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ABSTRACT  The distributions of cleavage sites and their re-
lated sequences have been analyzed for 54 restriction endonu-
cleases in the genome of human mitochondrial DNA; in three pa-
pova viruses, BK, simian virus 40, and polyoma; and in three
bacteriophages, ¢X174, fd, and G4. The results show that the
cleavage sites and related sequences for most of the restriction
enzymes tested are distributed nonrandomly. These results (i) con-
stitute prima facie evidence for the action of natural selection,
either direct or indirect on the restriction sites, and (i) suggest that
estimates of phylogenetic relationship, based on a phenetic ap-
proach using restriction enzyme data, will be biased.

Reports have appeared that use data on the restriction patterns
of DNA, usually from mitochondria, to infer evolutionary re-
lationships (1-4). Such analyses have intrinsic interest that is
not possessed by similar studies using protein sequences (e.g.,
ref. 5) or allele frequencies (e.g., ref. 6). The use of restriction
endonucleases allows a direct assay of the DNA without the
confounding factors of mutation te synonymous codons, muta-
tions involving no charge change in the protein, and so on. In-
deed the claim has been made that evolutionary relationships
inferred from restriction patterns are superior to those inferred
from other data (1).

Two different approaches may be used for the reconstruction
of phylogenetic relationships using restriction patterns. The
first, which we term the cladistic approach, reconstructs phy-
logenetic relationships much in the same way that inversions
were used by Dobzhansky and his school (refs. 4 and 7; A. R.
Templeton, personal communication). The second approach,
which we may ‘term the phenetic approach, involves the de-
termination of the proportion of shared restriction sites for any
two species or taxonomic units and the consequent generation
of a distance metric (8-11). In this paper we limit ourselves to
a consideration of the phenetic approach.

To estimate phylogenetic relationships by a phenetic ap-
proach, the same basic assumption of randomness must be made
for evolutionary analyses of DNA restriction patterns as is re-
quired for evolutionary analyses with other types of data (12,
13). For data involving DNA restriction patterns, this assump-
tion requires that the distribution of bases and of base changes
within the DNA is completely random.

Given the importance of DNA restriction patterns to evo-
lutionary studies, it is important to examine in some detail the
veracity of the assumptions required for these data. Conversely,
results showing that the distributions of restriction sites are
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nonrandom also would be important as this would constitute
prima facie evidence for the action of natural selection, either
on the restriction sites themselves or on related sequences.
Previous workers have concluded from the migration patterns
of DNA fragments in electrophoresis that restriction endonu-
clease sites are distributed randomly throughout the genome,
at least for a limited sample of restriction endonucleases and
DNA sequences (3, 14, 15). However, such data have anumber
of shortcomings for testing the assumption of randomness. For

example, the method does not distinguish between different

fragments of the same size that comigrate; moreover, very small
fragments are usually ignored (2) because of experimental dif-
ficulties (cf. ref. 4).

“The recent advent of rapid techniques for DNA sequence
determinations has made it possible to sequence the entire ge-
nomes of a number of different viruses and of human mtDNA.
In this paper we use these data (i) to test critically the assump-
tion of randomness required to construct phylogenetic trees
from restriction data with a phenetic approach and (i) to ex-
amine the restriction sites for evidence of natural selection. The
logical sequence to use for this study is that of the human mi-
tochondrion (16), as this genome has been most extensively.used
for the evaluation of phylogenetic relationships (1-4). To ex-
amine the sequences of a group of evolutionarily related species,
we have analyzed in addition the sequences of the genomes of
three related papova viruses, simian virus 40 (17, 18), BK (19),
and polyoma (20), and the sequences of three related single
stranded bacteriophages, ¢X174 (21), fd (22), and G4 (23). We
have analyzed these sequences for 54 restriction enzymes doc-
umented by Roberts (24).

EVOLUTIONARY CHANGE OF RESTRICTION
SITES AND TESTS OF RANDOMNESS

The estimation of phylogenetic relationships from restriction
data by a phenetic approach involves the explicit or implicit
assumption that an equilibrium exists where the nucleotides are
completely randomly distributed throughout the genome
(8-11). In this section we examine the implications of this as-
sumption by considering the relationship between the dynamics
of the mutational changes in the nucleotides and the change in
restriction sites.

