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Abstract. We describe a repetitive DNA region at
the 3’ end of the mitochondrial DNA (mtDNA) control
region and compare it in 21 carnivore species repre-
senting eight carnivore families. The sequence and or-
ganization of the repetitive motifs can differ extensive-
ly between atrays; however, all motifs appear to be
derived from the core motif “ACGT.” Sequence data and
Southern blot analysis demonstrate extensive hetero-
plasmy. The general form of the array is similar between
heteroplasmic variants within an individual and between
individuals within a species (varying primarily in the
length of the array, though two clones from the north-
ern elephant seal are exceptional). Within certain fam-
ilies, notably ursids, the array structure is also similar
between species. Similarity between species was not
apparent in other carnivore families, such as the
mustelids, suggesting rapid changes in the organization
and sequence of some arrays. The pattern of change
seen within and between species suggests that a domi-
nant mechanism involved in the evolution of these ar-
rays is DNA slippage. A comparative analysis shows
that the motifs that are being reiterated or deleted vary
within and between arrays, suggesting a varying rate of
DNA turnover. We discuss the evolutionary implications
of the observed patterns of variation and extreme lev-
els of heteroplasmy.
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Introduction

The mtDNA control region is composed of a central con-
served region (CCR) and variable A/T-rich flanking se-
quences (Fig. 1). The CCR has been implicated in the
regulation of heavy-strand replication (Clayton 1982).
Outside of the CCR, evidence for cryptic DNA sim-
plicity (regions of short interspersed repetitive motifs,
Tautz et al. 1986) has been described in primates and
cetaceans (Hoelzel et al. 1991). The level of observed
interspecific variation in the 5" and part of the 3’ region
is correlated to the level of simplicity, suggesting
tarnover by DNA slippage (Hoelzel et al. 1991). Evi-
dence for DNA turnover by slippagelike mechanisms in
mtDNA has also been reported by Madsen et al. (1993).
The 3’ end of the control region contains several con-
served sequence blocks (CSB1-3) which are located be-
tween the light-strand promoter and the origin of heavy-
strand replication, and have been associated with the
initiation of heavy-strand replication (Chang et al. 1985).

Repetitive sequences (RS) have been described at
several positions in the control region in a number of
species (RS1-5 in Fig. 1) including, among vertebrates,
the white sturgeon (Buroker et al. 1990), Atlantic cod
(Arnason and Rand 1992), evening bat (Wilkinson and
Chapman 1991), rabbit (Biju-Duval et al. 1990;
Mignotte et al. 1990), pig (Ghivizzani et al. 1993), har-
bor seal (Arnason and Johnsson 1992), elephant seals
(Hoelzel et al. 1993a), cat (Lopez et al. in press), and



192

Control Region

1 f2 r
— -

F EDCB Laog M A 12sRNA

Cyt.b

RS1
Repeat Array
Species length length Het. Reference
RS1
Sturgeon 82bp 82-328bp M Buroker et al. 1990
Cod 40bp 80-480bp M Arnason & Rand 1992
RS2
Evening Bat 81bp 405-648bp L Wilkinson & Chapman 1991
Cat 80bp 240bp - Lopez et al. unpublished
RS3
Rabbit 20bp 20-200bp H Mignotte et al 1930
Pig 10bp 140-290bp H Ghivizzani et al 1993
Harbor seal 10-22bp 390bp - Arnason & Johnsson 1992
Elephant seals 6-38bp 96-396bp H Hoelzel et al 1993
18 Carnivore sp. 6-30bp 150-450bp H this study
RS4
Japanese monkeys  160bp 320bp L Hayasaka et al 1991
RSS.
Rabbit 153bp 153-612bp M Mignotte et al 1990
Fig. 1. Schematic of the vertebrate mitochondrial control region

showing conserved blocks and the location of repetitive sequences in
different species (RS1-5). Lettered blocks define the central con-
served region (CCR), after Anderson et al. (1981). The conserved se-
quence blocks (CSB1-3) are after Walberg and Clayton (1981). The
range of repeat motif and array lengths are given, and a relative scale
indicating degree of heteroplasmy (Het.). The positions of PRC
primers are given above the control region schematic, where r is the
reverse primer and f7 is the forward primer for all but the cats, for
which f2 was used.

