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The rate and pattern of sequence substitutions in the mitochondrial DNA {m1DNA) control region (CR) is of central
importance to studies of human evolution and to forensic identity testing. Here, we report a direct measurement

of the intergenerational substitution rate in the human CR. We compared DNA sequences of two CR hypervariable

segments from close maternal relatives, from 134 independent mtDNA lineages spanning 327 generational events,
Ten substitutions were observed, resulting in an empirical rate of 1/33 generations, or 2.5/site/Myr. This is roughly

twenty-fold higher than estimates derived from phylogenetic analyses. This disparity cannot be accounted for

simply by substitutions at mutational hot spots, suggesting additional factors that produce the discrepancy

between very nearterm and long-term apparent rates of sequence divergence. The data also indicate that

extremely rapid segregation of CR sequence variants between generations is common in humans, with a very small
mtDNA bottleneck. These results have implications for forensic applications and studies of human evolution.

Sequences from the mitochondrial DNA {(mtDNA) control
region {CRY are highly variable within human populations and
have been a primary source of information regarding the genet-
ic structure, age and origin of modern Homo sapiens’'". In these
and other studies of mitDNA RFLP or coding sequence varia-
tion!' ™, a standard approach is to derive a phylogenetic tree,
then date branch lengths by reference to an assumed molecular
clock, calibrated with divergence dates from the hominoid fossil
or human archagological record. However, this approach assumes
neutrab evolution and a known relationship between observed
sequence divergences and the mode and rate with which substi-
tutions accumulate. Zarlier studies estimated a single mtDNA
{or CRI substiution rate, with attemprs 1o correct for multiple
substitutions at the san FLE2 However, it s now clear
that modeis employing increasing numbers of parameters, that
accommodate various rates and classes of substitution, provide
a better fit to the observed data! ™. These analyses point toward
hich mtDINA sequences accumulate dif-
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was encountered with surprising frequency in the course of
forensic casework involving sequence comparisons of family ref-
erence samples (see below). The number of forensic cases involv-
ing mtDNA s increasing rapidly (for example, in the ongoeing
mtDNA program to aid in full accounting’ for >10,000 US. per-
sonnel missing from conflicts since World War [T and in identi-
tv testing of shed hairs found at crime scenes). Thus, mtDNA
substitution will have practical implications that must be
addressed explicitly.

We performed an extensive collaborative study to empiricaily
determine the frequency with which maternal relatives differ in
ntDNA sequence. We compared sequences of the two CR hyper-
variable regions (V-1 and HV-2, ~610 bp total) from close
maternal rdatwcs {predominantly mother:ichild, grandmoth-
erigrandchild, or sibling pairs), from a lrge number of mtDNA
lincages. The result of this fine-structure analysis of mADNA vari-
ation is an empirically-observed CR substitution rate that is
approximately twentyv-fold higher than rates calculated from
phviogeneric studies. This observed rate has }mpludt-i)m for
both forensic identity testing and for the inference of human his-
tory from mitidNA sequences.
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sequence determination was

Table 1 » Summary of sequence comparisons and observed mutations

replicated in independent labo-

et Fam G2 aF ks 157 1ndl. Sample mtDNA Generations Mutations Rate per Rate pooled
sc’:t(mu for 63 of i'hu 357 indi cource lineages generation by type
viduals sequenced in our study.
In all cases, the sequencing
results  matched  exactly AFDILfamily 73 121 7 0.0578 blood samples
between laboratories, Addi- Teferences Lk \ .05
tionally, sequences were com- 1719
pared for 69 fathernichild pairs  “Oxford’ 5 32 1 0.02% /
and as expected, no evidence families 1432
for paternal transmission of . ‘
s o TR Amish a0 80 1 0.013 cell lines
miilNA was 0125&1\»“. ) familias 1/80 \

