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region5,6. Taken together, the sources (from land-use change and
®re) and the sinks (in natural forests) suggest that the net ¯ux of
carbon between Brazilian Amazonia and the atmosphere may be
nearly zero, on average. However, the interannual variability of the
natural ¯uxes, including ®re, is larger than it is for the human-
induced sources: the annual net ¯ux for this signi®cant region of the
tropics may vary between a sink and a source of 0.2 Pg C yr-1,
occasionally more. M
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A diverse body of morphological and genetic evidence has sug-
gested that traits pertaining to male reproduction may have
evolved much more rapidly than other types of character1±3.
Recently, DNA sequence comparisons have also shown a very
high level of divergence in male reproductive proteins between
closely related Drosophila species4±6, among marine
invertebrates7,8 and between mouse and rat9. Here we show that
rapid evolution of male reproductive genes is observable in
primates and is quite notable in the lineages to human and
chimpanzee. Nevertheless, rapid evolution by itself is not
necessarily an indication of positive darwinian selection; relaxa-
tion of negative selection is often equally compatible with the
DNA sequence data. By taking three statistical approaches, we
show that positive darwinian selection is often the driving force
behind this rapid evolution. These results open up opportunities
to test the hypothesis that sexual selection plays some role in the
molecular evolution of higher primates.

Although positive (or directional) selection may justi®ably be
considered the essence of darwinian evolution, proving its action at
the molecular level is often dif®cult, especially in humans. In the
rare cases when positive selection is strong enough to rise above the
background of neutral evolution or overcome other forms of
selection, the rate of non-synonymous nucleotide substitution
(KA) may exceed that of synonymous substitution (KS)

10. Many of
the genes cited above that function primarily in males' reproductive
tissues do indeed have KA . KS. They not only suggest positive
selection but also implicate selection `̀ in relation to sex''11. Evidence
for sexual selection has been reported extensively in previous
morphological and genetic analyses1±3.

Here we attempt to ®nd out how strong positive selection
(especially in relation to sexual functions) has been in the lineage
leading to modern human by analysing a cluster of three spermatid-
associated protein genes and then a broad class of genes of male
reproduction. We use three approaches to reveal the action of
positive selection: (1) showing that the KA/KS ratio is signi®cantly
greater than one; (2) contrasting the pattern of intraspeci®c varia-
tion with that of interspeci®c divergence12; and (3) classifying
amino-acid substitutions into categories based on the physico-
chemical properties of the residues13,14. The current wealth of
DNA sequence data is particularly suitable for this third approach.

Table 1 The numbers of replacement (R), silent (S) and noncoding (S9)
nucleotide changes

R S+S9 (S)
.............................................................................................................................................................................

Prm-1
Within (n = 52) 0 6 (2)
Between 9 9 (0)
No. of sites 114 483 (39)

P = 0.037 (P = 0.018)
.............................................................................................................................................................................

Prm-2
Within (n = 32) 0 9 (0)
Between 7 11 (2)
No. of sites 224 705 (82)

P = 0.035 (NC)
.............................................................................................................................................................................

Within denotes `within human populations'; n indicates the number of haploid genomes sampled;
Between denotes `between human and chimpanzee'. In this application of the McDonald and
Kreitman test12, we compare R with both S+S9 and S alone (in parentheses). The P values given are
from the one-tailed Fisher's Exact test. Total numbers of sites for each class by the method of Li
et al.30 are also given.
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We ®rst studied three spermatid-associated protein genes, Pro-
tamines 1 and 2 (Prm-1 and Prm-2, respectively) and Transitional
protein 2 (Tnp-2), which are tightly clustered in a 17-kilobase (kb)
region on chromosome 16p13.3 in humans15. The regions analysed
are depicted in Fig. 1a. As primates' sperm morphology evolves
rapidly in shape, volume and length16, the two protamines may
potentially in¯uence the sperm's morphology, and ultimately its
competitiveness in fertilizing the egg. TNP-2, although necessary for
spermatogenesis, is not present in the mature sperm. We re-analyse
the synonymous (S) and amino-acid replacement (R) nucleotide
substitutions of Prm-1 (ref. 17), Prm-2 (ref. 18) and Tnp-2 (ref. 15)
along each branch leading to the extant great apes (Fig. 1b; see
Methods). The underlying hypothesis is that potential competition

