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ABSTRACT: Coffee (Coffea arabica) plants show a positive relationship between stomatal closure and formation
and accumulation of H,O,. However, for coffee plants under water restriction such relationship has never
been studied. The objective of the present study was evaluate the stomatal movement and the antioxidant
capacity of coffee seedlings under different water regimes. Eight months old coffee seedlings of cv. Catuai IAC
99 were submitted to field capacity, gradual and total suspension of irrigation during a period of 21 days.
Evaluations of leaf water potential (¥ ) were performed in the beginning of the morning, and stomatal
resistance, transpiration rate and vapor pressure deficit were determined at 10 am and 5 pm. All biochemical
and enzymatic determinations were performed in leaves collected at 5 pm. Evaluations and samplings were
performed at three days intervals. There was no variation in ¥ during the evaluated period for plants in field
capacity. However, an expressive decrease of ¥ following day 12, reaching values near -2.5 MPa at the end of
the experiment was observed for plants submitted to gradual suspension of irrigation. For plants submitted to
total suspension of irrigation, ¥ decreases after the sixth day, reaching -2.5 MPa at day 15. The decay of ¥
in plants submitted to gradual and total suspension of irrigation reflected in increased stomatal resistance and
in a decreased transpiration rate leading to an increase in hydrogen peroxide formation and, on final stages,
increase in lipid peroxidation. As a conclusion, an increase in the activity of antioxidant enzymes as well as in
the levels of ascorbate and dehydroascorbate was observed, which act in the detoxification of free radicals
formed as result of the water stress.
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Comportamento estomatico e componentes do sistema antioxidante
em cafeeiros sob estresse hidrico

RESUMO: Para o cafeeiro (Coffea arabica) existe uma comprovada relagio positiva entre fechamento estomatico
e formago e acimulo de H,O,. Entretanto, tal relagio para a cultura sob restrigdo hidrica ainda nio foi
estudada. Avaliou-se 0 movimento estomatico e a capacidade antioxidante em mudas de cafeeiro sob diferentes
regimes hidricos. Mudas de cafeeiro cv. Catuai IAC 99, com oito meses de idade, foram submetidas  capacidade
de campo, suspensio gradativa e suspensio total da irrigagdo por um periodo de 21 dias. Foram realizadas
avaliagdes do potencial hidrico (¥ ) foliar na antemanhi e resisténcia estomatica, taxa transpiratdria e déficit de
pressio de vapor foram avaliados as 10h00 e 17h00. As determinag¢des bioquimicas e enzimaticas foram
realizadas em folhas coletadas as 17h00. Todas as avaliagdes e coletas foram realizadas em intervalos de trés dias.
Nas plantas em capacidade de campo nio houve variagio no ¥_ durante o periodo de avaliagio. Para a suspenso
gradativa da irrigag3o, houve queda expressiva a partir dos 12 dias, chegando préximo a -2,5 Mpa, ao final do
experimento. Ja nas plantas em suspensio total da irrigagio observou-se queda no ¥'_ a partir do sexto dia,
chegando a-2,5 MPa aos 15 dias. A queda no ¥ para as plantas em suspensio gradual e total da irrigagio refletiu
em aumentos na resisténcia estomatica e diminuigio da taxa transpiratdria, ocasionando aumento na formagio
de perdxido de hidrogénio e nos periodos finais, aumentos na peroxidagio de lipidios. Em conseqiiéncia
obervaram-se aumentos na atividade das enzimas antioxidantes, bem como nos teores de ascorbato e
dehidroascorbato, atuando na detoxificagio dos radicais livres formados em fungio do estresse.
Palavras-chave: Coffea arabica, estresse oxidativo, antioxidantes, estresse hidrico

Introduction production (Pereira et al., 2007). Brazilian production

could be even more significant if unfavorable environ-

Brazil is the main country exporter of coffee (Coffea mental conditions, such as drought, did not occur fre-
arabica) and it is responsible for one third of the world quently (Gomes et al., 2008). Particularly for coffee trees,
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decreases in the water supply imposes a substantial re-
duction in plant growth (Oliveira et al., 2002; Freitas et
al., 2007), although no features of water deficiency can
be seen (Grisi et al., 2008). In these cases, rapid stomatal
closure in leaves occurs in response to water deficiency
(Nascimento et al., 2008) and optimizes water use effi-
ciency, thereby playing crucial roles in drought stress
tolerance. When plants are drought-stressed, abscisic acid
(ABA) induces stomatal closure by reducing the turgor
of guard cells under water deficit (An et al., 2008). By
opening and closing stomata, the guard cells control tran-
spiration to regulate water loss or retention.

