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The relative efficiencies of the maximum-parsimony ( MP) , UPGMA, and neighbor- 
joining (NJ) methods in obtaining the correct tree (topology) for restriction-site 
and restriction-fragment data were studied by computer simulation. In this simu- 
lation, six DNA sequences of 16,000 nucleotides were assumed to evolve following 
a given model tree. The recognition sequences of 20 different six-base restriction 
enzymes were used to identify the restriction sites of the DNA sequences generated. 
The restriction-site data and restriction-fragment data thus obtained were used to 
reconstruct a phylogenetic tree, and the tree obtained was compared with the model 
tree. This process was repeated 300 times. The results obtained indicate that when 
the rate of nucleotide substitution is constant the probability of obtaining the correct 
tree (P,) is generally higher in the NJ method than in the MP method. However, 
if we use the average topological deviation from the model tree (&) as the criterion 
of comparison, the NJ and MP methods are nearly equally efficient. When the rate 
of nucleotide substitution varies with evolutionary lineage, the NJ method is better 
than the MP method, whether PC or &is used as the criterion of comparison. With 
500 nucleotides and when the number of nucleotide substitutions per site was very 
small, restriction-site data were, contrary to our expectation, more useful than 
sequence data. Restriction-fragment data were less useful than restriction-site data, 
except when the sequence divergence was very small. UPGMA seems to be useful 
only when the rate of nucleotide substitution is constant and sequence divergence 
is high. 

Introduction 

Although DNA sequencing has become much easier since the introduction of 
the polymerase-chain-reaction method, the restriction-enzyme technique remains 
useful for constructing a phylogenetic tree for closely related populations or species 
(Avise and Lansman 1983; Wilson et al. 1985; Nei 1987, pp. 97-107). One of the 
most widely used methods of constructing a phylogenetic tree from restriction-site 
data is the maximum-parsimony (MP) method (Eck and Dayhoff 1966, pp. 162- 168; 
Fitch 197 1 ), though Nei and Tajima ( 1985) and Li ( 1986~) have shown that, when 
the number of nucleotide substitutions per site between DNA sequences is relatively 
large, the MP method is likely to introduce serious errors in tree construction. Sourdis 

1. Key words: maximum parsimony, UPGMA, neighbor-joining, restriction-site data, restriction-frag- 
ment data. 

Address for correspondence and reprints: Dr. Masatoshi Nei, Institute of Molecular Evolutionary Ge- 
netics, 328 Mueller Laboratory, Pennsylvania State University, University Park, Pennsylvania 16802. 

Mol. Bid Evol. 8(3):356-365. 199 I. 
0 1991 by The University of Chicago. All rights reserved. 
0737-4038/91/0803-0007$02.00 

356 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/8/3/356/1044769 by guest on 21 August 2022



Phylogenetic Trees from Restriction Data 357 

and Nei ( 1988 ) and Saitou and Imanishi ( 1989 ) have shown, for DNA sequence data, 
that the MP method is less efficient in obtaining the correct tree than is either the 
minimum-evolution method ( Cavalli-Sforza and Edwards 1967 ) or the neighbor-join- 
ing method ( Saitou and Nei 1987 ) , except when the number of nucleotide substitutions 
per site is very small and the number of nucleotides examined is very large. 

Nevertheless, no studies have been done about the efficiency of the MP method 
relative to that of distance-matrix methods for restriction data. Since estimates of the 
number of nucleotide substitutions from restriction data are often subject to large 
sampling errors, Sourdis and Nei’s and Saitou and Imanishi’s conclusion may not 
apply to this case. We have therefore examined this problem by conducting a computer 
simulation. In this simulation, we have also examined the relative efficiencies, for 
phylogenetic construction, of restriction-site data and DNA sequence data. In the 
present paper, we consider only two distance-matrix methods, i.e., the unweighted 
pair-group method with arithmetic means (UPGMA) and the neighbor-joining (NJ) 
method. UPGMA is known to work well when the rate of nucleotide substitution is 
constant and the extent of sequence divergence is large (Tateno et al. 1982; Nei, 
accepted). By contrast, the NJ method is known to be as efficient as either the min- 
imum-evolution method or the neighborliness method of Sattath and Tversky ( 1977) 
and Fitch (1981). 

