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Abstract Loci for several complex disorders have been
genetically linked to markers located telomeric of the HLA
class I region of the major histocompatibility complex on
6p21.3-22. However, this same region has been character-
ized by a large interval of recombination suppression with
the potential to greatly complicate precise localization of
these risk loci. Furthermore, a paucity of markers and
physical mapping data has confounded precise localiza-
tion of the boundaries of linkage and recombination sup-
pression. In order to create a more detailed marker map of
this region and define these boundaries we generated a
minimal tiling pathway of BACs, PACs, and cosmids and
a multiplexed panel of 29 short tandem repeat markers
spanning 10 Mb. In addition to providing precise marker
order and distances, the pathway and marker panel frame
an inversion of recombination frequency that has distorted
the resolution of linkage studies for 6p loci such as read-
ing disability and others, and that should be accounted for
in the design of future studies.
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Introduction

Many diseases and complex traits have been genetically
linked to the major histocompatibility complex (MHC) on
6p21.3, including loci for schizophrenia (Maziade et al. 2001;
Wei and Hemmings 2000; Wright et al. 2001), asthma
(Immervoll et al. 2001), and hypertension (Vidan-Jeras et
al. 2000). Increasingly, large insert clone contig maps and
more regional markers have localized traits to broad areas
even within the MHC, including telomeric to the tradi-
tional human leukocyte antigen (HLA) class I region, cor-
responding to 6p21.3-6p22 of the cytogenetic map. Using
these resources, a gene for hemochromatosis (HFE) (Feder
et al. 1996) and risk loci for Behget’s disease (Giil et al.
2001), inflammatory bowel disease (IBD3) (Cho 2000;
Dechairo et al. 2001), hypotrichosis simplex (HSS) (Betz
et al. 2000), insulin dependent diabetes mellitus (/DDM)
(Lie et al. 1999a, 1999b), attention deficit hyperactivity
disorder (ADHD) (Barr et al. 2001), and reading disabil-
ity (DYX2) (Kaplan et al. 2002), have all been mapped to
this telomeric region. Yet, precise localization of these
loci, as delineated by recombination breakpoints or by
peaks of linkage disequilibrium, requires an even higher
density of markers, and greater accuracy in intermarker
distances and order than currently available through the
public domain servers.

We are particularly interested in localizing the gene for
reading disability (RD) on 6p21.3-22. Also known as dys-
lexia, RD is a common heterogeneous syndrome with a
significant genetic component. Genetic linkage studies
have identified a total of five RD loci on chromosomes 1,
2,6, 15, and 18. (Fagerheim et al. 1999; Fisher et al. 2002;
Nothen et al. 1999; Rabin et al. 1993; Smith et al. 1983)
Of these, 6p is the linkage most consistently reproduced
in independent samples, but frequently with different re-
gional markers (see Fig. 1). In 1994, Cardon et al. (1994)
published a peak of linkage at marker D6S/05. Subse-
quent studies reported linkage regions of 10-16 cM (7.7 Mb)
spanning D6S109 (pter) through D6S306 (Grigorenko et
al. 1997), 13.4 cM (16.9 Mb) spanning D6S422 through
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Fig.1 Localization of the 6p21.3-22 RD linkage studies. Markers
span 17.3 Mb including the MHC class I, 111, and II regions at the
centromeric end of the map. An asterisk designates a marker in the
panel described in Table 2. HLA-A, HLA-C and HLA-B are rep-
resented by -A, -C, and -B in the MHC class I region. Physical dis-
tances (in Mb) and marker order are based on data from the contig
in Fig.2 (covering the 5.5 Mb region corresponding to markers
D65422 through D6S276), the contig from Ahn and Gruen (1999)
(covering 2 Mb surrounding markers D6S464/D6S105), and the
most recent versions of the Sanger data (covering the markers cen-
tromeric to D6S306). Markers D6S109 through D6S273 are lo-
cated on a continuous BAC/PAC contig. The most centromeric
marker, D6S291 is separated from the others by a cloning gap in
the BAC/PAC contig, as denoted by the break in the median (—//-).
The distance between D6S273 and D6S291 is estimated by a YAC
contig (http://www.sanger.ac.uk/cgi-bin/humace/SCMAPS.cgi?chr=
6&interval=intervall8). TNFB, TNFA, and D6S273 are located in
the class III region of the MHC, and D6S29] is located cen-
tromeric to the class II region. The intervals beneath the median in-
dicate the markers in linkage with the RD phenotypes described in
the five studies. The genetic distances (cM) above the intervals are
those reported by each study. The locations of the markers com-
prising the multiplex genotyping panel in Table 2 are represented
above the horizontal median