ABA and H,O, are produced and accumulated in
plants under adverse environmental conditions such
as drought, and are crucial in signaling adaptive re-
sponses, including stomatal closure (Zhang et al.,
2001) and antioxidant defense (Zhang et al., 2006).
Zhang et al. (2001) reported the accumulation of H,O,
in the guard-cells under water deficit, activated by an
increase in the ABA production. These authors clearly
show that H,O, is an essential signal in ABA-induced
stomatal closure.

Environmental stresses promote enhanced produc-
tion reactive oxygen species (ROS), such as superoxide
anion (O,), hydrogen peroxide (H,0,), and many free
radicals and its consequent accumulation in plants and
thereby damage DNA, proteins and lipids (Gratdo et al.,
2005; Vasconcelos et al., 2009). To protect its cells from
ROS, drought tolerant plants activate an oxidative de-
fense system, formed by enzymatic and non-enzymatic
components capable of maintaining a favorable balance
between ROS and the detoxifying capacity (Pompeu et
al., 2008; Vasconcelos et al., 2009). Moreover, plant re-
sponses to different types of stresses are associated with
generation of ROS, suggesting that ROS may function
as a common signal in signaling pathways of plant stress
responses (Grato et al., 2005).

Coffee studies are consolidated in the sense that there
is a positive relationship between stomatal closure and
formation and accumulation of H,O, (Deuner et al.,
2008). In this previous report we evaluated the exog-
enous application of ascorbic acid and hydrogen perox-
ide on enzyme activity of the antioxidant system and its
relation to stomatal opening. Application of H,O, re-
duced the stomatal conductance and consequently the
transpiration rate compared to the control plants, and
at the same time, promoted higher antioxidant activity
of the enzymes. When plants were sprayed with ascor-
bic acid, higher stomatal conductance and transpiration
rate were found in the first hour of evaluation. Coffee
under water restriction has the level of H,O, increased
and triggers mechanisms related to stomatal closure and
detoxification of H,O, in order to retain its degree of hy-
dration. These findings provide an interesting insight
into the mechanism of stomata-regulated drought stress
tolerance in coffee trees and important contributions to
better understanding of the management of this impor-
tant crop coffee under water stress. Therefore, this pa-

per aimed to evaluate the stomatal movement and the
antioxidant capacity of coffee seedlings under different
water regimes.

Material and Methods

Eight months old seedlings of Coffea arabica, culti-
var Catuai IAC 99, were grown in 3L plastic bags con-
taining as substrate a mixture of soil and cattle manure.
The plants remained for two months in a greenhouse,
covered with a black-film that intercepts 30% solar ra-
diation. During this period, the plants were watered regu-
larly, maintaining the water level within the field capac-
ity until the treatments were started. The seedlings were
subjected then to three water regimes: field capacity
(FC), gradual suspension of irrigation (GS) and total sus-
pension of irrigation (TS). In the FC treatment, the plas-
tic bags were weighed and the soil maintained near the
field capacity. Every three days, these were weighed once
again for reposition of water lost by evapotranspiration.
For the regime of gradual suspension of irrigation, the
water lost after the first day was restored in 80%, 60%,
40%, 20% and 0%, on every three day interval. For the
regime of total suspension of irrigation, the water was
totally suspended from the first day. The experiment was
conducted in a completely randomized design with
three replicates per treatment, and the evaluations were
performed every three days, during a period of 21 days.

The water status was evaluated by measurements
potential of pre-dawn (before sunrise) leaf water poten-
tial with a Scholander-type pressure chamber on six fully
expanded leaves of the fourth pair. Leaf transpiration (£)
and stomatal resistance (rs) measurements were taken
on six fully expanded leaves of the fourth pair with a
steady state porometer at 10 am and 5 pm. The mean
vapor pressure deficit (VPD) was the vapor pressure at
leaf temperature minus the mean vapor pressure of the
chamber gas (computed as the average vapor pressure
of the gas entering and that exiting the chamber). The
timing of determinations followed the recommendations
of Deuner et al. (2008) since at 10 am the photosynthesis
and transpiration were higher and stomatal resistance
was minimal and 5 pm there was the maximum expres-
sion of antioxidant enzymes. Thus measurements of sto-
matal resistance, transpiration and VPD were also car-
ried out at 5 pm in order to compare the activity of en-
zymes (in its time of maximum expression) with these
features.

