
ing a short acoustic cue from the submarine's 
final position. In these trials the seal directly 
approached the submarine's position in an un-
usually fast reaction (see Fig. 2B, last frame). 

What might be the detection range of a 
trail-following seal for prey fish? Even after 
>3 min, the wake behind a swimming gold- 
fish contains water velocities that are signif- 
icantly higher than background noise (9) and 
exceed the sensitivity threshold of the whis- 
kers of harbor seals (4). Given that a herring 
swimming at a sustained speed of -1 m s-' 
(16) leaves a hydrodynamic trail just as sta- 
ble as that of a goldfish, it might be detectable 
for a seal even when the herring is more than 
180 m away. However, for a reliable estimate 
of the maximum detection range, we need to 
learn more about background noise in the 
wild as well as the aging of fish-generated 
trails under natural conditions. 

Because a swimming seal itself produc- 
es considerable water movements that cer- 
tainly affect the whiskers, the detection of 
fish-generated water movements was 
thought to be hardly possible (17). Howev-
er, preliminary results from our laboratory 
suggest that seals may have overcome this 
problem by a simple mechanism. As a func- 
tion of swim speed and their biomechanical 
properties, the whiskers of a swimming seal 
vibrate with characteristic frequencies. A 
hydrodynamic trail intersected by the seal 
will cause a modulation of this characteristic 
vibration that might be sensed by the seal. 

Our results describe a system for spatial 
orientation in the aquatic environment that 
can explain successhl feeding of pinnipeds 
in dark and turbid waters. The sensory ability 
of hydrodynamic trail-following may be also 
important to other species equipped with hy- 
drodynamic receptor systems. 
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To illuminate the function and evolutionary history of both genomes, we 
sequenced mouse DNA related to human chromosome 19. Comparative se- 
quence alignments yielded confirmatory evidence for hypothetical genes and 
identified exons, regulatory elements, and candidate genes that were missed by 
other predictive methods. Chromosome-wide comparisons revealed a differ- 
ence between single-copy HSA19 genes, which are overwhelmingly conserved 
in mouse, and genes residing in tandem familial clusters, which differ exten- 
sively in number, coding capacity, and organization between the two species. 
Finally, we sequenced breakpoints of all 15 evolutionary rearrangements, pro- 
viding a view of the forces that drive chromosome evolution in mammals. 

Spanning 65 to 70 Mb and estimated to con- 
tain 1100 genes, human chromosome 19 
(HSA19) is one of the smallest and most 
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gene-dense of human chromosomes (1,2) .A 
clone-based physical map spanning all but 
the centromeric regions of the chromosome 
with seven gaps (3) has provided the frame- 
work for HSAl9 sequence, which to date 
includes 35 ~b of finished sequence and 22 
Mb high-quality draft. The an-
chored clone framework and high vercentane ., 
of ordered and oriented contigs generated 
through application of a plasmid paired-end 
sequencing strategy (4) have rendered unfin-
ished portions of HS4.19 draft sequence Par- 
ticula~ly amenable to annotation a id  analisis. 
Comparing human DNA sequence with that 
of other species has proved to be an especial- 
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l y  valuable annotation strategy, identifying 
sequence elements w i t h  important biological 
functions efficiently f rom a background o f  
nonconserved D N A  (5). T o  provide a tool for  
HSA19 annotation and for evolutionary stud- 
ies, we sequenced overlapping bacterial arti- 
ficial chromosome (BAC) clones spanning a l l  
15 segments o f  HSA19-mouse homology (3, 
4 )  (Fig. 1). W e  located reference gene sets 
(6) in the assembled HSA19 sequence (7) 
and syntenically homologous mouse B A C s  
and generated comprehensive sets o f  G R A I L  
and Genscan gene models for  both species 
(8). We also identified significant sequence 
matches to nonredundant database entries, 
expressed sequence tags (ESTs), and 6-frame 
translations o f  sequence f rom the mouse 
BACs  and predicted proteins f rom the se- 
quenced genomes o f  Drosophila, nematodes, 
and yeast along the length o f  HSA19. Finally, 
we aligned D N A  and 6-frame translations o f  
the human sequence and syntenically related 
mouse BACs  to  identify 1261 1 sequence el- 
ements that are conserved at significant levels 
in syntenically related regions o f  HSA19 and 
mouse (hereafter termed conserved sequence 
elements, or CSEs). W e  grouped sequence 
matches identified b y  these different methods 
into overlapping sets to identify 34733 dis- 
tinct HSA19 "sequence feature blocks" 

Fig. 1. Comparative maps of human chromo- 
some 19. The panel at left illustrates the posi- 
t ion of each of the nine segments of HSA19p 
(labeled I t o  IX)  defining regions of syntenic 
homology t o  different intervals of mouse chro- 
mosomes 8, 9, 10, and 17; panel at right illus- 
trates relationships between HSA19q and 
Mmu7 and 17, respectively. In the center o f  
each figure is an ideotype o f  the respective 
HSA19 arm with dark and light bands labeled 
(19~13.3-19q13.4); distance from the telomere 
of HSAIgp, in Mb, represented by numbers on 
the scale at left. Boundaries of the 15 human- 
mouse homology segments are shown as 
dashed horizontal lines; human segments are 
labeled with roman numerals at  far left of each 
panel. Homology segment labels are colored t o  
correspond t o  the homologous mouse chromo- 
some, as represented by colored bars t o  the 
right of each human chromosome arm (blue, 
MmulO; red, Mmul7; green, Mmu8  purple, 
Mmu9; gray, Mmu7). Mouse homology seg- 
ments are labeled with roman numerals t o  the 
right of each bar, with mouse chromosome 
number at far right. Hatched ends on the solid 
bars indicate that mouse BAC sequences 
crossed the homology segment breakpoint t o  
carry genes with homologs that are not related 
t o  HSA19. Symbols of relevant gene families, 
described in text or in the legend of Table 2, are 
shown t o  the right of each ideotype, wi th an 
asterisk denoting the Dresence of a tandemlv 

