this mechanisur in "rraíntainingil naturally occurring poly-

morplrisms is conÈroversial and is discussed further ín Section 2'3'6'

Polymorphisms where the gene frequencies are determined by genetíc

drift are also said to be transient because the ge-ne frequencies will

change continually and ultimately one of the genes wí11- be 1ost.

2.3.3 He terozvs.ote advantage

Fisher (1930) developed the concept of differential selective forces

maintaínj-ng genetic polymorphisrns by the superíoríty in fítness of the

heterozygote over the cor:responcling homozygotes. This mechanism' more

than any other, has been invoked to explain hor^¡ the genetic polyrnorphisms

observed ín naÈural populations are maintained. Allíson (1955, L964)
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showed that the human sickle-cell polymorphisrn in East Âfrica is

maíntained because homozygotes are either highly susceptible to malarial'

ínfection or severely anaemic, whí1e heterozygotes do not suffer (at

leas¡ Ëo the same extent) from eíther of these disadvantages. There

are very feru other polymorphisms, where the selective forces have been

so thoroughly elucidated.

If heterozygote advantage acts Èhrough the dífferential survíval of

índividuals with parLícular genot]æes, the-n there wí1l be in adults an

excess of heterozygoËes over the proportíon expected by the Hardy-l^Ieínberg

prínciple. However, unless the selection dífference is large, an

extremely large saarple is needed to reveal a significant difference.

Also, most populatíons of srnall manrnals will include indíviduals of

very different ages whíeh are indistinguishable, and this wíll adci to

the aiificultíes of deËectÍng any heterozygoÈe excess associaËed vríth

íncreased age.

This latter disadvantage can be overcome in parthenogenetic species,

since a 1¡etetozygote excess will be amplífied Ëhrough repeated generaËions

of nitotic reproductÍon. A study of Daphnía. ftwgnn (Hebert et aL., 1972;

Ilebert, I974a, Ig74b, 1974c) a parthenogenetic species, revealed several

examples of heËerozygote e).cess. Furthermore' as expected, thís excess

Íncreased as populations went through a series of asexual generations

following sexual reProducËion.

Fíncham (1972) proposed tl,7o ways in whích heterozygosity may confer

a selective advantage at the nolecular 1evel. Either the quanÈity of

enzyme in heterozygotes may be closer to the opÈímum than in homozygoËes'

or heterozygotes may have an enz)¡-me r,fiich is qualítatively dístincË and

which is selectívely advantageous. Thís 1aËter mechanism could work in

aÈ least tvro h7ays. The heterozygotes may have a "h.ybrid enz1.me" wh j-ch

has biochmícal propertíes outside the range of the enzymes produced by

the homozygotes. There are many examples of hetero zygotes with hybríd
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enzymes and in several of these cases it has been shorvn that in uibro,

the hybrid enzymes have properËies outside the range of the enzynes

produced by homozygotes (e.g. Vígue and Johnson, L973; Berger' I974i

Singh el; aL.,1974). Alternatively, a number of dístinctive gene

products may be found in heterozygotes, whích confer greater bíochenÉca1

diversity to cope r¿ith environmental variation.

Zouros (I976) showed that monomeríc proteíns are more often poly-

morphic in natural populations than polymeríc proteíns. IIe ínterpreted

this to mean thaË hybrid proteíns in heterozygotes \7erer pe? se, not

responsibl-e for much of the varÍatíon in natural populations. llowever'

it does not appear to be necessary for proteíns to be polymeric ín order

that they can e-xhibít distínctive properties in heterozygotes.

Heterozygotes for monomeríc proteins h¿ve been shown to have proteins

with properties outside the range of either homozygote (e.g. Koehr-r, 1969;

Frelinger, I972).

2.3.4 Frequency dependent selection

A bal-anced polymorphism rnay be maintaíned because the f ítness of

genotypes is a function of their frequencies. This rnechanism does not

rely upon the selective superíoríty of heterozygotes and hence overcomes

the problem of molecular overdominance. There is evidence Èhat the

esterase-6 polynorphísrn in Dt'osophí1,a meLm.ogaster is maintained by

frequency dependent selection (fojima and Yarbrough, L967; Iluang et aL',

1971). Negatíve assortative maËing with respect to colour morphs in

Pana,æia dornínula (Sheppard and Cook, 1962) and with respect to karyotypes

in DnosophíLa pseudoobsctua (Spiess, 1968) are also examples of frequency

dependent s electl-on .
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2,3.5 Heterogene-ous erllronnerìts

Spatí.ally or temporally varying environments ean theoretically'

maintain geneEic polynorphísms. The environmental variation may be

re.gular (cyclícal) or irregular.

Levene (1953) showed that it is possíbl.e to maíntaj-n a genetÍ-c

polymorphism if one homozygote is favoured ín one niche and the other

homozygote is favoured in another. Two well known exarnples of spatial

envíronmental heterogeneiËy maintaÍning polymorphisms are she1l colour

and banding pattern in. Cepaea nemot'aLis and industríal melanism ín

Lepidoptera (see Clarke, 1968 and Kettlewell, 1973 respectively, for

revier^rs).

If selectíon favours different homozygotes ín different generations

(because of environmental fluctuations), then a stable polymorphism may

result (Haldane and Jayaker, 1963).

The concepË of heterogeneous environments (in space and tíme)

mainËainíng genetic polymorphisms has been developed furLher by Levins

and MacArthur (1966), Levins (1968), Prout (1968), Gíllespie and Langley

(Ig74) and others. If some polymorphisms are maintained as a result of

heterogeneous environments, then envíronmental heterogeneity and genetic

heterozygosíty wíll be correlaËed. Observational and experímental

evidence on thís poÍnt is ecluívocal. Powell (1971) found that average

heterozygosity in cage populaËions of Dt'osophíLa uiLListoni, maíntaíned

under variable conditionsr ïIas greater than that ín populalions held in

relatively constant envíronments. Ilowever, Kíng (L972) suggested that

it may be chromosomal inversíon polymorphísms whích were the target of

selection, not single genetic 1oci. McDonald and Ayala (1974) made a

simílar f inding to Powell, but in DrosophíLa pseudoobscwa which does

not have such extensive chromosomal- inversions'

Nevo and shaw c1972) and Nevo et aL. (1974) eramined genetíc

heterogeneity in natural populatíons thought to exPerience unusually
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low leve1s of environ:nentel variability and forrnd genetíc heterozygosíty

to be unusually low. LevinÈon (1973) found a posil-íve correlation

between the effective number of alleles at each of two l-ocí and

envíronment-al variabílity for six marine molluscs. Dessauex et aL.

(1975) found high genetic variability ín Bufo uiridis, a specíes thought

to experience an ecologically variable environment. However, studies

of deep-sea invertebrate species, thought to live in extrernely const.ant

environments, reveal Èhat. such species have levels of genetíc heterozy-

gosíty similar to those in related terrestríal species (Gooch and Schopf,

1972; Ayala et aL,, L975). Somero and Sou1e (L97t+) found no

association between the 1eve1 of heterozygosíty and the range in

tenpeïature experienced by several specÍes of teleosË fishes.

One of the major diffículties in studyíng the relatíonship between

genetic and envírorunental heterogeneity, is that ít ís very diffícult to

quanÈify environmental heterogeneíty, and to identify Èhe specific

environmental parametels whích may be affecting the organism most

strongly.

2,3,6 Natural selection üersus the neuËral- mutatíon-random drift

theory

There is considerable controversy over the relative proportíon of

polymorphisms ín natural populations maíntained by random drÍft of

selectively neutral alleles (see Secti-on 2.3.2) and the proportion

maíntained by natural selection (see Sectíons 2.3.1 arrd 2.3.3 to 2.3.5).

It has been proposed that most allelic genes, detected by electrophoresis,

ín natural populations are selectively equivalent (ttneutral allelest') and

therefore the frequencies of these genes are largely determined by

stochastíc processes (e.g. Kj¡nura and Ohta, l97la, L974). Accordíng to

this neutral mutation-random drif t theory (the |tneutral theoryt'),

selection acts mainly in a negative fashion, removíng de1-eterious mutants
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fron populations and only occasiorially maíntaining genetic polymorphisms.

The arguments presented ín support of the neutral theory are mainly

concerned with the amount of genetic variation in natural populations

(Kímura, 1968; IGmura anct Ohta, 1971b), ttre rate and natule of arnino-

acíd substitutions (Kimura, 1969; Klng and Jukes, L969; Díckerson, I97Ll'

Kimura and Ohta, 1973), and the observecl patterns of varíatíon between

populations (Kirnura and llaruyama, l97L; Maruyama and Kimura, 1974).

These argtxnents have been challenged by many auth-ors (e.g" Sved

et aL. , Lg67; King , 1967; Richmond, 1970; clarke, L970; Bulmer, l97L;

Stebbins and Lewontln, lg72) and the details of these discussíons will not

be presented here. Ihese authors have refuted the argtrrents presented as

support. for the neutral theory and have Í1lusËrated specífíc examples of

the action of natural selectíon and the functional non-equivalence of gene

products.

The fact that much of the population daËa can be accounted for by

eíther stochastic or deterrninístíc theories, ís largely due to the absence

of any reliabl-e estimates of effective population sizes and mutatíon and

migration rates. For example, the finding of populations wíth símílar

frequencies for given genes ís often taken as evidence f or sinr-ilar

selectíve pressuïes, whlle Ëhe observation of dífferent frequencies in

dífferent populations is attríbuted to the actÍon of differential

selection ín different envirorunents. The neutral mutatíon-random drift

theory ínÈerprets these observations as beíng índicative of the Plesence

and absence respectively, of enough migratíon to maíntain similar gene

f requencíes in a1.1 PoPulations.

2,4 GENETIC VARIATION IN IS LAND POPULATIONS

2.4.I The leve1 of heterozygosítY

Darwin (1859), commenting on the diversity of planË varieties, noted

that I'wide-rangíng, much diffused, and conÍron species vary mosttt' More
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recently Lhe implicatíons of this statemenl- have been thoroughly exirmíne-d

ancl it has becc¡ne apparent that populatiott síze, migration and envj-ron-

mental variation are three ímportant characterj-stics of populatr''ons,

which may ínfluence Èheír l-evel of genetíc variation. Because

populations are finite in size, genetic drift will promote a decrease

fn geneLic heterozygosity (Wrigtrt, 1931), and populations with smal1

numbers of indivíduals are expected to have less genetic variation than

tl-rose \^/íth 1aïger numbers. tr\rrthermore, mígration a1lows populatíons

to exchange genes, and.isolatíon will mean that any genes lost due to

genetic drift, cannot be replaced (excepL by mut-ation). Some poly-

urorphísms may be maínËained because of differentj-al selection in

alternate níc.he,s or through adaptation to a heterogeneous envíronment

(see SectÍon 2.3.5). Populatíons occupying small areâs may experíence

a more uniform environment t-han populatiolìs occupying large areas and

consequently there may be fev¡er polymorphisms in the former than ín the

latter type of PoPulations.

Sínce Darwinrs coÍment, other studies have found that populatíon

size is Ín fact correlated with the degree of morphological variatiol

(e.g. Fisher ar-rd Ford, Lg2B; Físher, L937) and wíËh chromosomal

variabilíty (lobzhansky et aL., 1950; da Cunha et aL., 1953). The

techníque of gel electrophoresis provídes the opportunity to ínvestigate

possible assocíations of populaËion size, migratíon and the extenË of

the area occupied vrith Ëhe level of genetic heterozygosíty. Island and

mainland popul.aÈions ofËen differ with respect to the foregoing

characteristics and therefore may be suitable for testing for these

assocíat.ions.

A conparison of genetíc heterozygosity ín species vrhich have both

island and maínland populations, and for r¿hich relevant data are avaílable'

is shorm in Table 2.1. For some species there appears to be 1íttle

difference in the amount of heterozygosity in the two tyPes of populations"

Four specl-es (phíLaenus spumarius, Bufo ui?ídis, La.certa síeul'a an:d



Table 2.1 Mean heterozygosity pev locus pez' Lnð'ívidual in maínland

and island popul-ations.

Mean heterozygositY
Species Reference

Malnland Island

PhiT,a,enus spunnrius

Dr os ophíLa eqainoæialis

DrosophiLa nebuLosa

DnosophiLa tropícaLis

D r os opVúLa uYL LLis toni

Bufo únidis

uta stmtsburtøta

AnoLis eatoLinensis

Laeerta sicuLa

Peromyseus poLíonotus

Perornyseus eremicus

Penomyseu's LeueoPus

0.15

o,22

0. 20

0.14

0.18

0 .13

0.05

0.05

0 .09

0 .06

0.04

0 .08

0 .08

0.17

0;L7

0.17

0.16

0 .03

0.05

0 .06

0.04

0 .05

0 .01

0.07

Saura et aL., L973

Ayala et aL., 1974a

Ayal-a et aL. ' 1974b

Ayala & Tracey, L974

Ayala et aL., L97I

Dessauer et aL,, L975

McKínney et aL,, L972

Soule & Yang' 1973

Iüebster et aL. , 1972

Gorman et aLÇ, L975

Selander et aL., I97L

Avise et aL., 1974

Brorrne, 1977
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Perotnyscus enemicus) have lsland populations which are markedly 1-ess

var:iable than their maínl-and counte.rparts. fhe studies summarísed

in Table 2.1 vary wídely wíth respect to species, population size,

ecological context, and the number and type of loci examined, so it is

not possible to subject the data to arÌy rigorous statistj.cal analysis.

While island populaËíons are typífied by snall population síze,

reproductíve isolatíon and honogeneous envíronment, these will not be

characterístics of all ísl-and populations. Nor wí11 all mainland

populations be widespread wíth large population size. For some

ecological characteristics, mainland and island populatiorìs may be quíte

similar. For example, Ayala et aL. (1971) point out that popul-ation

nunbers of. DxosophíLa uí.LListoni on small ltrest Indian islands are

t'probably in the rnillions". Ilence these populations will not be

influenced greaÈly by genetic dríft

The data in Table 2.1 concern species with indigenous ísland

populations. There are several island populatíons of Mus rmtsanLus,

rvhich \^/ere established withín the last 200 years. The amount of genetic

varíabilíty in all these Ísland populations is símilar to that ín main-

land populations (Berry and Murphy, L970; Wheeler and Selander, 1972;

Berry and Peters, I975). These findings possíbly reflect the fact that

Mus mtæculus ínð.ividuals are good colonizers (corunensal with Man) and

that island populations may have been founded by enough ínrnigrants to

prevent any sÍgnificanÈ founder effect. Indeed, there is evidence that

several subspecíes have contríbuted founders to the Ilawaíian Islandsl

populations (trIheeler and Selander, L972). However, Berry and Peters

(L976) note that the Isle of May populatio¡ of Mus m1æculu's (colonízation

date unknown) is monomorphic at all 17 protein locí examined.

Some populations r¿hich do not inhabíc islands do, however, exhibit

'characteristics of island populations, such as small- populaËion size,

isolation or small habitat atea. Studies of such populations are
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instructive, since they can gj-ve some ínclicaÈion of the importance of

these ch.aracterisLícs with respect to theír: effect on the level of

genetic varial-ion. For example, Èhe northern elephant seal (MiTounga

angu.stíÎostrLs) \¡ras coflrmercially exploíted until about lBB0, when Ëhe

species was probably represented by less Ëhan 100 individuals ' The

specíes now nunrbers more than 30r000. Bonnell and Selander (I974) found

no genetic variation at 24 7-oci- in five samples totallí-ng 159 índividuals'

There is no reason to believe the l-evel of genetic heterozygosity in the

specíes, prÍor to exploitation, \^ras unusually low, but it ís plausible

to propose thaË the present low level resulted from the loss of genes

duríng the bottleneck.

The Bogora (Columbia) population of DtosophíLa pseudoobsanra is

thought to have arisen by colonization as late as 1960 (Prakash,1972),

and is only abouL one half as heterozygous as North American populatíons

(Prakash et aL. , 1969).

Reduced levels of heLerozygosity ín cave populations of the físh'

Astyønæ metieútu|, when compared rn'ith surface populatr'-ons have been

attríbuted to the small populatíon size of the cave populaÊíons

(estímated at 200-500), although the effect of selection in a constant

environment may be a contríbutíng factor (Avise and selander, L97Z) '

2,4 .2 0Ë1-rer as oects of is land populations

studies of electrophoretícally detectable variaÈíon ín Ísland

populatíons can be classified ínto one of Ëhree types: í) the sampling

of one or tvro island populations as part of an overall sËudy of geneEíc

variaËion in a species, íí) intensive investígatíons of genetíc variaÈion

in a particular island population, and iii) studies of genetíc varíatíon

r¡ithin and between a serj-es of island populatíons. All three types of

studies have made ímportant contribuÈions in Èhe fiel-ds of population

and evolutionary genetícs. studies of the fírst Èype are prímarily
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concerred with measuri-ng and comparing the levels of genetic varíation

i¡ island populations with those in mainland populations. The resulÊs

of many of these studies are summarised in Table 2.1. Examples of each

of the latter t-vro types of studies will be discussed to illustrate l-he.ír

value.

Berry and co-workers (Berry and Murphy, 1970; Berry and Jakobson'

Lg74, 1975; Berry and PeÈers, 1976) have' studíed Lhe ecologícal genetics

of Mus muscuLus on the Welsh islancl of Skokholn. The populatíon was

found to be polymorphíc at síx protein loci, and for three of these'

temporal changes in ge-notype or gene frequencíes were observed, rqhich

were interpreted as j-ndicatíng Ëhe action of natural sel-ecËion' For

two loci, Hbb and, Es-Z, annual cyclical varíation in genotype frequencíes

\^7e.re observed. These took the form of afi excess of heterozygotes over

the Hardy-l,Ieinberg equilibríum expecËations duríng one season and a returrl

to expectaLions six months laËer. The change in genoËype frequen'cies

\^/ere associated with periodíc fluctuatíons ín breeding actívity, survival

and environmental stress. At tine ÙLp-1 locus, directíonal selection

against the Dip-lb *"n" resulted ín a decrease ín íts frequ ency ftom 92%

to 66% in two years, but subsequently it returned to a frequency of 9B%'

Cycl-ical variatíons in the frequency of skeleËal varíants were also

ob served .

In terrns of gene frequencies, the skokholm sanple differs from

samples from two nainland populatíons nearby more than the maínland

sampl-es díffer from each other. Despíte these differences ín gene

frequencies, the Skokhol-m population Possesses 14 of the 15 genes

commonly found at Ëhe locÍ examined in mainland populations ' These

observat.ions can be attributed to one or more of founder effect, genetic

drift or selection. If the founrler effect resulted in the i'nitíal

colonizers lacklng genes common on the maínland, then ít musË be postulated

that selecËion has favoured the rapid incorporaËion of mutafits '
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F.M. Johnson (1971) analysed geneLi.c variation ät seven loci in 17

Pacif ic j-slanci populations of Dr:osophíLa ananessa.e. These islands can

be classified into nine dífferenË groups, reflectíng geographÍ-c pr:oximiÈy.

For each of three locí, a 1ow 1evel of genetic heterozygosity r,¡as observed

and the same gene was the most conmron one found in all populations. For

the oÈher four loci, the frequency of heterozygotes was higher. Islands

r.¡ithí.n a group had sínrílar gene frequencies, but sotnetj-nes there were

considerable dif ferences between j-sl-and groups. Johnson argued that

this reflected adaptations to dífferent errvironinents.

Genetic \rariaËíon in Adriatíc island popul,ations of the lizarrls

La.eey,ta meLiseLLønsís and L. sícuLa was studied by Gorman et aL. (1975).

All but one of the islands studied rvere probably part of the Yugoslarr

maínland during Ëhe last glacial period and were formed by the eustatíc

rise in sea level accompanying deglaciation (begínnj-ng aborrt 18r000 years

BP). Thus the Lacez,ta populations are re1ic, r:aLher thall coloni.zed

populations. Mainland .t. síeuLa populations \¡rere more heterozygous

than island populations (0.09 ,s 0.04) and.[. meTiseLLensis popvlations

on large islands (53-279 sq krr) vrere more heterozygous tharr those on

sma1l islands (<6 sq k-n). An association beËween island area and mean

heterozygosity has been noted in populatíons of a Lízaxd (Soule and

Yang, 1973) and an insect (Saura et aL.,1973). This observation ín

itself is in agreement with either or both selection and genetic drift

being responsíble for reduced heterozygosíty.

Tr¿o Z. meLíseLLensis í.slrand populaÈíons which were intermediate in

total area and had íntermediate heLerozygosity values ' I^rere est jmated t-o

have populatíon sízes around 10a to 10s and the authors suggest thaË

such populations have been too large to be subject to genetic drift.

According to l^lríght (i938), the inportant parame-ter in dete-,rmiiring the

effectíveness of genetic drift j-s the harmonic mean of the populatíon

síze over previous generations. Thís may be consíderably less than
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the estimatecl populatÍon slze- aË any one tíme, especía1-1y if botLlene,cks

have occurred previously.

Tlre geographic pattern of varíat.íon in Lacerta species ís símílar

Èo that in many mainland species, in that for each locus, one gene pre-

dominates in almost all popul-ations. Gorma¡ et. aL. used the distribution

of gene freque-ncies and the test of Lewontín and Krakauer (1973) to

determíne if natural selection has played an important role ín detei:mining

gene frequencies in the island populations of Lacerta meL'LseLLensis"

They concludecl that natural selectíon acted on genes at many of the loci

studied. However, the sensítivity of the test has been severely

criLicísed Ce.g. Nei and Maruyama, L975; Robertson, L975; Ewens and

Fe.1.dman , L97 6) .

Other studie-s of electrophoretic varíation in ís1and populations

have been used to clari.fy evolutionary affinitíes (e.g. Avise et aL.,

1974), to determine col-onízation sequences (Yang et aL., L974; Gorrnan

and Kirn, 1976), to determÍne the importance of ísland area and oËher

correlates of environmental complexity on heterozygosiLy (Sou1e and Yang,

L973), and to measure the concordance between e1-ectrophoretíc, metríc

and skeleÈa1 variation (Patton et aL. , L975).
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CI{¡\PTER 3

TTIE BIOLOGY OB RATTUS EUSCTPES

Rattus fuseLpes is a natíve Australían rodent belongíng to the

famÍly Muridae. Morphological measurements and features valy among

populatíons. On average, adults have a head ancl body length of about

15 cn, a slightly shorter tail and weígh between B0 and 130 g (Fíg'3'1)'

pelage colour also varies boÈh venÈrally (from light grey to buffy) and

dorsally (from grey to brown). soft fur and long guard haírs gíve

animal-s a fluffy appearance. Females have one or two paírs of pecLoral

maDrnae and three ínguinal pairs (Taylor and llorner, 1973b).

R. ftæeLpes is one of fíve recognísed specÍes of Rattus, natÍve to

AusËralia. Thís species and all but one of the oth-ers , aTe believed to

have evolved theír specific status in Australia (Taylor and Horner,

1973a). From evídence on the divergence in morphologíca1- characters

between specíes of. Rattus, Símpson (1961) suggested that the ancestral

Rattus arrived in AusËraliar.via New Guinear no later Ëhan the earJ-y

pleístocene (about 1-2 million years BP). Ihis estímate of the time of

arrival remaíns unsubstantiated, maínly because of the lack of any

informative fossíl evidence. T\e Rattus fossils thaË have been found

are of relatively recent origín and can be placed ín exístj-ng species

(llatts , I97 4) .

R. ftæaLpes is believed to have dÍverged from Ëhe other Australían

Rattus, sooll after their introduction to Australia (Taylor and llorner,

L973a), but agaín the lack of any fossil evidence Prevents a clear

assessmerit of the evolutionary relationships. A karyotypic study of

lrnstralían Rattus, by Baverstock et aL. (1977) also fails to clarify

this poinÈ.



l¡igure3.lPhotographofasouthernbush-rat' Rattus ftæcrLPes gt'eYii

(about ?O actual síze) "
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Tlrere are f our recognísed subspecies of .R. fusci'pes, eilch inhabit--i,rrg

separate coastal and sub--coastal regíons of Austxal-ia (Fíg. 3.2) " Urrt-Ll

recently it v¡as consiclered that Ã. f. fusc:Lpes, R. f. greyíi and

R" f . assiniLis !ilel:e sepai:ate species ancl R. f. eorac¿us a subspec.ies of,

"R. assíntiLíst'. Ilo¡^¡ever, Horr,er and TayJ,or (1965) founrl that animals

from ÉTre díff erent "speciest' interbred írr captivíty and produced fe-rtile

offspríng. ltre simí1ar morphol-ogy, be,haviour, ecology and reprodtrctj-ve

biology of the different forrns (Horner and Taylorr 1965) also suggests

conspecificíty. Furthermoïe, Baverstocl< et aL. (1977) have found that

aLL R. fU.Scþes subspecie.s have the same chromosome number , 2n=48

(Ð(9, XYd) and have two Robertsonian fusíons not found in an¡r other

Rattus specie-s. These observations aïe evidence that the Ã. fuscípes

subspecies are a group distínct from the other Australían Rattus species.

Taylor and llorner (1973a) have proposecl that the prese-nt coastal

dístribution of E. fuscipes resulted from the introduction of an

ancestral stock ínto north-eastern Australía, followed by a southerly

colorrisation down Ëhe eastern seaboard (follorøing suítable habítats).

Then during favourable climatic condítj-ons (Jenníngs ' I97I) ít ís

pr:oposed that a westerl-y colonisaËion occurred across a coastal corridor

south of the Nullarbor P1aín to south-western Australia. Fragmentation

of a clistribution along a southern coastal corridor has been proposed to

explain other discontinuitíes in the distributíon of Australian flora

and fauna (e.g. Parsons, 1969). It is also possible that the south-

rnrestern subspecies, Ã. f . fuseipes, resulÈed frorn a mígration from the

north-r{est, with the south-easÈern populations as the end-point of a

west to easË colonisation. Jennings (f971) consíders thac as far as

Ëhe south-v/estern subspecies is conc.erned, a southerly mígration down

Èhe west coast vrould have been cl-imatícally less like1y Èhan a westerly

migratíon along the south coast.



R.f. greYii

R.f. assimilis

R. f. corac

f. fusciPes

Fígure 3.2 Slmplífied distrlbutional map of the four Rútus fuseipes

subspecies (frour Taylor and Horner, 1973a). For a more detaíled map

of the dlstribution of R. f. gneaü see Fig. 4.1'
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R. fuscipes ínhabits the sclerophyll and rain forests and brushlands

assocj-al-ecl v¡j th r\ust-ralian coaetal. regions. Present. day discorrtinuítie-s

in the distributíon of R. fæcipes are generally assocíatecl rvíLh iu.terrllp-

tíons ín suítable habitat. The absence of R. fuscípes ín Tasmania ís

anonalous, sínce, rnhen Tasmanía v¡as last connected to rnaínland .Australia

by a land brídge approximately 12,500 years ago (Jennings' L971), Lhe

specl'-es v¡as undoubtedly present ín south--eastern Australía (Taylor and

IIorne.r, 1973a) .

Each of the four subspecies have island forms whj-ch are probably

relic populatíons, havíng been isolated from the rnaínland whe.n the sea

level::ose during the last 20,000 years (Godwin el; aL., 1958; Fairbridge,

1960, 196f; Thom and Chappell, 1915). These island populatj-ons often

have quite differenE habitats from those of maínland populatíons.

There are only a ferv studies on Ëhe ecology of Ã" fincipes, most

being concerned \^rith rR. f . assiniLis (Inlarneke, l97I; Ilobbs, I97l; hÏood,

I97I; Leonard, Lg73; Robinson, 1976) and only one on R' f' greAíi

(Intrheeler, 1970). Anímals belonging to any of these subspecies are

nocturnal, u¡obtrusive and l.íve ín stLallow burrows. Population densíties

of anímals are low on the mainl-and. Taylor and llorner (1973b) reported

capture rates (number of aniurals caught pevl tTap set per night) of 2'4%

(F. f. fuseipes) , 2.87. (R. f. greaiì.) , 4.87. (R. f . assimiLis) and I.27"

(Ã. f. coyacius). I^Iarneke (197f) re.por:Ëed a capture rate of 2,3% in

a mainland population of R. f. ass¿miLis and estírnated there were 4.8

rats peI, acre. Studíes of island populations índicate Ëhey have muctr

higher population densiËies of animals. llobbs C1971) estímated there

rnrere 30 specimens of R. f. assímiLis pev' acre on Greater Glennie Island;

Robinson (1976) found that Ëhe Glennie Island populaËion contained a

rnuch hígher density of indíviduals than a nearby rnainland popula.tion'

Kírsch (cited in Taylor and llorner, 1973b) obtained a 17% capture rate

on East ltrallabi Island (,9. f. fuscipes) .
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Popu-latj-on nurnbe::s generally íncrcrase in late spring ancl summer

aircl decl.ine drrriug winter (\irh.eeler , 1970; Warnelce, L97 L; I^Iood ' I9'l1 ;

Robinsorr, 1976). Ttrese f luctuations ín poprrlation size aPpear t-o be

assocÍ-atecl wiËh a breedj-ng season in spr:Íng and early sunlmer and lower

survival rates in rqinter. I{l-ri-l e there ís a def inite reproductive pea.k

in sprí¡g ancl summer, Taylor (1961) and Woocl (1971) f ouncl pregnant or

lactat-i,ng f e-males (n. f , aesimiLis) at most times of the year. A change

of djet, from seecls and insects i.n spríng and summer to fungí and leaves

in r+inter, nay account for the poor survival duríng the latter period

(l,lheele:: , 1.970; Robirtson, 1976) -

Both males and females are territoría-l and most individuals have a

range 11o more than a few hundre-d feet in diameter (Taylor, 196I; I'lhee1er,

l97O; \nlarneke, l97l; wood, I97I; Robínson,, I976) . Robinson (1976)

founrl that the horne ranges of Glennie Islancl rats overlap to a considerably

greaËer extent than maínland rats. Members of mainland populaLions

exhibj-t signí.ficantly more agonistic be-haviour than island rats. Just

prior to the breeding season the male territoríes break dovm and the

rnales díspe-rse (Robínson, 1976) .

Only rarely clo aníma1s survive t.o reproduce in two consecutive

breecliug seasons (Taylor , Lg6I; I'trood, 1971) . I'tarnelce (1971) observed

females which had up to four litËers. Some fernales born early in a

breeding season nay reproduce later ín that se-ason'

Under laboratory condítions, male R. f. assimLLis reach sexual

maturity at about ll weeks of age and females at 7 to 9 weeks (Taylor and

Ilorner, L97I; I^Iarneke , L}TL), but ín field populations, indíviduals

probably Ëake at least a monch l-onger before they are able to breed

(Taylor, 1971). Breed (1976) reported that the first oestrus ín

laboratory bre-d f enales (R. f . coY,ae,us) j-s at about 14 weeks. The

gestation period ís 23 days f or R. f. geyLi and about the same for

R. f. fuscipes and .R. f. assì,mLLis (Taylor and Horner, 1972) Horner
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and Taylor (1965) observed one case of delayed irnplantation in

.R. f. g!,eAii, resulting 1n a gestatíon period of aÈ least 33 days.

Litter size usually varies between 3 and 6 (Taylor and llorner, 1972,

1973b).

Duríng the course of this study some míscellaneous observatíons

were made on the ecology and reproductíve bío1ogy of' Ratüß fuscipes

gyeAíi. These observations are described in Ëhe first appendix.

Other than the chromosomal studies of Kennedy (1969) and Baverstock

(Ig77), no genetíc studies of F. fweípes have been reported.
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CIL\PTER 4

MATER].ALS AND EN'ERIMEN'IAL HETHODS

4.! COLT IìCT:ìNG LOC.^.I,TT] ]IS AND TECIINTQUE

The sampling localíties are. given ín Table 4.1 and Fígure 4.1.

Anímals t/e-re captured using "Sheman" traps, baited wiËh a mixture

contaíníng rolled oats, honey and peanut paste. In general, four or

five 1ines, each of 25 to 50 traps placed about five metres apart, L{ere

set during the clay and checked early the next morning for captures.

trÌhen trappíng on the small ísl-ands, the trap lj-nes rüere posítioned in

such a way that animals would be collected from all the dj-fferent habitats

occupíed by the population (e.g. beach, c1-iff , plateau). The Nori:on

Summít sanpl-e was Eaken from an area of about 10 hectares, although the

total amount of suitable habitat contiguous with thís area r¿as much

greater. The samples from the South-East, Eyre Peninsula and Kangaroo

Islancl consisted of trvo Ëo four sub-samples coll.ected rvíËhin 40 kilornetres

of one another.

4.2 MAINTENAN CE OF LABORATORY COLOI{Y

Most of the anímals collected were transporÈed a1íve to Adelaide

but some (most.R. f. assíniLis and 11 .R. f. gneAi¿ from Byre Peninsula)

were bled and release<l in the field. Like-sexed paírs r¿ere housed in

the laboratory in plastic cages (about 40 cm x 30 cm x 15 crn) wíËh wíre-

mesh tops. The floors of these cages \rere covered rvith saw-dust and

shredded paper was provided for nestíng. "Mouse-cubes" (containing a

mixture of proÈein, vitamíns and minerals), a bird-seed mixture (canary

seecl, white nil1et, Japanese millet and pannicum seed ín equal- parts)

and water were provided ad LLb.



Table 4.1 Sarnpling information for R. fuseipes. The area given is the approxímate area occupie<i

by the enËire population. No area estimaÈe is gíven for ¡nainland populations (see Fíg " 4.L>.

