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R TEl
5 S i I INTRODUCTION
Rty The mitochondrial DMNA (mIDNA) genome hat become a model penetic sysiem, receiving

conslderable attention over the past 10 years from both molecular and evolutionary geneticists,
. As a result, animal mIDNA is one of the best known segments of eakaryotic DNA in terms of
# the patterns and processes of DNA sequence change, genome organization, and functional/
structural constraints at the mobecular level. The reason for this molecule receiving such

] extensive anention is due to the case of isolating an intact genome and the characieristics of the

| . molecules which lend themselves well o experimentation. From the star, man and other higher

L3 | primates have been a focal point for investigations of miDNA, and a large portion of baseline
o ; data on the organization and evolution of animal miDNA has been derived from a primate
. ' perspective, In this review, we will focus primarily on those aspects of mDNA characteristics
b8 which have evolutionary and systematic implications, and will provide o brief account of the
molecular biology of miDMNA, Several excellent reviews on the details of transcription,
- replication, and malecular genetics of miDN A have been published and we refer readers to these

for more complete information. " *In addition, we will examine miDNA varistion in humans and
Ve other higher primates and discuss several evolutionary problems which have been addressed
. using miDMA,

1. GENETIC PROPERTIES DFEE;:M MALIAN MITOCHONDRIAL

Y The mode of inheritance, simple design, and high rate of sequence divergence of mitochon-
3 drial DNA (mtDNA) are properties which have stimulated considerable interest from both
e | evolutionary ond molecular biologiss, Mitochondrial DINA has proven to be an elfective penetic
¥ marker for the examination of geographic variation within a species, the effects of population
ﬂ‘ SIruCture On genclic variation, speciation. and microevolution," ™ Additonally, several unigue
properties of mtDNA related 10 copy number and inheritance hawe provided a challenge o
population geneticists who must expliin patterns of mIDNA vanation with current population
' genetics theory. ™ ™ On the other hand, the molecular biologists sees the molecule as 2 means of
i examining functional and structural constraimts relative to genome organization and the
mechanisms of molecular evolution, The miIDNA moaleculs can provide a link between two
rather divergent fields of biclogy.

k 4 A. MOLECULAR STRUCTURE AND FUNCTION

] il Aside from coelenterates.™ animal miDNA is a duplex, closed-circular DNA molecule which
can be separated from nuclear DNA by buoyant density centrifugation (Figure 1), The size,
organication, and sequence compositinn of the miDNA penome depict simplicity in design and
efficiency in the utilization of sequences. Although the mitochondrial genome size varies among
anbmals {13,700 1w 19,500 bp), most of the detecied variation occurs in the noncoding region, !
As can be seen in Table |, mammalian miNA reveals a somewhat narrower range of genome
size than that seen for other animals, in general, with the average genome consisting of 16,400
base pairs (bp). In contrast io nuclear DNA, detniled sequence analyses of both vertebrates and
invertcbrates indicate that the mtDNA genome is corfiposed primanily of coding sequences
{approximately 20%], lacks split genes (no introns), has repetitive sequences confined io the
“control™ or noncoding region, and reveals a small number of intergenic sequences.'**"* Bath
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:LI the gene content and order within the vertebeate miDMA genome are highly conserved (Figure
2}, and the major features are as follows: (1) The coding regions consist of two ribosomal RNA

' genes (125, 165, rRNAs), 22 (RNAs, cviochiome C oxidase subunits L 11, I, ATPase subunit

- i 6, cytochrome b, seven genes encoding subunits of the NADH dehydrogenase complex (ND1-
ot 4,41, 5, 6) and one gene, ABL, which codes for a subunit of the ATP synthetase complex '+
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FIGUKEE 1. Electros micragraph of e from the male-owl O ryiposser Koo

(2} There is & G + T strand bias in verebrazes with the complementary strands designaied as )
heavy (H) or light (1.)."** The gene distribution along these two strands is asymmetrical with

EtRMA penes and NI encoded on the L strand and the remaining genes on the H sirand. (3)

Some ndjacent genes overlap and in many cases termination codons are absent.' The tRNA genes

bracket most genes in the genome, and probabdy play a role in processing of primary transcripts.’

{4) There is one major noncoding region or D-loop region, located between IRNA™ and

(R A a1 83

1. Genetic Code

The mitochondrial genctic code of animals differs from the “wniversal™ code seen 0 the
nuclear genome. An examination of human miDNA sequences has revealed several changes of
codon usage in the mitochondrial DNA genome. ™ These changes are as follows: (1) UGA is
g tryplophan rather than termination codon; (2) AUA is a codon for methionine rather than
isoleucine; (1) AGA and AGG are both termination and not arginine codons, Aside from the
ghove changes in the penetic code, fewer IRNAs are in the mtDNA penome, and a bias forcodons
ending in A through U rather than G has been found in animals,

1. Conirol Region [ e o
The controd or D-loop region in vericbrates has a functional relationship 1o both transcription ARl o
and replication *** Transcription for both the heavy (H) and light (L) strands seems 1o be
initisted from promoters in the control region. The process is continuous resulting in polycis- e
tronke BN As which are later processed o vield tRNAs, and mENAs. bl ;
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FIGURE 2. Chwgamisatne of the human milochomdrinl genome construcied from sesemd

— references, 4 Haawy (1) and lighi (L) srands s the outer and inner cbreles, mapecively. €,
l.rld.I]LhIM tha cergln of replicaison for ihe red sirands. Geoe designations are 4 follows;
riboanmd geees, 125 and 145 (RNA; (RN AL pralies (P}, threonine (T ghaamic scid (8, leucine
(L3, histhding (M), srginine (W), gyeing (03, iysne (K), aapanic acid (D}, serine {5, tyrosing (),
cyseine (3, asparagive (N), slening (A), iryptaphan (W), meihioni=e (M), gloiamine (03],
isnlencine (17, valine (V'], snd phenylalanios (F). Cyrochome oeidese subunas (000, 11, 1)
eytachname b (ey! b ATPase & wibuni (A TPse 61: AT spnihetase complen (NDABL Y NADH
delyydrogensse complen (NDE -, L 3, by Al geess encoded on the L sirend are placed inslile the
girrle and vhe drecton of L srsnd eranacriprion iy indicaivd by ibe srew ne e WD

Replication of the complementary H and L strands of miDNA occun i 80 asymimeinic,

y T continuous, and unidirectional manner with initistion sites locsed in different regions of the

genome. " Heavy (H) strand replication begins at a site (0,) in the control region with the

formation of a displacement loop (D-loop) by the synithesis of a shon peece of DNA. 78 DNA,

[ complementary 10 the L-strand (Figures 1 and 3). This 75 DNA displaces the parent of

homologous H strand, and new H-strand synthesis proceeds away from the rRNA genes. The

origin for L-strand synthesis (0, ) ks located at a point approximately two thirds of the genome

{ | bength from the origin of H-strand synthesis. L-strand syrithesis does not occur until H-strand
synthesis reaches the L-strand origin, and then proceeds in the opposite direction.

The D-loop of several mummals and other vertebrates have been examined in an effort 1o

determine the structural and functional constraints placed on this region of the miDNA

L genome, 474 Several observations have been made in these studies (Figure 3). First, 78 DNA

in humans exists in four discrete size classes with length heterogeneity occurring of the 5" end.

In contrast, size heterogeneity in Mus maps 10 both the 3° and 5" ends of 78 DNA. % Second,
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FIGURE § Strxte of hamas [ Loop mjpoa compiked from sdveral relivendsi '™ V' The avowi demois the fous
TS DA siew clossrs,™ sl ther Cloverieal sracnerey depict poaxible secondery soeoneres founsd o the 57 anad Y
iomaine SCBS 1100, dee cemral black box. snd ierminanion region represers domains of conssrved sequencei. (RN A
for prolise and phenylalemine e labeled, tRMNA™ and (RNA™ rpoctively

at the nucleotide sequence level the D-loop is the fastest evolving region in mammalian miDMNA,
An examination of sequence variation between individual humans has revealed an average
nucleotide divergence of 1.7% with most changes being the result of nuclestide substitutions
biased wward transitions (96,1%) over ronsversions.™ Unlike patterns of variation séen in
Rattes,™ only 8.9% of all changes in humans are caused by deletions or insenions. * Species level
comparisons of sequence varation reveal considerable size vanation runging from 9060 bp in
mosl mamimals 1 2100 bp in amphibians.! Within primates, D-loop size also varies with
deletions in four regions reducing the gorilla D-loop by 170 bp relative o humans, In isms of
nuclentide substitutions, percent divergence increases with taxonomic distance as can be seen
in compansons of pygmy chimp to commaon chimp (8%, human to chimp (12%), and gonilla
io human (13%). These same species level comparisons among all vernebrates as well as
primates sugges that only partial bomology is maintained relative 1 primary sequence. Finally,
three domains of pariial homology have been found in the D-loop region of mammals (Figure
3). These domains consist of a central conserved segment, three conserved blocks (CBS) at the
5" erminus and one conserved block at the 3" end which may be associated with D-loop
termination.*** In addition, the 5° and 3’ domains have sequences capable of forming
cloverieal (secondary ) stractures, and these have been found in all veriebrates examined ™ As
a result, thess regions may be under strong functional consirainis.

3. Nuclear-Mitochondrial DNA Interactions

Although the mitochondrial genome autonomously replicates and encodes most RNA
species (see Chang and Clayton® for an exception) and several key protein subunits used in
cither electron transpart o ATP synthesis, most proteins required for mitochondrial metabo-
lism, replication, transcription, and translation are encoded by the nuclzus. There is no doubt that
strong nuclear-mitochondrial genome interactions are required for cell metabolism, and these
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' . 4 i .
h_;;' R ” interactions involve the transport of nuclear encoded proteins into the cytoplasm to the
1" e 4 mitrochondrion,
el 3 : Other interactions can be seen between proteins coded by both the nucleus and the
| | mitochondria which are needed for proper functioning of processes such as electron transport,
< e

importance of such interactions. Sequence coevolulion between the cytochrome ¢ gene
(nuclear) and the cytochrome oxidase I subunit gene (mitochondrial) has been demonstrated for
mammals.**% & phylogenetic analysis (based on parsimony) of nucleotide substimtions and
| amino acid replacements in the cytochrome oxidase I (CO II) gene of five mammals
e representing three orders (Primates, Aniodactyla, and Rodentia) indicated a fivefold rate
N increase in amino acid replacemnents along the primate lineage. A similar analysis of amino acid
5 replacements in the cytochrome ¢ gene showed a fourfold increase for primates as well. These
bi two molecules are known to interact in electron transport, and it is on this basis that coevolution
il to maintain function has been suggested. Two questions remain unanswered about this
coevolution. First, what caused the rate increase along the primate linenge? Second, is the rate
increase restricted to the order primates, and if so, does the rate increase begin at the start of
primate radiation or is it restricted o higher primates? The first question is more difficult 1o
address, but the second question can be answered with a more extensive phylogenetic analysis
of mammals, especially primates, The original primate observation represented by the human
CO I gene sequence has now been expanded 1o include pygmy and common chimpanzee and
a macaque.*'* Both chimpanzee species and humans show a similar rate increase of amino acid
replacements relative to other mommals suggesting that the rate change is not restricted to the
human lineage. Osheroff et al.* have also provided evidence for the localization of the rae
3 increase, By examining homologousheterologous reactions between cytochrome ¢ and cyio-
| chrome oxidase, these authors observed more compatibility in heterologous reactions as the
distance from humans increased. Current research is now being directed toward bracketing the
primate radiation by sequencing the CO I1 gene from prosimians {galago), New World monkeys
{wooly monkey ), Cld World monkeys (green monkey), and hominoids {gibbon, orangutan and

gorilla) in order o further localize the rale increase™

o !i and phylogenetic studies of nuclear and mitochondrial gene evolution have bom out the
[

