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ABSTRACT

We examined the evolutionary relationship of the ASPM (abnormal
spindle-like microcephaly associated) and MCPH1 (microcephalin-1)
genes with brain volume among humans and other primates. We obtained
sequences of these genes from 14 simiiform species including hominins.
Two phylogenetic analyses of ASPM exon 3 and MCPH1 exons 8 and 11
were performed to maximize taxon sampling or sequence extension to
compare the nucleotide substitution and encephalization rates, and
examine signals of selection. Further assessment of selection among
humans was done through the analysis of non-synonymous and
synonymous substitutions (dn/ds), and linkage disequilibrium (LD)
patterns. We found that the accelerated evolution of brain size in
hominids, is related to synchronic acceleration in the substitution rates of
ASPM and MCPH1, and to signals of positive selection, especially in
hominins. The dn/ds and LD analyses in Homo detected sites under
positive selection and some regions with haplotype blocks at several
candidate sites surrounded by blocks in LD-equilibrium. Accelerations and
signals of positive selection in ASPM and MCPHL1 occurred in different
lineages and periods being ASPM more closely related with the brain
evolution of hominins. MCPH1 evolved under positive selection in
different lineages of the Catarrhini, suggesting independent evolutionary
roles of this gene among primates.
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Introduction

The study of variation in brain size among
Primates has lead to the understanding of
evolutionary changes associated with the
origins of human-specific traits such as
cognition and language (Jones et al. 1992;
Wong 2006). The human brain has tripled in
size throughout the evolution of the
Homininae, taking nearly seven million years
(MY) to reach modern human capacity.
Hominin brain started to accelerate in size
since the australopithecines approximately four
MY ago (Holloway et al. 2004), who had brain
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volume modestly larger than chimpanzees with
393 cm® in average (McHenry 1994).
Australopithecus africanus, possible
immediate predecessor of Homo, had an
average brain volume of 461 cm® with some
specimens reaching up to 515 cm® (Holloway
et al. 2004; Neubauer & Hublin 2012). At the
origins of Homo roughly two MY ago, a
substantial enlargement of cranial capacity
occurred; Homo habilis exhibited sizes of
approximately 610 cmd. The transition to
Homo ergaster and Homo erectus with brain
size ca. 1000 cm?®, seems gradual before an
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accelerated leap to Homo erectus and to the
ancestor of Homo neanderthalensis and Homo
sapiens at about 600 000 years ago after which
both species reached an average brain volume
of 1400 cm® (Falk 1983; Rightmire 1998,
2004; Neubauer & Hublin 2012). The enlarged
brain size of humans evolved in different
functional areas related with communication,
perception,  memorization,  visualization,
recognition, problem solution, reasoning, and
planning among others relevant in solitude
survival and socialization accordingly with the
cultural brain hypothesis (Schoenemann 2006;
Muthukrishna et al. 2018; Neubauer et al.
2018).

Humans among mammals exhibit the highest
proportion of brain size with reference to body
size (Jerison 1973; Roth & Dicke 2012)
without increase in metabolic rate (Ross 1992)
as it occurs in other highly cephalized
mammals such as cetaceans (Gaskin 1982;
Marino 2002; Figure 1). Cephalization in
Primates, humans included, seems to be related
with enlarged life cycles (Allman et al. 1993)
that reflect low energy expenditure relative to
other mammals; such low energy expenditure
in turn seems associated with the early
evolution of Primates in the context of lowly
caloric diets, nocturnal habits, warm and
humid habitats, as well as with minimization
of  starvation risk in  unpredictable
environments (Ross 1992; Ward et al. 2004;
Pontzer et al. 2014).
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Table S2 and the references section. Primates
symbols are S for Strepsirrhini, T for
Tarsiidae, P for Platyrrhini, Y for Hylobatidae,
C for Cercopithecidae, H for Hominidae, and h
for Homininae. Cetacea symbols are A for
Archaeoceti, M for Mysticeti, O for Odontoceti
except Delphinidae, and D for Delphinidae.
Dashed lines indicate linear regressions in the
log-log plot with parameters shown in the
graphs’ lower-left corners. Primates data were
compiled by Leyva Hernandez (2016) and
Cetacea data by Medrano Gonzélez (2009).

At least 12 loci in humans are involved in the
morphology and size of the cranium as
indicated by the recessive mendelian
inheritance of microcephaly (Jackson et al.
2002; Thornton & Woods 2009). Among
these, the abnormal spindle-like microcephaly-
associated gene (ASPM) encodes a protein that
is involved in cell division being especially
important for division of developing brain
cells. A knockout ferret, whose Aspm protein
sequence is homologous to the human one,
exhibits severe microcephaly with brain
cortical surface and thickness diminished by
25-40% like human patients also show (Desir
et al. 2008; Passemard et al. 2016). The role of
ASPM in brain development begins during
neurogenesis modulating the activity of the
mitotic spindle during neuron division, thereby
affecting brain size and neuronal density; when
mutations occur in this gene, the size of the
brain is altered (Ponting & Jackson 2005).

