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Abstract Human linkage analysis is based on the assump-
tion that unlinked genomic loci, particularly loci located
on non-homologous chromosomes, segregate indepen-
dently during meiosis. An exception to this rule is the
phenomenon of quasi-linkage (QL) that describes the non-
random segregation of non-homologous chromosomes,
which can undermine the basic concept of linkage. Mo-
lecular mechanisms of QL are not clear; however, obser-
vations in mice and plants suggest a possible affinity be-
tween non-homologous chromosomal regions containing
repetitive or like sequences. QL has not been investigated
in humans. As QL may generate false linkages in genome
scans of complex diseases, we sought to determine whether
genomic loci detected in such genome scans exhibit QL.
A number of individual markers showing linkage to schizo-
phrenia, asthma, multiple sclerosis, inflammatory bowel
disease and type-1 diabetes were tested for QL in a pair-
wise linkage analysis against all other markers exhibiting
evidence for linkage in each specific study. The Marsh-
field genotype dataset of eight CEPH families was used
for this purpose. The best QL lod scores generated from
the analysis were within the range of the “lukewarm” lod
scores reported in the majority of linkage studies for com-
plex disorders. In addition, we performed a genome-wide
QL analysis on the Marshfield family database which de-
tected eight QL lod scores >6. The replication of the best
Marshfield QL scores was performed using the deCODE
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families and although none of the eight pairs demon-
strated independent evidence for QL, three pairs gener-
ated maximal lod scores of 0.11, 0.3, and 1.51. In conclu-
sion, although complex disease relevant markers did not
produce high QL lod scores, the general phenomenon of
QL in humans cannot be excluded and potentially can be
a confounding factor in genetic studies of complex traits.

Introduction

Genetic linkage is based on the analysis of co-segregation
of a genetic marker with another marker or a putative lo-
cus that determines a genetic trait. If two such markers (or
marker and a trait) tend to be inherited together (6<0.5),
the most likely explanation is that they reside in close
physical proximity on a chromosome. Conversely, ran-
dom segregation of two markers (8=0.5) indicates that the
markers are located far apart on the same chromosome or
on non-homologous chromosomes. Hence the generally
accepted rule, known as Mendel’s second law, is that dur-
ing gamete formation segregation of the alleles of one al-
lelic pair is independent of the segregation of the alleles of
another allelic pair given that two pairs are not syntenic.
Nevertheless, exceptions to this rule have been ob-
served on numerous occasions over the last three quarters
of a century. To our knowledge, the first observation of
departure from random segregation of markers on non-ho-
mologous chromosomes was made by Gates in 1926 in
backcrosses between two strains of mice. Subsequently,
this original observation was confirmed in two independent
studies of crosses between different strains of house mice
(Michie 1953). Subsequently a series of similar studies
demonstrated this phenomenon in other species, primarily
plants such as lettuce, peas, tobacco, beans and wheat (re-
viewed in Korol et al. 1994). The departure from indepen-
dent assortment of non-syntenic genetic loci was termed
quasi-linkage (QL). A detailed analysis of several thousand
meioses in tomatoes revealed half a dozen of Q-linked
loci that were statistically significant (Korol et al. 1994).
In the era of molecular genetic markers, evidence for QL



