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Abstract—Biofilms are a widespread form of occurrence of microorganisms in nature, and understanding the
mechanism of regulation of their formation is of unquestionable practical significance for medicine and bio-
technology. In the present work, the effect of nitric oxide (NO) on biofilm formation by Lactobacillus plan-
tarum was investigated and the micromolar concentrations of exogenous NO were shown to have a negative
effect on this process due to its toxic effect on the cells. However, the decrease in the level of endogenous NO
in bacteria in the presence of a nitric oxide scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO) impaired the characteristics of the forming biofilms, as was evident from the

decrease in their size.
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Bacteria of the genus Lactobacillus are an impor-
tant component of the human intestinal microbiota
and are extensively used in the microflora-normaliz-
ing (probiotic) preparations. The mechanisms of pro-
biotic activity of lactobacilli include the production of
bacteriocins and lactic and acetic acids [1]. Apart from
these substances, some lactobacilli were shown to be
capable of synthesizing nitric oxide (NO) [2, 3], which
is probably also a factor of probiotic activity [4]. Intes-
tinal colonization by biofilms of lactobacilli—
agglomerations of microbial colonies immersed in the
extracellular matrix and attached to the surface—is
required for these microorganisms to reveal their ben-
eficial properties [5]. Biofilm formation by lactobacilli
was shown to be affected by bile, mucins, acidity,
osmotic pressure, and composition of the nutrient
medium [6], in particular, availability of the carbon
sources [5]. The products of the following genes are
involved in biofilm formation in lactobacilli: wzb,
ditD, luxS [5], mabA [7], fisH [8], ftm, and ccpA [9].
Participation of the LuxS genes in biofilm formation
indicates the quorum-dependent nature of this pro-
cess in lactobacilli [5]. Moreover, the correlation
between bacterial culture density and biofilm forma-
tion was established [6].

It was recently found out that NO, while binding to
the H-NOX (heme-nitric oxide/oxygen-binding) pro-
tein and changing the concentration of the secondary
messenger cyclic diguanosine monophosphate (c-di-
GMP), regulates biofilm formation in Legionella pneu-
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mophila, Shewanella woodyi, Shewanella oneidensis, and
Pseudoalteromonas atlantica [10—13]. The ability of
nitric oxide to inhibit biofilm formation in Pseudomo-
nas aeruginosa, Staphylococcus aureus, and Candida albi-
cans was proposed to be used in the treatment for bac-
terial and fungal infections [14—16].

This study was performed to elucidate the role of
nitric oxide in biofilm formation by the bacteria
L. plantarum. Since these microorganisms are able to
synthesize NO [2, 3], the effects of both exogenous
nitric oxide evolving from sodium nitroprusside
(SNP) and endogenous NO synthesized by the bacte-
ria via the NO synthase pathway from L-arginine were
assayed.

MATERIALS AND METHODS

The subjects of research were the strains Lactoba-
cillus plantarum 8P-A3 isolated from the Lactobacte-
rin Dry (Perm Scientific and Production Association
Biomed) [3] and L. plantarum 52 from the collection
ofthe Research Institute of Agricultural Microbiology,
Russian Academy of Agricultural Sciences
(St. Petersburg). The bacteria were grown at 37°C on
the MRS medium (Merck). The NO synthase sub-
strate L-arginine [17], the NO donor sodium nitro-
prusside, SNP [18], and the NO scavenger 2-(4-car-
boxyphenyl)-4,4,5,5-tetramethylimidazoline- 1-oxyl-3-
oxide potassium salt, cPTIO [19] (Sigma-Aldrich)
were used. The effects of these substances on biofilm
formation were analyzed in 96-well plates (Greiner
Bio-One CELLSTAR, no. 655180). The bacterial cul-
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Fig. 1. Effect of exogenous NO evolved by sodium nitro-
prusside (SNP) on the viability of L. plantarum 8P-A3.
Cell viability on the medium without SNP is taken as
100%.

ture (200 puL) with a density of 3 x 10’ CFU/mL in the
MRS medium containing different concentrations of
the compounds under study was added into the wells
and incubated for 72 h. The biofilms were assayed as
follows: the contents of the wells was removed, washed
three times with the 1x PBS buffer, stained with 0.1%
aqueous solution of gentian violet (Sigma-Aldrich)
(100 pL/well) for 1 h, and washed again with the
buffer. Then 96% ethyl alcohol was added
(100 uL/well) and the absorption was measured at
570 nm in a Tecan infinite 200 Pro microplate reader
(Switzerland). The intensity of solution staining cor-
related with the biofilm size.

