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AN EFFICIENT ANTIOXIDANT SYSTEM IS ASSOCIATED WITH LOWER
PHOTOSYNTHESIS PHOTOINHIBITION AND GREATER TOLERANCE TO
DROUGHT IN SUGARCANE CULTIVARS

UM EFICIENTE SISTEMA ANTIOXIDANTE ES TA ASS OCIADO A MENOR
FOTOINIBICAO DA FOTOSSINTESE E MAIOR TOLERANCIA A SECA EM
CULTIVARES DE CANA-DE-ACUCAR
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ABSTRACT: The occurrence of seasonal droughts is one of the main factors that limit the sugarcane
ratoon cycles, compromising sugarcane field longevity. The aim of this study was to evaluate the biochemical
responses of sugarcane cultivars to drought stress in ratoon crop. Six cultivars were used: RB72910, RB99382,
RB72454, RB92579, RB855536 and RB931011, and three water regimes based on soil available water content
(SAWC) and defined as: control, 80 to 100% (SAWC); moderate water stress, 40 to 60% (SAWC), and severe
water stress, 0 to 20% (SAWC). Cultivar RB72454 was most sensitive to water deficit. When under stress, this
cultivar showed an increased production of hydrogen peroxide, but without concomitant increase in the activity
of the antioxidant enzymes ascorbate peroxidase, catalase and superoxide dismutase. Oxidative stress led to
lipid peroxidation and chlorophyll degradation, resulting in higher photochemical photoinhibition. On the other
hand, cultivar RB92579 was the most tolerant to drought, with increased activity of antioxidant enzymes, which
led to low lipid peroxidation, maintenance of photosynthetic pigments and photochemical activity. The
antioxidant defense system triggered by ascorbate peroxidase, catalase and superoxide dismutase enzymes
appears to be a key protection factor to photochemical complexes of chloroplast of sugarcane plants under
water stress. The increase in the antioxidant system as well as the maintenance of photosynthetic pigments and
cell membranes served as important criteria to indicate cultivars more tolerant to drought stress.
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INTRODUCTION genotypes with greater capacity to tolerate water
deficit (CIA et al., 2012; SILVA et al., 2012).

The occurrence of water deficit affects the

absorption and utilization of light energy in
photosystems through the degradation of the

In tropical countries, sugarcane is one of the
most economically important crops due to its use in
both the food industry and the production of

renewable biofuels. The world sugarcane production
1s estimated 2.152 Mt in 2025, with planted area of
30.000.000 ha (FAO, 2016). However, in addition to
the limited introduction of new areas for crop
production, factors such as global warming and
changes in precipitation patterns, even in
traditionally cultivated areas, have increased the
occurrence of drought events, which has
significantly affected crop production (ST CLAIR;
LYNCH, 2010; SILVA et al., 2013; VIEIRA et al.,
2014). Therefore, the lack of water availability for
irrigation has become one of the greatest challenges
for the future of global agriculture. Meanwhile, one
of the main strategies is the knowledge of species

photosynthetic pigments (JALEEL et al., 2009).
Under water deficit conditions, cultivars that
manage to maintain stable pigment contents are
reported as drought tolerant (SILVA et al., 2014;
CHEN et al.,, 2016). Thus, reduction in leaf
pigments affects the photosynthetic capacity and
plant productivity (CARLIN et al., 2012; SILVA et
al., 2012).

In addition, under conditions of water
deficiency and high luminosity, plants suffer from
the excess of electron flow through the
photossystems, causing an over-excitation of the
reaction centers of Photosystems I and II, leading to
the production of reactive oxygen species (ROS)
(CARVALHO, 2008). ROS affect the redox state in
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chloroplasts, triggering oxidative stress that causes
negative effects on plant metabolism, such as
oxidation of membrane lipids, proteins and nucleic
acids (CARLIN et al., 2012; SALES et al., 2013).
Under these conditions, plants may develop
enzymatic and non-enzymatic mechanisms to
increase tolerance or adaptation to stress conditions
and minimize ROS that are produced as a result of
stress (LI et al., 2011; WENG et al., 2015).

The oxidative damage caused by ROS
significantly impairs growth and productivity of
plants, which ultimately reduce the yield of
agricultural crops such as sugarcane (SANTOS;
SILVA, 2015). In this crop, more drought-tolerant
cultivars generally have higher antioxidant capacity
through the higher activity of enzyme such as
superoxide dismutase (SOD), ascorbate peroxidase
(APX) and catalase (CAT), and lower
concentrations of hydrogen peroxide and lipid
peroxidation (CIA et al., 2012; BOARETTO et al.,
2014; CHEN et al., 2016). As a consequence of
these physiological responses, plant growth is less
affected by water stress, since the photosynthetic
apparatus is protected by the antioxidant enzymes
(BOARETTO et al., 2014; SALES et al., 2015).

Several studies with sugarcane have been
conducted using biochemical approaches of
enzymatic and non-enzymatic nature in the selection
of cultivars more tolerant to different types of
environmental stresses, among them, drought stress
(BOARETTO et al., 2014; SANTOS; SILVA, 2015;
SALES et al., 2015). However, most of them were
made in first crop cycle, plant cane, making
investigations in another crop cycle extremely
important, since the culture is usually renewed only
after five or more years of ratoon cropping and little
is known about the mechanisms of drought
tolerance in sugarcane ratoon crop. Thus, the aim of
this study was to evaluate the implications of water
stress on ratoon cane metabolism by quantifying
photosynthetic  pigments, antioxidant system
enzymes and lipid peroxidation. Our hypothesis is
that sugarcane cultivar with a better antioxidant
system may be more tolerant and more productive
under drought stress.

MATERIAL AND METHODS

Plant material and experimental conditions

The experiment was conducted under
coordinates 9°28'S, 35°49'W, 127 m above sea
level. The experimental design was a randomized
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complete block design in a 6 x 3 factorial scheme
with six sugarcane cultivars and three water
regimes, distributed in four blocks, totaling 72
experimental plots. The experimental plot consisted
of a pot of 0.485 m of average diameter and 0.99 m
of height, filled with approximately 180 kg of
crushed, sieved and homogenized soil. Pots were
distributed in a 1.0 x 1.0 m spatial arrangement
between rows in the open air.

