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Abstract: Temperature stresses, including low- and high-temperature stresses, are the main abiotic
stresses affecting rice yield. Due to global climate change, the impact of temperature pressure on
rice yield is gradually increasing, which is also a major concern for researchers. In this study, an H1
histone in Oryza sativa (OsHis1.1, LOC_Os04g18090) was cloned, and its role in rice’s response to
temperature stresses was functionally characterized. The GUS staining analysis of OsHis1.1 promoter-
GUS transgenic rice showed that OsHis1.1 was widely expressed in various rice tissues. Transient
expression demonstrated that OsHis1.1 was localized in the nucleus. The overexpression of OsHis1.1
reduces the tolerance to temperature stress in rice by inhibiting the expression of genes that are
responsive to heat and cold stress. Under stress conditions, the POD activity and chlorophyll and
proline contents of OsHis1.1-overexpression rice lines were significantly lower than those of the wild
type, while the malondialdehyde content was higher than that of the wild type. Compared with
Nip, OsHis1.1-overexpression rice suffered more serious oxidative stress and cell damage under
temperature stress. Furthermore, OsHis1.1-overexpression rice showed changes in agronomic traits.

Keywords: rice; histone H1; cold stress; heat stress; agronomic traits

1. Introduction

Rice (Oryza sativa L.) is one of the main food crops in the world. Crop growth and
yield are seriously affected by abiotic stress, such as heat, cold, drought, waterlogging,
and salinity. In recent years, with the intensification of global climate change, the adverse
effects of abiotic stress have further expanded, especially those caused by high- and low-
temperature stress [1–3].

Both cold and heat stress restrict the growth and development of plants, thus reducing
grain yield [4–6]. A low temperature inhibits the metabolic reaction of plants and causes
osmotic and oxidative stress, which are harmful to plants [7–9]. There are complex and
diverse ways for plants to cope with low temperatures [7,10]. Extensive studies have shown
that three C-repeat-binding factors/dehydration-responsive element-binding protein 1
(CBF/DREB1) play key roles in the cold acclimation of plants [11,12]. CBF transcription
factors directly activate a series of Cold-Regulated (COR) genes that can increase freezing
tolerance [6,10,13–16]. These COR genes generally encode some cryoprotective proteins,
reactive oxygen species (ROS) scavenging proteins, enzymes for osmolyte biosynthesis and
photosynthetic membrane protective proteins, which enhance the freezing resistance of
plants [17–19]. Overexpressing CBFs increases the expression of COR genes and enhances
the freezing tolerance of plants [20]. Heat stress can affect plants in many aspects, such
as physiological and biochemical metabolism, gene expression and the fluidity of the cell
membrane, and it results in the degradation of proteins, the inactivation of enzymes and the
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accumulation of ROS [5,21,22]. Heat stress disrupts electron transport, which enhances the
production of ROS in chloroplasts and mitochondria [23]. The excessive accumulation of
ROS will cause cell membrane damage and cell death [23,24]. The ROS scavenging ability
of plants reflects their resistance to heat stress [21,25]. Another important way in which
plants cope with heat stress is through the production of heat shock proteins (HSPs), many
of which function as molecular chaperones to prevent protein denaturation and maintain
protein homeostasis [26].

Nucleosomes make up the basic components of chromatin in eukaryotes. Nucleosomes
are composed of DNA and core histones linked by histone H1 [27–31]. Histone H1 enhances
the stability of nucleosomes [29]. At present, some studies have shown that histone H1 is
involved in plants’ response to stress [29–33]. For example, the overexpression of the H1
histone gene in Camellia sinensis confers abiotic stress tolerance in transgenic tobacco [29].
However, a study on whether histone H1 in rice responds to abiotic stress has not been
reported. In the present study, we found that the overexpression of the histone H1.1
gene (OsHis1.1) in rice (Oryza sativa) caused rice to be more sensitive to high and low
temperatures and had a negative impact on the agronomic traits of rice.

