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Literacy learning depends on the flexibility of the human brain to reconfigure itself in response to environmental influences. At the

same time, literacy and disorders of literacy acquisition are heritable and thus to some degree genetically predetermined. Here we

used a multivariate non-parametric genetic model to relate literacy-associated genetic variants to grey and white matter volumes

derived by voxel-based morphometry in a cohort of 141 children. Subsequently, a sample of 34 children attending grades 4 to 8,

and another sample of 20 children, longitudinally followed from kindergarten to first grade, were classified as dyslexics and

controls using linear binary support vector machines. The NRSN1-associated grey matter volume of the ‘visual word form

area’ achieved a classification accuracy of � 73% in literacy-experienced students and distinguished between later dyslexic indi-

viduals and controls with an accuracy of 75% at kindergarten age. These findings suggest that the cortical plasticity of a region

vital for literacy might be genetically modulated, thereby potentially preconstraining literacy outcome. Accordingly, these results

could pave the way for identifying and treating the most common learning disorder before it manifests itself in school.
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Introduction
The acquisition of reading and spelling skills requires thor-

ough instruction and intensive training. As a consequence of

this experience, an extended network of cortical areas is

strongly reshaped. Functional specialization and structural

transformation in the course of literacy acquisition have

been demonstrated repeatedly for the left temporo-occipital

cortex (Brem et al., 2010; Dehaene et al., 2010; Monzalvo

et al., 2012; Langer et al., 2015), the left superior temporal

cortex (Maurer et al., 2007, 2009; Dehaene et al., 2010;

Monzalvo et al., 2012; Linkersdorfer et al., 2015), the left

temporo-parietal cortex (Myers et al., 2014; Linkersdorfer

et al., 2015), and the parieto-occipital cortex (Carreiras

et al., 2009). Unsurprisingly, the same regions are also af-

fected in individuals suffering from developmental dyslexia

(Paulesu et al., 2001; Hoeft et al., 2006, 2007; Blau et al.,

2010; Frye et al., 2010; Lehongre et al., 2011; Altarelli et al.,

2013; Finn et al., 2014; Im et al., 2016), a severe impairment

of literacy acquisition considered as the most common learn-

ing disorder with a prevalence of 5 to 7% in the population

(Peterson and Pennington, 2012; Moll et al., 2014).

However, the variance in literacy achievement is not en-

tirely explained by environmental factors. Instead, family

studies have shown that there is also a heritable component

(Hallgren, 1950; Bakwin, 1973; Gilger et al., 1996;

Harlaar et al., 2005). By now, numerous single nucleotide

polymorphisms (SNPs) on multiple genes and intergenic

regions spanning several chromosomes have been found

to be linked to literacy in association studies (see references

provided in Supplementary Table 1). Moreover, there is

MRI evidence that some of these SNPs are related to the

haemodynamic functionality of dyslexia-relevant areas in

left inferior frontal, superior temporal, and temporo-par-

ietal cortices as well as their structural interconnections

(Meda et al., 2008; Cope et al., 2012; Darki et al., 2012;

Pinel et al., 2012; Wilcke et al., 2012; Skeide et al., 2015).

The goal of the present study was to identify potential

relations between dyslexia candidate genes and brain macro-

structure to investigate if such gene–brain association clus-

ters can not only separate dyslexics from controls but also

predict dyslexia before literacy onset. Dyslexia is defined

here as significant difficulties in reading or spelling revealed

by psychometric testing instead of by a formal diagnosis.

As a first step, we selected a set of 69 SNPs on 19 can-

didate genes that were previously reported to be linked

with reading, spelling or other literacy-related language

traits. To carry out a biologically valid analysis of the

joint effects of SNPs located in the same gene, we set up

a multi-locus model assessing gene-level associations with

voxel-based morphometry measures in a sample of 141

children. Thereby, grey and white matter volume images

were not reduced to predefined regions of interest to

ensure an unbiased investigation of dyslexia risk gene ef-

fects on the whole brain. We were particularly interested in

volumetric indices because of their suitability to capture

potential dyslexia endophenotypes such as dendritic

growth (Araki et al., 2002), axonal growth (Araki et al.,

2002; Yue et al., 2006), or dysregulated neuronal migra-

tion into cortical target layers (Galaburda and Kemper,

1979; Threlkeld et al., 2007; Penagarikano et al., 2011).

While it has been demonstrated that all genes analysed in

this study are abundant as RNA in the brain (see the litera-

ture cited in Supplementary Table 1 and the developmental

transcriptome database at http://www.brainspan.org/), the

precise spatial distribution of their neural expression profiles

is not yet fully explored. Accordingly, our hypothesis regard-

ing the localization of the gene–brain association clusters was

broad. We expected effects in multiple regions linked to lit-

eracy and dyslexia. For grey matter, these regions comprise

the already mentioned left temporo-occipital cortex, the left

superior temporal cortex, the left temporo-parietal cortex, the

parieto-occipital cortex, and, additionally, the left inferior

frontal cortex (Shaywitz et al., 1998; Frye et al., 2010;

Boets et al., 2013), the thalamus (Diaz et al., 2012;

Jednorog et al., 2015), the cerebellum (Nicolson et al.,

1999), and the brainstem (Chandrasekaran et al., 2009).

For white matter, these regions comprise the local white

matter next to the aforementioned grey matter areas

(Klingberg et al., 2000; Rimrodt et al., 2010; Darki et al.,

2012) as well as the arcuate fasciculus (Vandermosten et al.,

2012; Yeatman et al., 2012; Thiebaut de Schotten et al.,

2014) and the inferior fronto-occipital fasciculus

(Vandermosten et al., 2012).

As a second step, we used a linear binary support vector

machine algorithm to classify children as dyslexic individ-

uals and controls based on the genetically associated volu-

metric clusters. This subsample comprised two age groups.

One group (the advanced literacy group) consisted of 34

participants that underwent MRI after at least 3 years of

schooling between age 9 to 12 (grades 4 to 6) and were

tested on average 1.7 years later, i.e. between age 10 to 14

(grades 4 to 8) for their reading and spelling skills to de-

termine diagnostic status. The other group (the beginning

literacy group) consisted of 20 participants, aged 5 to 6

years, from kindergartens not providing literacy instruction

that underwent MRI at least 10 months before school entry

to ensure that they had at best sporadic knowledge of

letter-sound correspondences. The latter children were fol-

lowed longitudinally to measure their reading and spelling

performance at the end of the first grade. Individual meas-

urement time points of the entire subsample are provided in

Supplementary Table 2.

There is growing evidence that preliterate children at fa-

milial risk of dyslexia already show functional and struc-

tural alterations in temporo-parietal and temporo-occipital

regions similar to those observed in diagnosed dyslexics

(Raschle et al., 2011, 2012; Hosseini et al., 2013; Kraft

et al., 2015). Therefore, we predicted distinct morphomet-

ric signatures between dyslexic individuals and controls in

the same cortical areas, not only in the literate brain at age

9 to 12 but also in the preliterate brain at age 5 to 6.
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Materials and methods

Participants

One hundred and forty-one children were tested as part of the
LEGASCREEN project (www.legascreen.de). Detailed demo-
graphic information of this cohort can be found in Table 1.
Participants were recruited mainly from the Leipzig metropol-
itan area but also from other parts of Germany through our
homepage, newspaper announcements, magazine articles, a
television documentary and talks in local schools and speech
therapy centres. Families with a history of developmental dys-
lexia were particularly encouraged to participate. All parents
completed a questionnaire revealing that no participant had a
history of neurologically or psychiatrically relevant diseases.
All children that met these two selection criteria, and of
whom high-quality MRI scans could be taken, were included
in the present study. All parents gave written informed consent
while their children gave documented verbal assent to partici-
pate in the study. All experimental procedures were approved
by the University of Leipzig Ethical Review Board.

Psychometric data acquisition

Non-verbal IQ

IQ scores of all children MRI-scanned at age 6 or below were
determined using the performance subscale of the Wechsler

Preschool and Primary Scale of Intelligence (WPPSI-III)

(Wechsler, 2009). IQ scores of all children MRI-scanned at

age 9 or above were determined using the Kaufman
Assessment Battery for Children (K-ABC) (Kaufman et al.,

2003). For additional details, see Supplementary material.

