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1  | INTRODUC TION

Bacterial pathogens are challenged with abundant redox stressors 
present in the environment and during infection of a mammalian 
host. The innate immune system attempts to eliminate invading 
pathogens after phagocytosis by activating the respiratory burst, 
bombarding pathogens with reactive oxygen species (ROS) such 
as superoxide, hydrogen peroxide and hypochlorous acid in the 
phagosome (Winterbourn and Kettle, 2013). In addition to these 

exogenous ROS, bacteria must also manage the endogenous ROS 
generated during aerobic respiration from the reaction of oxygen 
with free metals, quinones, or flavoproteins (Imlay, 2008; Reniere, 
2018). To combat these assaults, bacteria produce many enzymes 
that detoxify ROS as well as regulators to sense ROS and induce the 
appropriate responses as redox stress arises (Ruhland and Reniere, 
2018).

Listeria monocytogenes is a low G + C Gram-positive bacterium 
that lives in nature as a saprophyte and in mammals as an intracellular 
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Abstract
An imbalance of cellular oxidants and reductants causes redox stress, which must 
be rapidly detected to restore homeostasis. In bacteria, the Firmicutes encode con-
served Spx-family transcriptional regulators that modulate transcription in response 
to redox stress. SpxA1 is an Spx-family orthologue in the intracellular pathogen 
Listeria monocytogenes that is essential for aerobic growth and pathogenesis. Here, 
we investigated the role of SpxA1 in growth and virulence by identifying genes regu-
lated by SpxA1 in broth and during macrophage infection. We found SpxA1-activated 
genes encoding heme biosynthesis enzymes and catalase (kat) were required for L. 
monocytogenes aerobic growth in rich medium. An Spx-recognition motif previously 
defined in Bacillus subtilis was identified in the promoters of SpxA1-activated genes 
and proved necessary for the proper activation of two genes, indicating this regula-
tion by SpxA1 is likely direct. Together, these findings elucidated the mechanism of 
spxA1 essentiality in vitro and demonstrated that SpxA1 is required for basal expres-
sion of scavenging enzymes to combat redox stress generated in the presence of 
oxygen.
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pathogen. The virulence factors employed by L. monocytogenes to 
cause disease have been extensively studied (Freitag et al., 2009). 
After a host cell phagocytoses L. monocytogenes, the bacteria se-
crete the pore-forming toxin listeriolysin O, which damages the 
phagosomal membrane and enables the bacteria to escape into the 
host cytosol. In the cytosol, L. monocytogenes produces ActA, which 
recruits host actin and propels the bacteria throughout the cell and 
into neighboring cells (Tilney and Portnoy, 1989). This intracellular 
lifecycle requires that L. monocytogenes adapt quickly to changing 
conditions, including the drastic change from the oxidizing phago-
some to the reduced cytosolic environment. While genetic data 
suggest a link between redox sensing and virulence gene regulation 
(Reniere et al., 2015; Reniere et al., 2016), the molecular mechanisms 
by which L. monocytogenes senses the host environment and adapts 
appropriately are not well understood.

One transcriptional regulator that controls the response to ox-
idative stress is the ArsC-family protein Spx, which is conserved in 
low G + C Firmicutes (Zuber, 2004; Zuber, 2009). Spx function has 
been most well characterized in Bacillus subtilis, where it regulates 
hundreds of genes by interacting with the alpha-C-terminal domain 
(αCTD) of RNA polymerase (RNAP) (Rochat et al., 2012). Spx senses 
redox stress via an amino-terminal cysteine-x-x-cysteine motif that 
forms an intramolecular disulfide bond upon oxidation. Oxidized Spx 
then activates genes encoding proteins required to resolve oxidative 
stress, such as thioredoxins and bacillithiol biosynthesis machinery 
(Nakano, Küster-Schöck, et al., 2003; Zuber, 2004; Nakano et al., 
2005; Rochat et al., 2012). Additionally, reduced Spx is important for 
basal expression of redox homeostasis genes in the absence of oxi-
dative stress (Rochat et al., 2012).

L. monocytogenes encodes two Spx-family proteins: spxA1 and 
spxA2. SpxA1 is essential for aerobic growth and pathogenesis, while 
SpxA2 is dispensable in both conditions (Whiteley et al., 2017). In this 
work, we identified SpxA1-regulated genes in L. monocytogenes and 
ascertained those that are required for aerobic growth and virulence. 
We demonstrated that although SpxA1 regulates hundreds of genes, 
the severe growth defect of ∆spxA1 in broth can be rescued simply 
by supplementing the media with exogenous heme or catalase. While 
catalase and heme biosynthesis enzymes (hemEH) were required 
for aerobic growth in vitro, neither was necessary for intracellular 
growth in macrophages. Collectively, these results support a model 
in which SpxA1 directly activates genes required for aerobic growth 
and distinguishes its role in vitro from its role during infection.

2  | RESULTS

2.1 | Transcriptomics to identify SpxA1-regulated 
genes

SpxA1 is essential for L. monocytogenes aerobic growth and patho-
genesis (Whiteley et al., 2017). To investigate the mechanisms be-
hind these phenotypes, we took a global approach and analyzed 
the SpxA1-dependent transcriptome. RNA was harvested from 

L. monocytogenes wild type (wt) and ∆spxA1 strains grown an-
aerobically in rich broth (brain heart infusion, BHI) and from J774 
macrophages infected with either strain for 8 hr. Following rRNA 
depletion, Illumina sequencing of the cDNA revealed hundreds of 
genes were changed in abundance in an SpxA1-dependent man-
ner (see Experimental Procedures for details). Genes that exhibited 
a greater than two-fold difference in abundance between wt and 
∆spxA1 samples (p < .001) were included for further analysis. Table 1 
includes genes with the greatest reduction in ∆spxA1 compared to 
wt during infection as well as those most highly changed in BHI.

During anaerobic growth in vitro, SpxA1 directly or indirectly 
activated 145 genes, and 87% of those also exhibited SpxA1-
dependent expression during infection (Table 1 and Table S1). There 
are numerous similarities between the genes regulated by SpxA1 
in L. monocytogenes and the Spx regulon in B. subtilis. SpxA1 acti-
vated many homologous genes, including: fbp (fructose-1,6-bisphos-
phatase), hemH (ferrochelatase), lmo2256 (similar to yraA), tpx (thiol 
peroxidase), trxB (thioredoxin reductase), and the thioredoxins trxA 
and yjbH (Nakano, Küster-Schöck, et al., 2003). Spx-family proteins 
also regulate low molecular weight thiol biosynthesis in both organ-
isms. In L. monocytogenes, SpxA1 activated gshF, which codes for 
glutathione synthase. B. subtilis does not produce glutathione and 
instead synthesizes bacillithiol, production of which is regulated by 
Spx (Gaballa et al., 2013).

