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Abstract
Genome-wide linkage and association analyses were conducted to identify genetic determinants of
stuttering in a founder population in which 48 individuals affected with stuttering are connected in
a single 232-person genealogy. A novel approach was devised to account for all necessary
relationships to enable multipoint linkage analysis. Regions with nominal evidence for linkage were
found on chromosomes 3 (P=0.013, 208.8 centiMorgans (cM)), 13 (P=0.012, 52.6 cM), and 15
(P=0.02, 100 cM). Regions with nominal evidence for association with stuttering that overlapped
with a linkage signal are located on chromosomes 3 (P=0.0047, 195 cM), 9 (P=0.0067, 46.5 cM),
and 13 (P=0.0055, 52.6 cM). We also conducted the first meta-analysis for stuttering using results
from linkage studies in the Hutterites and The Illinois International Genetics of Stuttering Project
and identified regions with nominal evidence for linkage on chromosomes 2 (P=0.013, 180–195 cM)
and 5 (P=0.0051, 105–120 cM; P=0.015, 120–135 cM). None of the linkage signals detected in the
Hutterite sample alone, or in the meta-analysis, meet genome-wide criteria for significance, although
some of the stronger signals overlap linkage mapping signals previously reported for other speech
and language disorders.
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Introduction
Developmental stuttering is a common disorder of speech disfluency that affects 5% of children
with an average population prevalence of 1% (Craig, Hancock, Tran, Craig, & Peters, 2002;
Felsenfeld, 2002). The overt symptomatology of the disorder is characterized by excessive
repetitions of sounds, syllables, and monosyllabic words, as well as sound prolongations and
complete blockages of the vocal tract. Any of these characteristics may be accompanied by
physical tension or movements, especially in the head and neck areas (Conture & Kelly,
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1991; Wingate, 1964). Young children are often first diagnosed between ages 2 and 5, when
they begin forming sentences and connecting thoughts verbally, with a higher occurrence in
males than females at a ratio of 2:1. Nearly 80% of these affected children recover naturally
from stuttering within one to four years of onset (Andrews & Harris, 1964; Mansson, 2000;
Yairi & Ambrose, 1999). More females recover than males, resulting in a more skewed male-
to-female ratio of 4:1 in older children and adults (Bloodstein, 1995; Büchel & Sommer,
2004; Felsenfeld, 2002; Yairi & Ambrose, 1999).

Twin and family studies have indicated a strong genetic component to stuttering. Three twin
studies showed considerably higher concordance levels of stuttering in monozygotic twins (20–
90%) compared with dizygotic twins (3–19%) (Andrews, Morris-Yates, Howie, & Martin,
1991; Bloodstein, 1995; Felsenfeld et al., 2000; Howie, 1981). When the monozygotic and
dizygotic twin correlations are used to model the additive genetic and environmental
components, both Andrews et al. (1991) and Felsenfeld et al. (2000) concluded that
approximately 70% of the phenotypic variance is due to additive genetic effects and
approximately 30% to non-shared effects. Several studies have shown a higher incidence of
stuttering in first degree relatives (20–74%) than in the general population (1.3–42%) (Kidd,
Heimbuch, & Records, 1981; Yairi, Ambrose, & Cox, 1996). Both the concordance of
stuttering among monozygotic twin pairs and the familial aggregation of stuttering are
consistent with a genetic component to stuttering.

Several genetic models have been suggested for the inheritance of stuttering within families.
Kidd, Kidd, and Records (1978) performed a segregation analysis in 511 families to identify
the mode of inheritance that would account for the observed skewed sex ratio. They concluded
that the model most consistent with the observed data was a sex-modified transmission model
in which males and females have different genetic thresholds, with females requiring more
susceptibility alleles than males to express a stuttering phenotype. This model was also
proposed several years later in a study of a large Utah pedigree in which 38 individuals of a
269-member family stuttered (MacFarlane, Hanson, Walton, & Mellon, 1991). The sex-
modified transmission of stuttering was consistent with both a multifactorial-polygenic model
(many genes with small effect, as well as environmental components) and a single-locus genetic
model (one gene with large effect, with numerous genes with small effects and environmental
components) (Kidd, 1977). In 1993, Ambrose, Yairi, and Cox conducted a segregation analysis
in 69 families in which at least one child stuttered and found that a single major genetic locus
was the best explanation for the transmission of stuttering observed in these families, but that
a polygenic-multifactorial model could not be rejected. Recently, Viswanath, Lee, and
Chakraborty (2004) conducted a segregation analysis of 56 multigenerational pedigrees to
assess if a major locus could account for the persistent stuttering observed in these families.
They concluded that an autosomal dominant locus could explain the occurrence of stuttering
in these pedigrees.

