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Abstract To understand the genetic architecture of dys-

lexia and identify the locations of genes involved, we

performed linkage analyses in multigenerational families

using a phonological memory phenotype—Nonword Rep-

etition (NWR). A genome scan was first performed on 438

people from 51 families (DS-1) and linkage was assessed

using variance components (VC), Bayesian oligogenic

(BO), and parametric analyses. For replication, the genome

scan and analyses were repeated on 693 people from 93

families (DS-2). For the combined set (DS-C), analyses

were performed with all three methods in the regions that

were identified in both samples. In DS-1, regions on chro-

mosomes 4p, 6q, 12p, 17q, and 22q exceeded our initial

threshold for linkage, with 17q providing a parametric LOD

score of 3.2. Analysis with DS-2 confirmed the locations on

chromosomes 4p and 12p. The strongest VC and BO signals

in both samples were on chromosome 4p in DS-C, with a

parametric multipoint LODmax of 2.36 for the 4p locus. Our

linkage analyses of NWR in dyslexia provide suggestive

and reproducible evidence for linkage to 4p12 and 12p in

both samples, and significant evidence for linkage to 17q in

one of the samples. These results warrant further studies of

phonological memory and chromosomal regions identified

here in other datasets.
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Introduction

Dyslexia or specific reading disability (OMIM 127700) is a

common neurocognitive disorder that affects 5–10% of

school age children (Shaywitz et al. 1990). The Interna-

tional Dyslexia Association defines dyslexia as a disorder

‘‘characterized by difficulties with accurate and/or fluent

word recognition and by poor spelling and decoding abil-

ities. These difficulties typically result from a deficit in the

phonological component of language that is often unex-

pected in relation to other cognitive abilities and the

provision of effective classroom instructions’’ (Lyon et al.

2003). Application of these deceptively simple definitions

led different investigators to use different criteria to define

what constitutes ‘‘difficulties’’ and ‘‘unexpectedness’’, and

different psychometric measures to evaluate dyslexia and

‘‘the phonological component of language’’ that charac-

terizes it. This lack of definitional precision has added to

the complexity of conducting rigorous research on

dyslexia.
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Multiple lines of evidence support the contribution of

genetic factors to dyslexia (Fisher and DeFries 2002;

Raskind 2001). Twin studies of dyslexia, categorically

defined, have found higher concordance rates for mono-

zygotic vs. dyzygotic twins with resulting broad-sense

heritability (h2) of 0.6 (DeFries and Alarcon 1996), and

family studies have shown a sibling recurrence rate of

40–50% (Gilger et al. 1994; Wolff and Melngailis 1994),

which is significantly above the population rate of 5–10%

(Shaywitz et al. 1990). Estimates of heritability of dyslexia

quantitative traits are also high. Twin studies of component

phenotypes of reading estimate h2 of 0.71 for phonological

decoding, 0.60 for orthographic choice, and 0.85 for word

recognition (Gayan and Olson 2001, 2003). However, in

the general population, dyslexia does not show mendelian

patterns of inheritance, and is best categorized as a com-

plex genetic disorder. Not surprisingly, targeted and

genome-wide linkage analyses have identified numerous

localizations for genes that contribute to dyslexia and

related cognitive processes, including chromosomes

1p34–36 (DYX8, OMIM 608995) (Grigorenko et al.

2001), 2p16–15 (DYX3, OMIM 604254) (Fagerheim et al.

1999), 3p12-q13 (DYX5, OMIM 606896) (Nopola-Hemmi

et al. 2001), 6p22.2 (DYX2, OMIM 600202) (Cardon et al.

1994), 6q13–16.2 (DYX4, OMIM 127700) (Petryshen

et al. 2001), 11p15.5 (DYX7, OMIM 127700) (Hsiung

et al. 2004), 15q21 (DYX1, OMIM 127700) (Grigorenko

et al. 1997), and 18p11 (DYX6 OMIM 606616) (Fisher

et al. 2002).

For several of these loci, candidate genes for dyslexia

have been proposed. DYX1C1, a candidate gene for the

DYX1 region, is disrupted by a chromosomal translocation

that co-segregates with intellectual impairment/dyslexia

phenotype in a Finnish family (Taipale et al. 2003). Two

candidate genes in the DYX2 region, KIAA0319 (Cope

et al. 2005) and DCDC2 (Meng et al. 2005) were identified

by linkage disequilibrium and association studies. ROBO1,

a candidate gene for the DYX5 region, is disrupted by a

translocation in one dyslexic individual, and a rare ROBO1

haplotype co-segregates with dyslexia in a large pedigree

(Hannula-Jouppi et al. 2005). Causative mutations in these

genes have not been identified, making it difficult to elu-

cidate how these genes contribute to dyslexia in the

population. In utero RNAi studies in rodents have impli-

cated DYX1C1, KIAA0319 and DCDC2 in neuronal

migration (Meng et al. 2005; Paracchini et al. 2006; Rosen

et al. 2007), and ROBO1 was implicated in axon guidance

and dendritic connections (Kidd et al. 1998). These

observations suggest that global brain development dis-

ruption might play a role in dyslexia (Galaburda et al.

2006; McGrath et al. 2006).

Learning to read requires a variety of different linguistic

and nonlinguistic cognitive abilities (Vellutino et al. 2004),

each of which may have some unique genetic components.

Phonological awareness, the ability to recognize that words

can be decomposed into constituent phonological seg-

ments, is thought to be a key skill that is typically impaired

in dyslexia. The ability to deal explicitly with the pho-

nemes, the smallest sound units of speech, underlies

reading acquisition and conversion of written symbols

(orthography) to speech sounds (phonology) (Gathercole

et al. 1994; Wagner and Torgesen 1987). Additional pho-

nological skills involved in reading include encoding and

retrieving of phonological information from short-term,

working, and long-term memory (Kamhi and Catts 1986).

