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Abstract

Mitochondrial DNA (rr}lI)NA‘) ‘obtained from 71 Columbian grounfjr squirr,efs
(Spermophilus columbianus) col!Aecled.in 12 locali'o‘:ns throughout their range in
western Canada were digested with 10 resmcu‘on endonucleases to infer the -history -
of colom‘;alion by this épecies of its extant distribution in Canada.’ Five of these
,_cndonucleases revealed variant patterns in populations’ ‘from which composite -~
mitochondrial gen(‘)lypes (clon.es’) were compiled for each "individual. The matriarchal
transformation seties among the mitDDNA clones consisted of four clones in a linear
array. Tw;) of the clones had a wide distribution within the range, and only one
of the 12 col‘oni_es was polymorphic for two closely related clones,’\;indicaling

Columbian ground squirrel populations are very homogeneoug with respect 10 miDNA
-~ . ‘ .
scquences. The degree of relatedness of Columbian gpound squirrels 10 two other
. i - L. ,
splcies of - Sciuridae gwas. estimated from comparison with the mtDNA restniction

patterns of -nine Richardson's ground squirrels (S. richardsonii) and two Arctic

A

ground squirrels (S. parryii). Calculation of divergences from fragment length and

restriction site data indicated that Arctic ground squirrels and Richardson's ground

squirrels were more closely related to each other than either were to Columbian

: - .
ground squirrels. The transformation series among clones within the Columbian

ground squirrels was rooted using Richardson's afd -Arctic ground squirrels as

A

" outgroups. From this.data, ~the historical path of f:dispersall by female founders of

Columbian groufid squirrel populations was inferred to be from the northern, part of
T

the species’' distribution - southward along the eastern and western ranges of the

R(!cky: Mountains.
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I.  Introducton

One of the most important factors influencing the present patiern of vananon in
natural populations. 15 the history of colonizabon by a species of 1ty extant
distributon.  Thus the pattern of vanation within a species’ range can be cmployed
to infer the pattern of its historical colonmization. Vanation in mitochondrial DN
(mtIDNA) is especially suitable for this inference because it 1s predomrinantly
maternally 1nherited (Dawid and Blacker 1972, Giles er al. 1980). making possiblic
the construction of malriarc‘hal linecages unhampered by complicatons ansing fromn:
recombination and assortment which plague attempts based on vanalion in nudcar
DNA (lLangman e{ al. 1981). In addition mtIDNA ewblves (cn umes morg rapidhy
than nuclear DNA (0.02 sub/bp/10* yrs) (Brown er al. 1979). and therefore hincages
based on mtDNA will divérge_morc quickly. making it a more sensitive method of
dif(erémialing conspecific populations.

Variation in mtDNA can be determined by restricion analysis in which type
I restriction endonucleases are used to digest DNA at specific short palindromic
sequences. This method has been widely used in population studies 1o dcs;ribc
variation in and measure divergence of mtDNA seduences among closely related

s groups of animals. By comparing the presence or z;b_sence of réslriclion sites

between mtDNA’ sequences, it is possible 10 measure divergence am;)ng cogeneric
(.species (Ferris et al. 1983.; Ferris er al. 1981. Avise et al. 1979/ Teémplclon 1983)
and conspecific popuiations (Hale and Beckenbach 1985, Kessler a|r;d Avise 1985,
Johnson er al 1983, Lansman et al 1983).

This study describes the divergenéé and infers the historical dispersal of lhc
wterrestrial rodents, Columbian ground squirrels (Spermophilus columbianus) in western

a

Canada. Columbian ground squirrels are distributed™ along the foothills of the Rocky
> Mountains from 200 to 2500 m in elevation (Banfield 1974), from eastern British

)

Columbia and western Alberta (ca. S5°N) south into eastern Washington state,

b



northern Idaho and Oregon. and western Montana (Hall 1981) Since  this species
currently occupies arcas 1in Briish Columbia and Alberta which were largelv under
Ice cover during the Wisconcinan 1ce age. these areas would have bccn\colomzcd
after the ice relrczalcd ca. 12,000 vears before present (vrs B.P.).

Columbian ground squirrels are an ideal svstem 1in which to use mtIDDNA
because they are organized into colomes from which males disperse more frequently
and farther than females (Boag and Murie ]981), as occurs in most species of  this
genus (Holekamp 1984: Greenwood, 1980). and thus m(DNA lineages will reflect

B N

past dispersal patterns. For example, 1n'dccr mice (Peromyscus maniculatus),
divergence in mtDNA among populations increases with geographical distance among
populatipns (lansman er al. 1983). as would be expected from the se\xuall_\
asymmetrical dispersal of this species (Stickel 1968, cited in lansman er af 19%3).
Conversly, restriction analysis of mtIDDNA has also been used to infer sexuallv
asymmetrical dispersal. Davis and Patton (1985) compared nuclear and mitochondrial
markers .among populations of poEkeI gophers (Geomys bursarius and-G. ‘azﬁzawaterz)
-and concluded that in these species, males are more likely 1o disperse than femalés.

In addluon mtDNA from individuals of two cogeneric specnes Richardson’s.

.

ground squme]s (Spermophilus richardsonii) and . Arcnc ground squirrels (Spermophilus
. ~

parryii) was émemed to infer the ancestral type in 1he matriarchal transformation

-t

series of mIDNA of §. ccﬁ;rﬁbianus, and estimate the degree of divergence among

the three species of ground squirrels. E



1. Materials and Methods »

Seventy one Columbian ground squirrels were collected from ¢ locations 1
Alberta and 6 locatuons 1n British Colurbiz. which roughly formed two paralicl
north-south transects through their range in Canada (Fig. 1 and Tabic 1) Alw
"obtained were nine Richardson’s ground squ.irrcls (S. richardsonu) from kdmonton
Alberta. and two Arcuc ground squirrels (S. parryu) from: C:hilkgl Pass. Brnnsh
(Columbia. All individuals were trapped and transported live 1o the ﬁfﬁ\l‘ of
Alberta, Edmonton. and kept in facilities there uftil used for extraction of mtl).\‘f\.
Mitochondria were tsolated from liver ussue using the method of Pedersen er af
(197%)  DNA was eatracted from the mitochondria by a mecthod m()dxf:;cd after
Wills er al.(1984); dodéqyl sodium su.lfale was addcd; io a hinal concentration of 2%
rather than 1% and the lvsate was incubated “at 37°C for 12 hrs. Al! samples of
mlDNA of Columbian' ground squirrels were digested with ten endonuclcases-
according to the manufacturers specifications (Bethesda Rescarch labs.), and
electrophoresed on agarose gels (Maniatis ef al..l'982). The ten endonuclecases with
’lhe‘n‘ucleou'de sequence which they récdgnise in parentheses* are Bcl | (TGATCA)
Bél,ffl (AGATCT), Cfo 1 (GCGC). Dde 1 (CTNAQ). Eco RI (GAATTC), Hae N
(GéCC), Hind 1II (AAGCTT). Hpa I and/or Msp | (CCGG), Mbo I (GATC),
and Xba 1 (TCTAGA). MIDNA from Richardson_"s and Arctic ground squirrels
were digested with all-eﬁdonucleasgs above. except for Dde 1. because .of limited
;amples. Restriction ;;atlerns were identified bv staining with cthidium bromide and
pholographiqg under ultraviolet light.

