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Although many de novo genome assembly projects have recently been conducted using high-throughput sequencers,
assembling highly heterozygous diploid genomes is a substantial challenge due to the increased complexity of the de
Bruijn graph structure predominantly used. To address the increasing demand for sequencing of nonmodel and/or wild-
type samples, in most cases inbred lines or fosmid-based hierarchical sequencing methods are used to overcome such
problems. However, these methods are costly and time consuming, forfeiting the advantages of massive parallel se-
quencing. Here, we describe a novel de novo assembler, Platanus, that can effectively manage high-throughput data from
heterozygous samples. Platanus assembles DNA fragments (reads) into contigs by constructing de Bruijn graphs with
automatically optimized k-mer sizes followed by the scaffolding of contigs based on paired-end information. The com-
plicated graph structures that result from the heterozygosity are simplified during not only the contig assembly step but
also the scaffolding step. We evaluated the assembly results on eukaryotic samples with various levels of heterozygosity.
Compared with other assemblers, Platanus yields assembly results that have a larger scaffold NG50 length without any
accompanying loss of accuracy in both simulated and real data. In addition, Platanus recorded the largest scaffold NG50
values for two of the three low-heterozygosity species used in the de novo assembly contest, Assemblathon 2. Platanus
therefore provides a novel and efficient approach for the assembly of gigabase-sized highly heterozygous genomes and is

an attractive alternative to the existing assemblers designed for genomes of lower heterozygosity.

[Supplemental material is available for this article.]

With the rapid progress in sequencing technologies, the throughput
of sequencers has approached hundreds of billions of base pairs per
run. Despite the drawbacks of short read lengths, a number of draft
genomes have been constructed solely from these short-read data at
an increasingly accelerated pace (Li et al. 2009b; Al-Dous et al. 2011;
Jex et al. 2011; Kim et al. 2011; The Potato Genome Sequencing
Consortium 2011; Murchison et al. 2012). The draft genome assem-
blies from high-throughput short reads primarily use de Bruijn-graph-
based algorithms (Pevzner et al. 2001; Vinson et al. 2005; Zerbino and
Birney 2008; Gnerre et al. 2011). During de novo assembly, the nodes
of the de Bruijn graphs represent k-mers in the reads, and the edges
represent (k — 1) overlaps between the k-mers. The graph can be
simplified in a variety of ways; and as a consequence, assembled
contigs or scaffolds are constructed from subgraphs lacking junctions.
The most distinctive advantage of this approach is the computational
efficiency that results from omitting the costly pairwise alignment
steps that are required in traditional overlap-layout-consensus algo-
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rithms (Kurtz et al. 2004). The de Bruijn graph is constructed from
information derived from precise k-mer overlaps; therefore, its calcu-
lation cost is relatively low. Although mismatches between k-mers
caused by sequencing errors may occur, their distributions are
expected to be random, such that sufficient sequence coverage would
resolve the sequence error by removing the short, thin tips. Therefore,
this approach is suitable for the assembly of a huge number of short
reads from a massively parallel sequencer.

Despite its strong functionality, several obstacles remain in
applying de Bruijn-graph-based assembly to the data from mas-
sively parallel sequencers. One of the primary difficulties to over-
come is the existence of heterozygosity between diploid chromo-
somes (Vinson et al. 2005; Velasco et al. 2007; The Potato Genome
Sequencing Consortium 2011; Star et al. 2011; Takeuchi et al.
2012; Zhang et al. 2012; Nystedt et al. 2013; You et al. 2013; Zheng
et al. 2013). In cases in which a de Bruijn graph is built up from
a diploid sample, different k-mers derived from the heterozygous

© 2014 Kajitani et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution-NonCommercial 4.0 In-
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regions corresponding to each homologous chromosome are cre-
ated and used in the graph structures. As a result, junctions are
created in the graph, which represent the borders between ho-
mozygous and heterozygous regions. This phenomenon leads to
bubble structures in the graph, and most of the existing de Bruijn-
graph-based assemblers attempt to simplify such structures by
cutting the edge surrounding the junctions and splitting them into
multiple straight graphs (Pevzner et al. 2001; Zerbino and Birney
2008; Liet al. 2010; Gnerre et al. 2011). To overcome this problem,
many assemblers have developed a common solution by removing
one of the similar sequences in a bubble structure with a pairwise
alignment. This approach is effective for genome sequences with
lower rates of nonstructural variations; however, the assembly of
highly heterozygous organisms may encounter more serious prob-
lems caused by a high density of single nucleotide variants (SNVs)
and structural variations (e.g., repeat sequences and coverage gaps).
Algorithms to simply remove bubbles, which are used by the
existing de Bruijn-graph-based assemblers, may not be sufficient
to resolve these problems.

Thus, several advanced techniques have been used to se-
quence highly heterozygous genomes. The establishment of in-
bred lines is the most popular method for targeting highly het-
erozygous genomes, but this method is both time consuming and
costly. Inconveniently, in some cases inbreeding methods can fail
to eliminate high levels of heterozygosity; thus, these inbred
samples can be unsuitable for use with existing whole-genome
shotgun assembly methods (Zhang et al. 2012; You et al. 2013). In
contrast, in the Potato Genome Project (The Potato Genome Se-
quencing Consortium 2011) a homozygous doubled-monoploid
clone was first generated using classical tissue culture techniques
and then sequenced. However, this method can also be fairly
costly and is not always technically possible. Consequently, the
fosmid-based hierarchical sequencing method has been in-
creasingly used for sequencing highly heterozygous samples,
such as oyster (Zhang et al. 2012), diamondback moth (You et al.
2013), and Norway spruce (Nystedt et al. 2013). Although these
approaches have been successful in meeting the functional goals
of each sequencing project, all are costly compared with a simple
whole-genome shotgun sequencing strategy. Model organisms
whose lineages have been maintained in laboratories have long
been the main targets of genome sequencing. However, various
wild-type organisms that may have highly heterozygous genomes
are now targets; thus, a more efficient method to assemble such
genomes is needed to further accelerate the genome sequencing of
a wide range of organisms.

Here we describe a novel de novo sequence assembler, called
Platanus, that can reconstruct genomic sequences of highly hetero-
zygous diploids from massively parallel shotgun sequencing data.
Similarly to other de Bruijn-graph-based assemblers, Platanus first
constructs contigs from a de Bruijn graph and then builds up scaf-
folds from the contigs using paired-end or mate-pair libraries. How-
ever, various improvements (e.g., k-mer auto-extension) have been
implemented to allow Platanus to efficiently handle giga-order and
relatively repetitive genomes. In addition, Platanus efficiently cap-
tures heterozygous regions containing structural variations, repeats,
and/or low-coverage sites; it can merge haplotypes during not only
the contig assembly step but also the scaffolding step to over-
come the challenge of heterozygosity. Key algorithms of Platanus
and the results of the intensive evaluation of Platanas using both
simulated data and real data, including those from highly het-
erozygous genomes and those used in the de novo assembly
contest Assemblathon 2 (Bradnam et al. 2013), are described here.

Results

Algorithm overview

Platanus is divided into three subprograms—Contig-assembly
(Fig. 1A), Scaffolding (Fig. 1B), and Gap-close (Fig. 1C)—similar to
existing de Bruijn-graph-based assemblers (e.g., SOAPdenovo
[Li et al. 2010] and Velvet [Zerbino and Birney 2008]) (see Sup-
plemental Methods for details).

Contig-assembly

The Contig-assembly subprogram constructs de Bruijn graphs
from reads, modifies the graphs, and displays the output sequences
of contigs from the graph. Initially, all ko-mers (default, ko = 32) in
the reads are counted, and the de Bruijn graph is constructed from
the kg-mers. In this case, the ko-mer and (ko — 1) overlaps correspond
to the nodes and edges, respectively. Short branches with relatively
low coverage are eliminated in the so-called “tip removal” step
(Supplemental Fig. 3).

To simplify the graph, Platanus increases the value of k by the
step size kgep and iteratively reconstructs the graphs. kp is the
previous k of a certain reconstruction step. When a graph of k-mer
is constructed based on a graph of kpe-mer (Kpre <k), k-mers (nodes)
within a distance of kg, from the junctions are marked. Next, the
k-mers are extracted from both the contigs of the ky-mer graph
and reads containing marked kp,;-mers. In this way, repeats shorter
than k can typically be resolved, and Platanus effectively excludes
junctions caused by heterozygosity, short repeats, and errors.
However, if k is too long, it will be difficult to ensure sufficient
coverage distinguishing correct k-mers from k-mers derived from
sequence errors. Using multiple k-mer sizes, Platanus uses the ad-
vantages of each k. Platanus also has unique functions to auto-
matically determine both the maximum k-mer size and the coverage
cutoff (Supplemental Figs. 4-7). This function can efficiently omit
the need for manual optimization of its parameters.

Bubble removal in Contig—assembly

After the reconstruction and tip removal of the kp,,x-mer graph, the
“bubbles” in the graph are removed. Bubble structures are caused
by both the heterozygosity of the diploid samples and errors
(Supplemental Fig. 8). A bubble is defined as a set of two straight
nodes and two junction nodes at which the straight nodes are
connected to the same junction in both directions. Platanus re-
quires the following two conditions to split the straight paths
surrounding a bubble structure: (1) a high identity between the two
straight nodes; and (2) a low coverage depth of k-mers in the two
straight nodes. The second condition is helpful to distinguish
heterozygous regions from repetitive regions. The removed bubble
structures are saved and utilized in the Scaffolding step. Lastly, as
a result of Contig-assembly, the junction-free subgraphs con-
structed by these procedures correspond to the contigs.

