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Abstract

The genetic factor structure of a range of learning measures was explored in twin children,
recruited in preschool and followed to Grade 2 (total /= 2084). Measures of orthographic
learning and word reading were included in the analyses to determine how these patterned with the
learning processes. An exploratory factor analysis of the genetic correlations among the variables
indicated a three-factor model. Vocabulary tests loaded on the first factor, the Grade 2 measures of
word reading and orthographic learning, plus preschool letter knowledge, loaded on the second,
and the third was characterized by tests of verbal short-term memory. The three genetic factors
correlated, with the second (print) factor showing the most specificity. We conclude that
genetically-influenced learning processes underlying print-speech integration, foreshadowed by
preschool letter knowledge, have a degree of independence from genetic factors affecting spoken
language. We also argue that the psychology and genetics of associative learning be afforded a
more central place in studies of reading (dis)ability, and suggest some links to molecular studies of
the genetics of learning.

Correspondence concerning this article should be addressed to Brian Byrne, School of Behavioural, Cognitive and Social Sciences,
University of New England, Armidale NSW 2351, Australia. bbyrne@une.edu.au.
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In this article we explore genetic and environmental influences on learning processes as they
bear on early word identification, using data from a sample of young twins followed
longitudinally from preschool to Grade 2. Learning processes have figured in research into
reading ability from its early days, but this is the first exploration of them in young children
using a genetically-sensitive design. We outline the basics of this methodology in the
Method section.

Research on associative learning

In one of the earliest scientific descriptions of reading disability, Morgan (1896) described
the case of a 14-year-old boy who had “no power of preserving and storing up the visual
impression produced by words” (p. 1378), thus squarely characterizing the disorder as one
of associative learning between orthographic word forms and their spoken forms. He also
noted that the child (a) could read highly frequent words such as and, but, and of; (b) had
had great difficulty learning letter names, and (c) had not experienced analogous problems
learning and operating with numbers. The dissociation between dyslexia and number
knowledge was quickly confirmed by Hinshelwood (1896), citing several cases similar to
that described by Morgan, but adding that the two disabilities frequently went hand-in-hand.
Thus, although there was agreement in this early set of reports that the problem was one of
“storing up the visual impression” of words, questions were raised about the scope and
specificity of the learning disability--does dyslexia include print-speech pairings of all levels
(letters in addition to words), and does it extend to other domains?

In this article we consider those questions as they apply to normal-range variability in
reading. There is evidence that at least as far as the genetics of reading ability is concerned,
low-end scores, referred to in such terms as dyslexiaand reading disability, are extensions of
normal-range variability. In the words of Kovas, Haworth, Dale, and Plomin (2007), “the
abnormal is normal.” This claim rests on the case for “generalist genes,” first made and
defended by Plomin and Kovas in 2005. Part of this hypothesis holds that for learning
disabilities known to be subject to genetic influence, as is the case for reading, the genes that
affect normal-range variation are the same as those that are involved when ability is low
enough to qualify as a disability (dyslexia in the case of reading)--the sufferer has inherited a
high number of adverse alleles of the effective genes.

Another part of the generalist gene hypothesis is that within a single domain there are genes
of broad effect, ones that influence all aspects of the phenotype--in the case of reading, this
might include word identification and reading comprehension. But Plomin and Kovas
(2005) also note that not all genetic effects are general — specific gene effects are also at
work. In a sense, this is the “genetic” version of the specificity issue raised by Morgan
(1896) and Hinshelwood (1896)—how general are the genetic underpinnings of this learning
disability.

Modern conceptualizations of reading disability, and reading ability in general, primarily
locate the source of variation within the language domain, particularly its phonological
component (and certainly not within the visual domain, as implied by Morgan’s [1896] term,
word blindness). But the processes of learning remain of interest to researchers, especially
associative processes underlying the binding of print and speech in memory, or
“unitization,” in Ehri’s (2005) terminology. For instance, in his wide-ranging review of
dyslexia, Vellutino (1979) concluded that “poor readers consistently performed as well as
normal readers on paired-associate learning involving material devoid of linguistic structure,
presented both within and between various sense modalities. In contrast, poor readers did
not perform at the level of the normals on learning tasks involving a verbal component” (p.
336). Vellutino has presented newer research that confirms his earlier conclusion. He
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showed, for example, that a visual-verbal paired associate learning task reliably
discriminated between kindergarten children, identified by their teachers as experiencing
reading difficulties, who made little versus substantial progress in reading following
remedial tutoring. Notably, visuospatial tests, including visual memory, did not pick out
children who were difficult to remediate from others (Vellutino et al., 1996). Snowling
(1980) found that children with reading difficulties struggled with visual-verbal associative
learning, though not with visual-visual or verbal-verbal, suggesting a degree of specificity
narrower than just associative learning. There have been more recent correlational studies
documenting the relationship between visual-verbal learning and reading ability. Wimmer,
Mayringer, and Landerl (1998), Windfuhr and Snowling (2001), Hulme, Goetz, Gooch, and
Adams (2007), and Warmington and Hulme (in press) have all found that this kind of cross-
modal associative learning makes an independent contribution to predicting reading skill
over other common correlates such as various phonological tasks. Reitsma (1983)
demonstrated that children with reading difficulties require more exposures to printed words
to fix them in memory than children who are reading normally for their age. Messabuer and
de Jong (2003) reported that dyslexic children were impaired in a verbal paired-associate
learning tasks involving both words and nonwords, but not in a nonverbal task. In imaging
studies, Blau, van Atteveldt, Ekkebus, Goebel, & Blomert (2009) have shown that adult
dyslexics have reduced integration of letters and speech sounds. Blomert and Froyen (2010)
reviewed evidence that even after children “know” letter-sound associations in the sense of
being able to say them reliably, it takes considerable reading experience to develop adult-
like integration of letters and sounds, with even eleven-year-olds showing evidence of
immaturity.

