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Fig. 2. Distribution of RU1-1, RU1-2, and deletion of READ1 in 43 world populations. Populations used in this study are distributed on the y axis in an
approximation of the geographic distribution out of Africa and colored by the continental group to which they were assigned in this study. The x axis shows
the distribution of frequencies of three major categories of READ1 alleles: RU1-1 in red, RU1-2 in blue, and the microdeletion in green.
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DCDC2 is a gene strongly associated with components of the pho-
nological processing system in animal models and in multiple in-
dependent studies of populations and languages. We propose that
it may also influence population-level variation in language com-
ponent usage. To test this hypothesis, we investigated the evolu-
tion and worldwide distribution of the READ1 regulatory element
within DCDC2, and compared its distribution with variation in dif-
ferent language properties. The mutational history of READ1 was
estimated by examining primate and archaic hominin sequences.
This identified duplication and expansion events, which created a
large number of polymorphic alleles based on internal repeat units
(RU1 and RU2). Association of READ1 alleles was studied with re-
spect to the numbers of consonants and vowels for languages in
43 human populations distributed across five continents. Using
population-based approaches with multivariate ANCOVA and lin-
ear mixed effects analyses, we found that the RU1-1 allele group
of READ1 is significantly associated with the number of conso-
nants within languages independent of genetic relatedness, geo-
graphic proximity, and language family. We propose that allelic
variation in READ1 helped create a subtle cognitive bias that was
amplified by cultural transmission, and ultimately shaped conso-
nant use by different populations over time.

DCDC2 | READ1 | phoneme | language | genetics

The main function of the phonological processing system is to
translate basic word sounds called phonemes into recognizable

words. Components of the phonological processing system—

particularly phonological awareness and phonemic decoding—
are critical for language acquisition and development (1). They
are also highly heritable quantitative traits that have been asso-
ciated with a limited number of genes expressed early in human
brain development and implicated in neuronal migration and
ciliary function (2).
Prominent among these is DCDC2, a gene strongly associated

with core components of the phonological processing system in
animal models and multiple independent studies of different
populations and languages (3–7). Studies on genetically modified
mice show that knocking out Dcdc2a decreases temporal pre-
cision of action potential firing in neurons of the neocortex (8),
and impairs rapid auditory processing (9). In rats, RNAi knock-
down of Dcdc2 diminishes ability to discriminate between specific
speech sounds presented in continuous streams (10). Performance
on a similar measure in humans, called late mismatch negativity,
maps within 100,000 bps of DCDC2 on human 6p22 (11).
Associations of core language components with DCDC2 are

mediated through a highly polymorphic transcriptional regula-
tory element called “regulatory element associated with dyslexia
1” (READ1) (12). READ1 alleles differentially alter transcrip-
tion of DCDC2, which we hypothesize leads to subtle differences
in phonological processing. Although READ1 was identified

through clinical studies of dyslexia and specific language im-
pairment, it is also linked to normal variation in speech and
language performance within populations (13).
The evolution of language is generally discussed in terms of

genetic underpinnings or sociocultural influences (14, 15). Ge-
netic underpinnings describe the development of a general lan-
guage faculty that includes the anatomical structures required for
speech as well as cognitive control of these structures, which
support the human capacity for language. Sociocultural influ-
ences elicit more rapid changes in language driven by factors
such as linguistic, social, and population dynamics. These ex-
planations are increasingly viewed as complementary. Theories
about the evolution, development of, and changes in language
have begun to incorporate the possibility that processes of cul-
tural transmission act to amplify subtle cognitive biases con-
ferred by genetic heterogeneity to shape differences between
individual languages (16). This is supported by studies that
demonstrate a correlation between frequency of certain haplo-
types across two genes involved in brain growth (ASPM and
Microcephalin) and the development of linguistic tones at a
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population level (17). Building on this work, we hypothesize that
the frequency of genetic variants within a population that differ-
entially modulate components of the phonological processing sys-
tem could also influence phoneme selection and inventory size.
To test this hypothesis, we trace the evolution of READ1