To further dissect phonological skills, phonological pro-

cessing of sounds can be isolated from cognitive skills that

rely on the meaning of words by the use of tasks that utilize

nonwords. Nonwords can be pronounced but have no

associated meaning, and must be processed solely based on

sound information they contain. The Nonword Repetition

(NWR) task (Wagner et al. 1999) requires orally presented

nonwords to be coded into memory while sounds in them

are processed and prepared in order to be repeated.

Impairments on NWR-like tasks have been found in dys-

lexia. Children with dyslexia make significantly more word

repetition errors and use more phonological processes then

normal readers (Kamhi and Catts 1986). Similarly in a

group of children and young adults with dyslexia NWR

was significantly impaired compared to normal readers

(Hulslander et al. 2004). Deficits in NWR have also been

described in adults with dyslexia compared to normal

readers (Ramus et al. 2003; Szenkovits and Ramus 2005),

thus further attesting to the importance of this phenotype in

dyslexia. Levels of impairment on the NWR measure have

been shown to be stable across development (Bishop et al.

1996), making it additionally suitable for family genetics

studies.

To examine the genetic architecture of dyslexia, we

have adopted a family-based strategy that includes in-depth

evaluation of theory-based and empirically validated

quantitative phenotypes relevant to dyslexia, followed by

aggregation, segregation, and linkage analysis of individual

phenotypes (Berninger et al. 2006; Berninger et al. 2001).

Our initial familial aggregation (Raskind et al. 2000) and

segregation (Wijsman et al. 2000) analyses of dyslexia

phenotypes were performed on 102 families, a sample that

overlaps with the 144 families presented here. In aggre-

gation studies, amongst all the measures in our test battery,

family correlation patterns of performance on NWR and a

measure of rate of nonword reading, Pseudoword Decoding

Efficiency (PDE) (Torgesen et al. 1999) gave strongest

support for a genetic basis. Narrow-sense heritability of

NWR, derived from the correlation between parents and

offspring and considering additive genetic variance only,

was estimated at 0.20. In the same study we found within
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individual probands pairwise correlations of 0.33 and 0.32,

respectively, between NWR and accuracy of word read-

ing—Word Identification (WID) (Woodcock 1987), or rate

of word reading—Single Word Efficiency (SWE) (Torge-

sen et al. 1999), and 0.36 and 0.42, respectively, between

accuracy of nonword reading—Word Attack (WA)

(Woodcock 1987), or rate of nonword reading—(PDE)

(Torgesen et al. 1999). These are moderate correlations

compared to individual pairwise correlations of reading

measures: WID to SWE, WA to PDA and SWE to PDI of

0.79, 0.6 and 0.71 respectively.

To further evaluate the genetics basis of NWR, estimate

the parameters for models of inheritance, and evaluate the

suitability of the measure for linkage analysis, we per-

formed segregation analyses. This analysis provided

evidence in support of a major-gene mode of inheritance

with multiple contributing loci, and in rough agreement

with our aggregation analysis, it estimated narrow-sense

heritability at *0.30. Together our familial aggregation

and segregation studies show significant evidence for

heritability of NWR in our sample.

Although phenotypes associated with dyslexia are

multivariate, there are technical difficulties in using mul-

tivariate distributions, and multivariate approaches are not

well tested. In addition, recent studies using very large

numbers of traits in a single sample indicate that multi-

variate approaches do not appear to provide advantages for

linkage detection (Wijsman et al. 2007). A situation in

which a multivariate analysis might be warranted, namely

evidence for linkage for multiple highly correlated traits at

the same location, does not apply to our analyses of NWR

because the peaks reported here do not coincide with

linkage peaks we have reported for reading measures, and

NWR is only moderately correlated with reading measures

in our sample. Our approach, which focuses on individual

univariate component phenotypes and adjusts for covariate

effects, has been shown to be successful in the analysis of

simulated complex traits (Wijsman and Amos 1997) and in

studies of complex phenotypes in which evidence for

linkage was eventually found (Hokanson 1999; Knoblauch

et al. 2000; Sviridov and Nestel 2007). Our earlier linkage

studies, on a sample of 51 families (DS-1), focused on

reading-based phenotypes. For WID, a phenotype based on

accuracy of single real word reading, we found supportive

evidence for linkage to chromosome 15q21 (Chapman

et al. 2004), as well as suggestive evidence for a novel

locus on chromosome 12q13 (Igo et al. 2006a). For phe-

notypes based on speed of single word reading (SWE) and

speed of single non-word reading (PDE) we found signif-

icant evidence for involvement of loci on chromosomes

13q (Igo et al. 2006a) and 2q (Raskind et al. 2005)

respectively. These results provide additional evidence for

the genetic complexity of dyslexia with involvement of

multiple loci. As a further step in our studies of dyslexia,

here we report on genome-wide linkage analysis of NWR,

a phonological memory based phenotype. We have per-

formed the analysis in our original sample and followed it

with a replication sample and joint analysis of the regions

of interest in the combined sample.

Methods and materials

Study subjects

Detailed subject recruitment and evaluation procedures

have been described (Berninger et al. 2001; Raskind 2001).

