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The Botrytis cinerea cerato-platanin BcSpl1 is a potent inducer of
systemic acquired resistance (SAR) in tobacco and generates a
wave of salicylic acid expanding from the site of application
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SUMMARY

Systemic acquired resistance (SAR) is a potent plant defence
system that, in response to a first contact with a plant pathogen,
prepares the whole plant for subsequent attacks, so that it
becomes more resistant to the same and to other pathogens.
BcSpl1, a cerato-platanin family protein abundantly secreted by
Botrytis cinerea, is required for full virulence and elicits the hyper-
sensitive response in the host. Here, we report that BcSpl1 is also
able to induce in tobacco systemic resistance to two plant patho-
gens, Pseudomonas syringae and B. cinerea, which correlates with
the induction of two pathogenesis-related genes, PR-1a and PR-5.
Levels of salicylic acid were quantified in situ on BcSpl1 infiltra-
tion, and a wave of salicylic acid departing from the point of
infiltration and running through the leaf was observed, as well as
the appearance of this plant hormone in the neighbouring leaves
as early as 3 days after infiltration.

Plants defend themselves from pathogen attack by a variety of
means, collectively known as the plant immune system (Jones and
Dangl, 2006; Katagiri and Tsuda, 2010). A first line of defence
usually includes the recognition of microbe-associated molecular
patterns (MAMPs), also referred to as pathogen-associated
molecular patterns (PAMPs), by surface-exposed pattern recogni-
tion receptors. This recognition triggers a first set of defence reac-
tions, known as pattern-triggered immunity (PTI), which usually
restricts the microbe to the site of infection. Successful pathogens,
however, secrete effectors which interfere with this primary line of
plant defence in order to colonize the plant. Some plants, in turn,
have developed a second line of defence which, on detection of
the effectors by an intracellular receptor, mounts a more intense
defence response, known as effector-triggered immunity (ETI),
which effectively blocks these more sophisticated plant patho-
gens. This division between PAMPs and effectors, or between PTI
and ETI, is, however, blurred and has been challenged recently
(Thomma et al., 2011). The intensity of the defence response in

ETI, and sometimes also in PTI, can be such that death of the plant
cells responding to the pathogen occurs, in a form of programmed
cell death, known as the hypersensitive response (HR) (Mur et al.,
2008), aimed at preventing the expansion of the infection to
neighbouring cells. The detection of the pathogen by the plant and
the subsequent immune response have another consequence,
which is the generation of an as yet unidentified signal (Vlot et al.,
2008a). This travels throughout the plant and systemically induces
the expression of defence genes, conferring to the plant enhanced
resistance to further infection attempts by the same, or different,
pathogens. The latter effect is known as systemic acquired resist-
ance (SAR) (Durrant and Dong, 2004; Hammerschmidt, 2009; Sch-
neider et al., 1996).

The fungus Botrytis cinerea is a widely distributed and successful
plant pathogen that attacks a wide range of plants, causing dev-
astating losses in commercially important crops (Williamson et al.,
2007). It has been proposed that this necrotroph actively induces
HR in plants as a strategy to generate dead tissue to grow on
(Choquer et al., 2007; Govrin and Levine, 2000; van Kan, 2006;
Williamson et al., 2007). Several metabolites and proteins secreted
by this fungus have been shown to produce symptoms and/or
markers of HR, such as oxalic acid (Kim et al., 2008),botrydial (Rossi
et al., 2011), necrosis and ethylene-inducing peptide 1 (Nep-1)-like
proteins (NLPs) (Schouten et al., 2008) and the xylanase Xyn11A
(Noda et al., 2010). In agreement with this hypothesis, we have
reported recently that the cerato-platanin BcSpl1 contributes to
B. cinerea virulence and causes the appearance of typical HR
symptoms and the expression of HR gene markers when applied to
plant tissues (Frías et al., 2011).We hypothesized that these effects
are caused by the recognition of BcSpl1 as a MAMP by the plant
immune system.As cerato-platanins are widely distributed and well
conserved among fungi, this recognition would allow plants to
defend against a wide range of biotrophic or hemibiotrophic fungi,
but could be exploited by necrotrophs, such as B. cinerea, to
generate dead tissue.