In the absence of spxA1, 72 genes exhibited increased ex-
pression during anaerobic growth in vitro, suggesting that SpxA1 
normally functions to directly or indirectly repress those genes 
(Table S2). Approximately 60% of the repressed genes showed 
SpxA1-dependent expression during macrophage infection. SpxA1-
repressed genes encode proteins involved in diverse functions, 
including: transport of amino acids (e.g., ctaP and gltD), sugars 
(lmo0859-61 operon), potassium (kdpAB) and zinc (znuA); phospho-
transferase system components (ulaA, bvrB and fructose-specific 
components); and nucleotide metabolism (guaA, guaB2 and purE). 
The genes with the greatest increase in expression in ∆spxA1 were 
lmo0437, encoding an uncharacterized protein with a predicted 
NAD(P)-dependent oxidoreductase domain, and the mecA-coiA op-
eron, which is adjacent to spxA1 in the genome. MecA and CoiA are 
proteins involved in competence in other Gram-positive bacteria 
(Grossman, 1995; Desai and Morrison, 2007), but their functions 
are unclear in L. monocytogenes, which is not known to be naturally 
competent.

2.2 | Promoter analysis

Spx-family proteins lack a canonical DNA-binding domain and in-
stead directly interact with the RNAP αCTD to guide positive or 
negative regulation of genes (Ruhland and Reniere, 2018). In B. sub-
tilis, Spx-activated promoters exhibit extended −35 boxes with G 
at position −44 and C at position −43 relative to the transcription 
start site (TSS) (Reyes and Zuber, 2008; Lin et al., 2013). Here, we 
refer to this sequence as the “GC-motif”. T at position −44 is also 
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associated with Spx-activated expression, although the magnitude 
of regulation is reduced (Rochat et al., 2012). To determine which dif-
ferentially expressed genes identified in our RNA-seq analysis were 
directly regulated by SpxA1, the DNA sequences surrounding the 
TSSs of differentially expressed genes were analyzed in silico. Nine 
of the 15 operons (60%) in Table 1 contained the GC-motif (or TC) 
at or near the −44/−43 position relative to the TSS. Several of the 
GC-motifs were shifted one or two nucleotides from the −44/−43 
position. However, the TSSs were mapped in a genome-wide manner 
and have not been individually validated, so single-nucleotide preci-
sion of TSS mapping would not be expected (Wurtzel et al., 2012). 
Four of the TSSs have not been mapped and, therefore, could not be 
analyzed for potential GC-motifs. Rochat et al. found 71% of the B. 
subtilis Spx-activated promoters contained C at position −43, which 
is similar to the frequency found here (Rochat et al., 2012). In con-
trast, the GC-motif is not found in Spx-repressed promoters in B. 

subtilis, but instead, A or T at position −43 is correlated with repres-
sion (Rochat et al., 2012). In our analysis, 29 of the 46 transcriptional 
units (63%) repressed by SpxA1 contained A or T at position −43 
(Table S2), which is about the frequency expected by chance in a 
bacterium with 39% GC content. Together, these results suggested 
SpxA1 directly activates a majority of the genes identified by our 
transcriptomics, although SpxA1-mediated repression may be direct 
or indirect.

2.3 | The roles of SpxA1-dependent genes 
during infection

We hypothesized that SpxA1-dependent transcriptional changes enable 
aerobic growth and virulence and hence, in the absence of spxA1, appro-
priate gene induction does not occur. Therefore, the top SpxA1-activated 

TA B L E  1   Top SpxA1-activated genes

LMRG Lmo Gene Function

Fold change in ∆spxA1
Spx Motif (Position relative 
to + 1 transcription)a BHI J774

LMRG_01912 lmo2785 kat Catalase −66.8 −11.5

LMRG_01620 lmo2212 hemE, uroD Uroporphyrinogen decarboxylase −15.8 −46.5

LMRG_01621 lmo2211 hemH, cpfC Ferrochelatase −15.4 −36.8

LMRG_01781 lmo2467 – Chitin-binding protein −12.2 −25.5

LMRG_01954 lmo2742 – Hypothetical protein, SH3 domains −12.2 −22.9

LMRG_01953 lmo2743 – Transaldolase −8.2 −20.6

LMRG_01977 lmo2719 – tRNA-adenosine deaminase −11.1 −19.8

LMRG_00292 lmo0609 – Rhodanese Homology Domain −9.1 −20.7

LMRG_01978 lmo2718 cydA Cytochrome bd oxidase subunit I −9.4 – No motif

LMRG_01980 lmo2716 cydC ABC transporter −9.1 –

LMRG_01979 lmo2717 cydB Cytochrome bd oxidase subunit II −8.7 –

LMRG_01981 lmo2715 cydD ABC transporter −7.4 –

LMRG_00343 lmo0656 – Uncharacterized membrane protein −7.3 −16.1

LMRG_00478 lmo0790 – Cys-tRNA(Pro) deacylase −6.6 −11.6 No motif

LMRG_00477 lmo0789 – DAP-epimerase Superfamily −6.4 −9.7

LMRG_01211 lmo2061 – Hypothetical protein −6.1 −13.1 No TSS

LMRG_01210 lmo2060 – Hypothetical protein −5.7 −11.3

LMRG_01212 lmo2062 – Copper transport protein −4.7 −16.3

LMRG_01925 lmo2770 gshF Glutathione synthase −4.9 −11.8 No TSS

LMRG_01656 lmo2176 – TetR-family transcriptional regulator −4.8 −27.9 No TSS

LMRG_02247 lmo0822 – SoxR-family transcriptional regulator −4.3 −11.5 No TSS

LMRG_00270 lmo0588 – DNA photolyase −4.2 −12.1

LMRG_00294 lmo0611 acpD FMN-dependent NADH-azoreductase 1 −2.3 −27.0

aHighlighted genes are predicted to be in an operon. Transcription start sites identified by Wurtzel et al. (2012). Putative GC-motif recognized by Spx-
family proteins is underlined (Rochat et al., 2012). “no TSS” indicates no experimental determination of a transcription start site (TSS). 
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genes were examined to determine which may be required for virulence 
but were insufficiently activated in ∆spxA1 (Table 1). Each SpxA1-
dependent gene or operon was overexpressed from the constitutive 
HyPer promoter and stably integrated into the chromosome via the 
plasmid pPL2t, referred to here as pOE (Lauer et al., 2002; Reniere et al., 
2016). Overexpression was verified by qPCR of six of the overexpressing 
strains and indeed, all of the target genes were expressed at or above wt 
levels when integrated into the ∆spxA1 mutant (Figure S1).

