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Abstract

Frost causes frequent damage to pasture and limits continuous foraging under field conditions in many regions. Histological
sections of plant tissues after a cold can provide important information to confirm the temperatures at which tissue death
begins. This study was aimed to analyze anatomical alterations that may occur in forage leaves submitted to freezing
temperatures in a controlled environment. The studied species were sorghum (Sorghum bicolor (L.) Moench.), Marandu
(Brachiaria brizantha cv. Marandu), Millet (Pennisetum glaucum (L.) R. Br.). The plants were grown in a greenhouse for two
months and then exposed in a growth chamber to temperatures of: 0.2 (control), -2.7 and -4.1°C. After the cold exposure, leaf
tissue samples were sampled to measure the thickness of the cells in the adaxial and abaxial epidermis, bulliform cells,
radiated parenchyma, and total leaf thickness. The results indicated a positive relation between freezing-temperature and a
decreased thickness of the analyzed tissues. In crux, thickness of lower leaf epidermis under freezing temperatures was
distinctly different among the investigated forage species, and was taken as a criterion to identify cold tolerance in these

species. © 2023 Friends Science Publishers
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Introduction

One of the pillars of the Brazilian economy is the
production of beef cattle, being the second most-produced
commodity in the country in the years 2020 and 2021 (CNA
2021). This is a reflection of the fertile large area and
favorable climate for the production of forage used for
pasture. A good performance of the pasture is due to genetic
quality of the forage (Van Soest 1994) and soil
characteristics, water availability, luminosity, slope of the
environment and temperature (Primavesi et al. 2001; Santos
et al. 2003).

Temperature determines the different plant species
distribution around the Earth (Alcantara et al. 1993).
Therefore, climate and environment adapted plants can
increase forage productivity (Roitsch et al. 2022). Species
that are not adapted to freezing conditions do not have
acclimation strategies, which makes them very vulnerable.
On the other hand, species native to temperate zone regions
have adaptation and physiological mechanisms that permit
them to survive cold.

The survival of plants at low temperatures depends
mainly on maintaining the integrity and fluidity of cell
membranes (Levitt 1980; Steponkus 1984). With freezing,

water moves from the interior of the cell to the intercellular
spaces, causing cell dehydration (Steponkus 1984,
Thomashow 1999). Low temperatures also form reactive
oxygen species (ROS) inside cells, which causes instability
and ruptures in cell membranes (Augustyniak et al. 2020).
Thus, physiological and anatomical changes in the plant
body allow it to survive in environments with temperatures
close to freezing water.

Low temperatures accumulate ROS in the cells of the
roots of Cucumis sativus, preventing the absorption and
transport of water and causing visible drought stress in the
leaves of the species (Lee et al. 2004). At low temperatures,
there is also a decrease in stomatal conductance in the leaves
of Zea mays, which decreases water transport inside the
plant body (Melkonian et al. 2004). Thus, the main
symptoms we see in plants that are not resistant to cold is
the dehydration of leaf cells, caused by the cell membrane
destruction and leakage of the internal content or by the
reduction of the water supply from the roots to the leaves.

Plants originating from environments with low
temperatures have distinct survival mechanisms for this
condition. These plants express many genes that change the
physiology and biomechanics of cells, including changes in
the structure and composition of cell membranes and
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accumulation of macromolecules that prevent ice formation
(Thomashow 1999; Miura and Furumoto 2013; Rihan et al.
2017). These plants may exhibit anatomical and
physiological differences to increase survival rates. Species
found in cold environments have smaller diameter
conducting vessels and greater parenchymal tissue (Dolezal
et al. 2019). Leaves of Solanum sp. resistant to freezing had
a thicker leaf containing smaller cells and a greater amount
of leaf parenchyma (Dickison 2000). This production of
parenchymal tissue is related to the tendency to store
macromolecules with the potential to prevent or mitigate
cellular damage caused by freezing.

Cold tolerance is directly linked to the accumulation of
sugars and starch in the leaves, stating that the greater the
amount of these molecules, the greater the tolerance to
freezing (Sasaki et al. 1996). A higher concentration of non-
structural carbohydrates in the leaves of Arabdopsis
thaliana increased the survival rate of the species in
environments with temperatures below 0°C, showing a
lower rate of cell lysis and less loss of osmotic rate in leaf
cells (Uemura and Steponkus 2003). Plants with less
available water had more soluble sugars, show increased
low-temperature tolerance (Xu et al. 2020). So the
accumulation of macromolecules inside the leaf cells seems
to increase the cold tolerance, preserving the leaf cells and
preventing the loss of photosynthetic capacity.

