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Abstract

Background

Shigella is a Gram-negative, facultatively intracellular
bacterium that causes bacillary dysentery in humans. Shigella
invades cells of the colonic mucosa owing to its virulence
plasmid-encoded Type 3 Secretion System (T3SS) and multiplies in
the target cell cytosol. Although the laboratory reference
strain S. flexneri serovar 5a M90T has been extensively used to
understand the molecular mechanisms of pathogenesis, its
complete genome sequence is not available, greatly limiting
studies employing high-throughput sequencing and systems biology
approaches.

Results

We have sequenced, assembled and annotated the full genome of S.
flexneri 5a M90T. This yielded two complete contigs, the
chromosome and the virulence plasmid. Further, we have performed
genome-wide analysis of transcriptional start sites in bacteria

grown in tryptic soy broth at 37 °C to mid-exponential phase,
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corresponding to the typical culture conditions for the inoculum
in in vitro infection experiments. We have used the results from
the transcriptional start site determination to manually curate
the gene structure annotation. This analysis identified ~2,000
transcriptional units.

Conclusions

We provide the first complete genome for a S. flexneri serovar
5a strain, specifically the laboratory reference strain M90T.
This opens the possibility of employing S. flexneri M90T in high-
quality systems biology studies, for example transcriptomic
analyses and differential expression analysis. Moreover, in
molecular pathogenesis studies our data can be used as a resource
to know which genes are transcribed before infection of host
cells, thereby allowing to consider or exclude the possible

involvement of a gene of interest.
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Background

Shigella is an enteroinvasive, Gram-negative bacterium that

causes shigellosis or bacillary dysentery in humans. Shigella is

responsible for significant morbidity and mortality,
particularly in young children (<5 years old) and
immunocompromised adults[l, 2]. In 2010, around 188 million

cases of shigellosis occurred globally, including 62.3 million
cases in childen younger than 5 years[3-5]. A vast majority of
the disease burden due to Shigella spp. can be attributed to S.
flexneri in the developing world and to S. sonnei in more

industrialized regions.

Shigella causes disease by invading the mucosa of the colon,
resulting in an intense acute inflammatory response. S. flexneri
has a low infection dose of only 10 to 100 bacteria[6]. The
bacterium spread via the fecal-oral route upon ingestion of
contaminated food or water and also via person-to-person

contact[7].

Shigella flexneri serovar 5a M90T is the laboratory reference
strain for S. flexneri. Indeed, the vast majority of our
knowledge on the molecular mechanisms of Shigella pathogenesis
has been obtained using S. flexneri M90T as model. The genome of
this strain is composed of one chromosome and one giant virulence

plasmid, called pWR100[8]. The pathogenesis of Shigella spp.
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strictly depends on the virulence plasmid, which encodes several
factors that are essential to invasion and subversion of host

defenses[9].

Owing to its primary importance, the virulence plasmid of S.
flexneri 5a M90T is the first genomic element that was sequenced
in this strain[l10]. However, the virulence plasmid (renamed
pWR501 in this study, because it was marked with a transposon to
select different regions of the plasmid) was sequenced with a
now obsolete technology (ABI377 sequencer, Applied
Biosystems)[10]. To sequence in ABI377 instruments, it was
necessary to nebulize the DNA and size fractionate it by agarose
gel electrophoresis to obtain fragments in the range of 0.7 to
2.0 kb, followed by cloning into cosmids for sequencing[1l0].
Using this protocol, the probability to lose some fragments or
to introduce mutations is high in comparison with new technology

such as PacBio[ll] that is cloning- and PCR-free.

So far, chromosomally encoded genes have received 1little
attention in Shigella research, as most of the work in this field
has been focused on the plasmid genes. However, some of the genes
codified on the chromosome could play an important role in
Shigella pathogenesis. The S. flexneri 5a M90T chromosome has
been sequenced and assembled[12], but unfortunately this

sequence is not complete as only a genome scaffold was obtained.
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Moreover, the assembly was prepared based on another S. flexneri

strain, namely S. flexneri serovar 5b 8401[13].

