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ABSTRACT

Staphylococcus aureus is a Gram-positive bacterium with capacity to form biofilms, which constitute an important resistance
mechanism and virulence factor. Flavohaemoglobin (Hmp) is a major nitric oxide (NO) detoxifier of several bacteria,
including S. aureus. Although Hmp has a well-known physiological role linked to response of planktonic cells to nitrosative
stress, its contribution to biofilm formation remains unaddressed. Hence, in this work, we investigated the role of Hmp in
biofilm development of a methicillin-resistant S. aureus strain. For this purpose, we exposed the hmp mutant to nitrosative
stress and examined its behaviour along biofilm development. We observed that cells inactivated in hmp and grown under
nitrosative stress conditions have significantly impaired capacity to develop early stage biofilms. Furthermore, the
wild-type biofilm phenotype was fully restored by trans-complementation of hmp in the hmp mutant. Coculture studies of
NO-producing macrophages with S. aureus revealed that the hmp mutant has significantly lower capacity to develop biofilm
biomass when compared with the wild type. Thus, we concluded that the pathogen S. aureus relies on Hmp to establish
viable biofilms in the presence of cells of the host innate immune system.

Keywords: methicillin-resistant Staphylococcus aureus; early stage biofilm; flavohaemoglobin; macrophages; nitrosative
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INTRODUCTION

Staphylococcus aureus is a commensal bacterium that colonizes
the human nasopharynx, and an opportunistic pathogen capa-
ble of causing a wide spectrum of aggressive infections in the
elderly and immunocompromised individuals. Moreover, the

overuse of antibiotics has been giving rise to the so-called
methicillin-resistant S. aureus (MRSA) strains, which although
first confined to hospitals are currently spread in the commu-
nity (Furuya and Lowy 2006; Chambers and DeLeo 2009).

Staphylococcus aureus is prone to form biofilms in dam-
aged host tissues (e.g. osteomyelitis) and in indwelling medical
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devices, constituting the leading cause of infections associated
with prosthetic devices (Suresh, Biswas and Biswas 2019). In par-
ticular, infections related to biofilms of S. aureus are quite prob-
lematic due to the difficulty in its eradication, which leads to
repeated infection cycles (Nasser et al. 2020).

Biofilms are microbial communities of surface-attached cells
that are encased in a self-secreted extracellular matrix formed
by polysaccharides, DNA (eDNA) and proteins, and the predom-
inance of each of these components in the biofilm matrix dif-
fers among S. aureus strains (McCarthy et al. 2015). In the host,
biofilm formation starts with the attachment of bacterial plank-
tonic cells to a tissue surface or implanted medical device, fol-
lowed by proliferation, secretion of the matrix components and
bacterial aggregation into microcolonies. This early stage biofilm
proceeds to maturation stage, and when mature biofilms are
formed the late stage dispersal mechanisms are activated. As a
consequence, bacterial cells are released, which can cause per-
sistent infections in the host (Kostakioti, Hadjifrangiskou and
Hultgren 2013).

