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A B S T R A C T

Biofilm formation is stimulated by different stress-related physiological and environmental conditions. In Sal
monella and Escherichia coli, curli fibers and phosphoethanolamine-cellulose are the major extracellular com
ponents of biofilms. The production of both is under the control of CsgD, a transcriptional regulator whose 
expression is modulated by a number of factors responding to different signals. The atypical MerR-like regulator 
MlrA is key in the activation of csgD transcription in both Salmonella and E. coli. Recently, MlrB, a SPI-2-encoded 
MlrA-like regulator that counteracts MlrA by repressing csgD transcription and biofilm formation inside mac
rophages was identified. Here, we characterize STM1266, a Salmonella-specific MlrA-like regulator, recently 
renamed BrfS. In contrast to mlrA, brfS transcription increases in minimal growth media and at 20 ◦C, a tem
perature not commonly tested in laboratories. Under these conditions, as well as in salt-limited rich medium, 
deletion or overexpression of brfS affects extracellular matrix production. Using transcriptomics, we uncovered 
genes under BrfS control relevant for biofilm formation such as csgB and bapA. Transcriptional analysis of these 
genes in mutants lacking brfS, csgD or both, indicates that BrfS controls curli biosynthesis both in a CsgD- 
dependent and independent manner. By contrast, at low temperatures, bapA transcription depends only on 
BrfS, and neither deletion of csgD nor of mlrA modify its expression. Based on these results, we propose that BrfS 
contributes to Salmonella persistence in the environment, where the pathogen encounters low temperatures and 
nutrient limitation.

1. Introduction

Salmonella is the causative agent of a variety of infections, from self- 
limited gastroenteritis to life-threatening Typhoid fever [1]. In addition, 
it has a remarkable capability to adapt its lifestyle to different intra- and 
extra-host conditions [2–4]. Salmonella is usually acquired by ingestion 
of contaminated water or food [5]. A key aspect that contributes to 
Salmonella persistence in both the environment and the host is its ability 
to form biofilms, an assemblage of tightly associated bacteria embedded 
in a self-produced matrix [6]. The Salmonella extracellular matrix can 
include diverse components such as amyloid fibers known as “curli” [7,
8], the surface protein BapA [9], exopolysaccharides such as 

phosphoethanolamine-cellulose (pEtN-cellulose) [10], colanic acid [11] 
and O-antigen [12], and extracellular DNA [13]. Although the specific 
composition of biofilms varies depending on the particular environment 
that the bacteria are encountering, curli and pEtN-cellulose are the 
major components detected and are primarily responsible for the spatial 
configuration of biofilms in both Escherichia coli and Salmonella under 
laboratory conditions [14,15].

The structural and regulatory components of curli are encoded in two 
divergent operons on the Salmonella chromosome, csgBAC-csgDEFG [8,
16]. These genes are also found in several Enterobacteriaceae species 
such as E. coli, Shigella, Enterobacter, and Citrobacter [17,18]. The csgBAC 
operon encodes CsgA and CsgB, the major and minor structural subunits 
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of the curli fiber, respectively [19]. The operon also encodes CsgC, a 
protein that prevents CsgA polymerization within the periplasm [20]. 
The csgBAC operon is transcriptionally controlled by CsgD, encoded in 
the opposite operon together with genes involved in curli transport and 
secretion [16,21]. CsgD also induces transcription of adrA and, at least 
in S. enterica serovar Enteritidis, the bap operon, which encodes the large 
surface protein BapA [9,16]. AdrA is a diguanylate cyclase (DGC) that 
stimulates pEtN-cellulose synthesis [16,22]. Thus, by regulating the 
synthesis of two key extracellular components both directly and indi
rectly, CsgD promotes biofilm formation. CsgD also modulates O-antigen 
capsule formation, essential for desiccation tolerance on abiotic surfaces 
[23].

CsgD is considered a regulatory hub that controls the transition of 
Salmonella between the motile (planktonic) and sessile (biofilm) life
styles. Therefore, CsgD expression is tightly regulated by several factors, 
including the alternative sigma factor RpoS, and the atypical MerR-like 
regulator MlrA [24–26]. RpoS is responsible for the control of stationary 
phase adaptation, modulating the transcription of genes required for 
general stress responses [27]. In E. coli, MlrA activity is modulated by its 
interaction with specific enzymes, phosphodiesterases and diguanylate 
cyclases, that control the intracellular levels of the second messenger 
bis-(3′–5′)-cyclic dimeric GMP (c-di-GMP) [28]. Besides MlrA, E. coli 
produces BluR, a MlrA-like repressor that controls the production of 
colanic acid and downregulates curli synthesis at low temperatures [29,
30].

