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Abstract.—In spite of considerable work by many evolutionary biologists, it has not been possible
to separate convincingly the human (H) - chimpanzee (C) - gorilla (G) trichotomy into a pair of
sequential dichotomies. There are three possible phylogenetic groupings {(HC)G, (HG)C, and
(CG)H], and each has its proponents. The evidence remains ambiguous, and instead of choosing
among the available phylogenies, it might be better to provide a statement of their relative prob-
abilities. We develop a likelihood analysis of mtDNA restriction-pattern data that can be used to
make such probability statements and illustrate it with data on humans, chimpanzees, gorillas,
orangutans, and gibbons.

The results of our analyses suggest that the best fitting model is that of the (CG)H grouping, but
with a very short time span between the first and second splits. For either the (HC)G or (HG)C
hypothesis, a true trichotomy is the best model (no elapsed time between the two splits). Chi-
square tests indicate no compelling resolution among the three models, however, and all three
retain nontrivial posterior probabilities. We also compare each model with an alternative allowing
for rate heterogeneity among lineages, but there is no convincing evidence for such heterogeneity.
Our results suggest that, while it may eventually be possible to resolve the trichotomy into a pair
of unambiguously ordered (but very close) dichotomies, it is possible that the ancestors of all three
taxa (H, C, and G) were still conspecific subsequent to the second split, perhaps no more different
than the “major races™ of extant Homo sapiens.
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In spite of an increasing number of at-
tempts, it has not yet been possible to re-
solve the human (H) - chimpanzee (C) -
gorilla (G) trichotomy into a sequential pair
of dichotomies. Evidence exists that sup-
ports each of three possible phylogenetic
groupings [(HC)G, (HG)C, and (CG)H].
Both the (HC)G and (CG)H hypotheses have
numerous proponents. The anatomical
analyses of Tuttle (1981), Stern and Susman
(1981), and Fleagle et al. (1981), the mor-
phometric analyses of Oxnard (1981) and
Aiello (1981), and the fossil and phenetic
analyses of Greenfield (1980) and Andrews
(1982) all favor the (CG)H split. Treatments
of molecular data by Benveniste and To-
daro (1976), Wilson et al. (1977), Ferris et
al. (1981a), Brown et al. (1982), and Kluge
(1983), and restriction enzyme analysis of
chromosomes by Bianchi et al. (1985) lead
to the same choice. On the other hand, the
(HC)G hypothesis is supported by morpho-
logical analysis (Washburn, 1982), protein
sequence data (Goodman et al., 1982),
G-banding analysis of chromosomes (Yunis

and Prakash, 1982), and DNA-DNA hy-
bridization studies (Sibley and Ahlquist,
1984), although Templeton (1985) has chal-
lenged the (HC)G interpretation of Sibley
and Ahlquist (1984). Moreover, reanalyses
of the mtDNA sequence data produced by
Brown et al. (1982) led Nei et al. (1985) to
favor the (HC)G hypothesis, in contradic-
tion to the original interpretations of Brown
et al. (1982). The (HG)C hypothesis is the
least favored of the three, but the molecular
data of Ueda et al. (1985) tend to favor that
choice, and DNA sequence analysis (Hixson
and Brown, 1986) shows that it is as par-
simonious as the (HC)G hypothesis.

The problem is not only that different sorts
of data are being used; different procedures
used on the same data yield different an-
swers. Such ambiguities are typical of dif-
ficult phylogenetic reconstructions; a pair of
dichotomies, closely spaced in time, inev-
itably lead to weak inference. Although it
may eventually be possible to resolve the
trichotomy into a sequential pair of di-
chotomies on the weight of genetic evi-

1162



LIKELTHOOD ANALYSIS

dence, too few data are available to do so
now. Rather than choosing one of the three
hypothesized phylogenies as the “winner, >
it might be better to provide a statement of
their relative probabilities. We might then
expect the relative probabilities of the com-
peting hypotheses to change as evidence
continues to accumulate, while anticipating
that all three candidate phylogenies would
remain credible possibilities for the forsee-
able future.

Our concern here is with restriction-map
data. The essential mathematical tools for
a likelihood analysis are implicit in the pa-
pers of Nei and Tajima (1985) and Li (1986).
With appropriate probability arguments, the
likelihood treatment can be used with other
sorts of data, following the same analytic
philosophy developed here. Earlier at-
tempts of this same general sort can be found
in Kashyap and Subas (1974), Kaplan and
Langley (1979), Felsenstein (1981, 1983),
and DeBry and Slade (1985). We shall begin
with a brief presentation of the probability
functions that are particularly appropriate
for restriction-site data and will then deploy
the likelihood analysis. We shall describe
the analysis for three species (human-chim-
panzee-gorilla) in considerable detail, deal-
ing first with a single restriction marker and
then with the full constellation of markers.
We shall then indicate the extension to four
species and will use it to include a known
“outgroup” (either orangutan or gibbon) in
our analysis. We anticipate that the addition
of an undisputed outgroup will accentuate
the differences among the three probabili-
ties, by providing information about the ge-
netic state of the ancestral node of the trio.
We shall use published data on restriction-
site patterns for these five taxa (Ferris et al.,
1981a) to illustrate the theory with some
numerical examples and to gain some ap-
preciation for the utility of restriction-site
evidence.

Restriction Site Change Probabilities for
Three Species

Restriction-Site-Change Probabilities. —
Nei and Tajima (1985) and Li (1986) have
derived the probabilities of the four types
of events that we can encounter with respect
to restriction-site changes in a single lineage.
Let + denote a site recognized by a partic-
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ular restriction enzyme and — a site not
recognized by that same enzyme. The four
possible patterns are

+ + — —

+ - + -

time = 0

time = ¢.

