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Abstract

When living organisms independently invade a new environment, the evolution of similar phenotypic traits is often
observed. An interesting but contentious issue is whether the underlying molecular biology also converges in the new
habitat. Independent invasions of tropical intertidal zones by woody plants, collectively referred to as mangrove trees,
represent some dramatic examples. The high salinity, hypoxia, and other stressors in the new habitat might have affected
both genomic features and protein structures. Here, we developed a new method for detecting convergence at conser-
vative Sites (CCS) and applied it to the genomic sequences of mangroves. In simulations, the CCS method drastically
reduces random convergence at rapidly evolving sites as well as falsely inferred convergence caused by the misinferences
of the ancestral character. In mangrove genomes, we estimated�400 genes that have experienced convergence over the
background level of convergence in the nonmangrove relatives. The convergent genes are enriched in pathways related to
stress response and embryo development, which could be important for mangroves’ adaptation to the new habitat.
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Introduction

Evolutionary convergence at the phenotypic level occurs
when independent lineages adapt to the same environment.
Phenotypic convergence is common across many taxa (Losos
2011). In recent years, efforts have been made to seek signals
of adaptive convergence at the molecular level. In previous
studies, candidate genes were first identified based on genetic,
physiological and molecular evidence. Given a small subset of
genes, sequence analyses were carried out to detect signals
of convergence. Examples include Prestin in echolocating
bats and toothed whales (Li et al. 2010; Liu et al. 2010), the
RNASE gene in leaf-eating monkeys (Zhang 2006), cardeno-
lide resistance genes in insects (Dobler et al. 2012; Zhen et al.
2012), etc.

With more and more genomes sequenced, detections of
convergent evolution from genomic data have been at-
tempted without prior identifications of candidate genes.
The results, however, are often controversial (Parker et al.
2013; Foote et al. 2015; Thomas and Hahn 2015; Zou and
Zhang 2015a). A main reason for the uncertainty is that mo-
lecular convergence is a noisy process. A modest level of noise,
undetectable at the genic level, is amplified at the genomic
scale and can easily overwhelm true signals.

The noise may come from a variety of sources. First, ran-
dom changes may occur in parallel without being driven by
the same selective pressure, especially at rapidly evolving sites
(Zhang and Kumar 1997; Rokas and Carroll 2008; Goldstein
et al. 2015; Zou and Zhang 2015b). Second, inference of the
ancestral character is not always accurate. When this hap-
pens, the sharing of the ancestral character could be misin-
terpreted as convergence. In other words, conservation would
be misconstrued as convergence. This problem has drawn
relatively little attention in the literature (see Random and
false convergence across all sites—Simulation of noise). Third,
technical difficulties such as obtaining accurate nucleotide
substitution rates and patterns (Zou and Zhang 2015b) could
confound the inference of convergence. Removing such noise
is essential for studies that rely on genomic sequences.

Mangroves, woody plants that have invaded intertidal
zones independently (Ricklefs and Latham 1993; He et al.
unpublished data), are good examples of convergent evolu-
tion. At the interface between terrestrial and marine environ-
ments, habitats are characterized by high salinity, hypoxia,
daily fluctuating tides, strong UV light, high temperature,
high sedimentation, and muddy anaerobic soils (Giri et al.
2011). To colonize the new habitats, mangroves have evolved
a series of highly specialized characters such as salt tolerance,
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viviparous embryo, and aerial roots (Tomlinson 1986; Parida
and Jha 2010). Since few studies have focused on the genetic
mechanisms underlying mangroves’ adaptation (Shi et al.
2005), we have recently started such characterizations by se-
quencing several genomes (He et al. unpublished data). Some
broad scale convergence was observed that includes genome
downsizing, gene family reduction, and changes in amino acid
composition (He et al. unpublished data; Lyu et al. unpub-
lished data). These studies suggest that convergence at the
molecular level could be discernible.