Reading comprehension and reading speed

In children between grade 1 and 6, reading comprehension

was tested with the ‘Ein Leseverständnistest für Erst- bis
Sechstklässler’ (ELFE 1-6; translation: Reading comprehension

test for grades 1 to 6) (Lenhard and Schneider, 2006) and

reading speed was tested with the ‘Weiterentwicklung des
Salzburger Lese- und Rechtschreibtests’ (SLRT-II; translation:

Improved Salzburg reading and orthographic writing test)

(Moll and Landerl, 2010). In children attending grade 7 or

8, both reading comprehension and reading speed were
tested with the ‘Lesegeschwindigkeits- und -verständnistest

für die Klassen 6-12’ (LGVT; translation: Reading speed and

reading comprehension test for grades 6 to 12) (Schneider
et al., 2007).

Spelling accuracy

Performance in spelling (writing after dictation) was assessed

with the grade-appropriate versions of the ‘Deutscher

Rechtschreibtest’ (DERET; translation: German spelling test)

(Stock and Schneider, 2008a, b).

Table 1 Demographic information and psychometric performance of the cohort

All Dys9-13
a ConMatch

b
�

c Dys5-6
d ConMatch

b
�

c

n 141 17 17 - 10 10 -

Agee 6.4 � 2.7 10.4 � 0.6 10.6 � 0.8 z = 0.55 5.6 � 0.4 5.8 � 0.2 z = 1.217

(3.0–12.2) (9.4–11.4) (9.2–12.2) P = 0.586 (5.1–6.3) (5.4–6.1) P = 0.247

Genderf 57/84 4/13 8/9 - 4/6 6/4 -

Handednessg 127/6/8 16/1/0 16/0/1 - 9/1/0 9/0/1 -

Parental educationh,i 15 � 4 13 � 4 16 � 5 z = 2.23 13 � 4 15 � 3 F = 1.167

(5–24) (6–23) (5–24) P = 0.026* (7–20) (10–19) P = 0.294

Non-verbal IQh 105 � 14 114 � 7 114 � 9 z = 0.59 110 � 15 111 � 13 F = 0.002

(66–139) (100–126) (86–125) P = 0.563 (90–137) (96–135) P = 0.961

Reading comprehensionh,j -k 23.0 � 16.0 59.3 � 17.2 F = 25.753 10.4 � 6.7 71.7 � 24.0 z = 3.585
(9.0–56.0) (33.0–94.0) P5 0.001* (2.1–21.5) (29.8–99.0) P5 0.001*

Reading speedh,j - k 21.0 � 8.4 56.6 � 20.2 z = 3.671 31.4 � 18.4 82.4 � 17.6 F = 36.074

(8.0–32.0) (27.0–81.0) P5 0.001* (0.5–50.5) (48.0–96.0) P5 0.001*

Spelling accuracyh,j - k 25.5 � 27.4 65.9 � 23.1 z = 3.451 17.9 � 13.7 57.0 � 22.3 z = 3.293

(0.0–82.0) (32.0–99.0) P5 0.001* (5.0–49.0) (31.0–88.0) P5 0.001*

Dys = dyslexic; Con = control.
a Dyslexic individuals MRI scanned between age 9–12 and psychometrically diagnosed between 10–14 years of age.
b Controls matched according to MRI scan age.
c Statistic and P-value of the compared variable (asterisks indicate significant differences). F indices were derived from one-way ANOVAs (data normally distributed). z indices were

derived from Mann-Whitney U-tests (data not normally distributed).
d Dyslexic individuals were MRI scanned at 5–6 years of age and psychometrically diagnosed at 7–8 years of age.
e MRI scan age in years, mean � SD (minimum–maximum).
f Female/male.
g Right handers/left handers/ambidextrous [according to customized Edinburgh Handedness Inventory (Oldfield, 1971) laterality quotient (LQ)] [left-handedness defined as

LQ5�28, i.e. the first decile value; right-handedness defined as LQ4 48, i.e. the first decile value; ambidexterity: �285 LQ5 + 48)].
h Mean � SD (minimum–maximum).
i Questionnaire-derived, single cumulative score per participating child computed by adding the sum of 2 scores (one per parent) for school education (4-point scale; no degree: 1

point; German ‘Abitur’: 4 points) and the sum of 2 scores (one per parent) for further education (9-point scale; no degree: 1 point; German ‘Habilitation’: 9 points).
j Literacy data are presented as standardized scores (percentile ranks).
k Literacy data of the entire cohort are not provided, because they were unavailable for 67 participants and because 20 additional participants could not be matched to the dyslexic

individuals and were therefore not included in the MRI classification analyses which require equal sample sizes.
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Criterion for the diagnosis of developmental dyslexia

Following current German guidelines, we applied dual diagnos-
tic criteria of developmental dyslexia. Individuals were categor-
ized as being dyslexic if they scored equal to or below the 15th
percentile rank of the population performance either in the read-
ing comprehension, the reading speed, or the spelling accuracy
test, given that their IQ was not more than 1 standard deviation
(SD) below the population average (585). In addition, individ-
uals were also categorized as being dyslexic if their score lay
within the 25th percentile rank in one of the mentioned tests
and was at least 1 SD below the level expected based on the
child’s IQ according to a regression criterion (Schulte-Korne,
2010). Our approach was more liberal than the clinical practice
guideline as participants had to perform below threshold only in
one but not in all of the tests in order to meet the diagnostic
criterion. However, we consider this an appropriate compromise
as our approach is still more conservative than a frequently used
criterion requiring sub-25th percentile performance in a single
subtest (Tanaka et al., 2011; Finn et al., 2014).

The inclusion of spelling as a sufficient criterion in the diag-
nosis of dyslexia might have inflated the proportion of cases in
the beginning literacy group. However, in this subsample there
was only 1 of 10 dyslexic individuals that only had spelling
accuracy deficits but neither reading comprehension nor read-
ing speed deficits. Accordingly, the risk of having identified a
false-positive case seems to be limited to a single participant.
Nine of ten dyslexic individuals in the beginning literacy group
showed reading comprehension deficits, which seems to be the
primary sign of dyslexia after the first year of school instruc-
tion. It remains open, if spelling accuracy deficits alone repre-
sent a reliable diagnostic criterion of dyslexia in German first
graders.

Literacy achievement data were only available for 74 of 141
participants. First, 27 participants (17 individuals of the
advanced literacy group and 10 individuals of the beginning
literacy group) were identified as dyslexics. An equal number
of 27 control participants scoring above threshold was selected
from the remaining sample of 47 participants for which liter-
acy data were available (advanced literacy group: 20 partici-
pants; beginning literacy group: 27 participants) to best match
the cases in terms of age, gender, handedness, IQ, and parent
education. Group differences according to these variables
yielded a significance threshold of P40.2 with the exception
of parental education in the older group (Table 1).

Genotyping

Genotypic information was collected for 69 SNPs documented
in the literature as significantly associated with reading, spel-
ling, phonological processing, articulation, and vocabulary
(Supplementary Table 1). DNA was extracted from saliva
applying standard procedures (Quinque et al., 2006) or using
Oragene DNA Genotek Kits (Kanata). Two different tech-
niques were used. Initially, 59 SNPs were genotyped with the
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry system iPLEX

�
(Agena). This set was comple-

mented with eight SNPs from the bead chip Infinium
HumanCoreExome Psych Chip. The bead chip genotyping
was performed according to the manufacturer’s protocols
and data were processed using the GenomeStudio
Genotyping Module (Illumina). Two SNPs not covered by
the iPLEX

�
technique or by the bead chip were replaced

with proxy SNPs revealing the largest linkage to the original
candidate (Supplementary Table 1). Only SNPs with a minor
allele frequency (MAF) 40.10 and a call-rate 497% were
included for analysis. SNPs were not allowed to violate
Hardy-Weinberg-Equilibrium (HWE) (P40.05, family-wise
error corrected) and each genotype had to be present in at
least five individuals. Individuals with a call-rate 595%
were excluded and non-relatedness among all individuals was
ensured by principal component analyses of the kinship (iden-
tity by state) measures between the participants. The maximum
accepted identity by state was set to 0.125. All quality control
parameters were estimated using GenABEL (Aulchenko et al.,
2007) and R (http://www.r-project.org/). The final set of 69
SNPs on 19 genes covering eight chromosomes together with
the corresponding numbers of participants in each genotypic
category and the MAF are listed in Supplementary Table 1.

