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Further characterization of the autism susceptibility
locus AUTS1 on chromosome 7q
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Autism is a neurodevelopmental disorder that
usually arises on the basis of a complex genetic
predisposition. The most significant susceptibility
region in the first whole genome screen of multiplex
families was on chromosome 7q, although this
linkage was evident only in UK IMGSAC families.
Subsequently all other genome screens of non-UK
families have found some evidence of increased
allele sharing in an overlapping 40 cM region of 7q.
To further characterize this susceptibility locus,
linkage analysis has now been completed on 170 multi-
plex IMGSAC families. Using a 5 cM marker grid,
analysis of 125 sib pairs meeting stringent inclusion
criteria resulted in a multipoint maximum LOD score
(MLS) of 2.15 at D7S477, whereas analysis of all 153
sib pairs generated an MLS of 3.37. The 71 non-UK
sib pairs now contribute to this linkage. Linkage
disequilibrium mapping identified two regions of

association—one lying under the peak of linkage, the
other some 27 cM distal. These results are supported in
part by findings in independent German and American
singleton families.

INTRODUCTION

Autism (MIM 209850) is a severe neurodevelopmental
disorder characterized by impairments in reciprocal social
interaction and communication, and restricted and stereotyped
patterns of interests and activities, with an onset before three
years of age. Twin and family studies indicate a strong genetic
liability to autism (1–3) and several genome screens for autism
susceptibility loci have recently been completed (4–7). The
International Molecular Genetic Study of Autism Consortium
(IMGSAC) study of 99 multiplex families (4) pointed to the
probable involvement of regions on six different chromosomes
(chromosomes 4,7,10,16,19 and 22), with the region on chromo-
some 7q giving the most significant multipoint maximum LOD
score (MLS). Subsequently other groups have also reported
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evidence of increased allele sharing on 7q in autism relative
pair families (5,7,8), reviewed by Lamb et al (9). We report
further work to define the location of the autism susceptibility
gene on chromosome 7q (AUTS1), including addition of
further families, fine mapping of the region with a high density
of markers and allelic association studies.

RESULTS

Identification of families

Strict criteria were applied to identify 170 multiplex families
comprising a total of 178 non-independent affected relative
pairs. Summary details of these families are provided in Table 1.
Affected individuals were predominantly Caucasian (97.2%).
The 170 families originated from 12 sites in six countries
(Denmark, 7; France, 9; Germany, 10; Netherlands, 14; UK:
Cambridge, 6; Guy’s Hospital, London, 10; Institute of Psychiatry,
London, 67; Manchester, 4; Newcastle, 9; USA: Chicago, 22;
UCLA, 4; Yale, 8). Individuals were assigned case status in a
hierarchical fashion; they were designated case type 1 if they
had a clinical diagnosis of autism, met autism diagnostic inter-
view-revised (ADI-R) (10) and autism diagnostic observation
schedule (ADOS) (11) or ADOS-generic (ADOS-G) (12) algo-
rithm criteria for autism, and had a history of language delay and
a performance IQ of 35 or above. Individuals were designated
case type 2 if they had a clinical diagnosis of autism, atypical
autism, Asperger’s syndrome or pervasive developmental
disorder not otherwise specified (PDDNOS) and met at least
ADOS-G criteria for PDD; there was no requirement for a
history of language delay or a performance IQ of 35 and
individuals were allowed to fall one point below threshold on

one behavioural domain of the ADI-R. Individuals were desig-
nated case type 3 if they had a clinical diagnosis of autism or
another pervasive developmental disorder (PDD) and met
ADI-R criteria for autism, but failed to meet ADOS-G criteria
for PDD; or if they met clinical, ADI-R and ADOS-G criteria
but an IQ could not be computed because they fell outside the
age range of the test (i.e. low functioning individuals). In 157
of the 178 affected relative pairs, at least one individual met
criteria for case type 1. In the remaining 21 affected relative
pairs both individuals were designated case type 2 in 14 pairs,
five pairs met criteria for case type 2/type 3, and two pairs met
criteria for case type 3/type 3. The total number of affected
individuals is 344. Due to tightening of diagnostic criteria,
eight families included in the original publication (4) have now
been excluded, either because they were non-verbal individ-
uals administered the ADOS (for which there is no non-verbal
algorithm), or because an individual would not co-operate with
psychometric testing.

