
Radiation Hybrid Mapping: A Somatic Cell 
Genetic Method for Constructing High- 

Resolution Maps of Mammalian Chromosomes 

Radiation hybrid (RH) mapping, a somatic cell genetic 
technique, was developed as a general approach for con- 
structing long-range maps of mammalian chromosomes. 
This statistical method depends on x-ray breakage of 
chromosomes to determine the distances between DNA 
markers, as well as their order on the chromosome. In 
addition, the method allows the relative likelihoods of 
alternative marker orders to be determined. The RH 
procedure was used to map 14 DNA probes from a region 
of human chromosome 21 spanning 20 megabase pairs. 
The map was confirmed by pulsed-field gel electrophoret- 
ic analysis. The results demonstrate the effectiveness of 
RH mapping for constructing high-resolution, contigu- 
ous maps of mammalian chromosomes. 

C ONSTRUCTION OF A HIGH-RESOLUTION MAP OF THE HU- 

man genome has been of interest to geneticists for the past 
50 years, but only recently, with the advent of significant 

technical advances in molecular and somatic cell genetics, has the 
possibility of obtaining such a map become a reality. The use of 
restriction fragment length polymorphisms (RFLP) in conjunction 
with genetic linkage analysis has allowed the construction of meiotic 
linkage maps for each of the 23  human chromosomes with an 
average resolution of 10 to 15 centiMorgans (cM) (1). These maps 
have proved valuable for localizing human disease genes in the 
genome, and, in a few instances, they have provided the basis for 
isolating disease genes (2). The ability to separate human chromo- 
somes from one another, either in rodent-human somatic cell 
hybrids or by physical chromosome sorting, has also led to signifi- 
cant advances in defining a map of the human genome. Hundreds of 
human loci have been assigned to specific human chromosomes with 
these techniques (3). ~ur;hermore, in situ hybridization now pro- 
vides a means of localizing molecular probes to specific positions on 
human chromosomes (4). 
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Despite these technical advances, present-day maps of human 
chromosomes are very crude in molecular terms. On average, 1 
percent meiotic recombination between two markers on a human 
chromosome corresponds to 1 megabase pairs (Mb). of DNA. In 
situ hybridization can localize markers to within 2 percent of total 
chromosome length, but in molecular terms, this again represents 
several million base pairs. Pulsed-field gel electrophoresis (PFGE), 
which can separate DNA fragments of several million base pairs in 
agarose gels, provides a potentially powerful means for constructing 
long-range physical maps of human chromosomes when used in 
conjunction with restriction enzymes that cut infrequently in human 
DNA (5 ) .  However, in practice, the paucity of useful rare-cutter 
enzymes and the nonrandom distribution of rare-cutter sites in 
human genomic DNA make it difficult to order DNA sequences 
more than a few hundred kilobase pairs (kb) apart with this 
technique alone. Thus, obtaining long stretches of contiguous order 
information at the 100- to 500-kilobase level of resolution remains a 
difficult task. In an attempt to overcome some of the problems in the 
construction of high-resolution, contiguous maps of human chro- 
mosomes, we have developed a somatic cell genetic mapping 
approach, radiation hybrid (RH) mapping, which provides a gener- 
al method for ordering DNA markers spanning millions of base 
pairs of DNA at the 500-kb level of resolution. We now describe the 
use of RH mapping, in conjunction with PFGE, to construct a high- 
resolution map of the proximal 20 Mb of the long arm of human 
chromosome 2 1. 

Theory and practice of radiation hybrid mapping. In this 
method, which is based on earlier studies by Gos's and Harris (6) ,  a 
high dose of x-rays is used to break the human chromosome of 
interest into several fragments. These broken chromosomal frag- 
ments are recovered in rodent cells, and approximately a hundred 
such rodent-human hybrid clones are analyzed for the presence or 
absence of specific human DNA markers. The further apart two 
markers are on the chromosome, the more likely a given dose of x- 
rays will break the chromosome between them, placing the markers 
on two separate chromosomal fragments. By estimating the frequen- 
cy of breakage, and thus the distance, between markers, it is possible 
to determine their order in a manner analogous to meiotic mapping. 