PopulaËion Area (ha) ApproxiaraËe latitude
and longitude

Sainple size Col-lecting <iaÈesSubspecies

R. f. fuscipes Jurien
Augusta
Waychinicup Valley
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly tr.
I,Íaldegrave I.
Inlilliarns I.
Hopkins I.
North Garnbier I.
Eyre Peninsula
Kangaroo I.
Norton Summit

South-Eas t
Gl-ennie I.
Otway Ranges
Sherbrooke Forest
Cairns
Atherton
unknor¿n

3OOOB'S ¡
g4oo4's :
gaoso's i
3zozg'sz
3zotg's:
3zozo's:
¡gosz's i
lro<zlc'
JJ Jl Ut

34og9's:
g3 og6 

's :

:sloi'si
34'57 'S :
3soog's;
3 4o3o 's i
3sosz's i
3 4053 's ;

115008'E
l1 500 2'E
11 BoL 5 'E
L33022'E
13302g'E
i33050'E
13401g'E
134ot B'E
!340 49'E
'ß4o49'E
I 35059 'E
136004'E
1360zB'E
13 5050 I E

l-3gocO'E
13 Bc3 -r 'E

2
)
I

29
39

L

50
L+

50
50
50
3i
50
a1

¿+>

79

Mar ch-Ap -r i1, 197 5

tr

It

í9

R. f. gr:eyií 60
300

1100
190

55
200
220
140
t_60

65

tu400000

June, 1975

March, i976
February, L97r4

March, 7974
February, 1975
April,1975
June , 1-9 74
April, L975
Augus t, Novernber , L97 3
December 1973-January L97 4

Augustn October, L973;
June, L91 5; June, L97 'o

December 1974-January L97 5

L973
Septenber , i97,3

November , L97,4

not known

il

It

tt

il

!?

tt

lt

il

il

It

r!

It

It

R.f corusLu,s
ll

R. f. assimLLís
il 37030'S;

ggooo's :
geo+z 's i
gz os¡ 

's i
lzots's:
rzors's i

140030 'E
146015'E
r43o32'E
145022'E
l-45o56'E
145037'E

42
10

9

19
^1J
n2J
I

70

I

2

One of the three individuals was the offspring of, a fqnale, pregnêtìt when caught ai the given locaiity.

One of the three individuals was the offspring of a female caughL at ihe given locality and a -R" f. eo?cirts
male of unknown origÍn.



Fígure 4.1 DistrÍbution and sanple locations of. Ratttts f.uset-pes greyíí. Broken lÍ¡es Índícate the approximate

Ð<tent, of the mainl¿nd populations. Sample locations in Èhe large populations are indícated by dots. Ttre inset

shows the approximate distribution of the other fr. fu,seipes subspecies a¡rd theír sampling localities.
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Fot uatj,ng, a male and. female \üere plzrced Í'n a cage for 21 <lays

(tl-re gestatlon pe-riocl is approxímately 23 d.ays; Taylor and Horner, 1972) 
"

after whích l-he male was removed and the female \¡/as lcept in i-solation for

a fur-ther 2l <]ays. This cycl-e ¡{âs repeated (up to a maximun of four

tímes) until the. female produced a liÈter. It was imporÈant to Iemove

the male before- the birth of a lítter, otherwise the parents lcilled any

newborn anirnals" Offspring were weane.cl at about 30 days aft'er bírth and

kept in líke-sexe.d pairs. SomeÈimes, íf adult females rvere thought to

be pregnant l¡hen captured, they \,,/ere c.aged individually f or the first

t-hree weeks after caPture.

4.3 TIS SUE ]iXTRACTION PROCEDURBS

Most specimens were- kí1led wíthín trvo months of capLure, by placing

Ëhem in a jar containing ether. I^Ihile Ëhe animal-s were stíll ali-ve,

but unconscious, about two to Éhree ml of blood were taken by cardiac

punctur:e r¡iÈh a 23 gauge needle and syringe. Fíf Ëy urríts of heparín

pet, nL of blood we.re used as an anticoagulant. If a blood sample was

requíred from an animal rvhich T¡Ias not to be killed, the anímal was

lightly anaesthetised and up to one ml of blood taken from the suborbital

sinus, usíng a Pasteur PiPette.

!trho1e blood r,¡as centrifuged at 25009 for l0 minutes in a bench

centrí.fuge and Ëhe plasma reuroved and stored at -30oC. The packecl red

ce1ls were washed two or three tímes in an excess of physiological saline

(0.87 g sodiurn chloride ín 100 ml distílled water), each Ëíme centrífuging

at 25009 for 4 mínutes to remove the saline. The packed cells vrere then

lysed by adding an equal volume of distíl1ed I¡/ater and one-fifth volume

of toluene and shaking the mixture vigorously for about orìe minute'

The solution was then centrifuged at 40,0009 fot ?-o ninutes (at 4oc)

and the supernatanL vÍas sËored at -30oC. The 1iver, heart and kidneys

were excised, the excess fat trinrned off the kidneys and each tissue
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homogenlsed in 2 ntl wateT per g tj.ssue using an "Ult-ra-Turrax" blender

(Janke and lfurr1ce1 , llest Ger"rna-ny). The homogeD.ate \üas centrifuge.d at

40,0009 for 20 rnírrutes (at 4oC) and the superlìatant stored at -3OoC.

z\11 tubes contai-ning blood or tisslre \Àrere kept in ice, where pr:actícable,

during these procedures. The carcasses r'/ere sÈored at -5oC.

4.4 ELECTROPHORETTC PROCEDURES

Ele.ctrophoresís usí¡g "ElectrosLarch" (Electrostarch Co., U.S.A.)

was carríed out in ge1 beds 30 cm x 15.5 cm x 6 mrn. Hot starch was

poured into the trays and plastic or stainless steel ItsloË-forÍIers"

were inserted into the 1íquid starch. These provided wel1s, where

Èhe samples to be electrophoresed ruere added. Gels were poured and

allowecl to set overnight before electrophoresis. Except for the

electrophoresis of haemoglobín, all gels were run vertically. The

gels were cooled by circulatíng vlater through a brass jacket attached

to the bAse of each gel bed. A constanË electric current, about

5-10 mA below thaÈ at whích the gel became \^larm to touch' \.fas applied'

although for the firsË ten minutes of electrophoresis a curl:ent 10 to

20 nA below the normal- running currenË was applÍed. The voltage

slowly íncreased as elecËrophoresis contiDued. On completiont piano

wlre was used to cuË the ge1 Ínto two piec'es. Each píece hTas placed,

cut surface uP, ín a tray and freshly made stainíng solutíon added'

For the staíning of enzymes, the Ëray and solutíon were puË on a

shaker in a dark 37oC constant temperature room. I^Ihen amido bl-ack

was used as a general proteín staín (for haemoglobin and albunín),

staining \¡/as done at room temperature in norrnal 1íght.



31

The elecl-rophoresis buf f ers r.Tere as follows:-

Buffer I O. Smithíes (cited ín Iluehns and Shooter, l-965) pH 8'6

A stock solution consisting of

1Ëras
disodium EDTA2
boric acid

r,¡as made up to one litre r^/ith distÍlled v/ater. The gel buffer \^las a

one in ËT^renty <lilution of this stock and the electrolyte buffer a orle

Ín seven dilutiorr.

Buffer Il Gahne (f966) PIL B.5

Two stock solutions \,üere t:equired. The "electro1yteil stock

consisted of -

2,5L8 g lithiurn hYdroxíde
14.15 g boric acíd

made up to one litre with r¡ater, and the 'rgel I' stock was

9 .567 g Ëris
I.47L g citric acid

made up to one lítre with water. The gel buf f er \^7as a mixture of one

volume of "electrolytet' stock and 5.4 volumes of "gult' stock. The

undíluted "electrolyte" stock was used as Èhe electrolyte 6sffer'

Buffer III Shaw and Prasad (1970) plt 8.0

The elecÈrolYte buff er \^Ias -

83.2 g trÍs
33.0 g citric acid

made up to one litre wíth water and the gel buffer hras a one Ín thirty

díluËion of this.

tr ís (hyd roxyme Ëhy1 ) aminomethane

ethylenediamíne teEraacetic acíd

109 g

5.84 g

30.9 c

t

2
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Buffer IV PoulÍk (1957)

The electrol-yte buff er consístecl of -

18.55 g boric acid
60 ml. lN sodium hydroxide

per litre of r^rater (pH 8.2). The gel buff er was

9.21 g tris
1.05 g citric acid

made up to one litre with waËer (pII 8.65) .

Buff er V Shar¿ and Prasad (f970) pll 7.0

The electrolyte buffer consisted of -

16.35 g tris
9.04 g citric acid

nacle up to one lítre with water. The geL buffer úras a one ín fifteen

dilution of the electrolyte buffer.

The electrophoretíc condiËions and staining mixture for each proËeín

are given below. The tris-IlCl/YlgCL, (pH 8.0) buff er contaÍned

12.1 g trís
57.5 ml lN hydrochloric acíd
1.0 g magnesium chloride 6'HZ0

made up Èo one litre wiÉh water. Except where noted, stains were

moclíf ied from Brewer (1970), Shaw and Prasad (1970) and Sel-ander et aL.

(1971). The quantíty of staining mixture cited ís about that used to

stain one slice of gel wíth 1 6 to 24 samples.

4 .4 .L Acíd phosphatas e (ACP) (uc t{o. 3 . 1 .3 .2)

tissue
buffer system
starch concentratíon
ínitíal current
fínal current
initíal voltage
final voltage
tíme

red blood cell haemolYsates
I
L3.O%
60 mA
80 nA
9 V/cm

23 Y/cm
3h

10 nl 0.05M ciËraÈe buff er PII 6.0
1 rng 4-alsthyl umbellÍferYl

díhydrogen phosPhate
(Swallow et aL., 1973>

stain: -
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After about 30 minutes, the gel ruas observecl under ultra-viol-et

light and ací.d phosphatase actívíty appeaïerJ as fl.uorescent bands on

a non-fluorescent background.

4 ,4.2 Albumín (alr¡

tissue
buffer system
starch concentration
initial current
final currenL
ínítial voltage
final voltage
time

plasma (dilute f with HrO)
II
I2.07"
65 mA

75 mA

7 Íl /cm
13 V/cm
sf t'

stain:- 3.7 g amido black 10B
250 ml H^0
250 ml náthanol
50 ml glacíaL acetíc acid

A few millilitres of the staining solution were applied for two

minutes, then the ge1 was washed for 24 hours in several changes of a

mixl-ure of water, meËhanol and glac:lal acetíc acíd in the ratío 5:-5:1

respectívely.

4.4.3 Esterase (rs¡ (EC No. 3.1 .1 . 1)

The electroph.oretic conditions r^rere Èhe same as for al.bumín. The

staín consisted of -

10 rnl acetate buff er plf 5.4
1 mg 4-rnethyl umbelliferyl acetaËe

(Hopkínson et aL., 1973)

The acetate buffer conEained

6.786 g glacial acetic acid
4 g sodium hydroxitle

per líËre of water. After stainíng for five to fifteen minutes' esËerase

activity ü/as seen as fluorescent bands rvhen the ge1 was víewed under

ult,ra-violet 1-ight.
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4.4.4 Glucose-6 _Dhos oh ate dehvdroqenase (c6PD) (nc No. 1.1.t.49)

tÍssue
buffer system
starch concentratíon
initíal current
fínal currenË
initial voltage
fínal volÈage
time

kidney
IV
12.o%
60 mA
50 nA

s tain: - ml tris-IICL/M}CL) buff er
mg disodium glucõse-6-PhosPhate
rng NADP

mg l"fTT
mg PMS

As the electrolyte buffer front passed through, the gel behind the

front heaËed if the current was greater than 50 mA. A current of 60 m'A'

was applied until the buffer front reachecl the sample we11s, when íË was

reduced Ëo 50 nA.

4.4.5 Glutamat e oxaloacetaÈe transamínase (GOT) (BC No. 2.6.1.1)

cm
cm

7 vl
Le vl
3h

50
20

5
5
1

tissue
buffer system
starch cc¡ncentration
inítíal current
fínal current
inítíal voltage
fínal voltage
time

heart
III
12.o7"
90 mA

105 mA
11 V/c-m
14 V/crn
4h

stain:- 50 ml
mg
ug
mg
mg

c-asparLic acíd
o-ketoglutarlc acid
fast blue BB salt

Èïís-HCUltgc
pyridoxal-5 |

buffer
osphate

Lz-
-ph

4.4.6 Haemoslobin (I{B)

tissue

2
150

75
100

I
rL.07"
60 nA
80 mA
10 V/cn

red blood cell haemolYsates
(dilute ,| with HrO)

buffer system
starch concentration
inítía1 curreriÈ
final current
initial voltage
final volÈage
time

2I Y /cm
3kh

staín:- same as for albumín (amido black)
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The packe<l red cells were hat-molysed in an equal volume of water

and thís haemolysate \nIas diluted one ín sixteen in waËer, just prior

to electrophoresis. Hence the total dílution from packed red blood

cells r"" 3f,-. The stain was applied for abouË 40 seconds and then

the ge1 was destalned for 24 hours as for albumin.

4.4.7 rsocítrate dehvdrosenase (rcl¡ (nc no. 1.1 -I.42)

stain:-

4.4.B Lactate dehydrogenase crDri) cuc r.ro . 1 . I .r .27 )

tissue
buffer system
starch concenËraLion
ínitial current
final currenÈ
initía1 voltage
fínal voltage
tíme

tissue
buffer system
starch concentration
inítíal current
final current
íníÈial voltage
fína1 voltage
time

heart or kidney
V
L2.57.
60 nA
90 nA
9 V/cm

L7 Y/cm
3h

50 rn1

10 mg

5 rng

5ng
lng

trts-HC1/MgCl
dísodíum isoc
NADP
MTT
PMS

buffer
trate2

l-

heart or kídney
I
13.oi¿
60 mA

90 nA
8 V/crn

23 Y/cm
2fr

stain:- 50 rnl tris-H l/lttgCL, buffer
0.25 m1 sodíum lactatã (702 solution)

mg NAD
mg MTT
mg PMS

4.4.9 Malate dehydroserrase (MDII) (EC No. 1.1.1.37)

The electrophoretic conditions $r'ere the same as for isocitraËe

dehydro genase.

50 nl
100 mg
100 ue

5ne
5ug
lmg

rrís-HCl/MgC1
sodíum carbon
ma1íc acíd
NAD
MTT
PMS

buffer
e monohydrate

stain: - 2at
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4.4.10 Malíc enzyme (ME) (sc No. 1.1.1.40)

The electrophoreLíc condítions \¡rere the same as for ísocitrate

dehydrogenase and malaÈe dehydrogenase. The stain was the s¿üne as

for malate dehydrogenase except thêÈ NADP was subsÈituted for NAD.

Sometímes both nalate dehydrogenase and malíc enzytne was stained on

the same ge1 by pooling the staining mixÈures.

4.4.11 Phosphoglucomutase (PGM) (EC No. 2.7.5.1)

Ttre electrophoretíc condÍtions l,¡ere the same as for glutamate

oxaloaceËate transaminase .

stai¡:- 50 nl Èrls-tlC1/Mgcl, buffer
15 rng disodirltr glucõse-l-phosphaËe
6 U glucose-6-phosphate dehydrogenase
3 ng NADP

3 mg MTT
1 ng PMS

The cofactor glucose-lr6tiphosphate, which was requíred for

phosphoglucomutase activity, \ras present as a contaminant Ín the dÍsodium

glucose-l-phosphate.

4.4 .I2 6-PhosphoqluconaÈe dehvdrosenase (6PGD) (UC t'to . 1 . 1 .L - 44)

Electrophoresis hras carried out Ín the same manner as for glucose-6-

phosphate dehydrogenas e .

stain: - trís-HCl /lagClr buff er
dis odíum 6-phõsphog luconat e

NADP
UTT
PMS

4.4 .L3 Superoxide disruutase (SOD) (EC No. 1 .15 . I . 1)

This enzyme hras detecËed in either the lactate dehydrogenase or

the glucose-6-phosphate dehydrogenase electrophoreÈic systems .

50 ml
5mg
5ng
5ng
lng

stain:- 50 ml
4mg
lmg

tris-HCl/MgCl, buffer
MTT
PMS

Ttre gel was incubated at 37oC in the 1-ight and the enzyme appeared

as whlte bands on a blue background.



37

4.5 SUBCELI,I]LAR LOCALISATION

To determine Èhe subcellular locality of some isozlrmes, a

modífication of the techniques of llenderson (1965) and llogeboom (1955)

was used. Tissues \ârere gently homogenísed ín a buffer (10 m1 per g

tissue) conËaining

85
3
0

58s
48s
7445 g

sucrose (0.2sM)
(0 .02ì,f)
(2 El'{)

K?HPO¿
Nã2 EDTA

made up to one litre with water and brought to pII 7.2 wj-tÍt lN hydrochloric

acid. The homogenate r^ras centrÍfuged three tímes at 6009 for 30 minutes

(+oC), díscarding the pellet each Èlme. The supernatant was then

centrifuged at 7 r500g for ten minutes. This supernatant Ís referred to

as the cytoplasmic, soluble or supernatant fractíon. It nas cenLrífugetl

at. 4OrOO0g for 30 minutes and the supernatanË stored at -30oC ready for

electrophoresis. Ihe pellet from the 7 r50og spin was washed three tjmes

by gently resuspendíng in an excess of the sucrose buffer, centrifuging

at 7 r500g and dÍscarding the supernatant. After Èhe final spÍn, the

pellet eras resuspended in the sucïose buffer (1 rnl pe? g original tissue)

and the solutÍon was sonicated or f¡ozen and Ëhawed three tínes. Ttrís

extract is referred Ëo as Ëhe mitochondrial fractíon.

4.6 NOMENCI,ATIIRE

A symbol has been assígned to each protein studied, based on the

recommendatíons of Gibletlu et aL. (f976) and written in non-iÈalícised

upper case letters (e.g. ACP for acid phosphatase). The locus coding

for the protein is gíven the same syrnbol except that it is italicised

(e.g. ACP). l{here there are t\.ro or more forms of the Protein or tr¡lo

or more coding loci, subscrípÈs are added to distinguish these forms.

For exampLe, G1I"anð. G}T, are the two loci coding for the mitochondrial

and supernatant. forms of glutamate oxaloacetate transamÍnase. 411e1íc

genes are distinguished by adding superscripts to Ëhe gene symbol
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1'(e.g. G}Tfi and G1f:N). Phenotypfc designatf.ons conslst of the locus

syurbol (not ítalicised) followed by the appropríate aLlele symbol(s).

For example, a heterozygote for two codominant genes COff, ana COrz*

would phenotypically be GOT" 2-L.

tJhere electrophoresis reveals more than one form of an enzJ¡me, these

forms are referred to as "isozymes" (Markert and l"Îoller, 1959). In the

particular case where multÍple electrophoretfc forms of an enzy-me are

Ëhe result of allelic variatÍon at a genetic 1ocus, they are referred

to as t'alloz¡rmes" (Prakash et aL. ' 1969)
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CHAPTER 5

RESULTS

5.1 PHENOTYPES FAUILY DATA Ær{D GEOGRAPIITC VARIATION FOR EACH PROTEIN

5.1.1 Acid phosphatase

Acid phosphaËase actívíÈy always appeared as a single band after

electrophoresis and the rnobility of this band was the same for all

individuals examíned. For the purposes of the uultivariate analysest

ít is assumed that all populations are monomorphic for the same gene

coding for the prímary amino-acid sequence of acid phosphatase.

5.I.2 AlbrmrÍn

Figure 5.1 shows the three albr-min phenotypes which appeared on gels

stalned with amido black. I,ltrile each índívidual was classified into one

of three phenoËypes, there were slight mobilíty differences between

indívÍduàls with the same phenotype. These differences \^tere not

ínvestigated and iÈ is not known il: they have a genetíc basís.

It Ís proposed that the albumin Phenotypes are controlled by two

autosomal codominant allelic genes , MBE and ALBS, with the three pheno-

types ALB F, ALB F-S and ALB S corresponding to the genotyPes ALBE /ALBÎ

U,nE /m7s and Af,gS /ALBS xespectively. Breedíng data f.rom 44 families

are consÍstent with this proposed mode of inheritance (Table 5.1).

The simple mode of ínheritarice and the two banded phenotype characterisËic

of hetero zygo|es are sÍmilar to albr:min variation in other mammals such as

cartle (Ashton, Lg64) and Man (Adams, L966. lÍeitkamp et aL., L967). No

saËellite bands were observed with either fresh or stored samples

(cf. Gahne, L966; Selander et aL., 1971)

Estlmated frequencies of albumin genes in populations of R. fuseipes

are shown tn Table 5;2. No singl-e popul-ation r¡,as found to be polymorphic



Flgure 5.1 Photograph of albumin variaÈíon in Rattus fuseipes'

phenotypes from left to right are: ALB S, ALB S, ALB F-S' ALB F' ALB F.
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Table 5.1 Family data on the inheritance of albumin phenotypes.

Incomplete family daÈa have been íncluded when the unrecorded parent

came from a populaÈion known to be monomorphic for a particular albumin

phenotype. An asterisk is placed next to the presumed phenotypes of

the unrecorded parents.

Parental phenotypes Offspring phenotypes
xî

9 ó AT,B F ALB F-S ALB S

Nr.mber
of

matings

ALB F
AIB F
ALB F

x ALBF
x ALB F*
x ALB F*

TOTA].

3
2
2

7

31
3
5

39

ALBF X
ALB F-S x

TOTAI

ALB F-S
ALB F

I
I

2

1

1

2

4

4

2l
26
10

57

3
5
2

S

F
F

ALB
ALB
ALB

x
x
x

F
S

S*

ALB
ALB
AIB

10TOTAL

ALB F-S x
ALBS x

TOTAT,

ALB S*
ALB F-S

1

3

4

1

5

6

1

5

6 0 .00

ALB F-S x ALB F-S 4 8 16 11 0 .77

28
61

89

6
15

2l

S

s*
ALB
ALB

x
x

S

S

ALB
AIB

TOTAL



Table 5.2 Albumln phenotype nunbers and gene frequencies

ln .R. fuseipes populations.l

PopulatÍon
Phenotype numbers

ALB F AI.B F-S ALB S

Gene frequencies

ALBF
S

ALB

R. f, fuseLpes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
I,Ialdegrave I.
ÍIíll1aurs I.
Hopklns I.
North Ganbier I.
Eyre Peninsula
Kangaroo I.
Norton Sr¡nmit
South-East
R. f. assimiLis
fr. f. eoyaeius

6

39
1

50
24
48

I
I
I
I
1

I

26

47
50
29
49
19
48
37
4l

4
7

I .00
I .00
1 .00
I .00
1.00
I .00
I .00
1.00
I .00
I .00

1

00

00
00
00
00

:o

:

:

00

I Ut1."" noted othen¡ise, the samples of each subspecies other than
R. f. greyii, have been pooled and each subspecíes treated as a
slngle populatíon.
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for albumln, despite the widespread occurrence of the two genes 1n

R. f. greyii poptrlations. For albumin and other proteíns showíng

variation beÈween populaÈlons, a tesÈ of the homogeneíty of gene

frequencíes \^las made using the contingency table of gene counËs. In

general, the.R. f. faseipes, R. f. assímíLis, R. f. co"aeius and Eyre

Island samples had to be oniÈted because cells for these populatÍons had

expectations less than fíve. The thírteen ¿?. f. greyii populations are

heterogeneous for albumin gene counts (X?" = 1014, P<<O.OO1) and all

pairs of populatíons with different genes present have sígnificantly

diff erent gene frequencies.

5.1.3 Esterase

All .R. f. gtøyii and .R. f. assinr|Lis Índividuals sampled had a single

fluorescent band of esterase activity, termed the ttpresencerr Phenotype

(ES l). AU .4. f. faseLpes and ¡nosÈ F. f . comc¿uß indivíduals had no

detectable plasma esterase (fluorescent). These indivíduals are said

to extribiÈ the "nu11" phenotype (ES O) . One specimen of .R. f. co?ac'h,ß,

for which the place of capture and sex rlere unrecorded, showed the

presence phenotype. This individual was only recently typed and was

not available for the multívariate analyses (described later). As in

the case of albumín, there were slíght nobilíty differences in the

presence band. Hovrever, these were ígnored and the variatíon considered

was 1ímited to that of the presence or absence of a single band.

There are no breedíng data on esterase variation because all

laboratory natings involved only.R. f. greyii individuals. However,

in other cases of esterase variation of the presence/absence type

(e.g. Mus mu,scuLus, Petras and Bíddle, 1967; RottyS notÐegí,cus,

I,Iomack, Lg72), the phenoËypes are controlled by two autosomal allelíc

genes (ESl and E'So), wiÈh the presence phenoÈype dominant to null.

Assuming Ëhis mode of inheritance, it is possíb1-e to estimate the uPPer
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lirnfts of the frequency of the null gene, lf present ín R. f. gregíi

populatíons. For example, the upper bound of the 95% eonfidence límit

of the absence gene frequency is 0.24 in the l^Iilliams Island population'

from which 50 individuals r^rere typed for esterase, and 0.38 ín the Eyre

Península population from which 19 individuals were scored.

5.1.4 Glutamate oxaloaceLate transaminase

T1¿o regions of GOT acËivity were seen on gels, one mígrating Èowards

the anode (GOTS), Èhe other Ëo the cathode (GOTM) (Fíg. 5.2). AttemPts

to deËermine the subcell-ular localítl-es of the two ísozymes in heart and

kidney cel1s were only partially successful. The supernatant cell

fracÈion contained the GOT, isozyme, but no GOT actívity was recovered

from the mítochondrial fraction, probably because of the small quantiËy

of tissue used and the loss of material in the preparative steps.

I'fitochondrial extracts from liver tissue contained predomínantly GOT*r

but some GOT, activity was present. Boyd (1961) also found traces of

GOT, in mitochondríal extracts frcm rat 1iver. The subcellular localíty

of the GOT ísozymes is símilar to that found in Mus ttaseuLus (De Lorenzo

and Ruddle, 1970) arrd Rattus (Boyd, 1961). As well as Èhe differences

in subcellular locality and electrophoretíc mobility, the two GOT

ísozlmes have been shown to differ Ín bíochemical characteristics such

as substrate affinitíes and optimrm pllfs (Boyd' 1961). These enzymes

correspond to separate genetic locí (Chen and Gib1ett, L97L; Davidson

et aL. , I97Oi De Lorenzo and Ruddle, 1970), which are noË linked Èo

one another in InItts tmtscuLus (Chapman and Ruddle, 1972) '

5.1 .4.1 Supernatant slu tamate oxaloacetate transaminase

Four GOT, phenotypes r{ere observed (Fig. 5.2) , three (GOTS A'

GOTS B and GOT, C) consisting of a síngle major band of activity and a

fourth (GOTS A-B) with Èhree maín bands. If gels were stained, not for



Figure 5.2 ?hotographs of glutamate oxaloacetate trafisaminase

variatlon ín Rattus fuseiPes.

Top: GoT, phenorypes from left to right are: GoT, A-8, GoTs A' GOTS B'

GOTS A-8, GOTS A, GOTS A, GOTS A. The first five samples are GoT, 2 anil

the låst two are GOT!{ 2-1.

Bottom: GOT, phenotypes from left to ríght are: GoTs A-B' GOT' A-B'

GOTS A-8, GOTS A-8, GOTS A, GOTS C.'



+

origin -.

å-låÕ*¡

+

origin -



42

JusL the usual one hour but for abouÈ two hours (to develop the weaker

stâining GOfu isozyme), minor satellite bands appeared, anodal to Èhe

main bands. Minor sub-bands have been observed previously in Mus

musattLus by De Lorenzo and Ruddle (1970) who suggested that they probably

represent alternate moleeular forms of GOT'.

Breeding daÈa on the inheritance of the GOTS A, GOTS A-B and GOT, B

phenotypes are presenÈed in Table 5.3. There is a sÍgnificant excess

of GOT, A offspring from GOTS A x GOT, A-B rnatings (0.05>P>0.025).

Apart from this, the daÈa are in agreemenË wíth the hypothesís thaÈ the

phenotypes are determined by two autosomal codominanÈ alleles. These

have been designated GO{. and G2fiwith the phenotypes GOT, A, GOTS A-B

and GoT, B corresponding to the genotypes co$tCoS, co$tC,o{ 
""a

COfitCO\ respectively. The phenotype of putatíve heÈerozygotes consist

of both parental bands of actívity as well as a more íntensely staining

lntermediate t'hybrid" band which suggesÈs that the actíve enzyme ís a

dlmer. Supernatant GOI variation in Man (Chen and Gíblett, I97L) and

Peronryseu.s poLionotus (Selander et aL., 1971) is also simply inherited

wíth a three banded heterozygote pattern. No data on the inheritance of

the GOT, C phenotype are available. This phenotype was only found in

.4. f. assímiLis, buË it Ís presumed that it is controlled by a third

codomínant allele , ,04.

Table 5.4 shows the estímated GOI, gene frequencíes ín .R. fiæeipes

populaËions. Most populations are monomorphic for Ëhe G0{ eene.

fne CO{ gene \¡ras only found in the Pearson Islandsr populaËions.

Pearson Island North is monomorphic for the GOf, e"ne, whíle Pearson

Island South is polymorphíc, with two alleles Present, GO{.- and GZfi.

The genotype frequencíes ín this latter population agree wíth those

o<pected on the Hardy-I{einberg princíple (Xi = 0.012). The two Pearson

Isl-ands have sígnífícantly different G)Tr Bene frequencies and each is

significantly dífferenÈ from all other R. f. greyii populations.



Table 5.3 Family data on the inherita¡rce of GOT, phenotypes.

Presr¡med phenoÈypes are rrik"d wíÈh an asterisk (see Table 5.1).

Parental phenotypes

I o

Offspring phenotypes

GOTS A GOTS A-B GoTs B

Nr¡mber
of

matings

2
X

GOTS A x GOTS

AxGOT

TOTAL

S
GOTs

A

A*

L4

18

32

69

66

135

GOTs

GOTs

GoÎs B

A

A*

A-

x GOTS

x GOTS

x GOTS

A-B

A-B

A

6

1

I

I

t4
3

9

l_

TOTAI

4

2l 10 3.e0(1d.f .)

G0Ts A-B x GOTs A-B 2 1 11 4 3.38 (2 d.f . )

3

2

I

6

25

5

9

39

B

B

A

GOTs

GOTs

GOTs

x

x

x

A

A*

B

GOTs

GOTs

GOTs

TOTAL

GOTSB x GOTSA-B 1 7 10 0.s3(1 d.f.)



Table 5.4 Supernatant glutam¿te oxaloacetate transmínase phenotype

numbers and gene frequencíes ín.R. fuseipes populatíons.

Phenotype nurnbers Gene frequencies
PopulatÍon

GOTS A GOT
S

A_B GOTs B GOT c
s

,o+ ,*Z ,04

R. f. fiæeipes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. Sorrtt
Greenly I.
lùaldegrave I.
üIillÍams I.
Hopkins I.
North Gambier I.
Eyre Peninsula
Kangaroo I.
Norton Sr:nmít
South-East
.R. f. assimiLis

(a) nainland
(b) Gl-ennÍe I.

R. f. eoraeius

6
26
39
I

10
48
47
50
30

19
48
42

2

1 .00
1 .00
1 .00
1 .00

0.63
1.00
1.00
I .00
I .00
1 .00
1.00
1 .00
I .00
1 .00

r.ão
o'1t10

50
4

49

4L

;
7

I .00
.00
00

1

I
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The Ëwo mainland R. f. assùniLís indívíduals exarnined were

homozygous for the CO?: gene and were Èhe only anímals in which Ëhis gene

was found. The GlT! eene Ís probably a common gene in .R. f. assiw|Lis

since the two lndividuals typed were collected about 200 krn aparË and

their respective populatíons are probably geographically ísolated.

However, the three specímens of ,R. f . assimì,Lis from Glenníe Island

wexe GAIII14 homozygotes, indícatíng thaÈ the GlT! eene is not

unÍversal Ín .R. f. assinriLis.

5.I.4.2 Mítochondrial elutamate oxaloacetate transaminase

Almost al-l índívlduals scored had the GOTM 2 phenotype, shor¡n

in Fig . 5.2. Ihe exceptions hlere Èwo .R. f. eo?ae'Lus specimens which

were GOT, 2-1. The GO\ 2 phenotype has ens rn¡in band and the GOT" 2-1

phenotype has three rnain bands, one corresPonding to the GOT" 2 band'

a second more cathodal band of símil-ar staíning intensíty, and an

intermediaËe darker stainÍng band between these two. Although the GOT"

isozymes stained rmrch less Íntensely than the GOT, region, the former

also had sate11íte bands mígrating anodal to Èhe maín bands.

It is proposed that the varíation is conËrolled by two autosomal

codominant allelic genes, coù, ana corrt, the GOTM 2 phenotype being the

result of homozygosíty for the CAtrteene and heterozygous COfjtCOt,

lndívíduals being phenotypically GOTM 2-1 . GZILVJCOd nomo zygotes would

presrmably have only one main band, correspondíng to the most cathodal

band of the GOh 2-1 phenotyPe. There are no fanlly data to suPPort

the proposed mode of íntreriËance, but the phenotypes and postulated

i.nheritance are similar to GOTM variatíon ín Man (Davídson et aL-, 1970)

and, Mus mtseu\tts (De Lorenzo and Ruddle, 1970). The R. fuseipes data

also support the evidence that the supernatant and mitochondrial GOT

lsozymes are coded by genes at seParate loci.
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The observation of two heterozygotes at ttre G)T, locus in seven

R. f. eora,c,ius specímens (one of Èhese trnro \^ras the specimen of unkno\rn

locality) suggests that thís polynorphism may be widespread in thaË

subspecies. Johnson and Selander (1971) found that GOT" is less

variable than GOT, ín several North American rodenË specíes they sÈudied.

