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Abstract
Aims The effect of different MeJA doses applied prior
to or simultaneously with toxic Al on biochemical and
physiological properties of Vaccinium corymbosum cul-
tivars with contrasting Al resistance was studied.
Methods Legacy (Al-resistant) and Bluegold (Al-
sensitive) plants were treated with and without toxic Al
under controlled conditions: a) without Al and MeJA, b)
100 μM Al, c) 100 μM Al + 5 μM MeJA, d) 100 μM
Al + 10 μM MeJA and e) 100 μM Al + 50 μM MeJA.
MeJA was applied to leaves 24 h prior to or simulta-
neously with Al in nutrient solution. After 48 h, Al-
concentration, lipid peroxidation (LP), H2O2, antioxidant
activity, total phenols, total flavonoids, phenolic com-
pounds and superoxide dismutase activity (SOD) of plant
organs were analyzed.

Results Al-concentrations increased with Al-treatment
in both cultivars, being Al, LP and H2O2 concentrations
reduced with low simultaneous MeJA application.
Higher MeJA doses induced more oxidative damage
than the lowest. Legacy increased mainly non-
enzymatic compounds, whereas Bluegold increased
SOD activity to counteract Al3+.
Conclusions Low MeJA doses applied simultaneously
with Al3+ increased Al-resistance in Legacy by
increasing phenolic compounds, while Bluegold
reduced oxidative damage through increment of
SOD activity, suggesting a diminution of its Al-
sensitivity. Higher MeJA doses could be potentially
toxic. Studies are needed to determine the molecular
mechanisms involved in the protective MeJA effect
against Al-toxicity.

Keywords Al-resistant . Al-sensitive . Blueberry .

Jasmonates

Introduction

Soil acidity (pH < 5.5) solubilizes the aluminum (Al)
complex to toxic aluminum (Al3+), which represents the
most harmful form for plant crops (Delhaize et al. 2012;
Kochian et al. 2015). At lower concentrations, Al3+

negatively affects physiological, biochemical and mor-
phological processes, depending on the plant species,
genotypes and degree of tolerance (Barceló and
Poschenrieder 2002). The most evident response to Al
toxicity in plants is the overproduction of reactive
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oxygen species (ROS) with the concomitant increase in
lipid peroxidation (LP) in the cell membranes. This
induces oxidative stress (OS) in cells and organelles,
resulting even in cell death (Yamamoto et al. 2002; Guo
et al. 2007; Ma et al. 2007). Plants counteract excess
ROS by activating antioxidant systems, including enzy-
matic mechanisms like superoxide dismutase (SOD),
which is the first line of defense to scavenge ROS
(Wang et al. 2005). In addition, non-enzymatic antiox-
idant compounds such as total phenols (TP) may also be
activated to counteract Al3+-induced OS (Shao et al.
2008). Under stress conditions, the phenol concentra-
tions increase and this causes the Al3+ to have a stronger
affinity with phenols than other organic molecules, lim-
iting the Al toxicity (Wang et al. 2015). Another impor-
tant aspect involved in plant responses to toxic Al is
jasmonic acid (JA) (Spollansky et al. 2000). JA and its
methyl ester, methyl jasmonate (MeJA), are synthesized
from the linoleic and linolenic acids derived from
cyclopentanone-based compounds of the jasmonates
(Jas) (Creelman and Mullet 1995, 1997; Pauwels et al.
2008; Staswick 2008; Schaller and Stintzi 2009). JA is
considered a plant growth regulator and acts as a signal
molecule that participates in the regulation of various
metabolic pathways. The exposure of plants to toxic
metals (TM) stimulates the synthesis and activity of
antioxidant metabolites and antioxidant enzymes that
can protect plant tissues against stress (Poonam et al.
2013). There is little information about the effects of
MeJA application on plants under Al toxicity.
Spollansky et al. (2000) and Xue et al. (2008) reported
that in Brugmansia candida and Cassia tora plants
exposed to Al toxicity and MeJA application, a high
lignin accumulation in the cell wall, oxidative stress,
peroxidase and NADH activity were observed in the
roots of both species. However, reports on fruit species
in the presence or absence of MeJA application under
other abiotic stresses such as water stress in strawberries
(Fragaria x ananassa) (Wang 1999), salinity and radi-
ation in grapevines (Vitisvinifera) (Larronde et al. 2003;
Ismail et al. 2012), low temperature in peaches
(Prunuspersica) (Menga et al. 2009), and toxic metals
(TM) in Arabidopsis thaliana (Maksymiec and Krupa
2002, 2007a;b) are more abundant. These studies in-
volve applying MeJA simultaneously with the stressor.
Yet there are no studies that differ in the application time
of MeJA and the stress factor and its antioxidant
responses in plants. We believe that prior application
of MeJA could activate defense mechanisms to

counteract stress conditions, preventing its harmful
effect. Creelman and Mullet (1995) and Chen et al.
(2014) reported that the MeJA effect on plants under
toxic metal (TM) stress depends on the intensity of the
stress factor as well as the sensitivity of the species or
cultivars. In fact, studies performed by Li et al. (2014)
indicated that the MeJA treatment significantly en-
hanced resistance to fungal pathogens in two rice culti-
vars, but the resistant cultivar maintained a higher level
of resistance than the susceptible cultivar under the same
treatment. Accordingly, Li et al. (2014) pointed out that
studies about defense mechanisms induced by
jasmonates are commonly performed on only one culti-
var, with the comparison between resistant and suscep-
tible cultivars being important for a better understanding
of these mechanisms.