beginning in nonhuman primates. Next, we compare phoneme
inventory size with READ1 allele frequencies in population
samples from five continental groups. Then we assess the relation-
ship between READ1 and phonemes while adjusting for genetic
relatedness between populations in a multivariate ANCOVA
model. Finally, we corroborate the relationship between READ1
subunits and phonemes in a linear mixed effects model accounting
for possible confounding effects due to genetic relatedness, geo-
graphic proximity, and differences in sample size and language
family. These studies suggest that in addition to social and cultural
factors, genetic factors likely play a role in phoneme selection and
language development by different populations and cultures.

Results
Evolution of READ1. READ1 is a complex highly polymorphic
transcriptional regulatory element that ranges in length from
81 to 115 base pairs (4, 12, 13, 18). It is composed of seven in-
dividual repeat units: RU1, RU2, SNP1, RU3, Constant Region,
RU4, and RU5 (SI Appendix, Fig. S1). Alignment of the repeat
units (Fig. 1) show that the RU1 sequence [GAGAGGAAG-
GAAA] is present in superfamily Hominidae (humans, chim-
panzees, gorilla, orangutan, and gibbon) as well as in Old World
monkey (crab-eating macaque). There is no homologous se-
quence present in the orthologous 2 kb location in marmoset
(New World monkeys). This suggests that RU1 arose after the
divergence of Old World monkeys and New World monkeys,
∼40 Mya. RU1 underwent a duplication event after the di-
vergence of genera Pan (Pan paniscus and P. troglodytes) and
Homo (4–8 Mya), but before the last common ancestors of hu-
man, Neanderthal, and Denisovan, ∼550–765 kya (19) (Fig. 1).
In the few genome sequences available from archaic hominins
Neanderthal and Denisovan, all have two copies of RU1. The
Neanderthal sequence is identical to human allele 4. The Denisovan
sequence resembles allele 4 but has two SNP1 units and only three

copies of RU4. Homo sapiens has six alleles 2, 3, 9, 12, 25, and 27
that contain only one copy of RU1 (RU1-1) as well as 35 alleles
with two copies of RU1 (RU1-2) (SI Appendix, Table S1). Among
the 43 populations studied, the frequencies of RU1-1 alleles are low
and decrease with distance from Africa (Fig. 2 and SI Appendix, Fig.
S1 and Table S2).
RU2 is a tetranucleotide tandem repeat [GGAA] that varies in

length from 4 to 11 copies in humans. Only one to four RU2 copies
are observed in the proto-READ1 sequences from nonhuman
primates (Fig. 1). In humans, RU2 is the most polymorphic repeat
unit of READ1, which likely reflects the high mutation rate of 1 in
10,000 meioses (20). Once RU2 passed a threshold of four copies,
replication slippage occurred more frequently (21), and RU2 became
more polymorphic and the main determinant of the large number
of contemporary READ1 alleles.
There are additional changes that differentiate READ1 in humans

from READ1 in chimpanzees. The shortest READ1 sequence in
humans is 81 bp (allele 27), whereas the longest READ1 allele in
chimpanzees is 69 bp. The expanded READ1 in humans includes
a bifurcation of RU2 repeats by a GGAA to GAAA SNP (SNP1)
followed by two invariant GGAAs that precede the constant
region. Additionally, there is a 2.4-kb microdeletion of the entire
READ1 sequence that varies in frequency in human populations.
The READ1 microdeletion is rarely observed in African populations
(Fig. 2). It likely arose after the migrations of humans out of Africa,
with some back migrations from other continental groups accounting
for sparse low frequencies.
In summary, READ1 gained Homo-specific variation some-

time between 550 kya and 4 Mya, which included a duplication of
RU1 seen only in theHomo genus, as well as the expansion of RU2
repeats that destabilized the locus and led to the large number of
polymorphisms observed in humans today.

