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Crop Science/ Original Article

Performance of elite upland
rice lines at low temperatures

Abstract — The objective of this work was to evaluate the phenotypic
performance of elite upland rice lines subjected to different temperature
conditions during the booting stage (R,). Eight elite lines from an upland
rice breeding program were evaluated under six temperatures: 12, 17, 20, 25,
29, and 32°C. The experiment was conducted in a greenhouse and climatic
chambers with photoperiod control. The experimental design was completely
randomized, with three replicates. Number of days to flowering, plant height,
number of panicles, and spikelet sterility were measured. The upland rice
lines do not tolerate the low temperatures of 12 and 17°C, which result in
a low performance in yield components and a grain sterility of 100%. The
lowest rates of spikelet sterilization occur at the temperatures of 25 and
29°C. Cultivar BRSMG Cagula is a promising candidate to integrate the crop
succession system.

Index terms: Oryza sativa, cropping system, reproductive stage.

Desempenho de linhagens elite de arroz
de terras altas em baixas temperaturas

Resumo — O objetivo deste trabalho foi avaliar o desempenho fenotipico de
linhagens elite de arroz de terras altas submetidas a diferentes condigdes de
temperatura durante o estagio de emborrachamento (R,). Foram avaliadas oito
linhagens elite do Programa de Melhoramento Genético de Arroz de Terras
Altas, sob seis temperaturas: 12, 17, 20, 25, 29 e 32°C. O experimento foi
conduzido em casa de vegetacdo ¢ em camaras climatizadas com controle de
fotoperiodo. O delineamento experimental foi inteiramente casualizado, com
trés repeti¢des. Foram mensurados numero de dias para o florescimento, altura
da planta, nimero de paniculas ¢ esterilidade de espiguetas. As linhagens de
arroz de terras altas ndo toleram as baixas temperaturas de 12 e 17°C, o que
resulta em baixo desempenho dos componentes de rendimento ¢ esterilidade
de 100% dos graos. As menores taxas de esterilizacdo de espiguetas ocorrem
nas temperaturas de 25 ¢ 29°C. A cultivar BRSMG Cagula ¢ uma candidata
promissora para integrar o sistema de producdo em sucessao.

Termos para indexacdo: Oryza sativa, sistema de produgdo, estadio
reprodutivo.

Introduction

Over the years, the world population has suffered from an unequal
food distribution, in which people living in poverty do not have easy
access to food or find it at a very high price (Fujimori et al., 2022).
One way to reduce the price of food crops is to reduce production costs
by increasing productivity, which has been sought through research on
crop management practices and plant breeding (Vicente, 2022).
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A crop with potential to improve food security is
rice (Oryza sativa L.), especially due to its nutritional
balance (Prasad, 2019). Its composition includes 75
to 80% starch, 7.0% protein, and essential minerals
such as magnesium, phosphorus, calcium, iron, zinc,
copper, and manganese (Kowsalya et al., 2022).

In Brazil, most of the rice is cultivated in lowland
rice systems. According to Companhia Nacional
de Abastecimento (CONAB) (Acompanhamento...,
2024), of the total area of 1.57 Mha planted with
this cereal grass in the 2023/2024 crop season, 1.25
Mha were under the lowland system and only the
remaining 20.38% under the upland system. However,
in lowland systems, the flooded soils create anaerobic
conditions due to the action of methanogenic bacteria,
contributing significantly to emissions of methane,
a potent greenhouse gas (Nan etal., 2021). These
medium- to long-term impacts can lead to serious
environmental problems (Yuan etal., 2021; Pathak,
2022). Conversely, when grown in upland systems,
rice is subjected to aerobic conditions, which produce
lower amounts of methane (Jiang et al., 2022).

To ensure the competitiveness of upland rice, the
expansion into different cultivation areas is essential.
In Brazil, a promising planting window is in succession
to crops such as soybean [Glycine max (L.) Merr.]
and common bean (Phaseolus vulgaris L.), which is
possible since the winter in the country is not as cold
and rigorous as in the Northern Hemisphere (Oliveira-
Busatto et al., 2022). Quevedo et al. (2022) highlighted
the economic and social benefits of these legume-grass
successions.

