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The human genome contains thousands of genes that encode a diverse repertoire of odorant receptors (ORSs).

We report here on the identification and chromosomal localization of 74 OR-containing genomic clones. Using
fluorescence in situ hybridization (FISH), we demonstrate a striking homology among a set of 20 OR locations,
illustrating a history of duplications that have distributed OR sequences across the genome. Half of the
OR-containing BACs cloned from total genomic DNA and 86% of cosmids derived from chromosome 3
cross-hybridize to a subset of these locations, many to 17 of them. These paralogous regions are distributed on

13 chromosomes, and eight lie in terminal bands. By analyzing clones from an (250 kb clone-walk across one of
these sites (3p13), we show that the homology among these sites is extensive (>150 kb) and encompasses both

OR genes and intergenic genomic sequences. The FISH signals appear significantly larger at some sites than at

the native location, indicating that portions of some duplicons have undergone local amplification/attrition. More
restricted duplications involving pairs of other genomic locations are detected with 12% of the OR-BACs. Only

a small subset of OR locations is sufficiently diverged from the others that clones derived from them behave as
single-copy FISH probes. We estimate that duplications encompassing members of the OR gene family account

for >0.1% of the human genome. A comparison of FISH signals at orthologous locations in other primates
indicates that a portion of this OR ‘subgenome’ has been in flux during the divergence of primates, possibly as

a mechanism for evolving the repertoire of olfactory receptors.

INTRODUCTION conserved transmembrane regions (6). Remarkably, over two-
thirds of the human OR sequences captured in this way are
Humans can discriminate thousands of odors (1). This capabiliypparent pseudogenes (6).
is due to the expression of a diverse repertoire of odorantMembers of the OR gene family are distributed among many
receptors (OR) in the specialized sensory neurons in the olfactdegations in the human genorfte-8). When a pool of OR-specific
neuroepithelium. The OR receptors are encoded in the genomeseguences was used as a probe for fluorescesitehybridization
a large family of genes, whose coding regions are dhibkk) (FISH), signals were observed at >25 locations situated on all but a
(2,3). ORs are members of the much larger family of G-proteirfew chromosomes (6). PCR analyses of flow-sorted chromosomes
coupled receptors with seven transmembrane segments. Geoasfirmed the dispersed nature of the human OR family (6). Each
that are very closely related to ORs are expressed in the tondDR location is likely to comprise multiple genes and/or pseudogenes
and, surprisingly, in testgd,5). A large subset of OR genes, (5,8,9; V. Brand-Apon, S. Rouquier, H. Massa, P. de Jong,
ranging in similarity from 45 to 100%, can be amplified from theC. Ferraz, P.A. loannou, J.G. Demaille, B.J. Trask and D. Giorgi,
human genome using degenerate PCR primers in two highdybmitted for publication).
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Only a single OR is expressed in each neuf®nl3).
Therefore, the multi-chromosomal distribution of OR gene:
presents a conundrum for understanding the transcription
regulation of the OR gene family. The distributed nature of th
human OR gene family is in sharp contrast to the organization
antigen-receptor gene families, where diversity is generated |
joining elements from a single genomic cluster of possibli
components. For the OR family, transcriptional-control mechar
isms must contend with the multiplicity of gene locations tc
ensure that only one OR is expressed in each neuron (and fri
a single allelej10-13) and that eachaeptor is expressed in the
appropriate zone within the neuroepitheli(@yl1,12,14), \ile
insuring that a diverse repertoire of receptors is expressed in t i
tissue as a whole. It is anticipated that a study of the genorr
sequences surrounding transcribed OR genes will reveal how tl
set of demands is fulfilled at the molecular level.

The history of events leading to the multitude of OR-containini
locations in the human genome and the plethora of pseudogene
also insufficiently understood. The FISH results with OR-specifi
sequenceg6) lead to two ¥potheses about the evolutionary
relationships among the many OR-containing locations. On
possibility is that processed pseudogenes have been inserted
some sites by retrotransposition. In this case, homology would |
limited to the transcribed portions of OR sequences. Alternatively,
sites may be related as a consequence of interchromosomal
duplications of large genomic segments. In this case, the homology
is expected to extend to sequences that flank and/or lie between tFigure 1. A metaphase spread showing the hybridization signals produced by
OR genes. Given the many OR pseudogenes in the human genor‘ﬁé OR-containing BAC 51D11. By analyzing 10 such metaphases, it was

Ssible to discriminate recurrent sites of specific hybridization from sporadic

it is relevant to ask whether blocks of pseudogenes have be%ﬁckground signals. Twenty sites of specific hybridization were detected (Fig.

duplicated. Although several clusters of mouse OR genes akg) on the 13 indicated chromosomes. More than one region of hybridization
associated with large genomic duplicati¢hS), and a subset of is evident on several chromosomes (2, 3, 7, 11, 12 and 13). Note the marked
OR genes is repeated near multiple human telomeres within cﬁ{ference‘in signal intensity among the chations, which is reflected in the
much larger unit of duplication (7), the evolutionary relationshipsVerage signal scores that are plotted in Figure 2A.
among most of the OR-containing sites in the genome are not yet

known. The observation of extreme polymorphism among humans

in the distribution of a subtelomeric block of OR ge(i®salso
raised the possibility that phenotypic variation could arise throu

variation in gene copy number or genomic context. It is therefor

important to assess the plasticity and variability of the portion g, of OR-specific sequences. This OR pool was PCR amplified
theAgenome devotgd to tdhe OR g’.‘m"yh uti q from total human genomic DNA using degenerate primers
s a step towards understanding the evolution and transcrigs.,nizing evolutionarily conserved regions of the OR proteins

tional control of this gene family, we describe here theseqe™paterials and Methods). Positives were confirmed by
identification and cytogenetic characterization of genomic clon PCR amplification of a product of the expected size using the

encompassing OR genes and pseudogenes. We show that figenerate OR primers, (i) sequencing of cloned PCR products

majority of OR clusters contains sequences that are shared by 2% iii) Southern blot hybridization &caRI-digested DNA

i'tzsl mzéhelgion?' :L%n'y 3 ffs‘)’v %Rz-contamlr;fg _regllonz,. €.9. fling the OR sequence pool as a probe (data not shown). Of the
q21-22, 1944, 17pl3 and 19pl13.2, are sufficiently divergega, iy nositive clones, 52 BACs and 22 chromosome 3 cosmids

from _the o@hers that clones derived from them hybrlt_ilze 0 UNIqYGere characterized cytogenetically by FISH.