At 5 pm, following the recommendations of (Deuner
et al., 2008), leaves of the third pair were collected for
the biochemical (hydrogen peroxide, lipid peroxidation,
ascorbate - Asc and dehydroascorbate - DHA) and en-
zymatic (superoxide dismutase - SOD, catalase - CAT,
ascorbate peroxidase - APX and glutathione reductase -
GR) analyses. The collected material was frozen in lig-
uid nitrogen and stored in ultra-freezer, at -80°C, for sub-
sequent analysis.

Hydrogen peroxide (H,O,) content was determined
according to methodology described by Sinha et al.

Sci. Agric. (Piracicaba, Braz.), v.68, n.1, p.77-85, January/February 2011



Antioxidative system in coffee plants under water stress 79

(2005). Leaf tissues were macerated in a solution of 0.1%
(w/v) trichloroacetic acid (TCA) and the homogenate
centrifuged at 12,000 x g for 15 min., at 4°C. Next, 0.5
mL of the supernatant was added to 0.5 mL of 10 mM
potassium phosphate buffer (pH 7.0) and 1 mL of 1 M
KI. Absorbance measurements were carried out in spec-
trophotometer at 390 nm. The H,O, content was calcu-
lated by comparing the reads with a standard curve ob-
tained from concentrations of H,O,.

Lipid peroxidation was determined by quantification
of the thiobarbituric acid reactive species (TBARS) as
described by Buege and Aust (1978). Two hundred mil-
ligrams of leaf tissue were macerated in liquid N, plus
20% of PVPP (polivinilpolipirolidone) and homogenized
in trichloroacetic acid (TCA) 0.1% (w/v). The homoge-
nate was then centrifuged at 10,000 x g for 10 min. Two
hundred and fifty microliters of the supernatant were
added to 1 mL of the reaction medium [0.5% (w/v) of
thiobarbituric acid (TBA) and 10% (w/v) of TCA], in-
cubating it then at 95°C for 30 minutes. The reaction
was stopped by rapid cooling in ice, and the absorbance
measurements were determined in a spectrophotometer
at 535 nm and 600 nm. The concentration of the com-
plex MDA/TBARS was calculated using the extinction
coefficient of 1.55 mmol L™ cm™.

Ascorbate (Asc) and dehydroascorbate (DHA) were
quantified as described by Arakawa et al. (1981) with
some modifications. One hundred milligrams of leaf tis-
sue were macerated in 2 mL of trichloroacetic acid
(TCA) 5% (w/v) homogenate and centrifuged at 10,000
x g for 15 min at 4°C. Total ascorbate (Asc + DHA)
was determined after reduction of DHA by
dithiothreitol (DTT). Then, 30 puL of the supernatant
were added to a reaction medium containing: 70 uL of
5% TCA (w/v), 125 uL of 0.06% DTT (w/v) and 125 uL
sodium phosphate 0.2 M (pH between 7 and 8 adjusted
with 1.2 M NaOH). After incubation at room tempera-
ture for 10 min, 125 pL of N-ethylmaleimide 0.24% (w/
v) was added and the pH of each tube adjusted to be-
tween 1 and 2 with the addition of 20% TCA (w/v). Af-
ter that, 125 uL of phosphoric acid (H,PO,) 4% (v/v), 250
uL of bathophenanthroline 0.5% (w/v) and 125 uL of
FeCl, 0.03% (w/v) were added, mixing the mixture vig-
orously and incubating it at 30°C for 90 minutes. The
reads were performed in a spectrophotometer at 534 nm.
The ascorbate was determined as described above, but
replacing the DTT by absolute ethanol in equal volume.
The values for DHA were obtained by the difference
between the values of total ascorbate and ascorbate.

Two hundred milligrams of leaf tissue were macer-
ated in liquid N, with 50% of polyvinylpyrrolidone
(PVPP) and homogenized in 1.5 mL of extraction buffer
as following: 100 mM potassium phosphate (pH 7.8), 0.1
mM EDTA and 10 mM ascorbic acid. After centrifuga-
tion at 13,000 g for 10 minutes at 4°C, the supernatant
was collected and desalinated in a Sephadex G-25 Col-
umn (PD-10). The proteins were eluted with the same
buffer and monitored at 595 nm. The eluate was used

for the enzymes activity assays and quantification of pro-
tein by the method of Bradford (1976).