Method of Simulation 

Our computer simulation, similar to that of Sourdis and Nei ( 1988), was to set 
up a model tree, simulate the evolutionary change of nucleotide sequences following 
this model tree, and compare the tree reconstructed from the simulated sequence data 
with the model tree. The model tree consisted of six DNA sequences (fig. 1). We 
considered both the case of constant and the case of varying rate of nucleotide sub- 
stitution. In the case of constant rate of substitution (fig. 1 A), the expected number 
of per-site substitutions from the ancestral sequence to the extant sequences was denoted 
by U, whereas the length of each branch was a multiple of a, which was one-fifth of 
U. In the present study we considered the cases of U = 0.0125,0.025,0.05, and 0.10. 
Note that U is half the expected distance (number of nucleotide substitutions) between 
two most distant DNA sequences. Thus, in the case of U = 0.1, the expected distance 

(4 3a 1 (B) 1 
a 

a 3a 2 2 
4a 3 3 
4a 4 4 

a 3a 
a 5 5 

3a 6 6 

I I I I 
U U 

FIG. 1 .-Model trees used for computer simulation for six DNA sequences. (A) and ( B) represent the 
cases of constant and varying rate of substitution, respectively. In tree (A), the expected number of nucleotide 
substitutions per site for a branch is expressed as multiples of a, and the expected number of nucleotide 
substitutions per site from the ancestral sequence to an extant sequence is U (=5a). In tree (B), the length 
of each branch was generated randomly according to the gamma distribution described in the text. 
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358 Jin and Nei 

between sequences 1 and 4 is 0.2. Since estimates of the number of substitutions 
obtained from restriction-site data are unreliable when 2U > 0.2 (Brown et al. 1979; 
Nei and Li 1979; Li 198 1)) we did not consider the cases of 2U > 0.2. In the case of 
varying rates of nucleotide substitution, the expected number of substitutions for a 
branch was determined under the assumption that it follows a gamma distribution 
the mean of which is the same as that of the corresponding case of constant rate of 
substitution [ for details of the procedure, see Tateno et al. ( 1982)]. Figure 1B is the 
model tree determined by this procedure. Once the expected length of a particular 
branch was determined, the actual number of nucleotide substitutions for that branch 
was obtained by generating Poisson random numbers in each replicate simulation. 

The ancestral sequence for each replicate simulation was generated by using 
pseudorandom numbers under the assumption that the four nucleotides A, T, C, and 
G are equally frequent. Each DNA sequence was assumed to be circular and composed 
of 16,000 nucleotides, as in the case of mammalian mitochondrial DNAs. The ancestral 
sequence was duplicated at each branching point of the model tree and subjected to 
nucleotide substitution. Nucleotide substitution was assumed to follow either the one- 
parameter model (random substitution among the four nucleotides; Nei 1987, p. 65 ) 
or Kimura’s ( 1980) two-parameter model. In the latter model, the rate of transitional 
change was assumed to be 20 times greater than that of transversional change. At the 
end of the evolutionary process considered, all nucleotide sequences were recorded. 
This was repeated 300 times. 

The actual pattern of nucleotide substitution is, of course, much more complicated 
than the one-parameter or two-parameter model (see Nei 1987, chap. 5). In the case 
of restriction-site data, however, these models seem to be sufficient for obtaining a 
general idea of the relative efficiencies of different tree-making methods, as will be 
mentioned in the Discussion. 

To obtain restriction-site data, the recognition sequences of 20 six-base restriction 
enzymes were used to identify the recognition sites of each extant DNA sequence. 
The enzymes used were B&I, BumHI, BclI, @/II, &I, DraI, EcoRI, EcoRV, HindIII, 
KpnI, NC& NwI, PstI, PvuII, SacI, SalI, SmaI, SstII, XbaI, and XhoI. A restriction- 
site map was then constructed for each DNA sequence. 

