This Is the peer reviewed version of the following article: Elbeyioglu, Firat,

Roberts, Sabrina B., Spencer-Smith, Russell, Pulijala, Madhuri, Zelewska, Marta,
Nebel, Jean-Christophe and Snyder, Lori AS (2016) Inversion of correia  repeat
enclosed elements in 'Neisseria gonorrhoeae', which will  be published in final
form at http://dx.doi.org/10.1099/mic.0.000394. This article may be used for

non-commercial purposes in accordance with the publisher restrictions.


ku39074
Typewritten Text
This is the peer reviewed version of the following article: Elbeyioglu, Firat, Roberts, Sabrina B., Spencer-Smith, Russell, Pulijala, Madhuri, Zelewska, Marta, Nebel, Jean-Christophe and Snyder, Lori AS (2016) Inversion of correia repeat enclosed elements in 'Neisseria gonorrhoeae', which will be published in final form at http://dx.doi.org/10.1099/mic.0.000394. This article may be used for non-commercial purposes in accordance with the publisher restrictions.


Title:
Inversion of Correia Repeat Enclosed Elements in Neisseria gonorrhoeae.
Authors:

Firat Elbeyioglu*, Sabrina B. Roberts*, Russell Spencer-Smith”, Madhuri Pulijala,
Marta A. Zelewska, Jean-Christophe Nebel*, and Lori A. S. Snydert

Affiliations:

School of Life Sciences, Pharmacy, and Chemistry, Kingston University, Kingston
upon Thames, UK. KT1 2EE

*School of Computer Science and Mathematics, Kingston University, Kingston upon
Thames, UK. KT1 2EE.

* These authors contributed equally.
A Current address: University of Illinois at Chicago, Chicago, lllinois, USA

T Corresponding Author: Kingston University, School of Life Sciences, Penrhyn
Road, Kingston upon Thames, UK. KT1 2EE; +44 208 417 2003;
l.snyder@kingston.ac.uk

Short title:

Invertible elements in Neisseria gonorrhoeae.

Keywords:

Gonococcus; phase variation; inversion; Correia Repeat Enclosed Elements; CREE
Subject category:

Genomics and systems biology.

Word count:

2,652

Depositories:

The GenBank accession numbers for the re-sequencing data of Neisseria
gonorrhoeae strain NCCP11945 are SRR3547950 and (submitted SUB2025235).

Abbreviations:

CREE: Correia Repeat Enclosed Element



Abstract:

Neisseria gonorrhoeae is capable of causing gonorrhoea and more complex
diseases in the human host. Within the gonococcal genome are over 100 copies of
the 1S-like Correia Repeat Enclosed Element, which has been predicted to be mobile
within the neisserial genomes. Although there is evidence of ancestral movement of
these elements, no previous study has provided evidence for current mobilisation.
The Correia Repeat Enclosed Element has the ability to alter gene expression and
regulation in many ways: by insertional mutagenesis; by introducing promoter
elements; by generating mRNA processing sites, and by association with ncRNAs.
Previous studies have compared the genomic locations of Correia Repeat Enclosed
Elements in the Neisseria spp., demonstrating that otherwise identical regions have
either the element or the target TA insertion site. In this study, we report for the first
time movement of Correia Repeat Enclosed Elements, through inversion of the
element at its chromosomal location. Analysis of lon Torrent generated genome
sequence data from Neisseria gonorrhoeae strain NCCP11945 passaged for 8
weeks in the laboratory under standard conditions and stress conditions revealed a
total of 37 inversions: 24 were exclusively seen in the stressed sample; 7 in the
control sample; and the remaining 3 were seen in both samples. These inversions
have the capability to alter gene expression in N. gonorrhoeae through the
previously determined activities of the sequence features of these elements,
potentially resulting in reversible phase variable gene expression.



Introduction:

Neisseria gonorrhoeae contains within its genome just over 100 copies of an
inverted repeat (Snyder et al., 2009), called the Correia Repeat Enclosed Element
(CREE) (Liu et al., 2002). The CREE have inverted repeats (Correia et al., 1986 &
1988) and a characteristic core region that defines their length (Fig. 1) (Snyder et al.,
2009).

Longer CREE contain an IHF binding site (Fig. 1), which can influence nearby
gene expression (Rouquette-Loughlin et al., 2004). Transcripts containing CREE can
be bound by RNase Ill (DeGregorio et al., 2002), impacting upon the expression of
genes encoded on the mRNA. CREE are involved in gene deletion events (van der
Ende et al., 1999; Claus et al., 2007) and in gene inactivation (Mahillon & Chandler,
1998; Klee et al., 2000; Parkhill et al., 2000; Snyder et al., 2004). CREE are also
located in proximity to ncRNAs (Roberts et al., 2016).

There are two promoters associated with the CREE. The Black promoter
drives transcription from the end of the CREE, combining chromosomal sequence
and CREE sequence to generate the -10 promoter element (Fig. 1) (Black et al.,
1995). These have been investigated previously to define promoter strength
(Siddique et al., 2011). The Snyder promoter drives transcription through the length
of the CREE (Fig. 1) (Snyder et al., 2003) generating targets for RNase Ill. Both
types of promoter can be present at either, both, or neither end of the CREE. This,
coupled with RNase Il processing (DeGregorio et al., 2003), indicates that CREE
have an impact upon gene expression. Indeed, expression of the mtrCDE efflux
pump genes in Neisseria meningitidis is driven by a CREE promoter and subject to

RNase lll processing (Rouquette-Loughlin et al., 2004).

Mobile genetic elements are segments of DNA that are able to move to
different locations within the genome. CREE share similar features with classic
mobile elements such as transposons and IS elements, including the presence of
inverted repeat ends, differential distribution between strains, and a target sequence
for insertion (Correia et al., 1986; Correia et al., 1988; Liu et al., 2002). Comparative
analyses of homologous regions of chromosomes have revealed locations with and
without CREE, with those without having a target TA sequence (Liu et al., 2002;
Snyder et al., 2009). Unlike recognized mobile elements (Mahillon & Chandler, 1998;



Hurst & Werren, 2001), CREE do not code for the enzyme needed for transposition
(Buisine et al., 2002; Liu et al., 2002).

In this study, we used next-generation sequencing to seek evidence of 1S-like
movement of CREE, which is hypothesized to have been involved in altering the
regulatory networks, such as in the meningococcal mtrCDE operon. The data
generated from these studies identify a never before described type of phase
variable expression switching in Neisseria spp. due to inversion of the CREE

sequence.
Methods:

lon Torrent genome sequencing. N. gonorrhoeae strain NCCP11945 was obtained
from the original genome sequencing laboratory (Chung et al., 2008) having been
minimally passaged between sequencing and arriving in our laboratory. Following
one passage, stock cultures were frozen at -80°C for use in these experiments. The
MIC of this strain for nalidixic acid was determined to be 256 ug/ ml. A common
starting inoculum of N. gonorrhoeae strain NCCP11945 was grown in standard
conditions on GC agar (Oxoid) and in stress conditions on GC agar with 128 ug/ ml
nalidixic acid at 37°C in a candle tin for a length of 8 weeks with passage of multiple
colonies to fresh agar plates every 2 days. No changes in growth rate or viability
were noted over this period. DNA extraction, from a sweep of colonies directly from
the last passage plate for each of the two conditions, was done using the Gentra
Puregene Yeast/Bact. Kit (Qiagen). Using the lon Personal Genome Machine, lon
Express Fragment Library kit, lon Express Template kit, and lon Sequencing kit (Life

Technologies), 1 ug of the extracted DNA was genome sequenced.

lon Torrent data analysis. CLC Genomics Workbench version 4 and 5 (CLC bio) was
used to map lon Torrent (Life Technologies) generated sequence reads to the
original reference genome sequence of N. gonorrhoeae strain NCCP11945
(CP001050) (Chung et al., 2008) to which was added annotations of the CREE
locations in that strain (Snyder et al., 2009). Within the CLC Genomics Workbench,
the mapping tool was used to map individual sequence reads against the reference
genome. Each CREE location was then manually analysed for possible
rearrangements using CLC Genomics Workbench. Sequence data for the inversions,

extracted from reads aligned against the strain NCCP11945 reference genome, are



included in Supplementary Material 1. The standard growth condition genome
sequence data had an average read length of 123 bp, 50.5 M aligned bases, and
22.6X coverage of the N. gonorrhoeae strain NCCP11945 genome sequence
(accession SRR3547950). The stress growth condition genome sequence data had
an average read length of 119 bp, 22.5 M aligned bases, and 10.1X coverage
(accession submitted SUB2025235).

