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We have constructed a physical map of the human genome by using a panel of 83 whole genome radiation
hybrids (the Stanford G3 panel) in conjunction with 10,478 sequence-tagged sites (STSs) derived from random
genomic DNA sequences, previously mapped genetic markers, and expressed sequences. Of these STSs, 5049 are
framework markers that fall into 1766 high-confidence bins. An additional 945 STSs are indistinguishable in
their map location from one or more of the framework markers. These 5994 mapped STSs have an average
spacing of 500 kb. An additional 4484 STSs are positioned with respect to the framework markers. Comparison
of the orders of markers on this map with orders derived from independent meiotic and YAC STS-content maps
indicates that the error rate in defining high-confidence bins is <5%. Analysis of 322 random cDNAs indicates
that the map covers the vast majority of the human genome. This STS-based radiation hybrid map of the
human genome brings us one step closer to the goal of a physical map containing 30,000 unique ordered
landmarks with an average marker spacing of 100 kb.

A physical map of the human genome consisting of
30,000 unique, ordered landmarks at an average
spacing of 100 kb is an important goal of the U.S.
Human Genome Project. The construction of such a
map has been greatly facilitated in recent years by
the development of sequence-tagged sites (STSs) as
genomic landmarks (Olson et al. 1989). Each STS is
defined by a short segment of human DNA se-
quence and is assayed by means of PCR (Green and
Olson 1990; Goold et al. 1993). Common sets of
such sequence-based markers can be readily
screened against any DNA source and therefore can
be used to integrate maps constructed by different
mapping methods.

A variety of mapping reagents has been used to

determine the order of STSs in the human genome
and to estimate the distance between these land-
marks. Yeast artificial chromosome (YAC) libraries
containing large human DNA inserts have been
used to construct STS-based maps of individual hu-
man chromosomes as well as a map of the entire
human genome (Chumakov et al. 1992, 1995; Dog-
gett et al. 1995; Gemmill et al. 1995; Hudson et al.
1995). However, certain GC-rich regions of the hu-
man genome appear to be poorly represented in
YAC libraries (Chumakov et al. 1992). In addition,
no widely accepted procedures exist to assess the
relative confidence in alternative marker orders for
such YAC STS-content maps. Finally, high rates of
chimerism and rearrangement in YAC clones make
estimates of distance between the STSs and determi-
nation of order in such maps imprecise.

Radiation hybrid (RH) mapping is a somatic cell
genetic approach that is well-suited for the con-
struction of high-resolution, long-range contiguous
maps of the human genome. In an early version of
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this approach, a Chinese hamster somatic cell hy-
brid containing hamster chromosomes and a single
human chromosome of interest is lethally irradi-
ated, breaking each chromosome into fragments
whose size depends on the dose of irradiation. After
irradiation, the human and hamster chromosomal
fragments rapidly rejoin with one another, resulting
in complex chromosomal rearrangements. Such an
irradiated cell is rescued by fusion with a nonirradi-
ated hamster cell under conditions where only so-
matic cell hybrids between the irradiated and non-
irradiated cells can form viable colonies. In such
‘‘radiation hybrids’’, human chromosomal frag-
ments are often inserted into the middle of hamster
chromosomes, resulting in stable mitotic segrega-
tion for most human fragments in the viable colo-
nies. The observation that random fragments of hu-
man chromosomes can be retained in RHs in the
absence of selection for human chromosomal ma-
terial provides the basis for RH mapping (Benham et
al. 1989; Cox et al. 1990). DNA isolated from a panel
of 80–100 such independent RHs provides a map-
ping reagent for ordering STSs and for determining
the distances between them in the human genome.
In this approach, the frequency of irradiation-
induced breakage between two markers is used as a
measure of distance, and marker order is deter-
mined in a manner analogous to meiotic linkage
mapping (Cox et al. 1990). As in the case of meiotic
linkage mapping, the relative confidence in alterna-
tive marker orders in RH maps can be assessed by
using standard maximum likelihood statistical
methods (Boehnke et al. 1991; Lunetta and Boehnke
1994). However, unlike meiotic linkage mapping,
which requires polymorphic markers for map con-
struction, RH mapping can integrate polymorphic
and nonpolymorphic markers, such as STSs derived
from expressed sequences (ESTs; Adams et al. 1991).
An additional advantage of RH mapping is that pan-
els for constructing maps at very different levels of
resolution can be generated by experimentally ma-
nipulating the dose of irradiation. A number of STS-
based RH maps of individual human chromosomes
have been constructed (Cox et al. 1990; James et al.
1994; Raeymaekers et al. 1995; Shaw et al. 1995).