RU1-1 Frequency Is Associated with Number of Consonants. Based on
the results above, we divided READ1 alleles into three groups.
The first group, RU1-1, contains alleles with a single copy of
RU1. The second group, RU1-2, contains alleles with a dupli-
cation of RU1. The third group is the 2.4-kb microdeletion that
includes the entire READ1 sequence. To examine the relationships

Fig. 1. Alignment of READ1 repeat units in primates. Repeat units are depicted as colored dots for 4-bp motifs, and as rectangles for longer motifs, and are
labeled with the same colors used in SI Appendix, Fig. S1. Human-1 (an RU1-2 allele) is the most common READ1 allele, Human-3 is the most common of the
RU1-1 alleles, and Human-4 is identical to the Neanderthal allele. The Denisovan allele is similar to human alleles. Chimpanzee (Pan paniscus and P. trog-
dolytes) has two alleles that differ by one GGAA repeat; the longest is represented here. Gorilla gorilla lacks the final “A” in the first motif, represented by the
red X at the end of the motif.
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between components of the phonological processing system and
READ1, we regressed the number of consonants and vowels
from 43 populations (SI Appendix, Table S3) onto the frequencies
of READ1 allele groups RU1-1, RU1-2, and the 2.4-kb micro-
deletion (Fig. 3). This showed that consonants correlate with
RU1-1 frequency (ρ = 0.45, P = 0.002), but vowels do not (ρ =−0.09,
P = 0.58).

Association Between READ1 Allele Groups and Phonemes. To ex-
amine whether the relationships between READ1 allele group
frequencies and phonemes could be confounded by either ge-
netic or geographic relatedness (22), we used multivariate
ANCOVA to model the number of consonants and vowels with
frequencies of RU1-1, RU1-2, and the microdeletion, and in-
cluding the first three principal components (PCs) of the tau
genetic relatedness matrix over the same 43 populations. With
multivariate ANCOVA, association of RU1-1 with consonants
and vowels remained significant after correcting for multiple
testing over the three allele groups [F-stat = 5.51 with 37 degrees
of freedom (df); false discovery rate (FDR) = 0.024; Table 1].
The analyses did not show a significant association between

either the microdeletion (F-stat = 0.44 with 37 df; FDR = 0.89)
or the RU1-2 allele group (F-stat = 0.12 with 37 df; FDR = 0.89)
with phonemes. It remains possible that an association exists
between a subset of RU1-2 alleles, but is obscured by other
RU1-2 alleles with differing directions of effect in the group
analysis. The RU1-1 results were robust to jackknife of pop-
ulations and continental groups (SI Appendix, Table S5). Post
hoc univariate analyses showed that the associations observed
in the multivariate ANCOVA were driven by number of
consonants (β = 1.76, P = 0.003; Table 2). RU1-1 frequency
was not associated with the number of vowels (β = −0.8, P =
0.463). These analyses support the results from the univariate
regressions (Fig. 3), even after accounting for possible hidden
genetic and geographic relatedness between populations.

Mixed Effects Model of READ1 Allele Groups and Linguistic Traits of
Worldwide Populations. To account for possible confounding ef-
fects due to geographic proximity, language family membership,
and different sample sizes, we fit a mixed effects model with
RU1-1 frequency as the response variable, weighted by sample
size, and consonants and vowels as fixed effects. The first three
PCs of the tau genetic relatedness matrix were also included as
fixed effects. Language family and continental grouping were
included as random effects. The mixed effects model showed a
positive association between the number of consonants and the
frequency of RU1-1 [β = 0.002, 95% Bootstrap CI:(0.0008,
0.003); Table 3], corroborating the multivariate ANCOVA while
controlling for sample size along with modeling genetic, geo-
graphic, and language similarities.