4 4. Mode of Inheritance
| The inhertance of miDMNA appears to be clonal with the iype of miDN A transmitted to the
next generation derived from the maternal egg cytoplasm, The confirmation of maternal
inheritance of miDMNA has come from both breeding studies and pedigree analyses, where the
- mitDN A haplotype as defined by restriction endonuclease digestion pamerns was known for both
"QT . miale and female parents. To date, all animals including inverebrates (Drosophila™ and
e iit Heliothis™) and veriebrates (Xenopus,” Equus,™ Homo, ™™ Ranus.™ and Mus™) which have
[ i ! been investigated in the above matter have shown maternal inheritance. In humans, maternal
o, 1 inheritance has been confirmed on two separate occasions by following miDMNA haplotypes over
" one 1o several generations.™ ™ Hybridization studies involving crosses between species which
show distinct mtDNA- restriction patterns have also demonstrated matermnal inheritance. ™™
These hybridization studies are very strong evidence, because in at least two cases, backcrossing
of female F hybrids bearing the mtDNA haplotype of one species to males of the other parental
species was done for numerous generations. In the case of Mis,™ the backerossing experiments
were reciprocal and involved six to eight generations, whereas in Heliothis™ a nonreciprocal
backerossing experiment extended for 91 generations. These backcrossing experiments are
sensitive to the ability i detect “paternal leakage” because they are designed to allow for
miaxgimum accumulation of the paternal miDMNA genome through the backcross generations, yvet
no evidence for patemal inheritance is seen. Thus, if the paternal mtDMNA 15 transmitted to the
zygote, it occurs in a low frequency relative to the maternal miDNA (1 1o 1000),
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5. Recomblnation

Although there is evidence for the reurrangement of mIDNA gene order between phyla,*™
the duplication of both noncoding and coding reglons within & given taxon,™ and small
deletiona/finkertions within particular regions of the miDNA penome,™ the contribution of
inlermolecular recombination 1o the production of this vanation in snimals has not been
confirmed. Recombination has been verificd for yeast miDNA, ™ but cell hybrid expermments
involving mammalian mitochondrial genomes* and detailed restriction endonuclese mapping
ol numerous ofganisms have nod revealed any evidence for recombination. Therefore, mDNA
variation, unlike that seen for nuclear DM A, is primarily the Il!il.ll‘l. n-l':mummn in the shsonce
of recommbilnatiis,

L ESTIMATING GENETIC YARIATION IN MITOCHONDRIAL
DNA

Patema of miDNA variation have been exomined i severnl levels of divergence in order 1o
dingnioss the phylogenetic relationship among species or geographic ruces within o specics and
to understand the genetic structure of local populations. The genetic markers used to examine
ihis vanatiaon have been of o basic types, nucleatide seguences and restriction endonoclease
soies, with the Latter providing an indirect estimate of the former

A. DIRECT SEQUENCING ANALYSIS

Muclentide sequencing techniques such as the Maxam and Gilbert™ or Sanger" methods
provide masimum resolution of nirs- and interspecific genetic variation. The problem is that
there have been fewer detailed systematic studied which have used nucleotide sequences o
examing miDNA divergence, Seven compleie animal miDNA penomes bave been sequenced
mcluding Momo sapiens,) Wi domerticas (mome),™ Boi tawray (oow),® Xemopus Larvis®
srronglocenirons pirpuraiues,”™ Rattes sorvegicus, and Drogophila sobebas ™ Althoogh
these complete sequences provide information on conserved and variable features of mtDNA
over long periods of evolutionary time a8 well as particular paterns of sequence change and
genome ofgunization, they are of limited value in examining the details of the raies of miDNA
evolution, and provide & limited amount of information on the expected disiribution and
frequency of nucleotide substitutions among closely related epecies and within populations, The
only detadled studies of nucleotide sequence variation have hoen done on hominokd primates and
the regions evamined are &8 follows: (1) D-loop region — inchudes within ipecies studies of a
900 base pair (bp) region from seven humans representing two ethnde groups, Cavcasian and
Africans, and a comparison of a similar size fragment in gorilla, chimpanzee, and man, %
(2} Cyiochrome oxidase subunii 11— & Sacl/Xbal fragment representing spproximaiely half of
the C0 1] gens from five humans with 200 nucleotides from 248 clones sequenced in onder 1o
evaluate within snd betwess individual variation,™ [(3) §96 base pair fragmenl — this region
containg three tRNA penes (IRNA™, IRNA™, and tRNA'), and parts of ND 4 and 5 and was
sequenced for human, chimpansess, gorills, orengutan, gibbon, four maceques, squirre]
monkey, tarster, and ring-tailed femur,"™"™ (4) 128 rfRNA genes — represented by an EcoR1/
Aval ar Kjpnl fragment in human, both chimpanzees, gorilla, and orangutan." (5) Cytochrome
oxidase subunit [1 gene — sequenced in human, both chimpanzees, and o macacaque.*'™ Aside
from the primate sequences, some small regions of the mitochondrial genome have been
sequenced in related rodent species and antiodactyls.

B. RESTRICTION ENDONUCLEASE ANALYSES
By far the most exiensively wed method of estimated mDNA variation has been the
compirlson of restriction endonuclease digestion patiermns within and between species.”” This
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approach involves either the direct digestion of isolated miDN A followed by end-labeling with
Up.dNTPs and adtoradiography,'? the digestion of total DNA followed by Southem blot
hybridization®™ using nick-tranalated miDIK A a3 a probe.” or ethidium stsining."™ ™ The former
approach provides higher resolution because the combination of agarose and scrylamide gel
electrophoresis with end-labeling of miDNA restriction endonucleass frugments can routinely
reveal fragments below 300 bp whereas the Southern blot hybridization method cannot. This
albows fior the use of restriction endomucbeases which recognire four- as well as six-base siwes,
thus permitting one 1o examing a higher percentage of the genome for restriction site variation.”

One approach used in restriction endonuclease analyses has been termed “high resolution™
mapping and involves the comparison of four-base recognition sibe vaniation smong indiv deals
of a species 10 a knovwn miDNA, sequence for that species. Detailed studies of inbred strains of
Mg 5o human racial variation S =8 B have taken advantage of this iechnique. Both these
stndies hnve provided valuable insight into ot only the level of miDMNA variation ocowrming
wilthin a species but the distribution and frequency of changes within the mIDNA genome,

A considerably larger number of studies which have examined inira- and interspecific
mitMA variation have utilized primarily restriction endonucleases which recognize six bases,
and the resuling patterns of overall restriction site vanation for all eazymes have been wsed to
determine the number of miDN A haplotypes represented in the group under study as well as how
the various haplotypes relae. Comparisons of individual haplotypes have invoelved either
detailed composite restriction site maps or a comparison of the total number of similar versus
different resriction fragments produced by a particular enzyme

1. Genetie Distance

A variety of methods exist for estimating overall sequence divergence between miDNA
haplotypes from both restriction endonuclease site and fragmeni data. ™ ™ The most widely used
method is that proposed by Nel and Li,* In this method the nucleotide sequence divergence, 8,
between haplotypes can be caloulated from resiriction endonoclease dite data using thewr
Equations 9 and 10. The estimate of & is calculated separately for four-base and six-base
engymes and weighted relative 1o the number of cleavage sites produced by these two sets of
enzymes, Alematively, a similar estimate of § can be determined for unmapped restriction
fragment daia wsing theiwr Equations 20 and 21 with the assumgption teal fragmenis of sumalar
elecrrophoretic mobility share homologous siles,

Several pssumptions are necessary for the calculation of & by the Mel and Li method as
follows: [ | ) aconstant O + C content across s compared:; {2) the distribution of bases and base
changes within mtDNA are distributed randomly with nucleotide substitutions following the
Poisson process; (1) rate of substitution is constant over time; (4) probability of nucleotide
substitution is the same for all sites; (3) identical sites have remained unchanged since
divergence from a common ancestor. Mot all these assumplions have been substantiated by
nucleotide sequencing. For instance, not all sies have the same probability of substitution and

o Individual haplotypes may share sites as a result of convergence rather than divergence from a

common ancestor, Recently, Adams and Hothman™ have analyzed the distribution and
frequency of 34 restnction endonueclease cleavage sited in the sequenced human miDNA
genome, and have shown paricular restriction sites 10 be distribuied in 8 nonmndom menner.
These data suggest that & values may represent a biased estimate of nucleotide sequence
divergence with the duirection of the bias being unknown. Adams and Rothman recommend that
one must discard enzymes that demonsirate a nonrandom distnbution when estimating nucleo-
tide sequence divergence using restriction endonucleases,

By comparing known nucleotide sequences among s o estimaies of divergence derived
from restriction endonucleases, one can funther evaluaie both the direction of bias provided by
the Mei and Li estimate as well as test for o random versus nonrandom distrdbution of nucleotide
substitutions. We have examined the 96 bp sequence” from human, chimpanzee, porilla,

-5
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Table 2
Pairwise Comparisons of Restriction Sites Derived from 896 bp Sequence

Human Uhimpanres Gorilla Ciranguian dibshasn
Hiimis ]
Chimpanies 133 i K]
Corilla (L] . 1oa 'h]
Clranguran 1o® 6 B2 0
Gilhan i L Bl L1 il

* Shared sites balow the diagomal of |63 sites toial calculated from Browm et al "

TABLE 3

Delta Values Compared o Percent Mucleotide Divergence Tor the B%6-bp Fragmeni

Human Chimpanses swrilka ChramgRitas Taililin
Hiuman L ER a3 L[N 181
Champaire 0 o VLB 173 i
Canlls 148 B ] 167 [T K]
b EAfutan L+ 8 L7 i (L)
Cighbum 114 139 135 15.7 L

Vi ATl prrons ey deverpre = N bp'hp aboy diagonal. belos deagosal Meey and Li & vabar = 100
mep

oranguian, and gibbon in order to address both the accuracy and distribotion of site vanation
Using the Pusiell program' for DNA sequence analysis, the five homologous primate
sequences were searched lforevery known restriction endonuclease cleavage site and the ensuing
fragment sizes were estimated. A total of 169 sites were found for enzymes recognizing four,
five, and six bases which averaged 4.6 bases per site, These sites, in some coses, overlapped, and
sequences which were elther identical or wholly subsumed in recognition sequences of other
enrvmes werg nod considered more than once. The number of shared fragments between all
pairwise comparisons of taxa are presented in Table 2. The percent divergence estimates
caleulated from the data in Table 2 by the method of Mei and Li are compared 1o the aciual pereent
sequence divergence calculated directly from the known sequence in Table 3. A regression of
& on the actual percent sequence divergence shows (Figure 4);

&= =0.00405 + 0.776 (% sequence change)

The ¥ mtercepd 6 very near zoro, as expecied simce both should recognize the absence of
differences. The interesting aspect b0 this analysis comes from the slope which is approvimaiely
three quariers and shows an underestimation of actual divergence by the Mei and Li value

The distribution of variable base positions appears 10 be randomly distributed as a Poisson
distribution, with a mean of +3. 19 variable sites per each of B9 ten-base cells in the first 890 bases
of the sequence. A chi-square sl does nol sthow siatistical significance (X = 4.03, B df), thus
unlike the distnbution of restriction endonuclease cléavage siles examined in the human
miDM A sequence, the distnbution of nucleotide substitutions are randomly distributed. The
actual § value, however, does show an underestimate of divergence.

