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ABSTRACT Listeria monocytogenes (Lm) is a Gram-positive facultative intracellular 
pathogen that leads a biphasic lifecycle, transitioning its metabolism and selectively 
inducing virulence genes when it encounters mammalian hosts. Virulence gene 
expression is controlled by the master virulence regulator PrfA, which is allosterically 
activated by the host- and bacterially derived glutathione (GSH). The amino acid cysteine 
is the rate-limiting substrate for GSH synthesis in bacteria and is essential for bacterial 
growth. Unlike many bacteria, Lm is auxotrophic for cysteine and must import exoge­
nous cysteine for growth and virulence. GSH is enriched in the host cytoplasm, and 
previous work suggests that Lm utilizes exogenous GSH for PrfA activation. Despite these 
observations, the import mechanism(s) for GSH remains elusive. Analysis of known GSH 
importers predicted a homologous importer in Lm comprised of the Ctp ABC transporter 
and the OppDF ATPases of the Opp oligopeptide importer. Here, we demonstrated that 
the Ctp complex is a high-affinity GSH/GSSG importer that is required for Lm growth 
at physiologically relevant concentrations. Furthermore, we demonstrated that OppDF 
is required for GSH/GSSG import in an Opp-independent manner. These data support a 
model where Ctp and OppDF form a unique complex for GSH/GSSG import that supports 
growth and pathogenesis. In addition, we show that Lm utilizes the inorganic sulfur 
sources thiosulfate and H2S for growth in a CysK-dependent manner in the absence of 
other cysteine sources. These findings suggest a pathoadaptive role for partial cysteine 
auxotrophy in Lm, where locally high GSH/GSSG or inorganic sulfur concentrations may 
signal arrival to distinct host niches.

KEYWORDS GSH, GSSG, Ctp, CtaP, Opp, OppABCDF, CysK, thiosulfate, auxotrophy, 
pathoadaptation

L isteria monocytogenes (Lm) is a Gram-positive food-borne pathogen and the 
causative agent of listeriosis in humans and other mammals (1, 2). This saprophytic 

bacterium grows ubiquitously in soil and typically encounters mammalian hosts through 
contaminated food products (3). Lm is a facultative intracellular pathogen, and bacteria 
invade host epithelial cells in the gut upon ingestion. Invading bacteria traverse the 
intestinal epithelium and can cause systemic disease in immunocompromised individu­
als, such as pregnant or elderly individuals (4). During infection, Lm must adapt from a 
saprophytic lifestyle to an intracellular one, shifting its metabolism to better colonize the 
host intracellular niche. Thus, two factors are central to Lm pathogenicity: the ability to 
utilize host nutrients for intracellular growth and the expression of virulence factors to 
facilitate pathogenesis.

The master virulence regulator PrfA is essential for Lm pathogenesis, as it controls the 
expression of virulence factors necessary for intracellular growth and cell-to-cell spread 
(5). PrfA is a member of the CRP family of transcriptional regulators that are canonically 
regulated by the allosteric binding of small molecules. Work by Reniere et al. and others 
found that PrfA activity is allosterically controlled by the binding of the low molecular 
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weight thiol glutathione (GSH) (6, 7). GSH is a tripeptide, comprised of glycine, gluta­
mate, and cysteine, and the canonical roles of GSH in cells are to maintain a cytoplasmic 
reducing environment and detoxify reactive oxygen and electrophilic species (8, 9). 
Because of its importance in cellular physiology, GSH is produced by all eukaryotic cells 
and Gram-negative bacteria. Notably, GSH is abundant in the cytoplasm of mammalian 
host cells where it is present at 1–3 mM in most cells and up to 10 mM in hepatocytes 
(9, 10). While most Gram-positive bacteria produce alternative low molecular weight 
thiols, Lm is unusual in that it is one the few Gram-positive species that utilizes GSH 
as a cytosolic redox buffer and can produce GSH through the bifunctional glutathione 
synthase, GshF. Bacterial GSH production is essential for full PrfA activation, although 
previous work has implied that Lm can also utilize exogenous GSH for PrfA activation (6, 
11).

The amino acid cysteine is the rate-limiting component for GSH synthesis and is 
essential for bacterial growth, where it serves as an amino acid for protein synthesis, an 
essential component of cytosolic redox buffering systems, and a source of inorganic 
sulfur for iron-sulfur cluster biogenesis (9). Common sources of nutritional cysteine 
include the oxidized cysteine species cystine, cysteine-containing peptides, GSH and 
its oxidized counterpart GSSG, methionine, and inorganic sulfur sources like sulfate. To 
obtain cysteine from the environment, bacteria have evolved numerous mechanisms for 
cysteine acquisition and biosynthesis. In Lm, cystine is imported via the ABC transporter 
TcyKLMN, which is regulated by the master regulator of the intracellular cysteine pool, 
CymR, and its regulatory partner, CysK (12). Cysteine-containing peptides are imported 
by the ABC oligopeptide transporter OppABCDF and the peptide signature of the habitat 
is speculated to be important for intracellular growth and proper spatiotemporal control 
of PrfA activation in the cytoplasm of host cells (13).

Reduced cysteine is not thought to be a major source of nutritional cysteine in 
oxic environments because of its high reactivity in aerobic environments and ability to 
engage in damaging Fenton chemistry (14, 15). Because of this chemistry, intracellular 
cysteine concentrations are maintained at very low levels and there are few known 
specific transporters for reduced cysteine, with most uptake ascribed to non-specific 
import via polar amino acid importers (15–17). In Lm, reduced cysteine has been 
proposed to be imported by the Ctp ABC transporter, which is comprised of the 
substrate-binding protein CtaP and the permeases CtpP1 and CtpP2 (18, 19). Consider­
ing that the Ctp complex is annotated as an oligopeptide import system, it remains 
unclear if cysteine is the primary substrate for this complex or if the import is adventi­
tious.

