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Positive selection at the ASPM gene
coincides with brain size enlargements

in cetaceans
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The enlargement of cetacean brain size represents an enigmatic event in mammalian evolution, yet its genetic
basis remains poorly explored. One candidate gene associated with brain size evolution is the abnormal spin-
dle-like microcephaly associated (ASPM), as mutations in this gene cause severe reductions in the cortical size
of humans. Here, we investigated the ASPM gene in representative cetacean lineages and previously pub-
lished sequences from other mammals to test whether the expansion of the cetacean brain matched
adaptive ASPM evolution patterns. Our analyses yielded significant evidence of positive selection on the
ASPM gene during cetacean evolution, especially for the Odontoceti and Delphinoidea lineages. These mol-
ecular patterns were associated with two major events of relative brain size enlargement in odontocetes and
delphinoids. It is of particular interest to find that positive selection was restricted to cetaceans and primates,
two distant lineages both characterized by a massive expansion of brain size. This result is suggestive of
convergent molecular evolution, although no site-specific convergence at the amino acid level was found.
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1. INTRODUCTION
There has been a dramatic expansion in brain size during
mammalian evolution [1,2]. Primates and cetaceans are
the most remarkable examples of such massive brain
size expansion, especially of the cerebral cortex—the
brain area associated with higher cognitive functions
[3]. Previous research indicates that the evolution of
larger brain sizes in these groups has been driven by selec-
tion for life in increasingly complex social environments
and the need for highly developed cognitive abilities
[4,5]. Accordingly, the primate brain, and especially the
human brain, has been recognized as one of the most
striking evolutionary adaptations [6,7]. However, it is
still unclear whether this is also the case for cetaceans.
Cetaceans diverged from terrestrial artiodactyls approxi-
mately 56—53 million years ago (Ma) [8], representing
one of the most enigmatic events in evolution. Early ceta-
ceans (called archaeocetes) diversified through amphibious
stages to become fully aquatic by 40 Ma [9]. Extant ceta-
ceans, consisting of highly diversified species subdivided
into two suborders, Mysticeti (large rorqual and baleen
whales) and Odontoceti (dolphins, porpoises and toothed
whales), evolved from archaeocetes at about 34 Ma and dis-
persed into the world’s oceans and estuaries and even some
rivers [10,11]. It has been proposed that the transition
from land to water selected for the development of distinct,
and in some cases more complex, physiology, morphology,
sensorial and cognitive traits, such as underwater vision
[12] and hearing ability [13], and comprehension of
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artificial communication systems [14]. Therefore, relatively
larger brain sizes were favoured during this transition.
Indeed, paleontological and neuroanatomical data have
confirmed that modern cetacean brains are among the lar-
gest across all mammals both in absolute and relative size
(expressed relative to body size as encephalization level or
quotient, EQ [1]). Almost all odontocetes (toothed
whales) have above average levels of encephalization com-
pared with relative terrestrial mammals. In particular,
some odontocetes possess EQs in the range of 4-5,
second only to modern humans (EQ=~7) and
significantly higher than any of the modern nonhuman
anthropoid primates (highest EQ ~ 3.3) [15,16]. Recent
studies have contributed substantially towards the identifi-
cation of the putative genetic basis underlying the
enlarged brain of primates [6,7,17,18]. The most striking
finding in this regard was that positive selection or acceler-
ated evolution was found in a group of genes associated
with primary microcephaly (MCPH), a developmental
defect characterized by a severe reduction in brain size.
Seven such loci (MCPH 1-MCPH 7) with recessive
mutations that lead to MCPH have been identified to
date (reviewed in [19]). Of these, MCPH 5 (or abnormal
spindle-like microcephaly associated, ASPM) is essential
for normal mitotic spindle function in embryonic neuro-
blasts, with ASPM mutations being the most common
cause of MCPH in a clinical sample of humans
[17,19,20]. Additionally, the functions of Drosophila and
mouse orthologues of ASPM have also certified that
mutations in ASPM reduce brain size (reviewed in [19]).
Interestingly, there is strong evidence that some nucleotide
changes in ASPM were subject to positive selection in
the lineage leading to humans, consistant with a possible
role of ASPM in the evolutionary enlargement of human
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brain size [6,17,20]. Still, the investigation of the genetic
basis underlying brain size evolution in cetaceans has just
begun very recently, although the adaptive significance
and anatomical basis of their brain diversity has long been
studied [5,15,16,21,22]. A recent study investigated the
MCPHI1 gene in cetaceans [23], but did not find compel-
ling evidence of an association between its evolution and
brain size enlargement in the group.

