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Abstract

The ASPM and MCPH1 genes have been implicated in the adaptive evolution of the human brain [Mekel-Bobrov N. et al.,
2005. Ongoing adaptive evolution of ASPM, a brain size determinant in homo sapiens. Science 309; Evans P.D. et al., 2005.
Microcephalin, a gene regulating brain size, continues to evolve adaptively in humans. Science 309]. Curiously, experimental
attempts have failed to connect the implicated SNPs in these genes with higher-level brain functions. These results stand in
contrast with a population-level study linking the population frequency of their alleles with the tendency to use lexical
tones in a language [Dediu D., Ladd D.R., 2007. Linguistic tone is related to the population frequency of the adaptive
haplogroups of two brain size genes, ASPM and microcephalin. Proc. Natl. Acad. Sci. U.S.A. 104]. In the present study, we
found a significant correlation between the load of the derived alleles of ASPM and tone perception in a group of European
Americans who did not speak a tone language. Moreover, preliminary results showed a significant correlation between
ASPM load and hemodynamic responses to lexical tones in the auditory cortex, and such correlation remained after
phonemic awareness, auditory working memory, and non-verbal IQ were controlled. As in previous studies, no significant
correlation between ASPM and cognitive measures were found. MCPH1 did not correlate with any measures. These results
suggest that the association between the recently derived allele of ASPM is likely to be specific and is tied to higher level
brain functions in the temporal cortex related to human communication.
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Introduction

The ASPM and MCPH1 genes are expressed in cerebral cortical

ventricular and proliferative zones [1] and play crucial roles for

normal neurogenesis [2–4]. Although they have been implicated in

the adaptive evolution of the human brain [5,6], leading to the

hypothesis that the derived alleles of these two genes contribute to

human cognition, empirical support for such a hypothesis remains

sparse. Experimental findings have yet to link ASPM A44871G

(rs41310927,Ser2562Gly) and MCPH1 G37995C (rs930557,

Asp314His) with broad measures of human cognition phenotypes,

including working memory [7] and broad mental abilities [8].

Furthermore, no connection has been found between these alleles

and head circumference [9] or brain size in either adults or

children [7,10]. Although more recent studies have found sex-

dependent association between brain structures and ASPM and

MCPH1 [11–12], the SNPs in question were not the ones

implicated in the adaptive evolution [5–6]. One interpretation of

these null findings is that these genes are not related to adaptive

evolution of human brain function. Alternatively, these genes

could be related to more specific neural phenotypes (e.g., spoken

language processing) and endophenotypes (e.g., neurophysiology

of the auditory temporal cortex) that have yet to be examined.

The evolutionary increase in brain size and the emergence of

language capacity in humans have been subjects of inquiry [13–

15]. As the vast majority of the world’s languages are spoken

languages, it is especially important to examine brain functions

that are specific to spoken language such as speech sound

perception. Lexical tones are pitch patterns that are used to mark

word meaning and can be found in most spoken languages of the

world according to some estimates [16]; these include at least half

of the world’s languages [17]. For example, in Mandarin Chinese,

a tone language, level, rising, and falling pitch patterns

superimposed on the syllable/ma/mean ‘mother,’ ‘hemp,’ and

‘to scold,’ respectively, whereas such word-level tonal contrast is

absent in non-tone languages such as English.

A clue to a possible connection between ASPM/MCPH1 and

speech sound perception is a population study by Dediu and

Ladd [18] in which a significant correlation was found between

the frequency of derived alleles and a tendency towards use of

lexical tones in a language, even after geographical and historical

factors were controlled. An explanation for the Dediu and Ladd

findings [18] is that ASPM and MCPH1 are associated with the

processing of simultaneous acoustic cues within a short temporal

window, as lexical tone speakers are required to process both the

syllable and pitch as an integral unit. An examination of the
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association between these genes and lexical tone processing, a

specific linguistic function, would mitigate the potential difficul-

ties faced by earlier studies of broad phenotypic cognitive

measures.

The Dediu and Ladd population findings provide the basis of

our experimental study: there is an association between ASPM/

MCPH1 genes and lexical tone perception. In the present study,

we tested native speakers of American English of European

descent (Caucasians) who had not been exposed to a tone

language. Non-tone language speakers were chosen because they

allowed for the examination of a genotype-phenotype associa-

tion without the influence of significant environment (linguistic)

factors. Furthermore, non-tone language speakers show highly

variable responses in tone perception, which has been attributed

to neurophysiological and neuroanatomical factors [19,20].