Patterns (+ | +) and (—| —) both represent
conservation of state, while patterns (+| —)
and (—| +) represent changes of state. The
probability arguments are symmetric in
either time direction (forward or backward),
so Pr(+|—) = Pr(—|+), but Pr(+|+) #
Pr(—| —). What this means in practice is
that the sharing of a — site by two taxa is
not probabilistically equivalent to the
sharing of a + state, a fact that has some
important (generally unfortunate) conse-
quences for all methods based on sheer
counts of shared and differing character
states.

To compute the probabilities of the above
patterns, we shall use the following two-pa-
rameter scheme of nucleotide substitution
(Kimura, 1981):

To

A T C G
SRR

o
FromC,Bz'yﬁ
GLa 8 8 ~

where « is the probability of a transitional
change per unit time, 3 is the corresponding
probability of a particular type of transver-
sional change, and v = 1 — A, with A =
o + 28. Brown et al. (1982) have found that
for higher primate mtDNA, « = 188. This
two-parameter model has been used exten-
sively by Li (1986) and Saitou and Nei
(1986). If « = 8, then we can use the one-
parameter model of Nei and Tajima (1985).
A six-parameter version is also available
(Kimura, 1981}, but the philosopy of anal-
ysis does not depend on the number of pa-
rameters.

All of the theory to come is based on the
assumption that the nucleotides are equi-
frequent. Indeed, the symmetry of the nu-
cleotide-substitution matrix employed
above leads ultimately to equal probabili-
ties of the four nucleotides. The assumption
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cannot be true in general, but it leads to
tractable theory. One could presumably de-
velop analogous theory for the case of a per-
manent deviation from equifrequent nu-
cleotide frequencies, but the required
mathematical complexity is daunting.
Moreover, Tajima and Nei (1982) have
shown that both the sign and magnitude of
any bias in the parameter estimates will de-
pend on the specific restriction enzyme in
use but that the bias will tend to cancel out
if many restriction enzymes are used. Since
we are using several different restriction en-
zymes here, we will follow the usual practice
of using the equifrequent theory.

Using the one- and two-parameter
models, Neiand Li(1979), Aokietal. (1981),
and Li (1986) have studied the evolutionary
change of nucleotides at a single nucleotide
site. Under the two-parameter model, the
probability that the nucleotide at time ¢z will
be the same as that at time O is given by

[1 + e %t + 2¢2+0x]
) .

The probability of a transition (A < G or
T < C) within ¢ time units is

1 + e-4ﬂ1 — 2€—Z(a+6)1
7 @

The probability of a particular transversion
AT, A«C,G~T,orG - A)is

1 — e=4%
4

The one-parameter model is obtained by
substituting o = § in (1) and (2), whereas
(3) requires no change.

Now, consider a restriction enzyme with
a particular recognition sequence of r nu-
cleotides. The probability a that a randomly
drawn sequence of r nucleotides is a restric-
tion site is given by (Nei and Li, 1979)

()

The probability of encountering the pattern
(+]+)is

P(t) = (D

Q@) =

S@) = 3

Q)

Pr(+|+) = aP(?) (5a)
(Li, 1986). Similarly, we have
Pr(+| =) = a[l — P(?)]
= Pr(—|+), (5b)
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and
Pr(—|-)=1—a[2 — P(®]. (50

Note once again that Pr(+|+) # Pr(—| —).
Since (for any one restriction enzyme) there
are many more nonrecognition than rec-
ognition sequences, preservation of a re-
striction site in the presence of nucleotide
substitution is less likely than preservation
of its absence. Such considerations lead
to the observations that when ¢ - 0,
Pr(—|—-) > Pr(+|+) > Pr(+|—)=

Pr(—{+), whereas when ¢t —» co, Pr(— | —) >
Pr(+| =) = Pr(—|+) > Pr(+|+), so that
Pr(—|—) is generally much larger than

Pr(+ | +). Also of relevance is the fact that
the (+|+) pattern may be either more or
less probable than the (+ | —) or (— | +) pat-
terns, depending on the time depth in-
volved.

Network Probabilities. — The probabili-
ties in (1)-(3) can be used to specify the
probability of any pattern of restriction-site
states, given the time depth and the choice
of phylogeny. Just to illustrate, consider the
phylogeny and data set presented in Figure
la. The probability of this outcome, given
the phylogeny imposed, is the sum of the
probabilities of the two unrooted networks
presented in Figure 1b. Since the exact re-
striction-site status of the ultimate ancestral
node does not enter into the argument, these
two networks, denoted as *(1)” and “(2)”
in Figure 1b can be redrawn as in the top
portion of Figure 1¢c. We assume in the fol-
lowing that o and 8 are constant for all lin-
eages and nucleotide positions, unless spec-
ified otherwise. Li (1986) shows that the
probability of network “(2)” is most easily
defined in terms of those of networks “(3)”
and “(4)” in Figure lc:

Pr(1) = aP¥(1))[1 — P'(t, + 2t,)] (62)
Pr(2) = Pr(3) — Pr(4)
= a[P'(2t,) — P¥(1,)]

—aylt, 1y, 1, + 28], (6b)

where

VIt 6, 4 + 28] =

£t 8, 8+ 28) — PP, + 2t), (72)
with £(¢,, ¢, t, + 2t,) defined asin (L1, 1986):
8,0 + 20) =

[Q2)Q + 28) + 252()S(4 + 21)
+ P(t)P(t, + 20). (7b)
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Fic. 1. Example phylogeny with restriction pattern
(+ + —) superimposed; a) the rooted phylogeny, b) the
two constituent unrooted phylogenies, c¢) the networks
needed to compute the probability of the restriction
pattern, given the phylogeny, with ancestral nodes in-
dicated. Restriction-site status is indicated by (+) for
recognition and (—) for nonrecognition.

