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SUMMARY

Nitric oxide (NO) production by Botrytis cinerea and the effect of
externally supplied NO were studied during saprophytic
growth and plant infection. Fluorescence analysis with 4,5-
diaminofluorescein diacetate and electrochemical studies were
conducted in vitro between 4 and 20 h of incubation and in
planta between 15 and 75 h post-inoculation. The production of
NO by B. cinerea in vitro was detected inside the germinating
spores and mycelium and in the surrounding medium. In planta
production of NO showed a large variation that was dependent
on the host plant and developmental stage of the infection. The
induced production of NO was detected from 16 h of in vitro
incubation in response to externally added NO.The production of
NO by B. cinerea is probably modulated to promote fungal
colonization of the plant tissue. The production of NO which
diffuses outside the fungal cells and the induction of NO pro-
duction by exogenous NO open up the possibility of NO cross-
talk between the fungus and the plant. Finally, the existence of
an NO concentration threshold is proposed, which may increase
or reduce the plant defence against necrotrophic fungal
pathogens.

INTRODUCTION

Nitric oxide (NO) is a potent signal molecule in biological
systems. Its production in human cells was first detected at the
beginning of the 20th century (Mitchell et al., 1916). However,
the biological implications in signalling, as an endogenous regu-
lator of the vascular system, were first studied in the 1980s
(Schmidt and Walter, 1994).

In mammals, NO is synthesized predominantly by the enzyme
nitric oxide synthase (NOS) (Stuehr, 1999). Several isoforms of

the enzyme exist in mammals, all catalysing the same basic
reaction: a nicotinamide adenine dinucleotide phosphate
(reduced form, NADPH)-dependent oxidation of L-arginine to NO
and L-citrulline. In plants, the mechanisms of NO production are
not well understood. Evidence from different experimental
sources suggests that a NOS-like enzyme is present. NOS cata-
lytic activity has been characterized in pea (Leshem and Hara-
maty, 1996), Lupinus (Cueto et al., 1996), soybean (Delledonne
et al., 1998), tobacco (Durner et al., 1998) and maize (Ribeiro
et al., 1999), and NOS inhibitors, such as Nw-nitro-L-arginine
methyl ester (L-NAME), have been used to suppress NO produc-
tion in soybean, Arabidopsis and tobacco (Delledonne et al.,
1998; Durner et al., 1998). Furthermore, immunological studies
have suggested the presence of NOS-like proteins in plants
(Barroso et al., 1999; Corpas et al., 2001); however, the specific-
ity of NOS antibodies has been questioned (Beligni and Lamat-
tina, 2001). Extensive research led finally to the identification of
a protein in Arabidopsis, AtNOA1, elimination of which consid-
erably reduced NO production (Zeidler et al., 2004). However, it
has recently been demonstrated that AtNOA1 does not partici-
pate directly in NO production (Crawford et al., 2006; Moreau
et al., 2008). The activity of nitrate reductase is another possible
source of NO in plants. Thus, the addition of nitrite under anoxic
conditions (Rockel et al., 2002) or without photosynthetic activ-
ity (Botrel et al., 1996) increases NO production. Arabidopsis
nitrate reductase mutants nia1–nia2 show a decrease in NO
production following Pseudomonas syringae infection (Modolo
et al., 2005). Furthermore, during the infection of Arabidopsis by
Sclerotinia sclerotiorum, both nitrate reductase and NOS path-
ways constitute the main sources of plant NO synthesis
(Perchepied et al., 2010). Finally, nonenzymatic NO production
has also been reported in plants (Bethke et al., 2004).

NO is needed to trigger the hypersensitive response (HR) in
plants through a tight balance with reactive oxygen species
(ROS) (Delledonne et al., 2001), and NO has been shown to play
essential signalling roles in processes such as plant growth and
development, plant hormone interaction, stomatal closure and
seed germination (Cevahir et al., 2007). NO signalling is medi-
ated by protein kinases, Ca2+ channels, Ca2+, cyclic guanosine
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monophosphate (cGMP) and cyclic ADP ribose (cADPR) (Courtois
et al., 2008). NO interacts with other signalling pathways.
Indeed, the interaction between salicylic acid, jasmonic acid and
NO causes the activation of genes responsible for jasmonic acid
synthesis, ethylene synthesis, ethylene signalling and abscisic
acid response (Parani et al., 2004; Wendehenne et al., 2004).