5 .1.5 Glucose-6-phosphate dehydrogenase

No varíation was found in the electrophoretic mobí1ity of G6PD.

All índivíduals scored had a síngle band of G6PD actívíÈy. Ior the

multivaríate analyses ít rras presumed that all females I¡/ere homozygous

and males hemizygous for the same gene (presunably sex-linked) coding

for G6PD.

5.1.6 Haemoglobin

Electrophoresis of R. fuseipes haemoglobi¡r revealed consíderable

variation, partieularly betv¡een populations. Ten phenotyPes were found

Ín natural populations and another eight i¡ laboratory bred animal-s.

EÍght of the naturally occurring phenotypes are shown ín Fig. 5.3.

Each of the eighteen phenotypes consisted of one or t\^ro main bands and

are shown in diagrammatíc form ín Fig. 5.4. Fresh samples had a weak

subsidiary band, but on electrophoresis of samples stored for more than

about Èwo months, the main haanoglobin bands became weak and díffuse

and bands both anodal and cathodal to Èhe main bands appeared. HB A

and HB D were difficult to distinguish, although Ëhey could be relíably

scored if fresh samples were used and the Ëwo tyPes run sÍde by side'

0n1y one HB A-D individual was observed and this phenotype appeared as

a band which was virtually índistínguishable from HB A or HB D' The

individual concernecl was classífied as HB A-D because of íts parentsr

phenotypes (see Table 5.5) and HB A-D cannot be regarded as a distinctive

phenotype. IIB D was not recognísed as a unique phenotype until aftex



Flgure 5.3 phoËograph and diagran of haemoglobin varfatlon ín natural populatlons of Ratttts fuseipes'

phenotypes fron left to rJ-ght are: lIB A'^I1B P' HB K' HB Q, IIB A' HB S' IIB D' HB A' ItB A-B' HB B'
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most of the population and family data had been collecÈed and j.t is

possible that some indíviduals scored as HB A were in fact HB A-D or

HB D. This problm wll1 be discussed further, when the populatíon

data are presented.

Data on the inheritance of the haemoglobin phenotypes are presented

ín Table 5.5. Although Ínfo:mation on only a sma1l proportion of all

possíb1e matings has been collected, Èhe data agree with Èhe hypothesis

that the variation is controlled by six autosomal codomínant allelic

genes. Thís does not. include Ëhe IIB Q phenotype for whích no famíIy

dat.a are available.

T\vo problems hinder determination of the mode of ínheritance of the

haemoglobin variatíon. FirsÈ, it is diffícult to deterur-ine the number

of locí codÍng for haemoglobin polypeptides. In adult mammals, the

haemoglobin molecule consists of two different polypeptídes, cl and $,

which are coded by genes at separate genetic Ioci. In some sPeciest

genes at more than one locus code for eíther the a or ß Polypeptídes

(e.g. Man, Ho11an et aL., 1972; echidna, Thompson et aL. ' L973; sheep,

Boyer et aL., 1967). The weak satellite band found ín fresh samples

may indlcate thaË this situation exists ín.R. fuscipes. Alternatívely,

the satellite band may merely be another non-genetícally determined

molecular form of the main haemoglobín band. The phenotypic patterns

and family data can not easíly be accounted for by a multiplicity of

o or ß locí.

Second, Íf only one locus codes for each of the c[ and $ polypeptides,

then ít is necessary to determíne whether the observed varíation is due

to multíple allelism at, one or both of these loci. IndÍviduals

he1erozygous at just one of these locí should have a trnro-banded phenotYPe,

while double heterozygotes should have four bands. This expectatíon is

a resul-t of the electrophoretic method and the rapíd dissociaÈion-

assocíaËion equilibrium between the haemoglobÍn tetramer and ctß dirners



Table 5.5 Farnily data on the inheritance of haemoglobín phenotypes.

Presuned phenotypes aïe marked with an asterisk (see Table 5.1).

Parental phenotypes Number
of

rnatings

Number and phenotypes
of offspring

2
X

óI

HBA

HBA

HBA

HB A*

HBP

HBA

HBA

IIB A-K

HB P-S

HBK

HB A-B

HBP

HBP

HBP

HB A-B

HBS

HBS

HBS

HB S*

HB A-B

HB A-K

IIB A-K

HB A-P

HB K-P

x HBA

x HBA*

x IIBK
x HBP

x HBA

x IlB A-K

x HB A-P

x gBD*

x HBD*

x ItBP

x HBK

x HBP

x HBP*

x HB A-B

x IIBP
ùx HBS^

x HB A-K

x HB A-P

x HB A-P

x HB A-B

x HB A-K

x IlB A-P

x HB A-P

x IIB K-P

6HB

41 HB

16 IIB

5 IIB
24 HB

1 IIB

6HB

lHB
2HB

10 IIB

8HB

28 HB

3HB

3HB

2 TIB

9HB

3HB

1HB

lHB
lHB
5H3

2HB

5HB

3HB

2

19

3

3

3

1

2

1

I
I
2

2

2

1

I
4

1

I
I
I
2

2

3

L

A

A

A-K

A-P

A-P

A+4HBA-K
A+3HBA_P
A-D 1

D-P

K-P

A-K + 3 HB B-K 2,27(L d.f.)
P

P

A_P

A-P+3HBB-P
S

A-S+lHBK-S
P-S

A-S+2HBP-S
L+4HBA-B+I.HBB
A+4HBA-K+lHBK
A.+2HBA-P
A + 16 HB A-P + 4 HB P 2.04(2 d.f .)
K+7HBK-P+5IIBP

I See text for a discussion of this phenotype.
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(Benesch et aL., 1966). l,rlhile no individual appeared to have more Ëhan

Èwo bands, the resolution hras ínsufftcienÈ to elíminate the possíbility

that some individuals actually had four main bands. Haemoglobin

phenotypes HB A-D and HB K-P were particularly dlffícult Ëo resolve.

To cornpare populations it w111 be presumed thaÈ the variaËion is under

the control of seven alIelic genes, HBÃ, HBB, HBD, HBK, HBP, HBQ and .flBs.

Unfortunately it was not possíb1e to substantiate this mode of inheritance

by using different meËhods (e.g. "fínger-prínting") to detect the

phenotypes.

Haemoglobin variaËÍon found in natural populations is detailed in

Table 5.6. Three populatíons, .R. f . fuseípes, R. f . aßsímiLís anld

Norton Surnmit, are polymorphic for haemoglobin. Ihe HB A phenotype is

the most wídespread geographícally, befng found in nine populations

(and is probably also present in R. f. assimiLis). Four genes, HBB

(Norton Sr:nnit) , HBD (Dog Island) , ¡/BK (Kangaroo Island) and //BQ

(R. f. eoraeLus) are each found in only one populatíon. The genotype

frequencÍes in t.he Norton Ssmmit populaÈ1on are Ín agreement wíth the

Hardy-I^Ieinberg expectations (Xi = 0.587). The HBÃ arrd äBS genes appeaï

to be fairly widespread, beíng found in the three mosÈ southern sub-

specíes. Because the haemoglobin phenotypes vrere difficult to score

if Ëhe samples r¡rere stored for more than about two monËhs (and especially

1f the mobility dif ferences rrere srnall), ít was not possible to check ol-d

samples against ffi D, whÍch was found after most of the family and

population data had been collected. However, one or two indíviduals

from each population of type HB A or their offspríng were checked

against HB D and found to be HB A. Nevertheless iË is possible that

ttle HP gene is present in samples of populations scored as type IIB A.



Population

R. f. fuseLpes
Dog I.
Goat I.
Eyre I.
Pearson I. NorÈh
Pearson I. South
Greenly I.
Inlaldegrave I.
tr{illians I.
Ilopkins I.
North Gambier I.
Eyre Peninsula
Kangaroo I.
Norton Sumrnit
South-EasE
R. f. assimiLís
R. f. eoraeius

Table 5.6 Haernoglobin phenotype numbers and gene frequencies ln fr. fweipes populations.

PhenoËype numbers Gene frequencies

HBA HBA-B HBB HBD HBK HBP HBA-P HBQ HBS HBA-S HBA HBB HBD HBK HBP HBQ HBS

0.42 0. 17 0

39 00

42
1

I

:

1.0026
I

;

2

7

2

I
1

I
I
1

I

I

50
24

00

00
00
00
00
00

:o

1

1. 00
1 .00

48
47
50
29
49
30

I .0048
0.s6 0.444r t:19

4l
11

1 .00
I .00*

1 .00

* A.R. f. assimi,Lis female which r^ras not typed for haemoglobfn produced a litter whl-ch lncluded some HB A-S lndividuals.
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5.I.7 Isocitrate dehydrogenase

Electrophoresis of all tissue extracts revealed two distinct ICD

regions, one nigratíng anodally, the other cathodally (Fig. 5.5).

No NAD-depende.nt ICD actívity was recovered from the tissues examined.

On fractionatíon of liver cells, the anodal isozyme was found to be

predominant in the supernatant fraction, but'no ICD actívity was

recovered frorn the mitochondríal fraction. The reason for the absence

of ICD activity in the mitochondrial fraction is not knovm' buË ít ís

possibly due to a low concentration of lCD ín 1íver mitochondria (¡ell-

and Baron, 1968). It will be presumed, by analogy with other marnnals

such as Man (van Heyníngen et aL., 1973), IuÍtts rn'ßeuLus (Ilenderson' 1965)

ar¡d Rattus norÐegieus (8e11 and Baron, 1968) that the anodal isozyme ís

the supernatanË form and the cathodal ísozyme the uútochondríal form.

It should be noted that these Ísozymes are noË located exclusÍvely in

Ëhe cytoplasm or mitochondria, but the designated 1ocalíties reflect

the síte in the ce1l where they are predominantly found (Henderson, 1968).

The two ICD isozymes, which are coded by non-allelíc autosornal genes

(Henderson, 1965; C]¡en et aL. , 1972), have been shown to differ in

characterístics such as their optiuum pIl and kinetíc properËies (PlauË,

1963).

5.r.7.1 SuDernatant ís ocítrate dehvdrogenase

Three distinct ICD, lhenotypes were observed' IcDs I' which

has a síngle band of activity and ICD, 2-1 and TCDS 3-1 which have three

bands (Fig. 5 .5) .

Apart from specimens of R. f. eora,cíus, all individuals examined

were phenotypically ICDS 1. One specímen of R. f. eoaaeius was ICD, 2-l ,

t!üo were ICDS 3-1 , and the other four IO, 1. From the electrophoretÍ'c

patterns ít 1s presumed that the variatíon is controlled by three

autosomal codomínant alleles , t*'r, ïCD? and rcn3r, the three genoËypes



Tigure 5.5 Photograph and diagram of isocitraLe dehydrogenase variation

ín Rattus fuscipes. IcDs phenoÈypes from left to ríghÈ are: IcDs 1,

ICDS 1, ICDS 3-1, ICDS 1, ICDS 1, ICDS 2-1. ICD" Phenotype's from left

to ríght are: ICDM 2, ICDM 1, ICDM 2, ICDM 2-1' ICDM 1' IC%4 2'
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wÍth their respective phenotypes in parenthesis being rcnllrcnl, (rcDs 1),

rcorrtrcnf, (rcDs 2-1) ana rcnrr/tco3, (ICDS 3-l). There are no breeding

data to support this mode of ínherítance, although about fifty matings

of the type ICD, I x ICD, I gave all ICD, 1 offspring. The three-banded

phenoÈype of postulated heterozygotes is Èhe same as supernatant ICD

variation in Man (Chen et aL., Lg72), Mus rm.tscuLus (Henderson, 1965) and

Peromyseus manicuLatus (Selander et aL., 1971) and índícates Èhe active

enz)¡me is a dimer.

5.L.7 .2 Mitochondría1 isocitrate dehydrogenase

The ICD, phenotypes are shoum in Fig. 5.5. Three phenotypes

were observed, ICDM t and ICDan 2 eadn with one naín band, and ICDM 2-1

with three bands, thTo correspondíng to the bands of the other tr¡o

phenotypes and a third band of intermediate mobílity. One or two

minor bands appeared between the least cathodal main band and the orígin.

Fresh tissue exÈracts could not be scored reliably because an unidentified

proteín migrated with about the same mobility as the ICD* 2 band. This

enz)rme appeared even if the éubstrate (disodium ísocitrate) was ornitted

from the stainíng mi:<ture and ís presumed noË to be an ICD. If samples

were f.rozen and thawed tr¡Io or three Ëimes, the activiËy of this enzyme

was negligible and the ICD" Phenotypes could then be easily seen and

reliably scored.

Only a smal1 amount of family data on the ínheritance of the ICD"

phenotypes is available (Tabl-e 5.7). It is proposed that the variation

is under the conÈrol of trnTo autosomal codomÍnant alleles, which have

been designared rCfiana ïCD?ú, The three phenotypes, rcDM 1' rcDM 2-1

and ICD, Z arepresumed to corl'esno;A.o the genotVVes rcni/fCOi, fCirtrcnz"

ana rcfr/fctfrxes¡ectively. The Èhree banded phenotype of heteroz\Jgotes

is siuríl-ar to the supernatant ICD heEerozygoLes and índicates the aetive

enz)¡me is a dimer. The homodimer product of íne IcDlgene (tCD* 1) has



Tabl-e 5.7 Farnily data on the inherltance of ICD" phenotypes.

Presumed phenotypes are marked wiËh an asterisk (see Table 5.1).

Parental phenoËypes

9d
Number of
matings

Offspríng phenotypes

rcDM 1 rcDM 2-1 rCDM 2

rcDM 2-l x

2-L x

2x

2x

¿x

unknor^ml

2-L

1 1

2

3

L57

I

25

5

5

3

2

rcDM rcDM

rcDM rcDM 2

r@lr rcDM 2*

r@u rc% 2

I
Ttre fenale was collected frour the Eyre Peninsula population and was
pregnant when caught. The male is presumed to be heterozygous.
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,
considerably less ICD, activiEy than tlne fCD; gene product. Consequently,

in heterozygous índíviduals, the ratio of the activíty of the Ëhree bands

is not L:2'.I. Instead, the most cathodal- band is barely visible, but it

ís obviously present because of Èhe 'rstreaky" background stainíng (see

Fíg. 5.5) .

Tt.e ICD, gene frequencies in the sampled populations are given in

Table 5.8. Most populations are upnomorphic for the fCfi e"ne, but four

R, f. greAíi populations are polymorphic with both the ïCDj and ïCDl eenes

present. Three of these populations are wídely distributed while the

oÈher, Ilaldegrave Island, occupíes about 220 ll;-. This latter population

has a relatively large number of heterozygotes. To test for agreement

wlth the genotypic expectaÈions based on the Hardy-I^Ieinberg principle'

Fisherrs exact tesÈ (Físher, 1973) vlas used, yielding a probabílity of

0.045. In the samples from the other three polyurorphic populatíons,

no ICD" 1 índíviduals and only a few ICD" 2-1 individuals were found.

The fixatíon Índex within each of these samples (trr) r¿as calculated

and tested for agreement with zero (tCirby, L975). Each gave a smal1

negative value for Frr, with,an overall mean of -0.08 (0.05<P<0.1)'

indicating a non-significant excess of heterozygotes.

Excluding Inlaldegrave Island and Kangaroo Island, all populations

are hornogeneous vriÈh respect to fCD* Eer..e frequencies when compared

paírwise. lJaldegrave Island has a signÍficantly high er ICOI* eene

freguency than all other populatíons. Tlte ICD, gene frequencies on

Kangaroo Island are significantly different from those in all other

populations except Eyre Peninsula and NorËon Summit.

5.1 .8 LacËate dehydrogenase

Electrophoresis of kÍdney extracts yielded electrophoretic PaÈterns

shown in Fígs. 5.6 and 5.7. Mammalian LDH is a tetrameric enzyme

consisting of two different subuníts, A and B, which combine to produce



Table 5.8 Mitochondrial isocitraËe dehydrogenase phenoÈype numbers

and gene frequencies ín R. fuseLpes populations.

Phenotype numbers Gene freguencles
Populatíon

rcDM I rcDM 2-1 rcDM ,rtn2 ,*lo

R. f. fuseipes
Dog I.
GoaÈ I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
trIaldegrave I.
lt1llíams I.
Hopkins I.
North Gambíer I.
Eyre Peninsula
Kangaroo I.
Norton Srnnit
South-East
R. f. assimiLie
R. f. eorq,e'Lus

3 28

2
11

3

6
26
39
I

24
50
48
16
49
30
49
T7
37
39
41

4
7

0.05
0. 11
0.04

I .00
I .00
1.00
1.00
I .00
I .00
1.00
0.64
1.00
1.00
1 .00
0.95
0. 89
0.96
I .00
1 .00
1 .00

0.36



Figure 5.6

fuseipes.

from left to right are:

LDIIA 2, DHA 2-1, LDHA

Photograph of lactate dehydrogenase variaËion 7¡ Rattus

The tDH, phenotypes are all LDII, 1. The LDIIO phenotypes

LDHA 1, DHA I, LDIIA 2, LDIIA 2, LDIIA 2, LDH/-z,

LDHA 1, LDI1A 2.2-1, LDHA 2-1, LDIIA I, tD\ I,

Figure 5,7 Photograph of lactate dehydrogenase variation Ln Rattus

fuseLpes. The tD\ phenotypes are all tD\ 1 except the third and

seventh samples from the left, which are L\ 2-1. The LDIIO phenotypes

fron left Èo right are: LDIIA 2, DHA 3-2, LDIIA 2, TDIIA I' LDIIA 2-1'

LD\ 2, LDIIA 2, LDIIA 2, tD\ 3-2, IDHA 2, rD\ 2-1, LDIIA 1
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five electrophoreËically dlstinct forms (Markert' 1968). The five

isozlrmes will be ref erred Ëo as LDH I (B4) , LDH 2 (Æl) , LDH 3 (^ZB2) ,

LDH 4 (AgB) and LDII S (A+) with decreasing anodal mobil-íty. Variation

ln the B subunit will result ín changes to LDH 1 , LDH 2 ' LDH 3 and LDH 4

but not LDH 5 and similarly, varíation in the A subunít will be detecËed

ín all- forms except LDH 1.

In mammalian species, the two subunits are coded by non-allelic

autosomal genes (e.g. Pez'orngscus manicuTntus, Shaw and BarÈo' 1963;

Man, Das et aL., 1970). The gene coding Ëhe B subunit (the LDII I

homotetramer) will be desígnated LDHU and that codíng the A subunit

(LDH 5 homoËetramer) wi1-l be referred to as LDHO. These two genes are

not línked in Man (Boone and Ruddle, 1969). Genetic varíation in a

regulatory gene controllíng the amount of LDII 4 ísozyme in lhus ttussuLus

has been reported (Shows and Ruddle, 1968a).

During the firsÈ t\^ro years of thís study, the fíve LDII isozl'mes

appeared after electrophoresis as shown Ín Fig. 5.6, with patterns like

those found in most oËher marnnalian specíes. However, since that tíme'

the LDH 5 isozyme has appearèd as a diffuse' more anodal band in all'

samples and the marked variatíon previously detecÈed in this isozlrme

was vírtually indístinguishable (Fíg. 5.7). No change in the four

other isozymes was detected. It Ís noË knornm what caused this change

in LDH 5, but it is presumably a reflecÈion of the differentíal physícal

and chenical properËíes of the LDH Ísozymes (see !üil-kinson' I97O fot a

revíew) and subtle changes in the storage or electrophoretic conditions.

Fortunately the A subunit variatíon is also reflected ín the rnobilíty of

three other LDII isozymes and ít was possible to contínue scoríng all the

LDH phenotypes.

sate11íte LDH bands were observed, especially for the LDI1 2' LDII 3

and LDII 4 isozyrnes. These may possibly be due Ëo the presence or absence

of bound coenz)¡mes or they may be conformational rearrangements (Inlílkinson,
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1970; Markert, 1968) such as have been observed ín oËl.er maumals

(e.g. Perorngsctts møtícuLatus, Shaw and Barto, 1963).

5.1 ,8.1 Lactate dehvdroeenase: B subunít

VarÍation in the B subunit is shown ín Fíg . 5.7. Individuals

possessing trrTo dÍfferenË B subuníts (LDHU heterozygotes) will have five

LDH 1 bands, four LDH 2 bands, three LDII 3 bands, two LDH 4 bands and one

LDH 5 band. Two phenotypes were observed, the mosÈ common involving a

single LDH 1 band (LDIIB 1). The other phenoÈype (f,OU, 2-1) was a result

of two dífferenÈ B subunits. The LDII 3 and LDH 4 isozymes clearly

consisted of three and two bands respectively, but the nobílity differences

were not great enough to distinguish the four and five bands expected of

the LDII 2 arrd LDII 1 isoz¡rmes. It is proposed that Èhe variation ís under

the control of two autosomal codomínant genes nnUL" ana fnUf; sueh that Ëhe

phenotype" IÐIIB 1 and LDIIB 2-1 correspond to the genotypes mnlutnnnlu ana

f,nUf,tfnnf, respectively. Þrcept for t$ro .R. f. fuseipes Índivíduals which

were LDHU 2-L, aLL anímals examined were LDHU 1. No breeding data are

avaílable for .R. f. fuseLpes to substantiate the posËulated mode of

ÍnheríLance. The two LDHB 2-1 indíviduals were collected from points

over 200 km apart, which suggests that thís polynorphism may be widespread

in.R. f. fuscipes.

5.1.8.2 Lactate dehydrogenase: A subunit

Four phenotypes, reflecting variatíon in the A subunit were

deËected (Figs. 5.6 and 5.7). Three of these phenotypes, LDHO 1,

LDHA 2-1 and LDHA 2 show the classíc banding patterns of LDH varíation

controlled by two codorninant a11elíc genes. The f arníly data presented

in Table 5.9 support thís mcde of ínheritance and the genoËypes corres-

ponding to the three phenotypes are nonf,tmulo, nonLolnnnfi trra rnu2oøonzo.

A fourth phenotype, LDIIA 3-2 ís presr:med to be due to a thírd codominant



Table 5.9 Family d¿ta on the inherÍtance of LDHO phenotypes.

Presumed phenotypes are marked wíth an asterísk (see Table 5.1).

ParenÈal phenotypes

I d

Offspríng phenotypes

tD\ 1 rD% 2-1 LDrlA 2

Number
of

matings
2
7

LDH

LDH

x

x

I
I

A

A

LDHA 1

LDI{A 1*

L2

5

L7

45

25

70TOTAL

LDITA

LDHA

DHR

1x
1*x
2-L x

DHR

DHe

DH¿,

2-L

2-r
I

2

2

5

9

3

I
3

7

2

I
1

4TOTAL 0. 250

LDHA 1

LDHA 1

IÐHA 2

x LDHA 2

x LDHA 2

x LDIIA 1

*
6

2

2

10

27

5

11

43TOTAI

I.DÏI 2-l x LDIIA 2-1 I 481A

LDII

LDH

IÐH

A

A

A

2-I x

2-I x
2x

TOTA].

LDHA 2

LDHA 2*

LDHA 2-1

2

2

1

5

15

2

L9 10

2

I
I
1

2.793

56

3

LDHA 2 I
2LDHA 2*

x

x

2

2
A

A

LDÏI

LDH

5910TOTAL
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al1ele,

for the

isozyme

1)LDH;, heterozygous with LDH;. No breeding data are available
?

LDHi eene. The LDIIA 3-2 phenotype \^ras unusual ín that Ètre LDH 2

dl-d not have two bands, as expected. Instead, DH 2 consísted

of one main band and a very weak second band whích did noÈ appear t,o

mígrate at the rate expected of the second band. This is presumably a

satellite band. It is not known why the second LDH 2 band was not

detected in the LDHA 3-2 phenoÈype.

The frequencies of the LDHOBenes in R. fuseLpes populations are

shown ín Table 5.10. Tfne LDIfOgene \^7as found ín only one indivídual,

from the Ã. f, fuscípes subspecies. Apart from the F. f. fuscipes

population, Norton Sumnit ís the only population polymorphíc at t}le LDHO

locus. In thÍs population the genotypic frequencíes are ín agreenent

nith those expected by the Hardy-I,Ieinberg principle Q? = 0.039). AJ-l

other populations are monomorphic for either fOiO o, LDH2A, There is

significanË heterogeneity in LDHO gene frequencíes between R. f. greA¿¿

populatíons (X1,, = 968.27, P<<0.001). Norton Summit is sígníficantly

different, with respect to LDHO gene frequencÍes, from all other

populatlons and each population wíth .[D//l has a sígnÍficantly different

LDH O Bene frequency f rom those with LDHI.

5.1.9 Malate dehydroqenase

Two regions of MDH acËivity were observed on gels, one migrating

towards the anode, the other to the cathode. Fractionation of liver

cel1s revealed the presence of both isozymes in the supernatant fraction,

although the cattrodal isozyrne hras barely detectable. Mitochondria

contained only the cathodal ísozyme. The localisation of the isozymes

is símílar to that found in pÍg heart by Thorne et aL. (1963). The

supernatant form (anodal) could not be resolved into sharp bands and so

no phenotypic varíaÈion was recorded. The mitochondríal forn (M\)

could be resolved inLo five bands, the mosÈ cathodal beíng the most



Table 5.10 LactaËe dehydroge.nase (A subunít) phenotype numbe-rs

and gene frequencies in F. fuseipes populatÍons.

Population
Phenotype numbers Gene frequencies

LDHA 1 r,DHA 2-1 LDLA 2 tDIrA 3-2 LDHLA LDH
2
A ,rrt^

.R. f. fuscipes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
tr'Ialdegrave I.
I{illians I.
llopkins I.
North Ga¡nbier I.
Eyre Peninsula
Kangaroo I.
Norton $¡¡nrnit,
South-East
R. f. a^ssimiLis
R. f. eoraeLus

I

5
36
39

50,!

1

I .00

o.92 0.08
1 .00
I .00

0. 45

00

9o

1

I
48
47
50
30
49
30
48
L6
4I
39

7

28 11

I
I
I
1

1

1

I
0
I
I
I

õo
00
00
00
00
00
00
55
00
00
00
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intense and a slo¡¿ moving anodal band beíng the weakest. Thís banding

patter-n is simílar to that found by Thorne et aL. (1963) and Kitto et o.L.

(1966a,b) in Sus serofa, GaLLus gaLLus and Neothwrn'us macropterus.

AJ.l individuals hrere recorded as having Èhe same MDl"f phenotype.

Animals from the Pearson Islands had an M\ which appeared to mígrate at

a slíghtly different rate but thís difference was extremely difficult Èo

detecÈ and hybríds between the two forms were phenotypically índistin-

guíshable from eíther of thei-r parents. Consequently for the purposes

of this thesis, this difference has been dísregarded.

5.1.10 Malíc enzyme

The results of electrophoresís of R. fuseípes heart tissu.e followed

by staining for ME activity are shown in Fig. 5.8. Theweak enzyme

actívity seen at the anodal end of the fÍgure is ICD'. Tr¡o overlappíng

regions of ME acËivity r^/ere seen on gels and ¡^rithin both regions there

vras variation between índivíduals. Three phenotypes of the more anodal

isozyme (WS) were observed, two consístíng of a single band (ME, 1 and

MES 2) and a thírd consisting of five bands (MES 2-1). The electro-

phoretic rnobility of the other ME (*") was about the same or slovrer than

the band of ME, 2 índividuals. ME" Benerally did not resolve into sharp

bands and was often low in activity. Most of the ME" activíty was lost

after abouË a month of storage or if samples were frozen and thawed two

or three times. The appearance of ME" ín Fig. 5.8 is much darker and

sharper than that generally observed. Fanily seglegatíon daËa and

cellular localísation data confirm that the two ísozymes are different.

The supernatant fraction of liver cells contained only the anodal

(MES) isozyme. Mítochondrial extracts had no ME actívíty. However, it

is presumed by analogy wiËir other mamrnalian species that ME, ís a

mitochondríally bound enz)rme. IËs absence in R. fuscipes mítochondrial

extract,s may be partly due to its poor stabilíty. Two MErs have been



Fígure 5.8 Photograph of nalic enzyme varíatíon ín Rattus ftrscipes.

The ME, phenotypes from left to righÈ are: MES 2, WS 1, MES 2' MES 1,

MES 2-1, MES I' MES 2-1, MES 1' MES 1. The two most extreme bands of

the l"IE, 2-l phenotyPe are very weak.
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found ínMus muscuLus (Ilenderson, 1968; Shows et aL., 1970), Man

(Cohen and ûnenn, I972b) and the monkey Iulacaea nemestrinø (Cohen and

Omenn, 1972a). In Mus rmtscuLus t}:,.e mÍtochondrial form is the more

anodal, btrt ín Man and Maeaca nemestv"Lna ttre supernatant form rnigrates

more rapídly to the anode than the mítochondrial enzyme. The difference

ín the electrophoretic mobilities of Èhe Ër,¡o l'lEts is not as marked as wiËh

the two forms of GOT, IO or MDH in fr. fuseipes.

Most indíviduals had ME, phenotypes like the third, fourth and fifth

samples in Fig. 5.8, whíle Hopkins Island animals (sample two ín Fig. 5.8)

had an ME" band which migrated at about the same rate as the band of ME, 2

índívidua1s. Ilybrids wÍth parents of dífferent ME, phenotypes had bands

of intermediate rnobility (samples síx and seven in Fig. 5.8). However,

because of the dífficul-ties nentioned previously, the ME" nhenotype of

many individuals could not be reliably scored and this system was not

used in any furËher analyses.

Variation 1n supernatant ME has previousl-y been reported ín oÈher

unmmals (e.g. Mus rm,rscuLus, Shows and Ruddle, 1968b i Macaea nenestrinq,'

Cohen and Omenn, 1972a). Family data presented in Table 5.11 suggest

that the variation in R. fuseipes ME, is controlled by two autosomal

codominant alle1es, which have been designate U *! ana Aø!. The three

phenotypesr ME, 1, WS 2-1 and MES 2 are Presumed to corresPond v¡ith the

genorypes ttøIrtAøIr, WltWz, ana W!/WI .""n."rívely. The electrophoretic

pattern of variation in Mus mtseuLus (Shows and Ruddle, 1968b) and Man

(Povey et aL., Lg75) is símílar Ëo the pattern found ín R. fusc+pes and'

suggests a tetraneric structure for the active enzyme.

T1ne ME, gene frequencíes ín Ã. fuseipes populations are shown in

Table 5,12. The four geographically extensive populations of

R. f. greyii are all polynorphic for MEr. In three of these populations '

Eyre Peninsula, Kangaroo Island and Norton Summit, the genotypic numbers

are in agreement with the expectatlons based on the Hardy-!üeinberg



Table 5.11 Family data on the Ínheritance of ME, phenoÈypes.

Presumed phenotypes are marked wíth an asterisk (see Table 5.1).

Parental phenotypes

I d

Number
of

matlngs

Offspring phenoÈ1pes 2
X

ws I ME 2_T MEs2S

MEs I xMES1 4 2l

ME

ME

2-L 5

9

t4

9

3

I2

S
I xME
2-L x ME

TOTAI

S
5

2

7

S S1
0.154(1d.f .)

2

2

I

2

2

4

I

T7

5

24

46

MEs

Mus

MEs

x

x

x

¿
I
1

2

ws
ws
ws

TOTA].

ws 2-l x *, 2-I 4 8 22 8 0.947(t d.f.)

1

I
2

4

2

2

4

I
1

2

4

I

*
2

2

2

ws
ws
ws

MEs

ws
ws

2-L x
2-I x
2x

TOTAL

32

5

37

2

3

5

Mts

MEs

2

2
S2ME

*MEs 2

x

x

TOTA],



Table 5.12 supernatant nalic enzyme phenoËype nunbers

and gene frequencles in .R. fuse|pes populations.

Gene frequenciesPhenotype numbers
Population

,r3I
S

MEws I MEs 2-1 ws 2

F. f, fuscípes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
l^Ialdegrave I.
IüÍlliams I.
Hopkins I.
North Gambier I.
Eyre Penlnsula
Kangaroo I.
Norton Sr¡nnit
South-East
R. f, assíniLis
R. f. eoraeius

48

00
00
00
00
00
00

00

1'

0.68

30
49
15
43

I
5
7

00I

6
26
39
I

50
24

47

'3

4
5

15
l0

1

I
1

I
I
I

I
1

26
23

r.ão
I .00
0.89
0.95
0. 18
0.32
1.00
I .00

o. ir
0.05
0. 82
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prínciple (XT = 0.497, 1.169 and 0.830 respectively), but there is a

signifícant deficiency of heterozygotes ín Èhe South-Easl- population

(*1 = 5.94,0.025>P>0.01). This deficiency is probably not due to the

pooling of samples from different are-as j-n the South-East popul-ation,

sínce most of the sanple (32 individuals ouÈ of. 42) was collected from

wÍthj-n an area of only a few hectares with no obvíous physícal barriers

to animal movements. This area vTas a plantaÈion of Pinus radiata ar'd

the deficíency of heterozygotJs individuals from thís area was also

sígnífícant (XÎ = 5.56t 0.025>P>0.01). Apart from these four polyrnorphic

populations, all ot.her populations of .R. fuseipes r¡rere monomorphÍc for
1)either the ¡Æ; or Ì,fUi gene. The results of the pairwíse tests for

homogeneiÈy of MEr Ber.e frequencies are shown in Table 5.13. Populatíons

on the left-hand side of the table are listed in order of íncreasing

frequency of the løl S"r,..

