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Abstract. Mitochondrial DNA (mtDNA) sequences cess of evolution, that is, nucleotide or amino acid sub-
are widely used for inferring the phylogenetic relation- stitution. Clearly, the assumed model should be as real-
ships among species. Clearly, the assumed model dtic as possible. Dependence among neighboring
nucleotide or amino acid substitution used should be asucleotides in a codon complicates the problem in mod-
realistic as possible. Dependence among neighboringling the nucleotide substitution in protein-encoding
nucleotides in a codon complicates modeling of nucleo-genes, and it seems preferable to model the amino acid
tide substitutions in protein-encoding genes. It seemsubstitution.

preferable to model amino acid substitution rather than Since selective constraints are more likely to be op-
nucleotide substitution. Therefore, we present a transierating at the codon level rather than at the individual
tion probability matrix of the general reversible Markov nucleotide level, it would be more realistic to construct a
model of amino acid substitution for mtDNA-encoded model for amino acid (rather than for nucleotide) substi-
proteins. The matrix is estimated by the maximum like-tutions to perform phylogenetic analyses of protein-
lihood (ML) method from the complete sequence data ofencoding genes. The transition matrices of amino acid
mtDNA from 20 vertebrate species. This matrix repre-substitutions have previously been estimated by the par-
sents the substitution pattern of the mtDNA-encodedsimony method for data sets which consist mainly of
proteins and shows some differences from the matrixiuclear-encoded proteins (Dayhoff et al. 1978; Jones et
estimated from the nuclear-encoded proteins. The use @l. 1992). However, the parsimony method sometimes
this matrix would be recommended in inferring treesgives a biased estimate of the transition matrix (Collins
from mtDNA-encoded protein sequences by the MLet al. 1994; Perna and Kocher 1995).

method. Collins et al. (1994) pointed out that, in the presence
of compositional bias, the transition matrix estimated by
Key words: General reversible Markov model — parsimony might be systematically distorted. From the

Amino acid substitution — Maximum likelihood method method, common-to-rare state changes tend to predomi-
nate over rare-to-common changes, and therefore in the
_ common ancestral node the estimated compositional bias
Introduction tends to be more extreme than those of the contemporary
species. By using the cytochrorbgene sequences from
the gastropods (their original data) and from the pecoran
ruminants (Irwin et al. 1991), they demonstrated this
trend for both of the data sets. It is clear that this is due
Correspondence tayl. Hasegawa to the bias of the parsimony in inferring the ancestral

Any method for inferring molecular phylogeny assumes
explicitly or implicitly a model for the fundamental pro-
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state when compositional bias exists. Perna and Kochekdoption of a shorter time interval as a unit does not

(1995) also demonstrated the same characteristic of theake any significant difference of the transition matrix

parsimony. Furthermore, the parsimony method has nestimated below (data not shown). Kishino et al. (1990)

time structure (Goldman 1990), and it is not effective presented a method for deriving a transition probability

when the proteins being used as not closely enough rematrix P(t) from M. We will follow their procedure.

lated to detect all the replacement events with parsimony If the unit time interval is sufficiently short, the tran-

procedures. The maximum likelihood (ML) method cansition probability matrixP(t) for time intervalt is well

overcome these defects of the parsimony, and therefore #&pproximated by

is desirable to estimate the matrix by using the ML

(Yang 1994). P{t) = exptw) 1)
Recently, Naylor et al. (1995) have pointed out that,

since the bias for T and C at second codon positions igvhere W is a function of eigen-values; and eigen-

directly correlated with hydrophobicity of an encoded vectorsu; of M, and is represented by

amino acid and since mtDNA-encoded proteins contain a

high proportion of hydrophobic amino acids, the second Ay 0
codon positions of mMtDNA, hitherto regarded as perhaps W=U e Ul )
the most reliable for inferring evolutionary histories of 0 Nao

distantly related species, may actually carry less phylo-
genetic information than the more fast-evolving first po- 5,4
sitions whose compositional bias is less skewed. Thus, it
seems difficult to take fully into account different con- U=(Uy, ..., Uy A3)
straints operating on different codon positions when the
analysis is carried out at the nucleotide sequence levelrherefore,
Mitochondrial DNA sequences encoding proteins

have been widely used for inferring the phylogenetic 20
relationships among species (e.g., Irwin et al. 1991; Ho- P;(t) = E UikU;j1 exp(th,) (4)
rai et al. 1992; Adachi et al. 1993; Janke et al. 1994; Cao k=1

et al. 1994). However, since the mitochondrial code is _ - N _ o
different from the universal code and since most of thel hus, if the transition probability matrix for a unit time is
mtDNA-encoded proteins are membranous, the transidiven, the matrix for time can be calculated.

