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Abstract

Abstract

CodY is a highly conserved global transcriptional regulator of metabolism in low-
G+C Gram-positive bacteria. As its activity is dependent on its interaction with
branched-chain amino acids (BCAAs) and GTP (except for Lactococcus and
Streptococcus species), this regulator controls gene expression in response to the
nutritional status of the cell. In pathogens, CodY links nutrient availability with the
concerted regulation of metabolism and virulence.

In this study, we investigated the role of CodY in Streptococcus agalactiae, a
harmless colonizer of the intestinal and urogenital tracts of healthy adults that is
responsible of severe, invasive infections in neonates and immunocompromised
subjects. Adaptation to the different environments encountered during colonization
and infection is essential to the success of S. agalactiae as a commensal and as an
opportunistic pathogen. However, to date, there is still a great lack of information on
how this bacterium integrates the diverse environmental signals and orchestrates the
different regulatory pathways to rapidly adapt to distinct human host niches and
control its switch from commensal to pathogen.

Here, a codY deletion derivative (AcodY) of the hypervirulent S. agalactiae strain
BM110 was prepared. The mutant strain displayed decreased bacterial virulence in
different murine models of infection. The reduced lethality observed in vivo was
related to a decreased ability of the AcodY strain to disseminate in blood and to distant
organs of infected mice. In vitro investigation of virulence-related characteristics
revealed that several traits linked to the ability to colonize the host were affected in
the AcodY strain, including its ability to adhere to and invade human epithelial cells,
bind to plasma and extracellular matrix proteins and form biofilm.

A transcriptomic analysis showed that CodY controls about 13% of the S. agalactiae
genome, with genes encoding functions related to amino acid transport and
metabolism, adhesion, DNA replication, recombination, and repair being subjected
to the highest level of regulation. The regulatory activity of CodY was demonstrated
to be dependent on the presence of BCAAs, whose intracellular abundance is
influenced by CodY-mediated regulation of genes encoding BCAAs transport
systems. The list of genes under CodY control includes s7r2, encoding a virulence
factor known to be negatively regulated by the two-component system CovRS, the
master regulator of virulence. We showed that CodY is a direct repressor of s772 and
provided preliminary results suggesting a potential interplay of CodY and CovR in
the regulation of srr2.

The obtained results show that CodY is a global regulator of metabolism and
virulence in S. agalactiae. The activity of this factor appears to be coordinated with

the regulatory action of CovRS, highlighting the existence of interlinked regulatory
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pathways governing S. agalactiae virulence and gene expression. Dissection of the
molecular mechanisms governing S. agalactiae transition from harmless to potent
pathogen could set the basis for the development of new therapeutic strategies.
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Introduction

1. Introduction

Streptococci (Streptococcus, from the Greek words “strepto”, a chain and “coccus” a
berry) were first described in 1874 by the Austrian surgeon Dr. Theodor Billroth,
who reported the presence of small organisms, either isolated or arranged in chains
of two to twenty, found in wound infections. Streptococci entered formally to history
in 1879, when Louis Pasteur isolated the microorganism from the uterus and blood
of women with puerperal fever and demonstrated that Streptococcus was the
etiological agent of the disease causing the highest mortality rates of women and
newborns at that time. The genus Streptococcus comprises more than 100 different
species, that are commonly classified according to two main criteria: the composition
of surface antigens, through which the species are divided into groups A-X; their
haemolytic patterns, established by using blood agar plates to differentiate them into
alpha, beta and gamma classes (Ferretti and Kohler, 2016).

1.1 Streptococcus agalactiae

Streptococcus agalactiae is an encapsulated, Gram-positive, beta-haemolytic, multi-
host microorganism (Verani et a/, 2010). This specie was first described in 1887 as a
bacterium infecting the udders of cattle, causing mastitis, a disease that led to a strong
decrease in milk production, from where the name “agalactiae” came (from the
Greek: a-, no; galactos, milk). This species is also defined as Group B Streptococcus,
or GBS, based on the Lancefield classification, that takes into account a specific
peptidoglycan-anchored antigen, the Group B carbohydrate (GBC). S. agalactiae
commonly colonizes the gastrointestinal and urogenital tracts of healthy adults
(Perani et al, 2010). As a part of the urogenital microbiota of approximately 10-30%
of pregnant women, this opportunistic pathogen can be transmitted to the newborn
through in utero ascending infections or during labour through aspiration of
contaminated amniotic or vaginal fluids (Shabayeck et al, 2018). In addition, during
the last decades, S. agalactiae invasive disease has spread among adults as well
(Trollfors et al, 2022).

1.1.1 Epidemiology of S. agalactiae

S. agalactiae vaginal colonization in pregnant mothers represents the most important
risk factor both for the mother, that can experience symptoms ranging from mild
urinary tract infections to sepsis, and for the newborn, that can develop severe
invasive diseases. Two forms of S. agalactiae disease exist in neonates: the early
onset disease (EOD), which occurs within 7 days from birth, and the late onset disease
(LOD), that develops within three months of life (Dhudasia et al, 2021). EOD occurs
due to vertical transmission, when newborns are exposed to S. agalactiae in utero or
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during labour, through aspiration or swallowing of contaminated fluids while passing
through the birth canal. EOD is typically associated with manifestations such as
bacteremia or pneumonia, while less commonly it manifests with meningitis, bone,
joint and soft tissue infections. On the other hand, LOD is generally acquired by
horizontal transmission, and it is associated with meningitis as the most typical
manifestation of the disease, even though it may present as bacteremia, pneumonia
or urinary tract infection as well (Berardi ef a/, 2013). S. agalactiae neonatal disease
accounts for 392.000 cases, 91.000 deaths and 37.000 cases of children that survive
with neurodevelopmental impairment worldwide each year (Gongalves ef al, 2022).

Beyond maternal-foetal disease, S. agalactiae has emerged as a pathogen causing
invasive diseases in non-pregnant adults as well. Adults commonly at risk are elderly,
immunocompromised individuals and subjects with underlying medical conditions
such as diabetes mellitus, cancer, obesity and cardiovascular disease. The most
common manifestations of S. agalactiae illness in non-pregnant adults are skin and
soft tissue infections, urinary tract infections, pneumonia, sepsis, endocarditis and
meningitis (Graux et al, 2021).

1.1.2 Antibiotic treatment and evolution of antimicrobial resistance in
S. agalactiae

As a primary approach for S. agalactiae disease prevention in neonates, Centers for
Disease Control and Prevention recommend maternal intrapartum antibiotic
prophylaxis (IAP) through the administration of intravenous penicillin or ampicillin.
In case of allergy to these antibiotics, cefazolin or clindamycin can be administered.
Vancomycin intravenous administration remains the only validated alternative to be
considered in case of penicillin allergy and no bacterial response to the other
treatments (ACOG, 2020).

Administration of IAP has led to a strong decrease of EOD, from an incidence of 1.8
newborns per 1,000 live births in the 1990s to 0.23 newborns per 1,000 live births in
2015 (Nanduri et al, 2019). Despite that, LOD incidence has not been influenced by
IAP, remaining unaltered with 0.3 cases per 1,000 live births (Creti et al, 2021).
Although since the implementation of IAP S. agalactiae has remained susceptible to
penicillins and first-generation cephalosporins, isolates with increasing penicillin
minimum inhibitory concentrations (MICs) have recently been reported in Japan, in
the US and Canada. This poses a threat to the advances made in disease prevention
and treatment (Jones et al, 2022).

As a versatile multi-host pathogen, S. agalactiae is a cause of infectious diseases also
among food-producing animals, including cattles, fishes, and camels. Both
evolutionary and epidemiological studies report cases of S. agalactiae transmission
between humans and animals, in both directions and via multiple routes (Botelho et
al, 2018). This represents a concerning threat in terms of antimicrobial resistance
(AMR). Different hosts are exposed to different antimicrobial agents. Hence, S.
agalactiae acquirement of AMR in one host might lead to host-species jumping of
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lineages and subsequent transmission in another host. The misuse and overuse of
antimicrobials contribute to resistance selection and clonal spread of antimicrobial-
resistant lineages across species, and to the final horizontal transmission of resistance
determinants (Oliveira ef al, 2022). Human S. agalactiae strains presenting additional
AMR markers other than low susceptibility to penicillin emerged recently. For
example, human S. agalactiae strains non-susceptible to lincosamide and macrolide
antibiotics have significantly increased in the recent years, with around half of human
S. agalactiae isolates being resistant to macrolide in the US. Lastly, the emergence
of clindamycin and erythromycin resistant S. agalactiae strains has markedly
increased in the recent years as well (Oliveira et al, 2022).

The increasing prevalence of AMR in bacterial pathogens constitutes a global
concern since it has an impact on humans, animals and environment. In a multi-host
pathogen as S. agalactiae, AMR occurrence might be independent among S.
agalactiae strains from human and animal hosts. AMR may be mostly driven by a
combination of horizontal gene transfer and clonal expansion, amongst the major
forces driving S. agalactiae genome plasticity and evolution (Pinto et al, 2014).

1.1.3 A vaccine against S. agalactiae

IAP cannot represent the solution to S. agalactiae infections for several reasons:
screening and IAP in high-income countries have drastically reduced the incidence
of EOD, but LOD incidence remains unaltered; in addition, low- and middle- income
countries cannot implement IAP as a routine practice; moreover, IAP negatively
influences the microbiota of neonates, besides promoting the risk of development of
S. agalactiae resistant strains (Creti et al, 2017).

A suitable vaccine against this pathogen given to pregnant women could drastically
decrease S. agalactiae caused diseases, preventing 231,000 infant and maternal S.
agalactiae cases, 41,000 stillbirths and 66,000 child deaths annually. Up to date no
approved vaccine exists against S. agalactiae. As a matter of fact, the World Health
Organization (WHO) has identified the development of a maternal S. agalactiae
vaccine as a key priority (Seale ef a/, 2019).

The most recent advances to this purpose come from Minervax: the company has
recently developed a prototype subunit vaccine GBS-NN that has reached a phase I
study, conducted on 240 vaccinated adult healthy women, that displayed good safety
and immunogenicity profiles (Pawlowski et al, 2022). This candidate vaccine
consists of a fusion protein composed of the N-terminal domains of two S. agalactiae
proteins belonging to the alpha-like protein (Alp) family, AlphaC (aC) and Rib
(Fischer et al, 2021). Rib and aC have been selected as candidates for the vaccine
development since they are the most common variants of Alp proteins among S.
agalactiae strains. In a more recent investigation, it has been observed that the
vaccination with GBS-NN results in IgG and IgA responses against both homotypic
and heterotypic Alp-Ns, even though the heterotypic responses rely on a pre-existing
immunity. Importantly, the vaccine confers enhanced ability to prevent bacterial
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invasion of cervical epithelial cells. Interestingly, the authors noted that IgG of both
Alp-N specificities is still detectable in neonatal blood up to 2 months after birth
(Pawlowski et al, 2022). Further phase II and III studies will be performed to
investigate the efficacy of this promising vaccine.

1.1.4 8. agalactiae classification

S. agalactiae strains can be clustered according to different classification techniques.
One classification approach for S. agalactiae isolates relies on capsular
polysaccharide (CPS) typing. Ten different serotype variants (i.e., la, Ib, II, III, IV,
V, VI, VII, VIII, and IX) have been described. CPS typing is the common technique
used in routine clinical laboratories to identify circulating S. agalactiae isolates. CPS
types differ in their disease-causing abilities (Sheppard et al, 2016). In particular,
CPS types Ia, Ib, II, III, and V are associated with the 96% and 88% of cases of
neonatal and adult invasive S. agalactiae infections, respectively; the majority of
LOD and a conspicuous proportion of EOD are instead associated with CPS type III
(Bellais et al, 2012).

Although CPS typing has been one of the mainstays in the descriptive epidemiology
of S. agalactiae, different DNA-based techniques have been developed for a deeper
characterization of S. agalactiae population diversity. They include pulsed-field
electrophoresis (PFGE), microarrays and high-throughput sequencing and multilocus
sequence typing (MLST) (Bellais et al, 2012). In particular, MLST is a method for S.
agalactiae classification developed by Jones and colleagues by using seven defined
housekeeping genes (adhP, atr, glcK, ginA, pheS, sdhA, and tkt) (Jones et al, 2003).
Allelic variations among these genes determine different sequence types (STs). STs
can be then clustered into clonal complexes (CCs), that collect members with
maximum one allelic difference from other members of the cluster. Figure 1
represents schematically how different serotypes are distributed among STs, in turn
grouped in CCs (Furfaro ef al, 2018). MLST is a technique particularly suitable for
epidemiological studies since it provides data easily comparable between
laboratories. MLST and capsular serotyping of S. agalactiae strains isolated from
different countries have shown that human carriage and clinical isolates prevalence
varies over time and by geographic locations. Several epidemiological studies
conducted by DNA-based techniques have pinpointed that S. agalactiae capsular type
11T strains belonging to the ST17 are strongly associated with neonatal meningitis, for
this reason they have been historically designated as “hypervirulent” (Jones et al
2003).
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Figure 1. Serotype distribution within each sequence type, according to the public MLST
database for S. agalactiae, comprising the 12 most represented STs within the database, as
well as their corresponding CCs (Furfaro et al, 2018).

1.1.5 8. agalactiae genome structure

The S. agalactiae genome has a median total length of 2.08 Mb and a median GC
content of 35.4%. The global gene repertoire of a bacterial species constitutes its pan-
genome, that comprises the core genome, or the number of genes present in every
strain of that species. The S. agalactiae core genome represents only a small fraction
of the pan-genome, as this one is vast because new genes are constantly added to the
gene pool of the species any time a new strain is sequenced. The essence of the
species is strongly linked to the core genome, that comprises genes involved in
housekeeping functions, cell envelope, regulatory functions, transport and binding
proteins. On the other hand, the dispensable genome comprises genes mostly
associated with mobile and extrachromosomal elements. According to the work of
Lannes-Costa et al (2020) who performed a comparative genomic analysis of 109 S.
agalactiae strains, S. agalactiae contains one of the smallest core genomes (14%)
described in the literature, compared to other pathogenic bacterial species, such as
Pseudomonas syringae with 64% of core genome, Streptococcus pneumoniae (74%)
and Listeria monocytogenes (80%), suggesting a high genetic variability of S.
agalactiae (Lannes-Costa et al, 2020).
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Pathogenicity Islands (PAls) are genetic elements present in the chromosomes of a
large number of bacterial pathogens. PAls contain several virulence genes grouped
in blocks, normally absent in non-pathogenic strains of the same or closely related
species, that play important roles in the bacterial pathogenicity. From the work of
Lannes-Costa, the presence of 10 PAls, corresponding to the 15% of the genome, was
predicted in S. agalactiae. Interestingly, two PAls (SagPAI 2 and 5) in ST-17 strains
were highly conserved among the capsular type III strains analysed, and their
presence seemed to be related to the presence of an integrase. Both the two PAls
presented ABC transporters genes essential for cell viability, virulence, nutrition,
acquisition and for the export of other substances, including capsular polysaccharides
and hemolysin (He ef al., 2017). The mobile genetic elements and the genes they
carry play an important role in the hypervirulence and plasticity of ST-17 lineage.

1.1.6 S. agalactiae metabolism

During invasive infections, S. agalactiae colonizes several sites in the host with
varying oxygen abundance, ranging from atmospheric oxygen levels to near
anaerobiosis (Johri et al, 2003). Moreover, reactive oxygen species (ROS) are
generated by macrophages or neutrophils as part of the host defence mechanisms,
thus, the ability of the bacterium to survive in the host might be strongly influenced
by the bacterial ability to adapt to or eliminate oxygen, and to deal with ROS
(Yamamoto et al, 20006). S. agalactiae is a facultative anaerobe bacterium. Under
anaerobic growth conditions, S. agalactiae must grow strictly by fermentation. When
the bacterium is in growth conditions of rapid sugar metabolism and constant NADH
production, NAD is regenerated by converting pyruvate to lactate via lactate
dehydrogenase (homolactic fermentation). Despite its capacity for fermentative
metabolism, S. agalactiae can perform aerobic respiration upon addiction of external
sources of heme and quinone in presence of oxygen (Yamamoto et a/, 2006). Bacteria
usually have a branched respiratory chain with multiple dehydrogenases and terminal
oxygen reductases. According to the work of Lencina et al (2018), S. agalactiae
utilizes only one type 2 NADH dehydrogenase (NDH-2) and one cytochrome bd
quinol oxidase as a terminal oxydoreductase to perform respiration (Lencina et al,
2018). NADH-dependent respiration is fundamental for the pathogen to maintain
NADH/NAD redox balance in the cell, optimize ATP production, and oxygen
toleration (Lencina et al, 2018). Importantly, respiration metabolism confers S.
agalactiae the ability to eliminate oxygen from its environment. This process could
facilitate S. agalactiae dissemination and virulence by promoting bacterial survival
in blood (Yamamoto et a/, 2006).

Bacteria sense a wide range of physical and chemical signals in the environment and
use this information to adapt and promote their growth and survival. Among others,
amino acids are important factors for host-pathogen interactions (Ren et al, 2018). S.
agalactiae is known to require a great number of amino acids for its growth. Analyses
of the genome sequence reveal that inS. agalactiae, as in Streptococcus
pyogenes and in S. pneumoniae, the tricarboxylic acid (TCA) cycle is completely
missing, thus the bacterium is unable to synthesize the precursors of most amino
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acids. The only biosynthetic pathways present are the ones for alanine, serine,
glycine, glutamine, aspartate, asparagine and threonine. Most importantly, S.
agalactiae lacks the genes for the de novo synthesis of the branched-chain-amino
acids (BCAA). BCAAs (isoleucine, leucine and valine) are small nonpolar amino
acids, endowed with branched alkyl side chains that confer hydrophobicity. BCAAs
are a quantitatively important group of amino acids in bacterial proteins. Moreover,
they are fundamental for the synthesis of branched-chain fatty acids (BCFA), the
predominant fatty acids in the membranes of Gram-positive bacteria (Kaiser and
Heinrichs, 2018). Being auxotrophic for most amino acids, S. agalactiae imports
them from exogenous sources thanks to different ABC transporters and permeases.
In addition, S. agalactiae possesses peptidases that, through peptides degradation,
provide another precious source of amino acids.

1.1.7 8. agalactiae colonization of mucosal surfaces and translocation
through host cellular barriers

S. agalactiae expresses an armamentarium of virulence factors fundamental for
bacterial participation to several pathogenic processes, such as colonization of host
surfaces and translocation through host cellular barriers, bacterial evasion of the
immune system and activation of inflammatory response, and biofilm formation
(Spellerberg, 2000).

Bacterial adhesion to host-cell surfaces constitutes the first crucial step for S.
agalactiae mucosal colonization and invasion of the host. S. agalactiae adhesion and
invasion of a great number of host cells has been reported, including vaginal epithelial
cells, lung epithelial and endothelial cells and blood brain barrier cells (BBB, a single
layer of micro-vascular endothelial cells) (Rajagopal, 2009). As indicated in Figure
2, S8. agalactiae intracellular uptake involves activation of cytoskeletal
rearrangements in the host cell. Pathogens at the cell surface manipulate the Rho
family GTPases, small signalling molecules present in the eukaryotic cytosol, to
trigger downstream cytoskeletal rearrangement (Dumenil and Nassif, 2005). S.
agalactiae-host initial interactions involve bacterial binding to proteins of the
extracellular matrix (ECM) and serum proteins, such as fibrinogen, plasminogen,
vitronectin, fibronectin, laminin, with subsequent interactions with host-cell surface
integrins and facilitated entry into the host cell (Maisey et a/, 2008, a).
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Figure 2. Mechanisms of S. agalactiae cellular adhesion and invasion (Maisey et al, 2008,

a).

Surface-associated protein families are the principal factors that mediate S.
agalactiae adherence to ECM and host cell surfaces (Pietrocola et al, 2018). As a
general structure, the cell-wall anchored (CWA) proteins comprise different domains.
The N-terminal signal sequence directs the protein translocation to the cytoplasmic
membrane, where it will be removed at the moment of the secretion. The C-terminus
displays the sorting signal that comprises a conserved sorting motif (LPXTG, Leu-
Pro-Thr-Gly). Moreover, CWA proteins contain a hydrophobic transmembrane
segment and a positively charged cytosolic terminal tail. The central moiety of CWA
proteins comprises domains directly involved in several functional activities, such as
binding of ECM-proteins. Comparative genomic analyses of S. agalactiae genome
from different strains predict the presence of up to 35 distinct CWA protein encoding
genes (Tettelin et al, 2002). Nevertheless, there is variability of CWA proteins from
strain to strain and depending on bacterial growth phase or conditions as well.

1.1.7.1 Fibrinogen-binding adhesins
Fibrinogen is a soluble plasma glycoprotein and a component of the ECM, composed

of two sets of disulfide-bridged Aa-, BB-, and y-chains (Figure 3) (Pietrocola et al,
2018). S. agalactiae displays several CWA proteins involved in fibrinogen binding:
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the fibrinogen-binding surface (Fbs) proteins FbsA, FbsB and FbsC, and the serine-
rich repeat (Str) proteins Srrl and Srr2.

1.1.7.1.1 Fbs proteins

Through fibrinogen binding, FbsA plays a crucial role in promoting bacterial
adhesion to both epithelial and human brain microvascular endothelial cells
(hBMEC) (Schubert et al, 2004, Tenenbaum et al/, 2005). Nonetheless, Pietrocola et
al (2005) observed that FbsA binding to fibrinogen promotes a fibrinogen-dependent
aggregation of platelets, therewith this interaction could play a role in S. agalactiae-
triggered cardiovascular diseases such as endocarditis (Pietrocola et a/, 2005).

FbsB is an excreted protein involved in bacterial invasion of epithelial cells,
promoting bacterial dissemination in the host (Gutekunst et al, 2004).

FbsC is the protein most recently identified as involved in fibrinogen binding,
preferentially interacting with the B chain of fibrinogen. This protein contributes to
S. agalactiae adhesion and invasion of epithelial cells as well (Buscetta et al/, 2014).

1.1.7.1.2 Srr proteins

Concerning the Srr proteins, the binding of Srrl to fibrinogen has been deeply
investigated and it occurs through direct binding of Srr1 to the Aa chain of fibrinogen.
This interaction confers S. agalactiae the ability to bind to several types of human
epithelial cell lines and to endothelial h(BMEC as well (Seo et a/, 2012).

Expressed only by ST-17 strains, Srr2 is mutually exclusive with the Srrl adhesin
expressed by non ST-17 strains. As for Srrl, Srr2 binds to the Aa chain of fibrinogen
but compared to Srrl, Srr2 has a greater binding affinity to fibrinogen. Increased
fibrinogen binding by Srr2 could confer a competitive advantage to ST-17 strains in
the vaginal niche and promote at the same time binding to epithelial and endothelial
cells in invasive niches. Srr2 enhances the bacterial capacity to cross the intestinal
barrier in the neonatal gastrointestinal tract (Seo et al/, 2013). Additionally, in a recent
investigation, Srr2 role in mediating S. agalactiae invasion of BBB has been better
elucidated. The adhesin harbours two distinct binding motifs that are exploited to
interact with the o, integrin. Moreover, Srr2 displays other two motifs required for
direct binding to the asP: integrin. Interestingly, osp: and o,Bs integrins are host
receptors for fibrinogen on endothelial cells, and they are overexpressed during the
postnatal period in brain vessels. Integrin recognition is important for the bacterium
from a pathophysiological point of view, as it promotes bacterial internalization into
the host cell. It has been demonstrated that Srr2-integrins interaction is essential for
S. agalactiae to adhere to and invade brain endothelial cells and contributes to
meningitis development in vivo. Up to date it is still not clear how Srr2 recognition
and binding to integrins enables bacterial entry into the brain (Deshayes de
Cambronne et al, 2021).
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The redundancy of different adhesins involved in the binding of the same ligand may
allow S. agalactiae to bind to different sites of a molecule, thereby promoting
stronger interactions (Brochet et al, 2008). Nonetheless, protein redundancy could
help the bacterium to maintain its fitness in case of loss of function mutations that
might affect a specific adhesin, whose role could be then compensated by the activity
of another protein (Pietrocola ef a/, 2018).
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Figure 3. Fibrinogen structure and binding sites on fibrinogen chains for CWA proteins of S.
agalactiae (Pietrocola et al, 2018).

1.1.7.2 Plasminogen-binding adhesins

It has been recently evidenced that Srr2 is a multiligand protein: beside being
involved in fibrinogen binding, it binds plasminogen as well. This binding increases
S. agalactiae surface proteolytic activity, thus favouring the crossing of the BBB and
subsequent contribution to the establishment of meningitis (Six et al, 2015,
Magalhdes etal, 2013). As for fibrinogen binding, S. agalactiae binding to
plasminogen is mediated by different CWA proteins.

In addition to Srr2, the plasminogen-binding surface protein P (PbsP) binds
plasminogen, promoting bacterial invasion of brain endothelial cells in vitro and of
the central nervous system in vivo (Buscetta et al, 2016). PbsP is expressed in mostly
all S. agalactiae strains and its interaction with plasminogen leads to plasminogen
activation to plasmin, allowing S. agalactiae migration through endothelial barriers
(Magalhaes et al, 2013). PbsP is a multiligand protein as it is also able to interact with
the multifunctional glycoprotein vitronectin, present both as a component of the ECM
and as a plasma protein. Binding of PbsP to vitronectin constitutes a molecular bridge
for the bacterium to interact with the ECM integrins and promote bacterial invasion
of the host epithelial mucosal cells (De Gaetano ef al, 2018).
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1.1.7.3 Fibronectin-binding adhesins

Fibronectin is a large dimeric glycoprotein present both in plasma and on the surface
of the ECM (Pietrocola et al, 2018). As for other ECM components, fibronectin is
targeted by bacteria to adhere to and invade host cells. It has been reported that S.
agalactiae does not bind to soluble fibronectin, but only to adsorbed fibronectin (Hull
et al, 2007). Since soluble fibronectin acts as an opsonin in the body, this behaviour
could be explained as a trick to evade the host immune system. S. agalactiae
interaction with fibronectin is mediated by the streptococcal fibronectin binding
protein A (SfbA). This interaction is relevant for bacterial invasion of the BBB.
Indeed, infection with S. agalactiae mutant strains lacking sfbA4 results in reduced
bacterial penetration of the BBB and subsequent reduced meningeal inflammation in
mice, suggesting a crucial role of SfbA in the development of meningitis in vivo (Mu
etal,2014).

1.1.7.4 Laminin-binding proteins

Laminins are a family of glycoproteins present on the surface of the ECM of the host.
Almost all human-colonizing S. agalactiae strains express a CWA lipoprotein
involved in binding to laminin: the laminin-binding protein (Lmb). Lmb-laminin
interaction plays a role in promoting bacterial colonization of the host. It has been
shown that the Lmb protein promotes invasion of human brain microvascular
endothelial cells (Tenenbaum et al, 2017).

1.1.7.5 Pili

Pili are long, filamentous, multimeric macromolecules found on the surface of
bacteria. The pilus is composed of three structural subunits: PilA is the pilus
associated adhesin located along the pilus backbone, PilB is the major component of
the pilus, and PilC is an accessory protein mainly localized at the base of the pilus
(Dramsi et al, 2006). There are three distinct pilus islands (PIs), PI-1, PI-2a, and PI-
2b, that encode structurally different pili in S. agalactiae (Rosini et al, 2006). Several
studies have reported the importance of the pilus in promoting S. agalactiae
colonization and pathogenesis. Besides being involved in S. agalactiae adhesion to
human pulmonary epithelial cells (Krishnan et al, 2007), the pilus plays a role in
bacterial adhesion to and invasion of brain endothelial cells. In particular, the PilA
component promotes initial adhesion of the bacterium to the brain endothelium, while
the PilB subunit does not seem to be involved in bacterial adhesion, but it confers
invasive abilities to the bacterium (Maisey et al, 2007). Lastly, an alternative route
of bacterial infection described for S. agalactiae consists in bacterial traversing of
epithelial monolayer through association with intercellular junctions, without the
disruption of the epithelium. To this regard, according to the work of Pezzicoli
(2008), the pilus backbone appears to be involved in the bacterial ability to
transcytose through different human epithelial cell lines, such as cervical, lung and
colon carcinoma cells (Pezzicoli et al, 2008).
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1.1.7.6 HvgA protein

The hypervirulent GBS adhesin (HvgA) is a surface anchored protein, expressed only
in ST17 isolates (Pietrocola et al, 2018), that represents an allelic variant of the BibA
protein present in non-CC17 strains. Described as a major determinant of S.
agalactiae hypervirulence in neonates, HvgA promotes S. agalactiae adhesion to
epithelial and endothelial cells of the intestinal and blood brain barriers respectively,
which are typical S. agalactiae targets during LOD infections. The work of Tazi
(2010) shows that HvgA plays a crucial role in mediating S. agalactiae invasion of
the central nervous system and development of meningitis in vivo, as it confers to the
bacterium an increased ability to translocate through the BBB (Tazi ef a/, 2010).

1.1.7.7 Alpha-C protein

Alpha-like proteins are a family of proteins present in nearly all S. agalactiae isolates.
The role of the alpha-C protein (ACP) in bacterial pathogenesis has been investigated.
It has been observed that this protein does not affect bacterial binding but promotes
bacterial internalization into cervical epithelial cells (Bolduc et al, 2002). ACP binds
to several cell receptors, such as alPl-integrin, or heparin and epithelial cell
associated glycosaminoglycans. The latter interaction promotes bacterial
internalization through Rho GTPase-dependent actin rearrangements, allowing
bacterial entrance in the eukaryotic cell cytosol (Baron ef al, 2004).

1.1.7.8 p-hemolysin/cytolysin

Also known as CylE, the B-hemolysin/cytolysin (B-h/c) is a surface-associated toxin,
that plays a role in promoting injury in a wide range of eukaryotic cell types, such as
lung epithelial, lung microvascular endothelial and hBMEC cell lines. S. agalactiae
mutants deficient for B-h/c display reduced virulence in several animal models of
infection, including sepsis, pneumonia and arthritis (Rajagopal, 2009). Doran et al
(2003) have reported that the f-hemolysin plays a role in development of meningitis
in vivo. Mice infected with mutants lacking B-h/c displayed decreased mortality rates
and reduced brain bacterial load compared to mice infected with wild-type S.
agalactiae strains (Doran et al, 2003). B-h/c biosynthesis is associated to the
production of an orange pigment, a rhamnopolyene with 12 unsaturated bonds, that
acts as a defence mechanism to quench ROS. S. agalactiae pigment is a major
virulence factor, as it promotes bacterial crossing of the human placenta and invasion
of the amniotic cavity, enabling bacterial dissemination in the host and consequent
injury of the fetus (Whidbey et al, 2013).

1.1.8 . agalactiae evasion of immunological clearance
Once it crosses the initial host barriers to disseminate into deeper tissues or to reach
the bloodstream, S. agalactiae triggers a complex immunological response in the host

that involves phagocytic cells, such as neutrophils and macrophages. Specific
antibodies or serum complement factors fundamental for S. agalactiae opsonization
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are deficient in newborns. As a consequence, the bacterium displays an increased
ability to resist to opsonophagocytosis or neutralise the bactericidal activities of
neutrophils and macrophages in these hosts (Maisey et a/, 2008, a). In addition, S.
agalactiae secretes several virulence factors that interfere with innate immune
clearance mechanisms.

One way through which the innate immune system quickly detects microorganisms
is the complement system, that consists in a series of enzymatic reactions. S.
agalactiae interferes with the complement system mostly through the capsular
polysaccharide (CPS). The CPS is the main defence factor that protects S. agalactiae
against opsonophagocytic killing. The terminal sialic acid (Sia) present in this thick
component prevents surface deposition of opsonically active complement C3 on the
bacterial surface, providing antiphagocytic protection (Marques et al, 1992).
Moreover, Sia is a component of the surface of vertebrate cells as well, hence, the Sia
on the surface of S. agalactiae mimics the host cells, avoiding immune detection
(Korir et al, 2017). Together with the CPS, several surface components of S.
agalactiae interfere with the complement cascade and prevent bacterial
opsonophagocytosis, as reported in Figure 4.

BibA, for example, is an immunogenic adhesin of S. agalactiae that binds specifically
to the human C4-binding protein, a component of the classic complement pathway.
Through this binding, S. agalactiae can resist opsonophagocytic killing by
neutrophils (Santi et al, 2007).

The complement-interfering protein (CIP) is a secreted protein that binds the
complement inhibitor factor H to the surface of the microorganism, preventing C3b
deposition and subsequent opsonophagocytosis. Moreover, the CIP is able to reduce
classical and lectin complement pathway activation through binding of the C4b
factor, inhibiting its interaction with the C2 component (Pietrocola et al, 2016).

ScpB is a serine-protease, C5a peptidase, that proteolytically cleaves the
complement-activated chemoattractant C5a and prevents the recruitment of
inflammatory cells (Cheng et a/, 2002). This protein has also been shown to mediate
bacterial binding to immobilized fibronectin (Beckmann et a/, 2002).

CspA is a cell surface protein able to cleave fibrinogen, leading to fibrinogen
polymerization, subsequent aggregation of S. agalactiae and coating of the bacterial
surface with fibrin. Bacterial coating with fibrin reduces the access of opsonins to the
surface and prevents opsonophagocytosis. In addition, CspA is also able to cleave
and inactivate chemokines that recruit neutrophils to infection sites (Bryan and
Shelver, 2009).

The B-antigen is an important virulence factor for S. agalactiae resistance to the host
immune system. Also called IgA Fc-receptor protein, the f-antigen binds IgA to the
bacterial surface, consequently blocking the binding of other opsonizing antibodies
and inhibiting phagocytosis (Madoff et al, 1994). More recently, it was reported that
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the B-antigen binds human factor H, preventing phagocytosis as well (Jarva et al,
2004).

Neutrophil extracellular traps (NETs) are structures made of DNA and antimicrobial
peptides produced by neutrophils in response to invading bacteria to ensnare and
eliminate bacteria during an infection. S. agalactiae nuclease A (NucA) is an
extracellular nuclease, which degrades the DNA in the NETs to allow S. agalactiae
escape (Derré-Bobillot et al, 2013).

Through binding to the human sialic acid-binding immunoglobulin-like lectin 5
(Siglec-5), a leukocyte cell-surface receptor, the aforementioned B-antigen promotes
not only impaired oxidative burst, but also decreased production of NETs by the host,
improving bacterial survival in the host (Carlin ef al, 2009).
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Figure 4. Mechanisms of S. agalactiae immune evasion (Maisey et al, 2008, a).

Despite S. agalactiae ability to prevent immune detection and phagocytosis, the
bacterium is phagocytosed and killed by phagocytic cells in presence of serotype-
specific antibodies. On the other hand, S. agalactiae is able to induce apoptosis in the
macrophages and has evolved mechanisms to survive in the host as well.
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For example, after invading the host, S. agalactiae secretes a hyaluronidase, HylB,
that degrades a component of the extracellular matrix, the hyaluronan HA, inhibiting
proinflammatory cytokine expression and promoting bacterial dissemination.
Interestingly, HylB plays also a role in enhancing bacterial survival inside
macrophages, allowing the use of HA as a carbon source in the host (Wang et al,
2014). Moreover, once phagocytosed, the bacterium is exposed to a harsh
environment comprising ROS and antimicrobial peptides (AMPs). For what concerns
oxidative damage, S. agalactiae is able to inactivate ROS produced by the host
through the use of superoxide dismutase (SodA), which converts superoxide into
oxygen and hydrogen peroxide. Protection from oxidative damage is also conferred
by the orange carotenoid pigment produced by the beta-hemolysin/cytolysin.
Moreover, S. agalactiae can inhibit ROS formation to protect itself from oxidative
stress and low pH through production of glutathione.

Concerning bacterial resistance to AMPs, S. agalactiae can increase the number of
D-alanine residues in lipoteichoic acids, a process regulated by the dit operon,
preventing AMPs crossing of the bacterial cell (Korir et al, 2017). In addition,
bacterial resistance to AMPs is also mediated by pili. The previously mentioned pilus
protein subunit PilB confers bacterial resistance to AMPs, promoting intracellular
survival in murine macrophages and human neutrophils (Maisey et al, 2008, b).

Lastly, other than mediating binding to both fibrinogen and plasminogen, the Srr2
protein has also been shown to play a role in increasing phagocytic uptake and
intracellular survival in macrophages and neutrophils (Six ef al, 2015). Even though
this function seems counterproductive, the protein could instead use this trick to
enhance bacterial survival inside macrophages and at the same time promote its
dissemination (Korir et al, 2017).

1.1.9 Activation of inflammatory response

Once overcome epithelial barriers’ protections and immunological clearance, S.
agalactiae can establish an infection, eliciting a strong inflammatory response in the
host. Proinflammatory cytokines are produced by the host cells, including TNF and
interleukin-6 (IL-6), but cytokine responses vary among strains. Strains belonging to
the ST-17 and ST-19 lineages are associated to higher levels of TNF, IL-6, and IL-8
compared to other strains (Maisey et al, 2008, a). In an attempt to identify the S.
agalactiae components that trigger host inflammatory response, it has been observed
that the peptidoglycan is among the strongest stimulators of cytokine release from
monocytes (Vallejo et al, 1996).

Toll-like receptors (TLRs) are a class of recognition receptors that play a role in
warning the immune system about the presence of microbial infections. Neonatal
macrophages produce high levels of proinflammatory cytokines such as IL-6, upon
stimulation through TLRs 1, 2, and 4. However, compared to murine adult ones,
neonatal macrophages display reduced expression levels of TLRs. Additionally,
newborns display much less pulmonary macrophages than adults (even though their
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number increases in about 24 to 48 h after birth). This condition prevents newborns’
ability to quickly fight the infection, leading to development of EOD (Lund et al,
2020).

1.1.10 Biofilm

Bacterial ability to adhere and colonize different host niches facilitates cellular
aggregation and formation of biofilms, sessile communities fundamental for bacterial
persistence and establishment of chronic infections. The extracellular matrix of
polysaccharides, proteins and DNA confers protection from recognition by the
immune system (Shabayek and Spellerberg, 2018). Type Ila pili and the CPS have
been reported to be key surface factors involved in development of biofilm for S.
agalactiae. More precisely, it has been observed that PilA and PilB, but not PilC
subunit, are fundamental for the biofilm formation (Konto-Ghiorghi et a/, 2009),
while CPS requirement has been demonstrated in presence of human plasma (Xia et
al, 2015).

Environmental conditions are essential to prevent or promote development of
bacterial biofilms. To this regard, since S. agalactiae is a common colonizer of the
vagina, a host niche with an acidic pH is expected to be the ideal environment for
bacterial colonization. According to preliminary analyses, S. agalactiae displays
increased adherence to vaginal epithelial cells under acidic pH conditions compared
to neutral pH (Zawaneh et al, 1979). In accordance with this early investigation,
several studies reported that S. agalactiae biofilm production by isolates collected
from pregnant women is increased when the bacterium is grown under acidic pH
(4.5), compared to a neutral pH (7). This enhanced biofilm formation at vaginal pH
could confer a potential advantage in colonizing vagina and increase the risk of
vaginosis and neonatal infections (Ho et al, 2013).

Contradictory data are available concerning S. agalactiae ST-17 strains classification
as weak or strong biofilm formers. As reported in figure 5, according to the work of
D’urzo et al (2014), that performed an analysis working under acidic pH conditions,
most of the strong biofilm formers belong to the serotype III, ST-17 lineage (D’urzo
et al, 2014). On the contrary, Parker et al (2016) reported that invasive isolates
belonging to the ST-17 and ST-19 lineages tend to form weak biofilms compared to
strains associated to asymptomatic colonization of the host (Parker ef al, 2016). It is
possible to speculate that the difference in the result may rely on the different setup
of the experiment performed to test the biofilm formation. What is proven to be
crucial for S. agalactiae biofilm formation is the low pH and the presence of plasma,
environmental factors fundamental to regulate the expression of bacterial surface-
associated structures involved in biofilm formation.
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Figure 5. Effects of an acidic pH on S. agalactiae biofilm formation of 366 bacterial clinical
isolates of eight different serotypes and nontypeable strains (D’urzo ef al, 2014).

1.1.11 S. agalactiae dual personality: from asymptomatic colonizer to
potent pathogen

The principal niche where S. agalactiae resides as an asymptomatic colonizer is the
rectovaginal tract of females (Armistead et al, 2019). Interestingly, only a small
fraction of colonized people develops S. agalactiae invasive disease, suggesting a
potential role of host-specific factors in determining an individual's susceptibility to
invasive disease. The bacterium possesses a great number of factors that promote host
colonization, evasion of the immune system and dissemination in unprotected niches
such as neonates. S. agalactiae expression of virulence factors is tightly regulated by
signal transduction systems. These regulatory systems sense the signals encountered
by the bacterium in the diverse host environments and consequently coordinate
transcriptional responses to mediate bacterial adaptation. The mechanisms used by S.
agalactiae to tightly regulate the expression of virulence factors remain largely
unknown (Armistead et al, 2019).

