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ABSTRACT  Staphylococcus aureus is one of the most common pathogens isolated from
the lungs of people with cystic fibrosis (CF), but little is known about its ability to
colonize this niche. We performed a transposon-sequencing (Tn-seq) screen to identify
genes necessary for S. aureus growth in media prepared from ex vivo CF sputum. We
identified 19 genes that were required for growth in all sputum media tested and dozens
more that were required for growth in at least one sputum medium. Depleted mutants
of interest included insertions in many genes important for surviving metal starvation, as
well as the primary regulator of cysteine metabolism, cymR. To investigate the mecha-
nisms by which these genes contribute to S. aureus growth in sputum, we quantified
low-molecular-weight thiols, nutrient transition metals, and the host metal-sequestration
protein calprotectin in sputum from 11 individuals with CF. In all samples, the abun-
dance of calprotectin exceeded nutrient metal concentration, explaining the S. aureus
requirement for metal-starvation genes. Furthermore, all samples contain potentially
toxic quantities of cysteine and sufficient glutathione to satisfy the organic sulfur
requirements of S. aureus. Deletion of the cysteine importer genes tcyA and tcyP in
the AcymR background restored growth to wild-type levels in CF sputum, suggesting
that the mechanism by which cymR is required for growth in sputum is to prevent
uncontrolled import of cysteine or cystine from this environment. Overall, this work
demonstrates that calprotectin and cysteine limit S. aureus growth in CF sputum.

IMPORTANCE Staphylococcus aureus is a major cause of lung infections in people with
cystic fibrosis (CF). This work identifies genes required for S. aureus growth in this
niche, which represent potential targets for anti-Staphylococcal treatments. We show
that genes involved in surviving metal starvation are required for growth in CF spu-
tum. We also found that the primary regulator of cysteine metabolism, CymR, plays a
critical role in preventing cysteine intoxication during growth in CF sputum. To support
these models, we analyzed sputum from 11 individuals with CF to determine concentra-
tions of calprotectin, nutrient metals, and low-molecular-weight thiols, which have not
previously been quantified together in the same samples. Editor Michael David Leslie Johnson, The University
of Arizona, Tucson, Arizona, USA
KEYWORDS cystic fibrosis, calprotectin, nutritional immunity, metal sequestration, sl Ml R,
Staphylococcus aureus, Tn-seq, sputum, cysteine, glutathione reniere@uw.edu.
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C ystic fibrosis (CF) is a genetic disease caused by mutations in the cystic fibro-

sis transmembrane conductance regulator (CFTR) ion channel, which normally
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infection by a range of pathogens, the most common and best studied of which are
Pseudomonas aeruginosa and Staphylococcus aureus (6).

S. aureus is typically the earliest microbe detected in airway secretions of children
with CF (7). For the past 20 years, it has overtaken P. aeruginosa as the most prevalent
bacterial species in the lungs of pwCF, with over 60% of individuals culture positive
for S. aureus (7). The subset of S. aureus infections caused by methicillin-resistant S.
aureus (MRSA) has also been steadily increasing (7). S. aureus lung infections lead
to heightened inflammation, frequent hospitalizations, reduced lung function, which
can become permanent, and lower overall survival; each of these outcomes is further
worsened if the infection is caused by MRSA (8-10). These infections are typically chronic
and difficult to treat with traditional antibiotics (11). Additionally, while highly effective
modulator treatments restore CFTR function, there are significant barriers to access for
these treatments, including the high cost and lack of availability in many countries (12).
Moreover, modulators do not eradicate bacterial infection in most pwCF (13). Despite the
prevalence and importance of S. aureus infections in pwCF, surprisingly little is known
about how S. aureus grows in this niche.

Modeling CF lung infection in research settings has many challenges. Animal models
of CF are available in a wide range of species, including zebrafish, mice, rats, ferrets, pigs,
and sheep (14). Each of these models is useful and appropriate for certain applications,
but all are imperfect. For example, mice with Cftr mutations do not spontaneously
develop lung disease, nor are they particularly susceptible to bacterial infection, making
them ill-suited to model S. aureus lung infections (15). Only the porcine and ferret
models recapitulate the lung pathology and impaired bacterial clearance observed in
humans with CF, although these are both impractical for most research applications (16,
17). Airway epithelial tissue culture models have been successful in drug development
applications but are less appropriate for microbiological studies due to the absence of
key aspects of infection such as mucus and immune cells (18).

An alternative to animal or tissue culture models is an ex vivo culture model using
mucus expectorated from the lower airways, known as sputum. In the CF lung environ-
ment, S. aureus typically localizes within the mucus rather than on epithelial surfaces (19).
This characteristic makes S. aureus a particularly good candidate for the ex vivo sputum
culture model. Ex vivo models of infection also have the advantage of eliminating the use
of animals.

With recent advancements in highly effective CFTR modulator therapies, fewer pwCF
are able to expectorate sputum. To overcome the increasing scarcity of ex vivo CF
sputum, there has been increased interest in developing a fully synthetic in vitro model
of growth in CF sputum. One such in vitro model is the synthetic cystic fibrosis sputum
medium (SCFM), the composition of which is based on thorough chemical analyses of
CF sputum samples (20). SCFM has been thoroughly validated for modeling P. aeruginosa
growth in CF sputum, but less data are available regarding its suitability for modeling the
growth of S. aureus or other microbes (20-22).

In this study, we used a forward genetic screening approach to identify genes
required for S. aureus growth in ex vivo CF sputum and SCFM. We also explored the
heterogeneity of S. aureus growth in independent sputum samples and the S. agureus
genes required for growth in each. The results of our genetic analysis were contex-
tualized by quantifying key components that influence bacterial growth, including
calprotectin, nutrient metals, and low-molecular-weight thiols, in multiple sputum
samples. Overall, this work presents a comprehensive analysis of S. aureus growth in
CF sputum and the constituents of sputum that impact this growth.

