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Abstract

Few studies have investigated the role of gene�environment interactions (G�E) in speech, language, and literacy
disorders. Currently, there are two theoretical models, the diathesis–stress model and the bioecological model, that
make opposite predictions about the expected direction of G�E, because environmental risk factors may either
strengthen or weaken the effect of genes on phenotypes. The purpose of the current study was to test for G�E at two
speech sound disorder and reading disability linkage peaks using a sib-pair linkage design and continuous measures
of socioeconomic status, home language/literacy environment, and number of ear infections. The interactions were tested
using composite speech, language, and preliteracy phenotypes and previously identified linkage peaks on 6p22 and
15q21. Results showed five G�E at both the 6p22 and 15q21 locations across several phenotypes and environmental
measures. Four of the five interactions were consistent with the bioecological model of G�E. Each of these four
interactions involved environmental measures of the home language/literacy environment. The only interaction that was
consistent with the diathesis–stress model was one involving the number of ear infections as the environmental risk
variable. The direction of these interactions and possible interpretations are explored in the discussion.

Speech sound disorder (SSD) is a developmen-
tal disorder characterized by delays in the
production of intelligible speech (Shriberg,
2003). In the past, SSD has been referred to
as articulation disorder and, more recently, pho-
nological disorder. The term SSD is currently
preferred because it recognizes that this disabil-

ity may have antecedents in both articulatory
(sensorimotor) and phonological (cognitive–
linguistic) domains. This term has been used re-
cently in the classification of speech–language
disorders from a genetic standpoint in the On-
line Mendelian Inheritance in Man database
(OMIM 608445).

SSD is a fairly common developmental dis-
order. In two large epidemiological samples,
15.6% of 3-year-old children and 3.8% of 6-
year-old children were classified as meeting cri-
teria for the disorder (Campbell et al., 2003;
Shriberg, Tomblin, & McSweeny, 1999). As
these numbers indicate, a substantial proportion
of children with SSD have normalized by the
time they reach school age because of develop-
ment and/or because of treatment. However,
the fact that most children with SSD normalize
should not diminish concern for its significance
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because SSD is associated with increased risk
of comorbid specific language impairment
(SLI) and later reading disability (RD), which
are more persistent language-related problems
(Bishop & Adams, 1990; Raitano, Pennington,
Tunick, Boada, & Shriberg, 2004).

Each of these disorders (SSD, RD, and SLI)
has genetic and environmental risk factors
(Bartlett et al., 2002; Bishop, 1997a; Campbell
et al., 2003; Fisher & DeFries, 2002; Phillips &
Lonigan, 2005; SLI Consortium, 2002, 2004;
Smith, Pennington, Boada, & Shriberg, 2005;
Stein et al., 2004), yet the question of whether
gene� environment interactions (G� E) may
be important in the etiology of these disorders
has been relatively neglected (for one exception
see Kremen et al., 2005). We first discuss the
evidence for a genetic component to the etiol-
ogy of SSD. Then, we discuss the evidence
for environmental risk factors in speech, lan-
guage, and reading development. Finally, we
discuss the theoretical models for G�E.

Genetics of SSD

There is convergence across different genetic
methodologies that speech and language disor-
ders are familial (Felsenfeld, McGue, & Broen,
1995) and heritable (Lewis & Thompson, 1992;
Tomblin & Buckwalter, 1998; for a review, see
Lewis et al., in press). The early familial and be-
havioral genetic studies utilized broadly de-
fined speech–language disordered groups,
which included, but were not limited to, chil-
dren with SSD. More recent molecular genetic
studies have specifically focused on children
with SSD. Molecular genetic studies of SSD
have investigated whether SSD is linked to
known RD risk loci (Miscimarra et al., in press;
Smith et al., 2005; Stein et al., 2004, 2006).
This initial strategy has been employed because
of the high rates of comorbidity between the
two disorders and the relatively advanced state
of molecular genetic research in RD.

Before discussing the results of the linkage
studies in SSD, we will briefly describe the
rationale behind linkage analysis. The goal of
linkage analysis is to find regions in the genome
that are likely to contain alleles that influ-
ence the phenotype of interest. Genetic markers
are used to identify a genetic neighborhood of

interest because genes that are located close to-
gether do not tend to recombine during meiosis;
thus, regions that are close together in the ge-
nome are more likely to be transmitted together
to offspring. If a marker in a specific region
of the genome tends to be associated with
SSD, then it is likely that a particular gene in-
volved in SSD is located in the neighborhood
of that marker. Linkage analysis only identifies
a genetic neighborhood; it does not identify a
gene (Plomin, DeFries, McClearn, & Rutter,
1997). This is in contrast to candidate gene/
association analysis, which attempts to identify
a gene that is causally related to the phenotype.
(For a more comprehensive explanation of these
methods, see Faraone, Tsuang, & Tsuang,
1999; Pennington, 2002; Plomin et al., 1997.)

Pairs of siblings are one sample of interest
in linkage analyses. The degree of genetic sim-
ilarity between two siblings for each marker
can be quantified by an identity by descent
value (ibd), which indicates the proportion
of transmitted alleles that the siblings share
(i.e., ibd ¼ number of alleles ibd/2). At each
marker, siblings can share both alleles (ibd ¼ 1),
half their alleles (ibd ¼ 0.5), or none of their al-
leles (ibd ¼ 0), meaning they received the same
alleles from their mother and father, they share
one parental allele, or they share no parental al-
leles, respectively. Thus, at a particular marker,
siblings can be like identical twins (ibd¼ 1), fra-
ternal twins or full siblings (ibd¼ 0.5), or two un-
related individuals (ibd¼ 0). The goal of linkage
analysis is to determine if the ibd status of siblings
at a marker is predictive of their phenotypic simi-
larity. If so, the results suggest that there is a gene
for the phenotype near the marker (Plomin et al.,
1997).

Turning back to the specific results of the SSD
linkage studies, Smith et al. (2005) tested for link-
age in 86 sib pairs of children from 65 families in
which at least one sibling had been diagnosed with
SSD. Their analyses focused on three regions pre-
viously linked to reading disability, 1p36, 6p22,
and 15q21 (for a review, see Fisher & DeFries,
2002). The investigators used several phenotypes
to test for linkage, each of which assessed speech
production, phonological processing skills, or
phonological memory (PM). Results supported
linkage to 6p22 and 15q21 and marginally signif-
icant linkage to 1p36 (Smith et al., 2005).
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Recent attempts to replicate these linkage
results in an independent SSD sample have
been partially successful. There is preliminary
evidence of replication of the 6p22 locus
(S. Iyengar, personal communication, September
8, 2006) and the 1p36 locus (Miscimarra et al., in
press). On chromosome 15, there is evidence for
a linkage peak near 15q21, although it is located
in the 15q14 region closer to genes associated
with autism and Prader–Willi/Angelman syn-
drome than the linkage region associated with
dyslexia/SSD (Stein et al., 2006). At this point,
it is unclear whether the linkage peaks on chro-
mosome 15 identified by Smith et al. (2005)
and Stein et al. (2006) are related to the same
or different loci for SSD.

Stein et al. (2004) also conducted a linkage
study focusing on a region of chromosome 3
(3p12–q13) that was identified as a risk factor
for RD by Nopola-Hemmi et al. (2001).
Seventy-seven sib pairs were recruited into
the study. They investigated several phenotypes
associated with SSD and RD. Results showed
evidence of linkage to the chromosome 3 locus
(Stein et al., 2004). Thus, in a separate sample,
another RD risk locus was found to be associ-
ated with SSD.

Environmental Risk Factors for Speech,
Language, and Literacy Development

Despite mounting evidence for a genetic etiol-
ogy of SSD, it is clear that the heritability of
the disorder will not be 100%, a fact that points
to the importance of environmental variables.
SSD is also accompanied, to various extents,
by language and reading delays that are also as-
sociated with environmental risk factors. Many
of these environmental risk factors are overlap-
ping. The environmental risk factors most
closely associated with SSD will be discussed
first followed by a discussion of the risk factors
more closely associated with language and
reading delays.

One environmental variable that has been
widely studied over the past few decades in re-
lation to speech–language disorders is otitis
media with effusion (OME). OME is a common
pediatric illness involving an infection in the
middle ear that causes an accumulation of fluid
that may result in a transient hearing loss

(Feldman et al., 2003). Holme and Kunze
(1969) were the first to suggest that OME
may be a risk factor for delayed speech and lan-
guage development. Since this report, a large
body of research has produced mixed findings
regarding the role of OME in speech and lan-
guage delays (Feldman et al., 2003; Roberts
et al., 2004; Shriberg, Flipsen et al., 2000; Shri-
berg, Friel-Patti, Flipsen, & Brown, 2000). Of
most relevance, a recent study of risk factors
for SSD in an epidemiological sample did not
identify OME as a significant risk factor
(Campbell et al., 2003). Several authors have
noted that methodological variability and
potential confounds are a significant problem
in this literature and may be responsible for
the mixed results (Bishop, 1997b; Feldman
et al., 2003; Paradise et al., 1997). To guide
future research, Shriberg and colleagues (Shri-
berg, Flipsen et al., 2000; Shriberg, Friel-
Patti et al., 2000) proposed a multifactorial
model in which child and environmental factors
moderate or mediate relationships among
OME, hearing loss, and speech–language
development.

