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We performed a genome-wide linkage scan using highly polymorphic microsatellite markers.
To minimize genetic heterogeneity, we focused on sibpairs meeting the strict diagnosis of
autism. In our primary analyses, we observed a strong linkage signal (P = 0.0006, 133.16 cM) on
chromosome 7q at a location coincident with other linkage studies. When a more relaxed
diagnostic criteria was used, linkage evidence at this location was weaker (P = 0.01). The
sample was stratified into families with only male affected subjects (MO) and families with at
least one female affected subject (FC). The strongest signal unique to the MO group was on
chromosome 11 (P = 0.0009, 83.82 cM), and for the FC group on chromosome 4 (P = 0.002,
111.41 cM). We also divided the sample into regression positive and regression negative
families. The regression-positive group showed modest linkage signals on chromosomes 10
(P = 0.003, 0 cM) and 14 (P = 0.005, 104.2 cM). More significant peaks were seen in the regression
negative group on chromosomes 3 (P = 0.0002, 140.06 cM) and 4 (P = 0.0005, 111.41 cM). Finally,
we used language acquisition data as a quantitative trait in our linkage analysis and observed
a chromosome 9 signal (149.01 cM) of P = 0.00006 and an empirical P-value of 0.0008 at the
same location. Our work provides strong conformation for an autism locus on 7q and
suggestive evidence for several other chromosomal locations. Diagnostic specificity and
detailed analysis of the autism phenotype is critical for identifying autism loci.
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Introduction

Autism (MIM209850) is a neurodevelopmental dis-
order that is manifested in early childhood and is
characterized by impairments in reciprocal social
interactions and language, and a restricted range of
behaviors and interests. Whereas most children with
autism develop symptoms in the first year of life,
approximately a quarter appear to develop normally,
then regress in the second or third year of life.1

Autism is considered a spectrum disorder with
heterogeneity in symptom presentation. Approxi-

mately 70% of individuals with autism have mental
retardation. A strict diagnosis of autism requires
symptoms in all three domains (social interaction,
language, restricted range of activities) and onset
early in life. The broader autism spectrum includes
Asperger syndrome, where affected individuals have
deficits in social interaction, and in repetitive and
restricted behaviors, but have relatively intact lan-
guage abilities.

Inheritance clearly plays a major role in suscept-
ibility to autism. Monozygotic (MZ) twins are 69–95%
concordant,2,3 whereas dizygotic (DZ) twins are 0–
24% concordant.2–6 When a broader phenotype (BPH)
is used, concordance increases for both MZ (88–91%)
and DZ (9–30%) twins.2,5,6 Reported sib risks are
consistent with DZ twin concordance rates ranging
from 2.8 to 7.0% whereas rates in control families are
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much lower.7–9 In contrast, the rate of autism in
relatives more distant than sibs is extremely low.10

This risk pattern is consistent with autism suscept-
ibility resulting from the presence of elevated-risk
alleles at several genes.

We presently know little about the genes under-
lying autism susceptibility. In rare cases, autism is
associated with an extra copy or copies of the Prader–
Willi syndrome region of chromosome 15q11–q13.
Autism is also associated with the relatively rare
single gene disorders fragile X syndrome, tuberous
sclerosis, neurofibromatosis and phenylketonuria.
There are numerous reported cases of chromosomal
abnormalities associated with autism, though the
translocation sites are scattered throughout the gen-
ome.11 For most autism cases, there is no identifiable
gene or genetic change associated with the disorder.
Efforts to identify autism genes have focused on
linkage and candidate gene studies. To date, genome-
wide linkage studies of autism in eight largely non-
overlapping family collections have been pub-
lished.12–25 The number of families in these studies
ranges from 3912 to 34524 families with most kindreds
having two affected siblings. While no single
region has been unambiguously associated with
autism, coincident signals for specific chromosomal
regions have been identified in multiple studies.
These include 1p (B137–149 cM),12,19 2q (B177–
198 cM),13,17,22,23 7q (104–145 cM)15–17,25 17q
(61 cM)14,17,21,22 and 19q (B60 cM),18,23 with the 2q,
7q and 17q regions giving the strongest signals.
Numerous candidate gene association studies have
also been described but no association finding has
been consistently and independently replicated
across multiple studies.26