RESULTS
Tn-seq identifies genes required for growth in CF sputum media

To identify S. aureus genes required for growth in CF sputum, we performed a transpo-
son-sequencing (Tn-seq) screen using media derived from the sputum of four pwCF.
We generated a high-density transposon library containing a transposon insertion
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approximately every 20 base pairs in the laboratory MRSA strain JE2, derived from
USA300 LAC (23, 24). Sputum media were prepared by mechanically homogenizing CF
sputum at a concentration of 10% (wt/vol) in Staphylococcal minimal medium (SMM)
with no carbon source provided (25). We confirmed the ability of each sputum medium
to support the growth of S. aureus before proceeding with Tn-seq (data not shown). To
probe both a core set of genes generally required for growth in sputum and heteroge-
neity between different samples, we inoculated the library into four individual sputum
media, as well as a medium composed of all four media pooled at equal volumes. As
reference conditions, the library was grown in tryptic soy broth (TSB) or synthetic CF
sputum medium (SCFM3), a medium developed and validated to model Pseudomonas
aeruginosa growth in CF sputum (20, 21). The abundance of each mutant in sputum
media and SCFM3 after 16 hours of growth was compared to that in TSB (Table S1).
Tn-seq hits were defined as genes whose mutants were either depleted or enriched by
at least twofold in any sputum medium or SCFM3 compared to TSB with an adjusted
P-value of less than 0.05.

We first sought to determine the extent of overlap between the 75 and 116 hits
identified in each sputum medium (Fig. 1A; Fig. S1A). The largest set included 39
genes that were common to all four media, suggesting that despite gross differences
in appearance and other observable qualities, CF sputa from different individuals impose
similar selective pressures on S. aureus. Of the set of 39 genes common to all four media,
mutants in 19 genes were depleted, suggesting these genes are required for growth
or survival in sputum (Table 1). This analysis also demonstrates that while there is a
core set of genes that are important for growth in CF sputum, there is also appreciable
heterogeneity among the individual sputum samples.

To complement the set analysis, we next sought to cluster genes according to their
importance or dispensability for growth in each sputum medium. A heatmap was
generated comparing results from each sputum medium and pooled sputum medium to
those from the TSB reference condition using an ANOVA (Fig. 1B; Fig. S1B; Table S2). This
clustering strategy revealed patterns among significant genes. For example, mutants in
copA, rpsN2, and cntE were all strongly depleted after growth in individual sputum media
samples A and B, as well as the pooled medium, but were neither enriched nor depleted
in media from samples C and D. This suggests that a stressor present in samples A and B
dominated the pooled medium even when combined with samples C and D. Mutants in
the two-component system graRS and the primary member of its regulon, the adjacent
operon vraGF, were all depleted in media A and B, enriched in media C and D, and
neither enriched nor depleted when all four media were pooled. This pattern may
indicate some opposing factors in samples A and B compared to C and D that are
masked when combined. These emerging patterns highlight the power of analyzing
individual sputum media, as these genes would not have been identified by only
analyzing Tn-seq data from pooled sputum.

Genes identified by Tn-seq are required for growth in CF sputum in monocul-
ture

From the analyses described above, we selected a panel of nine genes representing
diverse pathways to further investigate the multiple mechanisms by which CF sputum
imposes selective pressure on S. aureus (Table 2). First, genes encoding metabolic
proteins were of particular interest. The transcription factor CymR is the master regulator
of cysteine metabolism in S. aureus, suggesting a role for cysteine metabolism during
growth in CF sputum (26-28). NanE and RocA belong to pathways for metabolizing sialic
acid and proline, respectively (29, 30). These two nutrients are present at high concentra-
tions in CF sputum and likely serve as nutrient sources that support bacterial growth (20,
31). MntE and CopA are manganese and copper efflux pumps, respectively, that protect
cells from metal intoxication (32, 33). That these efflux pumps were required suggests
that manganese and copper may be present at toxic levels in CF sputum. Next, we
selected genes that suggest nutrient metals are limited in CF sputum. Mutants lacking
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FIG 1 Analysis of Tn-seq results. (A) UpSet plot showing the extent of overlap of hits between different CF sputum media. Hits
were defined as genes that were significantly enriched or depleted by at least twofold in sputum medium compared to TSB.
Significance was determined using the resampling method in TRANSIT, and P-values were adjusted for multiple comparisons
using the Benjamini-Hochberg procedure. Hits that were enriched in one or more samples but depleted in one or more other
samples were not counted as overlapping. (B) Heatmap displaying the top 50 most significant genes by one-way ANOVA with
TSB as the reference condition.
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CntE, the exporter for the general metallophore staphylopine, are impaired for metal
acquisition (34). In addition, AcntE mutants accumulate a toxic excess of staphylopine in
the cytosol, which is more detrimental during zinc starvation than the lack of zinc (35). To
determine whether the growth defect of the AcntE mutant was due to its zinc acquisition
defect or due to staphylopine toxicity, we also evaluated a mutant deactivated for cntA,
which was not a hit in the Tn-seq analysis. Mutants lacking cntA cannot import staphylo-
pine, so these mutants exhibit the same metal acquisition defect as AcntE mutants but
do not experience toxic staphylopine buildup (36). Finally, rpsN2 encodes an alternative
RpsN ribosomal protein, which is zinc independent and required during zinc starvation
(37). Mutants lacking the genes of interest were constructed by allelic exchange or by
transducing a disrupting transposon from the Nebraska Transposon Mutant Library into
a clean JE2 background.

To validate the Tn-seq screen, we incubated each mutant individually in TSB or a new
pooled sputum medium for 12 hours and measured growth by enumerating colonyform-
ing units (CFUs). To examine whether the identified genes were generalizable to different
patient samples, the new pooled sputum medium combined two of the sputum samples
used in the Tn-seq (Sputum B and Sputum D) with two additional samples (Sputum 7
and Sputum 8). To minimize the effects of components other than sputum on bacterial
growth, these four sputum media were prepared in SCFM buffered base rather than in
SMM. All of the mutants grew similarly to the parental strain in TSB (Fig. 2A). In sputum
medium, cell density of the wild-type (WT) strain increased approximately 100-fold in 12
hours, while most mutants exhibited growth defects relative to WT, three of which were
statistically significant: cymR, cntE, and rpsN2 (Fig. 2B). These results demonstrate the
robustness of the Tn-seq screen, as many mutants displayed growth defects in sputum in
monoculture, as well as in sputum from patients beyond those in the original screen.