2. Results
2.1. OsHis1.1 Sequence Analysis

OsHis1.1 (LOC_Os04g18090) is located on rice chromosome 4 and has an open reading
frame (ORF) sequence of 572bp, encoding 191 amino acids (Figure 1a). An approximately
1400 bp upstream sequence of the ATG was analyzed via PlantCARE, and it was found that
it contained multiple elements associated with the stress response (Figure 1b). Besides the
basic promoter element, these elements also include Box-4 (a cis-acting element involved in
light response), ABRE (an abscisic acid cis-acting element), ARE (a cis-acting regulatory
element essential for anaerobic induction) and the MYB response element.
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2.2. Subcellular Localization of the OsHis1.1 Protein

The subcellular location of OsHis1.1 was experimentally verified via the transient
transformation of CaMV35S-OsHis1.1-GFP in tobacco leaves. The green fluorescence
signals of the green fluorescent protein (GFP) control were observed in the cell nucleus and
the plasma membrane of the tobacco leaf, whereas the green fluorescence signals of the
OsHis1.1:GFP fusion were only observed in the nucleus (Figure 2). The results showed that
the OsHis1.1 protein was located in the nucleus.
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Figure 2. Subcellular localization of OsHis1.1–GFP in tobacco. 35S:GFP is the single GFP protein;
35S:OsHis1.1-GFP is the His1.1-GFP fusion protein.

2.3. GUS Staining of Promoter Transgenic Plants

To examine the expression pattern of OsHis1.1, the activity of β-glucuronidase (GUS)
in OsHis1.1 promoter-GUS transgenic rice plants was analyzed; the histochemical staining
for GUS activity in various tissues was performed (Figure 3a); and strong GUS signals
were observed in the stems (nodes and internodes), leaves, spikes, anthers and seeds.
After exposing OsHis1.1 promoter-GUS transgenic seedlings to different stress treatments,
the GUS signal detected in the treatment group was significantly weaker than that in the
control group (Figure 3b), further indicating that OsHis1.1 may be involved in multiple
stress responses.

2.4. Overexpression of OsHis1.1 Attenuated the Heat Stress Tolerance of Rice

In order to select overexpressed lines for subsequent experiments, a batch of rice lines
was obtained through PCR detection and hygromycin selection (Figure S1). Then, the
expression level of OsHis1.1 was detected via RT-PCR (Figure 3c). We finally selected three
overexpression rice lines (OE-21, OE-35 and OE-36). To verify the response of OsHis1.1-
overexpression rice (OsHis1.1-OE) to heat stress, we cultured Nip and three overexpression
lines (OE-21, OE-35 and OE-36) under normal conditions for 14 days (14 d) and then treated
them at 45 ◦C for 1 d, and finally, we transferred the seedlings to normal conditions for
12 d (Figure 4a–c). The results showed that under normal conditions, the growth status
of OsHis1.1-OE and Nip (wide-type rice) seedlings was almost the same, but after high-
temperature treatment, the survival rate of OsHis1.1-OE seedlings was significantly lower
than that of Nip (Figure 4d).

In order to explore the reasons for the decreased tolerance of OsHis1.1-OE to high-
temperature stress, we detected the expression of important genes in the heat response
pathway of rice. Under unstressed conditions, the expression levels of OsHSP24.1, OsHSP26
and OsHSP101 were no different between OsHis1.1-OE and Nip. Under heat stress, the
expression levels of OsHSP24.1, OsHSP26 and OsHSP101 increased in OsHis1.1-OE and
Nip, but the increase was significantly lower in OsHis1.1-OE than in Nip (Figure 4e–g).
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level. (a) OsHis1.1 promoter-GUS transgenic plants showed staining of different tissues. (b) Detection
of GUS activity in roots of OsHis1.1 promoter-GUS transgenic plants under different stress treatments.
(50 µM ABA, 180 mM NaCl and 20 % (w/v) PEG6000.) Nip is non-transformed wild-type rice. CK is
OsHis1.1 promoter-GUS transgenic rice. (c) Identification of OsHis1.1-overexpression rice lines. Error
bars represent ±SE (n = 3). Asterisks indicate significant differences between transgenic lines and
Nip (Dunnett’s test, * p < 0.05, ** p < 0.01).

2.5. Overexpression of OsHis1.1 Attenuated the Cold Stress Tolerance of Rice

To verify the response of OsHis1.1-OE to cold stress, we cultured Nip and three
overexpression lines (OE-21, OE-35 and OE-36) under normal conditions for 14 d and then
treated them at 4 ◦C for 3 d, and we finally transferred the seedlings to normal conditions
for 12 d (Figure 5a–c). The results showed the growth statuses of OsHis1.1-OE and Nip
seedlings under the normal condition were almost the same, but after low-temperature
treatment, the survival rate of OsHis1.1-OE seedlings was significantly lower than that of
Nip (Figure 5d).