Evaluating foliar structures submitted to low
temperatures can contribute to species selection processes
and enabling better tolerance to extreme thermal
environments. Histology makes it possible to visualize the
damage caused by cold in the morphological and anatomical
structures in plants. This knowledge is fundamental to
determine which structures were affected and the cell death
mechanisms in order to find out improvement strategies
aiming to increase cold tolerance in tolerant species. Hence,
this study was aimed to analyze the anatomical changes in
leaf cells on forages that may occur when submitted to
freezing temperatures in a controlled environment.

Materials and Methods
Experimental design

A completely randomized design with five repetitions was
used in this study. The treatments were formed by the forage
species:  Sorghum bicolor (L.) Moench, Brachiaria
brizantha cv. Marandu, Pennisetum glaucum (L.) R. Br. All
the species were sown in pots of 1 dm® volume with a two-
part soil substrate; one-part cattle shed tanned manure and 1
kg m of NPK 4-30-10.

The plants were grown in a greenhouse for a period of
two months. After that, they were transferred to a plant
growing chamber with controlled temperature and light
conditions, where they were cooled progressively until they
were subjected to the temperatures of 0.2 (control), -2.7 and
-4.1°C, kept for one hour at each temperature and then

returned gradually to ambient temperature. This one-hour
period is a simulation of frost events, which are frequent in
the study region.

Plant material and anatomical analysis

After treatments were applied, five leaves of each plant
were sampled with approximately 10 mm. The plant
material was fixed in a solution of formaldehyde, acetic acid
and alcohol 50% (Johansen 1940). The leaves were
dehydrated in ethyl alcohol grades, included in hydroxyl-
ethyl methacrylate (Leica Historesin) and the blocks
obtained were sectioned with 8 to 10 pum thick using a
rotary microtome. The material was stained with 0.05%
toluidine blue O (TBO) solution prepared in phosphate
buffer and citric acid, pH 4.5 (Sakai 1973) and the slides
were mounted in synthetic resin “Entellan®””.

Ten measurements were made of each leaf structure to
find out if there was any influence of temperature on leaf
structures. The biometrics was performed for the thickness
of the adaxial and abaxial epidermis, radiated parenchyma,
bulliform cells and the leaf total thickness using the
software Image J (Schneider et al. 2012).

Data analysis

The obtained data were evaluated using R software version
4.1.3 (R Core Team 2022) with R Studio interface. For non-
parametric data, we used Kruskal-Wallis test and Wilcox
test for peer-to-peer comparison. For parametric data with
normal distribution, we analyzed ANOVA and peer-to-peer
comparison using Tukey test. Pearson's correlation was also
drawn to evaluate the anatomic leaves modifications in
response to treatments. All the differences were considered
significant at p < 0.05.

Results

Data revealed that the thickness of the analyzed tissues
decreased significantly at the lower temperatures, and
sometimes tissues were damaged by intense stress (Table 1;
Fig. 1). The data did not present normal distribution, being
analyzed with Kruskal Wallis, where it was evidenced that
the epidermis (adaxial and abaxial) differed between
treatments (P < 0.01), as well as the thickness of the leaves
(P < 0.01). The size of bulliform cells also differed
significantly between treatments (P < 0.01) as well as the
radial mesophyll of forage species (P < 0.01). Wilcox test
verified the significant differences among treatments for
each studied anatomical variable (Table 1).

