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Abstract

Background: Bacillus subtilis 3610 displays multicellular traits as it forms structurally complex biofilms and swarms
on solid surfaces. In addition, B. subtilis encodes and expresses nitric oxide synthase (NOS), an enzyme that is
known to enable NO-mediated intercellular signalling in multicellular eukaryotes. In this study, we tested the
hypothesis that NOS-derived NO is involved in the coordination of multicellularity in B. subtilis 3610.

Results: We show that B. subtilis 3610 produces intracellular NO via NOS activity by combining Confocal Laser
Scanning Microscopy with the NO sensitive dye copper fluorescein (CuFL). We further investigated the influence of
NOS-derived NO and exogenously supplied NO on the formation of biofilms, swarming motility and biofilm
dispersal. These experiments showed that neither the suppression of NO formation with specific NOS inhibitors, NO
scavengers or deletion of the nos gene, nor the exogenous addition of NO with NO donors affected (i) biofilm
development, (i) mature biofilm structure, and (iii) swarming motility in a qualitative and quantitative manner. In
contrast, the nos knock-out and wild-type cells with inhibited NOS displayed strongly enhanced biofilm dispersal.

Conclusion: The results suggest that biofilm formation and swarming motility in B. subtilis represent complex
multicellular processes that do not employ NO signalling and are remarkably robust against interference of NO.
Rather, the function of NOS-derived NO in B. subtilis might be specific for cytoprotection against oxidative stress as
has been proposed earlier. The influence of NOS-derived NO on dispersal of B. subtilis from biofilms might be
associated to its well-known function in coordinating the transition from oxic to anoxic conditions. Here, NOS-
derived NO might be involved in fine-tuning the cellular decision-making between adaptation of the metabolism
to (anoxic) conditions in the biofilm or dispersal from the biofilm.

Background

Nitric oxide (NO) is a signalling molecule in multicellular,
eukaryotic organisms, where it coordinates the function
and interactions between cells of the cardiovascular,
neuro, and immune system [1]. These cells have the ability
to synthesize NO with the enzyme NO synthase (NOS)
using arginine and O, as substrates [2]. The targets of NO
signalling are mainly NO-mediated protein modifications,
such as iron-nitrosylation and S-nitrosylation of active site
cysteine thiols. These modifications critically depend on
the apparent NO concentration and the redox conditions.
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Thus, NO signalling is considered to be a redox-based sig-
nalling event [3].

Functional NOS was also found to be encoded and
expressed in certain, predominately gram-positive, bacteria
including the well-studied model organisms Bacillus subti-
lis [4,5]. Until now, only few studies reported on the func-
tion of NOS-derived NO in bacteria. Gusarov and Nudler
[6] showed that NOS-derived NO in B. subtilis provides
instant cytoprotection against oxidative stress imposed by
H,0, with two different mechanisms. Firstly, NO activates
catalase, the H,O, degrading enzyme. Secondly, NO sup-
presses cytotoxic Fenton chemistry - the formation of
DNA damaging OH- radicals from the oxidation of Fe**
with H,O,. Here, NO interrupts the re-supply of Fe** by
inhibiting the enzymatic reduction of cysteine, which
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controls the (re-)reduction of intracellular Fe3* to Fe*".
This alleviation from oxidative stress by NOS-derived NO
has been shown to be partly responsible to protect bacteria
against a range of antibiotics that induce oxidative stress
[7]. A completely different function of NOS-derived NO
was described in Streptomyces turgidiscabies, where it is
involved in the biosynthesis of a secondary metabolite (a
dipeptide phytotoxin) by the site-specific nitration of a
tryptophanyl moiety [8].

In addition, NO is an established signalling molecule in
bacteria interacting with many bacterial regulatory com-
ponents, such as OxyR, SoxR, NsrR, NorR and regulators
of the FNR family [9]. In these systems, the NO signal is
mainly thought to be produced as an intermediate or by-
product of catabolic reactions of the nitrogen cycle or
from eukaryotic host cells that attack pathogens with
NO. However, the fact that certain bacteria encode and
express NOS prompted the hypothesis that NOS-derived
NO is involved in intercellular signalling between bac-
teria to exert multicellular functions [10].

Signalling in bacteria is especially important for the
coordination of their multicellular traits. Remarkable
multicellular traits in bacteria are swarming motility and
biofilm formation, both of which have been intensively
studied in B. subtilis NCIB3610 [11-15]. This strain was
isolated ~1930 and is probably the progenitor of the
sequenced laboratory strain B. subtilis 168, which does
not exhibit swarming motility and formation of struc-
tural complex biofilms, because it is thought to have
lost these traits by intense laboratory use for decades
(domestication) [11,16,17].

