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A simplified strategy for sequencing large genomes is proposed. Clone-Array Pooled Shotgun Sequencing
(CAPSS) is based on pooling rows and columns of arrayed genomic clones, for shotgun library construction.
Random sequences are accumulated, and the data are processed by sequential comparison of rows and columns
to assemble the sequence of clones at points of intersection. Compared with either a clone-by-clone approach or
whole-genome shotgun sequencing, CAPSS requires relatively few library constructions and only minimal
computational power for a complete genome assembly. The strategy is suitable for sequencing large genomes
for which there are no sequence-ready maps, but for which relatively high resolution STS maps and highly
redundant BAC libraries are available. It is immediately applicable to the sequencing of mouse, rat, zebrafish,
and other important genomes, and can be managed in a cooperative fashion to take advantage of a distributed

international DNA sequencing capacity.

Advances in DNA sequencing technology in recent years have
greatly increased the throughput and reduced the cost of ge-
nome sequencing. Sequencing of a complex genome the size
of the human is no longer a question of feasibility but of the
selection of the most efficient, economical, and practical
strategy. Two competing strategies have been used to generate
a draft sequence of the human genome: clone-by-clone (CBC)
sequencing and the whole-genome shotgun (WGS) strategy
(International Human Genome Sequencing Consortium
2001; Venter et al. 2001). The CBC strategy is being used by
publicly supported sequencing centers around the world and
has produced highly accurate sequences of Escherichia coli
(Blattner et al. 1997), yeast (Goffeau et al. 1996), Caenorhab-
ditis elegans (The C. elegans Sequencing Consortium 1998),
and human chromosomes 22 (Dunham et al. 1999) and 21
(Hattori et al. 2000). These successes benefited from the prior
construction of sequence-ready maps. For other projects un-
derway, such as the sequencing of the mouse and rat ge-
nomes, for which map resources are relatively scarce, the ad-
vantage of this strategy is less obvious.

An alternative clone-by-clone strategy that does not de-
pend on a sequence-ready map has been described (Venter et
al. 1996), but the most radical genome sequencing method is
the WGS strategy (Weber and Myers 1997). WGS obviates the
need for a sequence-ready map, but relies heavily on immense
computational power for assembling random shotgun reads
into long continuous-sequence contigs, which are finally an-
chored to chromosomes using other mapped sequence infor-
mation (Venter et al. 1998). Success in applying this strategy
to sequence the 120-Mb euchromatic portion of the Dro-
sophila genome provided a proof of principle for WGS (Adams
et al. 2000). This impressive achievement did not, however,
guarantee that the strategy would work on the human or
mouse genomes. Each is more than 20 times larger than the
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Drosophila genome, and the computational requirements to
perform the necessary pairwise comparisons increase approxi-
mately as a square of the size of the genome (see Appendix).
Indeed, the reported experience with the Drosophila WGS
(Myers et al. 2000) indicated that the achievable computa-
tional power would not be sufficient to assemble the human
genome sequence purely from shotgun random reads. This
question is not resolved because the human genome has not
so far been assembled by a WGS method; instead, binned
sequence reads from individual BACs in the public database
have been used to anchor WGS reads to resolve ambiguities
and lower the computational load (Venter et al. 2001).

Clone-Array Pooled Shotgun Sequencing

Here we propose an alternative strategy for large-scale DNA
sequencing, Clone-Array Pooled Shotgun Sequencing
(CAPSS). BAC clones representing a complete genome are or-
ganized in a two-dimensional array format. DNA from each
BAC is pooled with clones in associated rows and columns,
and shotgun libraries are prepared from each pool. Sufficient
random reads are collected from each library to generate four-
to fivefold coverage of each of the BACs in a row or column.
Cross assembly of random reads between pairs of columns
and rows results in sequence contigs of 8- to 10-fold coverage
that belong to specific BACs at the points of intersection (e.g.,
W in Fig. 1). Each assembled BAC can then be finished using
present methods for directed sequencing of individual sub-
clones.