Results
We wish to identify genes underlying adaptive convergence in
the three mangrove species depicted in figure 1 (Avicennia
marina, Rhizophora apiculata, and Sonneratia alba), whose
whole-genomic sequences have recently been de novo assem-
bled (He et al. unpublished data). For each of the three man-
grove species, we choose its closest inland relative with whole
genomic sequencing data as the ingroup control (Sesamum
indicum [Wang et al. 2014], Populus trichocarpa [Tuskan et al.
2006] and Eucalyptus grandis [Myburg et al. 2014], respec-
tively). Since A. marina belongs to asterids, whereas the other
two mangroves belong to rosids, we have to choose a basal
eudicot or a monocotyledon as outgroup. Considering its
high-quality annotation, divergence, and wide usage, we chose
Oryza sativa (Ouyang et al. 2007) as an appropriate outgroup.
This symmetric design with three pairs of mangrove—
nonmangrove species provides a means for evaluating the

background level of convergence. Across the seven species,
5,353 high confidence coding sequences, with a total of 2.01
million amino acids, were used for convergence detection (see
Materials and Methods). The phylogeny and branch lengths
were estimated using the PAML package (Yang 2007).

The Results section has two parts. Part I describes com-
puter simulations that assess the level of noise inherent in
data sets with similar properties as the one used here. A new
method aiming at reducing the noise level to a minimum is
then proposed. In Part II, the new method is applied to man-
grove data.

I. Computer Simulations
In this section, we first quantify the various sources of noise
associated with inference of genic convergence based solely
on genomic data. The noise level has not been properly quan-
tified but is in fact substantial. For that reason, one cannot
positively conclude convergent evolution for any given gene.
Nevertheless, when proper controls are implemented, we can
assign a probability (e.g., 50%) that a set of genes have been
independently evolving towards similar functional states.
Functional tests can then be done on the set of candidates
enriched for converging genes.

Random and False Convergence across all Sites—Simulation

of Noise
Computer simulations are based on the phylogeny of figure 1
where O designates the character observed in the outgroup
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FIG. 1. Convergence noise versus signal at conservative sites. The phylogeny consists of three mangrove—nonmangrove pairs as ingroup species,
along with an outgroup species. O indicates the character state of outgroup. Mi and Ni indicate the observed character state in mangrove (red) and
nonmangrove (green) species, respectively. First and second column (two examples of noise): In random convergence (first column), two or three
M’s (or N’s) could be the same character by chance, due to the many changes at the same site. The same could occur in nonmangroves. In false
convergence (second column), the ancestral state is misinferred to be N1 due to the parallel substitutions from O to N1. Hence, all mangroves are
misinferred to converge on O from N1. Third and fourth column: In the CCS method, convergence is inferred only at conservative sites where all
three nonmangrove species or all three mangroves shared the same character as the outgroup; i.e., N1¼N2¼N3¼O or M1¼M2¼M3¼O.
Convergence is inferred when at least two mangroves or two nonmangrove species share the same derived character.
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species. When O is shared with some in-group species, it is
usually inferred to be the ancestral character. Two major
sources of noise are portrayed—random convergence and
falsely inferred convergence (false convergence, for short).
First, even in the entire absence of adaptive evolution, there
would still be random convergence, especially at rapidly
evolving sites. This is portrayed in the first column of
figure 1 where Mi ¼ Mj or Ni ¼ Nj may happen by chance,
rather than by convergent adaptation. This is a problem akin
to the so-called "long-branch" attraction (Bergsten 2005).
Second, in false convergence, the ancestral state is misinferred
and the retention of the actual ancestral state would be
misconstrued as convergence. For example, in the second
column of figure 1, the outgroup evolves in parallel with an
ingroup species, N1. As a result, the three mangroves would
show false convergence from N1 to O.

We use computer simulation and Bayesian ancestral infer-
ence to estimate both random and false convergence, based
on the phylogeny and the genome sequences of species
shown in figure 1 (for detail, see Materials and Methods
and supplementary fig. S1, Supplementary Material online ).
Briefly, the evolver program in the PAML package (Yang 2007)
is used to generate random changes along the tree, in accor-
dance with the rate in our data (see Materials and Methods).
The simulation would track the sequence evolution on the
phylogeny, including present and ancestral nodes. Then the
convergence could be determined if at least two mangrove or
nonmangrove species evolved to the same state (supplemen
tary fig. S1, Supplementary Material online). We then used the
Bayesian method encoded in the codeml program in PAML to
statistically infer amino acid changes along the branches.
Convergent changes resulting from the incorrect inference
of the ancestral state are recorded as false convergence (sup
plementary fig. S1, Supplementary Material online).