D65291 (Fisher et al. 1999), 5 cM (4.8 Mb) spanning
D6S461 through D65258 (Gayan et al. 1999), and 1.8 cM
(7.9 Mb) spanning D65299 through D6S273 (Grigorenko
et al. 2000) (physical distances are as described in Ahn et
al. 2001). Combining these studies, linkage mapping has
defined an RD locus that spans 17 Mb (14.9 cM) between
markers D6SI109 and D6S291. The overall consistency
with which evidence for a chromosome 6 locus has been
replicated is remarkable and highly unusual for a complex
behavioral trait attesting to the high heritability of RD in
general (0.4-0.6), the quality of phenotypic assessments,

Grigorenko, 2000 '

and particularly to the high attributable risk for a chromo-
some 6p locus (Gayan et al. 1999).

Ambiguity in the precise localization of a 6p locus for
RD and the other disorders listed above is partly attribut-
able to the paucity of, imprecise order among, and dis-
tances between available markers. For example, the link-
age studies described for RD reported inconsistent marker
orders and intermarker distances that varied from 1.5 to
31 Mb. In addition, recombination suppression reportedly
present telomeric of HLA-A would further confound pre-
cise localization (Malfroy et al. 1997). Especially in the
context of the usual difficulties with localizing risk loci
for complex disease traits, regional recombination sup-
pression could create the plateau of linkage spanning
large genetic and physical distances described for RD in-
stead of a narrower peak confined to a smaller distance.

To better define the boundaries of genetic linkage and
recombination suppression for RD and other loci in the
same region, we set out to increase the density of markers
and assign precise order and distances by constructing a
minimal tiling pathway of contiguous overlapping ge-
nomic clones on 6p21.3-22. We constructed this pathway
spanning markers D6S7950 through D6S478 with 88 over-
lapping BAC and PAC clones culled from our published
contigs and those from the Sanger chromosome 6 genome
center. From these data, we then selected and character-
ized a panel of 29 short tandem repeat (STR) markers,
which we then optimized for high-throughput genotyping.
The pathway and marker panel are presented below with a
discussion of the likely ramifications of recombination
suppression in this region.



Materials and methods
Construction of the minimal tiling pathway

Using the human DNA inserts amplified from a YAC clone scaf-
fold (Bray-Ward et al. 1996; Malaspina et al. 1996) we generated
a 2-Mb BAC/PAC/cosmid contig covering the histone region on
6p21.3 (Ahn and Gruen 1999), and then a contiguous 5-Mb BAC/
PAC contig covering the telomeric and middle portions of the RD
locus.(Ahn et al. 2001) We extended coverage through the cen-
tromeric portion with PAC and BAC clones and sequence from the
Sanger Centre available through public domain and FTP servers
(www.sanger.ac.uk/HGP/Chr6). Additional map elements were iden-
tified from the published literature (Bray-Ward et al. 1996; Dib et
al. 1996; Feder et al. 1996; Lauer et al. 1997; Malaspina et al.
1996) and public domain servers at the Cooperative Human Link-
age Center (CHLC: Ipg.nci.nih.gov/CHLC), the Genome Database
(GDB: gdbwww.gdb.org), the National Center for Biotechnology
Information (NCBI: www.ncbi.nlm.nih.gov), the Sanger Centre
(www.sanger.ac.uk/HGP/Chr6), the Stanford Human Genome Center
(SHGC: www-shgc.Stanford.edu), UniSTS (www.ncbi.nlm.nih.gov/
genome/sts), and the Whitehead Institute Center for Genome Re-
search (WICGR: www-genome.wi.mit.edu).

