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ABSTRACT The mechanisms by which bacteria sense the host environment and alter
gene expression are poorly understood. LiaFSR is a gene regulatory system unique to
Gram-positive bacteria, including group A Streptococcus (GAS), and responds to cell en-
velope stress. We previously showed that LiaF acts as an inhibitor to LiaFSR activation
in GAS. To better understand gene regulation associated with LiaFSR activation, we per-
formed RNA sequencing on isogenic deletion mutants fixed in a LiaFSR “always on”
(DliaF) or “always off” (DliaR) state. Transcriptome analyses of DliaF and DliaR in GAS
showed near perfect inverse correlation, including the gene encoding the global
transcriptional regulator SpxA2. In addition, mutant transcriptomes included genes
encoding multiple virulence factors and showed substantial overlap with the CovRS
regulon. Chromatin immunoprecipitation quantitative PCR demonstrated direct spxA2
gene regulation following activation of the response regulator, LiaR. High SpxA2 levels
as a result of LiaFSR activation were directly correlated with increased CovR-regulated
virulence gene transcription. Furthermore, consistent with known virulence gene repres-
sion by phosphorylated CovR, elevated SpxA2 levels were inversely correlated with
CovR phosphorylation. Despite increased transcription of several virulence factors, DliaF
(high SpxA2) exhibited a paradoxical virulence phenotype in both in vivo mouse and ex
vivo human blood models of disease. Likewise, despite decreased virulence factor tran-
scription with DliaR (low SpxA2), increased virulence was observed in an in vivo mouse
model of disease—a phenotype attributable, in part, to known SpxA2-associated speB
transcription. Our findings provide evidence of a critical role of LiaFSR in sensing the
host environment and suggest a potential mechanism for gene regulatory system cross
talk shared by many Gram-positive pathogens.
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S treptococcus pyogenes (group A Streptococcus [GAS]) is responsible for .700 million
infections worldwide annually (1). Capable of a remarkable breadth of disease

phenotypes, GAS is the cause of relatively benign pharyngitis (“strep throat”) and severe
life-threatening diseases such as necrotizing fasciitis (“flesh-eating disease”) and toxic
shock syndrome. Until recently, the epidemiology of GAS disease had remained relatively
stable over the past 20 years, with the incidence of severe invasive disease ranging
between 3 and 5 cases per 100,000 persons (2, 3). However, beginning in 2017, national
surveillance performed by the Centers for Disease Control and Prevention (CDC) showed
a marked increase in invasive disease, which is currently .7 cases per 100,000 persons
(4), underscoring our need to better understand the biology of this important human
pathogen.
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The ability of GAS to elaborate such a broad array of disease phenotypes is depend-
ent upon precise gene regulation in response to host stimuli. To accomplish this goal,
the GAS genome harbors 13 two-component systems (TCSs) and several stand-alone
regulators (5). TCSs generally consist of a membrane-bound sensor histidine kinase
(HK) that, in response to a stimulus, activates via phosphotransfer a cognate response
regulator (RR) (6). The most studied of the GAS TCS is the control of virulence, CovRS
(7, 8). The GAS CovRS regulates approximately 10% of the GAS genome in response to
host Mg21 or the antimicrobial peptide LL-37 and includes virulence genes encoding
capsule biosynthesis (hasABC), interleukin 8 (IL-8) protease (prtS, spyCEP), IgG protease
(mac-1, ideS), streptokinase (ska), and NADase/streptolysin O (nga/slo) among others
(9, 10). However, in contrast to typical HK/RR pairs, phosphorylated CovR acts primarily
to repress virulence gene regulation. Thus, in the absence of CovS, CovR exists in a de-
phosphorylated state allowing increased expression (i.e., derepression) of target genes.
Not surprisingly, invasive GAS strains are known to have a high frequency of inactivat-
ing mutations in covS, and such mutations have been shown to develop in vivo during
human infection (11–13).

The LiaFSR three-component system (3CS) is well-known in Gram-positive bacteria
to contribute to antimicrobial resistance (14, 15), but global gene regulation through
LiaFSR is poorly defined in GAS. The Lia (lipid II interacting antibiotic) system responds
to cell envelope stress induced by antibiotics or host molecules that target the cell en-
velope (e.g., LL-37) and is unique to Firmicutes (16). In addition to an HK (LiaS) and an
RR (LiaR), LiaF is a membrane-bound protein that coordinates with LiaS through an as-
yet-unknown mechanism to enhance (Staphylococcus aureus) (17) or inhibit (Bacillus
subtilis, GAS) (18, 19) LiaS and, subsequently, LiaR activation. We recently described an
intimate relationship between the membrane-bound proteins LiaS and LiaF with the
GAS functional membrane microdomain (FMM), also known as ExPortal (19). In addi-
tion to colocalizing to the GAS ExPortal, our study showed that perturbation of
ExPortal integrity through the action of cell envelope-active antimicrobials or the
human antimicrobial peptide (AMP) human neutrophil peptide-1 (hNP-1) led to LiaF/
LiaS dissociation and activation of the LiaFSR system. Moreover, in the absence of LiaF,
the LiaR response regulator was constitutively phosphorylated, indicating that LiaF is
an inhibitor of activation (19). However, the global gene regulatory changes resulting
from LiaFSR activation are unknown.