Despite the utility of chromosome-specific RH
panels, the construction of a high-resolution map of
the human genome would be greatly facilitated by
the availability of a ‘‘whole-genome’’ panel of RHs,
formed by fusing a diploid irradiated human cell
with a hamster cell, as originally envisioned by Goss
and Harris (1975). We and others have demon-
strated that unselected human chromosomal frag-
ments representative of the genome are stably re-

tained in diploid whole-genome RHs and that such
hybrids can be used to construct maps (Walter et al.
1994; D.R. Cox, K. O’Connor, S. Hebert, M. Harris,
R. Lee, B. Stewart, G. DiSibio, M. Boehnke, K. Lange,
R. Goold, and R.M. Myers, unpubl.). In addition, we
have analyzed issues of experimental design and er-
ror detection related to the use of whole-genome
RHs and have developed computational methods
for the analysis of data derived from such diploid
hybrids (Lange et al. 1995; Lunetta et al. 1995,
1996). At present, three different hamster–human
whole genome RH panels have been constructed
and are available to the scientific community (Re-
search Genetics, Huntsville, AL). All three panels
were formed by fusing irradiated human diploid
male cells with Chinese hamster cells. However, the
dose of irradiation used to construct each panel was
very different, resulting in complementary reagents
that can be used to construct maps over a wide
range of resolution. The Genebridge 4 panel, devel-
oped in the laboratory of Dr. Peter Goodfellow, was
generated with 3000 rads of X rays and consists of
93 hybrids (Gyapay et al. 1996). This panel has been
used by several groups to construct STS-based RH
maps of the human genome (Hudson et al. 1995;
Gyapay et al. 1996). The relatively low dose of irra-
diation used to generate the Genebridge 4 panel al-
lows the construction of continuous maps when
these hybrids are scored with as few as 400 STSs
spanning the genome. However, this immediate ad-
vantage limits the ultimate resolution of the maps
that can be generated with these reagents. The G3
radiation hybrid panel, generated at the Stanford
Human Genome Center with 10,000 rads of irradia-
tion, allows for the construction of radiation hybrid
maps of a higher level of resolution and is described
in detail in this report. Recently, both the Gene-
bridge 4 and the G3 panels have been used to inte-
grate human genes with markers on the human
meiotic map (Schuler et al. 1996). The third panel,
the TNG RH panel, was generated at the Stanford
Human Genome Center with 50,000 rads of irradia-
tion and can be used to order markers at 50-kb reso-
lution (Lunetta et al. 1996).

Here, we report the use of the G3 RH panel to
construct an STS-based RH map of the human ge-
nome containing more than 10,000 loci covering
the majority of the human genome.

RESULTS

STS Development

Our strategy for developing STSs involved the analy-
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sis of DNA sequence to eliminate vector sequences,
repetitive DNA sequences, and duplicate sequences
that occurred previously in the data set. Oligo-
nucleotides for PCR amplification were chosen with
the PRIMER program (M.J. Daly, S. Lincoln, and E.S.
Lander, pers. comm.), under conditions that allow a
single set of PCR conditions to be used for the ma-
jority of the STSs and that generate PCR products
100–300 bp in length. These products were assayed
by ethidium bromide staining following agarose gel
electrophoresis. An STS was judged successful when
the primers produced a distinct PCR product of the
expected size from total human DNA and failed to
produce a product of this size from either hamster
or mouse genomic DNA. Each STS that met these
criteria was then screened against National Institute
of General Medical Sciences (NIGMS) polychromo-
somal hybrid panel 1 and/or NIGMS hybrid map-

ping panel 2 (Drwinga et al. 1993; DuBois and Nay-
lor 1993). Approximately 80% of STSs could be as-
signed to a single human chromosome. Such STSs,
considered ‘‘unique markers,’’ were used for subse-
quent RH mapping experiments. Approximately
50% of all sequences for which primers were de-
signed resulted in a unique STS.

