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The aluminium at toxic levels causes biochemical and physiological damage that inhibits plant growth and limits productivity. Root
growth, chlorophyll a fluorescence, and enzyme activity of four accessions of Jatropha curcas were evaluated under cultivation
conditions with different levels of aluminium. The experimental design was completely randomized with a split-split-plot design, in which
the plots included four levels of aluminium in the soil (0.0, 8.2, 16.5, and 24.0 mmol. dm’3), the split-plot were the four accessions of J.
curcas seeds (P1 = Dourados, MS; P2 = Montes Claros, MG; P3 = Alta Floresta, MT; P4 = Petrolina, PE), and split-split-plot in all four times
of evaluation (25, 50, 75, and 100 days after emergence - DAE) with four replications. At 100 DAE were evaluated the curve of transient
chlorophyll a fluorescence (OJIP) and enzyme activity, the treatments were arranged in split-plot, being four levels of aluminium in the
soil and the four accesses of J. curcas. Six readings for the OJIP curve and three repetitions for enzymatic analysis were conducted. The
characteristics of gas exchange and chlorophyll a fluorescence indicated that doses above 8.2 accentuated aluminium stress on plants
from all accessions. The reduced efficiency of carboxylation of Rubisco and the results of the OJIP test indicated that photochemical
efficiency of all varieties was decreased. The activity of the enzymes catalase, peroxidase, and superoxide dismutase was higher in the
presence of aluminium for the accessions P3-Alta Floresta and P4-Petrolina. Our results indicate the greater tolerance of these accesses
to aluminium stress conditions.

aluminium stress, antioxidant enzymes, photosynthesis.

Jatropha curcas, also known as purging nut, is a plant Cultivation of J. curcas has expanded to the Cerrado region of
cultivated for oil and food that is not very productive in Brazil, where the soil presents fertility problems as well as high
tropical and subtropical areas. Drought resistant species are acidity, which favors the availability of aluminium at levels that
well adapted to semi-arid conditions, although these species may be toxic to plants (Konrad et al., 2005).

show better performance under more humid conditions and Aluminium can cause damage to plants by reducing growth as
can grow where most other crops cannot survive. The oil a result of decreased photosynthetic activity. In some species,
content of the seeds is 25%—32%, with yields of 1.5 tons of oil aluminium toxicity can markedly decreased estomatal
per hectare after 5 years of growth. J. curcas is grown in conductance. Aluminium also causes prevents the formation
Central and South America, Southeast Asia, India, and Africa and function of chloroplasts, affecting thylakoid membranes
economic purposes (Achten et al., 2010; Behera et al., 2010; and electron transport, inhibiting photosystem Il (PSIl) activity,
Pompelli et al., 2010a; Pompelli et al., 2010b). and leading to decreased chlorophyll fluorescence (Konrad et
This species shows wide genetic diversity because of the lack al., 2005; Peixoto et al., 2002; Cupertino et al., 2016).

of defined varieties, spread of the seed, and high rates of The fluorescence yield of chlorophyll indicates the level of
cross-pollination. The cultivation of J. curcas has been excitation energy in the pigment system that drives
suggested as an important alternative energy source, as it photosynthesis and provides a means for estimating the

provides oil supply for the manufacture of biodiesel.
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inhibition or damage in the process of electron transfer from
photosystem Il (Bolhar-Nordenkampf, 1989).

The quantum efficiency of photosystem Il (variable
fluorescence/maximum fluorescence - F,/F.) represents and
reflects the efficiency with which light is absorbed by the
photosystem Il antenna complex. This light energy is converted
into chemical energy, and F,/F,, can thus be used to detect
disturbances in the photosynthetic system caused by
environmental and biotic stresses, a decrease in F,/F,, indicates
the inhibition of photochemical activity.

Aluminium exposure induces the formation of reactive oxygen
species in cells, leading to oxidative stress and tolerance by
plants to this element; these activities are mediated by the
activity of antioxidant systems. The major enzymes involved in
the homeostatic control of H,0,, OH, and O,levels during plant
metabolism in different cellular compartments such as the
chloroplast, mitochondria, peroxisome, and apoplast include
superoxide dismutase (SOD), catalase (CAT), peroxidase (POX),
and ascorbate peroxidase (Ma et al., 2012; Xu et al., 2012;
Ribeiro et al., 2012).