Several factors potentially contribute to inconsis-
tent linkage and association findings. The extent of
genetic heterogeneity in autism is unknown, and if
extensive, could degrade power to detect suscept-
ibility loci. Differences in results across linkage
studies may reflect different study designs that affect
the underlying genetic architecture of the sample.
Diagnostic inclusion criteria vary between studies
with some having broader inclusion criteria than
others. Likewise, the diagnostic specificity can be
substantially affected by the complement of methods
used to evaluate affected individuals. The most
rigorous approach, using the Autism Diagnostic
Interview (ADI) and the Autism Diagnostic Observa-
tion Scale (ADOS), combined with a clinical diag-
nosis of individuals, is not always used. Also,
because of pragmatic difficulties with accumulating
large sample sizes of affected sib pairs (ASPs), no
study to date has restricted enrollment to only sib
pairs with the strictest diagnosis of autism in all
affected individuals, although some studies have
required that one sib meets the strict diagnosis. In
addition, to attempt to reduce genetic heterogeneity,
some groups have also defined phenotypic subsets of
autism families using measures such as regression,27

age at first word or phrase,28,29 language delay,13,30

repetitive and stereotypic behaviors28–30 and obses-
sive-compulsive behaviors.31 These studies provide
additional evidence for autism loci at 1q24.2, 7q, 13q,
17q and 21q.

To identify regions of the genome containing autism
genes, we performed a genome-wide linkage scan
using autism families not previously analyzed. To
minimize the effects of heterogeneity, we analyzed
169 families where at least two sibs met the strict
criteria for autism. We also analyzed a larger set of 222
families that, in addition to individuals with strictly
defined autism, included affected participants who
did not meet full criteria for autism but met criteria
for broader autism spectrum disorder (ASD). For our
primary analysis, the trait used is the affectation
status of family members. Based on recent findings
by others, we also conducted secondary stratified
and quantitative trait analyses of: (1) families with
only male affected children (male-only, MO) versus
families where there was at least one affected female
child (female-containing, FC);17,20 (2) families with or
without developmental regression;27 and (3) age at
first word and phrase as quantitative traits.13,28–30 Our
results provide strong evidence for an autism locus on
chromosome 7q with the evidence for linkage being
strongest in the subset with the strictest diagnosis.
This provides strong confirmation of previous results
for chromosome 7q.16,17,25 Likewise, we replicate a
previously reported signal on chromosome 4 from FC
sibships.20 We obtained additional novel strong
signals at the 9q terminal region using age at first
word as a quantitative trait, chromosome 11 in MO
sibships and chromosome 3 in regression-negative
families. The fact that we were able to confirm signals
from other studies strongly suggests that linkage
analysis will lead to successful identification of at
least some of the genes responsible for autism
susceptibility.

Materials and methods

Characterization of autism families, diagnostic criteria
and phenotypes
Families who identified themselves as having two or
more children with autism (AUT), pervasive devel-
opmental disorder (PDD) and/or ASD were recruited
as part of the National Institutes of Health Collabora-
tive Programs of Excellence in Autism (CPEA). The
222 families used in the current genome scans were
recruited through the University of Washington
Autism Center (200 families), the University of
California at Irvine (5 families), the University of
Utah (10 families), the University of Rochester (2
families) and the University of Pittsburgh (5 families).
The University of Washington recruitment network
includes testing sites in Washington, Oregon, Florida,
Tennessee, Arizona, Minnesota and Texas with
approximately 50% of families living in the greater
Seattle region. Fourteen families included multiple
marriages, and two families were extended and
included affected cousins. When possible, a blood
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sample was obtained from parents, each affected
sibling and an unaffected sibling. DNA from at least
one parent was available from each family in all
but one kindred, with 192 families providing DNA
from both parents of affected children. Exclusionary
criteria include age below 3 years, presence of a
known genetic condition (e.g. neurofibromatosis
(MIMþ162200), Tourette syndrome (MIM #137580),
phenylketonuria (MIMþ 261600), fragile X syn-
drome (MIMþ309550), Williams–Beuren syndrome
(MIM #194050), velocardiofacial syndrome (MIM
#192430)), history of serious head injury or neurolo-
gical disease (e.g. encephalitis) or significant sensory
or motor impairment.

For diagnostic evaluation, all affected individuals
were administered the ADI – Revised (ADI-R)32 and
the ADOS – Generic (ADOS-G)33 by clinicians trained
to research reliability. The ADI-R and the ADOS-G are
standardized measures used to diagnose ASDs across
a range of ages and developmental levels. In addition,
a clinical diagnosis, based on DSM-IV criteria,34 of
Autistic Disorder or Pervasive Developmental Dis-
order, Not otherwise specified (PDD-NOS) was made
by the clinician evaluating the child. Children were
administered a standardized intellectual evaluation
appropriate for their age level (Mullen Scales of Early
Learning,35 Wechlser Preschool and Primary Scale of
Intelligence – Revised, Wechsler Intelligence Scale for
Children – Third Edition; Wechsler scales used a
short form consisting of Vocabulary, Comprehension,
Block Design and Object Assembly subtests). An
estimated full scale IQ score for the Wechsler short
forms was calculated as described by Sattler,36 which
takes into account subtest reliability and validity.
Descriptive information regarding diagnosis and IQ is
in Table 1. Full scale IQ scores for the affected
children are distributed as follows: scores below 55,
26.7%; scores between 55 and 69, 14.9%; scores
between 70 and 84, 16.8%; score 85 or higher, 40.7%.
Ethnicities of the affected children are: White, Non-
Hispanic, 85.7%; White, Hispanic, 3.1%; American
Indian/Alaska Native, 2.2%; Asian, 1.0%; African-
American, 1.0%; More than one race, 7.0%. Parents’
report of their education level was as follows: Less
than high school diploma, 1.6%; high school diplo-
ma, 7.8%; some college, 35.3%; college degree,
40.1%; and graduate degree, 15.2%.