tion matrix of the mtDNA-encoded proteins might be

dnfferent frorr_1 that est|mat.ed from nuclear—encodgd Pro-pgisson Model

teins. Thus, it seems desirable to model the amino acid

substitution of mtDNA-encoded proteins, and thereforeThe simplest model for amino acid substitution is the
we estimated the 20 x 20 transition probability matrix of Poisson model, in which an amino acid is replaced by
the general reversible Markov model for mtDNA- any other amino acids with an equal probability. Bete
encoded proteins by the ML method. This model is anthe number of amino acid substitutions per site per unit
extension to amino acids of the general reversibleime interval, and we tak& = 0.01. The transition prob-
Markov model of nucleotide substitution proposed by ability for a unit time of the Poisson model is,

Yang (1994).

d/119 ( #j)
i {1-5 (=0 ®)
Markov Models of Amino Acid Substitution
Although the representation &fl is simple for the
Poisson model, it becomes complicated for models in
Transition Probability Matrix which the transition rate differs among different pairs of

) _ amino acids. In order to derivi@l in these models, we
We assume that each site evolves independently of thgefine the relative substitution rak as follows:

other sites according to a reversible Markov process. A

probability of an amino acid being replaced by an R, =0 i=1,...20)

amino acidj in an infinitesimally short time intervatit,

is represented bl (dt). We would like to derive a tran- Ri =R =0 (j=1,...20)

sition probability matrix for a finite time, P(t), where

372, Pi(t) = 1(G = 1,...,20). Atime interval during R is related to the accepted mutation ma#isn Fig. 80

which one amino acid substitution occurs per 100 sites isf Dayhoff et al. (1978) by the following formula:
taken as a unit of time, and we consider a transition

probability matrixM for a unit time intervalP(1) = M. R, = Aij/(‘lTiA"TjA) (6)



wheren!* is the frequency of amino acidn the data set
used in constructing (given in Table 22 of Dayhoff et
al.). The matrixR represents relative rate of substitu-
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General Reversible Markov Model

By increasing the number of parametersRnwe can

tions, and its absolute value has no special meaningzonstruct various Markov models for amino acid substi-

Differing from the transition probability matrix, a sum-

tutions. Yang (1994) estimatet x 4transition matrices

mation of a row need not be 1. Because of this freedonof the most general reversible Markov model (REV

from the constraint, we can give the matrix easily.

model) of nucleotide substitution for primate-globin

The relative substitution rate for the Poisson model ispseudogenes and for primate mtDNA sequences.

_Ja(i#])
R={50i2) ™
Usually we takex = 1.
FromR, we can deriveM as follows:
20R;/s i #j)
20
M. = . .
7] 1-208 D) Ry/s (i =) ®
k=1
where
20 20
S= 2 z R,J (9)

Proportional Model

In the proportional model, which is an extension to
amino acids of the model for nucleotides proposed b
Felsenstein (1981p; is proportional to the frequency of
amino acidj, m; (where3?2; m; = 1), and the relative
substitution rate is identical with that of the Poisson
model (Eqg. 7). If the amino acid frequency of the data
under analysis is taken as, this means that the fre-
guency of the data is at the stationary state of the Marko
process. A higher abundance of an amino acid tha
others is interpreted to be due to higher substitutio
probability to the amino acid than to the others. The
transition probability matrixM for the proportional
model is given by

20
M. = . . 1
7] 18D mRds (i =]) (10)
k=1
where
20 20
i=1 j=1

\Igllzjaps and regions where the alignment was ambiguous

n

The relative substitution rate of the REV model of
amino acid substitution has 20 x19/2 minus 1 degree of
freedom, and is given by

wherer; = rj.

