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z‘“{lmary, A maximum likelihood method for in-
o ;‘mg Protein phylogeny was developed. It is based
. 2 Markov model that takes into account the un-
aﬂ}lal transition probabilities among pairs of amino
Cids and does not assume constancy of rate among
Slfferent lineages. Therefore, this method is expect-
tantt? be powerful in inferring phylogeny among dis-
N ¥ related proteins, either orthologous or paral-
Cgou& where the evolutionary ra.te may c?evi?\te from
alsns‘tancy_' Not only amino acid substitutions but
inco Insertion/deletion events during evolution were

Orporated into the Markov model. A simple
Method for estimating a bootstrap probability for
Wifihmaxirnum likelihood tr.ee among altemativgs
m Out performing a maximum likelihood esti-

ation for each resampled data set was developed.

5S¢ methods were applied to amino acid sequence
:::a of a photosynthetic membrane protein, psbA,

M photosystem 11, and the phylogeny of this pro-

e . . . .
v '2 Was discussed in relation to the origin of chio-
Oplastg.
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&irEiNA ?‘nd prptein sequence dat'a .accumulate,
to infs an Increasing demand for statistical mqthods
Dr0ac}?r evolutionary trees from them. T Ips ap-

» 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 1984). 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 likelihood 1o 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 of estimating

the lengths of branches from amino acid sequences.

Here, we develop a maximum likelihood method
for inferring protein trees that takes into account the
unequal transition probabilities among pairs of ami-
no acids by using an empirical transition matrix
compiled by Dayhoff et al. (1978). It does not as-
sume constancy of the rate among lineages. It takes
into account not only amino acid substitutions but
also insertion/deletion events in amino acid se-
quences. Furthermore, we develop a method for es-
timating bootstrap probabilities of the highest like-
lihood among alternative trees without performing
a maximum likelihood estimation for each resam-
pled data set. The methods are applied to amino
acid sequence data of a photosynthetic membrane
protein, pshA, from photosystem II, and the phy-
logenetic place of Prochlorothrix is discussed in re-
lation to the origin of chloroplasts.

Methods

Markov Model of Amino Acid Substitutions. The Markov process
of amino acid sequence evolution is represented by a transition
probability matrix of 20 x 20 dimension. If transition proba-
bilities are equal among different pairs of amino acids, the num-
ber of amino acid substitutions per site between the pth and gth
sequences, ﬁp,,, is estimated by

D, = _19 log(l - ZOD"") [§))

where # is the length of the sequence, and D,, is the number of
amino acid differences between p and g. In the case of an unrooted
tree for four operational taxonomic units (OTUs) as shown in
Fig. 1, numbers of amino acid substitutions along the five branch-
es, ), I, t3, 14, and t,, can be estimated by a least squares method
(Chakraborty 1977) that minimizes

§= (D-12~_ t L)+ (ﬁlJ I Sl Y
+ Dyt —t— P+ (1223 =t = I3~ )
+ (D4 — =t — 15)2 + (D3 — 15 — 14)2 2

However, when the transition probability differs among pairs of
amino acids, as is the case in the actual process of protein evo-
lution, a model of amino acid substitution contains too many
parameters to be estimated, and the complexity of the problem
increases tremendously.

In this work, we simplify the problem by introducing an em-
pirical transition matrix compiled by Dayhoff and 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 transition probability. This

observation is consistent with the neutral theory (Kimura 1983).
Instead of estimating the transition matrix from the data, we
shall use the average transition matrix of Dayhoff, R, as a given
one, and we shall estimate § = (¢, .. ., {5) by a maximum like-
lihood. From 71 groups of closely related protein sequences,
DayhofT et al. counted relative transition frequencies 4; (/, j = 1,
2,..., 20) between amino acids { and j among the total of 1572
changes, where 4, = 4, and 4, = 0 (Fig. 80 in Dayhoff et al.
1978). The fraction of transitions to j among substitutions of
amino acid / is
B; = zoi

> A
k=1

They defined relative mutability of amino acid i, m,, by a ratio
of the number of times that the amino acid / has changed to the
number of times that it has occurred in the sequences (Table 21
in Dayhoff et al. 1978). A transition probability in a short time

interval is given by
M. = {6m,-BU

Yo - amy

@+n
=7
where § is a constant that determines a unit time interval. When
& is small, the probability that substitution occurs more than twice

is negligible, and the number of substitutions in a unit time is
given by

€))

20 20
1 - E T M;=38 E Tm;
i=1 i=1
where 7, (i = 1, 2, ..., 20) is the composition of amino acid /
(Table 22 in Dayhoff et al. 1978). The process presented by My
is time reversible.

