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Differential rates of nucieotide substitution among different gene segments and between distinct evolutionary lin-
eages is well documented among mitochondrial genes and is likely a consequence of locus-specific selective con-
straints that delimit mutational divergence over evolutionary time. We compared sequence variation of 18 homol-
ogous loci (15 coding genes and 3 parts of the control region) among 10 mammalian mitochondrial DNA genomes
which allowed us to describe different mitochondrial evolutionary patterns and to produce an estimation of the
relative order of gene divergence. The relative rates of divergence of mitochondrial DNA genes in the family
Felidac were estimated by comparing their divergence from homologous counterpart genes included in nuclear
mitochondrial DNA (Numt, pronounced ‘“‘new might”), a genomic fossil that represents an ancient transfer of 7.9
kb of mitochondrial DNA to the nuclear genome of an ancestral species of the domestic cat (Felis catus). Phylo-
genetic analyses of mitochondrial (mtDNA) sequences with multiple outgroup species were conducted to date the
ancestral node common to the Numt and the cytoplasmic (Cymt) mtDNA genes and to calibrate the rate of sequence
divergence of mitochondrial genes relative to nuclear homologous counterparts. By setting the fastest substitution
rate as strictly mutational, an empirical ‘“‘selective retardation index” is computed to quantify the sum of all con-

straints, selective and otherwise, that limit sequence divergence of mitochondrial gene sequences over time.

Introduction

Substitution rates in mitochondrial genes vary
among phyletic lineages and among genes and gene
regions within the same mitochondrial genome (Brown
et al. 1982; Miyata et al. 1982; Britten 1986; Vawter
and Brown 1986; Hasegawa and Kishino 1989; Palumbi
1989; Bulmer, Wolfe, and Sharp 1991; Hillis and Huel-
senbeck 1992; Kondo et al. 1993; Li 1993; Lynch and
Jarrell 1993; Rand 1994). Factors that can affect lineage-
specific substitution rates include metabolic rates and
body mass, generation time, differential fixation of
slightly deleterious mutations, DNA repair mechanisms,
and nucleotide composition (Wolfe, Sharp, and Li 1989;
Li 1993; Rand 1994; Martin 1995). Wide heterogeneity
in base composition can affect estimates of nucleotide
substitution rate as well as phylogeny (Collins, Wim-
berger, and Naylor 1994; Jermiin et al. 1994; Galtier and
Gouy 1996). Furthermore, heterogeneity in substitution
rates can bias the reconstruction of species phylogenies
when the algorithms for estimating distances make as-
sumptions about the rate of nucleotide substitution (Fel-
senstein 1978, 1993; Swofford and Olsen 1990; Huel-
senbeck and Hillis 1993). As an alternative to a univer-
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sal clock, several studies have supported the hypothesié-
that local molecular clocks are more appropriate in de2
scribing the rates among multiple taxonomic lineages
(Hasegawa and Kishino 1989; Bermingham and Lessios3
1993; Li 1993). 3
MtDNA genes that have transposed to the nucleus
provide the opportunity to directly analyze intracellulag:
(paralogous) duplication events (Goodman 1981; Fu2
kuda et al. 1985; Hardison and Gelinas 1986; Smith&
Thomas, and Patton 1991; Arctander 1995; Collura anég
Stewart 1995; Zischler et al. 1995; Sunnucks and Halesy
1996). The discovery of a transfer of mtDNA to the3
nuclear genome of ancestors of the domestic cat andg
other closely related feline species, termed Numt (Lopez>
et al. 1994), offers a unique opportunity to address somg;
of the issues relating to substitution rate heterogeneityé
The Numt locus on cat chromosome D2 represents a;
relatively intact transfer and amplification of nearly 50%..
or 7.9 kb of the feline mitochondrial genome, spanning”
sequences from the control region to cytochrome oxiuzg
dase subunit II (COII) (Lopez et al. 1994; Lopez, CevZ
ario, and O’Brien 1996). The complete mitochondria§
DNA and Numt monomer sequence have been deter™
mined recently (Lopez, Cevario, and O’Brien 1996). It
is likely that Numt became a pseudogene immediately
after it transferred to the nucleus because of differences
between nucleus and cytoplasm in their genetic codes
(Barrell et al. 1980) as well as their regulatory factors.
In addition, there are multiple indel mutations between
cytoplasmic (Cymt) and Numt sequences (Lopez et al.
1994; Lopez, Cevario, and O’Brien 1996). As a pseu-
dogene, the substitution rate of Numt is shown here to
differ from that of Cymt because of selective constraints
on cytoplasmic mitochondrial genes not operative on
pseudogenes, differences in the abundance of superox-
ide radicals, and DNA repair efficiency differences be-
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Table 1
Complete mtDNA Sequences Used

Common Name Scientific Name

Accession No. Reference

Human .......... Homo sapiens

Domestic cat. ... .. Felis catus

Harbor seal....... Phoca vitulina

Gray seal......... Halichoerus grypus
Fin whale ........ Balaenoptera physalus
Blue whale ........ Balaenoptera musculus
Cow............. Bos taurus
Mouse........... Mus musculus
Rat.............. Rattus norvegicus
Opossum. ........ Didelphis virginiana

V00662 Anderson et al. (1981)

U20753 Lopez, Cevario, and O’Brien
(1996)

X63726 Arnason and Johnsson (1992)

X72004 Arnason et al. (1993)

X61145 Arnason, Gullberg, and Wide-
gren (1991)

X72204 Arnason and Gullberg (1993)

V00654 Anderson et al. (1982)

V00711 Bibb et al. (1981)

X14848 Gadeleta et al. (1989)

729573 Janke et al. (1994)

Note.—Except for domestic cat, these mammalian mitochondrial genomes were retrieved from GenBank (release 86,

12/1994) and EMBL (release 39, 6/1994).

tween organelles (Miquel 1992; Wallace 1992; Lopez,
Cevario, and O’Brien 1996). Because nonfunctional
Numt accumulates mutations stochastically in the nucle-
us, it serves as a ‘‘reference standard” for analyzing rate
variation in active cytoplasmic mitochondrial genes.