Voxel-based morphometry analysis

The T1 images acquired in the present study (see
Supplementary material for details) passed a two-stage quality
assessment procedure. As a first step, each image was visually
inspected for coarse artefacts. As a second step, the exact co-
variance between all volume images was calculated to include
only those images with a covariance coefficient within 2 SD of
the mean.

For the voxel-based morphometry analysis, we used version 8
of the Voxel-based Morphometry Toolbox (http://dbm.neuro.
uni-jena.de/vbm.html) implemented in the Statistical Parametric
Mapping 8 software (http://fil.ion.ucl.ac.uk/spm/). First, the
images were normalized to an age-specific template in
Montreal Neurological Institute (MNI) space that was directly
derived from the sample by employing the Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra
(DARTEL) algorithm (Ashburner, 2007). Second, the images
were segmented into grey matter, white matter, CSF, dura,
non-brain soft tissue and air. Tissue probability maps used as
priors for the segmentation were customized using the Template-
O-Matic Toolbox Version 8 (https://irc.cchmc.org/software/tom/
downloads.php) to reflect age and gender of the present sample.
As the toolbox only provides reference data in the age range of
5–18 years, all 38 children from our sample that are below this
age were treated as 5-year-old children. Tissue probability maps
of 5-year-old children are considered as sufficiently reliable priors
for the segmentation of 3-year-olds’ brain images. Despite the
proven superior brain tissue differentiation of MP2RAGE scans
compared to conventional MPRAGE scans (Marques et al.,
2010), we applied a tissue probability threshold of 0.15, which
is slightly more conservative than the commonly used threshold
of 0.1. The rationale behind this choice was to minimize the risk
of voxel misclassification at tissue boundaries while at the same
time keeping as many voxels as possible in the analysis. Grey
matter and white matter maps were modulated for non-linear
effects to preserve local volumetric values while accounting for
individual differences in total intracranial volume. Finally, the
images were smoothed with an 8 mm full-width at half-max-
imum Gaussian kernel.

Cluster-wise gene association analysis

Relations between genes and volume images were explored as
previously described (Ge et al., 2012). In short, the approach
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combines cluster-wise statistical inference within brain images
based on the random field theory with a multivariate non-
parametric genetic model based on least-squares kernel ma-
chines. P-values are estimated accurately with a time-efficient
permutation procedure based on parametric tail approxima-
tion. The method ensures statistical validity as it models the
nonlinearity of SNP effects with high sensitivity and as it is
robust to missing SNP data. A multi-locus model was set up
for each brain tissue class to test for the joint effect of SNPs in
a gene. Age, gender, handedness and parental education were
included as covariates of no interest in the model.

Clusters were defined as connected voxels sharing at least a
corner (i.e. 26 voxels) and assessed for significance by applying
a 3-step multiple comparison correction procedure: First, a
type I error threshold was set to P5 0.001. Moreover, the
sizes of the remaining clusters were adjusted according to the
local smoothness of the data to avoid potential type I and type
II errors caused by non-stationarity, i.e. non-isotropic smooth-
ness, of the volumetric images (Worsley et al., 1999). Second,
spatial extent thresholds at P50.001 were obtained running
10 000 iterations of a Monte Carlo Simulation as implemented
in the AlphaSim tool (http://afni.nimh.nih.gov/). This proced-
ure revealed minimum cluster size cut-offs of k = 322 voxels
(for 449 972 grey matter voxels) and k = 249 (for 212 870
white matter voxels). Finally, a family-wise error correction
for the 19 tested genes was performed. We favoured a clus-
ter-based over a voxel-wise approach because the latter is ag-
nostic to any spatial correlation between voxels and thus
might decrease power to detect regions that show valid effects.
Images were visualized using the Mango toolbox (http://ric.
uthscsa.edu/mango/). The anatomical labels, sizes, MNI coord-
inates and maximum P-values of all surviving clusters can be
found in Supplementary Tables 3 and 4.

Multivariate pattern classification
analysis

The Pattern Recognition for Neuroimaging Toolbox (http://
www.mlnl.cs.ucl.ac.uk/pronto) was used to classify a sub-
sample of 54 children (34 participants that underwent MRI
between 9 to 12 years of age and 20 participants that under-
went MRI between 5 to 6 years of age) into dyslexic individ-
uals and controls using the nine volume clusters that showed a
significant association with a gene. Nine separate classifiers
were trained with a linear binary support vector machine,
one on each of the nine regions of interest (i.e. the images
containing all in-mask volume-labelled voxels for each partici-
pant). We applied a 10-fold cross-validation, so that each clas-
sifier was first trained on a random subset of 90% of the
images and then tested for its performance on the remaining
10% of the images. All images were mean-centred during
cross-validation.

Post hoc, we tested to which degree the individual volumet-
ric profile within a region of interest is related to the individual
level of parental education. For this purpose, a kernel ridge
regression analysis was carried out on a random subset of
90% of the mean-centred region of interest images before as-
sessing the accuracy on the remaining 10%. The same ap-
proach was applied to the grey matter volume images when

testing for the region of interest- and whole-brain level correl-
ates of literacy skills, i.e. percentile ranks of reading compre-
hension, reading speed, and spelling accuracy.

For all statistical models, P-values were determined non-
parametrically via permutation tests iteratively running
10 000 permutations. The P-values obtained from the classifi-
cation were family-wise error corrected for all region of inter-
est-wise tests within each modality (separately for grey matter
and white matter volume). The P-values obtained from the
regression analyses were family-wise error corrected for the
three types of literacy skills tested.

Tests of associations between dyslexia candidate

genes and literacy skills

To investigate the joint effects of all SNPs of each individual
gene on the individual dyslexia diagnosis and on literacy skills,
respectively, we constructed two models (separately for each
gene). The first model only included the intercept and the cov-
ariates parental education and age. The second model included
the same covariates and, in addition, all SNPs of each gene of
interest. Finally, both models were compared using a likelihood
ratio test to capture the additional effects of the SNPs using the
package ‘testing linear regression models’ implemented in the R
software (https://cran.r-project.org/web/packages/lmtest/). All P-
values derived from these analyses were family-wise error cor-
rected for the number of genes tested.

Results

Dyslexia candidate gene associations
with grey and white matter volume

Significant associations with grey matter volume at a

threshold of P5 0.001 (corrected) were found for 3 of

19 genes, namely NRSN1, FOXP2, and COL4A2. Effects

of NRSN1 were distributed over three clusters located in

the right dorsal parieto-occipital cortex (MNI coordinates:

42, �18, 53 / 35, �71, 41 / 29, �48, 57), the left lateral

occipital cortex (�9, �83, 42) and the left temporo-occipi-

tal fusiform cortex (�33, �63, �18), also known as the

‘visual word form area’ (VWFA). FOXP2 showed an asso-

ciation in the left medial superior frontal gyrus (�3, 38,

53). COL4A2 was found to be related to a cluster in the

right cerebellum (17, �77, �54) (Fig. 1A, B, and

Supplementary Fig. 1).

NRSN1, CNTNAP2 and CMIP, i.e. 3 of the 19 genes,

revealed significant associations with white matter volume

(P5 0.001, corrected). NRSN1 was related to a cluster in

the local white matter of the left postcentral cortex (�45,

�23, 60), CNTNAP2 was related to the left cerebral and

cerebellar peduncles (�20, �27, �8 / �11, �41, �45), and

CMIP was related to bilateral portions of cerebellar white

matter (�9, �83, 42 / 32, �68, �36) (Fig. 1C, D and

Supplementary Fig. 2).
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The models were adjusted for the effects of age and total

intracranial volume to capture specific genetic associations with

volumetric profiles independent of general maturational trajec-

tories. Furthermore, the effect of parental education was also

removed from the data to focus on gene–brain associations

that are not mediated by factors reflecting literacy-related ex-

periences in the early home environment. Cluster sizes and

exact P-values are listed in Supplementary Tables 3 and 4.

