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ABSTRACT 
A statistical method was developed for reconstructing the nucleotide or  amino acid sequences of 

extinct  ancestors, given the phylogeny and sequences of the  extant species. A  model of nucleotide or 
amino acid substitution was employed to analyze data of the present-day sequences, and maximum 
likelihood estimates of parameters such as branch lengths were used to  compare  the posterior probabili- 
ties of assignments of character states (nucleotides or amino acids) to  interior nodes of the tree; the 
assignment having the highest probability was the best reconstruction at  the site. The lysozyme c se- 
quences of  six mammals were analyzed by using the likelihood and parsimony methods. The new 
likelihood-based method was found to be superior  to  the parsimony method.  The probability that  the 
amino acids for all interior nodes at a site reconstructed by the new method  are  correct was calculated 
to be 0.91, 0.86, and 0.73 for all, variable, and parsimony-informative sites, respectively, whereas the 
corresponding probabilities for  the parsimony method were 0.84, 0.76, and 0.51, respectively. The 
probability that  an  amino acid in an ancestral  sequence is correctly reconstructed by the likelihood 
analysis ranged  from 91.3 to 98.7% for the  four ancestral  sequences. 

I T was suggested many  years ago that  amino acid se- 
quences of present-day species may be used to re- 

construct  sequences of their  extinct ancestors (e.g., 
PAULING and ZUCKERKANDI, 1963; ECK and DAYHOFF 
1966: 161-202). The usefulness of reconstruction of 
ancestral sequences has been well recognized by evolu- 
tionary biologists (PAULING and ZUCKERKANDL 1963; 
MADDISON and MADDISON 1992; SWOFFORD 1993; LIBER- 
TINI and DI DONATO 1994; STEWART 1995). For exam- 
ple, MALCOLM et al. (1990), ADEY et al. (1994), STACK- 
HOUSE et al. (1994), andJERMANN et al. (1995) used the 
parsimony approach to infer  amino acid sequences of 
extinct ancestral species and synthesized the  genes in 
the laboratory by site-directed mutagenesis, and pro- 
duced the  gene  products  (proteins) in bacterial or cul- 
tured cells. The physico-chemical properties and physi- 
ological functions of these molecules were then  studied, 
with a number of interesting findings (see STEWART 
1995 for  a review). Reconstruction of ancestral se- 
quences also makes it possible to infer  the evolutionary 
pathway  of nucleotide or  amino acid substitution at 
each site of the  sequence, and this is useful for  identi- 
fylng specific nucleotide or amino acid changes  that 
caused a  functional  change of the  gene  and for de- 
tecting  convergent evolution or positive  Darwinian  se- 
lection at  the  nucleotide or amino acid level (e.g., STEW- 
ART et al. 1987; SWANSON et al. 1991). 

In the  inference of ancestral sequences,  the  method 
of maximum parsimony has been used almost exclu- 
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sively (see the references mentioned  above).  The 
method assigns character states (nucleotides or amino 
acids) to the  interior  nodes of the  tree such that  the 
number of character-state changes along  the  tree  at 
each site is minimized. Algorithms for  reconstructing 
ancestral character states under this criterion have been 
developed by FITCH (1971) for  rooted bifurcating trees 
and by HARTIGAN (1973) for  general  tree topologies 
(see also EcKand DAYHOFF 1966; MADDISON and MADDI- 

SON 1992; SWOFFORD 1993). However, the accuracy of 
the  reconstruction is usually unknown, except  for  the 
fact that  the  reconstruction will be reliable if the se- 
quences  are closely related. As parsimony generally fails 
to take into  account biased substitution rates between 
nucleotides or amino acids and different  branch 
lengths  in  the  tree,  there is concern  about  the reliability 
of the parsimony reconstruction ( . g . ,  COLLINS et al. 
1994).  Furthermore, parsimony often suggests  many 
equally-best reconstructions at a site, and  there is no 
natural way of choosing one of them. 

In stochastic models used in the maximum-likelihood 
method of phylogenetic analysis, character states in an- 
cestral sequences are  regarded as random variables 
(e.g., FELSENSTEIN 1981; GOLDMAN 1990). They do  not 
appear  in  the likelihood function and  are normally not 
estimated. However, the major reason for  the lack of a 
probabilistic approach to character  reconstruction 
seems to be the  perception  that  there are a  great many 
possible reconstructions  at  a site so that  choosing one 
of  them would be unlikely to be  correct. For example, 
an  (unrooted)  tree of 10 amino acid sequences has 
eight  interior  nodes, so that  at each site there  are 20' 
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= 2.56 X 10" possible assignments of amino acids to 
the interior nodes. A  method  that assigns amino acids 
to the  interior  nodes  at  random would  have a probabil- 
ity 0.39 X 10"' of being correct. 

At any rate, knowledge  of the ancestral sequences is 
of great biological importance, and it is worth knowing 
how accurate  the  reconstruction can be and what  fac- 
tors are  important  in  influencing  the accuracy of recon- 
struction with real data sets. In this paper we propose 
a model-based likelihood approach to reconstructing 
ancestral sequences. The  method follows standard sta- 
tistical theory: given the  data  at  the site, the  conditional 
probabilities of different  reconstructions can be com- 
pared and the  reconstruction having the highest condi- 
tional probability is the best estimate at the site. The 
method allows calculation of the probability that  the 
reconstruction  at  a site is correct, which provides a  natu- 
ral measure of the accuracy of the  reconstruction. Real 
data will be analyzed to evaluate the accuracy of both 
the new method of this paper  and  the parsimony 
method  and to identify factors accounting  for  the differ- 
ences between the two methods. The robustness of 
character reconstruction to the assumed substitution 
model will also be  examined  through analysis  of the 
example  data set. 

THEORY 

The problem: The data consist of aligned nucleotide 
or amino acid sequences of extant species, all gaps be- 
ing  excluded. The phylogenetic tree linking the species 
will be assumed to be known, and  the tree of Figure 1 
will be used as an example  to develop the theory, where 
external  nodes  1-6  represent  extant species whereas 
interior  nodes 7-10 are  extinct ancestors. Amino acid 
sequences will be  considered,  but  the  method can be 
applied to nucleotide  sequences as  well. The constancy 
of substitution rates among lineages ( i .e . ,  the assump- 
tion of a molecular clock) is not assumed and thus 
unrooted trees are used (e.g., FELSENSTEIN 1981). The 
branch  length in the  tree is measured by the average 
number of amino acid substitutions per site and repre- 
sents the  amount of evolution that has occurred  along 
the  branch. The substitution rate is assumed to be the 
same for all  sites. 

