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ABSTRACT  Streptococcus pneumoniae is a commensal bacterium and invasive pathogen
that causes millions of deaths worldwide. The pneumococcal vaccine offers limited
protection, and the rise of antimicrobial resistance will make treatment increasingly
challenging, emphasizing the need for new antipneumococcal strategies. One possibility
is to target antioxidant defenses to render S. pneumoniae more susceptible to oxidants
produced by the immune system. Human peroxidase enzymes will convert bacterial-
derived hydrogen peroxide to hypothiocyanous acid (HOSCN) at sites of colonization
and infection. Here, we used saturation transposon mutagenesis and deep sequencing
to identify genes that enable S. pneumoniae to tolerate HOSCN. We identified 37 genes
associated with S. pneumoniae HOSCN tolerance, including genes involved in metabo-
lism, membrane transport, DNA repair, and oxidant detoxification. Single-gene deletion
mutants of the identified antioxidant defense genes sodA, spxB, trxA, and ahpD were
generated and their ability to survive HOSCN was assessed. With the exception of AahpD,
all deletion mutants showed significantly greater sensitivity to HOSCN, validating the
result of the genome-wide screen. The activity of hypothiocyanous acid reductase or
glutathione reductase, known to be important for S. pneumoniae tolerance of HOSCN,
was increased in three of the mutants, highlighting the compensatory potential of
antioxidant systems. Double deletion of the gene encoding glutathione reductase and
sodA sensitized the bacteria significantly more than single deletion. The HOSCN defense
systems identified in this study may be viable targets for novel therapeutics against this
deadly pathogen.

IMPORTANCE  Streptococcus pneumoniae is a human pathogen that causes pneumonia,
bacteremia, and meningitis. Vaccination provides protection only against a quarter of
the known S. pneumoniae serotypes, and the bacterium is rapidly becoming resistant to
antibiotics. As such, new treatments are required. One strategy is to sensitize the bacteria
to killing by the immune system. In this study, we performed a genome-wide screen to
identify genes that help this bacterium resist oxidative stress exerted by the host at sites
of colonization and infection. By identifying a number of critical pneumococcal defense
mechanisms, our work provides novel targets for antimicrobial therapy.

KEYWORDS Tn-seq, oxidative stress, lactoperoxidase, pneumonia, myeloperoxidase

S treptococcus pneumoniae (pneumococcus) is a bacterium that asymptomatically
colonizes the mucosal surfaces of the upper respiratory tract as part of the commen-
sal flora (1). While nasopharyngeal S. pneumoniae colonization is normally asymptomatic,
invasion to other areas of the body including the lungs can lead to serious pathological
infections, most notably pneumonia. During S. pneumoniae infection in the lungs, the
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human peroxidase enzymes, lactoperoxidase (LPO) and myeloperoxidase, will convert
thiocyanate (SCN7), present at concentrations of up to 650 pM (2, 3), and pneumo-
coccus-derived hydrogen peroxide (H,0,) (4), to hypothiocyanous acid (HOSCN) (5, 6).
As such, the tolerance of S. pneumoniae to HOSCN may provide this bacterium with
a survival advantage over co-localized bacteria. Indeed, we have recently reported the
relatively high tolerance of S. pneumoniae to HOSCN-mediated killing (7). We hypothesize
that targeting HOSCN defenses in these bacteria may have therapeutic value.

HOSCN targets redox-sensitive proteins by oxidizing critical cysteine residues (8).
An evaluation of antioxidant mechanisms in S. pneumoniae known to protect other
organisms from HOSCN identified the low molecular weight thiol glutathione (9) and a
previously uncharacterized HOSCN reductase enzyme (10) as critical components of the
pneumococcal HOSCN defense. In the present study, we used transposon mutagenesis
in combination with high-throughput transposon sequencing (Tn-seq) as an unbiased
screen to identify other genes that help S. pneumoniae withstand HOSCN.

Tn-seq involves the insertion of a single mini-transposon randomly within the
genome of each bacterium to create a library of different single-site mutants, which
collectively represent transposons inserted into all genes (or intergenic regions) that
are non-essential under optimal growth conditions (11, 12). Any mutation in essential
genes will make the bacterium non-viable, so it will not be able to be investigated.
Tn-seq in S. pneumoniae utilizes the natural genetic transformation of these bacteria to
generate a saturated transposon insertion library (11). Tn-seq has previously investigated
genes involved in S. pneumoniae survival in human saliva (13), survival upon desicca-
tion (14), mammalian host transmission (15), and antibiotic stress (16). Additionally,
small non-coding RNAs (sRNAs) important in gene regulation have been investigated
with Tn-seq (17), emphasizing the wide applicability of this method to identify gene
responses in S. pneumoniae.

Here, we report the use of Tn-seq to investigate the genes involved in S. pneumo-
niae oxidant tolerance. This investigation was performed using two transposon mutant
libraries in the D39 strain of S. pneumoniae and led to the identification of 37 genes that
are involved in S. pneumoniae HOSCN tolerance. These genes may be useful drug targets
for sensitizing this bacterium to oxidative stress at sites of colonization and infection.