In addition to importing nutritive cysteine-containing substrates, bacteria can also 
synthesize cysteine from inorganic sulfur sources or methionine. Inorganic sulfur sources 
such as sulfate are commonly imported and converted to H2S via the sulfate assimila­
tion pathway, and H2S and thiosulfate serve as the primary sulfur sources for cysteine 
biosynthesis via the canonical CysK-dependent two-step biosynthetic pathway (20). 
While Lm has an intact cysteine biosynthetic pathway, it lacks the genes for sulfate 
assimilation and is unable to grow on sulfate and has not been observed to grow on 
thiosulfate (21–23). Methionine is the second of the two sulfur-containing amino acids, 
and it is commonly converted to cysteine via the transsulfuration pathway. However, 
some strains of Lm lack the genes for transsulfuration and are not able to grow on 
methionine as a sole sulfur source, including 10403S (23).

Despite the above observations, nothing is known about the mechanisms for 
exogenous GSH import and utilization or the function of the intact cysteine biosynthetic 
pathway in Lm. GSH and GSSG are the most abundant sources of cysteine in the host 
cytosol, which is the preferred host niche for Lm, and other pathogenic bacteria such 
as E. coli, F. tularensis, and S. mutans are known to utilize host GSH for growth and 
virulence by either importing these molecules directly or by degrading them via the 
action of secreted γ-glutamyl transpeptidases (24–27). Previous work has suggested that 
Lm can import GSH for PrfA activation, as treatment with exogenous GSH is sufficient to 
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activate PrfA in a gshF mutant (11). These observations suggest that the locally high GSH 
concentrations in the host cytosol could be a cue for bacterial arrival to the intracellular 
niche. Similarly, H2S and thiosulfate are present at relatively high concentrations in the 
lumen of the intestine (1–3 mM) and could similarly serve as a cue for bacterial arrival to 
the host environment (28–30).

Here, we report that Lm utilizes diverse cysteine sources for growth, including GSH, 
GSSG, and the inorganic sulfur sources H2S and thiosulfate. We demonstrate that the 
Ctp complex and the OppDF ATPases are required for the growth of GSH and GSSG in 
vitro and that the Ctp complex is a high-affinity importer of GSH and GSSG. In addition, 
we show that Lm utilizes the inorganic sulfur sources H2S and thiosulfate for growth 
and that growth on these substrates is dependent on CysK and the canonical two-step 
biosynthetic pathway. Together, these findings suggest a pathoadaptive role for the 
partial cysteine auxotrophy in Lm, where locally high GSH/GSSG or thiosulfate concentra­
tions may signal arrival to distinct host niches.

RESULTS

Lm utilizes diverse sulfur sources for growth in vitro, including GSH, GSSG, 
and thiosulfate

To test the ability of WT Lm to grow on different exogenous cysteine sources, we 
performed broth growth assays in chemically defined synthetic media (LSM) contain­
ing all amino acids except cysteine and supplemented with either cystine or another 
exogenous cysteine source (Fig. 1). We observed normal growth of WT bacteria in 
LSM supplemented with either 0.5 mM cystine or 1 mM cysteine. Bacteria grown 
in LSM lacking all cysteine sources (LSM-cys) doubled once, presumably due to the 
presence of sufficient cysteine from overnight growth, but then failed to grow further. 
Notably, the LSM-cys growth condition included 0.67 mM methionine and ~2 mM 
sulfate, confirming previous genetic and experimental evidence that WT 10403S lacks 
the ability to synthesize cysteine from these sources using the reverse transsulfuration 
and sulfate assimilation pathways, respectively (21–23, 31). We also observed growth on 
the Arg-Gly-Asp-Cys (RGDC) oligopeptide as a sole cysteine source, which is consistent 
with previous reports (13). Growth kinetics of WT Lm on RGDC were slightly altered 
relative to growth on cystine, demonstrating a longer lag phase, comparable log growth 
rate, and the same saturation density after 24 hours. While other exogenous cysteine 
sources were used at concentrations that provided a 1 mM equivalent of cysteine, the 
RGDC peptide was provided at 0.32 mM cysteine equivalent as previously described due 
to saturation of the Opp oligopeptide importer (13).

FIG 1 Lm utilizes diverse cysteine sources for growth in vitro. Broth growth of WT Lm in cysteine-

free media supplemented with the indicated cysteine source. Bacteria were grown overnight in LSM 

supplemented with 0.5 mM cystine. Cultures were washed once in LSM lacking cysteine and inoculated 

into media supplemented with various physiologically relevant cysteine sources. Growth was determined 

by OD600 at the indicated timepoints. Data representative of three independent replicates, and error bars 

represent SD.
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While the results of previous studies on PrfA activation have implied that Lm can 
import and utilize exogenous GSH to activate PrfA (6, 11), growth on GSH or its oxidized 
counterpart, GSSG, as a sole cysteine source has not been studied. Here, we found that 
WT Lm utilized both GSH and GSSG for growth in the absence of other cysteine sources 
and that growth kinetics match those of growth on both cystine and cysteine. Further­
more, we also observed that WT Lm grows readily on the inorganic sulfur compound 
thiosulfate in the absence of other cysteine sources, displaying similar growth kinetics to 
cystine, cysteine, GSH, and GSSG. This observation is contrary to previous observations 
and suggests that Lm is not a complete cysteine auxotroph as previously suggested (22, 
23, 32).

