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The elicitor AsES (Acremonium strictum elicitor subtilisin) is a
34-kDa subtilisin-like protein secreted by the opportunistic
fungus Acremonium strictum. AsES activates innate immunity
and confers resistance against anthracnose and gray mold
diseases in strawberry plants (Fragaria × ananassa Duch.) and
the last disease also in Arabidopsis. In the present work, we
show that, upon AsES recognition, a cascade of defense re-
sponses is activated, including: calcium influx, biphasic oxi-
dative burst (O2

×_ and H2O2), hypersensitive cell-death response
(HR), accumulation of autofluorescent compounds, cell-wall
reinforcement with callose and lignin deposition, salicylic acid
accumulation, and expression of defense-related genes, such as
FaPR1, FaPG1, FaMYB30, FaRBOH-D, FaRBOH-F, FaCHI23,
and FaFLS. All these responses occurred following a spatial and
temporal program, first induced in infiltrated leaflets (local ac-
quired resistance), spreading out to untreated lateral leaflets,
and later, to distal leaves (systemic acquired resistance). After
AsES treatment, macro-HR and macro–oxidative bursts were
localized in infiltrated leaflets, whilemicro-HRs andmicrobursts
occurred later in untreated leaves, being confined to a single cell
or a cluster of a few epidermal cells that differentiated from
the surrounding ones. The differentiated cells initiated a time-
dependent series of physiological and anatomical changes,

evolving to idioblasts accumulating H2O2 and autofluorescent
compounds that blast, delivering its content into surrounding
cells. This kind of systemic cell-death process in plants is de-
scribed for the first time in response to a single elicitor. All data
presented in this study suggest that AsES has the potential to
activate a wide spectrum of biochemical and molecular defense
responses in F. ananassa that may explain the induced pro-
tection toward pathogens of opposite lifestyle, like hemi-
biotrophic and necrotrophic fungi.

Plants have evolved a sophisticated and efficient immune
system to repel pathogen attacks. Some pathogens can circum-
vent constitutive barriers such as cuticle, cell wall, and antimi-
crobial phytoanticipins (Newman et al. 2013; Underwood 2012),
but plants induce a two-branched innate immune response (Jones
and Dangl 2006). First, transmembrane pattern recognition re-
ceptors sense “non-self” signals associated to microbes such as
pathogen associated molecular patterns (PAMPs), and microbe
associated molecular patterns or “self” break-down products
known as damage-associated molecular patterns (DAMPs)
(Boller and Felix 2009; Ferrari et al. 2013; Garcion et al. 2007;
Zipfel et al. 2004) activating a relatively weak immune response
called PAMP-triggered immunity (PTI). Dynamic coevolution
of plants lead to the production of resistance (R) proteins that
specifically recognize virulence effectors derived from special-
ized pathogens, resulting in effector-triggered immunity (ETI),
that consists of an amplified response that usually culminates in a
hypersensitive cell-death response (HR) at the infection site
(Deslandes and Rivas 2012; Jones and Dangl 2006). Both PTI
and ETI occur at the initial site of infection, triggering a local
acquired resistance (LAR), characterized by ion influxes to the
cytosol, generation of reactive oxygen species (ROS) (Doke
1983) and nitric oxide (Lamotte et al. 2005), and activation
of mitogen-activated protein kinase (MAPK) signaling pathways
(Pedley and Martin 2005). These reactions induce a transcrip-
tional reprogramming of defense gene expression leading
to the accumulation of defense-related compounds such as
phytoalexins (Grayer and Kokubun 2001; Harborne 1999),
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pathogenesis-related proteins (PR) (Van Loon and van Strien
1999), and phytohormones (Robert-Seilaniantz et al. 2007, 2011),
while cell walls are strengthened by callose and lignin depositions
(Humphreys and Chapple 2002; Lewis 1999; Nicholson and
Hammerschmidt 1992; Thordal-Christensen et al. 1997). PTI and
ETI are regulated by the phytohormones salicylic acid (SA),
jasmonic acid (JA), and ethylene (ET), which are the main
hormones responsible for activating the whole plant, triggering
a systemic acquired resistance (SAR).
Many biological elicitors, such as proteins, peptides, glyco-

proteins, lipids, oligosaccharides, and oligogalacturonides, have
been described to induce protection in different plant-pathogen
interaction systems (Henry et al. 2012; Wiesel et al. 2014). Since
their application is becoming an interesting agricultural practice
as an alternative to hazardous agrochemical control (De Wit et al.
2009;Walters et al. 2013;Wiesel et al. 2014), the characterization
of their mode of action in a well-known plant-pathogen in-
teraction system became necessary.
AsES (Acremonium strictum elicitor subtilisin) is an extra-

cellular subtilisin-like protein of 288 aa and 34 kDa (GenBank
accession number JX684014) (Chalfoun et al. 2013), secreted
by the opportunistic fungal pathogen Acremonium strictum
(Racedo et al. 2013). Interestingly, this protein exhibits a sig-
nificant similarity to precursors of extracellular serine proteases
that belong to the subfamily of proteinase K-like subtilisins (S8A)
produced by several fungal species but low similarity (less than
45%) with the completely sequenced proteases from Acremonium
sp. (Chalfoun et al. 2013). The AsES elicitor confers full protection
against anthracnose, under controlled conditions in strawberry
plants (Fragaria × ananassa Duch.), caused by the hemibiotrophic
fungus Colletotrichum acutatum (Chalfoun et al. 2013). AsES-
induced protection toward anthracnose is characterized by a
monophasic ROS burst and upregulation of a chitinase and PR1
gene expression. In addition, it was shown that AsES confers
protection against Botrytis cinerea in Arabidopsis thaliana through
the activation of the three main defense signaling pathways me-
diated by SA, JA, and ET, as demonstrated using the transgenic
plant nahG and the mutants npr1, ics1, coi1.16, jar1, dde2.1, ein2,
and etr1 (Hael-Conrad et al. 2015). Such promising results boosted
the development of a sustainable strategy using AsES protein as a
phytosanitary management practice in strawberry and other crops
(Castagnaro et al. 2012). However, AsES-triggered defense sig-
naling network in strawberry remains mostly unknown. With the
aim to characterize the defensive response induced by this elicitor
in strawberry, numerous PTI- and ETI-associated defense mecha-
nisms were assessed. In the present work, we demonstrated that,
upon AsES recognition, a cascade of events are activated, first
locally in treated tissues and then systemically in untreated ones,
following a spatial and temporal pattern organized in different
cellular layers of foliar tissue. Among the observed defense reac-
tions activated by AsES are calcium influx, a biphasic oxidative
burst, HR response, accumulation of phenolic compounds (PCs),
cell-wall reinforcement by callose and lignin depositions, SA ac-
cumulation, and the upregulation of some defense-related genes,
namely, FaPR1, FaPG1, FaMYB30, FaRBOH-D, FaRBOH-F,
FaCHI23, and FaFLS.

RESULTS

AsES induces a biphasic macro–oxidative burst
and calcium influx in foliar treated tissue.
In previous work, Chalfoun et al. (2013) reported that AsES

induces a punctual oxidative burst 4 h posttreatment (hpt) in
strawberry plants. With the aim to further characterize AsES-
induced ROS accumulation (superoxide [O2

×_] and hydrogen per-
oxide [H2O2]) in strawberry, plants were mock- or AsES-sprayed
to run-off and were analyzed over a broad lapse of time after

treatment. A typical biphasic oxidative burst was detected for both
O2
×_ and H2O2 in AsES-treated plants (Fig. 1A and B) as compared

with mock-treated ones in which no ROS accumulation could be
detected (Supplementary Fig. S1). For O2

×_, a first minor peak oc-
curred between 1 and 1.5 hpt, while a second peak was stronger,
persisted longer in time, and peaked between 4 and 5 hpt (Fig. 1A).
In the case of H2O2, it also accumulated immediately between 1
and 1.5 hpt, then decreased to background levels and peaked again
between 4 and 5 hpt, decreasing until 12 hpt (Fig. 1B). In-
terestingly, for H2O2, in contrast to O2

×_, both bursts reached similar
intensity.
In order to validate whether AsES infiltration also induced an

oxidative burst, ROSwere analyzed in mock- and AsES-infiltrated
leaflets (IL). Analyses of O2

×_ and H2O2 showed that the former
strongly accumulated 5 hpt (Supplementary Fig. S2), whereas the
latter mainly 4 hpt, coinciding with the second peak observed
previously (Fig. 1).
Moreover, AsES-treated leaves accumulated Ca2+ in paren-

chyma cells and trichoma by 1 hpt, which was observed as
green areas under UV light, in comparison with basal levels
observed in mock-treated leaves (Fig. 2, indicated by arrows).