Figure 1 Associations of dyslexia candidate genes with grey and white matter volume. The x-axes of the diagrams depict 19

candidate genes colour-coded for the eight chromosomes they belong to. These genes are known from the literature to be significantly associated

with reading, spelling or other language-related behavioural traits. The y-axis in A represents the maximum P-values of the associations between

the genes and the grey matter volume images. The y-axis in C represents the maximum P-values of the associations between the genes and the

white matter volume images. The dashed line represents the corrected threshold of P = 0.001. Asterisks indicate genetically associated clusters

that remain significant after correction for type I error, spatial extent and number of genes tested. Note that bars crossing the dashed line without

receiving an asterisk only passed the type I error but not the spatial extent correction and thus were not considered significant. (B) P-value images

showing all grey matter volume clusters that revealed a significant association with the genetic variants NRSN1, FOXP2 and COL4A2. (D) P-value

images showing all white matter volume clusters that revealed a significant association with the genetic variants NRSN1, CNTNAP2 and CMIP. The

letter ‘x’ indicates the MNI coordinate of the sagittal cut plane. The colour bars indicate the range of the P-values. All presented P-values are

corrected for multiple testing. The exact P-values of the most significant voxels within the clusters as well as the P-value images from transversal

and coronal perspectives can be found in Supplementary Figs 1 and 2.
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Classification of dyslexics and con-
trols with the genetically associated
volume profiles

Initially, case-control classification performance was tested

separately for each of the significant clusters derived from

the association analysis in the sample of 9- to 12-year-old

children. Of the five grey matter and four white matter

volume clusters, only the grey matter volume cluster located

in the VWFA performed significantly above chance classify-

ing the participants into dyslexic and control individuals

(total classification accuracy: 73.53%, P = 0.031, corrected)

(Fig. 2A and B). Subsequently, this analysis was also carried

out in the sample of 5- to 6-year-old children to evaluate if

their structural brain data at a preliterate age had the dis-

tinctive power to identify young dyslexics and controls after

one school year of literacy instruction. Again, the classifica-

tion performance of the grey matter volume cluster located in

the VWFA reached significance (total classification accuracy:

75%, P = 0.035, corrected) (Fig. 2C and D) in addition to the

grey matter volume cluster located in the left lateral parieto-

occipital cortex (total classification accuracy: 80%,

P = 0.028, corrected). The detailed classification performance

of all clusters can be found in Supplementary Figs 3 and 4. In

the combined sample, the classifier trained on the VWFA

region of interest distinguished cases from controls with a

true positive rate of 0.74 and a false positive rate of 0.81,

revealing an area under the receiver operator characteristic

curve of 0.79 (Fig. 2E). Moreover, a kernel ridge regression

within the region of interest revealed a significant association

with reading comprehension (R2 = 0.07, P = 0.025, corrected)

and reading speed (R2 = 0.06, P = 0.047, corrected), but not

with spelling accuracy (R2 = 0.01, P = 0.480, corrected).

Finally, as it was not possible to match dyslexics and

controls in the advanced literacy group with respect to par-

ental education, we evaluated to which degree this variable

was related to the volumetric profile of the VWFA.

However, a kernel ridge regression within the VWFA

failed to detect any volumetric spatial pattern that ex-

plained variance in parental education, both in the

advanced literacy group (R2 = 0.00, P = 0.904) and in the

beginning literacy group (R2 = 0.00, P = 0.981).

Whole-brain grey matter volume
correlates of individual literacy skills

We also aimed to identify brain areas related to individual

variation in literacy skills independent of the genetic

Figure 2 Classification of dyslexics and controls with the genetically associated grey matter volume profile of the visual word

form area. Binary support vector machine classification weight maps are presented separately for two subsamples. (A) Thirty-four children in a

stage of advanced literacy, MRI-scanned and psychometrically diagnosed for dyslexia in grades 4 to 7 (17 dyslexics versus 17 controls). (C) Twenty

children in a beginning stage of literacy, MRI-scanned at a kindergarten age before literacy instruction and psychometrically diagnosed for dyslexia

at the end of first grade (10 dyslexics versus 10 controls). The colour bars indicate the range of classification weights. Five classification indices are

displayed separately on the x-axis for B the advanced literacy group, and for D the beginning literacy group (Acc = total classification accuracy;

Sens = sensitivity; Spec = specificity; PPV = positive predictive value; NPV = negative predictive value). The y-axis displays the classification per-

formance (0 to 100%). All classification indices for all regions of interest including the remaining eight grey and white matter volume clusters are

provided in Supplementary Figs 3 and 4. (E) Receiver operating characteristic curve illustrating the performance of the classifier in the combined

sample of 27 dyslexic participants and 27 controls. The y-axis represents the true positive rate, i.e. the rate of individuals that were correctly

identified as cases, and the x-axis represents the false positive rate, i.e. the rate of individuals that were correctly identified as controls. The overall

performance of the classifier is quantified as the area under the receiver operating characteristic curve (AUC).
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variants tested. Therefore, we ran whole-brain-level kernel

ridge regression analyses to determine to which degree each

voxel in each grey matter volume image is related to each

of the 54 participants’ performance in the reading compre-

hension, reading speed, and spelling accuracy tests, respect-

ively. A significant association was found for reading speed

(R2 = 0.15, P = 0.035, corrected). Voxels with the highest

positive relative weight were located in the bilateral middle

frontal gyri (�43, 35, 20 / 44, 31, 20 / 33, 31, 34), the left

posterior superior temporal gyrus (�48, �50, 15), and the

left parieto-occipital cortex (�28, �66, 34 / �12, 74, 30).

Clusters in the VWFA (�35, �55, �15) and the left visual

cortex (�44, �75, �8) revealed the highest negative

weights (Fig. 3). No significant whole-brain-level associ-

ations were found for reading comprehension (R2 = 0.03,

P = 0.2916, corrected) and spelling accuracy (R2 = 0.05,

P = 0.2715, corrected) (Supplementary Fig. 5).

Associations between dyslexia
candidate genes and individual
literacy skills

To further support the current evidence from the literature

that the SNPs rs9356928, rs4285310 and rs3178 on

NRSN1 are related to dyslexia, we computed their joint

association with the individual diagnostic status (dyslexic

versus control) of each participant. This effect reached stat-

istical significance [�(3) = 8.18, P = 0.042].

We also observed significant associations between the in-

dividual reading comprehension performance and the genes

NRSN1 [�(3) = 14.54, P = 0.002], KIAA0319 [�(3) = 7.86,

P = 0.049], CNTNAP2 [�(6) = 13.77, P = 0.032], and

CMIP [�(5) = 18.69, P = 0.002]. Moreover, individual

reading speed was significantly associated with KIAA0319

[�(3) = 9.77, P = 0.021] and TDP2 [�(1) = 4.378,

P = 0.036]. The association between NRSN1 and reading

comprehension turned out to remain significant when

family-wise error correcting for the number of all tested

genes. Full results of all association tests are provided in

Supplementary Table 5.

Discussion
Here, we investigated associations between 19 candidate

genes reported to be linked to literacy skills and the relative

volume of the grey and the white matter in a cohort of 141

children ranging from age 3 to 12. The genes NRSN1,

FOXP2, and COL4A2 turned out to be significantly

related to grey matter regions known to support functions

that play a role for literacy. The genes NRSN1,

CNTNAP2, and CMIP were found to be significantly

related to white matter regions known to be part of the

structural network underlying literacy proficiency. Within a

grey matter cluster in the VWFA that was significantly

associated with NRSN1, we detected volumetric patterns

that classified dyslexic individuals, defined as not being for-

mally diagnosed, but as showing substantial difficulties in

psychometric tests of reading or spelling, and control indi-

viduals with significant above-chance performance. These

patterns were found in a sample of 17 dyslexics and 17

control subjects MRI-scanned at age 9 to 12 (grades 4 to 6)

and assessed for literacy skills on average 1.7 years later at

age 10 to 14 (grades 4 to 8), and, moreover, in a sample of

10 dyslexics and 10 control subjects MRI-scanned at age 5

to 6 (attending kindergarten) and assessed for literacy skills

Figure 3 Whole-brain grey matter volume correlates of individual reading speed. Depicted are kernel ridge regression weight maps

with cross-hairs over regions where weights exceeded the threshold of �0.005 (blue) or 0.005 (red). The colour bar indicates the range of the

regression weights. The letters x, y and z specify the MNI coordinates of the sagittal, coronal and transversal cut planes, respectively. Non-

significant grey matter volume associations with individual reading comprehension performance and with individual spelling accuracy are provided

in Supplementary Fig. 5.
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at age 7 to 8 (end of the first grade). In the latter sample,

an additional significantly classifying volumetric pattern

was found in the left lateral occipital cortex that was also

associated with NRSN1. All effects were statistically inde-

pendent of the participants’ age, gender and handedness, as

well as the educational level of their parents. The grey

matter volume of the VWFA was significantly associated

with reading comprehension and reading speed, but not

with spelling accuracy. A significant association with read-

ing speed, but neither with reading comprehension nor with

spelling accuracy, was also found at the whole-brain level

in several grey matter regions known to support reading

acquisition. In line with previous evidence from the litera-

ture (Deffenbacher et al., 2004; Couto et al., 2010),

NRSN1 was significantly related to the individual dyslexia

diagnosis and the individual reading comprehension skills.

