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Abstract 

 Far from living in controlled laboratory conditions, bacteria continuously 

face challenging situations in natural environments. To improve their chances of 

survival, they adapt their physiology and metabolism, not only with specific 

responses, but also triggering the so-called General Stress Response (GSR). 

This is an unspecific response that prepares the cell to deal with a number of 

unrelated stresses. Usually, the alphaproteobacterial GSR is regulated by an 

ECF  factor named EcfG, a NepR anti- factor and a PhyR response regulator, 

which sequesters NepR upon phosphorylation by stress-sensing histidine 

kinases. This titration of NepR releases EcfG to initiate transcription of the GSR 

regulon. This work sheds light on the regulatory pathway that signals and 

activates the GSR in S. granuli TFA, a strain with the ability to use the organic 

solvent tetralin as carbon and energy source, and the first facultative anaerobe 

described within its genus. After inspecting the TFA genome, a catalogue of the 

 factors, anti- factors and the GSR regulators encoded in it was defined. 

Particularly, TFA bears two paralogs of each of the GSR regulators. To address 

the specific role of each of them in the regulation and in the final transcriptional 

output of the response, both in vivo and in vitro studies have been combined. A 

number of single and multiple mutants of these regulatory genes were 

constructed and their ability to activate the GSR and respond to stress were 

addressed. As a result, the  factor EcfG2 was identified as the main activator of 

the GSR. Also, a GSR direct regulon has been defined in this species by dRNA-

seq, comprising 104 genes distributed in 79 operons. Furthermore, the two  

factors involved in the transcriptional activation (EcfG1 and EcfG2) were purified 

and their relative contribution to the transcription of individual GSR target 

promoters was studied by setting up an in vitro transcription (IVT) system using 

the native S. granuli TFA core RNA polymerase. Based on this IVT setup, and 

after the purification of the rest of GSR regulators (NepR1, NepR2, PhyR1 and 

PhyR2), the whole regulatory system could be reproduced. The resulting data 

allowed us to address the hierarchical role of these elements in the regulation 

and a specificity in the stress signaling by PhyR1 and PhyR2. Besides, this has 

provided evidence of the indirect negative feedback exerted by NepR2 by titrating 

PhyR1 and PhyR2 instead of the  factors, thus releasing NepR1 to perform the 



actual inhibition of EcfG1 and EcfG2, which supports a hypothesis that had only 

been speculated in previous literature. Apart from the study of the GSR signaling 

pathway, this work also provides evidence of the posttranscriptional control of 

this response, aimed at the main GSR regulator EcfG2, as an additional layer of 

regulation. 

 

 

  



Resumen 

Lejos de vivir en condiciones similares a las de laboratorio, las bacterias se 

enfrentan continuamente a circunstancias hostiles en sus hábitats. Para 

incrementar sus posibilidades de sobrevivir, tienen que adaptar su fisiología y su 

metabolismo, ya sea por medio de respuestas específicas o de la llamada 

Respuesta General a Estrés (GSR, del inglés General Stress Response). Esta 

última es una respuesta de carácter inespecífico que prepara a la célula para 

enfrentarse a una serie de estreses de distinta naturaleza. Generalmente, la 

GSR de las alphaproteobacterias está controlada por un factor  tipo ECF 

llamado EcfG, un factor anti- llamado NepR y un regulador de respuesta 

llamado PhyR, el cual, una vez fosforilado por histidina kinasas sensoras de 

estrés, secuestra a NepR. Esta interacción con NepR libera a EcfG para que 

pueda iniciar la transcripción del regulón de la GSR. Este trabajo se centra en el 

estudio de la ruta de señalización que regula la GSR en Sphingopyxis granuli 

TFA, una estirpe capaz de usar el solvente orgánico tetralina como fuente de 

carbono y energía, además de ser el primer miembro anaerobio facultativo 

descrito de su género. La inspeccion del genoma de TFA permitió definir un 

catálogo de los factores  y anti- codificados en el mismo, además de identificar 

los posibles reguladores de la GSR. En concreto, TFA codifica dos parálogos de 

cada uno de los reguladores de la GSR. Para averiguar el papel de cada uno de 

ellos en la regulación, así como en la respuesta transcripcional de la GSR, se 

han combinado estudios in vivo e in vitro. Para ello, se construyeron distintos 

mutantes simples y múltiples en los genes codificantes de estos reguladores y 

se estudió su capacidad para activar la GSR y responder a estrés. Como 

resultado, se identificó el factor  EcfG2 como el activador principal de la GSR. 

También, mediante dRNA-seq, se definió el regulón directo de la GSR, formado 

por 104 genes distribuidos en 79 unidades transcripcionales. Además, los dos 

factores  involucrados en esta activación transcripcional (EcfG1 y EcfG2) se 

purificaron y se estudió la contribución relativa de cada uno de ellos a la 

transcripción de promotores diana individuales. Esto se realizó mediante un 

sistema de transcripción in vitro (IVT, del inglés in vitro transcription) usando el 

core catalítico de la RNA polimerasa nativa de S. granuli TFA. Con este sistema, 

y tras la purificación del resto de reguladores de GSR (NepR1, NepR2, PhyR1 y 



PhyR2), se pudo reproducir el sistema de regulación completo. Los datos 

obtenidos permitieron describir el papel jerárquico de estos elementos en la 

regulación y la especificidad de PhyR1 y PhyR2 en la señalización del estrés. 

Aparte, se han obtenido evidencias del control indirecto por retroalimentación 

negativa ejercido por NepR2 mediante interacción con PhyR1 y PhyR2, de forma 

que NepR1 quedaría libre para producir la inhibición de EcfG1 y EcfG2. Además 

de describir la ruta de señalización de la GSR, este trabajo también ofrece 

evidencias del control postranscripcional de esta respuesta, ejercido 

principalmente sobre EcfG2. 
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1. Gene transcription and its regulation 

Generally, for a gene to exert its function, the protein encoded in it (or the 

RNA in some cases) needs to be expressed. This expression comprises two 

consecutive processes: i) transcription, which would consist on the synthesis of 

an RNA strand (mRNA) using DNA as template and which may have a function 

by itself (e.g., tRNAs, rRNAs, ncRNAs, etc.); and ii) translation, by which the 

mRNA would be used as template to produce a protein using the ribosomal 

machinery of the cell. Focusing on the course of the transcription, three steps can 

be distinguished: i) the initiation, in which the RNA polymerase (RNAP) binds a 

promoter region, the DNA template is melted (open complex formation) and the 

RNA synthesis starts at a transcription start site (TSS); ii) the elongation, which 

consists on the actual enzymatic production of the RNA strand; and iii) the 

termination, by which the transcription is finished at a specific point called 

transcription termination site (TTS). Given that the transcription is the first step in 

the gene expression and that not all the genes need to function in the same 

conditions, it is critical to tightly regulate it. This regulation may depend on a 

variety of cues, such as the presence of specific inducer or corepressor 

molecules, the activity of regulatory proteins or even the conformation or possible 

modifications in the template DNA, and typically may affect the initiation of the 

transcription, although there are other mechanisms to regulate the elongation and 

the termination steps (Browning & Busby, 2004). 

 

1.1. Initiation 

 In order to initiate the transcription, the RNAP needs to bind a promoter 

region. This is a DNA location upstream the transcribed region itself where the 

transcriptional regulatory inputs for the initiation normally act on. From a general 

point of view, the core RNAP, formed by subunits a (two copies), b, b’ and w, 

binds the s subunit or factor, (which confers the promoter affinity) to form the 

RNAP holoenzyme (Saecker et al., 2011; Hook-Barnard & Hinton, 2007; Paget & 

Helmann, 2003). This whole complex would be able now to bind a promoter 

sequence located closely upstream the TSS (which would be the in the +1 

position). The composition of these sequences may vary depending on the s 
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factor that is bound to the core RNAP, leading to the formation of different RNAP 

holoenzyme forms, and thus, directing transcription toward different sets of genes 

(Gruber & Gross, 2003). This may stand as a regulatory mechanism by itself 

controlling the expression and/or the activity of alternative condition-specific 

regulons. 

 Traditionally, the transcriptional regulation is exerted by DNA binding 

proteins which exert a negative or a positive control on the transcription, and 

which would be referred as repressors or activators, respectively (Browning and 

Busby, 2004). A repressor generally functions by binding specific DNA 

sequences in a promoter region, the so-called operators, so that the action of the 

RNAP is blocked, either by avoiding its progression over the template DNA strand 

or by preventing its binding and/or the isomerisation into the open complex 

(transcription bubble) due to DNA distortions or bending. The activity of a 

repressor normally depends on the influence of a ligand molecule, which may 

activate the repressor protein (this molecule would be a corepressor) fostering 

the DNA binding, or leave the repressor in an inactive conformation (inducer 

molecule), which would eventually allow the transcription (Bervoets & Charlier, 

2019). Well known examples of these regulatory mechanisms in Escherichia coli 

are the regulator ArgR (Maas, 1994), which represses the arginine biosynthesis 

genes in the presence of sufficient amounts of arginine (corepressor), and the 

regulator LacI (Jacob & Monod, 1961; Gilbert & Müller-Hill, 1966), which prevents 

the transcription of the lactose catabolic operon while lactose is not present 

(inducer). 

On the other hand, in the case of positive regulation mechanisms, the 

RNAP holoenzyme alone would not be able to bind the promoter efficiently and 

produce a robust transcription. Then, an activator protein would be needed to aid 

in the transcription initiation (promoter recognition and/or isomerisation from 

close complex to open complex), which exerts its action from an activator binding 

site, normally located upstream of the RNAP binding sequences (Browning & 

Busby, 2004). This binding, sometimes together with a direct interaction with the 

RNAP, may help to locate the enzyme in the appropriate position making the right 

contacts with the promoter or reconfigure the DNA structure to make it more 

susceptible to initiate the transcription. Activators, as well as repressors, may 
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need an inducer molecule to produce their effect, but in some instances, they can 

work alone with their activity being regulated at other levels (Bervoets & Charlier, 

2019). Also, their binding site may be positioned at different distances from the 

DNA region where the RNAP holoenzyme initially binds, and their action may 

require direct protein-protein interaction with the RNAP or not (Browning & Busby, 

2004). A typical example from E. coli of an activator that needs to interact with an 

inducer to be active, is the regulator MalT (Hatfield et al., 1969), which in the 

presence of maltose activates the expression of the maltose catabolic genes. 

Also, an example of a regulator that activates the transcription by binding right 

upstream the promoter but also at a distance is the anaerobic regulator Fnr 

(Bueno et al., 2012), which may bind at the -41.5 position (class II site), next to 

the -35 box, or at positions -61.5, -71.5, -81.5 or -91.5, defined as class I sites 

(Browning & Busby, 2004; Wing et al., 1995). 

In more complex scenarios, generally involving the switch between 

lifestyles involving an important remodelling of the physiology and the 

metabolism, regulation may be centred in the action of one global regulator. This 

element may function dually as an activator or a repressor, depending on the 

position of its binding site at different promoters (Browning & Busby, 2004). An 

example of this situation may be observed in the previously mentioned case of 

Fnr, which can activate the transcription of genes involved in the anaerobic 

respiration (Bueno et al., 2012), but also repress the expression of certain genes 

needed for aerobic respiration (Williams et al., 1998). Other examples of this 

regulators may be FleQ, which regulates the motility in Pseudomonas aeruginosa 

by activating the transcription of the flagellar cluster, but also repressing the 

exopolysaccharide production genes, depending on the concentration of the 

second messenger c-di-GMP (Matsuyama et al., 2016), or the regulator FadR 

from E. coli, which promotes the transcription of genes involved in fatty acid 

biosynthesis while repressing genes involved in b-oxidation (Feng & Cronan, 

2012). 
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1.2. Elongation and termination 

 Far from being just an enzymatic process, the transcriptional elongation 

also allows modulation mechanisms, although they are now starting to be 

unrevealed. The most noticeable situations in which elongation needs to be 

modulated happen when transcription needs to be coupled with translation so 

that the whole expression process works efficiently, to avoid mistakes in the 

newly synthesised RNA when the template DNA suffers lesions and to prevent 

clashes between transcription and replication (Belogurov & Artsimovitch, 2015). 

As indicated by studies performed in E. coli, the transcription rate is not uniform. 

Instead, even though the RNAP may act processively, the RNA synthesis is 

subjected to pauses (Kang et al., 2019). These pauses depend on the template 

sequence and the nascent RNA structure, and may be shortened or enhanced. 

RNAP may resume transcription spontaneously, whereas, in other cases, 

additional factors may be necessary to prevent backtracking and RNAP stalling.  

 After elongation, the termination process helps to enclose transcription 

within the boundaries of the gene or genes that need to be expressed. Two main 

mechanisms govern the termination process: the intrinsic termination and the 

Rho-dependent termination (Peters et al., 2011). 

 The intrinsic termination (Gusarov & Nudler, 1999) depends on the 

presence of a GC-rich sequence containing an inverted repeat with a non-

repeating segment in between, followed by an A-stretch downstream the open 

reading frame of the gene that is being transcribed. When this region is 

transcribed, a stem-loop structure followed by a poly-U segment is formed in the 

nascent RNA. This provokes a pause in the transcription, and the DNA-RNA 

duplex separates due to the weakness of the A:U heteroduplex, terminating the 

transcription. 

 On the other hand, Rho-dependent termination (Ciampi, 2006) is carried 

out by a conserved protein called Rho, by its nomenclature in E. coli, with ATPase 

and helicase activity. In this case, a Rho hexamer binds the nascent RNA at a rut 

site (Rho utilisation) and translocates through the RNA strand in an active 

process until it reaches the RNAP at a pause site. Here, Rho unwinds the DNA-

RNA duplex due to its helicase activity, terminating transcription. 
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2. s factors: structure, function and classification 

 The core RNAP alone is not able to initiate the transcription. However, a 

small, dissociable subunit called s factor provides that ability. When bound to the 

RNAP, forming the holoenzyme, this element confers the capability to recognise 

the appropriate DNA region to start the transcription (i.e., a promoter region) and 

to access the template strand of the DNA by catalysing the open complex 

conformation (Zhang et al., 2012). After the elongation begins, the s factor comes 

apart from the RNAP (although recently it has been demonstrated that this 

subunit may be retained in around 30% of the elongation complexes (Harden et 

al., 2016)), being now able to direct the transcription initiation with another core 

RNAP complex. The most studied representative of these proteins is the 

housekeeping s70 factor, responsible for promoting the transcription of the bulk 

of the genes, with its structure and mode of action well conserved among the 

other members of its protein family (Feklístov et al., 2014). Besides, another 

protein with a whole distinct structure, called RpoN or s54, may function as s 

factor, but in this case presenting remarkable differences with respect to the 

structure and mechanism of action (Danson et al., 2019). 

 

2.1. Classification of s factors 

 According to their structure and mechanism of action, s factors can be 

classified primarily in two groups: a broad protein family with a domain 

organisation similar to that of the housekeeping s70 factor and the RpoN s factor 

family, which normally stands as the only representative of its family encoded in 

a bacterial genome and much less abundant than the s70 family (El-Gebali et al., 

2019). Since the housekeeping s70 factor drives the transcription for the bulk of 

the genome, the rest of them are usually referred as alternative s factors, and 

normally drive the expression of specific subsets of genes to adapt the 

transcriptional profile to the changing environmental situation (Paget, 2015). 
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2.1.1. The s70 family 

2.1.1.1. Group I: the vegetative s70 factor 

 The domain architecture of the housekeeping s70 factor and the close 

relationship with its function has been under study since the second half of the 

XXth century. Its canonical structure presents five functional domains (Paget, 

2015), some of them with different subdomains: s1.1, s2 (1.2, NCR, 2.1-2.4), s3 (3.0, 3.1), 

s3.2 and s4 (4.1, 4.2). Among them, only s2, s3 and s4 display DNA binding properties 

(Basu et al., 2014), recognising the discriminator element and regions -10, 

extended -10 and -35 within a promoter (the specific function of each domain in 

the transcription initiation is explained below). The other two domains (s1.1 and 

s3.2), which are not essential for promoter binding, are involved in preventing 

transcription until the promoter has been bound by the RNAP holoenzyme and 

the DNA double strand has been unwound (Basu et al., 2014; Feklístov et al., 

2014). For the initiation of the transcription, at least two contacts need to take 

place: one between the s3 domain and the extended -10 box and/or between the 

s4 domain and the -35 box to position the RNAP holoenzyme and another one, 

which is crucial for the initiation, between the s2 domain and the -10 box (Paget, 

2015). On the other hand, the s1.1 domain acts by supressing the DNA binding 

activity when it is dissociated from the RNAP and also by inserting itself in the 

active site of the holoenzyme to prevent unspecific transcription until the complex 

is properly positioned on a promoter region and forming an open complex (Bae 

et al., 2013). Besides, the sNCR subdomain (NCR standing for non-conserved 

region) is variable in sequence and has been involved in the binding to the core 

RNAP and in facilitating the initiation-elongation transition (promoter escape) 

(Leibman & Hochschild, 2007). The role of the s3.2 region, which tends to 

disappear in alternative s factors (see below), is not completely clear, although it 

seems to aid in the binding of the 3’-initiating nucleotide to start the elongation 

(Basu et al., 2014). The individual functionalities of the different domains, 

together with the molecular mechanism followed to initiate transcription (which 

will be addressed in the following sections) help to rationalise the structural 

classification of the s70 family (Fig. 1) (Lonetto et al., 1992). 
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2.1.1.2. Group II 

 The Group II is formed by alternative s factors with the same domain 

architecture as the Group I (Fig. 1), except for the lack of the s1.1 domain (Paget, 

2015). A well-known example of this group is the stationary phase-induced RpoS 

from E. coli. Given its similarity with RpoD (the vegetative s70 factor in E. coli), 

RpoS is able to recognise nearly the same promoters as the first, whose 

stringency in the target recognition is already low. Eventually, their regulons were 

elucidated by the functional differences of both proteins in their permissiveness 

to mismatches in the target promoters (Schellhorn, 2020). One exception found 

in this group is the sABfr factor found in the phylum Bacteroidetes, which is 

structurally related to Group II (it lacks the s1.1 domain, as well as the sNCR 

subdomain) but acts as the primary s factor, concomitantly with the absence of 

an RpoD homolog (Vingadassalom et al, 2005). Furthermore, rather than 

recognising the canonical -10 and -35 boxes, sABfr factors target sequences are 

centred at the -7 and -33 positions (Ryan et al., 2020). 

 

2.1.1.3. Group III 

 Group III is represented by s factors formed only by domains s2, s3 and 

s4. Sometimes, even the s3 domain may be dispensable, since only one contact 

Figure 1. Representation of the domain architecture of the different groups of s factors 
belonging to the s70 family. Regions that directly contact the DNA are represented with 
squares and regions that only interact with the core RNAP are represented as circles. A dotted 
line indicates the variable subdomains within the s2 domain. 
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with either the extended -10 box or the -35 box is enough to orientate the RNAP 

holoenzyme (Paget, 2015). Representatives from this group regulate a number 

of biological adaptations, such as the heat shock response, flagella biosynthesis 

(RpoH and FliA, respectively, from E. coli) or sporulation (WhiG from 

Streptomyces coelicolor) (Helmann, 2002). Given their inability to prevent 

spurious DNA binding and transcription (they lack the s1.1 and sNCR domains, Fig. 

1), this class of s factors present a more stringent promoter recognition capability 

(Paget, 2015). This characteristic, featured here and in Group IV, allows a 

transcriptional regulation that depends almost exclusively on the presence of an 

active s factor, whereas, for Group I or II s factors, it is common the additional 

participation of regulatory proteins to boost transcription and specifically 

recognise the target promoter. 

 

2.1.1.4. Group IV: extracytoplasmic function s factors 

 The extracytoplasmic function s factors (also known as ECFs) are the 

smallest representatives among the s70 family and the most diverse and 

abundant, emerging as the minimal functional element able to drive transcription 

(Staroń et al., 2009). The term ECF was coined in a seminal publication by 

Lonetto et al. describing a structure-dependent s factor classification for the first 

time (Lonetto et al., 1992). At that moment, this group gathered poorly related 

proteins involved in cell surface and transport processes which also functioned 

as s factors. Later on, two common features of these proteins were described: i) 

they are formed only by domains s2 and s4 (Fig. 1), and ii) these domains are 

separated by less than 50 amino acids. Beyond those features, ECFs are a 

diverse group of proteins regarding target sequences, regulatory mechanisms or 

synteny conservation. On average, Bacteria encode around 10 ECFs per 

genome, although the average number may vary depending on the genome size 

and the phylogenetic group (Casas-Pastor et al., 2021). Well studied 

representatives of the Group IV are the E. coli envelope stress responsive RpoE 

or the Bacillus subtilis SigH, involved in sporulation and competence (Lonetto et 

al., 1992). Their diversity led to the confection of an ECF classification, 

comprising originally 67 groups (Staroń et al., 2009) and recently updated to 157 
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groups (Casas-Pastor et al., 2021), depending on their sequence and genomic 

context. 

 

2.1.2. The RpoN s54 factor 

 The domain architecture of RpoN does not share any common features 

with the s70 family (Fig. 2), nor its mode of action. Mechanistically, the main 

functional characteristic of RpoN is its inability to spontaneously unwind the DNA 

double strand to form the transcription bubble. For this purpose, different 

accessory regulators with ATPase activity, called bacterial enhancer binding 

proteins (bEBPs), are needed at different promoter regions (Bush & Dixon, 2012). 

Broadly, it presents three regions (RI-III): i) RI region is the main responsible for 

the interaction with the activator proteins; ii) RII, which may be subdivided in RII.1-

RII.3, stablishes interactions with key regions of the RNAP involved in the 

interaction with the template and occupies the RNA exit channel, thus inhibiting 

polymerisation while the template is in closed complex conformation; and iii) RIII, 

which contains a core binding domain (CBD), responsible for the interaction with 

core RNAP, an ELH (extra-long helix) motif, which, together with the RI region, 

occupies the active site of the RNAP preventing the formation of the open 

complex before the activation, and an HTH (helix-turn-helix) motif followed by the 

RpoN domain, both responsible for binding the -12 and -24 boxes of the promoter, 

respectively (Danson et al., 2019). 

 

2.2. Role of s factors in the transcription initiation 

 The molecular mechanism by which a s factor mediates the transcription 

initiation has been intensively studied, mostly in the case of the E. coli vegetative 

s70 factor, although some details about intermediate states remain unclear 

CBD RI RII.3 HTH 

RIII 

RII.1 RII.2 ELH RpoN 

Figure 2. Representation of the RpoN domain architecture. Regions that directly contact the 
DNA are represented with squares and regions that interact with the core RNAP are 
represented as circles. 

N C 
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(Paget, 2015). Before binding a promoter, s70 needs to dock to the core RNAP 

forming the holoenzyme. At this point, the s1.1 situates in the active site (Bae et 

al., 2013), consequently releasing the constrain that exerted on the DNA binding 

determinants of s70 when it is unbound, thus allowing the promoter recognition 

capability. Next, the s4 and s3 domains, which are able to interact with dsDNA, 

properly anchor and orientate the holoenzyme by their interaction with the -35 

and extended -10 boxes, respectively (Paget, 2015; Feklístov et al., 2014). Whilst 

this part of the promoter is not unwound and these two domains bind dsDNA, the 

s2 domain actually interacts with ssDNA. More specifically, the s2 domain 

interacts with a consensus TATAAT -10 box localised from positions -12 to -7 

upstream the TSS (Paget, 2015). Furthermore, the s1.2 subdomain, located within 

the s2 domain, is able to interact with the so-called discriminator element, located 

from positions -6 to -3 upstream the TSS (Zhang et al., 2012). After anchoring 

the holoenzyme, the s2 domain is able to unstack up to three nucleotides from 

the dsDNA (specifically from the non-template strand), forming the nascent 

transcription bubble. At this point, the s2 domain is able to interact with the 

unwound -10 box and discriminator element, particularly by burying A-11, T-7 and 

G-6 in protein pockets, which allows to hold the transcription bubble open (Paget, 

2015; Zhang et al., 2012). Finally, the unwinding propagates to the TSS and, after 

the elongation begins, the s70 factor may be released from the core RNAP. A 

summary of this initiation process is shown in Fig. 3. 
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Figure 3. Schematic representation of the transcription initiation executed by the E. coli s70 
factor, emphasizing the key contacts between the different domains and their cognate target 
sequences within the promoter region. Note that three nucleotides are flipped out to allow the 
separation of the dsDNA and forming the transcription bubble. 
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Figure 4. Schematic representation of the transcription initiation executed by the E. coli RpoE 
s factor, emphasizing the key contacts between domains s2 and s4 and the -10 and -35 boxes, 
respectively. Note that only one specific nucleotide is flipped out to allow the separation of the 
dsDNA and forming the transcription bubble. 
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 In contrast to the s70 factor, Group III, and specially Group IV 

representatives drive the transcription of a relatively small set of genes whose 

regulation lies mainly on the specific promoter recognition by the appropriate s 

factor. Because of this, in order to distinguish promoters stringently, the DNA 

binding determinants are well conserved and the spacing distances among them 

remain rigid (Paget, 2015). This, together with the capability to flip out only one 

specific nucleotide at the -10 box (Campagne et al., 2014), weakens the overall 

ability of the alternative s factors to form the transcription bubble, ensuring that 

only promoters as close as possible to the consensus target sequence allow a 

transcription initiation event. Since ECFs have the minimal number of elements 

for recognising the promoter and catalysing the initiation (s2 and s4 domains) and 

lack some of them that have a relevant mechanistic role (such as the s3.2), the 

differences between them and the vegetative s70 factor have been intensively 

studied in the recent years (Li et al., 2019; Fang et al., 2019). 

 Recent studies show that the lack of a s3.2 domain is supplied by the linker 

between regions s2 and s4 domains. Although this linker is variable in sequence, 

it exhibits a conserved secondary structure that inserts into the active centre of 

the RNAP and the RNA-exit channel, similarly to the s3.2 domain. Further findings 

suggest that this linker is involved in the formation of the open complex and 

promoter escape (Fang et al., 2019). Additionally, the reduced melting capacity 

of ECFs with respect to the vegetative s70 factor is reflected in the absence of the 

whole s1.2 subdomain (which can flip out a nucleotide from the discriminator 

element) and the lack of the key residues involved in burying two flipped-out 

nucleotides from the -10 box within the s2.3 subdomain. Alternatively, ECFs 

present a loop, termed L3, located between helices a3 and a4 within the s2 

domain (Campagne et al., 2014). This loop forms a pocket where the only flipped-

out nucleotide is accommodated with a high specificity, since its amino acidic 

composition allows the interaction with all the functional groups in that nucleotide. 

This explains the increased stringency in the promoter targeting of the ECFs 

compared to the vegetative s70 factor. The ECF initiation mechanism is 

summarised in Fig. 4, using E. coli RpoE as example. Although the function 

remains the same for the interaction between the s4 domain and the -35 box in 
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ECFs with respect to the vegetative s70 factor, it also has mechanistic differences. 

In the case of the vegetative s70 factor, it establishes interactions with all 

nucleotide positions within the -35 box. However, ECFs establishes these 

interactions with most of the -35 box nucleotides, except for a central short A-

tract for which the interactions are fewer and weaker. This might contrast with the 

wide-spread conservation of this central A-tract in the -35 box of ECFs target 

promoters. The explanation for this is that the short A-tract is narrowed upon 

engagement with the s4 domain, providing a DNA geometry that allows an 

appropriate interaction between the s4 domain and the rest of nucleotides in the 

-35 box (Kwon et al., 2019; Lane & Darst, 2006). 

 Although the basic principle does not change, the formation of the 

transcription bubble by RpoN s factors is achieved by a completely different 

mechanism (Danson et al., 2019 and references therein). This is due to the 

inability of this protein to melt the DNA template spontaneously. In this case, the 

RpoN-RNAP holoenzyme cannot initiate transcription by itself due to several 

domains of RpoN that inhibit the RNAP activity. Initially, once the holoenzyme 

has been anchored to the promoter sequence, RpoN generates a distortion in its 

binding sequence, particularly around the -12 box, being the first step in the open 

complex formation. After that, the RpoN conformational change fostered by a 

bEBP (see below) alleviates its inhibition on the core RNAP, allowing the opening 

of the cleft and the initial load of the dsDNA. The subsequent closure of the cleft 

leads to the complete DNA load, which is coupled to the melting of the double 

strand. Finally, the open complex is stabilised by ssDNA contacts with the RNAP. 

Throughout this process, a bEBP is needed to mediate the open complex 

formation (Danson et al., 2019; Bush & Dixon, 2012). This kind of proteins 

normally bind DNA at a distance of approximately 100-150 bp upstream the 

promoter. To enable their interaction with the RpoN-RNAP holoenzyme, a loop 

in the DNA is required, which is often mediated by DNA bending proteins similar 

to IHF (integration host factor). When this interaction happens, thanks to the 

ATPase activity of the activator, the energy obtained from ATP hydrolysis allows 

a conformational change in RpoN, which causes the release of the RNAP from 

the RpoN inhibitory domains. Also, the conformational change relocates the RI 

domain, which acts as wedge aiding in the separation of the dsDNA. Besides, 
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this domain, together with the ELH region, interacts rigidly with the core RNAP, 

preventing the opening of the cleft. After its relocation, the RNAP cleft is allowed 

to open, starting the DNA load as previously mentioned, which eventually lead to 

the open complex formation and transcription initiation.  

 

3. Signal transduction systems 

 As previously indicated, bacterial gene transcription does not remain 

static. Instead, the expression profile is modulated, by means of transcriptional 

regulatory mechanisms, to adapt both physiology and metabolism to the 

changing environmental conditions. In a typical model, a stimulus activates a 

sensing element, either outside of the cell or in the cytosol, which, depending on 

the system, directly regulates or triggers a signalling pathway to eventually 

regulate gene expression. These signal transduction systems can be classified 

according to the nature of the final gene regulatory element and the number of 

components implicated in the signalling. According to this, and in general terms, 

there are: i) systems in which the element exerting the regulation is a DNA-

binding regulator, including in this category one- and two-component systems, 

and ii) systems in which the regulation is exerted via an alternative s factor 

(usually an ECF due to their abundance), modulating the availability of certain 

RNAP holoenzyme forms. 

 

3.1. Systems dependent on DNA-binding regulators 

3.1.1. One-component systems 

 From an evolutionary point of view, one-component systems (1CS) are 

older than two-component systems (2CS), and appear widespread among 

prokaryotes (Ulrich et al., 2005). These are generally soluble proteins composed 

by a sensing domain and an effector domain. The domain sensing the stimulus 

(normally a GAF/PAS-type domain) is usually able to bind small molecules, but 

may also present redox properties. On the other hand, the output domain 

generally presents an HTH motif, which confers the DNA binding properties 

(Ulrich et al., 2005). In any of those cases, the binding of the appropriate ligand 

or the change in the redox state causes a conformational change, altering the 
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DNA binding properties of the regulator accordingly to the aforementioned 

typology (depending on the protein, the regulation can be positive or negative, 

and the ligand molecule can be an inducer or a corepressor). A well-studied 

example of positive control by a 1CS (exemplified in Fig. 5A) is the XylS regulator 

(Worsey & Williams, 1975), which activates the expression of the toluene 

degradation pathway encoded in the TOL plasmid from Pseudomonas putida 

upon interaction with the substrate (or its derivatives). In contrast, a renowned 

example of negative regulation by a 1CS is the LacI repressor (Gilbert & Müller-

Hill, 1966), which negatively regulates the transcription of the lac genes, encoding 

for the elements involved in the transport and metabolism of lactose in E. coli. In 

the presence of lactose, LacI is unable to bind the lacO site, allowing the 

transcription of the lac operon. 

 

3.1.2. Two-component systems 

 In contrast to 1CS, two-component systems (2CS) add an extra level of 

complexity to regulation by splitting the input and the output elements, presented 

before as two domains of the same protein, into two individual proteins (Mascher 

et al., 2006; Stock et al., 2000). The most frequent communication between both 

elements is mediated by changes in the phosphorylation state, a mechanism 
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Figure 5. General examples of signal transduction mechanisms used by one-component 
systems (1CS; A) and two-component systems (2CS; B). In a 1CS, the response regulator 
(RR) directly interacts with an inducer (as depicted in this figure) or a corepressor to become 
active (in the case of a positive regulation, as depicted in this figure) or inactive (in the case 
of negative regulation). In a 2CS, exemplified here as a phosphotransfer system, the signal is 
received by a sensor histidine kinase (His kinase), which autophosphorylates in a His residue 
(H). Subsequently, the phosphoryl group is transferred to an Asp residue (D) in the cognate 
RR, which becomes active. 
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known as phosphotransfer (Fig. 5B). However, any system with two separate 

elements (a sensor and a regulator) communicated by a signal transduction (not 

only phosphotransfer, but also direct protein-protein interaction, for example) 

could be sorted in this category. Generally, when a stimulus is sensed by the 

input element, which normally takes the shape of a membrane-anchored histidine 

kinase, this protein undergoes an autophosphorylation in a conserved histidine 

residue present in the cytosolic domain. Then, the phosphoryl group is 

transferred to an aspartate residue in the receiver domain of the output element, 

known as response regulator (RR). After the phosphorylation, the RR, which also 

presents a DNA binding domain, execute the regulation on gene expression 

(Stock et al., 2000). A classic example of these signalling pathways in Klebsiella 

pneumoniae is the NtrBC system, involved in the global nitrogen regulation, with 

NtrB being a soluble histidine kinase and NtrC being the RR that activates gene 

expression (Álvarez-Morales et al., 1984). There are also well-studied examples 

of 2CSs that do not use phosphotransfer to transduce the signal. In Azotobacter 

vinelandii, the NifLA system regulates the expression of the molybdenum 

nitrogenase coding genes (Matínez-Argudo et al., 2004 and references therein). 

Although a number of metabolic signals can modulate the activity of the system, 

briefly, in conditions of nitrogen excess, the sensing protein NifL binds the 

activator NifA, preventing DNA binding and gene transcription. In this species, 

nitrogen availability is sensed by the concentration of 2-oxoglutarate. At high 

concentrations of this metabolite (i. e. carbon excess and nitrogen limitation), NifL 

changes its conformation to release NifA, allowing the expression of the 

nitrogenase coding genes and thus, nitrogen fixation. 

 Further complexity may be added by involving more elements to transduce 

the signal from the sensor to the RR. A typical example of this situations is a 

mechanism named phosphorelay (Mitrophanov & Groisman, 2008). These 

additional elements are generally single-domain response regulators (SDRR), 

which have a similar architecture than RRs, but lacking the DNA binding domain, 

and phosphotransferases. These proteins may receive phosphoryl groups in an 

aspartate or a histidine residue, respectively, from a number of donors, to 

eventually deliver it to an RR with DNA binding properties to regulate gene 

expression. This mechanism allows the integration of different signals at different 
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levels to orchestrate a fine-tuned response according to complex environmental 

cues. An example of this kind of pathway is the signalling cascade that regulates 

the sporulation process in B. subtilis (Piggot & Hilbert, 2004). There, the RR 

Spo0A is activated by the phosphotransferase Spo0B, which receives the 

activating phosphoryl group from the SDRR Spo0F. This latter element is able to 

be phosphorylated by up to five different histidine kinases (KinA-E) to merge a 

number of signals so that sporulation is properly regulated. 

 To counteract this kind of systems and to switch off the response once the 

stimulus disappears, one general strategy consists in removing the phosphoryl 

group either from the RR or directly from the histidine kinase (Mascher et al., 

2006). This dephosphorylation events may be performed by an intrinsic 

autophosphatase activity of the RR, a certain phospho-protein phosphatase 

activity of the histidine kinase toward the RR or the action of specific 

phosphatases that set the pathway back to the pre-stimulus state. 

 

3.2. ECF s factor systems 

 Alternative s factors, particularly ECFs, have emerged in the recent years 

as a pillar of signal transduction in Bacteria (Staroń et al., 2009). Due to their 

direct implication in the promoter recognition and the transcription initiation, the 

exchange among alternative s factors stands as a straightforward mechanism to 

activate the expression of certain sets of genes without much further machinery 

needed. To activate their regulon strictly when required, ECFs are tightly 

regulated by up to 6 broad mechanisms (Fig. 6) (Pinto & da Fonseca, 2020): 

proteolytic cleavage of membrane-anchored anti-s factors, conformational 

change of anti-s factors, serine/threonine protein kinases (STPKs), C- and N-

terminal extensions and exclusively by controlling their transcription in a 

regulatory cascade (usually by 1CSs or 2CSs). 

 

Membrane-anchored anti-s factors represent the ancestral regulatory 

mechanism from which the rest of them emerged and is the most wide-spread 

(Pinto & da Fonseca, 2020). In this way, a sensing domain would be exposed 

either to the outer or the inner surface of the cell envelope, together with a 
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cytosolic anti-s domain, which would bind the ECF, thus preventing its activity. 

When a specific stimulus is sensed directly or indirectly by the anti-s factor, a 

proteolytic cleavage or a conformational change occurs to eventually release the 

ECF, which would now be available for the core RNAP to recognise its specific 

regulon. A model example of this regulation is the FecIR system (Braun et al., 

2003), which regulates iron transport in E. coli. Upon the activation of the FecA 

receptor, it directly interacts with the sensor domain of the anti-s factor FecR, 

eventually releasing the ECF FecI to activate the fecABCDE transport cluster. 

 

 

Furthermore, when the anti-s factor is a soluble protein (which emerged 

from membrane-anchored homologs due to gene truncations (Pinto & da 

Fonseca, 2020)), an accessory sensing element would be needed to receive the 

stimulus and trigger a signalling pathway to eventually liberate the ECF from its 

repression. For both, membrane-anchored and soluble anti-s factors, 

Figure 6. Representation of the six general mechanism that control the activity of ECFs. Blue 
and yellow boxes represent 𝛔2 and 𝛔4 domains of ECFs, respectively; anti-𝛔 factor and 
regulatory extensions are represented in green; proteases appear in black; Ser/Thr protein 
kinases appear in magenta; systems controlling the expression of the target ECF, such as 
2CSs, are depicted in grey; phosphoryl groups are depicted as green circles and inducer 
ligands appear as pink circles. 
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crystallography and homology modelling studies have shed light on the molecular 

aspects of the ECF-anti-s interaction. Despite specific details that may differ 

among pairs, the general mechanism of anti-s inhibition consists in occluding the 

ECF determinants responsible for the interaction with the core RNAP and locking 

the ECF in a non-optimal conformation for binding its target promoter. The 

secondary structure of the ECF binding domain of anti-s factors (anti-s domain 

or ASD) defines the interaction mode with the cognate ECF, and according to it, 

anti-s factors are classified in classes I-III (abbreviated ASDI-ASDIII) (Pinto & da 

Fonseca, 2020). In the RpoE-RseA ECF-anti-s pair from E. coli, with RseA being 

classified as ASDI, the anti-s locks RpoE in a conformation in which it is unable 

to bind the core RNAP nor the target promoter sequence (Campbell et al., 2003). 

In ASDIIs, represented by the EcfG-NepR pair from Sphingomonas melonis, the 

anti-s factor NepR embraces the RNAP interaction surface of EcfG, preventing 

its binding to the catalytic core (Campagne et al., 2012). The ASDIII has been 

newly added to the classification due to the recent description of the interaction 

between the BldN-RsbN pair from Streptomyces venezuelae (Schumacher et al., 

2018). In it, RsbN blocks the s4 domain within BldN, preventing the promoter 

binding and, since RsbN is a membrane-anchored protein, BldN is sequestered 

to the membrane. 

Some ECFs neighbour in the chromosome with a gene encoding an STPK. 

In a first attempt in the characterization of these systems, the mutation of the 

STPK PknS, encoded in Xanthomonas citri, resulted in the lack of activity of the 

neighbouring s factor EcfK (Bayer-Santos et al., 2018). Later on, the study of the 

system formed by the ECF EcfP and the STPK PknT in Vibrio parahaemolyticus 

shed light onto the mechanistic aspects of this regulation, which control the 

polymyxin resistance (Iyer et al 2020). For the formation of the RNAP 

holoenzyme, the contact between the negatively charged DAED motif, located 

within the s2 domain of the s factor, and the positively charged helices of the b’-

clamp of the catalytic core is crucial. In STPK-regulated ECFs, the DAED motif is 

substituted by non-charged residues (an STTA motif in EcfP). After the 

phosphorylation in the threonine or serine located in this type of motifs, the 

negative charge is restored, enabling the formation of the holoenzyme. 
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Sometimes, ECFs do not appear encoded nearby any regulator that may 

control its function. Instead, they present N- or C-terminal extensions in their 

coding sequence that regulate their activity (Pinto et al., 2019). These 

conformations emerged through evolution by gene fusions, probably with anti-s 

factors. Although few of these cases have been studied experimentally, these 

extensions seem to act as ligand binding domain that keep the ECF inactive in 

the absence of the cognate ligand. For example, the Myxococcus xanthus CorE 

has a C-terminal extension that inhibits the ECF activity. When this extension 

interacts with Cu2+, CorE is released from inhibition and drives the immediate 

expression of its heavy metal response regulon (Gómez-Santos et al., 2011). 

Later on, the reducing environment of the cytosol reduces copper to Cu+. This 

form can be distinguished by the sensor domain of CorE, which would be inhibited 

and the acute heavy metal response would be arrested. In the case of ECFs with 

N-terminal extensions, none of them have been experimentally studied so far. 

However, the location of this extension, which would be placed at the front of the 

holoenzyme when it moves over the template, may imply novel aspects in the 

interaction of these ECFs with the core RNAP and in their regulation (Pinto et al., 

2019). 

There are also ECFs with no putative regulatory partner encoded nearby. 

In these cases, unless the partner is encoded elsewhere in the genome, the 

control of their transcription, usually by 2CSs, may stand as the only mechanism 

to regulate their function. For instance, in the corn pathogen Pantoea stewartii 

subsp. stewartia, the HrpXY 2CS activates the transcription of the RpoN-

dependent regulator hprS. After expression, HrpS is able to activate the 

expression of the ECF coding gene hrpL, which eventually drives the transcription 

of the hrp and wts virulence factors (Merighi et al., 2003). Moreover, in most of 

the cases (although with a few exceptions, such as the FecIR-like systems and 

some others) ECFs are autoregulated by a positive feedback loop dependent on 

the regulated ECF itself (Casas-Pastor et al., 2021; Todor et al., 2020). A 

representative example of this situation is the alphaproteobacterial General 

Stress Response, which will be presented below. 
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4. The General Stress Response (GSR) 

 In their natural habitats, bacteria face ever-changing conditions that may 

alter their homeostasis, such as osmolarity, pH, temperature shifts or nutrient 

starvation. To adapt or mitigate these stresses, they can trigger specific 

responses, involving a signal transduction pathway (e.g., 2CSs, 1CSs, ECF 

systems) in which eventually a regulator mediates the expression of a certain set 

of genes (its cognate regulon). These targeted responses are activated by 

specific stresses and are only effective against one or few closely related stimuli. 

Alternatively, global metabolism and gene expression may be rewired and tuned 

to provide protection against a wide variety of unrelated stresses (Gottesman, 

2019). This phenomenon is known as General Stress Response (GSR), and may 

be activated by one challenging stimulus (nutrient starvation, temperature, 

osmolarity or oxidative stress, among others) and generate cross-protection 

against a range of them. The stationary growth phase, as a mixture of different 

stresses, may be a representative example of a GSR-activating situation. In 

contrast to the specific responses, the GSR regulates a relatively abundant set 

of genes that ensures this wide range of protection. 

 The GSR can be regulated by a variety of mechanisms, usually 

characteristic of specific phylogenetic groups, but one feature they have in 

common is the eventual activation of an alternative s factor to drive the 

transcription of the GSR regulon. Due to the metabolic burden that the GSR may 

cause to the cell, these responses are usually regulated at different levels by 

intricate pathways, involving phosphorylation, proteolysis and/or sequestration, 

among others. This ensures that the GSR is well controlled both in timing and 

intensity. 

 Although new fine-tuning mechanisms and regulatory aspects are 

discovered constantly for GSR regulatory cascades, two main models stand out 

as paradigmatic examples. These are found in the classical model bacteria B. 

subtilis and E. coli, both displaying totally different regulatory mechanisms. In the 

recent years, an alternative mechanism to regulate the GSR has been defined in 

the Alphaproteobacteria, also involving several of the regulatory tools mentioned 

before. In the cases of E. coli and B. subtilis, the alternative s factors involved in 

the regulation are RpoS (sS) and SigB (sB), which belong to groups II and III, 
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respectively. In the case of Alphaproteobacteria, the activation is carried out by 

an ECF (group IV), generally known as EcfG. 

 

4.1. Regulation of the GSR in Gram-positive bacteria: Bacillus subtilis 

 The paradigm of the GSR regulation in Gram-positive bacteria has been 

mostly described in B. subtilis, but the overall mechanism is conserved in related 

genera, such as Streptomyces, Staphylococcus or Listeria. The central regulatory 

pathway comprises three elements: the s factor sB, its cognate anti-s factor 

RsbW, which prevents the sB activity by sequestration, and the anti-anti-s factor 

RsbV (Fig. 7) (Pané-Farré et al., 2017; Alper et al., 1996; Benson & Handelwang, 

1993). Upon exposure to stress, RsbV, in its dephosphorylated state, has a 

greater affinity to bind RsbW than sB (Yang et al., 1996). In that situation, by a 

partner-switching mechanism, RsbV causes the release of sB, which would now 

be able to activate the GSR regulon. Under non-stress conditions, RsbW itself is 

able to phosphorylate RsbV, turning it into an inactive phosphorylated form with 

lower affinity to bind RsbW, which would sequester sB to prevent the GSR 

activation (Delumeau et al., 2002). 

 Upstream this central pathway, two branches regulate the phosphorylation 

state of RsbV by the activity of different phosphatases. These two signalling 

cascades respond independently either to energetic or environmental cues 

(Voelker et al., 1996). In the first case, the complex formed by the activator RsbQ 

and the phosphatase RsbP is able to sense the energetic state of the cell (Brody 

et al., 2001). When the ATP/ADP ratio decreases, the phosphatase function of 

RsbP is activated by RsbQ, producing the dephosphorylation of RsbV to its active 

state and triggering the GSR (Fig. 7) (Nadezhdin et al., 2011). 