Subjects were tested on a Tone Perception test [21] and a

subgroup of these subjects who were recruited at a separate

time also participated in an fMRI adaptation (fMRI-A)

experiment in which they processed lexical tones. As will be

discussed in the Results section, we analyzed our behavioral

results by considering gene-behavioral correlations with the two

subgroups of subjects combined, as well as separately, in an

attempt to replicate our behavioral findings. The Tone

Perception test consisted of identifying resynthesized level,

rising, and falling tones (resembling Mandarin Chinese)

embedded in vowels produced by multiple talkers. In the fMRI

experiment, participants performed an orthogonal loudness

judgment task while listening to lexical tones presented in two

conditions. In the repeat condition, tones were presented

repetitively within a block. In the tone-change condition,

different tones were presented within a block (see Methods for

details). Previous studies have shown that repetitive presentation

of stimuli reduces the BOLD response in regions sensitive to the

feature being repeated, a phenomenon referred to as repetition

suppression [22,23]. When features of the stimuli are changed,

no such response reduction is found. Response suppression to

repeating features is argued to indicate increased neuronal

efficiency in the processing of particular features (those that are

repeated). From a mechanistic perspective, current models

predict that with every repetition, neuronal encoding becomes

sharper (sharpening hypothesis), i.e., fewer neurons encode the

relevant feature, or neural responses become faster (facilitation

hypothesis), both of which may lead to a reduction in BOLD

response [23,24]. fMRI-A designs offer an objective way of

examining neural representation of stimulus features of interest

without the confound of overt processing. In our case, the

feature of interest was lexical tone but the subjects were asked

to perform a loudness judgment task that was orthogonal to the

processing of lexical tones. We expected a significant negative

relationship between BOLD activity in the repeat condition and

ASPM, and/or MPCH1 gene load, the number of derived

alleles. Such results would indicate that individuals who have a

higher gene load would demonstrate more efficient (i.e., more

response suppression in the repeat condition) neural encoding of

tones.

Methods

This study is approved by the Northwestern University

Institutional Review Board. All participants provided informed

written consent in accordance with the Institutional Review

Board, Northwestern University. This study examines a gene that

has been previously identified and no new genetic information has

been generated.

Participants
Thirty-two younger adults (less than 35 years old) who reported

to be Caucasians participated in this study. All subjects were native

speakers of American English with no previous experience with

any tone languages. All subjects passed a hearing screening at 30

decibel Hearing Level for the frequencies of 500, 1000, 2000, and

4000 Hz. All participants were tested on the Tone Perception test,

as well as Sound Blending (SB) and Auditory Working Memory

(AWM) tests of the Woodcock Johnson-III Tests of Cognitive

Abilities [25] for assessing phonemic awareness and working

memory, respectively. As a preliminary study examining the

neural basis of ASPM, a subgroup consisting of 13 subjects

(7 females) between 21 to 34 years old (mean = 25.54) also

participated in an fMRI adaptation (fMRI-A) experiment in which

they processed lexical tones [Non-fMRI subjects consisted of 19

subjects (16 females) between 18 to 27 years old (mean = 20.5)].

Subjects who participated in the fMRI-A experiment were also

tested on the Test of Nonverbal Intelligence (Third Edition) for

nonverbal IQ [26]. While non-fMRI subjects participated in

various other shorter experiments in addition to the current study,

the fMRI subjects all agreed to and completed participation in a

separate language training experiment involving 9 days of

training, 10 days of imaging (ERP and MRI), and 2 hours of

cognitive and language testing over a two-week period. Note that

the Tone Perception and fMRI data reported here were collected

before the other experiments.

Tone Perception
The Tone Perception test is identical to the one used in previous

studies [21,27]. Subjects heard resynthesized versions of the

Mandarin vowels/a/,/i/,/o/,/e/, and/y/with Mandarin Tones 1

(level), 2 (rising), and 4 (falling) superimposed. These vowels were

produced by two male and two female native Mandarin speakers.

For each stimulus, subjects were asked to indicate its pitch pattern

by selecting the appropriate arrows depicted on a computer screen

(i.e., R = level, q = rising, and Q = falling). For each trial, one

target and one distractor picture was shown. For example, if the

trial is an/a/spoken with the level tone, subjects saw R (left) and

q (right) on the screen. Subjects used a button box to indicate

their responses (the correct response in the case would be the

arrow displayed on the left). Subjects performed this test in a

sound-attenuated chamber.

fMRI Procedures
Participants performed an orthogonal loudness judgment task

while listening to the four Mandarin tone categories (Tone 1 (T1),

Tone 2 (T2), Tone 3 (T3), and Tone 4 (T4) that are phonetically

described in terms of pitch as ‘‘high-level’’, low-rising, low-dipping,

and high-falling respectively) in the MRI scanner. This orthogonal

task was used to ensure that participants were attentive throughout

the experiment. Loudness judgment does not interfere with pitch

processing, as seen in previous studies [28,29].

