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Resumo 

Photobacterium damselae subsp. piscicida (Phdp) é uma bactéria Gram-negativa que 

infecta várias espécies de peixes marinhos. A toxina apoptogénica AIP56 e a toxina 

binária PBT têm sido implicadas na virulência de Phdp. Adicionalmente, foi sugerido que 

a hidrolase de peptidoglicano PnpA pode conferir a esta bactéria uma vantagem 

competitiva contra bactérias com que partilha o habitat. Contudo, nada se sabe da 

regulação da expressão destes fatores. Os sistemas de dois componentes (TCSs), que 

compreendem um sensor histidina quinase que transmite um sinal para um regulador 

de resposta, regulam a expressão de fatores de virulência e controlam a resistência a 

antibióticos em várias bactérias. Em particular, o RstAB TCS, recentemente descoberto 

em Phdp, demonstrou ser um regulador da virulência em Photobacterium damselae 

subsp. damselae, embora nada se saiba sobre o seu papel na regulação da virulência 

nesta espécie. Neste trabalho, foi investigado o papel do RstAB como regulador da 

virulência da Phdp. Usando um mutante de deleção rstB (ΔrstB), produzido 

anteriormente a partir da estirpe MT1415 de Phdp, e a estirpe complementada 

correspondente (ΔrstB+prstB), a virulência das estirpes WT, ΔrstB e ΔrstB+prstB para 

robalo foi comparada. Foi, assim, possível demonstrar que a virulência da estirpe ΔrstB 

está fortemente atenuada, quando comparada com a das estirpes WT e ΔrstB+prstB. A 

análise por RT-qPCR e SDS-PAGE de sobrenadantes de cultura mostrou que a deleção 

de rstB levou a uma drástica diminuição na expressão de AIP56, PBT e PnpA, quer a 

nível do mRNA, quer a nível proteico. Esta análise também revelou que o RstB regula a 

expressão de OMP19, uma proteína da membrana externa muito abundante 

recentemente identificada. Também avaliamos se o RstB regula a expressão das 

adesinas triméricas autotransportadas PadA e PadB, recentemente identificadas num 

isolado de campo Phdp, e revelamos que RstB regula a expressão de PadA, mas não 

de PadB. De seguida, foi investigada a capacidade do RstA de se ligar às regiões 

promotoras dos genes aip56, pnpA, pbt, omp19, padA e padB. Electrophoretic Mobility 

Shift Assays (EMSAs) mostraram que o RstA recombinante interage diretamente com 

essas regiões promotoras. Além disso, os principais resíduos envolvidos nesta interação 

foram identificados, através de mutagénese dirigida e EMSA. Em conjunto, os dados 

obtidos sugerem que a via canónica do RstAB TCS regula positivamente a expressão 

dos genes aip56, pnpA, pbt, omp19 e padA, e apontam para o envolvimento de 

mecanismos cross-talk na regulação da expressão de padB por RstA. 

Palavras-chave: Sistema de dois componentes, RstAB, Photobacterium damselae 

subsp. piscicida, AIP56, Fatores de Virulência, Virulência  
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Abstract 

Photobacterium damselae subsp. piscicida (Phdp) is a Gram-negative bacterium that 

infects several marine fish species. The apoptogenic toxin AIP56 and the binary toxin 

PBT have been implicated in Phdp virulence. Additionally, it has been suggested that 

the peptidoglycan hydrolase PnpA may confer to Phdp an advantage against putative 

competitor bacteria, however nothing is known about the expression regulation of these 

factors. Two component systems (TCSs), which are comprised of a sensor histidine 

kinase that transmits a signal to a response regulator, regulate the expression of 

virulence factors and control antibiotic resistance in various bacteria. In particular, the 

RstAB TCS has been shown to be a master regulator of virulence in Photobacterium 

damselae subsp. damselae and has recently been discovered in Phdp, although nothing 

is known about its role in this subspecies. In this work, the role of RstAB as a regulator 

of Phdp virulence was investigated. Using an rstB deletion mutant (rstB) previously 

produced using MT1415 as background and the correspondent complemented strain 

(rstB+prstB), the virulence of the WT, rstB and rstB+prstB for sea bass was 

compared, showing that rstB is strongly impaired in virulence, when compared to the 

WT and rstB+prstB strains. RT-qPCR and SDS-PAGE analysis of culture supernatants 

showed that deletion of rstB led to a strong decrease in the expression of AIP56, PBT 

and PnpA at mRNA and protein levels. These analysis also revealed that RstB regulates 

the expression of OMP19, a newly identified and very abundant outer membrane protein. 

We also evaluated if RstB regulates the expression of the recently identified PadA and 

PadB trimeric autotransporter adhesins, which were identified in a field isolate of Phdp, 

and revealed that RstB regulates the expression of PadA but not PadB. Next, the ability 

of RstA to bind to the promoter regions of aip56, pnpA, pbt, omp19, padA and padB was 

investigated. Electrophoretic Mobility Shift Assays (EMSAs) showed that recombinant 

RstA directly interacts with these promoter regions. Furthermore, key residues important 

for this interaction were identified by combining site-directed mutagenesis with EMSA. 

Altogether, these data suggest that the canonical RstAB pathway positively regulates 

aip56, pnpA, pbt, omp19 and padA expression, and point to the involvement of a cross-

talk mechanism in the regulation of padB expression by RstA. 

Keywords: Two-component systems, RstAB, Photobacterium damselae subsp. 

piscicida, AIP56, Virulence Factors, Virulence 
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1. Introduction 
 

1.1 Photobacterium damselae subsp. piscicida 

 

Aquaculture has been playing an ever-increasing role in food production and has 

currently a central role as a supplier of healthy fish products to the exponentially growing 

world population [1]. Bacterial infections are one of the main concerns that threaten 

aquaculture production, due to their negative impact on productivity, which often leads 

to significant economic losses [2]. Photobacterium damselae subsp. piscicida (Phdp) is 

a Gram-negative bacterium of the Vibrionaceae family that infects several species of 

warm water marine fish and is responsible for multiple infections reported not only in 

aquaculture environments but also in the wild [3]. Phdp was first detected in Chesapeake 

Bay [4], after reports of a massive fish kill. It was dubbed Pasteurella piscicida but was 

later reclassified and named Photobacterium damselae subsp. piscicida [5]. Cases of 

infection by this pathogen have been reported across many species and geographical 

locations [6]. Mortality rates are affected by age, as it has been reported that infection of 

larvae or juvenile fishes can lead to 90-100% mortality, whereas adult fish (over 50 g of 

weight) show a higher degree of resistance [7]. The widespread distribution of Phdp, 

combined with its capability to resist antibiotics and the lack of efficient vaccination 

strategies capable of preventing the infection, have led to the recognition of this pathogen 

as a great threat to mariculture [8].  

The first external signs of fish infection by Phdp are skin discoloration and scattered 

petechiae in the abdominal area. With the progression of the infection, the fish start 

presenting lethargy and a loss of equilibrium, typical signs of a moribund fish [9]. Analysis 

of infected tissues revealed the presence of Phdp in organs associated with the immune 

response, like the spleen and the head-kidney, as well as in the bloodstream [9]. Infected 

tissues contain not only high numbers of bacteria, but also many apoptotic cells and 

apoptotic bodies as well as lysing cells and cell debris, indicating that the disease 

associated with Phdp infection culminates in generalized bacteraemia and widespread 

tissue necrosis [9]. 
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1.2 Phdp virulence factors/mechanisms 

 

1.2.1 Extracellular products 

 

Many bacterial fish pathogens secrete a variety of extracellular products (ECPs) [10] that 

often play a role in virulence, either by facilitating bacterial nutrition or by counteracting 

the host immune response [10]. It was known for long that ECPs from Phdp were lethal 

to many fish species [11] but, for many years, the specific ECPs components responsible 

for the observed toxicity remained unidentified. In 2005, do Vale and colleagues 

identified AIP56, a 56 kDa apoptosis inducing protein secreted by Phdp [6] that leads to 

the apoptosis of host macrophages, compromising the immune response [12]. This toxin, 

which is secreted via a type II secretion system (T2SS) [13] is currently the best 

characterized virulence factor of Phdp and might be one of the major players contributing 

for the toxicity of the ECPs. It is an AB type toxin [14] that comprises a catalytic A 

component and a delivery B component that is responsible for the binding to host cells 

and delivery of the catalytic component into the host cell’s cytosol through a mechanism 

triggered by low-endosomal pH [15]. Once at the cytosol, the catalytic component 

cleaves the REL homology domain of the p65 subunit of NF-kB at a specific site. This 

impairs NF-kB-DNA interaction and compromises NF-kB activity, culminating in cell 

apoptosis [14]. Interestingly, not all AIP56 is delivered into the cytosol [15]. In fact, it has 

been shown that a fraction of the endocytosed toxin enters a recycling pathway 

dependent on phosphoinositide 3-kinase (PI3K) activity and is excreted back into the 

extracellular medium [15] (Figure 1). 

 
Figure 1 – Schematic representation of the intracellular routes used by AIP56. AIP56 is an AB type toxin that 
comprises an A component with catalytic activity linked to a delivery B component. Upon reaching early endosomes, the 
decrease in pH triggers the translocation of a pool of AIP56 into the cytosol, leading to the cleavage of NF-κB p65. A pool 
of endocytosed toxin returns to the extracellular compartment by following the recycling pathway. Image created with 
BioRender.com. 
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Recent work developed at the Fish Immunology and Vaccinology (FIV) group of 

IBMC/i3S has also allowed for the identification of the binary toxin PBT (Photobacterium 

Binary Toxin) that is structurally similar to the PirAB toxin from Vibrio parahaemolyticus 

[16]. PBT is a secreted toxin composed by PBTa (~11 kDa) and PBTb (~60 kDa) and, 

similarly to AIP56, is highly toxic to host macrophages (Unpublished data from FIV 

Group). Although this toxin is lethal to fish and is required for full virulence of Phdp, the 

mechanisms by which it kills macrophages have not yet been characterized. 

Another recently identified secreted factor of Phdp is PnpA (Photobacterium NlpC-like 

protein A), a type II secreted 55 kDa peptidoglycan hydrolase with a four-domain 

structure, that shows similarity with Desulfovibrio vulgaris lysin (DvLysin) and has an 

affinity to the γ-D-glutamyl-meso-diaminopimelic acid bond in peptidoglycans [17]. This 

hydrolase is unable to cleave peptidoglycan from most bacteria but degrades the 

peptidoglycan from Vibrio anguillarum and Vibrio vulnificus. Although virulence assays 

conducted using a Phdp pnpA knockout strain showed no changes in virulence after 

pnpA deletion, it has been proposed that PnpA may confer a competitive advantage to 

Phdp, by targeting bacteria that grow in the same environment and may compete with 

Phdp for nutrients [17]. 

 

1.2.2 Iron acquisition systems 

 

Iron (Fe) is an essential co-factor for many cellular processes in almost all organisms 

[18].  However, this micronutrient has low bioavailability and can be toxic in high 

concentrations [18]. As such, the levels of iron present in all cells are strictly regulated 

[18]. Hosts developed strategies to restrict the iron available to the pathogen, by 

depleting the ions present in the infection site [19]. In response, many pathogens 

developed highly efficient iron acquisition systems [20]. The best known strategies are 

the synthesis of high-affinity iron-binding siderophores, which are low molecular weight 

molecules capable of chelating iron, allowing its transport to the bacteria [21] and the 

acquisition of iron from heme groups [22, 23]. Both systems utilize active transport in 

order to transport iron-binding molecules to the interior of the cell. Many Gram-negative 

bacteria utilize the outer membrane TonB-dependent transporters (TBDT) to transport 

the Fe(III)-siderophore or the heme for this purpose [24]. TBDT proteins contain a 

conserved N-terminal domain (TonB box) that mediates interaction with TonB, which 

transduces the energy required for the transport of these molecules [25]. After the heme 

or Fe(III)-bound siderophores are transported to the periplasm, specific periplasmic 

proteins bind to them and deliver them to specific ATP-driven ABC (ATP-binding 

cassette) transporters present in the cytoplasmic membrane [26]. These catalyze the 
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transport to the cytoplasm of the iron binding molecules, where the Fe(III) is released by 

a reduction step, allowing the aposiderophores to be reutilized, i.e., re-exported to the 

extracellular medium [24] (Figure 2). On the contrary, after transport to the inner 

membrane, heme is degraded in order to release iron, as well as to reduce the probability 

of formation of toxic free iron radicals. This is achieved by heme oxygenases, present in 

the cytoplasm [27],  which can be from one of three families, HO-1 heme oxygenases, 

Chuz heme oxygenases, and IsdG/I heme oxygenases [22]. 

 
Figure 2 – Iron uptake systems in Gram-negative bacteria. Heme and siderophore bound Fe (III) is transported via 
TonB-dependent transporters (TBDT) present in the outer membrane (OM) to the periplasm, where specific periplasmic 
binding proteins will direct them to inner membrane (IM) bound ATP-binding cassette transporters (ABC), which mediate 
their transport to the cytoplasm. At the cytoplasm, heme and siderophores release Fe(III) via reduction, and 
aposiderophores can be reutilized, whereas heme gets degraded. Image from [24].  