The 10,478 STSs that met these stringent criteria
and were placed on the RH map fell into three dif-
ferent categories (Table 1):

1. Genomic DNA sequences. We generated 2550
STSs from human genomic DNA clones sequenced
at the Stanford Human Genome Center. An addi-
tional 513 STSs derived from genomic DNA se-
quence were developed in other laboratories, in-
cluding 259 STSs from the Whitehead–MIT Genome
Center and 254 STSs from a variety of sources.

Table 1. Sources of STSs for the RH Maps

Chromosome
no.

Total
STSs

Genomic
markers

Genes
and
cDNAs

Genetic
markers

1 470 109 111 250
2 411 103 84 224
3 461 120 92 249
4 573 340 112 121
5 335 125 67 143
6 337 100 93 144
7 322 64 111 147
8 224 81 40 103
9 215 73 50 92

10 256 65 53 138
11 331 100 86 145
12 266 75 71 120
13 145 49 22 74
14 200 64 55 81
15 139 44 38 57
16 193 73 50 70
17 149 34 52 63
18 158 48 29 81
19 113 31 41 41
20 142 45 25 72
21 161 102 15 44
22 99 34 39 26
X 202 109 29 64
Y 92 85 2 5

Total mapped 5994 2073 1367 2554
Total positioned 4484 1028 2469 987
Total overall 10478 3101 3836 3541
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2. Genetic markers. A total of 3541 polymorphic
markers were used. Of these, 2702 were developed at
Genethon (Dib et al. 1996), 713 were developed at
the Cooperative Human Linkage Center (CHLC;
Murray et al. 1994), and 126 were developed at the
University of Utah (Litt et al. 1995).
3. Expressed sequences. A total of 3874 STSs from
expressed sequences were used. Of these, 2859 were
developed at the Stanford Human Genome Center
from ESTs in dbEST (2415 STSs), from the Unigene
collection in GenBank (212 STSs), and from a vari-
ety of other sources (232 STSs). An additional 1015
STSs derived from expressed sequences were devel-
oped in other laboratories, including 592 STSs from
the Whitehead Institute for Biomedical Research/
MIT Center for Genome Research, 159 STSs from
The Institute for Genomic Research, 137 STSs from
Genethon, and 127 STSs from Dr. K. Matsubara
(Osaka University, Japan).

Data Generation and Characterization of the
G3 RH Panel

A diploid male human lymphoblastoid cell line was
irradiated with 10,000 rads and fused with thymi-
dine kinase-deficient A3 hamster cells. Eighty-three
independent RH clones were isolated following se-
lection in HAT medium. Each RH cell line was ex-
panded by growth in roller bottles, and a single
large preparation of genomic DNA was isolated from
each hybrid. The 83 RH DNA preparations, along
with genomic DNA from the donor human lympho-
blastoid cells and the recipient A3 hamster cells,
constitute the Stanford G3 Radiation Hybrid Panel.
This panel of DNAs is commercially available from
Research Genetics (Huntsville, AL). All of the map-
ping described in the paper was performed with
these DNA preparations.

The presence or absence of a specific STS in each
radiation hybrid was determined by performing
PCR amplification in a 96-well format, followed by
agarose gel electrophoresis and ethidium staining.
Each 96-well microtiter plate contained two positive
control wells of human genomic DNA, two negative
control wells of hamster DNA, one well for each of
the 83 RH DNA samples, and nine wells that served
as water controls. The PCR products from each mi-
crotiter plate were analyzed on a single four-tiered
agarose gel. Because all reactions were carried out in
duplicate, the assay of a single STS required 192 PCR
assays and the electrophoresis of two agarose gels.
Gel images produced by UV transillumination were
captured with a CCD camera. Gel images were
scored for the presence of PCR products of the ex-

pected size in a semiautomated fashion on a UNIX
workstation by using a modified version of DNA/
GUI (Drury et al. 1992). A hybrid was scored for an
STS if the duplicate wells both gave positive or nega-
tive results. However, if the duplicate wells were dis-
cordant, the data point was not used. The mean
discordancy rate for each STS was slightly less than
1%; STSs with a discordancy rate greater than 8%
were discarded. A group of five individuals at the
Stanford Human Genome Center typically assayed
between 150 and 200 STSs in duplicate per week.