It has been reported that some MAMPs, such as flagellin and
lipopolysaccharides, are able to induce SAR by themselves (Mishina
and Zeier, 2007), implying that one of the effects of the induction of
PTI would be the generation of the signal responsible for SAR.As a
putative MAMP, the BcSpl1 protein may be able to trigger SAR in*Correspondence: Email: cglez@ull.es
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plants, even though B. cinerea itself has been reported to be unable
to induce SAR in Arabidopsis (Govrin and Levine, 2002). We report
here that BcSpl1 indeed induces resistance to B. cinerea and Pseu-
domonas syringae, and, in addition, induces the synthesis of the
SAR-related hormone salicylic acid (SA).

In order to analyse whether the cerato-platanin BcSpl1 was able
to induce SAR in tobacco, fully mature 4-week-old plants (Nico-
tiana tabacum cv. Havana, maintained at controlled temperature,
humidity and photoperiod in a phytotron) were treated with
BcSpl1 by infiltration of two 100-mL aliquots of a 34 mM cerato-
platanin solution, expressed in Pichia pastoris (Frías et al., 2011),
at opposite sides of the central vein. At different times after
infiltration, the plants were assayed for resistance against B. cin-
erea and P. syringae pv. tabaci in leaves different from those
infiltrated. Botrytis cinerea conidia were prepared and inoculated
on plant leaves at the indicated times after the SAR-inducing
treatment, as explained previously (Frías et al., 2011), and the
severity of the infection was determined by measuring the growth
rate of the radius of the infected area between days 2 and 3 after
inoculation. Susceptibility to P. syringae pv. tabaci was assayed by
infiltration of a bacterial suspension [1 ¥ 108 colony-forming units
(cfu)/mL in 10 mM MgCl2] in a leaf still attached to the plant. The
day after, the leaf was cut and the number of bacteria in the
lesions was quantified, as described by Tornero and Dangl (2001).

Apart from the local induction of HR reported previously (Frías
et al., 2011), the treatment with BcSpl1 caused a rapid and strong
induction of resistance against P. syringae pv. tabaci throughout
the plant, and a less intense and delayed resistance to B. cinerea
(Fig. 1). It seems, therefore, that BcSpl1 is able to induce SAR in
tobacco, although the enhanced resistance level was not equal for
the two pathogens tested. At 3 days post-infiltration, the treated
plants had developed a strong resistance to P. syringae pv. tabaci,
but remained fully susceptible to B. cinerea. At 8 days post-
infiltration, plants remained equally resistant to P. syringae pv.
tabaci and also showed resistance to the fungus. As a positive
control for SAR, tobacco plants were infiltrated with P. syringae
pv. tomato DC3000, for which tobacco is not a host. As is usual
with incompatible interactions, this P. syringae strain resulted in
the rapid appearance of a necrotic spot in the infiltrated zone (not
shown), 1 day after infiltration, as well as an enhanced systemic
resistance to the two pathogens inoculated 8 days after infiltra-
tion (Fig. 1). The levels of resistance induced by P. syringae pv.
tomato DC3000 were only marginally higher than those obtained
with BcSpl1, and in the same range as observed for similar
systems (Vlot et al., 2008b).

The induction of SAR after infection of tobacco plants with
B. cinerea was also analysed (Fig. 1). This experiment was initially
conceived as a negative control as Govrin and Levine (2002) had
reported previously that B. cinerea does not induce SAR in Arabi-
dopsis thaliana. However, the results were different in our experi-
ments with tobacco, and the infection with B. cinerea was able to

induce systemic resistance to itself and to P. syringae pv. tabaci
throughout the plant (Fig. 1), although the levels of resistance
reached were lower than those induced by BcSpl1 or P. syringae
pv. tomato DC3000.