In conclusion, in spite of the wealth of molecular pathogenesis
data obtained with S. flexneri 5a M90T, we are still in need of

a complete and high-quality genome sequence for this strain.

Genes in prokaryotic cells can have more than one transcriptional
start site (TSS). Typically, transcription starts in position -
20 / -40 from the first translatable codon[1l4]. However, it is
already known that in many bacteria the transcriptional start
position is variable depending on the environment. Further, it
is also known that TSSs vary depending on how bacteria respond

to a specific stimulus[1l5].

Primary transcripts of prokaryotes carry a triphosphate at their
5’-ends. In contrast, processed or degraded RNAs only carry a
monophosphate at their 5’-ends[16]. The differential RNAseq
(dRNAseq) approach used here to determine TSSs, exploits the
properties of a 5’'-monphosphate-dependent exonuclease (TEX) to
selectively degrade processed transcripts, thereby enriching for
unprocessed RNA species carrying a native 5’'-triphosphate[l6].
TSSs can then be identified by comparing TEX-treated with
untreated RNAseq libraries, as they appear as localized maxima

in coverage enriched upon TEX-treatment[17].
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Here we present the full, high-quality, annotated genome of S.
flexneri serovar 5a M90T. Further, we identify all the genes
that are expressed during mid-exponential growth in tryptic soy
broth (TSB), the typical condition used for in vitro infections
with Shigella. Moreover, we determine all the active
transcriptional start sites during mid-exponential growth in TSB
and also detect some RNA regulatory elements that are localized

in the 5’'-UTR regions.

Results

Complete and gapless genome assembly of S. flexneri 5a M90T

To determine the genome sequence of S. flexneri serovar 5a strain
M90T whole-genome sequencing was conducted with 3 cells
sequencing in a PacBio single-molecule real-time (SMRT)
sequencing system. This generated a raw output of 93,316 subreads
with mean length of 8,387 bp and the longest read of 12,275 bp.
The sequences totaled 782,710,041 bp, which corresponds to ~157-
fold genome coverage. This coverage is high enough to correct

any possible sequencing error.

Genome assembly was carried out with Canu/1.7, feeding PacBio
raw data. This analysis generated two contigs without any gaps
and suggested circular replicons. For the larger contig, the

output from Canu retained 14,193 reads of 5,938 bp average read
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length, with a total contig length of 4,596,712 bp, suggesting
that this contig corresponds to the chromosomal replicon. For
the smaller contig Canu retained 1491 reads of 5938 bp average
read length, with a total length of 232,191 bp. The size of the
smaller replicon strongly suggests that it correspond to the
virulence plasmid. These two replicons are around the expected
size for the chromosome and virulence plasmid of S. flexneri 5a

M90T, according to previous results[10, 12].

Genome assembly polishing using RNAseq reads

We employed RNAseq results to polish the assembled genome, using
reads from RNAseq experiments performed on an Illumina HiSeq
system. For the first round of polishing, we used the assembled
genome as a reference to align the reads generated with RNA from
which the rRNA was depleted with RiboZero (RNAseqg-RZ) using the
BWA software. The RNAseq-RZ polish step allowed us to polish all
transcribed regions independently of posttranscriptional
processing, as with this method of rRNA depletion all other
classes of RNAs are retained. The resulting alignment was used
to feed Pilon for a second round of iterative genome assembly
polishing. This second round of polishing was performed with the
data set generated with RNA from which the rRNA was depleted
with 5’-phosphate-dependent Exonuclease (RNAseq-TEX) . The

polishing process was stopped when no further changes were
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observed in Pilon. The final polished genome assembly yielded
one chromosome of 4,596,714 bp length and the virulence plasmid
pWR100 with 235,195 bp of length. Both replicons were gap-free
and circular molecules. The full genome sequence was deposited
in GenBank with the accession numbers: CP037923 (chromosome) and

CP037924 (PWR100).

