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Abstract

Antioxidant complex enzymes have a significant role in cellular homeostasis control in plants, and they inhibit the toxic
action of reactive oxygen species when they are in excess. There are many antioxidant enzymes executing this role; among
these, superoxide dismutase, catalase, and ascorbate peroxidase are reported as the most studied in this process, as they pre-
vent free radicals from becoming more reactive and toxic to cells. Thus, this research was conducted to evaluate antioxidant
enzyme expression in response to hydric stress at the reproductive stage in upland rice genotypes. Three genotypes from
the upland rice breeding program on agreement between UFLA, EPAMIG, and EMBRAPA, CMG2093, CMG2172, and
BRSMG Relampago, were used as controls. Genotypes were grown under field conditions with supplementary irrigation
during the whole crop cycle, and hydric stress was induced in the reproductive phase before panicle emission. Seedlings
were used in enzyme analyses from the emergence test and IVE on substrate (soil +sand at a 2:1 rate) at 70% and 10% field
capacity. Significant differences were observed among genotypes for vigor tests. In biochemical tests, the CMG2093 geno-
type had lower damage on hydric deficit, with the best performance under hydric restriction conditions, being considered
tolerant for this stress type.
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Introduction

Rice is a food for more than 50% of the world’s population.
According to the FAO (2019), Brazil is a main rice producer
in the world, being the only country out of Asia among the
Communicated by Mian Abdur Rehman Arif. ten highest production countries. Rice is also essential for
combating hunger and is rich in energy and nutrients.

It is a crop with large potential for Brazil, mainly if ana-
lyzed uplands rice, which is little exploited on the country
despite the large area under its cultivation. According to
CONAB (2022), upland rice represents <20% of national
production. However, there is a need for research that
involves savannah-adapted cultivar exploitation, as rice is
a crop with high water absorption needs, and regions where
upland rice cultivation fields have drought periods, which
may result in low productivity in relation to irrigated rice
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development. Fields with drought incidence produce seeds
with lower quality and quantity once water deficit has a
direct effect on reserve accumulation and no pollination
process (Taiz and Zeiger 2013; You and Chan 2015).

The damage caused in culture is caused by an increase
in reactive oxygen species (ROS) in plants, resulting in
an imbalance in metabolic activities and oxidative stress
(Sies and Cadenas 1985). Research has shown that due
to an increase in water stress, plants tend to increase ROS
production due to changes in metabolism caused by water
restriction (Asada 2006; Jaleel et al. 2009; Czarnocka and
Karpinski 2018). However, these substances are natural for
any aerobic organism and have many metabolic roles (Basra
et al. 2006; Czarnocka and Karpiniski 2018). Antioxidant
complex enzymes are responsible for maintaining balance
and avoiding the oxidative activity of those molecules; in
general, those enzymes can transform free radicals into non-
toxic products.

The antioxidant complex is composed mainly of the
enzymes superoxide dismutase (SOD) and catalase (CAT)
and peroxidases such as ascorbate peroxidase (APX). SOD
is the first defense against ROS by dismutation of superoxide
radicals to hydrogen peroxide, which is a less toxic molecule
(Fridavich 1995). Catalase is the main enzyme responsible
for neutralizing hydrogen peroxide when it is in excess in
cell compartments (Sharma et al. 2012). APX enzymes
are more efficient at ROS removal, with high affinity for
molecules in many cell compartments (Wang et al. 1999).
Many studies have reported a correlation between enzyme
activity and hydric stress in rice plants (Mittler et al. 2004;
Zandalinas et al. 2018). Thus, this research was carried out
to evaluate enzymes from the antioxidant complex in rela-
tion to the response to hydric stress during the reproductive
phase in upland rice genotypes.

Materials and methods

We used seeds from the upland rice breeding program from
the agreement between the Federal University of Lavras,
EPAMIG, and EMBRAPA Rice and Bean. Seeds from har-
vest 2018/19 produced at Porangatu, Goias, Brazil, were
used. We used three lineages: BRSMG Relampago as the
hydric stress tolerant (witness) (De Castro et al. 2014) and
lineages CMG2172 and CMG2093. Those seeds were pro-
duced under two conditions, the first with irrigation fields
and the second on fields with no irrigation, resulting in two
samples for each lineage: irrigated (irrigated fields) and non-
irrigated (nonirrigated fields).

