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Letter

An Integrated Physical Map for the Short Arm

of Human Chromosome 5

Ellen T. Peterson,’ Robert Sutherland,'? Donna L. Robinson,' Leslie Chasteen,’
Meryl Gersh,? Joan Overhauser,? Larry L. Deaven,' Robert K. Moyzis,"* and

Deborah L. Grady'*>

"Life Sciences Division and Center for Human Genome Studies, 2Software Design and Development Group, Los Alamos
National Laboratory, Los Alamos, New Mexico 87545 USA; 3Department of Biochemistry and Molecular Pharmacology,
Thomas Jefferson University, Philadelphia, Pennsylvania 19107 USA; *Department of Biological Chemistry, College of
Medlicine, University of California-Irvine, Irvine, California 92697 USA

The short arm of human chromosome 5 contains TH8 Mb of DNA and comprises 1.5% of the genome. We have
constructed a mega-YAC/ STS map of this region that includes 436 YACs anchored by 216 STSs. By combining
and integrating our map with the 5p maps of other groups using the same recombinant DNA library, a
comprehensive map was constructed that includes 552 YACs and 504 markers. The YAC map covers >94% of
5p in four YAC contigs, bridges the centromere, and includes an additional 5 Mb of 5q DNA. The average
marker density is 95 kb. This integrated 5p map will serve as a resource for the continuing localization of genes
on the short arm of human chromosome 5 and as a framework for both generating and aligning the DNA

sequence of this region.

One of the primary initial goals of the Human Genome
Project was to establish a physical map representing
every chromosome of the human genome (Botstein et
al. 1990). Advancements toward this end include de-
tailed maps of chromosomes Y (Foote et al. 1992), 3
(Gemmill et al. 1995), 11 (Qin et al. 1996), 12 (Krauter
etal. 19995), 16 (Doggett et al. 1995) 19 (Ashworth et al.
1995), 21 (Chumakov et al. 1992; Nizetic et al. 1994),
22 (Bell et al. 1995; Collins et al. 1995), 7 (Bouffard et
al. 1997), and X (Crollius et al. 1996; Nagaraja et al.
1997) as well as maps consisting of large segments of
the entire genome (Cohen et al.,1993; Chumakov et al.
1995; Hudson et al. 1995, Gyapay et al. 1996; Schuler
et al. 1996; Deloukas et al. 1998). These contributions
will be critical for correctly aligning future DNA se-
quences (Venter et al. 1998) and the ultimate under-
standing of human biology and disease (Collins et al.
1998).

One of the best studied and more common (1:
50,000 births; Niebuhr 1978) human deletion syn-
dromes is cri-du-chat (Lejuene et al. 1963; Niebuhr
1978). This syndrome results from a deletion of all or
part of the short arm of chromosome 5. Previous efforts
have yielded YAC contigs (Goodart et al. 1994; Gersh
et al. 1997) covering the gene regions considered to
account for some of the primary features of this syn-
drome (Overhauser et al. 1994; Church et al. 1995;
Gersh et al. 1995). Cri-du-chat breakpoints are known
to occur throughout most of the 5p region (Overhauser
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et al. 1994). A detailed physical map of the entire chro-
mosome arm would provide a valuable resource for
future studies. In this paper, we describe an integrated
chromosome YAC/STS physical map of 5p, which pro-
vides nearly complete coverage of this 48-Mb arm.

RESULTS AND DISCUSSION

Overview of the Project

The integrated 5p YAC/STS map was constructed by a
multitiered approach as follows: (1) Nucleation was ob-
tained with 84 regionally ordered 5p STS markers gen-
erated from flow-sorted chromosomes for this study
(Grady et al. 1996; approximately one STS/0.6 Mb).
The Genethon physical map of the human genome
(Cohen et al. 1993; Chumakov et al. 1995) was exam-
ined to identify tier one to three mega-YACs likely to
be derived from Sp. All 84 STSs were used to screen this
subset of mega-YAC clones producing YAC contigs
spanning 40.8 Mb or [(85% of the short arm of chro-
mosome 5. (2) Direct screening of the entire mega-YAC
library (Methods) was then conducted in regions with
a limited number of YACs from the initial nucleation,
including STSs from the ends of contigs. (3) Next, an
additional 132 STSs generated by other genome-wide
mapping efforts [Whitehead, Genethon, Stanford, and
Cooperative Human Linkage Center (CHLC)] were
tested independently by our laboratory against our
YAC contigs. Again, STSs from regions of low coverage
were used to identify additional YACs by screening the
entire mega-YAC library. At this point, 216 STSs and
436 YACs had been unambiguously localized to 5p,
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Figure 1 Overview of the physical map of the short arm of human chromosome 5. The overall YAC coverage reported in this study
(black bar) and that of the Whitehead Institute (turquoise bar) is summarized with respect to the chromosome 5p ideogram. The narrow
black and gray bars represent individual YACs that have been mapped and are shown in detail in Fig. 2. Labels A-E indicate the page of

Fig. 2 on which the detailed information for that fraction of the map can be found.

covering [#4 Mb or 92% of the region. (4) Finally, an
additional 288 STSs and 116 YACs mapped by other
laboratories and not tested independently by our labo-
ratory were incorporated into the overall map with
SIGMA (System for Integrated Genome Map Assembly;
Doggett et al. 1995). This integration did not signifi-
cantly improve the YAC coverage, but helped add to
and refine marker order. The final 5p map, then, rep-
resents an independently constructed YAC/STS map
that experimentally extends, integrates, and confirms
maps generated by the genome-wide mapping efforts
(Chumakov et. al. 1995; Hudson et al. 1995). We be-
lieve it is one of the first maps to attempt such an
integration.

arm for [5 Mb (Figs. 1, 2). The SIGMA depiction of the
data was assembled in a manner similar to that de-
scribed by Doggett et al. (1995). Briefly, all clones, STSs,
somatic cell hybrids, etc., are entered into SIGMA as
elements in the map and the relationships between
these elements (contains, overlaps, left of, and so on),
are entered as objectives. Elements are then moved
manually in the map to minimize unfulfilled objec-
tives. The SIGMA representation integrates the ideo-
gram for Sp and the genetic map with the STS markers
and YACs used to construct the physical map.