We began with a Chinese hamster-human somatic cell hybrid 
(CHG3) containing a single copy of human chromosome 21 and 
very little other human chromosomal material (7). This cell line was 
exposed to 8000 rad of x-rays, which fragmented the chromosomes 
and resulted in an average of five human chromosome 21 pieces per 
cell (8). Because broken chromosomal ends are rapidly healed after 
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Fig. 1. Southern hybridization analysis of human chromosome 21 DNA 
markers in selected radiation hybrids. Genomic DNA from human cells, 
CHG3 cells, the Chinese hamster cell h e  GM459, and 13 radiation hybrids 
(Hybrid clones) was digested with Eco RI. The resulting DNA fragments 
were subjected to electrophoresis in an agarose gel. and then transferred to 

*a - an ( 1 1 ) .  MSI The membrane membrane ( ~ i i r o n  was hvbridized separation< with 1nc.,-westboro, a mixture of five Massachusetts) 32P-labeled 

human DNA fragments, which recognize the five chromosome 21 loci 
-23 indicated on the left. The position of Hind 111-digested bacteriophage h 
-9.4 DNA fragments, used as a size standard, is indicated on the right. Because 
-6.6 each of the five human probes recognizes a different sized Eco RI fragment 

in human DNA and none of the probes hybridize with hamster DNA, it is 
-4.4 possible to analyze each hybrid for all five loci simultaneously. All five loci 

are present in human and CHG3 genomic DNA, whereas only subsets of the 
loci are present in most of the radiation hybrid clones. In this figure, a blank 

-0 lane separates the lane containing GM459 DNA and the lane containing 

-2.3 
hybrid clone 9 DNA. 

x-irradiation, resulting in the h i o n  of human and hamster frag- 
ments, the human chromosomal fragments are usually present as 
translocations or insertions into hamster chromosomes. However, 
some cells contain a fragment consisting entirely of human chromo- 
somal material with a human centromere (9). A dose of 8000 rad of 
x-rays results in cell death, and therefore we rescued the irradiated 
donor cells by h i n g  them with nonirradiated hamster recipient cells 
(GM459) deficient in hypoxanthine phosphoribosyl transferase 
(HPRT). The fused cells were allowed to grow in HAT medium 
(100 pM hypoxanthine, 1 p.M aminopterin, 12 phi thymidine), 
which kills the recipient cells, and selects for donor-recipient hybrids 
that retain the hamster HPRT gene from the irradiated donor cell 
(10, 11). We isolated 103 independent somatic cell hybrid clones, 
each representing a fusion event between an irradiated donor cell 
and a recipient hamster cell, and assayed for the retention of 14 
DNA markers of human chromosome 21 by Southern (DNA) 
hybridization analysis (Fig. 1 and Table 1) (12) although not all 
hybrids were analyzed for every marker. Even though this fusion 
scheme did not select for the retention of human chromosomal 
sequences, each of the 14 chromosome 21 markers was nonselective- 
ly retained in 30 to 60 percent of the radiation hybrids (Table 1). 

Nonselective retention of human chromosomal fragments seems to 
be a general phenomenon under these fusion conditions, although 
in some cases, the frequency of retention may be lower than 30 
percent (1 1-14). 