Scaffolding

In the Scaffolding step, the orders of the contigs are determined
using paired-end (mate-pair) information. Initially, Platanus maps
reads to contigs based on a hash table (keys are unique k-mers on
contigs; values are positions). Importantly, the bubbles removed in
Contig-assembly are also considered in this step, as they are reallo-
cated to the contigs (Supplemental Fig. 11) prior to read mapping,
making it possible to detect the heterozygous contigs. The mapping
method of Platanus is designed to maximize the number of accu-
rately mapped paired-ends in highly heterozygous genomes. The
mapped positions of the reads on bubbles are converted into cor-
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Figure 1. Schematic overview of the Platanus algorithm. (4) In Contig-assembly, a de Bruijn graph is constructed from the read set. Short branches caused
by errors are removed by “tip removal.” Short repeats are resolved by k-mer extension, in which previous graphs and reads are mapped to nearby k-mers at
the junctions. Finally, bubble structures caused by heterozygosity or errors are removed. Subgraphs without any junctions represent contigs. (B) In Scaf-
folding, links between contigs are detected using paired reads. The relationship between contigs is represented by the graph. Bubbles removed in Contig-
assembly are remapped on contigs and utilized for mapping of paired-end reads and detection of heterozygous contigs. Heterozygous regions are removed
as bubble or branch structures on the graph by the “bubble removal” or “branch cut” step. These simplification steps are characteristic of Platanus and

especially effective for assembling complex heterozygous regions. (C) In Gap-close, paired reads are mapped on scaffolds, and reads mapped at nearby gaps

are collected for each gap. If a contig is expected to cover the gap and is constructed from collected reads, the gap is closed by the contig.

responding contig positions (Supplemental Fig. 11). The insert size
of each library is estimated from pairs mapped to the same contig,
and links between the contigs are detected using pairs that are sit-
uated in different contigs. Links between contigs are represented as
a graph in which the contigs and links correspond to the nodes and
edges, respectively. In this case, two contigs are considered to be
linked if the number of read pairs bridging the contigs exceeds the
threshold n. The contigs are finally combined into scaffolds to the
extent that conflicts occur. Scaffolding then continues using each
library, ranging from short- to long-insert libraries.

“Bubble removal” and “branch cut” in scaffold graph

The procedures for the removal of bubbles (“bubble removal”) and
short branches (“branch cut”) are applied in Scaffolding (Supple-
mental Figs. 15, 16). Compared with other assemblers, these graph
simplification steps in Scaffolding are unique to Platanus and are
especially effective in assembling complex heterozygous regions.
In these steps, bubbles and branches are primarily derived from
highly heterozygous regions (i.e., regions with high SNV densities
and/or structural variations), and Platanus constructs each haplo-
type as separate contigs. Platanus recognizes bubbles or branches
derived from the heterozygous regions based on the following

information: (1) coverage depth; (2) identity with other contigs;
and (3) bubble structures constructed in Contig-assembly. The first
and second conditions are similar to the conditions of bubble re-
moval in Contig-assembly. The third condition means that Plata-
nus assumes that the target genome is diploid and therefore does
not allow for triple or higher-ordered heterozygote alleles. In the
following section describing the assembly of the real data from
heterozygous samples, we provide an example of a highly hetero-
zygous region assembled by these algorithms.

Gap~close

Finally, in the Gap-close step, reads are mapped on scaffolds to
collect those covering each gap. Each set of reads is assembled lo-
cally, and the resulting contigs are used to close the gaps (Supple-
mental Figs. 18, 19). Both the de Bruijn graphs from multiple k-mer
sizes and the overlap-layout-consensus algorithm are used in the
Gap-close step.

Benchmarks overview

A summary of the assemblies of all species targeted in this study is
provided in Table 1. In all benchmarks, the contiguity of the as-
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Table 1. Summary of the assemblies

Sequence
Insert sizes of  Insert sizes of depth Peak occurrence  Hetero-peak-  Repetitive Scaffold
Genome  the paired end the mate pair of paired Heterozy- of Homozygous height/Homo- 17-mer NG50 Largest scaffold NG50 except
Species size (Mbp) libraries (bp) libraries (bp) ends (x) gosity (%) 17-mer?® peak-height® fraction®  Platanus (bp) Platanus (bp); (assembler’s name)
0.00 113 0.0704 0.236 478,744 507,513 (SOAPdenovo2)
0.10 490,975 497,363 (SOAPdenovo2)
0.20 535,328 489,092  (SOAPdenovo2)
0.30 545,914 460,620 (MaSuRCA)
C. elegans (nematode 100.3 230, 420 4.7k 139.6 0.50 497,387 475,513  (MaSuRCA)
worm) 1.00 511,190 466,806 (MaSuRCA)
1.50 516,958 472,079  (MaSuRCA)
2.00 580,832 351,406  (MaSuRCA)
S. venezuelensis 57.7 200, 450 3.4k 1334 0.93 111 0.955 0.289 274,622 176,206 (MaSuRCA)
(nematode worm)
Crassostrea 565.7 170-800 2-20k 122.5 0.92 98 1.27 0.471 381,943 154,144  (ALLPATHS-LG)
gigas (oyster)
Melopsittacus 1085.2 220-800 2-40k 107.9 0.46 91 0.424 0.313 21,684,294 17,716,398 (ALLPATHS-LG [ALLPATHS])
undulates (bird)
Boa constrictor 1431.5 400 2-10k 92.3 0.17 77 0.108 0.436 17,165,953 4,536,273 (SGA [SGA])
constrictor (snake)
Maylandia zebra (fish) 915.0 180 2.5-40k 52.5 0.15 41 0.194 0.441 2,371,946 4,850,564 (Newbler, ALLPATHS-LG,

Atlas, Phrap [BCM-HGSC])

Sequence depths are calculated for the preprocessed data, which were entered as inputs of assemblers. Heterozygosity (=0.1%) of Caenorhabditis elegans was simulated in silico, whereas the other values of heterozygosity
were estimated by paired-end mapping. The preprocess step includes trimming the adaptor sequences and low-quality regions. NG50 is the length for which the collection of all sequences of that length or fonger contains
50% of the estimated genome size. Bold numbers indicate the largest scaffold NG50.
2Schematic representations of each indicator are shown in Figure 2A. Precisely duplicated repetitive 17-mer occurrences are more than double the occurrence of the homozygous peak. Let My, Nerror, aNd Nrepeat be the
number of all 17-mers, 17-mers whose occurrences are less than yottom, and 17-mers whose occurrences are greater than 2 X ¢, respectively. cand coonom COrrespond to those in Figure 2A. Estimated genome size equals
(Nail — Nerror)/c. Repetitive 17-mer fraction equals Nrepeat/(Mail — Nerror)-

ssald Alojesoge Joqiel Buudg plod Aq pausiand - #10z ‘g 1940100 uo Bio djyso swioust woly papeojumo(]



Downloaded from genome.cship.org on October 2, 2014 - Published by Cold Spring Harbor Laboratory Press

Kajitani et al.

sembly result was measured using the NG50 value, which repre-
sents the length at which the collection of all sequences of that
length or longer contains 50% of the genome size. NG5S0 values
were calculated for both the scaffolds and contigs. According to the
GAGE study (Salzberg et al. 2012), we define a gap as Ns = 3 bp, and
contigs are derived from splitting the scaffolds by defined gaps. For
species for which reference genomes have not been sequenced, we
performed assembly validation using fosmids or BACs. In this
validation, we first constructed one-to-one relationships between
the fosmids/BACs and the scaffolds and then summed the align-
ment lengths. The resulting sum is called the “top-hits-length” and
is used as the validation score (see Methods for details). In addition,
we counted the number of “contained” fosmids/BACs, 90% of the
lengths of which were at least covered by one scaffold. The other
evaluation criteria are described in each section of Results.

First, we generated simulated heterozygous data from the
INlumina HiSeq 2000 sequence reads for the nematode (Caenorhabditis
elegans) and investigated the effect of heterozygosity on the de novo
genome assembly. Second, we applied the assemblers to the real-
world data from a heterozygous nematode worm (Strongyloides
venezuelensis). Third, we performed a test using the data from the
oyster (Crassostrea gigas) genome (Zhang et al. 2012), which is het-
erozygous, large, and highly repetitive. Finally, we assembled the
data of a bird (Melopsittacus undulatus), a snake (Boa constrictor
constrictor), and a fish (Maylandia zebra), which were produced for
Assemblathon 2.

To investigate the characteristics of each genome, we per-
formed 17-mer frequency analysis using paired-end reads. In this
analysis, the level of heterozygosity is represented by the height
difference of two peaks, with left- and right-hand peaks denoting
heterozygous and homozygous regions, respectively (Fig. 2A).
Essentially, the greater the degree of heterozygosity, the greater
the size of the left-hand peak; thus, our data demonstrate that
S. venezuelensis and the oyster are highly heterozygous species
compared with other organisms tested here (Fig. 2B,C; Table 1). In
addition, the genome size of each species and proportions of
precisely duplicated repetitive regions were estimated (Table 1). In
short, we observed that (1) the genome sizes and repeat contents of
nematode worms are low; (2) the oyster genome is the most repet-
itive among those investigated; and (3) the three Assemblathon 2
samples have relatively large genome sizes, ranging from 0.9 to 1.5
Gbp, and low or intermediate levels of heterozygosity.