In the fMRI experiment, lexical tones were presented in two

conditions. In the repeat condition, the speech sound containing a

tone was repeated four times (e.g. T1, T1, T1, T1), within a TR

(repetition time) of 12 seconds. Therefore, in the repeat condition,

the same pitch pattern (e.g. high-level, high-level, high-level, high-

level) was repeated. All four tone categories were used with equal

probability. In the tone-change condition, the tone varied within

the TR of 12 s (e.g. T4, T1, T2, T3). Therefore, in this condition,

the pitch pattern varied within a TR (e.g. high-falling, high-level,

low-rising, low-dipping). The order of the tones was randomized

within each TR. Irrespective of condition, the task was to indicate

if the second stimulus was louder or softer than the first stimulus.

ASPM and Lexical Tone Perception

PLoS ONE | www.plosone.org 2 April 2012 | Volume 7 | Issue 4 | e34243



Regression analysis was conducted separately for the two

conditions. As a control, we expected no relationship between

BOLD activity and ASPM allele load for the tone-change

condition (since tone information is constantly changing, no

repetition suppression to tones was expected). Since participants

performed at ceiling during the loudness judgment task for both

conditions, task performance was not considered as a factor during

analyses.

Magnetic Resonance Images were acquired using a Siemens 3T

Trio MRI scanner. For each participant, a high resolution,

anatomical T1-weighted 3D volume was acquired axially (MP-

RAGE; TR = 2300 ms; Echo Time (TE) = 3.36 ms, flip angle

= 9u, TI = 900 ms, matrix size = 2566256, FOV of 22 cm, slice

thickness = 1 mm). Functional T2*-weighted images were

acquired axially using a susceptibility weighted EPI pulse sequence

(TE = 20 ms, TR = 12 s, flip angle = 90u, in-plane resolution

= 3.4375 mm63.4375 mm, 38 slices with a slice thickness =

3 mm (without gap between slices) were acquired in an interleaved

measurement). A sparse sampling method was used, which allows

for stimuli presentation in silence [19,28] (see Figure 1). This

design allowed participants to hear the stimuli without the

interference of scanner noise and provides adequate time for the

scanner-noise induced hemodynamic response (HR) to reduce and

not overlap with the HR to the auditory stimuli. There were 40

blocks per condition and 40 blocks of silent trials (randomized).

The null trials were used to establish baseline. The functional MR

images were analyzed using AFNI [30] images and were corrected

for motion and slice-time, and spatial smoothing (FWHM 6 mm)

was performed, followed by linear detrending and resampling to a

resolution of 3 mm3. Square waves modeling the events of interest

were created as extrinsic model waveforms of the task-related

hemodynamic response. The waveforms of the modeled events

were then used as regressors in a multiple linear regression of the

voxel-based time series. Normalized beta values signifying the fit of

the regressors to the functional scanning series, voxel-by-voxel for

each condition, were used for group analyses. Anatomical and

functional images from each subject were normalized to a

standard stereotaxic template (ICBM 152). To examine the effect

of allele load on BOLD responses to tones, at the second (group)

level, we conducted multiple regression analysis performed using

the program 3DRegAna (http://afni.nimh.nih.gov/pub/dist/

doc/program_help/3dRegAna.html) implemented within AFNI

[30] on brain activation in the repeat . silence and change .

silence conditions. Two separate regression analyses, one using

covariates (IQ, sound blending, auditory working memory scores)

and one without covariates. We used ASPM load, MCPH1 load,

and MCPH1/ASPM load as regressors. For these various analyses,

individual voxel thresholds were set at a p , 0.05 (corrected for

multiple comparisons). Corrected threshold was determined based

on a Monte Carlo simulation (using AFNI function AlphaSim) of

significant voxels within the contrast ‘‘all listening conditions’’

minus ‘‘silent conditions’’. The deactivation network was excluded

to avoid artifacts generated from significant deactivation during

the listening task, consistent with the previous studies that

examined repetition suppression of auditory word information

[28,31]. Table 1 shows regions that were significantly active (p ,

0.05, corrected) obtained from the regression analyses.

Genomic Procedures
Genomic DNA was extracted from buccal swab samples using

QIAamp DNA mini-kit (Qiagen). MCPH1 G37995C and ASPM

A44871G genotypes were determined by polymerase chain

reaction (PCR) amplification of DNA followed by direct sequenc-

ing of PCR products. Primers used for PCR amplification of

MCPH1 G37995C were 59-TTTCAAAGGAAGAAATAAA-

CTTGC-39 and 59-GAGGTGAATGGGAGCCATGT-39; ASPM

A44871G was amplified using primers 59-AGGGCTGCAG-

TTCTCATTCAG-39 and 59-GCCCACTGAAGCTTTTGG-

TAG-39. PCR conditions included denaturation at 94uC for

3 min followed by 45 cycles at 94uC for 30 sec, 55uC for

45 sec, and finally 72uC for 1 min. For each subject and for

each gene, the number (load) of derived alleles was calculated.

The G and C allele are derived alleles for ASPM A44871G and

MCPH1 G37995C, respectively. For both SNPs, we calculated

the load of derived alleles for each gene in each subject.