5.1.11 Phosphoglucomutase

The four PGM electrophoretíc phenotypes of .R. fuscipes are shown

in Fíg. 5.9. These patterns are explicable Íf Ít is presumed that genes

at two loci code for distínct PGMrs, as ís found in Man (Spencer et aL.,

L964; Hopkinson and llarris, L966). (In Man Ëhere ís a third, more

anodal PGïI system and a similar system r{as seen in.R. fuseipes. Ilowever,

ÍÈ only appeared very faintly on gels.) IË is proposed that one PGM

system (PGM2), which is invariant in R. fuscipes, results ín three bands

of actívily (e, d, ê; Fíg. 5.9). A second PGÌI systen (PGMI) involves

the less anodal bands a and b, as well as c. In Fig. 5.9, the Èhird and

fourth samples from the left on1-y stain faintly and do not show the more

anodal bands of the PGM, systen. Soon after the staíning urixture was

added, band e appeared as two distinct bands (for PGM, l and PGI'Í' 2-1

individuals) but these bands quickly merged to appear as a síngle l-arge

band. Thus it is proposed that for PGM' indÍviduals have either the



Tabl-e 5.13 Results of pair-wise comparlsons of populations

for homoge.neity of ME, gene frequencies. An t*t indícates a

signJ-flcant (P<0.05) dífference in gene frequency while tNSt

ís a non-significant difference. The sanrples from

R. f . fttscipes , R. f. assi,milis, R. f . eorac'Lus and Eyre Island

have been omitted because of the small number of animal-s recorded.
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Dog I.
Goat I.
Pearson L North

Pearson I. South

I{aldegrave I.
I¡Iil-liarns I.
Norton Surnmít

South-East

Eyre Penl,nsula

Kangaroo I.
Greenly I.
Hopkins I.
North Ganbier I.



Figure 5.9 Photograph and diagram of phosphoglucomutase varíation

ín Rattus fuseípes. The PG.Ivl, phenotypes from left to right are:

PGl{l 1, Ptrl 2-1' PGMI 2, PGM1 3.
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c band (PG\ 1) or bands b and e (PWf 2-1 and pcMl 2) . Ir vras easy

to distínguish two phenotypes both wíth ttre b and c bands, one wíth the

e band slightly stronger than the b band (PGMI 2-f) and the oÈher where

tTi,e b band was much stronger than the c band (PGMI 2). The PGM, 3

phenotype has the a and c bands with the former stronger than the latter.

The varj-atíon is similar to that found in Man (Spencer et aL. , 1964),

Pez,ornyscus poLì,onotus (Selander et aL. , I97I) and Mus rmtscuLus (Selander

et aL., 1969).

IÈ Ís proposed that the PGM, phenoÈypes are under the control of

three autosomal codominant a1le1ic genes , ,*1,, PGM? and ectfi. The

phenotypes, with Ëheír corresponding genotypes ín parenthesis, are

pcMl I (pGMllpGMÏ), po{t 2-r (pcMl/pGM?), ptrl z <earltecfi> and

??
PG¡'II 3 (PCMí/PA4I) . Famíly data supportíng Èhe mode of inherítance

proposed for the first three phenotypes are shown in Table 5.I4,

Ttrere are no family data involving the PGM, 3 phenotype, of whích

only one speeimen was found.

Population data presented in Table 5.15 show the geographíc

dístribution of the PGM, phenoÈypes. Kangaroo Island was the only

population found to be polyrnorphic and t}:.e PGM, genotypic frequencies

in that population are in agreement with the expectaËíons based on the

Hardy-![einberg prÍnciple (Xf = 0.041). The one individual sampled

from Eyre Island had the PGMI 3 phenotype and is the only record of

this phenot)æe. All oËher índivíduals scored werc PGMI/rr{, homozygotes.

Í\e PGM, gene frequencies on Kangaroo Island are sígnificantly different

from all other B. f. geyíi populations except Eyre Península. Eyre

Island ís significantly different from all other populatíons (using

the exact method for 2 x 2 contíngency tables).

The PGM, system vras not scored as an invariant system because many

of the samples \^rere not scored untíl they had been stored for a con-

siderable tíme, and therefore ít was díffícult to type reliably for PGM2.



Table 5.14 Family data on the ínheritance of PGll. phenotypes.

Presumed phenotypes are marked with an asüerísk (see Table 5.1).

Parental phenotyPes

I d

OffsprÍng phenotYPes

PGMt 1 PGMI 2-L PGM1 2

Number
of

matíngs

2
X

PGMl

PGMl

Ptrt

1

1*

1

x

x

1

1

x PWl 1*

TOTAL

PGMl

Ptrl
2T

3

15

39

135

I
51

L94

PGMl 1x
2-I x

PGM1 2-1

PGM1 1PWt

4

2

6 11

r6

3

19

10

1

TOTAI 2.r33

PGM, 2-1 x unknownt 1 1 3 1

I This male was an offspring of a
presr-unab1-y PGM' 2-1.

P@11 I x P@f, 2-1 mating and Ís



Table 5.15 Phosphoglucomutase-l phenotype numbers and gene freguencies

Ín ^R. fuscí,.pes populations.

Phenotype nurnbers Gene frequencies
Population

PG{ 1 2-LPGMl PWl 2 PGMl 3 PcMl ,*1 nÊ,I

R. f. fuseipes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
I'laldegrave I.
It111íans I.
Ilopkins I.
North Gambier I.
Eyre Penlnsula
Kangaroo I.
Norton Surmft
South-East

^Jfi. I. A,ASUryL L',?,s

R. f. coraeius

6
26
39

50
24
48
47
49
30
49
15
37
29
4L

4
7

I

I9

I
t
1

I
1

1

1

1

1

I
1

0
1

1

1

1

00
00
00

00
00
00
00
00
00
00
00
88
00
00
00
00

1.00

0.r2
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5. l.l2 6-Phosphoqluconate dehydrogenase

Four 6PGD pherro¡ypes \¡¡ere deËected ín natural populations of

R. fuseLpes (Ffg. 5.10). Three phenotypes had single bands of activíÈy

(6pGD t, 6PGD 2 and 6PGD 3) and a fourth had three bands (6PGD 2-I).

Sirnilar 6PGD varlatíon has been detected ín FeLis eatt'¿s (Thul-ine et aL. ,

Lg67), the marsupial mouse, SmLnthopsís ø'assicattåaf,a (Cooper and Hope,

l97L) and Rattus norÐegícus (Carter and Parr' 1969).

It is proposed that the 6PGD variation in .R. frcaipes is under the

control of three autosemal codominant allelic genes , 6PGDL, 6PGD2 and

2
6PGDr. Family data on the ínheritance of the 6PGD 1, 6PGD 2-1 and

6pGD 2 phenorypes support the proposed mode of inheritance (table 5.16) .

IleterozygoÈes have three bands of 6PGD actívity indicaËíng that the active

eîzyme ís a dímer. In general, the band of 6PGD 2 indivíduals was weaker

than the band of 6PGD I individuals. Also, the most anodal band of

heterozygotes was stronger than the least anodal band. Thís difference

is not obvícus ín Fig. 5.10, sínce the 6PGD 1 sanple represented there

was older than Èhe other samples and had lost much of its activity'

Popul-atíon data are presented in Table 5.I7. The SouÈh-East

popularion is polymorphic for 6PGD, wíth both the 6PGDI arrd 6PGD2 alleles

present. The genotypíc frequencies in Èhis populaÈíon are 1n agreement

wiÈh Ëhe expectations based on Ëhe Hardy-Lleinberg principle (Xi = 0'038) '

The 6pGD 3 phenotype r.rras found in one R. f. coraciLLs individual (locality

unrecorded); all other R. f. eoy.aeius sampl-ed were 6PGD2/OpCr2

homozygotes. Most populations are monomorphic for the 6PGD 1 phenotype.

T,Ine 6PGD gene frequencíes in Èhe South-East popul-ation are significantly

dífferenË from the frequencíes in the other R. f. gneAii populations'



Figure 5.10 Photograph of 6-phosphogl-uconate dehydrogenase varíation

I¡ Rqttus fuscipes. Phenotypes from left to right are: 6PGD 2,

6PGD 3, 6PGD 2-1, 6PGD 2' 6PGD 2-1, 6PGD 1'
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Table 5,16 Famlly data on the inheritance of 6PGD phenotypes.

Presumed phenotypes are marked with an asterisk (see Table 5.1).

Parental phenotypes

I ó

Ntmber
of

matings

Offspring phenotypes

6PGD 1 6PGD 2_L 6PGD 2

6PGD 1

6PGD 1*

6PGD 1

x 6PcD 1

x 6PGD I
x 6PGD I

TOTAL

*

25

I
15

4T

160

2

57

2t9

6PGD 2-1 x
6PGD 2-1 x

TOTA].

6PGD 1

6PGD 1*

3

1

4

1

I

2

I
I

2

6PGD 2

6PG'D 2

6PGD 1

6PGD 1*t
x

x

TOTAI

1

3

4

1

1

2

6PGD 2

6PGD 2

6PGD 2

x unknor¿n

x unknown

x unknown

2

2

2

5

21

1

2

I
I

I The mother and two síbl1ngs of thÍs individual were 6PGD 2;
thei faÈher r¡ras from the South-East populatíon (see Tabl-e 5.15).

2 Th""e males were all from the South-East population (see Table 5.15).



Table 5.17 6-Phosphogluconate dehydrogenase phenotype numbers

and gene f requencíes in .R. fuseipes populations.

Population
Phenotype numbers Gene frequencies

6PGD 1 6PGD 2-1 6PGD 2 6PGD 3 6PGD
r opcn2 6PGD3

E. f. fuseipes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
Waldegrave I.
llilliams I.
Hopkíns I.
North Gambier I.
Eyre Península
Kangaroo I.
Norton SummiË
South-East
.R. f. assíniLis
.R. f. coru,eí,us

6
26
39

1

50
z4
47
47
50
30
49
18
48
40

00
00
00
00
00
00
00
00
00
00
00
00
00
00
10

I
I
1

1

1

1

I
1

I
t_

1

L

1

I
0

:
1

34
5
6

6

0. 14*

0 .90
1.00
0. 86

*
see të(t for a discusslon

a
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5.1 .13 Superoxide dlsmutase

T\øo regíons of SOD activíty were observed on gels, one nrigrating

to the anode and one to the caËhode. The resolution of the cathodal

isozyme \^ras poor and no phenotypes were recorded. The anodal isozyme

(SODI) appeared as a single invariant band of activity. For the purpose

of the multivariate analyses ít will be consídered that this invariance

reflects the presence of only one gene, SIDI coding for the primary amino-

acid sequence of SODI.

5.2 SUMMARY OF GEOGRAPHIC VARIATION

A sunrnary of the gene frequencies for all loci and all populations

is given in Table 5.18. The geographic dísÈribution of Ëhe elecËro-

phoretic variaËion can be summarísed as follows:

Four enzymes, ACP, G6PD, MDl"f and SOD, show no variatíon withl-n or

betr^reen populations .

of Ëhe remaining twelve proteíns, four, ES, GOTM, ICD, and LDHB, d.o

fiot vary within .R. f. greyü, Èhe only extensÍvely studied subspecies,

although they show some variatíon wÍthin either .R. f. fuseLpes or

R. f. eotaeíus. There is very little ínfornatíon on the exÈent of the

variation ín subspecfes other than R. f. gTeA¿i, although there ís some

evídence that the LDH, pollmorphism is geographícally wídespread in

R. f. fuseipes.

Eight other proteins show varíation r^/íthín or between .R. f. gzeyii

populations. !üith three of these proÈeinsr PGM'' GOTS and 6PGD' most

populations are monomorphic for the same phenotype buË one or t\¡/o

populatlons conÈain another phenotype. MosÈ populaUions are monomorphic

I -- , 'for the PGMI aILele, but the Kangaroo Island population has tl-:.e PGMI

allele as well, whíle a rhird allele, ecul is probably fíxed in the

Eyre Island populatisn (Fig. 5.11a). Apart from the Pearson Islands,

all .R. f. g?eAí¿ popularíons are monomorphic for Èhe GO$ gene. The
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Figure 5.11 pie diagrams showíng gene frequencies ln samples fron different populations of Ratttts fu'seLpes'

(a) PG,I., (b) GlTs, (c) 6PGD, (d) rCDNr, G) W* (f) LDHL, (g) ALB' (h) 118'
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GO{ Serre is found only in the two Pearson Island populaËions (Fie.

5.11b). A third gene, ,ori is present ín mainland R. f. assiwLlís

samples. All índíviduals from R. f, greyii populations are 6PGDI / 6PGDL

homozygotes except some from the South-East where another allele, 6PGD2

is also presenÈ (Fíg. 5.11c). The 6PGD2 gene is also found in the two

easÈern subspecies, together wíth a third gene, 6PGD3 in.R. f. eoz,acius.

Five proteins, ICDyr I'ÍES, ALB, DHA and HB show exËensíve variatíon

ln.R. f. gneyii. The mitochondríal form of ICD is polymorphíc in three

of the four widespread populations as well- as on [Ialdegrave Island

(Fig. 5.11d). The fcn[eene is less frequenÈ than iËs allele, fCf*, il

these polymorphíe populaÈions and ICDZ, ís f íxed ín all other populations.

The ME, enz)¡me ís polymorphic ín all widespread F. f. gyeyíí populations

whilst all srnall island populations are fixed for one of two alleIes, as

are the samples frdm the other subspecies (Fíg. 5.11e). At the LDHO

locus, each population, except Norton Sunmit and .R. f. fuseLpes which

are polyurorphíc, ís fíxed for one of two alleles (Fig. 5.11f). ALB is

sÍmílar in that all populaiíons are monomorphic for one or other of two

types (Fíg. 5.119). Four of the seven HB "a11e1es", ,?BB, HBD, ãf and

HBQ are each restricËed to one population, while HBA, HBP and //BS are

each found in several populatíons (Fig. 5.1lh).

A perusal of 6PGD, WS, LDIIA and ALB variation in.R. f. greyíi

(Ffgs. 5.1lc, 5.1le, 5.1lf and 5.11e) show that generally, the most

co 'non genes in the north-western populations are also the most common

genes in .R. f. fuseipes and the mosË comon genes in south-eastern

populaËiona are Èhe common genes in R. f. assímiLis and R. f. eoraeí.us.



60

5.3 ESTIMATES OF VARIATION I^IITI]IN POPUI,ATIONS

Table 5.19 shows the number of polymorphíc loci and mean

heterozygosities in each population. It should be stressed that the

estímates for the Eyre Island,.R. f. fuseipes, R. f. assimilis and

R. f. coracius populations are eaeh based on a maximum of seven specimens

(r^ríth exceptíons for some loci for .R. f. a,ssimiLís) and these varíability

estimaËes must be treated wíÈh particular caution.

Each of Ëhe large -R. f. greAü populatíons (Eyre Peninsula, Kangaroo

Island, Norton Summit and South-East) are polymorphic at two to four loci

with mean heterozygosity values in the range between 0.020 to 0.104 (mean

0.045). Tl^ro small Ísland populaÈions, Pearson Island South and

Waldegrave Islandrhave one pol-yrnorphíc locus, while withín in a11 other

small lsl-ands no variation was detected. Itre average mean heterozygosity

withín all small isl-and populatíons of .R. f. gre7ií (except Eyre Island)

is 0.007. Excluding the four populations wíÈh snall sample sizes, the

following table íllustrates the greater Proportion of polymorphic locÍ

in widespread populations compared with populatÍons occupying small

islands:

Number of Proteíns

polymorphic rnonomorPhic

1-arge 11 53

Population
aTea

sma1l r42

An ínteresÈing feature of the average heterozygosíËy estimates is

that in the two smal1 island populatíons which have polymorphic proteins

(pearson Isl-and South and I^Ialdegrave Island) , the proportion of

heterozygores for the- polymorphic loci is generally high (0.4I7 arld 0'596

respectively) compared with the large populations (see the right-hand

column of Table 5.19). As a resuLt of thls, these two small populaËíons

2



Table 5.19 EsÈ1maËes of geneËic variatlon in R. fuseLpes, based on 16 proÈeins. The standard deviations

of mean heterozygosiËy were calculated accordlng to Èhe method of Nei and Roychoudhury (L974).

Approximate
sample
size

Polynorphic proÈelns Average heterozygosiÈy
Populatlon

Number Proport.ion Per locus t S.D. Per polymorphic locus

R. f. fuseipes
Dog I.
Goat I.
Eyre I.
Pearson I. North
Pearson I. South
Greenly I.
tr'Ialdegrave I.
llilliams I.
Iiopkins I.
NorÈh Gambier I.
Eyre Peninsula
Kangaroo I.
Norton Sumnlt
South-EasË
R. f. assimLLis
Ã. f. eoraciu¿s

6
27
39

1

50
24
4B
47
50
30
49
19

48
42
4T

5

7

3
0
0
0
0
1

0
1

0
0
0
2

3

4
2
2*
4

0 .3330.063 r 0.0370. 19

0 .06

0.06

0. 13
0.19
0.25
0.13
0 .13
0. 25

0.020
0 .033
0.104
0.024

0 .014
0.019
0.055
0.017

0.026 ! 0.026

0.037 r 0.037

0 .417

0.596

+

t
+
+

0.158
0.175
0.415
0.r95

0. 2sof

) and the

0.031 t 0.023

*
One "polymorphism" \¡Ias a difference between mainland and Glenníe Island Índividuals (G}T
other was HB (see Section 5.1.6). S

f Based on the two polymorphisms (G7fM and, ICD) where heterozygotes were observed. Two other
polymorphisms were differences betwËen the iÌdtvidual of unknown l-ocaliËy and the oÈher sÍx
specimens (6PGD and E9).
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have slmilar heterozygosities, averaged over all loci, to Ehe large

populations.

5.4 INTRAPOPULATION ASSOCIATIOI{S

l,Ihere tr^ro or more polymorphisms occurred within an R. f. greAii

populatíon, a test was nade for random associatíon between the phenotypes

in all paírwise combinatíons of polyurorphisms withín thaÈ population'

Inítia[y each comparison Èook the form of a 3 x 3 contingency table,

but because many cells. had expected numbers less than five, these tables

r,rere condensed to 3 x 2 or 2 x 2 tables. If , afÈer reduction Ëo a

2 x 2 table, any cells had expected values less than fíve, Fisherrs

eKacË method was used to determine the probabílity. OËherwise a X2

value with Yatesr correction hTas calculated. One pairwise comparíson

was nade for each of the Eyre Península and South-East populations t

three comparisons for the Kangaroo Island popui-ation and six for the

Norton Surnrnit population. No associaËions stgnifícant at ttre 5%

level were detected.

For each polyurorphísm in a Ë. f. g?ea¿i population, a tesL hTas

made for random association between phenotypes and sex. In most

comparlsons it was necessary to reduce the 3 x 2 conÈingency table to

a 2 x 2 table. Of the thirteen tests carríed out, the ME, polymorphism

on Kangaroo Island was the only one to show a signífícant non-random

association of sex and phenotype. The data are given below:

WS Phenotype

female

2-IS1

0

20 5

Sex

male

ME

23

I,fE
S
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Trhe exact probabll-Íty l-s 0.03I. In view of the number of tests

carried out (thirteen), it sesns Ëhat little weight can be given Ëo

this association. More data are required to confirm or disprove the

significance of the assocíation.

5.5 MULTIVARIATE ANALYSES OF ISOZYMIC DATA

5.5.1 GeneÈic dístance

one way of comparing populations, based on all the isozymic

information available, ís to calculate a t'genetíc distance". Many

methods have been advanced for esÈímating the genetíc distance beÈween

two populaËions. Several of these methods have been used for

estimatÍng the genetic distances between Ã. fu.seípes populations.

In the following section, m will denote the number of alleles at a

locus "rd pil 
"nd 

pi2 the frequencíes of the ith allele in populations

I and 2 respectively.

a) Rogers (L972) proposed a genetic dístance

D (1)

where informatíon from several locí, both polymorphic and monomorphíct

are combined by calculaÈíng an average value of D '

b) Latter (1972, 1973) has suggested two measures of genetic

distance,

y = (Hs H)/(1 -H) Q)

m

z.[.(er, - ,rz)'
l_= I

H

Hn
1ooANCI

(3)
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m

where

and

H

Hg 1-

| -L".l.tri, * p?z)
l,=r

m
ç
L

l=
Pit Pi2

I

Information from both polymorphic and monomorphíc l-oci are used Èo

calculate y, but only polynorphic loci are used to estimaËe Q*. LaËter

has índicated that several 1-ocÍ may be combined by usíng mean values of

H and IIu in equations (2) and (3), but Kirby (1974 and pers. commun.)

has suggested taking average values of Y and 0*. The second method

has the added advantage of allowing an esÈimate of the sËandard error

to be made.

c) Nel (1972) has defined a genetic distance between tvlo

populations as

jtz
_roBeD .ãfr

P
1

m

T
a=

m

I
i=

m.\
J tZ = .L.P ita=I

p 2

í1 and iz 2
where i2'

1

Information from several loci (polynorphic and monmorphic) can be

combined by using mean values of J¡2, j, and 3r' Nei and Rciychoudhury

(Ig74) have derived the formulae for estímatíng the variance of D'

d) cavallí-Sforza (1969) has defined a genetic distance

Pí2, jl

m

4l(r - I Ptt Piz>f Lr.o - ,>f
0 l- 1

where the two unmarked summatíons are taken over po1-pr'orphic l-ocí '

(s)
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e.) Balakrishnan and SanghvÍ (1968) have proposed the following

measure of genetic distance

(6)

tz) and a mean G2 for polyrnorphic locÍ may be

f) Jacquard (Lgl4) has defined a genetic disËance x2, defined in

the same v/ay as G2 except Èhat þ. is the weighted (accordíng to sample

size) mean frequency of the ith allele over all- populations sampled.

This measure is considered here because by includíng monomorphíc loci

(where X2 = 0) and dividíng the sum of y2 f.or all loci, by the number

of loci and then takÍng the square root, a value is obtained which is

Ëhe same as that found in the correspondence analysis to be described

in Sectior 5.5.2.

Genetfc distances hrere computed between all .R. fuseipes populatÍons,

excluding those involving .R. f. assìníLís and Eyre Island. (Note a1so,

that for all multivariaÈe .rrrtr".", the 8. f . eo?acius specimen of

unknown locality was noÈ included. Consequently the R. f. eoracius

gene frequencies used r¡rere not exactl-y the same as shor¿n in Table 5.18.)

The ] and Q* distances of Latter were each determined by two methods:

(Í) usíng mean values of II and H, (II,HB), and (ii) taking the mean value

of y and qo for each locus (toci). Table 5.20 shows the correlation

coefficients beÈween the various genetic distance measures. Ihese

correlations are based on 15 populations giving 105 estimates of

distance. All correl-ations are: highly significant and' except those

involvÍng 0* (using mean H and HU) or X2, al-1 are 0.99 or 1.00. It is

interestíng Lo note that the two meËhods of estímating y gíve almost

identical results, while the two estimates of O* are quíte different '

m

c2 = I
i--1

where Þ, = %(nrl + p

calculated.



Table 5.20

LATTER Y (8,fr8)

LATTER y ff,ocfl

LATTER O* CE,\)

LATTER O* (tcÐ

NEI D

GAVALLr-SFoRZA f0

BALAKRISHNA}T & SATIGTIVI G2

JACQUARD X2

Correlatlons of various estimates of genetic dístance

based on 105 pair-wise cornparísons.
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It was decided to use only Neíts ,leasure of genetic distance in further

analyses in thisthesis, because a standard error of the dist-ance could

be computed and the dístance ís highly correlated with most other

measures. Furthermore, disÈances between populations of other species

have been calculated and publíshed using Neírs measure (Neí, 1975) and

ft has been suggested that this measure of distance ís closely related

to the number of gene substituÈions involved (Nei, 1972).

The dÍstance matrix between R. ft*scipes populations, based on Neírs

distance measure ís shown ín Table 5.2I. The standard errors are hight

generally being about half of the estimate, although for sma1l dístances

the standard error is about the same as the distance. IÈ can be seen

that the genetíc distances between subspeeíes are generally greater than

those between different R. f. g?eAi¿ populations. A comparison of Ëhe

genetíc distances between the populaËions studied here and the dístances

of comparable taxonomic groups of ma'nmal-s \rras made using data from Nel

(1975) (table 5.22). It shows thaÈ the range of genetíc distances

between races (defined here as populations belonging to the same sub-

specíes) and between subspecíes of R. fUScþes axe, in general, greater

than the range of distances between races and subspecies of other m¡mmals.

A dendrogram $/as produced from Èhe Neí genetic dístances, by the

unweighted pair-group method of cluster analysis using arittunetic averages

(UPGMA, Snearh and Soka1, 1973) (Fíg. 5.12). T\so distínct populatíon

groups are evÍdent, one consisting of the Pearson Islands, Goat Island,

Dog Island and .R. f , fuscipes and the other grouP containing al-1 other

populations. The R. f. fuseípes population clusters wíth an .R. f. greyii

group at a dístance of about 0.14, but.R. f. eora.eil,t's clusters with

another .R. f. grea¿i group at a gïeater dístance, about 0.24. However,

R. f. fusaipes and B. f. eoyae'ius cluster with F. f. g?eaií groups before

the clusterlng of all the popul-ations naking up the latter subspecies '
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Table 5.2I Genetfc distances rùith standard errors, between populations of .R. fuseipes, calculated according Ëo Nei (1972).
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Table 5.22 Genetic distances beÈween populatÍons wíthin the

R. fuseípes group, and between oÈher populatíons of símilar

Ëaxonomlc rank (from Nei, 1975).

Specíes Genetlc distance
between races

GeneÈic dístance
beÈween subspecles

Man

Mus museuLus

Kangaroo rats

Pocket gophers

Gophers

R. f. gneyií

.R. fuseipes

0.011 - 0.019

0.010 - 0 .024

0.000 - 0.058

0.00 - 0.38

0.194

0.004 - o,262

0.009 - 0.054

0.11 - 0.59
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Of ttre /?. f. greyíí populations, Eyre Peninsula, North Gambier Island

and Hopkins Island cluster at 0.00, whí1e South-East and Dog Island do

not appear to be closely associated with any E. f. geeyü populaÈions.

5.5.2 Correspondence analYsis

Correspondence analysis (ttanalyse factoríelle de corresPondances";

Benzecri, f970) is a modificatíon of princípal components analysis'

applied to contlngency Ëables. The data are represented in the form

of a large contingency table, the populations corresponding to the rows

and gene numbers to columns. The value of each cell ín the Èable ís

then transformed by rnultiplying it by Lhe square root of Ëhe producÈ of

j-ts row and column Ëotals. A princlpal component analysis on the

transformed data leads to the arrangement of the populations (and genes)

in a multidimensional space. I am most grateful to Dr. R.J. Itlhite

(UníversÍty of SouthampÈon) who wrote a comPuÈer Program and performed

the correspondence analysís on the R. fuseípes data.

Table 5.23 shows the distance between the populations in the ûnrlti-

dínensional space. This wil-l be referred Èo as the CA dístance or

Jacquardrs genetíc dístance, sínce it is the same as the genetíc dístance

'of Jacquard (1974) as described in the prevíous section. As shown in

Table 5.20, Jacquardrs genetíc distance is not as hígh1-y correl-ated with

the other distance measures as the others are amongst themselves. One

way of illustratíng this difference is to compare the dendrogram

produced from a cluster analysis on the CA distances (Tig. 5.13) with

the dendrogram from Neírs genetic distance (¡'ig. 5.12). The most

striking difference is the clusteríng of all .R. f. gTeAii populatÍons

without the other subspecÍes when Jacquardrs distance measuTe ís used,

whereas two dístinct groups form, one containíng ,R. f. fuscipes and the

other .R. f . coraeiuß, when Neírs measure is used'



Table 5.23 Genetl.c dfsÈances betureen populations of .R. fusaþes, calculaÈed by the correspondence analysis.

Ttris 1s the same as Ëhe genetic distance measure of Jacquard (1974), described in Sectíon 5.5.1.
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RFF
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3.33

3.23

3.23

3.23

3.27

3.30

3.28

3 .40

3.47

3 .38
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1 .39

1 .51

t.28

L.29

I.29

t.25
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1 .39
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1.71

1.52
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2.38
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0.83
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0.72

0. 82

0.99

L.12

r.33

1.08

L.37

2.25
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0.95

0.95

1 .06

I .09

1.09

1 .40

1 .58

L.37

1. 61

2.4L

0.08

0.08

0 .46

0.58

0.54

1 .13

1.35

1 .09

1 .39

2.25

0.00

0.51

0.66

0.53

1.15

1.37

t.t2

I .40

2.26

0.51

0,66

0 .53

1.15

L.37

I.t2

1.40

2.26

0.42

0.74

1 .04

L.27

0.99

1 .31

0. 85

L.T2

1 .34

1.08

r.37

2.24
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1.02
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correspondence analysf s.
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The corresprrndence analysis allows the populatíons to be plotted on

a scatËer díag::am defined by the principal axes. Fig. 5.1.4 shows Ëhe

populations plotted on Èhe fírst and second principal axes. The plane

defined by these Èvro axes displays 48"Å of. Èhe variation ín gene

frequencies between populatíons. The first axis results in a largely

indiscriminant spreadíng of the populaËions, while axls two clearly

separates R. f. fuseLpes and -R. f. com,ciu,s from the oÈher populatíons,

as does the dendrogram (Fig. 5.13). In an attempt to clarify the

relaÈionship between the .R. f. greA¿i populations, Lhe analysís was

repeated without the ,R. f . fuscípes and R. f . eo?qeiu.s populations.

The plane def ined by axes one and two for such an analysis is shor^rn in

Fig. 5.15, and the plane defined by axes one and three in Fig. 5.16.

The first three axes contal¡ 6L% of the Èota1 variation in gene

frequencíes between .R. f. gz,eAií populatíons. It is clear Ëhat axes

two and three separate the SouÈh-East and Dog Isl-and populations

respectivellz, the two populations revealed by the dendrogram (Fig. 5.13)

as being the nost dívergent R. f. greyii populations. The dendrogram

and scatËer diagram also reveal three clusters, one consisting of Eyre

Peninsula, Hopkíns Island and NorËh Gambíer Island, a second of trIaldegrave

and l,Iílliams Island, and a third loose cluster of the Pearson Islands and

Goat Island. The dendrogïam derived from Neirs genetíc distances

(Fig. 5.L2) shows símilar clusters.

5.5.3 Genetíc dístance eeosraohic distance and the time since

isolatíon

Ihere ís some indicatíon from the dístribution of indívidual genes

and the multívariate analyses, that there ís a relationship between

geographíc and genetlc distance. Four regression analyses \¡/ere performed

to investígate wheÈher there Ís a relatíonshíp between genetic and
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geographic dístance. T\¡o sets of data were usecl, one eontaining all

R. fuseípes populatíons except R. f. assimilis and Eyre Island and the

other vrith.R. f. g?eA¿¿ populations only. For each set of data a

separaÈe regressíon of Jacquardts and Neírs genetic dÍstances on

geographíc distance was computed. Ltre geographíc distance between

.R. f. grqii populations r¡ras Ëaken as the dístance in a straight líne

between than, for the large populatíons the centre of the eollecting

area serving as the position for these populatíons. The two Pearson

Islands were given a geographic separation of 0 lsr. The dístances

between .R. f. fuseLpes and R. f. gteyií populations \^Iere detennined

by addíng the least distance between the most eastern F. f. fuseLpes

collectíon point and Dog Island Èo the distance between the R. f. greyü

population and Dog Island. A sirnilar method was used for .R. f. eo?ací.u's

excepL thaÈ the South-F¿st vlas used as the base populatíon and the

distance from R. f. eorac¿us to the South-East r^ras taken along the nid-

line of the current dístribution of .R. f. assimilís (see Fig. 3.2r.

The regressÍon coefficients of genetic distance on geographie

distance (in units of 101000 km) and the tests of significance are

shown below:-

Genetic disÈance
measure

Populations in
analysis

b sE-
b

Signif icanc e
ofb

Nei

Nei

Jacquard

Jacquard

all

R. f. gveAi¿

all

R. f. g"eA¿i

0.503

1.850

6.588

12.r52

0.080

0.568

0.260

1 .800

P<0.001

0 .001 <P<0 . 01

P<0.001

P<0.001

It is clear that there is a highly significant regressi'on of genetíc

disÈance on geographic distance for both Neits and Jacquardrs genetíc

distance measures. For both measures the regression coefficient is
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greater when only the .R. f. feAíi populations are consídered. A

comparison of the four regressions is best íllustrated in Fígs. 5.17 to

5.20, fn whích the esÈjmates of genetÍc distance are plotted against

geographic distance.

During the last ice age, all the islands with F. f. greAii

populaËions r¡/ere part of the maínland. As the ice retreated, there

vras a eustat.ic rise ín sea 1evel and the íslands were formed. It ís

possible Èo estímate the time of isolaËion from data on the mean sea

level during the last 20,000 years (Godwin et aL. ' 1958; Faírbridge,

1960, 1961; Thom and Chappell' L975) and the Present topography of

the sea bed. Table 5.24 shows these esÈimated times. Using thís

infornation and assumíng that the mainland ,R. f. greAi¿ populations

have been isolated for 51000 years (presumably because of a clímatic

change - see Chapter 1) and the tr¿o Pearson Islands for 100 years,

it Ís possible to deterrnine the regression of genetÍc dÍstance on time

sínce ísolation for the R. f. gTeAü populatíons. Ihe results are set

out belor,tr (time in units of 11000 years):

Genetic distance
measure

b sEt Significance
ofb

Nei

Jacquard

0.01 136

o.0147 6

0.00387

0.01s23

0 .001 <P<0 .0 1

0.2<P<0 .4

There is a highly significant regressíon of Neirs genetic distance on

tíme sínce ísolaÈion, but the regressíon ís not signifícant when Jacquardrs

measure 1s used.

