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1. Introduction
Whether parallel changes in DNA sequences after gene duplication are caused by positive selection is an intriguing issue in evolutionary biology (Stewart et al., 1987; Yokoyama and Yokoyama,
1990; Rodriguez-Trelles et al., 2003). With the help of rapid
high-throughput sequencing technologies, it is now technically
easy to obtain enough sequence data to conduct meaningful phylogenetic analysis. However, debates related to parallel evolution at
molecular level cannot be resolved by simply increasing number of
sequences. To show parallel adaptive evolution, we have to at ﬁrst
establish a solid foundation to demonstrate parallel nucleotide
changes during evolution, and then we can test whether these parallel changes are adaptive or merely caused by mutational hotspots. Obviously, identiﬁcation of parallel DNA substitutions is
crucial; otherwise the problem itself is problematic. When the
phylogeny is known, whether or not nucleotide sites have experienced parallel evolution can be reliably inferred, by either parsimonious or likelihood methods.
It has been well known for a large gene family that has undergone multiple gene duplications and gene losses, that accurate
reconstruction of phylogenetic relationship becomes a difﬁcult
task, particularly when the coding sequence is short. An intuitive
solution to overcome this problem is to combine surrounding noncoding sequences into the analysis, assuming that noncoding and
coding sequences have the same evolutionary history. Since this
approach requires that noncoding regions be reliably aligned, it
is applicable in practice only for gene families that have been recently duplicated, as well as among closely-related species. How* Corresponding authors. Address: Department of Genetics, Development and
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ever, it was well documented that chance of gene conversion or
unequal crossover between recently duplicated genes increases,
due to their high similarity in genomic sequences (Chen et al.,
2007). Consequently, the inferred phylogeny based on coding sequence may differ signiﬁcantly from that based on noncoding sequence. In this short communication, we reanalyzed a recent
study (Zhang, 2006) and demonstrated that the uncertainty of inferred phylogeny may lead to different conclusions about parallel
evolution of DNA substitutions.

2. Results and discussion
Zhang (2006) reported three parallel changes (G95A (R4Q),
A100G (K6E) and C199T (R39W)) in RNase1B, a duplicate gene of
pancreatic ribonuclease (RNase1), in two colobines (leaf monkeys),
Pygathrix nemaeus and Colobus guereza. This statement was mainly
drawn from the phylogenetic analysis of a combined nucleotide sequence alignment including both coding and noncoding regions.
The inferred phylogeny implied two independent duplication
events in each species after the split of P. nemaeus and C. guereza
(Fig. 1A) The author further concluded that the observed parallel
changes were driven by positive selection, based on the following
two pieces of evidence: (i) Accelerated evolution of RNase1B genes
was observed for these two species, and (ii) experimental data further demonstrated that these three changes could contribute to
function of the novel ruminant-like alimentary system in colobines.
Now that more RNase1 and RNase1B sequences are available in
ﬁve leaf monkeys (Schienman et al., 2006), we revisited this issue,
focusing on whether parallel evolution did occur at these three
sites between RNase1 and RNase1B genes. Not surprisingly, noncoding regions (50 -ﬂanking or introns) lead to a phylogeny that
indicates ﬁve independent duplication events in ﬁve leaf monkeys
(Figs. 1B and 3; also Schienman et al., 2006), supporting the notion
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Fig. 1. (A) The original phylogeny used in Zhang (2006), based on combined coding and noncoding sequences. (B) A simpliﬁed phylogeny for colobine RNases from noncoding
regions. Various tree-making methods result in virtually the same result. (C) A simpliﬁed phylogeny for colobine RNases and the nucleotide substitutions at the 95th, 100th
and 199th sites in the RNase gene. Only one copy of RNase1 or RNase1B is shown even when there are more than one RNase1 or RNase1B gene in a colobine; for example, both
RNase1b and RNase1c of C. guereza are denoted by RNase1B. The DNA sequences at the four nucleotide sites in the RNase1 and RNase1B genes in ﬁve colobines (Pygathrix
nemaeus, Nasalis larvatus, Semnopithicus entellus, Piliocolobus badius and Colobus guereza) are shown on the right. The gene tree is a simpliﬁed version of the detailed phylogeny
in Fig. 2A. In this tree the RNase1s in C. guereza and P. badius are separated from the RNase1s in P. nemaeus, N. larvatus and S. entellus. We propose that they form sister clusters
as in the case of RNase1Bs. A similar tree was proposed in Schienman et al. (2006). The bolded lineage indicates the location of single nucleotide substitutions occurred at
100th and 199th sites in the RNaseB gene. (D) Parsimonious inference of nucleotide changes at site 95.

