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ABSTRACT

The WHO has recently classified Neisseria gonor-
rhoeae as a super-bacterium due to the rapid spread
of antibiotic resistant derivatives and an overall dra-
matic increase in infection incidences. Genome se-
quencing has identified potential genes, however, lit-
tle is known about the transcriptional organization
and the presence of non-coding RNAs in gonococci.
We performed RNA sequencing to define the tran-
scriptome and the transcriptional start sites of all
gonococcal genes and operons. Numerous new tran-
scripts including 253 potentially non-coding RNAs
transcribed from intergenic regions or antisense to
coding genes were identified. Strikingly, strong an-
tisense transcription was detected for the phase-
variable opa genes coding for a family of adhesins
and invasins in pathogenic Neisseria, that may have
regulatory functions. Based on the defined transcrip-
tional start sites, promoter motifs were identified.
We further generated and sequenced a high den-
sity Tn5 transposon library to predict a core of 827
gonococcal essential genes, 133 of which have no
known function. Our combined RNA-Seq and Tn-Seq
approach establishes a detailed map of gonococcal
genes and defines the first core set of essential gono-
coccal genes.

INTRODUCTION

Neisseria gonorrhoeae (GC) is the cause of gonorrhoea, one
of the most frequent sexually transmitted diseases. The ob-
ligate human-specific pathogens colonize the mucosal sur-
face of the urogenital tract but may also disseminate into
the blood stream to cause disseminated gonococcal disease.
The incidence of gonococcal infections increased in the last

years to more than 100 million annually (1). In addition,
multi-resistant gonococci spread globally which may result
in non-treatable gonorrhoea in the near future.

Many different factors have been characterized in gono-
cocci that support the pathogenic potential of GC. Type
IV pili mediate the initial attachment to mucosal cells and
are therefore important colonization factors (2). Proteins in
the outer membrane like the family of opacity-associated
(Opa) proteins mediate the initial attachment to, invasion
into and traversal through epithelial cells (3,4). To ac-
quire iron, GC takes up host transferrin and lactoferrin by
membrane-located transferrin and lactoferrin binding pro-
teins. GC are naturally competent for the uptake of their
own DNA which is recognized by virtue of the small 10 bp
5'-GCCGTCTGAA DNA uptake sequence (DUS) (5). Ap-
proximately 2000 copies of the DUS are present in GC, in-
dicating a frequent uptake and integration of free DNA into
the genome (6,7).

The genome of GC consists of about 2.24 Mb and con-
tains 2185 annotated genes (Broad Institute, release date
10/19/2012). Similar as in other naturally competent bacte-
ria, the gonococcal genome is highly dynamic and genomic
inversions, deletions and substitutions have been frequently
observed. Although extensive transcriptional regulation ac-
companies the infection process of GC, only 34 putative
transcriptional regulators (compared to more than 200 in
Escherichia coli) are found in N. gonorrhoeae (strain FA1090
GenBank AE004969) (8). This points at a limited transcrip-
tional regulation within the obligate human pathogen, po-
tentially caused by stable growth conditions within their re-
stricted niches. Of the 34 potential transcriptional regula-
tors, only 9 have been described in detail. Fur is the major
regulator for the adaptation to iron-stress conditions (9), fu-
marate and nitrate reduction regulator (FNR) functions as
an oxygen-sensing transcription factor (10), whereas NsrR
is induced by nitric oxide and is important for the regulation
of genes responsible for nitric oxide metabolism (11). RegF
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was identified to negatively regulate expression of gonococ-
cal pilE, coding for the major subunit of the type IV pili
(12). In addition, a MerR-like transcription factor, termed
NmIR (Neisseria MerR-like Regulator), was shown to be
an important regulator for survival of GC in the presence
of reactive nitrogen species (13). GC possess two regula-
tors specialized for peroxide stress response, the LysR-like
transcriptional regulator OxyR, which negatively controls
expression of catalase (14,15), and PerR, a metalloregula-
tory protein-like Fur (16), which controls the manganese-
dependent stress response to reactive oxygen species (17).
Finally, gonococci harbor two transcriptional regulators re-
sponsible for the control of efflux pump systems for hy-
drophobic compounds: the multiple transferrable resistance
regulator MtrR controls expression of the MtrCDE ef-
flux pump for hydrophobic agents (18) and additionally
influences the gonococcal susceptibility to penicillin (19),
whereas the fatty acid resistance regulator FarR represses
transcription of the FarAB efflux pump providing resis-
tance against long-chain fatty acids (20).

Similar as with transcriptional regulators, the diversity of
sigma factors present in GC is limited. RpoD (070) repre-
sents the GC house-keeping sigma factor but several alter-
native sigma factors have been described. RpoH (032), an
alternative sigma factor for heat shock response in GC and
the initial steps of an infection has been shown to be es-
sential for GC (21). The alternate sigma factor RpoN (22—
24) may not be functional as its deduced sequence lacks
the Helix-Turn-Helix motif necessary for DNA binding
(25-27). The ecf gene encodes a member of the extracyto-
plasmic function (ECF) family of sigma factors which re-
spond specifically to a variety of extracytoplasmic stimuli.
Ecf in gonococci controls a small regulon which contains
the msrAB gene that encodes an unusual methionine sul-
foxide reductase (28).

Very few small regulatory RNAs (sRNAs) have been
identified in Neisseria. A Fur-regulated sSRNA, called NrrF,
has been identified in meningococci (29) and gonococci
(30), that was upregulated under iron depleted conditions.
NrrF has been shown to be involved in the regulation of the
sdhA and sdhC genes (subunits of the succinate dehydro-
genase complex). Further transcriptional analysis revealed
that NrrF regulates the sdh operon in an Hfg-dependent
manner (31). A oE-dependent sSRNA of unknown func-
tion has been identified in N. meningitidis (32). Another
sRNA, AniS in meningococci (and the gonococcal homo-
logue FnrS) is synthesized under oxygen limiting conditions
(33,34). Recently, a sSRNA was identified in GC that acts in
cis and influences antigenic variation of pilE (35).

Here, we used differential RNA sequencing (IRNA-Seq)
and transposon insertion site (TIS) sequencing (Tn-Seq) to
map the GC transcriptome and identify genes essential for
gonococcal survival. We mapped transcriptional start sites
(TSS) of annotated genes, identified novel transcripts com-
prising candidate non-coding RNAs, polycistronic tran-
scripts as well as promoter sequences. By massively paral-
lel sequencing of a highly complex Tn5 transposon mutant
library we identified numerous essential genes, which may
provide new targets for anti-gonococcal therapy.

MATERIALS AND METHODS
Bacterial strains and growth conditions

N. gonorrhoeae strain MS11 (GenBank accession number
NC_022240.1) and the derivative strain N2009 ((36), P™,
Opa~, PorB4, Cam", Erm") were grown on GC agar plates
(Oxo1id), supplemented with vitamine mix (1%) and, if ap-
plicable, kanamycin (40 mg/1) for 14-16 h at 37°C in a hu-
midified 5% CO, atmosphere. For transformation of N. gon-
orrhoeae, piliated bacteria were selected by colony morphol-
ogy (37) under a stereo microscope. 5 x 10° bacteria were
mixed with 10 ng polymerase chain reaction (PCR) prod-
ucts in 50 pl PPM medium (15 g Proteose peptone; 5 g
sodium chloride; 0.5 g soluble starch; 1 g potassium dihy-
drogen phosphate; 4 g dipotassium hydrogen phosphate for
1 1; pH 7.2; 1% vitamin mix, 0.5% sodium hydrogen car-
bonate, 10 mM magnesium chloride, sterilized by filtration),
and spotted onto a GC agar plate. After overnight incuba-
tion, the bacteria were resuspended in PPM medium and
plated onto GC agar plates containing kanamycin for selec-
tion of transformants. For RNA extraction, GC were grown
in PPM medium as described for transformation at an OD
of 0.2 and grown at 180 revolutions per minute (rpm) at
37°C to an OD 0.4-0.5 (mid-logarithmic phase).

Isolation of bacterial RNA

Bacteria either grown on GC agar plates or in PPM medium
to the mid-logarithmic phase were resuspended in phos-
phate buffered saline (PBS) or harvested by centrifugation,
respectively. Bacterial pellets were washed twice in ice cold
PBS, resuspended in 1 ml of TRIzol reagent (Life Technolo-
gies) and frozen at —80°C. RNA isolation was performed
according to TRIzol RNA isolation procedure after me-
chanical disruption of bacteria using a FastPrep-24 System
and Lysing Matrix B tubes (MP Biomedicals). Briefly, af-
ter addition of 0.2 ml chloroform, vigorous shaking and in-
cubation at room temperature for 2 min, the samples were
centrifuged (12 000 g, 15 min, 4°C). The aqueous phase was
mixed with 0.5 mlisopropanol for RNA precipitation. After
centrifugation the pellet was washed with 1 ml 75% ethanol,
dried and then dissolved in RNase-free water. Quality of
the bacterial RNA was measured using a Bioanalyzer 2100
(Agilent).

Preparation of cDNA libraries for dRNA-Seq

dRNA-Seq analyses were performed in N. gonorrhoeae
strain MS11 by pyrosequencing (454, Roche) and Illumina
sequencing. cDNA cloning for pyrosequencing was done
as described before (38) but omitting size fractionation
of RNA prior to cDNA synthesis. Equal amounts of to-
tal RNA were used for the generation of all cDNA li-
braries. Primary transcripts of total RNA were enriched
by selective degradation of RNAs containing 5 mono-
phosphate (5'P) by treatment with a 5 P-dependent Ter-
minator exonuclease (TEX; Epicentre Biotechnology) (39).
Primary bacterial transcripts (most mRNAs and sRNAs)
are protected from exonucleolytic degradation by their tri-
phosphate (5PPP) RNA ends. For linker ligation RNA was



treated with tobacco acid pyrophosphatase to generate 5'-
mono-phosphates. After addition of specific 5'-linkers with
unique tags for each library and poly-A-tailing, the RNA
was converted into a cDNA library. cDNA libraries were
generated from total RNA and total RNA enriched for pri-
mary transcripts from bacteria grown in PPM medium from
two biological replicates. These four libraries were then se-
quenced on a Roche/454 GS-FLX system using the ‘Ampli-
con A’ and the ‘SR70 sequencing Kkits’.