Considering the information in the literature that several
species may show damage to the photosynthetic activity as a
result of the exposure of the roots to aluminium, hypothesize
that the photosynthetic metabolism of Jatropha curcas from
different accessions different sensitivity to varying feature
levels of aluminium in the soil, which can be attributed to
efficiency of antioxidant enzymes. The objective of the present
study was to evaluate the morphophysiological responses of
accessions of J. curcas to represent four towns in different
regions of Brazil in the presence of different levels of
aluminium.

Root growth

As increased levels of aluminium, root length decreased
occurred (Figure 1a) and the values were superior to 100 days
after emergence (DAS) (Figure 1b). The root volume, was
superior to the origin P1 in the conditions of absence of
aluminium and reduced with high aluminium levels in the soil.
At levels greater than 8.2 mmol. dm™ of aluminium in the soil,
the plants of origin P4 presented more root volume (13.93
cm’®) at concentration maximum 11 mmol, dm™ aluminium (Fig
1c). The root volume increased linearly along the evaluations
in all aluminium concentrations studied, being greater in the
absence (0.0) and 8.2 mmol, dm™ with averages very close to
the end of the evaluations (Fig. 1d).

The lower growth and root volume, due to the presence of
aluminium, resulting in less uptake of water and nutrients that
are essential to compose molecules essential for the
photosynthetic process. Several biochemical and physiological
processes can be changed before the root growth inhibition
induced by aluminium, among them photosynthetic activity
and oxidative stress (Yamamoto et al., 2002).

Similar results were obtained by (Macedo et al., 2011),
evaluating the effect of aluminium on Jatropha plants,
observed a linear reduction of root length as increased
aluminium levels. It is suggested that the aluminium would
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react with polygalacturonic acid chains from the walls of young
cells, forming compounds accumulating pectic substances
"wrong" (replacement or displacement of Ca which would
result in the loss of elasticity cell.

Gas exchange

Instant carboxylation efficiency (A/Ci) and intrinsic water use
efficiency (IWUE -A/gs) showed a linear reduction with
increasing aluminium levels (Figure 2a and 2c) and with an
increasing number of days after emergence (Figure 2b and 2d).
Over time, the ratio of IWUE was higher in the absence of
aluminium and 8.2 mmolcdm's, being presented in these
treatments increased relationship until the 80 days after
emergence (Figure 2b), and with an increasing number of days
after emergence (Figure 2d).

The reduction of A/Ci and IWUE is due to the lower
photosynthetic rate (A) and stomatal conductance (gs) (data
not shown), and the reduction of stomatal conductance is one
of the factors responsible for the decrease in the
photosynthetic rate of the plants.

The reduction of A/Ci in the presence of aluminium was also
observed for Konrad et al. (2005) in a study evaluating the
effect of aluminium stress in six varieties of coffee. Their
results also showed significantly lower instant efficiency values
for carboxylation in plants subjected to stress.

In review Yang et al. (2015) observed that in several species
the toxicity of AI3+ may cause a decrease in stomatal
conductance and chlorophyll content, in electron transport is
inhibited and the photosynthetic rate usually declines, besides
affecting the roots of plants, but transpiration and water use
efficiency not always reduce. The authors verified that the Al
toxicity symptoms in photosynthetic activity has a close linkage
with Al concentration in environments. In a manner similar
Hevea brasiliense L. showed increased stomatal resistance,
reducing the number and stomatal opening and transpiration
(Cupertino et al., 2016).

