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Fig. 1. Planktonic growth curves and PCA analysis. (a) Planktonic growth curves of Sp strains in BHI medium. Growth dynamics of four Sp strains —
three S1 clinical isolates (ST217, ST306 and ST615) representing African, European and South American lineages, respectively, and the serotype 2
laboratory reference strain D39 — were monitored over 16h in BHI broth at 37 °C. The x-axis represents time in hours and the y-axis represents OD
measured at 600nm (0D600). Each curve represents the average of three independent experiments, with error bars indicating variability between
replicates. For transcriptomic analyses, bacterial cultures were harvested at five defined growth stages: EEP, MEP, LEP, ESP and LSP. These growth
phases provided the biological framework for subsequent RNA-seq profiling to examine phase-specific transcriptional differences between S1 strains
and the D39 reference. r, growth rate. The growth rate of each strain was shown in each plot (r+sem) (b) PCA of the RNA-seq data showing the global
transcriptional relationships among the four Sp strains (D39, ST217, ST306 and STé15). Each point represents one biological replicate, and colours
denote strain identity. Samples were collected at five distinct growth stages (EEP, MEP, LEP, ESP and LSP), indicated by shape coding. The PCA plot
highlights both the clustering of replicates within each strain and the separation between strains, reflecting strain-specific transcriptional signatures
across the growth curve. Strain identity was the primary driver of transcriptome variation, with growth phase contributing a secondary axis.
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Fig. 2. Overview of the transcriptomic expression of pneumococcal serotype 2 (D39) and S1 (ST615, ST615 and ST217). (a) Volcano plot showing DEGs
identified during the exponential growth of S1 strains compared with D39. The x-axis shows the log2FC and the y-axis shows the -log10(adjusted P-
value). Genes were considered significantly differentially expressed if they met the cut-off thresholds of [log2FC|>1.0 and adjusted P-value (Benjamini—
Hochberg correction) <0.05, as defined in DESeq2 analysis. Red points represent significantly higher-expressed genes in S1 strains relative to D39,
while blue points represent significantly lower-expressed genes. Grey points represent genes not meeting the threshold. The volcano plot illustrates
that many of the most highly expressed genes in S1 belonged to the competence system (e.g. comCDE and associated regulons), purine metabolism
and ribosomal protein genes, while the most strongly lower-expressed genes were concentrated in carbohydrate transport systems, especially the
lactose operons (lacABCD and lacTFEG) and selected amino acid/metal transporters. (b) Venn diagrams displaying the distribution of DEGs across
individual S1 strains compared with D39. The left panel shows DEGs with higher expression relative to D39, and the right panel shows those with
lower expression. Overlapping regions indicate genes consistently differentially expressed across all three S1 strains, while non-overlapping regions
reflect strain-specific changes. This analysis demonstrates a substantial core set of transcriptional differences shared among the S1 strains,
suggesting conserved S1-specific regulatory features, alongside subsets of genes with divergent regulation reflecting lineage-specific adaptations.
(c) Stacked bar charts of COG categories assigned to the DEGs. Functional categories were determined using the COG classification system. The
upper panel depicts categories of genes higher expressed in S1 relative to D39, including translation and ribosomal structure, nucleotide metabolism
(purine/pyrimidine biosynthesis) and competence/regulatory functions. The lower panel depicts categories of lower expressed genes, dominated by
carbohydrate transport and metabolism (including lactose and other sugar transport operons), amino acid transport and metabolism and inorganic ion
transport (e.g. iron and manganese acquisition systems). The order of COG categories is indicated on the right side of each bar. Together, the volcano
plots, Venn diagrams and COG assignments illustrate both the conserved and strain-specific transcriptional signatures that distinguish clinical S1
isolates from the laboratory strain D39.