Neither rate constancy nor constraint on the evolutionary rate
is assumed in this analysis. A unit of time is chosen for each
branch so that one amino acid substitution occurs per 100 amino
acids. When evolutionary rate differs among lineages, a unit of
time correspondingly differs among different branches. Because
we deal with an unrooted tree and do not assume the constancy
of the rate, the length of the ith branch, ¢, is taken as a number
of amino acid substitutions per 100 amino acids rather than an

absolute time. Let p,and w, (( = 1, 2, ..., 20) be an eigenvalue
and an eigenvector of M. Further let
0.01
A = —5— log p, i=1,...,20 ()
) 2 Tm;
=]
and
U= (u;, ..., uy (5)
Then we have
A
. 0
R=U : U-t 6)
0 .
A20

Transition probability matrix after an arbitrary time ¢ is
given by

P(t) = e® O]

and its component is written as
20
Py =2 cue™  hj=1,...,20 ®
k=1
where ¢, is a function of U and U~'.

Maximum Likelihood Procedure. The amino acid sequence
data of length » from four species can be represented as follows:



Species 1: X, X, X5 ... X\,
Species 21 X, X5 Xp - - X,
Species 3: X3 X3 X5 ... X,
Species 4: X, X2 X3 ..+ Xan

We write the whole data set as X and the value of the Ath site
(X 10 X4y X34y X,,)7 (a superscript T denotes a transposed vector)

45X, We assume that each amino acid site evolves independently
and ldentlcally with others. A probability of occupying amino
acids x,, x,, X5, and x, at a site in species 1, 2, 3, and 4, respec-
tively, is given by

20

f('xli X2y X3, X4|0) = 2 [ lxl(tl)Plxz(tz)

il

x E PP, ()P, m(to] )

=1

The fog-likelihood is

K1X) = 2 log fIX,16) (10)
=l

We can obtain the maximum likelihood estimate of § through
€wton’s method, in which calculations of ¥/ and ¥V7/ are nec-
€ssary and we have

20

.,(t) > o

k=1

dz 20
7P = kz ki 2e™ an

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

* Input of initial value: From D, ’s, the initial value of 4,
denoted by #, is calculated through the least squares that
Mminimizes Eq. (2).

* Renewal of 8: Suppose 8¢~V = (£,4-0, , .., £#-) is given.
Decompose the likelihood function as follows,

20

fx,, X X, X410) = 2 l:‘"':Lm(ll, L] xy, X5)

=1

X E Pt )Ly, L], x5, XA)] (12)

=1
where
L, 8,6, x40, X5) = Pi (1Pt
Ly, 1,1], X3y Xa) = Py (t:)P; xalla)

1) Renewal of t, and ¢,; Calculate £, and £, as renewals
by Newton’s method that maximizes

1(’1, PR ACUNE AL f-n Xy =

2 103[ WIL(‘)(tI’ tli, Xin Xop)

1
x 2 Py(i¢= LD, L&), X, X.M)] (13)
=1
2) Renewal of £, and ¢,; Calculate £,% and £® as renewals
by Newton’s method that maximizes
Les, 1|60, 10, (50, X) =

n

20
E lo 2 w LW, OV, X g Xzn)

h=1 1

20
X 2 PAISMLO, Lol Xow Xa | (14)

J~t
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3) Renewal of ¢5: Calculate £, as a renewal by Newton’s
method that maximizes

K| 1,99, 6,0, £0, £60, X) =
n 20
2 log z wLIE®, EP[, Xigy Xop)
h=1 [53]

20
X 23 PO, L0, Xop, Xap) (15)

Jj=1
4) Stopping rule: Stop the procedure when

[, — 41|

< € =001, h=1...,5

17,

otherwise iterate steps from 1 to 3.

