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ABSTRACT
Group A Streptococcus (GAS) is a major human pathogen, causing diseases ranging from mild 
superficial infections of the skin and pharyngeal epithelium to severe systemic and invasive 
diseases. Moreover, post infection auto-immune sequelae arise by a yet not fully understood 
mechanism. the ability of GAS to cause a wide variety of infections is linked to the expression of 
a large set of virulence factors and their transcriptional regulation in response to various 
physiological environments. the use of transcriptomics, among others -omics technologies, in 
addition to traditional molecular methods, has led to a better understanding of GAS pathogenesis 
and host adaptation mechanisms. this review focusing on bacterial transcriptomic provides new 
insight into gene-expression patterns in vitro, ex vivo and in vivo with an emphasis on metabolic 
shifts, virulence genes expression and transcriptional regulators role.

Introduction

Group A Streptococcus (GAS) is a major cause of mor-
bidity globally and causes more than 500.000 deaths 
per year. GAS engenders a broad spectrum of diseases 
ranging from uncomplicated pharyngitis and skin 
infections to life-threatening invasive illnesses as well 
as non-suppurative immune-mediated sequelae, acute 
rheumatic fever, and glomerulonephritis (Barnett et  al. 
2018). GAS can either rapidly destroy tissues in their 
environment during purulent infections or show little 
macroscopic effects when asymptomatically colonizing 
the host tonsils or skin. carriers without diseases symp-
toms represent the main reservoir of GAS in the 
population.

GAS has been shown to adhere to, internalize into, 
and persist within human cells (courtney et  al. 2002; 
Kreikemeyer et  al. 2004). its success as an opportunis-
tic pathogen is due to a complex interplay between 
host factors and secreted or surface-bound bacterial 

factors. this remarkable set of factors includes adhes-
ins, lytic enzymes, proteases, cytotoxins, DNases, supe-
rantigens and immune-protective proteins (cunningham 
2000). expression of these virulence factors is regulated 
by the action of at least 13 two-components systems 
(tcS) and 30 stand-alone transcriptional regulators, 
integrating environmental information in and around 
GAS (Kreikemeyer et  al. 2003).

virulence factors are not expressed at the same rate 
and/or time during infection across the many different 
M-types of GAS (> 220), defining a specific ‘virulence 
factor profile’ for each M-type. However, to date the 
link between virulence factor profile and clinical phe-
notype is still poorly understood.

Much uncertainty still exists regarding the molecular 
mechanisms responsible for the many GAS clinical 
manifestations in general and for the switch between 
localized and systemic infections in particular. Severe 
invasive infections (iGAS) such as necrotizing fasciitis 
(NF) and streptococcal toxic shock syndrome (StSS) are 
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rapidly progressing diseases and are associated with 
high mortality rates (32 to 44%) in europe (lamagni 
et  al. 2008). whilst all GAS M-types can cause severe 
diseases, some emm-types are more frequently recov-
ered from iGAS, such as M1, M3, M28, M89 and M12 
(Gherardi et  al. 2018). Among these strains, invasive 
phenotypes have been associated with bacteriophages- 
encoded specific virulence factors, like DNases and 
superantigens (Barnett et al. 2018; McShan and Nguyen 
2022). However, genomic comparison between ‘aggres-
sive’ and ‘mild’ strains does not always show differences 
in genes content, highlighting the limits of genomics 
studies.

More recently, SNPs in transcriptional regulators or 
promoter regions of virulence genes have been shown 
to impact virulence by enhancing virulence genes 
expression. For example, SNPs in the nga-ifs-slo pro-
moter region lead to an increase in their transcription 
and a high mortality rate in a mouse model (Kachroo 
et  al. 2019). these genes encode a cytolysin (SlO for 
Streptolysin O) and a glycolytic enzyme (NAD- 
glycohydrolase encoded by the nga gene) which, after 
translocation through SlO, can lead to cell death 
(Madden et  al. 2001; Bricker et  al. 2002). intrabacterial 
toxicity is prevented by an endogenous inhibitor of 
NAD, called ifs. lot of the SNPs described in iGAS 
strains are located in the covRS genes encoding the 
most characterized tcS in GAS.

Pathogens behavior is well-known to be strongly 
dependent on the environment, i.e. the human host 
probably being the most important one for GAS. 
within the host, GAS progresses through diverse micro-
environments which could be nutrient (carbohydrates/
amino acids) limited or rich, anaerobic or aerobic, with 
different temperatures, osmolarity and pH. each of 
these microenvironments challenges GAS with various 
stress conditions (oxidative stress …) and obligates it 
to continuously adapt its metabolism (Slade 1954; 
Davies et  al. 1965). in parallel, GAS has also to coordi-
nate expression of its virulence factors plethora, target-
ing diverse host proteins. interestingly, transcriptome 
analyses of GAS grown in various in vitro and in vivo 
models, including primate and non-primate animal 
models, have unequivocally established that GAS 
metabolism and virulence are closely linked.

Deciphering GAS metabolic reprogramming and vir-
ulence expression within the host requires the use of 
well-defined and controlled environment like in vitro 
media but also more complex in vivo settings (Figure 
1). currently, more than 2000 GAS genomes are avail-
able in public dataset. Moreover, RNAseq technology 
has become affordable and has largely replaced the 
microarray techniques to study bacterial transcriptome. 
in this review, we present and discuss current knowl-
edge about the effect of different in vitro, ex vivo or in 
vivo environments on the GAS metabolism, expression 

Figure 1. Models used to study gas transcriptome. advantages (Pros) and disadvantages (Cons) of current models (plain lines) 
used for gas transcriptomic studies as well as the clinical manifestations there are reproducing (MiMiCry). Dash lines highlight 
that the more clinically relevant model for gas transcriptomic studies is the challenge human infection model (CHiM). oP: 
oro-pharyngeal, nF: necrotizing fasciitis.
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of virulence factors and of phage genes, focusing on 
recent RNAseq analysis as data before 2010 have been 
smartly reviewed elsewhere (Fiedler et  al. 2010).

Environmental impact on metabolic 
reprogramming

GAS is a lactic acid bacterium, preferentially uses glu-
cose as a primary source of energy, generating lactic 
acid and auxotrophic for multiple amino acids. when 
glucose is present in scarce amount, like in raw saliva 
or on the skin, GAS switches to complex carbohydrates 
use (Pancholi and caparon 2016). the metabolic and 
virulence genes differentially regulated in the different 
conditions discussed in this review are summarized in 
table S1. the function of all cited genes is described in 
table S2.

Transcriptomic in laboratory rich media

Studies using laboratory media (todd-Hewitt supple-
mented with yeast extract and c-medium) have pro-
vided with important information regarding GAS 
metabolism and diet adaption, notably regarding the 
impact of sugar versus amino acids/peptides rich 
media (table S1 and Figure 1). tHy (glucose rich, 0.5%) 
and c-medium (glucose limited, 0.05%) may reflect dif-
ferent niches for GAS growth like blood/serum (high 
glucose) or saliva/lower respiratory tract/deep tissues 
(glucose limited). it has also permitted to decipher the 
expression of GAS genes during its different growth 
phases (Figure S1). indeed, the metabolic and replica-
tive state of GAS in the different growth phases some-
what reflects the infection steps. Broadly speaking, 
exponential phase (eP) is characterized by actively 
dividing bacteria tempting to invade a host, while sta-
tionary phase (SP) bacteria represent settled cells into 
a host and responding to starvation. Non-optimal 
growth conditions can also lead to biofilm formation 
(yin et  al. 2019).

By contrast to other bacteria, GAS is lacking a clas-
sical sigma factor (σs) to regulate the stationary phase 
(usually encoded by rpoS or alternative genes) (wood 
et  al. 2009). the role of this transcriptional factor is to 
aid in survival and improve resistance to stressful con-
ditions (Schellhorn 2020) by regulating the expression 
of an array of ‘late’ genes. to decipher how this regula-
tion is managed by GAS in absence of any σs, growth 
phases transcriptomic studies have been conducted 
using microarray. Most of these data arise from bacte-
ria cultured in tHy media supplemented with yeast 
extract, incubated at 37 °c with 5% cO2. tHy is a 

medium rich in carbohydrates which can reflect, in 
term of sugars use, what GAS encounters at skin and 
muscles in acute infection. transcriptomic analyses 
have been performed in different growth phases 
(Figure S1). During the eP, GAS uses glucose as a pre-
ferred carbon source and consequently produces lac-
tate (Beyer-Sehlmeyer et  al. 2005). then, GAS enters in 
a transient phase in which it modifies its metabolism 
to adapt to the new environment lacking glucose 
(Beyer-Sehlmeyer et  al. 2005). Nearly 80% of the genes 
are expressed during this phase by contrast to only 
56% in eP. the need for proteins synthesis is fulfilled 
by the upregulation of ribosomes. in this phase, expres-
sion of stress response and nutrients transporters 
genes increased concomitantly with virulence factors 
genes expression (Beyer-Sehlmeyer et  al. 2005). 
Stationary phase in tHy allows to study GAS adapta-
tion if carbon sources are scarce. the need of amino 
acid residues is met by upregulating peptide per-
meases, peptidases, and transporters. lactate, pro-
duced in eP, is oxidized and results in the formation of 
pyruvate and acetyl-coA, further leading to adenosine 
triphosphate (AtP), acetate accumulation and conse-
quently acidification of the medium.

Overall, 87% of the genes are expressed during the 
SP suggesting a low redundancy on the (small) genome 
of GAS. However, longer half-life of some mRNAs can 
also explain this difference with the eP (Barnett et  al. 
2007). two genes (spym49s0045 and c0766) were shown 
to be steadily expressed during all phases and should 
be considered as good reference genes in Rt-qPcR 
experiments (Beyer-Sehlmeyer et  al. 2005).