SOD activity was assessed by the ability the enzyme
to inhibit the blue of nitrotetrazole (NBT) photoreduc-
tion (Giannopolitis and Ries, 1977) in a reaction medium
composed of 100 mM potassium phosphate (pH 7.8), 14
mM methionine, EDTA 0.1 uM, 75 mM NBT and ribo-
flavin 2 mM. The tubes with the reactions and the
samples were illuminated for seven minutes in a box by
a fluorescent lamp of 20 W. For the control, the same
reaction medium without the sample was illuminated
and as blank was used the tube kept in the dark. The
readings were performed at 560 nm. One unit of SOD is
the amount of enzyme capable to inhibit by 50% the pho-
toreduction of NBT under the tested conditions.

The activity of CAT was determined as described
by Azevedo et al. (1998) with minor modifications. Ac-
tivity was monitored by the decrease in absorbance at
240 nm for two minutes in a reaction medium incubated
at 28°C, containing 100 mM potassium phosphate buffer
(pH 7.0) and 12.5 mM H,O,.

The activity of APX was determined as Nakano and
Asada (1981), tracking the oxidation rate of ascorbate at
290 nm. The reaction medium that was incubated at
28°C was composed of 100 mM potassium phosphate
buffer (pH 7.0), ascorbic acid 0.5 mM and 0.1 mM H,O,.
The decrease in absorbance was monitored for a period
of two minutes from the beginning of the reaction.

The activity of GR was based on the method of
Cakmak et al. (1993), tracking the rate of oxidation of
NADPH by the decrease in absorbance, at 340 nm for
two minutes. The reaction medium incubated at 28°C
consisted of 50 mM potassium phosphate buffer (pH
7.8), oxidized glutathione 1 mM and 0.075 mM NADPH.

Data sets were subjected to analyses of variance
(ANOVA) with three water regimes and days of stress
as main factors. Tukey HSD tests were carried out to
determine differences among treatment means, using the
STATISTICA software (ver. 5.0, Statsoft, Inc. Tulsa, OK,
USA)

Results and Discussion

In plants at field capacity (FC), the water potential
(W) was constant, close to -0.2 MPa throughout the
whole assessment period (Figure 1). However, in plants
which the irrigation was suspended gradually (GS), a de-
crease was observed in ‘¥, only at 18 d, when the plants
were no longer receiving water for three days. During
this period, the ¥, dropped to -2.0 MPa, a value consid-
ered critical for coffee plants (Rena and Maestri, 2000;
Oliveira et al., 2002; Pinheiro et al., 2005; Grisi et al.,
2008) since it may cause reductions in the photosynthetic
rates (Grisi et al., 2008). Following this period, the re-
duction was accentuated reaching values close to -2.5
MPa at 21 days. On the other hand, the total suspension
of irrigation (TS) promoted a rapid decrease in water
potential after the sixth day of evaluation, reaching -2.4

Sci. Agric. (Piracicaba, Braz.), v.68, n.1, p.77-85, January/February 2011



80 Deuner et al.

0.0
-0.5
-1.0
-1.5

Yw (MPa)

-2.0

-2.5

o
-3.0 1 TS a

-3.5 °
Days
Figure 1 - Leaf water potential (¥'w) in the beginning of the
morning, in coffee seedlings submitted to three water
regimes: field capacity (FC), gradual suspension of
irrigation (GS) and total suspension of irrigation
(TS). Values are means + SE. The letters indicate
the evaluations where differences were observed on
the same day (Tukey, p < 0.05).

MPa at 15 days and -3.0 MPa at the end of the experi-
ment. Coffee plants supports long periods of drought,
adjusting mechanisms that lead to water saving, propor-
tionally to the intensity of water deficit (Deuner et al.,
2008; Nascimento et al., 2008).