among sperm from different males has contributed to the acceler-
ated evolution of genes involved in sperm and seminal ¯uid
production. Figure 1b shows two interesting trends. First, PRM-1,
the smallest of the three proteins and the only one that is present in
sperm in its entirety, has experienced the highest rate of non-
synonymous substitution. For example, among human, chim-
panzee and gorilla, the R/S ratio is 13/1. Second, the R/S ratios
appear higher in the human and chimpanzee lineages than in
gorilla. The contrast is intriguing in light of the social±sexual
behaviours of the African apes19,20. Whereas modern chimpanzees
and bonobos are clearly promiscuous with ample chance of multi-
ple insemination, ovulating female gorillas seem much less likely to
be multiply inseminated. (We are less certain about orangutan

Table 2 Male reproduction-associated genes

Name Size (bp) KA (´102) KS (´102) KA/KS
...................................................................................................................................................................................................................................................................................................................................................................

Acrosin-Trypsin inhibitor 255 13.80 6.40 2.14
Protamine 1 150 13.30 4.60 2.89
PSP94 342 10.50 9.90 1.06
Protamine 2 309 9.70 7.20 1.35
Transitional Protein 2 387 5.60 9.20 0.61

KA . 0.05 SRY 615 5.50 9.60 0.58
Histone H1 (testicular) 620 5.50 9.60 0.58
Prostate Speci®c Antigen (PSA) 786 5.40 9.60 0.56
Ph-20 1530 5.20 9.20 0.57
Fertilin Beta 2207 5.10 5.70 0.90
TSPY 640 5.10 4.42 1.10

...................................................................................................................................................................................................................................................................................................................................................................

SP10 747 4.00 11.00 0.36
Steroid 5-Alpha reductase Type 1 777 3.50 6.50 0.57

KA , 0.05 Steroid 5-alpha reductase Type 2 765 2.30 5.20 0.44
SP17 453 1.70 1.30 1.31
FSHR 2088 1.00 3.80 0.27
Androgen receptor 2267 0.40 5.00 0.09
Epi-1 456 0.00 6.00 0.00

...................................................................................................................................................................................................................................................................................................................................................................

Divergence of genes that are primarily associated with male reproduction between humans and Old-World monkeys. KA, number of non-synonymous substitutions per site; KS, number of synonymous
substitutions per site.
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Figure 1 Evolution of the protamine gene complex. a, The structure of the region

encoding the Prm-1, Prm-2 and Tnp-2 genes. The region spans 17 kb and the speci®c

regions sequenced are indicated above the gene map. Sample sizes are given in Methods.

b, The observed numbers of replacement (R, boldface) and synonymous (S) nucleotide

changes for Prm-1, Prm-2, and Tnp-2 are given along each branch. S9 is for changes in

the non-coding region. The branch to orangutan is between ancestor B and the extant

species whereas that to each of the others (including gorilla) is from ancestor A.

Chimpanzee here includes both chimpanzee and bonobo. Old World monkey sequences

are used as the outgroup. Both the lineage and genic sums are also given.
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because the longer branch to this species makes the inference of
substitutions less accurate and also because the mating behaviour of
modern orangutan is not precisely de®ned. Nevertheless, the
orangutan testis/body weight ratio is closer to the human ratio
than to the ratio for gorilla (p. 219 of ref. 19).) We shall conduct
statistical tests with additional data below.

