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ABSTRACT: The ERECTA family of receptors (ERfs), encoding leucine-rich repeat 
receptor-like kinases (LRR-RLKs), can regulate multiple aspects of plant development 
and abiotic stress responses. The rice (Oryza sativa) genome contains three ERfs, namely 
ERECTA 1 (OsER1), ERECTA 2 (OsER2), and ERECTA-LIKE (OsERL). However, there 
is limited information currently available on their expression pattern during the plant 
developmental stages. The expression pattern of OsERfs genes at reproductive stages 
from the booting (R2) to milk (R6) stage in Nipponbare cultivar and the transgenic plants 
expressing a truncated Arabidopsis ERECTA (ER) lacking the kinase domain (∆Kinase) 
were studied. The ∆Kinase functions as a dominant-negative receptor and presumably 
disrupts ER signaling in rice. The highest level of rice ERfs (OsERfs) expression was 
observed at the heading (R3) and flowering (R4) stages. ∆Kinase expression induced the 
compensation effect and increased the expression of endogenous OsERfs genes, possibly 
due to the suppression of ER signaling. The response to heat stress was evaluated at the 
reproductive stages to test the functional effect of the upregulated OsERfs on transgenic 
plants. Although transgenic plants exhibited enhanced growth during the vegetative stages, 
they succumbed to heat stress during the grain filling stages. Overall, the ∆Kinase plants 
generated in this research serve as essential resources to study the role of OsERfs in the 
response of plants to developmental and environmental stress.
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Introduction

The ERECTA family of receptors (Erfs) encoding leucine-
rich repeat receptor-like kinases (LRR-RLKs) are found 
in many species and have evolved to regulate multiple 
aspects of plant development (Liu et al., 2019). The 
ERfs can control a set of morphological traits and also 
influence the plant’s responses to environmental stresses 
(Lin et al., 2017; Shpak, 2013; van Zanten et al., 2009; 
Villagarcia et al., 2012). 

In rice (Oryza sativa L.), the ERfs consist of three 
members: OsER1 (LOC_Os06g10230/Os06g0203800) 
and OsER2 (LOC_Os02g53720/Os02g0777400), and 
its paralog ER-LIKE, OsERL (LOC_Os06g03970/
Os06g0130100) (Zhang et al., 2018). OsER1 affects 
panicle morphogenesis, impacting the number of 
spikelets per panicle and the grain size (Li et al., 2023). 
Conversely, OsER2 influences the seed setting rate, 
possibly by regulating the germline cell specification 
during megasporogenesis (Guo et al., 2020; Zhang et al., 
2018; Zhao et al., 2020). The specific functions of OsERL 
have not yet been clarified; nevertheless, it has been 
identified as an essential gene and its complete loss is 
considered lethal for the plant (Zhang et al., 2018). Thus, 
the identification and characterization of the expression 
pattern of these genes at different growth stages in rice 
represents an important step to ascertain their roles 
in terms of yield, quality, and tolerance to be used in 
breeding programs.

A truncated ERECTA (ER) lacking the cytoplasmic 
∆Kinase was developed by Shpak et al. (2003) and 
demonstrated that it suppresses ER signaling in 

Arabidopsis. The ∆Kinase gene functions as a dominant-
negative receptor, exhibiting phenotypic traits similar 
to those observed in the loss-of-function erecta mutants 
(Shpak et al., 2003). Furthermore, the ∆Kinase tomato 
and soybean lines exhibited enhanced tolerance 
to drought stress, indicating the potential for ER 
manipulation to enhance abiotic stress tolerance. 
Plants that overexpressed the Arabidopsis ER gene 
during vegetative growth and were subjected to heat 
treatment also exhibited green and lively leaves and 
tillers, and seed setting rates higher than the wild-type 
(Shen et al., 2015). The results demonstrate that ER is 
also important for thermotolerance in rice. However, 
no further studies have investigated the role of ER in 
thermotolerance, and the mechanism is not clearly 
understood. In this study, we identified the expression 
pattern of the rice ER gene family (OsERfs) during 
reproductive growth stages, studied their modulation 
in transgenic rice plants by expressing ∆Kinase, and 
analyzed the thermotolerance of the transgenic plants 
under high temperature stress.