Optimization and multiplexing

PCR conditions for individual markers were first optimized for
single band clarity by agarose-gel electrophoresis, starting with the
melting temperature predicted by the primer sequences and ramp-
ing 10°C in either direction. Markers were assigned to one of four
sub-panels based on overlapping molecular weight ranges (Table 2,
column 5): eleven markers in the low range (90—175 nt), eleven in
the middle range (176-225 nt), eight in the high range (226-283 nt),
and three in the very-high range (284—-309 nt). Markers were further
assigned to one of three or four multiplex PCR groups based on com-
mon annealing temperature (Table 2, column 2), and one of three fluors
(FAM, HEX, or TET, Life Technologies, www.invitrogen.com) to
distinguish markers of similar molecular weight within each sub-
panel (Table 2, column 8). After labeling one primer of each pair,
primer ratios were optimized for multiplex PCR reactions within
each sub-panel (Table 2, column 10). Other than annealing tem-
perature and primer volumes, the conditions for multiplex PCR
were the same: denaturation at 96 °C for 20 s, annealing for 30 s,
polymerization at 72 °C for 45 s, for 35 cycles, followed by a final
elongation step at 72 °C for 20 min. Reaction volumes were 15 pl
with 25-100 pg of template DNA, 0.03 U/ul of HotStartTaq poly-
merase (Qiagen Genomics, Bothell, Wash.), and 1.5 mM MgCl, in
standard 10xbuffer (Qiagen). Pooling ratios for individual markers
were adjusted for fluorescence (Table 2, column 9), which varied
between fluors and between labeling reactions. Finally, the mark-
ers within each sub-panel were electrophoresed together along
with the TAMRA-labeled molecular weight standard (Life Tech-
nologies) in a single lane (multiplex loading) on an ABI377 DNA
Sequencer (Applied Biosystems, Foster City, Calif.).

Genotyping

One thousand and twenty PCR amplifications were performed on
a PTC-225 Tetrad programmable temperature cycler (MJ Research,
Waltham, Mass.) and genotypes resolved in four gels on an ABI377
sequencer (PE/ABI, Foster City, Calif.). Technicians were blinded
by assigning random tracking numbers to clinical samples and
through predetermined PCR plate, pooling plate, and gel-lane as-
signments. In order to avoid overflow and bleed-through errors
loading was staggered between consecutive lanes by 100 scans.
Each gel included two CEPH controls, 1331-1 and1331-2, and one
of nine unrelated controls chosen from the Coriell sample. GeneScan
and GenoTyper (ABI/Perkin-Elmer, Foster City, Calif.) tracked and
converted ABI377 fluorescent chromatogram data to nucleotide
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assignments. Two technicians independently scored the output of
every gel, compared base-pair assignments using an allele-consis-
tency macro (Allele Comparison) in Excel (Microsoft), and re-
solved conflicts or flagged alleles for re-genotyping. The final nu-
cleotide assignments were then ported to the Genetic Analysis Sys-
tem software package (GAS version 2.0, Alan Young, Oxford Uni-
versity, 1993-95) for binning into allele numbers and for identify-
ing inconsistencies in controls.

Nonlinear least-squares regression analysis

To assess the recombination suppression previously described in
this region of 6p, we compared the physical map described in
terms of nucleotides to the genetic map described in terms of cen-
timorgans by nonlinear least-square regression analysis. The inde-
pendent variables for this analysis were the physical distances (Dp)
between markers (Fig.2), and the genetic distances (Dg) published
by Dib et al. (1996) (Table 1). The piece-wise linear model shown
in equation (la, b) served as the fitting model.

