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ABSTRACT

Despite enabling Streptococcus pneumoniae to
acquire antibiotic resistance and evade vaccine-
induced immunity, transformation occurs at variable
rates across pneumococci. Phase variants of iso-
late RMV7, distinguished by altered methylation pat-
terns driven by the translocating variable restriction-
modification (tvr) locus, differed significantly in their
transformation efficiencies and biofilm thicknesses.
These differences were replicated when the corre-
sponding tvr alleles were introduced into an RMV7
derivative lacking the locus. RNA-seq identified dif-
ferential expression of the type 1 pilus, causing
the variation in biofilm formation, and inhibition
of competence induction in the less transformable
variant, RMV74omi. This was partly attributable to
RMV740mi’s lower expression of ManLMN, which pro-
moted competence induction through importing N-
acetylglucosamine. This effect was potentiated by
analogues of some proteobacterial competence reg-
ulatory machinery. Additionally, one of RMV74omi’s
phage-related chromosomal island was relatively ac-
tive, which inhibited transformation by increasing ex-
pression of the stress response proteins ClpP and
HrcA. However, HrcA increased competence induc-
tion in the other variant, with its effects depend-
ing on Ca?* supplementation and heat shock. Hence
the heterogeneity in transformation efficiency likely
reflects the diverse signalling pathways by which
it is affected. This regulatory complexity will mod-
ulate population-wide responses to synchronising
quorum sensing signals to produce co-ordinated yet
stochastic bet hedging behaviour.
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INTRODUCTION

Competence for natural transformation was first identi-
fied in Streptococcus pneumoniae (the pneumococcus) in the
early 20th century (1). Cells can be ‘transformed’ to ex-
press a new phenotype through the acquisition of exoge-
nous DNA, which is integrated into their genome through
homologous recombination following its import through
the specialised cell-encoded competence machinery (2).
Transformation has played a key role in the emergence of
antibiotic-resistant S. pneumoniae, both through generat-
ing ‘mosaic’ alleles of core loci (3-5) and the acquisition
of specialised resistance genes (6). It has also enabled vac-
cine evasion through recombinations affecting the capsule
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polysaccharide synthesis (c¢ps) locus altering surface-
exposed antigens (7,8).

Despite the ability of transformation to accelerate such
adaptive evolution in S. pneumoniae, considerable variation
in the rate of diversification of strains through this mecha-
nism persists across the species (9). Epidemiological studies
have found the r/m ratio of base substitutions introduced
through homologous recombination, relative to those oc-
curring through point mutation, varies from well over 10
(7,9) to below 0.1 (9,10) across the species. Similarly, in vitro
assays have identified >100-fold differences in the transfor-
mation efficiency of S. pneumoniae genotypes, with substan-
tial variation even between isolates of the same serotype
or strain (11-14). Many isolates are routinely found not
to be transformable under standard conditions (11). This
is often the consequence of integrative mobile genetic ele-
ments (MGESs) disrupting genes necessary for transforma-
tion (6,15-17), selfishly preventing themselves from being
eliminated from the chromosome (17). Yet in other non-
transformable isolates, the highly-conserved competence
machinery is intact (11,18). This suggests the variation in
transformation rates also reflects differences in regulation
of the competence system.

The best-characterised stimulus inducing transformation
in S. pneumoniae is the competence stimulating peptide
(CSP) pheromone, which acts as a quorum-sensing signal
that is recognised by the ComDE two-component regula-
tor (19). This activates early competence genes after about
ten minutes (20). These include com.X, encoding an alterna-
tive sigma factor (21). ComX enables the RNA polymerase
to recognise late competence genes (20), which feature a
‘combox’ signal in their promoters (22,23). This results in
pneumococci entering a transient competent state around
20 minutes post-CSP induction, after which the relevant
machinery is degraded (24), and the cells become temporar-
ily refractory to induction (21).

Transformation efficiency is known to vary between iso-
genic pneumococci through phase variation in capsule pro-
duction. Transparent colony variants produce less cap-
sule than opaque colony variants, and are consequently
less virulent and more transformable (25). This short-term
variation has been linked to rapid changes at the phase-
variable inverting variable restriction (ivr) locus, encoding
the conserved Type I Spnlll restriction-modification sys-
tem (RMS), and the IvrR recombinase that drives sequence
inversions within the locus (26-31). These rearrangements
switch the target recognition domains (TRDs) within the
active HsdS specificity protein, which determines the DNA
motif that is targeted by both the methylase and endonu-
clease activities of the system. Consequently, changes at
this single locus can have pleiotropic effects through alter-
ing genome-wide methylation patterns (27). These phase-
variable RMSs can thereby maintain phenotypic hetero-
geneity within a genetically near-homogenous population
(32), resulting in bet hedging that can increase the chances
of a species surviving a changing environment (33,34).