The final diagnosis was based on the National
Institute of Child Health and Development (NICHD)
CPEA diagnostic criteria established by Catherine
Lord and the CPEA diagnostic subcommittee in May
2003, which included operational definitions for
research diagnoses of Autism, PDD and ASD. An
individual was assigned a research diagnosis of
autism if he or she met criteria for autism on the
ADI-R and criteria for autism or ASD criteria on the
ADOS. One exception, which applied to 21 children,
was as follows: If an individual scored within 2
points of meeting criteria for autism on the ADI-R,
met autism criteria on ADOS and also met DSM-IV
criteria34 for a clinical diagnosis of autism, the
individual was assigned a research diagnosis of
autism. For the research diagnosis of PDD, the
individual met criteria for ASD on the ADOS-G and,
on the ADI-R, met criteria for either the social or
communication domain, and was at least within 2
points of meeting criteria on these domains. A
research diagnosis of ASD was assigned if either the
ADI-R or ADOS-G criteria were met. Children who
displayed symptoms of autism but did not meet
criteria for autism, PDD or ASD were referred to as
BPH. All 222 families used had two or more children
who each met criteria for autism, PDD or ASD. Some
families included additional children with BPH.
These children were not included in the affected
sib-pair linkage analyses, but were included in
quantitative trait analyses of language acquisition.
For 169 of the 222 families, two or more children met
criteria for autism, and for all but four of the 222
pedigrees, at least one child met criteria for autism
(Table 2). These studies were approved by the
University of Washington institutional review board
and appropriate informed consent was obtained from
all participants.

For some analyses, specific items from the ADI-R
were used. Two quantitative language acquisition
measures, age at first word and age at first phrase,
were from ADI-R items 12 and 13, respectively. The
presence of regression was determined by a score of 2
on item 38 (loss of spontaneous communicative
speech), or item 39 (loss of words used spontaneously
but without clear communicative intent) or item 95
(loss of other skills) of the ADI-R in any child with a
diagnosis of AUT, PDD, ASD or BPH.

Table 1 Characteristics for affected individuals

Diagnosis Total N Male:female Mean age (years) at IQ (s.d.) Mean full scale IQ (s.d.)

AUT 399 328:71 8.75 (4.23) 74.23 (25.95)
PDD 24 19:5 9.05 (6.24) 92.53 (27.29)
ASD 40 30:10 9.99 (4.38) 93.39 (21.73)
BPH 15 11:4 7.26 (2.03) 100.23 (14.71)
Total 478 388:90 8.82 (4.31) 77.53 (26.44)

Abbreviations: AUT; autism; ASD, autism spectrum disorder; BPH, broader autism phenotype; PDD, pervasive
developmental disorder – not otherwise specified. Diagnoses were made as described under Materials and methods.
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Genotyping
For 996 individuals (affected and non-affected sib-
lings and parents), genotypes were determined by
PCR amplification of polymorphic loci using primers
labeled with fluorescent probes. The 410 markers
used were primarily from the ABI Prism Linkage
Mapping set, Version 2.5, HD5 (http://home.applied-
biosystems.com/). The mean distance between mar-
kers was 9.07 cM, and the largest gap was 20.0 cM.
DNA fragments were analyzed using an ABI377 or an
ABI3100 DNA sequencing instrument and GeneScan
and Genotyper software. Technicians performing
the genotyping were blind to the diagnosis of the
individuals. Genotyping was 97.1% complete overall,
with 18.2% of individuals having 100% complete
genotyping and 50% of individuals complete for
> 99.5% of markers.

Data cleaning
We used RELPAIR, version 2.037 to check pedigree
relationships and to identify sample swaps, using the

full genome scan data and an assumption of a 1%
genotyping error rate. In the course of this analysis,
eight MZ twin pairs were identified, and seven
families with unresolvable sample swaps and/or
relationship problems were identified. After resolving
mis-specified relationships and removing MZ twin
pairs and families with pedigree relationship pro-
blems, we used Loki38 to identify all Mendelian-
inconsistent genotypes in the remaining 222 families.
For subsequent linkage analyses, 723 cases of Men-
delian-inconsistent genotypes that could not be
resolved by re-genotyping or through other data
checks were coded as missing genotypes for all
individuals in the pedigree(s) involved. These Men-
delian-inconsistent errors represent an empirical
incompatibility rate of 0.79% per pedigree.