Swarming motility is a multicellular movement of bac-
teria that migrate above solid substrates in groups of
tightly bound cells [18]. Swarming motility is dependent
on cellular differentiation processes of sessile or swimming
cells into swarm cells, which are longer, more flagellated
and can assemble into multicellular rafts. The differentia-
tion into swarm cells and the swarm expansion is thus a
multicellular process that is governed by signals that coor-
dinate the interaction between individual cells. B. subtilis
displays many of the classical features of swarming moti-
lity. When centrally inoculated on nutrient-rich agar (0.5-
0.7% agar) cells differentiate into swarm cells and, after a
lag phase of a few hours, expand rapidly over the entire
agar surface [13]. The swarm edge consists of poorly
motile cells that are driven forward by motile, highly fla-
gellated cells that are organized in multicellular rafts.

Biofilm formation in B. subtilis is characterized by the
formation of robust pellicles at the air-liquid interface
and the formation of structurally complex spot colonies
on agar surfaces. Within biofilms B. subtilis forms aerial
projections called fruiting bodies, because their tips are
the preferential sites for sporulation [12]. A hallmark of
biofilm development in B. subtilis is the differentiation
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of the B. subtilis population into different subpopula-
tions. Phosphorylation of the master regulator SpoOA
controls differentiation. The subpopulation with low
intracellular levels of phosphorylated SpoOA produces
the extracellular matrix, while the subpopulation with
high intracellular levels of phosphorylated SpoOA differ-
entiates into spores [14]. A set of specific sensor kinases
(KinA, B, C, D, and E) controls the level of SpoOA phos-
phorylation, but the extra- or intracellular signals that
affect these kinases remain largely unknown [14]. Signal-
ling molecules for B. subtilis differentiation events that
are known to date are mostly specific peptides, such as
ComX, sufactin, and PhrC. In this study, we hypothe-
sized that biofilm formation in B. subtilis is controlled
by the redox-based signal of NOS-derived NO, in addi-
tion to a response to structurally specific signalling
molecules.

Another important aspect of biofilm physiology is the
dispersal of cells from the biofilm. Biofilm dispersal is
defined as a process in which initially sessile cells undergo
phenotypic modifications, which enable them to actively
leave the biofilm and finally convert to planktonic cells
[19,20]. Active biofilm dispersal contrasts the process of
passive sloughing of cells from the biofilm by hydrody-
namic stress. Pseudomonas aeruginosa is an important
model system for studying biofilm dispersal. Here, pre-
vious studies have shown that dispersal can be considered
a multicellular trait as it involves quorum sensing [21].
However, the underpinnings of biofilm dispersal are the
metabolic state of the biofilm cells, as regulatory systems
for dispersal are controlled by nutrient availability [22-24].
Dispersal of B. subtilis biofilms has not been investigated
to date even though its apparent fruiting bodies have led
to the speculation about their function in spore dispersal
[12].

In this study we hypothesized that NOS-derived NO
coordinates multicellular traits of B. subtilis 3610. We
examined the effect of exogenously supplied NO and of
NOS inactivation on biofilm formation, swarming moti-
lity and biofilm dispersal in B. subtilis. The results show
that NOS and NO do not affect biofilm formation and
swarming, but unambiguously show an influence of
NOS on biofilm dispersal.

Results and Discussion

NO formation in B. subtilis 3610

We tested intracellular production of NO in B. subtilis
3610 grown in LB and in MSgg medium by staining
cells with the NO sensitive dye CuFL. The results show
that wild-type B. subtilis produces NO in both media
(Figure 1). Incubation of wild-type cells with the NO
scavenger c-PTIO decreased NO production to 7% in
LB and 33% in MSgg as compared to untreated wild-
type cells (Figure 1A, B &1E). This confirms that NO
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Figure 1 Nitric-oxide-synthase (NOS)- derived NO formation by
B. subtilis 3610. (A-D) Confocal laser scanning micrographs of cells
grown in LB for 4 h at 37°C. Shown is the overlay of: gray -
transmission and green - fluorescence of NO sensitive dye CuFL. (A)
Wild-type without supplements, (B) supplemented with 100 pM c-
PTIO (NO scavenger), (C) 100 uM L-NAME (NOS inhibitor), and (D)
3610Anos. Scale bar is 5 um. (E) Single-cell quantification of
intracellular NO formation of cells grown in LB (gray bars) and
MSgg (white bars) using CuFL fluorescence intensity (AF.U. =
Arbitrary Fluorescence Units). Error bars show standard error (N = 5).

signals measured in the untreated wild-type are specific
to NO and were not derived by unspecific reactions of
the dye with other cellular components. Incubation of
wild-type cells in LB with the NO synthase (NOS) inhi-
bitor L-NAME and of a mutant that lacked the nos gene
decreased in both cases NO production to ~ 7% as com-
pared to untreated wild-type cells (Figure 1C-E). In con-
trast, supplementing MSgg medium with the NOS
inhibitor L-NAME and growing the nos mutant in
MSgg decreased NO production to only 85% and 80%,
respectively, as compared to untreated wild-type cells
(Figure 1E).