Another variable that has been highlighted
as an environmental risk factor for speech and
language development, as well as literacy
development, is maternal education (Campbell
et al., 2003; Hart & Risley, 1992; Phillips &
Lonigan, 2005). In a recent study of risk factors
for SSD, maternal education emerged as the
strongest risk factor in a large, diverse sample
of children (Campbell et al., 2003). It is impor-
tant to note that maternal education cannot
be considered a purely environmental variable
because it may also reflect the genetic
endowment of the mother. The issue of such
gene–environment (G2E) correlations will be
discussed further below.

In the domains of language and literacy
development, the effect of the language and
literacy environment in the home has been stud-
ied more directly (Hart & Risley, 1992; Phillips
& Lonigan, 2005; Thorpe, Rutter, & Green-
wood, 2003). In one of the best designed stud-
ies to date, Thorpe et al. (2003) used twins as a
natural experiment to study language develop-
ment. It is well documented that twins are de-
layed relative to singletons in their language
development, but the causes of this delay are
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unknown. One plausible explanation is that par-
ents of twins cannot dedicate as much interac-
tion time to each child as parents of singletons,
and so the richness of the twins’ language
environment is reduced. Thorpe et al. (2003)
compared the parent–child interactions of fam-
ilies with twins to interactions in families with
two singletons born close together (within
30 months). The results were consistent with
parent–child interactions as a causal variable
that explained observed language differences
between twins and singletons. These results
demonstrate that even subtle differences in lan-
guage environments that are within the normal
range of variation can have measurable effects
on language development.

It is not surprising that environmental vari-
ables identified as important for speech and lan-
guage development have also been identified as
important for the development of preliteracy
and literacy skills: socioeconomic status (SES),
family beliefs, and values about education and
achievement, home language stimulation, and
home literacy environment (for a review, see
Phillips & Lonigan, 2005). Of course, these vari-
ables are highly correlated and mutually influen-
tial. Interestingly, there has been a debate in the
literature regarding the magnitude of the impact
of the home literacy environment, specifically
shared reading activities between parents and
children, on the growth of literacy and language
skills (Bus, van IJzendoorn, & Pellegrini, 1995;
Dunning, Mason, & Stewart, 1994; Lonigan,
1994; Scarborough & Dobrich, 1994a, 1994b).

In summary, as with most complex disor-
ders, environmental and genetic factors contrib-
ute to the etiology of SSD. SSD is also associ-
ated with language and reading delays that
likely involve partially overlapping and par-
tially unique genetic and environmental risk
factors.

The Complication of G2E Correlations

The distinction between G2E correlations and
G�E is sometimes a difficult one, especially
because both mechanisms are likely to be oper-
ating in development. The term G2E correla-
tion refers to the fact that environments are of-
ten partially genetically determined. There are
several mechanisms through which environ-

ments can be responsive to genetics (e.g.,
passive, active, evocative G2E correlations;
Rutter, Moffitt, & Caspi, 2006; Scarr &
McCartney, 1983). The term G � E refers to
the fact that environments can modify the ex-
pression of an individual’s genetic background,
either strengthening or weakening the effects of
genes on phenotypes (Rutter et al., 2006).

G2E correlations complicate the study of
G�E because it is difficult to determine the ex-
tent to which a measured environment may be
genetically determined (Rutter et al., 1997,
2006; Scarr & McCartney, 1983). Indeed,
G2E correlations have been shown to be influ-
ential in the development of children’s lan-
guage abilities (Gilger, Ho, Whipple, & Spitz,
2001), and such correlations are also likely to
play a role in speech and literacy development.
Fortunately, behavior genetic simulations have
shown that G2E correlations do not substan-
tially impact detection of G � E (Purcell,
2002). In most studies, the strategy for dealing
with G2E correlations while testing for G�E
has been to test for the correlations directly.
The current study will also adopt this strategy.

G 3 E

As more is learned about both the genetics of
SSD and its associated disorders, and environ-
mental influences affecting speech, language,
and literacy development, a question to address
is whether G�E plays a role in the etiology of
SSD. As previously discussed, G�E has been
relatively neglected in speech, language, and
reading disorders. The study of G�E in these
developmental disorders is relevant not only
to these disorders directly but also to develop-
mental psychopathology more generally as
reading and language disorders are associated
with increased risk for both internalizing and
externalizing psychopathologies (Beitchman,
Nair, Clegg, Ferguson, & Patel, 1986; Willcutt
& Pennington, 2000) and the etiologic path-
ways found in one disorder are potentially rele-
vant for others.

G � E is a complex topic (Grigorenko,
2005), and various forms of interaction are
just beginning to be explored (e.g., Kendler &
Eaves, 1986; Rutter, 1983; Shanahan & Hofer,
2005). The current G � E models can be
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distilled to two theoretical models that make
opposite predictions about the direction of the
interaction. The diathesis–stress model predicts
that a diathesis (genetic vulnerability) coupled
with an environmental stress, will increase the
likelihood of disordered behavior (Rende &
Plomin, 1992). In genetic terms, this model pre-
dicts that the heritability of the trait or the risk
locus will be higher for individuals in risk envi-
ronments (Rutter et al., 2006). In contrast, the
bioecological model predicts that enriched
environments will enable underlying genetic
differences to be actualized, whereas risk envi-
ronments will mask the genetic differences
(Bronfenbrenner & Ceci, 1994; Gottesman,
1963; Scarr, 1992). In genetic terms, this model
predicts that the heritability of the trait or the
risk locus will be higher in enriched environ-
ments (Rutter et al., 2006).

Diathesis–stress models are a “cornerstone”
of the conceptualization of how psychopatholo-
gies develop (O’Connor, Caspi, Defries, &
Plomin, 2003, p. 849). The explanatory power
of G�E in the etiology of disordered behavior
has been demonstrated in the conduct disorder
(CD) literature (Cadoret, Yates, Troughton,
Woodworth, & Stewart, 1995; Caspi et al.,
2002; Rutter et al., 2006) and the depression lit-
erature (Caspi et al., 2003; Eley et al., 2004;
Silberg, Rutter, Neale, & Eaves, 2001). In
both cases, an environmental stress (e.g., mal-
treatment in CD, stressful life events, especially
loss, in depression) coupled with a genetic risk
results in more disordered behavior than would
be expected by either factor alone or in additive
combination. It is important that these findings
cannot be explained by G2E correlations
because, in many of the samples studied, indi-
viduals with risk alleles have not been exposed
to more environmental stress (Caspi et al.,
2002, 2003).

Although research investigating G � E in
psychopathologies has tended to find the dia-
thesis–stress type of G�E, research investigat-
ing G�E in academic and cognitive traits has
tended to find the bioecological form of G�E
(Kremen et al., 2005; Rowe, Jacobson, & Van
den Oord, 1999; Turkheimer, Haley, Waldron,
D’Onofrio, & Gottesman, 2003), although
there are occasional exceptions (Asbury,
Wachs, & Plomin, 2005; van den Oord &

Rowe, 1998). The logic of the bioecological in-
teraction was discussed by Lewontin (1970)
using the analogy of genetically variable seeds
that are planted in two different fields (cited in
Neisser et al., 1996). In this analogy, one field is
rich in nutrients and the other is deprived. In the
deprived field, all of the plants will be short
because of the environmental adversity. How-
ever, in the nutrient-filled field, there will be
considerably variability in plant height that is
primarily determined by the genetic endow-
ment of the plant. Thus, the environment in
which the seed was planted determines how
the genetic liability of the plant is expressed, a
bioecological G�E.

The only study that has investigated G�E in
reading ability found a bioecological interac-
tion (Kremen et al., 2005). In this study, parent
education moderated the heritability of word
recognition skills in a middle-aged sample of
twins. Results showed that the heritability of
word recognition in twins with highly educated
parents was higher (h2 ¼ .69) than the heritability
in twins with less-educated parents (h2 ¼ .21).