Under a protocol approved by the Institutional Review

Board of the University of Washington, families were

identified through school age children with reading diffi-

culties. Inclusion criteria for probands were a prorated

verbal IQ (VIQ) C90 (C25%ile) on the Wechsler Intelli-

gence Scale for Children—3rd edition (Wechsler 1991)

and a score below the population mean and at least 1

standard deviation below their VIQ on at least one of the

core research measures. These core measures include

accuracy and speed of single word or nonword reading,

accuracy or rate of oral reading of text, spelling, and

automatic writing of alphabet letters. Children with neu-

rological or psychiatric disorders, pervasive developmental

disability, or other conditions known to be associated with

poor reading were excluded based on a parent question-

naire. Comorbid attention deficit/hyperactivity disorder

(ADHD) was not a cause for exclusion. For 209 children

from our sample, based on parental rating scale, 10.5% had

ratings of ‘often’ on 6 or more symptoms from DSM-IV

Inattention or Hyperactivity-Impulsivity criteria (Thomson

et al. 2005). This is comparable to 15–35% incidence of

ADHD in dyslexia samples reported by others (Willcutt

and Pennington 2000; Willcutt et al. 2000). Siblings older

than 6.5 years were invited to participate, and nuclear

families were extended in a sequential ascertainment pro-

cedure through parents who met study criteria of reading or

writing impairment. Parental first-degree relatives were

recruited, and the process was repeated to the extent pos-

sible. The combined set of families used for linkage

analysis includes 1131 people in 144 families. The distri-

bution of family sizes and descriptive statistics of probands

and their parents are presented in Tables 1 and 2.

Phenotype

The NWR task from the Comprehensive Test of Phono-

logical Processing battery (Wagner et al. 1999) involves

storing and analyzing phonological elements for short

periods of time before repeating them. Nonwords have
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been created to represent plausible English language items

by randomly combining phonemes to fill slots in syllables

and discarding non-pronounceable nonwords. This process

should reduce the analogies to real words, and minimize

the use of cognitive processes other than phonological

memory throughout the task. During the task the nonwords

increase in length and phonological complexity. Raw

scores are age-normed and converted into percentile ranks

and standard scores (mean = 10, SD = 3).

Genotypes

Two genome scans were performed at the Mammalian

Genotyping Service (MGS), Marshfield, WI. Screening set

10 (405 STRP markers, 378 autosomal) was used for the

first scan on 438 people from 51 families (DS-1). These

families were selected for genotyping from a larger set on

the basis of the expected value of the family specific max-

imum LOD score for parametric analysis of NWR, as

estimated by simulation with SIMLINK (Boehnke and

Ploughman 1997). For the second round of genotyping,

screening set 15 (402 STRP markers, 375 autosomal) was

used for the set of 693 people in 93 families (DS-2). The

DS-2 sample was selected for genotyping based on rank

ordering that took all the core ascertainment phenotypes

under consideration. The two data sets have a 10-cM

average marker spacing and share 68% of the markers.

Additional markers, from empirically defined regions of

interest (ROIs), on chromosomes 4p (D4S405, D4S3242),

6q (D6S264, D6S1035), 12p (D12S336, D12S1617), 17q

(D17S949, D17S1847), and 22q (D22S1170, 22C48788,

22C49177) were typed in our laboratory on DS-1. For a

region near the telomere of chromosome 22q no polymor-

phic markers were available, so 22C48788 and 22C49177

were designed in our laboratory (sequences available on

request). Genotypes were checked for mendelian inconsis-

tencies and unlikely genotypes and errors were resolved

(Chapman et al. 2004). From screening set 10, two markers

were removed because of excessive errors and a third

marker was a duplicate. The Marshfield genetic maps were

used for analysis (http://research.marshfieldclinic.org/

genetics), with all multipoint analysis based on the Hal-

dane map function. Allele frequencies were estimated

separately in the two data sets, based on observed counts.

Statistical analyses

General approach

Initial genome scans were performed in DS-1 using both

variance component (VC) and Bayesian oligogenic (BO)

Markov chain Monte Carlo (MCMC) linkage analysis

methods. For follow-up analysis, ROIs were empirically

defined as VC-LOD [ 1.0 and MCMC IR [ 5

(log10(IR) [ 0.7), where the intensity ratio (IR) is the ratio

of the acceptance rate for a QTL position and the rate

expected given the uniform distribution of QTLs in the

model (Wijsman and Yu 2004). The IR is an easily-

Table 1 Average family size and distribution of relatives for families of DS-1, DS-2 and DS-C samples

Mean family size Probands Siblings Parents Cousins Aunts, Uncles Grand-parents Other relatives Total

DS-1 8.78 51 78 101 47 76 59 26 438

DS-2 7.48 93 162 186 58 77 90 27 693

DS-C 7.94 144 240 287 105 153 149 53 1,131

Table 2 Descriptive statistics

of probands and their parents

from DS-1 and DS-2 samples

DS-1 DS-2

Probands N = 51 Parents N = 101 Probands N = 93 Parents N = 186

Age in years (SD) 10.21 (1.38) 42.63 (5.05) 11.02 (1.9) 43.94 (5.2)

Gender 17 F/34 M 50 F/51 M 30F/63 M 93 F/93 M

Caucasian (%) 47 (92%) 96 (95%) 80 (86%) 168 (90%)

VIQ

Mean 112.12 108.31 109.9 109.5

SD 12.66 11.03 12.26 11.90

Adj NWR

Mean -0.26 0.013 -0.023 0.047

SD 1.07 0.698 0.98 0.60

Skewness -0.22 -0.40 -0.75 -0.59

Kurtosis -0.31 1.13 0.87 0.69
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computed, excellent approximation to the Bayes Factor

(Igo Jr and Wijsman 2008). For ROIs we added markers

and computed both single marker and multipoint para-

metric LOD scores, using a model estimated by complex

segregation analysis. For replication in DS-2, a preliminary

genome scan with VC and BO methods was performed,

and ROIs determined by the same criteria. In regions where

DS-2 confirmed the DS-1 findings, the data sets were

combined (DS-C) and reanalyzed.