A second set of cDNA libraries was prepared from GC
grown on GC agar plates and subjected to high through-
put sequencing on the Illumina platform. Bacterial colonies
from different incubation times (12-48 h) were collected and
resuspended in ice cold PBS. An equivalent of 50 ODss
bacteria (~1.5 x 10'%) was collected by centrifugation (4000
rpm, 4°C) and resuspended in 0.8 ml of lysis buffer (20 mM
Tris pH 8, 150 mM KCI, 1 mM MgCl,, 1 mM DTT), and
disrupted with 0.8 ml glass beads (Roth, 0.1 mm diameter)
by rigorous vortexing (30 s burst followed by 30 s chill on
ice) for 5 min. The cleared lysate was subjected to DNase
I digestion using 1U DNase per g, a portion of RNA
in the supplied reaction buffer for 30 min at 37°C. RNA
was then isolated by phenol/chloroform/isoamyl alcohol
(PCI) extraction and precipitation of RNA by 2.5 volumes
of ethanol containing 0.1 M sodium acetate at —20°C for 60
min and a washing step with 80% ethanol at —20°C. RNA
was treated with DNase I to digest remaining DNA. There-
fore, RNA was incubated with 1U DNase I (Fermentas)
per pg of RNA in the supplied reaction buffer for 30 min
at 37°C and subsequently extracted by another PCI extrac-
tion step. Half of the amount of RNA was treated with TEX
(Epicentre Biotechnology) according to the manufacturer’s
protocol followed by another PCI extraction. Both, TEX-
treated and TEX-untreated RNA were then used to con-
struct cDNA libraries by Vertis Biotechnologie AG (Mu-
nich, Germany), which were subsequently sequenced on a
Solexa GAIIx machine.

Analysis of dARNA-Seq data

Adapter, primer and poly A sequences were trimmed from
reads of all dRNA-Seq libraries via cutadapt 1.2.1 (40) if
there was a minimum overlap of five nucleotides at read
ends with a maximum mismatch ratio of 0.1 between se-
quence patterns and reads. The resulting reads with less
than 14 remaining bases were excluded from further anal-
yses. The removed sequence pattern for Illumina dRNA-
Seq libraries was AAAAAAAAAAAA'. Additionally, the
adapter sequence ‘GACCTTGGCTGTCACTCA’ was re-
moved in Roche 454 dRNA-Seq libraries. Curated sequence
reads were mapped on the ring chromosome (2 233 640
bp) and the plasmid (4153 bp) sequences of N. gonor-
rhoeae MS11 version 4 (N. gonorrhoeae group Sequencing
Project, Broad Institute of Harvard and MIT (http://www.
broadinstitute.org/)) via Bowtie 2.0.2 (41). Mapping param-
eters were set for ‘very-sensitive global’ alignments. Subop-
timal alignments and alignments with three or more muta-
tions between reads and reference genome were removed to
reduce the false read mapping rate.

Curated read alignments were used to calculate read cov-
erage along the reference genome representing the number
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of reads covering a base using the R package ‘IRanges’ ver-
sion 1.18.3. For reads mapping to multiple positions, each
location was proportionally weighted according to the num-
ber of mapping positions. Graph files containing the cover-
age tracks for each dRNA-Seq library were generated for
the plus and minus strand. The computed coverage tracks
of the eight dRNA-Seq libraries (2x TEX-treated 454, 2x
untreated 454, 2x TEX-treated Illumina, 2x untreated Il-
lumina) were visualized in parallel along the genome us-
ing IGB 7.0.3 (42). TSS and transcriptional end sites (TES)
were identified manually by examining characteristic ex-
pression profiles in at least two tracks for each transcript.
Information of manually annotated TSS and TES were
combined with coding sequence (CDS) annotated by the
Broad institute. For further analyses, the gene starts were
defined either by TSS (if a TSS was identified and the gene
is the first gene in the transcript) or alternatively by the CDS
start. The gene ends were defined by the CDS end (if a CDS
annotation was available) or alternatively by the TES. For
the Illumina dRNA-Seq library, gene expression was quan-
tified and normalized as reads per kilobase of gene model
per million of mapped reads (RPKM) (43). The RPKM cut-
off to classify a genomic region of interest as expressed was
defined as 75% quantile of RPKM values of intergenic re-
gions.

Riboswitch detection

To detect riboswitches in the MSI11 genome, covariance
models containing RNA sequence and structure models of
the Rfam 11.0 database (44) were downloaded, including 26
different riboswitch families. Cmscan of Infernal 1.1 pack-
age (45) was used to search the MS11 genome, using the
default scoring. Hits with an e-value less than 1.0 were re-
ported.

Analysis of promoters

For the promoter analyses sequences of the promoter re-
gions (—1 to —70 upstream of annotated TSS) have been
extracted from genes with annotated TSS. Only promoter
regions of protein coding genes (comprising a CDS) with
manually annotated primary transcription start sites have
been included, yielding a set of 890 promoters of length 70
bp. This sequence set has been used for all subsequent anal-
yses. To identify significantly enriched sequence patterns
(motifs) in the promoter regions, we used MEME (Mul-
tiple EM for Motif Elicitation; (46)). This algorithm dis-
covers de novo significantly overrepresented conserved re-
gions. Briefly, motifs are represented by gapless position-
dependent base-probability matrices which describe the
probability of each possible base at each position in the pat-
tern. In contrast to motif search approaches where the po-
sition of a priori given motifs are searched in the sequences,
here using a motif discovery algorithm the position of the
motif and the motif itself (position-specific base frequen-
cies) are identified simultaneously. For the motif analysis
a local installation of MEME version 4.9.1 (46,47) was es-
tablished. A zero or one occurrence model (zoops, assum-
ing that each distinct motif occurs maximally one time in a
promoter) was chosen and motifs between 5 and 20 bases
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in length have been searched using an E-value threshold of
0.001 where a maximal number of 10 motifs was allowed.

In the similarity network analysis all promoter sequences
were compared by all against all pairwise optimal local
alignments using the Smith—Waterman algorithm as imple-
mented in Biostrings using R (http://www.R-project.org/,
version 3.0.1). Prior to the alignment calculations of the
DUS ‘TTCAGACGGCAT’ and its reverse complement
have been masked in all promoter sequences. Due to the
compositional bias in the promoter sequences (overrepre-
sentation of A/T versus G/C, Supplementary Figure S3B)
a composition adjusted scoring matrix based on the Felsen-
stein model (48) has been estimated (see Supplementary
Figure S3B). For all alignments linear gap costs of —7 were
used. For all alignment scores empirical P-values were cal-
culated based on background scores derived from pairwise
alignments of randomly sampled sequences with the same
base composition and length (Supplementary Figure S3C).
All observed scores above a threshold the 99.999% quantile
of the background distribution (corresponding to an align-
ment score of 71.04) have been considered as significant.
Multiple sequence alignments of promoter sequences have
been calculated using ClustalX (49). Promoter region align-
ments have been visualized by ESPript (50) and the WebL-
ogo server (51).

Northern blot analysis of SRNAs

To confirm the expression and size of putative transcripts
total RNA from GC was separated on a denaturing 15%
polyacrylamide gel containing 8 M urea. Electrophore-
sis was performed in 1x TBE buffer at 150 V for ~3 h.
After transferring the RNA onto a nylon membrane by
wet blotting in 0.5x TBE at 25 V for 1 h, it was cova-
lently cross-linked by ultraviolet irradiation. For the spe-
cific detection of putative SRNAs 24-mer DNA oligonu-
cleotides antisense to the RNAs were end labeled with
(y3*?P)-adenosine triphosphate (ATP). Membranes were hy-
bridized with the respective probes (Supplementary Table
S5) at 42°C for 6 h in hybridization buffer (Rapid-Hyb,
GE Healthcare) and washed twice with washing buffer (2 x
SSC, 0.1% sodium dodecyl sulphate (SDS)) at 45°C. Blots
were exposed to phosphor storage screens (Fujifilm) which
were then scanned by Typhoon 9200 imager (GE Health-
care).

Homology search in N. gonorrhoeae FA1090 and

NCCP11945

Homology searches were performed in the N. gonorrhoeae
strains FA1090 and NCCP11945 for the gene annota-
tions based on the combined information of manual TSS
and TES, as well as CDS annotations. This was realized
via strand-specific local alignments between nucleotide se-
quence of the genes versus peptide sequences of all known
and hypothetical FA1090 and NCCP11945 proteins using
NCBI-BLAST 2.2.28+ (52). For each gene, the best hit in
the protein database was reported if the E-value was less
than 0.001.

Transposon library construction

N. gonorrhoeae N2009 (MS11, P*, Opa~, PorBjs, Cam',
Erm") was used for transposon library generation, since
this strain was fully transformation competent and in ad-
dition carried the PorBjs derivative mediating PorBja-
dependent invasion (36). Genomic DNA was extracted us-
ing the NucleoSpin Tissue kit (Macherey-Nagel) and 0.5 pg
genomic DNA was mutagenized with 0.12 pmol Tn5 trans-
poson in vitro (EZ-Tn5™ <KAN-2> Insertion Kit, Epi-
centre Biotechnologies) and then purified by phenol extrac-
tion and ethanol precipitation. The mutagenized DNA was
mixed with 1 U T4 DNA polymerase (Fermentas), 2 nmol
dNTPs and incubated at 11°C for 20 min followed by heat
inactivation at 75°C for 10 min. After phenol extraction and
ethanol precipitation, the mutagenized DNA was ligated by
5 U T4 DNA ligase (Fermentas) at 16°C overnight and fi-
nally precipitated for transformation. 0.1 pg mutagenized
DNA was mixed with 50 pl suspension of N. gonorrhoeae
N2009 (ODssonm = 0.32) and incubated for 24 h on a GC
agar plate and then colonies were transferred to GC agar
plates supplemented with kanamycin and incubated for 48
h at 37°C. This was repeated six times resulting in a library
harboring about 100 000 individual colonies. The colonies
were harvested in PPM medium, mixed with 100% glycerol
to a final concentration of 25% (v/v) and then stored at
—80°C.