Each radiation hybrid often retains more than one human chro- 
mosomal fragment, which complicates estimates of the frequency of 
breakage between any two markers based on observed marker 
segregation. For instance, a hybrid that retains two markers, A and 
B, could have resulted from a break between A and B, with retention 
of the markers on two separate fragments, or from no break between 
A and B, with both markers retained on a single fragment. Similarly, 
a hybrid that has lost both markers A and B could have resulted from 
breakage between A and B, with a loss of two chromosomal 
fragments, or from no breakage between A and B, with loss of a 
single fragment containing both A and B. Thus, it is not possible to 
determine the frequency of breakage between two markers directly 
from the observed marker segregation in the hybrids. However, if 
we assume that breakage between two markers is independent of 
marker retention, and that the retention of one fragment is indepen- 
dent of the retention of any other, we can estimate the frequency of 
breakage, 0, by the following equation 

where (A'B-) is the observed number of hybrid clones retaining 
marker A but not marker B, (A-B+) is the observed number of 
hybrid clones retaining marker B but not marker A, T is the total 
number of hybrids analyzed for both marker A and B, RA is the 
fraction of all hybrids analyzed for marker A that retain marker A, 
and RB is the fraction of all hybrids analyzed for marker B that retain 
marker B (15); 0 is analogous to a recombination frequency in 
meiotic mapping. However, unlike a meiotic recombination fre- 
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Fig. 2. An RH map of 14 DNA markers from the proximal region of the These odds compare the likelihood of the given order of four adjacent 
long a m  of human chromosome 21. (A) Distances between linked markers, markers versus the likelihood of the order in which the two internal markers 
expressed in C& (Table l),  were used to construct a map that includes the are inverted. For example, the order S16-S48-W-S4 is lo6 times more 
entire set of markers in an order such that the sum of distances between likely than the order S16-W-S48-S4. The odds ratios at the I& end of the 
adjacent markers is minimized. This procedure does not determine the order map represent a comparison of the likelihood of S16-S48-S46-S4 versus 
of S8 and APP, as inversion of these markers results in an identical minimum S48-S16-S46-S4 (4 x lo3 : l), whereas those at the right end compare the 
distance. (8) The odds against permutation of adjacent loci on the RH map. likelihood of APP-S12-S47-SOD1 versus APP-S12-SODl-S47 (400: 1). 
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Fig. 3. PFGE analysis of the human chromosome 21 loci S16 and S48. DNA H  
H H H H H H  

H 
from human blood cells was digested with the restriction enzymes shown H H H H H H  
above each lane, and fragments were separated by CHEF gel electrophoresis, 
with switching times of 30 seconds. Multimers of the phage A ZAP $ 5  %, x 03 03 $ 3 % 8  O! (Stratagene, La JoUa, California), used as size markers, are present in the left % * ; v l m d U  kb 
lane of each panel. "Lim." denotes the region of Limiting mobility in the gel. -. *"-mm_gt - 
DNA was transferred to a membrane (MSI) and hybridized (20) successively 
to probes E9, which recognizes locus S16, and SF105, which recognizes Lirn. 

locus S48. Because Sma I, Xho I, and Cla I do not cleave DNA that is 
methylated at their respective sites, partial methylation in genomic blood cell 
DNA results in partial digestion with these enzymes and leads to multiple 

-300 

fragments that hybridize to each probe. The two probes hybridize to the 0°' j:. i-200 
same size bands in genomic DNA digested with Sma I and Xho I. The 20 0- 0 - 1  00 
smallest fragment recognized by both probes is a Sma I fragment of about 4 

150 kb, defining the maximum distance between the two loci. The size ' 0°- 
estimates take into account a significant curvature of the gel. rr 

quency, which can vary from 0 to 0.5, 0 varies from 0 to 1.0. A 0 
value of 0 indicates that two markers are never broken apart, 
whereas a 0 value of 1.0 indicates that two markers are always 
broken apart and are therefore unlinked. A lod score (logarithm of 
the likelihood ratio for linkage) identifies those marker pairs that are 
significantly linked, as in the case of meiotic linkage analysis. For our 
chromosome 21 data set, a lod score of 3.0 or more is taken as 
evidence for significant linkage (16). 