To characterize variation in mitochondrial genes,
we first examined the relative rates of mitochondrial
gene divergence in 10 species from five orders of eu-
therian mammals. In addition, a phylogenetic approach
was used to count the lineage-specific changes (i.e., nu-
clear vs. cytoplasmic), which were then used to estimate
the divergence rates of feline mitochondrial gene se-
quences in Numt and Cymt since Numt’s origin. These
differential rates were used to calibrate mtDNA gene
evolution in Felidae. Gene sequences included in the
Numt segment evolve at a nearly equivalent and presum-
ably selectively neutral “‘pseudogene” rate, while cy-
toplasmic genes diverge at different rates depending on
the constraints of their physiological function.

Materials and Methods
Sequence Analysis

Representative mammalian mitochondrial genomes
(table 1) were retrieved from GenBank (release 86,
12/1994) and EMBL (release 39, 6/1994). Complete cy-
toplasmic and nuclear mtDNA sequences of the domes-
tic cat have been submitted to the GenBank database
with accession numbers U20753 and U20754, respec-
tively (Lopez, Cevario, and O’Brien 1996). We also ob-
tained 376 bp of 12S rRNA (Janczewski et al. 1995;
Masuda et al. 1996), about 371 bp of 16S rRNA (John-
son and O’Brien 1997), and 250-310 bp of the 5'ND2
gene (unpublished data) from several felids and carni-
vores. Tiger (Panthera tigris), lion (P. leo), and leopard
(P. pardus) ND2 sequences were obtained using a Met-
tRNA primer, 5'-GGTCAGCTAAATAAGCTATCGG-
3’ (positions 4717-4738 in domestic cat mtDNA), and
the ND2 primer, ATGGATATTGTTAGGATTATTAGG,
which is a reverse complement of nucleotides at feline
positions 5236-5256 (Lopez 1995).

Sequences were aligned using gap creation penalty
= 1 and gap extension penalty = 0.1 settings of PILE-
UP of the University of Wisconsin Genetics Computer
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Group (UWGCG) (Genetics Computer Group 1994). =
Distance matrices, phylogenetic relationships, and$
branch lengths were estimated with PHYLIP version =
3.5c (Felsenstein 1993), MEGA 1.01 (Kumar, Tamura, 3
and Nei 1993), and Phylogenetic Analysis Using Par- 5
simony (PAUP version 3.1.1) (Swofford 1993).

Divergence Rates and the Selective Retardation
Index

Divergence (8) between a pair of sequences is often
expressed as a linear function of time (7),

& = 2\T, @

)
where \ is the absolute or intrinsic rate of divergence
expressed as percent base pair divergence per million
years (%bp/Myr). The simple modification

3 =0y + A\T 2)=

is used when the two lineages, N and C, are thought toCE
evolve at different rates. These expressions are most &
useful over time periods in which divergence is low and<
the stochastic accumulation of substitutions is approx1—©
mately linear. We will use these expressions below to 2
estimate \’s relevant to specific mtDNA genes in both 3
Numt and Cymt, and to date the ancestral origin of Numt. >
We will also use expression (1) for the basis of the se- =
lective retardation index, as follows.

Consider two genes, A and B, in each of two taxa v
with divergence at locus A: 8, = 2\,T and that at B: 8z 3
= 2ApT. Noting that divergence time T is the same for
two obligately linked mtDNA genes, we have the simple
ratio 8,/85 = A4/A\g, which leads to

AA = (SA/SB)AB
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While we can construct this expression for any pair of
genes sharing T, of particular interest are comparisons
in which one of these genes is thought to evolve at a
selectively neutral rate. In our application, we will as-
sume that most mtDNA molecular evolution is by the
stochastic accumulation of neutral and slightly delete-
rious mutations, with occasional fixation of advanta-
geous mutations. Thus, we will identify the most diver-
gent gene among taxa as the one evolving at a maximal



