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Abstract The region containing ROBO1 (Chromosome

3p12.3) has been implicated as a susceptibility gene for

reading disorder and language deficit by translocation and

linkage data. No association studies have yet been reported

supporting any candidate gene. Here we report the first

association of this gene with language deficits, specifically

with phonological buffer deficits (a phenotype implicated

in language acquisition, Specific Language Impairment and

Speech Sound Disorder) and dyslexia (reading and spelling

ability traits) in an unselected sample of adolescent twins

and their siblings. Family-based analyses were performed

on 144 tag SNPs in ROBO1, typed in 538 families with up

to five offspring and tested for association with a devel-

opmental marker of language impairment (phonological

buffer capacity, assessed using non word repetition).A

reading and spelling ability measure—based on validated

measures of lexical processing (irregular word) and

grapheme–phoneme decoding (pseudo word)—and mea-

sures of short-term and working memory were also ana-

lysed. Significant association for phonological buffer

capacity was observed for 21 of 144 SNPs tested, peaking

at 8.70 9 10-05 and 9.30 9 10-05 for SNPs rs6803202

and rs4535189 respectively for nonword repetition, values

that survive correction for multiple testing. Twenty-two

SNPs showed significant associations for verbal storage

(forward digit span)—a trait linked to phonological span.

By contrast, just 5 SNPs reached nominal significance for

working-memory, not surviving correction, and, impor-

tantly, only one SNP in the 144 tested reached nominal

significance (0.04) for association with reading and spell-

ing ability. These results provide strong support for

ROBO1 as a gene involved in a core trait underpinning

language acquisition, with a specific function in supporting

a short-term buffer for arbitrary phonological strings.

These effects of ROBO1 appear to be unrelated to brain

mechanisms underpinning reading ability, at least by ado-

lescence. While replication will be critical, the present

results strongly support ROBO1 as the first gene discovered

to be associated with language deficits affecting normal

variation in language ability. Its functional role in neuronal

migration underlying bilateral symmetry and lateralization

of neuronal function further suggests a role in the evolution

of human language ability.

Keywords Specific language impairment � Dyslexia �
ROBO1 � Association � Language � Reading ability �
Spelling ability � Family-based

Introduction

Both language and reading are normally varying, neuro-

developmental traits (Bates et al. 2007d; Olson and Byrne

2005). Genetic studies suggest that these disorders are

highly heritable but also genetically complex (Paracchini

et al. 2007), with multiple genes influencing variance, and,
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likely, some genes with generalist effects influencing a

broad range of cognitive ability (Kovas and Plomin

2006)—corresponding to the genetic basis of what Spear-

man termed g. These studies also show a considerable

specificity of gene effects, restricted to particular compo-

nents of cognition in language and dyslexia (Bates et al.

2007a). Importantly for theories of neurodevelopmental

variation, the same genes appear to account for both nor-

mal variation and the majority of disorder (Bates et al.

2007b, c, d; Plomin et al. 2007).

To date, molecular research has been considerably more

successful for dyslexia than language impairment, with

some dozen regions implicated by linkage studies in both

affected (Fisher et al. 2002; Paracchini et al. 2007) and

normally varying (Bates et al. 2007b) samples. Support for

specific genes, namely, KIAA0319 (Cope et al. 2005; Lu-

ciano et al. 2007; Paracchini et al. 2008), DCDC2 (Lind

et al. 2009; Meng et al. 2005; Schumacher et al. 2006), and

DYX1C1 (Bates et al. 2009a; Dahdouh et al. 2009) has also

been found. To date for language impairment one gene,

FOXP2, is indicated as causing a Mendelian form of lan-

guage and speech disorder, and with no apparent mutations

in this gene affecting either Specific Language Impairment

(SLI) cases outside the affected family or normal variation

in language (Newbury et al. 2002). A second candidate has

been reported—CNTNAP2—which may affect nonword

repetition (Vernes et al. 2008). Other genes under selection

in human evolution have been implicated in language

evolution (Dediu and Ladd 2007), but have yet to be linked

to particular language phenotypes (Bates et al. 2008).