Although 0 is a good estimate of the distance between markers 
that are close together, it can underestimate the distance between 
more distant markers. The mapping function, D = -ln(l - 0), 
which assumes no interference and is analogous to the Haldane 
mapping function in meiotic linkage analysis (17), can be used to 
make a more accurate estimate, D, of distance between two markers; 
D is expressed in centiRays (cR), analogous to centiMorgans. 
Because the frequency of breakage between two markers, and thus 

D, depends on the amount of irradiation, it is important to include 
information about x-ray dose when describing the centiRay distance 
between two markers. A distance of 1 C& between two markers 
corresponds to a 1 percent frequency of breakage between the 
markers after exposure to 8000 rad of x-rays. 

Although it is easy to calculate a lod score, 0, and D for any single 
pair of markers, such determinations are tedious for a large number 
of painvise marker combinations. As a result, we developed a 
computer program in which a Lotus spread sheet was used to 
determine marker segregation from raw data. This program calcu- 
lates the lod score, 0, and D for each painvise combination of 
markers (18). The output generated by this program for selected 
pairwise combinations of the 14 chromosome 21 DNA markers is 

Fig. 4. Physical linkage of five human chromo- 
some 21 loci and comoarison to the RH map. 
Genomic DNA from 6 ~ ~ 3  cells was cleavid 
with the enzymes Not I (N) and Sal I (L), and the 
fragments were separated by CHEF-gel electro- 
phoresis. The lanes between the Not I and Sal I 
digests correspond to Sna BI digests, which were 
uninformative. The DNA was transferred to Ny- 
lon membranes and hybridized successively to 
probes specific for the loci S16, S13, S46, S4, and 
S52 (20). Approximate sizes, derived from yeast 
chromosomes as size standards (5, 20), are indi- 
cated to the right. Open diamonds, a Not I 
fragment shared by S16 and S13; closed dia- 
monds, a second Not I fragment shared between 
S13 and S46; arrows, a third Not I fragment 
shared between S4 and S52; open triangles, three 
Sal I fragments shared between S46 and S4, the 
largest of which is also recognized by S52. A 
restriction map derived from these data and data 
obtained with the additional rare-cutter restric- 
tion enzymes Eag I and BssH I1 (21) is shown 
below the five autoradiogram panels. Horizontal 
arrows below each locus indicate the relative 
position of that locus on the map, except for S13, 
the position of which is shown by a vertical arrow. 
Vertical bars designate cleavage sites for the indi- 
cated restriction enzymes. Dotted lines indicate 
partial Sal I digestion products. The scale indi- 
cates distance in kilobase pairs (kb). The RH map 
of these five loci is shown at the bottom of the 
figure, with the distances between adjacent loci 
expressed in centiRays for an x-ray dose of 8000 
rad ( c k )  Comparison of the physical map 
with the RH map indicates that the order of loci 
and relative distances between loci are similar. 

not I (8) F 
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Table 1. Retention of human chro- 
Loci Clones Reten- mosome 21 DNA in radiation hy- 

(no.) tion brids. The 14 chromosome 21 loci, 

S16 8 1 0.59 together with the number of clones 

S48 96 assayed for each locus and the fiac- 

S46 71 :::: tion of andyz.ed cIones retaining the 

S4 96 0.50 locus is shown. 

S52 67 0.46 
S11 94 0.56 
S1 9 1 0.47 
S18 95 0.37 
S8 71 0.41 
APP 71 0.34 
S12 94 0.36 
S l l l  68 0.32 
S47 85 0.42 
SOD 1 64 0.41 

than any alternative order (Fig. 2B). 
Confirmation of the RH map by PFGE. In PFGE mapping, 

large DNA fragments are separated in agarose gels subjected to 
alternating electric fields. The DNA fragments are transferred to 
membranes, which are then hybridized to the markers in question 
(20). Markers are determined to be physically linked when they 
recognize identical large DNA fragments on such a membrane. 