1.1.11.1 Two-component signal transduction systems

An important class of signal transduction systems evolved by bacteria to sense and
respond to the environmental changes are the so-called two-component systems
(TCS). As indicated by the name, TCS comprise two constituents: a membrane-
associated sensor histidine kinase and a cognate response regulator, that usually
displays DNA-binding abilities. Upon sensing of an external specific signal, the
histidine kinase phosphorylates the response regulator, thus causing a conformational
change that will alter its binding affinity for target DNA sequences. Whole genomic
analysis has revealed that S. agalactiae encodes up to 22 TCS, but the role of only
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few of them has been investigated and partially elucidated (Figure 6) (Thomas and
Cook, 2020).

1.1.11.1.1 CovR/CovS: the master regulator of virulence

Also known as CsrRS, CovRS is the most studied TCS of S. agalactiae. CovRS is a
global regulator, controlling the expression of more than 100 genes, many of which
are involved in virulence. Lamy et al/ (2004) reported that a AcovRS mutant of S.
agalactiae grown in rich Todd-Hewitt (TH) medium formed orange pigmented
clumps. Given the association between B-h/c toxin expression and pigment
production, the authors tested the haemolytic activity of the mutant pigmented strains
and observed, as expected, that the AcovRS mutant displayed an hyperhaemolytic
phenotype compared to the wild-type strains when streaked on blood agar plates. The
phenotypes observed were in accord with the expression profiling analysis conducted
by the authors. The cy/ operon, encoding three major virulence factors, the B-h/c
toxin, the bibA gene, and the PI-1 pili operon, displayed increased expression levels
in AcovSR mutants compared to wild-type strains. In addition, covRS deletion caused
a 5- to 20-fold increase in bacterial adhesion to human epithelial cells compared to
wild-type strains. On the other hand, mutant strains displayed decreased survival rates
compared to wild-type strains in neonate mice, demonstrating that this TCS is
essential for bacterial virulence. Several virulence factors are controlled by the
CovRS system. Among phenotypes associated to S. agalactiae virulence, canonical
antimicrobial peptide (CAMP) factor is a toxin encoded by the c¢fb gene, that
increases the B-hemolysin activity of Staphylococcus aureus. CAMP factor test
revealed a decrease in CAMP activity in AcovSR strains compared to wild-type
strains. This result was in line with the observed decreased expression of the ¢fb gene.
Additionally, decreased CPS levels were observed in AcovSR mutants compared to
wild-type strains. This phenotype could be explained by gene expression analysis as
well. Mutant strains displayed a slight repression of the c¢ps operon, encoding genes
for capsular polysaccharide, compared to WT strains (Lamy et al, 2004). All these
analyses confirm the essentiality of CovRS for S. agalactiae virulence.

CovR activity is modulated by CovS, which acts both as a kinase and a phosphatase
at the level of a conserved aspartate residue (Asp53) of CovR. The equilibrium
between the opposite enzymatic activities of CovS depends on its interaction with the
S. agalactiae membrane protein Abx1. This protein is able to inhibit the CovRS
signaling by antagonizing CovS, interfering with regulation of S. agalactiae
virulence. Modulation of abx! expression affects direct targets of CovR, such as
hemolysin/pigment production, expression of the adhesin BibA and the CAMP factor
(Firon et al, 2013).

The TCS CovSR is embedded in an extremely complex regulatory network that
involves several regulatory proteins. In addition to Abxl, the eukaryotic-type
serine/threonine kinase Stk1 controls S. agalactiae virulence indirectly, via CovR.
Stk1 phosphorylates CovR at the level of threonine 65 (Lin et al/, 2009). CovR
phosphorylation at the level of Thr65 is mutually exclusive respect to Asp53 residue

22



Introduction

phosphorylation. Hence, Thr65 phosphorylation of CovR diminishes its activation at
the conserved Asp53 residue, reducing CovR ability to bind DNA and to control gene
expression in S. agalactiae (Rajagopal et al, 2006).

An additional layer of regulation resides in pH-dependent transcriptional changes.
For a successful colonization of the host, S. agalactiae must quickly adapt to changes
in environmental pH, by activation of cellular processes such as transcription of genes
involved in transport and metabolism. Santi et a/ (2009) demonstrated that CovRS
mediates bacterial adaptation during the transition from acidic to neutral pH (e.g.,
from the vagina to a more basic environment such as neonate lungs), by up-regulating
the expression of several virulence determinants. The authors hypothesized that an
acidic pH might induce an autokinase activity of the CovS cytoplasmic domain, with
a subsequent phosphotransfer to the CovR regulator, thereby increasing its activity
as a transcriptional regulator. This means that in case of switch to a neutral pH, the
autokinase activity of CovS would not be stimulated, leaving CovR
unphosphorylated and inactive (Santi ez a/, 2009).

All these studies investigated the role of CovR in S. agalactiae strains belonging to
non-CC17 lineages. The architecture of the CovR network in S. agalactiae has been
recently furtherly explored in BM110, a strain belonging to the hypervirulent lineage
ST-17 (Mazzuoli et al, 2021). Two different mutants were prepared to define the
transcriptional changes induced by CovR inactivation in BM110: a AcovR mutant
presenting an in-frame deletion of covR and a CovRD53A mutant, in which the
conserved aspartic acid residue at position 53 was substituted with an Alanine,
preventing CovR phosphorylation. In addition to virulence genes previously shown
to be controlled by CovR, including fbsA, fbsB, pbsP, the C5a peptidase scpB and the
secreted nucA endonuclease, two ST-17 specific virulence factors, named Avg4 and
srr2, were identified as direct targets of CovR-regulation. Interestingly, while several
genes displayed similar expression patterns in the two strains, other genes showed
strain-specific expression patterns. For example, the operon encoding for Srr2 was
differentially expressed only in the 4covR mutant, but not in the D53 A mutant strain,
compared to the wild-type strain (Mazzuoli et al, 2021). A hypothesis to explain this
result is that regulation of srr2 transcription might involve an activator that would
outcompete the binding of the non-phosphorylated CovR form, with a lower affinity
for DNA compared to the phosphorylated form.

Another interesting analysis performed in the work of Mazzuoli et al (2021) regards
the investigation of the plasticity of CovR regulatory network among S. agalactiae
strains. The authors conducted a parallel RNA-Seq analysis in two different S.
agalactiae strains, BM110 and NEM316 (a strain belonging to the ST-III type), to
quantify the specificities of CovR regulation between them. A striking difference
between the WT strains was observed, with 172 increased or 60 decreased genes
(ILog2 FC| > 1; adjusted p-value < 0.005) in NEM316 compared to BM110,
respectively. The transcriptional profiles of CovRDS53A mutants in BM110 and
NEM316 were globally similar, with strain-specific sets of genes differentially
expressed. Moreover, the ChIP-seq analysis revealed a global difference in the CovR
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ability to bind chromosomal DNA between strains, that leads to strain-specific CovR
regulation (Mazzuoli et al, 2021).

1.1.11.1.2 The regulator of fibrinogen- binding RgfAC

RgfAC is a TCS of S. agalactiae that plays a role in virulence regulation. Encoded
by the operon rgfBDAC, this TCS is composed of RgfC, the sensor kinase, and RgfA,
the response regulator. RgfAC was discovered in 2002, when it was demonstrated
that mutant strains lacking the response regulator displayed increased expression
levels of the C5a peptidase scpB gene (Spellerberg et al, 2002). Later on, it has been
demonstrated that this TCS modulates the expression of two fibrinogen binding
proteins, acting as a repressor of FbsA and an activator of FbsB. Further experiments
conducted with fbsA4 and fbsB mutant strains revealed that FbsB plays a greater role
compared to FbsA in human fibrinogen binding ability in CC17 S. agalactiae strains
(Al safadi et al, 2011). This result explains why mutant strains lacking RgfAC,
displaying decreased levels of FbsB, showed a reduced bacterial binding to
fibrinogen even in presence of fbsA upregulation (Spellerberg et al, 2002). In vivo
analysis showed that mutant strains depleted for the response regulator were
hypervirulent in a murine model of systemic infection. This result is consistent with
the upregulation of the virulence factors FbsA and C5a peptidase observed in absence
of RgfAC regulation. All these data suggest a role for RgfAC in promoting a
colonization versus a virulent phenotype (Faralla et al, 2014, Thomas and Cook,
2020).

1.1.11.1.3 CiarH and antimicrobial-peptide resistance

CiaRH (CiaH, the sensor histidine kinase, and CiaR, the response regulator) is a TCS
of S. agalactiae encoded by a locus that is homologous to the CiaRH TCS present in
other streptococcal pathogens. Successful establishment of meningitis resides in
bacterial ability to maintain high levels of bacteremia in terms of magnitude and
duration into the host; thus, before entering the central nervous system, S. agalactiae
must resist to the attack of neutrophils and macrophages. Experiments conducted on
human neutrophils and murine macrophages infected with wild-type or AciaR mutant
strains revealed that wild-type strain displayed increased survival rates compared to
AciaR strains. This result revealed that CiaRH is involved in promoting bacterial
survival in phagocytic cells (Quach et al, 2009). Survival of AciaR strains is
decreased compared to WT strains in hBMEC cells as well. Lastly, CiaRH confers S.
agalactiae resistance against antimicrobial peptides (Quach et al, 2009). Despite
being part of the innate immune response of the host, antimicrobial peptides called
cathelicidins are naturally occurring antibiotics whose expression is induced in
epithelial cells, neutrophils, and macrophages. It is possible that CiaRH promotes
bacterial survival both in endothelial cells and in macrophages thanks to the increased
resistance to these AMPs conferred to the bacterium.
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1.1.11.1.4 DI{RS and regulation of d-alanylation of LTA

DItRS is a TCS encoded by two operons, comprising six genes (d/tA, ditB, ditC, ditD,
dltR and dlitS), that are transcribed from two different promoters, one upstream of the
ditABCD operon, and the other one upstream of the two additional genes d/tRS, in
turn located upstream of the ditABCD operon. The ditABCD operon catalyzes the
incorporation of d-alanine residues into the lipoteichoic acid (LTA) anchored to the
bacterial membrane. D-Ala incorporated in the cell wall of Gram-positive
microorganisms confers protection to the bacterial cell-wall from external stresses,
such as antibiotics, via a simple mechanism: upon d-alanylation of LTA, its net
charge is reduced, thus cells will be less electronegative and consequently will bind
with a lower efficiency to cationic molecules such as AMPs (Thomas and Cook,
2020). As soon as the amount of d-Ala incorporated decreases, the DItRS system will
upregulate the dlitABCD operon expression, in order to guarantee constant
physiological levels of cell-wall d-alanylation and maintain S. agalactiae fitness
(Poyart et al, 2001).

1.1.11.1.5BgrRS

The BgrRS system is encoded by the brg operon, located in a putative pathogenicity
island near the bac gene, that encodes the B-antigen. This TCS regulates the f-antigen
expression: it has been observed that strains lacking BgrR display strongly decreased
expression levels of B-antigen expression, and that this leads to a consequent
reduction of virulence in a murine intraperitoneal model of infection. Notably, in
absence of BgrS, BgrR maintains its ability to upregulate hac gene expression. As
observed for other transcriptional regulators, this suggests a potential crosstalk
between BgrR and other sensor kinases (Rozhdestvenskaya et al, 2010).

1.1.11.1.6 The HssRS sensor of heme

Heme is both an important iron source and metabolic cofactor for bacteria. S.
agalactiae does not carry the genes encoding enzymes for heme biosynthesis, thus it
must import heme from the external environment. In order to avoid heme toxicity in
the cell, bacteria possess the heme-regulated transport efflux system, HrtBA. The
HssRS system is able to sense the presence of heme and consequently upregulates
the expression of HrtBA, preventing toxicity (Thomas and Cook, 2020).

1.1.11.1.7 SaeRS regulator of adhesion to the host

The SaeRS system was identified as a TCS of S. agalactiae highly upregulated during
in vivo growth in the vaginal tract (Cook et al, 2018). SaeRS plays a crucial role in
promoting bacterial invasion of the CNS, as it upregulates the gene encoding the PbsP
adhesin involved in S. agalactiae invasion of the BBB. Other than pbsP, SaeRS TCS
upregulates other factors through which it promotes host colonization (Cook et al,
2018). Very recently, it has been demonstrated that SaeRS upregulates the group B
streptococcus vaginal adherence protein (BvaP). BvaP promotes bacterial adhesion
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to ECM components and to vaginal epithelial cells in vitro. Moreover, this protein is
required for vaginal colonization in vivo as well (Thomas and Cook, 2022).
According to Cook et a/ (2018), upon sensing the presence of a signal (hypothetically
a small heat-labile peptide) in murine vaginal lavage fluid, SaeRS is activated and
induces transcriptional changes that promote host colonization (Cook et a/, 2018).

1.1.11.1.8 Regulation of Carbon metabolite and virulence by
FspSR

The FpsR system composed of the fructose-6-phosphate (Fru-6-P) sensor histidine
kinase and its cognate response regulator plays a role in monitoring and responding
to nutrients availability. Experiments conducted on AfspR mutant cells grown on Fru-
6-P as a carbon source displayed impaired growth rates compared to wild-type cells.
Additionally, in presence of Fru-6-P, induction of both fspSR and the neighboring
phosphotransferase system (PTS) operon were observed in the wild-type strain,
suggesting that Fru-6-P is a signal sensed by FspSR to upregulate that PTS operon
(Faralla et al, 2014). Moreover, in a murine model of vaginal colonization AfspR
strain was significantly less persistent than the wild-type strain in the vaginal tract,
indicating its involvement in mucosal colonization (Thomas and Cook, 2020).

1.1.11.1.9 LiaSR Lipid ll-interacting antibiotics

Highly conserved in Gram-positive organisms, LiaSR is a TCS generally involved in
sensing and responding to agents that disrupt cell envelope, such as antimicrobials
and antibiotics like Lipid II-interacting antibiotics. In S. agalactiae the expression of
liaSR is concomitant to the expression of /iaF, a gene encoding a membrane protein
that negatively regulates the LiaSR system. This TCS is able to sense disruptions in
cell wall integrity and to regulate the response to disrupting agents by positively
regulating the expression of several genes involved in cell wall synthesis (Klinzing
etal,2013).

1.1.11.1.10 Nisin and bacitracin resistance regulation:
NsrRK/BceRS

BceRS (or NsrRK) is another TCS involved in bacterial resistance against antibiotics,
such as nisin and bacitracin. BceRS upregulates the expression of SaNSR, a nisin
resistance protein and the expression of nsrFP, an efflux pump for AMPs. The nsrF'P
and saNSR genes are encoded by the same operon, whose expression is upregulated
by BceRS. This TCS is also involved in promoting biofilm formation and survival in
the host (Yang et al, 2019).

1.1.11.1.1 Regulation of pathogenesis and host colonization:
LtdRS

The LtdRS TCS was recently shown to be involved in vaginal colonization and
development of meningitis. It has been observed that infection of human cerebral
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microvascular endothelial cells (h\CMEC) with the AltdR mutant strain led to
increased secretion of inflammatory cytokines; moreover, this outcome was
concomitant with a AltdR increased invasion of hCMEC and penetration of the BBB
in a murine model of meningitis. These data indicate that LtdRS plays an important
role in the pathogenesis of S. agalactiae meningitis. Given the increased invasiveness
and decreased ability to colonize the mucosa of Al/tdR mutant compared to wild-type
strains, LtdRS potentially promotes colonization and suppresses pathogenesis of S.
agalactiae (Deng et al, 2018).
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Figure 6. Two-component systems of S. agalactiae (Thomas and Cook, 2020).

1.1.11.1.12 One-component systems

In addition to TCS, S. agalactiae encodes several one-component systems involved
in bacterial fitness and transition from commensal to pathogen. The transcriptional
regulator MtaR plays a role in S. agalactiae interaction with fibrinogen. MtaR acts in
fact as a repressor of fbsB and as an activator of cspA (Bryan et al, 2008). RogB is a
transcriptional regulator involved in upregulation of fbs4, whose expression is
controlled by several regulatory systems on the basis of the genetic background of
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the bacterial strain (Gutekunst et al, 2003). The regulator of virulence RovS is a one-
component transcriptional regulator involved in S. agalactiae virulence. Increased
expression levels of fbsA4 detected in ArovS strains reveal that RovS acts as a repressor
of fbsA. This regulation is a probable explanation to the observed increased adhesion
to epithelial cells by ArovS compared to wild-type strains. Moreover, RovS stimulates
the expression of ¢yl operon and of the sodA gene, directly controlling the expression
of these genes (Samen et al, 2006). Finally, the recently characterized Catabolite
control protein A (CcpA) is a regulator of genes involved in carbon metabolism, that
controls 13.5% of S. agalactiae genome. The majority of genes under CcpA control
are involved in acidic and oxidative stress resistance and confer to the bacterium the
ability to survive in macrophages (Roux et a/, 2022).

1.1.11.1.13 Exploring novel transcriptional regulators
governing the switch of S. agalactiae from harmless
commensal to invading pathogen

S. agalactiae has two major lifestyles: it can exist as an innocuous commensal in the
gut or genital tract of healthy adults, or it can cause severe diseases and invade host
tissues of neonates, pregnant women and fragile subjects (Shabayek and Spellerberg,
2018). The ability to switch between these two lifestyles is determined by
environmental cues, such as pH, the presence of nutrients or host signals. These
signals are perceived by a variety of regulators that orchestrate global responses, thus
allowing S. agalactiae to adapt to different host niches and to coordinate metabolic
and virulence pathways. As described above, the role of several two-component and
one-component systems has been deeply studied (Thomas and Cook, 2020).
However, the signals controlling their activity as well as the role of many regulators
remains to be determined.

In all low G+C Gram-positive bacteria, the global transcriptional regulator CodY
allows the concerted regulation of metabolic pathways in response to the nutritional
status of the cell. Its role in the control of gene expression has been deeply
investigated in Bacillus subtilis, the model organism of Gram-positive bacteria. In
the years, it became evident that, in pathogens, this regulator plays a key role
coordinating metabolism and virulence (Brinsmade, 2017). Depending on the
species, CodY can activate or repress virulence, either directly or indirectly. Despite
its role has been previously investigated in several streptococcal species, its function
in S. agalactiae has not been studied so far.

In the following paragraphs, the role of CodY in B. subtilis and in Gram-positive
pathogens will be described.
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1.2 The global regulator CodY

1.2.1 Structure and modus operandi of CodY in B. subtilis

CodY is a global transcriptional regulator originally discovered in Bacillus subtilis as
a repressor of the dipeptide transport operon (dpp) during the exponential growth
phase in rich medium (Slack et a/, 1995). Further studies revealed that CodY plays a
wider role in B. subtilis, controlling the expression of more than 200 genes involved
in cellular adaptation to nutrient conditions (Brinsmade et al, 2014). This
transcriptional regulator is highly conserved and ubiquitous in low-G+C Gram-
positive bacteria, such as staphylococci, streptococci, bacilli, clostridi, where it acts
as a global regulator of metabolism. Importantly, in pathogens, CodY links nutrient
availability and cell metabolism with the expression of virulence genes (Brinsmade,
2017).

The DNA binding ability, and therefore the regulatory function of CodY is activated
upon binding to two different cofactors, GTP and branched-chain amino acids
(BCAAs). As the abundance of these effectors reflects the energetic and metabolic
status of the cell, CodY controls gene expression in response to nutritional
availability. Interestingly, while BCAAs are universal CodY cofactors (Guédon et al,
2001; Brinsmade et a/, 2017), GTP is not involved in CodY regulation in the genera
Streptococcus and Lactococcus (Hendriksen et al, 2008; Petranovic et al, 2004).
CodY binding to its cofactors is selective, occurs in the millimolar concentration
range and leads to protein conformational changes that increase the affinity for its
target sites on the DNA (Levdikov ef al, 2006). Crystallization studies revealed that
CodY from B. subtilis is a dimer of 29 KDa that displays an N-terminal cofactor
binding domain, belonging to the GAF domain family, highly conserved in signalling
and sensory proteins, and a C-terminal domain for DNA binding, that belongs to the
winged helix-turn-helix (HTH) domain family (Levdikov et al, 2017).

CodY binds to a conserved 15 nucleotides consensus sequence (CodY motif),
AATTTTCWGAAAATT (“W” stands for adenine or thymine), identified for the first
time in Lactococcus lactis (den Hengst et al, 2005) and later shown to be conserved
in all the species in which CodY was described. CodY affinity for DNA varies among
its different target sites. That is, given a determined level of CodY active molecules,
not all CodY targets are regulated to the same extent. Hence, as the abundance of
intracellular BCAAs and GTP drops, the fraction of active CodY molecules in the
cell is gradually reduced and CodY-mediated regulation of gene expression is
progressively relieved (Brinsmade, 2017).

In B. subtilis CodY acts mostly as a repressor of stationary phase genes involved in
amino acid and purine biosynthesis, nutrient transport, catabolism, motility,
competence and sporulation. In addition, it acts as an activator of carbon overflow
pathways (Brinsmade et al, 2014). When the cell is in a condition of high nutrients
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availability, high levels of intracellular BCAAs determine a high number of CodY
active molecules. In this case, genes which are normally under positive regulation of
CodY will be highly expressed, while genes under CodY negative regulation will be
expressed at a very low level. CodY can act as negative regulator in two different
ways: it can compete with the RNA polymerase or with a positive regulator for
binding to the promoter; it can act through a roadblock mechanism by binding within
the coding sequence of the target gene and forcing a premature termination of
transcription (Belitsky and Sonenshein, 2011). On the other hand, CodY can activate
transcription by stabilizing the binding of the RNA polymerase to the promoters
(Shivers et al, 2006). Importantly, genome-wide studies performed in B. subtilis
revealed that CodY can also regulate gene expression indirectly by controlling the
expression of other transcriptional regulators (Brinsmade et a/, 2014).

When intracellular levels of BCAAs are sufficient to support growth, bacteria repress
BCAA biosynthesis. In S. aureus, as in B. subtilis, the BCAA biosynthetic genes are
repressed by CodY. An interesting finding was that, even though CodY binds all three
BCAAs in vitro, its activity in regulating expression of BCAAs is predominantly
regulated by isoleucine availability during growth (Kaiser et al/, 2018). Reduced
availability of CodY cofactors in the medium, such as during stationary phase of
growth, will lead to a progressive decrease in the number of CodY active molecules.
That is, genes normally repressed by CodY will be progressively de-repressed. On
the other hand, CodY activated genes that are instead upregulated during active
growth in rich medium, will be expressed only at low levels in case of depletion of
CodY cofactors. In this way, CodY decreased affinity for DNA binding will
determine a hierarchical modulation of gene expression, with the prioritization of
determinate metabolic pathways ahead of others (Brinsmade et al, 2014). Bacteria
use CodY to prioritize gene expression and critical metabolic pathways ahead of
others, to guarantee a hierarchical expression of genes and pathways at varying
extents of nutrient limitation, in order to reconfigure genetic circuits to survive or
thrive in the dynamic environments they inhabit.

Several studies aimed at characterizing CodY targets in B. subtilis have revealed that
changes in CodY activity mediated by changes in medium composition led to varying
extents of gene expression mediated by CodY (Brinsmade and Sonenshein, 2011).
Belitsky and Sonenshein have reported how CodY activity does not only depend on
varying intracellular pools of its effectors. A genome-wide in vitro binding analysis
conducted by the authors allowed the identification of all CodY -binding sites in the B.
subtilis genome. Moreover, the experiment revealed the relative binding strengths for
those sites, demonstrating that CodY affinity for DNA is different among the various
target sites. The threshold concentration of activated CodY that regulates a gene is
specific for that gene and determination of such thresholds can be very complex
(Belitsky and Sonenshein, 2013). A genome-wide profiling of transcript abundances
in strains producing mutant CodY proteins of B. subtilis have allowed the
identification of genes that are turned on or off at different levels of CodY activity.
These analyses have provided a framework for determining the bacterium’s strategy
for altering the activities of multiple metabolic pathways when faced with changing
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levels of nutrient availability. In particular, the authors have pinpointed how, if a gene
has a second regulator whose role is to interfere with CodY binding, a relatively
strong CodY-binding site might not have in vivo the same relative effectiveness
observed in vitro (Brinsmade et al, 2014). Together these findings confirm the
complexity of CodY-mediaded regulation of gene expression.

1.2.2 Interactions of CodY with other global regulators for the control
of metabolism in B. subtilis

CodY-mediated regulation of gene expression in B. subtilis has been widely
investigated. This transcription factor acts in combination with other global
regulators to control cellular metabolism in response to diverse intracellular
metabolites that signal the environmental conditions of the cell.

When growing in a glucose-rich medium, B. subtilis is able to metabolize a large
proportion of it to obtain pyruvate and acetyl CoA, that will be in turn converted to
fermentation products (i.e., lactate, acetate and acetoin) and excreted in the
extracellular environment. During this process of glycolysis and production of
fermentation products, the energy is stored as ATP. As soon as glucose is consumed,
the fermentation products are taken up from the environment and used for central
metabolism through their entry in the citric acid cycle. In this scenario, a crucial role
is played by CcpA, a regulator that controls carbon metabolism in many Gram-
positive bacteria. Upon activation by fructose-1-6-bisphosphate (FBP), an
intermediate of glycolysis, CcpA promotes the expression of genes required for the
synthesis of fermentation products. When the cell is in nutrient rich conditions, in
presence of high levels of BCAAs and GTP, CodY promotes the synthesis of lactate
and acetoate as well. Hence, if glucose is available, CodY and CcpA cooperate
together to activate the carbon-flow (Figure 7).

When active, CcpA and CodY act also as repressors of the enzymes involved in the
re-utilization of acetoin and acetate: once extruded into the extracellular environment,
these fermentation products enter the citric acid cycle, if the enzymes involved in
their re-utilization are not repressed (Figure 7). Together these two regulators control
pyruvate conversion to fermentation products based on few metabolites: FBP,
BCAAs and GTP (Sonenshein, 2007).
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Figure 7. Interplay of the global regulators CcpA and CodY in carbon overflow metabolism
in B. subtilis (Sonenshein, 2007).

Despite interacting at the level of regulation of carbon overflow pathways, CodY and
CcpA control also the regulation of the synthesis of BCAAs together with a third
transcription factor, TnrA. BCAAs play a multifaceted role in bacterial fitness and
the level of their synthesis depends on the availability of metabolites linked to central
metabolism such as pyruvate, acetyl-CoA and oxoalacetate. The BCAAs biosynthetic
pathway provides also intermediates for pantothenate and BCFAs, the main
constituents of Gram-positive bacterial membranes (Kaiser and Heinrichs, 2018).
The B. subtilis ilv-leu operon comprises seven genes (ilvBHC and leuABCD)
necessary for BCAAs biosynthesis. CodY, CcpA and TnrA participate in the
regulation of the i/v-leu operon in a very well-orchestrated way.

When BCAAs are supplied from a nitrogen-rich medium, CcpA promotes i/v-
leu expression to make the cell synthesize more BCAAs for rapid cell growth. CcpA-
mediated stimulation of expression of genes for BCAAs biosynthesis promotes CodY
activation. CodY in turn exerts a negative regulation on BCAAs synthesis,
counteracting the positive regulation CcpA-dependent (Figure 8). This mechanism
allows the cell to prevent an excess of BCAA synthesis, maintaining their level in
appropriate concentrations in vivo. By mediating the creation of different steady-
state levels of BCAA biosynthesis, under different conditions of nutrient availability,
CcpA determines the extent to which CodY is active, thereby determining the impact
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of CodY on the many genes that it controls. This means that CcpA not only regulates
its own target genes, but also CodY target genes. Together with CcpA and CodY,
also TnrA regulates BCAA biosynthesis, but this regulator is only active when
nitrogen is limiting. Under this condition, TnrA acts as a repressor of BCAAs
biosynthesis (Figure 8). Thus, if carbon is in excess and nitrogen is lacking, TnrA
will partially counterbalance the effect of CcpA on BCAA biosynthesis. In this way,
TnrA will decrease CodY activity as a repressor of amino-acid utilization pathways,
adjusting the amounts of BCAAs in response to a poor nitrogen supply (Tojo et al,
2005). Globally, we can conclude that CodY and TnrA counteract the positive
regulation of CcpA, according to nitrogen availability on the medium.
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Figure 8. Interplay of CodY, CcpA and TnrA in the regulation of BCAAs biosynthetic
pathway (Sonenshein, 2007).

It is important to interrogate gene expression at intermediate levels of activity in order
to unravel complex regulatory mechanisms that couldn’t be revealed if considering
that CodY is just active or inactive. An example is the CodY -mediated regulation of
braB, a gene encoding a BCAA permease. Regulation of braB is subject to a complex
regulation by which CodY acts both as a direct repressor and as an indirect positive
regulator. The positive regulation of CodY is mediated by repression of scoC, a gene
encoding a second repressor of hraB. In this scenario, braB expression occurs only
under particular conditions, such as during growth in a BCAAs poor medium, in
which CodY activity is low enough to prevent repression of braB, but high enough
to maintain sufficient repression of scoC. Depending on the respective affinity of
CodY and ScoC for their different targets, the action of one regulator may have a
greater effect than the other or, as in the case of braB, balance each other almost
perfectly (Belitsky et al, 2015, a). CodY control of ScoC creates a regulatory cascade
that allows to maintain or increase repression of certain genes under conditions in
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which CodY is no more active. As ScoC and CodY share a number of direct targets,
this feed-forward regulatory loop occurs at different promoters.

Oligopeptide permeases are other targets of complex transcriptional regulation
mediated by CodY and ScoC. Both the regulatory proteins act as negative regulators
of the opp operon. Moreover, CodY serves as indirect positive regulator of the ScoC-
repressed opp operon (Belitsky et al, 2015, b). The combined actions of CodY and
ScoC serve to maintain opp repressed even when one of the regulators is not active.

An additional layer of complexity is given by TnrA. When CodY is inactive, under
conditions of nitrogen limitations, TnrA acts as a positive regulator of the opp operon
via interference with ScoC action (Fisher, 1999). Hence, the presence of CodY and
ScoC in the same cell allows different kinds of outcomes when CodY loses activity
because of nutrient exhaustion. Genes controlled negatively and directly by both
CodY and ScoC can have varying responses depending on the concentrations of the
active forms of the proteins needed to bind to the regulatory regions of the genes in
question and the strength of the corresponding binding sites.

B. subtilis displays two major exoproteases, AprE and NprE, important enzymes
involved in several functions, such as degrading extracellular proteins to provide
amino acids for growth. Interestingly, regulation of expression of their genes aprE
and nprE is subject to complex interplay of multiple transcription factors, such as
AbrB, DegU, ScoC, and SinR. Barbieri et al/ (2016) have demonstrated a
simultaneous regulation by CodY and ScoC. More precisely, both CodY and ScoC
repress aprE and mprE transcription. Moreover, even though scoC expression
increases when CodY is inactive, the authors have observed that the loss of CodY -
mediated repression is compensated by a stronger ScoC-mediated repression of the
proteases. Hence, in order to observe the strong negative role of CodY
in aprE and nprE regulation, ScoC must be absent or inactive (Barbieri ef a/, 2016).
Regulation of metabolism, BCAAs uptake and biosynthesis, oligopeptide transport
and protein degradation mediated by different regulators reflects the importance of a
tight interconnection of signals in order to guarantee bacterial fitness.

1.2.3 Intersection of CodY with the stringent response

When nutrient levels decrease, bacteria are able to activate a stress response system
that allows them to survive under harsh conditions. The stringent response involves
the synthesis of pppGpp, subsequently hydrolysed to ppGpp. Bacterial (p)ppGpp
synthesis is fundamental for bacterial fitness, survival and adaption. Alarmons such
as ppGpp generally repress rRNA synthesis, reducing protein translation. In addition,
(p)ppGpp synthesis is involved in several physiological changes such as gene
activation/repression or protein translation. In most firmicutes, alarmones are
synthetised by RelA (or RSH), which has synthesis and hydrolysis activities, RelQ
and RelP, small proteins which have only the synthase domain. In B. subtilis, RSH is
the major (p)ppGpp synthase that displays the highest activity in response to amino
acid deprivation. The synthesis of alarmones requires the consumption of GTP and
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ATP. Under nutrient rich conditions there are high levels of GTP and BCAAs.
Through binding of its cofactors, CodY binds DNA and inhibits RNA-polymerase
activity, exerting its role as transcriptional regulator. As soon as the cell undergoes
nutrient limitation, the RSH enzyme becomes activated. At this point, sythesis of
(p)ppGpp leads to a decrease of the GTP pool and therefore to a release of CodY
from DNA. Hence, genes involved in adaptation to nutrient deficiency that were
previously repressed, can now be expressed (Figure 9) (Geiger and Wolz, 2014).
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Figure 9. Scheme of the intersection of CodY and the stringent response in B. subtilis (Geiger
and Wolz, 2014).

1.2.4 CodY as a link between metabolism and virulence in pathogens

In pathogens, CodY constitutes an important link between regulation of metabolism
and pathogenesis, acting either as an activator or a repressor of virulence gene
expression depending on the bacterium.

1.2.4.1 Staphylococcus aureus
Staphylococcus aureus is a pathogen that colonizes the nares of healthy individuals
but can lead to severe infectious diseases ranging from skin lesions to pneumonia,

sepsis and endocarditis. Several studies revealed that CodY is a global regulator of
gene expression in S. aureus, as its regulon comprises about 200 genes. Among the
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several gene targets of CodY, the majority of them encode proteins that control
metabolic pathways. CodY also represses many S. aureus virulence genes during in
vitro growth (Pohl et al, 2009, Majerczyk et al, 2010). Montgomery et al reported
how, in absence of codY, S. aureus becomes hypervirulent in murine skin and
pneumonia infection models. The increased virulence displayed in the deletion
mutant is given by an increased expression of several virulence factors (Montgomery
et al, 2012). Experiments conducted with S. aureus AcodY strains revealed that CodY
acts as a repressor of haemolytic activity, as it represses the hemolytic alpha-toxin
(hla). Moreover, CodY is involved in repression of biofilm formation, as codY
deletion mutants displayed a reduced biofilm biomass. CodY-mediated repression of
biofilm occurs through CodY negative regulation of the ica operon, that controls the
expression of the PIA protein involved in biofilm formation (Majerczyk et al, 2008).
Among CodY-controlled virulence genes, sodA4 and katA, encoding respectively a
superoxide dismutase and catalase, emerged among genes under direct control of
CodY (Majerczyk et al, 2010).

Figure 10 schematically shows how CodY governs bacterial transition from a
commensal to virulent pathogen. From the bacterium’s perspective, as long as S.
aureus grows in an environment rich of nutrients at the beginning of the host
colonization site, the cells grow without the need to turn on virulence genes. Genes
that promote colonization, such as finbA and spa, encoding for adhesive proteins, will
be therefore upregulated. However, as soon as nutrients become limiting, these genes
are no more expressed, preventing adhesion but promoting dissemination. At this
point, S. aureus promotes expression of genes encoding for lipases, proteases and
hyaluronidases, whose products will re-establish nutrient availability by damaging

host cells. As soon as nutrients are depleted, CodY sequentially loses repression and
turns on genes required for transporting preformed compounds, de novo synthesis of
amino acids and virulence factors (Waters et al, 2016). Hence, S. aureus uses CodY
to keep virulence gene expression shut off until a nutrient limitation threshold has
been reached. Thus, BCAAs and GTP depletion can be indicators of S. aureus
transition from a commensal lifestyle to an invasive, pathogenic lifestyle.

CodY regulation of virulence occurs both directly and indirectly. S. aureus CodY co-
regulates virulence in conjunction with other regulators of virulence, the Agr quorum
sensing system and the SaeRS two-component system. In particular, CodY represses
the TCS accessory gene regulator (agr), well characterized for being involved in the
synthesis of several S. aureus virulence factors, such as polysaccharide intercellular
adhesin (PIA) or the delta-toxin hemolysin. Majerczyk et al/ discovered that nearly
half of the genes repressed by CodY are not its direct targets but are overexpressed
in absence of codY due to derepression of the agr locus (Majerczyk et al, 2010).
CodY’s role in repressing agr has important effects on regulation of virulence. The
effector of the Agr system RNAIII inhibits translation of the repressor of toxins (Rot).
Hence, as nutrients availability drops, so does CodY activity. As a result, the agr
locus is derepressed and RNAIII synthesis increases, leading to a drop of Rot
abundance. Additionally, Majerczyk et a/ (2010) identified saeRS, encoding the
SaeRS two-component system (TCS), to be regulated by CodY. The sae locus
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consists of four genes (saeP, saeQ, saeR, and saeS), whose expression is driven by
two promoters: a constitutive promoter (P3) and an autoregulated promoter (P1). P3
promotes transcription of saeR and saeS, encoding proteins required for sensing and
response to changes in environmental conditions. SaeR in turn activates P1 through
protein phosphorylation. CodY regulation of saeRS occurs through direct repression
of sae expression by binding the upstream region of the sae P1 promoter. This binding
hinders SaeR binding to the P1 promoter (Pendleton et al, 2022). Importance of
CodY-mediated regulation of saeRS resides nuc, a gene encoding a thermonuclease.
This factor is directly controlled by SaeRS and is at the same time a CodY -regulated
virulence factor. Waters et al (2016) have observed that CodY represses the
expression and production of the thermonuclease during rapid, exponential growth,
and this graded regulation is dependent on the Sae TCS (Waters et al, 2016).
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Figure 10. Model for CodY regulatory role in bacterial transition from commensal to virulent
pathogen (Waters et al, 2016).

1.2.4.2 Clostridium difficile

Clostridium difficile is a Gram-positive bacterium that colonizes the intestine. C.
difficile encodes two large toxins, TcdA and TcdB, which are essential for virulence.
Dineen et a/ (2010) demonstrated that, upon binding to GTP and BCAAs, CodY
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controls either directly or indirectly the expression of around 150 genes in C. difficile,
acting mostly as a repressor of gene expression. CodY controlled targets include
genes involved in amino acid biosynthesis, nutrient transport, fermentation pathways.
Moreover, CodY negatively controls the expression of several virulence factors, such
as membrane components and surface proteins (Dineen ef al/, 2010). Together with
the transcriptional regulator CcpA, CodY controls the expression of genes encoding
toxins TcdA and TcdB. TcdR is the major sigma factor for toxin gene transcription
necessary for high expression levels of toxin genes (¢#cdA4 and tcdB) (Figure 11).
CcpA and CodY respond independently to different nutritional signals, and both bind
upstream and repress the fcdR gene (Figure 11). In particular, CodY regulates toxin
gene expression by binding to the fcdR promoter region at three different locations
with varying affinities, with two of the binding sites overlapping with sigma factor-
binding regions (Bouillaut et al, 2015).

Another critical trait governing C. difficile pathogenesis is the spore formation. Being
a strict anaerobe, sporulation in C. difficile is an obliged process that allows the
bacterium to effectively persist and spread in the aerobic environment outside the
host. It has been recently reported that CodY plays a role in controlling C. difficile
sporulation. The list of genes controlled by CodY comprises genes involved in
sporulation initiation, including spo0A, rapA, rapC, rapE, sinl/R, sigH, and kinB.
Moreover, CodY acts as a repressor of the opp oligopeptide transporter operon which
was demonstrated to inhibit the initiation of sporulation in C. difficile. By importing
peptides, and therefore by increasing the availability of BCAAs, OppA can modulate
CodY activity and CodY-mediated repression of sporulation. Nawrocki et al (2016)
also reported that CodY acts as a repressor of sporulation by controlling directly and
indirectly the expression of the sporulation regulator gene sinR (Nawrocki et al,
2016). More precisely, CodY binds directly upstream the sinR coding region, and f3-
galactosidase assays reported an increase in sinR expression levels in codY-null
mutant strains compared to wild-type strains. However, despite these observations,
researchers have observed that alleviation of CodY repression at stationary phase is
not sufficient to increase transcription from the sin promoter. This outcome is due to
other factors, CcpA and SigD, involved in sinR repression together with CodY
(Nawrocki et al, 2016).

Spore formation and toxin production are critical for C. difficile pathogenesis. RstA
is a conserved C. difficile regulator, that promotes sporulation initiation and directly
represses toxin expression by binding upstream the tcdR coding region. Edwards et
al (2020) have reported that RstA-mediated regulation of both sporulation and toxin
production is species-specific. As a matter of fact, several point mutations have been
detected within the tcdR promoter region among various strains, many of which
overlap the RstA and CodY binding sites. These mutations affect RstA- and CodY-
mediated repression. At the same time, since these regulators respond to different
cofactors, their repression prevents a full zcdR transcription, unless DNA binding is
relieved by both regulators (Edwards et al, 2020).
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Figure 11. Synergistic repression of C. difficile toxin synthesis by CodY and CcpA
(Richardson et al, 2015).

1.2.4.3 CodY as positive regulator of virulence: Lysteria monocytogenes
and Bacillus anthracis

In Bacillus anthracis, the eziological agent of the anthrax disease, and Listeria
monocytogenes CodY plays a fundamental role as an indirect activator of virulence
gene expression.

L. monocytogenes is a firmicute that causes listeriosis, a foodborn disease. Biswas et
al (2020) identified all CodY-binding regions in L. monocytogenes in vitro through
an in vitro DNA affinity purification coupled with parallel sequencing (IDAP-Seq).
The analysis conducted with varying concentrations of CodY allowed the
identification of all the relative binding strength for each potential target site (Biswas
et al, 2020). As a facultative intracellular pathogen, L. monocytogenes displays
virulence factors mostly involved in host cell invasion, intracellular replication and
bacterial spread in the host. These factors are positively regulated by the master
activator of virulence, PrfA. As demonstrated by Lobel ef al (2015), CodY directly
activates prf4 expression by binding a sequence located within the 5’ coding region.
Interestingly, ChIP assay in combination with RT-qPCR analysis revealed that CodY
bound prfA4 region preferably during growth in presence of low BCAAs levels.
Ligand-limited CodY appears to activate prfA4 transcription, leading to induction of
virulence (Lobel et al, 2015). Low concentration of BCAAs in the environment
constitutes the major metabolic signal that contributes to consistent virulence genes
expression. Through this elegant mechanism, L. monocytogenes can respond to a
drop in BCAA availability, as during invasion of host cells, releasing repression of
several pathways, such as BCAA biosynthesis, promoting growth and survival (Lobel
et al,2015).