locations in the ghenome. We Sh(?"(‘; tnat dupllgatl;)nosRof large 5y er half of the 74 clones produced FISH signals at more than

genomic regions have accompanied the spread o 9ENEH: genomic location. Figure 1 illustrates the most striking

many locations. Finally, we demonstrate that the chromosom ulti-chromosomal pattern we observed: BAC 51D11 cross-

distribution of OR duplicons has changed during the divergenggigizes to 20 locations on a total of 13 chromosomes. The

of the great apes. signal intensity and labeling efficiency varies significantly among
the sites. The FISH signals at some sites, such as 4p16 and 8p23

loned from total human genomic DNA and a cosmid library
nstructed using DNA from flow-sorted chromosome 3. The
itial screen was performed by hybridization with a complex

RESULTS exceed the intensity expected for a BAC of this size, suggesting
that all or part of the BAC's insert has been duplicated locally at

Many OR-containing clones hybridize to multiple these locations. In contrast, signals at other sites, such as 2p12-13

genomic locations 2022-23, 13913, 13921 and 14921, are relatively dim and are not

seen in all metaphases, suggesting that these sites harbor
Genomic clones containing OR-like sequences were identifiesbquences that are less homologous to or homologous to only a
from two clone libraries, a BAC library éB0-100-kb inserts portion of the BAC's sequence.
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Figure 2. Summary of the hybridization signals produced by 74 OR-containing clones identified in a total genomic BAC library armbarder8rapecific cosmid
library. (A) 32 clones produced signals consistently at 17 sites in the genome, and their signals are summarized in this panelohsuntacérize the results
of 14 OR-BACs, and the red dots summarize the results of 18 OR-containing chromosome 3 cosmids. Each row of dots cotresg@rdgs@bserved by a
particular clone. The size of each dot indicates the average signal intensity observed at a given location with a paeticiiarhmes of the clones are indicated
in the two columns to the right. A small T is drawn at the 24 locations where signals were observed with more than damesf. tRelymorphism (see text) may
partially account for ambiguity in the assignment of clones in 2p. The stacks are positioned over the center of the hglimianthe mapping precision is
approximately half of a 400-level band®)(Summary of the hybridization sites of BACs or cosmids that hybridized to three or fewer locations in the genome.
Twenty-nine BACs hybridized to single sites; these sites are marked with white circles. Each circle denotes a sepamtéocloddferent clones mapped to
1g21-22. Four chromosome 3 specific cosmids mapped to single sites, which are marked with black circles. Eight clonedweegifes] todicated with pairs
of matching triangles. One clone mapped to the three sites indicated with a green square. The relative sizes of tmel tsigmaieseflect the relative hybridization
efficiencyl/intensity at the two or three sites, respectively. The names of the clones mapping to multiple locations eddnrttiedigure. The single-locus BACs,
listed in order of location, are: 1q21-22: 267C3, 460D10, 821D9, 980D1; 1q43-44: 176F8, 850H7, 992G12; 3911.2-13.1: 4BCOR4IR 5q23—31: 995D3;
5q34: 303F10; 9932-proximal q34: 17E12, 378E10, 855A10, 963F3, 987D11, 966G7, 996G8; 11p15: 626C11, 978C7; 13g21: 9483 {hel@gdominant
site of 969B7, but this clone also produced dim signals infrequently at some of the same locations as the multi-sitéA§]phég32: 858F6; 17p12-13: 45F12,
284ES5, 588A4; 19p13.3: 32E9; 19p13.1-13.2: 3F6, 272A4, 378D8. The single-locus chromosome 3 specific cosmids are 3p1:43¢113.8329.: 28; 3928-29:
45. (The LLO3NCO1 designations are given in Materials and Methods.)
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The multi-chromosomal distribution of BAC 51D11 is typical regions are a composite of relatively unique segments and
of 14 (26%) BACs and 18 (82%) chromosome 3 cosmids. Figudplicated segments.
2A summarizes the relative intensities of signals observed with
these 32 multi-site clones. The relative average intensities of the
signals at each location, indicated by the size of the dotsharacterization of the extent and structure of the
representing each clone, generally reflect the pattern shown fOR-containing duplications
51D11. A total of 18 locations cross-hybridized to each of 10

cosmids and eight BACs (>50% of the mullti-site clones of eadfjle wished to determine if the duplications that resulted in
type). This list includes locations on chromosomes 2p, 20, 3pmology among the 17+ sites, detected by the clones shown in
(two sites), 3q, 4p, 7p, 79, 8p, 9q, 10p, 11p, 11q, 12p, 12q, 1¥Gyures 1 and 2A, involved sequences outside of the OR genes
(two sites) and 14q. In addition, more than eight BACs producaflemselves. We had shown previously that OR sequences reside
a strong FISH signal at 16p, and several cross-hybridizegt most of these locations (6), indicating that the OR sequences
intensely to 21q (51D11 in Fig. 1 labels both these locationsyre part of the duplications. We conclude from the following six
Twenty-four sites showed hybridization signals with at least fousbservations that non-OR sequences are also part of the
of the clones, and eight sites were detected with all 32 clones. pdralogous segments.
the 24 sites of significant homology, 42% are located in terminal (i) The intensity of the FISH signals at most of the cross-
bands, which together account for ohly0% of the genome. hybridizing locations was significantly greater with the genomic
The remaining 38 OR-BACs and four OR-containing chromoelones than with short OR-specific probes.
some 3 cosmids exhibited more restricted chromosomal distribu-(ii) The addition of excess unlabeled OR-sequences to biotiny-
tions than the set typified by 51D11. The FISH results of thedated cosmid 8 failed to attenuate the resulting FISH signals
clones are summarized in Figure 2B. Many clones (12 BACs arsignificantly at any of the locations (data not shown).
one cosmid) hybridized to a subset of the locations (defined ag(iii) PCR assays designed from the sequences at the ends of
within the resolution of two-color metaphase FISH) observegeveral cosmids confirm the multiplicity of their cytogenetic
with the multi(>15)-site clones. 5C11 hybridized to three of theslcations. These primers were designed to avoid common
sites. Interestingly, 5C11 labels 2p12-13 as brightly as it do&derspersed repeats and OR homology. Each of the 24 human
4p16 and 11q12-13, whereas 2p12-13 was usually one of #fzromosomes, isolated in monochromosomal rodent somatic cell
dimmer locations seen with the set of clones that cross-hybridifbrid lines, was subjected to PCR amplification with these
to many more locations than 5C11. Similarly, 969B7 producedR{imer-pairs. In contrast to FISH, PCR assays chromosomes for
predominant signal at 13q21, but dim signals were seen rarelygamall region of a clone and demands that the sequence be
many of the same locations seen with the multi-site clones. viplicated with sufficient similarity that PCR-amplification
conclude that 5C11 and 969B7 derive from 2p12—-13 and 13gZaccurs. As expected, each PCR assay yielded a product on

respectively, and each contains a portion of the larger, widefj'romosome 3, the origin of the cosmids. Primers designed from
distributed duplication. e T7 end of clone 32 [which produced a FISH signal on

