
J Moi Evol (1990) 31:151-160 Journal of 
Molecular Evolution 

Spt~nger.VerJag New York lnc, 1990 

Maximum Likelihood Inference of Protein Phylogeny 
and the Origin of Chloroplasts 

Hirohisa Kishino, Z Takashi Miyata, 2 and Masami Hasegawa t 

~2Thee Institute of Statistical Mathematics, 4-6-7 Minami-Azabu, Minato-ku, Tokyo 106, Japan 
epartment of Biology, Faculty of Science, Kyushu University, Fukuoka 812, Japan 

SUmmary. A maximum likelihood method for in- 
ferring protein phylogeny was developed. It is based 
on a Markov model that takes into account the un- 
equal transition probabilities among pairs of  amino 
acids and does not assume constancy of  rate among 
different lineages. Therefore, this method is expect- 
ed to be powerful in inferring phylogeny among dis- 
tantly related proteins, either orthologous or paral- 
Ogous, where the evolutionary rate may deviate from 
COnstancy. Not only amino acid substitutions but  
also insertion/deletion events during evolution were 
incorporated into the Markov model. A simple 
method for estimating a bootstrap probability for 
the maximum likelihood tree among alternatives 
Without performing a maximum likelihood esti- 
mation for each resampled data set was developed, 
~l'hese methods were applied to amino acid sequence 
data of  a photosynthetic membrane protein, psbA, 
from 13hotosystem II, and the phylogeny of  this pro- 
tein Was discussed in relation to the origin of  chlo- 
rOPlasts. 

key WOrds: Evolutionary tree -- Amino acid se- 
quence _ Insertion/deletion -- Bootstrap proba- 
bility _ psbA -- Prochlorothrix 

Introduction 

As DNA and protein sequence data accumulate, 
there is an increasing demand for statistical methods 
to infer evolutionary trees from them. This ap- 
Droaeh, called molecular phylogenetics, provides us 
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with an objective basis for clarifying phylogenetic 
relationships among organisms, circumventing the 
measure of  subjectivity involved in the traditional 
morphological approach. Furthermore, phylogenet- 
ic analysis of  paralogous genes provides a basis for 
studying the mechanism of  the evolution of  genes 
with new functions. 

A maximum likelihood method for inferring trees 
from DNA sequence data was developed by Fel- 
senstein (1981). Because this method has a sound 
statistical basis (Felsenstein 1983a,b; Kishino and 
Hasegawa 1989), we have used it extensively in 
making inferences about evolutionary relationships 
among organisms (Hasegawa et al. 1985, 1988; Ha- 
segawa and Kishino 1989; Kishino and Hasegawa 
1989). One of  the desirable properties of Felsen- 
stein's method is that, as it does not impose any 
constraint on the constancy of  the evolutionary rate, 
it can infer a correct tree even if  the evolutionary 
rate differs considerably among lineages (Hasegawa 
and Yano I984). Because the evolutionary rate can 
differ sometimes among taxonomic units (Kikuno 
et al. 1985; Wu and Li 1985; Britten 1986), con- 
stancy of  the rate should not be assumed in advance 
in inferring the tree topology, and Felsenstein's 
method is recommended in this respect. 

Another method of  maximum likelihood for in- 
ferring DNA and protein trees was developed by 
Bishop and Friday (1985), and they were the first 
to apply maximum l ikelihood to real phylogenetic 
problems involving protein trees (Bishop and Fri- 
day 1987). Contrary to Felsenstein, Bishop and Fri- 
day assumed constancy of  evolutionary rate among 
lineages. Furthermore, they assumed equal transi- 
tion probability among different pairs of  amino acids, 
which seems not to be the case in evolution. 
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Fig. 1. The unrooted  tree used in the discussion o f  est imating 
the lengths o f  branches from amino  acid sequences. 

Here,  we deve lop  a m a x i m u m  likel ihood m e t h o d  
for inferring prote in  trees that  takes into account  the 
unequal  t ransi t ion probabi l i t ies  a m o n g  pairs  o f  ami -  
no acids by  using an empir ical  t ransi t ion mat r ix  
compi l ed  by  D a y h o f f e t  al. (1978). I t  does  not  as- 
sume  cons tancy o f  the rate a m o n g  lineages. I t  takes 
into account  not  only amino  acid subst i tut ions but  
also inser t ion/dele t ion events  in a m i n o  acid se- 
quences.  Fur thermore ,  we deve lop  a m e t h o d  for es- 
t imat ing  boo t s t rap  probabi l i t ies  o f  the highest like- 
l ihood a m o n g  al ternat ive  trees wi thout  pe r fo rming  
a m a x i m u m  l ikel ihood es t imat ion  for each resam-  
pied da ta  set. The  m e t hods  are appl ied to amino  
acid sequence da ta  o f  a photosynthe t ic  m e m b r a n e  
protein,  psbA, f rom pho tosys t em II,  and  the phy-  
logenetic place o f  Prochlorothrix is discussed in re- 
lation to the origin o f  chloroplasts.  