(PTS)), showed the strongest decrease in expression, ranging from 28.4- to 70.5-fold lower normalized expression compared to
D39. Twenty genes associated with functions related to ATP-binding cassette (ABC) transporter were found to be differentially
expressed: six of them (SPD_0049, SPD_1652, SPD_0151, SPD_0656, SPD_0917 and SPD_121) showed higher expression levels
(ranging from 2.1- to 10.9-fold) and the other 14 genes (SPD_0334, SPD_1621, SPD_0654, SPD_0411, SPD_0742, SPD_0741,
SPD_0412, SPD_1466, SPD_0597, SPD_1525, SPD_0555, SPD_0846, SPD_0617 and SPD_0618) had lower expression (ranging
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Fig. 3. Differential gene expression between pneumococcal serotype 2 (D39) and S1 (STé15, ST615 and ST217). Heatmaps showing DEGs during
the exponential growth phase. The left panel displays genes with significantly higher expression in D39 compared with S1 strains, while the right
panel shows genes with significantly higher expression in S1 strains compared with D39. DEGs were identified using DESeq2 with thresholds of
[log2FCl=1.0and adjusted P-value <0.05 (Benjamini-Hochberg correction). Expression values are represented as TPM-based fold change, with intensity
indicated by the colour bar below each panel. To avoid ratio inflation at low expression levels, TPMs were raised to a minimum value of 10 before
calculating the fold changes. Genes more highly expressed in D39 included carbohydrate metabolism and transport systems, particularly the lactose
operons (lacABCD and lacTFEG), amino acid metabolism genes and metal uptake systems. These signatures are consistent with D39's adaptation to
laboratory conditions and its broader utilization of diverse carbon sources. By contrast, S1 strains showed higher expression of genes associated with
ribosomal proteins, purine biosynthesis and competence pathways (comCDE, comX and downstream late competence regulons). These transcriptional
signatures suggest that S1 isolates allocate greater resources towards protein synthesis and genetic competence during exponential growth, features
that may contribute to their invasive potential.

from 2 to 43.6-fold) with SPD_0846, SPD_0617 (tcyB) and SPD_0618 (glnM_2), showing the lowest levels at 8.1-, 31.6- and
43.6-fold lower normalized expression compared to D39 (Fig. 3, Table S2).

While glucose is the most preferred carbon source for Sp, the presence of several other sugar-specific systems, including the lactose
utilization system mentioned above, illustrates the ability of this bacterium to utilize a variety of sugars. Interestingly, nagR was
found to be the most highly DEGs at 602-fold higher expression in S1 strains compared to D39. The current literature on nagR
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is scarce in relation to Sp [34]. Previous authors have documented its role as a repressor of nagA and nagB [35], which encodes
for a N-acetylglucosamine-6-phosphate deacetylase and a glucosamine-6-phosphate deaminase, respectively, both needed for
the utilization of N-acetylglucosamine. NagB catalyses the conversion of D-glucosamine 6-phosphate (GIcN6P) to p-fructose
6-phosphate and ammonia. In line with this, our results show that the higher expression of nagR is aligned with the 6.85-fold
lower expression of nagB in S1 strains compared to D39. The gene nagA (SPD_1866) was also found to be 8.3-fold lower in S1
compared to D39 (Table S2), albeit not significant due to high variations amongst the S1 strains.

Sialic acid (or N-acetyl neuraminic acid, Nan) represents another important source of carbohydrates for Sp. It was also shown to act
as a receptor for pneumococcal adhesion and invasion and a trigger signal for the promotion of biofilm formation, with a critical
role in nasopharyngeal carriage and invasion of the lungs [36]. The nanE (SPD_1497) gene was found to be at 15.3-fold higher
expression in S1 compared to D39, with the highest expression levels found in ST306 (45.9-fold). NanE converts ManNAc-6P
to GIcNAc-6P and belongs to the nan operon I, which consists of ten genes [37]. Activation of the nan gene cluster is expected
as a specific response to sialic acid, regulated by nanR as a transcriptional activator. Our results did not show any significant
differential expression in nanR, nor any other genes belonging to the nan operon I, e.g. nanP (SPD_1496), nanUVW (SPD_1493,
1494 and 1495), suggesting a unique regulation of nank.

The genes rfbB (SPD_0330) and rfbC (SPD_0329) were amongst the lowest DEGs in S1 compared to D39, at 33.1-fold and 13.8-fold
lower expression. The rfb genes were shown to be involved in the dTDP-rhamnose synthesis pathway of Streptococcus mutans
[38] and Streptococcus pyogenes [39]; however, their functions in Sp remain to be elucidated [40, 41]. A cysteine/methionine ABC
transporter encoded by the tcyB gene (SPD_0617) [33, 34] was also found to be expressed 31.6-fold lower in S1 strains compared
to D39. The role of tcyB and other Cys/Met ABC transporters in Sp remains largely underexplored [42]. A recent study reported
that methionine starvation could lead to a survival mechanism, whereby bacterial growth may be inhibited, hence allowing for a
prolonged survival [43]. The observed regulation of methionine metabolism genes in S1 strains may be biologically relevant, as
methionine availability is limited in the human upper airway [42]. This finding raises the possibility that S1 isolates have adapted
strategies to survive in methionine-restricted environments, which could contribute to their epidemiological success. While our
data cannot directly establish this link, it provides a basis for future experiments under host-mimicking conditions.