We designed our approach to maximize the chance that

our analysis would be robust to potential errors and false

positive results. To guard against false positives due to map

inaccuracy or genotype misspecifications, we checked key

signals with single-marker and multipoint analysis. We

used VC, BO, and parametric linkage analyses because

they have complementary strengths and weaknesses. The

VC approach has the advantages that it is commonly used,

well characterized, and it does not require QTL model

assumptions. Disadvantages include poor QTL localization

relative to parametric modeling (Amos and de Andrade

2001; Atwood and Heard-Costa 2003), sensitivity to

skewness or kurtosis (Blangero et al. 2000), sensitivity to

pedigree ascertainment (Forrest and Feingold 2000), and

less efficient use of mapping information compared to a

parametric approach. These disadvantages are balanced by

the BO approach that provides relatively accurate QTL

localization (Daw et al. 1999), characterizes the underlying

trait models, and is robust to pedigree ascertainment and

underlying distributional assumptions (Wijsman and Yu

2004). Disadvantages of the BO approach include the less

familiar Bayesian framework and the need for assumptions

of prior distributions for model parameters. Finally, the

parametric approach is most thoroughly tested. It is a full

likelihood method, and as such, statistical theory predicts

that it is the most efficient method. The disadvantage is that

to achieve this high efficiency requires the underlying

model to be well specified. To specify the trait model for

NWR in our sample, we performed both maximum-likeli-

hood complex segregation analysis and BO segregation

analysis. In the final parametric linkage analysis we used

the transmission model that was best supported with both

methods because of previous results indicating that this

approach provides robust models (Igo et al. 2006b).

Although use of the parametric method increases the power

of analysis, potential trait misspecification typically redu-

ces the evidence for linkage and as a consequence is

unlikely to give false positive results (Ott 1999). All three

approaches are summarized in Table 3.

In all analyses, NWR was adjusted for VIQ, age with

separate linear terms for children and adults, and sex. For

VC analyses, the covariates were explicitly modeled, while

for all other analyses a pre-adjusted NWR measure was

used.

Variance components linkage analyses

The VC approach involves partitioning the variance of the

trait of interest into components reflecting the contribution

of covariates, a major gene, and a polygenic component

(Almasy and Blangero 1998; Amos 1994). Estimation of

variance components requires the use of genotyping data in

the form of estimated pairwise identity-by-descent (IBD)

sharing between relatives. Exact single-marker and multi-

point IBD scores were calculated at each marker locus with

Merlin (Abecasis et al. 2002) or with Loki (Heath 1997)

for larger pedigrees, and used for variance components

linkage analysis with SOLAR 2.1 (http://www.sfbr.org/

sfbr/public/software/solar/). In addition to handling larger

pedigrees than other alternatives such as Merlin, SOLAR

allows for incorporation of a dominance variance compo-

nent in the model that has shown to be important in our

data set. Four models were fit at each locus: M0-a, the null

polygenic model allowing additive variance; M0-d, the null

polygenic model allowing additive and dominance

Table 3 Comparison of the methods used for linkage analyses

Method Advantages Disadvantages

Variance components

Probability based approach within

the IBD framework, information about

the sets of meioses

• Commonly used, well understood • Poor QTL localization

• No explicit QTL model required • Sensitivity to ascertainment and

non-normality of trait

Bayesian oigogenic MCMC

Conditional approach based on sample

data and assumptions of prior

distribution of several parameters

• Accurate QTL localization • Less familiar statistical framework

• Robust to ascertainment and non-normality • Assumes diallelic QTL

• Yields estimates of QTL models

Parametric LOD score

Likelihood approach based on information

from individual meioses

• Most efficient use of information • Requires specification of genetic model

• Very familiar to most investigators • Based on single locus trait model

466 Behav Genet (2008) 38:462–475
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variance; M1-a, an additive model, where the additive

variance is estimated, and the dominance variance is

assumed to be zero in the QTL and polygenic components;

and M1-d, a dominance model, where the additive and

dominance variance are estimated in the QTL and poly-

genic components. LOD scores were obtained by

comparing the log-likelihoods of either M1-a to M0-a or

M1-d to M0-d. We use the term VC-LOD for results from

VC analyses, and LOD or LODmax for LOD scores or

maximum LOD scores from parametric analyses. A

VC-LOD [ 1.0 was set as a threshold to define a region of

interest.

Bayesian oligogenic joint segregation and linkage analyses

BO segregation analyses and joint segregation and linkage

analyses were carried out using Loki version 2.4.5 (http://

www.stat.washington.edu/thompson/Genepi/Loki.shtml).

This approach allows analysis of a quantitative phenotype,

using simultaneous modeling of multiple trait loci and

multiple marker loci. Loki estimates posterior distributions

of unknown parameters using a Bayesian reversible-jump

MCMC sampler (Heath 1997), conditional on the data and

assumptions of prior distributions on several parameters

(Wijsman 2002). A Poisson distribution with mean 2 was

used for the prior distribution of the number of QTLs.

Genotype effects were sampled from a normal distribution

with mean 0 and variance sb. Optimal values of sb were

chosen by maximizing the mean total genetic variance in a

segregation analysis. A uniform distribution was assumed

for the location of QTLs. Adequacy of assumed prior dis-

tributions and of the resulting MCMC samples were

evaluated with methods described in detail elsewhere

(Wijsman and Yu 2004). An analysis with Loki yields

posterior distributions for the total number of QTLs and

QTLs with significant effect, the allele frequencies and

genotype effects for each QTL, and the locations of linked

QTLs. We report results as intensity ratios (IRs), the ratios

of the number of QTLs accepted in a region relative to the

number expected if the distribution of QTLs was uniform,

given the posterior mean of the total number of QTLs per

iteration. For the current work, 50,000 MCMC iterations

were performed with every 2nd iteration saved. IRs were

calculated over 2-cM intervals with an IR cutoff of 5 used

to define a region of interest.