M e t h o d s  

Markov Model  o f  Amino  Acid Substitutions. The Markov  process 
o f  amino  acid sequence evolution is represented by a transition 
probabil i ty matrix o f  20 x 20 dimension.  I f  t ransit ion proba- 
bilities are equal among  different pairs o f  amino  acids, the num-  
ber  o f  amino  acid subst i tut ions per  site between the p th  and qth 
sequences,  Opq, is es t imated by 

19 ( 20Dm~ 
/)pq= -~-~ log 1 - 19n ] (1) 

where n is the length o f  the sequence, and D m is the number  o f  
amino  acid differences between p and q. In the case o f  an unrooted 
tree for four operational taxonomic  units (OTUs) as shown in 
Fig. 1, numbers  o f  amino  acid subst i tut ions along the five branch-  
es, t j ,  t2,  t3,  ta,  and t~, can be es t imated by a least squares me thod  
(Chakraborty 1977) that  minimizes  

S = (/)~2 - t~ - t2) 2 + (/5t3 - t~ - t3 - ts) 2 
+ ( /) , ,  - t, - t ,  - t~) 2 + (/)2~ - tz - t~ - ts) z 

+ (/)2, - t2 - t ,  - t,) 2 + (63, - t3 - t4) 2 (2) 

However ,  when the transit ion probabili ty differs among  pairs o f  
amino  acids, as is the case in the actual process o f  protein evo- 
lution, a model  o f  amino  acid substi tut ion contains too many 
parameters  to be est imated,  and the complexity o f  the problem 
increases t remendously.  

In this work, we simplify the problem by introducing an em- 
pirical t ransit ion matr ix  compi led  by Dayhof fand  her  coworkers 
(Dayhoff  et al. 1978), who have shown that  an amino  acid in a 
protein is replaced more  often by a physicochemically similar 
amino  acid than expected under  equal transit ion probability. This 

observat ion is consistent  with the neutral theory (Kimura 1983). 
Instead o f  est imating the transi t ion matrix from the data, we 
shall use the average transit ion matr ix  o f  Dayhoff, R, as a given 
one,  and we shall es t imate  0 =- (tt . . . . .  t~) by a m a x i m u m  like- 
l ihood. F rom 71 groups o f  closely related prote in  sequences, 
Dayhof fe t  al. counted relative transit ion frequencies A~j (i, j = 1, 
2 . . . . .  20) between amino  acids i a n d j  among  the total o f  1572 
changes, where A o = A~, and A,  = 0 (Fig. 80 in Dayhoff  et al. 
1978). The fraction o f  transit ions to j among  substi tut ions of  
amino  acid i is 

A,j 
Bo 20 

~_~ A~k 

They defined relative mutabil i ty o f  amino  acid L m~, by a ratio 
o f  the number  o f  t imes that  the amino  acid i has changed to the 
number  o f  t imes that it has occurred in the sequences (Table 21 
in Dayhof fe t  al. 1978). A transit ion probabili ty in a short  t ime 
interval is given by 

~m,B o (i § j )  
Mo (3) 

[1 -t~m, ( i=j )  

where ~ is a constant  that  de termines  a unit t ime interval. When 
6 is small, the probabil i ty that  subst i tut ion occurs more  than twice 
is negligible, and the number  o f  subst i tut ions in a uni t  t ime is 
given by 

1 -  ~ ~r,M,,= 6 ~ lr,m, 
i - 1  i - I  

where ~ri (i = 1, 2, . . . ,  20) is the compos i t ion  o f  amino  acid i 
(Table 22 in Dayhof fe t  al. 1978). The process presented by M~ 
is t ime reversible. 

Nei ther  rate constancy nor  constraint  on the evolut ionary rate 
is assumed in this analysis. A unit  o f  t ime is chosen for each 
branch so that  one amino  acid subst i tut ion occurs per  100 amino 
acids. When  evolut ionary rate differs among  lineages, a uni t  o f  
t ime correspondingly differs among  different branches.  Because 
we deal with an unrooted  tree and do not  assume the constancy 
o f  the rate, the length o f  the ith branch, t~, is taken as a number  
o f  amino  acid subst i tut ions per  100 amino  acids rather than an 
absolute t ime. Let p~ and u~ (i = 1, 2 . . . . .  20) be an eigenvalue 
and an eigenvector o f  M. Further  let 

0.01 
hi - -  log pi i = 1 . . . . .  20 (4) 

i - I  

and 

U = (u . . . . . .  U~o) (5) 

Then  we have 

Transi t ion 
given by 

11 ] 0 
R = U U - '  (6) 

0 
~zo 

probabili ty matrix after an arbitrary t ime t is 

P(t) = e R (7) 

and its componen t  is writ ten as 

2 0  

P,~(t) = ~ coke ~ i, j = 1 . . . . .  20 (8) 
k - I  

where c0k is a function o f  U and U -j. 

M a x i m u m  Likelihood Procedure. The amino  acid sequence 
data o f  length n f rom four species can be represented as follows: 
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Species 1: Xlt X~: X~3 . . . X t .  
Species 2: X:~ X~ X23. . .  X~. 
Species 3: X~t X~ X~ . . .  X~. 
Species 4: X 4 1  X 4 2  X 4 3  . -  �9 X4n 

We write the whole data set as X and the value of  the hth site 
Oft ~, X2~, X3~, X J  r (a superscript T denotes a transposed vector) 
as X~. We assume that each amino acid site evolves independently 
and identically with others. A probability of occupying amino 
acids x,, x~, x3, and x4 at a site in species 1, 2, 3, and 4, respec- 
tively, is given by 

J~x,, x2, x~, x41 O) = 7riPm(tl)P~2(t~) 
r  

The log-likelihood is 

~(01x) = ]~ logj~X~lO) (10) 
h - I  

We can obtain the maximum likelihood estimate of 0 through 
Newton's method, in which calculations of  W and ~Vr l  are nec- 
essary and we have 

d ~ co~X~e ~ ~eo(t)  = x~ 
4--1 

d ~ 
s Cijkl~k2( ~k (1 1) ~ P . ( t )  = ~- i  

We COuld do this by direct search, but this would require too 
much computation burden. We can simplify the problem by 
adopting the following procedure: 

�9 Input of initial value: From D.~'s, the initial value of 0, 
denoted by ~o}, is calculated through the least squares that 
minimizes Eq. (2). 