Fig. 1. A biphasic oxidative burst is induced in AsES-sprayed strawberry
plants. A, Accumulation of superoxide anion (O2

×_) and B, hydrogen per-
oxide (H2O2) was analyzed in local tissue from mock- and AsES-sprayed
plants 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 12 h posttreatment (hpt) by nitroblue
tetrazolium (NBT) and 3,39-diaminobenzidine (DAB) staining methods,
respectively. Quantification of reactive oxygen species accumulation was
performed by measurement of the area with blue (O2

×_) and brownish (H2O2)
deposits in mock- and AsES-treated leaves with ImageJ software and is
expressed as relative area. Mean values ± standard error are represented
from one typical assay (n = 5). Asterisks indicate a statistically significant
difference between AsES-treated plants and the correspondent mock,
according to Student’s t test (P < 0.05). Two independent assays were
performed with similar results.
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AsES activates the accumulation of autofluorescent
compounds and necrosis in infiltrated foliar tissue.
In general, a calcium influx and oxidative burst precede and

activate programmed cell death during plant defense responses;
therefore, we explored whether AsES could induce a local HR
in strawberry leaves. At 4 hpt, leaves showed no HR, but at 12
hpt, an incipient necrosis localized in the area of AsES-IL was
observed as compared with the mock (Fig. 3A). Thereafter,
necrosis progressed through 24 hpt and covered the entire area
of the AsES-IL 72 hpt. Nevertheless, the immediately sur-
rounding tissue remained symptomless (Fig. 3A). Necrosis was
spatially and temporally accompanied by the appearance of
autofluorescence in AsES-IL when observed under UV light
(Fig. 3B). Initially, a bright, yellow-colored autofluorescence
was observed, but as necrosis progressed, the color changed to
green (Fig. 3B). Therefore, autofluorescence occurrence cor-
related with necrosis progress in AsES-IL, in contraposition to
normal tissues observed in the mock-IL. To further study this
phenomenon, accumulation of PCs was quantified in mock-
and AsES-IL. AsES-induced soluble and cell wall–bound PC
accumulation was detected at 72 hpt, suggesting a correlation
between PC accumulation and occurrence of autofluorescence
(Supplementary Fig. S3).

AsES induces systemic micro–oxidative bursts
and micro-HRs.
In line with previous results in which it was shown that AsES

induces a systemic protection against C. acutatum in strawberry
(Chalfoun et al. 2013) and B. cinerea in Arabidopsis (Hael-Conrad
et al. 2015), we decided to study whether microscopic defense-
related events initiated at mock- or AsES-IL were systemically
propagated to untreated leaflets of the same leaf (proximal leaflets
[PL]), distal untreated leaves (DL), or both. Microscopic obser-
vations of AsES-PL revealed that micro–oxidative bursts took
place from 2 to 6 hpt (Fig. 4), following a behavior similar to that
exhibited in AsES-IL, as shown in Figure 1. While H2O2 was
predominantly accumulated adjacent to veins (Fig. 4A, indicated
by arrows), O2

×_ was observed as discrete punctual areas around

them (Fig. 4B, indicated by arrows). Both ROS declined 6 hpt and
became imperceptible at 12 hpt.
In contrast to AsES-induced HR in IL, no macroscopic and

systemic necrosis was visualized in PL and DL (data not shown).
However, when analyzing histological transverse sections under
light microscopy, morphological and anatomical changes were
detected 4 hpt in PL from AsES-treated leaves (Fig. 5). Micro-
scopic analysis of this tissue showed that some cells of the cuticle
and adaxial epidermis swelled (Fig. 5B, indicated by arrows)
when compared with mock-treated tissue (Fig. 5A). These cells
were assumed to be idioblasts, since they exhibited a clearly
different phenotype (larger volume), probably associated with
the accumulation of content related to defense compounds. In
fact, some of these idioblasts were found to continue to swell
until bursting, releasing their cellular content to the extracellular
matrix, which was observed as a diffuse layer on the cuticle in
Figure 5C (thick arrow); a collapsed and shrunk idioblast is also
observed (Fig. 5C, thin arrow). When histological preparations
were illuminated under UV light, autofluorescence was observed
in isolated cells and in reduced aggregates of epidermal cells of
AsES-PL as well (Fig. 5E). As described previously, some of
these cells burst and the cellular content was liberated, which
was visualized as diffuse green autofluorescence (Fig. 5F) under
UV light. All these data together suggest that some epidermal
cells of AsES-PL undergo cell death in a two-step HR-like
process, by increasing their volume first, as a consequence of the
accumulation of autofluorescent compounds, and then, hatching
and liberating it. Neither idioblast nor green fluorescence was
observed in PL of mock-treated leaves (Fig. 5D).
When DL of AsES-infiltrated plants were analyzed, ROS

microbursts were observed 24 hpt (Fig. 6). Similarly to what was
observed in PL, H2O2 was mainly formed in veins and sur-
rounding zones (Fig. 6B, indicated by arrows), while O2

×_ was
distributed in a well-defined regular punctual pattern along the
surface of DL (Fig. 6E, indicated by arrows). When studying
both types of microbursts under higher resolution, it was ob-
served that H2O2 accumulated in the apoplast of abaxial epi-
dermis cells (Fig. 6C), while O2

×_ was produced in chloroplasts of
mesophyll cells (Fig. 6F). To determine whether distal foliar
tissue exhibiting oxidative microbursts in response to AsES
treatment also produced micro-HRs, microscopic observations
under UV light were carried out. As shown in Figure 6H, micro-
HRs were clearly visualized as punctual brilliant spots sticking
out from the background. When analyzed under a higher reso-
lution, autofluorescencewas observed in small cell clusters of the
abaxial epidermis, and notoriously, a collapsed cell was visual-
ized as a black hole (Fig. 6I, indicated by arrow). Based on these
observations, it is possible to establish that microbursts and
micro-HRs present a similar distribution pattern among the leaf
tissue of AsES-treated strawberry plants.

AsES induces SA accumulation.
When SA was assessed as a systemic defense parameter in

phloem sap extracted from the petioles of mock- and AsES-treated
leaves, a transient accumulation profile associated with SAR was
detected (Fig. 7). AsES induced the accumulation of SA as early
as 24 hpt and peaked at 48 hpt, reaching a concentration of 3.15 µg
per microgram of leaf fresh weight (FW), which was twofold
higher than the amount detected in mock-treated plants (1.53 µg
per microgram of leaf FW), and then, SA content decreased to
basal levels after 120 hpt (1.36 µg per microgram of leaf FW).