Macrophages are among the first cells of the host innate
immunity infiltrating the tissues where the biomaterials are
implanted, and bacterial clearance by macrophages in the early
postimplantation phase of the medical device is crucial in
the prevention of deleterious infections (Anderson, Rodriguez
and Chang 2008). Previous studies showed that planktonic S.
aureus cells trigger the accumulation of host pro-inflammatory
macrophages (M1 phenotype) that promote bacterial eradica-
tion mainly through activation of the eukaryotic inducible nitric
oxide synthase (iNOS) that generates nitric oxide (NO) (Hanke
and Kielian 2012; Hanke et al. 2013; Pidwill et al. 2021). On the
contrary, mature S. aureus biofilms (>1 week after in vivo inocu-
lation) limit the migration of macrophages towards the infection
site and promote the expression of M2 phenotype macrophages
that have low iNOS activity due to the significantly higher activ-
ity of arginase-1, as shown in a mouse model of a catheter-
associated biofilm infection and macrophage–biofilm coculture
models (Thurlow et al. 2011; Hanke and Kielian 2012). The tran-
sition of M1 to M2 phenotype involves the combined action
of host myeloid-derived suppressor cells (MDSCs) and inter-
leukins IL-12 and IL-10, which promote S. aureus biofilm persis-
tence during orthopaedic implant infection (Heim, Vidlak and
Kielian 2015). More recently, iNOS expression was shown to
increase drastically in biofilm-associated MDSCs from arginase-
1-deleted animals, suggesting a compensatory mechanism for
arginine depletion; however, treatment of these animals with
an iNOS inhibitor showed no effect on biofilm burdens (Yamada
et al. 2018). Staphylococcus aureus biofilm formation was inhib-
ited in a mouse model of MRSA catheter-associated infec-
tion by reprogramming the M2 anti-inflammatory macrophage
phenotype to the M1 pro-inflammatory by early administra-
tion of an M1-activating peptide (EP67) or the introduction of
exogenous M1-activated macrophages (Hanke et al. 2013). Clas-
sical M1 phenotype macrophages release NO in concentra-
tions that are sufficient to eliminate disrupted biofilm material
and biofilm-dispersed bacteria as reported for a wide range of
pathogens, including MRSA (Thurlow et al. 2011). Previous stud-
ies in clinically relevant microorganisms reported that high con-
centrations of NO (e.g. 125–1000 μM DETA NONOate, 100 μM
SP-NO) promote dispersal of biofilms, including for S. aureus
(Jardeleza et al. 2011; Zhu et al. 2018). Thus, development of NO-
releasing nanoparticles has been used for prevention of bacterial
biofilm formation (Suresh, Biswas and Biswas 2019). Yet, bacte-
ria have evolved strategies for fighting the deleterious action of
NO, which include metabolic adaptations, repair proteins and

protective NO-detoxifying systems (Justino et al. 2005; Gonçalves
et al. 2006; Carvalho et al. 2017). In this last group, flavo-
haemoglobins and flavodiiron NO reductases are the two main
NO detoxifiers that are widely distributed among microorgan-
isms, and in many microbes the two genes are present in the
same genome (Justino et al. 2005; Gonçalves et al. 2006).

Staphylococcus aureus genome and that of other Staphylo-
coccus species, such as S. epidermidis, apparently encode the
flavohaemoglobin gene as the major NO-detoxifying enzyme.
In S. aureus, hmp is regulated by the two-component regulator
SrrAB, an oxygen sensor operative under low-oxygen conditions
and exposure to NO (Kinkel et al. 2013). We previously showed
that oxygen-limited conditions trigger the expression of the S.
aureus hmp gene (Gonçalves et al. 2006; Nobre et al. 2010), con-
ditions under which flavohaemoglobin catalyses the conversion
of toxic NO to innocuous nitrate. Furthermore, we proved that
in planktonic cells flavohaemoglobin protects the nonclinical
methicillin-sensitive S. aureus (MSSA), in vitro and ex vivo, against
NO-producing macrophages (Nobre et al. 2010).

Although in planktonic cells the function of bacterial flavo-
haemoglobins as NO detoxifiers is well established, there is a gap
of knowledge on its role in bacterial biofilm development under
stress conditions. In this work, we investigated the behaviour
of an MRSA strain deleted in flavohaemoglobin under biofilm-
forming stress conditions in vitro and ex vivo in macrophages.

MATERIALS AND METHODS

Bacterial strains and routine growth conditions

All bacterial strains used in this study are listed in Table 1,
and stored at –80◦C in TSB containing 25% glycerol. Staphylo-
coccus aureus JE2, a plasmid-cured derivative of the CA-MRSA
strain USA300 LAC, and the JE2�hmp transposon mutant of
the Nebraska Transposon Mutant Library were obtained from
the Network on Antimicrobial Resistance in S. aureus (NARSA;
Chantilly, VA). For the complementation assays, the JE2�hmp
mutant strain was transformed by electroporation with the
pMK4[hmp] plasmid (1 μg) extracted from RN4220�hmp. Strain
RN4220�hmp (LMS800) carrying pMK4[hmp] or pHmp, as desig-
nated in Nobre et al. (2010), was previously constructed from
RN4220, a transformable derivative of strain NCTC8325 (MSSA)
(Gonçalves et al. 2006). Transformants were selected on TSA
medium containing 10 μg mL–1 chloramphenicol. As control,
it was used JE2�hmp transformed with the empty plasmid
pMK4, and recombination was verified by PCR using the plasmid
primer pair M13 fw 5′-GTAAAACGACGGCCAG-3′ and M13 rev 5′-
CAGGAAACAGCTATGAC-3′. For all strains, TSA-isolated colonies
were grown overnight in TSB medium (Difco, Franklin Lakes, NJ,
United States), at 37◦C, and 1 mL aliquots (stocks) were stored in
25% glycerol at –80◦C. When required, erythromycin and chlo-
ramphenicol were added at 10 μg mL–1.