�9 Renewal of  0: Suppose ~*- ' )=  (f(~-'~ . . . . .  fs <~-~ is given. 
Decompose the likelihood function as follows, 

x~, x~, x.10)= ~ [~r,Lm(t,, hli ,  x, ,  x2) f ( x .  
l 

where 

2o 1 x ~_~ Po(t,)U~,(ts, &l J. x~, x~) (12) 
j=l 

LO)(t,, td i. x, ,  x~) = P,.,(t,)P,~:(t.3 

U2)(t3, t4 l J, x3, x4) = Pj~3(t3)Pj.~(t4) 

1) Renewal of t~ and G: Calculate tj ~k) and f2 ~k) as renewals 
by Newton's method that maximizes 

l(t,, t21f,( k-'~, t,c k-'~, fs'~-'), X ) =  

log ~r,Lm(t,, hli ,  X~,, X~)  
h--I 

x ~ pii(t;{k-")L'2'(t;'~-",t:'~-Ulj, X,~, X4~)I (13) 
J - I  

2) Renewal of t3 and t,: Calculate s  and U ~ as renewals 
by Newton's method that maximizes 

/(tx, t4lftt~), ~(~), 6~-'~, X ) =  

Io w,LC')(t~ ~), t~2t~)l i, Xtn, X=,) 
h - I  

x PdtsCk-U)L<=)(t3, t4lj, X3m X4n) (14) 
j - - I  

3) Renewal of ts: Calculate f5 c~) as a renewal by Newton's 
method that maximizes 

l ( td t /% t2% t~% t .% X) = 

log 7r~Lm(f, ~k>, t2tk>[i, Xth, X2h) 
h-I 

• J-,~ Po(t,)La~(t,% t4ck'lj, X3,, X4,)] (15) 

4) Stopping rule: Stop the procedure when 

It, ~k~ - th ~-~)1 
< ~ (~ = 0.01), h = 1 . . . . .  5 

th(k) 

otherwise iterate steps from 1 to 3. 

A similar procedure is applicable to a tree for more than five 
OTUs. 

Bootstrap Probabilities o f  Alternative Trees. When we have m 
candidates for tree topologies (or models), the log-likelihood of 
each topology is estimated by substituting the above-mentioned 
maximum likelihood estimates for the parameters. The topology 
with the highest log-likelihood among m alternatives is chosen 
as the best candidate for the true tree topology. A likelihood ratio 
test is generally used in comparing between models. However, it 
can be applicable only when the models are nested, whereas 
different bifurcating tree topologies are not nested. Here, we shall 
estimate the distribution of  the likelihood ratio statistic from the 
variability of log-likelihood among sites, which can be obtained 
during the process of  the maximum likelihood estimation. 

The log-likelihoods of  m alternative models are repre- 
sented by 

I(,~(O~,~IX) = s logfo(XhJO(o), i = 1 . . . . .  m (16) 
h~l 

where each term of the right-hand side follows an independently 
identical distribution (i.i.d.). When 0 is replaced by the maximum 
likelihood estimate 0, each term of the right-hand side of 

l,o(~o I X) = ~ log f, ,(X, ] 0(,)), i = 1 . . . . .  m (17) 
h - I  

no longer follows i.i.d. However, when n is large, the distribution 
of  Eq. (17) coincides asymptotically with that of Eq. (16). There- 
fore, the estimated log-likelihoods 

(l , , .  l~, . . . . .  l~,) 

asymptotically follow a multivariate normal distribution, whose 
mean and variance--covariance can be estimated by 

l,,~(~:, I x )  

and 

n -  1 nh,.~ h - [  

• log f~ fx~  I 0u,) - n ,. log f0)(Xh. [0o)) 

(Kishino and Hasegawa 1989), respectively. 
It is desirable to carry out bootstrap resampling (Felsenstein 

1985; Hasegawa and Kishino 1989) OfXh'S  , hut it requires too 
much computational burden. In this paper we shall estimate the 
bootstrap probability that tree i is selected as the best model from 
comparison among components of a random number that follows 
the multivariate normal distribution presented above (an MND 
method in short). Bootstrap probabilities can be estimated also 
by bootstra p resampling the estimated log-likelihoods of sites as 
follows, 

~, = ~ ~ogf,,~(x~-,l~,0 (18) 
h - I  
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where X~ (~) refers to a site resampled by bootstrap (a resampling 
estimated log-likelihood method, or RELL method) (Felsenstein, 
personal communication). Both methods can give bootstrap 
probabilities for candidate trees without performing a maximum 
likelihood estimation for each resampled data set. 

In the Case of Many OTUs. Because the maximum likelihood 
method presented in this paper explosively consumes a large 
amount  of CPU time as the number  of  OTUs increases, it might 
be impractical to employ the method for more than 6 0 T U s .  
Therefore, we develop here a simplified method for inferring trees 
among groups of many OTUs. 