AsES induces systemic lignin and callose accumulation.
Since AsES was shown to induce early defense signaling re-

sponses at the whole-plant level, it was expected that other
downstream events associated to defense response were also in-
duced in strawberry plants. Therefore, lignin and callose deposition

Fig. 2. AsES induces a calcium influx in strawberry leaf disks. Calcium
accumulation was analyzed in mock- and AsES-treated leaf disks 1 h
posttreatment (hpt), using the fluorescent probe Fura2-AM, and was visu-
alized under bright and UV light. Green areas (marked with arrows) in-
dicate the presence of calcium. Ten independent assays were performed
(n = 10). One representative image is used to illustrate results of each
treatment. Bars = 300 µm.
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were assessed in both PL and DL of mock- and AsES-treated
plants. Depositions of both polymers were first observed at 12 hpt
in PL of plants treated with the elicitor (Fig. 8B and D). In com-
parison, no deposition of lignin or callose was detected in mock-
treated plants (Fig. 8A and C). However, cell-wall reinforcement
and thickening was observed 7 days posttreatment (dpt) in DL of
AsES-infiltrated tissue (Fig. 8F and I), as compared with mock-
infiltrated (Fig. 8E andH). Noteworthy, cell walls of stomatal guard
cells were reinforced with lignin (Fig. 8G) and callose (Fig. 8J, box
insert), as were the cells forming the base of a trichoma (Fig. 8K).

AsES induces expression of defense-related genes.
In order to further analyze AsES-triggered immunity, gene

expression of selected genes was evaluated by quantitative
polymerase chain reaction (qPCR) in mock- and AsES-treated
leaves at different time points after treatment. The study in-
cluded FaPR1 (pathogenesis-related protein1), a SA-responsive
SARmarker gene, FaPG1 (polygalacturonase1), encoding for a
cell wall–degrading enzyme, FaRBOH-D and FaRBOH-F (re-
spiratory burst oxidase homologs D and F), two main NADPH
oxidases of membrane involved in apoplastic ROS burst,
FaMYB30, a HR marker gene, and biosynthetic enzymes related

to different branches of the phenylpropanoid pathway, such as
FaCHI23 (chalcone isomerase 23), which specifically participates
in synthesis of flavones and isoflavones, FaFLS (flavonol syn-
thase), related to flavonol synthesis, FaGSL5 (glucan synthase-like
5), a gene involved in callose synthesis, and, finally, FaPRX27
(class III plant peroxidase), involved in lignin biosynthesis.
Additionally, the expression of two genes related to SA me-
tabolism was studied, i.e., SA glycosyltransferase (FaSAGT)
and a SA methylesterase (FaSAMES).
Regarding FaPR1, the expression was up-regulated in AsES-

treated plants in a two-peak profile with a twofold induction
between 72 and 96 hpt and a more significant ninefold in-
duction reached at 144 hpt (Fig. 9A). The FaPG1 gene was
induced 23-fold at 144 hpt (Fig. 9B), suggesting its participa-
tion in AsES-triggered defense response. FaRBOH-D showed a
very similar pattern of induction as FaPG1, with low or no
expression changes at early time points after AsES treatment,
but it was induced 20-fold at 144 hpt (Fig. 9C). The other ROS-
associated gene FaRBOH-F showed a very different pattern of
induction, as a fivefold induction after 48 hpt was followed by a
second eightfold increase in expression at 168 hpt (Fig. 9D).
The HR marker gene FaMYB30 showed much less pronounced

Fig. 3. AsES induces spatial and temporal macro hypersensitive cell-death response (Macro-HR) and autofluorescence production in infiltrated leaflets. A,
Detection of cell death and B, determination of autofluorescent compounds was analyzed in vivo in mock- and AsES-infiltrated leaflets 4, 12, 24, and 72 h
posttreatment. Necrosis was visualized under bright field and autofluorescence under UV light in microscope. Three independent assays were performed
(n = 5) with similar observations. One representative image is used to illustrate results of each treatment. Bars = 100 µm.
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differences in expression levels and it was induced twofold at 48
hpt, and later, from 144 to 168 hpt, a threefold second induction
was detected (Fig. 9E). An almost identical expression pattern as
described for FaMYB30 was observed for FaCHI23, in which ex-
pression was up-regulated threefold at 48 and 144 hpt, with respect
to mock-treated plants (Fig. 9F). The second gene of the phenyl-
propanoid pathway analyzed, FaFLS, demonstrated a very similar
expression pattern to FaPG1 and FaRBOH-D genes, with no in-
duction at early time points and a strong (23-fold) increase in gene
expression at 144 hpt (Fig. 9G). Regarding FaGSL5, associated
with callose synthesis, AsES induced its expression around three-
fold at 144 and 168 hpt (Fig. 9H). Also, AsES treatment induced a
low two-peak expression pattern for FaPRX27 between 48 and 72
hpt, first, and then at 144 hpt (around 1.5- and twofold), similar to
the gene expression described for genes FaMYB30 and FaCHI23
(Fig. 9I). Finally, no significant expression change was detected for
any of SA-related genes (FaSAGT and FaSAMES) in AsES-treated
plants with respect to the mock (Supplementary Fig. S4).

DISCUSSION

Interconnection among ROS, HR, and PC accumulation
during AsES-induced LAR.
In the present work, we have demonstrated that AsES triggers

both LAR and SAR in a time-dependent manner in strawberry

plants. First, AsES induced a biphasic oxidative burst in local-
treated tissue, leading to the generation of superoxide anion (O2

×_)
and hydrogen peroxide (H2O2) (Fig. 1). Since ROS accumulation
exhibited a low and transitory first phase and a stronger and
longer second one, our results are in line with other studies
reporting elicitors that induce this kind of biphasic oxidative
burst in a variety of plant-pathogen interaction systems (Galletti
et al. 2008; Kasparovsky et al. 2004; Lamb and Dixon 1997;
Pauw et al. 2004; Torres et al. 2006). It is a well-known fact that
Ca2+ influx from extracellular spaces and changes in cytosolic
concentration are crucial steps in the signaling cascade leading to
the activation of MAPKs and HR (Garcia-Brugger et al. 2006;
Lecourieux et al. 2002). In the current study, we demonstrated
that AsES induced an early Ca2+ influx in strawberry leaves 1 hpt
(Fig. 2), which overlapped with the early ROS burst (Fig. 1). This
result is in agreement with a previous study in which intracellular
Ca2+ was accumulated in mesophilic rice cells after Magna-
porthe grisea infection and it was essential for subsequent ROS
production (Kuta and Gaivaronskaya 2004). Furthermore, there
are some reports about elicitors triggering early transient Ca2+

influx and its apoplastic accumulation, such as cryptogenin in
cell suspensions of Nicotiana plumbaginifolia (Lecourieux et al.
2002).
The HR is a rapid, local defense–related programmed cell

death triggered by microbial pathogens and by a variety of

Fig. 4. AsES induces systemic micro–oxidative bursts in proximal leaflets. A, Accumulation of hydrogen peroxide (H2O2), and B, superoxide anion (O2
×_) was

analyzed in nontreated proximal leaflets from mock- and AsES-infiltrated leaves 2, 4, 6, and 12 h posttreatment. H2O2 and O2
×_ were visualized by 3,39-

diaminobenzidine and nitroblue tetrazolium staining methods, respectively. Brownish and blue deposits were indicative of H2O2 and O2
×_ accumulation,

respectively, and are indicated by arrows. Three independent assays were performed (n = 5) with similar observations. One representative image is used to
illustrate results of each treatment. Bars = 100 µm.
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elicitors (Chisholm et al. 2006; Deslandes and Rivas 2012;
Greenberg et al. 1994; Heath 2000; Jones and Dangl 2006;
Koornneef and Pieterse 2008). There are some characteristic
plant defense responses related to HR, such as ROS burst, ne-
crosis, and cytoplasm shrinkage, among others, generally ac-
companied by production of autofluorescence (Greenberg and
Yao 2004; Heath 1998; Lam et al. 2001; Mur et al. 2008; van
Doorn et al. 2011). In agreement with HR signaling and
symptoms, we demonstrated that the elicitor AsES induced a
macroscopic necrotic lesion in ILs (Fig. 3A), which was tem-
porally and spatially associated with the appearance of auto-
fluorescence (Fig. 3B) and was preceded by ROS production
(Fig. 1). Moreover, yellow autofluorescence correlated with the
initial stages of necrosis, while green fluorescence correlated
with the advanced ones, suggesting that the nature of auto-
fluorescent compounds changed during the necrotizing process
(Fig. 3). We therefore conclude that it is highly likely that the
AsES-induced ROS burst leads to a necrotic-like HR, as has
been described to occur in many other plant-pathogen inter-
actions (Sagi and Fluhr 2001). ROS and HR are two plant
defense mechanisms closely related to each other, that induce cell
death after plants are attacked by (hemi)biotrophic pathogens
(Bethke and Jones 2001; Dat et al. 2003; Glazebrook 2005). Hence,
it is plausible that AsES could induce these responses as a direct
protective effect in order to halt the infection of the fungus
C. acutatum, as was previously demonstrated by Chalfoun et al.
(2013). However, induction of ROS and HR would not be effec-
tive defense responses against necrotrophs, such as B. cinerea,
since these pathogensmake use of ROS andHR for their own benefit
(Choquer et al. 2007; Govrin and Levine 2002; van Kan 2006;