Since the simulations do not assume any adaptive evolu-
tion, all convergence detected in simulations is noise that
consists of false convergence or random convergence as sum-
marized in table 1. The number of random convergence
events is very high (18,766 for 2.01 million sites).
Furthermore, because the accuracy of ancestral inference by
the Bayesian method is only 91.21%, the incorrect inferences
of the ancestral state contribute 4,645 additional false con-
vergence events. With such a high noise level, it is not sur-
prising that much of the inferred convergence would be
random noise, as previous articles have noticed (Parker
et al. 2013; Foote et al. 2015; Thomas and Hahn 2015; Zou
and Zhang 2015a). Although the Bayesian estimate can be

improved by, for example, raising the cutoff for posterior
probability, the risk of filtering out true convergence also in-
creases accordingly (see Discussion).

The CCS Method (Convergence at Conservative Sites) and the

Reduction in Noise
In this study, we propose an approach that infers convergence
at conservative sites (CCS, for short) only in order to filter out
noises as stringently as possible. Assuming that conservative
sites (in the old habitat) should be more dependent on the
environment than nonconservative sites, we reason that
the former may be more likely to evolve by convergence
when the environment changes than the latter.
Conservative sites also permit more accurate inference of
the ancestral state (hence avoiding false convergence) while
simultaneously reducing the chance of random convergence.
The criteria for inferring convergence are given in figure 1,
where the inference is symmetric between mangroves and
nonmangrove species. At conservative sites, either the three
nonmangrove (ingroup) species or the three mangrove species
have the same character as the outgroup; i.e.,
N1¼N2¼N3¼O or M1¼M2¼M3¼O. If the criteria are
met, we assumed that the ancestral states of all three clades
are the same as the outgroup. This assumption is true in nearly
all conservative sites, as we show below. With ancestors in-
ferred as O, convergence can be inferred if two (or three) of the
three other species share a derived character that is different
from the ancestral state, i.e., Mi¼Mj 6¼O or Ni¼Nj 6¼O.

As shown in table 1, the CSS method reduces the noise
level by 93% (from 23,411 to 2,180). The number of random
convergent sites decreases from 18,766 to 2,163 and the num-
ber of false convergent sites drops from 4,645 to 17. The latter
is due to the much greater accuracy in ancestral state infer-
ence (99.8% vs. 91.2%). Nevertheless, even when the criteria
are as stringent as defined above, the noise level in a genome-
wide survey of two million amino acid sites is still non-
negligible, necessitating the need for a proper control that
is based on actual data. We hence use the level of conver-
gence among nonmangroves as the real world control.
Observed convergence in mangroves has to be significantly
higher than that in the nonmangrove control to permit the
estimation of convergence.

II. Inference of Convergence in Mangrove Species
We now apply the CCS method to the genome sequences of
the seven species of figure 1. The objective is to identify can-
didate genes evolving towards the same state by assuming
that many such genes should have multiple convergent sites.
Genes with a single such site or mixed sites (convergence in
both mangroves and nonmangroves) are excluded because
they are less likely to be undergoing convergent evolution for
both biological and statistical reasons.

Identification of Candidate Genes Undergoing Convergent

Evolution
As a result, we found 5,830 and 4,580 convergent amino acid
substitutions in mangroves and nonmangroves, respectively.

Table 1. Noise Estimated by Simulations—Number of sites of ran-
dom/false convergence.

Sites Used Random
Convergence

False
Convergence

Inference of the
Ancestral State

Correct: Incorrect
(% accuracy)

All sites 18,766 4,645 1,833,311:176,688 (91.2%)
Conservative

sites
2,163 17 976,352:1,916 (99.8%)

Xu et al. . doi:10.1093/molbev/msw277 MBE

1010

Deleted Text:  &ndash; 
Deleted Text: -
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
Deleted Text: -
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw277/-/DC1
Deleted Text: Table 
Deleted Text: While 
Deleted Text: m
Deleted Text: r
Deleted Text: n
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: Table 
Deleted Text: -
Deleted Text: -
Deleted Text: c
Deleted Text: m
Deleted Text: s
Deleted Text: -
Deleted Text: c
Deleted Text: g
Deleted Text: u
Deleted Text: c
Deleted Text: e
Deleted Text: -