The map contains 522 YACs and 504 STSs (Fig. 2).
There are an average of 4.6 STSs per YAC and 6.5 YACs
per STS. Whereas all 522 YACs were used to construct

the map, only the positions of 461 YACs (84%), that
best represent the contigs, are depicted in Figure 2. In
general, YACs known to be chimeric (either by in situ
hybridization or STS content from other chromo-

The Map

The map consists of four separate contigs totaling 45
Mb, crosses the centromere, and extends into the long

Figure 2 Integrated physical map of human chromosome 5p. The map is represented on 10 consecutive pages and includes all of the
short arm (p) of chromosome 5, the centromeric region, and the proximal 4.5 Mb of the long arm (q). The map is arranged from top
to bottom in tiers depending on the type of information that is provided. The uppermost tier represents the genetic map of human
chromosome 5p, with the genetic markers (D5S no.) indicated along the map in a centimorgan (cM) scale. Lines connecting the genetic
positions of the markers and physical positions indicate the correspondence between the two maps. The scale for the physical map is 3
cm =1 Mb of DNA. The next tier depicts the ideogram of the chromosome. Below the ideogram, the somatic cell hybrid breakpoints are
shown with orange vertical lines continuing through the remainder of the map and arrows to indicate the region of the chromosome
represented in a given somatic cell hybrid. Breakpoints that have been anchored cytogenetically are indicated by registration lines
extending upward to specific cytogenetic bands. The bin names (pA-gA) delineated by the breakpoints are shown in the next tier. The
level below depicts the STSs and ESTs found on the chromosome. Registration lines for these markers are color coded to represent
anonymous markers (green), ESTs (red), and genes (violet), tested in this study, and integrated STSs tested by the Whitehead Institute
(blue). Below the STS tier is a black bar summarizing YAC coverage. Gaps in this bar indicate potential discontinuities in mega-YAC
coverage. The turquoise bars below the low resolution coverage are an overlay of the Whitehead YAC contig coverage (Hudson et al.
1995). Beneath the Whitehead contigs are mega YACs (names beginning with My) and a few smaller YACs made by collaborating labs.
The CEPH mega YACs are drawn to scale according to their size reported by CEPH or determined by our laboratory. YACs of unknown
length were sized according to their STS coverage. Dark blue, light blue, and violet red are used to indicate YACs tested for this study,
Whitehead contig YACs untested for this study, but integrated into the SIGMA map, and tested YACs that span the centromere,
respectively. The STS content data generated here for each YAC is available from the authors. Reported disease regions and genes located
through Online Mendelian Inheritance in Man (OMIM), indicated by lime green bars, are depicted in the level below the YACs. The next
tier shows genes (green), psuedo or homologous genes (orange), and cDNAs (turquoise), which have been localized minimally to the
cytogenetic map. The horizontal length of the line corresponds to the ambiguity of the element’s location; some were localized
cytogenetically whereas others were confined to YAC members containing the sequence. Registration lines from markers intersect genes
in which they are contained. Those genes we localized more precisely by PCR for this study are indicated by purple registration lines. The
next tier depicts those genes that have also been mapped to mouse chromosomes. The corresponding mouse syntenic loci, mouse
syntenic chromosome regions, and mouse cM location are shown in the bottom tier of the integrated map.
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Figure 2 (See preceding page for legend.)

1252 Genome Research

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026

. Published by Cold Spring Harbor Laboratory Press

Integrated Map of 5p

[ L] ¢-.T|: LN T [ 1]
i i | LY 1
Ll i L - L 1 i
. . o N . .
e L ] sy e it s s rmse
e H"ﬂ_
i
" e | rl - e =]
Swiirin Duisienind Suam ETd  on pEdreEa St = L5 (B} pum iy ERTHEAT)  DRIERE PiSA
L ) AR | BT AR LA |aoasare  Gedises = 1 “T"_:l-'i Lkt
CEITM | RN DR : ] I;:;rlql. | | |msarmar Apuvms Spden 2y
TS GEAT -4 |+ ! ol mdmar 1 I 1
| I Tz ! | | 1 Vo e i | |
" | DT“ | [ | ': | | e
[] 1 | | 1 ]
T T
| i | : | Bl |= i
L o SRR ;E
I [ 1| o || E ' i} '
i | i | b | | i
! Ll i i r 1| (1 :!! _ !
! [ i neli !I | | I | |
| Ll WL (il & { | | | Il |
1] 'R | | 1 i.‘_"'-_'E-':' Tt ¥ | & 1 '|"
I [FEsLTy 1 [E} i ! BLF | — e
| “iFa | Tk i | Thgtiids | “E' T O ] i
S| L | R
[T 3 ali| Wir | | ] | L
iy | ﬂ { [ i | f | | || |
L -2t . . L. .- ; LI |& i
T | H !‘q_-r%-t I ||y b 2 i
T 1 |

| | ' |
| |
] H
LR T A L e e R RN R \
B e A " *® Tl g -
AL TOCHEOLE P40 DL TASE L L L
Pt otk b | [FEpEr e
il 1 B LR
Pl | i Faami -llllCI-ll-l.I:CIl
| 1 TR L el
] 1 B
i m

hlll:_ L=
:'-l Ll
Blause Crvamanoms 1.3

Genome Research 1253

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Peterson et al.