Phdp has been shown to synthesize a high-affinity iron-binding siderophore called 

piscibactin [28]. This siderophore is similar to yersiniabactin, produced by Yersinia sp., 

and is located in the pathogenicity island irp-HPI, encoded in the pPHDP70 plasmid [21, 

29, 30]. This plasmid and its encoding siderophore, are essential for Phdp survival and 

virulence, as it was demonstrated that deletion of this plasmid or mutation of piscibactin 

biosynthesis genes leads to impaired growth in low iron concentration media and 

impaired virulence in fish [28, 29]. Magariños et al., showed that the presence of hemin 

or hemoglobin, two sources of heme groups, prior to injection of Phdp, increases its 

lethality [31]. Furthermore do Vale et al., demonstrated that Phdp can grow in iron-limited 

media, if hemin is added to the media [31]. More recently, reverse transcription-

polymerase chain reaction (RT-PCR), has allowed to uncover that the hutCD genes, 

which encode the ABC transporter, are present in Phdp, are expressed during infection 

and can be detected in infected fish tissues [32]. This transporter, which is responsible 
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for transporting heme across the inner membrane, has been shown to be essential for 

hemin utilization [32]. 

 

1.2.3 Capsular polysaccharides and host cell adhesion mechanisms 

 

Colonization of host is essential for bacterial pathogenesis [33]. It often involves the 

evasion/counteraction of host immune responses, adherence to target cells and host cell 

invasion [33]. Bacteria have developed many strategies to achieve these steps. Many 

bacterial cells possess capsular polysaccharide layers with variable structures and 

functions that are implicated in virulence [34]. The roles of capsules include resistance 

to antimicrobial action [35], masking antigenic determinants present at the bacterial 

surface [36] or mimicking host antigens, “disguising” the bacteria as a host-cell [37]. 

A study conducted by Bonet et al., showed that Phdp produces capsular 

polysaccharides, and that the virulent strains of Phdp present a capsule [38]. It has been 

demonstrated that the presence of capsular polysaccharides increases the bacterial 

resistance to the bactericidal action of fish serum and is essential for virulence in fish 

[39]. It has been proposed that the increased virulence of the capsulated bacteria may 

be due to an indirect increase in invasion of host cells, since more bacteria survive the 

antimicrobial action of serum, leading to increased cell invasion [40]. 

A crucial step for successful bacterial infection is adhesion to host cells and tissues [41]. 

This can be achieved by bacterial proteins of varying degrees of complexity known as 

adhesins [41], commonly grouped into fimbrial and non-fimbrial [42]. Fimbrial adhesins, 

which include fimbriae or pili, are polymeric structures present in the surface of Gram-

negative and Gram-positive bacteria, that play a role in adhesion, motility, DNA transfer 

and biofilm formation [41, 43]. On the other hand, non-fimbrial adhesins are monomeric 

or trimeric proteins that also participate in adhesion [44]. Autotransporter (AT) adhesins 

are one of the principal classes of non-fimbrial adhesins [45]. They belong to the AT 

superfamily of proteins and play a major role in virulence, often by mediating host cell 

adhesion [43]. 

In Gram-negative bacteria, autotransporter proteins are more commonly secreted by the 

type V secretion system and include four common structural elements: 1) a signal 

peptide located in the N-terminal region that plays a role in transport across the inner 

membrane; 2) the functional component, also known as the passenger domain; 3) a 

linker region of varying size; and 4) a translocation domain [46, 47] (Figure 3A). The 

translocation domain presents a characteristic β-barrel structure that will become 

embedded in the outer membrane and is required for delivery of the passenger domain 

to the cell surface [48]. The first step in this secretion system requires the SEC 
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translocase complex, in order to translocate the autotransporter protein across the inner 

membrane [49]. There are five subtypes of the type V secretion system (Va-Ve), 

according to the structures present in the outer membrane [47].  

Phdp displays glycoprotein-mediated adherence to fish intestines [50] and is capable of 

entering non-phagocytic cells via an actin-dependent mechanism that takes advantage 

of the cell metabolism [51]. Although it is reasonable to speculate that these adhesive 

properties of Phdp may be essential for successful infection, to date, the bacterial factors 

mediating the Phdp adherence have not been identified. Recently, two trimeric 

autotransporter adhesins (TAAs) have been identified in a Phdp field isolate 

(Unpublished data from FIV Group) (Figure 3B). These adhesins were named PadA and 

PadB (for Photobacterium adhesin A and B, respectively). PadA and PadB are absent in 

most laboratory strains of Phdp and, although it is likely that they play a role in virulence, 

nothing is currently known about their modes of action or the mechanisms that regulate 

their expression during infection. In silico analysis revealed that PadA and PadB belong 

to the Vc subtype of autotransporters, which is characterized by a trimeric passenger 

domain, presenting a stalk, neck and β-helical head region connected to a β-barrel 

anchored to the outer membrane [52, 53] (Figure 3B). 

 

 
Figure 3 – Photobacterium damselae subsp. piscicida secretes two trimeric autotransporter adhesins. (A) 
Schematic representation of the trimeric autotransporter adhesins or Vc secretion system. The trimeric autotransporter 
adhesins contain the four common domains of a T5SS. These are a signal peptide located in the N-terminal region 
(orange), the functional component also known as the passenger domain (varying green), a linker region of varying size 
(purple), and finally a translocation domain anchored in the outer membrane (blue). Image adapted from [43] and created 
with BioRender.com. (B) Model of the three-dimensional structure of PadA and PadB from Photobacterium damselae 
subsp. piscicida. Same color code as in (A). PadA and PadB model was generated using modeller program [54] based in 
YadA structure. 
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1.2.4 Type III secretion system 

 

Type III secretion systems (T3SS) or injectisomes are virulence-associated secretion 

systems, present in many Gram-negative bacteria, such as enteropathogenic E. coli 

(EPEC), Salmonella and Pseudomonas aeruginosa [55], that allow the injection of 

effector proteins directly into target eukaryotic cells [56]. They are membrane-embedded 

protein complexes, with a molecular weight of approximately 6 MDa, comprised by 

approximately 20 different proteins (Box 1), with varying copy numbers [57]. T3SS have 

the ability to sense host-cell contact, triggering the injection of effector proteins through 

translocation pores assembled in target cell membrane [58].  

 

Box 1 

Injectisomes are comprised of approximately 20 different proteins, with varying names according to the 

bacteria [59]. These proteins can be divided according to their function in the injectisome into base 

components, cytoplasmic components, export apparatus and filament formation, needle tip components and 

translocon [56]. The base anchors the T3SS to the bacterial inner membrane and is composed by three 

proteins, SctC, SctD and SctJ [56]. The cytoplasmic components are SctK, SctQ, SctL, SctN and SctO and 

can exist both in T3SS-bound form or in a free cytoplasmic complex [60]. SctN acts as an ATPase [61] and 

SctO connects SctN with the major export apparatus protein SctV [62]. Besides SctV, the export apparatus 

is comprised of four other proteins, SctR, SctS, SctT and SctU [63]. The helical needle used to inject effector 

proteins in target cells is comprised of more than 100 copies of SctF [64]. The needle tip is comprised of a 

pentameric hydrophilic translocation protein named SctA [64] and is associated with a translocon complex 

formed by the hydrophobic translocation proteins, SctB and SctE responsible by host-cell penetration [58]. 

SctW is a “gate-keeper” protein, responsible for late substrate secretion, after host-cell sensing by the needle 

tip [65, 66]. 

 

Figure 4 – Structure of a T3SS. (A) In situ structure of host-free injectisome of Salmonella typhimurium obtained by cryo-
eletron tomography. Adapted from [58]. (B) Schematic representation of a T3SS. Different components are numbered 
and each color represents a structural subunit. Nomenclature presented is the unified nomenclature proposed in [59]. 
Image adapted from [56]. Abbreviations: OM - outer membrane, IM – inner membrane, PG – peptidoglycan. 
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In Phdp, this secretion system was first identified in 2019, in two strains, PP3 and SNW-

8.1 [67]. However, a study conducted in 2020 showed that the T3SS is highly prevalent 

in many Phdp strains collected from varying hosts and geographical locations, going as 

far back as 1980 [68]. Recently, it has been reported that the Phdp T3SS is encoded in 

a highly-unstable, virulence-associated plasmid entitled pPHDPT3 [69], which also 

encodes PadA and PadB. The pPHDPT3 instability in vitro likely explains why PadA, 

PadB and Phdp T3SS remained unidentified for so long. The discovery of pPHDPT3 and 

its in vitro instability led the authors to propose that Phdp virulence may have been 

underestimated, due to the loss of pPHDPT3 in laboratory Phdp strains [69]. 

 

1.3 Two-component regulatory systems 

 

Two-component regulatory systems (TCSs) are signal transduction pathways used in 

bacteria and archaea, as well as in some eukaryotic organisms like plants. They respond 

to changes in environmental conditions and play major roles in survival, virulence and 

cell growth [70]. In response to environmental stimuli, TCSs lead to altered gene 

expression, either repression or activation, and in some instances, to changes in 

biochemical activities of certain proteins [71]. TCS can be categorized according to their 

complexity (Box 2). Basic TCS consist of a sensor histidine kinase (SK), which usually 

presents as an homodimer, which detects environmental alterations (such as changes 

in pH or salt concentration or antimicrobial peptides) and a response regulator (RR) that 

modulates gene expression [72]. Signal transduction by TCSs occurs via a cascade of 

phosphorylation/dephosphorylation reactions [73]. The signal is transferred from one 

component to the other via a phosphorelay, that begins in the sensor kinase, in which a 

conserved histidine residue is autophosphorylated upon detection of a specific stimulus, 

leading to a conformational change of the ATP-binding domain, that allows the transfer 

of a phosphoryl group from ATP [74, 75]. The phosphoryl group in the sensor kinase is 

then transferred to a conserved aspartate residue on the response regulator [74], leading 

to its dimerization. It has been proposed that binding of the activated response regulator 

to DNA occurs in a sequential manner: a monomer binds to DNA and leads to a 

conformational change on the second monomer, facilitating its binding to DNA and 

increasing the binding affinity [73]. The sensor kinase also has phosphatase activity, 

which allows it to remove the phosphate from the response regulator to quickly reset the 

system [75] (Figure 5).  
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The fact that there are multiple phosphorylated intermediates is an advantage, as it 

allows for many checkpoints to abort the phosphorelay when necessary [75]. 

These phosphorylation/dephosphorylation reactions are tightly regulated, as they must 

be fast enough to guarantee that the response is synchronized, even when the stimulus 

is fluctuating, but also slow enough to remain after the system has begun its activation 

[74]. 

Although TCSs present a high degree of specificity, they often cross-talk with each other 

in different steps of signal transduction. Firstly, cross-talk can occur during signal 

recognition by the sensor kinase, as seen in metal sensing sensor kinases that can 

recognize non-cognate metals [76]. Secondly, it can result from phosphorylation of the 

response regulator by a non-cognate sensor kinase [77], and lastly, it can involve target 

gene transcription regulation by a non-cognate response regulator [78]. These cross-

talks exponentially increase the complexity of the regulation cascades involving these 

systems, allowing for certain genes to be regulated by a histidine kinase sensor and not 

by its response regulator pair, and vice-versa [79]. 

 

 

Figure 5 – Representation of the stimulus response of a basic two-component regulatory system. The 
environmental stimulus binds to sensor histidine kinase (SK) in the sensor domain (light blue), leading to conformational 
change of the ATP binding domain (orange) which catalyzes the transfer of a phosphoryl group from ATP to the quorum 
sensing-like domain of the response regulator (RR) (purple). The transfer of the signal via phosphorelay allows for the 
formation of an RR dimer that will then bind to the target promoter DNA, regulating gene expression. After gene 
expression, the phosphoryl group is transferred back to the SK, resetting the system. Image adapted from [75]. 
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Box 2 

TCSs can be characterized according to their complexity. The most basic (Figure 6A) present a sensor 

kinase with one or more variable input domains, whose function is to detect stimuli, along with a conserved 

dimerization domain, where the highly conserved histidine that gets phosphorylated is present, and a 

conserved ATP binding domain with catalytic activity (Figure 6A). The response regulator presents a highly 

conserved receiver domain, which has the capability to both phosphorylate and dephosphorylate the 

response regulator, and a output domain [74]. More complex TCSs have conserved histidine 

phosphotransfer domains that act as intermediates in the phosphorelay, allowing for bidirectional 

phosphotransfer, that meaning phosphorylated His to Asp, as in the case of normal TCSs, but also from 

phosphorylated Asp to His (Fig 6B) [74]. TCSs have also been associated to the regulation of chemotaxis. 

In these cases, the sensor kinase domain presents changes in its structure, consisting in the replacement 

of the domain containing both the dimerization and His phosphorylation site by two independent domains, a 

His phosphotransfer domain and a domain dedicated to dimerization (Fig 6C). Since they participate in 

chemotaxis they do not present an input domain, relying instead on the CheW scaffold domain to receive 

the activation signal [80]. 

 
Figure 6 – Structure and phosphorelay mechanisms of TCSs. Schematic representation of a basic TCS (A), a 
multistep phosphorelay TCS (B) and a chemotaxis TCS (C). Reactions: (1) ATP-dependent sensor kinase 
autophosphorylation; (2) Phosphotransfer from histidine kinase to response regulator Asp; (3) Water mediated receiver 
domain autodephosphorylation; (4) Reverse phosphotransfer from receiver domain Asp to His from a histidine 
phosphotransfer domain (Hpt); (5) Alternative receiver domain phosphorylation, via small molecule phosphodonor, such 
as  acetyl phosphate (POAc). Domains: Input (sensor domain); DHp (dimerization and histidine phosphorylation domain); 
CA (ATP binding catalytic domain); dim (dimerization domain); Chew (chemotaxis scaffold domain). Image adapted from 
[74]. 