Spx (suppressor of ClpP and ClpX) proteins are highly conserved transcriptional reg-
ulators that act by binding RNA polymerase and, similarly to LiaFSR, are unique to
Firmicutes (20). Spx was first identified in Bacillus as a protein that bound specifically to
the alpha subunit of RNA polymerase and acted as an antiactivator (21). More recently,
data suggest that the GAS SpxA2 affects the ability of the stand-alone regulator RopB
to bind to its target promoter, leading to decreased SpeB (cysteine protease) produc-
tion (22). Interestingly, our early transcriptome studies identified spxA2 as the most
highly differentially expressed gene in a carrier mutant (single amino acid change in
LiaS) (23), and data suggest direct LiaR regulation in Streptococcus mutans (24) and
Streptococcus agalactiae (group B Streptococcus [GBS]) (25). Thus, one may postulate
that global gene regulation through LiaFSR is made more complex through the actions
of SpxA2. Here, we extend our previous studies to define the regulon of LiaFSR in GAS.
In so doing, we have uncovered a complex regulatory network that extends beyond
LiaFSR and potentially links multiple regulatory systems in GAS.

RESULTS
Constitutive LiaFSR activation or repression reveals altered CovR-regulated

gene transcription. Our previous studies confirmed that the accessory protein LiaF
acts to inhibit the activity of LiaFSR (19). Specifically, we showed that in the absence of
LiaF, LiaR was highly phosphorylated, indicating high-level LiaS activity. Thus, in order
to begin to define the LiaFSR regulon, we used RNA sequencing (RNA-seq) to compare
transcriptomes between the parental serotype M3 strain MGAS10870 and isogenic mu-
tant strains lacking LiaR (DliaR, LiaFSR inactive) or LiaF (DliaF, LiaFSR active) during
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growth in a standard laboratory medium. Prior to initiating RNA-seq studies, we dem-
onstrated a lack of growth differences between parental and isogenic mutant strains
(Fig. 1A). While subtle differences in growth were observed, we did not identify signifi-
cantly different CFU at the time cells were harvested for RNA-seq (optical density at
600 nm [OD600] of ;0.5). In addition, alteration of LiaFSR activity has previously been
shown to affect antimicrobial susceptibility in Enterococcus (14, 15). However, we
observed no significant changes in susceptibility patterns in isogenic mutants

FIG 1 Transcriptomes of DliaF and DliaR mutants reveal LiaFSR influence on virulence gene regulation in GAS. (A) Growth
phenotypes of parental (WT, red) and isogenic mutant (DliaF, orange; DliaR, green) strains following growth in vitro in nutrient-
rich medium. Growth was performed in biological triplicates and measured by absorbance (OD600, left y axis, solid lines) and CFU
(CFU/ml, right y axis, dashed lines). (B) Principal-component analysis (PCA) of parental and isogenic mutant strain transcriptomes
(mid-exponential growth in nutrient-rich medium). Biological replicates (colored dots) are indicated for each strain. (C) Correlation
plot of 88 significantly (P , 0.05, Bonferroni correction) differentially expressed genes ($1.5-fold, relative to the parental strain)
shared between the DliaF (x axis) and DliaR (y axis) transcriptomes. Log2 values are plotted, and genes listed in Table 1 are
colored (blue or red) and labeled. Red and blue labels indicate genes involved in adherence (blue) or virulence (red). (D)
Quantitative real-time PCR comparing speB transcription in the DliaR and the DliaR DropB mutants (relative to the parental strain).
Assays were performed in triplicates. P value was determined using the Student’s t test.
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compared to that in the parental strain, including cell wall/envelope active agents (see
Table S1 in the supplemental material). Principal-component analysis (PCA) of parental
and isogenic mutant strains indicated tight clustering between biological replicates
and mutant transcriptomes distinct from those of the parental strain and each other
(Fig. 1B). Analysis of differential gene expression (DGE) relative to the parental strain
($1.5-fold change, P , 0.05 adjusted for multiple comparisons, core genome only,
excluding phage and other mobile elements) showed substantial overlap of the mu-
tant strain transcriptomes (see Table S2). Examination of the DliaF transcriptome
showed the largest influence on the GAS genome affecting 207 genes compared to
148 differentially expressed genes in the DliaR mutant (Table S2). The two isogenic de-
letion mutants, DliaR and DliaF, shared 84 differentially expressed genes (Table S2).
Consistent with LiaF acting as an inhibitor of the LiaFSR system, we observed near per-
fect inverse correlation between those genes shared by DliaF (LiaFSR active, high LiaR
phosphorylation) and DliaR (LiaFSR inactive, absence of LiaR) transcriptomes (Fig. 1C).
For example, in the absence of LiaR, spxA2 transcription (predicted to be regulated by
LiaR) was reduced .12-fold (LiaFSR inactive) but was increased nearly 5-fold in the ab-
sence of LiaF (LiaFSR active) (Fig. 1C; Table 1).

Significant DGE in both the DliaR and DliaFmutants relative to expression in the pa-
rental strain included several genes known to encode key virulence factors (Table 1).
For example, the entire pilus operon (SpyM3_0098 to SpyM3_0102), previously shown
to be affected in the carrier LiaS mutant (23), was significantly downregulated in the
DliaF mutant but significantly upregulated in the DliaR mutant (Table 1). Perhaps most
surprisingly, when we examined the most highly differentially expressed genes within
the mutant transcriptomes, we identified several genes known to be regulated by the
CovRS TCS (Table 1; Table S2). Genes encoding capsule biosynthesis (hasABC), IL-8 pro-
tease (prtS, spyCEP), IgG protease (mac-1, ideS), and streptokinase (ska) were all signifi-
cantly decreased in the DliaR mutant and significantly increased in the DliaF mutant
transcriptomes relative to expression in the parental strain (Fig. 1C, red dots; Table 1).