Here we focus on the peri-centromeric region of chro-

mosome 3, implicated in language function by four inde-

pendent groups studying diverse populations. A Finnish

pedigree study first implicated a 34-megabase region on

C312p identified as being transmitted in the majority of

affected individuals in a four-generation family segregating

developmental dyslexia in an autosomal-dominant fashion

(Nopola-Hemmi et al. 2001). Fisher et al. next reported

evidence for linkage in this region in UK and US samples

selected for dyslexia (Fisher et al. 2002) and Bates et al.

using an unselected Australian twin sample also supported

linkage at 3p12 to a broad dyslexia phenotype (Bates et al.

2007b). Importantly for understanding the phenotype

underlying this linkage signal, a fourth report using a US

sample selected for Speech Sound Disorder (SSD) (rather

than dyslexia) also found strong support for linkage in this

region (Stein et al. 2004). In this latter case, the phenotype

most strongly implicated was reception and storage of

phonological information (markers D32465 empirical

P = 2 9 10-5, and D3S3716, empirical P = 4.6 9 10-4).

Within this domain the critical phenotype appeared to be

nonword repetition. Turning back to original reports

(Nopola-Hemmi et al. 2000, 2001) the critical phenotypes

linked to the C3 translocation were not dyslexia per se, but

rather involved short-term memory (linked to nonword

repetition), phonological awareness (possibly reliant on

adequate phonological storage), and phonological naming

(an articulatory task similar to that found to be linked to

C3p12 by Stein et al. (2004)). Evidence to date, then, is

compatible with a gene or genes in the C3p12 region being

linked to either or both of dyslexia and SLI/SSD. Diffi-

culties in reading have been argued to follow as a conse-

quence of SSD (Pennington and Lefly 2001), and it may be

that damage to some, if not all mechanisms implicated in

language acquisition has wide-spread effects on commu-

nication, manifesting in the severe dyslexia seen by

Nopola-Hemmi et al. in their Finnish pedigree study.

As the search in this region turned to candidate genes,

attention focused on ROBO1 as a candidate dyslexia gene

(Hannula-Jouppi et al. 2005); it was initially suggested as

being disrupted by the t(3;8)(p12;q11) translocation

(Hannula-Jouppi et al. 2005), and was located in the region

implicated in linkage scans for SSD (Stein et al. 2004) and

dyslexia (Nopola-Hemmi et al. 2001). ROBO1 is involved

in bilateral symmetry of the nervous system due to its

influence on axons that project across the midline in their

migration along long distance chemo-gradients. A member

of a family of similar genes (cf. Barber et al. 2009),

ROBO1 has roles in both axon guidance and neuronal

precursor guidance (Andrews et al. 2006), and is mediated

by SLIT-family proteins (Andrews et al. 2008).

Several lines of evidence thus prompted us to explore

the possibility that the ROBO1 gene is related not to the

core phenotypes of reading—lexical storage and graph-

eme-phoneme decoding—but rather to core traits under-

pinning language acquisition. Firstly, studies of SSD

implicate phonological storage as a core phenotype linked

to the DYX5 region (Stein et al. 2004), and this is sup-

ported by the phonological basis of many phenotypes

affected by a disrupting translocation in ROBO1 (Nopola-

Hemmi et al. 2000, 2001). Secondly, the mechanism of

ROBO1 is distinct from that of other neuronal migration

genes implicated in dyslexia, which have been shown to

affect shorter-range migration and do not involve symme-

try (Galaburda et al. 2006; LoTurco and Bai 2006). Third,

the finding that ROBO1 is implicated in disorders involving

language deficits (Anitha et al. 2008) provides direct sup-

port for a role in language. Here we hypothesized that the

nonword repetition measure of the phonological buffer

mechanism (Gathercole 2006) has evolved as a component

in a language acquisition device (Baddeley et al. 1998) and

will be associated with ROBO1 function but not directly

with reading and spelling ability or manipulation of

working memory.
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Methods and materials

Subjects

Twins were initially recruited from primary schools in the

greater Brisbane area, by media appeals and word of

mouth, as part of ongoing studies of melanoma risk factors

and cognition (McGregor et al. 1999; Wright et al. 2001).

Data were also gathered from non-twin siblings of twins,

with families comprising up to five siblings (including

twins). There were two waves to this study: the first in

which reading and spelling measures were collected and

the second in which language measures (including short

term memory) were added to the existing test battery.

