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Heat stress in sugarcane: physiological changes and gene expression
Estresse térmico em cana-de-agucar: mudangas fisiologicas e expressao génica

Estrés caldrico en cafia de azucar: cambios fisioldgicos y expresion génica

Received: 01/27/2022 | Reviewed: 02/01/2022 | Accept: 02/11/2022 | Published: 02/16/2022

Airan Miguel dos Santos Panta
ORCID: https://orcid.org/0000-0001-9907-4859
Federal University of Sergipe, Brazil

E-mail: airanmiguel@gmail.com

Juliana Lopes Souza

ORCID: https://orcid.org/ 0000-0002-7514-0361
Federal University of Sergipe, Brazil

E-mail: juliana_lopes_souza@live.com

Paulo Roberto Gagliardi

ORCID: https://orcid.org/0000-0002-9394-8604
Federal University of Sergipe, Brazil

E-mail: prgagli@academico.ufs.br

Luiz Fernando Ganassali Oliveira Junior
ORCID: https://orcid.org/ 0000-0002-1589-0742
Federal University of Sergipe, Brazil

E-mail: Ifg.ufs@gmail.com

Pryanka Thuyra Nascimento Fontes
ORCID: https://orcid.org/0000-0002-1732-2503
Federal University of Sergipe, Brazil

E-mail: pryankafontes@yahoo.com.br

Jailson Lara Fagundes

ORCID: https://orcid.org/ 0000-0002-5583-6767
Federal University of Sergipe, Brazil

E-mail: ratinhojlf@yahoo.com.br

Renata Silva-Mann

ORCID: https://orcid.org/0000-0001-5993-3161
Federal University of Sergipe, Brazil

E-mail: renatamann@academico.ufs.br

Abstract

Facing climate change is necessary to know the effects of temperature on plant development and identify which
physiological factors are related to the reduction and/or increase in photosynthesis. This identification can be made in
the first stages of development. Thus, the objective was to evaluate the physiological parameters of the sugarcane
cultivar RB 86 7515 at 15°C, 28°C, and 40°C at different exposure times (0, 4, 8, 12, and 24 hours) and to evaluate
18S gene expression. The experiment was established in a completely randomized design, with six replications.
Chlorophyll a and b were measured, and the a/b ratio, total chlorophyll in leaves, and variables related to
photosystems. Initial (FO) and maximum (Fm) fluorescence values were measured. The ratio Fv/Fo and the potential
quantum efficiency of photosystem Il (PSII) Fv/Fm were estimated. The mRNA was extracted using the same types of
leaves used in the photosynthesis assessment. High temperatures with exposure for 24 hours affect the photosynthetic
efficiency of sugarcane plants. Exposure of sugarcane plants with 65 days of development to 40 °C for 24 hours is
recommended to assess tolerance to temperature stress, aiming at early selection of genotypes.

Keywords: OJIP; Chlorophyll; Fluorescence; RNA; Photosystem.

Resumo

Frente as mudancas climaticas faz-se necessario conhecer os efeitos da temperatura no desenvolvimento das plantas, e
identificar quais fatores fisiologicos estdo relacionados a reducdo e/ou aumento da fotossintese. Esta identificagédo
pode ser feita nos primeiros estadios de desenvolvimento. Assim, objetivou-se avaliar parametros fisioldgicos da
cultivar de cana-de-agucar RB 86 7515 a 15°C, 28°C e 40°C em diferentes tempos de exposic¢do (0, 4, 8, 12 e 24
horas) e avaliar a expressdo génica 18S. O experimento foi estabelecido em delineamento inteiramente casualizado,
com seis repeticBes. Foram feitas as medidas de clorofila a e b, e estimada a relacdo a/b, e o total de clorofila nas
folhas, e variaveis relacionadas aos fotossistemas. Foram medidos os valores de fluorescéncia inicial (FO) e maxima
(Fm). De posse dessas variaveis foram estimadas as relagdes: Fv/Fo e a eficiéncia quantica potencial do fotossistema
Il (FSII) Fv/Fm. O RNAm foi extraido usando os mesmos tipos de folhas usadas na avaliagdo da fotossintese. Altas
temperaturas com exposigao por 24 horas afetam a eficiéncia fotossintética das plantas de cana-de-aglcar. Exposicdo
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de plantas de cana-de-actcar com 65 dias de desenvolvimento a 40 °C por 24 horas é recomendada para avaliacdo da
tolerancia ao estresse por temperatura, visando a selecdo precoce de gendtipos.
Palavras-chave: OJIP; Clorofila; Fluorescéncia; RNA; Fotossistema.