RESULTS AND DISCUSSION
Generation and screening of S. pneumoniae transposon libraries

To investigate genes involved in S. pneumoniae HOSCN tolerance, a transposon library
(Library 1) was generated and exposed to HOSCN alongside a second previously
published library (Library 2) (14). The libraries, which served as biological replicates,
were generated by combining S. pneumoniae genomic DNA with transposon DNA and
a transposase enzyme, which led to the incorporation of transposon DNA into bacterial
genomic DNA (Fig. 1A). This DNA was integrated into the DNA of competent S. pneumo-
niae cells via homologous recombination (Fig. 1A). Technical replicates of each library
were then simultaneously exposed to 800 uM of HOSCN for 60 min; conditions that do
not affect the viability of wild-type (WT) bacteria but result in a significant decrease
in the viability of a glutathione-deficient mutant strain (9). After HOSCN treatment,
bacteria were grown for three to four generations before genomic DNA was extracted,
processed, and sequenced. The transposon junctions from the control and treatment
DNA libraries were deep sequenced on the lllumina platform and mapped to the S.
pneumoniae D39 genome to locate transposon insertion sites. A visual representation of
transposon insertion coverage in Library 1 and 2 across the S. pneumoniae D39 genome
indicates that uniform genome coverage was achieved in both libraries (Fig. 1B and Q).
The average number of unique insertions was ~42,000 and ~73,000 for Library 1 and 2,
respectively. As the S. pneumoniae D39 genome consists of 2,046 kbp, this corresponds
to a unique insertion (transposon insertion) on average every 49 bp in Library 1 and
28 bp in Library 2.
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FIG 1 Transposon library generation and genome coverage. (A) S. pneumoniae genomic DNA (orange)
was combined with transposon DNA (purple, with an antibiotic resistance gene in green) and the
transposase enzyme (blue oval). Transposon DNA is inserted at TA nucleotide sites within the genomic
DNA by transposase enzyme. Double crossover homologous recombination integrates the mutated DNA
into the wild-type bacterial genome. This is done in parallel to generate a library of mutants with every
non-essential gene mutated across the genome. This diagram was created with Biorender.com. (B and
C) There was uniform transposon coverage in the genome of (B) Library 1 and (C) Library 2, with a
single transposon insertion represented every 49 and 28 bp for Libraries 1 and 2, respectively. Genes on
the forward and reverse strands are shown in gray and black, respectively. Colored bars designate the
location and frequency of transposon insertions.

Identification of genes involved in S. pneumoniae HOSCN tolerance

To identify genes important for HOSCN tolerance, the transposon insertion sites in
HOSCN-treated samples were compared with untreated controls using differential
expression analysis software BioTraDIS and edgeR (18, 19). To designate genes as
significantly different between control and treated conditions, cutoffs of an adjusted
P-value of <0.05 and a logs[fold change (FC)] of <—1 or =1 were imposed. There were 20
and 30 genes that were designated as significant in Library 1 and Library 2, respectively.
Of these, 13 genes were significant in both libraries, while the other 24 were only
significant in one of the two libraries (Table S1). Where possible, gene names that were
not annotated in GenBank have been added from the literature.

The log,[FC] of significant genes in either or both libraries was averaged to identify
whether genes were involved in the sensitivity or tolerance of S. pneumoniae to HOSCN.
Twenty-seven genes were identified that help S. pneumoniae tolerate HOSCN, i.e., were
underrepresented in the HOSCN-treated samples compared to controls; and six genes
that make S. pneumoniae more sensitive to HOSCN, i.e., overrepresented in the HOSCN-
treated samples (Fig. 2; Table 1). Four additional genes were significantly different
between control and treated samples, but the direction of change was variable, so more
investigation is needed to determine their contribution to the effects of HOSCN (Table 1).
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FIG 2 Genes that are involved in S. pneumoniae HOSCN tolerance. Genes that make S. pneumoniae
tolerant (red) or sensitive (blue) to HOSCN are plotted. Gene names with a slash had different gene names
depending on the reference genome annotation (GenBank: L5483374.1/CP000410.2). Genes without a
name have the locus tag from GenBank from the annotation CP000410.2. Gene names identified from the
literature are designated by *. White numbers on the bars designate the total number of replicates the
gene was significant in (out of a total of six). The log,[FC] values are the average of the replicates. A gray
band denotes the log,[FC] significance cutoff of < —1 or >1.

The gene data output from each replicate in each library can be examined in “Library 1
data.xIsx” and “Library 2 data.xIsx” worksheets in the supplementary information.

Genes identified here to confer tolerance or susceptibility to HOSCN were classified
into the main categories of metabolism, genetic information processing, environmental
information processing and cellular processes, and BRITE hierarchies using the KEGG
Orthology database (KEGG Orthology.xlsx, supplementary information). Some genes
could not be assigned by the KEGG database, while others were identified as being a
part of multiple pathways. The number of pathways identified indicates that diverse
molecular functions are affected in S. pneumoniae by HOSCN exposure. Indeed, multiple
bacterial processes are known to be altered by HOSCN, including substrate transport,
glycolysis, the pentose phosphate pathway, respiration, and pH adaption [reviewed
in reference (20)]. Similarly, recent gene expression studies examining the response
of Pseudomonas aeruginosa to HOSCN have shown that HOSCN affects cellular sys-
tems involved in metabolism, macromolecule repair and detoxification, export of toxic
compounds, and virulence (21, 22). In light of these complex cellular impacts of HOSCN,
it is to be expected that the bacterial HOSCN defense is multifactorial, as illustrated by
the wide-ranging functions of HOSCN tolerance genes identified here.
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TABLE 1 Genes involved in S. pneumoniae HOSCN stress and their putative function®

Locus tag Gene Putative gene function No. of replicates Mean sD
significant in Log,[FC]*