However, there are challenges associated with
integratingrice asasecond crop inasuccession cropping
system, mainly related to extreme temperatures (either
low or high). Although winter is not rigorous in Brazil,
low temperatures, ranging from 17 to 22°C, occur in
April and May, when the rice plant would be in its
reproductive stage, the most sensitive to temperature
stress (Steinmetz et al., 2013). This concern regarding
temperature is related to air temperature in upland rice
and water temperature in lowland rice, whose young
panicles would still be below water surface during the
booting stage (R,), i.e., the period of 7 to 14 days before
panicle emergence (Collinson et al., 1995; Lanna et al.,
2021). Therefore, depending on the development stage
of the plant, the observed impacts can be exacerbated
(Hussain et al., 2019). According to Yoshida (1981) and
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Promchote et al. (2022), the flowering and anthesis
stages are the most sensitive to temperature extremes.
Hayase et al. (1969) and Unan et al. (2022) found that
low temperatures during the initial stages of plant
development, pre-flowering, or flowering caused a
delayed flowering and spikelet sterility, with the later
resulting in significant losses in grain yield.

To obtain information on plant behavior at low
temperatures, particularly in the upland system, which
produces less methane, the study of high-quality rice
lines is important due to their potential of being released
sooner into the consumer market. Furthermore, the
selection of short-cycle rice genotypes is relevant when
planning to integrate upland rice into a succession
cropping system.

The objective of this work was to evaluate the
phenotypic performance of elite upland rice lines
subjected to different temperature conditions during
the R, stage.

Materials and Methods

The experiment was carried out from February
2022 to April 2023 at a greenhouse and at the Central
Seed Analysis Laboratory, located in the Department
of Agriculture of Universidade Federal de Lavras
(UFLA), in the state of Minas Gerais, Brazil.

Eight elite rice lines were evaluated: a commercial
one (cultivar BRSMG Cagula); and seven (CMG
ERF 81-2, CNAx20665-B-6, CNAx20658-B-12,
1 P 95-8 CNAxI8360-B-3-B-B, OBS1819-126-9,
P85-15-CNAx18874-B-5-6, and CNAx20663-B-14)
from the upland rice breeding program of UFLA,
part of a cooperation with Empresa Brasileira de
Pesquisa Agropecuaria (EMBRAPA) and Empresa de
Pesquisa Agropecuaria de Minas Gerais (EPAMIG).
All genotypes were subjected to six temperatures
(12, 17, 20, 25, 29, and 32°C) during the R, stage,
characterized by panicle growth inside the leaf sheath
(Counce et al., 2015).

The data were collected over one single experimental
year, using a longitudinal study to evaluate genotype
vs. environment interactions. During this single year,
the experiment was conducted in a greenhouse (30 m
in length x 2.31 m in height) and in climatic chambers
with photoperiod control. Therefore, the genotypes
were subjected to controlled environments, decreasing
environmental sources of variation. In addition,
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since the used genotypes were homozygous lines, the
genotypic sources of variation were also decreased.

The experimental design was completely randomized,
in an 8x6 factorial design (eight rice lines and six
temperature treatments), with three replicates. The
experiment consisted of 144 pots, and the experimental
unit was one pot with one plant. Each pot was filled with
1.69 L substrate made of a mixture containing Latossolo
Vermelho distrofico (an Oxisol), a commercial substrate
(Carolina Soil, Santa Cruz do Sul, Rio Grande do Sul),
and sand, in a 2.0:1.0:0.5 ratio, respectively. Based on
the soil chemical analysis, the fertilizer rates were
calculated. At sowing, 300 kg ha' of the 08-28-16 (NPK)
fertilizer formula were used, and, at the V; stage, 100 kg
ha! urea were applied as topdressing.

The pots were initially housed in the greenhouse
until reaching the R, stage. There, temperature was
kept at 25°C, and moisture was not monitored. After
the R, stage, the pots were transferred to EL222/3
climatic chambers (Eletrolab, Sdo Paulo, SP, Brazil),
which were used to simulate the temperatures of each
treatment under a photoperiod of 10 hours of darkness
and 14 hours of light; moisture was not controlled.
The plants remained in the chambers until the anthesis
stage (Ry), as adapted from Cruz et al. (2006). After the
R, stage, the plants were returned to the greenhouse to
complete their growth cycle, being kept at 25°C.

The following traits were evaluated: number of days
to flowering (NDF), i.e., the number of days from
sowing until flowering; plant height (cm), measured
from the base of the stem at the soil level up to the
top of the plant; number of panicles per plant; and
spikelet sterility (%), calculated as the ratio between
the number of sterile spikelet and the total number of
spikelets x 100 (Xu et al., 2020; Chidambaranathan
et al., 2021).