Results:

The locations of all 131 previously identified CREE in N. gonorrhoeae strain
NCCP11945 (Supplementary Table 1; Snyder et al., 2009) were analyzed at the
read level in the lon Torrent next-generation sequence data. The sequenced DNA
came from laboratory cultures that had been passaged for 8 weeks in standard
growth conditions and for 8 weeks in stress conditions, with the culture grown in a
sub-lethal concentration of antibiotic. The starting culture was minimally passaged
from the strain used to generate the original genome sequence data (Chung et al.,
2008). This analysis identified 37 instances where read data indicated an inversion
of the CREE (Fig. 2). Sequence data flanking each of these CREE is consistent with
the published genome sequence for strain NCCP11945. However, the directionality
in the core of CREE between the inverted Correia Repeats is inverted in a portion of
the next-generation sequencing reads. Of the 37 inversions noted, 24 were
exclusively seen in the sample from growth in stress conditions, 7 were seen
exclusively in the standard growth condition sample, and the remaining 3 inversions
were seen in both samples (Table 1). The majority (26 of 37) of the CREE inversions
involved those repeats that are 104-110 bp in length, with only 4 longer IHF-binding

site containing CREE showing inversions (Fig. 1).

Most CREE have a TATA sequence at both ends, however 36 of the 131
CREE in N. gonorrhoeae strain NCCP11945 lack the full TATA at either end of the
CREE and 14 lack a terminal TA at either end (Snyder et al., 2009). All but 3 of the
CREE that demonstrated an inversion in the next-generation sequencing data have
TATA at both ends; CREE 9244-9340 has a TATA...TAAA structure, whilst CREE
141888-142043 and CREE 570722-570875 have TATG...TATA structures. In
addition, the symmetry of the CREE inverted repeats is not always perfect; as noted
previously there are two types of repeat structures, with the terminal 11 bp



containing the TATA sequence being followed by either AACAAAAA or AAATTTAAA
(Snyder et al., 2009). Sequence variations from these consensuses are also
observed (Snyder et al., 2009). In CREE 9244-9340, in addition to the TATA... TAAA
structure, the TATA end has an adjacent sequence that is a hybrid of the two
consensus sequences: AACTTTAAA, while the TAAA end has the conserved
AACAAAAA structure (Supplementary Table 1). CREE 141888-142043 also has a
hybrid AACTTTAAA structure, however this is at the TATG end of the CREE,
whereas CREE 570722-570875, which also has a TATG end is symmetrical
(Supplementary Table 1). In CREE 409189-409295 polymorphisms exist in this
repeat such that it has AAATCTAAA...TTTGAATTT (Supplementary Table 1). Some
of the inverted CREE have each of the two different types of repeats, one at each
end, including CREE 665821-665926, CREE 933079-933183, CREE 1560064-
1560168, and CREE 2106628-2106696 (Supplementary Table 1). The other CREE
reported here to invert have symmetrical inverted repeats with approximately equal
numbers having AACAAAAA... TTTTTGTT and AAATTTAAA... TTTAAATTT
(Supplementary Table 1).

Discussion:

Correia Repeat Enclosed Elements are unique to the Neisseria spp.;
comparative evidence supports mobilization of these elements and their involvement
in chromosomal rearrangement (Liu et al., 2002; Snyder et al., 2009; Spencer-Smith
et al., 2012). However, active mobilisation has never been demonstrated, therefore
N. gonorrhoeae strain NCCP11945 was repeatedly passaged in the laboratory in an
attempt to capture CREE mobilisation events. Unexpectedly, no evidence of deletion
or insertion of CREE was found despite evolutionary evidence of the IS-like
movement of CREE (Mazzone et al., 2001; Liu et al., 2002; Snyder et al., 2009).

However, CREE inversions were identified within lon Torrent generated
genome sequence data for N. gonorrhoeae strain NCCP11945 (Table 1). Itis
interesting to note that the vast majority of inversions were identified in sequence
data from the stress growth condition sample. Comparatively, the number of
individual sequence reads that mapped to each region in the next-generation
sequencing data (sequencing data depth) was actually greater in the standard
conditions. There was therefore more sequence data representing the CREE regions



in the standard conditions, although more inversions were observed in the stress
conditions. We are unable to conclude whether this observed difference in inversions

between the two samples is due to growth in stress conditions or chance.

IHF is thought to facilitate end synapses (Buisine et al., 2002), therefore the
presence of the IHF binding site in the longest form of the CREE (Snyder et al.,
2009) could be part of the inversion mechanism. However, only 4 of the 37 inverted
CREE were the larger IHF-binding site containing-CREE (Table 1). Most of the
inversions were found to be in CREE <110bp in length, with the majority (26 of 34
unique CREE) being 104-110 bp in length (Table 1). This suggests that IHF is not

required for an inversion to occur.

The initial 11 bp at the ends of the CREE are conserved, followed by
sequences of either 8 or 9 bp. Of the CREE that are reported here to have inverted,
some are symmetrical, with the same 8 or 9 bp sequence at both ends, some are
asymmetrical with one of each, some have polymorphisms in these sequences, and
a few have one with a hybrid of the two types (Supplementary Table 1). This
suggests that inverted repeat symmetry of these more internal sequences, past the

terminal 11 bp, does not influence inversion.

In N. gonorrhoeae strain NCCP11945, 36 of the 131 CREE in the genome
lack the terminal TATA at either end, and 14 of the 131 CREE lack TA at either end
(Snyder et al., 2009). Of the CREE that have inverted in the sequence data, most
have the TATA at both ends of the sequence; those that did not, have a
TATG.....TATA or TATA...TAAA end structure (2123050 — 2123202). Therefore,
specificity for an inversion could lie within either of the TA nucleotides near the end
of the CREE and may account for the identified TA target sequence (Liu et al., 2002;
Snyder et al., 2009).

It is interesting to find inversions present in the standard growth condition
sample, indicating that antibiotic stress is not required for an inversion event to take
place within the gonococcus. Future work would be needed to understand the role of
CREE inversions under normal conditions to be able to appropriately evaluate the
effect of increased inversions seen in the stress sample. While these observations
may be chance alone, the increased number of inversions seen in the stress sample

could be a way the gonococcus adapts to the stressful conditions induced by the



quinolone, nalidixic acid, which is known to activate bacteriophage in E. coli
(DeMarini & Lawrence, 1992). Indeed, it has been suggested that “transposition
bursts” in response to stress, in which IS elements have elevated transposition
activity, can contribute to the generation of advantageous genetic changes (Wu et
al., 2015).

At the time the sequence data was generated, the maximum read length
capable on this technology was 100 bp, therefore the average read length for the two
sequencing runs that were investigated here are 119 bp and 123 bp. It is possible
that within the genome a more complex rearrangement than the simple inversions
described here may have occurred, however no evidence of this has been

uncovered from our analysis of the data.

. Orientation of the CREE-associated promoters (Black et al., 1995; Snyder et
al., 2003; Siddique et al., 2011) (Fig. 1) would change with inversion (Supplementary
Figures 1-7). CREE-associated promoters drive gene expression at different levels,
depending on their sequences (Siddique et al., 2011). Inversion of CREE (Table 1),
may be a heretofore unexplored mechanism of phase variable expression of genes
in a species otherwise rich in phase variation (Snyder et al., 2001; Zelewska et al.,
2016). In the related genus Moraxella, inversion events occur mediated by Piv, which
inverts a region of the chromosome containing pilin-encoding genes, reversibly
switching between expressed genes (Heinrich & Glasgow, 1997). Although the irg
genes of the Neisseria spp. are homologous in sequence to piv, they have no role in
neisserial pilin variation (Rozsa et al., 1997; Skaar et al., 2005). Whether over-

expression of irg would increase the inversion of CREE has yet to be determined.