Dg =5y xDp+1 ..ift Dp < Dg
D =52 x (Dp — D) + 51 x Dp + 1

(1a)
..if Dp > Dy (1b)

In equation (la, b), s; and s, are the slopes before and after the
breaking point, Dy is the position of the breaking point on the hor-
izontal axis, and / is the intercept. Parameters s, s,, [, and Dy were
optimized in the nonlinear least-squares fit. The statistical analysis
was performed by using specialized computer software written in
the C++ language (Barton and Hackman 1995). The computation
was based on Reich’s modification of the Levenberg-Marquardt
nonlinear minimization method (Marquardt 1963). Duggleby (1984)
demonstrated that the Levenberg-Marquardt nonlinear minimiza-
tion algorithm is very appropriate for fitting piece-wise linear data.

Results
Minimal tiling pathway

We generated an uninterrupted minimal tiling pathway
(Fig.2) spanning 10 Mb of the 6p21.3-22 RD locus, based
on redundant clone contigs we published previously (Ahn
and Gruen 1999; Ahn et al. 2001; Bray-Ward et al. 1996)
and the published genomic contig and sequences from the
Sanger Centre. The minimal tiling pathway consists of 88
genomic clones: 78 PACs, six BACs, and four cosmids. It
also includes 16 sequence tagged sites (STS) and 43 STR
markers (Table 1).

The overall physical distance of the region equiva-
lent to the map presented in Figure 2 that is described
on the Ensembl Human Genome Server based at Sanger
(www.ensembl.org, March 8, 2002) is considerably longer,
spanning 15 Mb from nucleotide 19,580,000 through
35,260,000 (nucleotide number 1 at pter and ascending
towards the cen). It also contains eight gaps: one at the
most telomeric end near D6S/950 and seven surrounding
D6S276 (4 Mb in Fig.2). The two maps are concordant at
the centromeric end from D6S/621 (5.2 Mb in Fig.2 and
30.95 Mb in Ensembl) through D6S478 (9.5 Mb in Fig.2
and 35.26 Mb in Ensembl). However, telomeric to D6S1621
the maps diverge with large genomic blocks misappropri-
ated primarily because of the gaps in the Ensembl map;
but within any single block there is good agreement in in-
termarker order and distance. The block spanning D6S7950
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Table 1 Map elements from Fig.2

