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ABSTRACT

Ordered shotgun sequencing (OSS) has been success-
fully carried out with an Xg25 YAC substrate. yWXD703
DNA was subcloned into A phage and sequences of
insert ends of the A subclones were used to generate
a map to select a minimum tiling path of clones to be
completely sequenced. The sequence of 135 038 nt
contains the entire ANT2 cDNA as well as four other
candidates suggested by computer-assisted analyses.
One of the putative genes is homologous to a gene
implicated in Graves ' disease and it , ANT2 and two
others are confirmed by EST matches. The results
suggest that OSS can be applied to YACs in accord
with earlier simulations and further indicate that the
sequence of the YAC accurately reflects the sequence

of uncloned human DNA.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. L78810

We sought to address these issues by deploying an ‘ordered
shotgun sequencing’ strategy (OSppn a typical YAC. OSS
attempts to facilitate sequencing a large clone by ordering a set of
subclones based on paired end sequences (see below). Simulation
(3-5) had suggested that such an approach could have several
advantages. Here we report the first use of an OSS approach to
obtain the full sequence of a YAC, which contains a 135 038 bp
segment of Xg25. The results show that OSS is practicable for
large scale sequencing, even by a small working group.

MATERIALS AND METHODS

The strategy and implementation of OSS and the assembly of the
map are outlined in Results, leading to Figdraad?2. Here we
focus on the preparation of DNA substrates and the methods to
analyze the resultant sequence.

YAC subcloning into aA-based vector

Agarose plugs were prepared by the method of Gnirke and
Huxley (6) containing the yeast strain bearing YAC yWXD703

Mapping of the human genome has achieved long-range contiguiyXS2277, from a human—hamster hybrid containing part of the
in cloned DNA primarily by the use of yeast artificial chromo-X chromosome; further details for the YAC and STSs are given
somes (YACs1). The X chromosome, for example, has reacheih the Genome DataBase and at the Washington University Genome
>95% coverage in YACs formatted with PCR-based markeGenter WEB site, http://genome.wustl.edu/cgm/cgm.html . The
(sequence-tagged sites or ST8sand for most regions, YACs plugs were loaded end-to-end across a 1% SeaPlaque agarose g
provide the only current coverage. If individual YAC clones couldMC Bioproducts) and electrophoresed for 20 h with a 15-30 s
provide sequencing substrates, their large size and ready availabgityitch interval in a DRII-CHEF gel unit (BioRad Laboratories).
would reduce the number of sequencing subprojects to be doReje gels were run to obtain 24§ purified YAC DNA.

with a corresponding decrease in logistical complexity.

To minimize the number of chimeric subclones, YAC DNA

Large insert bacterial clones are attractive alternative substrateas partially digested witBalBAl restriction endonuclease and
for long-range sequencing (see Discussion), but sequencingtioé resulting overhangs were partially filled in with the Klenow
YACs or other large insert clones has a number of prerequisitésagment of DNA polymerase | and dGTP and dATP to prevent
For example, computer-assisted assembly of sequences seff-ligation of the fragments. The DNA was then fractionated on
subclones from a very large clone could be hampered by thé.7% SeaPlaque agarose gel (FMC Bioproducts) and fractions

number of repetitive elements that often occur in clusters and cah6—9 and 9-12 kb were excised and cloned Anto yield,

be highly homologous. Also, in the case of YACs, human DNAespectively, ‘series A and ‘series B’ libraries. To generat& the
represents only11% of the DNA content in a yeast cell andsubclones, a preparation\dBlueSTAR vector was digested with
consequently sequencing substrates subcloned from YACs mi$id and partially filled in with dCTP and dTTP (Novagen) and
be recovered against the high yeast background.