Suppose that we have s > 5 OTUs, and that  they are known 
to be clustered in advance into five groups that contain st, s~, s~, 
s4, and s~ members, respectively (s = s~ + sz + s3 + s, + s~). 
Then, sequence data can be represented as follows: 

I Species(1.1) X, . , I  .I~,.,}~-.- .~,.,), 
Group 1 i 

[Species (1.s,) X..~,), X(,~,,~ X..~,). 

I Species (5.1) Xo. m X(~.,~2 "'" X(~.,). 
Group 5 : 

[Species'(5.s~) X(~.,~), X(~,~)~ X(~.,~),, 

Picking up one species from each group, we apply the max- 
imum likelihood procedure described above for m alternative 
tree topologies of the five groups. If  we examine all possible tree 
topologies for 5 0 T U s ,  m is 15. Then, we get r = s~ x s~ x s3 
x s4 x ss sets of  estimates of  branch lengths and log-likelihoods 
for each model i (i = I . . . . .  n), i.e., 

~(o and l(0(~(o IX J), j = 1, 2 . . . . .  r 

where X~ is the 5 x n submatrix of  the r x n full data, corre- 
sponding to the selected five species. Variances and covariances 
among lo)(~(0[X0 (i = 1, 2 . . . . .  m;j  = 1, 2 . . . . .  r) are esti- 
mated by 

~ov[ l(o( O"(o l XO, l(,.)(~rd XO ] = 

n - -  1 h-I n h ' - I  

x log f(,,,(X~{~;.,) - n ,,._, I~ u',) (19) 

(Kishino and Hasegawa 1989). Sets o f r  estimated log-likelihoods 
are averaged with weights inversely proportional to the variances: 

lo~ = ~ w~(,~lr ~ IX') (20) 
j--I 

where 

l /va r [  l(o(0J(o I XJ)] 

~(,~ = (21) 

1 /"-I 

Variances and covariances among them are given by 

"~ov[l,~, l(~,,] = f~j jf,~ n~,o~'o,)c'-ov[lo~(~o~lXJ), lo,)(Oio,)lXO] (22) 

Estimation of Parameters. Furthermore, the parameters 0(a (i 
= 1, 2 . . . . .  m) are estimated by 

#(,~ = s w%~o~ (23) 
7-1 

Their  variances are given by 

var(00~) = ~ ~ wJ(ow{j~cov(~,o, ~0'(o) (24) 
j--I f--I 

The covariances in the right-hand side are given by 

n c o v ( ~ t o  , ~v't,~) = (Jl(o)- 'gJ~[(Jr ( 2 5 )  

where 

.~,~= - E [ V W I o g  f,,(XilO%] (26) 

and 

K ~ =  E[V log f,~(XJlO%)XZqogfo~(XJ'lOJ'(o)] 

which are estimated by 

and 

_ln ~_ X7Vqogf(,~(X~l ~,0 

(27) 

1 ~ v log f,,~(X~,l~i,gVqog f,0(x~ I~'.~) 
n h - i  

respectively. 

Markov Model of Insertion/Deletion Events. Up to now in this 
paper, we have been concerned only with amino acid substitu- 
tions and have not taken into account insertion/deletion events 
in amino acid sequences. However, as the rate of the latter events 
is generally lower than that of  the former, they, i f  they occurred, 
should provide important  information for inferring e~colutionary 
trees. There have been several attempts to infer trees taking into 
account insertions and deletions in addition to substitutions 
(Meyer et al. 1986; Hasegawa et al. 1987; Morden and Golden 
1989a). However, because of the difficulty in modeling the in- 
sertion/deletion events compared to substitutions, few quanti- 
tative attempts have been made. DNA fingerprinting (Jeffreys et 
al. 1985; Lynch 1988), which has become popular in forensic 
science and also in evolutionary sociobiology, uses information 
about insertion/deletion events that  occur in extremely high fre- 
quency in tandemly repeating sequences for estimating genetic 
relatedness between individuals. Contrary to that  situation, we 
assume that  the frequency of  insertidn/deletion events is low 
enough that the sequence length does not change significantly 
during the t ime scale under consideration. 

As a first approximation, we consider a model where inser- 
tion/deletion occurs independently among sites. This can be for- 
mulated by a Markov process of  transition between + (presence 
of a stretch of  sequences) and - (its absence) states. Once a long 
stretch of  sequences is deleted, it is almost impossible to recover 
the same stretch of  sequences except in some cases such as in the 
case of tandem repetition. However, we do not look at the exact 
order of  amino acids in a stretch of sequences when modeling 
the insertion/deletion, and just look at the presence or absence 
of a stretch of sequences. Let v be the rate of  insertions/deletions 
per site per unit time; that  is, both the rates of  insertion and 
deletion of a stretch of sequences are assumed to be v/2. Then 
the transition probability during an infinitesimally short t ime 
interval, dt, is represented by 

P(dt) = 1 - v dt/2 v dr~2 
v dt/2 l - v dt/2 

(28) 

The transition probability matrix for an arbitrary t ime interval 
t is given by 
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l[i+ev l . ]  
P(t) = ~ - e .... 1 + e -~' (29) 

A t ime in terval  dur ing  which  one  a m i n o  acid subs t i tu t ion  occurs 
per 100 a m i n o  acids is taken as a un i t  o f  t ime  as before. Similarly,  
as in Eq. (9), a Probabi l i ty  o f  occurrence o f  a par t icular  pa t tern  
of  d is t r ibut ion of  + and  - states among  species in  a site can be 
calculated. Let q(O, v) denote  the  sum of  the  probabi l i t ies  of  (+ ,  
+ . . . . .  + )  and  of  ( - ,  - ,  . . . .  - ) .  