The S. aureus pre-inoculum cultures were routinely started at
1% (v/v), and grown in TSB under aerobic conditions, for 16 h, in
Erlenmeyer flasks containing a 1/5 of its volume, incubated at
37◦C and 150 rpm.

Staphylococcus aureus planktonic growths

Staphylococcus aureus strains were inoculated in TSB medium
with glucose (0.5%, w/v) in rubber stopped flasks fully filled
with non-deaerated medium and tightly sealed with alu-
minium caps. The cultures were started at an initial OD600 of
0.05–0.1 by addition to the fresh medium of routinely grown
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Table 1. Bacterial strains used in this work.

Strains Description Source

S. aureus
JE2 Plasmid-cured derivative of USA300 LAC (CA-MRSA) NARSA
JE2�hmp JE2 hmp::�N�; EmR NARSA (ID NE1744, gene

locus tag SAUSA300 0234)
JE2�hmp-phmp JE2�hmp harbouring pMK4[hmp]; EmR; CmR This study
RN4220 Restriction-deficient derivative of the MSSA NCTC8325 strain

that allows transformation
Gonçalves et al. (2006)

RN4220�hmp RN4220 strain inactivated in hmp; EmR Gonçalves et al. (2006)

overnight pre-inoculums of S. aureus, and incubated at 37◦C and
90 rpm. Cells were left untreated or exposed immediately to S-
nitrosoglutathione (GSNO; 200 and 500 μM, Sigma, Spruce Saint
Louis, MO, USA, which was prepared as previously described;
Gonçalves et al. 2006). Samples were harvested with a 1-
mL syringe, and growth monitored through measurements of
the optical density at 600 nm, which were done every hour
during 8 h.

Biofilm growth, biomass determination and viability
assays

Biofilm growth and biomass determination were performed as
described previously (Schoenfelder et al. 2019), with some modi-
fications. The routinely grown overnight pre-inoculum cultures
of S. aureus were diluted to an OD600 of 0.05 in TSB supple-
mented with glucose (0.5%, w/v), and inoculated into 96-well
flat-bottomed tissue culture plates (Sarstedt, Nümbrecht, Ger-
many), containing 200 μL per well. GSNO (final concentration of
200 and 500 μM) was added immediately after inoculation, and
cells were incubated statically, at 37◦C for 8 and 24 h. After that,
biofilms were fixed at 65◦C for at least 1 h, and stained with 200
μL 1% (v/v) crystal violet (Merck, Kenilworth, USA) for 20 min.
During this time period, plates containing the crystal violet were
protected from light. Excess of stain was washed twice with 200
μL phosphate-buffered saline (PBS; 1×), and crystal violet was
extracted by a 10 min incubation with 200 μL glacial acetic acid
(33%, v/v). Absorbance at 570 nm was measured in a microplate
spectrophotometer (Multiskan GO Microplate Spectrophotome-
ter, Thermo Scientific, Waltham, Massachusetts, USA).

For viability determination, early biofilm attached cells were
removed from well plates with the help of pipette tips, and trans-
ferred to PBS (100 μL)-containing microcentrifuge tubes, vor-
texed for 30 s, sonicated (Bioruptor R© Plus sonication system,
Diagenode, Seraing (Ougrée) Belgium) for 12 cycles (10 s ON,
30 s OFF, on high setting), vortexed again and centrifuged at
11 337 × g for 1 min, at RT. The resulting cell pellets were resus-
pended in 200 μL PBS, and serial dilutions were plated, and after
an overnight incubation the colony-forming units formed per
millimetre were counted.

Determination of early stage biofilm matrix
components

Staphylococcus aureus JE2 and JE2�hmp strains GSNO-treated
were grown on 96-well flat-bottomed plates in TSB + glucose
(0.5%, w/v) for 8 h, as described above. The amount of matrix
proteins and polysaccharides of the biofilms was determined
by treatment with sodium periodate (40 mM, Sigma-Aldrich) for
24 h at 4◦C, and proteinase K (1 mg mL–1, Sigma-Aldrich) for 4 h
at 37◦C, respectively (Schoenfelder et al. 2019; Salzer et al. 2020).
The contribution of eDNA to the biofilm biomass was evaluated

by treatment with 100 μM DNase I after incubation for 4 h at 37◦C
(Salzer et al. 2020).