Eight BAC clones produced signals at two locations. Twgromosomes 2-4, 7-14 and 21 (Fig. 2A)] amplified a product of
patterns are worth drawing attention to because each expected size fro.m hybrids containing human chromosomes
observed with two BACs. An OR-related segment, representéd % /—11 and 13 (Fig. 3A). Only chromosomes 12, 14 and 21,

W ich were seen by FISH, failed to amplify. Chromosomes 3, 4

by clones 365G5 and 148D6 (grey and dark purple triangles . X .
F?lg. 2B), appears to be du(glicgted on ei?hef side gf th%ndSwere positive for a PCR assay designed at the opposite, T3

chromosome-11 centromere at locations distinct from the sit d of this clone (not shown). Primers from the T7 end of cosmid

detected with the multi-site clones. Another pericentromeri amplified a product from chromosomes 2-4 and 13 in the panel,
duplication involving 14¢11.2 and 15q11.2—12 was detected Wi%Ind those from the other end amplified from chromosomes 3 and

o . . 6 (not shown). Primers matching the T3 end of cosmid 11
OR-containing clones 986B9 and 409H11 (white and pin i -
triangles). In addition, the pairs of sites labeled with 248B1 an mpliied a strong product from chromosomes 3, 4, 7-13 and X

. X of shown). FISH of this clone detected homologous sequence
306A10 (red and green triangles) are subsets of the sites dete Il these chromosomes except X, plus significant signals on

by the multi-site clones. The results for the remaining two Z'Sitaﬁromosomes 2 and 14 (Fig. 2A). Thus, these PCR assays
clones are shown in Figure 2B (orange and black triangles) fapfirm the FISH findings and demonstrate that the homologous
completeness, but the possibility has not been excluded that ﬂl"é@ments extend outside of the OR genes and can encompas:
represent cloning artifacts rather than bona fide genomigquences at both ends of a cosmid insert (as in the case of cosmic
duplications. . 32 on chromosomes 3, 4 and 8).

Finally, four (18%) of the OR chromosome 3 cosmids and 28 (jy) FISH analyses of clones derived from a 250 kb contig from
(54%) of the OR-BACs behaved as simple single-copy probegy13 encompassing several OR genes (V. Brand-Aepai,
(black and white circles, respectively, in Fig. 2B). Sevemsypmitted for publication) allowed us to characterize the extent
locations, 192122, 194344, 3p14-21, 9q32-34, 11p15, 17p3Rd coarse structure of the homologous duplications. The FISH
and 19p13.2, were identified with two or more clones. OR genesults of eight clones spanning this contig are summarized in
clusters at the latter three locations are already the subjectsRi§ure 4. Only some of these clones contain OR sequences (Fig.
detailed molecular analyses (see Discussion). Approximately B]). These are PAC 169, cosmids 26, 3, 48 and 81. Clone 88
of the 16 locations identified with these single-copy clones wereverlaps PAC 169, but contains no OR genes. Clones 96 and 97
identified previously with OR-specific probes (6). Of these 1@ontain no OR sequences, but encompass a MLCK pseudogene
locations, five were identified by one or more of the 2-, 3- ofV. Brand-Arponet al, submitted for publication). Sequences
multi-site clones, suggesting again that some OR-containirgampled from the middle of the contig, i.e. in cosmids 26, 3 and
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Figure 3. PCR analyses of non-OR portions of clones that FISH-map to multiple locaiipRsinfer pair 32MF/32IR designed from the T7 end of cosmid 32, whose
FISH distribution is summarized in Figure 28) (Primer pair U45021 and L45210, designed from sequérmetlte cluster of OR sequences in the 3p13 contig
(PCR assay D in Figure 5C) Primer pair U66952 and L67132, designed from the sequence lying between two OR sequences in the 3p13 contig (PCR assay E
Figure 5). The FISH results of cosmids 3, 48 and 81, which overlap one or both of the latter two assays, are summareedAndfidd. The lanes are numbered

to indicate the chromosomes contained in each hybrid cell line. M, mouse genomic DNA; C, Chinese hamster genomic DNAgé&hdmind@NA; HO, water

control.

48, are shared iyl 7 sites. Sequences in cosmids 96 and 97 a&8, which lie[b0 kb from this OR cluster and an undetermined
duplicated at only two of these locations, 3p13 and 3ql3-2dlistance from the OR gene in PAC 169, amplify a product of the
Clone 81, which overlaps both of these two groups of clonesame size from chromosomes 3, 4, 10, 11 and 12 (Fig. 5B). These
hybridizes predominantly to 3p13 and 3q13-21, but dim signafstes are a subset of the sites detected by FISH using overlapping
are also observed infrequently at several other locations. Clongenes (Fig. 4). PCR assays at the T3 end of cosmid 88 amplify
at the left end of the contig hybridize to an extensive set ahnly from chromosomes 3 and 9. As expected, PCR assays at the
chromosomal locations, which overlaps but is slightly differenMLCK end of the contig in cosmids 96 and 97 amplify from
than the set observed with clones at the middle of the contignromosome 3 only.
Signals become dimmer and less frequent on chromosome Zvi) Sequence comparisons demonstrateiB@kb of the 3p13
(both locations), 3p, 13q and 14q, but signals are relativelequence (DDBJ/EMBL/GenBank accession no. AF042089;
brighter on 12p, and homology is additionally detected on 16p/. Brand-Arponet al, submitted for publication) is duplicated
19p, 199 and 21q. This pattern is borne out by FISH analyseswithin a PAC clone (PAC pDJ392a17) that has been assigned to
eight additional clones that were isolated by screening ttghromosome 11 (G.A. Evarst al, unpublished; GenBank
chromosome 3 library with the distal ends of PAC 169 (cosmidasccession no. AC000385) (Fig. 6). The PAC contains three OR
202, 204, 209, 215 and 219) and cosmid 88 (cosmids 111, 113 asdjuences, which are similar but not identical to the three OR
117) (Fig. 5A). The origin of these clones has not beesequences in the 3p13 sequence. The dot-matrix comparison in
determined; they may derive from any of the three cross-hybridizirgigure 6 shows that the homology extends beyond these OR
locations on chromosome 3. They lack OR genes (V. Brandequences. A larger duplication unit @20-24 kb can be
Arpon, unpublished data). The FISH results with these cloneiscerned within the homologous region. This unit encompasses
demonstrate that the paralogy continues beyond the end of PA@b clusters of many copies of an imperfag3 bp repeat (termed
169. Clones 111, 113 and 117 produced signals on chromosoMiTR for convenience), a retroviral pGAG element, and two OR
3 (three sites), 4p, 7p, 79, 8p, 99, 10p, 11p, 11q, 12p, 12qg and 1§enes separated by a region (denoted in turquoise) composed of
but only rarely on chromosomes 2, 13 and 14. Clones 202-2ithique’ sequence and interspersed repeats. The PAC contains
produced the same pattern as PAC 169, but additionally labelatinost two complete copies of this duplication unit encompassing
a fourth site on chromosome 3, at 3q28-29. Thus, a compilatid3.9 kb; the 3p13 sequence contains approximately one and
of the physical map of the 3p13-contig and the FISH resulisne-third copies spannindO0 kb. In both cases, the units are
demonstrates that (a) the region can be coarsely subdivided iatwanged head-to-tail. The VNTR blocks vary in size (2.3-5 kb)
four zones with different hybridization patterns involving over-and structure among the paralogous copies in these two clones,
lapping sets of locations, (b) the homology between two sites @md Alu and L1 insertions distinguish the regions of homology
chromosome 3 includes sequences spanning >250 kb, and l§efween the OR genes. The longer regions of high homology are
sequences shared by >10 chromosomes span at least 150 kb B0% identical. Corresponding OR pseudogenes in the two
(v) PCR assays confirm the multi-chromosomal distribution ofegions (i.e. at the same position relative to the VNTR-blocks and
sequences across the 3p13 contig (Fig. 5B). Most notable are PGRG elements in each duplication unit) share many of the same
assays D and E, which lie just outside of and between a clusterdafleterious mutations. Of the 20 positions where frame-shifts,
OR genes, respectively (Fig. 3B and C). Products of the predictedframe stops or faulty start/termination signals are identified
size are generated for assay D on most, and for E on all of tamong these six ORs, nine are seen in more than one OR (five at
chromosomes where FISH signals were observed using overlahe same relative position in both PAC and cosmids). Homology
ping cosmids (Fig. 3B and C). Primers at the T7 end of cosmiehds just 50f the position of the pMLCK sequence in the 3p13
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Figure 4. FISH results of eight clones derived from 3p13 and distributed across a 250 kb contig (V. BranetAtpenbmitted for publication). The position of