14

B3

[

(Continued)

Figure 2

1254 Genome Research

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Integrated Map of 5p

AR =LK Cmchrmair
|
|

Pl
.'.-1.! e e e .—....1:.‘-&-—*!: - e .---u.rm..:
F— IJ-H - For b -
il
|
| = S el | - - = | -
ATATRN G DEES ] P CRLED  Lddl ) DeRR T LPuET pal A Lo S [
(R - R o A b b rd] i R
[ ek | P 1 O ik |
] || nPaEhd l! |
I:H i ! | |
R [eE T | | | |
! | ! !
] I !
18 | | |
| 11 ! | [
i ] ]
| I] |
I |
| | |
[ [ | !
| -
| |
|
R . i | | N I A
|
WCEA ] e D
e i [ SR T
| 13 ! af [ L] My TG
L T gt 11 1 [ =y
1 ey g ] LT sy
1 g 1B ] | A
' T i Wi . L um
————rm fpr sl L | . N
| | ey J i | Wy T
-l Ayl [E : | | e e
| ey P | | ——
i R i ! | . '
] | | | BARETy
| (=111 i | 1
1 - ' . -
| A | l\: i ] I ——
I 1 E | i —
[} I
BRE| | | e
: | | { [
1 l.
! ! i
| i ] [
v s
1 | s
AT I e )
P

Genome Research 1255
Www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Peterson et al.

c

Iridat St (=1 [~ 1= [4
Eotrilan * = | |
£ | £ | (1] 1]
3 1 préd . ;
i s P [
e et
=l
g ] [ LU
Ll Dy 5T L= ST S R En TEesls SRTEeT RAUMEe eS| Lo Seda
CARME DERECE Eddn (1 TR | .- HEE Gl AP g AN CaE
T | oasary | | | uma ST 1 1883
- ! | w TRRE] | ocasaviy
[rbdin | | | | sy
| | | L]
| | | Sallo
| i
| ! ! | i
| | | 1 | 1 It
| | | |
| | | | I
| | I i
| 1 I
| ] |
- : | I
[ T J— ! EyETs T R S B .
e L] [ | ki
T ey —— ey - o
[t [l = | AR} ]
wid . tai= :m ‘et
e s ] bt ] oL ] | =
My -l il '
T A NN G — r
] 3 ] |
L. o] el T ] e 1i
by TR AR D | 12, Bp e LEN 1 P Fajle-
Pl | | | | | Ik ATE (O il
e ' I | . Sy '
T 1 I | , [ | e
e (=l S | | | N S —
el | | | | |
wam || | | || | e
| [ || [p—T
| | | | | s
| i | | _i i
| | Il |
| I [ I
m'l_ll H;!En.- wﬂl.q:.u

1256 Genome Research

www.genome.

org

Figure 2.

i Al L R St A i B Rt 4 R e
(Continued)



http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026

. Published by Cold Spring Harbor Laboratory Press

Integrated Map of 5p

D ] Spdamd [ R 2T FELE
| i S wid |
| g |
| ! |
| | 1
| ] T ) T i A | Nl ! 1 |
.y
Vs M e e it [T A Fr—— [ B et
R Fam | = e
]
BTl [T - - | Fe il pEn | A [ = 1 rad =1
1) LaHCASET  DASat) DESTRER L7 ESTITHTE LT IEY A3 I L LR IUgE-das ESTIEN02 Bi3-E1H
e Enckmrs Crick1 Pk Laa ELTATTT | s [ Sl BE0e  [DE I
= ] | ihak 1| casssd | aFserst LA
| |bbacnzis ! | | e | i
i FIETT '_ | | - L ILI :
i L | H | | ||| =i
| B | i ! ]
! ' : 3 |
! IR - !
| | | :! | |
| I 1 |
[ | | [ i I | ;
| i | 1 (l | I8
! I : B :
| WCEZR
| T it et PRAT T i A [
|| LA H g 1 - ] g Tl |
M\_ ! [ ] ] ﬂ .
i - JEp | s — — e i "
i [TETH i ] | _maains T wprraan || | [
L jpepu | | - N T 14
W A B F7 | [ g | | [}
i LyTNpLT L e E | i3 3 | L]
1 yiiad | iricE AT | |
1 MayFiERIA | R | | i
_ ; i e |3
b S : eI i
. | L] | | &
3 Myarasd ! i) | | B
| SR ] ey Tas | |
! i 1 1 i
R | i | | | i
FEEE LD | | | | | 8
i | | I} | I | | A
[ v | | { | [ ! [ 1
: | | | | |
| (il (! H ' [ H
s -
T
i i RO I A T e —_—_—A
PP, Tl o SVl ETiL 1
R, . Lol T LA Tl (RGNS B0 DR TR
o
L
| |
b — T

Merctn Corvomosamo 15

Genome Research 1257

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Peterson et al.