The scheme in Figure 1 shows that CAPSS retains the
advantages of both CBC and WGS strategies, while overcom-
ing their limitations. Pooling BACs dramatically reduces the
effort required for constructing and managing subclone li-
braries. To sequence the human genome using the CBC strat-
egy, for example, at least 22,000 subclone libraries from indi-
vidual BACs of 150 kb (assuming 10% overlaps) are required.
However, if these BACs were organized and managed in a
148 X 148 two-dimensional format (Fig. 1), only 296 sub-
clone libraries would be needed, considerably reducing the
labor and management effort.
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Figure 1 General Clone-Array Pooled Shotgun Sequencing (CAPSS)
strategy. Genomic clones (e.g., BACs) are organized in a two-
dimensional array, and pools of DNA from each row and column are
converted to a subclone library for sequencing. The sequence assem-
bly of each clone is generated by cross assembly of each row and
column, shown as clone W in this schema. Clones A-F exemplify
possible complications from other overlapping sequences in the ar-
ray. The colors in clones A-F represent unique sequences. Here clone
A and clone C share sequence, as do B and E. Cross assembly of
R4 + C5 will yield assembly from BAC A, and will include reads from
the overlap in BAC C. Clones B and E will also generate contigs from
both assemblies of R4 + C5 and R8 + C8. The generation of contigs at
multiple locations in the grid distinguishes overlap that does not origi-
nate from the clone at the row/column intersection. Circles in A-F
represent a perfect complete sequence contig, with colors coding for
different sequences. Note that the shared sequence contig (in blue)
between clone B and clone E will lead to assignment of the same
contig to clone A and F, shown as an independent contig (in blue).

For a complete sequence, CAPSS ultimately requires the
same average 8- to 10-fold DNA sequence coverage across the
entire genome as CBC or WGS approaches (6.0 X 107 reads/
3.0 Gb); however, the reads can be assembled progressively
with a modest amount of computational power. In the ex-
ample of the 148 X 148 array for the human genome,

203,000 reads are accumulated from each sublibrary. Assem-
bly of a pool of any row with any column (406,000 reads)
requires (01.8 X 10*-fold more computation than assembly of
a single typical BAC, which is still a formidable task. Prior
independent assembly of reads from each row and column in
an array will, however, dramatically reduce peak computa-
tional requirements, as assembly of each intersecting BAC can
be accomplished by comparison of these intermediate results,
obviating the need to reiterate many computationally expen-
sive pairwise comparisons. A 203,000-read assembly repre-
sents (4.5 X 10 times the load of a single BAC assembly and
can be readily achieved in 016 h on an 800-MHz dual PIII
processor-board with adequate RAM. A single such device
costs < $20,000 (US), and although less expensive machines
can be applied with lower performance, slightly more costly
computers can dramatically speed the result. This is one of the
major advantages of CAPSS. The computational power
needed to assemble each sublibrary pair in pooled columns or
rows is only 1/90,000 of the power required for the WGS
strategy assembly (Table 1; see Appendix). When the time
scale for the requirement for assemblies in a large genome
project are distributed over 1 yr, further economies of CAPSS
relative to WGS are apparent (see Appendix; Fig. 2).

Practical Aspects of Sequence Assembly in CAPSS
Computer simulation data (not shown) clearly indicate the
feasibility of the CAPSS strategy. To optimize the sequence
read assignment in CAPSS, however, there are three addi-
tional aspects to the strategy that can be considered. First,
paired-end subcloned sequencing improves the efficiency of
the assembly. In the paired-end scheme, a clone is considered
positioned in an assembly whenever at least one of its end
reads has significant match. Because the chance of both ends
of a clone being in a repetitive region is relatively small, the
likelihood that a clone will be positioned is increased when
sequences from both ends of a clone are used for comparison.

Second, in order to achieve a high assembly efficiency
and a low error rate, it is best to use reads that have been
masked with a program to remove repetitive sequences (e.g.,
RepeatMasker ; A.F.A. Smit and P. Green, http://ftp.
genome.washington.edu/RM/RepeatMasker.html) to search
against unmasked contigs. Repeat-masking however, imposes
an additional computational load. To minimize computation
time, a two-step protocol can be used in which, following
comparison between unmasked reads and repeat-masked con-
tigs, remaining reads are repeat-masked and compared with
the unmasked contigs.

Table 1. Computational Requirements for Assembly of a 3-Gb Genome

CBC CAPSS CAPSS WGS
(22,000 (148 x 148 (60 X 60 BACs, (10X
BACs) BACs) six arrays) coverage)
Number of reads/Assembly 3000 203,000 83,300 6.0 X 107
Computer load units/Assembly 1.0 4.5 x 10° 7.6 X 10? 4.0 X 108
Total number of assemblies 2.2 x 10* 296 720 1.0
Total load/Genome 2.2 x 10* 1.3 x 10° 5.5 x 10° 4.0 X 108
Approx. hardware unit cost
(C$1000's) <20 <20 <20 80,000
Estimated total hardware cost
($1000's) 100 100 100 80,000
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Figure 2 Computational load for different sequencing strategies.
(Red) WGS; (green) CAPSS, 22,000 BACs in a single 148 X 148 array;
(turquoise) 21,600 minimally overlapping BACs sequenced in six

smaller 60 X 60 arrays; (blue) CBC strategy for a total of 22,000
clones. See Appendix for details.

