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Parallel, tag-directed
assembly of locally derived
short sequence reads

Joseph B Hiatt!}2, Rupali P Patwardhan!2,
Emily H Turner!, Choli Lee! & Jay Shendure!

We demonstrate subassembly, an in vitro library construction
method that extends the utility of short-read sequencing
platforms to applications requiring long, accurate reads. A long
DNA fragment library is converted to a population of nested
sublibraries, and a tag sequence directs grouping of short reads
derived from the same long fragment, enabling localized assembly
of long fragment sequences. Subassembly may facilitate accurate
de novo genome assembly and metagenome sequencing.

The cost and throughput advantages of massively parallel
sequencing are offset by large tradeoffs with respect to read length
and accuracy!. Although the availability of reference assemblies
renders short reads sufficient for genomic resequencing and digital
profiling®3, other areas such as metagenomics, de novo assembly
of complex genomes’, immunoglobulin diversity profiling® and
molecular haplotyping” are more challenging. In metagenomics,
for example, sequences are derived from a population of related
and unrelated genomes with highly varying abundances and a
potentially enormous effective complexity. For identifying new
open reading frames and for resolving related sequences within
such a population, long reads remain indispensable?. Because
pyrosequencing produces the longest reads of second-generation
platforms?, it largely remains the method of choice for metagen-
omics?, despite its higher cost and equivalent or higher error rate
compared to other second-generation platforms!.

We developed a multiplex, in vitro strategy, termed subassem-
bly, that is conceptually analogous to hierarchical shotgun genome
assembly (Fig. 1). In this approach, one of the two reads from a paired-
end read serves as a sequence tag that identifies groups of short reads
sharing a clonal origin, that is, deriving from the same ~500 base
pair (bp) DNA fragment. Each group of short, locally derived reads
is then collapsed to a long, subassembled (SA) read. To evaluate
performance, we applied this method to two samples: genomic
DNA from a (G+C)-rich organism, Pseudomonas aeruginosa strain
PAO1, and a previously characterized metagenomic sample from
lake sediment’.

For subassembly, we sheared DNA to relatively long lengths
(for example, ~500 bp), ligated ‘tag-adjacent’ adaptors to the
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fragments and then diluted and PCR-amplified these fragments
(Fig. 1 and Online Methods). The dilution step before PCR
imposed a complexity bottleneck, such that a limited number
(~10°-107) of long fragments were amplified to high abundance
(Supplementary Note 1). The PCR amplicons were concate-
merized and then sonicated, and a single ‘breakpoint-adjacent’
adaptor was ligated to the sheared fragments. We performed a
second round of PCR in which one primer corresponded to a
tag-adjacent adaptor and the other primer corresponded to the
breakpoint-adjacent adaptor. The resulting amplicons effectively
comprise a population of nested sublibraries derived from the
original long-fragment library. The tag-adjacent adaptor provides
access to genomic sequence that corresponds to the ends of the
long fragments. As this end sequence will be consistent across
amplicons derived from the same long fragment, it can serve as a
tag to identify molecules that are clonally derived. After paired-
end sequencing, the read primed by the tag-adjacent adaptor
identifies the original long DNA fragment, and the read primed
by the breakpoint-adjacent adaptor represents sequence from a
shearing-determined breakpoint in that fragment. As a relatively
short read could serve as a unique tag identifier, we obtained
paired-end reads of unequal length (20-bp ‘tag read’ and 76-bp
‘breakpoint read’). In the analysis, we used tag reads to group
breakpoint reads and separately subjected each tag-defined read
group (TDRG) to local assembly with phrap!?.

To rigorously assess performance, we applied subassembly to
P. aeruginosa strain PAO1. After fragmenting genomic DNA, we
size-selected it to ~550 bp (Supplementary Fig. 1) and processed
the sample as illustrated in Figure 1. We used Illumina Genome
Analyzer IT (GA-II) to generate 56.8 million read pairs. We grouped
the read pairs into TDRGs by the 20-bp tag (Online Methods) and
separately subjected 76-bp breakpoint reads in each TDRG to local
assembly with phrap to produce SA reads (Supplementary Table 1).
We discarded SA reads not derived from identically oriented
breakpoint reads (1.2%) and those failing subassembly entirely
(2.7%). For subsequent analyses, we considered only the longest
SA read from TDRGs with 210 members.