Microcephalin 1 (MCPHL1) is another gene that
is expressed during neurogenesis that regulates
the progression of cell cycle (Arroyo et al.
2017). When MCPHL1 function is deficient, the
chromosome condensation is uncoupled from
the cell cycle progression resulting in cells that
precipitately condense their chromosomes
throughout the G2-phase provoking
decondensation delay at the end of mitosis;
during brain development; mutations in this
gene can induce cell division instability
causing primary microcephaly (Lin et al. 2005;
Xu et al. 2004). As in other genes associated
with development of the nervous system,
strong positive selection, and an accelerated
substitution rate of MCPH1 among hominins
(Evans et al., 2005; Evans et al., 2006), has led
to regard this gene as important in the
evolution of human brain.

In  humans, microcephaly seems epistatic
(Bond & Woods, 2006), even though
neuroepithelial cells are not affected owing to
their elongated morphology (Fish et al. 2006).
Such effects are reduced by the evolution of
protein-encoding genes (Hoekstra & Coyne,
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2007), mutations that affect the regulation of
gene expression (Haygood et al. 2007; Somel
et al., 2009), and other genetic mechanisms
apparently related to macroevolutionary
changes (Montgomery & Mundy, 2010).

Given the importance of ASPM and MCPH1
for studying the genetical basis of human brain
evolution, here we reconstructed phylogenies
of these two genes in the Catarrhini to examine
the relationship between nucleotide
substitution rates at different codon positions
and evolutionary change in brain size. We
included eight Neanderthals, one Denisovan,
one archaic H. sapiens, and 10 modern H.
sapiens contributing to previous analyses (e.g.
Montgomery et al. 2011). We also identified
signals of evolutionary forces for both genes
especially searching for targets of positive
selection through the dn/ds ratio across the
Catarrhini. These two analyses were made on
exon 3 of the ASPM gene, as well as on exons
8 and 11 of the MCPHL1 gene since they are the
most polymorphic and appropriate for the
intended  inferences. We also added
examination of selection signals through
linkage disequilibrium (LD) in archaic and
modern Homo species across the complete
sequences of both genes.

Materials and methods
Data

We retrieved 31 sequences of the ASPM or
MCPHL1 genes in 15 primate species from the
National Center for Biotechnology Information
(NCBI, https://www.ncbi.nlm.nih.gov), the
European Bioinformatics Institute (EBI,
ftp://ftp.ebi.ac.uk), the Max Planck Society for
Evolutionary Anthropology
(http://cdna.eva.mpg.de), and the 1000 genome
project (http://www.internationalgenome.org)
through the links and access codes described in
Supplementary Table S1. Non-human species
sampled included Hominidae: Pan troglodytes,
Gorilla gorilla, Pongo pygmaeus; Hylobatidae:
Hylobates lar, Hylobates hoolock;
Cercopithecidae: ~ Chlorocebus  aethiops,
Erythrocebus patas, Macaca mulatta, Papio
anubis, Semnopithecus entellus, Colobus
guereza; Aotidae: Aotus sp. The human
sequences pertain to 10 modern H. sapiens
from the 1000 genome project panel (Yoruba
and Esan from Nigeria, Mandinka from
Gambia, Han from China, and Finland),
Sunghir-1, eight H. neanderthalensis (the
Neanderthal reference genome, Altai, Goyet,
Les Cottés, Mezmaiskaya -1 and -2, Spy-1,
Vindija 33.19), and the Denisova-3 individual
from Siberia.
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We also compiled in scientific literature data
on body and brain sizes from 34 primate
species as well as the resting metabolic rate
from 13 primate species (Figure 1;
Supplementary Table S2). Data include the
taxa Strepsirrhini and Haplorrhini:
Tarsiiformes and Simiiformes: Platyrrhini and
Catarrhini: Aegyptopithecus, Cercopithecidae,
Hylobatidae, Proconsul, and Hominidae.
These data were contrasted with body and
brain sizes from 37 species of cetaceans and
the resting metabolic rate of seven cetacean
species (Figure 1; Supplementary Table S2).
The age estimations of species origins and
phylogenetic branches were obtained from the
TimeTree gateway (http://www.timetree.org;
Kumar et al. 2017), the Smithsonian Institution
webpage (https://humanorigins.si.edu), and
The Cambridge Encyclopedia of Human
Evolution (Jones et al. 1992).

Phylogenetic analysis

We employed exon 3 of the ASPM gene, and
exons 8 and 11 of the MCPH1 gene for
phylogenetic analyses looking to estimate
molecular rates since these fragments were
available for more primate species and also
because their larger degree of polymorphism
makes them more adequate for phylogenies
reconstruction and examination of nucleotide
changes. A total of 1236 bp in 13 species
corresponded to the ASPM exon 3, 1089 bp in
nine species corresponded to the MCPH1 exon
8, and 159 bp in 12 species corresponded to
the MCPHL1 exon 11. We built one phylogeny
of the ASPM exon 3 to maximize taxon
sampling (13 species), and one phylogeny of
the three exons (2484 bp) in seven species and
one genus to maximize the information on
DNA sequence change, especially to compare
the changes among lineages in both genes. The
ASPM sequence of H. lar and the MCPH1
sequence of H. hoolock were merged to be
examined as Hylobates spp. Since we were
interested in the estimation of the nucleotide
substitution rates, i.e., molecular clocks, in
phylogenetic branches, we employed only one
sequence per species. Nucleotide sequences
were aligned using the CLUSTALW software
(Larkin et al. 2007) allowing only 3 bp gaps as
they are equivalent to one amino-acid residue.