One weakness in the behavioral genetic
approach to G� E is that it tests for interac-
tions with unmeasured genetic influences,
but the mechanisms underlying the interac-
tion are likely to involve specific genes. As
such, molecular genetic methods are prefer-
able for testing G � E (Rutter et al., 2006).
Ideally, tests of G�E would involve specific
risk alleles (e.g. Caspi et al., 2002, 2003),
but in the case of RD and SSD, these have
not yet been determined. Fortunately, in the
absence of identified risk alleles, G � E
can still be tested using an extended linkage
equation. The current study will test for G�E
at two reported SSD/RD linkage peaks on
chromosomes 6 and 15 (Smith et al., 2005)
using a sib-pair linkage design and continuous
measures of SES, home language/literacy
environment, and number of ear infections.
The interactions will be tested using composite
speech, language, and preliteracy phenotypes.
To our knowledge, this is the first study to
use molecular genetic methods to test for
G � E in SSD or RD. We hypothesize that
there will be bioecological G � E for some
of the speech, language, and preliteracy phe-
notypes. This prediction is based on previous
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research showing that G�E for academic and
cognitive traits tends to be in the bioecological
direction.

Method

Participants

This study is part of an ongoing longitudinal
study investigating the relationship between
SSD and RD (Raitano et al., 2004; Smith
et al., 2005). The sample used in this study is
substantively the same as the sample used by
Smith et al. (2005). Probands with SSD (n ¼
109) between the ages of 5 and 7 years old
were recruited through public and private
schools in metropolitan Denver and through
radio and newspaper advertisements. Children
recruited through the schools were first iden-
tified by special education personnel or through
mass mailings to parents of all kindergarten
children in four cooperating school districts.
As a first gate to participation, all probands
were required to have current or previous
SSD, as defined by prior testing by a speech–
language pathologist and/or significant intel-
ligibility problems at 3–4 years of age accord-
ing to parent report. As a second gate to partici-
pation, probands were required to be receiving
or to have received speech–language therapy
and/or to score below the 30th percentile on
the Goldman Fristoe Test of Articulation (GF;
Goldman & Fristoe, 1986). Full siblings of
the probands were recruited for inclusion if
they were between 5 and 9 years old. The sib-
ling’s speech status was free to vary. However,
if both the proband and siblings had received
speech–language therapy, the child with the
more extreme articulation deficit on the GF
was designated as the proband. Families with
children participating in the study were required
to be monolingual English speaking. Hence,
children exposed to foreign languages were ex-
cluded, but not children of different ethnic or
racial groups whose sole linguistic exposure
had been English. Other exclusionary criteria
for the study included: (a) known genetic disor-
ders or syndromes, (b) mental retardation (e.g.,
nonverbal IQ , 70), (c) pervasive developmen-
tal disorder, (d) significant birth complications,
(e) acquired brain injury, (f) peripheral hearing

loss, and (g) structural or functional speech
mechanism impairments (e.g., cleft palate).

Of the 109 probands, 2 probands were ex-
cluded because they were consistent outliers
on the tasks administered. From the remaining
107 families with probands, 69 families had
an eligible sibling. However, 9 of these families
did not have an adequate genetic sample to ob-
tain ibd information. Thus, a total of 60 families
were included in the genetic linkage analysis.
Of these families, 52 had one eligible sibling
(besides the proband), 7 had two siblings, and
1 had 3 siblings, resulting in a total of 79 sib
pairs in the sample. Descriptives for probands
and siblings are displayed in Table 1.

A sample of control participants (n¼ 41) was
recruited to be similar in age, gender, ethnicity,
and SES to the SSD probands. The sample was
intended as a reference sample for the pheno-
typic scores of the probands and siblings. Control
participants could not have a history of speech or
language difficulties or speech–language therapy
and they were required to have developmentally
appropriate articulation at the time of testing
(e.g., GF . 30th percentile). Descriptives for
the control sample are given in Table 1.

Procedure

Parents provided consent for their child to par-
ticipate in the behavioral and genetic compo-
nents of this study, and children provided as-
sent. Probands and siblings were tested on a
battery of speech, language, and preliteracy
measures over the course of three 2-hr sessions.
Parents completed questionnaires that included
information about their SES and home lan-
guage/literacy environment.

Measures

Speech, language, preliteracy, and reading vari-
ables. For organizational and conceptual pur-
poses, measures of the speech, language, and
preliteracy battery are listed in Table 2 under
eight broad constructs that represent the results
of a confirmatory factor analysis. At the end of
this list is a description of several reading mea-
sures that were administered to probands at the
second time point of this longitudinal project.
These reading measures were used along with
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measures of articulation and language to select
environmental variables that influenced the
child’s phenotype, but they could not be used
for the linkage analyses because they were not
administered to the proband’s siblings.

Environmental variables. Several variables
that are potentially related to the language and
literacy environment provided in the home
were collected. We gathered maternal and
paternal educational level via self-report, and
means and standard deviations are reported in
Table 1.

Parents also completed two surveys to assess
their exposure to children’s books and adult
authors,1 the Title Recognition Test (TRT; Al-
len, Cipielewski, & Stanovich, 1992) and the
Author Recognition Test (ART; Stanovich &
West, 1989). These surveys consisted of a list
of popular children’s books (TRT) and popular
adult authors (ART) intermingled with false
lures. Parents were instructed to identify the

books and authors that were “true” authors and
were informed that “fake” books and authors
were also included. The goal of these surveys
was to assess parents’ exposure to print in a for-
mat that is less susceptible to socially desirable
responses than typical questionnaires (Stanovich
& West, 1989). The reliability of the number of
correct items checked was high for both the
TRT (Cronbach a ¼ .83) and the ART (Cron-
bach a ¼ .89). Scores for the ART and TRT
were calculated by subtracting the proportion of
false alarms on the foil items from the proportion
of correctly identified items (TRT, mean¼ 0.46,
SD ¼ 0.20, range ¼ 0.11–0.83; ART, mean ¼
0.44, SD ¼ 0.18), range ¼ 0.07–0.90).

Parents also filled out a Home Literacy Envi-
ronment Questionnaire.1 Questions were asked
about the number of books in the house, how
often family members purchase books or go to
the library, how often parents read to their chil-
dren, and so forth. Most questions were rated on
a Likert scale (1–5), with 5 reflecting the most
enriched environment. This questionnaire was
developed for use in our lab, so its psychomet-
ric properties were undetermined. We con-
ducted an exploratory factor analysis (EFA)
with principal axis factoring and varimax rota-
tion. Results revealed a five-factor solution ac-
cording to the scree plot and an eigenvalue cut-
off of 1. A loading score cutoff of .4 was set for
interpretation of variables. The five factors were
readily interpretable and given the following

Table 1. Mean (standard deviation) and range of descriptives for probands, siblings, and controls

Descriptives
Probands
(N ¼ 60)

Siblings
(N ¼ 69)

Controls
(N ¼ 41) Significance Test

Age (years)a 5.7 (0.6)
5;0–7;3

7.1 (1.4)
5;0–9;10

5.6 (0.4)
4;11–6;8

F (2, 167)¼ 39.97, p , .001

Nonverbal IQb 106.0 (11.3)
76–128

108.0 (10.8)
80–135

111.6 (8.5)
90–126

F (2, 166) ¼ 3.44, p , .05

Gender 65% Male 52% Male 71% Male x 2 (2, N ¼ 170) ¼ 4.30, ns
Ethnicity 83% Caucasian 83% Caucasian 85% Caucasian x 2 (1, N ¼ 100) ¼ 0.096, ns
Maternal

education (years)
15.9 (2.6)
10–25

15.9 (2.6)
10–25

16.2 (2.8)
11–27

t (98) , 1, ns

Paternal
education (years)

15.8 (2.6)
12–24

15.8 (2.6)
12–24

16.0 (2.5)
11–24

t (98) , 1, ns

Note: Because probands and siblings come from the same families, ethnicity, mother’s education, and father’s education is
the same for both the proband and the sibling.
aTukey post hoc tests: proband ¼ control , sibling.
bTukey post hoc tests: proband , control, proband ¼ sibling, sibling ¼ control.

1. One important note about the TRT, ART, and Home
Literacy Environment Questionnaire is that they were ad-
ministered in the second wave of testing in this lon-
gitudinal project. Thus, this data was obtained approxi-
mately 2–2.5 years after the phenotypic data was
collected. Indirect evidence of the stability of the home
environment can be inferred from the moderate test–
retest reliability of a widely used observational measure
of the global home environment, the Home Observation
for Measurement of the Environment (Bradley, 1993;
Caldwell & Bradley, 1984; Totsika & Sylva, 2004).
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labels: letters and library, enjoyment of books,
newspaper reading, child’s independent read-
ing, and oral reading to child. None of the fac-
tors were correlated at r . .3 with the exception
of the library and letters and oral reading factors
at r ¼ .32, so the simpler Varimax rotation me-
thod was chosen (Tabachnick & Fidell, 2001).
The relevant items from each factor were stand-
ardized and averaged to form the five composites.

Finally, parents filled out a hearing history
questionnaire that asked whether their child
had a history of ear infections, and if so, asked
them to describe the frequency, onset and off-

set, and duration of the infections. The depen-
dent variable used in this study was the number
of parent reported ear infections in the child’s
lifetime (mean¼ 4.0, SD¼ 4.2, range¼ 0–20).