The assumptions of normality of residuals,
independence of errors, and homoscedasticity were
checked. These assumptions were met, and a factorial
analysis of variance was carried out. Scott Knott’s
test was used to compare treatment means at 5%
probability. The R software (R Core Team, 2013) and
ExpDes package (Ferreira et al., 2014) were used. The
adopted statistical model was:

Yix=p + o + B+ (@P)G)t &k

where Y is the observed value of the trait for the j-th
replicate of the combination of the i-th level of factor A
(rice line) with the k-th level of factor B (temperature
treatment); W is the overall average effect; o; is the
effect of the i-th level of factor A on the trait; f is the
effect of the k-th level of factor B on the trait; (af)(x)
is the effect of the interaction between the i-th level of
factor A and the k-th level of factor B; and & is the
mean experimental error associated with observation
ijk.

Results and Discussion

For each trait, the coefficient of variation (CV) was
obtained in order to measure experimental precision
(Table 1). The CV for NDF and plant height was
below 10%, indicating a high experimental precision
(Pimentel-Gomes, 2009). The number of panicles per
plant and spikelet sterility showed high CV values of
33.30 and 23.28%, respectively, which is commonly
observed. Gupta et al. (2022), for example, found a
22.36% phenotypic CV for number of panicles when
studying 32 rice genotypes. A possible explanation for
the high CVs obtained for number of panicles (typically
over 20%) could be that this trait is quantitative,

Table 1. Results of the analysis of variance for number of days to flowering (NDF), plant height, number of panicles (NP),
and percentage of spikelet sterility (SS) of upland elite rice (Oryza sativa) lines.

Source of Degrees of Mean square

variation freedom NDF (days) Plant height (cm) NP (unit) SS (%)
Rice line (L) 7 1,173.66* 1,383.34% 4.78%* 0.02
Treatment (T) 5 34,595.94* 11,594.18* 53.17* 2.74%
LxT 35 422.26* 114.70* 1.49 0.03

Error 96 - - -

CV (%) - 5.53 9.98 33.30 23.28

*Significant by the F-test, at 5% probability.
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being affected by multiple genetic factors, and highly
influenced by temperature (Xu et al., 2019; Lu et al.,
2022). If a higher number of plants had been analyzed,
the CV values could have been lower; however, this
was not possible in the present study due to the number
of climatic chambers available.

The results of the analysis of variance showed
significant differences (p<0.05) for almost all evaluated
traits regarding the levels of rice lines, treatments, and
the rice lines x treatments interaction.

According to Moe etal. (2019), in a given
environment, grain yield is determined by the following
yield components developed during the different
phenophases of the rice crop: number of panicles
per square meter, number of spikelets per panicle,
spikelet fertility, and a thousand-grain weight. These
components are influenced by the environmental
conditions during each plant stage (Shrestha et al.,
2012).

Observing the rice line factor, cultivar BRSMG
Cagula showed the shortest NDF, followed by CMG
ERF 81-2 (Table 2), both blooming up to 100 days at
the most. Then, came CNAx20665-B-6 and 1P 95-8
CNAx18360-B-3-B-B, taking 117 and 118 days to
bloom, respectively. The NDF is directly related to the
rice crop cycle, i.e., the shorter the NDF, the earlier the
rice cycle will be and the fewer the days the crop will
remain in the field. Therefore, the selection of early-
flowering and, consequently, short-cycle rice lines is
important to integrate upland rice into a succession
cropping system or as a second harvesting (Morais

Table 2. Means of the variables number of days to flowering
(NDF), plant height (PH), number of panicles (NP), and
percentage of spikelet sterility (SS) of eight upland elite rice
(Oryza sativa) lines evaluated at six temperatures”.

Rice line NDF PH NP SS
(days) (cm) (unit) (%)
'BRSMG Cagula' 94a 90a Sa 68.64a
CMG ERF 81-2 100b 83b 4b 63.05a
CNAx20665-B-6 117e 74b 4b 65.72a
CNAx20658-B-12 111d 78b 4b 67.67a
1P 95-8 CNAx18360-B-3-B-B  118e¢ 79b Sa 63.57a
OBS1819-126-9 104c 68c 4b 69.07a
P85-15-CNAx18874-B-5-6 107c 77b 4b 60.71a
CNAx20663-B-14 111d 62d 4b 68.80a

et al., 2014). According to Castro et al. (2019), rice lines
that bloom up to 90 days after sowing are considered
short cycle, which was the case for most of the rice
lines evaluated at 25°C in the present study.