The Sugarcane cultivars used were
RB72910, RB99382, RB72454, RB855536,
RB92579 and RB931011. RB72910 is classified by
the Brazilian Sugarcane Breeding Program /
RIDESA as tolerant to drought stress, based on
productivity data in experimental field, while
RB99382 presents regular tillering and sprouting
under stress. RB72454 has good stalk diameter, low
fertility requirement, and sensitivity to water deficit
(ENDRES et al., 2010; RIDESA, 2010). RB855536
presents high productivity and excellent sprouting
when cultivated without water restriction (RIDESA,
2010). RB92579 presents mechanisms of drought
stress tolerance and high productivity (ENDRES et
al., 2010; RIDESA, 2010). RB931011 presents rapid
growth, high stature, good development of stalks
and tolerance to salinity (RIDESA, 2010;
MEDEIROS et al., 2015).

Water regimes were based on the soil
available water capacity and defined as: control, 80
to 100% (SAWC); moderate water stress, 40-60%
(SAWC) and severe water stress, 0 to 20%
(SAWC). The soil used was a cohesive Yellow
Latosol. Physicochemical analyses were performed
according to methodology of Embrapa (1997), and
the water retention curve was estimated using the
methodology of Richards (1965) which results are
shown in Table 1.

The sugarcane billets used for planting
(02/19/2014) were standardized taking into account
age, health status and stem region of the cane. In
order to guarantee better homogeneity of seedlings,
billets were previously planted in plastic trays in
greenhouse until seedlings had three leaves, suitable
for transplanting. After 30 days after planting, three
seedlings of uniform size were selected for each pot.
At 240 days after planting, the plant-cane was
harvested,  beginning the second cycle.
Subsequently, pots were irrigated near the field
capacity until the moment of implantation of the
water treatments that started 60 days after
harvesting. Tillering thinning was performed,
leaving six plants of uniform size in each pot.
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Table 1. Chemical and physical properties of the soil used in the experiment

Analysis Soil

Chemical
Electrical conductivity 0.32dSm’
pH 6.3
Ca™ 7.61 cmolc kg
Mg* 4.41 cmolc kg
Na* 0.26 cmolc kg™
K" 0.18 cmolc kg™
P 49 mg kg
AP 0.00 cmolc kg™
Organic matter 35.60 g kg’
Physical

Total porosity 56.2%
Real density 1.17 gem™
Sand 637.6 g kg’
Silt 205.9 gkg’
Clay 156.5 g kg
Textural classification Franco clay sandy
Soil Tension (MPa) Water content (%)

0.033 27.72

1.5 14.76
Available Water 12.96

During the water stress period, soil moisture
was monitored in each pot by a soil moisture
monitoring probe system (Moisture Meter PR2,
Delta T Devices, England), which evaluates
moisture every 10 cm to a depth of 40 cm. Water
was replaced by a pressurized irrigation system,
with one emitter per plot, leaving each water
treatment in its moisture range (Figure 1A).
Climatic data for the experimental period were
obtained by an automatic agrometeorological station
located approximately 200 m from the experiment.
Data were recorded every ten minutes, obtaining
information on rainfall (Figure 1B), mean air
temperature (Figure 1C) and relative air humidity
(Figure 1D).

At 22 days after stress, the maximum
photochemical efficiency of PS II (Fv/Fm) in leaves
+1 was performed. The numbering of leaves was
based on Van Dillewijn's classification (1952).
Subsequently, the median portion of same leaf was
collected for biochemical analyses. Part of the
collected leaf was conditioned in icebox for analysis
of photosynthetic pigments, and another part was
packed in aluminum foil, conditioned in liquid
nitrogen, and later placed in a freezer at -70°C until
moment of enzymatic analyses.

Photochemical efficiency of PS I1
The Fv/Fm ratio was determined using a
portable light modulated fluorometer (PAM 2500,

WALZ), according to procedures of Maxwell and
Johnson (2000). These evaluations were performed
between 12 a.m. and 1 p.m. in leaves pre-adapted to
the dark (=30 min) with the use of specific clips.
Content of photosynthetic pigments

The contents of chlorophyll a, b, and
carotenoids were quantified using three 0.8 cm’
discs of fresh leaves. The pigments were extracted
in the dark at 4°C for 24 h in glass tubes protected
with aluminum foil containing 5 mL of 80%
acetone. Subsequently, the absorbance of extracts
was quantified at wavelength of 480, 645, 663 nm
with a spectrophotometer. The levels of chlorophyll
a, b, and carotenoids were then calculated as
described by Lichtenthaler (1987), and expressed in
mg g' fresh weight. Subsequently, the total
chlorophyll content (a + b), and the chlorophyll a/b
ratio were calculated.

Extraction and Assay of Antioxidant Enzymes
Extracts for quantification of the activity of
ascorbate peroxidase (APX) and catalase (CAT)
enzymes and soluble proteins were obtained by cold
maceration with N,. About 0.1 g of leaf tissue was
extracted in solution containing 300 mM potassium
phosphate buffer (pH 7.5), 2 mM EDTA and 20 mM
ascorbic acid with addition of 0.3 g PVPP, making a
final volume of 2000 pL. The extract was
centrifuged at 15,000g for 10 minutes at 4°C. While,
extraction for quantification of superoxide
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dismutase (SOD) was obtained from 0.1 g of frozen
vegetable tissue, macerated in 2000 pL of the
extraction medium containing 300 mM Potassium
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Phosphate Buffer (pH = 7.8). The extract was
centrifuged at 15,000g for 10 min at 4°C.
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Figure 1. Soil moisture with sugarcane cultivars submitted to different water regimes in the second crops cycle
(A), Rainfall (B) air mean temperature (C), and relative mean humidity (D) during the period

experiment.