Brenner et al (2018) discovered that isoleucine deficiency in the environment
constitutes a signal for virulence gene activation. In particular, they demonstrated that
aribosome-mediated attenuator R1i60 controls leucine gene transcription in a BCAA-
dependent manner, limiting BCAAs synthesis. As isoleucine is also the input signal
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of CodY, R1i60 impacts CodY activity as well. In this way, BCAAs biosynthesis is
regulated at two different levels, the first involving CodY repression under nutrient
rich conditions, the second through RIi60 mediated attenuation of BCAAs
biosynthesis under poor BCAA conditions (Brenner et al, 2018).

Among factors that inhibit mammalian cell invasion in L. monocytogenes, high c-di-
GMP levels play a robust role, as high levels of c-di-GMP lead to suppression of prf4
gene expression, and so to repression of virulence. Elbakush et al (2018) identified
CodY as a c-di-GMP-sensitive component. In particular, they observed that
decreased CodY activity leads to a signal transduction cascade that results in lower
expression levels of codY and prf4. This in turn leads to reduced production of
virulence factors, such as proteins involved in invasion, particularly InlA.
Additionally, CodY perceives c-di-GMP levels changes indirectly, through a process
that is not clear yet (Elbakush ef al, 2018).

Regarding B. anthracis, the pathogenicity of this bacterium is principally due to two
key virulence factors, the anthrax toxins and a weakly immunogenic poly-y-D-
glutamic acid capsule. Toxins and proteins for the synthesis of the capsule are
encoded by the pXO1 and pXO2 separate extrachromosomal plasmids, respectively.
The pXO1 plasmid encodes also the major regulator of virulence genes, the anthrax
toxin activator (AtxA) protein. AtxA controls the expression of hundreds of genes,
but most importantly, it positively regulates the expression of toxin components and
of the capsule activator genes (Fouet, 2010). van Schaik et a/ (2009) demonstrated
that AtxA is directly controlled by CodY. CodY acts as a positive regulator of
virulence in B. anthracis, as it promotes AtxA cellular accumulation acting at a post-
translational level (van Schaik et al, 2009). Very recently, Gangwal et al (2022) have
elucidated a possible mechanism through which CodY controls AtxA expression.
They have demonstrated that CodY is a substrate of the serine/threonine phosphatase
PrpN and the serine/threonine kinase PrkC. CodY phosphorylation constitutes a
regulatory switch in the synthesis of virulence factors. When CodY is
dephosphorylated by PrpN, it binds the atx4 promoter, and AtxA expression is in turn
activated, favouring virulence. On the other hand, CodY phosphorylation abolishes
its DNA binding ability to the atx4 promoter region, as a consequence AtxA is
downregulated and so do anthrax toxin synthesis (Gangwal et al, 2022).

1.2.4.4 CodY in streptococci

Streptococcus pyogenes (group A streptococcus, GAS) is one of the most common
bacterial pathogens infecting humans. In S. pyogenes, CodY controls the expression
of 17% of genes in the chromosome, including genes involved in the response to
nutritional stress, genes encoding for other transcriptional regulators, transporters,
and metabolic enzyme genes, similarly to what commonly observed in Gram-positive
bacteria (Kreth ez al, 2011). However, CodY -regulated virulence genes remain highly
organism specific. These include genes encoding exoproteins, such as DNases, a
protease and hyaluronidase. All together these factors influence host-pathogen
interactions, for instance alleviating bacterial starvation. Proteases degrade several
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extracellular matrix proteins, promoting bacterial dissemination to nutrient rich
environments. Secreted nucleases instead can promote bacterial dissemination by
degrading nucleic acids present in neutrophil extracellular NETs. Experiments
conducted culturing cells in a chemically defined medium report that S. pyogenes
CodY promotes biofilm formation, as a AcodY mutant formed less biofilm biomass
compared to a wild-type strain. No difference in biofilm formation was observed
when both strains were cultured in rich TH medium. These results suggest that CodY
plays a minor role in influencing biofilm formation of S. pyogenes. This influence
might be due to changes in extracellular nuclease activity, that could promote biofilm
dispersal (McDowell et al, 2012).

By influencing the expression of other transcriptional regulators, including Mga and
the two-component regulatory system CovRS, CodY affects the expression of many
virulence genes. As described above, CovRS controls 15% of the bacterial genome
and directly regulates, mainly as a repressor, the expression of major virulence factors
(Graham et al, 2002). By repressing covRS expression, CodY acts as an activator of
different virulence genes (slo, hasA4, nga) and exerts a counteractive balancing of
CovRS activity according to the nutritional status of the cell. At the same time, CodY -
mediated activation of the pleiotropic virulence gene activator Mga results in the
enhanced expression of a broad range of virulence factor genes required for host
colonization and evasion of the host immune system (scpA, sof and scl) (Kreth et al,
2011).

Development of virulence requires a careful balance between consume of energy for
virulence factors production and energy consumption for adaptation to a constantly
changing environment. It is fundamental to finely coordinate external environmental
signals with gene expression response that best suits a particular infection site. This
sets a point on how focusing on the effect of solely one regulator per time might miss
the chance to discover crucial steps in virulence development (Kreth et al/, 2011).

Streptococcus pneumoniae is a human pathogen that colonises asymptomatically the
nasopharynx but can cause diseases such as pneumonia or meningitis. Investigation
of the pneumococcal CodY regulon revealed that CodY predominantly controls genes
and operons involved in BCAA metabolism and general amino acid metabolism, such
as the ilv operon (ilvBNC) and the genes ilv4 and ilvE, that emerged as strongly
upregulated in a AcodY mutant. The glutamate dehydrogenase gdhd is a gene
controlled by multiple regulators: CodY acts as its repressor but at the same time, the
expression of this gene is also regulated by the nitrogen regulatory protein GInR,
suggesting a central role of GdhA in pneumococcal nitrogen metabolism.
Furthermore, Hendriksen et al (2008) have demonstrated that CodY is involved in
promoting bacterial colonization of the nasopharynx in vitro, as AcodY mutants
displayed decreased adherence to epithelial cells compared to wild-type strains
(Hendriksen et al, 2008). It is important to underline that, recently, it has been
demonstrated that CodY is an essential protein of S. pneumoniae, as it controls
genes/functions crucial for the bacterium. Analysis of the codY-null mutant strain
used in the work of Hendriksen et al (2008) revealed that this mutant contained
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additional suppressor mutations. For this reason, data previously obtained by
Hendriksen cannot be attributed solely to codY deletion, but they might be due to the
effect of other mutations compensating for CodY deletion (Caymaris et al, 2010).

Streptococcus suis is a prevalent pathogen and an important zoonotic agent in swine.
The capsule rich in sialic acid (Sia) plays a central role in its virulence, as it confers
antiphagocytic properties to the bacterium. The virulence of S. suis is also associated
with the pathogen-host interaction. Investigation on S. suis serotype 2 reported that
CodY strongly modulates global gene expression, targeting especially genes involved
in metabolism and virulence. A codY mutation strongly decreased the capsule
thickness in S. suis 2 during both exponential phase and stationary phase; moreover,
codY mutation decreased the Sia synthesis in capsule. As the Sia promotes bacterial
adhesion to host cells, the reduced capsule biomass could at least partially explain the
attenuated adherence and invasion ability of the mutant strain to host cells compared
to wild-type strains (Feng et al, 2016).
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2. Aim of the work

The opportunistic pathogen Strepfococcus agalactiae is a commensal of the
urogenital and gastrointestinal tracts of almost a third of the healthy population. This
bacterium, however, is able to cause invasive infections in newborns and
immunocompromised patients (Shabayek and Spellerberg, 2018). During infection,
the ability of S. agalactiae to invade different host niches depends on its capacity to
adapt to various environmental conditions. This versatility is possible thanks to the
concerted activity of several transcriptional regulators that, upon sensing external
environmental signals, respond by controlling the expression of factors involved in
nutrient acquisition, immune evasion and adhesion to the host tissues. To date, the
regulatory mechanisms governing S. agalactiae switching from a harmless
commensal to an invasive pathogen are still not completely understood.

The aim of this work was to investigate whether the transcriptional regulator CodY
plays a role in controlling and coordinating metabolism and virulence in S.
agalactiae. CodY is a global regulator of gene expression highly conserved in low-
G+C Gram-positive bacteria. Since its affinity for DNA is increased by its interaction
with GTP and branched chain amino acids (BCAAs), the variety of metabolic genes
that are under its control are regulated according to the nutritional status of the cell.
In pathogens, CodY coordinates metabolism and virulence in a species-specific
manner by directly and indirectly controlling genes involved in bacterial pathogenesis
(Brinsmade, 2017). Despite the role of CodY in governing bacterial virulence has
previously been studied in several bacterial species, including Streptococci, its role
in S. agalactiae has never been investigated to date.

In Streptococcus suis and Streptococcus salivarius, for example, CodY was shown
to be essential for virulence (Feng et al, 2016; Geng et al, 2018). In this work, with
the aim to investigate whether CodY plays arole in S. agalactiae virulence, the ability
of the codY deletion mutant to cause infection in several murine infection models
resembling neonatal infection, sepsis and meningitis was tested. Moreover,
virulence-related characteristics of the mutant strains associated to its ability to
colonize the host were assessed in vitro. These included its ability of adhere and
invade epithelial cell monolayers, bind extracellular matrix and plasma components
and form biofilms.

To decipher the regulatory role of CodY in S. agalactiae, in this work the entire S.
agalactiae CodY regulon was identified. To this purpose, a transcriptomic analysis
of a marker-less, codY deletion mutant of the hypervirulent S. agalactiae strain
BM110 was performed. As CodY can control gene expression through direct and
indirect activity, the mechanisms of CodY-mediated regulation at specific target
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genes playing relevant roles in bacterial metabolism and virulence was investigated.
To this goal, gel-shift and -galactosidase assays were performed to evaluate direct
interaction between CodY and the regulatory region of controlled genes. Importantly,
the effects of BCAAs availability on the regulatory activity of CodY was investigated
since in all the species in which this protein has been described so far, its regulatory
ability has been demonstrated to be dependent on the availability of BCAAs. As the
abundance of these universal cofactors varies, the fraction of CodY active molecules
changes accordingly, thus creating a hierarchy in gene expression which depends on
the relative affinity of CodY for its targets.

In Staphylococcus aureus, for example, when the bacterium encounters limiting
amounts of BCAAs at the infection site, CodY-mediated regulation is relieved even
at sites that are bound with very high affinity, thus leading to the activation of CodY-
repressed virulence genes and to the consequent trigger of bacterial virulence
(Brinsmade, 2017). Hence, nutrients availability is perceived by the cell as a key
signal for regulation of virulence and the cascade of gene regulation that is initiated
in response to decreased availability of BCAAs is controlled by CodY. On these
premises, as S. agalactiae displays auxotrophy for BCAAs and relies on their uptake
from the extracellular environment for survival, the regulatory mechanisms
controlling the expression of BCAAs and oligopeptide transporters in this bacterium
were subjected to careful analysis. This is particularly relevant if we consider that,
during growth in amniotic fluid, S. agalactiae encounters low concentrations of
BCAAs (Mesavage et al, 1985). Gene-expression analyses highlighted that in this
environment codY expression is strongly downregulated, while genes encoding
BCAA transporters are overexpressed (Sitkiewicz et al, 2009).

Global responses, like the regulation of metabolism and virulence, require the
interplay of different regulatory networks. CodY activity is exerted in coordination
with other transcriptional regulators: many targets of CodY-mediated regulation are
controlled also by other factors and CodY is able to control the activity of other
regulators by acting both at transcriptional and post-transcriptional level (Belitsky et
al, 2015; Pendleton et al, 2022). In particular, CodY -mediated regulation of virulence
is often a result on indirect regulation through regulation of the levels of key virulence
regulators. For instance, in Streptococcus pyogenes, by repressing the expression of
the genes encoding the CovRS two-component system, CodY counteracts the activity
of this master regulator of virulence, acting as an indirect activator of the ability of
the bacterium to cause disease (Kreth ez al, 2011). Here, preliminary investigations
of the potential interplay of CodY and CovR in the regulation of gene expression in
S. agalactiae were performed.
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3. Materials and methods

3.1 Bacterial strains, plasmids and culture conditions

Bacterial strains and plasmids used in this work are listed in Tables 1 and 2.

TABLE 1. Bacterial strains used in this study

S. agalactiae

Strain Relevant Genotype Plasmid Source or
Reference

BMI110 Serotype I1I, ST-17, Tazi et al, 2010

human hypervirulent

clinical isolate
AcodY BMI110 carrying in- This study

frame codY deletion
BM1102 BM110 pTCVQP This study
BM1104 BM110codY pTCVQPy This study
BM1105 BM110codY pTCVQP; codY This study
BM1106 BMI110 pTCV-lacZ livKpao This study
BM1107 BM110codY pTCV-lacZ livKp:2 This study
BM1108 BMI110 pTCV-lacZ srrpsis This study
BM1109 BM110codY pTCV-lacZ srrpeis This study
BMI1110 BMI110 pTCV-lacZ srr2psos This study
BMI1111 BM110codY pTCV-lacZ srr2psos This study
BMI1114 BMI110 pTCV-lacZ livKplao This study
BMI1115 BM110codY pTCV-lacZ livKplax This study
BMI1116 BMI110 pTCV-lacZ srr2ples This study
BMI1117 BM110codY pTCV-lacZ srr2pleis This study
BMI1118 BMI110 pTCV-lacZ srr2p2eis This study
BMI1119 BM110codY pTCV-lacZ srr2p2eis This study

BM1120 BMI110

pTCV-lacZ sri2pl,2615 | This study

BM1121 BM110codY

pTCV-lacZ srr2pl,2615 | This study

BM1124 BM110 pTCV-lacZ srr2p3eis This study
BM1125 BM110codY pTCV-lacZ srr2p3es | This study
BM1128 BM110 AcovR This study
BM1129 BM110 AcodY AcovR This study
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BM1130 BM110 AcovR pTCV-lacZ srr2psos This study
BM1131 BM110 AcodY AcovR | pTCV-lacZ srr2psos This study
BM1134 BM110 AcovR pTCV-lacZ srr2peis This study
BM1135 BM110 AcodY AcovR | pTCV-lacZ srr2psis This study
BM1144 BM110 Asrr2 This study
BM1145 BM110 AcodY Asrr2 This study
BM1150 BM110 pTCV-lacZ brnQp This study
BM1151 BM110codY pTCV-lacZ brnQp This study
BM1152 BM110 pTCV-lacZ brnQOpl This study
BM1153 BM110codY pTCV-lacZ brnQOpl This study
BM1164 BMI110 pTCV-lacZ srr2psn This study
BM1165 BM110codY pTCV-lacZ srr2psn This study
BM1166 BM110 AcovR pTCV-lacZ srr2psn This study
BM1167 BM110 AcodY AcovR | pTCV-lacZ srr2psn This study
BM1182 BM110 pTCV-lacZ srr2p3sm This study
BM1183 BM110codY pTCV-lacZ srr2p3sm This study
BM1184 BM110 AcovR pTCV-lacZ srr2p3sn This study
BMI1185 BM110 AcodY AcovR | pTCV-lacZ srr2p3:n This study
E. coli
Strain Genotype Source or
Reference

XL-1Blue | recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl | Agilent

lac [F proAB lacl! ZAM15 Tnl0 (Tet')]
BL21(DE3) | B F— ompT gal dcm lon hsdSB(rB—mB-) 1 (DE3

[lacl lacUV5-T7p07 indl sam7 nin5])

[malB+]K-12(1S)
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TABLE 2. List of plasmids used in this study

position -115 to +283 with
respect to the srr2
transcription start site,
comprising the downstream
putative CodY binding motif,
cloned between the

Plasmid Resistance Relevant properties Source or
Reference
pGl Erythromycin | This plasmid contains a | (Devaux et
temperature sensitive origin of | al, 2018)
replication for S. agalactiae
and a ColEl origin of
replication for E. coli.
pG1l-AcodY Erythromycin | pGl carrying the codY deletion | This study
cassette.
pTCVQP Kanamycin/ GBS expression vector (Firon et al,
Erythromycin | carrying a constitutive Py 2013)
promoter
pTCVQP_codY Kanamycin/ pTCVQPy containing the full | This study
Erythromycin | length codY ORF cloned
between the BamHI/Pst1
restriction sites.
pTCV-lacZ Kanamycin/ Vector for the construction of | (Poyart and
Erythromycin | transcriptional fusions to B- | Trieu-Cuot,
galactosidase in Gram-positive | 1997)
bacteria.
pTCV- Kanamycin/ pTCV-lacZ carrying a 220 bp | This study
lacZ _livKpo Erythromycin | sequence which comprises the
regulatory region of the /ivK
gene cloned between the
EcoRl/BamHI restriction sites
of the plasmid.
pTCV- Kanamycin/ pTCV-lacZ livKp»z9 carrying | This study
lacZ livKpla Erythromycin | a double nucleotide
substitution in one of the two
CodY motifs located upstream
of livK.
pTCV-lacZ brnQp | Kanamycin/ pTCV-lacZ carrying a 250 bp | This study
Erythromycin | sequence which comprises the
regulatory region of the brnQ
gene cloned between the
EcoR1/BamHI restriction sites
of the plasmid.
PTCV- Kanamycin/ pTCV-lacZ brnQp carrying a | This study
lacZ_brnQpl Erythromycin | double nucleotide substitution
mutation in the CodY motif
located upstream of brnQ.
pTCV- Kanamycin/ pTCV-lacZ carrying a 398 bp | This study
lacZ srr2psos Erythromycin | sequence, spanning from
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EcoR1l/BamHI restriction sites
of the plasmid.

pTCV-
laCZ_S}"}"mes

Kanamycin/
Erythromycin

pTCV-lacZ carrying a 615 bp
sequence which comprises the
regulatory region of the srr2
gene, spanning from position
—332 to +283 with respect to
the sr72 transcription start site,
cloned between the
EcoR1/BamHI restriction sites
of the plasmid.

This study

pTCV-
lacZ srr2pleis

Kanamycin/
Erythromycin

pTCV-lacZ srr2peis carrying
the pl double nucleotide
substitution mutation in the
downstream CodY binding
motif located upstream of srr2.

This study

pTCV-
lacZ_srr2p2615

Kanamycin/
Erythromycin

pTCV-lacZ srr2peis carrying
a the p2 double nucleotide
substitution mutation in the
upstream CodY binding motif
located upstream of sr72.

This study

pTCV-
lacZ srr2pl 265

Kanamycin/
Erythromycin

pTCV-lacZ srr2peis carrying
the p1 and p2 mutations in the
downstream and upstream
CodY binding motifs.

This study

pTCV-
lacZ_srr2p3eis

Kanamycin/
Erythromycin

pTCV-lacZ srr2peis carrying
a triple nucleotide substitution
mutation in the upstream
CodY binding motif located
upstream of srr2.

This study

pTCV-
lacZ_srr2p371

Kanamycin/
Erythromycin

pTCV-lacZ carrying a 371 bp
sequence, spanning from
position -115 to +283 with
respect to the srr2
transcription start site, cloned
between the FEcoRIl/BamHI
restriction sites of the plasmid.

This study

pTCV-
lacZ_srr2p3sm

Kanamycin/
Erythromycin

pTCV-lacZ srr2p3s71 carrying
a triple nucleotide substitution
mutation the CodY motif
located upstream of srr2.

This study

pET28a

Kanamycin

Novagen

pET28a-codY

Kanamycin

pET28a carrying the full
length codY ORF.

This study

Streptococcus agalactiae was cultured in Todd Hewitt (TH, Difco Laboratories)
supplemented with 5 g/liter of yeast extract (THY) or in chemically defined medium
(CDM, Table 3) (Willet and Morse, 1966) at 37°C, 5% CO», under steady state
conditions. CDM composition is reported in Table 3. All components were purchased

from Sigma (St. Louis, USA).
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Escherichia coli XL-1 Blue was used for cloning experiments and isolation of
plasmids. E. coli BL21(DE3) was used for protein expression. E. coli strains were
cultured in Luria Bertani (LB) broth at 37°C with vigorous shaking (200 rpm).

Media were solidified with 1.6 % agar. Antibiotics were used at the following

concentrations: for E. coli, kanamycin 50 pg/ml; erythromycin 150 pg/ml; for S.
agalactiae: kanamycin 1 mg/ml; erythromycin 10 pg/ml.

Table 3. Chemically defined medium composition

Component Concentration
Fe (NO3)3'9H,0 2.5 mM
FeSO4 7H,0 18 mM
MgSO4-7H20 3 mM
MnSO4-H,O 0.03 mM
NaC,H50,-3H,0 33 mM
CaCly 46 uM
L-cysteine HCI 40 uM
NaHCO 30 mM
glucose 10 g/l
Phosphate stock (10 X)

KzHPO4 11 mM
KH2P04 74 mM
NaH,PO4-H,O 0.6 M
Na,HPO4-7H,0 1.3 M
Bases stock (100 X)

Adenine 2 mg/ml
Guanine hydrochloryde 2 mg/ml
Uracil 2 mg/ml
Aminoacids stock (50 X)

DL-alanine 5g/L
L-arginine Sg/lL
L-aspartic acid 5g/L
L-asparagine 5g/L
L-cystine 2.5 g/L
L-glutamic acid Sg/lL
L-glutamine 10 g/L
Glycine 5g/L
L-histidine 5¢g/L
L-lysine 5g/L
L-methionine 5¢g/L
L-phenylalanine 5g/L
L-proline 5g/L
L-serine 5g/L
Hydroxy-L-proline 5g/L
L-serine 5g/L
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L-threonine 10 g/l
L-tryptophan 5g/lL
L-tyrosine 5g/lL
Vitamins stock (1000 X)

p-aminobenzoic acid 0.2 mg/ml
Biotin 0.2 mg/ml
Folic acid 0.16 mg/ml
Niacinamide 0.2 mg/ml
b-nicotinamide adenine dinucleotide 0.5 mg/ml
phosphate

Pantothenate calcium salt 0.4 mg/ml
Pyridoxal 0.2 mg/ml
Pyridoxamine dihydrochloride 0.2 mg/ml
Riboflavin 0.4 mg/ml
Thiamine hydrochloryde 0.2 mg/ml
Vitamin B12 0.02 g/ml

L-isoleucine, L-leucine and L-valine were prepared separately as a 5 g/L stock
solution and added to CDM medium at proper concentrations.
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Table 4. List of primers used in this work

Name

| Sequence (5°-3°)

Primers used for qRT-PCR

braBF TCTGGTGCTATCGCTACATTTC
braBR CCCACCGTCTATTGGAGTATTG
brnQF TGTGCCTAGTAGGAGGGTAATA
brnQR TTCCACCAGCATTAGGTGTAG

GBS livK F CTCCGCTGGTGATACTGATTT

GBS livK R CGGTATAGTAACCTGGCATCAC
NEM gyrA F AAAGGGTCGTGGTGGTAAAG

GBS gyrA R TAATCGTCACTAAGCGTGCTAATG

Primers used for lacZ transcriptional fusions

livKp220F CAAAATAGATATGAACAAATGAATTCGATATTGATC
AGGATTTTGTTGGA

livKp220R GTGTATCAACAAGCTGGGGATCCCGCTCCTAAACTA
AGTCTCTTTTCCA

srr2p398 CAAAATAGATATGAACAAATGAATTCCAATAGTAG
CGAAGAAGAACACTATG

srr2p615 CAAAATAGATATGAACAAATGAATTCGTCATGTCTC
TAAATACCCCTAGT

brnQpF CAAAATAGATATGAACAAATGAATTCGTGGCAAAT
GGATCAATTATTGG

brnQpR TAGTGTATCAACAAGCTGGGGATCCCGTTAAAAAG
CCTTTTTTTACC

srr2pR GTGTATCAACAAGCTGGGGATCCGTTTCCAAACTGC
TTTTTTAACAT

srr2p371R GTGTATCAACAAGCTGGGGATCCGCTTCTTTCTAAT

CTAAATAAGGTG

Internal mutagenic primers for lacZ transcriptional fusions

livKplF CAATTTAAAAACTATTGACAATATTCTCCTAATTCT
GTATTATTTTAGTTAC

livKplR GTAACTAAAATAATACAGAATTAGGAGAATATTGT
CAATAGTTTTTAAATTG

brmQplF GAATAGTTGGAAAATTATCCAAATGACCTAGAATT

brnQplR AATTCTAGGTCATTTGGATAATTTTCCAACTATTC

srr2plF GCAATAGTTGATTTAATTTTCACCAGAGAGGAAGAA
TTGTTTATTGTAGC

srr2plR GCTACAATAAACAATTCTTCCTCTCTGGTGAAAATT
AAATCAACTATTGC

srr2p2F CTAATTTTATATTTTTTATAATTTACTCCAAATTAAC
ATATAATGATGATAGTG

srr2p2R CACTATCATCATTATATGTTAATTTGGAGTAAATTA
TAAAAAATATAAAATTAG

srr2p3F CTAATTTTATATTTTTTATAATTTAGTCCAAATTAAC

ATATAATGATGATAGTG
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srr2p3R

CACTATCATCATTATATGTTAATTTGGACTAAATTAT
AAAAAATATAAAATTAG

Primers used for fra

ments labeling

Vlacl-FAM

GTTGAATAACACTTATTCCTATC

Vlac2-FAM

CTTCCACAGTAGTTCACCACC

Primers used for S. a

alactiae AcodY construction

BM codYFusR

CGCAAAACATACAAAGGATGAAGGAATCATAGCAT
GGGACTGGGAGTAGC

BM_codYFusF

GCTACTCCCAGTCCCATGCTATGAtTCCTTCATCCTT
TGTATGTTTTGCG

pG1R GAATTCGTAATCATGGTCATAG
pGI1F GAGCTCGGTACCCGGGGA
pG1 codYUpF ATGACCATGATTACGAATTCGTTAGCTAACATGAGG

CTG

pGl BM _codYDwR

GATCCCCGGGTACCGAGCTCCATTTAAGCTGGCTAC
AGC

COHI 1525FUp

GCTGGACACGGCTTTTATGATTACG

COH1 1527RDw

CCCAATTGCTTCTATTGCAGAGG

M13For

TTGTAAAACGACGGCCAGT

MI13Rev

CAGGAAACAGCTATGACC

Primers used for covR in-frame deletion in S. agalactiae genome

pGlcovRUpF CACATAGCCCATTCCGCGGTCCAATCCTTCACGACC
G

pGlcovRUpR GGAAACAGCTATGACCATGATTACGAATTCCTTCGT
GTTCTGGCAGCTGA

pGlcovRDwF GCATGCCTGCAGGTCGACTCTAGAGGATCCCCTTCC
ATATCTGCAACTTTAGAG

pGlcovRDwWR CGGTCGTGAAGGATTGGACCGCGGAATGGGCTATG

TG

Primers used for srr2

in-frame deletion in S. agalactiae genome

pGlsrr2UpF CTGAAGCCGAGTTATCACCTGTCATAACACTTTTGA
CCCAGTG

pGlsrr2UpR GGAAACAGCTATGACCATGATTACGAATTCGAGAG
CGGCTATTTATTTTTAG

pGlsrr2DwF GCATGCCTGCAGGTCGACTCTAGAGGATCCGAAAC
ACCATATGCTTGTATAAC

pGlsrr2DwR CACTGGGTCAAAAGTGTTATGACAGGTGATAACTCG

GCTTCAG

Primers used for codY complementation

pTCV_codYF Bam

TGATGGATCCCGCAAAACATACAAAGGATGAAGGA
A

pTCV _codYR Pst

TGATCTGCAGGCTACTCCCAGTCCCATGCTATGA

Primers used for codY cloning in pET28a

pET GBS codYF

AGCAAATGGGTCGCGGATCCATGCCGAATTTATTAG
AAAAAAC

pET GBS codYR

TGTCGACGGAGCTCGAATTCTTAATTATATTCTTTTA
ATTTGTCAAAAATACC

3.2

Growth curves
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Overnight cultures of S. agalactiae strains grown in THY medium were diluted to a
starting ODgoo of 0.05 in the same medium. Every 30 minutes, the ODgoo was
monitored using a spectrophotometer and dilutions of the bacterial cultures were
plated on THY agar plates for CFU counting. Growth curves were performed in
biological triplicate. For bacterial cultures in CDM, overnight cultures of S.
agalactiae strains grown in THY medium were firstly diluted to an initial ODsoo of
0.05 in THY medium. Once bacteria reached the exponential phase of growth
(ODgoo= 0.5), cultures were centrifuged at 4000 rpm for 10°, washed with PBS and
resuspended in CDM at an initial ODsgo of 0.05. Bacterial growth was followed every
30 minutes by monitoring the ODggo of the culture.

3.3 Strains construction

Chromosomal DNA of S. agalactiae BM110 strain was purified with DNeasy Blood
and Tissue kit (Qiagen) and used as template in PCR reactions. All oligonucleotides
used in this study are listed in Table 4. Analytical PCRs were performed using
DreamTaq DNA polymerase (ThermoFisher Scientific). In preparative PCRs for
cloning, a high-fidelity pfu polymerase was employed (Phusion DNA polymerase,
ThermoFisher Scientific).

To construct a marker-less codY deletion mutant of S. agalactiae BM110, two DNA
regions upstream and downstream of the targeted gene were amplified and fused by
overlap extension PCR. The upstream fragment was amplified using primers
pG1 _codYUpF and BM_codYFusR, the downstream fragment was amplified with
oligonucleotides pG1_BM _ codYDwR and BM_codYFusF. The fusion product was
obtained through overlap extension PCR performed using pGl _codYUpF and
pG1l BM codYDwR primers (Table 4). The ends of the resulting fragment were
complementary to the regions upstream of the EcoRI site and downstream of the
BamHI site of the pG1 plasmid, respectively. The temperature-sensitive pG1 plasmid
(Devaux et al, 2018) was amplified with the divergent oligonucleotides pG1R and
pG1F. The resulting fragments, displaying overlapping regions, were joined by
Gibson assembly (NEBuilder HiFi DNA Assembly Cloning Kit, New England
Biolabs) reaction. Two pl of the reaction mixture were used for E. coli XL-1 Blue
electroporation. Recombinant clones were screened by colony PCR using primers
M13For and M13Rev which anneal on pGl plasmid 51 bp upstream and 26 bp
downstream of the fragment insertion site (Table 4). The obtained pGl-AcodY
plasmid was verified by sequencing and used for electroporation of S. agalactiae
BM110 (Table 2). Transformants were selected by growing on TH agar plates
containing erythromycin at 30°C. Plasmid integration into the bacterial genome was
mediated by isolating transformants on TH agar plates containing erythromycin (Ery)
at 37°C. Integrants were further isolated to single colonies, on the same selective
medium, and incubated at 37°C. Plasmid excision was favored by growing cells 30°C
in TH without erythromycin. After five subsequent passages of culture in the same
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conditions, aliquotes were plated on TH agar plates. Ery sensitive clones were
selected and used as template in colony PCRs aimed at determining whether plasmid
excision led to a “back-to-wild-type” phenotype or to the excision of the desired
sequence. The in-frame codY deletion was confirmed on genomic DNA by PCR
(primers COH1_1525FUp and COHI1_1527RDw) and sequencing. The resulting
strain was named AcodY (Table 1).

For complementation of codY deletion, the codY gene was amplified with
oligonucleotides pTCV_codYF Bam and pTCV_codYR_Pst. The obtained fragment
was cloned between the BamHI and Pstl sites of the pTCVQPtet vector (Buscetta et
al, 2016). The resulting pTCVQPtet codY plasmid was verified by sequencing and
used to electroporate the AcodY strain, obtaining BM1105 (Table 1). Two control
strains, BM1102 and BM1104, were prepared by electroporation of the empty
pTCVQPtet plasmid into wild-type and AcodY strains, respectively (Table 1).
Transformants were selected on TH agar plates supplemented with kanamycin.

The pG1-AcovR vector was prepared to insert an in-frame deletion of covR (deleted
region length: 537 bp, nucleotides from 1,603,597 to 1,604,133 on the BM110
genome, Accession: NZ LT714196.1). Genomic regions located upstream and
downstream of the covR target sequence were amplified using primers pGlcovRUpR
x pGlcovRUpF (513 bp) and pG1covRDWF x pG1lcovRDwWFR (483 bp), respectively
(Table 4). The obtained fragments were inserted by Gibson Assembly in the pG1l
plasmid previously digested with EcoRI and BamHI restriction enzymes. The pG1-
AcovR plasmid (Table 2) was obtained after electroporation of E. coli XL.-1 Blue cells
with 2 pl of the Gibson reaction mixture and selection of recombinant clones by
colony PCR (M13For and M13Rev primers) and sequencing. The pGl-AcovR
plasmid was introduced by electroporation in the wild-type and AcodY S. agalactiae
strains. Plasmid integration and excision events were performed as previously
described for the preparation of the AcodY strain. Derivatives of the WT and AcodY
strains carrying the in-frame covR deletion were confirmed by sequencing and named
BM1128 (S. agalactiae carrying covR deletion) and BM1129 (AcodY strain carrying
covR deletion) (Table 1).

The pGl-Asrr2 vector was prepared by Gibson assembly to insert an in-frame
deletion of s772 in the wild-type and AcodY strains (deleted region length: 3429 bp,
nucleotides from 1,376,970 to 1,373,542 on the BM110 genome, Accession:
NZ_LT714196.1). Genomic regions located upstream and downstream of s7r2, were
amplified by PCR using primers pGlsrr2UpF x pGlsmr2UpR (717 bp) and
pGlsr2DwF x pGlsrr2DwR (567 bp), respectively (Table 4). Upstream and
downstream srr2 regions were fused to the pG1 plasmid previously digested with
EcoRIl and BamHI restriction enzymes. The pGl-Asrr2 (Table 2) plasmid was
obtained after electroporation of E. coli XL-1 Blue cells with 2 pl of the Gibson
reaction mixture and selection of recombinant clones by colony PCR (M13For and
M13Rev primers) and sequencing. Strains with the resulting in-frame s7»2 deletion,
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obtained through allelic replacement after plasmid integration and excision, were
confirmed by sequencing of the region encompassing the sr72 gene and named
BM1144 (S. agalactiae carrying srr2 deletion) and BM1145 (AcodY strain carrying
srr2 deletion) (Table 1).

3.4 Time-Lapse Microscopy and Single-Cell Image Analysis

Agarose pads were spotted with 5 pl of a 1:10 dilution of S. agalactiae cell cultures
collected at mid-log phase of growth (ODeoo 0.5 in THY medium), flipped and
transferred to an imaging dish sealed with parafilm (Young ef a/, 2011). Time-lapse
imaging was performed using a Leica DMi8 widefield microscope, equipped with a
100x oil immersion objective (Leica HC PL Fluotar 100x/1.32 OIL PH3), a Leica
DFC9000 sCMOS camera and driven by Leica LASX software. Experiments were
conducted using an environmental microscope incubator set at 37°C and bacteria
were imaged in phase contrast, every 5-min up to 6 h. Manual segmentation of
individual cells and analysis of image stacks were performed using the ImageJ 1.52a
software, as previously described (Manina et a/, 2015). Data were analysed using
Prism 9.

3.5 Mouse Infection Models

For the neonatal model of infection, 48-h-old mice of both sexes were inoculated
subcutaneously with 8 x 10* CFU of the wild-type or the AcodY strain, as previously
described (Biondo ef a/, 2014). Mice that started displaying clear signs of disease,
such as diffuse redness spreading from the inoculation site, were humanely
euthanized. In the adult model of S. agalactiae sepsis, 8-week-old female mice were
inoculated intraperitoneally with 5 x 108 CFU of the wild-type or the AcodY cells, as
previously described (Biondo et al, 2014). Lastly, in the meningitis model of
infection, 8-week-old female mice were inoculated intravenously 1 x 10° CFU of WT
or the AcodY strain, as previously described (Lentini e al, 2018). Mice showing signs
of irreversible disease, such as inactivity, prolonged hunching, or neurological
symptoms were humanely euthanized. For bacterial burden determination in organs
of infected mice, animals were euthanized at 16 h after challenge and bacterial burden
was determined in organ homogenates, as previously described (Fama et al, 2020).

3.6 In vivo and in vitro Cytokine Induction

Eight weeks old female mice were infected intraperitoneally with 1 x 10° CFU of the
wild-type or the AcodY strain. Mice were treated at 30 min post-challenge with
penicillin (500 IU i.p.) in order to prevent bacterial overgrowth. Peritoneal lavage
fluids were collected at the indicated times and analyzed for cytokine levels as
previously described (Mohammadi ef a/, 2016). For in vitro cytokine induction, bone
marrow-derived macrophages were obtained from 8-week-old female mice and
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cultured in the presence of M-CSF (macrophage colony-stimulating factor) as
previously described (Lentini et al., 2021). Macrophage cultures were then stimulated
for 1 h with S. agalactiae grown to the late exponential phase at the indicated
multiplicities of infection (MOI). Cultures were then treated with penicillin and
gentamycin (100 [U and 50 pg/ml) to kill extracellular bacteria and supernatants were
collected 18 h after culture, as previously described (Lentini et al., 2021). Cytokine
levels were measured in peritoneal lavage fluid samples or culture supernatants by
ELISA, using Mouse TNF-alpha DuoSet ELISA DY410, Mouse IL-1 beta/IL-1F2
DuoSet ELISA DY401, Mouse CXCL2/MIP-2 DuoSet ELISA DY452, Mouse
CXCL1/KC DuoSet ELISA DY453 (R&D Systems).

3.7 RNA-sequencing and analysis

For RNA-sequencing and analysis, total RNA was extracted from wild-type and
AcodY strains during exponential phase of growth in THY medium. Samples of each
strain were collected from four independent growth experiments, each performed in
the same condition. RNA samples were treated with Turbo DNAsel (Life
technologies) and QIAseq FastSelect —5S/16S/23S Kit (QIAGEN) for DNA and
rRNA depletion, respectively. RNA was sequenced using Illumina sequencing
technology (BMR-Genomics, Padova). For RNA-Seq data analysis, raw reads were
quality checked using FASTQCT and processed by Trimmomatic (Bolger et al, 2014)
to trim the adaptor sequences and remove low-quality reads. Clean reads were
mapped onto the reference genome of S. agalactiae BM110 (Accession:
NZ LT714196.1) using Bowtie2 (Langmead, 2010). To quantify the known
transcripts, the alignment results were input into featureCounts (Liao et al, 2014).
Lastly, the R package DESeq2 (Love et al, 2014) was used to test for differential
expression. Genes were defined as differentially expressed using the following
criteria: | Log2 Fold Change| > 1 and adjusted p-value FDR < 0.05. Prediction of
orthologous groups was performed using COGnitor (Tatusov, 2000).

3.8 RNA preparation and quantitative real-time-PCR (qRT-
PCR)

S. agalactiae total RNA extraction was performed using the Quick-RNA
Fungal/Bacterial Miniprep Kit (Zymo Research) as described in the instructions
provided by the manufacturer. Total RNA was isolated from S. agalactiae wild-type
and AcodY cells collected during the exponential phase of growth (ODgoo of 0.4-06)
in THY medium or in CDM medium supplemented with Isoleucine, Leucine and
Valine amino acids (50 or 1500 mM). Traces of genomic DNA were removed from
samples using the Turbo DNA-free DNase treatment and removal kit (Ambion). For
gRT-PCR analysis, samples were collected from two independent growth
experiments. Reverse transcription and quantitative real-time PCR were performed
in a single step using the iTaq Universal SYBR Green One-Step Kit (Bio-Rad). The
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reactions were performed in 20 ul volumes using 4 ng of DNase I treated RNA,
according to the manufacturer’s protocol. All reactions were carried out on three
replicates. The analysis on cDNA was carried out using 400 nM primers relative to
the livK, braB and brnQ coding sequences (Table 4). RNA was retrotranscribed at
50°C for 10 min and the reaction mixture was then incubated at 95°C for 1 min
followed by 35 amplification cycles with 95°C for 10 sec and 55°C for 30 sec. No-
template controls were run on each plate for each assay, and specificity of each
amplification product was verified using melting curve analysis. Standard curves
were generated from serial dilutions of RNA. All reactions proceeded within 90% to
110% efficiency. The expression of target genes was normalized using the
housekeeping gyr4 gene as reference.

3.9 Mammalian Cell cultures and epithelial adhesion and
invasion assays

A549 cells and HeLa cells were routinely grown in 75 c¢cm? flasks in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37°C in 5% COa.. For bacterial adhesion and invasion assays, cells were
seeded at 2 x 10° cell density per well in 24-well tissue culture plates and cultured in
DMEM without antibiotics. Monolayers were used after 24 hours of incubation.