The second pneumococcal phase-variable Type 1
restriction-modification system (named SpnlV) (27), en-
coded by the translocating variable restriction (zvr) locus
(28), varies through excision-reintegration mediated by the
recombinase TvrR (35). This locus is active in almost all

pneumococci, but the complement of TR Ds varies between
isolates, increasing the diversity of HsdS proteins, and pos-
sible methylation patterns, across the species (28,35). This
locus is inactive in the R6 laboratory isolate that is typically
used to study pneumococcal competence (28,35,36). Here,
we characterised clinical isolates in which the tvr locus
is intact, to understand how phase variation in SpnlV
activity might contribute to phenotypic heterogeneity in
clonally-derived populations.

MATERIALS AND METHODS
Cell culture

Genotypes used in this study are described in Supplemen-
tary Table S1. Unless otherwise stated, encapsulated S.
pneumoniae were cultured statically at 35°C in 5% CO,.
Culturing on solid media used Todd-Hewitt broth supple-
mented with 0.5% yeast extract and 1.5% agar (Sigma-
Aldrich). Media were supplemented antibiotics for selec-
tion of mutated genotypes: rifampicin (Fisher Scientific)
at 4 wg ml~!; kanamycin (Sigma-Aldrich) at 400 ug ml~!,
or chloramphenicol (Sigma-Aldrich) at 4 pg ml~!. Phase
contrast microscopy of colonies used a Leica DFC3000 G
microscope.

Unless otherwise specified, culturing in liquid me-
dia used 10 ml of a 2:3 ratio mixture of Todd-Hewitt
broth (Sigma-Aldrich) with 0.5% yeast extract (Sigma-
Aldrich), and Brain-Heart Infusion media (Sigma-Aldrich);
this is referred to as ‘mixed’ media. Transformation ex-
periments with S. pneumoniae R6 derivatives used a
chemically-defined medium, consisting of disodium B-
glycerophosphate (20 g 17!; Sigma-Aldrich), sodium pyru-
vate (0.1 g 17!; Fluorochem), choline (0.001 g 17!; Alfa Ae-
sar), cysteine (0.4 g 1='; Tokyo Chemical Industry UK),
glucose (3.8 mM; Sigma-Aldrich) and galactose (12 mM;
Sigma-Aldrich). Carbon source supplements were added to
liquid media at a final concentration of 30 mM, unless oth-
erwise specified.

Growth curves and phenotypic assays

To measure growth curves, 2 x 10* cells from titrated frozen
stocks were grown in mixed liquid media in 96-well mi-
crotiter plates at 35°C in 5% CO; for 20 h. Measurements
of the optical density at 600 nm (ODgg) were taken at 30
min intervals over 16 hours using a FLUOstar Omega mi-
croplate reader (BMG LABTECH). Three replicate wells
were assayed for each tested genotype in each experiment.
The R package growthcurver was used for the inference of
carrying capacity, K, and replication rate, r (37). For mea-
suring adhesion to abiotic surfaces, at the end of the growth
curve incubation, the microtitre plate was submerged in wa-
ter and dried for 10 min. Then 125 pl of a freshly-diluted
0.1% crystal violet solution (Scientific Laboratory Supplies)
was added to each well, followed by incubation for 30 min at
room temperature. Each well was then washed by repeatedly
submerging the plate in water to remove excess crystal vio-
let. The plate was incubated at room temperature in an in-
verted position for four hours. Subsequently, 125 wl of 30%
acetic acid (Honeywell) was added to each well. Adherence
was quantified as ODss( across replicate wells, measured by

20 Areniga gz uo Jasn euBojog Ip IpNIS 11B9p eNsIaAUN AQ £68€8Z./S/E0L/6L/LS/91oILE/IEU/WOO"dNO"OlWapede//:SdRy WOy papeojumoq



a FLUOstar Omega plate reader. The quantification of 3°,5’
cAMP production is detailed in Text S1.

Mutagenesis and transformation assays

To assay transformation efficiency, one milliliter of bacterial
culture was collected at an ODgyy between 0.15 and 0.25.
Cells were then incubated for 2 hours at 35°C with 5 pl
of 500 mM CacCl, (Sigma-Aldrich), 250 ng of competence
stimulating peptide 1 (CSP-1; Cambridge Bioscience Ltd)
and 100 ng of a purified PCR amplicon from the rpoB gene,
containing a base substitution that conferred resistance to
rifampicin (38). In experiments using carbon source supple-
ments, these were added at a final concentration of 33 mM.
After two hours of incubation at 35°C, a volume of between
1 and 200 pL of the transformed culture was spread on
an agar plate supplemented with rifampicin. Experiments
screening for variation in transformation frequencies be-
tween large numbers of samples quantified the transforma-
tion efficiency as the number of resistant colony-forming
units per 10 wL of sampled culture. Any differences iden-
tified by such assays were validated through more precise
quantification of transformation frequencies. This involved
estimation of the overall cell population through spreading
1 pl of a 10°-fold dilution of the same culture on a non-
selective plate in parallel. Colonies were counted after 24 h
of incubation at 35°C in 5% CO,. This enabled estimation
of transformation efficiency as the number of transformants
per 10* colony-forming units. Statistical analyses of trans-
formation assays are detailed in Text S2.