Across many studies, a variety of other language measures with a learning component have
also been linked to reading ability, including vocabulary, short-term verbal memory for
items from nonwords to stories, and working memory for verbal material (e.g., Hindson et
al., 2005; Metsala & Walley, 1998; Shankweiler & Crain, 1986; Snowling, 2000; Snowling,
Gallgher, & Frith, 2003). In the research that follows we have included measures that
represent some of these processes.

Reading, genes, and learning

None of the research just summarized underpinning this focus on learning processes has
been done using genetically-sensitive research designs. However, in our ongoing
longitudinal study of twins’ early literacy development we have demonstrated high
heritability for individual differences in word reading, with genetic variation accounting for
between 70 and 80% of the variance in word identification, with similar rates for measures
of reading comprehension (Byrne et al., 2007; 2009; Olson et al., in press; Samuelsson et al.,
2008). Other groups using the twin design have also shown substantial heritability for
reading. For example, in the Twins Early Development Study (TEDS) in the United
Kingdom the authors report values for genetic influences on word reading of the order of .65
for boys and .67 for girls aged 7 years (Harlaar et al., 2005). Using a latent trait approach to
measurement, Gayan and Olson (2003) estimated the genetic contribution to word
recognition to be 85% in a Colorado sample ranging in age from 8 — 18 years. An Australian
study of 18-year-old twins produced estimates of 73% and 71% for reading irregularly-
spelled words and nonwords respectively (Castles, Bates, Coltheart, Luciano, & Martin,
2006).

In our study, titled the International Longitudinal Twin Study (/L 7S), we elected to employ
a variety of learning measures alongside those for reading and spelling. We did so because
of the kind of evidence on learning in relation to reading reviewed above, and because of
evidence from earlier work by members of our group that learning rate for literacy-relevant
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processes is a good predictor of later literacy (Byrne, Fielding-Barnsley, & Ashley, 2000;
Hindson et al., 2005). In those studies we found that the rate at which preschool children
progressed through lessons designed to develop phonemic awareness was an independent
predictor of subsequent reading levels over and above the /eve/ of phonemic awareness that
they achieved.

We have already reported data exploring the relations between learning and literacy within a
genetically-sensitive design. Using one of our learning tasks in the twin project, we showed
that genetic factors that influence how well a child learns new print-speech pairings also
influence priorlearning of this kind (Byrne et al., 2008). Following a technique pioneered by
Share (1995), second-grade twin children read short passages that included novel words,
such as vade, with multiple possible spellings, and were then asked to spell the target words
that they had seen. Prior learning was assessed with a standard test of spelling ability and by
the speed and accuracy with which the children could read lists of words. All tasks were
heritable, and most importantly were highly correlated genetically (with a range of .85 —.
97). We postulated that a common genetic source influencing current learning had,
historically, influenced prior learning; spelling and word identification were the
“crystallized” products of the genes that support “on-line” learning.

The current study

If there are common genes influencing how well a child learns new words and the child’s
existing orthographic knowledge, a major unanswered question is the scope of this
genetically-influenced learning factor, an issue raised by Morgan (1896) and Hinshelwood
(1896), as mentioned earlier. Does it affect just print-speech pairings, all visual-verbal
associations, or indeed all kinds of learning relevant to reading? We probe its scope using
the other learning measures incorporated in our study (see below) to investigate how genetic
influences on learning tasks pattern, and how the genetics of reading fits into this pattern.

A project that was aimed at fully mapping out the genetic influences on learning capacities
per se would include a very wide variety of tasks. In our study, the selection of learning
tasks was constrained in two ways: The focus was on literacy development, and therefore
tasks that lacked a prima facie link to reading were omitted (for instance, motor skill
learning); our participants were young (preschool) children, and therefore we needed to limit
the total testing time and the difficulty level of the procedures. Despite these constraints, to
our knowledge this is the first study that has deliberately included a wide array of learning
tasks within a genetically sensitive design with the aim of identifying how the tasks pattern
and the genetic factors that can be derived from the pattern.

