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A Sequence-Based Integrated Map
of Chromosome 22
William J. Tapper,1,3 Newton E. Morton,1 Ian Dunham,2 Xiayi Ke,1 and
Andrew Collins1
1Human Genetics Research Division, Southampton General Hospital, Southampton SO16 6YD, UK; 2The Sanger Centre,
Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SA, UK

The near-completion of the sequence for chromosome 22q revolutionizes map integration. We describe a
sequence-based integrated map containing 968 loci including 516 known or predicted gene sequences, 317 STSs
not included in these sequences, and 135 nonexpressed multinucleotide polymorphisms. The published sequence
spans 34.6 Mb, inclusive of gaps estimated to total 1.1 Mb, compared with a top-down estimate of 43 Mb. This
discrepancy is discussed, but will not be resolved until more of the genome is analyzed. The radiation hybrid
map has 5% error in order and 34% error in location exceeding 1 Mb. The utility of a composite location
based on evidence other than sequence is limited to regions not yet sequenced. A genetic map conditional on
sequence order was constructed from pairwise lods. Its length of 74.8 cM in males and 80.2 cM in females is
slightly less than the previous estimate not constrained by sequence order. Five recombination hot spots are
detected, with differences in location between the sexes. Male recombination correlates with repetitive DNA,
whereas female recombination does not. It remains to be seen whether this is true for other human
chromosomes. An algorithm to improve the fit of cytogenetic bands sequence location reduces the discrepancies
in cytogenetic assignment from 61 to 38. This sequence-based integrated map is represented in the genetic
location database (LDB2000), which is available at http://cedar.genetics.soton.ac.uk/public_html/LDB2000.
html.

The genetic location database (LDB) presents integrated maps
of the human genome, which are now being updated to se-
quence-based integrated maps (LDB2000, http://
cedar.genetics.soton.ac.uk/ public_html/LDB2000.html).
Map integration is the process whereby locations on different
scales (genetic, physical, radiation hybrid, and cytogenetic),
derived from a number of sources, are represented in a sum-
mary map. Missing genetic, radiation hybrid, and cytogenetic
locations are inferred by interpolation resulting in a fully in-
tegrated map. All locations are given relative to the telomere
of the short arm (pter). Radiation hybrid locations are from
the Genebridge 4 panel (cR3000) (Deloukas et al. 1998),
whereas genetic locations are in centimorgans (cM) for sex-
specific recombination with allowance for interference and
typing error (Shields et al. 1991).

In LDB2000 cytogenetic, genetic and radiation hybrid
maps do not contribute to the sequence-based physical map,
but give evidence of chiasma interference and biological prop-
erties of chromosome location such as areas of radiation sen-
sitivity, sex-specific intervals of atypical recombination, and
relationship between gene density, recombination, and chro-
mosome bands. These properties have been examined at the
cytogenetic band level using integrated maps (Collins et al.
1996a), but such analyzes lack the precision offered by se-
quence-based map integration.

Recent developments in both sequencing technology
and private sector initiatives have encouraged an acceleration
of the program to sequence the entire human genome. Phase
one of the human genome project to produce a “working
draft” covering 85% of the euchromatic portion of human

DNA is now complete (Pennisi 2000; Lander et al. 2001). The
final phase to produce a “finished” sequence of the human
genome by filling gaps and increasing accuracy to 99.9% has
begun and is likely to be complete by 2003 or earlier. One of
the first major results of this effort was the release of the
near-complete sequence of chromosome 22q (Dunham et al.
1999), representing a finished sequence although small gaps
remain unsequenced. This demonstrates that good coverage
can be achieved using clone-by-clone approaches (11 gaps
spanning ∼1076 kb in total length are recognized in 22q) and
that connectivity of sequenced clones can be achieved with
existing maps. More recently the near-complete euchromatic
finished sequence of chromosome 21 has also been released
(Hattori et al. 2000). An alternative approach of whole ge-
nome shotgun has also yielded impressive results in the form
of a draft sequence of the entire genome (Venter et al. 2001).