Transformation was also employed to produce mu-
tants using constructs containing selectable and counter-
selectable markers, which were generated with the oligonu-
cleotides listed in Supplementary Table S2, as detailed in
Text S3.

Preparation of RNA samples and quantitative PCR

Three replicate cultures of RMV7 tvrgomi::Janus and RMV7
IVare::Janus were grown in 25 ml of mixed liquid media un-
til they reached an ODgo of 0.15. A 5 ml sample of bacte-
rial cells was collected and 50 wL 100 ng ml~' CSP1 was
added to the remaining culture. Further 5 ml samples were
taken from each culture 10 and 20 min post-CSP addition.
Each sample was immediately treated with 10 ml RNApro-
tect (Qiagen) and incubated at room temperature for 5 min.
Cell were then pelleted by centrifugation at 3,220 g for 10
min. RNA was extracted from the washed pellets using the
SV Total RNA Isolation System (Promega) according to the
manufacturer’s instructions. The extracted RNA was used
for RNA sequencing or qRT-PCR.

All gRT-PCR experiments were conducted as described
previously (35). Details of these experiments and analyses
are provided in Text S4.

Generation and analysis of RNA-seq data

RNA samples were analysed using an Agilent Bioanal-
yser RNA Nano Chip (Agilent Technologies), and treated
with the RiboZero®) rRNA Removal Kit for Bacteria (Illu-
mina) to deplete rRNA. The samples were then cleaned with
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Agencourt RNACIean Beads (Beckman Coulter). Sequenc-
ing libraries were generated with the NEBNext®) Ultra 11
Directional Library Prep Kit for Illumina (New England
BioLabs), modified to use oligonucleotide sequences appro-
priate for the sequencing pipelines of the Wellcome Sanger
Institute. The library was amplified through nine PCR cy-
cles using the Kapa HiFi HotStart Ready Mix (Roche)
to generate sufficient material for sequencing. All eighteen
samples were sequenced as a multiplexed library on a single
lane of a HiSeq 4000 sequencing system (Illumina), gener-
ating 200 nt paired end reads.

The set of genes used for expression analysis were the
2088 protein coding sequences annotated on the S. pneu-
moniae RMV7gomi genome (accession code OV904788), and
the 81 non-coding RNAs predicted by infernal version 1.1.2
(39) using the Rfam database (40). RNA-seq reads were
aligned to these sequences using kallisto version 0.46.2 (41),
using default settings and 100 bootstraps. Differential gene
expression analysis used sleuth version 0.30 (42). Wald tests
were conducted to compare the pre-CSP samples for RMV7
1VFgomi::-Janus and RMV7 tvrp,.::Janus, and to compare the
10 min and 20 min post-CSP samples for each genotype
to the corresponding pre-CSP samples. Visualisation and
plotting of data used the genoplotR (43), circlize (44), cow-
plot (45), ggpubr (46) and tidyverse (47) packages. Subse-
quent bioinformatic and statistical analyses are detailed in
Text S5.

RESULTS

Phase variants of S. pneurmoniae RMV7 differ in their trans-
formation efficiency

A previous screen for variation at the rvr locus identi-
fied a diverse panel of restriction-modification variants
(RMVs) (35). Four RMV isolates underwent sufficiently
rapid phase variation in culture to enable the isolation
of pairs of genotypes that differed in the motif targeted
by their SpnlV systems, which is determined by the AsdS
gene nearest the 5” end of the #vr locus (35), but were
isogenic across the rest of their genomes. The differences
in the arrangement of the #vr loci were ‘locked’ in each
variant through 7vrR being knocked out, or disrupted, by
a selectable and counter-selectable Janus cassette marker
(35,48). These pairs of otherwise-isogenic locked phase vari-
ants were screened for differences in their transformation
efficiency (Figure 1A). In the RMV6 and RMV7 pairs, the
variant in which the active zvr locus HsdS comprised the
TRDs I11-i (directing the SpnlV system to target the bipar-
tite motif TGAN,;TATC) was found to have significantly
higher transformation efficiency, following induction by ex-
ogenous CSP, than their counterpart. These genotypes both
originate from the multidrug-resistant GPSCI1 strain (49).
The RMV6 variants were found to be distinguished by a
mutation in d/tD, which commonly occurs during in vitro
culturing (50) and affects cell wall biology. By contrast, the
serotype 19F RMV7 variants exhibited a ~100-fold differ-
ence in their transformation rate (Figure 1A), despite hav-
ing identical dlt operons, and were therefore characterised
in greater detail.