Given ¢, 8, t,, and t,, the probability of the
phylogeny in Figure la is thus

Wit,, t,) = Pr(data|phylogeny)
= a[P(2t)) — £y, 1, 4 + 20)). (8)

All six possible realizations are presented in
Figure 2. Using procedures similar to the
above, we show that:

U, t;) = akt,, 1), 1, + 20) &)
V(t, t,)=1— 3a + aP(2t)

+ 2aP(2t, + 2t,)

—af(t, t, 4 +2t) (10)
X(ty, t,) = a[Pr2t, + 21))

- f(tla L, + 2t2)] (11)
Y(t,, t,) = a[l — 2P(2¢t, + 2t))

+ g(tla tl’ tl + 2t2)] (12)
Z(t,, t;) = a[l — P'(2t))

— PQ2t, + 2t)

+ g(tb tl, zl + 2t2)]' (13)

Fic. 2. The six restriction patterns for a phylogeny
of three species, with their probabilities (U-Z); restric-
tion-site status is indicated by (+) for recognition and
(—) for nonrecognition.

These six functions (U, V, W, X, Y, and Z)
are sufficient to evaluate the phylogenies for
a trio of species. The restriction patterns
(HCG)=(++ =), (+—+), (= ++),(=—+),
(—+-), and (+——) alone provide taxo-
nomic resolution, but the (+++) and
(———) sites provide useful information on
the time depth. Note that (+—+) and
(— -+ +)are equally likely, asare (—+—)and
(+-—-).

Likelihood Analysis

Phylogenetic Probabilities. —We present
the three possible dichotomous phylogenies
for the three species in question in Figure
3a. There are also eight classes of possible
restriction-site outcomes, as indicated in
Table 1. Given restriction enzymes with the
same r value (the number of nucleotides in
the enzyme recognition sequence), we can
compute the probability of the total data set
for each of the phylogenies in Figure 3 from
the numbers (&,) of sites in each of the eight
restriction classes. Neglecting a combina-
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m
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FiG. 3. The three possible phylogenies for human (H), chimpanzee (C), and gorilla (G): a) ignoring a known

outgroup, b) including a known outgroup (O).

torial constant that will cancel, these prob-
abilities are:

Pr(data|I) = UM PNV2 /N3 XWa+Ns)

- YN Z(N1+Ng) (14a)

Pr(data|II) = UM pN2JF/Na XW3+Ns)
- YN1Z(Ne+Ng) (14b)

Pr(data|III) = UM PM2J/Ns YWs+Na)
. YNSZ(N6+N7). (140)

Given data from enzymes with different r
values, we set (14a)—(14c) up for each r val-
ue separately and then multiply the respec-
tive sets together.

These three equations presuppose their
respective phylogenies. We need to com-
pute the posterior probability of each of the
phylogenies, given the restriction-site data:

Pr(I)Pr(data|I)

Pr(I|data) = Prdata) (15a)
Pr(Il|data) = — r(II;i:i(:;t)al D asp)
PR(III|data) = Pr(mlzf(;(:;t)alm), (15¢)

where Pr(data) = E Pr(i)Pr(datali). i =1,
II, III.

The Prior.—The prior probabilities [Pr(i):
i =1, II, III] can be specified in advance,
on the basis of external information. In the
context of the current problem, it is reason-
able to assume that Pr(i) = ¥5: i = 1, II, III.
There is nothing much to choose among the
three possibilities; the trichotomy has stub-
bornly resisted resolution to this point.
Templeton (19835) claims to have resolved
it, using data from Ferris et al. (19814), but
since we will here analyze data from the
same source, we will hold that claim in
abeyance, pending the outcome. The choice
of a neutral prior cancels the Pr({) values
from (15a)-(15c), and reduces the problem
to a consideration of (14a)-(14c).

Maximizing the Likelihood.—We can
view (14a)~-(14c) as the probabilities of the
data given the model phylogenies, or, by
turning the argument around, we can view
them as the likelihoods of the model phy-
logenies, given the data. Treating them as
likelihoods, where the data are constant but
the probabilities are variables, we can choose
values of ¢, and ¢, that optimize (maximum)
the likelihood values. Since (14a)—(14c¢) are
products of sums of exponentials, the like-
lihood scoring algorithms based on explicit
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TaBLE 1. Numbers of recognition sites in each of eight different pattern classes, separated by r value (in columns
headed “recognition length”) and the probabilities of obtaining such patterns (in columns headed “phylogeny”)
under the three possible phylogenies in Figure 3a. Restriction-site status is indicated by + for recognition and
— for nonrecognition in human (H), chimpanzee (C), and gorilla (G). The probabilities of the patterns observed

are U, V, W, X, Y, and Z, defined as in text Equations (8)-(12).

Restric- Species Recognition length (r) Phylogeny
tion-site
class H C G 6 16/3 4 I 11 I

1 + + + 13 2 4 U U U
2 - - - 24 6 9 | 4 | 4 |4
3 + + - 3 0 2 w X X
4 + - + 5 0 0 X w X
5 - + + 7 1 0 X X w
6 - - + 6 3 2 Y zZ V4
7 - + - 9 4 0 zZ Y zZ
8 + - - 7 8 0 Z VA Y

first and second partial derivatives are not
particularly convenient for evaluation. OQur
only real recourse is numeric solution. For-
tunately, the data show some regularities,
and there are some simplifying shortcuts.
The procedure we present below is pat-
terned after the “lod score” procedure de-
veloped for genetic linkage analysis by Mor-
ton (1955).

