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a b s t r a c t

Programmed cell death (PCD) occurs in plants, animals and several branches of unicellular eukaryotes as
a part of developmental and/or defense processes. Caspase proteases are universal mediators of animal
apoptosis, a type of PCD. In plants, there are not animal caspase homologs; therefore, the characterization
of caspase-like activities is of considerable importance to our understanding of PCD in plants. Here we
report for the first time the involvement of caspase-3-like activity in the resistance mechanism of potato
to Phytophthora infestans infection. We showed that disease development in infected potato leaves is
dependent of caspase-3-like activity. Unlike plant DEVDases previously reported, this DEVDase activity
was sensitive to the serine protease inhibitor PMSF. As reported for other subtilisin- like proteases with
caspase activity, potato DEVDase activity was mainly localized in the apoplast. We demonstrated that in
total protein extract DEVDase activity accounts for a 60% of serine proteases; however, this percentage
increases to 100% in the apoplast. Additionally, this caspase-3-like activity is constitutively expressed in
the apoplast of potato leaves. Total DEVDase activity is induced only in potato cultivars with high field
resistance to P. infestans. These results show that potato caspase-3-like protease could constitute a tool in
the potato defense mechanisms resulting in partial resistance, although further assays would be
necessary in order to elucidate its role.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

Programmed cell death (PCD) is a fundamental, genetically
controlled process that is responsible for removal of unwanted and
potentially dangerous cells; thus, it contributes significantly to
both, the development and defense of multicellular organisms [1e
3]. In animal cells, a central core execution switch for apoptosis,
which is a defined type of PCD in the animal kingdom, is the acti-
vation of caspases (Cys-containing Asp-specific proteases). These
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proteolytic enzymes become activated in the course of apoptosis
and introduce specific breaks after aspartate (D) residues in
a limited number of cellular proteins, thus mediating PCD [4,5]. In
mammalian PCD, caspases play a role as initiators and effectors [6].
Caspases-2, -8, -9 and -10 have been classified as initiator caspases,
and they cleave inactive pro-forms of effector caspases, thereby
activating them. On the other hand, caspases -3, -6 and -7, have
been classified as effector caspases and they cleave other protein
substrates within the cell, to trigger the apoptotic process and
ultimately leading to cell demise [7,8].

Given the role of caspases in animal PCD, in the last decade
scientific effort has been directed to investigate the possibility of
existence of these proteins in plants [9]. However, there is no
evidence in plant genomes for genes orthologous to caspases [10].
Only distant homologs of caspases, metacaspases, that may be
involved in plant PCD have been found [11e13]. However, accumu-
latingevidence in recent years suggests the existence of caspase-like
activities in plants and its functional involvement in various types of
plant PCD, although many types do not depend upon caspase-like
proteases and do not share aspects of apoptosis [9,14e16]. Several
caspase activities have been detected in plants using synthetic
caspase substrates [10]. Furthermore, protein inhibitors of caspases
(specific inhibitor of animal caspases-1 and-3 and the baculovirus
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Fig. 1. Effect of caspase inhibitors on disease development and cell death in potato
leaves infected with P. infestans. A: Detached leaves of S. tuberosum cv. Pampeana were
submitted to absorption by petiole of water or a water solution containing 50 mM of the
caspase-3 inhibitor Ac-DEVD-CHO or the pan-caspase inhibitor Z-VAD-FMK. After total
absorption, leaves were inoculated by spray with water or P. infestans (infected) and
incubated 5 days. B: Disease development was quantified after 5 days of P. infestans
infection using the ImageJ software. Results are expressed as relative units of infected
area, taking as 1 the surface area affected by P. infestans in leaves pretreated with water
(control) and subsequently inoculated with P. infestans. Disease development was
quantified in control leaves (white bars), leaves pretreated with Z-VAD-FMK (gray
bars) and leaves pretreated with Ac-DEVD-CHO (black bars). The data represent the
mean � SEM of three replicates. C: Cell death was estimated by monitoring Evans blue
uptake by spectrophotometry at 620 nm. Values were normalized as a percentage of
DEVDase activity detected in extracts of leaves treated with water and then infected
with P. infestans during 96 h. The data represent the mean � SEM of three replicates.
Different letters indicate significant differences with p < 0.001 and p < 0.01 for one-
way ANOVA and Tukey tests respectively.
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anti-apoptotic proteins p35 and IAP) were efficient in preventing
plant PCD induced by bacterial, fungal and viral infections [17,18],
indicating that enzymes structurally distinct from classical caspases
may operate as caspase-like proteases in plant PCD [2].

In many animal cell apoptosis pathways, activation of the
effector caspases is considered to be the final step. Among the
spectrum of various caspases, caspase-3 is believed to be the major
executioner to induce the cleavage of the PARP (Poly ADP-ribose
polymerase), DNA fragmentation, chromatin condensation, and
final programmed death in animal cells [4,19,20]. For this reason, in
plants, like in animals, caspase-3-like activities have also attracted
attention [2,14,21,22].

In this study, we have described and characterized the presence
of caspase-3-like activity in potato leaves. Additionally, we have
determined the induction of DEVDase activity in potato leaf apo-
plast during Phytophthora infestans infection.