The data shows that B. subtilis uses NOS to produce
NO in LB and indicates that NO production via NOS is
low in MSgg. Furthermore, the NO scavenger c-PTIO
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effectively reduces intracellular NO and the NOS inhibi-
tor L-NAME inhibits NO formation by NOS. Hence,
both compounds are suitable tools to test the effect of
NO and NOS-derived NO, respectively, on multicellular
traits of B. subtilis. Moreover, the data indicates that
B. subtilis produces significant amounts of NO with an
alternative mechanism besides NOS when grown
in MSgg. An alternative pathway of NO formation in
B. subtilis could be the formation of NO as a by-product
during the reduction of NO,™ to ammonium (NH,") by
the NO,™ reductase NasDE [25]. Both LB (~35 pM) and
MSgg (~ 5 uM) contained traces of oxidized inorganic
nitrogen (NO3™ or NO,’; NO,), which might be a suffi-
cient source for low nanomolar concentrations of NO
even if most NO, is reduced to NH,". Gusarov et al.
[26] showed that NasDE actively reduces NO, in LB-
cultures at the end of the stationary phase. However,
NO production from ammonifying NO,™ reductases has
so far only been reported for the ammonifying NO,~
-reductase Nrf of E. coli [27], but not for NasDE of
B. subtilis. The potential ability of NasDE to generate
NO may be an interesting subject for further research
directed toward the understanding of how B. subtilis
controls NO homeostasis under different environmental
conditions.

NO is not involved in biofilm formation of B. subtilis 3610
We tested the influence of NOS-derived NO and exogen-
ously supplemented NO on biofilm formation of B. subtilis
3610 by monitoring the morphology of agar-grown colo-
nies and the development of biofilms on the air-liquid
interface (pellicles) in MSgg medium. The results show
that the development of structured colonies on agar sur-
faces is not influenced by an NOS inhibitor, an NO sca-
venger, the addition of NO with an NO donor and by
deleting the gene that encodes for NOS (Figure 2A-E).
Furthermore, the treatments did not affect the develop-
ment of structures described earlier as fruiting bodies [12]
in the colony biofilms (Figure 2F-K). In addition, we moni-
tored the developmental sequence of pellicle formation on
the cellular level with phase contrast microscopy (data not
shown). Pellicles developed regardless of the treatment
from motile cells of unit length, over non-motile cells
aligned in long chains, to densely packed cells and spores,
which resemble the developmental sequence described by
Branda et al. 2001 [12].

The quantitative growth kinetics of vegetative cells in
the pellicle biofilms was not affected by the presence of
NOS inhibitor, NO scavenger, NO donor, and a mutation
in the nos gene (Figure 3A). Spore counts in the pellicles
showed that the presence of NOS inhibitor and NO sca-
venger did not change the kinetics of spore formation
(Figure 3B). In contrast, the presence of NO donor
approximately doubled the number of spores in the early
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Figure 2 Influence of NO and NO synthase (NOS) on colony morphology and fruiting body formation of B. subtilis 3610. (A-E) Colonies
were grown for 4 d on MSgg agar and images were captured with a digital camera. (F-K) Colonies were grown for 3 d on MSgg agar and
images were captured with a CCD camera mounted on a microscope. NO scavenger (c-PTIO), NOS inhibitor (L-NAME) and NO donor (Noc-18)
were added to biofilm incubations of B. subtilis wild-type. Scale bars are 1 cm (A-E) and 200 um (F-K).

stages (day 3 and 4) of pellicle formation (Figure 3B).
Measurements with NO and O, microelectrodes showed
that the addition of NO donor led to ~20 pM NO after
3-4 d of incubation in the anoxic medium underlying the
pellicle, while NO could not be detected in the other
treatments. The high NO concentration can exert toxic
effects on the cells and might enhance spore formation.
However, the structural assembly of spores in the biofilm
was not affected (data not shown) and the differences in
spores were not significant between treatments in the
mature biofilms after 7 days of incubation.

Intracellular measurements of NO in B. subtilis indi-
cated that NO production from NOS is low in MSgg
medium (Figure 1E), which is typically used to induce
formation of structurally complex B. subtilis biofilms
[14]. This might explain the absence of an effect of
NOS inhibitors and nos knock-out on biofilm formation.

In addition, biofilm formation is not affected by NO
produced by other NO-producing pathways, as neither
the NO scavenger nor the addition of exogenous NO
had an effect on mature biofilm structures.