First, ignore the (neutral) priors and the
shared (common) denominators in (15a)-
(15¢). That leaves the traditional likelihood
functions, normally written in more con-
venient logarithmic form as

log L(I|data) = N,log(U)
+ Nlog(V) + Nslog(W)
+(N; + Ns)log(X)
+ Nglog(Y)
+ (N; + Np)log(Z) (16a)
log L(1I|data) = N,log(U)
+ Nlog(V) + N,log(W)
+ (N; + N;)log(X)
+ Nlog(Y)
+ (Ng + Nylog(Z) (16b)
log L(III|data) = N,log(U)
+ N,log(v) + Nilog(W)
+ (N5 + Nylog(X)
+ Nglog(Y)
+ (Ng + N)log(Z). (16c)

We construct a separate set of two-dimen-
sional log-likelihood tables for each r value,
one table each for log(U), log(V), log(W),
log(X), log(Y), and log(Z), over the permis-
sible ranges of ¢, and ¢,. (The need for sep-
arate tables for different r values is ex-

plained below.) The same set of tables can
be used for all three hypotheses. We then
draw matching (z,, t,) elements from these
various tables, and add the log-likelihoods
up in the requisite numbers to obtain a trio
of two-dimensional tables for the values of
(16a)—(16c). We then choose the optimal (¢,,
t,) elements from the tables for each hy-
pothesis. By using the parameter-optimized
forms of (16a)-(16¢), we can compare the
three hypotheses in (15a)—(15c¢), each shown
to best advantage.

Mitochondrial Restriction-Site Data.—We
present in Table 1 the numbers of restriction
sites in each of the eight pattern classes,
extracted from Ferris et al. (1981a). The
data presented here are a subset of those in
the original paper, and some comments are
in order before proceeding with the analysis.
We include all those sites that are detectable
in at least one of the five species. The pro-
cedure presented here thus allows usage of
all the available data. By contrast, the anal-
yses of both Templeton (19835) and Li
(1986) employ only those sites for which
two of the five taxa differ from the rest. We
shall have more to say about usage of data
in the Discussion.

Hinc 11 recognizes the sequence
GTPyPuAC, and overlaps in recognition se-
quence with Hpa I (GTTAAC) and Sal 1
(GTCGAUQ). Ava I recognizes the sequence
CPyCGPuG and overlaps in recognition se-
quence with Xho I (CTCGAG) and Sma I
(CCCGGG). We have ignored all the Hpa
I, Sall, Xhol, and Sma I sites, using instead
the Hinc II and Ava I sites, so as to avoid
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TaBLE 2. Log-likelihood analysis of the data in Table
1, under the one- and two-parameter models, with
maximum likelihood estimates of ¢; and ¢, and pos-
terior probabilities for each of the candidate phyloge-
nies.

Poste-

Hypothe- Maximum-likelihood values rior
sized proba-
phylogeny I3 73 LogL bility
One-parameter model (a = 1/3 = §):
I 0.0906 0.0000 -684.710 0.256
II 0.0906 0.0000 -684.710 0.256
III 0.0785 0.0185 —684.068 0.488
Two-parameter model (« = 0.90, 8 = 0.05):
I 0.0942 0.0000 —685.097 0.257
II 0.0942 0.0000 —685.097 0.257
III  0.0809 0.0206 —684.461 0.486

any double counting of information. We note
that, while Ava I and Hinc 11 are six-base
cutters, the degeneracy of their recognition
sequences alters the r value. Nei and Tajima
(1983) use an approximate r value of 16/3
for such enzymes, a practice we shall follow
here. The total nucleotide information re-
tained is larger if we maintain the Hinc 11
and Ava 1 sites, even allowing for the de-
generacy of their recognition sequences. Fi-
nally, FnuD II is a four-base cutter, so we
set r = 4 for the quartet of FrnuD II sites.

The Results.— As pointed out above, each
site can be placed in one of eight restriction
classes, if we consider just human, chim-
panzee, and gorilla. The tallies are presented
in Table 1, separated into sets correspond-
ing to six-base cutters (r = 6), degenerate
six-base cutters ( = 16/3), and four-base
cutters (r = 4). We can anticipate the out-
come of the analysis from Table 1. The pre-
ferred phylogeny is (III) of Ferris et al.
(1981q), also favored by the analyses of
Templeton (19835), Nei et al. (1985), and
Li (1986), all of whom used the same basic
data set. Comparing classes 3, 4, and 5, we
discover that class 5 is more common than
either class 4 or class 3. Class 3 also has
representatives from r = 4, but the affinity
implied by a shared site decreases with de-
creasing r value. On the basis of pattern
classes 3, 4, and 5 alone, we should antic-
ipate that

L(IIT|data) > L(II|data) > L(I|data) (17)

P. E. SMOUSE AND W.-H. LI

and that the ratio of ¢, to ¢, will be larger
(more nearly a true trichotomy) as we move
to the less likely phylogenies. A comparison
of the numbers in pattern classes 6, 7, and
8 indicates that we should expect to see the
same general result.

The final results of the three-species anal-
yses are presented in Table 2 for both the
one- and two-parameter models and for each
of the three phylogenies in Figure 3a. Since
time parameters appear only in product form
(at and B¢), we arbitrarily set « = 8 = V5 for
the one-parameter model and &« = 0.90 and
B = 0.05 for the two-parameter model (be-
cause o = 183). That reduces A = o + 28
to unity in both cases. The order of model
precedence is much as predicted in (17), and
the posterior odds of the three models are
1:1:2 (an improvement over the prior odds
of 1:1:1), but the differences in log-likeli-
hoods are disappointingly small. Moreover,
the most likely value of ¢, is zero for models
I and II, and the value for model III is only
0.0206. In addition, for the short evolu-
tionary time periods of interest, the process
is quite adequately described by the one-
parameter model, as discussed earlier by Nei
etal. (1985) and Li (1986). The two-param-
eter model adds nothing in the way of res-
olution and changes the total time depth
only slightly. Over the time depths under
discussion (A\z < 0.11), the one-parameter
model is adequate. With deeper time depth,
such as might be necessary with a fourth
species (see below), the probability of par-
allel losses or gains of restriction sites may
become substantially higher for the two-pa-
rameter model, so that the one- and two-
parameter models may not be so nearly
equivalent.