The genome sequence that we report here contains some substantial
differences compared to the previously sequenced genome[10, 12].
The chromosome of Shigella flexneri 5a M90T has 43,018 pb more
than the previous version of S. flexneri M90T Sm, a streptomycin
resistant derivative of M90T[12]. This can be explained by
technological advances. In fact, here genome sequence was
carried out with long read sequencing and the final genome
assembly resulted devoid of gaps. In the older study[l2] genome
sequencing was performed using Illumina technology, which yields
shorter reads. This can result in gaps during genome assembly,
especially in repetitive sequences. The virulence plasmid pWR100
alone has been previously sequenced two further times by
different groups. The first version[9] has 213,494 pb of length,
and contains many gaps. The second version[10] has 221,851 bp of
length, 8357 bp more than the first version. The sequence of
PWR100 that we are reporting here is 232,190 bp of total length,
10,339 bp more than in [10]. Again, technological advances can
explain these incongruences. Both previously sequenced versions

were obtained using ABI377 technology, which required the
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construction of a cosmid library for sequencing. This protocol
is prone to loss of DNA fragments, which could be the reason for

creating gaps in the sequence.

Another important characteristic of the S. flexneri 5a M90T
genome is its high content of insertion sequences and repeated
regions that further complicate the genome assembly process. The
PacBio sequencing protocol employed here is very well-suited to
avoid poor assembly especially with a genome with a high content
of repetitive or insertion sequences. In conclusion, the
approach used here allowed us to report the S. flexneri 5a M90T

genome sequence with much less errors.

Gene prediction and functional annotation

Gene prediction was carried out with three different pipelines;
a) RAST, b) PGAP/NCBI and c) PROKKA. The number of predicted
genes, RNAs and CDS were different for all three analyses
(table). This can at least in part be explained by the fact that
all the pipelines used for gene prediction and annotation employ
different database for homology searches. The RAST pipeline used
the Taxonomy ID: 1086030 from NCBI, which corresponds to S.
flexneri serotype 5a strain M90T. RAST was able to predict and
annotate 5,299 genes, but was unable to predict any ncRNA. The

pipeline PGAP/NCBI was less efficient for gene prediction and
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annotation. The PGAP pipeline was able predict and annotate 4,077
genes plus 784 pseudogenes (frameshifted=406, incomplete=305,
internal stop=166 and multiple problems=103). Gene prediction
and annotation with PROKKA was the most efficient pipeline. We
were able to predict and annotate 5,021 genes plus 220 ncRNAs
with this pipeline. The most relevant difference of PROKKA in
comparison with the other two pipelines is that PROKKA uses other
and multiple databases, namely Rfam, Aragon, RNAmmmer and

Prodigal, to find sequence homologies.

In other members of the Enterobacteriaceae family that have been
previously sequenced it has been shown that they have a high
number of pseudogenes (reference). Pseudogenes are generally
classified as a reminiscence of an evolutive process, but if
these genes are actively transcribed, it means that they can
play a role in the bacterial gene expression network under
specific condition, for example some of them could work as

regulatory RNAs.

TSS annotation

To obtain differential RNAseq (dRNAseq) data, RNA samples were

obtained from triplicate S. flexneri 5a M90T cultures grown in

Tryptic Soy Broth (TSB) at 37 °C and 180 rpm until OD4y,=0.3. This

resulted in a dataset of ~120 million reads mapped to the
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previously completed reference genome of S. flexneri 5a M90T. A
total of XXXXX TSS were automatically annotated based on the
dRNAseq data, evenly distributed on forward and reverse strands.
These were then categorized according to their position in
relation to annotated genes: TSS in intergenic regions, located
=300 nt upstream of the start codon and on the sense strand of
an annotated gene, were assigned as primary TSS (pTSS). TSS
within an annotated genes were assigned as internal sense (isTSS)
or antisense (asTSS) when they were found on the sense or
antisense strand, respectively. TSS in intergenic regions and
not associated with any gene were assigned as “orphan” (oTSS).
When TSS were positioned within 100 nt of a primary or orphan
TSS and on the same strand, they were designated as secondary

(STSS).