Letting v denote  the  n u m b e r  o f  s tretches o f  sequences tha t  
have in format ion  on  inser t ions/dele t ions ,  we represent  the pat- 
tern of  inser t ions/dele t ions  by (Y,, Y: . . . . .  Y~), where Y~ is a 
COlumn vector  o f  d imens ion  s and  its e lements  are e i ther  + or  
~,  and  thei r  l ikel ihoods are denoted  by g(Y~ J0, v), g(Y2JO, v), 
' �9 �9 gO(, J 0, v). Deno t ing  the  l ikel ihoods o f  respective sites for 
the amino  acid subs t i tu t ions  der ived before by J(Xt J0), J(X21O), 
Y , i '  J~X. J 0), the total  l ikel ihood of  (X,, X2 . . . . .  X~, Y .  Y2 . . . . .  

tha t  takes in to  account  inser t ion/dele t ion  events  is given by 

L(O, v j X .  X: . . . . .  X.,  Y,, Y2 . . . .  i V,) = 

I I  q(O, v)j(x, jo ) I I  g~jJ O, v) (30) 
~ - I  / - I  

The log-likelihood is 

l = Is(SIX) + l,o(O, vlY) (31) 
Where 

and 

l~(OlX) = ~ logj(X, lO) (32) 
i=l 

11D (0, vJY) = n log q(O, v) + ~ log g(Yi[0, v) (33) 
j - I  

Equation (32) gives in fo rmat ion  on a m i n o  acid subst i tu t ions  and  
Eq. (33) on  inser t ion/de le t ion  events .  

Although the  lat ter  should  cont r ibute  in the selection o f  tree 
topologies, it is expected that  it does not  cont r ibute  significantly 
!OWard es t imat ing the b ranch  lengths, 0. Therefore  our  procedure  
is as follows: (1) at  first, we es t imate  0 f rom the part ial  log- 
likelihood Is, and  (2) using 0, we es t imate  ~ by max imiz ing  l~D(O, 
vJy). The  var iance  o f  the es t imated  v is given by 

var(o) = liD(O, v l Y) 

+[OVTLav o I,D(O, ~IY)][X7,W ls(01X)]-'XT00~ I,D(0, ~IV)(34) 
The first t e rm represents  the var iance  given the  es t imates  of  
branch lengths, and  the  second t e rm represents  the  effect o f  the  
variance of  the es t imates  of  b ranch  lengths. 

l~ootstrap probabi l i t ies  can be es t imated in the same way as 
before by represent ing the  log-l ikel ihood of  X, (i = 1, 2, . . . ,  n 
$ v) by 

log ~(~,io, ~) -- 

log q(0, v) + logf(X,I  0) (i = 1, 2 . . . . .  n) 

l~ g(Yi-~10, v) (i = n + 1, n + 2 . . . . .  n + v)(35) 

Phylogeny of psbA and the Origin 
of Chloroplasts 

Recently, two groups reported on the phylogenetic 
Position of Prochlorothrix, a presumed relative of  

Prochloron, in relation to the origin of  chloroplasts 
of  green plants, but reached apparently conflicting 
conclusions (Morden and Golden 1989a; Turner et 
al. 1989;, for a review see Penny 1989). Turner et 
al. (1989) used nucleotide sequence data of  16S 
rRNA and placed Prochlorothrix apart from green 
chloroplasts. On the other hand, Morden and Gold- 
en (1989a) used amino acid sequence data of  a pho- 
tosynthetic membrane protein, psbA from photo- 
system II, and reached the opposite conclusion, 
indicating a common ancestry for Prochlorothrix 
and green chloroplasts. As a confidence limit was 
not attached to Morden and Golden's tree, the ap- 
parent contradiction between the two groups may 
not be real. As Penny (1989) says, any measurement, 
to be scientific, must include an indication of  its 
accuracy. Trees without indication of  their accuracy 
will cause much confusion. 

The method developed in this paper can provide 
confidence limits for the inferred tree. This method 
is not sensitive to unequal rates of  evolution among 
different lineages, as is apparently the case in the 
psbA tree, whereas the parsimony method used by 
Morden and Golden is sensitive (Felsenstein 1978; 
Hasegawa and Yano 1984). It has been shown re- 
cently that parsimony cannot guarantee a correct 
result even with equal rates for different lineages 
(Penny et al. 1987; Hendy and Penny 1989). 

We applied our method to the amino acid se- 
quence data of  psbA. The maximum likelihood 
analysis was carded out for five psbA sequences; 
that is, from Fremyella displosiphon (Mulligan et al. 
1984), Synechocystis 6803 (Osiewacz and McIntosh 
1987), Anacystis nidulans R2 (also called Synecho- 
coccus sp. strain 7942; psbAII) (Golden et al. 1986), 
Prochlorothrix hollandica (Morden and Golden 
1989a), and a green chloroplast. As a representative 
of  green chloroplasts, one among the four species, 
that is, Nicotiana tabacum (Shinozaki et al. 1986), 
Petunia hybrida (Aldrich et al. 1986), Marchantia 
polymorpha (Ohyama et al. 1986), and Chlamydo- 
monas reinhardii (Erickson et al. 1984), was chosen, 
and the estimates were averaged over the four choices 
by the method described in the preceding section. 
A tree inferred by our method is unrooted, and 15 
unrooted trees are possible for 50TUs .  All possible 
alternatives were examined. 