Therefore, the load of derived alleles for ASPM A44871G is 0,

1, and 2, for AA, AG, and GG alleles, respectively. The load of

derived alleles for MCPH1 G37995C is 0, 1, and 2 for GG,

GC, and CC, respectively. For ASPM, we found 14, 12, and 6

subjects with the AA, AG, and GG genotype, respectively (Non-

fMRI subjects: 7, 8, and 4 subjects with AA, AG, and GG

genotype, respectively; fMRI subjects: 7, 4, and 2 subjects with

AA, AG, and GG genotype, respectively). For MCPH1, there

were 10 and 22 subjects with the GC and CC genotype,

respectively (Non-fMRI subjects: 6 and 13 subjects with CC and

GC genotype, respectively; fMRI subjects: 4 and 9 subjects with

CC and GG genotype, respectively. There were no subjects

with the GG genotype for MCPH1 in either sample.). When

both genes were examined together, there were 6, 12, 8, and 6

subjects with 1, 2, 3, and 4 combined derived alleles,

respectively (Non-fMRI: 3, 7, 5, 4 subjects for 1, 2, 3, and 4

combined derived alleles, respectively; fMRI-subjects: 3, 5, 3, 2

subjects for 1, 2, 3, and 4 combined derived alleles,

respectively). Both of our samples (fMRI and non-fMRI

subjects) were in Hardy-Weinberg equilibrium. All statistical

analyses in this report are based on two-tailed tests.

Results

We estimated the correlation between Tone Perception

performance and derived allele load for each gene. We used

non-parametric tests as our primary analysis because the

distributions were non-normal for both ASPM load [Kolmo-

gorov-Smirnov Z = 1.556, p = .016] and MCPH1 load

[Kolmogorov-Smirnov Z = 2.455, p ,.001].

We found a significant positive correlation between Tone

Perception and the load of derived alleles for ASPM A44871G

[Spearman’s Rho = 0.433, p = 0.013], even after age, SB, and

AWM were partialed out [r (27) = 0.448, p = 0.015] (Figure 2).

No significant correlations were found between the load of derived

alleles for Tone Perception and MCPH1 [Spearman’s Rho =

0.051, p = 0.781] or combined MCPH1/ASPM [Spearman’s Rho

= 0.343, p = 0.055]. Furthermore, no significant correlations

between other measures (age, and SB and AWM scores) and these

two genes were found. When subjects who participated in the

fMRI experiment were analyzed separately from those who did

not participate in the fMRI experiment, there remained a

significant correlation between the load of derived alleles for

ASPM and Tone Perception [Non-fMRI subjects: Spearman’s

Rho = 0.695, p = 0.001; fMRI subjects: Spearman’s Rho =

0.557, p = 0.048]. No such correlation between Tone Perception

and the load of derived alleles for MCPH1 was found in either

sample [Non-fMRI subjects: Spearman’s Rho = 0.124, p =

0.613; fMRI subjects: Spearman’s Rho = 0.0, p = 1]. For

combined MCPH1/ASPM, significant correlation was found only

in the Non-fMRI subjects [0.579, p = .009], but not in the fMRI

subjects [0.387, p = .192].

ASPM and Lexical Tone Perception
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For the ASPM and Tone Perception correlation results, we used

Fisher’s combined probability test [32] for calculating the

probability of conducting a Type 1 error (x2) for two (i = 2)

consecutive samples (non-fMRI and MRI samples) using the

formula x2~{2
Xk

i~1

loge(pi) where p equals the p-value obtained

for each sample and found x2~0:0001.

The association between the derived allele of ASPM and the

neurophysiological basis of tone perception was found predomi-

nately in the right temporal cortex (Figure 3), where primary and

association auditory cortical regions are located. Listening to

tones, irrespective of genotype, significantly activated bilateral

temporal regions (Figure 3). For the repeat condition, regression

analyses revealed that the extent of BOLD activity in the right

temporal cortex was negatively associated with the load of derived

alleles for ASPM. In contrast, no region showed significant

relationship between BOLD activity and the load of the derived

alleles for MCPH1 or MCPH1/ASPM. The relationship between

ASPM load and repetition suppression in the right temporal

regions was significant even after controlling for IQ, SB, and

AWM (Table 1) in the multiple regression analysis. Participants

who had a greater load of the derived allele showed more repetition

suppression to tones in primary and association auditory cortical

regions that are known to be sensitive to spectral processing.

Regression analyses on the tone-change condition did not yield

significant neural associations (Table 1). Since tone information is

the only difference between tone-change and repeat condition (all

other speech-related information is the same between the two

conditions), we can conclude that the relationship between BOLD

activity and ASPM derived allele load in the repeat condition is

related to neural processing of tones.