Segregation analyses

Complex segregation analyses (CSA) were performed

using DS-1 and DS-C. We used DS-C to assess the

potential bias in the DS-1 selection that was based on

power to detect linkage to NWR. We estimated parameters

of the mendelian model using the class D of the logistic

regression models of Bonney (Bonney 1986) with the

REGC program in S.A.G.E. (S.A.G.E. 1997). We matched

mendelian models with and without polygenic components

and compared them to one another and to an environmental

model. Adequacy of the resulting models was assessed by

fitting vs. fixing the value of the heterozygous transmission

parameter. BO segregation analyses were performed using

Loki with 50,000 iterations, in the same manner as linkage

analyses but without including marker data. Each iteration

yielded values for the total genetic variance over all QTLs,

an effect size (defined as the square root of the genetic

variance) for each QTL, and the residual (environmental)

variance. QTL models from both analysis methods were

compared to verify model similarity, and the point esti-

mates from the CSA were used in the linkage analyses.

Although trait model inaccuracy is to be expected, linkage

detection with parametric approaches is robust to parame-

ter misspecification, with only modest reduction in power

to detect linkage (Blangero et al. 2000; Ott 1999).

Parametric LOD score analyses

FASTLINK (Cottingham et al. 1993) was used to calculate

exact single-marker parametric LOD scores. Because of

computational constraints of multipoint analysis, whole-

chromosome multipoint parametric LOD scores were cal-

culated using the MCMC-based program lm_markers

from the MORGAN suite of programs (http://www.stat.

washington.edu/Thompson/Genepi/MORGAN/Morgan.

shtml). FASTLINK and lm_markers are the only available

programs that can compute parametric LOD scores for a

quantitative trait model. The transmission models for these

analyses were obtained from CSA using DS-1.

Analysis of DS-C

Genotyping in DS-1 and DS-2 was performed using two

different MGS marker panels. It was important to allow for

different marker allele frequencies in DS-1 and DS-2

because there are differences in allele scoring for markers

shared between the two panels. For the VC analyses, the

IBD scores were calculated separately, and in the MCMC

analysis, an option was used that allowed for different

allele frequencies in two data sets. For the parametric

LOD-score analysis, DS-1 and DS-2 were analyzed sepa-

rately, and the resulting LOD scores were added.

Empirical significance levels

We carried out simulations to obtain estimates of empirical

significance levels in the DS-C analysis. The large data set,

relatively large pedigrees, and the need to accommodate

two different sets of genome-scan marker panels created
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certain complications with obtaining such simulations with

existing software. The existence of some large pedigrees in

the sample that required multipoint marker IBD estimation

with MCMC-based methods prevented use of the marker

simulation approach implemented in Merlin. To achieve

practical computation, we used trait simulation provided by

the SimSuite program (http://faculty.washington.edu/

wijsman/software.shtml), retaining the original-data mar-

ker IBD estimates. We used samples from the posterior

distribution of oligogenic models obtained from a 100,000-

iteration run with Loki as the source of generating models

for unlinked trait distributions (Igo Jr and Wijsman 2008),

while retaining the original marker data. This trait simu-

lation-based approach yields slightly more conservative

empirical estimates of P-values than does marker simula-

tion (Igo and Wijsman 2008), and is more computationally

tractable than is marker simulation. To allow computations

within the constraints of the software, markers used in both

marker panels were treated as separate pairs of markers that

were spaced by 0.01 cM on the marker map because of

prohibitions in the MCMC approach against use of multi-

ple markers at identical positions. To further limit the total

computation time, we restricted analysis to markers in the

*100 cM region of chr 4 with the strongest evidence of

linkage. Even so, the 10,000 replicates needed for rea-

sonably accurate estimation of the empirical P-value

required [7 days of CPU time.

Results

Segregation analyses for NWR were performed in both DS-

1 and DS-C, and yielded similar models. We explored the

use of the DS-C based models for the parametric analyses,

but the results were not substantially different from those

using DS-1 (data not shown), and the CSA major gene

(CSA-mg) model from DS-1 was used for parametric

linkage detection. This model describes a population where

5% of individuals homozygous for the risk allele are in the

lowest performing group (genotype mean -1.74), the 59%

homozygous for the protective allele are in the highest

performing group (genotype mean +0.27), and the

remaining 36% (heterozygous) have a genotype mean of

-0.16. In the context of a single-locus, two-allele model,

this pattern describes a mendelian co-dominant model with

additive and dominance variances of 0.16 and 0.04,

respectively. The residual (within genotype) variance is

estimated at 0.46. This QTL accounts for approximately

31% of the variation of NWR in the population. Oligogenic

analysis estimated an average of 3.2 QTLs contributing to

NWR in DS-1.

The DS-1 genome scan identified five ROIs. These

regions, defined as VC-LOD [ 1.0 and MCMC IR [ 5

(log10(IR) [ 0.7), were on chromosomes 4p, 6q, 12p, 17q,

and 22q (Fig. 1). For each of the ROIs, additional markers

were genotyped and VC, BO, and parametric linkage

analyses were performed. With the additional markers for

chromosomes 6 and 22, only modest VC-LOD and

log10(IR) scores remained, and parametric multipoint LOD

scores were under 1.5 (data not shown). Evidence for

linkage to chromosome 17q was statistically significant

with a parametric single-marker LOD score of 3.2 for

D17S2193 at 98 cM. However the addition of markers

resulted in reduction of the multipoint parametric LODmax

to 1.99 at D17S784 at 126.8 cM, a location that did not

coincide with the maximum multipoint VC-LOD and

log10(IR) at 102.9 cM (D17S949) (Table 4). On chromo-

somes 4 and 12 the multipoint parametric LOD score

results remained strong. For chromosome 4 a multipoint

parametric LODmax = 2.47 was obtained at 81.5 cM, and

for chromosome 12 LODmax = 2.12 was obtained at

35.2 cM. These locations approximately coincided with the

locations of the maximum multipoint VC-LOD and

log10(IR) (Table 4, Fig. 3).