This subset comprised 1.03 million SA reads with a median
length of 338 bp (Fig. 2a and Supplementary Table 2). The bimodal
distribution may be due to uneven coverage of the original frag-
ment secondary to imperfect size selection (Supplementary Fig. 2).
To assess quality, we mapped the SA reads to the P. aeruginosa
strain PAO1 reference!! and found that 99.82% had significant
(P < 107°) alignments with basic local alignment search tool
(BLAST)!2, with 98% of SA reads aligning along >95% of their
full lengths. Although the contributing Illumina reads had an error
rate of 2.4%, the substitution error rate of aligning SA reads was
0.25%. The longest correct SA read was 680 bp, likely an outlier
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Figure 1 | Schematic of subassembly process. a
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from the gel-based size selection but nonetheless an indicator of the
method’s potential. We also estimated quality scores for bases in SA
reads from the quality scores of contributing breakpoint reads (Online
Methods). The 85% of bases in SA reads with the highest estimated
quality scores were >99.99% accurate with respect to substitution
errors when compared to the P. aeruginosa strain PAO1 reference
(Fig. 2b). Finally, we calculated the substitution error rate as a
function of position along the SA read. The low overall error rate
of one per 400 bp was maintained for hundreds of bases in the
SA reads (Fig. 2c).

Based on alignment with BLAST!2, SA reads covered 98.85%
of the reference at a mean coverage of 63-fold. We observed bias
against regions of extremely high G+C content (>70%) relative
to shotgun sequencing (Supplementary Fig. 3), which could be
mitigated by optimizing PCR conditions. We also observed slight
systematic bias in the distribution of SA read quality scores across
the reference that we conclude is unlikely to compromise accuracy
at positions with adequate coverage (Supplementary Fig. 3).

To explore the utility of subassembly for de novo genome assem-
bly, we assembled all filtered SA reads using CABOG!?, resulting
in 708 contigs =1 kilobase (kb) with an N50, or the length x such
that 50% of the genomic length is in sequences at least x long, of
15 kb (Table 1). The substitution error rate was ~1/14,000, and
there was a total of 65 bp of inserted or deleted sequence across
31 contigs. Contigs 220 kb, which comprised 2.3 Mb, were more
accurate, with a substitution error rate of ~1/250,000 and 20 bp
of insertion-deletions across eight contigs. BLAST alignment
predicted 11 contigs ranging in size from 1 to 18 kb to contain
local misassemblies, but four of these were related to differences
between the strain used here and the reference (Supplementary
Note 2), leaving only seven true misassemblies. Six of these were
very local deletions or expansions of <400 bp (within contigs
<20 kb long), and one 1,125 bp contig displayed a more complex
BLAST alignment.

Shotgun assembly of SA reads therefore resulted in long and
highly accurate sequences with contiguity likely limited by
sequence content biases. To facilitate scaffolding, we included
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sequencing data from one lane of a paired-end fragment library
(2 x 36 bp; insert size ~200 bp) and one lane of a mate-paired
jumping library (2 X 36 bp; insert size ~2.5 kb). Using a custom
iterative scaffolding algorithm (Online Methods), we generated
32 scaffolds =5 kb, with scaffold N50 of 445 kb, longest scaffold
of 915 kb and 99.3% physical coverage of the reference (Table 1).
Notably, scaffolding introduced only one misassembly, likely
because of the presence of multiple nearly identical phage-like
insertions (Supplementary Note 2). Our results, which were gen-
erated from a single platform, compare favorably to summary
statistics of a published de novo assembly from a related organism
that had been generated by combining long-read 454 and short-
read Illumina data'# (Supplementary Note 3).

To evaluate subassembly on a complex metagenomic sample,
we used total DNA isolated from lake sediment and enriched for
methylamine-fixing microbes®. We started with a slightly shorter
long-fragment library (~450 bp; Supplementary Figs. 1,4) and
imposed a more stringent complexity bottleneck by diluting the
long-fragment library to ~10°-10° molecules before PCR (Online
Methods). We obtained 21.8 million read pairs, which resulted
in 262,298 TDRGs, in which the median length of the longest
SA read in filtered TDRGs was 256 bp (Supplementary Table 2
and Fig. 2a).