L. monocytogenes ∆spxA1 is able to replicate intracellularly and 
spread cell-to-cell, albeit less efficiently than wt (Whiteley et al., 
2017). To identify the genes that contribute to these phenotypes 
in vivo, the overexpressing strains were evaluated in a plaque assay. 
Plaque assays measure cell-to-cell spread over 3 days, which re-
quires L. monocytogenes be able to enter cells, escape the vacuo-
lar compartment, replicate in the host cytosol, and use actin-based 

motility to spread to neighboring cells (Sun et al., 1990; Reniere 
et al., 2016). Hence, the ability to form a plaque is highly correlated 
with pathogenicity in murine models of infection. L. monocytogenes 
∆spxA1 formed a plaque approximately 23% the size of wt and the 
overexpressing strains formed similarly sized plaques, ranging from 
15% to 37% the size of wt (Figure 1a).

In addition to the top SpxA1-activated genes in Table 1, we in-
vestigated the roles of spxA2 and trxA in the ∆spxA1 plaque defect. 
SpxA1 and SpxA2 share 25% amino acid identity (56% similarity) and 
we hypothesized that SpxA2 may be able to compensate for the loss 
of spxA1 if overexpressed. In Staphylococcus aureus, Spx is essen-
tial but overexpressing trxA suppresses spx essentiality (Villanueva 
et al., 2016). However, overexpressing either spxA2 or trxA did not 
substantially increase the plaque size of the ∆spxA1 parental strain 
(Figure 1a).

F I G U R E  1   Intracellular replication 
and cell-to-cell spread of ∆spxA1 
overexpressing strains. (a) Plaque area 
measured as a percentage of the wt 
strain. (b) Intracellular growth kinetics of 
∆spxA1 overexpressing strains in BMDMs, 
measured at 0.5 and 6 hr post-infection. 
Bacteria were plated anaerobically and 
CFU were enumerated after 24 hr. All 
∆spxA1 overexpressing strains exhibited 
similar growth as the ∆spxA1 parental 
strain (n.s., p > .05). In both panels, data 
are the means and standard error of 
the means (SEM) of three independent 
experiments [Colour figure can be viewed 
at wileyonlinelibrary.com]
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The ∆spxA1 mutant is not impaired in vacuolar escape during in-
fection of bone marrow-derived macrophages (BMDMs) (Whiteley 
et al., 2017). Therefore, we presume that the ∆spxA1 plaque defect 
is primarily due to impaired intracellular growth. To test the roles 
of SpxA1-dependent genes in intracellular growth, BMDMs were 
infected with the overexpressing strains and bacteria were plated 
anaerobically to enumerate colony forming units (CFU). For these 
experiments, strains that formed plaques at least 25% larger than the 
∆spxA1 parental strain were included (Figure 1a). During a 6-hr in-
fection, wt increased approximately 40-fold, while the ∆spxA1 strain 
increased threefold and the overexpressing strains grew similarly to 
the ∆spxA1 parental strain (Figure 1b). These results demonstrated 
the pleiotropic nature of SpxA1 regulation, as restoring expression 
of a single SpxA1-dependent gene or operon was insufficient to re-
store virulence to the ∆spxA1 mutant.

2.4 | The roles of SpxA1-dependent genes during 
aerobic growth

The panel of overexpressing strains were next grown in the pres-
ence of oxygen to evaluate aerobic growth. The only overexpress-
ing strains that formed colonies on BHI agar incubated aerobically 
were ∆spxA1 pOE-cydABCD and ∆spxA1 pOE-hemEH (Figure 2). The 
∆spxA1 pOE-cydABCD strain constitutively expressed the operon 
encoding cytochrome bd oxidase, resulting in a few tiny colonies that 
were visible after several days on solid media, but did not grow larger. 
In contrast, ∆spxA1 pOE-hemEH grew more robustly. This strain 
constitutively expressed the genes encoding uroporphyrinogen 

decarboxylase (HemE, also named UroD) and ferrochelatase (HemH, 
also named CpfC), which are two enzymes in the heme biosynthesis 
pathway (Dailey et al., 2017). However, neither pOE-cydABCD nor 
pOE-hemEH rescued ∆spxA1 aerobic growth in a shaking flask, as 
measured by optical density, nor did overexpression of any other 
gene or operon in Table 1 (data not shown).

Overexpressing hemEH rescued growth of ∆spxA1 on solid 
media but not in aerobic liquid culture. Hence, we hypothesized 
that heme is necessary for growth in the presence of oxygen, but 
reasoned that overexpressing only two of the nine genes encoding 
enzymes in the heme biosynthetic pathway was insufficient. The 
remaining seven genes are encoded in three loci elsewhere in the 
chromosome, making it difficult to engineer a strain overexpress-
ing all nine genes. Therefore, we next supplemented the growth 
media with exogenous heme in an attempt to restore ∆spxA1 aero-
bic growth. Addition of 5 or 10 µM heme partially rescued ∆spxA1 
growth in a shaking flask, although it did not fully restore growth 
to wt levels (Figure 3a). We did not observe any effect of adding 
exogenous iron, suggesting that this phenotype is specific to the 
heme moiety (data not shown).

Heme is a redox-active molecule that is required for the func-
tion of proteins involved in electron transport, oxygen carrying, 
and as an enzyme cofactor (Reniere et al., 2007). In addition, ex-
cess free heme is toxic due to its ability to generate ROS and cause 
oxidative damage to proteins and DNA (Anzaldi and Skaar, 2010; 
Wakeman et al., 2012). Surprisingly, heme rescued ∆spxA1 growth 
rather than inducing additional redox stress, suggesting heme was 
being used as a protein cofactor. In L. monocytogenes, heme-bind-
ing proteins include cytochrome oxidases, catalase, heme import 
and biosynthesis proteins, and enzymes in the cobalamin synthesis 
pathway. The gene with the greatest reduction in expression in the 
∆spxA1 mutant grown in broth was kat, encoding the only catalase 
produced by L. monocytogenes (Table 1). L. monocytogenes produces 
two terminal cytochrome oxidases: a cytochrome bd oxidase (en-
coded by cydABCD) and a cytochrome aa3-type menaquinol oxi-
dase (encoded by qoxABCD). However, only the cydABCD operon 
transcript, which is required for respiration and intracellular growth 
(Corbett et al., 2017), was significantly less abundant in ∆spxA1 
(Table 1). The cydABCD operon also had a small effect on ∆spxA1 
growth when constitutively expressed (Figure 2). We, therefore, 
postulated that exogenous heme partially rescued aerobic growth 
via its ability to act as a cofactor for catalase and/or cytochrome 
bd oxidase. To test this, kat or the cydABCD operon was overex-
pressed in ∆spxA1 in the presence of exogenous heme and CFU 
were measured after 24 hr of aerobic growth. Surprisingly, overex-
pressing kat significantly increased ∆spxA1 survival in the absence 
of heme (Figure 3b). However, in the presence of exogenous heme 
there was no effect of overexpressing kat or cydABCD (Figure 3b). 
These data suggested that L. monocytogenes ∆spxA1 is unable to 
survive aerobically due to insufficient heme and catalase produc-
tion. Moreover, the effect of exogenous heme on ∆spxA1 aerobic 
growth was either independent of catalase and cytochrome bd or 
requires overexpression of multiple genes.