The stomatal resistance measured at 10 am (Figure
2A) and 5 pm (Figure 2B), in plants that were kept at
FC, showed no difference during the assessment period
(Figure 2A). However, coffee plants under the regime
of GS showed an increase in stomatal resistance mea-
sured at 10 am starting 12 d after the onset the experi-
ment, being this effect more pronounced after 15 d,
when the irrigation was completely stopped and when
W, reached -0.7 MPa (Figure 1). For plants under TS,
differences from the control FC were observed after
sixth day, when ¥, reached -0.5 MPa, and continued to
increase to values near -2.5 MPa, at 15" day, a value con-
sidered critical. Until the end of the experiment, with
total restriction of irrigation, the stomatal resistance con-
tinued to increase, even with the potential falling below
the critical values. The sensitivity of coffee plants sto-
mata to water deficit is evidenced, since even small de-
creases in W were sufficient to promote its initial clo-
sure (Oliveira et al., 2002; Pinheiro et al., 2005), which
continued until 21 days, when it reached -2.3 and -3.0
MPa for the GS and TS treatments, respectively.

The increase in stomatal resistance, when the leaves
were still turgid, shows that the coffee stomata partici-
pate actively in the process of water loss reduction, ini-
tiating its closure at the first signs of water restriction
(Pinheiro et al., 2005). This process certainly enables cof-
fee plants to support long periods of drought, without
compromising its degree of cellular hydratation.

In general, values of stomatal resistance at 5 pm were
higher than those verified at 10 am (Figure 2B). After
nine days of evaluation, there were differences among
the three water regimes and this difference accentuated
with the progress of the experiment. The recovery in sto-

mata opening in the morning (Figure 2A), after its clo-
sured had occurred in the previous afternoon (Figure 2B),
reinforces that the coffee stomata remained functional
even with the leaf under strong dehydration (Oliveira
et al., 2002), such as that shown after 21 d of water re-
striction.

The transpiratory rates virtually did not vary be-
tween the two periods of the day (Figure 2C and D) and
for plants subjected to water deficit (GS and ST) a rate
inversely proportional to the stomatal resistance was
observed (Figure 2A and B), i.e., while it fell the sto-
matal resistance increased. The evaporative pattern of
leaves explains variations in W, (Figure 1). In the case
of control FC plants, a reduction in transpiration by the
9" day was observed at 5 pm, as a result of the higher
evaporative demand during this period (Figure 2E and
F), without causing, however, decreases in water status
of leaves (Figure 1). In general, the observed transpira-
tion behavior, at both 10 am and 5 pm, reflected the sto-
matal movement which, in turn, reflected in the pattern
set by the water potential (Deuner et al., 2008).

Pinheiro et al. (2005), Deuner et al. (2008) and
Nascimento et al. (2008) also concluded that the closure
of stomata appears to be one of the first strategies to mini-
mize losses of water occurring with the transpiration
under conditions of low leaf water potentials The effects
of water stress on plants may be mediated by the pro-
duction and accumulation of reactive oxygen species,
leading to extensive membranes damage, and triggering
of lipid peroxidation processes (Smirnoff, 1993). In this
experiment, the levels of H,O, in leaves of plants sub-
jected to water stress were higher than those observed
in control plants after three days (Figure 3A). In the
course of the period of stress, the values increased al-
most linearly, reaching at the end of the experiment, val-
ues 33 and 100% higher than those of the controls, for
plant submitted to GS and TS, respectively.

The H,O, production occurs in the plants tissues un-
der a variety of factors that include extreme tempera-
tures, excessive excitement energy, water stress, heavy
metal and pathogen action (Deuner et al., 2008; Gomes-
Junior et al., 2006; Pompeu et al., 2008). The H,O, pro-
duction may occur in plant cells via a number o
patways, such as NAD(P)H oxidase, peroxidation of lip-
ids or by the transport of electrons in photosynthesis
(Montillet et al., 2004). By means of the analysis of the
behavior of the H,O, production in coffee plants under
water restriction, we found that its metabolic route is
activated before the plants show any signs of the water
deficit, due to the high values of ¥, or due to the low
values of stomatal resistance or transpiration (Figure 2).