Data cleaning and reduction

Phenotypic variables. A confirmatory factor
analysis (CFA) of the phenotypic variables de-
scribed above was performed using AMOS
5. The goal of this CFA was to identify the
smallest number of composites that were still
theoretically meaningful.

Table 2. Measures from the speech, language, and literacy battery grouped
into constructs according to the results of a confirmatory factor analysis

Construct/Measure Reference

Articulation
Goldman Fristoe Test of Articulation Goldman & Fristoe (1986)
PCC-R conversational speech sample Shriberg et al. (1997a, 1997b)
PCC-R for Late-8 Clusters conversational speech sample Shriberg et al. (1997a, 1997b)
VMPAC motor control for speech items Hayden & Square (1997)
VMPAC sequencing for speech items Hayden & Square (1997)

Oromotor skills
VMPAC motor control for nonspeech items Hayden & Square (1997)
VMPAC sequencing for nonspeech items Hayden & Square (1997)

Phonological awareness
Rhyme judgment Bird & Bishop (1992)
CTOPP elision subtest Wagner et al. (1999)
CTOPP blending words subtest Wagner et al. (1999)

Semantics
TOLD picture vocabulary subtest Newcomer & Hammill (1997)
TOLD oral vocabulary subtest Newcomer & Hammill (1997)

Syntax
TOLD grammatic understanding subtest Newcomer & Hammill (1997)
TOLD grammatic completion subtest Newcomer & Hammill (1997)

Phonological memory
Nonword repetition Dollaghan & Campbell (1998)
Differential Ability Scales recall of digits Elliott (1990)
TOLD sentence imitation subtest Newcomer & Hammill (1997)

Letter knowledge
Letter name knowledge Treiman et al. (1998)
Letter sound knowledge Treiman et al. (1998)

Rapid serial naming
CTOPP rapid color naming subtest Wagner et al. (1999)
CTOPP rapid object naming subtest Wagner et al. (1999)

Reading
WIAT basic reading subtest Wechsler (1992)
WIAT spelling subtest Wechsler (1992)
WIAT reading comprehension subtest Wechsler (1992)
Gray Oral Reading Test—III Wiederholt & Bryant (1992)

Note: PCC-R, Percentage of Consonants Correct—Revised; VMPAC, Verbal Motor Production Assessment for
Children; CTOPP, Comprehensive Test of Phonological Processing; TOLD, Test of Language Development;
WIAT, Wechsler Individual Achievement Test.
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All children tested on the phenotypic mea-
sures (N ¼ 233) were included in the CFA to
provide a sufficiently large sample and maxi-
mize generalizability of the factors. Because
we included both members of the sib pairs in
the CFA, we tested whether the assumption of
independent observations was empirically vio-
lated for each phenotype by testing for a signi-
ficant difference between within-family vari-
ance and between-family variance for families
with two or more siblings in the study (Kashy,
Kenny, Reis, & Judd, 2000). Of the 21 mea-
sures that were included in the CFA, 6 violated
the independence assumption according to the
liberal p value ( p , .2) suggested by Kashy
et al. (2000). Because of these violations, we
tested the final CFA model in a sample of unre-
lated individuals to ensure that the model fit was
also adequate in a sample of unrelated children.

The phenotypic variables were inspected for
normality, univariate outliers, linearity, and
multicollinearity (Kline, 2005). In all cases,
raw scores from the measures were used. Out-
liers that exceeded 3 SD from the sample mean
were winsorized to 3 SD. Twenty-three children
had missing data (10%) for one or more of the
variables; missing variables were imputed by
AMOS before running the CFA. For all models,
we allowed errors of the subtests from the same
test to correlate in order to allow for test-
specific measurement error.

We arrived at our final model through seven
steps.

1. We tested our initial theoretical model, which
consisted of six factors: articulation (including
the The Verbal Motor Production Assessment
for Children [VMPAC; Hayden & Square,
1993] nonspeech variables), semantics/syn-
tax (composed of the four TOLD subtests),
phonological awareness (PA), PM, letter
knowledge (LK), and rapid serial naming
(RSN).

2. Because the fit of the initial theoretical
model was unsatisfactory, we conducted an
EFA with principal axis factoring and ob-
limin rotation to guide future models.

3. We modified the original model by splitting
the articulation factor into an articulation
and oromotor factor and we combined the

semantics/syntax and PA factors into one
oral language factor.

4. We ran the revised model and obtained a
better fit than the original model, x 2 (157,
N ¼ 233) ¼ 390.072, p , .001, x 2/df ¼
2.49, comparative fit index (CFI) ¼ .940,
root mean square error of approximation
(RMSEA) ¼ .080 (90% confidence interval
[CI] ¼ .070–.090).

5. We added three theoretically predictable
cross-loadings from the nonword repetition
task to the articulation factor and the two
VMPAC speech variables to the PM factor
because these three subtests each required
articulation and PM skills. Each cross-load-
ing significantly improved the model fit ac-
cording to the chi-square difference test for
nested models. The resulting model fit statis-
tics were: x 2 (154, N¼ 233)¼ 282.885, p ,

.001, x 2/df¼ 1.84, CFI¼ .967, RMSEA¼

.060 (90% CI ¼ .049–.071; see Figure 1).
6. We tested several more parsimonious mod-

els by setting the correlation between latent
factors to 1, but all of the alternatives re-
sulted in significant degradations to the model
fit as assessed by the chi-square difference
test: (a) collapsing the articulation and oro-
motor factors, (b) collapsing the articulation
and PM factors, and (c) collapsing the oral
language and PM factors.

7. Finally, we tested this final model in a sub-
sample of unrelated individuals (N ¼ 150)
to check that the model fit was not artifi-
cially improved by including sib pairs in
the sample. Results showed that this was
not likely to be the case, x 2 (154, N ¼
150) ¼ 262.690, p , .001, x 2/df ¼ 1.706,
CFI ¼ .956, RMSEA ¼ .069 (90% CI ¼
.054–.083).

The model shown in Figure 1 was used to
create phenotypic composites for linkage. Al-
though the semantics, syntax, and PA variables
loaded together onto one oral language factor,
we created both an oral language composite
as well as separate semantics, syntax, and PA
composites based on theoretical distinctions
among the cognitive domains measured by
these tasks. A similar procedure was employed
by Samuelsson et al. (2005), who found that
heritabilities differed substantially for separate
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skill categories within a heterogeneous “general
verbal ability” factor that emerged from an EFA
in their twin sample. These results showed that
the nonshared variance between phenotypic
variables could be important for detecting dif-
ferential genetic etiologies.

When creating the composites, we excluded
the cross-loading VMPAC variables because
they loaded almost equally on the PM and ar-
ticulation factors. The nonword repetition task
was assigned to the PM factor because it loaded
more strongly on PM (.67) than on the articula-
tion factor (.30). To create the composites, the
variables of each construct were reflected
when necessary, standardized, and averaged to-
gether. The distributions of the composites
were inspected for outliers and normality. We
performed transformations on four variables
to improve the normality of the distributions

and minimize outliers. The articulation, oromo-
tor, and LK factors were inverse transformed
and the RSN factor was log transformed follow-
ing recommendations by Tabachnick and Fidell
(2001). Next, the composites were age regressed,
with age and age2 as the independent variables.
Finally, in preparation for the DeFries–Fulker
(DF) linkage analysis, the sib-pair scores were
standardized relative to the control mean and
standard deviation (SD). For the DF linkage anal-
ysis, we used an extremity selection of 1 SD be-
low the control mean.

Environmental variables. The environmental
variables were inspected for normality and uni-
variate outliers. Outliers that exceeded 3 SDs
from the sample mean were winsorized to 3
SD. The environmental variables were then
screened for their impact on speech, language,

Figure 1. The modified six-factor model used to make composites.

L. M. McGrath et al.1056



and literacy skills via correlations. We used the
following phenotypes in the screening, the ar-
ticulation composite score, the TOLD total lan-
guage standard score (an average of the scaled
scores from the subtests of the TOLD), and
the reading composite score (an average of the
standard scores from each of the reading mea-
sures). Negative correlations were expected be-
cause the environmental variables were re-
flected so that high values represented high
environmental risk, whereas the composite
scores were reflected so that high values repre-
sented good performance. The five environ-
mental variables (of the 12 environmental
variables tested) that showed significant corre-
lations with one or more of the composite
phenotypes are displayed in Table 3. Only these
environmental variables were used in subse-
quent tests of G�E.

Notably, the oral reading correlation with the
reading composite was in the opposite direction
from predicted, possibly indicating that parents
of children with low reading scores were trying
to compensate by reading more often to their
children and/or that children who were good
readers tended to read by themselves rather
than with their parents. Despite the directionality
of this correlation, we decided to include the oral
reading variable in further analyses because it
was of theoretical interest (Phillips & Lonigan,
2005). Families that prioritized reading to their
child with reading difficulties may have been
providing a richer literacy environment overall.