Overall, 327 “generational 0.071
events were screened and with- / 1787
in these, ten instances of sub-  CEPH 16 54 1 0.011

families 1/94

stitution were detected (Table
1), Taken together, our data
indicate a remarkably high substitution rate, ~one in 33 gener-
ations. Assutning a generation time of 20 vears, this extrapolates
to a substitution rate of 2.5/site/Myr (95% confidence interval,
1.2-4.0/site/Myr). However, the different sample types appear
to display ditferent rates. Sequences derived from blood samples
detected eight substitutions within 133 generations (0.052/gen-
eration, 4.3/site/Myr), whereas sequences derived from cell fines
revealed two substitutions in 174 generations (3.01 1/generation,
0.94/site/Myr) (the difference is significant at the P=0.03 level}.
Lacking a resolution to the apparent different rates observed for
blood versus cell line samples (discussed below), we will adopt
the pooled value {0.03/generation} for the purposes of consid-
eratien and comparisen. The observed substitution rates from
both the blood samples and cell lines greatly exceed evolutionary
rates inferred from phylogenetic studies.

Substitutions were observed throughout HV-1 and HV-2 (Fig.
i, Table 2), without obvious overall clustering. However, two
substitutions in different lincages were at adjacent sites (16092
and 16093; numbering as in ref. 323, Remarkably, two indepen-
dent instances of substitution were detected at position 207, In
one miDNA lineage, a daughter differed from her mother and
brother at two positions, 207 and 16093 {maternal relationship
in this case was unambiguously confirmed by nuclear DNA fin-
gerprinting™®s. One observed substitution (309.1) was a cyto-
sine insertion, occurring in the HV-2 polycvtosine "C-stretch’
region. The 309.1C insertion is 2 commen variant, shared by

499% of individuals in our database of 742 CR sequences; most
individuals are heteroplasmic at low levels for length variants
this HV-2 Cstrelch (AFDIL, unpublished data), Four other sub-
stitutions were nhserved at sites that display above-average levels
of polvmorphism, but five observed substifutions were at sites
with slightly or substantially lower-than-average frequencies of
polvmorphism.

In most cases, the direction of the substitution is known, Three
exceptions are substitutions that occurred in AFDIL family ref-
erences for which only sequences between siblings were avail-
able. In another case (Amish lineage, presented below) the initial
mutation was from a rare to a common nucleotide variant, but
differential segregation in subsequent generations was to both
variants. In all but one of the remaining instances where substi-
tution direction i known, the changes were from a common (o
a rare nucleotide variant, Apart from the 309.1 insertion, all
observed substitutions were transitions, 67% between purines
and 33% between pyrimidines. Among the transitions with
known direction, there is no evidence for directional bias: there
were three instances of A to G transitions, two instances of G to
Aand one each of Cto Tand T to C.

Observed heteroplasmy:

In our study, heteroplasny was detected in an extended analysis

of one Amish lineage where a substitution was observed (Fig 2.

‘The initial grandmother:grandchild comparison showed the
grandmother apparently fixed for 16092C, whereas the
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grandchild had 160927, Subsequent analysis showed
that the mother of the grandchild was heteroplasmic
at position 16092, at a ratio of ~0.7T:0.3C. When five
additional siblings of the grandchild were analyzed. 2l
were apparently fixed for 16092C, having reverted to
the grandmother’s type. Closer scrutiny of multiple
sequencing reactions revealed that the grandchild with
the 160927 substtution also carried a very low per-
centage of C at that position. Other fineages where sub-
stitutions were ebserved were also scrutinized for
heteroplasmy. In one case, one individual of a sibling
pair was clearly heteroplasmic at a ratio of approxi-
mately 70:3G at position 16256, while the other sibling
appeared fixed for the minority variant of the first sib-
ling (the mother’s sequence way unavailable). Low jevel
heteroplasmy was also discernible in both of the sib-
lings who differed at the 309.1C msertion. in several
wer lineages, the electropherograms were suggestive
that heteroplasmy might be present at low fevels, but
firm conclusions could not be drawn from the divect
sequencing data
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Table 2 « Observed control region substitutions

Site Substitution  Non-maj.  N.M.freq.  Sample scurce
base freq. av. N.M. freq.