2. Results and discussion

2.1. Caspase-3-like activity is related to potato leaves disease
development and cell death during infection

During P. infestanseSolanum tuberosum interaction, hypersen-
sitive response (HR)-like necrotic reactions occurs in all known
forms of genetic resistance to Phytophthora (race-specific resis-
tance, nonhost resistance and partial resistance) in order to restrict
the invasion of the pathogen [23,24]. Contributing to the general
knowledge of the defense mechanism of plants, several reports
show that, like in animals, caspase-like proteases are universal
mediators of PCD that induce HR [17,18,25]. In order to elucidate if
caspase-3-like activities are necessary for completion of HR-like
necrotic reactions in potato leaves during potatoeP. infestans
interaction, we examined the effect of specific peptide inhibitors
of caspases on disease development and on cell death induced in
potato leaves. Results obtained show that Ac-DEVD-CHO and Z-
VAD-FMK pretreated leaves have a major disease development
compared to controls (Fig. 1A). The disease development in leaves
(Fig. 1B) was twice as much, approximately, in leaves pretreated
with Ac-DEVD-CHO compared with its respective control. When
leaves were pretreated with Z-VAD-FMK, disease development was
20% higher than in control ones (Fig. 1B).

To evaluate the effect of caspase inhibitors on plant cell death
during P. infestans infection, we quantified by spectrophotometric
analysis the Evans blue uptake by cells (Fig. 1C). Results obtained
shown that, an increase in Evans blue uptake was observed in
control cells leaf 3 and 4 days post-P. infestans inoculation. P. infes-
tans is a hemibiotrophic oomycete with a biotrophic phase, that
occurs during 2e3 days post-inoculation (dpi) and a necrotrophic
phase occurs after 4e5 dpi [26]. The results obtained are consis-
tent with that potatoeP. infestans interactions displaying partial
resistance, during the biotrophic phase, have been associated with
hypersensitive response (HR)- like necrotic reactions that help to
restrict pathogen spread [24]. On the other hand, leaves pretreated
with caspase inhibitors before P. infestans infection produced
a significant reduction in Evans blue uptake compared with
untreated and infected leaves. In Ac-DEVD-CHO infiltrated leaves
and infectedwith P. infestans during 72 and 96 h, a decrease in Evans
blue uptake by cells of 50% and 55% respectively, was observed. Z-
VAD-FMK pretreatment showed a reduction in Evans blue uptake of
40 and 30% after 72 and 96 h of P. infestans infection, respectively.
These results are consistent with several reports that, using
synthetic caspase inhibitors, proof that caspase-like activities,
specifically caspase-3-like activity, are required for completion of
cell death in plants [4,10]. Therefore, the effect of caspase inhibitors
decreases HR-like necrotic reactions and produces an increase of
the disease development in infected leaves (Fig. 1A and B). Finally,
results here showed suggest a possible role of caspase-3-like
activity in the completion of hypersensitive response (HR)- like
necrotic reactions that restrict the pathogen spread in potato leaves.
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2.2. DEVDase activity level correlates to the degree of potato field
resistance to P. infestans

Like in animals, plant caspase-3-like DEVDase belongs to the
most- studied ones [27], along with the caspase-1-like YVADase
[28]. Here we performed proteolytic assays in order to elucidate if
caspase-3-like activity is present and/or induced in potato leaves
after P. infestans infection. Additionally, we evaluated the possible
correlation between caspase-3-like activity and the degree of field
resistance of S. tuberosum to P. infestans. This type of resistance
(partial resistance) is durable and thus commercially more attrac-
tive than race-specific resistance and it is assumed to be multiple
genes based [29,30]. To perform these assays, caspase-3-like
activity was measured in extracts of potato leaves from two
potato cultivars with different degree of field resistance to
P. infestans. Whereas cv. Bintje is susceptible to P. infestans infection,
cv. Pampeana is moderately resistant to this pathogen. Protein
extracts of leaves, inoculated with water or P. infestans during 0,1, 6,
12, 24 and 48 h were analyzed. Data obtained indicate the presence
of caspase-3-like activity in healthy leaves of both cultivars. Fig. 2
shows that this activity was increased faster and higher in cv.
Pampeana than in cv. Bintje during P. infestans infection. In cv.
Fig. 2. Percentage of DEVDase activity in potato leaves infected with P. infestans. A: cv.
Pampeana; B: cv. Bintje. Percentage of total DEVDase activity detected in extracts
(corresponding to 1 mg of proteins) of detached leaves inoculated with water (white
bars) or P. infestans (black bars) and incubated during 1, 6, 12, 24 and 48 h. DEVDase
activity determined in extracts of healthy leaves was subtracted from other values to
each cultivar tested. Values were normalized as a percentage of the mean of DEVDase
activity detected in extracts (corresponding to 1 mg of protein) of 48 h cv. Pampeana
infected leaves. The data represent the mean � SEM of three replicates. Different
letters indicate significant differences with p < 0.001 and p < 0.01 for one-way ANOVA
and Tukey tests respectively.
Pampeana (Fig. 2A) caspase-3-like activity was increased in a 50
and 90% after 24 and 48 h of P. infestans infection, respectively. In
contrast, no significant differences in caspase-3-like activities were
observed in cv. Bintje leaves during P. infestans infection (Fig. 2B).
These results show the existence of caspase-3-like activity in leaves
and the presence of a caspase-3-like activating pathway during
potatoeP. infestans interaction. These results are consistent with
reports that, using synthetic fluorogenic caspase substrates show
that caspase-like activities are induced during plantepathogen
interactions [33]. Several proteases have been associated with the
potato degree resistance to P. infestans. We have previously re-
ported the positive correlation between potato degree resistance to
P. infestans and the level of expression of two aspartic proteases,
named StAP1 and StAP3. On the other hand, a papain-like cysteine
protease (C14) has been associated with the immunity of plants
towards P. infestans infection [31,32]. In addition, results obtained
here suggest for the first time a possible correlation between the
level of caspase-3-like activity and the degree of potato field
resistance to P. infestans. However, this suggestion must be sup-
ported by the analysis of caspase-3-like activity in other potato
cultivars with different degree of field resistance to P. infestans.