Assemblers for comparisons

We compared Platanus (version 1.2.1) with other major assemblers,
including ALLPATHS-LG (Gnerre et al. 2011) (version 44837),
MaSuRCA (Zimin et al. 2013) (version 2.0.4), Velvet (Zerbino and
Birney 2008) (version 1.2.07), and SOAPdenovo2 (Luo et al. 2012)
(version 2.04). When the assembly test of human chromosome
14 was performed in the GAGE study (Salzberg et al. 2012), these
assemblers recorded the largest scaffold NG50 values and were
ranked first through fourth, respectively.

ALLPATHS-LG, Velvet, and SOAPdenovo2 all use de Bruijn-
graph-based algorithms. Velvet was first developed for the assem-
bly of small genomes, whereas ALLPATHS-LG and SOAPdenovo2
were customized for large eukaryotic genomes. In the benchmarks,
we optimized SOAPdenovo2 and Velvet for k-mer length, the most
important parameter. ALLPATHS-LG was implemented with a de-
fault k-mer length of 96 in accordance with the manual instructions.
We also optimized other options of these assemblers relating to the
resolution of the heterozygous regions. SOAPdenovo2 possesses
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Figure 2. Distribution of the number of 17-mer occurrences. (A)
Schematic model of the distribution of k-mer occurrences. This distribu-
tion is related to that shown in Table 1. (B) Simulated heterozygous data

from C. elegans. (C) Distributions of normalized 17-mer occurrences for all
species.

a parameter termed “mergeLevel” (-M) that was tested in two ways:
the “-M 1” (default) and “-M 3” modes. ALLPATHS-LG was run in the
diploid mode (see Supplemental Methods for details).

MaSuRCA was developed based on the Celera assembler
(Myers et al. 2000) and uses an overlap-layout-consensus approach.
Although this approach is time consuming, it can overcome the
repeat sequences, errors, low-coverage regions, and small structural
differences caused by heterozygosity. Certain improvements in
MaSuRCA have been implemented to handle high-throughput data
from such platforms as Illumina. MaSuRCA was run with the default
settings except that the option related to memory usage was
changed.

Simulations of heterozygosity using C, elegans data

We performed the assembly benchmark against the simulated het-
erozygous data. We resequenced the genomic DNA of the nematode
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C. elegans (with a genome size of 100 Mbp), using Illumina HiSeq
2000. Next, the data were processed in silico, and simulated Illu-
mina read sets were generated with various levels of heterozygosity
(0.1%-2.0%) (see Methods). By mapping original paired-end reads
onto the reference genome (The C. elegans Sequencing Consortium
1998), the raw heterozygosity of C. elegans was estimated to be
1.85 X 107%% (see Methods). Therefore, the effects of the intrinsic
heterozygosity were expected to be low enough to use these simu-
lated data sets to investigate how different levels of heterozygosity
affect the assembly.

In Figure 3, Supplemental Figure 22, and Supplemental Table 2,
the corrected scaffold NG5S0, the corrected contig NG5S0, the
numbers of errors, and other statistical information of scaffolds
(=500 bp) obtained by each assembler tested are shown. The cor-
rected scaffold NG50 was computed after breaking assembled se-
quences at each misassembled (structural difference) point detected
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are defined as inversion, relocation, or translocation.

Results of the benchmarks of heterozygosity simulations (C. elegans). (A) Corrected scaffold-
NG50 calculated by GAGE. (B) Corrected contig-NG50. (C) Number of errors reported by GAGE. Errors

by the GAGE benchmark program by comparison with the reference
genome. According to these benchmarks, heterozygosity has
a strong impact on both the corrected scaffold and the contig NG50
of the existing de Bruijn-graph-based assemblers (SOAPdenovo2,
ALLPATHS-LG, and Velvet) (Fig. 3A,B). These values sharply de-
creased in the interval of 0.0%-0.5% compared to the decrease in
the interval 0.5%-2.0%. We therefore hypothesize that 0.5% marks
the critical point of heterozygosity that determines the seriousness
of the effects on these three de Bruijn-graph-based assemblers. For
SOAPdenovo2 and Velvet, the numbers of identified errors also in-
creased relative to the level of heterozygosity (Fig. 3C; Supplemental
Table 2F). In contrast, only a slight reduction in the corrected scaf-
fold NGS50 values from Platanus was observed. No significant re-
duction was observed in the corrected scaffold NG5S0 values from
MaSuRCA, but the number of errors was approximately twofold
greater in MaSuRCA than in Platanus for all heterozygosity levels.
When the heterozygosity values were
0.0% and 2.0%, the scaffold NG50 values
of the initial Platanus contigs (the outputs

“#Platanus of Contig-assembly step) were 12,345 bp
“UALLPATHS-LG and 3840 bp, respectively, illustrating that
:Z:Z:)/S\;ZCA , the Contig-assembly step of Platanus
vt enove was strongly influenced by the hetero-
zygosity. Indeed, the bubble-removal
algorithms in the de Bruijn graphs have
been implemented in other assemblers;
thus, it would appear that Platanus does
not possess an advantage in this step.
However, the NG50 values of the final
scaffolds of Platanus were significan-
tly greater than those from the other
assemblers (478,744 bp [heterozygosity:
i Platanus 0.0%] and 580,832 bp [heterozygosity:
e ALLPATHS-LG 2.0%])), indicating that Platanus was able
w5 MaSURCA to effectively overcome the high het-
< SOAPdenovo2 erozygosity in the scaffolding step.
~Cen\elvet Next, we investigated the per-base
accuracy of the scaffolds according to
the numbers of mismatches (SNPs) and
indels (<5 bp) reported in the GAGE
evaluations of the C. elegans data in the
absence of simulated heterozygosity (Ta-
ble 2). The raw heterozygosity of the
C. elegans genome was estimated to be
1.85 X 107%%, and the expected number
of variants was estimated to be less than
e Platanus 1850. The higher-than-predicted num-
e ALLPATHS-LG bers obtained are likely due to errors in
o MaSURCA the assemblies. For both the numbers of
<+ SOAPdenovo2 mismatches and indels, the number
= \elvet generated by Platanus displayed the low-

est value (thereby indicating the fewest
errors), from which we infer that the
scaffolds had the best per-base accuracy.
There may be a tradeoff between the per-
base accuracy and the ‘N’ rate because the
number of mismatches and indels is re-
duced when an assembler has the ten-
dency to report less confidential regions
as ‘N’s. The ‘N’ rate of Platanus was the
middle value (third) among the five as-
semblers assessed, and Platanus did not

Genome Research 1389

www.genome.org



Downloaded from genome.cship.org on October 2, 2014 - Published by Cold Spring Harbor Laboratory Press

Kajitani et al.

Table 2. Mismatches, small indels, and the ‘N’ rate in C. elegans (heterozygosity 0.0%)

large misassembly occurred at least in

assembly these fosmid regions. If there is an inac-

Platanus  ALLPATHS-LG ~ MaSuRCA  SOAPdenovo2  Velvet ~CUTate sequence or a gap in regions cov-

ered by fosmids, a top-hits-lengths value

Number of mismatches 4534 5762 15,521 16,650 16,941 ~may decrease because an unaligned re-

Number of indels (<5 bp) 3352 5125 9142 5236 5102  gion appears. Although fosmids covered
Rate of ‘N’ (%) 1.40 2.63 0.77 0.43 3.33

the genome partially, this result implies

Mismatches and indels correspond to SNPs and indels (<5 bp) reported by GAGE, respectively. Rates of

‘N’ (an ambiguous base) are measured for all scaffolds.

decrease the number of mismatches and indels at the cost of its ‘N’
rate. In contrast, MaSuRCA and SOAPdenovo2 recorded lower ‘N’
rates but considerably higher numbers of mismatches (more than
three times the number reported by Platanus). In contrast to the
scaffold NG5O values, the contig NG50 values of Platanus were not
much greater than those of the other assemblers. However, Platanus
produced the fewest mismatches and small indels, implying that it
constructs highly accurate contigs using a relatively conservative
approach in contig assembly.

Assembly of real data from the highly heterozygous nematode
S. venezuelensis

The heterozygosity of S. venezuelensis was estimated to be 0.927%
by mapping paired-end reads on fosmid sequences. According to
17-mer frequency analysis (Table 1), the number of precisely du-
plicated repeats in S. venezuelensis (0.289) is comparable to that of
C. elegans (0.236). This similarity indicates that S. venezuelensis is
useful for investigating the effect of real heterozygosity on de novo
assemblies.

We measured scaffold NG50 values using the estimated ge-
nome size of 57.7 Mbp derived from the 17-mer analysis (Table 3).
Platanus produced the largest scaffold NG50, confirming its effec-
tiveness for real heterozygous data. Compared with the 1.0%-
heterozygous C. elegans data (Fig. 3; Supplemental Table 2), the
obtained scaffold-NG50/Platanus-scaffold-NG50 ratios were
smaller for all other assemblers (Supplemental Table 5). This ob-
servation implies that true heterozygous data consist of complex
variations that were not simulated in the C. elegans tests and that
Platanus was able to successfully resolve such variants. We provide
an example of complex variant resolution in the following para-
graph. Next, we performed assembly validation by aligning eight
fosmid sequences (a total of 272,981 bp) to the scaffolds (Table 3).
Platanus displayed the largest top-hits-lengths, and all fosmids
were contained within the relevant scaffolds, confirming that no

Table 3. Statistics and validations of S. venezuelensis assemblies

that Platanus’ scaffolds possess higher ac-
curacy and/or fewer gaps compared with
those produced by the other assemblers.