The result is shown in Table 1. At first, we shall 
be concerned only with amino acid substitutions 
(without insertion/deletion). The tree with the high- 
est log-likelihood is tree 1, where Prochlorothrix links 
with Anacystis and chloroplasts link with Fremyella, 
and the estimated bootstrap probability of  tree 1, 
P~, is 0.415 (by the MND method). To the contrary, 
tree 9 that is suggested by Morden and Golden 
(1989a) has a log-likelihood lower by 11.08 + 10.88 
(_  l SE) than tree 1, and P9 is only 0.079. The sub- 
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Table 1. Comparison among 15 alternative unrooted trees o f p s b A  by the maximum likelihood method 

Without insertion/deletion With insertion/deletion 

Tree topology 1~ - l, P~ l, - 11 P, fi 

1 A.n ( chl 0 0.415 0 0.377 0.0280 
(0.416) (0.365) +0.0201 

Pro S~n Fre 

2 Fre chl - 19.21 _+ 11.00 0.000 - 19.08 _+ 11.01 0.000 0.0268 
) ( (0.000) (0.000) -+0.0192 

Pro s l n  A.n 

3 Fre ~ chl -16.19 + 1 !.45 0.003 -10.74 _+ 12.29 0.009 0.0138 
(0.002) (0.008) -+0.0140 

A.n S~n Pro 

4 A.n f chl -1 .68  -+ 5.19 0.273 -1 .69  _ 5.19 0.218 0.0281 
(0.260) (0.224) +0.0201 

Pro F~e Syn 

5 Syn ( chl - 15.30 + 11.77 0.021 - 15.34 -+ 11.77 0.012 0.0273 
(0.018) (0.016) -+0.0196 

Pro F!e A.n 

6 Syn chl - 15.98 + 11.47 0.006 - 10.55 -+ 12.30 0.016 0.0135 
) ~ (0.006) (0.015) -+0.0136 

A.n F!e Pro 

7 Fre chl -16.12 -+ 10.13 0.004 -16.14 -+ 10.13 0.002 0.0272 
) ( (0.003) (0.002) +0.0195 

Pro A!n Syn 

8 Syn chl -7 .57  -+ 8.44 0.119 -7 .77 + 8.44 0.088 0.0275 
) ~ (0.121) (0.095) -+0.0197 

Pro A!n Fre 

9 Syn chl - 11.08 +_ 10.88 0.079 -5 .63 +- 11.76 0.219 0.0138 
) ( (0.082) (0.208) -+0.0139 

Fre A!n Pro 

10 Fre ( chl -16.98 -+ 9.78 0.001 -16.96 -+ 9.78 0.000 0.0271 
(0.000) (0.000) -+0.0194 

A.n P!o Syn 

11 Syn ) ~ chl -12.40 _ 6.88 0.001 -12.38 -+ 6.88 0.001 0.0266 
(0.001) (0.001) -+0.0191 

A.n P o Fre 

12 Syn chl -14.47 +_ 10.27 0.008 -14.32 _+ 10.27 0.004 0.0274 
) ( ( 0 . 0 1 3 )  (0.008) +0.0197 

Fre P!o A.n 

13 Fre ( Pro - 17.54 +_ 11.08 0.000 - 17.50 -+ 11.08 0.000 0.0270 
(0.000) (0.000) -+0.0194 

A.n chll Syn 

14 Syn ( Pro -22.08 + 10.09 0.000 -21.91 + 10.09 0.000 0.0263 
(0.000) (0.000) -+0.0189 

A.n ch~l Fre 

15 Syn Pro -3 .33 _+ 4.58 0.071 -3 .25 -+ 4.58 0.053 0.0278 
) ( (0.078) (0.059) -+0.0200 

Fre ctlll A.n 

Fre = Fremyel la displosiphon, Syn = Synechocystis,  A.n = Anacyst is  nidulans, Pro = Prochlorothrix hollandica, chl = chloroplasts. 
Variances (+ denotes 1 SE) of log-likelihood difference and of ~ were calculated by Eq. (12) in Kishino and Hasegawa (1989) and by 
Eq. (34) in the text, respectively. Bootstrap probability, P,, of tree i being the maximum likelihood tree among 15 alternatives was 
estimated by the MND method and also by the RELL method (shown in parentheses) (sample size of 10") 

total of  bootstrap probabilities of  trees that link 
Prochlorothrix with chloroplasts, P3 -t- P6 -q- e9, is 
0.087, and such clustering seems unlikely by this 
analysis. The subtotal of  bootstrap probabilities of  

trees that link Prochlorothrix with Anacystis, Pt + 
P4 + PJs, is 0.759, and such clustering seems likely. 