In terms of modality, the learning tasks that we selected can be classified as verbal and
visuo-verbal. Verbal tests included vocabulary, nonword repetition, memory for sentences
and memory for stories. The visuo-verbal measures were letter knowledge, learning to
associate graphic forms and nonsense syllables, and learning spelling patterns for novel
words (the orthographic learning task mentioned earlier). Each test could also be classified
as historic (vocabulary, letter knowledge) or on-line (the remaining tests). All of these tasks
except orthographic learning and one of the vocabulary tests were administered in the
preschool assessment phase, with the other two assessed in the fourth year of this
longitudinal project, when the children were in Grade 2. The reading measures used in this
article, word and nonword identification speed and accuracy, were also gathered in Grade 2.
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Data were collected from 2084 preschool children, 520 monzygotic pairs (48% males) and
522 same-sex dizygotic pairs (52% males), with samples in the US, Sweden and Norway
(Scandinavia) and Australia. In Grade 2, there were 433 MZ pairs (48% males) and 437 DZ
pairs (52% males). Informed consent was obtained from all parents of the twins. The US
sample was recruited from the Colorado Twin Registry, the Australian sample via the
National Health and Medical Research Council’s Australian Twin Registry, and the
Scandinavian sample from the Medical Birth Registries in Norway and Sweden. No
payment was given for participation in Australia or Scandinavia, but the parents in the U.S.
sample received a payment of $100 for participation. Parents of the Colorado twins were
approached by mail or phone, and 88% of the 60% of families who could be contacted when
the children were 4 agreed to participate. The twins’ parents in Australia and Scandinavia
were all approached by mail, with a participation rate of 62% in Australia and 60% in
Scandinavia. All twins were in their final preschool year at initial contact with a mean age of
59 months in the U.S., 58 in Australia, and 64 in Scandinavia. In Grade 2 the children were
an average of 40 months older than in preschool. Zygosity was determined in most cases
(81%) from DNA collected via cheek swabs, and in the other cases from selected items from
the Nichols and Bilbro (1966) questionnaire concerning, for example, hair color and texture,
eye color, facial appearance and complexion, and birth weight. The questionnaire has 95%
accuracy when compared with blood samples.

Measures and Procedure

For a full description of all preschool tests administered to the twins, see Samuelsson et al.
(2005), and for literacy tests administered in Grade 2, see Byrne et al. (2009). Here, we list
measures for this article. Cronbach alpha values are based on the current US sample of up to
1000 children. Other reliability measures are from test manuals.

Preschool measures

Vocabulary: The Vocabulary subtest from the Wechsler Preschool and Primary Scale of
Intelligence-Revised-WPPSI (Wechsler, 1989) asks children to provide definitions for
pictured objects. The manual reports a test-retest reliability for 4.5-year-olds of .83. The
Hundred Pictures Naming Test (Fisher & Glenister, 1992) is a picture-naming (recall) test.
Cronbach alpha = .89.

L etter namerecognition: In this test, children are shown a line of four letters and asked to
point to the nominated one, e.g., “b.” All 26 letters are tested. Cronbach alpha = .92.

Nonword Repetition Test: In this test (Gathercole & Baddeley, 1996), children are
presented with nonwords that obey normal English phonotactics and asked to repeat them.
The words range from two to five syllables in length. Cronbach alpha = .84.

Sentence memory: This subtest from the WPPSI requires children to listen to and repeat
verbatim sentences ranging upwards from two words in length. The manual reports a split-
half reliability of .88 for 5-year-old children.

Story recall: This test is from the Wide Range Assessment of Memory and Learning
(WRAML--Adams & Sheslow, 1990), and in it children listen to two short stories and are
asked to recall as much of each as possible. Cronbach alpha = .87.
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Sound-Symboal L earning: This test is also from the WRAML. Children are shown a
meaningless line drawing and hear a nonsense syllable, and are asked to remember the
association. There are eight items of this sort, and four trials of the set with feedback over
which to learn the pairings. Cronbach alpha = .88.

Second-grade measures

Reading: We used the Sight Word Efficiency (SWE) and Phonemic Decoding Efficiency
(PDE) tests of the Test of Word Reading Efficiency (TOWRE--Torgesen, Wagner, &
Rashotte, 1999). Children are required to read as many real words (SWE) or nonwords
(PDE) as they can in 45 seconds. Each test comes in two forms, and we administered both
forms and averaged to increase reliability. The manual reports test-retest reliability for 6 — 9-
year-olds of .97 for SWE and .90 for PDE.