For each‘ endonuclease vlhat‘ revealed any variation within S. célumbianus, one
restriction pattern was arbitrarily designated A, and the other pattern, B (Fig. 2).
The pat'terns of the five endbnutleases that showed variation were compiled img a

composite mtDNA genotype (Table 2). Each letter in the series of five represents

the restriction pattern derived from the digestion -with a particular endonuclease in

- A\ .



order; Cfo 1, Dde 1. Fco RI. Hace TII~ and Mbo I To construcl a restrichon map

for lhc\three species of ground squirrels, double and partial digests of mtIDNA of
. .

scveral individual samples were performed. The sites of the endonucleases. Dde I,

Hae HI. and Mbo I. could nox‘ be mapped by the methods used here since the

large number of small. fragments produced by Testriction with any of these

endonuclea%s made imcrprcl»alvion of parual and double restrictions unreliable.

T}wo melhods for the calculation of divergence among the three spccxes were:
employed. The first melhod uses mapped restriction sites of tetrameric cndonudcases
(those thal recognize sequences of 4 base pairs (bp) long) and hexameric
endonucleases (‘lhose ;vhich recognize 6 bp) 1o calculate a single maximum likelihood
estimate of divefgcnce (v) (equation 28 in Nei and Tajima 1983). Data from the
mapped sites of -the endonucleases Bcl 1, Bgl 1. .Cfo I, Eco RI. Hind I, and
Xba I. were -used to calculate divergence with this method (Table 4). The second
mecthod uses lenglhg/> gf“rveSIriclion‘ fragments. only from digestions of tetrameric
c‘ndor‘nucleases, or pentameric endonucleases (those which recognize 5 bp)., or only
hexamenc, cndonu;leases o calculate estimates of divergence (§) (equation 8 in Nei
and- Li 1979) Data from lheltetramenc endonucleases, Cfo 1, Hae IIl, Mbo I, and
Msp [, wAere used 10 calcula,l.e S, and data from the hexameric endonucleases,

Bgl 1I. Bcl I, Eco-R1.- ‘Hind diI, aﬁd Xba 1, were used to calculate a second §.

The amhmeuc average of the. twq estimates was taken for a single éstimate of

y? =

divergence (Table 6) The second method has Qne advantage over the first in that

-

information from endonucleases whosé sites have not been mapped can’ be’

. C

oy
P .

incorporated into an estimate of divergence. )

’Q».‘ :“, .b T~ N » . ) . | ’ ’ 3

»
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I11.  Results

A. ldentification of clones )
Only five endonucleases. Cfo 1. Dde 1. Eco RI. Hae 11, and Msp I_. ol the
ten used 1n the survey revealed variation within Columbian ground squirrels n
(Canada (Eigﬁ. 2). (Descripuions of restriction patterns arc in Table A3 of the
allached “appendix.) The A restricion pattern of Cfo | di!’lcrs'('rom the B patiern
by the gain of one restriction site; Alhc A pat;crn of kco RI differs from the B
pattern by the gain of onc restriction site and the loss of another. The sites for
these two endonucleases have been mapped with respect to cach other and the
invariant Bgl 1l restriction sites (Fig. 3). Bccau§c restriction ma‘ps of Dde¢ I,
Hac IlI. and Mbo | were not constructed, onlv the number  of fragments shared by
the 1wo pallérns for each of these endonuclease were’comparch Minimal estimates
of the number of shared fragments for these endonucleases are: the two restriction
patterns of Dde I share 13- fragments, the two patterns of Hac HI sharc 15
fragmenls., and the 1wo patterns of Mbo 1 share 14. The dumber of shared
fragments arc“minirlna] ¢stimales because the deleclion* and scoring of fragments less

than - 506- bp in 1en‘gth..are difficult with the ethidium bromide staining techniquc.

Bcl I was the only’ endonuclease 10 reveal variation within the sample of
.,

Ricpardson's ground\. squirrels. The A restricion pattern differs from thc B pattern |
by the loss of oﬂe restriction site. No variation was obscrved \githin the sample of
Arctic ground “squirrels. -

1}ﬁe types of vari@n.l restriction pauerhs of each endom;clcase were compiled
into a cbmposite genotype for each individual. For the 71 individuals analyscd only »
- four different composite genotypes (clones) were aobserved. Eleven of the twelve \

colonies were mono'rr{orphic for one of the clones. In only onc colony, located ncar

Bluet, B.C., were two clones detected, one of which was unique to that colony
. . . I . > :

\



(Table 7). Two of the dones have a wide geographical® distnbution (Fig. 1)
ABBBB s found in most of the western locations as well as in two northeastern
- ¢olonices, am; AAAAA occurs .n the southern Alberta and extends 1o castern Bniush
Columbia. The rcmammé (wo clones were observed in only one colony cach and so
are hmited in their distribution. Among the castern colomes, three clones are
observed. whereas the western colontes are identical to cach other except for ¢lone
BBBBB also present 1in a colony in southern British Columbia. Three of the clones
differ in onl_\"ygnC'of the five restniction patterns (ABBBB differs from AABBB
in their Dde "'I. restriction patterns and differs from BBBBB in their Cfo |

palterns).  The rﬁosl divergent pair of clones., AAAAA and BBBBB, dl:ﬂ'c; in five. of
their restriction patigrns.  Both clones are in the central portion of the range of
Columbian ground squirrels ciosc to the Canada - United States border but are
yldpographically separated by the Nelson énd Moyie Ranges. '

The matriarchal transformation series of the four clones of mIDNA is an

unrooted linear a};a)': AAAAA«-+>AABBB«->ABBBB«-BBBBB. This linear

transformation series can be superimposed on the geographic origins of the samples

(Fig. 1) and the distribytion of the clones in relation to each othér is also linear.

B. The ancestral clone for S, cqlumbianus

In order to identify the ancestral clone of the Columbian ground squitrel
variants, (wo oulgroups were examinéd: Richardson’s ground squirre! and Arctic

? ‘ L

ground squirrel.. The range of Richardson's ground squirrels extends from
southeastern Alberta, southern Saskatchewan and Maniioba, south imol Montana,
eastern . Idaho and No;th and South Dakota, overlapﬁing with the range of .
Columbian ground squirrels in areas .of Alberta and Montana. The Arctic ground

squirrel is a holarctic species which extends from the Yukon and North West

Territories into northern British Columbia to ca. 54°N and does not overlap with



the range of Columbian ground squirrels (Hall 19581).  The phyvlenc rclatonship
among the three sciund species s uncertamn.  Flectrophorenc analvsis of  cnzvmes
rcpréscmmg 13 loar (Nadler er al ]'92;2)_ and multivanate staltistical analysis ol 3
¢ranial features (Robinson anq Hér‘f‘mann 1975) suggest that Columbian ground

squirrels are more closelv related to Richardson’s ground squirrels than 1o Arcuc
_.—/

ground squirrels” Karvotypic anaivsis has led to different conclustons in diflerent
studies: Lyapunova and Vorontsov (1970) proposed that Arcuc ground squirrels ane
Richardson’s ground squirrels are more closely related. whercas Nadler er af (1984
proposed that Columbian ground squirrels and Arctic ground squirrels are more
closelv related.  Both were examined 1o determine the ancestral clone within the
matrniarchal transformauon sencsvof miDNA of Columbian ground squirrels and o
attempt to support one of the proposed phyleuc relationships among the threce
species by restriction analysis of mtDNA. A

