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We have used radiation hybrid (RH) mapping and pulsed- 
field gel electrophoresis (PFGE) to determine the order and 
positions of 28 DNA markers from the distal region of the 
long arm of human chromosome 2 1. The maps generated by 
these two methods are in good agreement. This study, com- 
bined with that of D. R. Cox et al. (1990, Science 250:245- 
250), results in an RH map that covers the long arm of 
chromosome 2 1 (2 lq). We have used a subtelomeric probe 
to show that our map includes the telomere and have identi- 
fied single-copy genes and markers within 200 kbp of the 
telomere. Comparison of the physical and RH maps with 
genetic linkage maps shows “hot spots” of meiotic recombi- 
nation in the distal region, one of which is close to the telo- 
mere, in agreement with previous cytogenetic observations 
of increased recombination frequency near telomeres. 
CC, 1991 Academic Press, Inc. 

INTRODUCTION 

In the past 10 years, a major effort in molecular 
genetics has been made in generating maps of ge- 
nomes. A breakthrough in human gene mapping was 
the development of DNA markers for linkage analy- 
sis, which has resulted in near completion of a genetic 
map of the human genome at a resolution of about 
lo-20 CM (e.g., Donis-Keller et al., 1987). The genetic 
map has been useful for mapping human disease 
genes to chromosomal regions, but a much higher res- 
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olution map is needed for cloning genes and for ge- 
nome organization studies. High-resolution maps 
cannot be constructed easily by meiotic linkage meth- 
ods because their resolution is low at the molecular 
level, recombination frequency is not linearly corre- 
lated with physical distance, and only the subset of 
markers that recognizes polymorphisms can be 
mapped. 

The development of pulsed-field gel electrophoresis 
(PFGE, Schwartz and Cantor, 1984) allows the gener- 
ation of physical maps several megabase pairs in size 
(for example, Burmeister et al., 1988; Fulton et al., 
1989). However, PFGE is not easily applied to the 
construction of maps of whole chromosomes. With 
the very large number of probes necessary to create 
such large maps, DNA probes often recognize frag- 
ments of the same size by coincidence. Therefore, an 
additional method that could be used in conjunction 
with PFGE to determine the order of markers would 
be useful. 

Somatic cell hybrids containing defined segments 
of a chromosome of interest can provide information 
about the order of probes along the chromosome. 
However, the resolution of maps constructed with 
such cell lines is usually limited by the small number 
of available hybrids. In an effort to obtain maps of 
higher resolution, we have developed a somatic cell 
hybrid mapping strategy called radiation hybrid (RH) 
mapping (Cox et al., 1990). In this procedure, a hybrid 
cell line containing a single human chromosome in a 
rodent cell background is subjected to a high dose of 
X-rays, which results in chromosomal fragmentation. 
The chromosomal fragments are recovered by fusion 
to a rodent recipient cell line, which nonselectively 
retains some hamster and human chromosomal 
pieces from the donor cell line. DNA markers near 
one another on the chromosome are likely to be re- 
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tained or lost together in any particular hybrid cell 
line. Although many cell lines contain several non- 
contiguous pieces of DNA from the human chromo- 
some, it is nevertheless possible to use a statistical 
analysis of cosegregation of markers to construct a 
map of higher resolution than is possible by classical 
somatic cell genetic approaches (Cox et al., 1990). 

Chromosome 21, the smallest human chromosome, 
is a paradigm for large-scale human genome mapping 
efforts. A high-resolution map of chromosome 21 is of 
particular interest since trisomy 21 results in Down 
syndrome, the most frequent cause of mental retarda- 
tion and birth defects in humans. Several meiotic 
maps of chromosome 21 have been published recently 
(Tanzi et al., 1988; Warren et al., 1989; Petersen et al., 
1989). Gardiner et al. (1988, 1990) analyzed chromo- 
some 21 by using somatic cell hybrids and PFGE. In 
their physical mapping studies, probes close to one 
another were linked into clusters, and markers were 
localized into sections along the chromosome. How- 
ever, the order of markers within sections and the 
physical distances between many markers could not 
be determined. Recently, we combined RH mapping 
with PFGE to determine the order of 14 markers 
spanning approximately 20 million base pairs on the 
proximal long arm of chromosome 21 (Cox et al., 
1990). Here we use this combined approach to order 
28 markers in the distal region of the long arm of 
chromosome 21 and to construct a continuous physi- 
cal map of the most telomeric 8000 kbp of the long 
arm, including the telomere itself. A comparison of 
the physical map with the genetic linkage map of this 
segment of the chromosome reveals several hot spots 
of meiotic recombination. In addition, the physical 
map helps to define rearrangements that have oc- 
curred in this region of the genome during evolution. 