In the aquatic plant Wolffia arrhiza treated with a
high JA concentration (100 μM) and increased lead
(Pb) toxicity, a decrease was found in chlorophyll and
carotenoid pigments. Conversely, at low concentrations
of JA (0.1 μM), a decrease in the oxidative damage by
Pb in this species was observed, accompanied by an
increase in biomass, carbohydrates, proteins, antioxi-
dant concentrations (ascorbic acid and glutathione) and
a decrease in LP (Piotrowska et al. 2009). A reduction in
LP and increased SOD activity was reported in soybean
(Glycine max L.) plants grown under cadmium (Cd)
toxicity (500 μM), by adding a low MeJA dose
(0.01 μM) (Keramat et al. 2009). Thus, it appears that
a low MeJA dose is more effective at reducing the
harmful effects of TM in these species.

Although there are few studies related to MeJA and
TM, most are in plants of agricultural interest, and in
particular fruit crops (Yoon et al. 2010; Ismail et al.
2012). In the last decade the use of natural stimulant
compounds such as MeJA has garnered interest due to
restrictions in the use of agrochemicals in fruit export.
Highbush blueberry (Vaccinium corymbosum L.) is a
species native to North America, belonging to the
Ericaeae family, which in the last two decades has
become an important crop for the nutritional properties
of its fruits, which are rich in antioxidant activities and
anthocyanin concentrations (Castrejón et al. 2008).
Studies performed on highbush blueberry leaves under
Al3+ stress have shown different antioxidant capacities
and physiological responses depending on the cultivars
and degree of resistance to Al toxicity (Reyes-Díaz et al.
2009, 2010). These reports have shown different re-
sponses by Brigitta, Bluegold and Legacy to Al toxicity,
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with Bluegold demonstrating a greater Al sensitivity
than Legacy and Brigitta. Therefore, the aim of this
work was to evaluate the effect of different MeJA doses
applied to leaves at different times (prior to or simulta-
neously with the application of toxic Al) on the antiox-
idant performance of roots and leaves of V. corymbosum
cultivars.

Materials and methods

Plant material

Two-year-old plants of V. corymbosum cultivars
(Legacy and Bluegold), previously classified by
Reyes-Díaz et al. (2009, 2010) as Al-resistant and Al-
sensitive, respectively were used in this study. Plants
from these cultivars were produced in vitro and grown in
a substrate of oat shell:sawdust:pine needles at a 1:1:1
proportion. They were provided by Berries San Luis
(Quillém, Lautaro, Chile; 38° 29` S, 72° 23` W).
Healthy plants of these cultivars with uniform size with
a plant height of 35.21 ± 0.16 cm (from crown to apex),
and 17.02 ± 0.08 cm (from crown to root tips) in roots
were selected.

Growth conditions in nutrient solution

The experiment was carried out in a greenhouse in the
Instituto de Agroindustria, Universidad de La Frontera,
Temuco, Chile (38°45’S, 72°.40’W). Plants were trans-
ferred and grown in a Hoagland nutrient solution [2
mMCa (NO3)2, 3 mM KNO3, 1 mM MgSO4, 0.1 mM
KH2PO4 with micronutrients: 25 μM H3BO3, 10 μM
MnSO4, 1 mM NH4NO3, 0.07 μM (NH4)6Mo7O24,
2 μM ZnSO4, 0.4 μM CuSO4, 20 μM FeEDTA] under
controlled conditions (temperature 25 ± 0.2 °C,
300 μmol m−2 s−1 photosynthetic photon flux and
70 % relative humidity) for seven days for plant condi-
tioning prior to starting the experiment. Solutions were
aerated continuously with an aquarium pump and
changed twice in the week.

Treatments and experimental design

The experimental design was completely randomized
with three replicates per treatment with a total of 60
plants for the two cultivars. After conditioning as de-
scribed above, plants were treated with or without toxic

Al (as AlCl3), with 26.8 % of Al3+as a free metal
determined by Geochem speciation (Shaff et al. 2010).
The pH was adjusted at 4.5 for 48 h. The MeJA was
homogenously applied by spraying on leaves 24 h prior
to the application of Al3+ to the nutrient solution or
simultaneously with the Al3+ application. The MeJA
was dissolved in ultrapure water 1 L (< 1 μS) with
0.05 % (v/v) tween 20 for plants with MeJA, whereas
in the controls (without MeJA) 0.05 % v/v tween 20
dissolved in ultrapure water was applied. Dose coverage
was 25 ml per plant calculated as total foliar area
of plant. Plants were located in screens to avoid
drift of MeJA dilution between treatments. The
following treatments were applied: a) without Al
and MeJA (Control), b) 100 μM Al (Al), c)
100 μM Al + 5 μM MeJA (Al + 5 MeJA), d)
100 μM Al + 10 μM MeJA (Al + 10 MeJA), and e)
100 μM Al + 50 μM MeJA (Al +50 MeJA). Finally,
48 h after adding Al to the nutrient solution, leaves and
roots were harvested and stored at −80 °C (Revco Elite
Series Ultra-Low Temperature, Thermo Scientific™)
for biochemical analyses; subsamples were taken and
dried for chemical analysis.