Recent studies have indicated that NO may play an important
role in signalling in fungi. For instance, the application of exter-
nal NO to Colletotrichum coccodes delayed spore germination,
whereas treatment with NO scavengers stimulated spore germi-
nation (Wang and Higgins, 2005). In the biotrophic fungus
Blumeria graminis, application of either an NO scavenger or a
mammalian NOS inhibitor affected appressorium formation
(Prats et al., 2005, 2008).

Fungi are able to produce NO during anaerobic conditions as
a result of denitrification processes (Morozkina and Kurakov,
2007; Ye et al., 1994). The activity of NOS in fungi has been
detected through biochemical methods (Maier et al., 2001; Nin-
nemann and Maier, 1996). In the fungus Coniothyrium minitans,
mutants that lack the activity of the L-arginine-specific
carbamoyl-phosphate synthase enzyme show a reduction in
spore germination that is re-established with the addition of NO,
indicating NOS activity (Gong et al., 2007). However, no active
mechanism for NO production in fungi has been identified to
date.

Botrytis cinerea is a necrotophic pathogen that promotes
plant cell necrosis through different enzymes, such as Nep-1-like
proteins (Schouten et al., 2008) and xylanase Xyn11A (Noda
et al., 2010). In addition, the plant HR plays a crucial role in B.

cinerea infection (Govrin and Levine, 2000). As mentioned
above, NO is essential for the activation of HR in plants and,
consequently, the levels of NO in plant cells, fungal mycelium
and interaction medium will have important consequences in the
success of the fungal infection. Thus, the study of NO production
by the fungus is of great interest. van Baarlen et al. (2004)
detected, for the first time, the production of NO by germinating
conidia and developing mycelium of B. cinerea through the use
of fluorescent probes. In parallel, Conrath et al. (2004) detected
the production of NO in B. cinerea in vitro by mass spectrometry.
Floryszak-Wieczorek et al. (2007) detected strong NO generation
using 4,5-diaminofluorescein diacetate (DAF-2DA) during the B.
cinerea colonization of pelargonium leaves. Nevertheless,
studies on the biosynthetic pathway(s) for NO production by B.
cinerea, and its implications for plant infection, have not been
conducted. In this work, we present a detailed analysis of NO
production during the saprophytic growth of B. cinerea and
during the interaction with the host plant to study the role of NO
in the establishment of the plant–fungus interaction.

RESULTS

Production of NO in vitro

Botrytis cinerea strain B05.10 was grown in liquid culture and
monitored for the production of NO using an NO-specific fluo-
rescent probe. A fluorescence signal was observed inside spores
and in the surrounding culture medium up to 20 h after the start
of incubation (Fig. 1). Control experiments conducted with the

Fig. 1 Bio-imaging of Botrytis cinerea strain
B05.10 nitric oxide (NO) production in vitro. NO
detection was conducted with
4,5-diaminofluorescein diacetate (DAF-2DA) at
4 h (A), 8 h (B), 10 h (C) and 20 h (D) from the
beginning of incubation. Spores were grown in
B5S/SP medium (Gamborg’s B5 salts medium
supplemented with 10 mM sucrose and 10 mM

KH2PO4; pH 6.0).
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NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidaz
oline-1-oxyl-3-oxide (cPTIO) did not show any fluorescence
(images not shown). This provided evidence of the specificity of
the signal detected in the experiments conducted to investigate
the fungal production of NO in vitro.

After 4 h of incubation, the production of NO was detected
inside 40% of the germinating spores (high-intensity white
pixels, Fig. 1A) and in the surrounding medium (low-intensity
white pixels, Fig. 1A). After 8 h of incubation, fluorescence levels
increased both inside the spores and in the surrounding culture
medium. Interestingly, a substantial proportion of the spores
(approximately 50%) displayed no fluorescence signal. After
10 h of incubation, only internal production of NO was detected
in germinating spores and germ tubes (Fig. 1C). Following 20 h
of incubation, as germ tubes branched and developed into myce-
lium, the production of NO was observed in the mycelium gen-
erated and in its adjacent medium.