Genotyping and linkage analysis

Results on the 153 affected sib pairs (ASPs). Multipoint linkage
analyses of the combined data from 153 ASPs from 147
nuclear families were performed using ASPEX (13,14) and
GENEHUNTER-PLUS (15). Analysis with ASPEX of the 18
chromosome 7 markers originally used in the genome screen
(4) generated a multipoint MLS of 1.91 (GENEHUNTER-PLUS
LOD = 1.86) between markers D7S527 and D7S486 in the 153
ASPs; this compares with the MLS of 1.61 (GENEHUNTER-
PLUS LOD = 1.77) obtained some ∼20 cM distal between
markers D7S530 and D7S684 in the 86 sib pairs from the 80
nuclear families originally published (4).

Table 1. Summary description of families meeting inclusion criteria

aInternational Molecular Genetic Study of Autism Consortium (4).
bExcludes data on families from Germany.

Breakdown of relative pairs Original
screena

Additional
families

Total

Sibling pair families 77 67 144

Sibling trio families 3 0 3

Other extended relative-pair families 11 12 23

Total number of affected individuals 344

Age at interview of affected individuals (mean ± SD) 9.2 ± 6.3 years

Case type of affected pairs Type 1/type 1 Type 1/type 2 Type 2/type 2 Type 1/type 3 Type 2/type 3 Type 3/type 3

54 92 14 11 5 2

Sex of affected pairs Male/male Male/female Female/female

123 46 9

Sex ratio of affected individuals (M:F) 4.6

ADI and Vineland scores (Mean ± SD) Type 1 Type 2 Type 3

Social 24.33 ± 5.98 20.94 ± 6.31 23.22 ± 6.85

Non verbal communication 11.21 ± 3.17 9.84 ± 3.65 10.78 ± 3.72

Verbal communication 16.53 ± 4.59 14.77 ± 4.26 16.33 ± 4.39

Repetitive 8.13 ± 2.76 7.10 ± 2.77 7.78 ± 2.82

Vineland adaptive behaviour composite scoresb 47.44 ± 16.15 54.82 ± 21.62 48.62 ± 26.90
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Analysis of an additional 84 markers across the region
D7S524–D7S483 further supported these results. These
markers showed significant variation in marker heterozygosity
(mean, 0.72; range, 0.29–0.92) and effective sample size
(mean, 72; range, 23–114)—equivalent to the number of fully
informative sib pairs that would carry the same information—as
determined using SPLINK (16,17). Mean inter-marker
distance across this region was 0.77 cM. In order to minimize
the inter-marker variation in informativity, an ∼5 cM grid of
markers was generated; this map density has been shown to
extract the maximum linkage information per marker, whilst
minimizing the confounding effects of map and genotyping
errors encountered at higher map resolutions (18). Seven new
markers, in addition to the 18 already published (4), were
selected based on the SPLINK results, to give 25 markers with
mean heterozygosity of 0.79 and mean effective sample size of
>90. Multipoint linkage analysis of the total sample of 153 sib
pairs using this 5 cM map generated an ASPEX MLS of 3.37
(GENEHUNTER-PLUS LOD = 3.28). The maximum identity-
by-descent sharing across this region for all sib pairs was
61.9% and, based on the estimated sharing probabilities, this
region has a locus-specific λs of 1.9.

To examine parental sex-specific contributions to the
linkage on chromosome 7q, analysis was performed according
to the inheritance of paternally or maternally derived alleles.
Comparison of the single point results revealed no significant
(P < 0.05) parental sex specific differences in informative
0,1 allele sharing at markers across the region; the degree of
fluctuation indicated a stochastic process. Analysis of the
multipoint results using ASPEX showed a paternal-specific
multipoint MLS of 2.26 at marker D7S477, compared with a
maternally derived MLS of 1.08 at this locus. However, exam-
ination of these multipoint results using flanking markers to
infer 0,1 sharing at this locus indicate that this result is not
significantly different between the parental sexes (P = 0.58).

The single-point MLS results generated using SPLINK for
the 153 affected sib pairs for all typed markers with an MLS
>1, and all original markers in the interval D7S524–D7S483,
are shown in Table 2. Heterozygosity, sharing probability
estimates and effective sample size are also shown for each
marker. The majority of single-point results are consistent with
the multipoint curve. Notably, there were two markers gener-
ating an MLS >2 (D7S2409, MLS = 2.01, P = 0.0020; and
D7S480, MLS = 2.07, P = 0.0018) and one marker generating
an MLS >3 (D7S477, MLS = 3.07, P = 0.0002). This high
single-point result for marker D7S477 contributes to the spike
in the 5 cM multipoint linkage curve due to lower sharing at
flanking markers.