Salmonella lacks BluR, but has two additional MlrA-like regulators, 
MlrB and STM1266 [31]. MlrB, encoded in the Salmonella pathogenicity 
island 2 (SPI-2), has an N-terminal DNA binding domain that shares 40 
% identity with that of MlrA (Fig. 1). Unlike MlrA, MlrB represses the 
transcription of csgD [32]. This in turn prevents pEtN-cellulose pro
duction when Salmonella resides inside macrophages, allowing bacterial 
replication in the intracellular niche, a crucial step for the progression of 
the infection [33]. STM1266 is a more distant homolog of MlrA, MlrB, 
and BluR (Fig. 1A), even though they share several conserved amino 
acid residues, mainly at their N-terminal, DNA-binding domain 
(Fig. 1B). Kao et al. [34] recently reported that STM1266 affects curli 
synthesis and biofilm formation in liquid static cultures grown at 25 ◦C, 
as well as survival in mouse spleen. They named it BrfS (for biofilm 
regulator for Salmonella). However, BrfS regulatory targets or its acti
vating conditions remained unexplored.

In this work, we analyze the environmental conditions that favor 
BrfS expression, identify its target genes, and evaluate its integration 
into the biofilm stimulon that modulates matrix production in Salmo
nella. We show that brfS transcription increases in minimal media and at 
low temperatures. In these conditions, not usually tested in Salmonella, 
BrfS induces transcription of the major curli components and bapA, even 
in the absence of CsgD. These results suggest that BrfS is required for 
Salmonella biofilm formation and persistence in the environment.

2. Results

2.1. brfS transcription increases in minimal media and at low 
temperatures

MlrA and MlrB control csgD transcription to modulate biofilm for
mation, responding to different environments [24,32]. Given the ho
mology of BrfS to MlrA and MlrB (Fig. S1), we investigated the 
conditions that favor brfS expression. We generated a S. Typhimurium 
14028s derivative carrying a chromosomal lacZ-transcriptional fusion to 
the brfS promoter, which we used in β-galactosidase activity assays, 
including a similar mlrA:lacZ strain as a control. β-galactosidase activity 
was determined in extracts from cells of both strains grown either in 
minimal (M9) media with glucose or in rich, low-salt, Lysogenic–Broth 
media (SLB) at different temperatures. The profile of brfS expression 
clearly differed from that of mlrA (Fig. 1). brfS expression increased as 
temperature decreased in both M9 and SLB. Nutrient limitation also 

favors brfS expression (Fig. 1A). By contrast, mlrA expression was higher 
in rich media than in minimal media, and increased at higher temper
atures (Fig. 1B). These data suggest that BrfS functions primarily at low 
temperatures and in nutrient-deprived conditions.

2.2. BrfS stimulates biofilm formation at low temperatures

BrfS was previously shown to affect curli production and hence 
biofilm formation at the air/liquid interface after 7 days of incubation in 
static liquid rich media at 25 ◦C [34]. Deficiencies in curli production or 
unbalanced biofilm formation can be evidenced by growing the cells in 
SLB plates supplemented with Coomassie Blue and Congo Red dyes, 
known as CR plates [18]. We compared biofilms formed by either the 
wild-type (14028s) or the ΔbrfS mutant strain under different experi
mental setups (Fig. 2). At 28 ◦C, deletion of brfS produced minor effects 
on either extracellular matrix production in liquid medium or on the 
colony morphotype on CR plates (Fig. 2A and B). Remarkably, wild-type 
strain biofilm formation is significantly enhanced at 20 ◦C compared to 
28 ◦C. Colonies on CR plates were large and wrinkled (Fig. 2A), and 
exhibited the typical rdar (red, dry and rough) morphotype, indicative of 
a balanced increment in both curli and pEtN-cellulose in the extracel
lular matrix [18]. Growth at 20 ◦C also resulted in an increased biomass 
adhered to borosilicate beakers in static liquid cultures (Fig. 2B and C 
and Fig. S2 A-D). Moreover, the ΔbrfS strain formed slightly smaller and 