A nctwork was constructed for the three species from the mapped restricuion
sites of Bgl II, Bcl 1. Cfo I, Eco RI, Hind I, and Xba I. The vanant and

, % ‘

invariant restriction sites of the endonucicases were mapped for the three specics
with respect to'the invariant Bgl Il _restriction sites (Fig.3). The number -of shared

e

restriction sites among the three species for each of the 6 endonucleases can be

.
4

counted and summed for the tetrameric endonuclease (Cfo' 1) and the hexameric
endonucleases (Bgl 11, Bcl I, Eco RI, Hind Ili_ and Xba ) (Table 3). The
number o‘f sites shared ix} the pgirwise comparisons of species arc similar, ranging
from 21 to 26 total sites shared. Divergences calculated from restriction sites by the
method.of Nei and Tajima (1983) (Table 4.) indicate that Arctic ground squirrcls
and Richardspﬁ's ground squirrels are less divergent from each other (» = 2.18%)
than either are from any clone of Columbian grounq squirrels. ~ Clones AABBB and
ABBBB are more similar to Arclic ground squirrels (» = 5.26%) than 10 —

Richardson's ground squirrels (v = 5.75%). The number of shared fragments



among the threc species for Bd.l, Bgl Il. Cfo I, kco RI. Hae UL, Hind III
Mbo I, Msp I and Xba [ can also be counted and summed for the tetramernic
endonucleases (Cfo I, Hae m? Mbo I, and Msp 1) and the hexameric endonucleases
(Table 5). The divergence calcﬂa’t-c; by the method of Nei and Li (1979) among *
the three species 1s smallest bétwc’cn Arctic ground squirrels and Richardson’s ground
squirrels (& = 2.86%) (Table 6). Clones AABBB and ABBBB of Columbian grou.nd
squirrels a‘re‘less divergent from Arcuc ground squirrels (& = 6.65%) than from
Rlchardsm{'\'i ground squirrels (& = 7.34%). AABBB and ABBBB are dlslmgulsh‘a‘ble
only by thear Dde 1 restriction pattern and since miDNA of Arctic ground squirrels
could not be digested with Dde 1. the re)alcdncss of these clones to Arclic ground

&

squirrels cannot be more clearlv resolved. A

C. Reconstructed transformation series

The mtDNA restriction maps for each endonuclease whose sites were . mapped
with respect 1o invariant Bgl II‘%&Q were arranged into a transformation series
(Fig. 3). Bgl U sites are identical among the three species and so give no
information about the relatedness of any pair of spesies. The transformation series
among the Hind Il restriciton maps requires the postulalioﬁ of a hypothetical clone
to. minimize the number of site changes. This hypothetical clone may exist or have
exiéled 'al some time during the evolution of the Hind IIl clones. The
transformation series among the Bgl I, Cfo I, and Xba I restriction maps are
linear, depicting no convergence or parallel loss or gain of any sites.

' The evolution of Eco RI sites requires either the convergent loss or gain of
one Eco RI site at 6.01 kb in two lineages. Since the divergehces as calculated by
two methods indicated that Arctic.ground squirrels and Richardson's ground squirrels
are more closely related to each other than either are o .Columbian ground squirrels‘

(Tables 4 and 6). the most probable phylogeny ‘of the three species is that depicted



Q

in Figure 4. higure 4 depicts two alternatives that differ onlv in which character

state. re. the presence vr absence of 6.0l kb sie, s ancestral.  In bFigure da.

rF

order for both kco RI variant B of Columbian ground squirrels and Richardson's

v
el

‘tound squirtels 10 not possess the Ekco Ri site, the characler must have been fost
independently 1n these lincages. In Figure 4b, 1n ordc;.f(‘)r both Columbian b wi

3
variant A and Arctic ground squirrels to have the kco RI site. the character n’:um
have becn gained independently in the two hneages. There are lh wavs i which o
lose a restriction site of 6 bp. ge. by the substitution of ‘a'n_\ ont of the mhq
three t@scs for each of the 6 bp in the restricuon site. Alternatively, there 1s onh
onec way in which 10 gain a restricion site if a. sequence of I)r\\TA 15 onc base patr
away f{rom the restriction silte sequence, te. by the substitution of the “correat”
base for the "incorrect™ base. Thus it is more p}obable that the same restriction
site is lost twice than the same site 1s gained twice, e the phylogeny in bkigure da
1s the more probable of the two and the transformation scrics among the l;,co Rl
maps depicts the convergent loss of the Eco RI site at 6.01 kb.

A Wagner netwqu of the three species conslggcled on' the basis of
parsimony from the mapped restriction sites that were lost ana gained, requires 24
character state changes (the loss or gain of a restriction site}) (Fig. 5). Arctic
ground squirrels and Richardson's ground squirrels diverge from a hypothetical
intermediate which 1s separated from ” Columbian ground squirrel clones AABBB and
ABBBB by 13 site changes. Arctic ground squirrels differ from the hypothetical
intermediate by the loss of ‘the Hind III site at 4.07 kilobase pairs (kb) and the
.gain of the Xba I sites at 4.08 kb and'5.12 kb. Cloﬁe A of Richardson's ground
squirrels differs from the hypothetical intermediate by the loss of lhe‘Eco RI site
at 6.01 kb and the Bcl I site at 112 kb and the galin of the Eco RI site at 2.35
kb and the Hind III site at 11.30 kb. Clone B of Richardson's ground squirrels

differs from clone A by the gain of the Bcl I site at 6.80 kb. Within Columbian

© . -
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ground squirrels, cdone AAAAA differs from ABBBB and AABBB at the least by the
loss of the kco RI sie at 1263 kb and the gain of the kco RI site at 6.01 kb,

Clone BBBBB differs from ABBBB and AABBB bv the gain of the Cfo 1

restnction site at 16,05 kb In this most parsimoneous (ransformation series. clones

AABBB and ABBBB are ancestral and the convergent loss of one Fco RI site at

6.01 kb 15 required. An alternative transformation series. in which clone AAAAA is
ancestral, also requires 24 character state changes. but requires the convergent gain

of the Fco RI site at 6.01 kb. A third transformation- series. in which BBBBB s

ancestral. requires 25 character state changes.
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IV, Discussion

Two ma)or_rcsults of this studv. the amount of divergence and the ;;a(lcm of
diversity within populations of Columbian ground squirrels, mery discussion. From
the interpretation of these results and with knowledge of the geological history of
the’ area in Canada currently oc‘cgi)ied by this species, the pattern of distribution. -
variation 1n mtI)Nf.\ can be used 10 nfer the lﬁgslorrral ﬁ%ncrn” of fhigration © |
conclude that Columbian ground squirrels have been present on lhcﬂ' eastegn - rafhuc .o
the Rocky Mountains for at least 100,000 yrs B.P . surviving the Wl&u)kﬁ,,man "\“c

‘ - N ¢
age in refugia. and have more recently coIom:cd'lhc western ranges of the Rod\'

Mountains from the northern part of the current distribution of the Columbian

ground squirrels.