After seed receipt, we measured the water content accord-
ing to the method suggested by Brasil (2009). We used
duplicates for each genotype, with 25 seeds each, placed in
an oven with forced air circulation at 105 °C for 24 h.
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For the emergence test, we used four replicates of 25
seeds each on acrylic trays filled with substrate (soil + sand
at a 2:1 ratio) moistened under two water restriction condi-
tions: 10 and 70% field capacity. Trays were kept in a plant
growing chamber at a constant temperature of 25 °C with
daily irrigation aiming to maintain water retention according
to tray weight every 24 h. Fourteen days after sowing, we
measured seedling emergence (hypocotyl totally emerged
from substrate). The results are expressed as percentages.
The emergence speed index was measured by daily counting
after daily emergence counting, and the index was calculated
according to the method proposed by Maguire (1962).

Biochemical analyses were carried out by using dry seeds
(before germination tests) and seedlings from emergence
tests. The samples were kept in a deep freezer (— 80 °C)
until the test procedures were performed according to the
following method. We measured SOD (EC 1.15.1.1), CAT
(E.C. 1.11.1.6), and POX (EC. 1.11.1.7) through electro-
phoresis. Enzyme extracts were obtained by homogenizing
100 mg macerated samples on 250 uL buffer (0.2 M Tris
HCI pH 8.0; 0.1% beta-mercaptoethanol). The solution was
homogenized on a vortex and kept for 12 h in a refrigerator,
followed by centrifugation at 14,000 rpm for 30 min at 4 °C.

Electrophoresis was executed in discontinuous acryla-
mide gels at 7.5% (separator) and 4.5% (concentrator). The
system gel/electrode was Tris—glycine pH 8.9. We applied 60
uL of extract to a gel, and electrophoresis was carried out at
120 V for 5 h under refrigeration at 4 °C. After processing,
gels were revealed according to Alfenas (2006). For each
enzyme, we used three gels, representing biological repli-
cates. Each replicate was used for visual analysis of band
intensity using ImageJ® software at mm? units.

The total protein concentration was determined by using
the Coomassie Brilliant Blue link method proposed by
Bradford (1976), using bovine serum albumin (BSA) as
the standard and a wavelength of 595 mm. Aliquots were
added to 1 mL of Bradford reagent, mixed by vortexing, and
reacted for 15 min.

Lipidic peroxidation was carried out by malondialde-
hyde (MDA) produced by an extract reaction with thiobar-
bituric acid (TBA) according to Dhindsa et al. (1981), with
adaptations. A sample was macerated and homogenized
with 1.25 mL of trichloroacetic acid (0.1%) and 1% sodium
dodecyl sulfate (SDS). The homogenate was centrifuged at
12,000 rpm for 15 min. An aliquot of 300 pL of supernatant
was mixed with 1 mL of 20% trichloroacetic acid and trans-
ferred to a recipient with 0.5% thiobarbituric acid. The mix
was heated at 95 °C for 30 min and placed on fast cooling in
an ice bath. Absorbance was measured at 532 nm, and MDA
concentration was calculated using an extinction coefficient
of 155 mM ! cm™! (Buege and Aust 1978).

For antioxidant system enzyme measurement, 200 mg
samples were macerated in liquid nitrogen and homogenized
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in 1.5 mL of extraction buffer [100 mM potassium phos-
phate, 0.1 mM EDTA, 10 mM ascorbic acid]. Samples were
homogenized and centrifuged at 13,000 rpm for 30 min at
4 °C, and the supernatant was collected for enzymatic activ-
ity analyses (Biemelt et al. 1998).

SOD was determined by measuring the ability to inhibit
the photochemical reduction of nitro blue tetrazolium
(NBT), as proposed by Giannopolitis and Ries (Giannopolits
and Ries 1977a, b). Samples were added to a mix composed
of 50 nM potassium phosphate, 13 mM methionine, 0.1 pM
EDTA, 75 uM NBT, and 2 pM riboflavin. Samples and con-
trol (mix + water instead of extracts) were kept on 20 W fluo-
rescent light at room temperature for 7 min. The absorbance
at 560 nm was measured. Each SOD unit is defined by the
enzyme necessary to inhibit 50% of NBT reduction.