Materials and Methods

Plant growth and reproductive stages

Seeds from cultivar Nipponbare (O. sativa japonica) 
were sown individually in 0.5 L pots containing a 
mixture of sphagnum peat moss and perlite (9:1), PRO-
MIX LP15® and Osmocote® fertilizer (15N-9P-12K). 
The plants were kept in a greenhouse under normal 
light conditions, and supplemental light was supplied 
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between 8h00 and 17h00, when sunlight reduced to 
below 1,260 mmol m–2 s–1 and temperature dropped 
between 22-27 °C. All plants received normal water 
supply uniformly. The staging of the reproductive 
tissues was done in accordance with the methodology 
presented by Moldenhauer and Slaton (2001). In this 
process, the R2 stage is defined as the booting stage, 
characterized by panicle growth inside the leaf sheath. 
The R3 is the heading stage when the panicle emerges 
from the protective flag leaf sheath. The R4 is the 
anthesis or flowering stage and refers to the events 
between the spikelet’s  opening and closing. The R5 
stage occurs five days after the flowering, while the R6, 
or the milk grain stage, is when developing grains in 
the kernel are soft, and the inner portion of the kernel 
is filled with a milky liquid.

Gene expression analysis

A heatmap of tissue-specific expression of OsERfs 
(Figure 1), which was based on the RiceXPro database 
(Sato et al., 2013), exhibited higher expression of 
OsERfs in inflorescence, in the reproductive organs, 
and the embryos. Consequently, the identification 
of expression patterns during the early reproductive 
stages (R0-R6) is of paramount importance for the 
guidance of breeding programs. Therefore, total RNA 

was extracted from the spikelet of the first three 
panicles during different reproductive growth stages, 
from R2 to R6, using the reagent TRIZol (Invitrogen-
Life Technologies), following the manufacturer’s 
instructions. The total RNA was then quantified by 
Nano-drop 2000 (Thermo-Fisher Inc.). All RNA samples 
were treated with RQ1-RNAse free DNase (Promega 
Inc.) for 30 min at 37 °C, followed by the inactivation 
of DNase I by ethylenediaminetetraacetic acid (EDTA). 
Subsequently, 1 µg DNase-treated RNA was used for 
cDNA synthesis using the PrimeScript RT reagent kit 
(Takara Bio). The real-time quantitative polymerase 
chain reaction (RT-qPCR) was performed on the 
cDNA using the TB green Premix Ex Taq II kit (Takara 
Bio) on Bio-Rad CFX 96 C1000 under the following 
conditions: 95 °C for 30 s followed by 40 cycles of 95 
°C for 5 s and 60 °C for 30 s. The melt curve analysis 
verified the product specificity and the expression of 
OsERfs genes was normalized against Os7Ubiquitin 
fused protein (7UBIQ) as the reference gene. The 
primers used were 5’-TTCGTGCCGTTCATCTGGC-3’ 
and 5’- CAGGTGGAC-TATGAGGCC-3’ for 
OsER1, 5’-CCTCTGTCTCAAGGTCTG-3’ and 
5’-GATGGTAGTGCATGGATATC-3’ for OsER2, 
5’-CCTCGCATAATCCACAGAGATG-3’ and 
5’-AGCACATAAGTGGAGGCATGG-3’ for OsERL, 
5’-GGACTTGTCCTACAATCAGCTAACT-3’ and 
5’-TTGAACCAGTCAGCTTGTTACTGTGC-3’ for 
ΔKinase, and 5’-TGGTCAGTAATCAGCCAGTTTG-3’ 
and 5’-CAAATACTTGACGAACAGAGGC-3’ for the 
reference gene, 7UBQ. The Pearson’s correlation 
coefficient between the ∆Kinase and OsERfs expression 
was applied, and the Student’s t-test was performed 
adopting a 5 % significance level using the fBasics and 
agricolae packages in R software version 3.3.3.