Following treatment, all early stage biofilms were washed
two times with PBS and heat-fixed at 65◦C for at least 2 h. Biofilm
biomass was then determined with crystal violet staining, as
described above.

Early stage biofilm–macrophage coculture assays

Murine macrophages J774A.1 (LGC Promochem, Teddington/UK)
were cultured in Dulbecco’s modified eagle medium (DMEM),
containing 4.5 g L–1 of glucose, 862.0 mg L–1 of l-alanyl-
glutamine, 110.0 mg L–1 of sodium pyruvate and 15.0 mg L–1

of phenol red, 10% (v/v) of fetal bovine serum, 50 U mL–1 of
penicillin and 50 μg mL–1 of streptomycin (all reagents from
Gibco, Amarillo, Texas, USA). Macrophages were incubated at
37◦C in 5% CO2 atmosphere. Activation of macrophages was
achieved by overnight incubation with 5 μg mL–1 lipopolysaccha-
rides (LPS; Sigma) and 1 μg mL–1 interferon-γ (IFNγ ; Sigma), in
DMEM without antibiotics. IFNγ and LPS were used to induce the
macrophages’ microbicidal M1 activation state. Macrophages
were routinely counted using a Neubauer chamber, and cell via-
bility was determined by staining with trypan blue.

Transwell assays

Macrophages were seeded, for 48 h, at 5 × 105 cells mL–1 in cell
inserts, with a pore size of 0.4 μm, placed in 24-well plates (Sarst-
edt), and macrophages were activated overnight. The Griess
method (Tarpey, Wink and Grisham 2004) was used to determine
the nitrite present in macrophage’s supernatants, which results
from the oxidation of the NO derived from inducible nitric oxide
synthase (iNOS) activity.

Activated macrophages were washed two times with
PBS and fresh activation medium (DMEM without antibi-
otics + LPS + IFNγ ) was added. Wells were inoculated with
overnight cultures of S. aureus JE2 and JE2�hmp to a final
OD600 of 0.05. Bacterial viability was determined by plating
serial dilutions of the cultures in TSA, and counting colonies
after overnight incubation. A multiplicity of infection (MOI) of
∼10:1, bacteria:macrophage, was used, as described previously
for other macrophage–biofilm coculture models (Thurlow et al.
2011). In this set-up, the inserts allow the passage and diffu-
sion of soluble components between macrophages and bacteria
present in the wells, but not the direct contact between the bac-
terial and mammalian cells (S. aureus cell size: 1–2 μm). After
4 or 8 h of growth, the inserts were removed and the amount
of early stage biofilm in the wells was determined, as described
above. Early stage biofilm content determined in the absence of
macrophages was used as control.
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Pegged lid assays

We used pegged lids to test the formation of early stage MRSA
biofilms while contacting macrophages producing NO. For this
purpose, macrophages were seeded, for 24 h, at 2.5 × 105 cells
mL–1 in 96-well flat-bottomed tissue culture plates (Sarstedt) and
activated overnight. Following a PBS wash and addition of fresh
activation medium, the mammalian cells were inoculated with
overnight cultures of S. aureus JE2 and JE2�hmp, to a final OD600

of 0.05 (MOI of ∼ 9), and the plates were closed with pegged lids
(Innovotech, Edmonton, Canada). Under these conditions, bac-
teria are simultaneously in direct contact with the macrophages
while forming biofilms on the surface of the pegs. After 8 h, the
pegged lid was transferred to a clean 96-well plate and heat fixed
at 65oC for at least 1 h. Biofilm biomass was then determined
by crystal violet staining as described above, with the exception
that volumes of 150 μL were used instead of 200 μL, to avoid
leakage of liquid from the wells.

Statistics

Statistical analyses were done using GraphPad Prism (GraphPad
software version 5.01, San Diego, CA). The results were com-
pared using two-tailed unpaired Student’s t-tests with a confi-
dence interval of 95%. Assays were done for, at least, three bio-
logical independent samples. Data is presented as mean ± stan-
dard deviation.