To better characterize the development of SAR, tobacco plants
infiltrated with BcSpl1 were assayed for the induction of the two
well-established SAR markers, PR-1a and PR-5, in the leaves fol-
lowing that treated in the stem by quantitative real-time PCR,
using the same method and primers as reported previously (Frías
et al., 2011). PR-1a and PR-5 are pathogenesis-related genes
under the control of the transcription coactivator NPR1, the master
regulator of SAR (Wang et al., 2005). Induction was observed for
both genes on infiltration with BcSpl1, as compared with the
levels found in the untreated plant (Fig. 2). This induction was
especially strong in the case of PR-1a, whose levels reached a
maximum of 6608-fold in comparison with the untreated plant.
The transcript levels were determined for three different leaves in
each plant, which, remarkably, did not differ from each other to a
great extent (see error bars in Fig. 2), suggesting a homogeneous

Fig. 1 Systemic resistance to Pseudomonas syringae pv. tabaci and Botrytis
cinerea induced by infiltration with BcSpl1. Tobacco plants were infiltrated
with BcSpl1 at two sites in one of the leaves and, at the indicated times, the
following two leaves in the stem were infected with the two plant pathogens.
The degree of infection was measured as the number of bacteria in the lesion
1 day after inoculation, in the case of P. syringae, or as the growth rate of
the radius of the infected area, in the case of B. cinerea, with a minimum
number of inoculations of at least 30. The corresponding values for the
untreated plants (100%) were as follows: (1.2 ¥ 107) � (2.1 ¥ 106)
colony-forming units (cfu)/mg fresh weight for P. syringae and 0.60 �

0.09 cm/day for B. cinerea. Control experiments were performed by
infiltration with the nonhost P. syringae strain pv. tomato DC3000 and by
infection with B. cinerea. The leaves initially treated to induce systemic
acquired resistance (SAR) were always left on the plant for the whole length
of the experiment. Asterisks indicate significant differences by Student’s t-test
(P < 0.01) from the respective untreated plants. The three bars for each
pathogen at 8 days were also significantly different from each other
(Student’s t-test, P < 0.01). The experiment was repeated three times with
similar results.
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distribution of the SAR signal throughout the plant from its point
of origin. Both P. syringae pv. tomato DC3000 and B. cinerea were
also able to induce the two SAR markers and, especially in the case
of PR-1a, there was a correlation between the levels of transcript
and the levels of resistance (Figs 1 and 2). For example, the induc-
tion of PR-1a by infection with B. cinerea was about 10-fold lower
than the induction caused by the infiltration of BcSpl1 or P. syrin-
gae pv. tomato DC3000 (Fig. 2), and also represented the treat-
ment that induced the lowest level of resistance to the two
pathogens tested (Fig. 1).

One of the hallmarks of SAR is the production of the plant
hormone SA, which is necessary for SAR to take place (Vlot et al.,
2009). In order to quantify the concentration of SA in situ, the SA
biosensor strain Acinetobacter sp. ADPWH_lux, developed by
Huang et al. (2006), was used. This bacterial strain produces a
chemiluminescent signal in the presence of SA in a concentration-
dependent manner. Bacteria were grown and infiltrated in the
leaves exactly as described by the authors, chemiluminescence
was recorded with a Chemidoc system (Bio-Rad, Hercules, CA,
USA) and images were analysed with ImageJ (Schneider et al.,
2012). Using this system, the presence of SA was determined in
the plants after infiltration with BcSpl1 (Fig. 3). Plants were infil-
trated with 34 mM BcSpl1 or inoculated with P. syringae pv.
tomato DC3000 or B. cinerea, and, at the indicated times, the
three leaves following that treated in the stem were used to

Fig. 2 Systemic induction of PR-1a and PR-5 by infiltration with BcSpl1.
Tobacco plants were infiltrated with 34 mM BcSpl1 in one of the leaves and,
at the indicated times, a small fragment was taken from the three following
leaves in the stem and used to measure the amount of mRNA for the two
genes by quantitative real-time polymerase chain reaction. Results are shown
as the fold increase, with respect to the untreated plant, of the ratio of
pathogenesis-related (PR) mRNAs to actin mRNA. The relative mRNA
amounts were calculated by the DDCt method as described previously (Frías
et al., 2011) from the mean of nine independent determinations of the
threshold cycle (three biological replicates and three polymerase chain
reactions with each cDNA). Deviation from the mean was calculated from the
standard deviation (SD) in the DDCt value, using the expression 2DDCt�SD.