(SFBs) (9), detailed descriptions and displays 
o f  which can be found o n  the project Web site 
(http://bahama.jgi-psf.org/pub/ch19/). 

Some properties o f  HSA19 CSEs are sum- 
marized and compared w i th  exons o f  HSA19 
RefSeq genes in Table 1. Eighty percent o f  
the exons o f  HSA19 RefSeq (6) database 
entries are represented in the conserved se- 
quence set, indicating that most HSA19 
genes should be represented b y  at least one 
sequence match in the collection o f  1261 1 

CSEs. However, only 38% o f  HSA19 CSEs 
correspond to  RefSeq exons; an additional 
26% contain significant similarities t o  Locus 
Link, unigene, EST, or  other sequence data- 
base entries providing evidence that those 
sequence features define portions o f  function- 
al  genes. A total o f  4546 HSA19 CSEs (36% 
o f  total) show no  significant similarity t o  any 
sequence in public databases, including pre- 
dicted proteins f rom the genomes o f  Dro- 
sophila, nematodes, and yeast. More than 

Table 1. Properties of HSA19 conserved sequence elements and RefSeq gene exons. 

5100 bp >I00 bp All 

Number Percent* Number Percent* Number Percent Average 
length (bp) 

CSEs 
Total 6467 51.1% 6144 48.7% 12611 100% 120.7 
Associated with Refseq exons 1097 17.0% 3698 60.2% 4795 38% 197 
Associated with EST 2169 33.5% 3203 52.1% 5372 42.6% 146.5 
Associated any database match? 2758 42.6% 4393 71.5% 7151 56.7% 144.1 
No significant database match 3219 49.8% 1327 21.6% 4546 36% 86.3 

RefSeq exons 
Total 1976 32.8% 4046 68.2% 6022 100% 198.3 
Associated with CSE 1340 67.8% 3456 85.4% 4796 79.6% 207.2 

- - -- 

*In rows labeled "total," percentages reported in columns 2 and 4 report the fraction of total CSEs or exons in each size 
class; percentages in all other rows report the fraction of CSEs or exons within each size class that are associated with 
other sequence features. ?Numbers correspond to CSEs with a significant similarity (an expected value of e-lo) to 
sequences in the nonredundant database or predicted proteins from the genomes of Drosophila, nematodes, and yeast. 

duplicated clustir of ;elated genes. ZNF, 0i,  
and VR clusters are numbered as summarized in HSA19p HSA19q 
Table 2. Shaded boxes surrounding a gene fam- 
ily symbol indicate the presence of pseudogenes; symbols are not shaded if a single gene in that cluster is functional. Lines between mouse and human 
maps connect human gene families wi th corresponding sequences in the related mouse regions; multiple lines drawn between a human locus and the 
mouse map indicate that homologs of the human gene(s) are split by the evolutionary rearrangement onto two  mouse chromosomes. Dashed lines 
connect human gene family symbols t o  mouse genes that are duplicated or changed in relative position because of intrachromosomal rearrangements. 
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86% of the CSEs without significant database 
matches are clustered within 5 kb of known 
gene components, and depending on their 
location and protein coding capacity, these 
CSEs represent candidates for undiscovered 
exons (e.g., 5'-ends of partially sequenced 
genes) or regulatory elements. The probabil- 
ity that a CSE corresponds to a known ex- 
pressed sequence increases markedly with 
element length: The average size of a CSE 
that corresponds to portion of a RefSeq exon 

R E P O R T S  

is 197 base pairs (bp), whereas the average 
CSE with no sequence similarity is 86 bp in 
length (Table 1; Fig. 2). Combining evidence 
from all types of sequence features, we have 
predicted about 1200 HSA19 genes, includ- 
ing a hand-curated set of 892 loci defined by 
matches to RefSeq, locus link, and unigene 
sequences (6) and 128 genes based solely on 
clustered CSEs that are anchored by nonuni- 
gene EST sequence matches. Except for 28 
candidate genes defined only by isolated 

Fig. 2. Characteristics of HSA19 CSEs as a function of element length. A histogram showing the 
distribution of lengths of the 12611 HSA19 CSEs is shown, with numbers along the x axis 
representing the maximum length within each 25-bp bin. The total number of CSEs in each bin is 
represented by blue bars. The number of CSEs in each bin that are associated with ESTs (red bars), 
other significant sequence database matches (gold bars, including known genes, nonredundant 
database entries, or predicted proteins from genomes of Drosophila, nematode, and yeast), or not 
associated with any signficant sequence match (green bars) are also shown. 