By using the transformation of Eq. 10, we can obtain
the transition probability matrik of the REV model for
a unit time interval. Provided the tree topology which
generated the nucleotide sequence data is known, we can
estimate the relative substitution rdgeby the ML, and
the procedure is given by Adachi (1995).

rg (i #J)
0 (i=))

i (12)

Sequence Data

The transition probability matrix of the REV model for
mtDNA-encoded proteins (the mtREV model) was esti-
mated through ML by using the complete mtDNA se-
quences from 20 vertebrate species (3 individuals from

yhuman) listed in Table 1. Only the 12 proteins encoded in

the same strand of mtDNA were used and NADH dehy-
drogenase subunit 6 (ND6) was omitted, because it is
coded on the complementary strand and thus has differ-
ent nucleotide and accordingly different amino acid com-
positions (Hasegawa and Kishino 1989). Positions with

were excluded. Overlapping regions between ATPase
subunits 6 and 8 and between ND4 and ND4L were also
excluded. The following protein-encoding regions were
used in this work: ND1 (3322-4050, 4054-4251 in the
numbering of Anderson et al., 1981), ND2 (4473-5180,
5184-5423, 5430-5447, 5451-5456, 5460-5471, 5475
5483), COI (5907-6350, 6354—7421), COIl (7589-7735,
7739-8245), ATPase8 (8369-8446, 84748497, 8501—
8503, 8507-8524), ATPase6 (8575-8607, 8644—8703,
8707-8880, 8884—-8985, 8989-9030, 9040-9081, 9088—
9204). COIll (9210-9272, 9276-9914, 9918-9920,
9924-9989). ND3 (10,092-10,109, 10,116-10,154,
10164-10,400), ND4L (10,476-10,496, 10,503-10,646,
10,659-10,757), ND4 (10,769-11,035, 11,039-11,677,
11,690-12,007, 12,011-12,127), ND5 (12,355-12,372,
12,469-12,933, 12,973-13,299, 13,303-13,680, 13,684—
13,827, 13,900-13,992, 13,996-14,028, 14,074-14,109),

By using this transformation, we can easily construct aand Cyt-b (14,750-15,598, 15,602—-15,880). The total

model dependent of.

number of deduced amino acid sites was 3,357.
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Table 1. List of data used in estimating the mtREV matrix

Species name Reference Database
Bos taurus Cow Anderson et al. 1982 V00654
Balaenoptera physalus Fin whale Amnason et al. 1991 X61145
Balaenoptera musculus Blue whale Anason and Gullberg 1993 X72204
Phoca vitulina Harbor seal _Anason and Johnsson 1992 X63726
Halichoerus grypus Grey seal Anason et al. 1993 X72004
Equus caballus Horse Xu and Anason 1994 X79547
Mus musculus Mouse Bibb et al. 1981 V00711
Rattus norvegicus Rat Gadaleta et al. 1989 X14848
Homo sapiens European Anderson et al. 1981 J01315
Homo sapiens Japanese (DCM1) Ozawa et al. 1991

Homo sapiens African (SB17F) Horai et al. 1995 D38112
Pan troglodytes Chimpanzee Horai et al. 1995 D38113
Pan paniscus Bonobo Horai et al. 1995 D38116
Gorilla gorilla Gorilla Horai et al. 1995 D38114
Pongo pygmaeus Orangutan Horai et al. 1995 D38115
Didelphis virginiana Opossum Janke et al. 1994 729573
Gallus gallus Chicken Desjardins and Morais 1990 X52392
Xenopus laevis Clawed frog Roe et al. 1985 X02890
Cyprinus carpio Carp Chang et al. 1994 X61010
Crossostoma lacustre Loach Tzeng et al. 1992 M91245
Oncorhynchus mykiss Trout Zardaya et al. 1995 L29771
Petromyzon marinus Sea laprey Lee and Kocher 1995 u11880

2Revised according to Horai et al. (1995)

Transition Probability Matrix of the mtREV Model

Figure 1 shows the unrooted tree (Cao et al. 1994; Horai
et al. 1995), among species from which complete

mtDNA sequences are available, assumed in the estima- African

tion of the transition probability matrix. The placing of European

lamprey in this figure is not the ML tree but the second Japanese

highest likelihood tree, and ((Birds, Mammals), (Xeno- Pan troglodytes

pus, Fishes), Lamprey) is the ML tree. However, since Pan paniscus

the difference of log-likelihood of this tree from that of Gorilla gorilla
Pongo pygmaeus