Unfortunately, determining that the pattern of transmission of a trait is consistent with a major
locus affecting susceptibility to a trait does not mean that there necessarily is a single major
gene or that it will be simple to identify the relevant genetic variation. In fact, finding genes
that influence stuttering, or any complex trait, has proven far more challenging than mapping
genes for simple, Mendelian disorders (Botstein & Risch, 2003). Among the challenges that
have made these studies difficult are etiologic and genetic heterogeneity, complex genetic
models with many contributing loci of varying effects, gene by gene interaction, and gene by
environment interaction. (For a discussion of the challenges of mapping and identifying genetic
loci for complex traits, see Risch, 2000).

The accumulated findings of a genetic component to stuttering justified a move from statistical
genetics into biological genetics. Typically, the first phase in such research is linkage analysis
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aimed at identifying the chromosomal location of genes underlying the disorder in question.
To this end, DNA is extracted from blood or saliva. Then, genetic markers are identified on
every chromosome, or only chromosomes of interest. When a genetic marker is co-inherited
with stuttering (“linkage”), the indication is that the gene contributing to stuttering is on the
same chromosome as the genetic marker; in fact, very close to it. Two measures are obtained:
(a) the distance of the chromosomal location of the genetic marker in centiMorgans (cM) from
the end of the upper arms of a chromosome, and (b) the LOD (log of the odds score), which is
a measure indicating the likelihood that two genetic loci are physically near enough to each
other to be linked, or inherited together.

Tests of association compare allele frequency differences at genetic markers in affected and
unaffected individuals. Association implies either the associated allele directly affects the
phenotype or susceptibility to disease, or the associated allele is located sufficiently near, and
is in linkage disequilibrium with, a susceptibility allele. That is, the susceptibility allele at the
disease locus and an allele at the marker locus are found together on the same chromosome
more often than expected based on their individual allele frequencies.

Four genome-wide linkage investigations in families have identified several chromosomal
regions that might harbor susceptibility genes for stuttering. A study in 68 Caucasian families
identified a region on chromosome 18 centered at D18S976 that was suggestive of linkage to
stuttering, but was not genome-wide significant (NPL = 1.51; Non-Parametric Linkage (NPL))
(Shugart et al., 2004). Note that parametric linkage analyses require a genetic disease model
to be specified to examine the evidence for linkage and a LOD greater than 3.0 for genome-
wide significance. Non-parametric linkage analyses, on the other hand, do not require a genetic
disease model to be determined to test for linkage of a phenotype to a genetic region. Evidence
of linkage to chromosome 1 at the location of 1q21-1q22 (LOD = 2.27) was reported in a study
of stuttering in a large Cameroon family (Levis, Ricci, Lukong, & Drayna, 2004). Genome-
wide significance for linkage was found on chromosome 12q (NPLall = 4.61) using 44 inbred
Pakistani families (Riaz et al., 2005). Most recently, the Illinois International Study of
Stuttering Project identified possible regions increasing susceptibility for persistent stuttering
on chromosomes 5 (LOD = 1.47), 13 (LOD = 1.72), and 15 (LOD = 1.98), and for ever stuttering
on chromosomes 2 (LOD = 1.73), 7 (LOD = 1.69), and 9 (LOD = 2.28), in a genome-wide
linkage study of 100 Caucasian families (Suresh et al., 2006). Unfortunately, there were no
obvious overlap of chromosomal regions among the four studies in primary linkage analyses,
a rather common outcome of linkage studies in many other complex disorders.

One approach to reducing the challenges inherent in mapping a complex trait such as stuttering
is to focus on isolated populations (Lander & Schork, 1994; Neel, 1970; Ober & Cox, 1998;
Wright, Carothers, & Pirastu, 1999). Isolated populations include those that have expanded for
a relatively small number of generations from a limited, and often well-defined, number of
founders (Kruglyak, 1999). The small number of founders increases the likelihood that genetic
heterogeneity will be reduced, which may also reduce the complexity of genetic models even
for complex traits, because such populations may be segregating for only a portion of the
genetic variation affecting a given trait.