each clone is indicated in Figure 5A. The FISH results of each clone are summarized with a different color. Each stakazftesihe relative signal intensity

observed in each of 20 chromosomes in 10 metaphases. The diameter of the dots is proportional to the signal intensgyseonéchamaa scale of 0—4. A stack
of 20 dots signifies that signals were observed on all analyzed chromosomes at that site; shorter stacks indicate hsffiddinates<100%. Each group of stacks
is aligned with the midpoint of the hybridization range. Signals could typically be assigned with a precision of hali@fel B8fd. Note that the black and white
stacks for cosmids 96 and 97 are confined to two locations on chromosome 3, and PAC 169 and cosmid 88 (red and gregecsitaellyy steow a different pattern

than do cosmids 3, 26 and 48.

sequence (at position 72 660). Because the PAC’s sequence emdge very similar on the different individuals. Slight differences
at position 37 360 in the 3p13 sequence, the structure of theuld be ascribed to differences in hybridization efficiency and
homology extending'®f the OR sequences cannot be charactestatistical sampling. We observed only a subtle polymorphism in

ized. the hybridization pattern on the p-arm of chromosome 2. Several
of the multi-site clones produced signals at two locations within

Large-scale heteromorphism of these OR clusters is the p11.2—p13 interval on chromosomes of two individuals, while

minimal in humans only one or the other site was labeled in other individuals. (For

) - . simplicity, signals observed at both locations are lumped into a
Because we had previously observed striking polymorphism igngle group in the clone summary in Fig. 2A.)
copy number and chromosomal location of one cluster of OR
genes that map exclusively near telomeres (7), we analyzed ; - :
FISH patterns of 17 of the OR clones on two or more individualE%?rﬁ;fg:]eiZnact(ie;nagf1 oOan gﬂg?;ftisowsthe genomic
This setincludes 10 OR-BACs that hybridized to a single location
and five OR-BACs and three OR-cosmids that hybridized tin order to judge the plasticity in the cytogenetic organization of
multiple sites. With one exception, the patterns of hybridizatio®R-containing duplications, we compared the FISH patterns of
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A FISH probes from 3p13-contig

cos 111-117 (no OR) cos 81
cos 202-219 (no OR) A cos 48 cos 97
o8 ' cos 3 cos 96
) cos 88 OO cos 26
0 PAC 169
10 kb
OR OR OR OR MLCK
——_® , . . o A s’ S
B PCRassays a 8 c D E F G
2 2
3 3 3 3 3 3 3
4 4 4
positive 7
chromosomes 9 9 g
in PCR assay 10 10 10
of hybrid panel 11 1 1
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14 14

Figure 5.(A) A simplified map of a 3p13 contig encompassing four OR sequences (V. Brandefgbpsubmitted for publication). The locations of the eight clones
spanning the contig that were analyzed by FISH are indicated by the horizontal lines. In addition, we also FISH-mappedstina¢ were identified by screening
the chromosome 3 cosmid library with the T7 end of cosmid 88 (cosmids 111, 113 and 117) and four clones identified byheclibearipgiith the T7 end of PAC
169 (cosmids 202, 204, 209, 215 and 219). These clones may derive from paralogous regions elsewhere on chromosome@réapl tihsinot yet been
established. These clones and cosmids 88, 96 and 97 lack detectable OR sequences. The thick line designates the 1®@Gtkbasebieantsequenced
(V. Brand-Arponet al, submitted for publication). The locations of the four OR sequences and an MLCK pseudogene are indicated by the sritéiédDRws.
sequence in PAC 169 was identified by PCR amplification of the PAC with the OR3B/OR5B primers. Its orientation and exads posikinown, but it appears
to lie in the region not overlapped by cosmids 202—-219, 88 or 111-117, because the OR3B/5B primers do not amplify ORReegiheseadones. (The LLO3NCO1
designations for these clones are given in Materials and MetBpBER results using PCR—primer pairs designed from the 106 kb sequenced contig of 3p13 (assays
C-F) and from the end-sequences of clones in the contig (A, B and G) (see Materials and Methods for details). The thesjliameiopairs are indicated in (A).
All chromosomes in the Coriell monochromosomal panel were assayed; only the positive chromosomes are listed in thehaiwingsaésays D and E are shown
in Figure 3B and C, respectively.