In addition to the nested breakpoint reads that we used to pro-
duce SA reads, we also obtained 1.8 million paired-end reads from
the original long-fragment library (2 X 20 bp), allowing us to
merge TDRGs whose tags were observed as a read pair (Fig. 1).
We merged ~68% of the metagenomic TDRGs in this fashion.
Subjecting breakpoint reads from merged TDRGs to local assem-
bly yielded SA reads with a median length of 408 bp (Fig. 2a and
Supplementary Table 2).

We hypothesized that localized, tag-directed assembly would
be particularly useful in the context of metagenomics, for which
the highly nonuniform representation of organisms complicates
de novo assembly from short reads. To test this, we generated a
standard Illumina shotgun paired-end library from the same
metagenomic sample and assembled reads from this library with
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Figure 2 | Evaluation of subassembly
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Velvet!® using optimized parameters (Supplementary Table 3 and
Supplementary Fig. 5). We evaluated shotgun assemblies from
both paired-end 76-bp reads and paired-end 48-bp reads. For
both assemblies, we used 2.2 Gb of raw sequence, which was equal
to the amount of data used for subassembly.

CABOG assembly of SA reads yielded considerably more total
sequence data in longer contigs than direct assembly of shotgun
reads, generating greater than twice as much sequence in contigs
2200 bp (Fig. 2d and Supplementary Table 3). Unassembled SA
reads comprised greater than five times as much sequence 2200 bp.
Notably, shotgun assemblies did achieve greater contiguity at the
longest lengths (Supplementary Table 3 and Supplementary
Fig. 5). These long contigs may be due to deep sampling of the
most abundant genomes. However, many are likely to represent
misassemblies, as we did not observe long BLAST alignments to
the available Sanger sequence data® or to any sequence in the
GenBank nt or env_nt databases.

To conservatively estimate each method’s effective coverage,
we compared assembled contigs to 37.2 Mb of Sanger sequence
data recently reported for the same sample’ (Online Methods
and Supplementary Fig. 6). Although the complexity of the
metagenomic sample likely remains undersampled, subassembly

Contig length cutoff (bp)

covered at least 45% more of the Sanger
sequence reference when compared to con-
tigs assembled from the paired-end short-
read library. In addition, subassembly
generated a comparable amount of total sequence as compared
to Sanger sequencing data (39.5 Mb versus 37.2 Mb) in some-
what shorter contigs (median of 390 bp versus 835 bp) but with
considerably less effort (three Illumina sequencing lanes versus
hundreds of Sanger sequencing runs). In summary, subassembly
produced substantially more sequence at lengths necessary for
accurate phylogenetic classification!® and gene discovery!” than
direct assembly from shotgun short reads and did so in better
agreement with the available Sanger sequencing data, suggesting
that the quality of assembled data may also be higher.

Given that we observed accurate SA reads of nearly 700 bp,
optimization of this method in concert with the tag-pairing
approach (Fig. 1) could potentially extend the effective length
of SA reads to ~1 kb, that is, approaching the maximum length
of Sanger sequencing data. One potential concern about the
method as described is that tag sequences from different long
DNA fragments can occasionally be identical by chance, espe-
cially if samples contain repetitive elements at high abundance.
A simple modification would be to use a tag-adjacent adaptor
containing an embedded degenerate sequence (for example,
arandomized 20-bp segment), as this would completely decouple
the tag sequence from the sample composition.

1,000

Table 1 | De novo assembly of P. aeruginosa genome using subassembled (SA) reads

Number of contigs

Contig or scaffold

Longest contig Physical coverage

Input Assembly strategy or scaffolds N50 or scaffold Total sequence of reference
SA reads CABOG 708 15,070 bp 160,221 bp 6.07 Mb 96.2%
SA reads plus PE fragment CABOG and 32 444,483 bp 915,353 bp 6.11 Mb 99.3%
plus jumping mate pair scaffolding

Assembly of SA reads from P. aeruginosa using the CABOG assembler produced long and accurate contigs (21 kb) and can be further extended with short (~200 bp) and long (~2.5 kb)

mate-pairing data to form scaffolds (25 kb).
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Finally, we note that subassembly offers a fundamental advantage
in the way that a low error rate is achieved with a second-
generation sequencing platform. Accurate assembly of short shot-
gun reads can be successful, provided that these reads are derived
from relatively random sequence and that deep, uniform coverage
can be obtained!>. Platforms such as Roche 454 offer long reads at
a cost that is likely similar to subassembly (Supplementary Note 4)
but have error profiles comparable to those of other second-
generation sequencing platforms. Therefore, achieving high
consensus accuracy also depends on the assumptions of uniform
sampling and of a common origin for nearly identical reads. In
contrast, because subassembly samples individual long DNA
fragments and separately reconstructs a consensus sequence for
each one, the production of long, accurate SA reads is insulated
from nonuniform representation and sequence relatedness in the
sample of interest.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemethods/.