Fig. 1. Temperature-dependent expression of STM1266 (brfS) and mlrA. 
β-galactosidase activity was determined in extracts from STM1266 (brfS)lacZ 
(A) or mlrA:lacZ (B) cells grown overnight in either M9 or SLB media at 20 ◦C, 
28 ◦C, 30 ◦C or 37 ◦C. The data correspond to an average of three independent 
experiments carried out by duplicate and the error bars represent SD. Symbols 
above the bars denote statistical significance relative to the temperature of 
maximal expression of each reporter in each condition: 20 ◦C for STM1266 
(brfS)lacZ and 37 ◦C for mlrA:lacZ. Statistical significances were determined 
within each condition tested, and additionally, between the indicated bars. n. s., 
not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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less wrinkled colonies on CR plates at 20 ◦C (Fig. 2A and B), and had 
substantially reduced air/liquid pellicles and adherent rings under static 
growth in rich liquid cultures at the low temperature (Fig. 2C and D, and 
Fig. S2) compared with the wild-type strain. The differences between the 
wild-type and the mutant strain were more evident when cells were 
grown in M9 with glucose at 20 ◦C (Fig. 2D), the condition for maximal 
BrfS and minimal MlrA expression (Fig. 1). It is noticeable that in this 
medium, the biomass is adhered to the bottom of the beaker instead of 
forming a ring in the interface (Fig. S2). Also, the overall amount of 
biofilm in the wild-type strain observed in this condition increased 
almost 10-fold compared with cells cultured at 28 ◦C (Fig. 2C). Similar 
biofilm phenotypes were observed using glass test tubes as abiotic sur
face (Fig. S2 E-H). (To note, the rdar phenotype did not develop on M9 
minimal medium plates.)

BrfS overexpression from an IPTG-inducible low-copy number 
plasmid (pBrfS, Table S1), stimulated extracellular matrix production in 

both the wild-type and the ΔbrfS mutant, particularly at 20 ◦C 
(Fig. 2A–D), resulting in large colonies with the typical rdar morpho
type. The enhanced pEtN-cellulose production as a consequence of BrfS 
overexpression in the wild-type strain was also evidenced by staining the 
colonies with the dye Calcofluor (Fig. S3). Also, an increased swimming 
phenotype was observed in cells lacking brfS compared to wild-type 
cells, which was reverted by complementing with BrfS from the pBrfS 
plasmid (Fig. 2E and F). This suggests that, in addition to promoting 
biofilm production, BrfS suppresses flagellum-mediated motility to 
facilitate surface colonization.

We analyzed the BrfS-effect on CR plates at low temperature in 
mutant strains with impaired production of either curli (ΔcsgB), cellu
lose (ΔbcsA), or both (ΔcsgD or ΔmlrA) (Fig. 3). Slightly smaller colonies 
than those produced by the wild-type strain and with the typical pdar 
(pink dry and rough) morphotype [18] were observed in the ΔcsgB strain 
that does not produce curli (Fig. 3). Further, deletion of brfS in this 

Fig. 2. BrfS controls biofilm formation and swimming motility at low temperatures. Wild-type, 14028s (WT), ΔbrfS, ΔbrfS/pBrfS, or a ΔbrfS/pUHE21-2laqIq (e.v.) 
cells were analyzed. (A, B) Red dry and rough (rdar) colony morphology (A) and size measurements (B) of the above-mentioned S. Typhimurium strains grown on CR 
agar plates at 28 ◦C or 20 ◦C for 72 h (Scale bars, 1 cm) (C, D) 1:100 dilutions of overnight LB cultures were incubated in SLB medium at 20 ◦C or 28 ◦C (C), or in M9 
medium with glucose at 20 ◦C or 28 ◦C (D), for 1 week in borosilicate beakers without shaking. After successive washes, staining was performed with 1 % crystal 
violet and the absorbance at 562nm was determined. (E, F) Swimming assay performed on SLB 0.3 % agar after 24 h of incubation at 20 ◦C, and its respective halo 
measurements. A) and E) are representative of experiments done at least three times (Scale bars, 2 cm). The data in the graphics correspond to average values of three 
independent experiments carried out by duplicate and the error bars represent SD. Symbols above bars denote statistical significance between means, with respect to 
WT or the indicated strains. n. s., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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mutant resulted in colonies with similar size, but with some morpho
logical alterations. In particular, the edges of the colony became 
smoother and translucid. When BrfS was overexpressed in these cells, a 
modification in the wrinkle pattern was evident, indicating that even in 
the absence of curli, BrfS can alter the pEtN-cellulose disposition and/or 
distribution in the biofilm (Fig. 3).

The mutant in the cellulose synthase catalytic subunit coding gene, 
bcsA, showed the typical bdar (brown dry and rough) morphotype 
(Fig. 3) observed when only curli is present [18]. Overexpression of BrfS 

in this mutant did not exhibit significant modifications in colony 
morphology. A similar phenotype was observed in a strain lacking both 
bcsA and brfS. These results suggest that at 20 ◦C, cellulose is key for the 
formation of the proper rdar colony. Also, BrfS-mediated stimulation of 
matrix production was not observed in cells lacking either CsgD or MlrA, 
highlighting the importance of this regulatory cascade for biofilm pro
duction. Interestingly, the ΔcsgD strain acquired a pink coloration at 
20 ◦C (Fig. 3), in contrast to the almost white colony when grown at 
higher temperatures, i.e., 28-30 ◦C, on CR plates Fig. S4 and [18], sug
gesting that in this condition, a CsgD-independent pathway could 
residually activate some biofilm components.