Japanese monkeys (Hayasaka et al. 1991). Repeats at
RS1, RS2, RS4, and RS5 involve motifs of approxi-
mately 40, 80, or 160 bp (multiples of 40) showing
variable-number tandem repeat (VNTR) variation, and
up to 50% of sampled individuals were heteroplasmic.
The locations of the various repeats and a description of
the array structures are given in Fig. 1. Arrays at repeat
site 3 (RS3) are distinctive in that the level of hetero-
plasmy is highest, and the repetitive elements are com-
paratively small. The elephant seal repeats at RS3 can
be further distinguished from the rabbit and pig repeats
at RS3 by the variable and nested character of the ele-
phant-seal repetitive elements (Hoelzel et al. 1993a;
Fig. 2). In this study we show that the elephant-seal-ar-
ray characteristics are shared, so far exclusively, by all
21 species of carnivores investigated to date, three pub-
lished elsewhere, and 18 presented in this study. Dif-
ferences in the organization and level of heterogeneity
of these arrays in different species provide insight into
the mechanisms that may have influenced their evolu-
tion.

Methods

Control region DNA between the central conserved region and the
tRNA for phenylalanine was amplified from whole-cell DNA (ex-
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Fig. 2. Relationship between repetitive elements. A dor indicates a

conserved residue. The type of change is indicated by ts (transition)
or tv (transversion).

tracted from various tissues) by PCR (Mullis and Faloona 1987) us-
ing the following primers: TCA TTT ACC AAC AT CATA (forward
relative to the light strand) or GCA TCT GGT TCT TAC TTC AGG
(forward for cats only) and ATT TTC AGT GTC TTG CTTT (re-
verse). Amplified DNA was cloned into bluescript sk+ phagemid or
pT7Blue T-vector (Novagen) and transformed into TG1 or NovaBlue
strains of E. coli. Cloned DNA was sequenced in both directions by
a modified chain termination method (Tabor and Richardson 1987).
One to four clones of the repetitive region from one individual from
each of 18 species were sequenced. One clone from the giant panda
was used as a template for PCR amplification, and the amplified
DNA was cloned as described above. Sequences of these clones were
compared to determine the extent to which polymerase slippage dur-
ing PCR and recombination during cloning had altered the natural se-
quence. (Three clones were sequenced and all were identical-—data
not shown.) As a further test, the repeat was amplified from whole-
cell DNA and from clones from four taxa (giant panda, black-footed
ferret, dog, and cat), run on a 2% agarose gel, and stained with ethidi-
um bromide. DNA amplified from clones migrated as a single band
while DNA amplified from whole-cell preparations migrated as a
smear of various-size fragments (data not shown). These tests do not
rule out the possibility of slippage or recombination during amplifi-
cation, but suggest that such events are rare.

Five micrograms of DNA from six black-footed ferrets, four gi-
ant pandas, eight dogs, and eight cats were digested with Alul (except
cats which were digested with HinfI) and electrophoresed through 1%
agarose. DNA was transferred by Southern blotting (Southern 1975)
in 10X SSC onto nylon membranes. Blots were probed with ampli-
fied species-specific repeat sequence probes. Each blot was then
stripped and probed with homologous 16s RNA mtDNA amplified by
PRC using primers described in Hoelzel and Green (1992). Probe
DNA was labeled with 3P dCTP by random priming and hybridized
to the membranes in a phosphate/SDS-based solution (after Westneat
et al. 1988) overnight at 62°C and washed in 1X SSC, 0.1% SDS at
the same temperature.

DNA secondary structure was investigated using the FOLD pro-
gram in the sequence analysis package GCG (Zuker and Stiegler
1981). FOLD finds secondary structute based on published values of
stacking and loop-destabilizing energies.