Accession codes. NCBI Sequence Read Archive: SRA010316.

Note: Supplementary information is available on the Nature Methods website.
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ONLINE METHODS

Data availability. Raw Illumina sequence reads, unfiltered SA
reads, P. aeruginosa strain PAO1 contigs from SA reads and
P. aeruginosa strain PAO1 scaffolds from SA reads are available at
http://krishna.gs.washington.edu/subassembly/.

Subassembly library construction. An overview of library
construction steps, including time estimates to aid in planning
experiments, is available in Supplementary Protocol 1. Library
construction methods are described in detail in Supplementary
Protocols 2 and 3. Briefly, library construction proceeded as fol-
lows. Source DNA was fragmented by sonication, end-repaired
and size-selected to ~550 bp (P. aeruginosa) or ~450 bp (metage-
nomic sample). Size-selected fragments were A-tailed and ligated
to custom adaptors (Supplementary Table 4). Real-time PCR
with phosphorylated primers was performed using serial dilu-
tions of adaptor-ligated fragments to impose a complexity bot-
tleneck and generate many copies of a limited number of long
fragments. Complexity was estimated from the concentration of
input material, the kinetics of PCR amplification and gel electro-
phoresis of the PCR product. After PCR, the product estimated to
have resulted from ~10°-107 long fragments was concatemerized
to high molecular weight and then fragmented by sonication.
Shearing products were end-repaired, A-tailed and ligated to the
[lumina Read 2 adaptor. PCR amplification was then performed
with one primer corresponding to the Read 2 adaptor and a second
primer corresponding to one of the two original adaptors. Finally,
the amplification products were size-selected to obtain a uniform
distribution of shearing products across the original fragment
(Supplementary Fig. 2). For the metagenomic effort, an aliquot
of the bottleneck PCR was subjected to an additional round of
PCR to prepare the long fragments for paired-end sequencing and
subsequently used for tag-pairing and TDRG merging.

Shotgun library construction. P. aeruginosa short insert (~200 bp)
and long insert (~2.5 kb), and metagenomic short insert shotgun
libraries were constructed according to manufacturer’s specifica-
tions, except that standard oligonucleotides were obtained from
IDT. For the metagenomic library, to conserve source material,
size selection to the desired fragment length was performed
before A-tailing and adaptor ligation rather than afterward so that
the longer size range could be used for subassembly.

Ilumina sequencing. For subassembly libraries, an Illumina
GA-II instrument was used to collect paired-end reads according
to manufacturer’s specifications, except that custom sequencing
primers (Supplementary Table 4) were used, and asymmetric read
lengths were collected (20-bp first read and 76-bp second read).
For the tag-pairing metagenomic library, paired-end 36-bp reads
were collected according to manufacturer’s specifications with cus-
tom sequencing primers. For shotgun libraries, paired-end reads
were collected according to manufacturer’s specifications.

Organizing breakpoint short reads into TDRGs. For all experi-
ments, breakpoint reads paired with identical or nearly identical
tag sequences were grouped into TDRGs. As millions of tag reads
were involved, an all-against-all comparison to cluster similar tags
was not feasible. Instead, a two-step strategy was used to group
tag sequences in each experiment. First, perfectly identical tags

doi:10.1038/nmeth.1416

were collapsed using a simple hash to define a nonredundant set
of clusters. From this set, clusters with four or more identical tags
were identified as ‘core’ clusters and, in descending order by size,
were compared to all other tags. Tags matching a given core cluster
with up to one mismatch were grouped with that core cluster (and
removed from further consideration if they themselves defined a
smaller core cluster). TDRGs with more than 1,000 members were
excluded from downstream analysis to limit analysis of adaptors
or other low-complexity sequence.

Subassembly of TDRGs. Each TDRG was assembled separately
using phrap with the following parameters: “-vector_bound 0
-forcelevel 1 -minscore 12 -minmatch 10 -indexwordsize 8.
Pregrouping reads into TDRGs allowed us to use less stringent
parameters than the defaults used in traditional assemblies.
Parameters were optimized to balance SA read length and accu-
racy (Supplementary Table 1). A short-read assembler, Velvet,
was also tested but did not produce substantial gains in SA read
length relative to phrap (data not shown).