Williamson et al. 2007). Thus, rather than being a defense mecha-
nism per se, in this case, AsES-inducedROSwould lead to cell death
to help to either release signals, allow the delivery of defensive
compounds into surrounding healthy cells, or both, in order to alert
them of the attack and trigger other defense responses effective
against necrotrophic invaders.Moreover, since ROSwas shown to be
induced by a soft mechanical stimulus in Arabidopsis that was
effective to trigger protection toward B. cinerea (Benikhlef
et al. 2013), it cannot be ruled out that the AsES-induced
ROS burst described in this study could also participate in
protection of strawberry plants against B. cinerea and other
necrotrophic pathogens. Taken together, these results indicate
that it is possible that the defense response induced by the
elicitor AsES can provide protection against pathogens with
different lifestyles.
Regarding the appearance of autofluorescence within the

AsES-induced necrotic area, evidence shows that it could, at
least partly, be due to the accumulation of soluble and cell
wall–bound PCs as they were found to be significantly increased
72 hpt, coinciding with maximum autofluorescence detection
(Fig. 3). This result is in agreement with previous studies in
which apposition of fluorescent materials such as PCs occurred
upon pathogen infection or elicitor induction (Freytag et al.
1994; Graham and Graham 1991; Heath 1998; McLusky et al.
1999; Nicholson and Hammerschmidt 1992; Skalamera and
Heath 1998;Wang et al. 2015) and in which cells undergoing HR
appeared autofluorescent (Greenberg et al. 1994; Heath 2000;
Koga et al. 1988). Taken together, all these data let us speculate
that AsES triggers ROS and PC production or release from cells,
which become autofluorescent and, finally, undergo cell death.

Fig. 5. AsES induces morphological and anatomical changes in cells undergoing micro hypersensitive cell-death responses (micro-HRs) in proximal leaflets.
Histological transverse sections of proximal leaflets (PL) from mock- and AsES-infiltrated plants were observed under bright and UV light 4 h posttreatment.
A,Under bright light, PL tissues in mock- and B,AsES-infiltrated plants, in which cells from cuticle and adaxial epidermis are enlarged (arrows).C, Collapsed
idioblast among epidermal cells (thin arrow) and released intracellular content observed as a diffuse layer on the cuticle (thick arrow). D, Under UV light,
cuticle and epidermal cells from mock-infiltrated plants presented a basal green autofluorescence, whereas E, in AsES-infiltrated plants, an enlarged epidermal
idioblast is distinguished due to strong green autofluorescence (arrow) and F, a collapsed idioblast appears as diffuse green autofluorescence (arrow).
c = cuticle, E = epidermis, PM = palisade mesophyll, SM = spongy mesophyll, and I = idioblast. Three independent assays were performed (n = 20) with similar
observations. One representative picture is used for illustration of each treatment. Bars = 100 µm.
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AsES-induced SAR is characterized by microbursts,
micro-HRs, cell-wall reinforcement,
and SA accumulation.
In previous works, we have reported that the protection exerted

by AsES towardC. acutatum (Chalfoun et al. 2013) andB. cinerea
(Hael-Conrad et al. 2015) is systemically induced. Thus, in an
attempt to characterize the systemic response, ROS burst and HR
formation were analyzed in untreated PLs and DLs. Although no
macroscopic changes were observed in PLs and DLs, these cells
underwent micro–oxidative bursts with production of O2

×_ and
H2O2 (Figs. 4 and 6). Similarly to what was described in Arabi-
dopsis plants challenged with Pseudomonas spp. (Alvarez et al.
1998), these microbursts appeared as low-frequency secondary
oxidative bursts occurring systemically in proximal and distal
strawberry leaflets, predominantly associated with veins, and vi-
sualized in small cell clusters. In addition, they first occurred in
PLs and, later, in DLs, suggesting a systemic time-dependent
dissemination of this response.
HR has previously been reported not to be restricted only to

cells physically invaded by a pathogen (Heath 2000), which
prompted us to study the possible occurrence of this response in
systemic tissue in AsES-treated strawberry plants. When ana-
lyzing PLs from AsES-infiltrated plants, we found that cuticle
and epidermis cells underwent important morphological and

anatomical changes, such as cytoplasm shrinkage or cellular
volume increase (Fig. 5). These cells, described as idioblasts,
were found not only to swell and later burst but also became
autofluorescent, possibly associated with accumulation of PCs
(Fig. 5E, F). As a consequence, discrete autofluorescent bursts
occurred, generating few death cells that were associated to
systemic micro-HRs. Interestingly, micro-HRs were also ob-
served to occur in DLs of AsES-infiltrated plants, in which were
observed microscopic necrotic spots originating in small clusters
of cells, some of which appeared to be autofluorescent while
others appeared as empty black spots after hutching (Fig. 6H and
I). We also observed that the micro-HRs presented a similar
distribution pattern as the oxidative microbursts, which occurred
predominantly around veins (H2O2) (Fig. 6B) or among them
(O2
×_) (Fig. 6E). These results show that the oxidative burst and

hypersensitive cell death were not confined to the infiltration site
but were spread toward systemic tissues at discrete micro sites.
Even though micro-HRs have been described previously by
many authors in different plant-pathogen interaction systems
(Dat et al. 2003; Hoeberichts and Woltering 2003; Lam 2004; Li
et al. 2006; Sasabe et al. 2000), this is, to our knowledge, the first
time to described in response to a fungal elicitor molecule.
It is a well-known fact that SA plays a fundamental role in

SAR in plants (Delaney et al. 1994; Gaffney et al. 1993; Klessig

Fig. 6. AsES induces systemic microbursts and micro hypersensitive cell-death responses (micro-HRs) in distal leaflets. A to F, Nontreated distal leaflets (DL)
from mock- and AsES-infiltrated plants were analyzed for oxidative microbursts and micro-HR occurrence at 24 h posttreatment. Accumulation of H2O2 and
O2
×_ was analyzed by 3,39-diaminobenzidine and nitroblue tetrazolium staining methods. Brownish and blue deposits were indicative of H2O2 and O2