Resumen

Ante el cambio climatico, es necesario conocer los efectos de la temperatura en el desarrollo de las plantas, e
identificar qué factores fisiologicos estan relacionados con la reduccién y/o aumento de la fotosintesis. Esta
identificacion puede hacerse en las primeras etapas de desarrollo. Asi, el objetivo fue evaluar pardmetros fisioldgicos
del cultivar de cafia de aztcar RB 86 7515 a 15°C, 28°C y 40°C a diferentes tiempos de exposicién (0, 4, 8, 12 'y 24
horas) y evaluar la expresién del gen 18S. El experimento se establecié en un disefio completamente al azar, con seis
repeticiones. Se midieron clorofila a y b, y se estimdé la relacion a/b, clorofila total en hojas y variables relacionadas
con los fotosistemas. Se midieron los valores de fluorescencia inicial (FO) y maxima (Fm). Con estas variables en
mente, se estimaron las relaciones Fv/Fo y la eficiencia cuantica potencial del fotosistema Il (PSII) Fv/Fm. EI ARNm
se extrajo usando los mismos tipos de hojas que se usaron en la evaluacion de la fotosintesis. Las altas temperaturas
con exposicion durante 24 horas afectan la eficiencia fotosintética de las plantas de cafia de azlcar. Se recomienda la
exposicién de plantas de cafia de azlcar con 65 dias de desarrollo a 40°C por 24 horas para evaluar la tolerancia al
estrés por temperatura, visando la seleccion temprana de genotipos.

Palabras clave: OJIP; Clorofila; Fluorescencia; ARN; Fotosistema.

1. Introduction

The relationships of interactions in physiological processes are important in genotype selection and cultivar
performance evaluation. Understanding how a cultivar responds to stress conditions at the first stadium of development
contributes to saving time in plant breeding programs. Abiotic stress affects physiological processes in plants that are
responsible for adaptation and crop production (Kock and Ba, 2018). There is multiple stress such as water deficit, salinity,
high temperatures, and/or excess light. The search for genotypes with production under these conditions is a great challenge
considering the stress can delay development, reduce productivity, and lead to plant death (Shu et al., 2013). The temperature
stress is one factor that affects the photosynthetic efficiency and can be considered both a limiting factor and a stimulant of
physiological processes (Sato et al., 2014; Shen et al., 2004).

Sugarcane (Saccharum spp.) is one of the most important industrial cash crops, contributing to the world sugar
industry and biofuel production. It has been cultivated and improved from prehistoric times through natural selection and
conventional breeding and, more recently, using the modern tools of genetic engineering and biotechnology. However, the
heterogenicity, complex poly-aneuploid genome and susceptibility of sugarcane to different biotic and abiotic stresses
represent impediments that require to pay greater attention to the improvement of the sugarcane crop. Compared to traditional
breeding, recent advances in breeding technologies (molecular marker-assisted breeding, sugarcane transformation, genome-
editing and multiple omics technologies) can potentially improve sugarcane, especially against environmental stressors
(Shabbir et al., 2021).

Osmotic adjustment is the most important physiological mechanism to enable plants to resist abiotic stresses (Peixoto
& Sage, 2017). This pathway is mediated by the activation of gene expression, which is associated with traditional selection
methods, constituting alternatives for identifying genotypes tolerant to the stress of temperature (Souza et al., 2011). Heat
stress limits the growth, development, and yield of crop plants when it occurs during short or long periods of time in sugarcane
genotypes, is a suitable useful parameter for selecting the genotypes tolerant to heat stress in a breeding program. This
procedure, combined with other characters, helps to identify sugarcane plants with the ability to maintain a high yield
photosynthetic rate under stressful field conditions. Furthermore, it offers an opportunity to improve selection efficiency over
that of field testing, since high temperature stresses do not occur consistently under field conditions (Castro-Nava et al., 2019).