Let the  data  at  a site be represented by x = (xl, x.~, 
G ,  xq, x5, x,=J, where x z ( i  = 1, 2, . . . , 6) stands for  the 
amino acid in the ith extant  sequence  at  the site. Let y 
= (y,,  ys, B, ylo} be a set of amino acids assigned to the 
interior  nodes of the  tree, where y,( i = 7, 8, . . . , 10) is 
the  amino acid for the ith node of the  tree (Figure 1). 
We  will refer to y as an  amino acid assignment or a 
reconstruction at the site. Together with data x at  the 
site, y will specify the evolutionary history at  the site. 
Our purpose is to estimate (reconstruct) y when x is 
given. 

Parsimony reconstruction: The parsimony method 

4rat 0 

I 5 cow (v) 

6 horse (v) 

FIGURE 1.-Biological tree  (unrooted) of langur (Presbytis 
entellus), baboon (Papio cynocephalus), human (Homo sapiens), 
rat (Rattus noruegicus), cow (Bos taurus), and horse (Equus 
caballus) for  the lysozyme c sequences of STEWART et al. (1987). 
Branch  lengths,  measured as the average number of amino 
acid substitutions per site, were estimated by the maximum- 
likelihood approach  under  the empirical  model of amino acid 
substitution ofJONES et al. (1992);  the estimates are i, = 0.081, 
& = 0.033, $4 = 0.064, & = 0.288, f = 0.240, .& = 0.630, f; = 
0.106, f = 0.010, and & = 0.021. The log-likelihood of this tree 
is e = -1043.99. The maximum-likelihood topology, which is 
incorrect  and which is also the maximum-parsimony tree, is 
((rat,  horse),  human,  (baboon,  (langur,  cow))), with a  much 
higher log-likelihood value ( e  = -1031.60). The  amino acid 
compositions at site 2 of the six sequences are shown in paren- 
theses, together with the single parsimony assignment of 
amino acids to  the  interior nodes (7, 8, 9,  and  10). This 
is also the best reconstruction  according to  the maximum- 
likelihood analysis, although  it is not very reliable as its poste- 
rior probability is only 0.563. 

assigns amino acids to the  interior  nodes to minimize 
the  number of amino acid changes at  the site along all 
branches of the  tree. For example,  the  data at site 2 of 
the lysozyme c sequence of STEWART et al. (1987) can 
be represented by xI~x3x4x5% = IIVTW (Figure l ) ,  
where the  one-letter  code of amino acids is used. The 
reconstruction y7y8y9ylo = Vvrv involves  two changes 
along  branches 8-9 and 7 4  and is the single most  parsi- 
monious  reconstruction; any other assignment of 
amino acids to the  interior nodes requires  more  than 
two changes. At other variable sites, there is often  more 
than one reconstruction at a site that requires the same 
minimum number of changes. Although it is quite easy 
to count  the  number of changes required  for  a particu- 
lar reconstruction  at each site, enumerating all and only 
reconstructions  that  require  the minimum number  of 
changes is much  more complicated; algorithms for  do- 
ing this  have been developed by FITCH (1971) and HAR- 
TlGAN (1973). 
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Likelihood  reconstruction: A likelihood analysis  re- 
quires  formulation of a probabilistic model  for  amino 
acid substitution. Estimates of parameters in the  model 
such as branch  lengths of the  tree will be used to evalu- 
ate  the possible reconstructions. We use the empirical 
model of amino acid substitution derived byJONES et al. 
(1992)  from analyzing the SwissProt  Release  22 protein- 
sequence data. This is an  update to the empirical matrix 
of amino acid substitution probabilities of DAYHOFF et 
al. (1978) (see KISHINO et al. 1990 for  implementation 
of the model in the maximum-likelihood framework). 
Let 7 r L  be the equilibrium frequency of amino acid i, 
and P,( t)  be  the transition probability from  amino acid 
i to j during time t according to the  model ofJONEs et 
al. (1992). As the empirical model  does not involve 
any free  parameters,  the  parameters  in  the  model  are 
branch  lengths  in  the  tree and will be denoted 0 = Itl, 

With the  root of the  tree fixed (arbitrarily)  at  the 
interior  node 7 (Figure l),  we can calculate the  proba- 
bility  of observing data x as a sum over  all  possibilities 
of y (see, e.g., FELSENSTEIN 1981): 

h ,  t:+ t4, 4 ,  k ,  t7, k ,  6 1  (see Figure 1). 

where fly) represents  the  prior probability of y and 
f(x (y;0) is the  conditional probability of observing x 
given y. The notation fix;@ implies that f is a  function 
of x with 0 to be the  parameters. The quantity in the 
square  bracket is the  contribution by the assignment 
y7y&ylO to  the probability, f(x;e), of observing the  data 
(x) and is equal to the probability of observing amino 
acid y7 at  node 7, which is the  equilibrium  frequency 
(7rY7) of amino acid y7, times the transition probabilities 
along  the  nine  branches in the  tree (Figure 1). Under 
the assumption of independent substitution among 
sites, the probability of observing the whole sequence 
data, i e . ,  the likelihood function  for estimating 0, is the 
product of f(x;0) over  all  sites. 

When we are interested  in estimating y (the ancestral 
character states at  the  site), we study the  conditional 
probability of y given data x: 

Since y is discrete, we estimate y by maximizing this 
conditional probability. We designate this estimate as 
9. Intuitively, the  amino acid assignment that makes the 
greatest contribution to the probability of observing the 
data  at  a site will be the best reconstruction  at  the site. 
Parameters 0 in (2) have to be  replaced by their esti- 
mates, and  the maximum-likelihood estimates are used 
in this paper;  the  method  then has an empirical Baye- 
sian interpretation (M~luTz  and LWIN 1989). 