Morden and Golden (1989a) suggested Prochlo- 
rothrix/chloroplast clustering initially from the par- 
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Synechocystis 

[6.01 5:2.411 

chloroplasts 

Anacystis : . 1.50 

1.56 =t= 0.75 

5.7] 5: 1 . 3 ~  ~4.97 • 1.23 

Prochlorothriz Fremyella 

Synechocystis 

.~ chloroplasts 

4.94 + t . 2 ~ . 0 9  =1:1.28 

Fremyella ~ ~ Prochlorothrix 

Fig. 2. The maximum like- 
lihood tree (a: tree 1) and the 
tree proposed by Morden and 
Golden (b: tree 9) ofpsbA. 
Length of a branch is propor- 
tional to the estimated num- 
ber of  amino acid substitu- 
tions per 100 amino acids 
that is shown with its SE (+). 

simony analysis of  amino acid substitutions as well 
as from the analysis of  insertion/deletion data, but 
their parsimony analysis has turned out to be in 
error (Morden and Golden 1989b). The Prochlo- 
rothrix/chloroplast clustering (tree 9) is only equally 
likely with tree I from the parsimony analysis of  
amino acid substitutions. Now, the sole molecular 
data that seem to support their tree are the insertion/ 
deletion data ofpsbA, i.e., deletion of a stretch of 
seven amino acids near the C terminus shared by 
Prochlorothrix and chloroplasts (Fig. 2 in Morden 
and Golden 1989a). The significance of these data 
also is evaluated in Table 1. 

When insertion/deletion is taken into account 
(with insertion/deletion in Table 1), P9 is 0.219 and 
P~ is 0.377. The subtotal of  bootstrap probabilities 
of trees that link Prochlorothrix with chloroplasts, 
P3 -b P6 -b P9,  i s  0.244, and such clustering cannot 
be rejected. The subtotal of  bootstrap probabilities 
of trees that link Prochlorothrix with Anacystis, P~ 
+ P4 + P~5, is still as high as 0.648. As Fremyella 
is lacking in the 16S rRNA tree of  Turner et al. 
(1989), all of trees 1, 4, and 15 are consistent with 
their tree, and the high bootstrap probability of  this 
link is in accord with their analysis. Although the 
insertion/deletion data favor the Prochlorothrix/ 
chloroplast clustering as was claimed by Morden 
and Golden, they are not strong enough to refute 
the conclusion obtained by the amino acid substi- 
tution data, and the apparent contradiction between 
the two research groups seems to be an artifact caused 
by defects of  the methods used for data analysis. 

The maximum likelihood estimates ofv are shown 
in the last column of  Table 1. These represent rates 
~ relative to that of  amino acid 
Substitutions. The estimates of  v for trees 3, 6, and 
9 are nearly half of  those for other trees. This is due 
to the fact that, in the trees other than trees 3, 6, 
and 9, parallel deletions along the chloroplasts and 
Prochlorothrix lines must be assumed. In Fig. 2, tree 
I (the maximum likelihood tree) and tree 9 (Morden 
and Golden's tree) are shown with the estimated 
branch lengths. It should be noted that in tree 9 the 

branch length of  the common ancestral line between 
the chloroplasts and Prochlorothrix after separating 
from the others is only 1.25 + 0.63 substitutions 
per 100 amino acids, and that the deletion common 
to these two taxa, if they are shared derived char- 
acters as Morden and Golden claim, should have 
occurred along this short branch. By contrast, in tree 
1, although two parallel deletions must have oc- 
curred along the lines leading to Prochlorothrix and 
to chloroplasts, these lines may be long (5.71 + 1.30 
and 9.38 _ 1.50, respectively) enough to allow such 
parallel deletions. For these reasons the deletion data 
are not as strong as was claimed by Morden and 
Golden. It must be noted that we have assumed 
homogeneity of the insertion/deletion probability 
among sites. I f  some stretches of  sequences are apt 
to delete or insert because of tandem repetition 
(Hasegawa et al. 1987) or for other unknown rea- 
sons, the strength of  insertion/deletion data may be 
further weakened. 

In Table 1, bootstrap probabilities estimated by 
the RELL method are shown in parentheses as well 
as those estimated by the MND method. It is ap- 
parent that these two methods give essentially iden- 
tical estimates. Kishino and Hasegawa (unpub- 
lished) have shown that the two methods give good 
approximations of bootstrap probabilities obtained 
by performing maximum likelihood estimation for 
bootstrap resampled data sets. The RELL method 
is simple in procedure, whereas the MND method 
may be useful when the sequence length is large 
because its CPU time does not depend on the length 
of the data set. 

Discussion 

One may wonder whether Dayhoffet al.'s transition 
matrix is applicable to the evolution of psbA. The 
matrix was constructed on the basis of  the sequence 
data for many different proteins among which 
hemoglobins and cytochrome c together occupy a 
major portion. However, we do not think that the 
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matr ix  is specific only for these proteins,  because 
the frequency o f  subst i tut ions in the matr ix  corre- 
lates well with the chemical  similari ty between ami- 
no acids (Clarke 1970). This indicates that  amino  
acid substi tutions that  are accompanied  by small 
chemical  changes occur  much  more  frequently in 
evolut ion than those accompanied  by large ones, 
which is consistent  with the neutral  theory (Kimura  
1983). Therefore,  it seems reasonable to assume that 
the evolut ion o f  psbA follows DayhotYs matr ix  if  
mos t  o f  the evolut ionary  changes o f  this protein are 
neutral,  as is likely to be the case. 

Fur thermore ,  some readers may  quest ion our  as- 
sumpt ion  o f  the identical transit ion probabil i ty ma- 
trix among  different sites. It is known that  the vari-  
ability depends not  only on the amino  acid species 
but  on the site. Actually, however,  there is a high 
correlat ion between site dependency and amino  acid 
dependency,  and therefore the site dependency o f  
variabil i ty is taken into account  to some extent  in 
Dayhof f  et al.'s transit ion matr ix  (Nei and Ta teno  
1978). 