Chemical analysis

Aluminum concentration Samples were dried in a
forced air oven (for 48 h at 70 °C in a Memmert model
410, Schwabach, Germany) until a constant dry weight
was reached, and then ground in a mill. Samples were
weighed and ashed at 500 °C (JSMF-30 T, electric
Muffle Furnace of JSR Research Inc., Korea) for 8 h
and then digested with 2 M hydrochloric acid. The Al
concentration was determined using a simultaneous
multielement atomic absorption spectrophotometer
(model 969; UNICAM, Cambridge, UK) as described
by Sadzawka et al. (2004).

Biochemical parameters

Lipid peroxidation (LP) It was used as indicator of
damage by oxidative stress. A thiobarbituric acid
reacting substance (TBARS) assay according to the
modified method of Du and Bramlage (1992) was used.
The final malondialdehyde (MDA) products were mea-
sured at 532, 600 nm and 440 nm. LP is a good criterion
for determining Al resistance in plants (Reyes-Díaz et al.
2010); hence, it was used to establish Al-sensitivity or
resistance of the evaluated cultivars.
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Hydrogen peroxide concentration (H2O2) The H2O2

concentration was determined according to Loreto and
Velikova (2001). The H2O2 concentration wasmeasured
at 390 nm and expressed as μmol g−1 fresh weight.

Total antioxidant activity (AA) AA was determined in
leaves and roots using the DPPH method of Chinnici
et al. (2004). The extracts were prepared according to
the method used by Reyes-Díaz et al. (2010).
Absorbance was measured in a spectrophotometer at
515 nm and expressed in Trolox equivalents (TE).

Total phenols (TP) TP were determined with the
Folin-Ciocalteu reagent using the method of
Slinkard and Singleton (1977). Absorbance was
measured at 765 nm using a UV/VIS spectropho-
tometer. Results were expressed as milligrams of
chlorogenic acid equivalent per gram of fresh weight
(mg CAE g−1 FW).

Flavonoid compound analyses Total flavonoids were
determined using the method of Cheng and Breen
(1991) at an absorbance of 510 nm using a UV/VIS
spectrophotometer. Results were expressed as micro-
grams of rutin equivalent per g of fresh weight (μg rutin
eq. g−1 FW). The HPLC analysis was performed as
described earlier by Ruhland and Day (2000) with minor
modifications, at a flow rate of 1.0 ml min−1. The signals
were detected at 320 nm and the data were expressed as
milli- or micro-grams per g of fresh weight (mg or μg g−1

FW) . The mobile phase was: (A) acidified water (phos-
phoric acid 10 %) and (B) 100 % acetonitrile, and the
eluent gradients were as follows: 0–9 min of 100 % A,
9.1–19.9 min of 81 % A and 19 % B, 20–25 min of
100 % B.

Superoxide dismutase (SOD) activity The SOD was
assayed according to Giannopolitis and Ries (1977) by
monitoring the superoxide radical-induced nitro blue
tetrazolium (NBT) reduction at 560 nm. The enzymatic
activity values were standardized for the protein content
according to Bradford’s method (Bradford 1976).

Statistical analysis The results were based on 3 repli-
cates. All data passed the normality and equal variance
tests according to Kolmogorov-Smirnov. Statistical data
analyses were carried out by three-way ANOVA (where
factors were: treatment, time of MeJA application, and
cultivar). Tukey’s test was used to identify means with

significant differences (P ≤ 0.05) using the statistical
software SAS v. 8.01.

Results

The Al concentration in leaves and roots was generally
increased under Al application alone in both culti-
vars, when compared to the control (P ≤ 0.05;
Fig. 1a, b, c and d). Leaves and roots of
Bluegold showed 60- and 2.7-fold increase of Al-
concentration under Al treatment, respectively than their
respective controls (P ≤ 0.05; Fig. 1c, d). Leaves and
roots of Legacy showed 4- and 3.4-fold Al increase
under Al treatment, respectively in comparison with
their respective controls (P ≤ 0.05; Fig. 1a, b). In leaves
and roots of Legacy, Al-concentration was lower (54 %
and 85 %, respectively) than in leaves and roots of
Bluegold (P ≤ 0.05; Fig. 1a, b, c and d), The simulta-
neous application of MeJA and toxic Al showed that
Legacy leaves were able to reduce their Al concentration
in all MeJA doses, being reduced by 45 % at the lowest
(5 μM) and highest dose of MeJA (P ≤ 0.05; Fig. 1a).
By contrast, when MeJAwas applied prior to toxic Al3+

only the highest (50 μM) dose of MeJA reduced the Al
concentration in leaves (38 %) compared to the Al
treatment alone (P ≤ 0.05; Fig. 1a). The Al concentra-
tion of Legacy roots showed no statistically significant
differences in any of the treatments when MeJA was
applied prior to Al3+; however, these concentrations
were statistically significantly higher than the control
treatment (P ≤ 0.05; Fig. 1b). The situation was different
when MeJA was applied simultaneously with Al3+,
where a reduction in Al root concentration (13.5 %) at
the lower doses of MeJA was found compared to the
prior application (Fig. 1b). All combined treatments
were able to decrease the Al concentration of both
organs in the two cultivars compared to the Al treatment
(P ≤ 0.05; Fig. 1c, d). However, in Bluegold leaves, the
Al concentration was more reduced when MeJA was
applied simultaneously with Al3+compared to previous-
ly applied MeJA (P ≤ 0.05; Fig. 1c).