Results on subsets of families. To facilitate data analysis and to
minimize potential sources of genetic heterogeneity, analysis
was also performed on nuclear families according to case type
of affected sib pairs (Fig. 1). Analysis of the 44 case type 1/
type 1 affected sib pairs using the 5 cM grid of markers showed
no significant evidence of linkage across this region. However,
the 81 case type 1/type2 affected sib pairs generated an
ASPEX MLS of 3.08 (GENEHUNTER-PLUS LOD = 2.97) at
marker D7S477. Combined analysis of all 125 sib pairs
meeting stringent inclusion criteria (case type 1/type1 and type 1/
type 2 pairs) resulted in an ASPEX MLS of 2.15 (GENE-
HUNTER-PLUS LOD = 2.01).

The 82 affected sib pairs from the UK constituted the largest
group from a single country, and were therefore analysed
separately to represent a more homogeneous population. Using
ASPEX, a multipoint MLS of 1.54 (GENEHUNTER-PLUS
LOD = 1.43) was generated at marker D7S477, indicating that
the 71 non-UK sib pairs now contribute to the linkage results,
in contrast to the data reported previously (4).

Recent studies have suggested that autism and specific
language impairment may have overlapping genetic aetiologies
(19–21). Therefore, we tested the hypothesis that the linkage
on chromosome 7q could be attributed to a gene responsible
for language development. In 109 affected sib pairs both
individuals had language delay (no single words by 24 months
or no phrases by 33 months), whereas in only six sib pairs did
neither individual have language delay, reflecting the inclusion
criteria for this study. Using ASPEX, a multipoint MLS of 2.14
(GENEHUNTER-PLUS LOD = 2.07) was generated at marker
D7S477 in the sib pairs in which both individuals had language
delay, reflecting the results obtained for all affected sib pairs
and indicating that linkage at this marker is associated only in
part with a history of language delay.

Multipoint analysis using GENEHUNTER-PLUS of the 23
extended relative-pair families containing 25 non-independent
affected relative-pairs generated a LOD score of 0.54 at marker
D7S2513.

Linkage disequilibrium

In the interests of clarity and to explain our choice of markers,
linkage disequilibrium results are presented chronologically.

Figure 1. Multipoint MLS curves for 153 affected sib pairs generated by
ASPEX under a model of no dominance variance for the 5 cM marker map.
The maximum LOD scores for case type 1/type 1 sib pairs are shown in black,
case type 1/type 2 pairs are shown in red, the combination of case type 1/type 1 and
type 1/type 2 pairs are shown in blue and all pairs are shown in green. SPCH1
indicates the position of the locus for a specific speech and language disorder.
IMPRINTED indicates the suggested imprinting cluster region containing the
genes PEG1/MEST and γ2-COP.
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Although there are statistical issues inherent in testing multiple
loci, this was an exploratory analysis with the intention of
replicating any positive results in independent data sets;
therefore the data presented here represent nominal P values.

Multi-allelic association tests were initially performed using
the transmission disequilibrium test (TDT) with 76 micro-
satellite markers on chromosome 7 in 105 affected sib pairs.
Two markers were identified with a nominal P value <0.05
(D7S1804, P = 0.035 and D7S2533, P = 0.00038), with a third
marker D7S2437 in the interval, giving a P value of 0.070.
Measurement of allelic transmissions to 71 siblings without

PDD (D7S1804, P = 0.21; D7S2437, P = 0.58; D7S2533,
P = 0.81) or within a group of 41 control families (D7S1804,
P = 0.62; D7S2437, P = 0.41; D7S2533, P = 0.79) showed no
evidence for increased transmission of associated alleles. Inter-
marker distances for D7S1804–D7S2437 and D7S2437–D7S2533
were 0.9 and 2.3 cM, respectively. Two markers within the
first interval and three markers within the second interval,
respectively, showed no evidence of association. However, the
nearest flanking marker was still ∼200 kb distant.

On the basis of these results, these three markers were tested
for bi-allelic TDT in two independent samples of autistic

Table 2. Markers with a single-point MLS > 1 determined using SPLINK and for all original loci in the interval D7S524–D7S483

Original loci are shown in bold.