Relative Rates of mtDNA Genes in Mammals 279
Table 2
Nucleic Acid Sequence Divergence of Mammalian Mitochondrial Genes
VIib—
[»—EUTHERIAN MAMMALS IV—HARBOR V—FIN EUTHERIAN
(pairwise average) II—Cart/ III—Mousk/ SEAL/GRAY WHALE/ MAMMAL/
3 HARBOR SEAL RAT SEAL BLUE WHALE OPOSSUM
GENE Size¢ (Tamura) (3, range) Orderd 8  Orderd 3  Orderd 8  Orderd 3  Orderd 3  Orderd
CR-3'¢ 1,014 0.82 (0.54, 0.35-0.64) 1 0.27 4 0.35 1 0.03 13 0.03 17 1.06 1
CR-5'¢ 595 0.79 (0.52, 0.33-0.66) 2 0.53 1 0.22 7 0.11 1 0.13 1 0.97 2
ATPS..... 212 0.44 (0.33, 0.25-0.43) 3 0.30 2 0.20 10 0.03 12 0.08 14 0.46 6
ND2...... 1,062 0.42 (0.32, 0.23-0.38) 4 0.26 5 0.29 2 0.05 6 0.11 3 0.52 5
ND6...... 544 0.39 (0.30, 0.19-0.37) 5 0.24 9 0.22 9 0.06 2 0.10 6 0.58 3
NDS...... 1,888 0.36 (0.29, 0.24-0.34) 6 0.29 3 0.25 3 0.05 5 0.09 8 0.43 7
ND4L 303 0.35 (0.27, 0.19-0.33) 7 0.25 7 0.23 6 0.02 18 0.10 5 0.43 9
ND4...... 1,433 0.35 (0.28, 0.21-0.32) 8 0.26 6 0.24 S 0.05 3 0.12 2 043 8
ND3...... 358 0.35 (0.28, 0.21-0.33) 9 0.23 10 0.24 4 0.02 15 0.10 7 0.38 11 O
ATPG .. ... 684 0.33 (0.27, 0.23-0.30) 10 0.24 8 0.18 14 0.03 10 0.10 4 0.38 10 2
NDI...... 958 0.30 (0.24, 0.19-0.28) 11 0.18 15 0.22 8 0.03 11 0.08 11 0.36 12 ?—)
COIl....... 708 0.29 (0.24, 0.18-0.30) 12 0.22 12 0.17 15 0.04 8 0.09 9 0.32 14 2
CYB...... 1,149 0.28 (0.23, 0.20-0.27) 13 0.23 11 0.19 13 0.05 4 0.08 10 0.33 13 2
CR-C* 257 0.28 (0.25, 0.15-0.35) 14 0.14 16 0.12 17 0.03 14 0.01 18 0.55 4 =
COIll..... 848 0.26 (0.22, 0.19-0.25) 15 0.21 14 0.20 11 0.04 7 0.08 12 0.28 15 g
COlL...... 1,552 0.25 (0.21, 0.19-0.22) 16 0.21 13 0.19 12 0.04 9 0.08 13 0.26 17 =
16S....... 1,676 0.23 (0.23,0.17-0.31) 17 0.13 18 0.15 16 0.02 16 0.05 15 0.28 16 ©
12S....... 1,006 0.23 (0.21, 0.18-0.26) 18 0.14 17 0.07 18 0.02 17 0.05 16 0.24 18 2
o
NoTte.—A UPGMA alignment algorithm with gap creation penalty = 1 and gap extension penalty = 0.1 was used. For difference calculations each gap was®
equated to one substitution. <3D
* Average Tamura distance (average percent difference, range) of all pairwise comparisons between mtDNA genes of species (human, domestic cat, fin whale. e,
cow, and mouse) from each of five orders of eutherian mammals. 8
® Average Tamura distance between opossum and each of five orders of eutherian mammals. ©
¢ The size is in base pairs and represents the total alignment length from the five orders of eutherian mammals analyzed. 8
4 The order was determined using values calculated to the fifth decimal place. An order number of 1 was assigned to the most different comparison and 18 wass.
assigned to the least different comparison. CBT
¢ The control region (CR) was split into three regions, the conserved region (CR-C) and the two variable regions located 5’ and 3’ to the conserved reglong
(CR-5' and CR-3', respectively), relative to light strand replication. (:‘—;
@

and approximately neutral rate, and use it to gauge the
rates of other loci. Note that we now have

N = (B8, @

for the expression of gene i’s rate relative to the maxi-
mum rate \,,, which we assume to be neutral. Since \;
is obligately less than or equal to \,, we view the ex-
pression (1 — 8/8,,) as the sum total of all selective,
mutational, and other effects that make gene i evolve
more slowly than gene M, and identify it as the selective
retardation index

so that
AN =1 = o)y (6)

by analogy to selection coefficients in classical popu-
lation genetics theory (Wallace 1968; Wright 1969).

Results
Sequence Divergence Among mtDNA Genes in
Mammals

Divergence rate variation among mitochondrial
genes was first examined by pairwise comparison of
aligned nucleotide sequences from 10 mtDNA genomes.
In table 2 we present the extent of nucleotide sequence
divergence for 13 protein-coding genes, 2 rRNA genes,
and 3 control region segments (5’, conserved central

“C” region, and 3') using 6 levels of comparison, eachs
reflecting different evolutionary time periods. The six™
comparisons include Tamura’s (1992) distance as wellS
as the average percent sequence mismatch (8, with gaps,\>
= 1 residue) for: (I) one sequence from each of ﬁveh
eutherlan mammal orders (human—Primate, domestic
cat—Carnivora, fin whale—Cetacea, cow—ArtiodactylaZ
and mouse—Rodentia); (II) cat-harbor seal comparison%
reflecting two families (Felidae and Phocidae) w1th1no
Carnivora; (III) mouse-rat, reflecting two rodent fami-_.
lies; (IV) harbor seal-gray seal, within Phocidae farmly,
between two genera; (V) fin whale-blue whale, two Cem
tacean species from the same genus; and (VI) average~
Tamura distance between marsupial (opossum) mtDNAO
genes and those of the five eutherian mammal spec1es"J
listed in level I. The results illustrate the range of se-
quence divergence among mitochondrial genes as well
as the variation of divergence among the six different
evolutionary levels. For example, among eutherian or-
ders average divergence (Tamura 1992) ranged from
23% (12S rRNA gene) to 82% (control region 3’ end)
in analysis I
The most consistently conserved genes were the
128 and 16S rRNA sequences, which ranked among the
least divergent in all six analyses. The COI and COIII
genes were also highly conserved except between seals
(level 1IV). ND2, ND6, and ND5 were consistently
among the most rapidly evolving sequences. The 5’ con-
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Table 3