16092 C-T G.012 0.36 Amish

16093 Tl 6.037 1.7 AFDIL Ref

16256 T 0.053 1.6 AFDIL Ref

94 G&A 4.0013 0.039 AFDIL Ref

185 G2A 0.083 2.8 AFDIL Ref
189 Anslz 0.14 4.2 ‘Oxford’
207 G—A 0.021 G.64 AFDIL Ref
207 A 0.021 G.64 AFDH Ref
234 A 0.0013 0.039 CEPH
3681 InJdel 0.49 15 AFDIL Ref

Non-maj. base freq. indicates the proportion of sequences in database that
differ from the standard sequence 3t the position of substirgtion. B.M,
fregfav. N, freq. is the ratio of the non-majority base frequency at the
position of substitution to the average non-majority base frequency {(0.033)

Discussion

The observed substitution rate reported here is very high com-
pared fo rates inferred from evolotionary studies. A wide range
of CR substitution rates have been derived from phylogenetic stud-
ies, spanaing roughly 0.025-0.26 /site/Myr, including confidence
intervals® 16182032 4 qrady vielding one of the faster estimates
gave the substitution rate of the CR hypervariable regions as
0.118 = 0.93 /site/Myr®. Assuming a generation time of 20 years,
this corresponds to ~1/600 generations and an age for the mtDNA
MRCA of 133,000 v.a, Thus, our cbservation of the substitution
rate, 2.5/site/Myr, is roughly 20-fold higher than would be pre-
dicted from phylogenetic analyses. Using our empirical rate to cal-
ibrate the mtDNA molecular clock would result in an age of the
miDNA MRCA of only ~6,500 v.a., cleatly incompatible with the
known age of modern humans. Even acknowledging that the
MRCA of mtDNA may be vounger than the MRCA of modern
humans™, it remains implausible to explain the known geographic
distribution of mtDNA sequence variation by human migration
that cecurred only in the last ~6,500 vears' 1%,

While our results are at odds with those of phylogenetic studies,
they are in excellent agreement with a ru;cnt report that also
directly measured the CR substituzion rate”. That study com-
pared CR (and protein coding) sequences fmm multiple individ-
uals within a single mtIONA imcagje. that carries a Leber hereditary
oplic neuropathy {LHON) mutation. Assuming no reversion
mutations, a total of 81 generational events were surveved and
two CR mutations were abserved, ~1/40 generations. In that case,
multiple clones of PCR-amplified IXNA were sequenced and the
mutations were detected within low level heteroplasmic mixtures,
However, at least one individual was virtually fixed for each muta-
tion, 50 the same rate would have been obtained using our
approach of directly sequencing the PCR product. Our results
extend the observation of an unexpectedly high substitution rate
to multiple independent fineages, indicating that the high rateis a

general characteristic of miDNA evolution and not an artifact of

mitochondrial mutation.
v between the observed sub-
es? One

a single lineage thar carries o pathogenic
Wit could account for the disparity

stitution rate and those derived from phylogenetic analy
intially attractive explanation is that we have observed substitu-
tions predominantly at mutational “hot spots, while phyvlogene:-
ic estimates reflect rates averaged over all sites. Phylogenetic studies

indicate that over extended time periods d}fkrm* sites manifest
widely different substitution rates - Because our study
involves a very restricted period of evolutionary time, it is rea-
wnaah to suspect that we would observe substitutions at site

where they occur most rapidiv. This explanation could readt
apphied to the highly polymorphic insertion at position 38%.1 and
twa additional substftution sites have  non-majority base fre-
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quency that is greater than twice the average value. However, five
observed substitutions were at sites with levels of polymorphism
below the average of 0.033. Moreover, the distribution of poly-
morphism at sites where subsiitutions were observed is similar to
that exhibited by the pool of 4l polymorphic sites in our random,
multi-racial database of 742 CR sequences {Fig. 1}. For example,
21% of the polymorphic sites observed in the database have a non-
majority base in enly a single individual and 20% of observed sub-
stitutions occurred at such sites. Additionally, 68% of ali
polvmorphic sites have 2 non-majority base frequency of less than

1, with 60% of the observed substitutions oecurring at such sites.
Furthermore, the nucleotide at position 207, where two indepen-
dent mutations were observed, is not unusually variable, with a
non-majority variant in oaly 2% of the population. Thus, the *hot
spot’ hypothests, in the absence of additional elements, does not
seem a sufficient explanation for the high observed substitution
rate.