C. CONSTRUCTION OF MATERNAL PHYLOGENIES
The phylogenetic relationships among mtDNA haplotypes can be determined by two basic
methads, phenetics o cladistics. The phenetic meithod involves the calculation of & distance

e L "o -
ER ST RN W A |

wj.r.l.-—.-p...
= EEE Rt

g
My
- ki
i
'

sl

A3



7T i
L+ el A
§ K i '1'_.{
BT
-
1 1i !
A .I-E-|
..".
.
b
o
e
2
£
Tl
i

.:-J.i.‘—u. a &

102 DNA 5ysremarics

DELTA VERSUS s
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FIGLURE 4. Regression snalysis af § values caleulsed From resiriction endoss-
cleases ¢ leavigps snes ielative B acband percen sequence divergence far the B96-bp
frupmeni' from six primale species.

estimate, such as §, between haplotypes or groups of haplotypes, and clustering algorithms (e.g..
UPGMA)™ used w derive a phylogenetic wee. This approach has several inherent
problems. "™ " First, it assumes a constant rate of nucleotide substitution. Second, it does not
consider convergent or parallel evolution when constructing wees. Third, it ia difficalt to
evaluate or select beiween altemative phylogenies, Finally, there are some binses nssociated
with the original distance estimates calculated from miDNA data (see previous section).

The cladistic method treats miDNA restriction endonuclease sites as individual charsciers
and lacks many of the inherent difficulties and assumptions associated with the phenetic
analyses. In such a comparison, restriction sites are coded as either present (2 gain) or absent (a
loss), and phylogenctic trees are produced using & parsimony criterion where overall tree length
i% used 1o compare alternative phylogenetic mees. The mosl parsimonious et is considersd the
shortest tree relative 10 the distribution of site gains and losaes along individual branches. There
are several versions of the cladistic approach, however, which differ somewhat, and all have
been used in miDNA anilyses, First, the simplest approach is to code sites as present or absent
and assume no direction to change followed by a phylogenetic analysis using parsimony
(PALIP) 200 Byeh i tree can be rooted al the midpoint of the two most divergent lineages
or by outgroup which establishes polarity. Second, undirecied networks can be constructed for
each restriction endonuclease by linking haplotypes based on the minimum number of
substitutions required 10 account for the differences, ™11 55% These petworks can then be
combincd 50 that composite haplotypes are related by total site gains of losses in s manner which
produces a minimum-length, nondirectional phylogenetic network. Directionality can be
assumed if the pleisiomarphic (primitive) haplotype can be verified by ouwlgroup, Third,
Templeton™ "™has proposed the construction of separate phylogenetic trees for each restriction
endonuclease using Wagner parsimony followed by the selection of a consistent overall
phylogenetic hypothesis constructed from the individual trees using compatibility analysis.
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" Finally, DeBry and Slade™ suggest the weighting of site gains and losses relative 1o the Ny

F
H

[ probability of each using Dollo parsimony. This approach may resolve problems associated with 1 o TR
" any asymmetries resulting from the frequency of siie gains and loises *
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4 IV. PATTERNS OF VARIATION IN MITOCHONDRIAL DNA I
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As indicated carlicr, seven complete anumal mibo houdral penomes have been wqul:'l'll:n.'- RS

well 15 selected coding and noncoding regions in mainly primate and rodent species, These e

i pucleotide sequence data together with “high resolution” restriction endonuclease mapping and FEg jhﬁ' :
T comparisons of restniction site variation within and smong animal species allow the examination PR
B ol the mode and tempo of milINA ev olution. The consensus of these stodies 1s that the major | ,_f'::‘- .
Lo mode of evolution is by nucleotide substitutions with length variation playing & minor role ]
J Genome rearrangements hove ocourred but are resiricted 1o differences between highly e
O divergent groups, These rearmangements inv olve gene order differences among inswects, verte !

ey "

5 £ brates, echimoderms, and nemai ey 4

T '
L e s Y
i

.. A NUCLEOTIDE SEQUENCE CHANGE
T The mast detailed comparative nuclzotide sequencing study has involved the examination of

BE  variation at an §96-bp fragment found in 13 primate species, Homo sapiens, Pan troglodytes
e Panpaniscus, Gorilla gorilla, Pongo pygmacus Hylobates lar, Macara fuscoia, M. mulaiia, M
B fascicubaris, M, svivanus, Saimiri sciureis, Tarsius syrichia, and Lemur catia which show a

; miaibmum divergence time of 55 million vears (myr)."""™ This swdy s imporiant because 1

S

P g

- compares homologons coding regions (three tRNA and two prodein genes) Over o teme Epan
. which can provide details of mtDMA evolution not obtained by comparing the more divengent
gl mitochondrial genomes. Results from this study are as follows: (1) predominance of single base

:E 4 substinations relative to base deletions/sdditbons; (2) silent substiutions four 1o six times higher
89 than armino acid replacements; ( 1) freguency of substitutmons al Codon positions highesl st the

F o

s

o= Uherd position amd [owest af the second PN {4y msiation bias wowand mansetons { Ad-#L and
iy C T over transversions (A or G+C or T) with transitions occurring a1 a frequency of %2 o L
93% among recently diverged species; (5) transition to transversion ratios decrease with i

increase in divergence time possibly as a result of an increase in multiple substitutions at a

a o puclentide site; (6) rate of mDNA sequence divergence estimated 1o be five 10 len mes igher
o §
B than nuclear [N A,

; ; i Three additional sdies of sequence variation among primate mitochondnal genomes

- = Hubiiantisie the conclusions drawn from the B96 bp fragment. First, D-loop sequences from

b WVEN humans not only revealed nucleotide substinations w be the predominant type of change

. but also a 32-fold bias of ransitions relative 1o ransversions.™ Second, the 125 rRNA genes of

humian, chimpanzees, gorilla, and orangulan were shown o vary primanly by nusleatlde |
ubstitation with 1 to 4 bp deletions/additions being restricted 1o seven locations.* Transitions |
OCourmed al 3 frequency between 87 w0 100% Third, preliminary macleonde sequence data on i
the cytochrome oxidase subunit 11 gene (OO IT), parts of the ATPase & and Nd ASL genes and

i three (RM A (RN A RMAL (RMAY of human and pygmy chimpanzes revealed similar

Paliemns 10 those observed in the B96-bp fragment (Table 4).* Transitions accounted for B8 to

3 " VD0 of all niuc leotide substiiutions with most substilviions being silent and most frequent ot

= I_."“ ‘_“"'i[ thind condon positions.

-y High resolution restriction endonuclease mapping of 112 human miDNA also provides

! Ilhl it e pattems of miDNA varations. I one compares the ordering of protein coding B |
e Tepions relative 10 the amount of variation found at a given region, the results from high ;

A I"Li'"_:"'l Mapping between individusl humans approsimaes nucleotide sequence COMparn-
~ b pLhuman relative 1o the cow and mouse miIDNA (Table 5), The restriction endonuclense ' T
CapPIng, however, does underestimate variation in panicular instances. The transition 1o ':‘F' il-.:"‘:"
s
il
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. i B TABLE 4
Sequence Comparisons between Human snd Pygmy Chimpanzee
v il Codoms
. { Gens Divergence  Transitions  Tramsversions  SHent  Replocemenis | 2 3
¥ con 97 L1 12 Bl i 14 LI
(l ATPased (L} " 3 5 4l 2 B =
' | NDABL 3.3 | Wy . 100 ] 4l
A | IR e 107 L) 13
! RN A 3l ([
3 { | tRNA™ 42 [ii]
.k :_ Mote: All valises givem an peroentile
*  Unpatlisbed data from Hossyoon and Brown®
TABLE S
Variation in Homan Mitochondrial D% A Protein Coding Regions
Regin® Slie ibp) Restriction sites® M bewstiides”
col 1%4&2 I I
con THA ] i
Cyth 141 4 3
we W] usis 5 i
‘ ATFased G680 i 3
oIl fad 7 E-
M- . 0 T
1] 13TH 4 B
KD3 ] L] L]
o WD3 [ ] ] 1
ND2 (L h i 1
NDé b b1 12
ASL ot 13
n Mo Bamking is From most conservative o mosd varishle
*  Abbeeviatkons for genes sime a8 in Fguee 2,
' *  Based on number of inferred muinion esomaied by ligh reslision reiroton eadoniciesss mapping
of 112 haman miDIMAs by Cann el al.”
| | | | * Bamed on conparisons of nuclentide sequences. of heman me DNA genoma (o those off mouse and ¢ow
; I ai i Brown
: transversion ratio (2.5:1) was Tound to be considerably less than suggested by nucleotide
L sequencing. Aquadro and Greenberg™ have also shown estimates of nucleotide diversity in the
11! D-loop region to be several-fold higher when estimated with nucleotide sequencing as opposed
4 | o restriction endonuclease mappang.
I o

|
ki The rates of nucleotide substitution in the mammalian minchondrial genome can be
IN evaluated by species comparisons using several analytical approaches. In terms of rate
] estimates, information from primates has set the standard by which all other estimates are made.
The first primate comparisons involved an examination of restriction endonuclease maps
i {oriented 1o the origin and direction of replication) for the mitochondrinl genes of Guinea
| baboon, rhesus macaque, green monkey, and human.'™ A plot of estimates of nucleotide
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sequence changs (8} relative 1o divergence times for pairwise comparisons of primates and other
mammals revealed a five- 1o tenfold rae increase for miDMNA divergence relative 1o sngle copy
nuclear DNA (scaDNA). The initial sope suggested a rate constant of approximately 0.02
substitutions per base pair per million years; however above 15 myr the rates of miDNA
divergence became similar 1o or less than scnDMNA, Subsequent DMNA annealing experiments
and nucleotide sequencing have confirmed rate estimates from restriction mapping. Pairwise
sequence estimates of 0.2 o |.9% are similar to those estimated for the same taxa resinciion
endonucleases, and both iechniques suggest a similar rate constant of 2% per millian years, "=