Length of 5’ UTRs and leaderless transcripts

The average length of the 5'UTR in S. flexneri 5a M90T is XXXX
nt (figure), with a distribution peak between XXX and XXX nt;
XXX % of 5'UTRs were between XXXX and XXXX nt long. This is in
the same range as other bacteria such as Salmonella enterica[l8],

Helicobacter pylori[l7] and Streptomyces coelicolor[1l9].

The length of a 5’'UTR can provide insight into the regulation of

gene expression. Long 5'UTRs may contain riboswitches or provide

11
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binding sites for small regulatory RNAs (reference). Leaderless
genes are translated by a different mechanism than genes with a
leader sequence, and have been shown to be differentially

regulated under stress conditions compared to leader-lead genes.

Promoter prediction and annotation based on dRNAseq

After completion of TSS annotation, we identified and annotated
promoters that were associated to transcribed genes or operons
based on dRNAseq results. For this purpose, specific promoter
motifs were mapped to sequences upstream of previously
identified TSSs. We were able to identify XXXXX active promoters

during growth in TSB.

Material and methods

Bacterial strain and culture condition

The Shigella strain that was used for sequencing was obtained
from Dr. Philippe Sansonetti, Institut Pasteur, Paris, France
[8]. Shigella flexneri serovar 5a M90T was cultured on tryptic
soy broth agar plates with 0.01% (w/v) Congo red (TSBA-CR). Red
colonies were selected to ensure the presence of the virulence

plasmid (pWR100). Overnight bacterial cultures were grown at 37°C

12
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in tryptic soy broth medium, subcultured 1:100, and grown at 37°C

in a shaking incubator at 150 RPM.

DNA purification and genome sequencing

Genomic DNA was isolated from overnight cultures of S. flexneri
5a M90T according to the kit manufacturer’s instructions (Wizar®
Genomic DNA purification kit, Promega, Inc.). Isolated DNA was
cleaned up as many times as necessary with phenol-chloroform
(until no white interphase between the water and organic phase
was forming)[20] to obtain a high quality and quantity of genomic
DNA (20 [lg) for PacBio 1library preparation[ll]. Library
preparation was carried out by Novogene. Sequencing was
performed using a PacBio RSII sequencer at Novogene Inc., Hong

Kong, China.

RNA purification and sequencing

S. flexneri 5a M90T was subcultured until OD¢,©,=0.3 and the
culture was mixed with 0.2 volumes of stop solution (95% EtOH
and 5% phenol pH 4, v/v)[20]. Samples were allowed to incubate
on ice for at least 30 min, but not longer than 2 h, to stabilize
the RNA and prevent degradation. After the incubation on ice,

the cells were harvested by centrifugation for 5 min at 13000

13
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RPM at 4°C using a table-top centrifuge. Cell pellets were frozen

with liquid nitrogen and stored at -80°C until RNA extraction.

Frozen cell pellets were thawed on ice and resuspended in lysis
solution (0.5% SDS, 20 mM sodium acetate pH 4.8, 10 mM EDTA pH
8). Bacterial cells were lysed by incubating the samples 5 min
at 65°C. Afterwards, total RNA was extracted using the hot-phenol
method[16]. Contaminating DNA was digested by DNase I (Roche; 1
U/[J]g RNA, 60 min, 37°C) in the presence of RNase inhibitor
(RNaseOUT, ThermoFisher Scientific; 0.1 U/[J1) followed by clean
up of RNA by phenol/chloroform/isoamyl alcohol and precipitation
of RNA by 2.5 volumes of ethanol containing 0.1 M sodium acetate
pH 5.5 and 20 [Jg of glycogen (Roche)[20]. Removal of residual
DNA was subsequently verified by control PCR using the oligos
SF-Hfg-F 5’'-ACGATGAAATGGTTTATCGAG-3' and SF-Hfg-R 5=
ACTGCTTTACCTTCACCTACA-3’, which amplify a 309 pb long product of

the hfg gene from S. flexneri 5a M90T.