CAT activity was determined by the decrease in hydro-
gen peroxide concentration measured by a 240 nM absorb-
ance decrease. For this, 9 uL of samples (or water instead
of those) was applied in previously heated at 30 °C reaction
buffer [100 mM potassium phosphate], and 9 pL hydrogen
peroxide (12.5 mM) was applied. Absorbance was measured
at 240 nm every 15 s for 3 min (Havir and McHale 1987).
CAT activity is defined by the amount of enzyme necessary
to decompose 1 umol/min of H,O,.

APX was determined by reduction of ascorbate absorb-
ance at 290 nm every 15 s for 3 min according to Nakano
and Asada (1981). For this, 9 uL of extract (or water on

witness) was added to 162 uL of reaction buffer [100 mM
potassium phosphate pH 7.0+ 0.5 mM ascorbic acid] previ-
ously heated at 30 °C. To the mixed sample + reaction buffer,
9 uL hydrogen peroxide (2 mM) was added. The absorbance
was measured on ELISA equipment.

For emergence and IVE tests, we used a completely ran-
dom design on a factorial scheme or 3 (lineages) X 4 (water
conditions, i.e., 2 field capacities combined with 2 irriga-
tion schemes). The results were analyzed through ANOVA,
and if observed differences among treatments were analyzed
with the F test, averages were compared through Tukey’s test
at 5% probability. All analyses were executed in R for Win-
dows software (R Core Team 2021). For biochemical tests,
we used averages among biological replicates and standard
deviations.

Results

Both selected genotypes for molecular analysis were submit-
ted to emergence percentage and speed (ESI) in simulated
environments with optimal 70% of field capacity and one
with water restriction (10% of field capacity). For the emer-
gence test (Table 1), independent of the imposed conditions,
CMG2093 was superior to CMG2172 and was not signifi-
cantly different from BRMG Relampago. Thus, CMG2093,

Table 1 Emergence percentage and speed index of three phenotypes rice seeds produces under different field conditions

Cultivar Seedling emergence (%)
Field capacity
70 10 Average
Irrigated Not irrigated Irrigated Not irrigated
CMG2172 72 Ba 70 Ba 65 Ba 67 Ba 69 B
BRSMG Relampago 91 Abas 82 ABb 96 Aa 82 ABb 88 A
CMG2093 93 Aa 93 Aa 85 Aa 97 Aa 92 A
Average 84 a 82a
Variation coefficient 13,72
Cultivar Emergence speed index (ESI)
Field capacity
70 10 Average
Irrigated Not irrigated Irrigated Not irrigated
CMG2172 3,138 Ba 2,992 Ba 1,262 Ba 1,357 Aa 2,19B
BRSMG Relampago 3,887 Aa 3,392 ABa 2,050 Aa 1,580 Aa 2,73 A
CMG2093 4,138 Aa 4,053 Aa 1,767 ABa 1,950 Aa 298 A
Average 3,600 a 1,661 b
Variation coefficient 15,46

Averages followed by same letter, lowercase on lines and uppercase on columns are not significantly different according to Tukey’s test at 5%

probability
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in addition to having more vigorous seeds, was able to
develop better hydric deficit conditions.

The ESI results corroborate those from the emergence at
70% soil field retention capacity, which leads to the conclu-
sion that, under ideal conditions, CMG2093 is superior to
CMG2172 and is not different when compared to witness in
both seed production environments: with and without irri-
gation. However, under water restriction conditions at 10%
field capacity, lineages CMG2093 and CMG2172 were not
significantly different independently of the seed production
environment, being superior to CMG2172 only for seeds
produced on irrigated fields (Table 1).

We found higher amounts of protein content in seeds,
independent of the cultivar and condition, than in seedlings
at both 70% and 10% field capacity. On seeds, independent
of the condition imposed, CMG2172 was the cultivar with
higher amounts of protein (Fig. 1) compared to the others.
As seedlings were observed, CMG2172 had superior val-
ues for protein content compared to the others at 70% field
capacity. However, at 10% field capacity, CMG2172 and
CMG?2093 had increases in those values (Fig. 1).