 

 Regarding the activation of the GSR by environmental stress, RsbU is the 

phosphatase that activates the main pathway by dephosphorylating RsbV (Yang 

et al., 1996). This phosphatase is activated by the kinase RsbT (Fig. 7). In the 

absence of stress, RsbT is sequestered by a number of structural proteins that 

self-assemble in a macromolecular complex (around 1.8 MDa) known as the 

stressosome. This complex is formed by different copies of the proteins RsbS, 
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RsbR and its paralogs (RsbRA-RsbRD) (Kim et al., 2004a) and the blue-light 

sensor YtvA (Jurk et al., 2013) in a stoichiometry yet unclear, and acts as a 

signalling hub where all the environmental signals converge to modulate the 

activation of the GSR. Upon receiving a stress signal, RsbT phosphorylates the 

structural proteins, thus allowing its own release from the stressosome. This 

leads to the phosphorylation of RsbU, which triggers the GSR (Kim et al., 2004b). 

 The resetting of the system may be regulated when the stress disappears, 

but also the response is thought to be restricted to a certain time (after 20-30 min 

the response starts to decline). This is due to the presence of a sB-dependent 

promoter upstream the coding genes for the elements involved in the central 

pathway (RsbV, RsbW and sB) and the phosphatase RsbX (Dufour et al., 1996). 

When RsbW is accumulated in sufficient amounts, its kinase activity overcomes 

the phosphatase activity of RsbQP, thus making more abundant the inactive 

phosphorylated form of RsbV and arresting the activation of the GSR (Pané-Farré 

et al., 2017). In addition, the accumulation of RsbX produces the 

dephosphorylation of the structural components of the stressosome, resetting the 

system via re-sequestration of RsbT (Fig. 7) (Eymann et al., 2011; Chen et al., 

2004). 

Stressosome
RsbS, RsbR,

RsbRA-D, YtvA

RsbT RsbU

Stress

RsbQRsbP

↓ ATP/ADP
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RsbWσB
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Figure 7. Schematic of the model GSR signaling pathway in Gram-positive bacteria (B. 
subtilis). The stressosome is represented in yellow; kinases are represented in green; 
phosphatases are represented in blue; other regulators that act only by direct interaction are 
represented in grey; sB is represented in orange; eliciting signals are represented as wavy 
arrows; direct protein-protein interactions are represented as whole double arrows; 
phosphorylation and dephosphorylation events are represented as dotted arrows; gene 
transcription and protein expression are represented as whole grey arrows. Adapted from 
Pané-Farré et al. (2017). 



  Introduction 

 27 

4.2. Regulation of the GSR in Gram-negative bacteria: Escherichia coli 

 Among the Gram-negative bacteria, and particularly the Proteobacteria, it 

is a widespread trait to trigger the GSR by means of an RpoS ortholog. There is 

a vast literature about the response mediated by this s factor in the model 

gammaproteobacterium E. coli, the signals triggering it, the target genes and the 

mechanisms of regulation (reviewed Battesti et al., 2011). In contrast to the 

pathway established for the Gram-positive bacteria, the regulation of the RpoS-

based GSR is focused on modulating the expression (mostly the translation, but 

also the transcription) and the degradation of this protein. 

 At the transcriptional level, the regulation is not as dramatic as in the case 

of the translation, but still some well-studied regulators have been reported to 

affect the rpoS mRNA production (Fig. 8). In its phosphorylated state, the 

response regulator ArcA (belonging to the anaerobiosis-responsive 2CS ArcAB) 

represses the transcription of rpoS by direct DNA binding (Mika & Hengge, 2005). 

In a close relative to E. coli, Salmonella enterica, the global regulator Fis, which 

is abundant in exponential phase and low during stationary growth, presents a 

binding site upstream the rpoS ORF that prevents its transcription (Hirsch & 

Elliott, 2005). However, other signals and regulators are known to affect the rpoS 

transcription, although no direct binding has been described so far. This is the 

case of the second messenger cAMP and the CRP regulator (cAMP receptor 

protein), which exerts a negative effect on the transcription of rpoS (Lange & 

Hengge-Aronis, 1994). On the other hand, the alarmone (p)ppGpp and the 2CS 

BarA-UvrY (Mukhopadhyay et al., 2000) positively affect the transcription of rpoS 

without any direct interaction described so far, although some experiments 

indicate that (p)ppGpp may play a role at the level of mRNA stability or elongation 

(Hirsch & Elliott, 2002; Lange et al., 1995). 

 Upon transcription, the rpoS mRNA presents a long 5’UTR (untranslated 

region) of 567 bp that plays a key role in its regulation. In its native structure, this 

5’UTR forms a stem-loop that occludes the ribosome binding site (RBS), thus 

preventing translation (Fig. 8) (Cunning et al., 1998; Brown & Elliott, 1997; Muffer 

et al., 1996). This structure might be also subjected to digestion by RNase III 

(Resch et al., 2008), which targets double-stranded RNA, promoting the mRNA 

degradation. This inhibitory structure is unfolded by a variety of trans-encoded 
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sRNAs, releasing the RBS and promoting the translation (Fig. 8). These sRNAs 

require the presence of the RNA chaperon Hfq to both increase their stability and 

aid in the pairing with the target 5’UTR (Brennan & Link, 2007). So far, three 

sRNAs have been described to directly pair with the 5’UTR of the rpoS mRNA to 

stimulate its translation (namely, ArcZ, DsrA and RprA) (MacCullen et al., 2010; 

Majdalani et al., 2002; Majdalani et al., 1998), although there may be more to be 

detected. Also, another sRNA, OxyS, acts as a negative regulator of the rpoS 

translation by titrating Hfq (Moon & Gottesman, 2011). Altogether, these sRNAs 

respond to different environmental cues and connect the GSR with other 

complementary specific signalling pathways (for example, ArcZ is repressed by 

the ArcAB 2CS in response to anaerobiosis (Mandin & Gottesman, 2010), and 

OxyS is expressed upon activation by the OxyR regulator in response to oxidative 

stress (Zhang et al., 1998)). 

 Once RpoS has been translated, it is quickly degraded by the ClpXP ATP-

dependent protease (Mandel & Silhavy, 2005; Schweder et al., 1996; Lange & 

Hengge-Aronis, 1994). Instead of being directly targeted for degradation, RpoS 

needs to be delivered to the protease complex by an adaptor protein called RssB 

(Fig. 8) (Klauck et al., 2001). After delivery, RssB is recycled to mediate the 

degradation of other RpoS units (Zhou et al., 2001). Actually, the bottleneck in 

the degradation of RpoS is the limiting amount of RssB, whose expression seems 

to be slightly induced in stationary growth in an RpoS-dependent manner, 

probably to ensure a rapid decrease of RpoS levels after exiting from stationary 

phase (Becker et al., 2000; Gibson & Silhavy, 2000). After exposure to stress, 

several proteins called antiadaptors, such as IraP, IraM and IraD, prevent the 

RpoS degradation by direct interaction with RssB (Fig. 8) (Bougdour et al., 2008; 

Bougdour et al., 2006). These proteins are expressed under specific 

environmental cues, abolishing RpoS degradation to trigger an efficient GSR. 
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4.3. Regulation of the GSR in Alphaproteobacteria 

 The Alphaproteobacteria represent an exception to the Proteobacteria, 

since they do not harbour any RpoS homolog encoded in their genome that may 

control the GSR (Staroń & Mascher, 2010). In turn, they trigger a unique 

regulatory cascade to activate this response, based on a partner-switching 

mechanism (Francez-Charlot et al., 2015). In this pathway, three main elements 

are needed to transduce the signal and activate the response: the s factor EcfG, 

which drives the transcription of the GSR regulon, its cognate anti-s factor NepR, 

which prevents the EcfG function under non-adverse conditions, and the 

response regulator PhyR, that mimics the structure of EcfG to release it from 

inhibition upon exposure to stress. Apart from this main signalling stream, specific 

Figure 8. Schematic of the model GSR signaling pathway in the Gram-negative bacterium 
E.coli. The rpoS gene is represented in dark grey; the rpoS mRNA is represented in light grey; 
the RpoS protein product is represented in orange; Hfq is represented as a yellow hexamer; 
RssB is represented in green; the ClpXP protease is represented as a grey cylinder; the core 
RNAP is represented as a grey ellipse; degraded RpoS is represented as orange squares; 
grey dotted arrows indicate transcription or translation events; black whole arrows indicate a 
positive effect on the regulation; arrows with flat ends indicate a negative effect on the 
regulation. Adapted from Battesti et al. 2011. 
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sensor histidine kinases, phosphatases and/or SDRRs trigger the activation of 

the GSR by modifying the phosphorylation state of PhyR. 

 

4.3.1. The classical model of the alphaproteobacterial GSR 

For the last two decades, numerous genetic and biochemical studies in different 

species have revealed the molecular mechanism underneath the GSR regulation 

in the Alphaproteobacteria (reviewed in Fiebig et al., 2015). In conditions of 

optimal growth, the GSR remains inactive. In Alphaproteobacteria, this is due to 

the sequestration of EcfG by its cognate anti-s factor NepR (Fig. 9). When some 

kind of stress appears in the environment or the cytosol, it is sensed by a 

membrane-anchored or a soluble HRXXN-type histidine kinase (HK). After 

sensing, the HK dimerises and autophosphorylates in a conserved His residue. 

Then, the phosphoryl group is transferred to an Asp residue in the receiver 

domain of PhyR. This phosphotransfer triggers a conformational change by which 

an N-terminal s-like domain is shown. This domain, by partner-switching, is able 

to sequester NepR in a stable complex, thus releasing EcfG to activate the GSR 

regulon (Fig. 9). 

 

 Regarding their genomic organisation, the GSR regulators are typically 

encoded together in the same locus. Generally, the nepR and ecfG genes are 

co-transcribed in the same operon with nepR in the first position and a 4-bp 

overlap between the nepR stop codon and the ecfG start codon. Also, they are 

transcribed under a GSR-dependent promoter in a positive feedback loop. 

Divergently from this transcriptional unit, a phyR coding gene is located under a 

GSR-target promoter. Also, at least one HRXXN HK coding gene is found in the 

vicinity, with other possible HK paralogs being encoded elsewhere in the 

genome. This organisation may be altered, even with different GSR regulator 

paralogs are encoded, duplications and/or inversions, or with more than one GSR 

gene cluster encoded in the genome. 
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4.3.2. The s factor EcfG 

 Because of its domain architecture, EcfG is classified as an ECF s factor. 

Within this group, EcfG proteins are found in the exclusive ECF15 subgroup, 

which is restricted to the s factors that regulate the GSR in the 

Alphaproteobacteria (Casas-Pastor et al., 2021; Staroń et al., 2009). As it has 

been described in multiple species, the conserved consensus target sequences 

of this regulators are GGAAC-N16-CGTT, which are, respectively, the -35 and -

10 boxes in their target promoters (de Dios et al., 2020; Jans et al., 2013; 

Kaczmarczyk et al., 2011; Gourion et al., 2008; Sauviac et al., 2007). The number 

of ecfG copies encoded in the alphaproteobacterial genomes may vary, ranging 

from the usual situation of one single copy described in Brucella abortus (Kim et 

Figure 9. Schematic of the model GSR signaling pathway in Alphaproteobacteria. The sensor 
HRXXN histidine (His) kinase is represented in green; the PhyR response regulator is 
represented in blue; the NepR anti-s factor is represented in yellow; the EcfG s factor is 
represented in orange; phosphorylation and phosphotransfer events are indicated by dotted 
arrows; direct protein-protein interactions are indicated by whole arrows; histidine and aspartic 
residues are indicated as H and D, respectively. 
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al., 2013) to the case of the Methylobacterium genus, where 4-10 ecfG copies 

with unclear functional relationships may be found (Ulrich & Zhulin, 2010). The 

point in evolution in which the duplication event(s) happened may also vary, being 

this reflected in the degree of functional specialisation observed for each EcfG 

paralog (Fiebig et al., 2015). For instance, recent duplications are suggested in 

the cases of Caulobacter crescentus and Sphingomonas melonis, since only one 

ecfG copy is found in related species and one of their EcfG copies (SigU and 

EcfG2, respectively) seems to be dispensable for the GSR regulation 

(Kaczmarczyk et al., 2011; Lourenço et al., 2011; Alvarez-Martinez et al., 2007). 

A more divergent phylogenetic relationship may be observed in Rhizobium etli, 

since each of the paralogs encoded in its genome (EcfG1 in the chromosome 

and EcfG2 in a plasmid) respond to different stimuli and regulate specific sets of 

genes, with even distinct target sequences and little overlap between regulons 

(Jans et al., 2013). 

 

4.3.3. The anti-s factor NepR 

The NepR anti-s factor is a small (around 6 kDa), soluble protein that negatively 

regulates de GSR, and because of its mode of interaction with EcfG, is classified 

as an ASDII (Campagne et al., 2012). In agreement with this role, overexpression 

of NepR affects the capability to respond to stress at a similar level than the 

absence of EcfG or the response regulator PhyR. Also, some NepR proteins, 

depending on the organization of their coding genes with respect to the genes 

encoding their EcfG partners, are essential for cell viability (nepR deletion 

mutants cannot be constructed) (Lourenço et al., 2011; Sauviac et al., 2007), 

probably because of an uncontrolled transcription of the GSR genes that absorbs 

cell resources or because of an overtitration of the RNAP by EcfG that prevents 

the transcription of essential genes. 
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 Co-transcription upstream its cognate EcfG partner is another usual 

feature of NepR proteins, with a 4-bp overlap between ORFs (Fiebig et al., 2015). 

This topology suggesting translational coupling allows a tightly proportional 

expression of both elements to fine-tune the regulation of the GSR. However, 

there are some examples with two NepR proteins encoded in the chromosome, 

such as Sinorhizobium meliloti. In this case, two NepR paralogs (RsiA1 and 

RsiA2) function as inhibitors of the EcfG s factor RpoE2, with the first being 

encoded right upstream its partner and the second being located separately in 

the chromosome together with a second paralog of phyR (Bastiat et al., 2010). 

 

 Regarding its structure, NepR shows a simple conformation of two 

conserved central helixes (characteristic from ASDIIs) joined by a short linker that 

are flanked by intrinsically disordered regions at the N- and C-termini (Fig. 10) 

(Campagne et al., 2012). These flanking regions (FR1 and FR2, respectively) 

may vary both in sequence and length but, in spite of this poor conservation, the 

N-terminal region (FR1), plays a key role in the interaction with EcfG and more 

importantly with PhyR, since it confers specificity for this type of response 

regulator (Luebke et al., 2018). As described for S. meliloti and C. crescentus, 

partial or total deletions in the FR1 region of RsiA1 and NepR, respectively, impair 

the anti-s function of these proteins (Herrou et al., 2015; Bastiat et al., 2010). 

This suggests that this region is important for the direct interaction with EcfG and 

PhyR, although the molecular basis of this phenomenon is not fully understood 

yet. With respect to the interaction as a whole, nuclear magnetic resonance 

(NMR) studies have revealed that NepR wraps around the PhyR s-like domain, 

competing with the PhyR receiver domain for the same interaction interface. This, 

together with homology modelling studies comparing the PhyR s-like domain with 

EcfG and structural studies on the interaction between the ECF CnrH and its 

ASDII-type anti-s CnrY, indicates that NepR may wrap around the outer surface 

FR1 FR2!1 !2N C

Figure 10. Representation of the typical structure of a NepR anti-s factor. Helical structures 
a1 and a2 are represented as yellow squares. Intrinsically disordered regions FR1 and FR2 
and the non-conserved linker between the helices are indicated as black lines. 
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of EcfG, competing with the RNAP for the same binding interface (Campagne et 

al., 2012). 

 

4.3.4. The anti-NepR response regulator PhyR 

 PhyR is a response regulator, constituted by an N-terminal s-like domain 

and a C-terminal receiver domain. This type of proteins, although not present in 

all the Alphaproteobacteria (it is missing in the order Rickettsiales and a few 

individual species from the orders Rhodospirillales and 

Rhodobacterales/Caulobacterales (Fiebig et al., 2015)), is restricted to this clade, 

and normally their absence in the genome is concomitant with the lack of the rest 

of GSR regulators (Staroń & Mascher, 2010). Whilst different rearrangements 

may be found (for instance, in S. meliloti two phyR paralogs may be found in 

different chromosomal locations (Bastiat et al., 2010)), the usual location of PhyR 

coding genes in the chromosome is next to the nepRecfG operon, in a divergent 

orientation, and presenting a GSR target promoter (Staroń & Mascher, 2010).  

 

 

Figure 11. Protein sequence alignment comparing PhyR and EcfG from S. melonis. The 
regions corresponding to the s2 and s4 domains of PhyR, as compared to EcfG, are 
highlighted in blue and red dashed squares, respectively. Note that the C-terminal region 
corresponding to the PhyR receiver domain is not covered by the EcfG sequence. 
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 As in ECFs, the PhyR s-like domain can be subdivided into regions s2 and 

s4. However, in this domain, regions s2 and s4 are incomplete and degenerate 

(as shown in Fig. 11, comparing the S. melonis EcfG and PhyR proteins used for 

describing the structural aspects of the partner switching), which abolishes any 

possible DNA binding capability (Fiebig et al., 2015). Instead, this domain mimics 

the structure of EcfG to positively regulate the GSR, as explained above 

(Francez-Charlot et al., 2009). After the phosphorylation in a conserved Asp 

residue within the PhyR receiver domain, two major structural changes occur: i) 

the structural determinant (a11-b5 loop) that contacts the s-like domain to 

stabilise PhyR in its inactive conformation is destabilised and displaced (Metzger 

et al., 2013; Herrou et al., 2012; Campagne et al., 2012; Herrou et al., 2010), and 

ii) the helix connecting the receiver domain and the s-like domain (a4) changes 

its conformation to prevent the rebinding of the receiver and s-like domains once 

NepR is sequestered, which prevents the displacement of the anti-s factor 

(Herrou et al., 2012; Campagne et al., 2012; Herrou et al., 2010). 

 A key point in this partner-switching is the stronger interaction between 

NepR and the phosphorylated PhyR than between NepR and EcfG. Structural 

studies on the NepR-PhyR complex revealed that it is stabilised by hydrophobic 

contacts and some polar interactions. However, an homologous model proposed 

for the NepR-EcfG complex show that polar contacts do not happen and only 

some hydrophobic contacts are maintained, which may explain this weaker 

interaction and the principle of the GSR regulation in Alphaproteobacteria 

(Campagne et al., 2012). 

 Another way to regulate the GSR, apart from the association kinetics 

between the different regulators, consists on controlling the relative levels of 

PhyR and EcfG. When these proteins are present in similar amounts, the strength 

of their interaction with NepR determines the state of activation of the whole 

system (Fiebig et al., 2015). However, if PhyR and EcfG show similar capabilities 

to bind NepR, limiting the levels of PhyR may stand as an additional layer of 

regulation to avoid spurious activation of the GSR in unstressed cells. This is the 

case described for Brucella abortus, which presents a PhyR homolog with a C-

terminal ssrA-like degron sequence (VAA or LAA) that targets PhyR degradation 

by the ClpXP protease in the absence of stress (Kim et al., 2013). 
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4.3.5. The HWE/HisKA_2 histidine kinases 

Sensor kinases that are involved in the activation of the GSR belong to either the 

HWE or the HisKA_2 family, which are highly enriched in the 

Alphaproteobacteria. They can be soluble, as well as membrane-anchored, and 

can act positively or negatively on the activation of the GSR by either 

phosphorylating on dephosphorylating PhyR (some of them may even be 

bifunctional enzymes) (Fiebig et al., 2015). Structurally, as depicted in Fig. 12 

(Fiebig et al., 2015), the three domains that conform these proteins are: i) the 

sensor domain, which may belong to the CHASE/CHASE3 class in the case of 

the membrane-associated kinases (Zhulin et al., 2003; Anantharaman & Aravind, 

2001; Mougel & Zhulin, 2001) or the GAF/PAS class in the case of the soluble 

cytosolic kinases (Henry & Crosson, 2011; Ho et al., 2000; Aravind & Ponting, 

1997), ii) the DHp (dimerization histidine phosphotransfer) domain, and iii) the 

catalytic ATPase (CA) domain. The common conserved ExxHRxxN motif in their 

CA domain, which contains the His autophosphorylation residue, has led to 

collectively refer to these enzymes as HRxxN kinases (Karniol & Vierstra, 2004; 

Greba & Stock, 1999). 

 

 

 Although generally one HRxxN kinase stands out as the main sensor 

triggering the GSR, at least one additional kinase usually participates in the 

regulation, either as sensors or as phosphotransfer elements. For example, in C. 

crescentus, the bifunctional kinase LovK regulates the phosphorylation state of 

PhyR together with the main histidine kinase PhyK (Foreman et al., 2012). An 

even more complex scenario may be found, for instance, in S. melonis, where up 

CHASE/CHASE3N CTM DHp CA

GAF/PASN CDHp CA

A 

B 

Figure 12. Schematic of the HRXXN histidine kinase domain architecture. Membrane 
anchored HKs (A) bear a sensor CHASE/CHASE3 domain in the N-terminal end followed by 
a transmembrane domain (TM). Soluble HKs (B) do not have any transmembrane region and 
bear a sensor GAF/PAS domain. Adapted from Fiebig et al., (2015). 
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to seven histidine kinases (PakA-G) participate in the regulation with overlapping 

functions regarding the stress resistance (Kaczmarczyk et al., 2014). The Pak 

kinases work co-ordinately with the phosphatase PhyT (Gottschlich et al., 2018). 

This enzyme is an essential negative regulator that prevents a lethal 

hyperactivation of the GSR, avoid unspecific phosphorylation of PhyR and reset 

the system when stressful conditions are relieved. 

 

4.3.6. Complex GSR models: single domain response regulators 

 Apart from the presence of extra paralogs of the GSR regulators, the 

involvement of single domain response regulators (SDRRs) represents an 

additional layer of regulation to modulate the activation of the GSR in 

Alphaproteobacteria (Lori et al., 2018; Kaczmarczyk et al., 2014). These 

elements, only formed by a signal receiver domain, fit in the GSR regulatory 

model as allosteric regulators or phosphosinks, since they may serve as 

receptors of phosphoryl groups withdrawn from PhyR by phosphatases in order 

to downregulate the GSR (Fiebig et al., 2015). 
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 Genetic studies in S. melonis revealed an SDRR required for the activation 

of the GSR, named SdrG (Fig. 13A) (Kaczmarczyk et al., 2014). The Pak kinases 

are capable of phosphorylating this regulator, which is able to transfer the 

phosphoryl group to the phosphotransferase PhyT. This is a membrane protein 

that retains PhyR under non-stress conditions. When PhyT is phosphorylated, it 

subsequently transfers the phosphoryl group to PhyR, which is released as active 

and triggers partner switch (Gottschlich et al., 2018). As negative control of the 

response, a second NepR protein (NepR2) is targeted by EcfG and upregulated 

PakA-G kinases
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Figure 13. Schematic of the model GSR signaling pathway in A) Sphingomonas melonis and 
B) Caulobacter crescentus. The sensor HRXXN histidine (His) kinases are represented in 
green; central SDRRs are represented as grey rectangles; phosphotransferases are 
represented as pink squares; the LovK kinase/phosphatase and the LovR SDRR are 
represented as a light blue square and rectangle, respectively; the PhyR response regulator 
is represented in dark blue; the NepR anti-s factor is represented in yellow (the NepR2 paralog 
in S. melonis is represented in stripped yellow); the EcfG-type s factor is represented in 
orange; phosphorylation, dephosphorylation and phosphotransfer events are indicated by 
dotted arrows; direct protein-protein interactions are indicated by whole arrows; transcriptional 
activation events are indicated by grey arrows. 
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(Gottschlich et al., 2019). This NepR2 protein is suggested to act as a PhyR 

antagonist, capping GSR to prevent an overactivation. 

 Another example of this regulators may be found in C. crescentus. In this 

model, the SDRR MrrA acts as a phosphorylation hub, receiving signals from at 

least six HKs and distributes the phosphoryl groups between the 

phosphotransferase PhyK and the bifunctional kinase/phosphatase LovK (Fig. 

13B) (Lori et al., 2018). Whereas PhyK directs the signal toward PhyR, activating 

the GSR, LovK transfer the phosphoryl group to LovR, which acts as phosphosink 

and eventually loses the phosphorylation due to the phosphatase activity of LovK. 

Since the expression of the lovKR operon is controlled by the EcfG homolog SigT, 

this mechanism may participate in preventing an overexpression of the GSR. 

 

5. Sphingopixys granuli TFA as a model 

 Among the Alphaproteobacteria, the Sphingomonadaceae family 

comprises a variety of species able to degrade diverse recalcitrant compounds. 

Their distinct feature is the presence of glycosphingolipids in their cell envelopes 

instead of lipopolysaccharides (reviewed in Glaeser & Kämpfer, 2014). 

Representatives of this group are widely distributed in different niches, such as 

the soil, fresh water, the rhizosphere, the phylosphere or clinical samples, among 

others (Balkwill et al., 2006). Among the compounds that the members of this 

family are able to use as carbon and energy source, there are either natural or 

synthetic aromatic hydrocarbons and their derivatives. For example, 

Novosphingobium aromaticivorans F199 is able to metabolise biphenyl, 

naphthalene, m-xylene and p-cresol (Romine et al., 1999); dibenzo-p-dioxin can 

be catabolised by Sphingomonas wittichii RW1 (Wittich et al., 1992); 

pentachlorophenol may be used as carbon and energy source by Sphingobium 

chlorophenolicum L-1 (Copley et al., 2012); and the organic solvent tetralin can 

be metabolised by Sphingopyxis granuli TFA (formerly Sphingomonas 

macrogoltabida) (Floriano et al., 2019 and references therein), which is the model 

organism used in this thesis. 

 S. granuli TFA is a sphingomonad, initially isolated from the muds of the 

river Rhine (Germany) (Dorn et al., 1974), was reported to grow using tetralin 
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(1,2,3,4-tetrahydronaphthalene) as the sole carbon and energy source (Hernáez 

et al., 1999). This is a recalcitrant chemical, formed by an aromatic and an 

alicyclic ring, which share two carbon atoms. It may result toxic at very low 

concentrations (>100 µM) (Sikkema & de Bont, 1991), not only because its 

interference with biological membranes, due to it hydrophobic nature, but also 

because it may lead to the formation of hydroperoxide derivatives, which result 

toxic and mutagenic to cells (Ferrante et al., 1995). Although its biodegradation 

has been partially characterised in a number of strains (Sikkema & de Bont, 

1991), the tetralin catabolic pathway and its degradation has been deeply studied 

in S. granuli TFA (López- Sánchez et al., 2010; Moreno-Ruiz et al., 2003; Andújar 

& Santero, 2003; Hernáez et al., 2002; Hernáez et al., 2000; Andújar et al., 2000; 

Hernáez et al., 1999). The particular metabolic features of TFA, together with the 

annotation of its genome (García-Romero et al., 2016), led to the confection of a 

genome-scale metabolic model of this species (García-Romero et al., 2020). 

 

5.1. The tetralin biodegradation pathway 

 In this strain, the thn genes, responsible for tetralin biodegradation, are 

distributed in four operons (M, B, H and C), transcribed under three main 

promoters (PM, PB, and PC) and two internal promoters (PH and PR) located within 

operons B and C, respectively.  

 As shown in Fig. 14, tetralin metabolization in TFA starts with the 

dioxygenation of the aromatic ring carried out by the enzymatic complex 

ThnA1A2A3A4 and the subsequent dehydrogenation performed by ThnB to 

produce a catecholic derivative with two contiguous hydroxyl groups (Moreno-

Ruiz et al., 2003). Then after a second deoxygenation produced by ThnC, the 

aromatic ring is cleaved in meta position. After that, the ThnD hydrolase cleaves 

the alicyclic ring, producing a 10C dicarboxylic acid (Hernáez et al., 2000). This 

intermediate, after the processing by the ThnE hydratase and the ThnF aldolase, 

is transformed into pimelic acid semialdehyde and pyruvate (Hernáez et al., 

2002), which is directly incorporated to the Krebs cycle. On the other hand, 

pimelic acid semialdehyde is oxidised to pimelic acid by the aldehyde 

dehydrogenase ThnG. This intermediate is a substrate of β-oxidation (ThnH, 
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ThnJ, ThnK, ThnL, ThnI and ThnN) to eventually produce acetyl-CoA, which is 

incorporated to the central metabolism via Krebs cycle. For tetralin degradation, 

only the genes from operon C and genes thnB and thnA2 from operon B are 

essential, since the rest of the degradation steps may be performed by redundant 

enzymes involved in the b-oxidation of fatty acids (López-Sánchez et al., 2010; 

Martínez-Pérez et al., 2004; Moreno-Ruiz et al., 2003; Hernáez et al., 1999). 

 

 

 With respect to the regulation of the tetralin biodegradation, the thn genes 

are only expressed in the presence of tetralin and in the absence of any 

preferential carbon source. The regulation involves the LysR-type ThnR activator, 

the ferredoxin reductase-like essential coactivator ThnY (both expressed basally 

from the PR promoter) and the ferredoxin ThnA3 (Ledesma-García et al., 2013; 

García et al., 2011; Martínez-Pérez et al., 2004). When tetralin is the only 

available carbon source, it interacts with the ThnRThnY complex (with ThnY in 

its oxidised form) to activate the expression of the thn genes. If a compound with 

analogous structure to tetralin (cis-decaline, for example) interacts with ThnR to 

induce the degradation pathway, but it cannot be metabolised in the first 

degradation step, electrons are accumulated at the ferredoxin ThnA3, which 
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4: 4-(2-oxocyclohexyl)-2-hydroxybuta-2,4-dienoic acid (OCHBDA)
5: 2-hydroxydeca-2,4-dienedioic acid
6: 2,4-dihydroxydec-2-ene-1,10-dioic acid (DHDDA)
7: 7-Oxoheptanoic acid (pimelic semialdehyde)
8: Heptanedioic acid (pimelic acid)
9: pimeloyl-CoA

10: 2,3-dehydropimeloyl-CoA
11: 3-hydroxypimeloyl-CoA
12: 3-oxopimeloyl-CoA
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Figure 14. Tetralin degradation pathway in S. granuli TFA. Intermediate metabolites are 
numbered: 1) 1,2-dihydroxy-1,2,5,6,7,8-hexa-hydronaphthalene; 2) 1,2-dihydroxytetralin; 3) 
4-(2-oxocyclohexyl)-2-hydroxybuta-2,4-dienoic acid; 4) 2-hydroxydeca-2,4-dienedioic acid; 5) 
2,4-dihydroxydec-2-ene-1,10-dioic acid; 6) 7-oxoheptanoic acid (pimelic acid semialdehyde); 
7) Heptanedioic acid (pimelic acid); 8) pimeloyl-CoA; 9) 2,3-dehydropimeloyl-CoA; 10) 3-
hydroxypimeloyl-CoA; 11) 3-oxopimeloyl-CoA; 12) glutaryl-CoA; 13) crotonyl-CoA. Red lines 
indicate the cleavage positions in the rings. Adapted from Floriano et al., (2019). 
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transfers them to ThnY instead of ThnA1A2, the catalytic dioxygenase complex. 

In its reduced form, ThnY prevents the activation of the tetralin biodegradation 

pathway to avoid gratuitous induction of the system (Ledesma-García et al., 

2016; Ledesma-García et al., 2013). Additionally, if tetralin is present together 

with a preferential carbon source (e.g., b-hydroxybutirate), the tetralin 

degradation pathway is subjected to catabolite repression by means of the sRNA 

SuhB, which interacts via Hfq with the thnRthnY mRNA blocking its translation 

(García-Romero et al., 2018). 

 

5.2. The anaerobic nitrate respiration 

 Recently, the annotation of the TFA genome revealed the presence of the 

nar operon, well studied in other strains since it confers the capability to 

anaerobically respire nitrate to nitrite, and two homologs of the Fnr anaerobiosis 

general regulator (FnrN and FixK) (García-Romero et al., 2016). This stood as 

an unexpected feature, since the Sphingopyxis genus was typically described as 

strict aerobic. Genetic and transcriptomic studies have helped to describe TFA 

as the first facultative anaerobe within its genus, a feature that may allow this 

strain to invade anoxic and microoxic niches. Moreover, transcriptomic analyses 

have revealed that the response of this strain is not restricted to the Fnr mediated 

regulation and the metabolism (González-Flores et al., 2020). Besides, different 

genes related to stress responses are also upregulated, defining the anoxic 

conditions as a hostile environment for TFA (González-Flores et al., 2019). 
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Objectives 

1. Identify and classify the s and anti-s factors encoded in the S. granuli TFA 

genome, as well as the regulators of the General Stress Response. 

2. Address the contribution of EcfG1 and EcfG2 to the activation of the 

General Stress Response and define the regulon controlled by them. 

3. Characterise the role of the NepR and PhyR paralogs in the signalling and 

activation of the General Stress Response. 

4. Construct an integrative regulatory model for the General Stress 

Response in S. granuli TFA. 
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1. Strains, plasmids, oligonucleotides and culture conditions 
1.1. Strains and plasmids 
The bacterial strains and plasmid vectors used in this work are listed in Table 1 

and Table 2, respectively. 

Strain Features Reference 
Escherichia coli 

DH5α F- φ80lacZΔM15, Δ(lacZYA-argF)U169, recA1, endA1, 
hsdR17(rK-m K-), supE44, thi-1, gyrA, relA1 

Hanahan, 
1983 

DH5α λpir F- φ80lacZΔM15, Δ(lacZYA-argF)U169, recA1, endA1, 
hsdR17(rK-m K-), supE44, thi-1, gyrA, relA1, λpir lysogen 

Martinez-
Garcia & de 

Lorenzo, 
2011 

ER2566 
F- λ- fhuA2, [lon], ompT, lacZ::T7p07, gal, sulA11, Δ(mcrC-
mrr)114::IS10, R(mcr-73::miniTn10-TetS)2, R(zgb-
210::Tn10)(TetS), endA1, [dcm] 

New England 
Biolabs 

Sphingopyxis granuli 

TFA Wild type strain, Smr Hernáez et 
al., 1999 

MPO828 Δhfq, Smr 
García-

Romero et 
al., 2018 

Modified S. 
granuli 
strains 

Features Parental 
strain 

Construction vector 
(construction method) Reference 

MPO700 rpoC::6xHis, Apr TFA pMPO998 (M1) de Dios et 
al., 2020 

MPO855 ΔecfG1 
(ΔSGRAN_1161) TFA pMPO1407 (M2) de Dios et 

al., 2020 

MPO857 ΔecfG1, nepR2::lacZ, 
Apr MPO855 pMPO1408 (M1) de Dios et 

al., 2020 

MPO858 nepR2::lacZ, Apr TFA pMPO1408 (M1) de Dios et 
al., 2020 

MPO859 ΔecfG2 
(ΔSGRAN_1163) TFA pMPO1409 (M2) de Dios et 

al., 2020 

MPO860 ΔecfG1ΔecfG2 MPO855 pMPO1410 (M2) de Dios et 
al., 2020 

MPO863 ΔecfG2, nepR2::lacZ, 
Apr MPO859 pMPO1408 (M1) de Dios et 

al., 2020 

MPO864 ΔecfG1ΔecfG2, 
nepR2::lacZ, Apr MPO860 pMPO1408 (M1) de Dios et 

al., 2020 

MPO865 ΔnepR1 
(ΔSGRAN_0992) TFA pMPO1416 (M2) This work. 

MPO866 ΔphyR1 
(ΔSGRAN_0993) TFA pMPO1414 (M2) This work. 

MPO867 ΔphyR2 
(ΔSGRAN_1164) TFA pMPO1415 (M2) This work. 

MPO868 ΔphyR1ΔphyR2 MPO866 pMPO1415 (M2) This work. 

MPO871 ΔnepR1, nepR2::lacZ, 
Apr MPO865 pMPO1408 (M1) This work. 

MPO872 ΔphyR1, nepR2::lacZ, 
Apr MPO866 pMPO1408 (M1) This work. 

MPO873 ΔphyR2, nepR2::lacZ, 
Apr MPO867 pMPO1408 (M1) This work. 
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MPO874 ΔphyR1ΔphyR2, 
nepR2::lacZ, Apr MPO868 pMPO1408 (M1) This work. 

MPO883 ΔnepR1ΔecfG1 MPO865 pMPO1407 (M2) This work. 
MPO884 ΔnepR1ΔecfG2 MPO865 pMPO1409 (M2) This work. 

MPO885 ΔnepR1ΔecfG1, 
nepR2::lacZ, Apr MPO883 pMPO1408 (M1) This work. 

MPO886 ΔnepR1ΔecfG2, 
nepR2::lacZ, Apr MPO884 pMPO1408 (M1) This work. 

MPO889 ΔecfG1ΔecfG2ΔnepR1 MPO860 pMPO1416 (M2) This work. 

MPO890 ΔecfG1ΔecfG2ΔnepR1, 
nepR2::lacZ, Apr 

Derivado de 
MPO889. pMPO1408 (M1) This work. 

MPO891 ecfG2::lacZ, Apr TFA pMPO1426 (M1) This work. 

MPO892 ΔecfG1ΔecfG2, 
ecfG2::lacZ, Apr MPO860 pMPO1426 (M1) This work. 

MPO895 ΔecfG1ΔphyR1 MPO855 pMPO1414 (M2) This work. 

MPO896 ΔecfG1ΔphyR1, 
nepR2::lacZ, Apr MPO895 pMPO1408 (M1) This work. 

MPO898 ΔnepR2ΔecfG1 TFA pMPO1428 (M2) This work. 
MPO899 ΔnepR1ΔnepR2ΔecfG1 MPO865 pMPO1428 (M2) This work. 

MPO900 ΔnepR2ΔecfG1, 
nepR2::lacZ, Apr MPO989 pMPO1408 (M1) This work. 

MPO902 ΔnepR1ΔnepR2ΔecfG1
, nepR2::lacZ, Apr MPO899 pMPO1408 (M1) This work. 

MPO906 ecfG1::3xFLAG TFA pMPO1453 (M2) This work. 
MPO907 ecfG2::3xFLAG TFA pMPO1454 (M2) This work. 
MPO908 nepR1::3xFLAG TFA pMPO1457 (M2) This work. 
MPO909 nepR2::3xFLAG TFA pMPO1458 (M2) This work. 
MPO910 phyR1::3xFLAG TFA pMPO1459 (M2) This work. 
MPO911 phyR2::3xFLAG TFA pMPO1460 (M2) This work. 

MPO912 phyR1::3xFLAG, 
nepR2::lacZ, Apr MPO910 pMPO1408 (M1) This work. 

MPO913 phyR2::3xFLAG, 
nepR2::lacZ, Apr MPO911 pMPO1408 (M1) This work. 

MPO915 Δhfq; ecfG1::3xFLAG MPO828 pMPO1453 (M2) This work. 
MPO916 Δhfq; ecfG2::3xFLAG MPO828 pMPO1454 (M2) This work. 
MPO917 Δhfq; nepR2::3xFLAG MPO828 pMPO1458 (M2) This work. 
MPO918 3xFLAG::phyR1 TFA pMPO1461 (M2) This work. 
MPO919 3xFLAG::phyR2 TFA pMPO1462 (M2) This work. 

 

Plasmids Construction and relevant features Reference 

pAK405 Vector for markerless gene deletion in sphingomonads. 
rpsL1, Kmr 

Kaczmarczyk 
et al., 2012 

Table 1. Bacterial strains used in this work. For strains constructed during this work, the 
parental strain and the plasmid used to generate them are indicated, as well as the method 
employed for their construction, namely M1 or M2, corresponding to Method 1 or Method 2 
(explained in section 3.1.10). 
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pBluescript II KS Cloning vector, Apr Stratagene 

pEMG oriR6K, lacZa with two flanking I-SceI restriction sites, Kmr 

Martínez-
García & de 

Lorenzo, 
2011 

pJES379 Vector for construction of translational fusions to lacZ, Apr Santero et al., 
1992 

pMPO1407 

pEMG derivative plasmid bearing the ecfG1 flanking 
regions to produce its deletion. Two PCR fragments were 
amplified from TFA chromosomic DNA using the 
oligonucleotide pairs ecfG1 del1 BamHI-ecfG1 del2 XhoI 
and ecfG1 del3 XhoI-ecfG1 del4 BamHI. The resulting 
fragments, digested with BamHI and XhoI, were cloned into 
pEMG digested with BamHI. 

de Dios et al., 
2020 

pMPO1408 

pJES379 derivative bearing a nepR2::lacZ translational 
fusion. A PCR product was amplified from TFA 
chromosomic DNA using the oligonucleotide pair nepR2-
lacZ fw-nepR2-lacZ rv. The resulting fragment was ligated 
into pJES379 digested with SmaI. 

de Dios et al., 
2020 

pMPO1409 

pEMG derivative bearing the ecfG2 flanking regions for its 
in-frame deletion in a wild type background. Two PCR 
fragments were amplified from TFA chromosomic DNA 
using the oligonucleotide pairs ecfG2 del11 SacI-ecfG2 
del2 and ecfG2 del3-ecfG2 del4 XbaI. The resulting 
fragment was digested with SacI and XbaI and ligated into 
pEMG cut with the same enzymes. 

de Dios et al., 
2020 

pMPO1410 

pEMG derivative bearing the ecfG2 flanking regions for its 
in-frame deletion in a ΔecfG1 mutant background. Two 
PCR fragments were amplified from TFA chromosomic 
DNA using the oligonucleotide pairs ecfG2 del12 SacI-
ecfG2 del2 and ecfG2 del3-ecfG2 del4 XbaI. The resulting 
fragment was digested with SacI and XbaI and ligated into 
pEMG cut with the same enzymes. 

de Dios et al., 
2020 

pMPO1412 

pEMG derivative with the rpsL1 gene (Sm-sensitive 
dominant allele) under the synthetic Psyn promoter adapted 
for Sphingomonadaceae. A PCR fragment was amplified 
from pAK405 using the oligonucleotide pair rpsL1 fw-rpsL1 
rv and ligated into pEMG cut with AlfIII and blunted with 
Klenow. 

Gonzalez-
Flores et al., 

2019 

pMPO1413 

pMPO1412 derivative plasmid bearing the nepR2 flanking 
regions to produce its in-frame deletion. Two PCR 
fragments were amplified from TFA chromosomic DNA 
using the oligonucleotide pairs nepR2 del1-nepR2 del2 and 
nepR2 del3-nepR2 del4 XbaI and were assembled 
together by overlapping PCR extending equal amounts of 
each original products and amplifying the resulting 
template using the oligonucleotide pair nepR2 del1-nepR2 
del4 BamHI. The amplified fragment, digested with BamHI, 
was cloned into pMPO1412 digested with the same 
enzyme. 

de Dios et al., 
2020 
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pMPO1414 

pMPO1412 derivative plasmid bearing the phyR1 flanking 
regions to produce its in-frame deletion. Two PCR 
fragments were amplified from TFA chromosomic DNA 
using the oligonucleotide pairs phyR1 del1 SacI-phyR1 
del2 and phyR1 del3-phyR1 del4 BamHI and were 
assembled together by overlapping PCR extending equal 
amounts of each original products and amplifying the 
resulting template using the oligonucleotide pair phyR1 
del1 SacI-phyR1 del4 BamHI. The amplified fragment, 
digested with SacI and BamHI, was cloned into pMPO1412 
digested with the same enzymes. 

This work. 

pMPO1415 

pMPO1412 derivative plasmid bearing the phyR2 flanking 
regions to produce its in-frame deletion. Two PCR 
fragments were amplified from TFA chromosomic DNA 
using the oligonucleotide pairs phyR2 del1 BamHI-phyR2 
del2 and phyR2 del3-phyR2 del4 EcoRI and were 
assembled together by overlapping PCR extending equal 
amounts of each original products and amplifying the 
resulting template using the oligonucleotide pair phyR2 
del1 BamHI-phyR2 del4 EcoRI. The amplified fragment, 
digested with BamHI and EcoRI, was cloned into 
pMPO1412 digested with the same enzymes. 

This work. 

pMPO1416 

pMPO1412 derivative plasmid bearing the nepR1 flanking 
regions to produce its in-frame deletion. Two PCR 
fragments were amplified from TFA chromosomic DNA 
using the oligonucleotide pairs nepR1 del1 SacI-nepR1 
del2 and nepR1 del3-nepR1 del4 BamHI and were 
assembled together by overlapping PCR extending equal 
amounts of each original products and amplifying the 
resulting template using the oligonucleotide pair nepR1 
del1 SacI-nepR1 del4 BamHI. The amplified fragment, 
digested with SacI and BamHI, was cloned into pMPO1412 
digested with the same enzymes. 

This work. 

pMPO1426 

pJES379 derivative bearing a ecfG2::lacZ translational 
fusion. A PCR product was amplified from TFA 
chromosomic DNA using the oligonucleotide pair ecfG2 
del11-ecfG2 del2. The resulting fragment was ligated into 
pJES379 digested with SmaI. 

de Dios et al., 
2020 

pMPO1428 

pMPO1413 derivative plasmid for the deletion of the 
nepR2ecfG1 operon. The plasmid pMPO1407 was 
digested with XhoI, blunted with Klenow and subsequently 
digested with Acc65I and a resulting fragment of 1 kb was 
isolated. After that, the fragment was ligated into 
pMPO1413 cut with StuI and Acc65I. 