Previous studies have shown that cellular differentia-
tion and biofilm formation in B. subtilis are controlled
by intracellular concentrations of the phosphorylated
master regulator SpoOA [14]. Two sensor kinases (KinA
and KinC) that control the level of SpoOA phospohryla-
tion possess cytoplasmic PAS sensor domains, which
have been implicated to sense redox potential and O,.
In turn, a mutational study of the cytoplasmic PAS
domain of B. subtilis’ sensor kinase ResE suggested that
it senses NO under anaerobic conditions [28]. Thus, it
is conceivable that KinA and KinC are affected by NO
signalling. However, our study indicates that NOS-
derived NO and exogenously supplied NO do not affect
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Figure 3 Influence of NO and NO synthase (A) on the cell concentration and (B) the percentage of spores per cell during the
development of biofilms of B. subtilis 3610 and 3610Anos at the liquid-air interface as determined by plate counting. Biofiims of wild-
type 3610 were grown in 25 mL MSgg medium in glass tubes without supplementation (control), supplemented with 100 uM L-NAME (NOS
inhibitor), 75 uM c-PTIO (NO scavenger), and 130 pM Noc-18 (NO donor). Error bars indicate standard deviation (N = 3).
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the PAS domains of KinA and KinC such that biofilm
formation and differentiation is significantly altered.
This supports the notion that biofilm formation and dif-
ferentiation in B. subtilis are rather controlled by speci-
fic extracellular molecules, such as signalling peptides
[14], as opposed to more broad range redox-based sig-
nals like NO.

NO is not involved in coordinating swarming of B. subtilis
3610

We tested the influence of NO and NOS activity on the
swarming motility of B. subtilis 3610 on LB-based
swarm agar (Figure 4). Swarm expansion of wild-type B.
subtilis on 0.7% LB agar was 9 mm h' (+ 0.8 mm) and
agrees well with swarm expansion of 10 - 14 mm h™*
reported by Kearns and Losick [13]. Swarm expansion
was not significantly affected by the presence of NOS
inhibitors, NO scavenger, NO donor and for the nos
mutant. This shows that neither NOS-derived NO nor

14
wild-type Anos

12 4
= 10 o -|- ]
: LI |
E 3g_ l
w - -
E 6
. _ i
= J J
S 4 — 4
(7))

2 i

0 o <0 r3’ NI

& ng\Q\ « & &

S S \AO\‘O RS
&Y &‘;&‘ S &
v q, ,.v

Figure 4 Influence of NO and NO synthase (NOS) on the swarm
rate of B. subtilis 3610. Swarm expansion assays with strain 3610
wild-type (white bars) and strain 3610Anos (gray bars) were
performed on 0.7% LB agar without supplementation (controls) or
supplemented with 100 uM L-NAME (NOS inhibitor), 100 uM c-PTIO
(NO scavenger) and 20 uM or 200 uM Noc-18 (NO donor). Error
bars indicate standard deviation (N = 6). Differences between
individual dataset are not statistically significant (@ = 0.01; see
Material and Methods section for details).
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exogenously supplied NO influences swarming motility
in B. subtilis.

NOS-derived NO inhibits biofilm dispersal of B. subtilis
3610

We tested the influence of NOS-derived NO and exogen-
ously supplied NO on the dispersal of B. subtilis 3610
from spot colony biofilms of wild-type and nos mutant
cells (Figure 5A). First, biofilms were grown on MSgg
agar or MSgg agar supplemented with NOS inhibitor or
NO scavenger. To assay dispersal, we mounted a drop of
MSgg medium containing a similar treatment as the
underlying agar onto mature colony biofilms. The cell
number in the drop was determined after short-term
incubation (2 h) to minimize growth in the drop. While
it is not expected that considerable growth occurs, any
minor growth will proceed with a similar rate in all treat-
ments (Figure 3A). In addition, placing the drop on the
biofilm may cause some cells to enter the liquid by
mechanical forces. However, those will be similar in all
treatments and in the control that is done with MSgg
only. Thus, differences in cell number in the drop
entirely reflect differences in active dispersal of cells from
the biofilm into the drop. Using flow cytometry we dis-
tinguished vegetative cells and spores, which presumably
have no means of active dispersal as they are in an inac-
tive state.

The results showed that dispersal is ~10 fold
enhanced in the nos mutant and when the wild-type
strain is subjected to NOS inhibitors (Figure 5A). Addi-
tionally, the presence of the NO scavenger ¢-PTIO
increased the dispersal 4 fold. These results suggest that
NOS is involved in a mechanism that facilitates the
maintenance of cells in the biofilm. The fact that both
NOS inhibitor and nos deletion increased dispersal
argues against an unspecific effect of the deletion of the
nos gene on dispersal.

The amount of vegetative cells present in the drop
would increase if inhibition of NO synthesis increases
the germination rate, because spores that are abundant
in the tips of the fruiting bodies would germinate faster
and release more vegetative cells. To exclude this possi-
bility we measured germination of spores - derived from
a defined spore solution - inside an MSgg drop without
underlying biofilm. The results show that germination
does not occur during 2 h incubation time in MSgg and
that neither NOS inhibition nor deletion of the nos gene
accelerated germination (Figure 5B). This confirms that
any difference in the dispersal assay is caused by effects
of NO and NOS on active dispersal of vegetative biofilm
cells and not on germination of spores.