Figure 1. Schematic description of functional scans and conditions. Top panel shows the sparse sampling design used during functional
scans. Participants heard four sounds presented within a 10-sec noise-free window. Functional images were acquired during the first two seconds.
Participants were asked to judge whether the 2nd and 4th stimuli were louder/softer than the 1st/3rd. The first and third stimuli were always presented at
fixed intensity level. The 2nd and 4th stimuli were either 5 dB louder or 5 dB softer. In repeat conditions, participants heard four repetitions of the same
pseudoword that contained the same pitch pattern. In tone change conditions, the same pseudoword was presented, but with different pitch patterns.
doi:10.1371/journal.pone.0034243.g001

Table 1. Association between load of ASPM-G allele and neural repetition suppression to tone repeat (1) and tone-change (2)
conditions.

Activation peak
Talairach
coordinates x,y,z

Cluster size
(voxels) Peak T value Peak r value (p-value)

(1a) Repeat condition Right transverse temporal gyrus/
superior temporal gyrus

39, 233, 13 370 25.9 20.89 (.000046)

(1b) Repeat condition (with
covariates*)

Right transverse temporal gyrus/
superior temporal gyrus

39, 234, 17 283 26.1 20.93 (.000004)

(2a) Tone-change (control) condition No significant activation

(2b) Tone-change (control) condition
(with covariates*)

No significant activation

*Covariates included were IQ, Sound blending, and Auditory working memory scores.
doi:10.1371/journal.pone.0034243.t001

ASPM and Lexical Tone Perception
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Discussion

Until now, the hypothesis that the derived alleles of ASPM

A44871G and MCPH1 G37995C contribute to human cognitive

functions has lacked experimental support. We argue that the

reason for these null findings is due to a general focus on broad

measures of cognitive and brain functions such as IQ and brain

size. These broad measures are likely amalgamations of multiple

genetic and environmental factors, evidenced by the fact that all

the known genetic information to date can only explain 1% of the

variance in IQ [33,34]. In the present study, we followed findings

from a population study [18] linking these two genes to the

perception of lexical tone, a more specific cognitive (linguistic)

function, by experimentally examining the connection between

these genes’ polymorphisms and tone perception in a behavioral

and fMRI experiment. We found such a connection with ASPM

A44871G, even after IQ, age, working memory, and phonemic

awareness performances were controlled. Although the sample size

is small for the fMRI experiment, it provides preliminary evidence

suggesting that the behavioral connection seems to be associated

with neurophysiological responses in primary and association

regions of the auditory cortex, consistent with previous studies

examining the neural basis of pitch perception [19,35–38].

Previous studies have used fMRI adaptation methods to index

functional properties of neuronal populations subserving auditory

and linguistic function [28,31]. Here we find a strong association

between the extent of fMRI adaptation to lexical tone in the

primary and secondary auditory regions, and the load of the

derived allele of ASPM. Since no such relationship was found in

the tone-change condition (tone information is varied), we can

conclude that this relationship is specific to the encoding of tones.

Furthermore, no such relationship was found with MCPH1.

Although the association between ASPM/MCPH1 and more

specific measures of language has been examined [7], their focus

was on reading and spelling rather than speech sound perception.

Similar to their study, we did not find an association with a

measure associated with the mental manipulation of phonemes

(Sound Blending), which is foundational to literacy skills [39],

suggesting that these two genes are unrelated to phoneme

manipulation per se. The fact that no connection was found with

language deficits [7] (dyslexia and specific language impairment)

further speaks to the hypothesis that these derived alleles

contribute to normal variations of cognitive abilities and higher-

level brain functions, unlike the effects of their deleterious

mutations that cause primary microcephaly [1,40,41]. Most

importantly, these alleles contribute to normal variations of

specific linguistic abilities; in our case, we found evidence for tone

perception to be at least one of these specific abilities.

Our study contributes to the current literature on the molecular

genetics of human communication by not only considering its

relationship with deficits [42–45], but also normal variations. All of

our subjects scored within normal limits on all cognitive measures

we assessed and had no reports of communication deficits.

Furthermore, our study contributes to the understanding of the

molecular genetics of pitch-related behaviors (e.g., music) and

deficits (congenital amusia), which thus far have been found to

have a genetic origin in twins [46,47] and family-aggregation [48]

studies.

It is worth pointing out that the present study was designed to

examine two populations of subjects tested during two consecutive

periods of time. We first conducted a behavioral study linking

ASPM/MCPH1 with lexical tone perception. After we found a

significant correlation between ASPM and tone perception in this

sample, we recruited a second group with the fMRI experiment

added. While the sample size for the present study may appear

small, it is consistent with human imaging genetic studies [49,50].

Not only have we replicated our behavioral findings in two

somewhat distinct populations, we have found converging

evidence from both behavioral and neuroimaging experiments.

As discussed in the Results section, the probability of conducting a

Type I error for our behavioral results across our two consecutive

samples was calculated based on Fisher’s method of combined

probability test [32] and were found to be 0.0001. For the fMRI

experiment, the p-values for the significant correlations we found

between gene and auditory brain activation were very small

(Table 1).