For plant height, the 'BRSMG Cacula' line stood out
again, with values 17% higher than the general mean.
OBSI1819-126-9 and CNAx20663-B-14 did not reach
an adequate height for mechanical harvesting, both
with heights below 70 cm, which is an indicative that
extremes of temperatures are more harmful to these
genotypes.

For number of panicles, 'BRSMG Cagula' and
1 P 95-8 CNAx18360-B-3-B-B were highlighted.
Although the difference between these genotypes and
the others was not high, it is significant since, in field
conditions, a higher plant density affects productivity.

In terms of the treatment factor (Table 3), the effect
of temperature on the studied traits varied. For NDF,
the shortest period was observed at 32°C, followed by
25 and 29°C. At 12°C, the flowering cycle was two
months longer when compared to the general mean.

For plant height, the rice lines performed better
at 20, 25, and 29°C, reaching almost 1.0 m, the ideal
height for mechanical harvesting. However, at 12°C,
the plants showed the worst performance, with a 38 cm
height.

For panicle development, the ideal temperatures
were 20 and 25°C. Again, 12°C had a noticeable
negative influence on plant development. Soda et al.
(2018) found that, under heat stress conditions, the
number of panicles and total yield were 35 and 86%
lower, respectively, in rice kept at 40°C during the

Table 3. Means of the variables number of days to flowering
(NDF), plant height (PH), number of panicles (NP), and
percentage of spikelet sterility (SS) of eight upland elite
rice (Oryza sativa) lines evaluated at six temperatures
(treatments)®.

Temperature NDF PH NP SS

(4O (days) (cm) (unit) (%)
12 167¢ 38¢c Ic 100d
17 139d 69b 4b 100d
20 105¢ 94a 6a 55b
25 84b 93a Sa 24a
29 81b 92a 4b 3la
32 70a 72b 4b 85¢

(OMeans followed by equal letters, in the same column, do not differ by
Scott-Knott’s test, at 5% probability.

Pesq. agropec. bras., Brasilia, v.59, €03605, 2024
DOI: 10.1590/S1678-3921.pab2024.v59.03605

(MMeans followed by equal letters, in the same column, do not differ by
Scott-Knott’s test, at 5% probability.



Performance of elite upland rice lines at low temperatures 5

day and 35°C during the night for 15 days and, then,
at 28°C after the treatment. Cruz et al. (2006) added
that temperatures below 17°C cause negative effects on
rice yield components, such as poor panicle exertion,
deformation of the panicle apexes, and a relatively
slow panicle emission. Therefore, the obtained
results suggest that the number of panicles is strongly
influenced by high and low extremes of temperatures.
However, there is also a genetic component, considering
that, in the present study, the rice lines had a higher
average number of panicles than 'BRSMG Cagcula' and
1P95-8CNAx18360-B-3-B-B.

For spikelet sterility, the rice lines subjected to the
temperatures of 25 and 29°C presented the lowest
rates. However, at lower temperatures, spikelet
sterility reached 100%, which is in alignment with
the findings of other studies. Several authors reported
that the occurrence of low temperatures, especially
in the reproductive stage of rice, seriously hinders
crop production due to the high rates of spikelet
sterility (Hayase etal., 1969; Martins etal., 2007,
Shimono & Kanda, 2008). Similarly, Jia et al. (2022)
found a reduction in rice pollen grain and in the
percentage of fertile pollen under low temperature
conditions. However, high temperatures also cause a
high spikelet sterility, influencing the final yield of
rice (Chidambaranathan et al., 2021). Jagadish et al.
(2007), evaluating the IR64 rice cultivar, verified that
spikelet fertility was reduced by 7.0% for each degree
of temperature above 30°C.

Although each studied variable behaved differently,
in general, most genotypes showed a poor performance
at 12 and 17°C, as well as a better one at 25°C. There was

a relationship between NDF and temperature, in which
the different rice lines performed equally at 17, 20, and
25°C (Table 4). However, an inverse relationship was
observed between plant cycle and temperature. At
12°C, 'BRSMG Cagula' stood out from the rest, with
the shortest period between sowing and flowering.
This line, together with CMG ERF 81-2 and OBS1819-
126-9, did not show any variation in the trait at 12 and
17°C, differently from the rest of the genotypes. At 25,
29, and 32°C, 'BRSMG Cagula' behaved similarly to
the increased temperatures regarding NDF. This same
line and CMG ERF 81-2 presented the shortest cycle
at 29 and 32°C, respectively. Therefore, according to
the obtained results, at 12 and 17°C, the elite rice lines
had a prolonged flowering period, meaning that they
should not be cultivated at this temperature range.