was observed for non-homologous chromosomes of the
wild emmer wheat (Peng et al. 2000). QL has not been di-
rectly demonstrated in humans. However, non-homolo-
gous associations that potentially may result in evidence
for QL have been observed between the human acrocen-
tric chromosomes (13, 14, 15, 21, 22, and Y) and between
the acrocentric chromosomes and the nucleolus during
mitosis and meiosis (Ferguson-Smith 1964). Similar asso-
ciations were observed using C-banding patterns during
prophase of meiosis between paired heterochromatic bod-
ies in mouse (Hsu et al. 1971). ‘Heterochromatic attrac-
tion” was observed between the paracentric regions of hu-
man chromosomes 1, 9, and 16 and the acrocentrics dur-
ing mitotic metaphase (Schmid et al. 1975). Non-homolo-
gous chromosomal pairings and connections between
C-heterochromatic regions of a number of bivalents were
demonstrated during male meiotic prophase (Driscoll et
al. 1979). It is thought that these associations are mediated
by the highly repetitive loci of the 18S and 28S ribosomal
RNA genes (located on chromosomes 13, 14, 15, 21, and
22) or by the satellite DNAs, which are the main con-
stituent of C-heterochromatic regions. The similarity in
the DNA sequence could mediate the association between
the heterochromatic regions. In addition, chromosomes 15
and 22 were found to be involved in rearrangements with
chromosome 9 more frequently in comparison to rearrange-
ments with other chromosomes. Interestingly these three
chromosomes are “packed” with more satellite DNA than
any of the other autosomes (Driscoll et al. 1979). It has
also been proposed that homologous but non-repetitive
sequences could generate heterologous associations. These
in turn give rise to non-homologous chromosomal/allelic
segregation data that is falsely suggestive of linkage
(Mike 1977). Although direct evidence of QL in humans
is not available, evidence for this phenomenon in many
other organisms suggests that QL may also be present in
humans.

Putative QL raises questions about the consequences
of Q-linked loci in linkage analysis of complex human
diseases, an approach that, as a rule, detects linkage of nu-
merous loci to the disease. QL may give rise to false link-
age relationships, and so could act as a significant con-
founding factor when performing genome-wide linkage
analysis and eventually applying positional cloning tech-
niques. A large number of genome scans for complex dis-
eases have been performed to date; a recent review esti-
mates 101 genome scans for 31 complex human diseases
(Altmuller et al. 2001). A majority of the initial linkage
findings failed to be replicated and identification of con-
crete disease genes has been a major challenge to human
biologists, with not many successful findings in complex
non-Mendelian diseases. In this context the potential con-
founding factor of QL is relevant. What if some of the pu-
tatively disease linked loci are not disease-associated but
result from QL to the truly linked ones? We were inter-
ested in determining if QL represented a significant con-
founding factor; that is, if Q-linked loci exhibited co-seg-
regation with disease in genome scans for complex dis-
eases and produced false linkage results.
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Materials and methods

Disease relevant QL analysis

Eleven reports of genome scans in Caucasian populations for the
complex diseases, type-1 diabetes (IDDM), inflammatory bowel
disease (IBD), asthma, multiple sclerosis, and schizophrenia, were
investigated for QL. Four to five of the best ‘disease-linked’ mark-
ers or regions exhibiting lod scores greater than 1 (or P<0.01) re-
ported in the publications were considered, and markers chosen
from the Marshfield dataset were used for the QL analyses. In or-
der to increase the number of informative meioses, two markers
with heterozygosity >0.75 flanking each ‘disease-linked’ marker
were selected from the Marshfield genetic map (http://research.
marshfieldclinic.org/genetics/; Broman et al. 1998). The map was
generated using >8,000 short tandem repeat polymorphisms in
eight large three generation families from Centre d’Etude du Poly-
morphisme Humain (CEPH) collection containing 188 meiosis.
The distance between most of the markers specified in the reports
and the Marshfield selected flanking markers ranged between O
and 3 cM (sex average). The distance between markers was greater
(up to 20cM) if a broader region, spanning several cM, was spec-
ified in the reports as exhibiting linkage. The sets of markers rep-
resenting linked loci were tested for QL in a pairwise linkage
analysis against all other sets of markers exhibiting evidence for
linkage in each specific disease. Maximum two point linkage analy-
sis was performed using the computer program CRIMAP (Green et
al. 1990) with sex-specific recombination fractions and the Marsh-
field genotype data for the eight CEPH families, 1331, 1332, 1347,
1362, 1413, 1416, 884 and 102 (http://research.marshfieldclinic.
org/genetics/indexmark.htm). In total, 193 markers representing
49 genomic loci were analyzed for QL. Only pairs of non-syntenic
markers identified in the same genome scan were compared; thus,
we performed a test for linkage for 1,545 marker pairs.