i

11

A
[ TN

S S

34

S
)
S
S
=S
S
O
=
N
g
3
2
e
=
O
i oo
33
=
eZ o
c
g%
S ¢
c
D2
&)
==}
Ln
o~
—


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026

. Published by Cold Spring Harbor Laboratory Press

Integrated Map of 5p

= TETRE [T Lot
2% [ Crichii 1
T e I T
graa pz -
-l
STl TRERND DEEMTE EETIATAN mhioeed UTA-RIFR ERTI ki Brilan #RSidn Suem DEEL  dFuB)iBoed W BET BRdp | 0B LIS DHE D m: AT DR
A5EN A DSShHE THAANMEHS  BaCAERE T DT | ek OIS0 APWOHR DSSE0ND CSSAT| DAStT [ LIE
L Dal LT eeadeli o EETaaran S0 EETTFM 04340 sl Cadvida i win i r.lu
® U Wldes SISIERGIARD aTYm | SASIEL GaT R : (e | Dok | e Hrpsa |
R | LT ERTIMaS CRETE 1847 g | | freidom I-mm i
DI AP el | | !In'ﬂﬂ-l ‘ndBakid W LaE | | T.um | | 1] ossre | |
winn e | | (] Sl T R
Leig It ! Fi | | {1l
o Il ; 5 I! HE. 2 1 HIE A
|:.: I | | ; I ':':i HE | ;! | 1 | | :! |
sl | Ini it HEmy L Nl
L: It | H i { | H | Lol il |
(R I I N A AL A, 1
1 [ R AELE | ol R
Fil Tl TSR] T T ===
| | 1l 1 esd 1 [ wosis | |
H I L TR _ H |.i Urien :i BTN Tl I
| frech { 1] e i [l
= ] | T hﬂu i m 1 ﬁ | | _ﬁiﬁﬂ | B
ey | B | e ' - I S "
| 1 Uiy ] { A | 1 ] | M THER H
A 1 H.FHTm i e Er'; | 1 #.I | 14 !Iﬂl‘.ll_l- e e
) ) '. | .| I | Myt Uy TRAG"
T L ==l LT T el i
e ot manay | . T | iz
1 i i 1
| e T T e
s || H | Bl 1o [ | TRETH | | |
[ = it | | ] Ui (1 | |
__I [TTH1]] : 1 Rl ' | | | 1 | |
[ i | H | H | [ | |
i | e il , . i Il
N LT I . - et |
Bty | ' T H [ | (11} ' Ll 1
St | ] il
- || i (11} I H
e -;‘! o ; ; : i
i e | | I ] | l | | | 1
183 Syndtare i [ |
i M
1
i
-|
i | LT o
i 1 B N
[ | T |
| |
[ _k _!i . i [
- i | E - [ i
LT | . B . i il [y H . |
ma ] § H ] -
L i
[N ™Y i FgmasE 08 o7 q-i E'
s ] 1 | t
III'Ii'|I il il.'l da Il.l ik il
L it

Genome Research

1259

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Peterson et al.

— T R o T

—r F; rCal .-,.-:'\:.a I'r 1=

pi?

d TSR ET 0 DRSAR] el o DR Do 2 ekl
Friew [eiSibedd JATaing
- L13aad Daneia
Fraway v kd
Fagare |
HHTH

LA, 678 ko e
LAML Toased 5T5
lul'll.‘.ur:.; £TS
STS teoam EST
Exemal 575

L Miggciubion Corrprags
W Comby Covraos

One Mb

Maga'YAL [Can. Span)

Mga F A WY oonig)

MBI VAL [vafied)

Figure 2. (Continued)

1260 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 .

Published by Cold Spring Harbor Laboratory Press

Integrated Map of 5p

Criderart EILTE ] [ =Lt ] CrANAES [SET N
[ TR ] DR AEELE | Coicked 1o
| Crel =130y | Frach
| ad v |
| EI=H |
g a1 in iN I
- el ] (] L1 1 il
giid qit.d
-
eSS P R T DRfrs Chibm (T Gaieas monl | RN NECrE? TR LOEEIT
E4Frames Jaarem Al SAXN  DABA[L ESTEEH  DASISST CHSMITOCTddE EST0TilAF
tazam CETYRREM OLERI: (RS i fidcanad | DETEEFR R AW R
T LA T | EATin it Triduass ENT-mcuy
LE L l-'lT--h:rm T AT TV
Do el | BT VIREN DERA
= k== ey
i:uulm | L Tlﬂ-.'f;ﬁﬂl!
T | i I | il
I|| = R !5| I !
i I ]
[ i l 6 | ! |
.II | | 4 | '| 1 |. H
[l 1 i I
11 1
—— E | i | 1_" |
i i | WESGf) li
_ ST T i
— e |
Lo T [T
T
vy (|11
.
| il |
oty |
Mpir | '
Ll | ks
[ s
s L .
| | 1 | eplAT
IRl | |
| ] .
L 1
L i
'l i |
| | H | |
ji L.
S - P, | afel, s, IF, s, K385
(0T ]
- e
o . ]
A iy
iR .
. . CTLAY B I
viga’ Sl
| Ehb i

Genome Research 1261

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Peterson et al.

somes) are not shown on Figure 2 unless they added
unique information. As indicated in Figure 2, the
SIGMA map includes 382 YACs localized indepen-
dently by our laboratory and 79 YACs localized by
Hudson et al. (1995).