Orthographic learning: This is a 15-item test modeled on a procedure devised by Share
(1999). Children read short texts aloud, each of which contains a novel word that could be
spelled at least two ways (e.g. vade), and were subsequently tested on the words’ spellings.
Here is an example of an item:

The new word is vade. There is a hairy monster called a vade. The vade is very big.
If you see a vade you should run away.

Cronbach alpha = .78.

Vocabulary: We selected the Boston Naming Test (Kaplan, Goodglass, & Weintraub,
2001), a confrontation naming measure in which the child is required to name pictures of 60
concrete objects, ranging from common ones like bed'to rarer ones like abacus. We
administered all 60 items. The test has options for recognition naming and phonological
hints for items when recall fails, but we did not exercise those options. Thus score was
simply number of items correctly named. Cronbach alpha = .84.

The preschool children were tested in their homes or preschools. The Grade 2 assessments
took place in the children’s homes during the summer school break in the US and
Scandinavia, and in the schools (occasionally at home) during the final two months of
school in Australia (due to the shorter summer break in that country). A separate tester
assessed each member of a pair at the same time in the US and Australia, though only one
tester could be used in Scandinavia.

Overview—We first present phenotypic analyses of the variables, including an exploratory
factor analysis. Behavior-genetic analyses then follow; updated univariate estimates of
genetic and environmental influences on the variables, genetic correlations derived from a
Cholesky decomposition model, and an exploratory factor analysis of these genetic
correlations. We next explain the behavior-genetic analyses in more detail.

Behavior-genetic analyses

Twin design: The twin design is based on a comparison of the correlations of identical
(monozygotic, MZ) twins to those of fraternal (dizygotic, DZ) twins. Whereas MZ twins are
genetically identical and share family environmental influences, DZ twins share half of their
segregating genes, on average, as well as family environmental influences. Thus, assuming
genetic influences are only additive, the correlation between MZ twins is a function of the
heritability of the trait plus shared environmental influences, which are assumed to be no
more highly correlated for MZ twins than for DZ twins; that for DZ twins is a function of
one-half the heritability of the trait, plus shared environmental influences. Therefore, by
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analyzing these correlations, the contributions of genetic, shared environmental, and
nonshared environmental influences can be estimated. See Plomin, DeFries, McClearn, &
McGuffin (2008) for an introduction to twin methodology.

Cholesky decomposition and genetic and environmental correlations: For the genetic
analyses, the variances and covariances of the measures were collectively partitioned into
their genetic, shared environmental and nonshared environmental components using a
Cholesky decomposition model (Neale & Cardon, 1992). Cholesky decomposition is similar
in principle to hierarchical regression in that the effects of an ‘independent’ variable on a
‘dependent’ variable are determined after the effects of a correlated independent variable
have been removed. In this model the first latent factor contributes to the variance of all
measures, represented as paths from this first latent factor to each measured variable. The
second factor contributes to the variance of all measures except the first, represented as
paths from this latent factor to the second and subsequent measured variables. In Figure 1
we present a 3-factor model of the genetic factors (A1, A2, A3) as an example.

Estimates of the genetic, shared environmental and nonshared environmental correlations
among the measures (i.e., the extent to which the same genes or environmental factors are
influencing each measure, r4, rcand rg, respectively) are also obtained from the model
(Plomin & DeFries, 1979). An intuitive example referring to Figure 1 is as follows; if most
of the heritability of VAR2 is due to ay;, the path from A1, and not to ay,, the path from A2,
the genetic correlation between the two variables is high. If path ay; is, say, zero, the genetic
correlation between the two variables will also be zero.

Genetic factor analysis: A matrix of genetic correlations can be subjected to factor analysis
in much the same manner as phenotypic correlations can be. The factors that emerge can
probably best be thought of as resulting from genes or groups of genes acting in a
pleiotropic manner to influence variability in two or more manifest variables (Crawford &
DeFries, 1978). The pattern of genetic factors can differ from the phenotypic pattern, as
when a particular variable loads with certain others in the phenotypic analysis but with
different ones in the genetic analysis (Crawford & DeFries; see Heath & Martin, 1990, for
an example from personality in which the multivariate genetic analysis resulted in a different
picture from both the phenotypic factor analysis and from standard univariate genetic
analyses). Genetic factor analysis has recently been employed to examine the genetic
structure underlying 22 DSM-IV disorders, with four correlated genetic factors identified
(Kendler et al., 2011).

We have previously presented descriptive statistics for each of our measures (Byrne et al.,
2007, 2009; Samuelsson et al., 2005, 2008), and in the interests of space do not repeat them
here. We do make the point, however, that none of the variables that we used for this report
were subject to floor or ceiling effects, an important consideration in a study that uses
correlations and covariances. For our analyses we standardize all measures within samples
because of some country differences in mean scores, noted in previous articles.