Chlorophyll fluorescence

The quantum efficiency of photosystem Il (F,/F,) of J. curcas
plants decreased linearly with the presence of aluminium
(Figure 2c). In contrast, there was no significant effect of time,
and the estimated value of the dependent variables was equal
to the arithmetical average obtained in the test, which was
0.78 (Figure 2d). The quantum efficiency of photosystem II
(F./F.) has been used frequently to detect disturbances in
photosynthetic systems cause by environmental and biotic
stresses, where in a decrease in this value indicates the
inhibition of photochemical activity. Values of F,/F, to 0.8
indicate a maximum efficiency in energy use in the
photochemical process, while values below 0.75 indicate a
stress situation in which the photosynthetic potential of the
plant is reduced (Mehta et al., 2010). In studies of Sorghum
bicolor L (Peixoto et al., 2002) and H. brasiliensis L. (Cupertino
et al., 2016), comparing tolerant and aluminium-sensitive
species and cultivars, the authors observed significant
reductions in F,/F,, and FO in sensitive plants. In a study by
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Fig 1. Root length (cm) (a, b) and root volume (cm™) (c, d) of plants Jatropha curcas L. in function of different levels of aluminium in the soil (0.0; 8.2; 16.5
and 24.0 mmol. dm™) and days after emergence (DAE) (25, 50, 75 and 100).
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Fig 2. Intrinsic water use efficiency (IWUE -A/gs) (a, b), instant carboxylation efficiency (A/Ci) and quantum efficiency of photosystem Il (F,/Fr) (c, d) of
plants Jatropha curcas L. in function of different levels of aluminium in the soil (0.0; 8.2; 16.5 and 24.0 mmol. dm™) and days after emergence (DAE) (25,
50, 75 and 100).
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Fig 3 Curve of chlorophyll a fluorescence the 100 days after emergency of plants Jatropha curcas L. in function of different accessions (P1 = Dourados,
MS; P2 = Montes Claros, MG; P3 = Alta Floresta, MT; P4 = Petrolina, PE) in thelevels of aluminium in the soil 0.0 (a), 8.2 (b) 16.5 (c) and 24.0 (d) mmol.

dm and according to the doses of aluminium (e).
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Konrad et al. (2005), who analyzed gas exchange and
fluorescence in Coffea arabica L. plants, the F,/F, of the
cultivars was decreased by 13% in the presence of aluminium
(0.148 mmol L™).

In 8.2 mmolcdm'3aluminium in the transient OJIP curves of the
accessions showed very similar behavior, indicating that there
was no variation in photochemical efficiency (Figure 3a).

In contrast, for 16.5 and 24.0 mmolcdm%, the accessions P3
and P4 showed a larger area above the curve of fluorescence,
indicating more efficient photochemistry compared to other
genotypes (Figure 3c and 3d). The level of 24.0 mmol. dm’ of
aluminium in the soil decreased fluorescence intensity, as
observed for the transient OJIP modification (Figure 3d).

The various accessions of J. curcas showed a typical OJIP curve
of chlorophyll fluorescence for the aluminium levels measured
(Figure 3e). Comparison of transient OJIP shows that the P2
and P3 genotypes had increased values for the area above the
curve, indicating more efficient photochemistry.

The OJIP of chlorophyll fluorescence was determined to verify
that the results reflected the behavior of plants according to
the doses of aluminium. Plants subjected to 24.0 mmol, dm’
aluminium showed fewer sigmoidal curves compared with the
OJIP for other transient levels (Figure 3e). The area above the
OJIP curve between Fy and F, is proportional to the oxidation
state of the electron acceptors on the PSIl reducer and
inversely proportional to the state of reduction (Mehta et al,
2010). A larger area indicates greater transfer of electrons
from the reaction center for the 'pool' of plastoquinone.

This is because quinone-mediated re-oxidation is more
efficient in inducing the excited electron transport
photosystem | (Oukarroum et al., 2009). Thus, the OJIP curves
revealed that at the highest concentration of aluminium, J.
curcas might have had a lower capacity for consequent re-
oxidation of QA in PSIl. This may have resulted in QA
accumulation and, consequently, reduced transport of
electrons. This is reflected in the PSI, the final electron
acceptor (Silva et al., 2011).

Activity antioxidant enzymes

With respect to the enzyme activity test, in the analysis of the
enzyme CAT in shoots, there was no significant effect (p >
0.05) on the accessions of the aluminium levels evaluated.
Thus, averages were not compared or adjusted using
characteristic regression equations, as the estimated value of
the dependent variables was equal to the arithmetical average
?btained in the assay (0.057 mM guaiacol min'lg fresh matter
).

With the exception of accessions 1, POX enzyme activity
increased in J. curcas with increasing aluminium levels in the
soil, with the highest levels of enzyme activity observed in
origin P4. Already the P1 origin had a different behavior, since
the activity decreased with increasing aluminium
concentration (Figure 4a).

