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Abstract: The auxin efflux transporter PIN-FORMED (PIN) family is one of the major protein families
that facilitates polar auxin transport in plants. Here, we report that overexpression of OsPIN9 leads to
altered plant architecture and chilling tolerance in rice. The expression profile analysis indicated that
OsPIN9 was gradually suppressed by chilling stress. The shoot height and adventitious root number
of OsPIN9-overexpressing (OE) plants were significantly reduced at the seedling stage. The roots
of OE plants were more tolerant to N-1-naphthylphthalamic acid (NPA) treatment than WT plants,
indicating the disturbance of auxin homeostasis in OE lines. The chilling tolerance assay showed that
the survival rate of OE plants was markedly lower than that of wild-type (WT) plants. Consistently,
more dead cells, increased electrolyte leakage, and increased malondialdehyde (MDA) content were
observed in OE plants compared to those in WT plants under chilling conditions. Notably, OE
plants accumulated more hydrogen peroxide (H2O2) and less superoxide anion radicals (O−2 ) than
WT plants under chilling conditions. In contrast, catalase (CAT) and superoxide dismutase (SOD)
activities in OE lines decreased significantly compared to those in WT plants at the early chilling
stage, implying that the impaired chilling tolerance of transgenic plants is probably attributed to
the sharp induction of H2O2 and the delayed induction of antioxidant enzyme activities at this
stage. In addition, several OsRboh genes, which play a crucial role in ROS production under abiotic
stress, showed an obvious increase after chilling stress in OE plants compared to that in WT plants,
which probably at least in part contributes to the production of ROS under chilling stress in OE
plants. Together, our results reveal that OsPIN9 plays a vital role in regulating plant architecture
and, more importantly, is involved in regulating rice chilling tolerance by influencing auxin and
ROS homeostasis.

Keywords: OsPIN9; polar auxin transport; chilling tolerance; ROS homeostasis; antioxidant enzymes;
rice (Oryza sativa L.)

1. Introduction

Due to extreme weather events, plants are progressively subjected to various abiotic
stresses, such as chilling stress. Chilling stress restricts the geographical distribution
and affects plant productivity [1,2]. Rice (Oryza sativa L.) originates from tropical and
subtropical regions and is more sensitive to chilling stress than other cereal crops [3–5].
Previous data showed that rice yield decreased by 30–40% due to cold stress in temperate
areas [6]. Therefore, improving rice chilling tolerance for maintaining food security is
an urgent target [7]. In recent years, excellent progress has been made in understanding
the physiological and molecular mechanisms underlying chilling stress [1,8–10]. Chilling
stress triggers Ca2+ influx, which plays a key role in chilling tolerance [1,11–13]. For
example, COLD1 (CHILLING-TOLERANCE DIVERGENCE 1) and OsCNGC9 (CYCLIC
NUCLEOTIDE-GATED CHANNEL 9) have been demonstrated to regulate rice chilling
tolerance by mediating Ca2+ influx under chilling stress [7,14]. Growing evidence shows
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that low temperatures dramatically induce the expression of the well-known C-repeat
binding factor (CBF)/dehydration-responsive element binding factor (DREB) genes, which
play a crucial role in plant chilling tolerance [15–18]. Conversely, evidence also showed
that the transcriptional abundance of these transcription factors plays a minor role in
cold tolerance [19–21]. Additionally, reactive oxygen species (ROS) are pivotal in various
abiotic stress adaptations [22,23]. Low-level ROS at the early stress stage act as signals
to trigger diverse stress responses, whereas excessive ROS cause cell damage; therefore,
ROS homeostasis should be well controlled during abiotic stresses [10], including chilling
tolerance [21,24–26]. In line with this, it is evidenced that more ROS are accumulated at the
relative earlier chilling stage, while less ROS accumulation is detected at the late chilling
stage in high chilling tolerance rice than in low chilling tolerance rice, which suggests that
ROS homeostasis plays a vital role in regulating rice chilling tolerance [21].