2.3. Partial biochemical characterization of total DEVDase activity

Caspase activity in presence of protease inhibitors was quanti-
fied in order to characterize possible enzymes structurally distinct
from classical caspases but that operate as caspase-like proteases.
To perform these assays, caspase-like activity of protein extracts
from P. infestans infected leaves during 24 h was determined.
Results obtained show that DEVDase activity decreases a 60% in
presence of the serine protease inhibitor PMSF (1 mM) (Fig. 3).
However, no significant changes in the values of caspase activity
were observed when the proteolytic assays contained cysteine
protease inhibitor E-64 (30 mM), aspartic protease inhibitor pep-
statin A (150 mM) or the pan-caspase inhibitor Z-VAD-FMK (15 mM).
As expected, a decrease of a 95% was observed in presence of
caspase-3 substrate mimetic inhibitor Ac-DEVD-CHO (15 mM). The
sensitivity of the DEVDase activity to both, caspase-3 inhibitor and
PMSF, suggests that the cleavage of Ac-DEVD-AFC is carried out by
Fig. 3. Effect of general protease and caspase inhibitors on P. infestans induced
DEVDase activity in vitro. Total extract of cv. Pampeana leaves infected with P. infestans
during 24 h were incubated with buffer (control), PMSF (1 mM), E-64 (30 mM),
pepstatin A (150 mM), Ac-DEVD-CHO (15 mM) or Z-VAD-FMK (15 mM) for 1 h at 37 �C
and pH 5.2. Mixtures were then incubated with 15 mM Ac-DEVD-AFC substrate at 37 �C
during a 3.5 h reaction. Values were normalized as a percentage of the mean of
DEVDase activity determined in control extracts. The data represent the mean � SEM
of three replicates. Means with different letters differ at p < 0.001 and p < 0.01
according to one-way ANOVA and Tukey tests respectively.



Fig. 4. Effect of pH on DEVDase activity in potato leaves after P. infestans infection.
Total extracts of leaves infected with P. infestans during 24 h were assayed for
hydrolytic activity at different pHs in citrateephosphate buffer with Ac-DEVD-AFC
substrate at 37 �C as described in Materials and methods. Values were normalized
as a percentage of the mean of DEVDase activity determined at pH 7 (maximum
activity). The data represent the mean � SEM of three replicates.
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two types of proteases (caspase-3-like protease and serine prote-
ases) or by a single group of proteases sensitive to both types of
inhibitor. These results demonstrate the existence/activation of
serine proteases with caspase-3-like activity in potato leaves after
infection with P. infestans. This is in accordance with the fact that
some caspase-like activities in plants are attributable to plant
subtilisin- like proteases, named as saspases and phytaspases [34].
By contrast, neither phytaspase nor saspase could hydrolyze
a DEVD based caspase substrate [34,35]. The results obtained here
suggest a new/s candidate/s (serine protease with DEVDase
activity) to complete the family of plant ‘caspase-like’ proteases
previously named as “incomplete” [34].

Animal caspases exhibit certain sensitivity to ions and pH [36].
To further characterize DEVDase activity in this patho-system, the
effect of ions and pH were determined. As Table 1 shows, no
significant effect was observed in DEVDase activity in presence of
different amounts of NaCl (1e300 mM) and MgCl2 (1e150 mM).
Results obtained are in disagreement with data reported for the
cytosolic caspase-3-like activity found in barley [21] and with the
results reported to sapases 1 and 2 from oat. For these proteases,
a concentration of 100 mM NaCl or MgCl2 reduces these caspase
activities to a 50% approximately. Various cellular functions are
influenced by essential trace elements such as the divalent cations
zinc (Zn2þ) and manganese (Mn2þ) [37,38]. Zn2þ directly inhibits
the in vitro activity of various recombinant caspases, including
caspase-3, -6 and -8 [36,39]. In plant cells, Zn2þ produce changes in
the VADase activity of saspases 1 and 2 from oat [40]. Here we
determined that, whenMn2þwas added in the enzymatic reaction,
an increase of 40e60% in DEVDase activity was observed (Table 1).
The presence of Zn2þ at 3 mMconcentration produced a decrease in
potato leaf caspase-3-like activity of 50% approximately. Contrary,
the presence of Zn2þ at 30 mM concentration produce an increase
of potato leaves DEVDase activity of 40% and 190% for 3 mM and
30 mM Zn2þ, respectively. Similar results were observed for
caspase-3 activity of human Burkitt lymphoma B cells [41]. These
results indicate that, depending on Zn2þ concentrations, zinc can
exert opposite effects on caspase-3 activation and apoptosis in
cells: concentrations below 50 mM inhibit caspase-3 activation
whereas higher concentrations of zinc activate a death pathway
associated with apoptotic-like features and caspase-3 activation.