Although restriction map data of 145 human miDNA saggest that ar least TO% of penetic
diversity found in regions of the mitochondrial perome can be accounted for by neutral mutation
theory,'" coding regions do differ with respect 1o the magnitede of nacleotide substitutions
(Tabbe 5). The mitochondrial IRNA genes evolve 100 times faster than the nuclear counterparts
(1.7% per million years) yet relative to other mitochondrial genes, the tRNAs have ane of the
lovwest rates of substitution { 12 mte of protein genes) with anly rRMNA genes evolving ata slower
rate,"” The rRNA genes in the mitochondrion, however, are also quite divergent relative 1o
nuclear tRNA genes over the sume lime periods. " A can be seen in Table 5, the miDNA
provein genes show significant variation in rates as well,

By far the most divergent pants of the mitochondrial penome are the noncoding re-
ghons SSE2F Dares of D-loop divergence relative 1o prosein genes have been estimated 1o be
1.4 v 5 timies higher depending on the method of analysis. In addition, intergenic sequences also
show high rates of nucleotides subsiinutions and deletions/additions =

B. HETEROPLASMY

Although beteroplasmy (more than one mitochondrial genome within an individunl) oocurs
less extensively than interindividual variation, several cases of length heteroplasmy (genome
size differences resulting from deletions/additions) have been documented (Table 63,1713 0
the other hand, sie heteroplasmy has been reponed only four times. =" |y one case,
heteroplasmy imvolving & Haelll recognition sité was detecied in & pedigres representing
maternally relaved Holstein cown. """ '~ Two miDNA haplotypes were observed in this maternal
lineage suggesting the maternal ancestor 1o be heteroplasmic. Two other examples of site
heteroplasmy were detected by sequencing cloned D-loop sequences from the same individual
in the case of hemans® and 14 matermally related Holsiein cows.'™ Finally, one colony (17
individuals) of the naked mole-rat, Heteracephalus glaber, was found 1o be heteroplasmic for
two genomes differing by the presence or absence of an extra Hpall site.'™ These individuals
shared considerable variance relative to the copy numbers of the twa penomes suggesting a
rather rapid tumover rate for such mutations. These rodents are cusocial with only one breeding
female and have overlapping gencrations o all 17 individuals may be assumed 1o be from the
same mother.

O mijght explain the lack of site heteroplasmy as an anifact of sampling methods. Length
heteroplasmy can be detected in any standard survey of miDNA variation, because such
heteroplasmy will be revealed by all restriction endonucleases. On the other hand, single-base
substitutions {(a site varintion) are related 1o the restriction endonucleases used, Therefore, a
stucy designed to examine both the frequency and tumover rate of site hetroplasmy would
require the sequencing eof more than one homologous mIDNA fragment from the same
individual. One such study has been done for human mitochondrial DN A where 248 fragmenis
choned from five individuals were sequenced * Only one within individual difference in 49 kb
of sequence was found suggesting the concenad evolution of miDNA sequences within
individuals.

C. THE MOLECULAR CLOCK
Several authars have proposed the idea of 8 mIDMNA molecular elock with the eaimated
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|cytocteome Oxidase i prsda 79 |

X

Human ATAGCACCCCCTCTACCCCCTCT-AGAGET
Pygmy Chimpanzes ATAG CAMH CTCTACCCC-TCTCAGAGCT

FIGURE 5. Comparison of mergenic sequence locmied berween cylchroms oaldase
wubunii 11 and (R A for pygmy ohimpanzec™ and human "' Deletsoms dencied by blank
iy B leodels sbsinitanne v wsderlanen.

average rate of nucleotide substitution ranging from 2.5 x 10%10 25.4 + 6.1 x 10" per site per
year, VR The geeurey of this miDMNA molecular clock, however, remains an open question
as a result of several difficulties. First. aside from primates, a well substantiated calibration has
not been provided, and the across the board estimaite of 2% per mallion years proposed by Wilson
et al.™ must be considered with caution, These calibrations are sensitive to both the number"™
and guality of the ume points, and the primate average rates even Muctuate (0L3 10 1.0% or 2%
per hase per myr) between researchers® """ depending upon the scoeptance of o particular
divergence time for hominoids. Second, Nei'™ has sugpested that miDNA does not provide &
useful estimator of time since divergence especially when the populations under consideration
diverged relatively recently. The standard ervor of § can be larger than the expected value of &
in cases of recent divergence time as a result of stochastic ermors of nucleotide substimitions,
Thard, mtDN A haplotypes may have been polymaorphic implying that the acutal divergence time
berween two haplotypes may be older than the actual splitting of the populations, 143714518

D. LENGTH VARIATION

Relative to inveriehrates and other vertebrates, miDNA length variation is rather restricted
in mammals (Table 6) with most occurring in noncoding regions (either intergenic or D-loop).
Cann and Wilson™ reported 14 length variants among |1 2 humans involving deletions/addinons
of 6o 14 base pairs. Three were found in two locations of the D-loop and the other |1 at seven
sites in noncoding reglons af junctions between genes, One such region (betweedn ¢yiochrome
oxidase subunit I1 gene and (RN A s been sequenced in 18 humans. " Mormally, the region
has rwo tandemily repeated 9 bp intergenic sequences (CACCCCCTCTACCOCCTCTAGAG)
Two length vaniants were found. The fimt involved a deletion of one 9-bp sequence and was
found almost exclusively in humans of East Asian origin, suggesting the probability of this
deletion being used as a phylogenetic marker. The other variant involved two mutations, a
transition, and addition of four cytosines producing a run of 11 cytosines
(CACCODCCOCCCCTACOCOCCTCTAGAG). This same region has been sequenced in
pyegmy chimpanzee,™ and when compared o human, the pygmy chimpanzes infergenic
sequence represents a size identical i the normal human sequence even though the two species
differ by counterbalancing deletions/additions (Figure 5). The normal two repeats of the 9-bp
mmrhﬁﬂcuwm“"ﬂmhﬁlﬂhﬂbdﬂmwnhmll
synapomorphy for 3 group of mdividals.

Other length variation occurs in mammals in coding regions such as tRNAs and rRNAs but
the varistion nommally represents additions/deletions of only a few base pairs, The only
exceptions are the unusual 5000-bp addition found in two Mus museulus'™ individuals and the
50 10 150 bp size difference found in the mole-rat, Crypiomys kottentons. ' This laner sire
variation consists of three size classes. and based on preliminary mapping data, this region is not
located in the D-loop. The variation in Cryprorys is complicated by a continuously varying
region, as well, which may map to the D-loop, and individuals show heteroplasmy in this region,
Although there are exceptions, the large leagth variation in vertebrates and inverichrates maps
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to the D-loop and A + T rich control regions, respectively (Table &), and mosl genome sice
variation among animals can be accounted for when one contiders thess regions,

V. HOMINOID CONTROVERSY

T easlary Schanr betwoen phyacsl sndwopedogriti and mokrowlar beokasits over the paiiom
wnad| mirming of hominosd ceclaims o nos hassolly snled ™"

The debate of which Pilbeam speaks is the controversy over the phylogenetic relationships
and divergence times for six primaie taxs of the superfamily Hominoldes, human |Homo
sapiens), common chimpanzee (Pam troglodytes) pygmy chimpanree (Pan paniscus), gorilla
{Crorilla gorilla), orangutan [Porge pygmacus), and gibbon (M ylobares ). This controversy has
been in existence for approximately 20 years, and the debate has switched from arguments
between anthropologists and molecular biologists 10 one among molecular biologists, The
resolution of this controversy is an important issue in evolutionary biology for two major
reasons, First, more empincal data have been collecied on the hominolds than any other
verichrate, and these data span every available approach to systematics. Therefare, the
hominoids stand as a basic test of both the theory and methodological approaches used in
systematics. Second, the evaluation of particular hominoid traits such as locomotion (knuckle-
walking and bipedality) cannot be interpreted without an unambiguous phylogenetic tree.

All available evidence points to the Old World monkeys, family Cercoplihecidae, ns being
sister i the Hominoidea, and there is no disagreement over the placement of gibhons at the base
of the hominoid radistions." Comparative data from anatomical, chromosomal, and maolecular
studies, however, suggest severnl aliemative phylogenetic hypotheses for the relationships of

oo human, chimpangee, gorilla, and orangutan (Figure 6), The derivation of these hy potheses need
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to be addressed in light of the existing data on mIDNA variation as well as all characters used
in previous studies. In order 1o appreciate the controversy, the strength of various phylogenetic
hypotheses, and the contribution of miDNA toward resolving phylogenetic relationships in
hominoids. an overview of each type of character and how that character contributes 1o the
conlroversy needs 10 be considened,

A. MOLECULAR DATA

Four phylogenetic hypotheses (Figure 6 A 10 D) have been proposed from molecular data,
and all these hypotheses suggest a closer relationahip of human, chimp, and gorilla relative o
crangutan. The contradictions reside with the relationships amang the former three species.
Studies using albumin immunoclogy.'™ '™ amino acid sequencing of globin genes, '™ protein
electrophoresis,"™ and nucleotide sequencing of pseudogenes'" have been unabile to resolve the
human-chimp-gorilla trichotomy (Figure 6C). To the contrary, studies using DNA:DNA
hybridization'™* of single copy DNA reveal a clear relationship between human and
chimpanzee (Figure 6A), and this conclusion has been supponed by more recent amino acid
sequencing' ™' studies of several proteins and restriction endonuclease studies of rRNA
HEHEI-I'“

There have been several interpretations of mitochondrial DNA data with the result that any
one of four hypotheses (Figure 6 A 10 D) can be supponed. The first study of primate miDNA
involved a comparison of aligned restriction endonuclease maps from six hominoad taxa.™ The
I alignment was based on 11 invariant cléavage sites from an average of 50 slies per mitochondrial
il genome. Differences were found at a wial of 121 positions, and the 42 phylogenetically
[ E il informative positions were used 1o derive a phylogenetic tree based on parsimony. The shortest
REL " . tree, based on the minimum number of mutations needed to derive the tree, suggested a closer

" relationship between chimpanzee and gorilla by a length of 67 mutations (Figure 6B).

bl Alernative trees. however, required only one 1o four more matations as follows: (1) Figure 6A

B | — 68 mutations; (2) Figure 6B — 70; (3) Figure 600 — T1. The relatively small differences

; among alternative trees prompled Ferris et al.™ o suggest that the human-chimp-gorilla triad

represented o true inchotomy,

I Templeton"™ '™ re-analyred the restriction endonuclease dats of Ferris et al ™ based on an

= B algorithm which uses a combination of parsimony and compatibility analysis. From this

[l analysis, Templeton suggested that the mtDNA datn supported a closer relationship between

l L chimpanzes and gorilla (Figure 6B). Templeton's analysis, however, has been strongly

criticized as not providing a statistically significant resolution of the human-chimp-gorilla

i trichatomy, ™4 *“ In shon, his interpretation may be based on false statistical accuracy and

inappropriate methodology. Therefore, his results could be nothing more than a “red herring.”