Tn-Seq sample preparation and Illumina sequencing

The pellet of the mutant library generated in strain N2009
was divided into two parts to generate two separate libraries
(library A and library B). The sequencing samples were
prepared in parallel from these two libraries to test the
reproducibility of the method. In order to isolate neisse-
rial genomic DNA, the neisserial pellet was resuspended
in 500 pl GTE buffer containing 200 wg/ml RNase A
and 0.1% SDS and was incubated at 42°C for 10 min un-
til the solution was clear. The lysate was transferred to a
Phase Lock Gel™ tube (5 PRIME GmbH) and purified
by phenol-chloroform extraction and ethanol precipitation.
Purified genomic DNA was sheared by sonication (Ban-
delin Sonorex RK 255S) with 10 pulses of 60 s duration fol-
lowed by pauses of 30 s. Sheared DNA was blunted and A-
tailed by New England Biolabs (NEB) end repair and dA-
tailing modules according to the manufacturer’s instruc-
tions. Equimolar quantities of primers ‘Adaptor sense’ and
‘Adaptor antisense’ (Supplementary Table S5) were mixed
in ‘oligo annealing buffer’ (10 mM Tris-HCI, pH 7.5, 100
mM NaCl, 1 mM EDTA). The mixture was heated for 5
min at 94°C and was allowed to slowly cool to room tem-
perature over an hour to form DNA adaptors. Note that
0.4 nmol annealed adaptors were ligated to 0.5 wg A-tailed
DNA with T4 DNA ligase (Fermentas) at 16°C overnight.
The ligation products in a range of 250-400 bp were size-
selected by gel extraction (Fermentas).

Enrichment of DNA fragments containing parts of the
transposon was performed by PCR with primers com-
plementary to the adaptor and to the transposon mosaic
end sequence (-TnSeq-PE-Index2 for library A, TnSeq-PE-
Index3 for library B and P5-ME; Supplementary Table S5)
according to the manufacturer’s instructions. Both primers
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contain Illumina-specific sequences that are complemen-
tary to two specific capture oligonucleotides on the Illumina
flow cell. PCR products of 250-300 bp were size-selected
and gel purified prior to Illumina sequencing.

DNA fragments containing transposon mosaic ends were
bound on an Illumina flow cell and amplified on the Illu-
mina cluster station. DNA was sequenced on an Illumina
HiSeq 2000 sequencer using 101 bp sequence cycles with a
sequence primer that binds to the transposon mosaic end
(Tn-Seq Primer; Supplementary Table S5). The resulting
101 bp long reads start exactly with the nucleotide next to
the TIS. The library-specific barcode is sequenced by Tn-
Seq index SP which binds to the adaptor sequence next to
barcode (Tn-Seq index SP; Supplementary Table S5).

Analysis of Tn-Seq data

Adapter, primer and poly A sequences were trimmed
from reads of all Tn-Seq libraries via cutadapt 1.2.1 (40)
if there was a minimum overlap of five nucleotides at
read ends with a maximum mismatch ratio of 0.1 be-
tween sequence patterns and reads. The resulting reads
with less than 14 remaining bases were excluded from fur-
ther analyses. Reads of Tn-Seq libraries were trimmed by
the Illumina adapter sequence ‘AGATCGGAAGAGCG-
GTTCAGCAGGAA. Curated sequence reads of Tn-Seq
libraries were mapped simultaneously on the ring chro-
mosome (2 233 640 bp) and the plasmid (4153 bp) se-
quences of N. gonorrhoeae MSI11 version 4 (N. gonor-
rhoeae group Sequencing Project, Broad Institute of Har-
vard and MIT (http://www.broadinstitute.org/)) via Bowtie
2.0.2 (41). Mapping parameters were set for ‘very-sensitive
global’ alignments. Suboptimal alignments and alignments
with three or more mutations between reads and reference
genome were removed to reduce the false read mapping rate.

To identify TIS, alignment start positions of mapped
reads were extracted for both Tn-Seq libraries. Each po-
sition on the genome, covered by at least one alignment
start position, was annotated as TIS. The essentiality of
genes was predicted by testing for TIS underrepresenta-
tion, assuming as null-hypothesis, that TIS were uniformly
distributed over the genome. The identified TIS on the
ring chromosome were permuted and for each permuta-
tion the number of TIS was counted gene-wise. The per-
mutation and counting steps were repeated 10 000 times.
Subsequently, empirical P-values were calculated for each
gene based on the null distribution. According to Benjamini
and Hochberg (53), the P-values were corrected for multiple
testing, controlling the false discovery rate.

Site-directed mutagenesis of GC genes and promoters

To delete genes or replace native promoters with Ptrc, N.
gonorrhoeae strain MS11 was transformed with linear DNA
constructs, which recombined into the chromosome and re-
placed the respective genes with a kanamycin resistance cas-
sette. The DNA constructs were generated in a two-step
overlap PCR reaction. First, an ~500 bp sequence upstream
of the transcription start site of the respective SRNA gene
was fused to a kanamycin resistance cassette (primer pairs
up_s, adding a DUS, and up_as, or Kan_s and Kan_as). In
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the second step, a 500 bp downstream flanking region of
the sSRNA gene was added (primers down_s and down_as).
Transformants were validated by sequencing and northern
blot detection.

Functional enrichment in essential genes

Protein sequences of (respectively not essential) CDS de-
fined as essential, were mapped on the COG (cluster of or-
thologous genes) database (prokaryotic proteins) via RPS-
BLAST to identify COG families and classes (54). COG
classes with unknown function or less than five hits were
removed from further analyses. To test for enrichment of
essential genes in COG classes, Fisher’s exact test was per-
formed (55). Resulting P-values were corrected for multiple
testing (53).

Genetic footprinting

Genetic footprinting on GC transposed DNA fragments
from in vitro and in vivo libraries was performed to validate
a subset of the candidate identified essential genes as de-
scribed before (56-59). First, the predicted essential gene
regions were amplified from N. gonorrhoeae MS11 strain
N2009 chromosome by PCR reaction. Then, the purified
PCR products were transposed in vitro by Tn5 transpo-
son and the gaps in transposed products were repaired with
T4 DNA polymerase followed by T4 DNA ligase as de-
scribed above. A part of transposed DNA as in vitro li-
brary was used for PCR-based footprinting. Then, trans-
posed DNA was transformed into N. gonorrhoeae N2009
and the mutants were selected on GC agar plates supple-
mented with kanamycin. The mutants were collected in
PPM medium supplemented with 2.5 mM MgCl, and 0.1
mM CacCl,, and incubated with 1 U/ml Dnase I (Fermen-
tas) at 37°C for 30 min to remove remaining extracellular
transposed DNA. Subsequently, the mutants were passaged
to a new GC-kan plate. After several passages on these se-
lective plates, genomic DNA of the mutants’ pool was iso-
lated by phenol-chloroform extraction and ethanol precipi-
tation as described above. The genomic DNA from the mu-
tants as in vivo library was used for PCR-based footprint-
ing. Genetic footprinting was carried out as described (56—
59) by using a transposon-specific primer (Tn ME sequence,
Supplementary Table S5) and primers specific to each chro-
mosomal region (Supplementary Table S5). PCR reactions
consisted of 200 ng transposed DNA fragments from in
vitro or in vivo, 50 pmol of each primer, 10 nmol dNTPs,
2.5 U Taq DNA polymerase (Genaxxon) and 0.4 U Phu-
sion DNA polymerase in 1x buffer S in a 50 pl reaction.
The PCR program was as follows: 30 s at 95°C; 30 cycles of
94°C for 30 s, 58°C for 30 s and 68°C for 30 s + 10 s per cy-
cle. PCR products were analyzed by gel electrophoresis on
1% agarose gel.

Conditional knockout analysis

To validate a subset of putative essential genes condi-
tional knockout assays were performed. For this purpose
we exchanged the promoter of the respective genes with
an Isopropyl-B-D-thiogalactopyranosid (IPTG)-inducible
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Ptrc promoter flanked by a kanamycin resistance cas-
sette. The Ptrc promoter was PCR-amplified with the
primer pair Ptrc-F and Ptrc-R (Supplementary Table S5)
and as a template the Hermes-10 vector (60) was used.
The PCR product was subsequently cloned into pGEM-
T (Promega) according to the manufacturer’s instructions.
The kanamycin resistance cassette containing the neis-
serial DUS (5-atgccgtetgaa-3/(5,61)) was amplified from
pCR2.1-Tn5-DUS using oligonucleotides Kan-Spel-F and
Kan-Sacl-R. The PCR fragment was restricted with the
endonucleases Spel and Sacl and was inserted in an ac-
cordingly restricted pGEM-T-Ptrc resulting in pGEM-T-
kan-Ptrc. The kan-Ptrc cassette was amplified with primers
Ptrc-R and Kan-cassette-R (Supplementary Table S5) us-
ing pGEM-T-kan-Ptrc as a template. Approximately 500
bp long regions upstream and downstream of the targeted
promoter were combined with the kan-Ptrc cassette via fu-
sion PCR (rib-up-f and rib-up-r for amplification of up-
stream region, rib-down-f and rib-down-r for downstream
region; Supplementary Table S5). The resulting PCR frag-
ment was purified and used for transformation of N. gonor-
rhoeae MS11 wild-type strain. Bacteria were plated on se-
lective GC plates containing 40 pg/ml kanamycin. Success-
ful promoter replacement was verified by amplifying the re-
spective genomic region via PCR and subsequent sequenc-
ing. Afterwards, the mutants were conjugated with N. gon-
orrhoeae MS11 N220 (containing a lacl9 expression cassette
on pTH10a (60)) and selected on GC agar plates containing
40 pg/ml kanamycin, 7 pg/ml erythromycin and 0.5 mM
IPTG. Essentiality of the gene of interest was checked by
growth defect when IPTG was omitted.