TABLE 1 Select differentially expressed genes in DliaF and DliaR isogenic mutants relative to
that in the parental strain, MGAS10870

Locusa Geneb Predicted product

Fold changec

DliaF DliaR
speC Streptococcal pyrogenic exotoxin, C 23.35 2.08

SpyM3_0098 ap-1 Pilus, accessory protein-1 22.03 4.40
SpyM3_0099 srtA1 Pilus, sortase A1 21.87 4.06
SpyM3_0100 tee3 Pilus, backbone protein (tee) 21.93 4.07
SpyM3_0101 srtA2 Pilus, sortase A2 21.89 3.26
SpyM3_0102 ap-2 Pilus, accessory protein-2 21.62 3.05
SpyM3_0103 msmR Multiple sugar metabolism regulator 21.78
SpyM3_0298 prtS IL-8 protease (PrtS/SpyCEP) 3.09 217.98
SpyM3_0583 mac-1 IgG protease (Mac-1/IdeS) 2.97 210.50
SpyM3_1032 grab Protein G-related a2-macroglobulin-binding protein 21.87 2.07
SpyM3_1301 speA3 Streptococcal pyrogenic exotoxin, A3 2.70 23.96
SpyM3_1409 sdn Streptodornase (Sdn) 23.64
SpyM3_1698 ska Streptokinase A precursor 2.13 27.54
SpyM3_1728 mga M protein trans-acting positive regulator 1.62 22.16
SpyM3_1742 speB Secreted cysteine protease 432.03
SpyM3_1744 ropB Regulator of proteinase B 21.76 2.38
SpyM3_1799 spxA2 Transcriptional regulator Spx 4.89 212.07
SpyM3_1851 hasA Hyaluronan synthase (capsule) 1.73 215.54
SpyM3_1852 hasB UDP-glucose 6-dehydrogenase (capsule) 1.68 215.81
SpyM3_1853 hasC UDP-glucose pyrophosphorylase (capsule) 1.68 214.10
aLocus tag designation in the reference genome MGAS315.
bGene names in bold font indicate predicted or known regulation by CovRS.
cValues for DliaF and DliaR are fold-change relative to the parental strain, MGAS10870. Only fold-change values
with a P value,0.05 (Bonferroni corrected for multiple comparisons) are shown in the table.
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In addition, we observed significantly increased transcription of genes involved in ad-
herence (e.g., grab [protein G-related alpha-2-macroglobulin-binding protein] and pilus
operon) in the DliaR mutants, while such genes were significantly decreased in the
DliaFmutant (Fig. 1C, blue dots; Table 1).

The most highly differentially expressed gene in the DliaR mutant relative to expres-
sion in the parental strain was the gene encoding a cysteine protease, speB (1432-fold)
(Table 1). However, transcript levels for ropB, encoding the major regulator for speB,
were only modestly increased (Table 1), suggesting another mechanism contributing to
the markedly increased speB transcription. Port et al. showed that speB transcription, in
addition to being regulated by the stand-alone regulator RopB, was influenced by levels
of SpxA2 (22). SpxA2 binds the alpha subunit of RNA polymerase to influence gene tran-
scription (20). In the absence of SpxA2, GAS cells produced excessive amounts of SpeB,
and it was proposed that SpxA2 may interfere with RopB binding to the speB promoter
when SpxA2 is in high abundance (22). The effect was not seen in the absence of RopB,
the major regulator for speB transcription, indicating that SpxA2 does not independently
influence speB transcription (22). To assess the same possibility in the DliaR mutant, we
generated a ropB deletion mutant in the DliaR background (DliaR DropB) and compared
speB transcript levels in mutant and parental strains. We observed significantly reduced
speB transcription in the strain lacking ropB compared to that in the parental strain
(Fig. 1D), indicating RopB is essential for the changes in speB transcription observed fol-
lowing LiaR inactivation.

LiaR directly regulates spxA2 gene transcription in GAS. Previous studies in
Streptococcus mutans showed direct transcriptional regulation of the spxA2 homolog
(spxA) by LiaR (24). In addition, in a transcriptome analysis in GBS strain A909 lacking
liaR, the spxA2 homolog was the most significantly differentially expressed gene, show-
ing .26-fold reduced transcript level compared to that in the parental strain (25). An
alignment comparing the GAS spxA2, S. mutans spxB-spxA1, and GBS spxA promoters
indicates a relatively high level of conservation, including the predicted S. mutans LiaR
binding motif (LiaR motif A) (Fig. 2A). However, relative to that in S. mutans, the pro-
moters in GAS and GBS were extended and included additional upstream predicted
210 and 235 motifs (Fig. 2A). Furthermore, using the MEME suite for motif identifica-
tion (26), a second putative LiaR binding site was identified in the GAS extended pro-
moter sequence but was absent in both GBS and S. mutans sequences (Fig. 2A, LiaR
Motif B). Given the high degree of promoter homology at the known S. mutans LiaR
binding site of the spxA2 promoter, we hypothesized the LiaR directly regulates spxA2
gene expression in GAS.