For a given restriction enzyme, the expected number of re-
striction sites and their allied sequences in a genome will change
over time in accordance with the following series of differential
equations.
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in which e, is the expected number of recognition sites of
length r in the genome; e;; is the expected number of sequences
that are i base substitutions different from the restriction site,
where j of those differences are due to transition mutations, the
other i — j being due to transversions; A is the mutation rate;
and p is the probability, that the mutation is a transition, with
g = 1 — p being the probability that the mutation is a trans-
version. These equations assume that (i) the probability of mu-
tation per nucleotide base per unit time, A, is constant for all
bases within the sequence, (ii) reciprocal mutational events are
equally likely (e.g., the probability of mutation of T — A is
equal to the probability of mutation of A — T), (iii) no selec-
tion is operating on the mutational changes occurring, and (iv)
addition and deletion mutations do not contribute to evolution-
ary change. Although these equations are only appropriate for
enzymes that recognize unique sequences, it is easy to derive
equivalent equations for those enzymes with multiple recog-
nition sequences. The implications of these equations, which
we discuss below, hold for both categories of enzymes.
The e;; converge to an equilibrium given by

=N—m———
% (r—il G-
where N is the length of the genome in nucleotides. By sum-
ming over the index j, at equilibrium the expected number of

sequences that are i base substitutions different from the re-
striction site ¢;, is given by

v = (7)o 2

This equilibrium solution of the model has three main im-
plications for the unbiased estimation of phylogenetic relation-
ships. (i) At equilibrium the model predicts a completely ran-
dom distribution of nucleotides throughout the genome so that
each of the sequences of length r is equally likely. Thus, for
sequences of length r = 1 (namely, the individual nucleotides),
these should occur with frequency 0.25. For human mtDNA
and for many other species, the frequencies of these nucleotides
show an apparently close agreement with this expected equi-
librium frequency. However, for sequences of length r = 2, it
is well known (e.g., refs. 17, 25-29) that the frequencies of cer-
tain dinucleotides, in particular C-G in eukaryotes, differ mark-
edly from the expected equilibrium frequency of 0.0625, sug-
gesting that the equilibrium solution of the model is not a good
approximation of reality. (i) Although the rate of approach to
equilibrium will depend on the relative frequency of transitions
and transversions, the equilibrium solution is not a function of
these frequencies. Therefore, it is not necessary to consider the
relative frequency of transversions and transitions in any test
of the equilibrium solution of the model. (iii) The equilibrium
specifies constraints on the expected number of related se-
quences ¢;,, i = 0, not just on the number of restriction sites

G ydo=j=<i=sr, [3]
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themselves (cf. ref. 10). A random distribution of the observed
number of sequences ¢;,, i < 0 < r, would imply that these
constraints have been satisfied.

Distribution of Numbers of Fragments. As N is typically
large and the probabilities used to compute ey and ¢;, are small,
it is reasonable to assume that the observed numbers of sites
and related sequences are Poisson-distributed variables. Using
this fact, one can compare the observed results with the ex-
pectations to test the reasonableness of the model. Sequences
two or more base substitutions removed from the restriction site
become increasingly unrelated to the restriction sites them-
selves. Therefore, we have chosen to limit our attention to the
distribution of the restriction sites and to those sequences one
base substitution removed from the restriction site (hereafter,
potential sites). It should be noted that the observed numbers
of sites and related sequences are only approximately Poisson
distributed, as their distributions in the genomes are “r-de-
pendent.” That is, the probability of occurrence of a site or re-
lated sequence is dependent on the occurrence of the same se-
quence occurring at neighboring positions, as the sequences
will overlap. For the majority of the restriction endonucleases,
this r-dependence will reduce the variation below that pre-
dicted by the Poisson distribution. Therefore, for the most part,
the tests are somewhat conservative.