Reconstruction of ancestral sequences by (2) is 
closely related to the  method of YANC and WANC (1995; 
see also YANG 1995a) for estimating (predicting) substi- 
tution rates at  nucleotide sites when these rates are 
assumed to be gamma distributed (YANG 1993, 199413, 
1995a). In both cases, we are interested  in knowing the 
realized values  of certain  random variables in the 
model, and  the  conditional  distribution of the  random 
variables  given the  data is used to provide the best esti- 
mation. The rates for sites are continuous  random vari- 
ables and  are  thus estimated by the  conditional  mean 
of rates given the  data or  the regression of the rates on 
the  data. This estimator has the highest correlation with 
the  true  rate (YANC and WANC 1995).  In  the  current 
context,  the ancestral amino acids are discrete random 
variables in the  model and  are estimated by maximizing 
the posterior probabilities. 

Accuracy of a  reconstruction  at  a  site: The posterior 
probabilityf(jr1 x;@ measures the accuracy of the recon- 
struction ( j r )  at sites  with data x. The overall  accuracy 
can be calculated as an average of this  over x's at differ- 
ent sites. That is, 

Prob(9 is correct) = f(x)f(EI x; 0). ( 3 )  
x 

To  understand  the meaning of this measure of accu- 
racy, consider  a  computer simulation of sequence evo- 
lution. Suppose that  the  sequence  at  the  root of the 
tree is generated by using the equilibrium amino acid 
frequencies and is then allowed to "evolve" along  the 
tree under a given substitution model with specified 
values  of parameters (e.g., GOLDMAN 1993; YANG 
1995b).  The ancestral sequences  are  recorded in the 
simulation, and the  sequences of extant species are 
used to reconstruct  the ancestral sequences by (2). 
Equation  3 is then  equal to the probability that  the 
reconstructed ancestral amino acids at  a site are identi- 
cal to the  true  amino acids at  the site recorded in the 
simulation. Note that (2) generates  the same ancestral 
amino acids if the  data  at  different sites are  the same, 
but  the same data can be generated by different (true) 
ancestral amino acids at  different sites during  the simu- 
lation. 

Strictly speaking, the measure of accuracy given by 
(3) should be calculated by enumerating all  possibilities 
for x, but this  would require extensive computation. A 
simpler approach,  adopted in this paper, is to use the 
observed frequencies of different site patterns (x). This 
approach is expected to be reliable, especially if a realis- 
tic substitution model is used in the analysis. Other 
interesting measures are  the accuracy of reconstruction 
at  the variable (polymorphic) sites only or  at  the parsi- 
mony-informative sites, i.e., sites at which at least two 
different  amino acids are observed across the se- 
quences, each present  at least twice (NEI 1987: 
315-316). The accuracy of a  reconstruction by the 
parsimony method (7) can be similarly defined: 
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Z, f(x)f(y 1 x;@. When two or more equally-best recon- 
structions are  obtained by parsimony at  a site, the accu- 
racy at  the site is calculated as the average of these 
equally-best reconstructions. This is equivalent to the 
practice of regarding  the  method as being 10% correct 
in the  computer simulation if one of the 10 equally- 
best reconstructions is correct. 

Computational  methods: In calculating f(x;0), the 
summation signs in (1) can be moved rightward, so that 
an iterative algorithm can be devised; this technique 
was termed  the  pruning algorithm by FELSENSTEIN 
(1981). After maximum-likelihood estimates of 0 are 
obtained, (2) can be used to evaluate the possible  re- 
constructions at each site. Unlike the parsimony recon- 
struction,  for which efficient algorithms are available, 
the likelihood reconstruction has to rely on comparison 
of f(yIx;0) for  different values  of y. There  are 204 = 
160,000 possible reconstructions  at each site for  the 
tree of Figure 1, and this number increases explosively 
with the  number of interior  nodes of the  tree. However, 
it is unnecessary to enumerate all  possibilities for y, 
since most  of the  reconstructions have  vanishingly  small 
probabilities. For instance, there is little point in evalu- 
ating  reconstructions involving amino acids that  are  not 
observed at  the site in any species. Furthermore,  the 
parsimony reconstruction  produces  a set of equivocal 
character states for each interior  node (e.g., MADDISON 

and MADDISON 1992). Use  of these equivocal states con- 
siderably reduces  the number of possible reconstruc- 
tions to be evaluated. The calculation will become even 
faster if the most-parsimonious reconstructions only are 
evaluated. 

Assignment of a  character  state  at  a  given node: The 
posterior probability for an amino acid assignment to 
a particular interior  node can be  obtained by summing 
the  contribution to the probability of observing data  at 
the site ,f(x;0) over all reconstructions at  the site that 
assign the same amino acid to the  node. For instance, 
the posterior probability that node 10 in  the  tree of 
Figure 1 has valine (Val) at  a site  with data x is 

.f(y1,, = Val I x; 0) = 
CY:y,"'"al f(y)f(x I y; 0) 

f ( x ;  0) 
' (4) 

The best assignment at  a  node will be  the  amino acid 
that has the highest posterior probability. It is possible 
for  the best amino acid assignment at  a  node  obtained 
by (4) to be different  from  the  amino acid assigned for 
the  node in the best reconstruction  obtained by (2). 
However, such cases are  rare,  and in this paper (2) is 
used to reconstruct  the ancestral sequences, while (4) 
is used to provide another useful measure of the accu- 
racy  of the  reconstruction.  It is apparent  that sequences 
at  different ancestral nodes  are  reconstructed with  dif- 
ferent accuracy, and  that  the reconstruction of  all ances- 
tral amino acids (y7yH~~yl0 )  at a site [given by (3)]  cannot 
be more reliable than  the assignment at any of the 
interior  nodes (say, ylo) [given by (4)]. 

In theory, the  method can also  be used to reconstruct 
sequences  in  extinct species that have not left extant 
descendants (ie., dinosaurs). Suppose that  the  human 
sequence at  node 3 of Figure 1 is not available.  Analysis 
of the  remaining five sequences will lead to estimates 
of tl, 4,  . . . , and k + &. Branching dates estimated 
from other sources such as  fossil records can be used 
to provide estimates of k (and thus 6) and 5 .  The condi- 
tional probability of the  character state at  node  3  at  a 
site with data x is 

f(y3Ix; 0) = Cf(yslx; 0)py8y3(t3). (5) 
Yx 

This probability can be evaluated at  different values  of 
y3 to obtain  the best assignment at  node 3.  Most often, 
the most likely amino acid at  node 3 will be identical 
to that  at node 8, but  the accuracy of the reconstruction 
at  node 3 will be lower than  that  at  node  8. 