We further performed a fine evalua-
tion of Platanus’ scaffolds using two fosmid pairs, each represent-
ing the two haplotypes at a single locus. As noted in the section
describing the algorithm overview, we anticipated that Platanus
predominantly extends the assembly using a characteristic sim-
plification of the scaffold graph. In the Platanus Scaffolding step,
the bubble and branch structures from the heterozygous regions
were removed by “bubble removal” and “branch cut” functions,
respectively. Platanus should also execute these procedures in the
two regions covered by the fosmid pairs.

First, we provide an example of “bubble removal” in Scaf-
folding (Fig. 4A,B) using a dot plot analysis within the nucmer
alignment program. For the alignment of two fosmids covering the
region where the bubble was removed (Fig. 4B), a 209-bp indel was
present with 2.09% heterozygosity level. The scaffold generated by
Platanus (ContigP1-ContigA1-ContigN1) was correctly aligned to
one of the fosmids, corresponding to the diagonal line shown in
Supplemental Figure 24A. We replaced the bubble region contig
(ContigAl) in the scaffold with the removed contig sequence
(ContigBl), and the resulting scaffold (ContigP1-ContigB1-
ContigN1) was aligned to the fosmid of another haplotype with no
gap (Supplemental Fig. 24B). These results indicate that Platanus
correctly resolved the region containing a relatively large indel,
many SNVs, and several small indels that existed simultaneously
using the bubble-removal routine. Second, we provide an example
of “branch cut” (Fig. 4C,D). As in the “bubble removal” example,
we aligned the two fosmids covering the position of the branch cut
(Fig. 4D). This algorithm was designed to resolve heterozygous
regions in which the bubble structures do not appear in graphs due
to complex variants, repeats, or low coverage depth. Three indels
were apparent, with sizes of 126 bp, 715 bp, and 1206 bp and with
a high heterozygosity (1.93%). The scaffold sequence (ContigP2—
ContigA2-ContigN2) could be aligned to one fosmid of the pair
(Supplemental Fig. 25), and the removed branch (size: 1217 bp;
ContigB2) matched the other fosmid, confirming the correctness
of Platanus’ resolution. Platanus may derive its advantage by using

Platanus ALLPATHS-LG MaSuRCA SOAPdenovo2 Velvet
Assembly statistics Total (=500 bp) 58,503,663 61,205,926 66,053,722 52,677,856 63,982,183
Number of scaffolds (=500 bp) 2560 9608 4876 3383 11,696
Scaffold NG50 (bp) 274,622 16,765 176,206 87,219 17,006
Contig NG50 (bp) 71,357 2008 84,739 48,010 1946
Fosmid validation Top-hits-lengths (bp) 272,164 69,792 256,848 270,392 78,159
Average identity (%) 99.42 99.31 99.39 98.72 99.31
Number of contained fosmids 8 0 7 8 0

For the fosmid validation, eight fosmids (total: 272,981 bp) were aligned to the scaffolds using nucmer and delta-filter (programs in MUMmer package).
One-to-one relationships between fosmids and scaffolds were constructed according to the longest alignment for each fosmid, and the sum of these
alignment lengths (top-hits-length) was calculated. “Contained fosmid" refers to a fosmid that is 90% covered by a single scaffold.
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the improved scaffolding algorithms typified by the preceding
examples to assemble such complex regions, resulting in higher
scaffold NGS50 numbers in the simulated data from C. elegans, in
which only SNVs and small indels were simulated.

Because the fosmids only partially covered the genome, we
also investigated the distribution of heterozygosity across the en-
tire genome. As a complete or draft genome of S. venezuelensis has
not yet been published, we used the Platanus’ assembly, which
demonstrated the largest scaffold NG5S0 in the reference se-
quences. SNVs and small indels on the scaffolds were detected by
mapping paired-end reads (see Methods), and heterozygosity was
calculated for every 1-kbp nonoverlapping window. The average
heterozygosity was 0.950%, and the resulting distribution of het-
erozygosity is shown in Supplemental Figure 26. Compared with
the 1.0%-heterozygous C. elegans data, the S. venezuelensis data had
an uneven distribution of heterozygosity. This uneven distribution
may be another cause of the observed different statistics between
the real data and the simulated data. The fact that the proportion
of low heterozygosity regions is greater in S. venezuelensis than in
the 1.0%-heterozygous C. elegans might make assemblies easier,
but small scaffold NGS50 rates were actually produced by other as-
semblers. To investigate the reason for this observation, we mea-

sured the intervals of 1-kbp windows with high levels of heterozy-
gosity (=1.0%), and our results suggest that the average length of
these intervals was not very long (1930 bp). Consequently, regions
of low heterozygosity were bordered by highly heterozygous re-
gions, creating a mosaic structure of both high and low heterozy-
gosity. This mosaic structure may have contributed to the small
scaffold NG5O0 produced by the other assemblers.

Real data from the highly heterozygous and repetitive oyster
genome

We input whole-genome shotgun data sequenced in the Oyster
Genome Project into the assemblers. The heterozygosity of the
oyster genome was estimated to be 0.923% by mapping paired-
ends to eight BACs a total of 1,081,613 bp in length. The 17-mer
frequency analysis (Table 1) indicated that both the genome size
and repeat content of the oyster genome are larger than those of
the nematodes. In addition to being highly heterozygous, the
oyster is also a suitable model organism for testing the scalabilities
and performances of the repetitive sequences. Similar to the pro-
cess for S. venezuelensis, the scaffold NG5S0 values for the oyster
were measured based on the estimated genome size, and valida-
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tions were performed using the eight BAC sequences (Table 4). For
the scaffold NG50 and BAC validation, Platanus’ scaffold NG50
and top-hits-length exceeded those of the other assemblers. Velvet
and MaSuRCA crashed during the execution of the runs (RAM: 512
GB; CPU: 32). Velvet is not scalable for use with large eukaryotic
genomes in the GAGE benchmark (Bombus impatiens). MaSuRCA
ran for more than 1 mo in real time (using 32 threads) but stopped
as a result of an error. Although this assembler is customized for
Nlumina data, this result is indicative of the time-consuming na-
ture of the overlap-layout-consensus algorithm, which is unsuit-
able for organisms with a large-sized genome such as the oyster. We
also compared the assembling result in this study with sequences
assembled by the fosmid-based hierarchal methods produced in
the Oyster Genome Project. Remarkably, the values from Platanus
were comparable to these fosmid-based reference sequences.

We also investigated whether Platanus’ scaffolds could sub-
stitute reference sequences during post-assembly analysis. Thus, we
investigated the coverage of the transcript sequences. Reads from all
the RNA-seq data in the Oyster Genome Project were assembled into
contigs (RNA-contigs) using Trinity (Supplemental Methods;
Grabherr et al. 2011). We then mapped RNA-contigs whose lengths
exceeded 500 bp. Using BLAT (Kent 2002), “top-hits-lengths” were
calculated in the same manner as in the BAC validation, and the
number of mapped RNA contigs with alignments of the top hit
showed =90% coverage and =90% identity (Table 4). The average
identities of top-hit alignments were also calculated. The top-hits-
length, mapped RNA-contig numbers, and average identities pro-
duced by Platanus were the best of the three whole-genome-based
assembly results and were comparable to the results from the
fosmid-based reference sequence. These findings demonstrate that
Platanus’ assembly results are sufficient for practical usage in gene
annotation for highly heterozygous genomes. In addition, we
counted the number of mapped RNA-seq contigs without any ‘N’-
bases in the alignment between the RNA-contigs and assembled
genome sequences. The result is shown in Table 4 as the “Number of
mapped RNA-contigs (‘N free alignment).” Even in this benchmark,
Platanus showed results that were nearly identical to the fosmid-
based results, although its contig NG50 was the smallest. This result
suggests that Platanus’ contigs are sufficient for gene annotation.

Assembly of the Assemblathon 2 data

Finally, we applied Platanus to larger genomes and compared its
assembly with additional methods to confirm its versatility. We
demonstrated the assemblies of three species (bird, snake, and fish)
during Assemblathon 2. In this contest, sequence reads were
opened and each team freely chose their methods, including the
preprocess steps, assemblers, and machines. By mapping the reads
to genomic sequences (bird and snake: fosmids; fish: Platanus’
scaffolds), we estimated the heterozygosity of the bird, snake, and
fish genomes to be 0.463%, 0.165%, and 0.147%, respectively.
Consequently, these species are not suitable for testing the as-
sembly of highly heterozygous (>0.5%) samples. Nevertheless, the
Assemblathon 2 benchmark has several benefits. First, the assem-
bly protocols of other teams were assumed to be highly optimized.
For many teams, the participants were themselves the authors of
the assembly tools, decreasing the likelihood that their optimiza-
tion methods would be insufficient. Second, these three species all
have relatively large genome sizes (0.9-1.4 Gbp in length), making
it possible to test Platanus’ capacity to assemble giga-order-size
genomes.

A summary of the results for this section is provided in Table 1,
and detailed results are provided in Supplemental Table 7. For the
bird and snake, fosmid data (a total of 1,035,129 bp and 378,186 bp,
respectively) are available, and we validated the resulting assem-
blies in the same manner as for the S. venezuelensis and oyster as-
semblies. Platanus recorded the highest values for both the scaffold
NGSO0 (bird: 21,684,294 bp; snake: 17,165,953 bp) and “top-hits-
length” of fosmid validation. For the snake assembly in particular,
the scaffold NG50 of Platanus was unexpectedly large, more than
three times the size of the second largest value. According to the
17-mer frequency analysis (Fig. 2; Table 1), the snake genome is
rich in repetitive 17-mers and has sufficient coverage depth com-
pared to that of the fish genome. In the fish assemblies, the scaffold
NGS0 of Platanus (2,371,946 bp) was the fifth largest of 17 entries.
When limited to a single program’s results, the scaffold NG50 of
Platanus was second, behind that of ALLPATHS-LG. One important
feature of the fish data is the low coverage depth (52.5X) of their
paired-end reads, which most likely reduced Platanus’ scaffold
NGS50 value.