We constructed the two phylogenetic trees
using program MRBAYES 3.2.7 (Huelsenbeck
& Ronquist 2001) in two independent runs
with four Markov chains, a temperature
parameter of 0.5 during 20 million generations,
and a sampling frequency of 1/1000 discarding
the initial 25% of trees. Sequences were
partitioned by the three codon positions of both
genes employing for each the general
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reversible model (GTR) with inverse gamma
distribution as well as a relaxed clock variation
with independent gamma rates. The two
sequence datasets ran in MRBAYES Yyielded
phylogenies that closely resemble the known
species phylogeny (e.g., Perelman et al. 2011)
but we had to enforce the Tribes
Cercopithecini and Papionini to consistently
estimate nucleotide change and relate it with
brain size evolution. This procedure was based
on Delson (1992), Page et al. (1999), and Xing
et al. (2005). Each phylogenetic tree was
visualized using FIGTREE 1.4.3 rooting the
ASPM tree with Aotus sp and the ASPM —
MCPH1 tree with the branch between
Hominoidea and Cercopithecoidea. The
consistency and retention statistics as well as
the mapping of nucleotide changes for the
phylogenies obtained were determined using
MACCLADE 4.06 (Maddison & Maddison
2003).

Comparison of anatomical and molecular
rates

Two nucleotide substitution rates for each gene
in each branch of both trees were determined
dividing branch length by the time elapsed
between the branch’s flanking nodes or ends:
1) One rate of the added lengths of codon
positions 1 and 2 (ri2); this is approximately
the clock of non-synonymous substitutions,
and 2) Another rate of the codon position 3
length which is approximately the clock of
synonymous  substitutions  (rs).  Although
related, notice that such rates are not dy and ds
of the selection analysis. We used the
difference ri» — r3 to describe the rate and
mode of molecular evolution. Similar to the
analysis of the dn/ds ratio, negative values of
r. — rs indicate purifying selection, zero
indicates neutrality and positive values indicate
positive selection.

We determined a measure of encephalization
for the specific set of 34 primate species
compiled in Figure 1 and Supplementary Table
S2 as the residual value of relative brain size
with reference to the relative brain size given
by the regression in Figure 1. Thereafter, we
estimated encephalization in each node of both
phylogenetic trees following one of three
alternative procedures: 1) Use of the closest
fossil data that were Homo heidelbergensis in
the node between H. sapiens and H.
neanderthalensis, Sahelanthropus tchadensis
in the node between Homininae and P.
troglodytes, Proconsul africanus in the origins
of Hominidae and Aegyptopithecus zeuxis in
the origins of Hominoidea, 2) Interpolation
between nodes weighted by time difference as
was done among the Hominidae, and 3)
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Average between the two branches in a node;
this had to be done in the Cercopithecidae for
which the scarce fossil data and incomplete
species sampling impede the other two
procedures. An encephalization rate was then
calculated as the encephalization difference
between the flanking nodes or ends of each
branch, divided by the time elapsed in each
branch. Molecular and encephalization rates
were finally plotted with lines depicting the
phylogeny topology and making a linear
regression of the encephalization rate with
reference of the molecular rate.

Selection analysis

From the phylogenies mapping done with
MACCLADE 4.06, initial examination of
selection among different taxa was made
examining the branch length proportions of
codon position 1 / codon position 3 and codon
position 2 / codon position 3, this is
approximately ~ the  non-synonymous /
synonymous lengths. We also examined the
transversions / transitions ratio as well as the
rates of total changes and transversions per
lineage per MY.

Further in the set of the whole gene sequences
from all the human individuals described
above, selection signals were evaluated for
neutrality and positive selection using the
CODEML program included in the PAML
package (Yang 2007). The nested codon
models were performed for the ratio of non-
synonymous (dn) to synonymous (ds)
substitution rates, ® = dn/ds, which were
compared using the average likelihood ratio
test (Anisimova et al. 2001). Neutrality was
tested with the M1a model, and was compared
with the M2a model for sites that were
putatively under positive selection. Selective
pressure was evaluated using the ratio . When
the value of o is significantly lower than 1, the
region has undergone purifying selection;
when ® equals 1, the region is in neutral
selection; and when ® is significantly greater
than 1, the region is under positive selection
(Yang & Bielawski 2000). The confidence
interval of the p-value was tested by means of
PAML using CONSEL v0.1 (Shimodaira &
Hasegawa 2001).

Because exonic regions are treated, the
intragenic recombination was tested by RDP
(Martin & Rybicki 2000), GENECONV
(Padidam et al. 1999), CHIMAERA (Pettersen
et al. 2004), and BOOTSCAN (Salminen et al.
1995), which comprise a group of programs
implemented in the RDP3 package (Martin et
al. 2010; Martin et al. 2015). We also tested
targets of positive selection according to the
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patterns of LD in the DNA sequences, because
fixation of a beneficial allele causes an
increased level of LD around the selected site
(Slatkin 2008). LD was tested by the squared
correlation coefficient (R?, Ramos-Onsins &
Rozas 2001) between nucleotides using
DNaSP (Rozas & Rozas 1999). For plotting,
the R? values of all pairwise combinations of
nucleotides were binned and averaged in cells
of 1 kb x 1 kb according to the physical
distances separating nucleotides; such binning
and averaging procedures were carried out
using the PROMELD program developed by
author LMG. Mean R? values in comparisons
of the 1 kb x 1 kb cells were then plotted as
one half-matrix according to the method
described by Miyashita & Langley (1988)
using the SIGMAPLOT 10.0 program.