two of the multi-site OR clones in human, chimpanzee, gorilla, The sacred babooR#pio hamadrygss more distantly related
orangutan, gibbon and baboon. The results with cosmid 3 in the human than is gibbon, yet chromosome-painting experiments
first four species are summarized in Figure 7. Cosmid 3 lies in tleeiggest that fewer chromosomal rearrangements exchanges have
middle of the 3p13-contig and contains two OR sequences (Figccurred during its divergence from human than have occurred
5A). Despite the general conservation in banding patterns amoabpng the branches separating gibbon and hytign Cosmid
these four species, a variety of gross changes have occurred V@2 produced signals at at least eight locations on baboon
the sequences cross-hybridizing to this clone. Of the marghromosomes. The brightest lie in regions corresponding to HSA
differences evident in Figure 7, the following are considered (two sites), 3, 7, 16 and 19. No signals were observed in regions
significant because they were replicated with a different ORhought to correspondto HSA 4, 8 or 11 (PHA5, 8 or 14), the most
containing clone (94D5) and/or cosmid 202, which was identifiegirominent locations in human.
by walking 5 of the OR genes in the 3p13 contig. For simplicity,
the relevant locations are identified here by their orthologo ISCUSSION
location in the human karyotype. The most striking changes are
alterations in the position of cross-hybridizing sequences qn,
chromosome 2, the lack of signal at 3q13-21 in orangutan, the
lack of cross-hybridizing sequences in the 4p region in orangut@ has long been recognized that genomes are shaped by
and a diminution of the signal at this location in chimpanzee (bigd/olutionary processes that include the duplication of chromoso-
retention in gorilla), loss of the 7p signal in gorilla although it ismal segments (18). As a consequence of these ygalgtations,
present at this location in the other great-apes, lack of both sitg® human genome is riddled with repeats, ranging from the small
on 11 in orangutan, and a bright region of cross-hybridization aind ubiquitous Alu-elements to large low-copy rep€a@-30
16p in orangutan, but not in the other great-apes. and references therein). The scope and complexity of the genomic
We used cosmid 202 to analyze the duplications in gibbagluplications involving the OR family reported here are unprece-
(Hylobates lay. This clone produces signals at six locations, orlented, however, and are perhaps matched only by the extensive
gibbon chromosomes 1, 4, 7, 8, 11 and 12. These sites corresppathlogy of regions near telome(@¢), where OR genes have
to regions on human chromosomes 7, 3, 8, 16, 11 and &so been found (7). Of the 44 locations identified here with
respectively{16; data not shown). lrootrast, the brightest and/or OR-containing genomic clones, all but 11 (24%) contain
most frequently labeled locations in human are two sites on 8equences that cross-hybridize to one or more other locations in
4p16, 8p, 11p, 11q and 16p (plus dimmer and less frequent signtle genome. [If we consider only the 32 locations identified with
on 3, 7 and 12). Thus, like orangutan, gibbon lacks cross-hybridizitgo or more OR-containing clones, all but 5 (16%) contain
sequences at regions corresponding to HSA 4pl16, one of thequences related to at least one other location in the genome.]
brightest locations in the human genome. Most of these regions were not previously known to have close

rge duplications in the human genome
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Figure 6. A dot-matrix comparison of homologous regions in 106 kb sequence from 3p13 (GenBank accession no. AF042089) and thep@raseg-0bthe
sequence of PAC 392al7 (G.A. Evahsl, unpublished data; GenBank accession no. AC000385), which has been assigned to chromosome 11. The matrix w:
generated using the ABI Inherit program, using the following parameter settings: window size, 20; offset, 10; match, 8&irdiagothe matrix indicate regions

of homology between the two sequences. A 20-24 kb duplication unit composed of several distinct homology units can bardigsetaadted by the colored
segments above and to the right of the matrix. The 12 conspicuous blocks of sequence matches correspond to alignmeet¥/fTfRdikb regions of the 106 kb
sequence (at approximate nucleotide positions 48330-52320, 56950-60315 and 70530-72620 in AF042089) with the four ViNTIRRedgMh&lesignated by

the grey blocks). These VNTRs are composed of imperfect repeats of a unit averaging 63 bp in length (the largest blotR 8ethe3ce contain80 copies

of this repeat). A portion of the GAG region of an HERV-E endogenous retroviral element comprises the homologous segtednhipdigae. The regions
corresponding to the OR sequences are indicated in red. The ORs are numbered from 1 to 6, with the red and black cotoleds thdicating the two groups

of three highly homologous ORs. The regions denoted in turquoiB@¥eidentical, but their structure varies due to a variety of Alu and L1 insertions (darker tones
of turquoise). The positions of common interspersed repeats detected with RepeatMasker (http://ftp.genome.washington.edtVREK&drmI ) are indicated
along the bottom of the dot-matrix for the 3p13 sequence and along the right edge for the PAC. The duplication uniaiedat taperegions of the 3p13 sequence

5" and 3 of the segment shown in the dot-matrix or elsewhere in the PAC. The PAC’s sequence ends at position 165491.

relatives elsewhere in the genome. Of the 74 OR-containiraf these related locations. However, the FISH signals with the
BACs and cosmids we characterized, 57% hybridize to two anulti-site clones were significantly more robust than those
more locations. The similarity of these interchromosomal dusroduced by the OR-specific probes, and this pattern was not
plications is sufficiently high{{p0%) and extensive (>150 kb) significantly altered by suppression with unlabeled OR se-
that cross-hybridization is detected under conventional FISHuences. Clones spanniatp0 kb of a 250 kb contig of 3p13 (V.
conditions. Note that hybridization of Alu and L1 elements an®rand-Arporet al, submitted for publication) cross-hybridize to
other high-copy repeats to the chromosomes is blocked in thebgélocations. One of these clones, cosmid 88, lacks OR sequences
experiments. Our most striking finding is the sequence homologet its multi-site pattern is similar to those of its OR-containing
among a set of >20 locations distributed on 13 chromosomes (Figgighbors. PCR assays designed from the ends of various
2A). We refer to the 32 genomic clones cross-hybridizing to ahulti-site clones as well as in OR-free regions of the 3p13-contig

least 15 of these sites as ‘multi-site clones’. demonstrate that many of these paralogous duplications include
non-OR sequences that are sufficiently similar to serve as a
Homology among >15 locations comprises both OR template for PCR.

