SYSTEM DEFENSE OF FORAGE SPECIES SUBMITTED TO LOW TEMPERATURES

Jodo Manetti Filho'; Carolina Maria Gaspar de Oliveira’*; Paulo Henrigue Caramori!; Altamara Viviane de Souza
Sartori’; Getulio Takashi Nagashima?®; Fernando Braz Tangerino Hernandez’

"Volunteer Researcher; Institute of Rural Development - IAPAR-EMATER, IDR-Parand, Londrina, PR, Brazil. E-mail: j.manetti.filho@uol.com.br; pcaramori@gmail.com
2 Researcher, Institute of Rural Development - IAPAR-EMATER, IDR-Parand, Londrina, PR, Brazil. E-mail: carolina@idr.pr.gov.br; gtnagashima@idr.pr.gov.br
¥ Master in Agronomy, Altamara Viviane de Souza Sartori, Institute of Rural Development - IAPAR-EMATER, IDR-Parand, Londrina, PR, Brazil.

E-mail: altamarasartori@gmail.com

* Prof. Doctor UNESP, Campus Ilha Solteira, Ilha Solteira, SP, Brazil. E-mail: fbthtang@agr.feis.unesp.br

*Author for correspondence

ABSTRACT

This work aims to evaluate the enzymatic system defense
of forages exposed to low temperatures. The forage plants
alfalfa, sorghum, black oat, marandu grass, pearl millet,
mombasa grass, and Bermudagrass were subjected to
temperatures of 0.2; -0.9; -1.8; -2.7; -4.1; -4.6 and -6.2 oC
for 1 h in a growth chamber in a completely randomized
design with six replicates. From the crude leaf extracts
were evaluated the enzymes ascorbate peroxidase
(APX), catalase (CAT), and superoxide dismutase (SOD)
activities. Regression analyses compared the treatments.
The biochemical responses of forage species to cold stress
are different. The enzymes APX and SOD would play an
important role in the response to oxidative stress in the
forage species black oat and mombasa. In marandu and
sorghum, SOD was the main cell protector. Pearl millet
had a positive stimulus in CAT, Bermudagrass and alfafa
increase the protein content and respectively SOD and
APX activity.

Keywords: Medicago sativa, Sorghum bicolor, Avena strigosa,
Urochloa brizantha, Pennisetum americanum, Megathyrsus
maximus, Cynodon spp.

INTRODUCTION

Climate is a key driver for all ecological and economic
systems (STEINER et al., 2018), and for forage species, it
is a determinant for plant adaptation and growth throughout
the year. Climatic conditions in the cold season make
it extremely difficult for animals to perform, as forage
plants stop their growth mainly due to low temperatures
and a lower incidence of solar radiation. Added to these
difficult situations, frosts in autumn-winter may destroy the
available forage and consequently cause weight loss in
animals (CANTO et al., 2010).

Cold-tolerant species have several mechanisms that
protect cells from membrane degradation and dehydration.
Among the defense systems, the presence of sugars and
proteins that have cryoprotective action stands out. They
are induced by cold and lower the freezing point of the cell
solution, preventing the formation of ice crystals and the
solidification of membrane lipids (TAIZ & ZEIGER, 2017).

Together, there may be an increase in the activity of
antioxidant enzymes, such as catalase (CAT), peroxidases
(POX), and superoxide dismutase (SOD), which have
the function of eliminating or neutralizing reactive oxygen
species (ROS) accumulated during stress (CAVERZAN
et al., 2012; GUY, 1990; PERL-TREVES & PERL, 2001).
These species mainly include O,, OH, and H,0,, which
affect cellular metabolism through the oxidation of lipid
membranes, proteins, and nucleic acids, in addition to
inhibiting physiological processes such as photosynthesis
and respiration (SCANDALIOS, 2005).
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Thus, the antioxidant system is quite complex,
and the antioxidant capacity is dependent
on the severity of the stress, as well as
the species and its stage of development
(HASANUZZAMAN & FUJITA, 2022). These
enzymesare presentin practically all subcellular
compartments. Usually, an organelle has more
than one enzyme to scavenge a single ROS
(SCANDALIQS, 2005).