Amino Acid Sequence Divergence of Mammalian Mitochondrial Protein-Coding Genes

VI>—EUTHERIAN

I[>—EUTHERIAN MAMMALS [I—CaTt/ HI—Mousg/ MamMAL/
(pairwise average) HARBOR SEAL RAT OPOSSUM
GENE Sizg© 3(PAM) (3, range) Order? 3 Orderd 3 Orderd 3 Order?
ATPS...... 67 0.67 (0.45, 0.26-0.60) 1 0.36 1 0.24 4 091 2
ND6 ...... 175 0.51 (0.37,0.15-0.48) 2 0.17 4 0.27 2 0.98
ND2...... 347 0.49 (0.37,0.22-0.47) 3 0.29 2 0.32 1 0.68 3
NDS...... 606 0.36 (0.30, 0.18-0.37) 4 0.20 3 0.24 3 0.50 5
ND3...... 115 0.30 (0.26,0.11-0.36) 5 0.12 6 0.15 5 0.44 6
ND4L .. ... 98 0.29 (0.27, 0.06-0.34) 6 0.06 11 0.15 6 0.51 4
ND4 ...... 459 0.27 (0.24,0.12-0.33) 7 0.13 5 0.14 7 0.41 7
ATPG. . .. .. 227 0.23 (0.22, 0.08-0.26) 8 0.08 9 0.05 10 0.32 9
NDI ...... 318 0.22 (0.19, 0.08-0.23) 9 0.08 8 0.10 8 0.32 8
CYB...... 379 0.19 (0.17,0.11-0.22) 10 0.11 7 0.06 9 0.25 10 OU
COon...... 227 0.16 (0.15, 0.03-0.29) 11 0.04 12 0.01 13 0.21 11 =
COIl ..... 261 0.12 (0.12, 0.07-0.15) 12 0.07 10 0.04 11 0.15 12 g—
COI....... 514 0.07 (0.07, 0.02-0.09) 13 0.02 13 0.03 12 0.08 13 2
@
Q

» Average PAM matrix distance (average percent difference, range) of all pairwise comparisons between mtDNA genes of species (human, domestic cat, fin =
whale, cow, and mouse) from each of five orders of eutherian mammals. Distance values were derived from the PROTDIST program in PHYLIP 35, using Dayhoff %

PAM substitution matrices (Felsenstein 1993; Doolittle et al. 1996).

b Average PAM distance between opossum and each of five orders of eutherian mammals.
¢ The size is in amino acid residues and represents the total alignment length from the five orders of eutherian mammals analyzed.
4 The order was determined using values calculated to the fifth decimal place. An order number of 1 was assigned to the most different comparison and 13 was

assigned to the least different comparison.

trol region segment (CR-5') was generally one of the
most divergent regions. CR-3' was also highly divergent
in all comparisons except levels IV and V, in which it
was relatively highly conserved. Other sequences, like
ATPS8 (ranging from 2 to 14), ND4L (from 5 to 18),
ND3 (from 4 to 15), and CR-C (from 4 to 18), were
very unpredictable in terms of their rank order of di-
vergence across levels.

In table 3 we display results from the same type of
analysis applied to the 13 translated protein sequences
of these genes. We have omitted levels IV and V from
this table, since protein products were highly conserved
(above 96% for level IV and 92% for level V). As with
the nucleotide sequences, ND2, ND6, ND5, and ATPS
were generally the most divergent sequences. At the oth-
er extreme, COI, COII, and COIIl were always among
the most conserved, along with CYB. There was no dra-
matic variability in rank across levels as there was with
nucleotide sequences. A possible exception is ND4L,
which ranged from 4 to 11 in rank. The mtDNA and
amino acid sequence divergence estimates (tables 2 and
3) indicate roughly consistent patterns in relative diver-
gence rate that are useful for estimating relative diver-
gence rates among genes selected for phylogenetic anal-
ysis.

Substitution Rate of Nuclear and Cytoplasmic
mtDNA Homologues in Felidae

The cat family, Felidae, consists of 38 living spe-
cies whose phylogenetic relationships have been inves-
tigated using a variety of morphological and molecular
methods, including mtDNA gene divergence (Collier
and O’Brien 1985; Wayne et al. 1989; Salles 1992; Jan-
czewski et al. 1995; Johnson et al. 1996, Masuda et al.
1996; unpublished data). However, mitochondrial DNA
analyses have been complicated by the occurrence in
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some species of the Numt locus, a large ancestral inser-
tion and tandem duplication of 7.9 kb of mtDNA se- 5
quences into the chromosomal DNA of small cats of the 3
genus Felis (Lopez et al. 1994).