To demonstrate direct LiaR regulation of spxA2 gene transcription in GAS, we used
quantitative real-time PCR (qPCR) following chromatin immunoprecipitation (ChIP) to
compare target DNA (spxA2 promoter) enrichment between the wild type (MGAS10870)
and the DliaR isogenic mutant strain. Consistent with increased LiaR phosphorylation fol-
lowing LiaFSR activation by bacitracin (BAC) (19), we observed significant enrichment of
spxA2 promoter motifs A and B following ChIP using LiaR-specific antibody only after
activation with BAC (Fig. 2B). No enrichment was observed in the DliaR mutant or with
the control target tufA, demonstrating specificity for DNA bound by LiaR (Fig. 2B). In
addition to ChIP qPCR, we generated a mutant lacking spxA2 in the DliaR background
(DliaR DspxA2). Relative to the DliaR isogenic mutant, we did not observe significant dif-
ferences in CovR-regulated virulence gene transcription in the double knockout (Fig. 2C).
Together, these data indicate that LiaR is the major regulator of SpxA2 in GAS.

Transcriptional changes in CovRS-regulated genes correlate with changes in
spxA2 gene transcription and CovR phosphorylation. Given that spxA2 is a major
gene regulatory target following LiaFSR activation and that it was predicted that SpxA2
interferes with RopB activity (22), we next hypothesized that the observed changes in
spxA2 transcript level may not only influence speB but are associated with changes in
CovRS-regulated gene transcription (Fig. 1C, red dots). Specifically, we hypothesized that
if we altered SpxA2 levels in the wild type or the DliaF mutant, we would observe corre-
sponding changes in CovRS-regulated virulence gene transcription. In the absence of
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oxidative stress, SpxA2 is rapidly degraded by the ClpXP protease (20). We reasoned that
deletion of clpX would serve to preserve SpxA2 and, if SpxA2 positively influences
CovRS-regulated gene transcription, increase CovRS-regulated gene transcript levels in
the wild-type background. In contrast, deletion of spxA2 in the DliaF mutant (DliaF
DspxA2) would essentially reverse gene transcription to levels observed in the DliaR mu-
tant (Fig. 1C; Table S2). Given the known increased susceptibility to oxidative stress in
the absence of SpxA2 (20, 22), we first assessed isogenic mutants following exposure to
diamide (tetramethylazodicarboxamide), a compound that induces oxidative stress
through S-thiolation (27). Following exposure to diamide, strains predicted to have low
SpxA2 levels (DliaR, DspxA2, and DliaF DspxA2mutants) showed decreased survival com-
pared to strains predicted to have high SpxA2 levels (DliaF and DclpX mutants) (Fig. S1).
Importantly, these data are in support of a direct correlation between SpxA2 protein lev-
els and spxA2 transcription seen in the DliaR and DliaFmutants.

We next compared transcript levels of CovR-regulated genes (hasA, mac-1, and ska)
(Table 1, bold font) predicted to be upregulated when SpxA2 levels are increased. In
addition, we assayed genes encoding adhesins (grab and tee3) predicted to be upregu-
lated when SpxA2 levels are decreased. As predicted by our hypothesis, under high
SpxA2 conditions (DliaF and DclpX) we observed decreased grab and tee3 but
increased mac-1 and ska gene transcript levels relative to those in the parental strain,
while transcript levels for hasA were more variable (Fig. 3A, red and orange bars). In
contrast, the transcription level patterns were completely reversed in the mutants

FIG 2 LiaR directly regulates spxA2 gene expression in GAS. (A) Promoter alignment of spxA2 homologs in GAS (strain MGAS10870), S. mutans ([SMU] strain
UA159), and GBS (strain A909). Relative identity is provided above the sequence alignment (green indicates identical). Putative 210 and 235 boxes are
underlined. Putative LiaR binding motifs are indicated by red shaded boxes. The 39 terminal coding sequence for the upstream gene and 59 coding
sequence for spxA2 are indicated by yellow boxes. (B) Chromatin immunoprecipitation (ChIP) quantitative real-time PCR (qPCR) derived from parental (WT)
or DliaR isogenic mutant strains grown as described in Materials and Methods with or without bacitracin (induced). Primer/probe sequences used in qPCR
are provided in Table S4 in the supplemental material. Fold-enrichment relative to the WT (uninduced) is shown on the y axis and the target is indicated
on the x axis. *, P , 0.05 (Student’s t test) on assays performed in biological triplicates; comparisons lacking significance are indicated (not significant [NS]).
(C) Quantitative real-time PCR comparing target gene transcription of the DliaR DspxA2 mutant relative to that in the DliaR mutant. Shown are transcript
levels derived from biological triplicate samples grown in vitro to mid-exponential phase as described in Materials and Methods. *, P , 0.05 (Student’s t
test).
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lacking spxA2 compared to those in mutants with high SpxA2 levels (Fig. 3A, light and
dark blue bars). Consistent with the previous report showing an inverse association
between SpxA2 level and speB expression (22), speB transcript levels were significantly
upregulated in the absence of SpxA2 (Fig. 3B). Thus, these data indicate a direct associ-
ation between SpxA2 and virulence gene expression and suggest potential SpxA2
interaction with multiple transcriptional regulators (e.g., RopB and CovR).