* To whom correspondence should be addressed

each sized fraction of YAC fragments was ligated, packaged into
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0SS map construction process mixtures. PCR was performed in a GeneAmp 9600 (Perkin-Elmer)
apparatus, using T3'{BTTAACCCTCACTAAAGGGA-3) and
T7 (5-TAATACGACTCACTATAGGG-3) primers. Conditions

Subticns targel YAC (or BAG) Inin |ambyda were 94 C for 30 s for the first cycle followed by 9@ for 15 s,

[Areay subsionss nd Belly Beer 52°C for 20 s, 68C for 5 min for 15 cycles; 9€ for 15 s, 52C
T [ for 20 s, 68C for 5 min plus extensions in 15 s increments for
Sequance ents of amplilied insens another 15 cycles; a final incubation at€Zor 10 min.
L b B Two to three microliters from each of the total JHOPCR
Adquire daka from sequancer muns reactions were analyzed on a 0.7% agarose gel to size and verify
| the quality of the amplification products. To prepare the PCR
Factura Mask or reject poor data — products for sequencing, we tried dilutié)) @mmonium acetate
| — precipitation 9), Microcon purification 10), PEG precipitation
BLAST Seguance search againgt GenBank (7) and combined treatment with exonuclease | and shrimp
PR ! alkaline phosphatase (Exol/sAR;12) The last method gave the
o highest yields and best sequencing results and is well suited to the
BLAST parser = Cantaminamts {sug. yeast, €, ool d £l b f | h . f h
« Alu's or L1'6 1o alert for any lalse joints processing of large numbers of samples. fhgrtion of eac
= 5TSs, ESTs ar known genas PCR product was treated with flilicontaining 4 U each of Exol
_ I and sAP (Amersham) at 32 for 1 h, then at 7Z for 15 min
Assemble configs to inactivate the enzymes. Without further manipulation, samples

Smalmenbe were then sequenced by dye—primer methbgjson CATALYST

_—
Jnfcal joiml . . .
Kirloul jola nm“m:j (Perkin-Elmer) robotic workstations.
= Pair & phaca matas

055Tool = Build soaffoids L
+ Extond & meme scationds OSS map building

An OSSTool program was created. As outlined in Figjurentig
building was initiated using the Perkin-Elmer AutoAssemble
Figure 1. OSS map construction. At left are listed in bold type the Somareﬁ‘ogram to find Over|aps among end sequences and build a

programs used in the map construction. Factura (Perkin-Elmer), AutoAssembl ; : ;
(Perkin-Elmer) and OSSTool are Macintosh-based software. OSSTool wa amework phyS|caI map by connecting groups of clones using

developed by Harry Guiremand in the ACGT group at the Applied Biosystemd€ Pairwise reIations_hips of end sequences from individual
Division of Perkin-Elmer Corporation. The GenBank search by BLAST was clones. Full sequencing was then initiated for advantageous

done on the National Center for Biotechnology Information (NCBI) network clones, usua"y those anchored to known parts of the YAC such

server. BLAST parser is a collection of UNIX shell scripts that organize theas vector arms or other mapped markers like STSs or ESTs

BLAST output to a table. : - )

outputlo a fable Repeats and markers were identified by BLAST searches and
noted on the nascent map.

the vector and plated on ER1647 host cells. Individual plaqu
were picked from plates as agar cores and resuspended in
buffer (7). PCR products from selectédclones were sonicated and the

In agreement with the size selection of cloned DNA, gel.2-1.5 kb fractions purified on agarose gels were further
electrophoresis of inserts showed that 285 series A subclonesubcloned into an M13 vector for complete random shotgun
were 6-9 kb and 350 series B were 9-12 kb. Thus the librarigsquencing. The procedures employed are similar to those
made with the partial fill-in of restriction fragment ends werejescribed previouslyl§), including the use of a CATALYST
unlikely to contain chimeric subclones and, in fact, only ongyorkstation and a 373A or 377 Automated Sequencer (Applied
possible chimeric B clone (B203, Fig). was detected during Biosystems), except that blunt-end ligation was used to construct
subsequent sequencing. the M13 shotgun library. In general, a set of 96 samples processed