×_
accumulation, respectively, and are indicated by arrows.G to I, Necrosis within micro-HR sites was visualized in vivo under UV light. Punctual brilliant spots
indicate small cell clusters of the abaxial epidermis undergoing micro-HR (H, arrows) and a collapsed cell was visualized as a black hole (I, arrow). Three
independent experiments were performed (n = 5) with similar observations. One representative image is used to illustrate results of each treatment.
Bars = 100 µm.
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et al. 2000; Malamy et al. 1990; Mauch-Mani and Métraux
1998; Métraux et al. 1990; Ryals et al. 1996). Here, we dem-
onstrated that SA-dependent signaling is likely to participate
in AsES-triggered defense response in strawberry, since the
elicitor induced a noticeable transient accumulation of SA at
an early stage after treatment (Fig. 7). Interestingly, SA was
extracted from the phloem sap of petioles, suggesting a possible
initial synthesis in local-treated leaflets and, thereafter, trans-
location to other parts of the plant through the phloem. This
finding is striking, since it has been largely demonstrated in
Arabidopsis and tobacco that SA is not the systemic signal in
SAR and, thus, is not translocated via the phloem (An and Mou
2011; Durrant and Dong 2004; Fu and Dong 2013). Our result
opens up the possibility of SA transportation and signaling via

the phloem in strawberry as a response to AsES treatment
leading to SAR development. In a recent study on defense re-
sponses triggered by AsES in Arabidopsis, it was shown that
AsES-induced SA accumulation occurred in local-treated leaves;
yet, it was not quantified from phloem sap (Hael-Conrad et al.
2015). Further studies are necessary to better elucidate the SA
systemic defense signaling network occurring in strawberry
plants. Nevertheless, we are able to conclude that SA does par-
ticipate during AsES-induced SAR in strawberry.
Cell-wall strengthening contributes to the innate immune

response in strawberry plants when challenged with a pathogen
(Amil-Ruiz et al. 2011). In the present study, we observed that
AsES induced callose and lignin depositions in strawberry
plants in a time-dependent manner (Fig. 8). In agreement with
these results, other authors have observed callose deposition in
strawberry plants upon treatment with plant growth–promoting
bacteria (Tortora et al. 2012) and an avirulent pathogen (Salazar
et al. 2007). In PLs of an AsES-IL, accumulation of both
polymers was detected 12 hpt, while in DLs, they were ob-
served after 7 dpt, demonstrating that this response occurs
much later in distal leaves.

AsES induces the expression a wide spectrum
of defense-related genes.
The idea that the elicitor AsES induces local defense responses

based on the induction of early events like calcium influx, ROS,
necrotic-like HR, and autofluorescent compounds in ILs as well
as systemic responses evidenced by oxidative microbursts,
micro-HRs, cell-wall fortification, and accumulation of SA in
nontreated leaflets is further reinforced by the fact that expres-
sion of several genes associated with such defense responses in
strawberry are up-regulated in elicitor-treated plants.
AsES significantly induced FaPR1 expression in a two-peak

profile first between 72 and 96 hpt and, then, between 144 and
168 hpt (Fig. 9A), suggesting its participation in AsES-induced
defense response, playing a possible central role in defense
against pathogens, as has been amply reported for PR proteins
(Graham et al. 2003; Jones and Dangl 2006; Van Loon 1997).
Since SA was significantly accumulated earlier than FaPR1

Fig. 8. AsES induces cell-wall reinforcement in proximal and distal leaflets. A to D, Nontreated proximal and E to K, distal leaflets from mock- and AsES-
infiltrated plants were analyzed for lignin and callose depositions 12 h posttreatment (hpt) and 7 days posttreatment (dpt), respectively. Lignin was analyzed
with safranin-O, whereas callose deposition with aniline blue staining methods. Black arrows indicate lignin deposits in the wall of mesophyll cells from the
adaxial epidermis (B, F) and stomatal guard cells from the abaxial epidermis (G). White arrows indicate callose in cells from adaxial epidermis (D, I), stomatal
guard cells (J) and cells forming the base of a trichoma (K). Three independent assays were performed (n = 5) with similar observations. One representative
image is used to illustrate results of each treatment. In A, B, E to G, and I to K, bars = 40 µm; in C, D, and H, bars = 100 µm.

Fig. 7. AsES induces salicylic acid (SA) accumulation in strawberry plants.
Total SAwas extracted from phloem sap collected from petioles of mock- and
AsES-treated plants, was purified by high performance liquid chromatogra-
phy and was quantified by fluorescence. Mean values ± standard error are
represented from one typical assay (n = 6). Analysis of variance followed by a
least significant difference test was performed, using InfoStat/L software.
Different letters represent statistically significant differences (P < 0.05). Two
independent assays were performed with similar results.
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upregulation, it is likely that there is a correlation between both
signals, suggesting that FaPR1 expression is a consequence of
SA accumulation, as has been reported before (An and Mou
2011; Chaturvedi and Shah 2007; Durrant and Dong 2004). In
line with our results, Grellet-Bournonville et al. (2012) demon-
strated that FaPR1 expression correlated with SA accumulation
upon challenge with an avirulent pathogen in strawberry. In
addition, expression of FaPR1 was shown to be induced when
plants were treated with exogenous SA, confirming a close re-
lationship between SA accumulation and FaPR1 gene expression
in strawberry (Grellet-Bournonville et al. 2012). In an attempt to
explain whether the decrease in SA accumulation 72 and 120 hpt
was due to the action of known enzymes in charge of removing
the phytohormone in plants, gene expression analysis of SA
glycosyltransferase (FaSAGT) and SAmethylesterase (FaSAMES)
was performed. SA glycosyltransferase converts SA to its glyco-
sylated forms (salycilic acid glycolylate and salycilic acid gly-
cosylester), and SA methylesterase hydrolysates methyl salicylate
into active free SA in distal tissues. Although no significant ex-
pression changes of these enzymes were detected, their partici-
pation should not be completely ruled out and more analyses
should be done in order to properly address this issue.
FaPG1 gene expression was significantly up-regulated by

AsES (Fig. 9B). This gene codifies for a cell wall–degrading
polygalacturonase, suggesting its participation in some AsES-
induced defense mechanism. It has been reported that PG1
participates in the metabolism of pectin, producing oligoga-
lacturonides (OGs) that may act as DAMPs able to elicit dif-
ferent cellular responses during plant-pathogen interactions in
strawberry (Osorio et al. 2011). Thus, we may speculate that
AsES signaling could be amplified by the generation of OGs.

Plants generate apoplastic ROS mainly through plasma
membrane–bound NADPH oxidases (RBOH) and cell wall–
bound peroxidases (Bolwell et al. 2002; Grant et al. 2000;
Torres and Dangl 2005). In Arabidopsis, RBOH enzymes are
encoded by a family of ten genes, among which AtRBOH-D
and AtRBOH-F are the principal enzymes involved in stress
responses (Torres and Dangl 2005). Here, we evidenced that a
FaRBOH-D orthologous gene, which codifies for the main
enzyme responsible for ROS production in Arabidopsis
(Morales et al. 2016; Torres et al. 2002 2006), was markedly up-
regulated by AsES in strawberry (Fig. 9C). The fact that the
observed oxidative burst in strawberry plants treated with AsES
occurred earlier than the induced expression of FaRBOH-D (Figs.
1 and 9C) can be explained if the participation of pre-existing
RBOH as well as cell-wall peroxidases is considered. On the other
hand, RBOH-F has been shown to induce an HR response as a
consequence of a previous oxidative burst in Arabidopsis (Torres
and Dangl 2005; Torres et al. 2002, 2006). In strawberry AsES
induced upregulation of a FaRBOH-F orthologous gene (Fig. 9D),
suggesting that this enzyme may endorse ROS production as well
as HR induction. Interestingly, Morales et al. (2016) found that
PAMP-like elicitors such as chitin, flg22, and elf18 induced the
expression of RBOH-D promoter but not of RBOH-F in Arabi-
dopsis transgenic seedlings carrying the RBOH-D or RBOH-F
promoter fused to b-glucuronidase reporter gene.
MYB30 is a positive regulator of the signaling pathway

controlling the establishment of cell death in response to
pathogen attack in Arabidopsis (Canonne et al. 2011; Daniel
et al. 1999; Froidure et al. 2010; Vailleau et al. 2002). The
upregulation of a FaMYB30 orthologous gene in F. ananassa
(Fig. 9E) suggests its participation during AsES-induced HR.