RESULTS

Flavohaemoglobin contributes to early stage MRSA
biofilms formed under nitrosative stress

To test the ability of the MRSA strain to form biofilms under in
vitro nitrosative stress, overnight cultures of S. aureus JE2 wild-
type and �hmp strains were diluted in rich medium, TSB plus
glucose (0.5%, w/v), to an OD600 of 0.05 and immediately exposed
to GSNO (final concentrations of 200 and 500 μM). The concen-
trations of GSNO were selected based on previous literature that
indicates that normal NO levels in healthy sinuses, which to our
best knowledge is so far the only niche with reported high NO
levels (6–25 ppm), range from ∼100 to 450 μM of the NO donor
concentration (Jardeleza et al. 2011).

Biofilms (attached cells and microcolonies) formed follow-
ing 8 h of treatment were analysed, and Fig. 1A shows that the
amount of early stage biofilm produced by the JE2 wild type was
similar between untreated and GSNO-treated biofilm cells. How-
ever, cells that do not express Hmp and were exposed to 500 μM
GSNO exhibited a significantly decreased capacity of early stage
biofilm formation, producing the JE2�hmp mutant strain an
amount of biofilm that was ∼60–70% lower than that of the
wild type. The role of Hmp was further evaluated through com-
plementation assays that were done under similar nitrosative
stress conditions. Expression in trans of hmp restored the capac-
ity of JE2�hmp to produce biofilm to levels similar to that of the
wild type, thus confirming the role of Hmp in early stage biofilm
formation (Fig. 1A). Additionally, Hmp was also shown to con-
tribute to the development of mature MRSA biofilms (24 h) (Fig.
S1, Supporting Information).

To infer whether the lower biofilm biomass of the JE2�hmp
could result from a lower growth rate of the planktonic cells, we
exposed JE2 and JE2�hmp planktonic cultures to similar stress
conditions. Therefore, overnight cultures of MRSA wild-type and
�hmp strains were diluted in the same rich medium to an OD600

of 0.05, exposed to GSNO (200 and 500 μM), and grown in rub-
ber stoppered flasks, for 8 h. Figure 1B shows that JE2 wild type
reached a biomass of ∼2, 1.3 and 0.3 when exposed to 0, 200 and
500 μM GSNO, respectively, which indicates that the wild type
is sensitive to these GSNO concentrations during planktonic
growth. Still, under these conditions, the lack of hmp did not
increase the sensitivity of the MRSA to GSNO (Fig. 1B; Fig. S2A,
Supporting Information). These results strongly contrast with
those observed above for the early stage biofilms that showed
the wild-type insensitivity to GSNO, while stress-treated hmp
mutant produced significantly less early stage biofilm. Further-
more, it shows that the decreased capacity of JE2�hmp to form
early stage biofilm under nitrosative stress is not a consequence
of an effect occurring at the planktonic stage. Rather, it is a sen-
sitivity that is only observed under biofilm-forming conditions.

In our study, we used a nutritionally richer medium (TSB sup-
plemented with glucose) as it is more adequate to biofilm pro-
duction. Interestingly, in this medium the planktonic cells of the
hmp mutant show no sensitivity to GSNO while the same experi-
ment done in LB (Fig. S3, Supporting Information) exhibits a phe-
notype similar to that previously reported (Gonçalves et al. 2006;
Nobre et al. 2010).

In MRSA strains, including USA300 LAC, the ica locus
(icaADBC), which encodes an extracellular polysaccharide
adhesin, termed polysaccharide intercellular adhesin (PIA) or
polymeric N-acetylglucosamine, is considered redundant, and
biofilm formation depends on other factors, namely the expres-
sion of surface proteins (e.g. sortase-anchored proteins and the
major autolysin Atl), and the release of extracellular DNA (Fitz-
patrick, Humphreys and O’Gara 2005; O’Neill et al. 2007; Laud-
erdale et al. 2009; McCarthy et al. 2015). Considering that the
biofilm exopolymers, which are present at some extent in micro-
colonies, are known to protect bacteria against harmful envi-
ronmental conditions, including antimicrobial compounds, we
have analysed whether the Hmp contribution to early stage
biofilm phenotype under nitrosative stress depended on the
early stage biofilm exopolymers formed by the MRSA strain. This
was done by testing the ability of a strain that produces ica-
dependent biofilms, namely the MSSA RN4220 strain (deriva-
tive of the MSSA NCTC8325) and its hmp mutant, to form early
stage biofilms in the presence of GSNO (Fig. 1C). As for JE2
and JE2�hmp, while planktonic cells of RN4220 wild type and
RN4220�hmp did not show significant different biomass and
growth rates between them whether they were untreated or
exposed to 200 μM and 500 μM GSNO (Fig. 1D; Fig. S2B, Sup-
porting Information), the same did not occur for early stage
biofilm formation. GSNO (500 μM) affects early stage biofilm for-
mation in MSSA RN4220 more than in MRSA JE2. Like in JE2�hmp,
the RN4220�hmp mutant exhibited a strongly reduced capacity
(∼60%) to produce early stage biofilm biomass when compared
with the wild type.