In contrast to most bacterial TCSs, the activation of CovS and increased CovR phos-
phorylation (CovR;P) results in repression (rather than activation) of target gene tran-
scription (7). Next, we sought to determine whether there was an association between
SpxA2 and CovR;P levels. Specifically, we hypothesized that CovR;P was also affected
in the isogenic mutants (DliaF and DliaR mutants) and was inversely related to levels of
SpxA2 (high SpxA2, low CovR;P, and derepression of virulence gene transcription). To
test this possibility, we assayed CovR;P levels from parental and isogenic mutant GAS

FIG 3 Virulence gene regulation in GAS correlates with SpxA2 levels. (A) Quantitative real-time PCR (qRT-PCR)
of selected targets in isogenic mutants with high (DliaF, DclpX) or low (DspxA2, DliaF DspxA2) SpxA2 levels.
Strains were grown in nutrient-rich medium identical to conditions used for RNA-seq studies (mid-exponential
growth) and in biological quadruplicates. *, P , 0.05 (Student’s t test). (B) qRT-PCR to assay speB transcript
levels in isogenic mutant strains as in panel A. (C) Phos-Tag protein gel electrophoresis to assay CovR
phosphorylation (CovR;P) in isogenic mutant strains with high or low SpxA2 levels. Levels of phosphorylation
for each mutant are indicated (relative to the wild-type [WT] strain), with red text indicating decreased CovR;P
relative to that in the WT.
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cells in vivo using Phos-Tag. We discovered that isogenic mutant strains with significantly
reduced (DliaR) or absent (DspxA2 strains) spxA2 transcription exhibited increased in vivo
CovR;P (virulence gene repression) (Fig. 3C). In contrast, strains with significantly
increased (DliaF or DclpX strains) SpxA2 levels displayed decreased in vivo CovR;P (viru-
lence gene derepression) (Fig. 3D). In summary, our data indicate that activation of
LiaFSR results in increased SpxA2 that in turn alters CovR;P and virulence gene
transcription.

Paradoxical virulence in vivo and ex vivo phenotypes of isogenic mutants suggest
critical roles of SpxA2 and ExPortal in GAS-host interaction. Given the observed over-
lap with the LiaFSR transcriptome and CovR-regulated gene expression, we hypothe-
sized that constitutive activation of LiaFSR (DliaF) would result in increased virulence
compared to that with constitutive repression of LiaFSR (DliaR) owing to differences in
virulence gene transcript levels (Fig. 1C; Table S2). To begin testing our hypothesis, we
compared DliaF and DliaR isogenic mutants in a mouse model of necrotizing fasciitis
(28). Paradoxical to the predicted phenotype based on the transcriptome profile (Fig.
1C; Table S2), mice infected with the DliaF mutant exhibited significantly increased sur-
vival and decreased CFU recovery compared to the parental strain (Fig. 4A and B).
Furthermore, and also contradictory to the predicted phenotype based on the in vitro
transcriptome (Fig. 1C; Table S2), the DliaR mutant showed nearly identical virulence to

FIG 4 Isogenic mutants of liaF and liaR exhibit paradoxical virulence phenotypes compared to their respective transcriptomes. (A) Kaplan-Meier survival of
mice (n = 15 per strain) infected with the WT, DliaF, DliaR, or double mutant DliaR DropB strain. P values were determined by log rank. (B) Bacterial burden
of same GAS strains as in panel A at 48 h postinfection. P values were determined by Mann-Whitney U test. (C) Ex vivo human bactericidal assays of WT
(red), DliaR (green), or DliaF strain (2 independent donors performed in quadruplicates). P value was determined by Mann-Whitney U test. Quantitative real-
time PCR of selected transcript targets in the wild-type strain MGAS10870 (D) or isogenic deletion strains (E) following exposure to hNP-1 in vitro as
described in Materials and Methods. Log2 fold change (y axis) for MGAS10870 (D) relative to the untreated control and for isogenic mutant strains treated
with hNP-1 relative to the WT plus hNP-1 (E). P values were determined by Student’s t test.
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that of the parental strain in survival and CFU recovery from muscle tissues (Fig. 4A
and B).

Transcriptome data show significantly increased speB transcription attributable to
the reduced SpxA2 levels in the DliaR isogenic mutant strain (Fig. 1D). Previous studies
have shown the importance of SpeB in GAS virulence, including regulation by RopB
(29). We hypothesized that the lack of reduced virulence in the DliaRmutant compared
to that in the parental strain in the in vivo mouse model may be attributable to excess
SpeB. To test this hypothesis, mice were infected intramuscularly with the DliaR DropB
mutant and monitored for survival and CFU determination. We observed significantly
increased survival in mice infected with the DliaR DropB mutant compared to those
infected with the parental (DliaR) or wild-type (MGAS10870) strains (Fig. 4A). Similarly,
bacterial burden in infected tissue at 48 h was reduced for the mutant lacking ropB
compared to either the DliaR or wild-type strain (Fig. 4B). Thus, in the absence of
increased speB expression, the DliaR mutant shows significantly reduced virulence in a
mouse model of invasive GAS disease.