Further significant associations with reading comprehension

were observed for the genes KIAA0319, CNTNAP2 and

CMIP. Reading speed was significantly related to

KIAA0319 and TDP2.

Our observation that NRSN1 was related to both grey

and white matter volume is corroborated by in vitro evi-

dence indicating that the protein encoded by this gene is

involved in neurite extension by transporting vesicles to the

growing ends of dendrites and axons (Araki et al., 2002). A

similar role during early brain development is also ascribed

to FOXP2 (Vernes et al., 2011), which revealed an associ-

ation with grey matter volume in the present study. The

neuromolecular mechanisms regulated by COL4A2 and its

potential link to the grey matter, however, are currently

unclear and require further investigation (Verbeek et al.,

2012). Supporting previous studies, the relation between

CNTNAP2 and white matter volume revealed by our

study is in line with the finding that its protein product

contributes to the clustering of potassium channels at jux-

taparanodes of axons which is vital for intact neuronal

signalling (Rodenas-Cuadrado et al., 2014). Finally,

CMIP was also associated with white matter volume, but

its microstructural functions in the maturing brain are not

yet uncovered (Wang et al., 2015).

The neurobiological validity of the genetic association

clusters with respect to the transcriptome of the dyslexic

brain might be best evaluated on the basis of future post-

mortem work shedding light on the neural expression land-

scape of the dyslexia candidate genes. Nevertheless, all ef-

fects were localized in brain areas that have been linked to

literacy or dyslexia in previous studies. The VWFA is part of

the ventral visual stream that becomes increasingly sensitive

to print when reading and spelling is learnt (Dehaene et al.,

2015). A dorsal functional network including parieto-occipi-

tal and superior frontal cortices is assumed to influence how

well readers can allocate top-down attentional resources to

the visual discrimination of letters (Finn et al., 2014). The

cerebellum and also pre- and postcentral cortices are thought

to support the automatization of both explicitly and impli-

citly learned skills, which is crucial for fluent reading and

spelling (Nicolson et al., 1999; Menghini et al., 2006, 2008).

There is evidence that the auditory brainstem plays a role for

encoding basic acoustic features of speech sounds and thus

affects the quality of phonological representations

(Chandrasekaran et al., 2009). The left cerebellar peduncle

could be a pathway over which basic acoustic information is

propagated from the brainstem to the thalamus for further

acoustic processing. This hypothesis should be tested in

follow-up studies. Finally, the relation of the left cerebral

peduncle to CNTNAP2 and its possible contribution to lit-

eracy also remains to be further assessed.

It has been argued that it is almost impossible to isolate

structural brain changes underlying childhood literacy acqui-

sition owing to unspecific maturational changes and uncon-

trollable environmental differences (Carreiras et al., 2009).

Indeed, existing data on volumetric differences between dys-

lexic and control individuals have been ambiguous so far.

On the one hand, there are studies suggesting that higher

grey matter volume in temporo-parietal and temporo-occipi-

tal regions relate to higher literacy skills (Silani et al., 2005;

Hoeft et al., 2007). On the other hand, there are studies

suggesting that lower grey matter volume in temporo-par-

ietal regions relate to higher literacy skills (Darki et al.,

2012, 2014). Here we resolved this ambiguity by sidestep-

ping this dichotomy and accommodating the possibility that

cortical disparities between dyslexics and controls might be

averaged out when simply testing for mean differences be-

tween them. Instead, we argue that the disparities follow

rather complex spatial distributions that are more ad-

equately represented by volumetric patterns. The specificity

of our results is additionally bolstered by the fact that we

removed the effects of total intracranial volume and age in

our models to account for interindividual and age-related

differences in maturation, particularly synaptic pruning.

Our knowledge about the role of the environment in lit-

eracy acquisition is still limited. Nevertheless, there is evi-

dence that genetic contributions to dyslexia increase while

environmental contributions decrease the higher the level of

parental education (Friend et al., 2008). It is assumed that

the educational level of parents is related to the language

and literacy skills of their children. These skills are in turn

considered protective factors of dyslexia for children in the

home literacy environment (Lyytinen et al., 2004; Peterson

and Pennington, 2012; van der Leij et al., 2013).

Importantly, we ruled out the plausible possibility that

the effect of NRSN1 on the VWFA could be explained

by parental education as we controlled for this factor in

our models. Furthermore, there was no indication that the

case–control classification performance of the VWFA could

have been blurred by latent variables related to parental

education. It is certain that the present study does not

allow us to estimate how much variance in literacy pheno-

types can be explained by genetic relations to the VWFA

compared to environmental influences on the VWFA.

Nevertheless, it allows us to reason that the association

of NRSN1 with the VWFA specifically explains a certain

portion of variance in dyslexia independently of parental

education, the variable that best reflects the most proximate
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environmental mediator currently known. An exact quan-

tification of the unique and shared contributions of genetic

and environmental factors to the literate brain remains as a

major future challenge for the field.

We acknowledge that the regions affected in dyslexic in-

dividuals might also vary as a function of their cognitive

deficits (Heim and Grande, 2012) and of their age. The

latter aspect is supported by our observation that a pattern

in the left lateral parieto-occipital cortex significantly sepa-

rated dyslexics from controls before literacy instruction but

not after at least 3 years of schooling. At the same time, we

emphasize that our results provide evidence for an endo-

phenotypic continuum of NRSN1 polymorphisms in rela-

tion to volumetric features of the VWFA. Further

experiments are needed to corroborate the view that fluc-

tuating and stable endophenotypes co-occur in developmen-

tal dyslexia.

Limitations

It should be noted that our sample of 141 participants is

considered small for a genetic association analysis.

Moreover, the current study does not include an external

replication sample. The feasibility of larger follow-up ana-

lyses depends on the possibility to combine the data of our

cohort with data from other cohorts from populations that

are comparable in terms of orthographic transparency and

genetic homogeneity. Furthermore, it should be acknowl-

edged that the original NRSN1-related SNP rs4285310 was

not covered by the genotyping techniques used and there-

fore replaced by the proxy SNP rs10946673 in the present

analyses (Supplementary Table 1).

To provide a reliable literacy assessment after only 1 year

of schooling, we made sure that all participants were fa-

miliar with the core German alphabet and fully understood

all tasks (Supplementary material). Moreover, the reliability

of the diagnostic categorization is bolstered by the fact that

the classification of dyslexics and controls with the genet-

ically associated volume profiles revealed a comparable per-

formance in the first-graders compared to an independent

sample of children with more advanced literacy skills.

Nevertheless, we acknowledge that there are potential

other sources that might decrease the reliability of diagnos-

ing dyslexia after the first school year.

Conclusion
The present study sheds new light on the interplay of

‘nature and nurture’ during literacy acquisition.

Justifiably, the VWFA is a prime example of how learn-

ing-induced cortical plasticity leads to an expansion of the

human cognitive repertoire. Here, we have shown, how-

ever, that there seems to be a genetic limit to the adaptiv-

ity of this region to literacy-related skills. The grey matter

volume of the VWFA was found to be related to NRSN1,

a gene assumed to regulate neurite growth from early

maturation stages on. Moreover, the NRSN1-associated

cluster in the VWFA robustly distinguished dyslexics and

controls not only after several years of schooling, but also

already at a kindergarten age before literacy instruction

had actually begun. There was no indication that these

effects could have been mediated by environmental influ-

ences reflecting parental education levels. Nevertheless, the

genetic and environmental dynamics underlying the piv-

otal role of the VWFA for literacy acquisition require fur-

ther investigation in large-scale future studies.
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Psychometric data acquisition 

General quality criteria. To provide a reliable literacy assessment after only one year of 

schooling, we made sure that all data analyzed in the present study were in accordance with three 

quality criteria. First, the participant must have been able to separately name all 26 letters of the 

core German alphabet. Second, the participant must have fully understood all tasks. Finally, the 

participant must have been alert, attentive and focused across the entire psychometric testing 

session.  