In phylogenetic construction, not only restriction-site data but also restriction- 
fragment data are used (for details of the procedure, see Nei 1987, pp. 96-107). In 
practice, however;small restriction fragments can not be identified by the standard 
electrophoresis used. Two restriction fragments of which the sizes are similar to each 
other are also indistinguishable. We therefore assumed that restriction fragments < 100 
nucleotides long are undetectable, as is usually the case with mammalian mitochondrial 
DNAs. We also assumed that two restriction fragments of which the sizes differ by 
< 1% of the average of the two fragments compared are indistinguishable. 

To see the effect that undetectability of either small restriction fragments or frag- 
ment differences had on the efficiency of phylogenetic reconstruction, we also consid- 
ered the case where every fragment or every fragment difference is detectable. We call 
the data obtained under this assumption “high-resolution fragment” (HRF) data. 

The nucleotide sequences, restriction-site data, and restriction-fragment data thus 
obtained were used for constructing phylogenetic trees by using the MP, NJ, and 
UPGMA methods. The MP tree was constructed by using Saitou and Imanishi’s ( 1989) 
computer program for DNA sequences and restriction-site data. This program ex- 
amined all 105 possible topologies for six DNA sequences. In the cases of NJ and 
UPGMA, the number of nucleotide substitutions between sequences (sequence di- 
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vergence) was estimated by Jukes and Cantor’s ( 1969), Nei and Tajima’s ( 1983), 
and Nei and Li’s ( 1979) (see Nei 1987, p. 106) methods for DNA sequences, restriction- 
site data, and restriction-fragment data, respectively. For DNA sequence data, sequence 
divergences were estimated by Jukes and Cantor’s method even when nucleotide sub- 
stitution followed the two-parameter model. We did this because, when 2U is small, 
Jukes and Cantor’s method gives fairly reliable estimates even if there is a transition / 
transversion bias (Tajima and Nei 1984). 

Following Tateno et al. ( 1982), we measured the efficiency of a tree-making 
method by two quantities, i.e., the probability of obtaining the correct tree (PC) and 
the average topological deviation (&) of estimated trees from the model tree. PC was 
actually estimated by the proportion, among 300 replications, of those replications 
for which only the correct tree was obtained. & was computed by Robinson and 
Foulds’ ( 198 1) method. In the range of values observed here, & is roughly equal to 
twice the mean number of branch interchanges required to convert one topology to 
the other and takes a value of zero when the topology of an estimated tree is identical 
with that of the model tree. 

Results 
Constant Rate of Nucleotide Substitution 

Table 1 shows the PC and &- values for the case of a constant rate of nucleotide 
substitution with the one-parameter model. For restriction-site data, PC is highest for 
the NJ method and lowest for UPGMA, for all U values considered except for U 
= 0.1. For U = 0.1, PC is nearly the same (no statistical difference) for all the tree- 
making methods. The standard error of PC is given by [PJ l- Pc)/300]". A good 
performance of UPGMA when the distance value is high is similar to that observed 

Table 1 
PC (X100) and & (in Parentheses) for Model Tree A 

U AND METHOD 

SEQUENCE LENGTH 

(bp) RESTRKTION- 
RESTRKTION- FRAGMENT HRF 

16,000 1,000 500 SITE DATA DATA DATA 

0.0125: 
NJ 100 (0.00) 86 (0.29) 55 (1.02) 69 (0.75) 54 (1.12) 54 (1.12) 
UPGMA 100 (0.00) 57 (0.99) 31 (2.01) 40 (1.65) 42 (1.63) 43 (1.59) 
MP . . , 79 (0.3 1) 41 (0.97) 58 (0.76) . . . . . . 

0.025: 
NJ 100 (0.00) 98 (0.05) 83 (0.35) 82 (0.39) 62 (0.9 I) 66 (0.79) 
UPGMA 100 (0.00) 81 (0.43) 58 (0.99) 63 (0.86) 53 (1.21) 55 (1.13) 
MP . . . 96 (0.06) 72 (0.40) 73 (0.42) . . . . . . 