H2S and thiosulfate utilization requires the enzyme CysK

To better understand the mechanism(s) of thiosulfate utilization in Lm, we considered 
the role of the two-step cysteine biosynthetic pathway in facilitating the growth of 
thiosulfate. The cysteine two-step biosynthetic pathway is a highly conserved pathway 
in bacteria that involves the conversion of serine to cysteine by two enzymes: CysE 
and CysK (Fig. 2A). In the first step, CysE combines serine and acetyl-CoA to form the 
intermediate O-acetylserine (OAS). In the second step, CysK condenses OAS with sulfide 
or thiosulfate to form cysteine (20). These two genes are in distinct genomic loci in Lm, 
with cysE present as part of a cysteine-responsive operon and cysK residing at a separate 
genomic locus (Fig. 2B).

Typically, sulfide for this pathway is generated by the import and reduction of sulfate 
by the sulfate assimilation pathway in sulfur-reducing bacteria (33), although reduced 
H2S can be acquired from the environment through passive transport across the cell 
membrane (34). Thiosulfate is generated by the oxidation of H2S in aerobic environments 
and is typically imported by members of the sulfate assimilation pathway or alternative 
thiosulfate-specific and inorganic ion importers (35). Previous genetic and experimental 
evidence has shown that Lm is unable to utilize exogenous sulfate or thiosulfate to 
produce cysteine; however, it has been noted that Lm harbors an intact CysE/CysK 
two-step biosynthetic pathway (12, 21–23).

To test the role of the CysE/CysK two-step biosynthetic pathway, we generated a cysK 
mutant and tested its growth on thiosulfate and H2S in the absence of other cysteine 
sources (Fig. 2C). Neither the cysK mutant nor the complemented strain displayed a 
defect when grown on cystine as a sole cysteine source. However, we observed that the 
cysK mutant did not grow on either 3 mM thiosulfate or 10 mM sodium hydrosulfide 
(NaSH), which is a potent H2S donor. These defects were rescued in both conditions 
by the complementation with the native cysK gene, demonstrating that the CysE/CysK 
two-step biosynthetic pathway is functional in Lm and enables growth on a limited 
number of inorganic sulfur sources. The concentrations of thiosulfate and NaSH used 
represent the lowest concentrations that yielded similar growth kinetics in WT Lm to 
the 0.5 mM cystine control condition (J.C. Berude and D.A. Portnoy, unpublished data). 
Notably, 10 mM NaSH was necessary to achieve similar growth kinetics of WT Lm as with 
3 mM thiosulfate or 0.5 mM cystine, likely due to the off-gassing of H2S generated by the 
hydrosulfide ion in solution.

Next, we sought to determine if the CysE/CysK biosynthetic pathway plays a role in 
virulence gene activation in Lm during infection. Human tissues are known to produce 
micromolar quantities of H2S (36, 37); however, concentrations of up to 1–3 mM are 
present in the anoxic lumen of the intestine (30). The H2S concentration in the gut 
is uniquely high and is toxic to colonic epithelial cells, and thus H2S is rapidly conver­
ted to thiosulfate in the oxic environment of the outer intestinal lumen (28, 30). This 
reaction generates similarly high concentrations of thiosulfate (1–3 mM) and suggests 
that these substrates might support Lm growth and virulence in the gut. We observed no 
detectable defect in the virulence of the cysK mutant in a murine intravenous infection 
model (Fig. S1), which is a measure of intracellular growth and virulence in vivo. We also 
did not observe a defect in the growth of the cysK mutant in a murine oral competition 
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assay, in which mice were orally infected with a 1:1 ratio of erythromycin (Erm)-sensitive 
WT and Erm-resistant cysK::Tn bacteria in an hly-mutant background, which prevents 
intracellular infection and restricts bacteria to extracellular growth in the lumen of the 
intestine (Fig. S2). Both WT and cysK::Tn Erm-resistant bacteria displayed a slight and 
equivalent defect in growth relative to Erm-sensitive WT bacteria, which suggests that 
the slightly low ratio of cysK::Tn/WT is due to lower plating efficiency of the Erm-resistant 
strain and is not related to mutation of the cysK gene (38). Together, these observations 
suggest that the CysE/CysK two-step pathway does not play a significant role in the 
growth and virulence of Lm in the diverse nutritional landscape of the intestinal lumen.

FIG 2 CysK is required for Lm growth on thiosulfate and H2S. (A) Schematic of the two-step cysteine 

biosynthetic pathway in Lm from serine and inorganic sulfur, including notable non-functional pathways 

in Lm. (B) Genomic organization of genes of the two-step biosynthetic pathway. (C) Broth growth of the 

cysK mutant and complement in LSM supplemented with either thiosulfate or the H2S generator NaSH. 

Strains were grown overnight in LSM media containing 0.5 mM cystine, washed once in LSM lacking 

cysteine, and inoculated into media containing either cystine or the indicated inorganic sulfur source as 

the sole sulfur source. Growth was determined by OD600 at the indicated timepoints. Data representative 

of three independent replicates, and error bars represent SD.
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The Ctp/OppDF complex imports GSH and GSSG

Next, we sought to elucidate the mechanism underlying GSH and GSSG import in Lm. 
The GsiABCD ABC transporter is a known GSH-specific importer in E. coli, and a BLAST 
search for these proteins identified putative homologs in Lm that included the proteins 
of the Ctp ABC transporter and the OppDF ATPases from the Opp complex (Table 1). 
The Ctp operon consists of three genes: a substrate-binding domain (ctaP) and two 
permeases (ctpP1 and ctpP2) but lacks dedicated ATPase domains (Fig. 3A). The Opp 
operon encodes a conserved oligopeptide importer that includes a substrate-binding 
domain (oppA), two permeases (oppB and oppC), and two ATPases (oppD and oppF) (Fig. 
3A). In Lm, the Opp complex is important for growth on oligopeptides. Previous work 
with the OppDF ATPases has suggested that they may play an important role in PrfA 
activation and intracellular growth, although it remains unclear if the core Opp complex 
(OppABC) is also required (13, 39). In addition, even though the Ctp ABC transporter was 
initially annotated as a peptide importer in Lm, it has been suggested that the complex is 
involved in the high-affinity import of reduced cysteine (18, 19).