Results
Gene phylogenies

The phylogenetic tree based on 1236
nucleotides of ASPM exon 3 in 13 species of
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ASPM codon position 3
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primates appeared the same as the known
phylogeny of this group (e.g. Perelman et al.
2011), and exhibited high  posterior
probabilities (Figure 2). The log-likelihood
average (LnL) among the retained last 75% of
trees was -2767.75 (Supplementary Figure S1;
p < 0.001), the consistency and retention
indices were both 0.94 and thus, the rescaled
consistency index was 0.88. Using Aotus for
rooting, the tree distinguished Haplorrhini and
Catarrhini as well as Cercopithecoidea and
Hominoidea within Catarrhini. Colobinae and
Cercopithecinae were distinguished among
Cercopithecidae, whereas Hylobatidae and
Hominidae  were  distinguished  within
Hominoidea. Homininae was also identified in
the ASPM exon 3 tree with P. troglodytes as its
sister species, and P. pygmaeus as the most
external hominid. Recall that the Tribes
Cercopithecini and Papionini were enforced
(Figure 2).
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Figure 2. Bayesian phylogenetic tree of the abnormal spindle-like microcephaly-associated (ASPM)
gene exon 3 for 13 primate species. Branch lengths are proportional to molecular change scaled with
the bottom bar and indicated for the change in codon positions 1 (mid gray), 2 (black) and 3 (light
gray). Brain and body sizes were taken from Supplementary Table S2 and are shown adjacent to branch
tips in logarithmic scale to better appreciate their variation. Node data indicate time in million years
(MY), taken from the TimeTree gateway, and the posterior probability is shown within parentheses.

We plotted the ASPM tree with branch lengths
proportional to molecular change and observed
an accelerated molecular rate through the
Homininae lineage among Hominoidea. Such
acceleration is apparently correlated with
increased brain size for all the Hominidae
including G. gorilla for which the low
encephalization value is due to increased body
size. We also observed a degree of molecular
acceleration in the Colobinae, but it appeared
unrelated to a change in brain size (Figure 2).
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The phylogenetic tree based on 2482
nucleotides of the ASPM exon 3 and MCPH1
exons 8 and 11, is the same as the known
phylogeny of the eight species comprised in
this analysis, and it also exhibited high
posterior probabilities (Figure 3). The LnL
average among the last 75% of trees was -
4912.08 (Supplementary Figure S1; p < 0.001),
the consistency and retention indices were 0.95
each for the rescaled consistency index to be
0.91. This tree was rooted with the branch
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separating Cercopithecoidea and Hominoidea
and it also distinguished Colobinae and
Cercopithecinae  within ~ Cercopithecidae,
whereas Hylobatidae and Hominidae were
distinguished within Hominoidea. Homininae

ASPM codon positions 1, 2 and 3
MCPH1 codon positions1, 2 and 3

Hominidae
Procansut afrcanus
_— 06 {1.00)
Hominoidea
Aegypiopithecus seuris

—_— 2019 (1.00}

Hylobatidae

Cercopithecinae
170 (100)

—_— 1840 (1.00)
Cercopithecoldea
Cercopithecidae

Colobinae
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was also identified in this tree joined with G.
gorilla as the only other hominid sampled. The
Tribes Cercopithecini and Papionini had also
been enforced in this tree (Figure 3).
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L R e e Rt e AT
0.01 0.1 1 10 100

Homininae —== Homo sapiens I
Hms hotdibergonsin
= Homo neanderthalensis I
Gorilla gorilla [—
Hylobates spp [—
—————— Chiorecebus aethiops e I
..{ sonen
—— Erythrocebus patas TN
Papio anubis —
——— Colobus guereza [— ]

—
020

Figure 3. Bayesian phylogenetic tree of the joint ASPM exon 3 - MCPHL1 exons 8 and 11 for eight
primate species. Branch lengths are proportional to molecular change scaled with the bottom bar and
indicated for the change in codon positions 1, 2 and 3 indicated with branch breaks for ASPM (light
gray) and MCPHL1 (black). Brain and body sizes were taken from Supplementary Table S2 and are
shown adjacent to branch tips in logarithmic scale to better appreciate their variation. Node data
indicate time in million years (MY), taken from the TimeTree gateway, and the posterior probability

within parentheses.

The joint ASPM — MCPHL1 tree also showed an
accelerated molecular rate in the Homininae
among the Hominoidea in relation with
increased brain size in the Hominidae. A
molecular acceleration was also observed in C.
guereza and C. aethiops with no relation to
increment in brain size (Figure 3).