The phytohormone auxin (indole-3-acetic acid, IAA) functions in almost all plant devel-
opmental processes and is involved in responses to many environmental clues, such as light,
gravity, and temperature fluctuations [27–30]. Most auxin is synthesized in primordial and
young leaves [31–33] and is transported basipetally to facilitate plant growth and develop-
ment. The plant-specific PIN-FORMED (PIN) efflux carriers are the most important players
in this process [34], which cooperated with the AUXIN1 (AUX1)/LIKE AUX1 (LAX) influx
carriers, the phosphoglycoprotein (PGP/MDR/ABCB) efflux/influx transporters [35,36]
and PIN-LIKES (PILS) family proteins [37] to drive polar auxin transport.

Significant progress has been made in the role of PIN genes, which are mainly derived
from the dissection of PIN genes in the model plants Arabidopsis thaliana and rice [38–42].
The Arabidopsis genome possesses eight PIN genes, and the function of these AtPIN genes
has been deeply investigated [38,43,44]. In contrast, the role of rice OsPIN genes is largely
unknown. Twelve OsPIN genes have been identified in the rice genome [45,46], and several
OsPIN genes have been functionally identified to play key roles in regulating rice growth
and development by influencing polar auxin transport. OsPIN1b, which is also named
OsPIN1, is mainly expressed in the vascular tissues and root primordial and functions in reg-
ulating the emergence of adventitious roots [47]. Our previous study showed that OsPIN1b,
also designated as OsPIN1a [46], is associated with root negative phototropism [48]. Further
investigation indicated that OsPIN1a and OsPIN1b redundantly regulate root and inflores-
cence development, while OsPIN1c and OsPIN1d are redundantly involved in modulating
panicle formation [49]. OsPIN2 regulates rice root system architecture and gravitropism by
influencing auxin transport and distribution in roots, especially in columella cells [50–52].
OsPIN5b is constitutively expressed in vegetative and reproductive tissues and functions
in modulating rice architecture and yield [53]. OsPIN10a (also designated as OsPIN3t) is
mainly expressed in vascular tissue and functions in drought stress response and drought
tolerance [54]. Recently, the monocot-specific OsPIN9 gene has been indicated to function
in regulating tiller bud outgrowth and affecting tiller number [55]. In addition, the expres-
sion profile of PIN genes, such as tissue-specific analysis and response to abiotic stress,
in the other two monocot plants, sorghum (Sorghum bicolor) and maize (Zea mays), was
deeply investigated [56–58]. Taken together, although excellent progress has been made
in the functional dissection of OsPIN genes, which mainly focuses on rice growth and
development, whether and how OsPIN genes are involved in regulating abiotic stresses,
especially chilling stress, is still elusive.

The underlying mechanism of auxin in regulating cold tolerance is largely unknown,
although auxin plays key roles in regulating plant growth and development. Increasing
evidence has shown that cold stress is tightly related to auxin homeostasis. For example,
an earlier study indicated that temperature could influence exogenous auxin transport
velocity in some plant species [59]. Although the underlying mechanism of auxin in
regulating cold tolerance is almost completely unknown, cold stress not only differentially
regulates the expression of auxin-responsive genes but also markedly increases auxin
content in rice [30,60]. Additionally, auxin transport could be suppressed and restored
by low temperature and room temperature, respectively [61]. Inhibition of intracellular
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trafficking of auxin efflux carriers substantially influences auxin homeostasis under cold
conditions [29]. Further research demonstrated that GNOM, a SEC7 containing ARF-GEF,
which is closely associated with endosomal trafficking of auxin efflux carriers, can positively
regulate Arabidopsis cold tolerance [62]. Collectively, these results strongly suggest that
auxin homeostasis and transport are implicated in regulating plant chilling tolerance.
However, little is known about the underlying molecular mechanisms involved in the role
of auxin homeostasis and transport in chilling stress.