The average retention frequency of STSs
mapped by using the G3 panel was 16%, with 87%
of the STSs demonstrating a retention frequency be-
tween 10% and 30%. As expected, the haploid X
chromosome had a retention frequency approxi-
mately half that of the autosomes. However, an un-
expected significantly increased retention was ob-
served for markers on the haploid Y chromosome
and remains unexplained. With the exception of
the sex chromosomes, the average marker retention
frequency was quite similar from chromosome to
chromosome, with no significant differences noted
(Table 2). Variation in marker retention frequency
along the length of each chromosome was minimal
except in the immediate vicinity of the centromere,
where the retention frequency increased dramati-
cally on many chromosomes, as noted previously
(James et al. 1994; Gyapay et al. 1996) and illus-
trated in Figure 1. In addition, the retention fre-
quency in the immediate vicinity of the thymidine
kinase gene on chromosome 17 approached 100%,
which was expected because this human enzyme
marker was used to select for the hybrid cell lines.

Map Construction

We wrote a computer program (SAMAPPER) that al-
lows for the semiautomated construction of RH
maps containing hundreds of markers by using data
derived from diploid whole-genome RHs (K. McKu-
sick and D.R. Cox, unpubl.). This program uses stan-
dard maximum likelihood methods (Boehnke et al.
1991; Lange et al. 1995), estimating the overall like-
lihood of a particular marker order by summing the
pairwise likelihood of adjacent markers. Unlike
other mapping strategies that define a set of well-
ordered framework markers and place all other
markers relative to these framework loci, our map-
ping approach initially determines the most likely
order of all markers on a chromosome and then
considers groups of 20–35 linked markers simulta-
neously to determine the most likely marker order
within each linkage group. Although we did not use
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a fixed set of framework markers to build the map,
an important aspect of our mapping strategy was
the use of 1381 STSs, previously ordered on the
Genethon meiotic linkage map, to help establish
long-range continuity and to determine the relative
orders of linkage groups. We used simulated anneal-
ing to search extensively the likelihood space and
identify the order with the highest likelihood
among all those examined. We defined this as the
‘‘comprehensive order’’ or high confidence order.
We then considered the set of all orders examined
with likelihoods not less than one-thousandth that
of the comprehensive order and used this set of or-
ders to identify groups of markers that do not over-
lap in the entire set of orders. We defined such
nonoverlapping marker groups as 1000:1 bins, or
high-confidence bins.

At the time of map construction, we had scored

8196 STSs on the G3 RH panel. Of these, 1181 had
a scoring pattern on the RHs identical to one or
more STSs and were defined as duplicates. Only the
set of 7015 STSs with unique RH scoring patterns
was used in map construction. Maps were con-
structed one chromosome at a time. Initially, link-
age groups were formed such that all markers in the
group had a lod score of 6 or greater with at least
one other marker in the linkage group. All such lod
6 linkage groups for a particular chromosome that
contained at least one of the Genethon STSs de-
scribed above were used for map construction. This
represented 5545 of the 7015 STSs. The linkage
groups for each chromosome were then combined
into a single group per chromosome, and all of the
markers for a single chromosome were ordered by
using a simulated annealing algorithm. In general,
this procedure regenerated the original linkage

Table 2. Summary of RH Map Data

Chromo-
some
no.

Physical
length
(Mb)a

Total
RH map

Framework
map

1000:1
bins

RH map
length (cR)b

Average
kb/cRb

Average
marker
spacing (kb)

Average
marker
retention

1 248 470 377 129 7894 31 529 0.14
2 240 411 339 96 6973 34 585 0.12
3 202 461 387 137 7785 26 439 0.14
4 191 573 452 191 7827 24 334 0.15
5 183 335 276 90 5611 33 548 0.14
6 173 337 298 107 6095 28 515 0.16
7 161 322 289 76 6606 24 502 0.16
8 146 224 186 49 3996 37 655 0.16
9 137 215 182 47 4513 30 640 0.14

10 136 256 237 117 5423 25 533 0.15
11 136 331 289 96 4858 28 412 0.16
12 135 266 234 91 5002 27 509 0.17
13 92 145 121 31 3306 28 639 0.13
14 88 200 176 63 3513 25 442 0.14
15 84 139 124 43 2822 30 609 0.16
16 92 193 164 91 2735 34 479 0.16
17 87 149 131 61 3039 29 588 0.21
18 80 158 139 40 2977 27 510 0.17
19 63 113 101 34 2122 30 563 0.16
20 68 142 109 43 2010 34 482 0.19
21 37 161 138 53 1562 24 231 0.23
22 41 99 84 31 1522 27 418 0.17
X 155 202 142 22 3644 43 771 0.10
Y 26 92 74 28 1468 18 286 0.16

Total 3001 5994 5049 1766 103303 29 500 0.16

aAs determined by Heslop-Harrison et al. (1989).
b(cR) centiRay 10,000.