Results

All 18 carnivore species sequenced in this study had a
repetitive array in the RS3 position (Fig. 1). In addition,
DNA from another four mammalian species (short-
tailed shrew, Blarina brevicauda, South American fur
seal, Arctocephalus australis, raccoon, Procyon lotor,
and European badger, Meles meles) was amplified by
PCR across the repetitive region, and in each case a



fragment larger than the expected 1 kb (typical for
mammalian species in the absence of repetitive regions)
was observed, suggesting the presence of an array (da-
ta not shown). Each of the sequenced arrays have in
common structural motifs that are related to each other
in a hierarchical manner and are based on alternating
purines and pyrimidines. The fundamental repeat ele-
ment is ACGT. The three other basic repeat elements
can be derived by repetition of “AC.” We have encod-
ed repeat elements based on the number of repetitions
of the dinucleotide “AC” in the motif (1 = ACGT, 2 =
(AC),GT, 3 = (AC),GT, and 4 = (AC),GT, see Fig. 2).
The four basic repeat elements are also modified by base
substitutions (Fig. 2), and most of these changes are
transitions. The one-letter codes representing these mod-
ified motifs (Fig. 2) correspond to the code presented in
Hoelzel et al. (1993). A comparison of one sequence
from each species indicated that the smallest elements
are most common. Including variants, element “1” com-
prises 35.7%, “2” comprises 25.9%, “3” comprises
21.9%, and “4” comprises 1.5% of the motifs from
those 21 representative sequences.

At a higher level of organization, repeat elements
combine to form “compound units” that are in turn re-
iterated (e.g., 2r in the Antarctic fur seal and 133 in the
southern elephant seal, see Fig. 3). Most of the varia-
tion within arrays can be characterized as repetition at
one of these three levels: subelement (repetition of AC
or GT), element, or compound unit. Additional variation
is generated by point mutations and the spreading of
these variant elements through the array by DNA
turnover (one or more of a variety of non-Mendelian
mechanisms, such as DNA slippage or unequal crossing-
over, see Dover 1982).

The level of heteroplasmy was assessed by digesting
whole-cell DNA with a restriction enzyme that cuts
close to, but not within the array, and probing with the
repetitive region specific to each species. Figure 4 shows
the hybridization profiles of several individuals from
each of four species, representing four major families of
carnivores (mustelids, ursids, canids, and felids). In all
four species there is extensive length heteroplasmy (all
individuals were heteroplasmic), and the mean and
range of length variants differs between individuals.
Interindividual variation ranges over 200 bp in the gi-
ant panda, and closer to 100 bp for each of the other
three species. Intraindividual variation is as great as in-
terindividual variation in all but the dog, where only in-
terindividual variation is apparent from the Southern
blot data. The same blots probed with 16s RNA mtDNA
are shown for comparison with a nonheteroplasmic re-
gion (Fig. 4b). In addition, two to four clones were se-
quenced from one individual of each of six species to
assess the level and range of heteroplasmy (Fig. 3). In
this small sample, the overall organization of the array
is conserved between clones within an individual, and
length variation is based primarily on reiteration of el-
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ements or compound units. This is consistent with ear-
lier findings for two species of elephant seals, for which
a greater number of individuals and clones were se-
quenced (Hoelzel et al. 1993a). Hoelzel et al. (1993a)
also demonstrated conservation of the overall organi-
zation of the array between individuals of a species
(though the degree of pattern conservation was greater
in the southern than in the northern elephant seal).
The arrays fall into two general groups—those based
on the repetition of a single element (or variant of that
element, see Figs. 2, 3), and more commonly, those
based on the repetition of compound units. Single ele-
ment (type 1) repeats either have rare variants, such as
the cheetah (Fig. 3), or more common variants (e.g., the
red panda and the skunk; Fig. 3). Compound unit repeats
can be further classified into four types (types 2-5,
though these are not discreet classes). Type 2 arrays ap-
pear to have been homogenized throughout most or all
of the array (e.g., the Antarctic fur seal, polecat, ferret,
brown bear, polar bear, and black bear; Fig. 3). Type 3
arrays have variants that are dispersed throughout the ar-
ray (e.g., the dog, mink, sea otter, giant panda, and
sloth bear; Fig. 3). In type 4 arrays, single elements
within the compound unit are reiterated (e.g., southern
elephant seal, cat, and tiger; Fig. 3). Type 5 arrays show
alteration of the compound repeat element across the ar-
ray, as well as single element slippage (e.g., northern
elephant seal, harbor seal, lion, and ocelot; Fig. 3).
All of the arrays could form stable secondary struc-
tures, as demonstrated by FOLD. In each case, single
compound unit motifs did not form stable structures, but
short runs of each motif did (data not shown). The en-
ergy states ranged from —48.9 to —193.5 for arrays
ranging in size from 160 bp (with an energy value of
—48.9) to 372 bp (with an energy value of —105.1).