Chromosome 22q is the first sequence-based integrated
map to be represented in LDB2000. Previously, the physical
scale for integrated maps was constructed using cytogenetic
assignments of markers to bands by assuming that measured
band width is proportional to DNA content. This is now re-
placed by sequence locations on the assumption that the 11
sequence gaps are accurately measured. Morton (1991) gives
43 Mb as the physical length of 22q estimated by a top-down
approach from autoradiography, image cytometry, and flow
cytometry. The published sequence (Dunham et al. 1999)
spans 34.49 Mb of which 1.03 Mb is not sequenced and is
estimated by DNA fiber fluorescence in situ hybridization
(FISH) and long-range restriction mapping. This has been re-
vised to 34.55 Mb of which 1.08 Mb is estimated (available
from the Sanger Centre ftp site, version Chr_22_01–12–
1999.fa). Very little of the heterochromatic band q11.1 has
been sequenced and is estimated at 2.61 Mb (Collins et al.
1996a), giving a total length of 37.16 Mb, which is 5.84 Mb
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less than expected. We assume for the present that the p arm
occupies 13 Mb (Morton 1991), giving a total length of 50.16
Mb for chromosome 22. There are a number of possible ex-
planations for the discrepancy in chromosome length esti-
mates. One is that the total genome length of 3200 Mb (Tier-
sch et al. 1989) or that the fraction of the DNA total attributed
to 22q are overestimates. Other possibilities are that the het-
erochromatic band q11.1 or p-arm contribute more DNA or
that gaps and deletions have been underestimated or unrec-
ognized.

Metaphase and DNA fiber FISH experiments performed
during construction of the sequence ready clone map do not
suggest that significant deletions have been overlooked. Al-
though smaller deletions may have been missed by this
method, their contribution to the total sequence length must
be minimal. Perhaps the most likely explanation for the dis-
crepancy is that the p arm or centromeric heterochromatin
contains more tightly coiled DNA, therefore, its contribution
to the total sequence length is underestimated. The p-arm
length is also known to vary greatly among individuals
(Reeves 2000). However, a definitive explanation awaits study
of other chromosomes. Therefore, we scale lengths of chro-
mosome arms and bands to correspond to the sequence evi-
dence and retain the existing estimates for the p-arm and
centromeric heterochromatin, arguably underestimated, giv-
ing a total chromosome length of 50.16 Mb.

We present here a map of chromosome 22q that inte-
grates sequence, radiation hybrid, genetic, and cytogenetic
data.

RESULTS
A total of 968 loci were identified in the 22q sequence (Table
1) leaving 44 that could not be located using BLAST searches
against the chromosome 22q sequence of which 17 gave non-
significant matches and 27 resulted in multiple hits of equal
probability. Of the 17 nonsignificant matches, 11 contained
repetitive elements whereas 10 of the 27 markers causing mul-
tiple hits contained repetitive elements. Among the small
number of loci that could not be located in sequence, some
may map to other chromosomes, the heterochromatic band
22q11.1, or known gaps, suggesting that the reported 97%
coverage of the euchromatic portion of 22q is tolerably accu-
rate (Dunham et al. 1999).

In the genetic map we estimated the interference param-
eter p in the Rao (1977) mapping function at 0.28 and typing
error frequency E at 0.004 (Shields et al. 1991) for the se-
quence order constrained map. The sex-averaged map length
(Fig. 1) was 77.6 cM compared to 83.4 cM in the uncon-
strained map. The male map length at 74.8 cM and the female
at 80.2 cM is somewhat shorter than the unconstrained map
lengths of 78 and 89 cM published by Collins (1996a) and the
male map length is now closer to that of the chiasma map at
70 cM. Comparison of order inversions in the unconstrained
map compared to the sequence-based map reveals an error
rate of 4%. Both maps are illustrated in Figure 1. Location
errors were further examined by estimating a physical loca-
tion for each locus in the unconstrained genetic map by in-
terpolating between shared flanking markers in the sequence-
based genetic map. The difference between this location and
the location obtained for the sequence-based map approxi-
mates the location error. Of the loci 42% were found to map
within 1 Mb of the correct location, 71% were within 2 Mb,
and 93% were within 4 Mb. The maximum discrepancy was
6.4 Mb.