Calprotectin restricts metal availability in sputum

Host sequestration of essential nutrient transition metals has long been appreciated as a
key defense against bacterial infections in a process known as nutritional immunity (38-
40). Many of the hits we identified by Tn-seq are required for surviving metal starvation,

TABLE 1 Hits significantly depleted in all four individual sputum media®

log,FC in sputum medium

Gene Function A B C D Pool

sirB Iron acquisition -2.51 -2.26 -1.13 -1.32 -2.53
nank Sialic acid metabolism -1.59 -1.72 -4.89 -2.20 -1.94
fhuA Iron acquisition -2.66 —2.44 -1.14 —2.47 -2.16
ccpE Catabolite control protein E -1.09 -1.01 -1.98 -1.37 -1.91
gudB Glutamate dehydrogenase -1.20 -1.29 -1.95 -1.45 -1.69
ylaN Candidate Fur antagonist —2.42 -2.54 -2.55 —2.64 —2.45
sdhC Succinate dehydrogenase complex -1.26 -1.49 -2.16 -1.77 -1.23
sdhA Succinate dehydrogenase complex -1.25 -1.71 -2.51 -2.05 -1.22
sdhB Succinate dehydrogenase complex -1.19 -1.75 -2.20 -1.95 -1.61
fakA Fatty acid kinase -1.89 -1.39 -1.80 -1.72 -1.23
sucB Succinyl-CoA synthesis -1.39 -1.53 -1.92 -1.75 -1.39
sucA Succinyl-CoA synthesis -1.14 -1.29 -1.21 -1.14 -1.26
cymR Cysteine metabolism regulator -1.76 -1.57 -1.39 —-2.00 -1.91
hemL Heme biosynthesis -1.17 -1.25 -1.68 -1.76 —-1.68
perR Oxidative stress response -1.30 -1.13 -2.81 -1.38 -0.92
2100 Putative lytic regulatory protein -1.12 -1.47 -1.81 -1.43 -1.57
salA Putative chromosome partitioning -1.79 -2.01 -2.62 —-2.60 -2.12

protein

mntE Manganese exporter —4.42 -4.17 -4.77 -4.35 -4.36
betB Betaine aldehyde dehydrogenase -1.11 -1.28 -1.17 -1.06 -1.06

9Log,fold change (FC) in pooled media is also indicated. Genes without annotations are identified by their SAUSA300 gene locus tags.
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TABLE 2 Genes selected for further study

Gene Function/pathway Condition(s) identified
cymR Cysteine metabolism regulator Sputum A-D and pooled
ylaN Candidate Fur antagonist Sputum A-D and pooled
nanE Sialic acid metabolism Sputum A-D and pooled
cntE Staphylopine exporter Sputum A, B, and pooled
cntA Staphylopine importer None (see text)

mntE Manganese exporter Sputum A-D and pooled
rocA Proline metabolism Sputum B-D and pooled
CopA Copper efflux pump Sputum A, B, and pooled
rpsN2 Zn**-independent alternative S14 ribosomal protein ~ Sputum A, B, and pooled

suggesting that CF sputum is also devoid of these key nutrients. Mutants that lacked
cntE or rpsN2, genes known to be required to survive zinc starvation (41, 42), exhibited
significant growth defects in pooled CF sputum medium. Several other genes identified
by Tn-seq as required for growth in CF sputum, including ylaN, fhuA, and sirB, are
necessary during iron limitation (43-45). In contrast, copA, which encodes a copper efflux
pump, was important in a subset of sputum media, suggesting that copper availability
may impact S. aureus growth more in some CF sputa than in others (33).

To investigate the importance of metal starvation during S. aureus growth in CF
sputum, we quantified total transition metals in sputum samples from 11 pwCF using
inductively coupled plasma mass spectrometry (ICP-MS). Copper levels ranged from 164
to 654 nM, with an average of 325 nM (Fig. 3). Iron was generally more abundant,
with concentrations ranging from 0.57 to 3.61 uM and an average of 1.61 uM. Zinc
was the most abundant transition metal, ranging from 0.61 to 6.27 uM and an average
of 2.59 uM. While SCFM contains neither copper nor zing, it does contain iron at a
concentration of 3.6 uM, comparable to the concentrations we measured in sputum.
Additional elements are quantified in Fig. S2.

A host protein that is particularly important in nutritional immunity is calprotectin, a
dimer of calcium-binding proteins ST00A8 and S100A9, which can bind and sequester
a spectrum of transition metals with affinities in the picomolar to nanomolar range (40,
46-48). Calprotectin is primarily produced by neutrophils and is thus often abundant
at sites of infection, including chronic infections, such as those occurring in the lungs
of pwCF (49). As ICP-MS quantifies all metals in a sample, whether or not they are
protein-bound, we contextualized metal availability and quantified calprotectin by ELISA
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FIG 2 Bacterial density after 12 hours of growth. Approximately 2 x 10° CFU of each strain was inoculated and incubated for 12 hours in 100 pL of (A) TSB or

(B) pooled CF sputum media. Data represent three independent experiments combined. Two asterisks (**) indicate P < 0.01 as measured by Brown-Forsythe and

Welch one-way ANOVA with Dunnett’s multiple comparison correction on log-transformed CFU values, and n.s. indicates P > 0.05 compared to WT.
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in the same sputum samples. In all 11 cases, calprotectin was in significant excess relative
to any metal we quantified (Fig. 3A). These observations suggest the simple model
that the mechanism by which cntE and rpsN2 are required for growth in CF sputum is
that mutants lacking these genes are unable to survive metal starvation imposed by
calprotectin. To test this hypothesis, we supplemented sputum medium with sufficient
zinc to overcome sequestration by calprotectin. In zinc-supplemented sputum medium,
the growth of both the AcntE and rpsN2:Tn mutants was restored to WT levels (Fig. 3B).
These data support our model that calprotectin restricts nutrient metal availability in CF
sputum.