That protamines evolve rapidly has been previously
demonstrated17,18,21. The question is whether positive selection
needs to be invoked to account for the high rate of amino-acid
substitution among apes (or, in other words, whether the alternative

explanations of relaxation of selective constraints and elevation of
mutation rate are insuf®cient21). Some earlier studies have accepted
the former alternative17,18. We sequenced the contiguous untrans-
lated region or introns shown in Fig. 1a and designated changes in
these regions S9. As the divergence estimated from both S and S9 is
about 1.6% between human and chimpanzee, the mutation rate in
this gene cluster is almost identical with the genomic average22,23.
This point is relevant because, for a small gene like Prm-1, KS can be
smaller than average by chance and KA . KS would not necessarily
indicate positive selection. It can then be shown, by computer
simulation (see Methods), that the observed numbers of non-
synonymous changes in the three genes combined are signi®cantly
higher than expected in the human lineage and between human and
chimpanzee (P , 0.005 in both cases). In contrast, the sums of
synonymous and non-coding substitutions are nearly as expected.
Moreover, when all changes that may potentially be in¯uenced by
methylation and deamination in CpG dinucleotides are removed
from consideration, the level of signi®cance remains at P ,0.01 for
the human±chimpanzee comparison and P ,0.05 for the human
lineage. This factor has often been neglected21.

A more sensitive test is based on the expectation that, if relaxation
of negative selection is responsible for the rapid amino-acid
replacements between species, the level of replacement polymorph-
ism within species should increase accordingly. This is not expected
under positive (directional) selection because substitutions would
then have a short retention time in the population and hence
contribute little to the polymorphism. The McDonald and Kreit-
man (MK) test12 was developed to distinguish between these
possibilities by contrasting the levels of R and S within and between
species in a 2 ´ 2 contingency table. If positive selection drives the
bulk of amino acid substitutions, then the R/S ratio should be
signi®cantly higher for the between-species divergence than for the
within-species polymorphism. In the calculation, we also include S9
(silent changes in the contiguous introns or untranscribed regions)
with S. The test demands that nucleotide sites for R and S (or S9) do
not consistently have different histories. As each gene sequence is
small (600±930 base pairs) and no intragenic recombination is
detected, the assumption appears to be valid.

Table 3 Reference group genes

Name Size (bp) KA (´102) KS (´102) KA/KS
...................................................................................................................................................................................................................................................................................................................................................................

Glycophorin A 423 15.10 6.40 2.36
KA . 0.05 Lysozyme 444 6.50 2.30 2.83

RH-50 1227 6.10 4.60 1.30
Leptin 501 5.50 6.60 0.83

...................................................................................................................................................................................................................................................................................................................................................................

CD4 1192 4.60 6.60 0.64
Kallikrein 789 3.90 5.20 0.73
Carboxylesterase 1701 3.60 8.00 0.45
Prepromotilin 345 3.40 1.70 2.04
ZNF80 816 3.40 3.20 1.07
Interferon Gamma 399 3.20 5.40 0.59
ZP3 1275 3.00 7.60 0.40
Interleukin 16 1890 2.50 6.10 0.40
CA1 783 2.50 7.70 0.33
Oviductal Glycoprotein 1824 2.30 5.30 0.44

KA , 0.05 P53 1182 2.20 7.70 0.28
K6 453 2.10 5.40 0.38
Cholesteryl ester transferase 1482 2.00 7.00 0.29
Beta-globin 429 1.80 6.00 0.30
Interleukin 6 639 1.80 4.80 0.38
Oxytocin receptor 1167 1.50 8.10 0.18
GPR1 1065 1.30 4.40 0.31
Cystatin C 438 1.30 11.40 0.11
Galactocerebrosidase 2007 1.30 5.90 0.22
Epsilon-globin 444 1.30 2.00 0.67
CCR5 1060 1.10 4.50 0.25
CFTR 4446 0.80 6.20 0.12
CXCR4 1060 0.80 6.20 0.12
Dopamine D1 1341 0.10 7.80 0.01
IRK 1 1221 0.00 5.00 0.00
Cyclophilin A 495 0.00 3.90 0.00

...................................................................................................................................................................................................................................................................................................................................................................