Discussion

Phylogeny

In most cases there is little correspondence between
the DNA sequence or the pattern of repeats, and the tem-
poral relationships indicated by published phylogenies
(e.g., Wayne et al. 1989; Novacek 1992). For example,
there are three species that are closely related by vari-
ous criteria—the black-footed ferret, the Siberian pole-
cat, and the mink (Eisenberg 1981; Wayne et al. 1989).
However, the black-footed ferret and the polecat have
repeats based on the same compound unit (2h), while the
mink has a distinct compound unit sequence (3321). The
compound units of the ferret/polecat and the mink are
a minimum of four steps apart (2h <> 21 « 221 <» 321
<> 3321, see Fig. 3). At the same time, the dog repeat
unit (21) is closer to the ferret or polecat than the mink
is to either (ferret, polecat, and dog repeats are all based
on a modified “21” compound unit, while the mink re-
peat is based on “3321”). There are numerous similar
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Southern elephant seal
13313313313313313133133133133313333133333333333331333

Northern elephant seal
b3d42223d42223d4223d42223d4223d42e3d42e3d4222223d42

Harbor seal
123h123h123h123h123h12i12222i12223h12222h12222222222222222233232222

Antarctic fur seal
c11-6 22r2r2r2r2r2r2vr2r2r2ra2r2r2r2r2rar2rar2

Mink
€3-1 33213321332133213321332132¢e23213213213321332113321

Skunk
c4-1 4t33t1tttttt333333333333

Sea otter
c5-1 j112j112§112j112j112j112j112j11212112112
¢5-5 1j112j112§112j112j112§112j112j112j112j

Polecat
c1-1 kZhZzh2hZh2hZh2hZh2h2h2h2h2h2h2hZhZh24444
c1-4 k2hzh2hZh2h2h2h2h2h2h2h2h2h2h2h2hzh2h2h2h2h444

Black-footed ferret

c2-2 k2h2hZh2h2h2h2h2h2h2h2h2h2h2h2h2hm223
c2-4 k2hZh2h2hz2h2h2hzh2h2h2h2h2h2hm2334
¢2-5 k2hZh2hzh2h2h2h2h2hZhzh2hzhm2334
¢2-7 k2h2h2h2h2h2h2hzh2hZzh2h2hm2334

Domestic dog

¢8-3 212c212¢c2¢2c212c21212c2¢2¢2¢212c212¢2¢2¢212¢c2¢2¢2¢2¢212¢212¢2121212¢

c8-5 212c212c2¢2c212¢2c2c2c2¢212¢212¢2¢212¢2¢212¢212¢c212¢2121212¢212
€8-6 212c212¢212c21212¢2¢2¢2¢212¢212¢2c212¢2¢2¢2¢2121212¢2121212¢211
c8-7 212¢212¢2¢212¢21212¢c2¢2¢2¢212¢212¢2¢212¢2¢2¢2¢212¢212¢2121212¢211

1=ACGT, 2=(AC)2GT, 3=(AC)3GT, 4=(AC)4GT, b=(AC)3GC, c=GCGT, d=GT, e=(AC)2GC, h=ACGC, i=(AC)4GC,
j=ACACCC, k=GTGC, m=ACAT, n=AGGT, 0=ATGT, p=ATACGT, g=ATATGT, r=ATACACGT, s=ATACGC, t=ACATACGT

Fig. 3. Encoded repetitive array sequences from 1~4 clones from
one animal of each species. SES (southern elephant seal) and NES
(northern elephant seal) sequences were previously presented in
Hoelzel et al. (1993), and the harbor seal pattern is interpreted from
the sequence published by Arnason and Johnsson (1992). The key to
the sequence codes is given in Fig. 3, with the following exceptions:
k = GTGC and d = GT. Species presented (from top to bottom) are:
southern elephant seal (Mirounga leonina), northern elephant seal
(Mirounga angustirostrus), harbor seal (Phoca vitulina), Antarctic fur

examples. This implies a discontinuous rate of DNA
turnover and possibly a combination of overlapping
turnover mechanisms affecting the evolution of these se-
quences. It also illustrates that a new variant can be ho-
mogenized rapidly through an array.