Map element®  Origin Type GenBank RHVY distance ~ RHN distance Genetic distance Physical distance
accession no. from pter (cCR)® from pter (cR)® from pter (¢cM)  in Fig.1 (Mb)"
D6S1950 Généthon STS GO05373 118.48 0.225
JAO1 This paper STR G72378 0.25
JAO2 This paper STR G72379 0.7
GAAT3A06 CHLC STS G12405 36.37¢ 0.9
AFM342xe5 Généthon STR 776085 118.38 1.25
D6S507 Orr STR GDB:588550 1.625
D6S506 Orr STR GDB:229129 1.65
D6S1588 Généthon STS 752855 287 38.14 1.825
D6S1686 Généthon STR 751587 285.5 39.3d 1.85
D6S1029 CHLC STS G08502 39.2¢ 1.875
D6S51050 CHLC STS G08554 42.3¢ 2.125
AFMa082tel  Généthon STR 767232 2.175
D6S1663 Généthon STR 753981 40.24 245
JAO3 This paper STR G72380 2.575
D6S1660 Généthon STR 753853 289.3 40.24 32
D6S461 Généthon STR 724329 303 41.34 3.45
D6S1691 Généthon STR 751673 296 42.74 3.75
D65299 Généthon STR 716986 41.34 3.775
D6S276 Généthon STR 716711 44.94 4.025
JAO4 This paper STR G72384 4.395
D6S1554 Généthon STS 752373 130.36 308 424 4.55
D6S1571 Généthon STR 752578 42.74 4.65
D6S1545 Généthon STR 752117 42.74 4.695
D6S1281 CHLC STS G08569 317.2 44.1¢ 5.05
D6S1621 Généthon STR 751159 44.34 5.15
D6S52234 Feder STR GDB:1297611 5.175
D6S2233 Feder STR GDB:129759%4 5.35
D6S2236 Feder STR GDB:1297641 5.45
D652239 Mercator STR GDB:1297778 5.6
D6S52238 Mercator STR GDB:1297759 5.625
D652221 Mercator STR GDB:1296777 5.8
D652220 Mercator STR GDB:1296760 5.85
JAOS This paper STR G72381 5.975
D652231 Mercator STR GDB:1297567 6.025
D652230 Mercator STR GDB:1297551 44 .4¢ 6.125
D6S1558 Généthon STS 752438 382 4434 6.55
D6S2252 Shearman STR GDB:1336893 6.625
D6S1260 Stone STR GDB:454966 6.725
D6S2218 Mercator STR GDB:1278269 6.75
D6S2219 Mercator STR GDB:1296748 6.775
D652225 Mercator STR GDB:1297462 6.975
D652223 Mercator STR GDB:1296788 7
D6S464 Généthon STS 724380 353.4 4434 7.015
D6S105 Généthon STS X59425 44 .4¢ 7.025
D6S1001 Stone STS GDB:363825 7.115
D6S306 Généthon STS 717120 44.34 7.215
D6S2227 Mercator STR GDB:1297514 7.375
D652226 Mercator STR GDB:1297480 7.425
D6S2216 Mercator STR GDB:1297480 7.45
D6S2215 Mercator STR GDB:1278219 7.475
D6S2217 Mercator STR GDB:1278219 7.625
D6S248 Boyle STR GDB:187112 7.8775
D6S1624 Généthon STS 753323 44.94 8.125
D65258 Généthon STS 753323 164.64 44.3d 8.325
D6S1683 Généthon STS 751515 4434 8.45
JAOS8 This paper STR G72385 8.725
JAO6 This paper STR G72382 9.025
JAO7 This paper STR G72383 9.3
D65478 CHLC STS G09109 167.86 495.3 9.525
“The 59 map elements from Fig. 2, with accession numbers are pre-  YGenetic distance from pter in centimorgans (cM) from the Géné-
sented in order from pter at the top thon genetic linkage map (Dib et al. 1996)
bRadiation hybrid (RH) distance in centirays (cR) from the WICGR  °Genetic distance from pter in centimorgans (cM) from the Marsh-
radiation hybrid map (Hudson et al. 1995; Walter et al. 1994) field genetic linkage map (Broman et al. 1998)

°Radiation hybrid (RH) distance in centirays (cR) from the NCBI  Physical distance in megabases (Mb) from the most telomeric clone
radiation hybrid map (Agarwala et al. 2000) in Fig.2
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through AFM342xe5 (0-1.25 Mb in Fig.2) is positioned
telomeric to D6S276 (4 Mb in Fig. 2), with an intervening
gap. Figure 2 shows that D65276 is positioned at 4 Mb
between D65299 and D6S1554. Ensembl places D6S276
just centromeric of AFM342xe5. And between D6S276
and D6S1621 (5.2 Mb in Fig.2), Ensembl has an addi-
tional 3 Mb of genomic sequence containing six gaps and
no markers in common with Fig. 2.