Previous studies demonstrated that OsPIN9 functions in polar auxin transport and
is involved in regulating adventitious root number and tiller number [55]. Recently,
Manna et al. (2022) [63] reported that salt and drought treatment significantly induced
OsPIN9 expression, indicating the potential role of OsPIN9 in abiotic stress adaptation.
In line with this, our previous study showed that mutation of OsPIN9 by CRISPR/Cas9
technology confers enhanced chilling tolerance in rice [64]. However, whether and how
OsPIN9 overexpression regulates rice chilling tolerance is unknown. In addition, since off-
target effects or newly formed mutation proteins derived from CRISPR/Cas9 technology
have the potential to cover the true function of target genes, it is necessary to further verify
gene function by upregulating its expression. Here, we functionally examined the role of
OsPIN9 in modulating chilling tolerance by overexpressing technology. Our results showed
that overexpression of OsPIN9 not only leads to the alteration of rice architecture but also
impairs rice chilling tolerance. We provided strong evidence that OsPIN9 plays a crucial
role in modulating rice chilling tolerance and shed light on the relationship between polar
auxin transport and chilling tolerance in rice.

2. Results
2.1. Expression Patterns of OsPIN Genes under Chilling Stress

Increasing evidence shows that plant chilling tolerance is tightly associated with polar
auxin transport [29,59,61,62]. However, the mechanism by which OsPIN genes respond to
chilling stress is still largely unknown. To this end, quantitative real-time polymerase chain
reaction (qRT-PCR) was performed to evaluate the responses of OsPIN genes in rice roots
upon chilling stress. Nine OsPIN genes (OsPIN1b, OsPIN1c, OsPIN1d, OsPIN2, OsPIN5a,
OsPIN5b, OsPIN9, OsPIN10a, and OsPIN10b), which can be detected in rice roots [39,45,46],
were selected to analyze the expression profiles under chilling stress. OsPIN1b displayed a
different expression pattern under chilling treatment compared to OsPIN1c and OsPIN1d,
albeit belonging to the same subfamily. In detail, OsPIN1b was induced to the highest
expression after chilling for 6 h and then decreased sharply, while OsPIN1c and OsPIN1d
were suppressed after chilling for 3 h and kept to a relatively constant level thereafter.
OsPIN2 remained at a constant level under chilling treatment. Similar to OsPIN1b, OsPIN5a
and OsPIN5c also showed increased expression first and then decreased. Three monocot-
specific PIN genes, OsPIN9, OsPIN10a, and OsPIN10b, were greatly inhibited after chilling
treatment and gradually decreased with treatment duration (Figure 1). Intriguingly, the
paralogous OsPIN genes, OsPIN1c/1d, OsPIN5a/5c, and OsPIN10a/10b, showed a similar
expression profile under chilling stress, implying that they might play a synergistic role in
chilling tolerance.

2.2. Generating OsPIN9-Overexpressing Transgenic Rice and Phenotypes of Transformants

The monocot-specific OsPIN9, which was dramatically suppressed under chilling
treatment, was chosen for further study. To obtain insight into the function of OsPIN9 in
chilling tolerance, a plasmid carrying the OsPIN9 ORF, driven by a strong constitutive
Ubiquitin promoter (pUbi) (Figure 2A), was introduced into rice cultivar Nipponbare by
Agrobacterium. The transgenic plants were confirmed by PCR using genomic DNA as a
template with specific primers. qRT-PCR analysis showed that the OsPIN9 transcript signif-
icantly increased by 3.6–1237 times in the five tested transgenic line roots compared with
that in WT plants (Figure 2B). Among which, A4 and B14 represented the high expression
levels, A1 represented the moderate expression level, and A2 and B15 represented the low
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expression levels. Three lines, A4, A1, and B15, which represented high, moderate, and low
expression levels of OsPIN9, were employed to further analyze the expression of OsPIN9 in
leaves, roots, and stem bases. The highest increase in expression was detected in leaves,
followed by roots and stem bases (Figure 2C). Two T2 homozygous transgenic lines, A4
and B14, with high expression levels of OsPIN9, designated as OE1 and OE2, respectively,
were used for further investigation.
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Overexpression of OsPIN9 significantly decreased shoot height, root length, and
adventitious root number after germination for 7 d in comparison with those in WT plants
(Figure 3A). In detail, compared with the WT plants, the shoot height, root length, and
adventitious root number of the OE plants were significantly decreased by 23–26%, 11–15%,
and 17–18%, respectively. After germination for 14 d, shoot height and adventitious root
number of OE lines declined by 21–25% and 13–14%, respectively, compared to those in
WT plants. However, the root length was similar to WT plants at this stage (Figure 3B),
indicating that rice plants can dynamically adapt to the change in auxin transport to
some extent.
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2.3. Overexpression of OsPIN9 Disturbs Auxin Homeostasis in Rice