ANALYSIS OF AN EXAMPLE DATA  SET 

Data: The amino acid sequences of  lysozyme c of 
langur,  baboon, human, rat, cow, and horse (STEWART 
et al. 1987) were analyzed. The horse  sequence involves 
a  deletion  at site 70, and  the cow sequence lacks an 
amino acid at site 103. These two sites  were removed, 
with 128 amino acids left in each sequence. The biologi- 
cal tree relating these species is shown in Figure 1. 
Maximum-likelihood estimates of branch lengths sug- 
gest a large amount of evolution along  the  horse lineage 
and a  greater  rate of substitution along  the  langur lin- 
eage than in other primates. The langur and cow se- 
quences  are similar; both likelihood and parsimony 
methods of phylogenetic tree  reconstruction  produce 
an incorrect  tree with the  langur and the cow forming 
a sister clade. In  many mammals such as humans and 
rats, lysozyme c exists  mainly in secretions like tears 
and saliva,  as  well  as in white blood cells and tissue 
macrophages, where its function is to fight invading 
bacteria. Colobine monkeys (such as the  langur)  and 
ruminants  (such as the cow)  have fermentative foreguts, 
where high levels  of  lysozyme c are present and where 
its function is to digest bacteria that pass from the fore- 
guts into  the  true  stomach. STEWART et al. (1987; see 
also SWANSON et al. 1991) suggested that  the similar 
distribution and function of  lysozyme c in colobine 
monkeys and ruminants may have led to similar selec- 
tive pressure on  the enzyme, and that positive  Danvin- 
ian selection may account  for  the observed similarity  in 
the lysozyme c sequences of the cow and the  langur. 

Reconstruction of ancestral amino acids at  individual 
sites: The  method developed in this paper  and  the par- 
simony method were applied to the lysozyme c data to 
reconstruct pathways  of amino acid substitution for 
each site in the  sequence.  In  the parsimony analysis, 
the algorithm of HARTICAN (1973) was used to deter- 
mine the minimum number of changes and all  most- 
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parsimonious reconstructions at each site. The results 
are given in  Table 1, where the most-parsimonious re- 
constructions  are shown in boldface. Reconstructions 
shown in column  4  (additional parsimony reconstruc- 
tions) have posterior probabilities lower than  5%. The 
number of  equally-best parsimony reconstructions  at  a 
site  shown here is generally smaller than  that  obtained 
by using the MacClade program (MADDISON and MAD- 
DISON 1992), as  MacClade seems to work  with rooted 
trees only. 

In the likelihood analysis, the  branch  lengths of the 
biological tree were estimated by using the empirical 
model of amino acid substitution ofJONES et al. (1992) 
and  are shown in Figure 1. Equation  2 was then used 
to compare  different reconstructions. Because of the 
small  size  of the  data, we evaluated all reconstructions 
that can be generated by assigning all observed amino 
acids at  a given  site to each interior  node. Table 1 shows 
only  sites at which the  reconstructions have posterior 
probabilities in  the  range of  0.05-0.95.  Sites not shown 
in  the table include 46 invariant sites at which  all species 
have identical  amino acids and some sites at which  only 
one species has a  different  amino acid. For these sites, 
there was a single parsimony reconstruction, which was 
also the best reconstruction by the likelihood method 
and  had  a very high probability (>0.95) of being cor- 
rect. 

Although the two methods  agree with each other  at 
the invariant sites, substantial differences exist at  the 
more-variable sites between the parsimony and likeli- 
hood  reconstructions  (Table 1). First, when parsimony 
suggests one single reconstruction, it may not  be reli- 
able. For example, site 2 has data  IIVTW (Figure l),  
and  the single most-parsimonious reconstruction vvlv 
requires  a  minimum of two changes: one change of V 
tf I along  branch 8-9 (with length 0.021) and  another 
of V tf T  along  branch 7-4 (with length 0.288). This 
reconstruction has posterior probability 0.563 and is 
not very reliable. The second  reconstruction (IIIV) re- 
quires  three  changes and has posterior probability 
0.203. The third  reconstruction (1111) requires  four 
changes ( i e . ,  I tf V, I tf T, I tf V, and I tf V  along 
branches 8-3,  7-4,  10-5, and 10-6,  respectively) and has 
a  posterior probability of  0.179. This probability is quite 
high and is  clearly due to the  higher substitution rate 
between Ile (I) and Val (V) and between Ile (I)  and  Thr 
(T) than  that between Val (V) and  Thr  (T) according to 
the substitution model of JONES et al. (1992),  and  due 
to  branches 10-5 and 10-6 being very long (Figure 1). 
More extreme cases include site 23, at which the two 
most-parsimonious reconstructions have a total poste- 
rior probability of  0.267, and site 117, at which the 
single most-parsimonious reconstruction has only 
18.5% chance of being  correct. 

Furthermore, parsimony often suggests  many  equally- 
best reconstructions, while some of them  are  much 
more likely than  others  according to their  posterior 

probabilities. For example,  at site 14, parsimony sug- 
gests three most-parsimonious reconstructions, each re- 
quiring  three changes. However, the posterior probabil- 
ities suggest that one of them, R R R R ,  is actually much 
more reliable than  the  other two and is more reliable 
than  the single most-parsimonious reconstruction at 
site 2. As explained in Table 2, the  three reconstruc- 
tions all  involve one R tf K change  along  the  branch 9- 
1 of Figure 1, but  the first reconstruction ( R R R R )  
requires two additional  frequent  changes (R * K and 
R tf A) along two long  branches, while the  third  recon- 
struction ( R R R A )  requires two additional  rare changes 
(R * A and A tf K) along two short  branches, so that 
their  posterior probabilities are 150 times different. 

The accuracy of the  reconstruction by the likelihood 
analysis is calculated to be 0.908 when all  sites  in the 
sequence  are  considered, is 0.856 for  the variable (poly- 
morphic) sites only, and is 0.733 for  the parsimony- 
informative sites only. The probabilities for  the parsi- 
mony reconstruction  are  0.843,0.755, and 0.512 for all, 
variable, and parsimony-informative sites, respectively. 
At the invariant or less variable sites, the two methods 
most often  produce identical results and  the accuracy 
of the  reconstruction is also  very high. At the  more 
variable sites, the  reconstruction is not very reliable for 
any method,  but  the likelihood reconstruction is never- 
theless much  more reliable than  the parsimony recon- 
struction. 