STEWART ET AL.

426 GENOME RESEARCH



groups and, at the same time, established long-
range continuity of the map. Occasionally, prior
knowledge of the meiotic position of Genethon
markers on the linkage map was used to identify
and correct ‘‘false joins’’ between linkage groups.
Upon establishing the long-range order of all mark-
ers on a chromosome, the comprehensive order of a
set of 30 markers in the middle of the chromosome
was determined as described above, and 1000:1 bins
for that set of markers were defined. This procedure
was repeated for adjacent overlapping sets of 20–35
markers until a comprehensive order and 1000:1
bin lines had been defined for the entire chromo-
some. Finally, the overall length of a chromosomal
map was calculated following removal of each
marker from the map one at a time. In those cases
where removal of a marker reduced the map length
by >20 cR10,000 [(cR) centiRay], the marker was de-
fined as an expander and was permanently removed
from the map. Following removal of an expander,
the comprehensive order of markers and the 1000:1
bin lines for the chromosome were determined
anew, and the map was again tested for expanders.
No more than four such cycles per chromosome

were required to remove all expanders. Of the 5545
markers used to construct the maps, 496 STSs (∼9%)
were removed as expanders, with 392 of these 496
expander STSs removed in the first cycle. This pro-
cess resulted in a comprehensive RH map of the hu-
man genome consisting of 5049 ordered STSs, de-
fining 1766 1000:1 bins (Fig. 2; Table 2). In addi-
tion, 945 of the duplicate STSs, defined above, had
an RH scoring pattern indistinguishable from one of
the 5049 STSs on the comprehensive map, giving a
total of 5994 mapped STSs.

Those STSs that were not able to be incorpo-
rated into the map by using our algorithm, includ-
ing markers that were not part of a lod 6 linkage
group and expanders, were placed in the interval on
the map giving the highest likelihood. Markers
placed on the map in this fashion are said to be
positioned rather than mapped. Since constructing
the 5994 marker map, we have scored >2000 addi-
tional STSs on the G3 RH panel. Each of these mark-
ers, the majority of which were derived from
cDNAs, was also positioned on the map. In total,
our RH map of the human genome consists of
10,478 STSs, 5994 that have been mapped and 4484
that are positioned with respect to these mapped
markers (Table 2).

Description of the Map

The RH map has a total length of 103,303 cR10,000,
with an average spacing between adjacent markers
of 17 cR10,000, corresponding to a physical dis-
tance of 500 kb (Table 2). Because 945 of the 5994
mapped STSs are assigned to positions identical to
one or more STSs and do not contribute to map
resolution, the average spacing between adjacent
markers is slightly less than the effective resolution
of the map. Of the 5970 intervals defined by adja-
cent markers on the map, 112 have an interval size
of 90 cR10,000 or greater. In an effort to determine
the expected distribution of distances between ad-
jacent markers on the map, assuming a random dis-
tribution of both markers and RH breakpoints, we
used a method described previously (Cox et al.
1994b). In Figure 3, this expected distribution of
interval distances is compared with the observed
distribution of distances between adjacent markers
on the map. Whereas the observed number of very
small intervals is decreased and the observed num-
ber of very large intervals is increased over expecta-
tion, in general, the observed distribution of inter-
val sizes is similar to the expectation for randomly
spaced markers and RH breakpoints.