Homologous mouse BACs 

Fig. 3. Distribution of repeat sequences in HSA19 and related mouse clones. The repeat content of 
HSA19 is plotted along the length of the chromosome in the top panel, with SINES (dark blue) 
LINES (pink), LTR (green), and satellite repeat sequences (light blue) plotted as a percentage of the 
total DNA sequence in 200-kb segments along the length of the assembled HSA19 sequence. CC 
content of the 200-kb segments is also plotted, in gray. The centromere of HSA19 has not been 
sequenced, and data from that region are not included. Below the human map is an ideogram of 
HSA19 linking positions along the assembled sequence and the chromosome's cytogenetic banding 
pattern. Scale below the human repeat plot shows location measured from the HSA19p telomere, 
in Mb. The bottom panel shows a similar plot of repeat and CC content of mouse BAC clones, 
arranged so that syntenically related mouse and human sequences are aligned. Dashed vertical lines 
show positions of homology segment breakpoints; homology segments are labeled below each 
panel with roman numerals. 

clusters of open reading frame (0RF)xon- 
taining CSEs, all predicted HSA19 genes are 
associated with high probability human or 
mouse cDNA sequence matches. Locations 
and properties of these known and predicted 
HSA19 genes are summarized in Web table 
A (lo), and a more detailed version of the 
gene catalog linked directly to regional dis- 
plays, DNA sequence, and sequence features 
that define each locus is available on the 
project Web site. Our analyses indicate that 
the number of genes that will be found 
uniquely through cross-species comparisons 
will be small; the true and very important 
benefit of human-mouse sequence alignments 
will be in the further definition of known 
genes and conservation-based confirmation 
of hypothetical genes predicted by other 
methods. 

For an overview of gene conservation, we 
focused first on analysis of the 892 estab- 
lished HSA19 genes. Forty-one of these 
genes (4.6%) are located in HSA19 positions 
corresponding to gaps in the mouse BAC 
coverage; clear homologs of all but 3 of the 
remaining 892 loci were found in synteni- 
cally homologous mouse BACs. The three 
loci not found in mouse BAC sequence- 
GOV, PPPZRIA, and DKFZp434d1335- 
identified highly similar mouse sequences in 
expressed sequence databases but are also 
closely related to genes located elsewhere in 
the human genome; the mouse genes may 
therefore represent paralogous rather than or- 
thologous loci. In general, we found ortholo- 
gous gene pairs arranged in syntenically con- 
served positions in all aligned HSA19 and 
mouse homology segments. Curiously, how- 
ever, despite identical gene content, several 
HSA19 regions are substantially larger than 
related intervals in mouse (3). For example, 
homology segment I spans 4.1 Mb in 
HSA19p13.3 but only 2.5 Mb in MmulO, and 
genes making up homology segment I1 occu- 
py 2.7 Mb in HSAl9 but only 1.8 Mb in 
Mmul7. In these intervals and others, which 
together make up -50% of HSA19-related 
mouse DNA, mouse genes are shorter and 
packed more tightly together because of dif- 
ferences in the number of repetitive elements, 
particularly short interspersed nuclear ele- 
ments (SINES), located both between and 
within genes. The difference is apparently 
chromosome-wide: The HSA 19 sequence 
contains a substantially larger number of 
SINEs (which comprise 27.6% of sequenced 
HSA19 DNA) than related mouse regions 
(12.5%) (Web table B; Fig. 3) (11). These 
differences in SINE reveat content and asso- 
ciated changes in interval length represent the 
major difference between single-copy gene 
regions of HSA19 and syntenically homolo- 
gous mouse DNA. Relative to other human 
chromosomes, HSA19 DNA is particularly 
rich in SINE repeats (2), and it is therefore 
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unclear whether the repeat-driven genomic that different mammalian lineages are actively gests that the duplicated genes are not entirely 
expansions we have observed for this human generating and selecting distinct regulatory pro- redundant to parental copies in function. Se- 
chromosome will be seen genome-wide. tein repertoires fiom a constantly changing pool quence variation within the internally duplicat- 

Thirty-one percent of HSA19 known and is an intriguing one. The observation that most ed, microsatellite-like finger regions may pro- 
predicted genes (340 genes) are not single ZNF copies have retained coding capacity sug- vide one path to rapid functional diversity. In 
copies but are members of large, tandemly 
clustered gene families, and most of these 
familial clusters are represented by synteni- 
cally homologous clusters in mouse (3). We 
found lineage-specific differences in coding B 
capacity of many different tandem HSA19 
gene families, including some that have been 
described in previous reports (12, 13). Be- 
cause of their large numbers and potential to 
influence species-specific aspects of biology, 