0.05: 
NJ 100 (0.00) 100 (0.01) 95 (0.09) 84 (0.34) 58 (1.02) 58 (1.00) 
UPGMA 100 (0.00) 96 (0.07) 80 (0.42) 70 (0.63) 55 (1.06) 56 (1.01) 
MP . . . 100 (0.01) 92 (0.11) 77 (0.37) . . . . . . 

0.10: 
NJ 100 (0.00) 100 (0.00) 98 (0.04) 81 (0.39) 39 (1.57) 45 (1.38) 
UPGMA 100 (0.00) 99 (0.02) 90 (0.19) 83 (0.38) 51 (1.24) 59 (0.96) 
MP . . . loo (0.00) 99 (0.02) 80 (0.36) . . . . . 

NOTE.-A one-parameter model is used. The number of replications is 300. 
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360 Jin and Nei 

with DNA sequence data, although, in the latter data, U must be even higher (Tateno 
et al. 1982; Sourdis and Krimbas 1987). 

With the criterion of PC, the NJ method is always better than the MP method. 
However, this is partly because the MP method often produces several equally par- 
simonious trees including the correct one, and this case was not included in the com- 
putation of PC. In the NJ method, this type of tied trees was rarely observed. Therefore, 
one can argue that PC is not an appropriate criterion to compare the MP method with 
other methods. A better criterion for this purpose is obviously &, because this measures 
the average topological distance between the model tree and a bifurcation tree, over 
all replications and over all equally parsimonious trees obtained (Nei, accepted). (One 
can also construct a consensus tree for both the MP and NJ methods in this case, but 
the comparison of such consensus trees has several problems; see Nei, accepted). If 
we use &- as the criterion, the MP and NJ methods are nearly equally efficient in 
obtaining the correct tree. (The distribution of&is highly skewed, so that it is difficult 
to conduct a statistical test of the difference between &‘s. We therefore make our 
judgment by looking both at the face values and at the general trend of &.) 

Distance estimates obtained from restriction-fragment data are known to be less 
reliable than those obtained from restriction-site data, particularly when 2U > 0.05 
(Nei 1987, p. 107). For this reason, PC is significantly lower in restriction-fragment 
data than in restriction-site data, for both the NJ and the UPGMA methods. (The 
MP method was not used for restriction-fragment data because it cannot be used 
unless a number of unrealistic assumptions are made.) As in the case of restriction- 
site data, the NJ method is better than UPGMA, except for the case of U = 0.1, 
whether PC or &- is used as the criterion. For the NJ method, PC declines and & 
increases as 2U increases over 0.05. This is because restriction-fragment data do not 
give a reliable estimate of sequence divergence when 2U > 0.05. 

As mentioned earlier, in the restriction-fragment method, small fragments are 
usually undetected and two fragments of similar sizes are often indistinguishable. 
Therefore, one might think that restriction-fragment data are less efficient in obtaining 
the correct tree than are HRF data. Table 1, however, shows that both PC and & are 
very similar for both types of data. This indicates that there is no use in making great 
efforts to detect small restriction fragments or fragment differences in experiments. 

Table 1 also includes the PC and & values for nucleotide sequence data. When 
all 16,000 nucleotides are used, both NJ and UPGMA show PC = 100% and & = 0. 
The MP method is also expected to show the same PC and & values, though the 
simulation was not conducted in this case because of the large computer time required. 
The relative efficiencies of the MP, UPGMA, and NJ methods for the cases of 1,000 
or 500 nucleotides examined are nearly the same as those of the methods of Sourdis 
and Krimbas ( 1987), Sourdis and Nei ( 1988), Saitou and Imanishi ( 1989), and Jin 
and Nei (1990). 

