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Abstract

Streptococcus pneumoniae is a major human pathogen that can cause severe invasive diseases such as pneumonia, septicae-
mia and meningitis. Young children are at a particularly high risk, with an estimated 3-4 million cases of severe disease and
between 300000 and 500000 deaths attributable to pneumococcal disease each year. The haemolytic toxin pneumolysin (Ply)
is a primary virulence factor for this bacterium, yet despite its key role in pathogenesis, immune evasion and transmission, the
regulation of Ply production is not well defined. Using a genome-wide association approach, we identified a large number of
potential affectors of Ply activity, including a gene acquired horizontally on the antibiotic resistance-conferring Integrative and
Conjugative Element (ICE) ICESp23FST81. This gene encodes a novel modular protein, ZomB, which has an N-terminal UvrD-
like helicase domain followed by two Cas4-like domains with potent ATP-dependent nuclease activity. We found the regulatory
effect of ZomB to be specific for the ply operon, potentially mediated by its high affinity for the BOX repeats encoded therein.
Using a murine model of pneumococcal colonization, we further demonstrate that a ZomB mutant strain colonizes both the
upper respiratory tract and lungs at higher levels when compared to the wild-type strain. While the antibiotic resistance-
conferring aspects of ICESp23FST81 are often credited with contributing to the success of the S. pneumoniae lineages that
acquire it, its ability to control the expression of a major virulence factor implicated in bacterial transmission is also likely to
have played an important role.
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Impact Statement

Bacterial pathogens regulate the expression of their virulence factor to maximise their long-term survival and transmission. In
this study we sought to identify novel regulators of the expression of pneumolysin (Ply), a cytolytic toxin secreted by the major
human pathogen Streptococcus pneumoniae. Using a GWAS approach we identified a number of loci associated with Ply produc-
tion, including a gene we have named zomB that is located on an Integrative and Conjugative element (ICESp23FST81). This
mobile genetic element was believed to enhance the success of the pneumococcal lineage that acquired it, due to the antibiotic
resistance genes it brought with it. However, our findings suggest that the presence of zomB on this ICE element also increased
the transmissibility of this lineage by causing a signficant increase in the expression of Ply.

DATA SUMMARY

Supplementary data is provided in the online version of this article, including two supplementary figures and four spreadsheet containing
details of Ply activity, antibiotic resistance and accession numbers for the genome sequence of the clinical strains used here; and the GWAS
outputs from the three methods used. The accession number for the RNAseq data is provided within the main text of the article.

INTRODUCTION

For opportunistic pathogens, such as Streptococcus pneumoniae, there is a fine balance to be reached between the ability to colonize the
host asymptomatically, to transmit between hosts, and to cause disease [1-3]. The secretion of cytolytic toxins is often key to this. S.
pneumoniae, for example, produces pneumolysin (Ply), a cytolytic pore-forming toxin that binds to cholesterol in the membranes of host
cells, where it inserts into the lipid bilayer forming a transmembrane pore that lyses the host cell [4-7]. Ply also affects the host immune
system in a complex manner, with evidence for both pro- and anti-inflammatory activity [8-11]. The data surrounding the role of Ply in
nasal colonization are complex, with early studies suggesting it contributes positively to the colonization process [12], but more recent
work has shown its expression to be inversely correlated with colonization duration and directly correlated with shedding of S. pneumoniae
from the nose for transmission to new hosts [13-15]. Given the importance of Ply to many aspects of the biology of S. preumoniae, it
represents an attractive target for the development of therapeutic intervention [16].

Despite its importance, what is perhaps surprising about Ply is that so little is known about the regulation of its production compared to
the virulence factors of similar pathogens, such as Staphylococcus aureus [17]. The ply gene is transcribed as part of an operon with four
other genes [18, 19]. One gene encodes a transcriptional regulator yebC [20] (although this is labelled as yeeN on Pneumobrowser [21]),
and its effect on the transcription of the ply operon is not known. The activity of the proteins encoded by the other three genes are also not
understood, although they have been implicated in the movement of Ply from the cytosol to the bacterial cell wall [18, 19]. Microarray-based
transcriptional analyses suggest that ply is transcribed in a density-dependent manner, where its transcription was significantly lower in
a LuxS quorum sensing mutant [22]. This supports earlier work based on the haemolytic activity of the bacteria that reported maximal
Ply activity in the late exponential phase of growth [23, 24]. Interestingly, ply has also been shown to be expressed during the early phases
of biofilm development in a LuxS-dependent manner, although the role it plays under these growth conditions has yet to be defined [25].
Other microarray work also suggests that RR09, the response regulator of the TC09 two-component regulatory system, down-regulates
ply transcription under specific growth conditions [26]. Once transcribed and translated, Ply accumulates in the cytoplasm as it does not
contain a secretory signal sequence, and its release has been shown to be dependent upon the major autolysin for S. pneumoniae, LytA [27].
There have, however, also been reports of an autolysis-independent, cell-contact-mediated release of Ply from the bacterial cells, although
little is known about the mechanistic detail underpinning this aside from the involvement of an accessory secretory system [22, 28].