The RNA concentration was measured using a NanoDrop ND-1000
spectrophotometer (Saveen & Werner AB, Limhamn, Sweden).
Thereafter, the integrity of the 16S and 23S rRNA was checked by
agarose gel electrophoresis, using 1% agarose in 1X TAE buffer

(40 mM Tris acetate, 1 mM EDTA at pH 8.3%#0.1).

The rRNA was depleted from three biological replicates of total

RNA with RiboZero (Illumina, Inc.). Library preparation and

14
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sequencing were performed at the EMBL Genomics Core Facility

(Heidelberg, Germany).

The rRNA from another set of three biological replicates was
depleted with Terminator-5’'-Phosphate-Dependent Exonuclease
(TEX) (Lucigene, Inc.). Library preparation and sequencing was
performed at Novogene, Inc. The libraries were constructed using
Illumina Genome Analyzer and were sequenced on an Illumina
HiSeq2000 platform (Illumina, Inc.) with a paired-end protocol
and read length of 150 nt (PE150), resulting in a total output
of roughly 20 million (M) per sample. All reads outputs were
checked for passage of Illumina quality standards[21, 22]. These
RNAseq results obtained from Novogene were used to polish the

genome assembly.

Genome assembly and annotation

De novo genome assembly was performed with the script
Canu/1.7[23] implementing the pacbio-raw option using all its
default parameters. Output files from Canu assembly were used as
input to polish the genome assembled with Pilon/1.22[24].
Polishing of genome assembly was done in two rounds: the first
one was carried out using the RNAseq output files from the
samples in which the rRNA was depleted with RiboZero (RNAseq-
RZ); the second one was carried out with the RNAseq results from

the samples in which the rRNA was depleted with TEX (RNAseq-

15
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TEX). Genome annotation and polishing was ran at Uppsala
Multidisciplinary Center for Advanced Computational Science

(UPPMAX) of SciLifeLab at Uppsala University, Sweden.

Annotation of assembled contigs was done using three different
pipelines: 1) NCBI Prokaryotic Genome Annotation Pipeline
(PGAP)[25], 2) prokka/l1l.12-12547ca[26] and 3) Rapid Annotation
using System Technology version 2.0 (RAST)[27]. Genome
annotation with Prokka was ran on the UPPMAX server facilities

at Uppsala University, Sweden.

The assembled and annotated genome was manually curated using
Artemis[28] for visualizing and editing the genome files. The
genome was deposited in GenBank with accession numbers CP037923

(chromosome) and CP037924 (virulence plasmid).

RNA treatment for transcriptional start site (TSS) determination

and sequencing

To determine transcriptional start sites, the RNA of three
biological replicates in which the rRNA had been depleted with
RiboZero (Illumina, Inc.) was used. To enrich for primary
transcripts, we exploited the property that primary bacterial
transcripts are protected from exonucleolytic degradation by

their triphosphate (5'PPP) RNA ends[l16], while RNAs containing

16
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a 5’ mono-phosphate (5'P) are selectively degraded[16, 17]. The
rRNA depleted RNA was split into two aliquots. One aliquot was
treated with Terminator 5’-Phosphate-Dependent Exonuxlease
(TEX+), the other aliquot was incubated only with TEX buffer
(TEX-) as a control. TEX treatment was carried out for 60 min at
30°C. One unit of TEX was used per 1 [|]g of rRNA depleted RNA.
Following organic extraction (25:24:1 v/v
phenol/chloroform/isoamyl alcohol), RNA was precipitated
overnight with 2.5 volumes of ethanol/0.1M sodium acetate (pH
5.5) and 20 [|lg of glycogen (Roche) mixture. After TEX treatment
both samples (TEX+ and TEX-) were treated with 5’ Pyro
phosphohydrolase (RppH) (NewEngland BioLabs, Inc.) to generate
5’-mono-phosphates for linker ligation, and again purified by
organic extraction and ethanol precipitation. RppH[29] treatment
was carried out for 60 min at 37°C. An RNA adaptor (5'-
GACCUUGGCUGUCACUCA-3’) was ligated to the 5’-monophosphate of
the RNA end by incubation with T4 RNA ligase (NewEngland BiolLabs,
Inc.), at 25°C for 16 h. As last step, the RNA adaptor that had
been 1ligated to the RNA was phosphorylated with T4 PNK

(NewEngland BioLabs, Inc.) at 37°C for 60 min.