A. Diversity of clones

One of the more suprising resylts in this study was the amount of diversity
among the populations of Columbign "lground squirrels over their range in Canada.
MIDNA restriction analysis with endonucleases revealed only four closely _ﬁ‘rclalcd
clones. This number of variants is low when compared to other surveys of mUDNA
variation -in natural populations. When making comparisons of this naturc 4t is
important to remember that the number of clones observed is influenced by the size
of the area sampled since populations -separaled by greater geographical distances are
expected to be m;)re divergent. Theréfore, selecting froxﬁ other studiés areas of
comparable size to that sampled in this study (ca. 15 X 10* ha): wilﬁin Florida,
Alabama, and Georgia, Avise et al. (1979) observed 23 clones in pocket gopl;;rs
(Geomys pinetis) with 6 endonucleases; within California,~ Lansman er al. (1983) o
observed 15 in deer mice with 8 endonucleases; within Boiswana, Johnson ef al

(1983) observed 9 clones in humans with S endonucleases: and within New York

State, Brown and Simpson (1981) observed 8 clones in Norwegian rats (Rattus

11
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norvegicus) with 7 endonucleases

On another level of companson. the occurence of polymorphic populations 1n
lhis survey 1s unusually rare. In all of the above studies (with the possible
exception of Johnson er al. (1983)) polymorphic populations -were observed with
grcaWucncy. Avise et al. (1979) observed S polvmorphic populations of pocket
gophcrs from 26 locations sampled; lansman er al. (1983) observed 17 polymorphic
popul;?llions of deer mice from 35 Iocalion; sampled; and Kessler and Avise (19%5)
obser;'cd 3 clones in ore population of cotton rats (Stgmodon hispidus) by sampling

13& individuals within a relatively small area (3.2 ha). In this studv more than dne

e 4

clone was observed in only one colony and no variation was observed in the largest
sample (19 individuals) ‘taken from a colony near lLongview, Alta.. which covered an

*

areca of approximately 2 ha (Waterman 1985). Therefore, compared 1o other studies,
the Columbian ground‘squirre] populations occupying the sampled area are relatively

depauperate of variation in sequence of miDNA.
N
s &

L4

B. ‘]’attern of diversity ]

The first notable feature of the patiern of distribution of the clones is the

' N . : ‘
unequal distriblition of diversity between the eastern and western ranges of the
/

}iock"y\Momqlains. On the eastern ranges in the nqrthern colonies,athere are two
}ela[ively:w similar clones, AABBB and ABBBB, and é; third clone in the south, ?
AAAAA, Whicg is relatively diveréeni\L{n the porthern clones‘.' ,This is in. contrast
M the distribution of the clone ;ABBBB among all the western colonies. The greater

-

amount of divergence among the eastern colonies iffiplies an older origin for these

-~

colonies than for those of the western ranges. - .

Since clone- ABBBB is present in the same colony as clone BBBBB and all

- other colonies along the western ranges are identical, an estimate of time of

divergence among these colonies is meaningless. However, an estimate of time _of

-



divergence among the colomes on the castern ranges is vahd  FSumated umes o

divergences are calculated as = /2% (from Ner and 1o 1979). where & -

i g«‘
e

estimated divergence, and A = rate of evoluton (ca. 0.02 sub/bp/l0c vry)  The

estimgled tumes of divergences are also calculated by using the relationship between a

and & as = = [1 - ¢ S ) ] (fr;m Nei and Tajima 1983). The two

' - r
cstimates are 113000 (from = = 0.60) and 110.000 vrs BP  (from & = 0431 ‘o
divergence umes between clones AABBB® and AAAAA.

Another mteresung aspect of the pattern of diversity are the relative
Pace]
geographical locations of cloncs AAAAA and BBBB. Cionc BBBBB in the southenn

3
,'-c

area of British Columbia and clone AAAAA in British Columbia and Alberia are the
most divergent pair of ¢lones within Columbian ground squirrels Ainspile of therr
gcographlca} proximn_\‘,v?‘f"flbseems unlikely that therc 1s any geological barner between
the Blue! and Moyie L;'Ake. sites since Columbian ground squirrels have been scen on
the Passes of Nelson Range (P. Marino, pers. comm.). Estimates of ume of
dxvergence between clones AAAAA and BBBBB are 164,000 (from = = 0.87) and
196,000 (from & = 6.78). Yet these clones do not overlap in their distribution.

This is surprizing even in view of the low dispersal rate of females.

. , :
Over all, based on similarity and irrespective of geographical distribution,

clone AAAAA is relatively distinct from the other three clones, which differ from

each other by only one or two restriction site changes. Therefore, the Columbian
4

ground squirrels apparently comprise two distinct subgroups. Because the rate of

‘evolulibn of mtDNA has been demonstrated 10 be extremely rapid (Brown ef al.
) 3
1979), this pattern of variam;sn in the northern extent of the species range suggests’

v

that colonies are founded by a few females, and that there is limited dispersal by

females between groups of colonies.



(. Geographical history of S. columbianus

_ The recent colonization of the northérn eatent of the Cojumbian ground
squirrels range s unsurprizing in hght of the gvologxca’l history of the area Unul
ca. 10.000 yrs. BP much of the sampled ran‘ge of this species was covered by
the Cordilleran and Laurenude glaciers. An ice free corndor between the two major
glaciers C;(lSlCd glong the ecastern foothills of the Rocky Mountains as far north as
the Jasper -.Hmlon arca for 100.000 vrs B.P. (Rutter 1980) The l.aurentide
glacier had retreated from northern. Alberta by ca. 10,000 yrs B.P.  (Rutter 1977).
and the Cordilleran glacier from the western foothills of the Rocky Mountains by

P

ca. 11,000 yrs B.P. (Mavewski er al 1981).

It 1s obvious that the esumated ume of divergences between clones AAAAA
and AABBB agree well with the csumated date of the e free corridor. The
estimated ume of divergence for clones 'AABBB and /{AAAA indicates that these
clones may have exisle?/for more than 100,000 yrs B.P. in *lhe eastern ranges” of
the Rocky Mountains. Bolfl biological and geological evidence exists for refugia in

Mountain Park, -Nordegg, and the Willmore Wilderness Provincial Park. Alta.

.Y

(Packer and Vitt 1974; Pike 1980). 1 hypothesize that Columbian ground squirrel
populalioqs also survived the Wisconsinan ice age in refugia- on the eastern ranges
of the Rocky Mountains or in the ice free corridor to account for the amount of
divergence between “the colonies existing there.

In contrast, the weslerr; ranges, where colonies of Columbian ground squirrels
are much more homogcneo(xs, were probably colonized after the retreat of the
Cordillerian glacier. However, the direction of dispersal may not have Been from
the southern range’of the species as one would initially expect. The rooted
matriarchal transformation series of Columbian ground squirrels indicates the direction

of evolution of the four clones to be BBBRB«ABBBB«->AABBB-»AAAAA . Thus

the locations 2{ the anscestral cloie(s) are in the northern area of the species'



!
range  boliowing the direcnon of evoluton within the transformaton s
Columbian grouné squxrrcli\ dispersed 8om the north 1o the south along the castcin
rangey of the KRocky Mountains (Fig 6)  Along the western side of the Rook
Mountains. the direchion of dispersal 1 ambiguous because the primitive done s
to the most southern extent of the samplcd‘ arca Thcré/l‘orc, dispersal could b,
occurred from north to south or from south 1o north on the western side of the
Rocky Mountains.  However. assuming no geological barnier prevents dispersal berweos
E '
the colonies at Bluet and Movie Lake, 1 propose that BBBBB 1s not observed o
Alberta and AAAAA s not observed farther west in Brnitish Columbia, because the

p

has been insufficent ume for these clones to disperse east and west.  Under these

assumptions, 1 hvpothesize that dispersal on the western side of the Rocky

- Mountains also occurred from the north ¢ the south after the retreat (o the
’

Cordilleran glacier. !