The APX activity was obtained according to
methodology of Nakano and Asada (1981). Activity
was measured using 50 pL of extract added of 334
pl of 300 mM potassium phosphate buffer (pH 7.5),
20 pl of 50 mM sodium ascorbate, 20 pl of 10 mM
hydrogen peroxide and 1576 pL of deionized water.
The change in absorbance after adding H,O, was
read at 290 nm for 1 min at every 10 s interval,
using a spectrophotometer at 290 nm observing the
decrease of ascorbate concentration, in triplicate. An
ascorbate extinction coefficient of 2.8 mM"' cm™ at
290 nm was used. APX activity was expressed as
units mg™' of protein.

The CAT activity was quantified according
to Havir and Mchale (1987), with modifications. 50
pL aliquots of the enzyme extract were added to 334
pL of 300 mM potassium phosphate (pH 7.5), 250
pL of 12.5 mM hydrogen peroxide and 1366 pL of
distilled water incubated at 30°C. Readings of
absorbance were taken at 240 nm for 1 min and the

decrease of H,O, concentration was observed, in
triplicate. An H,0, extinction coefficient of 36 mM"
"cm™ at 240 nm was adopted. One unit of CAT
activity was defined as the degradation of 1 uM
H,0, in one minute and expressed as units mg"' of
protein.

The SOD activity was quantified by the
ability of the enzyme to inhibit nitrotetrazolium blue
photoreduction (NBT) according to the method of
Giannopolitis and Ries (1977), with modifications.
50 pL of the enzyme extract was added to 2950 pL.
of the reaction medium composed of 300 mM
potassium phosphate buffer (pH 7.8), 14 mM
methionine, 100 mM EDTA, 75 uM NBT, and 2 uM
riboflavin. The sample plus the reaction medium
were illuminated with a 15 W fluorescent lamp for 4
minutes, and then the absorbance at 560 nm was
quantified using a spectrophotometer, in triplicate.
One unit of SOD was defined as the amount of
enzyme required to inhibit 50% of NBT
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photoreduction. SOD activity was expressed as units
mg"' protein. The protein concentration was
determined using bovine serum albumin as the
standard (BRADFORD, 1976).

Hydrogen
Peroxidation

The hydrogen peroxide (H,O,) content was
determined according to Velikova et al. (2000).
About 0.1 g of fresh frozen material was macerated
in an acid solution composed of 2000 pL of 0.1%
(trichloroacetic acid) TCA and centrifuged at
10,000g for 10 min at 4°C. In test tubes containing
700 pl of 10 mM potassium phosphate buffer (pH
7.0) and 1000 pl of 1 M potassium iodide, 300 pl of
the supernatant was added and the mixture
incubated for 10 min at 30°C. Absorbance was then
quantified at 390 nm in triplicate. The content of
H,0, was quantified based on the standard curve
and the results expressed in pmol g”' FW.

Lipid peroxidation was determined through
measurement of the malondialdehyde (MDA)
content, as described by Cakmak and Horst (1991)
with minor modifications. About 0.1 g of fresh leaf
tissue was macerated with 2000 pL of 0.1% TCA.
The homogenate was then centrifuged at 10,000g
for 10 min at 4°C. Aliquots of 300 pL of the
supernatant were added to 1700 pL of the reaction
medium composed of 0.5% (w/v) TBA and 20%
TCA (w/v), and incubated at 90°C for 60 min with
reaction interruption by rapid cooling in ice bath.
The absorbance was read in triplicate at 532 nm and
non-specific absorbance at 600 nm was subtracted
from it. The MDA content was calculated by using
an extinction coefficient of 155 mM™' cm’ and
expressed in nmol g FW.

peroxide content and Lipid

Statistical analysis

Data were submitted to analysis of
variance and when significant effect was detected,
the means were compared by the Tukey test at p
<0.05, both between water regimes and between
cultivars. Pearson correlations were calculated to
determine the relationship among variables analyzed
in the studied period.

RESULTS

The pigment content varied among
sugarcane cultivars even without water stress
(Figure 2). In general, there is a reduction in
chlorophyll content when plants were submitted to
water stress (Figures 2A, B, C, D). However, the
reduction was different among cultivars. Moderate
stress was sufficient to reduce chlorophyll a content
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in all cultivars except for RB855536 and RB92579
(Figure 2A). The cultivar RB72454 was the one that
most reduced chlorophyll a under moderate stress,
with reduction of 40%. Under severe stress, all
cultivars reduced the chlorophyll a content, with the
highest reduction of 43.2% in RB72454.

The chlorophyll b content was not affected
by water regime in cultivar RB855536 (Figure 2B).
Under moderate stress, cultivar RB72454 had the
largest reduction, 35.1%, in relation to control,
while cultivar RB92579 reduced only 8.9% in the
same conditions. Under severe stress, the reduction
was 50.7% in cultivar RB72454 and only 22.1% in
RB92579.

Cultivar RB72454 had reduction of 38.8%
of total chlorophyll content under moderate stress,
while the reduction was only 8.9% in RB92579 in
relation to control (Figure 2C). Under severe stress,
the reduction was 45% in cultivar RB72454, and
only 14.5% in RB92579.

The Chl a/b ratio was not affected by water
regimes in cultivars RB855536, RB92579 and
RB931011 (Figure 2D). On the other hand, under
severe stress, the Chl a/b ratio increased 21.5% in
cultivar RB99382, 17.2% in RB72910 and 12.7% in
RB72454 compared to control.

The carotenoid content remained unchanged
between control treatment and moderate stress in
cultivars RB99382 and RB92579. Meanwhile,
cultivar RB72454 was the one that most reduced the
carotenoid content, 32.4% under moderate stress
and 49.1% under severe stress in relation to control
(Figure 2E). The carotenoid content of cultivar
RB92579 reduced only 13.5% under severe stress.
Chlorophyll a and b had high correlation with total
Chl in all water conditions (Table 2). On the other
hand, the carotenoid content only correlated with the
chlorophylls when plants were under stress.

The maximum photochemical efficiency
(Fv/Fm) was affected only under severe stress,
where cultivars RB72910 and RB72454 had
reductions of 12.2 and 31.3%, respectively, in
relation to control treatment (Figure 2F).