This work. 

pMPO1431 

pTYB21 derivative plasmid encoding the intein-CBD-ecfG1 
purification construct. A PCR fragment was amplified from 
TFA chromosomic DNA with the oligonucleotide pair ORF-
ecfG1 fw-ORF-ecfG1 rv BamHI. The PCR product was cut 
with BamHI and ligated into pTYB21 digested with SapI, 
blunted with Klenow and subsequently digested with 
BamHI. 

de Dios et al., 
2020 

pMPO1432 pTYB21 derivative plasmid encoding the intein-CBD-ecfG2 
purification construct. A PCR fragment was amplified from 

de Dios et al., 
2020 
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TFA chromosomic DNA with the oligonucleotide pair ORF-
ecfG2 fw-ORF-ecfG2 rv BamHI. The PCR product was cut 
with BamHI and ligated into pTYB21 digested with SapI, 
blunted with Klenow and subsequently digested with 
BamHI. 

pMPO1433 

pSEVA224 derivative plasmid bearing the ecfG1 gene 
under the Ptrc promoter. A PCR fragment was amplified 
from pMPO1413 using the oligonucleotide pair ecfG2-12-
ecfG1-XbaI 5’, digested with SacI, blunted with T4 DNA 
polymerase and subsequently digested with XbaI. The 
resulting fragment was ligated into pSEVA224 cut with 
HindIII, blunted with Klenow and digested with XbaI. 

de Dios et al., 
2020 

pMPO1434 

pTYB21 derivative plasmid encoding the intein-CBD-
nepR1 purification construct. A PCR fragment was 
amplified from TFA chromosomic DNA with the 
oligonucleotide pair ORF-nepR1 fw-ORF-nepR1 rv BamHI. 
The PCR product was cut with BamHI and ligated into 
pTYB21 digested with SapI, blunted with Klenow and 
subsequently digested with BamHI. 

This work. 

pMPO1435 

pTYB21 derivative plasmid encoding the intein-CBD-
nepR2 purification construct. A PCR fragment was 
amplified from TFA chromosomic DNA with the 
oligonucleotide pair ORF-nepR2 fw-ORF-nepR2 rv BamHI. 
The PCR product was cut with BamHI and ligated into 
pTYB21 digested with SapI, blunted with Klenow and 
subsequently digested with BamHI. 

This work. 

pMPO1436 

pTXB1 derivative plasmid encoding the phyR1-intein-CBD 
purification construct. A PCR fragment was amplified from 
TFA chromosomic DNA with the oligonucleotide pair ORF-
phyR1 fw NdeI-ORF-phyR1 rv. The PCR product was cut 
with NdeI and ligated into pTXB1 digested with SapI, 
blunted with Klenow and subsequently digested with NdeI. 

This work. 

pMPO1437 

pTXB1 derivative plasmid encoding the phyR2-intein-CBD 
purification construct. A PCR fragment was amplified from 
TFA chromosomic DNA with the oligonucleotide pair ORF-
phyR2 fw NdeI-ORF-phyR2 rv. The PCR product was cut 
with NdeI and ligated into pTXB1 digested with SapI, 
blunted with Klenow and subsequently digested with NdeI. 

This work. 

pMPO1440 

pTE103 derivative to be used as template for in vitro 
transcription from the PnepR2 promoter. The antiparallel 
oligonucleotides nepR2-IVT fw and nepR2-IVT rv were 
annealed together, leaving compatible ends for ligation in 
the EcoRI and HindIII restriction sites. The resulting 
fragment was cloned into pTE103 digested with those 
enzymes. 

de Dios et al., 
2020 

pMPO1441 

pTE103 derivative to be used as template for in vitro 
transcription from the Pgsp promoter. The antiparallel 
oligonucleotides gsp-IVT fw and gsp-IVT rv were annealed 
together, leaving compatible ends for ligation in the EcoRI 
and HindIII restriction sites. The resulting fragment was 
cloned into pTE103 digested with those enzymes. 

de Dios et al., 
2020 
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pMPO1442 

pTE103 derivative to be used as template for in vitro 
transcription from the PmltA2 promoter. The antiparallel 
oligonucleotides mltA2-IVT fw and mltA2-IVT rv were 
annealed together, leaving compatible ends for ligation in 
the EcoRI and HindIII restriction sites. The resulting 
fragment was cloned into pTE103 digested with those 
enzymes. 

de Dios et al., 
2020 

pMPO1443 

pTE103 derivative to be used as template for in vitro 
transcription from the PyiaD promoter. The antiparallel 
oligonucleotides yiaD-IVT fw and yiaD-IVT rv were 
annealed together, leaving compatible ends for ligation in 
the EcoRI and HindIII restriction sites. The resulting 
fragment was cloned into pTE103 digested with those 
enzymes. 

de Dios et al., 
2020 

pMPO1444 

pTE103 derivative to be used as template for in vitro 
transcription from the PSGRAN_2273 promoter. The antiparallel 
oligonucleotides SGRAN_2273-IVT fw and SGRAN_2273-
IVT rv were annealed together, leaving compatible ends for 
ligation in the EcoRI and HindIII restriction sites. The 
resulting fragment was cloned into pTE103 digested with 
those enzymes. 

de Dios et al., 
2020 

pMPO1447 

pTE103 derivative to be used as template for in vitro 
transcription from the PmltA2 promoter with an AàG point 
mutation in the -10 box. The antiparallel oligonucleotides 
mltA2-IVT-CGTT fw and mltA2-IVT-CGTT rv were 
annealed together, leaving compatible ends for ligation in 
the EcoRI and HindIII restriction sites. The resulting 
fragment was cloned into pTE103 digested with those 
enzymes. 

de Dios et al., 
2020 

pMPO1448 

pTE103 derivative to be used as template for in vitro 
transcription from the PyiaD promoter with a TàC point 
mutation in the -10 box. The antiparallel oligonucleotides 
yiaD-IVT-CGTT fw and yiaD-IVT-CGTT rv were annealed 
together, leaving compatible ends for ligation in the EcoRI 
and HindIII restriction sites. The resulting fragment was 
cloned into pTE103 digested with those enzymes. 

de Dios et al., 
2020 

pMPO1449 

pTE103 derivative to be used as template for in vitro 
transcription from the Pgsp promoter with a GàA point 
mutation in the -10 box. The antiparallel oligonucleotides 
gsp-IVT-CATT fw and gsp-IVT-CATT rv were annealed 
together, leaving compatible ends for ligation in the EcoRI 
and HindIII restriction sites. The resulting fragment was 
cloned into pTE103 digested with those enzymes. 

de Dios et al., 
2020 

pMPO1450 

pTE103 derivative to be used as template for in vitro 
transcription from the Pgsp promoter with a CàT point 
mutation in the -10 box. The antiparallel oligonucleotides 
gsp-IVT-TGTT fw and gsp-IVT-TGTT rv were annealed 
together, leaving compatible ends for ligation in the EcoRI 
and HindIII restriction sites. The resulting fragment was 
cloned into pTE103 digested with those enzymes. 

de Dios et al., 
2020 

pMPO1453 pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the C-terminal end of ecfG1 by This work. 
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double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs ecfG1 FLAG-1 BamHI-ecfG1 FLAG-2 and ecfG1 
FLAG-3-ecfG1 FLAG-4 SacI and were assembled together 
by overlapping PCR extending equal amounts of each of 
the original products and amplifying the resulting template 
using the oligonucleotide pair ecfG1 FLAG-1 BamHI-ecfG1 
FLAG-4 SacI. The amplified fragment, digested with BamHI 
and SacI, was ligated into pMPO1412 cut with the same 
enzymes. 

pMPO1454 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the C-terminal end of ecfG2 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs ecfG2 FLAG-1 BamHI-ecfG2 FLAG-2 and ecfG2 
FLAG-3-ecfG2 FLAG-4 EcoRI and were assembled 
together by overlapping PCR extending equal amounts of 
each of the original products and amplifying the resulting 
template using the oligonucleotide pair ecfG2 FLAG-1 
BamHI-ecfG2 FLAG-4 EcoRI. The amplified fragment, 
digested with BamHI and EcoRI, was ligated into 
pMPO1412 cut with the same enzymes. 

This work. 

pMPO1455 

pSEVA221 derivative plasmid bearing the ecfG1 without 
promoter region. A 0.8 kb DNA fragment was obtained 
digesting pMPO1433 with SacI and SpeI. The fragment 
was cloned into pSEVA221 digested with the same 
enzymes. 

This work. 

pMPO1456 

pSEVA221 derivative plasmid bearing the nepR2ecfG1 
operon with an in-frame deletion of nepR2, leaving ecfG1 
alone under its own promoter. A 1.5 kb DNA fragment was 
obtained digesting pMPO1413 with EcoRV and SmaI. The 
fragment was cloned into pSEVA221 digested with SmaI. 

This work. 

pMPO1457 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the C-terminal end of nepR1 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs nepR1 FLAG-1-nepR1 FLAG-2 and nepR1 FLAG-3-
nepR1 FLAG-4 and were assembled together by 
overlapping PCR extending equal amounts of each of the 
original products and amplifying the resulting template 
using the oligonucleotide pair nepR1 FLAG-1-nepR1 
FLAG-4. The amplified fragment was ligated into 
pMPO1412 cut with SmaI. 

This work. 

pMPO1458 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the C-terminal end of nepR2 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs nepR2 FLAG-1-nepR2 FLAG-2 and nepR2 FLAG-3-
nepR2 FLAG-4 and were assembled together by 
overlapping PCR extending equal amounts of each of the 
original products and amplifying the resulting template 
using the oligonucleotide pair nepR2 FLAG-1-nepR2 
FLAG-4. The amplified fragment was ligated into 
pMPO1412 cut with SmaI. 

This work. 



Materials and methods 

 56 

pMPO1459 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the C-terminal end of phyR1 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs phyR1 FLAG-1-phyR1 FLAG-2 and phyR1 FLAG-3-
phyR1 FLAG-4 and were assembled together by 
overlapping PCR extending equal amounts of each of the 
original products and amplifying the resulting template 
using the oligonucleotide pair phyR1 FLAG-1-phyR1 
FLAG-4. The amplified fragment was ligated into 
pMPO1412 cut with SmaI. 

This work. 

pMPO1460 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the C-terminal end of phyR2 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs phyR2 FLAG-1-phyR2 FLAG-2 and phyR2 FLAG-3-
phyR2 FLAG-4 and were assembled together by 
overlapping PCR extending equal amounts of each of the 
original products and amplifying the resulting template 
using the oligonucleotide pair phyR2 FLAG-1-phyR2 
FLAG-4. The amplified fragment was ligated into 
pMPO1412 cut with SmaI. 

This work. 

pMPO1461 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the N-terminal end of phyR1 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs phyR1 del1 SacI-phyR1 FLAG-N2 and phyR1 FLAG-
N3-phyR1 FLAG-N4 XbaI and were assembled together by 
overlapping PCR extending equal amounts of each of the 
original products and amplifying the resulting template 
using the oligonucleotide pair phyR1 del1 SacI-phyR1 
FLAG-N4 XbaI. The amplified fragment, digested with SacI 
and XbaI, was ligated into pMPO1412 cut with the same 
enzymes. 

This work. 

pMPO1462 

pMPO1412 derivative plasmid bearing flanking regions to 
insert a 3xFLAG epitope in the N-terminal end of phyR2 by 
double recombination. Two PCR fragments were amplified 
from TFA chromosomic DNA using the oligonucleotide 
pairs phyR2 del4 EcoRI-phyR2 FLAG-N2 and phyR2 
FLAG-N3-phyR2 FLAG-N4 XbaI and were assembled 
together by overlapping PCR extending equal amounts of 
each of the original products and amplifying the resulting 
template using the oligonucleotide pair phyR2 del4 EcoRI-
phyR2 FLAG-N4 XbaI. The amplified fragment, digested 
with EcoRI and XbaI, was ligated into pMPO1412 cut with 
the same enzymes. 

This work. 

pMPO998 

pBluescript derivative plasmid containing the C-terminus 
end of the TFA rpoC gene fused to a 6xHis tag. A PCR 
product was obtained using TFA chromosomic DNA as 
template and the oligonucleotide pair BetaB SacI-BetaB 
XbaI. The PCR fragment was digested with the enzymes 
SacI and XbaI and ligated into pBluescript II KS cut with the 
same enzymes. 

This work. 
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pSEVA221 oriRK2, Kmr Silva-Rocha 
et al., 2013 

pSEVA224 oriRK2, lacIq-Ptrc, Kmr Silva-Rocha 
et al., 2013 

pSW-I oriRK2, xylS, Pm::I-sceI, Apr 

Martínez-
García & de 

Lorenzo, 
2011 

pTE103 Transcription template vector with T7 terminator 
downstream of pUC8 polylinker, Apr 

Elliot & 
Geiduschek, 

1984 

pTXB1 
E. coli expression vector, bears a C-terminal fusion intein 
variant for purification of the target protein by IMPACT kit, 
Apr 

New England 
Biolabs 

pTYB21 
E. coli expression vector, bears a N-terminal fusion intein 
variant for purification of the target protein by IMPACT kit, 
Apr 

New England 
Biolabs 

 
1.2. Oligonucleotides 
The oligonucleotides used in this work are listed in Table 3. 

Oligonucleotide Sequence Reference 
Construction 

ecfG1 del1 BamHI CGGGATCCACCAGATTGACCTCG de Dios et al., 
2020 

ecfG1 del2 XhoI CGCTCGAGCCGTGTTCCCGCAC de Dios et al., 
2020 

ecfG1 del3 XhoI GGCTCGAGTCATTCCTTGGTCG de Dios et al., 
2020 

ecfG1 del4 BamHI CAGGATCCAATTGCGCAGGATG de Dios et al., 
2020 

ecfG1 FLAG-1 BamHI TTTGGATCCACTGTGGTTTTAGGGCAACG This work. 

ecfG1 FLAG-2 
TTAATCATGATCCTTGTAGTCGATGTCATGAT
CTTTATAATCACCGTCATGGTCTTTGTAGTCG
CGCCGCGATTCCTCGCG 

This work. 

ecfG1 FLAG-3 ACTACAAGGATCATGATTAATGACGGTGACG
CCGTGTTC This work. 

ecfG1 FLAG-4 SacI TTTGAGCTCGCTTGCCGTCATAATGGTCG This work. 

ecfG1-XbaI 5' TATCTAGAGAATGGCAACGCACGGAG This work. 

ecfG2 del11 SacI TGAGCTCCAGGATGACGAAGGTCC de Dios et al., 
2020 

ecfG2 del12 SacI TGAGCTCTCATCATCGCAAATACTCG de Dios et al., 
2020 

ecfG2 del2 AAACTGGCGTCGTCGAG de Dios et al., 
2020 

Table 2. Plasmids used in this work. For the plasmids generated during this work, the steps 
followed for their construction is explained. 
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ecfG2 del3 CCGCTCGACGACGCCAGTTTCGATCTGACTG
CGAACG 

de Dios et al., 
2020 

ecfG2 del4 XbaI TTTCTAGACCTTGCTGGAAGTCATCG de Dios et al., 
2020 

ecfG2 FLAG-1 BamHI TTTGGATCCGCCCTAAAACCACAGTAAGC This work. 

ecfG2 FLAG-2 
TTAATCATGATCCTTGTAGTCGATGTCATGAT
CTTTATAATCACCGTCATGGTCTTTGTAGTCG
GCGGGTCCGTTCGCAGTC 

This work. 

ecfG2 FLAG-3 ACTACAAGGATCATGATTAATGAATATGCCGT
ATGGCCTG This work. 

ecfG2 FLAG-4 EcoRI TTTTTGAATTCATCGCTGCTTCCACCGCATC This work. 

gsp-IVT fw AATTGCAACATTGCCGCCGCTGCCGCGTTGA
TCGGTCATCGGG 

de Dios et al., 
2020 

gsp-IVT rv AGCTCCCGATGACCGATCAACGCGGCAGCG
GCGGCAATGTTGC 

de Dios et al., 
2020 

gsp-IVT-CATT fw AATTGCAACATTGCCGCCGCTGCCGCATTGA
TCGGTCATCGGG 

de Dios et al., 
2020 

gsp-IVT-CATT rv AGCTCCCGATGACCGATCAATGCGGCAGCG
GCGGCAATGTTGC 

de Dios et al., 
2020 

gsp-IVT-TGTT fw AATTGCAACATTGCCGCCGCTGCCGTGTTGA
TCGGTCATCGGG 

de Dios et al., 
2020 

gsp-IVT-TGTT rv AGCTCCCGATGACCGATCAACACGGCAGCG
GCGGCAATGTTGC 

de Dios et al., 
2020 

mltA2-IVT fw AATTGGAACCTTTTTCGCCCTTCTCGCATTAT
GTCCGCATCGTC 

de Dios et al., 
2020 

mltA2-IVT rv AGCTGACGATGCGGACATAATGCGAGAAGG
GCGAAAAAGGTTCC 

de Dios et al., 
2020 

mltA2-IVT-CGTT fw AATTGGAACCTTTTTCGCCCTTCTCGCGTTAT
GTCCGCATCGTC 

de Dios et al., 
2020 

mltA2-IVT-CGTT rv AGCTGACGATGCGGACATAACGCGAGAAGG
GCGAAAAAGGTTCC 

de Dios et al., 
2020 

nepR::lacZ fw GATGTTGCCATAGATCATGCG de Dios et al., 
2020 

nepR::lacZ rv GGCCGCTAGCTCGTCGTAG de Dios et al., 
2020 

nepR1 del1 SacI TGAGCTCGAGAATCGAGAGGGAGAAG This work. 
nepR1 del2 TCGATGCTGGACCTGCTC This work. 

nepR1 del3 TCGAGCAGGTCCAGCATCGATACGCCGGGTT
CAGACG This work. 

nepR1 del4 BamHI ATGGATCCTTCCCCATCGAGCCTTCC This work. 

nepR1-FLAG-1 CATGATTACGAATTCGAGCTCGATGACCGGC
ACGTTCATCCC This work. 

nepR1-FLAG-2 
TTAATCATGATCCTTGTAGTCGATGTCATGAT
CTTTATAATCACCGTCATGGTCTTTGTAGTCA
TCGAGCTTGTCGAGCAGG 

This work. 

nepR1-FLAG-3 ACTACAAGGATCATGATTAATGACAGCGGCC
GCGCCGCAG This work. 

nepR1-FLAG-4 TGCCTGCAGGTCGACTCTAGAGGAGAATCGA
GAGGGAGAAG This work. 

nepR2 del1 GGCGCGAGGATGACGTC de Dios et al., 
2020 

nepR2 del2 AAGGAATGACCCGAACCC de Dios et al., 
2020 

nepR2 del3 CTTGGGTTCGGGTCATTCCTTAAAGCCACCG
TGCATCCG 

de Dios et al., 
2020 

nepR2 del4 XbaI TATCTAGACGGCACCCTCGTCATAGG de Dios et al., 
2020 
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nepR2-FLAG-1 CATGATTACGAATTCGAGCTCGGGCCGCTAG
CTCGTCGTAG This work. 

nepR2-FLAG-2 
ATCATGATCCTTGTAGTCGATGTCATGATCTT
TATAATCACCGTCATGGTCTTTGTAGTCCTTG
GTCGGGCTTTTCTG 

This work. 

nepR2-FLAG-3 TCGACTACAAGGATCATGATGAATGACCCGA
ACCCAAGC This work. 

nepR2-FLAG-4 TGCCTGCAGGTCGACTCTAGAGGGGAAGGA
AGGTCATCGC This work. 

nepR2-IVT fw AATTGGAACCTGCGGCCCCCTCTGTCGTTGC
TTCGGAATGGCA 

de Dios et al., 
2020 

nepR2-IVT rv AGCTTGCCATTCCGAAGCAACGACAGAGGG
GGCCGCAGGTTCC 

de Dios et al., 
2020 

ORF-ecfG1 fw ATGACCCGAACCCAAGCTGC de Dios et al., 
2020 

ORF-ecfG1 rv BamHI TTGGATCCTCAGCGCCGCGATTCCTC de Dios et al., 
2020 

ORF-ecfG2 fw ATGAGCCGCACCTCCGAC de Dios et al., 
2020 

ORF-ecfG2 rv BamHI TTGGATCCCCATACGGCATATTCACCCC de Dios et al., 
2020 

ORF-nepR1 fw ATGTCGTCTGAACCCGGC This work. 
ORF-nepR1 rv BamHI TTGGATCCGGCCGCTGTCAATCGAGC This work. 
ORF-nepR2 fw ATGCACGGTGGCTTTCCG This work. 
ORF-nepR2 rv BamHI TTGGTCCGTCATTCCTTGGTCGGGC This work. 
ORF-phyR1 fw NdeI TTTCATATGTCGCTGGGCCAGGC This work. 
ORF-phyR1 rv GGCCGGAACCGTGCTTTC This work. 
ORF-phyR2 fw NdeI TTTCATATGCCATTGGGCGAAGAAATCC This work. 
ORF-phyR2 rv GGCTGCGAGTTGCGGCG This work. 
phyR1 del1 SacI TGAGCTCACGCCGGATACATGCTGG This work. 
phyR1 del2 TCTCAGATAGGGAAGATGC This work. 

phyR1 del3 ACCGCATCTTCCCTATCTGAGAACCAAGCCC
TATCAGCCC This work. 

phyR1 del4 BamHI ATGGATCCAGATGAAGGGCTGGATCG This work. 

phyR1 FLAG-N2 
ATCATGATCCTTGTAGTCGATGTCATGATCTT
TATAATCACCGTCATGGTCTTTGTAGTCCATA
GAGTATCTCCTGTAGC 

This work. 

phyR1 FLAG-N3 TCGACTACAAGGATCATGATTCGCTGGGCCA
GGCTATC This work. 

phyR1 FLAG-N4 XbaI TTTCTAGACAGGAAACGGGCGACATC This work. 

phyR1-FLAG-1 CATGATTACGAATTCGAGCTCGCCGCGCGTT
CATCAAACTGC This work. 

phyR1-FLAG-2 
TTAATCATGATCCTTGTAGTCGATGTCATGAT
CTTTATAATCACCGTCATGGTCTTTGTAGTCG
GCCGGAACCGTGCTTTCGTC 

This work. 

phyR1-FLAG-3 ACTACAAGGATCATGATTAATGACGCCGCCT
CGATGGGG This work. 

phyR1-FLAG-4 TGCCTGCAGGTCGACTCTAGAGCCGATTTCG
CGAAGCTGCC This work. 

phyR2 del1 BamHI ATGGATCCCAGGAAACGATGTTGAAGG This work. 
phyR2 del2 TTCATCACCGCCTTTCCC This work. 

phyR2 del3 TTCGGGAAAGGCGGTGATGAAGATTTCTTCG
CCCAATGGC This work. 
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phyR2 del4 EcoRI ATGAATTCCGATATTCGGTCGCATAGGG This work. 

phyR2 FLAG-N2 
ATCATGATCCTTGTAGTCGATGTCATGATCTT
TATAATCACCGTCATGGTCTTTGTAGTCCATG
TTGGAAGCTCCCTCTTTG 

This work. 

phyR2 FLAG-N3 TCGACTACAAGGATCATGATCCATTGGGCGA
AGAAATCCG This work. 

phyR2 FLAG-N4 XbaI TTTCTAGAGAAGCGGCATGATAGGTTCC This work. 

phyR2-FLAG-1 CATGATTACGAATTCGAGCTCGCTTTGCCAT
GAATCCGGTTC This work. 

phyR2-FLAG-2 
TTAATCATGATCCTTGTAGTCGATGTCATGAT
CTTTATAATCACCGTCATGGTCTTTGTAGTCG
GCTGCGAGTTGCGGCGTG 

This work. 

phyR2-FLAG-3 ACTACAAGGATCATGATTAATAGGACGGATT
GCCATTC This work. 

phyR2-FLAG-4 TGCCTGCAGGTCGACTCTAGAGGCTAAGTAA
CGACGGAATG This work. 

rpsL1 fw GTTCGCTAGGGCCCATGG Gonzalez-Flores 
et al., 2019 

rpsL1 rv AATCCTGCTCTGCGAGGC Gonzalez-Flores 
et al., 2019 

SGRAN_2273-IVT fw AATTGCAACTTTCGCGGCGCGCGGGCGGTT
GTTCTCATGCCCCT 

de Dios et al., 
2020 

SGRAN_2273-IVT rv AGCTAGGGGCATGAGAACAACCGCCCGCGC
GCCGCGAAAGTTGC 

de Dios et al., 
2020 

yiaD-IVT fw AATTGGAACCAGATGCGCGGCCATATGTTAT
CGCCATGGAGGG 

de Dios et al., 
2020 

yiaD-IVT rv AGCTCCCTCCATGGCGATAACATATGGCCGC
GCATCTGGTTCC 

de Dios et al., 
2020 

yiaD-IVT-CGTT fw AATTGGAACCAGATGCGCGGCCATACGTTAT
CGCCATGGAGGG 

de Dios et al., 
2020 

yiaD-IVT-CGTT rv AGCTCCCTCCATGGCGATAACGTATGGCCGC
GCATCTGGTTCC 

de Dios et al., 
2020 

RT-qPCR 

csbD-Q1 TGCGGCCTCGATCAACAAG de Dios et al., 
2020 

csbD-Q2 GACCGCCTGCTTCGCATTG de Dios et al., 
2020 

ecfG2-Q1 CTCGCCCTGAGCAAAATCG de Dios et al., 
2020 

ecfG2-Q2 TCGCACCGGTGGCAAATAC de Dios et al., 
2020 

gsp-Q1 CGATATCAAGCAGGATTTCTG de Dios et al., 
2020 

gsp-Q2 TGCGCATTCATCGGGATATG de Dios et al., 
2020 

mltA2-Q1 CCGAACCGACAGAGAAAGG de Dios et al., 
2020 

mltA2-Q2 GACGCCGACGACGATGTTG de Dios et al., 
2020 

nepR2-Q1 TCTGATCGAGCTGGGACAAG de Dios et al., 
2020 

nepR2-Q2 GACGGGAAGCGACCAGTG de Dios et al., 
2020 

phyR2-Q1.2 CCATTGGGCGAAGAAATCC de Dios et al., 
2020 

phyR2-Q2 ATGACTTCCAGCAAGGTATG de Dios et al., 
2020 
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SGRAN_1165-Q1 TTGATTTGGGAACCGGATTC de Dios et al., 
2020 

SGRAN_1165-Q2 TCCCCACCGTCGGCCAATG de Dios et al., 
2020 

SGRAN_1766-Q1 GGTGACGATCCCTTCAAGTC de Dios et al., 
2020 

SGRAN_1766-Q2 TGAAGGGCAAGGAGGCTATC de Dios et al., 
2020 

SGRAN_1922-Q1 GACGCGTAACCGTGCTATC de Dios et al., 
2020 

SGRAN_1922-Q2 GACCCCTTTCACCGTATTGC de Dios et al., 
2020 

SGRAN_2195-Q1 ATGGCCGACACAATCGAAAG de Dios et al., 
2020 

SGRAN_2195-Q2 TCGTCCTGCGGGTTGTAGAC de Dios et al., 
2020 

SGRAN_2273-Q1 GCCGCGGGTTGTCGAATCC de Dios et al., 
2020 

SGRAN_2273-Q2 GCGCCGATCAAAAGCATATG de Dios et al., 
2020 

SGRAN_4136-Q1 GATCCCCGTCGAAATCTATC de Dios et al., 
2020 

SGRAN_4136-Q2 ACGACCTTCTCATATTTAACC de Dios et al., 
2020 

yiaD-Q1 CGATCAAGCTCACCATGTTC de Dios et al., 
2020 

yiaD-Q2 GATCGCGGCCTTGGAAATG de Dios et al., 
2020 

 

1.3. Culture conditions and media 
 The different Escherichia coli strains where routinely grown in lysogeny 

broth (LB), either in liquid cultures or on agar plates (Sambrook et al., 1989). 

Antibiotics or other compounds were added if necessary at the concentrations 

listed in Table M4. Cultures and plates were incubated at 37 ºC, with 180 rpm 

shaking in the case of liquid cultures. 

LB: Bactotryptone 10 g/l, yeast extract 5 g/l, NaCl 5 g/l. For solid LB, agar 15 g/l is added.  

 

 Concentration (mg/l) 
Compound E. coli S. granuli 
Ampicillin 100 5 

Streptomycin - 50 (200) 
Kanamycin 25 20 

X-gal 25 25 

Table 3. Oligonucleotides used in this work. 

Table 4. Selective or indicative supplements added to culture media in this work. In the case 
of streptomycin, different concentrations were added depending on the objective. 
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 S. granuli strains were routinely grown in liquid cultures and solid agar 

plates either in complex MML mineral medium (Andújar et al., 2000) or in MM 

minimal medium (Dorn et al., 1974) using b-hydroxibutyrate (BHB) as carbon 

source, with a standard concentration of 40 mM that may be reduced according 

to the experiment. In the case of anaerobic cultures, the medium was 

supplemented with NaNO3 20 mM. Antibiotics and other compounds were added 

if necessary (Table 4). Cultures were incubated at 30 ºC, with 180 rpm shaking 

in the case of liquid cultures. When performing anaerobic growth, cultures were 

incubated in fully filled, hermetically closed flasks without shaking at 30 ºC. For 

the culture of S. granuli strains using tetralin (1,2,3,4-tetrahidronaftalene, Sigma) 

as carbon source in MM liquid medium, the culture flasks were prepared as 

shown in Fig. 15. Due to its low solubility, the tetralin was provided to the liquid 

medium in gas phase. Flasks were poured with 10 ml of MM without any 

antibiotics and incubated for 3 days at 30 ºC in the presence of 50 µl of tetralin. 

This compound was provided in a pierced Eppendorf tube as indicated, which 

allowed the flow of tetralin vapours until saturation of the liquid medium. Once 

saturated, the medium was supplemented with the appropriate antibiotics and 

inoculated. 

MML: Tryptona 2 g/l, yeast extract 1 g/l. For solid MML, agar 15 g/l is added. Add Solution 1 2% (v/v) and 
solution 2+3 2% (v/v) before use.  

MM: Bidistilled water. Add Solution 1 2% (v/v), solutionn 2+3 2% (v/v) and carbon source before use.  

Solution 1: Na2HPO4·12H2O 3% (w/v), K2HPO4 5% (w/v).  

Solution 2: Ca(NO3)2·4H2O 0.25% (w/v), (NH4)2SO4 5% (w/v), MgSO4·7H2O 1% (w/v), ferric ammonium  
(III) citrate 0.05 % (w/v).  

Solution 3: ZnSO4·7H2O 0.1% (w/v), MnCl2·4H2O 0.03% (w/v), H3BO3 0.3% (w/v), CoCl2·6H2O 0.2% (w/v), 
CuCl2·6H2O 0.01% (w/v), NaMoO4·2H2O 0.03% (w/v).  

Solution 2+3: Mix 190 ml of solution 2 with 10 ml de solution 3.  
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1.4. Cryoconservation of biological stocks 
 For long-term conservation, strains were frozen at -80º C in the appropriate 

rich medium supplemented with glycerol 15% (v/v). For conservation of plasmids, 

they were transformed either into E. coli DH5a or into DH5a lpir (only for pEMG- 

and pMPO1412-derivative plasmids, with origin of replication R6K), and the 

resulting host strain was stocked as previously described. 

 

1.5. Growth-based stress assays 
To test the resistance to osmotic stress and copper, 10 μl spots of serial 

dilutions of late-exponential phase cultures were placed on solid MML rich 

medium plates supplemented with NaCl 0.6 M or CuSO4 3.5 mM and incubated 

for 5 days at 30 °C. 

For desiccation assays, 5 μl spots of serial dilutions of late-exponential 

phase cultures were placed on 0.45 μm pore size filters (Sartorius Stedim Biotech 

GmbH, Germany) and they were left to air-dry in a laminar flow cabin for 5 h (5 

min for the control assay). Then, filters were placed on MML rich medium plates 

supplemented with bromophenol blue 0.002% and incubated for 5 days at 30 °C. 

To measure the recovery from oxidative shock, late-exponential phase 

cultures were diluted to an OD of 0.1. When an OD of 0.5 was reached, H2O2 

was added to the medium in a final concentration of 10 mM. Recovery from the 

shock is represented by a percentage of the OD reached by treated cultures after 

5 h of growth compared to non-treated cultures. 

 

 

Figure 15. Flask used for growing S. granuli using tetralin as carbon and energy source. The 
compartment containing the tetralin is indicated. 
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2. DNA transfer into bacterial strains 
2.1 Heat shock transformation of E. coli strains 
 Competent cells were prepared according to two different protocols, 

depending on the receptor E. coli strain. 

 

Method 1 

 To transform E. coli DH5a with plasmids and ligation mixtures, competent 

cells were prepared following the protocol described by Inoue et al. (1990), 

resulting in an efficiency of up to 109 transformants per microgram of plasmid 

DNA. Briefly, an overnight culture of DH5a was diluted 1/100 in 200 ml of SOB 

medium and was incubated at 22 ºC with shaking until reaching an OD of 0.5. 

Then, the culture was cooled down on ice for 10 min. After that, the culture was 

centrifuged at 4 ºC, 2500 g for 10 min, the supernatant was carefully discarded 

and cells were resuspended in 20 ml of cold TB buffer. After the resuspension, 

60 ml more of cold TB buffer were added. Upon an incubation on ice for 10 min, 

cells were centrifuged again in the same conditions, but this time they were 

resuspended in 20 ml of cold TB without posterior addition of buffer. Finally, 1.5 

ml of DMSO were added. The final mixture was incubated on ice for 10 min and 

dispensed in 0.1 ml aliquots that were snap-frozen in liquid nitrogen prior to their 

storage at -80 ºC. 

SOB: Tryptona 2% (w/v), yeast extract 0.5% (w/v), NaCl 8.5 mM, KCl 1.25 mM, pH 7.0. 

TB: PIPES 10 mM, CaCl2·2H2O 15 mM, KCl 250 mM, pH a 6.7. Add MnCl2 ·4H2O 55 mM.  

 

Method 2 

 Alternatively, for E. coli strains that were not routinely used, such as DH5a 

lpir or ER2566, competent cells were prepared following a TSS treatment 

(Chung et al., 1989), upon which cells must be transformed instantly. Firstly, an 

overnight culture of the receptor strain was diluted 1/100 in LB medium and 

incubated at 37 ºC until reaching an OD of approximately 0.35. Then, 1 ml of the 

culture was transferred in an Eppendorf tube and was cooled down on ice for 5 

min and centrifuged full speed for 30 s. After discarding the supernatant, cells 

were resuspended in 75 µl of cold LB medium and incubated in ice for 5 min. 



  Materials and methods 

 65 

Finally, 75 µl of cold TSS 2X were added to the mixture. After thoroughly mixing 

by pipetting, cells were incubated on ice for another 5 min, obtaining the cells 

ready to be transformed. 

TSS 2X: Tryptona 0.8% (w/v), yeast extract 0.5% (w/v), NaCl 85.5 mM, PEG-8000 25 mM, DMSO 10% 
(v/v), MgSO4 100 mM, pH 6,5.  

 

 For the transformation, 1-5 µl of plasmid DNA or 10 µl of ligation mixture 

were added to one aliquot of competent cells. This mixture was incubated on ice 

for 30 min, and then it was treated with a 42 ºC heat shock for 45 s. After that, 

cells were chilled on ice for 1-5 min and reconstituted by adding 1 ml of SOC 

medium. Then, cells were incubated at 37 ºC with 180 rpm shaking for 1 h, and 

were eventually plated in selective medium overnight at 37 ºC. 

SOC: SOB medium supplemented with glucose 0.36% and MgCl2 10 mM. 

 

2.2. Electrotransformation of S. granuli strains 
 For preparation of S. granuli electrocompetent cells, 10 ml of MML medium 

were inoculated with the receptor strain and were incubated at 30 ºC with 180 

rpm shaking for 24 h, until saturation. Then, the culture was diluted to an OD of 

0.1 in 100 ml of fresh MML medium and was incubated in the same conditions 

until an OD of 0.4 was reached. Then, the culture was cooled down on ice for 30 

min and cells were pelleted by centrifugation at 4 ºC, 5000 rpm for 20 min. Next, 

cells were washed with cold bidistilled water successively in 100 ml and 50 ml, 

and 2 ml of cold glycerol 10 % (v/v). After the last centrifugation, cells were 

resuspended in 250 µl of cold glycerol 10% (v/v) and dispensed in 40 µl aliquots 

that could be used immediately or stored at -80 ºC. 

 For electrotransformation, up to 4 µl of a salt-free plasmid DNA mixture 

was added to an aliquot of electrocompetent cells, keeping them always on ice. 

The suspension was then transferred to a 2-mm wide electroporation cuvette and 

a 2.5 kV current was applied with an electroporator (Micropulser TM, Bio-Rad). 

Rapidly, 1 ml of cold MML medium supplemented with sorbitol 0.5 M was added 

to the cells, and the whole mixture was transferred to a sterile glass tube to be 
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incubated at 30 ºC with 180 rpm shaking for 1 h. Finally, cells were plated in serial 

dilutions on selective MML agar plates and were incubated at 30º C for 5-6 days. 

 

3. Nucleic acid manipulation 
3.1 DNA manipulation 
3.1.1. Plasmid DNA extraction from E. coli host strains 

 For the isolation of plasmids from E. coli DH5a, a standard alkaline lysis 

protocol was followed (Stephen et al., 1990). Cells from 3 ml saturated cultures 

were pelleted by centrifugation at full speed for 1 min and were resuspended in 

100 µl of cold GTE buffer. Then, 200 µl of freshly prepared solution II were added, 

and the mixture was mixed by inversion and incubated for 5 min on ice. After that, 

150 µl of solution III were added, and the mixture was incubated for 5 min. 

Following that, the sample was centrifuged full speed for 15 min and the 

supernatant was transferred to a new Eppendorf tube, to which 450 µl of -20º C 

cold ethanol 96% (v/v) were added. The sample was mixed by inversion and 

centrifuged full speed for 10 min. The supernatant was discarded and the 

precipitated DNA was washed with 1 ml of -20º C cold ethanol 70% (v/v). Then, 

the sample was air- or vacuum-dried and the DNA was resuspended in 25-50 µl 

of TER, depending on the copy number of the plasmid. Finally, the sample was 

incubated at 37 ºC for 30 min to remove RNA. 

Miniprep solution I (GTE): glucose 50 mM, EDTA 10 mM, Tris-HCl 25 mM, pH 8.0. 

Miniprep solution II: NaOH 0.2N, SDS 1% (w/v).  

Miniprep solution III: Potassium acetate 3 M, pH 4.8 adjusted with formic acid.  

TER: Tris-HCl 10 mM pH 8.0, EDTA 1 mM, ribonuclease (Roche) 0.02% (w/v).  

 

 Alternatively, when high purity plasmid DNA was required, the 

Nucleospinâ purification kit (Macherey-Nagel) was used following the 

manufacturer’s instructions. 
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3.1.2. Genomic DNA extraction from S. granuli strains 
 Total genomic DNA from S. granuli was extracted from 3 ml saturated 

cultures grown in MML medium at 30 ºC using the Wizardâ Genomic DNA 

purification kit (Promega) according to the manufacturer’s instructions. 

 

3.1.3. DNA electrophoresis in agarose gels 
 To evaluate the quality and size of DNA fragments from different kinds of 

samples, such as DNA extractions, PCR fragments, restriction reactions, etc., 

standard agarose gel electrophoresis was run. Routinely, low electroendosmosis 

agarose was used dissolved in TAE buffer in concentrations ranging from 0.6 to 

2.0% (w/v), depending on the size of the fragments to be analysed. Before 

loading the samples, loading buffer 6X was added to them in the right volume. As 

molecular weight pattern, the 1 kb ladder marker (Invitrogen) was used. Gels 

were run in TAE buffer applying a current ranging from 45 to 135 V. 

Loading buffer 6X: bromophenol blue 0.05 % (w/v), xylene cyanol 0.05% (w/v), glycerol 30% (v/v), TE 50x 
2% (v/v).  

TAE 1X: Tris-acetic 40 mM, EDTA 10 mM, pH 7.7.  

 

 To visualise the DNA after the electrophoresis, gels were stained in an 

ethidium bromide 2.5 mg/l solution. After staining, gels were irradiated in an UV 

lamp (Vilber Lourmat) and the images were taken using a camera connected to 

a thermal print. 

 

3.1.4. Purification of DNA fragments 
 DNA fragments obtained from enzymatic reactions or separated in 

agarose gels were purified using the GFX kit (GE Healthcare Life Sciences) 

according to the manufacturer’s instructions. When purified from agarose gels, 

the slice of gel containing the DNA fragment of interest was cut out with a scalpel 

before using the purification kit. 

 

3.1.5. DNA cloning 
 DNA fragment cloning was performed as described in Sambrook et al. 

(1989). Either DNA fragments borne in plasmids or PCR fragments as well as 
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cloning vectors were digested or modified with enzymes acquired from the 

companies Roche or New England Biolabs. To prepare the reactions, the buffer 

provided with the enzyme was used and conditions were adjusted following the 

manufacturer’s recommendations. 

 Ligation reactions were prepared in a final volume of 10 µl using the buffer 

provided together with the enzyme. The relative amounts of DNA fragments to 

be ligated together were adjusted after running the samples by agarose gel 

electrophoresis. 1 unit of T4 DNA ligase (New England Biolabs) was added to the 

reaction and the mixture was incubated at least 2 h at room temperature. 

 

3.1.6. DNA fragment detection by Southern blot 
 To perform Southern blots, DNA probes homologous to the fragment of 

interest were designed. The probes consisted in PCR or restriction fragments, 

purified from agarose gels if necessary. The labelling was carried out by random 

priming with digoxigenin-dUTP (deoxiuridin nucleoside triphosphate, Roche) 

following the manufacturer’s instructions. 

 For each sample, a total amount of 3 µg of DNA was digested with the 

convenient restriction enzyme. The resulting restriction fragments were 

separated by agarose 0.6% (w/v) gel electrophoresis applying a current of 45 V 

at 4º C. After running, the gel was processed according to the protocol 

established by Sambrook et al. Firstly, the gel was incubated with depurination 

(20 min), denaturation (30 min) and neutralization (2 x 15 min) solutions. After 

that, the DNA was transferred from the gel to a Hybond N nylon membrane (GE 

Healthcare Life Sciences) by the application of vacuum for 2 h using SSC 10X as 

transfer buffer. Then, the membrane was air dried in a laminar flow hood and the 

DNA was cross-linked to it by exposure to 254 UV nm light (30 s to each side of 

the membrane). 

 The membrane was prehybridized at 42 ºC for 1 h in a hybridization 

chamber (Techneâ HB-3D) with 65 ºC prewarmed prehybridization solution. 

Afterwards, the hybridization was performed overnight at 42 ºC with a mixture of 

prehybridization solution and the labelled probe, which was boiled before the 

addition. Then, two 5 min washes with SSC 2X, SDS 0.1% (w/v) at room 
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temperature, and after that, two more 15 min washes with SSC 0.1X, SDS 0.1% 

(w/v) at 68 ºC were done. 

 The detection of the probe was carried out with an anti-digoxigenin-dUTP 

antibody conjugated to alkaline phosphatase (Roche). All the following steps 

were performed at room temperature with shaking. The membrane was 

equilibrated in buffer 1 for 1 min. Then, it was blocked for 1 h in blocking solution. 

After that time, the antibody was added to the solution in a proportion of 1 µl per 

10 ml, and was incubated for 30 min. After that, the blocking solution with the 

antibody was discarded and the membrane was washed twice for 1 min with 

buffer 1, Tween-20 0.3% (v/v). Once washed, the membrane was equilibrated in 

buffer 3, and then it was incubated with in buffer 3 with CSPD (Roche) 1:300, 

which is a substrate for the alkaline phosphatase that results in a luminescent 

product. Finally, the signal was detected with a ChemiDocTM (Bio-Rad) imaging 

system. 

Depurination solution: HCl 0.25 M.  

Denaturation solution: NaCl 1.5 M, NaOH 0.5 M.  

Neutralisation solution: Tris-HCl 1M, NaCl 1.5 M, pH 7.4.  

SSC 20x: NaCl 175 g/L, Sodium citrate ·2H2O 88 g/l, pH 7.0.  

Pre-hybridisation solution: SSC 5x, N-lauroylsarcosine 0.1% (w/v), blocking reagent 1% (w/v) (Roche), 
formamide 50% (v/v), salmon sperm DNA 0.05 mg/L. Salmon sperm DNA is added before use and after 
boiling it for 10 min.  

Buffer 1: Maleic acid 100 mM, NaCl 150 mM, pH 7,5. 

Blocking solution: 10% (w/v) Blocking reagent (Roche) diluted in buffer 1. 

Buffer 3: NaCl 100 mM and MgCl2 50 mM freshly diluted in buffer 1. 

 

3.1.7. Polymerase chain reaction (PCR) 
 The PCR technique was performed to amplify DNA fragments, using 

different DNA polymerases depending on the fidelity that was required for the 

product. High fidelity DNA polymerases, such as the Q5 polymerase (New 

England Biolabs), were used for DNA fragments that were going to be cloned. 

Standard DNA polymerases, such as the DreamTaq polymerase (Thermo 

Scientific), were used for reactions performed for screenings or to obtain 

fragments that were not going to be cloned. 
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 Routinely, 25 ng of DNA were added as template to 25 µl reactions 

prepared in 0.2 ml tubes. In some cases, whole bacterial colonies were used as 

template, firstly resuspending them in 30 µl of water and boiling it for 10 min. After 

a short centrifugation to pellet the cell debris, 5 µl of the supernatant were used 

as template. Oligonucleotides, dNTPs and buffer were added according to the 

manufacturer’s instructions specific for each DNA polymerase. Due to the high 

G+C content, when the TFA genome or fragments of it were used as template, 

DMSO was added to the reaction in a concentration ranging from 2.5% to 5% 

(v/v), depending on the polymerase. 

 Reactions were performed in a Biometra Tpersonal thermal cycler, using 

the standard programme: 1. initial denaturation – 5 min at 94 ºC; 2. denaturation 

– 30 s at 94 ºC; 3. annealing – 30 s at the appropriate temperature for each 

oligonucleotide pair; 4. elongation – 30-60 s per kb at 72 ºC; 5. final elongation – 

5 min at 72 ºC; steps 2-4 were repeated cyclically 30-35 times. When necessary, 

gradient PCRs were carried out to optimize the annealing temperature. 

 To assemble DNA fragments by overlapping PCR (Fig. 16), two 

consecutive PCR programs were performed, one for extension of each of the 

overlapping fragments and the following for amplification of the assembled 

fragment. Both series comprised 25 cycles each and were separated by a pause 

at denaturation temperature in which external oligonucleotides were added to the 

reaction to avoid unspecific amplifications during the first cycles. 
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3.1.8. Annealing of antiparallel oligonucleotides 
 When short DNA fragments (around 50 bp) needed to be used for further 

purposes (cloning or migration analysis), two antiparallel oligonucleotides 

containing such sequence were synthesized. The oligonucleotide pairs were 

designed so that each end would be compatible with the restriction site that was 

chosen to digest the vector, making the fragment ready to be cloned right away 

after the annealing. 