pH optima for plant-DEVDase activities are acidic. For example,
in Arabidopsis thaliana seedlings [42] and in germinating white
spruce seeds [43], DEVDase activity exhibited maximal activity at
Table 1
Effect of different salts on DEVDase activity of leaf extracts
infected for 24 h.

Salt Activity (% of control)

None 100.00 � 3.54

NaCl
3 mM 92.00 � 8.89
30 mM 65.08 � 7.26
300 mM 85.41 � 13.98

MgCl2
3 mM 97.67 � 5.79
30 mM 89.46 � 8.74
150 mM 97.88 � 11.75

MnCl2
3 mM 160.31 � 2.26
30 mM 140.32 � 8.49
150 mM 124.18 � 13.07

ZnAc
3 mM 57.09 � 5.59
0, 3 mM 92.51 � 15.01
3 mM 143.73 � 24.17
30 mM 287.96 � 18.77
pH 5 and 5.5 respectively [10]. Unlike this, and in concordance with
animal caspases, whose optimum pH is 7 [36], caspase-3-like
activity in S. tuberosum leaves infected with P. infestans showed
maximal pH activity at neutral pH, and no activity could be
detected at basic pH (Fig. 4).

2.4. Part of the DEVDase activity is localized in the apoplast

Like caspases, phytaspases and saspases are synthesized as
proenzymes, which are autocatalytically processed to generate
a mature enzyme. Both types of enzymes are implicated in plant
PCD during both abiotic and biotic stresses. However, unlike cas-
pases, phytaspases and saspases appear to be constitutively pro-
cessed and secreted from healthy plant cells into the intercellular
space [34,35,40]. In order to determine if caspase-3-like activity is
present in the potato apoplast, we determined DEVDase activity in
IWFs of healthy and infected potato leaves. Fig. 5 shows that there is
DEVDase activity in intercellular space of healthy and P. infestans
Fig. 5. Percentage of DEVDase activity in potato leaves intercellular washing fluid
(IWF) during P. infestans infection. Intercellular washing fluid of healthy and infected
leaves during 0, 24, 48 and 72 h with P. infestans were obtained as described in
Materials and methods. Aliquots of these IWF containing 1 mg of protein were incu-
bated in the presence of 15 mM Ac-DEVD-AFC substrate at 37 �C during 2.5 h. DEVDase
activity determined in IWF of healthy leaves was subtracted from other values. Values
are normalized as a percentage of the mean of DEVDase activity detected in IWF of
leaves after 48 h of P. infestans infection. The data represent the mean � SEM of three
replicates. Different letters indicate significant differences with p < 0.001 for one-way
ANOVA and Tukey tests.



Fig. 6. DEVDase activity percentage in IWF and soluble extracts of potato leaves after
infection with P. infestans. Total extracts (black bars) and IWF (white bars) from leaves
inoculated with P. infestans during 24 and 48 h were obtained as described in Materials
andmethods. Aliquots of these IWF corresponding to 1 g of freshweightwere incubated
in presence of 15 mM Ac-DEVD-AFC substrate at 37 �C during 2.5 h. DEVDase activity
determined in IWF and extracts of healthy leaves was subtracted from other values.
Values were normalized as a percentage of the mean of DEVDase activity detected in
extracts of leaves of cv. Pampeana after 48 h of P. infestans infection (maximum activity).
The data represent the mean � SEM of three replicates. Different letters indicate
significant differences with p < 0.001 for one-way ANOVA and Tukey tests.
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infected potato leaves. Results obtained here show that, as phy-
taspase, caspase-3-like protease activity in potato leaves apoplast is
constitutive in healthy leaves. These results are in disagreement
with those reported for saspases that showed that saspase activity
in oat extracellular fluids is only detected after induction of PCD
[40]. In infected leaves, apoplastic DEVDase activity was 80% of the
DEVDase of total extracts (Fig. 6). Like saspases, that are induced
after pathogen attack [34], DEVDase activity in intercellular space
of potato leaves infected with P. infestans (during 24 and 48 h) was
higher (3 and 9 times, respectively) than the values determined for
DEVDase activity in healthy leaves (Fig. 5). However, unlike phy-
taspases that, in response to death-inducing stimuli are re-localized
to the cell interior, potato caspase-3-like activity, like saspases, is
induced in the potato leaf apoplast upon pathogen infection (Fig. 5).
Additionally, in Fig. 7, we demonstrate that accumulated caspase-3-
Fig. 7. Effect of general protease inhibitors on DEVDase activity of IWF of potato leaves
infected with P. infestans. IWF from leaves infected with P. infestans during 48 h were
pre-incubated with the serine and cysteine protease inhibitors PMSF (1 mM) and
chymostatin (200 mM) for 1 h at 37 �C and pH 5.2. Then, mixtures were incubated with
15 mM Ac-DEVD-AFC substrate at 37 �C during 1.5 h. Values are normalized as
a percentage of DEVDase activity detected in IWF of leaves of cv. Pampeana after 48 h
of P. infestans infection without inhibitors. The data represent the mean � SEM of three
replicates. Means with different letters differ at p < 0.001 and p < 0.01 according to
one-way ANOVA and Tukey tests respectively.
like activity during P. infestans infection is attributable to potato
serine proteases, since the presence of the serine protease inhibitor
PMSF inhibits in a 100% the DEVDase activity detected in the apo-
plast of healthy and infected potato leaves.