Assignment of amino  acids to interior  nodes of the 
tree: Calculation of the posterior probabilities by (4) 
for  an  amino acid assignment to a given interior node 
would require  enumeration of  all evolutionary pathways 
at  the site, which means excessive computation.  Instead, 
we evaluate only the likely reconstructions, i.e., those 
that can be generated by assigning all observed amino 
acids at  the site to each interior  node.  The posterior 
probabilities for all amino acid assignments to the  node 
are  then slightly underestimated, and  the comparison 
among  them will not be seriously affected. The results 
are shown in  Table 3. Without exception,  the best 
amino acid assignments to the  interior  nodes (Table 3) 
are compatible with the likelihood reconstructions  at 
the site  shown in Table 1. However, Table 3 provides 
information as to which nodes  are responsible when 
the  reconstruction is unreliable. For example,  the best 
reconstruction  at site 2 (with data I I V T W )  is VVIV, 
with probability 0.563 [by (2)].  The posterior probabili- 
ties for  the  amino acid assignment calculated by (4) are 
0.612 for  V (Val) at  node 7, 0.602 for  V (Val) at  node 
8, 0.958 for I (Ile)  at  node  9,  and 0.817 for V (Val) at 
node 10. S o  the  amino acid at  node 9 is quite likely to 
be Ile (I) although  the  reconstruction  for all interior 
nodes at  the site  is not so reliable. The overall accuracy 
for  the  entire  sequence  inferred by the likelihood analy- 
sis  is estimated to be 0.974, 0.982,  0.987, and 0.913, for 
nodes 7,8,9,  and 10 in the  tree of Figure 1, respectively. 
In  other words, the  error rate  for  the  four  reconstructed 



1646 Z. Yang, S. Kumar and M. Nei 

TABLE 1 

Reconstructions of ancestral amino acids by the  likelihood  and parsimony methods 

Additional parsimony 
reconstructions 

# paths 
(# changes) 

Reconstructions y7ysysy10 and their  posterior 
probabilities (in  parentheses) 

W I V  ( 0 . 5 6 3 ) ,   I I I V   ( 0 . 2 0 3 ) ,  1111 ( 0 . 1 7 9 )  
RRRR ( 0 . 7 2 1 ) ,  RRRK ( 0 . 2 4 9 )  
mLM ( 0 . 8 4 7 ) ,  LLLL ( 0 . 0 7 7 )  
RRRR ( 0 . 8 1 9 ) ,  RRRK ( 0 . 1 4 1 )  

Site 

2 
14 
17 
21 

I IVTW 
KRRRKA 
LLMMLM 
KRRYKG 

RRRA 

23 V I  IVVY 1111 ( 0 . 5 4 2 ) ,  VVw ( 0 . 1 8 4 ) ,   I I I V   ( 0 . 1 6 6 ) ,  

vvw ( 0 . 9 1 1 )  
AAAA ( 0 . 8 9 8 ) ,  AAAT ( 0 . 0 9 4 )  
NGGN ( 0 . 2 4 5 ) ,  GGGS ( 0 . 2 4 4 ) ,  GGGG ( 0 . 1 9 1 ) ,  

VIIV ( 0 . 0 8 3 )  

SGGS ( 0 . 0 9 6 )  
QQQQ ( 0 . 4 0 4 ) ,  QQQK ( 0 . 3 3 1 ) ,  QQQR ( 0 . 1 2 5 ) ,  

GGGG ( 0 . 5 3 3 ) ,  GGGS ( 0 . 3 3 8 ) ,  GGGA ( 0 . 1 1 4 )  
DDDD ( 0 . 4 4 5 ) ,  DDDN ( 0 . 4 0 1 ) ,  DDDs ( 0 . 1 3 4 )  
QQQE ( 0 . 5 0 2 ) ,  QQQQ ( 0 . 4 0 6 )  
RRRK ( 0 . 6 4 8 ) ,  RRRR ( 0 . 3 3 5 )  
GGGG ( 0 . 4 1 6 ) ,  GOON ( 0 . 2 8 6 ) ,  GGGS ( 0 . 2 2 8 )  

RRQR ( 0 . 0 9 0 )  

29 
32 
37 

VVMVLV 
AAAATA 
GDGNSN 

41 EQRQKR RRER, RRRR 

48 
49 
50 
62 
72 

GGGGSA 
DDDDSN 
EQRQEG 
RHRRKK 
GGGRNS NGGN,  RGGN, RGGR, RGGS, 

SGGS 
75 
76 
79 
83 
85 
86 
87 
88 
90 
91 
98 
99 

101 
102 
107 
113 

DNNNDN 
AAAAGA 
I I L I V I  
AAAAEK 
LLLLML 
QQQQED 
NDDDNE 
NNNDDN 
ATATAD 
DDDQKD 
RRRRKR 
VVWIV 
SSRRSR 
DDDDED 
RRRRTS 
RRRQKV 

NNNN ( 0 . 9 2 7 ) ,  NNND ( 0 . 0 6 8 )  
AAAA ( 0 . 9 3 7 ) ,  AAAG ( 0 . 0 5 3 )  
1111 ( 0 . 8 6 7 ) ,  I I I V  ( 0 . 1 2 5 )  
AAAE ( 0 . 5 0 7 ) ,  AAAA ( 0 . 3 6 5 ) ,  AAAK ( 0 . 0 6 6 )  
LLLL ( 0 . 9 2 0 ) ,  LLLM ( 0 . 0 7 6 )  
QQQE ( 0 . 7 0 6 ) ,  QQQQ ( 0 . 2 3 8 )  
DDDD ( 0 . 8 9 8 ) ,  DDDN ( 0 . 0 6 9 )  
NNNN ( 0 . 8 5 7 ) ,  DNND ( 0 . 0 7 5 ) ,  NNND ( 0 . 0 6 2 7 )  
AAAA ( 0 . 9 0 6 )  
DDDD ( 0 . 8 8 8 )  
RRRR ( 0 . 9 0 8 ) ,  RRRK ( 0 . 0 9 1 )  
VVW ( 0 . 8 5 0 ) ,  VWI ( 0 . 1 4 6 )  
RRSR ( 0 . 8 7 4 )  , S S S S  ( 0 . 0 9 1 )  
DDDD ( 0 . 8 9 6 ) ,  DDDE ( 0 . 1 0 2 )  
RRRT ( 0 . 4 0 5 ) ,  RRRR ( 0 . 3 1 8 ) ,  RRRS ( 0 . 2 0 6 )  
RRRR ( 0 . 6 7 8 ) ,  RRRK ( 0 . 2 6 4 )  