Legacy leaves showed significantly higher LP than
those of Bluegold (P ≤ 0.05; Fig. 2a, c). The simulta-
neous application of MeJA and Al3+ reduced leaf LP in
all treatments, compared to Al treatment alone
(P ≤ 0.05; Fig. 2a). When MeJA was applied prior to
Al3+, a reduction in LP was observed at the lowest and
highest MeJA doses compared to the simultaneously
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application ofMeJA andAl3+, with the highest LP being
obtained with the highest MeJA dose (50 μM)
(P ≤ 0.05; Fig. 2a). Legacy roots showed low LP in
plants treated with MeJA, regardless of dose and appli-
cation time, and the LP was lower than in plants treated
with Al3+ (P ≤ 0.05; Fig. 2b). The greatest decrease of
LP occurred at 10 μM MeJA regardless of application
time and with the lowest MeJA dose (5 μM) when
applied at the same time as Al3+, these values being
lower than the control (P ≤ 0.05; Fig. 2b). Bluegold
leaves and roots increased LP (13.7- and 1.8-fold, re-
spectively) under toxic Al compared to the control
(P ≤ 0.05; Fig. 2c, d). However, these organs exhibited
lower LP at the lowest MeJA treatment whenMeJAwas
applied simultaneously with Al3+ compared to its prior
application (P ≤ 0.05; Fig. 2c, d). Similarly, at 10 μM
and 50 μM MeJA applied prior to Al3+, a reduction in

LP was observed in leaves and roots (7.8- and 1.6-fold,
respectively) compared to simultaneous MeJA applica-
tion (P ≤ 0.05; Fig. 2c, d).

No statistically significant differences between
Al3+ and control treatments were detected in the
H2O2 concentration of Legacy leaves and roots
(P ≤ 0.05; Fig. 3a, b). The most noticeable reduction
in H2O2 concentration of Legacy leaves (5.7 %) and
roots (28.8 %) was with Al3+ and the lowest MeJA dose
applied simultaneously as compared to its prior applica-
tion (P ≤ 0.05; Fig. 3a, b). Instead, in Bluegold the H2O2

concentration increased in leaves (17.8 %) and roots
(37.2 %) under Al treatment compared to the control
(P ≤ 0.05; Fig. 3c, d). The MeJA application generally
decreased the H2O2 concentration compared to the Al
treatment (P ≤ 0.05; Fig. 3c, d). Bluegold leaves and
roots decreased their H2O2 concentration at lower MeJA

Fig. 1 Aluminum concentration (mg kg−1 DW) in leaves (a, c)
and roots (b, d) of Legacy andBluegold cultivars. Values represent
the average of 3 replicates ± S.E. and doses in μM of MeJA and
Al. Different lowercase letters show statistically significant differ-
ences among the treatments at each time of MeJA application

(prior or simultaneously) in the same cultivar. Different capital
letters show significant differences between MeJA application
times for the same treatment and cultivar. Asterisk (*) shows
significant differences between cultivars at the same treatment
and time of MeJA application (P < 0.05)
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treatments applied prior to Al compared to Al treatment
alone, reaching similar values to the control with the
exception of the highest MeJA treatment in leaves
(P ≤ 0.05; Fig. 3c, d)

Generally, AA in Legacy leaves was higher than in
the Bluegold cultivar in all treatments compared to the
control (P ≤ 0.05; Fig. 4a, c). By contrast, Bluegold
roots showed higher AA values than Legacy roots
(P ≤ 0.05; Fig. 4b, d). The AA of Legacy leaves was
enhanced in all treatments compared to the control
(P ≤ 0.05), and the values were very similar between
them (Fig. 4a). In Legacy roots, the AA increased by
21.6 % with Al3+ application (P ≤ 0.05; Fig. 4b). The
MeJA application in Legacy increased the AA of roots
compared to the control, with the exception of the
10 μM MeJA treatment regardless of application time,
and 50 μM MeJA applied prior to Al3+ (P ≤ 0.05;

Fig. 4b). A slight increase in the AA of Bluegold leaves
was frequently observed in all treatments com-
pared to the control (P ≤ 0.05; Fig. 4c). In
Bluegold roots, the AA was significantly increased by
Al3+ alone and Al + 5 μMMeJA treatment regardless of
the time of MeJA application compared to the control
(P ≤ 0.05; Fig. 4d).