Divergence of 30 genes selected without regard to function from Genebank between humans and Old-World monkeys. KA, number of non-synonymous substitutions per site; KS, number of synonymous
substitutions per site.
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We compare human and chimpanzee to determine the divergence
of the protamine genes and survey human populations for poly-
morphism. Table 1 shows a signi®cant de®cit in R within human
populations for both Prm-1 and Prm-2. For Prm-1, the de®cit may
in fact be more signi®cant than shown here. In two previous surveys
of the exon sequences from a total of 78 individuals24,25, no
replacement polymorphism in human populations was detected.
As complete sequences from the intron or non-coding region are
unavailable from these individuals, the within-species R/(S+S9)
could be more biased than the 0/6 ratio of Table 1 if these sequences
were to be included. Overall, the excess of replacements between
human and chimpanzee in both protamines corroborates the
hypothesis that positive darwinian selection is responsible for the
high rate of amino-acid replacements. (Tnp-2, with only three
polymorphic sites in our survey, is uninformative in the MK test.)

Although the MK test is clearly a more discerning test than the
interspeci®c comparison of R and S alone in detecting positive
selection, the need to measure within-species nucleotide poly-
morphism severely limits the number of genes that can be exam-
ined. In addition, if a survey does not ®nd enough variable sites (as
in our survey of Tnp-2), the MK test is uninformative. Also, the level
of polymorphism is in fact expected to be low after a recent round of
positive selection, a process referred to as selective sweep. In what
follows, we extend an earlier method13 that could enhance the
power of detecting positive selection but uses only interspeci®c
comparisons.

The estimation of R/S places all non-synonymous nucleotide
substitutions into a single category even though they are likely to be
highly heterogeneous in their ®tness consequences. Li et al.13

classi®ed non-synonymous substitutions into categories according
to the similarity of amino acids, as measured by Grantham's
distance26. Grantham's distance relies on size, polarity, and carbon
composition of the side-chains of amino acids to measure the
underlying physico-chemical similarity between residues. Substitu-
tions with large Grantham's distances have been shown to be much
less frequent than expected13, a result attributed to greater negative
selection against radical changes. We adopt Li et al.'s practice of
classifying the observed codon substitutions as synonymous, con-
servative (#50), moderate (51±100), radical (101±150) or very
radical (.150) amino-acid changes. The numbers in parentheses
denote the range of Grantham's distances within each category. In
Methods, we describe the procedure of computing the expected
numbers for the ®ve classes of substitution (from synonymous to
very radical amino-acid changes) as well as simulating the distribu-

tion under the strict assumption of no selection against any
substitution. The expected number of synonymous substitutions
in the simulations is set to equal the observed.

The objective of this test is to detect positive selection in the data
of Tables 2 and 3. We posit that the signature of positive selection is
more likely to be detected among conservative amino-acid sub-
stitutions for two reasons. First, there would be less negative
selection on these substitutions according to the neutral theory10.
Second, there may also be more positive selection on these sub-
stitutions according to the neo-darwinian view27 in which selection
generally favours small changes over big leaps. Slowly evolving genes
like somatic histones, however, should be excluded from the test
because they have probably experienced strong negative selection in
all classes of amino-acid change. We thus examined the 11 genes in
Tables 2 and 3 that have a KA/KS value greater than 1, most of them
insigni®cant. The null hypothesis by the neutral theory predicts that
the observed/expected ratios for the four classes would not be
signi®cantly different from 1. The observation versus prediction
as shown in Fig. 2 rejects this null hypothesis. The ratios, from the
synonymous to the highly radical class, are: 1, 1.86, 1.20, 0.96 and
0.39. The excess in the conservative class is signi®cant with P =
0.0003 whereas the de®cit in the highly radical class is signi®cant at
P = 0.022. It seems clear that, among rapidly evolving genes, the
forces of positive and negative selection operate simultaneously but
their relative strength diminishes as the functional effect of sub-
stitution increases. This conclusion is supported by surveys of
protein evolution that take into account physico-chemical proper-
ties of amino-acid changes13,14. Although the general pattern may
often hold true when the procedure is applied to speci®c genes (as in
the case of Drosophila ACP26Aa4, the method is meant to portray
the statistical average over many genes.