This substantial difference reflected the RMV7 variant
carrying the alternative form of the fvr locus, with an active
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Figure 1. Phenotypic differences between locked rvr variants. (A) Violin plot showing the transformation efficiency of four pairs of 7vr locus variants
constructed from isolates RMV5, RMV6, RMV7 and RMV8. Each individual point represents an independent transformation experiment. The horizontal
line within each violin shows the median for each genotype. The brackets indicate the statistical significance of the comparison between variants from the
same isolate background. (B) Schematic of the 7vr loci from RMV7y, RMV74omi and RMV7,,. to show the genes encoding the methylase (hsdM),
endonuclease (hsdR), regulatory system (fvrAT) and recombinase (7vrR). The variants differ in their active AsdS genes, upstream of tvrATR. The black
arrows indicate the binding sites of a forward primer, in ssdM, and reverse primers, in hsdS fragments. (C) Line graph showing the ratio of RMV74om; to
RMV 7,41 loci in eight-day passages of RM V7. (D) Violin plot comparing the transformation efficiencies of RMV 4re, RMV74omi and RMV7,,,. Each
point represents an independent experiment in which the number of transformants, and number of overall colony-forming units (cfu), were calculated.
The horizontal line within each violin shows the median for each genotype. Both mutants were compared with RMV7,,; the horizontal bracket shows
a significant difference. (E) Violin plot showing the adhesion of variants to an abiotic surface, as quantified by the optical density at 550 nm. (F) Violin
plots showing the transformation efficiency of knock-in mutants during a passage experiment. The tvrgomi::Janus and RMV7 tvre::Janus loci were
each introduced into an RMV7 #yr::cat background (Supplementary Figure S5). This pair were separately passaged in liquid cultures over six days in
five independent replicates. The number of transformants observed from three transformation assays, conducted each day for both variants, is shown by
the individual points’ shapes and colours. The violin plots summarise the median and distribution of these values. The brackets indicate the statistical
significance of the comparison between variants from the same day of the passage. Across all panels, significance was assessed using two-tailed Wilcoxon
rank sum tests, and was coded as: P < 0.05, *; P < 0.01, **; P < 1073, #**; P < 10~4, ****_A]l P values were subject to a Holm—Bonferroni correction
within each panel.
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HsdS comprising the TR Ds I11-iii (which directs the SpnlV
system to target the motif TGAN,;TCC; Figure 1B and
Supplementary Figure S1), having an almost-undetectable
transformation efficiency. Culturing the wild-type isolate
(RMV7,,) over successive days identified large changes in
the relative frequency of these tvr variants, although the
less transformable variant (RMV7 ¢vrR::Janus; henceforth,
RMV74omi, carrying tvrgomi) was typically dominant in
prevalence relative to the rarer, more transformable variant
(RMV7 AtvrR; henceforth, RM V7,4, carrying tvipare; Fig-
ure 1C). The unmodified RM V7, had a transformation ef-
ficiency similar to RMV7g4omi, concordant with the relative
proportions of the variants observed in vitro, whereas that
of RMV7,,,. was confirmed to be ~50-fold higher (Figure
1D). This difference could not be explained by high sponta-
neous mutation rates, nor by changes in the speed at which
competence for transformation was activated (Supplemen-
tary Figure S2). Therefore, RMV74omi and RM V7, exhib-
ited distinctive phenotypes that correlated with their ¢vr lo-
cus arrangements.

RMV7,, was also significantly more adhesive to an abi-
otic surface (Figure 1E), which can be considered a proxy
for biofilm formation (51). These differences in both adhe-
sion and transformation could be explained by RMV7,
being enriched for transparent phase variants. However, mi-
croscopy found no clear difference in colony morphology
between the variants (Supplementary Figure S3). An al-
ternative explanation for the phenotypic differences could
be mutations that occurred during genetic manipulation of
the isolates (52). Alignment of the two variants’ assemblies
found them to be distinguished by seven non-synonymous
single nucleotide polymorphisms and two premature stop
codons outside the rvr locus, none of which were within
genes known to directly affect the competence machin-
ery (Supplementary Table S3). Nevertheless, we tested how
transformation was affected by mutations in RM V7., that
were absent from both the RMV74,mi and RMV7y, se-
quences. Neither a non-synonymous change in phoB, en-
coding a phosphate-sensitive response regulator (53), nor
disruption of the transporter gene pstS, affect by a pre-
mature stop codon in RMV7,,,., explained the contrasting
transformation efficiencies of the variants (Supplementary
Figure S4). Hence the differences between RMV7 variants
could not be explained by point mutations or alterations in
encapsulation.

To test whether the phenotypic differences were
causatively associated with variation in the SpnlV
RMS, the tvr locus of RMV7,, was replaced with a
chloramphenicol acetyltransferase (cat) resistance marker
to generate RMV 7, tvr::cat. The tvr loci of RM V7401 and
RMV7 tvrpaetvrR::Janus (both modified by a Janus cas-
sette within 7vrR; see Text S3) were separately introduced
into RMV7ytvriicat, generating the otherwise isogenic
knock-in recombinants RMV7 tvrgomi::Janus and RMV7
IVre::Janus, carrying the two different locked rvr loci
(Supplementary Figure S5). An initial characterisation of
these genotypes demonstrated RMV7ytvr::cat was sub-
stantially more transformable than RMV7,,, suggesting
methylation at tvrqom; motifs caused the repression of
competence induction (Supplementary Figure S5). The
trgomic:Janus and tvrp,e::Janus mutants reproduced the
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phenotypic divergence between RMV74omi and RMV7 e
in both biofilm formation and transformation (Supple-
mentary Figure S5), providing further evidence that these
differences were driven by epigenetic variation.