The ursids are exceptional in that an otherwise-rare
variant (d = GT, 2.9% of clements in nonursid arrays)
is common in all five species (38.5% of elements in ur-
sid arrays), and the compound unit repeat is similar be-
tween species. This suggests that the pattern was es-
tablished early in the radiation of this family, and has
evolved slowly since. The discontinuous pattern of vari-
ants in two of the species (giant panda and sloth bear)
could also be indicative of a slow rate of turnover. It is
interesting that the giant panda array is much more like
the four ursid arrays than like the red panda array, con-
sistent with its placement among the ursids by other ge-
netic criteria (O’ Brien et al. 1985).

seal (Arctocephalus gazella), mink (Mustela vison), striped skunk
(Mephitis mephitis), sea otter (Enhydra lutra), siberian polecat
(Mustela eversmanni), black-footed ferret (Musrela nigripes), dog
(Canus familiarus), giant panda (Ailuropoda melanoleuca), brown
bear (Ursus arctos), polar bear (Thalarctos maritimus), sloth bear
(Melursus ursinus), black bear (Ursus americanus), red panda (Ailu-
rus fulgens), cat (Felis catus), lion (Panthera leo), tiger (Panthera
tigris), ocelot (Leopardus pardalis), and cheetah (Acinonyx jubatus).

DNA Turnover

DNA slippage is thought to be an extremely common
mechanism in the evolution of simple repetitive regions
in both plant and animal genomes (Tautz et al. 1986;
Levinson and Gutman 1987). For example, Moran
(1993) searched the current DNA sequence databases
and found short repetitive sequences in 13% of pig
genes and 10% of chicken genes. The most commonly
proposed mechanism involves the mispairing of a
slipped strand in an array of repeated motifs, followed
by polymerase and endonuclease-facilitated repair. The
result is a gain or loss of repeat units. It is expected that
slippage should be biased toward the duplication of
shorter repeat units, since local melting and reannealing
of the DNA duplex and the consequent formation of
loops distort the normal configuration of the molecule,
and smaller loops are likely to be less destabilizing



Giant panda
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c6-3 1d11d11d11dh1d11dh1dh1dh1d11dh1dh1d11d11d11dh1dh1d11dh1d11d11d11d11dh1d11d11dh1d

¢6-4 1d11dh1d1dh1dh1d11dh1d11d11d11dh1d11dh1dh1dh1d11dh1dh1d11d11d11dh1dh1dh1dh1dh1dh1d11d11d11d11dh1d11dh1d
¢6-5 1d11d11dh1dh1dh1dh1dh1d11d11dh1d11d11dh1d11dh1dh1d11dh1dh1d?1d11d11dh1dh1dh1d11dh1d11d11dh1d11dh1d
¢6-0 1d11dh1d11dh1d1nd11d11dh1d11dh1dh1dh1dh1d11dh1dh1dh1dh1d11d11dh1dh1dh1dh1d11dh1d11d11dhid11dh1d

Brown bear

c3-2 1dhphphphp11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d11d

Polar bear

¢5-1 hhdhphphphphph1dh1dh1dh1dhidh1dh1dh1dh1dh1dh1dh1dhidh1dh1dhidh1dh1dhldhld

Sloth bear

¢4-10 11dhghq11dhghod? 1dhodhod11dhod11dhodhod11d11d11d11dhod11d11d11dhod11d11d11d11d11d11dhodhod11dhod11d11d

Black bear

¢6-5 1d1d1dhqd11d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d1d

Red panda
¢9-5 2r3r33rrrr33rrrrrrrerrrerrerer

Domestic cat

cC-1 33332d333332d3332d332d333333333333333332d2
c1-T 33332d333332d3332d332d33333333333333333332d2
¢1-Q 33332d333332d3332d332d3333333333333333333332d2