Marker Position
(Haldane cM)

SPLINK
MLS

SPLINK
P-value

Heterozygosity z0 z1 z2 Effective
sample size

D7S524 104.86 0 0.5949 0.77 0.25 0.50 0.25 65.38

D7S2409 110.57 2.01 0.0020 0.73 0.09 0.50 0.41 54.06

D7S527 114.13 0.94 0.0299 0.84 0.17 0.50 0.33 80.87

D7S651 117.98 1.37 0.0101 0.76 0.17 0.48 0.35 95.17

D7S477 119.60 3.07 0.0002 0.74 0.10 0.50 0.40 71.23

D7S523 130.26 1.23 0.0141 0.69 0.19 0.46 0.35 96.39

D7S486 133.61 1.71 0.0042 0.78 0.17 0.47 0.36 94.55

CFTR 134.11 0.76 0.0460 0.69 0.18 0.50 0.32 76.37

D7S480 135.53 2.07 0.0018 0.88 0.15 0.50 0.35 110.08

D7S2486 137.75 1.51 0.0072 0.84 0.18 0.38 0.44 39.09

D7S490 138.15 1.17 0.0165 0.79 0.17 0.50 0.33 94.68

D7S487 138.35 1.03 0.0230 0.72 0.18 0.45 0.37 50.56

M290CA1 138.85 1.65 0.0049 0.54 0.13 0.50 0.37 43.50

D7S2527 139.15 1.66 0.0049 0.69 0.18 0.45 0.37 84.69

D7S2501 140.76 1.34 0.0107 0.76 0.17 0.47 0.35 81.51

D7S530 141.96 1.07 0.0213 0.77 0.17 0.50 0.33 90.77

D7S2519 142.97 1.41 0.0090 0.82 0.17 0.49 0.34 93.34

D7S649 143.97 1.00 0.0247 0.73 0.17 0.50 0.33 82.13

D7S640 146.08 1.29 0.0122 0.87 0.17 0.50 0.33 113.93

DJS327CA2 147.65 1.09 0.0194 0.55 0.21 0.41 0.38 44.57

ALDR1 148.39 1.19 0.0155 0.70 0.16 0.50 0.34 67.68

D7S2533 148.89 1.49 0.0071 0.42 0.16 0.42 0.41 36.59

D7S500 151.93 1.17 0.0167 0.87 0.17 0.50 0.33 106.33

D7S1837 152.43 1.13 0.0177 0.68 0.21 0.42 0.37 69.49

D7S509 154.24 1.49 0.0074 0.70 0.14 0.50 0.36 58.90

D7S684 158.08 0.56 0.0806 0.83 0.23 0.45 0.32 95.93

D7S2505 158.78 1.63 0.0051 0.66 0.20 0.40 0.40 63.68

D7S1824 160.49 1.17 0.0165 0.85 0.22 0.44 0.35 111.61

D7S1518 161.50 1.23 0.0142 0.81 0.15 0.47 0.38 50.19

D7S2513 162.62 0.77 0.0455 0.79 0.18 0.50 0.32 85.95

J2A 163.12 1.14 0.0175 0.76 0.18 0.45 0.37 58.26

D7S483 176.48 0 0.5880 0.70 0.25 0.50 0.25 92.98
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singleton families—from Germany and the United States—by
testing the IMGSAC associated allele versus all other alleles.
The allelic transmissions in the German data set of 86 singleton
families calculated using ASPEX are shown in Table 3. The
sample was also subdivided into sample A, consisting of
individuals meeting diagnostic criteria for autism and with a
history of language delay, and sample B, consisting of individ-
uals fulfilling diagnostic criteria for autism, but showing no
language delay. Markers D7S1804 and D7S2533 showed
significant evidence for allelic association in the combined
sample (P = 0.011 and P = 0.022, respectively). Although
D7S2437 showed no evidence for association in the combined
sample, there was some evidence for association in sample B
(P = 0.039), although the number of transmissions was very
small. Allele 6 of marker D7S1804 showed nominally significant
association (P = 0.015) in the singleton families from the
United States (E. Cook, personal communication). Allelic
transmissions at markers D7S2437 and D7S2533, however,
were not significant. These results will be published in detail
separately.

In order to define the region of linkage disequilibrium in the
IMGSAC families, 11 novel repeat sequences flanking these
three markers and anticipated to be polymorphic were
identified electronically from genomic sequence in the region
(http://www.genome.washington.edu/UWGC/). Physical posi-
tions of new markers relative to existing microsatellites were
accurately established where possible by electronic PCR (22)
of the sequence data. PCR primers were designed flanking
these repeats and typed as described previously. No evidence
of linkage disequilibrium was detected. Nevertheless, due to
the paucity of finished sequence data in the regions directly
surrounding these associated markers, these new micro-
satellites are still relatively far away.