Anatomical and molecular rates

The tree of the ASPM gene alone contains 23
branches with lengths modelled in each of the
three codon positions. All branches of the
ASPM phylogenetic tree in Figure 2, showed
positive values of the rates-differential ri> — r3
and the encephalization rate. However, there is
not a sustained increment of the molecular
differential r12 — r3 or the encephalization rate
along time for the different lineages (Figure 4).
The differential r12 — r3 for the ASPM gene was
also highly correlated with the encephalization
rate in the evolution of the Hominoidea. Such
correlation and the slope were almost nihil for
the Cercopithecoidea. The differential rio — r3
and the encephalization rate also exhibited
acceleration among the Homininae and this
apparently yields the largest contribution to the
high correlation of molecular and anatomical
rates in the Hominoidea.
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Figure 4. Plot of the rates difference ri2 — r3
and the encephalization rate for the ASPM
gene phylogeny of 13 species. The phylogeny
branches correspond to black (Hominoidea)
and gray (Cercopithecoidea) dots connected by
the tree topology. Linear regressions are
indicated with dashed lines in gray for the
Cercopithecoidea and  black  for the
Hominoidea with parameters shown in the
graph upper-left corner. The root branch is
indicated with a white circle and the
encephalization data of three ancient hominins
were interpolated with gray circles.

The joint ASPM — MCPH1 tree contains 13
branches with lengths modelled in each of the
three codon positions of both genes. All
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branches of the ASPM — MCPH1 phylogenetic
tree in Figure 3, also showed positive values of
the molecular differential ri, — rz and the
encephalization rate for both genes although
with fluctuating changes along the different
lineages (Figure 5). The differential ry2 — r3 for
both genes was too highly correlated with the
encephalization rate in the evolution of the
Hominoidea, especially for the ASPM gene.
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The slope and regression index for the
Cercopithecoidea were also lower as compared
with Hominoidea but considerably higher than
the correlation in the Cercopithecoidea at the
sole ASPM tree, especially for the MCPH1
gene (Figure 5). The differential r1, — r3 and
the encephalization rate in both genes also
showed acceleration among the Homininae
(Figure 5).
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Figure 5. Plots of the rate differences r1> — r3 and the encephalization rates for the joint ASPM (a)—
MCPH1 (b) gene phylogeny of eight species. The phylogeny branches correspond to black
(Hominoidea), and gray (Cercopithecoidea) dots connected by the tree topology. Linear regressions are
indicated with dashed lines in gray for the Cercopithecoidea and black for the Hominoidea with
parameters shown in the graphs’ upper-left corners. The root branch is indicated with a white circle.

Selection mode

All branch lengths of the ASPM tree summed
are 229 of which 092 is for the
Cercopithecoidea and 0.74 for the Hominoidea
(Table 1). The length ratios for codon position
1 / codon position 3 and codon position 2 /
codon position 3 are larger in the Hominoidea
compared to Cercopithecoidea and larger in the
Homininae compared to all Hominoidea (Table
1). Total traced unambiguous changes for the

ASPM tree were 183 and the transversions /
transitions ratio is also lager in the Homininae
compared with all Hominoidea, and larger in
Hominoidea compared with Cercopithecoidea.
Larger values for the Homininae and lower for
the Cercopithecoidea occur also for the rate of
transversions per lineage-MY (Table 1).
However, the rate of changes per lineage-MY
is slower for the Homininae and larger for the
Cercopithecoidea (Table 1).

Whole tree  Cercopithecoidea  Hominoidea  Homininae

Total branch length 2.288 0.916 0.744 0.111
BL cpl/BL cp3 0.646 0.560 0.753 0.827
BL cp2/BL cp3 0.759 0.760 0.759 0.862
Total changes 183 66 54 4

Transitions (Tr) 126 48 35 2

Transversions (Tv) 57 18 19 2

Tv/Tr 0.452 0.375 0.543 1.000
Changes / Lineage-MY 0.784 0.696 0.662 0.563
Tv / Lineage-MY 0.244 0.190 0.233 0.282
Lineage time (MY) 233.34 94.83 81.55 7.10

Table 1. Modelled branch lengths (BL) per codon position (cp), traced unambiguous changes and
lineage-times in million years (MY for the Bayesian phylogeny of the ASPM-gene exon 3 (Figure 2).
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All branch lengths of the joint ASPM —
MCPH1 tree summed up 7.49 for ASPM of
which 4.39 is for the Cercopithecoidea and
3.10 for the Hominoidea, whereas for MCPH1
lengths summed up 5.49, 258 for
Cercopithecoidea and 2.90 for Hominoidea
(Table 2). As for the ASPM gene, the length
ratios for codon position 1 / codon position 3
are also larger in the Hominoidea compared to
Cercopithecoidea and larger in the Homininae
compared to Hominoidea; the codon position 2
/ codon position 3 proportion is larger for the
Homininae and smaller in the Hominoidea.
With regard to the MCPH1 gene, the length
proportions of codon positions 1 and 2 with
respect to codon position 3, are all larger in the
Cercopithecoidea and similar among the
Hominoidea and Homininae (Table 2). The
joint tree exhibited 215 unambiguous changes
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in total, 97 for the ASPM gene and 118 for the
MCPH1 gene. The ratio of transversions /
transitions for the ASPM gene is also lager in
the Homininae compared with all Hominoidea,
and larger in Hominoidea compared with
Cercopithecoidea. In the MCPH1 gene, the
transversions / transitions proportion is larger
for the Homininae compared with Hominoidea
but Cercopithecoidea in this case exhibited the
largest proportion (Table 2). For the ASPM
gene, the rate of transversions per lineage-MY
is also larger for the Homininae and lower for
Cercopithecoidea, whereas the rate of changes
per lineage-MY is slower for the Homininae
and larger for the Cercopithecoidea (Table 2).
In the MCPH1 gene, the rates of changes and
transversions per lineage-MY are both larger
for the Homininae and slower for the
Cercopithecoidea (Table 2).