 For the annealing reaction, 10 µl of a 10 µM dilution of each oligonucleotide 

were mixed together in a 0.2 ml tube. The mixture was incubated in a thermal 

cycler using the following programme: 

 

- 2 min at 95º C. 

- 45 min in a descending temperature ramp to 25º C. 

- 4º C until withdrawing the samples. 

 

After the annealing, the resulting fragment was cloned into the respective 

vector as indicated for other DNA fragments. 

Alternatively, to analyse the migration pattern of native dsDNA sequences, 

equal amounts of each reconstituted oligonucleotide pair was run in a non-

Amplification 
of template 1 

Amplification 
of template 2 

Extension 
(assembly) 

Final amplification 

Figure 16. Schematic of the DNA fragment assembly by overlapping PCR. 
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denaturing 8% polyacrylamide gel and electrophoresed for 4 h (75-100 V) at 4 

ºC. 

 

3.1.9. Sequencing DNA fragments  
 In order to check if PCR-generated DNA fragments harboured the 

appropriate sequence once they were cloned, plasmid samples were sequenced 

by the company Stab Vida (Lisbon, Portugal) using either universal or specific 

oligonucleotides as primers. To compare the sample sequence to the expected 

sequence, the online BLAST package (Altschul et al., 1997) was used, available 

on the NCBI website. 

 

3.1.10. Construction of S. granuli mutant strains 
 Generally, the genome of S. granuli was modified by two protocols, 

depending on the objective: 

 

Method 1 

 For the introduction of lacZ translational fusions into the chromosome, a 

single recombination event of a vector bearing the construction was selected. 

Translational fusions were constructed by cloning a DNA fragment bearing the 

respective promoter (including the ribosome binding site and at least the first 8 

codons of the gene of interest, plus 1 kb upstream the gene to make the 

recombination possible) into the plasmid pJES379, so that translation would be 

in frame with the lacZ gene located downstream the polylinker of the vector. Once 

the pJES379-derivative plasmid was constructed, it was introduced into the 

respective S. granuli strain by electrotransformation. Given that this vector in not 

replicative in S. granuli, the only way to maintain it would be by recombination 

into the chromosome. Recombinant candidates were selected by serial dilution 

plating in medium supplemented with ampicillin and X-gal. Further confirmation 

was performed by PCR. 

 

Method 2 

 For precise manipulation of the S. granuli genome (scarless deletions, 

insertions or substitutions), a mutant construction protocol was adapted from 
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Martínez-García and de Lorenzo (2011), and further modified with features from 

Kaczmarczyk et al. (2012) during this work. 

 The mutagenesis protocol is based on two events of recombination forced 

by a double-strand break in the chromosome. First, a pEMG-derivative vector, 

harbouring the modification to be introduced between two 1 kb-long flanking 

homologous regions, needs to be constructed. Plasmid pEMG bears a polylinker 

flanked by two SceI restriction sites (this is a 18 pb sequence that does not 

appear in the S. granuli genome) and is only replicative in E. coli lpir-derivative 

strains. On the other hand, to force the second recombination event, plasmid 

pSWI also needs to be used in a second step of the protocol. This vector carries 

a broad host range origin of replication and bears the coding sequence for the 

SceI endonuclease under the PM promoter, whose basal level of expression in S. 

granuli happens to be enough to produce SceI in sufficient amounts to carry out 

its function. 

 In a first step, the pEMG-derivative vector is electrotransformed into the 

receptor strain and its recombination into the chromosome is selected by serial 

dilution plating in MML medium supplemented with kanamycin. Positive 

candidates were further confirmed by PCR. Then, plasmid pSWI has to be 

introduced in the recombinant strain to express the SceI endonuclease that 

causes a break in the chromosome, so that the only way for the cell to survive 

would be a second recombination event. After the electrotransformation of pSWI, 

recombinant candidates were selected by serial dilution plating in a medium 

supplemented with ampicillin, but not kanamycin, in order to allow the scission of 

the pEMG-derivative vector in a second recombination event that may restore the 

wild type genotype or or produce the insertion/deletion harboured by the pEMG-

derivative vector. This protocol was optimized and adapted to S. granuli during 

the construction of the mutant strains MPO855, MPO859 and MPO860. 

 The protocol was further modified using features from the mutagenesis 

protocol established for sphingomonads at Julia Vorholt’s lab. A bottleneck of the 

original protocol was the high rate of spontaneous resistance to kanamycin found 

in S. granuli, resulting in a high number of colonies that needs to be checked to 

find candidates bearing the pEMG-derivative vector integrated in the 

chromosome. Given that sphingomonads are naturally resistant to streptomycin 

due to up to three point changes in the ribosomal protein RpsL with respect to 
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sensitive species, such as E. coli, Kaczmarczyk et al. (2012) designed a version 

of the rpsL gene, termed rpsL1, reverting those changes and turning it into a 

streptomycin-sensitive version of the sphingomonad ribosomal gene. rpsL1 gene 

born in the vector pAK405 can be used as a counterselection marker, since 

strains harbouring this vector grow slower in the presence of high concentrations 

of streptomycin. This gene, together with its promoter, was PCR-amplified from 

pAK405 and cloned into plasmid pEMG, resulting in the plasmid pMPO1412. 

 When using a pMPO1412-derivative vector instead of a pEMG-derivative, 

an additional selection step could be carried out after the first recombination 

event in the mutagenesis protocol. Once colonies were grown on plates 

supplemented with kanamycin, they were streaked on plates supplemented 

either with kanamycin or kanamycin plus streptomycin (200 mg/l). Streaks that 

grew slower in the presence of streptomycin were selected for further PCR 

confirmation. This protocol was optimized during the construction of the mutant 

strains MPO865, MPO866, MPO867 and MPO868. A summary workflow of this 

protocol is shown in Fig. 17. 

 

 

 

 

Target gene 
Flanking 
region 1 

Flanking 
region 2 

TFA chromosome (Smr, Kms) 
rpsL1 
Sms 

nptII 
Kmr 

pMPO1412-derivative 

1st recombination 
(Sms, Kmr) 

pSWI 
(SceI) 

2nd recombination 
(Smr, Kms) 

Deletion mutant 

Figure 17. Work flow of the scarless directed mutagenesis protocol (pMPO1412-based) 
optimized for TFA. 
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3.2. RNA manipulation 
3.2.1. RNA extraction from S. granuli 
 Prior to the RNA extraction, S. granuli strains were grown in the condition 

of interest and 8 OD units were harvested in as many 2 ml tubes as needed by 

centrifugation at 4 ºC, full speed, for 2 min. The supernatant was quickly removed 

and cell pellets were snap-frozen in liquid nitrogen. At this point, pellets could be 

stored at -80 ºC until further processing. 

 To extract the RNA, the protocol described by Yuste et al. (2006) was 

followed. The whole cell pellet was resuspended in 1.5 ml of Tripure Isolation 

Reagent (Tri Reagent LS, Molecular Research Center) and the mixture was 

incubated at 60 ºC for 10 min to lyse the cells. After that, the mixture was 

centrifuged at 4 ºC, full speed, for 10 min to pellet the cell debris. The supernatant 

was split and transferred to two pre-packed Phase Lock Gel tubes (5PRIME) and 

200 µl of chloroform were added to each of them. Samples were mixed by 

inversion and incubated on ice for 15 min. Then, samples were centrifuged at 

room temperature, full speed, for 15 min. After that, 400 µl of phenol : chloroform 

: isoamyl alcohol (25 : 24 : 1) were added to the tubes and samples were mixed 

by inversion. Then they were centrifuged at 4 ºC, full speed, for 5 min. The 

aqueous phase of both Phase Lock tubes was transferred to one 2 ml tube 

containing 750 µl of isopropanol and the mixture was precipitated for 10 min on 

ice. The sample was centrifuged at 4 ºC, full speed, for 10 min, the supernatant 

was removed and the RNA pellet was washed with 1 ml of cold ethanol 70% (v/v). 

The sample was air-dried in a laminar flow hood and the RNA was resuspended 

in 150 µl of DEPC-treated cold water (diethylpyrocarbonate, abbreviated DEPC, 

is a compound that inactivates RNases). 

 To remove possible DNA contamination from the RNA sample, it was 

treated with DNase I using the DNA-free kit (Ambion) following the 

manufacturer’s instructions. The resulting RNA sample was purified using the 

RNeasy mini kit (Qiagen) and was eluted in 50 µl of DEPC-treated water. 

Removal of DNA was checked by PCR. 
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3.2.2. RNA electrophoresis 
 To visualize and check the integrity of total RNA samples, they were run 

in an agarose gel 1% (w/v) by electrophoresis as described for DNA samples. In 

this case, ethidium bromide was directly added to the agarose mixture before 

casting the gel to stain the RNA during the electrophoresis. 

 

3.3. Nucleic acid quantification 
 To quantify the concentration and to check the purity of either double-

stranded or single-stranded DNA and RNA preparations, the absorbance at 260 

nm was measured in a spectrophotometer Nanodrop ND-1000 (Thermo 

Scientific) according to the manufacturer’s instructions. 

 Alternatively, relative concentration and integrity was estimated by 

visualization in agarose gels after electrophoresis. 

 

 

 

4. Protein manipulation 
4.1. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
 To check the quality and the concentration, and to monitor different steps 

during protein purification protocols, protein samples were analysed by vertical 

gel electrophoresis in SDS-polyacrylamide denaturing gels. The electrophoresis 

was carried out in a discontinuous system with an upper gel for the stacking of 

the proteins in the sample and a lower gel for running the sample and separating 

the different proteins according to their size. 

 Different amounts of protein samples or biomass (whole cells) were 

prepared to be loaded on gels, according to the purpose of the experiment. 

Generally, for protein extracts, the sample was diluted in the right proportion using 

the same buffer as used for lysing the cells or eluting the protein mixture. Then, 

one volume of loading buffer 2X was added to the sample and the resulting 

mixture was boiled for 5 min and centrifuged full speed for 5 min. For whole cell 

samples, mixtures were prepared centrifuging a volume equivalent to 1 OD unit 

and resuspending it in 25 µl of water and 25 µl of loading buffer 2X. Then, 

samples were boiled for 5 min and centrifuged full speed for 5 min. A volume 
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ranging from 2 to 20 µl was loaded in the gel, depending on the objective of the 

experiment and the quantified concentration of the sample. 

Loading buffer 2x: Tris-HCl 160 mM pH 8.0, glycerol 20% (v/v), SDS 4% (p/v), bromophenol blue 0.1% 
(w/v).  

 

 Gels were run in vertical Mini Protean III systems (Bio-Rad) at a 200 V 

current in tank buffer 1X. As molecular weight marker, either “Ready Gel Bands” 

marker B (Bio-Rad) or the prestained marker Precision Plus Protein All Blue 

Standards (Bio-Rad) were used. After the run was finished, gels were stained 

using EZ-Blue (Sigma) as indicated in the manufacturer’s instructions. 

Eventually, gels were scanned using an Amersham Typhoon scanner (GE 

Healthcare Bio-Sciences AB) or, alternatively, dried on 3MM paper. 

Tank buffer 1X: Trizma base 25 mM, glicine 19.2 mM, SDS 0.1% (w/v).  

 

4.2. Protein quantification 
 Cell protein extracts as well as purified protein mixtures were quantified 

using the RC DC Protein Assay kit (Bio-Rad), based on the standard Lowry 

quantification protocol, following the manufacturer’s instructions. 

 Alternatively, the concentration was estimated by densitometry using a 

Typhoon scanner. Briefly, different dilutions of the sample of interest, together 

with different dilutions of a BSA preparation of known concentration, were run in 

SDS-PAGE and stained. After that, the gel was scanned in a Typhoon and the 

resulting image was processed with the ImageLab software (Bio-Rad) to correlate 

the pixel density of the BSA dilutions with their concentration. Using this linear 

correlation data, the concentration of the sample of interest was calculated. 

 

4.3. Protein immunodetection (Western blotting) 
Sample preparation 

 As a preliminary step in the immunodetection protocol, whole cell protein 

extracts were obtained. 1-2 OD units were harvested from cell cultures in the 

appropriate condition and centrifuged to pellet the cellular fraction. After that, the 

supernatant was thoroughly removed and cell pellets were stored at -20 ºC until 
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further processing. Then, cells were resuspended in 25 µl of bidistilled water on 

ice. 5 µl of the cell suspension were withdrawn for protein quantification using the 

Lowry-based RC DC Protein Assay kit (Bio-Rad, Section 4.2). The remaining cell 

suspension was mixed with 1 V of loading buffer 2X, boiled for 5 min and 

centrifuged 3 min at full speed to pellet the cell debris. 

 

SDS-PAGE 

 To resolve proteins from whole cell extracts, samples were run in a 

denaturing 12.5% polyacrylamide gel electrophoresis (PAGE) using the TGX 

Stain-FreeTM FastCastTM Acrylamide kit (Bio-Rad), following the manufacturer’s 

instructions, to cast 1 mm gels. This technology allows the direct visualization of 

electrophoresed protein preparations, since the tryptophan residues within the 

proteins are modified during the run to emit fluorescence upon UV-activation, 

either in the gel or once transferred to a membrane. 

 Once the gel was polymerised, the appropriate volume containing 10 µg 

of total protein from each sample was loaded. The electrophoresis was performed 

in a Mini Protean® III vertical system (Bio-Rad) with tank buffer 1X using a 

constant current of 200 mA for approximately 45 min. Finally, the gels were 

washed with bidistilled water and activated for visualization using a ChemiDocTM 

image system (Bio-Rad). 

 

Protein transfer, immunodetection and visualization 

 The electrophoresed proteins contained in the gel were transferred to a 

nitrocellulose membrane using a Trans-Blot® TurboTM semi-dry transfer system 

(Bio-Rad). The membrane and two filter paper stacks (Bio-Rad) were activated 

for 3 min by soaking them in transfer buffer 1X (Bio-Rad). After that, the transfer 

system was mounted staking the different elements in the following order, from 

anode to cathode, while removing any air bubble: one filter paper stack, the 

membrane, the gel and the second filter paper stack. The transfer was performed 

using the predefined programme for proteins with mixed molecular weight (25 V 

for 7 min). To evaluate the efficiency of the transfer, proteins in the membrane 

and the gel were directly visualized with a ChemiDocTM image system (Bio-Rad) 

using the Stain-Free technology. 
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 After checking the protein transfer, the membrane was washed with TTBS 

1X 3 times for 5 min each. Then, it was incubated in blocking solution for at least 

1 h at room temperature and with vigorous shaking. After blocking, the primary 

antibody (monoclonal anti-FLAG antibody, Sigma-Aldrich) was directly added to 

the blocking solution in a 1:2000 dilution. The membrane was incubated over 

night with the antibody at 4 ºC with mild shaking. Following this incubation, the 

membrane was washed with TTBS 1X 4 times for 15 minutes each. 

Subsequently, the membrane was incubated for 2 h with the peroxidase-

conjugated anti-mouse secondary antibody (Sigma-Aldrich) diluted 1:10000 in 

fresh blocking solution. The conjugated peroxidase generates 

chemiluminescence in the presence of the appropriate substrate, allowing the 

developing. Finally, the membrane was washed again with TTBS 1X 4 times for 

15 min each. 

Transfer buffer 1X: 200 ml Transfer Buffer 5X (BioRad), 600 ml bidistilled water, 200 ml ethanol.  

TBS 5x: 75 ml Tris 1M, 800 ml NaCl 2.5 M, 50 ml bidistilled water. 

TTBS 1X: TBS 1X supplemented with 0.05% Tween-20. 

Blocking solution: skimmed milk poder 5 % (w/v) disolved in TTBS 1X.  

 

 For developing of the membrane, it was incubated for 5 min with a 1:1 (v:v) 

mix of the substrate solutions provided in the Immun-StarTM AP 

Chemiluminescence kit (Bio-Rad). Afterwards, the signal was detected using the 

ChemiDocTM image system (Bio-Rad). The posterior analysis of the image was 

performed using the ImageLab software (Bio-Rad). 

 

4.4. Protein overexpression and purification 
 For the overexpression and purification of the GSR regulators (EcfG1, 

EcfG2, NepR1, NepR2, PhyR1 and PhyR2), experimental design was conceived 

following the guidelines of the ImpactTM kit (New England Biolabs). This 

technology allows the purification of native proteins without further steps for 

removal of affinity binding epitopes used for affinity chromatography separation 

and purification. This is due to the fusion of the target protein to an intein self-

cleavage domain that carries a chitin binding domain (CBD). Briefly, once the 
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construct containing the target protein has been overexpressed, the clarified cell 

extract is passed through a column that contain a chitin resin, which will retain 

the construct thanks to the specific interaction with the CBD. To release the target 

protein, the protein-bound resin is soaked with buffer containing a thiol reagent, 

such as dithiothreitol (DTT). These reagents promote the self-cleavage of the 

construct at the boundary between the intein domain and the target protein, thus 

releasing the protein of interest, which can be recovered by flushing the content 

of the column. Further specific details on the optimization of the overexpression 

and purification process of each of the GSR regulators are explained in detail in 

the ‘Results’ section. 

 After recovering the different protein preparations from the dialysis and 

concentration steps (when performed), their concentration and purity were 

evaluated by densitometry using a Typhoon scanner and the ImageLab software. 

For long-term storage, the resulting mixtures were aliquoted and frozen at -80 ºC. 

 

4.4.1. Purification of EcfG1 and EcfG2 
Overexpression 

 For the overexpression of the EcfG1 and EcfG2 plasmid-borne purification 

constructs (intein-CBD-EcfG1 and intein-CBD-EcfG2), the E. coli ER2566 host 

strain was transformed, using the TSS method, with plasmids pMPO1431 and 

pMPO1432, respectively (de Dios et al., 2020). One of the resulting colonies of 

each transformation was inoculated in 10 ml of LB supplemented with Ap at the 

appropriate concentration and incubated at 37 ºC, 180 rpm shaking. After 

reaching saturation (12-16 h), the cells were diluted to 0.1 OD in 400 ml of fresh 

LB supplemented with Ap, and the culture was incubated at 37 ºC with 180 rpm 

shaking until reaching approximately 0.5 OD. Then, the cultures were chilled on 

ice for 30 min and the protein expression was induced by adding IPTG at a final 

concentration of 0.5 mM. Subsequently, the induced cultures were incubated at 

14 ºC for 16 h with 180 rpm shaking. Finally, cells were harvested by 

centrifugation at 4 ºC, 5500 rpm for 30 min and cell pellets were stored at -80 ºC 

until further processing. The efficiency of the induction was evaluated by 

withdrawing samples from the culture before the induction and before the 

harvesting, and running them in an SDS-PAGE. 
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Purification 

 To continue with the purification of EcfG1 or EcfG2, the respective cell 

pellet was thawed on ice and resuspended in 10 ml of ice-cold column buffer. 

Then, the cell suspension was lysed on ice in a sonicator SFX550 Branson 

Sonifier (Emerson) with a pulse-sonication protocol (10 s ON; 10 s OFF; total 

time ON: 20 min; amplitude: 35%) and clarified by centrifugation at 4 ºC, full 

speed, for 20 min. 

Column buffer: Tris-HCl 20 mM, NaCl 0.5 M, pH 8.  

 

 In parallel, an effective volume of 2.5 ml of chitin resin (New England 

Biolabs) was loaded in a protein purification glass column and was packed by 

gravity. Then, it was washed with 25 ml of column buffer thoroughly poured to 

avoid resuspension of the resin bed. 

 After clarification, the cell extract was poured in the column and it was left 

to flush it by gravity at a slow flow (approximately, 2 h in total) to allow the binding 

of the purification construct to the chitin resin. The flow-through obtained from the 

first passage was loaded again in the column for a second round of binding to 

ensure that the resin captured all the purification construct in the extract. 

Subsequently, the column was flushed with 100 ml of column buffer to wash the 

resin. The efficiency of the binding was assessed by withdrawing samples from 

the extract before the first passage and from the flow-through, and running them 

in an SDS-PAGE. Then, the flow was stopped and the resin was soaked with 10 

ml of column buffer supplemented with DTT 50 mM to induce the release of the 

target protein by on-column cleavage of the purification construct. At this step, 

the column containing the resin was incubated for 36 h at 4 ºC plus 12 h at room 

temperature. 

 To harvest the target protein (either EcfG1 or EcfG2), the whole volume 

inside the column was withdrawn in fractions and their content was evaluated in 

an SDS-PAGE. Since, all the fractions contained a certain amount of protein, and 

to obtain as much of it as possible, all the fractions were mixed together pending 

for posterior concentration steps. For buffer exchange, the protein preparation 

was introduced in a 10 KDa pore size dialysis cassette (Slide-A-Lyzer™, 
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ThermoFisher Scientific) and it was dialysed over night against TEDG buffer 2X 

(glycerol 10%) in a single step at 4 ºC with mild shaking. 

TEDG buffer 1X: Tris-HCl 100 mM pH 8.0, glycerol 10%, Triton X-100 0.02%, EDTA 0.2 mM, NaCl 100 
mM, DTT 0.2 mM. 

 

 After recovering the protein preparation from the dialysis cassette, it was 

concentrated by size exclusion at 4 ºC using 3 KDa pore size centrifuge filters 

(Millipore® Amicon® Ultra-15 Centrifugal Filter Concentrator) following the 

manufacturer’s instructions. The protein preparation was constantly supplied to 

the filter unit in as many steps as needed to reduce the total volume to 300-350 

µl.  

In the case of EcfG1 and EcfG2, for long-term storage, the glycerol 

concentration of the buffer was increased to 50% by adding 1 V of 90% glycerol 

to the final purification output. The resulting mixture was aliquoted and stored at 

-80 ºC. 

 

4.4.2. Purification of NepR1 and NepR2 
Overexpression 

 For the overexpression of the NepR1 and NepR2 purification constructs 

(intein-CBD-NepR1 and intein-CBD-NepR2), the E. coli ER2566 host strain was 

transformed, using the TSS method, with plasmids pMPO1434 and pMPO1435, 

respectively. One of the resulting colonies of each transformation was inoculated 

in 100 ml of LB supplemented with Ap at the appropriate concentration and 

incubated at 37 ºC, 180 rpm shaking. After reaching saturation (12-16 h), the cells 

were diluted to 0.1 OD in 1 l of fresh LB supplemented with Ap (two 1 l cultures 

were inoculated in the case of the NepR1 overexpressing cells), and the cultures 

were incubated at 37 ºC with 180 rpm shaking until reaching approximately 0.7 

OD. Then, the cultures were chilled on ice for 30 min and the protein expression 

was induced by adding IPTG at a final concentration of 0.5 mM. Subsequently, 

the induced cultures were incubated at 16 ºC for 16 h with 180 rpm shaking. 

Finally, cells were harvested by centrifugation at 4 ºC, 5500 rpm for 30 min and 

cell pellets were stored at -80 ºC until further processing. The efficiency of the 
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induction was evaluated by withdrawing samples from the culture before the 

induction and before the harvesting, and running them in an SDS-PAGE. 

 

Purification 

 To continue with the purification of NepR1 or NepR2, the respective cell 

pellet was thawed on ice and resuspended in 20 ml of ice-cold column buffer. 

Then, each cell suspension was lysed on ice in a sonicator SFX550 Branson 

Sonifier (Emerson) with a pulse-sonication protocol (10 s ON; 10 s OFF; total 

time ON: 20 min; amplitude: 35%) and clarified by centrifugation at 4 ºC, full 

speed, for 20 min. In the case of the NepR1 purification construct, the two pellets 

obtained from the overexpression step were sonicated separately and mixed after 

clarification. 

 In parallel, an effective volume of 2.5 ml of chitin resin (New England 

Biolabs) was loaded in a protein purification glass column and was packed by 

gravity. Then, it was washed with 25 ml of column buffer thoroughly poured to 

avoid resuspension of the resin bed. 

 After clarification, the cell extract was poured in the column and it was left 

to flush it by gravity at a slow flow (approximately, 3 h in total in the case of the 

NepR1 construct and 2 h for the NepR2 construct) to allow the binding of the 

purification construct to the chitin resin. The flow-through obtained from the first 

passage was loaded again in the column for a second round of binding to ensure 

that the resin captured all the purification construct in the extract. Subsequently, 

the column was flushed with 100 ml of column buffer to wash the resin. The 

efficiency of the binding was assessed by withdrawing samples from the extract 

before the first passage and from the flow-through, and running them in an SDS-

PAGE. Then, the resin was soaked with 10 ml of TEDG buffer supplemented with 

DTT 50 mM to induce the release of the target protein by on-column cleavage of 

the purification construct. The buffer was left to flow by gravity until evening the 

surface of the resin and the flow was stopped. At this step, the column containing 

the resin was incubated for 36 h at 4 ºC plus 12 h at room temperature. 

 To harvest the target protein (either NepR1 or NepR2), the whole volume 

inside the column was withdrawn in two 1-1.5 ml fractions and their content was 

evaluated in an SDS-PAGE. Since both fractions contained a high amount 

protein, they were mixed together. For DTT removal, the protein preparation was 
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introduced in a 3 KDa pore size dialysis cassette (Slide-A-Lyzer™, ThermoFisher 

Scientific) and it was dialysed over night against TEDG buffer in a single step at 

4 ºC with mild shaking. 

 

4.4.3. Purification of PhyR1 and PhyR2 
Overexpression 

 For the overexpression of the PhyR1 and PhyR2 purification constructs 

(PhyR1-intein-CBD and PhyR2-intein-CBD), the E. coli ER2566 host strain was 

transformed, using the TSS method, with plasmids pMPO1436 and pMPO1437, 

respectively. One of the resulting colonies of each transformation was inoculated 

in 100 ml of LB supplemented with Ap at the appropriate concentration and 

incubated at 37 ºC, 180 rpm shaking. After reaching saturation (12-16 h), the cells 

were diluted to 0.1 OD in 1 l of fresh LB supplemented with Ap (four 1 l cultures 

were inoculated in the case of the PhyR1 overexpressing cells and two 1 l 

cultures in the case of the PhyR2 overexpressing cells), and the cultures were 

incubated at 37 ºC with 180 rpm shaking until reaching approximately 0.7 OD. 

Then, the cultures were chilled on ice for 30 min and the protein expression was 

induced by adding IPTG at a final concentration of 0.5 mM. Subsequently, the 

induced cultures were incubated at 16 ºC for 16 h with 180 rpm shaking. Finally, 

cells were harvested by centrifugation at 4 ºC, 5500 rpm for 30 min and cell pellets 

were stored at -80 ºC until further processing. The efficiency of the induction was 

evaluated by withdrawing samples from the culture before the induction and 

before the harvesting, and running them in an SDS-PAGE. 

 

Purification 

 To continue with the purification of PhyR1 or PhyR2, each cell pellet was 

thawed on ice and resuspended in 20 ml of ice-cold column buffer. Then, each 

cell suspension was lysed on ice in a sonicator SFX550 Branson Sonifier 

(Emerson) with a pulse-sonication protocol (10 s ON; 10 s OFF; total time ON: 

20 min; amplitude: 35%) and clarified by centrifugation at 4 ºC, full speed, for 20 

min. The respective pellets obtained from the overexpression of each purification 

construct were sonicated separately and mixed after clarification. 

 In parallel, an effective volume of 2.5 ml of chitin resin (New England 

Biolabs) was loaded in a protein purification glass column and was packed by 
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gravity. Then, it was washed with 25 ml of column buffer thoroughly poured to 

avoid resuspension of the resin bed. 

 After clarification, the cell extract was poured in the column and it was left 

to flush it by gravity at a slow flow (approximately, 5 h in total in the case of the 

PhyR1 construct and 3 h for the PhyR2 construct) to allow the binding of the 

purification construct to the chitin resin. The flow-through obtained from the first 

passage was loaded again in the column for a second round of binding to ensure 

that the resin captured all the purification construct in the extract. Subsequently, 

the column was flushed with 100 ml of column buffer to wash the resin. The 

efficiency of the binding was assessed by withdrawing samples from the extract 

before the first passage and from the flow-through, and running them in an SDS-

PAGE. Then, the resin was soaked with 10 ml of TEDG buffer supplemented with 

DTT 50 mM to induce the release of the target protein by on-column cleavage of 

the purification construct. The buffer was left to flow by gravity until evening the 

surface of the resin and the flow was stopped. At this step, the column containing 

the resin was incubated for 36 h at 4 ºC plus 12 h at room temperature. 

 To harvest the target protein (either PhyR1 or PhyR2), the whole volume 

inside the column was withdrawn in two 1-1.5 ml fractions and their content was 

evaluated in an SDS-PAGE. Since both fractions contained a high amount 

protein, they were mixed together. For DTT removal, the protein preparation was 

introduced in a 3 KDa pore size dialysis cassette (Slide-A-Lyzer™, ThermoFisher 

Scientific) and it was dialysed over night against TEDG buffer in a single step at 

4 ºC with mild shaking. 

 

4.4.4. Purification of the S. granuli core RNA polymerase 
 The S. granuli core RNA polymerase was kindly supplied by Dr. Elena 

Rivas-Marin, and the protocol she followed for its purification is explained below. 

The experimental design was based on the Burgess protocol (Burgess et al., 

1975) with modifications from Hager and collaborators (Hager et al., 1990), as 

well as on the Holátko protocol (Holátko et al., 2012), as described in de Dios et 

al. (2020). 

 Saturated cultures of S. granuli MPO700 grown in MML were diluted to an 

OD of 0.1 in 1 l of MML. The culture was incubated at 30 ºC and 180 rpm up to 

an OD of 0.6-0.9. Then, the grown cells were collected by centrifugation (8.000 
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g, 20 min at 4 ºC), and the pellet was stored at -80 ºC. A total of 22.5 OD units 

were used for the purification. The biomass was resuspended in 200 ml of 

grinding buffer and lysed by sonication on ice (15 min ON in total; 2 s ON, 2 s 

OFF; amplitude: 30%) in a sonicator SFX550 Branson Sonifier (Emerson). The 

cell extract was centrifuged for 1 h at 13.000 g, 4 ºC for clarification. The resulting 

supernatant was fractioned with 0.35% Polimin P pH 7.9 (Sigma). The mixture 

was incubated 15 min with shaking at 4 ºC and subsequently centrifuged during 

20 min at 7630 g, 4 ºC. The supernatant was discarded and the pellet was 

resuspended in 150 ml of ice-old TGED buffer supplemented with NaCl 0.5 M 

and centrifuged 20 min at 7630 g 4 ºC. This step was repeated twice. The pellet 

was resuspended in 100 ml of ice-cold TGED buffer supplemented with NaCl 1 

M and two tablets of protease inhibitor (Complete Protease Inhibitor Cocktail 

Tablets, Roche). The mixtures were stirred for 30 min at 4 ºC and centrifuged 30 

min at 4290 g, 4 ºC. The supernatant was precipitated overnight at 4 ºC using 

35.5 g of ammonium sulphate. After that, the sample was centrifuged 30 min at 

7630 g, 4 ºC and the supernatant was discarded. The sediment was resuspended 

in 50 ml of cold TGED and two tablets of protease inhibitor. The mixture was 

centrifuged 20 min at 7630 g, 4 ºC and the supernatant was dialysed at 4 ºC to 

reduce salinity using cellulose membranes (33 mm pore size). The dialysis was 

performed in 4 steps of 4 h each using 2 l of buffer P with decreasing salt 

concentrations, from NaCl 0.5M to NaCl 0.3 M supplemented with imidazole 10 

mM. The last step of dialysis was performed overnight. The desalted sample was 

incubated overnight at 4 ºC with 5 ml of nickel agarose beads (High Density 

Cobalt, ABT) previously equilibrated in buffer P NaCl 0.3 M, imidazole 10 mM. 

The mixture was precipitated by gravity using a Glass Econo-Column (Bio-Rad) 

and the resin was washed with 50 ml of buffer P supplemented with NaCl 300 

mM and imidazole 10 mM, incubated for 20 min prior to elution. This step was 

performed twice. The next wash was done with 25 ml of the same buffer, this time 

supplemented with imidazole 20 mM. This washing was incubated for 20 min and 

was eluted by gravity afterwards. Finally, the resin was incubated 30 min with 5 

ml of buffer P supplemented with NaCl 0.3 M and imidazole 0.5 M and was eluted 

by gravity. A second elution was performed with 3 ml of the same buffer. The 

eluted fractions were analysed by SDS-PAGE and concentrated using 10 KDa 

centrifuge filters (Millipore® Amicon® Ultra-15 Centifugal Filter Concentrator). 
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Simultaneously, the buffer was exchanged to TGED supplemented with NaCl 100 

mM. The resulting RNA polymerase preparation was eventually stored in 50% of 

glycerol at -80 ºC. 

Grinding buffer: Tris-HCl 50 mM pH 8.0, EDTA 2 mM, glycerol 5% (v/v), NaCl 0.2 M, DTT 0.1 mM, b-
mercaptoethanol 1mM, PMSF 0.1 mM. 

TGED buffer: Tris-HCl 10 mM pH 8.0, EDTA 0.1 mM, glycerol 10 % (v/v), DTT 0.1 mM. 

Buffer P: Na2HPO4 50 mM, glycerol 5% (v/v), 3 mM b-mercaptoethanol, PMSF 0,1 mM pH 8.0. 

 

5. Gene expression analysis 
5.1. b-galactosidase activity assays 

 b-galactosidase activity quantifications of lacZ fusions were performed 

following the protocol described by Miller (Miller, 1972), with some modifications. 

Firstly, a reaction mix was prepared on ice with 650 µl of buffer Z (with freshly 

added b-mercaptoethanol), 20 µl of SDS 0.1% (w/v) and 30 µl of chloroform. 

Then, 100 µl of an appropriate dilution of cell culture was added to the mix and 

vortexed to permeabilise the cells. Afterwards, the reaction mixes were warmed 

to 30 ºC (which would be the reaction temperature) in a water bath for 10 min. 

After that, reactions were started by adding 200 µl of ONPG 13 mM and were 

incubated at 30 ºC until the turned light yellow. At that moment, reactions were 

stopped by adding 500 µl of Na2CO3 1 M, mixing with vortex and chilling them on 

ice. Finally, samples were centrifuged for 15 min at 9300 g and their absorbance 

at 420 nm was measured. The activity was calculated with the following formula: 

 

b-galactosidase activity (Miller Units) = 1000 · "#$%
&·()·*

 

where A420 is the absorbance at 420 nm, V is the volume of culture added to the 

reaction in ml, OD is the optical density at 600 nm of the cell dilution used for the 

assay and t is the reaction time. 

Buffer Z: Na2HPO4 60 mM, NaH2PO4 H2O 5.5 40 mM, KCl 10 mM, MgSO4 7H2O 1 mM. Add 0.27 % (v/v) 
β-mercaptoethanol before use.  

ONPG 13 mM in buffer Z  
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5.2. RNA sequencing and differential expression analysis 
For differential RNA sequencing (dRNA-seq) experiments, RNA samples 

from three biological replicates with equal concentrations were mixed. Mixed 

RNA samples were sent to the aScidea Headquarters (Barcelona, Spain) for 

library preparation and RNA sequencing. The cDNA libraries were sequenced 

using the Illumina HiSeq2000 technology. 

The bioinformatic analysis of the resulting datasets was performed by 

aScidea. Quality of the reads obtained by HiSeq200 sequencing was checked 

with FastQC software (http:/www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and 

pre-processing of the reads was carried out with fastx-toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit/index.html) and specific perl scripts 

property of aScidea (http://www.ascidea.com) in order to filter regions of low 

quality. Adaptors, low-quality bases at the ends of sequences and reads with 

undetermined bases or with 80 % of their bases with less than 20 % quality score 

were trimmed. Raw ends which passed the quality filter threshold were mapped 

using Bowtie2 2.0.6 (Lindner & Friedel, 2012) to generate read alignments using 

the S. granuli TFA genome (RefSeq: NZ_CP012199.1) as reference (García-

Romero et al., 2016). 

For the dRNA-seq of the wild type strain comparing stationary phase to 

exponential phase, using tetralin as carbon source to using BHB and anaerobic 

growth to aerobiosis, the inner distance between mate pairs used was 50 bp and 

default values of the rest of parameters were taken. Gene level counts were 

calculated and FPKM normalised using Cufflinks 2.0.2 (Trapnell et al., 2010) 

software and differential transcript expression was then computed using Cuffduff. 

The free statistical language R was used for the main statistical analyses and the 

libraries developed for data analyses were performed by the Bioconductor Project 

(Gentleman et al., 2004). FPKM values were used to normalise and qualify the 

gene expression level using a 3-fold up- or downregulation as threshold. 

For the dRNA-seq comparing MPO860 with the wild type in stationary 

phase, the protocol followed was different. The previous analysis resulted in a list 

of genes from higher to lower by their expression values. Because the process of 

statistical testing involved one test per gene at a time, resulting p-values were 

adjusted using the Hochberg and Benjamini method (Hochberg & Benjamini, 

1990) to obtain a strict control of the False Discovery Rate (FDR). FeatureCounts 
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from SubRead package in quantification mode was used to obtain transcript and 

isoform estimates. DESeq2 was used to assess differential expression, and 

genes with Log2FC > 1 and Log2FC < -1 (Log2 Fold-Change) and a p value < 

0.05 were selected as genes differentially expressed (DEG). Genes differentially 

expressed more than 3-fold between the two strains studied were selected for 

further analysis. 

Genes were functionally clustered according to the Cluster of Orthologous 

Groups of proteins (COGs) broad classification (Tatusov et al., 2000). 

 

5.3. Real time quantitative PCR (RT-qPCR) 
 For some purposes, such as the validation of global transcription analyses, 

the expression of different genes was quantified by RT-qPCR. First, total RNA 

was extracted from three independent replicates of the strain of interest in the 

appropriate conditions. Then, after checking the integrity and the concentration 

of the RNA, all the replicates were diluted to a concentration of 300 ng/µl and 

equal volumes of them were mixed together so that the three replicates were 

equally represented in the final sample. Using 2-3 µg of RNA from this sample 

mix per reaction, cDNA was generated with the High-Capacity cDNA Archive Kit 

(Applied Biosystems) and purified with the QIAquick PCR purification kit 

(Ambion). After measuring the concentration in the final sample, cDNA was 

diluted to 10 ng/µl and stored at -20 ºC. 

 To perform the RT-qPCR, reactions were run in three technical replicates 

in a CFX Connect Real-Time PCR Detection System (Bio-Rad). Quantification 

reactions were prepared using the universal kit FastGene ICGreen (Nippon 

Genetics Europe GmbH, Germany) and the oligonucleotide pairs listed in Table 

3. For each reaction, 10 ng of cDNA, 0.3 µl of each primer (stocked at 10 µM 

concentration) and 5 µl of FastGene 2X (low ROX) reaction mix were put together 

in a final volume of 10 µl. For each primer pair, a non-template control and a 

calibration curve (TFA chromosomic DNA prepared in 10-fold dilutions ranging 

from 25 ng/µl to 0.0025 ng/µl) were included in the experiment. The PCR cycle 

conditions were set up as indicated in the manufacturar’s instructions: 1. initial 

denaturation – 3 min at 95 ºC; 2. denaturation – 10 s at 95 ºC; 3. annealing and 

elongation – 30 s at 60 ºC; steps 2-3 were repeated cyclically 40 times. To check 
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for anomalies in the development of the experiment, a melting curve was included 

at the end of each experiment with a temperature ramp from 55-95 ºC and 

measuring the fluorescence every 0.5 ºC.  

 

5.4. In vitro transcription (IVT) assays 
 IVT assays were performed to analyse the effect of the GSR regulators 

and the interactions among them on the final transcriptional output of the system. 

These experiments were performed as described by Porrúa et al. (2009). 

 IVT reactions were set up in a final volume of 22.5 µl. To perform the 

assay, the different components of the IVT reaction were prepared in a number 

of mixes and were added consecutively to the reaction. The mixes were: 

• Protein mix (5 µl): containing IVT buffer, 2.5 µg of BSA, DTT 40 mM and 

the appropriate amount of the regulatory protein/s of interest (EcfG1, 

EcfG2, NepR1, NepR2, PhyR1 and/or PhyR2). 

• RNAP mix (5 µl): containing IVT buffer, 2.5 µg of BSA and 0.5 µl of S. 

granuli TFA RNAP. 

• Template mix (10 µl): containing IVT buffer and 0.5 µg of template DNA 

(circular). 

• NTP mix (2.5 µl): containing 2.7 U of RNase inhibitor (RNase OUT 40 U/µl, 

Invitrogen), ATP, CTP and GTP 0.44 mM, UTP 0.07 mM and a[32P]UTP 

0.033 µM (Perkin Elmer). 

IVT buffer: Tris-HCl 10 mM pH 8.0, NaCl 50 mM, MgCl2 5 mM, KCl 100 mM, BSA 0.2 mg/ml, DTT 2 µM. 

 

Firstly, the protein mix was incubated at 30 ºC (this temperature was maintained 

for the whole reaction time) for 5 min so that the regulatory proteins could interact 

among them. After that, the RNAP mix was added and the mixture was incubated 

for 5 min. Then, the template mix was added and the mixture was incubated for 

10 min. Finally, the reaction was started by the addition of the NTP mix and ran 

for 10 min. After this time, to prevent the RNAP from binding cyclically the 

template after the completion of the transcript synthesis, 2.5 µg of heparin were 

added and the sample was incubated for 5 min. Eventually, Reactions were fully 

stopped by adding 5 µl of stop buffer and the reactions were chilled on ice. Then, 
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the samples were boiled for 3 min and were run on a denaturing TBE/acrylamide 

6% (w/v)/urea 8 M gel (pre-run in TBE 1X) at room temperature. Gels were dried 

in a HoeferTM Slab Gel Dryer CD 2000 (GE Healthcare Life Sciences) and were 

exposed to a phosphoscreen (Storage Phosphor Screen, GE Healthcare Life 

Sciences). Results were visualised in an Amersham Typhoon scanner and 

analysed using the ImageQuant software (both provided by GE Healthcare Bio-

Sciences AB). Transcription was quantified as the median pixel intensity of the 

bands obtained in each reaction. 

TBE 1X: Tris-boric 90 mM, EDTA 2 mM, pH 8.3.  

Stop buffer: 0.5 % formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol.  

 

 When required, the universal phosphodonnor acetyl phosphate was added 

to the reaction in the protein mix in a final concentration of 15 mM. 

 

6. Protein-protein interaction assays 
6.1. Surface plasmon resonance 
 For real time protein-protein interaction assays, the first technique chosen 

was the surface plasmon resonance (SPR), performed using a BIAcoreTM X100 

device (GE Healthcare Life Sciences). 

 Plasmons are collective oscillations of delocalised electrons within a metal. 

The resonance of surface plasmons is an optic phenomenon that occurs when a 

polarised light beam is directed from a layer with a higher refraction index toward 

a second layer with a lower refraction index placed between the first layer and 

the sample. In the case of the BIAcore device, the first one is a glass layer and 

the second one is a thin gold layer (Kretschmann, 1968). The variation that may 

occur in the surroundings of the gold layer caused by mass changes due to 

biological interactions can be inferred and quantified by measuring the changes 

in the intensity of the reflected light or the resonance angle (Gutiérrez-Gallego et 

al., 2009). These changes can be quantified in response units (RUs) and are 

represented over time in sensogrammes, a plot in which the association and 

dissociation phases can be distinguished. 
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Ligand immobilization on the chip 

 In a typical BIAcore assay, a ligand molecule is directly or indirectly 

immobilised on the surface of a sensor chip. This surface is docked in a flow cell 

in which an analyte molecule can be injected to study its interaction with the 

ligand. The chip selected to perform the assay was a CM5 chip, which possesses 

a matrix of carboxymethylated dextran covalently bound to its gold surface. On 

this surface, NepR1 or NepR2 were attached covalently by amino-coupling by 

means of their primary amine groups. For this binding, the dextran matrix is 

activated by a mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to produce succinimide 

esters, which react with non-charged amines or other nucleophilic groups within 

the ligand biding them covalently. Prior to this step, to favour the amino-coupling 

reaction, the optimal conditions in which the ligand molecules are as close as 

possible to the reactive groups of the matrix must be selected. This so-called 

ligand preconcentration on the dextrans depends on their electrostatic 

interaction. Since the dextrans are negatively charged, the overall charge of the 

ligand must be positive, which is favoured by diluting it in a low ionic force buffer 

with a pH below the isoelectric point of the protein. To address this, the theoretical 

isoelectric point of NepR1 and NepR2 was estimated (pH 8.0 for NepR1 and 6.7 

for NepR2) and they were diluted in 5 mM maleic buffer or 10 mM acetate buffer 

covering a rage of pH values of 5.5, 6,6.5 and 4, 4.5, 5.2 respectively. After that, 

12.1 RU of NepR1 and 36.4 RU of NepR2 were bound diluting them at 5-10 µM 

in buffers with pH 4.0 and pH 5.5, respectively, at 30 ºC, with a contact time of 

300 s. Finally, the activated dextrans that remained available after the binding 

reaction were blocked with ethanolamine. In this device, the chip is divided in two 

flow cells (FC1 and FC2). The ligand was immobilised in FC2, while the FC1 was 

subjected to the same activation and blocking procedure avoiding the reaction 

with the ligand to use it as reference. 

 

Ligand-analyte interaction assays 

 After binding the ligand to the chip, its interaction with the analyte was 

evaluated at a constant temperature of 30 ºC. To preserve the activity of the 

ligand, a constant flow of the appropriate running buffer is needed. To avoid any 

interferences due to the variations in the composition between the running buffer 
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and the buffer in which the analyte is diluted, the TEDG buffer, in which all the 

proteins used were stored, was used as running buffer. After preliminary 

adjustments in the analyte concentration, the assays were routinely performed, 

with EcfG1, EcfG2, PhyR1 and PhyR2 as analytes, with an initial 60 nM dilution 

of the analyte. The rest of the analyte concentrations were obtained by serial 2-

fold dilutions in TEDG buffer from the initial concentration until obtaining a final 

dilution of 0.235 nM (except for the pair NepR2-EcfG2, in which only a 0.469 nM 

EcfG2 dilution was reached in the final assay since response measured for the 

respective 0.235 nM concentration was close to zero). To obtain the final results, 

response values were normalised with respect to the reference FC1 by 

subtracting the respective FC1 values to the FC2 values. The contact time used 

was enough to reach the interaction equilibrium (when the sensogramme curve 

reaches horizontality) and the dissociation time was 300 s. After each interaction 

cycle, the chip was regenerated with 10 mM glycine-HCl pH 2.0 to remove the 

remaining associated analyte. 