In this study, the ASPM gene was investigated in
representative species of major cetacean lineages and
compared with corresponding sequences from other
mammals to determine its contribution to brain size
enlargement during cetacean evolution. First, we tested
whether positive selection on the ASPM gene across ceta-
cean phylogeny corresponded to brain size expansion
events in this group. Second, in comparison with homolo-
gous sequences of other mammals, we evaluated whether
different cetacean clades or other mammals have experi-
enced different selective regimes, particularly whether
cetaceans and primates had similar adaptations (or
convergent evolution) at the molecular level.

2. MATERIAL AND METHODS

(a) Taxonomic coverage

Fourteen cetacean species from eight families, including nine
species of the superfamily Delphinoidea, which includes the
highest EQ, were sequenced (see the electronic supplementary
material, table S1). In addition, ASPM sequences of nine
primates and one artiodactyl (Hippopotamus Hippopotamus
amphibius) were downloaded from GenBank (see the
electronic supplementary material, table S1). We also retrieved
Ensembl-predicted ASPM sequences from published genomes
(http:/genome.ucsc.edu/ and http:/asia.ensembl.org/index.
html) of an additional eight mammal species from six orders.
In total, 32 ASPM sequences of high quality and integrity
were used (see the electronic supplementary material, table
S1 for information on sequence data and accession numbers).

(b) Amplification and sequencing of cetacean ASPM
We designed primers for the two largest ASPM exons (exons
3 and 18; approx. 60% of the transcribed ASPM protein)
based on the alignment of the genomic data for the cow,
horse and bottlenose dolphin (Tursiops truncarus). These
exons were selected as they are characterized by the highest
concentration of non-synonymous substitutions, possess
most of the mutations that cause human primary micro-
cephaly [17,20] and encompass the main functional sites of
the protein [24].

Genomic DNA was extracted from myologic samples by
using the DNeasy tissue kit (Qiagen), following the manu-
facturer’s protocol. Polymerase chain reaction (PCR)
was carried out in a total volume of 50 pl comprising
25mM MgCl,, 10mM Tris—HCI (pH 8.4), 50 mM
KCl, 0.2mM of each dNTP, 0.4 puM of each primer, 1.0
unit Ex-Tag DNA polymerase (Takara) and 10-100 ng
DNA template. The amplification profile consisted of 5 min
at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 55°C
and 30s at 72°C, with a final extension of 8 min at 72°C.
The amplified PCR products were purified and sequenced in
both directions with an ABI 3730 automated genetic analyser.

(¢) Cetacean ASPM gene polymorphism
Nucleotide and deduced amino acid sequences of the mam-
malian ASPM gene were aligned using the CLustaL X v. 1.83
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program [25]. Average pairwise nucleotide distances
(Kimura 2-parameter model, K2P) and Poisson-corrected
amino acid distances were computed using MEGA v. 5
[26]. Standard errors of estimates were obtained by running
1000 bootstrap replicates.

(d) Test for selection on the ASPM gene

The non-synonymous to synonymous rate ratio o (dn/ds)
indicates changes in selective pressures, where w =1, v <1
and o > 1 correspond to neutral evolution, purifying and
positive selection, respectively [27]. The w ratio was esti-
mated using a codon-based maximum-likelihood method
implemented in CODEML program of PAMLv. 4.4 package
[28]. A well-accepted phylogeny of Laurasiatheria and
primates was used as the input tree in all analyses. The top-
ology of Laurasiatherian mammals was based on analyses of
approximately 2.1 M base pairs (bp) of 1608 genes from 15
mammalian species [29] and approximately 1.4 M bp of 110
genes from 15 cetacean species [30], whereas the phylogeny
of primates was based on approximately 8 Mbp of 54
nuclear genes from 186 species [31]. We also used the conca-
tenated two-exon ASPM dataset to estimate the phylogenetic
relationships using maximume-likelihood (ML) and Bayesian
inference (see the electronic supplementary material,
appendix S1). The resulting tree was similar to the well-
accepted phylogeny, with only some minor differences
within Delphinidae (see the electronic supplementary
material, appendix S1 and figure S1). The analyses of selec-
tion using the ASPM tree produced results nearly identical to
those obtained using the well-accepted phylogeny; hence,
only the latter analysis is reported.