and non-OR sequences

. . The molecular structures of paralogous regions
Several lines of evidence lead us to conclude that the sequences P g 9

common to these many locations comprise a combination of ORhe structures of the paralogous regions are intriguingly com-
and non-OR sequences. Pools of small OR-specific probetex. Clones derived from a cosmid-walk across an OR-cluster on
produced significant accumulations of FISH sigf@Jst or near 3p13 allow us to divide this region coarsely into four zones, each
21 of the 24 locations detected here with four or more multi-siteith a different chromosomal distribution. The regiorof3the
clones (within the error of FISH localizations carried out incluster of OR sequences is duplicated on two sites on chromo-
separate laboratories). Thus, OR sequences lie in most, if not albme 3. The region encompassing the three OR genes appears tt
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Figure 7. A comparison of the FISH results with OR-containing cosmid 3 (LLO3NCO01-4B17) on human, chimpanzee, gorilla and oranguaisonesoithe
chromosomes are numbered according to the human karyotype. Cosmid 3 is part of the 3p13 contig (Figure 5). For eacmspeoiese Spreads were analyzed
and signals at each location were scored on scale of 1-4. The size of the symbols is proportional to the average soateso@2@shand thus reflects combination
signal intensity and hybridization efficiency. Differences in the FISH patterns that were observed with two or more testacedistussed in the text.
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be duplicated at least in part on 18 sites. By walkimf the OR  is dimly labeled by most of the other clones, 663A2 gives a very
cluster, a third zone is reached that is duplicated in severalight signal at 2923, 989A4 at 13g21, and 922E9 at 21g22. It is
additional locations (16p, 19p, 199 and 21q), but is ledikely that these clones contain sequences that overlap the
homologous to some regions (2, 13 and 14). Clones identified loyiplicated region, but extend into relatively unique sequence at
screening the chromosome 3 library with thmbst distal end of these locations.

the 3p13 contig identify a fourth zone. Sequences in this zone

hybridize to 39g28-29 in addition to all the sites identified by the

third zone except those on 19 and 21. Although its structure apghsticity in the cytogenetic arrangement of OR

sequence variants distinguish the 3p13 region from its paraloggplications in primates

(V. Brand-Arponet al, submitted for publication), our cosmid

walks have so far failed to reach the boundaries of the duPlicatWeviously, we detected marked polymorphism among humans
region. . . using a subtelomeric block of OR genes, with copy-number
A comparison of the sequence of a PAC ascribed to chr_om inging from 7 to 11 and wide diversity in chromosome locations
some 11 and 106 kb of 3p13 sequence aIIo_ws_ us to descrlbez $ In contrast, we observe little large-scale polymorphism
structure of the second zone of homology within the 3p13 contigyong humans using the subset of the OR family surveyed here.
in more detail (Flg. 6). Bc_Jth regions contain three OR p_seudo- However, our data show that much of the OR subgenome has
genes, whose coding portions account for dBlgb of the region  heen in flux at the cytological level during the divergence of
the_y have in common._These sequences lie ina Iarger dupllcatlﬁ,ri]mates_ Only chimpanzee and human show a similar pattern of
unit of [22 kb. A striking feature of these units is two 2-6 kbgyplications with the multi-site clones. The most significant

blocks of a characteristic VNTR-like sequence. Each repeat isffiference between these species is diminution of the signal on 4p
variation of an 63 bp motif. A portion of a GAG element of a j, chimpanzee relative to human and gorilla.

HERV-E endogenous retroviral element and two OR sequencespyr results illustrate that many more molecular changes

separated by a non-descript 6-7 kb segment make up Rtinguish the genomes of primates than are evident from the
remainder of the duplication unit. The PAC and the 3p13-contiggnservation in banding patterns among the grea(apgsr the
contain one complete and 1-2 partial copies of this unit arrangegntiguity of regions labeled with chromosome-paints in baboon.
head-to-tail. As a consequence of this arrangement, the first and;ariety of changes in location and intensity of OR-containing
third OR sequences in the 3p13 cluster and the second in the PA¢gments have occurred during primate evolution. Of the six
are most closely related, and the second OR in the 3p13 clusiimates analyzed, only three (human, chimpanzee and gorilla,
is most closely related to the first and third ORs in the PAC (sefve sequences cross-hybridizing to the multi-site clones on 4p.
also below). We predict that homology between 3pl13 andignal s lacking in these same species on 16p, where a large block
chromosome 11 will extend furtherd the region cloned in the  of cross-hyhbridizing sequences is detected in orangutan, gibbon
PAC, because clones extending beyond this point in the 3p}3d baboon. The most parsimonious explanation for these two
contig continue to cross-hybridize to multiple chromosomeshanges is that they are the result of the translocation of a block
including two sites on chromosome 11. of sequence from 16p to 4p along the branch prior to human—

We remarked that clones derived from 3p13 produced signafimpanzee—gorilla divergence. This translocation probably
at many sites, such as 3q13-21, 4pl16, 7p22, 8p23, 11lplivolved only a portion of the region devoted to OR sequences on
11g12-13 and 16p13.3, that were as bright or brighter than thep, since sequences derived from then of the 3p13-contig map
signals at the native 3p13 location. These results indicate that16p in the three species, and some humans carry a block of other
portions of the homologous region are likely to exist in multipleOR sequences on 16p (7). Other significant changes that have
copies at these locations. In contrast, several sites, such asgeBurred during primate evolution are the loss of cross-hybridizing
chromosomes 2, 13 and 14, were labeled only dimly ansequences from chromosome 7 in gorilla, from chromosome 11
infrequently with the multi-site clones. These sites also showed orangutan and baboon, and from chromosome 8 in baboon. In
little to no cross-hybridization with clones lyingd the cluster  addition, the sequence has been gained (or simply retained) on
of 3 OR sequences in the 3p13 contig. These observatiogtiromosome 19, and two sites on chromosome 1 in baboon.
combined with the positive results on these chromosomes forOur findings, combined with recent observations for other
PCR assays that lie between the OR sequences within the 22skibtelomeric(7,30), pericentromeric (19-21) and OR (32;
unit, suggest that homology at these sites is restricted to one ov.@8rand-Arponet al, submitted for publication) sequences,
few copies of this duplication unit. indicate that large-scale differences among primate genomes

Several regions appear to be a composite of OR-containithgive been grossly underestimated. The frequently quoted 2—-10%
segments with many relatives in the genome and single-copy segquence variation underestimates the degree of genomic variation
more restricted OR-containing segments. For example, 11pl&mong these species. Few of the sites detected with the multi-site
9032-34 and 13921 contain sequences that cross-hybridizectones have been stable during the divergence of primates. Our
many multi-site clones, as well as segments that behave fasdings are consistent with the idea that copy number differences
single-copy probes (compare Fig. 2A and B). BAC 306AlQamplification/attrition) and contextual changes (location
illustrates that a portion of the OR clusters on 9922 and 4pl6dbhanges) of sequences contribute to phenotypic differences
shared by only these two regions. Similarly, sequences in 248BRinong organisms and may be more significant for speciation
are common to 11g12-13 and 4p16, but lie near a sequence shaeshts than subtle differences at the nucleotide level. It will be
by many additional locations. important to compare the collection of expressed OR sequences