To characterize the subclone library, both positive probing withiom a single microtiter plate was sufficient to assemble a 7-10 kb
total human placental DNA and negative probing with total yeagtagment using FACTURA and INHERIT Autoassembler programs
DNA were used. Series A contained 46% yeast inserts, seriegAbplied Biosystems), with an average of 5-fold coverage (see
41%. Archived subclones were arrayed on fresh plates and liftable1). Data editing, gap closure and problem solving with dye
were prepared for hybridization by standard meth@jisThe terminator reactions were all as descrildet). (
probes were labeled with either a Genius Kit (BMB) or with In later experiments, M13 template preparation was replaced

?ﬂ”ﬂpbte sequencing of amplified inserts

[3%P]dATP (Amersham). by PCR amplification of inserts with reduced primer and dNTP
concentrations and no Exol/sAP treatment, similar to that
PCR-based preparation ofA insert DNAs reported {5).

To permit efficien'g and potentially automatable recovery of en@omputer analysis of sequence data
sequences from inserts, we have successfully replaced further
phage purification with PCR amplification from theubclones. The analysis closely followed the procedure described earlier
As templates for PCR, supernatants from a 4 h miniculture {{14). Repetitive elements were identified and then masked and
96-well plates were consistently better than phage stored in She unique sequence tracts were screened for potential coding
buffer. Two microliters of phage suspension were incubated witlegions and other signature sequences, such as TATA boxes anc
reagents from an XL-PCR kit (Perkin-Elmer) injireaction  promoter boxes. Exon candidates were sought by the GRAIL1.2
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Figure 2.0SS map showing coverage of yWXD703\tsbclones. Subclones are labeled with their names from series A or B (see text). Sequenced ends are indicats
by an open (T3 end) or a closed triangle (T7 end). No triangle indicates that there is no sequence information available for that end. Selected subclones with i
sequenced in their entirety are shown as solid lines; clones with only insert ends sequenced are shown as dashed lines. Shaded vertical bars show segments the
between subclones. Also indicated are two additional STSs, sWXD1832 and TH10, that were identified during the end sequencing phase (see Discussion) a
position of a single fragment (middle of the figure) that was amplified directly from YAC DNA to close a gap not covered by the\asatiialolees.

(Gene Recognition and Analysis Internet Link) program on theere able to amplify all of the human DNA inserts from archived
server at Oak Ridge National Laboratory and also by comparisarsubclones. In the current work, >90% of the amplified inserts
with Genbank entries for EST&46) and cDNAs. The exons yielded usable end sequence tracts. Two thirds of those are longer
predicted by GRAIL and the results of comparisons are indicatéigan 450 bases and even the much shorter tracts are useful for OS¢

in Figure3 (see text). map construction (see below).
To construct a partial map (Fi), the initial set of insert end
RESULTS sequences are searched: (i) against Genbank as a first screen t

identify possible genes which may provide further ordering
YAC yWXD703 has been mapped in a region of Xq25 where STiBformation; (i) against consensus Alu and L1 sequence elements.
content is concordant in a number of YACE; Nagarajeet al,  Inferred clone overlaps involving Alu or L1 sequences are flagged
manuscript in preparation). Furthermore, STSs made from thewatch out for similar but non-identical repetitive elements, but
ends of the YAC map in the contig and the YAC had testetthe scoring of any dubious overlaps becomes definitive during the
positive for an STS made from the ANT2 gene, for which a cDNAuUll sequencing of overlappirigsubclones, since essentially every
sequence has been publisHe®).(Thus, several preliminary criteria clone that ends in a repetitive element also includes unique
of quality and verifiability were satisfied. sequences.

The project began with 76 series A subclones of 6-9 kb. In
general, the recursive generation of OSS maps revealed problem
areas early on, permitting focused attention while the rest of the
The success of an OSS approach depends on the ability to obtaigion was systematically finished. In particular, when it became
sequence information efficiently from both ends of subclonedear thatthe A clones were not random enough to cover the entire
studied. Using optimized conditions for PCR amplification weYAC extent (see Discussion), the end sequences werersigoped

Implementation of OSS
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Figure 3. Representation of repetitive elements and possible cues for genes in the sequence of yWXD703. The top row represents the content of CpG dinucle
with a sliding 50 bp window across the region. In addition (bottom row), the predicted location of sites for any of a group of five restrictioBsshitlyrividal