The second genome scan using DS-2 identified seven

ROIs, including 4p and 12p that were also identified in

analysis of DS-1, (Fig. 2). For five regions identified only

in DS-2 (5q, 7q, 8p, 14p and 20p), the regions with the

strongest evidence for linkage were 8p, with VC-LOD-

max = 2.91 at 74.5 cM, 20p, with VC-LODmax = 2.57 at

23.4 cM and 7q, with a VC-LODmax = 2.42 at 190.9 cM.

The 8p and 20p regions did not show evidence for linkage

in DS-1, but 7q almost achieved the status as a ROI in the

DS-1 sample. Detailed DS-2 analyses of regions on chro-

mosomes 4p and 12p are shown in Table 5 and Fig. 3. On

chromosome 4, the multipoint VC-LOD scores maximized

close to the location implicated in the DS-1 analysis, the

Fig. 1 DS-1 whole genome scan for nonword repetition using

variance component linkage and Bayesian oligogenic MCMC joint

segregation and linkage analysis. The dotted lines mark the thresholds

for regions of interest for further analysis
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log10(IR) shows a broad region of linkage support, and

multipoint parametric LOD scores were weakly positive

in the same area. On chromosome 12, the multipoint

VC-LOD scores support linkage in the same region as in

DS-1, the BO analysis supports a broad region with weak

evidence for linkage, and multipoint parametric LOD score

analysis shows weak results outside the region of interest.

Analysis of DS-C was performed with all available

markers for chromosomes 4, 7, and 12. For chromosome

7q, the positions with evidence for linkage differed in the

two data sets, and the combined analysis of DS-C weak-

ened the overall evidence for linkage (results not shown).

On chromosome 12, combined analysis confirmed moder-

ately positive results over a broad region of about 20 cM

(Fig. 3). The VC-LOD maximized at 1.93 (33.61 cM) and

exceeded 1.5 in the interval of 21–39 cM. The MCMC

log10(IR) maximized at 1.11 (27 cM) and exceeded 0.7

between 23 and 35 cM. However the strength of the

parametric LOD score decreased as compared to DS-1

alone. On chromosome 4, DS-C analysis improved the

evidence for linkage, with substantially increased VC-LOD

and MCMC IR scores and more precise localization with

LOD score analysis (Fig. 3). Multipoint parametric linkage

analysis yielded a LODmax of 2.36 at 72.3 cM. The position

of the maximum parametric LOD score is in good

agreement with those of the maximum VC-LOD of 2.15 at

D4S3242 (68.89 cM) and the maximum log10(IR) of 1.33

at 79 cM.

We obtained approximate significance levels for the

linkage results presented here, uncorrected for multiple

testing, under both asymptotic assumptions and with an

empirical approach. LOD scores can be converted to

Table 4 DS-1 based linkage analyses for NWR: single-marker parametric LOD scores; full-chromosome multipoint parametric LOD scores at

the marker location; multipoint VC-LODs and log(IR)s, in select regions of chromosomes 4, 12 and 17

cM Single-marker parametric LOD score Multipoint

parametric

LOD score

VC

LOD

score

Bayesian

oligogenic

log10(IR)Recombination fraction

0.00 0.05 0.10 0.20 0.30

D4S1627 66.01 0.71 0.72 0.65 0.42 0.19 1.56 1.26 0.54

D4S3242 67.33 0.86 0.88 0.79 0.50 0.23 2.17 1.32 1.03

D4S3248 79.61 0.14 0.25 0.27 0.19 0.07 2.43 0.86 1.04

D4S2367 85.86 1.73 1.57 1.35 0.89 0.47 2.07 0.74 0.83

D4S3243 96.76 -1.23 -0.81 -0.59 -0.44 -0.21 0.45 0.20 0.25

D12S372 6.83 -0.57 0.38 0.56 0.47 0.25 0.16 0.57 0.15

GATA49D12 19.40 -3.47 -1.35 -0.42 0.36 0.49 0.38 0.59 0.05

D12S336 21.40 -0.05 0.86 1.13 1.06 0.72 1.28 0.80 0.30

D12S269 33.50 -0.64 0.86 1.32 1.39 1.01 1.97 1.29 0.91

D12S373 39.26 -1.76 -0.32 0.23 0.59 0.52 1.15 1.16 0.51

D17S1290 90.98 -0.67 0.20 0.56 0.64 0.42 0.25 0.28 \0

D17S2193 98.84 3.20 3.02 2.63 1.72 0.94 1.23 0.86 0.46

D17S949 102.94 -0.48 0.82 1.19 1.09 0.65 1.05 1.42 0.73

D17S1301 110.15 -0.96 -0.25 -0.14 -0.13 -0.10 1.17 0.74 0.72

D17S2195 117.39 -0.29 0.09 0.26 0.36 0.32 1.40 0.35 0.40

D17S1847 122.00 -0.99 -0.20 0.15 0.33 0.23 1.13 0.33 0.33

D17S784 127.96 0.56 1.13 1.23 1.00 0.46 1.99 0.81 0.96

cM, Position on chromosome in centimorgans based on the Haldane map function

Notable scores are marked in bold

Fig. 2 DS-2 whole genome scan for nonword repetition using

variance component linkage and Bayesian oligogenic MCMC joint

segregation and linkage analysis. The dotted lines mark the thresholds

for regions of interest for further analysis
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likelihood ratio statistics, which follow a 50:50 distribution

