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Abstract. In studies of molecular evolution, the as-
sumption that protein evolution is reversible has often
been made, but rarely tested. Here we use a large set of
orthologous murid protein coding sequences to perform a
simple test of reversibility, and find no evidence to reject
the assumption of reversibility in protein evolution.
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Knowledge about the pattern of sequence evolution is
fundamental to the study of molecular evolution, both to
understanding how evolution has proceeded, and also to
infer phylogenetic relationships. When considering the
evolution of proteins, it is generally assumed that the
number of substitutions from amino acid X to amino acid
Y, Nxy, is equal to the number of substitutions in the
reverse direction from X to Y, Nyx. In this case the
process of amino acid substitution is said to be reversible
(or time-reversible as in Swofford et al. 1996). The as-
sumption of reversibility in amino acid substitution has
been used extensively in the derivation of amino acid
substitution matrices, such as the well-known PAM ma-
trices (Dayhoff et al. 1978), in the reconstruction of phy-
logeny (Swofford et al. 1996), and in the inference of
ancestral amino acid sequences (Chang, Donoghue
2000).

Although reversibility is a useful assumption, it need
not necessarily be true. To understand this we need a

rigorous definition of reversibility. If Fx is the frequency
of amino acid X, and Pxy is the probability that amino
acid X changes to amino acid Y, then the process is said
to be reversible if Fx.Pxy4 Fy.Pyx, since then Nxy4
Nyx.

Non-reversibility is not simply an unavoidable conse-
quence of biases in substitution rates (PxyÞ Pyx). Con-
sider the simplest possible example of two amino acids,
with Pxy greater than Pyx by a factor of B. As a result of
such biases in the substitution rate, compositional equi-
librium will only be reached when Fy is greater than Fx
by the same factor B. Then we find that Fx.Pxy4
Fy.Pyx, and so reversibility holds, but only when the
amino acid composition is at equilibrium.

Assuming that there are substitution biases and that
composition is at equilibrium, reversibility is inevitable
in a system of just two possible states, as shown above,
but non-reversibility can occur in systems of more than
two states, even when the system is at equilibrium. Imag-
ine that there are three amino acids in which only three
types of substitution are possible, and that these substi-
tutions occur with equal probabilities: A can change to B,
B can change to C, and C can change A, so Pab4 Pbc
4 Pca > 0. No other changes are possible, so Pac4 Pba
4 Pcb 4 0. From a consideration of the substitution
probabilities it is clear that eventually the system will
become stationary so that Fa4 Fb 4 Fc, but the system
is not reversible since Fa.Pab4 Fb.Fbc4 Fc.Pca > 0
and Fb.Pba4 Fc.Pcb4 Fa.Pac4 0, so Fa.PabÞ
Pb.Pba and Fb.PbcÞ Fc.Pbc, and Fc.PcaÞ Fa.Pac.

Thus, the evolution of amino acids is not necessarily
reversible if there are substitution rate biases, although
one might expect the system to be close to reversibility
when it is at equilibrium. Do we have any reason toCorrespondence to:N.G.C. Smith:email: n.g.c.smith@sussex.ac.uk
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believe that amino acid substitution rates are biased?
Amino acid substitution is the product of mutation and
natural selection. If either of these processes is biased,
then the process of amino acid substitution need not be
reversible. We know that there are strong mutation bi-
ases, a dramatic example being the CpG effect, in which
CpG dinucleotides mutate between 10 and 20 times
faster than other nucleotides. Furthermore, there seems
little reason to believe that selection processes are unbi-
ased. For example, consider amino acid substitutions af-
fecting a tightly packed active site. Will a substitution
increasing the size of the amino acid at a particular po-
sition have exactly the same selective effect as a substi-
tution decreasing the size of the amino acid?

We have tested the assumption of reversibility of
amino acid substitution using a dataset of genes from
mouse, rat, and an outgroup species from within the mu-
rids (either hamster or gerbil). We extracted 125 com-
plete protein coding sequences from HOVERGEN (Du-
ret et al. 1994). The use of HOVERGEN allowed us to
check for paralogy. The list of HOVERGEN gene fami-
lies and accession numbers are available on request.
Alignments were performed using the GCG (GCG
1994), and EGCG (Rice 1997) packages at HGMP
(www.hgmp.mrc.ac.uk). FETCH was used to extract se-
quences from databases, and GENETRANS was used to
extract and combine exons automatically. Protein align-
ments were performed using CLUSTAL W (Thompson
et al. 1994). The alignments contained few gaps, and so
we can assume that the use of weighted alignment is
unlikely to bias our inferred substitution patterns. Then
the DNA alignments were recreated from the protein
alignments and the original DNA sequences using the
program MRTRANS (written by Bill Pearson, and avail-
able at HGMP).

We used parsimony to determine the direction of
amino acid substitutions along the mouse and rat lin-
eages, with the murid sequences acting as the outgroup:
we reconstructed ancestral states so as to minimize the
number of substitutions in the three species phylogeny.
We only considered sites for which parsimony provides
unambiguous identification of the direction of substitu-
tion in the mouse or rat lineages (if all three species have
different amino acids at a site, or if the mouse and rat
have the same amino acid at a site, then no such infer-
ence can be made). The use of parsimony presents two
problems. First it generates extra variance in the inferred
numbers of substitutions and second, it can generate bi-
ases in the reconstruction of the ancestral state, which
could generate artefactual patterns of non-reversibility.
Neither of these potential problems is likely to be serious
in this case since the levels of amino acid divergence are
low; the average amino acid divergence between the out-
group, and the mouse and rat sequences is less than 10%
(we observe a difference at 8406 of the 93696 sites com-
pared).