The pairwise correlations among the five
selected environmental variables suggested
that the variables were not simply redundant.

The highest correlations were between mater-
nal and paternal years of education r (69) ¼
.49, p , .01, and maternal and paternal years
of education with ART, r (69) ¼ .49, p , .01,
r (69)¼ .42, p , .01, respectively. This reduced
set of five variables was correlated with the ge-
netic risk indices derived from the DF regression
equation to exclude those variables showing sig-
nificant G2E correlations (see G2E correlation
in the Results section).

Genotyping and ibd estimation

DNA was extracted from buccal brushes ob-
tained from all participating children and their
available biological parents. Markers from dys-
lexia candidate regions on chromosomes 1p36,
6p22, and 15q21 were typed using fluores-
cently labeled primers on an automated ABI
3700 DNA sequencer (Applied Biosystems,
Foster City, CA). The order of markers was de-
termined from the published genome map
NCBI MapViewer and genetic distances were
based on the deCode map, both of which are
available at the NCBI website (http://www.
ncbi.nlm.nih.gov/mapview/). This map was
selected over the Marshfield map, because it
is based on more meioses, but if a marker was
not placed on the deCode map, the position
was extrapolated based on the physical distance
and the relative distances between flanking
markers on the Marshfield map. The markers
and their positions have been published by
Smith et al. (2005). Throughout this study, cen-
timorgan (cM) designations are referenced to
the first marker typed on each chromosome

Table 3. Correlations of the environmental variables with speech, language,
and literacy measures

Articulation
Composite
(N ¼ 69)a

TOLD Language
Composite
(N ¼ 69)a

Reading
Composite
(N ¼ 60)b

Maternal education (years) 2.066 2.227 2.394**
Paternal education (years) 2.027 2.309* 2.389**
Number of ear infections 2.060 2.266* 2.041
Parent Author Recognition Test 2.066 2.348** 2.297*
HLQ oral reading to child 2.083 .053 .273*

aRandomly selected sibling from each family.
bProbands only.
*p , .05. **p , .01.
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(e.g., the most telomeric marker on chromo-
some 1, D1S199, is designated 0 cM).

Allele calling was done by ABI Genotyper
v. 3.7 software, and inheritance checking was
done with the Genetic Analysis System version
2 software (Young, 1995). In our genetics lab,
the initial genotype error rate detected by the
Genetic Analysis System is approximately
3.2%. When errors were detected by the Ge-
netic Analysis System, the allele calls were
double-checked by the technologists. Follow-
ing this procedure, the count recs feature in
GENEHUNTER 2.1_r5b (Kruglyak, Daly,
Reeve-Daly, & Lander, 1996) and the error fea-
ture in MERLIN (Abecasis, Cherny, Cookson,
& Cardon, 2002) were also used to detect errors
in map placement or genotyping. The Graphical
Relationship Representation (www.sph.umich.
edu/csg/abecasis/GRR) was also used to
visually inspect the genetic data from parents
and siblings to insure that all siblings were full
biological siblings and all parents were full bio-
logical parents. After all detectable errors were
corrected or deleted, it was estimated that the
genotype error rate was less than 1%. Multipoint
ibd estimations were calculated using the ibd
feature of Merlin (Abecasis et al., 2002).

Linkage analysis and genetic risk

This study employed two regression-based
linkage methods that can be used with severity
selected samples: the DF method (DeFries &
Fulker, 1985, 1988; Fulker et al., 1991) and
the Merlin-regress method (Sham, Purcell,
Cherny, & Abecasis, 2002). One limitation of
the Merlin-regress method is that the population
mean, variance, and heritability of the pheno-
type must be known. Decreases in power result
if these parameters are misspecified. As a result,
we chose the DF method as our primary linkage
analysis because it can flexibly incorporate
tests of G�E and it does not require accurate
specification of the population statistics, which
are unknown in this selected sample.

The DF method takes advantage of the phe-
nomenon of regression to the mean. In this
method, at least one member of each sib pair
(the proband) is selected to be extreme on a
phenotype. The logic is that, given a risk locus
that affects a phenotype, a co-sib who carries

the same alleles as the proband will not regress
as far to the population mean as a co-sib who
does not share the same genotype. In other
words, if the ibd status of the sib pair at the lo-
cus being tested is a significant predictor of the
co-sib’s score, then there is evidence for link-
age (e.g., if the B2 term is significant; see the
Results section for the DF equation; DeFries
& Fulker, 1985, 1988; Fulker et al., 1991; Plo-
min et al., 1997).

Multipoint DF analyses (every 0.5 cM) were
conducted with regressions in SPSS 13.0 using
an extremity selection of 1 SD below the control
mean. Because the sample was truncate se-
lected, sib pairs in which both members met
the extreme selection criteria were double en-
tered (DeFries & Gillis, 1991). In other words,
although we explicitly recruited SSD probands
and their siblings, the designation of “proband”
for the purposes of the DF analysis was empiri-
cally determined for each analysis by assessing
whether one or both members of a sibling pair
met the extreme selection criteria. The standard
errors of the regression coefficients were cor-
rected for the number of double-entered pairs
using the procedures documented in Stevenson,
Pennington, Gilger, DeFries and Gillis (1993).
This correction procedure is conservative, ex-
ceeding a 30% overestimate in some cases
(Kohler & Rodgers, 2001; Rodgers & Kohler,
2005). As a result, we loosened the p , .01 cri-
teria proposed by Lander and Kruglyak (1995)
for replicating a linkage result to p , .05 (one
tailed). A one-tailed test of the ibd value (B2)
is customarily used because the direction of
regression is nearly certain (e.g., DeFries,
Fulker, & LaBuda, 1987). We did not apply a
correction for multiple tests because a Bonfer-
roni correction is too conservative in this
scenario where the phenotypes are highly corre-
lated and the markers are tightly linked. In fact,
an appropriate correction does not exist for this
case (e.g., Francks et al., 2004).

To conduct G2E correlations, we derived a
measure of genetic risk from the DF basic equa-
tion, using the influence statistic, standardized
DF beta, provided by SPSS Regression. DF
beta is the change in the regression coefficient
that results from the exclusion of a particular
case. In this case, the change in the B2 regression
coefficient when a particular sib pair is deleted is
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an estimate of the contribution of the sib pair to
the linkage result. In this study, standardized
DF beta calculations were obtained for every sig-
nificant linkage peak. Because linkage peaks are
obtained at different markers with different phe-
notypes and with different sib pairs included in
each analysis, different linkage analyses can pro-
vide conflicting information. As a simplification,
we derived two categorical genetic risk defini-
tions. For Definition 1, a sib pair was considered
to possess the risk allele at a chromosomal loca-
tion if the pair contributed to linkage at one or
more linkage peaks. For Definition 2, a sib pair
was considered to possess the risk allele at a
chromosomal location if the pair contributed to
linkage at two or more linkage peaks. These
two estimations of risk allele status were used to
group families into those likely to possess the
risk allele and those unlikely to possess the risk
allele. Then, in order to test for G2E correlations,
t tests were run on these groups to determine if
environments differed by genetic risk status.

Another regression-based linkage method
that is appropriate for selected samples is the
Merlin regress (Sham, Purcell, Cherney, &
Abecasis, 2002). In contrast to the DF method,
which predicts the co-sibs’ phenotype from ibd
status, controlling for the proband’s phenotype,
the Merlin-regress method exchanges the inde-
pendent variable and the dependent variable,
predicting ibd from the phenotypic relation
between sibs. The logic is that if the relationship
between the phenotypes of siblings can be used
to predict their ibd status, then linkage is estab-
lished. This method is not affected by sample
selection because biased regression coefficients
only result from selection on the dependent
variable, not the independent variable (Sham
et al., 2002). Because studies almost always se-
lect via trait values and not ibd sharing, the
method is robust to selection.

As a secondary linkage method, we ran Mer-
lin regress with multipoint estimations every
0.5 cM. The Merlin 1.0 alpha release was
used for the analyses (Abecasis & Wigginton,
2005). The Merlin-regress method requires es-
timations of the mean, variance, and heritability
of the phenotypes in the unselected population.
Misspecification of these values, especially the
mean, can result in a loss of power (Sham et al.,
2002). As a result, we set a liberal p , .05 (one-

tailed) value for interpreting the results of the
Merlin regress because we did not possess ideal
population estimates. Because of the potential
loss of power because of misspecification, we
attempted to estimate the population mean
and variance for our phenotypes using Shriberg
et al.’s (1999) calculation that 3.8% of 6-year-
old children in an epidemiological sample
qualify for a speech delay diagnosis. We tried to
mimic a population sample by forming a com-
posite sample from our control sample and SSD
sample. We included all of our children who
met criteria for a “persistent” speech problem
(n ¼ 31) and then weighted the control sample
so that these persistent children would compose
3.8% of the sample. Then, we calculated the
mean and variance of the composite sample.
For estimating the heritability of the pheno-
types, we relied on two population-based twin
studies that have collected measures in children
aged 4–6 years old that are similar to those in-
cluded in the current study, the Twins’ Early
Development Study study (Colledge et al.,
2002; Kovas et al., 2005) and the Longitudinal
Twins Study (Byrne et al., 2002, 2005; Samuel-
sson et al., 2005).