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

Bootstrap Probabilities of 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

10 1X) = i=1,....,m (16)

2 log f,Xulbin)s
hwt

where each term of the right-hand side follows an independently
identical distribution (i.i.d.). When 8@ is replaced by the maximum
likelihood estimate 6, each term of the right-hand side of

> log fX,ld),  i=1....,m (17
bl

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

(1(:}, 1(2), e l(m))

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

l(l)(aﬂ(l) ' X)

lm(é(r) 1X) =

and

n

—lh-l

n 1 & .
tog f5Xul8p) — = 2 log f(Xy18)
n poy

. 1 & "
x [108 S X, 16y) — n E log ﬂ;')(xh'lau))]
el

(Kishino and Hasegawa 1989), respectively.

It is desirable to carry out bootstrap resampling (Felsenstein
1985; Hasegawa and Kishino 1989) of X,’s, but 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 bootstrap resampling the estimated log-likelihoods of sites as
follows,

w= 2 log £,(Xi216,) (18)
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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.

Inthe 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 OTUs.
Therefore, we develop here a simplified method for inferring trees
among groups of many OTUs.

Suppose that we have s > 5 OTUSs, and that they are known
to be clustered in advance into five groups that contain s, §,, §3,
54, and s; members, respectively (s =5, + 5, + 53 + 5, + 85).
Then, sequence data can be represented as follows:

Species (1.1) X Xy - Xam
Group 1 : :

Species (1.5,) X(l.s,)l X(l.s.)z X(l.sl)n

Species (5.1) X Xsae  Xisin
Group 5 H H

Species (5.55) Xsogt Xisagz ~- X5 s

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 OTUs, m is 15. Then, we get r = 5, X §, X 54
X 54 X 85 sets of estimates of branch lengths and log-likelihoods
foreachmodel i (i = 1, ..., n), i.e.,

éj(o and Im(fijm | X,

where X/ is the 5 %X » submatrix of the » x n full data, corre-
sponding to the selected five species. Variances and covariances
among 1(,,(@(,,|XJ) (G=1,2,...,mj=1,2, ..., r) are esti-
mated by

ji=L2 ...,r

°°v[1m(@u'w|xm lm(%,lx:“)] =

n— 133

. 1 & A
z Z (:103 Jo X410, — n E log f(.n(x’h'wj(o)]

e 1 & s
X[IOE S Xa16) — n 2 log fi(X4 16/ (i'))] 19)
-1

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

ly = 20 Wolo@n|X) (20)

=1

where

l/var[l(,)(alm ! X/')]

W, = 1)

> 1/§Zr[1(,,(afm|xf")]

=1
Variances and covariances among them are given by
Covl:l(na l(i‘)] = E E MJ"(,)W'(,V,COV[I(D(@’ 0 XD, I(i'l(aj(:')lxj )] 22)
o1 =

Estimation of Parameters. Furthermore, the parameters 8, (i
=1,2,..., m)are estimated by

am = EI w'ma’(n (23)
=

Their variances are given by

var@@,) = X, X wiywicov®,, &) (24)

=1 j=1

The covariances in the right-hand side are given by

n cov(Biy, ¥ ) = ()~ K o) (25)
where
Jiy = —E[VW]og S (X lﬂfm] (26)
and
Kt = E[V log /(X/|8',)V"Tog f(X7 N’"m)] 27
which are estimated by
- % VY7108 fil X4 )
and
}1 2 V log /(X4 80)V 7108 £,(X 18
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, if they occurred,
should provide important information for inferring evolutionary
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 insertion/deletion events is low
enough that the sequence length does not change significantly
during the time 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 time
interval, dt, is represented by

+ —_
PA)=|+1—-var2 vau2
- vdt2 1 —vd2

(28)

The transition probability matrix for an arbitrary time interval
t is given by



1 [1 + v

1 —ev
P(p) = 3 ] (29)