The convergence level in mangroves is significantly higher
than that of nonmangroves (P< 10�33 by the v2 test).
Table 2 shows the number of genes with convergent sites
in mangroves as well as nonmangroves. Among them, 1,860
genes contain convergent sites in both mangroves and
nonmangroves and are excluded from further analysis. The
number of genes that contain convergent sites in mangroves
only is 1,318, which is larger than 944 for nonmangroves only.
Partitioning these genes by the number of convergent sites,
we can discern a trend described below.

Genes with a single convergent site are in fact more com-
mon in nonmangrove species than in mangroves (ra-
tio¼ 0.88). The ratio in the convergence signal between
mangroves and nonmangroves is significantly greater than 1
in genes with two or more convergent sites (table 2). Taking
the difference between the two numbers, we estimate that
�400 (1,049–637) genes in mangroves bear the signal of con-
vergence. We further examine genes with 4 or more conver-
gent sites in greater detail. With�4 sites, the ratio is 232/117
(¼1.98, P< 10�9 by the v2 test), which may be strong enough
to reveal the ontology of genes driven by convergent selection.

An important issue is whether the higher level of conver-
gence in mangroves might be due to their faster evolution in
the new environment. To address this possibility, we first
apply the convergence/divergence, or C/D, test of Castoe
et al. (2009) to a pair of mangroves and a corresponding
pair of nonmangroves. In this test, divergent sites serve as
the control for branch length. The convergent and divergent
sites are counted for each pair of mangroves and their
nonmangrove counterparts. We use PAML to infer the char-
acter state of the common ancestor of the four species. As
shown in table 3, all three sets of mangrove—nonmangrove
comparisons show significantly higher C/D ratios between
mangroves than between nonmangroves.

In a second approach that controls for the difference in
substitution rate, we note that our conclusion is based on the
highly conservative portion of the genomes. Therefore, the
relevant question is whether this portion tends to evolve faster
in mangroves than in nonmangroves. We expand the set of
conservative sites to include additional sites where at least one
mangrove (or nonmangrove) species retains the ancestral
character. When we score the number of changes at these
sites, the rate of evolution in mangroves and nonmangroves is
nearly equal (with a ratio of 1.03, or 208,472 vs. 202,072
changes). In short, among the moderately to strongly conser-
vative sites of the genomes, there is no difference in the rate of
amino acid changes between mangroves and nonmangroves.
We conclude that the stronger convergence in mangroves is
not associated with branch length differences. In addition, the
greater concentration of CCS sites in mangroves (i.e., fewer
genes with one single site and more genes with multiple sites)
than in nonmangroves corroborates this conclusion.

Finally, in the whole-genome analysis, the level of noise as
seen in nonmangrove convergence is not trivial. For that
reason, the convergence measure in mangroves should be
accepted as a probability statement, not a confirmation.
Even for genes with�4 CCS sites, the probability that such
a gene has experienced convergent evolution would only be
50%. This is because nonmangroves also yield a convergence
signal at half as many sites as mangroves. The ontology of
these candidate genes is hence informative as it represents an
approximate functional test.

Ontology of Candidate Genes Undergoing Convergent

Evolution
We then mapped the 232 candidate genes potentially under-
going convergent evolution to the KEGG PATHWAY

Table 2. Number of Genes of Convergence in Mangroves and Nonmangroves.

No. of Convergent Sites per Gene Mangroves Nonmangroves Mangrove/Nonmangrove Ratio

No. of genes with convergent sites in both mangroves and nonmangroves
1,860 1,860 1.0

No. of genes with convergent sites in mangroves or nonmangroves only
�1 (¼1) 1,318 (269) 944 (307) 1.40 (0.88)
�2 (¼2) 1,049 (503) 637 (324) 1.65 (1.55)
�3 (¼3) 546 (314) 313 (196) 1.74 (1.60)
�4 (¼4) 232 (138) 117 (75) 1.98 (1.84)
�5 (¼5) 94 (49) 42 (27) 2.24 (1.81)
�6 (¼6) 45 (24) 15 (12) 3.00 (2.00)
�7 21 3 7.00
Total number of sites 5,830 4,580 1.27

Table 3. The Convergence/Divergence Test between the Paired Mangroves and the Paired Nonmangroves.