‘ Two nuclectide sequencing studies of primate mtDNA have also been used to examine the

phylogenetic relationships among the hominoids. An 8#96-bp fragment sequenced by Brown et

| al." provided 90 phylogenetically informative sites which were used to derive a tree based on
|
|
1

; |' parsimony. The shortest tree (length 145) suggested a chimp + gorilla clade (Figure 6B), but
I again, the human + chimp (length 147 Figure 6A) and human + gorilla (length 148; Figure 6D)

i i associations differed by daly one to two mutational events. The unresolved trichotomy (Figure

m 6C). however, had a length of 157, Nei et al."® have calculated the standard errors of branching

il points derived from the B96-bp sequence and have shown the branching points separating
) |

human, chimp, and gorilla to be not statistically significantThus, one is left with an snsesolved
{ trichotomy.

I If Hixson and Brown™ have sequenced the 125 rRNA gene from hominoids and found two trees

FE R (Figure 6 A and D) with a length of 1 33 events. The next shortest tree revealed a chimp + gorilla

! relationship (Figure 6B) with a length of 134, Other trees, such as the unresolved trichotomy

i {(length | 38) were much longer. In addition to examining nucleotide substitutions, these same

sl | authors provided o phylogenetic interpretation of deletions/additions. One deletion st position
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73 was shared by chimpanzee and gorilla suggesting a closer relationship between these two

‘I'ﬁ'. taxa. As suggested by Hinson and Brown, the interpretation of this shared deletion may be
b polymaorphic or represent convergence, and neither of [hese two faciors can be eliminated
i without sequencing genes from more than one individual and comparing the hominoid sequence Tr
i 10 an approproate primate outgroup, |11
rt i

B. CHROMOSOME DATA -

Two phylogenetic hypotheses (Figure 6 A and B) have been suggested by chromosome
banding, "**" If one considers differences in the resolving power of the various chromosomal
analyses, there seems 1o be stronger support for a human-chimp association relative 1o gorilla.
G-banding of late prophase chromosomes provides  high resolution of both G-positive and G-
negative bands along the length of individusl primate chromosomes. "™ A iotal of 1000 bands
has been produced with this technique, and chimp and human have been shown 1o share three
synapomarphiss (chromosomes 2,7, and 9).

C. ANATOMICAL DATA

: Comparative anatomical data have supgested several different aliernative phylopenstic
hypotheses as follows: (1) Figure 6 A or B — Andrews and Cronin;** Delvon et al; ' (2) Figure
BE — Delson and Andrews,'™' Kluge:"™ (3) Figure 6F — Schwartz.'™ The alternative
phylogenies depicted in Figure 6 E and F are contradictory to all other comparative data as well
as to some anatomical data. Kluge's' analysis included a treatment of molecular and
chromosomal data followed by a re-valuation of existing morphological characters. Although
the resulting phylogeny suppons a more traditional snatomical view of hominoid relationahips,

i thare are several problems with the basic approach used in this stedy. A systematic effort was

K il o iscredinather forms of dats relntive to the new cladistic interpretation of morphological
characters which requires one to ignore all molecular and chromosomal data as well as some i
anstomical evidence. The weakness of this morphological analysis relaies to the fact that the
analyiis was based on & reinterpretation of past anatomical studies, and many questions relative
to the accuracy of these interpretations remain unanywered. Schwanz's' phylogenetic hy-
potheses, on the other hand, is not substantiated by any data set, and must be regarded with

3] conslderable skepiclam,
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D, A CONSENSUS

If one considers the combined conclusions derived from chromosomal, molecular, and
several nnatomical studies, the African apes (chimp and gorilla) and humans form a mono-
phvletic group relative o Asian apes (oranguian and gibbon), Thus, the family Pongidas can be
viewed ns paraphyletic. The relationihips of human, chimp, and gorills are somewhat more
difficult to discem, The results from DMNADNA hybridization, some nuclear gens studies, and
high resolation chromosome banding provide the most unambiguous phylogenetic tree with
human amd chimp being closely aligned. The mtD¥SA studies, including restriction endonu-
clease analyses of the miDNA genome plus selected sequencing of coding regions, reveal a
chimp-gorilla clade relative to human, but minkmum tree lengths among several aliemative
phylogenies differ by very small amoums Thercfore, these results must be considered

Twao divergence times, 20 to 30 myr for the Old World monkey-hominoid splitand 1310 16
myr for the African- Asian ape split, have been used o determine the average rate of nucleotide
substitutions per sile per year derived from several different molecular data sets. Overall, the
miobeculardata sugge that the Alfrican ape-human split oocurmed within the past 4 10 8 myr. Low
divergence times for the split have been provided by albumin immuonological ™ distances (4 o

Mel"™has also provided an estimate of divergence for the split between porilla and the chimp- E“ 4. Y

5 myr) and a calibration of mtDNA distances yield a low estimate as well (2.7 10 3.7 myr)."” o W
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human clade st 7.8 myr followed by the chimp-human separation at 6.6 myt using the 7.15x 10-*
substitutions per site per year rate provided by Brown et al ™ for miDNA sequence divergence.
These estimates are very similar (o the § myr and 6.3 myr estimates provided by Sibley and
Ahlquist'™ using DNA:DNA hybridization, According to Pilbeam,"™ these older time-since-
divergence estimates are more compatible with the fossil record.

VL. HUMAN RACIAL VARIATION

The reconstruction of the evolutionary history of hominids has received considerable
attention over the decades, vet 8 consensus has nol been reached, 1|slr:'|1rr|a||.1r| ol ancestry,
center of origin, mode, and tempo of evolution in the major hominsd s is will controversial,
and both lomsils and molecules have been used to substantiste panicular viewpoints The
controversies reside around two transitions, sustralopithicines to the genus Nomo and early
Homo types 1o anatomically modern Homo sapiens. Based on fossil evidence, the first transition
began with the appearance of homindds in Africa 3.75 w0 4 million years ago and ended with the
appesrance of Home 2 10 2.5 million years ago.' There are two major questions regarding this
transition which have been addressed with varying interpretations of fossils and dates, First,
which australopithicines, if any, are ancestral foihe genus Homo? Several aliemative phylogen-
etic hiypoaheses have baen proposed, and most of these h'!.-i\.?lhthl.'h present the transition as
anagenic change rather than involving branching or cladistic change. '™ If one were 10 interpret
these hypotheses cladistically, they range from muliple or polyphyletic ongins for the major
hommined lincages to paraphyly for the penus Awsfralopithecus with o least one Species
associated with the line keading 1o Howso. Second, can the transition be explained betier by
ph-. etk gracdualism or p!.l.ru.".u_'ltl.nn"‘ The answer o this quesion -.!-:pf:ml-. af the IRberpretation
of morphological change and the age of particular taxa in the fossil recard. ™™

The second transition beging with the appearance of early Homo followed by Homo erectus
1.6 million years ago and ending with modem Mome sapiens 100,000 1 125,000 vears ago. '™
I e dlte For the appEarance of mosdern humans varies de pr.'rul.i:u.g upoin where the line 18 drawn,
11 a1 all, bevween anatomically “archaic™ and modern Homo capiens; therelore, the dates range
from 40,000 1o 100,000 years fior modern humans with the dates. for “archaic™ humans ranging
from 100,000 o GD0000 years "' The controversy surmounding this transsthon can e
nmarized with the following guestions: (1) Where and when did the ransformation from

“archaic™ w ansiomically modemn forms of Home sapieny oocur” (2) YWhat conditions allowed
for the diversification and spread of Mome sapiensT [ 3) What are the relationships of geographic
p'-|'-|;'.J.I.-'r|.1 of modem Homae Sl agud how can these |'I;‘|_1I|.l:'|rhh:ih (4 r'1.|l|.1|rr-' 1 with respedt
1w human history? Aside from fossils which have provided a temporal and anatomical
framework, morphalogical and genetic sudies on extant popelations of humans have been
instrumenial in addressing these questions, In this section we will discuss the past morphological
and biochemical EI.'I'II,'!li:"' srdies on human populations, and relate |'|_':.'||||1r||u.1:"1I derived from
thiese atwdies 1o more recent research on pattermns of nuclear and mitochondrial DINA variation.
e

A. MORPHOLODGY

Although there are many morphological manifesiations of geographical vanation in Homo
sapiens denoting pattems of differentiation among populations, the task of classifying the
Erographic v anants mio races has been a bong and complicated matier with as few as three and
as many aa 3 races of man being recognized."™ ™ Extenal morphological characeeristics, such
a4 skin pigmentation, facial stroctere, including eyves, nose, and lips, body build, and hair iexture,
delincate geographic subdivisions of Moo sapiens, but many of these traiis may be subject io
selection resulling in possible convergence of phenotypes in response (o similar environmental
conditions. Thus, the distinction of groups depends upon the characiers wsed; hence, the
div isiona are rather arbitrary. The divisions do not become any less arbitrary when exomorphiol-
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basis, " " and that such & cloasilication is not necessary for understanding or sppreciiting the

e sclentists sugpest that the classificatbon of Home raplens has no blologica

pattems and processes of human evolutioan, A less enfical view is thal the recognition ol race

i% nn abstract (a8 apposed 10 8 biological) concepl, but an exercise which can provide clues ns

1o e past hastory of hum virluiion when the patierns of variation are examined in a careful
] ofipeC Ve MRARNET Kegardless of what ane spinbion i3 on whether or ok B0 i

! Af) FALE 1 L ol the hryps ] huave boen progs i

¥ i 2l g ' i i LK . i gt

because these hypotheses provide an wical framework from whach 1o view mecs reTnp

The miore tracditional elassification of Moo PR LD grodps of races have subslivided
human populations sceording 1o five continents (Africia, Europe, Asia, Australia, and Mok
America). The phyvlogenetic trees in Figure 7 represent three hypotheses of relationship basexd

morphology. © 0N & Iy sthiesis as o onein and evolution o

F modern Hom dpiirm s I.:., tar

e el wiidiely ciied work, and the views expressed by this invpothess ane condidened contrary
st of the modecular evidence which will be discussed ister. Basacally, Coon separaies
modern Hom imie five sut Capoid, Negroid, Australoid Moagoloid, and

Caucasowd, asing aenfitiog arid fomixi] evidence as the mujor critena The humar R UIE O and

geographic regions masigned 1o each subspecies are as follows: (| ) Capold— Bushmen and
Hattentots of South Africia; (2) Negrofd — Negroes and Pygmies of Afrca () Awairaiond —
Australian aborigines, Melanesinns, 1'.|*|'-|:;|r|l._ and some iribes of South Asbn und Oceantn; (4)
Ao poloid Enst Aslavies, Indonesians, Polynesinne, Micronesians, Amenican Indinn wod
Eskimo: (3) Concasoid i UTERsC AN, Siddle Enuvern whites from Moroceo 1o West Pakistan

India, and the Apvoof I

win. Cioon funther suggests that the developmeni of human races may
have taken pRace OVET BEVETR) hurdned thousand yiean mnd that the transiises fnom ™ -

i bines I

ol Moma erer oo which weme present in both Africia and Asia af least T million yewm ago.™ As