The production of NO was analysed in the flavohaemoglobin
knockout mutant strain DBcfhg1 and compared with the produc-
tion of NO in the wild-type strain B05.10. Figure 2 shows the
production of NO in vitro by strains B05.10 and DBcfhg1 follow-
ing 12 h of incubation. Both the mutant and wild-type strain
produced NO in germinating spores and mycelium. In previous
studies, we observed that DBcfhg1 was unable to enzymatically
detoxify NO and had a lower rate of NO degradation than
wild-type B05.10 (Turrion-Gomez et al., 2010). Thus, a larger
amount of NO in the mutant was expected when compared with
the wild-type. However, the results shown in Fig. 2 reveal that
the mutant DBcfhg1strain does not produce more NO than the
wild-type B05.10 strain. Multiple repetitions of the experiments
consistently showed a slight reduction in NO production in the
mutant DBcfhg1 compared with the wild-type, as observed in
Fig. 2. Therefore, the fungus appears to be able to regulate the
amount of NO it produces to compensate for the lack of NO
degradation.

Production of NO in planta

The production of NO was monitored during the infection of B.
cinerea wild-type strain B05.10 in different hosts in both plant

and fungal cells. Control experiments conducted with the NO
scavenger cPTIO showed no fluorescence at the same emission
wavelength as diaminotriazolfluorescein (DAF-2T), indicating
that the observed green fluorescence was produced by the reac-
tion of NO with DAF-2DA (images not shown).

Figure 3 shows the production of NO in Solanum lycopersicum
(A–D) and Nicotiana tabacum (E–H). This study indicated that
the intensity of the green fluorescence signal changed at differ-
ent incubation times on S. lycopersicum and N. tabacum. In
addition, the intensity of the green fluorescence signal was dif-
ferent for different hosts following similar incubation periods.

During the infection of B. cinerea on S. lycopersicum, the
production of NO in B. cinerea mycelium was detected from 15 h
post-inoculation (hpi) (Fig. 3A) and transiently increased, reach-
ing a maximum following 48 hpi (Fig. 3C). At 72 hpi (Fig. 3D),
NO was not detected. Repetitions of the experiment showed
similar results.

The pattern of NO production by B. cinerea during infection of
N. tabacum was different from that observed on S. lycopersicum.
At 20 hpi, the production of NO by the mycelium was significantly
higher than that observed at the other time points (Fig. 3E).At 28
and 48 hpi, the production of NO by the mycelium decreased
considerably, whereas the production of NO by the plant was
more pronounced (Fig. 3F,G). Following 75 hpi, the production of
NO by the mycelium was again observed (Fig. 3H). This transient
pattern was consistently observed in three replicates.

During the infection of B. cinerea on Arabidopsis thaliana, a
large production of NO by both the plant and the fungus was
observed (data not shown). In addition, the intensity of produc-
tion of NO on A. thaliana was higher than that observed follow-
ing similar periods of time (late stages of infection, 72–75 hpi)
on S. lycopersicum and N. tabacum.

A correlation between the detection of the maximum concen-
tration of NO (Fig. 3) and the spread of B. cinerea infection was
observed. Thus, in S. lycopersicum, the fungal infection spread
slowly and higher NO concentrations were observed after long
incubation times (48 hpi). On tobacco leaves, the fungal lesions
started to spread at an earlier time point and spread at a faster
rate and, in this host, maximal fungal NO production was
detected during earlier incubation times.

Fig. 2 Nitric oxide (NO) production during
Botrytis cinerea culture in vitro [in MEB medium
(2% weight/volume malt extract broth)]. NO
detection was carried out using
diaminofluorescein diacetate (DAF-2DA)
fluorescence after 12 h of incubation of the
fungal strains B05.10 (A) and DBcfhg1 (B).
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Fig. 3 Visualization of nitric oxide (NO) by diaminofluorescein diacetate (DAF-2DA) during the interaction of Botrytis cinerea with tomato leaves (A–D) and
tobacco leaves (E–H). Analyses were conducted at 15 h (A), 24 h (B), 48 h (C), 72 h (D), 20 h (E), 28 h (F), 48 h (G) and 75 h (H) post-inoculation.
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Induction of NO production in B. cinerea

The effect of exogenous NO on the production of NO in B.
cinerea was investigated in vitro in the mutant strain DBcfhg1
and in the wild-type strain B05.10. Figure 4 presents the con-
centration of NO in the medium over time during 18 min follow-
ing the injection of exogenous NO in samples containing no
mycelium (negative control) and in those containing mycelium
from the wild-type strain B05.10 precultured for 8 h (positive
control) or from strain DBcfhg1 precultured for 8 or 16 h.