the ML tree is minor (9.6 + 15.6 whert 1 SEestimated

by the formula in Kishino and Hasegawa, 1989), we used Phoca vitulina

this biological tree. Since the branching order among Halichoerus grypus
Carnivora, Perissodactyla, and the Cetacea/Artiodactyla Equus caballus

clade cannot be resolved by the mtDNA data, it was left Bos taurus

as a trifurcation. Balaenoptera physalus

Starting from initial values oR and of branch lengths Balaenoptera musculus

t, we continued to iterate ML estimation & by the 1 Rattus norvegicus
Brent method and of by the Newton-Raphson method - Mus musculus
alternately until convergence was attained. An SERof Didelphis virginiana
was estimated from the second derivative of the likeli-
hood function by using the same procedure in the quasit
Newton method. Table 2 gives the estimated relative ) .
substitution rate matriR for the mtREV model with its ~ Cyprinus carpio
SE. We carried out the estimation starting from three Crossostoma lacustre
different initial matrices for Poisson, Dayhoff, and JTT ——— Oncorhynchus mykiss
and obtained the same estimate as shown in this table.
Therefore, we think that we found the global maximum, 57 sustitutions/site
not a local one, of likelihood. Table 3 gives the estimated_. . :
transition probability matrisM of the mtREV model for Flg_. 1. _ The unrootg(_j tree (Cao_ (_et al. 1994; Horai et al. 1995) _used in
o ] . o o estimating the transition probability matrix of Table 3. The horizontal
a unittime interval. The estimated transition matrix is NOtjength of each branch is proportional to the number of amino acid
sensitive to the assumed tree (Adachi 1995; Yang 1994 kubstitutions estimated by the ML method based on the mtREV model.

Ornithorhynchus anatinus
Gallus gallus
Xenopus laevis

Petromyzon marinus
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Table 3. Transition probability matrix; (x1CP) of the amino acid being replaced by the amino agiduring a time interval of one substitution
per 100 amino acids (1PAM) for the mtREV model, and average amino acid frequenoiethe mtDNA-encoded proteins

Ala Arg Asn Asp Cys Gin Glu Gly His
Ala 99,000 2 9 2 3 1 2 64 4
Arg 7 99,7% 4 0 7 51 0 13 38
Asn 17 2 98,905 134 2 31 17 25 114
Asp 7 0 279 99,410 0 14 135 32 34
Cys 35 20 14 0 99,290 9 0 18 41
GIn 2 38 49 10 2 99,261 73 4 148
Glu 7 0 28 105 0 75 99,634 11 12
Gly 82 4 18 11 2 2 5 99,774 0
His 10 25 159 23 9 132 10 10 99,260
lle 70 0 10 1 3 3 0 4 4
Leu 15 3 7 0 2 9 0 1 3
Lys 0 24 173 2 0 105 61 8 18
Met 86 0 13 0 0 12 0 1 0
Phe 6 1 3 1 4 7 0 0 10
Pro 35 5 28 2 1 31 2 0 11
Ser 246 1 179 11 18 15 13 64 16
Thr 315 1 72 5 10 22 3 5 14
Trp 0 4 4 2 2 0 0 4 2
Tyr 4 0 53 2 14 8 4 0 169
Val 112 1 4 0 0 3 5 2 0
T 0.072 0.019 0.039 0.019 0.006 0.025 0.024 0.056 0.028
lle Leu Lys Met Phe Pro Ser Thr Trp Tyr Val
84 35 0 63 5 26 243 380 0 2 67
0 23 29 0 3 14 5 2 6 0 3
22 30 102 17 4 39 327 161 3 44 4
6 1 3 0 4 4 42 24 2 3 0
42 60 0 0 40 8 200 140 10 75 0
10 57 98 25 16 68 43 78 0 11 5
0 0 59 0 0 4 39 12 0 6 9
6 2 3 1 0 0 81 7 2 0 1
13 17 15 0 21 21 40 44 2 198 0
98,398 465 2 216 40 6 23 285 0 9 461
241 99,142 2 244 118 20 49 90 8 12 33
8 12 99,342 34 5 22 60 102 8 15 1
354 772 15 98,047 42 8 73 408 6 9 155
57 328 2 37 99,343 8 42 23 2 124 2
10 62 10 7 9 99,583 100 69 1 4 3
28 116 20 54 36 76 98,631 452 8 16 0
283 172 27 247 16 60 369 98,287 4 8 80
0 48 6 12 5 3 21 12 99,866 7 2
23 62 10 14 227 7 34 22 6 99,336 2
918 128 0 188 3 4 0 160 2 2 98,467
0.087 0.168 0.023 0.053 0.060 0.055 0.072 0.088 0.029 0.033 0.044

Comparison Between the mtREV and
JTT-F Models

MtREV model to the mtDNA-encoded protein data.