22) 

we focused on analysis of genes encoding "'1 PL A 

Krippel-type (C2H2) zinc-finger (ZNF) pro- Z 

teins, which encode putative transcription 
factors, olfactory receptors (OR), and puta- 
tive pheromone receptors (vomeronasal re- 
ceptors, or VR) (14). Kriippel-type ZNF 
genes make up one of the largest human 
families, with at least 700 members genome 
wide (1,2). HSA19 carries a disproportionate 
share of the human ZNF gene repertoire: 262 
distinct C2H2 finger-containing segments 
were identified in the HSA19 sequence (Web 
table C) (IS). The genes are clustered in 11 
different HSA19 locations, and most clusters 
contain sets of highly similar sets of genes 
that appear to have arisen by tandem in situ 
duplications of ancestral copies (Table 2; Fig. Fig. 4. Evolutionary relationships between KRABA-containing ZNF genes in HSA19 and related 
4). Despite their clear evolutionary relation- mouse regions. (A) An evolutionary tree showing relationships between KRAB-encoding motif 
ships, many ~omo~ogous HSA19 and related nucleotide sequences of a representative set of 101 mouse and 160 human ZNF genes was 

estimated with the PHYLIP tree generating program. Only mouse KRAB sequences that were well mouse different anchored to  specific positions in the comparative map were analyzed. Information regarding the 
ZNF genes. sequences used t o  generate the tree is summarized in Web tables D and E. Mouse genes are 

analysis of a subset of 160 HSA19 and 101 represented by colored circles and human genes are denoted by arrowheads; symbol colors 
mouse ZNF genes containing a Krippel-as- representing each gene's cluster location in HSA19 and related mouse DNA, as indicated by colored 
sociated box ( m )  motif (16) suggests arrows on either side of the HSA19 ideotype, in (B). Unfilled black symbols represent singleton ZNF 
that different founder genes have been dupli- genes. (B) Approximate positions of ZNF clusters Z1-Z11 relative t o  the HSA19 map, as summa- 

rized in Table 2. Arrows at left of the chromosome figure show positions of human clusters, cated9 lost, and in color-coded to  correspond t o  symbols representing resident genes on the evolutionary tree, in (A). 
each since the divergence Double arrows point t o  large clusters comprising genes distributed over distances of >I Mb. Arrows 
of primate and rodent lineages (17) (Fig. 4). at right of the figure show the relative position of mouse clusters in related homology segments; 
In one extreme example, a single human ZNF mouse clusters 26 and 27 were not sequenced. 
gene [ZNF-9906, a gene associated with 
SFBs 9906 ( m )  and 9907 (ZNF do- Fig. 5. Arrangement of m r 
main)] is represented by a cluster of 12 close- CYP4F, OLFR, and ZNF 13 

ly related ZNF genes in homologous mouse genes at the border of Z 
a - 

regions (cluster 24; Fig. 5). Two other mouse segments Mouse chromosome 17 - 2. 
Vlll and IX. Map at bot- ZNF clusters are represented by only one or a tom illustrates the ar- 

f 
few genes in related HSA19 locations (clus- of C/P4F, 

Ilnnnon 
g N@l 

5 E 8 Mouse chromosome 8 
terS Z1 and Z5), and human-Specific cluster OR, and ZNF genes and 2 $ 

13 a - 
expansions were also observed (e.g., cluster unique genes, NOTCH3 a > z  3 

and MEL, that flank the 
n 6 88 00, 

28; Table 2; Web tables C through F). 
All of the 262 HSA19 ZNF loci and all but homolo- 

L 

gy segments Vlll and IX Homology segment Vlll Homology segment IX 
10 related mouse sequences contain O m s  ca- in HSA1 9p1 3.1. 
pable of encoding proteins with at least five family are HSA19p13.1 

contiguous zinc fingers (Web tables C and D). represented by symbols as follows: CYP4F genes, filled rectangles; ZNF9906-related ZNF genes, open 
One hundred ninety-one HSA19 ZNF genes are boxes; OLF4 cluster OR genes, filled circles; OLF5 cluster OR genes, open circles. The names of family 
represented by high probability sequence members that correspond to known genes are listed above the corresponding symbols. Above the 

matches in the EST databases (>97% nucleo- human map are maps representing the arrangement of related genes in homologous regions of Mmu8 
and Mmul7, respectively. Multiple relatives of the single human ZNF gene, ZNF-9906, are distributed tide in 'loo bp)' indicating that the on either side of the rearrangement breakpoint in mouse, as are multiple members of the CYP4F family. 

genes are ZNF proteins con- Relatives of genes in HSA19p13.1 cluster, OLF4 (all members of OR sequence subfamily 10) are all 
taining KRAB domains are thought to fundon found on Mmul7. The closest human relatives of Mmu8 cluster OLF5 are found in human clusters OLF2 
as transcriptional repressors (I@, and the idea and OLF3, located in human homology segments V and VII, respectively. 
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the case of one HSA19 ZNF cluster, even high-
ly similar duplicates display distinct patterns of 
tissue-specific expression (19, 20), suggesting 
another mode by which the newly minted re- 
pressor genes might acquire new function. The 
large number of actively expressed ZNF genes 
and their diversity in humans and mice suggest 
that the different mammalian lineages have in- 
vested a substantial amount of evolutionq 
capital in constructing and fine tuning networks 
designed to regulate the expression of genes. 

Human and mouse genomes each contain 
roughly 900 OR genes (1,2), encoding proteins 
that recognize distinct types of olfactants and 
that function in different regions of the olfacto- 

ry epithelium (21). Acuity of the olfactory sense 
is reduced in humans when compared with 
other mammals, and recent loss of function at 
conserved OR loci has been proposed as a 
major contributing factor (22). Sequence anal- 
ysis of one pair of homologous human and 
mouse OR clusters revealed a complex pattern 
of lineage-specific gene duplication and loss 
(23), but human and mouse OR clusters have 
not been widely compared. HSA19 contains 49 
OR loci distributed in four major clusters (clus- 
ters OLFl to OLF4) (Fig. 1, Table 2, Web table 
G). Cluster OLFl is located near the HSA19p 
telomere and contains only degenerated OR 
loci, and we did not attempt to isolate related 

Table 2. ZNF, OLFR, and VR gene families in HSA19 and related mouse regions. NC indicates that mouse 
BACs related to these human regions were not isolated. Parentheses surrround HSA19 positions that 
would be predicted given the location of mouse genes that do not have identified HSA19 counterparts. 