Interestingly, the addition of exogenously supplied NO
with the chemical NO donor SNAP to the nos mutant
and L-NAME-inhibited wild-type cells did not restore
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Figure 5 Influence of NO and NO synthase on (A) dispersal and
(B) germination of B. subtilis 3610. (A) The dispersal assay was
conducted with 3610 wild-type (white bars) and 3610Anos (gray
bars). Colonies grew for 4 d on MSgg agar and were mounted with
a drop of 100 uL MSgg medium. The NOS inhibitor L-NAME and
the NO scavenger c-PTIO were supplemented to agar and drop,
while the NO donor SNAP was only supplemented to the drop.
Vegetative cells that dispersed within 2 h into the drop liquid were
quantified with flow cytometry. Error bars indicate standard error

(N = 10). (B) The germination assay was conducted in a separate
experiment, employing a similar set-up and the same treatments as
for the dispersal assay. MSgg medium (including supplements) was
mixed with B. subtilis spores, placed as a 100 pL drop on a sterile
polystyrene surface and incubated for 2 h. Spores only (open bars
in panel B) and total cells (hatched bars in panel B) were
determined by plating and counting the colony forming units (cfu).
The results are normalized to the spore concentration. Error bars
indicate standard deviation (N = 5). The results show that any
difference in the dispersal assay is caused by effects of NO and NOS
on active dispersal of vegetative biofilm cells and not on
germination of spores.

dispersal to wild-type levels. We used NO microsensors
to measure whether the extracellular NO concentrations
established by the NO donor during the dispersal assay
were sufficient to complement for the loss of NOS
synthesis. We found that addition of 300 uM SNAP to
the dispersal drop resulted in an NO concentration
between 150 to 200 nM (Figure 6). NO was consumed
within the biofilm resulting in NO concentrations
around the lower detection limit (~ 30 nM). Apparent
NO consumption did not depend on the ability of
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B. subtilis to synthesize NO with NOS. NO concentra-
tions within biofilms not exposed to the NO donor were
also around the lower detection limit and could not be
quantified with confidence. Thus, we could not discern
if similar extracellular concentrations of NO were pre-
sent during the different treatments in the biofilm
microenvironment.

Taken together the results show that the addition of the
NO donor during the dispersal experiment potentially
provided a sufficient flux of extracellular NO to comple-
ment the deficiency for NO synthesis. The apparent failure
of complementation suggests that NOS-derived NO is not
an intercellular signalling molecule for the maintenance of
cells in the biofilm. Rather, it mediates its effect on disper-
sal at defined intracellular concentrations, which cannot
be restored by the exogenous addition of NO. Defined
intracellular NO concentrations would be particularly
important if NOS-mediated signalling proceeds via redox-
based modifications of enzymes [3] or when it is used for
biosynthesis of other signalling molecules [8]. Our results
suggest that one of these two mechanisms might act
within B. subtilis cells to facilitate the maintenance of cells
in the biofilm.

Kolodkin-Gal et al. [29] described the disassembly of B.
subtilis biofilms triggered by self-produced D-amino acids.
In this study, disassembly was characterized by a complete
breakdown of the macroscopic biofilm structure upon
accumulation or experimental addition of certain D-amino
acids, because their insertion into the cell wall disrupted
the bonding between cells and the extracellular matrix
protein TasA. Generally, active dispersal of cells from bio-
films does not necessarily involve complete biofilm disas-
sembly, which might be viewed as an extreme case of
dispersal. Thus, it is likely that other NOS-affected
mechanisms exist that enable biofilm-residing B. subtilis
to disperse without disrupting the entire biofilm structure.

The results are in contrast to earlier observation with
P. aeruginosa and other bacteria which showed that exo-
genous addition of non-toxic NO concentrations led to
a marked dispersal of biofilms that grew adhered to a
solid surface [30-32]. This suggests that the effect of
NO on dispersal is a species-specific phenomenon with
different bacteria using NO for opposing dispersal stra-
tegies. Thus, NO and NOS inhibitors might be used in
medical or technological applications to selectively
induce dispersal of certain (undesired or pathogenic)
bacterial groups in multi-species biofilms, while other
(desired or harmless) bacteria may be selectively main-
tained in the biofilm. Alternatively, the different effects
of NO on dispersal might be explained by the different
types of dispersal assays and NO donors used in our
study as compared to the study with P. aeroginosa [30].