Mangrove Pairs versus Nonmangrove Pairs Convergent Sites (C) Divergent Sites (D) C/D ratio P-value

A. marina and R. apiculata 18,655 98,332 0.190 5.6 � 10�5

S. indicum and P. trichocarpa 14,225 78,579 0.181
A. marina and S. alba 21,791 112,580 0.194 8.3 � 10�9

S. indicum and E. grandis 16,851 92,727 0.182
R. apiculata and S. alba 18,244 93,992 0.194 6.2 � 10�10

P. trichocarpa and E. grandis 12,893 71,674 0.180
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Database (Kanehisa and Goto 2000; see Materials and
Methods). Fisher’s exact test and Benjamini–Hochberg cor-
rection were used to test for statistical significance. Two path-
ways are significantly enriched for convergent genes in
mangroves (Fisher’s exact test, P< 0.01; FDR< 0.05; fig 2a
and supplementary table S1, Supplementary Material online);
in contrast, no pathway is significant in the nonmangrove list.

The two enriched pathways are "ubiquitin mediated pro-
teolysis" (12 genes) and "various types of N-glycan biosynthe-
sis" (5 genes) (fig. 2a and supplementary table S1,
Supplementary Material online). In plants, ubiquitination is
involved in many biological processes, including embryonic
development, photomorphogenesis, organ development and
abiotic stress responses, via regulating plant hormone signal
transduction (Frugis and Chua 2002; Lyzenga and Stone
2012). Among them, embryo development and abiotic stress
response are especially important to mangroves (fig. 2b).
Abiotic stress tolerance, such as high salinity tolerance, is es-
sential for the survival of mangroves in the intertidal zone,
whereas viviparous embryos are protected from the harsh
environment. Some of these proteins showing mangrove con-
vergence have been shown to play roles in embryo develop-
ment or abiotic stress response, including DNA damage
binding protein 1 (DDB1), Cullin 3 (CUL3) and small
ubiquitin-like modifiers activating enzyme 2 (SAE2)
(Thomann et al. 2005; Saracco et al. 2007; Bernhardt et al.

2010; Lyzenga and Stone 2012). Athough in some contexts
these genes may seem to be involved in basal functions for a
cell or cells, such activities become targets of adaptation when
the functions or pathways they are involved in are put under
stress. Thus, they may be targets of adaptive evolution.
Additionally, N-glycosylation is involved in protein folding
and stabilization (Rayon et al. 1998) as well as salinity toler-
ance (alpha-mannosidase II, MAN2; OST2; WBP1; Koiwa et al.
2003; Kang et al. 2008; Kaulfürst-Soboll et al. 2011).

Within the 17 mangrove convergent genes of the two
pathways, there are 84 convergent sites. Two of these sites
show convergence in all three mangroves, whereas 82 exhibit
the pattern in two out of the three mangroves (fig. 2c). The
two pan-mangrove sites are located in the genes SAE2 and
GRR1, both belonging in "ubiquitin mediated proteolysis".
SAE2 conjugates with SAE1 as a heterodimer to activate
SUMO, which then attaches to a target protein. SAE2 is es-
sential for viability in Arabidopsis thaliana, and SUMOylation
plays a key role in stress response (Saracco et al. 2007). Based
on 3D structural modeling, the substitution S420T is located
in SAE2’s adenylation domain, which directly binds and
activates SUMO (Lois and Lima 2005; Biasini et al. 2014;
supplementary fig. S2, Supplementary Material online).
GRR1 encodes a subunit of SCF-type E3 ligase, which directs
the degradation of plant hormone transcriptional repressors
resulting in stress response and regulation of embryonic
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development. In addition, both sites were predicted to in-
crease the stability of protein structure (Predicted with
MUpro; Cheng et al. 2006). In a stressful environment, a pro-
tein’s normal folding and functioning are challenged.
Therefore, increasing its stability should be beneficial for man-
groves’ survival in the intertidal zone. Notably, we found more
convergent sites between R. apiculata and S. alba, mainly in
the various types of N-glycan biosynthesis pathway (fig. 2c).
The greater degree of convergence may correspond to the
phenotypic convergence between R. apiculata and S. alba,
both of which exclude salt in roots (Tomlinson 1986). In 11
of the 17 genes, all three types of pairwise convergence shown
in Fig. 2c can be found, suggesting common adaptive strate-
gies among all mangroves.