Linkage disequilibrium was calculated for all markers after
the addition of a further 48 IMGSAC nuclear families. The
results for the combined sample of 153 affected sib pairs for
markers D7S1804, D7S2437 and D7S2533 are presented in
Table 4. Markers D7S2437 and D7S2533 show significant
allelic association (P = 0.026 and P = 0.00097, respectively),
although the results for D7S1804 are no longer supported
(P = 0.22). There is also evidence for increased paternal over
maternal transmission of the 99 base pair allele at marker
D7S477 (P = 0.040 and P = 0.53 for paternal and maternal
transmissions, respectively) (Table 5). This marker lies some
27 cM proximal to D7S2437 under the peak of linkage.
Increased paternal over maternal transmission of this allele is
also seen in an expanded German patient sample of 122
singleton families (P = 0.009 and P = 0.36 for paternal and
maternal transmissions, respectively).

Although not statistically significant, six other markers show
a trend (P < 0.1) towards transmission of specific alleles across
this region. However, the 10 novel microsatellites isolated
from large insert genomic clones and mapping in close proximity
to six candidate genes in the region showed no evidence of
allelic association in the combined data set of 153 affected sib
pairs (data not shown).

The distribution of linkage disequilibrium over the region
was studied using the standardized disequilibrium measure D’,
calculated using the program ARLEQUIN (23). No significant
linkage disequilibrium was detected across the region, nor
between the associated alleles of markers D7S477, D7S2437
and D7S2533 (P < 0.001).

DISCUSSION

These fine mapping studies add to the evidence for an autism
susceptibility locus AUTS1 on chromosome 7q. With the

Table 3. Summary of allelic transmissions in German families

T, transmitted; NT, not transmitted; χ2 sum, the sum of the χ2 statistics for transmission of all alleles with the corresponding empirical P value.
aSample A; individuals fulfilling criteria for autism and with a history of language delay.
bSample B; individuals fulfilling criteria for autism but showing no language delay.
cMarkers were tested bi-allelically for TDT using ASPEX, calculating transmissions of associated allele in IMGSAC families compared with all other alleles.
dP < 0.05, eP < 0.01.

Allele Sample A (n = 64 trios)a Sample B (n = 22 trios)b Sample A + B (n = 86 trios)

Parental
allele
frequency
(%)

T NT χ2 sum (P value) Parental
allele
frequency
(%)

T NT χ2 sum (P value) Parental
allele
frequency
(%)

T NT χ2 sum (P value)

D7S1804c

6 18.8 25 11 10.89 (0.029)d 19.3 10 5 3.33 (0.30) 18.9 35 16 14.16 (0.011)d

Other 81.2 11 25 80.7 5 10 81.1 16 35

D7S2437

1 15.6 16 20 0.89 (0.62) 14.8 8 1 10.89 (0.039)d 15.4 24 21 0.40 (0.76)

Other 84.4 20 16 85.2 1 8 84.6 21 24

D7S2533

3 71.5 31 24 1.78 (0.42) 63.6 18 4 17.82 (0.0043)e 69.5 49 28 11.45 (0.022)d

Other 28.5 24 31 36.4 4 18 30.5 28 49
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Table 4. Allelic transmissions for associated markers determined using ASPEX for 153 affected sib pairs

T, transmitted; NT, not transmitted; χ2 sum, sum of the χ2 statistics for transmission of all alleles with the corresponding empirical P value.
Associated alleles are indicated in bold.
aAlleles with a frequency <10% are grouped as ‘other’.
bPositions in Haldane cM from pter.
cAllele size in base pairs.
dP < 0.05; eP < 0.01.

Allelea Parental allele
frequency (%)

Paternal Maternal Combined

T NT χ2 sum (P value) T NT χ2 sum (P value) T NT χ2 sum (P value)

D7S1804 (145.68)b 0.69 0.61 25.44 (0.22)

6 (273)c 20.0 53 41 34 33 88 75

3 (261) 19.1 38 43 34 39 75 85

7 (277) 18.1 33 43 31 32 67 78

5 (269) 12.4 18 18 33 21 54 42

Other 30.6 55 52 84 91 141 145

D7S2437 (146.58) 0.22 0.18 27.52 (0.026)d

9 (230) 31.3 52 71 51 49 108 125

8 (228) 14.4 25 25 33 32 61 60

10 (232) 13.1 29 23 25 23 56 48

1 (202) 11.8 27 14 31 18 58 32

Other 29.5 66 66 58 76 126 144

D7S2533 (148.89) 0.072 0.0023e 32.27 (0.00097)e

3 (189) 72.1 50 27 49 26 113 67

4 (191) 21.4 25 39 21 49 60 102

Other 6.5 10 19 19 14 29 33

Table 5. Sex-specific allelic transmissions for marker D7S477 determined using ASPEX for IMGSAC and German families