Fig. 9. Quantitative polymerase chain reaction (qPCR) analysis of defense-related genes in strawberry plants. A to D, The expression of marker genes was
determined in proximal and E to K, distal leaflets in mock- and AsES-treated plants 2, 12, 24, 48, 72, 96, 120, 144, and 168 h posttreatment (hpt). All values
were normalized with respect to the constitutive expression of the internal reference gene FaEF-1a and are expressed related to the mock values at each time.
Bars represent mean values ± standard error from two biological replicates with three technical replicates for each qPCR reaction (n = 6). Asterisks indicate a
statistically significant difference between gene expression in mock- and AsES-treated plants, calculated by fgStatistics software (P < 0.05).
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A set of defense responses is activated rapidly in cells un-
dergoing HR, like secondary metabolic pathways such as the
branched phenylpropanoids, which produces a great battery of
antimicrobial PCs (Dixon and Lamb 1990; Hammond-Kosack
and Jones 1996). AsES treatment resulted in chalcone isomerase
FaCHI23 induction, suggesting, on one hand, the activation of
the phenylpropanoid pathway and, on the other, the specific
participation of flavones and isoflavones (Fig. 9F). Likewise, the
elicitor induced the expression of the flavonol synthase FaFLS
(Fig. 9G), adding more evidence of activation of the phenyl-
propanoid pathway and, more specifically, of flavonoides bio-
synthesis. Quercetin, kaempferol, and myricetin are examples of
antimicrobial flavonols that may have a defensive function in
strawberry leaves against pathogens upon AsES induction.
In addition, the phenylpropanoid pathway includes the cal-

lose and lignin branches, whose activation was analyzed by
studying the expression of FaGSL5 and FaPRX27 genes, re-
spectively. GSL5 is a key enzyme for callose synthesis in higher
plants, as demonstrated with Arabidopsis gsl5 mutants, which
became susceptible to avirulent pathogens (Jacobs et al. 2003).
In strawberry, the FaGSL5 gene was up-regulated by elicitor
treatment (Fig. 9H) and is, therefore, likely to be an active part
of AsES-induced defense response. However, since there is no
time correlation between the induced expression of this gene
and callose deposition, it is likely that other genes involved in
callose synthesis or deposition, or both, may also be partici-
pating, as well as pre-existing GSL5. Lignin polymerization is
regulated by class III peroxidases, which are induced upon
different stimuli such as biotic stress (Lüthje et al. 2011; Mathé
et al. 2010; Valério et al. 2004; Zhong and Ye 2009). Specifi-
cally, PRX27 encodes a functional enzyme that is required for
the polymerization of phenylpropanoids in ripening of straw-
berry fruit during lignin formation but not in foliar tissue (Ring
et al. 2013). In this study, however, we demonstrated that
FaPRX27 was induced in strawberry leaves upon AsES treat-
ment (Fig. 9I). This data suggests that this peroxidase should
participate in the AsES-induced defense response by catalyzing
the cross-linking of monolignols in the cytosol helping in the
final formation of lignin.
Finally, taking into account all genes analyzed, we observed

that a regular pattern emerges with an incipient but significant
upregulation 48 hpt and a higher induction 144 hpt, suggesting
an initial activation of defense mechanisms that becomes
stronger over the time. These findings could be further ex-
plained in terms of AsES-induced protection against C. acutatum
in strawberry, because it was demonstrated that, upon AsES treat-
ment, the plant needed a minimum time of 168 h (7 days) to fully
activate its innate immune defenses to completely halt fungal
infection (Chalfoun et al. 2013).

How does AsES behave like? PAMP or effector? Or does it
trigger DAMP generation?
Although more investigation is required to answer the

question about whether AsES behaves as a PAMP, a DAMP, or
an avirulent-pathogen effector, we are tempted to speculate that
AsES is an original molecule that shows features found in both
type of elicitors. As a PAMP because it acts ubiquitously, ac-
tivating defense responses not only in different strawberry
cultivars of F. ananassa, such as Milsei Tudla, Camarosa, and
Pájaro (Chalfoun 2009; Chalfoun et al. 2013), but also in other
species of strawberry, like the wild F. vesca (unpublished data).
In addition, it was recently reported that AsES possess effective
defense-inducing activity in different genera, such as Arabi-
dopsis (Hael-Conrad et al. 2015). Noteworthy, AsES is also
active against pathogens with different lifestyles, such as the
hemibiotrophic C. acutatum fungus, causal agent of anthrac-
nose in strawberry (Chalfoun et al. 2013), and the necrotrophic

fungal pathogen B. cinerea, causal agent of gray mold disease
(Hael-Conrad et al. 2015). With these pieces of evidence, it is,
therefore, highly unlikely that the gene-to-gene resistance
model is valid for AsES (Flor 1971).
Nevertheless, AsES behaves like an avirulent-pathogenic effec-

tor because, as described in the zig-zag model of Jones and Dangl
(2006), it induces a HR response, activating an ETI. We may fur-
ther speculate that AsES could induce the generation of DAMPs,
since its proteolytic activity is essential for activating defense
mechanisms and confer protection in strawberry plants (Chalfoun
et al. 2013) and other plant species (data not shown). If the latter
hypothesis is true, we should anticipate that the real defense in-
ductor is a molecule originated from the proteolytic activity of
AsES through the processing of a plant cellular component rather
than AsES per se. Currently, work is being focused on determining
AsES receptor or target molecule and structure in plant.

Conclusion.
The present work describes the defense mechanisms induced

in strawberry plants upon AsES treatment, indicating that the
novel elicitor subtilisin-like protein induces a complex signaling
network that involves both LAR and SAR. It is the first study to
report the induction of microbursts and micro-HRs upon elicitor
treatment in strawberry. The wide spectrum of defense responses
described can, at least partly, explain AsES capacity to protect
against pathogens of opposite lifestyles, like hemibiotrophic and
necrotrophic fungi. This characteristic of AsES-induced resistance
makes it an almost ideal candidate as a biocontrol agent in order to
control anthracnose and gray mold diseases in strawberry. On-
going studies are directed to determine whether AsES could also
be applied to other crops in order to improve their defense against
economically important plant diseases.

MATERIALS AND METHODS

AsES purification.
AsES elicitor protein was purified from the supernatant of

21-day static liquid culture of Acremonium strictum SS71 (The
Leibniz Institute DSMZ accession number DSM 24396) as
previously described (Chalfoun et al. 2013). Briefly, the frac-
tionation procedure included an ultrafiltration step (cut-off
30 kDa), followed by two steps of chromatographic separation
in fast protein liquid chromatography, first by anionic exchange
(Q-Sepharose, pH 7.5), and then, by hydrophobic interaction
(Phenyl-Sepharose). AsES purity was confirmed by two-
dimensional-polyacrylamide gel electrophoresis and C18-high
performance liquid chromatography, as described previously
(Chalfoun et al. 2013). Finally, the purified protein was ly-
ophilized and was kept at 4�C until use. When necessary, it was
dissolved at the indicated concentration in distilled sterile water
and was kept at _20�C. Proteolytic activity of AsES protein was
measured by enzymatic hydrolysis of the chromogenic peptide
N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Suc-AAPF-pNA;
Sigma), as described previously (Chalfoun et al. 2013), and was
quantified according to Moallaei et al. (2006).

Plant material.
Plants of strawberry (Fragaria × ananassaDuch.) cv. Pájaro used

in the assays were obtained from the Strawberry Active Germplasm
Bank (BGA) at the National University of Tucumán (Tucumán,
Argentina) and in vitro propagated. Briefly, meristematic tissue of
healthy plant runners was implanted and multiplied in MS medium
(Sigma) (Murashige and Skoog 1962) and was rooted in pots with a
sterilized soil mix of humus and perlite (2:1). Plants were grown in a
16-h light cycle (white fluorescent light, 350 µmol photons m

_2 s
_1)

with 70% relative humidity and a temperature of 28�C. Plants 12 to
15 weeks old were used for all assays described in this work.
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AsES treatment by infiltration.
The central leaflet of the youngest totally expanded trifoliate

leaf in each plant was mock- or AsES-infiltrated (AsES-IL).
The untreated lateral leaflets of the infiltrated leaf correspond
to PL; and the second youngest untreated trifoliate leaf was
designated as “distal leaf” (PL). Twenty (20) microliters of
AsES (60 nM) or distilled water (mock) were infiltrated at two
points between the central nerve on the abaxial side of the
leaflet, with the help of a 1 ml-syringe without needle. All
treated plants were grown in a growth chamber under controlled
conditions, as described above, until use.