PR T LR OOTUrTed b al grograpine populsl i

does Wilder,™ Coon suggesis that Australosds, in Mg
pleisiomorphic {or besal) lee of human races with the Mon gololds and Negrobds B g 1hher ol

cal termii, Fepiresenit Hi sl
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differentiated or derived. The Cavcasoids are considercd more gencralized relative 1o Mongol-
oids and Negmoids as a resalt of possible intergradation between races. The d
bk 'l.'.'|..|‘-r.-.  and Cavalli-Sforza’v™ momphological treatment of human racial vanahon in
contrast to Coon's hypothesis is thal particular races are shown as being vster groups. Both
stuclies show a sister group relationship between Amerindians and Asians whereas one study
ghows Asians and Caucosians to be relnted ' and the other shows Caucasians to be more closely
related 1o Negroids or Africans.’ The alernative phylogenetic hypotheses of Wilder and
Cavalli-Sforza are obviously only two of the many possible tees which could be proposed os
one increases the number of geographic samples, but these two trees emphasipe 8 major

[Terence beraecn

controversy which is the relationship among Cascasians, Asians, and Africans. This particular

controversy continues with a conskderation of molecular Gais

hai do the morphological and fossil data suggest about the center of onigin for Homo

sapirna™ This question has been debated for over |00 years, and although oiher negions have
been proposed, the consensus is that either Africa or Asia represents the cenier of ongm lor

- 5t thar at

miodern muan Coon's™ idea about the independent origin of races would sugge

least three rces probably arose in Europe and Asia, whereas more recent evidence suggests that

II||".'.'|.II

thie Aslan forms of Homo srecnis were probably not the ancestor to modem Nomo s

Thus, one 18 left with & problem which cannot be ooy ingly resolved by inerpretations of

current fossil materials or morphology alone

B. NUCLEAR GENES
The more tradibonal studies of genetic varation within and between populations have
o W0 Prmary sourees of data. haman blood gropr and allorymes. Early work on blood
groups revealed qualieative differences among morphologically or geographically disting

populations of humans."™ Cavalli-Sforia and Edwards'™" provided the first extensive quantita

tive analvsis of human blood group loci by converting allele frequency data into genetic
distances and constructing phylogenetic trees (Figure 8). The results of the Mood group daa
sUEEEs two mijor groups: Asiotic and Afro-European. The Asiatic group is considerably mone
hieleropenous consisting of Asian, Austrlion-New Guinea, Eskimo, and Amernindian, whereis

the African lineages are the most divergent. The phylogenetic relationships of human popula-

thons depicied by the blood group loc have been supporied Dy ar caleny lysis of 58
Rrsbiog Ny ¥ O

The advent of starch-pel elecirophoresis and Hams "™ discovery thal human populations
revedaled bodh P il r:'-::- ."..'rh.i.' B [l T "rl:' s (| MFE of loca) aend heter WY EOS I

167 b atiemu labed o new n ..||-||-.";.'.'::cl.|. tudies on human racial vanaston using genetic markers

Cwer the past |5 years, Nei and Royehoudhury, have contnibuted a conaiderabie amount of
information on alloryme varation within and between human populations gnd have provided
soime rther different interpretations relative 1o those derived from the blood group and

: R (P
histoeompatibility loci

" These authors alwo converied allele frequency data o
penetlc distances, but used a different estimate, Mei's D,'"™ based on the number of codon
substitutions per locus that occurmed alter separation of two populations, These distance values
were used 1o construct phylogenctic trees using clustering algorithms such as the unweighted
o method of anthmetic averaging (UPGMA)Y™ or Ficch-Margoliash."™ Both methosds

have an inherent assamption of homogencous rales of change between txa. The phylogenetic

relationahips denved from thas spproach can be seen in Figure 8. In both caies, the Cascasians
are pow grouped with the Asian populations whereas the Afncan populations are divergent

These reet. however, are not without anomalies, For instance, the Amenndians, which are
1

histarbcally nsaociated with Asiang, are clusiered closer to Coucasians, and (he placement of

Ausiralinn aborigines and Mew Cuineans differs berween the two methods ol ree constnaction
Another resull not depicted in either figure is the association of the Ainu with Japanese rather
than Caucasiane as sugpested by some morphological accounts

—-—I-l-
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If one examines the genetic distances and pamerms of population varation in more detail,
severnl other items can be gleaned [rom these genetic data. First, both blood group and protein

doC) incicate that the d gnee of racial or bet

=] ;IIII-:.:'I iy i FEERCE COrmespomsls 10 Lhal seen

between local populations of animals rather th

N subspecies,” and only 9w 0% of ths
Yaration can be used 10 disnnguish between populations. Thas, the level of between-populatior
vanation as viewed through genetic distances s bower than within-population varation as
revealed by the level of polymorphlem. Second, some populstions are highly divergent and have

undergone more change than others. Although they form a group, the Australian aborigines and

Papua New Guincans are scparsied from cach other a3 well as from other popalations by las

distances and ai the same tme low levels of within-population vanation. A simila

divergence can be seen for the South Amenndians, Third, when analvzed separately, the genstic
distance data for blood groups suggest a closer pssociation of Caucasians with Asians (o
Mongolowds) rather than Afncans (or Negroids), Founh, minimal divergence times calculated
from pencihic distance daly suppest! that Afncans -:'-':1 from Caucasians amd Asiant first

Tl 'q!r_-':' ]
approximately 60,000 yvears ago
Studies of nuclear gene variation within and between human populations has recently tumed

00 years ago with the splin between Cascasiars and Asians oocu
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1o the examination of DNA seguence pol yrmorphisms associated with both coding and noncod
ing regions. Wainscoat et al."have examined pattemns of restriction endonuclease site variation
among five closely linked, yet polymorphic sites, in the f-globin gene cluster. Two restriction
enzymes, Hincll and HNindlll, define these five sites and combinations of these sites along a
chromosome are refermed 1o as a haplotype. Although recombination can and does occur between
siics, the resuling patterns of varalkon ane Jﬁ.gl.,_'_.rul_;l_ o thome seen for miDNA vanatson
Fourteen haplotypes out of a possible 32 were found for ef ght human populations representing
thres |r|.'|i|'|r.' g-.*.ngr.q-hu- |[||.:-|'.|1!,_F1|r||p|';|'.|-.. Agians, and Africans. The Afncan |'||1|1|,|';.|,|||'r:|1.wr|:1"
shown to possess two haplotypes in high frequency which were absent from all but one non
African population (where they oocurmed in low frequency). Conversely, two haplotypes which
ocoumed in high frequency in all popalations on mon-Alricans (except for one haplotype being
absent in the Thai population) were sither sbsent or in low frequency in African populations. The
chamctenstics I\J.I\|||1:.:'.|I'||'|.II'|;:: the four magor I':|p|-.'-r:..|'h,'-. which defime partic ular groups canno
be explained by single events such as crossovers and base mutations. Based on this observatlon
Wainstoat et al. suggest that all four haplotypes have been in the human populations for a long
penad of nme and predate racial -:!|'.f'|'|':'1,|,'_ whereas rare vaniants have arsen as a resull of
recent recombination. Genetic distances among the eight human popalations were caloulated
from the haplotype data and analvzed by phenetic clustering (Figure Bl The magor separation
in Ehie ||_=x|,|’_r||'.-:'_ F!"I'-'ll.!-"lll_"l:l..\_' tree 1s between Africans and Eurmgians, [has has bed 'Warnscooad @l
al, and other suthors 1o suggest that the [}-globin gene dat indicate an Afnican orgin for humans
lollowisd h;"' '-|'_-I1-u'4||.m||1 migrations of srmnl] founder |l||||-|l.-.||.||'|-. tmbo other regrons of the waorld
Ihe combination of small numbers of individuals snd drift in the founder populations are
considered 10 be the reason for the loss by non- Afncans of the hugh fredyuendy haplofypes secn
in AlTicans

Im griticizing these data, there is no doubt thar Africans and non-Africans are divergent, yel
an Alncan ancestry Tor human racial groups is less clear, The ancestral haglotype is difficult to
derive from the fourieen haplotvpes observed among humn populations, and Walnscoat ecal.'™

have already indicated

at the four common haplotypes cannot be accounied for by single
events. Therefore, no directionalit aied on the corrend data, and wiilwout

sinme oubinde relerence or oulg i E st &8 likely thal the founding evenits could have

oceurmed in the opposi e direction, Eurasta to Africa. Jones and Rouhani™' realieed this point amnd
this is why their bottleneck hypothesis, proposed o sccoum for the P-globin gene dam, was
founded on the assumption that the fossl] evidence points o an African as opposed 1o an Asian
angin for human populations

A4 can e soen fnom the previous acoount of human mombodogecal dats, the naclear gene dala

provede both conflictieng and complerneniar ¥ information on homan racial vanation. Although

each data set may differ with respect 1o how well populanons group an relaon (o geography

all data sets suggest that groups of human populations must have expenienced isolation
throughout periods of their evolutionary history. The ihiee broad geographic categones, Asian,
Caucasian. and Alncan, are supported by all the nuclear pene data. In addition, the divergent
nature of Afncans relative 10 pon-Affcans is subttantisted. The relatonihips of the three
groups, however, 13 more problematical. The blood group and histocompatibality loci suggest
o Close association of Caucasians with Africans, whereas the proten o and |,!|-!_'fr|:' C luster
sugpest o closer relationship between Ciucasians and Aslans. Therefore, unless one mokes o
chodce as to which data set ks 1o be given more w eight, the siteof origin for Homo sapiens cannol

be unequivecally determined from the nucbear gene data

C. MITOCHONDRIAL DNA

In recent years, human racial varlation has been investigated using restriction fragmeni
length polymorphisms of mitechondrial DMA. The resennch on mitochondrial DNA (miDMA)
had been more extensive, primarily because of the nature of the mitlochondrial penome. As
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indicated enrlier, characteristics such as matemnal and haploid inheritance, lack of recombination
between matemal and patemnal genomes, and a rapid rate of changes as compared to nuclear DNA
make mitachondrial DNA ideal for studying short-term evolution such as that seen in Homo
sapiens. A nuclear counterpart to miDNA would necessitbe that restriction sites be linked with
recombination playing a minimal or at least a predictable role in producing variation, and the
nuclear DNA studies conducted on human P ||1|JEi||iL:-||.', have involved just such a system, the 5
globin gene cluster."™ To date, the major studies on both nuclear and mitochondrial DNA
variation in humans have been done on a global scale with emphasis on worldwide surve ¥ of
variation using the major human groups as defined by geography, Mevertheless, several detailed
miDMNA studies have been done on a regional scale and these studies have the potential of
oy i-:'.int: il fore -:_'-:crl]'-l-.*l.:; view ol mildNA vanabon, which Ly l;'|;I|'|‘|:|-' some ol e curmrenl
conflicting data derived from the global studies