Differences in transcriptome in eP and early station-
ary phase (eSP) in tHy have also been observed 
between different M-types as shown for M1 and M3 
(calfee et  al. 2018). the chosen M-types are from same 
M-clade (y) but from different M-cluster (Ac3 vs Ac5) 
and Fct-type (2 vs 3). in this RNAseq study, the 
observed differences in expression mainly concerned 
virulence genes (table 1). especially, the pilus expres-
sion was downregulated in M3 strains due to SNPs in 
nra and a decrease expression of nra compared to the 
M1 strain. this low pilus expression was correlated to 
the poor capacity of M3 isolates to adhere to cells but 
their increased capacity to survive in blood. the low 
pilus expression in M3, and maybe other M-types, 
raises the question of their use as a candidate for a 
global vaccine (loh et  al. 2021). However, expression of 
the pilus by M3 strains have never been monitored 
in vivo.

Differences in transcriptome between strains from 
the same M-type was also investigated by RNAseq 
using a collection of 50 clonally related progeny of 

https://doi.org/10.1080/1040841X.2023.2294905
https://doi.org/10.1080/1040841X.2023.2294905
https://doi.org/10.1080/1040841X.2023.2294905
https://doi.org/10.1080/1040841X.2023.2294905
https://doi.org/10.1080/1040841X.2023.2294905
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M28 strains (Kachroo et  al. 2019). three subclades  
were defined based on SNPs in the core genome.  
the differences between the 3 subclades are limited to 
0.9 to 2% of the genes, that are differentially expressed 
in eP, except 2 outliers harboring a covS mutation. 
Around one third of these genes are localized in a 

Horizontal Gene transfer (HGt) region of 28 kb, includ-
ing the nga-ifs-slo operon. in these 50 strains, one third 
expresses the R28 encoding gene at low level due to 
insertion of a t in the intergenic region between R28 
and the adjacent gene. R28 is an important protein for 
adhesion to cells (weckel et  al. 2018) and has also 

Table 1. expression of virulence genes in different conditions is highlighted by blue (down), red (up) or green boxes (both) com-
pared to a control condition and at least in one serotype.

Control conditions are tHy eP for all but C-medium glucose which is compared to C-medium and human blood compared with esP. blank boxes could 
represent no change in transcription, absence of genes in the strain or no data available in the papers. Phages-encoded Dnases or superantigens are: 
spd1, spd3, spd4, sdn or sda1 and sepa, spea2, speJ, speK, speC, speg or ssa, respectively. For expression of each virulence gene in different conditions 
and their regulators see references in table 1 and in the main text, respectively.

tested conditions are: 1/tHy eP, 2/tHy leP, 3/tHy esP, 4/tHy 29 °C, 5/biofilm in tHy, 6/C-medium, 7/C-medium + glucose, 8/Contact-entry with(in) macro-
phages, 9/Human blood 30 min, 10/Human blood 60 min, 11/Human blood 90 min, 12/Human pharyngitis swabs, 13/Human nF biopsies, 14/Mice tissues 
(chamber model), 15/Mice nF 24h, 16/Mice nF 48h, 17/Mice nF 96h, 18/nHPs pharyngitis (colonization), 19/nHPs pharyngitis (acute), 20/nHPs nF. *vac-
cine candidate. P: proteomic data.
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been regarded as a potential vaccine antigen (Stålhammar- 
carlemalm et  al. 1999). in eSP, the differences between 
the 3 subclades increased by 9 times, probably related 
to the fact that most of the genome is expressed 
during this phase (80% against 56%).

Principal component Analysis (PcA) on the tran-
scriptome of 442 M28 isolates defines two transcrip-
tomic profiles, with 142 differentially expressed genes, 
defined as 2 clusters (A and B). All cluster B strains 
have a significantly greater number of differentially 
expressed genes (DeGs) than cluster A and are all covR 
or covS mutants. However, some covRS mutants pres-
ent a wild-type-like transcriptome and belong to clus-
ter A, confirming that all polymorphisms are not 
equivalent. interestingly, no simple correlation between 
transcriptomic changes and genome-to-genome 
genetic distance can be found (Kachroo et  al. 2019). 
Another study has compared the transcriptome of 
iGAS M89 isolates belonging to 3 distinct phylogenetic 
clades with strains from clade 3 emerging in the US 
(turner et  al. 2015; Zhu et  al. 2015). clade 3 isolates 
expressed high level of slo and nga (Beres et  al. 2016). 
Main differences in transcriptomes of the 3 clades 
strains were also seen in eSP (Beres et  al. 2016). if 11% 
of the gene content was reshaped between clade 1 
and 2 strains explaining the emergence of clade 2, 
only 1% of the gene content differs between clade 2 
and 3. However, at the transcriptomic level, 4 to 11% 
of genes were differentially expressed between these 
two clades. As for M28, 28 upregulated genes were in 
the HGt region including the nga-ifs-slo operon but 
also the speC/spd1 encoding phages.

even if progress has been made in understanding 
phases growth regulation in GAS, identifying which 
signals are sensed by the bacteria and how these sig-
nals are transmitted remain to be investigated. cell 
density (measured by QS molecules), by-products accu-
mulation (due to bacterial multiplication), nutrient con-
sumption and cell cycle status, should all together be 
integrated by the bacteria to properly adapt to various 
phases of infections.

In vitro, most of the studies are performed at 37 °c, 
global human body temperature. However, the mean 
mucosal temperature roughly ranged between 30 to 
34 °c and the skin temperature, depending on the 
body sites, between 29 and 35 °c (lindemann et  al. 
2002; lee et  al. 2019). importantly, the comparison of 
a M1 transcriptome by microarray between 29 °c and 
37 °c have highlighted that 9% of the genes are differ-
entially expressed (Smoot et  al. 2001). Sixty-three 
genes are upregulated at 29 °c compared to 37 °c, 
including a high number of cell-wall associated and 
phages-associated proteins, suggesting a very different 

extracellular proteome of GAS at 29 °c compared to 
37 °c. iGAS are associated with fever, during which free 
iron is extremely limited to prevent bacterial multipli-
cation (Kluger and Rothenburg 1979; Bullen 1981; 
Green et  al. 1981). Up-regulation of genes related to 
iron transport and acquisition, including hemolysins 
like SlO, were observed at 40 °c (Smoot et  al. 2001).

GAS can form biofilm-like bacterial communities 
and notably into human soft tissues (lembke et  al. 
2006; Siemens et  al. 2016). A first study using microar-
ray showed that biofilms formed at 23 °c in a carbon 
poor-media (c-media) provokes change in 25% of the 
gene expression upon adaptation to biofilm lifestyle 
(cho and caparon 2005). However, scarce data are 
available on expression profile of GAS genes in bio-
films. One RNAseq study with the M1t1 clone has 
determined the transcriptome changes between 6 h, 
16 h, 6 days and 10 days in biofilms in a flow reactor 
(Freiberg et  al., 2016). compared to a planktonic cul-
ture in diluted tHy, 55% of the genes were differen-
tially expressed in biofilms. Among them the tcS ihk/
irr and the isp (immunogenic secreted protein) gene 
were upregulated at all time points. Superantigens, 
destructive enzymes (including SpeB), and virulence 
factors against the adaptative immune response were 
also upregulated (table 1) (Freiberg et  al., 2016).

Transcriptomic in animal models

In vivo studies in animal models, even if less artificial 
than laboratory media/conditions, have the limitation 
of the host specificity (Figure 1). Mouse models have 
been exploited to understand GAS transcriptomic 
changes within a host. in these models, bacteria pres-
ent a metabolic shift to adapt to different sources of 
carbon and probably to microbiota competition.

the transcriptome studies in mice were nearly all 
performed by microarray and are briefly outlined here-
after. Aziz et  al. (2010) have first studied the GAS tran-
scriptome in a mice chamber model, in which bacteria 
are confined into a teflon-FeP tissue chamber reflect-
ing a subcutaneous localized infection (Figure 1). the 
well-known M1t1 was used to infect mice tissues and 
a microarray analysis was performed after 24h. they 
mainly observed a metabolic shift by increasing sucrose 
and dipeptides transporters showing a switch in diet. 
Downregulation of the arginine deiminase arcA chal-
lenges its use as vaccine antigen (Henningham et  al. 
2012). in terms of virulence, only a few genes were 
up-regulated in vivo including the M protein, the 
streptodornases, SlO and NAD (table 1) (Aziz et  al. 
2010) but this result is challenged by the low sensitiv-
ity of microarray techniques.
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in soft tissues infections, GAS encounters a low glu-
cose, peptides rich environment in an anaerobic atmo-
sphere. A mice model of necrotizing fasciitis with the 
M1t1 strain (Hirose et  al. 2019) using RNAseq has 
shown that the difference between in vitro (tHy) and 
in vivo expression data concerns around 28% of the 
genome. No differentially expressed genes (DeGs) were 
observed between the 3 time points (24-48-96h). By 
contrast to the mice model chamber, the major differ-
ences observed were the upregulation of virulence 
genes with the top 4 being: speB encoding the cyste-
ine protease, sagA the SlS precursor, the DNase gene 
spd and spi, the SpeB-inhibitor (Fc > 6-9) (table 1). 
Surprisingly, grab was downregulated in all time points 
despite its function in virulence, by binding of 
alpha-2-macroglobulin (A2M), as well as an anti-GRAB 
antibody response after natural infection, have been 
well described (Rasmussen et  al. 1999; Akesson et  al. 
2004). the absence or poor conservation of host bind-
ing partners like A2M (pairwise identity of 72% 
between Homo sapiens and Mus musculus) could be a 
limit of non-natural host model. carbohydrate uptake 
is also favored in vivo by increasing several PtS and 
ABc transporters. Arginine (arc operon) and histidine 
(hutDGHIU, ftcD, fchA, fhs.2) metabolisms, available into 
the host tissues and for which GAS is auxotrophic 
(among others) were also upregulated, probably to 
sustain DNA/RNA synthesis and for energy production 
(Hirose et  al. 2019). Genes for metal acquisition, like 
iron (siaABC, shr, shp, and hupYZ) (Bates et  al. 2003; 
cook et  al. 2019), manganese (mtsAB) (turner et  al. 
2019) and zinc (adcRCB-adcA) (Ong et  al. 2015; Sanson 
et  al. 2015) were also upregulated (Hirose et  al. 2019). 
As observed previously, genes involved in division 
were rather downregulated showing that bacteria are 
probably hardly dividing, suggesting either a stationary 
phase- or a biofilm-like behavior. Genes encoding 
enzymes to counter oxidative stress (SodA, GpoA) were 
curiously downregulated.