Cysteine concentrations in sputum

In addition to cntE and rpsN2, cymR was also required for S. aureus growth in CF sputum,
yet the importance of cymR in this growth niche cannot adequately be explained by
calprotectin-dependent metal sequestration. CymR is a redox-sensitive transcription
factor whose regulon consists of genes involved in metabolizing and importing organic
sulfur sources, particularly cysteine (26-28). Deletion of cymR is known to sensitize S.
aureus to excess cysteine, and thus, we hypothesized that the growth defect of the
AcymR mutant in sputum may be caused by excess cysteine (26). To test this hypothesis,
we quantified the low-molecular-weight (LMW) thiols cysteine and glutathione (GSH)
using an isotope-dilution LC-MS workflow in the same 11 sputum samples in which we
quantified metals and calprotectin. Patient samples were not stored in specific anaerobic
conditions, and, therefore, the ratios of oxidized (cystine and glutathione disulfide) to
reduced thiols (cysteine and GSH) present in the samples at the time of expectoration
could not be determined. Rather, we quantified the total amounts of each thiol after
treating these samples with a reducing agent. The sputum samples contained between
11 and 296 uM GSH, higher than the published quantity of approximately 10 uM (Fig. 4)
(50). This concentration of GSH alone is sufficient to fulfill the organic sulfur requirements
of S. aureus (51). Total cysteine concentrations in CF sputum ranged from 65 to 3,350 uM,
and 10 of 11 samples surprisingly contained a higher concentration of cysteine than
the 160 uM present in SCFM (Fig. 4) (20). It is, therefore, plausible that cysteine concentra-
tions in this range could be toxic to the AcymR mutant during growth in CF sputum.
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Excess cysteine import is toxic during growth in CF sputum

To investigate the role of cymR during growth in CF sputum, we took a genetic approach
and employed an in vitro synthetic sputum model, as manipulating the components
of ex vivo sputum is not feasible. We used SCFM1 for these experiments, which differs
from SCFM3 primarily by omitting mucin and DNA, while including all amino acids,
including cysteine, at the same concentrations as SCFM3 (21). The absence of mucin
renders SCFM1 optically clear, enabling bacterial growth to be measured by optical
density. To test the hypothesis that the relative growth defect of the AcymR mutant in
CF sputum is due to cysteine toxicity, we grew WT S. aureus, the AcymR mutant, and a
cymR genetic complement in SCFM1 (20). The AcymR mutant and its complement grew
similarly to WT in TSB (Fig. 5A). However, the AcymR mutant displayed reduced growth in
SCFM1 compared to WT, which was restored when cymR was reintroduced on a plasmid
under the control of its native promoter (Fig. 5B). Interestingly, the AcymR mutant did
not exhibit a growth defect when grown in TSB supplemented with 2 mM cysteine,
suggesting that the observed phenotype in SCFM1 is dependent on the nutritional
context (Fig. 5C). The concentration of cysteine in SCFM is 160 uM, which is a conser-
vative estimate of cysteine availability in CF sputum when compared with our thiol
profiling data (Fig. 4). It is striking that cysteine is toxic to the AcymR mutant in SCFM1
even at this low concentration, but not in TSB at the high concentration of 2 mM.

We then tested whether this growth defect was due to excess organic sulfur in
general or if it was specifically caused by cysteine. As S. aureus is a cysteine auxotroph,
the cysteine in SCFM1 was replaced with the alternate organosulfur source N-acetylcys-
teine (NAC), which is imported by the same mechanism as cysteine (52). The AcymR
mutant did not have a growth defect relative to WT in SCFM1 containing NAC in place of
cysteine (Fig. 5D), suggesting that the growth defect of the AcymR mutant in SCFM1 is
specifically due to cysteine.

Two of the direct repression targets of CymR are (i) tcyABC, encoding an ATP-binding
cassette (ABC) transporter known to import cysteine, cystine, and NAC, and (ii) tcyP,
encoding a high-affinity permease that also imports cysteine, cystine, and NAC (52). As
both tcyABC and tcyP are strongly upregulated in the absence of CymR, we hypothesized
that uncontrolled cysteine import via TcyABC and/or TcyP was responsible for the growth
defect of the AcymR mutant in SCFM1 (26). To test this hypothesis, we deleted tcyA and
tcyP individually and in combination with the deletion of AcymR. When grown in SCFMT,
in which the only organic sulfur source is cysteine, the AcymR strain had a pronounced
growth defect, as observed previously. Neither the AtcyA AtcyP double mutant nor the
AcymR AtcyA AtcyP triple mutant were able to grow, supporting previous reports that
TcyABC and TcyP are the only cysteine importers in S. aureus (Fig. 6A). Importantly, single
AtcyA and AtcyP mutants grew similarly to WT in all conditions, and deleting tcyA in the
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measurements.

AcymR background partially rescued growth in the presence of cysteine (Fig. S3). When
cysteine was substituted for equimolar organic sulfur in the form of GSH, which is
imported independently of TcyABC and TcyP (51, 52), all strains grew similarly to WT (Fig.
6B). In the presence of GSH to support the growth of mutants lacking cysteine importers,
cysteine remained toxic to the AcymR mutant (Fig. 6C). Growth of AcymR was restored to
WT levels when tcyA and tcyP were deleted in this background, even with the lowest
concentration of GSH present in sputum (Fig. 6D). These results support the model that
the AcymR mutant exhibits a growth defect in SCFM1 due to excess import of cysteine
via TcyABC and TcyP.