It was reported that overexpression of OsPIN9 accelerated auxin transport from shoots
to roots and resulted in an increase and decrease of IAA in roots and shoots, respectively [55].
N-1-naphthylphthalamic acid (NPA) is an inhibitor of polar auxin transport and can interact
with PIN carriers directly [65]. To further assess the role of OsPIN9 in auxin transport,
germinated wild-type and transgenic seeds were cultured in Kimura B complete nutrient
solution [39] supplemented with 0.5 µM NPA. After 7 d treatment, NPA obviously inhibited
plant growth; the shoot height of OE lines was significantly decreased compared to WT
plants both under normal conditions and NPA treatment. Contrastingly, the root length
of OE lines was shorter than that of WT under normal conditions, while it increased
significantly more than that of WT plants under NPA treatment. In detail, the root length
of OE lines was significantly decreased by 10–12% when compared with WT under normal
conditions, whereas it was about 39% and 49% longer compared with control plants after
NPA treatment, indicating the roots of OE lines were more resistant to NPA than those of
WT plants (Figure 4). Overexpression of OsPIN9 significantly lowered the adventitious root
number under control conditions, while NPA treatment severely decreased the adventitious
root number and completely abolished the difference in adventitious root number between
WT and OE lines. In addition, the ability to grow upright in some OE plant shoots was
obviously inhibited and showed a partially impaired negative gravitropism compared with
that in WT plants, indicating that the shoots of OE lines are probably more sensitive to
NPA than those of WT plants (Figure 4). Collectively, these results demonstrate that auxin
homeostasis is disturbed in OE lines.

2.4. Overexpression of OsPIN9 Impairs Chilling Tolerance in Rice

Due to the fact that polar auxin transport is closely related to chilling stress [66], and
PIN carriers perform a rate-limiting role in regulating auxin efflux [34], as well as the
quick suppression of OsPIN9 under chilling stress (Figure 1), the role of OsPIN9 in chilling
tolerance was evaluated in WT and OE plants. Fourteen day old rice seedlings were moved
from 28 ◦C to 4 ◦C. After chilling for 36 h, most WT leaves remained normal, but almost all
leaves of OE plants displayed rolling and wilting (Figure 5A). The survival rate of OE plants
was significantly lower than that of WT plants after 3 d of recovery at 28 ◦C (Figure 5A).
Consistently, after 57 h of chilling treatment followed by 3 d of recovery, the survival rate
of WT was dramatically higher than that of OE plants (Figure 5B). In detail, WT plants
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showed a 98% survival rate, while the survival rates of OE1 and OE2 were only about 17%
and 26%, respectively. These results suggest that the expression of OsPIN9 is involved in
negatively modulating rice chilling tolerance.
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We then detected several physiological indicators, including cell death, electrolyte
leakage, and malondialdehyde (MDA) contents, to evaluate the influence of overexpression
of OsPIN9 on rice chilling tolerance. Trypan blue staining, which is an indicator of cell
death, was performed to monitor the cell damage. There was no apparent difference in
trypan blue staining in leaves between WT and OE plants under normal growth conditions,
while staining was more intensive in the leaves of OE plants compared to that of WT plants
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after chilling for 36 h and 57 h (Figure 6A), indicating that the cell death in OE plants is
greater than that in WT plants. In line with this, another two indicators, electrolyte leakage
and MDA contents, were both significantly increased in OE plants compared to those in WT
plants after chilling for 36 h and 57 h (Figure 6B,C). Taken together, these results strongly
suggest that overexpression of OsPIN9 substantially impairs rice chilling tolerance.
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2.5. The Role of OsDREB1 Regulon and Ca2+ Signaling-Related Genes in Chilling Stress