As mice are quite genetically distant from the native 
host of GAS, models were developed in non-human 
primates (NHPs) (Figure 1). in a microarray study involv-
ing 20 NHPs, virtaneva et  al. studied M1 GAS gene 
transcript changes that occurred during a 84-days 
infection cycle involving the initial colonization step of 
the upper respiratory tract, the following clinical phar-
yngitis, and the subsequent asymptomatic carriage 
(virtaneva et  al. 2005). By analyzing blood, saliva and 
swabs samples, they showed that, during the first days 
of colonization (1-4d), the carbohydrates metabolism 
and genes that counteract immune defenses (strept-
odornases, scpA, superantigens, …) were upregulated. 

During the acute phase (5-23d) bacteria were express-
ing the M, Sic, SpeA, Mac and SpeB virulence factors to 
evade immune response (table 1). Finally, the asymp-
tomatic phase was characterized by the expression of 
the myosin cross-reactive antigen and cardiolipin syn-
thase, associated with ARF.

in a more severe infection model in NHPs, Kachroo 
et  al. described the transcriptome of NHPs and GAS 
during necrotizing fasciitis (NF)/myositis. Biopsies were 
analyzed after 24h of infection by dual-RNAseq. As for 
the mice model, the DeGs were around 30% of the 
genome between in vitro (Me/eSP in tHy) and in vivo 
conditions (Kachroo et  al. 2020). the upregulated 
genes are mainly stress response genes, transcriptional 
regulators, and virulence genes (table 1). For example, 
14 genes and/or operons involved in capsule synthesis, 
cytotoxicity, surface-associated proteins/adhesins, and 
immune evasion were highly (>5-fold) upregulated in 
vivo, including the sagA-I operon (encoding the strep-
tolysin SlS), slr, lmb (laminin binding protein), htpA 
(histidine triad protein), hasABC operon (capsule), 
speA2, nga/ifs/slo, sclA, sic (complement inhibitor), spd3 
and spnA (DNases), spyA, mac (igG degrading enzyme), 
isp (immunogenic secreted protein), speJ, and the 
streptin lantibiotic (srt locus). Similarly, genes that are 
involved in alternative carbon sources use and metal 
ion homeostasis including regulation of iron, zinc, and 
manganese were upregulated as predicted. this study 
allows the identification of 5 genes specific to NF: inlA 
(encoding a putative internalin), isp, ihk/irr (tcS), ciaHR 
(tcS) and dahA (defence against host protein A).

Transcriptomic in human samples

to be more clinically relevant, study of GAS transcrip-
tome in ex vivo human samples have also been pub-
lished (table S1 and Figure 1). First, since GAS survival 
in blood is one of the most frequently used functional 
tests for vaccine efficacy, its transcriptome in human 
blood has been described (Graham et  al. 2005). M1 
GAS in eSP phase was incubated for 30, 60 and 90 min 
in human heparinized blood and compared with an in 
vitro (tHy) condition using microarray. An extensive 
remodeling of the transcriptome has been observed 
with 75% of the genome differentially expressed, 
including 97 regulatory genes with different patterns 
of expression throughout blood exposure time. GAS 
responds to blood exposure by coordinating expres-
sion of metabolic, regulatory and virulence genes 
(table 1). Blood is low in free amino acids and being 
auxotrophic for 15 of them, GAS must obtain amino 
acids by proteolysis, transport and catabolism of 

https://doi.org/10.1080/1040841X.2023.2294905
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oligopeptides. Overall, during exposure to blood, GAS 
downregulates biosynthesis of cell envelope, cofactors 
(folate/chromate) and glycolysis but firstly upregulates 
alternative carbohydrates pathways and then transport 
and catabolism of oligopeptides (pepF, pepB, opp 
operon). in parallel, GAS adapts its arginine (arc operon) 
and serine (sdhAB) metabolisms. Regarding the viru-
lence profile, mga transcripts increased after blood 
exposure with a peak at 30 min resulting in upregula-
tion of emm and sic. Other virulence factors such as 
hasABC, isp, sag operon (SlS), mac, scpA, slo and supe-
rantigens (speA, speJ, speG and smeZ) were also upreg-
ulated. speB and crgR (cathelicidin resistance gene 
regulator) were both downregulated, probably to 
enhance bacterial resistance to phagocytosis and host 
anti-microbial peptides (AMPs) (thänert et  al. 2019).

As for the NHPs, pharyngitis (livezey et  al. 2011) 
and necrotizing fasciitis (thänert et  al. 2019) have also 
been investigated. A microarray study on samples from 
pharyngitis cases separated the eight responsible 
M-types strains in two distinct expression clusters. Both 
clusters showed an upregulation of carbohydrates 
metabolism and iron uptake. the oxidative (per) and 
peroxide (sodA, dpr) stress responses were also uni-
formly upregulated. However, only the strains from 
cluster 1 (M28-M2-M1) showed an upregulation of the 
sag operon, the mga regulator, three lantibiotic immu-
nity and a bacteriocin-like genes. Strains from cluster 2 
(M4-M12-M68-M3-M102) presented an upregulation of 
amino acids starvation response genes (opp, luxS, clp) 
not observed in cluster 1. Adhesion molecules also 
presented a different pattern between clusters as prtF2 
was upregulated in c1 strains and sfb1 and emm in c2. 
this discrepancy warns us that the expression of vac-
cine targets could be different for each (group of ) 
strain(s). More recently, biopsies from human necrotiz-
ing fasciitis have been studied by the dual-RNAseq 
technique (thänert et  al. 2019). in monomicrobial 
(GAS) infection, complex carbohydrates like lactose, 
trehalose and galactose use and transport were upreg-
ulated. expression of adhesion molecules (prtF1, prtF2, 
dfbII, sfbX), immune evasion factors (ska, sic), proteo-
lytic enzymes (speB, scpA) and toxins (speA, speC, speG, 
smeZ) was upregulated. interestingly, the adhesion to 
the extracellular matrix (ecM) and entry into cells by 
binding to fibronectin seem a crucial step in NF devel-
opment in human.

Overall, transcriptomic data from in vitro, ex vivo and 
in vivo studies have helped in understanding metabo-
lism and diet switches that GAS can perform (table S1 
and Figure 1). However, comparing these data also 
highlight some limits. For example, the lack of stress 
enzymes expression (like sodA) in a mice model 

contrast with their high expression in human blood, 
human pharyngitis, and NF. the same observation is 
made about the grab gene expression, showing the 
limit of using a non-natural host. the host specificity is 
probably due to some specific human proteins binding 
to GAS partners but could also imply specific signals 
from the host and/or its microbiota. the recently devel-
oped GAS controlled Human infection Model (cHiM) 
may provide interesting data regarding some of those 
issues (Osowicki et  al. 2021) (Figure 1). Moreover, in a 
vaccine research context, in vivo data in the natural 
host, seem to be required to assess the expression of 
vaccine antigen targets (Box 1). Finally, even in 
well-controlled laboratory conditions, the impact of the 
same condition on different M-types or even different 
strains from the same M-type can diverge. this prompts 
us to be extremely prudent with generalization of 
such data.

Main regulatory pathways in GAS

Because GAS can cause various inflammatory infec-
tions, it implies that GAS has developed a high capa-
bility to mount an appropriate response to oxidative 
stress, to maintain metal homeostasis and to adapt its 
metabolism to nutrient deprived environments (Figure 
2). Adaptation is mainly regulated by two components 
systems (tcSs) and stand-alone regulators (reviewed in 
Siemens and lütticken (2021). the tcSs generally con-
sist of a sensory and a regulatory component. the sen-
sor component is typically a transmembrane histidine 
kinase that recognizes one or more environmental sig-
nals, and the response regulators are cytoplasmic tran-
scriptional factors that may either repress or activate 
transcription of target genes (vega et  al. 2016). Until 
now, 13 different tcSs have been mapped in GAS 

Box 1 Future key research directions.

• Study the expression of all vaccine targets in relevant in 
vivo conditions (human or NHP host) and in different clini-
cal manifestations

• transcriptomic study of metabolic genes knock-out to 
decipher links between metabolism and virulence

• chiPseq experiments to identify direct regulon of each 
tcS/regulators

• transcriptomic study of GAS retrieved from CHIM and in 
human carriage

• Single-cell and in situ transcriptomic studies
• transcriptomic study in co-culture with microbiota to under-

stand relationship between GAS and other bacteria at mucosal 
surfaces

• Use of genetically distant GAS strains, expressing different 
virulence factors

• Perform more Dual-RNAseq studies in the natural host with 
different GAS strains

• Develop new tools to analyze all the generated data
• Validate microarray data obtained in vitro and ex vivo by 

RNAseq

https://doi.org/10.1080/1040841X.2023.2294905
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(Ferretti et  al. 2001; Beres et  al. 2002; Smoot et  al. 
2002; vega et  al. 2016; Siemens and lütticken 2021) as 
well as 30 stand-alone regulators increasing the level 
of complexity in gene expression regulation (reviewed 
in Siemens and lütticken 2021).