The results for hydrogen peroxide content are shown in
Fig. 2. In this analysis, we found that higher values were
observed on seedlings, independent of the condition, than
on seeds. On seeds, higher values of H,O, were found for
CMG2093 than for the other cultivars as seedlings were
irrigated, and under irrigation, BRSMG Relampago had
a higher content of hydrogen peroxide (Fig. 2). Similarly,
under 70% field capacity, BRSMG Relampago under
both conditions (irrigated and not) had a higher content,
with CMG2172 being statistically similar if not irrigated
(Fig. 2). It must be mentioned that under 70% field capacity,
higher values of H,0, were found. Additionally, little or no

—
(¥}
1

Fig. 1 Total protein on rice
seeds and seedlings, produced
with and without irrigation and

seedlings produced from these 10
production systems, at condi-

tions of 70 and 10% field capac- 8 T
ity for cultivars CMG2172,

BRSMG Relampago and 6 +

CMG2093. On X axis, “seeds”
refers to the enzyme activity
for seeds before emergence
tests, and 70% and 10% refer to
seedlings growing under these
field capacity

protein (mg! resulted from initial fresh weigh)

Irrigated

Seed
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Not-irrigated

differences among cultivars and conditions were found under
10% field capacity (Fig. 2).

Lipid peroxidation was measured through the content
of MDA in seeds and seedlings, and we found that higher
contents were found in seeds and seedlings of BRSMG
Relampago under most conditions (Fig. 3). On the other
hand, CMG2172 was the cultivar with lower values of seeds
and seedlings over 70% field capacity; however, this cultivar
produced higher values of MDA under 10% field capacity.

Regarding SOD activity (Fig. 4), lower concentrations of
this enzyme were found in seeds of CMG2172, the cultivar
with lower values for both conditions of field production.
Under ideal cultivation conditions, such as 70% field capac-
ity, the produced seedlings had comparable results for both
seeds from irrigated and nonirrigated fields. CMG2093 had
superior activity on both comparatives regarding the con-
trasting material.

Comparing the environments, we observed a decrease in
activity in both genotypes, as seen in seeds from fields with-
out irrigation that developed into seedlings with lower SOD
activity. For seedlings developed at 10% field capacity, under
both conditions of an environment with irrigation, lineages
CMG2172 and CMG2093 were superior to the witness, and
for an environment without irrigation, the witness and geno-
type CMG2093 had higher concentrations.

The three genotypes showed a balance in APX (Fig. 5)
under irrigated field conditions, which indicates that, under
ideal developing conditions, seeds from these lineages have
similar responses regarding APX enzyme activity. When
genotypes from production fields irrigated or not were
analyzed, a stress incidence could be found once cultivar
CMG2093 had higher activity compared to the others, inde-
pendent of the evaluated material.

Not-irrigated

Irrigated

Irrigated Not-irrigated

70% 10%
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Fig.2 H,-O, in rice seeds and 0.25 1
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The results for APX corroborate those for CAT (Fig. 6)
observed in this research; a higher presence of one was effi-
cient in dismantling the hydrogen peroxide produced, which
resulted in lower CAT activity for the studied genotypes.

By observing the results obtained by the genotypes for
CAT and Fig. 7, we found a balance in dry seeds for pro-
duction fields with or without irrigation, showing that seed
formation and stress induction were insufficient to cause a

10%

difference in genotype composition. It is possible to see by
analyzing seedlings from the emergence test at 70% field
capacity, which had more CAT activity for CMG2172 and
lower for CMG2093. Once both cultivars were sown under
ideal water conditions, this difference between the geno-
types can be attributed to the lower physiological quality
of CMG2172, which had lower performance in vigor tests
than the other genotypes, probably because the seeds were
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Fig.4 Superoxide dismutase 120 1
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in an intense deterioration process, resulting in higher
ROS production and consequently higher CAT expression.