The nitric oxide concentration in SNP solutions
was calculated from the content of NO oxidation
products (nitrites) detected by spectrophotometry
with the Griess reagent (Sigma-Aldrich). The calibra-
tion curve was plotted using fresh NaNO, solutions
(Sigma-Aldrich) at concentrations from 0 to 100 uM.

In order to determine the effect of SNP on bacte-
rial viability, lactobacilli were plated on solid MRS
medium in the presence of different SNP concentra-
tions. Their toxic effects were assessed by bacterial sur-
vival expressed in percentage of the total number of
colonies grown on the medium without the additives.
The viability of bacteria was also accessed by staining
the cells with the LIVE/DEAD BacLight Bacterial
Viability Kit (Molecular Probes) according to the
manufacturer’s instructions. This reagent comprises
fluorescent dyes SYTO 9 and propidium iodide (PI);
hence, the viable cells and the cells with damaged
membranes exhibit green and red fluorescence,
respectively. For the study of NO biosynthesis by lac-
tobacilli, the cells grown to the stationary growth
phase (48 h) were collected by centrifugation, washed
three times with the HBSS buffer (1x Hanks’ Bal-
anced Salt Solution with calcium and magnesium
salts, without phenol red, PAA Laboratories GmbH,
Austria), stained for 1 h with the fluorescent NO indi-
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cator 1,2-diaminoanthraquinone sulfate (DAA)
(Molecular Probes) at the concentration of 50 pug/mL,
and washed three times from the dye with the same
buffer [20]. The preparations were analyzed under a
Leica DM 6000B epifluorescence microscope (Ger-
many). The fluorescent images were obtained and flu-
orescence intensity was measured using the Leica
FW4000 software package. The results were statisti-
cally processed in Microsoft Excel. The reliability of
the differences was determined using the Mann—
Whitney criterion; the probability criterion of p <0.05
was taken as a criterion of significance of the differ-
ences between the two groups of data.

RESULTS AND DISCUSSION

Effect of exogenous NO on the biofilms. In recent
years, nitric oxide was hypothesized to act as a univer-
sal regulator of biofilm formation in bacteria [10—13].
SNP was added to the medium to elucidate the effect
of exogenous NO on the biofilms of lactobacilli. The
presence of this nitric oxide donor in the samples
resulted in NO emission and a decrease in cell viability
in proportion to the increase in SNP concentration
(Fig. 1). With 1 mM SNP added to the growth
medium, NO was found at the concentration of
6.3 uM and the loss of viability of lactobacilli by
almost 60% compared to their growth without SNP
was recorded (Fig. 1). At the same time, biofilm for-
mation was inhibited in both L. plantarum strains
under study (Fig. 2e).

Effect of endogenous NO on biofilms. Since some
lactobacilli synthesize nitric oxide via the NO synthase
(NOS) pathway [2, 3], we investigated the possibility
of induction of nitric oxide synthesis in L. plantarum
8P-A3 and L. plantarum 52 from the NOS substrate
L-arginine. It was shown that the viability of lactoba-
cilli grown with and without the amino acid was simi-
lar (Fig. 3a). In accordance with the “L-arginine par-
adox”, the addition of exogenous arginine, indepen-
dent of its intracellular concentration, resulted in
enhanced NO production [17]. We have previously
demonstrated the possibility of NO determination in a
bacterial culture using DAA fluorescent staining [20].
The addition of 100 uM L-arginine to the growth
medium resulted in the enhancement of the fluores-
cent signal of L. plantarum 8P-A3 cells more than two-
fold compared to the cells incubated without arginine,
while L. plantarum 52 did not activate NO synthesis in
the presence of L-arginine (Figs. 3b, 3c), which is evi-
dence of the strain differences in the level of NOS
activity or the rate of metabolism of L-arginine as a
substrate.