The activity of APX, CAT and SOD
enzymes in leaves did not vary among cultivars
when under control conditions, but increased under
drought stress (Fig. 3A, B, C). The activity of the
APX enzyme had increase of 29.3% in cultivar
RB92579 under moderate stress and 59.8% under
severe stress, compared to plants under control
conditions (Figure 3A). A similar increase of APX
activity was observed in RB72910. On the other
hand, cultivars RB99382 and RB72454 had no
alteration in APX activity when under stress.
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Figure 2. Concentrations of Chlorophyll a (A), Chlorophyll 4 (B), total Chlorophyll (C), ratio Chlorophyll a/b
(D), carotenoids (E) and Photochemical efficiency PSII, Fv/Fm (F) in sugarcane cultivars under
different water regimes: control, moderate stress, and severe stress. Different capital letters denote
significant differences between water treatments in each cultivars; different lowercase letters denote
significant differences between cultivars in each water treatments by Tukey test (p<0.05).

The CAT activity increased slightly under
stress conditions, where cultivar RB92579 had the
highest increase under severe stress, of 33.1% in
relation to control (Figure 3B). The CAT activity
had a positive correlation only with Chl a in plants
under control conditions. In plants under stress,
CAT activity also has a correlation with total Chl,
carotenoids and APX (Table 2).

Similar to APX and CAT activity, SOD
increased its activity with the imposition of stress
(Fig. 3C). Cultivar RB92579 had the highest
increase in SOD activity, 19.7% under moderate
stress, and 57.8% under severe stress, in relation to
control. On the other hand, the SOD activity in
cultivar RB72454 had the lowest increase of 18%
even under severe stress. The SOD activity also had
no correlation with pigments and other antioxidant
enzymes in plants under control treatment, but had a
correlation under moderate stress, and this
correlation increased under severe stress (Table 2).

The H,0, content and lipid peroxidation not
changed among cultivars in non-stressed plants, but
increased with the intensity drought stress (Figure
3). The H,O, content had the higher increase in
cultivar RB72454, 38.4% under moderate stress,
and 62.5% under severe stress, in relation the
control plants (Figure 3D). The same occurred with
the lipid peroxidation of cultivar RB72454 that had
of increase 34% under moderate stress, and 47.2%
under severe stress (Figure 3E). In contrast, lipid
peroxidation in the other cultivars increased only
under severe stress, with the lower increase in
cultivar RB92579, of 22.8%. It is interesting
observe that H,O, content and lipid peroxidation
started have negative correlation with chlorophyll
and carotenoids when plants were under moderate
stress and remained under severe stress (Table 2).
Lipid peroxidation also had a negative correlation
with the activity of antioxidant enzymes under
severe stress, while lipid peroxidation and H,0,
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content had a positive correlation in plants under
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Figure 3. Antioxidant enzymes: ascorbate peroxidase (A), catalase (B) and superoxide dismutase (C); content
of Hydrogen peroxide, H,O, (D) and Lipid peroxidation, MDA (E), in sugarcane cultivars under
different water regimes: control, moderate stress, and severe stress. Different capital letters denote
significant differences between water treatments in each cultivars; different lowercase letters denote
significant differences between cultivars in each water treatments by Tukey test (p<0.05).

Table 2. Pearson correlation coefficients between chlorophyll @ (Chl a), chlorophyll b (Chl b), total
chlorophylls (Chl a+b), ratio of chlorophyll a to chlorophyll 4 (Chla/b), Carotenoids (Carot),
maximum photochemical efficiency of photosystem II (Fv/Fm), ascorbate peroxidase (APX),
catalase (CAT), superoxide dismutase (SOD), content of hydrogen peroxide (H,O,) or lipid
peroxidation (MDA) in ratoon sugarcane crop submitted to appropriate water regime (Control),

Moderate stress and Severe stress.

Variables Chlb Chlt Chlab Car Fv/Fm APX CAT SOD H,0, MDA
Control

Chl a 0.52" 094"  0.12 003 -026 0507 041" -002  0.38 0.31

Chl b 078" -076° -029 -029 0527 003 -0.14  -0.00 0.38

Chl t -0.21 0.09 -030 0577 031  -0.07 0.28 0.38

Chl a/b 0.33 0.13  -024 024  0.17 0.30 0.21

Carot 056" -009 0.05 -0.11 0.16 0.34
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Fv/Fm 008 002 -024 003 -0.09
APX 032  -0.13  -0.00 0.02
CAT 0.12  0.30 0.12
SOD 0.38 0.13
H,0, 0.11

Moderate stress
Chl a 0777 098" 0.31 072"  0.14 035 049" 045 -0607  -0.37
Chl b 086~  -035 0557  0.36 0.13 038 029 -055" -046
Chl t 0.15 0717 020 031 048 043" 0627 -041

Chl a/b 021 -030 029 014 018  -0.04 0.17
Carot 0.14 033 044" 049" -048  -040

Fv/Fm 038 -015 -032 -030 -043
APX 0.747 073" -0.03 0.11
CAT 0.54"  -0.12 -0.04
SOD -0.31 0.14
H,0, 0.76"

Severe stress
Chl a 0.527 097" 037 0647 021 0627 0697 063" -044" -0.80"
Chl b 071"  -0.58" 0657  0.39 038 038 024 -055 -061"
Chl t 0.14 0717 028 0617 068" 059" -0517 -0.83"

Chl a/b 0.12 -0.18 0.17 024 033 0.19 -0.07
Carot 040 0757 0537 0587  -040° -0.67"

Fv/Fm 000 -013 -0.14 -045  -0.22
APX 0.72° 087"  0.08 048"
CAT 0.82"  -0.10 -0.66"
SOD 0.15 -0.44°
H,0, 0.48°

** significant at P<0.01; *Significant at P<0.05
DISCUSSION

The reduction in chlorophyll content as
drought stress intensifies suggests that pigment
degradation is linked to the degeneration of
chloroplasts as a response to stress and may be
associated with drought tolerance index (JALEEL et
al., 2009; CHEN et al.,, 2016). In sugarcane, the
maintenance of chlorophyll content in cultivar
RB92579 and degradation in RB72454 under water
stress conditions indicate that cultivars respond
distinctly to stress. The reduction in the chlorophyll
content under drought stress is considered a typical
symptom of oxidative stress, resulting from
photooxidation and degradation of pigments
(FAROOQ et al., 2009; JUNG, 2004), expressively
in more sensitive cultivars (CHEN et al., 2016).
Such a response probably occurred in cultivar
RB72454, which markedly reduced the chlorophyll
content.