1—e™ 1 +e™
A time interval during which one amino acid substitution occurs
Def' 100 amino acids is taken as a unit of time as before. Similarly,
35 In Eq. (9), a probability of occurrence of a particular pattern
of distribution of + and — states among species in a site can be
Calculated. Let (9, v) denote the sum of the probabilities of (+,
..., Hand of (=, —, ..., =)
Le}ting v denote the number of stretches of sequences that
ave information on insertions/deletions, we represent the pat-
tern of insertions/deletions by (Y,, Ya, ..., Y,), where Y, is a
column vector of dimension s and its elements are either + or
~> and their likelihoods are denoted by g(Y,|8, v), g(Y:|6, v),
‘- +» &(Y,|8, v). Denoting the likelihoods of respective sites for
the amino acid substitutions derived before by X, 16), AX,10),
-+ +1 f1X,16), the total likelihood of X, Xz, . . ., X,, Yy, Y3, .. -,
Y) that takes into account insertion/deletion events is given by

Lo, vX, X, . ... X, Y, Ys...,Y) =
IT ¢, vwax.16) I g(v;i6, v (30)
-1 =t
The log-likelihood is
1= L1X) + 1,50, v|Y) @31
Where
LO1X) = 3 log fX,|6) (32)
i=1
and

ln @8, v|Y) = nlog g6, v) + 2 log g(¥,[6,%)  (33)

Equation (32) gives information on amino acid substitutions and
4. (33) on insertion/deletion events.

© Ahh.OUg!'l the latter should contribute in the selection of tree

to{’vol()gles,' it is expected that it does not contribute significantly

is aal‘d estimating the branch leng'fhs, 9. 'I:herefore our prqcedure

likels' follows; (1) at ﬁ{st, we estm}ate [/ from the~ p.ar'tlal log:

v YlhOOd i,, and (2) using §, we estimate ¥ by maximizing /,,(6,
[Y). The variance of the estimated v is given by

—_

var(y) = i 4 o )
U] [a vzlm(a’ V|Y)]

0 P - <] a
+|:5;V0T 100, V|Y)][V3V{ IJ(GIX)]_'V,E 1,00, V|Y)(34)

Trl:’ first term represents the variance given the estimates of
Var?Ch lengths, and the second term represents the effect of the
ance of the estimates of branch lengths.
ef(1)30otstrap probabilities can be e.stimated in the same way as
+ y)l'gyby representing the log-likelihood of X; (i=1,2,...,n

IOg f.(i.lo, V) =

102 (8, v) + log fX,16) (G=1,2,..., 1)
log g(v,_, |0, v G=n+1,n+2...,n+13s)

Phyl"geny of psbA and the Origin
hloroplasts

I;:c_e{lﬂy, two groups reported on the phylogenetic
Sition of Prochlorothrix, a presumed relative of
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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 168
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 carried out for five psbA sequences;
that is, from Fremyella displosiphon (Mulligan et al.
1984), Synechocystis 6803 (Osiewacz and McIntosh
1987), Anacystis nidulans R2 (alsc called Synecho-
coccus sp. strain 7942; psbAll) (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 5 OTUs. 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,,is0.415 (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
(+1 SE) than tree 1, and P; is only 0.079. The sub-
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Table 1. Comparison among 15 alternative unrooted trees of psbA by the maximum likelihood method

Without insertion/deletion With insertion/deletion
Tree topology -1 P, L—1 P, V;

1 A.n chl 0 0.415 0 0.377 0.0280
>—|_‘—‘< (0.416) (0.365) +0.0201

Pro Syn Fre
2 Fre chil —19.21 £ 11.00 0.000 —19.08 + 11.01 0.000 0.0268
>‘—T———< (0.000) (0.000) +0.0192

Pro Syn A.nn
3 Fre chl —16.19 £ 11.45 0.003 —10.74 £ 12,29 0.009 0.0138
>_—y—< (0.002) (0.008) +0.0140

An Syn Pro
4 An chi —1.68 = 5.19 0.273 —1.69 £ 5.19 0.218 0.0281
>_—|—< (0.260) (0.229) +0.0201

Pro Fre Syn
5 Syn chl —-1530 £ 11.77 0.021 —15.34 + 11.77 0.012 0.0273
>—‘—< (0.018) (0.016) +0.0196

Pro Fre A.n
6 Syn chl —15.98 + 11.47 0.006 —10.55 £ 12.30 0.016 0.0135
H_< (0.006) (0.015) +0.0136

An Fre 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
>——l—< (0.121) (0.095) +0.0197

Pro An 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 Pro Syn
11 Syn chl —12.40 £ 6.88 0.001 —12.38 + 6.88 0.001 0.0266
>‘T——< (0.001) (0.001) +0.0191