The lack of a significant association between MCPH1 and our

phenotypes could be due to our small sample size. It could also be

related to the fact that we have a somewhat skewed distribution for

the derived C allele. No subjects were homozygous for the

ancestral G allele. Because the ASPM/MCPH1 haplogroup

depends on the distribution of the MCPH1group, a skewed

MCPH1 distribution could have also affected the results.

Figure 2. Relationship between Tone Perception and load of ASPM-G allele (left panel) and MCPH1-C allele (right panel). Significant
genotype-phenotype correlation was found only in the ASPM-G allele.
doi:10.1371/journal.pone.0034243.g002

ASPM and Lexical Tone Perception
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Figure 3. Relationship between load of ASPM-G allele and neural tone suppression in temporal cortex. Top panel shows bilateral
temporal (and left inferior frontal) activation when participants listened to linguistic tones (irrespective of relationship with genotype). Middle panel
shows results from multiple regression analysis (conducted on the repeat condition). A negative relationship between load of ASPM-G allele and
extent of fMRI adaptation to tone was found in the right primary and association auditory regions. For illustrative purposes (to depict the direction of
the relationship), we extracted estimates from the significant clusters. As seen in the scatter plot (middle right panel), individuals with higher allele
load showed more suppression (lower BOLD activity) when tones were repeated, indicative of more efficient neural processing to tone information.
This relationship in the right temporal was present even when various cognitive factors (IQ, sound blending, auditory working memory scores) were
added as covariates (bottom panel). The right temporal cortex (especially the right Heschl’s gyrus) has been shown in previous studies to be
important for tone processing [35,37].
doi:10.1371/journal.pone.0034243.g003

ASPM and Lexical Tone Perception
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Dediu and Ladd [18] hypothesized that the presence of the

derived allele of ASPM is associated with lexical tone and this

association can either favor or disfavor tone. Other research

groups hypothesize more specifically that the derived allele

contributes a positive effect on human brain functions [8,9].

Similar to Dediu and Ladd, our primary goal is to identify an

association between ASPM and tone irrespective of the direction of

the relationship. Interestingly, we found a positive relationship,

whereas a negative relationship was found by Dediu and Ladd.

The significant but opposite pattern of results between Dediu and

Ladd and the present study could be attributed to differences in

methodology. Dediu and Ladd [18] analyzed data collected from a

population study that examined numerous populations of differing

derived allele frequencies (e.g., 50% in French vs. 10.7% in

Japanese), whereas we studied only one cultural group in order to

minimize impacts of population stratification demonstrated in

other experimental studies [51,52]. Numerous studies have

reported that the same allele could have differential phenotypic

effects owing to factors such as gene-gene [53] and culture-gene

interactions [54,55] in different cultural groups. For example,

American carriers of the GG/AG allele of the oxytocin receptor

(OXTR) gene are reported to seek more emotional support than

carriers of the AA allele, whereas Korean AA and GG/AG

carriers did not differ [54]. Future studies should examine how

these interactions may contribute to genotype-phenotype connec-

tions regarding ASPM and tone perception behaviors by

examining different cultural groups.

In addition to potential contribution of gene-gene and culture-

gene interaction effects, other factors related to inter- and intra-

population comparisons might have contributed to differences in

our results. Dediu and Ladd examined populations of subjects who

acquire their native languages as children, whereas we examined

individual differences in adults. Experience-driven effects started

from a young age could affect genetic contribution to a phenotype

that we could not observe in the present study. Furthermore,

language differences at the population level are results of

numerous historical and geographical factors, which could not

be easily compared with effects of individual differences.

It is worth noting that although earlier research focusing on the

SNPs that we examined in ASPM and MCPH1 did not find a

significant association between those SNPs and neural and

cognitive phenotypes, some recent studies focusing on other SNPs

of the same genes found significant results. Rimol et al. [2010]

found sex-dependent associations between neuroanatomical mea-

sures and non-exonic SNPs of these two genes in an ethnically

homogeneous Norwegian discovery sample and an ethnically

heterogeneous North American replication sample. Similarly,

Wang et al. [2008] found in Chinese males an association between

cranial volume and a non-synonymous SNP of MCPH1 other than

the SNP that we examined. Future studies should examine the

contribution of these SNPs and sex-dependency to tone percep-

tion.

An obvious limitation to the current study is the small sample

size (n = 32 for the main behavioral finding), although it is

consistent with a number of previous studies connecting higher-

order functions and genetics [46–47] Nevertheless, our current

findings provide a starting point for examining a number of

questions related to ASPM. For example, future research can

examine whether ASPM and spoken language processing is

restricted to lexical tones, to all speech sounds, to all speech

sounds requiring simultaneous processing within a short temporal

window, or whether they are also linked to other specific linguistic

functions such as syntactic processing in a larger population of

participants. Future studies can also examine other linguistic and

speech-specific phenotypes.