Table 4. Statistics and validations of the oyster assemblies using BAC and RNA-contigs

Platanus ALLPATHS-LG SOAPdenovo2 Fosmid-based reference
Assembly statistics Total (=500 bp) 684,614,954 655,152,639 859,413,081 557,340,816
Number of scaffolds (=500 bp) 36,091 18,238 67,846 6432
Scaffold NG50 (bp) 381,943 154,144 116,321 392,835
Contig NG50 (bp) 9011 12,025 11,719 26,430
BAC validation Top-hits-length (bp) 864,992 752,977 851,083 750,984
Average identity (%) 96.48 96.41 96.28 96.92
Number of contained BACs 3 2 2 1
RNA-seq validation Top-hits-length (bp) 42,801,107 38,060,320 40,846,500 42,241,208
Average identity (%) 98.48 98.34 98.47 98.52
Number of mapped RNA-contigs 30,700 28,152 30,230 30,150
Number of mapped RNA-contigs
(‘N’ free alignment) 28,452 25,914 27,092 28,520

For the BAC validation, eight BACs (total: 1,081,613 bp) were aligned to the scaffolds using nucmer and delta-filter (programs in MUMmer package).
One-to-one relations between BACs and scaffolds were constructed according to the longest alignment for each BAC, and the sum of these alignment
lengths (top-hits-length) was calculated. “Contained BAC" refers to a BAC that is 90% covered by a single scaffold. RNA-contigs (number: 40,503; total:
56,540,774 bp) were aligned to the scaffolds using BLAT. One-to-one relations between RNA-contigs and scaffolds were constructed according to the
longest alignment for each RNA-contig, and the total of those alignment lengths (top-hits-length) was calculated. “Mapped RNA-contig” refers to a RNA-

contig that is 90% covered by a single scaffold.
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Time and peak memory usage

The execution times (real and CPU) and peak memory usages are
shown in Table 5. The execution environment is conducted with
32 threads of an Intel Xeon 2.27 GHz CPU with 512 GB RAM.
SOAPdenovo2 exhibited the fastest performance in real time for
nematodes, whereas Platanus exhibited the fastest performance for
the oyster, which has a larger genome size and a greater number of
repeats. Notably, MaSuRCA, which is based on the overlap-layout-
consensus algorithm, had a considerably longer run time than
the de Bruijn-graph-based assemblers. Although SOAPdenovo2 and
Velvet were optimized for certain parameters, their execution times
did not include the iteration for optimizations and therefore con-
sumed more time for the benchmarks.

Discussion

Although heterozygosity poses a challenge to genome assembly, its
effects on genome assembly have never been systematically eval-
uated. To our knowledge, our simulation of heterozygosity (0.0%—
2.0%) using C. elegans data is the first attempt to address this issue,
All of the de Bruijn-graph-based assemblers tested, except for
Platanus, showed dramatically reduced scaffold NG5S0 values
when the heterozygosity was >0.5%. MaSuRCA, the overlap-layout-
consensus-based assembler, did not undergo a sharp decrease in
its scaffold NG50 in our simulation. However, in assembling real
data from various organisms, Platanus was superior, as shown by its
scaffold NG5SO values that were much larger than those from
MaSuRCA, possibly due to the presence of more complex variants in
the actual data set. Furthermore, MaSuRCA required excessive exe-
cution time for assembly; for example, more than 1 mo in real time
(using 32 threads) was required to assemble the oyster data. The
oyster genome is ~0.5 Gbp, and de Bruijn-graph-based methods,
such as Platanus, can efficiently handle the data from much larger
genomes. ALLPATHS-LG exhibited the best performance with over-
lapping paired-ends (insert size: 180 bp) and a long-jump library
(insert size: ~10 kbp), which is consistent with the results of the
present study. ALLPATHS-LG's scaffold NGSO was relatively large in
the oyster test, for which library insert sizes ranged from 180 to
20 kbp; however, its scaffold NG50 was inferior to that of Platanus.
An additional advantage of Platanus is that it does not require the
manual optimization of any parameters. In fact, Platanus was exe-

Table 5. Run time and peak memory usage

cuted using the default parameters in all tests performed in this
study. In contrast, we needed to iteratively execute SOAPdenovo2
and Velvet with various k-mer sizes (21-91), as both substantially
depend on this parameter. For example, dependent on the k-mer
sizes used, SOAPdenovo2’s scaffold NG5SO for S. venezuelensis varied
from 4479 to 87,219 bp.

Platanus merges haplotype sequences into a single contig/
scaffold, resulting in mosaic sequences of both haplotypes. By
adopting this approach, Platanus can achieve remarkably longer
scaffolds. An alternative strategy for addressing highly heterozy-
gous data involves the separate construction of each haplotype
(haplotype assembly method), which has been applied to Ciona
intestinalis (Kim et al. 2007) (heterozygosity: 1.2%; scaffold N50:
37.9 kbp) and Ciona savignyi (Vinson et al. 2005; Small et al. 2007)
(heterozygosity: 4.6%; scaffold N50: 496 kbp) (note that both pro-
jects used the Sanger sequencing method). These results suggest that
longer haplotype sequences are constructed for higher variant
densities. Why should heterozygosity be high for the construc-
tion of longer haplotype assemblies? The explanation is simple: To
construct a haplotype assembly, the linkage information between
neighboring SNVs or indels should be resolved. This linkage in-
formation requires neighboring SNVs or indels to be almost covered
with one read or pair of reads by one DNA fragment. If the linkage
information is broken by a long nonheterozygous region, the hap-
lotype assembly will be disrupted at that point. As described for the
assembly of the S. venezuelensis genome, the regions in which no
sequence variation was observed within a 1-kbp window encompass
11.8% of the entire genome. This observation suggests that if hap-
lotype assembly is adapted to S. venezuelensis, the results will be very
poor. The C. savignyi haplotype assembly may represent a rather
exceptional case of a successful run of a genome with extremely
high heterozygosity and the use of long Sanger reads. We thus
propose that the merging method is suitable for the assembly of
most heterozygous samples.

Although Illumina reads are often described as “short reads,”
they have advantages regarding their throughput and accuracy. In
the bird assembly for Assemblathon 2, Platanus’ scaffold NG50 was
the highest, exceeding those of other strategies that utilize other
types of sequence data (Roche 454 and/or PacBio). It should be
noted that the conditions are not equivalent regarding the cost
and coverage depths for each data type, and thus, it cannot be
conclusively stated that Illumina data are the most suitable for

C. elegans §. venezuelensis Oyster
Peak Peak Peak
CPU time Real time memory (GB) CPU time Real time memory (GB)  CPU time Real time memory (GB)
Platanus 588,408 23,966 20.0 238,767 10,431 19.8 2,485,919 114,107 98.2
sec (163 h) sec(7h) sec (66 h) sec (3 h) sec (691 h) sec (32 h)
ALLPATHS-LG 648,721 62,844 129.6 424,661 26,515 73.1 3,860,440 306,899 322.7
sec (180 h) sec(17h) sec (118 h) sec (7 h) sec (1072 h) sec(85h)
MaSuRCA 802,214 64,055 72.9 748,571 118,230 70.1 Crashed
sec (223 h) sec(18h) sec (208 h) sec (33 h)
SOAPdenovo2 86,605 6873 36.1 53,453 5449 16.6 2,254,545 248,160 148.4
sec (24 h) sec (2 h) sec (15 h) sec (2 h) sec (626 h) sec (69 h)
Velvet 23,191 4727 35.0 19,442 3639 38.2 Crashed
sec (6 h) sec (1 h) sec (5 h) sec (1 h)

Environment: Processor: Intel(R) Xeon(R) CPU X7560 2.27 GHz. Number of processors: 32. RAM: 512 GB. All programs were executed in the multithread
mode using 32 threads. The run times were measured by the GNU time, and the peak memory usages were recorded every 0.1 sec using the “ps”

command. SOAPdenovo2 was run with GapCloser.
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de novo assembly. Therefore, whole-genome shotgun short-read
(Illumina) data remain a strong candidate for the strategy of de
novo assembly, particularly for the assembly of large and highly
heterozygous genomes. In this study, all data except the fish have
>90X sequence coverage depths of paired-ends reads (Table 1).
There is the possibility that each assembler has optimal coverage
depth, and we performed the benchmark test using reduced
amount of sequence data for C. elegans (heterozygosity: 0%, 1%,
2%) (Supplemental Fig. 28; Supplemental Table 14). In summary,
Platanus indicated the largest corrected scaffold NG50 for hetero-
zygous data whose coverage depth >100X but was sensitive to the
downsampling effect. This result corresponds to the small scaffold
NG5O0 of Platanus in the test of the fish. Consequently, the optimal
coverage depth for Platanus is probably >100X, which may be
suitable for the increasing throughput of sequencers.

