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Combined Functional Genomic
Maps of the C. elegans DNA

Damage Response
Simon J. Boulton,1,2 Anton Gartner,3 Jérôme Reboul,1

Philippe Vaglio,1 Nick Dyson,2 David E. Hill,1 Marc Vidal1*

Many human cancers originate from defects in the DNA damage response
(DDR). Although much is known about this process, it is likely that additional
DDR genes remain to be discovered. To identify such genes, we used a strategy
that combines protein-protein interaction mapping and large-scale phenotypic
analysis in Caenorhabditis elegans. Together, these approaches identified 12
worm DDR orthologs and 11 novel DDR genes. One of these is the putative
ortholog of hBCL3, a gene frequently altered in chronic lymphocytic leukemia.
Thus, the combination of functional genomic mapping approaches in model
organisms may facilitate the identification and characterization of genes in-
volved in cancer and, perhaps, other human diseases.

Inherited cancer predisposition syndromes such
as Li-Fraumeni syndrome, xeroderma pigmen-
tosum, and hereditary nonpolyposis colon can-
cer result from defects in DNA repair or DNA
damage checkpoint pathways (collectively re-
ferred to as the DDR) (1). In wild-type cells,
checkpoint pathways induce a transient cell-
cycle arrest in response to DNA damage, thus
providing the necessary time for DNA repair to
occur, and a variety of DNA repair pathways
correct the various types of DNA lesions (2).
Alternatively, in metazoan organisms, check-
point pathways can also induce apoptosis, there-
by eliminating compromised cells (3). Caeno-
rhabditis elegans is the simplest metazoan mod-
el organism that can be used to study the DDR
(4, 5). After DNA damage, checkpoint path-
ways induce cell-cycle arrest or apoptosis of

mitotic or pachytene cells of the adult germ line,
respectively. These two cell types are located in
spatially distinct regions.

To identify novel C. elegans DDR genes, we
used a combination of functional genomic map-
ping approaches. High-throughput (HT) meth-
ods such as transcription profiling, protein inter-
action mapping, and large-scale phenotypic
analysis have been applied individually to worm
biology with considerable success (6, 7). Con-
sequently, hypotheses of function are now avail-
able for hundreds of previously uncharacterized
genes. Although no single HT method can un-
equivocally define gene function, combining the
data obtained from any of these complementary
approaches is likely to provide greater function-
al insight (7). Here we have chosen to combine
protein-protein interaction mapping and HT
phenotypic analysis for the following three rea-
sons. Because the function of most known DDR
proteins is based on their ability to mediate
protein-protein interactions, putative C. elegans
DDR orthologs were used to generate a DDR
protein interaction map. To demonstrate biolog-
ical relevance, defects in the DDR were then
analyzed systematically for each of the corre-

sponding genes after HT RNA-mediated inter-
ference (RNAi). Lastly, in addition to potential-
ly identifying novel DDR genes, combining
these two approaches has the advantage of pro-
viding potential insights into how the corre-
sponding proteins function, on the basis of the
identity of their interacting partners.

To date, only three genes (mrt-2, rad-51, and
mre-11) have been experimentally implicated in
the C. elegans DDR (4, 5, 8). To identify po-
tential worm DDR orthologs, we used known
DDR proteins, including those implicated in
nucleotide excision repair (NER), mismatch re-
pair (MR), base excision repair (BER), nonho-
mologous end joining (NHEJ), homologous re-
combination (HR), and checkpoint pathways, as
to query the C. elegans predicted proteome by
BLAST [see legend to Web table 1 (9)]. A total
of 75 putative C. elegans DDR orthologous
open reading frames (dORFs) were identified
and cloned using the Gateway recombinational
cloning system (10) (Web table 1). The dORFs
were then transferred to two-hybrid destination
vectors to express either DNA binding domain
(DB) fusions (DB-dORFs) or activation domain
(AD) fusions (AD-dORFs) for protein-protein
interaction analysis (11).