 

Another layer of regulation involved in the control of TCSs are post-translational 

modifications (PTM), which include not only phosphorylation, but also acetylation and 

methylation [81-84]. It is known that Nε-lysine acetylation alters protein conformation 

and/or charge. This results in changes in DNA-binding affinity, enzymatic activity, protein 

stability and protein-protein interactions [85]. Although this process is well known in 
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eukaryotes [86], not much was known about the regulatory process of acetylation in 

bacteria. Recent studies with PhoP, the response regulator of the PhoQP system of 

Salmonella typhimurium, have shed some light on this matter by demonstrating that the 

acetylation of residue K201, a key residue in DNA-binding [87], leads to a decrease in 

binding affinity, by disrupting the direct interactions between PhoP and its binding box 

[88]. This repression is important in early invasion stages, since PhoP inhibits the 

expression of the Salmonella pathogenicity island-1 (SPI-1) master regulator, HilA, that 

regulates transcription of bacterial invasion related genes [88, 89]. Upon the activation 

of the PhoPQ by environmental stimuli like Mg2+ and phagocytosis by macrophages, the 

levels of acetylation decrease, allowing for the activation of PhoP, which in turn 

upregulates the expression of Salmonella pathogenicity island-2 (SPI-2). This regulates 

the expression of the intra-macrophage exclusive T3SS Spi/Ssa and its secretome and 

is essential for survival in phagosomes [88, 90]. Another PTM that has been reported to 

regulate TCSs in bacteria is protein methylation. This modification is widespread in 

bacteria and has been shown to be necessary for virulence [82, 91, 92]. Methylation of 

arginine residues has been described to impair protein-protein interactions, by impairing 

the formation of salt bridges and hydrogen bonds that stabilize the dimer, thus inhibiting 

RR dimerization [84]. Glutamate and aspartate methylation impairs the formation of salt 

bridges and neutralizes the negative charge of the amino acid, thus preventing the 

binding of a phosphate group [82, 93]. This impairs phosphorylation of the sensor domain 

of RR, which is required for the activation cascade [82]. 

 

1.4 TCSs as potential drug targets 

 

Since TCSs are present in all bacteria, with some playing major roles in cell growth and 

fitness [94, 95], while others regulate virulence factors or drug resistance [96-98], they 

present themselves as unique drug targets. Targeting these factors may allow impairing 

bacteria growth or diminishing their virulence and/or antibiotic resistance, culminating in 

cell death or reduced fitness [99]. Four main strategies for targeting TCSs have been 

developed, which include inhibition of sensor kinase activity, inhibition of response 

regulator activity, sequestration of signal and inhibition of signal generation [99].  

Sensor kinases are a potential specific target for antibacterial therapy because bacteria 

utilize histidine sensor kinases, while mammals use serine/threonine kinases.  

The first candidates for SK inhibitors, such as cyclohexenes, salicylanilides, trityls and 

benzoxazines, presented levels of inhibition ranging from 60% to complete inhibition of 

autokinase activity, although most of them presented low specificity and caused protein 
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aggregation, which is a non-specific mechanism of inhibition [100, 101]. These studies 

served as a basis for the development of other classes of inhibitors such as 

thienopyridine (TEP), that impaired sensor kinases from many bacteria, such as HpkA 

from Thermotoga maritima, VicK from Streptococcus pneumoniae, and EnvZ from E. 

coli, while not inhibiting mammalian kinases, and also not being toxic to rat myoblasts 

[102]. 

Response regulator activity requires two essential steps that can be targets for drug 

action: phosphorylation of a conserved aspartate residue and binding of the response 

regulator to DNA. Targeting the response regulator seems to present some advantage 

over sensor kinase inhibition, since the same response regulator can be phosphorylated 

by more than one sensor kinases via cross-talk [78, 103, 104] or by phosphate donor 

molecules like acetyl phosphate [74]. Lactoferricin B, a cationic antimicrobial peptide, 

has been shown to impair the phosphorylation of BasR and CreB from E. coli by impairing 

the binding of these RRs with their respective sensor kinases, thus impairing their 

phosphorylation [105]. Two alkyl imidazole derivatives have been described to impair 

binding between AlgR1 from P. aeruginosa and DNA, without interfering with the 

phosphorylation of AlgR1 or its cognate sensor kinase, AlgR2 [106]. 

The concept of signal sequestering, is based on impeding the activation of the sensor 

kinase, without altering the sensor domain [99]. AST-120, a drug that adsorbs indole, 

has been shown to affect indole-dependent signaling in E.coli, resulting in attenuated 

drug resistance and virulence [107]. It has been proposed that this effect is derived from 

the sequestering of indole, which activates CpxA and BaeS sensor kinases that induce 

the expression of antibiotic resistance-related genes, as well as the production of 

proteins from the type III secretion system [107-109]. 

DADMe-ImmucillinA compounds are transition state analogues of 5’-

methylthioadenosine nucleosidase, which repress autoinducer-2 (AI-2) synthesis in 

Vibrio cholerae [110]. AI-2 plays a role in quorum-sensing and with its accessory 

receptor, dephosphorylate the LuxQ sensor kinase, resulting in the de-repression of 

ToxT [99, 110, 111]. ToxT will in turn upregulate the expression of virulence proteins 

such as cholera toxins [99]. By reducing the synthesis of AI-2, the DADMe-ImmucillinA 

compounds inhibit the generation of signal required for virulence in V. cholerae [99]. 

Although compounds that inhibit TCS activity seem promising, it is of note that these 

studies are still in their infancy. For example, the majority of the compounds identified 

have only been tested in vitro or ex vivo. Another problem is that these compounds 

present hydrophobic structures and low solubility. As such, in the future it will be 

necessary to conduct validation of the candidates in animal models of infection, as well 

as increase their hydrophilicity, to allow their use as antibacterial agents [99]. 
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1.5 RstAB 

 

The RstAB TCSs is a basic TCS from the OmpR/PhoB subfamily that was first described 

in E. coli [75], but has since then been identified in various bacteria, such as 

Pseudomonas fluorescens [112], Clostridioides difficile [113], Salmonella [104] and 

Photobacterium damselae subsp. damselae (Phdd) [94]. Its regulatory roles are 

bacteria-dependent and are often associated with stress-induced mechanisms. For 

example, RstAB from avian pathogenic E. coli (APEC) plays a key role in hdeD-mediated 

virulence leading to survival in chicken macrophages [114], whilst in P. fluorescens it has 

been associated with the expression of efflux pumps involved in multidrug resistance 

and with resistance to nitrosative stress [112]. In the case of C. difficile, the RstAB TCS 

was shown to regulate toxin production and sporulation, in a strain-dependent manner 

[115]. RstAB has also been shown to regulate virulence and modulate cell fitness in 

Phdd, as will be described in detail below. 

The RstAB TCS is composed of a membrane embedded sensor kinase, RstB, and a 

response regulator RstA. RstB comprises a dimerization/His phosphotransfer domain, 

and a catalytic ATP binding domain, whilst RstA encompasses an aspartate 

phosphorylation site/dimerization site domain and a DNA binding domain, separated by 

a linker of variable size [116, 117]. 

In E. coli, under low Mg2+ and acidic pH (4.5), RstAB has been shown to be activated by 

the PhoQP TCS, although this has not been confirmed for RstAB from other bacteria 

[118]. It has also been demonstrated that once activated, the RstAB TCS can self-

regulate its transcription, as demonstrated in C. difficile, in which it was shown that RstA 

binds to the rstAB promoter region and regulates its activity [113]. 

It has been proposed that the response regulator, RstA binds to a consensus sequence 

dubbed RstA box, comprised of TACATNTNGTTACA, with N being a variable base, and 

presenting two TACA recognition sites [118]. However, it has been reported that the 

classic RstA binding motif is absent in the promoter region of some genes regulated by 

RstA in E.coli and Salmonella [112, 119].  

Like many other response regulators from the OmpR/PhoB subfamily, RstA forms a 

homodimer and this dimerization increases DNA binding affinity [120]. Salt-bridges are 

the key interactions in the formation of RstA-DNA complex, with a minor role associated 

to hydrogen bonds and van der Waals interactions [121, 122]. This was confirmed via 

crystal structure analysis of PhoP from Mycobacterium tuberculosis, a known RstA 

homologue [123] (Figure 7). With these analysis, it was determined that salt bridges 
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formed between residues R222, R223, K195 and R204 and the DNA coding strand are 

responsible for the primary interactions of PhoP with DNA, and that the binding affinity 

is mainly defined by the salt bridges formed between the side chains of R237 and both 

DNA strands [123] (Figure 7).  

 
Figure 7 – Crystal structure of PhoP bound to DNA (pdb: 5ED4) with key residues involved in DNA interaction 
highlighted. Left: Three-dimensional structure of PhoP-DNA complex. The two PhoP monomers represented in cartoon 
(green and blue) bound to a DNA double strand (orange, 26-mers). Right: Close-up of the interaction of PhoP with DNA. 
Residues involved in the DNA binding are represented in magenta sticks (K195, R204, R222, R223 and R237). 

These residues are highly conserved across members of the OmpR/PhoB subfamily, 

thus resulting in similar binding conformations in homologue proteins [123, 124]. Binding 

of DNA by RstA also relies on salt bridges. Indeed, isothermal titration calorimetry (ITC) 

showed that in RstA from Klebsiella pneumoniae, the mutation of residues R207 and 

R199, impedes binding of RstA to DNA suggesting that these residues are involved in 

RstA-DNA binding [116]. 

 

1.6 RstAB in Photobacterium 

 

The RstAB in Photobacterium was first described in Phdd, when it was revealed that 

RstB positively regulates the expression of three hemolysins that play a major virulence 

role [96]. These are the plasmid-encoded damselysin (Dly), phobalysin P (PhlyP), and 

the chromosome-encoded phobalysin C (PhlyC). That work not only demonstrated that 

RstB was a major regulator of virulence in Phdd, but also showed its capability to regulate 

both plasmid- and chromosomal-encoded virulence genes [96]. Later, it was confirmed 

that RstA also regulated these same toxins, with both rstA and rstB mutants displaying 

impaired hemolytic activity [94]. Additionally, these rstA and rstB mutants have impaired 

motility, present deficiencies in cell growth and development, have reduced resistance 

to beta-lactams and are impaired in the production of proteins that require the T2SS for 

secretion, thus solidifying the role of RstAB as a major regulator of fitness and virulence 

in Phdd [94]. The latest study utilized RNA-sequencing to determine the genes regulated 
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by the RstAB system, revealing that besides the regulation of the previously mentioned 

toxins, it is also responsible for regulating the expression of outer membrane proteins, of 

genes associated with antimicrobial resistance and of new potential virulence factors [79] 

(Figure 8). One of the gene clusters that was found to be regulated by RstAB is involved 

in the production of a polysaccharide capsule that is important for resistance to the 

bactericidal action of fish serum and mucus and is required for virulence [79]. The work 

of Matanza and colleagues, demonstrated that although many genes identified by RNA-

sequencing are regulated by both components of the RstAB system, some are regulated 

by just one component, thus providing evidence of regulatory cross-talks in Phdd [79]. 

 

 
Figure 8 – RstAB regulates virulence and cell fitness in Phdd. Predicted mechanism of gene expression regulation 
by RstAB. Regulation mechanism occurs via a phosphorelay encompassing five steps: 1- Recognition of an environmental 
stimulus by RstB; 2- Autophosphorylation of a Histidine (His) in RstB; 3- Transfer of phosphate group to an Aspartate 
(Asp) residue in RstA; 4- Dimerization of RstA; 5- Regulation of gene expression by RstA. RstAB regulates expression of 
chromosome-encoded gene, such as hemolysins Dly and PhlyP and the TolC-AcrAB efflux pump and plasmid-encoded 
genes, such as hemolysins PhlyC, capsular polysaccharides synthesis and export related proteins. Image adapted from 
[80] and created with BioRender.com. 

 

In E. coli, Salmonella enterica and in Salmonella typhimurium, RstAB gene expression 

has been described to be regulated by the PhoPQ TCS, in response to decreased 

concentrations of extracellular Mg2+ [104, 118, 125]. However, as for RstAB in Phdd, no 

activating stimuli have been identified so far, and no evidence for the regulation of RstAB 

by the PhoPQ TCS has been obtained. 

To date, there are no reports of RstAB in Phdp, but unpublished data from FIV group 

revealed the existence of an operon containing the rstA and rstB genes in this bacterium 

(Figure 9). 
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Figure 9 – Representation of the genomic context of the genes encoding RstAB in Phdp. RstA and RstB are 
encoded in an operon and share the same putative promoter region. Genes present in the contig 000181, (NCBI: 
SUMH01000181.1; RstA - WP_044180241.1; RstB - WP_044180240.1).   

 
Phdp evolved from a subclade of Phdd and, as such, shares many similarities. However, 

during this evolution process, Phdp gained changes in the genome, due to loss and 

acquisition of genes [126]. Due to these changes, Phdp has developed host-specific 

virulence factors, as well as an infection mechanism that differs from the one of Phdd 

[126]. Despite these differences in virulence factors and pathogenicity mechanisms, it is 

likely that RstAB will also play a role in regulating Phdp virulence. This hypothesis stems 

from previous observations in Phdd, in which the deletion of RstAB TCS caused 

alterations not only the expression of virulence factors, but also in several aspects of cell 

fitness [94]. 
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Aims:  

Although the role of RstAB as a virulence regulator in Phdd has been described with 

some detail, the role of this TCS in the regulation Phdp virulence has not been 

investigated.   