Linkage analysis
Multipoint analyses for genome scans were carried
out for each sample stratum described below. We used
the computer program Merlin39 to carry out linkage

Table 2 Families and individuals genotyped for linkage studies

Number of
families

Type of family Number of families with unaffected sibs

No
unaffected

sibs

One
unaffected

sib

Two
unaffected

sibs

Three
unaffected

sibs

One sib –
missing

diagnosis

One sib –
Down

syndrome

Strict diagnosis families
147 AUT/AUT 93 48 3a 2 0 1
3 AUT/AUT/ASD 1 2 0 0 0 0
7 AUT/AUT/AUT 4 1 1 0 1 0
1 AUT/AUT/AUT/AUT/

AUT/plusb

1 0 0 0 0 0

1 AUT/AUT/AUT/BPH 1 0 0 0 0 0
1 AUT/AUT/AUT/plusb 1 0 0 0 0 0
6 AUT/AUT/BPH 6 0 0 0 0 0
1 AUT/AUT/BPH/BPH/BPH 1 0 0 0 0 0
1 AUT/AUT/PDD 1 0 0 0 0 0
1 AUT/AUT/PDD/PDD 1 0 0 0 0 0

Total: 169 110 51 4 2 1 1

Additional families
16 AUT/PDD 12 1 1 1 1 0
1 AUT/PDD/ASD 1 0 0 0 0 0
1 AUT/PDD/BPH 1 0 0 0 0 0
29 AUT/ASD 20 7 1 0 1 0
2 AUT/ASD/BPH 1 1 0 0 0 0
1 PDD/ASD 1 0 0 0 0 0
2 PDD/ASD/BPH 2 0 0 0 0 0
1 ASD/ASD 1 0 0 0 0 0

Total: 53 39 9 2 1 2 0

Grand total: 222 broad diagnosis
families

aOne AUT/AUT family also has a third sib with a missing diagnosis, but is not listed again in the ‘One sib – missing
diagnosis’ column.
b‘plus’ indicates two sibships that are cousins. Abbreviations, see Table 1 footnote and diagnostic methods are those
described in the Materials and methods section. Individuals with a diagnosis of BPH were not used in ASP linkage analysis.
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computations, with the Rutgers sex-averaged map40 to
provide genetic distances between markers. This map
is expected to be the most accurate currently available
because of the sample size used to construct the map.
Analyses were carried out using a Haldane map and
mapping function, but all results are presented here
on the equivalent Kosambi map to facilitate compar-
ison with other studies. For ASP analyses, the
statistic Sall

41 was used to test for linkage, using the
null distribution parameterized as suggested else-
where42 to prevent an overly-conservative test. Sall

was used instead of Spairs because Sall is statistically
more efficient when there are multiple affected
individuals in pedigrees, as we have in our sample.
For these analyses, any children who were not
explicitly coded as affected were not used. For
quantitative language traits, we used variance com-
ponent methods43 by contrasting the likelihood under
an additive variance major gene model with the
likelihood under a polygenic model. For these
quantitative trait analyses, we used language scores
of all individuals for whom these were available; this
included some individuals with BPH, but did not
generally include unaffected individuals. All results
are presented as the negative of log10 of the P-value for
a particular genomic location.

For a subset of the most positive linkage analysis
results, empirical P-values were generated by simula-
tion with Merlin.39 Marker genotypes were simulated
20 000–40 000 times, depending on the asymptotic P-
value, under the assumed marker map but under the
null hypothesis of no linkage with the trait, and the
resulting data were reanalyzed with the same multi-
point methods used to analyze the original data.
Simulation analysis was computationally intensive,
requiring approximately 1–2 CPU week per chromo-
some, depending on the chromosome. We present
normality-based P-values, except where explicitly
noted because of the large computational burden
needed to obtain empirical P-values combined with
the similarity in results between empirical and
normality-based asymptotic results for the ASP
analyses.

Sample stratification
For the primary ASP scan, the families were divided
into two groups based on the diagnosis of individuals
in the families. The ‘strict’ category consisted of
families with two or more sibs each with the diagnosis
of autism (AUT, Table 2), the most stringent diagnostic
category. For the ASP linkage analyses of the ‘strict’
families, only AUT–AUT pairs were considered as
affected even if there were other individuals in the
family with different diagnoses (PDD or ASD). The
‘broad’ diagnosis category included both the ‘strict’
families and 53 other families with other types of
affected sibpairs also included in the analysis as
affected individuals (e.g. AUT–PDD, etc). For analyses
of the ‘broad’ category, all individuals in the complete
set of 222 families with a diagnosis of AUT, ASD or
PDD were considered affected. Individuals with a

diagnosis of BPH were not included as affected
individuals in either ASP analysis.

