Copyright © 1983 by the Genetics Society of America

LENGTH MUTATIONS IN HUMAN MITOCHONDRIAL DNA

R. L. CANN anDp A. C. WILSON
Department of Biochemistry, University of California, Berkeley, California 94720

Manuscript received March 1, 1983
Revised copy accepted April 19, 1983

ABSTRACT

By high-resolution, restriction mapping of mitochondrial DNAs purified from
112 human individuals, we have identified 14 length variants caused by small
additions and deletions (from about 6 to 14 base pairs in length). Three of the 14
length differences are due to mutations at two locations within the D loop,
whereas the remaining 11 occur at seven sites that are probably within other
noncoding sequences and at junctions between coding sequences. In five of the
nine regions of length polymorphism, there is a sequence of five cytosines in a
row, this sequence being comparatively rare in coding DNA. Phylogenetic
analysis indicates that, in most of the polymorphic regions, a given length
mutation has arisen several times independently in different human lineages.
The average rate at which length mutations have been arising and surviving in
the human species is estimated to be many times higher for noncoding mtDNA
than for noncoding nuclear DNA. The mystery of why vertebrate mtDNA is
more prone than nuclear DNA to evolve by point mutation is now compounded
by the discovery of a similar bias toward rapid evolution by length mutation.

ARLY studies of genetic variation among mitochondrial DNAs (mtDNAs) of
different individuals and species of animals seemed to show that nearly all
of the mitochondrial mutations compatible with survival were base substitutions
{(BROWN 1981). Only in the D loop was there evidence for length mutations, i.e.,
additions and deletions of bases (UpHOLT and Davip 1977; CREwS et al. 1978;
BrowN and WRIGHT 1979; HavasHI et al. 1979; FAURON and WOLSTENHOLME
1980; WALBERG and CLAYTON 1981; FERRIS, WILSON and BROWN 1981; BROWN
and SiMPSON 1981; Greenberg et al., 1982). This picture, which contrasted with
that for fungal mtDNA, began to change when base sequences from different
animal species became available. By then, it was evident that distantly related
species also differed by small length mutations at many sites outside the D loop
(BiBB et al. 1981; ANDERSON et al. 1982; BROWN et al. 1982; CLARY et al. 1982).
We now report the results of a search for length differences in a series of
closely related mtDNAs from different human individuals. Initial restriction
studies of human variation in mtDNA revealed about 55 different polymor-
phisms, and all of these were attributed to base substitutions (POTTER et al. 1975;
Brown 1980; GiLES et al. 1980; CASE and WALLACE 1981; DENARO et al. 1981). A
more extensive survey brought the total to about 165 (CANN, BROWN and WILSON
1982), all of which were provisionally attributed to base substitution. Closer
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scrutiny of the fragment patterns, using large numbers of size standards made
available by the complete base sequence for mtDNA of one human individual
(termed the Cambridge sequence), has allowed us to detect a new class of length
polymorphism at several sites outside the D loop. This paper describes the
length variants, their location in the mitochondrial genome and their incidence
in human populations. Finally, we discuss their possible significance for our
understanding of the driving force for mtDNA divergence.

MATERIALS AND METHODS

Human mtDNA: mtDNA was isolated to high purity from placenta, liver and tissue culture cells
by methods described previously (BRown, GEORGE and WiLsoN 1979). All tissue was collected from
donors in accordance with the National Institutes of Health guidelines established for protection of
human subjects. The 112 samples included in this study had the following broad racial distribution:
12 Australian aborigines, 19 individuals of African descent, 35 individuals of Asian descent and 46
individuals from Europe, North Africa or the Middle East.

Restriction mapping and gel electrophoresis: All samples in this study were mapped for restriction
site polymorphisms with 12 restriction enzymes: Alul, Avall, Ddel, FnuDIl, Haelll, Hhal, Hinfl,
Hpal, Hpall, Mbol, Rsal and Tagl. Reactions were carried out under conditions specified by the
supplier (New England Biolabs or Bethesda Research Laboratories). Each individual was mapped at
approximately 352 sites. Of the individuals examined in this analysis, 21 had been initially compared
for restriction fragment differences (BRowN 1980). These samples were included in a more extensive
analysis for evidence of molecular polymorphisms at an additional 121 sites. Details of all restriction
site polymorphisms detected will appear in a separate publication (R. L. CANN, W. M. BROWN and
A. C. WILSON).