MATERIALS AND METHODS 

DNA Markers 

In this paper we use abbreviations for the locus 
names determined by the Human Gene Mapping 
workshops (HGM). For example, S3 represents 
DZlS3, etc. Note, however, that SlOOB is the gene for 
the iSsubunit of the protein SlOO rather than the lo- 
cus D21SlOO. Details about the DNA probes used in 
this study have been described: S3 (pPW231c), S55 
(pPW518-lR), and S58 (pPW524-5P) (Watkins et al., 
1985); SlOl (JG373) (Galt et al., 1989); S15 (pGSE8), 
S17 (pGSH8), and S19 (pGSB3) (Stewart et al., 
1985); S39 (SF13A), S40 (SF14), S41 (SFZl), S42 
(SF43), S44 (SF50), S49 (SF58), and S51 (SF93) 
(Korenberg et al., 1987); S123 (B88) and S141 (E73) 
(Tantravahi et al., 1988); S25 (~10.2) (Millington and 

Pearson, 1988); pTH2A (de Lange et al., 1990); MxA 
and MxB (Aebi et al., 1989); BCE-I (pS2) (Moisan et 
al., 1988); PFKL (cPFKL3.0) (Levanon et al., 1987); 
CD18 (Mac3 and Mac9) (Kishimoto et al., 1987); 
COL6Al (cA1) and COL6A2 (cA2) (Weil et al., 1988); 
SOD1 (pHG-SOD) (Lieman-Hurwitz et al., 1982); 
SlOOB (pHS22.4) (Allore et al., 1988). A probe for 
human cY-crystallin-1 (CRYAl) was obtained by am- 
plifying a 3.5-kbp DNA fragment between exons 1 
and 3 from the sequences described (McDevitt et al., 
1986) by using the polymerase chain reaction (Saiki et 
al., 1988). After amplification, ends were repaired 
with Klenow and T4 polymerase, and the product was 
subcloned into pUC18. 

Radiation Hybrid Mapping 

RH mapping can be used to determine the order 
and distance between DNA markers by analyzing the 
presence or absence of such markers in somatic cell 
hybrids following exposure to X-rays (Cox et al., 1989, 
1990). We used the cell line CHG3, a hybrid cell line 
containing human chromosome 21 in a hamster cell 
background (a subclone of 72532X-6, Patterson et al., 
1985) to construct the RH map in this study exactly 
as described (Cox et al., 1990). The distance between 
two markers as determined by RH mapping is ex- 
pressed in centirays (CR), analogous to centimorgans 
(CM) in meiotic linkage mapping. Because RH dis- 
tance depends on the amount of irradiation used to 
fragment the chromosomes, it is important to include 
information about X-ray dose when describing the 
centiray distance between two markers. A distance of 

1 cbmo between two markers corresponds to a 1% 
frequency of breakage between the markers after ex- 
posure to 8000 rads of X-rays (Cox et al., 1990). Four- 
point analysis is used to calculate the odds favoring 
one order of four markers over another order (Cox et 
al., 1990). 

Pulsed-Field Gel Electrophoresis 

We used DNA from the hybrid cell line CHG3 (see 
above) and from human blood cells to generate physi- 
cal maps. To avoid problems in interpreting results 
due to polymorphisms, the blood cell DNA used 
throughout this study was prepared from a single indi- 
vidual. The methods for preparation of agarose blocks 
containing high-molecular-weight DNA, preparation 
of yeast and bacteriophage X multimers as size 
markers, restriction digests, alkaline blotting, and 
subsequent hybridization of GeneScreen membranes 
were as described (Herrmann et al., 1987). In general, 
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Marker 
A 

TABLE 1 

RH Mapping: Analysis of Hybrids and Calculated Distances 

No. of clones observed 
Marker 

B ++ f- --+ Total 0 &cm Lod 

s40 s49 19 0 1 30 50 0.05 5 12.82 
CD18 S”5 I> 7 0 1 36 44 0.06 7 7.22 
s39 s40 21 0 2 48 71 0.07 7 15.27 
s44 COL6A2 15 2 0 33 50 0.09 10 10.08 
s40 s141 16 1 1 25 43 0.11 11 9.54 

s55 S3 15 ‘2 1 38 56 0.12 13 9.91 
s141 CD18 8 0 2 30 40 0.13 1s 6.28 
COI,6Al COL6A2 14 3 0 31 48 0.14 15 8.39 
S44 COL6Al 26 2 3 49 79 0.14 15 14.20 
s39 s49 18 1 3 43 65 0.15 16 11.10 
SlOl s39 16 3 1 41 61 0.16 17 9.84 
s49 s141 18 3 1 38 60 0.15 17 10.35 
s3 SlOl 9 .3 0 31 43 0.17 18 6.12 
S25 s44 13 0 4 37 54 0.18 “0 8.15 
CD18 s44 16 0 5 47 68 0.18 20 10.19 
COLGA I SlOOB 21 4 2 46 73 0.19 21 11.40 
SOD1 5358 18 4 1 31 54 0.19 22 8.44 
s49 CD18 8 2 2 36 48 0.21 23 5.76 

s25 COL6A-3 4 1 1 17 23 0.22 25 2.61 
COL6A2 SlOOB 10 3 1 28 42 0.23 26 5.38 
s141 525 12 4 1 34 51 0.25 28 6.51 
S.55 SlOl 15 4 2 33 54 0.25 29 6.98 
s3 s39 14 6 1 45 66 0.26 30 7.40 
SlOl s40 14 3 :3 21 47 0.30 35 5.93 
s17 S55 12 5 2 31 SO 0.31 :37 5.02 
S58 s17 13 3 5 31 52 0.34 41 4.95 
s17 s3 13 6 3 35 57 0.36 45 4.90 
S58 S55 22 9 6 44 81 0.40 52 6.55 
SOD1 s17 13 9 6 28 56 0.57 84 2.23 