Following 8 h of incubation, the NO concentration profile over
time in the medium with the B05.10 strain spiked with exog-
enous NO showed a lower concentration of NO than that mea-
sured in the sample with no mycelium spiked with exogenous
NO. This indicated that NO was removed from the medium. This
observation corroborates our previous results, where we dem-
onstrated that B05.10 enzymatically degrades NO (Turrion-
Gomez et al., 2010). Following 8 h of incubation, the temporal
profile of the concentration of NO measured in the medium with
mycelium from strain DBcfhg1 spiked with exogenous NO was
similar to that in the absence of fungi (no mycelium), in agree-
ment with previous observations (Turrion-Gomez et al., 2010).
However, following 16 h of incubation, the concentration of NO
was considerably higher in the medium with strain DBcfhg1
mycelium spiked with exogenous NO than in the medium in the

absence of fungal biomass spiked with exogenous NO. The dif-
ference in NO concentration between the negative control
sample (no mycelium) and the fungal mutant sample shows that
the mycelium from the mutant strain DBcfhg1 precultured for
16 h produces NO which diffuses into the medium.

To further investigate the behaviour of the wild-type strain
B05.10, in vitro experiments similar to those carried out with
strain DBcfhg1 were conducted with the wild-type strain follow-
ing culture times up to 20 h (Fig. 5). It was observed that, fol-
lowing 12 and 14 h of incubation, strain B05.10 NO
concentrations were similar to those observed following 8 h of
incubation. Nevertheless, when the incubation time was
increased to 16 h, the temporal profile of the concentration of
NO changed, and the slope of the curve was smaller than that of
the curve registered in the medium with no mycelium, indicating
that NO is produced in these conditions. Following longer incu-
bation times (17 and 20 h), even higher concentrations of NO
were recorded. Consequently, it can be concluded that the pro-
duction of NO by the wild-type strain B05.10 occurred (or not) as
a function of the incubation time and therefore of the fungal
developmental stage. Following c. 22 min of the experiment
conducted with mycelium incubated for 20 h, 2 mL of 50 mM

cPTIO was added to the fungal culture (indicated by an arrow in
Fig. 5). The application of the NO scavenger resulted in a sudden
decrease in NO concentration levels, as expected, confirming
that the signal detected with the NO electrode was NO
dependent.

Attempts were made to detect and monitor the NO concen-
tration continuously during the first 20 h of growth of the wild-
type strain B05.10 in liquid culture using the NO electrode
without spiking exogenous NO. In these conditions, no signal

Fig. 4 Detection of nitric oxide (NO) with an NO electrode in the Botrytis
cinerea mutant DBcfhg1 (b.16). Samples were incubated in vitro for 8 and
16 h. NO was applied at time 0 as a gas dissolved in water to obtain a
final concentration of 2 mM. The changes in NO concentration were
monitored for at least 14 min. The B. cinerea strain B05.10 grown for 8 h
(wild-type B05.10-E1) was used as a positive control. The sterile culture
medium B5S/SP (Gamborg’s B5 salts medium supplemented with 10 mM

sucrose and 10 mM KH2PO4; pH 6.0) (no mycelium) was used as a negative
control.