Conserved interactions, or interologs (12),
were anticipated among worm DDR proteins on
the basis of interactions reported between their
potential orthologs in other organisms. To iden-
tify such DDR interologs, we first tested all
possible pairwise combinations between the 75
DB-dORFs and AD-dORFs in a matrix setting.
Among 33 putative interologs, 17 scored posi-
tive in the two-hybrid matrix (Table 1 and Web
fig. 1). This represents a 51% success rate in
detecting predicted protein interactions using
this yeast two-hybrid system, which is in the
same range as has been described previously for
other protein interaction mapping projects (13).
If one assumes that conservation of interaction
between two putative orthologs is a reasonable
indication of functional conservation, our search
for interologs would suggest that at least 30
predicted worm DDR proteins are bona fide
orthologs.
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The matrix experiment also detected nov-
el potential interactions (Table 1 and Web
fig. 1). For example, MRE-11 and the C.
elegans ortholog of poly-ADP-ribose poly-
merase (PRP-1) were found to interact in the
yeast two-hybrid matrix. Both proteins have
been implicated in telomeric maintenance in
other organisms (14, 15). Thus, the MRE-11/
PRP-1 interaction might occur in vivo at
telomeres. The interactions between KIN-20,
ATL-1 (ATR-like), BLM-1 (ortholog of
Bloom’s syndrome protein), and PCN-1 also
suggest previously unrecognized connections
between DDR proteins (Table 1 and Web fig.
1). ScHrr25, the budding yeast ortholog of
KIN-20, is a protein kinase required for the
DDR (16 ). hrr25 mutants exhibit a radiation-
sensitive phenotype and show defects in the
transcriptional response to DNA damage af-
ter hydroxyurea treatment, whereas ScHrr25
has been shown to localize to sites of double-
strand breaks (DSBs) (16 ). Perhaps these
proteins, and potentially their respective hu-
man orthologs, are involved in a common
DDR signaling pathway.

To identify new potential C. elegans
genes involved in the DDR, proteome-wide
two-hybrid screens were performed with 67
DB-dORF protein fusions [eight DB-dORFs
scored as self-activators and, therefore, were
not amenable to two-hybrid screening (17 )].
No detectable interactions were found for 22
(32%) DB-dORFs. For the remaining 45 DB-
dORF baits, a total of 165 interacting se-
quences, or interaction sequence tags (ISTs),
were recovered, of which 125 are predicted to
encode novel proteins (Web table 2). In ad-
dition, the proteome-wide screens recovered
many of the interologs identified in the ma-
trix experiment and also identified four more
interologs (Table 1 and Web table 2).

To visualize the IST data, a protein-protein
interaction map was constructed with the spring
layout algorithm from “Algorithms for Graphic
Drawing” (Fig. 1 and Web fig. 2). As observed
previously, many two-hybrid interactions form
IST clusters (11), which are defined as contig-
uous two-hybrid connections that form closed
loops (for example, X/Y/Z/. . .n. . .X). They
have been proposed to increase the likelihood
of biological relevance for the corresponding
potential interactions (11). A number of puta-
tive DNA damage checkpoint orthologs are
linked by overlapping IST clusters in the DDR
map: for example, ATL-1/PCN-1/MRT-2/
HUS-1/F56D12.5/COH-2/ATL-1, ATL-1/
BLM-1/KIN-20/PCN-1/ATL-1, and HUS-1/
PDI-2/MRT-2HUS-1 (Fig. 1 and Web fig. 2).
The worm orthologs of checkpoint proteins
group together in one discrete region of the
DDR map, whereas the repair proteins are
grouped in other distinct regions (Fig. 1 and
Web fig. 2). This reinforces the idea that two-
hybrid protein interaction mapping tends to re-
capitulate actual connections. In addition, a

number of novel proteins seem to link check-
point IST clusters and groups of DNA repair
proteins. This suggests that seemingly distinct
DDR pathways might be physically linked. For
example, COH-2, related to the SpRad21 cohe-
sin protein that is implicated in DSB repair, is
potentially associated with checkpoint proteins
in two ways. First, COH-2 can interact directly
with ATL-1. Second, it can also interact with
the predicted protein F56D12.5, which itself
can interact with the checkpoint protein HUS-
1(ScMec3/SpHus1) (Fig. 1).

Although the yeast two-hybrid system
used here minimizes the rate of false posi-
tives (13), the interactions identified should
be considered merely as biological hypothe-
ses until validated in vivo. Therefore, to de-
termine which of the DDR orthologs and
their potential interactors are in fact required
for DDR processes in vivo, we subjected each
gene to “RNAi by feeding” (18). We chose to
focus our efforts specifically on the response
to g-irradiation by scoring for the following
four DDR phenotypes: (i) defect in mitotic
cell cycle arrest (Cca), (ii) reduction of apo-
ptosis of pachytene nuclei (Rap), (iii) in-
crease in apoptosis of pachytene nuclei (Iap),
and (iv) radiation sensitivity of progeny
(Rad) (Web fig. 3).