Our previous studies showed a codependence between LiaF and the GAS ExPortal
(19). ExPortal disruption resulted in LiaF dissociation, activation of LiaS, and LiaR phos-
phorylation. However, in the absence of LiaF (DliaF), the ExPortal integrity was compro-
mised, indicating that a DliaF mutant may have reduced fitness in vivo (19).
Furthermore, LiaFSR and the GAS ExPortal respond specifically to the human AMP
hNP-1, an alpha-defensin (19, 30). In mice, alpha-defensins are only expressed in the
Paneth cells of the intestines and not in neutrophils (31). Thus, we hypothesized that
loss of the GAS ExPortal in the DliaF mutant results in decreased fitness, secondary to
loss of the ability to respond to human AMPs, that cannot be overcome by ex vivo or in
vitro stimulation. We first performed bactericidal assays of parental and isogenic mu-
tant strains using human blood ex vivo (2 independent adult donors). In contrast to the
in vivo mouse model, we observed significantly reduced ability of the DliaR mutant to
survive in human blood despite the overproduction of SpeB (Fig. 4C). However, as
seen in the mouse model, following exposure to human blood ex vivo, the DliaF mu-
tant showed significantly reduced survival (Fig. 4C), suggesting a significant fitness
cost to ExPortal disruption. It is estimated that 106 neutrophils (approximately 1 ml of
blood) contain .5 mg of hNP-1 (32). Given the critical importance of LiaFSR and the
ExPortal in sensing hNP-1, we next hypothesized that in vitro exposure to hNP-1 would
reveal virulence gene dysregulation secondary to LiaFSR or ExPortal dysfunction in the
DliaR or DliaF mutant, respectively. We assayed target gene transcription in parental
and isogenic mutant strains following treatment with identical concentrations of hNP-
1 previously shown to disrupt the ExPortal and activate LiaFSR (19). Following stimula-
tion with hNP-1, the parental strain showed significant increases in spxA2, hasA, and
mac-1 transcripts (Fig. 4D). In contrast, compared to the wild type (WT) treated with
hNP-1, the DliaR strain showed significant dysregulation of gene transcription and
reduction of gene transcription (Fig. 4E). Following stimulation with hNP-1, the DliaF
mutant showed transcript levels of spxA2, hasA, and mac-1 similar to those in the WT
stimulated with hNP-1 (Fig. 4E), suggesting a mechanism independent of LiaFSR (e.g.,
loss of ExPortal integrity) contributing to decreased virulence. Together, these data
suggest that the LiaFSR regulatory system and the ExPortal are essential for proper vir-
ulence gene expression in response to exogenous host stresses.

DISCUSSION

We originally described a single amino acid replacement in the HK, LiaS, of the
LiaFSR system in GAS that contributed to asymptomatic carriage and persistence fol-
lowing acute symptomatic pharyngitis in a human subject (33). The mechanism by
which the carrier mutation altered virulence was through a trade-off between
decreased ability to cause disease and increased ability to adhere to mucosal surfaces
(23). Most recently, we expanded our studies to show that the inhibitory protein, LiaF,
and LiaS reside within the GAS ExPortal and that human AMP-mediated disruption
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leads to ExPortal disruption and dissociation of LiaF/LiaS to activate the LiaFSR system
(19). The present study adds greater clarity to the downstream effects following LiaFSR
activation. Our data support the concept that activation of LiaFSR and subsequent LiaR
phosphorylation lead directly to increased spxA2 transcription that further serves to
expand gene regulation to include multiple regulatory networks. Furthermore, the
observed paradoxical virulence phenotypes may be indicative of complex gene reg-
ulatory system interaction that results from both ExPortal disruption and LiaFSR
activation.

Activation of the LiaFSR system directly influences transcription of spxA2 in GAS,
and disruption of LiaFSR activation negatively affects virulence. Two Spx homologs
exist in pathogenic streptococci, including GAS, GBS, and S. mutans. In S. mutans, both
SpxA1 and SpxA2 are required for caries formation in a rat model (34). Furthermore,
LiaR was shown to bind the spxA1 (GAS SpxA2 homolog) promoter in S. mutans (24),
leading to increased SpxA1 and facilitating the response to cell envelope stress (35).
Evidence for LiaR regulation of SpxA in GBS comes from a transcriptome analysis of a
LiaR deletion mutant showing that in the absence of LiaR, SpxA (SAK_2031 in strain
A909), transcription is decreased .26-fold (25). The conserved nature of SpxA1/2 in
streptococci suggests a common mechanism by which this group of organisms
responds to cell envelope stress. Likewise, by binding directly to RNA polymerase, Spx
proteins may have a very broad effect on gene transcription, contributing to the cell
regulatory tone and providing a unique system of regulatory network cross talk. Our
data indicate a direct correlation between SpxA2 levels and virulence gene transcrip-
tion that may be secondary to interference with CovR-mediated virulence gene repres-
sion—similar to the rationale provided for interference with RopB-regulated speB tran-
scription in GAS (22). That is, high levels of SpxA2 (via increased transcription or
resistance to degradation in oxidative stress) and binding to RNA polymerase appear
to alter gene expression through RopB, CovR, and very likely other transcription factors
(Fig. 5).