The scale of the map was determined by an esti-
mate of 48 Mb for the short arm of chromosome 5 (194
Mb total, Morton 1991; Grady et al. 1996). The dis-
tance between markers and contig length was esti-
mated with the constraints of YAC lengths either re-
ported by Genethon, or for a small subset (010%), in-
dependently determined by our laboratory. SIGMA
and SEGMAP (Green and Green 1991) were then used
to optimize marker/clone order/distance as described
(Doggett et al. 1995). Chromosome breakpoints for a
set of somatic cell hybrids containing Sp deletions
were used to define bins such that the physical map
could be anchored to the cytogenetic map (Overhauser
et al. 1994; Gersh et al. 1995). The position of the cen-
tromere was identified by a number of criteria. First,
YACs considered to reside close to the centromere were
localized by in situ hybridization (Riethman et al.
1989; McCormick et al. 1993). YAC clones 924H10 and
889A10 clearly localized noncentromerically to the p
and q arm, respectively. YAC 748C1 hybridized on the
p arm close to the centromere (data not shown). The
chromosome 5 centromeric region has been estimated
to contain [B Mb of a-satellite and satellite II/IIIl DNA
(Moyzis et al. 1987; Meyne et al. 1989; Grady et al.
1992; data not shown). This is consistent with the stan-
dard cytogenetic ideogram length of the centromere
shown in Figures 1 and 2. No YACs isolated for this
study contained large blocks of centromeric a-satellite
or satellite II/III repeat DNA. Five YACs, however, con-
tained STS markers from both the p and q arms, and
hybridized in situ to the centromeric region (Fig. 2).
None of these YACs are long enough to bridge the pre-
sumed size of the centromere. The independent isola-
tion of 5 different YACs containing both p and q arm
proximal markers suggests that rather than being chi-
meras, either (a) they originated as much larger YACs
that deleted portions of centromeric DNA, or (b) there
exists a duplication of the pericentric region of chro-
mosome 5 at the p and q junctions. Although it has
been reported that both «-satellite and satellite 1I/III
DNA are difficult to maintain in both yeast and Esch-
erichia coli cells (Neil et al. 1990; Peterson et al. 1996),
the probability that the pericentric region of chromo-
some S5 contains duplicated material is high (see be-
low).

The telomeric end of the map is less well defined,
because a telomeric half YAC for 5p has not been iso-
lated yet, despite numerous attempts (Riethman et al.
1989; data not shown). The telomeric regions of most
human chromosomes are under-represented in the
mega-YAC library, presumably due to the well-known
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end effects inherent in the production of size-selected
recombinant DNA libraries, and the GC richness of
many of these regions (Doggett et al. 1995). The exten-
sive somatic cell hybrid panel map of Sp, however,
allows for a reasonable approximation of the location
of the telomere (Figs. 1,2; Overhauser et al. 1994; Gersh
et al. 1995).

Map Construction and Integration

The initial STS marker/YAC order was experimentally
and computationally determined in our laboratory by
analyzing the STS content data for 216 STSs and 436
YACs. These YACs (dark blue) and STSs (green) are in-
dicated in Figures 1 and 2 (see overview of the project,
steps 1-3 above). The pictured STS order assumed YAC
deletion was minimal and that consistency with the
somatic cell hybrid and genetic map order should be
maintained (Doggett et al. 1995). In the small number
of discrepancies observed, it was assumed that marker
order obtained by STS/YAC mapping was correct, and
this is the order indicated on the SIGMA map (Fig. 2).
Attempts at gap closure by rescreening the entire mega
YAC library with STS markers residing at the ends of
the contigs yielded no new clones. At this stage of the
map, [D2% (44 Mb) of chromosome 5p was covered in
YAC/STS contigs.

To attempt an integration of our experimentally
determined physical map with the whole-genome
YAC/STS maps generated by other groups (Chumakov
et al. 1995; Hudson et al. 1995), SIGMA was used to
computationally compare results. Information from
the Genethon and Whitehead whole genome projects
could be compared directly, because the same recom-
binant DNA library was used in these studies (Chuma-
kov et al. 1995; Hudson et al. 1995). The Genethon
map of 5p, on the basis of genetic markers, contains
338 YACs anchored by 58 STSs in 1 of 29 bins (Chu-
makov et al 1995). Similar to what was described by
Doggett et al. (1995), we were able to confirm much of
the Genethon level 1 data obtained by STS content
mapping, but found the YACs related by overlaps in
levels 2 and above to be less likely to be derived from
chromosome 5p. Only 34.3% of the Chumakov et al.
(1995) 5p YAC:s are present on our integrated map (Fig.
2), mostly because of their tier 1 data.

The genome map reported by the Whitehead In-
stitute group on the other hand, is very consistent with
our map. No major discrepancies were observed be-
tween the two maps. Data in Hudson et al. (1995)
(Data Release II) indicate that the part of their whole
genome map representing 5p and the proximal por-
tion of 5q includes 7 contigs, comprising 563 YACs and
190 STSs. Most of these clones are the same as those on
our map, so a direct integration is possible. By use of
SIGMA, YAC clones mapped in this study (dark blue in
Fig. 2) that also were mapped by Hudson et al. (1995),
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have had additional STS data integrated from that
study (blue STSs in Fig. 2), without confirmation from
our laboratory. Although our contig coverage near the
telomere was more complete than the Whitehead map-
ping effort (Fig. 2), the Whitehead map near the cen-
tromere was more extensive (Hudson et al. 1995). Sev-
enty-nine Whitehead-identified YACs, not identified
by our study, are integrated in Figure 2 (light blue),
using SIGMA to minimize discrepancies between the
data sets.