RNAi by feeding experiments conferred
DDR phenotypes after g-irradiation in each of
three separate experiments for a total of 23
ORFs [RNAi did not confer any detectable or
reproducible DDR phenotype for 169 ORFs
after g-irradiation (19)]. The newly identified
DDR ORFs could be organized into two dis-
tinct phenotypic classes or “phenoclusters”
based on similarity of their RNAi phenotype
(Figs. 1 and 2 and Web figs. 4 and 5). One
phenocluster included 11 ORFs that conferred

similar defects to mrt-2(RNAi) animals, i.e., a
Cca, a Rap, and a Rad phenotype. The other
phenocluster included 12 ORFs that conferred a
phenotype similar to that observed following
RNAi of mre-11, i.e., an Iap and a Rad pheno-
type. The two phenoclusters contain both worm
orthologs of known DDR genes and a number
of their novel potential interactors (Figs. 1 and
2).

Defects in genes involved in checkpoint
pathways would be expected to confer a Cca,
a Rap, and a Rad phenotype. Indeed, RNAi of
the putative checkpoint genes hus-1, hpr-9,
hpr-17, hsr-9, atm-1, and atl-1 conferred this
phenotype (Fig. 2). These defects were all
qualitatively similar to that observed for
mrt-2 (Web fig. 3), although in each case the
penetrance of the phenotype varied some-
what. These phenotypes, taken together with
interologs such as MRT-2/HPR-9, MRT-2/
HUS-1, and HPR-17/RFC-4, strongly suggest
that these DNA damage checkpoint genes are
functionally conserved in C. elegans.

Checkpoint defects were also observed for
five ORFs not previously implicated in this
function. Those correspond to pdi-2, exo-3, rfc-
4, C04F12.3, and ubc-9 (Figs. 1 and 2 and Web
figs. 4 and 5). pdi-2 and rfc-4 appear to perform
essential functions because RNAi of these
genes resulted in sterile (Ste) and dumpy (Dpy)
animals and in embryonic lethality (Emb), re-
spectively. However, the phenotypes in each
case were only partially penetrant and “escap-
ers” displayed defects in the DNA damage
checkpoint (Figs. 1 and 2 and Web figs. 4 and
5). pdi-2 encodes a b-subunit of protein disul-
fide isomerase that was found to associate with
MRT-2 and HUS-1 checkpoint proteins. How
PDI-2 participates in the checkpoint process is
unknown, although its ability to associate with

Table 1. Interactions detected between worm orthologs of known DDR proteins. Putative worm DDR
interologs were detected in the matrix (upper left corner), detected in proteome-wide library screens
(lower right corner), or not detected at all (upper right corner). In addition, novel potential interactions
that were also detected between DDR orthologs in the proteome-wide library screens (lower left corner).

MSH2 +  MSH6 H26D21.2 + Y47G6A.11 MLH1 + PMS2 T28A8.7   + H12C20.2A
XPA + RAD23 K07G5.2 + ZK20.3 MSH2 + FEN1 H26D21.2 + Y47G6A.8
XPA + XPF1 K07G5.2 + C47D12.8 XPA + MSH2 H26D21.2 +  K07G5.2
XPF + ERCC1 C47D12.8 + F10G8.7 XPF + MSH2 H26D21.2 + C47D12.8

UBE2 + UBE2N C35B1.1 + F39B2.2 MSH2 + PCNA H26D21.2 + W03D2.4
UBE2V2 + UBE2N Y94H6A_148.J +  F39B2.2 MSH2 + ERCC5 H26D21.2 + F57B10.6
RAD54 + RAD51 W06D4.6 + Y43C5A.6 RAD23 + RAD7 ZK20.3 +  C02F5.7
RAD51 + RAD51 Y43C5A.6 + Y43C5A.6 XPA + MSH2 K07G5.2 + H26D21.2 
RAD50 + MRE11 T04H1.4 + ZC302.1 FEN1 + PCNA W03D2.4 + Y47G6A.8
KU70 + KU80 Y47D3A.G +  R07E5.8 WRN1 + KU70 F18C5.2 + Y47D3A.G
RAD1 + HUS1 Y41C4A.14 +  H26D21.1 RAD1 + RAD17 Y41C4A.14 + F32A11.2
RAD1 + RAD9 Y41C4A.14 + HPR-9 PRIM1 + PRIM2 F58A4.4 + W02D9.1