Each enzyme will act differently, SOD has
been proposed to be important in plant stress
tolerance and provides the first line of defense
against the toxic effects of elevated levels of
ROS. The SODs remove O, by catalyzing its
dismutation, one O, being reduced to H,O,
and another oxidized to O,. It removes O, and
hence decreases the risk of OH- formation via
the metal-catalyzed Haber-Weiss type reaction.
The upregulation of SODs is implicated in
combating oxidative stress caused by biotic
and abiotic stress and has a critical role in the
survival of plants under environmental stresses
(GILL & TUTEJA, 2010).

The H,0, present in cells, arising from the
dismutation of SOD, is constantly used as
a substrate by the enzyme catalase, which
can degrade H,0, into H,0 and O, quickly,
therefore, it is very important in the antioxidant
system (GARG & MANCHANDA, 2009).

Ascorbate peroxidase (APX) plays the most
essential role in scavenging ROS and protecting
cells. APX has a higher affinity for H,0, than
CAT and peroxidase (POD), and it may have
a more crucial role in the management of
ROS during stress. Enhanced expression of
APX in plants has been demonstrated during
different stress conditions (GILL & TUTEJA,
2010). APX is a key enzyme that is the main
hydrogen peroxide detoxification system in
plant chloroplasts and uses ascorbate acid
as a specific electron donor to reduce H,0O, to
water (CAVERZAN et al., 2012).
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Several studies have demonstrated changes
in the activities of plant antioxidant enzymes
in response to low-temperature stress.
Caverzan et al. (2012) verified the relevance of
studying ROS scavenging enzymes to further
understand the biological process dealing with
oxidative stress responses in plants.

The acquisition of new knowledge through
research on oxidative stress, abiotic stress,
and biotic stress tolerance in plants will aid
us in applying stress-responsive determinants
and engineering plants with enhanced stress
tolerance. Numerous studies have established
a strong correlation between the enhancement
of antioxidant defense and stress tolerance.
However, in the case of forage species,
information  regarding enzymatic  activity
under stress conditions is limited. Therefore,
this study aimed to evaluate the enzymatic
defense system of forages exposed to low
temperatures.

MATERIAL AND METHODS

The experiment was conducted at Instituto
de Desenvolvimento Rural do Parand -
IAPAR-EMATER (IDR-Parana) in Londrina,
Parana, Brazil, in a completely randomized
experimental design, with four replicates,
with the forage species alfalfa (Medicago
sativa), black oat (Avena strigosa), marandu
grass (Urochloa brizantha), Mombasa grass
(Megathyrsus maximus), millet (Pennisetum
americanum), sorghum (Sorghum bicolor) and
Bermudagrass ‘Tifton 85’ (Cynodon spp).

The Bermudagrass ‘Tifton 85 (Cynodon
spp) was propagated from branches with
approximately 20 cm. In contrast, the others
were propagated by seeds in 1000 mL pots that
contained a 2:1 mixture of soil and manure, as
well as 1 kg 4-30-10 (N-P,O.-K O) fertilizer per

27572
m3
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The plants were grown in a greenhouse for two
months, and then four pots of each species
were placed inside a growth chamber (S. S.
Scientific, Londrina-PR) for 24 hours, followed
by exposition to low-temperature stress for one
hour and return to ambient temperature. The
low-temperature treatments were 0.2, -0.9,
-1.8,-2.7,-4.1,-4.6, or -6.2 °C.

After each treatment, the plants were removed
from the chamber and immediately it was
collected leaves samples of approximately 2
g from each pot, which were packed in paper
bags, frozen in liquid nitrogen and stored in an
ultra-freezer at -80 °C until analysis.

Subsequently, 0.250 g of plant material was
macerated in 5 mL of 50 mM potassium
phosphate buffer (pH 7.0) and 4% PVP
(polyvinylpolypyrrolidone), previously cooled,
and centrifuged for 10 min at 785.4 rad sec™ at
4 °C. The supernatant was transferred to 2 mL
Eppendorf’s microtubes and kept in a freezer
at-14 °C until analysis in an Evolution 300 UV-
VIS spectrophotometer to read the reactions.