Finally, multiple regressions were performed using both geographic

distance and time since isolation as independent variables. In different

regression analyses, Neirs and Jacquardts measures !7ere used as dependent
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Table- 5.24 EsEímated Èi¡re of i-solation of varíous íslands from maínland.

The depths shown a-re the changes in sea level (relaËíve to the present

level) thaË v¡ould result ín a land bridge joining tfre various islands

to the mainland. Data from navigational charts (8.4. 1061; B.A. 3359;

B.A. 1762i Aus. 134) and Royal AusEralian Navy survey sheets (v4/40;

V4/4I; v4/66; v5/204; v5/2051 v5/206) wereused.

Populatíons
DepÈh

(metr es)
Years
(B.P .)

Eyre Península - Dog Island

Eyre Penínsu1a - Goat Island

Eyre Pcninsula - Eyre Island

Eyre Peninsula - Pearson Islands

Eyre Peninsula - GreenlY Island

Eyre Peninsula - I^Ialdegrave Island

Eyre Peni-nsula - ÌÍilliarns Island

Eyre Peninsula - Hopkins Island

Eyre Península - North Gambier Island

Norton Sunmit - Kangaroo Island

= 1-3

75

75

6

22

50

31

11,500

6,500

<6 ,000 
I

I 4,000

l4,000

6,500

12 ,000

9,500

1 2 ,000

10,000

37

6

50

I Eyre Island ís separated from the mainland by a sea channel only
a few hunclred metres wide. Minor fluctuaËions ín sea leve1 thought
to have occurred during the past 61000 years and changes in the
conformatíon of the channel have probably resulted in Eyre Island
being connected by a land bridge to the maínland during that time'
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variables. Both regression analyses revealed geographíc distance and

tíme since ísolatíon as highly slgnífÍcant predictors of genetic distance.

The results are set out below:

Genetíc dlsÈance
measure

DependenË
varlable

b Signlflcance
ofb

Nei

Jacquard

geographic

time

geographlc

tlme

2.L95

0.013844

L2.884

0.029287

P<0.001

P<0.001

P<0.001

0 .001<P<0.005
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CHÂPTER 6

DISCUSSION

6.1 SOLUBLE GLUTA}'ÍATE OXÂLOACETATE TRA}ISAMINASE IN TIIE PEARSON ISLANDS

Fig. 6.1 is a map of the Pearson Islands, showíng the areas where

animals were collecÈed. The two íslands are separated by a narrow,

shallow sea channel (Fie. 6.2). The,R. f. greyii populations on the

two islands differ narkedl-y ín GOT, gene frequencies as shown by the

gene counts tabulated below:

Pearson Island South L4

Pearson Island North 98

A test for homogeneity ín the contingency table above gíves a

X1 = 8O.OZ (P<<O.OOl). If the CO{ gene ís Present in the Pearson

Island North populatíon, then its frequency ís less than 3% (wít}:. 957"

confidence).

Both pearson Islands appear to provide very sirnilar habitats for

Ìt. I. gyeA'LL, and therefore it seems unlikely that Ëhe marked dífference

in gene frequencies is maíntained by selection. The observed absence

Â

of the G0{ Sene ín the Pearson Island North sample suggésts that the

movenent of animals betvreen the two lslands is severely restrícted.

There has been a similar restriction in Èhe movemenÈ of the Pearson

Island wallaby (Petrogale sP.), the only other ma¡rnalian specíes

inhabiting the islands. Until 1960 the Pearson Is1and wallaby was only

found on Pearson Island NorËh. No evidence could be found to suggest

that before 1960, thís specíes inhabited Pearson Island South, although

a sultable habitat was avallable there. In 1960 six wallabíes were

accidently released on Pearson Island South and the species is now

*rzto4s

30

0
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Flgure 6.1 Map of the Pearson Islands. Areas where aninals I^tere

captured are indicated by shadlng.
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Figure 6.2 Aerial photograph of the channel separatíng Pearson Island

North and Pearson Island South. The arrorü marks the area which is

sometimes dry at spring low tides and provides a land-bridge between

Èhe two islancls. Scale: 50 nrn = 70 m'
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abuudant there (fhornas and Delroy, 1971).

It appears unlíkely that the rats and r,¡al1abies are physically

íncapable of crossíng the channel between the two islands. When the

sea 1s cal-m and the tide is low, it is easy for a man to wade or step

from rock to rock between the t¡,ro sections. Indeed, at very low spríng

Ëides, the two islands are sornetimes joined by a dry sand bar (.1 . tr'orrest,

pers. cormn.). However, it is possible that the occasional Joiníng of

the two íslands by a land-bridge is a recent phenomenon. There is some

evldence to suggest that since the ísolation of the Pearso¡r Islands from

the mainland (about.141000 years BP), the mean sea 1evel on trqo or more

occasíons has been about six metres above its present level (]]¿ídale,

1971 and pers. coum.). During these tímes of high mean sea level, Èhe

channel r¿ou1d have been a much more formidable barrier to mÍgration than

it is at present.

Thomas and Delroy (1971) suggested that the wallaby did not cross

the channel because ít found the sea ü7ater disÈasteful. Another

possibílíty is that. because the sea is often very rough, selection may

favour animals predisposed to keeping away from the shoreline. Such a

behavíoural traít would límit any nigratÍon between the Ëwo islands.

The absence of tine GO{ gene in animals from all other ,R. fi,æeLpes

populatÍons, suggests that either this gene has arisen by muÊation in

the Pearson Islands populations since their isol-aËion from other

popul-atÍons or else the GO{ gene sras not wídespread bef orehand. If

tine GA{ gene vras widespread in the ancestral population, Ëhen it would

be expected to occur in some other present-day populations. The GOT,

polymorphism on Pearson Island South ur,ay have been present on both

Pearson Islands before the channel was formed, fn whích case it rn¡st

be presumed that ttle G0{, gene üras lost from Pearson Island'North,

probably due to genetic dríft.
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6,2 GEO3RAPIIIC VARIATION IN MITOTHONDRIAL I S OCITRATE DEHYDROGENASE

ltrree of the f our large .R. î. g?eAii populations as well as the

I,Ialdegrave Island population are polymorphíc for ICDM (Table 5'8,

Fíg. 5.5). ICD, is unusual in that it is only very rarely found to

be polymorphic in mammalian populations. Sel-ander and Johnson (1973)

found that the mean heterozygosity per indívidual at the -fCD" locus of

19 vertebraÈe species is 0.0031. trrlhen only those specíes polymorphic

for ICD, are considered the mean heterozygosity is 0.0140. For all

glucose metabolísing enzymes, the estimates are 0.0491 and 0.1043

respectively. Thus ICD, Ís not only polymorphic in fewer populatíons

than most other glucose metabolísÍng enzynes surveyed, buË where ÍË is

polymorphÍc, the nean heterozygosÍty is low. However, these differences

have not been shown to be statistically significanË

It has been suggested by van lleyníngen et aL. (1973) that there Inay

be a sÈrong conservation of the charge properties of mítochondrially

bound enzymes compared with other enzymes, possibly because the charge

of mitochondrial enzJmes may be ímporÈanÈ for theír localisatíon ín

míÈochondria. There are twd other enzynes, gluËamate oxaloacetate

transaminase and malate dehydrogenase which have mítochondrial and

soluble f orms, and f or which Èhere are extensive data on their

varíability in verÈebrate populations. The mitochoadrÍal forn of GOT

has a similar 1evel of variability to ICDM. I'Ihile ì{DHt has not as 1ow

variabílity levels as the other two mitochondrial enzymes, it ís less

than average (Selander and Johnson, 1973) '

It ls difficult to determine if selectíve forces are maintainíng

the ICD" polynorphisms observed.. There appears to be a pritna' fae,e-

case for the ICD, polynorphism on l^Ialdegrave Island being maintaíned

by hetero zygote advantage at the rcD, ]!oc,,ts or a closely línked locus

in linkage disequilibrium with it. Thís is based on the observation

of a slgnificant excess of heÈerozygotes (Section 5.L-7.2). If
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heterozygote advantage acts through dífferential mortality between

zygote formation and adulthood, and if equlli.brium has been achieved in

thís population, then ít is possÍble to estimate Lhe relative fítnesses

of the three genotypes. These estimat.es are deríved from the ratios

of the observed numbers of the different phenotypes to the numbers

orpected by the Hardy-l{einberg principle. For Èhe ICDM polymorphísm,

the ICD" 1 phenoËype has a fitness of 0.38 and the ICDM 2 phenoËype a

fltness of 0.64 relatÍve to the heËerozygote.

The diff erence in .activity of the allozlmes determíned by the two

TCDM genes (see Section 5 ,L.7 .2) may reflect in uíuo differences which

are selectívely ímportant.

The present w-idespread geographic dÍstrlbution of fCD, Benes suggests

that these genes vrere present in the postulaÈed ancestral population.

The fact that the l^Ialdegrave Island population has remained polymorphic

for ICD, while other small island populaEions have become monomorphic,

also suggests Èhat selectíon may have played some part in the maintenance

of the polymorphism on Waldegrave Island.

6.3 GENETIC VARIABILITY I^IITTIIN POPULATIONS

On average, mammalÍan populations are polymorphíc at about one-third

of their electrophoretically detectable loci and an índívidual is

hetetozygous aL about 57" of. its loci (Ilarris and Hopkinson' 1972;

Selander and Johnson, 1973; Lewontin, 1974; Powell,1975). Tkre

populatlons of .R. f. greyii studied here, with the exception of Norton

SurmniÈ, have much lower values, for the proportion of polymorphíc loci

and for mean heterozygosity, than the average maunnalian population (table

5.19). The results also índicate that widespread populatíons of

R. f. greAii are more varíable than those on sma1l offshore islands.

It may be argued that the 1ow levels of variabílity ín most

R. f. g?e7ii populatlons are related to the choice of proteins examined.
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Kojíma et aL, (1970) and others have demonstrated differences between

proteirrs in the frequency with which they exíst in the polymorphic staËe.

It is posslble that the low genetíc varíability found in -R. f . grqü

populations is a resulË of choosing many proteins, which, in mammals, aTe

generally invariant. In fact, proteins were chosen on the criterion

that suitable condítíons for saÈísfactory elecËrophoretic resolution

could be found. This criteríon, which is the usual criterion for such

studíes, seems unlikely to be related to the degree of protein

variabilÍty.

As a resulÈ of the widespread occurrence of Ëwo ICD, Eenes in the

cont,emporary populations, it was ínferred in the previous secÈion that

the ancestral R. f. gaeAii populaËion \^Ias probably polyruorphic for ICDM'

If there rias noÈ a widespread ICD" polyurorphism in the ancestral

populatíon, then it is difficult to explain the current ICDYSene

disÈríbuÈions (given the absence of migratíon betr^¡een populations) '

On the same grounds, ít can be argued that the ancestral population

was polynorphic for four other proteins (ALB, HB, LDHA and MEr) - Èhis

is díscussed further in SecËíon 6.4. In the case of haemoglobín, three

genes r,rere probably widespread (HB¡., HBP a,^d HBS), while three oÈhers

(HBB , HP arrd f/BK) were elther restrícted in dístribution or arose by

mutatÍon after the isolaËion of theír parÈicular populations' Thus,

it can be argued that the ancestral population was polyrnorphic for aË

least five of Ehe proteíns examined and hence had a level of genetic

varíabiliEy símilar to that found generally in present-day nammalian

populatíons. The gene distributions also suggest that the paucity

of genetic variation ín the small island populations is due to the

loss of polymorphisms subseguent Èo ísolatíon. The large populations

have on the whole, retained a greater proportion of polyrnorphísms than

the small ísland PoPulations.
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Whlle some studles show lower levels of genetíc variabilíty in

ísland populations compared to mainland populations (e.g. Saura et aL.,

L973; Soule and Yang, L973; Avise et aL., 1974; Gornan et aL., L975),

others show no significanÈ dífferences (e.g. Berry and Murphy, I97O;

Ayala et aL., L97L; Berry and Peters, 1975). Reduced genetic varíation

has also been found in populations which resemble island populatíons,

with respect to lor¿ effectÍve populatíon size, a recent bottleneck in

numbers, or small habiËat area (e.g. Avise and Selander, 1972; Bonnell

and Selander, L974),

The paucity of geneÈíc variatíon in the sma1l,R. f. gre7í¿

populatÍons can be attributed to one or more of three causes. Firstt

genetic drift may have a more marked effect ín the island populations

than in the large popul-ations because of the smaller number of animals

ín Èhe former populatíons. Thís suggestíon can be testedr as a rough

estimate can be made of the population sizes of the small islands and

malnland populatíons. Evidence presented ín Chapter 3 suggests that

the densiËy of individuals on Glennie Island Ís about 75 animals pe? ha

(30 pez. acre), wtril-e on the mainland, the corresPondÍng figure is about

IO per ha (4 per aere). lhese relaÈíve densítíes of the two populaÈíon

types are about the same as those indicated by the ËraP rates (number of

fndividual-s caught per trap per njrgtrt) found in this and other studies

(50% on islands ue1sus 57" on the maínland). The maínland populations of

R. f. gneTíi each occupy about 4O0,OOO ha while most islands are less

than 300 ha, which gives total numbers of animals as 4 x 106 arrd 2'25 x

104 respectively. Even if only one-tenth of the area of mainland

populations is actually inhabited, Èheir population sizes are at least

an order of magnítude larger than those of island populatíons'

using the estimated populaÈion size on sma1l i-slands, it ís possible

to compare the observed Ïtetetozygosity with thaË expected, on Èhe

assumption thaÈ the population is in equilibrium (the loss of genes due
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to clrift equals the gain from mutatlon) and selectíon Ís ígnored. The

expected mean het.erozygosity H ís related to the population size N and

mutation rate U by

4Nu
H = (1)

4NU+1

(Kimura and Crow, ï964). For island populations, using N = 2 x 104 and

_A
U = I x 10-', the mean heterozygosity is expected to be about 0.07. If

I is set lowerr say to I x 10-7, themean heterozygosiÈy at equilibrium

is about 0.01, which is closer to the observed value (0.007). Since

the effective populatíon size has, íf anything, probably been over-

estimated, it is possible that genetic drift can account for Ëhe low

levels of heterozygosity in the small island populations (especiall-y íf

U Ís about I x 10-7 or less).

Hovrever, ít is possíble that equilíbrium between mutation and drift

has not been reached. Assumíng that at the tiue of isolation (say, on

average, 101000 years BP) each population was in equilibrír-ur with a mean

heterozygosiÈy of 0.05, the nean heterozygosi|y nor¡¡ at time t ls related

to the initial- tret-etozYgositY bY

"('-*) 
' (2)

(Crow and Kimura, f97O). Sínce R.fiæeípes has a generation tirne of

about one year (see Chapter 3), the predicted heÈerozygosity today

(using Eo = 0.05, t = 10,000, N = 20,000) is 0.04. It aPpears as if

genetlc drift would have little effect unless the effective population

size has been considerably less than 20,000. An effective population

síze of about 21500 would reduce heterozygosity from a value of 0.05

to 0.007 in 10'000 generations.

HHa
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When the population size varies between generations, the effective

size is the harmonic mean over the generations (I,{right, 1938). This

lntroduces a second possible cause of lowered heterozygosity on the sma1l

islands, namely intermittenÈ dríft. A catastrophic event such as fíre

or famine, is 1Í-ke1y to have a more devastating effect on population size

on the small islands than it is on the mainland. Such catastrophíes

could affect the whole or Laxge part of an island population, reducing

the population to only a sma1l proportion of its original síze. Similar

events would occur ín the large populations but would only affect a

relatÍvely sma1l area. Loss of genetlc varíability in the affected

part of a large population could be replenished by urigration from

adjacent areas. Ilowever, any genetic loss on the sma11 islands could

not be replenished by nigration and the whole populaËíon would pass

through a bottleneck. The harmonic mean of populatíon síze is especiall-y

affected by snal1 values and hence the mean for small populaËions may be

consíderably less than 201000. Ihis could greatly reduce the expected

mean heÈerozygosity from the value predicted by equations (1) and (2)

above and could accounË for Ëhe 1ow heterozygosíty observed in the small

R. f. gzeyii populaËÍons.

In srmmary, ít ís certainly possible to explaln the low levels of

heterozygosity on the snal-l íslands, on the basis of genetic dríft' if

equilibrium ís assumed. Even if equflibrium 1s not assuned the results

could be explained by genetic drífÈ, providing the effective population

slze has been, on average, about 21500. This population size may be a

reasonable estímate, given intermitËenÈ catastrophíc events.

A Ëhird force which can lnfluence the level of genetÍc variatíon

in a populatíon is em¡ironmenËal variation. Several authors (e.g.

Levene, 1967; Levins, 1968; Gillespie and Langley ' 1974) have suggested

that genetic polymorphísms should be more frequenË ín more variable

environments than in less variable environments (see SecËion 2.3.5) .
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Frorn several consíderations (e.g. number of species sharing the habitat'

temperature flucÈuatíons, habitat diversity) ít might be thought that

lndividuals in island populations experience less varíed environmenËs

than those in mainland populations. Accordíngly, it is possible that

smal1 island populations have less genetic heterozygosity than widespread

malnland populatíons because the former experience a less varied

envfronment than the lat,ter.

There ís the possibility that the loci studied here do not give

a good indicaËíon of the level of genetic variatíon ín R. f. gz'eyíí

populations, because the loci are only a small sample of the total

genome. Ilowever, there is no reason to believe there has not been a

proportionate decrease in variabj-líty wíthin the whol-e genone. It

appears Èhen, that in some environments it ís possible for populaÈions

to exist with considerably less genetic variatíon than that usually found

in most marunalían populations. Sínce genetic variability is essentíal

for evoluËion, including adaptatíon to a changing envíronment, then the

small island populations of .R. f. gneAi¿ do not aPPear to be as well

equipped for evolutionary change as mainland populatíons. This does

not ímply that these populations are not rlrell adapted to theír currenË

environment.

It is possible that the smal1 island populations do have simílar

levels of genetÍc heËerozygosity to maínland populations, but on the

islands the heter ozygosity ís not as evenly distributed withÍn the

genome. That is, Ëhe proportion of polymorphic loci may be much less

than normal, buÈ the average heterorygoéíty for polymorphic loci may be

high. Tvo polynorphisrns were detected in small island populations of

R. f. gTeAü. The observed heterozygosity at the G)I, Iocus in the

Pearson Island South population \¡Ias O.4I7, and at the ICD,Toc,rs ín the

f,Ialdegrave Island population it was 0.596. These observaÈions mlght

reflect the fact that ln small ísland populatlons, polymorphisms with
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one gene at a low frequency are not expected to be maíntained as long

as polymorphisms v/ith genes approximately equal in frequency. Thís ís

because the time to fixaÈion depends upon the ínítial gene frequencíes

(Kimura and Ohta, 1969) and for the former Ëype of polymorphism'

heterozygote advantage may actually accelerate the fixation of the most

frequent gene (Robertson, L962).

6.4 GEOGRAPHIC VARIATION IN GENE FREQUENCIES

Anong the eight proÈeins polynorphic in -R. f. greAii (Fig. 5.11)'

four broad patÈerns of geographíc variation can be discerned. These

patterns can be interpreted as follows:

(i) For the PGI\, Locust ít ís unlikely that the eCA2, ana eCtfi

alleles \^rere even moderately wídespread before the isolation of Kangaroo

Isl-and and Eyre Island f rom the other populations. If either gene r¡ras

widespread it might be expected to be found j-n some present-day

populations nearby. By a similar argument, iË is líkely that the G0{

gene, although present in two populatÍons, arose by mutation after the

ísolatíon of the Pearson Islands (see Section 6.1).

An examínation of the distributÍon of 6PGD genes in the R. f. greAii

populatÍons only, suggesËs that the 6PGD2 gene arose by mutation, sínce

the isolation of the Souttr-East population, or at least was not widespread

in the ancestral population. Hower¡er, all specÍmens of R. f. assimiLis

and most Ã. f. eoyaeius are 6PGD2l6PGD2 homozygotes,whích raises the

possíbility that ¡ne 6PGD2 gene is present ín Èhe South-East population

of R. f. greAii as a result of introgression of ËhaË population wíth

R. f. assimiLis. AlternaËively, the presence of 6PGD2 in the South-East

population may be a relic from a time when F. f. g?eAii and R. f' assimilís

\ùere sympaËric and were indistinguíshable at Èhe level of subspecies '

It ís interestíng to note that tine G0T3 gene' present in mainland
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.R. f. asstmilis, raTas not detected in the South-East population. Eíther

Ëhis gene, unlike 6PGD2, dÍd not survive in the South-East population or

Íras not present ín the region at a Èime wtren the two populations were

synpaÈric.

(ii) Because bot-t' ICD, alleles are found in several populations

there is a good case for arguing that the two alleles r¡rere present ín the

ancestral R. f. greA¿i population. Ttris polymorphísn is discussed ín

more detail in Section 6.2.

(íii) The distributíon of variation at the ¡ÆS, LDH^ and .4.L8 loci

suggests thaÈ all the alleles found at these loci ín R. f. gre7ii were

present before fragmentatíon of the ancestral population.

The north-\nrestern populaËions are monomorphíc f or tine MEZ gene while

most of the islands towards the south-easË are moncmorph ie for MEI,.

These observatíons indícaËe that there may have been a cl-ine ín lfE, Eene

frequencies in the ancestral population, ttre I,E2S gene being the most

frequenË gene ín the north-west, wíth rrøl in"t"asing ín frequency to

the south-east nd of the dístriburl-on. The fact that all Ã. f. fuseipes

indivíduals are homozygou " au!an!, while F. f. assimiLis and R. f .

eoraaius individuals are honozygou t An|rtAnlr, gives added supPorÈ to

this suggestion.

Simílarly, the contemporary disÈribution of genes at the ALB and

LDHO toci suggests that there may have been clines with respect to these

genes in the ancestral population. In both cases, the genes most,

frequent towards the south-eastern end of the ,R. f. greyii distribution

are the only genes at these locj- found in .R. f. assímiLis and .R. f.

eoraeí.us, whíle the genes most coûüron tor¡ards the north-western end

of R. f. grqii are also present in .R. f . fuscipes
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(1v) The pattern of haemoglobin variation also throws some light

on the possíble composíËion of the ancestral populatíon. Three "alleles",

HBB, HBD and l/BK are each found separaËely ín only one populatíon and may

be considered to be recent mutants. H*, HBP and ãBS have a more r¿íde-

spread dístríbution, the firsÈ two belng found ín more than one populatíon

of .R. f. greyii and all three are present in aË least one other subspecíes.

flBS, like 6PGD2, appears from a consideratíon of R. f. greAi,i populations

only, to be a recent mutanË.

From these patÈerns of gene frequency, it seems likely that the

ancestral population \^tas polymorphic for genes at at least fíve loci

(ALB, HB, ÛCDM, LDHO and l[Er) out of a total of 16 loci examíned and

therefore had a level of genetíc varíability sinilar to that in most

nodern manmalian populations.

6.5 MIILTIVARIATE ANALYSES OF GENETIC DATA

The general relationshíps between populations as seen in the genetíc

disËance matríces, dendrograms and correspondence analysis scaÈter-

diagrams (Tables 5.21 and 5.23, and Figs. 5.I2 to 5.16) are in agreement

wlth the locus by locus trends just discussed. These methods of

analysis reveal tr¿o rnain groups withín F. f. gt'øyii¡ ollê consisÈíng

of GoaÈ Island, Pearson Island South and Pearson Island North and a

second consisËing of all oÈher populatíons except Dog Island and South-

East. The latÈer two populatíons, occuPyíng marginal geographíc

positions, are apparenËly not closely associated t¡ith eíther of the

two maín groups. While Dog Island ís geographically close to Goat

Island and Eyre Island, ÍË has been isolated from them for about 11'500

years, whereas Goat and Eyre Islands have had more recent connections

(up until about 61500 years BP) with Eyre Peninsula. The disÈinctive-

ness of the SouËh-East and Dog Island populations is clearly demonstrated

in the correspondence analysis scatt.er-diagrams which seParate these two
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populatíons from other F. f. gt,eyií populations on the second and third

axes respectively (when .R. f. gneAii populations only are analysed) '

If, for the presenÇ selectíve forces are ígnored, ít would be

expecÈed that the genetíc distance between any tvlo populaÈions wl1l be

related to Èhe tÍme of their isolatíon from one another and the

geographic distance between then. For erarnple, Ít is ocpected that

t{aldegrave Island will show a greater afflnlËy to the Eyre Península

populatíon than to Èhe Pearson Islands, despite being about equídistant

from both. Thís is because l^Ialdegrave Island has been isolated from

Eyre Peninsula for about 61500 years, but from the Pearson Islands for

14rOO0 years. SirnilarIy, North Gambier Island has been ísolated from

Dog Island and Eyre Peninsula for about Èhe same tÍme, but has more

genetic similarity to the l¿tter population presumabl-y because of

geographic ProximitY.

An exception to this predicted relatíonshíp between genetic distance'

geographic distance and the tíme of separation is Goat Island, which

would be expected to show more símilarity to Eyre Peninsul-a Ëhan to the

Pearson Islands. This is because Goat Islandrs most recent connectiorl

has been wíth Eyre Peninsula. GoaË Islandrs greater símilariËy to thê

Pearson Islands than to Eyre Peninsula may be related to the clines in

gene frequency, postulated to have erist.ed in the ancestral population'

IÈ is possible that genes trith a high frequency in the north-west vTere

fixed on Goat Island and the Pearson Islands, but not in the Eyre

Peninsula populatÍon, resultíng in the first two populatíons having more

genetic sÍmilarity to one another than either has to the latter

population.

superímposed upon the effecÈs of geographic distance and time of

isolation on genetíc similaríty, is natural selectlon, which may either

enhance these effects or work to counteract tTrem. For example, naËural

selection may favour simílar gene frequencies in isolated populations
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and hence lessen the effects of both geographic separation and time

of isolaËíon.

Regression analyses revealed significant relationships between

genetic distance and both geographíc distance and time since isolation.

From theoretícal consíderatíons, the rate of increase of genetic disÈance

with respect to geographic distance is expected to be higher for smaller

dístances than it is for larger distances (t<ímura and l,leiss' 1964).

This is illustrated, in an approximate fashíon, below:

geographic distance

The daËa on -R. fu,seipes generally agree with this predíction, as can be

seen Ín Figs. 5.17 to 5.20. The regression of genetic distance on

geographic distance gives a higher regression coefficient (b) when

.R. f. greAii populations only are consldered (i.e. short distances),

rhan when.R. f. fuseípes and.R. f. eorae¿u? are included (i.e. long

distances). This dÍfference is statístically signifícant for both the

Nei and Jacquard measùres of genetic distance. It j-s interesting to

note that Kirby (1974)., analysing data on Mus rntsc+tLus popuLations,

found no clear relationshíp between genetic distance and geographíc

distance unÈil- the geographíc distance was about 120 l<rn or more.

It ls not'known why the regression of genetic distance on time

since separation accounts Íor a significant Proportion of the variation

between populations for the Nei genetíc dístance but not for the

Jacquard genetíc dístance. However, Neits measurê, D, is expecËed

to be 1Ínearly related to tíme since separatior, t¡ by the formula

o
o
H
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o
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D .r 2Gt (3)

where o¿ 1s the rate of gene substitution per loctrs pe? year (Neí, 1972;

L975). Nei (1975) has suggested that a reasonable estimate of cr is

1 x 10-7. Using thís value and the mean value of D between F. f. gregü

populations of 0.17 ín equation (3) gives an average time of separatl-on

of 850,000 years. From Table 5.24, it would appear Èhat all the SouLh

Australian islands have been isolated from the maínland withín Ëhe last

141000 years and the separatíon of the mainland populations probably

occurred within the same period (see Chapter 1). There is clearly a

large díscrepancy between the date of separatíon of the populations as

índlcated by the biogeographic informaËion and the predictíon by equation

(3).

Two factors may be conÈributing to thís diserepancy. FÍrst, eíÈher

equation (3) or the value of cl chosen are incorrect. These seem unlikely

explanations since the formula has been used to estimate the tíme of

divergence betr¿een other populations and these times agree with evídence

from other sources (e.g. Nevo" et aL. , 1974; Nei, 1975). However,

estímating oc is exËrønely difficult and by using a value of cr = 7 x 10-6

an average time of divergence in agreement with the biogeographic data

is obtained. The second contributing factor ís that the R. f, gneyií

populations may have dÍfferenÈiated very rapidly and have reached a level

of differentiatÍon comparable to oËher mammalian populations separated

for much longer periods. Many of the differences between R. f. greyii

populations have resul-ted from the fíxation of alternaËe genes whích are

presurned to have been present in the ancestral population. Such

divergence (due to one or both of genetic drift or directional selection)

can occur rapidly, especially in small isolated populations.

Recently, Sarích (L977) has used what he cal1s an "electrophoreÈíc

clocktr based on the Nei genetic distance metric to estimate Ëhe Èime of
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dlvergence of populations, This electrophoretic clock was calibrated

by two steps. First, it was found that 100 albumin ímmunological

distance unÍts (AIDts), a measure of dissímilarÍty in alburnin anti-

genicity, correspond to a tÍme of separation of about 60 million years

(e.g. Sarich and Wilson, 1967; hlallace et aL,, L97I; Maxson et aL',

f975). Then Sarich demonstrated a high correlation (r = 0.82) between

AID and D, the dístance measure of Nei, one AID on the average being the

equivalent of 35D. Hence one unít of D corresponds to about 20 uríllíon

years of separation. .The situation Ís slíghtly more comploc than this'

because Sarich showed the calíbration depends upon the relative numbers

of plasma and "ÍnÈrace1lulart' proteíns used to estímate D. Taking this

ínto account, a genetíc disËance of 0.17 represents, using Saríchrs clock,

a divergence time of about 1.5 nÍ-llÍon years. Clearly this is about two

orders of magnitud.e too large, in the case of the R. f. gneAii

populations.

Apart from the fact Ëhat the .R. f. greAii populations may have

diverged rapídly it is possible that Saríchrs clock has been calibrated

Íncorrectly. The first step in the calibratíon involved species which

had been separated for long períods of tÍme' corresponding to AIDrs of

about 100 units. However, the relaÈionship between AID and D was only

shown at distances up to about 50 AID units. It is possible that thÍs

correlation does not hold, or at leasË the relationship is not linear

when extended to about 100 AID. For example, distantly related species

may have many albr:mín amino-acid differences and a nev¡ substitution ulay

have relatively 1íttle influence on their AID. Recently separated

species or populations may have very similar albumin anino-acid sequences

and one amino-acid substitutlon may result ín a greater change in AID

than the same substiËuËion between the distantly related species'

Furthermore, in distantly related populations, there ís a greater chance

that a substitutlon in one populaËion is at the site of a previous
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subst.ltutíon and no change tn AID wí11- occur. Thus the 'rsetting'r of

Èhe cl-ock with specíes separated for long periods may be ínappropriate

for recently separated populations.

Despite the possibl-e error in the calibratíon of Sarichrs clock,

ít woul-d appear that the R. f. greyíi populations have become differenË

rather rapidly. Ttrís is probably due to Ëhe fact that the divergence

has been by the fixaËion of genes present ín the ancestral populatÍon

as well as the accumulation of neT¡I mutants afËer bifurcations. Clearly'

the former mechanism of differentiatíon can be much more rapid than the

latter mechanism.

6.6 GENETIC DI TANCE. TAXONOMTC RANK A}ID TI1E RELATIONSHIP BETI,üEEN

SUBSPECIES

Genetíc distances (usíng the Neí metric) between populations of

R. fuscípes axe, in general, great,er than the dístances between other

populations of the same taxonomic rank reported by other workers (see

Table 5.22). It should be emphasised that these genetlc dístance

estimates for R. fuseípes are based on about síxËeen genetic loci and

have standard errors of the order of one half or more of the acËual

estirnate. T¡¿o o<Ëensive comparative studíes of genetÍc and taxonomic

distance (Ayala, 1975; Nèí, L975) have shor,rn that the genetic distances

are sÍmilar (for the same taxonomic rank) for maunals, insects, físh and

reptiles. For mammalían species, ïaces are usually no more than about

0.05 units distant. (I^Ihíle Èhe term t'races" has no Ëaxonomic meaning'

it is used here to |ndicate different populations belongÍng to the same

subspecies. These are often referred to as "local populationstt.)

Populatíons belonglng to seParate subspecies are generally found to have

genetic dístances of about 0.1- to 0.15 units, with amaximun around 0'25

unlts.
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One of the maÍn factors contributíng Èo the larger than normal

estímates of geneti.c distance between .R. fuscipes populatíons is the

low level of variability r^rithin snaIl populatíons. It is clear that

there are forces (genetic drift and select:'on) which can reduce indívídual

varíation withÍn populations. Such a reduction Ín intrapopulatíon

vari¿Ëion (especial-ly when it is due to dríft) Ëends to íncrease the

varfatíon betrseen populations .