Fig. 5 In vitro electrochemical detection of nitric oxide (NO) in Botrytis
cinerea strain B05.10. Samples were incubated for 12, 14, 16, 17 and 20 h.
The arrow indicates the addition of 1 mM

2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO)
to the sample incubated for 20 h. The sterile culture medium B5S/SP
(Gamborg’s B5 salts medium supplemented with 10 mM sucrose and
10 mM KH2PO4; pH 6.0) (no mycelium) was used as a negative control.
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could be detected (not shown), indicating that NO does not
accumulate in the medium at levels detectable with the elec-
trode within the time interval considered in these experiments;
this observation was confirmed with the addition of 10 mL of
50 mM cPTIO. Therefore, the production of NO by the B. cinerea
mycelium appears to be induced by the addition of exogenous
NO, and this induction occurs very quickly, within less than
1 min, suggesting that the signal involved in this induction is
simple, effective and strong.

NO production systems

NOSs are broadly distributed in the animal kingdom, presenting
different copies with an ancient origin and different functions
[neural (nNOS), endothelial (eNOS) and inducible (iNOS) in
mammals]. Proteins similar to mammalian NOS have been iden-
tified in Prokaryotes such as Deinococcus radiodurans (Adak
et al., 2002), Bacillus subtilis (Pant et al., 2002) and Staphylo-
coccus aureus (Hong et al., 2003). The NOS-like proteins from
Prokaryotes lack redox domains and have diverse functions in
toxin biosynthesis, protection against oxidative damage and sig-
nalling to regulate growth responses (Crane et al., 2010). Fungi
and plants do not contain NOS-like sequences in their genomes,
except for some fungal species from the genus Aspergillus (A.
flavus, A. oryzae and A. niger) and Glomerella graminicola. An
extensive genome analysis failed to reveal any NOS-like
sequence in B. cinerea. However, low homology was detected
between NOS and the carboxyl-terminal reductase domain of
cytochrome P450 reductase (data not shown).

A pharmacological approach was undertaken. The NOS
inhibitor L-NAME was applied to B. cinerea strain B05.10
mycelium cultured for 16 h in B5S/SP liquid medium [Gambo-
rg’s B5 salts medium (AppliChem, Darmstadt, Germany)
supplemented with 10 mM sucrose and 10 mM KH2PO4; pH
6.0], 15 min before exogenous NO was spiked. Analysis of the
NO curves obtained with the NO electrode demonstrated that
the addition of the NOS inhibitor did not prevent the induced
production of NO (data not shown). In addition, in planta
experiments carried out in the presence of 5 mM L-NAME and
DAF-2DA showed that the NOS inhibitor did not reduce NO
production during B. cinerea infection of N. tabacum leaves
following 48 hpi (data not shown). To study the possible pro-
duction of NO through nitrate reductase, B. cinerea wild-type
B05.10 mycelium was incubated for 16 h in B5S/SP liquid
medium and spiked with 50 mM of NO3

–. The NO electrode did
not show an increase in NO concentration after the addition of
NO3

–, suggesting that nitrate reductase is not the main system
responsible for the production of NO in B. cinerea. All of these
data suggest that another physiological and genetic system dif-
ferent from NOS and nitrate reductase should be responsible
for NO production in B. cinerea.

DISCUSSION

Botrytis cinerea produces NO that diffuses into
the medium

Botrytis cinerea produces NO both during saprophytic growth
and in planta. In our experimental approach, we were able to
detect the production of NO in all fungal developmental stages
considered, from spores to mature mycelium, although at
varying levels in the different stages. This study showed, for the
first time, that B. cinerea generates two different NO signals.
One signal is localized within the germinating spores and
mycelium, and is only detected in a fraction (percentage) (c.
40%) of the spores and mycelium when the fungus is cultured
in artificial liquid synthetic medium. The internal production of
NO by B. cinerea has been observed previously in other studies
(van Baarlen et al., 2004, 2007; Conrath et al., 2004; Floryszak-
Wieczorek et al., 2007), although the authors did not provide
quantitative or qualitative studies of fungal NO production.
Fluorescence was also observed in culture medium surrounding
the germinating spores and mycelium. This observation is
indicative of the diffusion of NO produced inside the fungal
tissue into the medium. This NO diffusing from fungal biologi-
cal units could have important physiological consequences in
the establishment and progress of the plant–fungus interac-
tion, as discussed later.