Results

The results focus on three primary issues: (a)
localizing linkage peaks on chromosome 1, 6,
and 15 with an expanded set of speech, lan-
guage, and preliteracy phenotypes; (b) testing
for G2E correlations; and (c) testing for G�E.

Linkage analyses

The purpose of these analyses was to localize
the linkage peaks on chromosome 1, 6, and
15 with an expanded set of phenotypes follow-
ing after the analyses of Smith et al. (2005).
Localization of the linkage peaks with the
expanded set of composite phenotypes was
necessary to conduct tests of G � E at these
peaks. Results for the DF basic equation and
Merlin regress for chromosomes 6 and 15 are
depicted in Figures 2 and 3, respectively. Sam-
ple sizes are provided for the DF analysis be-
cause they change with each linkage analysis
because different numbers of sib pairs qualify
for the 1 SD severity selection depending on
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the phenotype. The lines are dotted to signify
that they represent interpolations between the
0.5-cM multipoint estimations. In the case of
the DF analysis, the p value is obtained by the
test of significance of the beta weight (B2)

term in the basic equation

C ¼ B1Pþ B2p̂ þ K,

where C represents the co-sib’s phenotypic

Figure 2. The linkage of chromosome 6 markers and speech, language, and preliteracy phenotypes using the
DeFries–Fulker and Merlin-regress linkage methods. The significance of the linkage ( p value) is graphed
against the chromosomal position of the markers on 6p22, with the p terminus to the left and the centromere
to the right. The approximate locations of the two proposed reading disability candidate genes, DCDC2
and KIAA0319, are also indicated. [A color version of this figure can be viewed online at www.journals.
cambridge.org]
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score, P represents the proband’s phenotypic
score, and p̂ is the sib pair’s estimated ibd value
at a particular marker.

Consistent with the results of Smith et al.
(2005), the weakest evidence for linkage was

obtained on chromosome 1. There was no sig-
nificant evidence for linkage with the DF
method and only the Semantics composite
reached the p , .05 cut-off with the Merlin-re-
gress method. In addition, similar to the results

Figure 3. The linkage of chromosome 15 markers and speech, language, and preliteracy phenotypes using
the DeFries–Fulker and Merlin-regress linkage methods. The significance of the linkage ( p value) is
graphed against the chromosomal position of the markers on 15q21, with the q terminus to the right
and the centromere to the left. The approximate location of a proposed reading disability candidate
gene, DYX1C1, is also indicated by the vertical line. [A color version of this figure can be viewed online
at www.journals.cambridge.org]
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of Smith et al. (2005) that showed marginally
significant linkage with an articulation measure
on chromosome 1, the articulation composite in
the current study approached trend-level signif-
icance ( p ¼ .11) with the Merlin-regress
method. Because there was not consistent evi-
dence of linkage at this 1p36 locus, we did
not conduct G�E analyses using this locus.

The chromosome 6 graphs showed a compli-
cated pattern with possible evidence for two
separate linkage peaks at �2 and �12–16 cM.
The PA and LK phenotypes showed converg-
ing evidence for linkage across methods. With
the DF method, there was also evidence for
linkage of the oromotor and RSN phenotypes,
whereas these phenotypes approached a trend-
level significance with the Merlin regress
( p ¼ .10 and .13, respectively).

Turning more specifically to the results of
the DF linkage, it can be seen in Figure 2 that
the articulation phenotype came close to a trend
( p ¼ .11) in the analysis of 6p22. The fact that
our articulation phenotype did not reach signif-
icance was surprising because a related pheno-
type had reached significance in the DF aug-
mented analysis conducted by Smith et al.
(2005). Nevertheless, there is a precedent in
the literature that more severe selection is
needed to identify linkage peaks at this risk lo-
cus (Deffenbacher et al., 2004). As such, we
also conducted a DF regression with the articu-
lation phenotype using more severe selection
criteria, 2 SD below the control mean. With
this more severe selection, the articulation
phenotype did reach the p , .05 cutoff for link-
age.

On chromosome 15, the articulation, seman-
tics, and oromotor phenotypes showed linkage
with both methods at the same markers. The
PM phenotype showed evidence for linkage
using the DF method and a trend-level sig-
nificance with the Merlin-regress method ( p
¼ .07).

In summary, these linkage analyses allowed
us to localize the linkage peaks associated with
speech, language, and preliteracy phenotypes
on 6p22 and 15q21. There was generally
good correspondence between the two linkage
methods in terms of morphology of the
graphs and phenotypes showing linkage. The
markers nearest the identified linkage peaks

were used to explore G2E correlations and
G�E.

G2E correlations

The set of five environmental variables deter-
mined to have an impact on speech, language,
and/or literacy skills was screened for G2E
correlations because we wanted to exclude
the possibility that G2E correlations were re-
sponsible for any G�E that we detected. We
took a categorical approach to this analysis,
using genetic risk Definitions 1 and 2 at the
chromosome 6 and 15 loci derived from the
DF beta statistics. Within each family, if
more than one sib pair from the same family
was included in a linkage analysis (because
of double-entry or multiple sibships), we
selected the DF beta value that represented the
largest contribution to linkage. Using this
within-family DF beta, we derived the categorical
genetic risk variables. We split the sample into
families at high risk for possessing the risk allele
and those at low risk at the chromosome 6 and
15 locations according to Definitions 1 and
2. We conducted t tests (one tailed) to examine
whether increased genetic risk at a chromosomal
location was associated with a poorer environ-
ment. For maternal education, results showed
that mothers from families that were at risk for
possessing the risk allele on chromosome 15
had fewer years of education according to Defini-
tion 2, t (57)¼ 2.21, p , .05, but not Definition
1. None of the other environmental variables
showed a significant group difference. As such,
we excluded the maternal education variable
from G� E analyses on chromosome 15. It is
important to note that, to the best of our ability,
we excluded environmental variables that were
significantly associated with genetic risk at the
loci of interest in this study. However, this does
not preclude the possibility that other genes in
the genome influenced these environmental
variables. We turn now to the G�E analyses con-
ducted at the previously determined linkage
peaks on 6p22 and 15q21 using the DF analysis.

G�E

For these analyses, the extended DF model was
used to test for G�E (Fulker et al., 1991). The
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extended equation is

C ¼ B1Pþ B2p̂ þ B3E þ B4PE
þ B5p̂E þ K,

where E is an environmental measure and the
beta weight of interest is B5, which estimates
the significance of the G � E. The extended
model was run with the five qualifying environ-
mental variables and five significant linkage
phenotypes on chromosome 6 and with the
four qualifying environmental variables (mater-
nal education excluded) and four significant
linkage phenotypes on chromosome 15. Each
of the environmental variables was a shared
environment between siblings with the excep-
tion of the number of ear infections. In this
case, the co-sib’s number of ear infections
was entered as the environmental variable in
the model because the question for the analysis
was whether the ear infections of the co-sib in-
teracted with his/her genetic background to
predict his/her phenotypic score. As before,
the standard errors of the B weights were cor-
rected for double entry. Because considerable
power is necessary to detect interactions and
because the double-entry correction is known
to be conservative, we noted nonsignificant
trends of p , .1 (two tailed) for the G�E terms.

We predicted bioecological G�E between
the genetic risk loci and the environmental vari-
ables. Four of the five interactions followed this
pattern, but one of the interactions between the
chromosome 15 locus and the number of ear in-
fections was in the diathesis–stress direction.
Figure 4 plots these continuous interactions ac-
cording to recommendations by Aiken and
West (1991). We plotted the lines for the case
where the proband’s score is at the mean for
the proband group (e.g., 21) and 0 represents
the control mean. The environmental variable
is either 1 SD above or below the mean, corre-
sponding to the labels of “enriched” and “less
optimal” environment, respectively. The one
diathesis–stress G� E is plotted in Figure 4a,
followed by the four bioecological G � E in
Figure 4b. As is shown in Figure 4b, the two
G�E with author recognition as the environ-
mental variable appear to have a positive slope
for the less optimal environment line. To test if

the slopes of these lines were significantly dif-
ferent from 0, we conducted a simple slopes
analysis according to the recommendations of
Aiken and West (1991). For the Gene�Author
Recognition interaction for PA, the slope of the
enriched environment line was significantly
different from 0 ( p , .01), but the slope of
the less optimal environment line was not
significantly different from 0 ( p ¼ .16). Sim-
ilarly for the Gene�Author Recognition Trend
interaction for RSN, the slope of the enriched
environment line trended toward being signifi-
cantly different from 0 ( p ¼ .06), but the slope
of the less optimal environment line was not
significantly different from 0 ( p ¼ .52). Thus,
for the four bioecological interactions, the slope
of the less optimal environment was not signif-
icantly different from 0, whereas the enriched
environments showed a significantly negative
slope. Consistent with the bioecological model,
the direction of these slopes indicated that
genetic factors exerted more influence on the
phenotype in the enriched environment than
in the less optimal environment.