We could not detect this enzyme in dry seeds (Fig. 8);
similarly, the absence of these enzymes could not be
observed in rice through electrophoresis. Regarding seed-
lings produced at 70% field capacity, we observed higher
expression for both fields in CMG2172, as observed for
CAT. Considering the results for emergence percent-
age and speed, this difference between genotypes can be
justified due to CMG2172 physiological quality, which
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resulted in higher enzyme expression aiming to mitigate
ROS-caused damage (Fig. 8).

Regarding POX, in seedlings, the results of the emer-
gence test at 10% field capacity were not different from those
of the field with irrigation. However, seedlings from both
fields, CMG2172, had higher expression, corroborating the
result observed for SOD. Thus, CMG2172 is more sensi-
tive to hydric stress incidence than the other cultivars in
terms of both seed production and germination. POX is an
enzyme with higher affinity to hydrogen peroxide, with an
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essential role in precocious detoxication due to radical accu-
mulation; thus, as CMG2172 has lower physiological quality
considering emergence tests, higher peroxidase synthesis is
a response to higher cell membrane damage, as could be
observed by higher MDA production.

Discussion

As the population increases, the demand for food produc-
tion, such as rice, follows. Thus, breeding has contributed
to improving rice production. Additionally, together with
breeding, the expansion of production areas increases;
however, as with any crop, rice is cultivated worldwide and
sometimes out of its center of origin (Bernier et al. 2008).
As breeding has evolved, new cultivars are produced, and
upland rice has been researched due to its potential for pro-
duction under lower water availability compared to other
crops. Thus, there are a considerable number of studies on
new cultivars and their tolerance to drought. However, as
rice breeding continues to generate new cultivars, their phys-
iological characteristics must be tested, including drought
tolerance.

According to Guedes et al. (2011), the use of emergence
percentage and speed tests are important tools for seed vigor
inference once they simulate field conditions. Additionally,
as mentioned by Marcos-Filho (2015) and Nakagawa (1999),
vigorous seeds tend to develop faster and have increased
production. As described by de Castro et al. (2014), BRS
Relampago is a cultivar reported as drought tolerant, being
a model of comparison for the results from CMG2093 and

CMG2172, which, according to our results on germination,
had distinct values.

In our results, CMG2093 germinated at a statistically
similar rate to BRS Relampago, and both cultivars were
superior to CMG2172, highlighting the differences among
tolerant and nontolerant cultivars. Although BRS Relam-
pago is drought tolerant, the production of this cultivar was
reported to be lower than that of CMG2093 and CMG2172
(Castro et al. 2019). This indicates that both cultivars are
of interest if production is considered; however, the envi-
ronmental conditions must be taken into consideration once
CMG2172 does not tolerate drought.

Among the factors of importance for drought tolerance,
the antioxidant system must be considered one of the most
important. Under stress, the accumulation of reactive oxygen
species (ROS) increases, and these ROS are toxic, resulting
in damage to the cell structure and DNA molecule radicals
(You and Chan 2015; Soares et al. 2019). In this case, a vig-
orous seed may be able to express and maintain the antioxi-
dant system in response to stress (Atique-ur-Rehman et al.
2020; Zhu et al. 2020a).

The understanding of the mechanisms linked to stress tol-
erance, such as drought, has been carried out in many studies
(Wang et al. 2003; Munns et al. 2010; Blum 2011; de Abreu
et al. 2014; Bakhsh and Hussain 2015). The understand-
ing of enzymatic parameters and their differences among
cultivars may be of interest in the search for faster and more
accurate methods to identify cultivars regarding stress toler-
ance (Catdo et al. 2014, 2016; Oliveira et al. 2021; Wei et al.
2021). The use of antioxidant system enzymes stands among
those methods, as reported by Cavasin et al. (2023).
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Irrigated
Seed

Fig.7 Isoenzymatic pattern for (A) and activity quantification (B)
catalase on rice seeds and seedlings produced under hydric stress and
seedlings under two irrigation conditions. On X axis, “seeds” refers

In our results, independent of field conditions, CMG2172
had higher protein values than the other cultivars, highlight-
ing that those differences may be found even on the same
crop and not only on different species. As we compared the
results on germination, we observed that this cultivar had
lower vigor than the others, indicating that higher protein
content may be related to seed vigor (Chen et al. 2017;
Abdul-Baki 2022). This clue is highlighted, as we observed
that both CMG2172 and CMG2093 seedlings under 10%
field capacity had lower vigor and higher protein content,
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while BRS Relampago, a tolerant cultivar, had superior
vigor and lower protein content. Sharma and Dubey (2012)
reported these differences among cultivars, which may lead
to the conclusion that protein content may be a marker for
seed vigor and drought tolerance.