Generation of transgenic rice plants

The ∆Kinase transformation vector, pNS37, has been 
previously described (Shanmugam et al., 2020). It 
consists of 8.0 kb Arabidopsis ER gene (promoter 
and coding region) with a stop codon before the 
kinase domain. As a result, it retains the extracellular 
leucine-rich repeat (LRR) and transmembrane (TM) 
domain; however, it lacks the cytoplasmic kinase 
domain (Shpak et al., 2003). Embryogenic calli 
derived from mature rice seeds of cv. Nipponbare 
and were subjected to co-bombardment with pNS37 
and the selection gene construct, which harbored the 
hygromycin phosphotransferase gene under the control 
of 35S promoter, using a Bio-Rad PDS1000/He gene 
gun. Equal quantities (5 µg each) of the two vectors 
were combined to create DNA-coated gold particles for 
the transformation. The bombarded calli were selected 
on media containing 50 mg L–1 hygromycin, and the 
selected calli were subjected to plant regeneration in 
accordance with the protocols described by Nishimura 
et al. (2006).

Figure 1 – Expression pattern of rice ERECTA 1 (OsER1), 
ERECTA 2 (OsER2) and ERECTA-LIKE (OsERL) genes in 
different tissues and developmental stages. The expression 
data was retrieved from RiceXPro (Sato et al., 2013) and 
the heatmap was prepared using Heatmapper (http://www.
heatmapper.ca/expression/). The gene expression values 
were standardized using the Z-score. DAF = days after 
flowering.
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High temperature stress analyses

For the analysis of high temperature stress response at 
the reproductive stage, T1 progenies from two transgenic 
plants exhibiting high levels of ∆Kinase expression (1-8 
and 5-1) and one non-transgenic control line were 
sown individually in 2.5 L pots with a soil mixture 
and greenhouse conditions that were prepared in the 
same manner as previously described.  A completely 
randomized design in a factorial scheme (3 × 2) was 
employed to evaluate the thermotolerance. The evaluated 
treatments were the three genotypes (1-8, 5-1 and 
control) in two temperature conditions: normal and high 
temperature stress. Three replicates were employed, 
with each plot comprising a single pot and a single plant. 
The plants were kept in the greenhouse until reaching 
the R2 stage, when the temperature-stressed plants were 
transferred to a controlled-temperature growth chamber 
(Conviron E15 Plant Growth Chamber) for 14 days. They 
were subsequently returned to the greenhouse until the 
conclusion of the experimental cycle. The specifications 
of the growth chamber are provided in Table 1. The 
temperature was set to simulate the daily changes, in 
accordance with the methodology described by Ye et 
al. (2012). The phenotypic traits evaluated in the plants 
were the number of tillers (TIL), the number of panicles 
(PAN), the grain yield (YLD), and the grain sterility 
percentage (STR). The phenotypic data was subjected 
to statistical analysis using the analysis of variance 
(ANOVA), and the Tukey’s test for comparisons among 
treatment means was applied with 5 % significance level 
using the fBasics and Agricolae packages in R software 
version 3.3.3. 

Results

Expression pattern of rice ERECTA family genes in 
reproductive stages

Given the high expression of OsERf in reproductive tissue 
(Figure 1), we focused our investigation on spikelets at 
different reproductive stages. The expression of OsERfs 
in the spikelets of the cultivar Nipponbare (O. sativa) was 
observed to be higher in the earlier reproductive stages 

(R2-R4) compared to the later stages (R5-R6) (Figure 2). 
The R3 stage exhibited the highest transcript levels for 
the three OsERfs genes, followed by a gradual decline 
until the minimum expression at the milk stage (R6), 
which marks the onset of grain ripening (Moldenhauer 
and Slaton, 2001). Furthermore, OsER2 exhibited higher 
levels of expression between the R3 and R5 stages, 
followed by OsER1 and OsERL.