Virulence regulation

CovR/S: the master regulator
the discovery that spontaneous mutations in covRS 
are selected in vivo (Aziz et  al. 2004; Sumby et  al. 
2006; walker et  al. 2007; Bao et  al. 2015) or in epide-
miologically successful strains (Beres et  al. 2017) have 
urged researchers to identify its complete regulon in 
different strains and conditions. Several mutants of 
covS have been identified in hyperinvasive strains 
from different emm-types (M1, M3, M23, M53, M81) 
(cole et  al. 2006; Miyoshi-Akiyama et  al. 2006; Mayfield 

et  al. 2014; Bao et  al. 2015). this invasiveness has been 
attributed to the lack of SpeB secretion and the upreg-
ulation of virulence factors such as Sda1, a Nets 
(Neutrophils extracellular traps) degrading DNase, and 
the capsule (Aziz et  al. 2004; engleberg et  al. 2004; 
cole et  al. 2006; walker et  al. 2007; Görke and Stülke 
2008). the in vivo selection of covRS variants seems 
however a rare phenomenon, i.e. concerning only 
0.2% to 0.4% of the GAS population in a mouse 
model, leading to the replacement of the wt popula-
tion after 7 days (Kazmi et  al. 2001; Hirose et  al. 2019).

transcriptomic analysis of covS mutants (spontaneous 
mutation abolishing their function or isogenic gene 
knock-out) showed that if only 6% to 18% of the genes 
were controlled by covRS in vitro (tHy) (Bao et  al. 2015; 
Horstmann et  al. 2015) around 25% were differentially 
expressed in vivo (Aziz et al. 2010), which, again, empha-
sizes the importance of in vivo studies to understand 

Figure 2. gas encounters different environments during its host colonization and/or invasion.
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GAS regulation. in a M23 strain, covRS has been 
described as a negative regulator of 34 out of the 43 
genes of the M23 virulome (including hasABC, slo, nga, 
mga, spyA and prtS) (Bao et  al. 2015), mainly in eP or 
eSP. Moreover, covS was found to be a positive regula-
tor of speB but also of grab, encoding a protein known 
to protect surface proteins from SpeB proteolysis in 
blood (Rasmussen et  al. 1999). interestingly, spd1 and 
spd3 were also negatively regulated, in contrast to sda1 
in M1t1, suggesting distinct roles of these DNases in 
GAS virulence. Several genes are not regulated by covRS 
in the M23 strain including the superantigens smeZ, 
speG, but also spd, ska, sclA, hylA, and mac (Bao et  al. 
2015). However, the virulome genes regulated by covRS 
diverge from strain to strain. For example, ska is not reg-
ulated by covRS in M23 (Bao et  al. 2015) but well in M1 
(Graham et  al. 2002), although the techniques used are 
quite different. in acapsular M4 strain, covS mutant 
shows a higher mga expression, which is not observed 
in M1 and M3 strains (Galloway-Peña et  al. 2018). in M3 
strain, covRS represses the pilus expression, by contrast 
to its role in M1 (calfee et  al. 2018) or other M-types 
(Roshika et  al. 2022). even in the same M-type, covRS 
shows difference in its regulon. indeed, transcriptomic 
studies of covS spontaneous mutants in M28 strains 
from phylogenetically defined subclade A and B 
(Kachroo et  al. 2019) showed that 142 genes were dif-
ferentially expressed.

even if covRS is defined as a negative regulator of 
virulence, it also regulates carbohydrates and nitrogen 
metabolism, cell division (parE-parC), and other 
stand-alone transcriptional regulators making it a ‘mas-
ter regulator of GAS genes expression’ (Roberts et  al. 
2007). Depending on the strain and the environmental 
conditions, up to 25% of the genome could be 
covRS-dependent. Among the regulated genes, only a 
small part has a binding motif for covR (8%) (Bao et  al. 
2015), showing that covRS regulation is mainly indi-
rect. indeed, covRS is known to regulate at least 26 
regulators (Graham et  al. 2002) among them rivR 
(Roberts et  al. 2007), a member of the RofA-like pro-
tein type (RAlP) family (Roberts et  al. 2007) or some 
tcS, like ihk/irr (Graham et  al. 2002).

However, these data have been challenged by 
recent data using both RNAseq and covR chiPseq. 
indeed, Horstmann et  al. found that covR binds the 
promoter of 9 transcriptional regulators with 6 regula-
tors being differentially expressed in the covR-D53A 
mutant (Horstmann et  al. 2022). By comparing RNAseq 
in the M1t1 854 covR deletion mutant and covR 
chiPseq, Finn et  al. highlighted that only half of the 
genes differentially regulated in the covR mutant had 
covR bound to their promoter. they further 

demonstrated that several covR-targeted regulators 
(ralp4/rivR, a marR-like regulator and ropB) were respon-
sible for part of the covR-indirect effect (Finn et  al. 
2021). By contrast, the Horstmann work with the M1t1 
MGAS2221 found that covR repression was direct, 
since 20 out of 23 covR-repressed genes had covR 
bound to their promoter. Besides, the promoters of 
only 5 out of 17 covR-activated genes were bound by 
covR. intriguingly, they did not find covR binding to 
the promoter of the three transcriptional regulators 
mentioned above, but to the rgg4 regulator and the 
trxTSR tcS system (Horstmann et  al. 2022). A third 
covR chiPseq analysis in a M3 background confirmed 
a direct regulation for nearly all covR-regulated viru-
lence genes, like for the MGAS2221 data (Horstmann 
et  al. 2022; 2023). Moreover, they identified several 
highly variable regions like the nga-slo operon, spyA 
gene, and sag operon that are targeted by covR, which 
could explain the strain-dependent impact of covS 
inactivation on GAS virulence (Horstmann et  al. 2023).

the covRS regulon seems slightly impacted by the 
growth phase (Bao et  al. 2015). Several ex vivo (human 
blood, macrophages) (Graham et  al. 2005; Hertzén 
et  al. 2012) and in vivo microarray studies (mice cham-
ber model, pharyngitis in NHPs) (virtaneva et  al. 2005; 
Aziz et  al. 2010) have shown that covRS is implicated 
in virulence modulation in more physiological condi-
tions (virtaneva et  al. 2003; Graham et  al. 2005; Aziz 
et  al. 2010) but with some discrepancies. Signals regu-
lating the expression and activity of covRS in vivo are 
not known but the Mg++ concentration is enhancing 
covR phosphorylation in vitro (Gryllos et  al. 2003; 
Horstmann et  al. 2015; 2018; Finn et  al. 2021). this 
effect seems however dependent of the M-type 
(Horstmann et  al. 2015). Data in blood, where the Mg++ 
concentration is high, shows that covR expression is 
also upregulated (Graham et  al. 2005). the defensin 
ll37, secreted by the immune system in response to 
infection, has been shown to relieve covR-mediated 
repression by direct binding to covR. However, once 
again, this effect is dependent of the strain (tran-winkler 
et  al. 2011; Horstmann et  al. 2015; Finn et  al. 2021).

CovRS mutants, by their invasiveness, their in vivo 
selection and their out-competition with wild type 
(wt) strains are of significant concern for the scientific 
community (Aziz et al. 2010). Fortunately, data obtained 
in an improved murine model of nasopharyngeal colo-
nization showed that inactivation of covRS in a M75 
strain was detrimental for colonization and shedding 
(Alam et  al. 2013). Moreover, the M1t1 variant has 
shown to be less persistent in saliva (treviño et  al. 
2009). Decreased adherence to epithelial cells and 
mouse skin, as well as lower biofilms formation, have 
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been observed for an isogenic covS mutant (Hollands 
et  al. 2010). these data predict a lower ability of the 
covRS mutants to disseminate in the human popula-
tion and explain why they have not been fixed in the 
GAS population. However, these results have been 
recently challenged by the identification of a covR 
mutation (S130N) in M89 which presents a higher fit-
ness in saliva than its ancestor strains (Beres et  al. 
2016). Both strains are separated by more than 20 years 
which suggest that GAS might be evolving to counter-
balance the negative effect of covRS mutations.

inactivation of the master regulator covRS is an 
immediate advantage to counteract the strong selec-
tive pressure of the innate immune system, and partic-
ularly neutrophils which clear GAS from infected tissues 
(li et  al. 2013; 2014; liu et  al. 2015). yet, the host 
genetics and infection sites where covRS mutants are 
selected, the differences in virulence factors repertoires, 
regulatory regions and regulator networks of the 
emm-types involved could explain the discrepancies 
between strains (wilkening and Federle 2017).

RocA: positive regulator and accessory protein for 
CovRS
whole genomes sequencing data highlighted a 
non-sense mutation at the beginning of the rocA gene 
in all sequenced M18 strains. this SNP results in a 
hyper-encapsulation and extends the carriage in the 
mouse nasopharynx (lynskey et  al. 2013). Knock-out 
mutants of rocA in diverse M-types (M1, M3, M6, M14, 
M18 and M89) have an increased virulence phenotype 
due to an increased expression of covRS-dependent 
virulence factors (Biswas and Scott 2003; lynskey et  al. 
2015; Miller et  al. 2015; Zhu et  al. 2016; Feng et  al. 
2017; Jain et  al. 2017). RocA is natively inactivated in 
all M3 strains (stop insertion at position 410) resulting 
also in a hyper-encapsulated phenotype (lynskey et  al. 
2013; 2015; Miller et  al. 2015). However, the enhanced 
activity of covR in a M28 rocA mutant is mainly due to 
an increase in its phosphorylation state rather than of 
its expression (Bernard et  al. 2018). the mechanism of 
covRS regulation by RocA has been recently identified 
by three independent groups (lynskey et  al. 2019; 
Bernard et  al. 2020; Jain et  al. 2020). RocA, forming 
dimers by its cytoplasmic part, interact directly with 
covS at the streptococcal membranes and inhibit its 
phosphatase activity leading to an increase in phos-
phorylation of covR (chiang-Ni et  al. 2020). in M3, the 
observed polymorphisms of rocA disrupt the dimeriza-
tion step, resulting in protein aggregates formation 
and inability of RocA to interact with covS (lynskey 
et  al. 2019; Bernard et  al. 2020).