To determine whether the Ctp and Opp complexes are involved in GSH and GSSG 
import, we generated mutants in both pathways and assessed broth growth in LSM 
supplemented with either cystine or GSSG as a sole cysteine source. As expected, we 
observed normal growth kinetics of all strains (WT, ctp, ctpP1, oppB, and oppDF) in 
0.5 mM cystine (Fig. 3B). WT Lm displayed normal growth kinetics when grown in 
0.5 mM GSSG, although no growth was observed in the ctp, ctpP1, and oppDF mutants, 
suggesting that the Ctp complex and OppDF ATPases are both required for growth on 
GSSG (Fig. 3B). The oppB mutant displayed normal growth kinetics on both cystine and 
GSSG, suggesting that the core Opp complex is not necessary for GSSG import (Fig. 3B).

To further elucidate the contributions of the Ctp and Opp complexes for growth on 
different cysteine sources, we tested the growth of mutants and their complements in 
saturation endpoint growth assays. As previously observed, WT Lm displayed normal 
growth with 0.5 mM cystine, 1 mM cysteine, 0.5 mM GSSG, 1 mM GSH, and 0.32 mM 
RGDC, and failed to grow in LSM lacking any cysteine source (Fig. 4A). Mutants in the 
Ctp complex (ctp and ctpP1) displayed normal growth on cystine, cysteine, and RGDC, 
but were unable to grow on either GSH or GSSG, and growth on these substrates was 
recovered by complementation (Fig. 4A). While these observations do not definitively 
rule out a role for the Ctp complex in import of reduced cysteine, this result suggests 
that the Ctp locus is not required for growth on cysteine as previously reported, but 
instead for growth on GSH and GSSG. Deletion of oppDF similarly impaired Lm growth 
on GSH and GSSG but also eliminated growth on RGDC, which is consistent with the 
established role of the Opp complex for growth on oligopeptides. Growth of the oppDF 
mutant on all three substrates could be recovered by complementation with oppDF, 
although complementation of the oppDF mutant with either oppD or oppF alone did 
not rescue growth on GSH, GSSG, and RGDC, suggesting that both ATPase subunits 
are required for the proper function of both the Ctp and Opp complexes (Fig. 4B). 
As previously observed, the oppB mutant displayed no growth defect on either GSH 

TABLE 1 Homology of E. coli GsiABCD genes to Lm Ctp and OppDF genes

% homology to E. coli GSH ABC importer 
GsiABCDa subunits

Annotatedb function

Lm proteins GsiA GsiB GsiC GsiD Lm/E. coli

CtaP (Lmo0135) –c 26% – – Substrate binding
CtpP1 (Lmo0136) – – 38% – Permease
CtpP2 (Lmo0137) – – – 40% Permease
OppD (Lmo2193) 42% – – – ATPase
OppF (Lmo2192) 48% – – – ATPase
aHomology determined by BLASTp search.
bListed homology scores for the top search hits only.
cDashes indicate lack of homology.
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or GSSG but also exhibited a partial defect when grown on RGDC that was rescued 
by complementation (Fig. 4C). To further explore the contribution of the Ctp complex 
to growth on short cysteine-containing peptides, we tested the growth of a Ctp/Opp 
double mutant. Consistent with observations with the oppDF mutant, a ctpP1/oppB::Tn 
grew like WT Lm on cystine and cysteine but was unable to grow on GSH, GSSG, or RGDC 
(Fig. 4D). Complementation with oppB rescued growth on RGDC, but not GSH or GSSG, 
while complementation with ctpP1 fully rescued growth on GSH and GSSG and partially 
rescued growth on RGDC. Consistent with the initial annotation of the Ctp locus as a 
peptide transporter, these observations suggest that the Ctp complex may also facilitate 
the import of short cysteine-containing peptides.

Because LSM is a defined, synthetic medium that represents an artificial bacterial 
growth environment, we sought to determine whether the Ctp complex plays a role in 
more complex growth conditions in vitro. Brain-Heart Infusion (BHI) medium is a rich, 

FIG 3 The Ctp operon and OppDF are required for growth on GSSG. (A) Genomic organization of genes 

of the ctp and opp operons. Dashed lines denote specific mutants constructed. (B) Broth growth of the 

ctp and opp mutants in LSM supplemented with GSSG. Strains were grown overnight in LSM media 

containing 0.5 mM cystine, washed once in LSM lacking cysteine, and inoculated into media containing 

either cystine or GSSG as the sole cysteine source. Growth was determined by OD600 at the indicated 

timepoints. Data representative of three independent replicates, and error bars represent SD.
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complex medium that is commonly used to cultivate fastidious pathogenic microorgan­
isms like Lm. The medium derives most of its nutrients from an infusion of host tissues, 
peptone, and glucose, with cysteine presumably present as GSH and/or GSSG, cystine, 
and as part of oligopeptides of various lengths. We tested the growth of our mutants in 
BHI and observed growth defects only in the oppDF and ctpP1/oppB::Tn double mutants, 
and not with the ctp, ctpP1, and oppB single mutants (Fig. S3). This result suggests that 
Lm can acquire sufficient cysteine from either GSH/GSSG or oligopeptides but that at 
least one of these import pathways is required for optimal Lm growth in BHI. Taken 

FIG 4 The Ctp operon and OppDF are required for growth on GSH and GSSG. Endpoint saturation 

broth growth of mutants and complements in cysteine-free LSM media supplemented with the indicated 

cysteine source. (A) Broth growth of ctp mutants and complement. (B) Broth growth of the oppDF 

mutant and complements. (C) Broth growth of the oppB mutant and complement. (D) Broth growth of 

the ctpP1/oppB::Tn double mutant and complements. Strains were grown overnight in LSM containing 

0.5 mM cystine, washed once in LSM lacking cysteine, and inoculated into media containing the 

indicated cysteine source as the sole cysteine source. Growth was determined by OD600 at the indicated 

timepoints. Data representative of three independent replicates, and error bars represent SD.
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together, these observations provide evidence of a novel GSH/GSSG-specific importer in 
Lm that is comprised of the Ctp ABC transporter complex and the OppDF ATPases.