Atypical intensities of several of the multi-site clones ato learn how these gross structural changes affect the repertoire
particular locations belie their genomic origin. For exampleof olfactory receptors in the nasal epithelium or testes of these
clone 5C11 hybridizes particularly intensely to 2p12-13, whiclspecies.
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The structure and distribution of OR-containing A subset of OR-clusters is significantly diverged from
paralogs suggest a hierarchical model for the other OR-containing regions
duplication process
We identified a number of OR-containing clones that map to
single sites in the genome. The sequences in these clones must be
A multi-step process of duplications and rearrangements éifficiently diverged that they fail to cross-hybridize to other
required to explain our observations. OR sequences and VNTBR-containing locations. Three of the locations detected with two
blocks appear to have duplicated to form the lafg& kb  or more independent clones, 17p, 19p and 11p, are locations of
duplication unit, which duplicated both intra- and interchromoso©R genes that are already the subject of detailed genomic analysis
mally. We suspect that the large blocks of #@ bp repeats at the (32,35-38). The fact that these OR clusters are among the first to
junctions of the 22 kb duplication facilitate the recombinatiorbe characterized in detail is probably a consequence of the fact
events that lead to duplications (and deletions) of OR genes. Tih@t mapping them was uncomplicated by extensive homology
PGAG, Alu and Line insertions within the units may prove usefuvith other locations in the genome. Our results also indicate that
to date the duplication events and establish the relationships amdf#1-22, 1944, 3p14-21 and 9932-g34 also harbor relatively
some paralogs. Copies of the 22 kb duplication unit appear to J8'que representatives of the OR family. Our results confirm the
a portion of a larger region that is shared by multiple chromosomé&dings of Rouquieet al (6), who detected OR sequences at
since clones lacking this unit still cross-hybridize to many of thi'€€ Of these locations. To our knowledge, our study is the first
same locations. The duplicated zones appear to have been fu dpoint to 1921-22 as a location of OR genes.
modified by rearrangements and/or insertions of relatively unique
DNA. In some cases, these sequences were included in subseqeflijocations missing from this collection of genomic clones
duplications (such as the MLCK unit at thé éhd of the
3p13-contig). It is also possible that some initial duplication unitSeveral sites that are known to harbor OR genes are not
were large and were later whittled down to a dense array of kegpresented in the collection of BACs that we have characterized
functional elements [analogous to some postulated processesére. Our strategy missed clones encompassing a block of OR
intrachromosomal gene amplificati¢®3)]. genes that is duplicated near many telomeres including 3qter,
The subterminal location of many OR-containing blocks mayt5qter and 19pter (7). Also notably lacking from the collection
facilitate this process, because large-scale duplications afte BACs representing the 6p21 site of OR genes amidstthe MHC
rearrangements could occur without affecting dosage-sensiti@€ne cluster (39) and the 14g11.2 site near the T@8&nes
genes in the chromosome’s interior. A disproportionate numbé&$.40; GenBank @ession no. U85195). Clones encompassing
(42%) of OR-containing duplicates is located in the 10% of thi'eS€ OR genes do not cross-react by FISH with other OR-
genome that lies closest to the ends of chromosomes. C?}ntalnlr]g regions (C. Friedman and B.J. Trask, unpublished
observations are consistent with the notion that terminal ban g%ta). It s therefore interesting to note that two OR-BACs were

. : : ntified that hybridize near the TGRlocus on 14q11.2, but
could serve as a nursery for generating diversity among a Suba S0 to a second site at 15q11.2. This result lends further support

Oflfg'rs gegi;%niqc")éugl)i.cations rovide a mechanism for chanai to the notion that clusters of OR genes are a complex combination
9eg P P 9 r& single-copy sequence and segments with homology to two or

the repertoire of ORs. Functionally redundant copies coulq e gites; reflecting an evolutionary history of duplications and
evolve through mutations to new specificities or eXpressiopyarrangements.

patterns. Many duplicates would degenerate into pseudogenes. It

is not yet clear whether the selective pressure to expand or change

the OR gene repertoire is the driving force behind the large-scdfeaction of the human genome devoted to the OR family

duplications we observe or if OR sequences were captured

inadvertently in regions with a propensity to duplicate and ar@ur results suggest that large genomic duplications are respon-

innocent bystanders in the process. Sequence comparisg#ye for the distribution, size and diversity of much of the OR

among the OR sequences at each location and attempts to m&lgR€ family. Differences among primates suggest that the portion

expressed sequences to their chromosomal location sho@the genome devoted to the OR family has changed during

provide some answers. primate evolution, possibly as a mechamsm _for evolving the
Many locations appear to contain a combination of pseud epertoire of OR genes. If we conservatively estimate that each of

genes and genes. We showed previously a bias for intact ORF ﬁ?\ paralogous regions encompasses 125 kb (and the resuits with
h - .16 417 (6). but £ th i cl She 3p13 contig suggest that the regions in some locations may be
chromosomes 7, 16 an (6), but none of the genomic clon ven larger), then more thaR Mb or 0.1% of the human genome

analyzed here maps uniquely to 16 or 7; all cross-hybridize ; I ;
other locations. The duplications in common with the 11-PAC angngocr%gseg n?gm?eersd(;lfpthﬁ: tggsg:rr:gl f;rr:ﬁ; e_”?ee gsrinrﬁ?;it;h;t
the 3p13 contig contain apparent pseudogenes. The fact thalny of these large repeats may be maintained by sequence
related pseudogenes in the two regions have specific mutationgif-hanges among the copies (e.g. by unequal cross-over or gene
common is an indication that clusters of pseudogenes are subjgshversion). The multiplicity of these large regions of homology

to dupllcatlon. It is not known if pseudogenes serve a fUﬂCtIOI’F\_)'oseS a severe Cha”enge to Sequencing the human genome
some are transcribed (34). In any case, thglichtions of  However, the large-insert clones we identify here should prove
pseudogenes may be a negligible genomic burden when weighgeséful for mapping the clusters in more detail in order to
against the benefits of a process that can provide new substratetermine how the exquisite transcriptional control of these
for diversifying the OR repertoire. diverse receptors is achieved.
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MATERIALS AND METHODS maeus CRL-1850), gibbonHylobates lay TIB-201) and sacred
. . ) baboon PapiohamadryasCRL-1495).
Isolation of OR-containing genomic clones FISH was performed as described elsewhere (41). Briefly,

A pool of OR-specific sequences was generated by PCR frofigSmid or BAC DNA was isolated on Qiagen tip-100 columns or
Autogen system, respectively, biotinylated by nick-translation

ic DNA usi i i in the high g, .
genomic using degenerate primers designed in the hig hybridized to metaphase spreads in the presence of exces:s

conserved regions of OR genes. The OR probe pool used to scr 8 T
approximately four genomic equivalents of a total genomic BAC‘:'”ﬂ‘beled Cotl DNA (added to suppress hybridization of

library (CITB 978SK) was generated using primers 124gyterspersed repeats throughout the genome). The same
[5'-A(G/C)(A/T/CIG)TATGACCGCTATGTGGCCATCTG]  and stringency conditions were used for all experiments, i.e. hybrid-
12465 [5-CACCACAG(AT)CAGGTGGGA(G/T)(C/G)CACA- ization at 37 C in 50% formamide, 2SSC, 10% dextran sulfate,
GG] recognizing a sequence [(T/S/R)YDRYVAI in the second® 7:0; washing for 15 min at 42 in 3 changes of 50%
cytoplasmic loop, and C(A/G)SHL(T/S)WV in TM6. The probe formamide/ SSC followed by 15 min at 42 in 2x SSC.