Trimming and filtering of SA reads and assignment of consensus
quality scores. SA reads were masked using the cross_match
program provided as part of the phrap suite, using the following
parameters: “-minmatch 5 -minscore 14 —screen”. Determination
of consensus quality scores and further trimming was performed
as follows. Because it permits multiple alignments per read, the
Bowtie short-read alignment tool'® was used to map contribut-
ing 76-bp breakpoint reads to the SA reads to generate consen-
sus quality scores for SA read base calls. Only alignments within
TDRGs were allowed (that is, alignments of breakpoint reads to
SA reads from another TDRG were ignored). Bowtie was also used
to map the 20-bp tag reads back to the SA reads to facilitate end
trimming where the SA read had extended into adaptor sequence.
Next, SA reads were trimmed using both tag read mapping and
adaptor masking information. SA reads were first trimmed from
the 3’ end using the mapping location of the tag read; if bases
remained that had been masked by cross_match because of the
presence of adaptor, the masked bases were removed and the
longest remaining continuous sequence was retained. Finally, any
sequence containing a base call with quality below 10 within 5%
of the 3" end of the SA read was discarded.

In all subsequent analyses, only SA reads that were at least
77 bp long and were assembled from identically oriented short
reads were considered. The read orientation filter was only
applicable to SA reads from individual, unmerged TDRGs. In
addition, for length and quality analyses, only the longest SA read
from each TDRG was analyzed.

Quality assessment. The longest SA read (after trimming as
described above) from each TDRG containing at least 10 mem-
ber reads was aligned to the P. aeruginosa PAO1 reference genome
using BLAST with the following parameters: “-p blastn -e le-6
-m8-FF-a4”

Error rate as a function of quality score and position in the SA
read was then determined as follows. BLAST alignments contain-
ing at least 95% of the length of the SA read query and without
any gap openings were used to define the position in the reference
of the SA read in question (the BLAST coordinates were extended
to encompass the entire length of the SA read). Every base in an

NATURE METHODS
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SA read whose alignment meets the above criteria was compared
to the corresponding reference base. If less than 100% of the SA
read aligned, the comparison was forced to extend to the ends
of the SA read. From the base-by-base comparison, the error
rate as a function of base call quality or position in the SA read
was calculated.

We did not perform a base-by-base comparison for cases
in which BLAST used a gap opening in making an alignment,
which could potentially suppress our error rates if such SA
reads were substantially more error-laden. Accuracy of such SA
reads within aligned regions was slightly lower (99.56% accu-
rate compared to 99.86% in SA reads without gaps), and such
sequences only comprised less than 1% of the sequence being
analyzed. We therefore concluded that errors in these sequences
that fall outside of aligning regions are unlikely to substantially
alter our estimates of error rate as a function of base quality.
We performed a similar analysis for SA reads containing larger
gaps with respect to the reference (those with a BLAST align-
ment less than 95% of their length), as we did not perform a
base-by-base comparison for such SA reads either. Once again,
the accuracy with aligned regions was somewhat lower (99.4%
versus 99.86% in those with complete or nearly complete align-
ments). Such errors probably reflect larger-scale misassemblies
owing to repetitive sequence in the true reference sequences.
Notably, aggressive trimming substantially reduced the relative
abundance of such sequences; only 1.5% of the total number of
bases analyzed was contained in such sequences, and only 2.3%
of BLAST alignments fell into this category. Once again, forcing
the alignment to the very edges of such SA reads was not likely
to substantially alter the relationship between error rate and
base call quality score.

To analyze quality as a function of raw read base quality, maq
was used to align contributing 76-bp breakpoint reads to the ref-
erence, [llumina base calls were compared to the reference and,
for a randomly chosen subset of 1 million bases, the error rate as
a function of Illumina base call quality was determined.

To analyze quality as a function of raw read position, a repre-
sentative lane of contributing 76-bp breakpoint reads used for the
subassembly process was aligned to the reference genome using
magq, and the error rate at each position was determined by com-
paring read base calls to reference bases for each read.