T, transmitted; NT, not transmitted; χ2 sum, sum of the χ2 statistics for transmission of all alleles with the corresponding empirical P value.
The associated allele is indicated in bold.
aIMGSAC alleles with a frequency <10% are grouped as ‘other’.
bPosition in Haldane cM from pter.
cAllele size in base pairs.
dMarkers were tested bi-allelically for TDT using ASPEX in German patients, calculating transmissions of associated allele in IMGSAC families compared with
all other alleles.
eP < 0.05; fP < 0.01.

Allelea Parental allele Paternal Maternal Combined

frequency (%) T NT χ2 sum (P value) T NT χ2 sum (P value) T NT χ2 sum (P value)

IMGSAC (153 affected sib pairs)

D7S477 (119.60)b 17.82 (0.040)e 5.48 (0.53) 13.44 (0.10)

3 (95)c 39.1 51 53 53 47 118 114

5 (99) 25.5 55 26 31 30 95 65

4 (97) 16.5 22 30 32 28 59 63

7 (103) 12.1 17 26 17 22 36 50

Other 6.7 10 20 9 15 19 35

German patients A + B (122 trios)

5 (99) 16.5 25 9 P = 0.009f 12 7 P = 0.36 43 22 13.57 (0.012)e

Otherd 83.5 9 25 7 12 22 43
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inclusion of more families and markers the peak of linkage is
proximal to the initial peak (4); the linkage region extends over
some 70 cM and overlaps regions subsequently identified in a
number of other studies (5–8). This study highlights the
difficulties in localizing linkage signals for complex disease.
Simulation models chosen to represent complex traits have
indicated a large degree of variation in location estimates
(regions giving maximum evidence for linkage) (24), with
confounding variables such as genetic heterogeneity potentially
causing a downward bias in LOD scores and subsequent loss of
power to detect linkage.

In this study, we have attempted to minimize potential
sources of heterogeneity by testing for linkage after splitting
the sample by case type of affected individuals, by country and
by language delay. The reason for the very low MLS in case
type 1/type 1 pairs is uncertain, but may simply be due to small
sample size. This category excludes pairs in which both
individuals are very low functioning, as well as those pairs in
which one individual has another PDD. The MLS of 3.08 seen
in the case type 1/type 2 affected sib pairs may indicate that
linkage to the autism susceptibility locus AUTS1 on chromo-
some 7q underlies the relatively high functioning component
of autism seen in some of these case type 2 individuals. This
hypothesis is supported by analysis of the case type 1/type 2
pairs after removal of 15 sib pairs containing an individual
with an IQ <35, resulting in a slight increase in ASPEX MLS
from 3.08 (81 pairs) to 3.38 (66 pairs). However, the relatively
modest overall sample size limits fine grained phenotypic
analysis and this finding may simply have arisen by chance.
Analysis of the sample by country of origin and by language
delay failed to reveal any further obvious sources of hetero-
geneity in this study and subdivision of the sample does not
substantially narrow the region of linkage interest. Simulation
of genome-wide linkage studies, however, has shown that true
positive linkage peaks caused by the presence of a disease gene
are expected to be wider than false positive peaks caused by
random fluctuations alone (25). The small degree of sharing
shown by the collection of extended relative pair families is
again surprising, as these families would be expected to be
most informative for localization of linkage as they have an
increased number of meioses between affected individuals.

Increasing marker density and a concomitant increase in map
and genotype error have also been shown to reduce the power
to detect linkage, with the effects of errors in assumed para-
meter values being generally more severe when a larger
number of less informative marker loci, rather than fewer more
informative marker loci, are used (26). Our efforts to minimize
data error in this study, however, including genotyping of both
parents in >90% of families, use of an optimum map density of
markers and use of the program SIBMED, indicate that geno-
type error is unlikely to exert a large influence over our results.