In Table 1 we present the intercorrelations among the variables, and in Table 2 the results of
an exploratory factor analysis (EFA). We used an oblimin rotation to allow for correlations
among factors and reported the pattern matrix to emphasize the unique contributions of
factors to variables (discussed later). There were two factors with eigenvalues greater than 1,
capturing 38.1 and 16.1% of the variance, to a total of 54.2%, a solution which optimized
simple structure. The tests involving spoken language, letter knowledge and sound-symbol
learning loaded most strongly on the first factor, and Grade 2 reading and orthographic
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learning on the second, Letter knowledge cross-loaded to some extent on both factors. The
pattern is reasonably consistent with an earlier-published EFA of preschool measures in
which language and a selection of preliteracy variables emerged separately (Samuelsson et
al., 2005).

In Table 3 we present the intraclass MZ and DZ within-trait correlations (diagonals) and the
cross-twin, cross-trait correlations (off-diagonals). We used the program Mx (Neale, Boker,
Xie, & Maes, 2002) to compute updated univariate estimates of additive genetic, shared
environment and nonshared environment influences on each variable, shown in Table 4. All
variables were significantly heritable, with substantial levels of shared environment
influence on letter knowledge and on vocabulary at both preschool and Grade 2 assessments.
Note that the heritability of vocabulary increased from preschool (Hundred Pictures, .23,
WPPSI, .16) to Grade 2 (Boston Naming, .45), a trend that we have reported previously
(Byrne et al., 2009), and continues through grade 4 in the US sample (Olson et al., 2011).

The 11 variables were then fitted to a genetic/environmental Cholesky decomposition
analysis, and genetic correlations among the variables were computed from these results as
described above. We present the genetic correlations in Table 5. (We omit the shared and
nonshared environment correlation matrices in the interests of space, but full details are
available from the first author.) The factor analysis of the genetic correlations was
conducted using the package R Version 2.10.0 (The R Foundation for Statistical Computing,
2009), with an oblimin rotation. We focus just on the genetic correlations and their factor
structure because of the high heritability of most measures and the primary question that we
posed: how genetic influences on learning tasks pattern, and how the genetics of word
reading fits into that pattern.

We report the pattern matrix for the genetic EFA (Table 6). This solution contains
coefficients which represent unique (and not common, as in the structure matrix)
contributions of factors to variables (Pett, Lackey, & Sullivan, 2003), but in view of our
goal, discussed below, of furnishing well-justified phenotypes for further molecular studies
of reading (dis)ability, we consider this the preferable solution. This is because the best way
to identify genetically “pure” phenotypes is by grouping manifest variables to include only
ones that are clearly affected by a particular genetic factor and excluding ones that load only
modestly on that factor but more heavily on another. In addition, the pattern matrix is
preferred for determining factor scores of individuals, a necessary step in quantifying
phenotypes.

In the EFA, we identified three genetic factors with eigenvalues greater than 1, accounting
for 79% of the genetic variance. The measures of confrontation naming, Hundred Pictures
and Boston Naming, load most heavily on Factor 1, with Story Memory and the WPPSI
vocabulary measure also contributing. The second factor is characterized by the print
variables; the reading tests, orthographic learning, and letter knowledge. The signature
variable for Factor 3 is nonword repetition, with a smaller loading from Sentence Memory.
The Sound-symbol test cross-loads on the second and third factors, with the vocabulary test
that requires definitions, the WPPSI, also loading to some extent on Factor 3 as well as on
Factor 1. We can assign the labels VVocabulary, Print-speech Pairings (Print as shorthand),
and Verbal Short-term Memory (VSTM)to the three factors, respectively.

The three genetic factors are correlated as follow: VVocabulary and Print, .44 (95%
confidence interval, .30 — .56); Vocabulary and VSTM, .71 (.55 —.85); Print and VSTM, .43
(.38 —.52). Thus there are genes that are shared across the factors and therefore the
measured traits, in line with the idea that for many cognitive and academic skills there are
generalist genes (Plomin & Kovas, 2005). The pattern also confirms that there is a degree of
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genetic specialization underlying the measured variables, as also postulated by Plomin and
Kovas. The strongest correlation is between the genetic factors that underlie the tests of
spoken language (Vocabulary and VSTM), with the print factor showing a higher degree of
specificity.
Discussion

In this paper we have examined the genetic relations among a selection of learning tasks,
chosen to be potentially relevant to early word reading development, and measures of word
reading itself in young children. The central finding was that the learning tasks we employed
did not form just a single genetic factor, but were best modeled with three factors. One was
characterized by manifest variables assessing vocabulary at both preschool and Grade 2
levels. Another was characterized by orthographic learning and preschool letter name
knowledge, and it was on this factor that word and nonword reading loaded. The measures
that loaded most heavily on the third were nonword repetition and story memory, thus
licensing a description of verbal short-term memory.