Exclusion criteria were parental report of significant head

injury, neurological or psychiatric illness, substance abuse

or dependence, or current use of psychoactive medication

in either twin. Participants had normal or corrected-

to-normal vision (better than 6/12 Snellen equivalent).

Data were available for 1177 individuals (1111 for the

language assessment) with relevant phenotype and geno-

typing data. In the case of the reading phenotype, this

comprised 538 families, and 136 MZ pairs, 343 DZ twin

pairs and a further 11 triplets ranging in age from 12.3 to

25.1 years (mean = 17.9, SD = 2.9), 54.5% of whom

were female. Numbers were slightly lower for the language

phenotype (1111 individuals, 505 families, 126 MZ and

326 DZ pairs, and 9 triplets, mean age 20.1 (SD = 3.4),

again 54.5% female).

The sample is 98% Caucasian by self-report, predomi-

nantly Anglo-Celtic (*82%) and is typical of the

Queensland population on a range of traits including

intellectual ability (Schousboe et al. 2003). Blood samples

were collected at the end of testing sessions from partici-

pants and if possible from their parents. Zygosity was

initially based on self-report and revised where necessary

using the genotyping results. Ethical approval for this study

was received from the Human Research Ethics Committee,

Queensland Institute of Medical Research. Written

informed consent was obtained from each participant and

their parent/guardian (if younger than 18 years) prior to

phenotype and blood collection.

Measures

A quantitative measure of reading and spelling ability was

formed as the principal component of the Irregular-word

and non-word scales for reading and for spelling assessed

using the CORE (Bates et al. 2004), a reliable 120-word

extended version of the Castles and Coltheart (1993) test

with additional items included to increase the difficulty

level for an older sample. The SLI endophenotype of

phonological storage efficiency was assessed using a

standardised battery combining scores on the Gathercole

et al. (1994) and Dollaghan and Campbell (1998) measures

of nonword repetition, a heritable trait, previously linked to

at least two genetic loci involved in specific language

impairment (SLI Consortium 2004). Also included were

the WAIS III (Wechsler 1997) Digit-Span Forwards task,

as a measure of verbal short-term memory and letter

number sequencing task as a measure of working memory.

Scores on the nonword repetition (NWR) tasks were

normally distributed, and were simply standardized and

summed to produce a composite measure of phonological

memory. Each of the three reading sub-tests and three

spelling tests were calculated as a simple sum of correct

items and were Box–Cox (Box and Cox 1964) transformed

to normalize their distributions. Intelligence was used as a

covariate in all cases, as controlling for general cognitive

ability has been shown to increase sensitivity for reading

ability (Luciano et al. 2007). Because scores on the verbal

IQ are confounded with reading ability, performance IQ

was used as a covariate, using performance scales from the

Multidimensional Aptitude Battery (Jackson 1984) com-

pleted by subjects as close as possible to their 16th birthday

(siblings were a year older on average than twins at time of

testing). Therefore, some participants will have been tested

on IQ several years before or after their reading and lan-

guage measures were collected; but note that IQ is a very

stable trait. The distribution of performance IQ was normal

(mean 113, SD 16.2; range: 64–151) and no exclusions

were made for participants with low IQ.

Genotyping

DNA was extracted from blood samples and genotyped

with Illumina 610K chips. Data-checking procedures were

based on exclusion of unreliable samples and SNPs, as

described in Benyamin et al. (2009). These included

deviation from Hardy–Weinberg equilibrium at P \ 10-6,

minor allele frequency \0.01, and Mendelian errors. Sub-

jects found to be of non-European ancestry by principal

components analysis of the genotyping data were also

excluded. One hundred and sixty-six tag SNPs covering the

ROBO1 region were selected via Tagger (de Bakker et al.

2005). Of these, 144 were available on the chip and passed

quality checks.

Association analysis of SNPs in the ROBO1 region was

conducted using MERLIN (Chen and Abecasis 2007).

These analyses model the additive genotypic effect at each

SNP as a fixed effect in the means model. These analyses

concurrently account for the relatedness among partici-

pants by explicitly modeling the covariance structure

assuming an AE background genetic model. These
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analyses also included adjustments for the fixed effects of

age (and age squared), sex, performance IQ, and tester

within the means model.