Note. Selected marker pairs, designated Marker A and Marker B, are included. The number of hybrid cell clones analyzed for each marker 
pair is indicated, with ++ indicating the number of hybrids containing both markers A and B, +- indicating the number of hybrids 
containing marker A but not marker B, -+ indicating the number of hybrids containing marker B but not marker A, and -- indicating the 
number of hybrids containing neither marker. H indicates the estimated frequency of X-ray breakage between Markers A and B, and CR,, 
indicates the distance between the two markers (5). Marker pairs with a lod score of 3.0 or greater are considered to be significantly linked. 
Only these marker pairs are used to construct the RH map (5). 

PFGE was performed at 15°C in 0.5X TBE buffer. 
CHEF gel electrophoresis was performed in a CHEF 
apparatus constructed at the EMBL (Heidelberg, 
FRG) according to Chu et al. (1986). OFAGE was per- 
formed in an apparatus obtained from LKB-Phar- 
macia. 

To test whether two probes hybridize to the same 
fragment, we always used the same filter. Probes were 
removed from a filter before hybridization with the 
next probe by placing the filter into a solution con- 
taining 2 mM Tris/HCl, pH 8, 0.2 mM EDTA, 0.1% 
SDS at 80°C twice for 20 min. 

DNA fragments were separated in two ranges of 
resolution, low resolution (500-3000 kbp) and high 
resolution (50-900 kbp). Within each range, several 
sets of filters were prepared. Probes close to each 
other were compared on identical filters. The prior 
information from RH mapping and/or genetic map- 

ping therefore helped to determine which probes were 
likely to be physically linked. 

RESULTS 

Mapping Strategy 

To generate a map of human chromosome 21 distal 
to the marker SODl, we first chose 19 markers as 
landmarks for radiation hybrid mapping. The RH 
map constructed from these landmarks was then used 
as an aid in the physical mapping of the most distal 
region of human chromosome 21, the region including 
and distal to the marker D21S3. In addition to this 
initial set of 19 markers, which was analyzed by both 
RH mapping and PFGE, we analyzed a set of markers 
by PFGE only (Table 2). These additional markers 
were included primarily because they were used as 
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RH-map dlatances (CR 8[)oo ) 

52 29 35 11 26 25 26 
I II I I I I II 

SOD1 ” S56 4’S17 37 S55 l3 S3 ‘s SIOI 17S39 7 S405 S49’7Sj41 l3 CD16 7 
I I I I I 

S25 ” 544 lo COL5A2 ‘5 COL6A1” SIOOB 
IS61) IS42) 

VW- 
(S123) 

15 

Odds Ratios 

72:l 5x104 .I 3x103 1 5x10 4 1 105:1 2'1 49 1 

I I I 1 I I I I I I I I 
SOD1 S56 517 555 5101 

LY I 
s39 s40 s49 5141 CD16 S25 544 COL6A2 COLGA~ SlOOB 

I 1 1 I I I I I 
4x104 1 

I 
32.1 103 1 1 .I 11.1 96 1 61 

FIG. 1. Radiation hybrid map. The map shows the order of probes, as derived by RH mapping, and the distance between each pair. The 
telomere is to the right, near SlOOB. Distances for adjacent markers are shown between the markers, and for nearest neighbor pairs above 
and below the map. Loci shown in parentheses are those that were not separated by RH mapping from the loci indicated above them, and 
were not used for the construction of the map. S42 was not separated from either S40 or S49, although these two loci are separated in a cell 
line for which S42 was not scored. The odds favoring the order indicated compared to the order in which the given marker pair is inverted (5) 
are shown below the map. 

anchor points in recently published genetic maps (Pe- 
tersen et al., 1989; Tanzi et al., 1988; Warren et al., 
1989). 