Ead, Sadl andNot) that have CpG sequences in their recognition sites were plotted and are detailed in GenBank entry L78810. These plots permitted the identifice
of (numbered) putative CpG islands by inspection. Then Alu (SINE), L1 (LINE) and moderately repetitive elements (MERs) were identified by the CENSOR softw.
program developed by J.Jurka. The repetitive elements were further classified into subgroups in the GenBank entry and are plotted according to the strand on
they are encoded, color coded blue (Alu), orange (L1) and green (MER). Putative exon content and genes are shown on the ‘GENE’ line: exons in yellow are pre
by GRAIL but not confirmed; exons in blue are predicted and confirmed; exons in red are confirmed though not predicted by GRAIL (see text).

from 27 of the larger B subclones. The amplification efficiency The precision (reproducibility) of the sequencing results was
for B clone inserts is only slightly lower (>90% in recentearlier assessed at >99.9% for the 219 kb DNA in XG28 (
experiments) and the distribution of B end sequences tendedwith multiple subclone coverage and higher sample purity, a
complement the A series, connecting many small contigs and tla@mparable or greater level was reached here. Consistent with
carrying the OSS map toward closure (Rig.For this project, high precision, sequence comparisons of several kilobases of regions
finishing required the filling of one gap (FB).by sequencing a of overlap betweeh subclones or betwedrand PCR-amplified

2 kb fragment amplified from the YAC with primers at the edge®NA segments have detected no differences. Comparable
of the two remaining contigs. In addition, fragment Al52concordance was also found in comparisons of genomic sequence
contained a poorly resolved sequence associated with appanmith encoded cDNA segments.

polymerase slippage at a poly(T) or poly(A) tract; it was clarified

using a (T)16V primer (as in a comparable cagp;

Table1 summarizes features of the shotgun sequencing »of 2
inserts from 18 A and three B clones. For two reasons, an overalitial analysis with the CENSOR program was done with default
5-fold redundancy of sequence coverage (96 sequencing reactigstings, but in general with a threshhold score of 35. This
Tablel) was attempted for eagtsubclone across the YAC. First, eliminated the identification as ‘repetitive elements’ of exonic
this number of sequences was sufficient to lower the averagequences that are paucirepetitive in the genome. With these setting:
number of gaps/lambda to O or 1, a level that made it total of 210 repetitive sequences were detected. They included
straightforward to finish the sequence by primer walking or othei29 Alus, nearly all of them full sequences (i.e. ‘dimers’ rather
methods. Second,1 in 3000 bases were idiosyncratically than ‘monomers’), accounting for 24.9% of the total sequence.
different in individual reads, a variation that we attribute torhey are roughly equally distributed throughout the region and
misincorporations that occurred during PCR amplification of thare indicated in Figur8 (middle rows) in blue. The complete
A inserts and were preserved in individual M13 subclones. Abotatbulation also included nine L1 matches of at least 400 bp and
five readings of the same sequence were sufficient to identify th& shorter sequences that were judged to be fragments of L1s,
odd readings and infer a consensus sequence. comprising 5.6% of the total sequence (orange in3jigrhe

1Analysis of the sequence of yWXD703
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Table 1.Sequencing statistics for YAC 703

Nl:l-.'-ﬁ.llu.lll.: M, Rarmgples &q.ﬁ;ﬁnn,n Avwerage read
Clone @ soguenced i assembly Efficiency (%) Failore success raie (%) length  Fold coverage  Sime (kb)
AGLD 12 5l 0.8 7 0.3 531 43 63
AlS6 46 &7 a0 16 B33 511 S0 L
ALT5 T2 46 63.9 25 65.3 534 R 1.1
AlE3 ] 65 649.1 15 4.0 523 52 64
Al 96 L B7.5 B 91.7 315 5.8 T4
AT o6 f5 8.5 5 4.8 5041 54 73
AOLT 2l 59 728 15 815 528 4.0 13
A032 Q6 T8 B1.3 4 95.8 458 5.2 73
Al42 o5 ]| 244 fi 938 523 6.3 6.4
ADGS ] ]| 4.4 a C 528 6.7 6.4
ADTS T2 i 21.7 2 972 554 6.1 6.0
Al D& il 10 10 06 515 4.8 15
AlOS 0& T4 7.1 15 4.4 520 5.9 0.5
Allf T2 58 A0.6 7 o0.3 524 42 13
Al23 0 &S 2R3 (] 918 418 6.3 5.4
Al52 L B0 813 4 058 404 56 0
Alad i | 4.4 G 03K 504 54 7.5
A201 k] & B.6 3 B 511 6.6 7.0
BO2G o 75 TR i1 RS 505 is 1
62 ks T3 T 21 TH.1 534 7 L1
BX33 bl &1 B4 4 058 512 4.9 a5
Average: a1 LE] LX) 4 g7 514 52 73