Lion
¢13-1 3323232r2r2r3232r32rh12222222222222222rrrrrrv

Tiger
c2-1 1sd23r33rsd2333333rsd2333333333333333nr

Ocelot
c14-1 2r3333r3r333rsd233rsd233rr333333333333rrrrmr

Cheetah

c15-3 222222222222222222222222222ep2222222ep22222222233rr

1=ACGT, 2=(AC)2GT, 3=(AC)3GT, 4=(AC)4GT, b=(AC)3GC, c=GCGT, d=GT, e=(AC)2GC, h=ACGC, i={AC)4GC,
j=ACACCC, k=GTGC, m=ACAT, n=AGGT, 0=ATGT, p=ATACGT, g=ATATGT, r=ATACACGT, s=ATACGC, t=ACATACGT

Fig. 3. Continued.

(Levinson and Gutman 1987). Observed rates of slip-
page in vitro are consistent with this expected trend
(Wells et al. 1967). Some of the repeat motifs observed
in the vertebrate mitochondrial control region are much
larger than would normally be expected to arise by
DNA slippage (up to 160 bp, see Fig. 1).

In contrast, the rate of interhelical DNA turnover
events, such as unequal crossingover, are not expected
to be biased based on motif length (Smith 1976; Dover
1993). It is not clear, however, to what extent recom-
bination may occur in the mitochondrial genome. Rand
and Harrison (1989) proposed a mitochondrial recom-
bination model involving a double molecule intermedi-
ary as a possible mechanism for the generation of
VNTR variation in cricket mtDNA. However, others
have suggested that mtDNA recombination is uncom-
mon based on empirical evidence from interspecific
(rat/mouse) somatic-cell hybrid and intraspecific (rat)
cybrid analyses (Hayashi et al. 1985). Extensive re-
combination in yeast (Horak et al. 1974) mtDNA occurs
following organellar fusion, which is rare in mammalian
cells. Further, when HVJ (hemagglutinating virus of
Japan) was used for cell hybridization (which is thought
to induce mitochondrial and cell fusion), mtDNA re-

combination was observed in rat/mouse (Hayashi et al.
1985) and human/rodent (Horak et al. 1974) hybrid
cells. This suggests that organellar fusion may be a pre-
requisite for recombination, and that the low frequen-
cy of this event in mammalian cells may account for the
limited evidence for recombination. However, a lack of
organellar fusion would not rule out recombination be-
tween mitochondrial genomes within the mitochondria.
Further, there could be a qualitative difference between
the large-scale genomic events investigated in the afore-
mentioned studies and local recombination events at
RS3.

Buroker et al. (1990) suggest a mechanism for the
amplification of an 82-bp repeat in the white sturgeon
that involves the displacement strand (a third DNA
strand in a structure known as the D-loop, Clayton
1982) during replication. This involves the formation of
stable stem structures by the 82-bp repeat and the ad-
dition of a motif to the array if the structure forms in the
D-loop strand or a deletion if it forms in the other two
strands. The carnivore RS3 repeat is upstream of where
the beginning of the D-loop is expected to be, so the il-
legitimate elongation model proposed by Buroker et al.
(1990) may not apply. However, the carnivore arrays at
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a Southern blots showing level of heteroplasmy within and between individual arrays of black-footed ferrets (ferret), giant pandas (pan-

da), dogs, and cats. Molecular weight is given in base pairs. b Same blots probed with 16s RNA mtDNA.

RS3 can form stable stem structures, which may stabi-
lize loops and help account for the slippage of long
motifs.