There are other examples of low íntrapopulation variaËion and high

interpopulation variatíon. A pockeÈ gopher, Geonrys tropíeaLís, which

is eonflned to a much smal-ler area (and presr:rnably has a lower population

sÍze) than three oÈher Geomys species exa¡nined, has a lower mean hetero-

zygosity and less chromosomal variaËíon than the oÈher specíes (Selander

et aL. , 1974). G. tropíeaLís is also less similar to the other three

species than they are to each other. The least heterozygous populations

of. Peromyscots poLíonotus are also the most dívergent fron other

populations (Selander et aL., I97\ Selander and Jonnson, 1973).

Avise and Selander (L972) found that cave populations of Astyøtan

meæieqtus have lor¿er levels of varíabílity than surface populations and

the genetic distances between cave populations are greater than dístances

between surface populations.

As a coroll-ary, i-t 1s expected that those forces maínÈaíníng íntra-

population variation (uutation, selection, mígration) wÍll tend Ëo

decrease variation between populations. Thus the highly varíable

DrosophiLa "Local populatíons" are genetícally very similar (Ayala, L975).

It nay be appropriaËe to consÍder the various R. f. grøyü

populations as each havíng distinct subspeclfic status, because they are

allopatric popuLatíons of the same specfes. Even if this is taxonomically

correct, the distances between these t'subspeciest' lrould, on the whole, be

hlgher than the average for many marrmals, although less than the dlsÈances

between specles.
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SpecíaËfon is thought Eo occur rnost commonly as the resulË of

geographic isolation followed by Èhe accumulation of genetic differences

whlch ultimately lead to reproductive isolaËion (Mayr, 1963; Dobzhansky,

1970). R. fuseípes populations are geographically isol-ated and ín most

cases they have been shown to be genetícally differenÈ. The genetic

distances between F. f. g?eAii races are about the same as the genetic

distances between maumalian subspeeies, while Ã. fineipes subspecíes are

about the same genetic distance apart as many manmalian species.

However, there appe¿rrs to be no significant barríer to reproductÍon

between indfviduals from the varíous populatíons (as measured by

reproductíon in the laboratory). Since ít ís unlikely that different

populatíons of P. fuseípes will come into contact ín the near future, ít

fs not very useful to speculate on the degree of reproductive differ-

entiatíon reached. I{hat can be said is that the populations have the

potentíal (boËh geographically and genetically) to diverge into separate

species.

The genetic distances which ínvolve E. f. fusaípes or R. f. eoracius

must be considered wÍth a goód deal of caution, each beíng based on the

genes of only six indíviduals. Ihe dendrograms deríved from Jacquardrs

genetíc dístance measure and Neíts measure differ in their pLacement of

R. f. fuscípes and R. f. coracius wíth respect to F. f. gneyíi. From a

consíderatíon of the current taxonomy of the specíes, Ëhe dendrogram based

on Jacquardts dístance measure gÍves a more saËisfactory arrangement Èhan

that based on Nefrs measure, since the former places R. f. gneyií

populations in one group before any clustering wíth the other subspecies.

Ilowever, the dendrogram basecl on Neits measure emphasíses the close

relationship between F. f. fuseLpes and the north-western populations of

R. f, gTeAi¿, æd betr.reen R. f . coraeius and the souËh-eastern

.R. f. g?eAü populatíons. These relationships inply that -R. f. greA¿í

has, ín the past, been a línk between the other subspeeÍes and may have
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been part of a large, roughly linear popul-ation, stretchíng from south-

\^restern Australía along Èhe southern and eastern coasts to norEh-easËern

Australj-a. i{hether this population \^Ias continuous at any one Ëíme is

problema¡ical. The evidence presented here Ís in favour of ,R. fuseipes

colonising Australia along one route, rather than spreading out from a

central poinË. That is, the ancestors of Èhe species either mígrated

down the east coast and across the south of the continent to v/estern

AustralÍa or the colonisatÍon was in the opposíte dÍrection (see Chapter

3). It is not possible, wÍth these data, to dl-stinguish between these

alternatives. Tf R. f. fuseípes, R. f. gneyii and F. f. assimiLis are

the result of independent colonisations from an ancestral stock, then it

is mosL likely Èhat the patterns in gene frequencíes (at the 6PGD' IES,

LDH^, ALB, and HB Loci) in.R. f. g?eyíi are the resul-t of inËrogressíon

wlth the other subsPecies.

6.7 EVOLUTIONARY FORCES

Studies of genetic variatíon in natural populations are always ,faced

with the problem of determíning the nature and relatíve roles of selective

and non-selective forces in maíntainfng the variation. There are very

few examples in which Èhe forces have been precisely determined and

measured. In order Ëo e¡hance the possíbiliÈy of dístinguishing the

forces, populations wíth special features are studied. This study \las

undertaken in the hope that the unusual distributíonal characteristics

of R. f. grøyü rnight enable data relevant to this problem to be obtained'

Í,Ihile it is diffícult to assess the roles of selectÍon and dríft Ín

determining the genetic structure of .R. f. greyii populations, it seems

likely that drift has been a major ínfluence affecting the gene

frequencies on the small islands. For example, ít seems most unlikel'y

that selecÈion ís responsible.for the existence of dífferent allelic genes

on fslands only a short distance aPart and apparently sirnilar ín habÍtat
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(e.g. G7T, Eenes on the Pearson Islands arld IulE, genes on Hopkins and

trrlilliams Islands) "

Perhaps the strongest evidence in favour of genetic drift being

the prírne factor ín determiníng the genetic differences between the

R. f. greyii popul-ations is Ëhe general agreement between the theoretical

expectations base<l on a model of neutral- genes and genetic drift, and the

observations. Ilhen genes are select.ively neutral-, large populatíons

will have more varíation than small populatíons and Èhis is what is

observed. Furthermore, when there ís no mígraËíon between populatíons'

the neutral theory predícts that the probability of fixation of genes

depends upon the gene frequencies. Ilence two al-lelic genes, both

inítially common in several- popul-ations whích are Èhen subjected Èo

genetic dríft, will resul-t in the fíxation of one or oLher gene in each

population. Again, Èhís is what appears Ëo have happened in the

R. f. gtegíi populatíons. Indeed, there has been no other study

reported where, over such a large number of populations ' such 1or^r

Íntrapopulation variation and l-arge interpopulation variatíon has been

observed. The correlation'beÈween genetic distance and geographic

disLance is also in agreemenË \,/ith most genes being seleeËively

ttneutraltt.

Ilor¿ever, as pointed out in Sectio¡ 2'3 '6' variation in gene

frequencíes can also be accounted for by selectlon being the main force

determíning the gene frequencies. The observations on 'R' fuseipes,

suggestedintheprecedingparagraphasinagreementwithgeneticdrifË

and mutatíon determíníng gene frequencies ' are also compatíble wich

selection beíng Ëhe naín force. If this is Èhe case' two points can

be made. First, selection may teli have acted to decrease the genetic

varíation in island populations compared with mainlartd populatíons'

EnvironmenÈa1 díversíty is likely to be gleater on the mainland than

on an isl-and because islands will experience a moderate marine clímate
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expected to ínfluence the whole isl-and, and furthermore, envírormrenËal

diversÍty is probably proportÍonal to area. Hence it ís expected that

selective processes wíIl maintain more polymorphisms in mainland

populations than ín island populatíons. Second, dífferent allelic genes

rr,ay well have been favoured in díff erenË Íslands, presuming that there

have been differences Ín ern¡íronment between islands. Such dífferences

may be difficult Èo detect because the auÈhor found mosË islands to be

superficially very similar. In addition, the envÍronmental dífferences

which uay have led to the fíxation of dÍfferent alleles ín different

populations, may not be present noI^r.

There is some circumstantial evídence that selecËíon has been

importanË. The ICD, lolymorphísm on hfaldegrave Island has already been

discussed in this regard. Selection may have played an ímportant role

ín producÍng and maÍntaíníng the suggested clines in gene frequency in

the ancestral PoPulation.

I.IiIls and Níchols (1971 : L972) found heterosis at the 1dh Locts in

DrosophiLa pseu.doobsew'a whích was conditíonal upon a suff íciently

homozygous genome. As a reöult of their study they concluded that as

inbreeding increases, the loci that reroain polyurorphic should play a

progressively more importanË role ín determíning an organismfs fítness'

Alternatíve1y, only those polymorphisms which are already uaintained by

marked heterozygote advantage wíll Èend to rsnain polymorphíc wíth

contfnued ínbreedíng. In eíther case, it can be argued that in the

abnormally homozygous island populations of R. f. gre7ii, selectíon may

be importanË for the maintenance of the polymorphisms that are no\¡I

present in those PoPulations.

Lewontín and Krakauer (1973) proposed a test for the action of

selectíon or drift ín maintaining polymorphisms, based on the geographic

distríbution of genes. The tesË is for the homogeneity between 1oci,

of the estimated eff ecÈive Ínbreeding coeff ícíent, , = tzrtl{l-Þ'),
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,
where sf = between populaLíon variance for one of two alleles and

P

Þ = the mean frequency of the allele over all populations. This test

was performed using 13 F. f. g"eAíi populations (í.e. all those sampled

except Eyre Island) and Èhe eight polymorphic loci. The results are

shown in Table 6.1 and indícate that the effective inbreeding coefficienËs

are homogeneous. Since the haerroglobin variatíon may not be due Ëo

allelíc variation at a single locus, the Ëest was repeated wj-Ehout the

haemoglobin variation and a similar result was obtained. Ttre results,

if interpreted the way LewonÈin and Krakauer suggest' imply that the

variation is either due to selection or drift, buË not both. However,

the sensitivity of the test has been questioned (e.g. Nei and Maruyama,

L975i Robertson, 1975; Nícholas and Robertson, L976; Ewens and

Feldman, L976). Two points arise from ttre tesË on the variability í:r

the effective inbreedÍng coefficíents for the .R. f. gYe7¿i populations'

First, most values of F are very high (about 1), indicating consíderable

heterogeneity in gene frequencies between populations. Second, the

values for ICD, and PãtI, are nuch lower than those for the other

polymorphisms. These two polymorphisms have maintaíned similar gene

frequencies in all populations despiÈe the absence of migration.

Given the ínsensiÈivity of the Lewontin and Krakauer test, the sma1l

values of F may ín fact be indicatíve of the acËion of natural selection.

In sunmary, there is evidence that both natural selection and'

random genetíc dríft have played. írnportant roles in determining the gene

frequencies in the .R. fttscipes populatíons.

6.8 T'UTUB.E STT]DIES

To help clarify the questions raísed by Ëhe work described in this

thesis several other aspects of the .R. fuseípes populations need to be

investigated. First, more ecologícal ínformatlon on the populations

must be obtained. For example, accurate estimates of populaÈion sizes'



Table 6.1 Effective inbreeding coefficients in .R. f. greyí'í

populations and the Lewontin and Krakauer test'

Locus AlIele F

1.08

0.88

1.00

0.43

1.08

1.08

1.08

1.08

o.25

0.99

0.91

o.97

o.l2

ALf

to4.

HBA

H*

HBD

Hf

HBP

HBS

,tr"

LDHTA

MET

6PGDL

,*I,

rcDyf

ALB

GOT
S

6PGD

PATI

HB

LDEA

ws

F

2

"F
2

o¡'

0.84

2

"F

E

0.12 (observed varíance)

O.LZ (expected variance)

2
0.99 xtz = tl.B (p=0.5)
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especíally if monitored over an e<tended períod rnay give a much beEter

indicatíon of whether drift due to small population size has been

inportant. Siurultaneous collectíon of demographic and genetic

information may gíve some indication of the selective dífferences

between phenotypes in terms of survival, reproduction etc.

Second, investígations into the physiologícal aspects of th¿

protein variants (such as Krrs, opÈÍmrmr pI{ts, substraËe affínitjr:s) uray

give some clue as to a basÍs for differentíal selection of varianÈs.

An Ínvestígation of this sort may be particularly useful ín the case of

Èhe ICD" and IIB varíants. There ís already evidence that selection

maintains the ICD" polymorphísm. There is ample evidence, from a wide

varieÈy of species such as Man (Allison, 1955, 1964), house-mouse (Berry

and Murphy, 1970) and sheep (Pant anrl Pandey, 1975), that selection acts

dffferentially on some haemoglobÍn phenotypes. In an aËtempt to

determíne a physiological basis for possible differential selection of

haemoglobin types, a prelÍminary investigation ínËo the oxygen affíníËies

of the various haemoglobins has been initiated by Dr. I"f. Coates (Depart-

ment, of ZooLogy, University of Adelaide) and the auÈhor. Indíviduals

with phenotypes IIB A, IlB B and HB P had haernoglobíns with similar o)<ygen

affínities (PS' e lJ nrm Hg at pll 6.7), whíle Èhe haemoglobíns of HB K

antl IIB S individuals had considerably less affínity for o4¡gett (P50 =

22 m. Hg ar pH 6.7). One llB P-S índívidual- was similar to the f irst

group with respect to haernoglobin oxygen affínity, whíle a IIB A-K

indivídual was símilar to the second group

It would be useful to have more informaËíon on the habitat of

populations. In particular, a eouprehensive survey of climatíc

conditions and flora vrould be helpful from two poínts of view. It nay

give some índication of the relatíve environmental diversíty and help¡

determine whether or not large mainland populatíons do have more diverse

environments than small island populatÍons. A1so, it would be interestíng
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to screen for associations between gene frequencies and envíronmental

variables. Ihís may give a clue to the proteins and their properties

that should be irnresrigated '

The tíger snake, Notechis seutatis, is the only animal, apart from

R. f. greyíí, which is found on many off-shore íslands of southern

Australia. It is found on some islands inhabíted by Ã. f. gfeyii as

well as some others. An electrophoretic study of Notechis would provide

an excellent opportunity to compare genetic variation in populations

living in simílar conditions and havíng been isolated for similar periods

to Èhe Ã. f. gVeyii populations. Noteehis is also found on the mainland

of Australía and a comparison of large mainland and smal1 island

populaÈlons would be possible. If interrníttenË drift ís responsible for

the 1ow level of genetic variation in.R. f. greyií island populations'

then ít ís likely tinat Noteehis wotLd have experíenced bottlenecks in

population size and therefore r.¡ould have been subjecÈed to genetíc drift.

Finally, Ëhe locí studied"here are only a small selection of the

toÈal genome. It is ímportant that more elecËrophoretically detectable

genes are examined to see if the trends observed are representative'

If island populations do have a low proportion of polymorphíc 1-oci' but

these loci exhibit high 1evels of heterozygosíty, then this should be

confirmed when more loci are examined. In addition to expanding the

electrophoretic informatíon, it would be valuable Ëo investigate forms

of genetic variation thaË are undetected by elecÈrophoresis. Drift

and other stochastic processes acL equally over the entire genomet

whereas selection may act on specific genes or groups of genes. In

the following chapter a prelÍmínary Ínvestigation into variaÈion in body

and sku1l measurements is described.
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CITAPTER 7

METRIC VARIATION TN RATTAS FUSCIPES GREYIT

7.L INTRODUCTION

In this chapter, meÈric variaËíon ín .R. f, greaü populations ís

discussed and the geographic patterns with respect to Èhis variation

are compared r¿ith those reporüed for Êhe electrophoretic varíatíon ín

the previous chapËers.

I{hile there have been many published accounLs of isozymíc or metríc

studies, there have been very few which nake a direct comparíson of

ísozymic and metric variability in the same populations. Three studies

which do make thís comparison will be discussed, because they most

resemble the preserrË study, ín thaL they investigate variation of islancl

populatíons.

Soule (197f) studíed isozymic variati.on (based on about 20 electro-

phoretíc loci) and metric varíation (based on eight morphological

characËers) in the |ízard Uta. stqrtsburiøn on islands ín the Gulf of

Calífornia. Two meËhods vrere used to estimate Ëhe level of varíability

from the metric data. All eight characters r^rere used Ëo determíne a

single measure of generalised variance, while for each of five of the

characters, the coefficíent of variatíon \^las calculaÈed and the overall

mean of these coefficients then used. The generalised varíance I¡Ias

positively correlated with the area of islands, the largest islands

being about as variable as rnaínland populations. The mean coeffícient

of variation was found to be signifícantly correlated (by rank-order

correlation) with heXerozygosity, estimated from the isozymic data'

No attempt hTas macle to compare the geographic patterns ín metríc and

lsozymic variatíon.
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Soule et aL. (1973) reported an associaÈion between the percent

heÈerozygosíty (based on about 21 loci) and the coefficient of variaËion

for one morphol-ogical metric character Ín species of AnoLis lizards in

the WesE Indies.

patton et aL. (1975) ínvestigated variatíon at 37 electrophoretic

loci, 11 cranlal and 4 external metríc characters, and 5 presence-absence

craníal, "epigenetict' characters among Rattus tqttus populations on seven

islands in Ëhe Galapagos Archipelago. Sígnifícant posÍtive correlatÍons

between island area and both mean heterozygosity and Èhe mean coefficient

of varfation were reported. For each measure of variation an estimate

of the distance between paírs of populatíons was made and a dendrogram

was produced by a cluster analysis of the distance matríx. This

resulted in a remarkable similarity Ín the clusËering of populaËions

when eíther the metríc, epígenetíc or ísozymic data r'rere used.

In surmnary then, the sËudíes of Soule (1971), Soule et aL. (1973)

and Patton et aL. (f975) suggesÈ that isozymÍc, metric and epigenetíc

daEa all reveal simílar geographic paÈterns of variation and simílar

estimates of the cornparative"levels of varíaÈion wíthin populations.

7.2 MATERIAIS AND EXPERIMTENTAL MEÏIODS

only sæples from ,R. f. g?eaií populations (excludíng Eyre Island)

nrere used for thís study (nine indivlduals from Pearson Island South

and ten from each of the other populations). These anímals were chosen

from those used for the electrophoretic sÈudy' so as Ëo ensure that the

time betr,¡een capËure and kÍlling hras as short as possÍble, and only

anlmals whích appeared to be sexually mature r¿ere íncluded' Where

possible, each population hTas rePresented by equal numbers of mnles

and fernales. Unequal sex ratíos lüere present ín the sanples from

Eyre Peninsula (799, 3óó), Pearson Island SouÈh (499, 5ód) and Pearson

Island Norrh (39e, 7óó). Tlhe frozen bodies were thawed and four external
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characters measured. Skulls were cleaned by soaki.ng in water for a

few days and removing any remaining flesh with forceps.

Fourteen skul1 characters T¡rere chosen from a sampl-e of 48. These

48 characters r^7ere measured on a sample (10 indivíduals) of skulls housed

Ín the South Australian l"fuseum. Some characters were eliminated

because they were difficult to measure and repeated measurements gave

ínconsístent resulÈs. From Ëhe rsnainder, the eleven least correlated

characters as well as three characÈers measuring the overall height'

width and length of skUll and four external charactersr ÍIere chosen for

inclusíon in the main study. These characters, excePt heÍght of skull

and the external characters, are shown in Fig. 7.L. All measurements

were made v7iÈh dial calipers, accurate to the nearest 0.1 ruo.

1

2.

3

4

5

6.

7

8

Greatest 1-ength of sku1l . From the anterior:most point of nasals

to the posterlormost poínt of occipítal.

Orbít length (left). From anteriormost point to Posteriormost

point.

Interparietal width. As measured from íts poínts of junction

with parietals and occiPital.

InËerparietal length. From point of juncture with sagittal suture

of parieÈals to most, posteríor point near the midline'

InterorbiÈal ¡^ridth. Least distance between orbits, across the

fronÈals.

Prernaxillae width. Greatest distance across posteriormost

tongues.

BraÍncase r¿idth. DÍstance across skul1, a1-ong a 1Íne passing

through the posterio::nost points of the orbíts '

Foramen magnum depth. l"laxirmrm vertical distance across.

Foramen magnum width. Maximum horizontal distance across'9.
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Fígure 7.1 Diagrams of dorsal (top) and ventral (bottom) aspecËs

of the skull of a Rattus fuscipes gaeAii. The numbers refer to

the characters measurerl . For a full- descrlptl-on see the text.

r
I
I

-+lI

12



10.

11.

L2.

13.

14.

15.

16.

t7.

tB.

Class 1.

Class 2.

Cl-ass 3.

Class 4.

Class 5.

Class 6.

Class 7.

Each índívidual was cl-assifíed into one of seven categoríes'

reflectíng the amount of molar tooth-we¿r. The caÈegorÍes were based,

yith ninor adaptations, on those of LidÍcker (1966) for Mus ttwscuLuß.
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Bulla length. From anteriormost point to posteriormost poínt.

Inside }fl-l width. LeasÈ widÈh between crowns of first uPper

molars.

LengEh of palatal bridge. From the anteriormost point of

interpterygoid fossa Ëo Ehe most PosÈerior poínt of the anterior

palative for"men.

Ifl-3 length (left). Dístance along molar row.

Height of skull. luleasured by restíng the skuI1, ventral surface

down, on a glass.slide and taking a vertícal measurement of the

distance between the bottom of the slíde and the uppermost poínt

of the skul1 (and subtracting the thickness of the slÍde).

Head and body length.

Tail length.

Hínd foot length.

Ear length.

Vírtua11y no tooth r^Iear on posterior cusPs of M2 and M3.

Lobes of second cusp of M2 not joined.

Lobes of second cusp of l"f2 ¡oined. Lobes of Ml anteríor

eusp not joined.

Lobes of anterÍor cusp of Ml touchíng, but lakes not joined.

The lobes of the anterior cusp of Ml Soined. Lakes becorning

more developed. Ifl consísËs of three distÍnct lakes.

Lakes well developed. Anterior cusps of M2 joined.

I12 cusps may be joined and those of Ml just joiníng'

All cusps of Mr joined to form one large lake. Ridges between

Ml cusps absent or greatly qrorn.
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I^Iarneke (1971) devised a seL of eight tooth-wear categories in

.R. f. assimLLis. Unforttrnately the author $ras not a\,üare of Inlarnekers

classificatlons until after the work on .R. f. greyíi had been completed.

However, the caÈegories of Warneke and those above are simílar.

7 .3 STATISTICAL METTIODS

For all characters, the mean scores for males were greater than

those for females. An analysis of variance showed that these differences

rrrere, in mosÈ cases, staËísËically signifícant and rÁrere present. whether

or not the differences beÈween populat.íons \¡/ere taken ínto account by

using a two-way analysis of varÍance (Table 7.1). These differences

between the sexes, and the fact that the numbers of males and fernales

díffered between samples, necessítated an adjustment of an indivídualts

score for each character according to Èhe individualts sex. The

adjustments were determined from the nultíp1e regression of a pseudo-

variate for sex and 12 pseudo-variaËes for populations, on each

character (Table 7.1) .

It was also found that indivíduals with greater tooth-wear had

higher scores for most characters than those wíth less vrear (Table 7.1)

Thís suggests that, f or most characters, older animals (since I^Iarneke

(1971) showed tooth-wear and age to be positively correlated) have

greaÈer scores and therefore each indivÍdualts score was adjusËed

accordíng to its tooth-wear category (age). This adjustment ¡¿as made

in a slmilar fashion Èo that for sex, except that six pseudo-varíates

for the seven age categories \¡rere required.

A canonical díscrímínanË analysis (COe¡ was used to dístínguish

the populations (see Rao, 1952). The distance between populations,

ín the multi-dirnensional space defined by the canonícal variates (Cl¡.

distance), I,/as used to perf orm a cluster analysis by the UPG'ÍA method

(Sneath and Sokal, 1973) .



Table 7.1 Average der¡iatlon of sex and tooth-wear categorfes frorû the grand mean, calculated afÈer renovLng populatlon dlfferences.

The-se devÍatlons were subÈracted froo each rndrvldr¡alts score Èo remove dlffere'ces due to sex and age' the sfgnlftcance of the

obsen¡ed dffferences are given. À11 ueasurearents are in m'

VARIABLE

-0.19

{4 .19

*

-0.08

{{.07

NS

-0 .06

l{.06
*

5

-0.07

{{.07

*

6

-0.12

j{. tl

*

-0. 18

+0,19

*

-0.07

{o.07

*

{.3I
-0.20

{o.03

{-0.15

Ð.14

r{.23

{{.13

*

-0.06

+0.06

*

-0 .41

-0 .20

-0 .07

+{. 17

{{.29

14.24

Ð.19

*

-0.08

{{.08
*

-0 .51

-0.14

-0.04

€.17

{{.17

{4.25

+0.33

*

-0.03

{4.03

NS

-0.20

-0.18

-0.07

Ð.12

10.32

14.29

-t4.24

*

-1 .34

+1 .44

t

-0.49

+0.49

*

-0.36

+{.35

*

2 3 4 7 I

-0.02 -0.03

€.02 {{.03

*

+o.22

{o.03

-0.07

-0.03

{.03

-0.01

{{.04

*

9101112131415161718

Average- denrlatfon of

sex from grand mean

Slgnlflcance

Average der¡latlon of

tooth-wear categorles

fron grand nean

9 -0.54

d +0.54

*

L -2.59

2 -1.24

3 -0.08

4 +1.03

5 +1.46

6 +1.57

7 +2.06

*

* P<0.05

NS Not slgnlflcanÈ

*

-0 .11

{{.11
*

-2.86

+2.82

*

-0.47 -r7.01

-0.23 -5.54

-0.06 -L.79

{o. 19 +4.56

{{.19 +7.38

+{.45 +16.00

{{.48 +7.38

-0.95

-0.43

-0.06

+o.37

€.52

{{.55

14.77

*

-0. 19

-0.05

+0 .08

-0.01

+0.08

+c.03

{o.12

NS

-0.08

-0.07

+0.01

+0.c5

+0.12

-o.04

+0.25

NS

-0.22

-0.07

-0.04

+0.09

+o.08

{{.1r

+0.09

*

-0.63

4.26

+o.06

+4.26

Ð.52

{o .54

-1. l3

-0.46

-0. 14

{{.38

{.0.61

{-0.6 I

{{.58

*

-0.07

-0.06

{{.03

{{.05

{o.03

0.00

+o.04

NS

-0.05

-5.64

+0.38

+4.53

+8 .06

-rì ^1

+4 .01

*

-0.11

-0.36

-0. 14

+{.33

+0.23

{{.12

+1.17

N.S

-0.67

-0.61

-0 .11

+0.38

+4.90

+0.71

+1.45

**
S1gnl,f lcance

* *
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7.4 RESULTS

The withirr-populaËíons correlation matrix for the eíghteen

characters ís shown Ín Table 7.2 a¡d the populatíon means and wÍthin-

groups stanclard deviations are given in Table 7.3. These statistics

¡^rere compuÈed from the measurements adjusted for sex and tooth-r¡rear.

A univariate analysis of variance for each character revealed highly

significant (aL1 P<<0.001) heterogeneity beÈween populations, when

either the raw or adjusted data were used.

A nesÈed analysis of variance \4ras used to test for differences

ín each character, between populations occupying large areas and those

confined to small areas. Populatíons were nested into one of two types

(large 1)ersus small). For fifËeen characters, there hTas no sígnif ícant

difference between the populaÈíon tyPes. Individuals from populatíons

occupying large areas have significantly greater interparíeËa1 r¿ídth

(character 3, 0.05>P>0.01), bulla length (character 10, 0.05>P>0.01)

and lengÈh of molar rotr (character 13, 0.01>P>0.001) than those for

smal1 populatíons.

The variabilíty in large and small populat'íons vlas compared using

the standard deviaËíon of each character in each populatíon' Sínce the

standard deviatíon may be depenclent upon iÈs meanr and there is

significant heterogeneíty between means' a correction is necessary to

a1low for this variation. Accordingly, f.ox each character an analysis

of covariance \¡ras carried out ¡nrith the sËandard deviatíon as the

dependent variabl-e and Èhe mean as Ëhe independent variable, each

population being classified as large or small (in area). The two

population types are signifícantly dífferent for only one character'

foramen magnum wídth (character 9, 0.05>P>0'01), Large populatíons

having greater variabilíty than small populations. However, for all

but two characters (numbers 2 and 18), the average adjusted standard

devlation (standard deviations adjusted to the same mean by using the



T:ab].e 7.2 f,Itthin-groups correlaÈion matrix for eighteen metrlc characters.
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Table 7.3 Means of eighteen characters 1n thfrteen populatlons of R. f. greyii, based on data adJusted for sex

and tooth-Írear. All meaeurerûents are ln mn. Tne wlthin-grouPs standard devLatLons are algo ehorm.

VARIASLE

POPULAlION

South-Eas t

ìlorton Summit

Kangaroo I.

Eyre Peninsula

North Gan:bier I.

Hopkins I.

Willlans L

hlaId egrave [ .

Greenly T.

Pearson I. South

Pearson I. North

Goat I.

Dog I.

Wlthln-groups
standard
devlatlon

I

36. r3

34.49

36 .13

36.40

34.28

35.07

36.43

36. r9

37 .33

34.7L

34.61

35.66

33.87

12.86

L2.56

12.83

13 .37

12.81

12.50

t3.22

12.97

13.35

L2.36

L2.33

I2.98

L2.t7

9.79

9 .87

9.70

I0.08

I .86

9 .09

8. 70

8.9 r

8.89

8.L2

7 .56

9.42

10.06

4.95

4.87

4. 98

5.24

4.49

4.71

4.38

4.95
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4.59

4.34

5.45

5.82

5.26

4 .80

5.36

5. 4r
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5.17

5.36

5 .33

5.38

5.38

5 .19

5.47

5.2L

6.14

6.08

6.26

6.19

5.62

5.81

6.57

6 .38

6. l3

6. tl

6 .06

5.84

5.90

18.31

t7.20
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17.03

L7 .42

17.85

18.07

18.65

t7 .34

r6.98

L7.97

r6.53
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4.7 2
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5.02
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regresslon equatíon frcjm the covariance analyses) of the large

populations is greater than that for the small populations. This

analysis !'Ias extended to a rnultiple analysis of covariance by addingt

where appropriate, the means of four other characters as índependent

varíables (characters 1, 7 , L4 and 15). lhese characters \¡lere added

because they ref lect the overall síze of the skul1 and body and it r^¡as

hoped that the effect of síze dífferences could be removed from the

variatíon of the sËandard deviaËion. This analysis revealed that the

two population Èypes are significantl-y dífferent (0.05>P>0.01) for one

character, ear length, and ít is interesting to note that this is one

of two characters where small populatíons have a greater adjusted

standard deviatÍon than the large popul-atíons.

The results of a canonical discrimínant analysis of the adjusted data

are shown in Table 7,4 and Figs. 7.2 and 7.3. Very símílar results were

obtained when the unadjusted data were used, the only obvious difference

being the positioning of HopkÍns Island and North Gambier Island ín

Fig. 7.2. I,Ihen the unadjusted data were used the posítion of these

two islands on the plane defíned by the fírst tr¿o discrírrinant aces

was internediate between Kangaroo Island and trIilliams Island. The plane

defined by the first two discrimínanË axes contaíns 577. of the total-

vaïiation between populations. The fírst axis clear1-y divides the

Pearson Islands from the other eleven populations and axís two seParates

Dog Island from the rest.. t{hen axes one and tl{o are considered

Ëogether, several other populations become differentiated

The dendrogram produced from a cluster analysís of the distances

between populations in the nultidimensional space ís shown in Fíg ' 7 '3 '

one cluster contai¡s the four large pôful-atiôns and Hopkíns Island '

The Pearson Islands and Dog Island are quite distinct from other

populatíons - as they are in the scatter dÍagram of axes one and two'



Table 7.4 Df stances bebreen populatf ons of R. f. greyü, 1n the multfdûnensional space

calculated by the canonlcal dlscrlmínanÈ analysis of the metric data.

NS

KI

EP

NGI

HI

IüMI

I,{GI

GRI

PIS

PIN

GOI

DI

SE

7.02

5.14

s.85

7.65

4.7L

9.23

7.08

7,47

12.30

13.78

7 .93

11.84

6.16

6.57

8.49

7,76

10.32

8. 41
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L2.78
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7 .33

L0.47
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ligure 7.3 Cluster analysis of. Rattt¿s fusaLpes g?eAii populatíons.

The dendrogram fs derived from the distances beËween populat,ions in

the multldlmensional space defined by a1-1 the prlnclpal axes of the

canonical dfscrLmlnant analysis.
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Figs. 7.2 arrd 7.3 should be compared with Figs" 5,12 to 5.16'

whích are the results of nrultivariate analyses of the electrophoreÈic

data.

7.5 DISCUSSION

There is considerable metrical variatíon betr¿een populations of

.R. f. gneyii. However, the Presence of two tyPes of populaËions in the

sample, one occupying sma1l islands and the other relatively large areas '

does not, for most characters, signifícanËly contribute to thís ínter-

population variation. This contrasts wiËh some other comparative

studíes of island and nainland populations of srnall mauroals, which have

found that island anirnals have greater body size than their mainland

counterparts (e.g. Delany and Healy , 1967; Berry, L964) ' The causes

of the discrepancy between these studíes are not known.

An important aspect of this work has been the aËtenPt to estímate

the amount of genetic varíation ín the various populations. T'he

isozymic data on R. f. greyií show that on the whole, populations

occupyíng large areas have roore índívídual variatíon than those confined

to small areas. For most metríc characters, large populatíons have

greater standard devíaËions Ëhan sual1 populations, but the differences

afe not statistíca1-ly sígnificant. Darvrín (1859) commented that

ttwlde-rangíng, nuch díffused and coEmon specíes vary mostt'. Fisher

and Ford (1926, f92B) showed that "abundantrr species of Lepidoptera

had more wlng colour variabilíty Ëhan ttcommori or rarerr species ' Fisher

(1937) studied the size of eggs in birds and found thaË species

classifíed as t,more abundant" had. more variabilíty ín egg size Èhan

those classífíed as "less abundanL'r. It would appear from this study

oÍ. R. f. gyeaü, and rhe work of soule (1971) and Patton e[ aL. (1975) '

that wide-ranging populations of a species tend to be more variable than

populations occupying relatívely sma1l are¿s. Because population size
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may be correlated wlth area occupÍed, it ís difficult, at least in the

case of .R. f . gfeyíi, to distinguísh between the contributions to

variabilityrof area and populatíon size.