One of the physiological markers used in this evaluation is the fluorescence emission of Chlorophyll (Chl) (Bustin,
2002; Gutierrez et al., 2008; Dundas & Ling, 2012; Kozera & Rapacz, 2013; Chapman & Waldenstrom, 2015). The general
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circulation models estimated an average increase in global surface temperature about 4 °C (2.9 to 5.5 °C). Escalating
temperature and extreme weather events are causing higher variations in substantial yield losses leading to food insecurity.
Temperature flux, more notably high temperature, affects plants' physio-biochemical processes, resulting in serious yield
reduction and quality due to poor agronomic management in plants. Despite the impact of global insecurity on world food
production, limited success has been achieved to heat stress adaptation. Extensive research has been made to assess the
consequences of abiotic stresses in early growth stages and endurance under subsequent intensity. However, the consequences
of abiotic, especially heat/high-temperature stress on reproductive growth, development, and phenology, received
comparatively less consideration (Ul Hassan et al., 2021). The fluorescence test (OJIP) reflects the reduction kinetics of
photosystem 1 (PSII), quinone A (QA), plastoquinone (PQ), and other intersystem acceptors; and photosystem | (PSI)
(Malaspina et al., 2018).

In addition to the temperature playing an essential role in the development of plants, it tends to increase plant
respiration and carbohydrate consumption (Loka & Oosterhuis, 2010; Sanghera et al., 2019). Temperature variations modify
the photosynthetic rate of sugarcane plants. At 10°C, a reduction of 20% was obtained, compared to plants at 30°C, in
photosynthetic rates (Peixoto & Sage, 2017). In another Poaceae, corn, photosynthetic rates at six temperatures contributed to
increasing rates from 15°C to 35°C, and from there, there was a reduction (Massad et al., 2007; De Silva et al., 2021).

In general, this condition increases leaf diffusive resistance to water vapor by closing the stomata, reducing
transpiration and the supply of CO2 for photosynthesis. Osmotic adjustment is the most important physiological mechanism to
enable plants to resist abiotic stresses (Singh et al., 2018). However, the evaluation cannot continually be assessed without
using tissue-destructive processes at various stages of development.

Another way of understanding stress responses is to relate genes expressed during stress, which may remain stable
under various treatments and/or have relative changes at different phases of development (Pfaffl, 2004; Yan et al., 2021). As a
result, proteins are synthesized and involved in stress tolerance (Rocha et al., 2015; Singh et al., 2018). Some proteins with
catalytic activity are essential enzymes for the antioxidant defense against oxidative stress damage (Singh et al., 2018), such as
chaperones or heat shock proteins (HSPs); like the HSPs studied under temperature stress (HSP70, HSP90, and sHSPs) (Yan et
al., 2006; Timperio et al., 2008; Pinheiro & Ramos, 2018).

The relative resilience of the plant in a short period can help monitor the plant's response to these stresses. Thus, this
work aims to investigate physiological and genetic changes in a short time as a way of evaluating the response speed of
seedlings of cultivar RB867515 to temperature.

2. Methodology

Sugarcane seedlings production

The material was obtained by adopting the sugarcane cultivar RB867515 by multiplication system with pre-sprouted
seedlings from individual buds in a nursery with 50% shade and daily irrigation. The substrate used was a mixture of
Plantmax® and coconut powder in a 1:1 ratio (v/v).

At 15 days after planting (DAP), seedlings were transplanted into tubes with a volume of 53 cm3. With 40 DAP, the
plants were pruned and placed for acclimatization in full sun and daily irrigation. The plants with 65 DAP were placed in an
acclimatized chamber, with constant temperature control, irradiance (luminous flux density 3,000 Im m-2 s-1 = 60,000 Lux),
and a photoperiod of 12 hours.

A completely randomized design (DIC) was adopted, with six replications, and the experimental plot consisted of a

tube containing a single plant. The seedlings were submitted to three temperature regimes 15°C, 28°C, and 40°C during nine
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periods (0; 1; 2; 4; 6; 8; 10; 12 and 24 hours).

Physiological determinations
Chlorophyll a and b

For the evaluation of chlorophyll, a and b, we used a chlorophyll meter (ClorofiLOG CFL1030 Model) (Falker, 2008).
The total chlorophyll was obtained through the sum of the chlorophyll, a and b, and a/b ratio. This device provides non-
destructive measurements and is strongly correlated to destructive methods. The reading is obtained from photodiodes after
light emission at wavelengths 635, 660, and 880 nm (Krenchinski et al., 2000; Brito et al., 2011; Barbieri et al., 2012; Olivoto
et al., 2016; Siqueira-Silva et al., 2019).