A combination of branch, site and clade models was used
to analyse the datasets including all mammals or only ceta-
ceans. In the case of the branch model, the ‘free-ratios’
model (M1), which assumes an independent w ratio for
each branch, was compared with the ‘one-ratio’ model
(MO), which assumes the same w ratio for all branches [32].
Subsequently, to identify those sites under positive selection
for the ASPM gene, site models in which @ can vary among
sites were implemented. Specially, two pairs of site models
were tested: Mla (nearly neutral: wy <1, w; =1) versus
M2a (positive selection: wy <1, w; =1, w, > 1) and M8a
(nearly neutral; beta distribution: 0 < wp <1 and w;=1)
versus M8 (positive selection; beta distribution: 0 < wy < 1
and w; > 1) [33] (details on models M1la and M2a in [34]).
Finally, to detect divergent selection acting on groups of
related key taxa, a pair model (Clade model C versus M1a)
was implemented in each dataset. Three site classes are
assumed in the clade model C, which includes two clades,
i.e. focal clade and the background clade. Site class 0 and 1
separately represent purifying selection (0 < wy<1) and
neutral evolution (w;= 1), whereas in site class 2, branches
in the two clades are evolving with w2 and w3 (0, # ws),
respectively [34]. Because clade model C does not perform
well without an outgroup [28], hyrax as well as cow +
hippopotamus were used as outgroups for the datasets, includ-
ing ‘all mammals’ and ‘all cetacean’, respectively. In the latter
case, clade models were separately undertaken for odontocetes
(branch A), delphinoids (branch B), delphinids (branch C)
and mysticetes (branch D), whereas, in the former case, the
clade models were determined for all cetaceans (branch I), pri-
mates (branch II), Whippomorpha (whale 4 hippo, branch
III), carnivores (branch IV) and eulipotyphlans (branch V).
In addition, the selection pattern on the cetacean clade was
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estimated, considering all mammals with the exception of
primates in order to exclude the effect of primates.

The significance of differences between the two nested
models was evaluated using likelihood ratio tests (LRT') by cal-
culating twice the log-likelihood (2AL) of the difference
following a chi-square distribution, and the degrees of freedom
were the difference in the number of free parameters between
models. For all PAMI -based analyses, all models corrected tran-
sition and transversion rates and codon usage biases (F3 x 4).
Different starting w values were also used to avoid the local
optima on the likelihood surface [35]. Considering that selection
analyses including alignment gaps (setting clean data = 0) was
basically the same as that of removing alignment gaps (setting
clean data = 1, see the electronic supplementary material, table
S2); thus, only the former analysis is presented here.

To evaluate the probabilities of positively selected sites on
ASPM for the cetacean species examined, we first used a
Bayes empirical Bayes (BEB) analysis to calculate posterior
probabilities of positively selected sites implemented in the
CODEML program of PAML v. 4.4 package [28]. Those
sites with a posterior probability > 0.8 were considered as can-
didates for selection. We also used the fixed effects likelihood
(FEL) method implemented in the DATAMONKEY web
server [36] to infer positive selection sites with the default set-
tings and a significance level of 0.2. The DATAMONKEY has
the advantage that they can improve the estimation of the
dn/ds ratio by incorporating variation in the rate of synon-
ymous substitution [36]. Finally, only positively selected sites
detected by both the M8 and FEL methods were used to esti-
mate conservative or radical changes between ancestral and
present ASPM sequences. Ancestral ASPM sequences were
inferred based on empirical Bayesian methods implemented
in the CODEML program of the PAML v. 4.4 package
[28]. Conservative or radical non-synonymous substitutions
were estimated according to charge, polarity and volume.

3. RESULTS

(a) Characterization of the cetacean ASPM gene
All ASPM gene sequences from the cetacean species were
intact, without premature stop codons or frame shift
mutations, thus suggesting the presence of a functional
ASPM protein. The sequences from the two exons of
the ASPM genes (exon 3 with 1494 bp and a predicted
amino acid sequence of 498 amino acid (aa), and exon 18,
with 4710 bp and 1570 aa) were examined in all 14 cetacean
species. In total, 6204 bp (2068 aa) were sequenced, repre-
senting 59.48 per cent of the coding region according to
the human ASPM gene (3477 aa). An alignment of 2068
aarevealed a total of 394 variable sites (19.05%) and two sep-
arate amino acid deletions in the minke whale (Balaenoptera
acutorostrata) and Omura’s whale (B. omurai; see the elec-
tronic supplementary material, figure S2). In addition, the
alignment of the dataset including the 14 newly sequenced
cetaceans and the published sequences of 17 additional
mammal species revealed that protein translations ranged
from 1896 aa (in the horse) to 2081 aa (in the macaque).