Several lines of evidence indicate that Numt is a &
pseudogene. First, comparison of protein-coding se-
quences between Numt and Cymt reveal termination co- &
dons as well as frameshifts in every open reading frame. %
In addition, Numt-specific transcripts were not apparent 3
(Lopez 1995). Presumably, Numt can be regarded as a3
genomic fossil that is diverging as a selectively neutral N3
pseudogene. In contrast, Cymt sequences are evolvingg
under selective constraints dictated by their function. 2

Numt is found in the nuclear genomes of F. catus g
and several other species of Felis (F. sylvestris, F. mar-3
garita, and F. chaus) (Lopez et al. 1994; Johnson et al. 5
1996). We have previously estimated the date of origin_.
of Numt in the genus Felis as 1.8-2.0 MYA based on5.
partial sequence comparisons of Numt and Cymt (Lopezé
et al. 1994). The recent determination of the complete 2
nucleotide sequence of Cymt from domestic cat (Lopez,§
Cevario, and O’Brien 1996) provides an unusual oppor-"™
tunity to examine the pattern and mode of mitochondrial
gene divergence from a common ancestor of modern
Cymt and Numt sequences over this 2-Myr interval.

In an attempt to allocate all changes in the diver-
gence of Numt and Cymt from their common mtDNA
ancestor, we used a phylogenetic analysis of three mi-
tochondrial genes included in Numt, but which evolve
at different rates in Cymt: slow (12S and 16S rRNA)
and fast (ND2) (see table 2). The three mtDNA gene
sequences from multiple individuals of each of 10 ad-
ditional cat species plus a more distant outgroup species,
hyena, C. crocuta, were determined and aligned with
Numt and Cymt homologues. The phylogenetic relation-

aquw/wod dno

e

IS



CA

g

FiG. 1.—Species used for estimation of relative divergence of Numt and Cymt. Point A is the common ancestor of Numt and Cymt, with
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128 16S ND2
PLE Panthera leo NN A
PTI Panthera tigris v 4N
PPA Panthera pardus NN N
PBE Prionailurus bengalensis ¥ v -
AJU Acinonyx jubatus NN N
PCO Puma concolor NNV
NUMT  Felis catus v NN
CYMT  Felis catus v N
OMA  Otocolobus manul NV -
LWI Leopardus wiedii N - - o
LPA Leopardus pardalis NN A ?_s
OoGU Oncifelis guigna v N - %
CCR Crocuta crocuta v - - %
3
=

branches NA and CA to Numt and Cymt, respectively. Phylogenetic topology is a summation of phylogenetic analyses reported elsewhere=
(Collier and O’Brien 1985; Wayne et al. 1989; Janczewski et al. 1995; Pecon Slattery et al. 1994; Masuda et al. 1996; Johnson and O’ Bnenm

1997). Sequences used in this analysis are indicated to the right of species’ names.

ship among these test species, established by previous
analyses, is illustrated in figure 1. For both 128 and 168,
additional sequences were available from other species
within the genus Felis.

The nucleotide sites with base pair differences be-
tween Numt and Cymt for the three genes are presented
in figure 2, along with the homologous sequences from
the outgroup species listed in figure 1. By comparing
the Numit/Cymt differences to outgroups, we determined,
based on the principle of maximum parsimony, whether
the mutation was more likely to have occurred on the
Numt-ancestor (NA) lineage or the Cymt-ancestor (CA)
lineage (fig. 1). Of the 49 differences, 36 were unam-
biguously resolved. For example, in 12S rRNA position
1737, where Cymt is “A” and Numt is ““C” and all the
outgroups are “A,” we assumed that the ancestral form
was “A.” Therefore the A—C substitution occurred on
the NA limb of the phylogeny. The other 13 sites
showed homoplasy, in that both alternatives seen in the
Numt/Cymt comparison were also seen in the outgroups.
However, appealing to the phylogenetic tree (fig. 1) al-
lowed 10 of these to be resolved easily. For instance, at
site 1438 of 12S, only LPA and LWI shared the C seen
in Numt, while the others, including closely related
OMA, all had T, suggesting a T—C transition on the
NA lineage. In the case of ND2 homoplasies, in which
outgroups were essentially equidistant, a majority rule
was used. Finally, the remaining three Numt/Cymt dif-
ferences were resolved by appealing to the other Felis
sequences (not shown, Johnson et al. 1996; Masuda et
al. 1996) as follows. Recognizing F. nigripes as an out-
group relative to the other Felis species, and also that
F. nigripes apparently lacks Numt, the nucleotide seen
in F. nigripes was taken to be ancestral. Through this
process we were able to count the number of substitu-
tions on the CA and NA phylogenetic limbs and use

olwapeoe)/;

these measures to estimate evolutionary rates for eacho
of the three genes (fig. 2 and table 4). S

The slowly evolving 12S rRNA gene had 23% of;
the Numt/Cymt divergence on the CA limb and 77% on5
the nuclear NA lineage. For the faster-evolving ND2§
gene, 61% of the Numt/Cymt divergence occurred in theﬂ
cytoplasmic CA limb and 39% occurred on the NA lin-3
eage. This reversal in relative divergence levels is readi-=
ly explained by differences in divergence patterns on the\
two limbs. The nuclear (NA) divergence was relanvely\,
constant for all three genes with 2.7%, 1.1%, and 3. 0%,\,
sequence divergence for 128, 16S, and ND2, respec-m
tively (table 4). By contrast, the cytoplasmic hneageOo
(CA) shows a marked range of divergence among genes,2
with 128 and 16S having relatively little change (0.8%2
and 1.3%, respectively), while ND2 had a 4.6% se-b
quence divergence. Note that 17 of the 23 (74%) baseS
changes for ND2 occur at third-base positions (fig. 2).3
On the CA lineage, the ND2 gene has accumulated mu-2
tations 5.7 times more rapidly than has the 12S rRNAc
and 3.5 times faster than has the 16S rRNA gene. ByM
direct measurement, these results conform to the resultsB
inferred in table 2, which indicate that 12S and 16S are
among the most highly constrained, slowly evolving
genes, and ND2 is among the fastest.