After determining the mechanism by which the AcymR mutant is attenuated for
growth in the synthetic sputum model, we tested whether this same mechanism was
responsible for the growth defect of the AcymR mutant in ex vivo CF sputum. We grew
the AtcyA AtcyP double mutant and the AcymR AtcyA AtcyP triple mutant in the same
pooled CF sputum medium that was used to test growth in monoculture for 12 hours.
When tcyA and tcyP were deleted in the WT background, there was no difference in
growth compared to WT (Fig. 6E). However, when both tcyA and tcyP were deleted in the
AcymR background, growth was restored to WT levels. These data suggest that the
AcymR mutant grows poorly in CF sputum due to excess cysteine import by TcyABC and
TcyP.

DISCUSSION

In this study, we investigated the environment experienced by S. aureus in the CF lung,
beginning with a Tn-seq screen to determine the S. aureus genes required in ex vivo CF
sputum. By comparing four unique sputum samples, as well as a pooled sputum
medium, we identified 19 genes that were required for S. aureus growth in all sputum
media and many more genes that were required for growth in at least one sputum
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medium. Mutants significantly depleted from all sputum samples include insertions in
metabolic genes, those necessary for metal homeostasis, and the regulator of cysteine
metabolism cymR. To decipher the roles of these genes in the unique environment of CF
sputum, we quantified transition metals, the host protein calprotectin, and LMW thiols in
sputum from 11 individuals. These analyses revealed that calprotectin was in stoichio-
metric excess relative to the total metals present, suggesting that bioavailable iron,
copper, and zinc are substantially lower than the total measured concentrations (46-48).
We also measured much more cysteine and GSH in sputum than previously appreciated.
Together, results from this study provide a holistic understanding of the environment
encountered by S. aureus during chronic infection of the CF lung and the genes it
requires to survive and replicate in this milieu.

We performed Tn-seq in four unique media, each prepared from an independent CF
sputum sample. This approach allowed us not only to identify genes that are generally
required for growth in CF sputum but also to assess the extent to which the genetic
requirements for growth are similar or different in distinct individuals. Previous studies,
primarily in P. aeruginosa, used pooled CF sputa from multiple donors to minimize the
effects of heterogeneity between samples. However, comparing Tn-seq results from
individual sputum revealed phenotypes that were masked in the pooled medium,
highlighting the power of exploring heterogeneity as a complement to studying
generalizable phenotypes. For example, mutants of graRS and vraGF were enriched
in two sputum media and depleted in two sputum media, while there was no major
enrichment or depletion in the pooled medium. This phenotypic pattern suggests that
there are important roles for graRS and vraGF during growth in CF sputum that likely
differ from person to person.
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Sputum heterogeneity may explain why some of the genes we selected for validation
studies did not exhibit growth defects in monoculture, such as nank, involved in the
metabolism of sialic acid (29). Mucins are heavily decorated with sialic acid moieties,
and thus, sialic acid is abundant in CF sputum (53). Although S. aureus is unable to
liberate sialic acid from mucin, other bacterial species commonly found in the CF lung,
including Schaalia odontolytica, Prevotella melaninogenica, and Streptococcus spp., are
capable of doing so (31, 54-57). The requirement for nanE in some sputum media but
not others could indicate sialic acid cross-feeding by other bacterial species present in
those sputum samples.

One of the most prominent gene signatures we observed in the Tn-seq results
was that of metal homeostasis. Mutants in genes involved in iron uptake and heme
biosynthesis, including the sir and fhu operons, as well as hemL, were significantly
depleted in all four individual sputum media. Additionally, we identified the zinc-inde-
pendent ribosomal protein encoded by rpsN2 and the staphylopine exporter cntE as
required for growth in sputum. Together, these hits suggest that S. aureus experien-
ces metal starvation in CF sputum. Somewhat paradoxically, we also identified genes
important for detoxifying metal stress, including the manganese and copper exporters
encoded by mntE and copA, respectively. Identifying multiple metal homeostasis genes
prompted us to quantify the transition metals present in sputum.

Host sequestration of essential nutrient transition metals has long been appreciated
to serve as a key defense against bacterial pathogens, a phenomenon known as
nutritional immunity (38-40). Calprotectin is an abundant host protein that mediates
nutritional immunity by binding and sequestering transition metals; thus, measuring
calprotectin is critical for contextualizing metal availability (40, 46). Our analysis of
calprotectin and nutrient metal concentrations in CF sputum revealed that calprotec-
tin was far more abundant than copper, iron, or zinc in every sample tested. To our
knowledge, sputum samples have not previously been analyzed for concentrations of
both calprotectin and nutrient metals. As ICP-MS quantifies all metals in a sample,
whether or not they are protein-bound, our data on the relative quantity of calprotectin
suggest that the metals may not be accessible to bacteria.

The excess of calprotectin relative to nutrient metals in CF sputum suggests that
AcntE and rpsN2:Tn mutants exhibited significant growth defects in CF sputum medium
due to metal starvation imposed by calprotectin. This model is supported by the
observation that supplementing the CF sputum medium with zinc restored the growth
of the AcntE and rpsN2:Tn mutants to WT levels. Loss of cntE prevents the export of
the metallophore staphylopine, which is primarily used for zinc acquisition (41). The
sensitivity of AcntE to zinc starvation is at least partially due to the toxic accumulation
of staphylopine in the cytosol rather than the inability to acquire zinc (34, 35). To test
whether the growth defect of the AcntE mutant is due to zinc starvation or staphylopine
toxicity, we investigated the growth of a cntA::Tn mutant, which is impaired for staphylo-
pine import (41). The mutant lacking cntA exhibited an approximately 10-fold growth
defect in the CF sputum medium (P = 0.15). A possible explanation for this observation
is that metal starvation plays a role in the growth defect of the AcntE mutant, but
staphylopine toxicity may also contribute.