Genes that allow S. pneumoniae to tolerate HOSCN

SPD_0532 rec) Single-stranded DNA-specific exonuclease 2 -9.05 0.61
SPD_0043 plsX Fatty acid/phospholipid synthesis protein 2 -9 3.55
SPD_0478 rimP SP14.3 protein 2 -8.97 2.71
SPD_1567 trx Thioredoxin 2 -8.08 2.19
SPD_1933 malQ 4-Alpha-glucanotransferase (amylomaltase) 2 -7.27 0.89
SPD_1326 pgmA Phosphoglucomutase 2 -5.92 0.39
SPD_0867 SPD_0867 O-methyltransferase 2 -5.47 1.49
SPD_0593 bipA® GTP-binding protein TypA/elongation factor Tu family protein 2 -5.22 0.32
SPD_0263 manM PTS¢ system mannose-specific transporter subunit IIC 6 -5.17 1.85
SPD_0667 sodA Superoxide dismutase 4 -5.16 1.43
SPD_1458 relA GTP pyrophosphokinase, stringent response protein 6 -5.1 2.19
SPD_0264 manL PTS system mannose-specific transporter subunit IIAB 3 -5.1 1.65
SPD_0912 mpgB° Pneumococcal vaccine antigen A 2 -4.81 0.31
SPD_0262 manZ_2 PTS system mannose/fructose/sorbose family transporter subunitIID 6 -4.11 23
SPD_1779 thiN Thiamine pyrophosphokinase 6 -3.14 1.6
SPD_0636 spxB Pyruvate oxidase 4 -2.83 1.46
SPD_0969 spxR° CBS domain-containing transcription factor 2 -2.58 0.19
SPD_0512 pnp Polyribonucleotide nucleotidyltransferase 6 -2.13 0.48
SPD_1932 malP Maltodextrin phosphorylase 2 -2.10 1.18
SPD_0027 dut Deoxyuridine 5'-triphosphate nucleotidohydrolase 2 -1.93 0.11
SPD_0064 cpsR® GntR family transcriptional regulator 5 -1.92 0.65
SPD_0866 pepF Oligoendopeptidase F 2 -1.91 0.88
SPD_0076 ktrB Trk transporter membrane-spanning protein - K+ transport 6 -1.83 0.5
SPD_1829 gmuR GntR family transcriptional regulator 2 -1.62 0.29
SPD_0308 clpL Group Il intron maturase or ATP-dependent Clp protease, ATP-binding 2 -1.46 0.27

subunit
SPD_0443 SPD_0443 Sodium-dependent phosphate transporter/Na/Pi-cotransporter 2 -1.3 0.25

Il-related protein
SPD_1761 tlyC CBS domain membrane protein 2 -1.03 0.02

Genes that make S. pneumoniae sensitive to HOSCN
SPD_0458 hrcA Heat-inducible transcription repressor 3 6.15 3.20
SPD_2023 ctsR CtsR family transcriptional regulator 4 3.66 0.50
SPD_0742 SPD_0742 Sugar ABC transporter, membrane-spanning permease 2 1.77 0.40
SPD_2022 cpC ATP-dependent Clp protease, ATP-binding subunit 2 1.71 0.56
SPD_0245 eep Metalloprotease or zinc metalloprotease 4 1.62 0.71
SPD_2020 phoB DNA-binding response regulator 2 1.3 0.37
Genes involved in S. pneumoniae HOSCN response that were variable in the screen
Log,[FC] values

SPD_0150 tcyA (gshT") ABC transporter substrate-binding lipoprotein 4 -1.16,-1.26,2.41,2.47
SPD_0373 ahpD” Alkylhydroperoxidase D 2 -3.47,1.92
SPD_0256 yafQ RelE/StbE family addiction module toxin/conserved hypothetical 2 -5.31,6.10

protein TIGR00053
SPD_1290 yxeN Aspartate/glutamate ABC transporter permease 2 -1.31,2.63

“Mean log,[FC] was calculated from the average fold-change across both libraries.

®Gene name identified from the literature not by GenBank.

‘Locus tags are from reference genome annotation for S. pneumoniae D39 (GenBank: CP000410.2). Gene names are from GenBank: CP000410.2 or LS483374.1.
9PTS, phosphotransferase system.

A number of genes found to play a role in HOSCN tolerance in the present study
were also identified in similar screening experiments that looked at S. pneumoniae
desiccation tolerance (14), survival in human saliva (13), transmission in a ferret model
(15) and survival in vitro and in vivo (mice) models (23) (Table S2). The spxB gene was
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identified to be important in all studies (Table S2). The largest overlap between the data
from this screen and other Tn-seq studies was with genes identified from exposure to
human saliva (13), with eight genes in common. Saliva is rich in HOSCN due to the
high concentrations of the precursor SCN™ (24). Genes involved in HOSCN tolerance will
aid survival in this environment and are potential targets for limiting S. pneumoniae
colonization.

Validation of the transposon mutant screen

To validate the screen, we focused on genes known to have a function in antioxi-
dant defense and generated single-gene deletion mutants by replacing the gene of
interest with the antibiotic resistance cassette for spectinomycin. These genes were trxA
(thioredoxin), sodA (superoxide dismutase), spxB (pyruvate oxidase), and ahpD (puta-
tive alkylhydroperoxidase D). Once generated, the growth characteristics and HOSCN
sensitivity of the mutants were compared to WT (Fig. 3).

While one mutant had a longer lag phase when grown in liquid culture, all mutants
reached a similar absorbance to the WT strain at stationary phase, suggesting that these
genes are not essential for growth in rich media (Fig. 3A). To quantify the impact of
HOSCN on bacterial viability, mutants were exposed to 800 uM of HOSCN for 90 min and
plated to determine colony-forming units (Fig. 3B through F). S. pneumoniae generate
H>0, during metabolism that can also oxidize thiol proteins, but this will not accumulate
in vivo due to the presence of host peroxidases. Catalase was added to mimic the in vivo
environment and limit any combined effects of HOSCN and H50,. The viability of WT
bacteria was not affected by the presence of HOSCN or catalase (Fig. 3B), consistent with
our previous findings (7, 9).

The gene ahpD had an inconsistent HOSCN response in the screen (log,[FC] of 1.92
and —3.47 from Library 2 replicates) so was mutated to determine whether it has a
protective or detrimental role in HOSCN stress. AhpD enzymes convert peroxides to
alcohol and water, and while S. pneumoniae AhpD has unique structural characteristics
compared to AhpD proteins from other species, this enzyme displays low reactivity with
H>0, (25). Bacterial survival has previously shown to be increased in a S. pneumoniae
AahpD mutant when treated with H>0,, which was thought to be due to the upregu-
lation of compensatory antioxidant systems (26). In contrast, we did not detect any
significant change in bacterial viability of our AahpD mutant in the presence of HOSCN,
indicating that AhpD is not involved in HOSCN tolerance (Fig. 3C).