2.3. Identification of genes under BrfS control

To elucidate the targets of BrfS regulation, we performed RNA-seq 
analysis comparing the transcriptional profile of the ΔbrfS strain over
expressing BrfS from the pBrfS plasmid with the mutant strain carrying 
the empty vector (e.v.). Cells were grown overnight in M9 medium, at 
23 ◦C in the presence of 250 μM IPTG. The genes whose expression 
changed significatively (false discovery rate [FDR], ≤0.01) by ≥ 3-fold 
between the ΔbrfS/pBrfS and the ΔbrfS/e.v. strains are listed in 
Table S4. We detected 151 genes whose expression was upregulated 
while 46 genes were downregulated by BrfS (Fig. 4A and Tables S4 and 
S5). The highest induction was observed for csgB and csgA (Fig. 4A and 
Fig. S5), encoding the minor and major curli subunit, respectively [35]. 
csgC, on the other hand, was not detected in the analysis. This is in 
agreement with previous observations that this gene is expressed at very 
low levels, contrary to csgB or csgA, and with the putative presence of a 
stem-loop structure between csgA and csgC that could account for csgC 
low transcription [36,37]. Furthermore, it also agrees with CsgC role in 
CsgA amyloid formation inhibition [20]. By contrast, minor or no sig
nificant BrfS-dependent activation was observed for the rest of the csg 
genes, encoding assembly/transport components or the regulatory pro
tein CsgD required in much lower amounts than the structural compo
nents (Fig. S5). Similarly, not significant up-regulation for the genes 
involved in cellulose synthesis and transport was observed in the con
ditions tested.

BrfS-overexpression induced the transcription of a number of 
ribosomal-associated genes (Table S4), that could be related to a growth 
advantage of cells overexpressing BrfS. To test this, we compared the 
growth of the mutant and the complemented strain in liquid M9 medium 
at 20 ◦C (Fig. S6). Since no differences were observed, the reason of up- 
regulation of the above-mentioned genes is not clear at this time. It also 
affected the transcription of genes linked to central metabolism 
(Table S4). For instance, genes involved in arginine/pyrimidine pro
duction (car and arg) and thiamine/purine biosynthesis (thi and pur) 
were induced by BrfS overexpression, while some genes related to his
tidine synthesis and iron uptake (his and iro operons) were repressed. 
The STM14_3660-STM14_3661 operon was listed among the genes 
strongly repressed by BrfS-overexpression (Table S4). This operon en
codes an Ail/OmpX-type outer membrane protein and its putative 
chaperone, which were reported to provide resistance to cephalosporins 
and to be part of the Cpx regulon [38,39]. This regulon is controlled by 
CpxR/CpxA, an envelope stress-responding two-component system, 
playing a role in modulating Salmonella biofilm formation under certain 
conditions [40]. Interestingly, cpxP, a gene encoding a CpxR/CpxA 
repressor, was also strongly downregulated by BrfS, while the cpxA gene 
coding for the histidine kinase of the system was induced (Table S4). The 
genes rfbV, rfbN, rfbX and rfbU involved in O-antigen capsule synthesis, 
another component of the extracellular matrix of Salmonella biofilms, 
were repressed as a consequence of BrfS expression.

To corroborate the RNA-seq results (Table S4), we selected some of 
the most affected genes and bapA, and compared their expression by 
qRT-PCR in cells overexpressing or not BrfS and grown under the con
ditions described above (Fig. S7). bapA encodes a large cell-surface 
protein that is part of the Salmonella extracellular biofilm matrix [41]. 

Fig. 3. Effect of BrfS on the rdar morphotype in different mutant strains 
affected in either curli or cellulose production. The figure shows the rdar colony 
morphology of the wild-type 14028s (WT), ΔcsgB, ΔcsgB ΔbrfS, ΔbcsA, ΔbcsA 
ΔbrfS, ΔcsgD or the ΔmlrA strains and transformed either with an empty vector 
(e.v.) or with a plasmid expressing BrfS. The colonies were grown on Congo red 
agar at 20 ◦C without salt. (Scale bars, 1 cm).
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In the S. Typhimurium LT2 genome bapA is annotated as a pseudogene. 
Therefore, it was not listed in our RNA-seq dataset (Table S4). In spite of 
this, we observed an increase in the reads mapping at its mRNA in cells 
overexpressing BrfS by visual inspection of the bapA region (see 
Fig. S8A). BrfS-mediated regulation of this gene was corroborated using 

both qPCR (Fig. S7) and a chromosomal bapA:lacZ reporter (Fig. S8B). 
These results allowed us to propose BrfS as a Salmonella biofilm regu
lator that stimulates the synthesis of the extracellular matrix compo
nents at low temperatures.