From the CREE shown here that inverted during our experiment, seven show
a notable difference in the orientations of promoters associated with the CREE. The
CREE between leuS and drg has a Black promoter 5' of the drg coding region
(NGK_0010; Supplementary Figure 1); inversion leaves drg without a CREE
promoter. This would suggest phase variable expression of drg is mediated by
inversion of the CREE. A similar situation occurs in hypothetical NGK_0961
(Supplementary Figure 3) and hypothetical NGK_2374 (Supplementary Figure 7),
where a CREE promoter is only present in one orientation.



From previous comparisons between strains (Siddique et al., 2011), it was
believed that different classes of CREE were present in identical locations between
the strains and that these classes would influence promoter strength and gene
expression. For example, the CREE upstream of thr tRNA and NMAOO79 is different
between strains 22491 and MC58, believed to be a result of recombination-mediated
Correia end subtype switching, postulated to be a type of phase variation (Siddique
et al., 2011). Such a recombination-mediated event involving a distal sequence
would not appear to adhere to the phase variation model that changes are readily
reversible and stochastic in nature. Further, the CREE in question is accompanied
by an adjacent CC sequence, therefore it would not generate the typical -10 of a
promoter element as defined by Black et al. (1995). At the opposite end of this
CREE, however, the terminal CREE TATA sequence is adjacent to TAAT, which
could form a TATAAT -10 consensus. Inversion of this CREE would then alter the -
35 sequence for the Black promoter toward NMAOO78, potentially changing the
strength of this promoter; inversion would not alter the TATACC at the NMA0O79 end
of the CREE.

The presence of a CREE 5' of a gene may not only remove it from its
ancestral regulatory network, it may also introduce an invertible switch in expression
from CREE-associated promoters. Certainly, we know that the ancestral regulatory
network controlling mtrCDE has been altered in meningococci due to the presence of
a CREE in the promoter region, which drives transcription (Rouquette-Loughlin et al.,
2004). The potential for such CREE and their associated promoters to invert
introduces a potential phase variable gene expression system not previously

described in the Neisseria spp.

Conclusions:

This study is the first showing evidence for any form of CREE mobilisation within a
single strain and the first to demonstrate rearrangements in the form of localised
inversions within a single strain of Neisseria. Although CREE were not found to have
moved to a new location, the ability of CREE to invert is an intriguing event in itself

and impacts upon gene expression from CREE-associated promoters. This is



proposed here to represent a heretofore unexplored reversible phase variation gene

expression switching mechanism in the Neisseria spp.
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Figure Legends:

Figure 1. CREE structure and associated promoters. CREE are made up of inverted
repeats (blue) and a directional core region made up of segments that are present in
all CREE (grey), present in all but the shortest CREE (brown), and present only in
the longest CREE containing an IHF binding site (red). There are two types of
functional promoters that can be associated with the CREE inverted repeats, Black
promoters (black) and Snyder promoters (purple). These can be present on either
strand and each CREE can potentially have all four possible promoters, none, or any
combination, depending on the specific CREE sequence and adjoining sequence.
The final 2 bp of the Black promoter -10 are made up of bases outside of the CREE,

as is the entirety of the Snyder promoter -35 region.

Figure 2. Evidence of CREE inversion in sequence data. The assembled sequence
data (PGM) is aligned against the reference genome sequence for N. gonorrhoeae
strain NCCP11945 (NCCP11945). For this 71 bp CREE, from position 378,769 to
378,839, there are inverted repeats (blue arrows) and a core region that has

directionality (grey arrow). Flanking sequence outside the CREE is in lower case.



Some assembled sequence data aligns with the genome sequence (PGM-F), but
some show an inverted orientation to the CREE (PGM-R). Note that the within the
CREE mismatches in the PGM-R sequence match the NCCP11945 reference

sequence when its reverse complement, PGM-RC, is aligned, but then the flanking

sequence does not align (underlined). The flanking sequence in PGM-R aligns, but

the core has reversed directionality, therefore the CREE has inverted.

Tables:

Table 1. Inversion of CREE in N. gonorrhoeae strain NCCP11945.

Sample* | CREE locationt sc,:iIZIaEE Associated coding sequence(s)}

Stress 9244 -9340| 97 bp NGK_0009 leuS; NGK_0010 drg
Standard 13475 - 13580 | 106 bp NGK _0020; NGK_0221
Standard 137920 - 138026 | 107 bp NGK_0171; NGK_0172
Stress 141888 - 142043 | 156 bp NGK_0177; NGK_0178
Stress 210653 - 210757 | 105 bp NGK_0263 marR family; NGK_0264 mmsB
Both** 315775 - 315881 | 107 bp NGK_0377; NGK_0378
Stress 332258 - 332361 | 104 bp NGK_0402; NGK_0403
Stress 378769 - 378839 71 bp NGK_0456
Stress 409189 - 409295 | 107 bp NGK_0499; NGL_0500 lep
Stress 518804 - 518908 | 105 bp NGK_0622 dnaB
Stress 570722 - 570875 | 154 bp NGK _0693 opa; NGK_0694; NGK_0695
Stress 636542 - 636648 | 107 bp NGK_0784; NGK_0785
Standard 665821 - 665926 | 106 bp NGK_0816; NGK_0817
Both 684759 - 684863 | 105 bp NGK_0842 irg7; NGK_0843
Stress 748921 - 749074 | 154 bp NGK _0920; NGK_0921
Stress 773275 - 773380 | 106 bp NGK_0951; NGK_0952
Stress** 782431 - 782536 | 106 bp NGK_0960; NGK_0961
Standard 933079 - 933183 | 105 bp NGK_1137; NGK_1138 recA
Stress 949754 - 949858 | 105 bp NGK_1162; NGK_1163; NGK_1164
Standard 958334 - 958439 | 106 bp NGK_1175; NGK_1176 edd
Standard | 1073168 - 1073274 | 107 bp NGK_1304; NGK_1305 plsC
Both 1253475 - 1253579 | 105 bp NGK_1511; NGK_1512
Stress 1324830 - 1324935 | 106 bp NGK_1591; NGK_1592; NGK_1593




Stress 1465780 - 1465934 | 155 bp NGK_1767 potD
Stress 1560064 - 1560168 | 105 bp NGK_1874; NGK_1875; NGK_1876 ompA
Stress 1577266 - 1577372 | 107 bp NGK_1899; NGK_1900
Stress 1753230 - 1753334 | 105 bp NGK_2117; NGK_2118 mviN
Stress* | 1882841 - 1882913 | 73 bp NGK_2269; NGK_2270 mafA
Standard | 1974277 - 1974383 | 107 bp NGK_2369; NGK_2370 gitS
Stress 1977219 - 1977328 | 110 bp NGK_2373; NGK_2374
Stress 2106628 - 2106696 | 69 bp NGK_2511
Stress 2161831 - 2161937 | 107 bp NGK_2573; NGK_2574 app
Stress 2172837 - 2172941 | 105 bp NGK_2581 hpuA; NGK_2582
Stress* | 2189554 - 2189660 | 107 bp NGK_2603 arnT; NGK_2604 regF

* The inversion was detected in a sample cultured in either standard or stress growth
conditions, or both.
** Sequence read data spans the CREE to include flanking sequence data from both

ends.

T From GenBank Accession Number CP001050

I CDSs from CP001050 annotated with NGK numbers.
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Supplementary Material 1

>CREE 9244-9340 NCCP11945 Stress
taaggcagattggttgtctgcaagacagacctcaaatatagcggattaacaaaaatcaggacaaggagacgaagccgcagacagcagggcaaggeggggcaacgecgtaccggtttaaagttaatecg

>CREE 141888-142043 NCCP11945 Stress
taaatgccgtctgaaaaacggggaatccgtgcaggagaaaaaaccgctttaaggtatggtggattaactttaaaccggtacggegttgectecgectcagatcaaagagaacgattttctaaggtgctgaageaccaagtgaat
>CREE 210653-210757 NCCP11945 Stress

ttatgactatatagtgaattaacaaaaaccggtacggcgttgectcgecttgtegtactatttgtactgtctgeggettcgtegecttgtectgatttttg

>CREE 315775-315881 NCCP11945 Stress
tgcagcccgatcgggatttttatagtggattaaatttaaatcaggacaaggcggegaagecgcagacagtacaaatagtacggcaaggegaggcaacgecgtaccggtttaaatttaatccactataccgecgeagatgatgegecgtaactcttccgtaaac
tcgggcagatgatgtcgegegattttccctgacaatgeag