Given how poorly understood the regulation of the production of this major virulence factor is, here we sought to define the genetic
basis of Ply activity by analysing a collection of 165 isolates belonging to the S. pneumoniae Pneumococcal Molecular Epidemiology
Network 1 (PMENT1) lineage [29]. This globally successful clonal group (also known as vaccine serotype 23EF multilocus sequence type
81) is of public health importance having made an important contribution to the emergence of penicillin non-susceptibility amongst the
pneumococci [30]. It has acquired additional antibiotic resistance through the acquisition of the Integrative and Conjugative Element (ICE),
ICESp23FST81 [8], which confers resistance to tetracycline and chloramphenicol, features believed to have contributed to the success of
this lineage. As such it represents an important and relevant lineage on which to base this study.

METHODS
Bacterial strains and growth conditions

The clinical isolates used in this study (listed in Table S1, available in the online version of this article) had been previously described and
sequenced [29] and all belonged to the PMEN1 clone of which S. pneumoniae ATCC 700669 is the reference strain. This collection contains
global strains that were isolated from a range of pneumococcal diseases between 1984 and 2008 [Table S2 in reference 29]. Strains were
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Table 1. Primers used to construct mutants

Amplification site

Primer sequence

ply (LHS) forward
ply (LHS) reverse
ery-ply forward
ery-ply reverse

ply (RHS) forward
ply (RHS) reverse
zomB (LHS) forward
zomB (LHS) reverse
ery-zomB forward
ery-zomB reverse
zomB (RHS) forward

zomB (RHS) reverse

5" CCCTTGCTCTGGTTAAAAAAAGAAGC 3’

5" ATATTTTTGTTCATATTTGCCATCTTCTACC 3’

5" GGTAGAAGATGGCAAATATGAACAAAAATATAAAA 3’
5" CTACCTGAGGTTATTTCCTCCCGTT 3’

5" GAGGAAATAACCTCAGGTAGAAGATAAG 3'

5" GATCACCTTTTTTAGCTGCTACATAG 3’

5" TGCCCACTATTTTTATCTAGTTGCTTACC 3’

5" ATTTTTGTTCATTGTTGTCATCGTTTTACCTC 3'
5" CGATGACAACAATGAACAAAAATATAA 3’

5" CTTTTCCGGATTCTTATTTCCTCCC 3’

5" GGAGGAAATAAGAATCCGGAAAAG 3’

5" AATTAATTCCTGAATACAAGTTAACAAAATAG 3’

grown for 16-24h in 5% CO, at 37°C, either on brain-heart infusion (BHI), on Todd Hewitt supplemented with 0.5% (w/v) yeast extract
(THY), on blood agar plates containing 5% (v/v) defibrinated horse blood or in BHI/THY broth without blood.

Construction of deletion mutants in S. pneumoniae

Genes were deleted in S. prneumoniae using linear PCR products as described previously [31]. In brief, a stitch PCR approach
using the primers listed in Table 1 were used to generate a single PCR product consisting of 1kb of DNA to either side of the
gene to be deleted, with a gene encoding resistance to erythromycin (ermAM; amplified from plasmid pVA838) in the centre.
To transform the bacteria with this PCR product, the wild-type bacteria were grown overnight in 5ml BHI broth, and 2ml of
this culture was used to inoculate a pre-warmed tube of 20 ml BHI broth. This was incubated for a further 2h, and 0.5ml of the
culture was added to 9.5ml pre-warmed BHI broth and incubated for 30 min. Then, 1 ml of this sub-culture was transferred to
sterile tubes, 10 ul of 10 pgml™ competence-stimulating peptide-2 (CSP-2) was added to each tube, and these were incubated
for 15 min. To 200 ul aliquots of this, either the PCR product or sterile water was added, and the mixture incubated for a further
2h. This was then added to molten BHI agar (10 ml) containing 5% (v/v) defibrinated horse blood, allowed to set in a Petri dish
and incubated for 2 h. Plates were then overlaid with a further 10 ml molten agar containing 5% (v/v) defibrinated horse blood
with erythromycin (2 pugml™) to selected for successfully transformed cells. Plates were incubated for up to 5days at 37°C, or
until colonies appeared within the agar.

Cloning of ZomB for complementation

The zomB gene was amplified by PCR from strain ATCC 700669 using KAPA HiFi HotStart ReadyMix (Roche) and primers
zomBFW: ATATGCATGCCCTCGTAATTACTAGGAAAC (SpHI, T, 67.6°C) and zomBRV: ATATGGATCCATTTTCTTAT
CTTATAGATTCTAAAATAC (BamHI, T 63.7°C) and cloned into the pVA838 plasmid [32] using MAX Efficiency DH5a
Competent Cells (Invitrogen) to make pVA838-zomB. The plasmid was purified and transformed into D39 as described above,
using CSP-1 in place of CSP-2.

Quantification of Ply activity

Strains were grown overnight in BHI broth, then sub-cultured at a 1:1 ratio into fresh broth and grown for 1h untilan OD, _of
0.4-0.7 was reached. These cultures were then serially diluted 4-fold in a 96-well plate containing BSA assay buffer (50 mg BSA
and 77 mg DTT dissolved in 50 ml sterile PBS). To each well, 50 pl of triple-washed sheep red blood cells (at a final concentration
of 2% diluted in PBS, v/v) was added and the plates were incubated for 1h in 5% CO, at 37 °C. The plates were then centrifuged
at 2000 r.p.m for 10 min at room temperature to separate the intact cells from the soluble lysed material. The supernatants from
each well were transferred to a fresh 96-well plate and absorbance values read at 415 nm were obtained using a FLUOstar Omega

microplate reader.
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Genome-wide association study (GWAS)

The initial genome-wide associations between SNPs and bacterial toxicity were determined by means of linear regression. To
account for bacterial population structure, we first performed a singular value decomposition [principal components analysis
(PCA)] of the SNP data and then used the first four principal components (PC), which together explained around 45% of the
variance, in the regression model:

toxicity ~ Bo + B1SNP + (3,PC; + [33PC; + 34PC3 + BsPC4.