The hypotheses proposed from these results may be further tested by
including other related species, specifically S, undulatus which 15 reported to be the
spectes most closely related to Columbian and Arctic ground sguirrels (Robinson and
Hoffmann 1975; Nadler and Hoﬁrﬁann 1977, Nadler et al. 1§84). Comparing
restriction patterns of S. undulatus 10 those of Columbian ground squirrels may
identify the root of the linear transformation series with greater confidence. Also,
1o test th: linearity of the transformation series within Columbian ground squirr'cls_
it would be necessary to examine individuals Erom colonies located between Rock
Lake and Ya Ha Tinda Ranch, Alta., as well as from colonics in the Unifed
States. Whatever obseryations may occur in these future studies, a combination of

recent colonization and low dispersal “ between established colonies could account for

the present distribution of variation in sequence of mtDNA observed in, this study.
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lable 1: Collccuon sites of  Columbian ground squirrels trapped (hmug'huut Alberia

and Bripish Columbia

Code Stte Name f.ocation Flevaton No. of
(m) individuals
BT Bluet., B.C 49728 N
117°23'W 750 kK
Wt Wapiti 54°S3'N
. Farms, Ala 119°30°'N 760 4
WM WM 54°10°N
Community 122°36"W 610 4
Pasture, B.C.
BB Big Bcrlang 53*45°'N
River. Ala. 118°21'W 1370 1
11 Tete Jaune 53°N
Cache, 119°30'W 915 4
B.C.
VN Vernon, 50°15°N
B.C. 119°16'W 46() S
RL. Rock lake, 53°29'N
Alta. 118°15'W 1370 4
YR Ya Ha Tinda S1°44°'N
Ranch, Ala. 115°32'W 1680 5
GD " Golden, S1°30'N .
B.C. 117°10'W 91§ S
LG Longview, 50°32°'N
Alla. 114°25'W 1220 24
ML Moyie Lake, 49°22'N
B.C. 115°50'W 1070 S
WT Waterton, 49°14'N
» Alla. 113°55'W 1400 7 ¢
Total 71
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Table 2+ Ixtribuuon of miDNA dones among Columbian ground squirtels in
Albcrta and Brniush Columbia

Number of . $omposie mthNA
I ocation individuals penotsy pe’
BI ? BBBBB
1 ABBBB
WE 3 ABBBB
1 “A?BBB-
WM 3 ABBBB
] ATBBB
BB ] ABBBB
1] 4 ABBBB
VN N ) ABBBB
R1 3 AABREB
1 A’BIB
YR -3 AAAAA
GD 4 T AAAAA
1 TAAAA
LG 16(21)° AAAAA
2 ATAAA
1 AAAA?
ML S AAAAA
WwWT | 3 AAAAA
ATAAA
l AAAA?

'Each letier represents a restriction pattern of a particular cndonudcasc in order:
Cfo I, Dde. I, Eco RI, Hae IliI, Mbo I.

n dcnotes for which endonuclease the restriction pattern could not be discerned.
'Five individuals analysed were juveniles of one litter and known to be clones of
the dam, thcrefore these five are not independent samples.

M
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Iable 3. Number of restniciion sites shared among Columbian, Arciic, and
Kichardson's ground squirrels  The diagonal contains the total number of mapped
restnction sites and the off -diagonals contain the number of shared restnicuion sites
of tetramenic endonucleases (upper hne) and hexamence endonucleases (lower hine) for
cach pairwise comparson ,

Arclic Richardson’s
Columbian ground squirrels ground ground
squirrels squirrels
AABHB
AAAAA - and BBBBB A B
ABBBB
3 3, 3 2 ? 2
AAAAA
27 26 20 : 19 19 19
3 3 2 2 2 AABBB
and
27 27 20 19 19 ABBBB
4 2 2 2
BBBBB
27 20 19 19
4 4 4 Arclc
ground
26 22 22 squirrel
4 4 Richardson's
ground
25 24 squirrels
A
4
B
26




Tabie 4 Mavimum

lihkchhood esumates of - pereent

divergence (n)

among  Columbian,

Arcuc. and Richardson's ground squirrels as calculated from Nov and Tapma (1953

Columbian ground

AABBB
and
ABBBB

0.60

squirrels

BBBBB

087

0.29

Arclic
ground
squirrels

6.02

526

Richardson's

ground
squirrels

6 06

B

6.02
632

246

0.30

AAAAA

AABBB
and
ABBBR

BBBBB

Arclic
ground
Squirfels

Richardson’s
ground
squirrels

A




Table 50 The number of restricuon fragments shared among Columbian. Arctic. and
Richardson’s ground squirrels.  The diagonal contains the total number of restriction
fragments and the off diagonals contain the number of shared fragments denved
from digestion with tetramenc endonucleases (upper line) and hexamenic endonucleases
(lower hne) for each pairwise comparson

Arclic Rln‘hardso}l's
Columbian ground squirrels ground ground
squirrels squirrels
AAAAA  AABBB ABBBB BBBBB A B
49(14)"  42(14) 42(13) 41(13) 16 I 18
; AAAAA
27 24 4 24 12 12 12
46(14) 16(13) 45(13) 1S 14 14 "
. " AABBB
27 27 27 13 12 12
46(15) 45(15) 15 14 14
ABBBB
30 28 13 12 12
47(15) 15 14 14
" BBBBB
’ 27 13 12 12
37 27 27 - Arctic
, ground
26 16 15 squirrels
40 40 Richardson's
ground
25 24 squirrels
A
40
B
26

'Brackets contain the number of -fragments derived from digestion with Dde 1 which
were excluded from the interspecific comparisons.

ETCNUIN



Table 6. The average estimates of percent divergence (8) among Columbian, Arcti

and Richardson’s ground squirrels. as calculated from Neioand [ (1979)

A

ATClC Richardson’s
Columbian ground squirrels ground ground
squirrels squirrels
AABBB ABBBB BBBBB A B
(.44 (69 0.78 6.76 DS AR AAAAA
0.24 (.34 6 65 T T AABBRE
0.09 6.65 T34 740 ABBBRB
6.71 739 748 BBBBB
AT
286 311 ground
squirrels
Richardson’s
017 ground

squirrels
! A




Figure 1: Locations of collection sites of Columbian ground squirrels in Alberta and
British Columbia. Inset map shows location of collection of Arctic ground squirrels
(A) and Richardson's ground squirrels (R). and the distribution of Columbian
grothd squirrels in Canada (stipled area). The number of different restriction
patterns between (wo pairs of genotypes are illustrated by dashes across lines -
connecting most closely related clones. The dashes do not indicate the number of
substitutions between the mtDNA sequences because for most of the restriction
patterns, the number of sites lost or gained between variants could not be
determined. Thus the three dashes across the line connecting AAAAA and AABBB
i;ldicate that these clones differ in three restrictjon patterns, specifically those of Eco
Rl. Hae III, and Mbo I

BB = Big Berland River; BT = Bluet; GD = Golden; LG = Longview:;

ML = Moyie Lake; RL = Rock Lake; T) = Tete Jaune Cache; VN = Vernon:

WF Wapiti Farms; WM = WM Community Paéture; WT = Waterton;

YR = Ya Ha Tinda Ranch.

s
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Figxre 2: Restriction patterns of the endonucleases. Hae III. Mbo 1, Cfo I, and kco
RI in Columbian ground squirrels.