Unpublished data from the Fish Immunology and Vaccinology (FIV) group of i3S has 

uncovered the operon encoding this TCS in Phdp, and preliminary data obtained using 

a rstB deletion mutant revealed that this deletion resulted in decreased levels of AIP56 

in ECPs, suggesting that RstAB regulates the expression of this important Phdp 

virulence factor. These observations set the basis for this work, aiming at clarifying the 

role of RstAB as a regulator of virulence in Phdp. 

With this in mind, we aimed at: 

1) Assessing the role of RstA and RstB in the regulation of expression of Phdp secreted 

proteins 

2) Analyzing the interaction of RstA with the promoter regions RstB-regulated genes 

3) Identifying the amino-acids residues of RstA involved in RstA-DNA interaction  
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2. Methods 
 
 

2.1 Preparation of inocula for virulence assays 

 

Bacterial stocks of Phdp MT1415 (WT), MT1415 ΔrstB (ΔrstB) and MT1415 ΔrstB 

complemented with plasmid-encoded rstB (ΔrstB+prstB) were  thawed and plated in 

Tryptic Soy Agar (TSA, Difco) with 1% NaCl (TSA-1) plates. In the case of the 

ΔrstB+prstB strain, the TSA-1 medium was supplemented with chloramphenicol (Cam) 

at final concentration of 5 µg/mL. Plates were incubated at 25°C for 72 h. A swab was 

used to extract a sample of culture to a tube with Tryptic Soy Broth (TSB, Difco) with 1% 

NaCl (TSB-1). Bacterial suspensions were adjusted to an optical density at 600 nm 

(OD600) of 0.5 and used to inoculate 100 mL TSB-1 at 1:100 dilution. Cultures were grown 

at 25°C until reaching OD600 of 0.9. Five mL of culture were collected and centrifuged at 

3,220 g for 20 min at 4°C. The supernatant was discarded and the bacterial pellets were 

resuspended in TSB-1 to an OD600 of 0.7-0.8. These suspensions were diluted in TSB-

1, to achieve the desired infection doses.  

 

2.2 Fish maintenance and infection 

 

Sea bass (Dicentrarchus labrax) were used for virulence assays. Fish were purchased 

from a commercial hatchery and maintained in 600 L seawater aquaria. Water 

temperature was maintained at 19 ± 2°C, salinity at 23–28‰, and the photoperiod was 

14 h light: 10 h dark. Water quality was maintained with mechanical and biological 

filtration and ozone-disinfection and the fish were fed on commercial pellets (Skretting), 

adjusting the food intake to fish species/size and water temperature, according to the 

supplier’s recommendations. All experimental protocols were carried out in accordance 

with European and Portuguese legislation for the use of animals for scientific purposes 

(Directive 2010/63/EU; Decreto-Lei 113/2013) and were licensed by the DGAV (Lic. 

0421/000/000/2021). For infection, 25 fish per group (Experiment 1), with average weight 

of 33.6 ± 7.1 g or 23 fish per group (Experiment 2) with average weight of 89.9 ± 13.1 g 

were injected intraperitoneally with 100 µL of a bacterial suspension, obtained as 

described in section 2.1. In parallel, serial 10-fold dilutions of the inocula were plated in 

TSA-1 to quantify CFUs. Immediately after infection, the temperature was increased to 

23 ± 1°C. Injected fish were monitored at least twice a day and mortalities recorded. Any 

fish showing signs of advanced disease (darkening of body color, lethargy, erratic 

swimming and loss of equilibrium) were euthanized, by immersion in 0.06% (v/v) of 
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ethylene glycol monophenyl ether followed by sectioning of the ventral aorta and counted 

as dead. 

 

2.3 Bacterial growth curves 

 
WT, ΔrstB and ΔrstB+prstB strains were thawed and used to inoculate TSA-1 plates, as 

described in section 2.1. Bacteria were removed from the plates with a sterile swab and 

resuspended in TSB-1 to an OD600 of 0.5. This suspension was inoculated 1:100 in 4 mL 

of TSB-1. Aliquots (1 mL) of these inoculated media were transferred, in triplicate, to 

wells of a 24-well plate (Thermo Fisher Scientific). The remaining wells were filled with 1 

mL of TSB-1 as negative control. The plate was sealed with a Breathe Easy membrane 

and OD600 were measured during 75 h at 1 h interval, using Sinergy 2 (Biotek 

Instruments) coupled to a Gen5 program (Biotek Instruments). The assay was carried 

out at 25°C with slow (continuous) shaking.  

 

2.4 Production of MT1415 strains expressing PadA and PadB 

 

To obtain MT1415 strains expressing PadA and PadB adhesins, MT1415RifR (rifampicin 

resistant) and MT1415RifRΔrstB Phdp strains were transformed by conjugation with 

pMRB24 plasmids encoding PadA or PadB, respectively (Figure 10). Conjugation was 

performed using previously produced s17λpir E. coli strains complemented with 

pMRB24padA or pMRB24padB (s17λpir::pMRB24padA or s17λpir::pMRB24padB, 

respectively). For conjugation, a drop of filtered seawater was placed in a TSA-1 plate 

and used to suspend a colony of Phdp and a colony of donor E. coli. The drop was 

allowed to dry and the plates were incubated at 25°C for 24 h. A sample of the culture 

was then plated in a TSA-1 plate complemented with 50 µg/mL of Rif (to select Phdp) 

and 20 µg/mL of Cam (to select clones that incorporated the pMRB24 plasmid, which 

contains a gene encoding for Cam resistance). After 24 h of growth, colonies were 

screened by PCR using pMRB24-specific primers MRB24_F 

(CGCCTGCTATATGCTTGCAT) and MRB24_R (GCTGCTGGGATTACACATGG) [79] 

(Figure 10). 
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Figure 10 – Schematic representation of the protocol used for transformation of Phdp MT1415 with the pMRB24 
plasmid encoding PadA or PadB. Image created with BioRender.com. 

 

Positive clones (WT+ppadA, WT+ppadB, ΔrstB+ppadA and ΔrstB+ppadB) were 

inoculated in TSA-1 complemented with 20 µg/mL Cam and 50 µg/mL Rif and incubated 

at 25°C for 48 h. Bacterial mass was collected with a swab, suspended in 50% (v/v) of 

glycerol in TSB-1 and stored at -80°C. 

 

 

2.5 Isolation of bacterial cells and ECPs 

 

Bacterial stocks of WT, ΔrstB, ΔrstB+prstB, WT+ppadA, WT+ppadB, ΔrstB+ppadA and 

ΔrstB+ppadB strains were defrost and plated in TSA-1, as described in section 2.1. A 

sample of each culture was collected and added to a tube with TSB-1 supplemented with 

appropriate antibiotics to achieve an OD600 of 0.5, were diluted 1:50 (v/v) in a final volume 

of 20 mL and were grown at 25°C for 24 h. After 24 h culture was diluted 1:5 in fresh 

medium to a final volume of 40 mL, in duplicate, and grown at 25°C until reaching OD600 

of 0.4, 0.9 and 1.2. In the case of strains complemented with padA or padB (WT+ppadA, 

WT+ppadB, ΔrstB+ppadA and ΔrstB+ppadB), tubes were adjusted to an OD600 of 0.5, 

and were diluted in a ratio of 1:100 for a final volume of 40 mL in TSB-1 supplemented 

with chloramphenicol at final concentration of 5 µg/mL and were grown overnight (ON) 

at 25°C, until they reached OD600 of 0.9. Aliquots of 1.5 mL were removed from each 

culture and centrifuged 10 min at 10,000 g at 4°C. Pellets containing the bacterial cells 

were washed in 1 mL of TSB-1, centrifuged 10 min at 10,000 g at 4°C and stored at -

20°C. Supernatants containing the ECPs were subjected to trichloroacetic acid (TCA) 

precipitation. 
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2.6 TCA precipitation 

 

One ninth (v/v) of 100% (w/v) TCA was added to culture supernatants containing ECPs 

obtained as described in section 2.5. The resulting solution was vortexed and incubated 

for 30 min on ice followed by centrifugation for 15 min at 21,000 g at 4°C. The 

supernatant was discarded and the pellet was washed with TCA 10% (w/v), centrifuged 

for 15 min at 21,000 g at 4°C and washed with acetone, as just described. The acetone 

was discarded and the final pellet was air dried. 

 

2.7 SDS-PAGE 

 

Samples were dissolved in GLB 1x (50 mM Tris-HCl pH 8.8, 2% (w/v) SDS, 10% (v/v) 

glycerol, 0.017% (w/v) bromophenol blue, 2 mM ethylenediaminetetraacetic acid (EDTA) 

pH 8.8, 100 mM dithiothreitol (DTT)) and electrophoresed in a 14% polyacrylamide gel 

(Table 1).  

 

Table 1 – Composition of 14% polyacrylamide gels used in SDS-PAGE 

 

 

Phdp cells and ECPs were run in gels with 140 mm width x 100 mm height x 1 mm 

thickness, for approximately 3 h at 40 mA, whereas E. coli fractions and aliquots from 

the protein purifications steps were run in mini-gels 86 mm width x 67 mm height x 1 mm 

thickness (Mini-PROTEAN BioRad) for 1 h at 200 V. Gels were stained with Coomassie 

Brilliant Blue R-250 (0.2% (w/v) Coomassie R-250, 50% (v/v) ethanol, 10% (v/v) acetic 

acid) for 30 min and destained with destaining solution (10% (v/v) ethanol, 10% (v/v) 

acetic acid).  
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2.8 Real Time-quantitative Polymerase Chain Reaction (RT-

qPCR) 

 

Bacterial stocks of WT and ΔrstB strains were thawed in TSA-1 and grown for 48 h at 

25°C as described in section 2.1. Bacteria were removed from the plates with a sterile 

swab and resuspended in TSB-1 to an OD600 of 0.5. These suspensions were diluted 

1:50 in TSB-1, to a final volume of 10 mL and incubated at 25°C for 24 h. Cultures were 

diluted 1:5 in TSB-1 to a final volume of 20 mL and grown at 25°C. When the OD600 

reached 0.4 or 1.2, 10 mL of culture were collected and centrifuged at 4,000 g for 15 min 

at 4°C. Total RNA was isolated by the phenol-chloroform method described in [127], with 

some modifications. Briefly, after lysis, RNA was extracted using the TripleXtractor 

reagent (Grisp) and treated with DNase I (Turbo DNA-free, Ambion) following the 

manufacturer’s recommendations. RNA purity and integrity was verified by 1% (w/v) 

agarose gel electrophoresis and Experion Automated Electrophoresis System (Bio-Rad 

Laboratories). One µg of RNA was reverse-transcribed into cDNA (iScript Kit, Bio-Rad 

Laboratories). Quantitative real-time PCR (qPCR) was performed in 20 μL reactions 

containing 1 μL of cDNA diluted 1:10 in dH2O (or 5 μL of cDNA diluted 1:50 in the case 

of OMP19), 10 μL of SYBR Green Supermix (Bio-Rad Laboratories) and 0.25 μM of 

forward and reverse primers. The following cycling protocol was used: 1 cycle at 95°C 

(3 min) and 45 cycles at 95°C (20 s), 55°C (15 s) and 72°C (30 s). Data were normalized 

to the expression values of the housekeeping gene (16S rRNA) and analyzed by the 

comparative threshold (ΔΔCt) method [128]. 

 

 

2.9 Recombinant proteins 

 

2.9.1 In silico analysis of RstA  

 

The sequence of Phdp RstA was aligned with protein sequences of multiple RstA 

homologues obtained from UniprotKB (https://www.uniprot.org/) [129]. Sequence 

alignment was done using Clustal Omega multiple sequence alignment program 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) [130]. 

An RstA model was generated, by homology modeling using the Phyre2 server [131]. 

Structures superposition was performed with PyMol program (The PyMOL Molecular 

Graphics System, Version 2.5.2, Schrödinger, LLC). 
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2.9.2 Site-directed mutagenesis of RstA  

 

The different RstA mutants (R179A, R187A, R196A, K201A, R206A, K207A and R223A) 

were generated by site-directed mutagenesis, via inverse PCR, using a previously 

produced plasmid containing the full-length rstA cloned into the NcoI and XhoI restriction 

sites of pET28 in frame with a six His-tag at the C-terminus (pET28_RstA_FL) (Figure 

11). To allow circularization of the plasmid using T4 ligase, the inverse PCR primers 

were phosphorylated using T4 polynucleotide kinase (T4 PNK) (Table 2).  

 

 
Figure 11 – Representation of the pET28_RstA_FL plasmid. Primers for inverse PCR present phosphorylated 5’ ends 
(yellow ball). Mutation site is represented by the red cross. Due to the outward-pointing primers the entire sequence of 
the plasmid is amplified. The phosphorylated 5’ end of the primers then allow the re-circularization of the plasmid 
containing the mutation via ligation. Image created with BioRender.com 

 

Table 2 – Reaction for 5’ phosphorylation of primers used in inverse PCR. Volumes were calculated in order to 
achieve a final concentration of 10 µM of phosphorylated primer in sterile water. 

 

 

Reagent Volume (µL)
100 µM oligo stock 2

10x T4 DNA ligase buffer 2
Sterile water 15

T4 Polynucleotide Kinase (T4 PNK) 1
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The phosphorylation reaction was carried out at 37°C for 1 h, followed by inactivation of 

the T4 PNK at 65°C for 20 min, cooldown at room temperature (RT) and storage at -

20°C. 