>CREE 332258-332361 NCCP11945 Stress
agttttcaaaattcatcagaaattattgatttaatggcataaatttttgagattatagtggattaacaaaaaccagtacggcegttgectegecttgecgtactatttgtactgtctgeggetegecgecttgtectgattttt
>CREE 378769-378839 NCCP11945 Stress
caaaaaagacgaataaatatgaatggaatgccgtctgaaggttcagacggcatttttccggtttgaaaatatagtggattaacaaaaaccagtacggegttgectecgecttgecgtactg

>CREE 409189-409295 NCCP11945 Stress

tcgataatgccggcaaggeggtgcatatagtggattaaattcaaagtcagectggectegecttgecgtactatttgtactgtccgeggcettegtegecttggec

>CREE 518804-518908 NCCP11945 Stress
ctaataattttttttactttatagtggattaacaaaa-ccagtacggcgttgectcgecttgecgtactatetgtaccgtetgeggettegecgecttgtectgatttttg

>CREE 570722-570875 NCCP11845 Stress
taatcagacgtatagcggattaacaaaaccggtacggcgttgcceecgecccggetcaaagggaacgcttectaggtgetgaageaccgggeggateggaaccgtactatttgtactgectgeggeccgec

>CREE 636542-636648 NCCP11945 Stress
ctgacggcgtaaacacttgegegaagaagecttcggeagectgegecgtggegttatagtggattaaatttaaatcaggacaaggeggegaaaccgcagacagtacaaatagtacggcaaggegaggeaacg

>CREE 684759-684863 NCCP11945 Stress
atttatgagtcgtcattcccgcaaaagegggaatcagtttttttatagtggattaacaaaaacaggacaaggcgacgaagcetgcagacagtacaaatagtacggcaaggegaggcaacge

>CREE 748921-749074 NCCP11945 stress
gaaaaatatagcggattaacaaaaaccggtacggegttgeccgecccggeccaaagggaacgattcecctaaggtaatgaagcaccgggegaaccggttccgtaccatttgtactgectgeggtecgecgecttgtectgatttttgta
>CREE 773275-773380 NCCP11945 Stress
taatctataattggcttcgettgtttaatactgectgtgecaattatagtggattaaatttaaaccggtacggegttgectegecttgecgtactatetgtactgtctgeggetegeegecttgtce

>CREE 782431-782536 NCCP11945 Stress
gttttgcgecctattatagtggattaaatttaaaccggtacggegttgectegecttgecgtactatttgtactgectgeggetegecgecttgtectgatttaaatttaatccactatatcgecgeaatgecgtetgaagectttttatgettca
>CREE 949754-949858 NCCP11945 Stress
atcaaaaatcaggacaaggcgacgaagccgcagacagtacaaatagtacggcaaggegaggtaacgecgtaccggtttttgttaatccactataaaatcttccagegggttttgggttgttgggcgagecgegegecgegatagg
>CREE 1253475-1253579 NCCP11945 Stress
gacacataaagcaccgccctatgtgecgtectgatttggaaggggttacaccecctcccaaatatagtggattaacaaaaaccggtacggegaagecgcagacagtacaaatagtacggcaaggegaggeaac

>CREE 1324830-1324935 NCCP11945 Stress
cgttcagacggtctggeatattcggatgtatcggtatagtgaattaaatttaaatcaggacaaggeggegagecgcagacagtacaaatagtacggcaaggegaggceaacgecgtac

>CREE 1465780-1465934 NCCP11945 Stress
gtctttccttgattatagcggattaacaaaaaccggtacggegttgeccgeccttagetcaaagagaacgattctctaaggtgetgaageaccaagtgaateggttccgtactattgtactgtetga

>CREE 1560064-1560168 NCCP11945 Stress
aaatttaaaccggtacggcgttgectcgecttgecgtactattgtactgtetgeggcettegtegecttgtectgatttttgttaatcactatatcggttgaaaactctgattttaaggeggtaggatgtgggt

>CREE 1577266-1577372 NCCP11945 Stress
aatttaaaccagtacagcgttgcctcgecttgecgtactatcetgtactgtctgeggettegtegecttgtectgatttaaatttaatccactatacgagecaacaa



>CREE 1753230-1753334 NCCP11945 Stress
ttgaaaccctgccctttagggeggtagaatcagactttatagtggattaacaaaaaccggtacggegttgectcgecttgecgtactatttgtactgtctgeggettgggegecttgtectgatttttgttaa
>CREE 1882841-1882913 NCCP11945 Stress
cacactggtccactgctgattgatgattgaccatagggtcggcagatatagtcgcatatggcttcagacagecatttattatatggagattatagtggattaaatttaaaccggtacggcaaggegaggceaacgecgtaccggtttaaatttaatccactatatt
tacaattttgatacaatttgtttttcatcaaaggagaaatctatgcgggc

>CREE 1977219-1977328 NCPP11945 Stress
tggaaaattcttcttcaggctttccctgeccgaatggacaatatageggattaacaaaaaccggtacggegttgectegecttgecttgecgtactatttgtactgtetgeggetttgtegecttgtectgatttttg
>CREE 2106682-2106696 NCCP11945 Stress
tcgcggaaagttttcgtgecggtttgaaccggtggggatggtgcgggaatgacgggatattttgegtttatagtggattaaatttaaaccggtacggegttgectegecttgtectgatttttgttaatec
>CREE 2161831-2161937 NCCP11945 Stress
gatttttagcccatgttcggegagtcggggaaatctatagtggattaaatttaaaccggtacggegttgectegecttgecgtactatttttactgtctgeggettecgecgecttgtectgattta

>CREE 2172837-2172941 NCCP11945 Stress

aaggcgaggcaacgecgtaccggtttttgttaatccactatatgatgegecgegtecgecgegegtggggcttgeggeg

>CREE 2189554-2189660 NCCP11945 Stress
ctcctgtgtgatgectgcaaaacggctgatttatagtggattaaatttaaatcaggacaaggcegacgaagecgcagacagtacaaatagtacggcaaggegaggcaacgecgtaccggtttaaatttaatccactatataaaggtttaatcgecgeaattata
acgcgatttccga

>CREE 13475-13580 NCCP11945 Standard
caaatagtacggcaaggcgaggcaacgccgtactatttgtactgtctgeggttcgecgecttgtcccgatttaaattaattcactatatttcatatacttattatctaactttccgtaca

>CREE 137920-138026 NCCP11945 Standard
tccggtacggegttgectcgecttgecgtactatctgtactgtctgeggettegecgecttgtectgatttaaatttaatccactataaaacatcgtectgectgaccatcgecactcaaattgeggata

>CREE 315775-315881 NCCP11945 Standard
tcgegacatcatctgeccgagtttacggaagagttacggegeatcatctgeggeggtatagtggattaaatttaaaccggtacggegttgectcgecttgecgtactatttgtactgtct

>CREE 665821-665926 NCCP11945 Standard
aacaaaaatcaggacaaggcgacgaagcecgcagacagtacaaatagtacggcaaggegaggeaacgcetgtaccggtttaaattaatccactatatcecggetttccatgettaaacageactacctctttca
>CREE 684759-684863 NCCP11945 Standard
ggacaaggcgccgaagcetgcagacagtacaaatagtacggcaaggegaggcaacgecgtacctggttttgttaatcactataaattcagecatccgataaattectgtgetttagea

>CREE 933079-933183 NCCP11945 Standard
ccgttttttttgagccgectccggacggcttgatttgagttttggtatagtggattaaatttaaaccagtacggegttgectcgecttgecgtactatttgtactgtctgeggetctecggecttgtectgattttt
>CREE 958334-958439 NCCP11945 Standard
ggacaaggcggcegagecgcagacagcacaaatagtacggcaaggegaggeaacgecggaccggtttaaatttaattcactatattttaaaaggtacgecgtctgaaagtgggaagegggtgctata
>CREE 1073168-1073274 NCCP11945 Standard
tcaaaagaaatgccgtaaggatagtttgttgtatagtggattaaatttagaccggtacggegttgectcgecttgecgtactatttttactgtctgeggettcgecgecttgtectgatttaaatttaat
>CREE 1253475-1253579 NCCP11945 Standard
tcaaatagtacggcaaggcgaggcaacgecgtaccggtttttgttaatccactataaagtctgattctaccgecctaaagggceaggttcaaccgaaaaggaacacgatgaaagcata