2.4. BrfS induces curli transcription activation in a CsgD-dependent and 
independent manner

We compared the transcription pattern of selected genes either in the 
wild-type strain or its ΔbrfS derivative (Fig. 4B) to analyze whether the 
BrfS-dependent regulation of these genes proceeds in cells expressing 
physiological levels of the regulator. The results correlated well with 
those presented in Fig. S7, although as expected, the levels of tran
scriptional modulation were lower than in cells overexpressing BrfS. 
This was particularly evident for carB, suggesting that the car operon is 
not a physiological target of BrfS.

We then investigated whether BrfS requires a functional CsgD to 
modulate transcription of csgB because its expression is known to 
depend on the canonical MlrA-CsgD induction cascade [24,41,42]. 
BrfS-mediated induction of csgB decreased in the ΔcsgD background, but 
it was not abrogated (Fig. 4B). This suggests that BrfS can contribute to 
curli production both in a CsgD-dependent and independent manner. As 
with MlrA, BrfS can induce csgD transcription to modulate biofilm syn
thesis, and this is independent of the presence of MlrA (Fig. S9).

Our results also showed that the STM14_3661 gene, coding for an 
Ail/OmpX-like outer membrane protein involved ceftriaxone resistance 
[43], forms part of the BrfS-CsgD modulatory cascade because deletion 
of csgD abrogated the repression imposed by BrfS (Fig. 4B). No signifi
cant modulation was observed for STM14_3660, a periplasmic protein 
with putative chaperone-like activity that favors STM14_3661 activity 
[39] that was encoded in the same operon [43].

csgD deletion did not significantly affect the BrfS-dependent tran
scription of the rest of the analyzed genes, including bapA, suggesting 
CsgD-independent modulation of these BrfS targets.

2.5. BrfS-dependent induction of bapA at low temperature does not 
require the MrlA-CsgD cascade

The use of a bapA:lacZ reporter in S. Typhimurium strains deleted for 
brfS, csgD or both allowed us to confirm that BrfS-dependent expression 
of bapA does not requires CsgD to activate this gene at low temperature 
(Fig. 5A). This differs from the CsgD-dependent expression of bapA re
ported in S. Enteritidis [9]. In fact, BrfS-dependent transcription of bapA, 
both under physiological conditions or when BrfS was overexpressed, 
was not affected by the deletion of mlrA (Fig. 5B). Western-blot analysis 
allowed us to corroborate the MlrA-, MlrB-independent, BrfS-dependent 
regulation of BapA expression (Fig. 5C), indicating that in S. Typhimu
rium and at least under the conditions tested, bapA is not integrated into 
the canonical MlrA-CsgD cascade.

Altogether, these results indicate that BrfS is a Salmonella-specific 
MrlA-like regulator able to modulate expression of a series of genes 
including those required for extracellular matrix production at low 
temperatures.

3. Discussion

Salmonella biofilm formation is a complex and highly regulated 
process, involving multiple transcription factors responding to different 
intracellular signals. This allows this pathogen to survive and persist not 
only inside the host but also in the environment. Previously, we showed 
that MlrB, an MlrA homolog, contributes to Salmonella virulence by 
repressing csgD transcription and biofilm formation inside host cells 
[32]. In this work, we characterize another MlrA homolog, the Salmo
nella-specific BrfS transcription factor (Fig. S1). We demonstrate its 
importance for Salmonella biofilm formation at low temperatures and in 
nutrient-deprived media (Figs. 2 and 3). brfS transcription is stimulated 

Fig. 4. RNA-seq analysis of S. Typhimurium ΔbrfS strain without or with a 
plasmid expressing BrfS. (A) Scatter-plot showing relative RNA levels for all 
genes in ΔbrfS/pBrfS or ΔbrfS/pUHE21-2lacIq (e.v.) cells (see Tables S4 and 
S5). Each datapoint corresponds to a gene. The BrfS regulated genes csgB and 
cgsA are indicated. As a control, brfS is highlighted. (B) BrfS regulation of gene- 
transcription is exerted either through the canonical CsgD pathway or inde
pendent of CsgD. csgB, carB, purH, argH, purK, carA, bapA, iroB, cpxP, 
STM14_3660 and STM14_3661 gene expression analysis by qRT-PCR. The 
indicated cells were grown overnight at 20 ◦C in M9 medium with glucose. RNA 
quantitation and each gene relative transcription was performed as indicated in 
Materials and Methods. The y-axis represents the relative expression of each 
gene between the indicated strains. The data correspond to average values of 
three independent experiments carried out by duplicate and the error bars 
represent SD. Values below 1 indicates transcriptional repression. Symbols 
above bars denote statistical significance between means of the indicated 
strains. n. s., not significant; **, p < 0.01; ***, p < 0.001.
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in these conditions, in contrast to the mlrA expression (Fig. 1).
Based on the conservation of the DNA-binding site region between 