We performed a binomial test of the reversibility as-
sumption. For any given pair of amino acids, X and Y,
we expect Nxy4 Nyx under reversibility. So if Nxy >
Nyx, we calculated the P value as twice the sum of the
binomial probabilities of drawing from Nxy to Nxy +
Nyx inclusive, assuming the probability of observing a
single Nxy or Nyx draw is 0.5. For Nxy4 Nyx the P
value is 1.

Table 1. Table shows the 47 amino acid pairs for which the revers-
ibility assumption was tested. The two amino acids in each pair are
arbitrarily classified as AA1 or AA2, N12 gives the number of substi-
tutions from AA1 to AA2, N21 gives the number of substitutions from
AA2 to AA1, and P gives the probability of the binomial test (see text
for details)

AA1 AA2 N12 N21 P

I T 11 26 0.0076
A E 6 16 0.0169
S G 18 33 0.0241
D G 10 20 0.0428
D E 33 49 0.0598
L P 9 16 0.1078
P A 17 10 0.1221
L Q 15 9 0.1516
H Q 11 17 0.1849
I V 72 59 0.2211
N D 16 23 0.1996
A D 9 5 0.1796
S R 10 6 0.2101
T K 6 10 0.2101
Q R 17 23 0.2682
R G 8 12 0.2632
S N 36 44 0.3143
H R 13 9 0.2863
V A 41 49 0.3428
F S 8 5 0.2668
Y C 8 5 0.2668
L S 5 8 0.2668
L V 29 23 0.3318
F L 25 31 0.3497
L M 17 22 0.3368
P T 9 6 0.3018
P Q 6 9 0.3018
F Y 12 16 0.3449
H N 7 10 0.3323
Q E 9 12 0.3833
Q K 12 15 0.4421
T A 52 58 0.5047
K E 16 19 0.4996
R K 47 43 0.5984
L I 15 17 0.5966
S T 38 35 0.6400
V G 7 6 0.5811
T N 8 9 0.6291
S A 39 37 0.7310
I M 11 12 0.6776
N K 14 15 0.7111
A G 21 20 0.7552
V E 6 6 1.0000
E G 11 11 1.0000
Y H 14 14 1.0000
M V 18 18 1.0000
S P 28 28 1.0000
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In principle, an alternative method to that presented
here is a Likelihood Ratio Test, as used by Yang (1994)
to test the reversibility assumption for DNA sequence
evolution. One would find the maximum likelihood sub-
stitution matrices for reversible and non-reversible
amino acid substitution matrices, and then see if the im-
proved fit of the non-reversible matrix justifies its extra
parameters. However, the computational and data re-
quirements of this approach make it impractical.

For the mouse-rat-murid data set there is sufficient
data to test the reversibility assumption for 47 amino acid
pairs (both Nxy and Nyx greater than 5), and we find that
the reversibility assumption can be rejected at the 5%
level for only 4 amino acid pairs (P values according to
the binomial test, see Table 1). When the level of sig-
nificance is adjusted according to the Bonferroni method
(Sokal and Rohlf 1995), the required significance level
becomes 0.00106 (0.05/47), and so the reversibility as-
sumption cannot be rejected for a single amino acid pair.
Furthermore there is no evidence of non-reversibility
overall; if we sum the chi-square values across the 47
individual tests the level of heterogeneity is non-
significant (X24 46.1, df4 47, P4 0.51).

Whilst we have found no evidence of a non-reversible
amino acid substitution pattern, it is not clear whether
this arises because evolution tends to a state of revers-
ibility when amino acid composition is stationary despite
the presence of substitution biases, or, as Dayhoff et al.
(1978) originally assumed, because substitution biases
are weak. However, we can reasonably conclude that the
use of the reversibility assumption in protein evolution
currently appears well justified for rodents.

However, one might well ask whether our results can
be applied more generally. Unfortunately the data re-
quirements of this method are rather restrictive, more so
than other large scale studies of amino acid evolution
(such as Jones et al. 1992, Tourasse, Li 2000). For the
inference of the direction of substitution by parsimony to
be reliable one requires that divergence is low. But if
divergence is low, then one needs a very large number of
genes in order to obtain sufficient numbers of substitu-
tions to provide a powerful test of reversibility. We have
attempted to perform the test of reversibility on a set of
primate genes, but at present there appears to be insuf-
ficient data, partly due to the level of amino acid diver-

gence between human and chimp being so low. Further-
more, certain data sets may be inappropriate for the test
of reversibility if amino acid composition differs be-
tween species (for example, we found strong evidence of
non-reversibility when using a mouse-rat-human data
set, but these results could have been generated by non-
equilibrium composition, as indicated by the composi-
tional differences between the murid and human genes,
data not shown). The test we have described only applies
when amino acid composition is at equilibrium. There-
fore it seems that we must await further sequence data
before testing the reversibility of the amino acid evolu-
tion of non-rodents.
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