Fosmid-based assembly has recently been introduced as an
effective and economic method for highly heterozygous genomes
(Zhang et al. 2012). However, this method may require many more
sequence reads compared to the whole-genome shotgun strategy.
For instance, if the fosmid library is constructed to have a depth of
10X against the genome size and each fosmid is sequenced to
adepth of 100X, the total required reads may be as much as 1000X
the genome size. In the Diamondback Moth Genome Project (You
et al. 2013) and Oyster Genome Project (Zhang et al. 2012), paired-
end reads with a coverage depth of 2170 (total reads: 855 Gbp) and
690X (total reads: 390 Gbp) against the genome size were produced
to assemble the fosmids, respectively. In addition, whole-genome
shotgun reads were separately produced, and these data were also
used in those projects. Therefore, if highly heterozygous genomes
could be assembled from whole-genome shotgun data alone, the
cost would be expected to decrease significantly. When a project
targets many genomes of nonmodel and/or wild-type samples, such
as the Genome 10K Project (Genome 10K Community of Scientists
2009), Platanus is especially helpful because it does not require in-
breeding, which is often the bottleneck of the project.

Finally, it should be noted that even in samples with a het-
erozygosity of <0.5%, such as the C. elegans data (0.0%-0.3% het-
erozygosity) and the Assemblathon 2 data, Platanus produced the
largest scaffold NG50 and/or the best validation results. This result
indicates the great versatility of Platanus; its effectiveness is not
restricted to highly heterozygous samples.

Methods

Data for benchmarks

C. elegans reference sequences: NC_001328.1, NC_003279.6, NC_
003280.8, NC_003281.8, NC_003282.6, NC_003283.9, and
NC_003284.7

Oyster genomic reads: SRA040229

Oyster reference sequences: AFTI01000000

Oyster BACs: GU207451.1, GU207446.1, GU207415.1, GU207462.1,
GU207436.1, GU207459.1, GU207449.1, and GU207460.1

Oyster RNA-seq: GSE31012 (Gene Expression Omnibus)

Bird (Assemblathon 2) genomic reads: ERA200248, ERA201590,
and ERA250291

Snake (Assemblathon 2) genomic reads: ERA198728, ERA199152,
and ERA250292

Fish (Assemblathon 2) genomic reads: SRA026860

Fosmid sequences (VFR) and assembly results related to Assemblathon 2:

Downloaded from the website of Assemblathon 2 (http://
assemblathon.org/assemblathon?2)

Construction of simulated sequencing data sets with various
rates of heterozygosity

Simulated heterozygous diploid chromosome sequences were con-
structed from the reference genome sequences by randomly in-
troducing substitutions and indels (with a substitution:indel ratio of
9:1). The reads from HiSeq 2000 were mapped to the reference ge-
nome of C. elegans using Bowtie 2 (Langmead and Salzberg 2012),
and the positions of the reads were determined. Approximately 50%
of the mapped reads were transformed into the sequence of the
simulated heterozygous chromosome. For each simulated hetero-
zygous site, the rate of the transformed reads followed a normal
distribution. Linkages between variants were simulated because the
transformations were performed as a unit of paired reads.

Variant calling and estimations of heterozygosity

We called variants using Bowtie 2 and SAMtools (Li et al. 2009a).
Paired ends were mapped on the C. elegans reference genome using
Bowtie 2. Mapping was initially performed using a single-end
mode. A read was excluded if it had multiple best hits or if the edit
distance of the best hit was greater than 5. The insert sizes were
counted for each of the pairs whose reads were mapped on the
same scaffold with a reasonable direction. Pairs whose insert sizes
were within the mean (=2 X standard deviation) were used for the
analysis, and the remainders were excluded. The mapping results
were merged using SAMtools. In this case, PCR-duplicate reads
were removed (samtools rmdup).

When the mapping results were merged, base-quality filtering
was performed (minimum: 30, set in the -Q option of “samtools
mpileup”). For variant calling, the minimum coverage was 20 and
the maximum coverage was twice the average. Sites closer than
100 bp to either the gaps ('N’) or ends were also excluded. Finally,
we searched the remaining regions. The variants were counted if
rates of variant reads were in the range of 0.25 to 0.75.

To ensure that this method correctly computes heterozygos-
ity, we applied it to simulated heterozygous data (Supplemental
Table 3). Because we filtered out reads with a minimum edit dis-
tance of 5, over-filtering occurred in 2% of the heterozygous data
and the rates were underestimated, whereas data with heterozy-
gosity rates =1.5% were successfully analyzed. Therefore, we as-
sumed that the low heterozygosity calculated for the C. elegans
genome was reliable. For data on S. venezuelensis, oyster, bird, and
snake, we applied the same methods to estimate heterozygosity,
mapping the reads on fosmids or BACs. For the fish, reads were
mapped on the scaffolds of Platanus because neither a fosmid nor
a BAC was available.

Validation of assemblies using fosmid or BAC

We used three programs (nucmer, delta-filter, and show-coords) in
the MUMmer package (Kurtz et al. 2004). First, each fosmid (BAC)
was aligned (queried) to scaffolds using nucmer. Second, the results
from nucmer (out.delta) were filtered using delta-filter with the -g
switch (one-to-one global alignment, not allowing for rearrange-
ments). Third, the filtered results were entered as input to show-
coords, and the coordinates of the resulting alignments were de-
termined. Finally, we picked up alignments that represented the
longest length (top-hit) for each fosmid (BAC) and summed those
lengths. This sum was referred to as the “top-hits-length.” The one-
to-one relations can be used to exclude overestimations of the
alignment length from the redundant scaffolds. The top-hits-length
decreases when the scaffolds contain errors and gaps. Note that ‘N’
regions were not counted as ‘hit.’ Thus, this value summarizes the
quality of the scaffolds. Fosmids (BACs) with top-hits-lengths of at
least 0.9 times their length were defined as “contained.”
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Platanus

Data access

The newly sequenced C. elegans and S. venezuelensis genomic reads
for this study were submitted to the DDBJ Sequence Read Archive
(DRA; http://trace.ddbj.nig.ac.jp/dra/index_e.html) under acces-
sion numbers DRAO00967 and DRAO00971, respectively. Platanus
is freely available at http://platanus.bio.titech.ac.jp/. All of the
benchmark data sets are available from http://platanus.bio.titech.
ac.jp/platanus_benchmark.
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Abstract

The O antigen constitutes the outermost part of the lipopolysaccharide layer in Gram-negative bac-
teria. The chemical composition and structure of the O antigen show high levels of variation even
within a single species revealing itself as serological diversity. Here, we present a complete sequence
set for the O-antigen biosynthesis gene clusters (O-AGCs) from all 184 recognized Escherichia coli O
serogroups. By comparing these sequences, we identified 161 well-defined O-AGCs. Based on the
wzxiwzy or wzm/wzt gene sequences, in addition to 145 singletons, 37 serogroups were placed into
16 groups. Furthermore, phylogenetic analysis of all the E. coli O-serogroup reference strains re-
vealed that the nearly one-quarter of the 184 serogroups were found in the ST10 lineage, which
may have a unique genetic background allowing a more successful exchange of O-AGCs. Our
data provide a complete view of the genetic diversity of O-AGCs in E. coli showing a stronger asso-
ciation between host phylogenetic lineage and O-serogroup diversification than previously recog-
nized. These data will be a valuable basis for developing a systematic molecular O-typing scheme
that will allow traditional typing approaches to be linked to genomic exploration of E. coli diversity.

Key words: E. col, 0-antigen biosynthesis gene cluster, horizontal gene transfer, O serogroup, genomic diversity

1. Introduction lipopolysaccharide (LPS) present in the outer membrane of Gram-

Cell-surface polysaccharides play an essential role in the ability of bac- negative bacteria. The chemical composition and structure of the
teria to survive and persist in the environment and in host organisms.* O-antigen exhibit high levels of variation even within a single spe-
The O-antigen polysaccharide constitutes the outermost part of the cies.*™ This observation is corroborated by the huge serological
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medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com 101
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variation of somatic O antigens. Currently, the O serogrouping, some-
times combined with H (flagellar) antigens and K (capsular polysac-
charide) antigens, is a standard method for subtyping of Escherichia
coli strains in taxonomical and epidemiological studies. In particular,
identification of strains of the same O serogroup is a prerequisite to
start any actions for outbreak investigations and surveillance.

Thus far, the World Health Organization Collaborating Centre for
Reference and Research on Escherichia and Klebsiella based at the
Statens Serum Institut (SSI) in Denmark (http:/www.ssi.dk/English.
aspx) has recognized 184 E. coli O serogroups. It is generally believed
that the O serogrouping of E. coli strains provides valuable informa-
tion for identifying pathogenic clonal groups, especially for public
health surveillance. For example, 0157 is a leading O serogroup asso-
ciated with enterohemorrhagic E. coli (EHEC) and is a significant
food-borne pathogen worldwide.”” Other important EHEC O
serogroups include 026, 0103, and 0111.° The Shiga toxin-
producing E. coli 0104:H4 was found responsible for a large
human food-borne disease outbreak in Europe, 2011.” Another not-
able example is strains of serogroup O25; extended-spectrum beta
lactamase (ESBL)-producing, multidrug-resistant E. coli O25:H4
has emerged worldwide to cause a wide variety of community and
nosocomial infections.'’