3. Conclusion

As a conclusion, here we demonstrate the presence of caspase-3-
like activity in IWF from healthy and P. infestans infected potato
leaves. The importance of this activity to restrict pathogen spread and
its possible correlation with field potato resistance to P. infestans
remains elusive. Further assayswouldbenecessary in order to identify
potatoapoplasticproteinswith caspase-3-like activityand toelucidate
the role of caspase-3-like activity in potato resistance to P. infestans.

4. Material and methods

4.1. Plant and fungal material: growth conditions

Potato plants of S. tuberosum L. cv. Pampeana INTA and cv Bintje
were grown in pots containing a 1:1 (v/v) mixture of soil/vermic-
ulite and maintained at 25 �C for 15 days with a 12 h photoperiod.
Plants were then transferred to 18 �C with the same photoperiod
for six weeks. P. infestans race R2 R3 R6 R7 R9, mating type A2, was
obtained from the INTA Collection, Balcarce (Argentina). P. infestans
was grown on potato tuber slices incubated in closed plastic boxes
and maintained in darkness at 18 �C. Seven days post- inoculation,
mycelia was harvested in sterile water and stimulated to release
zoospores by incubation for 2e3 h at 4 �C. After filtration through
muslin, the resulting suspension was observed with a light
microscope to quantify spores and sporangia. Concentration was
adjusted to 105 sporangia ml�1.

Detached leaveswere placed on Petri dish capsuleswithwet filter
paper and infected by spraying with a suspension containing 105

sporangia ofP. infestanswhile control leaveswere sprayedwithsterile
distilled water. Petri dishes were placed at 18 �C and 100% humidity
until leaves were harvested at different times post-inoculation.

4.2. In vivo treatment of leaves with caspase and protease inhibitors

Detached leaves from S. tuberosum cv. Pampeana were weighted
and submitted to absorption through petiole of 50 ml (per approxi-
mately 0.4 g of fresh weight) of distilled sterile water or a solution
containing the cell permeable broad spectrum Z-VAD-FMK (50 mM)
or specific Ac-DEVD-CHO (50 mM) caspase inhibitors. After all the
volume was absorbed (approximately 2 h), leaves were placed in
Petri dishes and sprayed with water (control) or with a suspension
containing 105 sporangia ml�1 of P. infestans. Leaves were incubated
in Petri dishes at 18 �C, 100% humidity and with a 12 h photoperiod.
Disease development was recorded 5 days after inoculation and
infected area was quantified using the ImageJ software (http://rsb.
info.nih.gov/ij/). In addition, after 0, 48, 72 and 96 h of infection
leaves were collected and incubated in 1% aqueous Evans blue with
shaking for 15 min. Stained leaves were rinsed well with deionized
water until no more blue stain was eluted and dried by filter paper.
Dry leaveswere grindedwith amortar andapestle in liquid nitrogen.
Powderwas resuspended at 0.3 gml�1 with 50mMbuffer HEPES pH
7.5 and 2 mMDTT, prior to centrifugation at 9600� g for 5 min. The
supernatant was collected and optical density was determined
spectrophotometrically at 620 nm (Hitachi spectrophotometer).

4.3. Total soluble extracts

After 0, 1, 6, 12, 24 and 48 h of P. infestans infection, leaves of
S. tuberosum cv. Pampeana and Bintje, were frozen in liquid

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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nitrogen and grounded to a powder with a cold mortar and pestle.
The powder was collected and resuspended in 5 volumes of ice cold
caspase extraction buffer (50 mM Hepes pH 7.5, 20% glycerol, 1%
PVP and 2 mMDTT). Samples were maintained at 4 �C, vortexed for
20 min and centrifuged (9.6 � g, 20 min, 4 �C). Supernatants were
collected, its volume measured and used for protease assays.

4.4. Isolation of intercellular washing fluid (IWF)

Intercellular washing fluids of potato infected leaves cv. Pam-
peana for 0, 24 and 48 h were obtained as previously described
[44]. Tissue was immersed in infiltration buffer (50 mM HCl-Tris,
pH 7.5, 0.6 M NaCl, 0.1% (v/v) 2-mercaptoethanol and 20 ml/15 ml
of Tween20) and subjected to three vacuum pulses of 10 s sepa-
rated by 30 s intervals. Infiltrated leaves were recovered, dried on
filter paper, placed in fritted glass filters, inserted in centrifuge
tubes and centrifuged for 20 min at 400g (3000 rpm) at 4 �C. The
recovered extract was used immediately or conserved at�20 �C. As
a marker enzyme for the cytosolic and vacuolar fraction Glucose-6-
phosphate dehydrogenase (EC 1.1.1.49) and a-Mannosidase (EC
3.2.1.24) activity were measured [45].