RESULTS
The transcriptome of N. gonorrhoeae MS11

The preliminary annotation of the N. gonorrhoeae MS11
genome (version 4) consists of 2185 CDS (2176 CDS on the
chromosome, 9 CDS on the plasmid) (N. gonorrhoeae group
Sequencing Project, Broad Institute of Harvard and MIT,;
http://www.broadinstitute.org/) and 67 automatically anno-
tated ncRNAs. We augmented the MS11 genome annota-
tion and performed a homology search in existing protein
coding genes of strains FA1090 (GenBank) or NCCP11945
(GenBank), yielding 2036 and 2232 homologs, respectively.
For 304 of the 2576 annotated genomic features, no homol-
ogous region was found in either FA1090 or NCCP11945.
Interestingly, we identified homologies to protein coding
genes in FA1090 or NCCP11945 strains for 26 novel tran-
scripts that were absent in the primary MS11 CDS annota-
tion (Supplementary Table S1).

To define the transcriptome of N. gonorrhoeae, RNA was
isolated from strain MS11 either grown on GC agar plates
or in liquid media for subsequent deep sequencing of total
RNA. Treatment of the RNA with TEX enabled the exact
determination of TSS at single nucleotide resolution as pre-
viously demonstrated for other human-pathogenic bacteria
(39).

To achieve a more comprehensive view of the transcrip-
tion activity and to avoid potential technological restric-
tions, cDNA libraries were generated from two biological
replicates with and without Tex-treatment and analyzed

by Illumina and 454 sequencing. Thus, a total of eight
cDNA libraries were sequenced by Illumina and 454 tech-
nologies resulting in a total of over 17.6 million sequence
reads (see Table 1). After removing adapter sequences, 17.5
million (99.4%) of the sequences were longer than 14 nt
and 17.1 million (96.9%) of the reads could be mapped on
the N. gonorrhoeae MS11 (V4) genome. Suboptimal read
alignments and read alignments with more than three mis-
matches or indels were removed. The remaining 16.5 mil-
lion reads yielded 23.2 million alignments (94.3%) that were
used to generate read coverage tracks. Manual identification
of transcriptional start and end sites (TSS and TES, respec-
tively) was carried out by comparing TEX-treated with un-
treated read tracks thereby identifying 1172 primary TSS.
Note that 46 secondary TSS were located downstream of
primary TSS (Supplementary Table S1). In addition, 133
TSS were located within annotated CDS. Furthermore, 283
operons encoding a total of 771 protein coding genes were
identified (Figure 1A). The operon with 10 ORFs, the high-
est number of CDS identified, coded for ribosomal proteins.
The second largest was the ATP synthase operon consist-
ing of 9 CDS. Four additional TSS were identified on the
cryptic plasmid. The homology search for these four novel
transcripts yielded a significant similarity to the hypotheti-
cal protein NGK _p0002, hypothetical protein NGK_p0003
and Amidophosphoribosyl transferase of NCCP11945.

Based on this TSS map, we calculated the length of
5" leader sequences (5" untranslated regions; 5-UTR) for
the 919 mRNAs with assigned primary TSS (Figure 1B).
Leader sequences of the majority of mRNAs varied be-
tween 20 and 70 nt in length with a median of 54 nt.
Leader sequences longer than 100 nt were found for 271
mRNAs; 32 leaders encompassed even more than 400 nt
(Figure 1B). The by far longest leader with 4176 nucleotides
was found for ss¢T, a serine/threonine transporter (locus id
NGFG_01933; for further details see below). By contrast,
NGFG_04253 (transposase), NGFG_01109 (hypothetical
protein) and NGFG_00745 (Methylated DNA protein cys-
teine methyltransferase) are transcribed as leaderless mR-
NAs. The lengths of 3-UTRs ranged from 0 up to almost
2000 nt, whereas the median was 57 nt and thus slightly
larger than the median of 5-UTRs (54 nt; Figure 1C).

A total of 93 genes were re-annotated, since their
TSS is located downstream of the annotated translational
start (Supplementary Table S2) including, for example, D-
alanyl-D-alanine carboxypeptidase (NGFG_00246), ATP-
dependent DNA helicase DinG (NGFG_01619) and a non-
functional sigma factor 054 (NGFG_01677) (26).

Genes with tandem promoters and two or more TSS
have been identified for 62 genes. Out of these, 42 genes
contained primary as well as secondary TSS and 23 genes
were transcribed from a primary and an internal TSS. Ex-
amples for genes with primary and secondary TSS are a
lipoprotein coding gene (NGFG_00049) and a zinc-binding
alcohol dehydrogenase (NGFG_00324). For genes with pri-
mary as well as internal TSS, cytochrome ¢ biogenesis pro-
tein (NGFG_00240) and disulfide bond formation protein
B (NGFG_02168) are exemplary. Only gene NGFG_04218
encoding for a hypothetical protein was identified with pri-
mary, secondary and internal TSS (see Supplementary Ta-
ble S2).
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Table 1. cDNA sequencing results, adapter removal and mapping overview

Illumina A Illumina A Illumina B Illumina B
No. of reads -TEX +TEX -TEX +TEX 454 C -TEX 454 C+TEX 454D -TEX 454 D +TEX
Sequenced 5410513 322399% 2153437 5589 533 299 475 328 427 322 146 299 755
Processed 5373804 3214281 2129 429 5582207 292 628 322252 313 940 288 842
Mapped 5318 864 3209 065 2084 169 5576 139 280 501 315114 89 925 206 705
Uniquely 2484119 2887125 925437 5489 994 169 728 200 189 45887 98 145
Mapped

For each of the 2526 genomic regions on the chromo-
some, sense and antisense expression was quantified and
normalized as RPKM values (reads per kilobase of gene
model per million of mapped reads). The mean of sense
expression was 1895 RPKM, while the mean of antisense
expression was 91 RPKM (see Figure 1D). Thereby, sense
expression is over 20 times as strong as antisense expres-
sion. Normalized expression within intergenic regions was
slightly less than antisense expression (mean 75 RPKM). A
genomic region was categorized as transcribed, if its RPKM
value was greater than 41.7 RPKM. A number of 846 CDS
were below this transcriptional threshold and 94 CDS even

yielded less than 1.0 RPKM which were thus defined as not
transcribed under these experimental conditions.

Novel non-coding transcripts

Additionally, we identified 253 novel transcripts without
an existing CDS annotation (Supplementary Table S2). Of
these non-coding transcripts, 59 mapped to intergenic re-
gions, which is typical for small regulatory RNAs (sR-
NAs) (62-64). To unambiguously identify these non-coding
RNAs, the nomenclature NgncR_001 — NgncR_253 (for
N. gonorrhoeae non-coding RNA) was introduced, with
the numbers in the transcript names corresponding to
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the genomic order. The transcription of 9 of these pu-
tative sSRNAs was validated by northern blotting (Fig-
ure 2A, Supplementary Figure S1). Among the latter were
also homologues of the previously published neisserial
sRNAs Fur-regulated NrrF (NgncR_236)(29), o E sRNA
(NgncR_011)(32) and the oxygen responsive FnrS/AniS
(NgncR _094)(34). We created deletion mutants of the pu-
tative novel SRNAs NgncR _011, NgncR_036, NgncR_094,
NgncR_162 and NgncR_198. By comparing northern blots
of wild-type and deletion mutants the expression of these
putative SRNAs was verified (Figure 2A). Exemplarily, the
sequence reads for the two putative SRNAs NgncR _198 and
NgncR_011 are depicted in Figure 2B.

Antisense transcription

Strand-specific RNA-Seq approaches offer the oppor-
tunity to detect RNAs that are transcribed antisense to
open reading frames (ORFs). We have discovered antisense
transcripts for 194 genes that make up 16% of all primary
transcripts detected. Gonococci contain a CDS of 5882
nucleotides that is a homologue of the Bordetella pertussis
filamentous hemagglutinin (NGFG_01087; Supplementary
Figure S2A). Despite a predicted promoter upstream of
the start codon, expression of the protein has never been
reported. Our RNA-Seq analysis indeed revealed a very
strong promoter activity and a defined TSS, however,
NGFG_01087 full size transcripts are rare. Two small and
one larger antisense transcripts (NgncR_145) were detected
suggesting a role of antisense RNA transcripts in regulation
of NGFG_01087. Other interesting and unexpected cases
for potential antisense regulation include the genes for Opa
protein family. Nine of the 11 opa genes exhibit strong
antisense transcription either as part of a long leader
sequence of a gene transcribed antisense downstream
of the opa gene (NGFG_04228, NGFG_04222) or as a
non-coding transcript (NGFG_04296; NGFG_04295;
NGFG_04209; NGFG_02238; NGFG_04124;
NGFG_04090; NGFG_04076). The very long 755 bp
leader sequence of gene NGFG_00699 (hypothetical pro-
tein, Supplementary Figure S2B) is antisense to the opa
gene NGFG_04222. An example for an antisense regulation
of an opa gene is given by the novel transcript NgncR_179
which overlaps with more than 250 bp antisense to opa
gene NGFG_02238 (Supplementary Figure S2C).

Potential antisense regulation by very long leader se-
quences was also found for other genes. For example,
the 515 nt leader of NGFG_00458 (4-hydroxybenzoate
octaprenyltransferase) overlaps with 245 nt antisense to
NgncR_035 and 31 bp antisense to NgncR_034. The
latter transcript also reaches as antisense transcript
NGFG_00456 (chorismate pyruvate lyase) upstream of
NGFG_00458 (Supplementary Figure S2D). Since both
proteins are part of the ubiquinone biosynthesis pathway
it is possible that these transcripts antisense to leaders have
regulatory functions.

Phage clusters

At least five large clusters of phage-related genes are
present in strain MSI11 that share homology to phages

previously described in strain FA1090 (65) (NGFG_00618
- NGFG.01272 of 43.8 kbp homologous to Ngodl;
NGFG_00651 - NGFG_02078 of 41.9 kbp homologous to
Ngo®2; NGFG_01323 - NGFG_02102 of 26.6 kbp homol-
ogous to Ngo®3; NGFG_04316 - NGFG_00715 of 13.3
kbp homologous to Ngo®4; NGFG_01070 - NGFG_01054
of 10.2 kbp homologous to Ngo®5). With the exception
of several hot spots, these genomic regions were mainly
transcriptionally silent (Figure 3). Some of the active genes
code for homologues of phage repressor proteins (e.g. gene
NGFG_01312; Figure 3) involved in maintenance of phage
lysogeny.