Our studies focus on the Hutterites, a religious isolate that left Europe in the late 1800s and
settled in the northern United States. The Hutterites are ideal for genetic studies because of
their large family sizes and communal lifestyle. The subjects included in this study are from 9
colonies in South Dakota. These individuals are related to each other within a 1,623-member,
13-generation pedigree traced back in time to 64 founders, some of whom may have been
related (Abney, McPeek, & Ober, 2000). The small number of founders and the relatively rapid
expansion of the population should enhance the power to map genes influencing susceptibility
to a complex trait like stuttering. Although the Hutterites avoid close inbreeding, the relative
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isolation of the population has led to substantial relatedness among members of the group. The
communal lifestyle, in which they are exposed to the same environmental conditions, eat the
same food, work on the same farm, and attend the same schools and social events, etc., is
expected to reduce the variability in the environmental factors that might affect risk of
stuttering. This should, in turn, lead to additional improvement in the power to map
susceptibility loci.

On the other hand, a disadvantage of using large inbred pedigrees in genetic studies is the lack
of computationally feasible approaches that allow such pedigrees to be analyzed as single,
complete families (Ober & Cox, 1998). Consequently, we separated the 1,623-member
Hutterite pedigree into four smaller sub-pedigrees, but preserved the relationships between
family members and maintained a level of relatedness within each sub-pedigree consistent with
that of the population. To increase our power to detect susceptibility loci regardless of allele
frequency and risk, we carried out both genome-wide linkage and association studies in the
Hutterite population. We also conducted a meta-analysis of stuttering, including the Hutterites
and an outbred Caucasian population used in the Suresh et al. (2006) study.

Materials and Methods
Study Population

The current study was conducted within a larger genetic investigation pertaining to various
health conditions and disorders in the Hutterite communities of South Dakota. Information on
stuttering in our defined population was gathered through personal interview with 350
individuals to establish phenotype for a variety of traits and disorders. During field trips to the
Hutterite colonies, all individuals over the age of 14 were asked by direct interview whether
they or any of their children have ever stuttered. This method for identifying individuals who
stutter is similar to that used by Craig et al. (2002), where one member from each of their
selected households was interviewed by telephone and asked about current or past stuttering
of all members from that household. We are, therefore, comfortable with our assumption that
individuals who identify themselves or family members as affected with stuttering have
provided reliable information. We did not, however, look for, or document other speech and
language disorders.

For the purpose of linkage analysis, false negatives, that is, classifying a person who stutters
as a normal speaker, are not particularly important. This point should be appreciated regarding
people who experienced short term stuttering from which they recovered in early ages but were
not reported due to a lapse of the parents’ memory, parents being deceased, or being impossible
to locate/contact. Some evidence for such under-reporting was discussed by Yairi & Ambrose
(2005).

Linkage mapping with model-free methods compares the proportion of alleles shared among
affected members of families to the proportion of allele sharing expected based simply on the
genetic relationships among individuals. Thus, misclassifying some affected individuals as
unaffected will not otherwise alter our results because these individuals will not be included
in estimating the alleles shared among affected individuals in the linkage analysis. Some power
may be lost. The possibility, however, that this type of error occurred is minimal in view of
past experience of other investigators and our own careful interview.

Of the 1,623 individuals phenotyped for stuttering, 48 were reported as having ever stuttered.
Of these, 36 were stuttering at the time of the study and 12 were reported to have recovered
from stuttering. The 36/1,623 figure yields a prevalence of 2.2%, which is above the frequently
reported <1% in the general population (Bloodstein, 1995; Craig et al., 2002). On the other
hand, the ever stutter figure of 48/1,623 yields an incidence of 3%, which is below the often
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recognized 5% level (Andrews & Harris, 1964; Bloodstein, 1995; Mansson, 2000). The
variability in the estimates for prevalence and incidence may simply reflect the challenges of
making precise estimates in modest sized samples. It is also possible that the prevalence of
stuttering is actually increased (and incidence decreased) in the Hutterites due to founder
effects, attributable to one, or several, founders transmitting susceptibility alleles for persistent
stuttering disproportionately represented in the sampled set of Hutterites. The lower than
expected incidence (only 12 cases) may alternatively be a function of parents and other family
members under-reporting cases of recovered stuttering, especially those that occurred in early
childhood. This phenomenon has been observed and discussed by Yairi & Ambrose (2005) in
their longitudinal study of early childhood stuttering.