A Trichotomous Model.—The failure of
these data to yield strong evidence for a pair
of dichotomies within the human-chimpan-
zee-gorilla trio raises the question of how
well a trichotomous model of radiation
would work. The answer is already implicit
in Table 2, because we need merely set 7, =
0 in any of the preceding models, a ploy that
reduces all three models to trichotomous
form (Fig. 4a). The analytical results are pre-
sented in Table 3, where the trichotomous
model (0) is contrasted with models I, II,
and IIL. There is very little improvement in



LIKELIHOOD ANALYSIS

the log-likelihood to be obtained by allow-
ing z, > 0, and the trichotomous model
works about as well as any of the others.

Nonconstant Rates of Evolution.—We
have explicitly assumed throughout this pa-
per that the rate of nucleotide substitution
(A = o + 2B) is a constant in all lineages.
This assumption can never be more than
approximately true in practice. Goodman
(1985) has argued that the rate of evolution
in the final lineage leading to humans (H)
has been lower than in other lineages. If that
were true, our treatment could lead to er-
roneous results. How are we to assess the
size of the potential problem? Suppose we
let A vary among lineages, while holding the
ratio (a:0) constant. That allows us to alter
the phylogeny in Figure 4a to that shown in
Figure 4b, where the time depths (here called
7’s) of the trichotomous radiation are un-
equal (somewhat exaggerated here to im-
prove visualization). Time depth is always
measured in terms of the product Ar, and
we have arbitrarily set A = 1 in all of the
above. Varying 7 is the equivalent of vary-
ing A. If we let 7, 7,, and 7, take the values
that optimize the likelihood, we obtain the
results for model IV in Table 3. The values
of the 7’s are all quite similar to each other,
to the 7 value of the strict trichotomy, and
to the values of ¢, in Table 2. Moreover, the
log-likelihoods are only slightly different.
There is no compelling evidence for lineage
heterogeneity of evolutionary rates in these
data. Note, however, that without some
outside evidence concerning either the state
of individual restriction sites at the nodes
of the phylogeny or the respective time
depths, any inference on this point is weak.
We assume that there is rate homogeneity
for all that follows, barring any convincing
evidence to the contrary.

Hypothesis Testing. —We are led to a con-
sideration of hypothesis testing, using dif-
ferences in log-likelihood values. Twice the
difference in log-likelihood values of two
models is asymptotically distributed as x2,
provided that one of the models is a proper
submodel (special case) of the other. None
of the models I, II, or III is a submodel of
the other, so we cannot test the differences
among them in the usual x2 fashion. On the
other hand, all three are special cases of
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Fi6. 4. Trichotomous phylogenetic models for hu-
man (H), chimpanzee (C), and gorilla (G): a) rate ho-
mogeneity, all 7’s equal, b) rate heterogeneity for the
same three taxa.

model IV, the rate-heterogeneous tricho-
tomy. Model I sets 1, = 7, = ¢, and 7; =
t, + 2t,; model Il sets 7, =7, = ¢, and 7, =
t, + 2t,; model I sets 7, = 7;, =t and 7, =
t, + 2t,. The time estimates (¢,’s) for models
1, I, and III are simply extracted from Table
1 and translated into those of Table 3. To
evaluate model IV, we use (8)—(13) in the
altered form:

Ulr,, 73, 73) = a&(ry, 72, 73) (18)
Vir,, 73, 713)=1— 3a
+ aP(r, + 7,)
+ aP(r, + 73)
+ aP(r, + 13)
— a¥(ry, 72, 73) (19)
W(ry, 75, 73) = a[P (7, + 73)
— &7y, 72, 73)] (20)
Xi(7y, 72, 73) = a[P'(7y + 73)
— &7y, 72, T3)] (21a)
Xo(7y, 72, 73) = a[P(1, + 73)
— &7y, 72, T3)] (21b)
Y(r,, 75, 73) = a[l — P(v{ + 73)
— P(r, + 13)
+ &y, 725 73)) (22)
Z\(1y, T2, 13) = a[l = P(1; + 73)
- P(r +13)
+ &7, 72, T3] (230)
Zy(1y, T2, 73) = a[l — P(r) + 73)
— P(r, + 13)
+ &(71, 72, T3)]. (23D)
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The two forms of X and those of Z are used
to distinguish the case where human is (+)
and chimpanzee is (—) from the case where
the human is (—) and the chimpanzee is (+)
in Figure 2, a distinction that was not nec-
essary as long as 7, = 7, in the rate-homo-
geneous models. A contrast of the log-like-
lihood of any one of models I, II, or III with
that of model IV is x? distributed with one
degree of freedom. An examination of Table
3 will show that all of these test criteria are
less than unity, providing no evidence for
T, # T,, T} & T3, OF T, ¥ T3, taken pairwise.
Note further that the trichotomous model
0 is a proper subset of each of models I, II,
and III, and hence also of model IV, ob-
tained by setting ¢, = 0. Again, the appro-
priate differences in log-likelihoods are x2
distributed with one degree of freedom. It
is also clear from Table 3 that there is no
strong evidence for ¢, > 0. Recall from Ta-
ble 2 that models I and II are optimized
with ¢, = 0, which reduces them explicitly
to model 0, while model III (with ¢, > 0) is
minimally better than model 0. A rate-ho-
mogeneous trichotomy, the simplest model
we could specify, is compatible with the data.