Riboswitch detection

Riboswitches are defined regions of mRNAs to which cer-
tain metabolites bind to alter transcription or translation.
So far, no riboswitches have been identified in Neisseria.
A genome-wide riboswitch analysis based on the 26 ri-
boswitch families annotated in the Rfam 11.0 database re-
vealed six hits on the ring chromosome and no hits on the
plasmid (see Supplementary Table S3). All six hits were lo-
cated in the 5-UTR of protein-coding genes, all in a maxi-
mal distance of 12 bp adjacent to the annotated transcrip-
tion start sites. While for some riboswitches the motif start
was identified even upstream of TSS, all conserved and
structure forming nucleotides were downstream of the TSS
as expected. The 5-UTRs of the six identified riboswitch
regulated genes ranged between 47 and 303 bp with a me-
dian of 180.5 bp and thus are notably longer than the aver-
age 5-UTR with a median of 54 bp.

Using this approach, highly significant candidates for
the widespread thiamine pyrophosphate responsive ri-
boswitches (66) (NGFG_01842; NGFG_01876), a glycine
family riboswitch (67) (NGFG_01512) and a riboswitch in-
volved in the biosynthesis of queuosine (68) (NGFG_02134)
have been identified. Another queuosine riboswitches
(NGFG_00267) and a riboswitch for S- adenosylmethio-
nine (69)(NGFG_00245) were also predicted but did not
reach significance.

Gonococcal promoters frequently contain DUS

Next we conducted a genome-wide promoter analysis us-
ing motif and similarity network approaches. We focused
on promoter regions of protein coding genes with manually
annotated primary TSS. Regions spanning 70 nt upstream
of 890 annotated TSS have been extracted from the MS11
genome yielding a total of 58 995 bases of putative promoter
regions and comprising 2.645% of the entire genome.

In a classical motif analysis we identified enriched se-
quences in the promoter regions. As expected the most
abundant motif was the Pribnow box, which was detected
in all 890 promoters (Figure 4A). A classical TTGACA —35
box sequence was found in only 30 promoter sequences
(Figure 4D), suggesting that an E. coli-like 070 promoter
is absent in most of the protein coding genes in gonococci
(Figure 4C). The second-most abundant motif was the DUS
TTCAGACGGCAT with 170 occurrences in the promoter
regions. Relative to the transcriptional direction of the cor-
responding gene, 101 DUS sequences were identified in for-
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ward and 69 in reverse orientation. This denotes a weak ori-
entation bias toward the transcriptional direction of the re-
lated gene (P-value = 0.0122). In 34 promoter regions out
of those with a DUS motif in forward direction, the DUS
is located within a window of 10 bases around the —35 po-
sition. A multiple sequence alignment of these promoters
shows a highly conserved DUS motif upstream of a highly
conserved Pribnow box (Figure 4B). The positional distri-
bution of both motifs in these sequences with the central
DUS is depicted in Figure 4C. Approximately a third of
the DUS motifs were located inside of the annotated ter-
minator regions, which have been described to be associ-
ated to DUS motifs. However, more than 70% of identified
DUS motifs were positioned inside promoter relevant re-
gions. Another motif identified by these analyses contained
the consensus sequence of a classical RpoH promoter (Sup-
plementary Figure S3A) that has been identified for other
gonococcal genes before (70).

To identify potentially co-regulated genes we performed
a comprehensive sequence similarity analysis of all pro-
moter regions, followed by network analysis of the resulting
promoter clusters. All-against-all pairwise sequence com-
parisons of all promoter regions yielded a similarity ma-
trix based on the scores of 395 605 alignments. Further-
more, we generated a set of random sequences with the

same base composition as the observed promoter region,
to contrast the observed alignment scores against the ran-
domized background distribution (Supplementary Figure
S3C). Using a score threshold based on this background
distribution we constructed a promoter similarity network
consisting of 138 promoters and 173 significant similarity
relations between them. The largest component of this net-
work comprises 30 promoters with 85 high similarity rela-
tionships. Among others, this cluster includes 11 hypothet-
ical proteins and a tightly connected cluster of 9 opacity
proteins (Figure 4E). The second largest component com-
prises 7 promoters and 15 edges, whereas the third cluster
of 5 genes includes ComEA proteins and a loosely linked
queuine tRNA-ribosyltransferase (NGFG_00439). The re-
maining network clusters into small components of pro-
moter pairs and triplets.

Identification of essential genes

To define the core of essential genes in GC we established a
genome-wide random transposon mutant library in N. gon-
orrhoeae MS11 (Supplementary Figure S4). Chromosomal
DNA from GC was subjected to in vitro Tn5 mutagenesis,
mutated DNA was transformed into GC and recombinant
bacteria were selected for kanamycin resistance. More than
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100 000 individual colonies were obtained and subsequently
pooled (Supplementary Figure S4A). Genomic DNA from
this pool was extracted, fragmented and ligated to Illumina
PE adaptors (see Materials and Methods for details). Selec-
tive amplification of the genomic sequences adjacent to TIS
was performed by PCR and the products were sequenced
on a [llumina HiSeq-2000 next-generation sequencing plat-
form using a custom sequencing primer that binds to the
transposon mosaic end (Supplementary Figure S4B). Thus,
the location of the TIS can be identified with single nu-
cleotide resolution. Two different sequence runs yielded 84
335 (Library A) and 86 327 (Library B) TIS (Table 2). The
intersection set of libraries A and B consisted of 57 840
TIS resulting in 112 822 distinct TIS. The highly correlated
(Pearson’s correlation coefficient p = 0.994; P-value < 2.2e-
16) TIS sets of libraries A and B were merged to one com-
bined TIS data set for further analyses.

For each of the 2576 genomic regions containing protein-
coding, non-coding and novel transcripts the number of dis-
tinct TIS is shown in Supplementary Table S1. The number
of TIS per gene varied between 0 and 705, with a median
of 29 (Figure 5B). The TIS numbers are correlated to the
length of the genomic regions (Pearson’s correlation coeffi-
cient 0.70, P-value < 2.2e-16; see Figure SA), demonstrat-
ing that the TIS were uniformly distributed over the nor-
malized length of the genomic regions with a slightly higher
frequency at the 5'- and 3’-ends of the significantly ‘essen-
tial” genomic regions (see Supplementary Figure S5A).

We assigned P-values for gene essentiality assuming uni-
form transposon insertion rates across the whole genome
and neutral fitness costs (Supplementary Figure S4C) (71).
Based on this test, 827 genes were found to be significantly
depleted in TIS (P-values < 0.05) out of which 286 genes
are in operon structures and 230 genes showed low expres-
sion levels (see Supplementary Figure SSB). Since transpo-
son insertions in a non-essential gene might disrupt the ex-
pression of an essential gene downstream within the same
operon, we excluded genes in operons to avoid identifica-
tion of false positives. Additionally, we included the ex-
pression information gained by RNA-Seq (see above), since
expression of a gene is mandatory for defining it as es-
sential. In total 353 of the 2562 genomic features on the
ring chromosome that were not arranged in an operon
showed significant underrepresentation of TIS in combina-
tion with normalized expression values of more than 41.7
RPKM (Supplementary Figure S5B). These were desig-
nated as essential for GC survival and growth (Supplemen-
tary Table S4). These include, for example, the methyltrans-
ferases (HphlA, NGFG_04087 and HphlB, NGFG_01806;
Figure 5C), which play a role in restriction modifica-
tion. Only very few TIS were detected in the coding re-
gion of NGFG_04087 and NGFG_01806 (P = 0.00061
for both; Figure 5C). By contrast, the genes upstream
and downstream of the operon comprising NGFG_04087
and NGFG_01806, NGFG_01809 and NGFG_01803, dis-
play high TIS density which results in P-values of 1
and 0.99, respectively, thereby defining NGFG_01809 and
NGFG_01803 as non-essential genes (Figure 5C). Further-
more, all aminoacyl-tRNA synthetase genes and seven out
of the eight subunits of the multimeric DNA polymerase I11
were identified as essential (Supplementary Table S4). The

remaining gene NGFG_00714 (epsilon subunit, P = 1) was
unlikely to be essential. Interestingly, NGFG_00762 (P =
0.00061) also encodes an epsilon subunit and thus might
functionally replace NGFG_00714. Our study also con-
firmed several genes (P < 0.01) that have been previously
identified as essential: Omp85 (NGFG_01715, P =0.00061)
(72), PorB (NGFG_01725, P = 0.00061) (73) and the al-
ternative sigma factor RpoH (NGFG_00430, P = 0.00636)
(21).

Many of the predicted essential genes are required for
fundamental biological processes, including amino acid
transport, DNA replication, translation and cell wall
biosynthesis (Figure 5D). Interestingly, up to 16.3% (135
genes) of the predicted essential genes are hypothetical
proteins. We validated essentiality for a subset of these
genes. For instance, we performed a genetic footprinting as-
say (56-59) in the genomic region of NGFG_01048-01053
(736587-732215). The uncharacterized gene NGFG_01049
(P=0.00061) as well as NGFG_01051 encoding ferredoxin-
NADP"* reductase (P = 0.00061) are predicted essential
genes based on their P-values. PCR products correspond-
ing to an insertion in these genes in vivo were rarely de-
tected on an agarose gel when compared to the PCR prod-
ucts obtained from in vitro template. However, PCR prod-
ucts corresponding to an insertion in the surrounding non-
essential genes were detected. These data are in agreement
with the insertion patterns detected in Tn-Seq (Supple-
mentary Figure S6A) and illustrate that NGFG_01049 and
NGFG_01051 are indeed essential in N. gonorrhoeae. Con-
ditional knockout assays were performed to test essential-
ity of other putative essential genes. The predicted pro-
moter sequence 117 bp upstream of a transcript encoding
the 50S ribosomal proteins L35 and L20 (NGFG_00442
and NGFG_00443) was exchanged by a Kanamycin-Py
cassette. The Py, promoter is IPTG-inducible as lacl4 can
bind there as a repressor. In the recombinant strains the
expression of the genes of interest thus can be selectively
inhibited by omitting IPTG. The Ptrc promoter mutants
NGFG_00442-00443 are able to grow on GC-plates supple-
mented with 0.5 mM IPTG but show growth defects when
IPTG is omitted. These data indicate that the ribosomal
protein-encoding genes NGFG_00442 and NGFG_00443
(P =0.00061 and 0.00245, respectively) are essential for GC
growth (Supplementary Figure S6B).

