Universiteit

4 Leiden
The Netherlands

Infectious disease studies in zebrafish : the fish pathogen

Edwardsiella tarda as a model system
Soest, J.J. van

Citation

Soest, J. J. van. (2011, November 29). Infectious disease studies in zebrafish : the fish
pathogen Edwardsiella tarda as a model system. Retrieved from
https://hdl.handle.net/1887/18149

Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/18149

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/18149

Genome comparisons of Edwardsiella
bacteria analysed using deep sequencing
technology

Joost J. van Soest, Christiaan V. Henkel, Hans J. Jansen,
Cees A.M.J.J. van den Hondel, Guido V. Bloemberg,
Annemarie H. Meijer and Herman P. Spaink






Genome comparisons of Edwardsiella bacteria

Abstract

Edwardsiella bacteria are well-known pathogens of a wide variety of animals,
including humans. We have used shotgun deep sequencing technology to get a
completely saturated (171 times coverage) genome sequence of E. tarda strain
FL6-60, a common fish pathogen which is also used in zebrafish infection
models. Bioinformatics analyses revealed interesting technical details of
lllumina deep sequencing technology, such as a bias against regions with high
CG content. We have compared our genome sequence with those of
Edwardsiella strains already available (E. tarda EIB202 and E. ictaluri 93-146).
These comparisons show that the current deep sequencing using ~50
nucleotides reads is very well suited to identify single nucleotide polymorphisms
with high accuracy. Furthermore, we were able to identify all highly diversified
regions that are related to transposon and viral sequences, thereby giving new
insights in genome dynamics of closely related bacterial strains. The great
depth of sequencing made it even possible to identify a novel circular single
copy prophage that has not been found in other Edwardsiella strains. In
addition, we show that with this technology it is possible to show with high
confidence that a plasmid present in E. tarda strain EIB202 is not present in
strain FL6-60. As an example of the usefulness of these datasets we compared
single nucleotide polymorphisms in several gene clusters that are associated
with virulence, also using other published incomplete Edwardsiella sequences.
The results showed that several virulence genes, including those coding for
type Il and type VI secretion systems, have a remarkable high number of
polymorphisms. The identification of these variations will be important for further
comparisons in pathogenicity and virulence of different Edwardsiella strains.

Introduction

Eadwardsiella tarda is a gram negative pathogen capable of infecting a wide
range of host species, such as fish, amphibians, reptiles, birds and mammals,
including humans [1, 2]. Edwardsiellosis, a generalized septicemia caused by E.
tarda, is an often occurring disease in many fish species in aquaculture, which
leads to extensive losses [3]. In humans, E. tarda is also a cause of
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gastrointestinal and extra-intestinal infections [1] and is able to invade non-
phagocytic cells in culture [4, 5].

E. tarda strain FL6-60 was shown to be able to infect zebrafish embryos by
static immersion [6]. Adult zebrafish were susceptible to intraperitoneal injection
and could also be infected by static immersion, but only in combination with skin
wounding. With the zebrafish being increasingly used as a model system for
infectious diseases [7], this makes this strain a valuable test organism for
disease modelling. The zebrafish E. tarda infection model is now also used for
detailed innate immune transcriptome analysis (this thesis, chapters 3 and 4).
Recently the complete genome sequence of Edwardsiella tarda strain EIB202
has been published [8]. EIB202 was shown to be pathogenic in swordfish,
turbot and adult zebrafish, but this strain has not been tested yet in zebrafish
embryo infection models. Furthermore, the genome of its close relative E.
ictaluri strain 93-146 has been completely sequenced and submitted to the
Genbank database (accession number CP001600). In addition, a collection of
unassembled short fragment reads of a shotgun sequencing attempt of E. tarda
strain ATCC 23685 is available (SRA accession numbers SRX001436 and
SRX001437).