Adding an Outgroup

Motivation. — The point of adding an out-
group is to improve our information on the
ancestral node of the trio, treated as am-
biguous in all of the preceding. Although we
cannot categorically impose a particular (+
or —) state on the ancestral node of the trio
for any given restriction site, as would be
the standard practice with most parsimony
procedures, the availability of an outgroup
will tend to make one or the other alter-
native more probable. Although we simply
move the ambiguous node one step deeper
in the phylogeny, the extra resolution on the
trio should help. There are 15 possible root-
ed topologies with four species. The prob-
ability functions can be constructed and
evaluated for all fifteen (Li, 1986), but only
a subset of these functions is necessary for
our purpose here. It is well established that
the trio radiated subsequent to divergence
from the outgroup. We have three plausible
phylogenies, specifically those shown in Fig-
ure 3b. This amounts to the imposition of
a strong prior on the Pr(i); we set all Pr(;)
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TABLE 3. A comparison of time estimates and log-
likelihood values for five models of the phyletic radia-
tion of human (H), chimpanzee (C), and gorilla (G).
For model I, 71 = 72 = ¢, and 73 = ¢] + 2¢7; for model
II, 7y = 13 = t}, and 73 = t; + 2f5. The best estimates
of ¢; for both models are 0 (Table 2), reducing each to
model 0, with 7| = 75 = 73 = ¢t;. For model 111, 1, =
73 =t1, and 71 = 1 + 2¢5. For model IV, the 7’s can
take any positive values.

H);onelcllle. Maximum-likelihood values
1
phylogeny 71 (H) 72 (C) 73 (G) logL
One-parameter model (¢ = 1/3 = 8):
0 0.0906 0.0906 0.0906 —684.710
I 0.0906 0.0906 0.0906 —684.710
II 0.0906 0.0906 0.0906 —684.710
III  0.1155 0.0785 0.0785 —684.068
IV 0.1155 0.0811 0.0760 —684.059
Two-parameter model (« = 0.90, 8 = 0.05):
0 0.0942 0.0942 0.0942 —685.097
I 0.0942 0.0942 0.0942 —685.097
II 0.0942 0.0942 0.0942 —685.097
I 0.1221 0.0809 0.0809 —684.461
IV 0.1219 0.0839 0.0778 —684.452

= (0 except those for the three phylogenies
in Figure 3b, set equal to ¥ each.

Restriction Patterns.—With either out-
group (orangutan or gibbon), we can define
a set of 16 restriction-cleavage-pattern
classes, and we present the numbers of sites
in each pattern class in Table 4. Using the
same sort of network addition and subtrac-
tion strategies deployed earlier for a trio of
species, Li (1986) has derived the proba-
bilities of these 16 patterns. The mathe-
matical labor involved is too large for useful
exposition here, and the resulting functions,
denoted as A(¢,, ., t;) through M(t,, t,, t5),
are simply presented in the Appendix for
easy access. The reader interested in the der-
ivations is referred to Li (1986). From this
point forward, the analysis is the same as
that for the three species case, albeit more
laborious.

Results. —The results of the four-species
likelihood analyses are presented in Table
S. It is clear that adding an outgroup does
change the relative probabilities of the can-
didate phylogenies, particularly when the
orangutan is used as that outgroup. The or-
der of hypotheses is still that indicated in
Table 2, and it does not matter a great deal
which outgroup is used, although the or-
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TasLE 4. Numbers of DNA recognition sites exhibiting the 12 different restriction classes for a quartet of
species, separated by r value (in columns headed “recognition length™), and the probabilities of obtaining such
patterns (in columns headed “phylogeny”) under the three possible phylogenies; a) using orangutan (O) as the
outgroup, b) using gibbon (B) as the outgroup. The probabilities, A-M are all defined in the Appendix.

a. Restric- Species Recognition length Phylogeny
tion-site
class H C G (o] 6 16/3 4 1 I I
1 + + + + 9 1 4 A A A
2 + + + - 4 1 0 B B B
3 - - - + 10 4 6 C C C
4 - - - - 14 2 3 D D D
S + + - + 2 0 0 E F F
6 + + - - 1 0 2 G H H
7 + - + + k} 0 0 F E F
8 + - + - 2 0 0 H G H
9 - + + + 0 0 0 F F E
10 - + + - 7 1 0 H H G
11 - + + 0 0 0 I J J
12 - - + - 6 3 2 K M M
13 - + - + 0 1 0 J I J
14 - + - - 9 3 0 M K M
15 + - - + 0 2 0 J J I
16 + - - - 7 6 0 M M K
b. Restric- Species Recognition length Phylogeny
tion-site
class H C G B 6 16/3 4 I I m
1 + + + + 7 1 4 A A A
2 + + + - 6 1 0 B B B
3 - - - + 15 3 3 C C C
4 - - - - 9 3 6 D D D
5 + + - + 0 0 0 E F F
6 + + - - 3 0 2 G H H
7 + - + + 4 0 0 F E F
8 + - + - 1 0 0 H G H
9 - + + + 2 1 0 F F E
10 - + + - 5 0 0 H H G
11 - - + + 1 0 0 I J J
12 - - + - 5 3 2 K M M
13 - + - + 2 0 0 J I J
14 - + - - 7 4 0 M K M
15 + - - + 1 2 0 J J I
16 + - - - 6 6 0 M M K

angutan does provide slightly better dis-
crimination among hypotheses. It is also
clear from Table 5 that while 75, the time
between separation of the outgroup and
subsequent radiation of the trio, is quite
large, ¢, is still negligible under models I and
II. With the greater total time depth of the
four-species phylogeny, the one- and two-
parameter models are more divergent. The
central conclusion does not change, how-
ever; we are still not quite able to choose
compellingly among the three competing
hypotheses. It is also important to note that
the estimated value of ¢, is larger when the
orangutan is used as the outlier than when