To estimate the extent of positive selection driving the evolution
of male reproductive genes, we examined the faster evolving 50% of
the genes of Table 2, weighted by their length. In doing so, we
included the ®rst 11 genes, which account for 80% of the codon
changes observed between human and Old World monkey (OWM)
in Table 2. The lowest KA for the 11 genes is 0.05, about 70% of the
genome-wide average of 0.07 substitutions per base pair between
human and OWM22,23. In comparison, only 4 of the 30 genes have a
KA value of 0.05 or greater in the reference group of Table 3, which
represents a crude `genomic average'. In general, there appear to be
more genes in Table 2 that can be considered moderately or rapidly
evolving than the genomic average, although a statistical test is not
meaningful owing to the possibly non-random representation of
genes in the data bank.

For the 11 rapidly evolving genes of Table 2, the observed
(expected) numbers for each of the ®ve classes are 133 (133), 127
(108), 117 (147), 21 (61) and 7 (31), respectively, as shown in Fig. 3.
The respective ratios are 1, 1.18, 0.80, 0.34 and 0.23. The observed
number of conservative amino-acid substitutions is 18% higher
than the expected whereas the other classes suffer reductions that
are collectively far greater than the gain. As a result, the overall KA is
lower than KS for this set of genes. If each class is considered
separately, the de®cit in amino-acid changes is signi®cant for all
three non-conservative classes but the excess for the conservative
class is only marginally so with P = 0.085. However, this probability
is computed on the assumption that there is no negative selection at
all between conservative amino-acid changes. The assumption
seems overly stringent considering the observed pattern of the
reference group of genes (see below). Moreover, Fig. 3 includes
many genes that are under substantial selective constraints.

We further show that the pattern of Figs 2 and 3 (that is,
conservative amino-acid substitutions are more frequent than
expected) is neither an average pattern of the genome nor an
artefact of the analysis. For the 30 genes of Table 3, the observed
(expected) numbers for each of the ®ve classes are 461 (461), 186
(369), 177 (494), 43 (195) and 14 (95). The observed/expected
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ratios are 1, 0.50, 0.36, 0.22 and 0.15. This `average pattern' shows
substantial selective constraint even between conservative amino-
acid changes. It is certainly not true that positive darwinian
selection can only be observed among male reproductive genes.
Many genes of non-reproductive functions must also be subjected
to it. Unfortunately, these genes are statistically more dif®cult to
study because of the heterogeneity in their functions and evolu-
tionary dynamics. In this regard, we notice that the three fastest-
evolving genes in Table 3 are all at the front line of interaction with
foreign substances. Future studies of different classes of genes (for
example, cell-surface antigens, receptors or seminal-¯uid proteins)
may provide further insight.

Among genes of male reproduction, protamines are unique in
that they have functional analogues in somatic histones. Whereas
the latter are among the slowest evolving genes in the human
genome, protamines are at the extreme opposite end of the
spectrum. Another example of such a contrast from Drosophila
has been reported5. In the protamine gene cluster, there also appears
to be a correlation between the molecular evolutionary pattern and
the mating system in extant species. Whether this is a general trend
will require more extensive comparisons between genes of promiscuous
species, such as bonobos, and their non-promiscuous relatives. If
the putative correlation is general, molecular data might shed some
light on the controversial issues of the socio-sexual structure of early
humans and ancestral primates19,20.

We also wish to distinguish this current hypothesis of selection-
driven evolution of male reproductive genes from the phenomenon
of male mutation-driven evolution28. In the latter, genes that pass
through males would have a higher mutation rate. The hypothesis
addressed in this report, on the other hand, is about selection and
function and is independent of the origin of mutations.

It is signi®cant that the faster-evolving 11 of the 18 male
reproductive genes collectively bear a detectable signature of
Darwinian positive selection between man and OWM. Because
these genes account for 80% of the total observed changes within
our pool of data, the result suggests pervasive positive selection with
regard to male reproduction. That only the conservative class of
amino-acid substitutions experience accelerated evolution is com-
patible with the neo-darwinian view of incremental functional
improvements during evolution27. M