Fragments were labeled at the ends with *P as described by Drouin and SyMons (1979) and
modified by BRown (1980). After this step they were run into either 3.5% acrylamide or 1.2% agarose
vertical gels for separation. Autoradiography was performed on vacuum-dried gels using Kodak X-
Omat RP film and an intensifying screen at —70°.

Denaturing gel conditions were used to verify length mutations in fragments. Urea was added to
a 3.5% acrylamide gel solution so that the final concentration was 7 M. Samples were treated as
usual for labeling but were dissolved in a final loading buffer containing 90% formamide, heated for
3 min at 90° in a temperature bloc, and quick chilled on dry ice before loading.

Mapping strategy: Our approach takes advantage of the fact that one human mtDNA has been
completely sequenced (ANDERSON et al. 1981). Any human drawn at random can be expected to
differ from this known sequence by three or four base substitutions per kilobase (kb) on the average
(BrRowN 1980; CANN, BROwN and WiLsON 1982; AQUADRO and GREENBERG 1983). Maps for restriction
sites in humans of unknown sequence can be derived by comparing their fragment patterns with
that predicted from the published DNA sequence. Using this technique, we can detect and rapidly
map sites to within a few base pairs (bp) for a large number of individuals without recourse to the
double digestion method (Dana, Sack and NaTHANS 1973) which had traditionally provided the
best approach to rigorous restriction mapping. The high degree of sequence homology among
human mtDNAs makes the mapping of single digests with respect to the Cambridge sequence both
accurate (to 2 bp) and convenient. (By contrast, it is virtually impossible with the double-digestion
method to map the large number of fragments produced by restriction enzymes that recognize a
specific sequence of 4 bp.)

RESULTS

Locations of cleavage sites: Figure 1 shows the locations of the 443 cleavage
sites mapped in this study. They are widely distributed among all 13 protein-
coding genes, both rRNA genes and 21 of the 22 tRNA genes, as well as in the
D loop and other noncoding regions. Two hundred and seventy-eight of these
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Ficure 1.—Locations of cleavage sites and functional regions in human mtDNA. The 16,569-bp
circular genome sequenced by ANDERSON et al. (1981) is drawn in linear form. The major bar shows
the regions of known function: 22 tRNA genes, each represented by a single letter and black shading,
two rRNA genes (12s and 16s) and 13 genes coding for proteins, eight of which are unidentified and
five of which are known, namely, three cytochrome oxidase subunits (Co 1, 2 and 3), one ATPase
subunit (ATP) and cytochrome b (Cyt b). Diagonal lines represent the large noncoding region,
extending from 16,024 to 576 bp. The upper panel shows the locations of cleavage sites found in
mtDNAs from 112 humans with the aid of 12 restriction enzymes. Vertical lines below the horizontal
line show the variable sites, i.e., those present in some but not all of the 112 mtDNAs. The vertical
lines above the horizontal line show those sites present in all of the human mtDNAs examined.
Height of the vertical lines is proportional to the number of sites found within an 80-bp segment.

sites are invariant, i.e., present in all 112 of the human mtDNAs sampled. The
remaining 165 sites are variable, i.e., present in only some of these human
mtDNAs. Further details as to the locations, nature and geographic distribution
of these sites will appear elsewhere (R. L. CANN, W. M. BrRowN and A. C.
WILSON).

Length polymorphisms: Our survey of 112 humans revealed length polymor-
phisms in nine regions of the mtDNA molecule. The locations of these regions,
designated I-IX, are given in Table 1 and Figure 2. The short deletions and
additions occurring in these regions range in size from about 6 to 14 bp (see
Table 1).