This study also permits a comparison of the relationshíps between

populatíons as described by the isozymic and metric characters ' fhe

analysis of the isozymic variation by an adaptatíon of Benzecrirs (1970)

method for the analysis of contingency tables (correspondence analysis,

cArpresented in chapter 5) reveals a broadly similar pattern of geo-

graphic variation to that indicated by Èhe analysis of metríc data'

Analyses of boÈh sets of data lead to the Èwo Pearson Islands being

distinguished from Èhe other populations on the first díscrímínant axís '

Dog Island is displaced from the oÈher populations on Ëhe second cDA

axis and on the third CA æ<ís. The CA analysís clearly dÍstínguishes

the South-East population from Ëhe rest (axís two), but the distinctíve-

ness of this population is not as marked by Èhe metríc data. GoaÈ

Island is positioned differently by the t\,ro sets of data. The ísozymic

data place Goat Island near the Pearson Islands, but the metric data

place iL nearer the other populations. The scatter diagrams of the

first Èr^ro axes of the CDA and CA display 57% and 547" respectively, of

the total ínterpopulatíon variatÍon. The dendrograms (Figs' 5'13 and

7.3) illustrate a simílar relatíonship beÈween the populatíons as their

respective scaËter diagrans.

That the metric and isozymíc data give faÍr1y símilar results, in

describing the relatÍonships between populations, is further Íl]-ustrated

by a plot of the dístance between pairs of populations as measured by the

meËric data (cDA distance) 1.)e\sus the isozymic distance as measured by

Èhe correspondence analysis (CA dis'iance) (Fig' 7 '4)' lrlíth Èhe

thirteen E. f. gy,euii populations, there are 78 pair-wise comparisons'

The correlation coefficient (r) between the two measures of disÈance is

0.45 (P<0.001). The cDA distance is aLso sÍgníficantly correlated with
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Èhe isozymic distance measured by Neits method (r = 0.56, P<0.001).

Unlíke the clisÈance measured wiÈh the isozymíc data, CDA distance

does not regress significantly on geographic distance (b = 14.32,

0.2<P<0.3). However, the regression of CDA dístance on tine of

separation gives a staËistically signÍficant Tegression coefficíent

(b = 0.46, P<0.001) (Fig. 7.5). The geneÈíc distance from Ëhe CA

analysls (Jacquardts measure) did noÈ regress sígnifícantly on time

of separation, but Neifs genetic distance did (see Section 5.5.3).

It should also be pointed ouË that geographíc distance and time of

separation are not significanÈly correlated (r = -0.16, 0.1<P<0.2).

It seems diffícult to explain these observations on the basis of

genetic drÍft being the major determínanË of the gene frequencíes for

both isozymic and metric characÈers. If drift was prÍmarily responsible

then it could reasonably be o<pected that t.he distances bet\¡Ieen

populatíons, as measured by the t\^ro sets of daÈa, should give sírnílar

results when regressed onto geographíc distance and time of separaËíon.

The fact that they donrt provÍdes further evídence thaÈ natural selecËion

has also been lmportanË in determining gene frequencies.

It is difficult to assess the relaËive merits of the metric and

isozyrnic data in reflectíng the true genetical relationshíps of the

populations. The CA is based on variation at eight genetic loci.

Populations are disÈinguished according to differences in gene frequency

and there Í-s weíghting in favour of genes unique to one populatíon.

For example, the dístínctíveness of the South-East population is based

almosÈ entirely on íts monomorphism for a unÍque haemoglobin gene and

the presence of a unique gerre coding for 6-phosphogluconate dehydrogenase.

On the other hand, the meÈric varíaiíon is ptesumably controlled by many

genes, generally each wÍth small effect, as well as envirormental

variat ion.
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DespíEe the differences in the conÈrol of the two types of

characters, both reveal a similar relationship between the populations.

This similarity may be due to one or more of three causes. First, the

metric and ísozymíc characters may be under the control of genes at Ëhe

same loci. The isozynic variaÈion ís presumed to be based on genes at

eight loci and it seems unlíkely that these are the genes primaríly

responsible for controliing Ëhe metríc varíation. tr'urthermore, the

regression analyses outlíned above do not. support Ëhís contention.

Second, ít is possíble Ëhat some of the genes determining the ísozymíc

and meËríc characters have been held together ín coadapted blocks by

línkage disequÍlibrium. A third explanation is that Ëhe divergence

of populations with respect to their isozymic and metric characteristics

is a function of the time since their isolation from one another. Ilence,

recenÈly separated populaÈions may have similar isozymic and metríc

characters because of a recent common ancestry.

In surnmary, Ehis and other studies have found reasonable concordance

between isozymic and metric data in estimating the amount of variation.

The Èwo sets of data also describe simÍlar geographic patterns of

varíation, and this may be due to some of the genetic conponents for

the two types of characters being held together Í.n coadapted bl-ocks

or to populaËion dívergence being a functíon of Èíme of separation.



1

APPENDIX 1

NOTES ON TIiE ECOLOGY AND REPRODUCTION OF RATTUS FUSCIPES GREYÏT

i,Ihile trapping and maíntaíníng .R. f . greAii for this study ' some

informaÈion on the ecology and reproductíon of this subspecies was

obtained.

Table 41.1 shows the capture rates for the smal1 off-shore i-slands.

No capture rates are available for Hopkins Island, Kangaroo Island or

Èhe three mainland populatÍons. The capËure rates for surall islands,

presented ín Table d.1, are considerably hígher than those obtained

for widespread populations by other ínvesÈigators (see Chapter 3).

In the pïesent study, no records were kept of capture rates frorn Èhe

widespread populatíons, but the rates were narkedly less than Ëhose

obtained in the small island populatíons. Thís difference may not

refl-ect a proportíonal difference in the population densities of Ëhe

tr¡ro types of population. Animals from the two types of populations

differ in their behaviour (Robinson, I97 6) and Èhis may ínfluence the

probabilíty of an ani¡ral entering a trap.

Table 41.2 shows the date of bírth of litters born to females whÍch

hrere pregnanË when captured. These data are noË a random sample of

breeding actlvity in the fíeld, being biased accordíng to Ëhe time of

trapping. Ilence, the data do not refute the evidence that a peak in

breedíng activíty occurs during the summer months (e.g. I{arneke' I97I;

Robinson, 1976). Table 41.2 merely confirms that the observatíon by

Taylor (1961) and l^lood (1971) that breeding can occur at all tímes of

Èhe year in .R. f. assimiLis, also applíes to,-R. f, greyií.

T\¿o observations on the laboratory colony of R. f. greA¿i deserve

mention. First, whilst wild caug¡¿ ¿nìmals and Ëheir laboratory-born

offspring bred readíly in the conditions provided' very few matings



Table 41.1 Capture raËes (average number of individuals caught

peT E:rap set per níght) for eight sma1l island PoPulations of

R. f. gneAi¿. A pooled estínate 1s glven for the Pearson Islands.

Populatíon Capture rate

Dog Island

Goat Island

Pearson Islands

Greenly Isl-and

f,Ialdegrave Island

llillíans Island

North Gambier Island

0.73

o.62

0.34

0.22

0.68

0.82

o.52



Table 41.2 Date of birth of lÍtters born to females inseminated

in the wlld.

PopulaÈion
Date of birth

of lltter
Nr¡mber of
litters

Eyre Penlnsula 13. 8.73

L7 .rL.73

24.Lt.73

3.L2.73

ro.L2.73

6. 1.75

15. 1.75

17. L.75

20. 1.75

26. 2.7 5

20. 6.75

23. 6.75

L2. 3.76

ll

il

ll

il

South-East

tt

n

tt

l[aldegrave Island

Goat Isl-and

tt

Eyre Island

1

2

1

2
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2

I

I

1
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involving second generatl-on laboratory-bred anímal-s produced litters,

and the few successful matings generally included one wild-caught or

fírst generation Parent. Taylor (1961) reported a similar loss of

reproductive success in Èwo laboratory colonies of .R. f . a"ssimíL¿s

kept in Californía. Considering only Xl:re 74 litters where at leasË

one índivídual survÍved untÍl weaning age (4 weeks), the mean litter

size at Ëhe ti-me of r¡eaning hras 4.08 t 1.51 (SE), wíth a maximum litter

size of eight.

Second, the sex ratio observed in laboratory-reared animals

sunriving to weaníng age showed some interestíng varíation. From 54

matíngs (74 litters) a total of 170 females and 132 nales reached

weaning age, representing a signifícant excess of females (Xl = 4.78,

P<0.05). Table 41.3 shows a breakdown of the data according to the

origín of the parents and whether the female parent was ínseminated in

Ëhe wÍld or ín the laboratory. One of the matíngs of type 2 ínvolved

two Norton Sunrnit ÍndÍvíduals, while the other two each ínvolved a Par3nt

from Pearson Island South and a parent from ?earson Island North. Table

Al .3 shows that the excess of daughLers r¡ras largely confined to litters

from females inseminated in the field (type 1) and from the three matings

of type 2. Furthermore, matings of tyPes I and 2 produced greaËer

average lltter sizes than those involvÍng laboratory-bred índividuals or

parents fron different populations (types 3 and 4). One factor possibly

contrÍbuting to the aberrant sex ratío is thaË more females than m¡les

are concelved, but there is a preferential loss between conception and

weaning, of females, in matings of types 3 and 4. Alternatively,

feuales and rnales are conceived with equal frequency, but fem¡le survival

is greater ín matÍngs of tyPes 1 arid 2 t:nan the other two ËyPes. IÈ is

not known what mechanísms may operate to produce differentíal conception

or survival with respecÈ to se:(.



Table 41.3 Numbers of males and females and average litter size

at weaning age¡ in litters of Ã. f. greyíí reared in the laboraLory.

Mating type
Number

of
matings

Nunber
of

litters

Average
Litter
size

Number of

Females Males

2
IX

1. Field inseminated
females

2. I^Iild caught parenËs
from same populaËion;
laboratory conception

3. !üild caught parents
from dífferent
populaËions

At least one
laboratory bred
parent

L7 4.4t 49 26 7.05**

6 83 26 g g .26**

13 20 3 .60 37 35 0.06 ns

2L 31 3.87 58 62 0.13 ns

T7

53

4

ToËa1 s4 74 4.08 r7o t32 4.78*

* P<0.05

** P < 0.01

ns not sígnificant
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Populations ínhab:Lt:ing smal-l- ísl-ands have sc¡nte characteristics r,¡hich

make them parl-icularly trseftrl f c¡r: populatíon ge.netícs studies. In geaeral ,

the fea¡ures assocíared rvittr such populatíons are: (Í) theír reproductíve

ísolation, (i.i) the small nurrber of inclivícluals and (iiÍ) a well def:inerl and

reclucecl habÍtat area. These feattires may rnaLu the stucly of srna.l-l- Ísl¿rnd

populations less cornplex than those of mainland popul-ations and often a

valuable conpari.son can be made bel-rveen Ísla-ncl and mainJ.and populal-íons.

The study descriþecl here ís arr attempt to genetical-l-y characterj-se' a

seïies of j-solated popul-ations of the Australían bush-rat, Ratl'us fuscipes.

there are four recognised sub-specíes of the southern bush-rat, each

írrlrabíting a sepa.Tate coasËal region of Ausfral-Ía (Ta-ylor and Horner, 1973)

(Fj-e. l.). Tliis stucly is primarily concerned with the Souttr Australían

sub-specíes F. fuscipes greuii' wh:i.cir inhab:iüs Ëhree geographj'ca'11-y

isolated areas on the maínJ-and and. thirteen off-shore islands' The three

maínlancl populatíons and t-.hat on Kangaroo Isl-and occupy areas of simílar

sizee about 4001000 ha, and wil-1 l¡e referred to as "large" popu1-at:iorrs'

The othel populations ínhabÍt íslands which Ïange in area from abortt 50

to 300 ha and r.rill be ref erred to as 'rsmal-l" populatíons ' Thís contrasl-

in Èhe extent of the areas occupied by the tvTo types of populations ís

probably accompaní.ed by a corresponding dífference Ín the numbers of

índÍvfduals ín the popul-ati.ons, although no studíes of populatíon si'ze

have been made.

Duríng the l-asL i-ce-age, all of Ëhe islands in question were part' of

the mainland. As Uhe:lce reËreated, there vlcas â eustatíc ríse ín the sea

level and the islands we:re formecl. It Ís possible to estímate the time of

isolation from data on the nean sea leve1 duríng the last 201000 years

(e.g. Irairbridger 1960; Tirom ernd Cheppell, 1975) anci the presenl:

topography of the sea bed. Table. 1 shows Lhese estimated ii*uu' It is

INSERT TABLE 1



TABLB l. EstÌmated tíne of isoLation of uaz'iou's isLanås from mairú'ryd.

Ihe d.epths shcnm are the ehanges ín sea Leuel (reLatíue to the ¡tresent

Leuery that uouLcJ yesuLt in a Lanå. br,ídge ioining 'bhe uæiotts iskmds

to the mainLanå. Døta fnom natsigationø.L eharts (8.A.1061; B,A. 3359;

B,A. 1762; Aus, L34) ærtd RogaL AustraLiort Naug strcuey sheets ff / };

Va/ l; v4/66; Vs/204; V5/205; v5/206) ueTe used'

Populatíons
Depth

(metres)
Year:s
(B.P . )

Eyre Peninsula - Dog Island

Eyre Peninsttl-a - Goat Island

Eyre Peninsul-a - Pearson Isl-ands

Eyre. Peninsula - GreenlY Isl-and

Eyre Peninsula - llTal-degrave Island

Eyre Península - ltriLliams Island

Eyre ?eninsul-a - HoPkíns Island

Eyre Península * North GambÍer Island

Norton Surmnlt - Kangaroo Island

37

6

75

75

6

50

22

50

31

11,500

6,500

1.4 ,000

14,000

6 ,500

12,000

9r5oo

1 2 ,000

10 ,000
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probable tÏrat A" f . greAi¿ rva-s distrj-buted across most c,f central- souther:n

Australia clur:Í"r:.g the- last ice-age, when ai tíme.s the clirnate \^Ias tnretter

than at prcsen!, an<l it is reasonable to assrme that suít.able ïrabitat for

the species vùas rnuch ¡rore ruidespread. The existence of poprrlatíons of

l?. f, gxeyÌ.í ou Dog Isl-and and Goat Island, rvi-th no conteurporary populatÍ-on

on Ëhe adjacenË rnainland, also suggests a pr:evíously wider distribution.

hrhile it Ís::ecog;nísed that this clistrj,buÈíon nay not have been continuous,

t.he- founders of the present day populatíons will be consiclerecl , irr thls

paper-, to have come- from arr rrancestral populatÍonrf . lhe presenË day

disconÉinulty in ttre distríbution of R. f, greyíi on the rnainl-¿rnd presumably

has resulted from recenL clíroatÍc changes (e.g. T\*'idale, L969) artcl liurnan

habitatíon which led to the dest::ucti-on of suitable bushl-and habitat"

Early European settlers certaínly brougl-rt predators ancl competitors of

R, f , greyii r,zlth l"hem.

IË ls rrnlíkely that Lhere ha-s been much, íf any, migraËion betwe-err

these island popul-ations, sínce their isolation. Small manrnals, except

those commensal wíth rnan, are poor over-\,üater díspersers. IË seems likely

then that a rn'idespread ancestral populatíon of R. f . g?eA¿i was f ragmented

by environmerrÈal changes lnto a serjes of large and smal1 populatíonst

between which no recent mígratíon has occurred.

This study is concerned h7íth determinlng: (í) the relative amounts of

genetÍc variation ín insular and maÍnland populations, (1i) the patterns

of geographÍc varÍation. and the ge-netíc si¡nilarity of populations and

(iff) the lnportance of selection aud drift on (i) and (í1). Four large

and nine surall popula,tions of R. f. gne7ií have been stu<lied, along with

some indívLduals from three other sub-species (n. f, fuscípes' R. f. assímiLis

and .R. f. cora.e¿us). Starch gel e-lectrophoresj-s r,¡as use<l to lnvestigate

genetic varíat j.on of tilírtee-n pt:o'L:e.í ns tr;r'c.ri'.::l:'ccl i¡r t;e cc;:.t::di1r:r1 by si:;r-ceil

dÍfferent genetlc locí.
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IIATEIìIAI-S AND EX}'ERIMENTAI }IETHODS

Specinens of rî" f. g'r,eAii were collected froru the followin¡¡ islands

(see FÍ.g. I for geographic positíon and Table 2 for sample slze):

Dog Is. (DI) o Goat Is. (GOI), Pearson l-s" North (PIN) o Pearsorr Is" South (PIS)

Greenly Is. (GRI), I{alclegrave Is. (I^IGI), trrl:L1líans Is" (t^tUf¡, Hopkins Is. (HI),

North Gambíer Is. (NGI) and Kangaroo Is. (KI) and from the three rnainland

populatíons, Eyre Perrirrsula (EP), Nort,on SurmriÈ (NS) and South-East (SB).

In acldition, síx 1?. f. fuscipes (RFF), five 8" f . assíniLís (RFA) and síx

R. f. coracius (RfC) were obtaínecl" ExcepË for three R.f. assími'Lis ftoni

Glennie Island, all Ëhe specimens of these sub-specí-es rdere col.l,ected from

maínland popu.lations (Fig. 1).

Tissues were homogenísed ín 1ml dÍstÍl-l-ed waLer per gnì tissue and

centrÍfuged af- 401000 g for 20 min. The supernatant was stored at -25oC"

Vert.ical starch gel electrophoresís LTas carríed out usíng watCr-coolecl gel

beds. The proteins scored rvere as f ollows: suPernatant rnalíc elìzyme

(lîE-1), mitochondrj-al malate de-hydrogenase (ìDH-2), cytoplasrnic isocitrate

dehydrogenase (Ittl-l), mÍtochondri.al isocítrate dehydrogenase (IDH-2)'

phosphoglucomutase (PGM), cytoplasmÍc glutamaËe oxaloacetate trânsaminase

(GOT-I), mitochondrial glutamate oxaloacetate transaminase (GOT--2),

glucose-6-phosphate dehydrogenase (G-6-PD), 6-phosphogluconate dehydrogenase'

(6-PGD) , superoxíde clismutase, (SOD-l.) , hae.moglobín (HB) 
' red cell- acid

phosphatase (ACP), lactate dehydrogenase rBr (].DH-1), lactate dehl'd¡otttt*="-

tAt (tDH-2), esterase (ES), and albumín (Aln¡. The electrophoresls buffers

and tíssues used for the varÍous proteíns v/ere as follows: ME-l' MDH-2t

IDH-I and IDH-2 (heart or kidney), trls-citrate pH 7.0 (Shaw and Prasad,

1970); PGM, GOT-1 and GOT-2 (heart), tris-citfate pll 8.0 (selander et aL.

197l); G-6-pD, 6-pGD and SOD-I (lcídne1'), díscontinuous trís-citrate pI{ 8.7'

borate pll 8.2 (Se-lanc, er et a'!." , i-e7l-) ; 111ì ercl ACÌ'} (;rr:r1 ce1l, lraemoll sates)

and LDH-I and LDH-2 (heart or kídney), trís-borate-EDTA pH 8'6 (O' Smithies'
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cít-ed by Huehns and Shootcr, 1965); ES and ALB (plasma), dl-scoittínuotis

t.ris-citrate pH 8.5 , U-thiurn-borate pH 8.5 (Gahne, 1966) . StainÍ.ng

solutl-ons were essentlalJy the same as those userl by Selander et aL.

(1971), except that ES was detec.ted by the flrrorescent rnethod of Hopkinscn

et aL" (1973) using 4-methyl-urnbelliferyl acetate, and ACP usíng 4-rnethyl-

urnbell-iferyl di-hydrogen phosphate (Sr¡allow et aL. ' 1973).

RESULTS

The data on gene frequencies and sample size-s for each population are

p::esented in Table 2. Data on the inheritance of all of the proteín

varíants found Ín F. f. gneyii (i.e. on all proteín varíants mentíoned

excepr- rdh-f , rdh-13, ,"nuLL , Got-le , Got'21 , ï¿h-L2 and L&t-23) h*1r"

been obtaine<l from fort.y-five matlngs. All breedlng data are ln agreementr

with the hypothesls that, for each proÈein, the variaÈlon is controlled

by alle1-es at ari autosomal locus. The electrophoreÈic patterns fo:: each

protein are the same as those most commonly f ound in oÈher mammal.ian spe-cÍes.

Indivldual-s heterozygous at the ALb anð' Pgm J.oci- have two bands , Got, I&

a¡,d 6-Pgd heterozygoËes have Ëhree bands, and Me hetexozygotes have flve

bands. Individuals heterozygous at one Ldt locus have the characteristic

fífteen bands. Esterase variation Ínvolves the Presence or absence of a

síngle bancl. The haemogl-obin variatíon l-s complex and work is 1n progress

to elucídate its genetic basis. All presumed hornozygotes have one maÍn

band and a mlnor, more anodal band. All presumed heterozygotes appeared

to have only two maín bands, but in some cases the resolution was not good

enough to ellmínaÈe the possibillty of frur bands being present. For

sirnplicity in the statistical analysís, the haemoglobln variants have been

tre-atecl. as being determíned by alleles at a singl-e autosomal locus, a1-though

1t fs quite possible Ëhat mcre than one locus is involved. No variants

were deÈecÈed for the enzymes ACP, G-6-PD, MDll-z and S0D-1.



Vo.z,íabi,Lt)ty e s timat es

lìach of tTre large Ã. f. greyii populations, Eyre Pen:insul"a, NotEon

Summit, SouLl-r-lri¿lst and Kangaroo Islandrare polymorphíc at t¡vo to four locí,

with mean tret-e::ozygosl-ty l,alues in the range 0.02 to 0.10 (urean 0'042)

(Table 2-). No variatiorr ¡,¡as dete-cted rn'ithin seven of t-.he nÍne small- íslanrl

T.]\TSERT Î.N,jLT. 2

populatíons. Pearson Islancl South and Inlaldegrave Island each have one

po1-ymorphic loc.u.s and mean heterozygosíËies of 0.03 and 0.0/+ respectively'

The nrean hete-rozygosíty for all small populations is 0.007. The small

sampJ.e sizes of Ì1. f, fuscöpes, R. f, assì-míLís and R" f' coxacius do not

al-l'ow reasona.ble estimates of variabil-i.ty to be made for thern'

Geographie uatiation inl R, f. gleyii

ThepolynrorphÍclocihavebeengroupedaccordíngtosími]arj'tiesín

their geographíc paËtern of variation'

1. For tr¿o loci, Pgm and 6-Pgd, all popul.aËíons but one (Kangaroo I'sland

and south-llast respectively) are mononorphíc for the same a1Iele' The

Go-b-L- locus has a simil-ar pattern, with all- populatíons except t-he Pearson

Islands being fixed for the C,ofu7a a1lele. The allele Go't'lb is only

found ín the Pearson Island populations (Schrnitt, I975).

2. The mitochondrial forrn of IDII, is variable ín i-l"rree of the four large

populations (Fj-g. 2), r.rítÏr t,'e Idh-Zf a1lele being less freqtrerrt than Idh-22

in all populations. on l^laldegrave Island, Ène Idh-21 aLLeLe has a freciuency

of 0.36. Alr other snall populations are fixed for th. ïdh-22 allele'

INSERT FIGURES 1 and 2

3. ltne Me-L locus ís variable ín all- large populations (rÍg. 2). In each

popul.af-ion the same tr/o alleles,I4e-11 and I'1e*1-2' ere Present' All srnal-l

islands are fixed for eíther the t"le-ll oT IIe-12 all-el-e'' Símílarly' at the

f¿h-z and, ALb locÍ, each Éjiu¡lll pcpuletiol1 is f:í':lr:'-i for L)ne.of tr'¡o a-Lleles

(FÍg.2),Nopclpulatj'onispolyruorphical-tineALb].ocus,whileonly

Norton Surnnit 1s polymorphíc at the t¿h-z locus '

4. six haemoglobin ,ralreles,, are found Ín R. f . grea¿¿ (Fig. ?-)' Hb'r í"

r-ha mns.f ç,ríclesoread. Only one population, Norton Summít, ís polymorphíc
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TASLE 3 Gsnetie distm,ees uith stalåæd. ewors, beüteen popuLations of R. fuscipes, eaLeulated aeconding to Neí (197Ð'
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the exceptíon of Norton Sunmitr shoqz much lower values for the proportion of

polymorphic loci and mean heterozygosity Ëhan the avera6le manrnalian popui"ation

(Table 2).

The results also indícate that large populatj-ons of -8. f. gt'eyíi ate

more variable than srnall populations (fa¡te Z) . Itlhile there are studíes

which have found lower levels of genetic variabÍlity ín island populatíons

compared to mainland populaÊíons (e.g. Saura et aL., 1973; Soulá and Yang,

L973i Avíse et aL., L974; Gorman et aL., 1975), some have found no

difference (e.g. Berry and Murphy, L970: Ayala et aL. t L97l; Johnson, I97I;

Berry and Peters, 1975). Reduced genetic variation has also t¡een found in

populations which resemble ísland populations, wÍth respecË to Iow effective

population size, a recent bottleneck or smalt habítat area (Avise and

Selander, 1972; Bonnell and Selander, 1974). The paucity of genetic

variation in the small populations of ,R. f. gZeyií can be attributed to one

or more of three causes. Fírst, genetic drift wíll have a more marked

effecË Ín Èhese populatíons because of small populaÈíon síze. Second, a

catastrophic event such as fÍre, famine, etc., is likely to affect the rvhole

population on a small lsland, while 1t may aff.ect only a part of a large

populaËion. Loss of varÍabilíty ín the affected part of a large populatlon

can be repl-enished by migration from adjacent areas but this is unlikely to

happen 1n a small populatlon. Thlrd, on the small islands, decreased

genetic variabllÍty may. be a response to decreased envíronmental variabillty.

GeognaPhie uæiation

1'he patterns of geographíc varlatlon at índividual loci can be interprete

as follows:

1. For the pgm Locus, it is likely that the Pgnz al¡ele is a mutant, r*'hich

arose after the isolation of Kangaroo Island from Èhe other populations'
o

If the pgmz aLIele was even moderately widespread before the isolation of

Kangaroo Is1and, |t might be expecLed to be present in some of the nearby
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populatlons. Simílarly, l.t can be arguecl that the Got-lb allele, altl-rough

present in two populatíons, probably arose by mutation after the isolation

of the Pearson Islands (Schuritt, L975). The Ëwo Pearson Islands are

separated by a narrow channel, a fêw metres wide and at very low spring

tÍdes a narro\¡r, dry sand-bar connects the two islands.

As al-l- specimens of .R. f. assí¡ndLís and R. f . eoraeius are homozygous

oÐ.)
6-Pgd'/6-Pgd' it ís possíble that tlne 6-Pgd' allele r¡hich is presenË only

fn the South-East populaËíon of -R. f. gneyii was introduced as a result of

1nÈrogression of that popul-ation with Ã. f. assinrLLís. Alternatively, Ít

may be a relÍc from the time when the two sub-species rüere sympatrÍc.

2. At the Idh-Z locus, the Idh-22 a1le1e is more frequent than the Icth-zL

allele in all populations. In the lJaldegrave Island population a slgnífiqant

excess of heterozygotes at the Idh-z locus was detected, and ít has been

suggested that selection rnay be malntaining thls polymorphisrn (Schmitt, 197-r).

Because both alleles are found in several R. f. greai¿ populatíons there ís

a good case for arguing that the two al-l-eles I¡7ere present in the ancesÈral

population. If drift has played an important part in the loss of genetic

varíability on the small islands, the probabil-ity of fixation of a particul-ar

allele on an island wtll be proportional to its frequency rvhen the íslan<l

was isolated. All islands exeept Waldegrave Island, where tÏre polyrnorphisrn

has been maÍntained, are monomorphic for gne r&t-22 a]:Le:-:e. Thi-s suggests

that the kdh-22 allele was the coÍìmon allele in the ancestral population as

it is in the large contemporary populatÍons '

3. The distriburÍon of variation at r]rte ALb, Ldh-z and Me-L locí sugge'sts

Ëhat the alleles found at these locí were present before fragmentation of

the ancestral population. The north-\'restern populations are monornorphic

for the tte-72 allele whíl-e most of the islands towards the south-east are

monomorphíc for I'Ie-17. These observations suggest that there may have beírn

a clÍne in aIIele frequencíes 1n the ancestral populatfon, íne Me-L2 allele

beÍng the most frequent allele in the norÈh-west, with t'le-L7 íncreasing ln

frequency to the south-east. The fact that all R. f. fuscip¿s indÍviduals
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are l)omozygous ¡lle-12/tle-1-2, wintle R, f. assùníLie and ts. f. coz'acius

individuals are homozygou s Ae-/ /¡tn-17 , gives added support to this

suggestion. Sírnilarly, the contemporary distribution of alleles at the

ALb and, Ldh-z loci suggest the existence of clines for these genes in the

ancestral population. In both cases, the alleles most frequent towards

the south-eastern end of Lhe dístribution of. R. f. g?eAii aTe present Ín

F. f . assíniLis and .R. f. co?acius, whíle the allele most- coumon toruards

Èhe north-western end of .R. f. greyií is also present in.R. f, fttscipes.

4. The pattern of haemoglobin variation also throws some 1-ight on the

possible composition of the ancestral population and on which alleles are

probably recent mutants. Three alleles , fub, fud anð' Hbk are each found

separately in only one population and may be considered to be recent mutanËs'

Like pgmz and, Got-i-b. Hbd, ¡¡6P and Hbs are widespread, the fírst two beíng

found in more than one population of -R. f. gfeAii and all three are found ín

at least one o¡her sub-species. Hbs, Líke 6-Pgd2 appears from consideration

of populations of R. f. g?eai¿ only, to be a recenË mutant.

From these patterns in gene frequencies, Ít seems likely that the

ancestral- population was polymorphíc at at least fÍve locí (ALb, Hb, Idh-z,

Ldh-Z and Me-L) and therefore had a lewel of genetic varíabil-ity sirnílar to

most modern mammalian populations.

Øtøttítatioe øwlYsís

The general relationships between populations as seen ín the genetic

distance uratrix, dendrograms and corrcsPofldence analysJ's scatte'rgram are in

agreement wiLh the locus by locus trends just discussed ' hrithÍn R' f' g?eyii

Ër,ro groups are evident, one consisting of Goat Isl-and, Pearson Island South

and Pearson Island North and a secold consisij-rr¿ of al_1- other populations'

except Dog Island and South-East. The latter two ttt "pp"tently 
not closely

assocl-ated with either group, and Èhis genetic distinctiveness ís concomítant

with marginal geographic positions. The first principal axis of the
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correspondence anal-ysJ-s, separaËes the two main groups wíthin.R. f. greyíi

whlle axes tvro and three separate the South-East and Dog Isl-and populations

respecLively, from the other R. f. gz,eyü populatlons. The posiLion of the

Dog Island population ln Fig.4, which shorvs only the first and second axes,

ís therefore somevrhat misl-eadíng.

Ignoring se-lective forces, it would seem that the genetíc dístance

between any two populations wfll be related to the t,íme of their i.solatlon

from one another and the geographÍc distance between them. For example, it

is expected that l^Ialdegrave Island will show a greater affÍnity to the Eyre

PenÍnsul-a population than to the Pearson Islands, despíte beíng about

equidistant from both. This is because trIaldegrave Island has been isolated

from Eyre Peninsula for about 6r500 years, while the Pearson Islands have

been isolated froml{aldegrave Island and Eyre Península for some 14'000 years.

,Goat Island on the other hand, has been ísolaËed from Eyre Peninsula and Ëhe

Pearson Isl-ands for periods símí1ar to l,Ial-degrave Island, yet shows greater

genetic similarity to the Pearson Islands than Ëo Eyre PenÍnsula. A possible

explanation 1s that the suggested clines in gene frequency 1ed to alleles with

a high frequency ín the north-west being fÍxed on Goat Island and Èhe Pearson

Islands but not in Èhe Eyre Peninst¡la populatfon.

The genetic distances which involve R. f. fuseipes or R. f. eora,e¿us

must be Ëaken with a good deal of caution, each being based on the genes of

only six Índivíduals. The dendrograms derived from the correspondence

anaLysís and Neírs geneÈic dístance dÍffer in their placement of. R. f. fuseipet

and.R. f. coyacius with respect to R. f. gneyii. The former, from a con-

sideration of the current taxonomy of fhe specles, gives a more saËisfactory

arrangement, placlng the R. f. gneyü populations 1n one group before adding

the other sub-species. However, the latter illustrates Lhe relaÈionship

betrseen.R. f . fuseLpes and the north-western populations of R. f. gz'eyíi,

and between R. f. eorv.e'íus and the south-eastern .R. f. gz'eyü populations'

This relatÍonship ímpl-ies that .R. f. greAì'i has, Ín the past, been a línk
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beËrveerr the oËher sub-speeies and may have been part of a large, roughly

llnear population, stretchirrg from south-western Australía along the southern

coast to norÈh-eastern Australia. !ühether Ëhis populatlon \^las contínuous at

any one Èime is problemaËical . llorvever, climatic conditions and the sea

level have been more favourable Ëhan at present for such a connecËion across

southern Australia to exÍst (e.g. Jennings, L97l). Parsons (1969) and others

have díscussed a possible late Pleistocene migration route across southern,

AustralÍa, on coastal lowland whích ís now under the sea, to explain dis-

junction in Ëhe dístribuËion of planË species in Australia.