 

Non-verbal IQ. In the total sample, non-verbal IQ data were not available for 7 participants who 

were therefore not included in the dyslexia case-control classification analysis. 11 individuals 

(one child MRI-scanned at age 5 and 10 children MRI-scanned at age 3) yielded a non-verbal IQ 

between 66 and 85. These children were excluded from the dyslexia classification analysis but 

not from the gene-brain association analysis since they reportedly did not suffer from 

neurological diseases or psychiatric disorders. 

 

MR data acquisition 

MRI was conducted on a 3.0-Tesla Siemens TIM Trio (Siemens AG) whole-body magnetic 

resonance scanner using a 12-radiofrequency-channel head coil. T1-weighted three-dimensional 

magnetization-prepared rapid-acquisition gradient echo (MP2RAGE) pulse sequences with TR = 

5.000 ms, TE = 2.82 ms, TI1 = 700 ms, TI2 = 2.500 ms, FOV = 256 x 240, matrix size = 250 x 

219 x 144 and voxel size = 1.3 x 1.3 x 1.3 mm³ were acquired.  
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Figure S1 P value images showing all grey matter volume clusters that revealed a significant 

association with the genetic variants (A) NRSN1, (B) FOXP2, and (C) COL4A2. Y indicates the 

MNI coordinate of the coronal cut plane. Z indicates the MNI coordinate of the transversal cut 

plane. The color bar indicates the range of the corrected p values. 
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Figure S2 P value images showing all white matter volume clusters that revealed a significant 

association with the genetic variants (A) NRSN1, (B) CNTNAP2, and (C) CMIP. Y indicates the 

MNI coordinate of the coronal cut plane. Z indicates the MNI coordinate of the transversal cut 

plane. The color bar indicates the range of the corrected p values. 
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Figure S3 Classification indices for all 5 significant genetic associations with grey matter 

volume. (A) Beginning readers. Above-chance classification (marked by an asterisk) was 

revealed by the association between NRSN1 and the left lateral occipital cortex (p = 0.028, 

corrected) and by the association between NRSN1 and the left temporal occipital fusiform cortex 

(p = 0.035, corrected). (B) Advanced readers. Above-chance classification (marked by an 

asterisk) was revealed by the association between NRSN1 and the left temporal occipital 

fusiform cortex (p = 0.031, corrected). lFCC = left temporal occipital fusiform cortex, lLOC = 

left lateral occipital cortex, rPOC = right parieto-occipital cortex, lSFG = left superior frontal 

gyrus, rCereb = right cerebellum, VIIb, crus II, VIIIa. Five classification indices are displayed 

separately on the x-axis: Acc = Total Classification Accuracy (yellow), Sens = Sensitivity (light 

grey), Spec = Specificity (dark grey), PPV = Positive Predictive Value (light purple), NPV = 

Negative Predictive Value (dark purple). The y-axis displays the classification performance (0 to 

100%). 
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Figure S4 Classification indices for all 4 significant genetic associations with white matter 

volume. (A) Beginning readers. (B) Advanced readers. lPCC = local white matter of the left 

postcentral cortex, lccP = left cerebral / cerebellar peduncle, lmCP = left middle cerebellar 

peduncle, rCereb = local white matter of the right cerebellum, crus I  (p = ). Five classification 

indices are displayed separately on the x-axis: Acc = Total Classification Accuracy (yellow), 

Sens = Sensitivity (light grey), Spec = Specificity (dark grey), PPV = Positive Predictive Value 

(light purple), NPV = Negative Predictive Value (dark purple). The y-axis displays the 

classification performance (0 to 100%).
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Figure S5 Non-significant whole-brain grey matter volume correlates of individual reading 

comprehension performance (R
2 

= 0.03, p = 0.2916, corrected) (A) and individual spelling 

accuracy (R
2 

= 0.05, p = 0.2715, corrected) (B). Depicted are kernel ridge regression weight 

maps with cross-hairs over regions where weights exceeded the threshold of -0.005 (blue) or 

0.005 (red). The color bar indicates the range of the regression weights. The letters x, y and z 

specify the MNI coordinates of the sagittal, coronal and transversal cut planes, respectively. 
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Table S1 (1/3) Characteristics of the Investigated Set of Single Nucleotide Polymorphisms 

    N participants in Genotypic Groupsd Genotypic Groups 

Chromosome Nearest Genea SNPb MAFc Hom Maje Heterof Hom Ming Hom Maje Heterof Hom Ming 

1 
RCAN3  

(Strippoli et al., 2000) 
rs196402  

(Luciano et al., 2013) 
0.4610 39 74 28 GG GA AA 

3 
ROBO1 

(Yue et al., 2006) 

rs162870  

(Bates et al., 2011) 
0.3832 20 65 52 CC AC AA 

3 ROBO1 
rs331142  

(Tran et al., 2014) 
0.2305 86 45 10 TT GT GG 

3 ROBO1 
rs12495133  

(Tran et al., 2014) 
0.3830 57 60 24 CC CA AA 

3 ROBO1 
rs11127636  

(Bates et al., 2011) 
0.4228 29 57 50 CC AC AA 

3 ROBO1 
rs4535189  

(Bates et al., 2011) 
0.4679 43 63 34 TT TC CC 

3 ROBO1 
rs7614913  

(Bates et al., 2011) 
0.4078 53 61 27 TT TC CC 

3 ROBO1 
rs6548628  

(Bates et al., 2011) 
0.4787 34 67 40 CC AC AA 

3 ROBO1 
rs9853895  

(Bates et al., 2011) 
0.4610 35 60 46 TT CT CC 

3 ROBO1 
rs1995402  

(Bates et al., 2011) 
0.4220 49 65 27 CC CA AA 

6 
NRSN1  

(Araki et al., 2002) 

rs9356928  

(Couto et al., 2010) 
0.4965 35 72 34 GG GA AA 

6 NRSN1 
rs4285310  

(Couto et al., 2010)h 
0.3321 62 63 15 TT TG GG 

6 NRSN1 
rs3178  

(Couto et al., 2010) 
0.4894 40 64 37 TT TC CC 

6 
DCDC2 

 (Threlkeld et al., 2007) 

rs793842  
(Darki et al., 2012) 

0.4149 53 59 29 GG GA AA 

6 DCDC2 
rs807701  

(Schumacher et al., 2006) 
0.3830 56 62 23 TT TC CC 

6 DCDC2 
rs807724  

(Meng et al., 2005) 
0.2376 82 51 8 AA GA GG 

6 DCDC2 
rs1091047  

(Lind et al., 2010) 
0.2057 89 46 6 GG CG CC 

6 DCDC2 
rs6922023  

(Lind et al., 2010) 
0.2057 10 38 93 AA GA GG 

6 DCDC2 
rs1087266  

(Meng et al., 2005) 
0.4255 47 68 26 CC CT TT 

6 
KIAA0319 

 (Threlkeld et al., 2007) 

rs2179515  
(Cope et al., 2005) 

0.4149 23 71 47 AA GA GG 

6 KIAA0319 
rs761100  

(Harold et al., 2006) 
0.4858 36 73 32 GG GT TT 

6 KIAA0319 
rs6935076  

(Harold et al., 2006) 
0.3333 62 64 15 CC CT TT 

6 
TDP2  

(Gomez-Herreros et al., 2014) 

rs3181238  

(Couto et al., 2010)
i 

0.3022 67 60 12 GG GA AA 

7 
FOXP2  

(Takahashi et al., 2003) 

rs923875  

(Peter et al., 2011) 
0.4397 25 74 42 CC CA AA 

7 FOXP2 
rs12533005  

(Peter et al., 2011) 
0.4362 27 69 45 CC GC GG 

7 FOXP2 
rs6980093  

(Peter et al., 2011) 
0.3936 20 71 50 GG GA AA 

7 FOXP2 
rs10230558  

(Peter et al., 2011) 
0.4468 38 80 23 AA TA TT 

7 FOXP2 
rs7782412  

(Peter et al., 2011) 
0.4043 19 76 46 CC TC TT 

7 FOXP2 
rs936146  

(Peter et al., 2011) 
0.4858 34 69 38 CC GC GG 

a (reference for expression in brain tissue) b Single Nucleotide Polymorphism (reference for relation to literacy) c Minor Allele Frequency            
d if N ≠ 141, data are missing for the SNP (in ≥ 7 participants) e Homozygous Major Allele f Heterozygous g Homozygous Minor Allele 
h replaced with proxy rs10946673 (R² = 0.45)  i replaced with proxy rs2223588 (R² = 0.83) 
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Table S1 (2/3) Characteristics of the Investigated Set of Single Nucleotide Polymorphisms 