Whole tree  Cercopithecoidea*  Hominoidea*  Homininae
ASPM
Total branch length 7.495 4.392 3.102 0.849
BL cpl/BL cp3 1.223 1.084 1.400 2.110
BL cp2/BL cp3 1.500 1.804 1.112 3.084
Total changes 97 48 29 5
Transitions (Tr) 71 39 19 3
Transversions (Tv) 26 9 10 2
Tv/Tr 0.366 0.231 0.526 0.667
Changes / Lineage-MY 0.753 0.822 0.562 0.529
Tv / Lineage-MY 0.204 0.154 0.201 0.211
MCPH1
Total branch length 5.486 2.584 2.902 0.724
BL cpl/BL cp3 1.206 1.363 1.087 1.000
BL cp2/BL cp3 1.021 1.164 0.913 1.050
Total changes 118 45 48 11
Transitions (Tr) 75 28 33 7
Transversions (Tv) 43 17 15 4
Tv/Tr 0.573 0.607 0.455 0.571
Changes / MY lineage 0.925 0.771 0.963 1.163
Tv/ MY lineage 0.337 0.291 0.301 0.423
Lineage time (MY) 127.52 58.39 49.84 9.46

Table 2. Modelled branch lengths (BL) per codon position (cp), traced unambiguous changes and
lineage-times in million years (MY) for the joint Bayesian phylogeny of the ASPM exon 3 — MCPH1
exons 8 and 11 (Figure 3). * Not including root branch.

Our ASPM gene phylogeny allowed the
identification of a site under positive selection
(Table 3). However, when assessing the
phylogeny without Aotus, we identified six
non-synonymous changes in six different
amino acids that resulted in @ = dn/ds > 1 (p >
0.95). This difference in selected sites with or
without the haplorrhine external group (Table
3) suggests an important selection effect in the
Catarrhini. The shorter ASPM tree with no
haplorrhine external group exhibited fewer
molecular changes among the hominins and
cercopithecids, suggesting positive selection,
whereas Hylobates, Gorilla, and Pongo

exhibited more molecular changes and o < 1,
indicating purifying selection. These results
therefore indicate heterogeneous evolution
among primate lineages as also indicated by
the molecular and anatomical rates fluctuating
along the phylogeny (Figures 4, 5).

When we applied the M2 model test in the
PAML program to MCPHL1 exon 8, it revealed
that two amino acids had been positively
selected (p > 0.95). MCPH1 exon 11 exhibited
three positively selected amino acids (p >
0.95), as well as several sites under purifying
selection (w < 1; Table 3).
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ASPM exon 3*

ASPM exon MCPH1 MCPH1

3** exon 8 exon 11
LnL M1a (neutrality) -5847.22 -2576.30 -1878.01 -270.75
LnL M2a (positive selection) -5852.60 -2576.30 -1876.96 -270.62
p <0.001 0.124 0.027 0.160
Proportion of sites with w > 1 0.617 0.513 0.741 1.000
w 2.366 1.523 3.604 1.804
Positively selected sites 31L, 83G, 355S 150G, 199R 3V, 4V,
123L, 188l, 18D
258E, 259V

Table 3. Test of neutrality and selection models for abnormal spindle-like microcephaly-associated
(ASPM) and microcephalin-1 (MCPH1) genes in Primates. *Including Aotus as external group.

**Excluding Aotus as external group.

Recombination and LD

It was possible that the exons studied may
have exhibited signals of crosslinking during
the recombination process. Therefore, we
evaluated the three exons of the two genes by
sequence simulation and by permutation tests
of the alignment and phylogeny using the
RDP3 program (Martin et al. 2010). The
coding regions of the ASPM and MCPH1
genes, which had signals of selection did not
show evidence of recombination or gene
conversion according to the analysis performed
using the RDP3 program.

The neutral model, commonly used as the null
hypothesis considers no recombination, and
panmictic populations of finite size; therefore,
the effect of intragenic recombination is poorly
explored by this model. Moreover, tests based
on haplotypes or LD are strongly affected by
recombination, which decreases LD by
breaking down the haplotypes formed. A ZnS
statistic approaching 1 in a maximal LD value
also has relatively high power to detect soft
sweeps when a locus experiences recurrent
beneficial mutations (Pennings & Hermisson
2006). Low ZnS values suggest that all
polymorphic loci are variable in maximal LD
(Figures 6, 7).

In the 62.5-kb region of the complete ASPM
sequence 366 polymorphic sites were found
among hominins with a ZnS value of 0.19
(Kelly 1997), and a Za value of 0.21 (Rozas et
al. 2001). The regression equation for R?
values was Y = 0.1960 - 0.0003X with 66795
points from pairwise comparisons, of which R?
values of 1.0 were significant in 16767 cases
according to the 2 test (0.01 < p < 0.05); this
was nearly 27% of the entire region. A higher
than expected LD led to the identification of
other strong selection signals not observed
with @ inside a 1.2-kb region across ancestral
sites in the ASPM gene (Figure 6; Table 3).
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Figure 6. Linkage disequilibrium (LD) plot of
the ASPM gene among archaic and modern
humans. Cells represent average R? values in
1.0 kb bins.