To illustrate the type of evidence for these polymorphisms, we focus attention
on length mutations in region V. Eight of the 112 individuals gave restriction
fragment patterns that differed from other common patterns in the size of a
single restriction fragment bearing this region. In seven of these cases, the
fragment was shorter, and in one case it was longer than in normal mtDNAs.
This shift in size could not be due to a point mutation causing a restriction site
to be gained or lost, because all other fragments were accounted for and
appeared to line up. This is evident from the comparison of lanes 1 and 3 in
Figure 3, which shows the fragments produced by testing three samples of
human mtDNA with Haelll, a restriction enzyme that cuts the Cambridge
sequence at 50 sites. The fragment sizes shown on the left for sample 1 agree
with expectation for the Cambridge sequence except for the changes brought
about by 6-point mutations (see Table 2). The fragment sizes shown on the right
for sample 3 differ in that the 141-bp fragment is replaced by one that is about
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TABLE 1

Length mutations in mitochondrial DNA of 112 humans

No. of in- Geographic area“

Polymorphic Length change  No. of hu-  ferred muta- ——————————
region Location® (bp) (bp) man variants tions” 1 2 3 4
I 37-585 +7 12 9 + + + +
I 37-585 -7 16 12 - + + +
II 3958-4428 +10 2 2 - + + -
111 5261-5552 +7 3 2 - + - +
111 5261-5552 -7 5 2 + + + -
v 5877-5978 +14 2 1 - - + -
\Y 8250-8303 +7 1 1 - + - -
A% 8250-8303 -7 7 3 + + + -
VI 10352-10598 +10 2 2 - + - -
VII 14608-14802 +7 2 2 + + - -
VII 14608-14802 -7 1 1 + - - -
VIII 15883-15994 +6 1 1 - - = 4+
VIIL 15883-15994 —6 8 6 + + + 4+
IX 15925-16303 —-10 4 1 + - + -

“bp locations are numbered as in ANDERSON et al. (1981).

*The number of inferred mutations is estimated by phylogenetic analysis as exemplified in
Figure 5 for the deletion of seven base pairs at site I and the addition of seven base pairs at the same
site.

°The four aboriginal geographic areas are as follows: (1) Sub-Saharan Africa; (2) China plus
Vietnam, the Philippines and Tonga; (3) Australia; (4) Europe plus North Africa and Western Asia.

134 bp long. Sample 2 resembles sample 3 in this respect (see legend, Figure 3).
Since this mobility difference was reproducible and did not disappear with
longer digestion, it could be attributed to a deletion of 7 bp or to an alteration in
secondary structure caused by substitution or modification of a base.

When the experiment was repeated under denaturing conditions, the same
mobility difference was seen, which implies that secondary structure is not the
cause of the mobility difference. A deletion of about 7 bp from the region giving
rise to the 141-bp fragment, i.e.,, the region between 8250 and 8391 bp, is,
therefore, implicated.

This suggestion was confirmed by examining the same region with eight
additional restriction enzymes, as illustrated in Figure 4. Two of these enzymes,
Alul and Ddel, produced a fragment embracing this region and having a size
less than 552 bp. In each case, the individuals with the postulated 7-bp deletion
exhibited a fragment that was smaller by about 7 bp than that produced by
individuals with a conventional fragment size. The remaining six enzymes
produced fragments that were too big for reliable detection of a size change of
7 bp (see Figure 4). The variable region must be one common to the three
fragments that show the shift, namely, the region from 8250 to 8303. In this
region, there is a noncoding segment, from 8270 to 8290 bp, which separates the
cytochrome oxidase 2 gene from the lysine tRNA gene; this is considered to be
the most likely location for the deletion (see DISCUSSION).

With this procedure, we documented the occurrence of 14 length polymor-
phisms in regions I-1X of the human mitochondrial genome (Figure 2 and Table
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FIGURE 2.—Nine regions of length polymorphism in human mtDNA. The solid bars refer to genes
specifying proteins or ribosomal RNA, the empty circles to transfer RNAs and the thin line to the
large noncoding region from 16,024 to 576 bp. Arrows show the approximate locations of the nine
polymorphic regions, labeled I-IX. For further information about these locations, see Table 1 and
Figure 1.

VI

1). In five of the regions (I, III, V, VII and VIII) both additions and deletions
were demonstrated. In all cases, it appears probable that the length changes
have taken place in or near noncoding DNA, but, as will be evident from Table
1, exact localization has not been achieved and the possibility that such changes
have occurred in tRNA genes, the carboxy termini of unidentified reading
frames (specifically Urfs 1, 2 and 3), or even at the amino terminus in the case
of urf 6 is not excluded (see Table 3).