The activity of the enzyme SOD in leaves showed similar
behavior to the enzyme POX, with elevated enzyme activity at
increasing levels of aluminium. However, the accessions
showed no large differences until the concentration of 16.4
mmolcdm_3 was reached. Most enzyme activities were higher
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in accessions P4 (Figure 4b). POX enzyme activity generally
increased at elevated aluminium levels, and P3 showed the
highest values for POX activity at all levels assessed (Figure 4c).
The activity of the enzyme SOD in the roots was similar to the
behavior observed in the leaves of J. curcas, in which the
values differed at the concentration of 16.4 mmol. dm'3;
however, at levels above this value, accessions P3 and P4
showed higher enzyme activity (Figure 4d). These results
indicate that accessions P3 and P4 were tolerant to aluminium,
with greater efficiency in absorbing water and nutrients.

In the root system of J. curcas, we observed that CAT activity
was higher than in P3 in the absence of aluminium, but with
elevated aluminium levels in the soil, activity was reduced to
10.5 mmol, dm?>. At levels greater than 4.0 mmol, dm?
aluminium in the soil, the plants of provenance P4 showed
higher enzyme activity in roots (Figure 4e).

Increased tolerance to stress is strongly related to increased
antioxidant system activity in plants (Ma et al., 2012; Xu et al,
2012; Ribeiro et al., 2012). For example, the level of expression
of proteins such as CAT, POX, and SOD increase. The increased
activity of enzymes in response to aluminium exposure
probably helps to lower lipid peroxidation and protect the
photosynthetic apparatus.

The effect of aluminium stress on the activity of antioxidant
enzymes was observed in the literature for other species.
Similar results to those observed for J. curcas were observed
for Oryza sativa cultivars (Ma et al., 2012; Xu et al., 2012) and
Triticum aestivum (Ribeiro et al., 2012). CAT activity in rice
roots increased more in sensitive than in tolerant cultivars but
remained greater in tolerant cultivars. Values in the leaves
varied between the two cultivars. POX activity increased more
in the sensitive cultivar.

SOD activity increased by 17% in the aluminium-tolerant
cultivar but not in the roots of the sensitive cultivar. There was
an 11% reduction in the leaves of the sensitive but not the
tolerant cultivar.

Study area

The experiment was conducted in a greenhouse covered with
low-density polyethylene at the Faculty of Agricultural Sciences
at the Federal University of Grande Dourados, located in the
municipality of Dourados, Mato Grosso do Sul, Brazil.

The experiment was conducted at latitude 22° 11’ 45”S and
longitude 54° 55’ 18" W, 446 m above sea level. The climate of
the region is classified as type Cwa (Képpen) with humid, hot
summers and dry winters (Fietz e Fisch, 2006).

Plant and cultivation material

The experimental unit was formed from plants in pots with
capacities of 5.0 dm?® of soil. After collection, the soil was air-
dried and sieved through ha 5-mm mesh to remove lumps. The
soil used in the present study was classified as Red Latosol
Distroferric clay texture and was collected from a depth of 80—
100 cm.



Treatments

Different levels of aluminium in the soil were prepared by
initial soil correction (Al 1), with an aluminium concentration
of 24.0 mmol, dm™. The correction was carried out using
limestone "filler" to increase the soil base saturation levels to
33.3% (Al 2), 56.6% (Al 3), and 80% (Al 4), with limestone doses
corresponding to 0.48, 0.97, and 1.65 g kg’l, respectively. To
calculate the amount of aluminium required for correction, we
used the method of saturation by 19 bases. At the end of the
incubation, soil samples Al 2, Al 3, and Al 4 were subjected to
chemical analysis and aluminium concentrations were found to
be 16.0, 8.2, and 0.0 mmolcdm'a, respectively. The initial soil Al
1 (24.0 mmol, dm™) was used to prepare the experimental
plots.

Quantification was performed using aluminium 1 molar KCI
Extractor, bromothymol blue indicator, and titration with
0.025 M NaOH. Fertilization was performed based on
published recommendations for growth in controlled
environments as described previously by Novais et al. (1991).
The soil from each pot and the appropriate amount of
limestone were placed in a plastic bag with a capacity of 20 L,
which was inflated with air and shaken vigorously for 1 min.
Next, the soil was moistened with water in order to occupy
approximately 80% of the water holding capacity (WHC). The
bags were partially closed to reduce water loss by evaporation
and incubated for 30 days. Every 10 days, the soils were
moved to dissipate the CO, released by the reaction of
limestone, and the humidity was restored to 80% WHC.