We have specified a very  simple model  for in- 
ser t ion/delet ion events, because the mechanism is 
not  well known at present. We recognize the im- 
matur i ty  o f  the model.  More  elaborate consider- 
ations are left for future study. 

It  might  be interesting to point  out  that  even with 
inser t ion/delet ion the log-likelihood o f  tree 9 is low- 
er than that  o f  tree 4 and tree 15 (/9 - l~ = - 5 . 6 3 ,  
/4 - ll = - 1 . 6 9 ,  115 - Ii = - 3 . 2 5 ) ,  whereas P9 is 
higher than P4 and P~ 3. This  is due  to an extremely 
large variance o f  l 9 - -  l I (more  than five t imes o f  
those o f  the other  two). Therefore,  it is apparent  that 
the mean  log-likelihood differences among models  
cannot  give sufficient informat ion on the reliability 
o f  the m a x i m u m  likelihood model  unless the vari-  
ance o f  the difference is at tached (Hasegawa and 
Kishino 1989; K_ishino and Hasegawa 1989). 

Prochlorothrix, like Prochloron, differs f rom cy- 
anobacter ia  by the lack o f  phycobil in pigments and 
the possession o f  chlorophyll  b in addit ion to chlo- 
rophyll  a, a combina t ion  found in chloroplasts 
(Burger-Wiersma 1986). For  this reason, al though 
there is no direct evidence f rom proteins or nucleic 
acids to link Prochlorothrix with Prochloron, some 
biologists assume that  these two organisms form a 
clade called Prochlorophyta  and that this group is 
the most  closely related to chloroplasts (Miller and 
Jacob 1989). Although the hypothesis  o f a  Prochlo-  
rophyta/chloroplast  linkage cannot  be excluded when 
the delet ion in psbA is taken into account,  our  anal- 
ysis indicates that  the most  likely hypothesis  is that  
Prochlorothrix is more  closely related to Anacystis 
ra ther  than to the chloroplasts,  which is consistent 
with Turne r  et al. (1989). Therefore,  the resem- 
blance o fp roch lo rophy tes  to green chloroplasts may  

be a result o f  convergent  evolut ion (Cavalier-Smith 
1982; Turne r  et al. 1989). In the 16S r R N A  tree, 
Cyanophora paradoxa is the closest relative to the 
chloroplasts.  Unfor tunate ly ,  the sequence data o f  
psbA f rom this organism are still unpublished.  The  
data should shed more  light on the origin o f  the 
chloroplasts.  

In recent years it has become popular  to use 
boots t rapping in molecular  phylogenetics.  This  ten- 
dency is a great advancement  in this field, because 
several years ago it was rare that an a t tempt  was 
made  to assign a confidence interval  to an es t imated 
phylogeny. However ,  the following warning by Fel- 
senstein (1985) who has been advocat ing the use o f  
boots t rapping in phylogenetics should be noted.  

Boots t rapping  provides  us  wi th  a confidence interval  wi th in  
which  is con ta ined  no t  the  t rue phylogeny,  but  the  phylogeny 
tha t  would  be e s t ima ted  on repeated sampl ing  o f  m a n y  char-  
acters  f rom the under ly ing  pool o f  characters.  As  such  it m a y  
be mis lead ing  i f  the  m e t h o d  used to infer  phylogenies  is 
inconsis tent .  

Therefore,  even i f  boots t rapping excludes alterna- 
t ive trees by a m e th o d  that is inconsistent  in a par- 
t icular situation, the inferred tree is not  necessarily 
the truth. 

The  pars imony m e th o d  has some merits  because 
it is easy to interpret  and also to calculate. However ,  
it somet imes  gives erroneous results, particularly 
when the evolut ionary  rate differs among lineages 
(Felsenstein 1978; Hasegawa and Yano  1984; Hen-  
dy  and  Penny  1989). The  m a x i m u m  likelihood 
m e th o d  requires a statistical model ,  and usually this 
requires more  computa t ion  than the other  ap- 
proaches. However ,  one o f  the greatest advantages 
o f  the m a x i m u m  likelihood me thod  is that  it can 
indicate the accuracy o f  the inferred tree as we have 
seen in this paper. Therefore,  we will not  draw an 
incorrect  conclusion even i f  the highest l ikelihood 
tree is not  the correct  tree due to r andom fluctua- 
tions in evolut ion.  In that  case we simply conclude 
that  the data  cannot  discriminate among al ternative 
trees. In the m a x i m u m  likelihood framework,  the 
expected poster ior  probabil i ty o f  a tree topology is 
approximate ly  the same as the boots t rap probabil i ty  
(unpublished). 

Because the m a x i m u m  likelihood me thod  de- 
veloped in this paper  takes into account  the unequal  
t ransi t ion probabili t ies among pairs o f  amino  acids 
based on the empirical  data o f D a y h o f f e t  al. (1978), 
and because it does not  assume constancy o f  the 
evolut ionary  rate among  lineages, it appears to be 
applicable to a wide range ofphylogenet ic  problems.  
Fur thermore ,  as we have seen in the analysis o f  
inser t ion/delet ion data, the m a x i m u m  likelihood 
me thod  can take into account  various kinds o f  in- 
fo rmat ion  on the same basis. Therefore,  we can im- 



prove the model as further information accumu- 
lates. The problem of  computational burden should 
improve in the near future as computer facilities are 
rapidly developing and this approach is thus ex- 
pected to become important in molecular phylo- 
genetics. 
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