A separate library was constructed for TEX- and TEX+ samples.
The libraries were constructed using Illumina Genome Analyzer
and sequenced on an Illumina HiSeq2000 platform (Novogene, Inc.)
with a paired-end protocol and read length of 150 nt (PE150),

resulting in a total output of roughly 20 million (M) per

17
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sample/library sequenced. All reads were checked for passage of

Illumina quality standards[21, 22].

Reads mapping of TSS library

Reads in the FASTQ format were cleaned up with
trimmomatic/0.36[30] to remove sequences originating from
Illumina adaptors and low quality reads. The files were aligned
with the previously assembled reference genome of S. flexneri 5a
M90T (accession numbers CP037923 and CP037924) with
bowtie2/2.3.4.3[31] using —X 1000 such that only mate pairs were
reported if separated by less than 1000 bp. A1l the other setting
were implemented with the default option. After alignment was
completed, samtools/1.9[32] was used to remove duplicates and
select for reads that were aligned in proper pairs. The number
of reads aligned to the reference genome was summarized using
coverageBed (part of the bedtools software package)[33]. Reads
per Kb/million reads (RPKM) was calculated as a measure of
expression of all genes individually[34] using the formula: RPKM
= number of mapped reads / total number of reads / gene length

x 1000,000,000.

Transcriptional start sites annotation and classification

18
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To map RNAseq output reads, reads were split by replicon,
converted to BAM format and sorted by position with Sam
tools/1.9[28]). These BAM files were used as input for TSSAR
(TSS annotation regime for dRNAseq data)[35] for automatic de
novo TSS annotation. Default parameters (p-value threshold
0.0001, noise threshold 2, merge range 5) were used for automatic
TSS annotation. For the analysis, the results from the three
biological replicates were pooled and TSS within 5 nt of each
other were clustered into one. Genome regions with read start
distribution that do not conform to Poisson distribution are
omitted from TSSAR analysis[35]. Such regions were then manually
annotated by scanning the respective wiggle files for
nucleotides with an abrupt increase in coverage. Transcriptional
start sites were classified according to their genomic context.
Peaks in an intergenic region and on the same strand as the
closest downstream gene were classified as primary. Peaks within
gene boundaries and on the same strand as the gene were qualified
as internal. Peaks within gene boundaries and on the opposite
strand from the gene were classified as antisense. All TSS
positions were assigned relative to the start of the associated
annotated gene. With the first base of the gene being positive

+1, all upstream position start with -1.
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Conclusions
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Table 1. Summary of PacBio raw data.

SF5aM90T 93,316 782,710,041 8,387 12,275

Table 2. Summary of features annotated by PROKKA, RAST and

PGAP/NCBI automatic annotation pipeline.

Feature PROKKA RAST PGAP/NCBI
Contigs 2 2 2
Bases 4,828,902 |4,828,902| 4,828,902
rRNA 22 22 22
mRNA 5,367 5,299 4,077
Gene 5,367 5,299 4,077
CDS 5,021 5,299 4,861
tRNA 103 123 102
ncRNA 220 0 7
Pseudogenes 0 0 784
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Figure 1. Circular map of the chromosome and the virulence
plasmid pWR100. The outer ring (grey) depicts the length of the
replicon, the inner rings (red) show the ORFs on both strands.
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Figure 2.

Schematics of categorisation of transcription start
sites into primary (pTSS), secondary (sTSS),
(isTSS),

internal sense
internal antisense (asTSS) and orphan (oTSS) based on
differential RNA sequencing.
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