Statistical significance of the 8; term is reported at an uncorrected o = 0.05 threshold. The risk of generating false positive results
by not correcting for multiple testing was deemed preferable over the increased likelihood of false negative results, which could
potentially discard important and novel associations, particularly given all findings were subsequently validated by mutating the
target site. Additional GWAS analyses were performed using pyseer and BugWas as previously described [33, 34].

Quantification of Ply production

The bacteria were grown overnight in 15 ml BHI broth and harvested by centrifugation. Six millilitres of bacterial culture superna-
tant was concentrated to 500 pl using a Pierce Protein Concentrator PES, 10k molecular weight cutoff (Thermo Fisher Scientific).
The individual proteins were separated on SDS-PAGE gels and Western blotting of this was conducted using anti-pneumolysin
antibody followed by goat anti-mouse IgG horseradish peroxidase (HRP) as the secondary antibody (both from Abcam). The
HRP signal was detected using the Metal Enhanced DAB Substrate Kit (Thermo Fisher Scientific).

Quantification of transcription of the ply gene

Bacteria were grown overnight in 5-10 ml BHI broth and RNA was extracted using a Zymo Quick-RNA Fungal/Bacterial Miniprep
kit following the manufacturer’s protocol. A Turbo DNase digest kit was used to remove any contaminating DNA. The quality and
quantity of the RNA were determined using a Nanodrop and the RNA was reverse transcribed to cDNA using a qScript cDNA
synthesis kit (QuantaBio), as per the manufacturer’s protocol. RNA samples were standardized such that 100 ng was added to
each cDNA synthesis reaction. Quantitative reverse transcriptase PCR (qQRT-PCR) was performed using a Mic qPCR cycler (Bio
Molecular Systems) and reactions were set up using a KAPA Sybr Fast universal master mix (no rox). Three technical repeats
were conducted for each cDNA sample and the data were analysed using the 27(A¢tply-aCtreed) method [35]. The cycle parameters
included an initial denaturation at 95 °C for 3 min, followed by 35 cycles of 95°C for 105, annealing at 60 °C for 20 s and elongation
at 72°C for 20s. A melt curve analysis was performed to check the amplified products. The primer pairs where recA was used as
the control housekeeping gene were: ply FW, GGCACCACTATGATCCAGCA; ply RV, CAGGCAAGGTGGACATGGTA; recA
FW, ATCGGAGATAGCCATGTTGG; and recA RV, ATAGAGGCGCCAAGTTTACG.

Expression and purification of ZomB

The zomB gene was cloned into the expression plasmid pET15b, and expressed in Escherichia coli strain BL21(DE3) with a 6x
histidine tag at its N terminus. The E. coli cells were grown at 37 °C in LB broth containing 100 ug ml™" ampicillin to an OD, of
~0.5, whereupon cells were temperature acclimatized to 18 °C and gene expression was induced for 12 h via the addition of 1 mM
IPTG. Cells were harvested by centrifugation for 20 min at 6000 r.p.m. and resuspended in buffer containing 50 mM Tris pH 7.5,
150 mM NaCl, 10% sucrose and 0.1 mM PMSE Cells were lysed by sonication in buffer containing 1 mM Tris(2-carboxyethyl)
phosphine (TCEP), 500 mM NaCl, 20 mM imidazole and a protease inhibitor cocktail, and cell debris was removed by centrifuga-
tion for 30 min at 21 500 r.p.m. Cell lysate was loaded onto a 5 ml HisTrap Nickel binding column which had been equilibrated in
HisB buffer (20mM Tris pH 7.5, 500 mM NaCl, 1 mM TCEP, 5% glycerol) plus 20 mM imidazole. Proteins possessing His-tags
were eluted with a gradient from 20 to 500 mM imidazole over 32 min with a flow rate of 3 mlmin™. Protein elution was monitored
by measuring absorbance at 280 nm. Fractions containing the most protein were pooled and applied to a HiTrap Heparin affinity
column equilibrated with HepQ/B buffer (20 mM Tris pH 7.5, 1 mM TCEP) plus 100 mM NaCl. Heparin-binding proteins were
eluted with a gradient from 100mM to 1 M NaCl over 30 min, monitored by absorbance at 280 nm. Two millilitre fractions
containing the highest protein concentrations were pooled and applied to a MonoQ anion exchange chromatography column
equilibrated with HepQ/B buffer plus 100 mM NaCl. Proteins were eluted with a gradient from 100 mM to 1 M NaCl over 30 min,
with protein absorbance monitored at 280 nm, and 0.3 ml fractions were collected. Fractions containing the highest concentrations
of eluted protein were pooled and stored in HepQ/B buffer plus 330 nM NaCl, corresponding to the salt concentration at which
the protein was eluted from the column. Nanodrop OD,,  and the ZomB protein’s predicted extinction coefficient (118390 mol
I"! cm™) were used to determine that ZomB had been purified to a concentration of 7.0 uM.