As the order of polymorphic markers is now known it is
possible to have more confidence in the location of recombi-
nation hotspots (Fig. 1). Five broad regions of elevated recom-
bination are identified in approximately the locations noted
in a sex-averaged map (Dunham et al. 1999), but a sex differ-
ence is now apparent. In these regions a sex-averaged maxi-
mum of 9.72 cM/Mb is observed between markers D22S1266
and D22S57 at locations 16.622 and 17.666 megabases, re-
spectively. For acrocentric chromosomes it has been noted
(Collins et al. 1996a) that there is a high recombination
rate immediately distal to the centromeric heterochromatin,
and is evident in both sexes here with a region of high re-
combination originating from the first marker in the genetic
map located 1.011 Mb from the heterochromatic band
22q11.1.

The relationship between the radiation hybrid and
physical map is rather linear (Fig. 2), but there are some re-
gions of apparently increased breakage, particularly close to
the telomere. There may be increased breakage in R bands
(Holmquist 1992), but a larger sample of bands would be re-
quired to demonstrate this. Calculation of order inversions
between the sequence ordered and original radiation hybrid
map gives an error frequency of 5%. The majority of loci

Table 1. Classification of Loci

Type Class Description No. Symbol

1 G Gene: Transcribed region of the genome 252 Hugo > UniGene > GDB
g Predicted gene based on UniGene clusters (n = 229)

or sequence analysis (n = 35)
264 GenBank accession no.

2 P Polymorphic: Multiple polymorphisms* 15 D-number
V Variable Number of Tandem Repeats (VNTR) 2
Q Tetra-nucleotide repeat 20
T Tri-nucleotide repeat 7
D Di-nucleotide repeat 83
R Restriction Fragment Length Polymorphism (RFLP) 1
U Unknown polymorphism 7

3 N Nucleic acid** 317 GenBank accession no.
Total 968

1, Genes; 2, polymorphisms; 3, DNA sequence.
*Multiple polymorphisms with the same D-number.
**Nucleic acid sequences that may include ESTs not yet associated with predicted genes and sequence-tagged sites.
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(66%) map to within 1 Mb of the correct location, 87% to
within 2 Mb, and 97% to within 4 Mb. Therefore, the resolu-
tion offered by this panel is limited to the approximate region
for a locus. Higher resolution may be achieved by using larger
radiation doses, but connectivity then becomes a much
greater problem. The potential for gross errors is also evident
as 15 (2.5%) show an error greater than 4 Mb, and 5 show an
error greater than 8 Mb. Sources of error are numerous but
include false-positive and false-negative reactions, homolo-
gous sequences giving strong reactions, errors in EST cluster
assignments, and perhaps further nomenclature problems.

The effect of revising the cytogenetic band sizes on the
basis of cytogenetic assignment is primarily to decrease the
width of band q13.31 from 5.2 to 1.9 Mb and increase the
width of band q13.33 (from 1.4 to 5.1 Mb). These revisions are
on the basis of cytogenetic assignments that have limited
resolution close to band borders and therefore should be
treated with caution. Published idiograms, however, are also
highly variable (see, for example, Francke 1994; Harnden and
Klinger 1985), particularly in the appearance of this terminal
band. The borders of the four major bands are virtually un-
changed, suggesting that higher resolution banding and band
assignments are less reliable. The revision of the band sizes
reduces the cytogenetic assignment errors in the map from 61
to 38. Despite revision of cytogenetic band sizes, no relation-
ships between band shading, sequence motifs, radiation sen-
sitivity, recombination, and gene density were identified. It
remains to be seen whether such relationships become appar-
ent when a larger sample of bands is analyzed.