the gibbon is used, contrary to the conven-
tional wisdom that the gibbon divergence
antedates that of the orangutan. Our inter-
pretation of this result is that the greater
time depth of the gibbon divergence pro-
vides more opportunity for evolutionary
reversals, (+ - — - +)or (— — + - =),
or for convergent evolution, (+ — —) or
(— - +)in two independent lineages, lead-
ing to greater phylogenetic ambiguity. The
more divergent outgroup conveys less in-
formation about the genetic state of the an-
cestral node of the trio. While an unambig-
uous outgroup is useful, a closely related
outgroup is best.
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TaBLE 5. Log-likelihood analysis of the data in Table 4, under the one- and two-parameter models, with
maximume-likelihood estimates of ¢y, f2, and t3 and posterior probabilities for each of the three candidate
phylogenies.
A Maximume-likelihood values .
Hypothesized Posterior
phylogeny H1 12 13 logL probability
One-parameter (o = 1/3 = $3); orangutan as outlier:
I 0.0922 0.0000 0.0552 —-878.194 0.115
I 0.0922 0.0000 0.0552 —878.194 0.115
I 0.0736 0.0304 0.0425 —876.298 0.770
Two-parameter (¢ = 0.90, 8 = 0.05); orangutan as outlier:
I 0.0948 0.0000 0.0625 —879.763 0.147
I 0.0948 0.0000 0.0625 —879.763 0.147
1 0.0757 0.0313 0.0490 —878.192 0.706
One-parameter (o« = 1/3 = §); gibbon as outlier:
I 0.0926 0.0005 0.0459 —902.673 0.217
11 0.0929 0.0000 0.0461 —902.674 0.217
111 0.0784 0.0223 0.0385 —-901.714 0.566
Two-parameter (« = 0.90, 8 = 0.05); gibbon as outlier:
I 0.0951 0.0000 0.0537 —903.614 0.233
I 0.0951 0.0000 0.0537 —903.614 0.233
11 0.0800 0.0235 0.0454 —902.782 0.534
DiscussION

Choice of Data. —We have tallied in Ta-
ble 1 all eight permutations of restriction-
site status for the three species and have
used the observed numbers of these restric-
tion classes in the three-species analyses.
Similarly, we have listed all 16 permuta-
tions of restriction-site status for a quartet
of species in Table 4 and have used the ob-
served numbers in the four-species analy-
ses. The use of (— — —) sites for three species
and of (— — — —) sites for a quartet of species
requires some comment.

Consider first the three-species case and
the recognition sequence for a particular re-
striction enzyme. The vast majority of the
mitochondrial nucleotide sequence is not
recognized by this enzyme in any of the
species examined, and the number of (— ——)
sites is thus very large, though not directly
observable. Because the reading frame for
recognition is arbitrary, there are as many
potential sites as there are nucleotides in the
mtDNA (on the order of 16,000). We could
simply assign a number to the (— — —) class
which is the total nucleotide length of the
mtDNA, minus the sum of the other seven
restriction-class sizes. Because the reading
frames of the “sites” overlap, however, the
occurrence of a nonrecognition site in one
frame is not independent of the occurrence

of a nonrecognition site in the overlapping
frames, contrary to assumption of the mod-
el. Moreover, since we are using many
different restriction enzymes, each with a
different recognition sequence, the nonrec-
ognition sites for one enzyme include the
recognition sites for all of the others. Rec-
ognition and nonrecognition sites for one
enzyme are not independent of those for
another, again contrary to model assump-
tion. In fact, the dependencies are exceed-
ingly complex if we insist on complete enu-
meration. The same problems emerge in
trying to enumerate the (————) sites for
the four-species analyses.

That being the case, where have we ob-
tained the numbers for (———) in Table 1
and those for (————)in Table 4? We have
defined a “site”” as a nucleotide sequence
that is recognized (+) by an enzyme in af
least one of the five species (human, chim-
panzee, gorilla, orangutan, and gibbon). The
{(——-) sites of Table 1 are recognized as
(+) for either the orangutan or the gibbon
in Table 4. All of the (— — — —) sitesin Table
4a (orangutan as the outgroup) are (— ——+)
in Table 4b (gibbon as outgroup), and
vice versa. Thus, we tally sites that are
(HCGOB) = (————+) and (———+-),
but do not include the unobservable sites
thatare(————— ). There are undoubtedly
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many such sites in the mtDNA genome, but
we cannot enumerate them.

What are the practical consequences of
treating the data in this fashion? First, we
note that ignoring the (————— ) sites can-
not directly affect the choice of models, since
whatever the number of such sites, the prob-
ability of a (———) site or a (——— —) site
is the same under all phylogenetic models.
Second, however, we note that there is an
indirect effect on the choice of models, since
the numbers of (———) sites or (————)
sites, in comparison with the numbers of
other sites, determines the best (most likely)
choice of ¢, t,, and t;; since the optimal
choice of time values varies with the model,
a change in the number of such sites can tip
the balance of evidence in favor of one hy-
pothesis or another. Third, this effect is too
subtle to have any appreciable impact for
the present study.

This last point has been established in two
ways. Consider again the three-species case.
It is possible to ignore the (—— —) sites in
Table 1, computing a conditional likelihood
of the three models, given that only seven
classes of outcome are observable. That
treatment yields estimated ¢, values on the
order of ~0.05 in Table 2, instead of the
listed values of ~0.09. The estimated val-
ues for ¢, changed correspondingly. The re-
sulting posterior probability values and the
x°> tests changed negligibly. The second
treatment used large numbers of (———)
sites instead of the numbers listed in Table
1. The larger the numbers used, the smaller
were the corresponding estimates of the ¢
values. Again, the posterior probabilities and
x? tests were not sensitive to the choice.
Analogous treatments of the four-species
models had the same consequences, major
reductions in all of the time parameters, but
only subtle changes in the posterior prob-
abilities or x? tests.