Bacteria grown for 16 h under at 37°C, 5% CO; in THY medium were diluted to an
initial ODego of 0.05 and grown to exponential phase (ODesoo=0.4-0.6) before being
collected by centrifugation (4400 rpm, 10 min), washed with Phosphate Buffered
Saline (PBS) and resuspended in DMEM containing 10% FBS. Confluent cell
monolayers were then washed once with PBS and infected with bacteria at a
multiplicity of infection (MOI) of 10 bacteria per cell. To determine the total number
of associated CFU (both adherent and internalized), after two hours of incubation at
37°C and 5% COa, the culture medium was removed, cells were washed three times
with PBS and lysed with 0.1% ice-cold Tryton X-100 solution by repeated pipetting.
Serial dilutions of the epithelial cell lysates were plated onto TH agar plates and
adhesion levels were determined the following day by counting bacterial CFU.
Percent of adhesion of each strain was calculated as follows: (number of CFUs on
plate)/(number of CFUs of initial inoculum) x 100. Percentage of adhesion was
normalized to the wild-type strain, set at 100%. To enumerate internalized bacteria,
before cell lysis, the monolayers were further incubated for 2 h in medium
supplemented with penicillin and streptomycin to kill extracellular bacteria. Bacterial
invasion was calculated as: recovered CFU/initial inoculum CFU x 100. Percentage
of invasion was normalized to the wild-type strain, set at 100%.
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3.10 Biofilm formation assay

Bacterial biofilm formation was evaluated by Crystal Violet (CV) assay on
polystyrene microtiter plates and through confocal microscopy analysis. For bacterial
biofilm formation assays, a 1:20 dilution of an overnight culture grown in TH broth
supplemented with 1% glucose and the appropriate antibiotic was used to inoculate
(100 pl/well) a 96-well Tissue Culture Treated plate (16 technical replicates per
strain). After 6 hours of incubation at 37°C, 5% CO,, non-adherent bacteria were
removed by washing with PBS and fresh medium was added. The plate was further
incubated at 37°C with 5% CO; for additional 19 hours. Cell growth was quantified
by reading the absorbance at ODggo with a plate reader. Wells were washed twice with
PBS and attached cells were fixed with 100 pul methanol for 15 minutes. Wells were
then air dried for 10 minutes and bacteria were fixed with 100 pl of 0.1% CV
dissolved in water for 20 minutes. Wells were washed three times with PBS and cell
bound CV was dissolved in 150 ul acetic acid (33%). Biofilm growth was evaluated
by reading absorbance at 600 nm and normalizing the obtained value to the ODso of
the culture in the well.

For confocal microscopy analysis of biofilms, bacterial overnight cultures in TH
broth supplemented with 1% glucose and the appropriate antibiotic were diluted in
the same medium to an ODggo 0.05 (about 1 x 107 CFU/mL) and added to a four-well
Nunc Lab-Tek II Chambered Coverglass. Non-adherent cells were removed after 6
h. After overnight growth, biofilms were washed twice with PBS and stained with 5
pM Syto 9 (Invitrogen). Cells were imaged with a Leica TCS SP8 confocal
microscope equipped with a Leica DMi8 inverted microscope, a tunable excitation
laser source (White Light Laser, Leica Microsystems, Germany), and driven by Leica
Application Suite X, ver. 3.5.6.21594, using a 63x oil immersion objective (Leica
HC PL APO CS2 63X/1.40). Images were acquired using a 488 nm laser line as an
excitation source, and the fluorescence emitted was collected in a 500-540 nm range
for Syto 9 as previously described (Trespidi et al, 2020). Biofilm images visualization
and analysis was performed using ImagelJ. Biofilm parameters were measured using
the COMSTAT 2 software (Heydorn et al, 2000). All confocal scanning laser
microscopy experiments were performed three times and standard deviations were
measured.

3.11 Construction of pTCV-lacZ transcriptional fusions and
B-galactosidase assays

Amplified fragments corresponding to /ivK, brnQ or srr2 regulatory regions to be
tested for CodY-binding and regulation were cloned by Gibson assembly between
the EcoRI and BamHI restriction sites of pTCV-lacZ plasmid (kind gift of Arnaud
Firon, Institute Pasteur, France) (Table 2), carrying a spoVG RBS upstream of the
promoter-less lacZ gene.
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To investigate the contribution of specific nucleotides to CodY-binding and
regulation, site-directed mutagenesis was performed by Gibson assembly. In the first
step, the 5’ part of the sequence to be mutagenized was amplified by using the
forward primer used for cloning and a mutagenic, reverse oligonucleotide (Table 4).
A product containing the 3’ part of the regulatory region was similarly synthesized
by using a forward mutagenic oligonucleotide and the reverse oligonucleotide used
for cloning (Table 4). The two mutagenized, partially overlapping PCR products and
the EcoRl/BamHI digested pTCV-lacZ plasmid were then fused by Gibson using the
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs).

For B-galactosidase assays, cells were harvested at different time points during
exponential growth. Frozen pellets were resuspended in ice-cold Z-buffer (60 mM
NazHPO4XH20, 40 mM NaHzPO4XH20, 10 mM KCI, I mM MgSO4X7H20, 50 mM
2-mercaptoethanol pH=7) and permeabilized with 0.5% (v/v) toluene and 4.5% (v/v)
ethanol. B-galactosidase activity was assayed at 28°C using o-nitrophenyl-beta-D-
galactopyranoside (ONPGQG) as substrate. Reaction was stopped with 1M Na,COs. B-
galactosidase activity was expressed in Miller Units and calculated as follows: (10°
X (ODu4yo of the reaction mixture - 1.75 ODsso of the reaction mixture)) divided by
(time of the reaction (min) x ODgoo of the culture at the moment of harvesting x
volume of the cell extract collected).

3.12 Purification of CodY

The codY CDS was amplified using pET_GBS codYF and pET GBS codYR
primers (Table 4) and inserted by Gibson assembly between the EcoRI and BamHI
restriction sites of the pET28a plasmid. The CodY protein with an N-terminal 6X-
His tag was produced in in E. coli BL21(DE3) cells. Overnight starter culture was
diluted 1:100 in LB medium containing Kanamycin (50 pg/ml) and incubated at 37°C
with vigorous shaking until the culture reached an exponential phase (ODggo of 0.4-
0.6). Iso-propyl 1-thio-B-D-galactopyranoside (IPTG) (0.5 mM) was added to the
culture to induce recombinant protein expression. Bacterial cells were harvested by
centrifugation after o/n growth at 28°C. Pellets were resuspended in lysis buffer (50
mM NaH>POs, 300 mM NaCl, 1 mM PMSF, 20 ug DNase) and cells were lysed by
repeated cycles of freezing with liquid nitrogen and defrosting with warm water.
After removal of cell debris by centrifugation, CodY recombinant protein was
purified from the supernatant by Ni2+-affinity chromatography using a HiTrap
chelating column. Protein purity of 98% was estimated by SDS-PAGE and
Coomassie Brilliant Blue Staining and protein concentration was measured by
Bradford protein assay (Bio-Rad).
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3.13 Electrophoretic Mobility Shift Assays (EMSA)

To be used as probes in gel-shift experiments, PCR products containing the
regulatory region of the /ivK, brnQ or srr2 genes were amplified using the appropriate
pTCV-lacZ derivative plasmid as template and the 5’FAM labeled, vector specific
primers Vlacl-FAM and Vlac2-FAM (Table 4).

EMSA assays were performed as previously described (Barbieri et al, 2015). Briefly,
FAM-labeled promoter fragments (20 nM) were incubated with increasing
concentrations of CodY in a CodY-binding buffer (20 mM Tris-Cl pH 8.0, 50 mM
KCI, 2 mM MgCl,, 5% glycerol 0.05%, Nonidet P-40, 25 pg/ml sonicated salmon
sperm DNA, 0.5 mM EDTA, 1 mM DTT, 10 mM ILV). After 30 minutes of
incubation at room temperature, samples were separated on 5% non-denaturing Tris-
Glycine polyacrylamide gels. When indicated, BCAAs were added to the final
concentration of 10 mM in the CodY-binding reaction mixture. Ten mM each of
BCAAs were added to the 5% non-denaturing Tris-Glycine polyacrylamide gel and
electrophoresis buffer as well.

For competitive or non-competitive assays, CodY incubation with FAM-labeled livK
promoter fragment was performed in presence of non-labeled /ivK promoter fragment
or non-labeled non-specific PCR fragment.

3.14 Enzyme-Linked Immuno-Sorbent Assay (ELISA) for S.
agalactiae binding of host-cell proteins

To test S. agalactiae binding of fibrinogen, fibronectin or plasminogen host proteins,
microtiter wells were coated overnight with increasing concentration of proteins at
4°C. The plates were washed three times with PBS. To block free protein binding
sites, the wells were treated for 1 h at 22°C with BSA (2%, v/v) in PBS. The plates
were then incubated for 1 h at 37°C with 100 pl/well of exponential-phase cells at a
final ODgoo of 1 in PBS. Bound bacteria were detected with rabbit anti-S. agalactiae
IgG, followed by goat HRP-conjugated anti-rabbit IgG diluted 1:1000. After
washing, o-phenylenediamine dihydrochloride was added, and the absorbance at 490
nm was determined using an ELISA plate reader (Bio-Rad, CA USA).
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4. Results

4.1 Deletion of codY does not affect S. agalactiae growth in
vitro

To study the role of CodY in S. agalactiae, a codY deletion mutant (AcodY) was
prepared in the hypervirulent CC17 wild-type strain BM110 (WT). The mutant was
constructed by introduction of a marker-free, in-frame deletion of the codY gene by
allelic replacement. Using the genome of BM110 as a template, the upstream and
downstream DNA regions flanking the codY gene were amplified by PCR before
being fused by overlapping PCR and cloned into the temperature sensitive pG1 vector
to produce the pGl-AcodY plasmid (See paragraph 3.3). BM110 cells were
electroporated and pG1-AcodY integration and excision events were performed as
previously described (See paragraph 3.3) (Biswas et al, 1993). The marker-less
deletion of codY was confirmed by sequencing.

The growth characteristics of the resulting AcodY mutant in rich THY liquid medium
were evaluated. Deletion of codY did not affect bacterial growth, as no defects were
observed when comparing the growth curves of the WT and AcodY strains (Fig. 12
A). When investigating the phenotypic properties of the AcodY mutant through time-
lapse microscopy analysis, we observed that it displayed a 10% decrease in bacterial
cell size (Fig. 12 B) and formed smaller colonies compared with the WT strain (Fig.
12 C and D).
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Figure 12. Deletion of codY does not alter S. agalactiae growth in liquid medium. A)
Growth curves of the BM110 strain (WT) and of the codY-null mutant strain (AcodY) in THY
rich medium, evaluated as absorbance at ODego (left axis) and cfu/ml (right axis) measured
over time. Data are the average + SD of two independent experiments. B) Single cell area
measurements (um?) of 50 cells of each strain. Presented data refer to two independent
experiments. Statistically significant differences are indicated (Welch’s t-test). C) Colonies
of the WT and AcodY strains grown on THY agar plates. D) Contrast-phase image stacks of
BM110 and AcodY cells during time-lapse microscopy (0, 60, 120 minutes). Scale bar is 5

pm.
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4.2 Investigating the role of CodY in S. agalactiae virulence
in vivo

4.2.1 Deletion of codY decreases S. agalactiae virulence in mice

In order to investigate whether CodY plays a role in the pathogenicity of S.
agalactiae, in vivo experiments were performed using several murine models of
infection.

To mimick neonatal sepsis, neonate mice were injected subcutaneously with S.
agalactiae. In this model, bacteria replicate at the inoculation site and spread
systemically to blood and distant organs. Newborn mice infected with the WT strain
displayed typical symptoms of irreversible infection within 24 h after the injection
and were humanely euthanized. In contrast, nearly all neonates infected with the
AcodY strain survived and remained healthy until the end of the experiment (Figure
13 A). To determine whether the decreased lethality induced by the AcodY mutant
was associated with an impaired ability of the strain to invade and grow in the organs
and tissues of newborn mice, bacterial counts were performed. As shown in Figures
13 B, C, D, blood, brain, and liver of mice infected with WT S. agalactiae, collected
14 h after infection, contained a consistent bacterial load, while the amounts of viable
bacteria in the organs of mice infected with the codY-null strain were much lower or
absent. The results indicate that codY deletion significantly impaired bacterial ability
to replicate locally in vivo and to spread hematogenously to distal organs.

Considering the increasing number of cases of S. agalactiae diseases reported among
adults, the data obtained in newborn mice were tested and confirmed in an adult
model of infection as well. As already observed for neonate mice, adult mice
intraperitoneally injected with the WT strain succumbed to overwhelming infection,
while animals infected with the codY-null strain survived and remained healthy
(Figure 13 E). Even in this model of infection, the bacterial burden detected in the
organs of mice infected with the codY-null strain was consistently lower compared to
that of WT strain (Figure 13 F-I).

Since S. agalactiae strains belonging to the hypervirulent CC17 lineage are
associated to increased levels of meningitis development, a meningoencephalitis
model of infection was created by intravenous injection of bacteria in mice. This
model allowed to evaluate whether CodY is involved in S. agalactiae ability to cross
the blood-brain barrier. The results revealed that in absence of codY, bacteria display
a strongly decreased ability to persist in the blood and to cause lethal meningitis
(Figures 13 J-L).
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Figure 13. CodY is fundamental for S. agalactiae to establish the infection in neonatal
and adult mice. A) Lethality of newborn mice (8 per group) infected subcutaneously with 8
x 10* CFU of the WT strain or the AcodY mutant. B, C, D) Bacterial burden in the indicated
organs of newborn mice infected in the same experimental condition as in panel (A);
horizontal bars indicate mean log CFU values. E) Lethality of adult mice (8 per group)
infected intraperitoneally (IP) with 5 x 108 of the WT strain or AcodY mutant. F, G, H, I)
Bacterial burden in the indicated organs of adult mice infected in the same experimental
condition as in panel (E); horizontal bars indicate mean log CFU values. J) Lethality of adult
mice (8 per group) infected intravenously (IV) with 1 x 10° CFU. K, L) Bacterial burden in
the indicated organs of adult mice infected in the same experimental condition as in panel (I);
horizontal bars indicate mean log CFU values. ***p < 0.001; ****p < 0.0001 by the Kaplan
Meier (panels A, E, ) or Mann Whitney test (panels B, C, D, F, G, H, J-L).

65



Results

4.2.2 CodY does not alter host cytokine production against S. agalactiae

After establishment of an infection, bacteria stimulate host cells to release a variety
of pro-inflammatory cytokines that can induce cytokine networks or alter the existing
ones (Wilson et al, 1998). We investigated whether the reduced in vivo virulence of
the AcodY strain could be related to an altered release of pro-inflammatory cytokines
in the host. To this purpose, we used a sepsis model of infection in which mice were
injected intraperitoneally with 1x10° CFU of the WT or codY-null mutant strains. At
different time points after the injection, peritoneal lavage fluid samples were
collected and cytokine levels were measured. Penicillin was administered 30 min
post-challenge in order to avoid bacterial overgrowth. The levels of different
cytokines (TNF-a, IL-1pB, Cxcll, and Cxcl2) detected in the peritoneal lavage fluid
increased rapidly and reached peak levels 3 h after bacterial infection. No differences
were detected in the levels of cytokines released after infection with the WT and
AcodY strains (Figure 14 A-D). In addition, TNF-a or IL-1p levels were quantified
in the culture supernatant of peritoneal macrophages stimulated with the two strains.
Also in this case, the WT and AcodY strain induced similar levels of both cytokines
(Figure 14 E, F).

Taken together, the increase in mice survival rates and the reduced bacterial burden
in the organs of animals infected with the codY-null mutant indicate that CodY is
essential for in vivo growth and virulence of S. agalactiae. Nonetheless, the observed
reduced virulence in the absence of CodY is not due to an alteration in cytokine levels
produced by the host, as revealed by the similar cytokine response elicited after
infection with the WT and AcodY strains.
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Figure 14. Deletion of codY does not alter host cytokine production in vivo and in vitro.
A-D) Cxcll, Cxcl2, TNF-a and IL-1B, levels detected in peritoneal lavage fluid samples
collected at the indicated times after infection. E, F) TNF-a or IL-1B levels measured in the
supernatants of macrophages stimulated with increasing doses of live bacteria (ns, non-
stimulated, 3, 6 or 12 multiplicity of infection or MOI). Dashed lines indicate the detection
limit of the tests. Values are the average + SD of three independent experiments, each

performed in duplicate.
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4.3 CodY controls S. agalactiae virulence-related
characteristics in vitro

4.3.1 S. agalactiae adhesion and invasion ability are altered in the
absence of CodY

Adhesion to host cells and tissue invasion are two crucial steps for initiation of host
colonization. By using two different epithelial cell lines, i.e. the adenocarcinoma
human alveolar basal epithelial cell line A549 and the human adenocarcinoma
cervical epithelial cell line HelLa, we evaluated the effect of codY deletion on the
adhesion and invasion ability of S. agalactiae to mammalian cells.

The absence of CodY caused a significant reduction in the ability of S. agalactiae to
adhere to both cell lines (Figure 15 A and C). On the contrary, codY deletion led to a
significant increase in the capacity to invade both cell lines compared with WT
(Figure 15 B and D). Complementation of codY deletion by plasmid-mediated
expression of codY under the control of the constitutive Ptet promoter restored the
adhesion and invasion abilities to levels similar to the WT strain (Figure 15 A-D).

These results suggest that the codY mutation could decrease the virulence of S.
agalactiae by affecting its ability to colonize the host, thus preventing the
establishment of a successful infection. On the other hand, the increased invasion
ability could be due to the specific overexpression of factors involved in bacterial
invasion of the host cells as a consequence of codY deletion.
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Figure 15. Deletion of codY decreases adhesion and increases invasion ability of S.
agalactiae. Cell adhesion and invasion was quantified using A549 and HeLa immortalized
cell lines. The WT and the AcodY mutant strains carry the empty vector pTCVQPtet, the
AcodY+codY strain contains the complementing vector pTCVQPtet codY. The percent of
adhesion and invasion of each strain was calculated relative to the initial inoculum and was
normalized to the adhesion or invasion of the WT strain, set as 100%. Represented data are
the average + SD of six independent experiments, each performed in duplicate. Statistically
significant differences are indicated (One-way ANOVA). *p < 0.05, **p < 0.01, ****p <
0.0001.
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4.3.2 CodY affects biofilm formation in S. agalactiae

To investigate the potential role of CodY in the ability of S. agalactiae to form
biofilms, crystal violet staining (Figure 16 A) and confocal laser scanning microscopy
analysis (Figure 16 B) were performed. Biofilm formed by the WT strain consisted
of a very weak biomass. On the contrary, the codY-null mutant strain formed a thick
and compact biofilm able to completely cover the surface of the well and of the
chambered coverglass (Figure B-D). Complementation of the codY deletion
decreased the biofilm-forming ability to levels similar to the WT strain (Figure 16 A—
D).

To further investigate the characteristics of the biofilm formed by S. agalactiae,
eradication experiments were performed using Proteinase K and DNase 1. As reported
in figure 16 A, the biofilms formed by the WT and codY-complemented strains were
strongly eradicated both by proteinase K and DNase I treatment. Interestingly, the
biofilm formed by the codY-null mutant was strongly eradicated only when treated
with proteinase K (Figure 16 A). On the contrary, DNAse [ was less effective against
the biofilm biomass, as only a slight biofilm eradication was observed after DNAsel
digestion (Figure 16 A). This result suggests that increased biofilm levels in the
AcodY strain could be due to overexpression of extracellular proteins involved in
biofilm formation.
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Figure 16. CodY inhibits biofilm formation. A) Crystal violet staining was used to measure
biofilm biomass formed after static culture for 19 h. The WT and the AcodY strain contain the
empty vector pTCVQPtet or the complementing vector pTCVQPtet codY (+ codY). The
nature of the biofilm matrix was investigated by digesting eDNA and extracellular proteins as
biofilm structural components by individual treatments with DNase I and proteinase K,
respectively. Represented data are the average + SD of two independent experiments, each
performed in 8 replicates. Statistically significant differences are reported (two-way
ANOVA). B) WT, AcodY and AcodY + codY strains’ biofilm images obtained through
confocal laser scanning microscope. Cells were by grown in static culture for 19 h in Nunc™
Lab-Tek™ II Chambered Coverglass. The effect of treatment with proteinase K on the AcodY
biofilm is reported. C, D) Analysis of biofilm properties by COMSTAT 2. Measures of total
biomass, average thickness C) and % of the area occupied by biofilm distribution D). Data
are the average = SD of the results from three independent replicates. *p < 0.05, ****p <
0.0001 (one-way ANOVA test).
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4.4 Characterization of the CodY regulon of S. agalactiae

4.4.1 CodY is a global regulator of gene expression of S. agalactiae

To define the transcriptional response associated with codY deletion in the BM110
strain, an RNA-Seq analysis was performed on WT and AcodY cells collected during
exponential growth phase in rich THY medium. Under these conditions, CodY
activity is expected to be maximal. The results obtained from the transcriptional
analysis demonstrate that CodY plays a global regulatory role in S. agalactiae (Figure
17). Out of 2,128 genes examined, 277 genes were differentially expressed at least
two-fold (adjusted p-value < 0.05) in the AcodY strain (Supplementary Datasets 1A—
C; Pellegrini ef a/, 2022). In particular, 256 genes were up-regulated (Supplementary
Dataset 1B; Pellegrini et al, 2022), and 21 genes were down-regulated
(Supplementary Dataset 1C; Pellegrini et al, 2022) in the mutant strain. This result
reveals that CodY acts mainly as a negative regulator of gene expression in S.
agalactiae (Figure 17). Interestingly, around 55% (140/256) of the over-expressed
genes were clustered in four prophages. Notably, fold changes associated to genes
negatively regulated were higher than those associated to genes positively regulated.

The FIMO Motif Search Tool (Grant et al, 2011) was used to scan the genome of
BM110 for sequences matching the conserved AATTTTCWGAAAATT CodY
binding motif. Using a p-value lower than 0.0001, 101 matches were obtained in the
genomic regions located upstream of the genes’ coding sequences. Eighteen of the
genes differentially expressed in the AcodY strain presented at least one sequence
resembling the CodY motif located in proximity of the coding sequence
(Supplementary Datasets 1A—D and Supplementary Table; Pellegrini et al, 2022).
This suggests that these genes could be potential targets of direct regulation by CodY.
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Figure 17. CodY is a global regulator of gene expression in S. agalactiae. Volcano plot
representative of the transcriptome of AcodY cells compared to WT cells. Cells were collected
at mid-exponential phase in THY medium. Each dot represents a gene with its log2 fold
change and adjusted p-value calculated from four independent replicates. Genes showing a
significant differential expression in the AcodY strain (adjusted p-value < 0.05) are
represented in blue (-2 < 10g2FC < -1 or 1 <10g2FC < 2) and red (log2FC < -2 or log2FC >
2) according to their fold change relative to the WT strain. Genes whose expression is not
affected by codY deletion are represented by black dots (—1 <10g2FC < 1; adjusted p-value <
0.05). Green dots indicate non-significant differentially transcribed genes (adjusted p-value >
0.05).

4.4.2 COGs classification reveals gene categories majorly controlled by
CodY

Among the differentially expressed genes, 98 targets of CodY-mediated regulation
showed at least a four-fold change in their levels in the mutant strain compared to the
WT (in particular, 94 genes were up-regulated and 4 down-regulated)
(Supplementary Datasets 1D, E; Pellegrini et al, 2022). Classification of the proteins
encoded by these genes by Cluster of Orthologous Genes (COGs) analysis clustered
them into seventeen functional categories (Figure 18), (Supplementary Dataset 2,
Pellegrini et al, 2022). These included “amino acid transport and metabolism”, “cell
wall/membrane/envelope biogenesis”, and “mobilome: prophages, transposons”

among the most represented categories.
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Specifically, targets of CodY repression (Supplementary Dataset 1D; Pellegrini et al,
2022), included genes encoding BCAAs transporters (braB, brnQ, all the genes
belonging to the /ivK-G operon), the (oligo)peptide permease OppAl-F, adhesins,
serine peptidases anchored to the cell wall through the LPxTG motif, as well as
proteins involved in DNA replication, recombination, and repair (Figure 17).
Interestingly, genes encoding the CRISPR-Cas system proteins Cas9, Casl, Cas2,
and Csn2 were among the ones more intensely up-regulated in the deletion mutant.
This suggests a role of CodY in modulating the expression of this defense system.
Another interesting cluster of differentially expressed genes regards the operon
encoding the CC17-specific multifaceted virulence factor Srr2, which was over-
expressed in the absence of CodY. This operon contains genes encoding the
accessory secretion system SecA2/SecY2 and glycosyltransferases GtfA, GtfB. The
latter are necessary for glycosylation and subsequent secretion of the Srr2 protein.
On the contrary, the gene encoding the CAMP factor pore-forming toxin Cfb was
under positive regulation of CodY (Figure 17, Supplementary Dataset 1E; Pellegrini
et al, 2022).
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Figure 18. CodY controls several S. agalactiae genes, grouped in 17 functional
categories. Cluster of Orthologous Genes (COGs) associated to downregulated and
upregulated genes, whose expression was affected by codY deletion at least four-fold.
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4.5 Investigation of CodY-mediated regulatory mechanisms

4.5.1 CodY activity is enhanced by branched-chain amino acid
availability

In all the species in which it has been described so far, the global regulator CodY is
activated by BCAAs. Therefore, the expression of CodY -regulated genes is expected
to be dependent on the availability of these amino acids. The transcript levels of three
targets of CodY-regulation were investigated by qRT-PCR on RNA extracted from
cells grown in a chemically defined medium (CDM) supplemented with high (1500
uM) or low (50 pM) BCAAs concentrations. Worthy of note, genes encoding for the
precursors of most amino acids, BCAAs included, are missing in S. agalactiae
(Glaser et al, 2002), hence BCAAs cannot be omitted completely from the growth
medium.

The WT and AcodY strains displayed similar growth kinetics under both conditions
tested, with an approximate two-fold increase in their doubling time compared to
growth in rich THY medium (Figure 19 B). The qRT-PCR analysis was conducted
on genes encoding three different BCAAs transporters: /ivK, the first gene on the
livK-G operon, brnQ and braB. All of them were identified through RNA-Seq
analysis (Figure 17), (Supplementary Dataset 1D; Pellegrini et al, 2022), and qRT-
PCR (Figure 19 A) as negatively regulated by CodY during growth in rich THY
medium. When low levels of BCAAs were present in the growth medium, transcript
levels of all three genes increased in the WT strain compared to conditions of high
BCAAs availability. On the contrary, gene expression was not affected by BCAAs
levels in the AcodY mutant (Figure 19 C). In this strain, all genes were further and
significantly over-expressed compared to the WT strain under both conditions tested.
Nevertheless, the extent of this overexpression was gene-specific: higher for /ivK (82-
fold and 11-fold increase in CDM + 1500 pM and in CDM + 50 uM ILV,
respectively) and lower for braB (3.4-fold and 2.3-fold increase in CDM + 1500 uM
and in CDM + 50 uM ILV, respectively) and brnQ (4.8-fold and 2.8-fold increase in
CDM + 1500 uM and in CDM + 50 uM ILV, respectively) (Figure 19 C). The results
obtained for the WT strain suggest that, as the levels of BCAAs decrease, the
expression of CodY-repressed genes increases in a gene-specific manner (Figure 19
C). Hence, CodY regulatory role is strongly dependent on BCAA availability.
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Figure 19. CodY-mediated repression of three BCAAs transporters is dependent on
BCAAs availability. A) qRT-PCR analysis of livK, braB and brnQ expression in the WT
(grey) and AcodY mutant (black) strains during exponential growth in rich medium THY.
Gene expression is normalized to the expression of the housekeeping gyr4 gene. Asterisks
denote statistically significant differences as assessed by t-test analysis. ***p < 0.001, ****p
< 0.0001. B) Growth curves of WT (gray) and AcodY strain (black) in CDM supplemented
with high (1500 pM) and low (50 uM) ILV concentrations. Reported absorbance data at ODggo
are the average = SD of two independent experiments. C) qRT-PCR analysis of livK, braB,
and brnQ in the WT and AcodY strains grown in CDM supplemented with high or low ILV
concentrations. Gene expression is normalized to the expression of the housekeeping gyr4
gene. Asterisks indicate statistically significant differences. *p < 0.05, ***p < 0.001, ****p
< 0.0001. (One-way ANOVA analysis).
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4.6 CodY regulates directly two branched-chain amino acid
transporters

4.6.1 CodY-mediated regulation of the livK-G operon

The mechanism of CodY-mediated regulation of the /ivK-G operon, encoding an
ABC-type BCAAs transporter, was investigated. Two putative CodY -binding motifs
were identified by FIMO analysis upstream of the /ivK gene. These sequences are
located at positions from —64 to —50 and from —31 to —17 with respect to the
transcription start site of /ivK (Mazzuoli et al, 2021) and show three and two
mismatches to the CodY consensus sequence, respectively (Figure 20).

A livK regulatory region
5 H
: CodY CodY :
-168, motif motif  TSS 1452
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Figure 20. CodY binds directly to the /ivK regulatory region. A) Schematic structure of
the /ivK regulatory region. The dashed line box comprises the sequence of the /ivK regulatory
region included in the /ivKpay-lacZ fusion. Coordinates are reported with respect to the
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transcription start site (Mazzuoli et al, 2021). Sequences of the two CodY -binding motifs are
reported. Mismatches with respect to the CodY consensus sequence are reported in lowercase.
The mutated nucleotides (pl) are indicated in red below the sequence. B) Electrophoretic
mobility shift assays (EMSA) for investigation of CodY binding to the /ivK regulatory region.
CodY and the WT livKp229 fragment were incubated in the presence or absence of 10 mM of
isoleucine, leucine, and valine (ILV). The BCAAs were included in the reaction mixture, in
the non-denaturing polyacrylamide gel and in the electrophoresis buffer as well. C) EMSA
performed to compare CodY binding to the WT /ivKpa»o and mutated /ivKplao fragments.
Specificity of binding was evaluated by performing the experiment with the WT fragment in
presence or absence of a specific (unlabeled /ivKp»»o fragment) or non-specific competitor.
DNA-Protein mixtures were separated on 5% non-denaturing gel in presence of 10 mM ILV.

The ability of CodY to bind the /ivK promoter was investigated by electrophoretic-
mobility shift assay (EMSA). The assay was performed with a 6-carboxyfluorescein
(FAM) labeled fragment encompassing the /ivK regulatory region from position —168
to +52 with respect to the transcription start site of the gene (Figure 20 A). Labeled
DNA was incubated with increasing concentrations of purified CodY in the presence
or absence of 10 mM BCAAs (ILV). CodY bound the /ivK fragment with an apparent
equilibrium dissociation constant (KD) of =50 nM (here, KD indicates the
concentration of CodY required to shift 50% of DNA fragments under conditions of
vast protein excess over DNA) in the presence of BCAAs (Figure 20 B). Affinity of
CodY for the /ivK regulatory region decreased significantly (KD ~150 nM) when ILV
were omitted from the binding mixture, suggesting that BCAAs enhance CodY
ability to bind DNA. Specificity of CodY binding was assessed by competitive and
non-competitive binding assays in the presence of ILV and 18-fold excess of
unlabeled specific or non-specific competitor DNA, respectively (Figure 20 C).

To assess the ability of CodY to regulate /ivK expression, a lacZ transcriptional fusion
(livKparo-lacZ) comprising the entire intergenic region upstream of /ivK, from
position —168 to +52 with respect to the /ivK transcription start site, was constructed
using the pTCV-lacZ plasmid (Poyart and Trieu-Cuot, 1997). To prepare the pTCV-
lacZ livKp»» plasmid (Table 2), a 269 bp fragment comprising the regulatory region
and the first 27 nucleotides of the /ivK gene was amplified with primers livKp220F
and livKp220R using the BM110 chromosomal DNA as template (Table 4).
Expression levels of the fusion were investigated during the exponential phase of
growth in THY medium, i.e. under conditions of maximal CodY activity. Expression
of the livKpa»o-lacZ fusion was about 400-fold higher in the AcodY mutant compared
to the WT strain (Table 5). To prove that the observed effects of CodY on livK
expression are direct and mediated by its binding to the in silico identified putative
CodY binding motifs, a two-nucleotide substitution mutation was introduced within
the site located immediately upstream of /ivK (livKplaz-lacZ), at positions —22 and
—23 with respect to the transcription start site of the gene. To create
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pTCVliacZ livKplay (Table 2), a 196 bp product containing the 5" part of the /ivK
regulatory region was amplified by using oligonucleotides livKp220F and mutagenic
oligonucleotide livKp1R. A 125 bp fragment comprising the 3’ part of the regulatory
region and the first 27 bp of the /ivK coding sequence was synthesized by using
mutagenic oligonucleotide livKplF and livKp220R as reverse primer (Table 4).
Interestingly, the pl mutation strongly reduced the affinity of CodY for the /ivK
regulatory region as observed by EMSA assay (Figure 20 C). The reduced affinity
led to a complete loss of CodY’s ability to repress /ivK expression (Table 5).

Table 5. Expression of /ivK,-lacZ fusions

B-galactosidase activity *
Strain Relevant genotype Fusion type Miller Units + Repression
SD Ratio **
BM1106 WT livKp220-lacZ 0.47 £ 0.07 393.62
BM1107 AcodY 185 + 19.02
BM1114 WT livKp1220-lacZ 157.6 £ 0.35 1.03
BM1115 AcodY 161.9 + 6.86

* B-galactosidase activity is reported in Miller Units. Data are the average + SD of two
independent experiments, each performed in duplicate.

** The repression ratio is the ratio of expression values for the corresponding fusions in the
codY null mutant and in the wild-type strain.
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4.6.2 CodY-mediated regulation of the brnQ gene

RNA-Seq and qRT-PCR analyses of hrnQ expression during growth in rich THY
medium revealed a 9,8- and 6.8-fold increase, respectively, in the expression of this
gene in the AcodY strain compared to the WT (Supplementary Dataset 1D and Figure
19 A; Pellegrini et al, 2022). No putative CodY binding motifs were identified
upstream of brnQ by in-silico analysis of the BM110 genome using the FIMO Motif
Search Tool (Grant et al, 2011). However, one putative CodY binding motif could be
identified by manual analysis. The identified sequence showed four mismatches to
the consensus one and was identified at positions from —53 to —39 with respect to the
transcription start site of brnQ (Mazzuoli et al, 2021) (Figure 21 A).

A
brnQ regulatory region
CodY
-138! motif TSS +112
—1 metG > {1} 1) brnQ —
-53 CC(p1) -39
B
brnQp brnQp1

0 50 100 200 400 0 50 100 200 400 0 50 100 200 400 nM CodY

10 mM ILV 10 mM ILV

Figure 21. CodY binds directly the brnQ regulatory region. A) Schematic structure of the
brnQ regulatory region. The dashed line box comprises the sequence of the brnQ regulatory
region comprised within the brnQOp-lacZ fusion. Coordinates are reported with respect to the
transcription start site (Mazzuoli et al, 2021). The sequence of CodY-binding motif is
reported. Mismatches with respect to the CodY consensus sequence are reported in lowercase.
The mutated nucleotides (pl) are indicated in red below the sequence. B) EMSA for
investigation of CodY binding to the brnQ regulatory region. CodY and the WT brnQp
fragment were incubated in the presence (first panel) or absence (second panel) of 10 mM of
ILV. BCAAs were included in the reaction mixture, in the non-denaturing polyacrylamide gel
and in the electrophoresis buffer as well. The third panel shows EMSA performed to evaluate
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CodY binding to the mutated brnQp fragment. DNA-Protein mixtures were separated on 5%
non-denaturing gel in presence of 10 mM ILV.

An EMSA was performed to investigate the ability of CodY to bind the brnQ
promoter. A 6-carboxyfluorescein (FAM) labeled fragment encompassing the brnQ
regulatory region from position -138 to +112 with respect to the transcription start
site of the gene (Figure 21 A) was incubated with increasing concentrations of
purified CodY in presence or absence of 10 mM BCAAs. CodY bound the brnQ
fragment with an apparent KD of =75 nM in the presence of BCAAs (Figure 21 B).
In the absence of BCAAs, CodY affinity for the brnQ regulatory region decreased
significantly (KD =200 nM).

The ability of CodY to regulate brnQ expression was tested using a lacZ
transcriptional fusion (brnQp-lacZ), including the region spanning from position -
138 to +112 with respect to the brnQ transcription start site. To prepare the pTCV-
lacZ_brnQp plasmid (Table 2), a 297 bp fragment comprising the regulatory region
and the first 28 nucleotides of the brnQ gene was amplified with primers brnQpF and
brnQpR using the BM110 chromosomal DNA as template (Table 4). Expression of
the brnQp-lacZ fusion during the exponential phase of growth in THY medium was
about 12-fold higher in the AcodY strain than in the WT strain (Table 6).

A two-nucleotide substitution mutation was introduced in the putative CodY -binding
site at positions —45 and —44 with respect to the hrnQ transcription start site (brnQp1-
lacZ). To create pTCVlacZ brnQOpl (Table 2), a 136 bp product containing the 5’
part of the brnQ regulatory region was amplified by using oligonucleotides brnQpF
and mutagenic oligonucleotide brnQp1R. A 196 bp fragment comprising the 3' part
of the regulatory region and the first 28 bp of the brnQ coding sequence was
synthesized by using mutagenic oligonucleotide brnQpl1F and brnQpR as reverse
primer (Table 4). The introduced mutation was aimed at decreasing the similarity of
the motif'to the CodY-binding consensus sequence, thus reducing its ability to control
gene expression. Introduction of the pl mutation strongly reduced the affinity of
CodY for the brnQ regulatory region (KD ~200 nM) (Figure 21 B) and abolished the
ability of CodY to repress brnQ expression (Table 6).

81



Results

Table 6. Expression of brnQp-lacZ fusions

B-galactosidase activity *
Strain Relevant genotype Fusion type Miller Units + Repression
SD Ratio**
BM1150 BM110 brnQp-lacZ 4,30 +0,44 12,23
BM1151 BM110codY 52,57 + 6,29
BM1152 BM110 brnQpl-lacZ | 64,46 + 4,42 0,89
BM1153 BM110codY 57,35 + 21,85

* B-galactosidase activity is reported in Miller Units. Data are the average + SD of two independent
experiments, each performed in duplicate.

** The repression ratio is the ratio of expression values for the corresponding fusions in the
codY null mutant and in the wild-type strain.

4.7 Complex regulation of the S. agalactiae major virulence
factor Srr2

4.7.1 CodY contributes directly to repression of srr2

The mechanism of CodY-mediated regulation of the sr72 gene, encoding a major
virulence factor of S. agalactiae, was investigated. Two putative CodY-binding
motifs were identified by FIMO analysis upstream of this gene. The two sites are
located at positions from —163 to —148 and from +51 to +66 with respect to the
transcription start site of s772 and show two and three mismatches to the consensus
sequence, respectively (Mazzuoli et al, 2021), (Figure 22 A).

A fragment encompassing the s772 regulatory region from position —332 to +283 with
respect to the transcription start site of the gene (s772pe1s, Figure 22 B) was amplified
using FAM labeled primers. Labeled DNA was used in an EMSA experiment
performed using purified CodY in the presence of 10 mM ILV. CodY bound the srr2
fragment with an apparent equilibrium dissociation constant (KD) of =100 nM
(Figure 22 C). A lacZ transcriptional fusion (s772psis-lacZ) including the same
regulatory region was constructed using the pTCV-lacZ plasmid (Poyart and Trieu-
Cuot, 1997). To prepare the pTCV-lacZ srr2peis plasmid (Table 2), a 664 bp
fragment comprising the s772 regulatory region and the first 24 nucleotides of the

82



Results

srr2 gene was amplified with primers srr2p615 and srr2pR using the BM110
chromosomal DNA as template (Table 4). -Galactosidase activity of strains carrying
the srr2pei1s-lacZ fusion was analyzed during the exponential phase of growth in THY
medium, under conditions of maximal CodY activity. Expression of the fusion during
the exponential phase of growth was about 20-fold higher in the codY-null mutant
than in the WT strain (Figure 22 and Table 7). This result is in line with data
previously obtained by RNA-Seq analysis (Supplementary Dataset 1D; Pellegrini et
al, 2022), which reported a 13-fold increase in sr72 expression in the AcodY strain
compared to the WT. Moreover, the result obtained demonstrates that the region used
in the creation of the transcriptional fusion is sufficient for CodY-mediated control
of srr2 expression.

To prove that the observed effects of CodY on srr2 expression are the result of direct
binding, we introduced three different two-nucleotide substitution mutations within
the downstream (pl) and/or upstream (p2 and p3) putative CodY-binding sites
(Figure 22 A). To create the pTCVliacZ srr2pleis, pTCVliacZ srr2p2eis and
pTCVlacZ srr2p3eis plasmids (Table 2), the BM110 chromosomal DNA was used
as template to amplify the 5’ part of the srr2 regulatory region using srr2p615 as
forward primer and the mutagenic oligonucleotides srr2p 1R, srr2p2R and srr2p3R as
reverse primers, respectively. The 3’ part of the regulatory region and the first 24 bp
of the srr2 coding sequence was synthesized by using oligonucleotides srr2pR and
the internal, mutagenic oligonucleotides srr2plF, srr2p2F and srr2p3F respectively
(Table 4). The pTCVlacZ srr2pl,2615 (Table 2) plasmid, carrying both pl and p2
mutations was created by following the same procedure used for the preparation of
pTCVliacZ srr2p2eis, using pTCVlacZ srr2pleisas DNA template.