An Pro Fre
12 Syn chl —14.47 + 10.27 0.008 -14.32 + 10.27 0.004 0.0274
>_—|—'< (0.013) (0.008) +0.0197

Fre Pro An
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 chl 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 chl 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 chl

>
B

Fre = Fremyella displosiphon, Syn = Synechocystis, A = Anacystis 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  trees that link Prochlorothrix with Anacystis, P, +
Prochlorothrix with chloroplasts, P; + Ps + Py, is P, + P,s, is 0.759, and such clustering seems likely.
0.087, and such clustering seems unlikely by this Morden and Golden (1989a) suggested Prochlo-
analysis. The subtotal of bootstrap probabilities of  rothrix/chloroplast clustering initially from the par-
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Simony analysis of amino acid substitutions as well
il; from tl'{e analysis of insertion/deletion data, but
CIr parsimony analysis has turned out to be in
erl'Or.(Morden and Golden 1989b). The Prochio-
;‘ i()l(l/llrzx/c;hloroplast clustering (tree 9) is only equally
anf' Y with tree | from the parsimony analysis of
1no acid substitutions. Now, the sole molecular
g:;a Fhat seem to support their tree are the insertion/
sevetmn data of psbA, i.e., deletion of a stretch of
Proeclllz lammo. acids near the C terminus shared by
a orothrix and chloroplasts (Fig. 2 in Morden
nd Golden 1989a). The significance of these data
also is evaluated in Table 1.

When insertion/deletion is taken into account
g“i‘h insertion/deletion in Table 1), P,is 0.219 and
5 tl iS 0.377. The subtotal of bootstrap probabilities
» rees that link Prochlorothrix with chloroplasts,
bé’ + Ps + Py, is 0.244, and such clustering cannot
of treJeCted. T.he subtotal of bootstrap probabilities
+ ;ees that l.mk Prochlorothrix with Anacystis, P,
o 1 + Pys, is still as high as 0.648. As Fremyella
S lacking in the 16S rRNA tree of Turner et al.
£1112'89), all of trees 1, 4, and 15 are consistent with
lin lir_m?e, and the high bootstrap probability of this
ins 18 1m accord with their analysis. Although the
chlertlon/deletlon data favor the Prochlorothrix/

Oroplast clustering as was claimed by Morden
?;1:1 Goldeq, they are not strong enough to refute
i conclusion obtained by the am'mto -acid substi-
the :)n data, and the apparent contradiction between
b WO research groups seems to be an artifact caused

¥ defects of the methods used for data analysis.
in Elhe maximum likelihood estimates of vare shown
ofi e la§t column.of Table.l. These represent rates
q bnsfértlpns/deletlons relative to that of amino acid
Ubstitutions. The estimates of v for trees 3, 6, and
t are nearly half of those for other trees. This is due
© the fact that, in the trees other than trees 3, 6,
;nd 9, parallel deletions along the chloroplasts and
) '(' ?ﬁhlorotfzrix lines must be assumed. In Fig. 2, tree
ang eG maxlrr’lum likelihood tree) apd tree 9 (Morden
b olden’s tree) are shown with the estimated
Tanch lengths. It should be noted that in tree 9 the

4.94 % 1.26

Fremyella
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chloroplasts

Fig. 2. The maximum like-
lihood tree (a: tree 1) and the
tree proposed by Morden and
Golden (b: tree 9) of psbA.
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 ().

Anacystis

9.85 £1.62

2,07 £0.89

5.09:+1.28

Prochlorothriz

1

a
I
&
W
=3
2

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. If 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 Dayhoff et al.’s transition
matrix is applicable to the evolution of pshA. 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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matrix is specific only for these proteins, because
the frequency of substitutions in the matrix corre-
lates well with the chemical similarity between ami-
no acids (Clarke 1970). This indicates that amino
acid substitutions that are accompanied by small
chemical changes occur much more frequently in
evolution than those accompanied by large ones,
which is consistent with the neutral theory (Kimura
1983). Therefore, it seems reasonable to assume that
the evolution of psbA follows Dayhoffs matrix if
most of the evolutionary changes of this protein are
neutral, as is likely to be the case.