The optimal resolution range of PFGE usually requires that 
markers are spaced every 500 kb on average. Therefore, we expected 
that only those marker pairs that were close to each other by RH 
mapping would be shown to be physically linked by PFGE analysis. 
Indeed, S16 and S48, which were determined to be 8 c k  apart 
by RH mapping, were found to be within 150 kb of each other by 
PFGE analysis (Fig. 3). Similarly, the two loci S1 and S11, which 
had an RH map distance of 11 cRgm, were found to lie within 150 
kb of each other by PFGE analysis (21). Additional PFGE mapping 
data further confirmed the order of DNA markers generated by RH 
mapping. We reasoned that enough markers were available in the 
region between S16 and S52 that it should be possible to establish a 
continuous physical map by PFGE. To facilitate this analysis, we 
used an additional locus, S13, recognized by the probe M21 (Fig. 
4). Because this probe contains sites for the rare-cutter restriction 
enzymes Not I and BssH 11, it is a usell  "linking clonen that 
recognizes different large Not I and BssH I1 fragments extending 
in either direction from the locus. The order (S 16IS48)-S13-S46- 
S4-S52 is given unambiguously by shared restriction fragments 
with two enzymes, Sal I and Not I (Fig. 4). A continuous restriction 
map spanning 4500 kb was constructed from these results. A 
comparison of the PFGE and RH maps from this region (Fig. 4) 

shown in Table 2. To construct an RH map of this set of 14 
markers, we first identified those pairs of markers that are signifi- 
cantly linked. We then used only this set of linked marker pairs to 
determine the "best" map, defined as that which included the entire 
set of markers in an order such that the sum of the distances between 
adjacent markers is minimized. This process of identifying the best 
map was carried out by trial and error, resulting in a map of 14 
markers spanning a distance of 341 c G m  (Fig. 2A). We obtained 
the same map whether we used a lod score of 3.0 or greater or the 
more stringent criterion of 4.0 or greater as evidence of significant 
linkage. 

Because RH mapping is a statistical procedure, the RH map 
defined as the best map does not necessarily represent the actual 
order of markers on the chromosome. Therefore, some measure of 
the relative likelihood of one order versus another is required. The 
likelihood of any particular order of four markers can be calculated 
by extending the method used to determine the likelihood of the 
order of any pair of markers. However, it is not practical to use this 
approach to calculate the likelihood of an order for more than four 
markers. We consider that one order is significantly more likely than 
another when the ratio of their likelihoods is greater than 1000: 1. 
To facilitate the comparison of various marker orders, we have 
developed a second computer program that uses a Lotus spread 
sheet to calculate the likelihood of each of the 12 possible orders of a 
set of four markers andto list these orders from the most likely to the 
least likely (19). With this method, it is possible to distinguish 
regions of the RH map where confidence in the marker order is 
strong as opposed to weak. For example, the order S16-S48-S46-S4 
is more than 1 million times more likely than the order S16-S46- 
S48-S4 (Fig. 2B), providing strong evidence in favor of the first 
order. In contrast, the order S52-Sll-S1-S18 is only 56 times more 
likely than the order S52-S1-Sll-S18. In this case, the data are not 
strong enough to determine an unambiguous order of S l  and S11. 
Overall, this type of analysis indicates that the order determined for 
the majority of markers on the RH map is significantly more likely 

Fig. 5. PFGE analysis of the human chromosome 21 loci APP, S12, and 
S111. Genomic DNA from the cell line CHG3 was cleaved with the enzymes 
Not I, Eag I, Sal I, BssH 11, and Mlu I, and separated by FIGE with Program 
7 of a PlOO FIGE apparatus (MJ Research, Cambridge, Massachusetts). 
DNA was transferred to Genescreen Nylon membranes and successively 
hybridized to probes that recognize the loci APP, S12, and S111. Probes for 
all three loci recognize a common BssH I1 fragment. Probes for APP and 
S12, but not S111, recognize a common Sal I fragment, whereas probes for 
S12 and S111, but not APP, recognize a common Eag I fragment. These 
data establish the order of these three loci as APP-S12-S111. The map 
shown below the figure is an approximation since double digests to position 
the Eag I and Sal I sites relative to each other were not performed. 