At the momentum of the evaluations, the second leaf, fully expanded (visible ligule), was chosen. In the third middle

part of each leaf were performed the readings.

Transient fluorescence of chlorophyll a

The transient fluorescence states of chlorophyll a were measured with portable fluorimeter model OS-30p (Opti-
Sciences Inc., USA) to evaluate the photosystems and the electron transport chain. Measurements were performed on the same
sheets as the previous analysis, adapted to the dark condition for 30 minutes. The transient chlorophyll fluorescence states were
produced by the emission of actinic light (A = 660 nm) at an intensity of 3,000 umol m= s (photons) for 1 second. Irradiation
was applied homogeneously on a leaf area with a diameter of 4 mm (Dinis et al., 2016).

The rapid kinetics of fluorescence emission from initial to maximum fluorescence (FO to Fm) was measured by the
OJIP steps: O= FO (50 ps), J (2 ms), I (30 ms), P=Fm and, also the time values for maximum fluorescence t (Fm) and the area
above the OJIP curve (A).

Falker chlorophyll index (FCI) measurements were performed for chlorophyll a (Clo a) and chlorophyll b (Clo b)
using a non-destructive Falker chlorophyll index device, model CFL1030 (Falker et al., 2008). The device's operation is based
on the absorbance of light emitted by diodes at three wavelengths (L), 635 and 660 nm (red), and 880 nm (infrared). After
passing through the sheet, the light is captured by silicon photodiodes, transmitting the signals analogously. The equipment
provides absorbance readings that allow estimating the pool of chlorophylls a and b (Barbieri et al., 2012; Cancellier et al.,
2013; Schlichting et al., 2015). Total chlorophyll was calculated and estimated as Clo a and Clo b. The ratio of chlorophyll a
and b was also determined.

Quantitative PCR - RT-gPCR

All PCR products were performed in an Applied Biosystems® 7500 Real-Time PCR System, using Power SYBR®
Green PCR Master Mix. Reactions were performed in 20 pl containing 5 pl of 40 uM I cDNA, 12.5 ul SYBR Green, 6.5 pl
of water, and 0.5 pl of each primer (forward and reverse). All samples were analyzed in technical triplicates.

The primers used were those obtained from sequences of Arabidopsis thaliana L. 18S. The amplification conditions
were: 95 °C for 10 min, 40 cycles of 95 °C for 30 seconds, indicated temperature for the primer for 60 seconds, 72 °C for 10
seconds, and the melting curves were performed immediately after the end of RT-gPCR and fluorescence Measured from 65 to
99°C.

Determination of the amplification efficiency of primers

The amplification efficiency for the primers used was estimated utilizing gPCR reactions containing cDNA subjected
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to serial 4-fold dilutions (1:10). Three replicates were prepared for each of the five dilutions of the cDNA samples. The Cts
(Cycle Threshold) obtained for each gene were submitted to linear regression, and the correlation coefficients between the
points and the plotted line were calculated for regression validation. The 18S rRNA reference gene was used with SCFRRE06
18S adhesion referring to the ribosomal region of the RNA, F/R sequence CTACGTCCCTGCCCTTTGTACA and
ACACTTCACCGGACCATTCAA.

Data analysis

Data were submitted to multivariate analysis using Principal Component Analysis (PCA) (Cruz, 2013) using the
Genes program. In both physiological and molecular assessments, data normality was assessed by the Shapiro-Wilk test.
Analysis of variance of treatment effects, Tukey's mean comparison test (P < 0.05), and regression analysis were performed

using the Sisvar program (Ferreira, 2011).

3. Results and Discussion
Falker Chlorophyll Indexes (FCI)

The Chl a, b, and total Chl of sugarcane indices were influenced (p<0.05) by temperatures. The results showed that
temperatures of 15° and 28°C promoted an increase in Chl a and total Chl indices. Regarding the Clh b index, plants exposed to
15°C presented the highest value. However, the Chl a Chl b ratio did not differ statistically between temperatures (Table 1).