Our initial map of Sp contained 436 YACs an-
chored with 216 STSs, and represented 92% (44 Mb) of
chromosome S5p (Fig. 2). The map of Hudson et al.
(1995) contained 563 YACs anchored with 190 STSs,
and represented 86% (41 Mb) of 5p. By comparing and
combining these independently derived physical
maps, a map containing 552 YACs and 504 STSs was
obtained (Fig. 2). The four contigs (Fig. 1) span be-
tween 1 and 25 Mb of DNA and represent [94% of
chromosome 5p (Fig. 1). Four gaps, defined as regions
not believed to be represented by YAC DNA, appear to
exist at the telomeric end, within Bin A, between Bins
A and B, and within Bin R. These gaps are estimated to
contain <4 Mb of unmapped DNA. An additional con-
tig of [5 Mb represents the centromere proximal region
of the q arm (Figs. 1,2).

Map Completeness
The localization of 504 STS markers along an estimated
48 Mb of human chromosome Sp DNA, for an average
STS spacing of 95 Kb, has met one of the initial goals of
the Human Genome Project (Botstein et al. 1990). The
completeness of the map can also be assessed by a com-
pleteness at resolution graph (Olson and Green 1993;
Doggett et al. 19995) (Fig. 3). This measure conveys the
fraction of the chromosome that is found within a cer-
tain distance of a discernible point on the map, includ-
ing YAC ends, markers, and breakpoints. Because the
SIGMA map contains 504 markers, 922 YAC ends, and
56 breakpoint bins, a total of 1482 discrete elements
can be used to position newly derived Sp sequences.
The graph indicates that the completeness of the STS/
YAC end/breakpoint map, at a resolution of 100 kb, is
0.81, or that 81% of the chromosome is within 50 kb of
one of these mapped elements. The completeness of
the STS map alone at a resolution of 100 kb is 0.56. The
discrepancy between the curves representing the pre-
dicted and actual values exists because the markers are
not randomly distributed, many being generated by
targeted approaches (i.e., Simmons et al. 1995),
whereas the predicted curve is based on a random dis-

tribution.

Integration of Genes, ESTs, and Mouse Homologs
From the hundreds of gene markers and ESTs mapped
to 5p by other laboratories (Schuler et al. 1996; De-
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Figure 3 Completeness at resolution graph for the YAC/STS/
Hybrid breakpoint (BP) map. The location of each STS, YAC end,
and hybrid breakpoint (data points) was extracted from the
SIGMA map. A window of given size was moved that distance
down the chromosome. For each interval, it was determined
whether any data points were contained within the window. The
result of different window sizes was evaluated at regular intervals
to create the plot. (A) The curve generated by use of STSs, YAC
ends, and BPs; (O) the curve for the STSs alone. The predicted
completeness at resolution curves (broken line for STS/YAC/BP
and solid line for STS alone) were obtained by randomly placing
the same number of sites on the map.

loukas et al. 1998), Figure 2 shows a subset of 53 gene
sequences and disease regions useful as landmarks. In
most cases, this information was collected from the
National Center for Biotechnology Information
(NCBI), Genbank, and the Genome Database (GDB).
Of the identified genes that had been reported previ-
ously to exist on Sp by cytogenetic analysis, 15 have
been localized more precisely to YAC members of our
contig by PCR with primers directed to the gene se-
quence (Fig. 2; Methods). Because the mouse homologs
for many of the genes found on 5p have been mapped
(Mouse Genome Database), the syntenic chromosome
information is also displayed in Figure 2. BLAST
searches with marker sequences permitted us to iden-
tify additional elements, including putative pseudo-
genes and other regions displaying homology to re-
ported sequences. Markers fitting this description are
indicated in Figure 2. Finally, anonymous cDNAs cap-
tured from the cri-du-chat critical region (Simmons et
al. 1995, 1997) are shown as well.

Comparison with the Genetic and Radiation

Hybrid Maps

A direct comparison to the Sp Genetic map can be
made, because numerous markers are present on both
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maps (Gersh et al. 1994; Dib et al. 1996), and SIGMA
allows us to estimate physical distances directly. Inter-
estingly, the physical map differs significantly from
the genetic map. Whereas the short arm of chromo-
some 5 is [(25% of the total chromosome on the basis
of its cytogenetic size, it accounts for about one-third
of the genetic distance. Therefore, there is more recom-
bination on the short arm than would be expected for
its relative size. Furthermore, by plotting genetic versus
physical distance over the length of the map (Fig. 4),
local recombinationally inert and active regions are re-
vealed. Relatively inactive regions include the 5p telo-
mere, centromere, the portion of 5p immediately
proximal to the centromere, and dark band regions
including p13.1, p14.1, and p14.3. The remainder of
the chromosome, including the mapped material on
the other side of the centromere, is fairly recombina-
tionally active.