Inverse PCR was conducted using the primers listed in Annex 1, using Q5 High-Fidelity 

DNA polymerase (New England BioLabs) and pET28_RstA_FL plasmid as template, 

with the conditions specified in Table 3. 

 

 

Table 3 – Inverse PCR conditions 

 

 

The PCR products were analyzed by electrophoresis in a 1% agarose gel containing 

GreenSafe Premium (NZYTech) at 110 V for 30 min, in Tris-Acetate-EDTA (TAE) buffer 

(40 mM Tris + 1 mM EDTA + Acetic acid until pH 8.0). The whole volume of PCR product 

was loaded in 3 wells and the bands containing the recombinant plasmid were excised 

and purified using NZYGelpure kit, following the manufacturer’s instructions, with a final 

elution in 30 µL of elution buffer. 

The purified plasmid containing the mutation was quantified using NanoDrop One 

(Thermo Fisher Scientific) and re-circularized, using T4 ligase (Thermo Fisher Scientific) 

at a final concentration of 5 U/µL and 100 ng of plasmid in a final volume of 15 µL. 

Ligation was performed at 4°C ON in order to conduct bacterial transformation.  

 

2.9.3 Bacterial transformation  

 

For plasmid amplification, bacterial transformation was conducted using chemically 

competent E. coli DH5α, produced via calcium chloride method [132]. For protein 

expression, bacterial transformation was conducted using chemically competent E. coli 

BL21 (DE3) cells. Transformation was conducted via heat shock [133]. Briefly, 100 µL of 

competent cells were incubated with 100 ng of plasmid for 30 min on ice, or the whole 

volume of the ligation for 5 h on ice and subjected to a heat-shock by heating the cells 

for 45 s at 42°C followed by an incubation for 5 min on ice to reestablish the membrane 

potential. Afterwards, cells were inoculated in 900 µL Luria-Bertani broth (LB) and grown 



FCUP | ICBAS 
Studies on the regulation of Photobacterium damselae subsp. piscicida secreted proteins by the 

two-component system RstAB 

25 

 

for 1 h at 37°C (200 rpm). For obtaining starter cultures for plasmid amplification, cultures 

were centrifuged at 4,000 g for 5 min at RT. After removing 800 µL of supernatant the 

bacterial pellet was resuspended in the remaining medium, plated on LB agar with 50 

μg/mL of kanamycin (Kan) and incubated at 37°C ON. For protein expression, the 900 

µL of culture were inoculated in 10 mL of LB with 50 µg/mL Kan and grown ON at 37°C 

(200 rpm). 

 

2.9.4 Plasmid purification 

 

Isolated colonies from ON cultures in LB agar were screened by PCR to confirm if the 

colonies were positive for the gene of interest. Two positive colonies were inoculated in 

10 mL of LB with 50 µg/mL Kan and grown ON at 37°C (200 rpm). Bacterial cultures 

were centrifuged at 4,000 g for 20 min at 4°C. Supernatant was discarded and the pellet 

was used for plasmid extraction using the NZYMiniprep kit, following the manufacturer’s 

instructions, with a final elution in 40 µL of elution buffer. 

 

2.9.5 Protein expression 

 

E.coli BL21 (DE3) cells transformed with plasmid encoding the protein of interest were 

grown ON at 37°C in 10 mL LB supplemented with 50 µg/mL Kan. This ON culture was 

used to inoculate 1 L of LB supplemented with Kan at the same concentration. Cultures 

were grown at 37°C until reaching an OD600 of 0.4-0.6. Protein expression was induced 

by adding Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 

mM. Following 4 h incubation at 37°C (200 rpm), cultures were centrifuged using High 

Speed Centrifuge Beckman Avanti J-26 XP at 3,057 g for 30 min at 4°C. The 

supernatants were discarded and the pellets resuspended in 40 mL of 50 mM HEPES 

pH 7.0, 300 mM NaCl, 25 % (v/v) glycerol, 1 mM DTT, and frozen at -20°C. 

 

2.9.6 Affinity chromatography 

 

The suspensions of induced bacterial cells were thawed on ice, sonicated with a Sonifier 

250 (Branson) (duty cycle – 70%; output control – 40; 2 x 30 s) and centrifuged at 35,000 

g, 4°C, for 30 min, to separate the soluble and insoluble fractions. 

Proteins were purified from the soluble fractions by Immobilized Metal Ion Affinity 

Chromatography (IMAC) using a gravity flow chromatography column with nickel resin 

(ABT). Recombinant proteins with His-tag bind to nickel ions present in the resin, 

allowing for the separation of the tagged from the remaining proteins. Following a wash 
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step with 50 mM HEPES pH 7.0, 300 mM NaCl, 25% (v/v) glycerol, 1 mM DTT, 20 mM 

imidazole, elution of RstA was achieved with 50 mM HEPES pH 7.0, 300 mM NaCl, 25% 

(v/v) glycerol, 1 mM DTT, with increasing concentrations of imidazole (100 mM, 200 mM, 

and 400 mM). A 10 mL fraction was collected at each elution step. Five µL of the soluble 

and insoluble fractions and 10 µL of the flow through and elutions were analyzed by 

SDS-PAGE and fractions containing the best ratio of protein/contaminants were selected 

and pooled for dialysis. 

 

2.9.7 Dialysis and concentration 

 

Following IMAC, protein samples were dialyzed ON at 4°C against 200 volumes of 50 

mM HEPES pH 7.0, 300 mM NaCl, 25% (v/v) glycerol, 1 mM DTT, using a membrane 

with a cut-off of 6-8 kDa (Spectrum Labs), to reduce the concentration of imidazole.  

After dialysis, the proteins were removed from the membrane and centrifuged to 

eliminate precipitated protein. If deemed necessary, protein samples were concentrated 

at 4°C using centrifugal concentrators with a cut-off of 10 kDa (Vivaspin 20, Sartorius). 

Proteins were then aliquoted and stored at -80°C. 

 

2.9.8 Analysis of protein concentration and purity 

 

Protein concentration was determined using NanoDrop One (Thermo Fisher Scientific), 

using the expected molecular weight and the molar extinction coefficient calculated by 

the ProtParam tool (https://web.expasy.org/protparam/) [134]. Coomassie blue-stained 

gels were scanned using GS-900 Calibrated Densitometer (Bio-Rad) and protein purity 

was analyzed by densitometry using the Image Lab software (Bio-Rad).  

 

2.9.9 Thermal shift assay 

 

Thermal shift assay (also called differential scanning fluorimetry (DSF) or ThermoFluor) 

(Figure 12) was conducted to improved buffer conditions for RstA recombinant proteins. 

Two homemade 96 well plates (Annex 2) were prepared: one (Plate A) contained 

solutions with increasing concentrations of salt (0-1000 mM) and varying buffers in a 

range of pHs (4.5-10); the other (Plate B) contained various ligands and increasing 

concentrations of glycerol (0-50%). Each well contained 12.5 µL of solution. 

Proteins were diluted in buffer (50 mM Tris pH 8.0, 300 mM NaCl) to a final concentration 

of 1 mg/mL and each well previously filled with 12.5 µL of buffer was loaded with 7.5 µL 

of protein. The plate was sealed with a transparent sealing membrane (BioRad), 
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centrifuged at 201 g for 1 min, and incubate for 30 min at RT. Five µL of a 25x stock 

solution of SYPRO Orange were added to each well, to achieve a 5x final concentration. 

The plate was sealed with a new film, centrifuged for 1 min at 201 g and analyzed in a 

Real-Time PCR (CFX96 Touch Deep Well Real-Time PCR System (Bio-Rad)), with the 

following program: Melt Curve analysis, starting at 25°C with increments of 0.5°C every 

30 s, until 95°C. 

 
Figure 12 – Thermal shift assay. In the thermal shift assay, a protein is exposed to increasing temperatures in the 
presence of SYPRO Orange that has an affinity to hydrophobic regions. With the increase in temperature, protein will 
unfold and expose hydrophobic regions. SYPRO Orange will bind to the hydrophobic regions, leading to an increase in 
fluorescence. Melting temperature (Tm), can be determined at the point when half the protein is unfolded. This point is 
more easily identified by the peak obtained by the negative derivative of fluorescence across time (-d(RFU)/dT). Image 
created with BioRender.com 

 

2.9.10 Circular dichroism 

 

RstA and mutant RstA proteins were thawed and dialyzed ON at 4°C against 2000 

volumes of 20 mM HEPES pH 7.0, 300 mM NaF, 10% (v/v) glycerol, 1 mM DTT, using 

a membrane with a cut-off of 6-8 kDa (Spectrum Labs). After dialysis, the proteins were 

removed from the membrane and centrifuged to eliminate precipitated protein. 

Supernatant was collected and protein concentration was determined by NanoDrop One 

(Thermo Fisher Scientific). Proteins were diluted in 500 mM NaF at a final concentration 

of 100 µg/mL in a volume of 250 µL and loaded in a 1 mm x 10 mm quartz cuvette. 

Circular dichroism was conducted using J-815 CD Spectometer (Jasco) and Spectra 

Manager software (Jasco), with 8 accumulations per sample, scan speed of 20 nm/min 

and a scan range from 260 to 190 nm. 
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2.10 Electrophoretic Mobility Shift Assay (EMSA) 

 

2.10.1 Amplification of putative promoter regions 

 

Putative promoter regions were amplified by PCR, using genomic DNA from Phdp strain 

MT1415 as template, with the primers described in Annex 3. PCR reactions were 

performed using NZYTaq II 2x Green Master mix polymerase (NZYTech) (30 s/kb). Each 

reaction contained 100 ng of template DNA and 0.5 µM of each primer, and PCR was 

conducted in the conditions specified in Table 4. 

 

Table 4 – PCR conditions for production of putative promoter regions used in EMSA 

 

 

PCR products were run in a 1% agarose gel at 110V for approximately 30 min in TAE 

(section 2.9.2), using GeneRuler 1kb DNA Ladder (Thermo Fisher Scientific) as size 

marker. Amplicons with the right size were excised from the gel with a scalpel and 

purified using NZYGelPure kit following the manufacturer’s instructions. DNA 

concentration was determined using NanoDrop One (Thermo Fisher Scientific). Putative 

promoter regions and corresponding size are described in Table 5. 

 

Table 5 – Sizes of the putative promoter regions used in EMSA 
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2.10.2 Native gel preparation 

 

EMSAs were conducted using 5% acrylamide/bis-acrylamide native gels (Table 6) with 

100 mm width x 8.3 mm height x 1 mm thickness, using the MiniProtean Tetra (BioRad) 

system. The gels were left to polymerize for 2 h at RT and were stored at 4°C ON prior 

to use. 

 

Table 6 – Composition of EMSA gels 

 

 

 

2.10.3 DNA-protein binding 

 

Samples used in EMSAs contained 2 nM of promotor DNA (plus 20 nM of competitor 

DNA in the case of competition EMSAs) and increased concentrations of protein (0, 50, 

100 and 200 nM) in binding buffer (50 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 50 mM KCl, 

10 mM MgCl2, 3 µM bovine serum albumin (BSA), 10% (v/v) glycerol, 1 mM DTT, 10 mM 

acetyl phosphate), in a final volume of 10 µL. Binding reaction was conducted for 30 min 

at RT, during which the gels were pre-ran at 80V. 

 

2.10.4 EMSA 

 

In this technique, DNA samples incubated or not with protein are loaded into a native 

polyacrylamide gel. A well is loaded with free DNA in order to set the benchmark of 

migration for that specific DNA. This is then used as a comparison with lanes loaded with 

DNA incubated with protein. If protein binds to DNA, the complex formed will have a 

higher molecular weight than free DNA and, as such, will migrate slower, resulting in a 

“shift” upwards of the DNA band. On the contrary, if no binding occurs, DNA will migrate 

as free DNA (Figure 13). 

All EMSAs were run in a 4 ºC cold chamber at 10 V.cm-1, using EMSA TAE (40 mM Tris-

HCl pH 7.8, 2.5 mM EDTA) as running buffer. Upon loading of the samples, the gel was 

run at 200 V for 5 min in order to stack the samples and guarantee that they enter the 
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gel. Afterwards, the gel was run at 80 V for 40 min (or 1 h in competition EMSAs). Gels 

were stained for 15-20 min with GreenSafe Premium (NZYTech) in EMSA TAE (1:50 

v/v), whilst covered from the light, and were visualized in a BioRad Gel Doc EQ system, 

using the software Image Lab (BioRad). 

 

 
Figure 13 – Schematics of EMSA. DNA or DNA incubated with protein are loaded into a native polyacrylamide gel. Free 
DNA sets the benchmark of migration. If protein binds to DNA, the complex will migrate slower and a “shift” will be 
observed, whereas if no binding occurs DNA will migrate as free DNA. 

3. Results 
 

3.1 RstB regulates Phdp virulence 

 

3.1.1 Deletion of rstB in MT1415 results in impaired virulence for sea bass 

 

RstAB has been shown to be a master regulator of virulence in Phdd [94]. Although Phdp 

harbors an rstAB operon (Figure 9), nothing is known about its role in regulating virulence 

in this subspecies. To investigate if RstAB is involved in the regulation of Phdp virulence, 

we conducted virulence assays in sea bass using a wild-type MT1415 strain (WT), a 

MT1415 rstB knockout strain (ΔrstB), and a MT1415 knockout strain complemented with 

plasmid-encoded rstB (ΔrstB+prstB). We could not assess the role of RstA because 

despite several attempts, it was not possible to obtain a rstA deletion mutant in Phdp. 