Discussion
READ1 is a highly variable and powerful transcriptional control
element embedded in a gene called DCDC2. Both READ1 and
DCDC2 have been associated with reading disability and specific
language impairment as well as normal variation in reading
performance and phonological processing in studies of children
whose primary language is English, Italian, German, Mandarin,
or Cantonese (5–7, 18, 23, 24). Having established a role in
processing phonological tasks in different language systems and
cultures, the central question in the present study is whetherFig. 2. Distribution of RU1-1, RU1-2, and deletion of READ1 in 43 world

populations. Populations used in this study are distributed on the y axis in an
approximation of the geographic distribution out of Africa and colored by
the continental group to which they were assigned in this study. The x axis
shows the distribution of frequencies of three major categories of
READ1 alleles: RU1-1 in red, RU1-2 in blue, and the microdeletion in green.

Fig. 3. Linear regressions of consonants and vowels by RU1-1 frequencies.
Log10 transformed numbers of consonants (solid dots) and vowels (open
triangles) were regressed separately against the frequencies of RU1-1 alleles
in 43 populations.
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READ1 alleles could have influenced variation in language
components on a population level.
To address this question, we first traced the evolution of

READ1 by examining genomic sequences from human pop-
ulations, nonhuman primates, and Neanderthal and Denisovan
genomes that are available in public databases. Proto-versions of
READ1 that are missing the constant region or at least one of
the five RU subunits found in human alleles, are present in
chimpanzee, gorilla, orangutan, gibbon, and macaque (18). The
2.4-kb microdeletion of the entire READ1 region, duplication of
RU1, and bifurcation of RU2 by SNP1 are only present in human
and extinct branches of the Homo genus (Neanderthal, Deniso-
van) and specify three groups of READ1 alleles: the micro-
deletion, RU1-1 with only one copy of RU1, and RU1-2 with two
copies of RU1.

RU1-1 Correlation with Consonant Numbers. Next, we set out to
determine whether READ1 could have influenced phoneme
inventory size. To address this question, we used a population-
based approach to assess the relationship between READ1
variants and number of phonemes in 43 populations from five
continents. We examined two broad types of phonemes—consonants
and vowels—because as described below, there are different neu-
rophysiologic cues the brain uses to encode consonants versus
vowels. We found a significantly positive relationship between
the frequency of allele group RU1-1 and the number of consonants
even after correcting for the confounding effects of geographic
proximity, genetic relatedness between populations (22), and
language family.

DCDC2 and Phonological Processing. There have been a variety of
animal and human studies examining the function of DCDC2
that suggest an underlying neurophysiologic effect that could
account for the association between phoneme inventory and the
frequency of RU1-1. Neural representation of vowels and con-
sonants relies on distinct strategies for temporal processing of
auditory information. Whereas vowel encoding is more depen-
dent on the mean number of action potential firings per unit
time (25), consonant encoding is more dependent on the pre-
cision of timing between action potential events (26). Elimina-
tion or reduction of Dcdc2 in rodent models causes a decrease in
action potential temporal precision (8), impairs rapid auditory
processing (9), and diminishes ability to discriminate between
specific speech sounds in a continuous stream (10). In humans,
decreases in late mismatch negativity (MMN) have been linked
to rare genetic variants in and close to DCDC2 (11). MMN is an
index of successful discrimination between speech sounds. Late
MMN is mainly elicited by complex auditory stimuli like syl-
lables and words. These independent lines of investigation in
both animal models and humans suggest that variations in
DCDC2 expression conferred by subtle differences in regulatory
elements such as READ1 may have significant effects on phoneme
encoding.

DCDC2 and Consonant Discrimination in Populations. Protein-damaging
truncations and missense mutations of DCDC2 can cause heritable