DISCUSSION

Direct repeats: Some of these length mutations may result from the existence
of short, directly repeated sequences in or near noncoding regions. In region V,
for example, there is a tandemly repeated, noncoding sequence of 9 bp in the
Cambridge mtDNA and (by inference from the maps) in most human mtDNAs,
as follows: ACCCCCTCT ACCCCCTCT. An addition or deletion of one of these
repeats could be expected by slipped mispairing during replication or repair
(Jones and KaraTos 1982). The observed addition and deletions of about 7 bp
in this region agree, within the error of measurement (3 bp), with this expecta-
tion.

In region IV, there is a noncoding sequence containing a run of five cytosines
and a nontandem 3-bp repeat (CAC). Slipped mispairing within the C series or
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TABLE 2

Haelll sites in four human mtDNAs®

Variant sites

Common sites Presence of sites
Positions (bp) Position 1 2 3 Cc
322 4481 7886 9438 1484 - + + -
1463 4563 8250 10364 3090 + + + -
2173 4848 8391 10689 3842 - - + -
2567 5226 8572 12301 6425 + + + -
3146 5261 8838 12979 6957 + + -~ +
3315 5837 8994 13051 9553 + - + +
3412 6027 9025 13957 10725 - - - +
3427 6260 9266 15047 13702 - - - +
3607 6383 9294 15152 15172 - - - +
3849 7197 9342 15883 16517 + - + -
3958 7497 9411 16456

4428

“The four mtDNAs compared include the three (1-3) whose Haelll fragments are displayed in
Figure 3 plus (C) the Cambridge mtDNA whose complete base sequence is known (ANDERSON et al.
1981).

between the CAC sequences could generate additions or deletions of 1 to 6 bp
(as illustrated by Jones and KAFATOS 1982), but it would be hard to account for
the observed 14-bp addition by one slipped mispairing event.

Information about the occurrence of tandemly and nontandemly repeated
sequences at other regions of length polymorphism appears in Table 3. A
notable feature is the run of five cytosines which occurs not only in region IV
and V but also in regions I, II and IX in or near noncoding regions. Additional
evidence suggesting that CCCCC is correlated with length variation in mtDNA
of primates comes from comparisons of the tRNA serine®“Y gene in apes and
humans (BROWN et al. (1982), where the only length mutation seen in a 896-bp
segment is localized to this sequence. This CCCCC sequence is also present in
the repeat reported in the 5 flanking region of the human insulin gene, a region
highly polymorphic in length (BELL, SELBY and RUTTER 1982), as well as in
regions of yeast mtDNA which undergo frequent length changes (BALbAccI and

FIGURE 3.—Restriction fragments of mtDNA from three humans. This shows an autoradiograph
of a 3.5% polyacrylamide gel containing end-labeled fragments of three human mtDNAs digested
with the restriction enzyme Haelll. The gel size was 40 X 15 X 0.08 cm, and the running time was
14 hr at 4.5 MA in a buffer containing Tris (0.05 M), boric acid (0.05 M) and EDTA (0.001 M) at pH 8.3
and room temperature (BROWN 1980). Lane 1 contains fragments that conform to the most common
pattern seen for this enzyme, and the sizes of the fragments produced are indicated on the left in
base pairs. Lane 3 contains fragments of a variant mtDNA, in which there appears to have been a
7-bp deletion causing a particular fragment (134 bp), marked with a horizontal bar on the right, to
migrate further than does the corresponding fragment (141 bp) in lane 1. The sizes of the fragments
displayed in lane 3 sum to 16,562 bp, whereas those in lane 1 sum to the standard size of the human
mitochondrial genome (16,569 bp). An individual whose fragments are displayed in lane 2 also has
this variant fragment. The other differences in fragment patterns among lanes are accounted for by
point mutations, resulting in either site gains or site losses (see Table 2).
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FIGURE 4.—Mapping of length mutations in region V of human mtDNA. The DNA shown,
spanning from 7598 to 9292 bp, contains part of the cytochrome oxidase 2 gene, a noncoding region
(cross-hatched), the lysine tRNA gene (solid black), an unidentified reading frame (A6L), the
partially overlapping ATPase 6 gene, and a portion of the cytochrome oxidase 3 gene (ANDERSON et
al. 1981). The nine restriction fragments shown include region V, in which deletions and additions
of 7 bp have been found. These mutations cause readily detectable changes in the electrophoretic
mobility of the two smallest fragments, produced by the enzymes Haelll and Alul, barely detectable
changes in the Ddel fragment and undetectable changes in the larger fragments.