Table 4 shows the difference of the transition prob-
ability matrix of mtREV model from that of the JTT-F
model. One of the most remarkable characteristics of the
The mtREV model can be compared with Jones, Taylortransition matrix for the mtREV model is that the tran-
and Thornton’s (1992) model of nuclear-encoded pro-sitions between Arg and Lys are very rare compared to
teins adjusted with the amino acid frequencies of thehose observed in nuclear-encoded proteins. The transi-
mtDNA-encoded proteins as the equilibrium frequenciegion probability of Arg » Lys for 1PAM in the mtREV
(JTT-F model; Cao et al. 1994; Adachi and Hasegawamodel is only one-fifth of that in the JTT-F model. The
1996). The log-likelihood of the tree in Fig. 1 for the SE of theR shown in Table 3 suggests that this differ-
MtREV model is -46,240, while that for the JTT-F ence is significant. This might be due to the difference
model is —47,039, showing much improved fitting of the between universal and mitochondrial genetic codes. In

the universal code, Lys can be substituted by Arg with a
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one-step change, while in the vertebrate mitochondrialable 5. Comparison of amino acid frequencies between mitochon-
code it requires a two-step change. Therefore, althougfia! and nuclear-encoded protetns
Arg and Lys are chemically similar (both are basic amino

: . i Mt code Mitochondria Nuclear Mt/nuc
acids) and hence are frequently substituted with each
other in nuclear-encoded proteins, ArgLys substitu- TP UGR 0.029 0.014 2.07
tions are much less frequent in vertebrate mitochondri v liJAUYY 06003630 0605420 11'0530
This probgbly e.xplain-s yvhy Arg is the second--mg.'f,t—Leu UUR, CUX 0.168 0.091 1.85
conservative amino acid in the mtREV model, while it is jie AUY 0.087 0.053 1.64
only the ninth-most-conservative in the JTT-F model.Met AUR 0.053 0.024 221
These observations demonstrate the importance of th¥? GUA 0.044 s 0.67
mutation-driven neutral evolution (Kimura 1983) under cex 0.072 0.077 0.94
) ) Pro CCX 0.055 0.051 1.08
the constraint of the genetic code. Gly GGX 0.056 0.074 0.76
The substitutions between chemically similar aminoThr ACX 0.088 0.059 1.49
acids with a one-step nucleotide change, such aief :,f\:\)((' AGY 5603*792 c?bofs? 01-;14
sn . . .
Val - lle, Ala o« Thr, Met o« Leu, lle « Leu, Asp GAY 0.019 0.052 0.37
Met o lle, S_erH Thr, and Phe- Leu, are very fre- g, CAR 0.025 0.041 0.61
guent both in the mtREV and the JTT-F models. InGlu GAR 0.024 0.062 0.39
agreement with the neutral theory (Kimura 1983), thisHis CAY 0.028 0.023 1.22
suggests that most of the amino acid substitutions ifYS — AAR 0.023 0.059 0.39
uti i ther th . “Arg CGX 0.019 0.051 0.37
evolution are conservative rather than progressive, ¢ UGY 0.006 0.020 030

(McLachlan 1971; Grantham 1974). Met Thr substi-
tutions are more frequent in the mtREV model than in®Average amino acid frequencies of the mtDNA-encoded proteins (the
the JTT-F model by 2.4-fold. Again, this might be due to mtREV model) and of the nuclear-encoded proteins (the JTT model)
peculiarities of the mitochondrial code, in which there
are two codons for Met, while there is only one in the

; the differences of the transition matrix between the
universal code.