F I G U R E  2   Overexpressing hemEH rescued ∆spxA1 aerobic 
growth on solid media. All L. monocytogenes ∆spxA1 overexpressing 
strains were streaked for growth aerobically and anaerobically on 
BHI. Only ∆spxA1 pOE-cydABCD and ∆spxA1 pOE-hemEH grew on 
solid media in the presence of oxygen. Colonies were visible after 
3–5 days [Colour figure can be viewed at wileyonlinelibrary.com]
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2.5 | Catalase is required for aerobic growth in vitro, 
but not intracellular growth

Overexpressing kat had a small but significant effect on ∆spxA1 
aerobic growth (Figure 3b). The kat overexpressing strain exhibited 
10-fold higher kat expression than wt in anaerobic broth (Figure S1), 
although we were unable to verify the protein was over-produced 
in this strain, as anaerobically grown bacteria did not produce de-
tectable catalase (Figure S2). Together, these data led to the hy-
pothesis that additional catalase may be required to completely 
detoxify the endogenous ROS produced aerobically in the ∆spxA1 

mutant. Indeed, addition of catalase to the media rescued growth 
of ∆spxA1 in aerobic shaking flasks (Figure 4a). Concentrations 
of catalase as low as 0.01 mg/ml of restored ∆spxA1 growth over 
100,000-fold (Figure 4b). Importantly, boiled catalase (0.01 mg/
ml) did not rescue aerobic growth, indicating that enzymatic ac-
tivity was required (data not shown). These data suggested that 
hydrogen peroxide toxicity resulting from insufficient production 
of catalase is the primary reason ∆spxA1 cannot grow aerobically.

The rescue of ∆spxA1 growth by catalase suggests that toxic 
levels of peroxide were either present in the media or produced by 
the bacteria. If not specifically treated, rich media contains hydro-
gen peroxide from metal-catalyzed glucose oxidation. Hydrogen 

F I G U R E  3   Exogenous heme partially rescued ∆spxA1 aerobic 
growth. (a) Aerobic growth kinetics measured by optical density 
(OD600) of L. monocytogenes grown in TSB alone or supplemented 
with heme to a final concentration of 5 or 10 µM. (b) Aerobic 
growth of L. monocytogenes strains in TSB or TSB supplemented 
with heme 24 hr post-inoculation with 5 × 107 CFU/ml. The 
∆spxA1 strain was engineered to over-express genes encoding 
catalase (pOE-kat) or the cytochrome bd operon (pOE-cydABCD), 
as indicated. In both panels, data are the mean and SEM of three 
independent experiments. p values were calculated using a 
heteroscedastic Student's t test. *p < .05 [Colour figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  4   Exogenous catalase rescued ∆spxA1 aerobic 
growth. (a) Aerobic growth kinetics of wt and ∆spxA1 in TSB 
or TSB supplemented with 1 mg/ml of catalase. (b) Aerobic 
growth 24 hr post-inoculation in TSB alone or supplemented 
with various concentrations of catalase, as measured by plating 
for CFU and incubating anaerobically. p values were calculated 
using a heteroscedastic Student's t test. n.s., not significant 
(p > .05); *p < .05; ***p < .001 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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peroxide is also generated over time as media is exposed to light 
(Li and Imlay, 2018). To determine if ∆spxA1 aerobic growth was 
inhibited by peroxide present in the media, we performed two im-
portant controls. First, TSB was degassed overnight in an anaero-
bic chamber prior to aerobic subculture of bacteria. Second, media 
was treated with catalase and then autoclaved to inactivate it. The 
media in both of these scenarios had the same low concentration of 
peroxide as the catalase-containing media at the start of the exper-
iment (Figure S3a), but did not contain active catalase during bac-
terial growth. Importantly, all media and culture flasks were kept in 
strict darkness to eliminate photochemical generation of hydrogen 
peroxide (Li and Imlay, 2018). The only medium which supported 
∆spxA1 aerobic growth contained active catalase throughout the 
experiment (Figure S3b), demonstrating that the toxic peroxide was 
generated by the bacteria.

To further explore the role of catalase in L. monocytogenes, a ∆kat 
mutant was constructed under anaerobic conditions and tested for 
growth in the presence of oxygen. To delete kat it was also neces-
sary to remove the neighboring gene lmo2784, a putative transcrip-
tional antiterminator, to prevent toxicity of the plasmid in Escherichia 
coli during cloning (see Experimental Procedures). All phenotypes 
were verified to be kat-dependent and independent of lmo2784 
(Figure S4a). The L. monocytogenes ∆kat strain grown anaerobically 

overnight and then subcultured into aerobic shaking flasks exhibited 
normal growth for the first 4 hr. However, after 4 hr, no additional 
growth was observed (Figure 5a). This defect was complemented by 
expressing kat from its native promoter at an ectopic site in the chro-
mosome (∆kat pPL2.kat). To determine if ∆kat was killed by oxygen or 
if growth was merely inhibited after 4 hr, we tracked growth over time 
by enumerating live bacteria plated anaerobically. This experiment re-
vealed that L. monocytogenes lacking kat replicated for approximately 
4 hr, but then died over time in aerobic culture (Figure 5b). Moreover, 
supplementing the media with exogenous catalase fully restored the 
aerobic growth of ∆kat (Figure S4b), confirming that death is due to 
lack of functional catalase. These results demonstrated that catalase 
is required for L. monocytogenes aerobic replication.