Table 1. Chlorophyll Falker Indexes (ICF) of chlorophyll b (Cl) of sugarcane plants subjected to heat stress.

Stress Chla Chlb Chl Total Chla Chl bt
15 25.74a 8.03a 33.90a 3.22a
28 25.93a 7.87ab 33.83a 3.31a
40 24.45D 745p 31.70b 3.30a
Significance il ** faleid ns

* Means followed by the same lowercase letters in the column do not differ statistically for the Tukey Test
(p<0.05) (n=6). Source: Authors.

When evaluating the influence of the exposure time of sugarcane plants to different temperatures, it was observed that
the Chl b, total Chl, and Chl a Chl b ratios differed statistically (p<0.05). A gradual decrease in the Chl b index was obtained,
where at 0 hours it was identified the highest index and the lowest index at 24 hours of exposure. At 6 hours was obtained for
total Clh, the highest value. Differently from the result found for the Clh b index, for the variable Chl a Chl b there was a

gradual increase from 0 hours to 24 hours of exposure. The time factor did not statistically influence Chl a (Table 2).

Table 2. Falker Chlorophyll (FCI) indices of chlorophyll b (Chl) of sugarcane plants over time.

Tempo (h) Chla Chl b Chl Total Chlab?
0 25.52a 8.31a 33.70ab 3.08b
6 25.77a 7.95ab 34.00a 3.24ab
12 25.37a 7.47 be 32.84ab 3.41a
24 24.83a 739 ¢ 32.03b 3.38a

Significance ns falaiel * **

* Means followed by the same lowercase letters in the column do not differ statistically for the Tukey Test
(p<0.05) (n=6). Source: Authors.
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Chlorophylls are photosynthetic pigments located in chloroplasts, which play a fundamental role in photosynthesis, as
these pigments are responsible for capturing the light energy used to generate ATP and NADPH. Throughout the development
of plants, the content of chlorophyll present in tissues varies. Additionally, as they are sensitive structures, external factors
such as changes in temperature can accelerate the degradation of chlorophylls, reducing their amount in chloroplasts (Roca et
al., 2016). The declination of plants' photosynthetic capacity is due to these stresses, consequently reducing yield. Therefore,
detailed information of the plant responses and a better understanding of the photosynthetic machinery could help develop new
crop plants with higher yields even under stressed environments. Interestingly, cracking of signaling and metabolic pathways,
identification of some key regulatory elements, characterization of potential genes, and phytohormone responses to abiotic
factors have advanced our knowledge related to photosynthesis. However, our understanding of the dynamic modulation of
photosynthesis under dramatically fluctuating natural environments remains limited (Muhammad et al., 2021).

When submitted to a temperature of 40°C, the sugarcane plants reduced the indices of Chl a, Chl b, and, consequently,
total Chl (Table 1). However, reducing the temperature to 15°C kept the chlorophyll content higher (Table 2). In addition to
inducing quantitative and qualitative losses in production, excessive heat shortens the crop cycle's duration, reducing the leaf
area accelerating metabolism, consequently causing early plant senescence. Photosynthesis is one of the physiological
processes most sensitive to heat (Demirevska-Kepova et al., 2005; Flack-Prain et al., 2021) due to the sensitivity of the
thylakoid membrane, the structure where chloroplasts are contained, damage caused by excess heat causes a reduction in
chlorophyll production (Ristic et al., 2007; Sharma et al., 2022).

In the presence of high temperatures, plants develop defensive reactions such as the activation of several genes
responsible for the synthesis of a set of substances related to the occurrence of damage or cell death. Among these substances
are peroxidases, enzymes that favor the oxidation of cells, producing free radicals that act on cell membranes and proteins,
damaging them or causing them to die (Essemine et al., 2010; Sellami et al., 2022). In addition, heat stress favors the
emergence of active oxygen species (ROS) such as superoxide (O -), hydroxyl (OH-), and hydrogen peroxide (H-0-) radicals
that constitute oxidative stress and cause lipid peroxidation. As a result of their actions, these radicals cause damage to the
membrane, degradation, inactivation of proteins, and disruption of the DNA structure (Sairam et al., 2000; Sharma et al.,
2022).