Furthermore, most convergent sites (64 of 84) are found in
functional domains. Figure 2d shows the SAE2 and MAN2
proteins as examples. In both of these cases five of the seven
convergent sites are located in domain regions (IPR016040
and IPR028077 in SAE2, IPR028995 and IPR011013 in MAN2).

We have examined in detail only 17 genes in two path-
ways. There are other pathways also enriched for convergent
genes albeit with a lower level of significance (supplementary
table S1, Supplementary Material online). One such example
is the Glutathione metabolism pathway with five genes show-
ing convergence (�4 sites per gene) in mangroves and one
gene showing convergence in nonmangroves (P< 0.05,
FDR> 0.05). In this pathway, glutathione is a well-known
antioxidant that prevents the important cellular components
from damage by reactive oxygen species (Pompella et al.
2003). The five genes in the glutathione metabolism pathway
include OXP1, RRM1, ODC1, G6PD, and APX1 (supplementary
table S2 and fig. S3, Supplementary Material online). In addi-
tion to playing key roles in reactive oxygen scavenging, the
gene APX1 also has been shown to affect embryo develop-
ment ending in seed dormancy and salt stress tolerance
(Noctor and Foyer 1998; Pagnussat et al. 2005). Curiously,
genes related to glutathione metabolism have also been
found to harbor convergent substitutions in marine mam-
mals (Yim et al. 2014; Foote et al. 2015). More interestingly,
gene ODC1 also carries species-specific amino acid changes in
cetaceans (Yim et al. 2014). Perhaps glutathione metabolism
is important for switching from a terrestrial to aquatic
lifestyle.

Discussion
In this study using the new CCS method, we estimate the
total number of convergent sites in three species of man-
groves. Our analyses suggest that there are approximately
1,400 such amino acids, distributed among about 400 genes.
The estimates are likely conservative due to the need to filter
out the noise of random and false convergence, a process that
removes some signal as well. However, had we used all sites
with based on standard Bayesian inference, there would have
been 23,000 sites exhibiting background (nonadaptive) con-
vergence, which would almost certainly overwhelm the signal
of only 1,400 sites.

The CCS method uses only highly conservative sites where
all mangroves or all nonmangroves are invariant and identical
with the outgroup state. The filtering is maximally stringent,
but the noise (see Table 1) is still substantial, with �2,200
amino acids genome-wide. Indeed, any method aiming at
detecting convergence has to explicitly factor in the noise
level. In this study, we further filter out noise by examining
its distribution among genes and retaining those with a high
number of convergent sites. The analysis of noise level and
noise distribution explains why an earlier attempt at detect-
ing convergence in genomic sequences (Parker et al. 2013) has
subsequently been found to have no power at all (Thomas
and Hahn 2015; Zou and Zhang 2015a). Since the number of
convergent substitutions would decrease as more species are
used (Thomas et al. unpublished data), a larger set of species
is still the most robust way to detect convergence.

Methods to detect convergence have to maximize noise
reduction without purging an undue amount of signal. For
example, to reduce false convergence, an alternative is to raise
the posterior probability cutoff when using Bayesian infer-
ence. As an example, the strongest convergence signals are
sites with a configuration of N1¼N2¼N3¼O and
M1¼M2¼M3 6¼O as shown in figure 1. Such sites do not
yield a high posterior probability by the Bayesian method
because both N and M would be given a high probability
of being the ancestral state. Indeed, the average posterior
probabilities of inferred ancestors in the two three-way con-
vergent sites are only 0.809 and 0.709, respectively. Similar
cases of true convergence are also susceptible to being filtered
out.