Well-known bacterial regulatory systems that respond
to NO as a signal are commonly associated to the onset
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Figure 6 Nitric oxide microprofiles measured during the dispersal assay. The y-axis shows the biofilm depth with 0 (dashed line) denoting
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measurement.

of anaerobic respiration of NO, during the transition
form oxic to anoxic conditions [9,33]. Also dispersal
from biofilms can be considered a response to anoxia
considering that a significant part of the biofilm cells
resides in the anoxic layer of a biofilm. This might
explain why the transition from aerobic to anaerobic
metabolism and biofilm dispersal are both affected by
NO signalling. For example, NO produced by denitrifi-
cation in P. aeruginosa biofilms has been shown to con-
trol expression of denitrification genes [33,34] and to
mediate dispersal [30]. Comparably, in B. subtilis it is
already known that NO regulates the expression of
nasD and hmp, a NO,™ - reductase and an NO detoxify-
ing enzyme, respectively [35,36], while our findings link
NOS-derived NO to dispersal of B. subtilis. The specific
function of NOS in this context might be fine-tuning
the cellular decision for either onset of anaerobic
respiration or dispersal form the biofilm.

NO connections between bacterial and metazoan
multicellularity?

Numerous enzymes and regulators are involved in biofilm
formation and swarming of B. subtilis. From our data it can
be concluded that these traits of B. subtilis are remarkably

stable against NO-mediated protein modifications, such as
iron-nitrosylation and S-nitrosylation of cysteine thiols.
Interpreted from an ecological perspective, multiple targets
of NO signalling might be too unspecific for mediating spe-
cific cellular differentiation events, because in nature B. sub-
tilis and other bacteria typically exist in multi-species
biofilm communities. In other words, bacterial signalling
systems that coordinate specific cellular differentiation
events might be stable against NO modifications to avoid
detrimental cross-talk with NO production by community
members. Likewise, we showed that B. subtilis consumes
exogenously supplied NO, maintaining extracellular NO
levels (Figure 6). Specificity of NO as an intercellular signal
for coordination of multicellular functions might have
evolved in multicellular eukaryotes with the onset of the
immune system, which guaranteed predictable sender and
receivers of NO signals. This major evolutionary transition
might have rendered certain proteins sensitive to NO-
mediated post-translational modifications to use the wide
potentials of redox-based NO signalling.

Conclusions
This study shows that bacterial NOS is not involved in
developmental processes and coordination of multicellular
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traits that are essential for biofilm formation and swarm-
ing motility in B. subtilis. NOS activity affects biofilm dis-
persal of B. subtilis warranting further investigations
toward NOS-derived NO as an important mediator of bac-
terial responses to changing environmental and metabolic
conditions. Moreover, our study supports the specificity of
NOS-derived NO in cytoprotection against oxidative stress
[6] and for specific nitration reactions biosynthetic path-
ways [8].

Methods

Bacterial strains, media and growth conditions

The experiments were conducted with Bacillus subtilis
NCIB3610 obtained from Bacillus genetic stock center
(Ohio State University, Columbus OH). Frozen glycerol
(15%) stocks were revived overnight at 37°C on a rotary
shaker in 50 mL Luria-Bertani (LB) broth, containing 10 g
L™ tryptone, 5 g L yeast extract, 5 g L' NaCl. For experi-
ments, 1 mL of the overnight culture was freshly inoculated
into 50 mL LB and cells were harvested in the mid-expo-
nential phase after ~4-5 h of growth. LB medium fortified
with 0.7% agar was used in swarm expansion assays. Mini-
mal salt glycerol glutamate (MSgg) medium was prepared
according to Branda et al. [12] containing 5 mM potassium
phosphate (pH 7), 100 mM MOPS (pH 7), 0.5% glycerol,
0.5% glutamate, 50 mg L™ tryptophan, 50 mg L™ phenylala-
nine, 2 mM MgCl,, 0.7 mM CacCl,, 50 uM MnCl,, 50 uM
FeCls, 1 uM ZnCly,, 2 pM thiamine. Except for the swarm-
ing assay, experiments with 3610Anos were performed in
media supplemented with 1 mg L™ erythromycin and
25 mg L™ lyncomycin.

The influence of NO on wild-type B. subtilis was
tested with supplementation of NOS inhibitor N,-Nitro-
L-arginine methyl ester hydrochloride (L-NAME), NO
scavenger 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimida-
zoline-1-oxyl-3-oxide potassium salt (c-PTIO), and the
NO donors S-nitroso-N-acetylpenicillamine (SNAP) for
more short-term NO effects (t,, ~ 50 min; dispersal
experiment) or 3,3-Bis(aminoethyl)-1-1-hydroxy-2-oxo-
1-triazene (Noc-18) in longer experiments (t,, = 3400
min; swarming and biofilm formation experiments). The
theoretically expected time courses of NO release by the
donors without concurrent loss processes in different
experiments are shown in the additional file 1 (figures
sl and s2).