The gene trxA had a log;[FC] of —8.08, the largest change of any of the antioxidant
genes and the fourth largest of all genes. TrxA is an oxidoreductase in the thiore-
doxin/thioredoxin reductase (Trx/TrxR) system. Trx uses an active site dithiol group to
reduce disulfides in proteins, with the resultant oxidized Trx being reduced by TrxR using
NADPH as the electron donor (Fig. 3D). When trxA was deleted, bacterial growth was
slowed, and viability in the presence of HOSCN and catalase was significantly decreased
(Fig. 3A and D). HOSCN is a thiol-specific oxidant (27), and as such it is not surprising that
a system that reduces thiol proteins is important for tolerance. The Trx/TrxR system has
previously been identified as part of the survival strategy of S. pneumoniae in vivo, with
decreased bacterial load and mice mortality observed when mice were administered a
potent TrxR inhibitor (28). Together, these results suggest that TrxA may be important for
S. pneumoniae to tolerate HOSCN stress at sites of infection.

The gene sodA had a log;[FC] of —5.16 in the screen. SodA is a manganese-dependent
enzyme that dismutates superoxide to hydrogen peroxide and oxygen (Fig. 3E). As
such, it plays an important role in protecting organisms from superoxide generated
during aerobic metabolism (29). In agreement with the Tn-seq data, the deletion of
sodA sensitized S. pneumoniae to HOSCN (Fig. 3E). Previous studies have reported that S.
pneumoniae AsodA mutants are hypersensitive to paraquat, which stimulates intracellu-
lar superoxide generation (30, 31). Furthermore, an S. pneumoniae AsodA mutant was less
virulent in a mouse model of S. pneumoniae infection (31). Our present study highlights
that this enzyme is also important in protecting from HOSCN exposure. HOSCN may
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FIG 3 Validation of Tn-seq using single-gene deletion mutants. (A) S. pneumoniae WT and mutant strains were grown in a 96-well plate in brain heart infusion
media for 6 hours at 37°C in the presence of 5% CO,. Absorbance measurements (ODg,) were taken every 30 min, following which the media-alone sample
values were subtracted. Data are presented as the mean + SD from at least three independent experiments, the y-axis is logyg scale. (B-F) S. pneumoniae strains
(B) WT, (C) AahpD, (D) AtrxA, (E) AsodA, and (F) AspxB (ODgyq 0.02) were incubated in the presence or absence of 800 uM HOSCN = catalase (CAT, 20 pug/mL)
for 90 min in Hank’s balanced salt solution buffer, pH 6.8. Viable bacteria were determined by counting colony forming units and expressed relative to those
before incubation (tp). Data are presented as the mean + SD from at least three independent experiments, with symbols designating matching replicate data.
A significant difference to the respective control was determined by paired t-tests and is indicated by * for P < 0.05. (D-F) Schematic representation of the
function of proteins TrxA, SodA, and SpxB, in reducing oxidized thiols in proteins, detoxifying superoxide, and metabolizing pyruvate, respectively. The schematic

representations were created with Biorender.com.

increase the generation of superoxide inside bacteria, or damage caused by superoxide
during normal bacterial metabolism may be exacerbated by the addition of HOSCN.
Further work is required to investigate the relevance of superoxide to HOSCN toxicity.
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The gene-encoding pyruvate oxidase, spxB, had a log,[FC] of —2.83 in the screen.
SpxB plays a central role in S. pneumoniae metabolism, where it generates H,O, and
acetyl-phosphate from pyruvate and oxygen (32) (Fig. 3F). Acetyl-phosphate is used for
several cellular processes through its conversion to acetate and acetyl-CoA (32). SpxB
is responsible for the majority of the H,O, produced by S. pneumoniae (32-35). Loss
of SpxB also leads to a decrease in ATP by ~85%, which is thought to account for
an increased sensitivity of this mutant to H,O, (34). Here, we show that SpxB is also
essential for S. pneumoniae HOSCN tolerance, with a significant decrease in viability
in the presence of HOSCN upon deletion of spxB (Fig. 3F). The importance of SpxB
in S. pneumoniae virulence has been shown in multiple studies using rabbit, ferret,
mouse, and rat models, with SpxB involved in transmission, colonization, pneumonia,
and bacteremia (15, 32, 33, 36, 37). In addition, SpxB alters capsule production in a
strain-dependent manner, with a greater or similar level of capsule production in strain
D39 but significantly less in TIGR4 (35, 38). Regulation of spxB is proposed to be by the
protein SpxR sensing the metabolic and energy state of S. pneumoniae (33). The gene
spxR was also identified as important for HOSCN tolerance in this screen (log[FC] of
—2.58), further emphasizing the importance of SpxB in S. pneumoniae HOSCN tolerance.

Hypothiocyanous acid reductase and glutathione reductase are increased in
S. pneumoniae mutants

Mutation of antioxidant genes may result in the compensatory upregulation of other
protective pathways, driven by increased levels of oxidative stress. For example, H,O,
activates the expression of thiol peroxidase tpxD in S. pneumoniae under H,O stress
via its activator CodY (39). In our study, the combination of HOSCN and catalase
treatment decreased bacterial viability more than HOSCN alone in all mutant strains,
except for AspxB where HOSCN was already maximally effective, consistent with bacterial
H>0, increasing bacterial defenses. We, therefore, investigated whether known HOSCN
defenses are upregulated in the mutant strains. Glutathione import is an integral part
of S. pneumoniae HOSCN tolerance (9, 10). To determine whether the mutants imported
more glutathione, we measured total glutathione in bacterial lysates (Fig. 4A); however,
we did not detect a significant difference in the total glutathione content in these strains.