The introduced mutations were designed with the aim to decrease the sequence
similarity to the CodY-binding consensus sequence. The p1 mutation, introduced at
the level of the putative CodY-binding site located immediately upstream the sr72
coding region, did not affect the ability of CodY to repress srr2 expression (Table 7).
On the contrary, the p2 and p3 mutation, introduced at the level of the upstream CodY
binding motif, strongly reduced the ability of CodY to repress the srr2 promoter
(Table 7). This suggests that CodY binding to the upstream motif is necessary for a
full repression of the fusion.

To further investigate the role of the two CodY binding motifs in CodY-mediated
regulation of s772, two lacZ transcriptional fusions of the sr72 regulatory region were
prepared, each containing one of the two putative CodY binding motifs.

The fusion spanning from position -115 to +283 with respect to the s7r2 transcription
start site was named srr2psss-lacZ. To prepare the pTCV-lacZ srr2pses plasmid
(Table 2), a 447 bp fragment comprising part of the s772 regulatory region and the
first 24 nucleotides of the s7»2 gene was amplified with primers srr2p398 and srr2pR
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using the BMI110 chromosomal DNA as template. The s772psos fragment,
encompassing only the downstream binding motif, was amplified with FAM labeled
primers using pTCV-lacZ_srr2pseg as template. An EMSA experiment performed in
presence of 10 mM ILV revealed that the fragment was bound by CodY with an
apparent equilibrium dissociation constant (KD) of =400 nM. As this concentration
is higher than the one found in physiological conditions, the downstream binding
motif does not appear to be involved in CodY-mediated regulation of s7»2 (Figure 22
D). This result was indeed furtherly confirmed by -galactosidase assay. As reported
in Table 7, analysis of the expression of the srr2psos-lacZ fusion revealed a less than
2-fold repression in the codY-null mutant strain, BM1111, than in the WT strain,
BM1110.

The fusion from position -332 to +39 with respect to the s7r2 transcription start site
was named srr2p37i-lacZ (Figure 22 B). To prepare the pTCV-lacZ srr2ps37 plasmid
(Table 2), a 420 bp fragment comprising part of the sr»2 regulatory region was
amplified with primers srr2p371R and srr2p615 using the pTCV-lacZ srr2peis as
template (Table 4). EMSA analysis performed in presence of 10 mM ILV and FAM-
labeled srr2ps71 fragment, comprising the upstream binding motif only, revealed that
CodY bound this region with an apparent equilibrium dissociation constant (KD) of
~100 nM (Figure 22 E), similarly to what observed for the complete regulatory region
of srr2 (Figure 22 C). Moreover, expression of the sr#2ps71-lacZ fusion was about 4-
fold higher in the codY-null mutant strain, BM1165, than in the WT strain, BM1164
(Table 7).

CodY’s ability to repress the s7r2 promoter was completely abolished by introduction
of the p3 mutation in the srr2ps7i-lacZ fusion (Table 7). These evidences therefore
suggest that CodY-mediated repression of srr2 expression appears to be mediated
mainly by CodY binding at the upstream binding motif.
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Figure 22. CodY binds directly to the srr2 regulatory region. A) Schematic structure of
the srr2 regulatory region. Coordinates are reported with respect to the transcription start site
(Mazzuoli et al, 2021). Sequences of the two CodY -binding motifs are reported. Mismatches
with respect to the CodY consensus sequence are reported in lowercase. The mutated
nucleotides (pl, p2, p3) are indicated in red below the sequence. B) Schematic maps of the
srr2 fragments used to construct /acZ fusions or in EMSA experiments. The coordinates
indicate the boundaries of different fusions with respect to the sr»2 transcription start site. The
location of the transcription start site (TSS) is indicated in black. C-D-E) EMSA for
investigation of CodY binding to the srr2psis, srr2pses and srr2ps7 fragments. Labeled DNA
fragments were incubated with increasing amounts of purified CodY in the presence of 10
mM each of BCAAs ILV. DNA-Protein mixtures were separated on 5% non-denaturing gel
in presence of 10 mM ILV.

4.7.2 CodY- and CovR- mediated regulation of the srr2 gene

The srr2 operon has been recently reported to be directly repressed by CovR, the
response regulator of the two-component system CovRS. Consequently, we decided
to investigate the existance of a possible interplay between CodY and CovRS in the
regulation of s7r2 expression. To this purpose, two derivative strains of BM110 were
prepared by introducing an in-frame deletion of the covR gene in the WT strain and
in the AcodY strain, thus obtaining the strains AcovR and AcovR/AcodY, respectively.
The obtained strains were electroporated with the pTCV-lacZ derivative plasmid
carrying different regions of the srr2 regulatory sequence (See paragraph 3.3). As
reported in Table 3, expression of the srr2psis-lacZ fusion increased about 40-fold in
the covR background (BM1134) compared to the WT background. This result
suggests that CovR might play a major role as a negative regulator of s772 compared
to CodY. According to the work of Mazzuoli et al (2021), the AcovR strain displayed
a 12-fold increase of srr2 expression levels compared to WT strain (Mazzuoli et al,
2021). Interestingly, expression levels of the sr#2p615-lacZ fusion in the covR/codY
double mutant (BM1135) were similar to the ones observed in the single codY mutant
(Table 7). In the absence of CodY, CovR is unable to repress s7#2: the ratio between
the B-galactosidase activities of the AcodY AcovR / AcodY strains is in fact equal to
1. Similarly, in the absence of CovR, the repressive capacity of CodY is also reduced
(AcodY AcovR | AcovR, Table 7). Together these results indicate that when one of the
two repressors is absent, the repressory activity of both regulators is abolished.

The srr2psos-lacZ and srr2psyi-lacZ fusions were tested in the AcovR and
AcovR/AcodY strains, in order to test whether the two different regions are involved
in CovR-mediated regulation of s7#2 expression. Deletion of covR led to a 2-fold
derepression of srr2pses-lacZ and a 5.8-fold derepression of srr2ps7i-lacZ fusions,
compared to the WT strain (Table 7). Moreover, expression of both fusions in the
AcovR/AcodY double mutant strain remained unchanged compared to the expression
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levels obtained in the single AcovR or AcodY mutant strains (Table 7). Together these
data suggest that, when individually analyzed, the regions comprised by the two
fragmentsare not sufficient for an efficient CovR-mediated repression of srr2
expression. The limited repression exerted by CovR at the level of the sr2ps7i-lacZ
fusion was completely abolished upon introduction of the p3 mutation (Table 7).
Taken together, these results confirm that both CodY and CovR are strong repressors
of the srr2 gene, but that binding of both of them is needed for an efficient repression
of this gene.

87



Results

Table 7. Expression of sr2p-lacZ fusions

B-galactosidase activity *
Strain Relevant Fusion type . . Repression ratio
genotype Miller Units | codY/codY+ | covR/covR+
+SD fold fold
regulation | regulation

BM1108 BM110 srr2pois-lacZ | 5044 1.4 18,3 39,6
BM1109 BM110codY 96,11 + 16,57 1.2
BM1134 BM110covR 207.4 + 33,23 0.6
BM1135 | BM110codY/covR 119.1 +27.47
BMI1116 BM110 srr2pleis-lacZ | 4 04 + 0,80 284
BM1117 BM110codY 114.8 + 16,32
BMI118 BM110 srr2pleis-lacZ | 44 87 + 14,26 2,7
BM1119 BM110codY 120.2 + 21,71
BM1120 BM110 srr2pl,2eis-lacZ | 30 55 £ 7,13 3,3
BM1121 BM110codY 101.9 + 6,09
BM1124 BM110 srr2p3eis-lacZ | 73 83 + 4,49 2,1
BM1125 BM110codY 1563 + 19,19
BM1110 BMI110 srr2psos-lacZ 138 17,7 1,5 2,0
BMI111 BM110codY 206,1 + 24,01 0.8
BM1130 BM110covR 273,3+£19,92 0,6
BM1131 | BM110codY/covR 160,8 + 29,53
BM1 164 BM110 srr2psn-lacZ | 29 11 + 1,34 42 5,8
BM1165 BM110codY 123.1+ 0,31 0.8
BM1166 BM110covR 169.2 + 2,70 0.6
BM1167 | BM110codY/covR 99.68 + 14.59
BM1182 BM110 srr2p3sn-lacZ | 8451 +2.85 1,3 1,8
BM1183 BM110codY 111,1+ 10,83 0.7
BM1184 BM110covR 154 +11,53 0.5
BM1185 | BM110codY/covR 79.24+1.13
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* B-galactosidase activity is reported in Miller Units. Data are the average + SD of two
independent experiments, each performed in duplicate.

4.8 Investigating the effect of srr2 over-expression on the
AcodY- altered virulence characteristics

4.8.1 CodY-modulated overexpression of srr2 mediates S. agalactiae
adhesion to host proteins

Bacterial binding to plasma and extracellular-matrix proteins represents an important
molecular escamotage for bacterial pathogenesis. This interaction can promote
bacterial evasion of the immune system, adhesion and eventual invasion of host cells.
For this reason, the role of CodY in controlling the ability of S. agalactiae to bind to
several human proteins was evaluated. Binding of the WT and codY mutant strains to
fibrinogen, fibronectin and plasminogen was assessed by enzyme-linked immuno-
sorbent assay (ELISA). A slight increase in binding to plasminogen was observed for
the codY-null mutant compared to the WT strain, however the difference in binding
levels was not statistically significant (Figure 23 A). On the contrary, deletion of codY
led to a significant increase in bacterial binding to fibrinogen and fibronectin with
respect to the WT strain. In particular, the higher adhesion to fibronectin of the mutant
strain compared to the WT strain was displayed at high substrate concentrations
(Figure 23 C), while the increased capability of the mutant strain to adhere to
fibrinogen was displayed even at very low concentrations of substrate immobilized
in the assay (Figure 23 B). Given the fact that several studies have demonstrated that
Str2 is involved in bacterial binding to both plasminogen and fibrinogen (Six ef al,
2015), we tested whether the increased adhesion to these proteins by the codY
deletion mutant was mediated by Srr2 overexpression. An in-frame, marker-less
deletion of the srr2 gene was created in the WT and in the AcodY strains, thus
obtaining the strains Asrr2 and Asrr2/AcodY, respectively. The ELISA assay
performed with the WT, AcodY, Asrr2 and Asrr2/AcodY strains revealed that lack of
Srr2 results in a strong impairment in bacterial binding to both fibrinogen and
fibronectin, regardless of the presence of CodY. Overexpression of Srr2 could
therefore be responsible for the increase in AcodY binding to these two host proteins
(Figure 23 B and C). On the other hand, binding to plasminogen was not affected by
srr2 deletion, neither in presence nor in absence of CodY (Figure 23 A).
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Figure 23. Over-expression of srr2 influences AcodY binding to host proteins. S.
agalactiae WT, AcodY, Asrr2, AcodY/Asrr2 strains binding to plasma and matrix components
were evaluated through ELISA assay. Increasing concentration of proteins were immobilized
on the surface of microtiter wells and then incubated with bacterial cells from each strain
collected during exponential phase of growth in rich THY medium. Bound bacteria were
detected with rabbit anti-S. agalactiae IgG, followed by goat HRP-conjugated anti-rabbit IgG.
The figures are representative of 2 independent experiments, each performed in duplicate.
Statistically significant differences are indicated (2way ANOVA test; **, P < 0.01; *** P <
0.001, **** P <(.0001).

4.8.2 Overespression of srr2 in AcodY strain is not the cause of the
increased biofilm formation

As reported in paragraph 4.3.2, codY deletion results in an increased biofilm forming
ability of S. agalactiae. In an attempt to test whether s772 overexpression could be
involved in the increase in biofilm biomass in the codY-null mutant, we compared the
biofilm forming ability of the WT, AcodY, Asrr2 and Asrr2/AcodY strains. As
reported in Figure 24, deletion of s772 led to a slight, but not significant decrease in
biofilm levels compared to the WT strain. Moreover, the double mutant strain
maintained a significant increased biofilm forming ability compared to the srr2
mutant strain, suggesting that other factors under control of CodY must be the cause
of the increased biofilm biomass in the mutant strain. A slightly significant decrease
in biofilm levels of the double mutant strain was obtained with respect to the AcodY
strain, however WT/Asrr2 and AcodY/(Asrr2/AcodY) ratio of biofilm formed were
identical (1.4 ratio). Together these results suggest that sr7#2 overexpression could
play a role, but is not the main factor involved in AcodY increased biofilm forming
ability.
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Figure 24. Over-expression of srr2 in S. agalactiae AcodY is not the only cause of
increased formation of biofilm. Crystal violet staining was used to measure biofilm biomass
formed after static culture for 19 h. Represented data are the average = SD of three
independent experiments, each performed in 8 replicates. Statistically significant differences
are reported (Ordinary one-way ANOVA).
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5. Discussion and future perspectives

In this study we investigated the role of the global transcriptional regulator CodY in
Streptococcus agalactiae. In low-G+C Gram-positive bacteria, this highly conserved
protein regulates the expression of metabolic pathways according to nutrient
availability. In pathogens CodY coordinates metabolism with virulence in a species-
specific manner, acting as a repressor or activator of virulence (Brinsmade, 2017).
The role of CodY has been previously investigated in several streptococcal species,
including Streptococcus suis, Streptococcus pyogenes, Streptococcus salivarius
(Feng et al, 2016; Kreth et al, 2011; Majerczyk et al, 2008). The analysis conducted
in this study aimed at investigating whether CodY controls metabolism and virulence
in S. agalactiae.

A codY deletion mutant was created from the BM110 strain, a hypervirulent strain
causative of meningitis in newborns. The resulting strain showed no growth defects
under the conditions tested (rich THY medium and chemically defined medium
supplemented with high or low branched-chain-amino acids, BCAAs), confirming
that codY is not essential for S. agalactiae growth in laboratory media (Hooven et al,
2016). However, morphological observations and confocal microscopy analysis
revealed that the deletion mutant formed smaller colonies and displayed a reduced
cell size compared to the wild-type strain. This phenotype has been previously
observed in other bacterial species in which codY-null mutants have been created,
including S. salivarius (Geng et al, 2018) and S. aureus (Majerczyk et al, 2008).

Analysis conducted on different murine models of infection showed that in S.
agalactiae codY is necessary for growth in vivo. Mutant strains were not able to cause
infection and displayed a decreased ability to disseminate in blood and to distant
organs in all the infection models investigated. Mice infection with the wild-type and
mutant strains elicited a similar cytokine response in the host. Therefore, the reduced
virulence of the mutant could be attributed to pleiotropic effects of the codY deletion
on bacterial physiology and virulence-related characteristics, rather than to an altered
immune response of the host.

Adhesion to host tissues represents the first step in bacterial colonization. Deletion of
codY decreased S. agalactiae ability to bind to human epithelial cells in vitro.
However, the codY-null mutant strain displayed increased invasion rates compared
to the wild-type strain. Interestingly, preliminary data collected by our collaborator
Dr. Brandon Kim (University of Alabama, USA) suggest that the adhesive and
invasive characteristics of the mutant strain depend on the type of cell used in the
assay. Indeed, when brain microvascular endothelial-like cells obtained through
differentiation of induced pluripotent stem-cells were used to test the adhesive and
invasive capacities of the AcodY strain, an increased ability to adhere to and invade
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host cells was observed compared to the wild-type strain (Brandon Kim’s personal
communication, manuscript in preparation).

Strong biofilm formation is a common phenotype among S. agalactiae strains able to
asymptomatically colonize the host. On the contrary, strains associated to a more
invasive phenotype (e.g., strains belonging to the CC17 clonal complex) are classified
as weak biofilms formers (Parker ez al, 2016). Deletion of codY results in an increased
ability of the mutant to form biofilms whose extracellular matrix is enriched in
extracellular proteins.

Genes encoding proteins involved in cell wall and membrane biogenesis represent a
group of targets subjected to the highest level of CodY-mediated regulation. This
group includes proteins anchored to the cell-wall through the LPxTG motif, like the
CC17 specific adhesin Srr2. To investigate whether the increased biofilm biomass
formed by CodY could be due to overexpression of s#72 in the codY deletion mutant,
we conducted biofilm formation assays employing single sr72 and double srr2/codY
deletion mutant strains. No significant difference in the biofilm formed by the wild-
type and the Asrr2 strain could be appreciated. Moreover, the double mutant strain
maintained an increased biofilm forming ability compared to the single Asrr2 strain.
Increased abundance of Srr2 on the surface of the AcodY strain is therefore not
involved in its increased ability to form biofilm. We hypothesize that other surface
proteins controlled by CodY could be responsible for the observed biofilm forming
capacity of the mutant strain.

Str2 is a key virulence factor that supports the ability of S. agalactiae to cross the
developing neonatal gastrointestinal epithelium and to adhere to and invade cerebral
endothelial cells, thus leading to invasive infections and meningitis in neonates
(Deshayes de Cambronne ef al, 2021).

We demonstrated that CodY is a direct repressor of the sr72 gene. Two putative CodY
binding motifs located upstream of the s772 coding region were identified. EMSA
analyses and B-galactosidase assays showed that CodY regulation of s772 is mostly
mediated by CodY binding at the level of the upstream CodY binding site, located at
position -163 with respect to the srr2 transcription start site. It will be important to
carry out DNA footprinting experiments to determine the exact site recognized by
CodY. Interestingly, CodY binding sites are usually located close to the transcription
start site of its target genes or within their coding sequence (Belitsky and Sonenshein,
2013). Therefore, the location of the sr72 main CodY binding motif is peculiar.

A transcriptomic analysis was recently performed to determine the regulon of the
master regulator of virulence CovR in S. agalactiae (Mazzuoli et al, 2021).
Interestingly, comparative transcriptomic analysis revealed an overlap between
CodY-mediated gene regulation and genes directly regulated by the master regulator
of virulence CovR. The s772 operon is included in the group of genes that are directly
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repressed by both CodY and CovR (Mazzuoli et a/, 2021). Importantly, Mazzuoli et
al (2021) observed that srr2 expression increased in a covR-deletion mutant
compared to a wild-type mutant strain. However, s7r2 expression was not affected in
a mutant in which CovR was mutagenized in order to prevent its phosphorylation and
consequent activation. This result suggested the presence of other regulators involved
in control of s7r2 expression. To investigate whether CodY co-operates with CovR
in the regulation of srr2 expression, [-galactosidase analyses were conducted.
Preliminary evidence suggests that both transcriptional repressors are needed for an
efficient repression of s772. Ongoing studies will further investigate the interplay
between CodY and CovR, in order to define the mechanisms behind the concerted
regulation of S. agalactiae virulence.

These evidences suggest that these two global regulators may coordinate their
activities to control virulence. It is worthy of note that in S. pyogenes, CodY and
CovRS coordinate the bacterial transcriptional network in opposite ways, with CodY
stimulating and CovR repressing a consistent portion of the core genome, including
several virulence factors. In particular, S. pyogenes CodY represses covR expression,
allowing to counterbalance CovRS activity according to the nutritional status of the
cell (Kreth et al, 2011). Differently from S. pyogenes, S. agalactiae CodY and CovRS
do not control each other’s transcription, adding a layer of complexity to the
regulation of virulence and metabolism in S. agalactiae.

The adhesin Srr2 mediates S. agalactiae adhesion to the plasma and extracellular
matrix components fibrinogen and plasminogen. Bacterial adhesion to fibrinogen is
essential for early colonization of host tissues and organs (Six et al, 2015). We
investigated whether srr2 upregulation mediated by codY deletion affects the
bacterial ability to bind fibrinogen, fibronectin and plasminogen. The AcodY strain
displayed an increased binding ability to fibrinogen and fibronectin compared to the
wild-type strain. Deletion of s7#2 in both wild-type and AcodY strains led to a
complete loss of the binding ability to these two proteins, indicating that the CodY-
mediated increase in s7r2 expression could play a role in the increased ability of the
mutant strain to bind fibrinogen and fibronectin. This result suggests the existence of
a yet to be defined interaction between Srr2 and fibronectin. The possible interaction
between the two proteins will be furtherly investigated in vitro, using recombinant
wild-type or mutated Srr2 domains. We did not observe any significant difference in
binding to plasminogen between the wild-type and AcodY strains. Previous studies
had reported that deletion of sr72 leads to a decreased binding to plasminogen
compared to wild-type strains (Six et al, 2015). Interestingly, we observed no
difference in plasminogen-binding in the presence or absence of s¥#2 in both wild-
type and codY-null mutant strains. One possible explanation for this result could
reside in the different experimental procedures employed: Six ef al (2015) detected
bacterial binding to plasminogen through crystal violet assay which, in our hands,
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does not provide an ideal method to detect S. agalactiae. For this reason, our ELISA
assays were performed using an antibody specific for S. agalactiae strains.

According to the transcriptomic analysis conducted on wild-type and codY-null
mutant cells, CodY is a global regulator of gene expression in S. agalactiae. In
addition to genes involved in cell-wall biosynthesis, targets subjected to the highest
level of CodY regulation include genes involved in oligopeptides and amino acid
uptake. In different Gram-positive pathogens, including S. agalactiae, systems for
peptide uptake are important for nutrient acquisition and virulence. In S. agalactiae,
mutant strains lacking oligopeptide permeases genes displayed decreased adhesion
rates to the plasma proteins fibrinogen and fibronectin and to host cells. This
negatively interferes with the bacterial ability to colonize the host and therefore leads
to a decreased ability to establish an infection. This result suggests that oligopeptide
permeases promote virulence in S. agalactiae (Samen et al, 2004). The genome of S.
agalactiae does not include genes required for the biosynthesis of precursors of most
amino acids, BCAAs included. For this reason, this bacterium relies on transporters
and peptidases for amino acids metabolism (Milligan et al, 1978). Here, we
demonstrated that CodY acts as a direct, negative regulator of at least two BCAAs
transporters encoded by the /ivK-G operon and by the brnQ gene, respectively.

BCAAs are not only fundamental for protein synthesis but they are also intermediates
required for the production of branched chain fatty acids, the major constituents of
bacterial membranes. In addition, BCAAs are universal cofactors of CodY. As
demonstrated in Bacillus subtilis and Staphylococcus aureus, a decrease in BCAAs
abundance leads to a reduction in the fraction of CodY active molecules. Therefore,
as the levels of BCAAs decrease, only targets with higher affinity for CodY will
remain under CodY-mediated regulation. The final result is a hierarchical regulation
of gene expression depending on the DNA-binding affinity of the regulator for its
target genes (Brinsmade et al, 2014).

Here, we demonstrated that the activity of S. agalactiae CodY is dependent on its
interaction with BCAAs. CodY mediated repression of genes involved in amino acid
uptake (livK, braB, brn(Q) decreases under conditions of low BCAAs availability.
Moreover, as assessed by gel-shift assays, the DNA binding ability of CodY to its
target sequences is increased in the presence of BCAAs. Therefore, as the abundance
of BCAAs decreases, CodY-mediated regulation of target genes is relieved. As a
consequence, genes encoding BCAAs transporters will be activated when ILV
concentrations will be limiting. CodY therefore controls the intracellular levels of
BCAAs by regulating the expression of BCAAs transporters.

In accordance with these observations, our analysis revealed that, under conditions

of low BCAAs concentrations, the expression of CodY repressed genes was relieved
to a different extent depending on the analyzed target. For instance, /ivK expression
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was maintained at very low levels even when BCAAs were present in low
concentrations, suggesting that CodY is a strong repressor of this gene. On the other
hand, CodY-mediated brnQ repression decreases to a major extent in presence of low
BCAA concentrations.

BCAAs concentrations change in the different host environments that the bacterium
encounters during infection. Amniotic fluid represents an example of host niche with
low amounts of amino acids (Mesavage et al, 1985). Because of its auxotrophy for
several amino acids, S. agalactiae relies on its capacity to take up exogenous
oligopeptides to grow in this environment. Several genes (oppA4 1-F and livK operons,
braB, brnQ, BQ8897 RS10635) involved in peptide and amino acid transport and
metabolism, upregulated in the codY-null mutant strain, were reported to be
upregulated during bacterial growth in amniotic fluid. Overexpression of these genes
was concomitant with an 11-fold reduction in the expression of the codY gene itself,
during growth in amniotic fluid compared to a rich laboratory medium (Sitkiewicz et
al, 2009). It is possible to hypothesize that the reduced levels of this repressor could
explain the overexpression of peptides and amino acids transport systems in amniotic
fluid.

By controlling the intracellular levels of components that are essential for cell
survival and that act as signals of environmental conditions, amino acid and
oligopeptide transporters play an important role in the regulation of bacterial gene
expression. In S. aureus it has been recently demonstrated that deletion of an
isoleucine transporter is associated to increased virulence. /n vivo experiments
showed that mice infected with bacteria lacking the isoleucine transporter displayed
decreased bacterial burden in organs compared to mice infected with wild-type
strains (Kaiser et al, 2015). The authors hypothesized that, as mediators of
intracellular levels of CodY co-factors, BCAA transporters might be involved in
modulation of CodY-regulation of virulence genes and in turn of S. aureus
pathogenicity. In Bacillus anthracis, CodY acts as a positive regulator of virulence.
Dutta et al (2022) demonstrated that BCAA transport plays a crucial role for
virulence in this species, as deletion of a BCAA transporter resulted in decreased
virulence in a mouse model for anthrax. By hindering BCAA uptake through deletion
of BCAA transporters, CodY cofactors levels are reduced intracellularly, and in turn
CodY promotion of virulence decreases. The authors observed that no single BCAA
transporter is fundamental, but that the presence of at least one of them is essential
for bacterial survival, even though B. anthracis displays genes for BCAAs
biosynthesis (Dutta et al/, 2022). Redundancy among BCAA transporters has been
reported for several species. The analysis of the genome of S. agalactiae strain
BM110 predicts the presence of at least four BCAA transporters (one BCAA-ABC
transporter encoded by the /ivKG operon; two single gene-encoded permeases similar
to the S. aureus BCAA-transporters BrnQ1 and BraB; iii) two genes organized in a
dicistronic operon and corresponding to the azICD genes of B. subtilis). We
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demonstrated that CodY is a direct repressor of at least two of them (/ivK-G and
brnQ) in rich medium.

Future analysis will be performed to investigate the importance of BCAA transporters
in S. agalactiae. The creation of deletion mutants for different BCAAs transporters
could help in assessing the importance of one or more of them in controlling the
intracellular levels of these amino acids. This could in turn give new insights for
understanding how the bacterium modulates CodY activity and virulence and,
possibly, help in the design of new therapeutic strategies. Modulating S. agalactiae
ability to uptake BCAAs from the external environment could affect CodY activity
and in turn reduce bacterial virulence, possibly.

The lack of an effective vaccine against S. agalactiae represents a serious threat and
requires a major effort to find new alternative therapeutic options for the treatment of
S. agalactiae infections. Up to date, even though clinical trials for the formulation of
potential vaccine candidates are ongoing, no licensed drugs have been produced yet.
To this purpose, it is fundamental to focus the research on the molecular mechanisms
that govern S. agalactiae infections. Our future goals aim at dissecting how CodY
activity is coordinated within the network of regulators that control S. agalactiae
adaptation to changing host niches and virulence. This will allow deciphering the
signals that govern host-pathogen interaction during colonization and infection. In
addition, we are going to investigate how S. agalactiae CodY exerts hierarchical
expression of genes belonging to its regulatory network. It is important to understand
how CodY integrates central metabolic pathways with virulence gene expression
upon changing levels of BCAAs availability. This will help to understand whether
BCAAs transporters could be exploited as targets for the development of a
therapeutic strategy.
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Group B Streptococcus (GBS) is a Gram-positive bacterium able to switch from a
harmless commensal of healthy adults to a pathogen responsible for invasive infections
in necnates. The signals and regulatory mechanisms governing this transition are still
largely unknown. CodY is a highly conserved global transcriptional regulator that links
nutrient availability to the regulation of major metabolic and virulence pathways in low-
G+C Gram-positive bacteria. In this work, we investigated the role of CodY in BM110,
a GBS strain representative of a hypervirulent lineage associated with the majority of
neonatal meningitis. Deletion of codY resulted in a reduced ability of the mutant strain
to cause infections in neonatal and adult animal models. The observed decreased
in vivo lethality was associated with an impaired ability of the mutant to persist in the
blood, spread to distant organs, and cross the blood-brain barrier. Notably, the coadY
null mutant showed reduced adhesion to monolayers of human epithelial cells in vitro
and an increased ability to form biofilms, a phenotype associated with strains able to
asymptomatically colonize the host. RNA-seq analysis showed that CodY controls about
13% of the genome of GBS, acting mainly as a repressor of genes involved in amino
acid transport and metabolism and encoding surface anchored proteins, including the
virulence factor Srr2. CodY activity was shown to be dependent on the availability of
branched-chain amino acids, which are the universal cofactors of this regulator. These
results highlight a key role for CodY in the control of GBS virulence.

Y group B CodY, Sm2, gitis, RNA-Seq, global
lation of gene expression, patt si
INTRODUCTION

Group B Streptococcus (GBS, Streptococcus agalactiae) is the leading cause of sepsis and meningitis
in neonates (Thigpen et al, 2011; Okike et al, 2014). Maternal vaginal colonization during
pregnancy represents the principal risk factor for GBS transmission to the newborn through
in utero ascending infections or aspiration of contaminated amniotic or vaginal fluids during
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delivery. Vertically acquired neonatal infections lead to early-
onset (0-7 days oflife) invasive disease manifestingas pneumonia
that rapidly progresses to sepsis (Edmond et al., 2012; Patras
and Nizet, 2018). GBS can also cause late-onset disease that
manifests between 7 and 90 days of life with bacteremia and a
high complication rate of meningitis (Tazi et al, 2019).

Group B Streptococcus is capable of causing these diverse
clinical manifestations thanks to its capacity to invade different
host niches and adapt to various environmental conditions.
This versatility is made possible by the activity of several
transcriptional regulators which, in response to environmental
signals, control the expression of proteins involved in nutrient
acquisition, adhesion, virulence, and immune evasion (Rajagopal,
2009; Thomas and Cook, 2020).

CodyY is a global transcriptional regulator highly conserved in
nearly all low-G+C Gram-positive bacteria, including the genera
Bacillus, Lactococcus, Streptococcus, Listeria, Staphylococcus,
Clostridium, and Clostridioides (Guédon et al., 2005 Lemos
et al., 2008; Dineen et al, 2010; Kreth et al., 2011; Lobel
et al,, 2012; Belitsky and Sonenshein, 2013; Brinsmade et al.,
2014; Feng et al,, 2016; Waters et al,, 2016; Geng et al., 2018).
In these organisms, CodY directly and indirectly controls the
expression of hundreds of metabolic genes in response to
nutrient availability (Sonenshein, 2005). In pathogens, CodY
regulates also critical virulence determinants and, therefore,
links nutrient availability and metabolism to pathogenesis in
a species-specific manner. The nutritional status of the cell
is monitored by CodY by its interaction with two ligands:
branched-chain amino acids (BCAAs) (Guedon et al., 2001;
Shivers and Sonenshein, 2004; Brinsmade et al, 2010) and
GTP (Ratnayake-Lecamwasam et al, 2001; Handke et al,
2008). However, while BCAAs are universal cofactors of CodY,
GTP was not found to be involved in CodY activation in
Lactococcus (Petranovic et al., 2004) and Streptococcus species
(Hendriksen et al., 2008). Once activated by binding to its
cofactors, CodY binds DNA at sites characterized by a 15-nt
canonical consensus binding motif “AATTTTCWGAAAATT”
(den Hengst et al.,, 2005; Belitsky and Sonenshein, 2013; Biswas
et al., 2020). As the intracellular pools of BCAAs change, the
hundreds of genes whose expression is controlled by CodY
are expressed in a hierarchical manner, reflecting the choice
of turning on specific metabolic pathways ahead of others
(Brinsmade et al, 2014; Waters et al,, 2016). In many cases, the
hierarchy of gene expression stems in part from the interplay
between CodY and other transcriptional regulators. That is,
many direct targets of CodY regulation are also controlled
by other factors and the expression of several transcriptional

gulators is CodY-regulated. Consequently, regulatory circuits
interlinking different pathways are created (Belitsky et al,, 2015;
Barbieri et al., 2016).

In this work, we aimed at providing the first global analysis
of the CodY regulon in GBS and at investigating the role of
this regulator in controlling and coordinating metabolism and
virulence in this bacterium. To this purpose, a capsular serotype
I strain belonging to the hypervirulent clonal complex 17
(CC17, as defined by Multi Locus Sequence Typing analysis) was
employed. This lineage is responsible for the vast majority of cases

of neonatal GBS -elicited meningitis worldwide (Manning et al.,
2009; Joubrel et al., 2015; Seale et al., 2016).

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth
Conditions

Bacterial strains and plasmids used in this work are listed in
Table 1 and Supplementary Table 1, respectively. Employed
primers are listed in Supplementary Table 2. GBS was cultured
in Todd Hewitt (TH, Difco Laboratories) supplemented with
5 g/liter of yeast extract (THY) or in chemically defined medium
(CDM, Supplementary Table 3) (Willett and Morse, 1966) at
37°C, 5% CO;, steady state. E. coli strains were cultured in
Luria Bertani (LB) broth at 37°C. Antibiotics were used at the
appropriate concentrations. For E. coli: kanamycin 50 pg/ml;
erythromycin 150 pg/ml. For GBS: kanamycin 1 mg/ml;
erythromycin 10 pg/ml.

Strains Construction

The pGl-AcodY vector used to create the AcodY derivative
of BMI110 (AcodY) was constructed by Gibson assembly
(NEBuilder HiFi DNA Assembly Cloning Kit, New England
Biolabs) with PCR amplified genomic regions located upstream
and downstream of codY, using pG1_codYUpF + BM_codYFusR
and BM_codYFusF + pGl_BM_codYDwR primers, and an
inverse PCR fragment obtained with the pGIR and pGIF
oligonucleotides on the temperature-sensitive pGl plasmid

TABLE 1 | Bacteria strains used in this work.

S. agalactiae
Strain ty Source or
Reference
BM110 Serotype Ill, ST-17, Tazi etal, 2010
human hypervirulent
dlinical isolate

AcodY BM110 carrying an This work

in-frame codY deletion
BM1102 BM110 PTCVQP e This work
BM11038 BM110 PTCVQP_codY This work
BM1104 AcodY PTCVQP:t This work
BM1105 AcodY pPTCVQP,4_codY This work
BM1106 BM110 pTCVIacZ_IVKp220 This work
BM1107 AcodY PTCViacZ_IvKp220 This work
BM1114 BM110 pTCViacZ_ivKp1-220 This work
BM1115 AcodY pTCViacZ_ivKp1-220 This work
E. coli
Strain Genotype Source or

reference

XL-1Blue recAl endA1 gyrA96 thi-1 hsdR17 supE44 Agilent

relAl lac [Fi

PproAB lacl ZAM15 Tn10 (Tet')]

BL21DE3  BF ampT gal dom lon hsdSB(rB-mB— 1(DE3
[flaci lacUV5-T7p07 ind1 sam7 nin3))

[malB+K-120.5)
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(Mistou et al., 2009). The three PCR fragrnents were fused by
Gibson assembly and electroporated into E. coli XL1 blue. The
obtained pGl-AcodY plasmid was verified by sequencing and
then electroporated in GBS. Transformants were selected at
30°C on TH plates supplemented with erythromycin. Plasmid
integration and excision were performed as previously described
(Biswas et al., 1993). The resulting in-frame deletion of codY on
genomic DNA was verified by Sanger sequencing using external
primers COH1_1525FUp and COH1_1527RDw.

To complement the codY deletion, the codY gene was
amplified with oligonucleotides pTCV_codYF_Bam and
pTCV_codYR_Pst, using BMI110 chromosomal DNA as
template. The obtained fragment was cloned between the BamHI
and Pst1 sites of the pTCVQPy, vector (Buscetta et al., 2016). The
resulting pTCVQP;_codY plasmid was verified by sequencing
and used to electroporate wild-type (WT) and AcedY strains,
thus obtaining BM1103 and BM1105, respectively (Table 1).
Two control strains (BM1102 and BM1104) were prepared by
electroporation of the empty pTCVQPyy plasmid into WT and
AcodY strains. Transformants were selected on TH agar plates
supplemented with kanamycin.

Construction of lacZ Transcriptional

Fusions and p-Galactosidase Assays

To prepare the pTCV-lacZ_livKp;y0 plasmid (Supplementary
Table 1), a 269 bp fragment comprising the regulatory region
and the first 27 nucleotides of the livK gene was amplified
with primers livKp220F and livKp220R using the BMI110
chromosomal DNA as template. The obtained amplicon was
inserted by Gibson assembly between the EcoRI and BamHI
restriction sites of plasmid pTCV-lacZ (Poyart and Trieu-Cuot,
2006), upstream of the lacZ gene.

To create pTCVlacZ _livKpI-220,a 196 bp product containing
the 5 part of the livK regulatory region was amplified by
using oligonucleotides livKp220F and mutagenic oligonucleotide
livKpIR. A 125 bp fragment comprising the 3" part of the
regulatory region and the first 27 bp of the livK coding
sequence was synthesized by using mutagenic oligonucleotide
livKp1F and livKp220R as reverse primer. The two mutagenized,
partially overlapping (52 bp overlap) PCR products and the
EcoRl/BamHI digested pTCV-lacZ plasmid were then fused by
Gibson using the NEBuilder HiFi DNA Assembly Cloning Kit
(New England Biolabs).

B-galactosidase specific activity was determined as previously
described (Trespidi et al., 2020).

Time-Lapse Microscopy and Single-Cell
Image Analysis

Agarose pads (Young et al, 2011) spotted with 5 pl of a
1:10 dilution of GBS cell cultures collected at mid-log phase
of growth (OD600 0.5 in THY medium) were flipped and
transferred to an imaging dish sealed with parafilm. Time-
lapse imaging was performed using a Leica DMi8 widefield
microscope, equipped with a 100 x oil immersion objective (Leica
HC PL Fluotar 100x/1.32 OIL PH3), a Leica DFC9000 sCMOS
camera and driven by Leica LASX software. Experiments were
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performed using an environmental microscope incubator set at
37°C and bacteria were imaged in phase contrast, every 5-min
and up to 6 h. Manual segmentation of individual cells and
analysis of image stacks were performed using the Image] 1.52a
software, as previously described (Manina et al,, 2015). Data were
analyzed using Prism 9.

RNA Preparation and Quantitative
Real-Time-PCR

Group B Streptococcus total RNA was extracted from cells
collected at mid-exponential phase of growth using the Quick-
RNA Fungal/Bacterial Miniprep Kit (Zymo Research) as per
the manufacturer’s instructions. Traces of genomic DNA were
removed from samples using the Turbo DNA-free DNase
treatment and removal kit (Ambion). Reverse transcription
and quantitative real-time PCR (qRT-PCR) experiments were
performed in a single step using the iTaq Universal SYBR Green
One-Step Kit (Bio-Rad). The reactions were performed in 20 pl
volumes using 4 ng of DNAse I treated RNA and 400 nM primers
targeting livK, braB, brnQ, and gyrA (used as reference gene).

RNA-Sequencing and Analysis

RNA-Seq was performed on four independent biological
replicates for each strain. rRNA was depleted using the QIAseq
FastSelect -55/165/238 Kit (QIAGEN). RNA was sequenced
using Illumina sequencing technology (BMR-Genomics, Padua).
For RNA-Seq data analysis, raw reads were quality checked
using FASTQC' and processed by Trimmomatic (Bolger et al.,
2014) to trim the adaptor sequences and remove low-quality
reads. Clean reads were mapped onto the reference genome
of Streptococcus agalactiae BM110 (Accession: NZ_LT714196.1)
using Bowtie2 (Langmead, 2010). To quantify the known
transcripts, the alignment results were input into featureCounts
(Liao et al,, 2014). Lastly, the R package DESeq2 (Love et al.,
2014) was used to test for differential expression. We defined
genes as differentially expressed using the following criteria: |
Log2 Fold Change] > 1 and adjusted p-value FDR < 0.05.
Prediction of orthologous groups was performed using COGnitor
(Tatusov, 2000).

Mammalian Cell Culture and Epithelial

Cell Adhesion Assays

A549 cells and HeLa cells were routinely grown in 75 cm? flasks
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) at 37°C in 5% CO,. Cells
were seeded at 2 x 10° cell density per well in 24-well tissue
culture plates and cultured in DMEM without antibiotics for 24 h.
Bacteria grown to the mid-log phase were added to confluent
monolayers at a multiplicity of infection of 10. After a 2-h
incubation, monolayers were washed three times with PBS to
remove the non-adherent bacteria, lysed, and serial dilutions
of the cell lysates were plated to enumerate cell-associated
bacteria. Percent of adhesion of each strain was calculated as
follows (number of CFUs on plate)/(number of CFUs of initial

Uhttps://qubeshub.org/resources/fastqc
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inoculum) x 100. Percentage of adhesion was normalized to the
WT strain, set at 100%.