Human genes Mouse genes 

Family Cluster* 
Human location 

(Mb)t Loci 
ORF§ location 

~oc i  ORFB 

OR OLFl NC 
VR2 s MmulO 
ZNF z1 MrnulO 

Mmul7 
VR2 s Mmul7 

Mmu8 
ZNF s Mmu8 
VR2 s Mrnu8 
OR OLF2 Mmu9 
ZNF z2 Mmu9 

Mmu9 
ZNF 23 Mmu8 
OR s Mmu8 
OR OLF3 MmulO 

Mmul7 
OR s Mmu8 
OR s MrnulO 
VR2 s MmulO 
OR OLF4 Mmul7 

Mmul7 
ZNF 24 Mmu8 
OR OLFS Mmu8 
ZNF Z5 Mrnu8 
ZNF 26 NC 
VR1 VNO1 NC 
ZNF 27 NC 
ZNF Z8 Mrnu7 
VR1 s Mmu7 
ZNF z9 Mmu7 
VR1 s Mmu7 
ZNF z10 Mrnu7 

Mmul7 
VR2 s Mrnul7 
VR2 VNO2 Mmul7 
VR1 VN03 Mmu7 
VR2 VN04  Mmu7 
OR OLF6 Mnu7 
VR2 VN05 Mmu7 
VR1 VN06 Mmu7 
ZNF z11 Mmu7 

*Cluster numbers or S = singleton loci. ZNF, OR, and VR gene sequences are described in detail in Web tables C through 
H. ?Human positions reported indicate the start of the cluster, measured in Mb from the HSA19p telomere in 
assembled sequence. $These mouse clusters were not completely cloned and sequenced, and numbers may not 
reflect the full gene content. §Criteria for defining ORF lengths for the different gene types are as defined in the 
text. (1 The closest relatives of some or all of the genes in these human clusters are Located in nonhomologous 
positions because of evolutionary rearrangements: parentheses surround the HSA19 position, in Mb, that corresponds 
to the location of rearranged genes in mouse. 

mouse sequences. Mouse and human clusters 
OLF2, OLF3, and OLF4 contain similar gene 
sets and are clearly homologous, but the ar- 
rangement of mouse OR genes also suggests 
that the genes have been dispersed in the course 
of evolution. For example, mouse cluster OLF5 
has no obvious counterpart but contains the 
closest sequenced relatives of human loci found 
in clusters OLF2 and OLF3 (Web table G). We 
also found three HSA19 and five mouse OR 
singletons, related in sequence to clustered 
HSA19 OR sequences but isolated from those 
clusters and surrounded by unrelated genes. 
Two human and four mouse singleton loci have 
complete ORFs indicating that they encode 
functional receptors (Web table G). The possi- 
bility that these OR singletons are functional is 
of interest because it provides a counterpoint to 
the idea that clustered organization is required 
for OR gene function. Mouse cluster OLF6 
[corresponding to the Olfr5 family (24)] is rep- 
resented by a single degenerated OR locus in 
the homologous human region, suggesting ei- 
ther gene loss in primates or recent cluster 
expansion in the rodent lineage (25). Twenty- 
seven of the 49 HSA19 OR sequences are short 
degenerated fragments disrupted by repeat in- 
sertions or multiple mutations; only 22 HSA19 
human loci contain complete ORF. Overall, a 
substantially larger fraction of mouse genes has 
retained capacity to encode functional proteins. 
Fifteen of the 20 completely sequenced mouse 
OR genes are capable of encoding a functional 
protein, and none of the 6 partially sequenced 
genes contained mutations that would disrupt 
the ORF (Table 3; Web table G). These obser- 
vations support that notion that conserved hu- 
man and mouse loci differ substantially in cod- 
ing capacity (22) but also indicate that the du- 
plication and loss of genes, and indeed whole 
clusters, have played important roles in deter- 
mining the different olfactory capabilities of the 
two species. 

A more dramatic example of primate-spe- 
cific gene loss was observed in two gene 
families encoding putative pheromone recep- 
tors (vomeronasal receptor genes, VR1 and 
VR2) (26, 27). A number of active rodent 
VR1 and VR2 genes have been identified, but 
only a single functional human VR gene, 
VlRLl, has been described (28). Loss of 
function at conserved VR loci has been sug- 
gested to parallel a substantial reduction in 
pheromone-detection activity in humans (29), 
but the evolutionary history of the VR gene 
families and their prevalence, coding status, 
and organization in different mammalian ge- 
nomes are not known. VlRLl is located in 
HSA19q13.4, and we uncovered a cluster of 
10 related genes, including at least 6 mouse 
VR1 genes with complete ORFs, in the syn- 
tenically homologous region of Mmu7 (clus- 
ter VN07, Table 2; Web table H). A com- 
prehensive search revealed 26 VR loci in 
HSA19 DNA; only VlRLl is potentially 
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functional. We also identified 36 VR loci in 
HSA19-related mouse DNA, including at 
least 17 mouse genes with complete ORFs 
(Web table H). The obvious loss of function 
in all but 1 of 26 human VR genes is consis- 
tent with a precipitous loss of pheromone 
receptor capacity in primates. By contrast, the 
similarity between different mouse VR gene 
copies (30) indicates that rodents have gen- 
erated new VR receptor functions through 
active rounds of gene duplication. 