The seeding of four accessions was conducted soon after
fertilization, with eight seeds per pot at a depth of 3 cm. Plant
thinning was conducted on the 12th day after sowing to
reduce the number of plants to two per pot. The vessels were
kept at the same humidity (80% WHC) throughout the
experiment. The amount of evaporated water was determined
by weighing the vessels daily, and lost water content was
replaced.

Evaluations

The root length was analysed using a ruler graduated in
millimeters for the measurement of the largest root. The root
volume was obtained by placing the roots in measuring
cylinder, containing a known volume of water, being retrieved
from the root volume by difference, in which considered the
equivalence of units (1 ml=1cm 3).

Gas exchange and chlorophyll fluorescence were determined
every 25 days post-emergence (25, 50, 75, and 100 days).

The carboxylation efficiency (A/Ci, pmol m2s? umol mol'l) and
intrinsic water use efficiency (IWUE-A/gs umolCO, mol H,0)
were quantified using an infrared gas analyzer (IRGA - ADC
model LCi PRO Analytical Development Co Ltd., Hoddesdon,
UK). The potential quantum efficiency of photosystem I
(Fv/Fm) obtained from chlorophyll a fluorescence data, were
measured using the portable fluorometer model 0S-30p (Opti-
Sciences Chlorophyll Fluorometer), Hudson, USA).

An OJIP curve of transient chlorophyll a fluorescence and the
activity of the enzymes catalase (CAT), peroxidase (POX) and
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superoxide dismutase (SOD) was prepared for data obtained at
100 days after emergence.

OJIP is a tool for the analysis of transient change in chlorophyll
fluorescence kinetics and provides detailed information
regarding the structure and function of the photosynthetic
apparatus, particularly photosystem Il (Gongalves at al., 2010).
Phase (O-J) corresponds to the complete reduction of primary
electrons from the photosystem Il receiver (quinone). Phase (J-
1) corresponds to the transfer of electrons to Q,Q,, and stage
(I-P) corresponds to the release of fluorescence (Abbaspoor
and Streibig, 2005).

The activity of the antioxidant enzymes, i.e., superoxide
dismutase, peroxidase, and catalase, was measured in leaf and
root tissues, following the methodology compiled by Broetto
(2014).

Experimental design

The experiment involved a completely randomized design, as
the treatments were arranged in split-split-plot design
included four levels of aluminium in the soil (0.0, 8.2, 16.5, and
24.0 mmol,. dm's). The split-plot were planted with four
accessions of J. curcas to represent four towns in different
regions of Brazil (P1 = Dourados, MS; P2 = Montes Claros, MG;
P3 = Alta Floresta, MT; P4 = Petrolina, PE), and the split-split-
plot represented the four times (25, 50, 75 and 100 days post-
emergence). Three replicates were used for each treatment,
totaling 192 vessels, with four repetitions.

For the curve of transient chlorophyll a fluorescence (OJIP) and
enzyme activity, the treatments were arranged in split-plot,
being four levels of aluminium in the soil and the four accesses
of J. curcas.

Statistical analysis

The results obtained were tested for normality (using the
Lilliefors test) and homogeneity (using the Bartlett test) for
analysis of variance of the characteristics studied. Next, the
data were statistically analyzed by the analysis of variance F-
test, and the 5% probability and statistically significant effect
for the averages of the accessions were compared using
Tukey'’s test. The average aluminium levels, age of plants, and
interactions between the factors were adjusted by regression
analysis to the 5% level of probability.

Data were analyzed using the statistical program SAEG 9.1.
OJIP curve analysis of fluorescence for the treatments was
conducted by comparing the averages of the curves for the
different treatments.

In conclusion the photosynthetic metabolism reduced with
increased levels of aluminium in the soil, regardless of the
origin of genetic material, with lower root growth. The
fluorescence characteristics of chlorophyll indicated that doses
above 8.2 accentuated aluminium stress on plants from all
accessions. The OJIP test confirmed the reduction in
photochemical efficiency. The activities of CAT, POX and SOD
increased in the presence of aluminium for accessions P3 and



P4, indicating greater tolerance of these genotypes to
aluminium stress conditions.
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