deafness (27) and other congenital ciliopathies (28–30). However,
variations in READ1 alleles do not alter DCDC2 protein and
would have less severe and potentially targeted effects on temporal
processing of phonemes, sparing broader cognitive functions.
READ1, which appeared later in primate evolutionary history,
may be critical for fine-tuning transcription of DCDC2 in specific
neurons that constitute key language circuits by modifying tem-
poral precision of action potentials, which is critical for discrimi-
nating consonants. Depending on the distribution of READ1
allele frequencies and their neurophysiologic effects on DCDC2
expression, we hypothesize that low RU1-1 prevalence in some
populations could lead to diminished ability to discriminate con-
sonants, and over time reduce consonant inventory. This is com-
patible with theories of sound change and linguistic typology that
highlight the role of speech perception and language changes. For
example, Ohala (31) hypothesized that listeners contribute to the
mechanism of sound change by failing to reconstruct intended
speech as produced by a speaker, and then in turn produce the re-
constructed speech sound when acting as the speaker. A recurrent
error could therefore become established as the new norm. This
hypothesis has been examined by comparing patterns of sound
change with patterns of perceptual errors. The directionality of the
cross-linguistic sound change mirrors the directionality of percep-
tion errors in both laboratory-induced speech perception errors
(32) as well as naturally occurring speech perception errors (33).
The effect of speech perception on language change is high-

lighted in Australian Aboriginal children (34). As reported, 80%
of these children have a significant conductive hearing loss due
to chronic otitis media (COM). COM typically affects both ends
of the hearing scale, below 500 Hz, and above 4,000 Hz. Inter-
estingly, the Aboriginal phonemic inventory lacks contrasts that
depend on low-frequency acoustic cues such as high vowels and
voiced obstruents, as well as contrasts that depend on high-
frequency cues such as fricatives and aspirated stops (35). This
suggests that for Australian Aboriginal language, a constrained
phonemic inventory was an adaptation in response to the effect
of COM.
The coding regions of DCDC2 are highly conserved, but there

is no evidence that READ1 confers either a selective re-
productive advantage or disadvantage. However, in instances of
transcriptional pleiotropy, regulatory elements can confer tissue-
specific expression of the same gene in different contexts of
tissue type and developmental stages (36). DCDC2 is expressed
in many different tissue types and is observed at high levels in the
kidney cortex. While mutations in the protein coding regions can
cause autosomal recessive ciliopathies involving the kidney (28),
the noncoding regulatory element READ1 has not been linked
to kidney disease. Human studies mostly focus on protein-coding
exons, concentrating on high effect protein truncations and
missense mutations. It is therefore possible that subtle selective
advantages conferred by READ1 for controlling the expression
of DCDC2 in the kidney in different environments could be
underappreciated. As whole genome sequencing becomes more
widespread for molecular genetic description of variation in bi-
ological processes, future studies could test for possible tran-
scriptional pleiotropy and selection.

Table 2. Post hoc univariate analysis of the effect of RU1-1 on
vowels and consonants independently while controlling for
PCs1-3

Response β t P

Vowels −0.61 −0.8 0.471
Consonants 1.76 3.2 0.003*

*P ≤ 0.01.

Table 1. Multivariate ANCOVA examining the relationship
between the number of consonants and vowels, compared with
the frequency of RU1-1, RU1-2, and the deletion

Variable Pillai F P*

RU1-1 0.229 5.51 0.024†

RU1-2 0.006 0.12 0.888
Deletion 0.023 0.44 0.888

*P ≤ 0.05.
†FDR corrected.
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We present converging lines of evidence to suggest that
READ1, a transcriptional regulator of DCDC2, is important for
distinguishing among consonants. This is consistent with the
neurobiological mechanisms influenced by DCDC2, and with lin-
guistic theories of language change. While differences in ability to
discriminate between consonants conferred by READ1 are likely
subtle, even weak biases can have a cumulative effect on linguistic
structures (16). For READ1, a highly polymorphic transcriptional
control element with more than 40 alleles in various frequency dis-
tributions throughout worldwide populations, the reduction of RU1-
1 alleles dates back at least 90,000 years, before anatomically mod-
ern humans began migration out of Africa. As human cultures and
languages have changed over that time, the differences in the dis-
tributions of READ1 allele frequencies may have modified conso-
nant perception and influenced language change through cultural
transmission of subtle cognitive biases. Although conventional the-
ories mostly attribute language changes to random fluctuations,
historical conquests, and migrations, these results suggest that ge-
netic variants affecting auditory processing may also be important.