Under stress conditions, H,O, may accumulate in cells,
causing damage to their structure (Jaleel et al. 2009), as well
as MDA content, which is the final product of lipid peroxi-
dation, both resulting from oxidative stress (Waszczak et al.
2018). However, lipid peroxidation and H,0, content could
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Fig.8 Isoenzymatic pattern (A) and activity quantification (B) for
peroxidase enzyme on rice seeds and seedlings produced under
hydric stress and seedlings under two irrigation conditions. On X

not be correlated with vigor results for cultivars and condi-
tions of our experiments. Li et al. (2018) reported similar
results, as MDA and H,0, may be related to other factors,
and the low content may be linked to higher expression of
lipoxygenase enzyme production. It is important to highlight
that H,0O, cannot be considered a “villain” to plant physiol-
ogy. Low amounts of this molecule function in plant signal-
ing, activating metabolism and seed germination (Waszczak
et al. 2018; Kerchev and Van Breusegem 2022).

As CMG2172 was observed to have lower vigor, lower
SOD activity was also observed compared to CMG2093
for both parameters. Higher SOD values for CMG2172 and

B

axis, “seeds” refers to the enzyme activity for seeds before emergence
tests, and 70% and 10% refer to seedlings growing under these field
capacity

CMG2093 were found compared to BRS Relampago. Inter-
estingly, as observed in our results, lower SOD activity was
found under extreme (10% field capacity) conditions, which
does not corroborate results from other research, such as
Sahitya et al. (2018). It is important to note that SOD, as an
antioxidant enzyme, is considered a marker for stress toler-
ance, which usually increases under these conditions (Saibi
and Brini 2018; Berwal and Ram 2019).

A correlation between SOD enzyme activity and geno-
type ability to develop and establish under water deficit con-
ditions was observed. Once in the vigor tests, material with
higher values for emergence speed and percentage had SOD

@ Springer
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enzyme activity under either ideal or water restriction con-
ditions. Seedlings with higher SOD activity had higher cell
protection (Mullineaux and Rausch 2005); once this enzyme
is the first way to control the damage caused by free radicals,
it has a role in initiating detoxification by reducing superox-
ide radicals on hydrogen peroxide (Das and Roychoudhury
2014). Thus, SOD activity in seedlings under water deficit
conditions is a positive signal regarding the plant’s ability to
tolerate environmental adversity; once at low levels, super-
oxide radicals result in less cell oxidative damage due to
their lower toxicity compared to hydrogen peroxide (Li et al.
2013). The results from this research corroborate those of
et al. (2020), who observed higher development and growth
in rice seedlings with higher SOD activity.

Following the route started by SOD in the antioxidant
system, APX and CAT act by converting H,0O, into water
and oxygen (Garcia-Caparrds et al. 2021). We found that
both enzymes follow the same pattern of results, suggest-
ing that both can be correlated in between and with SOD
results. CAT is an intracellular enzyme that acts by trans-
forming H,0, into a nonreactive substance and is essential
to reduce damage caused by oxidative stress (Marques et al.
2019). An increase in CAT expression in vigorous seeds
indicates better performance of the antioxidant system (Lac-
erda et al. 2003). For other crops, this increase was observed
on induced hydric restriction, as observed by Hendges et al.
(2015) for corn and Bortolin et al. (2020).

Higher expression of CAT was observed in seed-
lings from the emergence test at 10% field capacity when
CMG2093 and witness were analyzed compared to seedlings
at sowing conditions with controlled moisture (70% field
capacity), while CMG2172 was not different, evidencing
the same expression standard. This increase in hydric stress
conditions on CMG2093 can be seen as a positive signal
once at this point, due to cellular metabolism changes, is for
adaptation to dry conditions. CAT activity is necessary to
avoid damage due to ROS accumulation, and if compared
to 10% field capacity conditions, CMG2093 was superior
to CMG2172, reforming the theory that this increase was
enough to maintain seed quality for these genotypes. Addi-
tionally, MDA decreased in CMG2093 and BRSMG Relam-
pago but increased in CMG2093.