On the other hand, the maintenance of the
chlorophyll content in cultivar RB92579 was an
important response in tolerance to water stress. In
sugarcane under water deficit, more tolerant
cultivars have similar responses or little degradation
of chlorophylls in relation to well-hydrated plants
(SILVA et al., 2012; SILVA et al., 2014). In
addition to sugarcane, it has been reported in other
grasses that water stress also affects the chlorophyll
content, as in maize (KHOLOVA et al.,, 2011;
CHEN et al., 2016) and wheat (NIKOLAEVA et al.,
2010). Among the several changes of metabolic
functions caused by drought stress, the reduction of
pigments is one that reflects very much in plant
yield, since these are responsible for the absorption
and transfer of light energy to photosystems
(FAROOQ et al., 2009; JALEEL et al., 2009).

Chlorophylls degradation may result from
photochemical disturbances caused by excess light
in the PSII reaction centers (KHOLOVA et al.,
2011; SALES et al., 2015), as observed in our
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results by the decreased Fv/Fm and chlorophylls in
cultivar RB72454. This may also be related to the
low activity of antioxidant enzymes observed in this
cultivar. The reduction of total chlorophyll content
caused by drought stress in sugarcane plants is one
of the main factors limiting photosynthetic activity
because it affects the photochemical -efficiency
(SILVA et al., 2014; SANTOS; SILVA, 2015). In
sugarcane cultivars susceptible to drought stress, the
decrease of Fv/Fm was related to disturbances in
PSII reaction centers, compromising crop
productivity (CARLIN et al., 2012; SALES et al,,
2015).

The maintenance of carotenoids in cultivar
RB92579 under water stress suggests that this
cultivar ~ has  greater  protection  against
photochemical injury during oxidative stress,
minimizing  chlorophyll degradation. The
correlations between carotenoids and chlorophyll
under stress indicate that the maintenance of
carotenoids was essential in helping against damage
caused by stress, since carotenoids play additional
roles in photoprotection, helping plants to tolerate
stress adversities (JALEEL et al., 2009; KHOLOVA
et al., 2011). Thus, it is expected that cultivars that
maintain higher amounts of carotenoids during
stress have greater protection against photooxidation
(SILVA et al, 2014) as observed in cultivar
RB92579 in our experiment, and also reported in
more drought-tolerant maize cultivars (KHOLOVA
et al., 2011; CHEN et al., 2016). On the other hand,
increased carotenoid degradation associated with
low Fv/Fm, low enzymatic activity and increased
lipid peroxidation may indicate damage to the
photosynthetic apparatus, which probably occurred
in cultivar RB72454 in our study. Greater
degradation of carotenoids was observed in sensitive
sugarcane cultivars under drought stress (SILVA et
al., 2014).

The responses of APX, CAT and SOD
enzymes to drought stress vary depending on the
cultivar  analyzed, since several adaptive
mechanisms are presented by different cultivars
(CIA et al., 2012), as observed in our study. In
sugarcane under drought stress, the activity of
antioxidant enzymes allows photoprotection of the
photosynthetic apparatus (SALES et al., 2013;
BOARETTO et al., 2014), probably because it helps
maintaining pigments, the Fv/Fm, and inhibiting the
increase of lipid peroxidation (CARVALHO, 2008;
ANJUM et al., 2016).

Increased antioxidant enzyme activity has
been reported in cultivars that are more tolerant to
water deficit when compared to drought sensitive
cultivars, suggesting that the antioxidant system
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plays an important role in plant tolerance to water
deficit as observed in rice (LUM et al., 2014) and
maize (CHEN et al., 2016). The high APX activity
in cultivar RB92579 indicates good performance of
this cultivar against oxidative stress caused by
drought stress, resulting in the maintenances of
pigments,  photoinhibition, and low lipid
peroxidation. Increased APX activity in cultivar
RB92579 was also observed in plants under saline
stress (MEDEIROS et al., 2014). APX activity
appears to be rapidly activated in stressed plants
with the purpose of alleviating photochemical
damage (SALES et al., 2013). In wheat cultivars
after three days under water deficit increased APX
activity in the leaves of stressed plants was
observed, which helped to decrease lipid
peroxidation (NIKOLAEVA et al.,, 2010). The
increase of APX activity has been observed in
sugarcane cultivars more tolerant to water deficit
(NGAMHUI et al., 2015). These authors observed
that APX activity in the most tolerant cultivar was
15% higher than in the most sensitive cultivar.

On the other hand, higher H,O, content and
low APX activity in the cultivar RB72454 under
stress may have contributed to the increase of
photochemical damage, as observed by the
increased photoinhibition, greater degradation of
chlorophylls and lipid peroxidation in this cultivar.
This fact can be confirmed by the positive
correlations of APX with Chl a, total Chl and Car in
our work. These correlations suggest that the APX
activity contributed to maintenance of pigment
levels under stress conditions in cultivar RB92579
but not in RB72454. In other studies with sugarcane
under water deficiency, the increase of APX activity
in drought-tolerant cultivars, suggest that this
enzyme is efficient in the relief of oxidative stress
(SANTOS; SILVA, 2015; NGAMHUI et al., 2015).

CAT was less affected by the presence of
stress, which may have occurred because this
enzyme is presented essentially in peroxisomes. In
this case, C4 plants, such as sugarcane,
photorespiration is minimal, and consequently
exhibit lower CAT activity than C3 plants
(CARMO-SILVA et al., 2008). However, even at
low concentration, it is suggested that this enzyme
has an essential participation in ROS removal,
together with APX and SOD, as observed in cultivar
RB92579. CAT is the second enzyme of antioxidant
defense, acting mainly on the decomposition of
H,0, produced by SOD (MITTLER, 2002). In
maize cultivars, higher CAT activity was found in
the most drought-tolerant cultivar (ANJUM et al.,
2016), indicating that the increased activity of this
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enzyme protects against oxidative damage caused
by stress (CIA et al., 2012).