The development of new sequencing techniques has rapidly reduced the
time and cost of whole-genome sequencing making it attractive to compare
many bacterial genomes [9]. The next-generation sequence platforms, provided
by lllumina, ABI and 454 Life Sciences (Roche), generate large amounts of
nucleotide sequence reads [10]. These techniques were primarily developed for
resequencing of closely related individuals, but are with the increase of the read
sequence lengths and the availability of assembly software specialized for short
reads gradually becoming used for de novo genome sequencing [11-14]. We
sequenced E. tarda strain FL6-60 with the lllumina Genome Analyzer Il, which
provided us with reads of a length of 51 bp that were assembled into large
contigs and compared to the EIB202 sequence. We have used the FL6-60
genome sequence for comparison of virulence genes with the known
sequences of other E. tarda strains to see if there are genetic differences
between strains that can be a basis for differences in pathogenic behaviour.
Several virulence factors, common in Gram-negative pathogens, have been
identified as being important in E. tarda virulence. The three major systems
involved are the protein secretion systems Type Ill Secretion System (T3SS)
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[15] and Type VI Secretion System (T6SS) [16] and the regulatory quorum
sensing system [17, 18].

The virulence determinants of E. tarda have been identified by functional
genomics approaches such as transposon mutagenesis [19] and proteomics
[20]. Of several E. tarda strains some of the genes found to be associated with
virulence were sequenced, for instance the complete sequences are available
for the T3SS gene cluster [15], the T6SS gene cluster [16], the quorum sensing
genes LuxIR and LuxS, and some genes involved in toxicity [19] and resistance
to phagocyte-mediated killing [19, 21, 22].

Our sequence comparisons show that the used current deep sequencing
technology is highly suited to identify single nucleotide polymorphisms with high
accuracy. For two highly related bacterial strains, we have mapped genome
dynamic regions and identified all single nucleotide polymorphisms in the above
mentioned loci and the presence or absence of plasmids or circular prophage-
related sequences.

Results and discussion

Genome assembly strategy

The genome of E. tarda FL6-60 was assembled using a combination of
automated de novo assembly, reference assembly against the recently
published genome of E. tarda EIB202 and manual inspection of highly variable
regions (see table 1). Using de novo assembly alone, 98.2% of the sequencing
reads could be assigned to contigs of at least 200 bp. In a reference assembly
using the E. tarda EIB202 genome, 92.4% of reads could be mapped. On
average, every position on this genome is covered by 171 reads; however in
total 145443 bp (3.9% of the genome) could not covered by any read. A
reference assembly using plasmid pEIB202 of strain EIB202 did not yield a
relevant number of matching reads, thereby demonstrating the absence of this
plasmid in strain FL6-60.

In the reference assembly, many regions of the EIB202 genome are uniquely
matched by sequencing reads with at least twice the average coverage (figure

1), indicating possible genomic duplications. However, when comparing
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Table 1. Genome statistics of Edwardsiella tarda strain FL6-60.

Assembly Reference  Accession Length %CG ORFs* Assembled Average
reads coverage
De novo - - 3801681 bpin ND ND 145153318 180.16x
623 contigs (N50 (98.2%)
= 12020 bp)
Reference  E. ictaluri NC_012779 3812315 bp 57.4% 3935 5234702 63.47x
93-146 (35.4%)
genome
Reference  E. tarda NC_013508 3760463 bp 59.7% 3664 13661894 171.01x
EIB202 (92.4%)
genome
Reference  E. tarda NC_013509 43703 bp 57.3% 53 2 (0.0%) 0.00x
pEIB202
plasmid
Reference  E. tarda 3684607 bp 59.8% 3448 14250618 182.38x
FL6-60 (96.4%)
genome
Reference  E. tarda 44194 bp 51.4% 63 268143 293.07x
FL6-60 (1.8%)
phage-like
element

* The number of ORFs in the reference sequence as found in Genbank or determined by Glimmer

local coverage to GC-content, a clear correlation was found (figure 2),
suggesting a technical artefact that we have further analysed. A bias against
AT-rich regions has been previously reported for lllumina sequencing [23]. In
apparent contrast, we find a strong correlation between GC-content and
sequencing depth: the lower the GC-content of the reference, the higher the
number of matching reads. However, the E. tarda EIB202 genome contains
very few AT-rich regions even near the resolution of single sequencing reads
(100 bp windows), so any bias against AT-rich sequences would be difficult to
observe. In fact, the observed apparent linear relationship between GC% and
coverage (figure 1) makes it possible to predict sequencing depth for the whole
reference genome, allowing several outliers to be quickly identified.