BrfS and MlrA (Fig. S1), we predicted that BrfS would control biofilm 
production by inducing csgD transcription. Nevertheless, the results 
presented here show that BrfS-controlled gene expression is much more 
complex than this, and that there are genes modulated by BrfS that 
either follow of the canonical MlrA-CsgD regulation or they are inde
pendent of this pathway. BrfS-dependent transcription of csgD was not 
evident in the RNA-seq analysis (Table S4), but was detected through 
quantitative real-time PCR experiments in cells deleted of mlrA (Fig. S9). 
Although CsgD is required for maximal BrfS-mediated transcriptional 
activation of the curli structural genes, some BrfS-dependent activation 
occurs in the absence of the LuxR-like regulator. Furthermore, BrfS- 
activation of another biofilm component, bapA, does not require CsgD 
(Figs. 4 and 5). Whether BrfS recognizes the bapA or the csgD promoters 
is a matter of future investigations because, despite multiple attempts, 
we have so far been unable to purify BrfS in its active form.

In a previous report, Kao et al. [34] showed that BrfS activates the 
transcription of csgD and csgA, but it does not influence the production of 
cellulose. Nevertheless, their studies were all performed at 25 ◦C in static 
liquid cultures and using rich growth media. Thus, these experimental 
conditions differ from the maximal BrfS-expression conditions that we 
showed in this report. In addition, Kao et al. [34] were unable to detect 
extracellular matrix production in the mutant deleted for brfS, while in 
our case, we only observed differences between the wild-type and ΔbrfS 
strains when working at 20 ◦C (Fig. 2). On the other hand, they reported 
that although BrfS is expressed at low temperatures and must be 
involved in non-host linked biofilms, the ΔbrfS strain exhibited an 
attenuated virulence in a mice model. Nevertheless, we were unable to 
replicate this phenotype in a competition assay using the 
Streptomycin-treated mice model (our unpublished results). The nature 

of the abiotic surfaces tested, difference in growth conditions, or viru
lence model could account for these discrepancies. Again, our results 
strongly support the integration of BrfS into the canonical MlrA-CsgD 
activation pathway for biofilm formation as deletion of either the 
curli-biosynthetic genes or the genes coding for the production of 
pEtN-cellulose affect the BrfS-stimulated phenotype on CR plates 
(Fig. 3).

3.1. Metabolic alterations triggered by BrfS

Our transcriptomic studies revealed that BrfS stimulates the 
expression of genes involved in purine or pyrimidine biosynthesis 
(Fig. 4). The products of the pur genes are involved in the synthesis of 
precursors for c-di-GMP formation, a second messenger that is essential 
for biofilm formation [28]. Also, activation of these genes and those 
involved in pyrimidine biosynthesis could enhance the production and 
secretion of extracellular DNA, another well-known component of the 
Salmonella biofilm matrix [13]. This is supported by a number of reports 
that link the genes involved in nucleotide biosynthetic pathways with 
the production and balance of curli and cellulose in biofilms from 
different bacterial species [44–46].

The most strongly repressed genes by BrfS in our transcriptomic 
analysis were STM14_3661 and STM14_3660, that are linked to cepha
losporin resistance [39]. They integrate an operon described as part of 
Salmonella CpxRA regulon [47], but their regulation has not been 
completely elucidated. These genes are reported to be repressed by the 
CpxA kinase but induced by the response regulator CpxR [47]. These 
observations agree with our results showing that BrfS activates cpxA and 
strongly inhibits cpxP transcription (Table S4), which may result in 
CpxA activation and a further repression of the 
STM14_3661-STM14_3660. In addition, we noticed that the 
BrfS-mediated repression of STM14_3661 is lost in cells lacking csgD 
(Fig. 4). Because CpxR/CpxA also influences csgD expression, the link 
between BrfS, CsgD and the Cpx regulon, may require further 
investigation.

In sum, our results show that BrfS controls Salmonella biofilm for
mation at low temperatures. This suggests that BrfS can contribute to 
Salmonella persistence when the pathogen is facing nutrient deprivation 
in low temperature environments. It may even favor the conditions to 
form biofilms and colonize vegetable tissues, ensuring its subsequent 
dissemination to new hosts [22]. Overall, this provides an example of 
how Salmonella relies on various regulatory factors to finely control the 
type and amount of biofilm matrix components required to thrive in 
specific environments.