For the 48 individuals classified as ever stuttered, DNA was unavailable for 8 individuals
because they were too young (under age 6) to have blood drawn at the time of data collection.
The remaining 40 individuals who stutter (30 current, 10 recovered) are related to each other
in a 232-member minimal pedigree comprising 9 generations. A point of interest is that of the
10 individuals whom recovered from stuttering, 5 individuals have a first-degree relative with
persistent stuttering (4 individuals with siblings and 1 individual’s mother). The remaining
individuals who have recovered either do not report any members of their nuclear family whom
have stuttered, or there is a sibling that has also recovered from stuttering. All individuals who
currently stutter or had recovered from stuttering were included in our analyses in the phenotype
of ever stuttering. Recent studies have suggested that there is a genetic liability to stuttering in
general, as well as to recovering from stuttering (Ambrose, Cox, & Yairi, 1997; Suresh et al.,
2006). Therefore, placing both those who were persistent in and recovered from stuttering
within a single group of ever stuttered will allow the examination of the genetic susceptibility
to stuttering. The average inbreeding coefficient among affected individuals is 0.0348 (SD =
0.0165), which is slightly higher than previously calculated for the overall Hutterite population
(0.0327, SD = 0.016) (Ober et al., 1998). An inbreeding coefficient is the probability that both
of an individual’s alleles at a locus are identical by descent because the parents are related to
each other.

The male-to-female ratio of the 40 genotyped individuals who have ever stuttered is 1.5:1,
which is consistent with some previous estimates of the sex ratio close to onset (1.6:1 in Kloth,
Janssen, Kraaimaat, & Brutten, 1995; 1.65:1 in Mansson, 2000), although lower than others
(2.1:1 in Yairi & Ambrose, 2005), and considerably lower than the 3 or 4 to 1 reported for
adults (Bloodstein, 1995).

Genotyping and Error Checking
Currently, 1271 DNA markers have been genotyped in the Hutterites. Two genome screens
have been completed by the Mammalian Genotyping Service of the National Heart, Lung and
Blood Institute, using Marshfield screening sets 9 and 51. Marshfield screening sets are
collections of microsatellite markers used for genotyping that were compiled by the Marshfield
Clinic Research Foundation. This has yielded a map density of approximately one marker every
5 cM, denser than most genome screens with one marker every 10–15 cM. Several hundred
single nucleotide polymorphisms (SNPs) have also been genotyped, primarily in genes related
to asthma and cardiovascular disease (Bourgain et al., 2003; Ober, Tsalenko, Parry, & Cox,
2000; Newman et al., 2003). All marker orders and map distances for framework markers are
based on the physical map created by deCode Genetics (http://www.decode.com).

Mendelian errors were detected using PedCheck (O’Connell & Weeks, 1998). SNPs were also
checked for departures from Hardy-Weinberg equilibrium (Bourgain, Abney, Schneider, Ober,
& McPeek, 2004), and those showing any deviation were excluded from these analyses. Hardy-
Weinberg equilibrium requires that the allele frequencies at a genetic locus determine the
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genotype frequencies. If this is not the case, then the genotypes at the locus may contain
genotyping errors.

Preservation of pedigree structure
To conduct multipoint linkage analysis, it was necessary to separate the 232- member minimal
pedigree (the minimum number of members connecting all affected individuals in one
pedigree) created by PEDHUNTER (Agarwala, Biesecker, Hopkins, Francomano, & Schaffer,
1998) into four smaller sub-pedigrees. These four smaller sub-pedigrees included 59, 61, 74,
and 88 members and multiple inbreeding loops (Figure 1). To verify that all necessary
information on genetic relationships among pedigree members was preserved, we used the
PREST (Pedigree RElationship Statistical Test) software created by McPeek and Sun (2000)
on each sub-pedigree. The program uses the data from genetic markers genotyped in each
individual to assess the evidence for the specified relationship between each pair of individuals.
If the relationship is not consistent with the genotype data, PREST provides a more likely,
alternative relationship. We initially identified numerous relationship misspecifications that
resulted from the formation of the minimal pedigree, a process that breaks inbreeding loops
and removes non-essential members of the pedigree. After re-inserting the appropriate
ancestors and re-creating some of the inbreeding loops, it was possible to correctly account for
all relationships as well as the estimated level of inbreeding within each sub-pedigree.