Our results showed L. monocytogenes ∆spxA1 aerobic replica-
tion requires exogenous catalase, likely for its ability to efficiently 
detoxify peroxide generated by the bacteria. We therefore hypoth-
esized that catalase produced by wt L. monocytogenes may detoxify 
the media and enable ∆spxA1 growth. To test this, bacteria were 
washed and then co-cultured in aerobic shaking flasks at a ratio 
of 1:1 or 10:1 (wt:∆spxA1) and differentially plated over time to 
enumerate CFU. The ∆spxA1 mutant grew aerobically in the pres-
ence of equal numbers of wt bacteria if wt was grown aerobically 
overnight before co-culture (Figure 5c, open circles). Co-culture 

F I G U R E  5   Catalase is required for aerobic growth, but not intracellular growth. (a) and (b) Aerobic growth kinetics of wt, ∆kat and the 
complemented strain, as measured by OD600 and by enumerating CFU after growth for 24 hr. (c) Co-culture of wt or ∆kat with ∆spxA1 at 
the indicated inoculum ratios. For clarity, only ∆spxA1 growth is shown. Wt was grown overnight aerobically or anaerobically, as indicated. 
(d) Intracellular growth kinetics in BMDMs of wt, ∆kat and the complemented strain. L. monocytogenes strains were grown overnight 
anaerobically at 37°C before infecting BMDMs with an MOI of 0.1. Bacteria were plated anaerobically and CFU were enumerated. In 
all panels, data are the means and SEM of three independent experiments. Student's t test. ** p < 0.01 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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with equal wt L. monocytogenes grown anaerobically overnight di-
minished ∆spxA1 death but did not enable growth of the mutant 
(Figure 5c, closed circles). Increasing the ratio of wt-to-mutant 
bacteria enhanced ∆spxA1 replication in both cases (Figure 5c, 
squares). Furthermore, the ∆kat mutant was unable to rescue 
∆spxA1 even when co-cultured at a 10:1 ratio (∆kat:∆spxA1), in-
dicating that ∆spxA1 replication required functional catalase 
made by the co-cultured strain for aerobic growth. These data 
demonstrated that ∆spxA1 can replicate aerobically if peroxide is 
detoxified by catalase, whether from purified enzyme added exog-
enously or bacteria in co-culture. Additionally, these results sup-
ported our finding that anaerobically grown L. monocytogenes does 
not produce measurable catalase activity (Figure S2) and indicate 
oxygen-dependent regulation of catalase that we are currently 
investigating.

Considering the importance of catalase to L. monocytogenes 
growth and that mammalian host cells attack invading pathogens 
with ROS during the respiratory burst, we postulated that catalase 
might also be important for intracellular growth. BMDMs were in-
fected with L. monocytogenes wt, ∆kat, and the complemented strain 
that were grown overnight anaerobically, and intracellular growth 
was measured by plating bacteria anaerobically to enumerate CFU. 
Surprisingly, the ∆kat mutant was able to replicate in BMDMs at the 
same rate as wt (Figure 5d), demonstrating that while kat is required 
for growth in vitro, it is completely dispensable for intracellular 
growth.

2.6 | The Spx GC-motif is required for hemEH 
expression and aerobic growth

Having observed the importance of heme and catalase for ∆spxA1 
aerobic growth, we sought to leverage the phenotypes of mutants 
in these pathways to assess direct SpxA1 activation. To this end, 
we anaerobically generated a ∆hemEH mutant, which formed small 
colonies on solid agar and did not replicate aerobically in broth in the 
absence of exogenous heme (Figure 6a). This was unsurprising, as S. 
aureus heme biosynthesis mutants are known to form small colonies 
on agar and exhibit a reduced growth rate when incubated in the 
presence of oxygen (Proctor et al., 2006). Aerobic growth of L. mono-
cytogenes ∆hemEH was rescued by addition of exogenous heme or 
by expressing hemEH from the native promoter at a neutral locus 
in the chromosome (Figure 6a, pPL2.hemEH). Although hemEH was 
required for aerobic growth, it was dispensable for BMDM infection 
(Figure 6b).

The B. subtilis Spx-RNAP complex recognizes a GC-motif at 
the −44/−43 positions relative to TSSs (Reyes and Zuber, 2008; 
Rochat et al., 2012), and many of the genes we identified as SpxA1-
activated contain similar motifs (Table 1 and Table S1). To test the 
role of the GC-motif in SpxA1 regulation in L. monocytogenes, pro-
moter regions were engineered with GC at the −44/−43 positions 
mutated to CA, the least represented nucleotides at those posi-
tions in B. subtilis Spx-activated promoters (Rochat et al., 2012). 
The GC-motifs were disrupted in the native promoters in pPL2 and 

F I G U R E  6   The GC-motif is required 
for SpxA1-activation of hemEH. (a) Aerobic 
growth kinetics in the absence (solid lines) 
or presence of 5 µM heme (dotted lines), 
as measured by enumerating CFU. (b) 
Intracellular growth kinetics in BMDMs, 
as in Fig. 5D. In panels a and b, data are 
the means and SEMs of three independent 
experiments. p values were calculated 
using a heteroscedastic Student's  
t test. *p < .05. (c) Image of suppressor 
mutants (red circle) on rich agar incubated 
aerobically. Large and small colonies 
were sequenced and a portion of the 
extended −35 box of each is shown with 
the putative GC-motif underlined [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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integrated into the chromosomes of the respective deletion strains. 
Mutation of the hemEH GC-motif to CA at positions -45/-44 abol-
ished aerobic growth (Figure 6a, pPL2.pCA-hemEH), suggesting that 
SpxA1-mediated activation of hemEH transcription was required for 
aerobic replication. Consistent with this, transcript of hemEH was 
reduced approximately 20-fold when the GC-motif was mutated to 
CA (Figure S5a). Similarly, lmo2743 expression required the GC-motif 
(Figure S5b). Surprisingly, we did not see an effect of disrupting the 
GC-motif in the kat promoter (data not shown), indicating that either 
SpxA1-mediated kat regulation is indirect or that kat regulation is 
more complex. Indeed, kat has two annotated TSS, only one of which 
has a GC-motif (Wurtzel et al., 2012), and is also transcriptionally 
regulated by PerR (Rea et al., 2005).

Strains lacking hemEH expression (both ∆hemEH and the GC-
motif mutant) formed small colonies on solid media in the presence 
of oxygen (Figure 6c, black circle), and were therefore, routinely 
cultured anaerobically to promote optimal growth. However, upon 
incubating the ∆hemEH GC-motif mutant in the presence of oxygen, 
large colonies spontaneously appeared after a few days at room 
temperature (Figure 6c, red circle). We hypothesized that these large 
colonies were suppressor mutants and sequenced the hemEH pro-
moters of four large colonies and four small colonies from the mixed 
regions. All four large colonies had undergone a double substitution 
that reverted the disrupted Spx-motif (CA) back to the wt sequence 
of GC at positions −45/−44 relative to the TSS and no other mu-
tations were observed in the promoter region (Figure 6c). The re-
maining small colonies retained the CA at these positions. These 
results validated that the GC-motif observed in Spx-activated genes 
in B. subtilis is conserved in L. monocytogenes. Moreover, SpxA1-
dependent activation of hemEH and lmo2743 required the GC-motif 
and the transcriptional activation of hemEH was required for aerobic 
growth of L. monocytogenes.