Al: The two variant restriction patterns derived from digestion with Hae Ili.

A2: The two variant restriction patterns derived from digestion with Mbo 1.

Bl: The two variant restriction patierns derived from digestion with Cfo I.

B2: The two variant restriction patterns derived from,digestion with Eco RI.

The columns of numbers indicate in base pairs the length of the fragments of

DNA. B~ ¢

The molecular weight standards are phage A digested with Hind IIl and phage X\

dxgcsted with Hind III and Eco RI run in one lane.
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Figure 3: Restrictio{rﬁf maps and transformation sefies of the three species of ground
squirrels for Bcl I Bgl II. Cfo I, Eco RIl. Hind III,‘ ;md Xba I Lines spaning the
circumference of the Circle are interspecifically invariarﬁ sites; fines on the outside
only of the circle are interspecifically variant sites. Site 0.0 is an arbitrarily chosen
invariant site of Bgl II used as a reference point. All- other sites of Bcl I, Bgl I,
Cfo I, Eco RI, Hind 1II, and Xba I are indicated in kb from 0.0 on the mtDNA
molecule, ca. 16600 bp total in length. The direction of the arrows indicates the

direction of the loss of a restriction site.
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Figure 4: Alternative hypotheses for the character state of the presence (a) ot
absence (b) of the 6.01 kb Eco RI restriction siie. The transformation series were
rooted from estimated divergences of Columbian, Arctic, and Richardson's ground

squirrels.
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Figure 5: Transformation series of Columbian. Arctic. and Richardson's ground
squirrels based on all mapped restriction sites. Arrows indicate the directipn of
evolution; dashes across the arrows indicate the number of losses and/or gains of
restriction  sites. Thc double-headed arrow between Columbian ground squirrels and
the hypothetical intermediate indicates that this trgnsformau’on series is probably

rooted between these two groups.
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Figure 6: Possible dispersal routes of Columbian ground squirrels following the

retreat of the Wisconcinan ice age. The arrows indicatg the direction of dispersal.
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Appendin A Matertals and  Methods -
A hrield Procedures

Collecction of  Columbian ground squirrels

Pights Columbian ground squirrels were colledied live o 6 ocations i
Alberta and an 6 locations in Brish Columbia. A hst of the number of squirrels
trapped at cach locaton 18 given 1n Table 1.

‘Al Columbian ground squirrels used an this study were trapped in National
Live uaps The wuaps were baned with peanut ’bullcr and sct near burrow holes ‘
throught out the colony. Afier .appr()\xmalcl_\ two  hours. any traps containing
ammals were [itted with a coarsc mesh bag over (the trap entrance. The entrance
was opened and the squirrel forced to run into lh*\mesh bag. Fish fingerhing tags
were clipped into 6ne or both ears so thal each 5qui\rcl could be identified by a
unique number.  Squirrels were scxed and weighed before they were transferred into

’
a plastic cage with a metal grill lid. The cages were those used by the Animal
Services of the Univ. of Alberta to house small mammals and measured 20 cm by
44 cm by 22 cm. In capuivity, the squirrels were fed lab chow and sunflower
seeds, also provided by Animal Services, and, when not travelling, the squirrels were
..given access 1o water bottles. Apple slices were also given to the squirrels as an
’fé:.d‘ditional food and water source. As soon as possible, captive squirrels were

l.ransported to the university in the back of a pickup truck whose cover was

ventilated through an air vent. While at the university, the squirrels were cared for

by Animal Services- until required for mtDNA isolation.



Collcction of  Richardsons ground squirrels and  Arctic ground squirrels

rover from Kochandson s ground sguirrele, which o were trapn sear o bdmonion,
Alte by ocither M Paul Youny  \h Mochoar Jonrdan or Mt Db endt Boike o was
~

raciousiy sapphed by Do Tawsence Many of the Unversion of Adbern, At

ground squirrels coltected from Hanes Tuncuon i Chidihar Pase Brosh Colarntee
were gencroushy supphed by Mo James Schicch The Arcue pround squitich wern
flown 1o bdmonton. then transported by truck o the umversin reatment of the
anunals after arnval 0 the Universi of  Alberta was adentical 1o that piven 1o

Columbian ground squirrels
B. Laboratory Procedures

Method for isolation of mitochondrial DNA from liver tissue

This mecthod s shghtv modified from ~that in Pedersen er @l (1978) and
Wills er al. (1984} Al steps are performed at 4°C unless otherwise stated AT .
solutions arc histed in Table Al.
1. Liver (and occasionally }'(idney) tissue was removed from recently decapiatod
ground squirrels and immediately transferred into Homogenizing-medium 4H-mcdmm)
2. At most 10 g of tissue was minced, then ground into an homogcnate with a
teflon-glass tissue grincitr. A total of 20 m! of H-medium was added 1o the
homogenate, and equally divided into two 50 ml centrifuge tubes.
3. The homogenate was centrifuged at 1085 g's (in a Sorvall S5-34 rotor at 3000
rpm) for 3 min; the volume of the supernatant of mitochondria and .lighlcr partcies
was measuted and separated frorh the pellet andv kept on ice for Iat%r centrifugation.
4. The pellet of heavier cellular debris and whole cells was resuspendéd in a

volume of H-medium equal to that of the supernatant removed in step 3.

5. Steps 3. and 4. were repeated with the resuspension two times. The pellet from



N - r

e thindospir was discardoed S resuiing thicr supeinaiants worro combipedoand
spunoat GTRE e (Somvall SN O3S TS0 rpmy for e i

! The supernatant ol Dbt parodes and proeins owas discatded and i neller of
mrtochondna was roesusperded 1 170 the volume of  combhmed supernaiants obtamed

bvosiep 0 then the suspension was spunoal JO000 g (Sorvall SS 330006 rpm)

for 16 min e
(\..
3.t

$

The pcllc&y%}gﬁ%rg"rcsu,\pcndcd m 174 the volume obtamed i step > with

H medium Mg’(.‘i,v and DNase were added 10 the reswspension (o fmaj
concentrations of 0.01 M and 00S mg/ml. respectuvely.  This SUSPENsion  was
mcubated on ace ﬁor‘]/f to 1 hr. to reduce anv nuclear l)'\',f.\, which was not
comtaned in the nuclel, 10 nuddeoudes. then the suspension was spun at 20200 g's
(Sorvall S§-34. 13000 rpm) ;ur 15 min

¥ Th(l pcllcl.was'rcs\uspcndcd. i’ 2 ml Ivsing medium and Pronase (Type XIV) was
added 10 a-final Lomcmrauon- ol 04 Img/ml and ncubated overnight at 37°C 1o
macuivate DNase added in step 7. and any native nucleases or other proteins.

9. l’)odecyl sodium sulfate (SDS) was added to the suspension to a final
'Vconi'cmra.lion of 1% or‘Z%. and incutiated for 1 to several hrs on ice, to disrupt
cellular membranes. |

10. The SDS and membrane lipids were removed by 1 to 3 phenol cxlraélions_ and
phenol was removed from the aqueous mtDNA solution by extraction with a
chloroform and isoamy! alcohol mixture (24:1 by volume). )

11. MiDNA ’was recovered with ethanol ;Srecipilalion at -20°C by addition of
sodium acetate and ethanol to final concentrations of 0.1 M and approximately 30%,
respectively. :

12. Ethanol was~Temoved from miDNA by spinning precipitated DNA at 20200 g's

for 30 min. and dessicating the resulting pellet under vacuum.