Pearson's correlation verified that the negative
temperatures of the treatments positively influenced the
anatomical variables. Therefore, the more negative the
temperature, smaller were the leaf cells (Table 2). In P.
glaucum, S. bicolor, and B. brizantha, a decrease in the total
leaf thickness was noticed. However, in certain treatments
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Table 1: Average thickness of the adaxial and abaxial epidermis, bulliform cells, radiated parenchyma, and leaf total thickness of all
species subjected to different freezing temperatures for 1 h

Temperature (°C)  Adaxial Epidermis (um)  Abaxial Epidermis (um)  Bulliform cells (um)  Radiated parenchyma (um)  Total thickness (1m)

0.2 11.46 £3.79a 11.04 £3.67a 35.05+18.5a 28.35+30.16a 111.65+35.47a
-2.7 11.43 + 3.68ab 11.04 £ 3.73ab 30.48 +17.73b 18.15+9.33b 103.53 +33.59b
-4.1 11.61 +3.57ac 11.34 +3.53bc 31.76 +17.37c 24.14 +22.68a 107.84 +35.31c

The values correspond to average * standard deviation
Averages followed by the same letter in the column do not differ statistically from each other (p<0.05)

Table 2: Correlation between anatomical variables and treatments with different temperatures. The numbers correspond to the Pearson’s
correlation r value. *** = p<0.01

Adaxial Epidermis Abaxial Epidermis Bulliform Cells Radiated Parenchyma Total Thickness
Temperature (°C) 0.21*** 0.13*** 0.28*** 0.21*** 0.30***

Fig. 1: Cross sections of P. glaucum leaves (A-C), S. bicolor leaves (D-F), B. brizantha leaves (G-1) subjected to certain treatments of
freezing temperature in a plant growth chamber with controlled temperature and light conditions: A, D, G =0.2°C; B, E,H=-2.7°C; C,F, | =
-4.1°C. ep = epidermis; ba = bundle sheath; cb = bulliform cell; fv = vascular bundle; mr = radiated mesophyll; arrow head = evident damages

and species, there was a significant increase in thickness of was a decrease in bulliform cells and radiated parenchyma

some structures. In P. glaucum subjected to the treatment of in relation to treatment -2.7°C (Table 4; Fig. 1D-F). In
-4.1°C there was an increase in the adaxial and abaxial treatment -2.7°C it was possible to observe that the tissue
epidermis, also in the radiated parenchyma (Table 3; Fig. degradation was caused due to freezing temperature (Fig.
1A-C). 1E). In B. brizantha leaf there was a decrease in all the

For S. bicolor, at control (0.2°C) temperature there structures analyzed in treatment -2.7°C, but they increased
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Table 3: Average thickness of adaxial and abaxial epidermis, bulliform cells, radiated parenchyma and leaf total thickness of, P. glaucum

subjected to 0.2; -2.7 and -4.1°C for 1 h

Temperature (°C)  Adaxial Epidermis (um)  Abaxial Epidermis (um)

Bulliform cells (um)

Radiated parenchyma (um)  Total thickness (um)

0.2 12.52 +2.44a 10.27+2.19a
-2.7 11.71+2.42a 11.96 £2.47b
4.1 15.71 +2.82b 15.87 £2.89c

46.64+ 12.12a 22.72+7.94a 142.82+ 24.32a
21.73+5.03b 19.55+4.28a 78.87+10.10b
26.95+ 4.74c 27.54 +4.74h 100.50+ 12.09¢c

Table 4: Average thickness of adaxial and abaxial epidermis, bulliform cells, radiated parenchyma and leaf total thickness of S. bicolor

subjected to 0.2; -2.7 and -4.1°C for 1 h

Temperature (°C)  Adaxial Epidermis (um)  Abaxial Epidermis (um)

Bulliform cells (um)

Radiated parenchyma (um)  Total thickness (um)

0.2 13.82+2.11a 14.45+ 2.13a
-2.7 10.35+3.17b 12.29+2.65b
-4.1 10.67 +2.69b 12.54+2.63 b

27.57+4.05a 21.38+3.79a 93.47+7.11a
20.67+10.83b 15.93+7.91b 79.75% 17.03b
25.94+4.72ab 19.58+ 3.80ab 84.54+17.43b

The values correspond to average + standard deviation

Averages followed by the same letter in the column do not differ statistically from each other (p<0.05)

Table 5: Average thickness of adaxial and abaxial epidermis, bulliform cells, radiated parenchyma and leaf total thickness of B. brizantha

subjected t0 0.2; -2.7 and -4.1°C for 1 h

Temperature (°C)  Adaxial Epidermis (um)  Abaxial Epidermis (um)

Bulliform cells (um)

Radiated parenchyma (um)  Total thickness (um)