4.5. Protein concentration

Protein concentration was measured by the bicinchoninic acid
method [46] using bovine serum albumin (BSA) as standard.

4.6. In vitro caspase activity assay

Total extracts and IWF were dialyzed overnight against 50 mM
sodium acetate pH 5.2, using a cellulose membrane (Sigma D9652-
100). Proteolytic activity was measured in reaction buffer
composed of 50 mM sodium acetate pH 5.2, 2 mM DTT and 15 mM
mammalian caspase-3 substrate N-Acetyl-Asp-Glu-Val-Asp-7-
amido-4-trifluoromethylcoumarin (Ac-DEVD-AFC) dissolved in
Dimethyl sulfoxide. Release of fluorophore by cleavage was
measured (excitation wavelength of 405 nm and emission wave-
length of 525 nm) using a microplate fluorimeter (Fluoroskan
ascent, Thermo Electron Corporation) during a 2.5 h reaction time
at 37 �C. Results were corrected against a blank containing only
buffer and substrate. Relative activity was standardized to the
quantity of total proteins present in the sample. All assays were
performed in triplicate and DMSO concentrationwas less than 1.5%.

To analyze the effect of protease and caspase inhibitors on caspase
substrate cleavage, soluble extracts and IWF from leaves of
S. tuberosum cv. Pampeana control and infected for 24 and 48 h
respectivelywith P. infestanswere incubated in caspase reaction buffer
containing one of different caspase and protease inhibitors: 15 mM
Ac-DEVD-CHO, 30 mM E-64, 1 mM PMSF, 150 mM pepstatin A, 15 mM
Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluo-
romethylketone)or200mMchymostatin for1hat37 �C. Subsequently,
extracts were incubated with 15 mM of the Ac-DEVD-AFC substrate.

For determination of DEVDase optimal pH 50 mM citrate/
phosphate buffer was used in the pH range of 3e8. To test the effect
of cations on DEVDase activity, ZnCl2, ZnAc, MnCl2 or NaCl were
added at different concentrations to the caspase reaction buffer
(50 mM sodium acetate pH 5.2 and 15 mM Ac-DEVD-AFC). In the
determination of the effect of divalent cations, a concentration of
2 mM b- mercaptoethanol was used instead of DTT because it does
not chelate these ions with the same strength.

4.7. Statistical analysis

Results are reported as the means � SEM of the combined
experiments. Statistical analysiswas performed byone-wayANOVA
followed by Tukey test for comparisons among multiple groups.
Analysis was done using SigmaStat 3.5 (http://www.systat.com/).
Acknowledgments

This work was supported in part by National Scientific and
Technical Research Council grant (CONICET) to M.G.G.; Scientific
Research Commission of the Province of Buenos Aires (CIC) grant to
G.D. and University of Mar del Plata grant to G.D. and M.G.G. M.B.F.
is fellow of CONICET; G.D. is an established researcher of CIC and
M.G.G. is an established researcher of CONICET.
References

[1] R.I. Roger, C. Lam, Programmedcell death inplants, PlantCell 9 (1997)1157e1168.
[2] N.V. Chichkova, S.H. Kim, E.S. Titova, M. Kalkum, V.S. Morozov, Y.P. Rubtsov,

N.O. Kalinina, M.E. Taliansky, A.B. Vartapetian, A plant caspase-like protease
activated during the hypersensitive response, Plant Cell 16 (2004) 157e171.

[3] R.A. Vacca, M.C. de Pinto, D. Valenti, S. Passarella, E. Marra, L. De Gara,
Production of reactive oxygen species, alteration of cytosolic ascorbate
peroxidase, and impairment of mitochondrial metabolism are early events in
heat shock-induced programmed cell death in tobacco Bright-Yellow 2 cells,
Plant Physiology 134 (2004) 1100e1112.

[4] N.A. Thornberry, Y. Lazebnik, Caspases: enemies within, Science 281 (1998)
1312e1316.

[5] B.B. Wolf, D.R. Green, Suicidal tendencies: apoptotic cell death by
caspase family proteinases, The Journal of Biological Chemistry 274 (1999)
20049e20052.

[6] K.M. Boatright, G.S. Salvesen, Mechanisms of caspase activation, Current
Opinion in Cell Biology 15 (2003) 725e731.

[7] D.R.Green, J.C.Reed,Mitochondria andapoptosis, Science281(1998)1309e1312.
[8] M. Los, C. Stroh, R.U. Janicke, I.H. Engels, K. Schulze-Osthoff, Caspases: more

than just killers? Trends in Immunology 22 (2001) 31e34.
[9] T.J. Reape, P.F. McCabe, Apoptotic-like regulation of programmed cell death in

plants, Apoptosis 15 (2010) 249e256.
[10] V.I. Rotari, R. He, P. Gallois, Death by proteases in plants: whodunit,

Physiologia Plantarum 123 (2004) 376e385.
[11] N. Watanabe, E. Lam, Arabidopsis metacaspase 2d is a positive mediator of cell

death induced during biotic and abiotic stresses, The Plant Journal 66 (2005)
969e982.