Given the insensitivity of the outcome to
the precise treatment of “negative” sites, we
have not attempted to adjust our results for
the unobservable. We should caution, how-
ever, that the estimated ¢ values (really At
values), should be viewed as relative to each
other; they should not be interpreted as ab-
solute measures of time without calibration
against an outside (nongenetic) reference
standard.
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The Inadvisability of Choosing. — The real
value of the likelihood approach and its
principle advantage over competing tech-
niques is that instead of merely choosing a
“winner”” among the candidate phylogenies,
we can assess the genetic evidence for each
model. Model ITI [(CG)H] is a posteriori the
most probable of the candidates presented,
in agreement with earlier analyses of the
Ferris et al. (19814) data (Templeton, 19835;
Nei et al., 1985; Li, 1986), but there is not
much to choose among the three dichoto-
mous models, and we cannot really exclude
a trichotomy. Extensive simulations by Li
(1986) and Saitou and Nei (1986) show that
whenever ¢, is a small fraction of the total
time depth, asit is here, the statistical power
oflikelihood analysis is low and that we will
need very large numbers of restriction sites
to resolve a pair of sequential dichotomies
convincingly.

It is possible that an analogous treatment
of mitochondrial nucleotide sequences will
yield better resolution, although the se-
quence data currently available (Anderson
etal., 1981; Brown et al., 1982; Hixson and
Brown, 1986) do not inspire much confi-
dence on this point. Additional compara-
tive sequence data on nuclear genes are be-
coming available (e.g., Slightom et al., 1985;
Koop et al.,, 1986) and may hold some
promise for increasing resolution. We sus-
pect, however, that our inability to settle
the issue with the great mass of data (mo-
lecular and otherwise) already available is
an indication that the radiation of humans,
chimpanzees, and gorillas was very nearly
trichotomous.

A reexamination of the data in Table 1
indicates the nature of the problem. Re-
striction classes 3 [(++)—1]and 6 [(——)+],
represented by a total of 16 sites, are most
“consistent” with phylogeny I [(HO)G],
while classes 4 [(+—)+], 5 [(—+)+], 7
[(—+)—]and 8 [(+—)—], represented by 41
sites, are less consistent, though by no means
impossible, given mutational substitutions
over arelatively short evolutionary time pe-
riod. Unfortunately, phylogenies II and III
do not fare much better, with only 18/57
and 23/57 “consistent” sites, respectively.
Either there has been a great deal of con-
vergent evolution or these restriction pat-
terns represent polymorphisms within the
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species ancestral to all three taxa that have
become independently fixed in the separate
lines of descent only after phyletic radiation.
It is important to reiterate here the stricture
given by Nei and Tajima (1983) that a mi-
tochondrial phylogeny is not the same as
and should not be confused with a species
phylogeny. As a matter of fact, there is a
certain amount of mtDNA restriction-pat-
tern polymorphism within each of these
species (Brown and Goodman, 1979; Brown,
1980; Ferrisetal., 19815; Cannetal., 1984).
Comparison of individuals other than the
three presented in Tables 1 and 4 might well
have tipped the scales in favor of models I
or II. The sampling noise outweighs the evo-
lutionary signal in this case.

The time estimates (¢ or ) for all of the
three-species phylogenies are less than (.11,
indicating that there has been insufficient
time for very much convergent evolution,
and it is possible that we are examining the
lingering remnants of ancestral conspecific
polymorphism (Templeton, 1983a; see also
Avise and Lansman, 1983; Avise, 1986).
The ancestors of all three taxa (H, C, and
G) may still have been conspecific subse-
quent to the second split, perhaps no more
different than the “major races” of extant
Homo sapiens.
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APPENDIX

The probility functions of the 16 restriction classes
listed in Table 4 can be derived from the same sort of
network addition and subtraction algorithm used in
Figure 1. A pair of examples have been worked in Li
(1986) for those who want more detail. The function
A2, 1, 1) i

Ay, b, ) = ak(ty, 1y, )P, + 1)

Pty + t, + 2t;) + aP¥(t)
'[E(tz’ Htbh,th+h+ 2t3)

— P(,)P(t, + )P(t, + t; + 28)]
+ alQ¥t) O + L)QU, + 1, + 2ty)

+ 282(2,)S(t, + 1)S(t, + £, + 2t)
+ P(t)P(t, + t,)P(t, + t, + 24,))
— aP¥()P(t, + L)P(t, + t, + 2t3)
(A.1)

to a very close approximation when ¢, is small, as it is
here. A much more elaborate (but marginally more
exact) value is presented in Li (1986). Similar treatment
yeilds

B(ty, t, 3) = Uty, 1) — A(t,, b, t;) (A.2)
Clty, b, Y=Yt + b, 1)
- J(tn ta, t:) (A-3)
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D(tl’ b, ZJ) = V(tly t2) - C(tl’ L3, t3) (A‘4)
E(t,, b, t5) = ak(ty, 1y, 1y + 28, + 2t3)
— Ay, b, 13) (A.S)
Fit,tb, )=afti + bt + L, 4 + b
+ 2t3) - A(tn L, ts) (A~6)
G, b, LY = W, L) — E(ty, b, 1) A7
H(ty, by, t3) = X(t1, 1) — Flb, b, 1) (A.8)

I(ty, b, 1) = X(4) + 1, 1)
- F(tla 1, tl)
J@, t, ) = X, 6, + 4)
- F(tla L, tl).
K(tls 1 tl) = Y(tla tz) - I(ll, L, 13)

My, 1y, 1) = Z(L, &) — T, b, ).

(A.9)

(A.10)
(A.11)
(A.12)