Figure 4 also shows that there were two
trends for G� E in predicting the semantics
phenotype, but these interactions were in op-
posite directions (one interaction was in the
bioecological direction and the other was in
the diathesis–stress direction). We correlated
the two environmental variables from the
G�E, oral reading, and number of ear infec-
tions, to ensure that this was not a spurious
finding, such that, in this sample, children
who had many ear infections happened to
have parents who read to them often, and
vice versa. The result showed that a spurious
correlation was not the likely cause of the
different directionalities of the interactions,
r (59) ¼2.17, p ¼ .19.

The fact that only one of the G�E was in the
diathesis–stress direction led us to conduct
follow-up analyses to explore whether this find-
ing may be spurious. We conducted the G�E
ear infection analysis with three phenotypes
that showed nonsignificant trend-level linkage
( p , .15), at the 15q21 locus, syntax, PA, and
LK. Although none of the G�E tests reached
significance ( p ¼ .25–.35), they were all in
the diathesis–stress direction. Thus, the validity
of this G�E remains an open question.
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In summary, we had expected to find bio-
ecological G� E such that children’s genetic
background would be manifested in their phe-
notypic scores in enriched environments, but

their genetic background would be masked in
poorer environments. Four of the five signifi-
cant and trend-level G�E were in this direction.
Each of these interactions involved shared

Figure 4. Gene�Environment interaction plots of (a) the diathesis–stress interaction with the 15q21 locus
and number of ear infections for the semantics phenotype and (b) the four bioecological interactions.
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environmental variables between siblings (ma-
ternal education, parent author recognition, and
shared oral reading). The only G�E in the dia-
thesis–stress direction was with an environment
unique to the siblings and of a qualitatively dif-
ferent nature–number of ear infections.

Discussion

Smith et al. (2005), using substantively the same
sample as the current study, reported linkage
of speech phenotypes to known RD loci on
6p22 and 15q21 as well as suggestive linkage
to 1p36. The aim of the current study was to
extend these findings by examining G�E. We
reran the linkage analyses using an expanded
set of speech, language, and preliteracy pheno-
types to identify linkage peaks for the purpose
of conducting G�E analyses. We found evidence
for bioecological type G�E at both the 6p22 and
15q21 loci with several different phenotypes and
home environmental variables. We also found
evidence for one diathesis–stress type G � E
with the 15q21 locus and number of ear infections
predicting the semantics phenotype.

One constraint on these findings is that the
linkage results obtained by Smith et al. (2005)
and the current study are still preliminary be-
cause the sample size is small. In addition,
both Smith et al. (2005) and the current study
employed more liberal significance tests than
is typical in linkage studies because there was
a strong hypothesis about the predicted linkage
locations in previously identified RD regions.
However, despite these limitations, there are en-
couraging findings emerging from attempted
replications of these linkage results in an inde-
pendent SSD sample. There is preliminary sup-
port for replication of the 1p36 and 6p22 locus
(S. Iyengar, personal communication, Septem-
ber 8, 2006; Miscimarra et al., in press) and
there is evidence for a possible replication of
the 15q21 locus, although these results are am-
biguous because the linkage peak is closer to
genes associated with autism and Prader–
Willi/Angelman syndrome than the region as-
sociated with dyslexia and SSD (Stein et al.,
2006). These constraints notwithstanding, there
are several novel aspects of the current study.
This study tested for G� E in the prediction
of speech, language, and preliteracy skills,

which are domains in which G� E has been
relatively neglected. In addition, the current
study utilized molecular genetic methods to
test for G�E, which is preferable to behavioral
genetic studies because more specific genetic
influences are measured (Rutter et al., 2006).
Turning to the specific results of the current
study, we will first discuss the linkage results
followed by a discussion of G�E. Finally, we
will discuss the limitations of the study and fu-
ture directions for research.

Linkage results

This discussion will focus on the 6p22 and the
15q21 loci, which showed the strongest evi-
dence of linkage in both the current study and
Smith et al. (2005). On chromosome 6, we
found converging evidence of linkage from
the DF basic and Merlin-regress methods for
the PA and LK phenotypes in the 6p22 region.
Both of these phenotypes are considered pre-
literacy skills that are predictive of later reading
abilities (Raitano et al., 2004; Scarborough,
1990). A third preliteracy skill, RSN, showed
evidence of linkage using the DF method and
a trend with the Merlin-regress method. The
fact that these preliteracy skills showed evi-
dence of significant linkage to 6p22 is consis-
tent with previous linkage and association
studies reporting an RD risk locus in this region
(for a review, see Fisher & DeFries, 2002;
Fisher & Francks, 2006; McGrath, Smith, &
Pennington, 2006). The oromotor phenotype
also showed linkage to the 6p22 region. This
linkage was somewhat unexpected because
this phenotype is arguably the least related to
RD among those tested in this study. However,
Lewis and colleagues (Lewis et al., in press;
Stein et al., 2004) also found that an oromotor
variable in their SSD sample was linked to a
previously identified RD locus on chromosome 3.
It is of interest that we also found that our oro-
motor phenotype linked to the 15q21 region,
which, together with the Lewis results, argues
against a spurious finding.

Two candidate genes for RD in the 6p22 re-
gion have recently been proposed: DCDC2
(6p22.1; Deffenbacher et al., 2004; Meng,
Smith, et al., 2005; Schumacher et al., 2006)
and KIAA0319 (6p22.3–6p22.2; Cope, Harold,
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et al., 2005; Francks et al., 2004; Paracchini
et al., 2006). Both genes are expressed in the
brain and play a role in neural migration
(Meng, Smith, et al., 2005; Paracchini et al.,
2006). Of the markers used in this study, the
D6S1554 (13.16 cM) marker is closest to the
DCDC2 and KIAA0319 genes (see Figure 2
for a visual depiction of the approximate loca-
tion of these candidate genes relative to the
chromosome 6 linkage peaks).

Given the location of these candidate genes
near D6S1554, it is not surprising that many
of the phenotypes (LK, oromotor, articulation)
that showed linkage to the 6p22 region showed
peaks near this marker. However, two of the
phenotypes, RSN and PA, showed peaks in a
more telomeric direction in the 6p22.3 region
at 1.5 cM (D6S274). Although this linkage
peak is more telomeric than is typically re-
ported in linkage studies of the 6p22 region,
Grigorenko et al. (1997) did report significant
linkage to a nearby marker, D6S109, for a PA
phenotype. The D6S109 marker is about
4 cM in the centromeric direction from the
D6S274 marker (Kong et al., 2004). Given
the relative imprecision of linkage studies in
resolving genetic neighborhoods, it is possible
that our peak at D6S274 and Grigorenko
et al.’s peak at D6S109 are detecting the same
locus near the proposed candidate genes, with
the variability in linkage peaks attributable to
the informativeness of the markers. However,
further studies will be needed in order to
determine if this more distal linkage peak is
(a) related to the candidate genes discussed
above, (b) a false positive, or (c) associated
with another yet to be identified gene in this
region.

On chromosome 15, we found converging
evidence from both linkage methods for the se-
mantics, oromotor, and articulation pheno-
types. The PM reached significance in the DF
analysis and trend-level significance with the
Merlin-regress method. Notably missing
among these phenotypes showing linkage
were the preliteracy variables, considering that
the 15q21 region has been identified as an RD
locus. Smith et al. (2005) also noted that speech
and language phenotypes showed stronger link-
age than the preliteracy phenotypes, suggesting
that the 15q21 region might be more salient for

speech and language disorders. However, it is
difficult to make an argument for differential
linkage when the phenotypes are correlated
(Pennington, 1997). Nevertheless, these results
suggest that this locus may also be related to
SLI phenotypes. Semantic deficits are a hall-
mark of SLI and PM deficits have been pro-
posed as the core cognitive deficit in SLI (Gath-
ercole & Baddeley, 1990). To date, this region
has not emerged in genome-wide scans of SLI
(Bartlett et al., 2002; SLI Consortium, 2002,
2004), but the nature of the linkage peaks in
the 15q21 region suggest that it may be worth
further investigation.