- . MtREV and the JTT-F models are not necessarily inter-
The transition ,propab'“ty of 'PI’C.) (codon§: pretable in straightforward ways. Some of the differences
CCX) - Ala (GCX), in which transversion in a codon is jgnt pe due to the biased estimate of the JTT-F matrix
needed, for the mtREV model is only 0.26 of that for the j, e harsimony method (Collins et al. 1994; Perna and
JTT-F model. Increased nucleotide transition rate OfKocher 1995; Goldman 1990; Yang 1994), and some of
MtDNA relative to transversion rate (Brown et al. 1982) iha others might be due to the small sample size of the
might be responsible to this difference. Lower rates ofyai4 in estimating the mtREV matrix.
Val (GUX) - Leu (CUX, UUR) and Tyr (UAY) - Phe Table 5 gives amino acid frequencies of the mtDNA-
(UUY) and higher rates of Val (GUX}- lle (AUY) and  encoded proteins used in the estimation of the mtREV
Thr (AUX) « lle (AUY) (in spite of the decreased num- matrix (12 proteins) and of the proteins used in the es-
ber of codons for lle in mitochondria) in the MtREV timation of the JTT matrix which consist mainly of
mOde| than in the JIT-F mOde| m|ght aISO be due to th%uc'ear-encoded ones. Cys is scarce in the mtDNA-

difference of transition/transversion mutation ratio be-encoded proteins probably because this amino acid is not
tween mtDNA and nuclear DNA. However, not all the involved in disulfide bonds so often as in the nuclear-

differences between the mtREV and JTT-F model conencoded proteins, as mentioned before. The mtDNA-
form to this expectation. For example, transition prob-encoded proteins are mostly membranous, and probably
abilities of Pro (CCX)~ Leu (CUX, UUR), Pro for this reason, hydrophobic amino acids, such as Met,
(CCX) ~ Ser (UCX, AGY), Val (GUX) -~ Ala (GCX), Trp, Leu, lle, and Phe, are more abundant, and hydro-
and Phe (UUY)-~ Leu (CUX, UUR), which are philic amino acids, such as Arg, Lys, Glu, Asp, and GIn,
achieved by a transition, for the mtREV model are 0.37,are more scarce than in the nuclear-encoded proteins. Of
0.54, 0.55, and 0.81 of those for the JTT-F model, recourse, that Met and Trp are more abundant in the
spectively, and the probability of Lys (AAR) Asn  mtDNA-encoded proteins than in the nuclear-encoded
(AAY), which requires a transversion, is 1.84 times proteins might also be due to their having two codons in
higher. These differences are not interpretable. mitochondria and only one in the universal code. How-
Cys is the fourth-most-conservative amino acid in theever, in disagreement with the above expectation, the
JTT-F model, while it is only the tenth in the mtREV frequencies of hydrophobic amino acids, such as Val
model. This might be due to the fact that, since most of(codon: GUX) and Gly (GGX), are less in the mtDNA-
the mtDNA-encoded proteins are membranous, cysteinesncoded proteins than in the nuclear-encoded proteins.
in the mtDNA-encoded proteins are not involved in di- This might be due to the fact that the codons of these
sulfide bonds so often as in the nuclear-encoded proteinamino acids contain G, which is scarce in the L-strand of
in which globular proteins occupy a larger portion. All mtDNA (the 12 proteins used in this analysis are en-
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coded by the H-strand, and the mRNAs are complementhe model of nucleotide substitution, it must be noted that
tary to the H-strand). In agreement with this consider-the nucleotide frequencies of the third codon positions
ation, Val and Gly are three times more abundant inare significantly different even between closely related
ND6, which is encoded by the L-strand (G is abundant inspecies in Hominoidea (T is significantly more scarce
its MRNA) than in the 12 mtDNA-encoded proteins. Thisand C is more abundant in orangutan than in gorilla;
suggests that amino acid frequencies of the mtDNA-Adachi 1995), and that the reversible Markov model no
encoded proteins are governed not only by the structurallonger holds for these sites. One of the advantages of the
functional requirements of the individual proteins but ML method over the other existing methods in molecular
also by the bias and skewness of mtDNA caused by itphylogenetics is that, as is demonstrated in this work, we
asymmetric replication pattern (Tanaka and Ozawecan incorporate complexity in the pattern of substitution
1994; W.K. Thomas, personal communication). and can improve the model as the relevant data accumu-
late, because the method is based on an explicit model
(Thorne et al. 1992). The parsimony method is used
widely (Stewart 1993), but it is not based on the explicit
model, and therefore it suffers limitations in taking ac-
count directly of the complex pattern of the actual pro-
Previously, the JTT model for nuclear-encoded proteingess of evolution (Sidow 1994).
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