(b) Signatures of positive selection

The site model analyses of all mammals (dataset I: 31
species) showed that models that incorporate selection
(i.e. M2a and MB) fitted significantly better than neutral
models (i.e. M1a and M8a; table 1). With model M8, the
most stringent model implemented in PAML, a small
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proportion of codons (4.98% or 103 codons) was esti-
mated to be under selection, with a w value of 1.906.
Of those sites under positive selection, 16 and 14 were
identified by the BEB approach with posterior probabil-
ities above 0.8 and 0.9, respectively. When only the
cetaceans (dataset II: 14 species) were considered, the
associated LRT reached statistical significance (M8a
versus M8: p = 0.050) or is very close to statistical signifi-
cance (M2a versus Mla: p=0.052) in the site model
analysis, with an estimated w value of 5.780-5.983 at
0.87-2.47% sites at this loci (table 1). For M8, 10
codons were identified by the BEB approach with
posterior probabilities above 0.8, whereas 17 codons
were identified as under selection by FEL method. Of
these putative positively selected sites, nine were picked
simultaneously by both methods. These nine codons
were therefore further investigated their radical or conser-
vative nature (table 2). Seven of these (77.78%) were
identified as having undergone radical changes: six in
the suborder Odontoceti (including three in the super-
family Delphinoidea) and one in the suborder Mysticeti.

To test whether the evidence for positive selection was
restricted to some specific lineages, several models were com-
pared (table 1). In dataset I (all mammals), the free-ratio
model was significantly better than the one-ratio model
(p <0.001, table 1), suggesting heterogeneous selective
pressures on different lineages. Interestingly, infinite w (ds=
0 and dy> 0) or w values greater than one were restricted
to those branches characterized by enlarged brain size, both
for cetaceans and primates. In the former case, there
were four branches: the ancestral branch of delphinids
(T truncatus, Stenella attenuata, Stenella coeruleoalba, Delphi-
nus capensis), the ancestral branch of S. coeruleoalba +
Delphinus capensis, the ancestral branch of Phocaenidae (Neo-
phocaena  asiaeorientalis) + Monodontidae (Delphinapterus
leucas) and the branch leading to B. acutorostrata. In the
case of primates, there were five branches: the ancestral
branch of New World monkeys, Old World monkeys and
Great Apes, and the branches leading to Homo sapiens, Pan
troglodytes, Macaca mulatta and Macaca fascicularis (figure 1).

Clade models separately undertaken for cetaceans, pri-
mates, Whippomorpha, carnivores and eulipotyphlans
revealed evidence of significant divergent selection. Of
these clades, the w value of the focal clade was greater than
one only for cetaceans and primates, indicating the action
of positive selection on both clades (table 1). When all
mammal ASPM sequences (31 sequences and one out-
group) were considered, the w value of the cetacean focal
clade was lower than that of the background. However,
when primates were excluded (21 sequences and one out-
group), the reverse was observed (table 1). When only the
cetacean dataset (14 sequences and two outgroups) was con-
sidered, the w values of the focal clade were higher than those
of the background clade for odontocetes (2.018 versus
1.038), delphinoids (10.100 versus 0.478) and delphinids
(30.959 versus 0.342; table 1).

4. DISCUSSION

(a) Molecular evolution of the ASPM gene and brain
size enlargement in cetaceans

Two events involving the enlargement of relative brain
size in cetaceans were identified from anatomical research
and computed tomography: one at the early origin of
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Table 2 . Candidate amino acid sites under positive selection identified in cetaceans using different methods.

maximum-likelihood method

AA position PAML M&8* FEL® radical change conservative change clade®
21 0.925 0.108 Lys—GlIn Lys—Asn — O,D
299 0.809 0.169 Gly—Arg(2)¢ — 0,D
991 0.811 0.113 Val-Ala — O,D
1047 0.844 0.091 — Lys—Val O,D
1073 0.814 0.103 Ala—Val — M
1176 0.800 0.152 Ala—Thr — (¢
1253 0.800 0.126 Val-Thr — (0]
1901 0.819 0.143 — Thr—Ser O,D
2008 0.840 0.051 Lys—Ser (6]

#Posterior probabilities of the BEB analysis with p > 0.8 considered as candidates for selection.