 Once the sensogrammes were obtained, they were fitted to a 1:1 

interaction model using the BIAcore evaluation software. This fitting allows the 

calculation of the dissociation constant (KD) that defines the interaction between 

ligand and analyte. The reliability of the results was addressed following the 

manufacturer’s guidelines and using the parameters provided by the evaluation 

software for each assay (U-value < 15; c2 < 5%Rmax). 

 

6.2. Isothermal titration calorimetry (ITC) 
Technical concept 

 The Isothermal Titration Calorimetry (ITC) is an analytic technique based 

on the direct measurement of the released and absorbed heat generated by a 

chemical reaction or interactions, either intermolecular or intramolecular, such as 

protein-ligand, protein-protein, protein-DNA, etc. (Ladbury & Chowdry, 1996). At 

a constant pressure, these heat variations measured by an isothermal titration 

calorimeter allow the determination of the stoichiometry, enthalpy and the 

association-dissociation parameters that define the studied interaction. One of 

the main advantages of this technique is the ability to measure the interaction 

between molecules in solution, avoiding any possible experimental 

inconvenience in attaching the studied molecules on a surface or matrix. 
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 In the ITC assay, the power provided to the system per time unit to 

maintain the same temperature in the sample cell, containing one of the studied 

molecules, and the reference cell containing only the corresponding buffer, is 

measured. The other molecule of interest, termed ligand in this assay, is placed 

in a syringe that directly injects it in the cell containing the sample, so that the 

interaction between sample and ligand after injection produces a heat variation 

proportionally to the fraction of ligand that binds the sample molecule (Velázquez-

Campoy et al., 2004). 

 

ITC assays and result analysis 

 ITC assays were performed at the Biochemistry core unit of the Institute 

for Biocomputation and Physics of Complex Systems (University of Zaragoza, 

Spain) by Dr. Adrián Velázquez-Campoy, using an automatized isothermal 

titration calorimeter Auto-iTC200 (MicroCal, Malvern-Panalytical). The molecular 

concentration of ligand in the syringe must be 5-10 times higher than that of the 

sample in the cell. Since the objective was to study the interplay between the 

phosphorylated or dephosphorylated forms of PhyR1 and PhyR2 with NepR1 and 

NepR2, the different proteins were purified and reconstituted in TEDGM buffer 

for this assay. PhyR1 or PhyR2, in any of their phosphorylation states (in the case 

of phosphorylated samples, the buffer was supplemented with acetyl phosphate 

15 mM), were placed in the sample cell at concentrations of 5 µM and 10 µM, 

respectively. NepR1 or NepR2 were placed in the syringe with a concentration of 

50 µM. Prior to the assay, the protein preparations and buffers were degassed in 

a Thermovac (MicroCal, Malvern-Panalytical) to prevent bubble formation in the 

cell. 
TEDGM buffer: Tris-HCl 100 mM pH 8.0, glycerol 10%, EDTA 0.2 mM, NaCl 100 mM, MgCl2 5 mM. 

 

For each assay, 19 injections (2 µl volume) of ligand solution in the sample 

cell (200 µl volume) were programmed. The experiments were performed at 25 

ºC, with a constant stirring of 750 rpm to grant a fast homogenization of the cell 

content after each injection. 

The calorimetric signal corresponding to each injection was integrated to 

obtain the net heat involved in the binding, normalized by the moles of ligand 

injected. The interaction isotherm was represented as the normalised heat of 
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each injection as a function of the molar ratio of the bound molecules in the cell, 

which reports the progress of the reaction. By non-linear regression analysis, the 

association constant (Ka), the interaction enthalpy (DH) and the interaction 

stoichiometry (n) were calculated, considering a 1:1 binding model, using the 

software Origin 7.0 (OriginLab). The dissociation constant (Kd), the Gibbs free 

energy (DG) or the entropic contribution to the reaction (-TDS) could be calculated 

based on the previous data using the equations DG= -RT lnK and DH=DG-TDS. 
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1. Identification and expression pattern of the s and anti-s factors encoded 
in the TFA genome 

1.1. Identification of s factors 

 As a first step in the identification of the s factors encoded in the TFA 

genome, the protein annotation (García-Romero et al., 2016) was inspected 

searching for elements containing structural domains related to the architecture 

of a s factor (Feklístov et al., 2014). Apart from one unclassified putative s factor 

(SGRAN_3889), which could only be annotated by partial sequence similarity to 

the s2 domain (presenting a significant divergence in its putative s4 domain 

though), the search revealed an RpoN homolog and up to 28 s factors structurally 

related to the s70 family. Among them, apart from an RpoD homolog, which would 

be the only vegetative s70 factor (Group I) in this strain, homologous elements to 

the group III s factors RpoH (a typical heat shock responsive s factor) and FliA 

(involved in the flagellar regulatory cascade) were found. The domain 

architecture these proteins was in agreement with that described for Group III s 

factors (Feklístov et al., 2014: Helmann, 2002). The structure of the remaining 

elements (25 proteins) was also analysed, having as a result that all of them were 

formed only by domains s2 and s4, both separated by less than 50 residues 

(between 28-44 in this case). Given this feature, these putative s factors were 

designated as extracytoplasmic function s factors (ECFs), belonging to group IV. 

These results are organised in Table 5, and an alignment of the ECF protein 

sequences showing their characteristic domain architecture is depicted in Fig. 18. 

 

Locus tag Annotation 

RpoN family 

SGRAN_0357 RpoN 

s70 family 

Group I 

SGRAN_3151 RpoD 

Group III 

SGRAN_2959 RpoH 

SGRAN_4126 FliA 
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Group IV 

SGRAN_0009 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_0102 ECF subfamily RNA polymerase sigma-24 factor 
SGRAN_0130 ECF subfamily RNA polymerase sigma-24 factor 
SGRAN_0323 RNA polymerase sigma factor 
SGRAN_0955 ECF subfamily RNA polymerase sigma-24 factor 
SGRAN_1094 RNA polymerase sigma-24 factor 
SGRAN_1161 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_1163 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_1202 RNA polymerase ECF-type sigma factor 
SGRAN_1444 Sigma-70 family RNA polymerase sigma factor 
SGRAN_1445 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_2226 RNA polymerase sigma-70 factor 
SGRAN_2242 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_2342 ecfR 
SGRAN_2568 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_2596 ECF subfamily RNA polymerase sigma-24 factor 
SGRAN_2778 RNA polymerase ECF-type sigma factor 
SGRAN_2783 Two-component system regulatory protein 
SGRAN_2808 RNA polymerase 
SGRAN_2914 ECF sigma factor family protein 
SGRAN_3108 sigJ 
SGRAN_3222 Putative RNA polymerase sigma-70 factor 
SGRAN_3818 ECF subfamily RNA polymerase sigma-24 factor 
SGRAN_3885 RNA polymerase, sigma-24 subunit, ECF subfamily 
SGRAN_4140 ECF sigma factor family protein 

Unclassified 

SGRAN_3889 Sigma-70 region 2 

Table 5. List of the s factors encoded in the genome of S. granuli TFA, including their locus 
tag and their description in the annotation. 
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1.2. Identification and structural analysis of putative anti-s factors 

 Since a usual characteristic of the s-anti-s systems is their co-location in 

the genome, the context of the s factors defined above was analysed looking for 

putative anti-s elements. Also, given that some anti-s factors may appear 

separately from their cognate s factor, a general search through the genome was 

also performed. As a result, 19 putative anti-s factors were found, with only one 

of them encoded away from a s factor (SGRAN_0992). Generally, anti-s factors 

can be soluble proteins, but in most of the cases they are membrane anchored 

proteins, with a sensor domain exposed to the periplasmic space and a s 

interacting domain exposed to the cytosol (Pinto & da Fonseca, 2020). To know 

whether the aforementioned anti-s factors belonged to either of these classes, a 

transmembrane domain prediction was conducted using the TMHMM tool (Krogh 

et al., 2001). The results of this analysis (Table 6) indicated that 3 of the putative 

anti-s factors would be soluble, whereas the other 16 presented a 

transmembrane domain. 

Soluble Membrane-anchored 

SGRAN_0992 ASD 

SGRAN_1162 SGRAN_0008 
SGRAN_4122 SGRAN_0956 

 SGRAN_1095 
 SGRAN_1203 
 SGRAN_2227 

Figure 18. Sequence alignment of the ECF protein sequences encoded in the genome of S. 
granuli TFA, indicating their two characteristic domains (s2 and s4) and the range of length of 
the linker that separates them. Colouring indicates position-specific conservation of a type of 
amino acid residue. The alignment was generated with Clustal X (Larkin et al., 2007). 

σ2 σ428-44 residues

Figure R1. Sequence alignment of the ECF protein sequences encoded in the genome of S.
granuli TFA, indicating their two characteristic domains (s2 and s4) and the range of length of
the linker that separates them. Colouring indicates position-specific conservation of a type of
amino acid residue. The alignment was generated with Clustal X (Larkin et al., 2007).
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 SGRAN_2241 
 SGRAN_2341 
 SGRAN_2567 
 SGRAN_2595 
 SGRAN_2779 
 SGRAN_2782 
 SGRAN_3223 
 SGRAN_3817 
 SGRAN_3884 

 CAS 
 SGRAN_0129 
 SGRAN_2810 

 

 Focusing on the membrane anchored anti-s factors, they are normally 

characterised by a high diversity in sequence, which makes difficult their analysis 

by regular sequence alignment. However, a common feature among them is the 

conserved secondary structure in their N-terminal region, which would interact 

with their cognate s factor. According to this, this region may be designated as 

an ASD domain (anti-s domain) (Campbell et al., 2007), would present four a-

helices (H1-H4) and this anti-s factors are normally clustered in class I anti-s 

factors (ASDI) (Casas-Pastor et al., 2020), according to their structure and the 

mode of interaction with their partner ECF. This region can also present a CAS 

domain (candidate anti-s) (Campbell et al., 2007), usually with two a-helices 

located in the first 50 residues and an even less conserved sequence. Normally, 

because of the mode of interaction with their cognate ECF, this type of proteins 

can be included in class II of anti-s factors or ASDII (Casas-Pastor et al., 2020; 

Maillard et al., 2014). After predicting the secondary structure of the membrane 

anchored anti-s factors using PSIPRED (Buchan et al., 2013), 14 of them 

revealed 3 a-helices in their N-terminal region, and the other two elements 

presented 2 a-helices in agreement with a CAS domain structure. The absence 

of an H4 a-helix may be explained by its proximity to the putative transmembrane 

domain. Since a-helices are part of typical transmembrane regions, secondary 

Table 6. Anti-s factors encoded in the genome of S. granuli TFA, classified in soluble or 
membrane-anchored proteins. In the second case, they are further classified in ASD- or CAS-
containing proteins depending on the anti-s domain located in their N-terminal end. 
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structure prediction tools may find difficulties in identifying them separately. 

Considering this, the 14 putative anti-s factors presenting 3 a-helixes in their N-

terminal region, as shown in Fig. 19, were ascribed to the ASD group, which will 

probably cluster within the class I of anti-s factors (ASDI). 

 

 Most of the ASD-containing anti-s factors were also ascribed to the FecR 

family, a group of proteins featured by the presence of a WX3dX2h motif between 

helixes H2 and H3 (Staroń et al., 2009). With the exception of (SGRAN_2341), 

all of the putative ASD anti-s factors showed this motif, as indicated in Fig. 19, 

which made possible to include them in the FecR family. 

 

1.3. Classification of ECF s factors 

 Although ECFs may be involved in diverse responses, they can be 

clustered, based on their protein sequence, in 67 phylogenetic groups (at the time 

this analysis was performed) (Staroń et al., 2009). This could be achieved using 

the online tool ECFfinder, an algorithm that sorts ECFs according to their 

sequence based on the ECF classification published by Staroń and collaborators 

(Staroń et al., 2009). After the analysis with this tool, only 7 of the ECFs annotated 

in the TFA genome (listed in Table 7) could be directly ascribed to a group of this 

original classification. Also, after the sequence analysis of the putative anti-s 

factors in the vicinity of the annotated ECFs, we could define all the s factors 

Figure 19. Sequence alignment of the anti-s factor protein sequences encoded in the genome 
of S. granuli TFA containing a putative ASD in their N-terminal end (related to class I ASDs). 
The conserved FecR motif located between helices H2 and H3 is indicated. Colouring 
indicates position-specific conservation of a type of amino acid residue. The alignment was 
generated with Clustal X (Larkin et al., 2007). 

H1 H2 H3

W     d    h

Figure R2. Sequence alignment of the anti-s factor protein sequences encoded in the
genome of S. granuli TFA containing a putative ASD in their N-terminal end (related to class I
ASDs). The conserved FecR motif located between helices H2 and H3 is indicated.
Colouring indicates position-specific conservation of a type of amino acid residue. The
alignment was generated with Clustal X (Larkin et al., 2007).
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encoded in the vicinity of the detected FecR-type anti-s factors as FecI-type 

ECFs, which are distributed among groups ECF5-10 of the original classification 

(Staroń et al., 2009). Expectedly, the only putative ASD anti-s factor lacking a 

FecR motif (SGRAN_2341), does not neighbour an ECF belonging to those 

groups, but an ECF26-type s factor, according to the original classification (Table 

7). 

 

Locus tag Group Possible function 

SGRAN_0130 ECF20 Heavy metal resistance 

SGRAN_0323 ECF01 Envelope stress 

SGRAN_1161 ECF15 General stress response 

SGRAN_1163 ECF15 General stress response 

SGRAN_2342 ECF26 Redox stress 

SGRAN_2808 ECF20 Heavy metal resistance 

SGRAN_3108 ECF41 Oxidative stress 

 

1.4. Expression pattern of ECF s and related anti-s factors 

 With the objective of studying the possible conditions in which the 

annotated ECFs exerted their function, dRNA-seq analysis were performed 

comparing the global transcription of the wild type TFA strain to a condition of 

reference, which would be cells growing exponentially in aerobiosis using BHB 

40 mM as carbon and energy source. The conditions to be compared were: i) 

cells in stationary phase after growing for 30 h on BHB 20 mM in aerobiosis; ii) 

cells growing exponentially in aerobiosis using tetralin as carbon and energy 

source; iii) cells growing exponentially in anaerobiosis using BHB 40 mM as 

carbon and energy source and nitrate as electron acceptor. The common feature 

of these three conditions is that they hamper the growth rate compared to the 

reference situation, either because of carbon exhaustion, using a non-preferential 

carbon source or using a less efficient terminal electron acceptor for respiration. 

A summary of the ECFs and anti-s elements whose transcription was affected 

Table 7. ECFs encoded by S. granuli TFA classified by the tool ECFfinder (Staroń et al., 
2009), indicating the ECF group in which they are classified (according to the original 
classification) and their possible function, regarding the general features of experimentally 
studied representatives of their groups. The remaining 18 ECFs could not be ascribed to any 
group by ECFfinder. 
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(>3-fold upregulation or downregulation) in any of the conditions is listed in Table 

8. In general, no substantial change in expression was appreciated, except for 

the operon SGRAN_1162-1161, whose transcription increased in the 3 

conditions of study to different levels: i) 101-fold in stationary phase; ii) 49-fold 

growing on tetralin; iii) 30-fold in anaerobiosis in the case of SGRAN_1162 and i) 

40-fold in stationary phase; ii) 24-fold growing on tetralin; iii) 26-fold in 

anaerobiosis in the case of SGRAN_1161. Interestingly, the gene coding for the 

anti-s factor FlgM (SGRAN_4122), involved in the regulation of flagellar 

biosynthesis, was the only gene annotated either as an ECF or an anti-s factor 

that suffered a downregulation in any of the conditions tested (around 14-fold). 

Locus tag 
Fold-upregulation 

Tetralin Stationary phase Anaerobiosis 

ECFs 

SGRAN_1161 23.89 39.68 26.15 
SGRAN_1445 1.97 1.02 5.71 
SGRAN_2342 1.34 3.12 1.32 
SGRAN_2778 2.84 3.78 2.24 
SGRAN_3108 4.14 3.21 2.06 

Anti-s factor 
SGRAN_1162 49.37 101.02 29.53 
SGRAN_2341 0.81 3.16 1.12 
SGRAN_2779 1.73 3.75 3.00 
SGRAN_3884 1.85 3.07 2.84 
SGRAN_4122* 1.16 0.81 0.07* 

 

 Regarding the classification of the ECFs annotated in TFA, the element 

encoded by SGRAN_1161 would belong to the ECF15 group, which comprises 

the ECFs involved in the activation of the General Stress Response (GSR) in 

Alphaproteobacteria, generally termed as EcfG. Coherently, and following the 

synteny of this type of genes, SGRAN_1162 would encode its cognate anti-s 

factor, usually known as NepR. 

 

Table 8. ECFs and anti-s factors encoded by S. granuli TFA whose expression was altered 
using tetralin as sole carbon and energy source compared to growing on BHB 40 mM, in 
stationary phase compared to exponential phase or in anaerobiosis using nitrate 20 mM as 
electron acceptor compared to aerobiosis. The asterisk (*) indicates the data obtained for flgM, 
which was downregulated instead of upregulated in one of the conditions. 
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2. Identification of the General Stress Response regulators encoded in the 
TFA genome 

 Given that the putative GSR regulators SGRAN_1161 and SGRAN_1162 

were revealed as the genes whose expression changed the most in the dRNA-

seq experiments and the conservation of this regulatory pathway in 

Alphaproteobacteria, a more detailed search of other putative GSR regulators 

was conducted. In a canonical alphaproteobacterial GSR cascade, a linear model 

can be conformed with only one representative of each main regulator (e.g., 

EcfG, NepR and PhyR). However, the model may vary across the 

Alphaproteobacteria if there is more than one representative of each regulator 

encoded in the genome, which also motivated this specific search (Francez-

Charlot et al., 2015; Staroń & Mascher, 2010). 

 

2.1. EcfG s factors 

 The first search was carried out to find other putative EcfG coding 

elements. These are easily distinguishable after using the tool ECFfinder, since 

all of them are clustered in the ECF15 group. Indeed, apart from SGRAN_1161, 

a second ECF15-type s factor, SGRAN_1163, was found located nearby in a 

divergent orientation to the SGRAN_1162-1161 operon. 

 Apart from sequence similarity, other common features of this type of s 

factors are the co-location with their cognate anti-s factor upstream forming a 

bicistronic operon (usually translationally coupled) and the self-regulation at the 

level of transcription by the presence of a GSR target sequence in the promoter 

(Fiebig et al., 2015). The SGRAN_1161 gene accomplished all these features, 

however, in spite of belonging to the same ECF group, SGRAN_1163 did not 

appear with any putative NepR coding gene in the vicinity nor showed a putative 

GSR target sequence in its promoter (canonically, GGAAC-N16-CGTT (de Dios 

et al., 2020; Fiebig et al., 2015). This latter characteristic (Fig. 20) is consistent 

with the fact that this ECF did not show any change in transcription in the dRNA-

seq experiments (de Dios et al., 2020 (Supplementary information)), suggesting 

a constitutive expression. Respectively, these two s factors were designated as 

EcfG1 and EcfG2, according to their coordinates in the genome. 
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2.2. NepR anti-s factors 

 NepR regulators are normally small proteins with low conservation, which 

complicates their identification in the genome by regular automatic annotation 

procedures (Fiebig et al., 2015). Nevertheless, the essential residues for the 

interaction with their cognate EcfG partner and the PhyR response regulator have 

been identified (indicated in the alignment showed in Fig. 21) (Campagne et al., 

2012). They are located in two central helices that wrap around EcfG to inhibit its 

function by blocking the contact surface with the core RNAP (Campagne et al., 

2012). These helices are flanked by two disordered flanking regions, variable in 

sequence, termed FR1 and FR2 (located in the N- and C-terminal end, 

respectively). Furthermore, NepR proteins co-localise with their cognate EcfG 

partner in the manner explained in the previous paragraph. According to their 

mode of interaction with EcfG proteins, NepR anti-s factors are considered 

ASDIIs (Casas-Pastor et al., 2020). This, together with its co-location upstream 

ecfG1, helped in the identification of SGRAN_1162 as a NepR coding gene. In 

order to detect any other possible NepR coding genes in the TFA genome, a 

protein sequence search was carried out using Blastp against the TFA annotated 

proteome. As a result, a second putative NepR coding gene, SGRAN_0992, was 

found. Different from SGRAN_1162, whose transcription increased remarkably 

in the conditions tested (Table 8), SGRAN_0992 did not co-locate with any EcfG 

coding element, and its transcription did not show significant changes. Also, both 

nepR genes presented putative GSR target sequence in their putative promoters: 

SGRAN_0992 presented two matches in sequence composition, but a 

suboptimal distance between the -10 boxes and the putative TSSs (Fig. 22A), 

coherently with the dRNA-seq results. In contrast, SGRAN_1162 showed a 

Figure 20. Visualization of the dRNA-seq dataset used for TSS detection of TFA growing on 
BHB 40 mM (light green and dark green, indicating minus TEX and plus TEX, respectively) or 
growing on tetralin (light blue and dark blue, indicating minus TEX and plus TEX, respectively) 
(García-Romero et al., 2018), corresponding to the upstream region of the ecfG2 ORF. TSSs, 
indicated with an arrow, follow the same condition-wise colour code as for the dRNA-seq 
peaks. The start of the ecfG2 ORF is highlighted in a red dashed square. Data were visualize 
using the Integrative Genomics Viewer (IGV) (Robinson et al., 2011). 
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promoter that matched the GSR consensus either in sequence and in distance 

between the -35 and the -10 box and between the -10 box and the putative TSS 

(García-Romero et al., 2018) (Fig. 22B). In agreement with the location of their 

coding genes in the TFA chromosome, SGRAN_0992 and SGRAN_1162 were 

designated as NepR1 and NepR2, respectively. 

 

 

 

 

Figure 21. Sequence alignment of the NepR1 and NepR2 proteins, encoded in S. granuli 
TFA, and other NepR homologs encoded in C. crescentus, M. extorquens, R. etli and S. 
melonis. Essential residues for the NepR interaction with its possible EcfG and PhyR partners 
are indicated below the alignment. 

    L       Y                         M      L 

Figure 22. Visualization of the dRNA-seq dataset used for TSS detection of TFA growing on 
BHB 40 mM (light green and dark green, indicating minus TEX and plus TEX, respectively) or 
growing on tetralin (light blue and dark blue, indicating minus TEX and plus TEX, respectively) 
(García-Romero et al., 2018), corresponding to the upstream region of the nepR1 ORF (A) 
and the upstream region of the nepR2 ORF (B). TSSs, indicated with an arrow, follow the 
same condition-wise colour code as for the dRNA-seq peaks. The starts of the nepR1 and 
nepR2 ORFs are highlighted in red dashed squares. Putative -10 and -35 boxes are 
underlined in green. In the case of nepR1 (A), the -10 and -35 boxes of the putative distal 
promoter appear underlined in blue. Data were visualize using the Integrative Genomics 
Viewer (IGV) (Robinson et al., 2011). 

A 

B 
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2.3. PhyR response regulators 

 Regarding the PhyR response regulators, given their unique domain 

conformation involving a receiver domain, typical from 2CS regulators, in the C-

terminus end together with a s-like domain in the N-terminus end (Fiebig et al., 

2015), their identification in the TFA genome could be achieved by automatic 

annotation protocols (García-Romero et al., 2016). Hence, SGRAN_0993 and 

SGRAN_1164 could be designated as PhyR1 and PhyR2, respectively. Normally, 

phyR genes are transcribed under a GSR target promoter. For phyR1, no TSS 

could be detected automatically, although the visualization of aligned RNA 

sequencing data (García-Romero et al., 2018) allowed to infer a possible position 

around which the transcription might start (Fig. 23A). Intriguingly, that position 

would allow the transcription from the distal nepR1 promoter but in a divergent 

direction (which could be possible since the canonical GSR target promoter is a 

palindrome), also presenting a suboptimal distance between the -10 box and the 

possible TSS. However, in the case for phyR2, a putative GSR target promoter 

could be detected coherently with the previously defined TSS (Fig.23B). This is 

coherent with the differences between phyR1 and phyR2 regarding the dRNA-

seq analysis, since phyR2 presented a stronger upregulation in all the conditions 

tested compared to the reference situation, whereas phyR1 showed a much less 

marked induction (de Dios et al., 2020 (Supplementary information)). 
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3. Characterisation of the ECF s factors EcfG1 and EcfG2  

 In order to address the impact of the GSR in the stress resistance of TFA, 

we decided to start the study of this pathway by the potential executors of the 

response: the s factors EcfG1 and EcfG2.  

 

3.1. Role of EcfG1 and EcfG2 in the resistance to stress 

 To evaluate the role of both EcfG1 and EcfG2 in activating the GSR, two 

DecfG1 and DecfG2 deletion mutants were constructed, as well as a 

DecfG1DecfG2 double mutant, and their resistance to diverse stresses was 

tested compared to the wild type strain. The phenotypes in the presence of heavy 

metals (CuSO4 3.5 mM), osmotic stress (NaCl 600 mM) (Fig. 24A), after 5 h of 

desiccation (Fig. 24B) and after an oxidative shock (H2O2 10 mM) (Fig. 24C) 

revealed that the DecfG1 mutant behaved similarly to the wild type strain, 

whereas a decreased viability was observed for the DecfG2 mutant after the 

Figure 23. Visualization of the dRNA-seq dataset used for TSS detection of TFA growing on 
BHB 40 mM (light green and dark green, indicating minus TEX and plus TEX, respectively) or 
growing on tetralin (light blue and dark blue, indicating minus TEX and plus TEX, respectively) 
(García-Romero et al., 2018), corresponding to the upstream region of the phyR1 ORF (A) 
and the upstream region of the phyR2 ORF (B). TSSs, indicated with an arrow, follow the 
same condition-wise colour code as for the dRNA-seq peaks. Although for phyR1 no TSS 
could be detected automatically, a possible TSS could be inferred from the aligned RNA 
sequencing data. The starts of the phyR1 and phyR2 ORFs are highlighted in red dashed 
squares. Putative -10 and -35 boxes are underlined in green. In the case of phyR1 (A), the 
putative -10 and -35 boxes would coincide with those of the distal nepR1 promoter. Data were 
visualize using the Integrative Genomics Viewer (IGV) (Robinson et al., 2011). 

A 

B 
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exposure to the stresses compared to both the wild type and the DecfG1 mutant. 

This effect was even more remarkable in the double mutant, which showed a 

slightly lower viability after the stress challenges than the DecfG2 mutant, 

especially in the presence of osmotic stress and recovering from desiccation. 

This clearly demonstrates the key role of EcfG2 in the resistance to stress, while 

EcfG1 seems to perform a secondary function. 

 

 

3.2. Expression pattern of EcfG1 and EcfG2 

 To study the expression pattern of both ecfG1 and ecfG2 while having an 

indication of the level of activation of the GSR, two lacZ translational fusions were 

constructed by cloning DNA fragments harbouring the promoter region, the 

ribosome binding site and the first codons of nepR2 (the first gene in the 

nepR2ecfG1 operon) and ecfG2 in a vector upstream the lacZ ORF and selecting 

their integration in the chromosome of the wild type strain. The condition selected 

to perform the expression measurements was carbon starvation, a situation 

Figure 24. Stress resistance phenotypes of the DecfG1 and DecfG2 single mutants and the 
DecfG1DecfG2 double mutant compared to the wild type TFA. The phenotypes tested were 
A) resistance to CuSO4 3.5 mM and NaCl 600 mM, B) exposure to desiccation during 5 h and 
C) recovery of the growth after the addition of H2O2 10 mM. The recovery from the oxidative 
shock was measured as the percentage difference of OD in the treated culture before the 
addition of H2O2 and 5 h after treatment compared to the untreated reference. 

A 

B C 
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already described to elicit the GSR (Staroń & Mascher, 2010). Therefore, to study 

the expression of ecfG1 and ecfG2 in response to stress, we started by 

monitoring their expression along a growth curve in minimal medium with BHB 8 

mM as a carbon source instead of 40 mM, which is used for normal growth, so 

that the culture enters stationary phase as a consequence of carbon exhaustion. 

Regarding the expression of the nepR2::lacZ fusion, a basal level was observed 

during exponential phase, which was induced over 6-fold after reaching the 

stationary phase (Fig. 25A). However, the activity of the ecfG2::lacZ fusion 

remained invariant throughout all the growth curve (Fig. 25B).  

 

 According to the dRNA-seq data (see Table IV), the nepR2ecfG1 operon 

also appeared induced when growing on tetralin and under anaerobic conditions. 
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Figure R5. b-galactosidase activity (whole lines) measured from A) the nepR2::lacZ and B)
the ecfG2::lacZ translational fusions in the wild type TFA throughout a growth curve (dotted
lines) in minimal medium using BHB 8 mM as carbon source.

A 

B 

Figure 25. b-galactosidase activity (whole lines) measured from A) the nepR2::lacZ and B) 
the ecfG2::lacZ translational fusions in the wild type TFA throughout a growth curve (dotted 
lines) in minimal medium using BHB 8 mM as carbon source. 
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Thus, in order to validate this and to corroborate that the GSR was active under 

these conditions, the activity of the nepR2::lacZ fusion was monitored, using 

tetralin aerobically as carbon source or using BHB 40 mM anaerobically while 

respiring nitrate 20 mM. In the case of the curves in tetralin, a condition in which 

the dRNA-seq data indicated a weaker induction of nepR2 compared to 

stationary phase, only a mild increase with respect to the basal level was obtained 

(Fig. 26A) compared to the activity in stationary phase using BHB 8 mM as carbon 

source. The activity moderately drops at the onset of exponential grow before 

continuing to increase again after the growth rate starts to decrease. On the other 

hand, the levels of activity measured under anaerobic conditions were below the 

basal levels measured in aerobiosis using BHB 8 mM (Fig. 26B). This contrasts 

with the dRNA-seq results, since a 30-fold induction of nepR2 was observed 

under this condition. This may be due to some sort of condition-specific 

posttranscriptional regulation or some limitation or defect in the b-galactosidase 

activity assay and would be further addressed in following sections. 
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 In other alphaproteobacterial representatives, when more than one ecfG 

paralog appeared in the genome, some sort of interdependency or hierarchy 

among them was observed. Also, another common feature among ecfG s factors 

is their autoregulation at the level of transcription. In order to investigate these 

possible features for the case of ecfG1 and ecfG2 in TFA, both nepR2::lacZ and 

ecfG2::lacZ translational fusions were introduced in the different ecfG single and 

double mutant backgrounds and their activity was measured during a growth 

curve as previously described. None of these strains showed difference in growth 

compared to the wild type (Fig. 27A). The results indicate that the nepR2 

expression was only moderately affected in the absence of EcfG1, maintaining 

around 80% of the activity, but a more dramatic reduction was observed in the 
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Figure R6. b-galactosidase activity (whole lines) measured from the nepR2::lacZ
translational fusion in the wild type TFA throughout a growth curve (dotted lines) growing on
minimal medium A) using tetralin as carbon source or B) using BHB 40 mM as carbon source
in anaerobiosis with NO3- 20 mM as electron acceptor.

A 

B 

Figure 26. b-galactosidase activity (whole lines) measured from the nepR2::lacZ translational 
fusion in the wild type TFA throughout a growth curve (dotted lines) growing on minimal 
medium A) using tetralin as carbon source or B) using BHB 40 mM as carbon source in 
anaerobiosis with NO3- 20 mM as electron acceptor. 
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DecfG2 mutant, which produced less than 5% of the activity compared to the wild 

type. The expression was completely abolished in the double DecfG1DecfG2 

mutant. These data indicate that the expression of the nepR2ecfG1 operon is 

regulated in an EcfG2-dependent manner, and that EcfG1 exerts a mild positive 

regulation on its own transcription. In contrast, the activity measured from the 

ecfG2::lacZ in an DecfG1DecfG2 mutant background did not show any difference 

compared to that obtained in the wild type (Fig. 27B). These results indicate that, 

although stationary phase is an EcfG2 activating condition, ecfG2 expression is 

not stress-responsive, and that neither EcfG1 nor EcfG2 itself are essential for 

the expression of ecfG2, in agreement with the absence of a putative GSR target 

sequence in the ecfG2 promoter region. This is also coherent with the presence 

of a GSR target sequence in the nepR2ecfG1 promoter, being its transcription 

regulated to different extent by EcfG2 and by EcfG1 itself. 

Figure 27. b-galactosidase activity (whole lines) measured from A) the nepR2::lacZ and B) 
the ecfG2::lacZ translational fusions in the wild type TFA (squares), and the DecfG1 (rhombi), 
DecfG2 (circles) and DecfG1DecfG2 (triangles) mutants throughout a growth curve (dotted 
lines) in minimal medium using BHB 8 mM as carbon source. For the ecfG2::lacZ fusion, the 
activity was measured only in the wild type and DecfG1DecfG2 backgrounds. 
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Figure R7. b-galactosidase activity (whole lines) measured from A) the nepR2::lacZ and B)
the ecfG2::lacZ translational fusions in the wild type TFA (squares), and the DecfG1 (rhombi),
DecfG2 (circles) and DecfG1DecfG2 (triangles) mutants throughout a growth curve (dotted
lines) in minimal medium using BHB 8 mM as carbon source. For the ecfG2::lacZ fusion, the
activity was measured only in the wild type and DecfG1DecfG2 backgrounds.
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3.3. The GSR regulon 

 In order to characterise the global transcriptional behaviour mediated by 

the GSR in TFA, transcriptomic analyses were performed by dRNA-seq 

comparing an ΔecfG1ΔecfG2 double mutant, unable to activate the GSR, to a 

wild type strain after reaching stationary phase by carbon exhaustion (30 h of 

growth in minimal medium with BHB 20 mM), a situation in which the GSR is 

triggered, as described before. As a result, after applying a cutoff of ≥3-fold 

change in expression, a total of 189 coding genes were downregulated and 257 

coding genes were upregulated (4.5% and 6.1%, respectively, of all coding genes 

annotated in the S. granuli TFA genome) in the ΔecfG1ΔecfG2 mutant compared 

to the wild type. The putative function of the differentially expressed genes was 

inferred using the current annotation of the TFA genome and the Cluster of 

Orthologous Groups of proteins broad classification (COG, the categories and 

their corresponding symbols are listed in Table 9), as represented in Fig. 28 and 

available in de Dios et al. (2020, Supplementary information). However, nearly 

50% of them had an unknown function. 

 

Symbol Category 
A RNA processing and modification 
B Chromatin structure and dynamics 
C Energy production and conversion 
D Cell cycle control, cell division, chromosome partitioning 
E Amino acid transport and metabolism 
F Nucleotide transport and metabolism 
G Carbohydrate transport and metabolism 
H Coenzyme transport and metabolism 
I Lipid transport and metabolism 
J Translation, ribosomal structure and biogenesis 
K Transcription 
L Replication, recombination and repair 
M Cell wall/membrane/envelope biogenesis 
N Cell motility 
O Post-translational modification, protein turnover, and chaperones 
P Inorganic ion transport and metabolism 
Q Secondary metabolites biosynthesis, transport, and catabolism 
R General function prediction only 
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S Function unknown 
T Signal transduction mechanisms 
U Intracellular trafficking, secretion, and vesicular transport 
V Defense mechanisms 
W Extracellular structures 
Y Nuclear structure 
Z Cytoskeleton 

UC Uncategorised 

 

 

 

 

Table 9. Functional categories according to the Cluster of Orthologous Groups (COG) 
classification, indicating the symbol that represents them. The proteins that appeared in the 
TFA annotation lacking any ascription to one of these groups are termed as ‘Uncategorised’ 
(UC). 
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Figure 28. Number of genes up- or downregulated in the ∆ecfG1∆ecfG2 double mutant with 
respect to the wild type TFA regarding their putative function, according to the COG broad 
classification. Mind that some of the COGs do not appear, since no genes belonging to them 
presented an altered expression pattern in the dRNA-seq experiment. 
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3.3.1. Genes directly regulated by the GSR 

 Since some of the genes downregulated in the dRNA-seq might be 

affected in a GSR-independent manner, a promoter sequence analysis was 

conducted in order to define a GSR direct regulon. To do this, the DNA regions 

comprising the 450 bp upstream the 189 genes downregulated in the 

ΔecfG1ΔecfG2 mutant were analysed using the motif discovery tool MEME. 

Expectedly, the conventional GSR promoter motif GGAAC-N16-CGTT (de Dios et 

al., 2020), as shown in Fig. 29, was found enriched among the promoter 

sequences. After that, all the sequences were manually inspected using as a 

guide the annotation and the previously identified TSSs, and those genes with an 

unlikely promoter organisation or which did not contribute clearly to the detected 

motif were discarded. As a result, a GSR regulon with 104 coding genes (55% of 

all the downregulated genes) distributed in 79 putative operons was defined for 

S. granuli TFA (represented according to the COG classification in Fig. 30 and 

presented in de Dios et al., (2020, Supplementary information)). 

 

 

 

 

 

 

 

 

Figure 29. GSR target motif obtained for S. granuli. TFA. The consensus sequence logo was 
generated with the tool MEME using as input the putative promoter sequences that resulted 
from the dRNA-seq analysis comparing the DecfG1DecfG2 double mutant with the wild type 
TFA in stationary phase. 
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A noticeable feature of the GSR regulon in TFA is the high abundance of target 

genes whose function could not be established by regular automatic annotation, 

since only 37% of the GSR-dependent genes have a predicted function. Among 

the genes directly regulated by the GSR, some obvious targets could be found, 

such as most of the regulatory elements of the response (the nepR2ecfG1 operon 

(due to its deletion in the mutant strain used for the analysis, ecfG1 was included 

manually in the regulon based on experimental data), phyR1 and phyR2, and the 

HWE family histidine kinase SGRAN_1165 located next to phyR2). Among the 

genes with an annotated function, other examples to be highlighted are the stress 

inducible gene csbD (SGRAN_3063), two katA catalases (SGRAN_1770 and 

SGRAN_2521), the ecnAB toxin-antitoxin system (SGRAN_1922), an mscS 

mechanosensitive ion channel (SGRAN_0895), an osmC peroxiredoxin 

(SGRAN_3924), an RND efflux system component (SGRAN_4134) and the ku-

ligD non-homologous DNA repair system (SGRAN_4136 and SGRAN_4135, 

respectively). In addition, a large representation of envelope related elements 
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Figure 30. Number of genes belonging to the GSR regulon in S. granuli TFA regarding their 
putative function, according to the COG broad classification. Mind that some of the COGs do 
not appear, since no genes belonging to them appeared in the regulon. 
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also appears in this regulon (e.g., SGRAN_1221, SGRAN_1797, SGRAN_1798, 

SGRAN_2253, SGRAN_2364, SGRAN_2492 or SGRAN_2662). On the other 

hand, some other elements, such as the sphingosine kinase coding gene 

(SGRAN_0919) or the putative egtB and egtD genes (SGRAN_4050 and 

SGRAN_4049), which may be involved in ergothioneine biosynthesis, are 

reported as part of a GSR regulon for the first time. 

 

3.3.2. Genes indirectly affected in the absence of GSR 

 Apart from the genes directly regulated by the GSR, a number of genes 

altered their expression independently of this response, maybe as an indirect 

regulation triggered by the GSR or perhaps as an adaptation to a hostile situation 

that could not be properly overcome because of the ΔecfG1ΔecfG2 double 

deletion. As shown in Fig. 28, the expression of some metabolic genes, signalling 

elements and putative transcriptional regulators was altered in the absence of 

GSR. Another remarkable global change was the upregulation of the flagellar 

clusters and homologous genes to flagellar regulators, such as a putative fleQ 

(SGRAN_4107) and ctrA (SGRAN_3324), and some elements involved in 

chemotaxis, such as cheA (SGRAN_2956), cheB (SGRAN_2953) or cheR 

(SGRAN_2952), together with a putative bdlA biofilm dispersal regulator.  

 

3.4. Relative contribution of EcfG1 and EcfG2 to the GSR activation 

 Given that all the direct GSR targets presented the same promoter 

consensus sequence and considering the differences in the stress resistance 

phenotype between the ΔecfG1 and the ΔecfG2 mutants, it might be possible 

that both EcfG1 and EcfG2 regulate the same genes but with EcfG1 playing a 

secondary role. To address this, we next focused on the relative ability of EcfG1 

and EcfG2 to recognise selected promoters and their differences in the 

regulation. 
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3.4.1. Ability of EcfG1 to activate the GSR 

 Another possibility to consider would be that, since ecfG1 is transcribed in 

an EcfG2-dependent manner, an ΔecfG2 mutant may be unable to activate the 

GSR and, thus, to resist stress because of the absence of EcfG1 in that 

background. To explore this, a replicative vector harbouring the ecfG1 ORF under 

the IPTG-inducible promoter (thus, EcfG2-independent) Ptrc was constructed 

(pMPO1433) to express EcfG1 ectopically in an ΔecfG1ΔecfG2 double mutant.  

 Firstly, to know whether EcfG1 alone could directly activate the GSR, and 

then, its own promoter, the pMPO1433 vector was introduced in the 

ΔecfG1ΔecfG2 mutant containing the nepR2::lacZ translational fusion inserted in 

the chromosome. As a control, the wild type strain and the double mutant were 

transformed with the empty vector (pSEVA224). Then, the different strains 

bearing the nepR2::lacZ fusion and the respective plasmid were grown in minimal 

medium with BHB 8 mM as carbon source and supplemented with IPTG 1 mM. 

The b-galactosidase activity was measured after 58 h of growth, upon entrance 

in stationary phase. Figure R31A shows that, when EcfG1 was produced in an 

EcfG2-independent manner, the expression of the nepR2ecfG1 promoter was 

induced to similar levels to those of the wild type strain, although slightly lower. 

This result confirms that EcfG1 is able to substitute EcfG2 in activating its own 

expression if ectopically produced in sufficient amounts in the cell. 

 To know the actual ability of EcfG1 to activate the whole GSR, the wild 

type strain and the double mutant without the nepR2::lacZ fusion inserted in the 

chromosome were transformed with the empty vector (pSEVA224) as before, and 

subjected to different stress resistance phenotypes (e.g. heavy metals and 

osmotic stress). Coherently with the results mentioned above, Fig. 31B shows 

that ectopic expression of ecfG1 resulted in an increased resistance to heavy 

metals and salt stresses when compared to the ΔecfG1ΔecfG2 double mutant. 

However, the complemented strain did not reach the levels of tolerance observed 

in the wild type strain, thus exhibiting only a partial resistance to these stresses. 

These results indicate that EcfG1 alone is able to partially activate the GSR in 

TFA when produced in sufficient amounts, thus suggesting that it may play a 

secondary role in this stress resistance pathway.  
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3.4.2. Relative contribution of EcfG1 and EcfG2 to the transcription of individual 

genes 

 Since EcfG1 alone could promote the transcription of the nepR2ecfG1 

promoter to similar levels to those of the wild type but could not trigger a fully 

functional GSR, the possibility that EcfG1 and EcfG2 contributed differently to the 

expression in a promoter specific manner was considered. To address this, RNA 

samples were extracted from the wild type TFA, the single and double ecfG 

mutants and the wild type and double mutant transformed with the 

aforementioned vectors carrying the Ptrc::ecfG1 construction, and the expression 

of selected genes was quantified by RT-qPCR. As before, the condition chosen 

to perform the analysis was the stationary phase reached by carbon starvation. 

The genes of study were selected from the GSR direct regulon. As control genes, 
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Figure R11. Ectopic expression of ecfG1 in an ΔecfG1ΔecfG2 mutant background compared
to the wild type strain. A) b-galactosidase activity measured from the nepR2::lacZ
translational fusion as a reporter of the GSR activation. The activity was measured in
stationary phase, after growing for 58 h in minimal medium using BHB 8 mM as carbon
source. B) Stress resistance phenotype of the different strains to CuSO4 3.5 mM and NaCl
600 mM. Control strains harboured plasmid pSEVA224, whereas the complemented strain
carried pMPO1433, in all the cases in the presence of IPTG 1 mM.
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Figure 31. Ectopic expression of ecfG1 in an ΔecfG1ΔecfG2 mutant background compared 
to the wild type strain. A) b-galactosidase activity measured from the nepR2::lacZ translational  
fusion as a reporter of the GSR activation. The activity was measured in stationary phase, 
after growing for 58 h in minimal medium using BHB 8 mM as carbon source. B) Stress 
resistance phenotype of the different strains to CuSO4 3.5 mM and NaCl 600 mM. Control 
strains harboured plasmid pSEVA224, whereas the complemented strain carried pMPO1433, 
in all the cases in the presence of IPTG 1 mM. 
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the transcription of nepR2 and ecfG2 was measured, since they had already been 

quantified by b-galactosidase activity assays, being the former GSR-regulated 

and the latter constitutive and GSR-independent. As shown in Table 10, ecfG2 

expression remains practically unaffected in all the genetic backgrounds. For all 

the genes tested, EcfG2 was the main contributor to the transcription. On the 

other hand, EcfG1 seemed to contribute differently to the transcription of the 

genes tested, as shown by either comparing the ΔecfG1 mutant to the wild type 

strain or the ΔecfG1ΔecfG2 double mutant ectopically expressing ecfG1 to the 

wild type bearing the parental plasmid. Considering that the effective levels of 

EcfG1 are the same regardless of the gene tested, these results suggest that the 

relative contribution of each σ factor would depend on the characteristics of each 

promoter, as well as on the transcription potential of each EcfG paralog. 