Genes involved in arginine metabolism were among the most DEGs: argR1 (SPD_0786) showed 16.2-fold higher expression in S1,
while argR2 (SPD_1063) exhibited a 2.5-fold higher level compared to D39. The gene argR2, encoding a regulatory protein, was
documented to play a key role in maintaining pneumococcal fitness [44, 45]. ArgR was previously documented as a repressor of
genes such as argB/F (SPD_1976, ornithine carbamoyltransferase) and arcC (SPD_1977, carbamate kinase). This is aligned with
our findings where the argB/F and arcC genes were expressed at about sixfold lower levels in S1 compared to D39 (Fig. 3, Table S2).

Competence and bacteriocin pathways define the S1 signature

All strains were profiled with three biological replicates per growth phase, and replicates clustered tightly by strain/phase in the
PCA, confirming technical robustness (Fig. 1b; Methods). Differential expression analysis identified competence genes - including
comCDE and other early/late regulon members — as consistently higher expressed in S1 relative to D39, with fold changes ranging
from 8- to 45-fold (Figs 3 and 5a, b; Tables S2 and S3). Other competence-related genes, including comA, comB, celA (SPD_0843),
cglB (SPD_1862), cglC (SPD_1861) and cgID (SPD_1860) competence regulons [46, 47], were also found to be significantly highly
expressed in S1 strains compared to D39, ranging from 8- to 11-fold higher normalized expression.

We also observed the trio of genes, purN, purC and purF, involved in the de novo purine biosynthesis pathway that is required
for pathogenesis [48], were expressed about sixfold higher. Finally, the gene pepX, reported previously for its role in the virulence
of Sp [49], was also found to be expressed about 23-fold higher in S1 strains than in D39 (Fig. 3, Table S2). Of the strain-specific
DEGs, no predominant functional groups were observed (Fig. 2c).

ST615 showed the strongest induction for several competence loci (comC FC=91.8, comD FC=33.8 and comGF FC=90.5), marking
it as the upper bound of the S1 expression spectrum. The blp bacteriocin cluster was also markedly elevated in ST615 during late
phases (6.2- to 41-fold) (Fig. 5b, Table S2).

Together, these results demonstrate that competence activation is a conserved feature across all S1 strains and replicates, while the
magnitude of induction varies by lineage, with ST615 displaying accentuated expression of both competence and blp regulons. This
pattern is consistent with published models in which competence output and competence-bacteriocin coupling vary depending
on genetic background and environmental inputs [47, 50, 51].