6p21.3-22 RD locus marker panel

In order to increase the density of genetic markers, we
searched for STR sequences within the end-sequences
from 19 YACs, 70 BACs and eight PACs generated by
TAIL PCR (Liu and Whittier 1995) and inverse PCR meth-
ods (Silver 1991), The Institute for Genomic Research (TIGR)
BAC end sequence consortium (www.tigr.org/tdb/humgen/
bac_end_search/bac_end_anno.html), and available genomic
sequence from Sanger (www.sanger.ac.uk/HGP/Chr6) as
described in Ahn et al. (2001). The analysis identified 12
potentially polymorphic STRs available for generating
novel markers, if demonstrated to be sufficiently variable.
Of these, eight had adequate flanking sequence for gener-
ating unique primers for PCR. From these eight, seven
STRs proved suitably robust for high-throughput genetic
mapping (JAO_ markers, Tables 1 and 2). The new mark-
ers were evaluated for heterozygosity in 21 whites from
the Coriell Apparently Normal Collection (http://locus.
umdnj.edu/ccr/), two CEPH individuals (1331-1 and 1331-2,
Coriell), and an additional seven subjects of mixed ethnic
backgrounds. For the seven markers the average heterozy-
gosity was 0.758 (range: 0.609—0.867), with an average of
nine alleles (range: 4—13) per marker (Table 2).

We aimed for a relative evenly spaced set of markers
that would be suitable for genetic linkage and linkage dis-
equilibrium studies of the RD locus. From the available
candidates we chose a panel of 29 STRs (Fig.2). The
panel is comprised of 24 dinucleotide and five tetranu-
cleotide repeats with an average heterozygosity of 0.73
(range 0.5-0.8) determined in 21 whites from the Coriell
Cell Repository. The average intermarker distance is 300 kb,
with a range of 80—680 kb. The panel also contains two
X-chromosome (DXS9908, DXS7132) and two Y-chromo-
some markers (DYS389, DYS391) for sex assignment and
sample registration controls. Through multiplexing, the
entire panel can be amplified in a total of 17 PCR reac-
tions; multiplex loading allows the entire 33-marker panel
to be resolved in four gel lanes (Table 2).

Discussion

The primary goal of these studies was to develop an or-
dered marker panel from 6p21.3-22 for high resolution
genetic association mapping and for resolving differences
in order among published linkage studies. Secondary goals
were: (1) to determine the precise physical length between
markers, (2) to provide a resource for generating addi-

tional markers and for mapping transcriptional elements
and genes, and (3) to precisely map the limits of recombi-
nation suppression, which could affect genetic linkage stud-
ies of RD or other traits in this region.

The minimal tiling pathway and markers with the cor-
responding Ensembl localizations presented in Fig.2 il-
lustrate several interesting points. First, the order and dis-
tances described by Ensembl create different localizations
for the linkage peaks of 6p IDDM at D652223 (5.3 Mb),
for Behget’s disease at D65285 (not in Fig. 2 but near 2 Mb),
and for HHS at D65276 (4 Mb), and would significantly
affect the multipoint linkage equilibrium studies of RD
described by Kaplan et al. (2002), and Grigorenko et al.
(1997, 2000). Second, the overlapping peaks of linkage
centrally located between markers D6S276 (4 Mb) and
D6S105 (7 Mb) that were independently described by
Gayan et al. (1999) and Fisher et al. (1999) span a physi-
cal distance of only 3 Mb; these same peaks also overlap
with the region of linkage reported by Grigorenko et al.
(1997, 2000) and Cardon et al. (1994). Third, where only
three markers were previously available to define the link-
age peaks described by Gayan and Fisher, there are now 26,
of which, ten are in the multiplex panel in Table 2. Fourth,
while there is significant central overlap among the stud-
ies, there is more of a plateau of linkage rather than a peak,
which significantly diminishes the resolution and hinders
precise localization of potential candidate-genes.

For complex inherited disorders in general, a high de-
gree of linkage resolution is not expected to be absent a
huge sample. Certain characteristics of the published RD
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Fig.3 Comparison of genetic distance from pter (cM) to physical
distance (Mb) from the telomeric end of the contig in Fig.2. Only
markers that have both genetic and physical data from Dib et al.
(1996) in Table 2 are graphed. Trend line is a non-linear regression
best-fit using a piece-wise linear model. Standard error and signif-
icance for slopes, intercept, and break point are listed in Table 3



Table 3 Results of fit from non-linear regression using the piece-
wise linear model