Chlorophyll a fluorescence
The chlorophyll a (OJIP) fluorescence transient was influenced (p<0.05) only by heat stress (Figures 1 and 2). Plants
subjected to stress at 40°C showed higher initial fluorescence intensity (O) when compared to other temperatures. However,

the values were higher for the J, I, and P fluorescence steps for sugarcane plants cultivated at 28°C (Figure 1).
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Figure 1. Chlorophyll fluorescence transients in sugarcane plants subjected to different temperatures. Means followed by equal

capital letters do not differ statistically by Tukey's test (p<0.05) (n=4).

1000 -

15°C
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800 - | &5A4 40°C
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O: initial value of fluorescence intensity; J: fluorescence value at 2 milliseconds; I: fluorescence value at 30 milliseconds; Q: or Fm, maximal
fluorescence intensity. Source: Authors.

Temperature is one of the main abiotic factors that directly interfere with plant photosynthesis. Occurs the interference
in results with heat stress in sugarcane plants. The temperature of 40°C increased the value of step O (Figure 1), directly related
to the process of opening and closing of stomata (Mathur et al., 2019). In turn, stomatal opening and closing is a physiological
plant protection mechanism directly related to photosynthetic efficiency. Since the high temperature causes the stomata to
close, it reduces the passage of CO- photosynthesis and delays the development of the plant. On the other hand, the increase in
the initial fluorescence (O), as well as the fluorescence at 2 milliseconds (J), in plants cultivated at a temperature of 28°C, show
that, possibly, there was a favoring for the chlorophyll reaction centers to keep open, generating the capture of electrons
(Mathur et al., 2019), favoring the photosynthetic process.

As for step J, in steps I-P, plants showed higher values when cultivated at 28°C (Figure 2). Called the thermal phase of
photosynthesis, the 1-J phase is related to the reduction of the electron transport chain, in addition to the number of reaction
centers present in the PSI (Kalaji et al., 2014, Zivcak et al., 2014). Chlorophyll fluorescence is a tool that helps identify
possible changes in the photosynthetic apparatus of plants when subjected to abiotic stresses in their developmental phase.
These changes are mainly in the PSII (Kalaji et al., 2014). Thus, it is possible to infer that the cultivation of plants at 28°C
allowed the plants to keep the photosystems in good working order.

The phenomenological energy flux parameters of TRO/ABS, ETO/ABS, DIO/ABS DIO/RC, and Plabs differed
statistically (Figure 2). The use of temperatures of 15° and 28°C favored the increase of TRO/ABS, ETO/ABS, and Plabs, and
consequently reduced the energy dissipation (DIO/ABS and DIO/RC). In turn, the use of a temperature of 40°C reduced the
parameters of TRO/ABS, ETO/ABS, and Plabs, causing an increase in DIO/ABS and DIO/RC (Figure 2).
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Figure 2. Radar graph showing the parameters of the OJIP Test in sugarcane plants subjected to heat stress. Asterisks
correspond to significant differences between treatments by Tukey's test (p<0.05). Values were standardized on a scale of 0 to
100.
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80 100

[\
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Abbreviations of parameters and biological meanings are described in the abbreviations.

TRO/ABS: The maximum quantum yield of PSII primary photochemistry

ETO/ABS: The quantum yield of electron transport from QA to PQ

DIO/ABS: The quantum yield of energy dissipated in the PSII antenna, related to non-photochemical processes (heat)

ABS/RC: Determination of the average of absorbed photon fluxes (ABS) by the total of PSII reaction centers (RC), also related to the
measurement of the apparent size of the PSII antenna (ABS/RC)

DIO/RC: Flow of energy dissipated in other non-photochemical processes by active reaction centers in PSII

Plcs: Performance index over the base cross-section

Plabs: Base Absorption Performance Index.

Source: Authors.

The results demonstrate that the use of temperatures of 15° and 28° promoted an increase in the efficiency in capturing
energy absorbed from the photosynthetic apparatus (TRO/ABS) and in the quantum yield of electron transport from Qa to PQ
(ETO/ABS) of sugarcane plants of sugar (Figure 2). Furthermore, the use of these temperatures allowed a reduction in the non-
photochemical dissipation (DI0/ABS) of the antenna complex, causing an increase in the base absorption performance index
(Plabs) (Figure 2). The quantum yield of energy dissipated in the PSII antenna (DI0/ABS) is directly related to the size of the
LCHII antenna complex and the proportion between photosystems | and Il (Cascio et al., 2010; Da Silva et al., 2019). Thus,
the temperatures of 15° and 28°C reduced energy losses by heat, preventing the inactivation of the photosystem reaction
centers, helping to increase the Plabs, mainly for the temperature of 15°C.

