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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 (7,
2), comparative genomics has become a pow-
erful approach to extract genetic information
from large stretches of nucleotide sequences
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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

Table 1. Summary of BES readings and mapping.
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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 (/3). 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

Number of Number of
BAC clones* 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
Human9 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 mapped BESs derived from the same BAC clone. Long BES pairs (>300 kb)
[[Number of the singleton (lone) BESs mapped on the human genome
9[Contains hits to sequences not included in the NCBI contigs or hits to mRNAs only.

tNumber of mapped BESs.
were not used for the mapping.
sequence.

tNumber of total BESs.
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BESs) or showing hits to human sequences
not included in the NT contigs (20,376
BESs), (ii) those matched only with sequenc-
es from several species other than human
(515 BESs), and (iii) the 14,901 BESs that
did not match with human sequences, which
either correspond to unsequenced human re-
gions or are from chimpanzee regions that
have diverged substantially from humans or
did not match for other unknown reasons.

The BESs mapped with high confidence
(13) were used to calculate the difference
between the chimpanzee and human genomes
at the nucleotide level. The number of sites in
valid alignments (nucleotide sites that have
PHRED quality values ¢ = 30) was
19,813,086. Out of this number, 19,568,394
sites were identical to their human counter-
parts for a mean percent identity of 98.77.
This value is consistent with previous obser-
vations (3, 9, 10); however, our calculation
comes from a much larger random compari-
son of slightly less than 1% of the total
genome. The distribution of the percent iden-
tity of BESs (¢ = 30) that have = 100 sites
per bin is depicted in Fig. 1. The distribution
was skewed to 100% identity instead of the
normal distribution, and hence the mode of
the difference is at around 0.8%. Although
most of the BESs have higher identity, we
also found the existence of many low-identity
BESs in the genome.

To construct a human-chimpanzee compar-
ative map, we aligned 49,160 paired BESs
(practically equivalent to BAC clones) from
24,580 chimpanzee BACs to the RefSeq human
genome contigs (build 24, July 2001) construct-
ed by NCBI (/3). In addition, 28,301 singleton
BAC ends were mapped onto the human ge-
nome, even though sequences of the opposite
ends were either repeats, low-similarity hits, or
not found in the current database (Table 1). The
exact positions of these clones will become
clearer through the progress of the human ge-
nome sequencing and/or the sequencing of the
corresponding chimpanzee clones in the near
future. The entire map showing the relative
positions of the chimpanzee BAC clones (with
links to the corresponding human BAC se-

100
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O .-lIIIII||||
a7 98 99

95 96
% ldentity

Fig. 1. Distribution of identity scores of the
chimpanzee-BES alignments to human genome
sequences. Frequencies of BESs with percent
identity scores from 94 to 100% are shown.
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quences) along the human genome contigs (NT
contigs, NCBI) and LocusLink (NCBI) infor-
mation and a comprehensive cross reference
table that includes corresponding positions in
the human genome and links to the human
BAC sequences can be freely accessed through
the Web (14).

We found that 48.6% of the whole human
genome was covered by the chimpanzee
BACs (Table 2). One of the reasons for this
apparently low coverage is that we used rath-
er stringent conditions for the calculation;
that is, BAC clones were incorporated into
the calculation only when they had two se-
quenced ends in the same NT contig with the
correct orientation. Probably because the ori-
entation of draft sequences within the NT
contig is sometimes incorrect, 70% of the
total paired ends fit the condition. The cov-

erage for chromosomes 14, 20, 21, and 22
was substantially higher. This difference cor-
relates closely with the quality of the human
genome sequences used as reference where
finished chromosomes and those with longer
contigs display higher BAC coverage. We
also tested 1 Mb of the human draft sequenc-
es corresponding to positions 8012178 to
8426236 and 18502342 to 19012063 of chro-
mosome 21, which we were able to retrieve
from the public portion of the Celera data-
base; however, we observed no substantial
differences between the mapping results ob-
tained through the public database and that of
Celera. Theoretically speaking, the probabil-
ity of coverage assuming totally random nu-
cleotide distribution was calculated at around
0.7 (15); thus, we concluded that the actual
coverage of about 70% for these essentially

Table 2. Estimated coverage of chromosomes by the chimpanzee BACs. The RefSeq human genome
contigs (NT sequences) of NCBI, build 24 (July 2001, ftp://ncbi.nlm.nih.gov/genomes/H_sapiens) were

used for the calculation.