Biochemical characterization of ZomB activity

ATPase activity was measured by coupling the hydrolysis of ATP to the oxidation of NADH, which gives a change in absorbance
at 340nm. Reactions were performed in a buffer containing 20mM Tris-Cl pH 8.0, 50mM NaCl, 2mM DTT, 1mM MgCL,
50 Uml ™ lactate dehydrogenase, 50 Uml™ pyruvate dehydrogenase, 1 mM phosphoenolpyruvate and 100 pgml™' NADH. Rates
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of ATP hydrolysis were measured over 1 min at 25 °C and the ssDNA substrate used was Poly(dT). For calculation of K,
(defined as the concentration of DNA at which ATP hydrolysis is half-maximal), the ATP concentration was fixed at 2mM.
The Michaelis-Menten plot was performed at a saturating DNA concentration, which is defined as 10 times the K|, value. The

concentration of ZomB was 50 nM in these assays unless indicated otherwise.

Electrophoretic mobility shift assays

The intergenic region between ply and the neighbouring gene SPN23F19460, containing BOX repeat regions, was amplified (using
the following primers: BoxE, GAGAGGAGAATGCTTGCGAG; and BoxR, TAGGAATCTCCTTTTTTCACATTTTAATCTTTC).
A region of the ply gene of equivalent size was also amplified (using PIlyF, ATGGCAAATAAAGCAGTAAATGACTTTATAGC; and

PlyR, GCCCCCTAAAATAACCGCCTTC). The purified ZomB protein was added in a range of concentrations (5, 2.5, 1.25, 0.625,
0.3125 and 0.15625 uM) to 10 nM of the PCR products in a buffer containing 20 mM Tris (pH 8), 200 mM sodium chloride, 1 mM
TCEP and 10% glycerol. Samples were then run on a 1.5% agarose gel in 1x TAE buffer for 110 min at 90 V. Following this, the
gel was stained in TAE containing 1x SYBR Safe DNA gel stain for 30 min, and bands were visualized using a Typhoon FLA 9500.

RNA sequencing

Three independent 20 ml cultures of S. pneumoniae ATCC 700669 wild-type and AzomB mutant were grown overnight in THY
broth, from which total RNA was extracted and DNase treated as described above. RNA was stored at =70 °C until transportation
on ice for sequencing at the University of Bristol Genomics Facility. RNA integrity was determined by electrophoresis using a
TapeStation (Agilent) RNA Screentape Assay, and samples with scores of >7 were considered suitable for library preparation
and sequencing.

One hundred nanograms of total RNA was taken into the Illumina TruSeq Stranded Total RNA with Illumina Ribo-Zero Plus
rRNA Depletion kits according to the manufacturer’s instructions. Briefly, the protocol involved enzymatic depletion of rRNA
and clean-up of the remaining RNA using magnetic beads. The RNA was fragmented and denatured, and first- and second-strand
cDNA was synthesized, then total cDNA was purified using magnetic beads. The 3’ ends were adenylated to prevent blunt end
ligation, and indexing adapters were ligated to the ends of the double-stranded cDNA fragments. Magnetic beads (Agencourt
AMPure XP beads; Beckman Coulter) were then used to clean up the cDNA libraries before amplification of DNA fragments,
selecting for adapter molecules. A second clean up with magnetic beads was performed, and the libraries were quantified using
the ThermoFisher High Sensitivity dsDNA Qubit assay and validated using the TapeStation (Agilent) with the DNA100 screentape
assay. The cDNA libraries were normalized to 4nM and pooled for sequencing on the Illumina NextSeq500 instrument using a
High Output Version 2.5 sequencing kit. The indices for each sample are detailed in Table 2. The depth of sequencing covered
2x75bp paired-end reads, with a minimum of 30 million reads per sample. Sequence information was output in FastQ file format
for subsequent downstream analysis.

Bioinformatic analysis of RNA-sequencing data

FASTQ output files from the Illumina sequencing platform [four files for each forward and reverse read (one for each lane used in
sequencing)] were concatenated into a single file for each forward and reverse read for each sample. The FASTQ files were checked
for quality using FASTQC (version 0.11.9; Brabraham Bioinformatics), ensuring consistency and high-quality scores, particularly
within ‘per base sequence quality’ and ‘per sequence quality score’ tabs. These files were then taken through a bioinformatics
pipeline (via a terminal on an Apple MacBook pro running macOS Catalina, version 10.15.7) as detailed below.

An index for the S. pneumoniae reference genome (GenBank accession GCA_000026665.1) was created using Bowtie 2 [35]
(version 2.4.1), and FASTQ files were aligned to this also using Bowtie 2. The overall alignment rate for the samples was between
87.54 and 97.28%. The annotated genome was then used to create a sequence alignment map (SAM) using SAMtools [36] (version
1.11). Here, a quality control step involved viewing the header of the files to check for quality scores and correct file format. The

Table 2. Sample indices for sequencing

Sample Index 1 (i7) Index 2 (i5)
WT1 CCGCGGTT CTAGCGCT
WT2 TTATAACC TCGATATC
WT3 GGACTTGG CGTCTGCG
zomB1 AAGTCCAA TACTCATA
zomB2 ATCCACTG ACGCACCT
zomB3 GCTTGTCA GTATGTTC
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SAM files were sorted and converted to binary alignment map (BAM) files using SAMtools. The annotated genome was then
used as a reference for counting the sorted BAM file reads using Subread featureCounts [37] (version 2.0.1) including options
for paired-end reads.