The Ctp complex is a high-affinity GSH/GSSG importer

To further elucidate the role of the Ctp/OppDF complex in GSH and GSSG import, we 
tested the affinity of the Ctp complex for both substrates in saturation endpoint growth 
assays. We observed that WT Lm grew on as little at 5 uM GSSG, with normal growth 
observed at concentrations at or above 50 μM (Fig. 5A). The ctp mutant did not grow at 
any of the tested GSSG concentrations (1 μM–5 mM), suggesting that the Ctp complex is 
a high-affinity GSSG importer. Similarly, we tested Lm growth on concentrations of GSH 
from 1 μM–10 mM, and we observed that WT Lm grows on GSH concentrations as low 
as 50 μM, with normal growth observed at or above 100 μM (Fig. 5B). The ctp mutant 
did not grow in GSH concentrations at or below 0.5 mM, with slight growth at 1 mM, 
moderate growth at 2 mM, and normal growth observed at 3 mM GSH and above. Taken 

FIG 5 The Ctp complex is a high-affinity GSH/GSSG importer. Endpoint saturation broth growth of 

mutants and complements in cysteine-free LSM media supplemented with the indicated cysteine source. 

(A) Broth growth of the ctp mutant in indicated concentrations of GSSG. (B) Broth growth of the ctp 

mutant in indicated concentrations of GSH. All GSH media supplemented with 5 mM TCEP. (C) Broth 

growth of the ctpP1, oppDF, and ctpP1/oppB::Tn mutants on indicated concentrations of GSH. Strains were 

grown overnight in LSM containing 0.5 mM cystine, washed once in LSM lacking cysteine, and inoculated 

into media containing the indicated cysteine source as the sole cysteine source. Growth was determined 

by OD600 at the indicated timepoints. Data representative of three independent replicates, and error bars 

represent SD. cLSM: LSM containing 0.5 mM cystine as a sole cysteine source.
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together, these data suggest that the Ctp complex is a high-affinity GSH importer but 
that there are also alternative mechanisms of GSH acquisition in Lm.

Because GSH is a tripeptide, we considered if the Opp complex may also import GSH 
and account for Ctp-independent growth on higher concentrations of GSH. Previous 
experiments with the ctpP1/oppB::Tn double mutant strain demonstrated that comple­
mentation with oppB was not sufficient to recover growth on 1 mM GSH (Fig. 4D), 
suggesting that the Opp complex is not able to import GSH. To confirm this hypothesis, 
we tested the growth of Ctp and Opp mutants in varying concentrations of GSH. Neither 
the ctpP1, ctpP1/oppB::Tn, or oppDF mutants were able to grow on GSH concentrations 
of 1 mM or less, and all demonstrated normal growth at 3 mM GSH and above, suggest­
ing that the Opp complex is not an alternate GSH importer (Fig. 5C).

Overall, these observations suggest that the Ctp/OppDF complex functions as a 
high-affinity GSH/GSSG importer in Lm, and that there is likely an alternative low-affinity 
GSH import mechanism that is independent of the Ctp and Opp complexes.

The Opp complex is required for virulence in a murine IV infection model

GSH is the most abundant source of cysteine in the mammalian cytoplasm, and 
imported GSH likely contributes directly to PrfA activation, virulence gene expression, 
and intracellular growth. Thus, the Ctp complex is of particular interest as a GSH/
GSSG-specific importer and potential modulator of virulence in Lm. Previous work has 
demonstrated that mutants in the Ctp complex exhibit variable defects in a murine IV 
infection model (18, 19) but it remains unclear if these defects are due to decreased 
PrfA activation needed for virulence, reduced access to nutritional cysteine needed 
for intracellular growth, or both. We sought to recapitulate these findings using an IV 

FIG 6 Oligopeptide import via the Opp complex is required for full virulence in a murine intravenous 

infection model. (A) Intravenous injections of ctp and opp mutants. (B) Intravenous injection of ctp and 

oppDF mutants in the PrfA* background. 8-week-old female CD-1 mice were intravenously infected 

with 105 CFU of indicated Lm strains. Livers and spleens were harvested at 48 hours post-infection and 

bacterial burden was measured by CFU. Data representative of at least two independent experiments. 

Statistical significance determined by Kruskal-Wallis test; **P < 0.0021, ***P < 0.0002, ****P < 0.0001.
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infection model and assess the relative contributions of the Ctp and Opp complexes to 
PrfA activation and nutrient acquisition in vivo.