Protein—protein interaction networks of DEGs in S1 strains

Next, we interrogated the existence of protein—protein interactions or protein networks of the DEGs using the STRING algorithm
[52]. Of the DEGs associated with significantly higher expression levels and common to all SI strains, i.e. ST615, ST217 and
ST306, the STRING analysis showed a large network of DEGs encoding strongly associated ribosomal proteins, along with
smaller clusters of genes involved in competence and purine metabolism (Fig. 4a) - the patterns were consistent with results
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Fig. 4.Gene expression of pneumococcal competence-associated genes. (a) Heatmaps showing absolute and relative expression values for competence-
associated genes, generated using the interactive StrepCom browser (https://bioinf.gen.tcd.ie/cgi-bin/strepcom.pl). The upper panel displays absolute
expression values as rounded TPM, while the lower panel displays relative fold changes compared to D39. For fold change calculations, TPM values
of lowly expressed genes were adjusted to a minimum of 10 TPM to avoid inflation of ratios. The heatmaps allow direct comparison across S1 strains
(ST615, ST217 and ST306) and the reference strain D39, illustrating consistent higher expression of competence pathways in the clinical isolates. (b)
Line graphs showing expression profiles of representative early (comC and comD7) and late competence genes (comGF, comGA, blpT and pncP) across
different growth stages: EEP, MEP, LEP, ESP and LSP. Each profile is plotted separately for ST615/S1, ST217/S1, ST306/S1 and D39/S2, highlighting
both conserved and strain-specific patterns of competence gene induction. Clinical S1 strains exhibited stronger and earlier activation of competence
regulons compared with D39, consistent with their transcriptional emphasis on genetic competence identified in the broader RNA-seq analysis.
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Fig. 5. STRING analysis of genes differentially expressed in all three Sp S1 strains, compared to D39. STRING protein—protein interaction networks
were generated for the subset of DEGs that were consistently higher or lower expressed across all three S1 strains relative to D39. DEGs were
identified using DESeq2 with thresholds of [log2FC|>1.0and adjusted P-value <0.05. Functional enrichment and clustering analyses were performed
using the STRING database (version XX; confidence score >0.7). Highly connected functional clusters are highlighted by large, shaded circles, which
indicate groups of genes with predicted strong associations and biological coherence. (a) Genes with higher expression in S1 strains compared with
D39 formed clusters related to ribosomal proteins and translation, the competence regulon (including comCDE and late competence genes), capsule
biosynthesis and purine metabolism. These shaded clusters represent coordinated transcriptional higher expression of pathways involved in protein
synthesis, DNA uptake and nucleotide biosynthesis, consistent with the emphasis of S1 strains on rapid growth, genetic competence and capsule
production during the exponential phase. (b) Genes with lower expression in S1 strains compared with D39 formed shaded clusters associated with
lactose metabolism (lacABCD and lacTFEG), iron—-sulphur cluster biogenesis and CAAX proteases. These lower expressed modules suggest a reduced
reliance of S1 isolates on certain carbohydrate substrates and metabolic pathways, reflecting divergence from the laboratory-adapted D39 strain.
Together, the shaded clusters highlight how conserved gene expression differences between S1 isolates and D39 map onto coherent functional
modules that likely underpin their distinct ecological and pathogenic behaviours.

shown in Fig. 2(c). Interestingly, genes involved in capsule biosynthesis were also found to be strongly connected in the network,
notably capD (SPD_0099), SPD_1619 and cps2D (SPD_0318), the latter of which has an essential role in the synthesis of a mature
Sp capsule [53]. Of the shared DEGs showing lower expression levels compared to D39, as expected, a strong interaction was
observed amongst the DEGs involved in lactose and galactose metabolism (Fig. 4b): of the eight genes belonging to the lac operons
lacA-lacB-lacC-lacD and lacT-lacF-lacE-lacG, all of them were found in the three SI strains. Current literature has documented
lacT as an activator of the lacTFEG operon, while SPD_1044 (lacR2) acts as a repressor of the lacABCD operon [54]. Interestingly,
this repressor lacR2 (SPD_1044) was also significantly lower expressed in S1 compared with D39 (2.1-fold). This is noteworthy
because both the repressor (lacR2) and its target operon (lacABCD) show reduced expression, suggesting that the regulation of
lactose metabolism in S1 strains may involve additional layers of control beyond lacR2 alone.

Differential expression of known virulence factors and competence genes

Sp is well-known for its ability to induce invasive diseases across all ages, and its virulence mechanisms have been well documented.
We cross-referenced our list of SI1-shared DEGs against the pneumococcal virulence factor database (VFDB: http://www.mgc.
ac.cn/VFs/). Only two of the VFDB pneumococcal genes matched our list of shared DEGs, i.e. SPD_1652 (6.7-fold higher),
encoding the iron-binding protein PiuA, and SPD_0888 (3.5-fold lower), encoding the laminin-binding protein Lmb (also
known as AdcAll). As mentioned above, the piuA gene was expressed at higher levels (6.7-fold) across all three S1 pneumococcal
strains. The Imb/adcAIl gene [55-57] was expressed at statistically significantly lower levels (3.5-fold) in S1 strains. Other genes
which have been implicated in colonization, such as nagA, pavB and thiD, were turned on during the LEP (Table S2), although
their expression did not reach statistical significance due to large variations. nagA has been associated with N-acetylglucosamine
metabolism relevant for mucosal colonization [35], pavB encodes an adhesin known to mediate binding to host extracellular
matrix proteins during colonization [58] and thiD has been linked to thiamine metabolism pathways that contribute to pneu-
mococcal persistence in the host [59].