Altogether, our data reveal that Hmp plays a role in the early
stage formation of S. aureus biofilms under nitrosative stress
conditions, and the degree of protection is similar between
MRSA (ica-independent) and MSSA (ica-dependent) early stage
biofilms, i.e. independent of the type of matrix (Fig. 1A and C).

Flavohaemoglobin contributes to the survival of early
stage MRSA biofilm-encased cells exposed to NO

To understand at which level the hmp mutation attenuates
early stage biofilm biomass formation in the presence of GSNO
(500 μM), we performed two experiments. First, we assessed
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Figure 1. Effect of nitrosative stress on early stage biofilm biomass and planktonic growth of MRSA and MSSA wild type and �hmp. (A, C) Early stage biofilm biomass
formed by GSNO-treated S. aureus MRSA JE2 (white bars), mutant JE2�hmp (blue bars), complemented strain JE2�hmp-phmp (orange bars), MSSA RN4220 (grey bars)

and mutant RN4220�hmp (green bars), grown in TSB medium + glucose, and under biofilm-forming conditions. (B, D) Biomass (OD600) of GSNO-treated planktonic
S. aureus MRSA JE2 (white bars), mutant JE2�hmp (blue bars), MSSA RN4220 (grey bars) and mutant RN4220�hmp (green bars), grown in TSB medium + 0.5% (w/v)
glucose at 37◦C. Nitrosative stress was generated by addition of 200 and 500 μM GSNO, and early stage biofilm quantification and OD600 measurements were done

after incubation for 8 h. Background staining levels: 0.13 ± 0.02. Error bars for biofilm biomass and OD600 measurements represent mean ± SD (n ≥ 8 for biofilms and
n = 3 for planktonic growth); asterisks represent statistically significant data relative to the wild type grown under the same condition. Two-tailed unpaired Student’s
t-tests with a confidence interval of 95% were performed for comparison between wild type and mutant in the same condition. ∗P < 0.05, ∗∗P < 0.001 and ∗∗∗P < 0.0001.

indirectly the contribution of proteins, polysaccharides and
eDNA to early stage biofilm biomass by treating JE2 and JE2�hmp
GSNO-exposed early stage biofilms (8 h) with sodium periodate,
proteinase K and DNAse I, respectively. Second, we determined
the cell viability of JE2 and JE2�hmp early stage biofilm-encased
cells.

Although hmp inactivation did not induce significant alter-
ations in the polymers amount per early stage biofilm biomass
(Fig. 2A), the cell viability was altered. In fact, cell viability was
significantly lowered by ∼83% when compared with the wild
type. Moreover, the wild-type phenotype was fully restored by
expressing in trans the hmp gene in the JE2�hmp mutant strain
(Fig. 2B).

As the results showed that the decrease in early stage biofilm
biomass caused by hmp inactivation is due to lower number of
viable cells, we concluded that Hmp is necessary for the survival
of early stage biofilm-encased MRSA cells exposed to nitrosative
stress.

Flavohaemoglobin contributes to survival of S. aureus
early stage biofilms in the presence of host immune
cells

Our previous work showed that Hmp potentiates S. aureus
planktonic cells survival in NO-producing murine macrophages
(Nobre et al. 2010). As the formation of a biofilm matrix surround-
ing S. aureus cells provides further protection from innate immu-
nity it is of relevance to investigate the role of Hmp in early
stage biofilm formation in the presence of macrophages with

clearance capacity, which was done through two type of experi-
ments, namely transwell and pegged lid assays.

In the transwell experiments, the macrophages and the bac-
terial biofilms are not in direct contact, similarly to what hap-
pens with macrophages that are infiltrating the tissues but
maintain some distance from the surface where the biofilm
is forming, and there is only the exchange of medium and
excreted soluble components, such as NO. In the pegged lids
assay, biofilms formed in the tips of the pegs are in direct contact
with the macrophages permitting for additional cell–cell inter-
actions. Considering the well-established NO-detoxifying role
of S. aureus Hmp (Gonçalves et al. 2006; Nobre et al. 2010), we
used activated NO-releasing macrophages. Nitric oxide produc-
tion by the activated macrophages was confirmed by quantifi-
cation of the extracellular nitrites in supernatants of LPS- and
IFNγ - treated and untreated macrophages (Fig. 3A and C).