The ~17-fold difference in transformation efficiency be-
tween the tvrqomi::Janus and 7vr,.::Janus variants was nev-
ertheless smaller than that measured between RMV7omi
and RMV7,,.. Hence the transformability of these geno-
types was assayed over five independent six-day passages,
to test whether the difference between them would rise,
in case any consequences of DNA methylation were slow
to emerge. However, the observed disparity in the trans-
formation efficiency of the tvrqomi::Janus and tvrp,.::Janus
genotypes was stable (Figure 1F). This smaller difference
may represent changes in the expression of the introduced
tvr loci, the effect of mutations outside the fvr locus in
RMV740mi or RMV7,,., else suggest that the effect of
methylation on gene expression may be indirectly medi-
ated via effects on nucleoid organisation. Nevertheless,
both naturally-isolated and genetically-engineered pairs of
RMV7 tvrpe and tvrgomi variants replicated a significant
and reproducible difference in biofilm formation and trans-
formation efficiency.

Epigenetic effects on the induction of competence genes

To understand how the 7vr loci caused a difference in trans-
formation, RNA-seq was used to quantify patterns of tran-
scription in the recombinants RMV7 tvrgomi::Janus and
RMV7 tvrpye::Janus. Samples were taken pre-CSP, 10 min
post-CSP, and 20 min post-CSP from each of three biolog-
ical replicates (Figure 2). The 18 RNA samples were se-
quenced as 200 nt paired-end multiplexed libraries on a
single Illumina HiSeq 4000 lane. After alignment to the
RMV740mi genome, analysis of the RNA-seq data found
the fragment length distributions (Supplementary Figure
S6) and gene expression densities (Supplementary Figure
S7) were consistent across samples (Supplementary Table
S4). Q-Q plots suggested a Benjamini—-Hochberg corrected
g value of 103 was an appropriate threshold for identi-
fying significant transcriptional variation (Supplementary
Figures S8 and S9). This identified 154 genes that signif-
icantly differed in their expression between the two geno-
types prior to CSP exposure, or between the pre- and post-
CSP samples from the same genotype (Figure 2; Supple-
mentary Table S5).

Comparing the overall transcriptional patterns among
datasets found the biggest separation distinguished the
post-CSP RMV7 tvr,.::Janus transcriptomes from the oth-
ers (Supplementary Figure S10), suggesting a major differ-
ence in the induction of the competence system between
the variants. In RMV7 tvr.::Janus, the early competence
genes showed elevated expression 10 min post-CSP, includ-
ing a >20-fold induction of comCDE (Supplementary Fig-
ure S11). The late competence genes exhibited more variable
patterns of transcription (Supplementary Figure S12). Mul-
tiple nucleotide metabolism and transporter genes (purA,
tadA, dut, ribF, adeQ; Supplementary Figure S13) were
upregulated, and transcription of the competence-induced
biofilm formation signal gene briC (54) rose >10-fold (Sup-
plementary Figure S11). Transcription of a three gene
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plots showing the variation in gene expression between RNA-seq samples. The horizontal axis shows the natural logarithm of the fold difference in
transcript levels between the genotypes, 3. The vertical axis shows the negative base 10 logarithm of the ¢ value, corresponding to a Benjamini-Hochberg
corrected P value. Points are coloured red where this value exceeds the threshold false discovery rate threshold of 1073, The panels correspond to (B) the
differences between the pre-CSP samples of 1vrgomi::Janus and tvrpe::Janus; (C-D) the differences between the pre-CSP and 10 minute post-CSP samples
for (C) tvrgomi::Janus and (D) tvrrare::Janus; (E-F) and the differences between the pre-CSP and 20 minute post-CSP samples for (E) #vrgomi::Janus and (F)
tvrrare::Janus. The significant difference in 7vr R expression between the 7vrgomi::Janus and 7vrpare ::Janus mutants is an artefact of the different constructs used
to disrupt #vrR in these two genotypes (see Text S3). (G) Chromosomal distribution of differentially-expressed genes. The outer ring shows the annotation
of RMV74omi (accession code OV904788). Protein coding sequences are represented as black boxes, with the vertical positioning within the ring indicating
the strand of the genome on which they are encoded. The next ring inwards shows significant pre-CSP differences in transcription: green genes were more
highly expressed in RMV4omi, and blue genes were more highly expressed in RMV 4. The next ring inwards show significant changes in gene expression
10 min post-CSP in RMV7g,ni: pink genes were upregulated, and purple genes were downregulated. The third ring inwards shows significant changes
in gene expression 10 min post-CSP in RMV7,,: red genes were upregulated, and orange genes were downregulated. The two inner rings repeat this
representation for changes in gene expression 20 min post-CSP.
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cluster encoding another transporter, induced by CSP (55)
and antimicrobial peptides (56), rose >3-fold, and con-
sequently was named pieABC (peptide-induced exporter;
CDSs IONPJBIN_01324-6 in RMV7 4o, corresponding to
SP_0785-787 in TIGR4; Supplementary Figure S13, Sup-
plementary Table S5).