used to screen the chromosome 3 library (LLO3NCO1) waldybridization sites were detected with two layers of avidin-FITC
amplified using primers in the conserved domains TM2 [OR5ESEParated by a layer of biotinylated anti-avidin. The chromo-
PMY(F/LFL(S/AT/G/C)NLS] and TM7 [OR3B: M(L/F/ SOmes were QFH-banded by DAPI staining. DAPI and FITC

VI)NPF(IIM)Y(S/C)L] (8; V. Brand-Arponet al, submitted for images were digitized separately, butin registration, using a Zeiss
iophot microscope, a Ludl filter wheel equipped with separate

publication). Both libraries were spotted in duplicate on high—densiﬁ;; N .
filters. Probes were radiolabeled by random hexamer priming, alf*P! and FITC excitation filters, a ChromaTechnology muiti-
band pass emission filter, 200NeoFluar objective, and a

filtters were washed after hybridization to a stringency 606 : .
0.1x SSC, or in the case of the chromosome 3 filters as describBgnceton cooled CCD camera (Kodak 100817) operated via

by V. Brand-Arponet al (submitted for publication). BAC clones a custom scriptin ScanAIyucs_ IPLab Spectrum 3.0 software. For
were secondarily screened by PCR using primers 12464 and 1248} image shown, the FITC image was pseudocolored red for
PCR products of 33 of the 52 BACs that passed this secondﬁg)'ty’_"’m‘_j the DAPI banding was displayed as grey values.
screen and were FISH-mapped were cloned and sequence _r|d|zat|on signals were analyzed in at least five a_ln_d more
confirm OR homology. A comparison of the resulting sequence¥Pically 10 metaphase cells per probe. Clones localizing to a
will be published elsewhere (K. Chan and H. Shizuya, unpublish'dle location were scored at the microscope, and only a few
data). Chromosome 3 clones were confrmed to contain ORages were collected. For clones mapping to multiple sites,
sequences by PCR using OR3B/OR5B primers or by Southern bitygnals were scored from digitized images to avoid missing dim
analyses oEccRI-restricted cosmid DNAs using the OR3B/5B Slgnals due to photobleaching during the analysis. The contrast
PCR product amplified from total genomic DNA, as describe@d gain were varied interactively so that both dim and bright
elsewhere (V. Brand-Arpaet al, submitted for publication). Clones Signais could be scored. Signal intensity was scored on a scale of
were selected for FISH analyses randomly, with some bias to includig?» With four corresponding to a large bright signal. The average
representatives from the cosmid collection with different restrictio9"@! intensity at each location was calculated. This value
enzyme patterns (V. Brand-Arpenal, submitted for publication). Measures a combination of signal intensity and labeling effi-

Additional clones were identified for FISH analyses by cosmi@€MCY. because a chromosome showing no signal at a particular
cation was assigned the value 0.

walking in the chromosome 3 specific library from the ends o X . -
OR-containing clones. The resulting 250 kb contig from 3p13 i Eleven BAC clones were blindly mapped twice using indepen-
ent DNA isolates, allowing us to assess the accuracy of clone

described elsewhere (V. Brand-Arpat al, submitted for K h I . h |
publication). Additional clones, which may derive from any ofif@cking and chromosomal assignments. The same result was
ained for seven duplicate pairs, including three clones with

three locations on chromosome 3, were isolated by screening o o e .
chromosome 3 library with the T3 end of cos 88 and the T7 eﬁH“'t"S'te patterns. Imprecision in our assignments to 99q32—-33

of PAC169 by hybridization (V. Brand-Arpetal, submitted for and 9q33-34 were identified with three duplicates. Therefore, we

publication). These clones were tested for OR content by PCEVE combined all clones mapping to these locations into a single

and/or Southern blot analyses as described above. group. Finally, inter-sample variation in signal intensity was
The LLNL-library designations (LLO3NCO1) for the chromo- noted with 30286'.Wh.'0h produced signald &v sites in one

some 3 cosmids used in this study are 3-4B17, 5-4L5, 8-6A282MPple (as plotted in Fig. 2A), but at only the two most prominent

11-10A14, 13-10K1, 21-19B17, 26-2IN3, 28-23122, 32-2413/0¢ations, 4p16 and 11913, in the second.

36-24P4, 39-25D13, 40-25H11, 45-28K17, 48-31P3, 54-37B9, | hese karyotypes shown in Figures 2 and 4 were generated by

57-39H23, 65-44F15, 66-45J14, 78-51119, 79-52K19, 80-53)¢ncoding ISCN 450-band level ideogra@) in PostSépt, and

81-5307, 88-24121, 96-54B7, 97-55A16, 111-1802, 113-26H1§_?e ideograms of Yunis and Praked1) were rendered into

117-39K8, 202-4A10. 204-4L5, 209-23E11, 215-28123 and OStScript to produce Figure 7 (G.J. van den Engh, H.F. Massa
219-47A22. and B.J. Trask, unpublished data). These postscript files are

available from the corresponding author.

FISH
) ~PCR typing of monochromosomal somatic cell hybrid
Metaphase spreads were prepared from PHA-stimulated penqﬁana

eral blood lymphocytes of healthy humans. A few clones were

additionally mapped on human lymphoblast cell culture§he Coriell monochromosomal somatic cell hybrid panel #2 was
GM11525 and GM10977 (Coriell). Cell lines from ATCC servedPCR typed using the following primer pairs designed from the ends
as representatives of chimpanzBar( troglodytesCRL-1847), of OR-containing cosmids: the T7 end of cosmid 32 (32MF,

gorilla (Gorilla gorilla, CRL-1854), orangutanPpngo pyg- 5-ATCTCATGATCTGTTCCATCC; 32IR, B5ATTCCAGT-
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TAAAGGCATAACG), the T3 end of cosmid 32 (32CF, 7. Trask B.J., Friedman, C., Martin-Gallardo, A., Rowen, L., Akinbami, C.,
5TCCTAATATCACCGTGGCTC; 32CR, SAATATGATCA-  Slarkenship ), olins C.ciog, 0. adonto. . Jorsen P Kuo, WL
CAGGGTGTACC), the T:_S end of cos 5 (SAR-T&C- Wong, DJ Youngt')lo.r;w, J. and van den E’ngﬁ, G.J. (1998) Members of the
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