For monozygotic twin pairs the mean for the two par-

ticipants was used in preference to the random selection of

one member of the pair, this has the effect of increasing the

test measurement reliability. Visualization and annotation

of the genome-wide association results—focusing only on

the ROBO1 SNPs identified by Tagger—were performed in

WGA Viewer (Ge et al. 2008). Other analyses (correla-

tions, estimation of genotypic means) were done using R

(R Development Core Team 2009).For a SNP explaining

1% of variance in our traits, under an additive model and

against a background sibling correlation of *0.30, we have

[95% power (a = 0.05) to detect association for a SNP

with minor allele frequency above 0.05 (Purcell et al.

2003). Three SNPs had frequencies\5% (rs324755, 0.018;

rs9839572, 0.018; rs11925648, 0.025). Power for these

SNPs was 0.87 for a 1% effect (0.99 for a 2% effect).

Effects of multiple testing are critical in association stud-

ies. Therefore significance levels were controlled using

matSpD to identify independent SNPs within the ROBO1

gene (Nyholt 2004).

Results

Descriptive

The physical locations of the SNPs (and their inter-marker

linkage disequilibrium) are shown in Fig. 1.

SNPs with nominal P values\0.05 for association with

the NWR phenotype are listed in Table 1. A schematic of

chromosome 3 showing the location of ROBO1 and the

association values of all 144 tested SNPs for NWR is

shown in Fig. 2. As can be seen, 21 SNPs exceeded nomi-

nal significance, with two—rs6803202 and rs4535189—

reaching values surviving correction for multiple testing

(P 8.70 9 10-05 and 9.30 9 10-05 respectively).

Results of association testing for digit-span forward are

shown in Table 2 for the 22 SNPs reaching nominal sig-

nificance with three SNPs achieving P-values \0.0006,

including rs7653197 which was significant for NWR. Both

the top two SNPs associated with NWR were also signifi-

cant for digits-forward.

Finally, the top-10 SNPs for association with reading

and spelling ability and with working memory are shown

in Table 3. For working memory, five SNPs had nominal

P-values \ 0.05, including rs333491 with P of 0.004 for

working memory. By contrast, for reading, only one SNP

in the 144 tested was even nominally significant. No SNPs

for either trait survived correction for multiple testing.

Discussion

Based on translocation and association data, and its role in

bilateral asymmetry and neuronal migration, we examined

the association of SNPs in ROBO1 with theoretically

motivated measures of language impairment, reading and

spelling ability, and short-term verbal information storage

and manipulation in a large sample representative of the

general population.

Significant support was found for association of ROBO1

polymorphisms with phonological buffer capacity peaking

Fig. 1 ROBO1 linkage

disequilibrium plot centered on

SNP rs6803202. Figure

generated using SNAP (Johnson

et al. 2008)
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at 8.70 9 10-05 and 9.30 9 10-05 for SNPs rs6803202

and rs4535189 respectively, values that survive correction

for multiple testing. Support for association was also found

for the genetically related trait of short-term storage and

recall of meaningful verbal sequences (assessed by forward

digit span), but not for working memory function (assessed

by the letter number sequencing task). In contrast, only one

SNP reached nominal significance for association with the

reading and spelling ability phenotype, despite this trait

and sample showing adequate power in previous studies of

association to detect genetic associations for reading

including for KIAA0319 (Luciano et al. 2007), DCDC2

(Lind et al. 2009), and DYX1C1 (Bates et al. 2009a).

Together with the positive attributes of this study such

as its size, utilization of normally-varying continuous-trait

measures assessed over multiple instruments, and exami-

nation of a full suite of tagging SNPs across this large gene

derived from the HapMap (Altshuler et al. 2005), and

tested in a population of homogenous and appropriate

ethnic origin, these findings suggest that ROBO1 is a strong

candidate for involvement in normal variation in language

acquisition, and that ROBO1 is functionally specialized to

support the phonological buffer component (Baddeley et al.

1998; Gathercole 2006) of a language acquisition system.

Independently, the results suggest that deficits in this sys-

tem do not impact on the ability to either form the rules of

decoding novel letter strings, or store the lexical entries of

a written language (Bates et al. 2007a).