For each of 22 clones the numbers of samples sequenced, the average read length and the resultant redundancy are recorded.
The fourth column from the left, Efficiency, gives the percentage of sequence runs that contributed to the contig (column 3) among
the total number of samples for a particalaubclone (column 2)

other 55 repetitive sequences included 21 classes of MERslditional exons predicted by GRAIL and extending through nt
totalling 9.3% of the sequence content (green in3jigrhus, 65 907 may represent additional coding sequence of the 703-2 gene.

overall the region was composed of 40.9% repetitive sequences. . ,
In the first step to detect candidates for genes, CpG islag)ds ( 703-3.Three exons transcribed toward the left arm are predicted

were indicated by telltale concentrations of GC and Cpd@Y GRAIL and could be associated with CpG island 3. In this
dinucleotides. In Figur@, three strong CpG islands, coinciding with €@Se, there is as yet no verification of the exons by detection of
at least two restriction sites for enzymes with CpG in the#DNA, transcribed RNA or a gene of known function.

recognition sites, are indicated by the numbers 2—4. Anothg\rN.l.2 This gene, associated with CpG island 4, contains
weaker possible island, numbered 1, coincided with only a sian r e>'<0ns that aré predicted by GRAIL (nt 108 408’—108 831
rare-cutter restriction site and is not further considered here. CQigg »15_109 352, 109 578-110 066 and 111 101-111 281), All
|slar(1jq q asso%i}l?; ar&d7é)§hfr e;/(ljo:l)’ezc for each of f|\(/je 9€fe confirmed by comparison with the published cDNA sequence.
fcﬁﬂ, V:lsates, an -1to -4 (2gis summarized as We note that the YAC sequence deviates from the published
' cDNA sequence for ANT2 at several residues, but sequence tracts

703-1.Two exons are predicted by GRAIL at nt 5754-5838 antflentical to those in the YAC occur in many ESTs in dbEST that
9072-9326, encoded on the top strand. The latter exon overlgseé homologous to the-8nd of ANT2, including 18 in the
rat EST L105369, with 80% identity over 255 bp. Like theMerck-Washington University database.

predicted exons, the EST is transcribed from the top strand, |
to right in Figure3. Thus, the 5end of the gene presumably lies
more centromeric in Xg25. Neither the EST nor the genom
sequence resemble any known gene/protein, so that the g
remains anonymous.

%3-4.A sequence not suggested by GRAIL as a putative exon
faevertheless matched both ends of a clone arising frordhed 3

& CDNA. The EST, again from the Washington University/

erck consortium project (clone 1D158302) is essentially
identical to nt 125 258-125 914 in the yWXD703 sequence. The
703-2.This gene, initiated at CpG island 2, includes a first exodone is polyadenylated, so that it most likely represents a cDNA
that is predicted by GRAIL at nt 28 802—29 076 and is also highhather than a contaminating genomic DNA or unspliced message
homologous to a reported mitochondrial gene (M3188%ee  sequence, but the extent of the corresponding gene is unknown.
also Discussion). Furthermore, although it is not predicted byFour exons are predicted by GRAIL as transcribed toward the
GRAIL, a second exon in an open reading frame 7000 bp towdedft arm distal to 703-4, but none of them is homologous to any
the right arm (nt 35 858—36 081) shows a putative correct splikaown expressed sequence or gene. In the absence of any
junction that would continue precisely with further sequencadditional evidence at this time, they are not suggested as an
homologous to the same mitochondrial gene (Bjg.Four additional gene.
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The YAC thus contains two regions (F8), each extending  Long read lengths are critical, however, at the level of random
about half of its length, with the first half transcribed toward thehotgun sequencing of the intermediate clones and thus