The linkage peaks in the 15q21 region
were remarkably consistent, spanning the
9.43–13.43 cM region (markers D15S1017–
D15S1029). A candidate gene in this region
for dyslexia has also been proposed: DYX1C1
(15q21.3, also known as EKN1; Taipale et al.,
2003), although attempted replications have
produced mixed findings and none of the stud-
ies to date have replicated the proposed risk al-
lele (Bellini et al., 2005; Cope, Hill, et al., 2005;
Marino et al., 2005; Meng, Hager, et al., 2005;
Scerri et al., 2004; Wigg et al., 2004). This gene
is expressed in the brain and plays a role in
neural migration (Taipale et al., 2003; Wang
et al., 2006). The nearest marker to DYX1C1
from this study is D15S1029 (13.43 cM). Un-
fortunately, 73% of the individuals (parents
and co-sibs) were missing information for the
D15S1029 marker in this sample, so it turned
out to be a less informative marker than
the nearby marker D15S1017, at 9.43 cM. The
missing data may explain why the linkage peaks
were closer to the D15S1017 marker (9.43 cM)
than the D15S1029 marker (13.43 cM; see
Figure 3 for a visual depiction of the location
of this candidate gene relative to the chromo-
some 15 linkage peaks). Nevertheless, the ob-
tained linkage peaks for our phenotypes are
consistent with the location of the candidate
gene.

Overall, these linkage findings are consistent
in showing linkage of speech, language, and
preliteracy phenotypes to the previously iden-
tified RD risk loci on 6p22 and 15q21. The
most parsimonious explanation of these find-
ings is that a single gene in these regions is
pleiotropic for the different phenotypes (see
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Willcutt et al., 2002, for a similar argument for
RD and attention-deficit/hyperactivity disor-
der). However, these findings do not rule out
the possibility that there are two or more genes
in close proximity in these regions that are sepa-
rately responsible for the linkage of speech, lan-
guage, and reading phenotypes.

G�E

We hypothesized that there would be bioeco-
logical G�E, such that optimal environments
would allow genetic effects to be manifested,
whereas poorer environments would mask
those genetic effects (Bronfenbrenner & Ceci,
1994). Four of the five significant and trend
G�E were in this direction. All of these inter-
actions involved variables related to the home
language/literacy environment: maternal edu-
cation, parent author recognition, and shared
oral reading, in predicting preliteracy or
language skills. The phenotypes that showed
the strongest evidence for G� E (PA and se-
mantics) were also phenotypes that showed
convergence from both the DF and Merlin-re-
gress methods for significant linkage. In terms
of the DF analysis, the bioecological G � E
emerged because ibd status was more strongly
related to the phenotype in enriched environ-
ments than in less optimal environments, pre-
sumably because poorer performance in the
less optimal environments was multideter-
mined. One implication from these results is
that the children from less optimal environ-
ments in this sample were weakening the link-
age signal.

Only one of the G�E was in the diathesis–
stress direction. This trend-level interaction
was between the 15q21 locus and the number
of ear infections in predicting the semantics
phenotype. This interaction is potentially the-
oretically interesting considering the mixed
findings in the literature regarding the impact
of OME on speech–language development;
however, caution must be exercised in inter-
preting this interaction because our methods
of assessing episodes of OME were coarse.
We used parent retrospective report, which
may be unreliable and does not provide infor-
mation on whether involvement was unilateral
or bilateral and, crucially, on the documented

presence and level of hearing loss in one or
both ears. Nevertheless, the G�E results sug-
gest a possible reason for why OME might be
found as a risk factor in speech–language clin-
ical samples or disadvantaged samples, which
are more likely to have speech and language
genetic risk factors (e.g., Shriberg, Flipsen,
et al., 2000), but not in an epidemiological
sample, in which such risk factors would be at-
tenuated (e.g., Campbell et al., 2003). This hy-
pothesis is in line with Shriberg and colleagues
(Shriberg, Flipsen, et al., 2000; Shriberg,
Friel-Patti, et al., 2000) multifactorial model,
which proposes that child factors, including
both risk and protective genetic and environ-
mental factors, may moderate or mediate the
effects of hearing loss associated with OME
on later speech–language development.

Another trend-level G�E that we obtained
for the semantics phenotype also has potential
theoretical relevance. The interaction we ob-
tained between the 15q21 locus and shared
oral reading for the semantics phenotype might
partially explain some of the controversy in the
literature regarding the magnitude of the effect
of shared reading on language and literacy skills
(Bus et al., 1995; Dunning et al., 1994; Loni-
gan, 1994; Scarborough & Dobrich, 1994a,
1994b). Depending on the genetic background
of the sample studied, the effect size of shared
reading practices may be different. Given the
bioecological direction of the interaction, if
the sample is not at genetic risk for reading and
language problems, the impact of shared reading
will likely be positive. However, if the sample is
at genetic risk for reading and language prob-
lems, the effect of shared reading may seem
minimal. Thus, consideration of G � E may
help to resolve some of the controversy regard-
ing the impact of shared reading on language
and literacy development.

Limitations and Future Directions

The primary limitation of this study is the small
sample size and the potential for Type I error.
This study was necessarily exploratory given
the novel methodologies employed. Neverthe-
less, the consistency of the bioecological
G � E across phenotypes, genetic loci, and
environments argues against spuriousness. We
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consider the results preliminary, but worthy of
further exploration and attempted replication.

Another limitation of this study concerns the
range of SES and home language/literacy envi-
ronments represented in the sample. Efforts
were made to recruit participants representing
a large range of SES, but the sample is not an
epidemiological sample. Because of volunteer
biases, we did not recruit many participants in
the most impoverished circumstances so we
cannot comment on the generalization of these
findings to children in more severe environ-
mental circumstances. For example, the mean
years of maternal education in this sample
was approximately 16 years. One standard de-
viation below this value, the cutoff that we
termed the “less optimal environment,” was
13 years of education, which still represents 1
year of college education.

The restricted range of environments limits in-
terpretation of the findings in some cases. For ex-
ample, although it appears from the graphs in
Figure 4b that children in enriched environments
with increased genetic risk (ibd ¼ 1) perform
worse than children from less optimal environ-
ments, it would be erroneous to draw this con-
clusion without the full range of environmental
circumstances represented. Nevertheless, it is
interesting that G � E could be detected even
within this relatively small range of environments.

It is also possible that we would have
obtained different types of G�E if more severe
environments were represented. In fact, there is
preliminary evidence from the current study
that G�E may differ according to the severity
of the environmental risk. For example, our
home language/literacy environmental vari-
ables in this sample could be regarded as index-
ing the advantage of the home because even the
lowest value could still be seen as adequate for
child rearing. In contrast, the number of ear in-
fections variable could be seen as indexing the
disadvantage of the child’s early risk for transi-
ent hearing loss. For some children, parents re-
ported up to 20 ear infections, which could be
associated with sustained mild to significant
hearing impairment in one or both ears. In con-
trast, children with no history of ear infections
were not advantaged per se, but merely had a
developmental history uncomplicated by the
risk of transient hearing loss associated with

OME. Thus, the different scales of the environ-
mental variables, with the home language/lit-
eracy environment covering the range from
adequate to enriched and the number of ear in-
fections variable covering the range from no
risk to high risk, may provide one explanation
for the different directions of the G�E involv-
ing these different environmental variables.

It is an inherent limitation of the G�E line of
research that it is difficult to disentangle the ex-
tent to which a measured environment is geneti-
cally determined. We attempted to ensure that
the environmental variables in this study were
independent of genetic risk at the loci on
6p22 and 15q21 by testing for environmental
differences as a function of family genetic
risk (G2E correlations). However, we ac-
knowledge that the environmental variables
reported in this study may be under the influ-
ence of other genes, besides the regions tested
here, and even the current genetic regions if
our tests of G2E correlations were not sensitive
enough to detect the effect.

The genetic methods in this study are also
limited by the current state of the SSD genetic
literature. To date, linkage studies have focused
on known RD risk loci (Miscimarra et al., in
press; Smith et al., 2005; Stein et al., 2004,
2006). Genome-wide screens for SSD are now
needed to identify risk alleles that are unique
to SSD as well as those that are shared with its
associated disorders (e.g., RD, SLI). In addition,
although there have been candidate genes iden-
tified in the SSD/RD linkage regions, there has
yet to be a replicated functional mutation that
could be used to identify which individuals pos-
sess a risk allele. Until such functional muta-
tions are identified, the biological mechanisms
underlying the interaction will remain elusive.

Future studies should explore G�E in other
developmental disorders and developmental
psychopathologies to determine which disorders
tend to show diathesis–stress interactions and
which disorders tend to show bioecological in-
teractions. A preliminary pattern has emerged
in which G � E in psychopathologies have
tended to be in the diathesis–stress direction,
whereas G � E in academic and cognitive
traits have tended to be in the bioecological di-
rection. Additional research could guide fur-
ther development of G�E theoretical models.
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