Third, incorrect assignment of reads often results from
matching between a short stretch of sequence and a contig.
Usually such a match has a relatively low score and tends
to be assigned to clones containing a high number of repeti-
tive sequences. These errors can be reduced dynamically by
adjusting the score used to filter the match results and de-
veloping procedures for manual examination of matches
that generate ambiguous matches producing conflicting as-
semblies.

Possible Problems with CAPSS

Possible unequal representation of the amount of DNA from
each clone is the primary pitfall for CAPSS. Our experience in
routinely pooled cDNA clones for sequencing by a concatena-
tion procedure (Yu et al. 1997) has shown the issue of equal-
izing clone representation in mixed libraries to be easily man-
ageable. If needed, a highly accurate clone-DNA concentra-
tion measurement step could be added, such as quantitative
PCR of multiple dilutions of each stock. It is unlikely, how-
ever, that this level of effort will be needed.

In addition, the main source of this operational difficulty
in CAPSS would be the variation in yield of BAC DNAs in
standard preparation protocols. This variation is dramatically
less, however, when smaller BACs are generated. In our work,
BACs <120 kb have a higher yield, inversely proportional to
the BAC length. Because CAPSS does not require the longer
BACs that are usually desired for conventional mapping ac-
tivities, high yields can be expected. Additional advantages of
this may include efficient use of shearing protocols for BAC
library construction, thus avoiding the bias of representation
caused by nonrandom distribution of restriction sites.

Simple DNA repeats will not confound CAPSS assemblies
although long, low frequency repeats can generate the same
kind of ambiguities that are found in the CBC approach. The
remedies for these complications are also the same as for CBC
sequencing. The generation of double-ended sequences from
subclones allows the formation of physical scaffolds along the
length of each contig. This methodology was pioneered by
the use of Sequence Mapped Gaps (SMGs) in the first auto-
mated shotgun sequencing of a human cosmid (Edwards et al.
1990), and has since been used in other schemes to resolve
ambiguous assemblies (Gibbs 1995). In extreme cases, single
BACs in arrays can be addressed individually to resolve the
ambiguous assemblies.

CAPSS and 3-Gb Genomes

Application of CAPSS to large genomes for which no complete
sequence-ready map exists further illustrates the power of the
method. For example, a 140 X 140 array would be suitable for
sequencing the mouse genome, where accumulated efforts
over the past decade have resulted in a high resolution genetic
map and an STS-based physical map with (012,000 markers. Of
these markers, (2800 have been used to identity correspond-
ing BAC clusters across the genome (Cai et al. 2001). In addi-
tion, BAC-end sequencing representing 10-fold clone cover-
age is underway (Battey et al. 1999). This example therefore
represents a CAPSS approach to a real problem.

Each of the presently available murine BACs is of the
average size 200 kb, and an array containing [20,000 clones
represents (4.0 Gb, or 1.3-fold of genomic coverage. Accumu-
lation of 6.0 X 107 sequence reads for the entire collection
yields 215,000 reads per row or column, and provides an
average total of 3000 reads that originate from each BAC at
the points of intersection, or [I7.5-fold coverage per BAC. This
is sufficient to enable assembly of large contigs from each
clone at points of intersection, but represents less coverage
than the 8- to 10-fold that would be ideally achieved in an
array formed by only minimally overlapping BACs.

Further coverage of each BAC will be automatically gen-
erated within the matrix of the assemblies that are completed
for the entire array. Figure 1 shows that fortuitous overlap
with other clones in the same row or column directly in-
creases the depth of sequence coverage in the assembly of the
BAC at the point of intersection. These overlapping fragments
can be distinguished from a second class of contigs within
each assembly that contain reads from both rows and col-
umns but are derived from pairs of overlapping clones, nei-
ther of which is at the row/column intersection. The reads in
these unrelated overlaps are also found in contigs from the
cross assemblies for which each unrelated BAC is the primary
assembly target. A simple computer routine is sufficient to
correlate these events and ultimately assign each initial contig
to its correct final assembly based on the contig positions in
the different row-versus-column assemblies.