Radiation Hybrid Mapping 

Our initial set of 19 markers was analyzed by RH 
mapping (Cox et al.. 1990). Cell hybrids containing 
chromosome 21 fragments generated by X-ray break- 
age were scored for the presence or absence of these 
markers. These primary data were analyzed as pair- 
wise combinations of markers by using a computer 
program that we developed for RH mapping (Cox et 
al., 1990). Four of the marker pairs, SlOOB and Sl23, 
S51 and S39, S40 and S42, and S42 and S49, were not 
separated by X-ray breakage in any of the radiation 
hybrids that were analyzed. For each of these pairs of 
markers, only the marker scored for the largest num- 
ber of hybrids was included in the mapping analysis, 
which included 16 loci. A sample of the most pertinent 
marker pairs is listed in Table 1. Pairs of markers 
with a lod score of 3.0 or greater were considered to be 
significantly linked, and the two-point distances of 
only linked marker pairs were used to construct a 
map. We defined the best order of markers as the one 
in which the sum of the distances between adjacent 
markers was minimized. This analysis resulted in the 
map shown in Fig. 1. Four-point analysis (Cox et al., 
1990) was used to calculate the relative likelihood of 
one order of four markers versus another. Each odds 
ratio shown below the map in Fig. 1 represents the 
odds of the illustrated order of four markers compared 
to the order in which the internal two markers are 
inverted. Some of these odds ratios are less than 
1OOO:l. In these cases, it is not possible to establish 
marker order with certainty using the RH data alone. 

Therefore, pulsed-field gel electrophoresis was used 
in an effort to obtain a more definitive order. 

Long-Range Restriction Mapping of the Most Distal 
8000 kbp by PFGE 

PFGE mapping requires that markers be physically 
linked on identical large DNA fragments. To cover 
large distances, fragments in the size range of 200 to 
2500 kbp were separated by CHEF electrophoresis, 
blotted onto membranes, and hybridized successively 
with the labeled probes. Enzymes resulting in frag- 
ment sizes in this range were NruI, MU, SalI, NotI, 
and, in some cases, RsrII and ClaI (Figs. 2 and 3). 
Most of these enzymes were chosen because their 
sites are less likely to cluster in CpG-rich islands than 
sites for enzymes such as BssHII, SacII, EagI, etc. 
(Bird, 1989). 

We analyzed DNA isolated from both total blood 
cells and the hybrid cell line CHG3, which contains 
human chromosome 21 in a hamster cell background. 
Due to differential methylation and/or RFLPs be- 
tween these two sources, the results often comple- 
mented each other. For example, the ClaI digest of cell 
line CHG3 shows two fragments linking the loci S51 
and S40, which do not obviously share fragments 
when just blood cell DNA is analyzed (Fig. 2). A Sal1 
fragment present in CHG3 but not in blood DNA also 
links S40 and S42. Similarly, two large NruI frag- 
ments of -2000 kbp, which are present in blood cell 
but not in CHG3 DNA, link all loci between S42 and 
S25/PFKL (Fig. 3). Thus, it was important to have 
information from both CHG3 and blood cell DNA to 
construct the map. However, overall the maps from 
both DNA sources are very similar, indicating that 
the chromosome 21 region analyzed in hybrid cell line 
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FIG. 2. PFGE comparison of DNA from the cell line CHG.? 
and human blood cells. One-half of a CHEF gel was loaded with 
restrict,ion digests of DNA from the cell line CHG3, and t,he other 
half was loaded with DNA prepared from human peripheral blood. 
The migration of the DNA in the gel showed slight curvature, 
which was taken into account in estimating the sizes of the DNA 
fragments. Restriction enzymes were Rs, RsrlI; C, C2al; N, NotI, I,, 
Sal I; M. MU; and R, NruI. CHEF gel electrophoresis was per- 
formed for 7 days at 50 V, with switching times of 20 min. The 
DNA from the gel was blotted onto a nylon membrane, which was 
hybridized successively to the probes for the loci indicated. The 
fragments recognized by the probe for S5 t (DZlS.51) are very simi- 
lar between the two sources, whereas the other two loci show a 
number of differences. The arrowheads point to fragments that 
were particularly usehll for linking up the loci and were not present 
in blood DNA. The NruI fragments (star symbol) of about 2000 
kbp are seen only in blood cell DNA and were useful for establish- 
ing a continuous map of that region (compare with Fig. 3). 

CHG3, on which the RH maps are based, is not 
grossly rearranged. 

Two DNA markers were determined to be physi- 
cally linked if they recognized PFGE fragments of the 
same size. Figure 3 shows a total of 10 probes linked to 
one another on common fragments, spanning a total 
distance of more than 5000 kbp. In most cases, more 
than one DNA fragment was shared between probes, 
making coincidental comigration of shared fragments 
very unlikely. Although there is only one large (1600 
kbp) M&I fragment in common between S3 and SlOl, 
the differential cleavage in CHG3 and blood DNA 
gives additional evidence that this result. is not due to 

coincidental comigration: for both S3 and SlOl, the 
1600-kbp fragment hybridizes very weakly in blood 
cell DNA (Fig. 3), but strongly in CHG3 DNA (not 
shown). In addition, the two complete MU-digestion 
products in blood cell DNA (700 and 1000 kbp) add up 
to the size of the part,ial (1600 kbp) fragment within a 
10% error margin. 