However, seedlings cultivated at 40°C showed the opposite result to that found for temperatures of 15° and 28°C
(Figure 3). With the excessive increase in ambient temperature, the sugarcane plants had reduced chlorophyll levels (Table 1),
increased initial fluorescence (O) (Figure 3), and decreasing parameters of TRO/ABS, ETO/ABS, and Plabs (Figure 3).
Additionally, energy dissipation losses in the photosystem were also higher. These results demonstrate the high sensitivity of
photosystems to abiotic stress. Sugarcane is a long-term, high-demand commercial crop grown under different agroecological
conditions. In addition to experiencing year-round variations in climate, climate change further exacerbates the effects of these
abiotic stresses, affecting growth, development, sugar synthesis, accumulation and recovery, and cane availability for
subsequent planting (Shrivastava, 2017).

In sugarcane, abiotic stresses seem to occur due to the good compensatory capacity, as they are C4 plants. Plants that
have the C4 structure, as a rule, are more resistant to higher temperatures, which can be positive for most physiological

activities, such as sugar accumulation. Additionally, S. spontaneum genetic complements confer tolerance to various abiotic
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stresses and enable carbon management capacity. In turn, some physiological interventions such as induction of drought
resistance, root system depth, age, rhizospheric salinity/alkalinity, and many genes, micro RNAs (miRNAs), are also involved
in epigenetic responses (Zandalinas et al. al., 2018).

The reduction of Fv/Fm may be associated with excess electrons since low temperatures reduce the efficiency of the
Calvin Cycle enzymes, reducing the consumption of photo chemicals generating an excess of electrons. The first damage
caused by this excess of electrons is the loss of stability and the physical-chemical disruption of thylakoid biomembranes,
affecting photosystem I1. After simulating the functional integrity of chloroplast membranes and mitochondria, processes such
as photosynthesis and respiration can also be impaired as they depend on the activity of electron transport and membrane-
associated enzymes (Havaux, 1993; Mamedov et al., 1993). Therefore, sugarcane photosynthesis at high temperatures may be
limited, mainly by reducing the biochemical activity that leads to photochemical damage.

The quantum yield of energy dissipated in the PSII antenna related to non-photochemical processes (heat) is given by
FO/FM. Under stress, plants' mechanisms are the dissipation of excess energy absorbed that cannot be stored or transported
from the PSII. The triggering of pathways that can result from a series of damages, such as the PSII structures or the thylakoid
membrane subjected to the effect of hydrocarbons (Kreslavski et al., 2017). In addition to inducing quantitative and qualitative
losses in production, excessive heat shortens the cycle duration, reduces leaf area, height, and frequency of fertilization
accelerates the cycle and senescence. Photosynthesis is one of the most heat-sensitive physiological processes (Demirevska-
Kepova et al., 2005), mainly because of the sensitivity of the thylakoid membrane, with reduced production of chlorophyll
(Ristic et al., 2007).

In the presence of high temperatures, plants develop defensive reactions such as the activation of several genes
responsible for the synthesis of a set of substances, including peroxidases. These enzymes favor cell oxidation, producing free
radicals that act on cell membranes and proteins, causing damage or cell death (Essemine et al., 2010). Thermal stress favors
the emergence of active oxygen species (ROS) such as the superoxide radical (O2 -), the hydroxyl radical (OH-), and hydrogen
peroxide (H202) that constitute oxidative stress, causing lipid peroxidation, consequently causing membrane injuries, protein
degradation and inactivation, and disruption of DNA structure (Sairam and Srivastava, 2000).

In sugarcane, abiotic stresses seem to be due to good compensatory capacity, C4 photosynthesis, the optimal
temperature for most physiological activities (but for sugar accumulation), greater efficiency in water use, use of genetic
complements of S. spontaneum conferring tolerance to various abiotic stresses and carbon management capacity. In addition,
some of the physiological interventions include induction of drought resistance, root system depth, age, salinity/rhizospheric
alkalinity, etc. In addition to many genes, micro RNAs (miRNAS) are also involved in epigenetic responses (Zandalinas et al.,
2018).