Additional strata were also defined for some
secondary analyses. One stratification criterion was
based on gender of affected individuals, and we split
the sample into MO and FC families. A family was
included in the MO group only if all individuals with
phenotypes AUT, ASD or PDD were male, and if
female siblings, if present, were unaffected. All other
families were treated as FC. A second stratification
was based on a regression as defined above. Families
with at least one individual showing regression were
placed into the regression-positive group, with the
remaining families placed into the regression-nega-
tive group. For the purpose of defining such strata,
genotype data were not required to be available on the
individuals relevant for stratification, since the
purpose was to reduce genetic heterogeneity based
on phenotype data. Nevertheless, all families in the
regression-positive families had at least one geno-
typed affected individual who showed regression,
and only four FC families (three in strict families) had
no genotyped affected female subjects.

Results

We performed a genome scan to identify autism
susceptibility loci. Analysis methods that did not
require a prespecified trait model were used because
the exact mode of inheritance for autism suscept-
ibility is unknown, but is consistent with multigenic
inheritance. Because genetic heterogeneity can se-
verely reduce power to detect linkage even with trait-
model-free analyses, we sought to minimize pheno-
copy inclusion by focusing on families where two or
more siblings have a strict diagnosis of autism (Table
2). In these ‘strict’ category families, only individuals
with a diagnosis of autism were considered affected.
Also, to insure diagnostic accuracy, the ADI-R was
used, and all affected individuals were administered
the ADOS-G and were clinically evaluated by a
trained clinician. The final diagnosis was based on
information from all three sources. This diagnostic
protocol was used in our study because recent work
shows that diagnostic specificity increases from 56.3–
59.4% for the ADI alone to 75.0–85.8% for ADI plus
ADOS, relative to the gold standard of a best estimate
diagnosis based on ADI-R, ADOS-G and a clinical
evaluation (Lord and Risi, personal communication).

Our analyses had three hierarchically related goals.
The primary analysis was an affected sib-pair genome
scan to detect autism loci using the diagnosis as the
phenotype. Our secondary analyses attempted to
replicate specific regional linkage signals reported
by others who stratified their sample using gender,20

developmental regression,27 and language acquisi-
tion.29 Our tertiary analyses explored the possibility
of additional regions with relevant loci by completing
the scan for the rest of the genome using strata
defined by the same gender, developmental regres-
sion and language acquisition phenotypes.
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Primary genome scan

For the primary ASP scan, asymptotic P-values were
computed with the adjustment suggested by Kong and
Cox42 for markers on all autosomes and for the X
chromosome (Figure 1, see Supplementary Table S1
for P-values for the entire scan for all strata con-
sidered). We identified several regions with strong
evidence for linkage, including both previously
reported and novel regions. For the strict diagnostic
category, the most significant multipoint P-values
(Pp0.02, Table S2) are 0.0006 at D7S530 (133.16 cM),
0.003 at D19S209 (10.87 cM), 0.005 at D4S1575
(135.03 cM) and 0.02 at D3S1285 (89.56 cM). For the
broad diagnostic category, the most significant multi-
point P-values are 0.0014 at D10S591 (13.3 cM), 0.006
at D15S130 (106 cM), 0.02 at D11S935 (58.94 cM) and
0.02 at DXS1001 (123.29 cM). Regions with strong

positive evidence of linkage were also checked with
single-marker analyses, which are not sensitive to
map assumptions, to verify that positive multipoint
signals are not the result of differences between sex-
averaged and sex-specific map distances.44 Results
from multipoint and single point analysis were
comparable. Single point minimum P-values
(Pp0.02; Table S2) for the strict diagnostic category
were 0.002 at D7S530 (133.16 cM), 0.002 at D4S1575
(135.03 cM), 0.003 at D19S209 (10.87 cM) and 0.011 at
D15S130 (106.111 cM). For the broad diagnostic
category, single point P-values were 0.0005 at
D10S591 (13.3 cM), 0.0012 at D22S539 (18.78 cM),
0.01 at D11S935 (58.94 cM), 0.011 at D15S130
(106.111 cM) and 0.02 at D3S1278 (123.21 cM). To
determine if the normality-based P-values computed
with the Kong and Cox adjustment were accurate, we
also computed empirical P-values for chromosomes 4
and 7. The results are very similar (Figure 2a and b;
Table S3), suggesting that for these data, the Kong and
Cox adjustment42 method is accurate. In contrast,
unadjusted Sall gave conservative P-values as noted by
Kong and Cox.42 Because simulation methods are
computationally intensive, for the remaining analysis,
we used P-values obtained directly from Sall with the
Kong and Cox adjustment,42 unless otherwise noted.