Next, we assessed the activities of the NADPH-dependent enzymes hypothiocyanous
acid reductase (Har) and glutathione reductase (GR), both known to contribute to S.
pneumoniae HOSCN defense (9, 10). Har activity was significantly higher in the AahpD,
AtrxA, and AsodA mutants (Fig. 4B), while GR activity was greater in the AtrxA and AsodA
mutants (Fig. 4C). The compensatory upregulation of Har activity may be masking a
possible protective role of AhpD itself. To determine whether the observed increased
reductase activity was due to the presence of higher levels of endogenous NADPH, its
concentration was measured in bacterial lysates. No difference in NADPH levels (data not
shown) or NADPH/NADP* ratios (Fig. 4D) was detected in any of the mutants compared
to WT, suggesting that the observed increase in reductase activity was due to increased
enzyme expression. There was no increase in Har or GR activity in the AspxB mutant,
which had the greatest decrease in viability (Fig. 4B and C). One explanation for this
observation might be that H,0,, which is generated to a considerably lower degree
in the spxB mutant, is required for the upregulation of HOSCN protective genes. An
impaired compensatory response may also explain why the AspxB bacteria were most
sensitive to HOSCN.

Bacterial compensatory mechanisms may be overcome by targeting more than one
gene at once. Since the AtrxA and AsodA mutants displayed significantly increased
glutathione reductase activity, we investigated whether double deletion mutants
involving the glutathione reductase gene, gor, would be further sensitized to HOSCN.
We were unable to generate a double mutant with gor and trxA, suggesting that while
either the Trx/TrxR or glutathione/GR system can be impaired, it is vital to have one of
the systems. In support, functional crosstalk between these systems is known to take
place under stress conditions (40, 41). However, we could generate a Agor-AsodA mutant,
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FIG 4 Glutathione content, HOSCN reductase (Har) and glutathione reductase (GR) activity, and NADPH
levels in WT and mutant strains. (A) Total glutathione (B), Har activity (C), GR activity, and (D) NADPH/
NADP" ratios were measured in bacterial lysates as described in the Materials and Methods. Data are
presented as the mean = SD from at least three independent experiments. A significant difference
when compared with lysates from WT was determined by one-way ANOVA with Dunnett’s multiple
comparisons test and is indicated by * for P < 0.05.

which as hypothesized was significantly impacted by HOSCN (Fig. 5A). Bacterial killing
was much more pronounced in the double mutant (2%) than in the single AsodA mutant
(Fig. 3E) or the Agor mutant (9), which had 66% and 74% viable bacteria after 90 min,
respectively (Fig. 5B).

Collectively, these results show that S. pneumoniae possess multiple defense
mechanisms that underscore the ability to tolerate HOSCN. Novel antimicrobial
strategies may need to target more than one protein to work effectively.

Additional HOSCN genes of interest identified in the screen

Our validation experiments were focused on a selected number of antioxidant defense
genes; however, many other genes were identified in our screen that warrant future
investigation. The genes manY_1/manM, relA, manZ_2, thiN, pnp/pnpA, and ktrB would be
particularly interesting as they were significant hits in all replicates.

The genes manZ_2 (manN) and manY_1/manM, along with the gene manL which
was significant in three replicates, are encoded on the same operon, called manLMN (42,
43). The ManLMN proteins form a transporter in the phosphoenolpyruvate-dependent
sugar-transporting phosphotransferase system (PTS) superfamily. ManLMN is the major
glucose transporter in S. pneumoniae and can also transport other sugars including
mannose, fructose, galactose, N-acetylglucosamine, and glucosamine (43, 44). The
importance of the ManLMN proteins in HOSCN tolerance suggests that the bacteria
need to efficiently uptake glucose to protect themselves from oxidative stress. Glucose
is needed for numerous cellular processes, including the generation of NADPH, which
is a reducing equivalent required for Har, TrxR and GR activity. The ManLMN proteins
might also play additional roles in S. pneumoniae, with PTS reported to have regulatory
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FIG 5 Viability of the double mutant strain Agor-AsodA upon HOSCN treatment. (A) S. pneumoniae
strain Agor-AsodA (ODgyq 0.02) was grown and treated with 800 pM HOSCN for 90 min, and viability
was measured via plate counts as described in Fig. 3. Data are presented as the mean + SD from three
independent experiments, with symbols designating matching replicate data. A significant difference to
the respective control was determined by paired t-tests and is indicated by * for P < 0.05. (B) Summary
diagram showing the impact of Agor (9), AsodA (Fig. 3E), and Agor-AsodA mutations on S. pneumoniae

HOSCN viability. The diagram was created in Biorender.com.

functions in addition to transport and phosphorylation [reviewed in reference (45)]. Of
interest, PTSs are ubiquitous in bacteria but are not present in eukaryotes, and as such
they have been suggested as targets for antimicrobial drugs (46-49). As deletion of any
of the three genes in the manLMN operon led to significantly reduced bacterial survival
upon HOSCN treatment, the manLMN operon PTS system might be an appropriate drug
target in S. pneumoniae. However, as S. pneumoniae have multiple sugar transporters (43)
that can take up other sugars when in a more complex environment, manLMN mutants
would warrant additional testing in a non-glucose-limiting environment to determine
their applicability as drug targets.

RelA is a stringent response protein that is the main source of the alarmones
guanosine-pentaphosphate and -tetraphosphate ((p)ppGpp) in S. pneumoniae (50).
(P)ppGpp plays important roles in bacteria, including coordinating oxidative stress
responses (51). Induction of the stringent response in a ArelA strain of S. pneumoniae D39
using the antibiotic mupirocin resulted in a decrease in the relative transcript expression
of genes including sodA, tpxD, and spxB (50). This highlights the interplay between stress
genes in S. pneumoniae. RelA has also been shown to be essential for S. pneumoniae
survival in mouse pneumonia models both by direct mutations (50) and site-directed
mutagenesis screening (52).