Dating the Numt—Cymt Ancestor

Estimated rates of evolution for the mitochondrial
genes along the CA and NA lineages were used to es-
timate the divergence date between Cymt and Numt as
follows. First, nucleotide substitutions between Numt
and Cymt (CN) were allocated into their respective
branches (NA and CA, fig. 1) and converted to percent
base pair divergence (%bp) for each gene (3, and 3,
table 4). To calibrate Cymt rate estimates with fossil
dates, we measured sequence divergence (8) for the



282 Lopez et al.

128

LIS S A T N R N N NS A A B B |

4 4 4 55 6 6 6 6 6 6 6 7 7

3 45 6 81 1 16 8 8 9 0 3

83 411 01 2 3 4028 3 7

T[T]A A AA[T]* T Cc c[C|]C A Cymt
(cjcl6]G]G[C|C[AJC[T]A[T[T]C] Numt
TCAAAAC*TCCTCA PLE
TCAAAAT*TCTTT- Pl
TCAAAAC*TCTTT - PPA
TTAAAAC*TCCTGCA PBE
TCAAAAC*TCCTCA AU
TCAAAAC*TCCTCA PCO
TCAAAAC*TCTTTA OMA
CCAAAAC*TCCTCA W
CCAAAAT*TCCTCA LPA
TCAAAAC*TCTTCA OGU
TCAAAAT*TCCTCA CCR

16S

2 3 3 3 3 3 3 3 3 3

9 0 0 00 O0 1T 1 V1

6 6 6 6 6 9 3 6 8 9

9 1 58 96 3 7 1 2

T * *[G[C]C|A[T]A[C]A Cymt

6[c T[c T T[6[C|C][T[G] Numt
T**CTCATATA PLE
T**TTCATATA PTI

T**CCTATACA PPA

T** TCTACATA PBE
T**TTCACATA AU
T**TTCACATA PCO
T**T*CACATA OMA
T**TTTATATA LPA
T**CTCATATA 06U

ND2

L B L ) *« o o L e o o « e e
4 44 44 4 4 4 4 444 44 4 4 4550550505755

7 7 8 88 88 88 99999 99 900O06O0O0O0TO0O0

8 9 00 46 6 7 8 011 47 7 8 9023 3 35867

6 54 53 12956 56 52 30865326 9 35 4
[CICTT]A[E] T[CTTT6]c[E] A A[G]c *[TTCIE]6[C[T]A A Cymt
ATCIﬂAI_(_:_[AGA[l]AAsqG A[AJG]c A A[A[T c|G]6] Numt
ATCAATAGACA*AAAC*C - - - - - - - PLE
ATCAATACACG*AAAC*CAAGTCT - PTI
- -=-~-~ATACACA*AAAC*CAAGTOCT - PPA
- ---ATATATA*AAAC*CAAGTC CA - AlU
ATCAATAGACA*AAAC*CAAGTC CAA PCO
ATCAACAGACA*AAAC*CAAGTTAA LPA

FIG. 2.—Nucleotide differences between Numt and Cymt, with
sequences at homologous positions of felid and hyena outgroups (see
fig. 1 for species codes). Inferred changes relative to Numt/Cymt com-
mon ancestor are boxed. Coordinates with respect to Lopez, Cevario,
and O’Brien (1996) are shown above the Cymt sequence. Since inser-
tions relative to Cymt were not numbered in Lopez, Cevario, and
O’Brien (1996), the coordinates given for each insertion (which are all
Numt-specific) correspond to the Cymt base to the right of the insertion.
Asterisks denote lack of corresponding sequence in Cymt and out-
groups and dashes indicate lack of data. For ND2, third-base positions
of codons are indicated (®) above the coordinate. Contiguous indels
are treated here as a single site, but are ignored in all rate calculations.
A single Numt/Cymt difference at position 1407 of the 12S sequence
is not shown because of uncertain alignment among the outgroups.

three mtDNA genes among five (three for ND2) species
of great cats, genus Panthera (P. pardus, P. leo, P. ti-
gris, P. onca, and P. uncia), which radiated during a
relatively short time period 2-3 MYA (Savage and Rus-
sell 1983; Wayne, Van Valkenburgh, and O’Brien 1991;
Janczewski et al. 1995). For each of the three mtDNA

genes, we averaged the pairwise sequence divergence
among Panthera species (3, table 4). Using these in
equation (1) we estimated a range of divergence rates
for each of the three genes, (\,, in %bp/Myr) for the 2—
3 Myr Panthera radiation. Then, with the rates estimated
from Panthera and the measured divergence of the Cymt
genes (8.), we estimated the date of the Numt/Cymt di-
vergence (table 4). The time estimates ranged from 1.2—
2.4 Myr for the origin of Numt, which overlaps previous
estimates of the Numt origin as 1.8-2.0 Myr, obtained
by using a more general rate calculation relating overall
mitochondrial gene divergence in vertebrates to evolu-
tionary time (Lopez et al. 1994).