Genome-wide QL analysis

In addition to the disease relevant marker QL analysis, we per-
formed pairwise linkage analyses on all pairs of non-syntenic
Marshfield markers in the eight CEPH families. The data consist
of 8,010 markers and over 30-million pairs of non-syntenic mark-
ers. For each lod score male and female recombination fractions
were estimated.

In the attempt to replicate the best genome wide QL results in
the CEPH families, the deCODE dataset was used. The top seven
of the eight Marshfield marker pairs (pair AFM210xh8 and
GATA171A04 was omitted as an appropriate pair was not avail-
able in the deCODE genetic map) were re-analysed in 146 Ice-
landic families using the deCODE genetic markers. The deCODE
dataset consists of 5,136 short tandem repeat polymorphisms in
146 Icelandic families containing 151 sibships (Kong et al. 2002).
Two-point linkage analyses were performed as described above
with sex-specific recombination fractions.

Results and discussion

In the disease relevant search for QL, 43 pairs of markers
(2.8% of all pairs) from non-homologous chromosomes of
the Marshfield dataset exhibited lod scores >1 (Table 1).
The highest lod score of 2.23 (0z=0.31 and 6,,=0.35) was
obtained for two markers on chromosomes 11p15.2 and
19p13.3, the markers exhibiting weak evidence for link-
age to asthma (The Collaborative Study on the Genetics
of Asthma 1997). Although the detected lods did not
reach the level of statistically significant linkage and cor-
rection for multiple testing would further reduce the evi-
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1.361.11

D14S306/14q13.2

22q12.2

D14S306/14q13.2

13323

0.007
0.008
0.007
0.01

P=
P=

1.24
1.01
4.24
1.38
1.85
2.85
2.9

4.18
3.64
2.57
2.50
2.42

P
P

D2S2298/2pter
D6S291/6p21.3
D9S1784/9q13
D128351/12q13
D2S119/2p21
D351309/3¢22.2
D55406/5p15.32
D1182000/11q22.2
DXS1068/Xp21.2
17q22-17q24.2
6p21.33-6p21.32
D13S174/13g32
D8S1771/8p21-22
D14S306/14q13
D7S2212/7q11
D2251265/22q12.3

97F

100 ASP
129 F

54 MF

(Wjst et al. 1999)
Multiple sclerosis
(Ebers et al. 1996)
Multiple sclerosis
(Sawcer et al. 1996)
Schizophrenia
(Blouin et al. 1998)

Asthma
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dence for QL, some of the lod scores may still be within the
range of the majority of “lukewarm” reports of linkage in
complex non-Mendelian diseases. For example, markers
mapping to the IDDM regions 2q31.3-32.2 and 16q23.1,
respectively, exhibited pairwise lod scores ranging be-
tween 1 and 1.7.

Since it has been shown that non-homologous chromo-
somes may form connections between C-heterochromatic
regions and be a possible factor generating QL, we checked
the band locations of the putatively Q-linked genomic re-
gions that are listed in Table 1. None of the bands mapped
to C-heterochromatic regions. Sequence similarities in non-
homologous chromosomes are certainly not limited to
C-heterochromatic regions and may originate through trans-
chromosomal duplications that spread among non-homol-
ogous chromosomes with a particular bias towards the
pericentromeric (e.g., 2p11, 10pl1, 15ql1, 16p11, and 22q11)
and subtelomeric regions (Horvath et al. 2000; Ji et al.
2000). In our study, at least one marker from 34 marker
pairs that generated QL lod scores =1 fall within the peri-
centromeric and subtelomeric regions and these are indi-
cated in bold in Table 1. Of these, the following regions,
20p13, 7p11.2 and 10p11, are known to be sites of dupli-
cation (Horvath et al. 2000; Ji et al. 2000).