Sugarcane is a long-term, high-demand commercial crop grown under different agroecological conditions. In addition
to experiencing year-round variations in climate, climate change further exacerbates the effects of these abiotic stresses,
affecting growth, development, sugar synthesis, its accumulation and recovery, and the availability of cane for subsequent

planting (Zandalinas et al., 2018).

Gene expression in sugarcane

18S rRNA is the active center of protein synthesis. The increase in the number of ribosomes, which leads to increases
in RNA transcription and protein synthesis, is proportional to increases in 18S rRNA. Nucleic acids and proteins are damaged
by oxidation. The level of 18S gene expression is an ideal indicator for measuring protein synthesis, including antioxidant

enzymes, and for investigating the effects of antioxidants. Thus, the synthesis of 18S genes was evaluated for inferences on the
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gene expression of proteins. The total RNA results for the samples' A260/A280 nm ratio ranged between 2.09 and 2.33. There

was detectable gene activity for 18S at 15 °C and 40 °C. For the other treatments, there was no detectable expression.

Figure 3. Gene expression for the 18S ribosomal subunit in sugarcane cv. RB 86 7515 was subjected to temperatures of 15 °C

and 40 °C at different evaluation times.
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The variation in gene expression depends on the type of environment and abiotic conditions (Thellin et al., 1999). In
plants, some conditions related to semiarid conditions have been shown to have an extremely complex abiotic effect, a
condition characterized by interactions associated with cell maintenance, protein production and degradation, and changes in
metabolism (Shanker et al., 2014).

LEA (Late Embryogenesis Abundant) proteins are found in many organisms, such as bacteria, insects, and plants.
These proteins prevent cellular damage caused by abiotic stresses (Wang et al., 2014). Heat shock protein (HSP) biosynthesis
is induced to avoid macroparticle denaturation. These proteins remain stable for some time and are probably the primary
survival mechanism of plants to increase temperature. HSPs are found in the cytoplasm and organelles such as the nucleus,
mitochondria, chloroplasts, and endoplasmic reticulum. The tolerance conferred by HSP results in better functioning of
physiological phenomena such as photosynthesis, water, and nutrient use efficiency and membrane stability (Al-Whaibi, 2011;
Zandalinas et al., 2018; Wahid, 2017).

HPS and chaperones may be related to stress signaling, gene activation, and regulation of cellular redox state (Al-
Whaibi, 2011; Wahid, 2007). These proteins also interact with other stress response mechanisms, such as the production of
osmolytes and antioxidants. HSP minimizes cell damage at excessively high temperatures by protecting them from
denaturation and creating chelating bonds with ions leaking from the vacuole into the cytosol (Kotak et al., 2007; Al-Whaibi,
2011). Enzymes of the antioxidant defense system in plants are such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidases (APX), glutathione peroxidase (GPX), type Il peroxidases, and peroxiredoxins (PRX) (Bhatt et al.,
2011).

In plants, 1-Cys Prx is encoded by single-copy genes. So far, the only known case with two genes for this enzyme is
in rice, with the genes arranged in tandem (Pulido et al., 2011; Bhatt et al., 2011). High temperatures with exposure for 24
hours affect the photosynthetic efficiency of sugarcane plants. Exposure of sugarcane plants with 65 days of development to

40°C for 24 hours is recommended to assess tolerance to temperature stress.

10


http://dx.doi.org/10.33448/rsd-v10i3.26260

Research, Society and Development, v. 10, n. 3, €15511326260, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i3.26260

4. Conclusion

For the cultivar RB867515, high temperatures (40°C) affect the photosynthetic efficiency of plants. However, it is
essential to emphasize the importance of this study that validates the use of seedlings, i.e., plants in the first stages of
development, to identify tolerance to high temperatures. However, the need to test the response for different cultivars is worth
mentioning as a perspective for future work.

We state suggestions for future with the evaluation of MRNA gene expression, the gene sequences used for the 18S
ribosomal subunit are an indicator for the evaluation of expression and use in the selection of genotypes. In the current political
and economic context of science promotion, this genomic sequence can be used to evaluate temperature stress instead of using
countless sequences, which would require inputs and more time in this evaluation.
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