Furthermore, some readers may question our as-
sumption of the identical transition probability 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
correlation between site dependency and amino acid
dependency, and therefore the site dependency of
variability is taken into account to some extent in
Dayhoff et al.’s transition matrix (Nei and Tateno
1978).

We have specified a very simple model for in-
sertion/deletion events, because the mechanism is
not well known at present. We recognize the im-
maturity of the model. More elaborate consider-
ations are left for future study.

It might be interesting to point out that even with
insertion/deletion the log-likelihood of tree 9 is low-
er than that of tree 4 and tree 15 (/; — [, = —5.63,
I, — 1, =—1.69, 1, — I, = —3.25), whereas P, is
higher than P, and P,s. This is due to an extremely
large variance of [, — /, (more than five times of
those of the other two). Therefore, it is apparent that
the mean log-likelihood differences among models
cannot give sufficient information on the reliability
of the maximum likelihood model unless the vari-
ance of the difference is attached (Hasegawa and
Kishino 1989; Kishino and Hasegawa 1989).

Prochlorothrix, like Prochloron, differs from cy-
anobacteria by the lack of phycobilin pigments and
the possession of chlorophyll 4 in addition to chlo-
rophyll g, a combination found in chloroplasts
(Burger-Wiersma 1986). For this reason, although
there is no direct evidence from 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 of a Prochlo-
rophyta/chloroplast linkage cannot be excluded when
the deletion in psbA is taken into account, our anal-
ysis indicates that the most likely hypothesis is that
Prochlorothrix is more closely related to Anacystis
rather than to the chloroplasts, which is consistent
with Turner et al. (1989). Therefore, the resem-
blance of prochlorophytes to green chloroplasts may

be a result of convergent evolution (Cavalier-Smith
1982; Turner et al. 1989). In the 16S rRNA tree,
Cyanophora paradoxa is the closest relative to the
chloroplasts. Unfortunately, the sequence data of
psbA from this organism are still unpublished. The
data should shed more light on the origin of the
chloroplasts.

In recent years it has become popular to use
bootstrapping in molecular phylogenetics. This ten-
dency is a great advancement in this field, because
several years ago it was rare that an attempt was
made to assign a confidence interval to an estimated
phylogeny. However, the following warning by Fel-
senstein (1985) who has been advocating the use of
bootstrapping in phylogenetics should be noted.

Bootstrapping provides us with a confidence interval within
which is contained not the true phylogeny, but the phylogeny
that would be estimated on repeated sampling of many char-
acters from the underlying pool of characters. As such it may
be misleading if the method used to infer phylogenies is
inconsistent.

Therefore, even if bootstrapping excludes alterna-
tive trees by a method that is inconsistent in a par-
ticular situation, the inferred tree is not necessarily
the truth.

The parsimony method has some merits because
it is easy to interpret and also to calculate. However,
it sometimes gives erroneous results, particularly
when the evolutionary rate differs among lineages
(Felsenstein 1978; Hasegawa and Yano 1984; Hen-
dy and Penny 1989). The maximum likelihood
method requires a statistical model, and usually this
requires more computation than the other ap-
proaches. However, one of the greatest advantages
of the maximum likelihood method is that it can
indicate the accuracy of the inferred tree as we have
seen in this paper. Therefore, we will not draw an
incorrect conclusion even if the highest likelihood
tree is not the correct tree due to random fluctua-
tions in evolution. In that case we simply conclude
that the data cannot discriminate among alternative
trees. In the maximum likelihood framework, the
expected posterior probability of a tree topology is
approximately the same as the bootstrap probability
(unpublished). .

Because the maximum likelihood method de-
veloped in this paper takes into account the unequal
transition probabilities among pairs of amino acids
based on the empirical data of Dayhoff et al. (1978),
and because it does not assume constancy of the
evolutionary rate among lineages, it appears to be
applicable to a wide range of phylogenetic problems.
Furthermore, as we have seen in the analysis of
insertion/deletion data, the maximum likelihood
method can take into account various kinds of in-
formation on the same basis. Therefore, we can im-



brove the model as further information accumu-
!ates. The problem of computational burden should
lmprove in the near future as computer facilities are
Tapidly developing and this approach is thus ex-

bected to become important in molecular phylo-
genetics,
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