Our LD metrics in the 242-kb region
comprising the whole MCPH1 gene revealed
signals of candidate regions for selection
among Homo, some of which had statistically
significant values according to the LD
analysis. The obtained values—i.e., ZnS =
0.098, Za = 0.182, Wall's B = 0.112, and
Wall's Q = 0.129—resulted from 2727
polymorphisms, with some sites showing
significant LD, mainly at the 3’ end of the
MCPH1 gene. The regression equation for R?
values was Y = 0.1005 - 0.000X with 3716901
points (Figure 7; Table 3).

Figure 7. Linkage disequilibrium (LD) plot of
the microcephalin-1 (MCPH1) gene among
archaic and modern humans. Cells represent
average R? values in 1.0 kb bins.

In summary, LD analysis identified a few
selective-sweep candidates surrounded by a
local variable recombination rate that
equilibrated the frequencies of the haplotypes;
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this suggests an early history of selection in
Homo at the genetic regions here studied.

Discussion

Our phylogenies of the ASPM exon 3 and
MCPH1 exons 8 and 11 in the studied
Primates showed the topology of the known
organismal phylogeny (e.g., Perelman et al.
2011), although with a minor inconsistency
among three cercopithecids that was corrected
through a topology forcing needed to compare
molecular and anatomical rates. Our
phylogenies also revealed an acceleration in
the nucleotide substitution rate in ASPM and
MCPHL1 that correlated with the general trend
of increasing cranial volume among hominids,
especially in the hominins, and showed
molecular  accelerations among  certain
cercopithecids and hominids not related with
encephalization but to body size (e.g., gorilla)
or polygyny (e.g., gorilla and cercopithecids;
Figures 2, 3). In mammals, large body size is
associated with small populations, which
together with  social fragmentation  of
populations and polygyny may reduce the
effective population size and hence increase
the rates of chromosomal and nucleotide
evolution (Wilson et al. 1975; Bush et al.
1977; Charlesworth 2009; Woolfit 2009). The
gorilla in particular exhibits autoapomorphic
increase in body size as well as increase in the
absolute size of its brain that seems associated
with acceleration of ASPM but not of MCPH1
(Figures 2, 3) as noticed also by Kouprina et
al. (2004).

The differential ri, — r3 for the ASPM and
MCPH1 genes was correlated with the
encephalization rate only among the
Hominoidea (Figures 4, 5) with both rates
being accelerated among the Homininae. The
interpolation of three ancient hominins in the
plot for the phylogeny of the sole ASPM exon
3 with 13 species suggests that molecular and
brain size evolution accelerated gradually but
rapidly since the origins of hominins
approximately seven MY ago (Figure 4). Most
of the correlation between the acceleration of
substitution rates in ASPM and MCPH1 genes
and increased cranial volume seems due to
their acceleration in the Homininae (Figures 4,
5) for which the role of these genes in
neurogenesis is known (Dorus et al. 2004;
Evans et al. 2005; Evans et al. 2006; Desir et
al. 2008; Arroyo et al. 2017).

Across species, the proportions of branch
lengths for codon position 1 / codon position 3
and codon position 2 / codon position 3 were
larger in the Homininae and shorter in the
Cercopithecoidea at the ASPM exon 3 (Table
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1). Larger values for the Homininae and lower
for the Cercopithecoidea occur also for the
transversions / transitions ratio and for the rate
of transversions per lineage-MY. However, the
rate of changes per lineage-MY is slower for
the Homininae and larger for the
Cercopithecoidea (Table 1) suggesting that
increased branch lengths in the Homininae
lineage are not related to a general acceleration
of the ASPM molecular clock but to increased
changes in non-synonymous sites. Similar
results were obtained for the ASPM exon 3 in
the joint ASPM — MCPH1 phylogeny (Table
2). For the MCPH1 exons 8 and 11 however,
the ratios of branch length for codon position 1
/ codon position 3 and codon position 2 /
codon position 3 as well as the transversions /
transitions were larger in the Cercopithecoidea.
The rate of transversions per lineage-MY in
the MCPH1 exons 8 and 11 is higher in the
Homininae together with the rate of changes
per lineage-MY and this impedes the detection
of a specific increase in the mode of molecular
change in the Homininae (Table 2) besides
acceleration. This suggests that ASPM and
MCPH1 were involved in the evolution of
encephalization in different primate lineages
and periods being ASPM more closely related
with the brain evolution of the Homininae.

The dn/ds ratio revealed a few sites under
positive selection among purifying selection at
most non-neutral sites (Table 3). The traced
molecular changes in our phylogenies
indicated few changes among Cercopithecidae
and Hylobatidae, which have similar cranial
capacities, whereas there were more molecular
and phenotypic changes in the Hominidae. A
combination of strong and relaxed purifying
selection, as well as positive selection appear
to have driven fast orthogenetic and
cladogenetic change in the genetic sequences
studied, presumably yielding new functions.