The crude extracts were subjected to
quantification of total proteins, performed
using the method of Bradford (1976), which
is based on the color change in Coomassie
Brilliant Blue G-250 reagent when bound to the
protein. For this purpose, the calibration curve
of the reagent was used, with bovine serum
albumin (BSA, 0-15 pg pL") as a standard.
The determination of the total protein content
was carried out in triplicate, and the amount
of extract varied depending on the species so
that the value read on the spectrophotometer
remained within the previously established
standard curve. Thus, for the alfalfa, black oat,
and Bermudagrass species, 30 uL was used;
for sorghum 90 uL, and marandu grass, pear
millet, and Mombasa grass 150 pL of leaf
extract. The total protein concentration was
calculated by comparing the sample readings

with those obtained from the standard curve
and expressed as milligrams (mg) of fresh
matter protein™ (MF).

The activity of the enzyme ascorbate peroxidase
(APX) was based on the Peixoto et al. (1999)
methodology with some modifications for the
species. The reaction solution consisted of 50
mM potassium phosphate buffer (pH 7.0), 1
mMH,0,, 0.5 mM ascorbate, and 200 pL of the
plant crude extract. Furthermore, the readings
were performed in a spectrophotometer at
290 nm, after the addition of H,O, in the
buffer containing ascorbate and the enzymatic
extract, every 15 s for 2 min of the reaction.
The activity of the enzyme was calculated
using a molar extinction coefficient of 2.8 mM
cm™. These values were expressed in units of
activity per minute per milligram of fresh matter
(UAmin'. g FM").

The activity of catalase (CAT) was determined
according to the methodology proposed by
Peixoto et al. (1999) with modifications. The
assay began with the addition of 200 pL of the
enzyme extract homogenized with 2.8 mL of 50
mM potassium phosphate buffer (pH 7.0+ 0.1
mM EDTA), containing 15 mM oxygen peroxide
(0.5 M). Specific CAT activity was determined
by following the decrease in absorbance at 240
nm in Kinect mode with eight cycles of 30 s,
using an extinction coefficient of H,0, of 36 M*
cm™. The enzyme activity was expressed in
mmol H,0, min"" mg protein™.

The superoxide dismutase
determined by monitoring the inhibition
of photochemical reduction of nitroblue
tetrazolium (NBT) according to the method of
Giannopolitis and Ries (1977) and modified
by Del Longo et al. (1993). In test tubes
covered with aluminum foil, 2.8 ml of the
reaction solution, composed of 50 mM sodium
phosphate buffer (pH 7.8 + 0.1 mM EDTA),
13 mM methionine, 75 pM NBT, and 2 pM

(SOD) was
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Table 1.

Mean square values (MS)

from analysis of variance and
estimation of coefficients of
variation (CV) for the variables:
Protein content (mg protein.

g of FM) and activity of
catalase - CAT (mmol H,0,.
min.mg protein™), ascorbate
peroxidase - APX (UA.min"'.g

FM) and superoxide dismutase

*

t

4

- SOD (UA.min"".mg protein™)
from plants of forage species
subjected to low-temperature

stress (T).

significant at 5 % of probability
by F test; ns: no significant;
Degrees of freedom of
emperature: 6; CV= Coefficient
of variation.

riboflavin, were added with 200 L of enzyme
extract or extraction buffer (for blanks). The
tubes were uncovered (except the blank for the
dark) and transferred to a chamber illuminated
by fluorescent lamps ref. Commercial Osran
Duluxstar 15W/865, 110-130V and 246 mA.
After 5 min of illumination, the reaction was
completed by turning off the lamps, and the
samples were read in a spectrophotometer at
560 nm. The values were expressed in units
of activity per minute per milligram of protein
(UA.min"".mg protein™"), with one unit of activity
corresponding to 50% of the inhibition of NBT
reduction.

Analysis of variance was used to assess the
effects of the cold-stress treatments, and
when significant differences were detected,
regression analysis was carried out (first and
second degrees) (P < 0.05) using the SISVAR
program, for each species separately.

v.99, n.1, p.1-13, 2024

RESULTS

The low-temperatures tested caused different
responses in the species studied (Table 1), for
the protein content and activity of the enzymes
catalase (CAT), ascorbate peroxidase (APX),
and superoxide dismutase (SOD). This was
already expected, since different plant species
may vary widely in regulating antioxidant
pathways to resist cold stress (LI et al., 2023).