We were unable to obtain unequivocal evidence for 
physical linkage in the region near CD18. Most rare- 
cutting restriction enzymes cut at the same place on 
either side of this gene, suggesting t,hat it is flanked by 
two very CpG-rich islands. Weak partial SalI, RsrII, 
and ClaI fragments suggest that CD18 is linked to its 
neighboring loci, S44 and S25/PFKL. Because the 
RH map (Fig. 1) suggests that the distance between 
the two flanking markers is not very large, we believe 
that these comigrating partial restriction fragments 
are probably identical rather than coincidentally of 
the same size. The very small fragments recognized by 
the two CD18 cDNA probes were also recognized by 
the anonymous probe for S41 (data not shown). In- 
deed, we found t,hat t,he cDNA probes for CD18 hy- 
bridize to DNA from the phage X21, from which SF21, 
which recognizes the locus S41, is derived (Korenberg 
et al., 1987). We thus established that the phage X21 
contains at least part of the gene for CD18. This 
phage also contains sites for many rare-cutting re- 
striction enzymes, including Not1 and BssHII, and 
thus probably contains one of the CpG-rich islands 
flanking CD18. 

In cases where loci were found to map very close to 
each other, usually within less than 800 kbp (e.g., in 
the S40, BCEI, S19, S49 cluster), filters were pre- 
pared from DNA fragments separated in the lower 
resolution range of 50-800 kbp. For this purpose, 
more frequently cleaving enzymes, such as SfiI, 
BssHII, and EagI, were used. Some of the data from 
these filters are included in Table 2. However, the 
orders of S141 and CRYAl, S25 and PFKL, MxA/B 
and S39, and BCE-I and S40, each respectively within 
300 kbp of the other, could not be established. Simi- 
larly, SIOOB and S123 (see below) and MxA and MxB 
are each within 100 kbp ofthe other, and their order is 
unknown. 

In summary, a physical map of the most distal re- 
gion of chromosome 21 was constructed by PFGE, 
using a total of 24 probes. This analysis was facili- 
tated by knowledge of the approximate positions of 
most markers prior to the analysis. Each marker hy- 
bridized to at least one large PFGE fragment in com- 
mon with its neighbor (Table 2). This fact allowed 
construction of a complete, continuous map spanning 
about 8000 kbp (Fig. 4). Large DNA fragments of 
1100~2200 kbp were most useful for linking many 
probes into large clusters, whereas the smaller frag- 
ments gave the order of markers within these clusters. 
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FIG. 3. Physical linkage of 10 loci from 21q22.3 by PFGE. The same CHEF gel described in Fig. 2, showingbloodcell DNA digested with 
the following restriction enzymes: R, NruI: M, MU; N, NotI; L, Sal I; C, (‘loI; Rs, RsrII. The gel was blotted onto a nylon membrane and was 
hybridized successively to probes for the loci indicated below each autoradiopaph. By overlaying autoradiographs, fragments of identical 
size recognized by several probes were found. Identical fragments are indicated by the same symbols in successive autoradiographs. The 
autoradiographs are shown in the order that the loci appear in the genome, from left to right.. Approximate sizes, estimated from the sizes of 
yeast chromosomes, are indicated in kilobase pairs tkbpl on the right 

The most informative large fragments, resulting from 
MluI, NruI, and Not1 digests, are aligned in the map 
shown in Fig. 4. 

Long-Range Map of the 21q Telomere 

Recently, de Lange et al. (1990) isolated a subtelo- 
merit DNA fragment, pTH2A, that recognizes a telo- 
mere of chromosome 21, in addition to other human 
telomeres. Since this probe does not recognize rodent 
sequences, we used it for PFGE mapping on filters 
prepared from hybrid cell DNA containing human 
chromosome 21 on a mouse cell background. Figure 5 
shows that several PFGE fragments are shared be- 
tween this probe and the most distal markers used, 
S123 and SlOOB, which codes for the P-subunit of the 
neuronal calcium-binding protein SlOO (Allore et al., 
1988). The smallest fragments in common among 
SlOOB, S123, and pTH2A are about 200 kbp in size 
(see EagI and SnaBI results, Fig. 5). However, a NaeI 
fragment of -50 kbp is recognized by pTH2A only, 
placing SlOOB and S123 at 50 to 200 kbp from the 
telomere. Thus, single-copy genes and loci can be 
found at positions within 200 kbp of the telomere. 
Other genes mapping within 700 kbp of the telomere 
are collagen Vial (COL6Al) and collagen VIa2 

(COL6A2). Both genes are within 300 kbp of each 
other. Their order with respect to the rest of the map 
was determined by a partial digest with ClaI, which 
resulted in a fragment of about 550 kbp containing 
both COL6A2 and SlOOB, but not COLGAI (Table 2 
and Fig. 5). 