Assembly of SA reads using the Celera assembler (CABOG). For
P. aeruginosa and metagenomic samples, all trimmed, orientation-
and length-filtered SA reads (not only the longest per TDRG) were
subjected to assembly using the Celera assembler. Assembly was
guided by consensus quality scores generated as described above.
The Celera assembler (CABOG) was run with default parameters
and “unitigger=bog”.

Assessment of assembled SA read quality. Contigs produced by
the Celera Assembler from SA reads were aligned to the reference
using BLAST with the following parameters: “-p blastn -e le-6 -m
8 -F F”. Substitution error rate was measured as the number of
mismatches within the best BLAST alignment for each contig.
To account for a potentially higher error rate in misassembled
contigs, if a contig aligned across less than 95% of its length, other
BLAST alignments were also considered as long as they comprised
at least 10% of the contig length.

NATURE METHODS

Scaffolding of contigs for P. aeruginosa. For de novo assembly of
the P. aeruginosa genome, we used independently produced shot-
gun sequencing libraries to scaffold the contigs produced from
SA reads as follows. The resulting contigs were scaffolded using a
custom script that used 36-bp shotgun paired-end Illumina reads
from one lane each of short-insert (~200 bp) and long-insert
(~2.5kb) libraries. The gap between each pair of adjacent contigs
in a scaffold was dynamically estimated based on the distance of
the read pairs connecting the two contigs from the ends of the
contigs and the expected insert size of the library from which
they were derived. Scaffolds were then constructed by separating
the contigs by a string of unknown nucleotides (Ns) as long as
the estimated gap size. For cases where the expected gap size was
close to zero or negative (indicating a possible overlap), the adja-
cent ends of the two contigs were subjected to a Smith-Waterman
alignment and merged accordingly if a match was detected.

TDRG merging algorithm. Paired 36-bp reads were obtained
from a sequencing library prepared from bottlenecked, adaptor-
ligated metagenomic fragments (Supplementary Protocol 2),
then trimmed computationally to 20 bp to correspond to the
length of the tag reads that were obtained during sequencing of
the subassembly libraries.

To prevent sequencing errors at the ends of the reads from cre-
ating spurious tags and tag pairs, we trimmed the reads further to
the first 15 bp. If multiple TDRGs (defined by 20-bp tags) could
correspond to a single 15-bp tag from a merging read pair, the
TDRG with the most members was chosen. In descending order of
tag-pair abundance, we defined TDRG pairs, removing tags that
had been assigned to TDRG pairs as we proceeded.

Velvet assembly of shotgun metagenomic library. Paired-end
shotgun reads constructed according to standard Illumina proto-
cols were assembled using Velvet with the following parameters:
“-cov_cutoff 2 -exp_cov [variable] -ins_length 250 -unused_
reads yes”.

If exp_cov was set to 1, cov_cutoff was set to 0. As Velvet (along
with all other short-read assemblers) is not designed for assem-
bly of metagenomic sequences, considerable effort was made to
optimize its performance with respect to length of sequences pro-
duced and agreement with the available Sanger sequencing data to
make the fairest comparison possible. We found that contig length
was sensitive to the exp_cov parameter (Supplementary Fig. 5).
However, we observed unpredictable performance with respect
to agreement with the Sanger sequencing data when altering this
parameter, as agreement improved for the paired-end 76-bp reads
but degraded for the paired-end 48-bp reads. We therefore chose
an exp_cov value of 100 as the best compromise of sequence
length and coverage for the comparator datasets.

Resulting scaffolds were then split into contigs that did not
contain Ns, as we reasoned that key goals of metagenomic
sequencing such as gene discovery and phylogenetic classifica-
tion would depend solely on the length of contiguous regions of
defined bases.

Comparison to Sanger sequencing data with BLAST. Contigs
produced from SA reads with CABOG and contigs produced from
shotgun short reads with Velvet were aligned to one another and to
the recently collected Sanger sequencing data from the same sample
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(JGI IMG/M Taxon Object ID 2006207002, NCBI accession
number ABSR01000000) using BLAST with the following para-
meters: “-p blastn -e 1e-6 -m 8 -F F. Two bases were considered to
be a shared position between two datasets if they were contained in
a BLAST alignment at least 100 bp long and with at least 98% iden-
tity. For the Venn diagram (Supplementary Fig. 6), an additional
restriction was added so that mappings between the three datasets
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were not ambiguous: the two bases were required to be in the
BLAST alignment with the highest bit score of all the BLAST
alignments between the two datasets involving either base.
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