HSA19 exists as a single, conserved linkage 
group in most primates (31),and linkage within 
each respective HSA19 chromosome arm is 
well conserved in dogs, cats, and cattle (32- 
34). Significant conservation of HSA19 gene 
synteny is also seen in zebrafish (35). There- 
fore, the major differences that distinguish 
HSA19 from related mouse DNA are chromo- 
some fission events that appear to have oc-
curred specifically in rodents. To gain a chro- 
mosome-wide picture of forces that may have 
driven these rearrangements, we examined 
mouse and human sequence surrounding the 
borders of all 15 homology segments (Fig. 1; 
Table 3). Sequences related to the HSA19p 
telomere, HSA19q telomere, HSA19q centro- 

mere, and several other homology segment 
ends are hsed to other HSA19-related sequenc- 
es in mouse (Fig. 6) indicating that intrachro- 
mosomal rearrangements accompanied or pre- 
ceded many of the fission events that split the 
conserved HSA19p linkage group into frag- 
ments in rodents. 

Examination of mouse and human break- 

point sequences revealed a number of common 
features. Ten breakpoints lie in the midst of 
clustered gene families with the break splitting 
closely related family members onto sepanite 
mouse chromosomes or regions (Fig. 1; Table 
3). The five ZNF gene families, three OR gene 
clusters, and the single cluster of CYP4F genes 
located in HSAl9p are, without exception, po- 

Mmul7 Mmu8 

0 0 

Fig. 6. Organization o f  HSA19p- 
related segments i n  mouse chro- 
mosomes 8, 10, and 17. The ar- 
rangement of different HSA19 
homology segments in  mouse 
chromosomes 8, 10, and 1 7  are 
shown. Segments IIVII and VIII/ 
IV are contiguous i n  mouse chro- 
rnosomes 1 0  and 17, respective- 
ly. Solid bars denote regions o f  
the  mouse chromosomes tha t  
are related to HSA19, w i t h  ho-  
mology segments identified by  
Roman numerals a t  the  le f t  o f  
each figure. Mouse DNA related 
to other  human chromosomes is 
represented b y  dashed bars; the  

MmulO 

• 

IHSA2lq22.3 : Ctsb HSA21q22.3 : Hsf2bp I. D21s2056e

pdxk 

24' 
OLFPMYOI~ 

Rabllb 

HSA12p : ~ ~ ~ 6 ~ 2 1 . 3:g: 
I Ebi34 EMRl 

OLFV 
H S A ~ ~ B.CMIzb1 

HSA18q12 :M m 3  
l 

human chromosome regions t o  which these adjacent mouse segments are related are identi f ied b y  
numbers a t  left, where known. Gene names o r  gene fami ly  designations, as explained i n  the  text,  
are shown a t  the r ight o f  each figure. 

Table 3. Summary of  DNA sequence content at homology segment borders. Abbreviations are as follows: CEACAM, carcinoembryonic antigenlpregnancy- 
specific glycoprotein family; SICLEC, sialic acid glycoprotein family; FPR1, formyl peptide receptor 1 family; CYP4F, cytochrome P450 subfamily 4F; RV, 
endogenous retrovirus sequence; L1, LINE1 repetitive element. -rs marks sequences that are related but not identical t o  established genes. 

Flanking 
Mouse Chrt Sequence content: mouse 

Adjacent 
homology$ 

H19p (VII) 
HSA12q22-q24 
HSA6q 
HSA8q13 
HSA13q34 
HSA13q34 
HSA6p21.3 
HSA19p (VIII) 
HSAl lq21  
HSAl l q 2 2  
HSA16q 
HSA4q 
HSA19p13.3(1) 
HSA21q22.3 
HSA21q22.3 
HSA19p13.2(lV) 
4q28 
8p21 
HSA19q (XIII) 
HSA19q (XII) 
Hsal9q (XII) 
HSA19q (XII) 
HSA19q (X) 
HSA19q (XV) 
H S A l l p l 4  
HSA19q (XI 
HSA16p13.3 
HSA16p13.3 
Mmu7-cen 
HSA19q (XII) 