Acknowledgments

We wish to thank Katharine K. Miller, Vania Leung, Francis Wong, Alice

Chan, Regan Ferraro, Robert Magin, Yoomin Ahn, Nicole Lomotan,

Lionel Newman, and Eric Liu for their assistance in this research.

Author Contributions

Conceived and designed the experiments: PW. Performed the experiments:

BC JZ. Analyzed the data: PW BC JZ. Wrote the paper: PW BC JZ.

References

1. Bond J, Roberts E, Mochida GH, Hampshire DJ, Scott S, et al. (2002) ASPM is
a major determinant of cerebral cortical size. Nat Genet 32: 316–320.

2. Fish JL, Kosodo Y, Enard W, Paabo S, Huttner WB (2006) ASPM specifically
maintains symmetric proliferative divisions of neuroepithelial cells. Proc Natl

Acad Sci U S A 103: 10438–10443.

3. Cox J, Jackson A, Bond J, Woods CG (2006) What primary microcephaly can
tell us about brain growth. Trends Mol Med 12: 358–366.

4. Tang BL (2006) Molecular genetic determinants of human brain size. Biochem
Biophys Res Commun 345: 911–916.

5. Mekel-Bobrov N, Gilbert SL, Evans PD, Vallender EJ, Anderson JR, et al.

(2005) Ongoing adaptive evolution of ASPM, a brain size determinant in Homo
sapiens. Science 309: 1720–1722.

6. Evans PD, Gilbert SL, Mekel-Bobrov N, Vallender EJ, Anderson JR, et al.

(2005) Microcephalin, a gene regulating brain size, continues to evolve

adaptively in humans. Science 309: 1717–1720.

7. Bates T, Luciano M, Lind PA, Wright MJ, Montgomery GW, et al. (2008)
Recently-derived variants of brain-size genes ASPM, MCPH1, CDK5RAP and

BRCA1 not associated with general cognition, reading or language. Intelligence
36: 689–693.

8. Mekel-Bobrov N, Posthuma D, Gilbert SL, Lind P, Gosso MF, et al. (2007) The
ongoing adaptive evolution of ASPM and Microcephalin is not explained by

increased intelligence. Hum Mol Genet 16: 600–608.

9. Dobson-Stone C, Gatt JM, Kuan SA, Grieve SM, Gordon E, et al. (2007)
Investigation of MCPH1 G37995C and ASPM A44871G polymorphisms and

brain size in a healthy cohort. Neuroimage 37: 394–400.

10. Timpson N, Heron J, Smith GD, Enard W (2007) Comment on papers by Evans

et al. and Mekel-Bobrov et al. on Evidence for Positive Selection of MCPH1 and
ASPM. Science 317: 1036.

11. Rimol LM, Agartz I, Djurovic S, Brown AA, Roddey JC, et al. (2009) Sex-

dependent association of common variants of microcephaly genes with brain

structure. Proceedings of the National Academy of Sciences.

12. Wang J-k, Li Y, Su B (2008) A common SNP of MCPH1 is associated with
cranial volume variation in Chinese population. Human Molecular Genetics 17:

1329–1335.

13. Jerison H (1973) Evolution of the brain and intelligence. New York, NY:
Academic Press.

14. Lewin R (1993) Language and modern human origins: In the origin of modern
humans. New York, NY: Scientific American Library.

15. Donald M (1991) The chronology of anatomical and cultural change: In origins

of the modern mind. Cambridge, MA: Harvard University Press.

16. Yip M (2003) Tone. Cambridge, MA: Cambridge University Press.

17. Dryer M, Haspelmath, M (2011) The World Atlas of Language Structures

Online Munich: Max Planck Digital Library.

18. Dediu D, Ladd DR (2007) Linguistic tone is related to the population frequency

of the adaptive haplogroups of two brain size genes, ASPM and Microcephalin.

Proc Natl Acad Sci U S A 104: 10944–10949.

19. Wong PCM, Perrachione TK, Parrish TB (2007) Neural Characteristics of

Successful and Less Successful Speech and Word Learning in Adults. Human
Brain Mapping 28: 995–1006.

20. Wong PCM, Warrior CM, Penhune VB, Roy A K, Sadehh A, et al. (2008)

Volume of Left Heschl’s Gyrus and Linguistic Pitch Learning. Cerebral Cortex
18: 828–836.

21. Wong PCM, Perrachione TK (2007) Learning pitch patterns in lexical

identification by native English-speaking adults. Applied Psycholinguistics 28:
565–585.

22. Grill-Spector K, Malach R (2001) fMR-adaptation: a tool for studying the
functional properties of human cortical neurons. Acta psychologica 107:

293–321.

23. Grill-Spector K, Henson R, Martin A (2006) Repetition and the brain: neural
models of stimulus-specific effects. Trends in Cognitive Sciences 10: 14–23.