When nonoverlapping 500-kb windows are examined
(Tables 2 and 3) male recombination increases with increasing
levels of repeat sequences (REP, LINE, and EL) particularly
tandemly repeated DNA with element sizes between 10 and
100 bp (REP). Female recombination is related only to loca-
tion (L) reflecting reduced female recombination near the
telomere and relatively higher levels proximally. There are,
however, a number of recombination hot spots in the female
but these do not show a relationship to the variables exam-
ined. It is not clear, on the basis of one chromosome arm, that
this is a general finding; more of the genome must be exam-
ined before a greater understanding of the differences be-
tween male and female recombination patterns emerges.

Gene density (GD), as reported pre-
viously, is highly correlated with
CpG islands and negatively associ-
ated with repetitive sequences.

DISCUSSION
It is evident that the genetic, radia-
tion hybrid, and perhaps cytoge-
netic maps can be substantially im-
proved by integration with se-
quence and, with the sequencing
nearing completion, the integrated
map has a continuing role in dis-
ease gene mapping and the under-
standing of chromosome organiza-
tion, recombination, and disease
processes. The relationship of the
sequence to the genetic linkage
map and eventually to cytogenetic
bands can now be examined with
some confidence as the order of
markers and genes is known. Spe-

cific DNA sequences are known to influence recombination in
many organisms (Purandare and Patel 1997). In particular,
variable number tandem repeats (VNTRs), which have 9–24
bp repeat elements and a total size of 0.1–2 kb and GT/CA
dinucleotide repeats have been shown to be hot spots for
homologous recombination (Wahls et al. 1990; Majewski and
Ott 2000). The REP variable (Table 2) most closely resembles
VNTRs and is associated with male recombination (Table 3).
Alu sequences are a subclass of short interspersed nuclear el-
ements (SINEs) consisting of ∼ 280-bp repetitive units and
have been suggested as promoting recombination due to mis-
pairing between repeats (Lehrman et al. 1987). Analysis sug-
gests that SINE sequences are not associated with recombina-
tion in chromosome 22. However, long interspersed nuclear
elements (LINEs) are considered retrotransposable and are
thought to have played an important role in generating re-
combination hot spots (Leib-Mosch and Seifarth 1995) and
are associated with male recombination (Table 3).

Homologous recombination between region-specific,
low copy repeats, or duplicons (Eichler 1998) during meiosis
has been identified as a source of chromosomal rearrange-
ments such as deletions, duplications, inversions, and in-
verted duplications depending on the orientation of the re-
combining repeats. Several low copy repeats have been
mapped to 22q11 (LCR22) and their close proximity to each
other makes this region susceptible to rearrangements (Dun-
ham et al. 1999). Cat eye syndrome (CES) and velocardiofacial
syndrome (VCFS)/DiGeorge syndrome (DGS) are associated
with 22q11 rearrangements (Edelmann et al. 1999; Shaikh et
al. 2000). VCFS/DGS is the most common microdeletion dis-
order in humans, occurring with an estimated frequency of
1/4000 live births (Goodship et al. 1996). Haplotype analysis
of VCFS/DGS individuals reveals common breakpoints be-
tween D22S1638 and D22S1709 located within LCR22–2 and
75 kb distal to LCR22–4, respectively, that mediate a 3-Mb
deletion. The deleted region itself is not associated with espe-
cially elevated recombination (1.97 sex averaged cM/Mb).
This and other regions of the genome may be susceptible
to recombination-related rearrangements but this would
not necessarily require a regionally high recombination
rate. However, genetic maps constructed from case families
might be expected to show relatively higher recombina-

Figure 1 The relationship between recombination and the sequence-based physical map. Recom-
bination hot spots in either sex are shaded.
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tion in the region. Bass et al. (1999) examined a region on
15q11-q13 implicated in autistic disorder. In the sample of 63
families, significantly higher recombination was observed
within these families in comparison to the CEPH reference
map. Recombination might also interfere with transcription
of critical genes through slippage and introduction of repeat
sequences, although this mechanism is not yet established.