The TP values of leaves and roots were commonly
higher in Legacy than in Bluegold (P ≤ 0.05; Fig. 5a, b,
c and d). In Legacy leaves significant differences were
observed between treatments and control, with the ex-
ception of the treatment of Al + 10 μM MeJA (with
MeJA applied previous as Al), where no differences
were found (P ≤ 0.05; Fig. 5a). The highest TP of
Legacy leaves was obtained at 5 μM MeJA, applied
prior to Al, and this was higher than the control (33.7 %)
and Al (14.9 %) treatments (P ≤ 0.05; Fig. 5a). In

Fig. 2 Lipid peroxidation [MDA (nmol g−1 FW)] in leaves (a, c)
and roots (b, d) of Legacy andBluegold cultivars. Values represent
the average of 3 replicates ± S.E. and doses in μM of MeJA and
Al. Different lowercase letters show statistically significant differ-
ences among the treatments at each time of MeJA application

(prior or simultaneously) in the same cultivar. Different capital
letters show significant differences between MeJA application
times for the same treatment and cultivar. Asterisk (*) shows
significant differences between cultivars at the same treatment
and time of MeJA application (P < 0.05)
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Legacy roots, the TP concentrations were enhanced
36 % under toxic Al, and 16.7 % under Al + 5 μM
MeJA, and 27 % with Al + 50 μM MeJA compared to
the control, independently of the MeJA application time
(P ≤ 0.05; Fig. 5b). In Legacy roots, lowest TP concen-
tration (3-fold) were obtained at the treatment of Al +
10 μM MeJA compared with Al treatment at both
application times (P ≤ 0.05; Fig. 5b). In Bluegold leaves
and roots, TP concentrations increased 1.7- and 1.5-fold,
respectively in plants subjected to Al3+ in relation to the
control (P ≤ 0.05; Fig. 5c). When MeJA was applied
simultaneously with Al3+, leaf TP concentrations signif-
icantly increased in all Al + MeJA treatments over the
control, with the largest increase (2.2-fold) being at
50 μM Al + MeJA (P ≤ 0.05; Fig. 5c). In Bluegold
roots, TP concentration significantly increased with Al
treatment alone (35 %), but decreased when MeJA and

Al were applied simultaneously reaching values similar
to the control (P ≤ 0.05; Fig. 5d).

Total flavonoids (TF) of Legacy did not show any
change among treatments or in their application time
(P ≤ 0.05; Table 1). By contrast, Bluegold TF decreased
(25 %) in the presence of toxic Al, but the application of
the lowest MeJA dose applied simultaneously with Al3+

counteracted this effect (P ≤ 0.05; Table 1).
Phenolic compounds of Legacy and Bluegold
showed di f f e r ences in concen t r a t ions o f
chlorogenic acid, rutin, coumaric acid, ferulic acid
and myricetin. Caffeic acid was not detected in
Bluegold leaves, while quercetin and kaempferol were
not detected in either cultivar (P ≤ 0.05; Table 1). In
roots of both cultivars, phenolic compounds were not
detected as they were below the detection limit of the
equipment used.

Fig. 3 H2O2 concentration (μmol mg−1 FW) in leaves (a, c) and
roots (b, d) of Legacy and Bluegold cultivars. Values represent the
average of 3 replicates ± S.E. and doses in μM of MeJA and Al.
Different lowercase letters show statistically significant differ-
ences among the treatments at each time of MeJA application

(prior or simultaneously) in the same cultivar. Different capital
letters show significant differences between MeJA application
times for the same treatment and cultivar. Asterisk (*) shows
significant differences between cultivars at the same treatment
and time of MeJA application (P < 0.05)
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Chlorogenic acid in Legacy doubled with the appli-
cation of Al alone compared to the control (P ≤ 0.05;
Table 1). The effect of MeJA application was more
evident at the lowest MeJA dose when applied prior
(3-fold) or simultaneously (1.7-fold) to Al3+ compared
to the control (P ≤ 0.05; Table 1). By contrast, a reduc-
tion in chlorogenic acid was observed in Bluegold at
both MeJA application times and in all treatments com-
pared to the control (P ≤ 0.05; Table 1). An increase in
caffeic acid in Legacy with Al and MeJA application
was observed at both application times (P ≤ 0.05;
Table 1). The high values of caffeic acid were found at
Al3+ (2.8-fold) regardless of the MeJA application time,
whereas at the lowest MeJA dose a 1.8-fold increase in
the previous and 3-fold in the simultaneous MeJA ap-
plication was detected (P ≤ 0.05; Table 1). Rutin,
coumaric and ferulic acids in Legacy decreased with

Al treatment (4.7-, 1.8-, and 2.5-fold, respectively), but
when the lowest dose of MeJA was applied simulta-
neously with toxic Al, values similar to the control were
achieved (P ≤ 0.05; Table 1). Myricetin concentration in
Legacy was augmented (1.8-fold) by adding the lowest
MeJA dose at both application times compared to Al3+

treatment (P ≤ 0.05; Table 1). In Bluegold, rutin in-
creased with MeJA application regardless of the appli-
cation time (P ≤ 0.05; Table 1). Coumaric acid and
myricetin practically did not change in Bluegold, where-
as ferulic acid decreased in all treatments independently
of the MeJA application time (P ≤ 0.05; Table 1).