interestingly, rocA in M28 strains isolated from iGAS 
is highly polymorphic (Bernard et  al. 2019), suggesting 
an emm-type specific function of RocA in M28. to 
understand this phenomenon, Bernard et  al. had stud-
ied the transcriptome of a rocA deletion mutant (ΔrocA) 
in the M28 background. when compared to the wt 
strain in eP and eSP in tHy, the ΔrocA mutant has a 
markedly different transcriptome with 427 (25,8%) and 
323 (19,5%) differentially expressed genes, respectively. 
Of these genes, 109 were common between both 
phases. RocA regulates (directly or not) 41 transcrip-
tional regulators (tRs) in M28, among which two are 
dedicated to virulence; covRS and Mga (multiple viru-
lence gene regulator of GAS). consequently, the 
isogenic ΔrocA mutant produces increased amount of 
SPN and SlO and has increased SOF, NADase, SlO and 
SSe secreted activity (Bernard et  al. 2018). However, 
the increased transcripts of speB do not correlate with 
an increase in proteolytic activity (Bernard et  al. 2019). 
the other tRs regulated by RocA in M28 are mainly 
linked to stress response including ciaHR, nrdR and 
spxA2 (Ben Zakour et  al. 2015; Zhang et  al. 2015; Port 
et  al. 2017) as well as the arcABCD operon involved in 
acidic environment response (cusumano and caparon 
2015). this correlates with a growth advantage of the 
ΔrocA mutant in acidic condition like encountered in 
purulent lesions.

comparing the transcriptome of forty-eight M28 
clinical isolates to wt strains or ΔrocA deletion mutants 
divides strains into two main phenotypes: one subtly 
altered ‘wt-like’ or a substantially altered ‘ΔrocA-like’ 
(Bernard et  al. 2019). However, each polymorphism in 
rocA had a unique effect on GAS transcriptome. All 
these data explain that rocA polymorphisms are 
selected during human invasive infection with M28. In 
vivo, the ΔrocA mutant has also an increased virulence 
in a mouse model of NF and also in a non-human pri-
mate model (Bernard et  al. 2018; 2019).

As observed for other regulators, the RocA regulon 
differs between M-types. in M28, the ΔrocA mutant 
and the polymorphic rocA alleles result in a decrease 
of ska transcripts in contrast to other M-types (Miller 
et  al. 2015; Sarkar and Sumby 2017; Sarkar et  al. 2018). 
However, the molecular mechanism of regulation 
through a direct interaction between RocA and covS 
seems conserved between M-types (lynskey et  al. 
2019; Bernard et  al. 2020).

Scarce data are available considering the triggering 
and regulation of rocA expression. in M1, rocA is upreg-
ulated in human blood at all time points tested (30, 60 
and 90 min) but covRS is upregulated only after 30 min 
and goes back to basal level for the later time points 
(Graham et  al. 2005) suggesting that another negative 
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regulator of covRS is acting in vivo. Much remains to be 
determined in the complex regulation of covRS by 
RocA, especially at the transcriptional level since RocA 
does not possess a canonical DNA binding domain.

Ihk/Irr and the immune evasion
the regulon of the ihk/irr tcS has been investigated by 
several microarray studies (tHy, H2O2, neutrophils and 
macrophages contact, blood, saliva, mouse NF model) 
(Graham et  al. 2005; Shelburne et  al. 2005; Grifantini 
et  al. 2011; Hertzén et  al. 2012). A large set of differen-
tially expressed genes are implicated in cell wall syn-
thesis suggesting a role of ihk/irr in regulating this 
process (voyich et  al. 2004; Grifantini et  al. 2011; 
Hertzén et  al. 2012). ihk/irr also regulates the expres-
sion of oxidative stress genes (voyich et  al. 2004; 
Grifantini et  al. 2011) and protects against killing 
by H2O2.

expression of ihk/irr is triggered by H2O2 and neu-
trophils primary granules exposition by up to 2-fold 
and up to 20-50-fold, in both M1 and M18 strains 
respectively (voyich et  al. 2004). Upregulation of ihk/irr 
is observed when GAS is in contact with human poly-
morphonuclear neutrophils (PMNs) (voyich et  al. 2003). 
At early stage of human macrophages infection (after 
2h of macrophages invasion), the ihk/irr genes are 
upregulated up to 8-fold (Hertzén et  al. 2012). they 
found that the tcS has a positive impact on bacterial 
survival intracellularly and/or on the bacterial release. 
in blood, GAS is also able to enter and survive in 
phagocytes by avoiding maturation of the phagolyso-
somes using the M protein (Staali et  al. 2006). Graham 
et  al. in 2005 have shown that the ihk/irr genes are 
also upregulated after 60 min in an ex-vivo culture in 
whole human blood (Graham et  al. 2005).

Oxidative stress encountered during a 16h culture 
in human saliva also enhances ihk/irr expression 
(Shelburne et  al. 2005). More recently, the role of ihk/
irr have been described in a model of necrotizing 
fasciitis (Kachroo et  al. 2020) using dual-RNAseq and 
traDiS (genome-wide transposon-directed insertion 
site sequencing). they showed that the tcS is 
expressed 11-fold more in vivo than in vitro and the 
Δirr mutant is less virulent in a mouse model of NF. 
this is in line with data showing that irr gene is 
upregulated (2 to 20-fold) in human pharyngitis 
caused by different M-types (voyich et  al. 2003).

the role of this tcS is clearly involved in the 
response to oxidative stress encountered in or at the 
vicinity of innate immune cells like PMNs and macro-
phages, regardless of the tissue. As the cell wall syn-
thesis proteins seem also implicated in this process, 

we could postulate that reshaping the cell wall inside 
immune cells could be a mechanism of immune eva-
sion. However, most of the data come from microar-
ray studies, except for one study in NHPs. Further 
RNAseq studies are needed to understand the role of 
this tcS.

Links between virulence and metabolism

CcpA and the carbohydrates use
carbon catabolite repression is a global process used 
by bacteria to prioritize the utilization of favorable 
energy sources like glucose and ccpA is the key medi-
ator of this repression. it acts as a transcriptional 
repressor in Gram-positive bacteria and its repression 
activity is facilitated by its interaction with HPrSer46~P 
(Görke and Stülke 2008; Shelburne et  al. 2008). Of 
note is that ccpA activity is also regulated by 
glucose-6-phosphate, fructose-1,6-bisphosphate and 
NADP in Bacillus (Gösseringer et  al. 1997; Kim et  al. 
1998). to identify the ccpA regulon, DebRoy et  al. 
used RNAseq in a M1t1 isolate (MGAS2221) and intro-
duced chiPseq for the first time in GAS (DebRoy et  al. 
2021). they found that 514 genes (31%) were differen-
tially regulated in the ΔccpA strain with more upregu-
lated (361) than downregulated (153) genes. chiPseq 
analysis highlighted that only 105 genes (6%) were 
the direct targets of ccpA. Moreover, using a ccpAv301A 
mutant (unable to interact with the phosphorylated 
PtS protein HPr), they further dissociated the 
HPr-dependent/independent regulons (not discussed 
here). Amongst the genes differentially regulated, they 
found genes encoding 13/14 of the phosphotransfer-
ase systems (PtS) and 4 ABc carbohydrate transport-
ers. two PtS were activated indirectly by ccpA and 
the 15 other transport systems were repressed (7 
directly and 8 indirectly), which is consistent with 
ccpA role in carbon source acquisition and utilization. 
Amongst virulence genes, speB, grab and endoS were 
found to be activated by ccpA while speA2, sic, spd, 
ska, nga-slo, spyCEP and sagA (SlS operon) were 
repressed. chiPseq analysis further highlighted that 
only speB, spyCEP and sagA were the direct targets of 
ccpA (DebRoy et  al. 2021). they proposed that the 
indirect effect of ccpA deletion on the expression of 
virulence genes was not due to a direct effect of ccpA 
on different regulators since only 4 out of the 21 dif-
ferentially expressed regulators were directly targeted 
by ccpA and none of them are known or expected to 
regulate virulence genes.

Rt-qPcR analysis of the M1t1 and its ΔccpA deriva-
tive previously highlighted its role in sagA repression. 
Functional analysis showed that the ΔccpA strain is 
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hypervirulent during systemic infection in mice. this 
phenotype was abolished by the inactivation of the sag 
(SlS) operon, confirming the RNAseq data (Kinkel and 
Mciver 2008). Rt-qPcR on both strains grown in saliva, 
which is a glucose limited environment, confirmed that 
ccpA upregulates the expression of speB, which inacti-
vates several virulence factors. Besides, the ΔccpA 
mutant was impaired in saliva persistence and mice 
oropharynx colonization compared to the parent M1t1 
strain (Shelburne et  al. 2008). Finally, another study 
found that the ΔccpA mutant was attenuated during 
soft tissue infection (Kietzman and caparon 2011).

the study of ccpA role in different M-types (M1, M3 
and M28) grown in tHy to the eP phase has shown 
that even if a core ccpA regulon exists, the role of 
ccpA presents some specificity across M-types (DebRoy 
et  al. 2016). RNAseq analysis identified five cOGs con-
sistently enriched in all 3 mutants, among which car-
bohydrates metabolism and transport, and the sag 
(SlS) operon. However, the 3 mutants present diverse 
phenotypes in terms of growth, colony size, spyCEP 
and endoS expression, and virulence in vivo (DebRoy 
et  al. 2016).

Glucose-rich and glucose-limited environments are 
encountered by GAS during infection (Figure 2). this is 
consistently reflected by the different behaviors of the 
ccpA deletion mutants according to infection sites. 
ccpA repression should logically be relieved when GAS 
is in a low glucose environment, like in deep tissues 
infection. indeed, expression of ccpA itself is upregu-
lated in vivo in a mouse model of necrotizing fasciitis 
(Hirose et al. 2019). RNAseq of GAS grown in c medium 
has shown that low glucose/high peptides environ-
ment allow the differential expression of 496 genes, 
among which 24% are ccpA-dependent (valdes et  al. 
2018). late logarithmic growth in c medium reflects, in 
part, the ccpA regulon, in absence of glucose. Finally, 
it has been shown that ccpA can override the 
covR-mediated virulence downregulation in vivo 
(Shelburne et  al. 2010).