Statistical Analyses
The program Simwalk2, version 2.86 (Lange & Lange, 2004; Sobel & Lange, 1996), was
employed to conduct a genome-wide linkage analysis of the Hutterites. Recent studies have
shown that when a dense map of SNPs is used in a linkage analysis, with missing parental
genotypes, the results of linkage analyses may be falsely inflated due to the linkage
disequilibrium between the markers (Schaid et al., 2004). Linkage disequilibrium occurs when
a haplotype occurs more or less frequently then would be expected based on the allele
frequencies. A haplotype is formed by one allele from the pair of alleles from 1 or more genetic
markers. To prevent inflation in our results, especially in regions with a high-density of SNPs,
we removed from the analysis 209 SNPs that were within 50 kilobases (kb) of another SNP.
Although founder populations are hypothesized to have larger regions of linkage
disequilibrium as compared to outbred populations, no published examination has been done
to determine the extent of the increase of linkage disequilibrium within a founder population
that is comparable to the small number of founders and rapid population growth observed in
the Hutterites (Newman et al., 2003). Previous estimates of the average length of linkage
disequilibrium within an outbred, Caucasian population is 44–60 kb (Gabriel et al., 2002; Riech
et al., 2001), depending on the allele frequencies used in the study. Because the Hutterites are
a Caucasian population, removing SNPs within 50kb of each other would remove most effects
of any linkage disequilibrium present. Both the NPLall and NPLpairs statistics were used in our
linkage analyses because of the information each utilize to determine the evidence for linkage
in a region. NPLall assigns greater weight to allele sharing among larger numbers of affected
individuals and is more powerful for additive and dominant models of transmission, whereas
NPLpairs compares allele sharing between pairs of affected individuals and is more powerful
for identifying recessive loci (Lange & Lange, 2004).

The transmission disequilibrium test (TDT) is traditionally used to assess association in the
presence of linkage by determining whether the transmission of a particular allele from
heterozygous parents deviates from the null expectation of 0.5. Due to the lack of independence
between members in a single family, the TDT cannot be used as a test of association in the
Hutterites, but can be used as a test of linkage (Génin, Todorov, & Clerget-Darpoux, 2002;
Spielman & Ewens, 1996). We used GENEHUNTER (Kruglyak, Daly, Reeve-Daly, & Lander,
1996) to conduct a single-point TDT at all 1271 markers in 30 nuclear families from the 4 sub-
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pedigrees, as well as a two-point TDT, in which two consecutive markers are assessed for
linkage.

To assess association in the Hutterites, the Family-Based Association Test (FBAT) was used
because it takes into account larger family structures, missing parental data, and tests specific
disease models (Horvath, Xu, & Laird, 2001). The FBAT was applied to all 1271 markers in
the 4 sub-pedigrees. Because only transmissions from heterozygote parents contribute to the
test statistic, we required any result to have at least 10 families with a heterozygote parent and
a P < 0.01. We only tested an additive model of inheritance.

Finally, we conducted a meta-analysis of the only two Caucasian genome screens that have
been conducted using the phenotype of ever-stuttered, including a study of 105 families with
316 individuals who stutter collected through the Illinois International Genetics of Stuttering
Project (Suresh et al., 2006), as well the Hutterites. The genome was split into 228 bins of 15
cM in length. Each bin in a study was given the smallest P-value of a single marker located in
that bin as determined by the evidence of linkage. The bins were then ranked within each study;
the highest bin received a rank of 228, the next highest a rank of 227, and so on, with possible
ties if P-values were identical between bins. Next, the Genome Search Meta-Analysis (GSMA)
software calculated the evidence for linkage within each bin for both studies, with each study
weighted by the square root of the number of affected individuals in that study (Levinson,
Levinson, Segurado, & Lewis, 2003; Wise, Lanchbury, & Lewis, 1999).

We report point-wise P-values from our analyses. Because the analyses of the Hutterite
pedigrees are quite time-consuming, even broken into the sub-pedigrees, it would be
prohibitively time-consuming to estimate genome-wide significance of results through
simulation.

Results
Genome-wide Linkage Mapping in the Hutterites

Results of genome-wide linkage mapping in the Hutterites varied with the statistic used for
analysis. Although no linkage peaks met criteria for genome-wide significance (Lander &
Kruglyak, 1995), several peaks provided nominal support for stuttering susceptibility loci. The
NPLall statistic has more power to detect loci with a dominant mode of transmission, which
several behavioral and biological genetic studies have implicated as the mode of inheritance
at a single susceptibility locus for stuttering (Ambrose et al., 1993; Ambrose et al., 1997;
Shugart et al., 2004; Viswanath et al., 2004). Six peaks located on four chromosomes had P <
0.05 using the NPLall statistic (Figures 2 & 3), the highest peak occurring on chromosome 13
at 52.6 cM (P = 0.012), at a marker ~2 cM from D13S788. The next two highest peaks were
on chromosome 3 at 3q27 (P = 0.013 at D3S3054, 208.8 cM), and chromosome 9 (P = 0.037
at GATA187D09, 22.5 cM). The final three peaks occurred on chromosome 5 at GOLPH3
(P = 0.042, 52.6 cM), D5S1721 (P = 0.047, 113 cM), and D5S820 (P = 0.043, 161 cM).