In what follows we will use the date of 1.9 MYA,
the midpoint of both estimates, as the date the Numt/S
Cymt lineages diverged. The gene-specific rates (\;) forS
the three cytoplasmic genes corresponding to T = 1.9§
Myr and the 8. values in table 4 are: \jpq = 0.42, A5 2
= 0.70, and Ayp, = 2.43, each expressed as %bp/Myr. 5
For estimation of the nuclear pseudogene rate, percent =
divergence (8y) of the three genes on the NA branch~
ranged from 1.1-3.0 (table 4). Using the overall average <
of 2.3% for the three Numt gene sequences’ dlvergence Q
from the Numt/Cymt ancestor, we estimated the nuclear &
rate as Aya = 1.2%bp/Myr. 3-

The cytoplasmic nucleotide substitution rates for°
the three mitochondrial genes can be used to estimate:
rates for other mitochondrial genes within the Felidae S
and, to some extent, among other mammals. The relative 3
divergence rates of the three genes follow a similar pat-
tern in both the CA lineage and Panthera estimates (ta-
ble 4). The CA rate (\,) ratios for the 3 genes (12S:
16S : ND2) was 1:1.7:5.7, while the same ratio from the
Panthera pairwise averages was 1:1.3:4.2, supportmgg
the assertion that within cats (domestic cat lineage and ~ i.‘
Panthera lineage), mtDNA genes accumulate mutations N
at roughly cqu1va1ent rates. Further, the same order of £
relative rates is seen when sequence divergences among &
other mammals are compared. From table 2, analysis 1<
(eutherian percent difference average), the ratio of 12S:
16S : ND2 divergence is 1:1.1:1.5, and for analysis VI=
(eutherian opossum difference) the ratio was 1:1.2:2.2 >
(Tamura’s distance). Contributing to the difference @
among these ratios is the fact that ND2 is more prone =
to become saturated with substitutions when comparing G
species with more ancient divergences (~80 Myr) N
(Graybeal 1994). N

By combining the average percent difference (8) of
mtDNA genes in table 2 with the gene-specific rates
estimated for Felidae genes (table 4, last column), we
can approximate evolutionary substitution rates for spe-
cific genes (A;) at least during the time period when di-
vergence is proportionate to time. We attempt such a
calibration for mtDNA genes based on each of the CA
rates in table 5. The estimated rates are comparable
when calibrated with 12S rRNA and 16S rRNA rates,
but are three-fold greater when the ND2 gene is used.
The more rapid evolutionary rate of ND2 likely plateaus
more recently than the estimated 80 Myr since eutherian
orders of mammals diverged, contributing to the appar-
ent discordance.
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Table 4
Relative Divergence of Genes Found in Numt and Cymt
Cymt
Numt/CyMT DIVERGENCE PAIRWISE PANTHERA DIVERGENCE? AGE (T)* OF DIVERGENCE
(no. differences (%bp)) - Numt/Cymr RATES
LENGTH 3 AP ANCESTOR (A4
GENE (bp) CN (8¢cn) = NA (3y) + CA (B (%bp) Range (%bp/Myr) (Myr) (%bp/Myr)
12S..... 372 13 (3.5) 102.7) 3(0.8) 2.7 2.1-39 0.45-0.68 1.2-1.8 0.42
16S..... 374 9(2.4) 4(1.1) 5(1.3) 35 2.7-4.8 0.58-0.87 1.5-2.3 0.70
ND2 303 23(7.6) 9 (3.0) 14 (4.6) 11.3 9.0-13.4 1.9-2.8 1.6-2.4 243
Total.... 1,049 45 (4.3) 24 (2.3) 21 (2.0) — — — — —
@ From Janczewski et al. (1995), J_ohnson e_md O’Brien (1996), Masuda et al. (1996), unpublished data, and this study.
®\, in %bp/Myr, is calculated as 8/4 and 8/6, assuming 2-3 Myr for Panthera divergence, from 8 = 2AT (eq. 1).
¢ Using the range of X\ from Panthera: T = 8\, since , is the fraction of the CN divergence specific to lineage CA.
4\, in %bp/Myr is calculated from 8 /7, where T = 1.9 Myr is the midpoint of age T of Numt/Cymt ancestor estimated here and by Lopez et al. (1994). o
%
Actual substitution rates are determined by the quantifying the sum total of pressures, selective and oth- 3
composite influence of mutation rate within the organ- erwise, that influence gene divergence for these se- §
elle, retardation of maximum divergence by selective quences (table 5). 3
constraints on gene function, base composition, and the 3
tendency for rates to asymptote or plateau over evolu- Discussion =
. . . ©
tionary time. We will assume that the fa§test observed Our interest in Numt stems at least partially from <
divergence rate (\;,) approaches the rate dictated by mu- g

tation rate alone in the absence of selective (or other)
constraints that retard evolutionary divergence. Recog-
nizing that the observed fastest gene rate may not ac-
tually achieve the maximum neutral mutation-driven
rate (Nachman, Boyer, and Aquadro 1994; Ballard and
Kreitman 1995) and also that control region divergence
would likely give an inflated rate in the time frames
examined in table 2, we set 8,; = & ,rps as the maximum
divergence. Under this assumption, the divergence val-
ues in table 5 can be used to calculate the selective re-
tardation index (o;), a coefficient that, in combination
with the mutation rate, can be used to predict the ob-
served nucleotide divergence rates (see eq. 6). We com-
pute such a value for each gene as a first step toward

Table 5
Intrinsic Divergence Rates (A;) of mtDNA Genes
Estimated from Feline mtDNA Measured Divergence