The accumulation of reactive oxygen species, here
represented by the levels of H O, can cause peroxidation
of cell membranes, impairing its function and integrity,
with damage, often irreversible, to the functioning of the
cell. In the current case, the lipid peroxidation (Figure
3B) in control plants (FC) increased, until the first six
days, from 8.7 to 11.4 nmol of MDA g MF, remaining,

Sci. Agric. (Piracicaba, Braz.), v.68, n.1, p.77-85, January/February 2011



Antioxidative system in coffee plants under water stress 81

3.5 1

—

T 20!
g 1.5 1
1.0 1
0.5 1
0.0 T T T T T —
0 3 6 9 12 15 18 21
E) Days

180 1

150 4

120 1

90 1

60 1

rs (scm-1)

30 1

VPD (kPa)

0.0 T T T T T T 1
0 3 6 9 12 15 18 21
F) Days

Figure 2 - Stomatal resistance (r,), transpiratory rate (E) and vapor pressure deficit (VPD) evaluated at 10 am (First column) and at
5 pm (Second column), in coffee seedlings submitted to three water regimes: field capacity (—®—), gradual suspension of
irrigation (- — M- -) and total suspension of irrigation (- A--).Values are means + SE. The letters indicate the evaluations
where differences were observed on the same day (Tukey, p < 0.05).

however, in that level until the 12" day, falling from
thereafter to its initial levels. Lipid peroxidation is a
metabolic process that occurs normally under natural
conditions (Blokina et al. 2003), which explains the val-
ues of peroxidation found in these plants.

Plants that were in gradually (GS) and immediately
(TS) submitted to irrigation suspension, showed an in-
crease in lipid peroxidation in the first six days, return-
ing to baseline values during the 9" and the 15" day from
which increased again until the end of the experiment.
During this period the H,O, concentration in plants that
were under gradual (GS) and total suspension (TS) of ir-
rigation, was 33 and 100% greater than that found in con-
trol plants (FC).

Differences in lipid peroxidation between irrigated
and non-irrigated plants were observed only after 15
days, for plants with total suspension of irrigation (TS)
and 21 days for plants in gradual suspension of irriga-
tion (GS). These increases occurred when the values of
water potential of plants with water deficit fell to -2.5
MPa (Figure 1), and when the levels of H,O, in GS and
TS plants were, respectively, 66 and 33% higher than
their controls (Figure 3A). Therefore, the thresholds
range of water potential that coffee plants may tolerate
from -2.0 to -2.5 MPa. Until this critical point is reached,
the coffee plants, through a stomatal control, maintained
its water status at the expense of the preservation of its
membranes integrity. From thereafter, the increase in
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H,O, concentrations with its deleterious effects on the
peroxidation of lipids prevails, causing cellular damage
that, depending on its duration and intensity, may com-
promise the physiological processes. As an example,
there is a greater stomata movement towards stomatal
closure, virtually stopping the transpiration (Figure 2),
exactly when the plants reached -2.5 MPa, i.e. at 15 and
21 days for GS and TS plants, respectively. In this case,
it was observed that plants under total suspension irri-
gation were, until the end of the experiment, under stress
for at least six days, while plants under gradual suspen-
sion, reached the water stress status at after 21 days, i.e.
at the last assessment period.

Under normal conditions, plants usually are well
adapted to minimize damage due to the inevitable for-
mation of reactive oxygen species in photosynthesis
(Gratdo et al., 2005). However, drought intensifies the
formation of free radicals by limiting the pool of
NADP" available to accept electrons from photosystem
I. Thus, increases the likelihood of excitation energy
transfer to the O,, leading to the production of O, and
1OZ, which react with the membranes fatty acids, caus-
ing lipid peroxidation (Smirnoff, 1993).

In some drought tolerant plants, increase in the pro-
duction of antioxidants may limit lipid peroxidation
(Yoshimura et al., 2000; Blokina et al., 2003). In this ex-
periment, the levels of ascorbic acid and
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dehydroascorbate, in plants kept at field capacity ex-
hibited little variation (Figure 3C and D) during the
whole evaluation period. However, levels of ascorbic
acid increased in plants subjected to gradual suspen-
sion of irrigation after the ninth day, the highest levels
occurring at days 18 and 21. For plants under total sus-
pension of irrigation, the values were similar to the pre-
vious treatment; however, there was a drop at day 21.
The dehydroascorbate content of plants in gradual sus-
pension of irrigation (Figure 3D) also was higher than
those found in control plants after the ninth day, re-
maining constant until the end of the experiment. The
plants under total suspension of irrigation showed in-
creases in the levels of dehydroascorbate in relation to
the control plants after the third day of stress. In these
plants, the highest levels were observed at 15 and 18
days.