Development of transgenic plants expressing 
ΔKinase gene 

To better understand the role of ER signaling and the 
OsERf genes in thermotolerance, transgenic rice lines 
expressing the ∆Kinase protein were developed. The 
expression level of the Arabidopsis thaliana (L.) Heynh. 
∆Kinase gene, regulated by its native (AtER) promoter, 
was evaluated in six T0 plants (1-8, 5-1, 5-2, 9-1, 9-4, and 
18) at reproductive growth stages from R2 to R6 (Figure 
3). Although all plants expressed ∆Kinase compared to the 
empty-vector control plants, the expression level among 
them was highly variable. The relative expression of 
∆Kinase among the transgenic lines was analyzed, and it 
was observed that plants 1-8, 5-1, and 5-2 exhibited higher 
expression levels compared to 9-1, 9-2, and 18. The most 
significant difference was observed between genotypes 
1-8 and 9-1, in which the former showed a ~53-fold 
higher level of ∆Kinase at the R3 stage (Figure 3).

Moreover, although the pattern of ∆Kinase 
expression throughout the reproductive stages exhibited 
some variability between lines, the highest expression 
levels were typically observed at the R2, R3, and R4 
stages. This pattern was similar to that observed for 
OsERf throughout the R2-R6 stages (Figure 3).

Subsequently, four T0 plants, two each with high 
(1-8 and 5-1) and low (9-1 and 18) ∆Kinase expression, 
were selected for evaluation of OsERfs expression during 

Table 1 – Settings for the treatment with high temperatures in the 
growth chamber for 24 h.
Step Time Duration Temperature

min °C
1 06h30 07h00 30 27
2 07h00 07h30 30 30
3 07h30 08h00 30 35
4 08h00 14h30 390 38
5 14h30 15h30 60 35
6 15h30 16h30 60 30
7 16h30 17h30 60 27
8 17h30 18h30 60 24
9 18h30 06h30 720 24

Figure 2 – Expression pattern of rice ERECTA 1 (OsER1), 
ERECTA 2 (OsER2) and ERECTA-LIKE (OsERL) genes in 
rice cultivar Nipponbare at different reproductive stages (R2-
R6). Expression of OsER1, OsER2, and OsERL relative to the 
reference gene, 7UBQ. The error bars indicate ± standard error.
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the R2, R3, and R4 stages. A genetic compensation effect 
was observed in all four transgenic lines expressing 
the ΔKinase gene, as evidenced by the significant 
upregulation of the native OsERfs in transgenic plants 
compared to the control (Figure 4A-C). While all three 
OsERfs exhibited upregulation in the R2-R4 stages, the 
highest upregulation (up to ~90-fold) was observed for 
OsER1 at the R4 stage (Figure 4C). 

Correlations between the expression levels of 
OsERfs and ΔKinase genes were estimated to obtain 
greater reliability regarding the compensation effect 
(Table 2). A high and statistically significant correlation 
(p < 0.05) was observed at the R4 stage (flowering) with 
correlation values of 0.95, 0.67, and 0.82, respectively, 
for OsER1, OsER2, and OsERL. Similarly, at the R3 stage, 
a significant correlation was observed for OsER1 and 
OsERL, but not for OsER2. In conclusion, despite our 
efforts to disrupt ER signaling by expressing a dominant-
negative ER mutation, the transgenic plants exhibited 
a pronounced genetic compensation effect through the 
upregulation of the endogenous OsERf genes.