In addition to conditional knockout assays and DNA
footprinting analysis, several putative essential genes were
validated by monitoring the growth of gonococci after dele-
tion of the respective genes. Bacteria were not viable as soon
as genes like PorB (NGFG_01725, P = 0.00061), the beta-
ketoacyl acyl-carrier protein synthase II (NGFG_01674,
P = 0.00061) or the uridylate_kinase (NGFG_01912, P =
0.00111) were deleted. In parallel, knockout experiments
were performed of non-essential genes like the FKBP-type
peptidyl-prolyl cis-trans isomerase FkpA (NGFG_02032,
P = 0.8841), a hypothetical protein NGFG_01393 (P =
1) and an ABC-transporter ATP-binding protein/permease
(NGFG_01643, P = 1) and these mutants were viable (data
not shown).
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Figure 5. Tn-Seq analysis. (A) Scatterplot of TIS counts versus gene length. Red dots show genes with significantly lower TIS counts while green dots
represent genes which are not significant. Triangles symbolize dots outside the borders of the plot. (B) Distribution of TIS counts per gene. (C) Distribution
of identified TIS (black vertical lines) on a segment of the N. gonorrhoeae MS11 genome. For each position, the number of TIS in range of 200 nt in
both directions was plotted. CDS annotations (light green) and transcript annotations (dark green) on plus and minus strands were visualized. The non-
essential genes NGFG_01803, NGFG. 04088 and NGFG_01809 have dense TIS, while essential modification methylases HphIA (NGFG_04087) and
HphIB (NGFG-01806) display very few insertions and thus constitute essential genes. The potential promoter region of TRANS_1808 (modification
methylases HphIA and HphIB) upstream of NGFG_04087 shows no TIS and, therefore, seems to be essential as well. (D) Relative COG class distribution
of all CDS (dark gray) and of essential CDS (light gray). Significantly enriched or depleted COG classes are marked with stars.
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Table 2. Tn sequencing, processing and mapping results

No. of reads A B A+B

Sequenced 54 346 653 30 541 365 84 888 018

Processed 38 534 885 17 804 632 56 339 517

Mapped 36 258 405 16 360 608 52619013

Unique TIS 84 335 86 327 112 822

DISCUSSION constitutively transcribed from strong promoters but most

The recent emergence of multi-resistant strains of GC calls
for the development of new anti-gonococcal therapies. A
straightforward approach is the identification of new gono-
coccal target proteins that fulfill essential functions and are
thus potential targets for anti-gonococcal drugs. A classical
common approach was the in silico prediction of metabolic
pathways based on the genome sequences as well as tran-
scriptome and proteome analysis that helped to identify po-
tential targets. In contrast to this predictive approach, we
have used a combination of dRNA- and Tn-Seq to inves-
tigate the detailed gene structure and the set of essential
genes in N. gonorrhoeae. The experimental identification of
the gonococcal core gene set unveiled numerous new genes
without known function as well as previously described es-
sential genes.

We have applied dRNA-Seq which comprises the enzy-
matic depletion of RNAs with 5’ monophosphates to define
the TSS of gonococcal genes to the single nucleotide level.
As expected, most of the TSS are congruent with the anno-
tated CDS. In addition, 253 mainly newly identified tran-
scripts were located either antisense to predicted CDS or in
intergenic regions indicating that these transcripts are part
of a yet undiscovered level of gene regulation in gonococci.
However, many of the annotated transcripts could not be
detected in our sequences despite the high depth of sequenc-
ing. These genes may constitute pseudo-genes or they are
either expressed at very low levels or under different growth
conditions. We also did not expect to find TSS for all anno-
tated genes since, despite the highly dynamic nature of the
gonococcal genome, genes are also organized in operons in
N. gonorrhoeae. The operon structure can be predicted by
comparing reads derived from total RNA with those from
enriched TEX-treated RNASs. In enriched libraries, TSS are
detected only for the first gene of the operon. This approach
allowed for the first time the definition of 283 operons in
gonococci yet with an average gene number of only 2.7.

Of the novel non-coding transcripts, 59 were found in in-
tergenic regions and very likely belong to the class of reg-
ulatory sSRNA including the previously characterized iron-
regulated NrrF (30) or FnrS that is upregulated under oxy-
gen limitation (34). Since target prediction for bacterial sR-
NAs is still difficult (74), the role of this large number of
regulatory RNAs is still unknown. GC belongs to the class
of bacteria that express the conserved RNA-binding pro-
tein Hfq involved in sSRNA-mediated regulation of mRNA
stability and translation (75). Deletion of Hfq in gonococci
altered the mRNA levels of 369 CDS (76), pointing to a
profound and global role of neisserial SRNAs in gene regu-
lation.

An entirely unexpected finding was the strong antisense
transcription of 9 of the 11 opa genes. All opa genes are

of these genes are out of frame due to changes in pen-
tameric repeats (CTCTT) within the leader peptide encod-
ing sequence (77). Belland ez al. previously described an in-
complete synthesis of opa mRNA from out-of-frame genes
and speculated on a rho-dependent downregulation of non-
translated opa RNAs (78). However, a non-translated pilE
RNA was not degraded in these strains (78), indicating that
turnover of non-translated opa RNAs differs from that of
other non-translated RNAs. Since we found no evidence
for antisense transcription in pilE mRNA, antisense con-
trol could be the mechanisms how GC controls mRNA lev-
els of phase variable out-of-frame opa genes. In this model,
non-translated opa mRNA may bind to the antisense tran-
scripts and be degraded by ribonuclease III. Translation
of in-frame opa mRNA may interfere with binding of an-
tisense transcripts and thereby prevent degradation. This
mechanism would ensure that the vast majority of useless
out-of-frame opa mRNAs are immediately recycled and do
not accumulate.

The precise definition of TSS by sequencing enriched li-
braries enabled us to search for motifs 70 bp upstream of the
transcription start. A classical RpoD (a70) -10 consensus
sequence motif (TAHAAT) was identified for 890 promot-
ers of coding genes. Most of these genes, however, missed a
classical —35 box (TTGACA) which was only detected for
30 genes. Interestingly, the DUS was identified upstream of
170 CDS. Out of these 34 promoters contained an inverted
DUS at the —35/—37 region that could constitute a classi-
cal —35 RpoD box with two point mutations (TTCAGA).
It is interesting to speculate that the DUS may have evolved
as part of the classical gonococcal promoter. The position
precisely upstream of the CDS would ensure the uptake and
processing of potentially active gonococcal genes.

We further generated a complex Tn5 transposon library
and established an Illumina-based Tn-Seq method to de-
fine the core of essential genes in gonococci. Due to the
very high sequence coverage TIS were detected in nearly all
genes although with extremely different frequencies. Only
the application of statistical analysis allowed us to predict
unequivocally the genes with significant underrepresented
TIS which represent genes that support gonococcal fitness
in rich medium. The identification of these essential genes
is particularly important since GC acquired multiple an-
tibiotics resistances over the last decades and essential gene
products are excellent targets for new antibiotics. The ap-
proach chosen here provided a large list of potential anti-
gonococcal targets some of which have an enzymatic func-
tion and are thus potentially druggable. In addition, devel-
opment of drugs that target more than one of these essen-
tial gene products will significantly reduce the occurrence of
new antibiotic resistances. Furthermore, the comprehensive



transcriptomic data together with this list of essential genes
is also a valuable source to better understand the physiol-
ogy of this important pathogen since information about the
expression and essentiality is provided for each single gene.

Besides a direct crucial role for the fitness of gonococci,
some of these factors may affect viability in a more indi-
rect way. For example, essential genes NGFG_00630 (ho-
mologous to NGO_0479 of Ngo®1 in FA1090 (65)) and
NGFG_02188 (homologous to NGO_1116 of Ngod2 in
FA1090 (65)) are homologues of the lambda repressor cl
(65) and may reactivate a lysogenic phage upon inacti-
vation. Another interesting example is provided by the
NGFG_00971 gene that originally has been annotated as
hypothetical protein. A scan with the RASTA-Bacteria pre-
diction tool (Rapid Automated Scan for Toxins and Anti-
toxins in Bacteria, (79)) identified NGFG_00971 as anti-
toxin. Inactivation of NGFG_00971 may release the toxic
activity of NGFG_00972 and thus cause direct killing of
mutated derivatives rather than affecting gonococcal fitness.

We applied additional criteria to further subdivide the
large list of genes with significantly underrepresented TnS
insertions. The top 353 essential genes are neither organized
in operons and, based on our dRNA-Seq data, are all ex-
pressed under the conditions chosen to generate the library.
Genes with underrepresented Tn5 insertions that are orga-
nized in operons may have an essential function but it is also
possible that the Tn5 integrations affect the expression of
downstream genes with essential function. Likewise, poten-
tially essential genes with no significant expression at the
time of analysis may be expressed under different condi-
tions and thus provide a fitness advantage. Clearly, not all
the genes identified as essential are indispensable for gono-
coccal survival. For example, Hfq has been identified by us
as essential with a very high significance although deletion
mutants are viable with a strongly reduced fitness though
(71). Many other genes identified by our approach are well-
known to be involved in housekeeping functions like trans-
lation, DNA replication and division (Figure 5SD). Further-
more, proteins like, e.g. Omp85 (72), the PorB porin (73,80)
and the sigma factor RpoH (21) are known to be indispens-
able for gonococcal survival and were identified with high
significance. Genetic footprinting experiments and knock-
out studies with several thus far unknown essential gono-
coccal genes demonstrated in addition the robustness of our
Tn-Seq approach.

In summary, we provide here the first comprehensive
analysis of the TSS and the definition of essential genes of
the major pathogen N. gonorrhoeae. The applied strategy
has several advantages since the combined definition of the
gene structure and activity together with its function pro-
vides a new quality of information. Our basic analyses fo-
cused on growth conditions on rich medium, however, the
full potential of the approach will be exploited in future by
investigating different infection conditions. This new insight
into the regulation and function of disease-related genes will
hopefully help to develop effective strategies to combat this
highly adapted human pathogen.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

Nucleic Acids Research, 2014, Vol. 42, No. 16 10593

ACKNOWLEDGEMENTS

We acknowledge the support of Julia Sprenger for Tn-
library generation during the initial stage of the project.
Bruno Huettel and Kurt Stueber (MP-GC Koln) are ac-
knowledged for their support of sequence analysis, Carsten
Ade und Elmar Wolf for help in designing the mutagenesis
strategy.