Chro- Sizes (kb) Covered Number of Coverage Total
mosome (kb) clones* (%) BEST
1 222,590 114,161 1,503 513 6,561
2 219,687 107,196 1,375 48.8 6,848
3 180,073 70,238 845 39.0 5,071
4 173,018 55,707 670 32.2 4,693
5 163,831 71,411 947 43.6 4,679
6 170,571 104,412 1,378 61.2 5,072
7 149,184 84,480 1,095 56.6 4,408
8 127,942 56,156 692 439 3,640
9 111,625 64,427 833 57.7 3,372
10 130,908 72,039 909 55.0 3,771
11 130,943 66,419 830 50.7 4,185
12 126,843 58,650 709 46.2 3,411
13 97,659 56,934 729 58.3 2,750
14 88,311 59,389 789 67.3 2,668
15 75,981 38,992 515 513 2,309
16 73,282 34,094 467 46.5 2,390
17 74,182 34,143 487 46.0 2,444
18 72,437 36,303 440 50.1 2,084
19 57,681 19,494 241 338 1,388
20 59,154 41,738 570 70.6 1,720
21 33,543 22,614 309 67.4 931
22 33,705 22,351 317 66.3 1,059
X 137,753 34,991 329 25.4 1,642
Y 23,055 1,097 15 4.8 174
Total 2,733,958 1,327,436 16,994 48.6 77,270

*Here, BAC clones are counted only when they have two sequenced ends in the same NT contig with the correct

orientation.
remaining that are not assigned at this time point.
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Fig. 2. Distribution of chimpanzee BESs on human chromosome 21 and detection of human
chromosome 21-specific STSs in the chimpanzee genome. BAC clones based on the BES alignment
are positioned on the human chromosome 21 sequence and shown as red bars (the shortest bar
denotes 40 kb). Positions of human STSs that were not detected in the chimpanzee genome are
shown in the middle bar with open circles. Filled circles designate STSs that were detected only in
human DNA (see text and notes for details). Positions of clone gaps in the human chromosome 21
sequence are also shown as vertical arrowheads.
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finished chromosomes is reasonable. Rela-
tively lower coverage of chromosome X
(about half of the other unfinished chromo-
somes) can be explained by the haploid status
of the chromosome in the chimpanzee BAC
libraries. In contrast, we can only speculate as
to why the Y chromosome coverage is so
much lower (4.8%) as compared with the
other chromosomes (Table 2). One possibil-
ity is that the pseudoautosomal region of the
Y chromosome confounded our matching al-
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gorithm. Another hypothesis may be that the
human Y sequences in the DNA databank are
so different that the BESs in this study could
not find many valid matches. We will have to
wait until sequencing of the human Y chro-
mosome is finished to answer some of these
questions. Alternatively, we will also need an
independent approach, such as the construc-
tion and analysis of chimpanzee Y chromo-
some—specific libraries prepared from sorted
chromosomes, generating a complementary
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Fig. 3. FISH analysis of selected chimpanzee BAC clones against human and chimpanzee chromo-
somes. (A, D, and G) Clone names and positions (in parentheses) on human chromosomes
determined by the BES analysis (73) [FISH data found in the clone server (www.ncbi.nlm.nih.gov/
genome/clone/) were also used]. (B, E, and H) FISH mapping onto human chromosomes. (C, F, and
1) FISH mapping onto chimpanzee chromosomes. Chromosome numbers in the parentheses
(expressed in Roman letters) are expressed as phylogenetic chromosome number (X = 10) (78).
Arrowheads designate the positions of hybridization signals. Magnification of each panel is variable.

tool to help fully resolve the comparative
mapping for the Y chromosome.

Because the genomic sequence of human
chromosome 21 is finished to a high degree
(16), we analyzed the chimpanzee-human re-
lationship of this chromosome by combining
the BES mapping information with a se-
quence-tagged site (STS)-based approach
(17). We identified 18 STSs that amplified
products from human DNA but not from that
of chimpanzee (shown as circles in Fig. 2).
Because we used genomic DNA isolated
from three chimpanzee individuals, two
males and one female, the effects of relatively
larger polymorphisms among the chimpanzee
genomes should be minimized. These 18
primer sets, together with the flanking STSs,
were further tested with other primates in-
cluding gorilla. Out of these, amplification
products appeared exclusively in humans
from seven primer pairs (filled green circles
in Fig. 2 whose positions in human chr21 are
about 7.2, 8.5, 10.0, 11.6, 11.8, 18.1, and 29.3
Mb from the centromeric end, respectively)
(16, 17), suggesting that these loci might
correspond to insertions that are specific to
the human lineage. Nonhuman primate spe-
cific deletions cannot be ruled out but seem
less likely because this deletion would have
had to occur in all primates but humans. The
remaining 11 primer pairs fail to amplify any
products from chimpanzee DNAs but showed
positive signals in some of the other primates,
suggesting the existence of deletions or mu-
tation sites at those positions in the chimpan-
zee genome. Although one cannot exclude
the possibility that these findings are mere
reflection of the statistical variation, the re-
gion around these sites remains to be the
primary target of further investigations in the
future. Simple extrapolation of these results
suggests that there might be more than sev-
eral hundred such sites in the entire chimpan-
zee or human genomes, again including sta-
tistical variations.