13. The mtDNA was resuspended in 1 ml TE buffer ahd stored at -20°C. .\\

k) . LY

\



s Poromont sammiey 5w neioesaih o tedaes th Jarourn of RN

contannnaiion  since KNA mmhibiis the actnv sy 00 reninicion endona eases git Tah

thialvsie ol the et iion patic Gl ¢ \ done by cub vk

Sarmpie At 680 TG rndae v aie dm pursistant o nudcicases s oamd then By okt KN~ o
final concentration of 04 mym! oand imcubating qr S0C o hr

Yo Bven after the above treatment some samples could not drgested wah

few of the ten endonudleases In this event. ansy impunues. such as proteins o
polvsacchanides, present in the sample were removed by NACS ahmmamg‘mph\ as
specthied by i&clhcsda Rcscarah Laboratonies  These semples were prepared Lor
purtficanon on a NACS (i)/lunm bv once phenol extracuon, one chloroform isoams
alcohol extracuon, and cthanol preapitaion as previoush  desenbed steps P e 14
16, In most cases. the above method of purxlual;on was suliacni oo Pt
samples enough to be digested by all ten endonudleases. however, 1f this were o
the case those samblcs were preapitated by oa method described in Hoopes and
McClure (1981).
Restriction analysis .
MIDNA=PBm individuals was digested with ten éndonuclcases_‘ which recognize
o,
the nucleotide sequence in parentheses: Bcl I (TGATCA). Bgl’ll (AGAT("T), Clo 1~
(GCGC). Dde I (CTNAG). Eco RI (GAATTC), Hae Ili (GGCC). Hind il
(AAGCTT), Hpa II and/or Msp | (CCGG). Mbo I (GATC), and Xba" 1
({TCTAGA). MIDNA from Arctic and Richardson's gr'ound squirrel were not
digested with Dde 1 for lack of sample. Other endonuclcases were also m’cd:' *
Alu 1, Bam HI, Eco RV{ Hinf I, Kpn I, Pst I, Rs; I, Sma I, Sst I, Tquel,
Rsa 1, and Xho I, which were unsuitable for one of the following reasons: (1) no
site was present, (2). impurities, which could not be eliminated, prevented restriction,

°

and (3) the fragments produced were too small to be resolved on agarosé. The



FONTON nediions fe STIon wit o endon SUod Sl A
and foliow the supgestiony of Bethesda Roscanch aboratones fronn owhin o
cndonucrases owere obtained or Manais el oal 0 CTYRD) bragments were soparated

Puopel cleciTophoress onoagaiose gob of APppropriate concentratiops (haied mo fabie

AL oand scd My Lompnanon too mobiiities o ftayments ol known dcoeths, fragmenis

HSCCas stundards were obtaimed byosestiiction of  phage 2 DNA with Hind 11 both

Bar: HI and Foo RID and both Hind I and Fed Ki Fragments were visualized

by ostaming with cthidium bromide and photographed under UV Light

Construction of Restriction  Maps
H

A mIDNA restncuon map of siv endonudicases, Bal I Byl II: Clo 1,
Fco RI Hind 11, and Xba [ was constructed by examining fragment patterns {rom

B ?
partal and double digests.  Parval digests were achieved by reduang the length of

the tncubation period at 37°C; complc.le digests require 1 10 3 hrs for completion
Il the .\amplc' 1 incubaled with endonuclease for onlv 10 to 30 min. the |

endonuclease docs not digest all sites and\ since the process is random, the DNA
“molecules will be digested at only one o,r@o:c of the restriction sites. The larger

fragments from a partial digest containt restriction sites ‘which have not been cleaved.

L ’ N u
Therefore, to every combination of 1wo, three, elc.‘ adjacent fragments there should
$ & -

<

! v
correspond a large fragment. The adjacent fragments can be deduced by summing
the lengths of fragments from the complete digest to equal the larger fragme_nts of

the partal digest. In double digests the DNA molecules are diges/ted with two

r

endonucleases. 1f the two endonucleases require different incubation conditions, then

the DNA is digested sequentially, first under condition‘g favorable to one Lk

endonuclease, then under conditions favorable to the second. This produces many

fragments of lengths smaller thar{\those of either single digest because fragments
» ,
from one endonuclease restriction ‘contain the restriction sites of other endonucleases.

A
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-~
credonucivast femned from the nutlhe 1resis) he wors Onenlaio Cudts o
. ‘
frarmenic ol the cerreo leneihe chiv ananvss owaee poertomed e Boool By
N R 4 P . N N Prygras- . 14 [
Clo b boe R Himd HE and Xba b oto map these sites wnth spact o it

ML aniant restnicnon sites of - Be!

(. Restriction Patterns

This secuon s g tabulavion Jof tragment dengths denved from restiichon with

the en endonudleases used v ~tudy (Table A3 Alvo ndluded  are those

fragments which appear 0 partal digests (PARTIAL FRAGMENTS) a0l rhose

fragments derived from digestion ol the two ndicated endonudleases
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Table AL Soluvons required for olinon and digestion of  mith)NA

Solutron

Homogenizing
medium

Lysing medium

TF

Core
buffer

restriction

Low salt
restriction buffer

Medium salt _
restriction buffer

High salt -
restriction buffer

Xba 1 restriction
buffer

Concentrations
of compounds

007 M Sucrose

0.21 M Mannuol
'Yy mM HEPES
0.5% BSA

010 M EDTA
010 M Tns
0.20 M Nac(l

10 mM
I mM FDTA

50 mM Na(l
50 mM T
10 mM MgCl.

10 mM Tris
10 mM Mg(Cl,
1 mM DTT

50 mM NaCl
10 mM T
10 mM MgCl,
I mM DTT

100 mM NaCl
S0 mM Tris
10 mM MgCl,
1 mM DDT

100 mM NaCl
6 mM Tris
6 mM MgCl,

Tris M

i

to 7.8
with HCl

to 74
with H(C

&.0

7.5

7.5

7.5

7.4

Reletenee

Pedersens o af

(1978)

Wills er ul
(1984)

Maniatis o1 ul
(198))

as rcu)mm(‘n\lml
by the
manulacturer
Bethesda Rescarch
labs. (BR1)

Maniatis ef al.
(1982)

Maniaus er al.

(1982)

Maniatis er al.
(1982)

BRL

Abbreviations used in Table Al:
ethylenediaminetetraacetic acid,
N-2-HydroxyethylpiperazineN'-2-ethanesulfonic acid,
Tris(hydroxymethyl)aminomethane.

EDTA =
HEPES =
Tris =

BSA

Bovine albumin, DTT :\Qilhiothrcilol,



»

Table A2 Ihgest and clectrophoresis conditions

~
Fodonudcease Restricthion Iime Apdrose
-~ buffer coneentiation
hr) ()
Boi | C o Core : I
Byl 11 Core i 0"
Clo 1 Low salt ] 07
Dde ] Core 3 20
Feo Kl Medium  salt 2 0.9
Hac 11 Core | 2 20 - 1.5
thind I Core 2 0.9
}.1pa 1 Low salt - 2 2.0 1.5
Mbo | Core 3 20 - 1.5
Xba | Xba | 3 1.0

All restrictions were at 37°C, except with Bcl 1 which were at S0°C. and a voltage
of 2 v/cm was applied 10 all agarose gels for 12 to 1§ hrs.