The expression of OsDREB1 genes could be dramatically induced by low tempera-
tures [19,67], and more and more evidence has demonstrated that OsDREB1 genes play a
vital role in chilling stress [14,19,67]. We then detected the expression levels of OsDREB1A,
OsDREB1B, and OsDREB1C in WT and OE plants upon chilling stress. Under normal
conditions, these OsDREB1 genes were significantly more induced in OE plants than in
WT plants (Figure 7A). However, after chilling for 8 h, the expression levels of these genes
in OE plants were similar to or even lower than those in WT plants (Figure 7A). Similarly,
trehalose-6-phosphate phosphatase 1 (OsTPP1), which has been demonstrated to play a
vital role in rice cold tolerance [9,68], displayed a similar expression profile with OsDREB1
genes in WT and OE plants under both normal and chilling conditions (Figure 7B). Addi-
tionally, increasing evidence shows that Ca2+ signaling is involved in chilling tolerance
regulation [9,69], and COLD1 and OsCNGC9 have been demonstrated to facilitate cytoplas-
mic Ca2+ elevation and positively regulate rice cold tolerance [7,14]. To evaluate the role of
these Ca2+ signaling-related genes in OE lines under chilling stress, we further examined
the expression of these two genes under normal and chilling conditions. The results showed
that both COLD1 and OsCNGC9 in OE lines were slightly induced compared to those in
WT plants under normal conditions, while strikingly suppressed under chilling stress
(Figure 7C). Collectively, these data suggest that the defense response might be triggered in
advance under normal conditions, and the DREB1 regulon and Ca2+ signaling are likely to
be implicated in regulating the chilling tolerance of OE lines.

2.6. OsPIN9-Overexpressing Plants Accumulated More H2O2 Rather Than O−2 under
Chilling Stress

In addition to the well-known CBF/DREB regulon, reactive oxygen species (ROS) also
play a crucial role in chilling stress [21]. To further investigate the underlying mechanism
of OsPIN9 under chilling stress, ROS content assays were performed by diaminobenzidine
tetrahydrochloride (DAB 4HCl) staining for H2O2 and NBT staining for O−2 under normal
and chilling conditions. The result showed that OE plants accumulated a similar level of
H2O2 and O−2 compared to WT plants before chilling treatment (Figure 8A). After chilling
for 36 h, the leaves of OE plants accumulated more H2O2 and less O−2 compared to WT
plants (Figure 8B). Consistently, more H2O2 and less O−2 were still detected in OE leaves
compared to WT plants after chilling for 57 h (Figure 8C). These results indicate that OE
lines accumulate more H2O2 than O−2 when compared with WT plants, which probably
causes cell damage and impairs rice chilling tolerance.
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2.7. The Delayed Induction of Antioxidant Enzymes Probably Leads to the Accumulation of H2O2
in OE Lines