The higher SOD activity in response to
drought stress in cultivar RB92579 also indicated
that this cultivar has good tolerance to drought
stress. In others sugarcane cultivars under water
stress, the SOD activity increased 28% in the
tolerant cultivar, and only 6% in the drought-
sensitive cultivar (SALES et al., 2015). The increase
in SOD activity was also recorded in plants of
different species under water stress, such as maize
(ANJUM et al., 2016), rice (LUM et al., 2014) and
faba bean (SIDDIQUI et al., 2015). The increase in
SOD activity in cultivar RB92579 was also found
under saline stress (MEDEIROS et al., 2014). The
combined action of APX, CAT and SOD enzymes
can be visualized by the positive correlation of their
activity, only when plants were under moderate and
severe drought stress. In addition, APX, CAT and
SOD correlations with Chl a, total Chl and Car
under severe stress indicate that enzymes are
efficient in protecting the photosynthetic apparatus
of stressed plants, helping maintaining pigments and
membranes health.

H,0, is formed by the dismutation of O," by
SOD, and can be eliminated by CAT and various
peroxidases such as APX (MITTLER, 2002;
BOARETTO et al, 2014). Thus, H,O,
concentration is also related to SOD activity
(WENG et al., 2015), as found in our study, in
which cultivar RB92579 had high SOD activity but
low H,0, production, specifically under severe
stress. Thus, it can be suggested that the H,O,
produced by SOD was efficiently removed by the
action of APX and CAT. Cia et al. (2012) observed
that there was an increase in H,O, concentration in
all sugarcane cultivars at the beginning of stress.
The increase of H,O, concentration with the
imposition of stress can be related to the lower
tolerance of cultivars to water deficit, as seen in
cultivar RB72454, which had high H,0, production
and simultaneously exhibited lower CAT, APX and
SOD activity. In other studies, it was also observed
that H,O, contents were higher in drought sensitive
cultivar of sugarcane (BOARETTO et al., 2014;
SALES et al., 2015) and faba bean (SIDDIQUI et
al., 2015).

ROS production can induced lipid
peroxidation, protein degradation, DNA
fragmentation, and cell death (ANJUM et al., 2016;
SIDDIQUI et al., 2015), which probably occurred
with cultivar RB72454 that showed increase MDA
under stress. Similarly, increased lipid peroxidation
under drought stress was found in maize, most
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notable in the sensitive cultivar (ANJUM et al.,
2016), and in woody species, where lipid
peroxidation was proportional to the stress intensity
(LIU et al, 2011). High MDA concentrations
suggest less protection of plants against
photochemical oxidation during stress, associated
with the increase of H,O, and low activity of APX,
SOD and CAT enzymes as observed in different
studies (LIU et al., 2011; BOARETTO et al., 2014;
MEDEIROS et al., 2014; SIDDIQUI et al., 2015).
Similar results we can see in drought sensitive
sugarcane, in wherein an inverse correlation
between the activities of antioxidant enzymes and
MDA in plants under severe stress, and a positive
correlation between H,O, and MDA in plants under
moderate stress were observed. On the other hand,
cultivar RB92579 that showed lower lipid
peroxidation among cultivars when under severe
stress indicates that this cultivar was benefited by
the increase of the activity of antioxidant enzymes.
Similar results were found in the same cultivar
under saline stress, in which the low lipid
peroxidation was attributed to the increased activity
of antioxidant enzymes (MEDEIROS et al., 2014).

CONCLUSIONS

Sugarcane cultivars have different levels
of tolerance to drought. Among the cultivars used
RB92579 was the most tolerant to drought stress.
This tolerance to water deficit is associated with an
increase in the activity of antioxidant enzymes to
maintain low ROS levels. Less ROS leads to lower
lipid  peroxidation  and  maintenance  of
photosynthetic pigments, causing less
photoinhibition, which did not occur in cultivars
more sensitive to drought, such as RB72454.

The antioxidant defense system triggered
by ascorbate peroxidase, catalase and superoxide
dismutase enzymes, as well as the maintenance of
membrane integrity and photosynthetic pigment
content can be consider as important criteria for
selection of drought tolerance among sugarcane
cultivars.
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RESUMO: A ocorréncia de secas sazonais ¢ um dos principais fatores que limitam a longevidade do
canavial. Esse trabalho teve como objetivo avaliar as respostas bioquimicas de cultivares de cana-de-agticar em
seu segundo ciclo de cultivo a condi¢des de estresse hidrico. Para tanto, foram utilizadas seis cultivares:
RB72910, RB99382, RB72454, RB92579, RB855536 e RB931011, e trés regimes hidricos, baseado na
capacidade de 4gua disponivel (CAD) e definidos como: controle, 80 a 100% (CAD); estresse hidrico
moderado, 40 a 60% (CAD), e estresse hidrico severo, 0 a 20% (CAD). A cultivar RB72454 se mostrou a mais
sensivel ao déficit hidrico. Essa cultivar mostrou aumento na produgdo de peréxido de hidrogé€nio, mas sem
aumento concomitante das enzimas antioxidantes ascorbato peroxidase, catalase e superdxido dismutase. Esse
estresse oxidativo levou a peroxidacdo de lipideos das membranas e degradacdo das clorofilas, resultando na
diminui¢do da eficiéncia fotoquimica do PSII. Por outro lado, a cultivar RB92579 foi a mais tolerante a seca,
com aumento de atividade das enzimas antioxidantes, que levou a baixa peroxidacdo de lipideos, manutencao
dos pigmentos fotossintéticos e da eficiéncia fotoquimica do PSII. O sistema de defesa antioxidante
desencadeado pelas enzimas ascorbato peroxidase, catalase e superéxido dismutase parece ser o fator chave de
protecdo a fotoinibicdo de plantas de cana-de-agucar sob estresse hidrico. O aumento do sistema antioxidante,
bem como a manuten¢do dos pigmentos fotossintéticos e das membranas celulares serviram como critérios
importantes para indicar cultivares mais tolerantes ao estresse hidrico.