3  | DISCUSSION

Redox stress is a common danger that all bacteria must be prepared 
to defend against. In addition to exogenous redox stress encountered 
during infection from the immune response or in the environment 
from competing bacteria, endogenous oxidative stress is generated 
continuously in the presence of oxygen (Imlay, 2008; Reniere, 2018). 
To combat these stressors, bacteria basally express detoxifying en-
zymes and are poised to rapidly respond to an increase in oxidative 
stress via redox-sensing transcriptional regulators. Gram-positive 
bacteria employ Spx-family proteins to sense oxidative stress and 
regulate cognate genes necessary to detoxify ROS and survive. 
Herein, we identified L. monocytogenes genes regulated by SpxA1 
in vitro and during macrophage infection. This study demonstrated 
that SpxA1 is required to activate genes for production of heme and 
catalase to detoxify endogenous ROS generated in the presence of 
oxygen. These results highlight the pleiotropic nature of SpxA1, as 
the top genes activated by SpxA1 (kat and hemEH) were each in-
dividually required for aerobic growth in vitro. Conversely, kat and 

hemEH were not required during macrophage infection, suggesting 
an alternative role for SpxA1 in vivo.

Based on the similarities of Spx proteins and DNA recognition 
sequences, we propose a model of SpxA1-mediated transcriptional 
regulation in L. monocytogenes congruent with what has been de-
scribed for B. subtilis Spx (Zuber, 2009; Rojas Tapias and Helmann, 
2019). Spx was originally described as an “anti-α factor” that nega-
tively regulates gene expression by binding RNAP and disrupting ac-
tivator-stimulated transcription (Nakano, Nakano, et al., 2003). The 
mechanism by which Spx-family proteins activate gene expression 
is less well understood. Our data are consistent with the model that 
SpxA1 directs RNAP to promoters with a GC-motif near the −44/−43 
positions relative to the TSS (Lin et al., 2013). Furthermore, our re-
sults suggest the GC-motif is necessary for direct SpxA1-mediated 
activation in those promoters that contain it, but the minimal se-
quence sufficient for SpxA1 recognition is not yet known. Disrupting 
the GC-motif in the lmo2743 and hemEH promoters decreased ex-
pression of these genes to levels similar to that of the ∆spxA1 mu-
tant. Further, mutation of the hemEH promoter GC-motif abolished 
aerobic growth in broth and resulted in a small colony phenotype 
on solid media similar to the ∆hemEH mutant. These small colonies 
spontaneously reverted to the native sequence and normal colony 
phenotype, underscoring the strong selective pressure for SpxA1-
mediated hemEH expression during aerobic growth. In the hemEH 
promoter region, the GC-motif is shifted to the −45/−44 position rel-
ative to the TSS, rather than the canonical −44/−43 position (Rochat 
et al., 2012). Our data suggest that either the actual TSS is one nu-
cleotide upstream of the annotated TSS (Wurtzel et al., 2012), or that 
the L. monocytogenes SpxA1 recognition sequence is more flexible 
than that of B. subtilis Spx. Ongoing studies are aimed at disentan-
gling these possibilities.

While the mechanism of Spx function appears to be conserved, 
there are also several key differences between the regulons of B. 
subtilis Spx and L. monocytogenes SpxA1. For example, Spx re-
presses katA, encoding one of three catalases produced by B. subtilis 
(Nakano, Nakano, et al., 2003; Rochat et al., 2012). In contrast, our 
results show that L. monocytogenes SpxA1 activates expression of 
kat, the only catalase encoded in its genome. Additionally, we did not 
observe SpxA1-dependent changes in sodA expression, although it is 
one of the most induced genes of the B. subtilis Spx regulon (Nakano, 
Küster-Schöck, et al., 2003). Overall, our transcriptome and muta-
genesis analyses supported that L. monocytogenes SpxA1 plays a 
similar role to B. subtilis Spx in regulating a response to oxidative 
stress, although with some important differences.

Our data provide strong evidence that heme production is di-
rectly regulated by SpxA1. Heme is a tetrapyrrole ring complexed 
to a central iron atom, making it a versatile redox-active molecule 
used as a cofactor by many enzymes, including catalase, cyto-
chrome oxidase and heme peroxidase. Heme can be taken up from 
the environment or synthesized de novo via the Hem proteins 
(HemALBCDEYHQ) that have recently been renamed to reflect 
their enzymatic activity (Choby and Skaar, 2016; Dailey et al., 2017). 
Regulation of heme biosynthesis has been extensively studied in  
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S. aureus, and in that organism, the majority of genes encoding hemEH 
appear to be constitutively expressed. The exception is HemA/GtrA, 
the first committed enzyme in the biosynthetic pathway, which is 
post-transcriptionally regulated, acting as a switch to increase or de-
crease heme synthesis (Choby et al., 2018). Given that we observed 
changes in hemEH expression in the ∆spxA1 strain and that control 
of hemEH expression requires the GC-motif, we hypothesize that 
hemEH is the switch that is directly regulated by SpxA1 to control 
heme synthesis in response to redox stress in L. monocytogenes.

In addition to its stringent requirement for heme, bacteria also 
employ many survival strategies to detoxify ROS in their environ-
ments. We demonstrated that kat expression is dependent on SpxA1 
and is absolutely required for aerobic growth of L. monocytogenes. 
Aerobic growth of ∆spxA1 was rescued by addition of exogenous 
catalase or co-culture with wt L. monocytogenes. Together, these re-
sults suggested that ∆spxA1 is unable to replicate in the presence 
of oxygen due to hydrogen peroxide-mediated toxicity. Control 
experiments suggested the predominant source of peroxide is gen-
erated by the bacteria rather than exogenous peroxide present in 
the media. To our knowledge, this is the first demonstration that 
a facultative aerobic bacterium requires catalase for aerobic repli-
cation. Interestingly, our results also suggested that catalase is not 
produced when L. monocytogenes is grown anaerobically. We were 
unable to detect catalase activity from bacteria grown anaerobi-
cally even though transcript levels of kat were unaffected by oxy-
gen. Furthermore, wt L. monocytogenes grown anaerobically rescued 
∆spxA1 replication to a lesser extent than aerobically grown bacte-
ria in co-culture. Future work will investigate the oxygen-dependent 
regulation of catalase production.

Bacterial pathogens are exposed to 5–10 µM hydrogen peroxide 
in the host phagosome (Mishra and Imlay, 2012). Counterintuitively, 
catalase-deficient L. monocytogenes transposon mutants are fully 
virulent in both a chicken embryo model and an intravenous murine 
model of infection, and catalase-deficient strains have been isolated 
in the clinic (Leblond-Francillard et al., 1989; Cepeda et al., 2006; 
Azizoglu and Kathariou, 2010). Together with the results presented 
here, these data suggest that L. monocytogenes catalase is necessary 
to detoxify endogenous peroxide generated during aerobic growth 
but is dispensable in vivo. Similarly, hemEH was required for aerobic 
replication but expendable during intracellular growth. These results 
demonstrate that the ∆spxA1 growth phenotype in vitro can be ge-
netically uncoupled from the virulence defect observed in host cells, 
suggesting that SpxA1 may sense and respond to distinct stressors 
in each environment.