Recent studies have similarly underscored the selective pressure that calprotectin
imposes on bacteria. For example, P. aeruginosa exhibits a calprotectin-dependent zinc
starvation response during growth in CF sputum, which can be reversed by adding
supplemental zinc (58). Tn-seq performed on S. aureus growing in TSB containing
calprotectin identified genes that overlap strikingly with our CF sputum Tn-seq results,
including the cnt operon and rpsN2 (59). That is, simply adding calprotectin to a rich
medium is sufficient to recapitulate many phenotypes observed in CF sputum medium.
Additionally, it was noted that adding calprotectin to SCFM improves the accuracy of
SCFM in recapitulating the transcriptional landscape of P. aeruginosa during growth in
CF sputum (60). The strong effect of calprotectin on S. aureus also likely explains the
minimal overlap between our Tn-seq screen in SCFM3, which lacks calprotectin, and the
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results in CF sputum. Our Tn-seq data are also interesting in the context of the S. aureus
transcriptional response during growth in CF sputum. Many of the genes we identified
as essential for growth in CF sputum media are also upregulated in S. aureus isolated
from CF sputum samples, including the cnt operon, nankE, and copA (22). Ibberson and
Whiteley (22) mapped clinical isolate reads to a reduced core genome of 1,960 genes,
so neither rpsN2 nor cymR were analyzed; however, tcyA and tcyP were downregulated,
consistent with our cymR analysis.

A AcymR deletion mutant exhibited a significant growth defect in CF sputum, which
cannot be explained by calprotectin-mediated metal starvation and instead suggests a
role for cysteine toxicity during growth in CF sputum. To explore whether cysteine could
be present at toxic levels in CF sputum, we quantified the total amount of cysteine and
GSH in the same samples in which we quantified calprotectin and metals. We found that
cysteine concentrations ranged from 65 to 3,350 UM and GSH concentrations ranged
from 11 to 296 puM, much higher quantities of both thiols than previously reported.
To our knowledge, only two studies have quantified cysteine or GSH in CF sputum,
reporting concentrations of approximately 200 uM cysteine and 10 uM GSH (20, 50).
Excess cysteine has long been known to cause toxicity in bacteria by either metabolic
or oxidative stress (61-63). Our genetic data and thiol profiling results together suggest
that in the absence of cymR, S. aureus likely imports a toxic amount of cysteine, causing
attenuated growth in CF sputum.

The exact mechanism by which cysteine is toxic to S. aureus in CF sputum is yet
to be determined. The simplest explanation is that excess intracellular cysteine or
oxidized cystine interacts with intracellular iron to inflict oxidative damage and attenuate
growth, similar to what was shown in Escherichia coli (63). However, we do not favor this
hypothesis due to the fact that cysteine remained toxic to the AcymR mutant even in the
presence of equimolar GSH, a potent antioxidant. Furthermore, our thiol profiling data
showed that GSH is present in CF sputum in high enough concentrations to fulfill the
organic sulfur requirements of S. aureus without the need to import any free cysteine
at all (51). An alternative hypothesis is that dysregulated cysteine import perturbs
metabolic flux, leading to reduced growth. The dispensability of cysteine importers
TcyABC and TcyP could suggest that S. aureus does not primarily use cysteine as a source
of nutrient sulfur during growth in CF sputum as it does in other niches, including
systemic infection (52). Avoiding free cysteine import altogether when other organosul-
fur sources are available could be a protective strategy against cysteine intoxication.

Although the manganese efflux pump mntE was identified by Tn-seq as important in
all sputum media, the mntE:Tn mutant did not exhibit a growth defect in monoculture.
This discrepancy is likely due to technical differences in the preparation of the sputum
medium. For Tn-seq experiments, sputum was homogenized in SMM, which contains
manganese, while the sputum media used for validation studies were prepared in a
buffered base without manganese (20, 25). This hypothesis is supported by the fact that
mntE was also identified as required for growth in SMM containing glucose in a pilot
Tn-seq screen (data not shown). Additionally, the concentration of Mn we detected in
sputum (21-361 nM) is not likely to cause toxicity (32, 64, 65). Mutants in the remaining
two genes, ylaN and rocA, grew poorly compared to WT in monoculture, but these
growth defects were not statistically significant. This may be a result of the technical
limitations of this growth model. WT S. aureus only replicates approximately 100-fold in
sputum medium, so minor or variable growth defects are difficult to detect statistically,
though they may be biologically relevant.

While we focused on genes required for growth in CF sputum, our Tn-seq screen
also identified several mutants that were enriched in all four sputum media, indicating
that these genes are actually detrimental to S. aureus growth in sputum. Most notably,
transposon mutants in the rsbUVW-sigB operon were enriched across all of the sputum
media. SigB is the general stress response sigma factor in S. aureus, and RsbU, RsbV,
and RsbW are posttranslational regulators of SigB (66, 67). This finding is particularly
interesting because this operon is known to accumulate inactivating mutations during
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long-term colonization of the CF lung (68). It has been hypothesized that isolates
deficient in the general stress response emerge during long-term colonization due
to their reduced virulence and, consequently, reduced immunogenicity (68). However,
these genes were identified as hits in all four sputum media in the absence of an active
immune response, suggesting that the inactivation of the general stress response in S.
aureus instead confers a general growth advantage in CF sputum.

In summary, we found that despite heterogeneity between samples, there exists a
core set of genes required for growth in CF sputum. Many of these genes are involved
in surviving metal starvation, which we propose is imposed by the high concentration of
calprotectin present in CF sputum relative to available nutrient metals. We also establish
that cysteine toxicity is a calprotectin-independent source of stress on S. aureus growing
in CF sputum. These new insights into S. aureus growth in CF sputum fill an important
gap in our understanding of how this key pathogen is able to establish and maintain
infections in the CF lung environment.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table S3. All S. aureus strains were
cultivated in tryptic soy broth (BD Bacto) at 37°C with aeration, unless otherwise
indicated. All E. coli strains were grown in Miller’s lysogeny broth at 37°C with aeration.
Plasmids were introduced into E. coli by chemical transformation and into S. aureus by
electroporation. Antibiotics and additives (Sigma) were used at the following concentra-
tions where appropriate: kanamycin, 50 pg/mL; chloramphenicol, 10 pg/mL (rich media)
or 2.5 yg/mL (sputum media); and erythromycin, 1 ug/mL; X-gal, 40 pg/mL. For all
synthetic CF sputum medium (SCFM1 and SCFM3) experiments, SCFM was prepared
as previously described, with the exception that iron sulfate (FeSO4) was omitted to
recapitulate observed metal scarcity in CF sputum (20, 21).