The NPLpairs statistic is more powerful at identifying recessive loci and therefore may be
particularly relevant in our study of a large, inbred pedigree in which one could hypothesize
that a recessive susceptibility locus for stuttering could be more easily detected. Four peaks on
three chromosomes were identified with P < 0.05 using the NPLpairs statistic (Figures 2 & 3).
The highest peak was on chromosome 15 at D15S652 (P = 0.02, 100 cM). The second and
fourth highest peaks were both on chromosome 1 at D1S495 (P = 0.031, 124 cM) and IL10
(P = 0.025, 209 cM). The third highest peak coincided with one of the peaks detected using
NPLall, at D3S3054 (P = 0.028). Because both NPLall and NPLpairs identified a peak at
D3S3054, an additive locus is suggested since both statistics can detect additive loci.
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The second method of detecting linkage was the TDT. Figure 2 shows 21 loci with point-wise
P < 0.01. D2S1334 on 2q21 (148 cM) had the smallest P-value (0.00091, 0 alleles transmitted
(TR): 11 alleles not transmitted (NT)). Three of the loci identified by the TDT were also
identified by the linkage results using Simwalk2. Both D3S3054 and D15S655 (~8 cM from
the linkage peak on chromosome 15) showed an over-transmission of one allele from
heterozygous parents to affected offspring (P = 0.0082 and 7 TR: 0 NT, P = 0.0039 and 19
TR: 5 NT, respectively) (Figure 3). D13S788, located on chromosome 13 and with the highest
NPLall peak, showed an under-transmission of one allele from heterozygous parents (P =
0.0043, 1 TR: 11 NT) to affected offspring (Figure 3). This observation is consistent with the
possibility that there are several rarer susceptibility alleles on different haplotypes, with the
resulting under-transmission of a common haplotype. Alternatively, such patterns may arise
when it is an ancestral allele that increases risk of disease, and the newer derived allele reduces
risk relative to the ancestral allele. (An ancestral allele can be traced back in time to distantly
related organisms, and therefore can be found in other species, such as chimpanzees, mice, or
fruit flies. The derived allele is a result of more recent mutation, and therefore will not be found
in more distantly related organisms.)

We also observed several overlaps between the linkage peaks and two-marker TDT (Figures
2 & 3). Chromosome 1 (210 cM) showed a significant under-transmission (P = 0.0016, 0 TR:
10 NT), while the two-marker haplotype including D3S3054 and D3S2418 showed a
significant over-transmission from parents (P = 0.0039, 7 TR: 0 NT), which is consistent with
the over-transmission observed at D3S3054 in the single-marker TDT. Interestingly, the pair
of loci with the smallest P-values was on chromosomes 10 and 14, where there was no evidence
for linkage using either Simwalk2 or the TDT. The haplotype on chromosome 10 created at
markers D10S1436 and D10S1432 showed an over-transmission (P = 0.00091, 11 TR: 0 NT,
92.2 cM). Two two-marker haplotypes created by SNPs at 98.6 cM on chromosome 14, had
one haplotype showing an over-transmission (P = 0.000789, 14 TR: 1 NT) and the other an
under-transmission from parents (P = 0.0027, 2 TR: 14 NT).

Genome-wide Association Analysis in the Hutterites
Results for the FBAT are shown in Figures 2 and 3. Twelve loci were identified, and 8 loci
had both significant FBAT and TDT results. The most significant FBAT result was at D1S1675
(P = 0.00032, 137.78 cM), and overlapped with both a significant TDT and a small linkage
peak. The other 7 loci with overlapping FBAT and TDT results are on chromosomes 2, 5, 7,
15, 18, and 20. The remaining 3 loci on chromosomes 11, 12, and 17 overlapped with small
linkage peaks, which might indicate regions harboring susceptibility loci with small effect;
however, none of these linkage peaks had even suggestive evidence of linkage.

Meta-analysis of Stuttering
Large sample sizes are needed to detect the multiple loci with small effects that are commonly
believed to contribute to complex disorders. To achieve the required sample sizes, individual
studies can be combined and tested through a meta-analysis of the individual studies’ results.
Figure 4 shows the results from the meta-analysis of stuttering using the results from the linkage
studies in the Hutterites and in 100 outbred Caucasian families (Suresh et al., 2006).