®p-Values with significance levels of 0.2 considered as candidates for selection.

°Clades in which amino acid substitution occurred, O, suborder Odontoceti. M, suborder Mysticeti; D, superfamily Delphinoidea.
9The numbers within parentheses indicate the time of amino acid change.

Odontoceti, and the second during the evolution of
Delphinoidea [16]. Interestingly, the analyses of molecular
evolution of the ASPM gene conducted in the present
study showed evidence of positive selection matching
these events. Clade models showed evidence of positive
selection acting on odontocetes and delphinoids (table 1).
Additionally, nine amino acid sites under positive selec-
tion were identified by the two ML approaches (M8
and FEL; table 2). Of these, seven were potentially radical
changes associated with charge, polarity or volume of the
amino acid. Most of such radically changed sites were
found in suborder Odontoceti and/or Delphinoidea,
whereas only one site occurred in suborder Mysticeti
(table 2). Much higher rates of radical (as opposed to
conservative) non-synonymous substitution identified in
cetaceans (exact binomial test: p = 0.089) may have
been taken as evidence of positive selection. More impor-
tantly, such radical amino acid changes at the ASPM gene
occurred in toothed whales and some Delphinoidea
species, which are further evidence for the association of
adaptive ASPM evolution with cetacean brain size enlar-
gement. Although only two exons were investigated, the
selection detecting in the present study mainly relied on
the PAML, which allows for detecting positive selection
in specific codons as opposed to whole genes [37].
In such a case, the ascertainment bias may not be a
problem because the selection signal is independent of
the fragment length examined. Actually, seven other
conservative exons (5—11) of the ASPM gene have also
been obtained, and the additional exons did not have
any effect on the pattern of selection (data not shown).
Although the large and well-developed cetacean brain
has been hypothesized to be a direct product of adaptation
to a fully aquatic lifestyle, the present analyses do not sup-
port this hypothesis. There was no evidence of positive
selection acting on the ASPM gene in the latest common
ancestor of whales + hippo (Whippomorpha, branch III,
two-ratio branch model: @ = 0.292) and Cetacea (i.e.
toothed whales + baleen whales, branch I, two-ratio
branch models: w = 0. 548), which separately represented
the transition of the ancestral terrestrial cetaceans to the
semi-aquatic habitat and the early stage of adaptation to
a fully aquatic life. Actually, this is congruent with evidence
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from anatomy and computed tomography that the first
enlargement of brain size did not occur immediately after
the ancestral terrestrial artiodactyls occupied the aquatic
environment and early adaptation of cetaceans to the full
aquatic habitat [16]. Here, further evidence for this was
provided by w>1 in the toothed whale clade (clade
model C: w =2.018 in table 1), which suggested positive
selection matching with the first brain size expansion
event in the evolutionary history of cetaceans.

The hypothesis that the enlarged brain size of ceta-
ceans was primarily a response to social forces and
cognitive demands found, conversely, more support in
the present analyses. Indeed, the events of relative brain
size enlargement that occurred in the evolution of ceta-
ceans coincide with the two rapid radiation periods
associated with the origin of Odontoceti and the diversifi-
cation of Delphinoidea [38]. Relatively larger brain sizes
during these periods may have been favoured by enabling
a higher degree of behavioural flexibility, hence the ability
to cope with novel environmental conditions and larger
and more complex social groups [21,39,40]. In addition,
the larger brain sizes during the origin of Odontoceti
might also be related to the emergence and development
of echolocation to process high-frequency acoustic infor-
mation, which is associated with a greatly enlarged high-
frequency auditory system in toothed whales [41]. It is
worth noting, however, that echolocation is likely not to
be a primary or sole factor affecting brain size evolution,
as bats also have the echolocation ability yet do not
show exceptionally large brains.

Additionally, positive selection at the ASPM gene
coinciding with brain size enlargements in cetaceans is
contrasted with a recent study that analysed another pri-
mary microcephaly gene (i.e. MCPH1) in cetaceans but
did not find significant association between high relative
brain size and level of positive selection [23]. This
suggested that the ASPM gene may have played a more
important role than MCPHI1 in the evolution of large
brain in cetaceans. However, considering the lack of
direct data on the biochemical function of ASPM in ceta-
ceans, further research on the functional properties of this
gene in cetaceans is necessary to determine its role in the
brain size enlargement.