    N participants in Genotypic Groupsd Genotypic Groups 

Chromosome Nearest Genea SNPb MAFc Hom Maje Heterof Hom Ming Hom Maje Heterof Hom Ming 

7 DGKI 
rs270891  

(Matsson et al., 2011) 
0.4610 26 78 37 AA CA CC 

7 DGKI 
rs270904  

(Matsson et al., 2011) 
0.3759 21 64 56 TT TC CC 

7 DGKI 
rs1991084  

(Matsson et al., 2011) 
0.4043 25 64 52 GG AG AA 

7 DGKI 
rs889869  

(Matsson et al., 2011) 
0.4752 32 70 39 AA GA GG 

7 
CREB3L2  

(Sheng et al., 2010) 

rs273933  
(Matsson et al., 2011) 

0.3333 19 56 66 AA AG GG 

7 
CNTNAP2  

(Poliak et al., 2001) 

rs7794745  

(Newbury et al., 2011) 
0.3617 56 68 17 AA AT TT 

7 CNTNAP2 
rs10246256  

(Vernes et al., 2008) 
0.3582 21 59 61 CC TC TT 

7 CNTNAP2 
rs2710102  

(Vernes et al., 2008) 
0.4894 41 62 38 TT TC CC 

7 CNTNAP2 
rs759178  

(Vernes et al., 2008) 
0.4857 41 62 37 TT GT GG 

7 CNTNAP2 
rs17236239  

(Vernes et al., 2008) 
0.2979 77 44 20 AA AG GG 

7 CNTNAP2 
rs4431523  

(Vernes et al., 2008) 
0.3014 71 55 15 TT CT CC 

7 CNTNAP2 
rs2710117  

(Vernes et al., 2008) 
0.4043 55 58 28 AA AT TT 

13 
COL4A2 

(Verbeek et al., 2012) 

rs9521789  

(Eicher et al., 2013) 
0.3794 52 71 18 TT TC CC 

15 
CYP19A1  

(Coumailleau and Kah, 2014) 

rs934634  
(Anthoni et al., 2012) 

0.2234 7 49 85 TT TC CC 

15 CYP19A1 
rs10046  

(Anthoni et al., 2012) 
0.4645 43 65 33 TT CT CC 

15 CYP19A1 
rs8034835  

(Anthoni et al., 2012) 
0.4645 33 65 43 AA AG GG 

15 
DYX1C1-CCPG1 

(Threlkeld et al., 2007) 

rs7174102  

(Paracchini et al., 2011) 
0.3893 23 63 54 AA AT TT 

15 DYX1C1-CCPG1 
rs600753  

(Dahdouh et al., 2009) 
0.4681 40 70 31 CC CT TT 

15 DYX1C1-CCPG1 
rs8037376  

(Paracchini et al., 2011) 
0.3972 55 60 26 TT TC CC 

15 DYX1C1-CCPG1 
rs685935  

(Bates et al., 2010) 
0.4433 45 67 29 TT TC CC 

15 DYX1C1-CCPG1 
rs11629841  

(Wigg et al., 2004) 
0.4149 52 61 28 TT GT GG 

15 DYX1C1-CCPG1 
rs8043049  

(Paracchini et al., 2011) 
0.4184 52 60 29 TT CT CC 

15 DYX1C1-CCPG1 
rs3743204  

(Wigg et al., 2004) 
0.1489 6 30 105 TT GT GG 

16 
CMIP  

(Kato et al., 2014) 

rs12927866  
(Wigg et al., 2004) 

0.3121 14 60 67 TT CT CC 

16 CMIP 
rs6564903  

(Wigg et al., 2004) 
0.4113 23 70 48 TT TC CC 

16 CMIP 
rs3935802  

(Wigg et al., 2004) 
0.3298 62 65 14 CC GC GG 

16 CMIP 
rs4265801  

(Wigg et al., 2004) 
0.4291 26 69 46 GG GT TT 

16 CMIP 
rs16955705  

(Scerri et al., 2011) 
0.3652 54 71 16 AA CA CC 

16 CMIP 
rs7201632  

(Wigg et al., 2004) 
0.3759 19 68 54 CC CT TT 

a (reference for expression in brain tissue) b Single Nucleotide Polymorphism (reference for relation to literacy) c Minor Allele Frequency            
d if N ≠ 141, data are missing for the SNP (in ≥ 7 participants) e Homozygous Major Allele f Heterozygous g Homozygous Minor Allele 
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Table S1 (3/3) Characteristics of the Investigated Set of Single Nucleotide Polymorphisms 

    N participants in Genotypic Groupsd Genotypic Groups 

Chromosome Nearest Genea SNPb MAFc Hom Maje Heterof Hom Ming Hom Maje Heterof Hom Ming 

16 
ATP2C2  

(Xiang et al., 2005) 

rs8053211  
(Wigg et al., 2004) 

0.4929 41 57 43 GG GA AA 

16 ATP2C2 
rs11860694  

(Wigg et al., 2004) 
0.4858 41 63 37 GG GC CC 

16 ATP2C2 
rs16973771  

(Wigg et al., 2004) 
0.4149 27 63 51 CC CT TT 

16 ATP2C2 
rs2875891  

(Wigg et al., 2004) 
0.3723 24 57 60 TT CT CC 

16 ATP2C2 
rs8045507  

(Wigg et al., 2004) 
0.4078 26 63 52 AA AG GG 

18 
EPB41L3  

(Martinez-Glez et al., 2005) 

rs11874896  

(Scerri et al., 2010) 
0.1489 104 32 5 AA TA TT 

18 
DYM  

(El Ghouzzi et al., 2003) 

rs11873029  
(Scerri et al., 2010) 

0.2057 89 46 6 CC TC TT 

18 
MYO5B  

(Rodriguez and Cheney, 2002) 

rs555879  
(Scerri et al., 2010) 

0.4716 38 73 30 TT CT CC 

18 
NEDD4L  

(Dergham et al., 2007) 

rs8094327  

(Scerri et al., 2010) 
0.1738 100 33 8 AA GA GG 

18 NEDD4L 
rs12606138  

(Scerri et al., 2010) 
0.1667 7 33 101 GG AG AA 

a (reference for expression in brain tissue) b Single Nucleotide Polymorphism (reference for relation to literacy) c Minor Allele Frequency            
d if N ≠ 141, data are missing for the SNP (in ≥ 7 participants) e Homozygous Major Allele f Heterozygous g Homozygous Minor Allele 
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Table S2 (1/2) Age of MRI data acquisition, age of psychometric data acquisition and time 

between MRI data acquisition and psychometric data acquisition 

 

 

Participant Dyslexia TMRI
a 

TPsych
b 

Δ
c  

1 no 12.17 13.67 1.50 

2 no 11.58 13.58 2.00 

3 no 11.50 13.58 2.08 

4 yes 11.42 13.50 2.08 

5 no 11.25 11.25 0 

6 no 11.25 11.25 0 

7 yes 11.17 13.50 2.33 

8 no 11.17 13.17 2.00 

9 yes 11.08 13.50 2.42 

10 yes 11.00 11.33 0.33 

11 no 10.92 12.92 2.00 

12 no 10.92 13.08 2.16 

13 yes 10.83 13.42 2.59 

14 yes 10.75 11.00 0.25 

15 yes 10.75 13.08 2.33 

16 yes 10.67 11.00 0.33 

17 no 10.58 12.92 2.34 

18 yes 10.50 10.83 0.33 

19 no 10.33 12.50 2.17 

20 no 10.33 12.75 2.42 

21 yes 10.25 12.42 2.17 

22 yes 10.17 10.17 0 

23 yes 10.08 12.75 2.67 

24 yes 10.08 12.42 2.34 

25 yes 10.00 10.00 0 

26 no 9.92 12.50 2.58 

27 yes 9.92 12.50 2.58 

28 no 9.92 12.00 2.08 

29 no 9.83 12.17 2.34 

30 no 9.75 12.25 2.50 

 
a 

Age (in years) of MRI data acquisition 
b 

Age (in years) of psychometric data acquisition 
c 

Time (in years) between MRI data acquisition and  psychometric data acquisition 

The time between MRI data acquisition and psychometric data acquisition did not differ significantly between 

dyslexic and control individuals: 