4. Experimental procedures

4.1. Bacterial strains and growth conditions

S. enterica serovar Typhimurium derivative strains and plasmids used 
in this study are listed in Table S1. Oligonucleotides are listed in 
Table S2. Cells were grown at 37 ◦C, 30 ◦C, 28 ◦C or 20 ◦C in Lur
ia–Bertani without NaCl (SLB) or in M9 medium [48] supplemented 
with sterile-filtered glucose as a carbon source to reach a final concen
tration of 0.4 % (w/v). Ampicillin, kanamycin, and chloramphenicol 
were used, when necessary, at a final concentration of 100, 50, and 20 
μg/ml, respectively. All reagents and chemicals were from Sigma, except 
the Luria Bertani and M9 minimal salts culture media that were from 
Difco. Oligonucleotides were purchased from Macrogen, Inc. Enzymes 
were purchased from New England Biolabs, Promega or Life 
Technologies.

4.2. Construction plasmids and strains

The strains carrying gene deletions or chromosomal lacZ reporter 
fusions, were generated by Lambda Red-mediated recombination 

Fig. 5. BrfS controls BapA expression. (A) β-galactosidase activity determined 
in extracts from the wild-type or the indicated mutant strains carrying the bapA: 
lacZ transcriptional reporter. Cells were grown in M9 medium + glucose at 
20 ◦C with shacking. Values are means and SD of three independent experi
ments performed in duplicates. Symbols above bars denote statistical difference 
between means of the wild-type and the mutant except when it is indicated. n. 
s., not significant; *, p < 0.05; ***, p < 0.001. (B) Quantitative real-time PCR 
performed to compare bapA transcription between the ΔmlrA and the ΔmlrA 
ΔbrfS strains, or between the ΔmlrA ΔbrfS harboring the pBrfS plasmid and the 
ΔmlrA ΔbrfS carrying the empty vector (e.v.). Cells were grown as describe in 
Fig. 4. The y-axis represents the fold induction. (C) Western blot analysis of 
BapA in the indicated strains using anti-BapA antibodies. Whole-cell extracts 
were prepared from stationary-phase cultures grown as indicated in materials 
and methods.
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followed by P22-mediated transduction using previously described 
protocols [49–52]. When necessary, antibiotic resistance cassettes 
inserted at the deletion sites were removed using FLP-mediated 
recombination [53]. DNA fragments as well as plasmids were intro
duced into bacterial cells by electroporation. All constructs were verified 
by DNA sequencing.

To obtain the expression plasmid pPB1407 (Table S1), the gene 
encoding bfrS was PCR amplified from Salmonella Typhimurium 14028s 
chromosome using the brfS fw BamHI NdeI/ brfS rv HindIII primer pair 
(Table S2), and the Q5® High-Fidelity DNA Polymerase (New England 
Biolabs). The PCR products were treated with BamHI and HindIII, and 
cloned into pUH21-2laqIq (Table S1) digested with the same enzymes.

4.3. Quantification of biofilm adhesion to abiotic surfaces

To evaluate the adhesion to polystyrene microplates, a Crystal Violet 
(CV) binding and quantification protocol was implemented [54]. For 
this, 1:100 dilutions of saturated cultures of the tested strains (grown in 
the presence of 250 μM of IPTG) were deposited in borosilicate beakers 
(final volume of 20 ml) or glass test tubes (final volume of 5 ml), which 
were incubated at the temperatures and times indicated. After incuba
tion, the supernatants were discarded and the beakers or tubes were 
washed four times with distilled water and allowed to dry at room 
temperature. Then, 20 or 5 ml of a 1 % (w/v) aqueous solution of CV was 
added to the beakers or to the test tubes respectively, and incubated for 
20 min at room temperature. Subsequently, unbound CV was washed 
out thoroughly with distilled water. After drying the plates at room 
temperature, an ethanol: acetone mixture 80:20 (v/v) was added to each 
beaker or tube. Desorption of the dye was allowed for 1 h at room 
temperature on a shaking platform. Finally, the absorbance at 562 nm 
was recorded using a spectrophotometer (BioTek ELχ808).

4.4. Rdar morphotype

The rdar morphotype was judged visually on Congo red (CR) agar 
plates. Five microliters of a saturated bacterial cultured grown in LB 
(OD600 nm of 5.0) were spotted onto SLB agar plates supplemented with 
Congo red (40 mg/l) and Coomassie brilliant blue G-250 (20 mg/l), and 
250 μM of IPTG when needed. Plates were incubated at the temperatures 
and times indicated and development of the colony morphology and 
color was analyzed.