Thus the genes that influence individual differences in early word reading ability show a
degree of separation from genes that influence other aspects of language processing such as
nonword repetition and vocabulary, most of which have been shown to correlate with
reading ability at the phenotypic level. But the results also support the view of Plomin and
Kovas (2005) that there exist genes in common across the factors underlying these reading-
relevant learning tasks in addition to specific genetic influences. The support comes in the
form of the correlations among the genetic factors—they are real, thus confirming generalist
genes, but well below unity, thus confirming specificity. The genes that specifically
influence reading appear to underlie the ability to form bonds between the graphic forms of
letters and the linguistic objects of phonemes and words and to use those bonds to interpret
previously unencountered letter strings, as in the nonword reading task.

It is well documented that early letter knowledge is one of the most potent predictors of
reading skill (Badian, 1995; Foulin, 2005; Gijsel, Bosman, & Verhoeven, 2009; Muter &
Doethelm, 2001; Scarborough, 1998; Schatschneider, Fletchher, Francis, Carlson, &
Foorman, 2004). Our results indicate that at least part of the reason for this relationship is
that learning letter names and learning orthographic forms for words are based on a common
set of genes (see also Byrne et al., 2007, 2009). This “third factor” explanation can also
account for the observation that, despite the predictive power of letter knowledge, deliberate,
early letter-name training does not flow on to improved reading in later years (Samuels,
1972).

The high shared-environment influence on letter knowledge that we have documented shows
that most of the variance in actual levels prior to school entry is a function of the home and/
or preschool environment. But the genetic influence that also holds for letter knowledge
suggests that a child’s ability to learn letter names relative to opportunity (that is,
considering the affordances of the environment) depends to a substantial degree on genetic
endowment. If a test of this ability could be devised it could function as a predictor of risk
for reading disability. The Sound-symbol test, a variant of the visual-verbal paired associate
learning tasks used in some of the research reviewed earlier and which loaded equally on the
print and VSTM genetic factors, may hold promise as a predictive tool, though its low MZ
correlation of .30 suggests the need for improved reliability. It could be especially useful in
social circumstances where a child has been deprived of letter learning opportunities. As
such it would have a role as a “dynamic” test as these assessments were originally
conceptualized—measures that assess learning prospects for children who have had limited
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opportunities for formal instruction (Coventry, Byrne, Olson, Corley, & Samuelsson, 2011;
Grigorenko, 2009).

Phenotypically, preschool letter knowledge loads only modestly on the factor that is
characterized by subsequent orthographic learning and reading (see EFA in Table 2), but at
the genetic level it belongs squarely with those tasks (Table 6). This appears to be a case of
phenotypic relations masking the etiological relations among variables—individual
differences in letter knowledge are affected by genetic variation that become important for
word reading even though those genes play only a modest role in determining variance in
letter knowledge prior to the start of school. More generally, this aspect of the data suggests
that multivariate analyses based solely on phenotypes may be of limited value in the search
for latent factors that identify overlapping and independent processes of learning that are
biologically informative—the genetic relation of letter knowledge and later word
identification was not readily apparent from the loading of just .28 on the print factor in the
phenotypic EFA. As pointed out previously, Crawford and DeFries (1978) noted that
phenotypic and genetic factor analyses can produce different patterns of this kind. We return
to this issue later.

For Print, the common characteristic of the tasks is that they all involve binding print and
speech at either the letter or word level. We suggest that our analyses are consistent with the
research into the neural integration of letters and speech sounds conducted by Blomert’s
group that we reviewed earlier (Blau et al., 2009; Blau et al, 2010; Froyen, Bonte, van
Atteveldt, & Blomert, 2008). These researchers did not assess integration of word-level print
and speech, but we would predict that children and adults with reading difficulties would
show a similar pattern of weak integration at that level as well. It also appears from our
results that early signs of variability in the operation of this process can be seen in simple
letter knowledge prior to the start of schooling.

We need to note that we have not explored the limits of the print factor. We cannot say, for
example, that Print is limited to cross-modal associations between graphic forms and
language, though we can say that it is not limited to actual letters and letter groups, as the
loading of the Sound-symbol test on that factor demonstrated. We did not, however, test the
limits of this factor by, for example, including a purely verbal association task, analogous to
Sound-Symbol but using arbitrary sounds paired with words. We hope that this preliminary
research will act as a spur to further work using a genetically-sensitive design to more
clearly specify the scope of this factor.

At the level of genetic influence, it appears that there is a degree of specificity for
Vocabulary and VSTM. There is also a degree of overlap, as evidenced by the genetic
correlation (note also that in a two-factor solution to the genetic EFA, which accounted for
75% of genetic variance but which we have not presented here, all measures of spoken
language loaded on a single factor, with Sound-symbol cross-loading on this and the second
factor, encompassing the print variables). We suggest that the phonological loop, proposed
by Baddeley and his colleagues (e.g., Baddeley, Gathercole, & Papagno, 1998) as
underpinning aspects of language learning and use, including vocabulary acquisition and
limited-term memory for linguistic input, and measured well by nonword repetition, is a
plausible candidate for explaining the overlap—nonword repetition is the primary defining
variable for VSTM, but implicated in vocabulary growth.