The high rate of DNA turnover seen for the carnivore
RS3 repeat in somatic tissue is unusual. Of the hundreds
of microsatellite and minisatellite DNA regions identi-
fied in the nuclear genomes of various vertebrate
species, most show no variation within the somatic tis-
sues of an individual. One exception is the triplet (GGC)
repeat in the human FMR-1 region, thought to be re-
sponsible for the onset of fragile-X syndrome (Yu et al.
1991). Genomic DNA digests of individuals with the ex-
panded repeat array at FMR-1 (the pathological allele
condition) show a somatic distribution of numerous
length variants within an individual (Reyniers et al.
1993), similar to that seen for the carnivore RS3 arrays.
Another similarity between the carnivore RS3 and hu-
man FMR-1 is in the position of the array. The FMR-1
GGC repeat is located in the 5" nontranslated region of
the gene, which like the RS3 repeat is within a poten-
tially regulatory region. RS3 repetitive arrays in pig
mtDNA have been shown to be transcribed along with
sequences from CSB1 and CSB2, and this RNA tran-
script is thought to serve as a primer in the initiation of
heavy-strand DNA replication (Ghivizzani et al. 1993;
Schmitt and Clayton 1993). DNA polymerase “stutter-
ing” near the RNA-DNA transition may explain some
of the turnover at RS3.

Array Organization

The repetitive elements in the arrays described in this
study are organized hierarchically and are based on the

motif “ACGT.” AC is a common repeat motif in nuclear
simple repetitive sequences. This may be explained in
part by the fact that nuclear methylated C residues are
subject to deamination, which leads to the conversion
of a Cto a T (Coulondre et al. 1978), and since most
methylated C residues occur in CpG pairs (Razin and
Riggs 1980), this leads to an increase in GT/AC motifs
(Levinson and Gutman 1987). Methylation of C residues
occurs in mammalian mtDNA, but at a much lower lev-
el than in nuclear DNA (Pollack et al. 1984; Mazin et
al. 1988). Methylation in mouse mtDNA is distributed
nonrandomly, and CpG pairs are underrepresented, sug-
gesting that the pattern of methylation and deamination
is similar to that of the nuclear genome (Pollak et al.
1984).

The ACGT motif is apparently restricted to the RS3
position in the mitochondrial control region (and it oc-
curs in all arrays described at that site); however, a
search through Genbank also reveals its presence in
numerous short nuclear repetitive sequences (such as in
the histone genes of Urechis caupo, Davis et al. 1992;
and Strongylocentrotus purpuratus transposable ele-
ments, Cohen et al. 1985).

Reiteration of the AC motif generates the four basic
repeat elements seen in this study (1, 2, 3, and 4 in Fig.
2). Transition type changes generate most of the vari-
ants of these basic elements (Fig. 2). The “1” and “2”
elements are most common. Groups of elements com-
bine to form repeated motifs of “compound units.” The
pattern of elements and compound units in the different
arrays are suggestive of differential rates of turnover by
DNA slippage, and possibly unequal crossingover for
the larger compound units (e.g., the 38-bp repeat in the



northern elephant seal array, see Hoelzel et al. 1993a).
For example, among the compound unit repeats, we de-
scribe four nondiscrete classifications. (See above.) The
type 2 array shows homogenization throughout the ar-
ray which implies a high rate of turnover, while the type
3 and 4 arrays show a decay of that pattern, suggesting
either a higher rate of turnover for a smaller motif or an
interaction between different turnover mechanisms. (See
below.) Type 5 arrays show decay of the repetitive
structure of the array at both the compound and single
element levels, suggesting a low rate of homogenization.

The rate of turnover is not always proportional to the
size of the repetitive motif. For example, the 20-bp
compound unit, j112 in the sea otter arrays, is homog-
enized throughout most of the array, implying a high
rate of turnover for that motif. No reiteration of the
single-element motifs is observed. In other arrays, such
as in the southern elephant seal (where the compound
unit 133 is also 20 bp long), single elements are reiter-
ated, disrupting the structure of the compound units. In
this case the smaller motif is apparently being reiterat-
ed at a higher rate.