Reduced array structures can also be applied to further
simplify the analysis of the mouse genome example. For ex-
ample, the 2809 BACs from the presently available BAC
framework map can first be sequenced in a 53 X 53 format.
Because these BACs do not overlap with one another, se-
quence contig assignment will be unambiguous. When each
BAC in this array is assembled, a second set can be identified
by physical mapping or BAC end sequence assignment. After
6 iterations of this process, the total sequences would provide
1.2-fold coverage of the genome. Alternatively, mapped BACs
can be combined with a selection of random BACs to form a
slightly larger array. After these BACs are sequenced, further
selection and sequencing of minimally overlapping BACs will
complete the whole genome. As a general strategy, the use of
these subarrays provides the advantages of CAPSS while ob-
viating any possible operational problems arising from unex-
pected clone overlap in poorly mapped genomes. The smaller
arrays also present a more manageable logistics problem for
existing sequencing centers.

A CAPSS Key for WGS Assembly

A CAPSS approach can be also used in combination with
whole-genome shotgun sequencing to enable a complete ge-
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nome assembly. The basic principle is that the CAPSS data can
provide an initial assembly of each clone, and these contigs
could be used to select sequence reads from a pool of WGS
data for subsequent cycles of clone-linked assemblies. This is
a particularly attractive strategy as it maximizes the diversity
of sequence data that can be combined to produce a final
genome assembly.

The combination of CAPSS and WGS data may be the
best solution for analyzing large genomes that have very little
mapping data available. This strategy would use arrays that
contain sufficient clones to ensure complete genomic cover-
age, and the DNA sequencing effort would be divided be-
tween the CAPSS and WGS components. For example, a 3-Gb
genome for which an average 2-fold BAC clone coverage array
of 200 X 200 clones is constructed could have 40 million
reads produced for the entire array. CAPSS assemblies in this
case would have [6- to 7.0-fold coverage at the points of in-
tersection of rows and columns, which would be predicted to
generate contigs of sufficient length to localize the informa-
tion from a further 2.0 X 107 WGS reads.

Further Advantages of CAPSS

There are several further technical and logistic advantages of
using CAPSS to sequence complex genomes. First, unlike WGS
sequencing, each project will progressively yield regions with
full sequence coverage. As each new row or column is com-
pleted, all intersecting BACs are fully covered, and conse-
quently clones of high biological interest can be prioritized
for early finishing. In addition, gap closing can proceed in
parallel with sequencing. This is an important advantage be-
cause subclone archives need not represent the whole ge-
nome, as they do in the WGS method.

Second, in CAPSS, because the number of subclone li-
braries from pooled BACs increases only with the square root
of the number of clones in the BAC array, larger numbers of
BACs with relatively small insert sizes (0100 kb) can be used.
This is an extremely useful technical advantage as library con-
struction and growth of these smaller clones is considerably
easier than for larger inserts. Recent development of an in-
ducible multicopy BAC cloning vector (Wild et al. 1996) raises
the possibility of pooling clones before growth, which would
even further simplify CAPSS.

Finally, many sequencing centers can participate in dif-
ferent phases of a CAPSS project independently. Large centers
can focus on sequencing multiple rows or columns of BACs to
completion and assemble the sequence contigs assigned to
individual BACs progressively, and smaller groups can close
gaps in those BACs of their scientific interest. This is an im-
portant advantage because it follows the present international
trend of allowing the cultivation of both small and large se-
quencing centers.
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APPENDIX

Here we assume that present approaches use 6 X 107 reads of
average length 500 bases to generate 10X coverage of a 3.0-
Gb genome. If N random reads provide 10X coverage of a
genome, the number of first-pass searches needed to sort
the random reads into individual overlapping contigs is esti-
mated by

NAIO(N - 100),

which is approximated by [IN?*/20. Therefore, the computa-
tion time for assembling random shotgun reads without any
presorted keys such as sequence contigs from individual BACs
roughly scales with the square of the size of the genome. In
CAPSS (Table 1), we assume that 6.0 X 107 total random reads
are collected. If they are distributed in a 148 X 148 array,
203,000 reads will have to be collected from each subclone
library. The relative computational load units required were
calculated for each scenario, assuming the load to assemble
3000 reads for each BAC to equal 1. This can readily be
achieved in <15 min using a Pentium computer costing
<$20,000 (US). To estimate the computational load, we only
calculate the search equivalent (in BAC units) for the first pass
of assembling random reads into contigs of multiple fold cov-
erage. If we only take the unique sequences at both ends of a
contig to find their matches in other contigs, the number of
searches will be much smaller compared with the first-pass
search for clustering random reads. The computational load
for cross assembly of preassembled rows and columns is there-
fore not taken into account in the estimation of total load. To
compare the computational requirement for different se-
quencing strategies (Fig. 2), we assume that the sequencing
capacity allows random read collection of 10X coverage of a
3-Gb genome in 52 wk and that the sequencing load is spread
out uniformly over the same period. In WGS, the assembly
will not be productive until half of the sequence reads have
been collected and will continue after the sequencing phase is
finished.