A current central strategy for mapping disease genes is the
use of linkage analysis to approximately localize a gene, with
subsequent use of linkage disequilibrium mapping for more
accurate localization. Our results indicate two regions of
association in our autistic disorder families; results supported
in part by the findings in the German and American singleton
families. The excess of paternal transmissions at marker
D7S477 is of interest with regard to the presence of two
imprinted genes on chromosome 7q (27,28), as significant
differences in parental transmission disequilibrium may

indicate parent of origin specific effects. Although these results
should be interpreted with caution due to the number of tests
performed, a similar finding in the German singleton sample
suggests that this result merits further study. Addition of
further microsatellite markers, however, failed to better define
the initial region of linkage disequilibrium. Although the
ethnicity of our sample is >97% Caucasian, families were
drawn from six countries, hence our assumption that linkage
disequilibrium is the same in all populations is by no means
certain, and may explain why stronger evidence for linkage
disequilibrium has not been detected. Furthermore, several
recent studies have indicated that the extent of disequilibrium
is highly variable across the genome, with the assumed linear
relationship between physical distance and linkage disequilibrium
being influenced by a large number of factors. Association
analysis of several markers in even a small region may each
give very different results (29–33). The lower mutation rate of
single nucleotide polymorphisms (SNPs), the initiative of the
SNP Consortium (34) and the advent of novel high-throughput
SNP typing technologies should soon make linkage disequilib-
rium mapping over a region of this size a feasible approach.
Additional studies with a higher density of markers are
required, and collection of singleton families by the Consor-
tium is ongoing for replication of these results.

It is also of interest to note that in a recent study (35) the
locus for a specific speech and language disorder (SPCH1) has
been mapped to an ∼6 Mb region of chromosome 7q. This
region lies within the linkage interval identified in this study. A
number of studies have suggested that specific language
impairment and autism may have overlapping genetic aetiologies
(19–21) and it is not yet clear whether the results presented
here represent in part the same underlying genetic effect, with
the operation of two, or possibly more, distinct genes. Better
elucidation of the underlying autistic phenotype will make
quantitative methods a more feasible and powerful approach,
minimizing the influences of genetic heterogeneity.

In summary, this study further supports the existence of the
autism susceptibility locus AUTS1 on chromosome 7q. Inclusion
of further families and markers implicates a broad chromo-
somal region and we are currently undertaking systematic
screening of positional candidate genes for aetiological
variants in autistic disorder.

MATERIALS AND METHODS

Families

The identification of families and assessment methods used by
the IMGSAC consortium have been described in detail
previously (4). Briefly, in families passing an initial screen,
parents were administered the ADI-R (10) and the Vineland
adaptive behaviour scales (36). Potential probands were
assessed using the ADOS (11) or ADOS-G (12). When
possible, psychometric evaluation was conducted using
Ravens progressive matrices (37) or the Mullens (38) as appro-
priate, and the British picture vocabulary scale (39) or the
Peabody picture vocabulary test (40) (or an appropriate trans-
lation). A physical examination was undertaken to exclude
recognizable medical causes of autism, particularly tuberous
sclerosis. A blood sample for DNA extraction was taken when
possible from all probands and available first-degree relatives.
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In addition, lymphoblastoid cell lines were generated from
peripheral blood leukocytes to ensure a renewable source of
DNA. In cases in which a blood sample could not be obtained,
buccal swabs were taken. A sample was available from at least
one parent in all families, and from both parents in >90% of
families. Karyotyping was performed—or previous results
obtained—when possible on all affected individuals, and
molecular genetic testing for Fragile X performed or previous
results obtained—on one case per family. Karyotype abnor-
malities were excluded in at least one case per family in 160
families and in both cases in 147 families, and Fragile X was
excluded in one individual per family in 160 out of the170
families. There is no known overlap between the families
included in this study and those ascertained by other research
groups. Diagnostic criteria for the German singleton family
sample have been described by Klauck et al. (41).

Genotyping

Genomic DNA was extracted from whole-blood, lympho-
blastoid cell lines or buccal swabs using Nucleon kits. In cases
where only a buccal swab was available, DNA was pre-ampli-
fied by primer extension pre-amplification (PEP) according to
a technique modified from Zhang et al. (42). This method
utilizes pre-amplification of genomic DNA with a random 15-mer,
resulting in a 50–100-fold increase in template DNA for
subsequent amplification. In our hands this has been found to
preserve allelic ratios, supporting accurate genotyping.
Polymerase chain reactions (PCRs), genotyping and analysis of
microsatellite markers was carried out as described previously (4).
Genomic DNA from blood was used for PCR when possible to
minimize the rates of microsatellite mutation. Genbase
(version 2.0.5, J. -M. Sebaoun and M. Lathrop) and Discovery
Manager 2.3 (GENOMICA) were used to store all genotypic
and phenotypic data and to produce the necessary files for
statistical analysis.