0.2 12.59+ 3.03a 11.28 +£2.33a
-2.7 10.84+ 3.52b 10.50+3.68ac
-4.1 13.67 +2.96a 12.43 +2.49ad

53.67+ 11.67a 25.74+ 7.99a 147.05+25.09a
38.24 +29.89ac 17.74+13.91a 123.23 +45.33a
50.28 +7.38ac 23.93+7.38a 144.22 +14.75a

The values correspond to average + standard deviation

Averages followed by the same letter in the column do not differ statistically from each other (p<0.05)

again at the temperature -4.1°C (Table 5; Fig. 1G-I). In
some samples at -2.7 and -4.6°C it was not possible to
assess the thickness of structures, because of the severe
damage caused to the leaves by the treatments (Fig. 1i).

It is possible that differential  variation
(decrease/increase) in thickness of the analyzed structures in
the species P. glaucum, S. bicolor and B. brizantha were
due to stress caused by critical temperatures. In addition, the
deteriorated structure at -2.7°C and -4.6°C in B. brizantha
presented a susceptibility to the intense cold.

Discussion

The analysis demonstrated that the critical temperatures
caused damages to foliar anatomical structures, with
differentiated responses according to the tolerance of the
assessed species. Under temperate conditions, to remain
alive during the winter season, the plants must prevent their
tissues from freezing, specially the wvascular system
(Cavender-Bares 2005). In plant tissues, freezing may cause
the formation of intracellular ice, that might result in cells
death, or the formation of extracellular ice might protect the
cells against damages. Within the vessel elements, freezing
temperatures could cause cavitation resulting in loss of
xylem function, depending on the size of vessel elements as
well as the freezing temperature. Phloem transport is also
limited by low temperatures, as the phloem sap becomes
more viscous (Cavender-Bares 2005). Arabidopsis has been
used as a model plant to investigate the tolerance to
controlled freezing (Livingston 111 et al. 2007). Such species
presented analogous damage to the root vascular tissue and
foliar axis of winter cereals, but no damage to meristematic
regions after being cultivated under freezing conditions for

seven days. Pearce and Mcdonald (1977) evaluated
damages to the ultrastructure of mesophyll tissue in Festuca
arundinacea Scherb, subjected to freezing, followed by
defrost. They concluded that the cytoplasm was contracted,
the organelles were swollen or partially destroyed, tonoplast
and nuclear membranes broken or missing and the vacuoles
sometimes destroyed.

Some of the responses to cold stress were also found
in plants under water stress, in which water loss from cells
occurred. The concentrations of abscisic acid (ABA), sugars
and compatible solute levels could be increased by low
temperature stress, correlating the ABA to freezing
tolerance in several species (Maldonado et al. 1997).
According to Sparks et al. (2000) the ABA had a direct role
in the cell response to dehydration during freezing. More
likely, it was involved in the control of gene expression
during the cold acclimatization. The unfrozen water was
found especially in the apoplast.

According to the obtained data in the present study, it
could be observed that the thickness of the analyzed tissues
tended to decrease due to the damage caused by freezing
temperature intense stress. It could be due to the dehydration
caused by the freezing of intercellular spaces followed by
dehydration and death of tissues. Astrém et al. (2015)
observed that the winter leaves of Fragaria vesca were
smaller and had abundant hairs, their stomatal density was
higher and their mesophyll was denser with more palisade
parenchyma cells. Many of these characteristics could be
considered by the authors as adaptations for light intensity,
freezing temperatures and frost desiccation stress in winter,
in which photosynthetic capacity does not change
depending on the season of the year. Rhizomatous grasses
such as Arundo donax L. (type C3 metabolism) and
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Panicum virgatum L. (type C4 metabolism) presented
several changes in photosynthesis parameters when
subjected to a combination of low temperature and darkness
(Sanchez et al. 2016). According to Sanchez et al. (2016),
P. virgatum seemed to be more tolerant to cold, water stress,
salinity and continuous darkness.

Conclusion

The leaves of grass species responded to freezing
temperatures differently; B. brizantha showing intense
sensitivity. The lower epidermis under freezing
temperatures was significantly different among the
investigated forage species, which was taken as a criterion
of freezing temperature tolerance. Cold stress damaged cells
and disrupted membranes due to ice forming inside the
leaves, decreasing the thickness of leaves.
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