SOD activity in leaves was higher in Bluegold than in
Legacy (P ≤ 0.05; Fig. 6a, c). There was practically no
change in its activity among the treatments in Legacy
leaves, with the exception of the Al3+ treatment, where a
1.6-fold increase was observed, whereas for the lowest

Fig. 4 Antioxidant activity (μg TE g−1 FW) in leaves (a, c) and
roots (b, d) of Legacy and Bluegold cultivars. Values represent the
average of 3 replicates ± S.E. and doses in μM of MeJA and Al.
Different lowercase letters show statistically significant differ-
ences among the treatments at each time of MeJA application

(prior or simultaneously) in the same cultivar. Different capital
letters show significant differences between MeJA application
times for the same treatment and cultivar. Asterisk (*) shows
significant differences between cultivars at the same treatment
and time of MeJA application (P < 0.05)
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and highest MeJA doses applied simultaneously with
Al3+ 1.8- and 1.9-fold increases respectively were found
(P ≤ 0.05; Fig. 6a). SOD activity in Legacy roots de-
creased significantly (1.7-fold) with the Al3+ treatment
compared to the control independently of time applica-
tion, increasing at 5 μM MeJA until reaching control
values (P ≤ 0.05; Fig. 6b). A significant 5-fold decrease
in SOD activity was also observed at 10 μM MeJA
applied prior to Al compared to simultaneous MeJA
application (P ≤ 0.05; Fig. 6b). In Bluegold leaves,
SOD activity significantly increased (2.9-fold) with Al
treatment compared to the control (P ≤ 0.05; Fig. 6c).
The highest value of SOD activity was obtained at
10 μM MeJA applied simultaneously with Al3+,
representing a 2.2- and 6.4-fold increase compared to
the Al3+ treatment alone and to control, respectively
(P ≤ 0.05; Fig. 6c). At 5 μM MeJA applied

simultaneously with Al3+, SOD activity was somewhat
lower than at 10 μMMeJA, showing an increase of 1.4-
and 4.2-fold with respect to Al3+ treatment alone and to
control, respectively. In Bluegold roots, almost all the
SOD values were similar to those of Al treatment and
control, with the exception of 10 μM MeJA applied
simultaneously with Al3+, where a 2-fold increase of
SOD activity was observed (P ≤ 0.05; Fig. 6d).

Discussion

This study focused on the effect of time and dose of
MeJA application on the antioxidant performance in
blueberry cultivars under toxic Al. Substantial differ-
ences in the doses and application times were observed,
demonstrating that simultaneous application and a low

Fig. 5 The total phenols [chlorogenic acid eq (μg g−1 FW)] in
leaves (a, c) and roots (b, d) of Legacy and Bluegold cultivars.
Values represent the average of 3 replicates ± S.E. and doses inμM
of MeJA and Al. Different lowercase letters show statistically
significant differences among the treatments at each time of

MeJA application (prior or simultaneously) in the same cultivar.
Different capital letters show significant differences between
MeJA application times for the same treatment and cultivar.
Asterisk (*) shows significant differences between cultivars at
the same treatment and time of MeJA application (P < 0.05)
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dose of MeJA (5 μM) was able to reduce the Al toxicity
of V. corymbosum by reducing the Al concentration and
oxidative damage (LP and H2O2 concentration), where-
as the antioxidant performance (phenols and SOD ac-
tivity) was differentially activated in leaves and roots
according the Al resistance of the cultivars (Fig. 1, 2, 3,
5 and 6 and Table 1).

Typical symptoms of Al toxicity in leaves and roots
of blueberry plants were observed when plants were
subjected to toxic Al (Fig. 1, 2 and 3). This is consistent
with the data reported by Reyes-Díaz et al. (2009,2010),
Inostroza-Blancheteau et al. (2012), andManquián et al.
(2013). Changes in AA systems due to Al stress were
reported by Inostroza-Blancheteau et al. (2011), where
high Al concentration in V. corymbosum plants in-
creased LP, showing a high gene expression of glutathi-
one S-transferase (GST) and aldehyde dehydrogenase
(ALDH) associated with the enhancement of Al toxicity
according to the blueberry cultivars Al resistance or Al
sensitivity. Our findings demonstrated that the highest
AA and phenolic concentration is organ-dependent, be-
ing higher in leaves (Fig. 4a, c) followed by roots
(Fig. 4b, d) and fruits (Ehlenfeldt and Prior, 2001;
Ribera et al. 2010). In this sense, in Legacy (Al-
resistant) leaves, the Al treatment increased chlorogenic
and caffeic acids and myricetin, whereas rutin and
ferulic acid as well as coumaric acid were reduced in
the same treatment (Table 1). By contrast, in Bluegold
(Al-sensitive) leaves, caffeic acid was not detected
(Table 1). These data are consistent with those of
Manquián et al. (2013), who reported an increase in
chlorogenic acid and rutin by Al stress in Legacy, but
this result is not consistent with the reduced rutin con-
centration found in our study (Table 1). On the other
hand, it has been reported that, as constituents of cell
walls, phenolic acids protect against biotic and abiotic
stresses (Eraso and Hartley, 1990). In blueberry cultivars
the richness and abundance of phenolic compounds
depend on the species (Wang et al. 2015). Lowbush
blueberry (V. angustifolium) is richer in chlorogenic acid
and quercetin glycosides (Harris et al. 2007; Wang et al.
2015), whereas in rabbiteye blueberry (V. ashei) flavan-
3-ols, proanthocyanidins, chlorogenic acid and flavonol
glycosides were the major phenolic compounds in leaf
extracts (Matsuo et al. 2010; Wang et al. 2015). In this
sense, Wang et al. (2015) analyzed leaves from 104
blueberry cultivars, identifying 28 phenolic compounds.
Based on the results of a hierarchical cluster dendrogram
analysis, the 104 blueberry cultivars were clustered into