Mga and the surface proteins
Mga (multiple gene regulator of GAS) is a DNA binding 
protein, first identified as the regulator of the emm 
gene (caparon and Scott 1987). two alleles of mga 
(mga-1 and mga-2) have been described and belong to 
the clade X and y strains (Hollingshead et  al. 1993; 
Flores et  al. 2013; Sanderson-Smith et  al. 2014) which 
suggest a potential role in tissue tropism (Hondorp 
and Mciver 2007). comparison of the transcriptome 
between strains harboring mga-1 (M1 and M6) or 
mga-2 (M4) has shown that the numbers of DeGs in 

M1/M4 (200 genes) and M6 (37 genes) were very dif-
ferent (Ribardo et  al. 2004). However, the M6 strain 
used in this study (M6 JRA) was totally atypical com-
pared to other M6, and results could not be general-
ized to other M6. comparing the M1 and M4 mga 
regulon shows a lot of common regulated genes 
(Ribardo et  al. 2004). Overall, Mga regulates approxi-
mately 10% of the GAS genome during exponential 
phase of growth in rich medium (tHy), including tran-
scription of several sugar transport and utilization 
operons (Ribardo and Mciver 2006). Polymorphism in 
mga-2 allele has been observed in a collection of 800 
epidemic M59 isolates (Sanson et  al. 2015). Deletion of 
mga in a M59 strain showed that 7% of the genome 
was differentially expressed in tHy. Among them, 74 
genes were upregulated and 70 downregulated, the 
latter corresponding to virulence factors, nutrient 
metabolism, and transport.

Mga is the best carbohydrate-responsive regulator 
described to date and its mechanism of action has 
been extensively reviewed in vega et  al. in 2016 (vega 
et  al. 2016). its function is mainly linked to colonization 
and invasion by GAS and mga is mainly expressed in 
eP and eSP and nutrient rich environment 
(Beyer-Sehlmeyer et  al. 2005). indeed, the ‘core mga 
regulon’ is composed of mga itself, the emm and 
emm-like genes, sic, fba and scpA, encoding proteins 
involved in adhesion or immune evasion (Smeesters 
et  al. 2010; Frost et  al. 2018). Mga also regulates genes 
located outside the mga locus like speB, sclA (encoding 
a fibronectin binding protein), sof and sfbX (Fiedler 
et  al. 2010). However, the mga dependent expression 
of speB seems different between M-types; speB expres-
sion is activated by Mga in M1 and M49 but not in M4 
and M6 (Ribardo and Mciver 2006). Mga also represses 
the uptake of alternative sugars and activates iron 
acquisition (sia operon), fatty acid metabolism (fab 
operon) and the expression of salA (lantibiotic). the 
Mga regulon and the carbohydrates utilization operon 
are both expressed in vivo during the acute phase of 
pharyngitis in an NHP model (virtaneva et  al. 2005). All 
mga mutants generated to date present a decrease in 
virulence in vivo (Kihlberg et al. 1995; terao et al. 2001).

Recently, the impact of sugar availability on the 
mga mutant has been further studied (valdes et  al. 
2018). the transcriptome of a mga mutant (M1t1 5448) 
was compared between growths in tHy and c media 
(valdes et  al. 2018). the study was performed on bac-
teria in late exponential phase, when mga is the most 
expressed. Only few overlaps exist (only 16 genes) 
between genes regulated by Mga in both conditions 
other than virulence genes. 135 genes (44 repressed, 
91 activated) were shown to be regulated by Mga in a 
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glucose limited environment. Among the activated 
genes, we found phage-encoded streptodornases (spd3 
and sdaD2), the streptolysin S (sag operon), the strep-
tolysin O (slo) and the streptokinase (ska), which were 
not part of the Mga regulon in tHy. By contrast, Mga 
did not regulate speB in c medium. they observed a 
broader induction of known virulence factors in a 
Δmga background in c medium than in tHy, suggest-
ing that glucose (presence or absence) impacts the 
GAS Mga regulon. As the level of mga transcripts was 
not significantly different between both conditions, the 
change in Mga regulon seems rather linked to 
post-transcriptional modifications (Hondorp and Mciver 
2007; Hondorp et  al. 2013; valdes et  al. 2018). Mga, 
even if auto-regulated, is also repressed by RopB/Rgg 
(Federle 2012), ccpA in late exponential phase 
(Almengor et  al. 2007) and by the RAlPs (RivR, Nra, 
RAlP3 and RofA) (Beckert et  al. 2001; chaussee et  al. 
2002). Mga, in turn, represses ccpA in the exponential 
phase of growth (Almengor et  al. 2007).

LiaFSR
interestingly, a naturally occurring mutation in liaS 
(R135G) has been found in a M3 GAS isolated from a 
carrier after an acute pharyngitis (Flores et  al. 2015). 
liaS is part of a three-component system (3cS), called 
liaFSR (lipid ii interacting antibiotic), first described in 
Bacillus subtilis (Jordan et  al. 2006). liaFSR is specific to 
Firmicutes and has a role in stress envelope response 
(Jordan et  al. 2007). liaS is the sensor kinase, liaR the 
response regulator and liaF is a membrane-bound reg-
ulator of liaS and consequently of liaR. in Streptococcus, 
liaF and liaS are associated with the exPortal (lin 
et  al. 2020) (whose integrity is compromised in pres-
ence of antimicrobials or human antimicrobial peptides 
like the human neutrophil peptide 1 (hNP1)).

the liaSR135G strain shows a better ability to colonize 
and persist in the mouse nasopharynx as well as an 
increased adherence on human cell lines. By contrast, 
the strain is less virulent in a mouse model of iGAS 
and survives less ex vivo in human blood (Flores et  al. 
2015). RNAseq analysis of this carrier strain (MGAS10870) 
compared to the infecting parental M3 strain in eP or 
eSP showed that 6.6% and 7.6% of the genes have dif-
ferential expression levels. Among them, they observed 
a decrease in mga transcripts, like previously described 
in a carrier strain (Flores et  al. 2013), and an increase 
in speB transcripts. However as previously mentioned, 
an increase in speB transcripts is not always correlated 
with an increase in SpeB activity (Bernard et  al. 2019). 
the decrease in mga transcripts and its regulated 
products in the carrier strain suggests that M (and 
M-like proteins) might not be expressed in the first 

steps of colonization. the dlt operon, allowing the syn-
thesis of D-ala-ltA, is also down-regulated in the car-
rier strain, potentially explaining its susceptibility to 
antimicrobials. No impact on capsule expression was 
observed, in contrast to what has been observed in 
rocA variant allowing a longer time of carriage in mice 
nasopharynx (Jain et  al. 2017).

By contrast, a naturally occurring amino acid replace-
ment in liaS (K214R) was positively correlated with 
iGAS in some clade 3 M89 strain (Beres et  al. 2016). in 
this strain, the upregulation of virulence traits like the 
sag operon encoding the SlS in exponential phase and 
the speG toxins in stationary phase was observed 
(Beres et  al. 2016). However, the strain has been shown 
to have a better fitness in ex vivo human saliva, which 
reflects, at least partially, the environment of GAS col-
onization. this contrasts with previous data on covRS 
mutation associated with invasive phenotype but less 
able to spread between hosts (treviño et  al. 2009).

Recently, an in depth understanding of the liaFSR 
tcS has been published by Sanson et  al. (2021). they 
showed that liaFSR positively regulates the transcrip-
tion of spxA2 (suppressor of clpP and clpX) which is 
similar to RNA polymerase binders. in the liaR isogenic 
mutant, the level of speB is increased by 432-fold but 
is not associated by an increase in its regulator ropB. 
the speB transcripts increase has been linked to the 
absence of SpxA2 which has an inhibitory effect on 
RopB binding to the speB promoter (Port et  al. 2017). 
the opposite phenotype (decrease of speB transcripts) 
was observed with the previously described carrier 
strain, suggesting that the R135G mutation activates 
liaR. Pilus and grab genes, implicated in GAS adhesion, 
were also increased in the ΔliaR mutant.

the ΔliaR mutant also shows a decrease of hasABC, 
spyCEP, mac-1, ska and ideS expression, suggesting a 
link between liaFSR and the covRS system. indeed, 
SpxA2 is also responsible for a decrease in covR phos-
phorylation, leading to upregulation of its regulon. 
Surprisingly, the ΔliaR mutant was not impaired in a 
mouse model of NF but well in a human whole blood 
survival test. this discrepancy between natural host 
and animal model could be attributed to the lack of 
expression of specific host proteins (like hNP1) in mice.

MtsR and the iron homeostasis
the carrier state remains an interesting enigma in GAS 
and probably results from several distinct pathways. 
Some single mutations affecting capsule production 
(Flores et  al. 2014), the stand-alone regulator Mga or 
surface protein SclA have been associated with the 
carrier state (Flores et  al. 2013; 2015).
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A recent study has highlighted the role of another 
regulator, MtsR in a mouse model of vaginal carriage 
(cook et  al. 2019). in these conditions of iron limita-
tion, the mtsR regulon, including sia (iron acquisition 
locus), metal transporters and hupY (heme binding), is 
upregulated due to impaired binding of MtsR (cook 
et  al. 2019). As this regulator was not differentially 
expressed in a carrier strain recovered from human 
(Flores et  al. 2015), it could be tissues or host specific 
and should be investigated in depth. Microarray analy-
sis of GAS M49 wt and ΔmtsR mutant grown to 
mid-logarithmic phase in iron-complete medium iden-
tified 64 differentially regulated genes (44 up- and 20 
down-regulated) (toukoki et  al. 2010). Genes activated 
by MtsR are involved in nucleotide metabolism and 
transport, cell envelope and regulation. Besides the sia 
operon and PerR-regulated pmtA, repressed genes are 
involved in protein synthesis and amino acid metabo-
lism. However, in contrast to M1 and M3 strains, mts 
transcripts (Mn/Fe transport) are not significantly 
affected by the absence of MtsR although the protein 
was able to bind the mtsR/A intergenic region. Finally, 
the ska virulence gene is repressed while mga and 
emm genes are directly activated by MtsR in the M49 
strain, suggesting a dual function for the MtsR regula-
tor. By contrast, to avoid iron poisoning, GAS encodes 
an Fe(ii) efflux pump, called PmtA (turner et  al. 2017; 
vanderwal et  al. 2017). PmtA, whose expression is reg-
ulated by PerR, is crucial for GAS resistance to oxida-
tive stress and survival in mice. RNAseq data in 
presence of excess iron showed that GAS upregulated 
pmtA and pathways allowing energy generation during 
stress like man, fru, arcBCD and sdhAB operons 
(vanderwal et  al. 2017). Fatty acid metabolism as well 
as DNA and amino acid metabolism were downregu-
lated, suggesting a change in membrane permeability 
and a decrease in macromolecules synthesis.

the homeostasis of other metals such as Mn and Zn 
is also crucial for GAS survival in the host. the two 
efflux pumps Mnte (Mn) and czcD (Zn) have been 
identified and help GAS to remove intracellular excess 
of metals and to resist to oxidative stress in macro-
phages and neutrophils (turner et  al. 2015; Makthal 
et al. 2020; Aikawa et al. 2023). By contrast, GAS growth 
needs Zn and Mn, which can be scarce inside the host, 
notably by their binding to calprotectin (cP). RNAseq 
study of GAS transcriptome in presence of cP showed 
that the AdcR regulon responsible for Zn import and 
scavenging is upregulated as well as pmtA, hasABC and 
the dipeptide uptake system (dppABDCE). cP downreg-
ulates carbohydrates metabolism (lac.1 operon), the 
virulence factors grab, cfa and cbp, as well as the cop-
per regulator, copY (Makthal et  al. 2020).