Biofilm Formation Assay
For bacterial biofilm formation assays, a 1:20 dilution of an
overnight culture grown in TH broth supplemented with 1%
glucose and the appropriate antibiotic was used to inoculate
(100 plfwell) a 96-well Tissue Culture Treated plate (16 technical
replicates per strain). Non-adherent bacteria were removed by
washing with PBS after 6 h of incubation at 37°C, 5% CO;,
Crystal violet staining was performed as previously described
(Trespidi et al,, 2021) after 19 h of incubation in TH + 1%
glucose medium (37°C, 5% CO;). Biofilm growth was evaluated
by reading absorbance at 595 nm and normalizing the obtained
value to the OD600 of the culture in the well.

For confocal microscopy analysis of biofilms, bacterial
overnight cultures in TH broth supplemented with 1% glucose

Role

and the appropriate antibiotic were diluted in the same medium
to an ODggy 0.05 (about 1 x 107 CFU/mL) before being
added to a four-well Nunc Lab-Tek II Chambered Coverglass.
Non-adherent cells were removed after 6 h. After overnight
growth, biofilms were washed twice with PBS and stained
with 5 pM Syto 9 (Invitrogen). Cells were imaged with a
Leica TCS SP8 confocal microscope equipped with a Leica
DMi8 inverted microscope, a tunable excitation laser source
(White Light Laser, Leica Microsystems, Germany), and driven
by Leica Application Suite X, ver. 3.5.6.21594, using a 63x
oil immersion objective (Leica HC PL APO CS2 63X/1.40).
Images were acquired using a 488 nm laser line as an excitation
source, and the fluorescence emitted was collected in a 500-
540 nm range for Syto 9 as previously described (Trespidi
et al, 2020). Biofilm images were visualized and processed
using Image]. Biofilm parameters were measured using the
COMSTAT 2 software (Heydorn et al, 2000). All confocal

A 10 -2.0%10°
!-o- wWT
-== AcodY L 1.5x100
1
=3
§ -1.0%10°
o
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FIGURE 1 | Deletion of codY does not affect cell growth but is associated to a smaller cell size and colony morphology. (A) Growth of the BM110 strain (WT) and of
the isogenic codY deletion mutant (AcodY) in THY rich medium, evaluated as absorbance at ODeno (left axis) and cfu/ml (right axis). Data are the average + SD of
two indspendent experiments (B). Single cell area measurements (um?) of 50 cells of each strain. Reported data refer to two independent experimerts. Statistically
significant differences are indicated (Welch's {-test). {C) Colonies of the WT and AcodY sirains grown on THY agar plates. (D) Contrast-phase image stacks of
BM110and AcodY cells during time-lapse microscopy. Scale bar is 5 pm.
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scanning laser microscopy experiments were performed three
times and standard deviations were measured.

Cloning, Overproduction, and

Purification of CodY

The codY CDS was amplified with primers pET_GBS_codYF
and pET_GBS_codYR. The obtained fragment was inserted by
Gibson assembly between the EcoRI and BamHI sites of plasmid
pET28a. The CodY protein with an N-terminal 6X-His tag was
produced in E. coli BL21 DE3 cells by IPTG (0.5 mM) induction
at 28°C overnight. CodY protein was purified as previously
described (Alfeo et al., 2021), and protein concentration was
measured by Bradford protein assay (Bio-Rad).

Fragments Labeling and Electrophoretic

Mobility Shift Assay

To be used as probes in gel-shift experiments, PCR products
containing the regulatory region of the livK gene were
amplified using the appropriate pTCV-lacZ derivative plasmid as
template and the 5’FAM labeled, vector-specific primers Vlacl-
FAM and Vlac2-FAM.

FAM-labeled fragments (50 nM) were incubated with
increasing concentrations of CodY and electrophoretic mobility
shift assays were performed as previously described (Barbieri
et al, 2015). When indicated, BCAAs were added to the final
concentration of 10 mM in the CodY-binding reaction mixture.
Ten mM each isoleucine, leucine, and valine were also added
to the 5% non-denaturing Tris-Glycine polyacrylamide gel and
electrophoresis buffer.

Mouse Infection Models

In the neonatal model, 48-h-old mice of both sexes were
inoculated subcutaneously with 8 x 10* CFU of the WT or
the AcodY strain, as previously described. Mice showing signs
of irreversible disease, such as diffuse redness spreading from
the infection site, were humanely euthanized. In the adult
model of GBS sepsis, 8 week-old female mice were inoculated
intraperitoneally with 5 x 10° CFU of the WT or the AcodY
strain, as previously described (Biondo et al, 2014). In the
meningitis model, 8 week-old female mice were inoculated
intravenously 1 x 10 CFU of WT or the AcodY strain, as
previously described (Lentini et al., 2018). Mice showing signs
of irreversible disease, such as prolonged hunching, inactivity,
or neurological symptoms were humanely euthanized. In further
experiments, mice were euthanized at 16 h after challenge and
bacterial burden was determined in organ homogenates, as
previously described (Fama et al., 2020).

In vivo and in vitro Cytokine Induction

Female mice of 8 weeks of age were infected intraperitoneally
with 1 x 10" CFU of the WT or the AcodY strain. Mice
were treated at 30 min post-challenge with penicillin (500 IU
ip.) to prevent bacterial overgrowth. Peritoneal lavage fluids
were collected at the indicated times and analyzed for cytokine
levels as previously described (Mohammadi et al., 2016). For
in vitro cytokine induction, bone marrow-derived macrophages
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were obtained from 8-week-old female mice and cultured in the
presence of M-CSF as previously described (Lentini et al,, 2021).
Macrophage cultures were then stimulated for 1 h with GBS
grown to the late exponential phase at the indicated multiplicities
of infection (MOI). Cultures were then treated with penicillin
and gentamycin (100 IU and 50 pg/ml) to kill extracellular
bacteria and supernatants were collected at 18 h after culture,
as previously described (Lentini et al, 2021). Cytokine levels
were measured in peritoneal lavage fluid samples or culture
supernatants by ELISA, using Mouse TNF-alpha DuoSet ELISA
DY410, Mouse IL-1 beta/IL-1F2 DuoSet ELISA DY401, Mouse
CXCL2/MIP-2 DuoSet ELISA DY452, Mouse CXCL1/KC DuoSet
ELISA DY453 (R&D Systems).

RESULTS

CodY Is Required for in vivo Virulence of

Group B Streptococcus

A marker-free, in-frame deletion of the codY gene was created
by allelic replacement in the CC17 wild-type strain BM110 (WT).
The resulting AcodY mutant showed no growth defects in rich
THY liquid medium (Figure 1A). However, AcodY cells showed
a 10% reduced cell size and formed smaller colonies compared to
the WT strain (Figures 1B-D), similarly to what was previously
observed in cedY-deleted mutants in other bacteria (Majerczyk
etal, 2008; Genget al,, 2018).

To assess the in vivo impact of CodY on the ability of GBS
to sustain infection, we determined the virulence properties of
the AcodY strain in several models of infection that closely
mimic features of human infections (Magliani et al., 1998;
Cusumano et al, 2004). In the first murine model of neonatal
GBS sepsis, bacteria replicate at the inoculation site and spread
systemically to the blood and distant organs. Newborn mice
infected subcutaneously with the WT strain showed signs of
irreversible infection within the first 24 h after challenge and
were humanely euthanized. In contrast, nearly all neonates
infected with the AcodY strain survived and remained in good
conditions until the end of the experiment (Figure 2A). In
further studies, newborn mice were infected as above, and the
organs were collected at 14 h after challenge. As shown in
Figures 2C,E,G, considerable bacterial burden was detected in
the blood, brain, and liver of all animals infected with WT GBS,
while low bacterial numbers or no bacteria were present in the
organs from mice infected with the codY-deleted strain. These
data indicated that, in the absence of CodY, GBS is unable to
replicate locally in vivo and to spread hematogenously to distant
organs. Since GBS infections are being increasingly reported
in adults, we sought to confirm the data obtained in newborn
mice in an adult sepsis model. As shown in Figure 2B and
Supplementary Figures 1A-E, all adult mice intraperitoneally
inoculated with the codY-deleted strain survived while all mice
infected with WT bacteria succumbed to overwhelming infection,
confirming the results obtained in neonates. In view of the clinical
importance of meningoencephalitis in the context of CC17 GBS
infection, we also looked at the role of CodY in the ability of
GBS to cross the blood-brain barrier using a meningoencephalitis
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model in which bacteria are inoculated intravenously. Under
these conditions, the AcodY mutant displayed a considerably
decreased ability to persist in the blood and to cause lethal
encephalitis compared to WT bacteria (Figures 2D,EH).

Deletion of CodY Does Not Impact the
Host Cytokine Response to Group B
Streptococcus Infection

To investigate whether the reduced virulence of GBS in
the absence of CodY could be related to altered induction
of pro-inflammatory cytokines, we used a sepsis model in
which mice are infected intraperitoneally and cytokine levels
are measured in peritoneal lavage fluid samples at different
times after challenge. To avoid bacterial overgrowth, penicillin
was administered at 30 min post-challenge. Under these
conditions, TNF-a, IL-1B, Cxcll, and Cxcl2 levels rapidly
increased, to reach peak levels at 3 h after challenge with a
WT strain (Supplementary Figures 2A-D). However, similar
cytokine levels were detected in mice infected with the WT and
AcodY strains. Similarly, no differences were detected in TNF-a
or IL-1f induction in peritoneal macrophages stimulated with the
two strains (Supplementary Figures 2E,F).

CodY Contributes to Group B
Streptococcus Adhesion to Epithelial

Cells

Adhesion to host cells and tissue colonization are necessary
for the establishment of a successful infection. Deletion of
codY resulted in a 50% decrease in adherence to human
epithelial cervix adenocarcinoma (HeLa) and human epithelial
lung carcinoma (A549) cell lines compared to the WT strain
(Figure 3). Complementation of codY deletion by plasmid-
mediated expression of codY under the control of the constitutive
Ptet promoter restored adhesion to levels similar to the WT
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strain. Plasmid-mediated CodY expression in the WT strain did
not affect the adhesion ability of the parental strain.

CodY Controls the Ability of BM110 to

Form Biofilms

The role of CodY in the ability of GBS to form biofilms was
evaluated by crystal violet staining (Figure 4A) and confocal
laser scanning microscopy (Figure 4B). While the WT strain
formed a weak biofilm, the codY-deleted mutant formed a
thicker, more compact biofilm able to completely cover the
surface of the well and of the chambered coverglass (Figures 4B-
D). The biofilm-forming ability was significantly reduced after
complementation of the codY deletion. Eradication experiments
revealed that biofilms formed by the AcodY mutant were strongly
reduced by treatment with proteinase K, while DNAse I was less
effective against the biofilm biomass (Figure 4A). These results
suggest that extracellular proteins are a major constituent of the
AcodY biofilm.

CodY Is a Global Regulator of Gene

Expression in Group B Streptococcus

To determine the transcriptional changes associated with codY
deletion, an RNA-Seq experiment was performed on WT
and AcodY bacteria during exponential growth in rich THY
medium, i.e., under conditions of maximal CodY activity. A total
of 277 genes (out of 2,128 analyzed genes) were differentially
expressed at least twofold (adjusted p-value < 0.05) in the
AcodY strain, demonstrating a global regulatory role for CodY
(Supplementary Datasets 1A-C). Among these, 256 genes
were up-regulated (Suppl y Dataset 1B) and 21 genes
were down-regulated (Supplementary Dataset 1C) in the
mutant, supporting a role for CodY mainly as a repressor of
gene expression (Figure 5A). Overall, fold changes associated
with negative regulation were higher than those associated
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with positive regulation. Notably, 55% (140/256) of the over- Specifically, ~ CodY-repressed  genes  (Supplementary
expressed genes were located in four prophages. The 98 genes Dataset 1D and Figure 5A) included those encoding BCAAs
whose expression was affected by codY deletion at least fourfold transporters (braB, brn@Q, all the genes belonging to the livK-G
(94 up-regulated and 4 down-regulated genes) (Supplementary operon), the (oligo)peptide permease OppAl-F adhesins,
Datasets 1D,E) could be classified into seventeen categories and serine peptidases anchored to the cell wall through the
by the Cluster of Orthologous Genes (COGs) analysis LPxTG motif, as well as proteins involved in DNA replication,
(Supplementary Dataset2 and Figure 5B). Among these, recombination, and repair. Interestingly, the genes of the cas
the most represented groups included genes involved in “amino  operon, involved in adaptive immunity, were among the ones
acid transport and metabolism,” “cell wall/membrane/envelope more intensely up-regulated in the AcodY mutant. Notably, the
biogenesis,” and “mobilome: prophages, transposons.” operon encoding for the CC17-specific virulence factor Srr2 was
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over-expressed in the absence of CodY. On the contrary, the gene
encoding the CAMP factor pore-forming toxin Cfb was under
positive regulation by CodY (Supplementary Dataset 1E and
Figure 5A).

Using the FIMO Motif Search Tool (Grant et al., 2011), the
genome of BM 110 was scanned to search for sequences matching
the conserved AATTTTCWGAAATT CodY binding motif. One
hundred and one matches were retrieved from the genomic
regions located upstream of the coding sequences of the genes,
using a p-value lower than 0.0001. At least one of these sites was
located in the proximity of the coding sequence of eighteen genes
differentially expressed in the AcodY strain (Supplementary
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Datasets 1A-D and Supplementary Table 4), predicting that
these genes might be targets of direct CodY-mediated regulation.

Group B Streptococcus CodY Controls
Gene Expression in Response to
Branched-Chain Amino Acid Availability

As BCAAs (isoleucine, leucine, and valine, ILV) are universal
positive cofactors of CodY (Richardson et al, 2015), the
expression of CodY-dependent genes is expected to change in
response to the availability of these amino acids. To test this
hypothesis, the expression of CodY-regulated genes was analyzed
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by qRT-PCR in WT and AcodY cells grown to mid-log phase
in CDM (Willett and Morse, 1966) containing a mix of all
amino acids and supplemented with high (1,500 wM) or low
(50 uM) concentrations of ILV. As GBS is unable to synthesize
the precursors of most amino acids, including the BCAA (Glaser
2002), ILV cannot be omitted from the growth medium.
Under both conditions tested, the two strains showed similar
growth kinetics, displaying approximately a two-fold increase in
their doubling time compared to growth in rich, THY medium
(Figure 6A). Three genes encoding BCAAs transporters and
identified by RNA-Seq analysis (Supplementary Dataset 1D and
Figure 5A) and qRT-PCR (Supplementary Figure 3) as subjected
to different levels of CodY-mediated repression during growth
in rich THY medium were included in the analysis. In the WT
strain, transcription of all three genes increased when BCAA were
less abundant in the defined medium, in accord with expected
decrease in CodY activity. All three target genes were further
and significantly over-expressed in the AcodY mutant compared
to the WT strain under both conditions tested, however, the
extent of this overexpression was higher in livK (82-fold and
11-fold increase in CDM + 1500 uM and in CDM + 50 p M ILV,
respectively) and lower in braB (3.4-fold and 2.3-fold increase in
CDM + 1500 pM and in CDM + 50 pM ILV, respectively) and
brnQ (4.8-fold and 2.8-fold increase in CDM + 1500 M and in
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CDM + 50 pM ILV, respectively) (Figure 6B and Supplementary
Table 5). The high level of gene expression in the AcodY mutant
was not affected by ILV levels. The obtained results in the
WT strain suggest that, as the levels of BCAAs decrease, the
expression of CodY-repressed genes increases in a gene-specific
manner (Figure 6B).

Direct Transcriptional Repression of the

livK-G Operon by CodY

The mechanism of CodY-mediated regulation of the [livK-
G operon, encoding an ABC-type BCAAs transporter, was
investigated. Two putative CodY-binding motifs, with three and
two mismatches to the consensus sequence, were identified by
FIMO analysis at positions from —64 to —50 and from —31
to —17 respectively, with respect to the transcription start site
(Mazzuoli et al, 2021) of the livK gene, the first gene of the
operon (Figure 7A).

An electrophoretic-mobility shift assay (EMSA) was
performed using purified CodY and a 6-carboxyfluorescein
(FAM) labeled fragment encompassing the livK regulatory region
from position —168 to +52 with respect to the transcription
start site of the gene (Figure 7A). In the presence of 10 mM ILV,
CodY bound the livK fragment with an apparent equilibrium
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dissociation constant (Kp) of =50 nM (here, Kp reflects
the concentration of CodY required to shift 50% of DNA
fragments under conditions of vast protein excess over DNA)
(Figure 7B). When ILV were omitted from the binding mixture,
affinity of CodY for the livK regulatory region decreased (KD
~150 nM), suggesting that BCAAs enhance CodY activity.
Specificity of CodY binding was assessed by competitive and
non-competitive binding assays in the presence of ILV and
18-fold excess of unlabeled specific or non-specific competitor
DNA, respectively (Figure 7C).

A lacZ transcriptional fusion (livKpayo-lacZ) including the
region spanning from position —168 to +52 with respect to the

livK transcription start site was constructed using the pTCV-
lacZ plasmid (Poyart and Trieu-Cuot, 2006). Under conditions of
maximal CodY activity, during the exponential phase of growth
in THY medium, expression of the livKpyap-lacZ fusion was
about 400-fold higher in the codY-null mutant strain, BM1107,
than in the WT strain, BM1106 (Table 2). A two-nucleotide
substitution mutation was introduced at positions —22 and
—23 with respect to the livK transcription start site, within the
putative CodY-binding site located immediately upstream of the
livK coding region (livKplazo-lacZ). The pl mutation, aimed
at decreasing the similarity of the motif to the CodY-binding
consensus sequence, strongly reduced the affinity of CodY for the
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livK regulatory region (Figure 7C) and abolished CodY'’s ability
to repress the livK promoter (Table 2).

DISCUSSION

In this study, we showed that the global transcriptional
regulator CodY is essential for GBS virulence in several animal
models of infection.

In low-G+C Gram-positive pathogens, this conserved
transcriptional regulator coordinates metabolism and virulence
in response to nutrient availability (Brinsmade, 2017). While
CodY controls global metabolism in a generally conserved
manner, genes involved in virulence are subjected to species-
specific modes of regulation, depending on the occupied
niche during infection and on the type of interaction that the
bacterium establishes with the host. In S. aureus and C. difficile
CodY strongly represses virulence genes, so that their expression
is activated only when BCAA levels are low (Dineen et al., 2007,
2010; M:ljcrc?,yk et al, 2008, 2010; Waters et al., 2016). On
the contrary, in Bacillus anthracis and Listeria monocytogenes
virulence is positively controlled by CodY (van Schaik et al.,
2009; Chateau et al, 2011; Lobel et al., 2012, 2015). While
understanding the function of CodY in §. preumoniae is
complicated by the codY essentiality in this important human
pathogen (Caymaris et al., 2010), a role for this regulator in the
control of virulence was demonstrated in other Streptococcal
species (Malke et al., 2006; Lemos et al,, 2008; Kreth et al,, 2011;
Feng etal,, 2016; Geng et al., 2018).

Here, we confirmed that codY is not essential for the growth of
GBS in complex or chemically defined liquid medium (Hooven
et al, 2016) but is required in vivo. The reduced ability of the
AcodY mutant to cause infection is associated with a lower
ability to disseminate, colonize host tissues, persist in blood and
cause meningitis. This reduced virulence is not associated with an
altered cytokine response in the host but is related to pleiotropic
effects of the codY deletion, such as the decreased ability of the
mutant strain to bind to human epithelial cells in vitro and the
increased ability to form biofilm. Of note, while strains of the
CCl17, responsible for neonatal invasive infections, are generally

TABLE 2 | Expression of livK-lacZ fusions?.

Strain Relevant Fusion B-galactosidase activity”
Miller Units® %"  Repression®
ratio
BM1106  wild-type livKpzzo-lecZ  0.47£007 0.3 393.62
BM1107  AcodY 185 £10.02 1000
BM1114  wild-type IivKpl2zg-lacZ 1576 £0.35 97.3 103
BM1115 AcodY 161.9+6.86 1000

“p-galactosidase activity is reported in Miller Units. Data are the average + SD of
two independent expeniments, each performed In duplicate.

bp-gakaclosidase activity of each fusion in the codY-deleted strain was
nomalized to 100%.

©The repression ratio is the ratio of expression values for the corresponding fusions
in the codY null mutant in and wild-type strain.

weak biofilms formers, the ability to form strong biofilms is a
common phenotype of strains able to asymptomatically colonize
the host (Parker et al., 2016). As proteins appear to play a major
role in promoting AcodY biofilm structural stability, it is possible
to speculate that surface proteins involved in bacterial adherence
and encoded by genes that are repressed by CodY (e.g., Srr2,
FbsB, and ScpB3) might be required for biofilm formation in GBS
(Park et al., 2012).

The transcriptomic analysis in GBS strengthens the conserved
role of CodY as a global regulator of metabolism, with genes
encoding functions involved in the uptake of amino acids
and oligopeptides subjected to the highest level of regulation.
As genes required for the biosynthesis of precursors of most
amino acids, including BCAAs, are missing in the genome of
GBS, this bacterium relies on transporters and peptidases for
amino acids metabolism (Milligan et al, 1978; Glaser et al.,
2002). The capacity to take up exogenous oligopeptides is
particularly important to support growth in amniotic fluid, which
contains only low amounts of free amino acids (Mesavage et al.,
1985; Samen et al,, 2004). Notably, the majority of the genes
involved in peptide and amino acid transport and metabolism
that are upregulated during GBS growth in amniotic fluid
(oppAI-F and livK operons, braB, brnQ, BQ8897 RS10635)
are members of the CodY regulon identified in this work. As
the codY gene itself is downregulated 11-fold during growth
in amniotic fluid compared to a rich laboratory medium
(Sitkiewicz et al, 2009), it might be hypothesized that the
reduced levels of this repressor could be at the origin of the
overexpression of peptides and amino acids transport systems
in amniotic fluid.

We confirmed that the CodY response in GBS is dependent on
the concentration of extracellular BCAAs which, besides being
abundant amino acids in proteins, are precursors of branched-
chain fatty acids, the predominant membrane fatty acids in
Gram-positive bacteria (Richardson et al,, 2015). CodY-mediated
regulation of three genes involved in amino acid uptake (livK,
braB, brnQ) is dependent on the level of BCAAs available
in the growth medium. Therefore, as the abundance of its
cofactors decreases, CodY-mediated repression of genes required
for amino acid uptake is relieved. Among the analyzed genes,
very low levels of livK expression were observed in a WT strain
even under conditions of low BCAA-abundance. This result
suggests that very few active molecules of CodY are sufficient
to efficiently bind the regulatory region of the livK operon and
repress its expression.

The CodY regulatory network links the metabolic status of
several bacteria with the regulation of their virulence (Lobel
et al, 2012; Waters et al, 2016). In GBS, CodY directly
and indirectly regulates numerous genes involved in carbon
and energy metabolism, cell wall and membrane biogenesis
and virulence. The latter category includes surface-anchored
proteins such as the Srr2 adhesin. This CC17-specific adhesin
is a major virulence factor that supports the ability of GBS
to cross the developing neonatal gastrointestinal epithelium
and to adhere to and invade cerebral endothelial cells, thus
leading to invasive infections and meningitis in neonates (Seifert
et al, 2006; Six et al., 2015; Hays etal., 2019; Gori et al., 2020;
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Deshayes de Cambronne et al,, 2021). Importantly, the
transcription of the srr2 operon and of other genes included
in the CodY regulon are directly repressed by the master
regulator of virulence CovR (Mazzuoli et al., 2021). In the related
pathogen S. pyogenes, CodY represses covR expression allowing
to counterbalance CovRS activity according to the nutritional
status of the cell (Kreth et al., 2011). Noteworthy, in GBS, CovR
and CodY do not control each other’s transcription (Mazzuoli
et al, 2021), suggesting the existence of a different wiring between
these two major regulatory pathways. A detailed investigation of
the interplay between CodY and CovR regulations is necessary
to define the mechanism(s) allowing a concerted regulation of
virulence and metabolism in GBS.

Understanding how CodY activity is coordinated with the
network of regulators controlling GBS adaptation and virulence
will allow deciphering the signals and conditions governing host-
pathogen interaction during colonization and infection.
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Summary

Aedes albopictus transmits several arboviral infec-
tions. In the absence of vaccines, control of mos-
quito populations is the only strategy to prevent
vector-borne diseases. As part of the search for nov-
el, biological and environmentally friendly strategies
for vector control, the isolation of new bacterial spe-
cies with quitocidal activity rep ts a promis-
ing approach. However, new bacterial isolates may
be difficult to grow and genetically manipulate. To
overcome these limits, here we set up a system
allowing the expression of mosquitocidal bacterial
toxins in the well-known genetic background of
Bacillus subtilis. As a proof of this concept, the abil-
ity of B. subtilis to express individual or combina-
tions of toxins of Bacillus thuringiensis israelensis
(Bti) was studied. Different expression systems in
which toxin gene expression was driven by IPTG-in-
ducible, auto-inducible or toxin gene-specific pro-
moters were developed. The larvicidal activity of the
resulting B. subtilis strains against second-instar Ae.
albopictus larvae allowed studying the activity of
individual toxins or the synergistic interaction
among Cry and Cyt toxins. The expression systems
here presented lay the foundation for a better
improved system to be used in the future to charac-
terize the larvicidal activity of toxin genes from new
environmental isolates.
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Introduction

Mosquito-bormne viruses and pathogens are responsible
for the deadliest diseases, causing more than 700 000
deaths each year (Gates, 2017). Given that no vaccines
or drugs are available to prevent or cure the majority of
them, the most effective control strategy is targeting the
mosquito vectors through the use of insecticides. How-
ever, the spread of populations resistant to their action is
hampering their efficacy (Moyes et al, 2017) and the
environmental pollution associated with their extensive
use is raising concerns (Benelli and Beier, 2017). There-
fore, the development of new, possibly environmentally
friendly tools is urgently needed. In this context, the bio-
logical control of mosquitoes using bacterial toxins, such
as those produced by Bacillus thuringiensis israelensis,
is increasingly attracting attention as a possible alterna-
tive control strategy in many field settings and the
expansion of the toolbox of available toxins active
against mosquitoes is desirable (Contreras et al., 2019).
The isolation of new bacterial species with mosquitocidal
activity is an active research topic (Ramirez et al., 2014).
In order to identify and characterize new toxins from
newly isolated mosquitocidal bacteria, it would be useful
to create systems allowing the expression of the genes
encoding putative new toxins in a well-known genetic
background. This strategy would allow investigating the
structural and functional properties of the protein of inter-
est using well-studied organisms that are known to be
safe for human health, overcoming the limitations of
working with environmental isolates that could be difficult
to genetically manipulate and possibly toxic for human
beings.

On these premises, the specific aim of this work is the
set-up in Bacillus subtilis of expression systems that can
be used to produce and characterize mosquitocidal tox-
ins of new environmental isolates. As a proof of concept,
we created Bacillus subtilis strains expressing one or
more toxin genes of Bacillus thuringiensis israelensis
(Bti) and tested their toxicity towards larvae of the Asian
tiger mosquito, Aedes albopictus.

According to the Global Invasive Species Database
(2019), Ae. albopictus is one of the world’s worst inva-
sive species and is a competent vector of many arbo-
viruses, including West Nile, Yellow fever, Dengue, Zika
and Chikungunya (Benedict et al,, 2007). It is native to
Southeast Asia but human activities, especially the inter-
national trade in flowers/plants or used car tires,
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favoured by global warming, allowed it to spread to all
continents, except Antarctica (Kraemer et al., 2015).

Bacillus subtilis is a well-known and easy-to-handle
Gram-positive soil bacterium that is considered as a
GRAS organism (Generally Recognized As Safe). lts
ability to produce and secrete high concentrations of pro-
teins into the medium (Harwood, 1992) renders it an effi-
cient expression host for the production of proteins of
industrial interest (Schallmey et al., 2004; Westers et al.,
2004). Two major extracellular proteases (AprE — also
called subtilisin — and NprE) are expressed at the begin-
ning of the stationary phase. Because of their commer-
cial interest, they have been extensively studied, leading
to a good knowledge of their synthesis and regulation
systems. In particular, the expression of aprE is con-
trolled by many different transcription factors that can
bind different sites in the aprE regulatory region, enhanc-
ing or lowering its expression (Ogura et al, 2004). A
major positive regulator of aprE expression is DegU.
This protein is part of the DegS-DegU two-component
system. In its phosphorylated form, DegU acts as an
activator of aprE (Kunst et al, 1974). A particular muta-
tion of the degU gene, degU32(hy), mimics the phospho-
rylated, active form of the transcriptional activator DegU
(DegU-P), enhancing the transcription of aprE (Mader
et al., 2002). In this work, the knowledge of the mecha-
nisms controlling gene expression in B. subtilis was
exploited to express Bti toxins.

The larvicidal activity of Bti is a long and well-known
biological phenomenon and it is due to the presence of
pBtoxis, a 128 kb plasmid, which encodes four major
protoxins (Cry4Aa, Cry4Ba, Cry11Aa and CytiAa) and
two minor toxins (Cry10Aa and Cyt2Ba) that are
expressed as parasporal crystalline bodies at the onset
of sporulation (Ben-Dov et al., 1999; Berry et al., 2002).
This plasmid also contains additional genes that encode
for proteins that help the folding and activity of the toxins
Cry11Aa and Cyt1Aa. Among the Dipteran-specific tox-
ins synthesized by Bti in late stationary phase during
sporulation, the Cry11Aa &-endotoxin targets very effi-
ciently Ae. albopictus larvae (Otieno-Ayayo et al., 2008;
Ben-Dov, 2014), The gene encoding the Cry11Aa toxin
is included in the p19-cry11Aa-p20 tri-cistronic operon
(Berry et al, 2002). While the function of P19 is not
known, the P20 protein was previously reported to stabi-
lize both Cyt1Aa and Cry11Aa by protecting the nascent
polypeptides from proteclysis (Adams et al., 1989; Visick
and Whiteley, 1991; Xu et al, 2001; Sazhenskiy et al.,
2010) and to enhance the expression of Cry11Aa not
only in B. thuringiensis (Wu and Federici, 1995) but even
in recombinant E. coli (Xu et al., 2001).

The deep knowledge of the B. subtilis genetics and of
the B. thuringensis israeliensis toxins allowed us to
investigate the feasibility of using B. subtilis as host to

Mosquitocidal toxins production in B. subtilis 1973

produce known and yet unknown larvicidal toxins in a
safe organism.

Results
Expression of Cry11Aa by an IPTG-inducible system

To evaluate the ability of B. subtilis as an expression
system for Bti 5-endotoxins, the cry?1Aa gene, with and
without its downstream gene p20, was amplified from a
wild-type strain of Bacillus thuringiensis israelensis (4Q1)
and cloned into the amyE chromosomal integrative plas-
mid pDR111 (Ben-Yehuda et al, 2003), downstream of
the Phyperspank IPTG-inducible promoter. The obtained
constructs were inserted by double cross-over in the
amyE gene of Bacillus subtilis strain PB1831. The result-
ing strains PB7223 (amyE::Phyperspank-cry11Aa) and
PB7226 (amyE:Phyperspank-cry11Aa-p20; Fig. S1A)
displayed no growth defects compared to the control
strain PB7222 (amyE::spc) when grown in 2xSG sporu-
lation medium (Fig. S1B).

As revealed by SDS-PAGE analysis on cells collected
at 20 h after IPTG induction, Cry11Aa was successfully
expressed by both strains but, unexpectedly, the amount
of Cry11Aa produced by B. subtilis cells expressing both
cry11Aa and p20 resulted to be about 15-fold lower than
that displayed by cells expressing only cry?114a (Fig.
S1C). Notably, P20 expression could not be detected by
SDS-PAGE analysis even in the control sample Bti 4Q1.

Accordingly, strain PB7223, expressing only Cry11Aa,
displayed a higher larvicidal activity against Aedes
albopictus as compared to PB7226, expressing both pro-
teins (48-h, P = 0.033; 72-h, P = 0.016; Fig. 1A). The
larvicidal activity induced by both strains increased over
time, up to 72 h of exposure to the toxins. At 96 h after
the beginning of the assay, no significant increase in
mortality was detected compared to the 72-h time point
(data not shown).

Previous studies reported that the P20 helper protein
is required for efficient expression of Cyt1Aa and other
Cry toxins (Wu and Federici, 1993; Sazhenskiy et al.,
2010). As in this work we are interested in expressing
different combinations of genes and in studying the inter-
action among different toxins of Bti, the p20 gene was
maintained in the construct.

Expression of Cry11Aa and the helper protein P20 in an
auto-inducible system

In order to create an auto-inducible expression system,
the region upstream of the B. subtilis aprE gene, extend-
ing from positions —614 to —1 with respect to the begin-
ning of the aprE coding sequence and comprising the
entire transcriptional control region (TCR) and the 5'UTR
of the gene (Ferrari et al, 1993; Ogura et al., 2004), was
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Fig. 1. Percentage of Aedes albopicius larval mortality at different time points after treatment with 2 g I (wet weight) of cells, spore—parasporal
bodies mixture (collected at T20) of strains A. PB7223, PB7226, B. PB7241, PB7247, C. PB7225, PB7231. *P < 0.05; **P < 0.01. Results are
means + SD of at least three independent experiments, each performed in duplicate.

fused to the Bti cry11Aa-p20 genes. The obtained con-
struct was cloned into the B. subtilis integrative plasmid
pJM113 (Perego, 1993). The resulting pBG105 vector
and the control vector pBG109, bearing only the TCR
and 5'UTR of aprE, were integrated by single cross-over
at the PaprE region of the B. subtilis wild-type strain
PB168. The resulting strains did not show detectable
levels of Cry11Aa by SDS-PAGE and did not have any
larvicidal activity towards Ae. albopictus larvae (data not
shown). In order to upregulate PaprE activity and to
increase Cry11Aa protein yield, pBG105 and pBG109
were used to transform PB7007, a strain carrying the
degU32(hy) allele and the inactivation (deletion of part of
the cds) of the two major exoprotease genes aprE and
nprE, to allow a more stable production of heterologous
proteins. The resulting strains PB7241 (AaprE::PaprE-
cry11Aa-p20) and PB7242 (AaprE::PaprE, Fig. S2A) dis-
played similar growth patterns in 2xSG sporulation med-
ium (Fig. S2B). SDS-PAGE analysis of the cells, spore
and parasporal body mixtures collected at 4, 15, 20, 24,
48 and 72 h after the beginning of the stationary phase
showed that the expression of the heterologous toxin
gene starts at the onset of sporulation, concomitantly
with the activation of the aprE promoter. The production
of Cry11Aa is still absent 4 h after the beginning of the
stationary phase, while it accumulates up to 72 h (Fig.
$2C). Treatment with 2 g | of spore—parasporal bodies
mixtures of the auto-inducible strain PB7241 collected
20 h after the beginning of stationary phase (T20)
induced almost 80% mortality in Ae. albopictus larvae
after 72h of treatment (Fig. 1B).

To compare the expression and the toxicity of the
above-mentioned Phyperspank-cry11Aa-p20 and PaprE-
cry11Aa-p20 constructs in the same genetic background,
the Phyperspank-cry11Aa-p20 construct was integrated
at the amyE locus of the degU32(hy) Bacillus subtilis
strain PB7007. The resulting strain (PB7247) did not

show any growth defect but expressed Cry11Aa at a
lower level compared to PB7241 (Fig. S3A and B).
Accordingly, when assayed for toxicity, at all sampling
times studied, PB7247 spores—parasporal bodies con-
ferred a lower larval mortality (not statistically significant,
P =0.32) compared to that of the strain carrying the
PaprE-dependent auto-inducible construct (PB7241;
Fig. 1B). Interestingly, expression of the Phyperspank-
cry11Aa-p20 construct in a degUhy background
(PB7247) confers a higher toxicity against Ae. albopictus
larvae compared to PB7226 strain (72-h time point,
P = 0.0003; Fig. 1A and B).

Cyt1Aa is toxic against B. subtilis

Previous studies proposed a synergist effect of Cyt1Aa
on Cry11Aa (Perez et al., 2005; Perez et al., 2007). We
therefore analysed the toxicity of B. subtilis strains
expressing Cyt1Aa. First, the pBtoxis region encompass-
ing the cyt1Aa and p21 genes was cloned into pDR111,
under the control of the Phyperspank promoter. The
gene p21 is oriented in the opposite direction with
respect to cyt1Aa and cannot be expressed by our con-
struct. However, this sequence was included in the
cloned region as it comprises the cyt1Aa terminator hair-
pin which plays a role in cyt1Aa mRNA stability (Sakano
et al, 2017). The resulting Phyperspank-cyt1Aa-p21
construct was integrated in the amyE gene of PB1831.
Surprisingly, Cyt1Aa could not be detected by SDS-
PAGE analysis of PB7232 cells—spores mixture collected
at 72h after induction, suggesting that single copy inte-
gration of cyt1Aa in the B. subtilis chromosome under
the control of the IPTG-inducible promoter is not suffi-
cient for efficient CytiAa expression (Fig. S4). The
cytiAa-p21 gene cluster was then cloned under the con-
trol of the cyt1Aa promoter region into the B. subtilis
multicopy replicative plasmid pBS19. The PB1831
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derivative strain carying the pBS19-Pcyt1Aa-p21 plas-
mid (PB7230) produced Cyt1Aa protein (Fig. S4) and
caused 85% morality against Aedes albopictus larvae
after 24 h from the beginning of the assay (data not
shown). Unfortunately, Cyt1Aa overexpression in our B.
subtilis strain is toxic, inhibiting growth, cell division and
sporulation hence leading to the death of the host cells
(Table S3; Fig. S5). For this reason, we decided to focus
our attention on another cytolytic protein: the minor toxin

Cyt2Ba.

Coexpression of Cry11Aa and Cyt2Ba toxins

In order to study the interaction between Cyt2Ba and
Cry11Aa toxins, the gene encoding the cytolytic protein
Cyt2Ba was cloned downstream of the Phyperspank pro-
moter in plasmid pDR111 and the resulting construct
was integrated by double cross-over in the amyE gene
of B. subtilis PB1831 (strain PB7225). The cyt2Ba gene
was also cloned in the pBS19 multicopy replicative plas-
mid under the control of its own promoter (strain
PB7231). The two resulting recombinant strains did not
show any growth defect compared to their respective
control strains PB7222 (amyE:spc) and PB7229
(pBS19) respectively (Fig. S6A). SDS-PAGE analysis of
the pellets collected 24 h after the beginning of the sta-
tionary phase showed a lower level of Cyt2Ba expres-
sion in strain PB7225 compared to PB7231 (Fig. S6B).
Accordingly, when assayed for toxicity, PB7231 dis-
played a significantly higher larvicidal activity against
Aedes albopictus compared to PB7225 (24-h,
P = 0.029; 48-h, P = 0.008; 72-h, P = 0.030; Fig. 1C).

To evaluate whether coexpression of Cry11Aa and
Cyt2Ba resulted in a synergistic or additive effect in
terms of larvicidal activity, two additional strains were
prepared. Strain PB7240 was obtained by transforma-
tion of the PB1831 derivative carrying the amyE::Phy-
perspank-cry11p20 construct (PB7226) with plasmid
pBS19-Pcyt2Ba. Strain PB7265 was prepared by inte-
grating the Phyperspank-cyt2Ba construct in the amyE
gene of the degU32(hy) strain PB7241, carrying the
PaprE-cry11Aa-p20 construct integrated by single
cross-over in the aprE locus. Coexpression of the two
toxins did not affect the growth characteristics of the
two strains compared to the corresponding parental
strains (Fig. S7).

Strains PB7240 and PB7265 were both able to pro-
duce the two Bti toxins but differed in the relative abun-
dance of the two proteins (Fig. 2). In particular, as
revealed by quantification of band intensity, coexpres-
sion of Cry11Aa and Cyt2Ba in PB7240 resulted in an
increase in Cyt2Ba levels and in a decrease in Cry11Aa
abundance compared to strains PB7231 and PB7233,
expressing the two toxins individually. On the contrary,

Mosquitocidal toxins production in B. subtilis 1975

Cry11Aa and Cyt2Ba protein levels in PB7265 were sim-
ilar to those observed when the two toxins were
expressed individually. While the two strains coexpress-
ing both toxins showed similar levels of Cry11Aa,
PB7240 displayed a higher abundance of the cytolytic
protein. When assayed for their toxicity against second-
instar larvae of Ae. albopictus, PB7240 and PB7265
revealed differences in their larvicidal activities (Fig. 3).
Pellets collected 48 h after the beginning of the station-
ary phase and containing a mix of spore—cells and
parasporal bodies were resuspended in dH,0O and used
at decreasing concentrations (expressed as biomass wet
weight 1) in larvicidal assays. As assessed at 48 h
after the beginning of the assay, after induction, strain
PB7265 was more toxic than PB7240, with a statistically
significant difference displayed at the assayed concen-
trations of 100 and 10mgl™' (P =0.013 and 0.025
respectively). Notably, PB7265 was the most toxic engi-
neered B. subtilis strain built in this work.