Heat response of ΔKinase transgenic plants

The effects of genotype and temperature, evaluated 
under both normal and stressed (high temperature) 
conditions, were found to be statistically significant (p 
< 0.05) for all traits. However, a significant (p < 0.05) 
genotype × temperature interaction was observed only 
for YLD and STR. It is noteworthy that no adverse effects 
were observed regarding the vegetative development stage 
of the transgenic plants. Under standard temperature 
conditions, the ΔKinase plants exhibited statistically 
similar TIL and PAN values compared to the control 
plants (Figure 5A and B). Although both the control and 
the transgenic plants exhibited increased TIL under stress 
conditions, transgenic plants 1-8 and 5-1 demonstrated 
statistically higher values, with TIL levels 51 and 43 % 
higher, respectively, compared to the control (Figure 5A). 
In addition, genotype 1-8 exhibited a higher PAN, with 
a value that was 86.2 % higher than that of the control 
(Figure 5B). Notably, genotype 1-8 exhibited a more 
pronounced upregulation of OsERf throughout the R2-R4 
stages compared to 5-1, with the most notable difference 
observed in OsER1 expression at the R3 stage (Figure 4B). 
Consequently, the enhanced performance of 1-8 under 
heat stress correlates with a heightened upregulation of 
OsERf during the R2-R4 stages.

Table 2 – The Pearson’s correlation value between expression 
level of ΔKinase and Oriza sativa ERECTA family of receptor 
(OsERfs) genes during three different reproductive stages (R2-
R4) in T0 plants.

ΔKinase
R2 R3 R4

OsER1 0.29 0.60* 0.95*
OsER2 0.20 0.44 0.67*
OsERL 0.33 0.66* 0.82*
*Significant by Student’s t-test at 5 %; OsER1 = rice ERECTA 1, OsER2 = 
ERECTA 2 , and OsERL = ERECTA-LIKE  genes.

Figure 4 – Relative expression of rice ERECTA 1 (OsER1), ERECTA 2 (OsER2) and ERECTA-LIKE (OsERL) and ΔKinase gene in four T0 
(1-8, 5-1, 9-1, and 18) and a control plant at different reproductive stages, A) R2, B) R3, and C) R4. The error bars indicate ± standard error.

Figure 3 – Quantitative expression of ∆Kinase in transgenic lines. 
Expression of ΔKinase relative to the reference gene, 7UBQ, in 
the T0 plants of transgenic lines, 1-8, 5-1, 5-2, 9-1, 9-4, and 18 
at different reproductive stages (R2-R6). The error bars indicate 
± standard error.
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Although transgenic plants initially demonstrated 
enhanced agronomic performance under heat stress 
conditions, this superiority was not sustained for YLD 
(Figure 6A). Given the high intensity of stress, which 
reached a maximum of 38 °C, none of the genotypes 
were able to produce grains, resulting in a STR of 100 %. 
Under normal conditions, the control plants exhibited 
superior ∆Kinase over the transgenic plants, displaying 
the lowest estimates of STR, while the 5-1 plants 
exhibited the highest STR (Figure 6A). Accordingly, the 
YLD in the control plants was 3× higher than in the 5-1 
plants, which exhibited the lowest YLD (Figure 6B). In 
summary, ∆Kinase transgenic rice plants that displayed 
the genetic compensation effect by upregulating their 
OsERf showed greater tolerance to heat during the 
vegetative stages but did not display higher tolerance to 
heat stress during the flowering or grain filling stages.

Discussion

The ER genes and their ER-LIKE paralogs exhibit high 
sequence similarity across plant species, indicating their 
functional conservation (Zhang et al., 2018). However, 
to determine their application in rice breeding programs 
and direct interventions aimed at modulating these 
genes during the most sensitive stages of abiotic stress, 
it is imperative to understand the mechanisms by which 
ER genes operate. This can be achieved by examining 
their expression patterns and disrupting ER signaling. 
The present study identified the specific reproductive 
stages of rice during which OsERf genes are highly 
expressed. Utilizing the Nipponbare cultivar from the 
japonica subspecies, a model plant for genetic research 
in rice, a heightened expression of OsERf was observed 
at the R2 until R4 rice reproductive stage, when 

Figure 5 – Effect of heat stress on the vegetative development of rice plants. A) Number of tillers (TIL) and B) number of panicles of 
transgenic (PAN) (1-8 and 5-1) and the empty-vector control plants under normal and high temperature (heat) conditions. Different letters 
indicate significant differences (p < 0.05) between genotypes by the Tukey’s test (n = 3) under different temperature conditions.