three groups, and Legacy and Bluegold were in different
groups. This may explain the differences observed in
our study, where the chlorogenic acid in the leaves was
higher in Legacy than in Bluegold. In addition, the
absence of any phenol compounds in Legacy
(quercetin and kaempferol) and in Bluegold (quercetin,
kaempferol and caffeic acid) may also explain this dif-
ference (Table 1).

Our findings also demonstrated that the reduction in
the oxidative damage by the application of the lowest
dose of MeJA applied simultaneously with toxic Al,
triggered an increase in the antioxidant mechanism re-
sponses as: total phenols (Fig. 5), total flavonoids and
phenolic compounds (Table 1) as well as SOD activity
(Fig. 6) in both cultivars. These results are consistent
with those reported by Rudell et al. (2002); Jung (2004);
Chen et al. (2006); Keramat et al. (2009); Wang et al.
(2009); Ruiz-García et al. (2012); Poonam et al. (2013);
Chen et al. (2014).

By contrast, the higher MeJA + Al3+ doses induced
oxidative damage similar to those demonstrated by the
Al treatment alone (Fig. 2 and 3). Furthermore, with
these MeJA doses, antioxidant parameters did not pro-
vide evidence of a better response (Fig. 4). Despite the
few reports about MeJA application under stress in
woody plants, most of them used higher doses of
MeJA than those used in our study. In this context,
studies performed with MeJA in Gossypium hirsutum
(Cotton), Pyrus bretschneideri (pear) and Betula
pubescens under various stresses used doses of MeJA
from 2.5 to 50 mM (Gao et al. 2004; Mäntylä et al.
2014; Konan et al. 2014). Nonetheless, Konan et al.
(2014) found that cotton plants treated with 20 mM of
MeJA and biotic stress showed toxicity symptoms and
altered total phenolic concentrations. Similar results
regarding MeJA toxicity under biotic stress have been
reported in other species by Heijari et al. (2008) and
Moreira et al. (2009). Lower concentrations of MeJA
(0.1–10 μM) applied to the woody species Kandelia
obovata subjected to Cd toxicity showed that regardless
of the MeJA dose, lipid peroxidation decreased without
significant differences among them, but Cd concentra-
tion increased compared to the Cd treatment alone.
Based on this evidence, we selected 5 μM MeJA as
the lowest dose of this phytohormone.

The time application of MeJAwas a crucial factor for
reducing the Al concentration in leaves, regardless of
the Al resistance of the study cultivars (Fig. 1a, c). In
Phaseolus coccineus plants the application on leaves of
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10μMMeJA prior (1 h and 24 h) to the addition of toxic
Cu (50 and 100 μM) indicated that 1 h prior MeJA
application was more efficient at decreasing the
Cu concentration at 50 μM Cu, whereas at
100 μM Cu, a MeJA application 24 h prior was
more effective than 1 h (Hanaka et al. 2016).
Nevertheless, Konan et al. (2014) reported that 5 mM
and 10 mMMeJA applied 72 or 48 h prior to pathogen
stress increased total phenols compared with pre-
treatment at 24 h. Therefore, the time of MeJA applica-
tion and stress intensity are key factors for response to
MeJA application in plants.

The interaction between toxic metals and Jas is lim-
ited, and the mechanisms are mostly unknown (Keramat
et al. 2009; Piotrowska et al. 2009). It is known that the
increase in metal toxicity and oxidative damage can be
decreased by the participation of antioxidant

mechanisms induced by Jas (Maksymiec and Krupa,
2002; Maksymiec et al., 2007b; Keramat et al. 2009;
Piotrowska et al. 2009; Chen et al. 2014). Based on our
results, we suggest that MeJA stimulated the antioxidant
mechanisms to counteract the damage induced by toxic
Al (Fig. 6 and Table 1). A high affinity for Al ions
joining carboxylic groups of phenolic compounds in
the cell wall limits the entry of available Al3+ inside
the cells, decreasing the effect of toxic Al (McDonald
et al. 1996). Therefore, we think that the retention of Al
in the cell wall by MeJA application may be one of the
first responses to minimize Al damage in the Al-
resistant cultivar due to an increase in phenolic com-
pounds with the lowest MeJA doses applied simulta-
neously with toxic Al (Table 1). However, in the case of
the Al-sensitive cultivar subjected to the same treatment
as above, the reduction in the Al concentration in tissues