Production of NO in B. cinerea is regulated

Several observations obtained during the course of this work
indicate that the production of NO in B. cinerea is a regulated
process. First, the internal production of NO is detected in only
a percentage of spores, germ tubes and hyphae during
saprophytic growth. Interestingly, the internal production of NO
in a percentage of spores has been observed previously in the
fungus C. coccodes, a system in which NO appears to play a
role in the germination of spores (Wang and Higgins, 2005).
Although the experimental conditions determine good synchro-
nization of germination and all the spores look the same
(Fig. 1A,B), the observation that not all of the spores show NO
production indicates the occurrence of a different physiological
status between individual spores, suggesting that the produc-
tion of NO in spores is regulated. Whether the production of
NO conditions specific functions of individual spores remains to
be determined.

Previous studies have reported the production of NO several
days post-inoculation. For example, van Baarlen et al. (2004)
observed that B. cinerea infection on Arabidopsis leaves resulted
in the production of NO by the fungus 5 days after inoculation.
In this work, an early production of NO (at 15 hpi) was detected
in the fungus during in planta infection, corroborating the in
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vitro results. Interestingly, temporal changes in the production of
NO by B. cinerea (and also by the plant) were observed, which
resulted in different NO production profiles over time when
different host plant species were considered. The specific stimuli
determining changes over time on a given host and differences
between profiles in different hosts can be various. Our in vitro
analysis demonstrates that the developmental status of the
fungus and its exposure to NO both influence NO production by
the fungus, as the addition of NO stimulated NO production and
this (enhanced) production of NO could only be observed after
the incubation of fungal spores for 16 h. Remarkably, this pro-
duction is a response that occurs very rapidly, almost immedi-
ately. Therefore, the system responsible for this response must be
simple and involve very few elements. One possible system is the
deactivation of proteins implicated in NO metabolism through
S-nitrosylation, as occurs in A. thaliana (Mannick and Schonhoff,
2002; Romero-Puertas et al., 2008), although such a system has
not been investigated in fungi. Further research is needed to
identify the enzymatic system responsible for the production of
NO in fungi and to fully understand the role of NO during plant
infection by B. cinerea.

Previous research conducted in our laboratory has provided
evidence of the degradation of NO by B. cinerea by means of a
flavohaemoglobin enzyme (Turrion-Gomez et al., 2010). There-
fore, the generation of NO in B. cinerea is a dynamic process
resulting from opposing mechanisms of production and degra-
dation of NO, which operate simultaneously in this fungus. This
situation widens the repertoire of regulatory elements by means
of which NO levels could be modulated in B. cinerea. It is
remarkable that the expression of the flavohaemoglobin coding
gene is developmentally regulated and induced by exposure to
exogenous NO (Turrion-Gomez et al., 2010), as is the production
of NO by the fungus.

Fungal production of NO could enhance the spread
of infection

The capacity of the fungus to produce NO that diffuses outside
the fungal cells, and its ability to stimulate its production in
mature mycelium when exposed to NO, could have important
physiological implications because NO is a potent plant signal-
ling molecule (Delledonne et al., 1998) that is able to cross
hydrophobic membranes. As NO is highly reactive (Lancaster,
1994), it might be argued that NO could react before reaching
the plant cells. However, in animal systems, NO is able to
diffuse from the NO-producing cells to neighbouring cells at
distances longer than 100 mm depending on the presence of
haemoglobins (Lancaster, 1994). As indicated in Figs 4 and 5,
NO remains dissolved in the liquid medium over minutes,
enabling enough time to diffuse from the mycelium into the
plant cells.

It is well established that plant cells produce NO in response
to pathogen attack to activate HR (Hong et al., 2008). In the
case of B. cinerea, experimental evidence indicates that HR is
needed for the success of plant infection (Govrin and Levine,
2000), and the exploitation of the defence systems by the
fungus has been discussed by other authors (van Baarlen et al.,
2007; Temme and Tudzynski, 2009). NO produced by the fungus
early during germination, as detected in this work, and diffus-
ing into the surrounding environment, could reach the plant
cells and contribute to the triggering of the plant HR, in con-
junction with other chemicals, such as H2O2 (Rolke et al., 2004),
oxalic acid (Kim et al., 2008) or botrydial sesquiterpene
(Siewers et al., 2005). The fungus would then start to grow on
plant tissues undergoing induced cell death. At later stages of
the infection process, the fungus forms spreading lesions on
which it grows, actively producing abundant fungal biomass.
The dying tissues generate large amounts of H2O2 and NO that
contribute to accelerate HR. This NO, when reaching the fungal
mycelium, would stimulate the production of NO by B. cinerea,
further enhancing plant cell death. Figure 6 presents a scheme
that summarizes the equilibrium between NO production and
degradation, the NO–ROS interaction, the flow of NO in the
plant–fungal interaction and the feedback production of
NO.