Interms of miDMN A variation, there seems to be two opinbons as 1o what the data mean relative
to the origin of modem human races. Brown's" publication on miDNA polymorphism in
humans represents the beginning of studies on Homo sapiens, and is sill the most widely cired
paper on the topic as much for the technical aspects of the research as for the accounts of
variation, This study examined mtDN A variation in 21 humans representing three major groups,
Coucasowds, Mongolowds, and MNegrods, and five geographuc localites. Eighteen restniction
endonucleases, six of which recognized 4 base sites and 12 six-base sites, were used to digesi
mils A and the site |.|'|i|.|'|-=1|.'x hetween individual miDMNA EENOmMes were L'IITI]FI.'H'I."I1 | Wi
conclusions were drawn from this study and have set the stage for argument. First, a qualitative
1 lnsses amonk mitDNA ':|_||::-||_1-|:.'p|-'1 found in the 21
humans suggested that group-specific miDN A resiniction endonuclease fragment patiems exist.
Second, the average amount of nuclastide change in human mIDNA was estimated from the
cleavage site datn using the method of MNei and Li* The pairwise nucleotide diversity, was
shown to be 00056 subst ations [T brase e for hurmant which is less than that calculaed foe
other mammals (Table 1), Basically, this means that any two haplotypes differ by a very low
number of substitutions. L'sing the rate of base substitution for mammalian miDNA of 0.5 10
1.0% per million years and the average value of 0.1 8% base substitutions per bp for individual
humans, Brown estimated that all humans may have been derived from a single mating pair that
existed 1 BOO00 o 360,000 years ago. Brown indicated that the lack of divergence suggested that

s

andlvss af the |'|:|:".|_'|r|~ ||[ SILE EAITNE

humans may have evolved from “a small mitochondsially monemarphic population.”™? This
statement was the beginning of the “Garden of Eden™ concept for human evolution as painted
by mtDMA variation,

Brown's original study has been expanded upon by examining miDMNA in 14T humans from
five geographic regions, African, Asia, Australia, New Guinea, and Europe.™ These smdies
uged “high resolution mapping ™ which involves digesting mtDMNA with a series of 12 restriction
enLymes (most ol which TI.'('L-‘J_.'HI-"I'!'-' i bage sites), and CINTIpanng e IrilJ_;n'r“ul patiems o a
known human miDMA sequence. A total of 467 independent sites (195 of which were
polymorphic) representing ;l;:-]:-rllw:rl:'.li.".}' 0% of the human miDNA EEnNOMe were hl.IT'n-'l.'_'r'i:_'Il
The 147 individual humans could be divided into 133 mtliMA haplotypes, and %3 phylogeneti-
cally informative sites wene used to construct a genealogy for these 133 types. This penealogy
was constructed using the PALUP (phylogenetic analysis using parsimony ) program,"™ Figure
9 iz an abbreviated version showing the major phylogenstic information derived from the
analysis by Cann et al." Several general observations can be made from not only the
phylogenetic analysis but an examination of the degree of divergence among haplotypes as
follows: (1) The average number of differences observed betwesn any two humans was 9 3 sikes,
and the percent nucleotide sequence divergence () foreach pair of individuals was 0.32% which
it simalar 1o Brown's ofginal estimae, (3) Africans were more varlable than any other
geographic sample with the intrapopulational variation of Africans (§ values among haplotypes)
being greater than the variance among populations or geographic samples. (3) Most mtDNA
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variants are shared among human popualations e only major geographic separation among the
133 haplotypes was the grouping of six African haplotypes, followed by two Asian haplotypes,
and then a combination of the remaining 125 haplotypes, A phylogenetic arrangement of all
haplotypes according to geographic locality produced a much longer and less parsimonious tree
An carlier analyiis of basically the same data sel, excepl for the New Guinea samples, suggested
that the Australian abonigines have the most divergeni mlDN A fyped fallowed by one Afmican
haplotype, and then a mixmre of different combinations of haploty pes (Figure 9).% This analysis
was done with UPGMA { a phenetic analyviii) & opposed 10 the cladistic snalysis and may

cxplain the contradiction. Horai o 8l "™ using & larger number of Asians (116 Japanese ), and

the Africans and Cascasian samples from Cann et 5L reported similar Gir crms of the
general intermingling of homan miDNA haplotypes and the large num
substiations seen in Afncans

What interpretations were made from these findings™ First, an Afncan ongen for the ancestral

r of nucheotide

human miDNA haplotype i inferred. Cann et al." base this conclusion on the observation tha

the most divergent miDNA haplotypes are found in humans of African descent. Second, the

intermingling of geographic races or clusters throughout the iree implies that non-Afncan
geographic regions were colonized by multiple miDMNA lineages. Third, time-since-divergence
estimates between miDNA types were calculaled under the assumption of a constant rae of
nulentide substitutions at 2 to 4% per million years, Using this approach, the ageof the common
ancesior to all miDMA haplotypes was caleulated 1o be 140,000 w 290,000 years old
Furthermore, they suggest that the migrations from Africs may have taken place 90,000 o
1B0,000 years ago. Finally, these researchers imply, as does Brown, ! that the low levels of
miDNA divergence may be due 1o a population bottleneck resulting in the formation of all
human mtDNA types from a single fermale

Whai are some problems with Brown 's' oniginal conclusions and the interpretations and data
T aiegd h_l. Cann &t al.™ Firse, plthough the degree of I.|.I'|f||.'|'|'| ¢ belween any twao human
milIM A haplotypes is kow, the proportion of polymorphism, P, as calculated using Hudson"s™
micthod is similar to, if not higher than, other mammals (Table 1) This means that the miDNA
haplotypes may be similar, bat there is a relatively high level of polymorphiem with respect o
the number of haplotypes in a population. The low level of divergenoe might be expecied 2
highly polymonphic snd recently subdivided species. Second, recent suthon have sugpessed ithar
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the idea of all humans being derived from “Mother Eve™ follow ing a population bottleneck 15
in error, Avise ef al.™ developed o maddel which predicts the rate of survival and extinction of
miLMNA lineages using fex 1:|'.|q||r' 1||1.|_|-.||:|_||_|,. o "male sumame’ survivor 1'I|i|-. gindies. The
results of this mode] suggest that similar panerns of miDNA varation 1o those seen in hueman
populations can ocour witk

wul & pospulation reduction, and that the single female, Eve, may have

DECTY Oee O 1

o4, whise mIDNA hagsloby pes did mot survive o the present &

a resull of random hincage eatinetions. Although the original kaplotype may have been denved

from a single female, the déscendaniy of st human F'-'i‘l,l_l:'.n'l-u may all have a miDMA
haplotype wihich oocurred in o large proportion of the ancestral popalation.® The approach used
by Avise ¢l al, has another implication that relates 1w the inemmingling of human mDNA

dotypes. Kather than reflectin

¢ either muln

ple invasions of peographsc regions or iInleTgra

hetwocn reg mibser of tlar mildN A haplotypes among human races may
reflect the retenthon of ancestral miDN A lineages (or polymonphisms) which predate popala
subdivision. Third, 0 values have large standard emrors when populations are relatively recently

derived, and the time since divergence estimates based on these & values are not very

informative,"™ Calculations of time since divergence from miDNA haplotypes may also

prosgduce overcstimaes, bocause the acparation of haploiypes may predaie actual population

subdivisi |'! i the masdel provi f=d by Avise et al.™ Fourth, the African ongin

vl sl be viewed with caution. Pam of the problem stems from the confidente one
r " k | 1 » 11k - s . paf

[0 T | place o F ¥ ._. 1 . ; sdusoed f ik L .:._.1._:.:_ B oy € present b

Cann et al.™ 1s one of thowsands of possible trees, and the account of the parn ular analyuca
approach does nol provide encaugh detail to appreciate the reason for presenting any one tree. I
st also be noted that rooting the tree becomes problematical withowt an outgroup and is based

on the midpoint between the two most divergent haplofypes, Thus, the determination of an

1§ ol possibde. Another problen

1 imcan, cxcepd « uT A L1
4l thit on thete Findings wil il @ mire ' Ol DT

Alfmcan populations which have been shown 1o be varable in | i miDNA
:__'l Nine

Contrary 0 the ¢
proposed that Asia is central 1o the radiation of human ethnic groups,"=% In addition,

oncusions: of Cann et al., " seversl ehsdies on human miDNA variation have

individun] maDMNA har ISy s were shown 10 cluster sccordime 1o ethmn ErOs unlike the

esults of Cann et al. ™ (Figure 9. These authors used fewer restriction endonuc leases, most ol
which reco re six base siies, and Southern bt hybadizration which doss not provide

base sites and end-|

resi in oftained by using enzymes which recognise lour
ouch used by Cann et al, Thus, more vanation (as low as 0.03% as opposed 100.3%) can

ted by the lamer method, In addition 1o disg repancies assnciated with met |r-.'.:-|-.'-!.'|-. il

the apy

. i
D e

approach, the analytical approaches used by both groups are guite different with respect (o bath
the production of phylogenctic networks and the inierpretation of miDNA vanation. The
ary approach used by Denann et al." was 1o relate all haplotypes produced by a partscular
resiriciion endoms leaie by 8 network which involved the fewesl numbser of site gamns snd bosaes

(o connect the haplotypes. ' The haplotype from which all other haplotyg

e can be derved
and the one resembling that possessed by other hominoid primates is considersd the ancestral
type. A compasite phylogenetic tree can then be produced by combining the netwaorks for all
restmction endonocleases 110 &n unrooied tree

Using just the Hpal patierns of variation produced for 233 individuals, 133 of which were
Africans including Pygmics, San-Bushmen, and Bantu, 48 Asians, and 54 Europcan and North

American Capcasians, Denaro ef al.™ produced a network which segpesied that Asians

possessad the and estral fipal types "”.“H..'.: 1 amd "-'.""' 1} in -:=I|- fre

revealing both these types in low frequency, The ancestral pature of Hpal-1 was also supporied

ency with Africans

I'-_.,- ihe presence of this tvpe in the o gutan All I|..|i:-|-~!l.1v_"5 umique 1o either Africans IH_,'hIl

f
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3}, Asians (Hpal-4,6), or Caucasians (MHpgl-3) could be derived [rom the two ancestral types
The higher frequency of the Mpal-| type in Asians and (he low freguency in Africass (Bantu
only) plies the fact that one unigque Asian meDMNA type and all other types can be derived directly
or midirectly from Hp.a.l-l prompled these researchers 1o SUgEEsl an Asian origin for human
mitDN A types

Johnson et al.* have expanded on the Denaro et al. study by using an additional four enzymes
to anilyze miDMNA vardation ln 200 humans representing Aslans, Africans, European and North
American Caucasians, and Amerindians. Thiry-five haplotypes were found, and a nebawvork
onalysis of these data showed 32 of these haplotypes to cluster acconding 1o ethnic groops. The
remalning three haplotypes were shown 1o be central (o the network and inferred a3 being
ancesiral with the Asian unigue types closer 1o the ancestral types. Again, Mpal was found o be
the diagnostic enzyme with two of the three ancestral haplotypes differing by the presence or
absence of a Mpal site. When geneilc distances or mean number of reatriction site differences
between two ethnkc groups were used 1o prodisce a phylogenetic tree from the mtDNA dita,
Africans were shown 10 be the most divergent as in the study of Cann et al H(F igure Q). The
resulis of this snalysis were interpreted as suggesting that the Bushmen lineage bad ondergone
a rate increase, being twice as divergent as Bantus and three to five times as divergent as other
groups, An aliermative to this conclusion is that the Afnican lineages may have diverged much
earler than the other Ill.'.15':"| LCurment research on move regaonal T DMNA variation in
Japanese,"™ Tharu of Mepal,'" and Amerindians™ all reveal that the Npal type | oocurs in higher
frequency in Asians and thelr direct descendanis, These authors use two facts, that the ancestral
J i | iype 5 in .':-!:l',r-.: regpacncy 10 Asizns amd the H_;'..'] Vtvpe in Alncans 15 nod oniy 0 agh

||I.-I.I|.|"|'|I':| Bl [FIARINRTEN IO SUgEEsI an ARLER ongin

I'he comtrasting viesws with respect o Fowrmay it A OFgIns cannol b |»::n|.|ll:-.' resolved, bt
thete are scveral points of agreement. Both studies indicate that the overall level of nucleotide
SEUUENce tivergence among human mtD™sA I|_1;| :.--:_.r:"-. is lovw, 1n sddition, Afmicans are shown
1o contain the most divergent and unigue miDNA haplotypes, The disagreement arises with how
paiterns of vanation are evaluated and what these palterns mean 0 terms of determining the
cemter of origin for human miDSA types. The study by Cann et al* is mach more e viensive with

a |.|rp'.' number of '|L;jp|-.|r:.r:|'-x diffenng h}' a smuil] mumber of sites, whereas Denaro e al." and