>CREE 1974277-1974383 NCCP11945 Standard
gacaaggcgacgaagccacagacagtacagatagtacggcaaggegagtcaacgatgtactggtttaaatttaatccactatacaactattttttacaaacaaaatgecgtccgaaactccgttcagac



Supplementary Table 1. CREE in N. gonorrhoeae strain NCCP11945 as reported in Roberts et al ., Microorganisms 2016, 4(3), 31.
beginning end

9244
13475
19526
36007
38820
77264
83102
99783

102100
130155
137920
141888
156099
163256
164786
198812
210653
217937
226219
234038
277340
296830
315775
321931
332258
378769
409189
465354
472397
495688
497451
513116
518804
562894
570722
611024
613437
625567
627722
634929
636542
665821
684759
699814
723573
724164
748921
773275
777827
782431
790334
797704

9340
13580
19680
36112
38973
77417
83256
99937

102254
130309
138026
142043
156252
163410
164891
198916
210757
218043
226324
234145
277445
296935
315881
322084
332361
378839
409295
465507
472550
495844
497605
513222
518908
563048
570875
611177
613509
625673
627827
635082
636648
665926
684863
699920
723726
724317
749074
773380
777932
782536
790439
797808

size

sequence*
97 tatagcggattaactttaaaccggtacggecgttgecccgecttgecctgetgtetgeggettegtetecttgtectgatttttgttaatctactaaa
106 tatagtgaattaaatttaaaccggtacggcgttgectecgecttgecgtactatttgtactgtetgeggttcgecgecttgteccgatttaaatttaattcactata
155 tatagcggattaactttaaaccggtacggcgttgtcccgeccecggetcaaagggaacggttccctaaggegeccaagcaccgggecgaaccggttecgtaccatttgtactgectgeggeccgecgecttgtectgatttttgttaatectetatyg
106 tatagtggattaaatttaaaccagtacagcgttgcctcgecttgececgtactatttgtactgtctgeggettegtegecttgtectgatttttgttaatccactata
154 tatagcggattaacaaaaaccggtacggcgttgeccccgecceccggecccaaagggaacggttccctaaggtgatggagegecgggeggatecggttecgtaccattegtactgectgeggeccgeegecttgtectgatttttgttaatcegetatyg
154 tatggcggattaacaaaaaccggtacggcgttgecccecgecceggectcaaagggaacggttccctaaggtgetgaagecaccgggeggateggttecgtactatttgtactgectgeggececgecgecttgtectgatttttgttaateccgetata
155 tatagcggattaacaaaaaccggtacggecgttgecccegecttagetcaaagagaacgattcectaaggcacccaagcaccaagtgaatecggttecgtactatttgtactgtectgeggettegtegecttgtectgattttegttaatecgetata
155 tgttgcggattaacaaaaaccggtacggegttgecccecgeccecggetcaaagggaacggttecctaaggegeccaagecaccgggecgaaccggttecgtaccateegtactgectgeggettegecgecttgtectgatttttgttaatecgetata
155 tatagcggattaacaaaaaccggtacggcgttgcccegecttagectcaaagggaacgattcectaaggegtccaagcaccgggegaaccggtteecgtactatcegtactgtetgeggettegecgecttgtectgatttttgttaatecegetata
155 tatagtggattaacaaaaaccggtacggcgttgcccecgecttagctcaaagagaacgattctctaaggtgctgaagcaccaagtgaatcggttccgtactatttgtactgectgecggettcgecgecttgtectgatttttgttaatccactata
107 tatagtggattaaatttaaaccggtacggegttgectegecttgecgtactatetgtactgtetgeggettegecgecttgtectgatttaaatttaatecactata
156 tatggtggattaactttaaaccggtacggcgttgectcgectcagatcaaagagaacgattttctaaggtgetgaagcaccaagtgaatcggttcecgtactatctgtactgtetgeggettegecgecttgtectgatttttgttaatccactata
154 tatagcggattaacaaaaaccggtacggegttgecccecgeccecggeccaaagggaacggttecctaaggtgatggagegeecgggeggateggttecgtaccattegtactgectgeggtecgeecgecttgtectgatttttgttaatecegetatyg
155 tatagtggattaacaaaaaccaatacggcgttgcttcgecttagectcaaagagaacgattccctaaggtgectgaagcaccaagecgaatcggttcecgtactatttgtactgtctgeggettegecgecttgtectgatttttgttaateccactata
106 tatggtggattaaattcaaaccggtacagccttgecctcteccttgecttactatctgtactgtctgeggettegtegecttgtectgatttttgttaatcegettta
105 tagagtggattaaatttaaaccggtacggcgttgectcgecttgeecgtactatttgtactgtctgeggectecgecgecttgtectgatttttgttaatctactata
105 tatagtggattaacaaaaaccggtacggegttgectegecttgtegtactatttgtactgtectgeggettegtegecttgtectgatttttgttaatccactata
107 TATAGTGGATTAAATTTAAACCGGTACGGCGTTGCCTCGCCTTGCCGTACCATCTGTACTGTCTGCGGCTTCGTCGTTTTGTCCTGAtttaaatttaatccactata
106 tatagtggattaaatttaaaccggtacggcgttgectecgecttgecgtactatttgtactgtetgeggcttegecgecttgtectgatttttgttaatecactata
108 tatagtggattaacaaaaaccagtacggcattacctcgecttgecgtactatttttgtactgtectgeggettegtegecttgtactgatttaaatttaatccactata
106 tatagtggattaacaaaaaccagtacggcgttgcccecgecttgecgtactatgttgtactgtctgeggettegtegecttgtectgatttttgttaatccactata
106 tatagtggattaaatttaaaccagtacggcgttgectegecttgecgtactatttgtactgtetgeggettegtegecttgtectgatttttgttaatecactatt
107 tatagtggattaaatttaaaccggtacggcgttgectecgecttgecgtactatttgtactgtetgeggcttegecgecttgtectgatttaaatttaatccactata
154 tatagcggattaacaaaaaccggtacggecgttgecccecgeccecggeccaaagggaacgatteccctaaggtgatggagegecgggeggateggttecgtaccattegtactgectgeggececcgeecgecttgtectgatttttgttaatecegetatyg
104 tatagtggattaacaaaaaccagtacggcgttgecctcgecttgecgtactatttgtactgtctgeggetegecgecttgtectgatttttgttaateccactata
71 tatagtggattaacaaaaaccagtacggcgttgcctcgeccttgccgtactggtttttgttaatccactata
107 tatagtggattaaatctaaaccagtacagcctggcctcgecttgeccgtactatttgtactgtccgeggettegtegecttggectgatttgaatttaatccactata
154 tatagcggattaacaaaaaccggtacgtcgttgcccecgeccecggectcaaagggaacggttccctaaggtgeccaagecaccaggecgaaccggttecgtactateecgtactgtctgeggecegecgecttgtectgatttttgttaateccgetata
154 tatagtgaattaacaaaaaccggtactgcgttggetecgecttagetcaaagagaacgattcecctaaggecgeccaagcaccaagtgaateggttecgtactatttgtactgtetgeggetegecgecttgtectgatttttgttaattcactata
157 tatagtggattaaatttaaaccggtacggcattacctcgecttagectcaaagagaacgattctctaaggtgetgaagcaccgagtgaateggtteegtactatttgtactgtetgeggettegtegecttgtectgatttaaatttacteccactata
155 tatagtgaattaacaaaaaccagtacggcgttgcccecgcceccggctcaaagggaacgattccctaaggtgectgaagcaccgagtgaatcggtteccgtactatctgtactgtctgecggettegtegecttgecctgatttttgttaatccactata
107 tatagtggattaaatttaaaccagtacggcgttgcctcgecttgececgtactatttgtactgtctgeggecttegtegecttgtectgatttaaatttaatccactata
105 tatagtggattaacaaaaaccagtacggcgttgecctegecttgecgtactatetgtacegtetgeggettegecgecttgtectgatttttgttaateccactata
155 tatagtggattaacaaaaaccagtacggcgttgccccgecttagectcaaagagaacgattctctaaggtgetgaagcaccaagecgaaccggttecgtactatttgtactgtctgeggettegtcaccttgtectgatttttgttaatecactata
154 tatggcggattaacaaaaaccggtacggegttgecccecgeccecggectcaaagggaacggttecctaaggtgetgaagcaccgggeggateggttecgtactatttgtactgectgeggeccecgeegecttgtectgatttttgttaatecegetata
154 tatggcggattaacaaaaaccggtacggcgttgcccecgecccggectcaaagggaacggttcectaaggtgeccaagcaccgggeggatcggttecegtaccateegtactgectgeggeececgecgecttgtectgatttttgttaatecgetata
73 tatagtggattaaatttaaaccggtacggcgttgcctcgecttgeccgtaccggtttaaatttaatccactata
107 tatagtggattaaatttcaaccggtacggegttgectegecttgecgtactatttgtactgtetggggettegtegeattgtectgatttaaatttaateccactata
106 tatagtggattaaatttaaaccggtacggcgttgectecgecttgecgtactatttgtactgtetgeggcttegecgecttgtectgatttttgttaatccactata
154 tatagcggattaacaaaaaccggtacggecgttgeccecgeccecggetegaagaggacgattecectaaggtgatggagegecgggeggateggttecgtaccattegtactgectgeggececgeecgecttgtectgatttttgttaatecegetatyg
107 tatagtggattaaatttaaaccagtacggcgttgectecgecttgecgtactatttgtactgtetgeggtttegecgecttgtectgatttaaatttaatccactata
106 tatagtggattaaatttaaaccggtacagcgttgcctegecttgeecgtactatttgtactgtctgeggettegtegecttgtectgatttttgttaatccactata
105 tatagtggattaacaaaaacaggtacggcgttgcctcgecttgecgtactatttgtactgtctgecagettecgtegecttgtectgatttttgttaatccactata
107 tatagtggattaaatttaaaccagtacagcgttgectegecttgecgtactatetgtactgtetteggettegtegecttgtectgatttaaatttaatecactata
154 tatagcggattaacaaaaaccggtacggcgttgecccecgeccecggectcaaagggaacgattcectaaggtgatgaagecaccgggeggateggttecgtaccatttgtacecgtetgeggecegecgecttgtectgatttttgttaatecegetatyg
154 tatagtgaattaacaaaaaccggtacggcgttgcccecgecccggetcaaagggaacgatteccctaaggtgatggagegecgggeggateggttecgtaccatttgtactgectgeggeccecgeecgecttgtectgatttttgttaattecactata
154 tatagcggattaacaaaaaccggtacggcgttgcccecgecccggeccaaagggaacgattcectaaggtaatgaagcaccgggecgaaccggttecegtaccatttgtactgectgeggtecgecgecttgtectgatttttgttaattcactata
106 tatagtggattaaatttaaaccggtacggcgttgecctcgecttgececgtactatctgtactgtctgeggectecgecgecttgtectgatttaaatttaatccactata
106 tatagtggattaaatttaaaccggtacggcgttgectegecttgecgtactatetgtactgtetgeggettegecgecttgtectgatttttgttaatecactata
106 tatagtggattaaatttaaaccggtacggcgttgectecgecttgecgtactatttgtactgectgeggctegecgecttgtectgatttaaatttaatccactata
106 tatagtggattaaatttaaaccagtacggcgttgectecgecttgecgtactatectgtactgtetgeggettegtegecttgtectgatttttgttaatccactata
105 tatagtgaattaaatttaaaccggtacggcgttggctcgecttgecgtactatttgtactgtectgeggectegecgecttgtectgatttttgttaattcactata