The specificity of the Vocabulary and VSTM factors is given some support from phenotypic
and genetic analyses provided by Keenan et al. (2010). They showed that in both types of
analysis vocabulary and a composite set of oral comprehension measures, including tests of
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story recall, separately influenced individual differences in reading comprehension, with
both being independent of the phenotypic and genetic factor underlying word reading.

Possible links to molecular genetics

We suggest that multivariate genetic analyses of reading-related phenotypes, of which our
genetic EFA is an example, can furnish genetically informative traits that in turn may
contribute to molecular genetic studies of reading (dis)ability. Latent traits or composites
formed on the basis of purely phenotypic analyses run the risk of aggregating measures that
do not belong together as expressions of a genetic network; a composite created from letter
knowledge and vocabulary, say, justified by the phenotypic EFA, may obscure the
underlying genetics by combining measures that are the output of separate genetic
influences. Better to combine letter knowledge with orthographic learning and the reading
measures to form a composite to feed into the search for genes responsible for individual
differences in reading. In general, our findings suggest that it could be informative to create
separate groups of children characterized by very weak vocabulary growth, by very limited
short-term verbal memory, and by weak letter knowledge and word/nonword identification
skills as part of molecular genetic research.

There is, of course, already progress towards a picture of the genetics of dyslexia. A recent
review by Poelmans, Buitelaar, Pauls, and Franke (2011) combines 10 replicated genes into
a theoretical molecular network involved in neuronal migration and neurite outgrowth.
Some of these genes are involved in synaptic plasticity (e.g. DIP2A, DOCK4) and are
expressed strongly in the hippocampus (S200B). The hippocampus is thought to act as a
network within which activity-dependent neural plasticity allows encoding of stimulus
conjunctions so that different stimulus aspects of an event or object, such as paired
graphemic forms and elements of language, are bound (Rolls & Kesner, 2006; Shams &
Seitz, 2008). Other genes (e.g., CLSTNZ) may have a role in verbal short-term and working
memory. We also note that linkage of nonword repetition to regions of chromosomes 16
(Monaco, 2007), 4 and 12 (Brkanac et al., 2008) has been reported. Thus although much
remains to be discovered about the genetics of reading (dis)ability, some of the available
findings are consistent with the genetic factors we have identified in this report, and the
search for others might usefully be guided by further multivariate genetic analyses using a
wider range of manifest variables than we have included here.

Conclusions and implications

The study of literacy development and of dyslexia in recent years has focused on factors
other than the kind of integrative learning that we have identified here: Reading disability at
the level of word identification is often seen as stemming from deficits in phonological
representation that undermine phonological awareness, the development of decoding, and,
through consequent weakness in the self-teaching process, efficient sight-word vocabularies
(Byrne, 2011.) We suggest that in addition to this important source of variance there exists
genetically-influenced variability in binding print and speech. Although the phrase “word
blindness” (Morgan, 1986) is too categorical and too extreme for describing children whose
word identification skills are limited and slow to grow, it nevertheless captures something of
the idea we are advocating here.

We suggest, too, that the genetic correlations among the vocabulary, print and verbal short-
term memory factors offers a genetic basis for expecting a degree of dissociation between
individual differences in word identification skill and reading comprehension, which in turn
might show a degree of dissociation between vocabulary and short-term/working memory
influences. These conclusions are supported by results from Keenan at al. (2006, 2010) with
older children and Olson et al. (2011). As well as possible dissociations, some children
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might be compromised in all factors, either because of the operation of the correlated
component of the factors, or because they have independently inherited less-than-favorable
genes for all. Such children would be in need of very special support.

We believe that our results support renewed attention on the genetics and psychology of
learning as they affect the development of literacy, from the earliest stages, such as learning
the names and sound of alphabetic letters, through automatized integration of letters and
their associated phonemes, to the latest, when rapid and automatic word recognition
processes support efficient reading comprehension. This attention should spread to the
design and delivery of instruction that can compensate children who are slower to form the
necessary letter- and word-level associations than other children are. Presumably, this
instruction will, at its core, present these learners with appropriate levels of repetition of
letters and words and with abundant opportunities for practice. It will also take into account
the motivational challenges that face children who struggle to lay down the thousands of
automatically-accessible associations required for efficient word recognition.
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Figurel.

Example of a three-factor Cholesky decomposition of genetic factors. Al = first latent

genetic factor, VARL = first measured variable.

Sci Stud Read. Author manuscript; available in PMC 2014 January 01.

A3

VAR3

Page 16



Page 17

Byrne et al.