Construction of nos knock-out

Deletion of nos gene from B.subtilis PY79 genome was
achieved by long-flanking homology polymerase chain
reaction (LFH-PCR) technique [37]. The deletion/inser-
tion mos::mls was constructed by PCR amplifying
approximately 1 kbp from 5’-flanking region of #nos gene
with primers P1b_BsNOS (5’ taa cgg cat aca aca ttc cgg
agg 3’) and P2b_BsNOS (5’ att atg tct ttt gcg cag tcg gec
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ttt ttc ttc caa caa act ctc ccc 3’), while another band of
near 1 kbp from 3’-flanking region was amplified using
P3_BsNOS (5’ cat tca att ttg agg gtt gcc agc aat cgt taa
gce gaa cta ttt tta tc 3’) and P4_BsNOS (5’ cgc gaa ctg
gac gga tat gcc tt 3’). The resulting PCR products were
then used as primers to amplify the erythromycin-resis-
tance cassette from the plasmid pDG646 [38] as pre-
viously described [37]. This creates a deletion of the nos
gene from nucleotide +12 to +1064 assuming the +1
nucleotide described in Adak et al. [5]. The PCR pro-
ducts were then transformed into PY79 as previously
described [39] and the mutants were confirmed by PCR.
The nos::mls mutation were then introduced in 3610
strain by SPP1 phage transduction [40,41] and con-
firmed by PCR analysis.

Detection of intracellular NO formation

One milliliter overnight culture was inoculated in 50 mL
LB and in 50 mL LB supplemented with 100 uM NOS
inhibitor L-NAME. The culture was grown to the mid-
exponential phase and was mixed with the NO sensitive
dye CuFL (prepared according to suppliers instruction;
Strem Chemicals, Newburyport, MA) [42] to reach a
final concentration of 10 uM. In addition, cells grown to
the mid-exponential phase in LB without L-NAME were
mixed with NO scavenger ¢-PTIO to a final concentra-
tion of 100 uM and incubated for 1.5 h at room tempera-
ture prior to CuFL staining. Cells were incubated with
CuFL for ~30 min, placed on microscopic glass slides
and covered with poly-L-Lysine coated cover slips. NO
imaging was performed with a Confocal Laser Scanning
Microscope (LSM 510, Zeiss, Germany) equipped with a
Plan-Apochromat 100x, NA 1.4 oil lens. CuFL was
excited at a wavelength of 488 nm with an Argon ion
laser. The beamsplitter in front of the laser was HFT
488/543. The detector was equipped with a bandpass fil-
ter BP 505-530. In a second scanning cycle transmission
images were collected at a wavelength of 633 nm with
the in-built photo-diode detector. Digital image proces-
sing was done with Image] software (National Institute of
Health, Bethesda, MD). For quantification of relative
fluorescence (representing NO concentrations) images
were filtered by a 2 pixel wide gaussian kernel. The maxi-
mum fluorescence values of single cells were measured
and corrected for the cell ambient background.

Biofilm formation

The influence of NOS-derived NO on biofilm formation
was tested by investigating the morphology and fine
structure of spot colonies grown on MSgg fortified with
1.5% agar. Additionally, the amount of vegetative cells
and spores in biofilms grown on the liquid-air interface
(‘pellicles’) in MSgg medium was quantified. Both agar
and medium were supplemented with sterile filtered
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(0.2 um, Spartan, Millipore, Schwalbach, Germany)
100 uM L-NAME, 75 pM c-PTIO or 130 pM Noc-18
after autoclavation.

Colony morphology was investigated in 6-well microti-
ter plates (Nunclon Surface, Nunc, Denmark) and col-
ony fine structure was investigated in Petri dishes
(Sarstedt, Numbrecht, Germany). The wells of the
microtiter plates were filled with 6 mL and the Petri
dishes with 25 mL MSgg agar. After the agar dried for
~ 16 h at room temperature (RT), 5 pL of a LB-grown
overnight culture was spotted on the agar surface, dried
open for 10 min in a laminar flow hood, and incubated
at 26°C. Fine structure of 3 days old colonies was visua-
lized by illuminating the sample with an external light
source (swan neck lamp, KL 1500 electronic, Schott,
Mainz, Germany) and capturing reflected light with a
DS-Q1-MC CCD camera (Nikon, Japan) mounted on a
light microscope (DM RA2, Leica, Solms, Germany)
equipped with Leica 5x NA0.15 HC PL Fluotar lens.
Whole colony morphology was documented with a digi-
tal camera after 4 days of growth.

Pellicle formation was quantified in glass test tubes con-
taining 25 mL MSgg medium. MSgg tubes were inocu-
lated with 25 uL of mid-exponential phase culture and
incubated for 7 days at 26°C without agitation. Directly
after the inoculation 980 puL medium was removed from
the tube and subjected to NO staining with CuFL as
described above. During the course of biofilm formation 3
vials of each treatment per day were sacrificed for determi-
nation of viable cell and spore counts. Biofilms were
homogenized in the MSgg medium by sonication (Labso-
nic U, B. Braun, Melsungen, Germany) for 10 min at ~ 40
W on ice. The cells were plated on LB agar, and incubated
24 h at 26°C to determine the number of colony forming
units (cfu). Spore counts were determined from the same
samples by subjecting a part of the homogenates to pas-
teurization for 20 min at 80°C in a water bath prior to
plating. O, and NO concentrations in the biofilm incuba-
tions were measured with microsensors as previously
described [43,44].