AsES treatment by spray.
For biphasic ROS, SA quantification, and real time qPCR as-

says, leaves were sprayed to run-off with AsES (60 nM) or dis-
tilled water (mock) (corresponding to approximately 500 µl per
plant) and were kept in a growth chamber under controlled con-
ditions until use.

Oxidative burst.
Accumulation of ROS was detected by specific in situ his-

tochemical staining procedures. For hydrogen peroxide (H2O2),
3,39-diaminobenzidine (DAB), according to Thordal-Christensen
et al. (1997), and for superoxide ion (O2

×_), nitroblue tetrazolium
(NBT), according to Doke (1983), were used. Mock- and
AsES-IL, PL, and DL were harvested at different hours post-
treatment, as stated in figure legends, and were stained with
DAB or NBT. Leaflets were microscopically analyzed and
images were taken with a digital camera attached to microscope
with bright field settings (BH2-RFC, Olympus). For the bi-
phasic ROS accumulation assay, quantification of brownish and
blue deposits was carried out using ImageJ software, and an
area value was obtained. Results were expressed as relative
area between AsES- and mock-treated leaflets: area of
brownish/blue deposits(AsES-treated plants)/area of brownish/blue
deposits(mock-treated plants). For all assays, one leaflet from each
of five plants was used per treatment (n = 5). Two or three
independent experiments were performed.

Calcium determination.
Accumulation of intracellular calcium was observed in leaf

discs according to Hirst et al. (1999), with some modifications
made in our laboratory. Briefly, 5 mm in diameter discs were
obtained from the youngest totally expanded leaf and were
submerged in 1,000 µl of a solution of 10 µM Fura 2-AM probe
(Invitrogen) dissolved in modified W5 buffer (154 mM NaCl,
5 mM KCl, 125 mM CaCl2, 0.5 M sacarose, and 2 mM mor-
pholineethanesulfonic acid; pH 5.6). Then, five vacuum pulses
were applied, and disks were kept in darkness for 30 min, were
rinsed twice with distilled water, and were suspended in W5
buffer. Thereafter, disks were mock- and AsES-treated and
were observed under fluorescence microscopy (BH-FRC,
Olympus) set with an IB filter. Images were taken with a dig-
ital camera attached to the microscope. The presence of cal-
cium was determined qualitatively as green areas on the leaf
tissue visualized under fluorescent field. Two leaf disks of each
of five plants were used for the assay (n = 10). Ten independent
assays were performed.

Autofluorescence and necrosis.
Mock- and AsES-ILs and DLs were harvested at different

hours posttreatment, as stated in figure legends, and were
mounted between slide and cover slips for in vivo observations.
For autofluorescence detection, samples were observed under
UV light (329 nm) in a fluorescence microscope (BX51 U-LH
100HG, Olympus), whereas DLs were examined at 24 hpt in
a microscope with reflected light fluorescence attachment

(BH2-RFC, Olympus). For necrosis detection, ILs were observed
in a microscope with bright field settings (BH-2, Olympus). Im-
ages were taken with a digital camera attached to each micro-
scope. One leaflet from each of five plants was used per treatment
(n = 5). Three independent assays were performed.

Quantification of PCs.
Soluble and cell wall–bound PCs were quantified in mock-

and AsES-ILs 24, 72, and 168 hpt. Leaflets were harvested,
pooled, and weighed and were immediately frozen at _20�C
until use. For soluble PC extraction, vegetal tissue was resus-
pended in 80% methanol (1 ml per 100 mg of FW), gently
agitated (100 rpm) for 12 h at 30�C in darkness, and then,
centrifuged (5,000 × g) for 30 min at 4�C. The extraction step
was repeated once again. The corresponding leaf pellet was
kept for NaOH-hydrolyzable cell wall–bound PC deter-
mination, while both supernatants were combined and vacuum-
dried (Savant). Pellet obtained from combined supernatants
was resuspended in 20% methanol at a final concentration of
0.5 g of leaf FW per milliliter (Hukkanen et al. 2007). The re-
maining leaf pellet was washed, first, with 80% methanol and,
then, with 100% methanol to remove traces of residual solu-
ble PCs. For hydrolysis, 1 ml of 1 M NaOH per 20 mg of
dry material was added, and the tissue was incubated for 1 h
at 70�C. After centrifugation (5,000 × g) for 30 min at 4�C, the
hydrolysate was acidified with a 1:10 volume of concentrated
HCl. PC content (phenolic and polyphenolic) of both extracts
was determined using the Folin-Ciocalteu method according to
Singleton et al. (1999). The amount of PC was expressed in gallic
acid equivalents (GAE) per gram of FW from leaf tissue. Results
were expressed as relative PC accumulation between AsES- and
mock-treated leaves: PC (mg GAE/g FW)(AsES-treated leaves)/PC
(mg GAE/g FW)(mock- treated leaves). The central leaflet from each
of five plants was harvested (n = 5) per treatment. Two in-
dependent assays were performed.

Histological section preparation
and microscopic observations.
Histological sections were performed from PLs of mock- and

AsES-infiltrated plants 4 hpt to study morphological and ana-
tomical changes during the cell-death process and to monitor
the appearance of autofluorescence. For morphological studies,
PLs were fixed in FAA (formalin-acetic acid-alcohol), and
then, 10- to 15-µm cross sections were obtained by free-hand
cutting that were made transparent with 50% sodium hypo-
chlorite, according to Dizeo de Strittmater (1973). Afterward,
sections were washed six times with distilled water and were
stained with safranin-O (Lucena et al. 2003). Finally, samples
were mounted with 50% glycerol between slides and cover
slips and were observed with a 40× objective lens under a
microscope with bright field settings (BH-2, Olympus). For
anatomical studies, histological sections from PLs were observed
in vivo, using a fluorescence microscopy (BX51 U-LH 100HG,
Olympus) set with a blue excitation filter (U-MWB2). For all
assays, images were taken with a digital camera attached to
each microscope. Twenty histological sections obtained from
one leaflet of a single plant were used per treatment in both
types of studies (n = 20). Observations in three independent
assays were performed.

Quantification of SA.
SA was measured, as previously described (Grellet-

Bournonville et al. 2012), by extracting phloem sap, using a
micropipette from petioles of mock- and AsES-treated leaves.
Samples were taken 24, 48, 72, 96, and 120 hpt, were pooled,
and were immediately dispensed into 1 ml of ice-cold absolute
ethanol acidified with HCl (pH 3.0). After the extraction
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procedure, SA was purified, as previously described (Grellet-
Bournonville et al. 2012), by high performance liquid chro-
matography (Analytical HPLC, Gilson), using a C18 reversed
phase column (Prodigy 5 ODS-2 Phenomenex) and was
quantified by fluorometric determination at lex = 296 nm and
lem = 408 nm, using a spectrofluorometer (Photon counting
PC1, ISS). SA standard (>99.0% purity, Sigma) was used as
internal control. The amount of SA was expressed in micro-
grams per milligram of sap FW. Extraction was performed from
petioles from three leaves from each of six plants (n = 6) per
treatment. Two independent assays were performed.

