Whole genome profiling of Streptococcus pneumoniae
identifies nine genes essential for penicillin tolerance
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Background and Aims
Streptococcus pneumoniae (S. pneumoniae) is a significant human pathogen, causing serious infections and over one million deaths annually. Standard treatment approaches for pneumococcal
infections include the use of antibiotics like beta-lactams that target bacterial cell wall assembly. However, the efficacy of these therapeutics is currently being eroded by the growing incidence of
drug-resistant S. pneumoniae infections. It is therefore important to identify new vulnerabilities in the cell wall biogenesis pathway to target with next-generation therapies.
At present, the functions of most cell wall biosynthetic proteins in bacterial pathogens are inferred from homologues in model Gram-negative and Gram-positive organisms such as E. coli and
B. subtilis. Although this has provided insight into cell wall biosynthesis in S. pneumoniae, these model systems have proven insufficient to explain how S. pneumoniae builds its wall in the presence
of beta-lactam antibiotics.
To address this question, we are developing a forward genetic approach in S. pneumoniae to identify genes required for beta-lactam tolerance. Our screening strategy utilises the high-throughput
transposon sequencing method called Tn-Seq (Van Opijnen et al. 2009) to identify genes required for beta lactam tolerance.

Whole-genome fitness profiling (Tn-seq) Method

Nine genes identified in this study promote penicillin sensitivity

To identify novel genes involved in S.pneumoniae beta-lactam tolerance we have taken a highthroughput transposon sequencing approach called Tn-Seq (Van Opijnen et al. 2009, Fenton et al
2016). Briefly, this approach uses Illumina sequencing to genetically map saturated transposon
libraries, generating whole genome fitness profiles for each strain. This allows identification of
genetic interactions at the whole genome level. For this study, we used increasing concentrations of
ampicillin to identify genes unable to grow when ampicillin is present.

Having completed the Tn-seq analysis and identifying 26 loci putatively involved in betalactam tolerance. We used S. pneumoniae strains carrying targeted gene deletions to test
the effect each gene had on beta-lactam tolerance individually. Where no annotation
exists in the S. pneumoniae genome, we putatively named these genes ‘penicillin
sensitivity loci’ (psl) and numbered them according to their penicillin sensitising ranking
(highest effect = lowest number).
Right – Spot dilution plates
confirming beta-lactam sensitising
effect for each psl locus.
In each case removing the psl gene
reduces ampicillin tolerance by at
least 100 fold.
Note – it is not possible to fully
quantify the beta-lactam sensitivity
effect using this method and
measurements of viability must be
made by comparing CFU values
between wt and mutant strains.

Whole-genome fitness profiling reveals genes that reduce penicillin tollerance
Statistical analysis of the S.pneumoniae
Tn-seq libraries revealed genes required
for beta-lactam tolerance up to 0.04
µg/ml ampicillin. [Right - inverse volcano
plots]

Genes with low
beta-lactam tolerance

In these cases genetic loci would be
removed from the population in the
presence of ampicillin, giving increasing
number of transposon counts in the wt
vs ‘selection condition’ at a statistically
significant frequency and pattern [Right orange box].
The nine genes which were later verified
to be penicillin sensitivity loci are plotted
as orange diamonds on each of these
plots [Right]. Other genes which were
tested but did not confirm remain as
grey circles.
To act as a control, two libraries were
constructed without selection to identify
potential false positive loci.
Below - This transposon insertion data reveals how Tn-seq datasets can show the contribution to
fitness in different selection conditions in our datasets. Note the mtnN gene (below - left) becomes
free of transposons at lower concentrations than psl3 (below - right).
The red box highlights the loci significantly lacking (p <0.005) for transposon insertions in the
+ampicillin condition.

Penicillin sensitivity loci reduce pencillin tolerance in clinical strains
Having carried out the Tn-seq in our wt S. pneumoniae strain background
(D39), we tested the effect each psl locus had on clinical and penicillin
resistant strains. For this we used strains from the PMEN collection
(McGee et al 2001). These strains have wide geographic distribution and
have high levels of antibiotic resistance. Here we used PMEN-1, a
serotype 23F clinical isolate with clinically intermediate level of penicillin
resistance. These experiments showed many of the nine psl loci have
general penicillin sensitising effects motivating further molecular
investigation.
Right – Penicillin sensitivity measurements using an E-test strip. The data
shows psl9 loss of function in the PMEN1 strain increased penicillin
sensitivity by ≈50 fold (≈0.38 / ≈0.008).

Conclusions and Future Directions
Whole genome analysis has identified nine genes required for penicillin tolerance in
S. pneumoniae.
Clinical S. pneumoniae strains can be sensitised to penicillin treatment by targeted gene
inactivation of these psl genes.
Targeting the function of these genes could have beneficial therapeutic effects if combined
with penicillin. One of the genes identified (dacC) is already exploited this way in clinic using
Clavulanic Acid (Severin et al 1997), yet other psl loci have larger penicillin sensitising effects
across strains.
Molecular work is ongoing, but there is a genetic relationship between many of the psl loci
suggesting an underlying and common mechanism for penicillin tolerance in S. pneumoniae.
Right - Protein cartoons of
the penicillin sensitivity loci
(psl). Where available, each
cartoon is based on a protein
crystal structure. Otherwise
they are produced using
Alphafold and Phobius
predictions.
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