The expected number of restriction sites and potential sites,
if we assume a complete random distribution of the nucleotides,
may be simply calculated from the product of the appropriate
nucleotide frequencies. However, because there is evidence
that nucleotides may not be distributed randomly within base
pairs (25-29) or triplets (28, 30), we also consider two specific
alternatives to the hypothesis of mutual independence—namely,
that the DNA sequence is described by a one-step or two-step
Markov chain. Calculation of the expected number of sites un-
der these hypotheses is straightforward.

Distribution of Fragment Sizes. A second important com-
ponent of randomness is the position of those sites within the
genome. A nonrandom distribution of fragment sizes may result
in an overabundance of exceptionally large or small (or both)
fragments, both of which may be undetected in some electro-
phoretic procedures and may cause underestimates of the
amount of differences between the organisms or taxonomic
units being compared. There is a certain amount of a priori
evidence that would suggest such a nonrandom distribution of
cleavage sites. For example, certain untranslated regions of the
papova viruses are A+T-rich (17), and this would reduce the
occurrence of certain restriction sites (e.g., Hha I) and increase
the probability of others (e.g., HindIII) within them. Random-
ness of the position of restriction sites or potential sites may be
tested with the UZ statistic of Watson (31).

If the positions of both the sites and the potential sites are
nonrandom, the bias introduced by this nonrandomness may
be minimized if the distributions of the two categories of sites
can be shown to be drawn from the same underlying distribu-
tion. This hypothesis can be tested using a two-sample equiv-
alent of the U% test (32). A summary of the characteristics of all
the tests is given in Table 1.

RESULTS AND DISCUSSION

Tables 2 and 3 summarize the tests for randomness of the dis-
tribution of the restriction sites for 54 enzymes in human
mtDNA (Table 2) and the papova viruses (Table 3). For space
considerations, the results for the bacteriophages are not
shown. The most striking aspect of the results is that the great
majority of the 54 restriction endonucleases show an extremely
nonrandom pattern of cleavage for all three groups of organisms.
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Table 1. Summary of tests for randomness
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Table 2. Distribution of restriction sites in human mtDNA

Test Statistic Model Test statistic
0A)  Mutual )
independence
0B » Qbserved One-step
number of .
L Markov chain
restriction sites
0C 'l‘wlo-ste[ ) P Based on
ov chain cumulative
1A) Mutual I [ -
) independence Poisson
Number of pe
B, . One-step
potential .
iction sites Markov chain
1C ) ‘Two-step
Markov chain J
] Position of
restriction sites | ypifrm U (see
8 Position of distribution f. 33)
- potential rel.
restriction sites
4 Position of Identical Uk, n, (Be€
restriction sites distributions ref. 34)
and potential
sites

By considering only one species for mtDNA, the sites for only

7 out of 54 enzymes fulfill all the criteria for randomness. For

the three papova viruses, only 9 of 54 meet these criteria,

whereas for the three bacteriophages, only 14 out of 54 enzymes
. (results not shown) meet all criteria for randomness.

Closer inspection of the results reveals that the number of
restriction enzymes that are nonrandom in their cleavage pat-
tern is much higher when the number and distribution of po-
tential sites are considered. For.example, for the human mi-
tochondrial genome, 17 of 54 enzymes have a significantly
different number of cleavage sites than expected under the as-
sumption of random distribution of individual nucleotides. Yet
when potential sites are considered under the same hypothesis,
an additional 20 enzymes show significant nonrandomness. The
same trend is seen when the position of sites is.considered. For
example, in human mtDNA only three enzymes show a signif-
icantly nonrandom location of sites, whereas, when the locations
of potential sites are considered, an additional nine enzymes are
significantly nonrandom. The patterns of the results are similar
for both the bacteriophages and the papova viruses. Thus, a
consideration of only the extant cut sites can lead to a major
underestimate of the degree of nonrandomness of the restric-
tion enzymes.

It is clear that the numbers of restriction sites in the genomes
deviate significantly from those expected under the most re-
strictive assumption—mutual independence of the individual
nucleotides. Most of these significant differences disappear un-
der the less stringent assumptions—namely, consideration of
the genome as a one-step or two-step Markov chain. However,
many enzymes that have a significantly different number of
cleavage sites from those expected when the genome is consid-
ered to be a one-step Markov chain show the same significant
difference under the two-step Markov chain consideration, in-
dicating that sequences longer than three nucleotides are dis-
tributed nonrandomly.