Different tests about selection in the human
genome need to be done because many signals
given by the dn/ds ratio are likely to be false
positives (Kelley et al. 2006; Akey 2009; Nei
et al. 2010). In the present work, we also used
LD analysis to detect selective sweeps, as
described by Depaulis & Veuille (1998), Kelly
(1997), Kim & Nielsen (2004), and Jacobs et
al. (2016). We found an LD pattern that
seemed to be a selection sweep candidate for
various regions that could surround the
fixation sites of selected alleles in ASPM and
MCPH1 within the phylogeny of Homo
(Figures 4, 5). Similar results have been
observed in other loci (Tishkoff et al. 1996).

Our results indicate positive selection at some
sites of the ASPM and MCPH1 genes in
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hominins, other hominids, and Simiiformes in
general. Selection in the Homininae was
especially evident in the ASPM exon 3,
although sites under positive selection were
reduced when one platyrrhine was included in
the phylogeny. This could indicate adaptive
evolution of the ASPM gene in the Platyrrhini
as well, although more extensive taxon
sampling is needed to clarify this issue. The
general trend of cranial volume increase in
hominins appears more related to increased
molecular rates involved in non-synonymous
changes in the ASPM phylogeny, suggesting
strong positive selection on this gene during
the evolution of Homo. The role of the ASPM
gene in primate brain evolution—with special
regard to encephalization—has been studied by
Bond et al. (2002), Zhang (2003), Evans et al.
(2004) Ali & Meier (2008), and Montgomery
& Mundi (2010). Xu et al. (2012) extended
such investigations to include cetaceans, which
also exhibit a high degree of encephalization
(Jerison 1973) as well as cognitive capacities
and socialization (Marino 2002; Wiirsig 2002).

We detected some variations at exons 8 and 11
of MCPH1 that also showed positive selection
in the species studied herein. Wang & Su
(2004) and Wang et al. (2008) detected
positive selection in the MCPH1 gene in a
large Han Chinese sample, and Evans et al.
(2005) demonstrated that MCPH1 has evolved
under strong positive selection among the
Catarrhini, indicating a role of MCPHL1 in
brain expansion throughout the evolution of
several lineages in this taxon.

Previous studies have indicated that human
cranial volume is associated with memory,
perceptive organization, and processing speed,
which are highly inheritable (Posthuma et al.
2003; McDaniel 2005). The association
between the molecular evolution of
microcephaly-related genes and the size of the
neonatal brain is more evident in the neocortex
rather than in the brain as a whole. A similar
association has been observed between
testicular size and the ASPM and CDK5RAP2
genes, but not the MCPH1 and CENPJ genes.
Positive selection acting on ASPM and
CDK5RAP2 among Simiiformes has been
established (Montgomery et al. 2011) together
with the observation that transgenic mice
harboring mutant ASPM have microcephaly
and massive loss of germ cells; this affects cell
differentiation during neurogenesis, and
reduces brain size (Pulvers et al. 2010).

Modern human haplotype conformation in the
MCPH1 gene may be the result of an
introgression event from an archaic hominin
group. This genetic exchange may have taken
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place approximately 37000 years ago, probably
as a consequence of sexual interaction between
two different hominin species (Evans et al.
2006). Because the chronology of the
admixture event is roughly synchronic with the
dispersal of modern H. sapiens throughout
Europe, Evans et al. (2005) have suggested
that the second species involved could have
been H. neanderthalensis. This hypothesis is
supported by the greater prevalence of MCPH1
haplotype D outside sub-Saharan Africa. Such
genetic evidence not only supports the
possibility of admixture between modern
humans and archaic Homo, such as
Neanderthals, but also the idea that the
evolution of modern humans could had the
contribution of adaptive alleles from other
human species. Paixdo-Cortes et al. (2012)
compared the complete genomes of the
chimpanzee, the Neanderthal reference
genome, the Denisovan individual, and H.
sapiens, focusing on the non-synonymous
mutations of several genes and classifying the
changes according to the degree of their effect.
These authors confirmed positive selection in
ASPM and MCPH1 among the hominins and
indicated that interbreeding between early H.
sapiens and other Homo species—such as the
Neanderthals, Denisovans, and H.
heidelbergensis—can explain in part the
sharing of important cultural and behavioral
developments according to archaeological
evidence. Ancient cultural and genetic
admixture between different human species
likely contributed to neurological and
behavioral diversity among modern humans
(Ko 2016).

The evolution of brain size in humans leaded
to the symbolization, articulated language, and
complex reasoning—with integrated
behavioral models—required for planning and
creating complex tools, as well as complex
social structures (Deacon 1997; Wong 2006).
All of these characteristics also require highly
elaborate neuronal organization. Future studies
of ancient DNA could target other Homo
species such as Homo floresiensis, H. erectus,
and H. heidelbergensis, which have cranial
volumes significantly lower than those of H.
neanderthalensis and H. sapiens. Further
research is required also to determine the
extent of genetic, phenotypic, and cultural
evolution, and its reticulation among archaic
and modern humans.

The increase leap in the size of the encephalon
and of neuronal complexity in H. habilis,
which took place two MY ago, had profound
consequences for the subsequent evolution of
humans. Biological changes—such as enlarged
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body size, extended life cycle, increased brain
size, number of neurons, size of neurons,
number of glial cells, and number and size of
neural connections that establish complex
functions—and their genetic basis have been
determinant in the staggering development of
cognition and diversification of culture in
humans.
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