ROS are vital signaling molecules that play a crucial role in biotic and abiotic stress
responses, while their content should be carefully controlled in plant cells via an array of
enzymatic and non-enzymatic antioxidants [23]. Given that ROS homeostasis is disturbed in
OE lines, we then analyzed the activities of three antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD), which play a key role in ROS
scavenging [10,23], before chilling treatment and after chilling for 36 h and 72 h. There
were no significant differences in SOD and CAT activities in WT and OE plants, while
POD activity was significantly increased in OE lines compared to WT plants under normal
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conditions (Figure 9A). After chilling for 36 h, the activities of CAT and SOD decreased
significantly in OE plants compared to those in WT plants. To our surprise, the POD activity
was still strikingly higher in OE lines than in WT plants (Figure 9B). After chilling for 57 h,
the activities of the three enzymes in OE lines all increased greatly compared to those in
WT plants (Figure 9C). These results imply that it is likely that the decreased activities of
SOD and CAT rather than increased POD activity led to the accumulation of H2O2 in OE
lines at the early chilling stage, and the delayed induction of SOD and CAT is ineffective to
quench excess ROS at the late chilling stage and causes cell damage in OE lines. However,
considering that SOD usually functions in the conversion of O−2 to H2O2, the source of the
accumulated H2O2 during chilling stress needs further investigation.
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2.8. OsRobh Genes Show Differential Expression in OsPIN9-Overexpressing Lines

Previous reports showed that respiratory burst oxidase homologs (Rboh), also known
as NADPH oxidase, play critical roles in various cellular activities and responses to abiotic
stresses by regulating the production of ROS [70–72]. For the higher production of H2O2
detected in OE lines, we assayed the expression of OsRboh genes before and after chilling
stress treatment to evaluate the source of H2O2 in OE lines. As shown in Figure 10,
under normal conditions, most OsRboh genes in transgenic lines kept similar expression
levels compared to those in WT plants, except for OsRboh1, OsRboh2, and OsRboh9, which
showed a slight increase in OE lines. After chilling for 24 h, more OsRboh genes were
induced, including OsRboh2, OsRboh4, OsRboh6, and OsRboh8, and showed a relative higher
expression level in OE lines, which may contribute to the production of H2O2 in transgenic
lines under chilling conditions.



Plants 2023, 12, 2809 10 of 17

Plants 2023, 12, x FOR PEER REVIEW 10 of 18 
 

 

chilling stress treatment to evaluate the source of H2O2 in OE lines. As shown in Figure 
10, under normal conditions, most OsRboh genes in transgenic lines kept similar expres-
sion levels compared to those in WT plants, except for OsRboh1, OsRboh2, and OsRboh9, 
which showed a slight increase in OE lines. After chilling for 24 h, more OsRboh genes 
were induced, including OsRboh2, OsRboh4, OsRboh6, and OsRboh8, and showed a relative 
higher expression level in OE lines, which may contribute to the production of H2O2 in 
transgenic lines under chilling conditions. 

 
Figure 10. OsRboh expression analysis in wild-type (WT) and OsPIN9-overexpressing (OE) lines be-
fore and after chilling treatment. The expression level of OsRboh genes in WT was set to one. The 
data were analyzed by ANOVA and Tukey’s tests at a p < 0.05 significance level. *: p < 0.05; **: p < 
0.01; ***: p < 0.001. 

3. Discussion 
Although excellent progress has been made in the molecular mechanisms of plant 

cold adaptation [8–10], auxin, the first phytohormone discovered and one of the most im-
portant phytohormones in plant growth and developmental regulation, its role in modu-
lating chilling adaptation is still elusive. In this present study, the role of a monocot-spe-
cific OsPIN9 gene, which mainly functions in regulating auxin transport basipetally, in 
chilling stress was investigated by overexpression technology.  

Auxin plays a vital role in regulating almost all cellular processes, and in many cases, 
an appropriate auxin level and distribution within plant tissues are direct determinators 
affecting plant architecture [73]. PIN genes have been demonstrated to play a central role 
in auxin efflux and, consequently, influence auxin content and distribution in various tis-
sues. Expression levels of PIN genes are usually closely associated with plant architecture 
[74,75]. The most representative is AtPIN1, and disruption of AtPIN1 seriously influences 
inflorescence development and leads to the formation of needle-like inflorescence in Ara-
bidopsis [76]. The rice genome possesses 12 OsPIN genes [45,46], and although the possi-
bility of redundant functions of OsPIN genes exists [49], mutation of most OsPIN genes 
substantially influences rice architecture [47,49,53–55,77]. The previous report demon-
strated that the OsPIN9 carrier functions in auxin transport basipetally, overexpression of 
OsPIN9 substantially increases auxin content in rice roots [55], so we speculate that the 
auxin content in OE plant roots should be increased compared to that in WT plants. In 
line with this, the OE plant roots displayed a more resistant phenotype under NPA treat-
ment (Figure 4), implying an increased auxin content in the OE roots. It was reported that 
overexpression of OsPIN9 increased the adventitious root number [55]. Unexpectedly, we 