The accuracy of the map was assessed by com-

Figure 1 Retention frequencies of markers in RHs.
Depicted is the distribution of the retention frequen-
cies of the STSs on the comprehensive RH map for
human chromosome 11. Each STS is represented as a
bar of constant, arbitrary length. The frequencies range
from 0.06 to 0.42. Average retention frequencies for all
of the chromosomes are included in Table 2.
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paring the order of 578 Genethon markers on both
the radiation map and the Genethon meiotic link-
age map. It is important to note that no prior map-
ping information regarding this subset of Genethon
markers was used to assist in the establishment of
marker order during the process of RH map con-

struction. Of the 578 markers, 46 (8%) violated a
1000:1 bin line on the RH map and a 1000:1 order
on the meiotic linkage map, indicating a 4% error
rate with respect to the definition of 1000:1 bins.
Comparison of the comprehensive order of the 578
loci on both the RH and the linkage maps showed

Figure 2 (See p. 430 for legend.)
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that 185 of 578 (32%) loci are discrepant. Most dis-
crepancies were quite minor, representing inver-
sions of adjacent loci. Comparison of the order of
140 additional STSs scored on both the RH map and
a YAC STS-content map of the short arm of human
chromosome 4 resulted in similar findings (data not
shown). Further studies are required to determine
which of the observed discrepancies in marker order

represent errors in the RH map, as opposed to errors
in the genetic and/or YAC maps.

In an effort to assess the fraction of the human
genome represented by the 5994 marker RH map,
we scored 322 randomly selected STSs derived from
expressed sequences on the G3 hybrid panel and
determined their linkage with respect to the 5994
markers. Of the 322 STSs, 239 (74%) were linked

Figure 2 (Continued)
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with one or more of the mapped markers with a
two-point lod score of ù6.0, 49 (15%) were linked
with one or more markers with a two-point lod
score between 5.99 and 3.0, and 34 markers (11%)
were linked with a two-point lod score of <3.0. All
loci with lod scores of 6.0 or greater were assigned to
the ‘‘correct’’ chromosome, as determined by using
the NIGMS hybrid mapping panels. Loci with the
highest two-point lod score between 5.99 and 3.0
were not always assigned to a chromosome consis-
tent with the NIGMS hybrid panel results. However,
when the correct chromosomal assignment of such
loci was assumed, each such STS could be localized
to a single consistent region of the genome over
95% of the time even when the maximal two-point
lod score with a mapped marker was as low as 3.0
(data not shown). Assuming that the 322 STSs rep-
resent a random sample of the human genome,
these results suggest that the RH map covers the vast
majority of the human genome and that with prior
knowledge of chromosomal assignment, at least

89% of random STSs can be positioned with respect
to the 5994 mapped markers on the RH map.

Complete RH map data, including STS se-
quences, chromosomal assignments, RH scoring
patterns, marker retention frequencies, two-point
lod scores, and distances for all 10,478 mapped and
positioned STSs can be accessed via the Stanford Hu-
man Genome Center World Wide Web server
(http://www-shgc.stanford.edu). If an STS of inter-
est is not among the presently mapped or posi-
tioned STSs, it is a straightforward matter for an in-
vestigator to determine the G3 RH scoring pattern
of that STS, given the public availability of the G3
panel of RH DNAs. Such a scoring pattern can then
be used to position the STS on the G3 RH map in the
vast majority of cases, as described above. We have
developed an ‘‘RHServer’’ that facilitates this pro-
cess for the scientific community, reporting the
most likely position of an STS given its scoring pat-
tern on the G3 panel. The RHServer can be accessed
via the Stanford Human Genome Center World
Wide Web site.

DISCUSSION

The STS-based RH map of the human genome re-
ported here contributes to the goal of a physical

Figure 2 RH maps of the human genome. The four
sets of colored lines to the right of the ideogram, from
left to right, correspond to the markers on the compre-
hensive RH map (red lines), the high-confidence bin
lines (blue lines), the genetic markers within the com-
prehensive map (green lines), and the expressed se-
quences within the comprehensive map (purple lines)
for each chromosome. The lines are drawn according
to their relative positions on the maps. A small fraction
of the markers had been mapped previously by cyto-
genetic techniques. Some of these markers are indi-
cated by their names and by a black bar that links the
RH comprehensive map with the chromosome ideo-
gram. Although the RH maps are depicted as extend-
ing to the telomeres, no specific telomeric markers
were included in this study.