816422

924580

933079

949754

958334

961596
1033492
1073168
1115108
1161730
1171932
1235244
1236171
1253475
1262895
1290634
1313578
1321069
1324830
1326495
1347106
1426873
1435613
1465780
1490568
1499551
1519344
1540112
1541956
1544817
1553685
1560064
1577266
1584653
1620383
1698964
1724282
1753230
1760746
1787782
1791195
1792751
1796016
1806866
1826329
1855254
1882841
1905597
1927438
1941597
1959739
1974277
1977219
1988461

816575

924733

933183

949858

958439

961701
1033597
1073274
1115213
1161883
1172036
1235314
1236324
1253579
1263048
1290787
1313684
1321174
1324935
1326648
1347260
1427026
1435768
1465934
1490721
1499703
1519497
1540216
1542110
1544971
1553853
1560168
1577372
1584759
1620536
1699117
1724435
1753334
1760852
1787935
1791348
1792855
1796169
1807019
1826482
1855408
1882913
1905751
1927591
1941750
1959892
1974383
1977328
1988567

154 tatagcggattaacaaaaaccggtacggcgttgcccecgecccggctcaaagggaacggttcectaaggegeccaagcaccgggegaaccggttccataccattegtactgectgeggeccgecgecttgtectgatttttgttaatecgetata
154 tatagcggattaacaaaaaccggtacggcgttgccccgeccccggeccaaagggaacgattcectaaggtgatggagecgeccgggeggatcggttecgtaccattecgtactgectgeggtecgecgecttgtectgatttttgttaatcegetatyg
105 tatagtggattaaatttaaaccagtacggcgttgcctcgecttgecegtactatttgtactgtctgeggectctecegecttgtectgatttttgttaatccgetata

105 tatagtggattaacaaaaaccggtacggcgttacctcgecttgecgtactatttgtactgtetgeggettegtegecttgtectgatttttgttaatccactata

106 tatagtggattaaatttaaaccggtccggegttgectegecttgecgtactatttgtgetgtetgeggetegecgecttgtectgatttaaatttaattcactata

106 tatagtggattaaatttaaaccagtacggcgttacctcgecttgeecgtactattttactgtctgeggettegttgecttgtectgatttaaatttaatccactata

106 tatagtggattaaatttaaaccggtaccgcgttgecctegecttgecgtactatectgtactgtctgeggettegtegecttgtectgatttttgttaateccactata

107 tatagtggattaaatttagaccggtacggcgttgcctcgecttgeegtactatttttactgtctgeggecttegecgecttgtectgatttaaatttaateccactata

106 tatagtagattaaatttaaaccggtccggegttacctegecttgeegtactatttgtactgtetgeggettegtegecttgtectgatttttgttaatecactata

154 tatggtgaattaacaaaaaccggtacggcgttgeccecgecttagetcaaagggaacgattcectaaggtgetgaagcaccaggecgaaccggtteecgtaccatttgtactgectgeggececgecgecttgtectgatttttgttaattcactata
105 tagagtggattaaatttaaaccggtacggegttgectegecttgeegtactatttgtactgtetgeggetegecgecttgtectgatttttgttaateccgetata

71 tatagtggattaacaaaaaccagtacggcgttgcctcgecttgecgtactggtttttgttaatcegetata

154 tatggcggatgaacaaaaaccggtacgtcgttgccccgeccccggecccaaagggaacggttccccaaggtgatgaagcaccgggeggatcggttecgtactatttgtactgectgeggeccgecgecttgtectgatttttgttaatcegetata
105 tatagtggattaacaaaaaccggtacggcgttgectcgecttgecgtactatttgtactgtctgeggettecgeecgecttgtectgatttttgttaatccactata

154 tatggcggattaacaaaaaccggtacggcgttgeccecgecccggectcaaagggaacggttcecctaaggtgatgaagcaccgggecgaaccggttecgtactatcecgtactgectgeggececgecgecttgtectgatttttgttaateccgetata
154 tatagcggattaacaaaaaccggtacggcgttgeccecgecccggeccaaagggaacgatteectaaggtgatggagegecgggegaaccggttecgtaccattegtactgectgeggececgecgecttgtectgatttttgttaatecgetatyg
107 tatagtggattaaatttaaaccggtacggcgttgcctecgecttgeecgtactatttgtactgtctgeggettegeegecttgtectgatttaaatttaateccactata

106 tatagtggattaacaaaaaccggtacggcgttgcctcgecttgececgtactatctgtactgtctgegacttecgtegecttgtectgatttaaatttaatccactata

106 tatagtgaactaaatttaaaccagtacggcgttgcctcgecttgececgtactatttgtactgtctgeggctecgecgecttgtectgatttaaatttaattcactata