A direct comparison with radiation hybrid maps of
Sp is also possible by use of markers shared by both
studies (McPherson et al. 1997). Whereas the experi-
mentally determined linear order of markers is, in gen-
eral, the same between the two maps, the number of
markers on the physical map (Fig. 2) is nearly an order
of magnitude greater. Like the genetic map, there is a
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Figure 4 Correlation between genetic and physical distances
for genetic markers. Genetic distances between markers, taken
from Gersh et al. (1994), Murray et al. (1994), and Dib et al.
(1996) for chromosome 5p, are shown in the first tier of Fig. 2.
Physical distances between markers were determined from the
location of these markers in the SIGMA map. All genetic markers
were localized to the mega-YAC contigs, whereas a subset were
localized to breakpoint intervals. Genetic markers D551996,
D5S631, D55430, and D5S665 were removed from the plot be-
cause of ordering discrepancies with respect to the physical map.
Selected genetic markers and the location of the centromere are
indicated on the graph for reference.
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greater than fivefold (14.8-81.5 cR/Mb observed,
McPherson et al. 1997) difference in the ratio of cR/Mb
between various mapped markers, making direct com-
parisons imprecise. In the few cases in which radiation
hybrid mapping could split markers that physical map-
ping could not (i.e., 675,405,5pC; 502,648 5pl;
663,426 5pM), this information did not assist in the
unambiguous definition of the STS order.

Map Quality
Whereas YACs containing long stretches of contiguous
DNA are very useful for generating first-generation
physical maps, contributing critical contig informa-
tion, the integrity of the YAC DNA is not always
strictly maintained. It is clear by close examination of
the map that some YACs that have STSs missing have
likely undergone deletions or contain DNA from non-
contiguous regions of the genome. According to avail-
able data, [P0 of the YACs reported on this map have
been observed to contain DNA (i.e., STSs) from chro-
mosomes other than 5; this chimera fraction is calcu-
lated to be 33%, similar to previous reports (Chumakov
et al. 1995; Doggett et al. 1995; Hudson et al. 1995).
The mega-YAC physical map of 5p appears to be
nearly complete. It has been estimated that (2% of the
genome will not be represented among the mega-YAC
library (Chumakov et al. 1995). Because 34,560 YAC
clones from the Centre d’Etude du Polymorphisme Hu-
main (CEPH) Mark II and mega-YAC libraries (10X cov-
erage) were used to generate the Genethon YAC contig
map of the human genome (Chumakov et al. 1995), it
is estimated that (520 of these YACs (1.5 %) map to 5p.
Because our map of 5p, resulting from the collective
effort of several laboratories, includes 510 CEPH mega
YACs (with an additional 42 on the proximal portion
of 5q), nearly all of the Mark II and mega YACs ex-
pected to reside on Sp have been tested and most of
them have been localized on the integrated map.

Map Peculiarities

There are several notable features of the 5p map that
suggest rearrangements have occurred within the DNA
close to the centromere. Because one would expect a
fairly even distribution of YACs to cover the chromo-
some, the relatively high number of YACs localized to
the proximal region of Sp suggests that this region of
the chromosome may represent a tandem duplication.
However, in situ hybridization of a small sample of
YAC clones from this region to metaphase chromo-
some spreads gives no indication of a large tandem
duplication (data not shown). We have drawn the map
assuming this region is not tandemly duplicated, but,
it remains a formal possibility that should be consid-
ered. Another peculiarity is that some markers found
10-20 Mb apart on opposite sides of the centromere
(i.e., L88 and D5S491) appear to be present together on
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multiple YACs. Furthermore, the order of several genes
in this region is rearranged with respect to the homolo-
gous genes clustered on mouse chromosome 15. This
also suggests that there is duplicated material close to
the centromere. Interestingly, two independent labo-
ratories have identified gene sequences (ZNF4-
Habeebu et al. 1989, PMCLH-Pedeutour et al. 1994)
that hybridize to both sides of the centromere. A du-
plication and rearrangement scheme close to the cen-
tromere has been proposed to occur on chromosome 5
by others (Pedeutour et al. 1994; Sargent et al. 1994) as
well as on other chromosomes (Tunnacliffe et al. 1993;
Eichler 1999). Only further high-resolution mapping
and sequencing will resolve the organization in this
region.

The map represented here is our current view of
the chromosome, considering all of the available data.
Errors in maps this complex are perhaps inevitable,
owing to the presence of low abundance repeats, chi-
meric clones, deleted clones, and chromosomal dupli-
cations. We would like to hear of any potential errors
in this map and any relevant data that could refine it.
Correspondence concerning the integrated Sp map can
be sent electronically to dgrady@uci.edu.

METHODS

YAC Contig Construction

DNA from microtiter plates (372) of the CEPH mega-YAC li-
brary were pooled into 672 pools from an array of 11X17X2
plates by a row and column-pooling scheme. From adjacent
pools of the original 672, 95 primary level pools, each con-
taining 6 columns (column half-plates), or 8 rows (row
plates), were created. In this design, a positive for one YAC in
the library should result in five positive pools (three rows and
two columns) at the primary level of screening. Primary
through tertiary level screens with chromosome 5p STSs were
conducted as described previously (Doggett et al. 1995).

A sublibrary of YACs (tier 1 to tier 3) previously localized
to chromosome 5p (Cohen et al. 1993; Chumakov et al. 1995)
was also assembled for STS screening. To provide contig
nucleation points, 84 STSs generated from flow-sorted chro-
mosome 5 DNA were tested against this pool. All 84 STSs had
been localized previously to 1 of 51 bins (average size 1 Mb)
on 5p, by somatic cell breakpoint analysis (Overhauser et al.
1994; Grady et al. 1996; Gersh et al. 1997).