A role of SptRS in human saliva has also been 
described (Shelburne et  al. 2005). this tcS is important 
for GAS growth in saliva since the survival of the ΔsptR 
mutant is impaired. the tcS is expressed only in sta-
tionary phase (M1) and in clinical strains of different 
emm-types such as M1, M2, M4, M5 and M6. SptRS 
positively regulates carbohydrates utilization, and viru-
lence genes such as spd1, spd3, sic, hasA, sagA, speA 
and lmb.

Understanding expression profiles in carrier state, 
inside the nasopharynx and at the skin surface (Figure 
2), seems to be a priority to develop relevant vaccine 
candidates against GAS (Box 1). For example, mga 
downregulation in carrier state could impair the indi-
rect effect of an emm-based vaccine on carriage. the 
only RNAseq study on GAS carriage was done in a 
mouse model of vaginal colonization (cook et al. 2019). 
this model, even if interesting regarding the percent-
age (11-20%) of vulvovaginitis in prepubertal girls due 
to GAS (Donald et  al. 1991; Stricker et  al. 2003), is rel-
atively far from the more common GAS niches like the 
tonsils.

Other players in metabolism and virulence
lacD.1, even if part of the lac1 operon, is not used to 
metabolize galactose (done by lacD.2) but has regula-
tory properties, notably on speB (loughman and 
caparon 2006). lacD.1 was identified as a catabolism 
regulator, responding to glucose but with opposing 
activities to ccpA (Kietzman and caparon 2010). its 
regulatory activity is independent from its enzymatic 
activity, but substrate binding is necessary for func-
tionality (loughman and caparon 2006). in deep tissue 
like environments, lacD.1 seems to increase the fitness 
of GAS (cusumano and caparon 2013). However, in 
mice subcutaneous infections, the lacD.1 mutant 
induce similar lesions than the wt strain (Kietzman 
and caparon 2010). the transcriptome analysis of a 
lacD.1 mutant in M14 has shown that lacD.1 represses 
speB while ccpA induces speB expression and that this 
co-regulation is performed at different infection phases 
(Kietzman and caparon 2011).

even if the link between virulence and metabolism 
is obvious, only scarce data are available on transcrip-
tome of metabolic gene mutants. As high rates of 
polymorphisms in the fabT gene were observed in M1 
isolates, eraso et  al. studied the transcriptome of a 
knock-out mutant of fabT compared to its parental M1 
strain (MGAS2221) in eP and SP in tHy, at 35° and 
40 °c (eraso et  al. 2016). in all tested conditions, Fabt 
represses the fab operon responsible for fatty acids 
synthesis and activates the expression of the lac 
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operon and other genes implicated in sugar fermenta-
tion. the difference between the mutant and the wt 
was much more visible in SP and mainly concerns 
genes related to metabolism (glycolytic pathways, 
pyruvate hub, purin/pyrimidin synthesis). interestingly, 
some virulence genes were either upregulated (graB, 
mga, sag operon) or downregulated (covS, sic). the 
fabT mutant is less virulent in vivo (necrotizing fasciitis) 
and survives less in blood but presents an increased 
resistance to polymyxin B. Finally, the fab operon is 
downregulated in a model of vaginal carriage (cook 
et  al. 2019).

Recently, the arginine deiminase (ADi) pathway 
(arcABCD operon) has been shown to be important in 
skin colonization where glucose is limited (Hirose 
et  al. 2021). this pathway, found in many bacteria, 
provides acid stress protection and supplements 
energy production during glucose starvation (Abdelal 
1979; cotter and Hill 2003). the ADi pathway is under 
the negative control of ccpA, covRS and Rgg (Dmitriev 
et  al. 2006; Shelburne et  al. 2010), which are also vir-
ulence regulators. Recently, the role of the ADi path-
way in virulence has been elucidated (Hirose et  al. 
2021). in low glucose but high arginine environment, 
like on the human skin (Sylvestre et  al. 2010; Kubo 
et  al. 2013), GAS expresses more virulence genes such 
as slo, the sag operon, nga and spd3 and downregu-
lates covS. the arcA mutant is less cytotoxic for kerat-
inocytes ex vivo and less virulent in a mouse model of 
skin infection. However, this mutant has a wt pheno-
type in a systemic mouse infection or in ex vivo human 
blood growth. these data elegantly show that argi-
nine, present in some specific sites of the host, allows 
cytolysins expression and virulence. this effect is 
dependent of a fully functional ADi pathway and not 
solely on arginine presence. it could be interesting to 
test the expression/activity of the ADi pathway 
between strains with a skin tropism as D4 strains 
(Sanderson-Smith et  al. 2014).

Additionally, the global regulator of the stringent 
response (amino acid and nitrogen starvation), cody, 
was also shown to positively influence the expression 
of the sag operon (SlS) and other virulence factors rel-
ative to nutritional status (Malke et  al. 2006). in M49, 
cody and covRS regulate several virulence genes in 
common (ska, has operon, …) but with an opposite 
effect as cody is a positive regulator while covRS is a 
negative regulator of virulence (Kreth et  al. 2011).

Four RAlPS have been identified in GAS: RofA 
(Ralp1), Nra (Ralp2), Ralp3 and RivR (Ralp4), for which 
previous data has already been extensively reviewed 
(vega et  al. 2016). Recent data has shown that Nra is a 
positive regulator of pilus expression (calfee et  al. 

2018). Ralp3 has been shown to regulate around 3,5% 
of the gene content in M49, with a negative regulation 
on ccpA and some stress response genes and a posi-
tive effect on lactose and fructose operon expression 
as well as the mga regulon (Siemens et  al. 2012).

in the Rgg family, the role of Rgg1, also known as 
RopB, and Rgg4 (comR) has been extensively reviewed 
elsewhere (vega et  al. 2016). Briefly, Rgg1 regulates 
genes for carbohydrates use, induction of phages and 
repression of nga-ifs-slo operon in SP (Beyer-Sehlmeyer 
et  al. 2005; Dmitriev et  al. 2006). Rgg2 (MutR) and 
Rgg3 mutants, implicated in GAS quorum sensing, 
have been more recently characterized (Zutkis et  al. 
2014; Rued et  al. 2022). the rgg2 mutant in a M1 strain 
shows 155 DeGs with the upregulation of some viru-
lence genes like scpA, slo and nga. However, the 
mutant is less virulent in mice, less able to survive in 
blood and to adhere to cells (Zutkis et  al. 2014). 
Recently, a rgg3 mutant has been shown to have a 
huge impact on RNA transcripts and proteome in pres-
ence of the short hydrophobic peptide (SHP) phero-
mone. the changes represent mainly a stress response 
due to SHP excess but also involving genes not directly 
regulated by Rgg2/3.

Transcriptional regulation of phage genes

Genomic and functional studies have shown that GAS 
can contain up to 7 temperate phages (prophages) in 
its genome. these temperate phages can either inte-
grate in the host genome (lysogeny) or enter in a 
lytic cycle, releasing new progeny after lysis of the 
bacterial host. GAS prophages carry and mobilize sev-
eral virulence factors, such as DNases and superanti-
gens, which significantly interfere with the human 
immune system (commons et  al. 2014; Remmington 
and turner 2018; McShan and Nguyen 2022). they 
were found to play an important role in the expan-
sion of the different pandemic lineages that have 
emerged since the mid-1980s (reviewed in Barnett 
et  al. 2018). the study of the conditions and path-
ways that lead to the induction and mobilization of 
temperate phages is therefore of high importance to 
better understand the epidemiology of GAS. Although 
phage-associated virulence genes expression is rou-
tinely analyzed in transcriptomic studies, only few 
studies have addressed the expression of GAS phage 
encoded genes. Prophages generally enter in lytic 
cycle in response to different types of signals and 
damages that are considered as detrimental for the 
survival of their host (and so the prophage) (reviewed 
in Nanda et  al. (2015). interestingly, Broudy and col-
leagues found that some human-derived soluble 
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factors increase the production of GAS phages in two 
M6 and M76 strains and promote the transfer of the 
M76 phage to a M12 strain (Broudy et  al. 2001; 
Broudy and Fischetti 2003). Additionally, the two M3 
phages φ315.3 and φ315.4 were found to be induced 
in presence of hydrogen peroxide and human cells, 
respectively (Banks et  al. 2003).

transcriptomic analysis of a M23 strain in eP and eSP 
growth phases highlighted differences in gene expres-
sion of two out of the four M23 temperate phages, with 
14% and 24% of their genes activated during eSP, 
respectively (Bao et  al. 2015). Additionally, ex vivo stud-
ies with macrophages and PMNs highlighted the upreg-
ulation of phage-encoded genes from two M1t1 strains 
(voyich et  al. 2003; Hertzén et  al. 2012).