of 0 and a v2
1 distribution under the null hypothesis of no

linkage. This gives p-values under asymptotic assumptions

of 0.00006, 0.0004, 0.0005, and 0.0009 for parametric

LOD scores of 3.2 (on chromosome 17 in DS-1), 2.47 (on

chromosome 4 in DS-1), 2.36 (on chromosome 4 in DS-C),

and 2.12 (on chromosome 12 in DS-1), respectively. The

VC LOD score of 2.15 that included dominance variance

on chr 4 at 68.9 cM in DS-C had an asymptotic p-value of

0.0008 and an empirical p-value of 0.0051 (95% CI:

0.0037–0.0065). In the MCMC analysis of DS-C, the

region of chromosome 4 between 50 and 100 cM has a

posterior probability for linkage of 0.437 (0.513 for the

whole chromosome).

Discussion

We performed linkage analyses using a NWR measure in

multigenerational families ascertained for dyslexia. A gen-

ome scan was initially performed on 51 families with a

follow-up genome scan in a replication sample of 93 families

as well as targeted analysis of the combined data set. Our

analyses of this extensive data set have provided suggestive

and reproducible evidence in both samples for linkage of

NWR to chromosomes 4p12 and 12p, and significant evi-

dence for linkage in one of the samples to chromosome 17q.

Reading is a cognitively complex process that involves

numerous functions, including perception, language, mem-

ory, and executive function as they apply to conversion

of written words to speech sounds. Nonword repetition,

a measure of phonological memory for reproduction of

word-like speech sounds is impaired in dyslexic individuals,

heritable, and stable across development. NWR may have a

less complex genetic structure than the actual process of

reading that draws on a wider range of neuronal-cognitive

abilities. Behavioral phenotype research shows NWR is

strongly associated with dyslexia (Wagner and Torgesen

1987). For these reasons, we chose to study NWR as a com-

ponent phenotype for genetic linkage analysis in dyslexia.

Impairments on NWR-related tasks characterize not only

dyslexia but also specific language impairment (SLI, OMIM

602081) and speech sound disorder (SSD, OMIM 608445)

which overlap phenotypically. SLI is characterized by fail-

ure to acquire age-appropriate language despite normal non-

verbal intelligence. SSD is characterized by developmen-

tally inappropriate errors in speech production. All three

disorders are associated with phonological impairments. In

dyslexia, evidence for association of NWR to alleles of

DYX1C1, a candidate gene on chromosome 15q21, was

found by quantitative transmission disequilibrium testing in

family trios (Wigg et al. 2004), while in a Dutch sib-pair

study, evidence was also found for linkage of NWR to

chromosome 15q21, as well as to 11p (de Kovel et al. 2008).

In a quantitative genome-wide linkage analysis of NWR in

sib pairs with SLI, loci on chromosomes 16q and 19q were

identified (Newbury et al. 2002; Newbury et al. 2004). In sib

pairs with SSD, a regression-based analysis of regions pre-

viously linked to dyslexia found evidence for linkage of

NWR to chromosomes 6p22 and 15q21 (Smith et al. 2005).

Our detailed genome-wide analyses with three methods

(VC, BO, and parametric) in multigenerational families

with dyslexia did not find evidence for linkage of NWR to

the previously identified loci in studies of dyslexia, SLI or

Table 5 DS-2 based linkage analyses for NWR: single-marker parametric LOD scores; full-chromosome multipoint parametric LOD scores at

the marker location; multipoint VC-LODs and log(IR)s, in select regions of chromosomes 4 and 12

cM Single-marker parametric LOD score Multipoint

parametric

LOD score

VC

LOD

score

Bayesian

oligogenic

log10(IR)Recombination fraction

0.0 0.05 0.1 0.2 0.3

D4S3242 68.89 -0.66 0.03 0.27 0.30 0.16 -0.18 1.05 0.45

D4S3248 80.27 -2.58 -1.18 -0.63 -0.15 0.00 -2.06 0.28 0.26

D4S2367 86.53 -0.46 -0.07 0.13 0.25 0.18 -1.79 0.81 0.31

D4S3243 97.43 -2.74 -0.80 -0.33 -0.05 -0.03 -3.20 0.52 0.18

D4S2361 102.82 -1.69 -0.32 0.04 0.26 0.20 -0.63 1.06 0.83

D12S372 6.83 0.50 0.93 0.98 0.73 0.39 -0.18 1.35 0.59

GATA49D12 19.40 -0.88 -0.03 0.32 0.45 0.27 -0.89 1.30 0.34

AAC040Z 29.53 -0.08 0.19 0.28 0.23 0.08 -0.70 1.47 0.46

D12S373 39.41 -1.18 -0.75 -0.48 -0.19 -0.08 -0.94 1.35 0.32

D12S1042 53.63 -1.09 0.08 0.29 0.28 0.09 -1.54 0.62 0.10

cM, position on chromosome in Haldane centimorgans

Notable scores are marked in bold
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SSD. Instead, we have identified significant evidence for

linkage to 17q and suggestive but reproducible evidence

for linkage to loci on chromosomes 4p and 12p. For

chromosome 4p, addition of a replication sample and

analysis of the combined samples resulted in strengthened

evidence for linkage with VC and BO linkage methods.