Genetic markers

A total of 102 microsatellite markers were genotyped on
chromosome 7. These markers included 81 published markers,
the majority of which were dinucleotide repeat polymorphisms
developed by Généthon (43) and tri- and tetra-nucleotide
repeats from the co-operative human linkage centre (CHLC)
(44). Ten novel dinucleotide repeat polymorphisms mapping
in close proximity to six candidate genes in the region were
isolated by PCR screening of Research Genetics human bacte-
rial artificial chromosome (BAC) library release IV and
hybridization to a labelled dinucleotide repeat primer using
standard techniques. A further 11 novel microsatellites were
identified electronically from available genomic sequence
(http://www.genome.washington.edu/UWGC/). The average
heterozygosity of all markers was 0.73. Marker order and
genetic distances were determined from multiple sources
including Généthon (43), the National Human Genome
Research Institute (http://genome.nhgri.nih.gov/) and the
University of Washington Genome Centre (http://
www.genome.washington.edu/UWGC/). In cases in which the
published physical marker map order differed from that of the
genetic map, the physical map was used. Inter-marker
distances were approximated from physical data under the
assumption of 1 Mb = 1 cM. Marker order was also verified by

mapping against yeast artificial chromosome (YAC) clones in
the region (kindly provided by Dr Eric Green) (45). Primer
sequences and Genbank accession numbers for the genomic
sequence containing the novel repeat sequences are available
from the IMGSAC web site (http://www.well.ox.ac.uk/~maestrin/
iat.html).

Error detection

Maximum-likelihood reconstruction of multi-marker haplotypes
was performed using GENEHUNTER version 2.0 and
SIMWALK2 (46,47) to check for an excessive number of
recombination events indicative of genotyping errors or
marker mutation. Recombinant individuals were re-scored
where necessary.

In addition, the program SIBMED (SIBpair Mutation and
Error Detection) version 1.0 (48) was used to identify likely
genotype errors or marker mutations in the multi-locus linkage
data. This program computes the posterior probability of geno-
typing error or marker mutation for each sibling-pair-marker
combination given all available marker data, an assumed geno-
type error rate and a known genetic map. This has been shown
to be most advantageous for dense marker maps, recovering
lost evidence for linkage masked by genotype errors, without
generating false evidence for linkage when none is present. In
order to determine marker-specific cutoff constants to identify
unusually high posterior error probabilities, we used the
Monte Carlo simulation option (100 000 simulations), a
conservative assumed prior error rate of 1% and a false
positive rate of 0.001. Seventeen likely errors were identified for
the 25 markers used in the 5 cM map. All flagged individuals
were subsequently untyped at a given marker locus. In cases in
which multiple pairs of sibs within a family yielded a high
posterior probability at the same marker, the sibling in
common to these pairs was untyped at this marker.

Statistical analysis

Genotype data were analysed initially using SPLINK (16,17)
to compute single-point maximum LOD scores for each
marker maximized under the ‘possible triangle’ restrictions,
and to calculate estimated marker heterozygosity and deter-
mination of effective sample size. Linkage analysis using
information from multiple marker loci simultaneously was
performed using ASPEX, allowing use of 147 nuclear families
containing 153 non-independent affected sib-pairs. All
ASPEX multipoint analyses were performed under an additive
model and assuming no dominance variance. Determinations
of parental sex-specific contributions to the linkage results
were calculated using the ‘sex_split’ option of ASPEX.
Multipoint analyses of the 23 extended families containing 25
non-independent affected relative-pairs was computed using
the ‘all’ statistic of GENEHUNTER-PLUS (15) and the linear
model of the KAC program (49). This modified score statistic
has a standard normal distribution asymptotically, and has
been shown to give less conservative results than GENE-
HUNTER for data that are not perfectly informative. In the
three nuclear families and one extended family with three
affected individuals, all possible affected pair combinations
were used in the analyses.

Multi-allelic association tests for all markers on chromo-
some 7 were performed using the TDT (50), implemented in
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ASPEX. This version of sib_tdt calculates empirical proba-
bilities for χ2 statistics by permuting parental alleles whilst
fixing the IBD status of siblings within a family. These results
therefore give an accurate measure of association independent
of linkage allowing use of multiple siblings within a nuclear
family (51,52). As this was an exploratory analysis, in order to
minimize type II error the issue of testing of multiple marker
loci was disregarded in favour of replication of any positive
results in independent data sets. Data presented here are
nominal P values, as it was considered that Bonferroni correc-
tion was too conservative both at the marker and at the allelic
level for data that are not completely independent. The distri-
bution of linkage disequilibrium over the region was studied
using the standardized disequilibrium measure D’, calculated
using the program ARLEQUIN (23).
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