For the transwell assay, macrophages seeded in cell inserts
were exposed to overnight cultures of S. aureus JE2 and JE2�hmp
(MOI of ∼10). After 4 and 8 h of incubation, the inserts were
removed, and the amount of early stage biofilm formed in the
wells was determined. The results in Fig. 3B clearly show that
the S. aureus �hmp forms significantly less early stage biofilm in
the vicinity of macrophages.

For the pegged lid assays, macrophages seeded in 96-well
plates were inoculated with overnight cultures of S. aureus JE2
and JE2�hmp (MOI of ∼9) and the plates were closed with pegged
lids. After 8 h of contact with the macrophages, early stage
biofilms formed on the surface of the pegs were quantified.
In this assay, the behaviour of JE2 and JE2�hmp strains also
differed. When compared with the wild type MRSA, the strain
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Figure 2. Early stage biofilm matrix composition and viability in MRSA �hmp

exposed to GSNO. (A) Early stage biofilms formed after 8 h by the wild-type JE2
(white bars) and mutant JE2�hmp (blue bars) exposed to 500 μM GSNO were

treated with sodium periodate (24 h, 4◦C), proteinase K (4 h, 37◦C) and DNAse
I (4 h, 37◦C). The biofilm that remained after treatment was stained with crystal
violet and absorbance at 570 nm was measured as described in the ‘Materials and
Methods’ section. Absorbances were normalized to total biofilm biomass. Error

bars represent standard deviation of n = 4. (B) Early stage biofilms of wild-type
JE2 (white bars), mutant JE2�hmp (blue bars) and complemented strain JE2�hmp-
phmp (orange bars) that were formed during 8 h in 96-well plates containing TSB
with glucose, and unexposed and treated with 200 and 500 μM of GSNO. The

number of viable cells encased in the biofilms was determined by CFU counting
per milliliter. Error bars represent standard deviation of n = 6. Asterisks repre-
sent statistically significant data relative to the wild type grown under the same
condition. Two-tailed unpaired Student’s t-test with a confidence interval of 95%

was performed for comparison between wild type and mutant in the same con-
dition. ∗∗P < 0.001.

JE2�hmp exhibited a 41% lower amount of early stage biofilm
biomass after 8 h (Fig. 3D). Importantly, there are no differences
between the mutant and the wild type when grown in the
activation medium in the absence of macrophages (Fig. S4,
Supporting Information).

Overall, the two-macrophage biofilm-forming bacteria cocul-
ture models clearly showed that Hmp is important for the
establishment of an early stage biofilm in the presence of host
immune cells.

DISCUSSION

Staphylococcus aureus biofilms are a major problem of hospital-
ized patients carrying indwelling medical devices. Biofilm life
cycle is characterized by several phases and the early stage of
biofilm formation (cell attachment and microcolonies forma-
tion), which has been receiving less attention, is crucial for the
successful establishment of the mature biofilm (Arce Miranda,

Baronetti and Paraje 2021). As for planktonic cells, bacteria
at the early stages of biofilm formation are exposed to resi-
dent macrophages with microbicidal NO activity (M1 pheno-
type) (Anderson, Rodriguez and Chang 2008; Thurlow et al. 2011).
Although the role of Hmp in nitrosative stress protection of
human pathogens, including S. aureus, is well demonstrated for
planktonic cells, so far no data were available on its function at
the interface of NO-producing macrophages and staphylococ-
cal biofilms. Thus, we have investigated the role of Hmp in the
development of S. aureus biofilms under nitrosative stress.

We first observed that the nitrosative stress generator GSNO
decreases considerably S. aureus planktonic biomass, but has no
effect on early biofilm biomass formation (8 h). This higher resis-
tance of sessile cells to antimicrobials comparatively to their
free-floating counterparts has been observed in several other
studies (Hall and Mah 2017).