[12] D. Vercammen, B. Belenghi, B. van de Cotte, T. Beunens, J.A. Gavigan, R. De
Rycke, A. Brackenier, D. Inzé, J.L. Harris, F. Van Breusegem, Serpin1 of
Arabidopsis thaliana is a suicide inhibitor for Metacaspase 9, Journal of
Molecular Biology 364 (2006) 625e636.

[13] R. He, G.E. Drury, V.I. Rotari, A. Gordon, M. Willer, F. Tabasum, E.J. Woltering,
P. Gallois, Metacaspase-8 modulates programmed cell death induced by UV
and H2O2 in Arabidopsis, Journal of Biological Chemistry 283 (2007) 774e783.

[14] E. Lam, D. Pontier, O. del Pozo, Die and let live e programmed cell death in
plants, Current Opinion in Plant Biology 2 (1999) 502e507.

[15] E.J. Woltering, Death proteases come alive, Trends in Plant Science 9 (2004)
469e472.

[16] M. Sanmartıín, L. Jaroszewski, N.V. Raikhel, E. Rojo, Caspases: regulating death
since the origin of life, Plant Physiology 137 (2005) 841e847.

[17] O. del Pozo, E. Lam, Expression of the baculovirus p35 protein in tobacco
affects cell death progression and compromises N gene-mediated disease
resistance response to tobacco mosaic virus, Molecular PlanteMicrobe
Interactions 16 (2003) 485e494.

[18] M.B. Dickman, Y.K. Park, T. Oltersdorf, W. Li, T. Clemente, R. French, Abroga-
tion of disease development in plants expressing animal antiapoptotic genes,
Proceedings of the National Academy of Sciences USA 98 (2001) 6957e6962.

[19] G.M. Cohen, Caspases: the executioners of apoptosis, Biochemical Journal 326
(1997) 1e16.

[20] I. Budihardjo, H. Oliver, M. Lutter, X. Luo, X. Wang, Biochemical pathways of
caspase activation during apoptosis, Annual Review of Cell and Develop-
mental Biology 15 (1999).

[21] H.A. Korthout, G. Berecki, W. Bruin, B. van Duijn, M. Wang, The presence and
subcellular localization of caspase 3-like proteinases in plant cells, FEBS
Letters 475 (2000) 139e144.

[22] Z. Zhang, S. Larner, M.C. Liu, W. Zheng, R.L. Hayes, K.K.W. Wang, Multiple
aII-spectrin breakdown products distinguish calpain and caspase dominated
necrotic and apoptotic cell death pathways, Apoptosis 14 (2009) 1289e1298.

[23] S. Kamoun, Molecular genetics of pathogenic oomycetes, Eukaryotic Cell 2
(2003) 191e199.

[24] S. Kamoun, E. Huitema, V.G.A.A. Vleeshouwers, Resistance to oomycetes:
a general role for the hypersensitive response? Trends in Plant Science 4
(1999) 196e200.

[25] G. Hansen, Evidence for Agrobacterium-induced apoptosis in maize cells,
Molecular PlanteMicrobe Interactions 13 (2000) 649e657.

[26] M. Van Damme, L. Cano, R. Oliva, S. Schrornack, M. Segretin, S. Kamoun,
S. Raffaele, Evolutionary and Functional Dynamics of Oomycete Effector

http://www.systat.com/


M.B. Fernández et al. / Plant Physiology and Biochemistry 61 (2012) 197e203 203
Genes in Effectors in PlanteMicrobe Interactions, Wiley-Blackwell, 2011, pp.
101e122.

[27] M. Bosch, V.E. Franklin-Tong, Temporal and spatial activation of caspase-like
enzymes induced by self- incompatibility in Papaver pollen, Proceedings of
the National Academy of Sciences USA 104 (2007) 18327e18332.

[28] K.P. Mukhtar, S. Dong, A kiss of deathe proteasome-mediated membrane
fusion and programmed cell death in plant defense against bacterial infection,
Genes & Development 23 (2009) 2449e2454.

[29] M. Huarte, I. Butzonitch, M. Van Damme, M. Colavita, S. Capezio, S. Micheletto,
E. Cacace, A. Clausen, in: Experiencias, dificultades y logros obtenidos en la
bbúsqueda de resistencia durable a enfermedades. Primer taller de preduza
en resistencia duradera en cultivos altos en la zona andina, Ecuador, Quito,
1997, pp. 154e163.

[30] M. Black, The nature and inheritance of field resistance to late blight
(Phytophthora infestans) in potatoes, American Journal of Potato Research 47
(1970) 279e288.

[31] A.O. Avrova, P.C. Boevink, V. Young, L.J. Grenville-Briggs, P. van West,
P.R. Birch, S.C. Whisson, A novel Phytophthora infestans haustorium-specific
membrane protein is required for infection of potato, Cellular Microbiology
10 (2008) 2271e2284.