Table A brapment lengths derned om restintions with cach of ten endonudeases
for thive spraes of ground squirre  Partal fragmems arc those fravments which
appear onlhv o oparbal digesis Fwo endonulleases hsted m the second column
mdrcate a Jdouble digesuon

Speies Fndonudclease Paticin Fragment dengths (kb))

colurnbranus Bl ] SARD A SG0 3122200 0 uso
PARTIAL FRAGMLENITS
RR 2 PRI VIR & A O AV SO S T I

parryt Bl 1 750, 489 312 (0.7
PARTIAl FRAGMENIS
195 S84 515 9706 11 14 11 5,
12.79

richardsontt Bl o1 A 750, S T7% 312
PARTIAl. FRAGMENIS
908 11.51; 14.07

richardsonu - Bl B 690, S T8 312 070
PARTIAl FRAGMENTS
6.24: 686 9.0%;, 11.51: 14067

columbianus Bg! 4 18O, 2.93, 2.25

parryt PARTIAI FRAGMENTS
richardscnu 5.20; 1476

columbianus Cfo | A 701, 6.03: 3.54

PARTIAL. FRAGMENTS
9.41; 10.62; 1291

columbianus Cfo 1 B 7.01; 3.74; 3.54; 2.26
richardsonii Cfo 'I 6.10; 4.40; 3.05; 2.95
PARTIAI. FRAGMENTS
parryii 7.51; 9.09; 10.62; 10.49; 13.64; 1581
colunbianus Dde 1 . A 1.13; 0.92; 0.82; 0.79: 0.73: 0.70:
' 69, 0.67; 0.66; 0.65; 0.63; 0.60;
0.59; 0.58; 0..37' e
columbianus Dde 1 B 1.49; 1.13; 0.82; 0.79; 0.73; 0.69;
. 0.67; 0.66; 0.65; 0.63; 0.60; 0.59;
0.58; 0.57
columbianus Eco RI A - 6.93; 3.07; 3.07; 1.83; 0.92: 0.45;
- 0.28

PARTIAL FRAGMENTS

3:35; 3.37; 3.90; 4.90; 5.10; 5.40; .
5.67, 5.89; 7.34: 7.8]; 8.64=11.79;
12.42; 15.75 .



columbianu;

parriyitt

richardsontt

columbianus

columbianus

parryt

rtchardsoni

columbianus

parryii

richardsonii

columbianus

oo KRi

teo Rl

Fco Rl

Hac HI

Hac 111

Hac 1l

Hace I

Hind [}

Hind 111

Hind III

~—~Mbo 1

B

|
0.%4; 0.76; 0.73: 0.65: 0.63:

TRSOOAUT. DA 183U R0,
0.2

PARTIAT FRAGMENTS /
2500 R3S TR 4900 S,
&5, 137

S8R 3N RO7 R3O 13G,
()48

PARTIAI FRAGMENTS
2520 389 489 S 90, T84
972 11.35

4250 335, 3.07, 229 1.83:

045

PARTIAL. FRAGMENTS
3.42; 3.74; 459 478. 5.65;
§.8S

2120 193 182 110, 091
0.90; 0.65. 0.55; 0.52; 0.52;
(0.47: 0.40; 0.35: 0.31. 0.30;

212: 193 1.460 093 0.9
0.90. 0.65: 0.52: 0.52. 0.48.
0.40; 0.38: 0.31; 0.30: 0.2%

1.90; 1.23; 1.02; 0.93. 0.85;
0.75: 0.65

1.83; 1.46; 1.23: 1.02:

6.06; 3.90: 2.90. 2.99. 0.58;
PARTIAL FRAGMENTS
3.29; 3.34; 3.90; 6.54; 7.05;
9.83; 10.55; 11.37; 14.14

6.06; 3.45; 3.12; 2.99; 0.80:

4.33; 3.12; 2.99; 2.90; 1.76;
0.58; 0.20 .

PARTIAL FRAGMENTS
1.84; 3.19; 3.29; 3.34; 3.66;
3.90; 4.33; 5.03; 5.96; 6.34:

Y

(R

6.09:

0.91:
0.4%;

0.28

091
().47;

0.93;

0.61

0.20

7.90;

0.20

0.80;

3.77;

6.47:6.61; 7.05; 7.72; 7.90; 8.50;
9.69, 10.25; 11.20; 11.92; 13.17;

" 13.64

1.78; 1.63; 1.09; 1.06; 0.94;
0.78; 0.73; 0.64; 0.59; 0.53;
0.45; 0.42; -0.39; 0.30

& oo

[N



columbianus

parryt

richardsoni

columbianus
parryi
richardsonu

colurmbianus

parryt

richardsontt

columbianus

richardsonii
columbianus
richardsonii

columbianus
columbianus

parryii

rl'chardsoﬁi

Bgl
Bgl
Bgl

Begl

Bgl

Bgl

Bgl

Mbao

Mbo

Mbo

Msp

Msp

Xba

Xba

Xba

n o/

nv

)

nm v

In s

Bel |

Bl I .
Cfo 1
qo I

Eco RI
E_co R1

Eco RI___

Eco RI

701 2.75:

U T S SRS

AN VAR

OG0 9T 0o
0ae a4 04,

2016y 1 0v 09d) 0RT 0 e
G735 673 008 006N 0.5,
BEVRUZETIR)

PLoRs 133 1000 1060 094, 087

078, 074 06K, 065, 059 043y,
045 042 0139, 030
241 2220 203, 19w, 1 7T 1L
145, 1.26: 1.10

I 4

4.52, 380, 213, 198 1 77, 1 .59,
1.45. 1.10, 1.00

4520 380, 203 198 177 189,
1.45. 1.10

.00, 409; 1.75: 1.49; 135
PARTIAL FRAGMENTS

2.68; 301, 445 5417 21
11.03; 12.31; 13.64, 15.25,

Y .69
1650

6.90; 5.24;
PARTIAL
1.75. 2.92:
§.95, 9.43;

1.49: 1.49; 1.04;
FRAGMENTS

3.19: 5.62; 6.54. 6 90:
10.40; 1653 - .

0.26

13.20; 1.49; 1.49; 0.26
PARTIAL FRAGMENTS
1.75; 2.92; 16.56 ) 2

4.56; 2.93; 2.83; 2.20; 1.43; 1.12,
0.78 -

© 293 2.83; 1.94

2.25; 1.9‘?; 1.54; 1.00

*5

2.75; 2.00; 1.90; 1.00

. 2.80 2.25; 1.83; 0.92;

; 2.30; 2.25; 1.83; 1.75;

2.35, 2.25; 1.83; 0.90

3.35; 3.07; 2.25; 1.83; 1.75; 1.28;
1 .



columbtanu

richardsonti

columbianus

parryu

richardsonit

columbtanus

columbtanus

richardsonu

Bel I
Hind I

Bel 1
Hind HI

Cfo | 7

Cfo 1 7/

Xba
Xba
Xba

Fco

Eco

Eco

L0t 339,
433 30X
070

6Hox, 409
6Ok, 228
6,68, 430
410, 3.07;
0.74; 0.45
4.10; 3.54;
0.83: 045
3.07, 240

L&3

1.80:

1.49;

1.1%:;

1.53;

116
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