DISCUSSION 

The Map of the Tdomeric 8000 kbp of Chromosome 21 

We constructed a fine-structure map of the distal 
region of the long arm of human chromosome 21 by 
combining RH and PFGE mapping methods. RH 
mapping was not able to determine the order of loci 
within the two clusters S40-S49-S42 and S51-S39 
due to an insufficient number of hybrids containing 
breaks between the loci in each cluster, whereas 
PFGE analysis resolved the order of markers in both 
cases. Conversely, PFGE did not provide unequivocal 
evidence for physical linkage between markers S25, 
CD18, and S44, whereas RH mapping indicated that 
these markers are closely linked. Although the RH 
map placed CD18 proximal to S25, the odds favoring 
this order over the inverted order are only 2:l. There- 
fore, we believe that the PFGE analysis, which placed 
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TABLE 2 

Fragment Sizes of Markers from 21q22.3 Analyzed by PFGE 

I,ocus (Probe) 

Enzyme 

SFil 1SF9:st 

S.UJ (SF141 
ACE-I (pS”\ 
s19 cm) 
S49 CSF58) 
542 tSF4:l I 
S131 tE7:i) 
(‘HYAl 
s”s ,plO.?) 

700 1200. I250, 1400 

700, (29rjo) 400. ino, 1100 

,so 
nd 
L’OO 
“00 
900, 1900. %OOO 
900, I9OtJ. t’ooo 
9on / 1 YOO. I "ml 
I I 01). 1900. moo 

IS(W). 900. 1nnn 3JO 

nd nd 
ISOOJ. 900, 11m 500 

I500 ), 900. 1000 500 

(snol, 9lln. 1000 wo. x)50, ( 1100) 
son, i 1011 <200. SW, (1 100) 
<L’oo <2no. s.50. (1 101)) 
<“on. 401) il)O 

RssH11: 2.50 
HssHII: ‘50 
HssHlI: 2.50 
HssHII: 2%) 
HssHII: 100 

$00 

(‘OLtiA:! 

i ZKI SW additional 
resulls in Fig. 5 

Note. The approximate sizes in kbp are shown for each marker and for seven enzymes. The markers are shown in the order they appear in 
the genome. Nonitalicized numbers indicate fragments detected in blood cell DNA, whereas italic numbers indicate fragments seen only in 
DNA from the cell line CHGS. When no sizes are shown, that digest was not analyzed. Numbers indicated in parentheses correspond to 
faintly hybridizing fragments, Additional digests necessary to determine the order of fragments are listed in the lane marked “others.” For 
the most telomerir region, from COLGAI to pTHBA, additional information is shown in Fig. 5. The sizes were estimated from the known 
sizes of yeast chromosomes. 

S25 proximal to CD18, provides the correct order of 
these markers. Similarly, although the RH map 
placed COL6A2 proximal to COLGAl, this order is 
only six times more likely than the inverted order. 
Because PFGE analysis provided strong evidence 
t,hat places COLGAl proximal to COL6A2, we con- 
sider this to be the correct order of these markers. 
With the exception of these two discrepancies, the 
order of loci on the RH and PFGE maps is identical. 
Although RH and PFGE mapping each provided inde- 

pendent evidence for order and linkage of markers in 
this study, neither method by itself was able to pro- 
duce an unequivocal map. However, in combination, 
the two methods were complementary and allowed 
the correct. order of markers to be determined with 
greater certainty. By carrying out RH mapping prior 
to PFGE analysis, we were able to determine those 
probes that were likely to be physically close to one 
another. This knowledge allowed us to place probes in 
groups for PFGE analysis, which involves successive 
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FIG. 4. Comparison of RH- and PF(:E-derived maps of the most telomeric WOO kbp of 21q22.3. Top: RH map in which the distances 
between the DNA markers are drawn proportional to the calculated CR,, value. Bottom: The physical map, as determined by pulsed-held 
gel electrophoresis, is shown. The positions of all markers analyzed are shown above the scale. Position 0 kbp is the telomere (see also Fig. 5). 
Below the scale, lines indicate the most informative restriction fragments. Completely cleaved sites are indicated by vertical lines, whereas 
partially cleaved sites are designated by small vertical ham not touching the horizontal line. Empty spaces between horizontal lines are 
regions where more fragments might exist but could not be detected with the probes available. The order of the probes recognizing the two 
Not1 fragments in brackets is not known. The order of probes in the small region around position 4000 is IS40/BCE-I-S19-S49-S42 and 
was determined by using additional information not shown in this figure (see Table 21. The exact physical distances around CDl8/S41 are 
not known, but there is tentative evidence for a KsrII fragment of 1400-1600 kbp co-recognized by S25, CD18. and S44. Usually, the margins 
of the position of a marker are given by the nearest restriction sites flanking the marker (for example, S3 is between the Not1 site at position 
7400 and the M1~1/NruI sites at position 70001 

hybridization of DNA probes to the same filter. There- 
fore, RH mapping improved both the speed and the 
efficiency of PFGE mapping. 