Breakpoint* 

ptelll 
1/11 

11 /111  

III/IV 

IVIV 

VIVI 

VIIVII 

VIIIVIII 

Vlll l lX 

IWpcen 
qcenlX 
XIXI 

XIIXII 

XIIIXIII 

XIIIIXIV 

XIVIXV 

XVIqtel 

Sequence content: human 

OLF1 L1# 

Simple sequence repeats5 


L1# 


RPL23rs, RV# 


22, OLF2, RV# 


23, RV# 


OLF3 


CYP4Fq OLF4, 24, L1#, RV# 


25, 26 L1# 

Alpha satellite repeats 


CEACAM# 

PSC#, LlH, RV# 


ZNF, VR1 


Z10, SICLEG#, FPRlB, L l #  


210, VN03#, L1#, RV# 


Z11, V N 0 6 #  


genes 

PPAPZC 
SIRT611 
EB13 
EMR1 
INSR 
SCYA2S 
RAB11B 
MYOlE 
FBL12 
ACP5 
MAN2B1 
NDUFB7 
SLClA6 
ILVBL1 
NOTCH3 
CYP4F2 
MEL 
CCNK2 
UQCRFS1 
LlPEll 
CEA C A  M 
CEACAM 
XRCC1 
LIC1 
EmP3 
ETFB 
HASI 
ZNF160 
PKCC 
ZNF42 

10  L1# 

10 Zl/ l ,  RPL37a-rs, L1#, RV# 

17  21; RPL23a-rs; L1#, RV# 

17  VR2, LIB, RV# 

8 VR2, L1#, RV# 
8 VR2; ZNF; RPL23a-rs, L1#, RV# 

17  LIB, RV#, Kifefl 
17  22, RV, O L F ~  
9 ~ 2 ,OLFZ,LIP, R* 

9 23, RVn 

8 23, RV#, Lln, Mem3y 

8 OLF3, L IB ,  RV#, Clgnn 


10  OLF3, L1#, RV# 
10 Notch3-rs, Pdxm Cstbg 
17  Notch3, Pdxk-r% Hsf2bpn 
17  Cyp4f#, 24, OLF4 
8 Cyp4f, OLF5, L1#, RV# 
8 25, LIB, RV# 
7 RV#, RPL21-rs 
7 Ceacam#, L1# 
7 Ceacam# 
7 Ceacam#, L1#, RV#, P p p 5 d  
7 Ceacam, L1#, RV#, Argefhly 
7 VRI, L1#, RV# 
7 ZNF, RV# 
7 210, Siglec# 

17 210, Siglec#, Fprln, L1#, RV# 
17 Z10 

7 210, VN03#  
7 21 1, VN06#  

*Roman numerals refer to homology segments defined by a given breakpoint; pcen and qcen, HSA19 p and q centromeres, respectively; ptel and qtel, HSA19 p and q telomues, 
respectively. tMouse chromosome. $Human chromosomal region to which adjacent mouse sequences are related. For regions that abut other HSA19 segments in mouse, the 
neighboring mouse homology segment number is shown in parentheses. $Taken from (44). /\Genes located in different positions within human and mouse homology segments 
because of internal inversions. fIKnown genes identified on a breakpoint-spanning mouse BAC that are derived from adjacent regions of human homology, as indicated in column 
6. #Indicates the presence of a cluster of at least two related genes; ZNF (Z), OR (OLF), and VR (VNO) gene cluster numbers shown in column two are defined in Table 2. 
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sitioned across or immediately adjacent to sites 
of evolutionary rearrangements. In six cases, 
the evolutionary break is associated with a sig- 
nificant expansion of the mouse gene family. 
One example involves the division of mouse 
CYP4F genes and the 12 mouse relatives of the 
singleton human ZNF gene, ZNF-9906, de- 
scribed above, onto the separated ends of ho- 
mology segments WI and IX in mouse 
(Mmul7 and Mmu8, respectively) (Fig. 5; Ta-
bles 2 and 3). Clear evidence of gene duplica- 
tion at sites of rearrangement was also observed 
outside of clustered gene families. For example, 
in HSA19p13.1, ILVBLI and NOTCH3 are 
neighboring genes that lie -17 kb apart, where- 
as mouse Ilvbll and Notch3 are separated onto 
different chromosomes (Mmul 0 and Mmu 17, 
respectively). Except fora complex duplication 
of sequences related to Notch3 and Pdxk (the 
ortholog of an HSA21 gene), the arrangement 
of HSA19p13.1 and HSA21q22.3 genes ap- 
pears to be the product of a simple reciprocal 
exchange. The similarity between MmulO and 
Mmul7 duplicates indicates that the rearrange- 
ment occurred 20 to 25 million years ago, long 
after the separation of primate and rodent lin- 
eages (36). The arrangement of nearly perfect 
repeat structures at the junctions of the two 
mouse regions suggests a direct association be- 
tween the duplication and translocation events 
(Web fig. I).- 

Finally, we noted especially high concentra- 
tions of tandemlv organized L1 re~eats and . -
retrovirus-associated LTR sequences at sites of 
evolutionary breaks (Fig. 3, Table 3). On aver- 
age, mouse breakpoint clones contained 21.7% 
L1 sequences, more than a twofold increase 
over the average L1 repeat content HSA19- 
related BAC set as a whole (9.2%). Recombi- 
nation between Lls  and other repeated se-
quences has been documented to drive rear- 
rangements associated with human disease 
(37), and concentration of repeats and duplicat- 
ed genes at virtually all HSA19 breakpoints 
indicates that similar mechanisms are also driv- 
ing chromosome reorganization on the evolu- 
tionary scale. The large arrays of ZNF and OR 
genes, each spanning several hundred kilobases 
and scattered liberally around the genome, may 
also present exceptional targets for nonhomolo- 
gous pairing. The tandemly clustered architec- 
ture is therefore likely to be both a reflection of, 
and a predisposing force for, the rapid evolution 
of these families. 