24. Wiggs CL, Martin A (1998) Properties and mechanisms of perceptual priming.

Current opinion in neurobiology 8: 227–233.

ASPM and Lexical Tone Perception

PLoS ONE | www.plosone.org 7 April 2012 | Volume 7 | Issue 4 | e34243



25. Woodcock R, Johnson M (2010) Woodcock-Johnson Psycho-Education Battery–

3rd Edition: Tests of Cognitive Abilities. Itasca, Illinois.
26. Brown L, Sherbenou RJ, Johnson SK (1997) Test of Nonverbal

Intelligence: A language-free measure of cognitive ability–Third Edition: Pro:

Ed.
27. Chandrasekaran B, Sampath P, Wong PCM (2010) Individual variability in cue-

weighting and lexical tone learning. J Acoust Soc Am 128: 456–465.
28. Chandrasekaran B, Chan AH, Wong PC (2011) Neural Processing of What and

Who Information during Spoken Language Processing. Journal of cognitive

neuroscience.
29. Church BA, Schacter DL (1994) Perceptual specificity of auditory priming:

implicit memory for voice intonation and fundamental frequency. J Exp Psychol
Learn Mem Cogn 20: 521–533.

30. Cox RW (1996) AFNI: software for analysis and visualization of functional
magnetic resonance neuroimages. Comput Biomed Res 29: 162–173.

31. Gagnepain P, Chetelat G, Landeau B, Dayan J, Eustache F, et al. (2008) Spoken

word memory traces within the human auditory cortex revealed by repetition
priming and functional magnetic resonance imaging. The Journal of

neuroscience : the official journal of the Society for Neuroscience 28:
5281–5289.

32. Fisher R (1932) Statistical Methods for Research Workers. Edinburgh, London:

Oliver & Boyd.
33. Comings DE, Wu S, Rostamkhani M, McGue M, Lacono WG, et al. (2003)

Role of the cholinergic muscarinic 2 receptor (CHRM2) gene in cognition. Mol
Psychiatry 8: 10–11.

34. Posthuma D, de Geus EJC (2006) Progress in the molecular-genetic study of
intelligence. Current Directions in Psychol Sci 15: 151–155.

35. Bendor D, Wang X (2005) The neuronal representation of pitch in primate

auditory cortex. Nature 436: 1161–1165.
36. Luo H, Ni J-T, Li Z-H, Li X-O, Zhang D-R, et al. (2006) Opposite patterns of

hemisphere dominance for early auditory processing of lexical tones and
consonants. Proceedings of the National Academy of Sciences 103:

19558–19563.

37. Warrier C, Wong P, Penhune V, Zatorre R, Parrish T, et al. (2009) Relating
structure to function: Heschl’s gyrus and acoustic processing. The Journal of

neuroscience : the official journal of the Society for Neuroscience 29: 61–69.
38. Zatorre RJ, Gandour JT (2008) Neural specializations for speech and pitch:

moving beyond the dichotomies. Philosophical transactions of the Royal Society
of London Series B, Biological sciences 363: 1087–1104.

39. Castles A, Coltheart M (2004) Is there a causal link from phonological awareness

to success in learning to read? Cognition 91: 77–111.
40. Jackson AP, McHale DP, Campbell DA, Jafri H, Rashid Y, et al. (1998) Primary

autosomal recessive microcephaly (MCPH1) maps to chromosome 8p22-pter.
Am J Hum Genet 63: 541–546.

41. Jackson AP, Eastwood H, Bell SM, Adu J, Toomes C, et al. (2002) Identification

of microcephalin, a protein implicated in determining the size of the human

brain. Am J Hum Genet 71: 136–142.

42. Vargha-Khadem F, Watkins K, Alcock K, Fletcher P, Passingham R (1995)

Praxic and nonverbal cognitive deficits in a large family with a genetically

transmitted speech and language disorder. Proc Natl Acad Sci U S A 92:

930–933.

43. Rice ML (2007) Children with specific language impairment: Bridging the

genetic and developmental perspectives. In: Hoff E, Shatz M, eds. Handbook of

Language Development: Blackwell. pp 411–437.

44. Liu XZ, Ouyang XM, Xia XJ, Zheng J, Pandya A, et al. (2003) Prestin, a

cochlear motor protein, is defective in non-syndromic hearing loss. Hum Mol

Genet 12: 1155–1162.

45. Bishop DVM (2001) Genetic and environmental risks for specific language

impairment in children. Philos Trans R Soc Lond B Biol Sci 356: 369–380.

46. Morell RJ, Brewer CC, Ge D, Snieder H, Zalewski CK, et al. (2007) A twin

study of auditory processing indicates that dichotic listening ability is a strongly

heritable trait. Hum Genet 122: 103–111.

47. Drayna D, Manichaikul A, de Lange M, Snieder H, Spector T (2001) Genetic

correlates of musical pitch recognition in humans. Science 9: 1969–1972.
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