The PFGE map spans about 8000 kbp of the telo- 
merit region of human chromosome 21, including the 
telomere itself. This map was const,ructed with an em- 
phasis on determining continuity and locus order 
rather than generating a high-resolution map (50-500 
kbp) in the vicinity of each probe. In contrast to the 
order of markers, the sizes determined by PFGE (Ta- 
ble 2) may have considerable error. It is difficult to 
estimate fragment sizes above 1000 kbp, since there 
are no good size markers for this range, and pulsed- 
field gels separating in this size range have lower reso- 
lution. Therefore, we do not emphasize exact size de- 
termination in this study. In general, size variations 
of up to 20% between different studies are not uncom- 
mon. The mobility of DNA fragments depends on the 
PFGE system used, the amount of DNA loaded, and 
other unknown factors. In the Duchenne muscular 
dystrophy region, fragment sizes were initially over- 
estimated considerably (Burmeister et al., 1988; Den 
Dunnen et al., 1989), and we believe that current 
methods still tend to overestimate rather than under- 
estimate fragment sizes. 

Gardiner et al. (1988, 1990) used PFGE for partial 
physical mapping of chromosome 21. Probes were lo- 
calized into sections by using cytogenetic break- 
points, and then linked into clusters defined by comi- 

grating PFGE fragments. A continuous map of the 
most distal region was not established, and therefore 
the order of markers within that region cannot be 
compared with our map. For probes and enzymes used 
in our study and in the studies of Gardiner et al. 
(1990), DNA fragment sizes agree within a 20% mar- 
gin of error in the region between S3 and BCE-I (see 
Fig. 4). In the more distal region, several differences 
exist, most of which can probably be accounted for by 
RFLPs at rare restriction sites or by differential meth- 
ylation. One striking difference, however, is the local- 
ization of the marker B88 (DZlS123). It was origi- 
nally reported to lie in distal 21q22.3 (Tantravahi et 
al., 1988), which is consistent with our localization 
close to the telomere. Gardiner et al. (1990) mapped 
B88 to 21q22.1. However, recently, Gardiner et al. (K. 
Gardiner, personal communication) found that a dif- 
ferent probe was used inadvertently in their studies, 
and they confirmed the more distal localization when 
the correct B88 probe was used. 

The Complete Map of the Long Arm 

This study, in combination with that of Cox et al. 
(1990), provides a continuous map of the long arm of 
human chromosome 21 with the exception of the re- 
gion between the centromere and S16. The good 
agreement between the RH and the PFGE maps 
shown in this study for the distal region of the long 
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FIG. 5. Physical map of the 21q telomere. Top: PFGE analysis of the telomere. An OFAGE gel was prepared with DNA from the cell line 
SSCltY-5, containing human chromosome 21 as the only human chromosome in a mouse background. The DNA was digested with restriction 
enzymes R, NruI; Nae, NaeI; E, EagI; and N, NofI and separated in an LKB-Pharmacia OFAGE apparatus at 280 V for 44 h with switching 
times of 70 s. The DNA was blotted onto nylon membranes and hybridized to the o-subunit of the neuronal gene SlOO (SlOOB) and to 
pTHP& a probe that recognizes several human telomeres but does not recognize mouse sequences. Black arrowheads point to fragments of 
identical size recognized by both probes, whereas white arrowheads point to fragments of different sizes. Bottom: The map of the telomere as 
derived from the data shown above and from additional experiments. The relative order of the collagen genes was determined by hybridiza- 
tion of collagen VIn2, SlOOB, and S123, but not collagen VI&l and pTH2A to a 550.kbp CluI fragment. The two collagen genes are less than 
300 kbp apart. The order of SlOOB and S123 on the chromosome is not known. 

arm of chromosome 21 was also observed for the 
proximal part of the chromosome (Cox et al., 1990). 
Although, there was no a priori reason to expect that 
RH mapping would provide a good estimate of physi- 
cal distance, data from both studies indicate that this 
is the case. The =5800 kbp between S3 and S44 are 
represented by 104 cRsooo; thus, 1 CR,, is equivalent 
to 56 kbp. In the proximal region of the chromosome, 
1 ~Kmx, was found to be equivalent to about 52 kbp 
(Cox et al., 1990). In contrast to maps of other regions 
of the chromosome, the RH map is expanded about 
twofold compared to the physical map in the telo- 
merit N 1500 kbp of the chromosome (see Fig. 4). Ad- 
ditional studies are required to determine whether 

this telomeric map expansion is a general feature of 
RH mapping. 