The differences we observed in homologous 
mouse and human gene families provide a stark 
contrast to the solid, virtually one-on-one con- 
servation of unique HSA19 genes. These data 
show that the mammalian single-copy gene rep- 
ertoire is relatively static, changing slowly over 
evolutionary time. However, against this stably 
conserved background, lineage-specific chang- 
es continue at a rapid pace within gene families, 
especially within families for which tandem in 
situ duplication provides the major mode of 

expansion. Such lineage-specific differences 
are not likely to be limited to HSA19; in fact, 
differential patterns of gene gain and loss have 
been documented in several well-studied clus- 
tered gene families, with the major histocom- 
patibility complex serving as the classic but not 
the exclusive example [(13, 22), reviewed in 
(38)l. Extrapolating from HSA19 observations, 
we can expect to find hundreds of new and lost 
lineage-specific genes as human and mouse 
genomes are compared. Unique genes also gen- 
erate duplicates through retrotransposition and 
other mechanisms at significant rates, and dis- 
persed gene copies may also be selected to 
carry out lineage-specific functions [e.g., 
Apo(a) (38)l. However, most gene copies do 
not retain function (39), and HSA19 and mouse 
DNA are both littered kith fossils of such failed 
lineage-specific gene duplication events. The 
high rate at which duplicated ZNF, OR, and 
other clustered genes have been maintained as 
intact copies in one or both species may reflect 
the operation of different evolutionary forces 
than those acting on single-copy genes. Our 
studies show that certain types of genes are 
driving dramatic lineage specific changes in 
gene repertoire through in situ duplication 
events; this mechanism, acting in concert with 
incremental changes in the protein coding and 
regulatory elements of the stably conserved -
genes, is likely an importantsource of evolu-
tionary novelty. 
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ecS0, ecT5, e-'O, and e-15, respectively. Different e 
scores reflect relative conservation between members 
of the family. In KRAB-ZNF genes, the KRABA and 
zinc-finger domains are each encoded by single exons 
(13), so that there is a one-to-one correspondence 
between sequence feature blocks containing these ele- 
ments and individual genes. Because each sequence 
feature block generally contains only one exon or exon 
fragment, only single exons of multiexon genes are 
found; therefore, for other ZNF gene types that contain 
more than one finger domain, the gene count will be an 
overestimate. Likewise. OR (18) and VR1 (23) coding 
sequences are contained within a single exon, simplify- 
ing the analysis of these genes. VR2 genes have a more 
complex structure; to identify these genes and assess 
coding capacity, we focused on the analysis of sequenc- 
es in a single exon encoding the conserved membrane 
spanning domains (24). To find exon fragments, such as 
the numerous pseudogene fragments found for VR1 
and VR2 genes in HSA19, we set the e scores to be 
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In the visual system, the establishment of the anteroposterior and dorsoventral 
axes in the retina and tectum during development is important for topographic 
retinotectal projection. We identified chick Ventroptin, an antagonist of bone 
morphogenetic protein 4 (BMP-4), which is mainly expressed in the ventral 
retina, not only with a ventral high-dorsal low gradient but also with a nasal 
high-temporal low gradient at later stages. Misexpression of Ventroptin altered 
expression patterns of several topographic genes in the retina and projection 
of the retinal axons to the tectum along both axes. Thus, the topographic 
retinotectal projection appears to be specified by the double-gradient molecule 
Ventroptin along the two axes. 

Axonal connection patterns in the nervous sys- development of topographic maps. Graded dis- 
tem often form topographic maps, with nearest tributions of topographic molecules along the 
neighbor relationships of the projection neurons anteroposterior (A-P) (nasotemporal) and dor- 
maintained in their connections within the tar- soventral (D-V) axes in the retina and tecturn, 

relatively high; this caused an increase in the number of get. The projection from the retina to the tecturn which are derived from the regional specializa- 
false positives. Resulting sets Of matches corresponding is a good model system for understanding the tion along the two axes during retinal and tectal 
to all families were therefore examined by hand to 
determine validity of membership and coding capacity. development, control the topographical projec- 
Details of each hit and tables summarizing the locations 'Division of Molecular Neurobiology, National Insti- tion of retinal axons (I). Although gradients of - - 
and properties of each gene set are summarized in Web tute for Basic Biology, ZDivision of Morphogenesis, diffusible factors and transcription factors are 
tables B through C. National Institute for Basic Biology, 3Department of 

15. E. J. Bellefroid et al., Proc. Natl. Acad. Sci. U.S.A. 88, ~ ~ l ~ ~ ~ l ~ ~  ~ i ~ ~ ~ ~ h ~ ~ ; ~ ~ ,  ~h~ craduate university for known to control the regional specificities in 
3608 (1991). Advanced Studies, 38 Nishigonaka, Myodaiji-cho, the retina during (2-6), the m"- 

16. A multiple alignment of the HSA19 and syntenic Okazaki 444-8585, lecular mechanisms involved are mostly un- 
mouse KRABA nucleotide sequence was created with 
ClustalX (44). Using PHYLlP (49, we generated a *To whom correspondence should be addressed. E- known. We performed screening of 
consensus distance tree using dnadist, neighbor, and mail: madon@nibb.ac.jp region-specific molecules (7) [also see supple- 
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