right arm and the rest transcribed toward the left arm. determine their optimum size. Current read lengths of the order
of 550 bases can easily sustain the analyaignserts of 1020 kb.
DISCUSSION Ten kilobases is now the upper limit for high efficiency

long-range PCR, but as long-range PCR continues to improve, a

This study was designed: (i) to test the OSS formulation, withmaller number of largérsubstrates should suffice, simplifying
some comparison with the current standard of random shotgthﬁa project. . .
sequencing; (i) to assess the feasibility of the YAC as a The rate of a project depends on the rate of sequencing of
sequencing substrate; (jii) to analyze the sequence and begirp¢®clones. A single technician can now sequence up to two 10 kb

assess the fidelity of the YAC compared with uncloned DNA. A clones/week. Each 150 kb YAC or other large insert clone thus
requires[2 person-months of effort to reach the gap closure

phase. The rate of an individual project can be increased by
analyzing mora subclones simultaneously, but this increases the

; ; ; P ; hance that a region will unintentionally be sequenced more than
OSS is designed with a small workgroup in mind, with the goéﬂ
of sequencing a large target in an easily manageable w nce. For example, when sevexatubclones from yWXD703

However, implementation of OSS imposes requirements th fére simultaneously chosen_fqrminimal qverlaps and sequenced
include the subcloning of a large clone into 710 kb fragmenfOMPIEtely, the group containingA0SS (Fig.2) merged with

and the efficient sequencing of the ends of the cloned fragmerif2t containing A080, with a substantial overlap in sequenced
The requirements have been successfully met in this test. area. Therefore, to avoid duplicated effort, each project can be

As a method to generate fragments from a large target, parﬁ-)ésigned to only one person at a time and the rate of very large

restriction digestion wittSaBAL has the advantages that it _projects can rather be increased by expanding the number of large