RAD17 + RFC4 F32A11.2 + F31E3.3 RFC1 + RFC2 C54G10.2 + F58F6.4
PCNA + PCNA W03D2.4 + W03D2.4 RFC2 + RFC3 F58F6.4  + C39E9.13
RFC1 + PCNA C54G10.2 + W03D2.4 RFC2 + RFC4 F58F6.4  +  F31E3.3
RFC1 + RFC4 C54G10.2 + F31E3.3 RFC3 + RFC4 C39E9.13 +  F31E3.3
RFC1 + RFC3 C54G10.2 + C39E9.13

RAD1 + PCNA Y41C4A.14 + W03D2.4 BLM + TOP2A T04A11.6 + K12D12.1
ATR + PCNA T06E4.3 + W03D2.4 MLH1 + PMS2 T28A8.7 + H12C20.2A
ATR + BLM1 T06E4.3 + T04A11.6 RAD23 + PMSD4 ZK20.3 + B0205.3

CSNK1D + PCNA F46F2.2 + W03D2.4 RAD51 + UBE2I Y43C5A.6 + F29B9.6
CSNK1D + BLM1 F46F2.2 + T04A11.6

CSNK1D + ATR F46F2.2 + T06E4.3
MRE11 + PARP ZC302.1 + AC8.1
RAD51 + RAD51L3 Y43C5A.6 + C30A5.2

H. sapiens H. sapiens

H. sapiens H. sapiens

Interologs DETECTED Interologs NOT DETECTED

NOVEL interaction DETECTED
C. elegans

C. elegansC. elegans

 Interologs DETECTED in the library screens
C. elegans
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known checkpoint proteins provides a starting
point for more detailed molecular analysis.
RFC-4, a replication factor C subunit, was also
found to interact in the yeast-two hybrid with
the checkpoint protein, HPR-17 (Fig. 1). Our
observations suggest a model in which RFC-4
functions both in DNA replication and in a
DNA damage checkpoint pathway.

exo-3 encodes the C. elegans ortholog of
human APEX/REF1, a bifunctional enzyme
that has been implicated previously in both
DNA excision repair and a redox-dependent
activity that stimulates transcription factor
binding (20). We have uncovered an addi-
tional role for this enzyme in the DNA dam-
age checkpoint. It is possible that EXO-3
may perform its role in the checkpoint at the
level of damage detection or may be required
for the induction of gene transcription neces-
sary to elicit cell cycle arrest or apoptosis in
response to damage.

A novel ORF implicated in the DNA dam-
age checkpoint, C04F12.3, encodes a puta-
tive ortholog of human BCL3 that was found
as an interactor with the checkpoint protein
MRT-2 (Figs. 1 and 2). The hBCL3 gene is
frequently associated with chromosomal
translocations and amplification in cancer
and has been implicated in cell cycle control
(21). If human BCL3 is also required for
checkpoint integrity, a defect in this function
could explain the effects of hBCL3 translo-
cation and amplification in chronic lympho-
cytic leukemias.

Defects in genes required for DNA repair
were expected to result in an Iap and Rad
phenotype after g-irradiation. Indeed, RNAi of
the putative DNA repair genes coh-2, rad-50,
rad-51, and rad-54 conferred the phenotype
expected for DSB repair defects (Figs. 1 and 2
and Web figs. 4 and 5). These phenotypes,
together with the detection of RAD-54/RAD-

51 and RAD-50/MRE-11 interologs (Figs. 1
and 2), demonstrate that these genes are re-
quired for DSB repair after g-irradiation. In
addition, we identified six novel genes that
displayed an Iap and Rad phenotype after
RNAi, similar to the defects observed in mre-
11(RNAi) animals (Fig. 2 and Web fig. 3).