In our simulation of restriction-site data, we used 20 six-base enzymes under the 
assumption of equal nucleotide frequencies. In this case the expected number of re- 
striction sites for a sequence of 16,000 nucleotides is 20 X 16,000 X (L/4)6 = 78. Since 
each restriction site consists of six bases, this type of experiment is expected to survey 
468 nucleotides per sequence. This suggests that, with 500 nucleotides, restriction-site 
data are slightly less efficient in recovering the true tree than are DNA sequence data. 
This is particularly so if we note that the restriction-site method surveys DNA sequence 
changes only indirectly. 
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Table 1, however, shows that, for U = 0.0125 and with 500 nucleotides, PC is 
higher and & is smaller in restriction-site data than in sequence data, the difference 
in PC between them being statistically significant at the 1% level. This is somewhat 
surprising, but it is understandable if we note that the average number of restriction 
sites ( 104.9 ) that could be used for phylogenetic analysis was considerably larger than 
78. This difference occurred because many new restriction sites were created during 
the evolutionary time considered. Thus, the actual number of nucleotides that were 
used for sequence comparison was effectively 630, which was larger than the number 
(500) used for direct sequence comparison. This indicates that the restriction-site 
method is quite efficient when U is small. 

However, with 500 nucleotides, the advantage of restriction-site data over sequence 
data gradually declines as U increases. When U = 0.025, PC and & are nearly the 
same for the two sets of data, but, when U r 0.05, restriction-site data are less efficient 
than sequence data, for obtaining the correct tree. This occurs even though the number 
of restriction sites available for phylogenetic analysis increases with increasing U. The 
reason for this seems to be that, as U increases, the probability of occurrence of parallel 
losses and reacquisition of restriction sites at the same position increases and thus the 
utility of restriction-site data for phylogenetic construction declines (Nei and Tajima 
1985; Li 1986~). 

Table 2 shows the PC and & values for the case of constant rate of nucleotide 
substitution with the two-parameter model. The results obtained are very similar to 
those in table 1, except that the absolute values of PC’s are slightly smaller in this case 
than in the case of the one-parameter model. Therefore, the same conclusions discussed 
above apply to the case of the two-parameter model. 

Table 2 
P, (X100) and & (in Parentheses) for Model Tree A 

U AND METHOD 

SEQUENCE LENGTH 
(bp) RESTRICTION- 

RESTRICTION- FRAGMENT HRF 
16,000 1,000 500 SITE DATA DATA DATA 

0.0125: 
NJ 100 (0.00) 83 (0.35) 51 (1.16) 67 (0.79) 54 (1.13) 58 (1.00) 
UPGMA 100 (0.00) 57 (1.01) 32 (2.02) 37 (1.71) 34 (1.93) 35 (1.87) 
MP . . . 75 (0.36) 39 (1.06) 55 (0.79) . . . . . . 

0.025: 
NJ 100 (0.00) 95 (0.09) 77 (0.48) 76 (0.56) 59 (0.98) 62 (0.90) 
UPGMA 100 (0.00) 79 (0.45) 54(1.11) 60 (0.94) 53 (1.19) 55 (1.13) 
MP . . . 89 (0.14) 67 (0.52) 67 (0.56) . . . . . . 

0.05: 
NJ 100 (0.00) 99 (0.03) 87 (0.25) 79 (0.45) 54 (1.11) 60 (0.93) 
UPGMA 100 (0.00) 96 (0.00) 71 (0.51) 69 (0.68) 53 (1.16) 57 (1.03) 
MP . . . 99 (0.0 I) 85 (0.22) 73 (0.46) . . . . . . 

0.10: 
NJ 100 (0.00) 98 (0.04) 93 (0.15) 73 (0.57) 33 (1.77) 35 (1.65) 
UPGMA 100 (0.00) 98 (0.03) 87 (0.25) 76 (0.50) 44 (1.55) 46 (1.37) 
MP . . . 99 (0.0 1) 91 (0.16) 64 (0.66) . . . . . . 

NOTE.-A two-parameter model is used. The number of replications is 300. 
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Varying Rate of Nucleotide Substitution 

The PC and dr values for model tree B in figure 1 are presented in table 3 (for 
the one-parameter model) and in table 4 (for the two-parameter model). Table 3 
shows that, when the rate of nucleotide substitution varies with evolutionary lineage, 
the PC values are considerably lower compared with those of the case of constant rate 
(table 1) . Thus, the PC values for restriction-site data are approximately one-half those 
in table 1. UPGMA generally shows a small PC value, indicating that it is not a good 
method for the case of varying rate, as has already been established with DNA sequence 
data (e.g., see Saitou and Nei 1987). The PC value for the MP method is always smaller 
than that for the NJ method, as in the case of DNA sequence data (Sourdis and 
Nei 1988). 