PALAVRAS-CHAVE: Saccharum spp. Fotossintese. Clorofila. Fotoxidagao. Estresse.

REFERENCES

ANJUM, S. A., TANVEER, M., ASHRAF, U., HUSSAIN, S., SHAHZAD, B., KHAN, 1., WANG, L. Effect of
progressive drought stress on growth, leaf gas exchange, and antioxidant production in two maize cultivars.
Environmental Science and Pollution Research, v. 23, p. 17132-17141, 2016.

BOARETTO, L. F., CARVALHO G., BORGO, L., CRESTE, S., LANDELL, M. G. A., MAZZAFERA, P.
AZEVEDO, R. A. Water stress reveals differential antioxidant responses of tolerant and non-tolerant sugarcane
genotypes. Plant physiology and biochemistry, v. 74, p. 165-175, 2014.

BRADFORD, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical Biochemistry, v. 72, p. 248-250, 1976.

CAKMAK, I, HORST, W. J. Effect of aluminum on lipid-peroxidation, superoxide-dismutase, catalase and
peroxidase- activities in toor-tips of soybean (Glycine max). Physiologia Plantarum, v. 83, p. 463-468, 1991.

CARLIN, S. D.; RHEIN, A. F. L.; SANTOS, D. M. M. Simultaneous effect of water defciency and aluminum
toxicity in the soil in cultivar IAC91-5155 of sugarcane. Semina: Ciéncias Agrarias, v. 33, n. 2, p. 553-564,
2012.

CARMO-SILVA, A.E.,, POWERS S.J., KEYS A.J., ARRABACA, M. C., PARRY, M. A. J. Photorespiration
in C4 grasses remains slow under drought conditions. Plant, cell & environment, v. 31, n. 7, p. 925-940, 2008.

CARVALHO, M. H. C. Drought stress and reactive oxygen species: production, scavenging and signaling.
Plant Signaling & Behavior, v. 3, p. 156-165, 2008.

CHEN, DAOQIAN; WANG, SHIWEN; CAO BEIBEI; CAO, DAN; LENG, GUOHUI; LI, HONGBING; YIN,
LINA, SHAN, LUN; DENG, XIPING. Genotypic variation in growth and physiological response to drought
stressand re-watering reveals the critical role of recovery in drought adaptation in maize seedlings. Frontiers in
Plant Science, v. 6, p. 1-15, 2016.

CIA, M. C., GUIMARAES, A. C.R., MEDICI, L. O., CHABREGAS, S. M., AZEVEDO, R. A. Antioxidant
response to water deficit by drought-tolerant and sensitive sugarcane varieties. Annals of Applied Biology, v.
161, n. 3, p. 313-324, 2012.

Biosci. J., Uberlandia, v. 35, n. 3, p. 691-704 , May/June 2019



702
An efficient antioxidant... MAIAJ IjNIOR, S.O. etal.

EMBRAPA — Empresa Brasileira de Pesquisa Agropecudria. Centro Nacional de Pesquisa de Solos, Manual
de Métodos de Analise de Solos. 2.ed. Rio de Janeiro, Embrapa, 1997. 212p.

ENDRES, L.; SILVA, J. V.; FERREIRA, V. M.; BARBOSA, G. D. S. Photosynthesis and water relations in
Brazilian sugarcane. Open Agriculture Journal, v. 4, n. 3, p. 31-37, 2010.

FAO - Food and Agriculture Organization of the United Nations (2016) <http://www.fao.org/3/a-BO099e.pdf>
Acessed in Jun 2017

FAROOQ, M., WAHID, A.; KOBAYASHI N.; FUJITA D.; BASRA, S. M. A. Plant drought stress: effects,
mechanisms and management. Agronomy for Sustainable Development, v. 29, n. 1, p. 185-212, 2009.

GIANNOPOLITIS, C. N., RIES S. K. Superoxide dismutases: I. Occurrence in higher plants. Plant
physiology, v. 59, p. 309-314, 1977.

HAVIR, E. A.; MCHALE, N. A. Biochemical and developmentl characterization of multiple forms of catalase
in tabaco leaves. Plant Physiology, v. 84, n. 2, p. 450-455, 1987.

JALEEL, C. A., MANIVANNAN, P., WAHID, A., FAROOQ, M., AL-JUBURI, H. J., SOMASUNDARAM,
R., PANNEERSELVAM, R. Drought stress in plants: a review on morphological characteristics and pigments
composition. International Journal of Agricultural and Biological Engineering, v. 11, p. 100-105, 2009.

JUNG, S. Variation in antioxidant metabolism of young and mature leaves of Arabidopsis thaliana subjected to
drought. Plant Science, v. 166, p. 459-466, 2004.

KHOLOVA, JANA; HASH, C. TOM; KOCOVA, MARIE; VADEZ, VINCENT. Does a terminal drought
tolerance QTL contribute to differences in ROS scavenging enzymes and photosynthetic pigments in pearl
millet exposed to drought? Environmental and Experimental Botany, v. 71, p. 99-106, 2011.

LICHTENTHALER, H. K. Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Method
Enzymol, v. 148, p. 350-382, 1987.

LIU, C,; LIU, Y.; GUO, K.; FAN, D.; GUOQING LI, G.; ZHENG, Y.; YU, L.; YANG, R. Effect of drought on
pigments, osmotic adjustment and antioxidant enzymes in six woody plant species in karst habitats of
southwestern China. Environmental and Experimental Botany, v. 71, p. 174-183, 2011.

LUM, M. S.; HANAFI, M. M.; RAFIIL, Y. M.; AKMAR, A. S. N. Effect of drought stress on growth, proline
and antioxidant enzyme activities of upland rice. J. The Journal of Animal & Plant Sciences, v. 24, n. 5, p.
1487-1493, 2014.

MAXWELL, C.; JOHNSON, G. M. Chlorophyll fluorescence - a practical guide. Journal of Experimental
Botany, Oxford, v. 51, p. 659-668, 2000.