Methods
READ1 Genotyping. Genomic DNA from 2,138 individuals representing 43 pop-
ulations was extracted from transformed lymphoblastoid cell lines that were
kindly provided from the curated collection of Dr. Kenneth Kidd and Dr. Judith
Kidd (SI Appendix, Table S2) (37). These cell lines were generated from normal,
apparently healthy adults who provided informed consent under protocols
approved by their respective governmental and institutional review boards.
More complete descriptions of all of the population samples are in Allele Fre-
quency Database (ALFRED) (38). Genomic DNA for chimpanzee (Pan troglo-
dytes; n = 3), bonobo (Pan paniscus; n = 3), gorilla (Gorilla gorilla; n = 3),
orangutan (Pongo pygmaeus; n = 3), and gibbon (Hyoblates.; n = 3) were also
obtained from the Kidd laboratory. Allele identifications for READ1 (GenBank:
BV677278) and a 2,445-bp READ1 microdeletion (dbVar: esv3608367) were
determined through Sanger sequencing and allele-specific PCR, respectively.
Primers and amplification protocols have been described previously (18). Hardy-
Weinberg analysis was performed using the function hw.test from pegas, an R
package (39). Primate sequences were compared with those found in the
University of California, Santa Cruz (UCSC) genome browser (40). Sequences for
the Old World monkeys crab-eating macaque (Macaca fascicularis), green
monkey (Chlorocebus sabaeus), and baboon (Papio sp.), as well as the New
World monkey marmoset (Callithrix jacchus), were inspected in the UCSC Ge-
nome browser to identify READ1 sequences. Archaic hominin alleles were
obtained from Denisovan and Neanderthal sequences available on the UCSC
Genome Browser and from the Neanderthal Genome Project (41).

Continental Grouping and Accounting for Genetic Relatedness. To quantify
overall genetic relatedness, we calculated the genetic pairwise distances (tau)
for all populations using 165 SNPs (SI Appendix, Table S4) that have been
shown to robustly separate populations by genetic variation (38, 42). The
first three principal components (PCs) of these tau scores account for most
(99.4%) of the genetic variation between populations (SI Appendix, Fig. S3).
Assignment of populations to five continental groups (Africa, Middle East
plus Europe, Asia, two groups from the Americas) was achieved using hclust
centroid clustering of tau scores from the basic stats package in R (43) (SI
Appendix, Figs S4 and S5). The first three PCs of the tau matrix explained
geographic variation between the population group centers, whose latitude

and longitude coordinates were calculated as the average of the two op-
posite corners of a rectangle encompassing the area where the respective
populations live, as specified by the ALFRED database (44). The association
between genetic and geographic variation was quantified by correlating, for
each pair of populations, the geographic distance (in kilometers) between
their respective centers and Euclidean distance between the first three PCs
of the tau matrix using Pearson’s product-moment correlation (SI Appendix,
Fig. S6A), with the latter serving as a proxy for genetic distance between
each population pair. Pairwise geographic distances between populations
were evaluated using both great circle distances computed using the rdist
function in R package fields (45) and distances via migratory waypoints (SI
Appendix, SI Methods). Pairwise genetic distances had significant positive
correlations with pairwise geographic distances based on both great circle
calculations [ρ = 0.69, 95% CI = (0.66, 0.72)] and via migratory waypoints [ρ =
0.71, 95% CI = (0.68, 0.74); SI Appendix, Fig. S6B]. These observations provide
evidence that the first three PCs of the tau matrix accounted for geographic
proximity as well as genetic relatedness between the populations in our
study. Finally, we observed that distances between each population center
and a putative location of human origins in South Africa, via five migratory
waypoints, had a strong negative correlation (ρ = −0.94, P < 10−15) with
PC1 of the tau matrix (SI Appendix, Fig. S6C).