Figure 3 Assessment of the randomness of marker
distribution and irradiation breakage. The observed
distribution of the distances between neighboring
markers on the RH map is shown as striped bars. This is
compared with the expected distribution of interval
sizes, as shown in black bars, calculated assuming a
random distribution of both markers and RH break-
points as described previously (Cox et al. 1994).
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map containing 30,000 unique ordered landmarks
with an average marker spacing of 100-kb. Direct
comparison of our map with other whole-genome
maps, including the recently published transcript
map of the human genome, is difficult given the
limited number of common STSs shared between
these maps and the fact that a variety of mapping
reagents have been used to construct the various
maps. With the exception of ∼3500 markers ordered
previously on the human meiotic linkage map that
can be used to integrate our map with the RH–YAC
map generated by the Whitehead–MIT Genome
Center, these two maps of the human genome have
<1000 STSs in common (Hudson et al. 1995). Simi-
larly, of the 16,000 STSs that comprise the transcript
map of the human genome (Schuler et al. 1996),
only 2875 STSs are shared in common with the RH
map reported here. In addition, because the tran-
script map was constructed by integrating RH data
from a number of different laboratories, placing
markers into intervals defined by ∼1000 markers or-
dered on the human gentic linkage map, the 3-Mb
resolution of the transcipt map does not reflect the
resolving power of either the G3 panel or the Gene-
bridge 4 panel of RHs.

Combining the map reported here with the
Whitehead RH–YAC map and the transcript map
results in ∼31,000 distinct STSs. Although this num-
ber of STSs is sufficient to define a physical map of
the human genome at 100 kb average spacing, the
challenge remains to order definitively these exist-
ing STSs at this level of resolution.

The Stanford G3 RH mapping panel described
here consists of 83 hybrids with an average reten-
tion frequency of 16% and with a relationship be-
tween physical distance and irradiation-induced
breakage of 29 kb per cR10,000. Thus, the Stanford
G3 panel is analogous to a library of human chro-
mosomal fragments of 3-Mb average size constitut-
ing a 12.5-fold redundant representation of the hu-
man genome. Viewed in this way, it is clear that the
theoretical limit of mapping resolution possible
with this panel is 3 Mb/12.5, or 240-kb resolution.
Maps constructed using the G3 hybrids under con-
ditions where the number of radiation-induced
breaks is rate limiting confirm these theoretical es-
timates of maximal map resolution (Matise et al.
1996). A random distribution of 12,500 STSs across
the human genome would result in an average spac-
ing of 240 kb between adjacent markers. Thus, by
continuing to score STSs on the G3 panel followed
by reconstruction of the map as described in this
paper, we can expect to improve the resolution of
the present G3 RH map.

In comparison to the Stanford G3 panel, the
Genebridge 4 panel consists of 93 hybrids with an
average retention frequency of ∼30% and with a re-
lationship between physical distance and irradia-
tion-induced breakage of ∼300 kb per cR3000 (Gya-
pay et al. 1996). Thus, the theoretical limit of map-
ping resolution with this panel is 30 Mb/27.9, or
slightly greater than 1-Mb resolution, representing
3000 STSs distributed randomly across the genome.
Maps constructed using the Genebridge 4 panel un-
der conditions where the number of radiation-
induced breaks is rate limiting confirm these theo-
retical estimates of maximal map resolution (Matise
et al. 1996). Typing >6000–9000 markers on the
Genbridge 4 panel will not improve the resolution
of the map significantly. At present, >13,000 unique
expressed sequences have been scored on the Gene-
bridge 4 panel (Schuler et al. 1996).

Given the above considerations, combined with
the fact that the present G3 RH map contains suffi-
cient markers to span the vast majority of the ge-
nome, the G3 panel, rather than the Genebridge 4
panel, appears to be the mapping reagent of choice
for future radiation mapping studies involving ex-
pressed sequences and/or genomic DNA sequences.

Despite the fact that the G3 panel has the po-
tential to provide maps of higher resolution than
the Genebridge 4 panel, it is clear that even the G3
mapping panel does not have sufficient power to
order markers spaced at 100 kb with high confi-
dence. Other mapping reagents are needed to reach
this mapping goal. One such reagent is the TNG
panel of whole-genome RHs generated at the Stan-
ford Human Genome Center. This reagent contains
sufficient radiation-induced chromosomal breaks to
generate high-confidence 100-kb maps (Lunetta et
al. 1996). Further studies with these TNG hybrids,
along with the development of statistical methods
to integrate RH data sets generated with different
mapping panels, should result in the high-
resolution, high-confidence maps required to com-
plete the sequence of the human genome in a
timely and cost-effective manner.