In order to explore the reasons for the decreased tolerance of OsHis1.1-OE to low-
temperature stress, we detected the expression of important genes in the cold response
pathway of rice. The expression of OsTPP1 has been shown to be positively correlated
with the resistance to cold stress of rice. The overexpression of the trehalose-6-phosphate
phosphatase gene OsTPP1 in rice enhanced the tolerance to cold stress [34]. Under un-
stressed conditions, the expression levels of OsCBF1, OsCBF2, OsCBF3 and OsTPP1 were
no different between OsHis1.1-OE and Nip. Under cold stress, the expression levels of
OsCBF1, OsCBF2, OsCBF3 and OsTPP1 increased in OsHis1.1-OE and Nip, but the increase
was significantly lower in OsHis1.1-OE than in Nip (Figure 5e–h).

2.6. Overexpression of OsHis1.1 Attenuated Oxidative Stress Resistance in Rice under Heat and
Cold Stress

To investigate the effect of the overexpression of OsHis1.1 on ROS accumulation,
14-day-old Nip, OE-21, OE-35 and OE-36 seedlings were subjected to heat and cold stress,
and the accumulation of superoxide anion (O2−) and hydrogen peroxide (H2O2) was
evaluated via Nitrotetrazolium Blue Chloride (NBT) and Diaminoaniline (DAB) staining,
respectively. Under normal conditions, there were no obvious differences between the Nip
and OsHis1.1-OE rice lines. After the cold and heat treatments, the results of NBT and DAB
staining revealed that leaves of Nip accumulated less O2− and H2O2 than OsHis1.1-OE
lines (Figure 6a–d), which was reflected by less severe surface spots and browning surfaces
in leaves of Nip (Figure 6a–d).
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Figure 4. Detection of heat tolerance in OsHis1.1-overexpressed rice (a) Phenotype of WT and OE
lines hydroponically cultivated for 14 days (before the imposition of the heat stress). (b) Phenotypes
of WT and OE lines treated for 24 h at 45 ◦C. (c) Phenotypes of WT and OE lines after 12 d of recovery
following the 45 ◦C treatment. (d) Survival rate of recovered WT and OE lines after heat stress.
(Dunnett’s test, * p < 0.05, ** p < 0.01). (e–g) The expression levels of OsHSP24.1, OsHSP26 and
OsHSP101 after 45 ◦C treatment. Error bars represent ±SE (n = 3). Asterisks indicate significant
differences between transgenic lines and Nip (Dunnett’s test, * p < 0.05, ** p < 0.01).

In addition, the activities of peroxidase (POD) under heat and cold stress were detected.
The results showed that there were no significant differences in the activities of POD
between the OsHis1.1-OE lines and Nip under the normal conditions, whereas under the
heat and cold stress conditions, the enzyme activity of Nip was higher than that of the
OsHis1.1-OE lines (Figure 7a,b). We also found that the content of malondialdehyde (MDA)
in Nip was significantly lower than that in the OsHis1.1-OE lines (Figure 7c,d), indicating
that the OsHis1.1-OE lines suffered more serious cell membrane damages under stress
condition [35,36]. These results further indicated that the OsHis1.1-OE rice accumulated
more ROS than Nip under heat and cold stress.
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Figure 5. Detection of cold tolerance in OsHis1.1-overexpressed rice. (a) Phenotype of Nip and OE
lines hydroponically cultivated for 14 days (before the imposition of the heat stress). (b) Phenotypes
of Nip and OE lines treated for 3 d at 4 ◦C. (c) Phenotypes of Nip and OE lines after 12 d of recovery
following the 4 ◦C treatment. (d) Survival rate of recovered Nip and OE lines after the 4 ◦C treatment.
(Dunnett’s test, * p < 0.05, ** p < 0.01, n = 3). (e–h) The expression levels of OsCBF1, OsCBF2, OsCBF3
and OsTPP1 after 4 ◦C treatment. Error bars represent ±SE (n = 3). Asterisks indicate significant
differences between transgenic lines and Nip (Dunnett’s test, * p < 0.05, ** p < 0.01).