The most common types of compound unit arrays are
those homogenized for a 10-20-bp motif (type 2) and
those that showed the heterogeneous distribution of a
variant (type 3). In the dog and giant panda arrays, the
compound unit is 10 bp long and imperfectly homoge-
nized through the array. In each of these two species a
variant compound unit involving a single basepair mu-
tation is distributed in patches throughout the array,
suggesting local slippage of what was previously an al-
ternating pattern (for example, 112122111211222 from
12121212). A high rate of turnover (high enough to
homogenize the 20-bp pattern incorporating both the
mutated and nonmutated compound units) may have
changed over time allowing turnover at the 10-bp mo-
tif to cause the disruption of the alternating pattern.
This is suggestive of an interaction between unequal
crossingover (generating the initial pattern) and slippage
(disrupting the pattern). Disruption of the pattern may
have slowed the rate of turnover by interrupting the
register for homologous pairing and led to further de-
cay of the pattern. The four clones sequenced from the
giant panda showed little similarity in the pattern of
variants across the array (9-23 mutations required to
convert one clone to another, Fig. 3). In contrast, the dog
clones were more similar to each other (2-6 changes be-
tween clones, Fig. 3). Further, Southern blot analysis in-
dicates greater length heteroplasmy within individuals
in the giant panda than in the dog. Together these results
suggest a lower rate of intraindividual turnover of repeat
motifs in the dog, even though motifs are the same
length in dog and panda arrays (10 bp).

Local expansion by slippage is evident in several
other arrays, such as the “eee” pattern in the mink ar-
ray. In a number of the arrays, local reiteration of sin-
gle elements is biased toward the light-strand 3" end of
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the array (cf. Hoelzel et al. 1993a). A similar pattern of
polarity has been reported for minisatellite arrays by Jef-
freys et al. (1991). They were able to infer the process
leading to this pattern by looking directly at recombi-
nant products of pairs of parental alleles. Most often the
mechanism was an unusual gene conversion event in
which extra repeats are added to the acceptor allele
along with a patch of the donor’s repeats, so there is a
tendency to grow in local regions (A.J. Jeffreys et al.
personal communication). To determine if this process
is happening in mtDNA VNTRs it would be necessary
to analyze recombinants (assuming they exist) from
identified arrays.

Although the array organization seen in different
species is not easily correlated to divergence time be-
tween species, both the repeat unit structure and array
organization can differ considerably between species,
while showing homology within a species (Hoelzel et
al. 1993a, further analysis will be required to deter-
mine the extent of intraspecific homology in different
carnivore species). In this study, Southern blot data us-
ing array-specific probes suggested intraspecific ho-
mology between individuals of four carnivore species.
This could be the result of drift within matrilines, lead-
ing to the expectation of divergence of motif or array
structure between ancient matrilines within the same
species. Hoelzel et al. (1993a) sequenced arrays at RS3
for a number of individuals from each of two Southern
elephant seal populations. The populations had diverged
approximately 100,000 years ago (Hoelzel et al. 1993b),
but the motif of the repeated unit and the array organi-
zation have not diverged between the populations, as a
drift hypothesis would predict. Another possible expla-
nation for within-species homogeneity in RS3 organi-
zation is that interhelical DNA turnover is occurring be-
tween the relatively few mitochondrial genomes
contributed in the head of a sperm and the many mito-
chondrial genomes in the egg during sexual recombi-
nation, followed by further interactions between ge-
nomes within the egg. Such communication between
matrilines (with the male as a bridge) as a consequence
of intergenome turnover (e.g., by unequal crossingover
or gene conversion) could account for the homoge-
nization of array organization within a species.

Conclusions

In summary, repeats at RS3 are unusual compared with
other control region repetitive sequences. They differ in
the size, character, and sequence of the repeated motif
and in the extent of variation and heteroplasmy. The lo-
cation and general form of this repetitive array are
shared by all carnivores investigated, and by the rabbit,
pig, and shrew (P. Taberlet personal communication).
The degree of variation seen across most carnivore ar-
rays distinguishes them from the noncarnivore arrays at
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this site. We suggest that much of the variation seen in
these arrays can be explained by the mechanism of
DNA slippage, operating at different rates and over dif-
ferent motif sizes both within and between arrays. How-
ever, some data also suggest interhelical mechanisms of
DNA turnover. A striking feature of these arrays is their
species specificity, and the apparent conservation of
motifs throughout the species (though determining the
extent of this will require further investigation). This
may imply homogenization of arrays between lineages
within a species via some, as yet unspecified, mecha-
nism of intergenomic “crosstalk,” in addition to genet-
ic drift among lineages.
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