Contrary to previous findings, data from independent intravenous infection 
experiments did not reveal a significant impact on virulence with the ctp mutant, 
suggesting that the Ctp complex alone is dispensable for growth and virulence 
activation in vivo (Fig. 6). However, we observed a significant impact on virulence with 
the oppB, ctp/oppB::Tn, and oppDF mutants, which displayed a ~150-fold decrease in 
colony-forming units (CFU) in the livers of infected mice at 48 hours post-infection, 
suggesting a role for oligopeptide import in nutrient acquisition and PrfA activation 
in vivo (Fig. 6). To determine whether the defects in the oppDF mutant were due to 
a reduction in PrfA activation or a defect in nutrient acquisition, we compared the 
virulence defects of mutants in the WT 10403S background to those in the PrfA* 
background, which encodes a constitutively active form of PrfA that does not require 
allosteric binding of GSH for activation (6, 40). The ~150-fold virulence defect in the 
oppDF mutant was reduced to ~15-fold in the PrfA* background, which suggests that 
the Opp complex plays a significant role in both nutrient acquisition and virulence 
gene activation in vivo (Fig. 6B). Notably, the oppB, ctp/oppB::Tn, and oppDF mutants 
also displayed a modest but significant defect of ~4-fold in spleens of infected mice 
(Fig. 6A), although the defect in spleens with the oppDF mutant was not rescued in the 
PrfA* background, further emphasizing the importance of OppDF in intracellular nutrient 
acquisition (Fig. 6B).

Overall, our data suggest that the Ctp complex is dispensable for virulence and 
nutrient acquisition in vivo but does not rule out the existence of an alternative 
redundant GSH importer. Our data also highlight the importance of oligopeptide import 
for growth and PrfA activation in vivo, especially in the liver.

DISCUSSION

Listeria monocytogenes is a pathogen of humans and other mammals that alternates 
between a saprophytic and intracellular lifecycle, requiring the production and import of 
GSH to drive virulence gene expression and pathogenesis. Although cysteine is required 
for GSH synthesis, Lm is thought to be auxotrophic for cysteine, requiring the import of 
exogenous cysteine sources to support growth and virulence (22, 23). Locally, high GSH 
concentrations in the host cytosol have been posited to act as a signal for bacterial entry 
into the intracellular niche, as the binding affinity of PrfA for GSH has been reported 
to be ~4 mM, which is well within the biologically relevant concentrations of the host 
cytoplasm (6, 11). Despite these observations, no GSH importers had been identified in 
Lm. The results of this study demonstrate that the Ctp complex is a high-affinity GSH and 
GSSG importer in Lm and that Lm is not auxotrophic for cysteine and can utilize limited 
inorganic sulfur sources to synthesize cysteine and support growth.

The Ctp ABC transporter operon consists of three subunits, a substrate-binding 
protein and two permeases but lacks dedicated ATPase domains (Fig. 3A). Our results 
indicate that the two ATPases from the Opp oligopeptide importer complex, OppDF, 
are also required for growth on GSH and GSSG independently of their role in the Opp 
complex (Fig. 7A). Preliminary observations also suggest that the Ctp complex may 
import short cysteine-containing peptides at lower affinities, which is consistent with 
observations made of the GshT GSH importer in Streptococcus mutans that also facilitates 
growth on GSH derivatives (27). Despite the observation that the Ctp complex is a 
high-affinity GSH/GSSG importer, we observed growth of the ctp mutant on higher 
concentrations of exogenous GSH (Fig. 5B), suggesting that an alternative, lower-affin-
ity GSH acquisition mechanism also exists. The most likely candidates for this mecha­
nism are either an additional yet-unidentified GSH importer or a secreted γ-glutamyl 
transpeptidase (GGT, Fig. 7A), such as that utilized by Francisella tularensis (26). The 
importance of this alternative mechanism(s) to pathogenesis is accentuated by the 
observation that the ctp mutant does not display significant virulence defects in a 
murine IV infection model, including in the liver where intracellular GSH concentrations 
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are greatest (10, Fig. 6). Further work will be required to elucidate any additional GSH 
acquisition mechanisms and their relevance to pathogenesis in vivo.

Our work also highlights the importance of the Opp complex and oligopeptide 
import in nutrient acquisition and PrfA activation in vivo, specifically in the liver, as 
only opp mutants displayed virulence defects in infected mice (Fig. 6). However, we did 
not directly evaluate the specific role of Opp-mediated import of cysteine-containing 
peptides versus nutritive peptides in general in vivo, though our observation of partial 
virulence rescue of the OppDF mutant in the PrfA* background suggests that import of 
cysteine-containing peptides is necessary for GSH synthesis and full PrfA activation.

Two notable aspects of our work are that we were unable to recapitulate previously 
published virulence defects in the ctp mutant or reproduce the observations that the 
Ctp complex is a cysteine-specific importer. Previous in vivo work with the ctaP and ctp 
permeases identified a significant ~2–3 log defect in the livers and ~5-fold to 10-fold 
defect in the spleens of infected mice at 72 hours post-infection (18, 19). However, 
we did not observe defects in either the liver or spleen in the ctp operon mutant, 
which includes ctaP and the ctpP1/ctpP2 permeases. This could be due to differences 
in experimental methods between our study and previous studies, including the strain 
of mice used, inoculum growth conditions, and inoculum size. These factors could play 
a significant role in the discrepancies observed between previous and current studies, 
and further work will be necessary to parse the relative impact of these specific factors 
out. In addition, while prior work with ctaP and the ctp permeases identified a role for 
these genes in cysteine import (18, 19), we did not observe a defect in the growth of 

FIG 7 Model of mechanisms for Lm growth on GSH, GSSG, thiosulfate, and H2S. (A) Cysteine-containing 

oligopeptides are imported by the OppABCDF complex. GSH and GSSG are imported by the Ctp complex 

with high affinity, likely in complex with the OppDF ATPases, and small cysteine-containing oligopepti­

des are likely imported with low affinity. An unknown GSH importer and/or a secreted GSH-specific 

ɣ-glutamyl transpeptidase (GGT) and cysteine importer likely also exist that support growth on higher 

concentrations of GSH. (B) H2S freely diffuses through the plasma membrane and/or thiosulfate is 

imported by an unknown mechanism, where they serve as sulfide donors for the production of cysteine 

by the CysE/CysK two-step biosynthetic pathway. It is unclear if H2S or thiosulfate is the preferred 

substrate for CysK. OAS: O-acetylserine, S2O3
2−: thiosulfate, H2S: hydrogen sulfide.
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the ctp mutants in synthetic media supplemented with a similar quantity of reduced 
cysteine (Fig. 4). This could be due to differences in methodology and growth conditions 
between our study and prior studies, namely the type of synthetic media used and the 
use of chemical reducing agents to maintain cysteine in its reduced form. While our data 
support a role for the Ctp complex in GSH and GSSG import and not in cysteine import, 
because of these differences in the methodology we cannot definitively rule out cysteine 
import via the Ctp complex and further work is necessary to determine the exact role, if 
any, of the Ctp complex in import of reduced cysteine.