By contrast, CSP significantly upregulated just five genes
in RMV7 tvrgomi::Janus: 5.7-fold and 6.5-fold increases in
the transcription of the quorum sensing genes comCDE and
briC respectively (Supplementary Figure S11), and a 2.9-
fold increase in transcription of the stress response gene
c¢sbD. However, there was no sign of late competence genes
being activated, which requires the alternative sigma fac-
tor ComX. However, expression of the com X gene itself can
be difficult to determine through RNA-seq (Supplementary
Figure S11), owing to the presence of two near-identical
paralogues in pneumococcal genomes (57).

As an independent test of these transcriptional dif-
ferences, qRT-PCR experiments were undertaken on the
original RMV74omi and RMV7,,, variants, and the con-
trol genotypes RMV7y, and RMV7ytvr::cat. The qRT-
PCR data showed genotypes of both lower (RMV7,, and
RMV74omi) and higher (RMV7,,,. and RMV7ytvr::cat)
transformation efficiency up-regulated the early compe-
tence genes comD and comX in response to CSP (Supple-
mentary Figure S14). However, the late competence genes
comEA and comYC were only significantly upregulated in
the more transformable genotypes. Hence the difference in
transformability between the RMV7 variants was a conse-
quence of late competence gene activation being blocked in
RMV74om; through effects of tvryom; expression.

Pre-CSP expression differences associate elevated intracellu-
lar stress with tvrgom;

This difference in competence induction was likely caused
by the 53 genes that significantly differed in their expres-
sion between RMV7 tvrgomi::Janus and tvrp,::Janus prior
to CSP exposure (Figure 2; Supplementary Table S5). These
did not include any cps locus genes, which were non-
significantly more highly expressed in RMV7 tvrpy::Janus
(Supplementary Figure S15), confirming that the elevated
transformation efficiency of this genotype did not reflect
an enrichment of transparent phase variants (27,58). An
analysis of the distances from protein coding sequence start
codons to the nearest upstream methylation site found no
general relationship between differential expression and
proximal methylation for either tvrgomi Or tvriye motifs
(Supplementary Figures S1 and S16). Of the four cases
of significantly differentially-expressed genes being close to
variable methylation sites, the modification was only likely
to modulate transcription initiation at the piuAd BCD operon
(Supplementary Figure S17). This encodes an iron trans-
porter, and was > 5-fold more highly expressed in RM V7,5
(Figure 2B; Supplementary Figure S13). However, knock-
ing out piuA did not reduce the transformation efficiency of
RMV 7,4, suggesting this change was independent of those
affecting competence (Supplementary Figure S18).

Hence the differences in the pre-CSP transcriptomes are
unlikely to be attributable to a small number of promoters
that are strongly affected by direct modification, consistent
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with other genome-wide studies (27,59). Instead, the dif-
ferences likely represent the consequences of chromosome-
level changes in DNA conformation or nucleoid interac-
tions at particularly sensitive promoters (60). One notable
aspect of the overall distribution of the SpnlV target mo-
tifs was that the tvry, motifs were uniformly distributed,
whereas the rvrgom; motifs were enriched in one segment
of the chromosome (Supplementary Figure S19). Such an
uneven distribution could accentuate the effects of shifting
patterns of modification.

Correspondingly, three transcriptional patterns sug-
gested the tvryomi methylation pattern was associated with
dysregulation and increased intracellular stress. The first
was the activation of heat shock responses. Transcription
of the chaperone gene prsA4 and chaperone regulator gene
hrcA were 3.4-fold and 4.1-fold higher in fvrgomi::Janus, re-
spectively. Correspondingly, the groES-groEL and grpE-
dnaK-IONPJBIN _02152-dnaJ operons of the hrcA reg-
ulon were also more highly expressed in tvrqomi::Janus,
although the difference was only significant for ION-
PJBIN_02152 (Supplementary Figure S21; Supplementary
Table S5). The accBC-yghY-amaP-csbD cell wall stress
operon (61) (IONPJBIN_01032-6) was also upregulated in
RMV7 tvrgomi::Janus (Supplementary Figure S20). These
genes are regulated by MgrA, a transcription factor that
was non-significantly more highly expressed in RMV7
1VFgomi::Janus (Supplementary Figure S20). MgrA represses
expression of the rlrA islet (62), encoding the type 1 pilus.
Correspondingly, irA mRNA levels were approximately
five-fold lower in #vrqom;::Janus.