The larvicidal activity of the strains coexpressing
Cry11Aa and Cyt2Ba was compared to the one of their
corresponding parental strains expressing each toxin
individually. As reported in Fig. 3A, when tested at the
final concentration of 500 mg I or lower, strain
PB7240, expressing both toxins, induced a percentage
of larval mortality (84% at 500 mgl™'; 50% at
100 mg I""; 5% at 10 mg I") that is higher than the sum
of the mortality induced by the strains expressing
Cyt2Ba (PB7231) or Cry11Aa (PB7233) alone (0.07%
and 0.03% at 500 mg|~', respectively; no mortality
induced by any of the two strains at lower concentra-
tions; Fig. 3A). On the contrary, in the degU32(hy) strain
PB7265, the concomitant expression of Cyt2Ba (IPTG-
induced from a single copy gene) and Cry11Aa
(PaprE-cry11Aa-p20) resulted in a larvicidal activity
similar to the sum of the activities of the two toxins
expressed individually. This additive effect of the two
toxins on larval mortality could be easily appreciated at
the assayed concentration of 100 mg I-' (Fig. 3B). At
the two highest concentrations (1 g I”" and 500 mg 1)
used in the assay, larval mortality reached almost
100% in all tested conditions, masking any significant
difference in larvicidal activity between conditions in
which the two toxins were expressed individually or in
combination.

Worthy of note, strain PB7266, expressing cyt2Ba
under the control of the Phyperspank promoter in a
degUhy background, shows a significantly higher larvici-
dal activity when compared to PB7231 (P = 0.0097,
1g 17", 48-h from the beginning of the assay): while the
toxicity of PB7266 is detectable even at lower concentra-
tions (up to 10 mg I™"), the larvicidal activity of PB7231
can be observed only at the concentration of 1g ™'
(Fig. 3A and B).
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Fig. 2. A. 10% SDS-PAGE analysis of spore—parasporal body mixtures of strains PB7229 (pBS19), PB7231 (pBS19-Pcyi2Ba), PB7233
(amyE::Phyperspank-cry11p20, pBS19 - induced with IPTG 1 mM at TQ), PB7240 (amyE::Phyperspank-cry11p20, pBS19-Pcyt2Ba - induced
with IPTG 1 mM at T0), PB7266 (amyE::Phyperspank-cyt2Ba) not induced and induced at T0, PB7265 (amyE.:Phyperspank-cyt2Ba, AaprE::
PaprE-cry11Aa-p20) not induced and induced at TO. All strains were grown simultaneously in 2xSG, and the cultures containing cells, spores
and parasporal body mixtures were collected 48 h after the beginning of the stationary phase (T48). Bti 4Q1 spr ral bodies

at T48 were used as positive control. M: (A), Protein Marker VI (10-245) prestained (PanReac). B. Graphical representation of relative Cry11Aa
and Cyt2Ba band intensities. Each value represents the average + SD of three independent replicas. The intensities of the bands correspond-

ing to Cry11Aa and Cyt2Ba were normalized relative to the intensities of the 70 and 22 kDa bands of the protein marker respectively. Each

value represents the average + SD of the three independent replicas.
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trations of cells-spores—parasporal bodies mixtures (biomass wet weight I”') collected 48 h after the beginning of the stationary phase was

assessed.

A. Strains PB7233, PB7231 and PB7240. Statistically significant differences were observed between PB7240 and strains PB7233 (1 g1,
P=0.014;500mg "', P=0.014; 100mg I'", P = 0.024) and PB7231 (500 mg |~", P= 0.017, 100 mg|~", P = 0.036).

B. Strains PB7265 (not induced and induced with 1 mM IPTG) and PB7266 induced (amyE:.Physpanc-cyt2Ba). **P = 0.0002; *P = 0.016.
Results are means =+ SD of at least three independent experiments, each performed in duplicate.

Discussion

In this work, B. subtilis was used as a host for the expres-
sion of heterologous mosquitocidal toxins. By using
diverse expression systems, we created different engi-
neered strains expressing Bti &-endotoxins and showing
different degrees of larvicidal activity. The toxic activity of
three Bii toxins, Cry11Aa, Cyt1Aa and Cyt2Ba, was stud-
ied individually or in combination, in different genetic
backgrounds and under the control of different promoters.

The ability of recombinant B. subtilis to synthesize
active 6-endotoxins of the phylogenetically related bac-
terium B. thuringiensis istaelensis was previously
demonstrated using Ae. albopictus cells (Ward et al.,
1986; Calogero et al, 1989). In this work, for the first
time, Ae. albopictus |larvae were used to test the larvici-
dal activity of recombinant B. subtilis strains expressing
Bti 6-endotoxins.

The ability of B. subtilis to express active Bti Cry11Aa
endotoxin, with and without the helper protein P20, was
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evaluated by using an IPTG-inducible system. Previous
studies showed that coexpression of Cry11Aa and P20
in recombinant B. thuringiensis (Wu and Federici, 1995)
and in Gram-negative bacteria (Xu et al., 2001) resulted
in a greater amount of Cry11Aa protein levels and in a
higher toxicity against third-instar Ae. aegypti larvae with
respect to expression of Cry11Aa protein alone. These
previous works were performed by either cloning the two
adjacent genes in multicopy plasmids, downstream of
their own promoter (Wu and Federici, 1995) or by using
the inducible T5 promoter (Xu et al., 2001). In this work,
the amyE integrated Phyperspank-cry11Aa construct dis-
played a higher efficiency in Cry11Aa expression com-
pared to Phyperspank-cry11Aa-p20 (Fig. S1). A direct
correlation between Cry11Aa expression level and the
larvicidal activity of the engineered strain was observed
(Fig. 1A). The collected results therefore suggest that in
B. subtilis Cry11Aa can be efficiently expressed even in
the absence of P20 and that its expression is sufficient
to confer larvicidal activity. We cannot exclude that the
unexpected lower expression of Cry11Aa in PB7226 is
due to a lower stability of the longer Phyperspank-
cry11Aa-p20 transcript compared to Phyperspank-
cry11Aa. The lack of a band corresponding to P20 as
verified by SDS-PAGE is consistent with results reported
in previous studies (e.g. Wu and Federici, 1995; Tang
et al., 2006; Valtierra-de-Luis et al, 2020). The role of
P20 in affecting Cry11Aa levels and stability in B. subtilis
should be further investigated by using combinations of
construct expressing cry?1Aa and p20 individually.

As the 20-kDa helper protein was previously reported
to be required for efficient expression of CytiAa (Wu
and Federici, 1993; Sazhenskiy et al., 2010) and other
Cry toxins (Shao et al, 2001; Diaz-Mendoza et al.,
2012; Elleuch et al, 2015), the cry?1Aa-p20 construct
was retained for further experiments.

Inducible systems require constant cell-culture moni-
toring and their use increases the cost of the commercial
product. The generation of a more physiological, auto-in-
ducible expression system could therefore be useful to
overcome the limits associated with IPTG induction. To
this purpose, cryf1Aa and p20 were cloned under the
control of the endogenous aprE promoter in B. subtilis.
In the wild-type strain, the transcription from the PaprE
was not strong enough to drive cryfiAa expression.
Therefore, a degU32(hy) mutant strain of B. subtilis was
used as a host, allowing hyper-transcription from PaprE
(Kunst et al, 1974; Henner et al, 1988; Ogura et al.,
2004). The auto-inducible system drove the expression
of the heterologous protein during the stationary phase
and concurrently to the onset of sporulation, concomi-
tantly with the activation of PaprE (Fig. S2). By affecting
only one of the regulators (DegU) controlling the expres-
sion of aprE, a good level of synthesis of the
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heterologous protein was achieved, leading also to a
good level of toxicity. Worthy of note, the intrinsic insta-
bility of integrations by single cross-over leads to the
presence of a variable number of the PaprE-cry11Aa-
P20 construct on the chromosome: low concentrations of
antibiotic in the medium should ensure an average of
1-2 copies per cell.

Cyt1Aa toxin is a cytolytic protein able to synergize
with other Cry toxins such as Cry4A, Cry4Ba and
Cry11Aa (Wu and Chang, 1985; Crickmore et al., 1995;
Poncet et al, 1995). It was demonstrated that Cyt1Aa
functions as a Cry11Aa membrane receptor (Perez
et al., 2005). The interaction between the two proteins
supports toxicity both by pore formation and by oligomer-
ization of Cry11Aa toxin (Soberon et al., 2013). CytiAa
expression in B. subtilis was previously reported to
cause mortality against third-instar Ae. aegypti larvae
(Ward et al, 1986). However, in this work, when the
same cyt1Aa-p21 region was cloned downstream of the
IPTG-inducible Phyperspank promoter and integrated in
the B. subtilis chromosome, no detectable levels of
Cyt1Aa could be observed. On the contrary, the cytolytic
protein was highly produced by cloning the same con-
struct downstream of its own promoter, in a multicopy
plasmid (pBS19-cyt1Aa-p21, Fig. S4). The high relative
abundance of Cyt1Aa in the Bti parasporal body can be
attributed to different factors, including the level of
cyt1Aa gene expression, as well as its transcript and
protein stability. While both the Phyperspank-cyt1Aa-p21
and the pBS19- cyt1Aa-p21 constructs include the 3'-
UTR stem-loop structure involved in cyt1Aa transcription
termination and mRNA stability (Sakano et al, 2017),
they differ in their copy number and in the promoter used
to drive gene expression. Both these elements were pre-
viously reported to affect Cyt1Aa levels. In Bti, the
expression of cytiAa is controlled by three functional
non-overlapping promoters (Btl, Btll and Btlll) that are
activated during sporulation by o (Btl and Btlll) and &
(Btll) transcription factors (Sakano et al, 2017). While
the combination of Btl, Btll and Btlll leads to the highest
level of cyt1Aa expression, transcript levels can be mod-
ulated by using independent or different combinations of
Bt promoters. In this work, the 1224 bp region cloned in
pBS19 and comprising the cyt1Aa gene and the region
upstream of its cds include all three Bt promoters for full
cyt1Aa expression. An additional factor influencing
Cyt1Aa protein production is plasmid copy number. At
least four copies of a plasmid carrying the cyt1Aa gene
downstream of the Btlll promoter must be present in Bti
to obtain detectable Cyt1Aa levels (Park et al, 2016).
Interestingly, no synthesis of Cyt1Aa was detected in Bti
recombinant strains transformed with a low copy number
(2-3) plasmid carrying a pBtoxis minireplicon comprising
the cyt1Aa gene and its three Bt promoters (Tang et al.,

© 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial

144

Biotechnology, 13, 1972-1982



1978 E. Ursino et al.

2006). We therefore hypothesize that the presence of a
single copy of cyt1Aa might be the reason of the lack of
efficient Cyt1Aa protein production in PB7232. In this
strain, the Phyperspank promoter is unable to drive suffi-
cient expression of the cytotoxic gene. On the contrary,
the pBS19-cyt1Aa-p21 construct, including all three Bt
promoters and present in multiple copies per cell,
allowed achieving a high level of Cyt1Aa expression.
Notably, high Cyt1A expression resulted to be cytotoxic
against B. subtilis itself (Table $3, Fig. S5). As overex-
pression of Cyt1Aa toxin in Bti was previously reported
to result in significantly fewer spores per unit medium
and in the formation of imperfect crystals (Park et al.,
2016), it can be hypothesized that, even in B. thuringien-
sis israelensis, Cyt1Aa expression needs to be tightly
regulated to prevent off-target toxicity.

Despite different studies described the role of Cyt1Aa
in enhancing the toxicity of Bti and in delaying the insur-
gence of resistance, the interactions of Cyt2Ba with
other components of the Bti crystals are still poorly
investigated. Synergy between Cyt2Ba and Cry4Aa pro-
teins was previously reported against larvae of Ae.
aegypti (Manasherob et al, 2006). Moreover, very
recently, the co-administration of two recombinant Bt
strains, each expressing Cry10 or Cyt2Ba, respectively,
revealed a synergistic interaction between the two toxins
when simultaneously ingested by A. aegypti larvae (Val-
tierra-de-Luis et al., 2020). Here, the possible interaction
between Cry11Aa and Cyt2Ba was investigated.

We constructed mosquitocidal B. subtilis strains in
which cyt2Ba was cloned either in single copy, down-
stream of the amyE integrated Phyperspank promoter,
or in the multicopy vector pBS19, under the control of its
own promoter. The cytolytic toxin was expressed effi-
ciently in both constructs, conferred larvicidal activity and
its expression was not lethal for the host. We therefore
decided to study the possible synergism between
Cyt2Ba and Cry11Aa. To this purpose, strains PB7240
(Phyperspank-ciry 11Aa-p20 pBS19-Pcyt2Ba) and PB7265
(PaprE-cry11Aa-p20, amyE::Phyperspank-cyt?Ba) were
prepared.

In strain PB7240, the coexpression of the two toxin
genes resulted in a twofold increase in Cyt2Ba levels
and in a concomitant twofold decrease in Cry11Aa abun-
dance with respect to the corresponding parental strains
(PB7231 and PB7233) expressing each toxin individu-
ally. As the protein P20 was previously reported to be
involved in the stabilization of Cyt1Aa (Visick and White-
ley, 1991; Wu and Federici, 1993), we may hypothesize
that it may also contribute to a higher stability of Cyt2Ba.
Similarly to what described in E. coli for Cyt1Aa, P20
may prevent Cyt2Ba proteolytic degradation, leading to
higher levels of the cytolytic protein in strain PB7240
compared to PB7231. The increase in Cyt2Ba levels in
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PB7240 was concomitant to a decrease in Cryl1Aa
yields with respect to PB7233, possibly due to energy
expenditure dedicated the synthesis of the cytolytic pro-
tein. Strain PB7240 displayed a larvicidal activity higher
than the sum of larval mortality induced by the corre-
sponding strains expressing each toxin individually
(Fig. 3A). This increase in larvicidal activity cannot be
ascribed only to the twofold increase in Cyt2Ba levels,
since at concentrations at which no larvicidal activity can
be observed for strain PB7231 (e.g. at 100 mgl™"),
PB7240 can sitill induce a larval mortality similar to the
one induced by PB7231 when used at a 10-fold higher
concentration. These observations suggest a synergism
between Cry11Aa and Cyt2Ba in this genetic back-
ground.

On the contrary, an additive effect between the two
toxins was observed when using a degU32(hy) and pro-
tease-deficient (AaprE and AnprE) B. subtilis strain. In
this genetic background, the IPTG-dependent expression
of cyt2BA in PB7266 allowed obtaining levels of cytolytic
protein similar to those displayed by PB7231. However,
in contrast to what observed in PB7240, no increase in
Cyt2Ba levels was observed in PB7265 when both tox-
ins were produced: after IPTG induction, PB7265 dis-
played levels of Cyt2Ba similar to those observed in
strain PB7266 (+ IPTG). As detected in the parental
strain PB7241 (Fig. S2), being the PaprE promoter acti-
vated at the beginning of sporulation, its use for driving
gene expression leads to the accumulation of the pro-
duced proteins during late stationary phase. On the con-
trary, in PB7233, expression of the Phyperspank-
cry11Aa-p20 construct is induced earlier, i.e. at the
moment of ftransition from exponential to stationary
phase. The delayed expression of cry11Aa in PB7265
compared to PB7233 results in a lower level of Cry11Aa
toxin observed 48 h after the beginning of the stationary
phase. For the same reason, the amount of P20 pro-
duced by PB7265 could be insufficient to exert any
effect on the stability of Cy2Ba, whose levels remain
similar in PB7266 and PB7265. Notably, in the absence
of an increase in Cyt2Ba, the ability of PB7265 to pro-
duce Cry11Aa is not affected by the IPTG-dependent
induction of Phyperspank-cyt2Ba.

It is noteworthy that, despite expressing similar or
even lower levels of Cry11Aa and Cyt2Ba, PB7266 and
PB7265 displayed a significantly higher larvicidal activity
compared to PB7231, PB7233 and PB7240. We may
speculate that the lack of the two major B. subtilis exo-
proteases may allow a higher stability of the produced
proteins, resulting in a higher toxicity of the strains
expressing the two toxins, individually or in combination.

The results here obtained demonstrate that B. subtilis
can be efficiently used as a host system to study the
activity of individual or combinations of toxins identified
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in mosquitocidal bacterial strains. The deep knowledge
of its genetics, together with the availability of well-estab-
lished tools for its manipulation, allows the modulation
and optimization of heterologous toxin production. The
expression systems here presented lay the foundation
for the construction of a better improved system that
might be used to characterize, modulate and evaluate
the level of expression and the larvicidal activity of indi-
vidual toxin genes from new environmental isolates.

Experimental procedures

Bacterial strains, plasmids, primers and growth
conditions

The Bacillus thuringiensis israelensis strain 4Q1 (Bacillus
Genetic Stock Center, original code HD567 (Goldberg
and Margalit, 1977)) was used as source of template
DNA for cloning and as positive control in 8-endotoxins
expression analysis and in larvicidal assays. The B. sub-
tilis bacterial strains constructed and used in this work
are listed in Table 1 and prepared as described in Sup-
plementary Information. Escherichia coli DH5« was used
for construction and maintenance of plasmids (Table
S2). The primers and plasmids used in this work are
listed in Tables S1 and S2 respectively. Growth media
employed in this work include Luria-Bertani medium
(LB), LM, MD and MDCH (Kunst and Rapoport, 1995)
and 2xSG sporulation medium: 16 g I"" of Nutrient Broth
(Difco), 2 gl1~' KCI, 0.5 gl™" MgS04*7H,0, 1 mM Ca
(NO3)2, 0.1 mM MnCl,*4H,0, 1 M FeSO, and 0.1% glu-
cose (Leighton and Doi, 1971). Antibiotics were used at
the following concentrations: ampicillin, Amp (for E. coli)
100 ug mI™"; chloramphenicol, Caf 5pg mi™'; spectino-
mycin, Spc 100 pg mi~'; kanamycin, kana 20 pg ml~',
erythromycin, Ery 0.5 pg mi~'; and lincomycin, Linc
125ugmi~'.

Preparation of spores, parasporal bodies and cells
mixtures

Engineered B. subtilis strains were cultured in 10 ml LB
ovemnight. The following day, the o/n preculture was
diluted to ODggo = 0.05 in 20 ml of 2xSG sporulation
medium and incubated with shaking to ODggy = 1. Then,
the culture was re-diluted to ODgyg = 0.1 in 60 ml of
fresh 2xSG and grown at 37 °C, 250 rpm. Heterologous
gene expression driven by the Phyperspank promoter
was induced with 1 mM IPTG at the beginning of the
stationary phase (T0). At the time of collection, 20 ml of
culture containing whole spores, cells and parasporal bod-
ies were harvested and then pelleted by centifugation
(10 000 rpm x 15' 4 °C). The pellets were then suspended
in Tris-HCI 10 mM (pH = 7) and aliquots of 1 ml were pre-
pared. After a new centrfugaton at 12 000 g x 10’ at

Mosquitocidal toxins production in B. subtilis 1979

Table 1. Bacillus subtilis strains used in this study.

Strain

name Genotype Source or origin

PB168  tpC2 BGSC? strain 1A1
PB1831  tpC2, phe-1 BGSC? strain 1A96
(JHB42, J. Hoch)
PB7007 AaprE, AnprE, thr-, amyE:.fcomK University of Pavia
(ery)], degU32H Collection

PB7222 upC2 phe-1, amyE:spc

PB7223 tpC2. phe-1, amyE::Physpank-
cryilAa

PB7225 tpC2, phe-1, amyE::Physpank-

PB1831 x pDR111

PB1831 x pDR111-
cryl1Aa

PB1831 x pDR111-
cyt2Ba

PB1831 x pDR111-
cryl1Aa-p20

PB1831 x pBS19

PB1831 x pBS19-
PeyttAa-p21

PB1831 x pBS19-
Peyt2Ba

cyt2Ba

PB7226 tpC2, phe-1, amyE:Physpank-
eryl14a-p20

PB7229 tpC2, phe-1, pBS19

PB7230 tpC2. phe-1, pBS19-Peyt1Aa-p21

PB7231 tpC2, phe-1, pBS19-Pcyt2Ba

PB7232 tpC2 phe-1. amyE:Physpank-
cytiAa-p21

PB7233 tpC2, phe-1, amyE::Physpank-
cryt1Aa-p20, pBS19

PB7240 tpC2, phe-1, amyE:Physpank-
cryl1Aa-p20, pBS19-Pcyt2Ba

PB7241  AnprE, thr-, amyE::[comK (ery)],
degU32H AaprE::
PaprEcry11Aap20

PB7242  AnprE, thr-, amyE:[comK (ery)],
degU32H AaprE::PaprE

PB7246 AaprE, AnptE, thr-, amyE::spc,
degU3zH

PB7247 AaprE, AnptE, thr-, amyE::
Physpank-cry11Aa-p20,
degU32H

PB7265 AnprE, thr-, amyE:Physpank-
cyt2Ba, degU32H AaprE::
PaprEcry11Aap20

PB7266 AnprE, thr-, amyE:Physpank-
cyt2Ba, degU32H AaprE::PaprE

2l
PB1831 x pDR111-
cyt1Aa-p21
PB7226 x pBS19
PB7226 x pBS19-
Peyt2Ba

PB7007 x pBG105

PB7007 x pBG109
PB7007x PB7222

PB7007 x PB7226
PB7241 x PB7225

PB7242 x PB7225

a. BGSC: Badillus Genetic Stock Center culture collection catalogue
number.

4 °C, the pellets were stored at —20 °C or immediately
used for protein analysis by SDS-PAGE 10%, sporulation
and larvicidal assay.

Protein detection and quantification

Pellets of spores—crystal mixtures were resuspended in
dH,O to a final concentration of 200 mg ml™' wet
weight/volume. Samples (15 pl) were heated in a ther-
mocycler at 95 °C for 5 min in loading buffer (0.05 M
Tris pH 6.8, 10% glycerol, 2% SDS, 5% f-mercap-
toethanol and 0.05% bromophenol blue) and subjected
to electrophoresis in 10% SDS-PAGE. Gels were stained
with Coomassie Brilliant Blue. Images were acquired
using a Bio-Rad ChemiDoc MP Imaging System. Quan-
tification of bands intensities was performed using Ima-
geJ Software (Schneider et al., 2012).
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Larvicidal assay

The larvicidal activity of the engineered Bacillus subtilis
strains was analysed by mortality assays. Twenty-five
second-instar larvae of Aedes albopictus Rimini strain
reared at 28 °C, in a 12 h-light/12 h-dark photoperiod,
with 70% of humidity, were placed in 100 ml of deion-
ized water and were fed with mixtures of engineered B.
subtilis spores, parasporal bodies and cells. Mixtures
were added at different concentrations, expressed as
biomass wet weight/itre. Mortality was recorded after 24,
48 and 72 h from the beginning of the assay. No nutri-
tional supplement was added. The experiments were
carried out at room temperature, and each test was con-
ducted with three independent culture replicates. 4Q1 Bti
spores, parasporal bodies and cells collected after 72 h
of growth in 2xSG were used as positive controls. Not-
induced cultures and cells transformed with empty vec-
tors were used as negative controls.

Sporulation assay

To calculate the number of heat-resistant spores, appro-
priate dilutions of the resuspended pellets were plated
on LB plates supplemented with antibiotic (when
needed) before and after treatment at 80 °C for 10 min.
The percentage of sporulation was calculated according
to the following formula:

No of CFUs/ml grown after heat — treatment

No of CF Us; mi grown bsfore heat — treatment < | 00

Statistical analysis

Statistical analysis was performed on > 3 independent
experiments using GraphPad Prism version 8 software.
Statistical significance was determined using the Holm—
Sidak method, with alpha = 0.05.
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Fig. S1 Expression of the cry17Aa Bti toxin gene in B. sub-
tilis under the control of the Phyperspank promoter. A.
Schematic representation of the Phyperspank-cry11Aa and
Phyperspank-cry11Aa-p20 constructs integrated by double
cross-over in the amyE gene of B. subtilis PB1831. B.
Growth of strains PB7222 (amyE:spc), PB7223 (amyE::
Phyperspank-cry11Aa) and PB7226 (amyE:Phyperspank-
cryl1Aa-p20) in 2xSG sporulation medium. Heterologous
protein expression was induced with 1 mM IPTG at TO,
defined as the time point of transition from exponential to
stationary phase of growth. C. SDS-PAGE 10% of cells-
spores-parasporal bodies mixtures (15 pl of 200 mg/ml [wet
weightivol] suspension/well) of strains PB7222, PB7223 and
PB7226 collected 20 hours after the beginning of the sta-
tionary phase (T20). Bti: 4Q1 B. thuringiensis israelensis
spore-parasporal bodies mixtures collected at T72 as posi-
tive control. M: PageRuler Unstained Protein Ladder. Strain
PB7226 displays a 15-fold lower Cry11Aa protein level rela-
tive to PB7223, as quantified by band intensity using Ima-
geJ software. Band intensity was nommalized with respect to
the 70 kDa band of the protein marker.

Fig. S2 Expression of the cry11Aa toxin gene in B. subtilis
under the control of the PaprE promoter. A.Schematic repre-
sentation of the PaprE-cry11Aa-p20 construct integrated by
single cross-over in the regulatory region of the aprE gene
in B. subtiis PB1831. B. Growth of PB7241 (PaprE-
cryl1Aa-p20) and PB7242 (PaprE) in 2xSG medium. Data
are the average + SD of two independent experiments. C.
SDS-PAGE 10% of PB7241 cells-spore-parasporal bodies
collected at different time points (4, 15, 20 24, 48, 72 hours)
after the beginning of the stationary phase (a time point indi-
cated as TO). Bti: Spore-parasporal bodies of B. thuringien-
sis israelensis 4Q1 collected at T72. Fifteen pl of cells-
spores-parasporal bodies suspensions at the concentration
of 200 mg/ml [wet weight/vol] were loaded in each well. M:
PageRuler Unstained Protein Ladder.
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Fig. 83 A. Growth of the degU32(hy) strains PB7241
(PaprE-cry11Aa-p20) and PB7247 (amyE::Phyperspank-
ery11Aa-p20) in 2xSG medium. Data are the average +SD
of two independent experiments. B. SDS-PAGE 10% of
cells-spores-parasporal bodies of strains PB7241, PB7247
and of the respective control strains PB7242 (aprE::PaprE-
kanR, degU32(hy)) and PB7246 (amyE::spc, degU32(hy)
collected after 48 hours from the beginning of the stationary
phase. The strains PB7246 and PB7247 were IPTG
induced at TO. Intensity of the Cry11Aa band of the two
strains was quantified using ImageJ software and normal-
ized relative to the intensity of the 63 kDa band of the pro-
tein marker. Bti: 4Q1 spore-parasporal bodies collected at
T48. M: Protein Marker VI (20-345) prestained (PanReac).
Fig. S4 SDS-PAGE 10% of the spore-parasporal body mix-
tures of the strains PB7222 (amyE:spc), PB7232 (amyE::
Phyperspank-cyt1Aa-p21), PB7230 (pBS19-FPcyt1Aa-p21)
and PB7229 (pBS19) collected after 20 hours from the
beginning of the stationary phase. PB7222 and PB7232
strains were IPTG induced at T0. Bti 4Q1 spore-parasporal
bodies collected at T72 was used as positive control; M:
PageRuler Unstained Protein Ladder.

Fig. S5 TEM (7000x) of PB7230 (pBS19-Pcyt1Aa-p21)
strain collected at 72 hours from the beginning of the sta-
tionary phase. Expression of CytiAa causes death of B.
subtilis cells.

Fig. S6 A. Growth of B. subtilis recombinant strains express-
ing Cyt2Ba. Strains PB7222 (amyE::spc), PB7225 (amyE::
Phyperspank-cyt2Ba), PB7229 (pBS19) and PB7231
(pBS19-Pcyt2Ba) were grown in 2xSG medium. Data are the
average + SD of two independent experiments. B. SDS-
PAGE 10% of the cells-spores-parasporal body mixtures of
the strains PB7222 (amyE:spc), PB7225 (amyE::Phyper-
spankcyt2Ba), PB7229 (pBS19) and PB7231 (pBS19-
Peyt2Ba). PB7222 and PB7225 were IPTG induced at TO.
All the strains were collected 24 hours after the beginning of
the stationary phase. Bti: 4Q1 spore-parasporal bodies col-
lected at T72. M: PageRuler Unstained Protein Ladder. Inten-
sity of the Cyt2Ba band of strains PB7231 and PB7225 was
quantified using ImageJ software and normalized relative to
the intensity of the 25 kDa band of the protein marker.

Fig. S7 Growth of B. subtilis recombinant strains expressing
Cyt2Ba (PB7231, PB7266 + IPTG), Cryi1Aa (PB7233,
PB7265) or both toxins (PB7240 and PB7265 + IPTG) com-
pared to control strains PB7229 and PB7266. All strains
were grown in 2xSG medium. Data from a single represen-
tative experiments are reported.

Table S1. Primers used for cloning. Restriction sites are
shown in capital letters.

Table S2. Plasmids used in this work.

Table S3. Titer of cells and spores (cfu mi™") in spore-
parasporal bodies mixtures resuspended at the concentra-
tion of 100 mg I"'. Results refer to the following strains:
PB7229 (negative control, pBS19) and PB7230 (pBS19-
Pcyt1Aa-p21), collected at 24, 48, 72 h after the beginning
of the stationary phase (T24, T48, T72). Results are means
of three replicas =+ SD.

Supplementary Information. Genetic techniques employed
in the study and detailed description of the preparation of
the B. subtilis strains expressing §-endotoxins.
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Staphylococcus aureus is an important bacterial pathogen
that can cause a wide spectrum of diseases in humans and other
animals. S. aureus expresses a variety of virulence factors that
promote infection with this pathogen. These include cell-sur-
face p that medi di ce of the bacterial cells to
host extracellular matrix components, such as fibronectin and
fibrinogen. Here, using immunoblotting, ELISA, and surface
plasmon resonance analysis, we report that the iron-regulated
surface determinant B (IsdB) protein, besides being involved in
heme transport, plays a novel role as a receptor for the plasma
and extracellular matrix protein vitronectin (Vn). Vn-binding
activity was expressed by staphylococcal strains grown under
iron starvation conditions when Isd proteins are expressed.
Recombinant IsdB bound Vn dose dependently and specifically.
Both near-iron transporter motifs NEAT, and NEAT, of IsdB
individually bound Vn in a saturable manner, with K, values in
the range of 16—18 nm. Binding of Vn to IsdB was specifically
blocked by heparin and reduced at high ionic strength. Further-
more, [sdB-expressing bacterial cells bound significantly higher
amounts of Vn from human plasma than did an isdB mutant.
Adherence to and invasion of epithelial and endothelial cells by
IsdB-expressing S. aureus cells was promoted by Vn, and an
@, B; integrin-blocking mAb or cilengitide inhibited adherence
and invasion by staphylococci, suggesting that Vn acts as a
bridge between IsdB and host a, 8; integrin.

Staphylococcus aureus causes a wide range of opportunistic
infections that range from superficial skin infections to life-
threatening diseases, including endocarditis, pneumonia, and
septicemia (1). Adherence of bacteria to host matrix compo-
nents is the initial critical event in the pathogenesis of most
infections. The extracellular matrix (ECM) essentially consists
of macromolecules, such as collagens, proteoglycans, and gly-
coproteins, that serve as a substrate for the adhesion and migra-
tion of tissue cells. These processes involve integrins, a family
of heterodimeric cell surface receptors that recognize specific
ECM proteins (2, 3).

Bacteria, including S. aureus, also utilize the ECM as sub-
strata for their adhesion through a family of cell wall-anchored

This article contains supporting information.
* For correspondence: Giampiero Pietrocola, giampiero.pietrocola@unipv.
it; Pietro Speziale, pspeziale@unipv.it.
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(CWA) adhesins called MSCRAMMSs (microbial surface com-
ponent recognizing adhesive matrix molecules) that specifically
recognize host matrix components (4, 5).

Vitronectin (Vn) is a glycoprotein that is synthesized in the
liver and secreted into plasma (6) and is also an important com-
ponent of the ECM (7). Vn is found at a high concentration in
plasma (200-700 pg/ml) (8, 9) and is also present in different
human tissues (10). The N-terminal portion of mature Vn (43
aa residues) consists of a somatomedin B (SMB) domain fol-
lowed by the classical integrin-binding motif, Arg-Gly-Asp
(RGD). Members of the integrin family that engage in Vn bind-
ing include integrin a3p1, a,B3, a\Bs, and a;5B; (11). The next
domain comprises four hemopexin-like domains with putative
heme-binding motifs, In addition, Vn has three heparin-bind-
ing domains (HBD) spanning residues Vn82-137 (HBD-1),
Vnl175-219 (HBD-2), and Vn348-361 (HBD-3) (12-14) (Fig.
S1A). Vn is present in the organism in different conformational
states: as the native, folded monomer (65-75 kDa, the 65-kDa
form being derived from the proteolytic cleavage in the C-ter-
minal region of the protein) in plasma/serum and as a multi-
meric unfolded form in the ECM (6, 15, 16). Conformational
change from the monomeric to the activated, multimeric state
is promoted by exposure of Vn to agents, such as urea, or bind-
ing to physiological ligands, such as the thrombin-antithrom-
bin complex and the membrane attack complex. Vn conforma-
tional activation reveals a number of cryptic sites, including the
full exposure of the heparin-binding site at the C-terminal do-
main of the protein (17, 18) and cell-binding motif (RGD) (19,
20). Vn binds the terminal complement C5b-7 complex. It
occupies the metastable membrane binding site and thereby
inhibits membrane insertion of the complex (21). It also binds
C9and directly inhibits C9 polymerization (21, 22),

Several bacterial species interact with host cell-bound multi-
meric Vn, facilitating adherence to epithelial cells and artificial
surfaces (23). Simultaneous interaction of Vn with an integrin
and bacterial surface proteins results in the formation of a
bridge between bacteria and host cells. This leads to internal-
ization of bacteria, as exemplified by Streptococcus pneumoniae
(24) or Pseudomonas aeruginosa (25), resulting in downstream
signaling events (24).

Staphylococci contain several Vn-binding proteins, includ-
ing the autolysins AtIE and Aae from S. epidermidis and the ho-
mologous proteins AtlA and Aaa from §. aureus (26, 27). Also,

© 2020 Pietrocola et al. Published under exdusive license by The American Society for Biochemistry and Molecular Biology, Inc.
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Figure 1. Binding of purified Vn by S. aureus cells. A, 5. aureus strain SH1000 and its spa mutant grown either in BHI or RPMI medium in the absence/pres-
ence of 1 mm FeCly were incubated with purified Vn. Bacterium-bound proteins were released by extraction buffer and separated by SDS-PAGE under reduc-
ing conditions and analyzed by far Westemn blotting. The membrane was probed with sheep anti-human Vn, followed by HRP-conjugated rabbit anti-sheep
IgG. Molecular masses of standard proteins are indicated on the left. B, densitometric analysis of Vn bound to S. aureus SH1000 and the spa mutant as reported
in panel A. The band intensity was quantified relative to a sample of purified human Vn (8 j1g). The reported data are the mean values = S.D. from three inde-
pendent experiments. C, binding of increasing concentrations of Vn to immobilized S. aureus SH1000 spa cells grown in RPMI or BHI medium is shown. Bound
Vn was detected as described above. The data points are the means * S.D. from three independent experiments, each performed in triplicate. A statistically
significant difference is indicated (Student’s ¢ test; *, p < 0.05). D, binding of Vn to strains of S. aureus spa. Microtiter wells coated with S. aureus spa strains
grown in RPMI or BHI were incubated with Vn. Bound Vn was detected by addition of sheep anti-Vn polyclonal IgG and rabbit HRP-conjugated anti-sheep IgG.

the multifunctional autolysin AtlL from Staphylococcus lugdu-
nensis interacts with Vn (28).

Atl autolysins have a similar modular organization (signal
peptide, propeptide, amidase activity, three major repeats, R1
to R3, and glucosaminidase activity), share a high degree of
sequence similarity, and are functionally interchangeable (29).
R1-R2 repeats are critical for autolysin binding to Vn (30).
Moreover, the major autolysin, Atl, mediates S. aureus internal-
ization via direct interaction with host heat shock protein
Hsc70 (31).

Studies on S. aureus adhesion to and invasion of host cells
have been performed with bacteria grown in rich medium con-
taining iron (4). In contrast, in vivo S. aureus has restricted
access toiron, and the lack of available iron leads to the upregu-
lation of a number of genes, among which are those that encode
surface determinant (Isd) proteins (32). The Isd system con-
tains nine proteins whose expression is coordinately upregu-
lated under iron-depleted conditions (33-36). The primary role
of Isd proteins is to capture heme from hemoglobin (Hb) and
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transport it into the cell (32). These include IsdA, IsdB, IsdC,
and IsdH, which are anchored to cell wall peptidoglycan by sor-
tases and are exposed on the cell surface (37, 38). Each protein
containsa structurally conserved near iron transporter (NEAT)
motif(s) that binds Hb and heme. IsdA and IsdC contain one
NEAT domain each, whereas IsdB and IsdH contain two and
three NEAT domains, respectively. The NEAT domains adopt
a beta sandwich fold that consists of two five-stranded antipar-
allel beta sheets (39).

Fig. S1B shows the organization and primary sequence com-
parisons between the seven known NEAT domains in S.
aureus.

Sequence homologs of this class of proteins are found in a
number of important human pathogens, such as S. lugdunensis,
(40-42), Listeria monocytogenes (43), Bacillus anthracis (44),
and Streptococcus pyogenes (45).

IsdA, IsdB, and IsdH of S. aureus are known to have other bi-
ological functions. IsdA interacts with an array of host proteins
(36) and confers resistance to the innate defenses of the human

J. Biol. Chem. (2020) 295(29) 10008-10022 10009
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skin (46). IsdH plays a role in the evasion of phagocytosis as a
result of accelerated degradation of C3b (47). IsdB binds to pla-
telets via direct interaction with the platelet integrin GPIIb/Illa
and also promotes S. aureus adherence to and internalization
by nonphagocytic human cells (48). The objective of the cur-
rent study was to investigate in more detail the binding of Vn to
S. aureus cells. We show that cells expressing IsdB specifically
bind to Vn and analyze the nature and the biological conse-
quences of this interaction.

Vn binding by S. aureus is promoted by growth under iron-
restricted conditions

In preliminary experiments, we tested the capture of Vn by S.
aureus strain SH1000 grown to stationary phase in rich brain
heart infusion (BHI) or iron-restricted Roswell Park Memorial
Institute 1640 (RPMI) medium with or without FeCl,. Bacteria
grown in RPMI showed a higher ability to capture Vn than
those grown in iron-rich medium or in RPMI supplemented
with FeCl;, suggesting that binding of strain SH1000 depends
on proteins induced by iron starvation. Interestingly, a protein
A-deficient (spa) mutant showed a Vn-binding profile overlap-
ping that of the WT strain, suggesting that Vn binding to the
bacterial surface is not related to protein A expression (Fig. 1,A
and B).

To further analyze the interaction of Vn with S. aureus,
SH1000 spa organisms grown in BHI and RPMI medium were
immobilized onto microtiter wells and allowed to interact with
increasing amounts of soluble Vn (Fig. 1C). Under both condi-
tions, Vn bound to bacteria in a dose-dependent and saturable
fashion. RPMI-grown bacteria captured significantly larger
amounts of Vn, suggesting that S. aureus cells express a larger
number of receptors on their surface or that novel receptors
were induced when grown in iron starvation. To compare the
Vn binding potential of different S. aureus strains, spa mutants
of the S. aureus laboratory strains Newman, SH1000, and 8325-
4 and the clinical strain USA300 grown in BHI or RPMI me-
dium to the stationary phase were immobilized in microtiter
wells and tested for binding to soluble Vn. All the strains grown
in RPMI medium showed a higher ability to bind Vn when
grown under iron starvation conditions than in iron-rich me-
dium (Fig. 1D).

Identification of a Vn-binding protein

To identify the surface component(s) involved in Vn binding,
SH1000 spa cells grown in BHI or RPMI medium were digested
with lysostaphin and the released material subjected to SDS-
PAGE under reducing conditions and far Western blotting.
The nitrocellulose membrane was incubated with Vn, and the
bound ligand was detected with anti-Vn IgG. A strong signal
corresponding to a molecule of 75 kDa was noted in protein
from cells grown in RPMI medium, whereas no significant sig-
nal was detected in material released from cells grown in BHI
medium (Fig. 2, lanes I and 2).

To further investigate this issue, proteins were separated by
SDS-PAGE under reducing conditions and visualized by stain-
ing with Coomassie brilliant blue (Fig. 2, lane 3). A candidate

10010 J. Biol. Chem. (2020) 295(29) 10008-10022
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Figure 2. Far Western g of P leased ial from
cells of SH1000 spa. Cells of SH1000 spa grown in BHI (lane 1) and RPMI
(lane 2) were digested with lysostaphin and the released material subjected
to far Westem blotting. The nitrocellulose membrane was probed with Vn,
followed by sheep anti-Vn and HRP-conjugated rabbit anti-sheep IgG. Molec-
ular mass standards are indicated on the left. The lysostaphin-released mate-
rial from cells of SH1000 spa grown in RPMI was also subjected to SDS-PAGE
and stained with Coomassie blue (lane 3). The band corresponding to the 75-
kDa bacterial component is marked by an arrow.

protein of 75 kDa was excised from the stained gel, digested
with trypsin, and analyzed by MS. The database search
unequivocally identified IsdB as the potential Vn-binding pro-
tein of S. aureus SH1000 (Fig. S2A).

isdB gene expression is growth-phase dependent

Since S. aureus SH1000 spa cells grown to stationary phase
in BHI medium bound Vn significantly less than when grown
in RPMI medium (Fig. 1), we analyzed the expression of the
isdB gene in cells grown both in BHI or RPMI medium to mid-
exponential and stationary phases of growth by quantitative
RT-PCR (qRT-PCR). Expression of isdB in cells grown to sta-
tionary phase in RPMI medium was about 5-fold higher than
that in cells grown in BHI medium or cells grown to mid-expo-
nential phase in either medium (Fig. S2B).