We also compared the capacity of MRSA and MSSA wild-
type strains to produce biofilms. Although the two strains pro-
duce similar amounts of early biofilm biomass, they differ in
the resistance to nitrosative stress. While GSNO decreases sig-
nificantly the early MSSA biofilm formation, it has negligible
effect on MRSA biofilm. The higher resistance of MRSA biofilms
to antimicrobial compounds has been reported by other authors
(Manandhar et al. 2018; Piechota et al. 2018; Hosseini et al. 2020).
Moreover, the nature of the extracellular polymeric substance
(components, channels, pores and towers), whose synthesis
is already observed in microcolonies of early stage biofilms
(Moormeier and Bayles 2017), is different between MRSA and
MSSA strains. The fact that MRSA is considered ica- or PIA-
independent and MSSA ica-dependent (McCarthy et al. 2015) may
play a role in this phenotype, as different biofilm matrices may
influence resistance to antimicrobials (Flemming et al. 2016).

Further experiments showed that disruption of hmp in the
MRSA and MSSA led to a considerable decrease (∼60–70%) of the
capacity of both strains to form early biofilms under nitrosative
stress conditions. Moreover, the hmp biofilm cell viability and
biomass amounts were fully restored to the wild-type levels
by hmp in trans-complementation, which rules out possible
secondary-site mutations and polar effects. Interestingly, it was
reported for S. aureus that high concentrations of nitrites (2–
5 mM) impair biofilm formation, an inhibition that was abol-
ished by addition of NO scavengers (Schlag et al. 2007). Addi-
tionally, in the Gram-negative P. aeruginosa, 6 h-formed biofilms
pretreated with NO increased the expression of level of flavo-
haemoglobin (Zhu et al. 2018).

Our data also indicate that the Hmp protective role under
nitrosative stress is due to the promotion of biofilm viability
and biomass, rather than related with changes of the biofilm
matrix components. Interestingly, several antibiotics also affect
the biofilm biomass and viability and cause no alteration in the
matrix levels (Skogman, Vuorela and Fallarero 2012).

Staphylococcus aureus planktonic cells and those disassoci-
ated from biofilms (disrupted biofilm material) are phagocytosed
triggering mainly the accumulation of activated macrophages
that produce NO via the inducible eukaryotic NO synthase.
Here, we proved that flavohaemoglobin protects early stage
biofilm formation of S. aureus, and contributes to the devel-
opment of MRSA biofilms in the presence of NO-producing
mammalian immune cells (Fig. 4). Importantly, the Hmp-related
enhancement of early stage biofilm formation occurred regard-
less of the kind of contact between bacteria and macrophages,
i.e. in close proximity and in direct physical contact as in in
vivo conditions (Anderson, Rodriguez and Chang 2008; Thurlow
et al. 2011).
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Figure 3. Early stage biofilm formed by MRSA �hmp when contacting murine macrophages. Evaluation of the extracellular nitrite accumulation in the supernatant of
untreated (black bars) and activated macrophages (dark orange bars) in transwells (A) and in pegged lid assays (C). Early stage biofilm biomass produced by S. aureus

JE2 (white and grey bars) and JE2�hmp (blue and green bars) when contacting macrophages, assessed by the transwell (B) and pegged lid (D) assays. Biofilm formation
was evaluated after 4 h (white and blue bars) and 8 h (grey and green bars) of infection/postinoculation by crystal violet staining. Error bars represent mean ± SD
(n = 4 and n = 6 for transwell and pegged lid assays, respectively). ∗∗P < 0.001, ∗∗∗P < 0.0001. Asterisks represent statistically significant data relative to (A, C) untreated

macrophages and (B, D) wild type grown under the same condition. Two-tailed unpaired Student’s t-tests with a confidence interval of 95% were performed for the
comparisons.

Figure 4. Model for the contribution of Hmp in early biofilm development of S. aureus. Schematic view of NO-proficient macrophages approaching S. aureus wild-type
JE2 (left panel, beige background) and JE2�hmp mutant (right panel, blue background) during the initial stage of biofilm development. The formation of the early biofilm
of S. aureus is impaired by hmp mutation due to the incapacity of the mutant to detoxify the NO delivered by M1 macrophages.
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In conclusion, we reveal that the NO-detoxifying flavo-
haemoglobin promotes biofilm formation in the presence of
macrophages of the innate immune system, which are compo-
nents of the first line of defence of mammals. The wide distribu-
tion of flavohaemoglobins in bacterial pathogens suggests that
these proteins may constitute valuable drug targets to avoid the
formation of MRSA biofilms during the course of device-related
infections.
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