Swarm expansion assay

Swarm experiments were conducted as described by
Kearns and Losick [13]. Briefly, cells grown in LB at 37°C
to the mid-exponential phase were harvested by centrifu-
gation (15 min, 4000 RCF, 15°C) and re-suspended in
phosphate buffered saline (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, and 2 mM KH,PO,) containing 0.5%
ink. Swarm plates were prepared in Petri dishes (diameter
= 8.5 cm) by pouring 25 mL LB fortified with 0.7% agar
and supplemented with 100 uM L-NAME, 100 uM c-
PTIO or 20 puM and 200 uM Noc-18. The plates were
dried for 30 min under a laminar flow hood, directly
afterward inoculated with 3 x 10® cells within 10 pL in

Page 9 of 11

the centre of the plate, dried for another 10 min, and
incubated at 37°C. The swarm radii were measured rela-
tive to the origin of swarming, which was demarked by
the edge of the ink stained agar in the centre.

We used statistics to confirm that the differences
between treatments were not significant. Normality of
the data was confirmed with Saphiro-Wilk W test (o =
0.01). Comparison between different experimental treat-
ments was performed by a One-Way-Analysis of Var-
iance (o = 0.01) with NCSS software (PASS2000,
Kaysville, UT). Turkey-Kramer post-hoc test was used
to determine significant differences between individual
factors.

Dispersal assay

Spot colony biofilms were grown on agar in 6-well plates
filled with MSgg agar, MSgg agar + 100 uM L-NAME
and MSgg agar + 75 pM c-PTIO. After 4 days of growth
a 100 puL drop MSgg medium was mounted on the colo-
nies and incubated for 2 h at RT. The drops of the
experimental treatments contained 100 pM L-NAME for
MSgg/L-NAME agar, 750 uM c-PTIO for MSgg/c-PTIO
agar, 300 uM SNAP for MSgg agar, and 100 uM L-
NAME + 300 uM SNAP for MSgg/L-NAME agar. Next,
80 pL of the drop liquid were removed. The cells were
fixed with formaldehyde at a final concentration of 3.7%
and incubated at 4°C overnight. Cell counting was done
with a flow cytometer (FACS Calibur, Becton Dickinson,
Franklin Lakes, NJ) on the following day. The fixed cells
were mixed with 500 uL sterile filtered, deionised water
that contained fluorescent latex beads (AlignFlow, align-
ment beads 2.5 pm, Molecular Probes, Eugene, OR) and
with 1xCybr Green DNA stain (Molecular Probes,
Eugene, OR). Vegetative cells were differentiated from
spores based on their size difference. Cell counts per
volume could be calculated based on the number of
beads counted in each run and an initial calibration of
the bead solution.

Germination assay

MSgg medium was supplemented with the same treat-
ments as used during the dispersal assay. Spores were
prepared by growing B. subtilis in Difco sporulation med-
ium (DSM) at 37°C for 16 h. After that time all cells in
DSM were spores as determined by comparing direct
plate counts to heat inactivated (80°C, 20 min) plate
counts. Spores were added to MSgg and MSgg plus treat-
ments to reach a final concentration of ~10° spores mL™.
100 pL drops of the MSgg-spore suspensions were placed
on sterile Petri dish surfaces and incubated for 2 h at RT.
80 pL of each drop were harvested and split in two parts:
40 puL were plated immediately on LB agar to determine
the total cfu (vegetative cells + spores), while the other



Schreiber et al. BMC Microbiology 2011, 11:111
http://www.biomedcentral.com/1471-2180/11/111

40 pL were heated at 80°C for 20 min prior to LB-plating
to determine the spore forming units.

Microsensor measurements

NO microprofiles were measured in the same set-up as
used in the dispersal assay. Spot colony biofilms were
grown on MSgg agar in Petri dishes for 4 d. A 100 pL
drop of MSgg was mounted on top of the biofilm and
NO microprofiles were measured immediately with an
NO microsensor as described previously [43]. For each
experimental treatment, MSgg was supplied either with
or without 300 uM of the NO donor SNAP. SNAP was
mixed to MSgg directly before the experiment. Experi-
mental treatments were as followed: (i) wild-type: B. sub-
tilis 3610 for which MSgg agar and drop were added
without further supplementation; (ii) wild-type: B. subtilis
3610 for which MSgg agar and drop were supplemented
with 100 pM L-NAME; and (iii) B. subtilis 3610 Anos for
which MSgg agar and drop were added without further
supplementation.

Additional material

Additional file 1: Figure S1. Theoretical formation of NO from the
NO donor Noc-18. The figure shows the calculated formation of NO
over time for different starting concentrations of Noc-18. Figure S2.
Theoretical formation of NO from the NO donor SNAP. The figure
shows the calculated formation of NO over time for different starting
concentrations of SNAP.
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