Taking into consideration these observations, it is tempting to
propose that B. cinerea could enhance the infection of plant cells
through its own production of NO. These findings are supported
by previous research with B. cinerea reporting biochemical evi-
dence of the increase in fungal infection with the use of NO
donors and the reduction of fungal infection with the use of NO
scavengers (Malolepsza and Rozalska, 2005). The absence of
induced NO production in the early stages of incubation in the
mutant DBcfhg1, coupled with a similar induction of NO con-
centration in the wild-type and the mutant DBcfhg1 at later
stages, indicates that fungal NO levels are not primarily regu-
lated by the NO degradation enzymatic system. Therefore, the
system responsible for the modulation of NO levels in this case
depends on NO inputs, but not on NO outputs.

The importance of NO in plant resistance has been reported
during B. cinerea infection of pelargonium (Floryszak-
Wieczorek et al., 2007), N. benthamiana (Asai and Yoshioka,
2009) and between Sclerotinia sclerotiorum and Arabidopsis
(Perchepied et al., 2010). However, the controlled production of
NO by B. cinerea shown in the present study suggests that the
NO produced by the fungus could by itself, or in synergy with
the NO produced by plant cells, be important for the success of
the fungal infection. In Fig. 7, we propose a model to integrate
both contradictory hypotheses: (i) NO facilitates fungal infec-
tion; and (ii) NO is required for plant resistance against
necrotrophic pathogens. We hypothesize that an NO concen-
tration threshold will trigger plant cell death. Below this
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threshold, NO acts as a signalling molecule to activate diverse
plant defence systems against the fungus. Our observations
introduce additional considerations into the analysis of the
interactions in which B. cinerea participates, and highlight the
complexity of the interplay between B. cinerea and the plant
during the establishment and progress of the fungal
necrotroph–host plant interaction.

EXPERIMENTAL PROCEDURES

Biological material and culture

Fungal spores were obtained by cultivating the B. cinerea wild-
type strain B05.10 (Buttner et al., 1994) and the mutant strain
DBcfhg1 (b.16), which lacks NO degradation activity (Turrion-
Gomez et al., 2010), on potato dextrose agar (PDA; Difco, Fran-
klin Lakes, NJ, USA) plates containing 25% weight/volume of
tomato leaf extract. Fresh fungal spores (5 ¥ 105 spores/mL)
were then cultivated in B5S/SP medium or MEB medium [2%
weight/volume malt extract broth (BD; Difco)]. Incubation was
performed in an orbital shaker at 180 rpm and 22 °C.

Solanum lycopersicum and N. tabacum were cultivated in a
vermiculite substrate supplemented with nutrients with a 16-h
photoperiod for 8 weeks at 22 °C. Arabidopsis thaliana plants
(ecotype Columbia) were cultivated in a mixture of vermiculite
and peat (1:3) substrate with an 8-h photoperiod at 22 °C for 1
month. Spores of B. cinerea were inoculated on detached S.
lycopersicum (tomato, variety Rome) and N. tabacum (tobacco)
leaves and nondetached Arabidopsis thaliana leaves. Suspen-
sions (5 mL) of fresh fungal spores (1 ¥ 105 spores/mL) in B5S/SP
medium were subsequently placed on plant leaves and incubated
at 22 °C with a 16-h photoperiod in a box closed with transparent
film in order to obtain high-humidity conditions (Benito et al.,
1998).The fungal infected material was obtained from S. lycoper-
sicum leaves at 15, 24, 48 and 72 hpi, from N. tabacum leaves at
20, 28, 48 and 75 hpi, and from A. thaliana leaves at 72 hpi. The
first incubation time for S. lycopersicum and N. tabacum corre-
sponded to the development of primary lesions when the first
visual symptoms were observed; the second incubation time
corresponded to the expansion of the lesions; the third and fourth

Fig. 7 Representation of the nitric oxide (NO) balance produced after
cross-talk between Botrytis cinerea and the host plant. A tight balance
between total NO degradation and plant and fungal NO production creates
an NO concentration that will lead to signalling or cell death in the plant
and/or the fungus.