A complete draft genome of strain FL6-60 was then constructed by
manually integrating de novo assembled contigs into the gaps of the reference
assembly using matching flanking sequences (figure 2). One large contig could
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Figure 1. Overview of the genome of Edwardsiella tarda strain EIB202 excluding one circular
phage-like element. The circles from outside to inside represent: Annotated genes plus strand (grey,
protein coding; black, tRNA; purple, rRNA; orange, phage-related/integrase/transposase).
Annotated genes minus strand (colour coding same as plus strand). CG content above or below the
median (calculated for 1000 bp windows). Sequencing depth (coverage) for the reference assembly
of strain FL6-60 (1000 bp windows), dark blue are unique matches, light blue are non-unique
matches of sequencing reads. Regions masked in the second iteration of the reference assembly of
strain FL6-60 (dark grey). Genomic islands as determined by IslandViewer (lime). Net insertions
(green) and deletions (red) in strain FL6-60 with regard to strain EIB202, genes affected can be
found in supplementary table S1.
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Figure 2. GC bias of lllumina sequencing. GC content
and average coverage were calculated for 100 bp
windows of the EIB202 genome. For 40-80% GC, the
relationship with read coverage can be described by a
straight line, allowing easy identification of regions with
aberrant coverage. As there are few 100 bp windows
with less than 25% GC, this relationship does not
contradict reports of a bias against AT-rich regions.
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Table 2. Reading frame annotation of a circular phage-like element of Edwardsiella tarda FL6-60

Predicted functions based on sequence similarity Number of open reading frame*

Phage tail components 4-11,13, 15, 20, 21

Phage membrane proteins 12,18, 50

Phage methyltransferases 30, 43

Other phage related proteins 1,16, 22, 23, 26, 33, 36, 37, 41, 44, 51-55,
(i.e. nucleases, integrases, repressors) 60, 61, 63

Phage hypothetical proteins 2,24, 25, 28, 29, 33, 38, 42, 45, 46, 56, 62

other proteins 35, 58

hypothetical proteins 3,17,19, 27, 31, 32, 34, 39, 40, 47, 49, 57,

no blast hit 14, 48, 59

* as indicated in figure 3
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not be assigned to the genome, and indeed appears to be a separate circular
entity (figure 3). In a new reference assembly, 98.2% of reads (99.6% using
less stringent settings) matched either the new draft genome or the circular
element. Since slightly more reads match the drafts than can be assembled de
novo (table 1), and the remaining 1.8% could not be further assembled de novo
into significant contigs because of sequence repeats, we accepted the draft as
an essentially correct representation of the E. tarda FL6-60 genome.

Comparison of E. tarda FL6-60, E. tarda EIB202 and E. ictaluri 93-

146

The genome of E. tarda strain FL6-60 is highly similar to that of strain EIB202
as previously described by Wang et al [8]. Genomic differences due to
insertions and deletions can be found in the supplementary data but these are
limited to areas containing many phage-related sequences (table S1). Nearly
3300 reading frames annotated for the genome of EIB202 by Wang et al [8]
could also be identified in the genome of strain FL6-60. Automatic sequence
annotation did not reveal any particular gene differences with the published
sequence of Wang et al [8] (data not shown). We have looked in detail to
several gene clusters not discussed in detail by Wang et al [8] such as the
genes involved in exopolysaccharide production and found these genes to be
highly conserved as well (99.9-100 % nucleotide sequence identity) (data not
shown). Differences in the genome represent recent evolutionary changes
related to phage integrations and shuffling of repetitive sequences. The largest
differences between the strains appear to be concentrated around predicted
genomic islands, which harbour phage-related genes and transposons (figure
1).