The difference between male and female recombination
patterns is considerable. Wallace and Hulten (1985) observe
that human female pachytene chromosomes are 50% longer
than males. Purandare and Patel (1997) suggest that the over-

all lower recombination rate in
males reflects the more condensed
state of male chromosomes. This
more condensed state must limit
the available sites for recombina-
tion and perhaps these sites are re-
stricted to certain repetitive struc-
tures as suggested by this analysis.

To identify genes contributing
to complex traits, single nucleotide
polymorphisms are now the mark-
ers of choice, particularly for map-
ping by allelic association. Al-
though estimates of the numbers
required for complete genome cov-
erage are highly variable (500,000,
Kruglyak 1999; 30,000, Collins et
al. 1999), an important consider-
ation is that markers should be
spaced on the genetic rather than
physical (sequence) map. Linkage
disequilibrium relies on exploiting
the pattern of decline in association
with distance between a disease
gene and a series of markers linked
to it. This decline is determined by

recombination (although mutation, drift, and other factors
complicate this relationship). Lonjou (1998) have shown the
effect of the different scales on the mapping of the hemochro-
matosis (HFE) gene. Low recombination in the nearby HLA
region places this gene at only 0.75 cM from HLA-A, whereas,
physically it is located at 4.6 Mb. Modeling the decline of
disequilibrium with physical distance gives a very poor fit and
location for the gene, whereas the genetic map gives a much
better result. The pattern of disequilibrium around a single
SNP can be represented using the Malecot model (Collins and
Morton 1998) in which the parameter � represents the prod-
uct of recombination and time. Thus, � is closely related to the
recombination rate in the region of the SNP and should mir-
ror the genetic map. Comparison of the genetic map con-
structed in this way will reveal how closely the relationship
holds.

The analysis presented here shows the expected substan-
tial improvement of the integrated map, which has until now
relied on techniques with relatively low resolution that are
subject to various kinds of error. The vast majority of loci
assigned to chromosome 22q have been identified in the se-
quence and most of the remainder refer either to loci without
an associated sequence or a small number of failed or multiple
sequence matches. It is quite likely that the DNA content of
the euchromatic portion of 22 has been overestimated by top-
down approaches, although as yet the contribution of 22p
and q11.1 is not known. Reliable fine-scale mapping could
not be achieved by any of the techniques of linkage, radiation
hybrids, and cytogenetical assignment, but knowledge of the
precise order gives greater confidence in the comparison of
these alternative scales. This sequence-based integrated map
should be a useful tool in both disease gene mapping and
understanding chromosome properties.

METHODS

Clusters, Symbols, and Nomenclature
We define a locus as a gene or DNA sequence that can be

Table 2. Definition of Variables

Variable
name Definition (kb/Mb unless otherwise stated)

L Ordinal location of 500-kb segment from q11.21
MD Male cM/Mb
FD Female cM/Mb
AD Sex average cM/Mb
GD Confirmed and predicted genes No./Mb
RD Centri-ray 3000 rads/Mb
CpG CpG island counts/Mb
GC G + C content
REP Length of tandem repeats (10–100bp element,

0.03–5 kb total size)
RAT Length of tandem repeats (10–100bp element,

0.03–5kb total size) >60% AT
RGC Length of tandem repeats (10–100bp element,

0.03–5 kb total size) >60% GC
SINE (Short Interspersed Nuclear Elements)

Length of ALUs + MIRs
LINE (Long Interspersed Nuclear Elements)