FUNDING

Bundesministerium fiir Bildung und Forschung (BMBF)
[NGFN 01GS08200 to R.R. and T.R.]; China Scholarship
Council (CSC) [to Y.X.]. This publication was funded by
the German Research Foundation (DFG) and the Univer-
sity of Wuerzburg in the funding programme Open Access
Publishing.

Conflict of interest statement. None declared.

REFERENCES

1. WHO. (2012) Global incidence and prevalence of selected curable
sexually transmitted infections - 2008.

2. Swanson,J., Robbins,K., Barrera,O., Corwin,D., Boslego,J., Ciak,J.,
Blake,M. and Koomey,J.M. (1987) Gonococcal pilin variants in
experimental gonorrhea. J. Exp. Med., 165, 1344-1357.

3. Hauck,C.R. and Meyer, T.F. (2003) ‘Small’ talk: Opa proteins as
mediators of Neisseria-host-cell communication. Curr. Opin.
Microbiol., 6,43-49.

4. Gray-Owen,S.D. (2003) Neisserial Opa proteins: impact on
colonization, dissemination and immunity. Scand. J. Infect. Dis., 35,
614-618.

5. Goodman,S.D. and Scocca,J.J. (1988) Identification and arrangement
of the DNA sequence recognized in specific transformation of
Neisseria gonorrhoeae. Proc. Natl. Acad. Sci. U.S. A., 85, 6982-6986.

6. Kroll,J.S., Wilks,K.E., Farrant,J.L. and Langford,PR. (1998) Natural
genetic exchange between Haemophilus and Neisseria: intergeneric
transfer of chromosomal genes between major human pathogens.
Proc. Natl. Acad. Sci. U.S.A., 95, 12381-12385.

7. Smith,H.O., Gwinn,M.L. and Salzberg,S.L. (1999) DNA uptake
signal sequences in naturally transformable bacteria. Res. Microbiol.,
150, 603-616.

8. Schielke,S., Frosch,M. and Kurzai,O. (2010) Virulence determinants
involved in differential host niche adaptation of Neisseria
meningitidis and Neisseria gonorrhoeae. Med. Microbiol. Immunol.,
199, 185-196.

9. Jackson,L.A., Ducey,T.F., Day,M.W., Zaitshik,J.B., Orvis,J. and
Dyer,D.W. (2010) Transcriptional and functional analysis of the
Neisseria gonorrhoeae Fur regulon. J. Bacteriol., 192, 77-85.

10. Householder,T.C., Belli, W.A., Lissenden,S., Cole,J.A. and Clark,V.L.
(1999) cis- and trans-acting elements involved in regulation of aniA,
the gene encoding the major anaerobically induced outer membrane
protein in Neisseria gonorrhoeae. J. Bacteriol., 181, 541-551.

11. Overton, T.W., Whitehead,R., L1,Y., Snyder,L.A., Saunders,N.J.,
Smith,H. and Cole,J.A. (2006) Coordinated regulation of the
Neisseria gonorrhoeae-truncated denitrification pathway by the nitric
oxide-sensitive repressor, NsrR, and nitrite-insensitive NarQ-NarP. J.
Biol. Chem., 281, 33115-33126.

12. De Reuse,H. and Taha,M.K. (1997) RegF, an SspA homologue,
regulates the expression of the Neisseria gonorrhoeae pilE gene. Res.
Microbiol., 148, 289-303.

13. Kidd,S.P, Potter,A.J., Apicella, M.A., Jennings,M.P. and
McEwan,A.G. (2005) NmIR of Neisseria gonorrhoeae: a novel redox
responsive transcription factor from the MerR family. Mol.
Microbiol., 57, 1676-1689.

14. Seib,K.L., Wu,H.J., Srikhanta,Y.N., Edwards,J.L., Falsetta,M.L.,
Hamilton,A.J., Maguire, T.L., Grimmond,S.M., Apicella,M.A.,
McEwan,A.G. et al. (2007) Characterization of the OxyR regulon of
Neisseria gonorrhoeae. Mol. Microbiol., 63, 54-68.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku762/-/DC1

10594 Nucleic Acids Research, 2014, Vol. 42, No. 16

15.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30

31.

32.

33.

34.

Tseng,H.J., McEwan,A.G., Apicella,M.A. and Jennings,M.P. (2003)
OxyR acts as a repressor of catalase expression in Neisseria
gonorrhoeae. Infection Immunity, 71, 550-556.

. Mongkolsuk,S. and Helmann,J.D. (2002) Regulation of inducible

peroxide stress responses. Mol. Microbiol., 45, 9-15.

. Wu,H.J., Seib,K.L., Srikhanta,Y.N., Kidd,S.P., Edwards,J.L.,

Maguire,T.L., Grimmond,S.M., Apicella,M.A., McEwan,A.G. and
Jennings,M.P. (2006) PerR controls Mn-dependent resistance to
oxidative stress in Neisseria gonorrhoeae. Mol. Microbiol., 60,
401-416.

. Hagman,K.E. and Shafer, W.M. (1995) Transcriptional control of the

mtr efflux system of Neisseria gonorrhoeae. J. Bacteriol., 177,
4162-4165.

. Folster,J.P., Dhulipala,V., Nicholas,R.A. and Shafer,W.M. (2007)

Differential regulation of ponA and pilMNOPQ expression by the
MtrR transcriptional regulatory protein in Neisseria gonorrhoeae. J.
Bacteriol., 189, 4569-4577.

Lee,E.H. and Shafer, W.M. (1999) The farAB-encoded efflux pump
mediates resistance of gonococci to long-chained antibacterial fatty
acids. Mol. Microbiol., 33, 839-845.

Du,Y., Lenz,J. and Arvidson,C.G. (2005) Global gene expression and
the role of sigma factors in Neisseria gonorrhoeae in interactions
with epithelial cells. Infection Immunity, 73, 4834-4845.
Boyle-Vavra,S., So,M. and Seifert,H.S. (1993) Transcriptional control
of gonococcal pilE expression: involvement of an alternate sigma
factor. Gene, 137, 233-236.

Fyfe,J.A., Strugnell,R.A. and Davies,J.K. (1993) Control of
gonococcal pilin-encoding gene expression in Escherichia coli. Gene,
123, 45-50.

Carrick,C.S., Fyfe,J.A. and Davies,J.K. (1997) The normally silent
sigma54 promoters upstream of the pilE genes of both Neisseria
gonorrhoeae and Neisseria meningitidis are functional when
transferred to Pseudomonas aeruginosa. Gene, 198, 89-97.
Cannon,W., Missailidis,S., Smith,C., Cottier,A., Austin,S., Moore,M.
and Buck,M. (1995) Core RNA polymerase and promoter DNA
interactions of purified domains of sigma N: bipartite functions. J.
Mol. Biol., 248, 781-803.

Laskos,L., Dillard,J.P, Seifert,H.S., Fyfe,J.A. and Davies,J.K. (1998)
The pathogenic neisseriae contain an inactive rpoN gene and do not
utilize the pilE sigma54 promoter. Gene, 208, 95-102.

Doucleff,M., Malak,L.T., Pelton,J.G. and Wemmer,D.E. (2005) The
C-terminal RpoN domain of sigma54 forms an unpredicted
helix-turn-helix motif similar to domains of sigma70. J. Biol. Chem.,
280, 41530-41536.

Gunesekere,I.C., Kahler,C.M., Ryan,C.S., Snyder,L.A.,
Saunders,N.J., Rood,J.I. and Davies,J.K. (2006) Ecf, an alternative
sigma factor from Neisseria gonorrhoeae, controls expression of
msrAB, which encodes methionine sulfoxide reductase. J. Bacteriol.,
188, 3463-3469.

Mellin,J.R., Goswami,S., Grogan,S., Tjaden,B. and Genco,C.A.
(2007) A novel fur- and iron-regulated small RNA, NrrF, is required
for indirect fur-mediated regulation of the sdhA and sdhC genes in
Neisseria meningitidis. J. Bacteriol., 189, 3686-3694.

. Ducey,T.F., Jackson,L., Orvis,J. and Dyer,D.W. (2009) Transcript

analysis of nrrF, a Fur repressed sSRNA of Neisseria gonorrhoeae.
Microbial Pathogen., 46, 166-170.

Metruccio,M.M., Fantappie,L., Serruto,D., Muzzi,A., Roncarati,D.,
Donati,C., Scarlato,V. and Delany,I. (2009) The Hfg-dependent small
noncoding RNA NrrF directly mediates Fur-dependent positive
regulation of succinate dehydrogenase in Neisseria meningitidis. J.
Bacteriol., 191, 1330-1342.

Huis in ‘tVeld,R, Willemsen,A.M., van Kampen,A.H., Bradley,E.J.,
Baas,F., Pannekoek,Y. and van der Ende,A. (2011) Deep sequencing
whole transcriptome exploration of the sigmaE regulon in Neisseria
meningitidis. PloS ONE, 6, €29002.

Fantappie,L., Oriente,F., Muzzi,A., Serruto,D., Scarlato,V. and
Delany,I. (2011) A novel Hfg-dependent sSRNA that is under FNR
control and is synthesized in oxygen limitation in Neisseria
meningitidis. Mol. Microbiol., 80, 507-523.

Isabella,V.M. and Clark,V.L. (2011) Deep sequencing-based analysis
of the anaerobic stimulon in Neisseria gonorrhoeae. BMC Genom.,
12, 51.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.
47.
. Felsenstein,J. (1981) Evolutionary trees from DNA sequences: a
49.

50.

51
52.

53.

54.

56.

57.

58.

59.

Cahoon,L.A. and Seifert,H.S. (2013) Transcription of a cis-acting,
noncoding, small RNA is required for pilin antigenic variation in
Neisseria gonorrhoeae. PLoS Pathog., 9, e1003074.