The simplicity of the CCS method frees it from many as-
sumptions and biases. In contrast, Bayesian ancestral recon-
struction depends strongly on the accuracy of the parameters
of the prior distributions (Zhang and Nei 1997; Zou and
Zhang 2015b). These parameters include the amino acid sub-
stitution matrix and the equilibrium amino acid frequency.
Inaccuracy in estimating these parameters would introduce
biases. In general, ancestral sequence reconstruction methods
often have systematic biases (Goldstein and Pollock 2006;
Matsumoto et al. 2015) which are difficult to ascertain.
When the background noise is as large as in the detection
of convergence, a simple method like CCS offers the advan-
tage of minimizing and estimating such biases.

The two pathways enriched with mangrove convergent
genes are upstream regulation processes, which regulate
more than salt stress response and development we empha-
sized previously. For example, we identified ubiquitin medi-
ated proteolysis, which is involved in plant hormone signal
transduction (Frugis and Chua 2002; Kelley and Estelle 2012)
and influences other processes of plant development, includ-
ing embryo development. Protein glycosylation also happens
in many different proteins. Although we could not rule out
the contributions of other processes on the adaptation of
mangroves to high salinity, hypoxia, strong UV, strong wind,
etc., salt stress response and embryo development stand out.

In contrast with the more specialized convergence such as
echolocation, transitions from terrestrial to aquatic habitats
are broad and general. Echolocation likely results from the
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convergence of downstream processes regulating a few spe-
cific genes. Since mangroves had to have numerous adapta-
tions in their new environment, selection may operate on a
large number of genes controlling many traits. We have iden-
tified a small portion of genes and pathways that may have
evolved by convergence in mangroves. Finally, this study pro-
vides a new framework for assessing genomic convergence by
explicitly incorporating noise reduction and estimation in the
assessment.

Materials and Methods

Orthologous Gene Sets Building
The genome sequences of the three mangrove species
(Avicennia marina, Rhizophora apiculata, and Sonneratia
alba) were sequenced and assembled using Illumina paired-
ends/mate pair short-reads sequencing technology (He et al.
unpublished data). The sequences of inland species
(Sesamum indicum, Populus trichocarpa, Eucalyptus grandis,
and Oryza sativa) were downloaded from Phytozome or
Sinbase (https://phytozome.jgi.doe.gov; http://ocri-genomics.
org/Sinbase/; last accessed December 6, 2016). To build the
orthologous groups of the seven species used, we first clus-
tered the genes of the seven species into gene families using
OrthoMCL (Li et al. 2003). Then the putative orthologous
groups were selected according to the following process:
Within each gene family, we chose the most similar pair
among the three mangrove:nonmangrove pairs and picked
the rice gene most similar to the three pairs as the outgroup.
The putative orthologs were aligned using a combination of
PAL2NAL (Suyama et al. 2006) and MUSCLE (Edgar 2004).
Orthologs shorter than 50 amino acids were removed. This
resulted in 5,353 ortholog groups with high confidence were
built for convergence detection.

Sequence Simulation
The branch lengths, amino acid frequencies and the best
shape parameter for variable rates among sites (alpha) were
obtained from the amino acid sequences described above
using the codeml program from the PAML package (Yang
2007). The JTTþ gamma model was employed as the amino
acid substitution model. With these parameters, the amino
acid sequence simulation was performed using the program
evolver from PAML. It first produced a random ancestral se-
quence according to the given amino acid frequency, then
modeled sequences evolution according to the given tree
topology and branch lengths. Finally, the simulated amino
acid state in each internal node and leaf was obtained. We
simulated the same number of amino acids as were found in
the real data set to ease comparisons.

Ancestral State Inference
Bayesian ancestral state inference in simulated sequences was
performed using the codeml program. The amino acid fre-
quency, alpha and amino acid substitution model used in in-
ference were the same as that in the sequence simulation. In
the Bayesian framework, the state with the highest posterior
probability was retained as the inferred ancestral state. In the

CCS method, the state of the outgroup was assumed to be the
ancestral state. The assumed ancestral state was compared
with the simulated state to get the accuracy of the inference.

KEGG Pathway Mapping
The protein sequences of the three mangrove species
were blasted against the KEGG GENES database
(e-value�1� 10� 5) for KO (KEGG Orthology) assignments
and pathway mapping. In each ortholog group, the KEGG
assignment of S. alba was used to represent the ortholog
group.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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