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We developed a novel approach for de novo genome assembly using only sequence data from high-throughput short read
sequencing technologies. By combining data generated from 454 Life Sciences (Roche) and lllumina (formerly known as
Solexa sequencing) sequencing platforms, we reliably assembled genomes into large scaffolds at a fraction of the tradi-
tional cost and without use of a reference sequence. We applied this method to two isolates of the phytopathogenic
bacteria Pseudomonas syringae. Sequencing and reassembly of the well-studied tomato and Arabidopsis pathogen, Ptopczooos
facilitated development and testing of our method. Sequencing of a distantly related rice pathogen, Por; ¢, demonstrated
our method’s efficacy for de novo assembly of novel genomes. Our assembly of Por, 4 yielded an N50 scaffold size of
531,821 bp with >75% of the predicted genome covered by scaffolds over 100,000 bp. One of the critical phenotypic
differences between strains of P. syringae is the range of plant hosts they infect. This is largely determined by their
complement of type Il effector proteins. The genome of Por; 4 is the first sequenced for a P. syringae isolate that is
a pathogen of monocots, and, as might be predicted, its complement of type Il effectors differs substantially from the
previously sequenced isolates of this species. The genome of Por; 4 helps to define an expansion of the P. syringae pan-
genome, a corresponding contraction of the core genome, and a further diversification of the type Il effector comple-
ment for this important plant pathogen species.

[Supplemental material is available online at www.genome.org. The sequence data for the Por, 4 genome have been

submitted to GenBank (http:/ / www.ncbi.nlm.nih.gov/Genbank/) under accession no. ABZROOO0O00OQO0.]

New technologies have _rapidly reduced the time and cost of
whole-genome sequencing. Illumina (formerly known as Solexa
sequencing) and 454 Life Sciences (Roche) (hereafter 454; Margu-
lies et al. 2005) sequencers provide shorter and more error-prone
reads than Sanger sequencing (Sanger and Coulson 1975), but cost
orders of magnitude less per base sequenced (Mardis 2008). Both
technologies have been developed largely for “resequencing” of
closely related individuals in cases where high-quality reference
genome sequences exist; thus, identification of new poly-
morphisms in eukaryotes (Hillier et al. 2008; Ossowski et al. 2008),
including some linked to human disease (Chen et al. 2008; Morin
et al. 2008), is feasible. These technologies are expanding to pre-
viously unsequenced organisms (Hogg et al. 2007; McCutcheon
and Moran 2007), but assembly of these genomes requires either
a reference guided approach (Salzberg et al. 2008) or significant
oversampling of the genome sequence (depth of coverage), thus
detracting significantly from the cost savings.

The Illumina and 454 sequencing methods each have draw-
backs that make de novo assembly difficult. 454 reads are currently
shorter than Sanger reads (250 bp vs. >650 bp) but are less than
one-tenth the cost per base (Mardis 2008). 454 reads are also prone
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to high rates of small insertions and deletions (indels). Such fra-
meshifts inhibit gene prediction in de novo assemblies more than
single nucleotide errors. Illumina sequencing is less than one-
hundredth the cost of Sanger sequencing, but reads are currently 36
bp in length, preventing significant assembly of even short repeats.
For example, one estimate suggests that the 4.65-Mb Yersinia pestis
genome has a theoretical maximum NS50 size of ~26 kbp if only 30-
bp reads are used in a de novo assembly (Pop and Salzberg 2008).
Illumina reads also have a relatively high error rate and an apparent
bias against sequencing of AT-rich regions (Hillier et al. 2008).

De novo sequencing and assembly of bacterial pathogen
genomes is essential for understanding ecological and evolution-
ary relationships between strains and species, as well as for in-
vestigating virulence mechanisms. Members of a given eukaryotic
species generally have few gene content differences. However, due
largely to horizontal gene transfer and gene loss, bacterial isolates
of the same species that are highly related at housekeeping loci
often share a surprisingly low fraction of overall gene content
(Ochman and Moran 2001). For example, ~75% of genes are
shared between any two of the three fully sequenced pathovars
(strains isolated from a particular plant species) of Pseudomonas
syringae (Feil et al. 2005; Joardar et al. 2005). Such divergence in
gene content limits our ability to obtain complete genome
sequences for bacteria using resequencing or reference-assisted
assembly (Salzberg et al. 2008), because horizontally transferred
fragments of the genome may assemble poorly even if there is
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a previously sequenced closely related isolate. Often these hori-
zontally transferred fragments provide genes essential for adaptive
phenotypes that allow the bacteria to persist and exploit a variety
of environments and hosts (Lindeberg et al. 2008); thus, it is es-
sential that these fragments be assembled well.

We focus on P. syringae because it is a plant pathogen that
infects crop plants worldwide and is related to the human path-
ogen, P. aeroginosa. Although other genes can contribute to the
success of infections, growth and virulence within the plant host
is primarily determined by a type III secretion system that delivers
strain-specific suites of “type III effectors” into eukaryotic host
cells (He et al. 2004) and, in many strains, provides the regulation
for production of specific toxins (Bender et al. 1987) that can
mimic plant hormones (Katsir et al. 2008). Type III effector pro-
teins are virulence factors and can directly disrupt plant immune
function and signaling within host tissues, allowing the extracel-
lular bacteria to survive, multiply, and disperse (Mudgett 2005;
Grant et al. 2006). The type III effector complement can be highly
variable between pathovars of P. syringae, likely due in part to their
over-representation within the horizontally transferred gene pool
and to strong selective pressures for both their presence (as viru-
lence factors) and their absence (since, as virulence factors, they
can be recognized by the plant immune system; Jones and Dangl
2006; Ma et al. 2006). Genes encoding both the type III secretion
system and type III effector proteins described to date are co-
regulated in P. syringae (Huynh et al. 1989; Xiao and Hutcheson
1994). Type III effector proteins often share homologous modules
over part of their length and may often be truncated within
a particular strain (Chang et al. 2005). These gene fragments can
be used as is or reused evolutionarily via recombination that places
them downstream of proper promoter and amino-terminal coding
contexts (Stavrinides et al. 2006, 2008). These traits, combined
with the fact that many type III effector genes are associated with
putative horizontally acquired DNA (Hacker and Kaper 2000),
make whole-genome de novo sequencing and assembly the only
way to capture type III effector variation, toxin variation, and
whole-genome evolution in full.