Certain enzymes show an extremely nonrandom distribution
of cleavage sites for all three groups of organisms. For example,
the observed number of cleavage sites for the enzyme Mbo I
is significantly less (P < 0.001) than the expected number for
all seven genomes tested. This result strongly suggests that the
recognition sequence of Mbo 1 is under strong selection, either
direct or indirect. The existence of this deficiency in genomes

Restriction Sites, - Tests for randomness*
enzyme no. ent OA OB 0OC 1A 1B 1IC 2 3 4
Accl 8 6 1 2
Alul 63 63 1 1
Asul 35 40 3 3 3
Asull 7 5 2
Aval 3 10 1 1 2 1 3 3 1
Ava Il 8 2 3 3 3 3 3 3 13
Ava Il 3 5 1
Avrll 12 3 3 3
Ball 6 3 2 1
BamHI 1 3 3 3 3
Bglll 0 5 1 1 1 1
BstEIl .2 3 1 3 3
Clal 1 5 3
Ddel 71 63 2

- EcoRI 3 5 2 1

. EcoRIT 16 22 3 3 3 3 1 1

FnuDII 6 40 3 3

FnudHI 29 40 3

Hael 25 12 2 2

Hae Il 52 40 2
"Hgal 11 22 1 3

‘HgiAl 8 12 3 3 3

Hha 1 17 40 3 3 1

Hindll 12 16 2 1
Hinfl 3 63 3 1 1 3 1 1 1
Hpal 3 5 2
Hpa 1l 23 40 2 2 3 3 1 2
Hphl 55 28 3 3 3 3

Kpnl 3 3 3 38 3

Mbol .23 63 3 3 3 2

Mbo I 41 35 3 2 3

Mnll 202 101 3 3 3 3 3 1
-Mst1 0 3 3

Pst] 2 3 1

Puul 0 3 3

Puu Il 1 3 1
Rsal 34 63 3 3 1 2 2

Sacl 2 3 2

Sacll 2 2 2 1
Sall 0 3 3

SfaNI 23 28 2

Smal 0 2 2 3 3

Taq 1 29 63 3 3 1

Xbal 5 5 3 3 3

Xhol 1 3 3 1 3

Xho I 1 5 3 3 3 3 3 3

Xma I 1 2 3 2

Enzymes Acy I, Bbv 1, Bel 1, Bgl 1, Hae II, HindIll, and Sph I showed
a random distribution of cleavage sites according to all tests. Ratings:
3, significantly nonrandom at a < 0.001; 2, significant at @ < 0.01; and
1, significant at a < 0.05.
* See Table 1.
+ Assumes mutual independence, model A.

as diverse as single-stranded coliphages and the human mito-
chondrion implicates this sequence in a basic role in cell func-

. tion. Other restriction enzymes show a highly nonrandom

cleavage pattern for one or two groups of organisms, but not all.
Thus, the enzyme Bbv I shows a highly nonrandom pattern of
cuts for both the papova viruses and the bacteriophages but not
in human mtDNA. Similarly Xho II is highly nonrandom for
mtDNA only and FnuDIII is very nonrandom for the papova
viruses only. These results also imply selection, either direct
or indirect, on the recognition sequences but suggest that their



Genetics: Adams and Rothman

Table 3. Distribution of restriction sites in the papova viruses

Tests for randomness*

Restriction BK SV40 Polyoma
enzzme OA 1A 2 3 0A 1A 2 3 0A 1A 2 3
Accl 2 3
Acyl 1 1 1 3 2
Alul 1 2 1 1
Asul 2 2 3 1
Asull 3 2
Ava Il 1 1
Ava III 2
Ball 1 1