Prior to the virulence assays, we confirmed that ΔrstB and ΔrstB+prstB strains grew 

similar to the WT (Figure 14). 
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Figure 14 – Growth curves of WT, ΔrstB and ΔrstB+prstB strains. Strains of Phdp, WT, ΔrstB and ΔrstB+prstB were 
grown in TSB-1 at 25°C, with slow shaking in wells of a 24-well plate. OD at 600 nm (OD600) were measured at 1 h interval 
during 75 h. Values in the graph correspond to the meanSD of OD600 from triplicate wells. Results shown are 
representative of three independent experiments. 

Following growth analysis, we conducted two independent virulence assays (Figure 15). 

In experiment 1, performed with fish with an average weight of 33.6 ± 7.1 g, the WT strain 

induced 79% mortality, whereas no mortality was observed after injection of the rstB 

knockout strain (ΔrstB). As expected, complementation with plasmid-encoded rstB 

(ΔrstB+prstB) resulted in a mortality similar to the one obtained with the WT strain (84%). 

 

Figure 15 – Deletion of rstB abolishes Phdp virulence for sea bass. Kaplan-Meier survival curves of sea bass injected 
i.p. with the indicated strains. Experiment 1 – average weight of 33.6  7.1 g, n=25 fish per group. Experiment 2 - average 

weight of 89.9  13.1 g, n=23 fish per group). Curve comparisons were performed using the log-rank test (95% 
confidence). Asterisks represent statistical difference: **p<0.01, ***p<0.001, ****p<0.0001, ns no statistical difference. 

In experiment 2, using bigger fish (89.9 ± 13.1 g), the WT strain induced 35% mortality, 

and again, no mortality was observed after injection with the ΔrstB strain. The mortality 
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in the group infected with the ΔrstB+prstB strain (39%) was similar to the mortality 

induced by the WT. These results clearly show that rstB is required for Phdp virulence. 

 

3.1.2 RstB controls expression of virulence factors in Phdp MT1415  

 

Next, we aimed at understanding the mechanism by which RstB influences Phdp 

virulence. It is known that Phdp virulence is highly dependent on secreted factors [11]. 

Amongst them is the apoptosis-inducing protein AIP56 [6] and PBT, a binary toxin 

composed of PBTa and PBTb that is highly toxic to macrophages (Unpublished data 

from FIV Group). With this in mind, we compared the protein profiles of cells and culture 

supernatants from the WT, ΔrstB and ΔrstB+prstB strains, obtained in three stages of 

cell growth (Figure 16). 

 

Figure 16 – Deletion of rstB results in decreased levels of AIP56, PBTa, PBTb, PnpA and OMP19 in the Phdp 
culture supernatants. SDS-PAGE of bacterial cells and culture supernatants from WT, ΔrstB and ΔrstB+prstB strains 
grown in TSB-1 until early exponential (OD600 = 0.4), late exponential (OD600 = 0.9) and stationary (OD600 = 1.2) phases. 
In the case of the ΔrstB+prstB strain, which harbors a plasmid conferring chloramphenicol (Cam) resistance, cultures 
were also performed in TSB-1 with 5 µg/mL chloramphenicol (Cam+). After electrophoresis, the gel was stained with 
Coomassie-blue. Marker: GRS unstained protein ladder (GRiSP). Numbers at the left indicate the molecular weight of the 
markers, in kDa. 

The protein profiles obtained by SDS-PAGE showed that deletion of rstB leads to a 

strong decrease in the amount of AIP56 and PBT (PBTa and PBTb) in the supernatants. 

Since both toxins cause death of macrophages and have a crucial role for virulence in 

sea bass ([6] and Unpublished data from FIV Group), their reduced expression likely 

explains the attenuated virulence of the ΔrstB strain. SDS-PAGE also revealed that rstB 

deletion resulted in decreased levels of the peptidoglycan hydrolase PnpA [17], as well 
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as of OMP19, a newly identified and very abundant outer membrane protein 

(Unpublished data from FIV Group).  

 To determine whether  the decreased amounts of AIP56, PBT and PnpA in the 

supernatants of the ΔrstB strain correlate with a diminished transcription of the 

corresponding genes, a RT-qPCR analysis was performed (Figure 17). 

 

Figure 17 – Deletion of rstB leads to decreased expression of aip56, omp19, pbta, pbtb and pnpA. Expression 
levels of the indicated genes in the WT and ΔrstB strains grown TSB-1 until late exponential (OD600=0.9) were determined 
by RT-qPCR. Conditions of RNA isolation and synthesis of corresponding cDNA, as well as RT-qPCR protocol are 
described in section 2.8. Gene expression was normalized to expression of housekeeping gene 16S. Data represent the 
means ± SD of three independent experiments. Measurements of each experiment were made in duplicate. Statistical 
analysis was performed using Two way-Anova (**p<0.01, ***p<0.001). 

 

In agreement with the SDS-PAGE results, RT-qPCR show that deletion of rstB leads to 

a decrease in expression of aip56, pbta, pbtb, pnpA, and omp19. This indicates that RstB 

positively regulates the expression of aip56, pbta, pbtb, pnpA and omp19 genes. 

 

3.1.3 RstB regulates expression of PadA  

 

To determine if expression of the recently identified PadA and PadB adhesins is 

regulated by the RstAB TCS, we transformed WT and ΔrstB MT1415 strains, which lack 

the PadA and PadB encoding genes, with a plasmid encoding each of these adhesins 

under the control of their respective endogenous promoter and analyzed their expression 

by SDS-PAGE (Figure 18). 



FCUP | ICBAS 
Studies on the regulation of Photobacterium damselae subsp. piscicida secreted proteins by the 

two-component system RstAB 

34 

 

 
Figure 18 – Analysis of PadA and PadB expression in WT and ΔrstB MT1415 strains. SDS-PAGE of bacterial cells 
of MT1415 (WT) and MT1415 ΔrstB (ΔrstB) Phdp strains complemented with either PadA or PadB. As seen deletion of 
rstB leads to a decrease in the expression of PadA, while no differences can be seen for PadB. This suggests that PadA 
is regulated by the RstAB TCS. Marker: GRS unstained protein ladder (Grisp). Numbers at the left refer to the molecular 
weight of the markers, in kDa, and numbers between brackets refer to two independent cultures. 

 

As expected, PadA and PadB were not detected in the WT and ΔrstB cells. However, 

after transformation of these strains with a plasmid encoding PadA (ppadA), this protein 

was detected in the lanes loaded with WT+ppadA cells but not in the lanes corresponding 

to the ΔrstB+ppadA. This indicates that RstB is required for expression of PadA. In 

contrast, expression of PadB is not dependent on RstB, because the amounts of PadB 

in the WT+ppadB and ΔrstB+ppadB cells are similar (Figure 18). Altogether, these 

results suggest that RstB regulates the expression of padA, but not padB. 

 

3.2 RstA interacts with the promoter regions of aip56, pbt, 

pnpA, omp19, padA and padB 

 

Although many of the genes regulated by RstB are also regulated by its cognate pair 

RstA [79], mechanisms of cross-talk between RstA and RstB with other TCSs have been 

described [76, 78, 79]. Thus, we decided to investigate if the genes regulated by RstB 

are  also regulated by RstA, i.e., if regulation by RstB occurs via the canonical RstAB 

pathway. For this, we asked  if RstA interacts with the promoter regions of the secreted 

factors shown to be regulated by RstB in section 3.1.2 and section 3.1.3. 
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3.2.1 Optimization of RstA production  

 

In a previous work (developed under the scope of my Bachelor degree internship at FIV 

group), we had already obtained recombinant RstA protein. However, the protocol used 

for obtaining this protein had low yield and produced a protein with low stability and many 

contaminants (Figure 19), unsuitable  for  molecular studies. Therefore, in this work, we 

started by optimizing the production and purification of recombinant RstA. 

 

Figure 19 – Recombinant RstA available at the beginning of this work. Coomassie blue-stained SDS-PAGE gel of 
the previously produced RstA recombinant protein (29.2 kDa). Gel was loaded with 5 and 10 µg of protein. Note that the 
preparation contained many contaminants. Numbers at the left refer to the molecular weight of the markers, in kDa. 
Marker: GRS unstained protein ladder (GRiSP). 

The first step was to select a buffer favoring RstA stability. For this, we performed a 

Thermal shift assay, which allows to determine the stability of a protein under varying 

conditions by measuring changes in the thermal denaturation temperature (Figure 20). 

In this assay, the denaturation midpoint of a protein is defined as the melting temperature 

(Tm) in which there is an equilibrium between its folded and unfolded states. As such, a 

higher Tm (temperature required to achieve 50% denaturation of the protein population) 

indicates a more stable protein. 
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Figure 20 – Thermal shift assay of RstA. RstA was incubated in buffers with increasing salt concentrations and different 
pH values in the presence of SYPRO Orange dye. RstA in the nitial buffer (green) presented a Tm = 37°C, whereas the 
protein in a HEPES based buffer (black) presented a Tm = 42°C. RstA in the  the initial buffer supplemented with 0.5 mM 
final concentration of DTT displayed  a Tm = 45.5°C (pink).  

Thermal shift analysis showed that RstA in the previously used buffer containing 50 mM 

Tris pH 8.0, 300 mM NaCl (Figure 18, green line) presented a Tm of 37°C. Changing the 

buffer to 100 mM HEPES pH 7.0, 500 mM NaCl increased Tm to 42°C (black line) and 

addition of 0.5 mM of DTT resulted in a Tm of 45.5°C (pink line). Based on these results, 

we produced a new batch of recombinant RstA using a buffer containing 50 mM HEPES 

pH 7.0, 300 mM NaCl, 25% (v/v) glycerol, 1 mM DTT.  

Chemically competent E. coli BL21(DE3) were transformed with pET28_RstA_FL, 

protein expression was induced with 0.5 mM IPTG at 37°C for 4 h, and RstA was purified 

from the soluble fraction of induced E. coli cells by IMAC. Fractions were collected during 

purification to evaluate protein yield and solubility (Figure 21A). Elutions containing the 

best ratios of RstA/contaminants were pooled, dialyzed, and concentrated.  

  

Figure 21 – Production and purification of RstA. (A) SDS-PAGE analysis of the fractions collected during purification 
of RstA by IMAC. RstA was eluted with 50 mM HEPES pH 7.0, 300 mM NaCl, 25% (v/v) glycerol, 1 mM DTT, containing 
100, 200 and 400 mM of imidazole (E100, E200 and E400, respectively). Fractions E200 and E400 were selected, pooled 
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and dialyzed ON to remove imidazole. After dialysis, protein was concentrated via ultrafiltration. (B) SDS-PAGE analysis 
of RstA obtained after purification, dialysis and concentration. Gel was loaded with 5 µg of protein. The optimized buffer 
allowed to obtain an RstA batch at a concentration of 1.3 mg/mL and with 85% purity. Numbers at the left in panel (B) 
refer to the molecular weight of the markers, in kDa. Marker: GRS unstained protein ladder (GRiSP). 

 

This optimized purification protocol resulted in improved yields and allowed to obtain a 

purer and more stable protein preparation (Figure 21B).  

 

3.2.2 Phosphorylation of RstA leads to its dimerization 

 

It is known that many response regulators need to be phosphorylated, in order to 

dimerize and bind to DNA [75, 135]. This phosphorylation occurs in a highly conserved 

aspartate residue and requires four highly conserved residues in the vicinity [74, 136]. 

These residues are two negatively charged glutamate or aspartate residues that 

coordinate a divalent cation (usually Mg2+), a positively charged lysine, and either a 

threonine or a serine residue [136]. This phosphorylation site has been studied in the 

RstA homologue AdeR, and was shown to comprise an aspartate residue 

phosphorylated (D63), two negatively charged residues that coordinate Mg2+ (E19 and 

D20), a positively charged lysine (K104), a threonine (T82) and a lysine (K65) that 

participates in coordination of Mg2+ [124] (Figure 22). 

 

 

Figure 22 – In silico prediction of the RstA phosphorylation site. Superposition of AdeR receiver domain coordinated 
with Mg2+ (gray, PDB: 5XJP) and RstA model (light pink) generated by Phyre2 [131]. The residues involved in the 
phosphorylation of AdeR and the corresponding residues in Phdp RstA are represented in gray and dark red sticks, 
respectively. Mg2+ represented as orange sphere. It is of note that RstA presents a methionine residue (M57), in place of 
a lysine that in AdeR (K65) coordinates binding with Mg2+. Obtained using Pymol program. 
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Since these five residues are conserved in RstA (Figure 22, red sticks), we aimed at 

investigating if phosphorylation is required for RstA dimerization. It is of note that RstA 

presents a methionine (M57), whereas in AdeR the corresponding residue is a lysine 

(K65) [124]. Firstly, we conducted a size exclusion chromatography using RstA in the 

absence or presence of 10 mM of acetylphosphate, a compound shown to act as a 

phosphodonor in bacterial cells [137, 138] (Figure 23). 

 
Figure 23 – Phosphorylation of RstA leads to dimerization. Analytical size exclusion chromatograms (Superose 12 
10/300 GL) obtained for RstA in the absence (black) or presence (pink) of 10 mM acetylphosphate. Note that in the 
presence of acetylphosphate, RstA elutes first (10.8 mL), when compared to RstA not exposed to acetylphosphate (13.26 
mL), suggesting that phosphorylation results in dimer formation. 

Analysis of the size exclusion chromatogram (Figure 23) shows that RstA treated with 

acetylphosphate, and thus presumably phosphorylated, elutes first, than the untreated 

protein. This finding strongly suggests that phosphorylation of RstA leads to an increase 

in its molecular weight, most likely its dimerization, similarly to what has been observed 

for other RR [116, 123]. 