A major difference is the absence of a plasmid that is present in strain
EIB202. In contrast strain FL6-60 contains an additional circular element (figure
3). This element has a similar length as representatives of the P22 podoviridae
and contains many predicted transcripts encoding proteins that are homologous
to phage proteins (table 2). This element possibly represents a novel viral
element. Because of the correlation between sequencing depth and GC-
content, the higher coverage and lower GC-content in comparison with the
genome, indicates that this element is present in a copy number of 1 per cell,
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Figure 4. Comparison of the genomes of Edwardsiella tarda strains FL6-60 and EIB202 with E.
ictaluri strain 93-146. The genomes of Edwardsiella tarda strains FL6-60 and EIB202 were
compared with E. jctaluri strain 93-146 with Mauve. The graphs indicate the conservation.
Conserved areas are connected with lines between the different genomes, identifying inversions
and displacements.

indicating a strict co-replication with the chromosome. We have also compared
the genome of strain FL6-60 with that of E. ictaluri strain 93-146 (figure 4). The
results show there is remarkable overall structural similarity with 35.4 % of
identity (table 1) and only two regions with a different orientation as confirmed
by manual inspection of the variable regions (figure 4).

Comparison of type Il and type VI secretion systems between

different Edwardsiella strains

It was found that the pathogenicity of different natural isolates of E. tarda was
corresponding with the presence of the T6SS since strains lacking the T6SS
were not pathogenic [16]. Likewise, E. tarda strains with mutations that partly or
completely shut down the T3SS were less virulent then their wild types [15].
Since type lll and VI secretion systems are important virulence factors,
knockdown of a single gene can already cause a decrease in pathogenicity.
Small changes in these secretion systems might lead to loss of virulence or
changing the specialization for a specific host. We have therefore compared
these secretion systems in detail for five type Ill and four type VI secretion
systems of Edwardsiella. The results show that the secretion systems of strains
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FL6-60 and EIB202 are more similar than those of the other E. tarda strains
(figure 5 and 6). Even though in E. ictaluri the T3SS and T6SS clusters are
present and in the same order of genes as in E. tarda, there are large
differences in the encoded protein sequences between the two Edwardsiella
species. This might be explained by the fact that E. ictaluri is primarily
pathogenic to catfish and therefore might have specialized for this host, in
contrast to E. tarda that appears to be less host-specific. It would therefore be
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Figure 5. Comparisons of the type lll secretion systems of five different Edwardsiella strains. The
T3SS of E. tarda PPD130/91 [15] was used as the reference for comparison. The differences in
amino acids in comparison with this strain are notated underneath the clusters. A darker colour
represents a larger difference. To determine the difference in length, the nucleotide sequences were
compared first, to exclude differences in length due to different ORF-predictions. The order of the
genes is the same in all strains compared, with the largest differences found in E. ictaluri.
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interesting to compare these strains in the same test systems, along with
several mutants in the genes that are differing between these strains. The gene
that is most different in the type Ill secretion systems of strains FL6-60 and
EIB202 is esrA which is a regulatory gene of a two component system together
with esrB. Other genes that differ considerably are part of the secretion
apparatus, such as esaD (figure 5). There are many differences with the type IlI
secretion system of E. tarda strain FK1051, with notable large differences in the
genes eseG and esaV that are secreted proteins or involved in the secretion
machinery, respectively. It remains a possibility that many of the apparent
polymorphisms detected are due to sequencing errors in the previously
submitted sequences, however the degree of polymorphism is too much to
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Figure 6. Comparisons of the type VI secretion systems of four different Edwardsiella strains. The
T6SS of E. tarda PPD130/91 [16] was used as the reference for comparison. The differences in
amino acids in comparison with this strain are notated underneath the clusters. A darker colour
represents a larger difference. To determine the difference in length, the nucleotide sequences were
compared first, to exclude differences in length due to different ORF-predictions. The order of the
genes is the same in all strains compared, with the largest differences found in E. ictaluri.
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TESS\evpP\EIB202 Figure 7. Evolutionary relationships
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phylogenetic tree.

be accounted for by sequencing errors. The most obvious difference with the
genes of E. ictaluri is in eseC for which 31 of the 105 predicted amino acid
differences are localized in an area that has been shown to be important for
secretion and accumulation of EseC in E. tarda [24]. Furthermore, the large
differences between eseB, eseC and eseD are perhaps relevant since these
genes have been shown to be important for virulence of E. tarda [15]. For the
type VI secretion systems the difference between the evpP genes that are
unique to Edwardsiella and are involved in pathogenicity [16] is shown in more
detail for 9 Edwardsiella strains. The comparison (figure 7), shows that evpP of
E. ictaluriis most different from the E. tarda strains and therefore just following
the expected species divergence and giving no indications for recent horizontal
gene transfer events between these species.