BERNARDI 1982). However, it is also clear that some of the regions of length
polymorphism do not contain obvious candidates for slipped mispairing in
noncoding regions. Further assessment of the role of repeated sequences in
generating mtDNA length mutations will require the sequencing of these regions
from variant individuals.

Parallel mutations: Phylogenetic analysis allows an estimate of the extent to
which parallel and back mutations have occurred at the nine polymorphic
regions. A free relating the 110 types of mtDNA encountered in our survey
appears in Figure 5. It is based on a parsimony analysis that takes account of
both length and point mutational variation among these mtDNAs. In building
this tree we assumed that mtDNA's inheritance is strictly maternal and clonal.
In region I, for example, there have probably been at least 12 independent
deletions and nine independent additions. The highest incidences of parallel
mutations are in regions I, V and VIII. There is only one region (IX) at which a
single mutation accounts for the variation seen. Altogether in the nine regions
examined, a total of 45 length mutations were inferred (Table 1), 31 (69%) being
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TABLE 3

Direct repeats in regions of length polymorphism

Region Repeated sequences® Location
1 Many (>50) Noncoding
I tceeecte Urf 1 (3")
I Hatactaataatcttata Urf 2 (3')
v CACCCCCAC Noncoding
ccattttacc Tyr tRNA (5%)
v TAGCACCCCCTCTACCCCCTCTAG Noncoding
tatttaccctaT Co 2 (3)
VI gaaccgaatigg Urf 3 (3'), Arg tRNA (5')
aaatgcce Arg tRNA (3", Urf 4L (5)
VII aaacaaa Urf 6 (5
catacatcat Urf 6 (5")
acACCAatgaccocaa Glu tRNA (5), Cyt b (5)
VIII AAA Noncoding
aaatggg Cyt b (3"
IX Many (>30) Noncoding

“In the light strand of the human mtDNA whose sequence has been reported (ANDERSON et al.
1981). Capital letters are for noncoding sequences; lower case letters refer to sequences specifying
tRNAs or polypeptides. Tandem repeats are underlined; nontandem repeats are overlined; only
sequences of more than two contiguous bases are considered. The list includes only those in, or
within 20 bp of, a noncoding region or an intergenic junction.
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FIGURE 5.—Multiple occurrences of deletions and additions during divergence of 110 human
mitochondrial lineages. This tree was derived by the parsimony method (Farris, 1970; FERRIiS,
WiLsonN and BrownN 1981) from 89 informative characters, of which we attribute 10 to length
mutations and 79 to base substitutions. Details about these base substitutions will appear in a
separate publication (R. L. CANN, W. M. BRowN and A. C. WiLsoN). The following symbols designate
individuals of different racial heritages: A, Australian; A, Asian; @, African and O, European, North
African or Middle Eastern, as defined in the legend of Table 1. The heavy lines show 12 lineages
that have independently experienced a deletion of about 7 bp in region I of the mitochondrial
genome. The dotted lines show nine lineages that have independently experienced an addition of
about 7 bp in region L.

parallelisms or reversals. Twenty-one of the total are additions, and 24 are
deletions. We also note that these mutations, like point mutations (CANN, BROWN
and WILSON 1982), show no strong correlation with race or geography, consistent
with multiple origins for the length mutations. In a recent analysis of published
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sequence data, one of the three sites of length polymorphism examined in the
D loop exhibited parallelism, and this study dealt with only seven types of
mtDNA (AQUADRO and GREENBERG 1983).

These phylogenetically based estimates of the incidence of length changes
give limited support to the idea that length polymorphisms are due only to short
repeated sequences. The correlation between number of inferred mutations
(Table 1) and the incidence of short repeated sequences in noncoding DNA is
approximate at best. The implication is that other factors may be required to
account fully for the incidence of length variation.