Addition of L-arginine to the growth medium did
not alter the biofilm formation, irrespective of whether
NO level in the sample was elevated, as in the case of
L. plantarum 8P-A3, or remained basal, as in the case
of L. plantarum 52 (Figs. 2a—2c).
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Fig. 2. Effect of L-arginine (a—c), sodium nitroprusside (SNP) (d, e¢) and NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide (cPTIO) (f, g) on biofilm formation by L. plantarum 8P-A3 (dark columns) and L. plantarum 52
(light columns). Biofilm formation during the growth on MRS medium without the additives was taken as 100%. *, reliably differs

from 100%.

Since we had recorded the basal NO level in the
cells of lactobacilli, it seemed important to determine
the influence of its decrease on biofilm formation. To
this effect, the NO scavenger cPTIO was added to the
medium. In the presence of | mM cPTIO, both strains
showed lower levels of biofilm formation (Figs. 2f, 2g),
which indicated the necessity of the basal level of
endogenous NO for biofilm formL:ation in L. plan-
tarum.

While physiological concentrations of NO are
known to exert a regulatory effect on bacterial biofilms
[10—13], the values of these concentrations and the

nature of their influence vary significantly in different
species. In Pseudomonas aeruginosa, millimolar SNP
concentrations (25—100 mM) contributed to biofilm
formation; in the presence of nano- and micromolar
SNP concentrations, no biofilm formation occurred
and the already formed bacterial microcolonies were
destroyed [14]. Exogenous NO evolved by the nitric
oxide donor DETA NONOat (200 uM) increased bio-
film formation in Shewanella oneidensis [12] and
inhibited this process in Shewanella woodyi [11]. Since
it is known that the cells within biofilms are less sus-
ceptible to the action of antibiotics, toxins, bacterio-
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Fig. 3. Effect of L-arginine on viability of L. plantarum 8P-A3 (dark columns) and L. plantarum 52 (light columns) measured
using the LIVE/DEAD reagent (a) and biosynthesis of nitric oxide measured by DAA (b). The total cell number in a sample was

taken as 100%.
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cins, and other antimicrobial agents [21], induction of
biofilm formation by the high (milli- and micromolar)
NO concentrations was also explained by the defense
strategy of bacteria [12]. However, in spite of the
higher toxicant resistance of microorganisms within
biofilms compared to free cells [21], we demonstrated
the toxic effect of exogenous NO on lactobacilli even
at nanomolar concentrations (Fig. 1b), which had a
negative influence on biofilm formation (Figs. 2d, 2e).
Taking into consideration the functional activity of
NO in the nonspecific immune system [22], the
revealed sensitivity of lactobacilli to exogenous NO is
important in the context of their symbiotic position in
the human gastrointestinal tract.

We found that endogenous NO did not reach the
toxic level (cell viability did not change during NOS
activation, Fig. 3a) and was crucially important for
biofilm formation. It is known that the involvement of
nitric oxide in the regulation of biofilm formation by
bacteria is mediated by c-di-GMP [10—13] and that
the quantity of the latter in a cell depends on a number
of factors apart from NO and is therefore not constant.
Nitric oxide, being a “ubiquitous” molecule, has a
dual effect on c-di-GMP level, depending on the
enzymes and proteins (diguanylate cyclase/phos-
phodiesterase or histidine kinase) it interacts with in
the cells, which can account for the multidirectional
influence of addition of NO donors on the Shewanella
oneidensis and S. woodyi biofilms [11, 12]. It would be
erroneous to explain the stimulating/inhibitory effects
of NO on biofilms only by the concentration of the
effector, without taking into account the level of
endogenous NO, as well as the inter-species and strain
differences in manifestation of NO effects (including
the toxic ones) in different microorganisms. Our
research is the first demonstration of the involvement
of nitric oxide in the regulation of biofilm formation in
lactobacilli, where the toxic potential of nanomolar
concentrations of exogenous NO and significance of
the basal level of endogenous NO for this process were
established.
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