Length of LINE repeats
LTR (Long Terminal Repeats) Length of MaLRs,

Retrovires and Mer 4 group repeats
EL DNA elements Lengths of MER1 + MER2 +

Mariners repeats
SI Length of simple repeats

Figure 2 Observed centirays and smoothed centirays against sequence-based distance.
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amplified by PCR. Large regions that do not have short se-
quences associated with them such as syndromes associated
with a regional deletion or duplication (CECR, BCRL3,
BCRL2, DGCR, DGCR6, and MGCR), or gene families (IGLC@)
and putative loci (SCZD4) are not represented. Loci might be
STSs or ESTs placed on the map through radiation hybrids or
polymorphisms that can also be mapped by linkage, and all
can be identified in a covering sequence map. A single point
(their approximate mid-point location) represents loci in a
summary map in the sequence. As a single gene sequence
might contain multiple polymorphisms and a larger number
of ESTs (hence clustering developments like UniGene), we
have clustered map objects apparently derived from the same
expressed sequence. Clusters are formed by cross-referencing
loci in LDB with GDB (http://gdbwww.gdb.org/) and Uni-
Gene (h t t p : / /www .ncb i . n lm .n ih . gov /Un iGene /
Hs.Home.html). Associated with each symbol in a cluster are
radiation hybrid locations from GeneMap’99, cytogenetic lo-
cations from GDB and UniGene, sequence locations from
GDB ePCR, the Sanger Centre and BLAST searches performed
against the 22q sequence, and genetic, physical, and mouse
homology data from LDB. Clusters are cross-referenced
through name comparisons and matching clusters combined.
The clustering process is checked by calculating the variance
for each location data type in a cluster, clusters with large
variances are examined, and erroneous clusters prevented
from forming. A single “primary” name is used to represent
each cluster in the map. Primary names for genes are chosen
using the following hierarchy: Hugo nomenclature
committee > UniGene symbol > GDB primary name. Table 1
gives a classification of loci. Genes may contain different
classes of polymorphism and are labeled in the map through
combination of class identifiers. Thus, GD reflects a gene con-
taining a dinucleotide repeat and GP implies a gene with mul-
tiple polymorphisms. Single nucleotide polymorphisms are
excluded from this classification. D-numbers are chosen as
primary names for polymorphisms that are not located within
named genes, whereas GenBank accession numbers are used
to represent STSs and other nucleic acid sequences, some of
which are ESTs not yet associated with a predicted gene.
Higher resolution maps of individual loci or regions represent
the location of intragenic polymorphisms including SNPs, ex-
onic structure, and other features. This depends on a high
level of sequence annotation and will be improved as more is
known about the sequence.

Genetic Linkage and Radiation Hybrid Maps
Sex-specific pairwise lods derived from the CEPH version 8.2

database and disease lods from GENATLAS (http://
bisance.citi2.fr/GENATLAS/) were entered into the map+ pro-
gram (Collins et al. 1996b). A total of 177 loci with lods were
identified, of which 136 were located and ordered from the
sequence and used in mapping. The remaining loci were ei-
ther clones not associated with a sequence or could not be
definitively located using BLASTsearches. The final map con-
tained a number of loci assigned to the same location reflect-
ing the relatively small number of meioses and typing error.
We improved the resolution of this map by repositioning
clustered markers in proportion to their spacing in the se-
quence by interpolating between flanking markers at non-
zero genetic distance. An unconstrained genetic map was also
constructed for estimation of the error in multiple pairwise
linkage mapping (Fig. 1).

Radiation hybrids (RH) have been useful for the localiza-
tion of monomorphic sequences such as ESTs. There is a pos-
sibility of some gross errors in order because the number of
informative clones is small and false signals are quite frequent
(Teague et al. 1996). Locations for discrepant loci were recal-
culated by interpolation between flanking markers. The
method for interpolation follows Morton et al. (1992). If a, b
represent ordered flanking loci with locations Sa, Sb and Ra, Rb
in the sequence-based and radiation hybrid maps and Sx the
sequence-based location for the locus with a discrepant radia-
tion hybrid location, and Sa < Sx < Sb, then the revised radia-
tion hybrid location (Rx) is Rx = Ra + (Rb � Ra) (Sx � Sa) /
(Sb � Sa). This is achieved by an iterative ranking algorithm
that first resolves the most discrepant loci then reranks and
resolves the next most discrepant loci until the orders agree.
The original and resolved RH map are illustrated in Figure 2.