APP 
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demonstrates that the order is identical and distances between 
markers are similar. 

One region where RH mapping could not determine the order of 
markers unambiguously was between S8 and S12. The odds for the 
order S18-S8-APP-S12 compared to S18-APP-S8-S12 were only 
43 : 1. Therefore, in this region, additional mapping information 
was necessary to determine a definitive order. PFGE analysis 
showed that S8 and S18, but not APP and S12, recognize a Not I 
fragment of about 4.5 Mb, whereas APP, S111, and S12 recognize a 
common Not I fragment of about 3000 kb (21). PFGE analysis 
indicates that these three loci are within less than 1300 kb of each 
other and that their order is APP-S12-S111 (Fig. 5). Thus, these 
DNA markers can be grouped into the mutually exclusive clusters 
S18-S8 and APP-S12-S111. These PFGE results are consistent with 
the order S18-S8-APP-S12 and they exclude the order S18-APP-S8- 
S12. In addition, this analysis provides order information for the 
markers S12 and S111, which was not obtained by RH mapping 
because of the lack of x-ray breakage between these two markers. 
Thus, it is possible to clarify ambiguous marker orders by combin- 
ing data from PFGE and RH mapping. 

Several regions of chromosome 21 have been analyzed by both 
RH mapping and PFGE, and therefore it is possible to determine 
the relation between RH map units and physical distance. The 
region between S16 and S52 covers about 3500 kb as determined by 
PFGE (Fig. 4). This same region spans 66 cbooo  as determined by 
RH mapping. Therefore, in this case, where we know that there are 
no gaps in the physical map, 1 c & ~ ~ ~  corresponds to 53 kb. A 
similar analysis of the region between S52 and S111, which is 
estimated to span 10,800 kb, showed that 1 cRgOo0 corresponds to 
an average of 51 kb (22). Finally, in another study of the distal 
region of the long arm of human chromosome 21, it was shown that 
1 cbOo0 corresponds to 56 kb (23). Thus, we found that distance 
estimated by RH mapping is directly proportional to physical 
distance. This was surprising, since there is no a priori reason why 
hot spots of x-ray breakage should not occur in some regions of the 
chromosome, distorting the relation between RH map units and 
physical distance. Although we found no evidence for hot spots of x- 
ray breakage on chromosome 21, such regions may exist in other 
parts of the genome. 

Applications of RH mapping. Our RH and PFGE mapping 
studies have allowed us to construct a high-resolution map of the 
proximal half of human chromosome 21q. This map together with a 
map generated similarly on the distal region of 21q (23), provides a 
complete, continuous map of the long arm of chromosome 21. Our 
maps are in good agreement with both physical (24) and meiotic 
(25) maps previously described. The .RH map is, in general, 
confirmed by our PFGE analyses. 

During the construction of these maps, it became clear that, in 
many instances, RH and PFGE mapping are complementary. Our 
PFGE mapping studies grouped the DNA markers into four 
clusters: (S16/S48)-S46-S4-S52, S1-S11, S18-S8, and APP-S12- 
S111. Although the order of markers within each cluster could be 
determined by PFGE, the orders and distances between the clusters 
could not be established by this technique alone. In contrast, RH 
mapping allowed the construction of a continuous map, but was not 
able to resolve the orders of some markers that could be determined 
by PFGE; for example, S12 and S111. In other cases-for example, 
S16 and S48-RH mapping was able to determine the order of 
markers, whereas PFGE was not. Therefore, even though RH 
mapping is a statistical rather than a physical mapping method, 
when combined with PFGE, it is an efficient means of establishing 
physical maps of human chromosomes. 