In Alfalfa, there was no statistically significant
difference for SOD (Table 1). The regression
analysis was adjusted to the quadratic model
for the other evaluations (Figure 1), however
for APX the activity decreased until -1.8 °C
and then increased again until the temperature
of -4.6 °C, with values close to the lowest
temperature. There was an increase in protein
content and a decrease in CAT activity with
decreasing temperature, with highly significant
r2 values for these factors, indicating that there
were no outliers (GRACA MARTINS, 2019).

Forage Alfalfa Black oat  Marandu Mombasa Pearl millet  Sorghum Bermudagrass
species grass grass
Total protein
MS-T 7.277* 0.228 0.104* 0.277* 0.054" 0.261* 1.652*
Mean 4.106 3477 1.330 1.052 1.362 1.288 1.678
CV(%) 15.95 24.80 12.69 21.39 30.42 23.16 31.25
APX
MS-T 0.072* 0.100* 0.375* 0.696* 0.040* 0.091* 0.056*
Mean 0.594 0.599 0.690 0.966 0.386 0.401 0.395
CV(%) 25.56 29.40 26.05 34.29 23.63 33.90 28.84
CAT
MS-T 0.0008* 0.0002" 0.0002* 0.0001" 0.0005* 0.0003* 0.0007*
Mean 0.0257 0.0611 0.0296 0.0208 0.0178 0.0174 0.0223
CV(%) 49.36 2491 29.45 50.26 29.91 50.19 51.03
SOD
MS-T 9.77m 163.07™ 3474.1* 26650.8" 1070.5™ 3663.6* 1919.7
Mean 12.964 30.228 62.961 98.944 48.766 69.275 59.666
CV(%) 4713 40.55 34.94 39.84 44.01 46.32 48.52
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Black oats only showed significant statistical differences for the enzymatic activity of APX (Table
1), with a quadratic model adjustment, decreasing to -1.8 °C and increasing to -4.1 °C, with a
value close to 0.2 °C, when it returned decreasing (Figure 2).
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Figure 3.

Total protein (mg protein. g
FM-) and enzyme activity
of catalase - CAT (mmol
H,0,.min"". mg protein™),
ascorbate peroxidase - APX
(UA.min'. g FM"), and
superoxide dismutase - SOD
(UA.min"". mg protein™)

of Marandu grass plants
submitted to cold stress.

In marandu grass, there was a statistically
significant difference between temperatures for
all evaluated parameters (Table 1). The data
on soluble protein content and SOD activity
were adjusted to the linear regression model,
with a tendency for values to decrease with
decreasing temperature. However, for SOD,
marandu plants had a significant increase
in activity at a temperature of -2.7 °C, being
reduced at a temperature of -4.1 °C (Figure 3).
The activity of the CAT and APX enzymes fit
the quadratic model, with CAT activity being
greater at -4.1 °C than at -1.8 °C, but without
differing from the others. As for APX, there was
a reduction in its activity with the decrease in
temperature, with a highly significant r? value
for this factor.
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In Mombasa grass there was no statis-
tically significant difference for CAT
(Table 1). The regression analysis was
adjusted to the quadratic model for the
other evaluations (Figure 4), with tenden-
cy of increase in the protein content with
the decrease in temperature, while the
activity of APX and SOD enzymes were
stimulated under stress conditions up to a
temperature of -1.8°C, and then reduced
with decreasing temperature.

In pearl millet, a significant difference can
only be observed for CAT and APX (Table 1),
and for both, there was an adjustment to the
quadratic model in the regression, with higher
CAT activity at two points, at temperatures -2.7
and - 4.1°C, followed by a rapid decline. APX
showed a reduction in activity with decreasing
temperature, starting from -0.9 °C, with a highly
significant r value for this factor (Figure 5).
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Figure 4.

Total protein (mg protein. g
FM-") and enzyme activity
of catalase - CAT (mmol
H,0,.min"". mg protein”),
ascorbate peroxidase - APX
(UA.min"'.g FM), and
superoxide dismutase - SOD
(UA.min-'.mg protein™’) of
Mombasa grass plants
submitted to cold stress.

Figure 5. Total protein

(mg protein. g FM") and
enzyme activity of catalase
- CAT (mmol H,0,.min"".

mg protein), ascorbate
peroxidase - APX (UA.min"'.
g FM), and superoxide
dismutase - SOD (UA.min‘".
mg protein') of Pearl millet
plants submitted to cold
stress.
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Figure 6. Total protein

(mg protein. g FM") and
enzyme activity of catalase
- CAT (mmol H,0,.min".
mg protein”), ascorbate
peroxidase - APX (UA.min"".
g FM"), and superoxide
dismutase - SOD (UA.min".
mg protein) of Sorghum
plants submitted to cold
stress.