The second indicator of stress in RMV7 tvryomi::Janus
was the 3.7-fold higher transcription of ciaRH, encoding
a two-component system that enables cells to survive lysis-
inducing conditions (63), and is known to inhibit compe-
tence (64). The third was the ~1.5-fold higher transcription
of a phage-related chromosomal island (PRCI; also known
as a phage-inducible chromosomal island), integrated adja-
cent to dnaN (PRCl,,n; Supplementary Figure S22; Sup-
plementary Table S5). This is one of two PRCIs associated
with GPSC1 (7,28), the other being integrated near uvrA
(Figure 2). The regulatory mechanisms of these elements are
not thoroughly characterised (65), and in the absence of a
helper prophage, it is unclear exactly what signal may have
triggered this increased activity. Given integrative MGEs
are likely under selection to reduce host cell transforma-
bility (17), the increased activity of PRCI,,n could drive
inhibition of the competence machinery. Hence PRCI ;,,
and ciaRH were the primary candidates for causing the ob-
served difference in transformability between the RMV7
variants.

ManLMN links competence induction to carbon source
metabolism

The higher expression of the ciaRH genes in the poorly-
transformable genotypes RMV74omi and RMV7,,, relative
to the more transformable genotype RMV7,,., was con-
firmed by qRT-PCR (Supplementary Figure S14). CiaRH
binds at least 15 promoter sequences, five of which drive
the expression of cia-dependent small RNAs (csRNA) that
suppress the induction of competence by inhibiting CSP
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production (66). Their expression is difficult to determine
using conventional RNA-seq approaches due to their size
(67), but they are unlikely to affect competence induced
by exogenous CSP (68). The remaining ten drive the ex-
pression of protein coding sequences (CDSs) (66), which
were more highly expressed in RMV7 tvrgomi::Janus com-
pared to RMV7 tvr,::Janus pre-CSP (Supplementary Fig-
ure S23). These included the extracytoplasmic chaperone
and serine protease HtrA (66,69,70), which can block com-
petence induction at low CSP concentrations through de-
grading extracellular CSP (69,71). In agreement with some
previous studies, elimination of AtrA further increased the
transformability of RMV7,,. (69), but the same mutation
had no significant effect in RM V7, (Supplementary Figure
S24). This suggests HtrA inhibits the induction of compe-
tence, but is unlikely to explain much of the difference be-
tween these variants. Similarly, knock out of ciaRH itself
had little effect in either genotype (Supplementary Figure
S24). This concurred with ciaRH being expressed at sim-
ilar levels in RMV74m; and tvri:cat (Supplementary Fig-
ure S14), despite the substantial differences between the
transformation efficiencies of these two genotypes. These re-
sults suggested the expression of cia RH was correlated with,
rather than causative of, the difference in transformation ef-
ficiency between the variants.

Among the CiaRH regulon, the most significant dif-
ference in expression between RMV7 tvry.::Janus and
RMV7 tvrgomi::Janus was the ManLMN carbon source im-
porter operon (Supplementary Table S5). The manL. MN
genes were more highly expressed in RM V7., as CiaRH
binds promoter sequences within the operon (36,66,72,73)
and acts as a repressor (66,74). Disrupting the manL MN
locus reduced the transformation efficiency of RMV7,.
by >5-fold, while having little effect in RMV7,, (Figure
3A, B, Supplementary Figure S25). To test whether the ob-
served transformation differences reflected a growth defect,
manLMN::Janus mutants of both RMV7,; and RMV74e
were cultured in the same rich media (Supplementary Fig-
ure S26; Supplementary Table S6). RMV7,, grew more
slowly than RM V7., consistent with the former suffering
greater intracellular stress. However, removal of manL MN
had little effect on growth in either variant, suggesting the
transporter’s effect on transformation was through regu-
lation rather than proliferation. Hence the reduced trans-
formation efficiency of RM V740 relative to RM V7., is
likely a consequence of the repression of manL MN in the
former.

ManLMN is a phosphotransferase system (PTS) trans-
porter that can facilitate the import of glucose, mannose,
galactose, fructose, aminoglucose and N-acetylglucosamine
(GlcNAc) (75). Supplementation of liquid media with these
carbon sources did not substantially affect growth profiles
(Supplementary Figure S26), apart from the addition of
glucose causing small ManLMN-dependent increases in the
replication rate of both phase variants (Supplementary Fig-
ure S27). However, synchronising GIcNAc supplementation
with competence induction increased transformation effi-
ciency ~10-fold in RMV7y, (Figure 3B) and ~2-fold in
RMV7,4e (Figure 3A). In both variants, this effect was de-
pendent upon manL MN, as was confirmed through disrupt-
ing, and then restoring, manL (Supplementary Figure S28).

This potentiation of the induction of competence by Glc-
NAc was also observed in the other RMYV isolates (Figure
3E). Therefore, ManLMN links carbon source availability
to pneumococcal transformability.

N-acetylglucosamine activates competence through TfoX and
YjbK

Competence in Vibrio cholerae is induced GIcNAc disac-
charides (76), thought to be generated from degradation of
chitin (77). This is mediated through the Transformation
Factor X (TfoX) protein (78,79). An orthologue of this pro-
tein (TfoX gy, also called Sxy) is also central to induction
of competence in Haemophilus influenzae (80) by 3°,5’-cyclic
AMP (cAMP) signalling (81,82). Intracellular concentra-
tions of 3’,5-cAMP rise in many Proteobacteria when the
primary glucose PTS transporter is inactive, as the accu-
mulation of phosphorylated EIIA PTS subunits stimulates
adenylate cyclase activity (83). A search was undertaken for
analogues of either of these pathways in S. pneumoniae.