A; (%bp/Myr)®

8

(%bp) 128 rRNA 16S rRNA ND2 of
ATPS8..... 0.33 0.66 1.00 251 0.00
ND2...... 0.32 0.64 0.97 243 0.03
ND6...... 0.30 0.60 0.91 2.28 0.09
NDS...... 0.29 0.58 0.88 2.20 0.12
NDA4L 0.27 0.54 0.82 2.05 0.18
ND4...... 0.28 0.56 0.85 2.13 0.15
ND3...... 0.28 0.56 0.85 2.13 0.15
ATPG..... 0.27 0.54 0.82 2.05 0.18
NDI...... 0.24 0.48 0.73 1.82 0.27
COIl....... 0.24 0.48 0.73 1.82 0.27
CYB...... 0.23 0.46 0.70 1.75 0.30
COIl..... 0.22 0.44 0.67 1.67 0.33
cor...... 0.21 0.42 0.64 1.59 0.36
16S....... 0.23 0.46 0.70 1.75 0.30
12S....... 0.21 0.42 0.64 1.59 0.36

4 From table 2, level I (average %bp difference).

® Intrinsic rate estimates from Cymt are \ ;5 = 0.42, ;65 = 0.70, and Ayp,
= 2.43 (table 4). Equation (3), \; = (8/85)\, was used, where B = 128, 16S,
ND2.

¢ From equation (5), setting 8,, = 0.33 for ATPS.

its potential as a genormc fossil. Unlike most paleon- 9
tological fossils, Numt is closely related to the ancestralm
cytoplasmic sequence, and most differences between the =
two modern versions (Numt and Cymt) can be specifi- 2 5
cally assigned to the relevant evolutionary branch CA?
or NA (fig. 1) by using outgroups, as we have done here 3 3
(fig. 2). Furthermore, by using local molecular clocksB
for each gene region, we can estimate the time of ongm‘D
of the Numt sequence. Our analyses of mammalian mi- 2
tochondrial sequences provide an 1mportant context for
this work. Sequence divergence estimates in table 2 rep- &
resent a broad range of evolutionary times, from theﬁ
very recent (levels IV and V) to the more ancient (levels ~
I and VI).
If the mammalian mitochondrial genome is subjecth
to major selective pressures, as more studies, mcludmgoo
our own, seem to be indicating (Pietromonaco, Hessler<
and O’Brien 1986; Saccone, Pesole, and Kadenbachc
1991; Ballard and Kreitman 1994, 1995; Nachman,® s
Boyer, and Aquadro 1994), then the compilation of an=
overall mammalian consensus sequence becomes in—g
creasingly important. As a practical issue, sequences that Z
are invariant across a wide phylogenetic range will be&
useful for designing primers for studying mitochondrials
sequences from novel taxa. Conversely, rapidly diverg-f
ing sequences will prove useful for population genetic
studies and studies of closely related taxa. Furthermore,
the prospects of understanding the principal modes and
constraints on mitochondrial sequence evolution will
emerge as more sequences are added to the database.
The overall divergence of Numt and Cymt is 5.1%
(Lopez 1995). If the average divergence of 2.3% for NA
reported here is accurate, then the CA divergence is
about 2.8%. This value is intermediate, as it should be,
between the low values we estimated for 12S and 16S
(0.8% and 1.3%, respectively), and the high value ob-
tained (4.6%) for ND2. It is interesting to note that even
though the majority of changes are accumulating in the
Cymt lineage, such substitutions are predominantly at
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third codon positions—72% of all differences in protein-
coding genes (Lopez, Cevario, and O’Brien 1996).
Hence, it is reasonable to infer that Cymt has an intrin-
sically higher mutation rate than that for nuclear pseu-
dogenes, but selection (e.g., functional constraints) con-
fines substitutions to specific regions and residues of the
mitochondrial genome that are less likely to affect func-
tion. In this regard, we note that Zischler et al. (1995)
characterize the human nuclear insert of mtDNA as a
slowly evolving fossil. While this may generally be true
when comparing protein-coding genes, our work here
shows that some Cymt genes evolve at or below the
Numt rate.

The characterization of Numt as a genomic fossil
allows us to better gauge the tempo and mode of evo-
lution of Cymit, its cytoplasmic homologue. Clearly, the
incipient evolution of mtDNA sequences needs more
study to identify sources of constraints and patterns of
mutation (Collura and Stewart 1995). In this regard,
Numt offers additional potential on several fronts. First,
we have only addressed regions of Numt for which we
had multiple felid outgroups, slightly more than 1 kb
pooled from three genes. Many additional protein-cod-
ing and tRNA genes are contained in Numt, so that rel-
evant outgroup sequences could be used to allocate the
Numt/Cymt differences to each lineage. As above, this
allocation could be used to establish rates and patterns
of change for additional Cymt genes. Second, versions
of Numt exist in several additional species of the do-
mestic cat lineage. Although probably due to a single
event, that is, Numt insertion into the common ancestor
of these species, a single origin has not been established.
Further mtDNA insertions into the nuclear genomes of
additional taxa, including more distantly related cats as
well as other mammalian orders, have now been docu-
mented (Goodman 1981; Fukuda et al. 1985; Hardison
and Gelinas 1986; Smith, Thomas, and Patton 1991;
Zullo et al. 1991). Hence, estimating the origin of Numt
is important, not only for these pursuits, but also be-
cause of the evolutionary recurrence of similar events
(Blanchard and Schmidt 1996; Sunnucks and Hales
1996).
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