The protective effect of antioxidants was sufficient
to maintain the functionality of the membranes and its
effects on stomatal movement and ¥, for a period of 15
and 18 d for plants under GS and TS, respectively. These
results confirm those obtained by Deuner et al. (2008)
who observed that application of exogenous H,0, and
ascorbic acid in coffee leaves, respectively, reduced and
increased stomatal conductance. Induction of stomatal
closure in vivo has been attributed to the accumulation
of H O, in guard cells in response to ABA (Suhita et al.,
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Figure 3 - Hydrogen peroxide (A), lipid peroxidation (B), ascorbic acid (C) and dehydroascorbate (D) in coffee seedlings submitted
to three water regimes: field capacity (), gradual suspension of irrigation () and total suspension of irrigation (). Values
are means + SE. Asterisks mean differences (p < 0.05). Values are means + SE. The letters indicate the evaluations where
differences were observed on the same day (Tukey, p < 0.05).
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2004). Once accumulated in the cells, H,O, activates the
passage of calcium channels in vacuole membrane, in-
creasing its concentration in the cytosol (Kohler and
Blatt, 2002), leading thereby to a depolarization of guard
cells, efflux of potassium, loss of turgor and, conse-
quently, closing the stomata (Schroeder et al., 2001).

The activation of enzymes of the antioxidant system
interferes in the levels of some compounds involved these
reactions. The ascorbic acid, besides being a non-enzy-
matic antioxidant, acts as coenzyme of APX and there-
fore its intercellular content can be changed in function
of a stress. The same may occur with dehydroascorbate,
since it is the product of the reaction of this same en-
zyme. Ascorbic acid is an essential component of plant
tissues and has been the focus of numerous studies re-
garding the enzymatic and non-enzymatic oxidation in
biological systems. It serves as an excellent antioxidant
and plays a key role in the H,O, removal by the ascor-
bate/glutathione cycle and produces DHA (Arakawa et
al., 1981). ROS are involved in the oxidation of ascorbic
acid to form dehydroascorbate, which is subsequently
regenerated to ascorbic acid again. Antioxidants such as
ascorbic acid and glutathione, which are found in high
concentrations (5-20 mM and 1-5 mM, respectively) in
chloroplasts and other cellular compartments, are im-
portant for the plants defense against oxidative stress
(Blokhina et al., 2003).
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The activity of superoxide dismutase (SOD) in
plants under GS differed from control FC after 12 days
of stress, remaining constant up to 15 days, when it
started to increase until the end of the experiment (Fig-
ure 4A). This increase occurred just when the water po-
tential fell from -0.7 to -2.5 MPa, approximately (Figure
1) and when stomatal resistance significantly increased
for the evaluation of 5 pm (Figure 2B). For plants kept
under TS, the activity of SOD increased constantly from
the beginning of the experiment until the 15" day com-
paring to the control plants. After 15 d of stress, this in-
crease was higher, coinciding with the values of water
potential considered below the critical threshold (-2.5
MPa), and sudden increases in stomatal resistance and
lipid peroxidation. However, in the period between days
18 and 21, there was a decrease in SOD activity which
coincided with the highest values of lipid peroxidation.

Among the various enzymes involved in the elimi-
nation of ROS, SOD can be considered a key enzyme
and is usually the first line of defense mechanism against
oxidative stress (Gratdo et al., 2005; Pompeu et al., 2008).
Water deficit induced a higher activity of SOD, which
determines the concentration of O, and H,O,, being
central in the defense mechanisms required to prevent
the formation of OH* radical (Yoshimura et al., 2000).
Analysis by non-denaturing PAGE followed by activity
staining, revealed the existence of nine SOD isoenzymes
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Figure 4 - Activity of the enzymes SOD (A), CAT (B), APX (C) and GR (D), in coffee seedlings submitted to three water regimes:
field capacity (—®@—), gradual suspension of irrigation (- -B- -) and total suspension of irrigation (--A--).Values are
means + SE. The letters indicate the evaluations where differences were observed on the same day (Tukey, p < 0.05).
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in coffee cells suspension cultures in response to cadmium
(Gomes-Janior et al., 2006). Therefore, we can not dismiss
the possibility that the increase in SOD activity in re-
sponse to water stress may have occurred due to the ap-
pearance of other forms of isoenzymes. In this case, not
only the variations in activity but also the isoenzymes may
be responsible for the production of excess H,O,.