Cloning and mutant construction

Plasmids, phages, and oligonucleotides used in this study are listed in Tables S4 and S5.
Phage ¢11:FRT was a gift from Timothy Meredith (24). Plasmid pIMAY*-Z was construc-
ted from pIMAY* and pMUTIN4. Plasmid pIMAY* was a gift from Angelika Griindling
(Addgene plasmid #121441). Plasmid pMUTIN4 was obtained from the Bacillus Genetic
Stock Center (BGSC; catalog #ECE139).

The Nebraska Transposon Mutant Library (NTML) was provided by the Network on
Antimicrobial Resistance in Staphylococcus aureus for distribution through BEI Resour-
ces (NR-48501). Deletions were confirmed by PCR and Sanger sequencing. Transposon
mutations sourced from the NTML were first confirmed by PCR and Sanger sequencing
and then transduced into S. aureus JE2 using phage ®11::FRT, as described previously (23,
24, 69). Transductants were identified by antibiotic selection and confirmed by PCR and
Sanger sequencing.

In-frame unmarked gene deletions in S. aureus were generated by allelic exchange
using plasmid pIMAY*-Z and E. coli IM08B, as described previously (70-72). Comple-
mentation plasmids were generated by amplifying the coding sequence of the gene
and its native promoter (approximately 200 bases preceding the coding sequence).
Constructs were incorporated into the shuttle vector pOS1 by restriction-ligation cloning
before being introduced to E. coli IMO8B by chemical transformation, followed by
antibiotic selection. Inserts were confirmed by PCR and Sanger sequencing. Plasmid
DNA was extracted from E. coli IM08B and introduced to S. aureus by electroporation and
maintained by antibiotic selection. To verify that the phenotypes of AcntE and rpsN2:Tn
result from the intended mutations, the genomes were sequenced. Comparison with
the parental JE2 strain confirmed that no additional differences were present in either
mutant genome.
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Sputum samples and sputum medium preparation

Sputum samples were donated by pediatric patients being treated for CF at Seattle
Children’s Hospital and stored at —80°C until processing. No patient data were associated
with sputum samples for this study. To prepare growth media, frozen samples were
thawed and homogenized by probe sonication at a concentration of 10% (wt/vol) in
either Staphylococcal minimal medium with glucose and iron omitted (for Tn-seq) or
SCFM buffered base (for CFU growth assays) (20, 25). Media not used immediately were
stored at —80°C until use. The ability of each medium to support the growth of S. aureus
JE2 was confirmed prior to the inclusion of that medium in Tn-seq or growth assays.

Transposon library construction, sequencing, and analysis

Plasmids pORF5-Tnp+, pORF5-Tnp-, and all transposon donor plasmids were a gift from
Timothy Meredith (24). Transposon mutagenesis was carried out as previously described
(24). Plasmids pORF5-Tnp+ (transposase-positive) and pORF5-Tnp— (transposase-nega-
tive control) were introduced to the target strain S. aureus JE2 by electroporation
and maintained by antibiotic selection and growth at 30°C. Transducing lysates were
prepared with phage ¢11:FRT from transposon donor strains carrying blunt, Pcap, Pruf,
Perm, and Pqual transposon variants. Each transposon construct was transduced into
recipient strains JE2 pORF5-Tnp+ and JE2 pORF5-Tnp—, and transposition efficiency
was confirmed by comparing the frequency of erythromycin-resistant colonies arising
from the transposase-positive strain as compared to the transposase-negative control
strain. For each construct in JE2 pORF5-Tnp+, approximately 10° colonies were pooled,
washed, and finally resuspended in TSB containing 20% glycerol for storage at —80°C. The
transposition process was completed two independent times for a total of 10 libraries.

For Tn-seq, all libraries were thawed and pooled at equal volumes and then washed
twice in phosphate-buffered saline (PBS) and resuspended in PBS to ODggg = 1.0
(approximately 10° CFU/mL). Approximately 5 x 10° CFU were used to inoculate 1 mL
of media in each of the following 12 cultures: TSB; SCFM3; two cultures each of four
individual SMM sputum media; and two cultures of SMM sputum medium composed of
all four individual media pooled in equal volumes. Cultures were incubated at 37°C with
shaking at 200 rpm for 16 hours. CFUs were enumerated by spot plating immediately
after inoculation and 16 hours post-inoculation. After 16 hours of growth, 100 pL of each
culture was used to inoculate 3 mL TSB. TSB subcultures were incubated at 37°C with
shaking at 200 rpm for 8 hours to expand biomass. One milliliter aliquots of each TSB
subculture were pelleted by centrifugation, the supernatant was removed, and the cell
pellet was stored at —80°C until DNA extraction.

Genomic DNA was isolated from cell pellets by phenol/chloroform extraction
followed by ethanol precipitation. Libraries were prepared for sequencing as described
previously (24). The resulting library was sequenced by the Northwest Genomics Center
using an lllumina NextSeq 500/550 platform with a PhiX spike-in of 40%. Sequencing
results were demultiplexed using CutAdapt, aligned using bowtie2, and analyzed using
TRANSIT (73-75). TRANSIT analysis parameters are included in Tables S1 and S2. Set
analyses were visualized in R using the UpSetR package (76).