Other competence genes were also more highly expressed in S1, especially in ST615, compared to D39 (Fig. 4a, Table S2). These
included early competence genes such as comA, comB, comC and comD, as well as late competence genes (e.g. comGF, celA, cgIlB
and ¢gIC) [47, 60]. Competence is known to be a highly regulated process in pneumococci and is dependent on the secretion of
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the competence-stimulating peptide (CSP), which in turn binds extracellularly to a histidine protein kinase (ComD), leading to
the activation of the transcription factor ComE (Fig. S2). ComE activates the expression of the early competence genes, including
pa, which encodes an alternative sigma factor that drives the expression of late competence genes encoding proteins involved in
processes necessary for transformation, such as DNA uptake and homologous recombination (Fig. S2).

Upon permissive conditions, competence is very briefly switched on during the exponential growth phase, with a very short
time window allowing for natural transformation [47, 61, 62]. Of all the four strains included in the study, ST615 showed
the highest expression of competence genes under the given conditions (Table S3), as illustrated by the TPM value plots
(Fig. 5a, b) of selected genes representative of early (comC (FC=45.6; adjusted P-value=0.0013), comD (FC=20.6; adjusted
P-value=0.0009) and late competence genes (comGA/cglA (SPD_1863) (FC=4.1; expression level too low to pass our threshold
for statistical analysis) and comGF (SPD_1858) (FC=34.8; adjusted P-value=0.0044). For the early competence genes, the
expression was high in the early growth phases in strains ST306 and ST615 and then reduced as the bacterial cultures entered
LEP, while the expression of the late competence genes remained high until the stationary phase (at least for ST615). Note
that comX was not included in the original list of DEGs (Table S2), since there are two identical copies of the comX genes
in the pneumococcal genome [63, 64]. This meant that short reads from those transcripts mapped to two locations on the
genome and were excluded from the statistical analysis. However, when considering reads from both copies as combined
expression values for comX, we observe an eightfold increase in expression in S1 compared to D39 (222 TPM vs. 28.1
TPM), but with large variation amongst strains. We also plotted the TPM values for two genes (Fig. 5b) in the bacteriocin
(pneumocin) blp-regulon (blpT (SPD_0466) (FC=2.68 ; adjusted P-value=0.531) and pncP (SPD_0475) (FC=4.98; adjusted
P-value=0.209), since regulation of these genes by the dedicated blp-regulatory system has been shown to be influenced by
the competence system [50]. Interestingly, we noted that the blp bacteriocin gene cluster (blpH, blpR, blpS, blpT and blpY) was
highly expressed (6.2- to 41-fold) during the later growth stages in ST615. The observation that competence genes involved
in natural transformation, along with the blp regulon, were spontaneously switched on during the planktonic growth of S1/
ST615 in BHI suggests that regulatory cues for competence and bacteriocin expression in S1 pneumococci may be highly
different from those of D39.

DISCUSSION

The pneumococcal species includes over 100 distinct capsular serotypes, each showing varied potential to cause IPD [65-68].
S1 is notable amongst these as one of the most virulent, which has prompted further research into its distinctive biology. In
previous work, we reviewed S1’s epidemiological characteristics, genomic features and mechanisms of virulence [12]. Building
on this foundation, our current study explores the in vitro transcriptomic profiles of three distinct lineages of pneumococcal S1,
ST306, ST217 and ST615, representing the diverse geographic clusters of Europe, Africa and South America, respectively. The
D39 strain was selected as a reference, as S1 has a markedly greater invasive potential compared to D39 in various in vivo models
[7, 8]. Here, we highlight key differences in S1 gene expression and virulence-associated phenotypes, offering valuable resources
to the scientific community via the StrepCom platform.

One of our most significant findings was the differential expression of metabolic genes among the S1 Sp strains when compared
to D39. Specifically, we observed a notably lower expression of the lac gene cluster (lacABCDTEFG), arranged in two operons
[54], across all S1 strains under our experimental conditions. This cluster is essential for lactose metabolism, comprising genes for
lactose uptake (PTS genes lacEF), hydrolysis (beta-galactosidase lacG) and subsequent metabolic steps. For instance, lacA and lacB
encode the A and B subunits of galactose-6-phosphate isomerase, while lacC and lacD are involved in tagatose-6-phosphate and
tagatose-1,6-diphosphate metabolism, respectively [54]. The reduced expression of these genes in S1 suggests a unique regulation
of lactose utilization, potentially influencing energy management and metabolic adaptation in these strains during planktonic
growth in BHI medium. This distinct metabolic behaviour could be linked to adaptation of S1 to specific host environments or
reflect a preference for other carbon sources in these pathogenic strains. Future studies could explore whether these differences
in lactose metabolism play a role in the ability of S1 strains to outcompete other pneumococcal serotypes in the human host, or
whether they contribute to resistance to antimicrobial agents targeting metabolic pathways.