*80uabi||alu] JO 8[eaS AleWild pue |00YdSald Jo|SYIsMN = ISddM ‘Aduaioiyy3 Buipoda@ d1wsuoyd
‘Aoualolyyg Buipeay pIoMA 401591 =3Ad JUMO.L ‘Aouatons pion UBIS ‘Adusiolyy3 Buipeay pIopA 401591 =IMS THMOL ‘Bulures pue Alows |y JO JUaWSSassy abuey apIM = TNVEM 0N

18 29 ¢& Lo 6T v S¢ 0 <& YT 3dd 3IMOL 'TT
8¢ v& 1€ T¢ 8 G¢ 617 € 8T IMS FIMOL 0T

0g 9¢ €T ¢¢ 8T 8T T E€T Buu.res| a1ydesboyno'e

¢ 1€ Sy 1€ ¢ S¢ 0T uoneanuspl 1ana '8

L& 89 &y 8¢ v¢ 8¢ Buiweu uosog 2

8y 9y G& G S¥ AreIngqedoA ISddM ‘9

Sy ¢e 8¢ OF saimatd paipunH G

05 92 8¢  Alowsw a2usuas ISddM ¥
IANAA uonnadal plomuop '

9Z"  10qwAs-punos TNVHM ‘2

Aowsw A10)S TNVEM ‘T

T otf 6 8 L 9 S 14 € 4 T SeInses N

sa|qeLie Aoela1] pue Bulures] Buowe suone|ailo)

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Sci Stud Read. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Byrne et al.

Table 2

Page 18

Factor Loadings for Exploratory Factor Analysis with Oblimin Rotation of Learning and Literacy Variables

Test Factor 1  Factor 2
WRAML Story memory .66 a2
WRAML Sound-symbol 42 14
Nonword repetition .59

WPPSI Sentence memory .75

Hundred pictures .79
WPPSI Vocabulary 77
Boston Naming .67
Letter identification .46

Orthographic learning
TOWRE SWE
TOWRE PDE

12
.28
81
.90
.93

Note. Loadings < .10 are omitted. WRAML = Wide Range Assessment of Memory and Learning; TOWRE SWE= Test of Word Reading
Efficiency, Sight Word Efficiency; TOWRE PDE= Test of Word Reading Efficiency, Phonemic Decoding Efficiency; WPPSI = Wechsler

Preschool and Primary Scale of Intelligence.
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Mx Model Fitting Estimates for Learning and Literacy Measures (95% Confidence Intervals in Parentheses).

Variable a2 c2 e

WRAML Story Memory .40 (.21-.54) .07 (.00-.24) .54 (.46-.59)
WRAML Sound-symbol .27 (.04-37) .04 (.00-.22) .70 (.63-.77)
Nonword repetition 45 (.27-61) .12 (.00-.27) .43(.38-.49)
WPPSI Sentence memory .49 (.35-.63) .23 (.09-.35) .28 (.25-.33)
Hundred Pictures .23 (.12-.34) .52 (.42-61) .25(.22-.29)
WPPSI Vocabulary 16 (01-31) .42 (29-54) .42 (.37-.47)
Boston naming 45 (.34-57)  .37(.25-57) .19(.16-.22)
Letter knowledge .18 (.09-.28) .58 (.49-.66) .23 (.20-.27)
Orthographic learning .58 (.39-.66) .03 (.00-.20) .39 (.34-.45)
TOWRE SWE 83(70-85) .00 (.00-.13) .17 (.15-.20)
TOWRE PDE 81(67-85) .01(.00-.14) .18 (.15-.21)

Note. WRAML = Wide Range Assessment of Memory and Learning; TOWRE SWE= Test of Word Reading Efficiency, Sight Word Efficiency;
TOWRE PDE-= Test of Word Reading Efficiency, Phonemic Decoding Efficiency; WPPSI =Wechsler Preschool and Primary Scale of Intelligence;

a2 = additive genetic variance, c2 = shared environment variance, e2 = nonshared environment variance. Estimates with confidence intervals
including .00 are not significantly greater than 0.
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Factor Loadings for the Genetic Exploratory Factor Analysis With Oblimin Rotation

Table 6

Test Vocabulary  Print-speech Pairing  Verbal Short-term Memory
WRAML Story Memory .60 13 49
WRAML Sound-symbol .51 .57
Nonword repetition 14 .99
WPPSI Sentence memory 19 74
Hundred Pictures .84 .10 12
WPPSI Vocabulary .69 14 44
Boston Naming .99 .22
Letter knowledge .34 .80 .30
Orthographic learning .93

TOWRE SWE .10 .90 13
TOWRE PDE .95

Note. Loadings < .10 are omitted; WRAML = Wide Range Assessment of Memory and Learning; TOWRE SWE= Test of Word Reading
Efficiency, Sight Word Efficiency; TOWRE PDE= Test of Word Reading Efficiency, Phonemic Decoding Efficiency; WPPSI = Wechsler

Preschool and Primary Scale of Intelligence
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