Taæonomi c r eLatí onshiP s

A comparíson of Ëhe genetic distances between the populations studied

here and the dj-stanc.es-of comparable taxonomic grouPs of mamuals r¿as made

using Neirs genetic distance and from data presented by Neí (1'975) (Table 4) "

INSERT TA3LE 4

It shows that the ge.netÍc dístances between races and sub-specíes of

R. fi1scipes are, in general, greaÈer than the distances between sÍrnilar

groups. It should be emphasísed that these genetíc disÈance estlmates for

R. fuseipes are based on about sixteen genetic loci and have standard errors

of the order of one half or more of the actual estÍmate. One of the factors

contributíng Èo these larger than normal estimates of genetic distance would

be genetlc drift in the small- populations. As succinctly poínted out by

Lewontin (1975), forces which decrease genetíc variability withín populations

will increase varíabilíty between populations.

Genetie distartee alld time of separation

The dlff erences betrvee.n pc.ptrlat:icn*q of F" f . g71e'ií,i have'evolved

within the last 141000 years and the data presented here represent one

of the few examples where an estimate of the time over which genetic

dffferentiatlon has occurred, can be made'



Table 4. A eontpæíson of the genetie distøtce between raees of

R. f . greyli and sub-spee¿es of R. fuscípes md sùní,Læ taæonomie

groups of mønmals (fnom Neí, L97Ð.

Species
GeneËÍc dísËance
between races

GenetÍc dístance
beËween sub*species

I'fan

trhus musauLus

Kangaroo rats

Pocket gophers

Gophers

fr. f. greyíi

R. fuscipes

0.011 - 0.019

0.010 - 0.024

0.000 - 0.058

0.00 - 0.38

0.194

0.004 - 0.262

0.009 - 0.054

0.11 - 0.59
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Sarfch (I977) call-brated an ttelectrophoretlc clockrr, equating one unit

of Neirs genetic distance to approximately 20 rnillfon years (lff) separaÈJ-on.

0n thls basls the average genetic dLstance between R. f. greA¿i populatlons,

whlch is 0.17, would correspond to an average tlme of separaÈ1on of about zWY

(after an adjustment is made for the proportíon of t'slowil and'rfastttevolvíng

proteins used Èo estimate geneÈÍc distance) . This leads, 1n the case of

.R. f. greyí,i, to a dlscrepancy of about two orders of magnlËude between

Sarlchfs clock and Èhe biogeographic information (Tabl-e 1). Another method

for equaÈlng genetic dl-stance and tlme of separation (Nei, 1971) predfcts

that the R. f. greyií populatíons have orr average been separated for about

1251000 years, which agaln is consfderably in excess of the values in

Tab l-e 1 .

Turo factors may be contri-buting to these Ër¡Io overestimates of the time

of separation. First, genetic drift nay have accelerated the genetic

differentiation of R. f. gre7¿i popul-ations to a greater extent than for

populatlons of other specíes. Second, the callbration of Sarfchts clock

¡.ras based on an alburntn immunologlcal clock, empf-rlcally calibrated using

populations separated for peribds of the order of 20MY and more. It fs

posslble that this calibratlon does not hold for populaËions isolated for

much shorter periods of time.

EuoLutionary forees

Studies of genetic varíation in natural populations are always faced

wiÈh the problem of deteruining the nature and relatlve roles of selective

and non-selectfve forces fn maintaining the varíation. There are very

few exarnples in which these have beenì.,determined. Iu order to enhance

Ëhe possiblllty of rnaking this distinction, popuJ-atlons wíth specíal

features are sÈudled. Tlris study was r¡ldertaken in the hope that the

unusual distrfbutional characteristics of R. f. greyii vrould íncrease the
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probabfli.ty that data, relevant Èo this problem, r,¡ould be obtained. tr^lhlle

1Ë Ís <iiffícu1t to assess the roles of selection and drift in deternti-ning

the genetic structure of.R. f. greyii populations, it seems likely that

drift has been a major influence affecË1ng the gene frequencies on l-he surall

islands. Drift seems the most likely explanatíon for the exÍstence of

dj-fferent allelic genes fíxed on islands only a short distance apart and

with no obvious geographic or biogeographic dlfferences (e.g. C'ot-L on the

pearson Islands and Me-l- on Hopklns and Inlilliams Islands). The 1ow 1evel

of genetic varíabillty in Ëhese srna11 ísland popul-ations ís also consístenÈ

wíth genetic drÍft. I{hilsÈ the author was ímpressed with the sirnilatity

of most islands with respect Èo their physical features and flora, there is

litÈIe or no recorded ínformatlon of thís type for most of these islands '

It ís certainly possíble that selectÍon was ímportant ín deternúníng the

fíxation of particular al1el-es on certain íslands, and íÈ may wel-l have

had an important role in producíng or maintaíning the suggested cllnes 1n

the ancestral- poPulatlon.

SU},ÍMARY

A study has been macle of síxteen genetíc loci in thlrteen populations

of Rath,ts fræcipes geeyii . These populations have been reproductively

tsolated from one another for varying times, by geographical barriers'

Seven sma11 ísland populations are monomorphic for al-l locÍ and two other

ísIand populations are each polynorphic aË one locus on1y. The mean

heÈerozygosfËy for al-1 sma11 isl-and populations is 0'007' These populations

are genetÍcally le.ss variable than mosË mamlalian populations ' Three maín-

land populaËlons and a large island populatíon are polymorphic at two to

four genetic locí (mean heterozygosíty = 0'042) '

The geographic patterns of varíatíon at several loci throw light on

the composítion of the gene pool of the arrcestral populaËion from whích it

1s presumed the contefûporary popul-atíons were ul-timately deríved ' some
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genes, found only Ln one populatíon, are apparently recenÈ rm-rÈants, r,rhile

others are more wÍ-despread, lndicating that they were probably pre-sent in

the ancestral population. For some locl íË seems likely that clines in

gene frequency htere pre-sent in the ancestral population.

A modification of the method of príncipal components for contÍngency

tables gíves an excellent sumnary of the data.

Genetíc drift appeaïs to have played an importanË part in detenníning

differences between these populatÍons r¿hich have devel-oped wiËhÍn the last

14r000 years.

The genoËypes of a few individuals of three other sub-specÍes support

the general conclusions macle from .R. f . WeAi¿. IË 1s suggested that ín

the past, .R. f. gt'eyü has been a link between the eastern and rvestern sub-

specíes of R. fuscipes.

ACKNOI{LEDGEMENTS

The very generous help of many people who assisËed me ín collectÍng

the specÍmens used Ín this study is gratefully acknowledged. The SouLh

Australian National Parks and tr^Iíldlífe Service kindl-y provÍded the necessary

permits. Mr. J. Forrest collected the sample from llopkins Is. and Dr' P'

Baverstock and Dr. A. Robj-nson províded the samples of .R. f. fuseipes,

R. f . assimiLis and .R. f. eo?aßius. Dr. N. tlace provided detailed

information on the sea bed contours around Dog Is. the distríbutlon of

R. f. gfeyü was based on information from l"lr. P.F. Aitken' I axt grateful

to Dr. R.J. Ifhite who gave me sLaÈÍstical advice and developed the computer

programs for the correspondence analysís and dendrograms. I am Índebted

to the followíng people who provided.crítícal discusslon throughout the

corlrse of thj.s r^rork and helped in the preparation of the manuscrípt:

Professor J.H. BenneÈt, Mr. R.B. Halli-day, Dr. D.L. Hayman, Dr' R'M' Hope'

Mr. J.G. Oakeshott and Dr. R.J. Whlte. This work was supporÉed by a

University of Adelaide Research Grant'



15

LITERATURE CTTBD

AVISE, J.C., AND R.K. SEI-Ai.\DER. L972. Evolul-Íonary genetics of cave-dwelling

fishes of the genus Astyarnæ. Evol-utj-on 26¿I-19.

AVTSE, J.C, M.H. SMITÌI, R.K. SELANDER, T.E. LAWLOR, AND P.R. RAI4SAY. L974.

Biochemical- polymorphísm and systematlcs ín the genus Perottysctts.

V. Insular and maÍnl-and species of the subgenus HapLomyLorn¿s.

Syst. ZooL. 232226-238.

AYALA, F.J., J.R. POI^IBLL, AND T. DOBZHANSKY. 1971. Polyrnorphisms ín

conËinental and island populations of Dt'osophíLa uiLListoni.

Proc. Nat. Acad. Sc1. (ürash.) 68:2480-2483.

BENZECRI, J.P. Lg7O. Distance distributionelle et métrique du chi-deux en

anal-yse factorielle des correspondances. (Laboratoire de StatisËique

Mathénatique: Paris).

BERRY, R.J., Al{D H.M. MURPHY. 1970. Ttre biochemical genetics of an ís1and

populaËion of the house mouse. Proc. Roy. Soc. London, B, 176:87-103.

BERRY, R.J., AND J. PBTERS. 1975. Macquarie Island house mice: A genetical

isolate on a sub-Antarctic lsl-and. J. ZooI. 176:375-389.

BONNBLL, M.L., AI{D R.K. SELAÑDER. L974. Elephant seals: Genetic variation

and near extinction. Sctence 184: 908-909.

FATRBRTDGE, R.W. 1960.

202(5) Z7O-79.

GAHNE, B. 1966. SËudies

The changing 1-evel of the sea. ScienL. Amer.

transferrins, albumíns,

Genetícs 53:681-694.

on the Ínheritance of elecËrophoretíc forms of

prealbumins and esËerases of horses.

GORMAN, G.C., M. SOULE, S.Y. YANG, AND E. NEVO. L975. Evolutionary

genetics of ínsular Adriatic lízards. Evolution 29252-7I.

HARRIS, H., AND D.A. HOPi(INSON. I972. Average heterozygoslty per loeus

in man: an estimate based on the incidence of enzyne polymorphisms.

Ann. Hum. Genet. 36:9-L6.

HOPKINSON, D.4., M.A. MESTRINER, J. CORTNER, AND H. HARRTS. L973-

Esterase D: a ne!,I human pol-ymorphism. Ann. Hum. Genet. 37 z 119-137'



L6

HUEHNS, E.R., AND E.M. SHOOTER. 1965. Human haemoglobins. J. l-{ed" Genet.

2:48-90 
"

JENNINGS, J.N, I97L. Sea level changes and la.nd línks. In D, J. I'fulvaney

and J. Golson (eds.), Aboriginal man and envíronment 1n Austra,lia.

Australian National Unlverslty Press, Canberra.

JOI]NSON, F.M. I97I. Isozl'me polyurorphisms 1n Dt'osophiLa arlqtt(r7sa.e2

genetfc diversíÈy among island populatlons ln the South Pacj.flc.

Genetícs 68277-95,

LBI,IONTIN, R.C. 1974. The genetic basis of evolutionary change-.

Colunbía UnlversÍÈy Press, New York.

Lg75. GenetÍc aspects of inËelligence. A. Rev. Genet. 92387-405.

NEI, M. 1971. Interspecific gene differences and evolutionary tlme

estÍmaÈed from electrophoretic daËa on protein diversiÈy.

Amet. Nat. 105:385-398.

Lg72. Genetic distance betr¡een populatíons. Amer. Nat. 106z2B3'292.

Ig75. Molecular populatíon genetics and evol-uËíon. North-Ilolland,

A¡nsterdam.

PARSONS, R.F. 1969. DlstribuÈion and palaeogeography of two mallee species

of EueaLyptus in southern Australia. AusË. J. Bot. 17:323-330.

pOWELL, J.R. Ig75. ProLein varlatíon in natural populatj-ons of animals.

Evol. Biol. Bz79-II9,

SARICH, V.M. 1977. Rates, sample sizes, and the neutrallty hypothesls

for electrophoresis in evolutlonary sÈudies. Nature 265224-28'

SAURA, A., O. HALKKA, At{D J. LOKKI . 1973. Enzyme gene heterozygosíty in

small ísland populations of PhiLaenus spwnaTius (f,.) (tionoptera) '

Genetica 44:459-473.

scHl"lITT, L.H. I975. Genetíc evldence for the exisËence of Èwo seParate

populatíons of Rattus fuseípes gTeAii on Pearson Island, South Australiat'

Trans. R. Soc. S. Aust. 99235-38.

Lg77. Mítochondrlal isocitrate dehydrogenase varÍatlon ln the

Australian bush-raL, Rattus fuseipes greAi¿, Subrnitted for publlcation'



T7

SBLANDER, R.K., AND W.E. .ÌOHNSON. L973. Genetic varlation among vertebrace

species. A. Rev. EcoI. Syst. 4275-91.

SELANDER, R.K.,I,t.H. SMITH, S.Y. YANG, W.E. JOHNSON, AND J.B. cENTI{y, 197I"

Biochemical polymorphism and systematlcs ln the genus Peromyscus.

I. Varlatlon in the old-fÍeld mouse (Peronryseus poLionotus),

Stud. Genet. VI:49-90.

SHAW, C.R., AND R. PRASAD. 1970. Starch gel electrophoresis of enzymes -

a compílation of recipes. Blochem. Genet. 4:297-320.

SNEATII, P.H.A. , AND R.R. SOKAL . 1973. Numerical taxonomy. I,rl.H. Freenan,

San Francísco.

SOIJLE, M., Al{D S.Y. YANG. 1973, Genetic variation 1n side-blotched lízards

on isl-ands in the GuIf of CalifornÍa. Evolutíon 272593-600.

SI^IALLOI,tr, D.M., S. POVEY, ND H. HARRIS. L973. Activity of the tred cellf

acid phosphatase locus ln other tissues. Ann. Hum. Genet. 37:31-38.

TAYLOR, J.M., Al{D B.E. HORNER. 1973. Results of the Archbold expedítions.

No. 98. Systematics of native Australiat Rattus (Rodentl-a, Muridae).

8u11. Arner. Mus. Nat. Híst. 150:arÈ. 1.

TIIOM, 8.G., AND J. CHAPPELL. 1975. Holocene sea levels relative to

Australia. Search 6:90-93.

TWIDALE, C.R. 1969. A posslble laËe-Quaternary change in climate ín

SouÈh Austral-ia. fn H, E. I,trright (ed.), Quaternary geology and cl-inate.

Vol. 16. VII Cong. INQUA. Nat. Acad. ScÍ., hlashíngËon.



Anin. Rlood Grps biochent. Gettet. I (1977).

Mitochondrial iso-citrate dehydrogenase variation in tlte

ÄusLr.rii¿u i-rr-isli-Lat, R.arlus Irrscipes gru¡'ii

Lincoln l-I. Schmitt

Department of Genetics, University of Adelaide, South Auítralia 5001

Received: 31 December 7976

Summary

Four reproductively isolated populations of the Australian bush-rat, Raltus f uscipes

greyii, are polymorphic for electrophoretiò variants of the mitochondrial enzyme,

NADP-clependent iso-citrate dehydrogenase (M-Idh). The electrophorctic patterns

of Mldh and a small amount of breeclirrg data are in agreernent with the hypothesis

that the variation is controlled by trvo alleles at an autosomal locus, Idh-2- In three

relatively large populations, the proportion of heterozygotes at the ldh-2 loctts

ranges from 0.07 to 0.23, while on a small off-shore island it is 0.60. In this latter

population there is an excess of heteroz¡'gotes which is on the borderline of statisti-

cal significance, suggesting that heterotic selection may be rnaintaining the poly-

morphism. Populations on eight other small islands are nìonomorphic for the alleie

which is the most frequent in the large populations. In most species M-Idh is less

variable than enzymic proteins and the results presented hcre constitute one of the

few published examples of an extensive li{-Idh polymorphism'

Introduction

Sunìmaries of studies of isozymic variation in natural populations indicate that, on

àyeÍage, populations are polymorphic for about one-third of all proteins and on

average each individual is heterozygolrs at 5-75 Vo of its loci (Harris & Flopkinson,

1972; Selancter & Johnson, 1973; Lewontin, 1974; Powell, 1975). Nevertheless,

there is evidence {or consistent clifferencqs betrveen certain groups of organisms

and enzymes. Vertêbrates have a mean heterozygosity value of about 0.05, while

for invertebrates it is about 0.15 (selander & Kaufman,1.973). Also, Gillespie &

Kojima (1968) and Kojima et al, (1970) found that in Drosophila, the enzymes of

glycolysis are less variable than ¡on-glycolytic enzymes. One of the least variable

enzymes is mitochonclrial NADP-depenclent iso-citrate dehydrogenase (M-Idh)'

This enzyme catalyses the oxidative clecarboxylation of iso-citrate to a-ketoglutar-

ate. Selander & Johnson (1973) found that the mean heterozygosity per individual



at tììe ivt-tdh locus tor 19 vertebrate species surveyed u'as 0.0Uil. \r/ircl onil'thosc

species considered to be polymorplìic were considered, the mean heterozygosity rvas

0.0140. For all glucose metabolizing enzymes, the estimates were 0.0491 and

0.1043, rcspectively. Thus M-Idh is not only polymorphic in fovel populations

than most other enzymes surveyed, but rvhere it is polymorphic, the nrean hetero-

gosity is lorv. A priori there does not appear to be any reason for M-Idh atrd some

other enzymes to be less variable than othe¡s. Flowever, it has been suggested by

van Heylingen et al. (1973) that there is a strong conservation of the charge pro-

perties of mitochorrdrial enzymes possibly because their charge is important for

their localization.
This paper describes inherited N{-ldh variation in four populations of the bush-

tat Rattus. luscipes greyü in southern Australia. This subspecies is particularly in-

teresti¡g because'it is separated into several reproductively isolatecl populations.

Materials and rnethods

Specinrens of R.l. greyii wete caught in 'sherman' trâps and transported alive to

Adclaide, rvhere liver, heart and kidney extracts'werê prepared by homogenizing in

1 ml FI'O per gram tissue. Electrophoresis was carried out rvith 12'5 % 'Electro-

starch'arrd a 0.155 M tris-0.043 M citt\c acid (pFI7.0) continuous buffer (Sharv &

Prasad, 1970) for three hours at approximately 18 Y/cm. The staining dolution

consisted of 100 ml 0.05 M tris-HCl (pH 8.0) with 2.5 mM MgCl'6H"O, 20 mg

Dl-trisodium iso-citrate, 10 mg NADP, 10 mg MTT and 2 mg PMS. The method

for subcellular localization of the isozymes was essentially the sanre as Henderson

(1965). Heart or kidney extracts were used for phenotypic scoring of individuals

and liyer was used for the subccllular loCalization.

Animals were kept and bred in plastic house-mouse holding cages, 40 cm X

30 cm X 15 cm. Males were separated from females before litters were born.

Results

Two regions of Idh activity \ryefe seen on gels, one migrating towards ttre cathode,

the othei to the anode (Fig. 1). It is presumed by analogy rvith other vertebrates

that the cathodal Iclh is found mainly in the mitochondria (Henderson, 1'965,1968;

van Heyningen, 7973). An attempt to verify this was only partially successful.

Using liver extracts, the supernatant fraction contained only the anodal Idh, as

expected. Horvever, attenpts to recover Idh activity from mitochondria were un-

succcssful.
The anodal enzyne was invariant in all aninals sampled from populations of

R.f..greyii. Holever, the eastern Australian subspecies, R.l. coraciu.r was variable

(Fig. 1). The cathodal enzyme showed three distinct phenotypes, Idh-2 7,Idh-z L-2

and Idh Z 2 (Fig. 1). It is proposed that the variation is under the control of ar
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Fig. l. Starch gel staincd for ldh activity. The
ano<.le is at tlìe top. Ffoln thc left, sarnples 3

an<l 6 are R,l. coraciu* Cathodal enzynl.c
(M-ldh) phenotypes (from left) are: Idh-28;
Idh-24; Idh-28; ldh-2A-B; ldh-24 and Idh-28.
Tho positions of the three M-IDH bands are
markçd.

autosomal locus with two co-dominant alleles. The locus has been designated ldh-2,

with alleles Idh-2A ard ldh-28, Family data preiented in Table l are consistent

with this mode of inheritance. The heterozygote has three bands, two corresponding

to those in the homozygote as well as a hybrid band with intermediate mobility,

suggesting that the active enzyme is a dimer. This pattern of variation is similar

to that found for variants of soluble ldh in mouse (Henderson, 1968), man (Chen

et al., tg72), Rattus luscipes coracius lFig. 1) and other vertebrates (Selander et al.,

l97l). The intensity of the band present in Idh-2A individuals was considerably

less than that of ldh=28 individuals.
The population data are presented in Table 2 and Fig. 2. Four of the populations

were found to be polymorphic for M-Idh. The only population from which ldh-24
individuals were sampled was Waldegrave Island. To test this population for agree'

ment with genotypic expectations based on the Hardy-Weinberg principle, Fisher's

exact test was used, yielding a probability of 0.045. For the other three populations,

a F,, (fixation index within a sample) value was calculated and tested for agreement

Table 1. Family data on the inheritance of mitochondrial iso-citrate dehydrogenase variation'
Tlre unknown male was a R. f. greyii fronr Eyre peninsula'

Parents' genotype Number of
matilìgs

Genotype of offspring

AB BBAA

BBX.BB
ABXAB
lB X unknown

0
0
I

0
0
3

22
1

1

137
.t

1



Table 2. Iso-citrate dehydrogcnasc gcnotype numbers and gene frequencies in foUr Poly'
morphic populations.

Populltion

Norton Summit
Kangaroo lsland
Eyrc Pcninsula
Waldegrave lsland

Genotypes Frequency
tdh-2A

0.04
0.11
0.05
0.36

Mean
heterozygositY

AA AB

0.07
0.23
0.11
0.60

BB

39
37
t7
16

0
0
0
x

3
ll
2

28

with zero (Kirby, t9?5). Each population had a negative F,., with an overall meaü

of --{.08 (P<0.1) indicating a slight excess of heterozygotes. This result may be

biased however, because no ldh-24 individuals were obtained from thesc popu-

lations,

vey

run-l O run-22

kn
0 100 200

Fig. 2. Geographic distribution of ldh-2 gene frequencies represented as pie-diagrams, The

rlotte<l lines incidate the extent of tl¡e rnalnland populations of R,l. creyil'
l:GoatIs.; 2:Dogls,;3:PearsonIs.North;4:PearsonIs.South;5:waldegravels.;
6:EyrcPeninsula; 7:Greenlyls,; 8:williarnsls.;9:HopkinsIs.; 10-NorJhGambier
ls.; 11 : Norton Sunrmit; 12 : Kangaroo Is'; 13 : South-east'

P



Ðiscussion

During the last glacial period, R.l . greyii rvas probably distributed continr.rousll,

across the southern part of South Australia (Schmitt, submitted for publication).

It currently inhabits three isolated areas of the mainland as well as several off-shorc

islancls (Fig. 2). The mainland populations each extend over an area of about

400 000 hectares, although within each area the actual amount of habitat suitable

fo¡ the species js rnuch less. The three mainland populations lüere probably isolated

from one another rvithin the last 10 000 years, by a climatic change rvhich resulted

irr a reduction in the distribution of suitable habitat (Twidale, 1,969). Kangaroo

Island is similar in area to these mainland populations and the anlount of genetic

variation in the populations of R./. greyii in these four relatively large areas is

similar (Schmitt, submitted for publication).

The present off-shore islands of South Australia were isolated by the eustatic

rise in sea level associated with the deglaciation which began about 18 000 yeals

ago. The islands rvith populations of R.f . greyii were isolated from the mainland

, 6Ò00-14 000 years ago.

This estirnate is based on data on the mean sea level during the last 20 000 years

(e.g. Fairbriclge, 1960) and the present topography of the sea bed. There is son're

doubt however about the sea level, particularly during the last 6000 years and

Waldegrave Island, which is separated from the mainland by a shallow strait, tnal'

have been connected more recently than 6000 years ago. Other than Kangaroo

Island, all islands with populations of R.Í. greyii are 100-300 ha, Waldegrave fslancl

being about 300 ha.

Recause the contemporary populations were all once part of a much larger popu-

lation, it is likely that the ldh-2 alleles in each population have a common origin

in the ancestral population.
It is difficult to determine whether the two alleles are presettt because selective

forces are ¡naintaining them or they are selectively 'neuttal', their frequencies being

determined by stochastic processes. There appears to be a prima facie case for the

polymorphism being maintained by heterotic selection. This is based on the ob-

servätion of an excess of heteroxygotes, in the Waldegrave Island population.

Furthermore, the difference in activity of the isozymes, determined by the two

alleles may indicate an in vivo difference'
The apparent absçnce of the Idh-2A allele from all other poþulations stuclied is

not surprising when other genetic data are considered. Animals from the nine small

island populations were scored for sixteerr genetic loci revealing only two cases

of a polymorphism within a population, one for the enzyme glutamate oxaloacetate

transaminase (Schmitt, 1975) and the M-Idh polymorphism on WalCegrave fsland.

The evidence suggests that random sampling drift has had a marked influence on

the genetic structure of the small island populations. That the Walclegrave Island

population has remained polymorphic for M-Idh, while most other small island



populations have become fixed at the sixteen genetic lbci examined, may indicate
selection has played some part in the maintenance of this polymorphism.
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An electrophoretic investigation of the binding of 3-l4C

coumarin to rat serum ProËeins.

N.B. Piller and L.TI. Schmitt

Electron Microscope Unit, Unlversity of Adelaide,
and Department of Genetícs, University of Adelaíde,
G.P.O. Box 498, Adelaide, South Australia 5001.

(3 January L977)

SWnnary. The bfndfng of couur,arin to serum proteins of the rat has

been denonstrated. Of the Ëotal- bound coumarin (37% of lnjected

dose) , 36i¿ was bound to the slou¡ and fast o, globulíns , Il% to the

posÈ albumins, I0% to globulin and 9% to albumin'
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The binding of couma-"-in (5-6-benzo-cf-pyrone) to purified serum and

plasma albunins has been reported by Garten and tr,Iosilaitr and by OtReilly2.

The report of Garten and Wosílaitl suggest.s "u40% of coumarin binds Ëo

bovine serum albumín in uitto. Sauer-Staeb and Niebes3 reported a range

of bínding for the related O-ß-hydroxyeËhyl derivatives rangÍ'ng from 5%

for Èhe tetra-hydroxyethyl rutoside Eo 7I7" for rutin. They used human

serum in íts unpurified form.

Pillera reported the bínding of counarin to rat serum proteíns.

fn Uítxo, over a dose range of 3.3-50 Ug/ml bínding remaíned constant at

,r,402 while ín uiuo over the same dose range ry377" was ín the bound form.

This study did not include possible binding to protein fragments. There

is no mentíon ín the liËeraËure as to exactly whaÈ prote-íns coumarín can

bind to. The only estimaLes available are those of Garten and tr{osilaitl

who used a crysÈalLized albumin preparatíon.

This orperiment was designed to determine the binding of 3-l aC

coumarin to normal ïat serum proteins under in U|UO conditions.

MATERIALS AND METIIODS

3-IaC coumarin, specÍfic activiÈy 5.5 urCi/m mol (37.5 UCiimg was

obtained from the Radiochemical Centre, Amersham, England). An analysís

of radiochemícal purity ascertained by thin layer chromatography on silica

gel in a) benzene:ethanol (90:10), b) toluene:ethyl formate:formic acid

(50:40:10) and c) benzene:chloroform 50:50 gave results of 99%,997" and

98% puríty respectively. An analysís of chernical purity showed the IR

absorptíon specËrum to be identical to that of coumarin reference materials '

(Informatíon supplied by the Radiochemical Centre')

3-IaC coumarin at a dose level of 25 ng/kg it a 27" solution of A'R'

eEhanol in physiological saline was injected i.v. into each of 5 female

albino rats of the s.P.F. straln (average weight 200 g). After 15 mint

blood \¡ras removed by heart puncture and allowed to clot ' Blood plasma
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(B Ul) in <luplícate v/as aclcled to i.he slits of a lO-channel starch gel.

Separation of the plasma proteíns was carríed out by horizorrtal

starch gel electrophoresis i-n a water cooled gel bed. The elecÈrolyte

buffer was 0.06 l'1 lithium hydroxide, O.229 M boric acid (pII 8.5), whíle-

the gel buffer l/as a mixture of the electrolyte buffer and a 0.079 M tris

(hydroxymethyl) arn-inomethane, 0.007 M citric acid buffer in the ratio 1:5.4,

(plf 8.5)s. Connaught hyd::olysed starch was used at a concentratíon of

rt.5%.

ElecËrophoresís \¡ras carríed out for 4 hrs at 13 V/cm. The gel was

then stained with a soluËion of amído black (3.7 g in 250 rnl HrO * 250 m1

methanol l- 50 ml glacíaI acetic acid). The ge1 was destained overnight

ín the same soluËion without amido b1ack. An attempt was made Lo name

the protein bands based on earlier resulËs of starch ge1. electrophoresí.s

of rat serum proteinsG.

For scintillation counting each of the duplicate gels were divíded

ínto 2-nm sections for 10 mm below the sloË and for 60 mn above' Thís

pattern r^ras varied where necessary to accoÍtrûodate the proÈein bands.

only the total actívíty of the whole bands are given. Each piece was

finely razor-minced and placed in a plasËic scíntíllation vial' To

eactl, 1 m1 Soluene (Packard) was added and this incubated at 60oC for

2 hrs or unËíl ttr-e ge1 díssolved. 10 url of Insta Ge1 (Packard) was

added, fol-1owed by shaking and counting in a líquid scíntillatíon count-er '

All sections with a counÈ which l,las not signíf icantly diff erent from the

overall geJ- background were ignored.

RESULTS AND DISCI]SSION

previouslya, wíth i.v. adrninístration of 3-14C "o,,t"tín, 
approximatell'

37z of the injected dose bound to serum proteins. Garten and l^Iosílaitl

using purified bovine albumín presented evidence of a 40% bounding of

coumarin. contrary to this the figure shows that only 9% of the total
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bourrd coumarin was bound to what was electroirhoreticall.y dístingrrishable

as albumin. Since the total coumarin bound is approxi-mately 37% of. tt'e

injected close this represents only 3.3% of the total coumarin. Such

differences alîe, however, not surprising since the benzopyrones, in

general, and coumarin, ín partícu1ar, have been frequently reported to

exhíbit wíde species variatíon in their actions and propertiesT.

The figure shows a high percentage of the coumarín becomes bound to

what is callecl the slow and fast clt, g1obulíns6 (L9.67" and 15.8% respect-

ively). Although Èhere ís litt1e decisive ínformation avaílable, some

evídence suggesËs thaÈ these globulins are of considerably lower moJ-.wt

than albumj-n8. Post albumíns, Ëo whích IL% of the couunrin is bound

have a mol.wË tulOOrOOO. y globulin, to which 10% was bound has a mol.wt

between 156,000 and 161,000. The only protein to which counnrin becaue

bound (5.6%) r¿hich has a very high mol.wt is slow cr, globulin8. Thus

the greater proportíon of coumarÍn which is bound, is bound to relaËively

low mol.wt proteins.

Renkin et aL.s reporË the small pore system (radius 40 Å - c.f.

albumin 35.5 A) to permit Èhe exchange of low mol.wË solutes (free coumarin

has a mol.wt of 146), although the perrneability rapídly declines as the

molecular size nears that of the pores. There seem to be 2 sysËems by

which the larger mol.wt molecules are Èransportedg. About one half

occurs vía turnover of endothelíal vesícles (radíus 250 Å) and one half

by u1-trafíltration through large gaps or pores with a radius in excess

of 1600 ,{.

Certainly, the small pore system is important for the exchange of

free coumarin and for that bound Èo the fast and slow C[, globulins

(mol .wt tu45,000) and explains the r:apíd entry of coumarin inl-o nost

tíssues l0 . The endothelial ves j cle an<1 1:lrge po,:e s,vs tem Ì¿il I al1ow

the enÈry, albeit slower, of cotunarin bound to the larger macromolecules

like o, globulin.
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'Ihe mode of actíon of coumar:in and related drugs is very cotnplexT'11

and while ít seerns Èhat eittrer a protein-coumarin type complex or jusË

free coumarín could be responslble for macrophage actívatior-7t72-L4,

which results in increased proteín 1-ysisls through íts intra- and extra-

cellular digestíon, we have yet to elucidate the exact importance of the

free and bound coumarin.

It has frequently been reportedi that in the ínitíal 30 rn-inutes

after benzopyrone administration, there ís Èhe release of endogenous

amines which result in Ëhe openíng of additíonal numbers of endothelial

junctionsTt16, and a1low some extra proËein (and proËein bound coumarin)

into the tissues. trIe must mention here that this effect is Ëransíent

and the srnall additional protein inflow is more than compensated for by

the later action, that of enhancíng the lysÍs of all accumulated

proteín7r17:18. The effecË of the drug in causíng Èhe opening of

additional endothelial junctions does, however, a1low extra pr-ot-ein

bound drug into the tíssues and ínto close proxÍmity to the target cel1s.

Further work ís currently in progress to ascertain the ímportance of

drug protein bínding ín model-s of rnild thermal oedema, acute and chronic

lymphoedema and to relate this to the effectiveness of cor-marin as an

oederna reducíng agent.
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