that parallel duplication did occur frequently. By contrast, reconstructing a neighbor-joining or maximum parsimony tree of RNase
protein sequences of ﬁve leaf monkeys plus rhesus and human, we
found a totally different evolutionary scenario (Figs. 1C and 2).
Apparently, RNase1B genes of leaf monkeys are clustered in the
phylogeny, whereas RNases1 genes including the rhesus and human are clustered. Thus, applying the parsimonious principle for
the number of duplication events, RNase1 and RNase1B in leaf
monkeys can be explained by a single ancient duplication event.
If one assumes rhesus monkey and human RNase1 genes as outgroups, it may require two duplication events because rhesus monkey and human RNase1 genes split leaf monkey RNase1 genes into
two groups, but the bootstrapping value is too low (50%) to draw
any conclusion (Fig. 2).

Nevertheless, no matter where is the root we should locate, or
whether it has one or two duplication events, according to the inferred phylogeny from protein sequences, parallel evolutions at
two of the three sites (A100G and C199T) identiﬁed by Zhang
(2006) do not hold. Instead, they can be easily explained by single
nucleotide substitutions that occurred in the lineage indicated in
Fig. 1C (bolded). At site 95, we found three independent nucleotide changes in lead monkey RNase1B genes. As shown in
Fig. 1D, the proposed parallel nucleotide changes (G ? A) between C. guereza and P. nemaeus) does not hold if the nucleotide
at the common ancestor of Piliocolobus badius and C. guereza is
nucleotide C, resulting in two successive changes (G ? C) and
(C ? A). The parallel evolution seems to hold when the ancestral
nucleotide is G or A. However, in the case of ancestral nucleotide
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Fig. 2. Phylogenetic tree for the RNase1 and RNase1B genes in ﬁve colobine species. All RNase1 and RNase1B sequences in the ﬁve leaf monkeys (Pygathrix nemaeus, Nasalis
larvatus, Semnopithicus entellus, Piliocolobus badius and Colobus guereza) and RNase1 sequences in the rhesus monkey and human (two outgroups) were retrieved from
GenBank. The neighbor-joining (NJ) method from the MEGA3 software package was used to reconstruct the phylogenetic trees. Alpha, beta, gamma and delta were used to
denote different copies if there are more than one RNase1 or RNase1B gene in a species. For P. badius, RNase1B-alpha = RNase1-P1a, RNase1B-beta = RNase1-P1b, RNase1Bgamma = RNase1-P2a and RNase1B-delta = RNase1-P2b in Schienman et al. (2006); for C. guereza, RNase1B-alpha = RNase1b and RNase1B-beta = RNase1c in Zhang (2006);
for S. entellus, RNase1-alpha = RNase1-Na and RNase1-beta = RNase1-Nb in Schienman et al. (2006); for N. larvatus, RNase1-alpha = RNase1-Na, RNase1-beta = RNase1-Nb,
RNase1B-alpha = RNase1-Pa and RNase1B-beta = RNase1-Pb in Schienman et al. (2006). The RNAse1 and RNase1B genes are also clustered separately when the maximum
parsimony (MP) method is used (not shown). (A) The NJ tree for the protein sequences with the Poisson model of amino acid substitution. (B) The NJ tree for the coding DNA
sequences with Kimura’s two-parameter model of nucleotide substitution.