Here we sequence and de novo assemble two isolates of P.
syringae using relatively low-coverage, and hence economical,
short read sequencing. Previous work demonstrated that com-
bining new sequencing technologies with traditional Sanger se-
quencing can improve assembly and reduce the cost of de novo
sequencing (Goldberg et al. 2006; McCutcheon and Moran 2007).
Our approach takes this concept a step further by assembling only
Illumina and low-coverage 454 reads. Because our assembly ap-
proach is novel, reassembly of a previously sequenced reference
genome, P. syringae pv. tomato DC3000 (Ptopczooe) (Buell et al.
2003), was essential for method validation as well as for un-
derstanding the limitations of our approach. We demonstrate the
efficacy of our method by sequencing a novel genome, P. syringae
pv. oryzae 1_6 (Por; ¢), a rice (monocot) pathogen. This isolate also
represents a fourth phylogenetic clade of P. syringae (Hwang et al.
2005) for which a genome sequence is now available. It is signif-
icantly diverged from the three previously sequenced genomes,
making this new sequence a valuable comparative resource.

Results

Minimal sequencing from two short read technologies results
in ~29X coverage, high-quality whole-genome sequence

Sequencing and filtering of a single lane from the University of
North Carolina—Chapel Hill (UNC-CH) high-throughput se-

quencing facility’s lllumina GA1 yielded 4,905,077 reads 35 bp in
length, or 26.3X coverage for Ptopcsopo (Table 1; published chro-
mosome of 6.4 Mb; Buell et al. 2003). Alignment of these reads to
the reference genome (see Methods) showed that the Illumina
reads were of high quality: ~88% of reads had one or fewer errors,
and the overall error rate was 1.5% (Table 1). One-quarter plate of
454 runs yielded 77,466 reads at 240-bp average length or ~2.85X
coverage. These reads had 0.0018 syntenic indels per base pair
(0.43 errors per read, Table 1). Additionally, the 454 reads did not
cover a total of ~50 kb of the larger of two Ptopczope plasmids
(GenBank; pDC3000A: NC_004633.1 size 73.6 kb). We believe
that the single colony we picked for 454 sequencing may have
been a deletion mutant for part or all of this plasmid, as recently
documented in Ptopcsoee (Landgraf et al. 2006). The same plasmid
polymorphism was not detected in our Illumina data, and no large
deletions were seen in the genome of Ptopcsgp0. One-quarter plate
of 454 paired ends yielded 94,262 pairs where both right- and left-
end sequences were present. The mean span length for these pairs
was 2487 bp, with a standard deviation of 689 bp (Table 1). The
distribution of the size of the fragments between the paired ends
was significantly skewed to the right (Supplemental Fig. 1).

Short read sequencing covers the entire Ptopczgoo gENOMe

Simple syntenic alignment of the high-quality [llumina GA1 reads
to the reference Ptopcszooo sequence revealed that only 656 bp of
the reference had zero coverage; alignment of the 454 reads
showed 535,820 bp of the reference with no coverage. However,
syntenic alignment of the two sequence types together showed
that only 107 bp remained unsequenced (Fig. 1A, left inset). These
107 missed bases were broken into 14 short unsequenced regions
randomly distributed across the genome (e.g., Fig. 1B). Addition-
ally, there were hundreds of positions in the Ptopcsoeo reference
genome where far more reads match than would be expected by
chance (Fig. 1A, right inset). These likely represent regions of re-
petitive sequences larger than 35 bp. In these large repeated
regions, a single Illumina read cannot simultaneously span the
repeated sequence and overlap unique sequence.

Table 1. Sequencing and assembly results for Ptopczo00 and Por; ¢

Feature PtOchgoo Por176
Unfiltered Illumina (1 lane GA1) 7,797,332 5,483,197
Filtered Illlumina 4,905,077 3,902,914
lllumina bases 171,677,695/26.3x 136,601,990
lllumina SNP rate (per base) 0.0151 NA
454 long reads (1/4-plate) 77,466/2.83 X 73,333
454 bases 18,627,363 17,447,005
454 INDEL rate (per base) 0.0018 NA
454 paired ends (1/4-plate) 123,992 115,643
No. of paired ends 94,262 (76%) NA
where both ends hit
Span mean/SD 2487/689 NA
Hybrid scaffolds no./size 126/5,751,338 130/5,588,219
Hybrid scaffolds N50 91,522 531,821°

The amount of sequence obtained (in base pairs) for each pathovar is
shown. Read quality metrics (length, error rate, paired end span) are also
shown. N50 values are indicated for each step in the assembly process.
(NA) Not applicable.

Based on total Newbler genome size of 5,588,216 bp; end overlap be-
tween contigs may cause this to be an overestimate.
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