Two of the novel DNA repair genes encode
a RAD-54 interactor (C02F12.4) and a RAD-
51 interactor (Y116A8C.13), respectively.
C02F12.4 contains a RhoGEF domain and
Y116A8C.13 is a RAD-54 related protein (Web
fig. 4). In addition, three novel DNA repair
genes encode COH-2 interactors. F11E6.1 and
F56D12.5 have no assigned function and
F13D12.6 resembles serine carboxypeptidases
(Web fig. 4). In addition to being able to interact
with COH-2, F56D12.5 also interacts with the
checkpoint protein HUS-1 (Figs. 1 and 2). The
F56D12.5(RNAi) phenotype further suggests
that DSB repair and DNA damage checkpoint
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1

Fig. 1. DDR phenotypes
overlap with the protein in-
teraction map. Shown is part
of the DDR protein interac-
tion map derived from two-
hybrid interactions detected
in the matrix and in pro-
teome-wide screens (see
Web fig. 5 for the complete
map). Arrows and circles (or
squares) represent two-hy-
brid interactions and pro-
teins, respectively. Arrows
point directionally from the
baits to the potential inter-
actors. The color-code for in-
teractions are as follows: red
arrows, detected interologs;
green arrows, novel interac-
tions between DDR proteins;
black arrows, interactions
between DDR and novel pro-
teins. Genes that give a sim-
ilar DDR phenotype after
RNAi encode proteins that
tend to cluster on the pro-
tein interaction map. In this
map, colored circles (or-
thologs of known DDR pro-
teins) and squares (novel
DDR proteins) indicate prod-
ucts of genes from the DNA
repair and checkpoint phe-
noclusters shown in Fig. 2.
The color code for the DDR
phenotypes are as follows:
orange, checkpoint defec-
tive; blue, DNA repair defec-
tive; blue and orange, check-
point and repair defective.
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pathways may be physically linked.
hda-3 is required for DNA repair and is

predicted to encode a histone deacetylase
(HDAC) that can interact with HUS-1 (Figs. 1
and 2). The human HUS-1 protein can also
associate with a histone deacetylase, hHDAC1
(22). However, the biological relevance of this
interaction has remained somewhat unclear. Our
data suggest that hda-3 is likely to be required
for DSB repair and survival after g-irradiation.

Lastly, we identified ubc-9 as a gene that
seems to be required for both DNA repair
and DNA damage checkpoint function.
ubc-9(RNAi) confers a Ste phenotype that
was not fully penetrant. The progeny that
survived displayed a checkpoint defect of
mitotic nuclei as well as Iap and Rad pheno-
types, consistent with a DNA repair defect.
Accordingly, the yeast ortholog of UBC-9, a
sumo-conjugating enzyme, is required for
both DNA repair and normal mitotic cell
division (23). Targets of Ubc9-dependent
sumolation have been reported to function in
many different cellular pathways in yeast and
in mammalian cells (24 ). Our observations
raise the possibility that components of both
DNA repair and checkpoint pathways could

be targets for UBC-9 dependent sumolation.
In summary, by combining large-scale pro-

tein interaction mapping and HT phenotypic
analysis, we have identified 23 genes required
for the DDR in C. elegans, 11 of which were
not previously identified in any system. These
data also highlight the extraordinary level of
conservation of molecular mechanisms in DDR
pathways. Of the new DDR genes that have
apparent orthologs in human (10/11), it will be
important to determine whether mutations in
any of these genes give rise to cancer predispo-
sition (Web fig. 4).

Among the potential interactors identified by
protein interaction mapping, the hit rate of genes
(11/125) that gave rise to a detectable DDR
RNAi phenotype was strikingly higher than
would be expected from random. This strongly
suggests that combining protein interaction
mapping and HT RNAi data can be used syn-
ergistically to identify novel genes involved in
biological processes of interest. However, it is
also important to consider why the remaining
genes (90%) did not give rise to any detectable
DDR phenotype (19). Although the phenotypes
assayed under our conditions are likely to un-
cover genes involved in the sensing and repair

of DSBs, they are unlikely to identify genes
required for other DDR processes such as base
excision, nucleotide excision, and mismatch re-
pair pathways. Thus, we anticipate that future
studies, using assays that measure sensitivity to
other DNA damaging agents, such as UV or
alkylating agents, are likely to reveal additional
new DDR genes in the protein interaction map.
Furthermore, alternative methods for detecting
protein interactions and data sets from protein
localization and transcription profiling experi-
ments are also likely to further strengthen and
expand the DDR map presented here (7). For
example, transcriptional profiling is likely to
identify new genes whose expression is induced
in response to DNA damage.