2.7. Overexpression of OsHis1.1 Reduced Chlorophyll and Proline Contents in Rice under Heat
and Cold Stress

Chlorophyll content can be used as an important indicator to judge the tolerance of
plants to stress [37,38]. And proline (Pro) is not only an osmotic regulation substance, but
also a metal chelating agent and antioxidant defense molecule [39]. The accumulation of
Pro is a protective response of plants to environmental stress [40]. Under normal growth
conditions, the Pro and chlorophyll contents of the OsHis1.1-OE lines did not differ from
those of Nip. Under stress conditions, both the OsHis1.1-OE lines and the wild type (Nip)
showed increased Pro and chlorophyll content. However, under the same stress treatment,
Pro and chlorophyll contents were reduced in the OsHis1.1-OE lines compared to Nip
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(Figure 7e–h). The above results indicate that the overexpression of OsHis1.1 could decrease
the content of Pro and chlorophyll, thus reducing heat and cold stress tolerance.
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Figure 6. Accumulation of reactive oxygen species in OsHis1.1 transgenic plants. (a,b) DAB staining
was used to detect H2O2 in the Nip and OE lines before and after heat and cold treatments. (42 ◦C for
24 h and 4 ◦C for 2 d.) (c,d) NBT staining was used to detect the levels of superoxide anion in Nip
and OE lines before and after heat and cold treatments. (42 ◦C for 24 h and 4 ◦C for 2 d.)
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Figure 7. Determination of physiological parameters. (a,b) POD activities of Nip and OE lines before
and after heat and cold stress (42 ◦C for 1 d and 4 ◦C for 2 d). (c,d) MDA contents of Nip and OE
lines before and after heat and cold stress (42 ◦C for 1 d and 4 ◦C for 2 d). (e,f) Chlorophyll contents
of Nip and OE lines before and after heat and cold stress (42 ◦C for 1 d and 4 ◦C for 2 d). (g,h) Proline
contents of Nip and OE lines before and after heat and cold stress (42 ◦C for 1 d and 4 ◦C for 2 d).
Error bars represent ±SE (n = 3). Asterisks indicate significant differences between OE lines and Nip
(Dunnett’s test, ** p < 0.01).
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2.8. Overexpression of OsHis1.1 Affects the Agronomic Traits of Rice

In this study, related agronomic traits were observed in OsHis1.1-OE and Nip (Figure 8a–c).
Compared with Nip, the length and width of grain, 1000-grain weight, seed setting rate
and the number of tillers were all lower in OsHis1.1-OE lines (Figure 8d–h).
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Figure 8. Determination of agronomic traits. (a–c) Phenotypes of Nip and OE lines in rice panicle,
grain length and grain width. (d–h) Statistics of agronomic traits of Nip and OE lines in grain
length, grain width, tiller, seed setting rate and thousand-kernel weight. Error bars represent ±SE
(n = 3). Asterisks indicate significant differences between OE lines and Nip (Dunnett’s test, * p < 0.05,
** p < 0.01).
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3. Discussion

As a linker protein, histone H1 works as the structural component of chromatin in both
plants and animals [41,42]. It localizes to the nucleus in plant cells, and in this study, we also
found that the OsHis1.1 protein localizes to the nucleus, which is consistent with previous
results [29,33,43]. In recent years, as research has continued, there has been increasing
experimental evidence that histone H1 plays an important role in abiotic stress responses,
in addition to being a structural component [29,30,33]. The expression of histone H1 in
Camellia sinensis is induced by low temperatures [29]. Histone H1 could be induced by
ABA and drought in tomato and Arabidopsis [30,44]. However, there are few studies on
H1’s response to temperature stress. This study showed that histone H1 in rice affected the
tolerance of rice to low and high temperatures.