Our study also highlights the differential regulation of iron acquisition pathways in S1 strains, consistent with previous reports
of their importance in Sp survival and pathogenic potential, though further in vivo validation will be required to confirm their
direct role in virulence. Iron is a vital cofactor for numerous enzymes and cellular processes in bacterial pathogens [69]. Three
primary protein complexes, PiaABC, PiuABC and PitABC, serve as iron transporters in Sp [70]. Our results indicate a significantly
higher expression of the piu genes [71] in S1 strains relative to D39 (Table S2). The PiuBCDA iron transport system, particularly
the substrate-binding protein PiuA (SPD_1652), facilitates iron acquisition by binding soluble iron—catechol complexes and
can also bind haemin and haemoglobin [72]. The enhanced expression of the piu genes in S1 strains suggests differences in iron
acquisition gene regulation between these strains and D39 under the tested conditions. Previous research has indeed demonstrated
that deletion of piuA significantly reduces virulence in both in vivo and in vitro models [73], reinforcing the likelihood that iron
acquisition is integral to the pathogenicity of S1. These findings offer a compelling direction for future research, where the role of
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iron in S1 virulence could be further explored, and ask whether disrupting iron acquisition pathways could provide a therapeutic
strategy for combatting S1 infections.

Our study suggests that certain S1 lineages may activate competence genes for natural transformation when cultured in BHI. Notably,
we observed markedly higher expression of both early and late competence genes in the ST615 strain compared to D39 and the other
S1 strains. Furthermore, ST615 exhibited elevated expression of bacteriocins from the blp locus, which is involved in interspecies
competition and can contribute to virulence [51, 74]. The competence system in Sp is known to be influenced by environmental
cues, such as pH and antibiotic exposure [75, 76], and elevated competence could enhance the strains ability to acquire new genetic
material, potentially increasing its adaptability and pathogenic potential. We observed higher expression of the late competence
gene cbpD, encoding a murein hydrolase, which could promote autolysis and the release of pneumolysin. Pneumolysin is a potent
virulence factor, and its release via cell lysis could enhance invasiveness [7]. Additionally, competence can increase the display of
surface-associated virulence factors through decreased capsule expression, improving adhesion to host tissues and further contributing
to pathogenicity [77, 78]. Taken together, these findings point to the possibility that pneumococcal S1 strains, particularly ST615,
may exhibit competence-associated functions that enhance virulence and adaptability in host environments [21, 79]. This raises
an intriguing hypothesis on the impact of horizontal gene transfer in the evolution of pneumococcal S1 virulence. Similarly, our
transcriptomic analysis uncovered significant changes in the regulation of ribosomal protein genes, with S1 strains displaying higher
expression of genes encoding ribosomal proteins from both the 50S and 30S subunits compared to D39. These findings indicate that
S1 strains show transcriptional signatures with higher expression of protein synthetic genes than strain D39.

While our data do not directly address proteome dynamics, previous studies have shown that variation in ribosomal and stress-response
gene expression can influence pneumococcal adaptability to changing environments [16, 47]. Given that increased translation rates
can enhance the overall output of protein synthesis, this could provide S1 strains with greater capacity to adapt to environmental
stresses. Our study does not directly test virulence; however, prior work has shown that elevated ribosomal activity and translational
capacity are associated with bacterial fitness and survival during infection [47, 80].

The transcriptional signatures may help explain several well-documented features of S1 strains. For instance, the S1 increased expression
of competence and bacteriocin systems, particularly in ST615, may facilitate rapid adaptation and intra-host competition, consistent
with S1’s tendency to cause outbreaks [81]. Similarly, lower expression of lactose metabolism and alternative carbohydrate pathways
mirrors previous observations that S1 isolates are less adapted for asymptomatic colonization, which may partly account for their low
prevalence in carriage studies [10, 66, 82]. Finally, the emphasis on purine biosynthesis and protein synthesis pathways may reflect
prioritization of rapid growth during invasive disease, aligning with epidemiological evidence that S1 is amongst the leading causes
of pneumococcal meningitis and bacteraemia in Africa and elsewhere [82-84]. By integrating our transcriptomic findings with these
well-established characteristics, our data suggest a molecular basis for understanding how S1 differs from other pneumococcal lineages
in both biology and clinical impact.