 

Gene DecfG1 a DecfG2 a DecfG1DecfG2 a DecfG1DecfG2 b 

Ptrc::ecfG1 
csbD 

(SGRAN_3063) 0.52 ± 0.03 0.01 ± 0.00 0.00 1.88 ± 0.06 

ecnAB 
(SGRAN_1922) 0.68 ± 0.05 0.03 ± 0.00 0.00 1.36 ± 0.11 

gsp 
(SGRAN_0888) 0.79 ± 0.03 0.01 ± 0.00 0.03 ± 0.00 2.39 ± 0.46 

ku 
(SGRAN_4136) 1.34 ± 0.07 0.16 ± 0.01 0.16 ± 0.03 0.57 ± 0.02 

mltA2 
(SGRAN_1260) 1.3 ± 0.11 0.00 0.00 0.26 ± 0.01 

nepR2 
(SGRAN_1162) 0.44 ± 0.04 0.02 ± 0.00 0.00 0.74 ± 0.06 

SGRAN_1766 1.10 ± 0.02 0.05 ± 0.00 0.05 ± 0.00 0.22 ± 0.00 
SGRAN_2195 1.15 ± 0.14 0.06 ± 0.00 0.03 ± 0.00 1.78 ± 0.01 
SGRAN_2273 0.91 ± 0.01 0.02 ± 0.00 0.01 ± 0.00 2.64 ± 0.10 

yiaD 
(SGRAN_3949) 1.26 ± 0.13 0.04 ± 0.00 0.04 ± 0.00 0.19 ± 0.03 

ecfG2 
(SGRAN_1163) 0.86 ± 0.10 0.78 ± 0.22 0.86 ± 0.16 1.17 ± 0.13 

 

 

 

Table 10. Expression quantification of selected genes in different ecfG mutant backgrounds. 
RNA samples were extracted from cells in stationary phase (growing for 30 h in minimal 
medium using BHB 20 mM as carbon source) Values represent fold-changes in expression 
with respect to the wild type strain in the case of the deletion mutants (a) or a wild type bearing 
plasmid pSEVA224 in the presence of IPTG 1 mM in the case of the double mutant ectopically 
expressing ecfG1 (b). As control, the expression of ecfG2, which is GSR-independent, was 
also measured. 
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3.5. Analysis of the GSR target promoters 

 To study the characteristics of the GSR target promoters that may 

contribute to be differently transcribed by EcfG1 and EcfG2, a detailed analysis 

of their sequence was performed. In all the promoters, a clear tendency to 

conserve the GGAAC -35 box was observed (Fig. 29 and Table 11), being the 

AAC sequence almost invariant (only 3 out of 79 putative -35 boxes presented a 

mismatch in that trinucleotide). In contrast, as it may be appreciated in Fig. 29, 

the -10 box is much more variable. In this case, up to 14 different putative -10 

boxes could be found among the GSR regulon in TFA, being CGTT the most 

frequent (Table 11). 

 

-35 box -10 box 

Sequence Frequency Relative frequency 
(%) Sequence Frequency Relative frequency 

(%) 
AAC 76 96.2 CGTT* 39 49.4 
ATC 2 2.5 GGTT* 11 13.9 
AGC 1 1.3 CATT* 5 6.3 

   CGTG 4 5.1 
   TGTT* 4 5.1 
   CGCT 2 2.5 
   CGTA 3 3.8 
   CCTT 2 2.5 
   CGTC 3 3.8 
   GATT 2 2.5 
   AGTT 1 1.3 
   CGAT 1 1.3 
   GGAT 1 1.3 
   GGTA 1 1.3 

 

3.6. Overexpression and purification of EcfG1 and EcfG2 

 To continue to study the differences in transcriptional activity of EcfG1 and 

EcfG2, both s factors were purified for further functional analyses in vitro. Both 

proteins were purified using the IMPACT kit (NEB), whose concept and protocol 

is explained in detail in ‘Materials and Methods’. Briefly, the protocol consists in 

Table 11. Absolute and relative frequency of the different -35 and -10 sequences found among 
the 79 promoters belonging to the GSR regulon. 
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fusing the protein of interest to a construction containing a chitin binding domain 

(CBD, for chromatographic purification of the fusion protein) and an intein tag, 

that may undergo self-cleavage in the presence of thiol reagents (DTT in this 

case). After retaining the fusion protein from a whole cell extract using a chitin 

resin compacted in a column, the addition of DTT releases the protein of interest 

from the fusion construct, allowing its purification in its native state and separated 

from the purification tag. 

 For this strategy, the ecfG1 or ecfG2 coding regions were cloned in the 

plasmid pTYB21 (as indicated in ‘Materials and Methods’), resulting in an N-

terminal fusion of the intein-CBD tag to either ecfG1 or ecfG2 (Fig. 32) encoded 

in the vectors pMPO1431 and pMPO1432, respectively. The resulting protein 

product would have a theoretical molecular weight of 79 kDa and 78 kDa for the 

EcfG1 and the EcfG2 fusions, respectively (56 kDa corresponding to the intein-

CBD tag plus the molecular weight of EcfG1 or EcfG2, which is 23 kDa and 22 

kDa respectively). 

 

3.6.1. Overexpression of EcfG1 and EcfG2 

 For their expression, IMPACT purification constructs are encoded 

downstream a T7 promoter, followed by a lacO element and an optimised RBS. 

For regulation of the expression, the pTYB21 plasmid (and thus, pMPO1431 and 

pMPO1432 derivative plasmids) bear the lacIq coding region, allowing the 

induction by addition of IPTG. Both plasmids were transformed in the host strain 

E. coli ER2566, provided in the IMPACT kit, and the resulting plasmid-bearing 

strains were grown and protein expression induced as explain in Materials and 

PT7 VMA1 intein 

lacO CBD ecfG1 
ecfG2 

Figure 32. Schematic of the chimeric gene used for overexpression and purification of EcfG1 
and EcfG2 borne in the pTYB21 plasmid backbone. The chimeric gene is transcribed under 
the PT7 promoter and regulated by the LacIq-lacO system by IPTG induction (lacIq is encoded 
elsewhere in the plasmid). The chimeric gene is formed by a region encoding the VMA1 intein 
(blue), which contains a chitin binding domain (CBD, green) and the ecfG1 or ecfG2 gene 
(orange), depending on the vector (pMPO1431 or pMPO1432, respectively). 
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Methods (section 4.4.1). Cell pellets were harvested and stored at -80 ºC for 

further processing. 

 To evaluate the efficiency of the protein expression, samples were 

harvested before and after the induction, and equivalent biomass amounts were 

run in an SDS-PAGE (Fig. 33). Both fusion proteins (intein-CBD-EcfG1 and 

intein-CBD-EcfG2) were successfully expressed apparently, so the harvested 

cells were further processed following the protein purification protocol. 

 

3.6.2. Purification of EcfG1 and EcfG2 

 EcfG1 and EcfG2 were purified in two different experiments. Cells were 

lysed, protein extracts were clarified and the protein construct was incubated for 

its binding to the chitin resin as explained in detail in Materials and Methods 

(section 4.4.1). Extract samples withdrawn before and after passing through the 

resin were run in an SDS-PAGE to evaluate the efficiency of the affinity binding 

to the resin (Fig. 34). After observing a high efficiency in the binding, the protein-

bound resin was washed with column buffer and soaked with 10 ml of column 

buffer supplemented with DTT 50 mM to induce the self-cleavage. To allow an 

efficient release of cleaved EcfG1 and EcfG2, the column was incubated at 4 ºC 

for 36 h and moved to room temperature for 12 h, according to the efficiency in 

the cleavage for target proteins bearing a Met right after the intein region. 

Figure R13. SDS-PAGE for evaluation of the overexpression of the chimeric proteins A)
intein-CBD-EcfG1 and B) intein-CBD-EcfG2, by comparing a sample withdrawn before
induction (1) with another sample obtained after induction (2). Arrows indicate in each case
the overexpressed protein. M: molecular weight marker.
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Figure 33. SDS-PAGE for evaluation of the overexpression of the chimeric proteins A) intein-
CBD-EcfG1 and B) intein-CBD-EcfG2, by comparing a sample withdrawn before induction (1) 
with another sample obtained after induction (2). Arrows indicate in each case the 
overexpressed protein. M: molecular weight marker, indicated in kDa. 
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 The column volume containing either EcfG1 or EcfG2 was harvested in 

various fractions and the content in each of them was evaluated on an SDS-

PAGE (Fig. 35). Given the content in EcfG1 and EcfG2 of the volumes recovered 

from the column (around 10 ml each), all the fractions were mixed together, 

dialyzed against TEDG buffer (containing a concentration of glycerol of 10%) and 

concentrated using centrifuge filters until reaching a final volume of around 300-

350 µl. The purity of EcfG1 and EcfG2 was assessed in the mixture by SDS-

PAGE (Fig. 36), reaching >95% purity. Final protein concentrations were 

measured using the Lowry-based RC DC kit, obtaining concentrations of 180 µM 

for EcfG1 and 120 µM for EcfG2. To ensure the stability of the proteins in storage 

at -80 ºC, the glycerol concentration in the buffer was raised to 50% by adding 1 

V of glycerol 90%, thus diluting EcfG1 to 90 µM and EcfG2 to 60 µM. 

Figure R14. SDS-PAGE for evaluation of the binding of the chimeric proteins A) intein-CBD-
EcfG1 and B) intein-CBD-EcfG2 to the chitin resin used for chromatographic purification by
comparing an extract sample withdrawn before the incubation with the resin (1) with another
sample obtained after the incubation (2). Arrows indicate in each case the overexpressed
protein, which disappears from the extract after the incubation. M: molecular weight markers,
indicated in kDa.
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Figure 34. SDS-PAGE for evaluation of the binding of the chimeric proteins A) intein-CBD-
EcfG1 and B) intein-CBD-EcfG2 to the chitin resin used for chromatographic purification by 
comparing an extract sample withdrawn before the incubation with the resin (1) with another 
sample obtained after the incubation (2). Arrows indicate in each case the overexpressed 
protein, which disappears from the extract after the incubation. M: molecular weight markers, 
indicated in kDa. 
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Figure R15. SDS-PAGE for evaluation of the release of the native proteins A) EcfG1 and B)
EcfG2 by autocleavage form the intein-CBD tag bound to the chitin resin. 3 µl of each of the 4
fractions obtained (numbered from 1 to 4 in the order in which they were withdrawn from the
column) were loaded. M: molecular weight marker.
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Figure 35. SDS-PAGE for evaluation of the release of the native proteins A) EcfG1 and B) 
EcfG2 by autocleavage form the intein-CBD tag bound to the chitin resin. 3 µl of each of the 
4 fractions obtained (numbered from 1 to 4 in the order in which they were withdrawn from the 
column) were loaded. M: molecular weight marker, indicated in kDa. 
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Figure R16. SDS-PAGE for evaluation of the purification and concentration process of A)
EcfG1 and B) EcfG2 before atoragestorage at -80 ºC. 1 µl and 5 µl were loaded. M:
molecular weight marker, indicated in kDa.
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Figure 36. SDS-PAGE for evaluation of the purification and concentration process of A) EcfG1 
and B) EcfG2 before storage at -80 ºC. 1 µl and 5 µl were loaded. M: molecular weight marker, 
indicated in kDa. 
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3.7. Individual contribution of EcfG1 and EcfG2 to the transcription in vitro 

 In order to know the specific contribution of EcfG1 and EcfG2 to the 

transcription of different GSR promoters, in vitro transcription (IVT) assays were 

performed with either EcfG1 or EcfG2 forms of the RNAP holoenzyme. 
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Figure R17. Titration of the TFA core RNAP with different concentrations of either A) EcfG1
or B) EcfG2. For each case, the amount of transcription resulting from the IVT reactions are
shown below the respective plot. The intensity measurements are represented with respect
to the intensity reached by the highest concentration of s factor tested.
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Figure 37. Titration of the TFA core RNAP with different concentrations of either A) EcfG1 or 
B) EcfG2. For each case, the amount of transcription resulting from the IVT reactions are 
shown below the respective plot. The intensity measurements are represented with respect to 
the intensity reached by the highest concentration of s factor tested. 
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3.7.1. s factor titration of the RNA polymerase 

 To know their functionality as σ factors, a titration of both EcfG1 and EcfG2 

was assayed in IVT reactions using as template the promoter of mltA2, a gene 

that showed high transcriptional levels in the dRNA-seq analysis. As shown in 

Fig. 37, the two forms of RNAP holoenzyme recognised and directed transcription 

from PmltA2 in vitro. However, transcription driven by EcfG2 was much stronger 

than that driven by EcfG1, which pointed out that EcfG2 has a greater potential 

to direct the transcription, at least with the mltA2 promoter sequence. 

Nevertheless, EcfG1 seemed to reach its maximum transcription at lower 

concentrations than EcfG2. 

 

3.7.2. Differences between EcfG1 and EcfG2 driving transcription from selected 

promoters 

 After the titration, in order to prevent concentration effects in the IVT 

reactions, saturating concentrations (2.22 µM) of either EcfG1 or EcfG2 were 

added to the mixtures. As templates, five putative promoter regions, 

representative of the most frequent -10 boxes, were used. In order to restrict the 

regulatory inputs to the effect of the σ factor alone, the DNA regions used as 

templates would only extend from the putative TSS to the -35 sequence. Among 

the chosen templates, nepR2 and gsp (general stress protein, SGRAN_0888) 

were selected for having a consensus CGTT -10 box, but also for differing in the 

-35 element (they present a GGAAC and a GCAAC -35 box, respectively, the two 

most frequent among the GSR-dependent promoters). Therefore, this would rule 

out the possibility that the -35 sequence might also be involved in the expression 

phenotype described previously. The rest of the selected promoters were 

representatives of the most frequent -10 boxes apart from the consensus CGTT: 

the envelope related gene yiaD (SGRAN_3949), the putative transglycosylase 

mltA2 (SGRAN_1260) used for the titration and SGRAN_2273, which putatively 

contains an EF-hand Ca-binding domain, harbouring the -10 boxes TGTT, CATT 

and GGTT, respectively (an alignment of these promoter sequences is shown in 

Fig. 38). The results of these IVT assays are depicted in Fig. 39. As a first 

observation, the natural variability in the -35 box does not seem to affect the 
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transcription in the tested promoters when comparing nepR2 and gsp. The levels 

of RNA driven by EcfG1 were modest in absolute terms, but different transcript 

levels could be observed when comparing among them. Transcription driven by 

EcfG2 was always higher than that mediated by EcfG1 (using saturating 

concentrations of both s factor) regardless of the promoter used, again 

confirming its role as the master regulator of the GSR. A broader range of 

transcription levels was observed for EcfG2, reaching up to 13.59-fold compared 

to the reference (transcription obtained for PnepR2 using EcfG2). Thus, the 

EcfG2/EcfG1 transcription ratio ranged from 38.53-fold for PmltA2 to 2.77-fold for 

Pgsp. These results are in full agreement with those in Table 10 showing the ability 

of EcfG1 to drive in vivo transcription from these promoters. However, although 

EcfG2 always drove higher levels of transcription, in some cases they were only 

slightly higher than those driven by EcfG1. This may justify that EcfG1 could only 

recover the expression in vivo for some genes when ectopically expressed in the 

DecfG1DecfG2 mutant (Table 10) and the partial recovery of the stress resistance 

in that strain compared to the wild type (Fig. 31). 

 

 

 

 

 

 

 

nepR2  ACGCGGGGAACCTGCGGCCCCCTCTGTCGTTGCTTCGGAA 

gsp   GGATGAGCAACATTGCCGCCGCTGCCGCGTTGATCGGTCA 

SGRAN_2273 CTGCGGCAACTTTCGCGGCGCGCGGGCGGTTGTTCTCATG 

yiaD   GATTCTGGAACCAGATGCGCGGCCATATGTTATCGCCATG 

mltA2   GGCCGGGAACCTTTTTCGCCCTTCTCGCATTATGTCCGCA 

Consensus        GGAAC              c/gGTT 

      -35       N
16-17 

     -10         +1 

Figure 38. Alignment of all the promoter sequences selected to perform IVT experiments, 
representing the most frequent -35 and -10 boxes. The transcription start site is indicated in 
bold. 
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3.8. Role of the -10 box in the regulation by EcfG1 and EcfG2 

 Given that the relative contribution of each EcfG protein to the transcription 

seems to be promoter-specific, special attention was focused on the -10 element. 

This sequence is less conserved among the GSR promoters than the -35 

element, so considering that the -10 box plays a key role in the transcription 

initiation, and thus in the levels of transcription, the flexibility within that sequence 

might have been affecting the final output. In order to address this, IVT assays 

were performed with two types of mutant promoters: (i) mutating the CGTT 

consensus sequence in the Pgsp promoter to CATT or TGTT, and (ii) mutating the 

CATT and TGTT -10 boxes in the PmltA2 and PyiaD promoters, respectively, to the 

consensus CGTT box. Fig.40A shows that a single point mutation diverging from 

the consensus -10 sequence decreased the transcription levels with respect to 

the wild type Pgsp promoter. Coherently with this result, a change toward the 

consensus -10 box in the PmltA2 and PyiaD promoters clearly increased the 

transcription levels (Fig. 40B,C). 

 

 

 

 

Figure 39. Transcription obtained in vitro for promoters PnepR2, Pgsp, PSGRAN_2273, PyiaD and 
PmltA2 using the EcfG1 or the EcfG2 forms of the TFA RNAP holoenzyme in saturating 
concentrations of s factor (2.22 µM). The relative intensity of each of them is measured with 
respect to that obtained for PnepR2 with EcfG2. The intensity ratio between the transcription 
obtained with EcfG2 and that obtained with EcfG1 in each case is also indicated. 
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Figure R19. Transcription obtained in vitro for promoters PnepR2, Pgsp, PSGRAN_2273, PyiaD and
PmltA2 using the EcfG1 or the EcfG2 forms of the TFA RNAP holoenzyme in saturating
concentrations of s factor (2.22 µM). The relative intensity of each of them is measured with
respect to that obtained for PnepR2 with EcfG2. The intensity ratio between the transcription
obtained with EcfG2 and that obtained with EcfG1 in each case is also indicated.
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 Another observation obtained from this experiment is that, comparing 

promoters with the same -10 and -35 boxes but different spacer regions (e. g., 

comparing the wild type Pgsp promoter to the previously mentioned mutated 

versions of PyiaD and PmltA2 promoters, and vice versa), different levels of 

transcription were produced. This may indicate that the composition of the spacer 

region between the -10 and the -35 box would also contribute to the final 

transcriptional output. This might be due to additional functional sequences 

comprised in the spacer region, which would be unlikely in this case, given the 

nature of the EcfG1 and EcfG2 s factors. However, the intrinsic curvature and 

spatial conformation of the promoter as a whole could also affect the 

transcriptional output (Gaballa et al., 2018; Singh et al., 2011). To further explore 

this possibility, sense and antisense oligonucleotides containing the Pgsp, PmltA2 

and PyiaD promoters and their mutated versions were annealed to reconstitute the 
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Figure R20. Transcription obtained in vitro for promoters A) Pgsp, B) PmltA2 and C) PyiaD and
their respective mutated versions of the -10 box, introducing mismatches to the consensus in
the case of Pgsp and toward the consensus in the cases of PmltA2 and PyiaD. Saturating
concentrations of s factor (2.22 µM) were used. The relative intensity of each of them is
measured with respect to that obtained for the wild type version of each promoter transcribed
with EcfG2.

Figure 40. Transcription obtained in vitro for promoters A) Pgsp, B) PmltA2 and C) PyiaD and their 
respective mutated versions of the -10 box, introducing mismatches to the consensus in the 
case of Pgsp and toward the consensus in the cases of PmltA2 and PyiaD. Saturating 
concentrations of s factor (2.22 µM) were used. The relative intensity of each of them is 
measured with respect to that obtained for the wild type version of each promoter transcribed 
with EcfG2. 
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double-stranded promoter sequences, and were run in a native PAGE. Wild type 

and mutated versions of each promoter showed equal migration patterns (Fig. 

41). Furthermore, whereas the Pgsp and PyiaD promoters migrated similarly, the 

PmltA2 promoter appeared shifted with respect to the others, which could be 

indicative of a slightly different spatial conformation. Coherently with the IVT 

results, these differences may cause, to a certain extent, differences in the 

transcriptional output with respect to other promoters. However, this matter would 

need further experimental work to support this hypothesis. 

 

 
 

4. Characterisation of the anti-s factors NepR1 and NepR2 

 In some instances, nepR genes cannot be deleted and, when possible, 

their absence causes a derepression of the GSR under non-stress conditions 

(Lourenço et al., 2011; Bastiat et al., 2010). To address the possible role of each 

nepR paralog in the regulation of the GSR in TFA, different single and 

combinatory mutants were attempted to construct and their tolerance and 

expression phenotypes were studied, together with their interplay with EcfG1 and 

EcfG2 regarding their tolerance phenotypes. Additionally, both NepR proteins 

Figure 41. Promoter sequences Pgsp, PmltA2 and PyiaD, and mutated versions in the -10 box, 
run in a native 8% polyacrylamide gel. The promoter sequences comprised the same 
fragments used for IVT experiments. A straight horizontal line crossing the center of the band 
corresponding to the wild type Pgsp promoter serves as migration reference. M: molecular 
weight marker; 1: wild type Pgsp; 2: Pgsp-CATT; 3: Pgsp-TGTT; 4: wild type PmltA2; 5: PmltA2-CGTT; 
6: wild type PyiaD; 7: PyiaD-CGTT. 
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were purified for their in vitro characterisation regarding their interplay with EcfG1 

and EcfG2. 

 

4.1. Essentiality of NepR2 

 In order to construct both single DnepR1 and DnepR2 deletion mutants, 

the same general strategy as for the DecfG1 and the DecfG2 mutants was 

followed. Whereas the deletion of nepR1 could be performed as planned, in the 

case of the deletion of nepR2, all of the candidates that had suffered a second 

recombination (400 tested candidates) reverted to the wild type genotype. 

However, the whole nepR2ecfG1 operon could be deleted following the same 

procedure. Because of this, we hypothesised that the absence of nepR2 would 

result lethal for the cell, probably because of a hyperactivation of the GSR or an 

overtitration of the RNAP by either EcfG1 or EcfG2. Given that only ecfG1 is 

induced by the GSR, to some extent in an autoregulated manner, it could be 

possible that the autoinduction of EcfG1 without co-expression of the NepR2 anti-

s factor caused this lethality. To addressed this, the DnepR2ecfG1 mutant was 

transformed with different versions of a kanamycin-resistant replicative plasmid 

(pSEVA221) bearing: i) an empty multicloning site; ii) the ecfG1 ORF alone; iii) 

the ecfG1 ORF under the expression of its own autoinducible PnepR2 promoter; iv) 

or the ecfG1 ORF under the IPTG-inducible Ptrc promoter (bearing also the lacIq 

repressor), a construction previously used for complementation experiments 

ectopically producing EcfG1. After transforming 400 ng of each plasmid, serial 

dilutions of the reconstituted cell mixtures were plated, in the presence of IPTG, 

in MML supplemented with either Km (resistance marker of the plasmid) or Str 

(to which TFA is naturally resistant). Fig. 42 shows that the transformation 

frequency of the replicative plasmids was >10-4. However, that of the plasmid 

bearing ecfG1 bearing its own promoter was indistinguishable from the 

untransformed strain. This indicates that the uncontrolled autoinduction of ecfG1 

would cause the lethality in the absence of nepR2, impeding our attempts to 

obtain a stable DnepR2 mutant strain. 
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4.2. GSR activation in derepressed backgrounds 

 The absence of either NepR1 or NepR2, given their putative role as 

repressors, would theoretically provoke a derepression of the GSR. In order to 

address this, the nepR2::lacZ translational fusion was transformed and integrated 

in the chromosome of both the DnepR2ecfG1 and the DnepR1 mutants, as well 

as in the DnepR1DnepR2ecfG1 multiple mutant. Since these mutant strains could 

be affected in the moment of the activation of the GSR or in the final intensity of 

the response, only two time points, representing exponential and stationary 

phase, are shown (timepoints are detailed in Fig. 43 using the wild type strain as 

GGGAACCTGCGGCCCCCTCTGTCGTTGCTTCGGAA
-10-35 +1

ecfG1nepR2

PnepR2

102 103 104 105 108 109

DnepR2ecfG1

DnepR2ecfG1/pSEVA221

DnepR2ecfG1/ecfG1

DnepR2ecfG1/PnepR2::ecfG1

DnepR2ecfG1/lacIq-Ptrc::ecfG1

Km/IPTG Sm/IPTG

Figure R22. Experiment to evaluate the essentiality of nepR2 in TFA. A) Schematic of the
nepR2ecfG1 operon, which is transcribed under the GSR-dependent (thus self-regulated by
EcfG1) promoter PnepR2. B) Capability of the DnepR2ecfG2 mutant strain to stabilise different
version of the plasmid pSEVA221 after transformation. Besides the control vector, the mutant
was transformed with other vector variants carrying either the ecfG1 open reading frame
alone, ecfG1 under its own promoter (PnepR2) or ecfG1 under the regulation of the lacIq-Ptrc
system, always in the absence of nepR2. Reconstituted cells were plated in serial dilutions
on complex mineral medium MML supplemented with IPTG 1 mM and Km (resistance
marker of pSEVA221) or Sm as viability control. An untransformed DnepR2ecfG2 mutant was
used as negative control.

A 

B 

Figure 42. Experiment to evaluate the essentiality of nepR2 in TFA. A) Schematic of the 
nepR2ecfG1 operon, which is transcribed under the GSR-dependent (thus auto-regulated by 
EcfG1) promoter PnepR2. B) Capability of the DnepR2ecfG1 mutant strain to stabilise different 
version of the plasmid pSEVA221 after transformation. Besides the control vector, the mutant 
was transformed with other vector variants carrying either the ecfG1 open reading frame 
alone, ecfG1 under its own promoter (PnepR2) or ecfG1 under the regulation of the lacIq-Ptrc 
system, always in the absence of nepR2. Reconstituted cells were plated in serial dilutions on 
complex mineral medium MML supplemented with IPTG 1 mM and Km (resistance marker of 
pSEVA221) or Sm as viability control. An untransformed DnepR2ecfG2 mutant was used as 
negative control. 
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example). Then, their b-galactosidase activity was measured in exponential and 

stationary phase using BHB 8 mM as carbon source and compared to that 

obtained with the wild type strain and the DecfG1 mutant. These results are 

shown in Fig. 44. The DnepR1 mutant presents a derepressed GSR in 

exponential phase, as indicated by the levels of b-galactosidase activity, that 

slightly increases in stationary phase, showing overall mildly higher levels than 

the wild type strain in stationary phase. On the other hand, the DnepR2ecfG1 was 

still able to repress the GSR in exponential phase to similar level than the wild 

type and the DecfG1 mutant. However, in stationary phase, it showed nearly twice 

the activity of the wild type strain, indicating a possible role of NepR2 in controlling 

the maximum activation of the GSR. In the case of the DnepR1DnepR2ecfG1 

mutant, in which a constitutively active EcfG2 would be alone to activate the 

response, a total derepression was observed, presenting approximately 40-fold 

more activity than the wild type strain in exponential phase, which continued to 

accumulate in stationary phase to even higher levels. This suggests that NepR1 

plays a key role in the global repression of the GSR in TFA in the absence of 

stress, and hence in the initial activation, although NepR2 appears to be 

important for controlling the extent of the GSR once the response is triggered, 

above all in the absence of NepR1. 
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4.3. NepR-EcfG interplay in expression and stress resistance phenotypes  

 In order to study how NepR1 interacts with each of the EcfG s factors from 

the point of view of the GSR activation and the stress resistance, the two possible 

combinations of double mutants were constructed (namely, DnepR1DecfG1 and 

DnepR1DecfG2). Also, as a negative control, a DnepR1DecfG1DecfG2 triple 

Figure 43. b-galactosidase activity (whole line) from the nepR2::lacZ translational fusion in a 
wild type background measured throughout a growth curve (dotted line) in minimal medium 
using BHB 8 mM as carbon source. The selected timepoints for comparison of exponential 
phase (10 h) and stationary phase (58 h) are specified with arrows. 
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Figure R23. b-galactosidase activity (whole line) from the nepR2::lacZ translational fusion in
a wild type background measured throughout a growth curve (dotted line) in minimal medium
using BHB 8 mM as carbon source. The selected timepoints for comparison of exponential
phase (10 h) and stationary phase (58 h) are specified with arrows.

Figure 44. b-galactosidase activity from the nepR2::lacZ translational fusion in different 
DnepR mutant backgrounds compared to the wild type and the DecfG1 mutant. The activity 
was measured in exponential (whole bars) and stationary phase (striped bars). 
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Figure R24. b-galactosidase activity from the nepR2::lacZ translational fusion in different
DnepR mutant backgrounds compared to the wild type and the DecfG1 mutant. The activity
was measured in exponential (whole bars) and stationary phase (striped bars).
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mutant, which was expected to be unable to activate the GSR, was constructed. 

As previously done to describe the behaviour of other mutant strains, a plasmid 

bearing a GSR-responsive nepR2::lacZ translational fusion was transformed into 

these strains and its insertion in the chromosome by recombination was selected. 

Then, their b-galactosidase activity was measured in exponential and stationary 

phase using BHB 8 mM as carbon source and compared to that obtained with 

the wild type strain and the different single mutants (namely, DnepR1, DecfG1 

and DecfG2). As indicated in Fig. 45, the DnepR1DecfG1 double mutant showed 

a derepression in exponential phase, which is reflected by an activity of around 

4-fold that of the wild type TFA. However, in stationary phase, DnepR1DecfG1 

mutant reached an activity similar to that of the DecfG1 mutant, supporting the 

hypothesis that NepR1 would control the initial activation of the GSR, but not the 

maximum activity, which would be defined by the EcfG1 amplification of the 

response and the interplay of NepR2 with EcfG1 and EcfG2. In the case of the 

DnepR1DecfG2 double mutant, both activity measurements, in exponential and 

stationary phase, exceeded those of the wild type strain and the derepressed 

DnepR1 single mutant in either condition, with higher levels of activity reached in 

stationary phase though. In this scenario, the absence of NepR1 would partially 

release EcfG1 from repression, allowing sublethal levels of ecfG1 autoinduction, 

thus drastically increasing the levels of activity obtained from the PnepR2 promoter. 

Also, NepR2 could have a contribution to the inhibition of EcfG2, specially in 

stationary phase when the response is already active. As expected, null levels of 

activity were measured for the DnepR1DecfG1DecfG2 triple mutant in either 

condition. Altogether, this would indicate a dual interaction of NepR1 with both 

EcfG1 and EcfG2, and would confirm the role of NepR2 in controlling the ecfG1 

autoinduction. However, the interpretation of these results can be incomplete, 

since the complex interplay among the elements of this regulatory pathway is 

challenging in vivo. The implications of these results are argued in more detail in 

the discussion of this dissertation considering further information obtained in vitro. 
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 To address if this derepression affected the levels of stress resistance 

(which would mean that it would not only affect the transcription from the PnepR2 

promoter, but of the whole GSR regulon), the aforementioned multiple mutants 

were subjected to stress resistance assays on plates using copper sulphate and 

salt as stressors (heavy metal and osmotic stress, respectively). As controls, the 

DnepR1DecfG1DecfG2 mutant, unable to activate the GSR, and the DnepR1 

mutant, with a derepressed GSR in the absence of stress, were used. The results, 

shown in Fig. 46, indicate that the DnepR1DecfG1 mutant reaches higher levels 

of tolerance than the wild type TFA and the derepressed DnepR1 mutant strain 

in both conditions. In contrast, the DnepR1DecfG2 double mutant, which showed 

the most marked derepression levels in the b-galactosidase activity 

measurements, only reached an intermediate level of tolerance to copper 

sulphate between the wild type strain and the DnepR1 mutant, and presented 

lower resistance to osmotic stress than the wild type TFA. All in all, these results 

would confirm that, regardless of the levels of expression reached by the activity 

of EcfG1, at least in the case of the PnepR2 promoter, EcfG2 would still have the 

leading role in the activation of the GSR. 

  

 

Figure 45. b-galactosidase activity from the nepR2::lacZ translational fusion in different 
DnepR1 mutant backgrounds compared to the wild type and the DecfG1 and DecfG2 single 
mutants. The activity was measured in exponential (whole bars) and stationary phase (striped 
bars). 
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Figure R25. b-galactosidase activity from the nepR2::lacZ translational fusion in different
DnepR1 mutant backgrounds compared to the wild type and the DecfG1 and DecfG2 single
mutants. The activity was measured in exponential (whole bars) and stationary phase
(striped bars).
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4.4. NepR1 and NepR2 purification 

 To further address the interplay between the NepR1 and NepR2 anti-s 

factors and the EcfG1 and EcfG2 s factors in vitro, both NepR1 and NepR2 were 

overexpressed and purified. As in the case of EcfG1 and EcfG2, the IMPACT 

system was used for their purification. Again, the nepR1 and nepR2 coding 

regions were cloned in the vector pTYB21, resulting in plasmids pMPO1434 and 

pMPO1435, respectively. In each case, the plasmid bore the open reading frame 

of the respective nepR gene, so that their expression would produce a chimeric 

protein with the intein-CBD tag fused to the N-terminal end of NepR1 and NepR2 

for their further purification (Fig. 47). In this case, the resulting proteins would 

have a theoretical molecular weight of 62 kDa and 63 kDa, respectively (56 kDa 

corresponding to the intein-CBD tag plus 6 kDa and 7 kDa corresponding to 

NepR1 and NepR2, respectively). In the preliminary optimisation of these 

overexpression and purification experiments, several modifications, which are 

indicated below, needed to be introduced in the protocol with respect to the 

methodology followed for EcfG1 and EcfG2. 

Figure 46. Stress resistance phenotypes of the DnepR1 mutant and its combinations with 
different DecfG mutations compared to the wild type TFA. The phenotypes tested were 
resistance to CuSO4 3.5 mM and NaCl 600 mM. 
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Figure R26. Stress resistance phenotypes of the DnepR1 mutant and its combinations with
different DecfG mutations compared to the wild type TFA. The phenotypes tested were
resistance to CuSO4 3.5 mM and NaCl 600 mM.
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4.4.1. Overexpression of NepR1 and NepR2 

 Both plasmids, pMPO1434 and pMPO1435, were transformed in E. coli 

ER2566 for the overexpression of NepR1 and NepR2, and the resulting plasmid-

bearing strains were grown and protein expression induced as explain in 

Materials and Method (section 4.4.2). In the first overexpression and purification 

attempts for NepR1 and NepR2, it was observed that the purified protein yield 

obtained was much lower compared to those obtained for EcfG1 and EcfG2. To 

allow a more efficient expression, the induction step was performed at 20 ºC. 

However, the majority of the protein produced was lost in the clarification of the 

cell lysates, probably due to its aggregation. Because of this, in order to increase 

the total amount of input protein in the column, the total volume of culture induced 

was raised from 400 ml to 2 l in the case of NepR1 and 1 l in the case of NepR2, 

keeping the induction at 16 ºC for 16 h. Since it was observed that the protein 

yield was higher when inducing at higher OD, the addition of IPTG 0.5 mM was 

done after the cultures reached an OD of 0.7. 

 To evaluate the efficiency of the protein expression, samples were 

harvested before and after the induction, and equivalent biomass amounts were 

run in an SDS-PAGE (Fig. 48). After applying these changes in the protocol, both 

fusion proteins (intein-CBD-NepR1 and intein-CBD-NepR2) were expressed in 

sufficient amounts, so the harvested cells were further processed following the 

protein purification protocol. 

PT7 VMA1 intein 

lacO CBD nepR1 
nepR2 

Figure 47. Schematic of the chimeric gene used for overexpression and purification of NepR1 
and NepR2 borne in the pTYB21 plasmid backbone. The chimeric gene is transcribed under 
the PT7 promoter and regulated by the LacIq-lacO system by IPTG induction (lacIq is encoded 
elsewhere in the plasmid). The chimeric gene is formed by a region encoding the VMA1 intein 
(dark blue), which contains a chitin binding domain (CBD, green) and the nepR1 or nepR2 
gene (light blue), depending on the vector (pMPO1434 or pMPO1435, respectively). 
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4.4.2. Purification of NepR1 and NepR2 

 NepR1 and NepR2 were purified in two different experiments. Cells were 

lysed, protein extracts were clarified and the protein construct was incubated for 

its binding to the chitin resin as explained in detail in Materials and Methods 

(section 4.4.2). Extract samples withdrawn before and after passing through the 

purification resin were run in an SDS-PAGE to evaluate the efficiency of the 

affinity binding to the resin (Fig. 49). 

 In the preliminary purification experiments of NepR1 and NepR2, as 

previously done for EcfG1 and EcfG2, the resin with the tagged NepR1 and 

NepR2 proteins was soaked with 10 ml column buffer containing DTT 50 mM to 

induce the self-cleavage. 10 ml of column buffer containing the native NepR1 and 

NepR2 proteins were recovered and subjected to dialysis and concentration 

afterwards. However, most of the NepR1 and NepR2 yield was lost in the 

concentration by centrifugation, probably due to their small size. Alternatively, to 

avoid further concentration steps, the protein-bound resin was flushed directly 

with TEDG buffer supplemented with DTT 50 mM right to the level of the resin to 

release the native target protein as previously explained. 

 

 

Figure R28. SDS-PAGE for evaluation of the overexpression of the chimeric proteins A)
intein-CBD-NepR1 and B) intein-CBD-NepR2, by comparing a sample withdrawn before
induction (1) with another sample obtained after induction (2). Arrows indicate in each case
the overexpressed protein. M: molecular weight marker, indicated in kDa.
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Figure 48. SDS-PAGE for evaluation of the overexpression of the chimeric proteins A) intein-
CBD-NepR1 and B) intein-CBD-NepR2, by comparing a sample withdrawn before induction 
(1) with another sample obtained after induction (2). Arrows indicate in each case the 
overexpressed protein. M: molecular weight marker, indicated in kDa. 

M 1 2 M 1 2 B 
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 The column volume containing either NepR1 or NepR2 was harvested in 

two fractions of 1-1.5 ml and the content in each of them was evaluated on an 

SDS-PAGE (Fig. 50). Once the protein recovery was checked, protein mixtures 

were mixed and dialyzed against TEDG buffer to remove the DTT from the 

solution. The resulting protein mixtures were quantified by densitometry in an 

SDS-PAGE compared to a BSA pattern and their purity was assessed (Fig. 51). 

In this case, the purity with respect to the total mass of protein was around 50%, 

due to the small size of both NepR1 and NepR2. Nevertheless, in terms of molar 

concentration, both proteins presented a satisfactory yield. Final concentration of 

NepR1 and NepR2 were measured as 70 µM and 80 µM, respectively. In order 

to maintain a concentration high enough for subsequent experiments, no glycerol 

was added to the protein mixtures, keeping the 10% of glycerol already present 

in the TEDG buffer. Finally, the protein preparations were stored at -80 ºC. 

 

Figure R29. SDS-PAGE for evaluation of the binding of the chimeric proteins A) intein-CBD-
NepR1 and B) intein-CBD-NepR2 to the chitin resin used for chromatographic purification by
comparing an extract sample withdrawn before the incubation with the resin (1) with another
sample obtained after the incubation (2). Arrows indicate in each case the overexpressed
protein, which disappears from the extract after the incubation. M: molecular weight marker.
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Figure 49. SDS-PAGE for evaluation of the binding of the chimeric proteins A) intein-CBD-
NepR1 and B) intein-CBD-NepR2 to the chitin resin used for chromatographic purification by 
comparing an extract sample withdrawn before the incubation with the resin (1) with another 
sample obtained after the incubation (2). Arrows indicate in each case the overexpressed 
protein, which disappears from the extract after the incubation. M: molecular weight marker, 
indicated in kDa. 
 

2 M 1 2 M 1 
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4.5. In vitro characterisation of the NepR-EcfG interplay 

4.5.1. Protein-protein interactions between the possible NepR-EcfG pairs 

Previous studies describing the regulation of the GSR in 

Alphaproteobacteria revealed the EcfG inhibition by NepR occurs by a direct 

protein-protein interaction. Since TFA encodes two paralogs of each of these 

proteins and their mutations (when possible) result in various phenotypes, 

differences in the interactions among them were expected. To characterise the 

Figure R31. SDS-PAGE for evaluation of result of the concentration and purity of A) NepR1
and B) NepR2 before storage at -80 ºC. 1 µl (1) and 3 µl (2) of NepR1 and NepR2 were
loaded. Concentration was calculated by densitometry by comparison with a BSA pattern
curve (P1: 0.135 µg; P2: 0.405 µg; P3: 0.675 µg; P4: 1.35 µg). M: molecular weight marker,
indicated in kDa.
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Figure 51. SDS-PAGE for evaluation of the concentration and purity of A) NepR1 and B) 
NepR2 before storage at -80 ºC. 1 µl (1) and 3 µl (2) of NepR1 and NepR2 were loaded. 
Concentration was calculated by densitometry by comparison with a BSA pattern curve (P1: 
0.135 µg; P2: 0.405 µg; P3: 0.675 µg; P4: 1.35 µg). M: molecular weight marker, indicated in 
kDa. 

Figure R30. SDS-PAGE for evaluation of the release of the native proteins A) NepR1 and B)
NepR2 by autocleavage form the intein-CBD tag bound to the chitin resin. 2 µl of each of the
2 fractions obtained (numbered 1 and 2 in the order in which they were withdrawn from the
column) were loaded. M: molecular weight marker.
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Figure 50. SDS-PAGE for evaluation of the release of the native proteins A) NepR1 and B) 
NepR2 by autocleavage form the intein-CBD tag bound to the chitin resin. 2 µl of each of the 
2 fractions obtained (numbered 1 and 2 in the order in which they were withdrawn from the 
column) were loaded. M: molecular weight marke, indicated in kDa. 
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four possible NepR-EcfG interactions in TFA (NepR1 with EcfG1 or EcfG2 and 

NepR2 with EcfG1 or EcfG2) a protein-protein interaction analysis was performed 

using the surface plasmon resonance (SPR, BIAcoreTM) technology (further 

details on the functioning of this device are given in ‘Materials and Methods’). 

This technique allows the study of the interaction between two molecules and 

provides a dissociation constant (KD) that describes that interaction. 

After the immobilisation of either NepR1 or NepR2 in the flow cell 2 of a 

CM5 chip (using the flow cell 1 as reference), different concentrations of either 

EcfG1 or EcfG2, using TEDG as running buffer, were injected for their analysis, 

obtaining the sensograms shown in Fig. 52. Using the evaluation software, the 

interaction data obtained for each NepR-EcfG pair were fitted to 1:1 binding 

model, resulting in the dissociation constants shown in Table 12. The results 

indicate that NepR1 has a higher inhibitory potential on both EcfG proteins than 

NepR2, given that the first one shows a lower KD for both s factors. Specifically 

for each NepR protein, NepR1 is able to interact more efficiently with EcfG1 than 

with EcfG2, whereas NepR2 shows the opposite tendency and would inhibit 

better the activity of EcfG2 than the activity of EcfG1. 



  Results 

 147 

  

NepR1-EcfG1 

Time (s) 

R
es

po
ns

e 
un

its
 

NepR1-EcfG2 

Time (s) 

R
es

po
ns

e 
un

its
 

A 

B 



Results 

 148 

 
NepR2-EcfG1 

Time (s) 

R
es

po
ns

e 
un

its
 

NepR2-EcfG2 

Time (s) 

R
es

po
ns

e 
un

its
 

C 

D 

Figure 52. Sensograms obtained by SPR showing the interaction of the protein pairs A) 
NepR1-EcfG1, B) NepR1-EcfG2, C) NepR2-EcfG1 and D) NepR2-EcfG2. The concentrations 
of EcfG1 and EcfG2 injected in the flow cell, indicated colour-wise for each sensogram, ranged 
from 60 nM to 0.235 nM, except for the NepR2-EcfG2 pair, which ranged from 60 nM to 0.469 
nM. 
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KD (nM) EcfG1 EcfG2 
NepR1 2.0 ± 0.8 14.2 ± 2.0 
NepR2 38.8 ± 3.2 23.5 ± 2.1 

 

4.5.2. Transcriptional output of the NepR-EcfG interplay 

 The eventual goal of the NepR-EcfG interaction is the control of the GSR 

transcriptional output. In order to study the transcriptional consequences of the 

different NepR-EcfG interactions that occur in TFA, the four possible pairs were 

reconstituted in IVT reactions adding increasing concentrations of each NepR 

protein. As reporter, the PnepR2 promoter was selected, since it shows a similar 

ability to be targeted by either EcfG1 or EcfG2 at the s factor concentration used 

in this experiment. After preliminary assays to adjust protein concentrations and 

using the previous SPR results as a guide, higher proportions of NepR2 with 

respect to each EcfG protein had to be used to achieve a substantial inhibition. 

The results, shown in Fig. 53, clearly reflect the interaction kinetics reported by 

the SPR assays. NepR1 was able to abolish transcription nearly on a 1:1 

molecular proportion with respect to EcfG1 and EcfG2, whereas a 10:1 molecular 

proportion of NepR2 in the NepR2-EcfG pairs was not enough to completely 

inhibit transcription from the PnepR2 promoter. This confirms the role of NepR1 as 

the main negative regulator of the GSR in TFA. 

Table 12. Dissociation constants (KD) calculated by fitting the binding results obtained by SPR 
to a 1:1 interaction model for the different NepR-EcfG pairs. 

Ec
fG
1 0 0.5 1.5 3.0 0 2.5 5.0 10.0

NepR1 NepR2

Ec
fG
2 0 0.5 1.5 3.0 0 2.5 5.0 10.0

NepR1 NepR2

Figure R33. IVT reactions using A) EcfG1 or B) EcfG2 as s factor adding increasing
concentrations of the anti-s factors NepR1 or NepR2 compared to each EcfG s factor alone.
The NepR molecular proportions with respect to the s factor (0.2 µM), indicated on each
lane, were 0.5, 1.5 and 3.0 for NepR1 and 2.5, 5.0 and 10.0 for NepR2.

100 91.6 ± 6.4 7.2 ± 3.1 1.5 ± 0.5 100 76.5 ± 3.7 57.3 ± 4.5 25.1 ± 4.8

100 66.9 ± 8.4 3.8 ± 6.3 5.3 ± 0.8 100 33.5 ± 6.0 28.7 ± 5.1 15.3 ± 4.6

A 

B 

Figure 53. IVT reactions using A) EcfG1 or B) EcfG2 as s factor adding increasing 
concentrations of the anti-s factors NepR1 or NepR2 compared to each EcfG s factor alone. 
The NepR molecular proportions with respect to the s factor (0.2 µM), indicated on each lane, 
were 0.5, 1.5 and 3.0 for NepR1 and 2.5, 5.0 and 10.0 for NepR2. Quantifications are referred 
to that of the transcription obtained in the absence of NepR. 
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4.6. In vivo quantification of the NepR and EcfG proteins 

 Different gene expression experiments revealed that various nepR 

mutants were affected differently either in exponential or stationary phase (Fig. 