In sorghum, there was a statistically significant
difference between temperatures for all
parameters evaluated (Table 1). The protein
content and activity of the enzymes APX
and SOD were adjusted to the quadratic
model, while CAT was to the linear model by
regression analysis, with a highly significant r?
value for APX (Figure 6).

In terms of protein content, there was a higher
value at temperatures of -2.7 °C, and at other
temperatures values close to the curve. The
CAT and APX enzymes had a decrease in their
activity at low temperatures. In SOD there was
an increase in activity up to a temperature of
-1.8 °C, and after this temperature, there was
a decrease.
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In Bermuda grass, there was no statistically
significant difference for SOD (Table 1), and the
regression analysis adjusted to the quadratic
model for the other evaluations (Figure 7), with
the protein content tending to increase with
decreasing temperature, with the highest value
at -6.2 °C. The activities of the CAT and APX
enzymes tended to decrease in activity with
the reduction in temperature.
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DISCUSSION

The forages that increased protein content as a
response to cold stress were alfalfa, Mombasa
grass, and Bermuda grass. In these species,
this may be a cold tolerance mechanism
(RITONGA & CHEN, 2020), as by increasing
the protein content of the cells, the osmotic
potential of the cytoplasm increases, reducing
the freezing temperature and protecting it
against the harmful effects of the cold (LI et al,
2023; TAIZ & ZEIGER, 2017), and the repair of
denatured proteins as molecular chaperones
(BASHIR et al., 2020).

In these species, the protein content was
higher at a temperature of -6.2 °C, showing
that plants can tolerate low temperatures
without affecting the normal functioning of
the cell since only an undamaged cell would
be capable of synthesizing proteins (TAIZ
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& ZEIGER, 2017), as verified by Chen et al.
(2018) in rice and Ihtisham et al. (2023) in
Bermuda grass fertilized with nitrogen.

There are specific proteins that are activated
by cold-responsive (COR) genes, which are
produced after an induction signal given by low
temperature. These genes are specific to each
species and will act on the expression of other
proteins and bring necessary biochemical
changes (ADHIKARI et al., 2022). For this
reason, in some species, such as black oats,
marandu, millet, and sorghum, there is no
increase in protein content with a decrease in
temperature as other biochemical pathways
are activated. However, one cannot ignore the
fact that stress caused by low temperatures
can result in the formation of ROS, which can
cause cellular damage due to, among other
factors, protein oxidation (HASANUZZAMAN
& FUJITA, 2022).

Figure 7. Total protein

(mg protein. g FM) and
enzyme activity of catalase
- CAT (mmol H,0,.min".
mg protein'), ascorbate
peroxidase - APX (UA.min"'.
g FM"), and superoxide
dismutase - SOD (UA.
min-'. mg protein”) of
Bermudagrass plants
submitted to cold stress.
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Thus, antioxidant enzymes play an important
role in eliminating ROS and reducing oxidized
effects. Among the enzymes studied, it can
be observed that there was a decrease in the
activity of CAT with lowering temperature for
the species alfalfa, sorghum, and Bermuda
grass. According to Hasanuzzaman and Fuijita
(2022), although this enzyme is involved in
the elimination of H,0,, its accumulation is
continuous, and thus the amount of the enzyme
can be quickly reduced in any stress condition.

The reduction in CAT activity caused by the
effect of low temperature was also observed in
Bermuda grass by Fan et al. (2014) and Li et
al. (2023), in cultivars different from those used
in this research. On the contrary, in alfalfa,
Bafeel and Ibrahim (2008), found an increase
in CAT activity, in response to the accumulation
of H,0, promoted by low temperature, and
stated that this is a form of plant protection so
that they can quickly recover from the stress.