 

3.2.3 Phosphorylated RstA interacts with the promoter regions of aip56, pbt, 

pnpA and omp19  

 

As discussed above, Phdp virulence is highly dependent on two toxins, AIP56 and PBT, 

whose expression is regulated by RstB (see section 3.1.2). Besides regulating aip56 and 

pbt expression, we showed that RstB also regulates the expression of other Phdp 

secreted factors, including pnpA, omp19 and padA. However, it is not known if RstA is 

also involved in these regulations, or if cross-talks between RstB and other TCSs are 

operating in these cases. To clarify this, we decided to investigate if RstA was able to 

bind to the promoter regions of the RstB-regulated genes.  
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We started by  testing binding of RstA to the aip56 promoter (Figure 24) and to assess 

the effect of phosphorylation in the formation of the RstA-DNA complex. For this, non-

phosphorylated and phosphorylated RstA was incubated with aip56 or phospholipase 

(pla) promoter regions and subjected to EMSA (Figure 24). The pla promoter was chosen 

as a negative control because it has been found that in Phdd, pla, which is highly 

conserved in Phdp, is not regulated by RstA (Carlos R. Osorio personal communication). 

 
Figure 24 – EMSA assay showing that phosphorylated RstA binds specifically to the aip56 promoter. 2 nM of aip56 
promoter were incubated with 0, 50 and 100 nM of RstA with and without 10 mM of acetylphosphate. 2 nM of pla promoter 
region incubated with RstA with 10 mM acetylphosphate was used as negative control. Note that phosphorylated RstA 
interacts, in a concentration dependent manner, with the aip56 promoter region, as evidenced by the shift upwards of 
DNA-containing band. This binding is specific since no shift occurred when phosphorylated RstA was incubated with the 
pla promoter region. Marker: GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific). 

The results of the EMSA show a “shift” upwards of the aip56 promoter band after 

incubation with 100 nM RstA, pointing to the presence of a higher molecular weight 

complex, when compared to the free DNA. It should be noted that when the aip56 

promoter was incubated with untreated (i.e., non-phosphorylated) RstA no shift was 

observed, suggesting that efficient binding of RstA to target DNA requires RstA 

phosphorylation. Similarly, no shift was detected when acetylphosphate-treated 

(phosphorylated) RstA was incubated with the pla promoter, which demonstrates that 

RstA binding to the aip56 promoter was specific. 

After confirming specific binding of RstA to the aip56 promoter region, we performed 

additional EMSAs to evaluate binding of RstA to the promoter regions of other RstB-

regulated genes. Based on the data above suggesting  that binding of RstA requires 

phosphorylation (Figure 24), we used in these assays  acetylphosphate-treated  RstA 

(Figure 25). 

 

 
Figure 25 – RstA binds to the promoter regions of RstB-regulated genes aip56, pbt, pnpA and omp19. EMSA 
conducted using promoter regions of aip56, pbt, pnpA and omp19, incubated with increasing concentrations of 
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phosphorylated RstA (0, 50 and 100 nM). The pla promoter region was used as a negative control. Note that RstA bound 
to all promoter regions tested, except the promoter region of pla. Marker: GeneRuler 1 kb DNA ladder (Thermo Fisher 
Scientific). 

As shown in Figure 25, RstA specifically bound to the promoter regions of aip56, pbt, 

pnpA and omp19, as concluded by the occurrence of shift upwards. As expected, no 

shift was observed with pla promoter. The results of these EMSAs suggest that RstA 

regulates the expression of aip56, pbt, pnpA and omp19. The fact that these genes are 

also regulated by RstB (Figures 16 and 17) indicates that regulation occurs by the 

canonical pathway of the RstAB TCS. 

 

3.2.4 RstA interacts with the promoter regions of padA and padB 

 

In order to investigate if RstB regulates the expression of PadA via the canonical pathway 

of the RstAB TCS, we conducted an EMSA assay, using the promoter region of padA. 

In parallel, we also tested the promoter region of padB, whose expression does not 

depend on RstB (Figure 18). The promoter regions of pla and pbt were used as negative 

and positive controls, respectively.  

 
Figure 26 – RstA specifically binds to promoter region of padA and padB. EMSA conducted with 2 nM of promoter 
regions of padA and padB incubated with 0, 50 or 100 nM RstA in the presence of 10 mM acetyl phosphate. The pla and 
pbt promoter regions were used as negative and positive controls, respectively. Marker: GeneRuler 1 kb DNA ladder 
(Thermo Fisher Scientific). 

As shown in Figure 26, a shift was observed both for the padA and padB promoters, 

suggesting that RstA is involved in the regulation of padA and padB expression. These 

results, together with the results presented above showing that RstB regulates the 

expression of padA but not padB (Figure 18), suggest that padA expression is regulated 

by the canonical RstAB pathway, whereas regulation of padB expression requires a 

cross-talk between RstAB and other unidentified TCS. 
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3.3 Identification of RstA residues required for DNA-binding 

 

3.3.1 Prediction of key residues required for RstA-DNA interaction 

 

Binding of RstA to DNA is a critical step for gene regulation. The binding region of 

response regulators is highly conserved across homologues, with slight variations that 

determine binding specificity. In order to predict the key residues involved in the binding 

of Phdp RstA to DNA, a model of Phdp RstA was generated using Phyre2 [131]. 

Superposition of Phdp RstA model with the structure of PhoP-DNA complex from 

Mycobacterium tuberculosis (PDB: 5ED4), in which the residues involved in the DNA-

binding have been characterized [123], allowed to identify seven residues in Phdp RstA 

(R179, R187, R196, K201, R206, K207 and R223) that may play a key role in DNA 

interaction (Figure 27). 

 
Figure 27 – RstA residues predicted to be involved in DNA binding. Cartoon representation of the superposition of 
RstA model generated by Phyre2 (green) with PhoP-DNA complex from Mycobacterium tuberculosis (gray; PDB:5ED4). 
Residues predicted to be involved in RstA-DNA binding (R179, R187, R196, K201, R206, K207 and R223) are 
represented by pink sticks. 

A sequence alignment between Phdp RstA homologues, such as PhoP from 

Mycobacterium tuberculosis (MtbPhoP), AdeR from Acinetobacter baumannii (AdeR), 

and RstA from APEC (APECRstA), Klebsiella pneumoniae (KpRstA) and Salmonella 

enterica (SalerRstA), revealed that except for K201, all those residues are conserved 

across the five homologues (Figure 28). 
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Figure 28 – Sequence alignment of multiple RstA homologues. Sequences shown belong to PhoP from 
Mycobacterium tuberculosis (MtbPhoP, Uniprot: P71814), AdeR from Acinetobacter baumannii (AdeR, Uniprot: E1A0Z5), 
and RstA from APEC (APECRstA, Uniprot: A0A0H2YZ82), from Klebsiella penumoniae (KpRstA, Uniprot: A6T8N1) and 
Salmonella enterica (SalerRstA, Uniprot: A0A379Q6Y2). Residues highlighted in yellow are conserved across the 
OmpR/PhoB subfamiliy and have been shown to play a role in DNA binding in MtbPhoP [123], AdeR [124] and KpRstA 
[116]. Residues highlighted with a red star are residues predicted to be involved in the formation of salt-bridges in Phdp 
RstA-DNA interaction. K201, which is not conserved, is highlighted in red. 

 

3.3.2 Production of RstA mutants 

 

To test  if the 7 residues identified in Phdp RstA are involved in DNA-binding, we 

produced RstA versions in which each of those residues was substituted by an alanine 

The RstA mutants were expressed and purified as described in sections 2.9.5 to 2.9.8 

for WT RstA.  

 

Figure 29 – SDS-PAGE of purified RstA mutants. Coomassie-blue stained SDS-PAGE gel of the final batches of the 
RstA proteins obtained after purification, dialysis and concentration. Each lane was loaded with 5 µg total protein. Purities 
estimated by densitometry: RstA (85%), R179A (79%), R187A (78%), R196A (91%), K201A (93%), K207A (62%), R223A 
(91%). Marker: GRS unstained protein ladder (GRiSP). 
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We were able to purify all mutants except R206A, which was insoluble. The obtained 

recombinant proteins were then tested by  EMSA, using pbt promoter as a target DNA 

(Figure 30), to investigate if the mutations affected RstA-DNA interaction. This promoter 

was chosen because it leads to a clearer shift when compared to the other RstA targeted 

promoters tested (Figure 25). 

 
Figure 30 – Mutation of R179, R187, R196, K201, K207 and R223 impairs RstA-DNA binding. EMSA conducted using 
phosphorylated RstA or RstA mutants incubated with pbt promoter region. WT RstA was used as a positive control. Note 
that no shift occurred with RstA mutants, suggesting that the residues targeted by mutation are involved in the binding of 
RstA to DNA. Marker: GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific). 

 

Analysis of the EMSA results shows that DNA binding was abolished in all mutants, 

suggesting that all residues targeted by mutation are required for binding of RstA to DNA. 

To confirm that the inability of the RstA mutants to interact with the DNA was not due to 

incorrect structural conformation of the proteins, all mutants were analyzed by circular 

dichroism, to evaluate their secondary structure content (Figure 31). 

 

Figure 31 – Circular dichroism analysis of WT and RstA mutants. RstA and RstA mutants were dialyzed against 20 
mM HEPES pH 7.0, 300 mM NaF, 10% (v/v) glycerol, 1 mM DTT. For circular dichroism, samples were diluted in 500 mM 
NaF to a final concentration of 100 µg/mL in a volume of 250 µL. Data were collected between 190 and 260 nm. 

As shown in Figure 31, the circular dichroism curves of the RstA mutants are similar to 

the one of the WT RstA, indicating that the introduced substitutions did not affect the 
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secondary structure of the protein. This supports the conclusion that the mutation of 

these residues compromised the RstA-DNA interaction via binding impairment. 
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4. Discussion 
 

Two-component regulatory systems (TCSs) are signal transduction pathways used in 

bacteria that have been show to play major roles in survival, virulence and cell growth 

[70]. They respond to different types of stimuli, ranging from salt concentrations or 

antimicrobial peptides to functional state of the cell envelope and intracellular metabolic 

signals [72, 139]. When activated, TCS regulate gene expression, by repression or 

activation, and, in some cases, cause changes in biochemical activities of certain 

proteins. Signal transduction by TCSs involves a cascade of 

phosphorylation/dephosphorylation reactions [73] that begins with the 

autophosphorylation of the SK in response to a specific stimulus [74, 75]. The phosphoryl 

group from the sensor kinase is then transferred to a conserved aspartate residue on the 

RR [74], leading to its dimerization and increasing the DNA binding affinity [73]. 

TCSs are not present in animals, but play major roles in bacteria, by regulating cell 

growth and fitness [94, 95], as well as the expression of virulence factors and drug-

resistance related genes [96-98]. Therefore, they are prime candidates for the 

development of new antibacterial agents. Thus, it is highly relevant to study their 

structure and signal transduction mechanisms. 

RstAB is a TCS from the OmpR/PhoB subfamily that is composed by the membrane 

embedded sensor kinase RstB, and the response regulator RstA [116, 117]. This TCS 

has been identified in various bacteria and has been shown to play a key role in virulence 

and sporulation [114, 115] but it has also been associated with the expression of efflux 

pumps involved in multidrug resistance and with resistance to nitrosative stress [112]. 

RstAB has also been shown to regulate the virulence of Phdd, by regulating the 

expression of its three major toxins Dly, PhlyP, and PhlyC [96], a polysaccharide capsule 

required for virulence, outer membrane proteins, and genes associated with 

antimicrobial resistance [79].  

RstAB has been identified in Phdp (Unpublished data from FIV Group) but its role in 

regulating Phdp virulence has not been investigated. However it is likely that at least 

some genes will be differentially regulated by RstAB in the two subspecies, because 

Phdp has developed host-specific virulence factors, as well as an infection mechanisms  

that differs from the one of Phdd [126]. 

In order to understand if RstAB is important for Phdp virulence, we assessed the impact 

of rstB deletion for Phdp lethality in sea bass. This assay showed that deletion of rstB 

leads to a strong impairment in virulence, indicating that RstB is a key regulator of Phdp 

virulence (Figure 15). Although it would be interesting to complement these studies by 
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investigating the virulence role of RstA, this has not been possible because despite 

several attempts, the rstA deletion mutant could not be generated. 

ECPs play a major role in Phdp virulence [11] and contain two virulence-related toxins: 

the apoptosis-inducing protein AIP56 [6] and the Photobacterium binary toxin, PBT, 

composed of PBTa and PBTb (Unpublished data from FIV Group). In this work, we 

showed that RstB regulates the expression of these toxins (Figure 16 and 17). 

Considering their major virulence roles, it is reasonable to speculate that their 

downregulation is responsible for the decreased virulence of the ΔrstB mutant. In 

addition to regulating expression of AIP56 and PBT, we showed that RstB regulates the 

expression of PnpA, a previously identified secreted protein [17], whose role in virulence 

remains unclear, as well as OMP19, a newly identified outer membrane protein that is 

highly abundant in outer membrane vesicles (Unpublished data from FIV Group) (Figure 

16 and 17). It has recently been reported that laboratory Phdp strains, such as the 

MT1415 used in this work, lost some genes during manipulation in vitro, due to the 

instability of the virulence-related plasmid pPHDPT3 that, amongst many other genes, 

encodes a T3SS [69]. As such, it would be of the upmost importance to evaluate the role 

of RstB in the regulation of factors secreted by Phdp field isolates, because it could 

provide  a more complete picture of the RstB regulated genes in this bacterium. 