Our strongest signal was on chromosome 7 at
133.16 cM (Figure 3a and b). Evidence for linkage
was considerably stronger for the strict diagnosis
families (P = 0.0006) when compared to the broad
diagnosis group (P = 0.01), even though the latter had
more families (169 versus 222). The location of this
signal overlaps with positive results from analysis
from the International Molecular Genetic Study of
Autism Consortium (IMGSAC)16,17,25 and from
others.15,19,23 Thus, our data provides strong support
for an autism locus on chromosome 7, both as an
individual result, and in conjunction with previous
results. Notably missing from our genome scan were
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signals corresponding to those reported by others on
chromosome 213,16,17,23,45 and chromosome 17.14,20,24

Gender and linkage analyses
Previous work by others suggested that linkage
signals on chromosomes 4,14,20 7,17 and 1714,20 were
dependent on the gender of the affected individuals
in the families. To attempt to replicate these findings,
we used the same stratification design, dividing our
sample into families with only male affected indivi-
duals (MO families; 113 strict, 148 broad), and
families with at least one affected female sib (FC
families; 56 strict, 74 broad; Table S4). The strongest
signal from the primary genome scan on chromosome
7 at 133.16 cM appears to originate from both types of
families, though the MO families give a stronger result
compared to the FC families (D7S530, strict: MO,
0.007; FC, 0.02; Figures 3a, b and 4; Table S5), as is
consistent with a larger sample size in the MO group.
This result is not entirely consistent with those from
the IMGSAC who observed a MO specific peak at
133.2–141.2 cM.17 Signals coming predominantly
from MO families are at D11S1314 (P = 0.0009, broad,
83.82 cM) and at D12S352 (P = 0.006, broad, 0 cM)
(Figures 4 and 5a). Other signals came from either the

FC group or from both groups. Signals generated
almost entirely by the FC group are at D4S1572
(P = 0.002, broad, 111.41 cM), at D10S249 (P = 0.006,
broad, 0.0 cM) and at D18S452 (P = 0.005, broad,
16.90 cM) (Figures 3c, d and 4; Table S5). Our
evidence for linkage to chromosome 4 is comparable
to findings from the AGRE consortium who reported a
gender-dependent signal at approximately 160 cM.20

In our study, other signals on chromosomes 10 (0–
13.3 cM), 15 (86–106 cM) and 19 (10.9 cM) appear to
derive from both types of families. We did not observe
a signal in either gender-defined stratification on
chromosome 17.20

Regression and linkage analysis
In previous work by others, analysis restricted to
families containing individuals with developmental
regression identified signals on chromosomes 7 and
21.27 In an attempt to replicate these findings, we
stratified our families into those with at least one
affected individual with regression versus families
with no cases of regression. There were 76 families
meeting this criterion in the strict category and 93
families in the broad category (Table S4). The largest
signals were at D10D249 (P = 0.003, broad, 0.0 cM)
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and D14S65 (P = 0.005, strict, 104.2 cM; Figure 6;
Table S6), but were of modest strength, possibly due
to small sample size. We did not replicate signals
reported by Molloy et al.27 on chromosome 7 (165 cM)
or chromosome 21 (0–30 cM). We also analyzed the
families without regression (93 strict, 129 broad;
Figure 6; Table S6). The most striking results were
P-values of 0.0002 at D3S1292 (strict, 140.06 cM)
(Figure 5b), and 0.0005 at D4S1572 (broad, 111.41 cM)
(Figure 3c and d) with both being more significant
than those in the primary genome scan. The chromo-
some 4 signal is coincident with the result of the FC
family analysis (Figure 3c and d) and the chromosome
3 signal is coincident with results from both gender-
strata (Figure 5b).

Language acquisition as a quantitative trait in linkage
analysis
Language delay was used by others in autism linkage
studies, either as a dichotomous trait13,30,45 or as a