Comparison of non-essential genes showed that there is no clear
correlation of the conservation in protein sequence with the essentiality of the
gene for secretion as for instance evpdJ is strongly conserved in contrast to
evpD, whereas both have been shown not to be essential for secretion [16].

Concluding remarks

Our comparisons show that the current deep sequencing using 50 nucleotides
reads is highly suited to identify an entire genome with high accuracy.
Bioinformatics analyses also showed interesting technical details of deep
sequencing technologies such as depletion of GC rich regions by the lllumina
technology.
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As a result we were able to compare the genome of E. tarda FL6-60 with
previously published sequences of other strains and could identify all highly
diversified regions with many repeats that are related to transposon and viral
sequences. These data provide new insights in genomic variations of highly
related bacterial strains. We have identified one novel circular phage-like
element and could show with high confidence that a plasmid present in E. tarda
strain EIB202 was not present in strain FL6-60. As an example of the
usefulness of gene comparisons we investigated single nucleotide
polymorphisms in several gene clusters that are associated with virulence also
using other published incomplete Edwardsiella sequences. The results showed
that several of the type lll and type VI secretion genes, most notably eseG,
esaV, esrA and evpP have a remarkable high number of polymorphisms not
only between E. tarda and E. ictaluri species but also between different E. tarda
strains. Other known virulence factors such as enzymes involved in resistance
to phagocyte-mediated killing, like katB and ankB [19, 21, 22] showed only 11
SNPs difference between strains FL6-60 and EIB202. The quorum sensing
system was found to be almost completely identical (2 SNPs) to those already
published [17, 18]. The identification of these genomic variations in essential
virulence genes provides a valuable basis for studying the pathogenic
behaviour of different Edwardsiella strains.

Materials & methods

Sequencing

Bacterial strain E. tarda FL6-60 was grown on TSB medium at 28 °C. Bacterial
DNA was isolated using the Qiagen DNeasy Blood and Tissue kit (Qiagen, San
Diego, CA) according to the manufacturer’s instructions. To sequence the DNA,
a single read library was made using the lllumina Genomic DNA Sample
Preparation Kit (lllumina, Hilden, Germany) according to the manufacturer’s
instructions. This library was sequenced, with a read length of 51 nt, on an
lllumina GAII (lllumina, Hilden, Germany). Two lanes were sequenced, one lane
with 3 pmol , and one lane with 4 pmol of library. A total of 16606657
sequencing reads was obtained.
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Bioinformatics

Sequence reads were imported, trimmed to eliminate low quality sequences,
and assembled using CLCbio Genomics Workbench 3.6.5 (www.clcbio.com).
Putative genes were found using Glimmer3
(www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi) [27]. Genomic
islands were predicted with IslandViewer
(www.pathogenomics.sfu.ca/islandviewer) [28], which combines several
methods based on sequence composition and comparative genomics.

Comparison of our assembled genome with the available genomes of E.
farda (accession number CP001135) and E. ictaluri (accession number
CP001600) was done with Mauve 2.3.1 [29]. Gene analysis was done with
Vector NTl and BLAST on the NCBI server.

Circos [30] was used for the construction of the maps of the genome and
the circular phage-like element. Mega4 was used for the construction of the
phylogenetic tree [31]. The evolutionary distances were computed using the
Poisson correction method [32] and are given in the units of the number of
amino acid substitutions per site.

Sequences used in comparisons were obtained from the NCBI-database
with the following accession numbers excluding the ones already mentioned.
T3SS: AY643478, AY850613. T6SS: AY424360. EvpP: FJ595672, FJ595674,
FJ595675, FJ595676, FJ595677

Accession numbers

The genome sequence has been submitted under accession number
CP002154 and the sequence of the phage-like element has been submitted
under accession number CP002155.
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Supplementary data

Supplementary tables can be found online at: http://tinyurl.com/ch2suptables
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