Sputum growth assays

To quantify mutant growth in sputum, approximately 10° bacterial cells were pelleted by
centrifugation, washed in PBS, and resuspended in PBS at an ODgqg of 0.1 (approximately
10® CFU/mL). Two microliters (2 x 10° CFU) of washed cells were used to inoculate 100
pL of TSB or sputum medium in a sterile polystyrene flat-bottom 96-well plate (Fisher).
Plates were sealed with a sterile gas-permeable membrane (Diversified Biotech) and
lid and incubated at 37°C with shaking at 200 rpm for 12 hours. Immediately after
inoculation and 12 hours post-inoculation, cultures were mixed by pipetting, and CFU
was enumerated by dilution plating.
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Bacterial growth curve assays

Overnight bacterial cultures were washed in PBS and resuspended in PBS at an ODggq of
1.0. Two microliters of washed cells (2 x 10° CFU) were used to inoculate 200 uL media in
a flat-bottom 96-well plate with a gas-permeable membrane. Cysteine, glutathione, and
N-acetylcysteine solutions were prepared immediately prior to each experiment. Plates
were incubated in a BioTek Synergy HTX plate reader for 12 hours at 37°C, with shaking,
and growth was measured by ODggg every 10 min for the duration of the experiment.

Calprotectin quantification

Sputum (20%, wt/vol) was treated with 0.1% DTT and mixed by pipetting or passing
through a sterile 25 g needle until homogeneous. An equal volume of PBS was added
for a final sputum concentration of 10% (wt/vol). Debris was removed by centrifugation
at 1,200 rcf for 3 min, followed by the transfer of supernatant to a clean microcentrifuge
tube. Calprotectin was quantified using a Human Calprotectin ELISA kit (Abcam). The
assay was performed two independent times. Sputum supernatants were serially diluted
in technical duplicate, and all dilutions whose calprotectin concentrations fell within
the range of the assay were used to compute the concentration of calprotectin in the
undiluted sample. Calprotectin concentrations were converted to molarity by approxi-
mating the density of unprocessed sputum as 1 g/mL.

Transition metal quantification

Transition metals were quantified by ICP-MS. Samples were digested in metal-free 15 mL
conical tubes in 200 pL of 70% Optima-grade nitric acid at 65°C overnight and then
diluted with UltraPure water to 20% nitric acid for analysis. Elemental quantification
was conducted using an Agilent 7700 ICP-MS attached to an ASX-560 autosampler. The
settings for analysis were cell entrance = —40V, cell exit = —60 V, plate bias = —60 V, OctP
bias = =18 V, and helium flow = 4.5 mL/min. Optimal voltages for extract 2, omega bias,
omega lens, OctP RF, and deflect were empirically determined. Calibration curves for
elements were generated using the ARISTAR ICP standard mix. Samples were intro-
duced by peristaltic pump with 0.5-mm-internal-diameter tubing through a MicroMist
borosilicate glass nebulizer. They were initially taken up at 0.5 rps for 30 seconds,
followed by 30 seconds at 0.1 rps to stabilize the signal. Spectrum mode analysis was
performed at 0.1 rps, collecting three points across each peak and conducting three
replicates of 100 sweeps for each element. The sampling probe and tubing were rinsed
with 2% nitric acid for 30 seconds at 0.5 rps between each sample. Data were acquired
and analyzed using Agilent MassHunter workstation software version A.01.02. Element
quantities in parts per billion were converted to molarity by approximating the density of
unprocessed sputum as 1 g/mL.

Low-molecular-weight thiol profiling

Sputum samples were resuspended to 10% sputum (wt/vol) in ultra-pure water. Samples
were homogenized by sonication using a Sonic Dismembrator 550 (Fisher Scientific) with
a microtip for 1 min at maximum amplitude, 5.0 seconds on, 5.0 seconds off. To quantify
total LMW thiol content, 100 uL of homogenized 10% sputum sample was mixed with
TCEP in excess for a final concentration of 5 mM TCEP and left to react at RT for 5
min to reduce thiol disulfides. Samples were alkylated by the addition of 3-(4-hydroxy-
phenyl)ethyl iodoacetamide (HPE-IAM) (Chem-Impex, Catalog #23038) in excess, for a
final concentration of 5 mM HPE-IAM in solution. Samples were incubated in a water bath
at 37°C for 1 hour (77). Samples were clarified by centrifugation, and the supernatant
was filtered through a 0.22 pum spin filter (Fisher Scientific, Catalog #07200389). Samples
were mixed in a 1:1 ratio of solution containing isotopically labeled standards of known
concentration.
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Alkylated standards were prepared using D4-HPE-IAM (Toronto Research
Chemicals, Catalog #1685882) as described (78). Samples were analyzed by LC using
C18 (YMC-Triart C18, 50 x 2.0 mm LD, 1.9 um) with an attached guard column
(Phenomenex, UHPLC C18-Peptide, 2.1 mm I.D.), coupled to a Waters Synapt G2S
mass spectrometer. Samples were run using mobile phase A (0.25% acetic acid and
10% methanol) and mobile phase B (0.25% acetic acid and 90% methanol) with the
following LC elution gradient: 0-3 min, 100% A, 0% B; 3-7 min, linear gradient to
75% A, 25% B; 7-9 min, 75% A, 25% B; 9-12 min, linear gradient to 25% A, 75%
B; 12-14 min, linear gradient to 0% A, 100% B; and 14-20 min, 0% A, 100% B.
The resulting total ion chromatogram was searched for positively charged ions (z
=1, M" or M + H*) (mass tolerance of +0.02 Da) using Waters MassLynx software.
The extracted ion chromatograms of each light (Hs) and heavy (D4) HPE-IAM-capped
thiols identified in MS1 were obtained, and peak areas were quantified. The ratio of
light and heavy MS1 features (range, 0.01-500) was used to calculate the concen-
tration of each thiol using the known concentration of the heavy standard spiked
into the mixture. All samples were run in technical triplicate, and the data were
determined in units of pmol thiol/mg sputum. We then converted these data to
micromolar thiol, assuming a value of 1 mL/g sputum, a value slightly higher than
partial specific volumes of protein (0.708 mL/g) or mucins (0.65 mL/g) (79).
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