The above discussion assumes a general correlation between the
substitution rate and level of polymorphism among sites, as has
been established™ . However, &t any particular site chance histor-
ical events could obscure a direct relationship between the sub-
stitution rate and the level of polymorphism. This was addressed
for HV-1 sequences using a phylogenetic approach, to infer the
actual number of times substitutions have occurred in history: 29
‘fast’ sites, with five or more independent substitutions, were iden-
tified?!. OOf the three observed substitutions that occurred within
HV-1, only one occurs at one of these “fast’ sites. Again, it does
not seern that the high observed substitution rate can be explained
mainty by having sampled a restricted class of sites with unusual-
ly high rates of substitution.

There appears to be a difference in the rate and pattern of sub-
stitutions observed directly between generations, as compared to
those manifested by sequences that diverged over longer periods of
time. Various processes might account for this, singly or in com-
bination. Tt may be that new substitutions, while common between
generations, are usually eliminated through random genetic drift
before reaching an appreciable frequency in the population,
Another possibility is that of an inherent mechanistic bias in the
frequencies of particular mutational transitions, so that some sub-
stitutions revert relatively rapidly to the more stable original state
{however, it seems this would have to occur variably in a site-
dependent fashion, as our overall data indicate roughly equal pro-
portions of transitions in both directions). Finally, it is possible
that some CR substitutions are siightly deleterious and over time
are sefectively removed from the population. This would result in
a low population frequency, despite a relatively high substitution
rate. Departure from neutrality has been observed in mtDNA pro-
tein- mdms; genes™ % and in RELP variation over the entire
mtDNA genome’™ ™. While the CR is cerrainly under less selec-
tiona} constraini than coding genes, the region has crucial regu-
latory functions and internal sub-regions dis‘plav qune dm‘ucnz
levels of variation hoth within and i}cmccz. species™. Some por-
tions of the CR are thus not as free to evolve as others and 12 s
qutite plausible that selectional constraint, while LILdi Iv present,
need not be absolute between one generation and the next, In this
light, it s interesting to note that the observed substitution of the
nucleotide at position 234 occurs within conserved sequence block
CSB-1. In a wide survey of mammalian species, spanning ~200
Myr of sequence divergence, the nucleotide at position 234 appears
uniguely as adenne*!. Such conservation suggests selectional con-
straint at this site and 234G may be a substitution that can exist
only transiently in the population {in our database, at a frequen-
cy of BLO0130

The apparent difference in observed substitution rate beiween
biood samples and cell Hnes is difficult to interpret. We suspect
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that this may be due simply to chance, as the difference is only
marginally significant (P=0.03). I there were a real difference
between these miDNA sources, one might expect that the cell
lines would dispiay an artificially higher rate of substitution due
to extended replications in culture, However, the opposite trend
is abserved, One conceivable explanation is that cell lines dis-
play fewer differences within lineages because of enhanced selec-
tion in culture, for example, favouring the original CR sequences
{that may replicate more efficientlvi. If this were the case, the
data from the cell lines would underestimate the actual substi-
tution rate.
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Becaus our sl
c;zapiwmi direct sequencing
of PCR-amplified DNA, our
observations were function-
ally Hmited 1o instances
where the mtDNA popula-
tions within individuals
shifted between generations,
from one clearly predomi-
nant type to another. The frequency of these substitutions’ is
not equivalent to the actual mutation rate of mitochondrial
DNA, although it is directly compa‘u‘ai ble to the evolutionary rates
inferred from phylogenctic studies (which are cornmonly referred
to as ‘mutation rates’]. In actuality, mutations (_prmumahxy}
occur on single mtDNA molecules, that must then segregate
within a larger mtDNA pool at the organellar, cellular, inter-
generational and developmental fevels before they can appear as
.\‘tlhst]tut ons in the evolution of an miDNA lineage. The actual
mutation rate is masked by a number of essentially uncharac-
terized processes and direct
v difficult from the standpoint of detection sensitivity. In our
study heteropiasmy was clearly detected in five individuals from
three Hincages. While this adds to a growing body of evidence
that point mutation E}thi(??]&‘;}?i in the ha nan CR may not be
; i muiidm“ rare” Hnate <>f§hc ﬁ"cqumcv
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within the lineage®™*!. Qur results indicate that previous phy-
lagenetic estimates of substitution rate are not suitable for this
purpose and the ikelihood approach would be abetted by addi-
tional precise information on the intergenerationa rate and pat-
tern of CR sequence change. Finally, our results indicate that
rapid sequence substitution on the very near term is masked by
uncharacterized factors (drift or selection} when more highly
diverged sequences are anmalysed. Further progress in interpreting
mtDNA sequence comparisons in evolutionary or population
gonetic studies may require greater insight into these factors and
the time scale on which they operate,