[32] T. Bozkurt, S. Schornack, J. Win, T. Shindo, M. Ilyas, R. Oliva, L. Cano, A. Jones,
E. Huitema, R. van der Hoorn, S. Kamoun, Phytophthora infestans effector
AVRblb2 prevents secretion of a plant immune protease at the haustorial
interface, Proceedings of the National Academy of Sciences USA 108 (2011)
20832e20837.

[33] L. Bonneau, Y. Ge, G.E. Drury, P. Gallois, What happened to plant caspases?
Journal of Experimental Botany 59 (2008) 491e499.

[34] A.B. Vartapetian, A.I. Tuzhikov, N.V. Chichkova, M. Taliansky, T.J. Wolpert,
A plant alternative to animal caspases: subtilisin-like proteases, Cell Death &
Differentiation 18 (2011) 1289e1297.

[35] N.V. Chichkova, J. Shaw, R.A. Galiullina, G.E. Drury, A.I. Tuzhikov, S.H. Kim,
M. Kalkum, T.B. Hong, E.N. Gorshkova, L. Torrance, A.B. Vartapetian,
M. Taliansky, Phytaspase, a relocalisable cell death promoting plant protease
with caspase specificity, The EMBO Journal 29 (2010) 1149e1161.

[36] H.R. Stennicke, G.S. Salvesen, Biochemical characteristics of caspases-3, -6, -7,
and -8, The Journal of Biological Chemistry 272 (1997) 25719e25723.
[37] H. Mori, Y. Matsumoto, Y. Tamada, M. Ohashi, Apoptotic cell death in
formation of vesicular skin lesions in patients with acquired zinc deficiency,
Journal of Cutaneous Pathology 23 (1996) 359e363.

[38] M.P. Cuajungco, G.J. Lees, Zinc metabolism in the brain: relevance
to human neurodegenerative disorders, Neurobiology of Disease 4 (1997)
137e169.

[39] D.K. Perry, M.J. Smyth, H.R. Stennicke, G.S. Salvesen, P. Duriez, G.G. Poirier,
Y.A. Hannun, Zinc is a potent inhibitor of the apoptotic protease, caspase-3. A
novel target for zinc in the inhibition of apoptosis, The Journal of Biological
Chemistry 272 (1997) 18530e18533.

[40] W.C. Coffen, T.J. Wolpert, Purification and characterization of serine proteases
that exhibit caspase-like activity and are associated with programmed cell
death in Avena sativa, The Plant Cell 16 (2004) 857e873.

[41] N. Schrantz, M.T. Auffredou, M.F. Bourgeade, L. Besnault, G. Leca, A. Vazquez,
Zinc-mediated regulation of caspases activity: dose-dependent inhibition or
activation of caspase-3 in the human Burkitt lymphoma B cells (Ramos), Cell
Death & Differentiation 8 (2001) 152e161.

[42] A. Danon, V.I. Rotari, A. Gordon, N. Mailhac, P. Gallois, Ultraviolet-C
overexposure induces programmed cell death in Arabidopsis, which is
mediated by caspase-like activities and which can be suppressed by caspase
inhibitors, p35 and defender against apoptotic death, The Journal of Biological
Chemistry 279 (2004) 779e787.

[43] X. He, A.R. Kermode, Proteases associated with programmed cell death of
megagametophyte cells after germination of white spruce (Picea glauca)
seeds, Plant Molecular Biology 52 (2003) 729e744.

[44] F. Olivieri, A. Godoy, A. Escande, C. Casalongué, Analysis of intercellular
washing fluids of potato tubers and detection of increased proteolytic activity
upon fungal infection, Physiologia Plantarum 104 (1998) 232e238.

[45] M.G. Guevara, C.R. Oliva, M. Huarte, G.R. Daleo, An aspartic protease
with antimicrobial activity is induced after infection and wounding in
intercellular fluids of potato tubers, European Journal of Plant Pathology 108
(2002) 131e137.

[46] P.K. Smith, R.I. Krohn, G.T. Hermanson, A.K. Maalia, F.H. Gartner,
M.D. Provenzano, E.K. Fujimoto, N.M. Goeke, B.J. Olson, D.C. Klenk,
Measurement of protein using bicinchoninic acid, Analytical Biochemistry 150
(1985) 76e85.


	DEVDase activity is induced in potato leaves during Phytophthora infestans infection
	1. Introduction
	2. Results and discussion
	2.1. Caspase-3-like activity is related to potato leaves disease development and cell death during infection
	2.2. DEVDase activity level correlates to the degree of potato field resistance to P. infestans
	2.3. Partial biochemical characterization of total DEVDase activity
	2.4. Part of the DEVDase activity is localized in the apoplast

	3. Conclusion
	4. Material and methods
	4.1. Plant and fungal material: growth conditions
	4.2. In vivo treatment of leaves with caspase and protease inhibitors
	4.3. Total soluble extracts
	4.4. Isolation of intercellular washing fluid (IWF)
	4.5. Protein concentration
	4.6. In vitro caspase activity assay
	4.7. Statistical analysis

	Acknowledgments
	References