Fig. 6 Superoxide dismutase activity (U mg−1 prot) in leaves (a, c)
and roots (b, d) of Legacy and Bluegold cultivars. Values represent
the average of 3 replicates ± S.E. and doses in μMofMeJA and Al.
Different lowercase letters show statistically significant differences
among the treatments at each time of MeJA application (prior or

simultaneously) in the same cultivar. Different capital letters show
significant differences betweenMeJA application times for the same
treatment and cultivar. Asterisk (*) shows significant differences
between cultivars at the same treatment and time of MeJA applica-
tion (P < 0.05)
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showed a relationship with the activation of the enzy-
matic activity (SOD) (Fig. 6c, d). Comparing the doses
of MeJA used in our study with those reported for other
fruit species, it appears that our doses are lower, sug-
gesting that doses are highly dependent on the stress
condition and plant species (Wang 1999; Larronde et al.
2003; Menga et al. 2009; Ismail et al. 2012). Our results
suggest that there is an optimal range of MeJA for each
species that can counteract a determined stress; outside
this range phytotoxicity occurs (Keramat et al. 2009).
Furthermore, at higher doses MeJA could saturate the
MeJA receptors in the membrane as has been reported in
Arabidopsis subjected to saline and pathogen stress (An
et al. 2008; Yoon et al. 2010). Another alternative might
be the activation of defense mechanisms stimulated by
joint Al action with simultaneous MeJA application,
inducing changes in the ROS concentration. It has been
reported that Al and MeJA could use H2O2 as a second
messenger under stressful conditions (Hu et al. 2009;
Liu et al. 2014). In Cassia tora roots grown with 10 μM
Al and 10 μM MeJA was observed increases in H2O2

accumulation, lignin production in the root cell wall,
AA activation, phenylalanine ammonia-lyase (PAL) and
lipoxygenases (LOX) (Xue et al. (2008). It is important
to note that MeJA and Al are linked to the early activa-
tion of programmed cell death (PCD) (Pan et al. 2001;
Zhang and Xing, 2008), suggesting that both Al and
MeJA use the apoplastic H2O2 to trigger PCD. In this
context, Zhang and Xing (2008) and Huang et al. (2014)
determined the start time of ROS production in cells of
A. thaliana and peanuts under MeJA and Al stress able
to trigger activation of the antioxidant mechanisms.
These authors also reported changes related to early
ROS production under MeJA application and Al
stress, respectively. Further, Sivaguru et al. (2013) de-
scribed that Al-induced ROS production could be in-
volved in the signaling, regulation and expression of the
SbMATE (Sorghum bicolor multidrug and toxic com-
pound extrusion) located in the root plasma membrane
and related to citrate efflux, which regulates the entry of
Al. Our results suggest that H2O2 could regulate a higher
Al uptake in blueberry (Fig. 1 and Fig. 3a, b, c and d)
given that the H2O2 concentration had greater values
under Al3+in both cultivars (Fig. 3a, b, c and d). This
behavior was more evident in the Al-sensitive cultivar
(Bluegold) than in the Al-resistant cultivar (Legacy)
(Fig. 3a, b, c and d). Interestingly, our findings also
showed that Al concentration in tissues decreased con-
comitantly with a decrease in H2O2 concentration at the

lowest MeJA doses applied simultaneously with the
toxic Al (Fig. 1a, b, c, d and 3a, b, c, d).

Differential responses in the leaves and roots of blue-
berry plants under toxic Al and MeJA application were
also found in total phenols and phenolic compounds
(Fig. 5a, b, c, d and Table 1). Under Al toxicity and
MeJA application these compounds were more abun-
dant in leaves than in roots (Fig. 5a, b, c and d and
Table 1). In this sense, we suggest that in leaves pheno-
lic compounds are induced as an antioxidant mechanism
to counteract Al stress, while in roots this could be
related to a high organic acid production to counteract
the harmful effect of Al (Fig. 5a, b, c and D). These
suggestions agree with those of Hanaka et al. (2016),
who reported stimulation of organic acid in Phaseolus
coccineus treated with Cu and MeJA during short- and
long-term exposure.

Conclusion

Simultaneous Al and MeJA application induced AA in
both cultivars compared to prior MeJA application to
toxic Al. Additionally, the Al-resistant cultivar increased
mainly non-enzymatic compounds to counteract Al tox-
icity, whereas the Al-sensitive cultivar increased the
SOD activity under Al toxicity and MeJA application.
Phenols were more abundant in leaves than in roots,
suggesting that in leaves these compounds are induced
as an antioxidant mechanism to counteract Al stress,
while in roots this could be related to a high organic
acid production. Low doses of MeJA applied simulta-
neously with toxic Al increased Al resistance in Legacy
and decreased the oxidative damage in Bluegold, sug-
gesting a decrease of Al-sensitivity in the latter cultivar.
Therefore, the application of a low dose of MeJA could
be a good alternative for reducing the negative
effects of Al toxicity in blueberry, decreasing Al
concentration in tissues and strengthening the an-
tioxidant mechanisms. Contrarily, higher doses of
MeJA could be potentially toxic. Finally, more studies
are needed to determine the molecular mechanisms
involved in the protective effect of MeJA against Al
toxicity.
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