BwlI 3 2 31 3 3 21 2 2 2
Bell 1
BstEIl 1
Clal 2 3 3 1
EcoRI 2
EcoRII
FnuDII
FnudHI
Hael
Hae Il 1
Hae Il
Hgal
HgiAl
Hhal 2
Hindll 1
HindIIl 1
Hinfl 3 3 1
Hpal
Hpa 1l 2 2 2 1
Hph1 1
Kpnl
Mbo 1
Mbo I
Mnll 2 2 3 2 3
Mst1
Pst1
Puul
Puu Il
Rsal
Sacl 1
Sacll
Sall
SfaNI
Taql 3 3
Xhol 2
1
1
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Xho IT
Xma I 2 2 1
Enzymes Ava I, Avr II, BamHI, Bgl 1, Bgl I, Dde 1, Sma 1, Sph 1, and
Xba I showed a random distribution of cleavage sites for the papova
viruses according to all tests. Ratings: 3, significantly nonrandom at
a < 0.001; 2, significant at a < 0.01; and 1, significant at « < 0.05.
SV40, simian virus 40.
*See Table 1.

involvement in the replication and processing of the DNA is
more specific than that for Mbo 1.

Role of Selection in Directly Influencing the Frequency and
Distribution of Target Sites. The first and most obvious expla-
nation for these results is that the restriction sites are them-
selves under some form of selection. This may be a reasonable
explanation for those enzymes that still show a significantly non-
random number of cuts, even when the distribution of two-base
doublets and three-base triplets is taken into consideration.
Three possible functions have been ascribed to restriction en-
zymes in vivo: (i) breakdown of foreign DNA from potential

Proc. Natl. Acad. Sci. USA 79 (1982) 3563

parasites or pathogens, (ii) the promotion of cross-specific gene
flow through heterologous recombination, and (#i) site-specific
recombination such as that seen in host-specificity determina-
tion in the phages P1 and Mu and in phase variation in Sal-
monella (J. A. Shapiro, personal communication). The host-con-
trolled restriction and subsequent modification of the DNA of
many phages by transmethylation and glucosylation (33) and the
existence of antirestriction proteins (34) are evidence for the
direct role of restriction enzymes in the breakdown of foreign
DNA. Protection of the phage DNA from restriction may be
achieved by DNA modification but also by selection for a re-
duced number of restriction sites. We may expect to find evi-
dence for such selection in the host—parasite system defined by
the coliphages ¢X174, G4, and fd and their potential hosts.
Although the host range of these phages is fairly narrow, for the
purposes of this argument, it is reasonable to consider all mem-
bers of the Enterobacteriaceae as potential hosts. The hypoth-
esis would predict that the numbers of restriction sites in the
coliphage chromosome would be significantly lower than those
expected from a random distribution of nucleotides. At the time
of writing, 10 restriction enzymes have been isolated from
members of the enterobacteriaceae; Eca 1 (BstEII), EcoRI,
EcoRIl, Pal 1 (Hae I11), Kpn 1, Pst 1, Pou 1, Ecc I (Sac 11), and
Sma I (ref. 24; the prototype isoschizomers are in parentheses).
However, neither the number of sites nor the potential number
of sites for these enzymes are significantly reduced below ran-
dom expectation for the three coliphages. Thus, there is no evi-
dence that reduction in the number of restriction sites has been
a significant adaptive strategy in response to host-controlled
restriction systems.

Although the data do not allow us to examine the significance
of the role of restriction enzymes in heterologous or site-specific
recombination, possible other selective factors may be inferred
from trends in the data. For example, the restriction enzymes
with four-base recognition sites tend to exhibit a much higher
degree of nonrandomness than those enzymes that recognize
longer sequences. Although this pattern could represent a par-
ticular property of enzymes that recognize sequences of four-
base length, it is more likely that the increased nonrandomness
reflects the higher number of expected cleavage sites, thereby
increasing the power of the statistical tests for these enzymes.
Support for this conclusion can be obtained when the results
of the tests for the randomness of the number of restriction sites
are compared with the results of the tests of the randomness of
the potential sites. For example, in the papova virus BK, two-
thirds of the four-base-recognizing restriction enzymes (8 of 12)
show a significantly different number of restriction sites from
that expected under test 0A (see Table 2), compared with the
figure of <1/10th (3 of 34) for the same test with six-base-recog-
nizing restriction enzymes. When potential sites are consid-
ered, where the number of sites is much larger, the difference
between the four-base-recognizing enzymes (8 of 12; 67%) and
the six-base-recognizing enzymes (12 of 34; 35%) becomes much
less. Clearly the in vivo functions of the enzymes may be dif-
ferent for each enzyme, and a variety of selective forces may
affect the overall distribution of sites, making the detection of
individual effects refractory.