Determination of callose and lignin deposition.
Callose and lignin deposition was evaluated in PLs and DLs

of mock- and AsES-infiltrated plants 12 hpt and 7 days post-
treatment (dpt), respectively. For callose determination, leaflets
were stained with aniline blue, according to Yun et al. (2006).
Briefly, leaflets were harvested and decolorized in a 3:1 ethanol
96% and lactic acid mix (previously diluted 1:2 ethanol 96%).
The solution was changed several times until no chlorophyll was
visualized. Translucent leaflets were rehydrated in 50% ethanol
for 2 h and were then incubated in 67 mM K2HPO4 (pH 12)
containing 0.01% aniline blue for 1 h at room temperature. For
lignin determination, leaflets were stained with safranin-O,
according to Lucena et al. (2003). Similarly, translucent rehy-
drated leaflets were incubated in 50% ethanol containing 0.01%
safranin-O for 2 min at room temperature. Two 3-cm segments
for each stained leaflet were mounted on glass slides in 30%
glycerol and were examined under a fluorescence microscope
(BXS1 U-LH 100HG, Olympus) set with a blue excitation filter
(U-MWB2). Images were taken with a digital camera attached to
the microscope. One leaflet from each of five plants was used per
treatment (n = 5). Three independent assays were performed.

RNA extraction and qPCR analysis.
Total RNA extraction was performed from the youngest

totally expanded leaflet from each of three mock- or AsES-
treated plants (n = 3). Leaflets were harvested 2, 12, 24, 48, 72,
96, 120, 144, and 168 hpt, were pooled and weighed, were

immediately frozen in liquid nitrogen, were pulverized, and were
kept at _80�C until further use. RNAwas isolated from 100 mg of
leaf tissue, using the RNAqueous-4PCR kit (Ambion). Next, total
RNA was pretreated with DNase I (Thermo) in order to remove
possible contaminating genomic DNA. RNA concentration and
purity was measured using a spectrophotometer (Shimadzu
BioSpec-mini UV-1280 UV-Vis), and then, 1 µg of each sample
was retro-transcribed into cDNA according to manufacturer’s in-
dications (Thermo). cDNA concentration was measured with
spectrophotometer (BioSpec-mini UV-1280 UV-Vis, Shimadzu)
and was adjusted to 25 ng/µl with sterile ultrapure water. For
qPCR, the iQ supermix SYBR green was used (Bio-Rad), and
reactions were performed in an ABI Prism 7500 real time PCR
system equipment (Applied Biosystems): 0.1 µl of each primer
(20 µM), 2.0 µl of cDNA (25 ng/µl), 6.5 µl of SYBR green,
4.3 µl of sterile ultrapure water. The thermal profile was set to
95�C for 10 min (holding stage), 40 cycles of 95�C for 15 s, and
60�C for 1 min.
Expression of genes was estimated in relation to elonga-

tion factor-1a (FaEF1a) gene (GenBank accession number
XM_004307362), previously described as a stable reference
gene for F. ananassa (Guidarelli et al. 2011). Amplification ef-
ficiencies and cycle threshold values were determined for each
gene, with the slope of a linear regression model using the
LinRegPCR software (Ruijter et al. 2009). These profiles were
estimated in relation to FaEF1a reference gene using fgStatistics
software, based on previously published algorithms (Pfaffl
2001). Two biological replicates with three technical replicates
were used for the genes. Each gene expression was expressed as
the ratio between AsES and mock expression levels. Thus, values
above the dot line in the graphic mean that AsES upregulates the
gene, whereas below it, AsES downregulates it.

Primer design.
All primers used in this study were designed using the

software Primer Express (Applied Biosystems). For FaPR1,
FaPG1, FaCHI23, FaFLS, FaRBOH-D, FaRBOH-F, and
FaPRX27, primers were designed from free access F. ananassa
nucleotide sequences available in the GenBank database at the

Table 1. Primers used for quantitative polymerase chain reaction in this studya

Genes Name and origin Primers sequences Accession no.

FaEF-1a Celular elongation factor-Tu (Fragaria × ananassa) Fw 59-CCCCCACTTGGTCGTTTTG BK009992
Rv 59-TGATGACTCCCACAGCAA

FaPR1 Pathogenesis related protein 1 (Fragaria × ananassa) Fw 59-CAAAGAGCTCCGGCGACTT AB462752
Rv 59-TCTCCCACCCACAGGTTCAC

FaPG1 Poligalacturonase (Fragaria × ananassa) Fw 59-CGTCAAAGCACCGGGAGATA DQ458990
Rv 59-GGTTGAGCGCCCCATATG

FaMYB30 HR-marker gene (Fragaria × ananassa) Fw 59-TGCCGGCTCAGATGGACTA BK009993
Rv 59-TCGGTGAAGTTACCGCGTTT

FaRBOH-D Respiratory burst oxidase homolog D (Fragaria × ananassa) Fw 59-TTACCTCTGCACCGGGAGAT KX583680.1
Rv 59-GAGTCCAATCCCCGAGTGTTC

FaRBOH-F Respiratory burst oxidase homolog F (Fragaria × ananassa) Fw 59-CCCAGCTGTTTCCCCATTT KX583677.1
Rv 59-CTCCGGGAGCAGACGTAAT

FaCHI23 Chalcone isomerase 23 (Fragaria × ananassa) Fw 59-GCTGACGGGCCAGCAAT AB201755
Rv 59-TCCAAATGGCAACACAATTCTC

FaFLS Flavonol synthase (Fragaria × ananassa) Fw 59-CCCGCCCTGATCTTGCT DQ087252
Rv 59-TGAGGGCGGACATGTCAGTA

FaGSL5 Glucan synthase-like 5 (Fragaria × ananassa) Fw 59-GGCACTTAAAATGCGGAATCTG BK009994
Rv 59-GATCGTAGGCTTCCGGATACC

FaPRX27 Peroxidase27 (Fragaria × ananassa) Fw 59-CACCAGCTTGCCACAGACAA AFQ36036
Rv 59-CTGGCTTTTGGCCATCTTCT

FaSAGT SA glycosiltransferaseb (Fragaria × ananassa) Fw 59-CAGGCCAGTGTGGCAACA CO817016.1
Rv 59-TGCGGATGGAATTCGACTCT

FaSAMES SA methylesterase (Fragaria × ananassa) Fw 59-GGCATCGACACCAAGTCCAT BK009995
Rv 59-TGGAGCAAGTGATCCAATCAAC

a Forward (Fw) and reverse (Rv) sequences for each pair of primers is provided as well as gene nomenclature and the GenBank accession number for each
sequence.

b Expressed sequence tag. SA = salicylic acid.
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National Center for Biotechnology Information web site. For
FaSAGT, primers were designed from an available expressed
sequence tag sequence for F. ananassa. An indirect primer de-
sign strategy was applied for EF-1a,MYB30, GSL5, and SAMES
genes, whose sequences were not available for F. ananassa.
Briefly, the homologs genes candidates were searched with
F. vesca, A. thaliana, and Nicotiana benthamiana (for SAMES)
with BLAST-N against the sequences from the de novo whole-
genome strawberry sequencing project (Hirakawa et al. 2014), in
order to identify the F. ananassa contig putatively containing the
candidate gene. Then, the A. thaliana corresponding protein
sequence and the F. ananassaDNA contig were used for protein-
based prediction of RNAm and protein sequences with the
software FGENESH+ (Solovyev 2007) for each F. ananassa
gene. To confirm the identity of the predicted protein, a BLAST-
P search was carried out. GenBank accession number for each
sequence is detailed in Table 1.

Data analysis.
Error bars in the plots correspond to standard error (SE) for

each time point. SE was calculated as SE = SD/
ffiffiffi

n
p

, where SD is
the standard deviation of data values at each time point. Statis-
tical analysis for biphasic ROS, SA, and PC quantification was
carried out using InfoStat software, version 2013. When relative
values (AsES/mock) were represented (i.e., ROS and PC quan-
tification), a bilateral t test (P value £ 0.05) was performed in
order to determine differences between AsES and mock means
and significant differences were indicated by asterisks. For the SA
assay, analysis of variance followed by least significant difference
test (P value £ 0.05) was performed and significant differences
were indicated by letters. For qPCR data analysis, fgStatistics
software interface (P value < 0.05) was used as indicated above and
significant differences between mean expression values of mock-
and AsES-treated plants were indicated by asterisks.
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