Fit SE t P
slope s, 1.54 0.25 6.21 <0.0001
slope s, 0.10 0.52# 0.19 0.85
intercept / 36.1 0.94 38.6 <0.0001
break point Dy 5.25 0.95 5.55 <0.0001

aThe parameter s, has a fairly large formal standard error (SE) and
high P value due to its very small best-fit value

studies, however, probably contribute to a loss of resolu-
tion. Certainly the paucity and inconsistent use of differ-
ent markers and order used by the different studies dimin-
ish the resolution. Also, while there is significant overlap
among the groups there are also differences in the way the
reading phenotypes were defined. But beyond these fac-
tors we found that the minimal tiling pathway also frames
a remarkable inversion of recombination frequency that
likely has significant impact for studies of this important
chromosomal region. In Fig. 3, the Généthon genetic dis-
tances, as reported by Dib et al. (1996), are compared to
the physical distances derived from the pathway (Table 1).
Between 0 and 5.25 Mb the best-fit curve shares a nearly
1:1.5 relationship between genetic (measured in cM) and
physical (measured in Mb) distances with an interval
slope (s;) equal to 1.54 (Table 3). However, at the break-
point, located at 5.25 Mb and extending to 9 Mb, the
curve acutely flattens with an interval slope (s,) equal to
0.098 (Table 3). Here the relationship between genetic
and physical distance reflects marked recombination sup-
pression. This suppression, located in the centromeric re-
gion of the pathway and coinciding with all of the pub-
lished RD linkage studies, was first described by Malfroy
et al. (1997) beginning at a location near the HFE gene
(5.6 Mb in Fig.2) and extending 6 Mb to the HLA-A
gene in the MHC. The breakpoint in Fig.3 at 5.25 Mb
(P<0.0001, Table 3) maps 300 kb centromeric of HFE and
close to the marker, D652233 (Fig.2). This location
places the telomeric boundary of the recombination sup-
pression interval squarely within the RD linkage peaks
described by Gayan et al. (1999) and Fisher et al. (1999),
and at the linkage peaks for IDDM, Behget’s disease, and
HHS. Suppression of meiotic recombination non-selec-
tively applied to probands and unaffected siblings, and
confined to a specific chromosomal segment, will distort
any positive linkage peaks that fall into that segment by
broadening them. This distortion could well explain the
linkage plateau described for RD, and, in particular, the
broad expanse of linkage extending into the MHC class |
and III regions described by Grigorenko et al. (2000), and
even beyond the class II region as described by Fisher et
al. (1999) (Fig.1).

What affect would localized recombination suppres-
sion have on other studies of this region? Studying hemo-
chromatosis and complex traits on 6p, Collins et al. (2001)
and Herr et al. (2000) showed that regional differences in
recombination frequency and fluctuations in intermarker
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linkage disequilibrium can have profound affects on ge-
netic association studies of simple Mendelian and com-
plex traits. Analogous to the affect on genetic linkage, re-
combination suppression distorts the resolution of associ-
ation studies by sustaining regional disequilibrium that
would have typically decayed through historical recombi-
nation events (Yu et al. 2001). However, they further
showed that, by adjusting marker density relative to re-
gional intermarker linkage disequilibrium, the distortion
caused by inherent suppression can be minimized by fac-
toring regional differences into the analysis.

It is, finally, valuable to consider this finding, and past
linkage findings for RD, in the context of the usual diffi-
culties expected in the fine mapping of complex traits. We
have demonstrated a region of recombination suppression
that is very likely to have an effect on peak morphology
for linkage studies of this region, particularly if a dense
marker map is based on the physical map rather than the
genetic map. With this consideration, the consistency of
RD linkage results suggesting linkage of trait to this chro-
mosome region becomes even more remarkable. We con-
clude that genetic association studies in this region antici-
pated in the future for RD and other loci should account
for these differences in the initial study design, marker
density and selection, and subsequent analyses (Collins et
al. 2001; Herr et al. 2000). Furthermore, such studies for
RD are likely to be rewarded by identification of a risk lo-
cus of rather large effect.
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