The significant relationships between NDF and
temperature and between plant cycle and temperature
seem to be related to the actions and interactions of
several genes, whose behavior is highly influenced
by the environment (Singh et al., 2022). Shim & Jang
(2020) concluded that the flowering period is extremely
influenced by external environmental conditions such
as drought and temperature.

For rice plants, the transition from the vegetative to
the reproductive stage is considered a critical event.
Soares et al. (2005) found that, in general, short-cycle
rice cultivars performed better than the long-cycle ones
in terms of grain yield in the state of Minas Gerais,
Brazil, most likely because flowering coincides with
the rainfall season and high temperatures, suitable
for cultivation in the region. Contrastingly, under low
temperatures, there are reports of sterility and delayed

Table 4. Means of the variable number of days to flowering of eight elite upland rice (Oryza sativa) lines evaluated at six

temperatures (treatments)®.

Rice lines Number of days to flowering

12°C 17°C 20°C 25°C 29°C 32°C
'BRSMG Cagula' 130aC 133aC 101aB 72aA 69aA 61laA
CMG ERF 81-2 138bD 135aD 101aC 81aB 80bB 64aA
CNAx20665-B-6 210eD 140aC 105aB 85aA 82bA 75bA
CNAx20658-B-12 183dD 143aC 103aB 82aA 81bA 73bA
1P 95-8 CNAx18360-B-3-B-B 210eE 141aD 111aC 92aB 86bB 70bA
OBS1819-126-9 144bD 139aD 104aC 82aB 83bB 70bA
P85-15-CNAx18874-B-5-6 158¢cD 139aC 108aB 84aA 79bA 72bA
CNAx20663-B-14 160cE 145aD 105aC 92aB 85bA 77bA

(MMeans followed by equal letters, lowercase in the column and uppercase in the row, do not differ by Scott-Knott’s test, at 5% probability.
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flowering in the rice crop (Yoshida, 1981; Cruz &
Milach, 2000). The IR8 photoperiod-insensitive
cultivar, for example, takes 140 days to bloom in cold
regions such as California, but only 90 days in hot
regions such as the Philippines (Carnahan et al., 1972).
Evaluating seven rice cultivars, Mukamuhirwa et al.
(2019) found that the average NDF decreased from
120.5 to 90.3, respectively, when temperatures went
from low (26/23°C day/night) to high (30/27°C day/
night).

Basedontheaveragesobtained forplantheight,therice
lines vs. treatments interaction was plotted (Figure 1).
In general, there was variability among the studied
rice lines. 'BRSMG Cacula' and CNAx20663-B-14
maintained the same relative position as the best and
the worst performing, respectively, throughout the
different treatments. Furthermore, the extremes of
temperatures reduced plant height, which was more
noticeable at 12°C. The optimal temperatures for most
rice lines were 20 and 25°C; however, at 25°C, the
genotypes showed different behaviors, which, in some
cases, caused changes in their ranking.

110
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90
g
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£ *
é" 701 /4
g
~
50 1
*
0 -
T T T T T T
12 17 20 25 29 32
Temperature (°C)
1 2 3 4
—— 5 —— 6 7 8

@ Averages of the lines at temperature

Figure 1. Effect of temperature on the plant height of upland
elite rice (Oryza sativa) lines. Lines: 1, ' BRSMG Cagula’; 2,
CMG ERF 81-2; 3, CNAx20665-B-6; 4, CNAx20658-B-12;
5, 1 P 95-8 CNAx18360-B-3-B-B; 6, OBS1819-126-9; 7,
P85-15-CNAx18874-B-5-6; and 8, CNAx20663-B-14.
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For upland rice, plant height should not exceed
100 cm (Saito et al., 2018; Castro et al., 2019), especially
since tall plants are susceptible to lodging. However,
a height shorter than 60 cm is also not recommended
because it hinders an optimal mechanical harvesting,
resulting in low yields.

Conclusions

1. Temperatures below 25°C lead to a low
performance of the studied elite upland rice (Oryza
sativa) lines.

2. Cultivar BRSMG Cagula is a promising candidate
to integrate a crop succession system.
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