The featureCounts output file was imported into RStudio (version 1.2.5033) for differential expression analysis using DESeq2
[38] (version 1.26.0). The RStudio source code is available upon request. The aligned BAM files and reference can be obtained at
the NCBI Sequence Read Archive (SRA) under accession PRINA706751.

Mouse intranasal challenge

Eight- to 10-week-old female C57/Bl6 mice were inoculated intra-nasally with 1x10°c.f.u. of WT, or an isogenic ZomB-deficient
strain under isoflurane anaesthetic. Mice were killed on days 1, 3 and 7 post-inoculation. The upper respiratory tract was lavaged
by the insertion of a 20-gauge intravenous catheter into the trachea with 1 ml of sterile PBS washed through and collected at the
nose. Lungs were removed and homogenized in 1 ml of sterile PBS. Lung homogenate and nasal lavage were plated on BHI agar
with 5% (v/v) defibrinated horse blood and 2.5 ugml™ tetracycline for enumeration of c.f.u.

RESULTS

To examine what variation exists in the production of Ply across a collection of closely related S. pneumoniae clinical isolates,
we first constructed a ply mutant in the pneumococcal PMENT isolate ATCC 700669 [8] by replacing the ply gene with an
erythromycin resistance cassette. Using this wild-type and mutant strain pair as positive and negative controls, we quantified
the Ply activity [lysis of sheep red blood cells (RBCs)] of 165 PMENT1 clinical isolates in triplicate, which revealed significant
variation across this collection of closely related isolates (Fig. 1a). As the genomes of each of these isolates have been sequenced
[29], we applied three complementary GWAS approaches to identify loci associated with Ply activity. In addition to a linear
regression approach using the SNP data, we also applied two methods that make use of kmer (lengths of nucleotide sequences)
data: BugWAS [39] and pyseer [33]. The results from each of these methods are presented in Tables S1-S3. A Manhattan plot
in Fig. 1(b) shows the significantly associated genetic loci determined through the SNP-based method, highlighting those loci
where two or all three GWAS methods agreed. (Note, the P values are not comparable between the three methods, so this graph
is only provided as an illustration of the genomic location of the commonly associated loci.) There were two notable observations
from these analyses. The first was that five loci were associated with Ply activity across all three methods, with the pbpX gene,
which encodes the Penicillin Binding Protein 2x, being the most significant. This was followed in order of significance by the
intergenic region between a gene with the locus tag SPN23F05820 and bgaA, a gene with the locus tag SPN23F00840, the intergenic
region between a gene with the locus tag SPN23F19120 and msmG, and the intergenic region between a gene with the locus tag
SPN23F14800 and greA. The second notable observation was that 48 individual genes or intergenic regions on ICESp23FST81
were associated with Ply activity.

Fitness trade-offs between antibiotic resistance and virulence in bacteria are well established [20, 40-42], and for both clinical
isolates and isogenic mutants the acquisition of penicillin resistance has been shown to decrease the virulence of S. pneumoniae
in murine models of infection [43, 44]. Given the association of the pbpX gene and Ply activity, we hypothesized that a similar
trade-off may be occurring here, such that the polymorphisms in the pbpX gene may be increasing the levels of resistance to
penicillin, which may consequently reduce the levels of Ply being produced, or vice versa. Although bacterial GWAS results are
typically validated through mutation of the associated locus, the contribution of the protein encoded by pbpX to the biosynthesis
of the peptidoglycan layers in the bacterial cell wall is such that it is essential and cannot be inactivated. Instead, we tested our
hypothesis by examining the levels of resistance to penicillin (minimum inhibitory concentrations, MICs) for the isolates, but
found no significant correlation between the MICs and Ply activity (Pearson product-moment correlation 1*=0.076, P=0.36).

The high number of associated loci on ICESp23FST81 is particularly intriguing. This mobile genetic element (MGE), which can
be found both integrated and in plasmid form (illustrated in Fig. 2a), is believed to be critical to the success of this lineage of S.
pneumoniae due to the antibiotic resistance capabilities it brings to the bacteria [8]. Given its ability to move horizontally as a
single contiguous unit between bacteria, it is probable that of the associated loci only one is an affector of Ply activity, whilst the
others are associated through their physical linkage to this. A survey of the putative activity of all 48 associated loci revealed that
the majority of these are genes typical of such elements, involved in antibiotic resistance and the mechanics of its movement. An
interesting exception is a gene with the locus tag SPN23F12470. This locus has been annotated as encoding a UvrD-like helicase,
a family of proteins typically associated with core housekeeping activities for bacteria. Further in silico analysis of the encoded
protein, which we have named ZomB, suggests that it is a multi-domain protein with a putative DNA binding helicase domain,
followed by two Cas4-like nuclease domains which are predicted to harbour 4Fe-4S clusters [45] (Fig. 2b). With several known
examples of Cas-like proteins regulating bacterial virulence [46-48], we hypothesized that it is this gene on ICESp23FST81 that
is the affector of Ply activity. Further analysis of the sequence data revealed six isolates with non-synonymous SNPs in the zomB
gene and all six were amongst the top 50% of haemolytic isolates (Fig. S1). The SNPs conferred the following amino acid changes:
T27M, A122T, D353N and L685F, all of which reside in the putative helicase region of the ZomB protein.
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Fig. 1. GWAS to identify novel effectors of Ply production by S. pneumoniae. (a) Pneumolysin activity of 165 S. pneumoniae of the PMENT1 lineage, as
measured by cell lysis. A wild-type (WT) and isogenic pneumolysin mutant (Aply) were included as controls. (b) Manhattan plot of the SNP-based GWAS.
The horizontal blue dotted line indicates the threshold for significance (not corrected for multiple tests). SNPs in loci identified by two or all three
GWAS methods are indicated in blue and orange respectively. The black arrows indicate the regions of interest: 1, SPN23F00840; 2, pbpX; 3, intergenic
region between SPN23F05820 and bgaA; 4, ICESp23FST81; b: intergenic region between SPN23F14800 and greA; and 6, intergenic region between