Role of Selection in Indirectly Influencing the Frequency
and Distribution of Target Sites. The extensive nonrandom-
ness of the results also may be explained by the action of se-
lection—not on the restriction sites themselves but on other
sequences that may include or may be a subset of the recog-
nition sequences of the restriction endonucleases. For example,
when the frequencies of dinucleotides are taken into account
by considering the genome to be described by a single-step
Markov chain, many of the recognition sites appear to be ran-
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domly distributed. The restriction endonucleases that exhibit
the most nonrandomness tend to be those that recognize sites
with a high frequency of the nucleotides cytosine and gua-
nine—for example, EcoRII, FrnuDII, Fnu4HI, and Hae I. The
observed numbers of restriction sites for these enzymes are
lower in general than the expected numbers under the hy-
potheses of complete randomness. Thus, the nonrandom distri-
bution of restriction sites may reflect the nonrandom distri-
bution of the G and C nucleotides. In simian virus 40, the C-
G dinucleotide is much more common in the control regions
than in the translated regions of the genome, suggesting that
it may serve some regulatory function (17). Therefore, the non-
random distribution of the restriction endonucleases that rec-
ognize sites incorporating the C-G dinucleotide may reflect se-
lection for regulatory sequences rather than selection for the
enzyme sites themselves. However, none of the 54 restriction
enzymes (24) recognize either of two known regulatory se-
quences: the “Pribnow box” (35) or the canonical “Hogness box”
or any of its close relatives found in polyoma (36).

A further explanation for the nonrandomness of the restric-
tion sites is that it may simply reflect the nonrandom codon
usage that has been reported for human mtDNA (10), the pa-
pova viruses (17, 37), and the single-stranded coliphages (23)
or even a nonrandom use of amino acids (37).

CONCLUSIONS

Our results show that the distributions of restriction sites and
potential sites are highly nonrandom for the majority of enzymes
in all genomes examined. Thus, the equilibrium solution of the
model is not a good approximation of reality, and some of the
assumptions of the model are violated for these data. The most
important assumption violated is that of selective neutrality of
the mutational changes, though other assumptions of the model
may also be violated. For example, the probability of mutation
may not be constant for all nucleotides, as it is well known that
local regions of high mutational activity exist within some DNA
sequences (38). In addition, it is clear that addition and deletion
mutations must contribute to the evolutionary pool.

A consequence of these results is that estimates of phylo-
genetic relationships using a phenetic approach with restriction
data will, in general, be biased. Moreover, the direction of the
bias is difficult to predict, being dependent on (i) the genomes
under study, (ii) the distributions of the restriction sites, (iii) the
distributions of the potential sites, and (iv) the enzymes chosen.
Such bias could be minimized or even eliminated by using only
those data from enzymes that have a random distribution of
cleavage sites and by avoiding those that show extreme non-
randomness. However, the choice of suitable enzymes becomes
severely limited, particularly when we consider human mtDNA
in which only seven enzymes (Acy I, Bbv I, Bcl 1, Bgl 1, Hae
11, HindIIl, and Sph I) cleave randomly in all respects. Fur-
thermore, none of these enzymes has a four-base recognition
sequence and only one has a five-base recognition sequence—the
two categories of enzymes that provide the possibility of pro-
ducing reasonable amounts of data. Therefore, the use of re-
striction enzymes to estimate phylogenetic relationships will
generally dictate that enzymes with nonrandom numbers and
distributions of sites be used. However, it must be remembered
that the assumption of randomness is also commonly violated
when protein sequence or similar data are used to generate
evolutionary trees. Therefore, we conclude that restriction en-
zyme data are subject to the same limitations and deficiencies
as protein data, and, given the limited number of sequences that
may be assayed, may at present be less suitable than protein
data for inferring evolutionary relationships.
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