Another novel finding of this work is that Lm utilizes the inorganic sulfur sources 
thiosulfate and H2S as a cysteine source. For decades, the consensus was that Lm is 
auxotrophic for cysteine despite the presence of an intact and conserved two-step 
cysteine biosynthetic pathway (21–23, 32). Here, we show that the CysE/CysK two-step 
cysteine biosynthetic pathway is functional in Lm and both exogenous thiosulfate and 
H2S support growth (Fig. 7B). Because growth is only supported on limited inorganic 
sulfur sources, our results support a model of partial cysteine auxotrophy in Lm. Despite 
our observations, it is not yet clear if or how Lm imports thiosulfate, which is a 
charged molecule that requires facilitated import. Thiosulfate is canonically imported 
by members of the sulfate assimilation pathway, which is missing in Lm (21, 41, 42); 
however, import has also been shown to occur through independent importers and 
raises the possibility of identifying one or more importers in Lm (35, 43). Alternatively, 
Lm could potentially reduce thiosulfate to H2S for passive import through the plasma 
membrane; however, this is likely an unfavorable reaction in aerobic environments and 
little evidence exists to suggest this mechanism.

Another outstanding question is whether the CysE/CysK pathway contributes to 
Lm growth and pathogenesis, as concentrations of H2S and thiosulfate are uniquely 
high in the intestinal lumen of mammals. Here, sulfur-reducing bacteria (SRBs) produce 
millimolar quantities of H2S in the anoxic core of the intestine, which is oxidized to 
thiosulfate at the oxic-anoxic interface generated by oxygen species released by colonic 
epithelial cells (28–30, 36, 37). Bacterial pathogens are known to exploit these high 
concentrations of thiosulfate in the gut to facilitate colonization (44), suggesting that 
Lm may have adapted to do so as well. Our results do not indicate that the CysE/CysK 
pathway alone is required for intestinal colonization in mice (Fig. S2); however, it is 
important to note that the lumen of the intestine is a complex nutrient-rich environment 
that contains many other exogenous cysteine sources. It is also important to consider 
that streptomycin treatment was used to reduce colonization resistance in the gut and 
that the resulting dysbiosis could negatively impact populations of SRBs in the gut 
and alter the H2S/thiosulfate landscape in the intestinal lumen in our experimental 
model, although little is known about the impacts of antibiotics on SRBs (45). Despite 
these observations, it is possible that the CysE/CysK pathway still contributes to overall 
cysteine levels during infection, and high levels of these inorganic sulfur compounds 
in the intestine may represent an early host signal that primes Lm for intracellular PrfA 
activation. More work is needed to determine the exact role of the CysE/CysK biosyn­
thetic pathway in the dynamics of host colonization and pathogenesis.

Finally, this study calls into question the very nature of partial cysteine auxotrophy 
in Lm. Auxotrophies constrain the interactions of bacteria with their environment, and 
bacterial pathogens are no different. While auxotrophies can arise through deleterious 
mutation, they often arise as specific adaptations to unique host or environmental 
conditions, suggesting a pathoadaptive role for these auxotrophies (46, 47). Lm has a 
handful of well-characterized auxotrophies that are relevant to pathogenesis, namely 
lipoic acid and riboflavin. With lipoic acid, host scavenging appears to be essential for 
intracellular growth, suggesting an adaptation to a unique feature of the host environ­
ment (48). In the case of riboflavin, previous work has suggested that WT Lm has lost the 
ability to synthesize a key riboflavin intermediate, 5-OP-RU, to enable evasion of bacterial 
recognition by host MAIT innate immune cells (49, 50). In both cases, the inability to 
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produce these two essential metabolites confers a fitness advantage to Lm in the host 
environment.

Curiously, cysteine auxotrophies in other pathogenic bacterial species (S. enterica 
and E. coli) confer a fitness advantage to these bacteria in certain in vivo niches (47), 
suggesting that the same may be true in Lm. The pathogen Staphylococcus aureus 
is similarly partially auxotrophic for cysteine, lacking an intact sulfate assimilation 
pathway but utilizing limited inorganic sulfur sources like thiosulfate for growth, and 
recent work has highlighted the importance of cysteine acquisition mechanisms during 
infection (51–53). Considering the essential role of cysteine for growth and virulence 
gene expression in Lm, it is compelling to suggest that partial cysteine auxotrophy is 
a pathoadaptive feature of Lm metabolism, representing an adaptation to a unique 
host environment. Virulence gene activation is tightly regulated in Lm and inappropri­
ate activation during saprophytic growth results in considerable defects in bacterial 
fitness, highlighting the importance of proper spatiotemporal control of PrfA activation 
(54, 55). Together, these observations suggest that locally high cysteine concentrations 
in the host cytoplasm may serve as a vital host cue that signals bacterial arrival to 
their intracellular niche. Previous work lends support to this hypothesis, as the peptide 
signature of the habitat and the relatively higher concentrations of cysteine-containing 
peptides in the host cytoplasm have been postulated to directly impact GSH production 
and PrfA activation (13). The host cytoplasm contains uniquely high concentrations of 
GSH, and this activator of virulence and vital cysteine source represents an attractive and 
specific host signal that bacteria have arrived at their intracellular niche. The discovery 
of the first GSH-specific importer in Lm and the ability to utilize limited inorganic 
sulfur sources for growth are significant steps in understanding the nature of partial 
cysteine auxotrophy and the spatiotemporal dynamics of virulence gene activation in 
the host-pathogen interactions of L. monocytogenes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions

All strains of L. monocytogenes used in this study were derived from the WT 10403S 
parental strain. Strains were cultured in chemically defined synthetic media (LSM) 
containing 200 μg/mL streptomycin (Sigma-Aldrich) and 0.5 mM cystine (Sigma-Aldrich) 
as the sole cysteine source. LSM was prepared as previously described (56). LSM 
containing the alternative cysteine sources reduced cysteine (Sigma-Aldrich), reduced 
glutathione (Sigma-Aldrich), oxidized glutathione (Sigma-Aldrich), RGDC oligopeptide 
(GenScript), sodium thiosulfate (Sigma-Aldrich), and sodium hydrosulfide (Sigma-Aldrich) 
was prepared by substituting cystine for the indicated concentration of each cysteine 
source. Media containing reduced cysteine or reduced glutathione were prepared 
fresh and supplemented with 2 mM TCEP (Goldbio) prior to experimentation, except 
where otherwise stated. Media containing sodium hydrosulfide was prepared fresh 
immediately prior to experimentation to prevent off-gassing of volatile hydrogen sulfide 
gas. Additional antibiotics (Sigma-Aldrich) were used at the following concentrations: 
erythromycin (1 μg/mL), carbenicillin (100 μg/mL), tetracycline (2 μg/mL), and chloram­
phenicol (7.5 μg/mL for L. monocytogenes and 10 μg/mL for E. coli).

Construction of in-frame deletion strains ctp, ctpP1, oppB, oppDF, and cysK was 
performed by allelic exchange using the temperature-sensitive vector pKSV7 as 
previously described (57). Nutrient-rich Brain Heart Infusion media (BHI, BD Difco) was 
used for bacterial growth during the allelic exchange protocol. To circumvent growth 
deficiencies of the ctp, ctpP1, and oppDF mutants in BHI, mutants were grown in BHI 
supplemented with all 20 amino acids (Sigma-Aldrich) as in LSM media (0.1 g/L, except 
glutamine at 0.6 g/L).

Complementation of genes was performed by amplifying the native genes from 
WT 10403S L. monocytogenes and cloning into the site-specific pPL2 integrating vector 
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containing the constitutively expressed pHyper promoter. Complementation vectors 
were conjugated into L. monocytogenes as previously described (58).

Broth growth assays

Broth growth assays were performed with L. monocytogenes strains grown overnight in 
LSM supplemented with 0.5 mM cystine at 37°C with shaking (220 rpm). Bacteria were 
washed once in synthetic media lacking a cysteine source (LSM-cys) and resuspended in 
an equal volume of LSM-cys. Washed bacteria were diluted to an optical density of 0.05 
in LSM-cys containing the indicated cysteine sources and grown at 37°C with shaking. 
Growth was assessed spectrophotometrically by optical density at a wavelength of 
600 nm (OD600). Broth growth curves were performed in 250 mL flasks containing 35 mL 
of media and OD600 measurements were taken every two hours for 14 hours and again 
at 24–26 hours as indicated. Saturation endpoint growth experiments were performed 
in 14 mL round-bottom tubes containing 2 mL of media and OD600 measurements were 
taken at 24–26 hours post-inoculation.

Mouse intravenous infections

Eight-week-old female CD-1 mice (Charles River Laboratories) were injected intrave­
nously via the tail vein with 200 μL PBS containing 1 × 105 CFU of logarithmically growing 
L. monocytogenes as previously described (59). Bacteria used for infection were grown 
overnight in LSM supplemented with 0.5 mM cystine and diluted 1:20 in fresh media 
to obtain logarithmically growing bacteria. Mice were euthanized 48 hours post-infec­
tion and spleens, livers, and gallbladders were collected, homogenized, and plated to 
enumerate CFUs per organ. Statistical significance was determined by the Kruskal-Wallis 
test.

Mouse oral infection competition assay

Eight-week-old female C57BL/6J mice (Jackson Laboratories) were provided 5 μg/mL 
streptomycin (Sigma-Aldrich) in drinking water 48 hours prior to infection as previously 
described (60). Mice were transferred to clean cages 18–24 hours prior to infection and 
the food source was removed to fast mice overnight. Bacteria used for infection (hly 
and hly/ErmR) were grown overnight in BHI and diluted 1:10 in fresh media to obtain 
logarithmically growing bacteria. At the time of infection, bacteria were washed twice in 
PBS and inoculums containing 1 × 108 each of hly and hly/ErmR (WT control or mutant) L. 
monocytogenes were prepared in 5 μL PBS. A 3 mm piece of bread was inoculated with a 
total of 2 × 108 CFU bacteria in PBS and covered with 3 μL melted butter. Mice were fed 
a single piece of infected bread. Streptomycin-treated water was replaced with standard 
drinking water and food was restored at the time of inoculation. Fecal samples were 
collected every day post-infection for 5 days, weighed, and resuspended in 1 mL PBS 
by vortexing at 4°C for 10 minutes. Fecal samples were plated on BHI plates containing 
only streptomycin or streptomycin and erythromycin to enumerate CFUs of WT and 
erythromycin-resistant strains and the ratio of the two populations was calculated to 
determine the competitive fitness of mutant strains relative to WT 10403S.

Statistical analysis

All statistical analysis was performed using GraphPad Prism version 10.
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