SpxA1 positively regulates kat and hemEH and both catalase and 
heme are required for aerobic growth. We initially hypothesized that 
heme was required solely as a cofactor for catalase and/or cyto-
chrome bd oxidase; however the data did not support this theory. 
Specifically, individually overexpressing kat or cydABCD in the pres-
ence of exogenous heme did not restore ∆spxA1 growth compared 
to adding heme alone. Conversely, overexpressing kat in the absence 
of exogenous heme rescued a small amount of ∆spxA1 death. These 

data indicated ∆spxA1 is capable of producing sufficient heme for 
some catalase to be functional when kat is overexpressed. The 
mechanism by which exogenous heme rescued ∆spxA1 aerobic 
growth remains to be determined. We speculate that exogenous 
heme is bound by a protein or proteins that relieve oxidative stress 
in ∆spxA1 and the identity of these proteins is under investigation.

Prior studies demonstrated that L. monocytogenes lacking cydAB 
uses fermentative metabolism and thus, displays only a modest re-
duction in aerobic growth (Corbett et al., 2017). While we therefore 
do not predict that the lack of cytochrome bd plays a significant role 
in the ∆spxA1 aerobic growth defect, it may be contributing to ROS 
production. Indeed, Enterococcus faecalis strains with non-functional 
cytochrome bd produce extracellular superoxide due to the non-
enzymatic reaction of quinones with oxygen (Huycke et al., 2001). 
Like E. faecalis, the primary quinone utilized by L. monocytogenes is 
menaquinone, which is more prone to autoxidation than ubiquinone 
(Korshunov and Imlay, 2006). Taken together, we propose a model in 
which L. monocytogenes ∆spxA1 produces less cytochrome bd than 
wt, generating ROS from the incomplete electron transport chain. 
While these ROS would be readily detoxified by wt bacteria, ∆spxA1 
is deficient in catalase production and is thus more sensitive to per-
oxide-mediated toxicity. Finally, the ∆spxA1 mutant is severely lim-
ited for heme production, which further contributes to decreased 
aerobic survival. In summary, our data show that the severe ∆spxA1 
aerobic growth defect is the result of increased ROS in the absence 
of catalase and heme.

4  | E XPERIMENTAL PROCEDURES

4.1 | Bacterial strains and culture conditions

L. monocytogenes mutants were derived from wt 10403S (Bécavin 
et al., 2014), cultured in brain heart infusion (BHI) or tryptic soy 
broth (TSB) at 37°C in the dark, with shaking, unless otherwise 
stated. All chemicals were purchased from Sigma Aldrich unless 
otherwise stated. Catalase from bovine liver (2,000–5,000 units/
mg) was dissolved in media and filtered. Boiled catalase (0.01 mg/
ml) did not rescue ∆spxA1 aerobic growth. Hemin (heme) stocks 
were made fresh for each experiment by dissolving hemin in 0.1 N 
NaOH. Controls containing NaOH only were also included and 
showed no effect on growth (data not shown). Antibiotics were 
used at the following concentrations: streptomycin, 200 µg/ml; 
chloramphenicol, 10 µg/ml (E. coli), 7.5 µg/ml (L. monocytogenes); 
tetracycline, 2 µg/ml; carbenicillin, 100 µg/ml; and erythromycin, 
1 µg/ml.

L. monocytogenes strains are listed in Table S3 and E. coli strains 
are listed in Table S4. Plasmids were introduced to E. coli via chem-
ical competence and heat-shock and introduced into L. monocyto-
genes wt via trans-conjugation from E. coli SM10 (Simon et al., 1983). 
Transducing lysates were then prepared and used to infect the 
∆spxA1 mutant, thereby generating the overexpressing strains.
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4.2 | Generalized Transductions

Transducing lysates were prepared by mixing donor strain with U153 
phage, as described previously (Reniere et al., 2016). After overnight 
incubation at 30°C in LB soft agar, phage were eluted from the agar, 
filter sterilized and mixed with recipient L. monocytogenes (∆spxA1) 
for 30 min at room temperature. Transductants were selected on 
antibiotic-containing agar at 37°C anaerobically.

4.3 | L. monocytogenes strain construction

In-frame deletions were carried out by allelic exchange using 
a conjugation-proficient version of the suicide vector pKSV7 
(Camilli et al., 1993). We were not able to generate a pKSV7 con-
struct to delete kat (catalase, lmo2785) which we hypothesize was 
due to toxicity of the neighboring gene in E. coli. Therefore, we 
simultaneously deleted both kat and the neighboring unannotated 
gene lmo2784. pKSV7.kat-2784 was constructed by amplifying a 
5ʹ homologous region and a 3ʹ homologous region, followed by 
synthesis by over-lapping extension (SOE) PCR to join the frag-
ments together. This cassette was restriction-digested and ligated 
into pKSV7-oriT (Camilli et al., 1993). A vector with the mutant 
∆kat-2784 allele was introduced into L. monocytogenes via trans-
conjugation, integrated into the chromosome, colony-purified on 
selective nutrient-agar, and subsequently cured of the plasmid by 
conventional methods (Reniere et al., 2016). Chromosomal muta-
tions were confirmed by PCR and Sanger DNA sequencing when 
necessary. The resulting ∆kat-2784 mutant was then comple-
mented with pPL2.kat, pPL2.lmo2784, or pPL2.kat-2784 to ensure 
that the observed phenotypes were due to loss of kat and not 
lmo2784. We did not observe a role for lmo2784 in aerobic growth 
or intracellular growth (Figure S4a). Therefore, in this manuscript 
we have referred to ∆kat-2784 pPL2.lmo2784 simply as “∆kat” 
and ∆kat-2784 pPL2.kat-2784 as the complemented strain, for 
simplicity.

Knock-in of genes into L. monocytogenes was carried out using 
pPL2 and pPL2t integration plasmids (Lauer et al., 2002; Whiteley 
et al., 2015). The HyPer promoter used to generate overexpres-
sion vectors is a modified Pspac(hy) with a G-to-T mutation at the 
−1 position relative to the TSS (Quisel et al., 2001; Reniere et al., 
2016). To generate complementation vectors, genome fragments 
containing native promoter regions (100–200 nucleotides up-
stream of the annotated TSS) and genes were ligated into pPL2 or 
pPL2t. Promoter GC-motifs were constructed by inverse PCR of 
complementation vectors. Integration was confirmed by antibiotic 
resistance.