QQQD 
DDDE 

114 NNNRSK NNNN ( 0 . 8 1 0 ) ,  NNNS ( 0 . 1 1 3 )  

117 QQQKRK QQQQ ( 0 . 3 4 4 ) ,  QQQR ( 0 . 2 8 3 ) ,  KQQK ( 0 . 1 8 5 ) ,  
QQQK ( 0 . 1 0 7 ) ,  RQQR ( 0 . 0 5 2 )  

NNND ( 0 . 7 2 9 ) ,  NNNN ( 0 . 2 6 3 )  
RRRR ( 0 . 8 8 1 ) ,  RRRH ( 0 . 0 6 8 )  
QQQQ ( 0 . 7 2 4 1 ,  QQQE ( 0 . 0 7 8 )  I QQQS ( 0 . 0 5 4 )  

118 
119 
123 

NNNNDD 
KRRRHK 
QQQGSE 

126 KQQREA 

129 
130 

GGGGTN 
VVWLL 

GGGG ( 0 . 3 7 4 ) ,  GGGT ( 0 . 2 3 3 ) ,  GGGN ( 0 . 1 6 2 )  
VWL ( 0 . 7 7 8 ) ,  VVW ( 0 . 1 9 3 )  

The lysozyme c sequences of langur,  baboon,  human,  rat, cow, and horse were analyzed, and site refers to  the  numbering of 
STEWART et al. (1987). Data at a site (x1x2x3x4x5x,J are  the  amino acid compositions  in the six extant species (ie., at  nodes 1-6 
in the tree of Figure l),  while the reconstruction (y7y8ysylo) is specified by the  amino acids at  interior  nodes 7-10 in the  tree of 
Figure 1. Only reconstructions that have posterior  probabilities  in the  range 0.05-0.95 for the likelihood method  are shown, 
and sites at which no reconstruction  has probability in this range  are  not shown. The best reconstruction by the  likelihood 
method is the first reconstruction in column 3. Equally-parsimonious reconstructions are shown in boldface. No. of paths and 
No. of changes  refer to  the  number of most-parsimonious reconstructions at  each site and  the minimum number of substitutions 
required for each of these  reconstructions at  the site. 
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TABLE 2 

Three  most-parsimonious  reconstructions  and  their  posterior  probabilities (in parentheses) 
for  site 14 of the  lysozyme  sequence  data 

Number Reconstruction Inferred changes and  concerned  branches 

1 RRRR R-K, 9-1 R-K, 10-5 R-A, 10-6 

2 RRRK R-K, 9-1 R-K, 7-10 K-A, 10-6 

3 RRRA R-K, 9-1 R-A, 7-10 A-K, 10-5 

(0.721) (6.46) (0.081) (6.46) (0.240) (0.58) (0.630) 

(0.249) (6.46) (0.081) (6.46)(0.106) (0.35) (0.630) 

(0.005) (6.46) (0.081) (0.58) (0.106) (0.35) (0.240) 

The  amino acid compositions at  the site are KRRRKA (Table 1). The  tree topology and estimates of branch 
lengths are shown in Figure 1. The  number in the  parentheses (A,) below the  amino acid difference  measures 
the “exchangeability” between the two amino acids i and j ,  with the  mean  to be one, calculated from  the 
empirical model of amino acid substitution of JONES et al. (1992); 4, = A,]T, (with A, = Alt) is the rate of 
substitution from  amino acid i to j ,  where rj is the equilibrium  frequency of amino acid j .  The  length of the 
branch is shown below the  branch,  along which the  change is supposed to occur. 
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ancestral sequences  ranges  from 1.3 to 8.7%. Node 10 
is related with the  extant species by long  branches, and 
the  reconstructed  sequence  for this node is much less 
reliable than those for  other nodes. 

DISCUSSION 

Positive  selection and convergent  evolution: In  the 
case  of  lysozyme c, STEWART et al. (1987: Figure 1) iden- 
tified seven sites at which the same amino acid arose 

independently  along  the lineages leading to the cow 
and  the langur. However, the existence of many  equally- 
best reconstructions  inferred by parsimony made it dif- 
ficult to determine  the most likely amino acids at  the 
interior  nodes  from which the cow and langur  amino 
acids have changed. Using the likelihood approach, we 
can see that these changes not only led to the same 
amino acids in cow and langur  but also probably came 
from  the same amino acids. These identical changes 
include  an Arg (R) -+ Lys (K) change  at site 14, an k g  

TABLE 3 

Maximum-likelihood  reconstructions of amino acids  at  interior nodes of the  tree 

1 2 3 4 5 6 7 
Site 2 3 4 5 8 0 1 4 5 6 7 8 0 1 3 7 9 1 2 3 4 7 8 1 3 5 6 7 8 9 0 2 6 9 1 2 3 6 7 8 1  

Langur 
Baboon 
Human 
Rat 
c o w  
Horse 

Node 7 
Node 8 
Node 9 
Node 10 

I F E R L R T K L G L D Y K V N V L A K W G Y E T Y N P G D E T I I S R Y N N G P  
I F E R L R T R L G L D Y R I N V L A K W D Y Q T Y N P G D Q T I I S H Y N D G P  
V F E R L R T R L G M D Y R I N M L A K W G Y R T Y N A G D R T I I S R Y N D G P  
T Y E R F R T R N G M S Y Y V D V L A Q H N Y Q R Y D P G D Q T I I S R Y N D G P  
V F E R L R T K L G L D Y K V N L L T K W S Y K T Y N P S S E T I I S K W N D G P  
V F S K L H K A Q E M D F G Y N V M A E Y N F R F G K N A N G S L L N K W K D N R  

v F E R L R T R L G W D Y R i N V L A K W ? Y Q T Y N P G D Q T I I S R Y N D G P  
v F E R L R T R L G W D Y R ~ N V L A K W G Y Q T Y N P G D Q T I I S R Y N D G P  
I F E R L R T R L G L D Y R i N V L A K W G Y Q T Y N P G D Q T I I S R Y N D G P  
V F E R L R T r L G M D Y R i N V L A K W ? Y ? T Y N P q ? e T I I S k W N D G P  