The ROS is one of the important products in plants’ abiotic stress response, and a
change in its content is closely related to stress tolerance. Under normal conditions, the
production and scavenging of ROS in plants are balanced, but when faced with abiotic
stresses, this balance is disrupted, and the excessive accumulation of ROS is toxic to the
plant [24,45,46]. POD is an important ROS-scavenging enzyme in plants, which can help
plants resist peroxidation [24]. OsANN10 RNAi lines reduced the damage made by ROS
through increasing the activity of POD [47]. The overexpression of OsMADS23 could
increase the activities of POD and CAT under osmotic stress [48]. In our results, OsHis1.1-
OE lines accumulated more ROS than Nip under heat and cold stress, which could be
confirmed by the DAB and NBT staining results. Meanwhile, the activity of POD was lower
in OsHis1.1-OE lines than in Nip.

MDA is an indicator of the degree of cell membrane damage by ROS. In this study,
after heat and cold stress, the content of MDA in OsHis1.1-OE was higher than in Nip.
Pro, an important amino acid, plays an important role in maintaining the metabolism and
growth of plants under abiotic stress conditions [49] and has been proposed to enhance
tolerance to abiotic stress in rice [50]. In our study, the content of Pro was lower in OsHis1.1-
OE than in Nip after heat and cold stress, which was consistent with the stress phenotype.
Thus, we speculated that the overexpression of OsHis1.1 could aggravate damage caused
by heat and cold stress by affecting the activity of related enzymes and the accumulation of
osmotic substances and MDA, further decreasing heat and cold stress tolerance.

Regulating stress tolerance by regulating the expression of stress-related genes is one
of the important ways for plants to cope with abiotic stresses. HSPs are important for
plants to cope with heat stress [51]. It has been proved that the expression levels of HSP24.1,
HSP26 and HSP101 are positively correlated with the heat tolerance of plants [51–53]. The
overexpression of the AtHSP101 gene of Arabidopsis in rice enhanced the heat tolerance of
rice [53]. CBF transcription factors are involved in the cold signaling pathway in plants,
and as one of the soluble sugar components, trehalose plays an important role in the
cold stress response. The overexpression of AtCBF1 in potato induces cold-acclimation-
associated physiological modifications [54]. In our results, under heat stress conditions,
the expression levels of OsHSP24.1, OsHSP101 and OsHSP26 were all significantly lower
in OsHis1.1-OE lines than those in Nip. Meanwhile, under cold stress conditions, similar
results were observed in the expression levels of OsCBF1, OsCBF2, OsCBF3 and OsTPP1
between OsHis1.1-OE and Nip. These results imply, therefore, that the overexpression
of OsHis1.1 could decrease the heat and cold tolerance of rice by affecting the transcript
accumulation of these stress-responsive genes. The probable reason for this is that the
overexpression of histone H1 leads to slow DNA unpacking under stress conditions.

Grain size (grain length and width) and grain weight are important agronomic traits
in crop production. In our results, we compared some agronomic traits of OsHis1.1-OE
and Nip and found that Nip had better agronomic traits than OsHis1.1-OE. The decrease in
these traits of OsHis1.1-OE rice would result in lower yields than Nip. These results are
consistent with previous studies that showed histone H1 represses gene expression and
histone H1 is crucial to many life processes including development, differentiation and
apoptosis [55–57].
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4. Materials and Methods
4.1. Plant Materials, Growth Conditions and Abiotic Stress Treatments

The plant material Oryza sativa L. subsp. japonica cv. Nipponbare (Nip) was used
in this experiment as the wild-type rice. OsHis1.1 promoter-GUS transgenic rice plants
and OsHis1.1-OE transgenic rice plants were generated in the Nip background. Screened
with hygromycin and PCR detection (Figure S1), T2 generation plants were used in this
experiment [58]. All methods were performed in accordance with the relevant guidelines
and regulations.

Rice plants grew in nutrient solution and were placed in an artificial climate incubator
at 28 ◦C/22 ◦C and with a 16 h light/8 h dark cycle. After 2 weeks of cultivation, 20 con-
sistent seedlings for each rice line were selected and stress treatments were conducted:
heat treatment (45 ◦C) for 1 day and cold treatment (4 ◦C) for 3 days. After undergoing
the stress treatment and being transferred to an unstressed environment, seedlings whose
leaves remained wilted after 12 days were considered dead, while seedlings that turned
green were those that survived.