Unlike marandu grass, which had an outlier
point at -4.1 °C, for millet, despite the tendency
of the CAT curve to decrease, there was an
increase in activity up to-2.7 °C and then a drop,
indicating that there was an increase in activity
with stress, and consequently a reduction in
the accumulation of ROS (HASANUZZAMAN
& FUJITA, 2022)

In species in which CAT activity did not change
with decreasing temperature, such as black
oat and mombasa, it can be stated that this
enzyme does not play a major role in preventing
oxidative stress caused by cold (RITONGA &
CHEN, 2020). In black oat submitted to drought
stress, Sartori et al. (2021) also observed
that CAT was not activated as a response
mechanism to abiotic stress.

For APX, the increase in enzymatic activity
with a decrease in temperature prevents
H,0, from accumulating and causing cellular
damage, suggesting that this enzyme would
have an important role in the response to

v.99, n.1, p.1-13, 2024

oxidative stress resulting from a decrease in
temperature. In black oats, it was observed that
APX acted as a protective mechanism against
damage caused by cold, but there was no
further enzyme production after a temperature
of -4.1°C, probably due to the rupture of cell
membranes or due to the death of the plant. In
rice, Sato et al. (2011) showed that transgenic
rice plants overexpressing a cytosolic APX 1
gene (OsAPXa) which exhibited higher APX
activity in spikelets than in wild-type (WT)
plants, sustained higher levels of APX activity
under cold stress, resulting in enhanced cold
tolerance at the booting stage.

Alfalfa activated the defense system against
cold stress by increasing the production of
the APX enzyme up to -4.6°C. In studies with
Alfalfa, Krasnuk et al. (1976) observed that at
low temperatures there is an increase in the
activity of dehydrogenase enzymes, in parallel
with the increase in soluble protein content,
suggesting that the increase in activity may
be the result of an increase in the amount of
protein.

The highest CAT value at -4.1 °C in marandu
grass was not enough to protect the plant from
low temperature. According to Omran (1980)
a drop in CAT, with unmodified APX activity,
can lead to an increase in the accumulation
of H,0,, since there was no increase in APX
activity to compensate for the slow removal of
H,0, by CAT. This author also observed this
phenomenon in pumpkin seedlings exposed to

cold stress.

In Mombasa grass, the activity of APX and
SOD was stimulated under stress conditions
up to a temperature of -1.8 °C, indicating
an association action of these enzymes for
plant defense, with a decrease in activity at
temperature -4.1 °C. These results agree with
MacRae and Ferguson (1985) who observed
the APX pathway as an alternative enzyme
system to prevent the accumulation of H,0O,.
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In sorghum, an increase in SOD activity was
noted at -1.8 °C, while in Marandu grass this
increase was at -2.7 °C, and in Tifton SOD
activity increased at -4.1 °C. These are
evidences that in these species this enzyme
was effective in protecting the plant against
the accumulation of ROS at low temperatures,
mainly because at these critical temperatures
the plants had the lowest protein production,
therefore SOD was necessary to eliminate
the ROS produced in excess. Superoxide
dismutase (SOD) is responsible for catalyzing
the dismutation of O,- to oxygen with the
formation of H,0,, and the increase in the
activity of this enzyme is generally related to
high levels of free radicals (BLOKHINA et al.,
2003).

No significant differences were observed for
SOD activity in alfalfa and millet, indicating that
the activity of this enzyme was not inhibited by
low temperature in these species.

The enzymatic response of forages to
stress varied inconsistently with decreasing
temperature. This occurs because stress
alters the balance between the production of
free radicals and enzyme defense reactions
(MAKINEN et al., 2015) and according to
Kratsch and Wise (2000) some plants, by
nature, are more resistant to chilling stress
than others.

Thus, alfalfa increased protein content and
APX activity. In black oat and Mombasa there
was a joint action of APX and SOD up to
-4.1°C and -1.8°C respectively, these being
the most active enzymes in the elimination of
ROS. Marandu grass increased SOD activity
and millet increased CAT activity, both up to
-2.7 °C, to eliminate ROS. Sorghum increased
SOD activity down to -1.8°C. Bermudagrass
increased the protein content to protect cells
against the cold, but as an enzymatic defense,
there was also an increase in SOD activity.

CONCLUSION
The biochemical responses of forage species
to cold stress are different.

Alfalfa increases protein content and APX
activity.

Black oats and Mombasa increase APX and
SOD activity.

Marandu grass and sorghum increase SOD
activity

Pearl millet increases CAT activity.

Bermudagrass increases protein content and
SOD activity.
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