METHODS

STS Development

STSs were developed from a variety of sources as described in
Results. A standard set of PCR conditions was used for both
the initial test on human and hamster DNA and the chromo-
somal assignment test on the NIGMS Somatic Cell Hybrid
Mapping panels for almost all of the STSs. Reactions were in
10 µl and contained 25 ng of genomic DNA, 2.33 µl water, 1.0
µl 102 buffer (200 mM Tris-HCl at pH 8.3, 500 mM KCl, 25
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mM MgCl2), 0.2 mM of each dNTP (Pharmacia), 1.0 µl of a
solution containing 10 µl of each oligonucleotide primer, and
0.35 unit of Taq DNA polymerase (Perkin Elmer Roche). PCR
amplification was performed in either 9600 Perkin Elmer
Thermocyclers or MJ Research DNA Engine Tetrad cyclers and
used an initial denaturing step at 94°C for 90 sec, followed by
30 cycles at 94°C for 15 sec, 62°C for 23 sec, and 72°C for 30
sec. A final extension step of 72°C for 210 sec was performed
and samples were maintained at 4°C until agarose gel electro-
phoresis.

Automated sample pipetting was used for most of the STS
development and RH mapping assays performed in this study.
Genomic DNA samples were aliquoted into PCR plates by
using a Hydra 96 Microdispenser (Robbins Scientific Corp.).
All other components of the PCR assays were dispensed by
using an eight-channel MicroLab2200 (Hamilton Co.).

After PCR amplification, 5 µl of loading dye (10% Ficoll-
400, 0.1 M EDTA at pH 8.0, 0.025% bromophenol blue) was
added to each sample, and 12 µl of the mixture was electro-
phoresed on 3% SeaPlaque agarose gels in 12 TBE and exam-
ined by ethidium bromide staining. MspI-digested pBR322
was used as a size standard. Bands were visualized by UV
transillumination, and images were captured with a
640 2 480-pixel CCD camera (Alpha Innotech, Corp.). Cap-
tured images were transferred to a UNIX workstation, and
thermal paper hard copies were stored in notebooks.

Further details concerning assay conditions for the STSs
developed for this study can be obtained from the Stanford
Human Genome Center (http://www-shgc.stanford.edu) or
from dbSTS at GenBank (http://www.ncbi.nlm.nih.gov).

Generation of the G3 Panel of RHs

The G3 panel of RHs was constructed from a diploid male
human lymphoblastoid cell line, RM, and a thymidine kinase-
deficient Chinese hamster cell line, A3 (a daughter cell line of
A23; Westerveld et al. 1971). Briefly, the RM lymphoblastoid
cell line was irradiated with 10,000 rads of X rays and fused to
the A3 cell line in the presence of 50% (wt/vol) polyethelene
glycol. The fused cells were grown under HAT selection for
10–14 days. Two or three well-separated hybrids were picked
from each plate and cultured for DNA isolation.

RH Assays

RH assays were performed for each STS as follows. Reactions
were carried out in duplicate in two 96-well PCR plates with
genomic DNA from two positive control samples (RM), two
negative control samples (A3), and 83 RHs (Stanford G3
panel). The remaining nine wells in each plate contained wa-
ter instead of genomic DNA. Reaction conditions and gel elec-
trophoresis for the majority of the STSs were as described
above for STS development. Each set of 96 samples was elec-
trophoresed on a single 10 2 15-cm agarose gel containing
four tiers of 26 wells each.

After capturing gel images as described above, data were
analyzed on UNIX workstations running a modified version
of DNA/GUI (developed by K. Clark and H. Donis-Keller,
Washington University School of Medicine, St. Louis, MO).
Each gel from the duplicate pair was scored independently in
a semi-automated manner for the presence or absence of PCR
products of the expected size. A hybrid was scored as positive
for an STS only if a band of the expected size was present on

each of the duplicate gels. Discrepancies between the two gels
for an STS were designated as ‘‘not scored’’ in subsequent
analysis. Data from duplicate gel pairs with more than seven
discrepancies were discarded.
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