44). Also, in vitro assays suggest that the in vivo inhibition of the GSR under non-

stress conditions could be strongly dependent on the relative concentration of 

both EcfG1 and EcfG2 s factors and both NepR1 and NepR2 anti-s factors. 

Previously, the dRNA-seq experiment comparing cells grown to stationary phase 

to cells in exponential phase showed that the transcription of ecfG2, which lacks 

a GSR-dependent promoter, does not change significantly (de Dios et al., 2020 

(Supplementary information)). This what also confirmed by RT-qPCR (Table R6). 

In contrast, the transcription of nepR2 and ecfG1 increases dramatically 

(although to a different extent), since they form an operon transcribed under a 

canonical GSR-dependent promoter. On the other hand, nepR1, which might be 

transcribed from two putative GSR-dependent promoters (both of them 

suboptimal, shown in Fig. 22A), showed a mild increase in transcription. In order 

to have an indication of the protein proportions maintained in vivo in exponential 

phase (inactive GSR) and stationary phase (active GSR), four strains were 

constructed bearing 3xFLAG epitope in the C-terminal end of either EcfG1, 

EcfG2, NepR1 or NepR2 in a wild type background. Afterwards, cultures were 

grown and samples were withdrawn in exponential (in minimal medium with BHB 

40 mM as carbon source after reaching an OD of 0.8) and stationary phase (in 

minimal medium with BHB 20 mM as carbon source after 30 h of growth) for 

protein quantification by Western blotting. As shown in Fig. 54, all the proteins 

tested were induced in stationary phase with respect to exponential phase. The 

results indicate that NepR1 alone (since NepR2 is not detected with the amount 

of total protein loaded) is able to keep the GSR off in the absence of stress. Also, 

the high induction of NepR2 in stationary phase would serve to reach an inhibitory 

concentration of this anti-s factor, preventing an overactivation of the GSR as a 

result of its positive autoregulation. Surprisingly, EcfG2 was also accumulated in 

stationary phase, which contrasts the aforementioned transcription 

quantifications of its coding gene. This might be due to an enhanced translation 

of the ecfG2 mRNA or to a higher stability of the protein in stationary phase. 
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5. Characterisation of the response regulators PhyR1 and PhyR2 

 As described in other alphaproteobacterial species, PhyR response 

regulators act as anti-anti-s factors, since they titrate their cognate NepR partner 

upon phosphorylation to release EcfG, hence, activating the GSR. Normally, 

phyR mutations lead to similar phenotypes to the ones showed by ecfG mutants. 

Nevertheless, TFA encodes two PhyR paralogs that may interact with two 

possible NepR partners, which may subsequently regulate two possible EcfG 

proteins, increasing the regulatory possibilities. To address the role of PhyR1 and 

PhyR2 in the GSR regulatory cascade in TFA, different single and double mutants 

were constructed and their stress resistance and expression phenotypes were 

studied. Besides, both PhyR1 and PhyR2 proteins were purified and their role in 

the transcriptional activation of the GSR was addressed in vitro, reconstructing 

this regulatory pathway in an IVT system for the first time. 

 

5.1. Role of PhyR1 and PhyR2 in the stress resistance 

 Given its role as anti-anti-s factor, in the absence of PhyR, the EcfG s 

factor would be permanently bound by its cognate NepR anti-s factor, even under 

stress conditions. To address this feature in the case of TFA, in which two PhyR 

proteins participate in the regulation, different in-frame deletion phyR mutants 

were constructed by double recombination, together with a double mutant strain. 

Then, their stress resistance was tested by measuring the viability of the different 

Figure 54. Western blot detection with a monoclonal anti-FLAG antibody of EcfG1, EcfG2, 
NepR1 and NepR2, all of them tagged in the C-terminal end with a 3xFLAG epitope, in 
exponential (1) and stationary phase (2). Fold-induction is indicated for each protein as the 
amount of protein detected in stationary phase with respect to exponential phase. 10 µg of 
total protein were loaded in each lane. M: molecular weight marker, indicated in kDa; C: 10 
µg of a total protein sample from an untagged TFA strain loaded as negative control. 

EcfG1 EcfG2
M C 1 2 1 2 1 2 1 2

Figure R35. Western blot detection with a monoclonal anti-FLAG antibody of EcfG1, EcfG2,
NepR1 and NepR2, all of them tagged in the C-terminal end with a 3xFLAG epitope, in
exponential (1) and stationary phase (2). 10 µg of total protein were loaded in each lane. M:
molecular weight marker; C: 10 µg of a total protein sample from an untagged TFA strain
loaded as negative control.
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mutant strains in the presence of copper sulphate, osmotic stress (salt) and 5-h 

desiccation compared to the wild type TFA and the DecfG1DecfG2 double 

mutant, which is totally impaired in the activation of the GSR (Fig. 55A,B). Also, 

comparing with the same control strains, the ability of the phyR mutants to 

recover from oxidative shock was tested (Fig. 55C). In this case, different 

phenotypes can be observed depending on the mutated phyR gene. The DphyR1 

mutant is impaired in the resistance to oxidative stress (H2O2) and the DphyR2 

mutant seems nearly unaffected, whereas the tendency is completely the 

opposite in the presence of copper sulphate. Regarding the osmotic stress 

resistance, both phyR need to be mutated to show an increased sensitivity 

compared to the wild type. Finally, in the case of the desiccation stress, both 

phyR single mutants appear affected compared to the wild type, with slightly 

higher sensitivity showed by the DphyR1 mutant as compared to the DphyR2 

mutant. In all the cases, the DphyR1DphyR2 double mutant shows an increased 

sensitivity than the single mutants, without reaching the levels of sensitivity of the 

DecfG1DecfG2 mutant. 

 Altogether, these results indicate a certain degree of specialization of 

PhyR1 and PhyR2 in the stress signalling. Given the mechanism by which PhyR 

proteins function, the specialization may come from upstream in the cascade (the 

histidine kinases, which are the actual stress sensors). Then, the relationships 

between PhyR1 and PhyR2 and the following elements in the signalling (NepR1 

and NepR2) may modulate the activity of the GSR according to the nature of the 

stress that triggered it. 
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5.2. GSR activation pattern in the phyR mutant backgrounds  

 In order to start to figure out the role of PhyR1 and PhyR2 in the 

transcriptional activation of the GSR in TFA, the nepR2::lacZ translational fusion 

was transformed and integrated in the chromosome of the phyR mutant strains. 

Then, their b-galactosidase activity was measured in exponential and stationary 

phase using BHB 8 mM as carbon source and compared to that obtained with 

the wild type strain and the DecfG1DecfG2 mutant (Fig. 56). The DphyR1DphyR2 

mutant showed a similar phenotype than that of the DecfG1DecfG2 mutant, 

A 

B C 

TFA

ΔphyR1

ΔphyR2

ΔecfG1
ΔecfG2

ΔphyR1
ΔphyR2

102 103 104 105 102 103 104 109 1010

CuSO4 3.5 mM NaCl 600 mM Control

-10 0 10 20
Recovery (%)

TFA

ΔphyR1

ΔphyR2

ΔecfG1
ΔecfG2

ΔphyR1
ΔphyR2

105 106 107 108 109

5 h desiccation Control

TFA

ΔphyR1

ΔphyR2

ΔecfG1
ΔecfG2

ΔphyR1
ΔphyR2

Figure R36. Stress resistance phenotypes of the DphyR1 and DphyR2 single mutants and
the DphyR1DphyR2 double mutant compared to the wild type TFA and the DecfG1DecfG2
double mutant as negative control. The phenotypes tested were A) resistance to CuSO4 3.5
mM and NaCl 600 mM, B) exposure to desiccation during 5 h and C) recovery of the growth
after the addition of H2O2 10 mM. The recovery from the oxidative shock was measured as
the percentage difference of OD in the treated culture before the addition of H2O2 and 5 h
after treatment compared to the untreated reference.

Figure 55. Stress resistance phenotypes of the DphyR1 and DphyR2 single mutants and the 
DphyR1DphyR2 double mutant compared to the wild type TFA and the DecfG1DecfG2 double 
mutant as negative control. The phenotypes tested were A) resistance to CuSO4 3.5 mM and 
NaCl 600 mM, B) exposure to desiccation during 5 h and C) recovery of the growth after the 
addition of H2O2 10 mM. The recovery from the oxidative shock was measured as the 
percentage difference of OD in the treated culture before the addition of H2O2 and 5 h after 
treatment compared to the untreated reference. 
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although still keeping a little bit of activity. In the case of the DphyR2 mutant, a 

similar expression pattern than that of the DecfG1 mutant was observed, with a 

mild decrease of the activity compared to the wild type TFA. In contrast, the 

DphyR1 mutant presented a marked decrease in the level of activity in 

comparison with the wild type, although still higher than that shown by the DecfG2 

mutant (Figure R7). This would indicate that PhyR1 is more proficient than PhyR2 

in the signalling, at least under carbon starvation conditions, resulting in a 

stronger activation of the GSR through that regulator.  

 

 

 The fact that the phenotype of the phyR mutants does not show a complete 

parallelism with the phenotype of the ecfG mutants support the hypothesis that 

this GSR signalling pathway does not consist in two independent paralogous 

cascades (PhyR1-NepR1-EcfG2 and PhyR2-NepR2-EcfG1) in vivo. Instead, the 

cross-talks at the PhyR-NepR and NepR-EcfG levels may be modulating the 

transcriptional output of the GSR, and thus, its intensity. A level of activity 

significantly higher in the DphyR1 mutant than that of the DecfG2 mutant suggests 

that PhyR2 is able to activate through both EcfG1 and EcfG2, although the activity 

measured in the DphyR2 mutant may suggest that its signalling is mainly 

forwarded to EcfG1. To further explore this and confirm that PhyR2 is able to 

activate through EcfG2, a DecfG1DphyR1 double mutant was constructed, the 

Figure 56. b-galactosidase activity from the nepR2::lacZ translational fusion in the different 
DphyR mutant backgrounds compared to the wild type and the DecfG1DecfG2 mutant. The 
activity was measured in exponential (whole bars) and stationary phase (striped bars). 

0

500

1000

1500

b -
ga

la
ct

os
id

as
e 

ac
tiv

ity
(M

.U
.)

TFA DecfG1
DecfG2

DphyR1 DphyR2 DphyR1
DphyR2

Figure R37. b-galactosidase activity from the nepR2::lacZ translational fusion in the different
DphyR mutant backgrounds compared to the wild type and the DecfG1DecfG2 mutant. The
activity was measured in exponential (whole bars) and stationary phase (striped bars).
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nepR2::lacZ translational fusion was inserted in its chromosome and its b-

galactosidase activity was measured in the aforementioned conditions and 

compared to that of the wild type and the DecfG1 and the DphyR1 single mutants 

(Fig. 57). The DecfG1DphyR1 double mutant showed a lower level of activity 

compared to the DphyR1 mutant in a similar proportion to that observed for the 

DecfG1 mutant compared to the wild type. This clearly indicates that PhyR2 is 

able to activate the GSR through EcfG2. As in the case of PhyR1, the ability of 

PhyR2 to activate the GSR would be determined by its ability to interact with 

NepR1 and NepR2 once phosphorylated. To continue to address the role of these 

two proteins in the GSR signalling pathway, both of them were purified to study 

their interaction with NepR1 and NepR2 and their contribution to the 

transcriptional output of the GSR in vitro. 

 

 

5.3. PhyR1 and PhyR2 protein purification 

 As in the previous cases, the IMPACT kit was used for the purification of 

PhyR1 and PhyR2. In this occasion, the coding regions of phyR1 and phyR2 were 

cloned in the vector pTXB1, resulting in plasmids pMPO1436 and pMPO1437, 

respectively. With this vector, the expressed chimeric proteins would bear a GyrA 

miniintein-CBD tag in the C-terminal end. A different end for the fusion was 

Figure 57. b-galactosidase activity from the nepR2::lacZ translational fusion in the 
DecfG1DphyR1 mutant background compared to the wild type and the DecfG1 and DphyR1 
single mutants. The activity was measured in exponential (whole bars) and stationary phase 
(striped bars). 
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Figure R38. b-galactosidase activity from the nepR2::lacZ translational fusion in the
DecfG1DphyR1 mutant background compared to the wild type and the DecfG1 and DphyR1
single mutants. The activity was measured in exponential (whole bars) and stationary phase
(striped bars).
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selected for PhyR1 and PhyR2 because both of them have an Ala residue in the 

C-terminal end, which allows a more efficient self-cleavage of the intein-CBD tag 

than the Met residue in the N-terminal end (Fig. 58). The resulting chimeric 

proteins would have a theoretical molecular weight of 56 kDa and 57 kDa (28 

kDa corresponding to the intein-CBD tag plus 28 kDa and 29 kDa corresponding 

to PhyR1 and PhyR2, respectively). For various reasons detailed below, the 

overexpression and purification protocol had to be modified with respect to that 

used for the overexpression and purification of EcfG1 and EcfG2. 

 

 

5.3.1. Overexpression of PhyR1 and PhyR2 

 Both plasmids, pMPO1436 and pMPO1437, were transformed in E. coli 

ER2566 for the overexpression of PhyR1 and PhyR2, and the resulting plasmid-

bearing strains were grown and protein expression induced as explain in 

Materials and Method (section 4.4.3). In preliminary overexpression and 

purification attempts for PhyR1 and PhyR2, it was observed that the 

overexpression yield obtained was much lower compared to those obtained for 

EcfG1 and EcfG2, specially for PhyR1. Alternatively, the same induction 

conditions performed for NepR1 and NepR2 were attempted (IPTG 0.5 mM 

added at an OD of 0.7 and incubation at 16 ºC for 16 h), obtaining a higher yield. 

Nevertheless, the overexpression yield obtained for PhyR1 was still deficient 

compared to those of PhyR2, so the final volumes used for the overexpression 

were 4 l for PhyR1 and 2 l for PhyR2.  

PT7 gyrA
miniintein

lacO CBDphyR1
phyR2

Figure R39. Schematic of the chimeric gene used for overexpression and purification of
PhyR1 and PhyR2 borne in the pTXB1 plasmid backbone. The chimeric gene is transcribed
under the PT7 promoter and regulated by the LacIq-lacO system by IPTG induction (lacIq is
encoded elsewhere in the plasmid). The chimeric gene is formed by a region encoding the
GyrA miniintein (dark blue), which contains a chitin binding domain (CBD, green) and the
phyR1 or phyR2 gene (yellow), depending on the vector (pMPO1436 or pMPO1437,
respectively).

Figure 58. Schematic of the chimeric gene used for overexpression and purification of PhyR1 
and PhyR2 borne in the pTXB1 plasmid backbone. The chimeric gene is transcribed under 
the PT7 promoter and regulated by the LacIq-lacO system by IPTG induction (lacIq is encoded 
elsewhere in the plasmid). The chimeric gene is formed by a region encoding the GyrA 
miniintein (dark blue), which contains a chitin binding domain (CBD, green) and the phyR1 or 
phyR2 gene (yellow), depending on the vector (pMPO1436 or pMPO1437, respectively). 
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 To evaluate the efficiency of the protein expression, samples were 

harvested before and after the induction, and equivalent biomass amounts were 

run in an SDS-PAGE (Fig. 59). After applying these changes in the protocol, both 

fusion proteins (PhyR1-intein-CBD and PhyR2-intein-CBD) were expressed in 

sufficient amounts, so the harvested cells were further processed following the 

protein purification protocol.  

 

5.3.2. Purification of PhyR1 and PhyR2 

 PhyR1 and PhyR2 were purified in two different experiments. Cells were 

lysed, protein extracts were clarified and the protein construct was incubated for 

its binding to the chitin resin as explained in detail in Materials and Methods 

(section 4.4.3). Extract samples withdrawn before and after passing through the 

resin were run in an SDS-PAGE to evaluate the efficiency of the affinity binding 

to the resin (Fig. 60).  

2M 12M 1

Figure R40. SDS-PAGE for evaluation of the overexpression of the chimeric proteins A)
PhyR1-intein-CBD and B) PhyR2-intein-CBD, by comparing a sample withdrawn before
induction (1) with another sample obtained after induction (2). Arrows indicate in each case
the overexpressed protein. M: molecular weight marker.
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Figure 59. SDS-PAGE for evaluation of the overexpression of the chimeric proteins A) PhyR1-
intein-CBD and B) PhyR2-intein-CBD, by comparing a sample withdrawn before induction (1) 
with another sample obtained after induction (2). Arrows indicate in each case the 
overexpressed protein. M: molecular weight marker, indicated in kDa. 
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 In the preliminary purification attempts of PhyR1 and PhyR2, the same 

protocol used for EcfG1 and EcfG2 was followed. However, PhyR1 and PhyR2 

suffered precipitation during the concentration steps, preventing any increase in 

their concentration. Alternatively, to avoid further concentration steps, the same 

procedure performed for NepR1 and NepR2 was executed, as explained in 

Materials and Methods (Section 4.4.3). 

 The column volume containing either PhyR1 or PhyR2 was harvested in 

two fractions of 1-1.5 ml (Fig. 61). Then, protein mixtures were dialyzed against 

TEDG buffer to remove the DTT from the solution. The resulting protein mixtures 

were quantified by densitometry in an SDS-PAGE compared to a BSA pattern 

and their purity was assessed (Fig. 62). In this case, the purity achieved was 

>95%. Final concentrations of PhyR1 and PhyR2 were 20 µM and 80 µM, 

respectively. Although different attempts were made increasing the volume of 

cells harvested for purification, the final concentration of PhyR1 could not be 

higher than 20 µM. In order to maintain a concentration high enough for 

subsequent experiments, as in the case of NepR1 and NepR2, no glycerol was 

added to the protein mixtures, keeping the 10% of glycerol already present in the 

TEDG buffer. Finally, the protein preparations were stored at -80 ºC. 

2M 1 2 M1

Figure R41. SDS-PAGE for evaluation of the binding of the chimeric proteins A) PhyR1-
intein-CBD and B) PhyR2-intein-CBD to the chitin resin used for chromatographic purification
by comparing an extract sample withdrawn before the incubation with the resin (1) with
another sample obtained after the incubation (2). Arrows indicate in each case the
overexpressed protein, which disappears from the extract after the incubation. M: molecular
weight marker, indicated in kDa.
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Figure 60. SDS-PAGE for evaluation of the binding of the chimeric proteins A) PhyR1-intein-
CBD and B) PhyR2-intein-CBD to the chitin resin used for chromatographic purification by 
comparing an extract sample withdrawn before the incubation with the resin (1) with another 
sample obtained after the incubation (2). Arrows indicate in each case the overexpressed 
protein, which disappears from the extract after the incubation. M: molecular weight marker, 
indicated in kDa. 
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5.4. In vitro characterisation of the PhyR-NepR interplay 

5.4.1. Protein-protein interactions between the possible PhyR-NepR pairs 

 In order to determine the interaction kinetics between the possible PhyR-

NepR pairs, the same experimental design as for the NepR-EcfG pairs was 

followed using the SPR technology. First, either NepR1 or NepR2 were 

immobilised in the flow cell 2 of a CM5 chip (using the flow cell 1 as reference). 

In this case, PhyR proteins should be able to bind NepR efficiently when they are 

phosphorylated. To establish the role of phosphorylation in the interaction with 

NepR, both states of the PhyR proteins were assayed in the presence or absence 

of the universal phosphodonor acetyl phosphate with TEDG supplemented with 

MgCl2 5 mM to allow the phosphorylation (termed TEDGM) as running buffer. 

Figure R42. SDS-PAGE for evaluation of the release of the native proteins A) PhyR1 and B)
PhyR2 by autocleavage form the intein-CBD tag bound to the chitin resin. 3 µl of each of the
2 fractions obtained (numbered 1 and 2 in the order in which they were withdrawn from the
column) were loaded. M: molecular weight marker.
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Figure 61. SDS-PAGE for evaluation of the release of the native proteins A) PhyR1 and B) 
PhyR2 by autocleavage form the intein-CBD tag bound to the chitin resin. 3 µl of each of the 
2 fractions obtained (numbered 1 and 2 in the order in which they were withdrawn from the 
column) were loaded. M: molecular weight marker. 

Figure R43. SDS-PAGE for evaluation of result of the concentration and purity of A) PhyR1
and B) PhyR2 before storage at -80 ºC. 1 µl (1), 3 µl (2) and 5 µl of PhyR1 and PhyR2 were
loaded (additionally, 10 µl for PhyR2). For accurate measurement, PhyR2 was diluted 10-fold
before loading. Concentration was calculated by densitometry by comparison with a BSA
pattern curve (P1: 0.135 µg; P2: 0.405 µg; P3: 0.675 µg; P4: 1.35 µg). M: molecular weight
marker.

B A P2 M P1 M P3 P4 P2 P1 P3 P4 1 2 1 2 

Figure 62. SDS-PAGE for evaluation of the concentration and purity of A) PhyR1 and B) 
PhyR2 before storage at -80 ºC. 1 µl (1), 3 µl (2) and 5 µl of PhyR1 and PhyR2 were loaded 
(additionally, 10 µl for PhyR2). For accurate measurement, PhyR2 was diluted 10-fold before 
loading. Concentration was calculated by densitometry by comparison with a BSA pattern 
curve (P1: 0.135 µg; P2: 0.405 µg; P3: 0.675 µg; P4: 1.35 µg). M: molecular weight marker. 
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However, neither PhyR1 nor PhyR2, in the presence or absence of acetyl 

phosphate, were able to bind any of the NepR paralogs. The binding assay was 

also attempted with HBS-P buffer (HEPES 10 mM pH 7.4, NaCl 150 mM, 

Surfactant P20 0.05%) and TN buffer (Tris-HCl 50 mM pH 8, NaCl 100 mM), both 

supplemented with MgCl2 5 mM, obtaining the same result. As judged from the 

sensograms before normalising by the reference flow cell, both PhyR1 and 

PhyR2 seemed to produce a background interaction with the matrix of the CM5 

chip that would mask the signal from any specific PhyR-NepR interaction. 

 Therefore, an alternative approach based on isothermal calorimetry (ITC) 

was used to detect interactions. In this approach, a protein preparation containing 

either PhyR1 or PhyR2, in the presence or absence of acetyl phosphate, were 

introduced in the isolated reaction cell at a constant temperature, and small 

amounts of a protein preparation containing either NepR1 or NepR2 were 

subsequently injected over time. In this isolated system at constant temperature, 

any variation in enthalpy would be due to the interactions between the 

biomolecule in the isolated cell and the injected one. In the absence of acetyl 

phosphate, the respective isotherm plots could be obtained, resulting in 

calculated dissociation constants (KD) ranging within the micromolar range. 

However, in the case of the protein mixtures containing acetyl phosphate, 

conclusive data could not be obtained, making impossible to calculate the 

respective kinetic parameters between NepR1 and NepR2 and the 

phosphorylated forms of PhyR1 and PhyR2. Compared to the KD values obtained 

for the unphosphorylated PhyR proteins with respect to NepR1 and NepR2, the 

constants obtained for the NepR-EcfG pairs by SPR were in the nanomolar 

range. This is coherent with the fact that, in the absence of stress, NepR would 

preferentially bind its cognate EcfG partner, rather than PhyR, as seems to be 

the case for the different PhyR, NepR and EcfG paralogs in TFA. 

 

5.4.2. Transcriptional output of the different PhyR-NepR-EcfG combinations 

 As demonstrated for other alphaproteobacterial species, the only stream 

that the GSR signalling pathway follows is the PhyR-NepR-EcfG cascade, with 

no accessory regulation occurring between PhyR and EcfG. Therefore, the only 

possibility that PhyR1 or PhyR2 may have to activate the transcription would be 
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the direct interaction with either NepR1 or NepR2, according to their specific 

capability to interact with each other. With this hypothesis, in order to determine 

the ability of PhyR1 and PhyR2 to activate the GSR, they were added to the 

previously set up IVT system. The amounts of transcription obtained would define 

the capability of PhyR1 and PhyR2 to titrate NepR1 and NepR2 away from EcfG1 

or EcfG2 by direct interaction. 

Assuming a 1:1 binding model for each of the possible pairs and the 

previously obtained data for the NepR-EcfG interactions, the experiment was 

designed so that the initial situation presented an excess of NepR1 or NepR2 

with respect to the EcfG s factor, to achieve a complete inhibition of transcription. 

Then, two different concentrations of each PhyR protein would be added in a 

proportion defined with respect to the NepR protein in the mixture (maintaining a 

concentration of 0.2 µM for either EcfG1 or EcfG2), as it follows: i) the PhyR1-

NepR1-EcfG and the PhyR2-NepR1-EcfG combinations in two different 

proportions of 3:1.5:1 and 1.5:1.5:1; and ii) the PhyR1-NepR2-EcfG and the 

PhyR2-NepR2-EcfG combinations in two different proportions of 10:10:1 and 

5:10:1. As controls, reactions with the respective EcfG s factor alone, the 

respective EcfG s factor plus one of the NepR proteins in the absence of PhyR 

were included. Additionally, to confirm that PhyR1 and PhyR2 activities are 

phosphorylation-dependent, reactions maintaining the highest PhyR/NepR ratio 

in each case, but in the absence of acetyl phosphate, were included in the 

assays. 

The results, shown in Fig. 63, do not point out any substantial difference 

between the EcfG s factors used in the reaction, regarding the ability of each 

PhyR to release them from inhibition. In all the cases, the reactions with the 

highest concentrations of PhyR1 and PhyR2 in the absence of acetyl phosphate 

produced similar low amounts of transcripts than the controls without any PhyR 

protein, clearly confirming that both PhyR1 and PhyR2 are only able to trigger 

transcription in their phosphorylated state. Besides, using a constant 

concentration of each NepR protein, PhyR1 performed better than PhyR2 in all 

the cases in the release of EcfG1 or EcfG2 from the NepR titration, indicating a 

greater potential than PhyR2 to interact with both NepR1 and NepR2. 
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All in all, the results obtained from the in vitro experiments with PhyR1 and 

PhyR2 are consistent among them and in agreement with the data obtained from 

the NepR-EcfG interaction experiments, which suggest that the 

unphosphorylated versions of the PhyR proteins present a dissociation constant 

with respect to the NepR proteins that would not titrate them away from either 

EcfG1 or EcfG2.  Also, the phosphorylated versions of PhyR1 and PhyR2, at the 

lowest concentration tested, were able to titrate both NepR proteins (at least in a 

certain proportion), having a stronger effect on NepR2. Nevertheless, and 

coherently with the expression data obtained in vivo (see Fig. 56), PhyR1 shows 

a higher potential than PhyR2 to sequester NepR1 and NepR2, thus triggering 

the GSR with a higher intensity than PhyR2. 

 

 

PhyR1 PhyR2
PhyR proportion 3(2) 10(1) 1.5(1) 3(2) 5(0.5) 10(1) 3(2) 10(1) 1.5(1) 3(2) 5(0.5) 10(1)

Ac-P - - - - - + + + + - - + + + +

NepR2 - - + - + - - + + - + - - + +

NepR1 - + - + - + + - - + - + + - -

EcfG1 + + + + + + + + + + + + + + +

Figure R45. IVT reactions using A) EcfG1 or B) EcfG2 as s factor (0.2 µM). When indicated,
NepR1 or NepR2 were added to the reactions in a molecular excess with respect to the EcfG
protein of 1.5:1 in the case of NepR1 and 10:1 in the case of NepR2. PhyR1 or PhyR2 were
also added in the cases indicated in two different proportions (indicated above). Acetyl
phosphate (Ac-P) was added when indicated.

PhyR1 PhyR2
PhyR proportion 3(2) 10(1) 1.5(1) 3(2) 5(0.5) 10(1) 3(2) 10(1) 1.5(1) 3(2) 5(0.5) 10(1)

Ac-P - - - - - + + + + - - + + + +

NepR2 - - + - + - - + + - + - - + +

NepR1 - + - + - + + - - + - + + - -

EcfG2 + + + + + + + + + + + + + + +
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Figure 63. IVT reactions using A) EcfG1 or B) EcfG2 as s factor (0.2 µM). When indicated, 
NepR1 or NepR2 were added to the reactions in a molecular excess with respect to the EcfG 
protein of 1.5:1 in the case of NepR1 and 10:1 in the case of NepR2. PhyR1 or PhyR2 were 
also added in the cases indicated in two different proportions (indicated with respect to the 
amount of EcfG or to the amount of NepR in brackets). Acetyl phosphate (Ac-P) was added 
when indicated. Quantifications are referred to the transcription obtained in the absence of 
NepR and PhyR. 
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5.5. In vivo quantification of the PhyR proteins 

 As indicated by the results obtained from in vivo activation of the GSR in 

the different phyR mutant backgrounds and the IVT experiments using the 

purified PhyR1 and PhyR2 proteins, the two PhyR paralogs show different 

abilities to titrate NepR1 and NepR2, thus allowing the activation of the GSR. 

Also, the analysis of the phyR1 and phyR2 promoter regions revealed that phyR2 

is transcribed under a canonical GSR-dependent promoter, whereas phyR1 

shows a suboptimal GSR-dependent promoter (Fig. 23). This agrees with the 

dRNA-seq results, which show levels of induction of phyR2 higher than those of 

phyR1 in stationary phase compared to exponential phase. To confirm that this 

tendency is maintained once translated to proteins, two strains with a wild type 

background were constructed bearing a 3xFLAG epitope at the C-terminal end of 

PhyR1 and PhyR2. Then, cultures were grown and samples were withdrawn in 

exponential (in minimal medium with BHB 40 mM as carbon source after reaching 

an OD of 0.8) and stationary phase (in minimal medium with BHB 20 mM as 

carbon source after 30 h of growth) for protein quantification by Western blotting. 

As shown in Fig. 64, the protein levels of PhyR1 and PhyR2 show a similar 

tendency to that observed in the dRNA-seq results, with higher levels of induction 

of PhyR2 in stationary phase with respect to exponential phase than those 

measured for PhyR1. Also, in the absence of stress (exponential phase), PhyR1 

seems to be more abundant than PhyR2, although they apparently reach similar 

protein amounts when the GSR is fully activated (stationary phase). PhyR2 might 

need those higher level of induction than PhyR1 to reach a concentration that 

efficiently titrates NepR1 and NepR2. However, since both PhyR proteins reach 

similar amounts after induction and the ability of a DphyR2 mutant to activate the 

GSR is similar to that of the wild type, whereas the DphyR1 mutant shows a 

substantial decrease, PhyR1 would be the main responsible for the activation of 

the GSR in the conditions tested. 
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 Previous studies performed in the alphaproteobacterium Brucella abortus 

and posterior phylogenetic analysis demonstrated that, in some 

alphaproteobacterial species, PhyR harbours a C-terminal VAA or LAA (ssrA-

like) degron target sequence, which directs the protein to ClpXP dependent 

degradation. This situation was predicted for Sphingopyxis alaskensis, a close 

relative of TFA. Although PhyR1 presents a VPA sequence in its C-terminus, 

which deviates from the typical degron target sequence, PhyR2 bears an LAA 

motif, making it a potential candidate for ClpXP-dependent degradation. To 

further explore this possibility in TFA and to check that the 3xFLAG epitope added 

to the C-terminus of PhyR1 and PhyR2 was not affecting their stability and 

potentially altering the wild type regulation of the GSR, the plasmid bearing the 

nepR2::lacZ translational fusion was transformed and inserted in the strains 

encoding the C-terminal 3xFLAG-tagged versions of PhyR1 and PhyR2. Then, 

these strains, as well as the wild type TFA, were grown in minimal medium with 

BHB 8 mM as carbon source. Samples were withdrawn in exponential and 

stationary phase and their b-galactosidase activity was measured to compare the 

capability of the tagged strains to keep the GSR off in exponential phase and to 

activate it in stationary phase compared to the wild type. The results (Fig. 65) 

indicate that there are no significant differences in the ability of the tagged strains 

to regulate the GSR compared to the wild type. 

Figure 64. Western blot detection with a monoclonal anti-FLAG antibody of PhyR1 and 
PhyR2, both of them tagged in the C-terminal end with a 3xFLAG epitope, in exponential (1) 
and stationary phase (2). As a comparison control, protein samples from strains bearing a 
3xFLAG tag in the C-terminal end of NepR1 and NepR2 in the same conditions were loaded. 
Fold-induction is indicated for each protein as the amount of protein detected in stationary 
phase with respect to exponential phase. 10 µg of total protein were loaded in each lane. M: 
molecular weight marker, indicated in kDa; C: 10 µg of a total protein sample from an untagged 
TFA strain loaded as negative control. 
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Figure R47. Western blot detection with a monoclonal anti-FLAG antibody of PhyR1 and
PhyR2, both of them tagged in the C-terminal end with a 3xFLAG epitope, in exponential (1)
and stationary phase (2). As a comparison control, protein samples from strains bearing a
3xFLAG tag in the C-terminal end of NepR1 and NepR2 in the same conditions were loaded.
10 µg of total protein were loaded in each lane. M: molecular weight marker; C: 10 µg of a
total protein sample from an untagged TFA strain loaded as negative control.
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To further address this, strains carrying the 3xFLAG epitope in the N-

terminal end of PhyR1 and PhyR2 were constructed, and their PhyR1 and PhyR2 

amounts were estimated by Western blotting and compared to strains bearing 

the C-terminal tagged versions of PhyR1 and PhyR2 in exponential and 

stationary phase (Fig. 66). Although the strains bearing the epitope in the N-

terminal end produced higher signal levels than the ones tagged in the C-terminal 

end, the general tendency in the protein amounts followed a similar pattern. 

These results indicate that neither the N-terminal or the C-terminal tagging affects 

the amounts of PhyR1 and PhyR2 in exponential phase compared to stationary 

phase. Altogether, this suggests that neither PhyR1 nor PhyR2 are probably 

subjected to ClpXP-dependent degradation in the conditions tested, and that the 

3xFLAG epitope does not affect their functionality regarding the regulation of the 

GSR. 

Figure 65. b-galactosidase activity from the nepR2::lacZ translational fusion in the wild type 
TFA (whole bars), and the strains bearing a C-terminal 3xFLAG epitope fused to either phyR1 
(stripped bars) or phyR2 (squared bars) measured in exponential and stationary phase. 
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Figure R48. b-galactosidase activity from the nepR2::lacZ translational fusion in the wild type
TFA (whole bars), and the strains bearing a C-terminal 3xFLAG epitope fused to either
phyR1 (stripped bars) or phyR2 (squared bars) measured in exponential and stationary
phase.

Figure 66. Western blot detection with a monoclonal anti-FLAG antibody of PhyR1 (1) and 
PhyR2 (2), both of them tagged wither in the C-terminal or in the N-terminal end with a 3xFLAG 
epitope, in a wild type background. Fold-induction is indicated for each protein as the amount 
of protein detected in stationary phase with respect to exponential phase. Samples were 
obtained from exponential and stationary phase. 10 µg of total protein were loaded in each 
lane. 
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Figure R47. Western blot detection with a monoclonal anti-FLAG antibody of PhyR1 (1) and
PhyR2 (2), both of them tagged wither in the C-terminal or in the N-terminal end with a
3xFLAG epitope, in a wild type background. Samples were obtained from exponential and
stationary phase. 10 µg of total protein were loaded in each lane.
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6. Possible additional layers of regulation controlling the GSR 

 In the alphaproteobacterial GSR signalling pathway, the regulation always 

starts at a sensor HRXXN histidine kinase, which propagates the signal to PhyR, 

or other phosphotransfer elements that eventually modulate the PhyR activity. 

Next, PhyR sequester NepR to release EcfG and activate the response at the 

transcriptional level. However, other possible levels of regulation of the GSR 

remain unexplored in Alphaproteobacteria compared to other phylogenetic 

groups. For instance, in the Gammaproteobacteria, with E. coli as a paradigmatic 

example, the RpoS-dependent general stress response can be regulated at the 

posttranscriptional level by different trans-encoded sRNAs. For such regulation, 

the RNA chaperon Hfq plays an essential role facilitating the interaction between 

the regulatory sRNAs and the rpoS mRNA. Its global role in the 

posttranscriptional control makes Hfq an adequate candidate to tackle this 

regulation of the GSR in Alphaproteobacteria for the first time. 

 As mentioned before, after performing the dRNA-seq analysis comparing 

the wild type TFA grown to stationary phase with cells in exponential phase, it 

was observed that the transcription of ecfG2, the main activator of the GSR, 

remained unaltered, although the transcription of the rest of regulators was 

induced in stationary phase (Fig.67). However, as shown by the Western blot 

detection in those conditions, the specific amount of EcfG2 appears increased 

(see Fig. 54). This also contrasts with the data obtained from an ecfG2::lacZ 

translational fusion using a DNA fragment bearing the ecfG2 promoter and the 

first 11 codons of the ORF, which produced a steady activity over a growth curve 

(see Fig. 27), indicating a constitutive expression of ecfG2. Due to its role as the 

main s factor controlling the GSR in TFA and the contrasting data regarding its 

regulation, ecfG2 appeared as a solid candidate to be directly regulated at the 

posttranscriptional level. 

 

 

 



  Results 

 167 

 

 As a first step in the search of a possible posttranscriptional regulation of 

the GSR, a C-terminal 3xFLAG-tagged version of EcfG2 was introduced in an 

Dhfq mutant background. Then, the wild type TFA and the Dhfq mutant, both 

bearing the 3xFLAG-tagged version of EcfG2, were grown in minimal medium 

with BHB 40 mM for 16 h or with BHB 20 mM for 30 h to obtain samples from 

exponential phase and stationary phase, respectively. Next, equal protein 

amounts were run in an SDS-PAGE and transferred for Western blot detection 

(Fig. 68). Intriguingly, the band corresponding to EcfG2 in the Dhfq mutant 

presented a size around 5 kDa smaller than that of the wild type both in 

exponential and stationary phase. Also, EcfG2 seemed to accumulate in higher 

amounts in the Dhfq mutant compared to the wild type in all the conditions tested. 

Assuming a direct implication of Hfq in this phenotype and considering its 

function, different hypotheses can be discussed as the cause of this phenotype, 

including an Hfq-dependent processing of the ecfG2 5’UTR of the mRNA 

involving the RNAse III or a regulation of the mRNA stability in concert with one 

or more regulatory sRNAs. 
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Figure 67. Transcription levels of the different genes encoding the GSR regulators in TFA 
obtained from RNA sequencing experiments using samples from exponential phase (after 16 
h of growth using BHB 40 mM as carbon source, indicated as whole bars) and stationary 
phase (after 30 h of growth using BHB 20 mM as carbon source, indicated as stripped bars). 
Fold-induction is indicated in each case as the transcription levels obtained in stationary phase 
with respect to exponential phase. 
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 After checking that no secondary mutation occurred during the 

construction of the tagged Dhfq mutant strain that may cause this phenotype, the 

possibility that a smaller version of EcfG2 may have an effect on the activity of 

the GSR had to be considered. In order to address this, 3xFLAG-tagged versions 

of NepR2 and EcfG1 were introduced in the Dhfq mutant background. Both genes 

are encoded in the same operon (nepR2ecfG1), whose expression is almost 

entirely EcfG2-dependent, as seen in previous sections. Both newly constructed 

strains and the respective wild type tagged strains were subjected to the 

aforementioned growth conditions. Anaerobiosis using nitrate as electron 

acceptor (a condition for which the dRNA-seq showed an upregulation of this 

operon, but activity using the nepR2::lacZ translational fusion was below the 

basal levels) was also included in this experiment. Samples obtained from these 

conditions were used for Western blot detection (Fig. 69). In this case, bands of 

the same size corresponding to NepR2 or EcfG1 in the wild type and the Dhfq 

mutant were detected. However, they presented a decreased accumulation in 

either condition in the Dhfq mutant compared to the wild type. This may indicate 

that the shorter version of EcfG2 detected in the Dhfq mutant background is less 

efficient in driving transcription from its target promoters. Surprisingly, although 

previous experiments measuring the b-galactosidase activity from the 

Figure 68. Western blot detection with a monoclonal anti-FLAG antibody of EcfG2 tagged in 
the C-terminal end with a 3xFLAG epitope, either in a wild type (1) or an Dhfq mutant (2) 
background. Samples were obtained from exponential and stationary phase. Fold-change in 
accumulation is indicated for each condition as the amount of protein detected in the Dhfq 
mutant with respect to the wild type. 10 µg of total protein were loaded in each lane. M: 
molecular weight marker, indicated in kDa. 
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Figure R50. Western blot detection with a monoclonal anti-FLAG antibody of EcfG2 tagged
in the C-terminal end with a 3xFLAG epitope, either in a wild type (1) or an Dhfq mutant (2)
background. 10 µg of total protein were loaded in each lane. M: molecular weight marker.
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nepR2::lacZ translational fusion in anaerobic conditions indicated even a lower 

expression than that obtained in exponential phase, the Western blotting of the 

3xFLAG-tagged NepR2 indicated much higher expression in that condition with 

respect to exponential phase, coherently with the dRNA-seq results. 
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Figure R51. Western blot detection with a monoclonal anti-FLAG antibody of A) NepR2 and
B) EcfG1 tagged in the C-terminal end with a 3xFLAG epitope, either in a wild type (1) or an
Dhfq mutant (2) background. Samples were obtained from exponential and stationary phase
and also from anaerobic cultures using nitrate 20 mM as electron acceptor. 10 µg of total
protein were loaded in each lane. M: molecular weight marker, indicated in kDa.
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Figure 69. Western blot detection with a monoclonal anti-FLAG antibody of A) NepR2 and B) 
EcfG1 tagged in the C-terminal end with a 3xFLAG epitope, either in a wild type (1) or an Dhfq 
mutant (2) background. Samples were obtained from exponential and stationary phase and 
also from anaerobic cultures using nitrate 20 mM as electron acceptor. Fold-change in 
accumulation is indicated for each condition as the amount of protein detected in the Dhfq 
mutant with respect to the wild type. 10 µg of total protein were loaded in each lane. M: 
molecular weight marker, indicated in kDa. 
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1. Re-classification of the ECFs annotated in the TFA genome 

 The classification of the ECF s factors has been dynamic and suffered 

important changes and reorganizations since its first version (Staroń et al., 2009), 

which was used for the initial classification of the ECFs encoded in TFA. At that 

time, 67 groups were defined after the analysis of 369 bacterial genomes. 

However, in the latest version of the classification, published during the writing of 

this thesis (Casas-Pastor et al., 2021), the initial dataset has been expanded to 

more than 180,000 genomes, with more than 170,000 non-redundant ECF coding 

genes. This has led to an accurate definition of 157 ECF groups regarding their 

sequence similarity and genomic context. As a consequence, some of the initial 

groups have disappeared and many ECFs have been re-classified with other 

ECFs that shared more similarity with them. This reorganization has affected the 

initial classification of the ECFs encoded in the TFA genome, which were re-

analysed using the online tool provided by ‘ECF Hub’ (Casas-Pastor et al., 2021). 

The comparison between the initial classification and the latest classification of 

the ECFs encoded in the TFA genome is summarised in Table 13. Also, the 25 

ECFs identified in the TFA genome are substantially more than the average 7.5 

ECFs per genome found in the Alphaproteobacteria, as defined in Casas-Pastor 

et al (2020). 

 

GEN ECFfinder ECF Hub 
SGRAN_0009  ECF243 
SGRAN_0102  ECF243 
SGRAN_0130 ECF20 ECF291 
SGRAN_0323 ECF01 ECF29 
SGRAN_0955  ECF243 
SGRAN_1094  ECF243 

SGRAN_1161 (EcfG1) ECF15 ECF15 
SGRAN_1163 (EcfG2) ECF15 ECF15 

SGRAN_1202  ECF243 
SGRAN_1444  ECF243 
SGRAN_1445  ECF243 
SGRAN_2226  ECF243 
SGRAN_2242  ECF-like, undetected s2 
SGRAN_2342 ECF26 ECF26 
SGRAN_2568  ECF243 
SGRAN_2596  ECF243 
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SGRAN_2778  ECF243 
SGRAN_2783  ECF243 
SGRAN_2808 ECF20 ECF291 
SGRAN_2914  ECF43 
SGRAN_3108 ECF41 ECF41 
SGRAN_3222  ECF243 
SGRAN_3818  ECF243 
SGRAN_3885  ECF243 
SGRAN_4140  ECF-like, undetected s2 

 

 After the re-classification, the only ECFs that remain in their original groups 

are EcfG1 and EcfG2 (ECF15), SGRAN_2342 (ECF26) and SGRAN_3108 

(ECF41). In the case of SGRAN_2342, as in the cases of its homologs RpoE1 

and RpoE4 from S. meliloti (Lang et al., 2018), it neighbours a membrane-

anchored anti-s factor (SGRAN_2341). In the analysis presented in Fig. 19, this 

anti-s element showed a possible ASDI-type anti-s domain with 4 helices (one of 

them detected together with the transmembrane domain). Coherently, this was 

the only ASDI-containing protein in the analysis that did not harbour a FecR motif 

between helices H2 and H3. In the case of SGRAN_3108, it bears a C-terminal 

SnoaL_2-like domain (trimmed from the analysis shown in Fig. 18), an extension 

of around 100 residues (Staroń et al., 2009) that may control the ECF activity 

(Goutam et al., 2017), in agreement with the absence of possible anti-s factors 

encoded in the vicinity. 

 In the case of the putative FecI-like ECFs, not detected as such by 

ECFfinder, but inferred from the presence of an FecR-type anti-s factor encoded 

downstream, their number increased from 13 to 15 in the latest analysis and were 

classified as ECF243 (which contains the FecI-type ECFs formerly distributed in 

groups ECF5-10). Up to 3 orphan ECFs (SGRAN_0102, SGRAN_1444 and 

SGRAN_1445), with no putative anti-s factors encoded in the surroundings have 

been included in this group. However, in the latest analysis, the ECF 

SGRAN_2242, encoded next to the FecR-type SGRAN_2241, could not be 

detected as an ECF due to the very low similarity found in the s2 region. 