Faulstich,M., Bottcher,J.P., Meyer, T.F., Fraunholz,M. and Rudel,T.
(2013) Pilus phase variation switches gonococcal adherence to
invasion by caveolin-1-dependent host cell signaling. PLoS Pathog., 9,
¢1003373.

Kellogg,D.S. Jr, Cohen,I.R., Norins,L.C., Schroeter,A.L. and
Reising,G. (1968) Neisseria gonorrhoeae. I1. Colonial variation and
pathogenicity during 35 months in vitro. J. Bacteriol., 96, 596-605.
Berezikov,E., Thuemmler,F., van Laake,L.W., Kondova,I.,
Bontrop,R., Cuppen,E. and Plasterk,R.H. (2006) Diversity of
microRNAs in human and chimpanzee brain. Nat. Genet., 38,
1375-1377.

Sharma,C.M., Hoffmann,S., Darfeuille,F., Reignier,J., Findeiss,S.,
Sittka,A., Chabas,S., Reiche,K., Hackermuller,J., Reinhardt,R. et al.
(2010) The primary transcriptome of the major human pathogen
Helicobacter pylori. Nature, 464, 250-255.

Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EM Bnet. J., 17, 10-12.

. Langmead,B. and Salzberg,S.L. (2012) Fast gapped-read alignment

with Bowtie 2. Nat. Methods, 9, 357-359.

Nicol,J.W., Helt,G.A., Blanchard,S.G. Jr, Raja,A. and Loraine,A.E.
(2009) The Integrated Genome Browser: free software for distribution
and exploration of genome-scale datasets. Bioinformatics, 25,
2730-2731.

Mortazavi,A., Williams,B.A., McCue,K., Schaeffer,L. and Wold,B.
(2008) Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods, S, 621-628.

Burge,S.W., Daub,J., Eberhardt,R., Tate,J., Barquist,L.,
Nawrocki,E.P., Eddy,S.R., Gardner,P.P. and Bateman,A. (2013) Rfam
11.0: 10 years of RNA families. Nucleic Acids Res., 41, D226-D232.
Nawrocki,E.P. and Eddy,S.R. (2013) Infernal 1.1: 100-fold faster
RNA homology searches. Bioinformatics, 29, 2933-2935.

Bailey, T.L. and Elkan,C. (1994) Fitting a mixture model by
expectation maximization to discover motifs in biopolymers. Proc.
Int. Conf. Intell. Syst. Mol. Biol., 2, 28-36.
R-Development-Core-Team. (2011) Vienna, Austria.

maximum likelihood approach. J. Mol. Evol., 17, 368-376.
Larkin,M.A., Blackshields,G., Brown,N.P., Chenna,R..,
McGettigan,P.A., McWilliam,H., Valentin,F., Wallace,I.M.,
Wilm,A., Lopez,R. et al. (2007) Clustal W and Clustal X version 2.0.
Bioinformatics, 23, 2947-2948.

Gouet,P, Robert,X. and Courcelle,E. (2003) ESPript/ENDscript:
extracting and rendering sequence and 3D information from atomic
structures of proteins. Nucleic Acids Res., 31, 3320-3323.
Crooks,G.E., Hon,G., Chandonia,J.M. and Brenner,S.E. (2004)
WebLogo: a sequence logo generator. Genome Res., 14, 1188-1190.
Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J.
(1990) Basic local alignment search tool. J. Mol. Biol., 215, 403-410.
Benjamini, Y. and Hochberg,Y. (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J. R. Stat.
Soc., 57, 289-300.

Wu,S., Zhu,Z., Fu,L., Niu,B. and Li,W. (2011) WebMGA: a
customizable web server for fast metagenomic sequence analysis.
BMC Genom., 12, 444,

. Fisher,R.A. (1922) On the interpretation of x 2 from contingency

tables, and the calculation of P. J. R. Stat. Soc., 85, 87-94.
Gawronski,J.D., Wong,S.M., Giannoukos,G., Ward,D.V. and
Akerley,B.J. (2009) Tracking insertion mutants within libraries by
deep sequencing and a genome-wide screen for Haemophilus genes
required in the lung. Proc. Natl. Acad. Sci. U.S.A., 106, 16422-16427.
Chaudhuri,R.R., Allen,A.G., Owen,P.J., Shalom,G., Stone.,K.,
Harrison,M., Burgis,T.A., Lockyer,M., Garcia-Lara,J., Foster,S.J.

et al. (2009) Comprehensive identification of essential Staphylococcus
aureus genes using Transposon-Mediated Differential Hybridisation
(TMDH). BMC Genom., 10, 291.

Wong,S.M. and Mekalanos,J.J. (2000) Genetic footprinting with
mariner-based transposition in Pseudomonas aeruginosa. Proc. Natl.
Acad. Sci. US.A.,97,10191-10196.

Akerley,B.J., Rubin,E.J., Camilli,A., Lampe,D.J., Robertson,H.M.
and Mekalanos,J.J. (1998) Systematic identification of essential genes



60.

61.

62.

63.

64.

65

66.

67.

68.

69.

by in vitro mariner mutagenesis. Proc. Natl. Acad. Sci. U.S. A., 95,
8927-8932.

Kupsch,E.M., Aubel,D., Gibbs,C.P., Kahrs,A.F., Rudel,T. and
Meyer, T.F. (1996) Construction of Hermes shuttle vectors: a versatile
system useful for genetic complementation of transformable and
non-transformable Neisseria mutants. Mol. General Genet., 250,
558-569.

Elkins,C., Thomas,C.E., Seifert,H.S. and Sparling,P.F. (1991)
Species-specific uptake of DNA by gonococci is mediated by a
10-base-pair sequence. J. Bacteriol., 173, 3911-3913.

Altuvia,S. (2007) Identification of bacterial small non-coding RNAs:
experimental approaches. Curr. Opin. Microbiol., 10, 257-261.
Gottesman,S. (2002) Stealth regulation: biological circuits with small
RNA switches. Genes Dev., 16, 2829-2842.

Vogel,J. and Sharma,C.M. (2005) How to find small non-coding
RNAs in bacteria. Biol. Chem., 386, 1219-1238.

. Piekarowicz,A., Klyz,A., Majchrzak,M., Adamczyk-Poplawska,M.,

Maugel, T.K. and Stein,D.C. (2007) Characterization of the dSsDNA
prophage sequences in the genome of Neisseria gonorrhoeae and
visualization of productive bacteriophage. BMC Microbiol., 7, 66.
Winkler,W., Nahvi,A. and Breaker,R.R. (2002) Thiamine derivatives
bind messenger RNAs directly to regulate bacterial gene expression.
Nature, 419, 952-956.

Mandal,M., Lee,M., Barrick,J.E., Weinberg,Z., Emilsson,G.M.,
Ruzzo,W.L. and Breaker,R.R. (2004) A glycine-dependent riboswitch
that uses cooperative binding to control gene expression. Science,
306, 275-279.

Roth,A., Winkler,W.C., Regulski,E.E., Lee,B.W., Lim,J., Jona,l.,
Barrick,J.E., Ritwik,A., Kim,J.N., Welz,R. et al. (2007) A riboswitch
selective for the queuosine precursor preQ1 contains an unusually
small aptamer domain. Nat. Struct. Mol. Biol., 14, 308-317.
Wang,J.X. and Breaker,R.R. (2008) Riboswitches that sense
S-adenosylmethionine and S-adenosylhomocysteine. Biochem. Cell
Biol. Biochimie et biologie cellulaire, 86, 157-168.

70.

71.

72.

73.

74.

75.

76.

71.

78.

80.

Nucleic Acids Research, 2014, Vol. 42, No. 16 10595

Laskos,L., Ryan,C.S., Fyfe,J.A. and Davies,J.K. (2004) The
RpoH-mediated stress response in Neisseria gonorrhoeae is regulated
at the level of activity. J. Bacteriol., 186, 8443-8452.

Christen,B., Abeliuk,E., Collier,J.M., Kalogeraki,V.S., Passarelli,B.,
Coller,J.A., Fero,M.J., McAdams,H.H. and Shapiro,L. (2011) The
essential genome of a bacterium. Mol. Syst. Biol., 7, 528.
Genevrois,S., Steeghs,L., Roholl,P., Letesson,J.J. and van der Ley,P.
(2003) The Omp85 protein of Neisseria meningitidis is required for
lipid export to the outer membrane. EMBO J., 22, 1780-1789.
Carbonetti,N.H., Simnad, V.I., Seifert,H.S., So,M. and Sparling,P.F.
(1988) Genetics of protein I of Neisseria gonorrhoeae: construction
of hybrid porins. Proc. Natl. Acad. Sci. U.S.A., 85, 6841-6845.
Vogel,J. and Wagner,E.G. (2007) Target identification of small
noncoding RNAs in bacteria. Curr. Opin. Microbiol., 10, 262-270.
Valentin-Hansen,P., Eriksen,M. and Udesen,C. (2004) The bacterial
Sm-like protein Hfq: a key player in RNA transactions. Mol.
Microbiol., 51, 1525-1533.

Dietrich,M., Munke,R., Gottschald,M., Ziska,E., Boettcher,J.P.,
Mollenkopf,H. and Friedrich,A. (2009) The effect of hfq on global
gene expression and virulence in Neisseria gonorrhoeae. FEBS J.,
276, 5507-5520.

Stern,A., Brown,M., Nickel,P. and Meyer,T.F. (1986) Opacity genes
in Neisseria gonorrhoeae: control of phase and antigenic variation.
Cell, 47, 61-71.

Belland,R.J., Morrison,S.G., Carlson,J.H. and Hogan,D.M. (1997)
Promoter strength influences phase variation of neisserial opa genes.
Mol. Microbiol., 23, 123-135.

. Sevin,E.W. and Barloy-Hubler,F. (2007) RASTA-Bacteria: a

web-based tool for identifying toxin-antitoxin loci in prokaryotes.
Genome Biol., 8, R155.

Bauer,F.J., Rudel, T., Stein,M. and Meyer,T.F. (1999) Mutagenesis of
the Neisseria gonorrhoeae porin reduces invasion in epithelial cells
and enhances phagocyte responsiveness. Mol. Microbiol., 31,
903-913.