4.4 | RNA isolation

Nucleic acids were purified from bacteria harvested from broth cul-
ture or from infected macrophages, as previously described (Reniere 

et al., 2015; Sigal et al., 2016). Briefly, bacteria were grown overnight 
anaerobically in BHI at 37°C and subcultured 1:20 into BHI. After 
4 hr of anaerobic growth at 37°C, bacteria were mixed 1:1 with ice-
cold methanol, pelleted and stored at −80°C. For infections, J774 
cells were plated at a density of 2 × 107 cells in 150 mm tissue culture 
(TC)-treated dishes and infected with an MOI of 20. After 30 min, 
the cells were washed twice with sterile PBS and media containing 
gentamicin was added. Eight hours post-infection, cells were washed 
with PBS and lysed by addition of ice-cold nuclease-free water. Cells 
were collected by scraping, vortexed quickly, and pelleted. The bac-
teria were harvested by filtering the supernatant and freezing the 
filter at −80°C. RNA was then purified from the frozen bacterial 
samples via phenol-chloroform extraction and DNase treatment ac-
cording to published methods (Sigal et al., 2016).

4.5 | Transcriptomics

Ribosomal RNA was removed from broth sample total RNA using 
the Ribo-Zero rRNA Removal kit (Bacteria kit), according to manu-
facturer's recommendations (Illumina, Inc., San Diego, CA, USA). 
The Ribo-Zero Gold rRNA Removal Kit (Epidemiology kit) was used 
to deplete both bacterial and mammalian rRNA from samples of in-
fected cells. Depleted samples were then analyzed by the Genomics 
& Bioinformatics Shared Resources at Fred Hutchinson Cancer 
Research Center. Ribosomal-depleted RNA integrity was confirmed 
using an Agilent 4200 TapeStation (Agilent Technologies, Inc., Santa 
Clara, CA) and quantified using a Trinean DropSense96 spectropho-
tometer (Caliper Life Sciences, Hopkinton, MA).

RNA-seq libraries were prepared from rRNA-depleted using 
the TruSeq RNA Sample Prep Kit v2, omitting the poly-A selection 
step, (Illumina, Inc.) and a Sciclone NGSx Workstation (PerkinElmer, 
Waltham, MA, USA). Library size distributions were validated using 
an Agilent 4200 TapeStation. Additional library QC, blending of 
pooled indexed libraries and cluster optimization were performed 
using Life Technologies' Invitrogen Qubit® 2.0 Fluorometer (Life 
Technologies-Invitrogen, Carlsbad, CA, USA). RNA-seq libraries were 
pooled (10-plex) and clustered onto a flow cell lane. Sequencing was 
performed using an Illumina HiSeq 2500 in rapid mode employing a 
paired-end, 50 base read length (PE50) sequencing strategy. Image 
analysis and base calling were performed using Illumina's Real Time 
Analysis v1.18 software, followed by “demultiplexing” of indexed 
reads and generation of FASTQ files, using Illumina's bcl2fastq 
Conversion Software v1.8.4.

Reads of low quality were filtered prior to alignment to the ref-
erence genome (L. monocytogenes 10403S) using TopHat v2.1.0 
(Trapnell et al., 2009). Counts were generated from TopHat align-
ments for each gene using the Python package HTSeq v0.6.1 
(Anders et al., 2015). Genes with low counts across all samples were 
removed, prior to identification of differentially expressed genes 
using the Bioconductor package edgeR v3.12.1 (Robinson et al., 
2010). A false discovery rate (FDR) method was employed to correct 
for multiple testing (Reiner et al., 2003), with differential expression 
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defined as |log2 (ratio) | ≥ 1 (± 2-fold) with the FDR set to 5%. Results 
were then evaluated using CLC Genomics Workbench (Qiagen) and 
transcripts that were changed >2-fold (p < .001) were included in our 
analysis. In addition, the data were technically validated by measur-
ing expression of 10 genes via quantitative RT-PCR (qPCR) as de-
scribed (Lobel and Herskovits, 2016), and an excellent correlation 
was confirmed (R2 > .92).

4.6 | Growth curves

For anaerobic growth, colonies were inoculated into broth and in-
cubated at 37°C in closed containers containing anaerobic gas-gen-
erating pouches (GasPak EZ; BD). In general, anaerobic overnight 
cultures were normalized to OD600 0.02 in 25 ml of rich broth in 
250 ml of flasks and grown aerobically with shaking (250 rpm) for 
24 hr. OD600 was measured every hour. For certain experiments, 
∆spxA1 bacterial cultures were plated 24 hr post-inoculation and in-
cubated anaerobically to enumerate CFU.

Co-culture experiments were performed by first growing bacte-
ria overnight at 37°C in shaking tubes or anaerobically, as indicated. 
Cultures were washed with sterile PBS and normalized by OD600 to 
the indicated strain ratios. At each time point, bacteria were serially 
diluted and plated on BHI agar grown aerobically to enumerate wt 
or ∆kat L. monocytogenes, or plated on BHI agar containing chlor-
amphenicol grown anaerobically to enumerate ∆spxA1, which con-
tained integrated pPL2 for selection.

4.7 | Intracellular growth curves

BMDMs were plated in 24-well TC treated dishes at 6 × 105 cells per 
well. Generally, overnight cultures were incubated at 30°C anaerobi-
cally and static. After being washed three times and resuspended in 
PBS, bacterial suspensions were diluted 1:5000 into warmed BMDM 
media (Reniere et al., 2016). After the BMDMs were washed once 
with PBS, 1 ml of the bacterial suspension was added to each well. 
Thirty minutes post-infection, cells were washed twice with PBS and 
1 ml of BMDM media containing gentamicin (50 μg/ml) was added to 
each well. Time points were taken at 0.5, 2, 5 and 8 hr post-infection. 
To measure bacterial growth, cells were lysed by addition of 250 µl 
of cold 0.1% NP40 and incubated for 5 min at room temperature, 
followed by serial dilutions and plating anaerobically. Experiments 
were performed with technical duplicates and experiments were re-
peated 3 times.

4.8 | Plaque assays

Tissue culture-treated 6-well dishes were seeded with 1.2 × 106 L2 
murine fibroblasts per well. L. monocytogenes ∆spxA1 strains were 
incubated anaerobically overnight at 30°C, stationary. Overnight 
cultures were diluted 1:10 in sterile PBS, and 10 µl was used to 

infect each well. One hour post-infection, cells were washed twice 
with PBS, followed by addition of 3 ml of molten agarose-Dulbecco 
modified Eagle Medium (DMEM) solution. This solution consisted of 
gentamicin at 10 µg/ml and a 1:1 mixture of 2X DMEM (Gibco) and 
1.4% SuperPure agarose LE (U.S. Biotech Sources, LLC). Three days 
post-infection, 2 ml of molten agarose-DMEM solution containing 
neutral red was added to each well to visualize plaques. After 24 hr, 
the plaques were scanned and the area measured using ImageJ soft-
ware (Schneider et al., 2012).
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