FIG 5 Model of SpxA2-mediated CovR-regulated gene expression in GAS. (A) Previous studies (19) showed an intimate relationship between the GAS
ExPortal, LiaF, and LiaS. Under nonactivating conditions, SpxA2 is rapidly degraded by the ClpXP protease. Disruption of the ExPortal through
antimicrobials or antimicrobial peptides (e.g., hNP-1) lead to LiaF/LiaS dissociation and activation of the LiaFSR system (i.e., LiaR phosphorylation [LiaR;P]).
Our data support direct binding of LiaR;P to the promoter of spxA2, resulting in increased SpxA2 protein—a protein known to alter transcription through
direct interaction with the alpha subunit of RNA polymerase (RNAP) (20). (B) When SpxA2 levels are low, GAS cells produce greater amounts of SpeB
protease, presumably through increased interaction of RNAP with RopB (regulatory of SpeB expression) (22). In contrast to speB regulation, our data
indicate that low-SpxA2 conditions contribute to CovR-regulated gene repression (decreased transcription). However, upon activation of LiaFSR, increased
spxA2 transcription leads to increases in the intracellular SpxA2 pool and binding of SpxA2 to RNAP to decrease speB and increase CovR-regulated gene
transcription. Thus, SpxA2 may act to alter the regulatory tone of the cell in a regulator- and/or promoter-dependent manner.
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At first glance, our data appear to be in contrast to the prior studies examining
SpxA2 and effects on GAS virulence (22). Absence of SpxA2 was previously shown to
increase the ability of GAS bacteria to cause disease in a mouse subcutaneous infection
model and was entirely dependent upon excess SpeB production (22). In this regard,
our data are consistent in that the DliaR mutant (low SpxA2, high SpeB) showed similar
virulence and a modest but insignificant increase in bacterial burden despite marked
reduction in transcription for multiple virulence factors—a phenotype in contrast to
our expectation but dependent upon excess SpeB production. Thus, our data are not
only consistent with previous observations but add substantially to our understanding
of gene regulation of and through SpxA2. Our findings suggest that by altering levels
of SpxA2, the LiaFSR system serves to modulate the regulatory tone of the GAS cell
with potential consequences in multiple regulatory networks.

Surprisingly, the DliaF mutant demonstrated significantly reduced virulence in both
in vivo and ex vivo models of GAS disease. The mechanism by which LiaF contributes
to ExPortal stability is unknown, but given the known excess relative to its partner,
LiaS, in Bacillus (36), LiaF may serve as a scaffolding protein similar to flotillins (37). Our
data demonstrate that an “always on” LiaFSR transcriptome in the DliaF mutant is
unable to overcome the loss of ExPortal integrity. In addition to the loss of SpeB, it is
possible that loss of ExPortal function in the DliaFmutant may alter protein localization
and other gene regulatory networks, resulting in an inability to appropriately respond
to AMP exposure. Support for this hypothesis comes from studies in Staphylococcus
aureus showing that multiple TCS HKs are enriched within FMMs (37), suggesting that
the FMM/ExPortal may act as a “command center” and contributes to regulatory sys-
tem cross talk. For example, in addition to the S. aureus LiaS homolog (VraS), GraS and
SaeS have also been shown to be enriched in the S. aureus FMM (37). Importantly, both
GraS and SaeS are known to be critical to survival in professional phagocytes such as
macrophages (38) or neutrophils (39, 40). It was previously shown that the Ihk/Irr TCS
of GAS was essential for neutrophil survival (41, 42). Given the specificity of ExPortal
disruption and LiaFSR activation following exposure to hNP-1 (19, 30), it is tempting to
speculate that Ihk or other GAS TCSs may reside within the GAS ExPortal as a means to
sense the host environment and respond accordingly. The protein content of the GAS
ExPortal is largely unknown, and additional work is needed to determine if virulence
regulatory systems are similarly located in the GAS ExPortal and to determine their role
in sensing through this critical structure.

In summary, our studies provide a greater understanding of the nature of LiaFSR in
the GAS cell envelope response. Gene regulatory changes following ExPortal disruption
and activation of LiaFSR are complex, consisting of regulatory system cross talk medi-
ated by SpxA2. The highly conserved nature of LiaFSR and SpxA2 in Gram-positive bac-
teria suggests a common mechanism by which these human pathogens respond to
host molecules.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Strains used in this study are listed in Table S3 in the sup-

plemental material. MGAS10870 is a serotype M3 GAS isolated in ON, Canada, in 2002 from a patient
with a soft tissue infection (43) and was the wild-type strain used in this study. All GAS strains were
grown at 37°C in Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract (THY; Difco Laboratories), on
THY agar, or on BD Trypticase soy agar II with 5% sheep blood (Becton, Dickinson). Liquid cultures and
solid cultures were incubated at 37°C with 5% CO2. In selected experiments, growth medium was sup-
plemented with bacitracin (1 mg/ml) (Sigma-Aldrich) and human neutrophil peptide-1 (100 mg/ml)
(hNP-1; AnaSpec) or diamide (Sigma-Aldrich). Cloning for generation of GAS mutants was performed in
Escherichia coli NEB5alpha (New England BioLabs) grown in Luria-Bertani (LB; Becton, Dickinson) broth
or LB agar plates. When needed, spectinomycin (Sigma-Aldrich) or kanamycin (Sigma-Aldrich) was
added to media for the growth of GAS and E. coli.

Generation of genomic mutant strains in MGAS10870. Mutants generated in this study are listed
in Table S3. Isogenic insertional inactivation mutants of liaF, liaR, and ropB were identical to those used
in our previous study (19). Similarly, isogenic deletion mutants for clpX and spxA2 were made by in-frame
insertional inactivation with a spectinomycin resistance gene (aad9) or kanamycin resistance gene (aph)
using pJL1055, as previously described (44). Primers and plasmids used in cloning for mutant generation
are listed in Table S4. Isogenic mutant gene replacement and lack of spurious mutations were confirmed

GAS LiaFSR Transcriptome Infection and Immunity

November 2021 Volume 89 Issue 11 e00215-21 iai.asm.org 11

https://iai.asm.org


using whole-genome sequencing. Briefly, DNA extraction, library preparation, sequencing using an
Illumina MiSeq instrument (300-bp, paired-end), and analysis were performed as previously described
(45). The minimum depth of coverage was .50�, and no spurious mutations were identified relative to
the wild-type strain.