None of the loci in the meta-analysis reached genome-wide significance, but 12 bins on 7
chromosomes showed at least nominally significant evidence for linkage by having point-wise
P≤0.05. Three bins on chromosome 5 (45–60 cM with P = 0.045, 105–120 cM with P = 0.0051,
and 120–135 cM with P = 0.015) overlapped with the linkage signals at D5S1986 and D5S1721
in the Hutterites. Three bins on chromosome 15 also showed evidence for linkage, one spanning
from the p-terminal region to 15 cM (P = 0.022), and two consecutive bins from 45 cM to 70
cM (P = 0.034 and P = 0.028, respectively). The linkage signal found near D15S652 in the
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Hutterites was not significant and was in the bin at 90 cM to 105 cM. Two bins on chromosome
2, spanning 180 cM to 210 cM, had P-values of 0.013 and 0.049. The other bins included one
on chromosome 3 (P = 0.023, 135–150 cM), chromosome 7 (P = 0.017, 150–165 cM),
chromosome 9 (P = 0.024, 45–60 cM), and chromosome 13 (P = 0.042, 75–90 cM). As is
common with meta-analysis, the most significant regions for the individual studies are not the
most significant in the meta-analysis, but rather it is the regions with some evidence for linkage
in both studies that are the most significant.

Discussion
In this study, we focused on a founder population to help identify the genetic variation that
increases susceptibility to stuttering. Large, inbred pedigrees can be very powerful for linkage
mapping. However, when linkage analyses are so computationally challenging that pedigrees
must be broken into smaller subunits for analysis, some loss of power inevitably occurs. We
devised a novel approach to break the single genealogy into the largest sub-pedigrees on which
multipoint linkage analysis could be conducted by using PREST to appropriately preserve the
level of relatedness among family members, as well as the integrity of the genetic information.
Whereas our method is likely to have reduced power relative to conducting analyses in the full
genealogy, it has not been possible to conduct multipoint linkage analysis for a dichotomous
trait (like stuttering) in the full genealogy even with likelihood estimation approaches. Our
approach was intended to preserve as much of the genealogy as possible (to maximize power),
while still allowing for computational feasibility in the multipoint linkage analysis.

A possible limitation of our study is that interviews were conducted by researchers not trained
as speech pathologists. Such limitation, however, is probably minimal for the purpose of
general identification. There is evidence for close agreement between laypeople and
professionals in identifying people who stutter. For example, in a nationwide mail
questionnaire survey of school teachers regarding speech disorders (White House Conference
on Child Health and Protection, 1931) the prevalence of stuttering, as well as other speech
disorders, was studied. To establish reliability, speech-language clinicians conducted direct
individual screenings of 10,033 pupils in the public schools of Madison, WI. The negligible
differences between the two methods concerning the prevalence of stuttering prompted the
authors to conclude that “…differences between the Madison results and those shown by the
questionnaire survey are probably not material” (p.337). More recent research has shown close
agreement between parents’ and speech pathologists’ classification of an individual as someone
who stutters. Yairi and Ambrose (2005, p. 184) reported that the mean parent ratings for
stuttering were nearly identical to that of the clinician when a child was classified as either
exhibiting stuttering or when a child was classified as exhibiting normal speech. Note that their
scale required a distinction between normal and stuttering. Although personal interview by a
lay individual is not a perfect method of diagnosing individuals who stutter, it does represents
an improvement over telephone interviews employed by Criag et al. (2002). A key point is that
studies carried out on the Hutterites are conducted by individuals given permission by the
Hutterites to visit the colonies and who understand their way of life. In this respect, reliable
data on diabetes and related quantitative phenotypes has been collected without an
endocrinologist present, lung function without a pulmonary specialist, and stuttering without
a speech pathologist.

Genome-wide linkage and association analyses did not identify any region with highly
significant statistical support for harboring stuttering susceptibility loci. Overall, the most
impressive result was on chromosome 13q21, which had the highest NPLall linkage peak, as
well as suggestive evidence with TDT and FBAT analyses. This finding is intriguing because
the same region was previously identified in linkage analyses with Specific Language
Impairment (SLI) (Bartlett et al., 2002), autism (Bartlett et al., 2004), and Tourette’s syndrome
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(Merette et al., 2000). SLI is diagnosed early in childhood if an individual fails to develop
normal language when other factors, such as trauma, a neurological disorder, or hearing
difficulties, can be ruled out as the cause (Bartlett et al., 2002). Individuals affected with autism
often have abnormal language development that varies with severity (Bartlett et al., 2004). The
onset of Tourette’s syndrome begins in early childhood and affected individuals have chronic
motor and vocal tics (Merette et al., 2000).

Other regions with nominally significant evidence for both linkage and association include
chromosomes 1, 3, 5, and 15. The linkage and association peak on chromosome 1 at IL10 is
17 cM from a linkage peak previously identified in a genome-wide linkage study of stuttering
in a large Cameroon family (Levis et al., 2004). The linkage peak on chromosome 5 at D5S1721
(113 cM) was also identified in The Illinois International Genetics of Stuttering Project, with
an NPL > 2.0 at ~116 cM (Suresh et al., 2006). The remaining regions with both nominally
significant evidence for linkage and association are unique to our studies of stuttering in the
Hutterites.