Comparison of the order (and distance) discrepancy be-
tween two maps can be achieved by evaluating all n(n � 1)/2
pairwise comparisons and obtaining the frequency of those
with an order inversion (Kendall and Stuartet al. 1961). Thus,
if the order in the sequence-based map is 1, 2, 3, 4, 5, but the
unconstrained map gives 1, 3, 2, 4, 5, then all possible com-
parisons are made 1–3, 1–2, 1–4, 1–5, 3–2, 3–4, . . ., and so on,
and the frequency of order inversions evaluated (10% in this
example).

Refining Cytogenetic Bands
To examine properties of the chromosome at the 850-band
resolution, band widths/border locations must be deter-
mined. Many loci have been assigned to cytogenetic bands by
direct cytologic methods such as FISH, although a proportion
have been inferred from map location evidence. Although
assignments are inaccurate, especially near band borders,

Table 3. Regression Models for 500-kb Windows (Dependent Variables MD, FD, and GD)

Dependent
variable

Independent
variable Coefficient SE R2

Single variable
correlation

MD INTERCEPT �4.556 0.965 0.553 —
REP 0.147 0.019 0.594***
SI �0.188 0.061 0.007
LINE 0.024 0.007 0.203
EL 0.137 0.048 0.283*

FD INTERCEPT 4.238 0.617 0.149 —
L �0.051 0.015 �0.386**

GD INTERCEPT �2.061 3.709 0.499 —
CPG 1.190 0.206 0.251**
REP �0.387 0.064 �0.359**
LTR 0.194 0.044 0.341**

*P <0.05.
**P <0.01
***P <0.001
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knowledge of the precise order from sequence allows refine-
ment of the band widths/border locations that are otherwise
based on observation (Francke 1994) and not on DNA con-
tent. Errors in assignment to each band are counted by taking
the current best estimates of band border locations and enu-
merating the loci that do not map within the band cytoge-
netically. For a pair of adjacent bands the distribution of er-
rors in band assignment varies as a step function as the loca-
tion of the border (µ) is moved. To improve the
correspondence between the cytogenetic and sequence maps
we take R = ∑e�di for errors to the right of µ and L = ∑e�di for
errors to the left, where di = � (wi � µ) and wi is the sequence-
based location of the locus with an error and � is �1 if wi < µ
and +1 otherwise. To resolve errors we iteratively minimize
the function f = (R � L)2/2 with distance in Mb. In this way
gross assignment errors are discounted but smaller errors close
to a boundary are resolved.

Sequence Analysis
There are only 11 cytogenetic bands in the sample, which are
insufficient for analysis of cytogenetic band properties. How-
ever, relationships between sequence motifs, recombination,
and radiation sensitivity were investigated in nonoverlapping
500-kb windows. Determination of CpG content and number
of tandem repeats with element sizes from 10 to 100 bp (REP,
RAT, RGC; Table 2) was performed using the EMBOSS suite of
sequence analysis programs (Rice, Bleasby and Williams at
http://sanger.ac.uk/Software/EMBOSS/), whereas Repeat
Masker (Smit and Green, unpubl. software, http://
ftp.genome.washington.edu/RM/RepeatMasker.html) was
used to identify other repeats (SINE, LINE, LTR, EL, SI; Table
2). Definition of variables and results of stepwise regression
and correlation analysis are shown in Tables 2 and 3.

The publication costs of this article were defrayed in part
by payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 USC
section 1734 solely to indicate this fact.
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