SPN23F19120 and msmG.

To establish the role of ZomB in Ply activity, we replaced the zomB gene with an erythromycin resistance cassette in S. pneumoniae
strain ATCC 700669. While no differences in growth between the wild-type and mutant strains was observed, the RBC lytic activity
of the zomB mutant was significantly impaired relative to the wild-type strain (Fig. 2c). Using anti-Ply antibodies in a Western
blot to understand the mechanism by which ZomB aftects Ply activity, we found that this reduction in lytic activity was due to a
decrease in the amount of Ply protein being released into the bacterial culture supernatant (Fig. 2d). We also quantified the relative
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Fig. 2. Inactivation of the zomB gene on ICESp23FST81 affects pneumolysin production. (a) Cartoon illustration of ICESp23FST81 in both its linear
chromosomally integrated form and circularized plasmid form. Some genes of interest have been included: SPN23F12410, SPN23F13170 and rplL
because these flank the element in its linear form and come into close association when in plasmid form. Genes coding for antibiotic resistance to
chloramphenicol and tetracycline are also indicated. (b) Schematic of the ZomB protein with its helicase and two Casé4-like nuclease domains indicated.
(c) The lytic activity of the zomB mutant was comparable to that of the ply mutant as determined by a sheep RBC lysis assay in strain ATCC 700669.
In strain D39, introduction of the zomB gene on the pVA838 plasmid did not affect the RBC lytic activity of the bacteria. (d) The presence of Ply in the
extracellular medium was reduced in the zomB mutant of strain ATCC 700669, detected using anti-Ply antibodies in a Western blot on concentrated
bacterial supernatant. In strain D39, introduction of the zomB gene on the pVA838 plasmid did not affect the level of Ply production. The commassie
stained gel verifying equal protein loading can be found in Fig. S2. (e) The deletion of zomB in strain ATCC 700669 reduced the transcription of the ply
gene, and introduction of the zomB gene into strain D39 increased ply transcription. The transcription of ply was determined by gRT-PCR, where the
data were made relative to the expression of the housekeeping gene recA in each sample and normalized to the level of expression on the ply gene in
the wild-type strain. The box plots represent the median and interquartile ranges; individual data points are indicated by open circles.

transcription of the ply gene by qRT-PCR and found that the reduced abundance of Ply was due to a significant decrease (19-fold)
in ply transcription when the zomB gene was inactivated (Fig. 2e). Despite numerous attempts to complement this mutation, we
were unable re-transform the zomB mutant with a plasmid containing the zomB gene, or the empty pVA838 plasmid. Instead,
we introduced it into a more genetically amenable S. pneumoniae strain, D39, which does not contain ICESp23FST81 or the
zomB gene. Introduction of the zomB-expressing plasmid to this strain did not increase the ability of the strain to lyse RBCs, or
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Fig. 3. The ZomB protein has ATP-dependent nuclease activity. (a) An SDS-PAGE gel showing the purified His-tagged ZomB protein. (b) Steady-state
ATPase activity of ZomB (50nM) was measured at saturating ssDNA concentration to determine the Michaelis—Menten parameters. (c) Steady-state
ATPase activity of ZomB was strongly stimulated by ssDNA with an apparent dissociation constant of approximately 1 uM ntds. (d) Nuclease assays
were performed with linear DNA demonstrating that it was degraded by the ZomB protein in the presence of both ATP and divalent cations.

increase its production of Ply (Fig. 2¢, d). However, introduction of the zomB plasmid significantly increased the transcription
of the ply gene in D39, verifying the positive effect ZomB has on ply expression (Fig. 2e).

To characterize the biochemical activities of the ZomB protein, we expressed and purified recombinant ZomB with an N-terminal
6x histidine tag (Fig. 3a). Using a coupled assay, we found that ZomB hydrolyses ATP with Michaelis—Menten kinetics and displays
a turnover number of approximately 20s™ and a K_ value of 90uM ATP (Fig. 3b). These experiments were performed in the
presence of saturating quantities of ssDNA, which was shown to strongly stimulate ATP hydrolysis with an apparent dissociation
constant of approximately 1 uM (nonequilibrium thermal dissociation) (Fig. 3¢c). This behaviour is typical of the UvrD-like DNA
helicases of which ZomB is a member [49]. To examine the putative nuclease activity, ZomB protein (50 nM) was incubated with
duplex DNA with and without ATP and Mg?**. Degradation of the DNA by ZomB was monitored by gel electrophoresis, which
showed that the protein possesses a potent ATP-dependent nuclease activity (Fig. 3d).