Methods
DNA sequences

The coding region sequences of Prm-1, Prm-2 and Tnp-2 of human, apes and monkeys are
from the literature15,17,18. We also sequenced 600 base pairs of Prm-1 from 26 humans, 4
chimpanzees, one bonobo and 2 gorillas and 930 base pairs of Prm-2 from 16 humans and
one chimpanzee, one bonobo and one gorilla. Both sets of sequences encompass the
coding regions (156 base pairs and 309 base pairs, respectively) and the adjacent
noncoding or intron regions (Fig. 1a). In addition, we sequenced 600 base pairs from the
Tnp-2 gene from 10 humans, one chimpanzee, one bonobo and one gorilla. For the human
polymorphism survey, African-Americans constitute about 80% of the samples with
Caucasians and Asians accounting equally for the remaining 20%. DNA samples for the
study were subjected to polymerase chain reactions using several sets of primers (details
upon request). Sequencing reactions were carried out at least twice for each strand on ABI
377.

When gathering genes for Tables 2 and 3, our primary concerns were completeness of
the sequence and availability of information regarding the gene's function and expression.
Genes that are expressed primarily in male reproductive tissues were grouped in Table 2.
Others were grouped into Table 3. Genes that contain trans-speci®c polymorphism, such
as the major histocompatibility complex region or immunoglobulins, are not included in
this report.

Analysis and simulations

The assignment of non-synonymous and synonymous changes to the branches of Fig. 1b
was done by using the old-world monkey sequences as the outgroup. In the event of
ambiguity changes were assigned so as to minimize the number among human,
chimpanzee and gorilla. Because of the small sizes of Prm-1, Prm-2 and Tnp-2 as well as
their unusual amino-acid compositions, the standard KA/KS analysis does not present a
suitable statistical test. Instead, we carried out computer simulations as follows. (1) For
each of the one million replicates simulated, the number of nucleotide changes is drawn
from a Poisson distribution with its mean equal to the published estimates of divergence

for these branches. For the human±chimpanzee lineage, the mean divergence was 1.6%.
(2) Using the ancestral sequence between humans and chimpanzees as a starting point, the
position of change in the sequence was randomly chosen. The change was then assigned as
a transition or transversion according to published estimates in mammals where 60±67%
are transitions22,23,29. We use 60% in our simulations. For the coding regions, changes were
then determined to be either R or S. Stop codon changes are not counted. This step is
sequentially repeated for the number of mutations obtained in step 1. The results were
tallied for each replicate and the distributions were used to determine the P-value for the
observed R, S and S9.

In Tables 2 and 3, KA and KS values were obtained by using the method of ref. 30. In Figs
2 and 3, we classi®ed all one-base pair codon changes between human and OWM genes
into ®ve classes13 (synonymous and four classes of non-synonymous changes; see text).
Only changes that occurred in single-hit codons were used in this analysis. The numbers of
changes and their distributions under strict neutrality are obtained for all classes as
follows. All sequences from human and OWM are concatenated and changes are
introduced one by one. Each change is ®rst assigned randomly to a position and then
determined to be either a transition or transversion. (Transitions are set to be 60% of the
total changes22,23,29, which is slightly conservative in this application.) Each codon, in one
step, can change in nine different ways, which may include 0±3 synonymous changes and
6±9 non-synonymous changes. Each non-synonymous change is further classi®ed into
one of four bins by the physico-chemical differences of the coded amino acids13,26. The
resulting codon change is substituted into the starting sequence (unless it is a stop codon)
and the type of change is recorded into one of the ®ve bins. The process is repeated until
the total number of synonymous changes equals the observed. Ten thousand replicates
were done and the mean and standard deviation for each of the four non-synonymous
classes are presented.
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The human voice contains in its acoustic structure a wealth of
information on the speaker's identity and emotional state which
we perceive with remarkable ease and accuracy1±3. Although the
perception of speaker-related features of voice plays a major role
in human communication, little is known about its neural basis4±7.
Here we show, using functional magnetic resonance imaging in
human volunteers, that voice-selective regions can be found
bilaterally along the upper bank of the superior temporal sulcus
(STS). These regions showed greater neuronal activity when
subjects listened passively to vocal sounds, whether speech or
non-speech, than to non-vocal environmental sounds. Central
STS regions also displayed a high degree of selectivity by respond-
ing signi®cantly more to vocal sounds than to matched control
stimuli, including scrambled voices and amplitude-modulated
noise. Moreover, their response to stimuli degraded by frequency
®ltering paralleled the subjects' behavioural performance in
voice-perception tasks that used these stimuli. The voice-selective
areas in the STS may represent the counterpart of the face-
selective areas in human visual cortex8,9; their existence sheds
new light on the functional architecture of the human auditory
cortex.