The gene thiN encodes a thiamine pyrophosphokinase, which is responsible for
transferring a phosphate group to vitamin B1, forming thiamine pyrophosphate (TPP),
an essential coenzyme for metabolic functions (53). Enzymes dependent on TPP as
a co-factor include pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, transketo-
lase, and acetohydroxyacid synthase, which are essential in many metabolic pathways
in bacteria (53). Dependence on TPP for pyruvate oxidase activity has been reported in
Streptococcus sanguis and some other bacteria (54, 55). Additionally, a single missense
mutation in the spxB TPP-binding site in S. pneumoniae reduced H>0, production to
the level of a full AspxB mutant and led to H,0, hypersensitivity, demonstrating the
importance of TPP for bacterial oxidant tolerance (33).

The gene ktrB encodes a potassium transporter membrane-spanning protein, called
TrkH, that is required for potassium uptake in S. pneumoniae (56). Due to the importance
of potassium for cell growth, this effect may have been a combined effect, where
the extra stress imposed by the oxidant was too great for the bacteria to overcome.
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Similarly, the exact role of the gene pnpA in S. pneumoniae HOSCN tolerance is difficult
to discern. The gene pnpA encodes a polyribonucleotide nucleotidyltransferase, and the
KEGG annotation of this gene assigns a role in RNA degradation. The fact that disruption
of pnpA and ktrB robustly decreased survival of HOSCN stress in all replicates points to
their important role in HOSCN tolerance, but to fully understand the response observed
by deletion of these genes, specific deletion mutants would need to be generated for
further investigation.

In addition to investigating genes important for increasing HOSCN tolerance in S.
pneumoniae, genes that were identified to prevent optimal HOSCN tolerance should
be studied to gain a better understanding of the S. pneumoniae HOSCN response. The
two largest Logy[FC] genes in this category were hrcA and ctsR, which encode heat
shock protein repressors. Heat shock proteins are induced by various stresses such
as temperature, pH, or oxidative stress to protect the proteome (57). HrcA acts as a
repressor on the dnaK and groESL operons, while CtsR acts as a repressor on the groESL
operon and clpP/C/B/E/L genes (58-61). Mutation of the repressor protein genes hrcA
and ctsR in this screen would have increased the transcription of heat shock proteins,
thereby enhancing tolerance to HOSCN. The genes clpL and clpC were also identified in
this screen, further emphasizing the importance of a functional heat shock response to
repair the protein damage caused by HOSCN stress.

Limitations

While this screen allowed us to identify many genes involved in HOSCN tolerance, there
are caveats to the use of mutant libraries that mean some genes involved in HOSCN
tolerance will be missed. First, only non-essential genes can be investigated in mutant
libraries as any mutation in essential genes will render the bacterium non-viable and
so will not be present in the library. This limitation may be overcome by using indu-
cible CRISPR interference libraries. Additionally, polar effects made during transposon
mutagenesis may disrupt the function of downstream genes that will be masked.

Our screening approach was designed to identify genes that promote bacterial
survival, i.e., the number of viable mutants dropped during the period of HOSCN
exposure. Therefore, mutations that are important for allowing bacterial growth in
the presence of HOSCN will be more difficult to detect in our experimental model
as the period of bacterial growth to amplify survivors occurred post-exposure to
HOSCN. Modification of experimental conditions, such as a long period in the presence
of lactoperoxidase, could reveal previously unidentified genes essential for bacterial
growth.

The reductases gor and har have previously been shown to be important in S.
pneumoniae HOSCN tolerance (9, 10) but were not identified in our screen. Enzymes
responsible for scavenging oxidants might not be detected by screening mutant libraries
if mutants are protected by neighboring bacteria. This is unlikely to be an issue for
HOSCN, however, because extracellular HOSCN is only removed slowly by bacterial
cultures (7). The more likely limitation is that compensatory effects mask the impact
of single mutants. Har mutation alone only had a limited impact on the ability of S.
pneumoniae to grow in the presence of HOSCN, but growth was completely blocked
with a combined gor/har mutation (10). Transposon mutant libraries generated from
a single-gene deletion mutant, thereby creating a double-mutant genetic interaction
screen, might lead to the identification of additional genes of interest that were masked
in our libraries.

Conclusion

Even with the use of vaccines and antibiotics, S. pneumoniae is still a major pathogen.
The results presented here provide insight into the mechanisms by which S. pneumoniae
tolerates HOSCN produced by the immune system and highlight the interplay between
key antioxidant proteins under oxidative stress. We identified 37 genes involved in
HOSCN tolerance and validated 4 genes involved in antioxidant defense. The antioxidant
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defense systems identified in this study could be investigated as novel therapeutic
targets to aid the immune system in clearing this deadly pathogen.

MATERIALS AND METHODS
Materials

LPO from bovine milk [€412 = 112,000 M™" cm™ (62)], Hank’s balanced salt solution
(HBSS), and phosphate buffered saline (PBS) for cell culture, sodium thiocyanate,
EC-oxyrase, calcium chloride dihydrate, spectinomycin dihydrochloride pentahydrate,
N-ethylmaleimide (NEM) and Amicon ultra 0.5 centrifugal filter units (MWCO 10 k Da)
were purchased from Sigma-Aldrich (Merck). Competence stimulating peptide-1 was
purchased from AnaSpec. Brain heart infusion (BHI) media were from Oxoid. Todd Hewitt
media supplemented with 1.5% (wt/vol) yeast extract (THY) was made from Bacto
Todd Hewitt Broth and yeast extract (Becton Dickinson). Columbia sheep blood and
tryptic soy blood agar plates were either purchased from Fort Richard Laboratories or
made from defibrinated sheep’s blood (Fort Richard Laboratories) and Difco Columbia
Blood Agar Base (BD). Bovine serum albumin was from New England Biolabs or Thermo
Fisher Scientific. Hydrogen peroxide (30% vol/vol) [Hy05, €240 = 43.6 M™' cm™ (63)] was
from LabServ. 2-Nitro-5-thiobenzoate (TNB) was prepared from 5,5'-dithiobis-(2-nitro-
benzoic acid) (Sigma-Aldrich) through alkaline hydrolysis as described (64). HOSCN was
generated from lactoperoxidase, thiocyanate, and H,0,, and quantified at A1, using
TNB as described in reference (9), kept on ice, and used within 30 min of quantification.