Because RH mapping does not depend on the availability of a 
selectable marker for the chromosome of interest, this method can 

Table 2. Distances between DNA markers determined by RH mapping. 
Selected painvise combinations of the 14 chromosome 21 DNA markers 
used to construct the RH map are listed under markers A and B. For each 
marker pair, the number of radiation hybrids that retain both marker A and 
marker B (+ +), marker A and not marker B (+ -), marker B and not marker 
A (-+), neither marker A nor marker B (- -), and the total number of 
hybrids analyzed for both markers (sum) are listed, followed by the estimated 
frequency of breakage between the two markers (@), and the estimated 
distance between the markers (RH map units). Each estimated distance is 
followed by the standard deviation of that estimate. The lod score for each 
pair of markers, is a measure of the likelihood that the two markers are 
linked. 

Marker Clones observed (no.) RH 
map Lod 

@ unlts score 
A B ++ +- -+ - -  Sum (cRsooo) 

S16 
S48 
S8 
S11 
S16 
S46 
S47 
S4 
S46 
APP 
S48 
S8 
S18 
S12 
S18 
APP 
S 1 
S52 
S52 
S 1 
S11 
S4 
S12 

S48 
S46 
APP 
S1 
S46 
S4 
SOD1 
S52 
S52 
S 12 
S4 
S12 
APP 
S47 
S8 
S47 
S18 
S 1 
S11 
S8 
S18 
S11 
SOD1 

be used to map any mammalian chromosome present as a single 
copy in a Chinese hamster cell. In theory, it should also be possible 
to use a Chinese hamster cell containing single copies of several 
heterologous chromosomes as a donor cell line. Although radiation 
hybrids generated from such a donor would be useful for construct- 
ing maps of these heterologous chromosomes, these hybrids would 
be less useful as a source of DNA markers from a specific chromo- 
somal region. Occasionally, we have observed that a particular 
combination of donor and recipient cell lines does not yield viable 
hybrids after irradiation and cell fusion. In such cases, we have been 
able to obtain hybrids by using a different recipient Chinese hamster 
cell line. 

One consequence of the high frequency of retention of human 
DNA fragments in radiation hybrids is that many hybrid cells retain 
more than one human chromosomal fragment. Fortunately, because 
of its statistical nature, RH mapping does not require knowledge of 
the number of human chromosomal fragments in a particular hybrid 
in order to construct a map. However, it is not advisable to use an 
individual radiation hybrid as a reagent to map probes or to isolate 
probes from a specific chromosomal region without cytogenetic 
characterization to determine whether or  not that radiation hybrid 
contains a single contiguous human chromosomal fragment. Exten- 
sively characterized cell lines that are demonstrated to contain a 
single chromosomal fragment can be valuable reagents for both 
regional mapping and isolation of new DNA markers (14, 26): 

We have found that many, but not all, human chromosomal 
fragments in radiation hybrids are retained in a stable fashion (11). 
Fragment instability does not adversely affect R H  mapping if a 
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single batch of DNA from each hybrid is used to score all markers. 
However, fragment instability, combined with the large amount of 
hamster DNA relative to human DNA in hybrid cells, significantly 
reduces the hybridization signals obtained with some radiation 
hybrids. 

RH mapping involves the analysis of a single copy of the human 
chromosome of interest, unlike meiotic mapping, in which two 
copies of a human chromosome must be distinguished from one 
another by DNA polymorphisms. Therefore, even nonpolymorphic 
DNA markers, which cannot be used for meiotic mapping, can be 
used for RH mapping. This ability to use a wider spectrum of DNA 
markers and the fact that all probes are informative in every cell line 
are major strengths of RH mapping. Another advantage is that the 
range of resolution of RH mapping can be varied by altering the x- 
ray dose used to fragment the chromosomes. We have found that 
8000 rad is a useM dose for RH mapping, as it produces maps in a 
range of resolution not easily obtained by other mapping methods. 
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