generates cohesive ends which can be ligated more efficien'ﬂ&?ert clones being analyzed.
than blunt ends and the ends can be partially filled in to prevent
self-ligation and improve cloning efficiency. The disadvantages
are that there is preferential cleavage at some sites and sdafémparison of random and ordered shotgun
regions may lacalBALl sites. sequencing
One way to compensate for local deviationS&BAL site
distribution uses a mixture of insert sizes. As an example in tHis critical respects ordered and random shotgun sequencing are
study, the B subclone (averagg0 kb) library complemented equivalent. For example, comparable precision requires comparable
coverage by the A library (average 7 kb). A strategy using sequencing redundancy and both methods require finishing
mixture of clones of more than one size range can help achiesf#forts to fill gaps. But each approach has advantages.
overall coverage and also can counter the problem of non-randonin current large scale sequencing projects, random shotgun
distribution of subclones. In fact, simulations indicate that evesequencing is much further along the learning curve, so that costs
a small fraction of larger inserts can provide such benéfifi{e ~ have been progressively reduced by incremental improvements and
fraction here (1:6 or 14%) is in the range recommended fromstable and increasing level of efficiency has been demonstrated.
simulations, but because large clones are harder to amplify, tAlso, random shotgun methods employ only a single subcloning
practical case may deviate from models and much more work waitep from the large insert clone to sequencing substrates, wherea:s
be required to optimize the approach. in the approach to OSS used here, two successive cloning steps
PCR amplification easily provides increasingly reliable clonare used. The bridge to smaller clones at each step is, however,
inserts of pure human DNA as substrates for the generation of endde more efficient by replacing clone DNA preparation with
sequences. As an alternative to clone DNA preparation, amplificautomatable PCR amplification, and the OSS approach affords
tion of subclone inserts of up to 10 kb is currently robust anskveral possible compensating advantages.
straightforward with long-range PCR kits. Essentially all the First, OSS is relatively forgiving of substantial levels of
inserts are single bands on agarose gels and after treatment withtamination. With BACs or PACs as substrates, contamination
Exol and sAP, to purify the products (see Materials and Method$yels from bacterial DNA can be as low as <5% or as high as
direct sequencing of the ends of amplified inserts can be efficienty25% in different preparations (work in progress), but even
performed with large numbers of samples. higher levels require little effort to identify and discard contaminat-
The OSS approach has another requirement, recovery in§ subclones at the end sequencing stage of OSS. For example
sequence from both ends of the majority, if not all, of the subclonesngle-pass pulsed-field gel purification had enriched yWXD703
If there are appreciable numbers of subclones for which sequem@dA [50-fold over the starting DNA. With these preparations,
is available for only one end, the efficiency of OSS mathere is still close to 50% contamination with yeast, but most of
construction declines sharply, since connections to other clortb®se clones could be detected by probing with yeast DNA.
cannot be established. In this project the fraction of clones f&urthermore, extraneous clones can easily be identified by
which both ends yielded sequence was >65% (which wagquencing one end of each 7-12 kb subclone and finding yeast
improved to >80% in later experiments), high enough to sustagequences by comparison with the yeast sequence in GenBank. Ir
map construction. Furthermore, we have routinely recoverdbe instant case, <10% of the sequencing reactions in the project
sequence from an apparently poor run even when it was as sh{@B0 end sequences out of 2400 total reactions for this project)
as 30 bases. Sequences that short can nevertheless help to makeuld be required to discard all vector and yeast subclones
map @) and are an important aid in mapping gaps and confirmingithout prior screening. In contrast, in random shotgun sequencing,
overlaps. every contaminating clone receives the same attention as each

Evaluation of OSS
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authentic clone, so that half the reactions would be required ¢oned only in YACs24.) YACs may thus be the substrate of
eliminate 50% contamination. choice (or necessity) for long-range sequencing of certain
Second, a similar consideration applies to sequencing of tpertions of genomes. It is therefore encouraging that OSS can
vector component of subclones. BACs or PACs contain 8—16 ldiready be applied to YACs, with an efficiency that can obviously
of vector sequence in random subclones, whereas those segmbeatsnproved. If subclones are randomly derived from a starting
are again largely discarded at an early stage in OSS. target clone, sequences from their ends indeed produce a map
Third, and related to the other potential advantages, OSS offéFsg. 2), as had been anticipatel),@nd sequencing effort would
added flexibility in the choice of subclones or regions fobe expected to scale linearly with the size of the clone.
discretionary sequencing. For example, regions of a YAC or other
large substrate that overlap a neighboring YAC are again quickihalysis of sequence and gene content
found by end sequencing and need not be completely redone. If
one estimates that the two neighboring clones would each overgpetitive sequenceBhe suite of programs assembled for the
a sequencing substrate by the order of 20% of its length, thealysis of an earlier region of 220 kld has been useful in this
corresponding fraction of the total sequencing effort might bease as well. In the earlier case, in a region of very high GC
saved using OSS rather than a random shotgun approach. One(b@R%), the repetitive sequences were heavily weighted toward
even imagine approaches in which the early identification aru, with only a marginal contribution of L1 and MER. Here
mapping of large L1 elements (or other repetitive sequenes again, in a region of moderate GC content (45.5%), Alus
tandem) could activate the option of less thorough sequencifdgminate. The corresponding percentages of sequence that are
there than in regions of unique DN2&1J. For the human genome Alu, L1 and MERs were 20.4, 1.6 and 3% in the high GC region
project, precise end-to-end sequencing may preclude suahd 24.9, 5.7 and 9.3% here. Thus, as first indicated in the
selectivity, but sequencing of other organisms might make it mog@mparison of the Xq28 segment with other reports of long-range
attractive, especially when funding is limited. sequencing (see Discussia#d), the results show no trend in the
As a subsidiary feature, gaps in the overall map are localizedpipportions, for example, of Alu:Ll. Rather, they are in
an early stage in such a project, permitting focused attentiorgreement with the earlier analysis of Alu- and L1-containing
Similarly, within each subfragment, the average number of gapestriction fragments in YACs from Xq24-qgter, which indicated
(0.4) is relatively simple to fill and, because repetitive elementbat both Alus and L1s were widely distributed with variable
are segregated into subclones, they are easier to discrimindessities across nearly all of the 50 Mb regidi). (
during sequence assembly. Perhaps because of the ad
Lg?&?g;ﬁ Cny%rfo ;’é%i%gé;gi\%%?g r(tst];(;n_gtl)zlg';togé r;hpe ar%\:jera ontinues to follow the trend observed for large scale sequence