quantitative trait.28 In these reports, language acquisi-
tion contributed to signals on chromosomes 2, 7 and
13. To attempt to replicate these studies, we per-
formed variance-component quantitative trait linkage
analyses for age at first word and for age at first
phrase. For these analyses, we used all families for
which we had language phenotypic data on at least
two children. The most remarkable result was an
asymptotic P-value of 0.00006 at D9S164 (149.01 cM)
for age-at-first word analysis (Figure 7a; Table S7).
However, re-simulation of chromosome 9 age-at-first
word results gave an empirical P-value of 0.0008 at
this same position, indicating that the significance of
the asymptotic result in this case is likely to be
inflated (Figure 5c; Table S7). The next most positive
asymptotic P-value for age at first word was P = 0.005
at D5S647 (78.64 cM). For age at first phrase, the
strongest asymptotic signals were P = 0.0012 at
D18S70 (124.18 cM), P = 0.002 at D22S423 (55.5 cM),
P = 0.003 at D7S2465 (183.3 cM), P = 0.005 at D1S206
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(134.31 cM), P = 0.005 at D11S1320 (154.48 cM) and
P = 0.006 at D6S1581 (171.19 cM) (Figure 7b, Table
S7). Note that the chromosome 7 signal at 183.63 cM
for age at first phrase is 50 cM distal to the chromo-
some 7 signal from the primary genome scan at
133.16 cM (Figure 3a and b). This language signal
overlaps with positive results obtained by Alarcon et
al.28 for the same trait.

There was only modest support for overlap between
evidence for linkage for the language phenotypes and
the primary scan. There is only a weak signal for age
at first phrase (P = 0.1) at approximately the same
chromosome 7 location as was obtained for the most
significant result from the primary scan (Figure 3a
and b). However, there is a modest signal from both
language measures (P = 0.03 for word, P = 0.04 for
phrase) that overlaps part of the chromosome 4 signal
(Figure 3c and d).

Discussion

The results presented here provide replication of a
number of linkage findings for autism reported by

others. The most striking replication is for chromo-
some 7q, where the IMGSAC finds a strong signal at
B133–141 cM17 on the Rutgers genetic map. Modest
evidence for a chromosome 7 locus at this approx-
imate location was also observed in four other linkage
analyses,15,18,19,23 but not in three other studies.13,12,20

Meta-analyses of genome scan data from a subset of
these studies, but not including our data, provides
additional evidence for a chromosome 7q autism
locus.46,47 Autism candidate genes in the vicinity of
our peak centered at B133 cM include Reelin (B112–
114 cM),48 FOXP2 (B123 cM),49 RAY1 (B126 cM),50

and WNT2 (B126 cM),51 but not AUTS2 (82.16 cM)52

or EN2 (180.84 cM)53 (Figure 3a and b). Linkage and
association studies in non-autism groups suggest that
there may be a chromosome 7 gene(s) for specific
language impairment54 and dyslexia55 at B120 and
B133 cM, respectively, potentially related to autism
and the signal we observe. Other regions where our
results overlap with those of other groups include
chromosomes 10p (B13–31 cM),14,17 4,15,20 19p21 and
3.14 Notably absent were signals at 2q (B177–186 cM)
reported by two groups13,17 and 17q (B61 cM).14

The rationale for our gender stratification is based
on the high male:female ratio (B3–4/1) for autism
individuals, and on other linkage studies where
families were divided into MO and FC groups.17,20

We replicated the finding of an FC group chromosome
4 signal,20 and a modest bias from the MO group for
the chromosome 7 signal,17 but no MO derived
chromosome 17 signal.14,20 We also observed in our
MO family results a unique signal at 11q13.4 (84 cM)
that was not present in the FC group results and only
partially overlapped with a small signal at 59 cM from
the primary genome scan (Figure 1). The finding of
linkage signals dependent on the gender of affected
individuals raises the intriguing possibility that there
are male- and female-specific genes, or more likely,
that penetrance of some susceptibility genes is
significantly different in male subjects versus female
subjects. Thus, the genes responsible for the putative
chromosome 11 signals might not cause autism
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susceptibility, or might have greatly reduced pene-
trance, in female subjects. Conversely, the gene
responsible for the chromosome 4 signal from the
FC group would presumably act in both sexes, but
with a relatively higher penetrance in female than
male subjects compared to other loci. Because there
are very few female-only families in our sample in the
FC group (8/74), it is unlikely that this signal
represents a gene that only functions in female
subjects. Since autism is a developmental disorder,
these genes may affect or regulate the development of
sexual dimorphism in the brain and in behavior.56

The rationale for examining regression was based
on previous work by Molloy et al.,27 where 34 families
were identified with at least two affected individuals
who showed regression. Signals in this earlier study
were observed for chromosome 7 at 170.14 cM and
chromosome 21 at 16.16 cM. We did not see linkage
evidence at these locations in our regression-positive
group. However, because we had very few families in
which there were two individuals with regression, we
used a more relaxed criterion for our regression-
positive group, requiring only a single individual
with regression for a family to be included in this
group. Thus our work is not a direct replication of the
Molloy et al. study.27 Perhaps the most intriguing
result from our regression studies comes from the
regression-negative strata. When only regression-
negative families were considered, evidence for
linkage on both chromosomes 4 and 3 increases by
one and two orders of magnitude, respectively, when
compared to results from using all the families (Tables
S2 and S6; Figures 1, 3, 5 and 6). This work suggests
differences in the genetics underlying regression
versus the genetics of the early developmental delay
that leads to autism in non-regression subjects.