Combining data from complementary
large-scale approaches establishes a new par-
adigm in the field of functional genomics that
makes it possible to greatly accelerate func-
tional discovery. Importantly, this strategy
should be applicable to other biological pro-
cesses and/or model organisms. With a draft
of the human genome in hand (25, 26 ) and
the recent description of RNAi effects in
mammalian cells (27 ), this approach might
soon be applicable to human biology.
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Fig. 2. Phenoclusters correlate with two-hybrid interactions. Four DDR phenotypes, Cca, Rap, Iap, and
Rad, were scored after RNAi treatment for each one of 192 ORFs. ORFs that scored in similar ways for
one or more of these four phenotypes were clustered together. Blue intensities relate to the level of
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line obtained; ND, not determined). Additional phenotypes detected are indicated in the “Other”
column (Ste, sterile; Emb, embryonic lethal; Him, high incidence of males; Dpy, dumpy). Genes belonging
to either the checkpoint or repair “phenoclusters” encode proteins that tend to interact with each other.
For each novel DDR gene (see red plus signs), the bait(s) used for their two-hybrid identification is
shown in the “Bait” column. The arrows on the left show the two-hybrid interactions between these
gene products with the color code as follows: black, interologs; red, novel interactions between the
products of conserved and new DDR genes that belong to a common phenocluster; blue, novel
interactions between the products of genes that belong to different phenoclusters.
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Construction and Analysis of a
Human-Chimpanzee

Comparative Clone Map
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The recently released human genome sequences provide us with reference data
to conduct comparative genomic research on primates, which will be important
to understand what genetic information makes us human. Here we present a
first-generation human-chimpanzee comparative genome map and its initial
analysis. The map was constructed through paired alignment of 77,461 chim-
panzee bacterial artificial chromosome end sequences with publicly available
human genome sequences. We detected candidate positions, including two
clusters on human chromosome 21 that suggest large, nonrandom regions of
difference between the two genomes.

With the draft human genome sequences (1,
2), comparative genomics has become a pow-
erful approach to extract genetic information
from large stretches of nucleotide sequences

through identification of conserved regions
that are most likely functionally important.
Genomic information is also the most valu-
able resource for understanding the genetic
differences between species, a basis for deci-
phering how genome information is pro-
cessed into phenotypes. Because chimpan-
zees are our closest relatives, the differences
between us are less than with any other spe-
cies, yet these differences are more likely to

be important. It has been estimated that the
sequence identity between human and chim-
panzee is within the range of 98 to 99%
(3–12). Thus, comparisons between humans
and chimpanzees are the most efficient and
effective approach to understand what makes
us human.

In this report we present the construction
and analysis of a first-generation human-
chimpanzee comparative genomic map based
on the alignments of 77,461 chimpanzee bac-
terial artificial chromosome (BAC) end se-
quences (BESs) to human genomic sequences
obtained from the public databases. To pre-
pare the BESs, we used two independently
prepared BAC libraries, PTB1 and RPCI-43
(Table 1) (13). Briefly, we sequenced 64,116
BAC clones (roughly 3.3 times coverage of
the currently available human contiguous
genomic sequence) that produced 114,421
valid BESs (13). The BESs were then aligned
with the RefSeq human genome contigs [Na-
tional Center for Biotechnology Information
(NCBI)] through NCBI-BLAST. The number
of BESs having an alignment longer than 50
base pairs (bp) with ^90% identity was
77,461 (13). Out of this number, 49,160
BESs from 24,580 clones formed paired ends
where each pair was derived from the same
clone. Only one end could be successfully
aligned from the remaining 28,301 clones.
The remaining 36,960 BESs that were not
mapped to the human genome were catego-
rized into three different classes: (i) those
corresponding to repeat sequences (1168
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Table 1. Summary of BES readings and mapping.

Number of
BAC clones*

Number of
BESs

Sequenced 64,116 114,421†
Mapped 52,881 77,461‡

Paired ends§ 24,580 49,160
Singletons\ 28,301 28,301

Unmapped 36,960
Repeats 1,168
Human¶ 20,376
Nonhuman 515
No hit 14,901

*These clones were selected from the PTB1 or RPCI-43 chimpanzee male BAC libraries, and both ends of the inserts were
sequenced (53,240 BESs from PTB1 and 24,221 BESs from RPCI-43 are mapped). †Number of total BESs.
‡Number of mapped BESs. §Number of mapped BESs derived from the same BAC clone. Long BES pairs (.300 kb)
were not used for the mapping. \Number of the singleton (lone) BESs mapped on the human genome
sequence. ¶Contains hits to sequences not included in the NCBI contigs or hits to mRNAs only.
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