4.2. Analysis and Cloning of the OsHis1.1 Gene

The OsHis1.1 gene information was obtained from the Rice Genome Annotation Project
(RGAP, http://rice.uga.edu/, accessed on 10 May 2020) and National Center for Biotech-
nology Information (NCBI, http://www.ncbi.nlm.nih.gov/, accessed on 10 May 2020)
database. A polymerase chain reaction (PCR) was used to amplify the OsHis1.1 and
promoter sequence (about 1500 bp upstream of the ATG). All primers are listed in Table S1.

4.3. Plasmid Construction and Rice Transformation

To generate the OsHis1.1-overexpression lines, the entire OsHis1.1 coding region was
connected to the vector pCAMBIA1300 (a vector with some modifications; primer: OsH1.1-
OE-F and OsH1.1-OE-R). To generate OsHis1.1 promoter-GUS transgenic rice plants, the
promoter sequence was connected to the vector pCAMBIA1305 (primer: OsH1.1-GUS-
F and OsH1.1-GUS-R). The OsHis1.1 gene was linked to the pCAMBIA1300-GFP (with
some modifications; primer: OsH1.1-GFP-F and OsH1.1-GFP-R) vector for subcellular
localization. These constructs were introduced into Nip via the Agrobacterium-mediated
transformation method [59].

4.4. Subcellular Localization and GUS Activity Analysis

The fusion construct CaMV 35S: OsHis1.1-GFP and empty vector CaMV 35S:GFP were
transiently transformed into tobacco (Nicotiana benthamiana) leaves, and the fluorescence
was observed via confocal microscopy after 48 h.

The method described by Jefferson was used to detect GUS activity using histochemical
staining [60]. Different tissues of OsHis1.1 promoter-GUS transgenic rice were placed in a
buffer containing 50 mM sodium phosphate at pH 7.0, 10 mM EDTA, 5 mM K3Fe (CN)6,
5 mM K4Fe (CN)6, 0.1% (w/w) Triton-100 and 1 mg/mL X-Gluc, and they were incubated
overnight at 37 ◦C [31]. The tissues were then soaked in 70% (v/v) ethanol for 5 min to
stop the staining; then, 95% (v/v) ethanol was added and boiled until the chlorophyll was
completely removed. Finally, photos were taken with a ZEISS stereo microscope (Carl Zeiss
AG, Oberkochen, Germany).

4.5. Isolation of DNA and RNA and Real-Time PCR

Fresh leaves were sampled at different time periods and immediately frozen in liquid
nitrogen. Genomic DNA was extracted from rice seedlings via the CTAB method [61].

The total RNA was extracted using Trizol reagent (Invitrogen, Burlington, ON, Canada)
according to the manufacturer’s protocol. The reverse transcription was conducted us-
ing a PrimeScript™ RT Reagent kit with a gDNA Eraser kit (+GDNA wiperVazyme,
Beijing, China), and the cDNA was stored at −20 ◦C. The relative expression levels of
target genes were determined based on the 2−44C method, and the Ubiquitin gene of

http://rice.uga.edu/
http://www.ncbi.nlm.nih.gov/
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rice (LOC_Os01g22490) was used as an internal control [62]. All primers are listed in
Supplementary Table S1.

4.6. Measurement of the Physiological Parameters

The two-week-old seedlings were used for two different treatments. After the comple-
tion of the treatments, the physiological and biochemical indicator parameters of plants
were determined. The method described by Surender Reddy was used to detect the content
of MDA and Pro [63]. The method described by Gao was used to detect the chlorophyll
content [47], and the method described by Chen was used to detect the activity of antiox-
idant enzyme POD [64]. Leaves were placed in 1 mg/mL DAB and 6 mM NBT staining
solution and incubated at 28 ◦C for 10 h in light [65]. Anhydrous ethanol was used to
remove chlorophyll. The accumulation of hydrogen peroxide and superoxide anion O2

−

was observed under a stereo microscope (Carl Zeiss AG, Oberkochen, Germany).

5. Conclusions

In this study, we found that the histone H1 gene, OsHis1.1, affects the response of rice
to high and low temperatures. The overexpression of OsHis1.1 suppressed the expression
of genes responsive to temperature stress, resulting in reduced tolerance to cold and heat
stress in rice. Compared to Nip, OsHis1.1-OE rice suffered more severe oxidative stress
and cellular damage under temperature stress. The overexpression of OsHis1.1 altered the
agronomic traits of rice.

Supplementary Materials: The following supporting information can be downloaded at:
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