The language acquisition work provides evidence
for a novel locus affecting age at first word on
chromosome 9, with weaker evidence for additional
genes elsewhere. The significance of these signals
must be interpreted with caution since empirical
estimates of P-values for chromosome 9 were sub-
stantially less significant than were the asymptotic P-
values (Figure 5c). Practical constraints prevented
computation of empirical P-values for all suggestive
locations. We also found supporting evidence for a
language acquisition locus on chromosome 7 initially
reported by Alarcon et al.28 at 151.31–178.06 cM, with
a fairly strong signal based on age at first phrase
(Figure 3a and b). This region does not overlap with
the primary chromosome 7 peak from our study and
from other studies (Figures 1 and 3a, b), but does
include Engrailed 2 (EN2) at 180 cM, an autism
candidate gene.53 We did not find significant support-
ing evidence for language-related signals on other
chromosomes (2, 3, 7q (B103 cM) or 13) that were
identified in previous linkage studies.13,29,30

In comparing our results to other studies, we
provide strong support for a chromosome 7 autism
locus, and lesser but still compelling support for loci
on chromosomes 3, 4 and 11. However, we were not

able to reproduce a number of substantial signals
reported by others. There are a number of potentially
confounding factors that may explain these discor-
dant findings. First, not all studies have the large
sample sizes needed to detect all true autism loci, and
many of the earlier studies are based on fairly small
sample sizes for which asymptotic assumptions are
less reliable than for larger samples. Second, some of
the signals reported, including some here, may be
false-positive results. Likewise, some of the smaller
signals reported may be true autism loci. Only
attempts to replicate results across multiple data sets
can resolve these issues.

A third possible source of discordant findings may
be differences across studies in trait definition and
pedigree ascertainment. Use of a BPH in genetic
studies is justified by multiple studies showing that
close relatives of individuals with autism have
symptoms related to autism,8 and both twin and
family sib studies support using a BPH definition in
genetic studies.57 However, while sample size in-
creases with a BPH, so does the possibility of
phenocopies, which have a strong negative effect on
power to detect linkage. We attempted to minimize
heterogeneity within our sample by using a rigorous
diagnostic protocol and by using a data set with
affected individuals meeting the strictest criteria for
autism. The combined use of the ADR-I, ADOS-G and
a clinical diagnosis has the advantage of increased
accuracy in distinguishing between autism and
closely related phenotypes, therefore reducing the
phenocopy rate and consequent heterogeneity. For the
chromosome 7 region, which is the most consistently
replicated signal across studies, using the strict
diagnostic group produced a more significant result
when compared to the broad category, even though
the latter was a larger sample. This is consistent with
the hypothesis that the broader diagnosis includes
more heterogeneity with respect to linkage to chro-
mosome 7 than does the strict diagnosis. However, for
some of the other signals, results were more signifi-
cant for the broad diagnosis than for the strict
diagnosis. These regions may represent loci for which
the phenotype is, in fact, broader than the strict
autism diagnosis, and thus restricting the sample size
may have reduced the evidence in favor of linkage by
eliminating some families or individuals that, in fact,
contribute to the evidence for linkage.

A fourth difference among studies may be ascer-
tainment of cohorts with somewhat different char-
acteristics. Our study, with its requirement for two
cases with a strict diagnosis of autism in our strict
sample, may represent a somewhat different under-
lying sample of autism mutations than do samples
with less stringent diagnostic criteria for inclusion.
From the work presented here, clearly differences
across studies in gender composition, language and
regression can affect linkage results. Other differences
such as the IQ distribution, family size and ethnic
origins may also be important. For example, the
Auranen et al. study12 used Finnish families that had
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a predominance of male affected individuals, and
replicating the chromosome 3 signal at 186.55 cM in
this group reported may not be possible with other
samples.

Identification of autism genes may require several
different approaches. Larger sample size for linkage
identification and replication will be needed, though
if heterogeneity is increased, there will be no
advantage or a disadvantage to pooling more families.
Instead, it may be useful to identify phenotypic
subgroups from within a larger pooled sample. In
addition, endophenotype analysis may permit map-
ping of loci contributing to specific autism domains
that will be difficult to genetically map using only
diagnosis as the trait. While some useful information
can be obtained from the diagnostic tools such as the
ADI-R and the ADOS-G, other instruments such as
the Broader Phenotype Autism Symptom Scale
(BPAS),58,59 designed specifically for quantitative
traits related to autism in both affected and normal
individuals, are needed so the phenotypic informa-
tion from all individuals in the pedigrees can be used
to increase power to detect linkage.60
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