Bacterial strains and culture conditions

Bacterial strains were maintained on Columbia or tryptic soy broth sheep blood agar
plates. Mutant strains were grown on Columbia sheep blood agar plates with 150 pug/mL
spectinomycin. For experiments, bacteria were statically grown overnight in BHI media at
37°C with 5% CO,, diluted in fresh media, and grown to mid-log phase before experi-
ments.

Transposon mutant library generation

The S. pneumoniae transposon library (Library 1) was constructed as described previ-
ously (11, 12, 14). Briefly, the mini-transposon magellan6, containing a gene to confer
spectinomycin resistance, was inserted into S. pneumoniae strain D39 genomic DNA by
the enzyme transposase MarC9. DNA was ligated together, and DNA containing the
transposon was transformed into competent S. pneumoniae cells. Transposon-containing
mutants were selected for Columbia sheep blood agar plates containing 150 ug/mL
spectinomycin. Mutants were scraped off the plates using a sterile cell spreader, pooled
together in THY media, diluted to ODggg 0.05 and grown to ODggg 0.3. The culture was
then concentrated into 5 mL THY media with 12% glycerol and frozen at —80°C in 500 pL
aliquots.

Tn-seq HOSCN tolerance screen

Library 1 was used alongside a second previously generated library (Library 2) (14)
to investigate genes involved in S. pneumoniae HOSCN tolerance. An aliquot of each
transposon mutant library (Library 1 and Library 2) was defrosted and added to THY
media containing 200 pg/mL spectinomycin. Cultures were grown until mid-log phase,
then washed twice in PBS, and suspended in HBSS, pH 6.8. Duplicate tubes of each
library were then set up, and bacteria (5 x 10" CFU/mL) were exposed to 800 uM HOSCN
or buffer for 60 min at 37°C with 5% CO,. After incubation, bacteria were centrifuged at
12,000 g, and each cell pellet was frozen on dry ice and stored at —80°C for DNA isolation.
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DNA sequencing

Genomic DNA from the HOSCN tolerance screen was isolated using the DNeasy Blood
and Tissue Kit (Qiagen), and samples were prepared for sequencing using the HTML-PCR
protocol (12, 14). Briefly, genomic DNA was sheared via sonication until DNA fragments
were between 100 and 600 bp. DNA ends were then blunted using the Quick Blunting
Kit (NEB), and genomic DNA was purified and concentrated using the HighPrep PCR
Clean-Up System magnetic beads (MagBio). Poly-C tails were then added to the 3’
ends of the DNA using terminal deoxynucleotide transferase (Promega), and DNA was
re-purified and concentrated using the magnetic beads. Nested PCR reactions were then
carried out to amplify transposon junctions and add unique index barcode sequences
to the DNA for each sample [Table S3; (12, 14)]. Once each sample was barcoded
by its unique index sequence, samples were pooled for each library for simultaneous
sequencing. Pooled libraries consisting of all 12 samples per library were sequenced
with Illumina HiSeq single-end 50 cycle sequencing by the Otago Genomics Facility,
University of Otago, New Zealand.

Sequencing analysis

Sequence analysis was conducted using a modified method from references (65, 66)
and the BioTraDIS pipeline (19). Quality control analysis on fastq files was run on all raw
sequencing files using FastQC (67). Cutadapt was used to remove poly-C tail adapters
from the samples (68). For this, the adapter (-a) was defined as “C{10}N{10}" [10 Cs
followed by 10 of any base (CCCCCCCCCCNNNNNNNNNN)]. Once the poly-C tails were
removed, all reads were filtered so that any reads shorter than 15 nucleotides were
removed (-m 15).

The BioTraDIS pipeline (19) (bioconda version 1.4.5) was used to map reads to the
S. pneumoniae D39 genome (GenBank: LS483374.1). The bacteria_tradis script was used
with the following code: “bacteria_tradis --smalt --smalt_k 10 --smalt_s 1 --smalt_y 0.96
--smalt_r -1 -v -n 5 -f filelist.txt -r GCF_900475305.1_43721_E02_genomic.fna.gz” This
code designates that the SMALT read mapper will be used to map the reads to the
reference genome (--smalt) (69). The minimum length of an exact match between the
read and genome to attempt to align the read needed to be 10 (this designates k-mer
size) (smalt_K 10), and every k-mer word was indexed along the reference [step size for
k-mers of 1 (smalt_s 1)]. Only reads with at least 96% sequence identity to the genome
were mapped (smalt_y 0.96), reads that mapped equally well to more than one location
were discarded so as to not influence downstream differential analyses (smalt_r -1), and
the number of reads is specified by (-n 5).

The tradis_gene_insert_sites script, which assigns the insertion information (.plot file)
to the annotation file (.embl file) was used for post-processing analysis in R. First, reads
that map to the first 10% from the 3’ end of each feature were removed from the
final output as many genes can tolerate insertions at the 3" end (70, 71). To compare
read frequencies between treated and control samples in each replicate, the tradis_com-
parision.R script which uses edgeR was used (18). The script for comparisons was
“tradis_comparison.R --controls <.txt> --conditions <.txt> -o day1.txt -p day1.pdf -f -t 15"
with day1.txt and day1.pdf being changed to the files corresponding to each replicate
and library. In this script, read filtering was allowed (-f), and a minimum of 15 reads was
needed to analyze the gene (-t 15). The output for this script was in log, fold change
in the treated samples compared to the untreated controls. It also provided adjusted
P-values to account for false discovery rates using Benjamini and Hochberg correction.
Genes with an adjusted P-value of <0.05 and a log>[FC] of <—1 or =1 were identified as
significant. Genes that met these criteria in at least two of the three replicates within
each library were reproducibly significant and were used for further analyses. Functional
annotation of genes was performed using the KEGG Ontology database. Visualization of
the number of reads and gene coverage was performed in Artemis 18.1.0 (72).