Whereas parametric LOD score analysis of the DS-2

sample alone did not show evidence for or against the

linkage in the region, analysis of the combined DS-C

sample allowed for better localization of the linkage peak

to a region on 4p12. For chromosome 12, analysis of

replication and combined samples with VC and BO

methods confirmed positive results over a broad region of

20 cM.

There are several considerations to be taken into account

when interpreting strength of evidence and locations of our

linkage signals. Our results on chromosome 17q were

statistically significant in the first sample, but did not

replicate in the second sample. This lack of replication may

be explained by an initial false-positive result, by use of an

ill-suited analysis model, or by differences in ascertainment

of pedigrees for genotyping in the two samples, which

Fig. 3 Multipoint variance component linkage, Bayesian oligogenic MCMC segregation and linkage and parametric linkage analysis for

chromosomes 4 and 12 for DS-1, DS-2, and DS-C
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resulted in different fractions of pedigrees segregating a

QTL at this position in the genome. The possibility of a

poor model for parametric analysis, even for DS-1, is likely

because of the positive multipoint LOD scores across a

large interval and the sensitivity of the position of the

maximum LOD score to multipoint vs. two-point analysis.

Our results for chromosomes 4 and 12 are in the suggestive

range, which raises possibility that these findings could be

spurious. However, there are several reasons why we

consider that to be unlikely. First is the replication of the

findings with VC and BO analytic approaches. The lack of

evidence for linkage in the replication sample with para-

metric analysis may reflect inaccuracies in the model used,

which was based on a relatively simplistic segregation

analysis in which only a single diallelic susceptibility locus

is modeled. The BO method, which has shown evidence for

the linkage in the replication sample, may more accurately

approximate more complex situations that exist in this data

set, such as more than one QTL in the region of interest or

in the genome. Second, the identification of more than one

QTL location might indicate genetic heterogeneity that

could further decrease the power of the study and depress

the LOD scores. Although NWR is conceptualized as

cognitively and genetically less complex then dyslexia, it is

still likely to be influenced by more than one QTL, and our

prior segregation study of NWR provided evidence in

support of an oligogenic major-gene mode of inheritance

with several contributing QTLs (Wijsman et al. 2000).

Third, although NWR is correlated with other phenotypes

of dyslexia in our sample, the correlations between NWR

and measures of accuracy and rate of real word and non-

word reading are weaker (0.33–0.42) than are pairwise

correlations between these reading measures (0.54–0.79)

(Raskind et al. 2000). This finding supports the notion that

distinct QTL’s influence different phenotypes.

The lack of the replication of the loci identified by

others also warrants consideration. First, the power of our

sample to detect linkage for NWR may not have been

sufficient to detect the loci identified in other studies,

especially if these loci were of relative small effect in our

sample. Assuming four equally frequent alleles and a

recombination fraction of 0.05 we estimate 0.59 and 0.32

power to obtain a LOD score of 2 or higher in parametric

analysis in DS-1 and DS-2, respectively. Second, incor-

poration of an adjustment for VIQ may be influential

because use of an IQ discrepancy criterion results in

increased heritability in dyslexia (Francks et al. 2004;

Olson et al. 1999), but has little effect in SLI (Bishop et al.

1995). Because linkage studies of NWR in SLI and SSD

were performed without IQ-adjustment, and removing VIQ

could result in removal of genetic variance and increase in

error variance in residual NWR scores, we reanalyzed

DS-1 without IQ as a covariate. This analysis did not find

evidence for linkage of NWR to SLI or SSD regions

reported by others (data not shown). Finally, we hypothe-

size that discrepancies in the findings are most likely due to

different inclusion criteria and ascertainment strategies

between the studies that might have led to identification of

different biological-genetic bases.

A recent genome wide VC linkage analysis in an epi-

demiological sample of twins unselected for reading ability

found support for seven of the eleven previously identified

dyslexia locations, and evidence for two novel regions at

4p15.33 and 17p13.3 (Bates et al. 2006). The chromosome

4 multipoint VC-LODmax of 2.08 was the highest among

the reading measures, and it maximized at D4S403

(29.91 cM), approximately 50 cM distal from our highest

signal. As one disadvantage of the VC in comparison to

parametric methods is poor QTL localization, it is possible

that these two signals represent the same locus. It is also of

interest that the sample in that study was representative of

the population in terms of intellectual ability and not

ascertained with regard to reading, although results in this

study support most of the reported dyslexia loci. Our

families were ascertained through probands with dyslexia,

and the VIQ selection criterion resulted in an average VIQ

2/3 SD above the mean. In a genome wide scan of dys-

lexia-related phenotypes, in the US sib pair sample

evidence was found for linkage of the marker D4S392

(78.97 cM) with a phoneme awareness task with nominal

P-value of 0.0002 (Fisher et al. 2002). This marker is very

close to our strongest signal on chromosome 4. Interest-

ingly, the measure for which linkage was found, phoneme

awareness, also requires use of phonological memory for

storing the incoming speech sounds while they are ana-

lyzed and prepared for reproduction. However, it is a more

complex measure than NWR, because in addition to

repeating the nonwords, subjects are required to delete a

phoneme and then only repeat the part of the word

remaining after the deletion (Gayan et al. 1999). Further-

more, an additional related cognitive measure, verbal

working memory, was mapped within the same broadly

defined chromosome 4 linkage signal in families ascer-

tained through a proband with schizophrenia (Paunio et al.

2004). These findings suggest that NWR may assess the

storage and processing mechanism for phonological word

forms and their parts in a verbal working memory archi-

tecture (Berninger et al. 2006). Further molecular genetics

studies of the chromosome 4 and 12 regions with sugges-

tive evidence for linkage to NWR in our families are

needed to investigate the significance of the findings, refine

locations and evaluate evidence for candidate genes.
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