Figure 6 – Grain yield under heat stress. A) Grain yield (YLD) and B) grain sterility percentage (STR) of transgenic (1-8 and 5-1) and the 
empty vector control plants under normal and high temperature (heat) conditions. Different letters indicate significant differences (p < 0.05) 
between genotypes by the Tukey’s test (n = 3) under different temperature conditions.
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one or more spikelets on the main stem panicle have 
reached anthesis. However, the greatest expression was 
observed at the R3 stage. These stages are responsible 
for triggering a series of metabolic activities in the rice 
plant that directly influence YLD. Microsporogenesis, 
the process of formation of pollen grains in the male sex 
organs of a plant, occurs at the R2 stage. The occurrence 
of abiotic stresses at this stage, such as low moisture and 
high temperatures, can result in elevated levels of grain 
sterility (Matsui et al., 2000; Sheoran and Saini, 1996), 
primarily due to the abortion of male gametes. 

The high expression of OsERfs genes between the 
R2 and R4 stages is of significant interest, as they regulate 
metabolic pathways that influence the plant’s response 
to stress (Meng et al., 2012; Terpstra et al., 2010). In 
addition, the ERfs are involved in the development 
of reproductive tissues. However, the nature of the 
signal molecule in cell-to-cell communication enabled 
by ERfs remains unknown (Shpak, 2013). A truncated 
Arabidopsis ERECTA gene, ΔKinase, incorporates a stop 
codon prior to the cytoplasmic kinase domain (Shpak et 
al., 2003). The transgenic expression of ΔKinase is a well-
established plant approach (Berchembrock et al., 2021; 
Shanmugam et al., 2020; Shpak et al., 2003; Villagarcia 
et al., 2012). This approach interferes with the 
endogenous ER signaling by binding and arresting the 
signal molecules. The ΔKinase gene was introduced into 
the rice cultivar Nipponbare to investigate the impact of 
ER suppression on plant phenotype, the expression of 
native rice genes (OsERfs), and abiotic stress tolerance. 
The T0 lines were classified as high-expression (1-8, 5-1, 
and 5-2) or low-expression (9-1, 9-2, and 18) based on 
the level of ΔKinase expression observed during the 
reproductive growth stages. Notably, the expression 
pattern of the ΔKinase gene was identical to that observed 
for the OsERfs genes in the Nipponbare cultivar, with 
higher estimates in the reproductive stages (R2, R3, and 
R4). This overlapping expression pattern suggests that 
ΔKinase and OsERfs participate in the same cell-to-cell 
signal transduction pathways in transgenic rice plants.

Our transgenic lines did not exhibit any notable 
morphological effects, prompting us to investigate 
whether the expression of ΔKinase initiated a 
genetic compensation. Genetic compensation is the 
transcriptional upregulations of specific genes occurring 
in the presence or absence of deleterious mutations (Rossi 
et al., 2015). To this end, four T0 lines were subjected to 
an expression analysis of OsERfs genes at the R2, R3, 
and R4 stages. A strong genetic compensation effect was 
observed, characterized by transcriptional up-regulation 
of the OsERfs genes in the presence of the ΔKinase gene. 
Moreover, it indicates that plants attempt to overcome 
the interference imposed by ΔKinase by enhancing the 
expression of their endogenous ER proteins. A similar 
result was observed in tomato (Solanum lycopersicum 
L.) plants by Villagarcia et al. (2012). The expression of 
the ΔKinase gene in transgenic tomato plants resulted 
in the upregulation of the two endogenous ER family 

genes, ERECTA (SlER) and ERECTA-LIKE (SlERL). 
The downregulation of the ER signaling by ΔKinase 
presumably induced a genetic compensation effect, 
leading to an increase in the expression of endogenous 
ER genes in different organs, above that observed 
in wild-type plants. However, whether this genetic 
compensation is sufficient to restore ER signaling to its 
original levels is unclear.