This conclusion is compatible with linkage studies in

speech sound disorder, which implicated this region in

nonword repetition (Stein et al. 2004), and with the original

Nopola-Hemmi report in which again, translocation status

segregated with verbal short term memory, brief phono-

logical storage and manipulation traits (Nopola-Hemmi

et al. 2001), as shown here at a molecular level for the first

time, highlighting the importance of phenotypic specificity,

Table 1 Nominally significant associations of polymorphisms in

ROBO1 to nonword repetition

SNP Location P value Allele Ancestral

allele

1 rs6803202 79499153 8.70 9 10-05 C/T C

2 rs4535189 79489971 9.30 9 10-05 G/A A

3 rs7653197 79470784 0.0001 C/A C

4 rs1387665 79429811 0.0001 G/A G

5 rs7628757 79522372 0.0002 G/A A

6 rs4130991 79469022 0.0002 A/G A

7 rs4680960 79449566 0.0002 C/T C

8 rs6548628 79569558 0.0007 A/C A

9 rs6548621 79550373 0.0011 A/G G

10 rs6802848 79411014 0.0014 A/G A

11 rs7612183 79536912 0.0033 C/T T

12 rs7356113 79753563 0.0035 A/G G

13 rs6548651 79784416 0.0037 G/A A

14 rs7622444 79557927 0.0038 A/G A

15 rs7429525 79678609 0.0052 T/C C

16 rs9853895 79585158 0.0052 T/C C

17 rs9857859 79591307 0.0053 T/C T

18 rs7623728 79597035 0.0160 T/C C

19 rs7637338 79560604 0.0190 G/A G

20 rs7614913 79567629 0.0220 C/T C

21 rs4264688 79546348 0.0460 C/T N/A

Note: Analyses performed in Merlin (Chen and Abecasis 2007). Trait

was residualised for the effects of age, age2, sex, interviewer, and

performance IQ. P values as observed, uncorrected

Fig. 2 Plot of association for

nonword repetition. Figure

generated using SNAP (Johnson

et al. 2008)
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as found in other genetic associations with complex phe-

notypes—for instance memory and forgetting (Bates et al.

2009b).

At a physiological level, the results suggest that while

reading and spelling ability is likely dependent on local

neuron-migration abnormalities as reflected in molecular

layer ectopias and microgyria (Galaburda et al. 2006),

neuronal migration in language is perhaps dependent on

selection affecting longer range axonal guidance under-

pinning anatomical asymmetry, and, perhaps, related local

dendritic guidance functions. The consistent finding of

linkage around the region containing ROBO1 for dyslexia,

combined with the surprising absence of even nominal

support for association to reading and spelling ability in the

present study suggests also that there may be a second

gene, related to reading, in this region.

The weaker but significant link to short-term memory,

but not for reading, further supports the independence of

neuronal mechanisms supporting grapheme and lexical

item storage from phoneme and syllabic manipulation. The

finding is also relevant for understanding pleiotropy across

cognitive mechanisms. For instance we recently showed

that DYX1C1 is related to reading, but that an independent

effect (tagged by SNP rs3743204) was associated with

short-term memory, but not reading in the same sample

(Bates et al. 2009a). This suggests that gene-level analyses

may suggest pleiotropy, but that distinct functional effects

of mutations in this gene may mediate this gene-level

pleiotropy. In the case of DYX1C1 it seems that TPR-

domain mediated neuronal migration (Wang et al. 2006)

may be related to short-term storage.

How these SNPs operate at psychological level is clearly

important. The specificity of the association for nonword

repetition and lack of association to reading, digits span,

and letter number sequencing allow a (necessarily specu-

lative) account of the mental mechanisms affected by

ROBO1 polymorphisms. Each of these tests of reading and

language have significant perceptual and articulatory

demands: nonword repetition, digit span, and letter number

sequencing all depend on adequate perception of graphe-

mic or phonemic stimuli, and the articulation of responses.

While it may be that NWR s more sensitive to these pro-

cesses, it seems likely that these input and output systems

are not central to the role of the SNPs identified here. In

specifying the Working Memory model, Baddeley was

clear to distinguish the sub-system he calls the ‘phono-

logical buffer’ (Baddeley et al. 1998) from other elements

of working memory (such as the central executive).