In the genome-wide QL investigation, approximately 3%
of the pairs of markers exhibited lod scores above 3.0, and
eight pairs demonstrated lod scores above 6.0 (Table 2).
The largest lod score was 6.75, for the marker pair
D9S1116 and D20S842. Results for all marker pairs giv-
ing lod scores >3.00 the genome wide QL study are avail-
able at http://www.biostat.jhsph.edu/~kbroman/data/. None
of the markers with lod scores greater than 6 lie in the
C-heterochromatic region; however, a number of them do
fall within subtelomeric regions. The marker pairs map-
ping to chromosome 9 and chromosome 20 with the
largest lod score of 6.75, 6.55 and 6.39 map to chromo-
some 20p13, a region known to have duplications, and
chromosome 9, which has been observed in heterochro-
matic attraction (Schmid et al. 1975) and involved in
chromosomal rearrangements (Driscoll et al. 1979). Due
to the very large number of marker-marker tests, the QL
results should be interpreted with caution. In an attempt to
replicate our initial QL findings, we investigated seven of
the eight Marshfield marker pairs in 146 Icelandic pedi-
grees using deCODE genetic markers (Table 2). Three sets
of markers led to negative lod scores (lod=0, 6g\=0.5),
and therefore did not replicate the Marshfield QL data.
The QL scores for the other three sets of markers, how-
ever, were more positive and varied from 0.3 (6,,=0.0;
0:=0.5) to 1.51 (6),=0.0; 6:=0.5) for the markers D1S462
and D14S1432, D5S459 and DXS6793, respectively.
Although the replication lod scores were not very high,
QL cannot be excluded in the three out of six tested pairs
of markers (Table 2).

In conclusion, in our study the disease relevant loci did
not provide strong evidence for QL, however, the genome
wide QL analysis suggests that QL may be operating be-
tween some chromosomal regions in humans. Identifica-
tion of more than one region of linkage to a specific trait
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Table 2 Results of genome-wide QL analysis

Marker pairs with lod scores greater than 6 —
CEPH families and the Marshfield dataset

Icelandic families and the deCODE dataset

Marker 1/region Marker 2/region QL lod score Equivalent of Equivalent of QL lod score
(6-female; male) marker 1 marker 2 (6-female; male)
GATA65D11/9q33.3 AFMal75vb1/20p13 6.75(0.29; 0.19) DO9SI116 D20S842 0 (0.50:0.50)
AFM286yc5/9q33.2 AFMal31wf1/20p13 6.55(0.31; 0.14) D9S275 D20S199 0 (0.37:0.50)
AFM210xh8/8q21.12 GATA171A04/9921.33 6.46 (0.19; 0.26) No appropriate markers in the deCODE
AFM286yc5/9q33.2 AFMal75vb1/20p13 6.39 (0.29; 0.14) D9S275 D20S842 0 (not informative)
GATAI113HO03/1p21.1 GATA151F02/8p23.1 6.38 (0.15;0.36) GATA133A08' GATAI151F02 0 (0.49:0.50)
AFMO063ya5/5q14.3 ATA14A02/Xql13.2 6.36 (0.22; 0.11) D5S459 DXS6793 1.51 (0.50:0.001)
AFM331vbl/1p22.1-p21.3 GATAI151F02/8p23.1 6.30 (0.17;0.37) DI1S2819? GATAI151F02 0.11 (0.25:0.49)
AFM126xal/1p31.2 GATA192E08/14921.1-q21.2  6.01 (0.09; 0.3)  D1S462 D14S1432 0.3 (0.50:0.001)

'deCODE marker GATA133A08 used instead of Marshfield marker GATA113H03
*deCODE marker D1S2819 (AFMc026yf1) used instead of Marshfield marker AFM331vbl

may be an indication to test for QL between the markers
that are putatively linked to a trait. Dedicated reference
maps of quasi-linked loci of human and other genomes
would be of significant help to the scientific community.
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