Methods

Samples. Organically extracted DNA from CEPH (Centre detude
Polymorphisme Humane! reference family cell hnes was obtained from
the National Institute of Health and Mental Health {for AFDIL) and from
the Imperial Cancer Research Fund {for the British Forensic Science
Service (FSS3h Ten CEPH families were evalvated: Utah Pedigrees 1329,
1331, 1332, 1333, 1340, 1341, 1345, 13292, 13293 and 13294, Three of the
pedigrees (1329, 1331 and 1333) were evaluated by both AFDL and the
British FS5. DNA was obtained from 38 ‘Old Order’ Amish families and
from two reformed Amish families, both from the state of Pennsvivania.
The ‘Old Order” Amish genomic DNAs were extracted organically from
immortalized T or B cells and provided by the Johns Hopkins University,
Immunogenetics Laboratories. Whele blood was collected from six
reformed Amish family members from central Pennsvlvania and DNA was
extracted from prepared bloodstains using the Chelex method™

. Whole
bload was collected from U8, Caucasians 10 be used as family reference
sources for mildNA casework and DNA was extracted using the Chelex
method. Organically-extracied genomic DNA from Britush ‘Oxford’ fami-
ftes were obtained from Oxford University {for the British FSS).

Database. Levels of polymorphism at various sites were determined by ref-
erence to a combined forensic database of 742 HV-1 and HV-2 sequences
from the following ethnic groups: 90 African-American (33, FBL 40,
AFDIL), 115 Afro-Cartbbean (FS8), 114 Sierra Leone African {provided by
C. Ginther), 90 Hispanic {provided by C. Ginther}, 100 British Caucasian
{FS8), 233 European American {AFDIL) Our database represents ran-
dom, unrelated individuals. However, sampling error and population sub-
structure could affect the levels of polvmorphism observed at various sites
{atthough this effect would be more likely with small, solated popualations
andfor smaller sample sizes), For sites where substitutions were observed,
the levels of polvimorphism were very similar between our database and
another large sequence databuse from other diverse populations™, indi-
cating that database biag has not significantly misled our cvaluations.

nature genetics volume 15 april 1957

Statistics. Significance of the difference between blood and cell line sam-
ples was estimated by Fisher's exact test using the SAS statistical pack-
age™?. A boutstrap cunfidence interval for estimated substitution rate was
caleulared with a program by B, Wer,

PCR amplification and DNA seguence analysis of mtDNA. Analvsis was
performed using two different methods. AFDIL, the FBY and Gettysburg
College amplified the two hypervariabie regions separately and
sequenced the PCR products vsing the Perkin-Elmer, Applied
Biosvsiems Division {ABD) DyeTerminator™ Tag polymerase cvde
sequence kit and the ABIY 373A DNA Sequencer*™. The British FS$$
ampitfied the entive mtDNA CR, followed by amplification of the two
hypervariable regions with biotin-labelled primers. Sequencing was por-
formed using the ABD DvePrimer™ Sequenase Kit and the ARD 3734
DNA Sequencer™. In all cases, sequence was determined from both
strands.

in this study, it is important to rule out sequencing error as con-
tributing to the observed substitution vate. The overail quality of
sequence determination was demonstrated by rephcate analyses in dif-
ferent lahoratories for 63 individuals, with complete concordance of
results, Additionally, in Al cases whire substrutions were observed,
amplification and sequencing were replicated and gave tdentical resulis
(for AFDIL reference families where seven of the substitutions were
ohserved, replication included new DNA extractions). Sufficient DN
was tsed in PCR to ensure amplification starting from vast numbers of
ternplate molecules, so it is not plavsible thar the reproducible resulis
were due 1o some sort of PCR artifact. Thus, any undetected sequencing
ervor that may have occurred in this study would contribute 10 an under-
estimate of the mutation rate.
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