RNA isolation and qRT-PCR analysis. Cell growth was performed as described above. Cultures
were harvested by centrifugation following the addition of RNAprotect bacterial reagent (Qiagen), and
RNA was isolated and purified with an RNeasy minikit (Qiagen) according to the protocol for Gram-posi-
tive bacteria. The quantity and quality of RNA were determined using a NanoDrop (Thermo Fisher) and
an Agilent 4200 TapeStation system (Agilent Technologies). TaqMan (Applied Biosystems) quantitative
real-time PCR (qRT-PCR) of cDNA generated using SuperScript III reverse transcriptase (Invitrogen) was
performed with an CFX96 Touch real-time PCR detection system (Bio-Rad) according to the manufac-
turer’s instructions. The TaqMan primers and probes used in the analyses are listed in Table S4.
Transcript levels of genes were calculated by relative quantification using the comparative threshold
cycle (DDCT) method as described previously (46), with an internal reference gene tufA as the normaliz-
ing gene. All reactions were performed in triplicates using RNA purified from at least three biological
replicates.

Chromatin immunoprecipitation qRT-PCR. GAS cultures were grown to mid-exponential phase
(OD600 of ;1.0) in THY as described above. Formaldehyde (Sigma-Aldrich) was added to obtain a 1%
final concentration, and cultures were shaken at room temperature for 8 min. Glycine (Sigma-Aldrich)
was added to obtain a 0.125 M concentration and incubated at room temperature for 10 min. Cells were
harvested, washed with phosphate-buffered saline (PBS) and flash frozen in liquid nitrogen. Cell lysis
was performed using a Bioruptor Pico (Diagenode), and lysates were incubated with magnetic beads
coupled with anti-LiaR antibody (19) for 24 h. Immunoprecipitated DNA was purified and used in qRT-
PCRs using probes and primers for spxAmotifs and tufA (Table S4). Individual strains were repeated in bi-
ological triplicates.

RNA sequencing and analysis. GAS strains were grown in THY broth (biological quadruplicates) to
exponential phase (OD600 of ;1.0), and cells were harvested by centrifugation identically to that
described for real-time PCR analysis. RNA isolation, RNA purification, rRNA depletion, and development
of adapter-tagged cDNA libraries were performed using a Script-Seq Complete kit (bacteria) (Epicentre
[Illumina]). cDNA libraries were run on an Illumina HiSeq 4000, and an average of ;62 million (range, 48
to 77 million) 150-bp paired-end reads were obtained per replicate sample. Following on-board adapter
trimming and quality control, reads were subsequently mapped to the reference serotype M3 genome
(MGAS10870) using CLC Genomics Workbench version 20 (Qiagen). Identification of significantly differ-
entially expressed genes was determined as we have previously described (47, 48). Genes for which the
change in expression was$1.5-fold and P value was,0.05 following Bonferroni’s correction for multiple
comparisons were considered to have a significant difference in expression.

Detection of LiaR and CovR phosphorylation levels in vivo. CovR phosphorylation levels were
measured as described previously (19, 49). Briefly, GAS cells were lysed using a FastPrep-24 5G homoge-
nizer (MP Biomedicals), and lysates were separated on 12.5% SuperSeq Phos-Tag gels (Wako, USA). Un/
phosphorylated CovR species were detected using a polyclonal anti-CovR antibody and the Odyssey
imaging system. Strains were analyzed on a minimum of 2 independent biological replicates.

Mouse intramuscular infection. All animal experiments were conducted under a protocol approved
by the UTHealth Institutional Animal Care and Use Committee. CD1 mice (Charles River, 3 to 4 weeks of
age, male and female) were inoculated in the right hind limb with 5 � 107 CFU of the appropriate GAS
strain in 50 ml of phosphate-buffered saline (PBS). For survival, infected mice (n = 15 per strain group)
were observed and euthanized when they reached near mortality determined using predefined criteria.
For bacterial burden, mice (n = 20 mice per strain group) were euthanized, the infected limbs were ho-
mogenized, and the lysates were serially diluted in sterile PBS and plated on 5% Sabouraud agar (SBA)
to enumerate GAS bacteria. Final CFU were normalized by limb weight (CFU/g tissue).

Ex vivo bactericidal assays in human blood. Growth in whole human blood was conducted under
an experimental protocol approved by the UTHealth Committee for the Protection of Human Subjects
and performed as described by Lancefield (50). Blood from a minimum of two, healthy, nonimmune
adult donors was used for each experiment.

Statistics. All statistical analyses were performed in Prism 9 (GraphPad Software, Inc.). The data
shown represent the means 6 standard deviations (SDs) from biological replicates. Differences between
mean values were tested for significance with a two-tailed Student’s t test, Mann-Whitney U test (non-
parametric data), and statistical difference was set at a P value of,0.05 for all comparisons.

Data availability. The RNAseq data have been deposited in the NCBI GEO database under accession
number GSE181516.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.2 MB.
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