Incidence of length mutations in nuclear and chloroplast DNA: The incidence
of length change in mtDNA may be compared with that in chloroplast and
nuclear DNA. Table 4 presents a summary of results for noncoding regions,
from which it is evident that the ratio of length mutation to point mutation is at
least as high (0.67 to 1.0) for mtDNA as for other types of DNA (mean for
nuclear DNA, 0.28; mean for chloroplast DNA, 0.57). When this conclusion is
considered, it is worthwhile to note that the estimate of 0.67 for mtDNA is based
on restriction mapping, whereas all of the other estimates in Table 4 come from
DNA sequencing. The mapping approach is likely, we suggest, to underestimate
the incidence of length changes because it is probably poor at detecting the
smallest of them. From the mtDNA sequence comparisons made by ANDERSON
et al. (1982), it is clear that additions and deletions of one or two bases are
frequent. So, the proposal that noncoding regions of mtDNA experience a high
ratio of length to point mutational change seems sound.

Rates of length change in evolution: Since point mutations are known to
accumulate five to ten times more rapidly in mtDNA than in nuclear or
chloroplast DNA (BrRownN, GEORGE and WILSON 1979; BROWN et al. 1982), the
absolute rate at which length mutations accumulate in noncoding regions of
mtDNA probably exceeds that in nuclear or chloroplast DNA by a large factor
also. The implication is that whatever forces are responsible for the high rate of
point mutational evolution in mtDNA are also elevating the rate of length
change in this same molecule.

The high rate of point mutational evolution in animal mtDNA is due, in part,
to an elevation of the rate at sites throughout this genome. Superimposed on
this is a further elevation of the rate for tRNA and rRNA genes, owing probably
to relaxed constraints on components of the protein-synthetic apparatus
(BrROwN et al. 1982; CANN, BROwN and WiLson 1982). Two classes of explanation
exist for the general elevation of the evolutionary rate in mtDNA. One possibil-
ity, stressed by BRowN, GEORGE and WILSON (1979), BROWN et al. (1982), BRowN
and SiMPSON (1982) and MIYATA et al. (1982), is that the mutation rate is higher
for mtDNA than for nuclear DNA. Another possibility, being developed by R.
L. CannN, W. M. BrRowN and A. C. WiLSON (unpublished results) is that the
probability of fixation of mildly deleterious mutations is higher for mtDNA. The
latter hypothesis is attractive because it accounts for accelerated evolution by
both length and point mutations, regardless of the mechanisms generating the
mutations. The challenge that now faces investigators is how to test these
competing hypotheses.
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TABLE 4

Incidence of length and point mutations in noncoding DNA

Noncoding Length mu- Point muta-
bases com- tations per  tions® per

Gene region and reference® Species pared kb (a) kb (b) Ratio (a/b)
Mitochondrial
Maps (this work) Human 1214 12 18 0.67¢
D loop (1) Human 1118 3.5 35 1.00
Chloroplast
Interribosomal (2) Plants 2294 16 28 0.57
Nuclear
Histones (3) Sea urchins 295 64 159 0.40
Actins (4) Yeast 720 14 2.8 0.50
Chorions A, B (5) Silk moth 1232 18 56 0.32
Tubulins (6) Rat 293 3 17 0.18
Immunoglobulins (7) Mouse 912 2 4 0.50
Metallothioneins (8) Human 214 9 65 0.14
{-globins (9) Human 1433 3 94 0.03
B-globins (10) Goat 1656 14 144 0.10
8-globins (11) Human 1267 0.8 1.6 0.50
d-globins (12) Primates 535 9 63 0.14

“References: (1) GREEENBERG, NEWBOLD and SUGINO 1983; (2) TAkaiwa and SUGIURA 1982;
(3) BUSSLINGER, RuscoNI and BIRNSTIEL 1982; (4) NELLEN et al. 1981; (5) JoNes and KAaFAToS 1982;
(6) LemisckHA and SHarp 1982; (7) OLLo and ROUGEON 1982; (8) KARIN and RICHARDS 1982;
(9) PrROUDFOOT, GIL and MANIATIS 1982; (10) SCHON et al. 1981; (11) KIMURA et al. 1982; (12) MARTIN,
VINCENT and WILSON 1983.

®To avoid saturation effects, attention is confined in these calculations to sequences differing at
fewer than 16% of the bases compared.

“This calculation assumes that all the length mutations are in noncoding DNA. Since it is not
certain that these mutations are confined to noncoding regions in human mtDNA, an alternative
calculation was made for the regions in which the length mutations have been localized (see Table
1). For these regions, which sum to 2229 bp, the ratio of length mutations to point mutations is 0.50.
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