In E. coli, the genes required for O-antigen biosynthesis are clus-
tered at a chromosomal locus flanked by the colanic acid biosynthesis
gene cluster (wca genes) and the histidine biosynthesis (bis) operon.
Generally, the O-antigen biosynthesis genes fall into three classes: (i)
the nucleotide sugar biosynthesis genes, (ii) the sugar transferase
genes, and (iii) those for O-unit translocation and chain synthesis
(wzxlwzy in the Wzx/Wzy-dependent pathway and wzm/wzt in the
Wzm/Wzt-dependent ABC transporter pathway).!' To date, >90
types of O-antigen biosynthesis gene cluster (O-AGC) sequences
have been determined, with the majority derived from major human
and animal pathogens.'* Sequence comparisons of these O-AGCs in-
dicate a great variety of genetic structures. Several studies have pro-
vided evidence to show that horizontal transfer and replacement of
a part or all of the O-AGC have caused shifts in O serogroups.’®'*
Alternatively, point mutations in the glycosyltransferase genes in the
0-AGC or acquisition of alternative O-antigen modification genes,
which are located outside of the O-AGC, have also been shown to re-
sult in structural alterations of O antigen and concomitant change in
the serotype of the isolate.'®'”

Genes or DNA sequences specific for each O serogroup can be used
as targets for the identification of O serogroups via molecular ap-
proaches, such as PCR-based and hybridization-based methods.
Such systems have already been developed by several researchers to
target specific O-antigen types.'®
targeting major O serogroups are routinely used in EHEC surveillance
for clinical or food sample screening. Considering the range of diseases
caused by E. coli strains belonging to many different serogroups, a
more comprehensive and detailed O-AGC information for the com-

18-20 11 particular, molecular assays

plete set of E. coli O serogroups is of significant clinical importance
for generating a rational molecular typing scheme. This molecular typ-
ing scheme, which could be performed i silico directly on sequence
data, also offers a mechanism with which to link the ever-expanding
genomic data to our extensive epidemiological and biological knowl-
edge of this pathogen, based on O-antigen typing. Moreover, these
data will also provide a much better understanding of the complex me-
chanisms by which a huge diversity in O serogroups have arisen. Here,
we present a complete sequence set for the O-AGCs from all 184
E. coli O serogroups, which include recently added serogroups (0182~
0187), providing a complete picture of the O-AGC diversity in E. coli.

2. Materials and methods

2.1. Bacterial strains, culture condition, and DNA
preparation

Reference strains of all 184 recognized E. coli O serogroups were ob-
tained from SSI (see Supplementary Table S1). Cells were grown to the
stationary phase at 37°C in Luria-Bertani medium. Genomic DNA
was purified using the Wizard Genomic DNA purification kit (Prome-
ga) according to the manufacturer’s instructions.

2.2. O-AGC sequences and comparative analyses

One hundred and eight E. coli O-AGC sequences were determined by
Sanger-based capillary sequencing and/or Illumina MiSeq sequencing
from PCR products covering O-AGCs (Supplementary Table S1). The
O-AGC regions of the reference strains were amplified by PCR using
10 ng of genomic DNA as template with the Tks Gflex DNA polymer-
ase (Takara Bio Inc.) by 25 amplification cycles for 10 s at 98°C and
for 16 m at 69°C, and with a combination of three forward primers
(TATGCCAGCGGCACCAAACG, ATACCGGCGATGAAAGCC,
and GCGGGTGGGATTAAGTCTCT) designed on the hisFI genes
and two reverse primers (GTGATGCAGGAATCCTCTGT and
CCACGCTAATTACGCCATCTT) designed on the wcaM genes, or
strain-specific primers designed based on the draft genome sequences
determined using the MiSeq system from reference strains. Identifica-
tion and functional annotation of the CDSs were performed based
on the results of homology searches against the public, non-redundant
protein database using BLASTP. The sequences reported in this
article have been deposited in the GenBank database (accession
no. AB811596-AB811624, AB812020-AB812085, and AB972413-
AB972425). The other 76 E. coli O-AGC sequences were obtained
from public databases. For a list of accession numbers, see Supplemen-
tary Table S1.

2.3. Phylogenetic analysis

Multilocus sequence typing (MLST) was carried out according to the
protocol described on the E. coli MLST website (http:/mlst.warwick.
ac.uk/mlst/dbs/Ecoli), and the phylogenetic relationships of reference
strains were analysed based on the concatenated sequences
(3,423 bp) of seven housekeeping genes {adk, fumC, gyrB, icd, mdh,
purA, and recA) used for MLST. Multiple alignments of DNA and
amino acid sequences were constructed by using the CLUSTAL W pro-
gram.*! Phylogenetic trees were constructed by using the neighbour-
joining algorithm using the MEGA4 softrware.*

3. Results

3.1. Genetic structures of the O-AGCs from all

E. coli O serogroups

Of the 184 known O serogroups, 76 complete O-AGC sequences
were obtained from public databases. The sequence of the other
108 O-AGC was determined in this study from E. coli O-serogroup
reference strains (Supplementary Table S1). Our analysis of these se-
quences confirmed several previously observed characteristics of
0-AGCs in E. coli (Supplementary Fig. S1). In brief, O-AGCs are
located between the wca and hbis operons. This region contains
three housekeeping genes: galF (encoding UTP-glucose-1-phosphate
uridylyltransferase), gnd (6-phosphogluconate dehydrogenase), and
ugd (UDP-glucose 6-dehydrogenase), and most genes for O-antigen
biosynthesis in each cluster are directly flanked by galF and gnd/ugd,
while gne (UDP-GalNAc-4-epimerase) and wzz (O-antigen chain
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length determination protein) located immediately outside of the re-
gion between galF and gnd/ugd (see Supplementary Fig. $1). The ex-
ceptions for this are the O-AGCs for O serogroups 014 and 057,
which contain no O-antigen genes at the typical locus. However, it
is known that the E. coli O14 reference strain Su4411-41 shows an O
rough phenotype and lacks the O-AGC.** For 057, a further ana-
lysis is also required to investigate the presence of O-antigen struc-
ture in the LPS of the reference strain. Our data revealed that the
O-AGCs located between galF and gnd ranged in size from
4.5 kbp (01535, including four genes) to 19.5 kbp (0108, including
18 genes).

3.1.1. Nucleotide sugar biosynthesis genes

Genes required for the deoxythymidine diphosphate (dTDP)-sugar
biosynthesis pathway (rmIBDAC) to synthesize dTDP-L-rhamnose
(dTDP-L-Rha), the precursor of L-Rha, were widely distributed in
the O-AGCs (conserved in 56 O-serogroup O-AGCs; see Supplemen-
tary Fig. S1). The vioAB operon, for the biosynthesis of dTDP-N-
acetylviosamine (dTDP-VioNAc), the precursor of VioNAc, was
present in three O-serogroup O-AGCs; the fn/ABC operon for the
synthesis of uridine diphosphate (UDP)-N-acetyl-L-fucosamine
(UDP-L-FucNAc), the precursor of L-FucNAc, was in 11 O-serogroup
O-AGCs; the fnlA:gnlBC genes for the synthesis of UDP-
N-acetyl-L-quinovosamine (UDP-L-QuiNAc), the precursor of L-QuiNAc,
were in four O-serogroup O-AGCs; the nnaDBCA genes for synthesis
of cytidine monophosphate (CMP)-N-acetylneuraminate (CMP-
NeuNAc), the precursor of N-acetylneuraminic acid (NeuSAc or sialic
acid), were found in six O-serogroup O-AGCs (Supplementary
Fig. S1). In addition, a gene set comprising seven genes putatively in-
volved in the synthesis of di-N-acetyl-8-epilegionaminic acid (8eLe-
gSAc7Ac) were found in three O-serogroup O-AGCs. For at least 49
O serogroups, gene sets for nucleotide sugar biosynthesis were not
found in their O-AGCs (Supplementary Fig. S1), suggesting that, in
these serogroups, nucleotide sugars required for O-antigen biosyn-
thesis were synthesized by pathways encoded by the genes located
outside of the O-AGCs.

3.1.2. Glycosyltransferase

Each O-AGC contained two to six genes encoding putative glycosyl-
transferases for synthesizing O-antigen subunits and a total of 611 gly-
cosyltransferase genes identified in all O-AGCs. Pfam analysis
revealed that at least 25 types of glycosyltransferase-related domains
were found in the 611 glycosyltransferase genes (Supplementary
Table S2). ‘Glycosyl transferases group 1’ (PF00534) and ‘Glycosyl
transferase family 2’ (PF00535) were the most widely distributed do-
mains, which were found in 216 and 253 genes, respectively. Except
for the five genes belonging to ‘Glycosyltransferase family 52’
(PF07922), which were found in five of the six nnaDBCA-containing
0O-AGCs (024,056,0104, 0131, and O171), there were no relation-
ships between the type of glycosyltransferase-related domain and the
gene set for sugar synthesis in each O-AGC.

3.1.3. O-antigen subunit translocation and chain synthesis

All O-AGCs carried either wzx/wzy or wzm/lwzt gene pairs. Of the
182 O-AGCs (the above-mentioned O14 and O57 were excluded
from the 184 clusters analysed in this study), 171 carried the wzx/
wzy genes, and the other 11 carried the wzm/wzz genes (Supplemen-
tary Fig. S1 and Table S1). Detailed sequence comparisons of the wzx/
wzy and wazmlwzt genes are described below.

3.2. Grouping the O-AGCs by sequence

On the basis of sequences and genetic structures of the entire O-AGC
regions, in addition to 145 unique O-AGCs from different E. coli O
serogroups, the O-AGCs from 37 O serogroups could be placed into
16 groups (named Gp1-Gp16) with the members of each group hav-
ing identical or very similar O-AGC genes (mostly sharing >95%
DNA sequence identity) (Fig. 1). This included nine groups with mem-
bers of different serogroups but which carried identical O-AGC gene
sets (Gp1-Gp9) and one group, Gp10, where two strains (O13 and
0129) of the three-member group carried an identical O-AGC gene
set (sharing 98.3-99.9% DNA sequence identity) (Fig. 1). The rea-
son(s) why they belong to different O serogroups even though they
have identical O-AGCs are discussed in the Discussion section. Indels
or exchange of one or more genes was also shown to explain the dif-
ferences between 0135 and other members of Gp10 and members
Gp11-Gp16, which otherwise carried highly conserved orthologous
genes (summarized in Fig. 1). Simple insertions of insertion sequence
(IS) elements containing one or two transposase genes were found in
three groups without any gene disruption: an 1S629 insertion in
O18ab of Gp12, ISEc11 in O164 of Gp13, and IS1 in 062 of
Gp14. IS element-associated replacement of the right-end portion of
the O-AGC had occurred in three groups, Gp14, Gp13, and Gp16, re-
sulting in the replacement (or deletion) of glycosyltransferase gene(s).
Exchange of the wzx gene had also occurred in Gp16. These data sug-
gest that IS elements are important drivers for generating O-antigen
biosynthesis gene replacement and therefore diversity.