34 participants that underwent MRI between 9 and 12 years of age: z = 0.24, p = 0.812 

20 participants that underwent MRI between 5 and 6 years of age: F = 0.066, p = 0.800  

combined sample of 54 participants: z = 0.48, p = 0.634 
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Table S2 (2/2) Age of MRI data acquisition, age of psychometric data acquisition and time 

between MRI data acquisition and psychometric data acquisition 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 
Age of MRI data acquisition 

b 
Age of psychometric data acquisition 

c 
Time between MRI data acquisition and  psychometric data acquisition 

The time between MRI data acquisition and psychometric data acquisition did not differ significantly between 

dyslexic and control individuals: 

34 participants that underwent MRI between 9 and 12 years of age: z = 0.24, p = 0.812 

20 participants that underwent MRI between 5 and 6 years of age: F = 0.066, p = 0.800  

combined sample of 54 participants: z = 0.48, p = 0.634 

 

 

 

 

 

 

 

Participant Dyslexia TMRI
a 

TPsych
b 

Δ
c  

31 no 9.75 12.17 2.42 

32 yes 9.50 10.08 0.58 

33 yes 9.42 12.08 2.66 

34 no 9.17 11.92 2.75 

35 yes 6.33 7.92 1.59 

36 no 6.08 7.67 1.59 

37 no 6.08 8.58 2.50 

38 yes 6.00 8.08 2.08 

39 yes 5.92 7.67 1.75 

40 yes 5.92 7.92 2.00 

41 no 5.92 7.17 1.25 

42 no 5.92 8.25 2.33 

43 no 5.83 7.58 1.75 

44 no 5.83 7.58 1.75 

45 no 5.83 7.75 1.92 

46 no 5.75 7.33 1.58 

47 yes 5.58 7.08 1.50 

48 no 5.50 7.92 2.42 

49 no 5.42 7.75 2.33 

50 yes 5.33 7.50 2.17 

51 yes 5.25 7.25 2.00 

52 yes 5.25 7.75 2.50 

53 yes 5.17 7.33 2.16 

54 yes 5.08 7.17 2.09 
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Table S3 Anatomical labels, sizes, MNI coordinates and p values of all grey matter volume 

clusters that were significantly associated with (a) NRSN1, (b) FOXP2, and (c) COL4A2 

 

a (NRSN1) 

 

  
MNI 

Coordinates 

 

Macroanatomical Region
a
 Cluster Size

c
 x y z pVoxelMax

d
 

Right Pre- and Postcentral Gyri
b 

Right Lateral Occipital Cortex, Superior Division
b
 

Right Superior Parietal Lobule
b
 

255 

224 

102 

42 -18 53 9.92x10
-5

 

35 -71 41 2.88x10
-5

 

29 -48 57 5.40x10
-5

 

Left Lateral Occipital Cortex 147 -9 -83 42 5.28x10
-6

 

Left Temporal Occipital Fusiform Cortex 100 -33 -63 -18 3.19x10
-4

 
 

b (FOXP2) 

 

  
MNI 

Coordinates 

 

Macroanatomical Region
a
 Cluster Size

c
 x y z pVoxelMax

d
 

Left Superior Frontal Gyrus 185 -3 38 53 8.74x10
-5

 

 

c (COL4A2) 

 

  
MNI 

Coordinates 

 

Macroanatomical Region
e
 Cluster Size

c
 x y z pVoxelMax

d
 

Right Cerebellum, VIIb, Crus II,  VIIIa 270 17 -77 -54 1.65x10
-4

 
 

a 
according to the Harvard-Oxford Cortical Structural Atlas 

b 
these sub-clusters form a continuous cluster at p < 0.001before further correcting for size and number of genes   

c 
corrected n voxels 

d 
corrected p value of the most significant voxel within the cluster 

e 
according to the Cerebellar Atlas 
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Table S4 Anatomical labels, sizes, MNI coordinates and p values of all white matter volume 

clusters that were significantly associated with (a) NRSN1, (b) CNTNAP2, and (c) CMIP 

 

a (NRSN1) 

 

  
MNI 

Coordinates 

 

Macroanatomical Region Cluster Size
c
 x y z pVoxelMax

d
 

Local White Matter of the Left Postcentral Cortex 58 -45 -23 60 1.90x10
-5

 

 

b (CNTNAP2) 

 

  
MNI 

Coordinates 
 

Macroanatomical Region
a
 Cluster Size

c
  x y z pVoxelMax

d
 

Left Cerebral Peduncle
b 

Left Inferior Cerebellar Peduncle
b 

2.172 

1.718 

-20 -27 -8 5.66x10
-7 

-11 -41 -45 1.70x10
-6 

 

 

c (CMIP) 

 

  
MNI 

Coordinates 

 

Macroanatomical Region Cluster Size
c
 x y z pVoxelMax

d
 

Left Middle Cerebellar Peduncle 288 -9 -83 42 1.70x10
-6

 

Local White Matter of the Right Cerebellum, Crus I 63 32 -68 -36 6.86x10
-5

 
 

a 
according to the Johns Hopkins University ICBM-DTI-81 White Matter Atlas 

b 
these sub-clusters form a continuous cluster at p < 0.001before further correcting for size and number of genes   

c 
corrected n voxels 

d 
corrected p value of the most significant voxel within the cluster 
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Table S5 Associations between dyslexia candidate genes and literacy skills 

 

 

Gene Reading comprehension
 

Reading speed
 Spelling accuracy 

RCAN3 χ(1) =  0.41, p = 0.520 χ(1) = 0.46, p = 0.498 χ(1) = 0.45, p = 0.503 

ROBO1 χ(9) = 10.92, p = 0.282 χ(9) = 10.06, p = 0.345 χ(9) = 3.35, p = 0.949 

NRSN1 χ(3) = 14.54, p = 0.002* χ(3)  = 7.22, p = 0.065 χ(3)  = 5.20, p = 0.158 

DCDC2 χ(6) = 11.33, p = 0.079 χ(6) = 3.07, p = 0.800 χ(6) = 7.67, p = 0.264 

KIAA0319 χ(3) = 7.86, p = 0.049 χ(3)  = 9.77, p = 0.021 χ(3)  = 0.98, p = 0.806 

TDP2 χ(1) = 2.04, p = 0.153 χ(1) = 4.378, p = 0.036 χ(1) = 0.42, p = 0.516 

FOXP2 χ(6) = 8.60, p = 0.198 χ(6) = 12.17, p = 0.058 χ(6) = 12.36, p = 0.054 

DGKI χ(4)  = 5.21, p = 0.266 χ(4) = 3.55, p = 0.471 χ(4) = 1.54, p = 0.819 

CREB3L2 χ(1) = 0.22, p = 0.636 χ(1) = 0.27, p = 0.604 χ(1) = 0.60, p = 0.440 

CNTNAP2 χ(6)  = 13.77, p = 0.032 χ(6) = 4.17, p = 0.654 χ(6) = 7.36, p = 0.289 

COL4A2 χ(1)  = 0.14, p = 0.711 χ(1)  = 0.01, p = 0.928 χ(1) = 0.16, p = 0.686 

CYP19A1 χ(2)  = 1.86, p = 0.395 χ(2) = 0.97, p = 0.617 χ(2) = 5.30, p = 0.071 

DYX1C1-CCPG1 χ(6)  = 4.09, p = 0.665 χ(6) = 3.68, p = 0.720 χ(6) = 5.41, p = 0.492 

CMIP χ(5)  = 18.69, p = 0.002* χ(5) = 8.57, p = 0.127 χ(5) = 4.77, p = 0.664 

ATP2C2 χ(4)  = 0.52, p = 0.972 χ(4) = 3.46, p = 0.484 χ(4) = 8.09, p = 0.088 

EPB41L3 χ(1)  = 0.80, p = 0.371 χ(1)  = 2.29, p = 0.131 χ(1)  = 2.43, p = 0.119 

DYM χ(1)  = 0, p = 0.990 χ(1)  = 0.62, p = 0.430 χ(1)  = 0.34, p = 0.562 

MYO5B χ(1)  = 0.33, p = 0.566 χ(1)  = 0.09, p = 0.760 χ(1)  = 0.83, p = 0.361 

NEDD4L χ(2) = 2.62, p = 0.270 χ(2) = 4.35, p = 0.114 χ(2) = 2.33, p = 0.311 

 
* p < 0.05 after family-wise error correction 
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