1 1 
7 

1 
8 

1 

Site 2 3 4 5 6 8 9 0 2 3 5 6 7 8 0 1 2 3 4 8 9 1 2 4 6 7 0 3 4 5 7 8 9 1 2 3 5 6 7 9 0  

Langur G A V D A H I S S A L Q N N A D A V A R V S D Q I R V R N H Q N K V S Q V K G G V  
B a b o o n G A V N A H I S N A L Q D N T D A V A R V S D Q I R V R N H Q N R V S Q V Q G G V  
H u r n a n G A V N A H L S S A L Q D N A D A V A R V R D Q I R V R N R Q N R V R Q V Q G G V  
Rat R A K N A G I P S A L Q D D T Q A I Q R V R D Q I R V Q R H K N R L S G I R N G V  
Cow N A V D G H V S S E M E N D A K A V A K I S E Q I T V K S H R D H V S S V E G T L  
Horse S S S N A N I M S K L D E N D D D I S R V R D K M S K V K H K D K L S E L A S N L  

N o d e 7 G A V N A H I S S A L Q D N A D A V A R V R D Q I R V R N H q N R V S Q V Q G G V  
N o d e 8 G A V N A H I S S A L Q D N A D A V A R V R D Q I R V R N H Q N R V S Q V Q G G V  
Node9 G A V N A H I S S A L Q D N A D A V A R V S D Q I R V R N H Q N R V S Q V Q Q G V  
N o d e l O ? A V N A H I S S e L e D N A D A V A R V R D Q I ? V r N H ? d R V S q V q G ? l  

9 0 1 2 3 

The posterior probability for  the reconstructed amino acid at  an  interior  node is calculated according to (4) and is indicated 
using  different typefaces: upper case bold for 0.9-1.0, upper case for 0.8-0.9, lower case bold 0.7-0.8, lower case 0.5-0.7, and 
question  mark (?) for <0.5. Only variable sites in the  sequence  data  are shown. 
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(R) + Lys (K) change  at site 21, an Asn (N) + Asp (D) 
change  at site 75, and  an Asp (D) + Asn (N) change 
at site 87 along  both  the cow and langur lineages 
(branches 9-1 and 10-5  of Figure 1); and a Met (M) + 

Leu (L) change  at site 17, an Arg (R) + Ser (S) change 
at site 101 along  both the cow lineage and  the lineage 
leading to langur and baboon  (branches 8-9 and 10-5 
of Figure 1 ) .  At site 50, two reconstructions have  very 
similar posterior probabilities (Table 1). The first (with 
probability 0.502) suggests a  shared Gln (Q + Glu 
(E)  change  along  the  langur lineage and  the lineage 
leading to cow and horse  (branches 9-1 and 7-10 of 
Figure l ) ,  while the second (with probability 0.406) 
suggests the same Gln (Q, + Glu (E) change  along  the 
langur and cow lineages. The above  analysis is tentative, 
and it is worthwhile to develop statistical methods for 
testing whether such convergent substitutions occur sig- 
nificantly more  often  than  expected by the  model  that 
assumes the same pattern of substitution throughout 
the  tree. GOLDMAN (1993) has made  a  good start in this 
direction. 

Accuracy of reconstructed  ancestral  sequences: 
Branch lengths in the  tree and  the  pattern of amino 
acid (or nucleotide) substitution appear to be  the major 
factors accounting  for  the differences between the like- 
lihood and parsimony reconstructions.  In  a likelihood 
analysis, information  concerning these factors, ob- 
tained  either from the  data being analyzed (such as the 
branch  lengths) or from other sources [such as the 
empirical matrix ofJONEs et al. (1992) 1, is used to evalu- 
ate possible reconstructions  at each site. In contrast, 
the parsimony analysis  fails to use such information. 
Therefore,  the  former can be expected to be generally 
more reliable than  the  latter. 

Nevertheless, it should be noted  that  there exist a 
great  number of  possible reconstructions  at each site. 
By the  model assumed in  the likelihood analysis, one 
site in the  sequence  amounts to one data  point, and, 
in a sense, more  parameters  than  the  number of data 
points are being estimated, so that it is almost certain 
that some of the  reconstructions  are wrong, although 
they are  the best we can obtain from the  data. The 
accuracy of reconstruction will not improve very much 
by increasing the  sequence  length,  although  long se- 
quences will lead to more reliable estimates of branch 
lengths (and of the substitution pattern if this is esti- 
mated from the  data). 

Because the accuracy of a  reconstruction  depends  on 
the closeness of the  sequences and possibly the  number 
of species, we have  analyzed another  data set with a 
larger number of sequences and examine  here  the ac- 
curacy of the reconstructions. The data used were the 
mitochondrial cytochrome b sequences of 16 animals 
(two species of  whales,  cow, rat,  mouse, opossum, 
chicken,  toad,  carp,  loach,  trout, smalltail shark, horn 
shark, ray, lamprey, and sea urchin).  The phylogenetic 
relationship  among these species is  well established 

from fossil and morphological evidence, and  the biolog- 
ical tree, which had  14  interior  nodes, was used in the 
analysis.  After exclusion of gaps from the  alignment, 
the sequences had 375 amino acid sites, of which  169 
were invariant. The total branch  length  along  the  tree, 
estimated by maximum likelihood using the empirical 
model ofJONES et al. (1992), was 2.726 amino acid sub- 
stitutions per site, whereas the parsimony analysis  gave 
a  minimum of 1.891 changes  per site (709 changes for 
all sites).  Therefore,  the sequences involved a consider- 
able amount of evolution. At  20 sites, there were >10 
equally-best reconstructions by the parsimony analysis, 
and  at  three sites the  number of most-parsimonious 
reconstructions was over 90. The accuracy of the recon- 
struction at  a site by the parsimony approach was 0.795, 
0.627, and 0.495 for all, variable (polymorphic), and 
parsimony-informative sites, respectively, whereas the 
corresponding probabilities for  the likelihood analysis 
were calculated to be 0.851, 0.728, and 0.633, respec- 
tively. The probability that  an  amino acid in the ances- 
tral sequence  reconstructed by the likelihood analysis 
is correct  ranged from 0.870 to 0.928 for  the 14 interior 
nodes in the  tree.  These posterior probabilities are 
lower than those for  the lysozyme c data,  but since the 
sequences were quite  different and  there were so many 
possible reconstructions  at each site (20l4 = 1.64 X 
10"), this level  of accuracy seems to be acceptable. 