Although SOD is part of the first line of adjustments
of the tolerance to oxidative stress, its product, H,0,, is
also a ROS as harmful as superoxide. In any case, a
higher protection against oxidative damage may require
a rapid metabolism of H,O, generated by the action of
SOD. Therefore, for the proper functioning of the detoxi-
fication of free radicals, subsequent antioxidant enzymes
in the system, such as catalase (CAT) and the ascorbate
peroxidase (APX), may work in synchrony to remove
H,0, (Gratio et al., 2005; Pompeu et al., 2008). In this
case, CAT (Figure 4B) and APX (Figure 4C) had simi-
lar behavior to SOD for plants under both stressful con-
ditions. For plants under total suspension of irrigation,
a higher activity after the 15" day aws observed, just
when cell damage occurred, as evidenced by lipid
peroxidation. In plants under gradual suspension, the
greatest damage was observed when there was abrupt
decline in water potential between 12 and 21 days.

APX uses ascorbate as the specific electron donor
to reduce H,O, to water, generating
monodehydroascorbate, which in turn needs to be re-
generated again to ascorbate to maintain the antioxidant
system active. For that, other enzymatic reactions are
involved, intermediated by glutathione, which is oxi-
dized (Montillet et al., 2004). The maintenance of the
pool of reduced glutathione for the process depends on
the activity of glutathione reductase (GR). Here, again,
GR activity showed similar pattern to that observed for
other enzymes under study (Figure 4D).

The increase in activity of the enzymes verified in
plants that were under gradual or total suspension of ir-
rigation is due, probably, to the induction of oxidative
stress caused by the water deficiency condition. It is
known that for coffee plants that the water potential of -
2.5 MPa is considered critical (Rena and Maestri, 2000;
Grist et al., 2008).

The capability to maintain, in high levels, the activity
of SOD, CAT and APX, under conditions of environmen-
tal stress, is essential for maintaining the balance between
the formation and the removal of H,O, from the intracel-
lular environment (Zhang and Kirkam, 1996). However,
reduced CAT activity and increased activity of other per-
oxidases indicate that in plants kept under stress condi-
tions, the H,O, generated is preferably consumed in oxi-
dative processes, such as peroxidation of lipids, than elimi-
nated by the metabolism (Cakmak et al., 1993).

The increased production of antioxidants, combined
with the activity of antioxidant enzymes, seems to be
the main strategy to limit lipid peroxidation in plants
(Buege et al., 1978). Thus the action of these enzymes,
in addition to the action of low molecular weight anti-

oxidants such as ascorbate, may, indeed, eliminate,
sweep and immobilize ROS (Gratio et al., 2005). Deuner
et al. (2008) showed that in coffee sprayed with H,O,,
SOD, CAT, APX and GR activities increased to values
above those observed in control plants. Furthermore, af-
ter application of ascorbic acid, SOD remained through-
out the evaluation period with activity close to that ob-
served in control plants.

In the final assessment the activity of all enzymes in
plants under water deficit declined, proportionally to the
level of stress. In the case of plants under TS in the
penultimate evaluation (18 days), the water potential had
exceeded the tolerable value of -2.5 MPa and a higher
level of lipid peroxidation, that was accentuated in the
last day, had already been observed (Figure 3B). For the
plants which the speed of stress was delayed (GS), the
water potential only reached the critical value at 21" day,
and when compared to control differences were ob-
served regarding lipid peroxidation. Therefore, this de-
crease in activity of antioxidative enzymes may be due
to destruction of the cellular membrane system, propor-
tionally to the stress level, represented by the low wa-
ter potential and high concentration of hydrogen perox-
ide, in the penultimate and final assessments of TS and
GS, respectively.

Conclusions

Eight months old plants of Catuai IAC 99 coffee, sub-
jected to the restriction of water in the soil, triggers mecha-
nisms related to stomatal closure and detoxification of free
radicals in order to keep the cellular hydration. Until the
15" and 18" days of moderate and severe stress, respec-
tively, there is an increase in stomatal resistance in re-
sponse to H,O, elevation, which remained at acceptable
levels, counterbalanced by the production of compounds
and synchronized action of antioxidant enzymes. Until
then, there was then an efficient stomatal control, main-
taining a good water status at the expense of the preserva-
tion of the membranes integrity. With the persistence of
stress, there was an imbalance in favor of production and
removal of H,O, until a critical point when the water po-
tential fell to -2.5 MPa was reached. Thereafter, the prior-
ity is the increase in concentrations of H,O,, with its del-
eterious effects on the peroxidation of lipids, leading to
stomata closure, paralyzing the transpiration.
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