154 tatagtggattaacaaaaaccagtacggcgttgeccegecttagetcaaagagaacgattcectaaggegeccaagecaccgggegaaccggtteegtactatttgtactgtetgeggecegecgecttgtectgatttttgttaatecactata
155 tatagcggattaacaaaaaccagtacggcgttgectecgecttaactcaaagagaacgattctcectaaggtgetgaagcaccaagtgaatcggttcegtactatttgtactgtectacggettegttgecttgtectgatttttgttaatccactata
154 tatagcggattaacaaaaaccggtacggcgttgeccecgecccggeccaaagggaacgatteecctaaggtgatggagegecgggeggateggttecgtaccattegtactgectgeggececgecgecttgtectgatttttgttaatecgetatyg
156 tatagtggattaactttaaaccagtacggcgttgcctecgecttagectcaaagagaacgattccctaaggtgectgaagcaccaagtgaatcggtteecgtactatttgtactgtetgeggettegtegecttgtectgatttttgttaatecgecata
155 tatagcggattaacaaaaaccggtacggcgttgecccecgecttagctcaaagagaacgattctctaaggtgctgaagcaccaagtgaatcggttccgtactatttgtactgtctgeggettectegecttgtectgatttttgttaatccactata
154 tatggcggattaacaaaaaccggtacggegttgeccegecceggetcaaagggaacggttecccaaggtgatgaagecaccgggeggateggttecgtactatttgtactgectgeggecegecgecttgtectgatttttgttaateecgetata
153 tatagtggattaatttaaaccggtacgggttgccccgecceggectcaaagggaacgattccctaaggecgeccaagecaccgggecgaaccggttecgtaccatttgtactgectgeggecegecgecttgtectgatetttgttaatecgetata
154 tatagcggattaacaaaaaccggtacgtcgttgeccecgecccggectcaaagggaacggtteecctaaggegeccaagecaccgggcgaaccggtteecgtactatecegtactgtetgeggececgecgecttgtectgatttttgttaatecgetata
105 tatagtgaattgaatttaaaccagtacagcgttggcccgecttgetgtactatttgtactgtctgeggetegecgecttgtectgatttttgttaateccactata

155 tatagtggattaacaaaaaccagtacggcgttggcccgeccttagctcaaagagaacgattctctaaggtgctgaagcaccaagtgaatcggttccgtactatctgtactgtctgeggettecgecgecttgtectgatttttgttaatccactata
155 tatagtggattaacaaaaaccggtacggcgttgccccgeccccggctcaaagagaacgattctctaaggtgectgaagcatcaagtgaaccggtteccgtactatttatactgtctgeggettegtegecttgtectgatttttgttaatccactata
169 tatagtggattaacaaaaaccagtacggcgttgcctecgecttgecgtactatctgtactgtetgeggettegtegecttgtectgatttttgttaatccacgecttgecgtactatetgtactgtectgeggettegtegecttgtectgatttttgttse
105 tatagtggattaaatttaaaccggtacggegttgectegecttgecgtactattgtactgtetgeggettegtegecttgtectgatttttgttaatccactata

107 tatagtggattaaatttaaaccagtacagcgttgectegecttgecgtactatetgtactgtetgeggettegtegecttgtectgatttaaatttaateccactata

107 tatagtggattaaatttaaaccggtacggcgttacccecgecttgeecgtactatgttgtactgtctgeggettegtegetttgtectgatttttgttaateccactaac

154 tatggcggattaacaaaaaccggtacggcgttgccccgecccggctcaaagggaacggttccctaaggtgatgaagcaccgggegaaccggttecgtactatcecgtactgectgeggeccgecgecttgtectgatttttgttaatcegetata
154 tatagtgaattaacaaaaaccggtacggegttggeccgecccggetcaaagaggacgattcectaaggtgatgaagecaccaagegaaccggttecgtactatecegtactgectgeggecegecgecttgtectgatttttgttaattcactata
154 tatggcggattaacaaaaaccggtacggcgttgecccecgecccggectcaaagggaacgattcectaaggtgatgaagcaccgggecgaaccggtteecgtactatcegtactgectgeggeccgecgecttgtectgatttttgttaateccgetata
105 tatagtggattaacaaaaaccggtacggcgttgectegecttgecgtactatttgtactgtetgeggettegecgecttgtectgatttttgttaatccactata

107 tatagtgaattaaatttaaaccggtacggcgttggctecgecttgeecgtactatectgtactgtcecgeggettegeegecttgtectgatttaaatttaatecactatyg

154 tatagcggattaacaaaaaccggtacggcgttgccccgecttagectcaaggggaacggttcecctaaggtgecccaagcaccaagegaaccggtteccgtactatttgtactgectgeggeccgecgecttgtectgatttttgttaatcecgetata
154 tatagcggattaacaaaaaccggtacggcgttgeccccgecccggctcaaagggaacggttcecctaaggecgeccaagcaccgggeggatcggttecgtaccatttgtactgectgeggeccgecgecttgtectgatttttgttaatcegecata
105 tatagtgaattaaatttaaaccagtacggcgttgcctegecttttegtactatcegtactgectgeggeccgecgecttgtectgattttegttaatecgecata

154 tatggcggattaacaaaaaccggtacggcgttgeccecgecccggectcaaagggaacggttcecccaaggtgatgaagcaccgggeggateggttecgtactatttgtactgectgeggececgecgecttgtectgatttttgttaateccgetata
154 tatagcggattaacaaaaaccggtacggcgttgeccecgeccecggectcaaagggaacggtteecctaaggegeccaagecaccgggecgaaccggttecgtaccatttgtactgectgeggececgecgecttgtectgatttttgttaatecgetata
154 tatagtggattaacaaaaaccagtacggcgttgccccgecttggctcaaagggaacgattctccaaggtgetgaagcaccgggegaaccggtteecgtactateccgtactgtectgeggecegecgecttgtectgatttttgttaatecgetata
155 tatagcggattaacaaaaaccggtacggcgttgccccgeccccggctcaaagggaacgattcecctaaggtgecccaagcaccgggegaaccggtteccgtactatttgtactgtctgeggettecgecgecttgtectgatttttgttaatccactata
73 tatagtggattaaatttaaaccggtacggegttgectegecttgeecgtaccggtttaaatttaatccactata

155 tatggtggattaactttaaaccggtacggcgttgccccgecceggetcaaagggaacggttccctaaggegeccaagcaccgggegaaccggttecgtaccatttgtactgectgeggeccgecgecttgtectgatttttgttaatecgetata
154 tatagtggattaacaaaaaccggtacggcgttgecccecgecccggectcaaagggaacgattececctaaggtgeccaagecaccgggeggateggttecgtaccatttgtactgectgeggececgecgecttgtectgatttttgttaateccgecata
154 tatagcggattaacaaaaaccggtacggcgttgcccecgecccggctcaaagggaacggttcectaaggegeccaagcaccgggeggateggtteegtaccatttgtactgectgeggecegecgecttgtectgatttttgttaatecgetatyg
154 tatggcggattaacaaaaaccggtacggcgttgeccccgecccggctcaaagggaacggttcecctaaggtgatgaagcaccgggegaaccggtteccgtactatcecgtactgectgeggeccgecgecttgtectgatttttgttaatcegetata
107 tatagtggattaaatttaaaccagtacatcgttgactcgeccttgccgtactatctgtactgtctgtggecttegtegecttgtectgatttaaatttaatccactata

110 tatagtggattaacaaaaaccggtacggcgttgectegecttgecttgecgtactatttgtactgtetgeggetttgtegecttgtectgatttttgttaatecegetata

107 tatagtggattaaatttaaaccagtacggcgttgcctegecttgecgtactatttgtactgtetgeggettegtegecttgtectgatttaaatttaateccactata



1989216
1990334
1994050
2031968
2050694
2052289
2059092
2075962
2086435
2091043
2096299
2106628
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2123050
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2146958
2149525
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2161831
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2186864
2189554
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2152118
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143 tatagtggattaacaaaaaccagtacggcgttgcctcgecttagectcaaagagaacgattctctaaggtgetgaagcaccaagtgaatcggttcegtactatttgtactgtctgeggeccgeecgecttgtectgattactata