October 2023 Volume 205 Issue 10

Journal of Bacteriology

10.1128/jb.00208-23 13


https://doi.org/10.1128/jb.00208-23

Full-Length Text

Generation of S. pneumoniae gene deletion mutants

S. pneumoniae mutants were generated by transformation of DNA constructs (synthe-
sized by Genscript Biotech, USA). These genes mutated were trxA (NCTC7466_01600/
SPD_1567), sodA (NCTC7466_00694/SPD_0667), spxB (NCTC7466_00663/SPD_0636), and
ahpD (NCTC7466_00383/SPD_0373). Constructs were designed to carry a spectinomycin
resistance (SpecR) cassette sandwiched between adjacent arms 5’ and 3’ of the target
gene sequence to be knocked out (Method S1). Relevant primers (Table S4) were
used to PCR the homologous arms with their SpecR insert. PCR products were puri-
fied, quantified, and used for transformation of S. pneumoniae as previously described
(10). Briefly, DNA (0.1-1 pg) was transformed into S. pneumoniae D39, and mutants
were selected for on spectinomycin-containing blood agar plates. Transformants were
cultured and their genomic DNA extracted, and PCR amplified using primers external to
the construct sequences. Notl restriction endonuclease cleavage of DNA intrinsic to the
inserted constructs was used to identify successful transformation and recombination,
and gene knockouts were confirmed by Sanger sequencing. The primers used for these
PCR and sequencing reactions are detailed in Table S4.

Bacterial growth characterization

S. pneumoniae WT and mutant strains were grown overnight, diluted in fresh media,
and then grown to mid-log phase. Bacteria were washed twice in PBS, suspended in BHI
media, diluted to ODgyq 0.1, and grown for 6 h at 37°C with 5% CO, in BHI media in
a 96-well plate. ODgyg measurements were taken every 30 min using a BioTek Synergy
Neo2 Hybrid Multi-Mode Microplate Reader (Winooski, VT). A BHI media sample was
used as a control and subtracted from all other values.

Bacterial survival after exposure to HOSCN

Survival of S. pneumoniae strains in the presence or absence of 800 uM HOSCN was
performed as described before (9), with modifications. S. pneumoniae (ODgyq 0.02) were
incubated for 90 min in the presence or absence of 800 uM HOSCN + catalase (20 pg/mL)
in HBSS, pH 6.8, at 37°C with 5% CO,. Catalase controls were included to determine
whether H,0, generated by the bacterial strains was impacting viability. After 90 min,
bacteria were diluted in PBS, plated and counted the following day. Bacterial viability was
determined as the percentage of colonies at 90 min compared to the 0-time point.

HOSCN and glutathione reductase activity in bacterial lysates

S. pneumoniae WT and mutants were grown to an ODgyg of 0.4-0.7, pelleted by
centrifugation at 10,000 g for 5 min at 4°C, washed once with PBS, and then resuspended
in 2.5 mL of 100 mM phosphate (pH 7.4), 1 mM EDTA. S. pneumoniae was lysed by pulse
sonication on ice for 10 min. Bacterial debris was removed by centrifugation at 10,000 g
for 10 min at 4°C. Activity of HOSCN and glutathione reductase (Har and GR, respectively)
in clarified lysates was determined as described before (10). Briefly, the consumption of
NADPH (200 uM) after the addition of HOSCN (100 uM) or GSSG (1 mM) was measured
by monitoring the loss of absorbance at 340 nm. The reductase activity was defined
as the rate of NADPH consumption and was calculated using €349 = 6,220 M™'cm™ for
NAD(P)H (73), then expressed relative to the protein concentration in bacterial lysates as
determined by Bradford assay (74).

Quantification of NADPH/NADP* and total glutathione

S. pneumoniae lysates were prepared as described for reductase assays above. NAPDH
and NADP* levels in lysates were measured using a NAD/NADH-Glo Assay Kit (Promega;
catalog no. G9081), according to the manufacturer’s instructions. For this, lysates were
diluted 1:1 with bicarbonate base buffer (100 mM sodium bicarbonate, pH 10-11, 10 mM
nicotinamide, 0.05% Triton X-100) and then split into two for heat treatment (60°C)
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in acidic and basic conditions to destroy NADPH and NADP?, respectively. A NADPH
standard curve was prepared using a buffer containing the same final proportions of lysis
buffer/bicarbonate base buffer/acid/base as samples.

To measure total glutathione, DTT (1 mM) was added to bacterial lysates and
incubated at 60°C for 15 min, then N-ethylmaleimide (NEM) (20 mM) was added
and incubated at 20-22°C for 15 min. An equal volume of acetonitrile was added to
precipitate protein which was removed by centrifugation. The supernatant was diluted
1:5 with 0.25% formic acid in water and spiked with isotopically labeled heavy standards
("3Cy,"*N1-GSH-NEM and "3Cy4,"°N»-GSSG). Ten microliters of sample along with standards
of GSH-NEM were injected for multiple-reaction-monitoring-based LC-MS analysis using
an Infinity 1290 LC system (Agilent, Santa Clara, CA) coupled to a 6500 QTrap mass
spectrometer (Sciex, Framingham, MA) as described previously (75).

Statistical analyses

Graphs were plotted, and the statistical analyses stated in the figure legends were
performed using GraphPad Prism (Version 8.2.1). A P-value of <0.05 was considered
significant.
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