An orthologue of the N terminal domain of TfoXyy,
was annotated, but not described, in S. pneumoniae
ATCC 700669 (84). In RMV7, this gene (tfoXs,,; ION-
PJBJN_02097) is conserved in the same genomic location
as in ATCC 706669, two genes upstream of the comEA-
comEC competence operon (Supplementary Figure S29).
The TfoXs,, amino acid sequence was predicted to form
a four-strand beta sheet flanked by alpha helices (Sup-
plementary Figure S30), resembling the N-terminal do-
main of gram-negative orthologues (Supplementary Figure
S31). Disruption of tfoXs,, in RMV7.,. both decreased
the pneumococcus’ basal transformation efficiency in the
absence of supplements (Supplementary Figure S25), and
eliminated the GlcNAc-induced elevation in this rate (Fig-
ure 3A). Restoring tfo X rescued RMV7,,..’s responsiveness
to GIcNAc.

A gene encoding a candidate adenylate cyclase, yjbK, was
also identified in RMV7 (IONPJBJN_01639). This protein
is predicted to have a B-barrel structure (Supplementary
Figure S32), as observed for orthologous enzymes synthe-
sising 3°,5°-cCAMP (Supplementary Figure S33). The yjbK
gene could be both disrupted, and restored, in RMV7 .
Transformation assays with these genotypes demonstrated
the loss of YjbK reduced the transformation efficiency of
RMV7,,. both in the absence of supplements (Supplemen-
tary Figure S25), and following the addition of GIcNAc
(Figure 3A). However, no 3°,5-cAMP signalling pathway is
known in Firmicutes (85). Correspondingly, an ELISA as-
say demonstrated 3°,5’-cAMP levels in S. prneumoniae were
close to the lower detection threshold, far below those of
Escherichia coli, and unaffected by yjbK disruption (Supple-
mentary Figure S34). Additionally, exogenous 3’,5’-cAMP
had no effect on transformation efficiencies in any RMV7
genotypes (Supplementary Figure S35). Therefore, it is un-
likely that YjbK’s regulatory role is mediated through 3°,5°-
cAMP production.

To test whether the effects of GIcNAc were the con-
sequence of it acting as a signal, or as a metabolic sub-
strate, nagA was disrupted in RM V7, and RM V7, (Sup-
plementary Figures S36, S37). The import of GlcNAc
by ManLMN generates intracellular GIcNAc-6-phosphate,

20 Areniga gz uo Jasn euBojog Ip IpNIS 11B9p eNsIaAUN AQ £68€8Z./S/E0L/6L/LS/91oILE/IEU/WOO"dNO"OlWapede//:SdRy WOy papeojumoq



Nucleic Acids Research, 2023, Vol. 51, No. 19 10383

A 40 * *
* ok
30
> = 204
2 5
2 H
O
£ T 109
o O
c 9
o 0w
5§ °
£ ©
£ E
5 =
G 2
e o
S S
= ©
F s
O.
T T T T T T
RMV7are RMV7are RMV7are RMV7are RMV7rare RMV7rare
manLMN::Janus tfoX::Janus tfoX restored yjbK::Janus YjbK restored
B 1.5 e o ok D 151
PC)
. 2 G 101
PR O L
S O
2 © 1.0 S 2
O T L=
s 9 o o© 51
o = c o
=
T © S £
=
c o g G
S 0 g g
S 2
® S 054 S 5
© - = O
E E 2 G
= £ c @2
o 5 S s
» =
c @ = =
s 5 =
= o 0
= T T T
¢ 123 123 123
= S o 3 =
Has Lo L ]
0.0 - g 23 s 2 3 S 2 5
~ = ~ = S ¢ 3
T T T T 2 S X 2 S X T 9 =
RMV 7, RMV7,, RMV7,y RMV7, z 3 2 z 3 2 N
manLMN:Janus tfoX:Janus yjbK::Janus g E
(o] ok E * o *
- i 2007
wx *% i
Fx Kk T Eid
*FTE *k *FTE TERE - 5 1004 .
0.4 2 G
O L 504
g2 a
o © & 254
8 § o
o) £ E 121
0.21 £ g
5 [
S 5
-y | SR
H W c 2
y \! i& S s
X éé of F £
|/ =
-
¢ AY
04
T T T T i | I
RMV7 are RMV7 are RMV7 are RMV7 are RMV5 RMV6 RMV8
manLMN:Janus  rirA:Janus rirA restored Isolate

Izl None D Galactose D Aminoglucose

Carbon source
I:I Glucose Mannose N-acetylglucosamine

|:| Sialic acid

Figure 3. The effect of carbon source availability on transformation efficiency. (A) Violin plots showing the transformation efficiency of RM V7. relative
to mutant derivatives. The counter selectable Janus cassette was used to disrupt the manLMN, tfoX and yjbK genes. This enabled the restoration of the
tfoX and yjbK genes (similar data for manL are sho