the transcriptomic analysis from mutants of tcS and 
stand-alone regulators has also highlighted their roles 
in GAS prophages biology. in the M1t1 ΔcovR mutant 
grown to eP and eSP in rich medium (tHy), an increase 
in the number of upregulated phages genes was 
observed compared to the wt strain (Graham et  al. 
2002). Similar results were obtained for the 4 prophages 
of the M23 strain ΔcovS mutant in eSP (Bao et  al. 
2015). the role of covRS in repressing phages induc-
tion was further observed with the animal passage 
M1t1 strain (Aziz et  al. 2010). the phage φNZ131.1 
(M49 strain) is spontaneously induced during the eP in 
tHy medium. interestingly, 19 out of 21 differentially 
expressed genes were less induced in the Δrgg1 (ΔropB) 
mutant in contrast to the integrase gene. Prophage 
induction was further confirmed by excised vs. lysoge-
nized- specific PcR (Dmitriev et  al. 2006). Since the Rgg 
family (including RopB) proteins are bona fide quorum 
sensing regulators (Jimenez and Federle 2014; Makthal 
et  al. 2016), it suggests that this phage could sense 
cell population density in a RopB-dependent manner. 
Microarray analysis of the Δnra mutant (Fct-region 
regulator) and ΔciaH mutants also highlighted differen-
tial regulation of phage genes in eP, eSP and SP, and 
eSP, respectively, compared to the wt M49 strain 
(Kreikemeyer et  al. 2007; Riani et  al. 2007).

Microarray analysis of throat swabs samples from 
human pharyngitis due to different M-types (M3, M4, 
M12, M68 and M102) identified 35 phage genes 
amongst the top200 upregulated genes suggesting 
their induction during the onset of the disease (livezey 
et  al. 2011). Similar results were previously obtained in 
a NHP model of pharyngitis with the M1t1 strain 
MGAS5005 (virtaneva et  al. 2005). During both the col-
onization and acute phases, the phage gene category 
(notably structural genes from φ5005.1, .2 and .3) was 
enriched when cFUs were high, suggesting a relation-
ship between high cell densities and prophage gene 

expression as observed for the M23 strain in vitro 
(virtaneva et  al. 2005; Bao et  al. 2015). Moreover, there 
was a positive correlation between phages copy num-
ber and expression of their associated virulence factors 
(virtaneva et  al. 2005). in a necrotizing fasciitis model 
in mice, contrasting results were obtained. Basal 
expression of genes of the three phages of the M1t1 
5448 strain was observed in tHy, suggesting sponta-
neous induction. However, phages genes involved in 
lysogeny and lytic cycle were up- and down-regulated 
during necrotizing fasciitis compared to exponential 
growth in tHy, respectively (Hirose et  al. 2019).

Finally, GAS also carries satellite prophages, known 
as Spyci (S. pyogenes chromosomal island). the best 
characterized Spyci (SpyciM1) is found as an episome 
during exponential growth in rich medium and induces 
a mutator-phenotype during stationary phase by 
actively integrating in the DNA mismatch repair MMR 
operon. transcriptomic analysis of a ΔSpyciM1 strain 
(M1) highlighted an additional role in the regulation of 
virulence genes. indeed, the emm, hasABC, nga and slo 
genes are upregulated by SpyciM1 independently of 
its role in MMR regulation during the eP in rich medium 
(tHy). Moreover, the expression of speB is >140-fold 
upregulated in presence of SPyciM1 in the late log 
phase at 39 °c, a condition mimicking growth in a 
febrile human (Hendrickson et al. 2015). the Fct-region 
regulator Nra was found to repress a Spyci element 
during growth of a M49 strain in eP, eSP and SP 
(Hendrickson et  al. 2015). importantly, a mice chamber 
model identified several SpyciM1 putative transcrip-
tional regulators as differentially regulated compared 
to rich medium (Aziz et  al. 2010), suggesting a role for 
these elements in virulence.

Altogether, these results suggest that GAS prophages 
respond in different ways according to the sites of 
infection, like the throat and deep tissue. From the 
phage point of view, induction could be due to dam-
age by the host immune system and an attempt to 
escape from dying bacteria, like in macrophages and 
PMNs. Alternatively, the phage could sense bacterial 
and/or environmental cues favorable for their dissemi-
nation, the throat being more promising to find new 
bacterial host than deep tissue. From the bacterial 
side, phages induction may contribute to an increase 
in both phage DNA and expression of virulence genes. 
their secretion and/or release after completion of the 
lytic cycle will then contribute to the infection process. 
the exact mechanisms that govern GAS prophages 
induction in vivo are not well understood and require 
further studies. Additionally, the effect of prophages 
genes expression on GAS transcriptome, like observed 
for satellite phages, remains to be determined. the 
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intricate nature of GAS regulatory networks may, how-
ever, complicate the study of these biological processes.

Conclusion and perspectives

in the last 10 years, RNAseq technology has largely 
contributed to the understanding of GAS virulence 
and metabolism. However, a global understanding of 
GAS regulation remains a challenge despite the huge 
quantity of generated data notably because the 
diversity of environmental conditions in those exper-
imental procedures renders the comparison between 
studies difficult (Figures 1 and 2). indeed, numerous 
differences at the technical (difference in yeast 
extract percentage in tHy, presence or not of cO2, 
differences in OD regarded as exponential, stationary, 
or transitional phase…) and analysis (threshold, map-
ping) points of view could have a huge impact on 
transcriptomic results. Moreover, data coming from 
previous studies using microarrays are difficult to 
compare with current RNAseq data. the use of differ-
ent strains, even belonging to the same M type, has 
also shown discordant results. Moreover, regulon 
identification must be done in the adequate condi-
tion, i.e. condition in which the regulator is import-
ant. For example, we have seen that the PerR regulon 
changed completely between basic and stress condi-
tion (6 and 232 DeGs respectively) (Brenot et  al. 
2005; Grifantini et  al. 2011). Another understated 
aspect of genes regulation is the direct and indirect 
effect of regulators. the GAS community has recently 
implemented chiPseq analyses for ccpA (with HPr~P) 
and covR regulators. these first studies have high-
lighted that they directly control only 21% and 48% 
of the differentially regulated genes in the ΔccpA and 
ΔcovR strain, respectively.

Overall, all these studies seem to be like pieces of a 
puzzle that cannot yet be entirely assembled. this lack of 
standardization and crosstalk between research teams hin-
der scientific progress in understanding the GAS transcrip-
tomic landscape. initiatives such as transcriptomic 
compendium of Salmonella RNAseq data performed under 
22 infection-relevant conditions (Kröger et  al. 2013) or 
PAtHOGeNeX, an RNA atlas of human pathogen in stress 
conditions (Avican et  al. 2021), should be considered in 
the future (Box 1). Moreover, an integrated analysis of 
chiPseq and RNAseq data is still missing. Hirose et  al. 
recently explored the reanalysis of 116 publicly available 
RNAseq datasets of M1 strains grown in tHy medium 
with an independent component analysis (icA)-based 
framework (Hirose et  al. 2023). they identified 42 iModu-
lons, i.e. independently modulated sets of genes. 
comparison between in vitro and in vivo RNAseq datasets 

allowed them to estimate the stress, like carbohydrate 
depletion, to which GAS is exposed during necrotizing 
fasciitis (Hirose et  al. 2023). in E. coli, the analysis of more 
than 2600 RNAseq datasets obtained from different teams 
highlighted the overall similarity of iModulons structure 
(lamoureux et  al. 2023), which could smooth out differ-
ences between GAS laboratories.

Animal models which are undoubtedly useful to 
demonstrate virulence can also bias our interpretation 
of important genes in vivo (Figure 1). For example, 
results obtained in mice versus human show a lot of 
discrepancies questioning the utility of such models. Ex 
vivo models with human cells and tissues and, ideally, 
human samples or models should preferentially be 
used, especially to conclude on vaccine/therapeutic 
target expression (Box 1). However, the use of more 
relevant animal model such as NHPs, has clearly helped 
in understanding GAS virulence (Figure 2). in the next 
few years, transcriptomic data coming from GAS strain 
used in the human challenge model (Osowicki et  al. 
2019) should become a huge source of clinically rele-
vant information (Figure 1 and Box 1).

Dual-RNAseq has been successfully applied to GAS 
infection in non-human primates (Kachroo et  al. 2020), 
mouse (wilkening et  al. 2023) and human NF biopsies 
(thänert et  al. 2019; Jahagirdar et  al. 2022). Although 
out of the scope of this review, this systems biology 
approach will increase our understanding of the 
host-GAS interactions, especially if it is coupled with 
functional studies of deletion mutants (Kachroo 
et  al. 2020).

On the other hand, even if uniformity could be 
reached by some efforts, it seems that, as usual, there 
is GAS emm-type/strain specificity, especially regarding 
the regulation by tcS and stand-alone transcriptional 
factors. Understanding the regulome of each tcS/
stand-alone regulator and the cross talk between all 
these systems in several physiologically relevant condi-
tions is the major challenge for the future. tcS and 
stand-alone regulators should therefore be investigated 
in depth by using multiple knock-mutants. Moreover, 
chiPseq data need to be generated to decouple direct 
and indirect targets of regulators. these experimental 
works could be combined with in silico analysis of 
intergenic regions in tcS, which could help predict dif-
ferences between M-types and strains (Buckley et  al. 
2018) (Box 1).

A next breakthrough in the understanding of GAS 
behavior, especially in precious human samples, could 
be the analysis of specific pattern of genes expression 
by single-cell RNAseq (Kuchina et  al. 2021) and in situ 
sequencing (Ke et  al. 2013) (Box 1). Moreover, tran-
scriptomic studies should be coupled to proteomic 
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since RNA and protein data are not always correlated 
(chaussee et  al. 2008; Freiberg et  al., 2016) and that 
protein isoforms and/or proteins degradation are also 
important actors of the regulation (Aziz et  al. 2004; 
cain et  al., 2014).
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