Experiment 1 sought to identify brain regions showing higher
neuronal activity during auditory stimulation with voices than with
non-vocal sounds, using a functional magnetic resonance imaging
(fMRI) paradigm adapted for auditory presentation (see Methods).
Eight right-handed adults were scanned during silence and while
they listened passively to stimuli from two categories (Fig. 1a): (1)
vocal sounds produced by several speakers of different gender and
age, either speech (for example, isolated words, connected speech in
several languages) or non-speech (such as laughs, sighs and
coughs); and (2) energy-matched, non-vocal sounds (for example,
natural sounds, animal cries, mechanical sounds) from a variety of
environmental sources. In all eight subjects, vocal sounds elicited
signi®cantly (t . 5:7, P , 0:001, t-test) greater activation than non-
vocal sounds bilaterally in several regions of non-primary auditory
cortex. The maximum of voice-sensitive activation was located
along the upper bank of the central part of the STS in seven out
of the eight subjects (Fig. 1b). Averaged in the group of subjects,
voice-sensitive activity appeared stronger in the right hemisphere,
and was distributed in three bilateral clusters along the STS (Fig. 1c):
one in the anterior portion close to the temporal pole; one in the
central portion approximately at the level of the anterior extension
of Heschl's gyrus; and one in the STS portion posterior to Heschl's
gyrus, extending dorsally and caudally to the planum temporale in

the superior temporal gyrus (Table 1). Importantly, there were no
regions of signi®cantly greater activation for non-vocal than for
vocal stimuli (t , 4:9, P . 0:05).

Experiment 1 thus demonstrated that the brain contains several
regions that are sensitive to voices; yet there is no clear evidence that
they are selectively activated by voices. Vocal and non-vocal stimuli
in expt 1 differed in a number of low-level acoustic features, and the
areas activated might have simply been responding to some acoustic
component more strongly present in the vocal stimuli. We therefore
performed a second experiment in the same group of subjects to
determine whether we would ®nd a selective activation pattern
when comparing vocal stimuli with more carefully matched control
sounds. In expt 2, vocal stimuli were contrasted to four classes of
control stimuli: (1) recordings of various bells, to assess whether the
same regions would be activated by presentation of exemplars of a
single category, rather than voices8; (2) human non-vocal sounds
(for example, ®nger snaps, handclaps), to examine the possibility
that the above areas would respond to any sound of human origin;
(3) white noise modulated with the same amplitude envelope as the
vocal sounds; and (4) scrambled voices, which preserve the ampli-
tude envelope of vocal sounds, but sound nothing like voices (see

Figure 1 Experiment 1. a, Experimental paradigm. Spectrograms (0±4 kHz) and

amplitude waveforms of examples of auditory stimuli. Vocal (VOC) and non-vocal (NVOC)

stimuli are presented in 20-s blocks with 10-s silent interblock intervals, while scanning

(arrows) occurs at regular 10-s intervals, b, Individual voice-sensitive activations.

Maxima of vocal and non-vocal activation maps from three subjects are indicated in colour

scale (t-value) on anatomical images in sagittal (upper panel) and coronal (lower panel)

orientations (x and y: Talairach coordinates). Arrows indicate relative positions of

the Sylvian ®ssure (black arrows) and of the superior temporal sulcus (white arrows).

c, Voice-sensitive activation in the group average. Regions with signi®cantly (P , 0:001)

higher response to human voices than to energy-matched non-vocal stimuli are shown in

colour scale (t-value) on an axial slice of the group-average MR image (centre, Talairach

coordinate z � 21) and on sagittal slices of each hemisphere (sides; Talairach

coordinates x � 252 and x � 52). See Table 1 and Methods for details.