Fig. 6 Schematic representation of the role and
interaction of nitric oxide (NO) in Botrytis cinerea
during plant infection. The fluxes of NO and H2O2

between the plant cells and the mycelium are
represented with arrows. Signalling processes are
represented in dotted boxes. The dotted arrow
represents the O2

- produced during respiration.
The enzymes are shown inside ellipses.
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times corresponded to advanced stages of expansion and plant
tissue maceration. For A. thaliana, only one incubation time,
corresponding to late stages of infection, was included.

Microscopy

The cell-permeable chemical DAF-2DA (5 mM dissolved in dim-
ethylsulphoxide; Sigma-Aldrich, Steinheim, Germany) was used
to detect NO in situ and in vivo (Foissner et al., 2000). The
reaction of NO with DAF-2DA produces DAF-2T, which was moni-
tored with a fluorescence microscope (Leica, St. Gallen, Switzer-
land) for in vitro experiments and a confocal microscope (Leica)
for in planta experiments.

For the detection of NO during saprophytic growth in vitro,
100 mL of fresh fungal cultures of the wild-type strain B05.10
were incubated in B5S/SP medium. Samples of 1 mL were col-
lected after 4, 8, 10 and 20 h, and centrifuged at 12 000 g for
5 min. The supernatant was discarded and the pellet was resus-
pended in 500 mL of 10 mM tris(hydroxymethyl)aminomethane
(Tris) (pH 7.5) and 1 mL of 5 mM DAF-2DA, which was subse-
quently incubated at room temperature for 10 min. The fluores-
cent product resulting from the reaction with NO was detected
using fluorescence microscopy (excitation/emission wave-
lengths, 470 nm/525 nm). A similar methodology was applied to
fresh fungal cultures of strains B05.10 and DBcfhg1 incubated in
MEB medium for 12 h. The photographs obtained had similar
imaging settings and exposure conditions.

For in planta detection of NO, leaves previously inoculated
with fresh fungal spore suspensions were cut in sections
(approximately 0.5 cm2), and those that included fungal inocu-
lation sites were used.The leaf cuttings were incubated in 10 mM

DAF-2DA dissolved in 10 mM Tris-HCl (pH 7.5) at room tempera-
ture for 10 min. The resulting fluorescence was monitored by
confocal laser scanning microscopy using an excitation wave-
length range of 440–470 nm and an emission filter wavelength
range of 525–550 nm, which was registered in the green
channel. Plant autofluorescence and fluorescence signals not
produced by DAF-2T at wavelengths longer than 600 nm were
registered in the red channel as a control. The imaging settings
and exposure conditions were the same for all the conditions
studied. Control experiments to verify that DAF-2DA reacts spe-
cifically with NO to produce fluorescent DAF-2T were conducted
in parallel for in vitro and in planta experiments, using the same
procedure as mentioned above, with the addition of 0.25 mM of
the NO scavenger cPTIO (Sigma-Aldrich) in 10 mM Tris-HCl (pH
7.5), 15 min prior to the addition of DAF-2DA.

NO electrode detection

A 2-mm ISO-NOP electrode (Word Precision Instruments, Steve-
nage, Hertfordshire, UK) was used to quantify the NO concen-

tration in B5S/SP medium containing fresh B. cinerea spores
incubated for up to 20 h. Samples of 2 mL were collected after 8,
12, 14, 16, 17 and 20 h and spiked with a 2-mL fresh saturated
gas solution of 2 mM NO in distilled water to achieve a final
concentration of 2 mM NO in each sample. NO levels in the
samples were recorded during the first 15–25 min. Control
experiments were conducted to confirm the specificity of the NO
measurement by the addition of 1 mM of cPTIO to one sample.
This experiment was repeated three times with similar results.
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