Given the in vitro DNA binding and nuclease activity of ZomB, and its role in the transcription of the ply gene, we sought to
determine the scale of its regulatory activity. To examine this, we compared the level of transcription of all S. pneumoniae strain
ATCC 700669 coding regions between the wild-type and zomB mutant using RNA-sequencing. Under the growth conditions
used (i.e. overnight cultures grown in THY broth), we used a >2-fold difference in expression and a P value of <0.05 following
Benjamini-Hochberg adjustment as our significance threshold. We found that transcription of nine genes was affected by loss of
the zomB gene, with those genes encoded within the ply locus being the most significantly affected (Table 3, Fig. 4).

The ply gene is transcribed as part of an operon with four other genes that encode a transcriptional regulator (YebC/YeeN) and
proteins implicated in the movement of Ply from the cytosol to the bacterial cell wall (SPN23F19480-19500) (Fig. 5a) [18, 19]. The
operon also contains a BOX repeat region immediately downstream of the ply gene. Due to their internal repeating sequences, BOX
regions can form stable secondary structures, and their presence has been associated with altered transcription of neighbouring

Table 3. Transcriptional differences between the zomB mutant relative to the wild-type strain. The locus tags in bold indicate those encoded within
the ply operon

Locus tag Fold change Pvalue Gene product

(log,) (adjusted)
SPN23F11770 1.8 2.3x10°° ABC-F family ATP-binding cassette domain-containing protein
SPN23F12440 1.1 9.3x107* Plasmid mobilization relaxosome protein MobC
SPN23F12470 -7.1 7.8x1075 ZomB protein
SPN23F19450 -2.5 3.1x107° MarR family transcriptional regulator
SPN23F19460 2.7 1.3x10°%° YebC DNA-binding transcriptional regulator
SPN23F19470 —4.8 4.4x107% Pneumolysin
SPN23F19480 -4.9 4.1x107% Hypothetical protein
SPN23F19490 -5.2 5.5x107% Hypothetical protein
SPN23F19500 -5.0 6.4x107 DUF4231 domain-containing protein
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Fig. 4. ZomB is a positive regulator of the ply operon. Transcription of coding regions across the wild-type S. pneumoniae and ZomB mutant was
compared by RNA sequencing. Only nine genes were significantly affected, and of those the most affected were zomB and the five genes encoded on
the ply operon.

genes [50, 51]. The molecular details of how their presence affects gene transcription has not yet been determined, but it is
probably due to these secondary structures where they can either enhance or interfere with transcription processes depending
on their relative positioning [51]. As ZomB appears to be a positive effector of ply transcription, and given its probable DNA
binding capability, we hypothesized that it may directly interact with the ply locus, perhaps via its BOX region. To test this we
amplified two regions of DNA from within the ply locus, one containing the BOX element from within the ply operon, as well as an
equivalently sized region of DNA within the ply coding region, and performed electrophoretic mobility shift assays (EMSAs) with
increasing concentrations of ZomB protein. As visualized in Fig. 5(b, ¢), the ZomB protein caused a shift in size of both regions
of DNA with a higher level of affinity for the BOX-containing DNA evidenced by the shift occurring at lower concentrations of
protein and with a clearer (less fuzzy) shift in the DNA. While it is tempting to speculate from this that the effect of ZomB on the
transcription of the ply locus might be mediated via the BOX region, that the transcription of none of the genes neighbouring the
other 136 BOX regions scattered across the S. pneumoniae genome was affected by the loss of the zomB gene does not support
this (Table 3, Fig. 4). What is clear from this analysis, however, is that the ZomB protein can bind to at least two regions within
the ply locus with high affinity, and this is likely to be the means by which it affects the transcription of these genes.

The ability of pathogens to alter expression of key virulence factors to counteract host immune responses is a critical strategy of
disease tolerance employed by obligate symbionts, such as S. prneumoniae, to facilitate persistence within its host [52, 53]. In the
absence of Ply a reduced local pro-inflammatory response [13, 54] coupled with the potential for a more intracellular lifestyle
[55] has been shown to promote persistence both in the nasopharynx and in the lungs. With Ply expression inversely correlated
with colonization, we sought to determine how ZomB, a regulator of ply transcription, would affect S. pneumoniae colonization
in a murine model. Mice were inoculated intra-nasally with a sub-lethal dose of either the wild-type or ZomB mutant and naso-
pharyngeal bacterial burden was monitored over 7 days (Fig. 6). The ZomB mutant demonstrated increased persistence within
the nasopharynx compared to the wild-type strain with increased numbers of ZomB mutant bacteria recovered from the upper
respiratory tract at days 3 and 7 post-inoculation (Fig. 6a). Consistent with this, significantly increased levels of pneumococci
were also recovered from the lungs of the ZomB mutant-challenged animals compared to animals challenged with the wild-type
strains on day 7 post-colonization (Fig. 6b). These finding suggest the loss of ZomB and the subsequent effect this has on Ply
production affects the ability of S. pneumoniae to persist in a colonization state in a murine host.