Nevertheless, all field isolates of Phdp analyzed so far express AIP56 [140] and PBT, 

and it is expected that the regulation of these toxins by RstB is important for the virulence 

of these strains. 

Recently, two putative trimeric autotransporter adhesins, PadA and PadB, that are not 

present in the MT1415 strain, were identified (Unpublished data from FIV group). 

Adhesins play a major role in virulence in many bacteria, mainly by mediating adhesion 

to host cells and tissues [43]. Although we predict that PadA and PadB play major 

virulence roles in Phdp, the fact that PadA and PadB are encoded in the unstable plasmid 

pPHDPT3 [69] complicated the characterization of their biological roles, as it was not 

possible to obtain isogenic mutants lacking these adhesins. However, we were able to 

study the role of RstB in the regulation of PadA and PadB expression, by complementing 

MT1415 WT and ΔrstB strains with plasmids encoding padA or padB under the control 

of their respective endogenous promoters. By comparing the levels of PadA and PadB 

expressed by WT and ΔrstB strains, we found that rstB deletion led to a drastic 

downregulation in the expression of PadA but did not affect expression of PadB (Figure 

18). Although these results were obtained in an “artificial” system, the fact that padA and 

padB were under the control of their endogenous promoter strongly suggests that 

expression of padA in the field isolates is also regulated by RstB. 
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There are reports of cross-talks between TCS, including RstAB homologues [78, 104]. 

For example, there is  evidence for a  cross-talk between RstAB and RcsCDB in S. 

Typhimurium, showing that the STM1485 gene, can be regulated by RcsB or RstA under 

different conditions [104]. Thus, the fact that a gene is regulated by RstB does not 

necessarily means that it is also regulated by RstA. To investigate if the Phdp genes 

regulated by RstB were also regulated by RstA, we analyzed the interaction of RstA with 

the putative promoter regions of the RstB-regulated genes aip56, pbt, pnpA, omp19, 

padA and padB.  

We started by optimizing the production and purification of RstA, to obtain the protein in 

an appropriate concentration and level of purity suitable for biochemical assays. A 

thermal shift assay allowed me to identify a  a buffer in which RstA is stable  (Figure 20), 

leading to the production of a more active  and purer recombinant RstA protein (Figure 

21). 

Since it is known that phosphorylation is required for dimerization and/or to increase the 

binding affinity of RstA homologues, and the phosphorylation site is conserved in Phdp 

RstA (Figure 22), we developed an in vitro phosphorylation assay to investigate if 

phosphorylation led to dimerization of Phdp RstA. Comparison of the SEC elution times 

of non-phosphorylated and phosphorylated RstA strongly suggested that 

phosphorylation results in its dimerization (Figure 23). We then performed EMSAs to 

analyze the ability of phosphorylated and non-phosphorylated RstA to interact with the 

aip56 promoter, showing that phosphorylation is required for DNA interaction (Figure 24). 

Phosphorylated RstA specifically interacted with the promoter region of the RstB-

regulated genes aip56, pbt, pnpA, omp19 and padA (Figure 25 and 26), which points to 

involvement of the canonical RstAB pathway in the regulation of these genes. 

Interestingly, RstA also interacted with the promoter region of padB (Figure 26), whose 

expression is RstB-independent, pointing to the occurrence of a possible cross-talk 

between RstA and a non-cognate sensor kinase. Further studies are undoubtably 

required to dissect the regulatory pathways that control expression of this Phdp putative 

adhesin.  

To understand the molecular details  underlying the RstA-DNA interaction, seven 

residues predicted to be involved in RstA-DNA interaction were identified (R179, R187, 

R196, K201, R206, K207 and R223), mutated to alanine, and the impact of the mutations 

in DNA-binding affinity assessed by performing EMSA. Mutant R206A was insoluble and 

thus, was excluded from this study. As expected, the mutation of R179, R187, R196, 

K201, K207 and R223 resulted in binding impairment, confirming that these residues 

play a major role in the formation of RstA-DNA complex.  
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5. Conclusion and future works 
 

In this work we showed that RstAB plays a major role in regulating virulence and toxin 

expression in Phdp. We also showed that the RstAB TCS regulates expression of the 

peptidoglycan hydrolase PnpA, the outer membrane protein OMP19 and the trimeric 

autotransporter adhesin PadA, recently identified in a field isolated of Phdp.  

Recently, TCSs have been used with success as drug targets. Considering the central 

role of RstAB in regulating major virulence factors of Phdp, it presents as a very 

promising target for developing anti-Phdp therapies. In this context, the here reported 

identification of residues required for RstA-DNA interaction is an asset for the 

development of binding inhibitors able to impair expression of RstA-dependent virulence 

genes. It is of note that the RstAB TCS is highly conserved in Phdp and Phdd. As such, 

compounds developed for Phdp RstAB should be effective against Phdd RstAB. This is 

of great importance because Phdd not only infects a wide variety of marine organisms, 

but also causes opportunistic and potentially fatal infections in humans. In the future, it 

would be important to develop studies aimed at identifying the Phdp RstA DNA binding 

box and at solving the 3D structure of RstA-DNA complex, as this could generate 

valuable information to guide virtual screening for compounds able to inhibit RstA-DNA 

interaction. 
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7. Annex 
 
Annex 1: Constructs used in this study and corresponding primers 
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Annex 1 (continuation): Constructs used in this study and corresponding primers 
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Annex 2: Thermal shift plates . Upon addition of protein, concentrations displayed 
are halved. 
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Annex 3: DNA segments used in EMSA and corresponding primers 

 
 
 

DNA Description DNA sequence Primers used for amplification

AIP56 promoter

Phdp AIP56 putative 
promoter region obtained 
by PCR amplification 
(373bp)

5'TAAAACGAATTACACCAAGTACCATCCATCTTGTAATGATTTAGAATTAATT
CAAGCTGAATTGGTGAGAAATGTGGAGATTAATCATCTCTTCGGTAATAATGT
GTCATTATTAATGATTAAGAATTGTATGAAGCCATGAGTGACAGTGTGTTGTG
TTTACTGTTAAATATTGGTATCTATAAATCAGATCTTAAATAGGACGATATTAA
GATAATAAAGTATACATATCGGAAAGTTATTTAGCGTGCAAGTGATATATAAA
ACACAAACAAGTCGTTTGTATCTACAACTTACGATTTGGATGCTTTTTCTCTATT
TATTAAAAACGGTATATTAACAGGATGTCACAGTGAAAAAATACTCAATAAT
C 3'

promAIP56_smaI_F
              
5’ CGCCCGGGTAAAACGAATTACACCAAGT  3’
                      
promoAIP56_TAT_R
             
5’ ATTAGTGAAGTTATCCATGATTATTGAGTATTTTTT 3’

PBT promoter

Phdp PBT putative 
promoter region obtained 
by PCR amplification 
(353bp)

5'GGTGATAATTAACATATTCATTATCAAGTAATATATCATTTATTTCTGATGTG
GATACATGAATAAAATAATGTATCAAAATGTAATGGGTTGTATCAACTCAATA
TCAATATTGCCTTTAGTTTATGACAATAAAATACATGTAGCTTAAATGCAATGA
ACAAGCTTGTATTTTGATGTTTTTGTAGAAAATAGCACTAAATTTATAATTTAA
TTTGGTGCTATATGCTAAGTTGATAATTTTTAATTGAATCAATAAGAATCCTTG
TTTTTACAATTAAGGAGGTAATGATATTTAATAATAGTGCAAAACAGAAGTTC
CAAATTTTAATAATCATATTAATGTTATGGAGC 3'

PromPTB_FW
              
5’ GGTGATAATTAACATATTCATTATCAAG  3’
                      
PromPTB_RV
             
5’ CTCCATAACATTAATATGATTATTAAAATTTGGT 3’

PnpA promoter

Phdp PnpA putative 
promoter region obtained 
by PCR amplification 
(480bp)

5'TCGAATTTAAGGTACAAGACATTTTATAACTTCAGGAATAATAAAGGACTAT
CCACTTTACCTGTCTTGTCCCCCTACATAATGAGATCGTTTACACAAATTAGCA
AATATAAATAATTACATTTCATTACAATTTACATTCTAAAAATATAGCGTCTTT
TTATAAAGATCTTATTTATGGAATGGAGGTCACAATAAATAGAACAGTTCTAA
TATTGCATCCCCGTAAGGAATATGATAAAACTGTTATTACATAATAAACTCAA
ATAAAACCTCTCTTAACAGTAATTAACAATATATTTAAGTAAAAATATCAATTT
ATGGCAATATCAATCTCAATATTGCTTTACCTAATAAGAGATATTATCCAAAG
ATAGAATTAGTATTCTCACGTAGATAAAGGGAAATTCATGAATATAAATAAA
CATTTAATGCTATTAGCATTATTAACCAACTATAGTTATGCAAATGGAAACAA
CA 3'

promoter_NLPC_F
              
5’ TCGAATTTAAGGTACAAGAC  3’
                      
promoter_NLPC_R
             
5’ CTGTTGTTTCCATTTGCATAA 3’

OMP19 promoter

Phdp OMP19 putative 
promoter region obtained 
by PCR amplification 
(250bp)

5'CGTGGCTCAATGAGCAATTAATGCAAAAATAATCTTACGGGGATAAGTACA
TAATCGCGACGAATAATTACATTAAAGCACATTAATGCGACTTACCTTTTTGCT
TCTGTCATCTACACTGTGTTCAGTTAATAAAACAGTGTGTTTATTTTTTATTTGT
GATTCCGTCATAAAAAGTAAGGTAAGAGATGATGAAGAGTATGAAAGGTCTA
TTGATTGTTGTTGGTGTACTAAGTTCTTTGGTGTGTGG 3'

Promotor_OMP19_FW
              
5’ CGTGGCTCAATGAGCAATTAATGC  3’
                      
Promotor_OMP19_RV
             
5’ CCACACACCAAAGAACTTAGTACACC 3’

PLA promoter

Phdp PLA putative 
promoter region obtained 
by PCR amplification 
(231bp); Negative control 
for EMSA identified by qRT-
PCR in Phdd, conserved in 
Phdp

5'GGCCAAGGCCGTAATAAACCTGCTGGACAAAAACCGACCAGCAAATTTAGC
GGTAAGCCAAAAAACAAACGATAGTATAAAACTCGTTACATAAATAAATTTA
TAGCGCTGAACAATTTCTTTTGTCAGCGCTATTTTTTTACATAACCTTTAAGCTT
TTTGCTCAATTTTCAGTAGAATAGCGATAACGCCAATCGATCCATGGGTTTATT
AAAAAGGATTACTCACTCT 3'

FW_PLA
              
5’ GGCCAAGGCCGTAATAAACCTGCTGG  3’
                      
RV_PLA
             
5’ AGAGTGAGTAATCCTTTTTAATAAACCC 3’

PAD A (ATAV16) promoter

Phdp HV10 strain PAD A 
putative promoter region 
obtained by PCR 
amplification (574bp); 
Promoter used for 
complementation in 
MT1415

5'GCGGATCCCTTCGTTACAGCCATTAGGGAAGATCTAACTAAAATCTGGCAA
AACACCAAAAACAGTATAGAAAACGCTCAAAAGTAACCTGTTTTAGTAGGCT
AAGTTATAAGAAAGACGGTTAATGATTGATTTTTAAGTGTTATTGTCAGAGTG
GTTAGAAATTGAAATTCCTAACCATCAAGGTCAAAAAATAACCTTAACGTACA
ATAATTTTCGATATCCAAACTGACCTCTGTATAGCCTCATGACGAGCTGTGCGA
GGAATACCAAGCTCGCGTAGCGATATCATCACCAACCCTTCTAACGAGTGATA
TAGCCTCTTATTTCACTATATTTACCCCATACTCTTTCCCTTCGTCCTCCTAAGCG
CTCTTTTGCTGTGGTTGATATAAGTAAATAGGGTGATTGTCGTATGACAAAAG
GAAGAAATCAGAAGGACTCAAGTCAAATTGTAGACACTTTGCAGACGAAAAC
TTGACATATAGATGAGATAAATTACTTCAATATATTCTAAGTGTGATTTAACTT
TCAAAACCACTATAAAATAACTAAGGTAAGTTAAAGATAATGC 3'

comp ATAV16 fwd 
              
5’ GCGGATCCCTTCGTTACAGCCATTAG  3’
                      
promATAV16_RV
             
5’ GCATTATCTTTAACTTACCTTAGTTATTTTATAGTGG 3’

PAD B (ATAV17) promoter

Phdp HV10 strain PAD A 
putative promoter region 
obtained by PCR 
amplification (247bp); 
Promoter used for 
complementation in 
MT1415

5'GGATCCTGGTTTGTCTGGGTGCATAGACAGGAAGATACCTGTCTATGCCTGT
TATGAACAGTAAAACTAACAGGTCGTTAGTTGCTGCCGTAGGCAGCCTATGTT
CTAACCCTTAGTAGACATAACATAGACACTTACATGCAATAACTTACTGTAGT
CTTTTTGAAACCTTAATTTATTCTTATCGCGTATTTAAGAGAAAGAATACGAAT
GCATATTTATAAATAAGGTTTTAGATTATGAAC 3'

comp. ATAV17_fwd
              
5’ GCGGATCCTGGTTTGTCTGGGTGCAT  3’
                      
promATAV17_RV
             
5’ GTTCATAATCTAAAACCTTATTTATAAATATGC 3’