Language Metrics. Populations were assigned International Organization for
Standardization (ISO) 639–3 codes that were used for comprehensive rep-
resentation of language names, corresponding to the language(s) used by
that population (SI Appendix, Table S3). For populations with multiple lan-
guages listed, we used the most ancient language available. Populations
were only included if there were more than 20 DNA samples, and if there
was adequate historical documentation to support assignment of language.
Furthermore, pidgin or creole languages were excluded because they are
strongly associated with language contact and borrowing (46, 47). Counts
for consonants and vowels for ISO codes were retrieved from the Phonetics
Information Base and Lexicon (PHOIBLE) database (48). If PHOIBLE counts
were not available, we averaged counts for phonemes, consonants, and vowels
from available reports or retrieved the data manually from alternative sources (SI
Appendix, Table S3). Top-level language families were used for the analyses (49).

Statistical Analyses. To assess the relationship between population fre-
quencies of READ1 alleles with linguistic variables, we restricted our analysis
to the 43 populations with valid language data available for the number of
vowels and consonants. We conducted regressions with log10 numbers of
consonants and numbers of vowels as dependent variables and the fre-
quency of RU1-1 as the independent variable using the lm function in R (50).

To account for genetic relatedness between populations we used multi-
variate ANCOVA to model SNP genotypes and phoneme inventory size. Each
model included the first three PCs of the tau genetic relatedness matrix as
covariates. For each of three groups of READ1 alleles (RU1-1, RU1-2, and the
microdeletion of READ1) (g), we tested whether the observed frequency of g
in the sample of population i, denoted by Xig, had a significant effect on the
log10 of number of vowels (Vi) and consonants (Ci) appearing in the asso-
ciated language. We estimated the multivariate linear regression models

log10ðVi + 1Þ= aV0 + aV1 * PCi1 + aV2 *PCi2 +aV3 * PCi3 + βVg *Xig   and

log10ðCi + 1Þ= aC0 + aC1 * PCi1 + aC2 *PCi2 + aC3 * PCi3 + βCg *Xig,

where PCi1, PCi2, and PCi3 are covariates for scores on the first three PCs of

the tau matrix. Model parameters are intercepts aV=C
0 , effects from the three

covariates aV=C
j ðj= 1,2,3Þ, and the effect of the gth allele βV=C

g . We assessed

significance of genetic effects on vowels and consonants using multivariate
ANCOVA through Pillai’s test of the null hypothesis

Hg
0 : β

V
g = 0∧ βCg = 0.

Linear mixed effect analyses were conducted using lmer, part of the lme4 R
package (50), to estimate the association between RU1-1 and numbers of
consonants and vowels of each language, while controlling for geographic
distances and language family membership. The first three PCs were used as
fixed effects representing genetic and geographic similarity among pop-
ulations. Continental grouping (1–5) and top-level language family were
modeled as random effects. Chromosome count was also included as a
weighting variable to reflect the varying precision of the RU1-1 proportion
estimates associated with the different populations. Model criticism showed
that the residuals of this regression were normally distributed with none

Table 3. Results of a linear mixed effects model using RU1-1 as
the response variable with PCs 1–3 as fixed effects, language
family, and continental grouping as random effects, and using
chromosome numbers as weights

Predictor β t P* (lower, upper)

Vowels −0.002 −2.01 0.046 (−0.005, 0.0002)
Consonants 0.002 3.14 0.004 (0.0008, 0.003)

Linear mixed effects model using RU1-1 (95% CI†). Bias was less than 10−6

for both parameters.
*P value under t distribution with 2 and 37 degrees of freedom.
†Bootstrap estimation of error using 10,000 replicates with 95% confidence
intervals.
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being greater than three SDs from the mean. We evaluated 95% confidence
intervals for parameter estimates in this model through 10,000 bootstraps.
Sensitivity analyses were also conducted using jackknifing to characterize
the dependence of the observed pattern in our results on each of the
43 individual populations in our sample as well as regional groupings of
populations in Africa, Europe, Asia, and the Americas. Further descriptions
are provided in the SI Appendix and SI Appendix, Table S5.
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