DISCUSSION

Through the application of a functional genomics approach to a large collection of sequenced S. pneumoniae isolates, we have
identified >100 novel putative affectors of Ply activity (Tables S2-54). Of the associated loci, we have determined the molecular
detail of the interaction between the ZomB protein encoded on ICESp23FST81 and Ply activity, where ZomB acts as a positive
transcriptional regulator of the ply operon. While we were unable to fully complement the cytolytic activity of the ZomB mutant,
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Fig. 5. The ZomB protein specifically binds to the BOX region within the Ply-encoding operon. (a) Illustration of the ply-encoding operon with the yebC
and ply genes, the SPN23F-locus tags of the neighbouring genes, and promoter and transcript length (black arrow) indicated. (b) EMSAs demonstrating
the specificity of binding of the ZomB protein for two regions within the ply locus. The concentrations of ZomB used were 2.5, 5, 10, 20, 40 and 80nM.

by introducing the ZomB into a naive host (strain D39) we were able to verify the effect ZomB has on transcription of the ply
gene. It is possible that the increase in ply transcription in strain D39 did not affect the level of Ply production in this strain due
to it being an inherently high Ply producer, where its protein translational machinery or its secretory mechanism may already
be working at a maximal level. We have also demonstrated that ZomB has ATP-dependent nuclease activity and that it can bind
with high affinity to multiple regions within the ply locus. Further work is required to understand how the binding of ZomB
to this locus affect its transcription, but we hypothesize that it may work in conjunction with other factors to elicit this effect.

Of the other associated loci, the most significant one identified by all three GWAS methods was the pbpX gene. However, we
were unable to functionally validate this association through mutation and observed no association between f-lactam resistance
levels and Ply activity, so as yet we do not understand the basis of this association. One hypothesis is that the polymorphisms in
the pbpX gene affect the stem peptide composition of peptidoglycan, as this has been shown to inhibit the release of Ply from the
bacterial cells [56]. Further work to test this hypothesis is currently underway. Amongst the other loci identified by all three GWAS
approaches were bgaA and msmG, two genes involved in carbohydrate utilization. BgaA is a surface-expressed f-galactosidase
known to play a role in pneumococcal growth, resistance to opsonophagocytic killing and adherence [57], whereas MsmG is
part of the multiple sugar metabolism system [58]. A close relationship between metabolism and virulence is well established for
other bacterial pathogens [59-61], where a clear link between capsule production and metabolism has been established for the
pneumococci [62]. This work suggests that the effect of pneumococcal metabolism on its virulence may extend beyond capsule
production and include an effect of Ply production, which is currently under investigation.

While GWAS is a powerful approach to identify novel loci associated with specific bacterial traits, there are limitations to its
utility. The first is that function-altering polymorphisms in affector genes have to exist within a population for the process to
identify them. For example, we were initially surprised that our approach did not identify any of the genes within the ply locus
as associated with Ply activity, until we examined the sequence at this region and found it to be highly conserved. Having
sequenced and phenotyped a collection of isolates, the next consideration is which GWAS approach to use. In our experience,
work related to collecting, sequencing and phenotyping the isolates is the most labour-intensive part of the process compared to
the generally quick and user-friendly GWAS pipelines that have been developed. For this reason we utilized in this study three
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Fig. 6. ZomB has a negative effect on the nasal colonization of mice by S. pneumoniae. (a) Groups of C57Blk mice were inoculated intranasally with
wild-type S. pneumoniae or an isogenic ZomB mutant. At specific time points post-colonization the upper respiratory tract was lavaged with sterile PBS
and the bacterial burdens in the lavage fluid were quantified. (b) At specific times the lungs were removed and homogenized and the bacterial burdens
were quantified to determine lower respiratory tract colonization levels. The data from each mouse and sample are provided with the mean c.f.u.+Sem
indicated. Statistical analysis was performed using a Kruskal-Wallis test with Dunn’s multiple comparisons. *P<0.05.

different approaches, which allowed us to consider a wider range of loci with a focus on loci identified by more than one of the
GWAS approaches. Our usual approach of functionally validating identified associations [63-67] has proven to be challenging in
S. pneumoniae, as our clinical strains are highly resistant to transformation and the more genetically amenable laboratory strains
do not always contain the associated gene, as we found in the case of zomB. Nevertheless, this functional genomics approach has
opened up a much-neglected aspect of the biology of a major human pathogen, and provides a footing on which to base future
work as we characterize the regulation of the expression of this important virulence factor.

In this work we have identified and characterized a gene encoded on an MGE with specific and targeted activity for an operon
that is critical to several aspects of the biology of S. pneumoniae. The PMENT1 lineage is believed to have emerged from a relatively
unremarkable background lineage (Clonal Complex 66) to become a globally successful pathogenic lineage, and this is at least
partially attributed to the acquisition of ICESp23FST81 [8, 29, 30]. This MGE, which is present across the whole PMENI lineage,
confers resistance to tetracycline and chloramphenicol and thus provides a clear benefit upon exposure to these antibiotics.
However, for many bacterial species antibiotic resistance often incurs a fitness cost in the absence of the antibiotic, which can
be offset, for example, by reducing the energetically costly production of toxins [40, 41]. Here, in stark contrast, we observe
the simultaneous acquisition of increased resistance with increased toxin production. We believe this work has uncovered an
intriguing form of interdependency between a host, a bacterium and an MGE, where increased Ply expression with its important
contribution to bacterial transmission has potentially converted a strain from being a stable colonizer to an efficient transmitter.
The long-term benefit of this ZomB-associated conversion may override the short-term increased energetic costs, with important
implications for the evolution of this globally successful pneumococcal lineage.
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