4438 S. Xu et al. ASPM evolution in cetaceans

Tursiops truncatus
o7 Lursiops truncatu

L Stenela attenuatta

71200000 1o hinus capensis

1.0/4.1
Tursiops aduncus

Sousa chinensis ==

0.823

Grampus griseus
0.897 . . .
84T s Neophocaena asiaeorientalis

0731 Delphinapterus leucas
16.8/8.2

60.3/26.1
0.501

Lipotes vexillifer

Tod,

71.3/50.6
0.486

Mesoy on densirostris

125.5/91.9

0.448 0.335

0582 _p o .
o3 Banaenoptera omurai

21.2/16. 29.1/30.9

il

0270 0416

22.
Dl 1224 Balaenoptera acutorostrata

31.8/9.2

181.1/239)

157.4/134.4

0.670 0.406

Hippoy s amphibius

132.4/17. 436.8/382.2

0.516

Bos tauruss

0.441
21.1/17.

351.6/242.3

0.353
147.6/148.8

0.0001
0.1/178 5|

0.453
105.9/83.2

0.391
19.5/17.7

0.669
36.4/19.3

0.310
34.3/39.3

224.8/23.5 1

0.463
72.9/56.0

20

220.6/177.1

VL0449 Ajluropoda melanoleuca
163.5/129.6

479.5/362.6

v L0343 Sorex araneus
709.0/735.3

0.339 [147743
62/6.6]1.320 pyp, troglodytes

0.352
24.2/24.4
Macaca mulatta
0.479 |].0/0
16.6/12.4 ‘:S=0 Macaca fascicularis
3.402 0.
20.7/16.4

0.441
75.7/61.0

Equus caballus

H

0443 Canis familiaris

0470 __ Erinaceus europaeus

=

o
23

L234 Homo sapiens

11.7/3.2

0.633 : :
s Gorilla gorilla
Pongo pygmaeus

dS=0

910

0 ___ Cercopithecus aethiops

0.410

L Aotus sp.
0.948 E 15/35.9

42/1010.684 . Calithrix jacchus

103.6/53.9

Saimiri boliviensis

superfamily

Kogia sima ﬁ

.
=

"

suborder

e
)
-

order

Figure 1. w Values for distinct evolutionary lineages of cetaceans and mammals, with a phylogenetic tree derived from Zhou
et al. [29,30] and Perelman ez al. [31]. The w values for individual branch according to the free-ratio model are shown. Branches
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(b) Similar selective pressures on the ASPM gene in
cetaceans and primates: convergent molecular
evolution?

Although cetaceans and primates are highly diverged,
different in habitat and neuroanatomical organization,
they showed striking convergence in social behaviour
and self-recognition ability [42]. Consequently, they
both have significantly enlarged brain size [3]. Morino
[42] proposed that cetaceans and primates have appar-
ently undergone similar pressures for increased brain
mass in their evolutionary history. However, this specu-
lation has not yet been experimentally established at the
molecular level. On the basis of molecular evolutionary
analyses of the ASPM gene from cetaceans and related
terrestrial mammals, the present study provided two
lines of evidence to support the notion of similar selective
pressures acting on the ASPM gene in primates and ceta-
ceans. First, according to the results from the free-ratio
model, the w>1 were restricted to some branches
within cetaceans and primates (figure 1). Second, the
clade models also suggested that positive selection was
restricted to these two clades (table 1).

Thus, convergent evolution might underlie the obser-
vation of similar selective pressures acting on the ASPM
gene in the cetaceans and primates, two mammalian
groups highly diverged or distantly related with each
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other but both showed convergent brain size enlargement.
However, in contrast to the strong evidence of molecular
convergent evolution found in earlier studies that the
motor protein Prestin of echolocating dolphins formed a
well-supported group with that of echolocating bats at
the amino acid level [43,44], the phylogenetic reconstruc-
tion of the ASPM gene conducted in the present study did
not group cetaceans with primates at nucleotide or amino
acid level (see the electronic supplementary material, figure
S1). Moreover, site-specific convergent ASPM evolution
was not detected in the two groups at the amino acid
level. This is not unreasonable, considering that the evol-
ution of brain size is most likely controlled by multiple
genes; thus a relatively weak convergent effect might have
occurred in individual ASPM genes. Further studies
using more MCPH loci are necessary to determine
whether and how brain size evolution in cetaceans and pri-
mates converged at the molecular level or whether different
mutations could have similar functional effects.
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