3.3. Diversity and specificity of the wzx/wzy or wzm/wzt
genes among the E. coli O-AGCs

As previously proposed,'* most wzx/wzy or wzmlwst orthologues
showed high levels of sequence diversity and their sequences were un-
ique to each O-AGC or O-AGC group described above (Fig. 2 and
Supplementary Fig. $2). DNA sequence identities of the closest pairs
were <70%, except for the 096/0170 pair, the wzx genes of which
showed 86% DNA sequence identity. Within the 16 O-AGC groups,
the orthologous wzx/wzy or wzmlwzt genes also showed high se-
quence conservation (>95% DNA sequence identity, but mostly
>97% identity), except for Gpl6 that shared only the wzy gene
(Fig. 2).

3.4. Phylogenetic relationships of E. coli O-serogroup
reference strains

Based on the concatenated nucleotide sequences of seven housekeep-
ing genes used for MLST, we determined the evolutionary relation-
ships of all E. coli O-serogroup reference strains (Fig. 3). This
analysis revealed that the members of five groups sharing the common
0O-AGCs (Gp8, Gp10, Gp11, Gpl4, and Gp1S5) and two members
(017 and O77) of Gp9 were found in closely related lineages. How-
ever, the members of other groups (and three members of Gp9) were
found in distinct evolutionary lineages. For example, 020 and 0137,
both carrying the Gp1 O-AGC, were found in two distinct lineages,
each belonging to phylogroups A and E/D, respectively, and five ser-
ogroups (017/077, 044, 073, and 0106) belonging to Gp9 were
found in multiple lineages (A, E/D, and B1).

The systematic phylogenetic analysis of all E. coli O-serogroup ref-
erence strains further revealed that one-quarter of the reference strains
(46/184) belonged to a single clonal group (299.9% sequence iden-
tity), which was represented by sequence type (ST) 10 and its very
close relatives in phylogroup A (Fig. 3 and Supplementary Fig. $3).
Additionally, three clonal groups containing five or more reference
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Figure 1. Sixteen Escherichia coli O-AGC groups identified in this study. Group
members have different O serogroups in each group, but these share nearly
identical or highly similar genetic organizations. Group names (Gp) are
indicated at the left side. DNA sequence identities (%) between group
members are indicated in each group.

Figure 2. Phylogenetic analysis of homologues of (A) Wzx and Wzy and (B)
Wzm and Wzt from Escherichia coli O-serogroup reference strains based on
the amino acid sequences. The group names are indicated outside of trees.
The pair or groups of homologues with high DNA sequence identity (>95%,
mostly >97%) are indicated in red. The Wzx homologues of 096 and 0170,
which are indicated in blue and by an asterisk, showed 86% DNA sequence
identity, but in all other proteins showed low-sequence homologies to each
other (<70% identity). Note that while the DNA sequence identity between
the wzx_046 and wzx_0134 in Gp6 is 99.7%, the wzx_046 has a 2-bp
deletion at the 3'-region, causing a frame shift.

strains were also identified in phylogroups A (ST34 and ST57) and B1
(ST300) (Fig. 3). The phylogenetic analysis also showed that the types
of sugar synthesis gene sets and processing gene sets (wzx/wzy and
wzmilwzt) were not limited to a specific lineage (Fig. 3).
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Figure 3. Correlation between the Escherichia coli evolutionary lineages and the distribution of 0-AGCs. The phylogenetic tree was constructed based on the
concatenated sequences of seven housekeeping genes from all 184 E. coli O-serogroup reference strains. The group names of O-AGCs (Gp1-Gp16) are
indicated in the outermost region. Members in groups indicated in green were found to belong to the same or very closely related lineage, whereas members
of the groups indicated in blue were found in distinct lineages. The outer circle next to the O serogroup names indicates the distribution of sugar synthesis gene
sets identified in each O-AGC. The inner circle indicates the type of O-antigen processing system (wzx/wzy or wzm/wzt). Phylogenetic groups (A, B1, B2, D, and E)
were determined by comparing the sequences of the strains tested with the known sequences from the ECOR collection (http:/mist.warwick.ac.uk/mist/dbs/Ecoli).

3.5. Relationships of the E. coli and Shigella O-AGCs

Shigella and E. coli belong to the same species complex** and many
Shigella O antigens are known to be serologically and genetically iden-
tical or very similar to some E. coli O antigens, as summarized by Liu
et al.?® In addition to the 21 previously shown relationships, we found
two additional O-AGC groups shared by E. coli and Shigella; O38
and Shigella dysenteria type 8 (SD8), and 0169/0183 and Shigella
boydii type 6/10 (SB6/SB10) (Supplementary Fig. S4). The
0183-AGC was highly similar to the S. boydii types 10 cluster (shar-
ing 98.2% DNA sequence identity). In our previous study,”® we pro-
visionally named a novel O serogroup for a group of Shiga
toxin-producing E. coli strains as OSB10, which cross-reacted with
S. boydii type 10. Sequence comparisons in this study revealed that

OSB10 is not only serologically but also genetically identical to the
new serogroup 0183 of Gp16.

4. Discussion

Much of what we know about E. coli is defined at some level by O
serogroups. To link genomic information to the wealth of data held
in public databases, in our collective knowledge, outbreak, and disease
reports and elsewhere, we endeavoured to determine whether molecu-

_ lar O-serogroup identification, targeting O-serogroup-specific genes

(or unique sequences), was a valuable method to capture this informa-
tion and maintain this important link. Not only do we show evidence
supporting the effectiveness of molecular O-typing, but also we open



106 Diversity of E. coli O-antigen gene cluster

up the possibility of generating a molecular O-typing scheme and re-
late O serogroups to the underlying phylogeny of this bacterium,

By determining and comparing the sequences of O-AGCs from all
known E. coli O serogroups, we newly defined the sequence and gene
content of 145 unique O-AGCs and showed that O-AGCs from 37 O
serogroups could be placed into 16 groups based on members in each
group sharing nearly identical or highly similar O-AGCs. It is clear
from these data that many of the grouped O-AGCs (Gp1-16) were
found in distinct phylogenetic lineages indicating that these O-AGCs
have been spread across this species by horizontal gene transfer. More-
over, several lineages that contained multiple O serogroups, ST10,
ST34, STS57, and ST300, show that frequent exchange occurs between
and within lineages. ST10 and its close relatives are particularly
interesting as one-quarter of E. coli O-serogroup reference strains
fell within this clonal group. ST10 and its clonal complex are clinically
very important being recently found to include ESBL-producing E.
coli from human and animals in Spain, Italy and Denmark,?®
China,?” and the Netherlands,*® and in various intra-intestinal patho-
types of E. coli, such as enteroaggregative E. coli,””** enterotoxigenic
E. coli,?**® and EHEC.*""*? In most cases, the O serogroups of these
ST10 or ST10-related strains are unusual compared with the typical
O serogroups that represent that pathotype.

Acquisition of O-antigen modification genes located on the gen-
omes of serotype-converting bacteriophages or plasmids is also an im-
portant strategy for diversifying O-antigen structures. This mechanism
has been well investigated in Shigella flexneri®*** In E. coli, the
O-serogroup conversion by a prophage-like element has been reported
for 017 and 044,"” which belong to Gp9 defined in this study. An-
other possible mechanism to generate the variation of O antigens is
the mutations in the genes of the O-AGC as observed for 0107 and
0117, which belong to Gp8. In this case, point mutations in a gly-
cosyltransferase gene are responsible for the alteration of O-antigen
structure (and thus that of O serogroup).’® Five O-AGC groups in-
cluding Gp2, GpS, Gp7, Gp12, and Gp13 also contained differences
in the amino acid sequence of their glycosyltransferases. O serogroup
differences in these groups may be generated by the point mutations in
glycosyltransferase genes. On the other hand, all glycosyltransferase
genes in Gp1l, Gp3, Gp4, Gp6, and Gp11; four strains from Gp9
(017, 044, 073, and O77) and two from Gp10 (013 and 0129)
showed 100% amino acid sequence identity. These results suggest
that the serological differences between the members of these seven
groups have been generated by acquisition of modification genes out-
side of the O-AGC as shown for 017 and 044 of Gp9."”

We believe that the remarkable sequence diversity observed in the
wzx/wzy and wzmfwzt O-AGC genes of all known E. coli O ser-
ogroups appears to be sufficiently discriminative from one another
to make identification of each of the known O serogroups possible.
Therefore, our sequence data will serve as a valuable resource for
the development of rationally designed molecular methods for
O-typing as well as for detecting novel O serogroups.

In conclusion, our study provides a complete sequence set of
0O-AGCs of all known E. coli O serogroups and thus offers a full
view on the genetic diversity of O-AGCs of this bacterium. In addition,
the results presented suggest that horizontal gene transfer has been in-
volved in the O serogroup diversification in E. coli more frequently and
in a more biased or lineage-dependent fashion than previously thought.
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