4.5. Cellulose qualitative assay

Qualitative assessment of bacterial cellulose production was deter
mined on calcofluor agar plates. Five microliters of a saturated bacterial 
culture grown in LB (OD600 nm of 5) were spotted onto SLB agar plates 
supplemented with 50 μg/mL calcofluor white (fluorescent brightener 
28, Sigma) and with 250 μM of IPTG. Plates were incubated at 20 ◦C or 
28 ◦C for 72 h, and fluorescence was observed under a UV light source.

4.6. β-galactosidase activity assays

Measurements of β-galactosidase activity of strains carrying tran
scriptional fusions to the lacZY genes were made following a modifica
tion of the protocol proposed by Miller [55], and essentially as described 
by [51]. 250 μM of IPTG were added to the culture medium when 
needed.

4.7. Protein extraction and western blot analysis

For protein extraction, 1 mL of culture of each strain was grown 
overnight in M9 at 20 ◦C. After cell lysis and separation of the soluble 
fraction, protein concentration was quantified using the BCA kit 
(Thermo Scientific) to apply the same amount in the SDS-PAGE. Western 
blot was carried out as described previously [51,56], using rabbit 

polyclonal anti-BapA antibodies (generously provided by Dr. Iñigo Lasa; 
Universidad Pública de Navarra, Pamplona, Spain).

4.8. Swimming motility assay

To test swimming motility, 5 ml of an overnight culture (OD600 nm =

5) was inoculated into SLB medium containing 0.3 % agar with or 
without 250 μM IPTG. The swimming halos were observed after 24 h at 
20 ◦C.

4.9. RNA-seq

Overnight cultures of 14028s ΔbrfS/pUH21-2laqIq (CDS114) and 
14028s ΔbrfS/pBrfS (CDS115) were grown overnight at 37 ◦C in LB 
supplemented with 100 μg/mL ampicillin with shaking at 225 rpm. M9 
minimal medium (1X M9 minimal salts, 2 mM MgSO4, 0.1 mM CaCl2) 
was prepared and supplemented with 0.4 % glucose, 100 μg/mL ampi
cillin, and 250 μM IPTG. Overnight cultures were washed twice with the 
prepared M9 minimal medium, diluted 1:40 in the M9 minimal medium, 
and grown at 23 ◦C with shaking at 200 rpm until the OD600 nm reached 
1.15–1.35. RNA was purified from cells as described previously [57]. 
RNA was treated with Turbo DNase (Invitrogen) according to the 
manufacturer’s protocol. rRNA removal and library construction were 
performed as described previously [57]. Sequencing was performed by 
the Advanced Genomics Technologies Core at the Wadsworth Center on 
a NextSeq 1000 Instrument. Sequence reads were aligned to the S. 
Typhimurium 14028s reference genome using Rockhopper [58].

4.10. RNA isolation and analysis of gene expression by qRT-PCR

The strains to be tested were grown overnight in M9 liquid medium, 
with or without 250 μM IPTG at 20 ◦C. RNA extraction was done as 
described by [59]. Total RNA samples were treated with RQ1 RNase-free 
DNase I (Promega). The integrity of the RNA samples was checked by 
agarose electrophoresis. First-strand cDNA was synthesized with 
MoMLV-reverse transcriptase (Promega) following the manufacturer’s 
instructions, using 2 μg RNA and random primers. Relative expression 
was determined by performing quantitative real-time PCR in an Accu
rate 96 Real-Time PCR System (DLAB), using the HOT FIREPol® Eva
Green® qPCR Mix Plus (ROX) (Solis BioDyne) with primers listed in 
Table S2. A 10-fold dilution of cDNA obtained as described above was 
used as template. Samples containing no reverse transcriptase or tem
plate RNA were included as negative controls to ensure RNA samples 
were free of DNA contamination. Cycling parameters were as follows: 
initial denaturation at 95 ◦C for 12 min; 40 cycles of 95 ◦C for 10 s, 60 ◦C 
for 20 s and 72 ◦C for 20 s; and a final extension of 72 ◦C for 10 min. 
Results are informed using the 2− ΔΔCT method [60], using gapdH gene as 
a housekeeping gene. Each cDNA sample was run in technical triplicate 
and repeated in at least three independent sets of samples.

4.11. Comparative protein analysis and construction of the phylogenetic 
tree

The protein sequences of the MlrA-like regulators used in the 
alignment and in the phylogenetic tree were downloaded from NCBI 
Table S3 and [31]. Sequences were aligned by ClustalW algorithm, and a 
maximum likelihood phylogenetic tree was constructed using MEGA X.

4.12. Statistical analysis

To test for statistical differences between means, one-way analysis of 
variance (ANOVA) and the Tukey multiple-comparison test with an 
overall significance level of 0.05 were used. Calculations were per
formed with GraphPad Prism statistical software.
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