Moreover the NWR task was designed by Gathercole and

Baddeley precisely to be a sensitive indicator of the func-

tion of this phonological loop as a brief store of mean-

ingless phonemes, independent of lexical support and the

integrity of rehearsal mechanisms (Gathercole 2006). It is

therefore likely that ROBO1 SNPs identified here act pri-

marily to reduce the size of the phonological buffer,

without impacting significantly on rehearsal, lexical (as

Table 2 Nominally significant associations of polymorphisms in

ROBO1 to digits-forward memory span

SNP Location P Allele Ancestral

allele

1 rs7644521 79784534 0.0002 T/C T

2 rs4564923 79533095 0.0054 G/A G

3 rs7653197 79470784 0.0057 C/A C

4 rs7629503 79813292 0.0062 G/T G

5 rs4680960 79449566 0.0070 C/T C

6 rs4130991 79469022 0.0074 A/G A

7 rs4264688 79546348 0.0074 C/T N/A

8 rs7628757 79522372 0.0078 G/A A

9 rs4535189 79489971 0.0084 G/A A

10 rs6803202 79499153 0.0088 C/T C

11 rs1387665 79429811 0.0111 G/A G

12 rs7612183 79536912 0.0124 C/T T

13 rs7614913 79567629 0.0160 C/T C

14 rs9849596 79756484 0.0160 A/G G

15 rs6802848 79411014 0.0170 A/G A

16 rs9309828 79760774 0.0250 G/A G

17 rs6548621 79550373 0.0380 A/G G

18 rs7623728 79597035 0.0380 T/C C

19 rs1447833 79039406 0.0420 T/C T

20 rs9853895 79585158 0.0440 T/C C

21 rs9857859 79591307 0.0440 T/C T

22 rs723766 78657774 0.0470 T/C C

Note: Analyses performed in Merlin (Chen and Abecasis 2007). Trait

was residualised for the effects of age, age2, sex, interviewer, and

performance IQ. P values as observed, uncorrected

Table 3 Top ten associations for reading and spelling principal

component and working memory (letter number sequencing)

Reading and spelling PC Working memory

SNP P value SNP P value

rs1995402 0.040 rs333491 0.004

rs2608021 0.062 rs9309819 0.021

rs1489848 0.064 rs11127636 0.023

rs12107379 0.077 rs162870 0.040

rs11127664 0.080 rs7644521 0.046

rs7431092 0.109 rs328049 0.053

rs2304503 0.113 rs1025946 0.055

rs1865862 0.130 rs7629503 0.057

rs333491 0.132 rs12054167 0.058

Note: Analyses performed in Merlin (Chen and Abecasis 2007). Trait

was residualised for the effects of age, age2, sex, interviewer, and

performance IQ. P values as observed, uncorrected
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opposed to phoneme-level) storage or activation), execu-

tive tasks, or more peripheral perceptual or articulatory

systems.

Finally, as the present findings are derived from nor-

mally varying language and short-term and working

memory ability, they have additional implications for the

etiology and biology of cognitive disability. The argument

(Bates et al. 2007a; Shaywitz et al. 1992) that dyslexia

represents the low-tail of a normal distribution of reading

ability in the population is strengthened, as supported by

the utility of normal samples in genetic research on reading

ability and dyslexia in linkage (Bates et al. 2007b) and

association (Bates et al. 2009a; Luciano et al. 2007;

Paracchini et al. 2008) studies. The implication then is that

the ROBO1 influences both poor (Hannula-Jouppi et al.

2005; Stein et al. 2004) and normally varying language

ability, as shown here.

These results provide the first support for ROBO1 as a

gene involved in a core trait underpinning acquisition of

language, with a specific function in supporting a short-

term buffer for arbitrary phonological strings. Reduced

effects of ROBO1 were observed for the processing of

verbal meaningful strings and working with the stored

contents of memory. These effects of ROBO1 appear to be

unrelated to brain mechanisms underpinning reading abil-

ity, at least by adolescence. The results strongly support

ROBO1 as the first gene discovered to be associated with

language deficits affecting normal variation in language

ability. Its functional role in neuronal migration underlying

bilateral symmetry and lateralization of neuronal function

suggests a role in the evolution of human language ability.

Additional research is warranted to identify the specific

mechanism of this association and to identify the basis of

these effects including pleiotropy for short-term verbal

memory.
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