Earlier studies have demonstrated that rice plants 
overexpressing ER genes exhibit enhanced heat tolerance 
(Shen et al., 2015). Specifically, the researchers subjected 
the plants to prolonged heat stress. allowing them to 
recover and set seeds. However, given that heat stress is 
most detrimental to rice during the reproductive stages, 
it remains unclear whether ER-overexpressing rice can 
withstand heat stress throughout the reproductive stages. 
Therefore, the objective was to determine whether the 
genetic compensation effect observed in the ΔKinase 
transgenic lines could confer tolerance to heat stress. We 
selected heat tolerance as the trait of interest due to the 
association of OsER1 with heat tolerance in rice (Shen 
et al., 2015), as well as the observation that OsER1 is 
one of the highly upregulated genes of the three OsERf 
in our transgenic lines. In general, the transgenic lines 
demonstrated superior performance under heat stress, 
indicating that the genetic compensation observed 
in rice is not merely a transcriptional effect but is 
also likely phenotypic. Rice plants typically show an 
increase in tillers under stress conditions (Baker et al., 
1992; Yoshida, 1978). Our transgenic lines exhibited, 
on average, a 47 % higher TIL than the control under 
heat stress conditions. The TIL per plant is typically 
correlated with the PAN (Nuruzzaman et al., 2000), 
which constitutes a component of YLD. Indeed, a linear 
relationship was observed between the TIL and panicles 
under both temperature conditions, except genotype 5-1 
under heat stress. However, the transgenic lines exhibited 
increased sterility and reduced YLD s even under normal 
conditions, while all genotypes demonstrated absolute 
sterility and empty panicles under heat stress. Similarly, 
the modulation of ER signaling by the expression of 
ΔKinase in soybean or Arabidopsis compromised plant 
fertility (Berchembrock et al., 2021; Shpak et al., 2003). 
In soybean, an inverse relationship was identified 
between the level of ΔKinase expression and YLD in 
transgenic plants, with an estimated correlation of –0.78 
(Berchembrock et al., 2021). The reproductive stage in 
rice is susceptible to high air temperatures, which can 
impair the dehiscence of the anther, the shedding of 
pollen, the germination of pollen grains on the stigma, 
and the elongation of pollen tubes (Krishnan et al., 2011; 
Prasad et al., 2006). At this stage, stress may impede 
the fertilization of spikelets, resulting in near-complete 
sterility and a significant reduction in YLD (Krishnan et 
al., 2011). Overall, the modulation of ER in transgenic 
rice has been unable to overcome the detrimental effects 
of heat on traits associated with fertilization or grain 
filling.
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In conclusion, the OsERfs genes exhibited 
elevated expression levels during the reproductive 
development stages in rice, with the highest expression 
levels observed in the spikelets during the R2, R3, and 
R4 stages. The suppression of ER signaling by ΔKinase 
in transgenic rice plants resulted in an increase in the 
expression of the three endogenous rice ER family 
genes, which exhibited a strong correlation with the 
expression level of the ΔKinase transgene. Despite the 
absence of diminished vegetative growth in plants 
expressing ΔKinase, a reduction in seed set and YLD 
was observed in comparison to the non-transgenic 
control. Furthermore, during the reproductive stages, 
the transgenic plants did not tolerate high temperature 
stress despite the significant upregulation of the OsERf 
genes. A comprehensive understanding of the ERfs 
function in rice will be of great importance in the 
implementation of biotechnology strategies aimed at 
modifying their expression in the search for plants with 
desired agronomic traits and enhanced tolerance to 
diverse abiotic stresses.
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