Johnson et al ¥ place greater emphasis on patterns of varation produced by a samall number of
restniction endonuckeases which discriminate a much smaller number haplotvpes, but whose
anceviral type haa been established by outgroup companison. Which approach s more valid

e |nigh| argue that the approach ueed i'-:\.- Denwro et al, and Johnaon et al i'-rm'nl-.'!. e clearest
separation of individuals by ethnic groups, and that the Hpal patems are more imponant
phylogenenc markers The example of Cann et al. could be seen a5 & cate of nol being able o
see the forest for the rees, Conversely, the Npal phylogenetic marker might be considered an
over samplistic inlerpretidion of varintion, which may BeCOme mione . .1|1|.|l||-.'.|.l-.'|| as detniled
cuaminations of site dif lesences produce more haplotypes and make the Hpal patierns less Chear
The mmn P ilem comes from how o wergh the overall patieTnd of vanariod ieen mn Pl ialary
gihinlc groups, Can cne assdme that older human populations have more divergent theirmiDNA
h..|-'iu:.r:cpc'- ghould be? O does this divergence relsle more 1o the sl ||I'|-\.'\-I:h' of huiman

populateons i a particular region? Given the theoreiical consideration of mtDNA lineage
SLIEY |-n'-r!.'h.i:_ can an ancestral mtliN A type be determingd from the exstng data and does the
eneslence of primitive miDNA types in high frequency h']p|.'|."|1 an older origin for such
i 1ﬂ.:.q'g._'-n\" LUdne mvas! e coutaonis abs st prov :.!u;l; Y& O e BREWETS 10 &Ry o these Questons
The bottom ling ks that past events associated with population fluctuarions, mcreaied mutation
rates, gelection, and immigration may have all played a role in generating the complex paiems
one sees Ioday bn human populations, and the qll-_"-linl' of |lr|i_:i1|. may remain unresolved as far
a5 mIDMNA B concerned

If we accept the conclusion that miDNA vanation may not be able to provide much

o
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then what is the value of this molecule relative to humg

atbom on the origin of human ethnic ErOups, muc I less thetr relntionships on a global scake,

vevolution? The answer may be that the

mialecitle i mone important when used o examing localized or reglonal problems of human
origins and relationships. At least three regional studies have provided insight into relationships
of particular human populations to broader ethnic groups as well as information on founding of
regional populations. Brega et al:*" have examined the question as 1o the ethnic affiliations of
this population with Mongolowds, Wallace et al.™ have provided data on miDNA variation
among Amerindians (rom the southwesterm LS, which suggest that local tribes wene founded
Irewm siTil] mumbers of mlDNA ineapes which ~|.I--.|'.||.|| il |I|-.--|J-.-.| froen ofher groups, E o |
these lincaped can be iraced hack 10 Asian ancestors. A similar regional analyeis was done on
Eastern Highlanders from

s 1

onaiafulé & frf £ peneiic omil whach cannod b separated inko lemEudsise OF culieral

paes New Guinea ™ The resulls of this study suppesied that the

Em
Y

wr DMNA, and that thus region was lounded by kcast five matern lineapes

LRSCTERE padiEms ol mi PO R and genchic varals WIT ApMarent im il FAPTEns

pattems cormelats, in part, o the current geographic distnbution of human populanons

ind collectively sugpest regional changes o i populatkons ai a result of ;-.-:":||f. =

wration. These regronal o i [ I‘_I"- down into the five mapor conl II'"I'-.I'IIIrlI' 2 DN |!l\.|

sthnie groi s Uaucasoid, 1ol \1-"3-_".ll.'! LI sier pancies arise when one i utes

= Oof variation using less inclusive categones, such as local popalations oreven individual
PUITiRS |||| & i ‘_';'\-\\||||_|-;'\. |'\l||"'\IZI"‘i|:| anse :|.,II!"\-|.I|||'\-\.|"..' I|||,|-I|| & ACTIE |||.I|-|l|"\-|||_||_'|'ll:..
ar in concer. Selection obviously has 1o be considered '\.'-:I|||-".|I|'.'. Ia! |1'..l'|l||-'-|-:\:"- and m !:-lll:“

even genetic markers, such as blood groups, when consedenng geographic contradictions

Al if alion 10 kocal l'"l'hl'l'll'lll.'lll.ill li'!ll.lllll!.'!'h Can increpss givergence oF CONVETE
weendent relations

'] v i E 3|
ously occurmed in the past as well as today, and the resuliant mining of populations can influcnce

WL, and
}

ps, Immigration hefween hama populations hiis obv

thie patberm penelic vanation, ¢ wally & nu car e ko, The overall low lewvel of nucleas
| T - o AfEOE ASTHON s 1 o el of hath
g | e fac u modern Homo asdens i re e —— Therelo
vk upect | g popalstions o share polymon lunla i arpon with
i I nce the ra f | 1 e | i o and i Tae
rases when a populatron anderposs & severe bottleneck. Such events can alter pattems of

1 and inereane diy ereence nboth nuclear and matoe bonodrial penomies (Chakroborty and
Meai"™ Birkey et al.™). An

asborngines, Mew Guineans, and Amenndians where a considerable amount of genetic diver

le of the effects of such isolation can be seen in Australizmn

gence has occurred, Une might even invoke & saimilar explanation 10 account for the larger
divergence in Alrican populations. Finally, different analviical approaches may also account for
particular arens of disagreement, The nuclear gene data have been analyzed using phenetic
approaches which have an inherent assumption of homogeneoad rabes of change and group an
the busis of overall similarty, The pitfalls of analyzing penctic distance data with such
spproaches have been discussed at length, and the resulis af such analyses must be viewed with
[hi I ML TUENCE bhebween ||.'|.|f.'.||m':||1= and :."l'.-;.'l.l'r':'ll-_ distmbution may b

partially explained by problems of analysis. Another analviical problem is tha proper rooting

off ihee phyylogenetic tree for human races 1§ cnncal 16 the interpretalion of patiemns of vananosn

derived from the tree. All nocless and mitochondrial pene studies sulfer from a lsck of an
appropriate outgroup, the ability to determine ancestral states, and the use of madpoint rooting
one exception is the Mpal- 1 mDMA tyvpe which was sugpewed as being ancesiral based on

. w170 oiber o .FI'J:.

§ : ]
Where does all this leave s relative 1o the relationships among the thiee majgor cthns groups,

and the time and origin of human populations? We feel thal genetic and morphological studses

T e e me v

e ——
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||I!:_"-.|.'|r|;h..:1'.|.':[:ui:-l.'f.l.:l-.-l. -..':.|‘=-l".|-|||'~'..!:L|-|1|._I:|- YE ANSW OTE I0 EROAE QuUe SO wIROu! Jdehe

reference Lo fossil matenal, The elfectivensss of the molecular data to provide informatian on
divergence times depends on a proper point of calibration as well 21 & demonuranion that the
miobecules are evolving in a clock-like manner, When dealing with divergence times involving
periods of less than 1 million yesrs, the calibration must be accurale and errors small af
meaningful estimates are desired. Not only is there considersble disagreement as 10 the
identification and date of key fossils, but the error or range of time estimates provided by both
puclear gene boci and mtDN A lead one 1o FI]J.' e liithe confidence Inthe daies. ?‘u'r.l:l:\.- EVEry ROURCE
of data suggests that African populations are divergent from non-African ones. The problems
arises in how (o interpret this finding relative (o the origin of human populations. If one excludes
n of selection, migration, and drift, thea the magnitude of vanation among the

B consadenat
thiree broad ethnic groups supports the claim of an African origin. On the other hand, this claim

can only be srengthened with reference o an outside group, fossil Howoe sapiens.
VII. CONCLUSIONS

Detailed studies of primate mitochondrial DN A have providied valoable informanon on bot
the molecular structure and inherblance of miDMN A and the patterns of mtDM A variation, A
companson of primate taxa (hominoids) with known divergence times has allowed an evalu
ati of the rates of nucleotide substitutions e mtochondnal genome relafive o rates in
nuclear DMA. These same comparisons have also provided insight into the possible relation
haps dand divergence tomes of humans relative to Afncan and Asian apes. 1n addition, the studies

on human racial vanation represent the most extensive miDNA analysii of imtraspecific
variation, and provide a perspective on the levels of divergence one might expect as well o3
conditions whach may influence kevels of mtD™ A vanistion. These data prowsde a baseline upn
which to compare genetic variation in other natural populations,

Although the studies of primate mtDNA did not resolve all controversies, they do sugges
r fumere study. First, the rate of necleotide substitutions per site per year for

§EVET AVeERnucs [
mitDMNA needs o be conlirmed from sequencing studeed af otheér vertebrnies, |-~|-(-|;r;|.||g.
mammali. Such studies should concentrale on groups such as rodents which not only have a

reasonable fossil recond for particular taxa but differ in generathon Bme from primates
Artindaciyls are another group of mammals which have a good fossil record and could be wsed
Second. the general observalion of relatively low levels of boih I:".1_LI|I|

10 tesl the primale rake
variation and heteroplasmy in mammals needs 1o be investigaed in more taxn. The rodents are
defimtely underrepresenied, and the varialion seen in {'.r_-.Il.'.l.ll.'_'._'. prints to e niseid for more
extensive vudies, Third, although paniculsr species differ with respect 1o bevels of intraspecific
miDN A variation (Table 1), few detailed studies on species which differ in life history sirategies
have been done. There is 8 lack of information on how patiems of miDMNA varation relate o
environmenial grain, and the spatio-temnporal relstionships of matermal hineages within &
population are basically. unknown, Until such stwdies hove been done, the inflluence of
environment vs. siachastic processes onmitDNA vanation will remain unknown. Finally ., the use
of miDMNA as a penetc marker iy behavworal and :.'--h‘-g cal stodies has mid been realiped, yet
this may be one of the most powerful uses of the molecule, Primate populations would make an

scdeal subsect for such studies, Capey -.1|i:. in species wi ich Tosrm social groups aronind matrilines
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