A, the follow-up change (A ? C) in P. badius is difﬁcult to be
explained by the adaptive hypothesis (Fig. 1D). Since these three
possible states at the ancestor is equally parsimonious, and site
95 happens to be CpG mutational hotspot, whether there existed
a parallel changes at this site remain open to question. The same
conclusion is reached when the coding DNA sequences are used
(Fig. 2B).
Our phylogenetic analysis is a routine practice for molecular
systematic scientists. The point we attempt to make is that parallel
evolution between RNase1 and RNase1B in leaf monkeys is an
inference rather than a fact. It depends on the hypotheses about
evolutionary history of RNase1 and RNase1B genes in leaf monkeys, which can be outlined as follows.
(i) The recent parallel duplication hypothesis (Zhang, 2006): It is
strongly supported by the phylogeny inferred from noncoding sequences (Fig. 3). The main assumption is that the evolutionary history of noncoding regions of these genes represents the true
evolutionary history of the gene family. Moreover, it implies that
the tree inferred from the protein coding regions, which differs
dramatically from the noncoding tree, must have been distorted
by strong adaptive evolution. Under this hypothesis, parallel
changes had occurred at these three sites.
(ii) The recent parallel gene conversion hypothesis: It is supported by the phylogeny inferred from protein sequences or
coding region nucleotides. Duplicate genes (RNase1 and RNase1B) that both appear in ﬁve leaf monkeys can be explained
by a single ancient duplication event prior to leaf monkey speciation, or an additional duplication event in some leaf monkeys; we cannot distinguish between them as the
bootstrapping value is low (Fig. 2). Besides, the rooting by using
rhesus monkey and human as outgroups was ambiguous. This
hypothesis implies that noncoding regions of two duplicate
genes in the same species may have experienced extensive gene
conversion (Chen et al., 2007). Under this phylogeny, there were
no independent changes for two of the three originally proposed parallel sites, whereas the third one becomes spurious
among leaf monkeys.

People may have different opinions about the evolutionary history of RNase1 and RNase1B genes in leaf monkeys. Functional
analysis of these three sites cannot resolve this issue because it
can be either interpreted as parallel adaptive evolution or functional divergence after the gene duplication. As a rule of thumb
in phylogenetic analysis of character evolution, an evolutionary
hypothesis (parallel evolution) cannot stand as a solved problem
if two alternative inferred trees (from the coding or noncoding regions) result in contradicted results. In other words, the problem
itself, i.e., whether parallel adaptations have occurred, can be nulliﬁed. However, from the Bayesian point of view, which has profoundly inﬂuenced research on molecular phylogeny and
evolution, Zhang’s (2006) analysis was legitimate, where the noncoding phylogeny was a ‘prior’ chosen by the author. Though we
agree it is a valuable practice, we urge that it is necessary to consider alternative phylogenies, particularly when the main result
such as parallel evolution is essentially phylogeny-sensitive.
We have made some efforts on investigating whether the currently available sequence data support the parallel gene conversion hypothesis. We examined the GC content of the noncoding
regions and coding regions. As gene conversion has been shown
to elevate GC content, having a higher GC content in the noncoding
region is at least consistent with the possible gene conversion
events. On average, the GC contents are 50% (50 -ﬂanking, 854 bp),
52% (50 -UTR, 76 bp), 47% (introns 705 bp), 56% (coding region,
471 bp), and 55% (30 -UTR, 55 bp), which do not show a clear-cut
pattern. Since the lengths of these 50 -UTR and 30 -UTR regions are
too short, the resolution of inferred phylogeny has been poor (results not shown). Noting that primate RNase gene family has
sophisticated synteny structures in chromosomes that include
many tandem duplications, it is possible that gene conversions
had occurred frequently and in a large-scale.
Since Colobinae (leaf monkey) is a subfamily of Old World monkeys that include 58 species in 10 genera (Sterner et al., 2006), the
ﬁnal settlement of this problem might be reached if we can sequence genomic regions of RNase1 and RNase1B genes in all these
leaf monkeys. Synteny relationship in these genomic regions will
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Fig. 3. Phylogenetic tree for the RNase1 and RNase1B genes in colobine species. (A) From 50 -ﬂanking region. (B) From introns.

also be informative for resolving this issue. At this moment, however, one should be cautious to draw any general conclusion.
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