While we acknowledge the limitation of using BHI medium, which does not reflect the host milieu, several of the transcriptional
signatures we observed - particularly for competence and iron uptake - are also engaged in vivo, though modulated by host-specific
factors. For competence, recent in vivo transcriptomic studies during pneumonia and sepsis murine models have shown activation
of com regulons, though their dynamics differ from those observed in vitro, highlighting the influence of host-derived cues such as
stress and nutrient restriction [20, 21]. For instance, host airway proteases have been reported to degrade CSP, thereby attenuating
competence signalling in the respiratory tract [85]. Consistent with this, we found robust expression of the blp locus in ST615, which
has been directly implicated in within-host bacterial competition and lung pathology in murine pneumonia models [86].

For iron acquisition, the observed expression increase of piuA aligns with the concept of nutritional immunity, whereby the host
restricts access to essential metals to limit bacterial growth. Haemoglobin, an abundant host iron source, has been shown to remodel
pneumococcal growth and transcriptional profiles [17]. In human infection, antibodies against PiuA and PiaA have been detected
in convalescent sera from patients with pneumococcal septicaemia, providing evidence that these transporters are expressed and
immunogenic in vivo [87, 88]. Direct bacterial RNA-seq from human CSF has further confirmed robust expression of transporter
and stress-response pathways during meningitis [22]. Previously, ex vivo studies using human plasma, pleural fluid and CSF have also
demonstrated rapid remodelling of metal uptake and metabolic pathways in pneumococcus [23, 89]. Our dataset also complements
transcriptomic studies performed with clinical isolates or host-proximal conditions. In particular, Ramos-Sevillano et al. [19] mapped
how human serum and CSF reshape pneumococcal transcription and metabolism across strain backgrounds. Taken altogether,
these findings suggest that the transcriptional differences we observed in BHI - especially in competence and iron uptake - reflect
pathways that are biologically relevant in vivo. As a translational step forward, future work will evaluate these same S1 strains under
host-mimicking conditions (iron- or manganese-limited media, in the presence of haemoglobin, or during epithelial co-culture)
and benchmark these data against published in vivo datasets to clarify which experimental systems most accurately recapitulate host
transcriptional states and guide follow-up mechanistic work.

Another limitation of our study is that all comparisons were made against the laboratory strain D39, which is commonly used as a
reference in pneumococcal research. It therefore remains possible that some of the observed transcriptional differences — such as the
downregulation of lactose metabolism genes — may reflect atypical expression in D39 rather than a consistent pattern unique to S1

12



Pongchaikul et al., Microbial Genomics 2025;11:001582

strains. Future comparative studies including additional reference strains, such as TIGR4 or clinical isolates of other serotypes, will
be necessary to distinguish lineage-specific features of S1 from strain-specific regulatory idiosyncrasies. Exponential-phase samples
were analysed together, rather than subdivided into ESP, MEP and LEP contrasts. Our rationale for this approach was to emphasize
the core transcriptional programme of active proliferation, which aligns most closely with pneumococcal invasion biology. The PCA
confirmed that strain identity, rather than growth phase, was the dominant driver of transcriptome variation (Fig. 1b). Nevertheless,
we recognize that phase-specific comparisons (e.g. early vs. late exponential) may reveal additional nuances and represent an important
avenue for future investigation.

By presenting our findings in an accessible and open format (https://bioinf.gen.tcd.ie/cgi-bin/strepcom.pl), we aim to encourage
follow-up studies and inspire new hypotheses regarding the unique features of S1. The recently updated PneumoBrowse 2 platform
[90] provides an integrated genome annotation and transcriptomic visualization tool for Sp, complementing our creation of StrepCom
by enabling cross-strain comparisons and curated reference data. While PneumoBrowse 2 offers a comprehensive resource for the
laboratory strains D39 and TIGR4, our StrepCom browser uniquely extends accessibility to clinical S1 isolates, thereby filling an
important gap for researchers studying hypervirulent lineages [83]. While we acknowledge that the clinical relevance of our study
may be limited due to the reliance on laboratory-based conditions, the insights into gene regulation, metabolic adaptations, iron
acquisition, competence and ribosomal protein expression provide robust starting points for further research. Altogether, our study
not only contributes to a deeper understanding of the pathogenesis of S1 but also facilitates the identification of potential therapeutic
targets and biomarkers for S1-related diseases.
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