For both  the likelihood and parsimony methods, re- 
construction of ancestral character states is more reli- 
able if the  extant  sequences in the  data  are similar, if 
the site  is  less variable, and if the  interior  nodes  are 
close  to extant species whose sequences are  part of the 
data. When the  sequences  are very similar, parsimony 
reconstructions can be expected to be generally reliable 
and to be identical to the likelihood reconstructions. 
While caution  should be exercised concerning  the relia- 
bility  of the  reconstructed sequences, reconstruction of 
ancestral sequences appears to be generally accurate 
enough to be useful in evolutionary studies. 

Robustness of the  reconstruction by  the  likelihood 
method to inaccuracies in the  assumed  model: The cal- 
culated posterior probabilities may not  be reliable if 
estimates of parameters (0 in Equation 2)  are  unreliable 
or if the assumed substitution model is incorrect. While 
many complex and realistic models of nucleotide substi- 
tution have been developed (see, e.g., YANC 1994), only 
a few models of amino acid substitution are available. 
The empirical frequency matrices of amino acid substi- 
tution derived by DAYHOFF et al. (1978) and JONES et 
al. (1992) represent average substitution patterns over 
many different  proteins and different  branch  lengths 
and thus may not reflect the characteristics of the pro- 
tein being analyzed. To examine  the sensitivity of char- 
acter  reconstruction to the assumed model, two addi- 
tional substitution models were used to analyze the 
lysozyme c data:  the empirical model  of DAYHOFF et al. 
(1978) and the Poisson-process model  that assumes 
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equal substitution rates between  any two amino acids. 
Use  of the empirical model of DAYHOFF et al. (1978) 
produced results very similar to those obtained under 
the  model ofJONES et al. (1992). For example, the likeli- 
hood reconstructions were identical to those shown in 
Table 1 at all but  three sites. The exceptions were  sites 
50, 83, and 107, at which the model of  DAYHOFF et al. 
suggested QQQQ AAAA, and RRRR, respectively, as 
the best reconstructions. Under  the model ofJONES et 
al. (Table l ) ,  these reconstructions have  slightly  lower 
posterior probabilities than  the best reconstructions. 
The best reconstructions obtained under  the Poisson- 
process model were different from those under the 
model of JONES et al. (1992) at six  sites  only, although 
the posterior probabilities under the two models were 
often quite different. These six  sites  were  sites  23,  50, 
83, 86, 107, and 117, where the best reconstructions 
under the Poisson model were W, QQQQ A A A A ,  
QQQQ RRRR, and KQQK, respectively. The two most- 
parsimonious reconstructions at site 23 and the single 
most-parsimonious reconstruction at site 117 (Table 1) 
also had  the highest posterior probabilities. As one 
might expect,  the parsimony reconstructions were more 
similar to the likelihood reconstructions under  the Pois- 
son model than to those under  the model ofJONEs et 
al. As the likelihood method takes into  account  the 
differences of branch lengths of the  tree, use  of  even 
the simple Poisson-process model produces more reli- 
able results than parsimony. Reconstruction of  ances- 
tral sequences appears to be quite robust to changes 
to  the substitution model assumed, although  there is 
certainly need  for developing more realistic models of 
amino acid substitution. 

The model used in  this paper for obtaining maxi- 
mum likelihood parameter estimates assumes that  the 
same model of amino acid substitution applies to the 
whole phylogenetic tree. This assumption is question- 
able in the case  of  lysozyme c sequences because special 
adaptive evolution seems to have occurred in the  langur 
and cow lineages. Models  allowing for such differences 
in the  pattern of substitution will need to use different 
rate matrices or transition-probability matrices for dif- 
ferent  branches in the tree and may involve too many 
parameters (BARRY and HARTIGAN 1987; YANC and ROB- 
ERTS 1995). Practically  useful models are yet to be devel- 
oped. Nevertheless, the similarity  between the results 
obtained under  the model of JONES et al. (1992) and 
those obtained under the Poisson model (in which  case 
the substitution matrices for all branches in the tree are 
unreliable) suggests that  the reconstruction of ancestral 
sequences is more-or-less robust to violation of this as- 
sumption. 

Another  problem with the model used in this paper is 
the assumption of constancy of substitution rates across 
sites.  Maximum likelihood models that allow for vari- 
able substitution rates among sites  have been developed 
by YANG (1993, 1994b, 1995),  and it is straightforward 

to implement  the  method of this paper in the discrete- 
gamma model of YANG (1994b). This is not  pursued in 
this paper, mainly because the reconstruction of ances- 
tral sequences is expected to be insensitive to whether 
or not  the same rate is assumed for all  sites. According 
to the formulation of YANG (1993, 1994b),  amino acids 
at  a fast-changing site in effect evolve along proportion- 
ally elongated branches in the tree. As can be seen 
from ( l ) ,  the relative contributions to the likelihood by 
different reconstructions at  a site is unlikely to change 
significantly  when the  branch lengths are multiplied 
by a  constant; they  mainly depend  on  the  number of 
changes required for the  reconstruction,  the lengths of 
the branches along which the changes are supposed to 
occur, and the likelihood of the changes according to 
the assumed substitution model (see Table 3). 

Program availability: The method developed in  this 
paper was implemented in the baseml and aaml pro- 
grams of the PAML package, which are  for analyzing 
nucleotide and  amino acid sequences, respectively. The 
package is distributed by ZIHENG YANG and can be ob- 
tained by anonymous ftp  at ftp.bio.indiana.edu under 
the directory molbio/evolve. 

This study was supported by National Institutes of Health grant 
GM-20293 and National  Science  Foundation grant DEB9119802  to 
M.N. 
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