Fig. 3 Systemic induction of salicylic acid (SA) by infiltration with BcSpl1. Plants were infiltrated with BcSpl1, or infected with Botrytis cinerea or the nonhost
Pseudomonas syringae strain pv. tomato DC3000, in one of the leaves. At the indicated times, the concentration of SA was determined by infiltration of the SA
biosensor strain Acinetobacter sp. ADPWH_lux in the leaves following the infiltrated leaf in the stem. (A) Evolution of SA concentration in the upper leaves. (B) Raw
chemiluminescence results. Microwell plates containing the same bacterial cultures with known concentration of SA (0, 0.1, 0.2, 0.3, 0.4, 0.5, 1 and 2 mM) are
shown to the left of each photograph. (C) Control experiment in which the biosensor bacteria were infiltrated alongside a known concentration of SA in untreated
tobacco leaves, necessary for the calculation of the actual SA concentration from the chemiluminescent intensities, as described by Huang et al. (2006).
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measure SA by infiltration of the biosensor strain. SA could be
detected in all plants at 3 days after treatment, although the SA
concentrations after B. cinerea inoculation were very low, when
compared with those observed after Bcspl1 infiltration or P. syrin-
gae pv. tomato DC3000 inoculation. At 8 days after treatment,
the SA levels were similar for the treatments with BcSpl1 and
P. syringae pv. tomato DC3000, but lower for the infection with
B. cinerea (Fig. 3).

As a way to investigate how the induction of SA spreads from
the site of infiltration of BcSpl1, SA was assayed at shorter time
intervals, and at different distances from the site of inoculation, in
the same leaf that was treated with the protein. Different tobacco
leaves were infiltrated in a region near the petiole with 34 mM

BcSpl1 and then used to assay SA at different times and at differ-
ent positions along the leaf. The results show that, at every posi-
tion assayed in the leaf, the concentration of SA increased to a
maximum and then decreased [Figs 4 and S1 (Supporting Infor-
mation)]. The time needed to reach the maximum concentration
was longer in leaf areas that were more distant from the point of
protein infiltration. The pattern of SA induction in space and time
resembled a wave (Fig. 4). The concentration of SA reached in the
leaves, up to 202 mM, was similar to that obtained in similar
studies (Huang et al., 2006). A more intuitive representation of

this wave of SA running through the leaf can be seen in Fig. S2
(see Supporting Information), and a rough estimation of the veloc-
ity of the wave can be derived from it by assuming that the peak
started from the site of infiltration no sooner than day 2, and that
its position at day 8 was further away than 15 cm, resulting in a
minimum of 2.5 cm/day.

Although it has been assumed classically that SAR is associated
with ETI, but not with PTI, this concept has been challenged
recently and several reports have shown that the application of
isolated MAMPs to plants can result in a systemic defence
response having the characteristics of SAR. PTI and ETI may just be
different versions of the same phenomenon, but fine tuned for the
occasion and usually stronger in ETI (Thomma et al., 2011). Here,
we report that the cerato-platanin BcSpl1, a fungal protein that
causes necrosis in plants and is presumed to be perceived as a
MAMP by the plant immune system (Frías et al., 2011), is also able
to induce a defence response displaying the hallmark features of
SAR. These include the systemic induction at a distance from the
point of stimulation of: (i) resistance to two different plant patho-
gens (Fig. 1); (ii) an increase in the transcription rate of two PR
proteins (Fig. 2); and (iii) the accumulation of SA (Figs 3 and 4).
BcSpl1 induced SAR in tobacco in a manner almost identical to the
SAR generated by the nonhost P. syringae pv. tomato DC3000,
which may be considered as an archetypal SAR inducer. Both
treatments induced similar levels of resistance to the two patho-
gens, similar induction of the two PR genes and almost identical
levels of SA. Therefore, cerato-platanins seem to be one of a few
known examples of isolated microbial molecules which are able to
induce the systemic defence response by themselves, as has been
proven previously for bacterial flagellin and lipopolysaccharide
(Mishina and Zeier, 2007).