MEDEIROS, C. D., FERREIRA NETO, J. R. C., MARCIEL T. OLIVEIRA, M. T., RIVAS, R., PANDOLFI,
V., KIDO, E. A., BALDANIL J. I, SANTOS, M. G. Photosynthesis, antioxidant activities and transcriptional
responses in two sugarcane (Saccharum officinarum L.) cultivars under salt stress. Acta Physiologiae
Plantarum, v. 36, p. 447-459, 2014.

MEDEIROS, M. J. L., SILVA, M. M. A., GRANJA, M. M. C., SILVA JUNIOR, G. S., CAMARA, T.,
WILLADINO, L. Effect of exogenous proline in two sugarcane genotypes grown in vitro under salt stress.
Acta Biologica Colombiana, v. 20, n. 2, p. 57-63, 2015.

MITTLER, R. Oxidative stress, antioxidants and stress tolerance. Trends in Plant Science, v. 7, n. 09, p. 405-
410, 2002.

Biosci. J., Uberlandia, v. 35, n. 3, p. 691-704 , May/June 2019



703
An efficient antioxidant... MAIAJ IjNIOR, S.O. etal.

NAKANO Y.; ASADA K. Hydrogen peroxide is scavenged by ascorbate-especific peroxidase en spinach
chloroplasts. Plant Cell Physiology, v. 22, n. 05, p. 867-880, 1981.

NGAMHUI N., TANTISUWICHWONG, N., ROYTRAKUL, S., ZHU, Y. J,, LL, Q. X., AKKASAENG, C.
Relationship between drought tolerance with activities of antioxidant enzymes in sugarcane. Indian Journal of
Plant Physiology, v. 20, n. 2, p. 145-150, 2015.

NIKOLAEVA, M. K., MAEVSKAYA, S. N., SHUGAEYV, A. G., BUKHOV, N. G. Effect of drought on
chlorophyll content and antioxidant enzyme activities in leaves of three wheat cultivars varying in productivity.
Russian Journal of Plant Physiology, v. 57, n. 1, p. 87-95, 2010.

RICHARDS, L. A. Physical conditions of water in soil. In: BLACK. C. A., EVANS, D. D.; WHITE, J. L,;
CLARK, F. E. (ed.) Methods of soil analysis - physical and mineralogical properties, including statistics of
measurements and sampling. Madison, ASASSSA, p. 128-152, 1965.

RIDESA. Rede Interuniversitaria para o Desenvolvimento do Setor Sucroalcooleiro. Catalogo nacional de
novas variedades “RB” de cana-de-acucar. Ridesa: Curitiba, 2010. 136p.

SALES, C.R. G., RIBEIRO, R. V., SILVEIRA, J. A. G. MACHADO, E. C., MARTINS, M. O., LAGOA, A.
M. M. A. Superoxide dismutase and ascorbate peroxidase improve the recovery of photosynthesis in sugarcane

plants subjected to water deficit and low substrate temperature. Plant physiology and biochemistry, v. 73, p.
326-336, 2013.

SALES, C. R. G. MARCHIORI, P. E. R. MACHADO, R. S. FONTENELE, A. V. MACHADO, E. C.
SILVEIRA, J. A. G., RIBEIRO, R.V. Photosynthetic and antioxidant responses to drought during the sugarcane
ripening. Photosynthetica, v. 53, n. 4, p. 547-554, 2015.

SANTOS, C. M., SILVA, M. A. Physiological and biochemical responses of sugarcane to oxidative stress
induced by water deficit and paraquat. Acta Physiologiae Plantarum, v. 37, p. 1-14, 2015.

SIDDIQUI, M. H., AL-KHAISHANY, M. Y., AL-QUTAMI, M. A., AL-WHAIBI, M. H., GROVER, A., ALI,
H. M., AL-WAHIBI, M. S., BUKHARI, N. A. Response of different genotypes of faba bean plant to drought
stress. International journal of molecular sciences, v. 16, p. 10214-10227, 2015.

SILVA, M. A.; JIFON, J. L.; SILVA, J. A. G.; SANTOS, C. M.; SHARMA, V. Relationships between
physiological traits and productivity of sugarcane in response to water deficit. The Journal of Agricultural
Science, v. 152, n. 01, p. 104-118, 2012.

SILVA, V. P.R., OLIVEIRA, S. D., SANTOS, C. A. C., SILVA, M. T. Risco climatico da cana-de-agticar
cultivada na regido Nordeste do Brasil. Revista Brasileira de Engenharia Agricola e Ambiental, v. 17, n. 2,
p- 180-189, 2013.

SILVA, M. A.; SANTOS, C. M.; VITORINO, H. S.; RHEIN, A. F. L. Pigmentos fotossintéticos e indice SPAD
como descritores de intensidade do estresse por deficiéncia hidrica em cana-de-actcar. Bioscience Journal, v.

30, p. 173-181, 2014.

ST CLAIR, S. B., LYNCH, J. P. The opening of Pandora’s Box: climate change impacts on soil fertility and
crop nutrition in developing countries. Plant and Seil, v. 335, p. 101-115, 2010.

VAN DILLEWIIN, C. Botany of sugarcane. Chronica Botanica, Waltham, 1952.

VELIKOVA, V.; YORDANOV, I.; EDREVA, A. Oxidative stress and some antioxidant systems in acid rain-
treated bean plants: Protective role of exogenous polyamines. Plant Science, v. 151, p. 59-66, 2000.

Biosci. J., Uberlandia, v. 35, n. 3, p. 691-704 , May/June 2019



704
An efficient antioxidant... MAIAJ ﬁNIOR, S.O. etal.

VIEIRA, G. H. S.; MANTOVANTI E. C.; SEDIYAMA, G. C.; DELAZARI, F. T. Indicadores morfo-
fisiol6gicos do estresse hidrico para a cultura da cana-de-agicar em funcio de laminas de irrigacio. Bioscience
Journal, v. 30, n. 1, p. 65-75, 2014.

WENG, M., CUL, L., LIU, F., ZHANG, M., SHAN, L., YANG, S., DENG, X. Effects of drought stress on
antioxidant enzymes in seedlings of different wheat genotypes. Pakistan Journal of Botany, v. 47, n. 1, p. 49-
56, 2015.

Biosci. J., Uberlandia, v. 35, n. 3, p. 691-704 , May/June 2019