with 8- to 10-fold in the sequencing of a comparable amount ﬁgrrﬁa\cts, that coding capacity is proportional to overall GC content

. . ‘isochores’ £6), zones of up to 1 Mb length with characteristic
DNA by random shotgun methods. This comparison, however,lj ughly constearzt GC. Like %ther region% With 4245 5% GC

contingent, since various approaches are becoming increasin )528) yWXD703 contains about four genes in 140 Kb

grgﬁfg t:and approaches have not been compared with the s i gluding three candidate genes (703-2, 703-3 and ANT2) and
o , . o partial genes (703-1 and 703-4)], or about 1/32 kb.
rguls allio c[))r?sgilrl?le \t,c:rtkog S r\’(\)"lljl h%\]fetr?r(je\éan;g%es\lv];?r: ZOS;:S{YI'[ is of interest that of the five gene candidates in the YAC, four
group. going group %have already been supported by EST content (703-1, 703-2,

informatics support has been able to reach a levidl &fib of )
sequence throughput per year. This level would be enough?'\|T2 and 703-4) or homology to known genes (ANT2 and

, : -2). (Furthermore, the EST homologous to 703-4 derives
manage many large scale sequencing projects and comp g . .
favorably with the per capita throughput of large scale rando?fnrw %wfetal kidney and the sequence has also now been detected ir

shotgun sequencing by large groups. It remains unteste(atal kidney RNA in Northern analysis; work in progress.)

. ene 703-2 is especially interesting, since, as FRysinews,
however, whether random shotgun sequencing on a compar g ! . , ; .
scale can also be efficiently adapted to a small group. %‘?E highly homologous to ‘GDC’, a carrier protein that has been

associated with Graves’ diseag®)( GDC is a mitochondrial
protein and one can wonder whether the X-linked gene detected
YACs as longrange sequencing substrates for OSS here is a form that is functionally related. It is unlikely that the
gene product of 703-2 is also a constituent mitochondrial protein,
Based on this study and simulations, subcloning of a single YAgince it would then be expressed in every cell, but no corresponding
can provide material for projects across at least 150 kb and likeJpNA was present in any of 12 cDNA libraries assayed by
for much larger stretches of DNA. PCR-based tests.
In ongoing work, OSS has also been applied to bacterial clones
like BACs or PACs with ease. B_acterial clones show much I_OW?—rideIity of the YAC sequence to uncloned human DNA
levels of co-cloning and are easier to prepare free of contaminating
host DNA than are YACs, though as we comment above, tiée increasing number of ESTs available from systematic cDNA
sequencing required to discard adventitious yeast clones is a vprgjects and the consituent ANT2 gene provide alternative
small fraction of total effort and could be reduced further, fodeterminations of sequence and particularly of the gene segments
example by a second pulsed-field gel electrophorggjof by  that are usually considered the most important part of genomic
passage of the YAC through a ‘window’ stra@i3)( sequence. Comparisons permit some inferences about the fidelity
As an additional consideration, there are many regions that arethe YAC sequence to Xq25 genomic DNA.
only available in YACs. (Even in the model eukaryotic organism The simplest criterion for fidelity is co-linearity. Genomic
Caenorhabditis elegan$0-20% of the genome has thus far beeNA should show no deletion of entire exons or within exons of

%%e number and characteristic&ene content, however,
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