The induction of plant defences by other cerato-platanins has
also been reported in the literature. The protein from Ceratocystis
fimbriata has been shown to induce the appearance of fluorescent
compounds in plants (Pazzagli et al., 1999), as well as the induc-
tion of genes involved in defence and stress responses (Fontana
et al., 2008). Similarly, induction of autofluorescence was
observed for the Leptosphaeria maculans cerato-platanin Sm1
(Wilson et al., 2002). The protein sm1, from Trichoderma virens,
has also been shown to induce, in cotton cotyledons, the synthesis
of hydrogen peroxide, autofluorescence and an increased local
and systemic transcription of defence genes (Buensanteai
et al., 2010; Djonovic et al., 2006). The cerato-platanin MgSM1
from Magnaporthe grisea has also been shown to induce a sys-
temic defence response when expressed in Arabidopsis via
Agrobacterium-mediated transient expression (Yang et al., 2009).
Here, it is shown that this systemic induction of defences by
cerato-platanins indeed results in resistance to two different plant
pathogens and in the accumulation of SA throughout the plant.

The induction of SAR in tobacco by infection with B. cinerea
was initially included as a negative control, as this fungus has

Fig. 4 Time course of salicylic acid (SA) accumulation at different distances
from the point of BcSpl1 infiltration. A set of tobacco leaves was infiltrated
with BcSpl1 and, at the indicated times, the concentration of SA was
determined at different positions along the leaves by infiltration of the SA
biosensor strain Acinetobacter sp. ADPWH_lux. Distances are approximated;
0 cm corresponds to the area just beside the infiltrated (necrotic) zone. Raw
chemiluminescence results can be seen in Fig. S1 (see Supporting
Information).
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been reported to be unable to produce SAR in Arabidopsis thal-
iana (Govrin and Levine, 2002). Surprisingly, the situation seems to
be different in tobacco, and infection with B. cinerea also induced
the three SAR hallmark features described above, although with
less intensity than with BcSpl1 or P. syringae pv. tomato DC3000.
It is necessary to take into account that inoculation with B. cinerea
is slower in inducing symptoms than infiltration with P. syringae
pv. tomato DC3000 or BcSpl1. The last two treatments triggered
leaf tissue necrosis 1 day post-infiltration, whereas B. cinerea pro-
duced necrotic lesions only 2–3 days post-inoculation. This differ-
ence may well explain the reduced amplitude of SAR produced by
B. cinerea at 8 days after infection as a simple delay with respect
to the other two. This can be clearly seen in the accumulation of
SA, which starts later for the infection with B. cinerea, but seems
to be increasing in a similar manner (Fig. 3). We therefore con-
clude that, contrary to the situation in Arabidopsis, B. cinerea is
able to induce SAR in tobacco.

Of particular interest are the results observed for the time course
of expansion of SA from the point of application of BcSpl1 (Figs 4,
S1 and S2), resembling a wave of SA expanding slowly from the
point of application at a speed in agreement with that suggested by
the classical experiment of Rasmussen et al. (1991). These authors
reported that 8 h were necessary to first observe the appearance of
SA in the petiole exudates of cucumber leaves that had been
inoculated with P. syringae pv. syringae at multiple sites. Moreover,
Rasmussen et al. (1991) also reported that the SA increase in the
petiole exudates was followed by a decrease, in accordance with
the wave of SA suggested by the results shown here (Figs 4 and S1).
It is clear, in conclusion, that BcSpl1 is able to produce SAR by itself
when applied to tobacco plants, a property that could be exploited
in plant protection.Treatment of plants with low concentrations of
cerato-platanins, or cerato-platanin-derived peptides, may be
worth exploring as a strategy of disease control.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Time course of salicylic acid (SA) accumulation at differ-
ent distances from the point of BcSpl1 infiltration. This figure
shows the raw chemiluminescence results from which the SA
concentrations displayed in Fig. 4 were obtained. dpi, days post-
infiltration; hpi, hours post-infiltration.
Fig. S2 Animation showing the wave-like pattern of salicylic acid
(SA) induction in a tobacco leaf infiltrated with BcSpl1. The same
data as in Fig. 4 were arranged in a different format to better
display the wave of SA.
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