Table 3 shows that, for U = 0.0125 and with 500 nucleotides, restriction-site 
data are again more useful for tree-making than are sequence data but that the su- 
periority of restriction-site data declines as U increases. This conclusion is the same 
as that from tables 1 and 2. For U = 0.0125 and with 500 nucleotides, restriction- 
fragment data are nearly as useful as restriction-site data and sequence data, but, when 
U r 0.025, they are generally less useful. The PC value for restriction-site data is always 
x0.5. This indicates that, with the type of true tree given in figure lB, more than 20 
six-base restriction enzymes are necessary to obtain a reliable phylogenetic tree. 

When the two-parameter model of nucleotide substitution is used, PC generally 
becomes even smaller. However, the relative efficiencies of the MP, UPGMA, and NJ 
methods remain essentially the same. Therefore, the conclusions obtained above apply 
regardless of whether the transition/transversion bias exists. 

Table 3 
PC (X100) and & (in Parentheses) for Model Tree B 

U AND METHOD 

SEQUENCE DATA 
(bp) RESTRICTION- 

RESTRKTION- FRAGMENT HRF 
16,000 l,OOO 500 SITE DATA DATA DATA 

0.0125: 
NJ 100 (0.00) 55 (1.08) 26 (2.07) 39 (1.63) 30 (2.06) 33 (1.93) 
UPGMA 20 (1.99) 16 (3.23) 9 (3.69) 13 (3.49) 12 (3.55) 13 (3.63) 
MP . . . 38 (1.06) 12 (1.86) 24 (1.71) . . . . . . 

0.025: 
NJ 100 (0.00) 80 (0.41) 55 (1.05) 49 (1.21) 28 (2.08) 27 (2.06) 
UPGMA 16 (1.83) 17 (3.18) 11 (3.58) 15 (3.36) 11 (3.53) 10 (3.57) 
MP . . 69 (0.43) 36 (1.14) 29 (1.41) * . . . . . 

0.05: 
NJ 100 (0.00) 90 (0.20) 75 (0.53) 45 (1.31) 22 (2.36) 26 (2.09) 
UPGMA 4 (1.92) 20 (2.77) 15 (3.18) 18 (3.15) 10 (3.48) 9 (3.51) 
MP . . 88 (0.17) 57 (0.66) 32 (1.47) . . . . . 

0.10: 
NJ 100 (0.00) 91 (0.19) 83 (0.35) 41 (1.39) 18 (2.90) 15 (2.87) 
UPGMA 0 (1.99) 16 (2.61) 20 (2.97) 13 (2.97) 7 (3.45) 10 (3.28) 
MP . . 89 (0.18) 71 (0.44) 31 (1.66) . . . . . . 

NOTE.-A one-parameter model is used. The number of replications is 300. 
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Discussion 

One of the main conclusions in the present paper is that, as long as the rate of 
nucleotide substitution remains constant and U I 0.1, the NJ and MP methods are 
equally efficient for restriction-site data when &is used as the criterion of comparison, 
whereas the former method is better than the latter when PC is used as the criterion. 
This conclusion is essentially the same as that of Sourdis and Nei ( 1988) and Nei 
(accepted) for nucleotide sequences. However, when the rate of nucleotide substitution 
varies with evolutionary lineages, the MP method is less efficient than the NJ method 
except when U is very small. Therefore, the present study indicates that the NJ method 
is generally superior to the MP method. Furthermore, there are two additional ad- 
vantages of the former. First, the computational time required for the NJ method is 
much shorter than that for the MP method. Second, the former gives branch length 
estimates as well as the topology, whereas the latter is designed primarily to generate 
the topology though branch lengths can be estimated under some restricted conditions 
(Fitch 197 1). In the case of restriction-site data, Nei and Tajima ( 1985 ) have shown 
that the MP method seriously underestimates branch lengths even if U is fairly small. 