CAT and APX are enzymes responsible for detoxifying
the excess hydrogen peroxide produced in cells; they are
found in different isoforms and have a role in transforming
H,0, into water and molecular O, (Sharma et al. 2012).
Thus, by observing the results obtained for the genotypes
for catalase, we found a balance in dry seeds for production
fields with or without irrigation, showing that seed forma-
tion and stress induction were insufficient to cause a dif-
ference in genotype composition. It is possible to see by
analyzing seedlings from the emergence test at 70% field
capacity, which had more CAT activity for CMG2172 and
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lower for CMG2093. Once both cultivars were sown under
ideal water conditions, this difference between the geno-
types can be attributed to the lower physiological quality
of CMG2172, which had lower performance in vigor tests
than the other genotypes, probably because the seeds were
in an intense deterioration process, resulting in higher ROS
production and consequently higher CAT expression.

POX is essential for ROS detoxication, has a high affin-
ity for H,0,, and is widely distributed in cells (Wang et al.
1999). Its expression varies according to tissue and develop-
mental stage, and its presence varies according to vegetative
growth (Vieira et al. 2008; de Tunes et al. 2014). Sohag et al.
(2020) found that rice seedlings under water deficit with
high APX activity had higher tolerance to induced stress.
This higher APX activity in seedlings suggests a signal of
tolerance to water deficit once H,0O, accumulation in dif-
ferent cell compartments creates a stress defense barrier,
avoiding oxidative damage to fundamental organelles such
as chloroplasts (Zhang et al. 2013).

D’arcy-Lamenta et al. (2006) also found this relation-
ship in cowpea leaves, observing higher expression of APX
genes aiming to mitigate hydric restriction effects. Similarly,
the same results were observed in rye seeds under water
restriction (Ped¢6 et al. 2016), in which an increase in per-
oxidases was related to low seed vigor, corroborating the
results observed here. POX expression is related to water
retention capacity by leaves (Mercado et al. 2004), which
can justify the lower expression on CMG2093 once it had
less aerial part development. The same results were found
by Zhu et al. (2020b) on cassava seedlings under different
hydric conditions, in which seedlings with lower decreases
in POX activity were those with less water on the aerial part.

By analyzing CAT and POX expression in both geno-
types for emergence tests together with hydrogen peroxide
and MDA quantification, we observed a decrease in per-
oxidases under hydric deficit conditions, resulting in an
increase in CAT expression for the genotypes with higher
vigor (CMG2093 and BRSMG Relampago). This increase
was enough to reduce H,0, at the membrane level, which
was not observed for CMG2172, which maintained the per-
oxide concentration and increased MDA at 10% field capac-
ity. The same results were found by Wang et al. (2018), who
observed higher lipid peroxidation in seeds with higher
deterioration due to lower antioxidant complex enzyme
efficiency.

This relationship between CAT and a decrease in MDA
was observed by Refli (2016) in rice seeds under hydric
stress. Authors reported that higher enzyme expression and
lower lipid peroxidation is due CAT origin place is peroxi-
somes and the negative relation between this enzyme and
POX is natural.

Antioxidant complex enzymes are extremely important
for the control of free radicals naturally produced in living
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organisms and become more relevant under extreme envi-
ronmental conditions because they can detoxify ROS pro-
duced in plants (Jaleel et al. 2009). The correlation among
the results on enzymatic parameters to vigor tests indicates
that antioxidant system enzymes can be used as markers to
indicate higher or lesser drought tolerance in rice, as was
reported as interesting in another study (Vieira et al. 2008;
Cavasin et al. 2023).

In conclusion, we observed lower damage by hydric stress
in CMG2093, which resulted in its higher performance
under stress. Finally, as distinct results on enzymatic activ-
ity could be found in cultivars, it is possible that antioxidant
system activity may be used as a marker for rice drought
tolerance.
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