155 tatagtggattaacaaaaaccagtacggcgttgccccgecttagctcaaagagaacgattccctaaggtgectgaagcaccaagtgaatecggtttegtactatttgtactgtctgeggettegtegecttgtectgatttttgttaatccactata
154 tatagcgaattaacaaaaaccggtacggcgttgcccecgecccggetcaaagggaacgattccctaaggtgecccaagcaccgggcgaaccgattcegtactatttgtactgtctgeggecegeecgecttgtectgatttttgttaatctactata
107 tatagtggattaaatttaaaccggtacggcgTTGCCTCGCCTTGCCGTACTATTTGTACTGTCTGCGGCTTCGTCGCTTTGTCCTGATTTAAATTTAATCCACTATA

154 tatagcggattaacaaaaaccggtacggcgttgecccecgeccecggeccaaagggaacggttcectaaggecgeccaagecaccgggecgaaccggttecgtaccatttgtactgtetgeggecegecgecttgtectgatttttgttaateccactata
154 tatagcggattaacaaaaaccggtacgggttgecccegecceggctcaaagggaacggtteccctaaggegeccaagecaccaggecgaaccggttecgtaccattegtactgectgeggecegecgecttgtectgatttttgttaatecgecata
107 tatagtggtttaaatttaaaccggtacagcgttgecctecgecttgecgtacttettgtactgtectgeggettegtegecttgtectgatttaaatttaaaccactata

154 tatagcggattaacaaaaaccggtacggcgttgccccgecttagectcaaagagaacggttccctaaggtgecccaagcaccaggcgaaccggttcegtactatctgtactgtctgeggecegecgecttgtectgatttttgttaatcegetata
105 tatagtggattaacaaaaaccggtacggegttgectegecttgecgtactatetgtactgtetgeggettegecgecttgtectgatttttgttaateccactata

106 tatagtggattaaatttaaaccggtacggcgttgectecgecttgecgtactatttgtactgtetgeggettegecgecttgtectgatttttgttaatccactata

155 tatagtggattaacaaaaaccggtacggcgttgectegecttagetcaaagagaacgattctctaaggtgetgaagcaccaagtgaatecggttecgtactatttgtactgectgeggettegtegecttgtectgatttttgttaatecactata
69 tatagtggattaaatttaaaccggtacggcgttgcctecgecttgtectgatttttgttaatccactata

155 tatagtggattaactttaaaccggtacggcgttgcccecgecttagectcaaagagaacgattccctaaggtgetgaagcaccgggcgaaccggttcecgtaccatttgtaccgtctgeggeccgecgecttgtectgatttttgttaateccactata
153 tatagcggattaacaaaaaccggtacgggttgccccgeccceggetcaaagggaacggttccctaaggecgeccaagecaccgggcggateggttcegtaccatttgtactgectgeggecegecgecttgtectgatttttgttaatecgecata
154 tatagtggattaacaaaaaccagtacggcgttgeccecgecttagetcaaagagaacgattccctaaggegeccaagecaccgggegaaccggttecgtactatttgtactgtetgeggtecgecgecttgtectgatttttgttaatecegetata
156 tatagtggattaacaaaaaccggtacggcgttgcccecgecceggetcaaagggaacgattctctaaggtgetgaagcaccaagtgaateggttecgtactatttgtactgtctgeggettegecgecttgtectgatttaaatttaatccactata
156 tatagtggactaaatttaaaccggtacggcgttgecccecgecttagetcaaagagaacgattcectaaggtgetgaagecaccaagtgaateggtteecgtactatttgtactgectgeggettegecgecttgtectgatttttgttaatccactata
154 tatagcggattaacaaaaaccggtacgtcgttgecccegeccecggetcaaagggaacgattccctaaggegeccaagcaccgggecgaaccggttecegtaccattegtactgectgeggetggecgecttgtectgatttttgttaateecgetata
107 TATAGtggattaaatttaaaccggtacggcgttgcctecgecttgecgtactatttttactgtetgeggettegecgecttgtectgatttaaatttaatccactata

105 tatagcggattaacaaaaaccggtacggegttgectegecttgecgtactatetgtactgtetgeggettegtegecttgtectgatttttgttaateccactata

154 tataatggattaacaaaaaccggtacggcgttgcccecgecceggectcaaagggaacgattcecctaaggecgeccaagcaccaagecgaaccggttecgtaccatttgtactgectgeggececgecgecttgtectgatttttgttaateccactata
106 tatagtggattaaatttaaaccagtacagcgttgectecgecttgecgtactatectgtactgtetgeggcttegtegecttgtectgatttttgttaatccactata

104 tatagtggattaacaaaaccggtacggcgttgcctcgecttgecgtactatttgtactgtectgeggecttegtegecttgtectgatttttgttaateccactata

107 tatagtggattaaatttaaaccggtacggcgttgcctcecgecttgecgtactatttgtactgtetgeggettegtegecttgtectgatttaaatttaatccactata

155 tatagtggattaacaaaaaccggtacggcgttgcccecgecttggectcaaagggaacgattccctaaggtgecccaagcaccaagtgaaccggttcegtactatcecgtactgtcecgeggettecgecgecttgtectgatttttgttaateccactata

* Regions where the CREE or Correia Repeats overlap an annotated coding region are shown in upper case letters.
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Supplementary Figure 1. CREE promoter 5‘ of drg (NGK_0010). A functional Black promoter
was described previously (Cantalupo et al., FEBS Lett. 2001), shown by the blue arrow. No
other CREE associated promoters are evident from the sequence, therefore on inversion, as
observed here (Table 1), the original Black promoter would no longer transcribe drg (blue
arrow) and no new Black promoter would be formed by the inversion.
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Supplementary Figure 2. CREE promoters 5‘ of marR (NGK_0263). A potential Snyder promoter
is found in the sequence (blue arrow). Upon inversion, as observed here (Table 1), potential
Snyder and Black promoters would be generated from the CREE and native chromosomal

seqguence (orange arrows). Red crosses indicate a lack of either complete -10 or -35 sequences
in that orientation.
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Supplementary Figure 3. CREE promoter 5‘ of hypothetical gene NGK_0961. A single potential
Black promoter was identified from the sequence (blue arrow). Therefore on inversion, as
observed here (Table 1), the original Black promoter would no longer transcribe NGK_0961
(blue arrow) and would no longer form a -10 with the native sequence (red cross). No new

Black promoter would be formed by the inversion and no Snyder promoters have been found
in the sequence.
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Supplementary Figure 4. CREE promoters between NGK_1174 (glucose-6-phosphate 1-
dehydrogenase) and NGK_1176 (phosphogluconate dehydratase). Potential Snyder promoters
are found in the sequence (blue and dark orange arrows), as well as one potential Black
promoter (light orange arrow). Upon inversion, as observed here (Table 1), the sequences
retain their potential -10 and -35 regions. The promoters can therefore be functional in either
orientation, with both a Snyder and Black promoter potentially driving transcription (orange
arrows) or just a Snyder promoter (blue arrow). This may result in differences in RNaselll
processing of the transcript, as suggested previously (DeGregorio et al., Biochem J, 2003).
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Supplementary Figure 5. CREE promoters between NGK_2116 (hypothetical gene) and mviN,
an essential gene in E. coli (Kato & Hashimoto, Mol Sys Biol, 2007) involved in murien synthesis
(Inoue et al., ) Bacteriol, 2008). Potential Snyder promoters (blue and dark orange arrows) and
a potential Black promoter (light blue arrow) are identified. Inversion (Table 1), retains the
potential -10 and -35 regions. The promoters can therefore be functional in either orientation,
with both a Snyder and Black promoter potentially driving transcription (blue arrows) or just a
Snyder promoter (orange arrow). This may result in differences in RNaselll processing of the
transcript, as suggested previously (DeGregorio et al., Biochem J, 2003).
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Supplementary Figure 6. CREE promoters 5‘ of mafA (NGK_2270), believed to be an adhesin
(Paruchuri et al., PNAS, 1990). Potential Snyder and Black promoters (blue arrows), may drive
transcription of mafA; after inversion there is only a Snyder promoter (orange arrow, lacking -
35 in the opposite orientation), with implications for RNaselll processing.
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Supplementary Figure 7. CREE promoters 5‘ of NGK_2374 (hypothetical gene). A potential Black
promoter (blue arrow), is present in only one orientation of the CREE. No other CREE
associated promoters are evident from the sequence. Upon inversion (Table 1), the associated -
10 sequence is not retained and no new potential promoters are generated. Transcription of
the hypothetical gene would therefore be dependent on the orientation of this CREE.
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