To identify the boundaries of possible
genomic rearrangements, we then searched
for candidate clones containing chromosomal
breakpoints by inspecting the mapping re-
sults. If a clone contains one of the break-
points of a large genomic rearrangement, the
paired BESs of the clone should map to sites
separated by an interval longer than expected
or the experimentally determined insert size
(13). We identified one such example, clone
PTB-053J22. One of the BESs and 62% of
the finished sequence of this clone matched
(>99%) to the 12q15 human BAC clone
(AC005294; clone GSHB-410F4 contained
in NT_029419.1), and the other BES and
37% of the sequence matched (>98%) to the
12p12 BAC (ACO011604; clone RP11-80N2
contained in NT_009700.5). Sequences of
these three clones are in finished status and
the location of the human clones has been
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confirmed by both electron—polymerase
chain reaction (e-PCR) and fluorescent in situ
hybridization (FISH) analyses (http://ncbi.
nlm.nih.gov/genome/clone). In  addition,
PTB-053J22 is fully included in another in-
dependently sequenced chimpanzee BAC
clone (AC007214, RP43-135M19). Thus, it
is highly likely that PTB-053J22, which we
detected through this study, contains one of
the breakpoints corresponding to the human
(or vice versa in chimpanzee) chromosomal
inversion between 12p12 and 12ql5. In ad-
dition, this region in human chromosome 12
or in chimpanzee chromosome 10 is known
to be inverted in gorilla and chimpanzee as
opposed to human and orangutan (8, 18). We
found several genes around the PTB-053J22
BESs in the following order, SCL21A14 (sol-
ute carrier, organic anion transporter, family
21, member 14), <36 kb>, PTB-053J22-F,
<5 kb>, SLC21A8 (solute carrier, organic
anion transporter, family 21, member 8§,
<cen>, DYRK2 (dual-specificity tyrosine-
Y-phosphorylation regulated kinase 2), <330
kb>, PTB-053J22-R, <168 kb>, and IFNG
(interferon-y), based on the annotations on
the corresponding NT contigs. The effect of
the inversion on these genes should be the
target of future studies.

To independently test our mapping proce-
dure, we selected 15 chimpanzee BAC clones
mapped to human chromosomes 1 to 8 by the
BES alignment procedure (/3) and subjected
them to FISH analysis with both human and
chimpanzee M-phase cell spreads (Fig. 3). As
shown, 13 clones showed single locus signals
at the corresponding positions on both human
and chimpanzee chromosomes, and two
clones, RP43-50L24 and RP43-60K09,
showed similar signals at two loci on the
human and chimpanzee chromosomes, sug-
gesting that the mapping procedure we used
in this study is reliable. We believe that the
whole genome chimpanzee/human compara-
tive map built here by the BES alignment
procedure is reasonably accurate and useful
for future studies. Recent development of the
human-mouse comparative map (19, 20) also
supports our approach.

Users of this map should still be careful in
applying the information because the possi-
bility remains that assignment of particular
clones in the NT contig is incorrect or that
inter- or intrachromosomally duplicated re-
gions may be included within an insert. How-
ever, the quality of the map, and thus its
usefulness, should increasingly improve as
the finishing of the human genome sequence
proceeds.
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Nucleotide Variation Along the
Drosophila melanogaster Fourth
Chromosome
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The Drosophila melanogaster fourth chromosome, believed to be nonrecom-
bining and invariable, is a classic example of the effect of natural selection in
eliminating genetic variation in linked loci. However, in a chromosome-wide
assay of nucleotide variation in natural populations, we have observed a high
level of polymorphism in a ~200-kilobase region and marked levels of poly-
morphism in several other fragments interspersed with regions of little vari-
ation, suggesting different evolutionary histories in different chromosomal
domains. Statistical tests of neutral evolution showed that a few haplotypes
predominate in the 200-kilobase polymorphic region. Finally, contrary to the
expectation of no recombination, we identified six recombination events within
the chromosome. Thus, positive Darwinian selection and recombination have
affected the evolution of this chromosome.

Detecting evolutionary forces that shape the
structure of genetic variation at the genomic
level often relies on understanding the effects of
natural selection on nearby linked loci (/—4),
for which the fourth chromosome of Drosoph-
ila melanogaster is a classical model system
(5-7). It has been thought to undergo no mei-
otic recombination except under certain exper-
imental conditions (e.g., the interchromosomal
effect introduced for the purpose of mapping)
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(8, 9). Two genetic models—*“selective sweep”
by the hitchhiking effect (/, 10), in which an
advantageous allele is selected for and fixed in
species rapidly, and the background selection
model, in which deleterious mutations are se-
lected against (2, /0)—predicted a lack of vari-
ation throughout the chromosome, which has
been supported by limited data (6, /7). We have
reexamined the level of variation and recombi-
nation in the fourth chromosome using a chro-
mosome-wide assay of nucleotide variation.
We first investigated within-species nucle-
otide variation in two adjacent regions from
the 102F cytological position of the fourth
chromosome of D. melanogaster: (i) 4257
base pairs (bp) of the CG11091 locus, and (ii)
847 bp of an intron of the toy gene. CG11091
and toy are separated by ~10 kb. We directly
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