It is of interest to note that the region containing the only gene identified to date in affecting a
speech/language phenotype, FOXP2 at 7q31, was not implicated in our analyses in the
Hutterites. FOXP2 on chromosome 7 has recently been implicated in severe speech and
language disorder, diagnosed as severe difficulty in developing expressive and/or receptive
language (Lai et al., 2000; Lai, Fisher, Hurst, Vargha-Khadem, & Monaco, 2001). The
FOXP2 region has also been implicated in some studies of SLI (O’Brien, Zhang, Nishimura,
Tomblin, & Murray, 2003), although other studies of SLI have been negative (Bartlett et al.,
2002; SLI Consortium, 2002). There has also been little support for the FOXP2 region in
linkage studies of other speech and language phenotypes, including autism (Newbury et al.,
2002), schizophrenia (Sanjuan et al., 2005), and dyslexia (Kaminen et al., 2003).

We also conducted the first meta-analysis for stuttering, using the Hutterites and an outbred
Caucasian sample collected by the Illinois International Genetics of Stuttering Project (Suresh
et al., 2006). Our meta-analysis identified 12 broad regions on chromosomes 2, 3, 5, 7, 9, 13,
and 15 that showed nominally significant evidence for linkage to stuttering. The region on
chromosome 2 from 180 to 210 cM has previously been identified in a study of the delay of
phrase-based speech in individuals affected with autism (Buxbaum et al., 2001). One of the
regions on chromosome 15 (45–60 cM) is 5 cM from the DYX1 region implicated in dyslexia
(Schulte-Körne et al., 1998), in which speech and language defects are sometimes present
(Hallgren, 1950). All three regions on chromosome 5 (45–60 cM, 105–135 cM) were identified
in the linkage analyses in the Hutterites. The remaining regions on chromosomes 3, 7, 9, 13,
and 15 have not previously been identified in any genetic studies of speech or language
phenotypes. Future studies will be focused primarily on regions with the strongest support in
the collective studies (such as those on chromosome 2, 5 and 15), and on those with replicated
sex-specific signals, such as those on chromosomes 7 and 21.

Our results do not find a single major locus contributing to stuttering, although this does not
exclude the possibility that a single major locus that increases susceptibility exists. The results
do suggest that stuttering is a polygenic disorder, in which several genes of varying effect may
increase susceptibility to stuttering. The close proximity of several linkage signals to regions
previously identified in other speech and language disorders (i.e. SLI, dyslexia, Tourette’s
syndrome, and autism with phrased-speech delay) raises the possibility that many speech and
language phenotypes may share at least some susceptibility loci in common, while there may
be other genes that are unique to each disorder. It can be challenging to identify the genetic
variation responsible for signals detected in linkage studies, but the identification and
characterization of genes implicated in susceptibility to stuttering could have a profound impact
on our understanding of the primary etiology of the disorder. A better understanding of the
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specific genetic risk factors may improve our ability to design epidemiological studies to
identify and characterize non-genetic risk factors that contribute to the risk of stuttering.
Moreover, as speech is a quintessentially human characteristic, genes implicated in stuttering
will be irresistible targets for evolutionary genetic studies, such as those previously reported
for FOXP2 (Enard et al., 2002). Although there are substantial challenges in pursuing genetic
studies, the potential rewards are more than commensurate.
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Figure 1.
Sub-pedigrees constructed from the Hutterite genology. All individuals who have ever stuttered
are in black. Individuals added to the sub-pedigrees after using PREST to account for the
relatedness within each sub-pedigree are boxed.
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Figure 2.
Genome-wide linkage and association results. NPLall (black line), NPLpairs (grey line), single-
marker TDT (black diamonds), two-marker TDT (open circles), and FBAT results (open
triangles). Markers with a P < 0.01 from the single-marker TDT, two-marker TDT, or FBAT
are shown.
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Figure 3.
Linkage and association results for chromosomes 1, 3, 5, 9, 13, and 15. NPLall (black line),
NPLpairs (grey line), single-marker TDT (black diamonds), two-marker TDT (open circles),
and FBAT results (open triangles). Markers with a P < 0.01 from the single-marker TDT, two-
marker TDT, or FBAT are shown.
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Figure 4.
Meta-analysis for stuttering. The –log P-value for each bin from the meta-analysis of linkage
results for the Hutterites and The Illinois International Genetics of Stuttering Project.
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