Two primer sets (labeled 84¢11 and 84-c11) were derived
from the cosmid 84c11 (Overhauser et al. 1994) sequence to
generate additional contig information near the telomeric
end. These primers are as follows: 84-c11: 5'-TGGTCTAG-
TAATCGTTCAGGATTTC-3" and 5'-GGAAATCACTATTTCT-
CACTTCTG-3" (product 285 bp); and 84c11: §'-ACGCATG-
TGTCAGTACTAATTTTTG-3' and 5'-GGGTGCAAACTTTGTT-
TATAAAAG-3’ (product 109 bp). Additional STSs were identi-
fied from previously mapped A-phage clones D5S19, D5S32,
DS5S712, and DSS730 (Overhauser et al. 1994). Single-copy
DNA fragments from each A-phage clone were sequenced and
PCR primers were designed. The PCR primers used are as fol-
lows: D55819 (213-44E-A), 5'-ATGTGACCTGACCTTGGACA-3’
and 5'-GGATCATCAGTCTCAATAGC-3" (PCR product 340

bp); D5S32 (213-92H-A), 5'-TTGTCAACAGCAGCGACTCA-3’
and 5'-GAGCTGTTGCGTGTTAATTC-3" (PCR product 270
bp); D5S712 (D551521), 5'-AGCAGCAGCCGTTAGTGTAG-3’
and 5'-GGACGATAGACTTAGAAGTC-3' (PCR product 192
bp); D5S730 (213-215-EAA), 5'-TCAAGAAGACTACCA-
CATGA-3" and 5'-CTCTCTTATTCCAAGATTC-3'. An addi-
tional 132 STSs localized to Sp and generated by other ge-
nome-wide mapping efforts (Whitehead, Genethon, Stanford,
and CHLC) were synthesized and tested independently by our
laboratory against our nucleated YAC contigs. STSs from re-
gions of low coverage were used to identify additional YACs
by screening the entire mega-YAC library. YAC/STS maps were
constructed as described (Doggett et al. 1995), with SIGMA.
SIGMA allows sized DNA segments to be placed on a map with
discrete objectives (relationships) to other mapped objects.
Once all of the objects are placed on the map and all of the
possible objectives are met, a picture of that region will be
graphically represented. Because SIGMA uses scaled objects,
coverage of the chromosome region is easily calculated.
SIGMA was also used to computationally compare our map-
ping results with the physical maps generated by Hudson et
al. (1995) and Chumakov et al. (1995). All STS markers used
for map assembly in this study have been published (Over-
hauser et al. 1994; Grady et al. 1996; Gersh et al. 1997; Dib et
al. 1996; Gyapay et al. 1996; Hudson et al. 1995, this work),
and most can be accessed from the appropriate website (be-
low).

Gene and mRNA Mapping

The indicated genes, putative genes, and sequence homolo-
gies were localized to YAC members of our contig in the fol-
lowing way. Primer sets directed to genes were either found in
the literature or designed from the published gene sequence.
These primers were synthesized and used to screen the rel-
evant YAC contig region by PCR. The primer sets for retinal
mRNA, TARS, HMGCS1, PMCHL], LIFR, SKP2, IL7R, PTGER2,
GLAST1, and ZNF131 were designed for this study and their
sequences are as follows: retinal mRNA, 5'-TCAAGGTC-
AAGCGTTAGTCG-3' and 5'-CTGTGAGTTTAGTGGGGAAG-
3" (product 99 bp); TARS, 5'-AGGAGGAGTTTGGCAAAGTC-
3" and 5'-CTCCCACATTACACTAAAGC-3’ (product 185 bp);
HMGCS1 5'-ATATTCCAAGCCCTGCCAAG-3' and 5'-TGA-
AGTCTTGCACCTCACAG-3’ (product 115 bp); PMCHL1, 5'-
ATGGTCTGTCACTGAATCTG-3" and 5'-AGCT-
GAGTTTTCTTCATCCC-3' (product 137 bp); LIFR, 5'-
TAACAGTGTCACCGTGTCAC-3' and 5'-ATACTTCACAG-
GATCCCTCC-3" (product 103 bp); SKP2, 5'-CAGGGA-
AAATAGGCAGGAAG-3' and 5'-TGGGCTCCCTAGT-
ATACTTG-3' (product 101 bp); IL7R, 5’-TGACCACTCTTCCT-
GAGTTC-3" and 5'-AGCTGAATCATTGGGTCACC-3' (prod-
uct 105 bp); PTGER2, 5'-GCGAGTAAGAAATCCAGCAC-3’
and 5'-CAGTGGCTGTCGATTTTTGG-3" (product 115 bp);
GLAST1, 5'-CTTTAAAGTGCCCATCCAGG-3' and 5'-TCAAA-
GAACTCTCTCAGGGC-3' (product 222 bp); and ZNF131, 5'-
CACTGAGTCATTGCCATCTG-3" and 5'-TGTACTTTACG-
GACTGCTTGG-3" (product 134 bp). Mouse syntenic genes
were identified through GDB and NCBI.

Computer Resources

Four computer resources were invaluable to this process, in-
ternet resources, relational database processing, laboratory
tracking, and SIGMA map assembly. World Wide Web
(WWW) access to external laboratories facilitated the collec-
tion of large amounts of recently generated data. The primary
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WWW sites that provided mapping data were the Whitehead
Institute, CEPH/Genethon, GDB, and NCBI. A relational da-
tabase was used to manage, analyze, assimilate, and report on
the many available data sets. Laboratory tracking used a 4D
database to record all of the experimental results and multiple
Excel spread sheets to build an STS/YAC matrix.
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