Given the direct relationship between RH map 
units and physical distance, the sizes of regions not 
yet covered by physical maps can now be estimated. 
Since 1 CR,,, is equivalent to 52-56 kbp, we estimate 
that the region between S12 and SOD1 (83 CR-) in 
the proximal half of human chromosome 21 (Cox et 
al., 1990) spans about 4500 kbp, whereas the 113 
cKmo region between SOD1 and S3 (Fig. 1) is ex- 
pected to span about 6100 kbp. The total length of the 
long arm is thus estimated to be 35,000-39,000 kbp 
(assuming that the distance between S16 and the cen- 
tromere is 1000-4000 kbp). This figure agrees well 
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FIG. 6. Comparison of the physical and the genetic maps. Ap- 
proximate physical distances are shown on the left, and genetic 
distances [from t28)] are shown on the right. Both distances are 
drawn to scale, with 3.5 CM equivalent to 1600 kbp, which is the 
average on human chromosome 21. On the left, markers are posi- 
tioned according to their physical distances. Since the position of 
markers on the physical map (Fig. 4) is determined by flanking 
restriction sites, the physical distances shown here are rough ap- 
proximations based on the assumption that the locus hybridizing 
to a probe is halfway between the flanking sites. Dashed lines con- 
necting markers are drawn parallel when the physical and genetic 
distances correspond to 3.5 cM/lOOO kbp, whereas regions of in- 
creased recombination rates are shown as nonparallel dashed lines 
opening to the right, as indicated for the regions between MxA/B 
and S15, and between CD18 and COLfiAl. 

with previous estimates based on the cytogenetic 
length of the chromosome or flow sorting (Van Dyke 
et al., 1986). 

Comparison of Physical and Genetic Linkage Maps of 
Chromosome 2 1 

Previously, two groups published genetic maps of 
chromosome 21 (Tanzi et al., 1988; Warren et al., 
1989). The position of BCE-I as telomeric to collagen 
VIcvl (Warren et al., 1989) was recently corrected to a 
more proximal position of BCE-I (Petersen et al., 
1989), which agrees with our results. In all other 

cases, the order of probes in our study is consistent 
with the order in the genetic linkage maps. However, 
there are striking differences between the physical 
and the genetic maps with respect to the relative dis- 
tances between markers (Fig. 6). Petersen et al. (1989) 
find a genetic length of about 130 CM for the long arm 
of human chromosome 21, indicating that, on aver- 
age, 3.5 CM corresponds to 1000 kbp. Comparing ge- 
netic distances to cytogenetic distances, two groups 
(Tanzi et al., 1988; Warren et al., 1989) conclude that 
the majority of the genetic distance is contained 
within the most distal tenth of chromosome 21. The 
availability of a physical map of the distal region of 
the chromosome now allows a determination of 
whether the telomeric expansion of the genetic map is 
due to local regions of increased recombination (“hot 
spots”) or to a general increase in recombination in 
this region. Comparison of the physical with the ge- 
netic maps points to several hot spots, one of which is 
near the telomere (Fig. 6): the distance between CD18 
and COL6Al is about 1500 kbp, whereas the genetic 
distance is 26 CM (Petersen et al., 1989). An addi- 
tional hot spot, may lie between S15 and MxA/B, 
where 1250 kbp correspond to 12 CM (Fig. 4 and Pe- 
tersen et al., 1989). Since COL6Al is within 700 kbp 
of the telomere (Fig. 5), this is consistent with an in- 
creased genetic recombination rate next to telomeres, 
as was postulated from the analysis of chiasmata fre- 
quencies (Laurie and Hulten, 1985). 

Relevance to the Study of Down Syndrome 

Down syndrome is a complex disorder with variable 
phenotypes (Jackson et al., 1976) and results from 
having three copies of chromosome 21. Rare cases of 
patients who are trisomic for parts of chromosome 21 
and who show a subset of the complete phenotype 
(e.g., McCormick et al., 1989; Rahmani et al., 1989) 
suggest that Down syndrome is caused by trisomy of 
many genes, each responsible for a different pheno- 
type of the syndrome. Knowledge of the correct order 
of chromosome 21 markers and the distances between 
them will be very helpful in defining the extent of the 
trisomy in such studies. 

Although most of chromosome 21 is syntenic with 
mouse chromosome 16 (see Reeves et al., 1987), recent 
studies have shown that some human chromosome 21 
genes map to other mouse chromosomes: collagen 
Vial, collagen VIcu2, SlOOB, CD18 (MacDonald et al., 
1988) and PFKL (M.B. and G. MacDonald, unpub- 
lished) have been assigned to mouse chromosome 10, 
and CryAl (cu-crystallin 1) and the gene for cystathi- 
one-p-synthetase (CBS) have been mapped to mouse 
chromosome 17 (Miinke et al., 1988; Skow and Don- 
ner, 1985). These studies did not define the extent 
and location of the homologous regions on human 
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chromosome 21. Here, we show that the most telo- 
merit probes are localized on mouse chromosome 10 
and extend over 2500-3000 kbp (see Fig. 4). The 
markers homologous to mouse chromosome 17 are 
more proximal on human chromosome 21. The most 
distal markers syntenic with mouse chromosome 16 
are MxA/B (Reeves et al., 1988), about 5000 kbp from 
the telomere (Fig. 4). Therefore, phenotypes of Down 
syndrome caused by genes located in the most distal 
5000 kbp of chromosome 21 are not expected to be 
present in mice trisomic for mouse chromosome 16. 
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