REFERENCES

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D.,
Amanatides, P.G., Scherer, S.E., Li, P.W., Hoskins, R.A., Galle,
R.F., et al. 2000. The genome sequence of Drosophila
melanogaster. Science 287: 2185-2195.

Battey, J., Jordan, E., Cox, D., and Dove, W. 1999. An action plan
for mouse genomics. Nat. Genet. 21: 73-75.

Blattner, F.R., Plunkett 11, G., Bloch, C.A., Perna, N.T., Burland, V.,
Riley, M., Collado-Vides, J., Glasner, ]J.D., Rode, C.K., Mayhew,
G.F,, et al. 1997. The complete genome sequence of Escherichia
coli K-12. Science 277: 1453-1474.

Cai, W.W., Chow, C.W., Damani, S., Simon, G., and Bradley, A.
2001. A SSLP anchored BAC framework map of the mouse
genome. Nat. Genet. (in press)

The C. elegans Sequencing Consortium. 1998. Genome sequence of
the nematode C. elegans: A platform for investigating biology.
Science 282: 2012-2018.

Dunham, I., Shimizu, N., Roe, B.A., Chissoe, S., Hunt, A.R., Collins,
J.E., Bruskiewich, R., Beare, D.M., Clamp, M., Smink, L., et al.
1999. The DNA sequence of human chromosome 22. Nature
402: 489-495.

Edwards, A., Voss, H., Rice, P., Civitello, A., Stegemann, J., Schwager,
C., Zimmermann, J., Erfle, H., Caskey, C.T., and Ansorge, W.
1990. Automated DNA sequencing of the human HPRT locus.
Genomics 6: 593-608.

Gibbs, R.A. 1995. Pressing ahead with human genome sequencing.
Nat. Genet. 11: 121-125.

Goffeau, A., Barrell, B.G., Bussey, H., Davis, RW., Dujon, B.,
Feldmann, H., Galibert, F., Hoheisel, ].D., Jacq, C., Johnston, M.,
et al. 1996. Life with 6000 genes. Science 274: 546-567.



A Simplified Strategy for Sequencing Large Genomes

Hattori, M., Fujiyama, A., Taylor, T.D. Watanabe, H., Yada, T., Park,
H.S., Toyoda, A., Ishii, K., Totoki, Y., Choi, D.K,, et al. 2000. The
DNA sequence of human chromosome 21. Nature 405:
311-319.

International Human Genome Sequencing Consortium.2001. Initial
sequencing and analysis of the human genome. Nature
409: 860-921.

Myers, E.W., Sutton, G.G., Delcher, A.L., Dew, I.M., Fasulo, D.P.,
Flanigan, M ]., Kravitz, S.A., Mobarry, C.M., Reinert, K.H.,
Remington, K.A., et al. 2000. A whole-genome assembly of
Drosophila. Science 287: 2196-2204.

Venter, J.C., Smith, H.O., and Hood, L. 1996. A new strategy for
genome sequencing. Nature 381: 364-366.

Venter, J.C., Adams, M.D., Sutton, G.G., Kerlavage, A.R., Smith,
H.O., and Hunkapiller, M. 1998. Shotgun sequencing of the

human genome. Science 280: 1540-1542.

Venter, J.C., Adams, M.D., Myers, EW., Li, PW., Mural, RJ., Sutton,
G.G., Smith, H.O., Yandell, M., Evans, C.A., Holt, R.A., Gocayne,
J.D., et al. 2001. The sequence of the human genome. Science
291: 1304-1351.

Weber, J.L. and Myers, EEW. 1997. Human whole-genome shotgun
sequencing. Genome Res. 7: 401-409.

Wild, J., Hradecna, Z., Posfai, G., and Szybalski, W.A. 1996. A
broad-host-range in vivo pop-out and amplification system for
generating large quantities of 50- to 100-kb genomic fragments
for direct DNA sequencing. Gene 179: 181-188.

Yu, W., Andersson, B., Worley, K.C., Muzny, D.M., Ding, Y., Liu, W.,
Ricafrente, J.Y., Wentland, M.A., Lennon, G., and Gibbs, R.A.
1997. Large-scale concatenation cDNA sequencing. Genome Res.
7: 353-358.

Genome Research 1623
www.genome.org