This finding was validated by comparing the expression lev-
els of the IsdB protein by bacteria grown to mid-exponential
and stationary phases in BHI and RPMI media by Western im-
munoblotting. While IsdB was virtually undetectable in mate-
rial released from bacteria grown to both the mid-exponential
and stationary phases in BHI medium, the protein was abun-
dant in material released from bacteria grown to the stationary
phase in RPMI medium (Fig. S2C).

Ectopic expression of IsdB by L. lactis and binding to Vn

To study IsdB in isolation from other S. aureus CWA pro-
teins, a strain of L. lactis expressing IsdB from a gene cloned
into the plasmid vector pNZ8037 was used. To validate the
expression of IsdB from the bacterium, L. lactis pNZ8037::isdB
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Figure 3. Interaction of L. lactis-expressing IsdB with Vn. A, cell wall proteins were released by mutanolysin/lysozyme treatment from L. lactis expressing
IsdB (pNZ8037:isdB) and control cells carrying the empty vector. The protein components in the mixture were separated by SDS-PAGE and subjected to far
Western blotting. The membrane was probed with Vn, followed by sheep anti-Vn and HRP-conjugated rabbit anti-sheep IgG. The figure is representative of
three independent experiments. Molecular mass standards are indicated on the /eft. 8, interaction of Vn with L. lactis-expressing IsdB and cells carrying the empty
vector assessed by ELISA. Bacteria were immobilized in microtiter plates and incubated with Vn, followed by addition to the wells of sheep anti-Vn polyclonal IgG
and HRP-conjugated rabbit anti-sheep antibody. The data points are the means = 5.D. from three independent experiments, each performed in triplicate. Statisti-

aally significant differences are indicated (Student’s ¢ test; **, p < 0.01).

and the isogenic strain carrying the empty vector were treated
with mutanolysin and lysozyme, and the released material sub-
jected to far Western blotting. A Vn binding protein of 75 kDa
was detected (along with an approximately 60-kDa protein,
which may be a breakdown product), whereas the material
released from L. lactis (pNZ8037) lacked reactivity (Fig. 34).
Moreover, the lactococci were immobilized onto microtiter
wells, and binding of soluble Vn was examined by ELISA. Sig-
nificantly higher binding of Vn to L. lactis (pNZ8037::isdB) was
observed compared to that of L. lactis harboring the empty vec-
tor (Fig. 3B).

Specificity of Vn binding to IsdB

To investigate the specificity of Vn binding to IsdB, recombi-
nant IsdB NEAT;-NEAT, protein was immobilized onto
microtiter wells and tested for binding to extracellular matrix
proteins, including fibrinogen, fibronectin, collagen, and Vn.
Only Vn bound to the surface-coated IsdB, whereas no binding
of the other proteins was observed (Fig. 44).

Localization of the binding sites within IsdB

To localize the Vn-binding region within the IsdB protein,
the NEAT,; and NEAT, domains were expressed in E. coli and
employed in binding studies. First, the binding of soluble Vn to
immobilized recombinant NEAT, and NEAT was determined
by ELISA. Vn bound dose dependently and saturably to both
NEAT, and NEAT; fragments and with a binding profile
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Figure 4. Characterization of Vn-binding activity of IsdB. A, specificity of
recombinant IsdB interaction with extracellular matrix proteins. Microtiter
wells were coated with IsdB NEAT1-NEAT2 and then incubated with the indi-
cated extracellular matrix proteins Vn, collagen type |, fibrinogen, and fibronec-
tin. Each bound protein was detected by the addition of ligand-specific
polyclonal antibody and HRP-conjugated secondary IgG. The data points are
the means = S.D. from three independent experiments, each performed in trip-
licate. B, Vn binding to IsdB NEAT,-NEAT; and its derivatives, NEAT, and NEAT,.
Recombinant IsdB NEAT-NEAT, and its derivatives, NEAT, and NEAT,, were im-
mobilized onto microtiter wells and incubated with increasing amounts of Vn.
Bound Vn was detected by the addition of sheep anti-Vn polyclonal IgG and
HRP-conjugated rabbit anti-sheep. The data points are the means = 5.D. from
three independent experiments, each performed in triplicate.
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Figure 5. Analysis of the interaction between IsdB NEAT,-NEAT, and its derivatives, NEAT, and NEAT,, with Vn by SPR. Twofold linear dilution series
(2.5-160 nm) of Vn were injected over the IsdB NEAT,-NEAT; or its derivatives, NEAT; and NEAT,, immobilized on the surface of a CM5 sensor chip. The
sensorgrams obtained were normalized versus the response obtained when Vn was flowed over uncoated chips. The affinity was calculated from curve
fitting to a plot of the response unit values at the steady state (RU,,,) against increasing concentrations of Vn (eft). Shown is one representative of three

experiments.

resembling that exhibited by intact full-length IsdB NEAT,-
NEAT, (Fig. 4B8).

IsdB NEAT ;-NEAT , and single NEAT; and NEAT ; domains bind
to Vn with high affinity

Surface plasmon resonance (SPR) experiments were per-
formed to compare the binding of Vn to those of immobilized
IsdB NEAT |-NEAT, and single NEAT; and NEAT, fragments.
Vn displayed a high binding activity, as indicated by the high
response values and the slow dissociation of the IsdB-Vn com-
plexes upon removal of the ligand. The best fit of the data
points was obtained with the Langmuir isotherm equation
describing a one-site binding model. From this analysis, we
obtained dissociation constant (Kp) values of 17.85 * 3.51 nm,
16.73 = 3.02 nm, and 16.21 *+ 2,79 nm for IsdB NEAT,-NEA T,/
Vn, NEAT,/Vn, and NEAT,/Vn, respectively (Fig. 5). All these
findings show that full-length IsdB contains two separate bind-
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ing sites that interact with nearly identical high affinities for
Vn.

Binding of Vn to IsdB is blocked by heparin and dependent on
ionic strength

To investigate whether IsdB competes with glycosaminogly-
cans for binding to Vn, the effect of heparin, heparan sulfate,
and chondroitin sulfate on Vn binding to immobilized IsdB
NEAT -NEAT; was studied. In contrast to heparan sulfate and
chondroitin sulfate, heparin dose dependently inhibited the
IsdB-Vn interaction, suggesting that IsdB interacts with the
heparin-binding domain(s) of the protein (Fig. S3A). To deter-
mine if ionic forces play a role in the interaction of IsdB with
Vn, the effect of sodium chloride on Vn binding to IsdB was
assessed. Addition of NaCl significantly reduced binding of Vn
to immobilized IsdB, and at a concentration of 500 mm, NaCl
reduced Vn binding to IsdB by almost 80% (Fig. S3B).
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Figure 6. Capture of plasma vitronectin by S. aureus strain SH1000.4, 5.
aureus SH1000 and its isogenic isdB mutant were mixed with 1 ml of human
plasma for 60 min, Proteins bound to the cell surface were released by extrac-
tion buffer, separated by SDS-PAGE under nonreducing conditions, and ana-
lyzed by Westem blotting. The membrane was probed with sheep anti-Vn
polyclonal 1gG and HRP-conjugated rabbit antisheep and developed with
the ECL Western blotting detection kit. The pure human Vn sample is shown
on the left. B, densitometric analysis of Vn bound to and released from S. aur-
eus SH1000 and its isogenic isdB mutant. The reported data are the mean val
ues * SD. from three independent experiments. Statistically significant
differences are indicated (Student’s t test; *,p < 0.05).

S. IsdB cap

To investigate if S. aureus cells expressing IsdB can recruit
Vn from plasma, bacteria were incubated with human plasma
and the amount of Vn captured was quantified by Western
blotting and densitometry. S. aureus expressing IsdB captured
approximately 4-fold more Vn than the isdB mutant. Thus, it
can be concluded that IsdB expression is important for S. aur-
eus to capture Vn from human plasma. However, it must be
pointed out that a substantial amount of Vn bound to the isdB
mutant, indicating that other Vn receptors are operational on
the surface of S. aureus cells (Fig. 6).

Vn from pl

Vn mediates adherence to and invasion of HeLa and HUVEC
monolayers

To investigate the role of the Vn-binding activity of IsdB in
promoting adherence of S. aureus SH1000 to host cells, bacte-
ria were grown to the stationary phase in BHI or RPMI medium
and then tested for attachment to HeLa and human umbilical
vein endothelial cell (HUVEC) monolayers (Fig. 7, A and C) in
the absence of Vn. No adherence of the strain grown under ei-
ther condition was observed. Conversely, the addition of exoge-
nous human Vn to the cell monolayers promoted a high level of
adhesion of the RPMI-grown but not the BHI-grown bacteria.
Almost complete inhibition of adhesion was observed when the
assays were performed in the presence of an integrin a3
-binding mAb or the specific a,f5 inhibitor cilengitide, sug-
gesting the involvement of integrin o, 5. To examine whether
IsdB/Vn is also involved in the staphylococcal invasion of HeLa
cells or HUVEC: (Fig. 7, B and D), BHI- and RPMI-grown bac-
teria were incubated with cell monolayers in the presence or
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absence of Vn and then tested for internalization. We found a
moderate level of invasion only by RPMI-grown bacteria in the
presence of Vn, while no internalization was observed with
BHI-grown bacteria even in the presence of Vn. In confirma-
tion of this, neither adhesion nor invasion was observed with
the isdB mutant (Fig. 7). Together, these data suggest that for
promoting efficient adhesion and gaining entry of bacteria into
HeLa cells or HUVECs, S. aureus can use Vn as a molecular
bridge between surface-expressed IsdB and the o, 35 integrin.

Staphylococcal adhesion to HeLa and HUVEC cell lines was
similar, while bacterial invasion of HUVECs was 50-fold more
effective than that of the HeLa cell line. Variation in expression
levels of the «,3; integrin on the two cell types may contribute
to the difference in pathogen invasiveness.

Notably, a persistent, low level of bacterial invasion was
observed when bacteria grown in RPMI were incubated with
HeLa and HUVECs in the absence of Vn, suggesting that other
internalization mechanisms are operational.

Discussion

In our search for S. aureus MSCRAMMSs with Vn-binding
activity, here we show that S. aureus IsdB interacts with Vn. As
previously demonstrated, IsdB is strongly upregulated under
conditions of iron restriction and, in accordance with this prop-
erty, Vn binding was strictly related to the expression of IsdB by
bacterial strains. Bacteria bind Vn when grown under iron star-
vation conditions and not in an iron-rich medium. Moreover,
binding of Vn by bacteria was mostly expressed by cells in the
stationary phase of growth.

To characterize this binding to IsdB, we purified and used
multimeric Vn, the conformational form of the protein found
in the ECM. Notably, we found that bacteria expressing IsdB
also captured Vn from plasma, where the monomeric form of
the protein prevails. Thus, it seems that IsdB binds to both con-
formational states of Vn. This is reminiscent of the situation
observed with Moraxella catarrhalis and Haemophilus influen-
zae, which interact with both isoforms of Vn (23).

The interaction of IsdB with Vn was confirmed using several
approaches, including far Western blotting, ELISA, and SPR.
Binding of IsdB to Vn was specific and saturable and exhibited
a Kp in the nanomolar range, which is comparable to that
recorded for high-affinity CWA protein—host protein interac-
tions (49-52).

To narrow down the Vn binding site(s) of IsdB, the NEAT,
and NEAT; domains were recombinantly produced and tested
for their ability to bind the ligand. The individual modules
interacted with an affinity for Vn comparable to that of the full-
length IsdB, suggesting that each module represents the mini-
mal motif required for efficient interaction of IsdB with Vn and
that IsdB potentially can bind two Vn molecules. The finding
that both domains interact with Vn is particularly intriguing, in
view of the fact that the two NEAT domains of IsdB have very
low sequence identity (about 12%) and that they are function-
ally different. In fact, the NEAT, domain is involved in Hb
binding while NEAT, plays a role in heme extraction from «
and B chains of Hb (53). In view of the discovery that even
NEAT motifs with low sequence identity show Vn-binding
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Figure 7. Adhesion and internalization of 5. aureus cells. Bacterial strains were grown overnight in BHI or RPMI medium, added to Hela (Aand B) or HUVEC
(Cand D) cell monolayers, and tested for adhesion (A and C) or internalization (8 and D). The experiments were performed in DMEM for 2 h at 37 °C. The effects
of a, 33 mAb LM609 and cilengitide on bacterial adherence are also reported. The inocula and adherent and internalized bacteria were quantified by viable
counting. Error bars show 5.D. of the means from three independent determinations performed in triplicate with similar results (Student's ttest; *, p < 0.05).

activity, other Isd proteins could exhibit Vn-binding activity.
The presence of additional Vn receptors on the staphylococcal
surface is consistent with the finding that the isdB mutant is ca-
pable of capturing Vn from human plasma and by the observa-
tion that other non-Isd surface proteins of S. aureus, such as
Atl, have Vn-binding activity (26, 27). In apparent contradic-
tion with these observations, IsdB seems to be the major Vn re-
ceptor when material released from bacterial cells was tested by
far Western blotting (Fig. 2). This could be due to a higher level
of expression of IsdB and/or to a higher affinity of IsdB for Vn
compared with that of other potential Vn binders.

In this context, it will be worth investigating the activity of
IsdB from Staphylococcus lugdunensis, which contains NEAT,
and NEAT,, 60 and 56% identical to S. aureus IsdB NEAT, and
NEAT, domains, respectively (40), and the Vn-binding by
other bacterial species expressing Isd proteins, such as Listeria
monocytogenes and Bacillus anthracis.

Increasing the ionic strength had a dramatic effect on Vn
binding to IsdB, indicating that Vn/IsdB complex formation is
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mainly driven by electrostatic interactions. Furthermore, the
negatively charged heparin efficiently blocked the IsdB—Vn
interaction, suggesting that the IsdB-binding region is located
in the heparin-binding domain(s) of Vn. The inhibitory effect
of heparin but not of heparan sulfate or chondroitin sulfate is in
line with heparin possessing the highest negative charge density
of any known biological macromolecule. In fact, although hepa-
rin and heparan sulfate are built up of linear chains of repeating
disaccharide units, the average heparin disaccharide contains
approximately 2.7 sulfate groups, whereas heparan sulfate con-
tains >1 sulfate group per disaccharide (54).

Related to the finding that electrostatic bonds could be
involved in Vn—IsdB interaction is the question of whether Vn
and heme compete for the same binding site or have a different
location on IsdB. The indication that IsdB uses only a hydro-
phobic pocket in the NEAT, domain to bind and extract heme
(38) and our observation that Vn binds to both NEAT, and
NEAT, domains suggest that the binding sites in IsdB for heme
and Vn are separate.
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Binding of S. aureus to Vn contributes to bacterial adhesion
to mammalian cells, as demonstrated by attachment of IsdB-
expressing staphylococci to HeLa and HUVEC monolayers.
The inhibition of the process by an a,f; mAb and cilengitide
strongly suggests that adhesion involves the formation of a Vn
bridged complex between IsdB and the integrin. Vn also medi-
ated the internalization of staphylococci into epithelial and en-
dothelial cells. However, due to the modest contribution of Vn
to the process, it is possible that Vn-dependent invasion could
act as a backup mechanism that becomes operational in the
context of tissues where Fn is poorly expressed or under condi-
tions (specific growth medium and/or phase of growth) where
bacteria express reduced levels of Fn-binding proteins FnBPA
and FnBPB (55, 56).

Binding to Fn by FnBPs allows the formation of a bridge
between bacterial cells and the a5, integrin on host cells, and
this is sufficient to trigger the bacterial uptake. This mechanism
is widely acknowledged to be the main internalization process
(57). Additional secondary invasion mechanisms have been
reported, including, among others, the internalization medi-
ated by EAP (58), Atl (31), and Lpl (59) proteins. Of note, the
invasion assays performed in these studies have been carried
out with experimental approaches and conditions (different
cell lines and strains, absence/presence of serum) that signifi-
cantly differ from the invasion pathway described in the present
investigation. Thus, for an accurate analysis of the contribution
of each mechanism to this multifactorial event, individual
internalization processes should be evaluated and compared
under identical standardized conditions.

It is unclear why the isdB deletion mutant, although it can
express several Vn receptors (Fig. 6), does not adhere to and
invade host cells (Fig. 7). If we hypothesize that non-IsdB recep-
tors bind to Vn in a way that differs from IsdB, we can speculate
that these receptors play a role other than adhesin/invasin in
bacterial pathogenesis. For example, capture of Vn mediated by
receptors could inhibit both assembly and deposition of the ter-
minal complement complex on the bacterial surface. Alterna-
tively, due to the plasminogen (PLG) binding ability of Vn (60),
receptor-bound Vn could enhance plasminogen activation to
plasmin, thereby contributing to the degradation of fibrin clots
and bacterial spreading into the tissues.

IsdB binds directly to B3-containing integrins and promotes
platelet activation and invasion of mammalian cells (48, 61).
Consistent with this, we found a low level of invasion of both
cell lines by bacteria grown in RPMI in the absence of Vn, sug-
gesting that under these conditions the process can be driven
by IsdB binding directly to integrins (48). As with many other
MSCRAMMs, IsdB is a multivalent virulence factor and con-
tributes in various ways to the pathogenesis of S. aureus. Exam-
ples of MSCRAMM s that bind to two or more ligands are
clumping factor A (CIfA) that, in addition to binding to fibrino-
gen (62, 63), binds to complement factor I (64, 65), and clump-
ing factor B (CIfB), another CWA protein that interacts with
fibrinogen (66, 67), keratin 10 (68, 69), and loricrin (70, 71).
These CWA proteins share similar mechanisms of binding (5).
In parallel with this, the structural basis of Hb binding to IsdB
NEAT motifs has been elucidated (72, 73). From this perspec-
tive, X-ray crystal structure analysis of the recombinant IsdB-
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binding domain of Vn in complex with NEAT motifs could
provide clues about the mechanism and function of this impor-
tant CWA protein in bacterial colonization of and survival
within the host. Purified IsdB elicits antibodies that block heme
iron scavenging, provide partial protection against S. aureus
bacteremia in animal models (74-76), and promote opsono-
phagocytosis of S. aureus (75, 77). Although vaccination of
humans with IsdB resulted in failure (78, 79), in light of these
new findings, the use of IsdB as a vaccine component warrants
further investigation.

Experimental procedures
Bacterial strains and culture conditions

All strains used in this study are listed in Table 1. S. aureus
cells (48, 80-84) were grown overnight in BHI (VIWR Interna-
tional Srl, Milan Italy) or in RPMI 1640 (Sigma-Aldrich, MO,
USA) medium at 37 °C with shaking. L. lactis cells carrying the
expression vector alone (pNZ8037) (85) or harboring the isdB
gene (pNZ8037::isdB) (48) were grown overnight in BHI me-
dium supplemented with chloramphenicol (10 pg/ml) at 30°C
without shaking. Cultures of L. lactis were diluted 1:100 in the
same medium and allowed to reach exponential phase. Nisin
(6.4 ng/ml) was added, and cultures were allowed to grow over-
night as described above. In experiments where a defined num-
ber of cells were used, bacteria were harvested from the cul-
tures by centrifugation, washed, and suspended in PBS at an
optical density at 600 nm (ODggq) of 1.0. Escherichia coli strain
XL1-Blue (Agilent Technologies, CA, USA) transformed with
vector pQE30 (Stratagene, La Jolla, CA) or derivatives were
grown in Luria agar and Luria broth (VWR) containing 100 g/
ml ampicillin at 37 °C with shaking.

Construction of S, aureus isdB deletion mutant and L. lactis
expressing IsdB

Construction of Lactococcus lactis expressing IsdB and con-
struction of the S. aureus isdB deletion mutant were performed
as reported in Table 1.

Plasmid and DNA manipulation

Plasmid DNA (Table 2) was isolated using the WizardPlus
SV miniprep kit (Promega, W1, USA), according to the manu-
facturer’s instructions, and transformed into E. coli XL1-Blue
cells using standard procedures (86). Transformants were
screened by restriction analysis and verified by DNA sequenc-
ing (Eurofins Genomics, Milan, Italy). Chromosomal DNA was
extracted using the bacterial genomic DNA purification kit
(Edge Biosystems, MD, USA). Cloning of IsdB NEAT;-NEAT
(aa residues 48-480) was performed as reported by Miajlovic et
al. (61). Cloning of IsdB NEAT) (aa residues 144-270) and IsdB
NEAT, (aa residues 334—458) domains was performed follow-
ing the NEBuilder® HiFi DNA assembly according to the man-
ufacturer’s instructions (New England Biolabs, MA, USA). The
primers used to amplify IsdB NEAT, and IsdB NEAT; domains
and the pQE30 vector (Table S1) were purchased from
Integrated DNA Technologies (Leuven, Belgium). DNA
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Table 1
Bacterial strains
Reference
Bacterial strain Relevant properties” or source
5. aureus
LAC spa Strain derivative of LAC* deficient in protein A; constructed by transduction of spa:Kan® by phage 85 into strain LAC* 80
Newman spa Strain containing a null mutation in protein A obtained through transduction from S aureus 8325-4 spazKan" (81) by 82
generalized phage transduction using phage 85
8325-4spa spa gene inactivated by substituting part of the spa coding for a DNA fr specifying resi to 81
ethidium bromide. In vitro-constructed spa:EtBrr
substitution mutation was introduced into the S. aurens chromosome by recombinational allele replacement
SH1000 Laboratory strain. rshll + derivative of S. aureus 8325-4 rsbll + derivative of S. aureus 8325-4 83
SH1000 spa spa:Tc" transduced from 83254 spa:Tc" 84
SH1000 isdB isdB gene deleted by allelic exchange 48
L. lactis
NZ9800 (pNZ8037) Expression vector with nisin-inducible promoter, Cm° 85
NZ9800 (pNZ8037:isdB)  isdBgene cloned in pNZ8037, Cm* 48
E. coli
XL1-Blue E coli cloning host Stratagene

“ Cm', chloramphenicol resistance; Kan", kanamycin resistance; Tc', tetracycline resistance.

purification was carried out using the WizardSV gel and PCR
clean-up system (Promega).

Expression and purification of recombinant proteins

Recombinant proteins IsdB NEAT,-NEAT,, IsdB-NEAT,,
and IsdB-NEAT, were expressed from pQE30 (Qiagen, Hilden,
Germany) in E. coli XL1-Blue (Agilent Technologies, CA,
USA). Overnight starter cultures were diluted 1:40 in Luria
broth containing ampicillin (100 pg/ml) and incubated with
shaking until the culture reached the exponential phase (optical
density at 600 nm of 0.4-0.6). Recombinant protein expression
was induced by the addition of 1 mm (final concentration) iso-
propyl 1-thio-B-D-galactopyranoside (IPTG) (Inalco, Milan,
Italy) to the culture. After 4 h, bacterial cells were harvested by
centrifugation and frozen at —80°C. Cells were resuspended in
lysis buffer (50 mm NaH,PO,, 300 mm NaCl, pH 8.0) containing
1 mm PMSF (Sigma-Aldrich) as the protease inhibitor and 20
pg/ml DNase (Sigma-Aldrich) and lysed by freezing with liquid
nitrogen and subsequent defrosting with warm water. The lysis
procedure was repeated twice. The cell debris was removed by
centrifugation, and proteins were purified from the superna-
tants by Ni*-affinity chromatography on a HiTrap chelating
column (GE Healthcare, Buckinghamshire, UK).

Protein purity was assessed by 15% SDS-PAGE and Coomas-
sie brilliant blue staining (Fig. 544). A bicinchoninic acid pro-
tein assay (Pierce, Rockford, IL, USA) was used to measure the
concentration of purified proteins.

Reagents, proteins, and antibodies

BSA, hemoglobin, protease-free DNase I, skim milk, heparin,
chondroitin sulfate, heparan sulfate, cilengitide, lysostaphin,
trypsin, sheep anti-Vn polyclonal IgG, and HRP-conjugated
rabbit anti-sheep IgG were purchased from Sigma-Aldrich.
Human fibronectin (Fn) was purified from plasma by a combi-
nation of gelatin- and arginine-Sepharose affinity chromatogra-
phy (87). The human Fn rabbit antibody was purchased from
Pierce. Human fibrinogen (Fbg) was obtained from Calbiochem
(Darmstadt, Germany). Collagen (Coll) type I was a generous
gift of Professor R. Tenni (Department of Molecular Medicine,
Pavia, Italy). Coll type [ rabbit antibody was from Merck
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(Rome, Italy). «,B; integrin mAb LM609 was from Abcam
(Cambridge, UK). Vn mAb 8E6 was purchased from Merck.
IsdB and Fbg antibodies were raised in mice by a routine immu-
nization procedure using purified IsdB NEAT;-NEAT; and
Fbgas the antigen, respectively. Rabbit anti-mouse HRP-conju-
gated secondary antibody was purchased from Dako Cytoma-
tion (Glostrup, Denmark).

Human plasma

Normal human plasma was prepared from freshly drawn
blood obtained from healthy volunteers with informed consent
and permission of the ethical board of the University of Pavia
(permit no. 19092013). The study also abides by the Declara-
tion of Helsinki principles. After centrifugation, the plasma
fraction was frozen in aliquots and stored at —20°C.

Isolation of Vn from human plasma

Human Vn was purified from human plasma on a heparin-
Sepharose Hi-Trap™ column (GE Healthcare) by following
the protocol described by Akiyama (88). The method takes
advantage of the observation that the monomeric plasma Vn
must be activated or “opened” with 8 M urea before it can bind
well to heparin. Thus, the plasma is first depleted of com-
pounds such as fibronectin that bind specifically or nonspecifi-
cally to heparin-Sepharose and then treated with 8 M urea to
activate the heparin-binding activity of Vn, which is subse-
quently bound to a heparin affinity column and eluted in a mul-
timeric conformation.

The purity of the isolated Vn was checked with 12.5% (w/v)
SDS-PAGE under reducing conditions and Coomassie brilliant
blue staining (Fig. S4B, lane I) and its concentration quantified
with the BCA assay. The multimeric conformation of the iso-
lated Vn was assessed by 12.5% PAGE performed in the absence
of SDS (Fig. S4B, lane 2) and by determination of the reactivity
with the mAb 8E6, which preferentially recognizes the multi-
meric, activated form of Vn (data not shown).

Vn binding to S. aureus

To test binding of Vn, microtiter wells were coated overnight
at 37°C with 100 pl/well of stationary-phase S. aureus cells
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Table 2
Plasmids
Plasmid Feature Marker” Source or reference
E30 E. coli vector for the expression of hexa-His-tagged recombinant proteins Amp'  Qiagen
pQE30::isdB NEAT,-NEAT, PQE30 encoding residues 48—480 of IsdB NEAT,-NEAT, protein Amp* 61
pQE30:rIsdB-NEAT1 (144-270) pQE30 derivative encoding the NEAT1 domain of IsdB NEAT ,-NEAT, protein from §. aureus SH1000 Amp* This study
pQE30:rIsdB-NEAT2 (334—458) pQE30 derivative encoding the NEAT2 domain of IsdB protein from S. aureus SH1000 Amp' This study

“* Amp', ampicillin resistance.

(ODgpo of 1) in PBS. The plates were washed with PBS. To block
free protein binding sites, the wells were treated for 1 h at 22°C
with BSA (2%, v/v) in PBS, The plates were then incubated for 1
h with increasing concentrations of Vn (up to 250 ng/well). Af-
ter several washings with PBS, 0.5 pg of anti-Vn sheep IgG in
BSA (1%, v/v) was added to the wells and incubated for 90 min.

The plates were washed and then incubated for 1 h with rab-
bit HRP-conjugated anti-sheep IgG diluted 1:1000. After wash-
ing, o-phenylenediamine dihydrochloride was added, and the
absorbance at 490 nm was determined using an ELISA plate
reader (Bio-Rad, CA USA).

Release of cell wall-anchored proteins from S. aureus and
detection of Vn-binding activity

Lysostaphin digestion—To release cell wall-anchored pro-
teins from S. aureus, bacteria were grown at 37 °C to exponen-
tial phase (ODgy, of 0.4-0.6) or stationary phase, either in
RPMI or BHI medium. Cells were harvested by centrifugation
at 7000 X g at 4°C for 15 min, washed three times with PBS,
and resuspended to an Agg of 2.0 in lysis buffer (50 mm Tris-
HCI, 20 mm MgCly, pH 7.5) supplemented with 30% raffinose.
Cell wall proteins were solubilized from S. aureus by incubation
with lysostaphin (200 pg/ml) at 37 °C for 20 min in the presence
of protease inhibitors (Complete Mini; Sigma-Aldrich). Proto-
plasts were recovered by centrifugation at 6000 X g for 20 min,
and the supernatants were taken as the wall fraction. The su-
pernatant was concentrated by treatment with 20% (v/v) TCA
at 4 "C for 30 min. The precipitated proteins were washed twice
withice-cold acetone and dried overnight.

SDS-PAGE and far Western blotting—Proteins released by
lysostaphin digestion were boiled for 10 min in sample buffer
(0.125 M Tris-HCI, 4% [w/v] SDS, 20% [v/v] glycerol, 10% [v/v]
B-mercaptoethanol, 0.002% [w/v] bromphenol blue) and sepa-
rated by 12.5% (w/v) SDS-PAGE. The gels were stained with
Coomassie brilliant blue (Bio-Rad). For Western blotting, pro-
teins were subjected to SDS-PAGE and electroblotted onto a
nitrocellulose membrane (GE Healthcare). After blocking with
5% (w/v) skim milk (Sigma-Aldrich) in PBS overnight at 4°C,
the membrane was probed with 2 pg/ml of Vn in PBS for 1 hat
22 °C followed by anti-Vn sheep IgG (1:10,000) and with rabbit
HRP-conjugated anti-sheep IgG (1:100). Finally, blots were
developed using the ECL Advance Western blotting detection
kit (GE Healthcare), and images of the bands were captured by
an ImageQuantTM LAS 4000 mini-biomolecular imager (GE
Healthcare).

MS analysis

Proteins released by lysostaphin digestion of bacterial cells
were separated by 12.5% SDS-PAGE and stained with GelCode
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blue stain reagent (Thermo Fisher Scientific, Waltham, MA,
USA). The band marked by the red arrow (Fig. 2) was excised
from the gel using a sterile scalpel and protein contained in the
gel digested with sequencing grade trypsin (Sigma-Aldrich).
Tryptic peptides were mixed with CHCA (alpha-cyano-4-
hydroxycinnamic acid) and spotted onto the target plate. The
spectra were acquired with a TOF/TOF 5800 system (AB
SCIEX, Framingham, MT) using TOF/TOF Series Explorer ac-
quisition software version 4.1.0. MS spectra were recorded in
Reflecton positive mode (settings: fixed laser intensity, 3200
units; pulse rate, 400 Hz; total shots/spectrum, 1000; mass
range (Da), 1000-4000 m/z). Calibration was performed using
Peptide calibration Mix4 (LaserBio Laboratory, Sophia-Antipo-
lis Cedex, France). MS-MS spectra of the most intensive MS
signals were recorded in MS-MS positive mode (settings: fixed
laser intensity, 3500 units; laser pulse rate, 1000 Hz; total shots/
spectrum, 5000). MS-MS spectra were analyzed with Protein-
Pilot™ 5.0 software (AB SCIEX, Framingham, MT, USA)
against the UniProtKB database updated 2 August 2016 using
the following analysis parameters: (@) sample type, identifica-
tion; (b) digestion, trypsin; (c) detected protein threshold
[unused Protscore (Conf)], >0.05 (10%); () cysteine alkylation,
iodoacetamide; (e) ID focus, biological modifications, amino
acid substitutions; (f) FDR analysis, no; (g) taxonomy, no
species.

Determination of isdB gene expression by gRT-PCR

Total RNA was extracted from S. aureus SH1000 spa cells
during the exponential (ODgy of 0.4-0.6) and stationary
phases of growth in BHI and RPMI media. Cells were harvested
and total RNA was stabilized with RNeasy Protect bacterial rea-
gent (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Total RNA was extracted using the Quick-
RNA fungal/bacterial miniprep kit (Zymo Research, CA, USA)
by following the manufacturer’s recommendations. DNA was
removed by DNase I treatment by using the TURBO DNA-free
kit (Invitrogen, CA, USA). The RNA concentration was =100
ng/ul, and the A,g/A.g ratio was >1.8, qRT-PCR was per-
formed with an iTAq Universal SYBR Green one-step kit (Bio-
Rad) using 4 ng of RNA in 20-pl volumes carried out on three
replicates, and all reactions were performed in 20-pl volumes
according to the manufacturer’s protocol. The cDNA was ana-
lyzed using primers relative to the isdB coding sequence (Table
S1). The conditions for thermal cycling were 50°C for 10 min
and 95 °C for 1 min, 35—40 cycles with 95°C for 10 s, and then
60 °C for 10-30 s, followed by a slow increase of temperature by
0.5°C per cycle to 95°C, with a continuous measurement of the
fluorescence. 4 ng of total RNA from each sample was used ina
gqRT-PCR experiment performed using a CFX Connect real-
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time PCR detection system (Bio-Rad) and an iTAq Universal
SYBR Green one-step kit (Bio-Rad). Expression of isdB was an-
alyzed using primers isdBF (GCAGGCGTTTTGTCTTTACC)
and isdBR (GCCTAGCAAACCAACACCAT). Target gene
expression was normalized using the reference gene rpoC,
which was amplified using primers SAurpoCF (CCGCAC-
CATCTGGTAAGATTAT) and SAurpoCR (GCTGTATCGG-
CAAGACCTTTA). No-template and no-RT controls were
run for each assay, and the specificity of each amplification
product was verified using dissociation curve analysis. Stand-
ard curves were generated from serial dilutions of chromo-
somal DNA spanning at least six orders of magnitude. All reac-
tions proceeded with 90% to 110% efficiency. Gene expression
analysis was performed using the CFX Manager software (Bio-
Rad). Three technical replicates were performed for each
experiment.

Determination of expi
immunoblotting

level of IsdB by Western

Material released by lysostaphin digestion of SH1000 spa
grown either in BHI and RPMI media to both mid-exponential
and stationary phases was subjected to SDS-PAGE and electro-
blotted onto nitrocellulose membrane, as reported above. After
blocking with skim milk, the membrane was sequentially incu-
bated with mouse IsdB antibody (1:5000) and HRP-conjugated
rabbit anti-mouse IgG (1:10,000) and developed as described
above.

Detection of the Vn-binding activity of IsdB-expressing L.
lactis

Release of cell wall-anchored proteins from L. lactis trans-
formants by mutanolysin/lysozyme digestion and far Western
blotting—L. lactis was grown to late-exponential phase in BHI
broth, washed twice in PBS, and concentrated to an Ay, of 40
in 1 ml 26% raffinose (Sigma- Aldrich) in 20 mm Tris-HCI, pH 8,
10 mm MgCl. Cell wall-associated proteins were released by
incubation at 37 °C with occasional shaking with 500 U muta-
nolysin/ml and 200 ug lysozyme/ml in the presence of protease
inhibitors (Complete Mini; Sigma-Aldrich). Protoplasts were
removed by centrifugation at 6000 X g for 20 min, and the su-
pernatant was concentrated as reported above. The interaction
of Vn with IsdB was detected by SDS-PAGE followed by far
Western blotting as reported above.

Vi binding to L. lactis by ELISA—T o investigate the binding
of Vn to L. lactis, microtiter wells were coated overnight at
37 °C with 100 pl/well of bacterial cell suspensions (ODgqq of 1)
in PBS. After treating with BSA, the plates were incubated with
10 pg/well Vn. Proteins bound to the bacterial cells were
detected as described above,

Binding of Vi to IsdB by ELISA

The ability of immobilized recombinant IsdB proteins to
bind to soluble Vn was determined using ELISA. Microtiter
wells were coated overnight at 4°C with 0.2 pg/well of the
appropriate IsdB protein in 0.1 M sodium carbonate, pH 9.5.
The plates were washed with 0.5% (v/v) Tween 20 in PBS
(PBST) and then treated for 1 h at 22 °C with BSA (2%, v/v) in
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PBS. The plates were incubated for 1 h with increasing concen-
trations of soluble Vn in PBS. Bound Vn was detected by sheep
anti-Vn IgG followed by rabbit HRP-conjugated anti-sheep
IgG.

To determine the effect of ionic strength on the Vn-IsdB
interaction, microtiter wells coated with 200 ng of IsdB
NEAT,-NEAT; were incubated with 500 ng/well of Vn in PBS
containing increasing concentrations of NaCl. Complex forma-
tion was detected by incubation of the wells with antibodies as
described above.

The effect of heparin, chondroitin sulfate, and heparan sul-
fate on the IsdB NEAT,-NEAT,—Vn interaction was examined
by incubating IsdB NEAT;-NEAT, immobilized onto micro-
titer plates (0.2 pg/well) with 0.5 pg/well of purified Vn in the
presence of increasing concentrations of heparin, chondroitin
sulfate, or heparan sulfate. Vn bound to IsdB NEAT,-NEAT,
was detected with antibodies as reported above.

SPR

To estimate the affinity of the interaction between Vn and
IsdB NEAT,-NEAT, or its domain NEAT, or NEAT, surface
plasmon resonance (SPR) analyses were carried out using a
multicycle injection strategy on a multiple flow cell Biacore
X100 instrument (GE-Healthcare). IsdB NEAT;-NEAT,,
NEAT,, or NEAT, was covalently immobilized on a dextran
matrix CM5 sensor chip surface in three different flow cells by
using a protein solution (50 pg/ml in 50 mm sodium acetate
buffer, pH 4.5) in a 1:1 dilution with N-hydroxysuccinimide
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride. The excess of the active groups on the dextran matrix
was blocked using 1 M ethanolamine, pH 8.5. On the fourth
flow cell, the dextran matrix was treated as described above but
without any ligand to provide an uncoated reference flow cell.
The running buffer used was PBS containing 0.005%, v/v,
Tween 20. A 2-fold linear dilution series of Vn, in running
buffer, was passed over the ligand at a flow rate of 30 pl/min,
and all the sensorgrams were recorded at 22°C. Assay channel
data were subtracted from reference flow cell data. The
response units at the steady state were plotted as a function of
Vn concentration and fitted to the Langmuir equation to yield
the K}, values.

Capture of Vn by S. aureus cells

Stationary S. aureus strain SH1000 or the isdB mutant (10°
cells/ml) were mixed with 1 ml of fresh human plasma for 30
min, Bacteria were then harvested by centrifugation, washed
with PBS, and treated with the extraction buffer (125 mm Tris-
HCI, pH 7.0, containing 2% SDS) for 3 min at 95°C and then
centrifuged at 10,000 X g for 3 min. The supernatants were
subjected to SDS-PAGE under reducing conditions, and the
proteins were transferred to a nitrocellulose membrane. The
membrane was sequentially probed for bound Vn with antibod-
ies as described above. The band intensities were quantified
with Quantity One software (Bio-Rad).

To analyze the capture of purified Vn by S. aureus SH1000
and its spa mutant, bacteria (1 X 10%ells/ml) were grown ei-
ther in BHI or RPMI medium in the absence/presence of 1 mm
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FeCl; and then incubated with purified Vn for 60 min. Bacte-
rium-bound proteins were released from the bacterial surface
by extraction buffer and subjected to SDS-PAGE and far West-
ern blotting as reported above.

Cell culture infection with staphylococci and blocking
experiments

HeLa cells were cultured in 24-well plates until reaching con-
fluence in DMEM supplemented with 10% FBS. HUVECs were
cultured as previously reported (89).

24 h before adherence or invasion assays, the medium was
removed from each culture and replaced with serum-free me-
dium. Overnight cultures of S. aureus SH1000 WT or the isdB
mutant grown either in BHI or RPMI medium were suspended
in DMEM without antibiotics and FBS to 1 X 107cells/ml and
added to the monolayers for 2 h at 37 °C in 5% CO,. The effect
of Vn on bacterial adhesion/invasion to monolayers was tested
by pretreating the cells with 25 wg/ml of the protein 1 h prior to
addition of the bacteria. To evaluate the role of a,B; integrin
antibody and cilengitide on adhesion, monolayers were pre-
treated with Vn and then incubated with S. aureus SH1000 W'T
in the presence of 1 pg/ml of e, 33 integrin LM609 mAb or 0.05
pM cilengitide. To determine bacterial adhesion, the infected
cells were washed three times with Dulbecco’s PBS, lysed, and
plated on BHI agar for CFU counts. To enumerate internalized
bacteria, the monolayers were further incubated for 2 h before
cell lysis in medium supplemented with 100 pg/ml gentamicin
to kill extracellular bacteria. Bacterial adherence and invasion
are represented as recovered CFU/ml.

Statistical methods

Two group comparisons were performed by Student's ¢ test.
One-way analysis of variance, followed by Bonferroni's post
hoc tests, was exploited for comparison of three or more
groups. Analyses were performed using Prism 4.0 (GraphPad).
Two-tailed P values of 0.05 were considered statistically
significant.

Data availability

The MS proteomics data are available via ProteomeXchange
with identifier PXD019371 (90). All other data supporting
the findings of this study are available within the article and its
supporting data.
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