In the present study we have considered only six-base restriction enzymes. In 
practice, four-base enzymes are also often used. If all four-base restriction sites are 
identifiable, then, for phylogenetic construction, these enzymes are more useful than 
six-base enzymes. In practice, however, it is not easy to identify either all restriction 
sites or a high proportion of restriction fragments for these enzymes. For this reason, 
researchers often prefer to use six-base enzymes. Of course, if there is a complete DNA 
sequence available for one individual or one species, four-base enzymes can be used 

Table 4 
PC (X100) and & (in Parentheses) for Model Tree B 

U AND METHOD 

SEQUENCE DATA 
(W RESTRKTION- 

RESTRICTION- FRAGMENT HRF 
16,000 1,000 500 SITE DATA DATA DATA 

0.0125: 
NJ 
UPGMA 
MP 

0.025: 
NJ 
UPGMA 
MP 

0.05: 
NJ 
UPGMA 
MP 

100 (0.00) 73 (0.58) 
16 (1.85) 17 (3.17) 

. . . 56 (0.69) 

100 (0.00) 
3 (1.93) 
. . 

51 (1.19) 
16 (3.25) 
36 (1.14) 

80 (0.40) 
19 (2.82) 
68 (0.52) 

25 (2.17) 
9 (3.68) 

13 (2.02) 

48 (1.25) 
13 (3.51) 
32 (3.51) 

63 (0.86) 
14 (3.16) 
45 (1.01) 

36 (1.76) 28 (2.14) 29 (2.07) 
8 (3.83) 8 (3.80) 9 (3.68) 

20 (1.88) . . . . . . 

40 (I .47) 25 (2.35) 25 (2.2 1) 
14 (3.44) 1 I (3.65) 12 (3.57) 
29 (1.53) . . . . . . 

46 (1.31) 23 (2.25) 27 (2.05) 
20 (3.06) 15 (3.40) 15 (3.32) 
30 (1.62) . . . . . . 

0.10: 
NJ 100 (0.00) 82 (0.38) 62 (0.83) 33 (1.70) 17 (2.89) 17 (2.8 1) 
UPGMA l(l.98) 15 (2.70) 20 (2.85) 17 (3.07) 11 (3.35) 13 (3.29) 
MP . . . 65 (0.63) 44 ( 1.05) 20 (1.97) . . . . . . 

NOTE.-A two-parameter model is used. The number of replications is 300. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/8/3/356/1044769 by guest on 21 August 2022



364 Jin and Nei 

more effectively by comparing all restriction sites with the DNA sequence (Cann et 
al. 1984). Although we have not studied the PC and & values for four-base restriction 
enzymes, we believe that our conclusions will apply to restriction data from these 
enzymes as well. 

As mentioned earlier, we used the one-parameter and two-parameter models of 
nucleotide substitution to simulate the evolutionary change of DNA sequences, though 
the actual pattern of nucleotide substitution is usually much more complicated. We 
did this because, when U I 0.1, the effects of various disturbing factors are relatively 
small. One of the most serious factors is variation in the rate of nucleotide substitution 
among different nucleotide sites. For example, in the coding region of a gene, the third 
nucleotide position of a codon generally shows a higher rate of substitution than do 
the first and second positions. This factor, however, introduces a relatively minor 
effect on the estimate of nucleotide divergence, when six-base restriction enzymes are 
used. This is because every restriction site consists of two each of the first, second, 
and third positions. When four-base restriction enzymes are used, a restriction site 
may include one or two third positions. Yet, Li ( 1986b) has shown that Nei and Li’s 
( 1979) method gives a fairly good estimate of nucleotide divergence as long as U 
< 0.1. Considering DNA sequences, Jin and Nei ( 1990) studied the effect of various 
types of substitution-rate variation among different nucleotide sites on the PC values 
for the NJ and MP methods. Their results show that this effect is important only when 
U is large. Jin and Nei also showed that nucleotide-substitution patterns different from 
those of the one-parameter and two-parameter models do not seriously alfect the PC 
values unless U is large. Since the restriction-enzyme method is supposed to be used 
only for the case of a small U value, the conclusions obtained in the present paper 
are expected to apply to a wide variety of situations. When U is large, one should use 
DNA sequence data rather than restriction-site data. 
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