Table 13. Classification of the ECFs encoded in TFA according to the latest version of the 
classification (Casas-Pastor et al., 2021) and compared to their clustering according to the 
original ECF classification (Staroń et al., 2009). 
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Nevertheless, Fig. 18 shows the actual conservation of this region in 

SGRAN_2242. Curiously, SGRAN_3818 could be classified in this group by its 

sequence in spite of lacking a considerable fragment corresponding to 

subregions s2.1 and s2.2, crucial for the interaction with the RNAP (Fig. 18). 

 In the case of the SGRAN_0130 and SGRAN_2808 ECFs, previously part 

of the ECF20 group, they were re-classified, as the rest of the members of that 

group, as ECF291. This group is formed by metal-responsive CnrH-type ECFs, 

generally encoded nearby CnrY coding genes, which are ASDII anti-s controlling 

their activity (Casas-Pastor et al., 2021; Maillard et al., 2014). Coherently, the 

neighbouring SGRAN_0128 and SGRAN_2810 share similarity with this type of 

anti-s factors. 

 In the case of SGRAN_0323, it was originally classified as ECF01. 

However, that group no longer appears in the updated classification. Instead, 

SGRAN_0323 was re-classified in the ECF29, a group characterised by 

containing a C-terminal extension of around 30 residues (partially trimmed in Fig. 

18) that may modulate its activity. This justifies the absence of any putative anti-

s factor encoded in the vicinity. 

 The ECF SGRAN_2914, which previously could not be classified by 

‘ECFfinder’, was ascribed to the ECF43 group. These ECFs are characterised by 

the substitution of the DAED motif, located in the s2.2 subdomain and crucial for 

the interaction with the core RNAP, by a non-charged amino acid sequence that 

contains at least one phosphorylable Ser or Thr residue. The phosphorylation in 

this position by a cognate Ser/Thr protein kinase, normally encoded in the 

surroundings, provides the negative charge that allows the formation of the RNAP 

holoenzyme, thus controlling the activity of the ECF (Iyer et al., 2020). Coherently, 

SGRAN_2914 presents the mentioned substitution in the DAED motif and is 

encoded next to a Ser/Thr protein kinase coding gene (SGRAN_2913). 

 Neither SGRAN_2242 nor SGRAN_4140 could be classified by the ’ECF 

Hub’ analysis tool. This may be due to the lack of the N-terminal end of the s2 

domain (Fig. 18), which could not be detected in the analysis. However, in the 

case of SGRAN_2242, a FecR-like coding gene (SGRAN_2241) is located 

nearby, indicating that SGRAN_2242 could be close to the FecI family.  
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2. Organisation of the GSR regulators in the TFA genome 

 The simplest organisation of the alphaproteobacterial GSR regulatory 

genes in the genome, with an EcfG s factor encoded downstream it cognate 

nepR anti-s factor in an operon, which is divergently transcribed with respect to 

a phyR coding gene, is fairly conserved (Gourion et al., 2009). However, it is 

usual to find species-specific variations in the location and the number of 

paralogs of each regulator. Examples of this variations are S. meliloti (Bastiat et 

al., 2010), with one EcfG coding gene (rpoE2) and two nepR and phyR orthologs 

(rsiA1 and rsiA2, rsiB1 and rsiB2, respectively, with rsiA2 and rsiB2 located in a 

different locus than the rest of the GSR regulatory genes) and C. crescentus, with 

NepR and PhyR encoded nearby the main ecfG regulator (sigT), and a secondary 

ecfG paralog (sigU) located elsewhere in the genome (Lourenço et al., 2011). 

Another divergent example is S. melonis, with a similar organization to C. 

crescentus, but with the main ecfG (ecfG1) and nepR being encoded in different 

transcriptional units (Kaczmarczyk et al., 2011). Also in this species, recent 

transcriptomic studies resulted in the discovery of a second nepR paralog 

(nepR2) encoded within the main GSR locus (Gottschlich et al., 2019). M. 

extorquens represents a remarkably divergent example, with one nepR-phyR set 

encoded in the same locus (Francez-Charlot et al., 2009), one nepR paralog 

located elsewhere and up to six ecfG representatives scattered throughout the 

genome that are unable to autoregulate their own transcription (Francez-Charlot 

et al., 2016). Regarding the gene organization, TFA presents a similar 

architecture as S. meliloti, except for the presence of an additional ecfG paralog 

in the main GSR locus (de Dios et al., 2020). Another difference would be that 

the main GSR regulator (ecfG2) neither forms an operon with any nepR paralog 

nor controls its own transcription, in contrast to the rest of the GSR regulatory 

genes, which are activated by the GSR response (EcfG1/EcfG2) though to 

different extents. 

 A general observation from genome analysis and mutational studies is the 

essentiality of nepR genes for cell viability when they form an operon with an ecfG 

homolog. This has been observed for S. meliloti, where rsiA1 overlaps in 4 bp 

with rpoE2 and both form an operon (Bastiat et al., 2010), and for C. crescentus, 

for nepR and sigT, respectively (Lourenço et al., 2011; Alvarez-Martinez et al., 

2007). However, in species in which the transcription of ecfG and nepR occurs 
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from different promoters, such as the aforementioned S. melonis (Gottschlich et 

al., 2019; Kaczmarczyk et al., 2011) and M. extorquens (Francez-Charlot et al., 

2016; Francez-Charlot et al., 2009), their respective mutant strains can be 

constructed. It has been hypothesised that this lethality might be due to the 

inability to control the positive feedback loop exerted by the co-transcribed ecfG 

homolog on its own promoter, thus leading to a deleterious overactivation of the 

GSR (Lourenço et al., 2011; Bastiat et al., 2010). In TFA, similarly to S. meliloti 

(Bastiat et al., 2010), one of the nepR paralogs (nepR1, which is transcribed in a 

monocistronic operon) can be deleted without affecting the viability of the cell. 

However, although the whole nepR2ecfG1 operon could be deleted, a single 

nepR2 mutant could not be constructed, neither in a wild type background nor in 

an DecfG2 mutant background, in which the expression from the PnepR2 promoter 

is dramatically decreased. In posterior experiments (Fig. 42), the autoregulation 

of ecfG1 on its own promoter was demonstrated to be the cause of the 

essentiality of nepR2, a result that could be extrapolated to the previously 

documented cases of nepR essentiality. 

 Upstream PhyR in the GSR cascade, at least one HRXXN histidine kinase 

(HK) must act as the sensor that triggers the signalling, although additional 

phosphotransfer proteins can be involved in the process as intermediate 

signalling elements between the HKs and the PhyR regulators (e.g., single 

domain response regulators). The most well-studied example regarding the 

signalling between the sensor HKs and PhyR is S. melonis. In this species, up to 

7 HRXXN HKs (PakA-G), with different degrees of redundancy in the stress 

sensing, have been reported to initiate the GSR signalling (Kaczmarczyk et al., 

2014), although the molecular aspects of this sensing are yet to be addressed. 

These HKs converge in the signalling by phosphorylating the SdrG SDRR 

(Kaczmarczyk et al., 2014), a signalling hub that delivers the phosphoryl group to 

the phosphotransferase PhyT, which eventually transfers it to PhyR to activate 

the partner switching (Gottschlich et al., 2018). A similar example is observed in 

C. crescentus with the SDRR MrrA, which delivers the phosphoryl group either to 

PhyK, eventually transferring it to PhyR, or to the LovRK system, which acts as 

a phosphosink to prevent an overactivation of the system (Lori et al., 2018). In 

TFA, after looking for annotated HKs containing the hallmark HRXXN motif, four 

HKs were identified: SGRAN_1165 (whose expression is GSR-dependent), 
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SGRAN_1773, SGRAN_2544 and SGRAN_3485, being the latter the only one 

with possible transmembrane domains as judged by the analysis performed with 

the transmembrane domain prediction tool TMHMM (Krogh et al., 2001). As in 

other examples, one HK element (SGRAN_1165) is encoded within the main 

GSR locus. In those cases, such as rsiC from S. meliloti (Sauviac et al., 2014), 

phyK from C. crescentus (Lori et al., 2018) or phyT from S. melonis (Gottschlich 

et al., 2018), these HKs act as bifunctional kinase/phosphatase or as phosphoryl 

shuttle between an SDRR and PhyR in the latter two cases, eventually 

modulating the phosphorylation state of PhyR. This raises the question whether 

SGRAN_1165 would act as a regular sensor HK or would have additional 

functions in the regulation of the signalling. With respect to possible SDRRs 

involved in the regulation of the GSR in TFA, only one element annotated in the 

TFA genome (SGRAN_2941) contained the hallmark PFXFATG[G/Y] motif 

harboured by SdrG (Campagne et al., 2016) and MrrA (Lori et al., 2018). 

Preliminary results indicate that its mutation does not affect the stress resistance 

in TFA, thus suggesting direct phosphorylation of PhyR1 and PhyR2 by the HKs 

or an alternative regulatory interplay at this level, if there were any. 

 

3. Differences between EcfG1 and EcfG2: functional and structural aspects 
 With respect to the phenotypical functionality of ecfG1 and ecfG2, TFA 

shows a similar pattern to that observed in other alphaproteobacterial species 

where two EcfG regulators are encoded, with one of them controlling the 

expression of the secondary paralog, such as C. crescentus and S. melonis 

(Lourenço et al., 2011; Kaczmarczyk et al., 2011). In TFA, this is reflected in the 

nearly total EcfG2 dependency of ecfG1 for its transcription (Fig. 27) and in the 

increase of the stress sensitivity only in DecfG2 mutant strains (Fig. 24). 

Concomitantly, the DecfG1 mutant shows a similar stress resistance to that of the 

wild type strain and its mutation only causes a mild decrease in the expression 

from the PnepR2 promoter, a phenotype that could be extended to other promoters 

targeted by the GSR (Table 10). Also, in C. crescentus, the overexpression of the 

accessory ecfG paralog sigU only led to the upregulation of 12 genes, 

representing a subset of the SigT regulon (Lourenço et al., 2011). Similarly, the 

expression of ecfG1 from a heterologous promoter in a DecfG1DecfG2 mutant 
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background only produced a partial recovery of the stress resistance compared 

to the wild type (Fig. 31B) and, coherently, could only rescue the expression of a 

subset of the GSR regulon (Table 10). As in the case of C. crescentus, it seems 

reasonable to argue that EcfG1, although modestly, functions as an amplifier of 

the EcfG2-mediated response, at least targeting a subset of EcfG2-dependent 

genes, rather than exclusively controlling a specific regulon. 

 Regarding the molecular aspects of the transcriptional initiation, EcfG1 

and EcfG2 also present differences that may justify their distinctive roles in the 

GSR activation. In the results presented in Fig. 37, it is shown that, although 

EcfG2 drives higher levels of transcription than EcfG1, the latter reaches 

saturation at lower concentrations. According to sequence alignment analysis, 

both proteins share a 72% of similarity, with two distinguishable regions showing 

a considerable divergence: the s2.1 subdomain, which defines the interaction with 

the core RNAP together with subregions s2.2 and s4.1 (Johnston et al., 2009; 

Nickels et al., 2005; Vassylyev et al., 2002), and the L3 loop, located between 

helices a3 and a4 within the s2 domain (Campagne et al., 2014). This region 

defines the specificity of an ECF to bind a target -10 box and separate the DNA 

double strand. The alignment in Fig. 18 shows that one the most variable 

sequence fragments in the whole ECF sequence corresponds to this region. 

Different affinities among ECFs for the core RNAP may define a binding hierarchy 

when more than one is active (Park et al., 2018), which may depend on the 

aforementioned RNAP contact regions. However, this would not be a major 

cause of the differences obtained for EcfG1 and EcfG2, since they were used 

separately and in saturating concentrations in our in vitro experiments. On the 

other hand, EcfG1 and EcfG2 present substantial differences in the L3 loop, 

responsible for contacting and flipping out the -10 nucleotide in its target G-12T-

11T-10 -10 box (Campagne et al., 2014), with respect to the residues that contact 

the rest of the nucleotides in that consensus. As it can be observed in Fig. 70, 

apart from a Ser/Ala variation in one of the residues that contact the T-11 

nucleotide, EcfG1 and EcfG2 notably diverge in the L3 region, either compared 

between them or compared with the EcfG1 homolog encoded by S. melonis, 

which was used for defining the L3 loop (Campagne et al., 2014). This may 

explain the individual differences between EcfG1 and EcfG2 to drive the 
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transcription from a specific promoter. Nevertheless, both ECFs reach optimal 

levels of transcription when targeting the consensus CGTT -10 box (Fig. 40), thus 

indicating that, in spite of their divergence, the L3 loops in EcfG1 and EcfG2 have 

the same specificity, but with different levels of functionality in the transcription 

initiation. 

 

 It could also be observed that different promoters belonging to the GSR 

regulon may produce diverse levels of transcription, even though they presented 

equal -35 and -10 boxes. The only distinctive feature among them was the spacer 

region between the two boxes and between -10 box and the TSS. It is known that 

even single-nucleotide mutations in the spacer region of a promoter may alter its 

curvature, affecting the transcriptional output (Singh et al., 2011), and that 

sequences within the spacer region that provide a particular spatial conformation 

to the promoter may contribute to ECF specificity (Gaballa et al., 2017). Since no 

recognisable pattern could be identified among the GSR target promoters at the 

level of sequence, the results presented in Fig. 40 suggest that the EcfG-

mediated transcriptional output of a promoter depends on matching the 

consensus -35 and -10 GSR sequences and on its intrinsic curvature. The latter 

would be defined by the spacer region, a feature that may vary among promoters 

as indicated by their sequence (Fig. 38) and as suggested from Fig. 41, where 

the PmltA2 promoter and its mutant version with a canonical CGTT -10 box 

exhibited a different migration pattern compared to Pgsp and PyiaD (and their 

respective mutant versions in the -10 box).  

 

 

EcfG1 VKAWASRDRFERGT-SIKAWTFVILRNTFLSQM

EcfG2 LKAWKARAQYVPGPSSMKSWAFVILRNCFLSQM

EcfG1_Sm   LKAWAARQRFQAGT-NMRAWTFIILRNLYLSQM

L3

Figure 70. Sequence alignment comparing the L3 loop and its adjacent regions within the s2 domain 
presented by EcfG1 and EcfG2 from TFA and EcfG1 from S. melonis (EcfG1_Sm). The residues 
comprised in the L3 loop that contact the consensus T-10 are indicated in red, the residues from 
adjacent regions that contact the consensus G-12 and T-11 are indicated in green and blue, 
respectively. 
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4. Genes directly or indirectly affected by the GSR 

 In the past, several GSR regulons have been defined by transcriptomic 

approaches for a number of alphaproteobacterial species, such as C. crescentus 

(Alvarez-Martinez et al., 2007), S. meliloti (Sauviac et al., 2007), M. extorquens 

(Gourion et al., 2008), B. japonicum (Gourion et al., 2009), R. etli (Jans et al., 

2013; Martinez-Salazar et al., 2009) and S. melonis (Gottschlich et al., 2019). In 

spite of this, the physiological implications of this response as a whole are still far 

from being completely explored, mainly because of the poor functional annotation 

of many alphaproteobacterial genomes, especially in the Sphingomonadaceae 

family. In TFA, this is reflected in nearly a 50% of the genes affected directly or 

indirectly by the GSR having an unknown function, a proportion that increases to 

63% in the case of the direct GSR regulon. However, thanks to the distinctive 

promoter pattern shared by the GSR target, a regulon comprising 104 genes 

distributed in 79 transcriptional unit could be defined. The consensus for the GSR 

target promoters in TFA, with a GGAAC in -35 box and a CGTT in the -10 box, is 

coherent with the previously described regulons. 

 As in other cases, the transcription of various GSR regulators is controlled 

in a positive feedback loop (Fiebig et al., 2015). In TFA, such is the case of phyR1, 

phyR2, the nepR2ecfG1 operon and the SGRAN_1165 HK coding gene, 

according to the dRNA-seq results. Also, other genes frequently found among 

the GSR targets and clearly related to the defence against stress are two katA 

catalases (SGRAN_1770 and SGRAN_2521) (Fiebig et al., 2015), the ecnAB 

toxin-antitoxin system (SGRAN_1922) (Bishop et al., 1998), the stress-inducible 

csbD (SGRAN_3063) (Alvarez-Martinez et al., 2007), an mscS mechanosensitive 

ion channel (SGRAN_0895) (Hoffmann et al., 2008), an osmC peroxiredoxin 

(SGRAN_3924) (Gottschlich et al., 2019), an RND efflux system component 

(SGRAN_4134) (Alvarez-Martinez et al., 2007) and the ku-ligD non-homologous 

DNA repair system (SGRAN_4136 and SGRAN_4135) (Gottschlich et al., 2019; 

Shuman & Glickman, 2007). In the sphingomonad S. melonis, some of these 

genes have also been reported as GSR-dependent (Gottschlich et al., 2019). In 

addition, a number of envelope related elements also appear in this regulon. 

Notably, the sphingosine kinase coding gene (SGRAN_0919) (Olivera & Spiegel, 

2001) and the putative egtB and egtD genes (SGRAN_4050 and SGRAN_4049), 
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related to ergothioneine biosynthesis (Jones et al., 2014), are reported as part of 

a GSR regulon for the first time. 

 Concomitantly, a group of genes altered their expression pattern in the 

DecfG1DecfG2 double mutant compared to the wild type independently from the 

GSR. This may be due to an indirect effect of the GSR on their regulation or 

perhaps to an adaptation to a hostile situation that cannot be properly faced 

because of the absence of GSR. Interestingly, among these genes, the flagellar 

regulators fleQ (SGRAN_4107) (Arora et al., 1997) and ctrA (SGRAN_3324) 

(Francez-Charlot et al., 2015b), chemotaxis-related genes, such as cheR, cheB 

and cheA (SGRAN_2952, SGRAN_2953 and SGRAN_2956) (Smith & Hoover, 

2009) and a putative bdlA biofilm dispersal regulator (SGRAN_3371) (Morgan et 

al., 2006) were also found. This may suggest a scenario in which the bacterium 

attempts to flee from a stressful condition, probably due to the lack of a functional 

GSR. 

 

5. NepR1 and NepR2 play different roles in the regulation of the GSR 

 In vitro experiments addressing the interaction between the NepR1 and 

NepR2 anti-s factors and the EcfG1 and EcfG2 s factors (Table 12) clearly 

indicate that NepR1 interacts more efficiently with EcfG1 and EcfG2 than NepR2. 

A first difference with previously described NepR-EcfG interactions, such as 

those of C. crescentus (Lourenço et al., 2011) and S. melonis (Kaczmarczyk et 

al., 2011), is that, in those cases, the main NepR element (the one controlling the 

initial activation and the only one known in C. crescentus so far) does not interact 

with the secondary EcfG paralog. In TFA, the in vitro interaction quantifications 

show that NepR1 binds more efficiently to EcfG1 than to EcfG2, ruling out that 

possibility. Also, IVT assays show that NepR2, in amounts sufficiently high, is 

able to bind both EcfG1 and EcfG2, inhibiting the transcription. In contrast, the 

similar secondary NepR protein (NepR2) from S. melonis is unable to be co-

expressed with EcfG1, and to form a stable complex in vivo in a bacterial two-

hybrid system, which has suggested an inefficient interaction between them 

(Gottschlich et al., 2019). However, a high molecular excess of NepR2 with 

respect to either EcfG1 or EcfG2 (1:10) could produce a complete inhibition in 

vitro in the TFA system. This suggests that these interactions between NepR2 

and both EcfG1 and EcfG2 would occur mainly upon GSR activation, when the 
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nepR2 transcription has already been induced, and would be less important (yet 

essential) in the cell before the GSR activation compared to the inhibition exerted 

by NepR1. This contrasts with the typical role of a NepR anti-s factor of inhibiting 

the GSR only in the absence of stress, which may indicate that NepR2 would play 

an additional role in the regulation. 

 In S. meliloti, both NepR paralogs (RsiA1 and RsiA2) can bind the EcfG 

homolog RpoE2 as well as the two PhyR homologs RsiB1 and RsiB2, but there 

are other species with two NepR paralogs in which each of them selectively binds 

either EcfG or PhyR. In M. extorquens, the NepR homolog 

MexAM1_META2p0735 interacts with PhyR, but it does not interact with any of 

the six EcfG paralogs encoded in this bacterium (Francez-Charlot et al., 2016). 

However, its paralog NepR is able to bind specifically EcfG1, as well as PhyR 

(Francez-Charlot et al., 2009). In S. melonis, the secondary NepR paralog 

NepR2, which is produced upon GSR activation (as well as 

MexAM1_META2p0735 in M. extorquens), is not able to bind EcfG1, the main 

regulator in this species, but it can form a stable complex with PhyR (Gottschlich 

et al., 2019). This regulatory interplay supports a model in which, after the 

activation of the GSR triggered by the PhyR-dependent sequestration of NepR, 

the production of NepR2 would titrate PhyR in a negative feedback loop so that 

a proportion of NepR is released (represented in Fig. 13). The balance in the 

amounts of NepR bound either to EcfG1 or to PhyR would determine the activity 

of the GSR. When the stress disappears, this mechanism would aid to switch off 

the response rapidly, as discussed in Gottschlich et al (2019). The IVT results 

obtained with the TFA regulators (Fig. 63) support the latter model, since NepR2 

is also produced upon GSR activation, whereas NepR1 is sufficiently produced 

in the absence of stress (Fig. 54). Also, NepR1 binds EcfG1 and EcfG2 more 

efficiently than NepR2, whereas the latter is able to interact with PhyR1 and 

PhyR2 (in their phosphorylated state) more efficiently than NepR1. Hence, the 

GSR would be modulated by an indirect negative feedback loop in TFA, with 

NepR2 playing a dual role: i) inhibiting the EcfG1 and EcfG2 activity (mainly in 

GSR-inducing conditions and to a lesser extent in the absence of stress), and ii) 

titrating the active PhyR proteins after the GSR activation (and thus releasing 

NepR1 to inhibit EcfG1 and EcfG2) to prevent the overactivation of the system. 
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 A recent study published by Luebke et al. (2018) revealed that the 

specificity of a NepR protein for its PhyR partner is determined by its intrinsically 

disordered N-terminal region, termed FR1, particularly in the residues adjacent 

to the helix a1. This region also participates in the PhyR activation by enhancing 

its phosphorylation (Luebke et al., 2018; Kaczmarczyk et al., 2014; Herrou et al., 

2015). This is a region that strongly diverges among species, as observed by Fig. 

21, and even between paralogs, as indicated in Fig. 71A for NepR1 and NepR2 

from TFA and S. melonis. Interestingly, more similarity could be observed 

aligning those sequences pair-wise comparing the main NepR proteins in these 

two species (NepR1 and NepR, respectively, which regulate the initial activation 

of the response) and, to a lesser extent, the secondary NepR paralogs (named 

NepR2 in both cases, which control the GSR upon activation of the response by 

negative feedback). However, any possible comparison between a main and a 

secondary NepR showed a lower similarity than that observed between NepR 

and NepR1 (Fig. 71B). In agreement with Luebke et al. (2018), the most divergent 

region between main and secondary NepR paralogs was the adjacent to the a1 

helix, as judged by the gaps in the alignments. This observations support i) the 

role of the FR1 region defining the NepR specificity for its PhyR counterpart, and 

ii) the model proposed for S. melonis, in which the higher affinity of NepR2 for 

PhyR than for EcfG1 would regulate the GSR by a negative feedback loop. 

Particularly for TFA, this would also support a similar model to the one postulated 

for S. melonis (Gottschlich et al., 2019), although with two PhyR paralogs as 

targets of the negative feedback and probably with NepR2 also exerting, to some 

extent, a certain level of direct inhibition on the EcfG paralogs, coherently with 

the results presented in Table 12, Fig. 53 and Fig. 63.  
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 The in vivo results obtained for the expression analysis in the different 

mutant backgrounds and the Western blot quantifications are coherent with the 

results obtained in vitro and support the proposed model, in which NepR1 would 

control the initial activation of the GSR and NepR2 would inhibit both EcfG1 and 

EcfG2 and titrate PhyR1 and PhyR2 upon GSR activation in a negative feedback 

loop. The protein quantifications show that, in the absence of stress (C sufficient 

conditions), NepR1 alone, together with the basal levels of NepR2 (below 

detection threshold in the conditions in which the Western blots were performed), 

maintain the GSR inactive. Phenotypically, this is reflected in i) the lethality of the 

nepR2 deletion (Fig. 42), which is prevented by deleting the whole nepR2ecfG1 

operon at the same time, ii) the derepression under non-stress conditions in the 

DnepR1 mutant, which becomes even stronger in the DnepR1DnepR2ecfG1 

mutant (Fig. 44), and iii) the partial derepression in non-stress conditions in the 

DnepR1DecfG1 mutant (Fig. 45). Upon activation of the GSR, nepR2 is strongly 

induced, producing sufficient NepR2 levels to negatively regulate the GSR by the 

direct interaction with EcfG1 and EcfG2, as indicated by the expression analyses 

in the combinatory nepR-ecfG mutants (Fig. 44 and Fig. 45), especially, 

comparing the levels of activity of the DnepR1DecfG1 mutant to those of the 

DnepR1DnepR2ecfG1 mutant, in which the expression increases around 2-fold. 

Also, the negative effect of NepR2 by titration of the EcfG s factors and the PhyR 

B 

A 

Figure 71. Sequence alignment comparing the FR1 region presented by the NepR paralogs 
encoded in S. melonis (FR1_NepR_m and FR1_NepR2_m) and TFA (FR1_NepR1_TFA and 
FR1_NepR2_TFA). The sequences were compared all at once (A) and pair-wise (B). Amino 
acid identity is indicated by asterisks; amino acid similarity is indicated by colons (higher 
similarity) and dots (lower similarity). The alignments were generated with Clustal Omega. 
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regulators can be suggested by comparing the expression phenotypes of the 

DecfG1 mutant to that of the DnepR2ecfG1 mutant (Fig. 44), which shows higher 

levels of expression in the absence of NepR2, especially under GSR-inducing 

conditions. 

 

6. PhyR1 and PhyR2 modulate the GSR accordingly to the stressor 
 The key residues for the interaction between NepR and PhyR proteins, 

defined as those that also interact with EcfG, thus directly involved in the partner 

switch, were determined by Campagne et al. (2012). After analysing the 

analogous contact residues in NepR1, NepR2, PhyR1 and PhyR2, although 

some variations were found, they did not seem divergent enough to cause the 

differences in the binding of NepR1 and NepR2 to the PhyR proteins. However, 

the possibility that the differences between PhyR1 and PhyR2 in the efficiency to 

sequester NepR1 and NepR2 might be related to those distinctive residues 

cannot be ruled out. Particularly, apart from the stable interaction between the 

hydrophobic surfaces generated by the NepR helices and the s-like domain in 

PhyR, up to three polar contacts further stabilise the complex. In contrast, the 

NepR-EcfG complex would only be stabilised by hydrophobic interactions, which 

are comparatively fewer (Campagne et al., 2012). Although no major differences 

were found in the residues that participate in the hydrophobic contacts between 

the NepR paralogs and both PhyR1 and PhyR2, one specific point of divergency 

was the polar contact formed by Glu47 and Arg33, from NepR and PhyR, 

respectively, in the model published by Campagne et al. (2012). In TFA, the 

analogous residues in NepR for Glu47 are Ser47 and Gly45 for NepR1 and 

NepR2, respectively. On the other hand, their counterpart in the polar contact 

found in PhyR1 and PhyR2 would be Ala33 and His33, respectively. Perhaps 

these specific differences, together with minor variations in the hydrophobic 

contacts, determine the differences between PhyR1 and PhyR2 in binding NepR1 

and NepR2 observed in Fig. 63. Unfortunately, these results could not be 

complemented with the quantification of the affinity between the PhyR protein 

and the NepR paralogs, neither by surface plasmon resonance nor by isothermal 

titration calorimetry. 

 The aforementioned differences are reflected in in vivo expression 

measurements, as shown in Fig. 56. The lower ability of PhyR2 to sequester 
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either NepR1 or NepR2 compared to PhyR1 (Fig. 63) provokes a mild decrease 

of the expression from the PnepR2 promoter in the DphyR2 mutant with respect to 

the wild type, whereas a strong decrease is observed in the DphyR1 mutant. This 

is a comparable situation to that observed in S. meliloti, in which the paralogous 

RsiB1 and RsiB2 PhyR-type regulators are encoded (Bastiat et al., 2010). 

However, in this case both DrsiB1 and DrsiB2 mutants showed a strong decrease 

in expression from a GSR target promoter compared to the wild type, with the 

DrsiB2 mutant showing a slightly stronger effect than the DrsiB1 mutant. 

Compared to the S. meliloti homologs, it seems that the TFA PhyR1 and PhyR2 

regulators have a more distinguishable functional differentiation in modulating the 

GSR. 

 Regarding the stress resistance phenotypes tested for the different phyR 

mutants in TFA (Fig. 55), a stress specificity can be observed. Whereas PhyR1 

seems indispensable to activate the GSR against oxidative stress, PhyR2 would 

be important for the protection against heavy metals. Also, any of them could 

trigger the GSR against osmotic stress, and, although both seem to play a role in 

the protection against desiccation, PhyR1 seems to produce a mildly higher 

protection than PhyR2. Among the experimentally studied alphaproteobacterial 

GSR systems, only S. meliloti encodes two PhyR paralogs, but their ability to 

selectively activate the GSR in response to a specific stress has not been 

addressed yet. Thus, the TFA system would be the first reported to bring the 

stress specificity to the PhyR level of the signalling pathway. Nevertheless, given 

the nature of these regulators and their role in the signalling, it seems clear that 

they do not participate in the specific sensing itself. Instead, it would be an 

element above the PhyR level (i. e., the histidine kinases or any other regulator 

yet unknown) the one differentiating among signals and/or transducing them 

selectively to either PhyR1, PhyR2 or both of them. Taken together, the stress 

specificity showed by PhyR1 and PhyR2 and their different abilities to bind 

NepR1 and NepR2 would imply a mechanism to modulate the intensity of the 

GSR output accordingly to the stress that triggered it. 

 An additional control level in the GSR was unveiled by Kim et al. (2013) in 

Brucella abortus. In this species, EcfG and the unphosphorylated PhyR show 

similar affinities for NepR, which a priori may cause high basal levels of activation 
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of the GSR in the absence of stress. However, PhyR harbours a C-terminal ssrA-

like degron sequences, which targets the ClpXP-dependent degradation of the 

protein under non-stress condition, a negative regulation that is relieved after 

exposure to stress (Kim et al., 2013). This type of regulation was predicted for S. 

alaskensis, a close relative of TFA (Fiebig et al., 2015). In TFA, PhyR1 presents 

a C-terminal sequence (VPA) that diverges from the typical degron motifs (VAA 

or LAA), but PhyR2 presents an LAA sequence, standing as a candidate for 

ClpXP degradation. Given that the occlusion of a C-terminal ClpXP signal may 

lead to a 90% decrease in the degradation rate (Hoskins et al., 2002), the 

3xFLAG tag used for tagging PhyR1 and PhyR2 might have affected their protein 

levels, and thus, the output of the GSR in the respective tagged strains. However, 

gene expression and protein quantification experiments after inserting a 3xFLAG 

epitope either in the N-terminus or the C-terminus (thus, occluding any putative 

degron sequence in the C-terminal end) of PhyR1 and PhyR2 (Fig. 65 and Fig. 

66, respectively) suggest that this type of regulated protein degradation does not 

target neither of them in the conditions tested, at least not enough to affect the 

regulation of the GSR. 

 

7. The current model for the GSR regulatory pathway in S. granuli TFA 

 Taking all the results obtained throughout this work together, the GSR 

regulatory model proposed for TFA would be as depicted in Fig. 72. When some 

kind of stress appears either in the environment or in the cytoplasm, it would be 

sensed by one or more of the predicted HRXXN HKs (SGRAN_1165, 

SGRAN_1773, SGRAN_2544, SGRAN_3485), causing an autophosphorylation 

in the conserved His residue. Alternatively, SGRAN_1165 might just play a role 

as PhyR modulator downstream the other HKs. The signal would be transduced 

in a specific manner, either directly or indirectly, to PhyR1 and/or PhyR2, which 

would receive the phosphoryl in an Asp residue. The phosphorylation would 

trigger a conformational change to expose their s-like domain. This would lead to 

the sequestration of NepR1 in a different proportion, depending on whether the 

signalling occurred through PhyR1 and/or PhyR2. NepR1 titration would release 

EcfG2 and the basal amount of EcfG1 from inhibition, thus activating the GSR 

regulon. As part of that regulon, the expression of the nepR2ecfG1 operon would 

be induced, increasing the EcfG1 and, more importantly, the NepR2 levels. In a 
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negative feedback loop, NepR2 would inhibit EcfG1 and EcfG2 in a direct manner 

by protein-protein interaction. Also, NepR2 would bind PhyR1 and/or PhyR2 with 

higher affinity than NepR1, titrating them away from the latter. After its release, 

NepR1 would be again available for directly inhibiting EcfG1 and EcfG2 together 

with NepR2. The effect of NepR2 at the EcfG and PhyR levels, together with its 

high accumulation, would ensure autoregulated levels of GSR by a negative 

feedback loop to prevent overactivation or to quickly switch GSR off. In case 

SGRAN_1165, as some of its homologs, acted as PhyR phosphatase, this 

element would reset the system to its basal state when the stress ceases.  
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Figure 72. Regulatory model for the GSR signaling pathway in S. granuli TFA. Green squares 
represent HKs (the dashed green square indicates the possible role of SGRAN_1165 as 
sensor HK), PhyR regulators are represented in blue, NepR anti-s factors are represented in 
yellow, EcfG s factors are represented in orange, genes are represented in grey. Wavy arrows 
indicate stress sensing (black lines indicate signaling through PhyR1 and PhyR2, blue lines 
indicate signaling through PhyR1, red lines indicate signaling through PhyR2); dashed arrows 
indicate the hypothetical phosphosignaling from the HKs to the PhyR regulators (either direct 
or through intermediate elements); black arrows indicate a regulatory relationship (triangular 
arrowheads indicate a positive effect, flat arrowheads indicate a negative effect); grey arrows 
represent transcription and translation. 
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8. The control of the GSR at the posttranscriptional level 
 Although most of the research attention on the GSR in 

Alphaproteobacteria has been focused on the dynamics of the signalling pathway 

from sensing a stress toward transcriptional activation, other additional levels of 

control remain underexplored. As an example to compare, in the E. coli RpoS-

mediated GSR there is already a map of the posttranscriptional regulation that 

control the production of RpoS (Battesti et al., 2011), and thus, the GSR output. 

However, among the Alphaproteobacteria, limited information on this aspect is 

available. One of the most, if not the most characterised posttranscriptional 

regulatory mechanism involved in this response is performed by the C. 

crescentus small RNA (sRNA) GsrN (Tien et al., 2018a). This is a SigT-

dependent sRNA (thus, a target of the GSR) that regulate both positively and 

negatively the translation of other GSR targets, forming a coherent feedforward 

loop (Tien et al., 2018b). Nevertheless, any possible posttranscriptional control 

on the GSR regulators is yet to be addressed. 

 In TFA, posttranscriptional regulatory mechanisms are only starting to be 

unravelled, mainly those mediated by the RNA chaperone Hfq. From Hfq co-

immunoprecipitation experiments, the sRNA SuhB could be identified and 

subsequently characterised as a regulator involved in the carbon catabolite 

repression of the tetralin degradation genes (García-Romero et al., 2018), 

although recent experiments suggest that SuhB may play a central role in the 

global regulation of TFA metabolism also in anaerobiosis (de Dios et al., 

unpublished). 

 Regarding the GSR regulators, their transcriptional regulation was 

examined using dRNA-seq comparing exponential phase of growth to stationary 

phase, a condition in which the GSR is activated. Coherently, all the GSR 

regulator coding genes under a possible GSR target promoter were induced. The 

only exception was ecfG2, whose transcription remained mostly unaffected, in 

agreement with the lack of a GSR target promoter upstream its ORF. Surprisingly, 

after performing Western blot detection, EcfG2 appeared more accumulated in 

stationary phase compared to exponential phase, indicating that it might be 

subjected to some sort of regulation downstream transcription. Since Hfq is a 

central node for posttranscriptional regulation in Proteobacteria in general, and 

TFA in particular, it was hypothesised that the lack of Hfq should somehow affect 
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the production of EcfG2. This led to performing EcfG2 immunodetection assays 

in an hfq mutant compared to a wild type. Strikingly, not only the levels of EcfG2 

accumulation were altered in the mutant background, but also its size. Since the 

immunodetection was performed thanks to a C-terminal 3xFLAG tag fusion, any 

kind of processing in the final protein should have occurred in the N-terminal end. 

Also, given the function of Hfq as an RNA chaperone, it seems most likely that 

the cause of the altered size and accumulation of EcfG2 should be exerted at the 

RNA level, rather than at the posttranslational level. Taking all of this together, it 

would be possible that, in the absence of Hfq, EcfG2 were translated from an 

alternative start codon (another Met, with a possible ribosome binding site 

upstream, is found within the ecfG2 sequence that, if used as start codon, would 

produce a 5 kDa shorter EcfG2 variant, in accordance with the estimated EcfG2 

size difference between the wild type and the Dhfq mutant). However, different 

mechanisms may lead to that phenomenon. 

 Based on previously obtained datasets, either from an Hfq co-

immunoprecipitation and subsequent RNA sequencing (García-Romero 2018) or 

from a RIL-seq pipeline (de Dios et al., unpublished), ecfG2 seems a target for 

various posttranscriptional regulation events (Fig. 73). Most interestingly, RIL-seq 

differs from a conventional Hfq co-immunoprecipitation in that the putative RNA 

molecules that form a pair by means of Hfq match-making are ligated together, 

allowing the matching of a regulatory sRNA to its target in the subsequent 

bioinformatic analysis. With respect to the ecfG2 regulation, RIL-seq would be 

useful to identify potential regulatory sRNAs targeting it. 

 

Figure 73. Visualization of the Hfq co-immunoprecipitation (orange) and the RIL-seq (green) 
reads aligned to the TFA genome, focusing on the ecfG2 coding region. The arrow indicates 
the predicted TSS (García-Romero 2018), the ecfG2 ORF is indicated in blue and the peaks 
referred in the text are highlighted with red dashed squares. Data were visualised using the 
Integrative Genomics Viewer (IGV). 
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 Comparing the aligned sequences obtained from the conventional Hfq co-

immunoprecipitation and from the RIL-seq experiment, two coincident regions 

appear enriched at the beginning and at the end of the ecfG2 ORF. The first 

region is located right before the putative ribosome binding site. According to the 

RIL-seq processed data, that region in the ecfG2 mRNA would pair with an RNA 

transcribed from an internal promoter located at the end of the SGRAN_1790 

ORF. The mechanism underlying this putative regulation would not be easily 

hypothesised, given the versatility of the RNA regulation. Nevertheless, the 

secondary structure of the ecfG2 mRNA in that region suggests some 

mechanistic possibilities. The annotated AUG codon for ecfG2 and its ribosome 

binding site are forming a hairpin (Fig. 74) with a strong pairing (high G-C 

density). According to recent studies (Altuvia et al., 2018), this would be a 

possible target for RNase III, which cleaves intramolecular dsRNA structures and 

is involved in RNA processing. In case this happened, the AUG codon and the 

respective ribosome binding site would be cut off of the ecfG2 mRNA. This would 

make that the remaining mRNA molecule were translated from an alternative 

AUG codon, with a possible ribosome binding site upstream, which is part of a 

weaker hairpin downstream in the ORF. In this hypothesis, Hfq, together with the 

RNA molecule detected by the RIL-seq pipeline, would serve to unfold the hairpin 

that contains the main AUG codon by pairing with the region before the ribosome 

binding site, preventing the formation of the RNase III target hairpin, and thus, 

cleavage. This would be a similar mechanism to that described for the rpoS 

mRNA and the sRNAs DsrA, ArcZ and RprA (reviewed in Battesti et al. 2011). 

Also, another possibility would be that Hfq by itself would help to unfold the hairpin 

by restructuring it after interaction with the mRNA, as it happens with the dgcM 

mRNA in E. coli. This mRNA is unavailable for the binding of the sRNAs OmrA 

and OmrB in its native conformation, but after interaction with Hfq, it is 

restructured in a conformation that allows the regulation by OmrA and OmrB 

(Hoekzema et al., 2019). 
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 With respect to the other clear peak observed in the Hfq co-

immunoprecipitation and the RIL-seq, it would be located by the end of the ORF 

and maybe part of the 3’UTR of the ecfG2 mRNA. The RIL-seq analysis points at 

a possible unannotated sRNA located upstream SGRAN_1922, which is a target 

of the GSR. A closer inspection of the region (Fig. 75) shows that the GSR target 

promoter initially attributed to SGRAN_1922 could be responsible for the 

transcription of this putative sRNA. The transcription of the SGRAN_1922 (which 

is demonstrated to depend on the GSR, as shown in Table 10) would be directed 

Primary
AUG

Secondary
AUG

Figure 74. Secondary structure prediction of the ecfG2 mRNA. Primary and secondary start 
codons are highlighted by red and green dashed circles, respectively. The nucleotide 
colouring represents the probability of base pairing as indicated in the colour legend. The 
secondary structure prediction was generated with RNAfold. 
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by a second GSR-dependent promoter located closer to that ORF, overlapping 

with the terminator sequence of the putative sRNA. These findings lead to the 

tempting hypothesis by which a novel sRNA transcribed in a GSR-dependent 

manner would act in a feedback loop (it is unclear if it would be positive or 

negative) to modulate the translation and/or stability of the ecfG2 mRNA, thus 

attuning the GSR output.  

 

Figure 75. Visualization of the Hfq co-immunoprecipitation (orange) and the RIL-seq (green) 
reads aligned to the TFA genome, focusing on the SGRAN_1922 coding region. The arrows 
indicate the GSR target promoters, the SGRAN_1922 ORF is indicated in blue and the 
predicted terminator for the putative sRNA upstream SGRAN_1922 is highlighted by a red 
dashed square. Data were visualised using the Integrative Genomics Viewer (IGV). 
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Conclusions 

1. Among the 30 s factors encoded in the S. granuli TFA genome, 25 belong to 

Group IV as they present the characteristic domain architecture of ECF s 

factors. This number is significantly higher than the average 7.5 encoded in 

Proteobacteria, and they cover up to 7 different ECF subgroups according to 

the latest classification. 

2. 19 anti-s factors are annotated in the S. granuli TFA genome, with 3 of them 

being soluble and 16 bearing transmembrane domains. The difference with 

the number of s factors suggest that some of them are regulated by 

alternative mechanisms to the standard s-anti-s titration. 

3. Conditions that generate stress alter the expression of a number of ECFs and 

anti-s factors, with some of them being responsible for regulating stress 

responses.  

4. The highest levels of GSR induction occur in stationary phase and 

anaerobiosis, followed by growth on tetralin as carbon and energy source. 

5. S. granuli TFA encodes two paralogs of each General Stress Response 

regulator, namely: ecfG1 and ecfG2, nepR1 and nepR2, phyR1 and phyR2, 

with nepR2 and ecfG1 forming a bicistronic operon. All their protein products 

are accumulated in stationary phase compared to exponential phase. 

6. ecfG2, whose transcription is GSR-independent, stands as the main GSR 

activator, as it is able to activate the GSR, and confers stress resistance by 

itself. 

7. Part of the transcription of the nepR2ecfG1 operon is driven by EcfG1 in a 

direct positive feedback loop. When produced in sufficient amounts in the 

absence of EcfG2, EcfG1 is able to partially recover the stress resistance of 

the wild type strain. 

8. In a ΔecfG1ΔecfG2 mutant, unable to activate the GSR, 257 genes appear 

upregulated and 189 appear downregulated more than 3-fold in stationary 

phase compared to the wild type strain. Among the latter, 104 genes, 

distributed in 79 transcriptional units, are directly targeted by the GSR. 

9. Promoters targeted by the GSR bear a consensus GGAAC in the -35 box and 

a conserved, yet variable, CGTT in the -10 box. 
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10. A subset of promoters of the GSR regulon is equally transcribed by EcfG1 or 

EcfG2, whereas others produce a substantially stronger transcription when 

targeted by EcfG2. This explains the partial recovery of the stress resistance 

when producing EcfG1 in sufficient amounts in the absence of EcfG2. 

11. Besides the -10 and -35 conserved boxes defining the EcfG target 

consensus, the spacer region between them also contributes to the final 

transcriptional output of each GSR target promoter. 

12. Deletion of nepR2 results in lethality due to the uncontrolled autoregulation of 

EcfG1 on the nepR2ecfG1 promoter. 

13. The moment of the activation of the GSR is controlled via NepR1, whereas 

the final intensity of the response is modulated by NepR2 upon activation. 

14. NepR1 presents more affinity for EcfG1 and EcfG2 than NepR2. 

15. PhyR1 and/or PhyR2 trigger the activation of the GSR in a specific manner 

depending on the stress that induces it, with PhyR1 being able to activate the 

GSR to higher levels than PhyR2 in vivo and in vitro. 

16. Only the phosphorylated versions of PhyR1 and PhyR2 are able to activate 

transcription by EcfG1 and EcfG2 in the presence of NepR1 or NepR2 in vitro. 

17. NepR2 shows higher levels of affinity for phosphorylated PhyR1 and PhyR2 

than NepR1 in vitro. This suggests a two-level negative feedback loop 

exerted by NepR2 by directly inhibiting the activity of EcfG1 and EcfG2 by 

protein-protein interaction and by titrating PhyR1 and PhyR2, thus releasing 

NepR1 to further inhibiting transcription. 

18. In an Dhfq mutant background, EcfG2 is produced in a shorter version and 

accumulated to higher levels in both exponential and stationary phase as 

compared to the wild type, which would imply a posttranscriptional control of 

the GSR. This EcfG2 shorter version presents a lower efficiency for the 

transcription of the nepR2ecfG1 operon. 

19. The data obtained in this thesis has allowed the construction of an integrative 

regulatory model including the EcfG, NepR and PhyR paralogs encoded in 

the S. granuli TFA genome. In this model, EcfG2 would be the master 

activator of the GSR, and the cross-interactions among the different 

regulators, together with the functional differences between the paralogous 

pairs, would serve to modulate the level of activation of the response 

according to the stress that triggered it.
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