Figure 10. OsRboh expression analysis in wild-type (WT) and OsPIN9-overexpressing (OE) lines
before and after chilling treatment. The expression level of OsRboh genes in WT was set to one.
The data were analyzed by ANOVA and Tukey’s tests at a p < 0.05 significance level. *: p < 0.05;
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3. Discussion

Although excellent progress has been made in the molecular mechanisms of plant cold
adaptation [8–10], auxin, the first phytohormone discovered and one of the most important
phytohormones in plant growth and developmental regulation, its role in modulating
chilling adaptation is still elusive. In this present study, the role of a monocot-specific
OsPIN9 gene, which mainly functions in regulating auxin transport basipetally, in chilling
stress was investigated by overexpression technology.

Auxin plays a vital role in regulating almost all cellular processes, and in many cases,
an appropriate auxin level and distribution within plant tissues are direct determinators
affecting plant architecture [73]. PIN genes have been demonstrated to play a central role in
auxin efflux and, consequently, influence auxin content and distribution in various tissues.
Expression levels of PIN genes are usually closely associated with plant architecture [74,75].
The most representative is AtPIN1, and disruption of AtPIN1 seriously influences inflores-
cence development and leads to the formation of needle-like inflorescence in Arabidopsis [76].
The rice genome possesses 12 OsPIN genes [45,46], and although the possibility of redun-
dant functions of OsPIN genes exists [49], mutation of most OsPIN genes substantially
influences rice architecture [47,49,53–55,77]. The previous report demonstrated that the
OsPIN9 carrier functions in auxin transport basipetally, overexpression of OsPIN9 substan-
tially increases auxin content in rice roots [55], so we speculate that the auxin content in OE
plant roots should be increased compared to that in WT plants. In line with this, the OE
plant roots displayed a more resistant phenotype under NPA treatment (Figure 4), implying
an increased auxin content in the OE roots. It was reported that overexpression of OsPIN9
increased the adventitious root number [55]. Unexpectedly, we observed a lower number
of adventitious roots in these two OE lines, which is different from the previous report [55].
Considering that adventitious root number is tightly associated with auxin content [55],
and auxin regulates plant growth and development usually in a concentration-dependent
manner, relative high auxin content accelerates plant growth, while excess auxin content
strongly inhibits plant growth. Therefore, we speculate that the dramatic expression of
OsPIN9 probably leads to excess accumulation of auxin in OE roots, which suppresses
adventitious root number (Figure 3). In agreement with this, the relative lower expression
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of OsPIN9 (A2 line) significantly increased adventitious root number when compared to
WT plants (Figure S1).

Rice is sensitive to chilling stress [7,78–80], and severe chilling disasters hamper rice
growth and strikingly impair rice productivity [10]. Previous reports have suggested that
chilling stress is implicated in auxin transport in plants [29,30,61,62]. However, there is no
direct genetic evidence regarding the role of auxin transport in the regulation of chilling
stress. In this study, we provided direct evidence that OsPIN9, which functions in auxin
transport basipetally and could be quickly suppressed by chilling stress (Figure 1), is in-
volved in rice chilling tolerance. The chilling treatment assay showed that OE lines are
more sensitive to low temperatures than WT plants (Figure 5); further experiments con-
firmed that OE lines possess more dead cells (Figure 6A), higher membrane permeability
(Figure 6B), and increased MDA content (Figure 6C) compared to WT plants after chilling
treatment. Increased MDA content usually acts as a marker of lipid peroxidation [81],
especially under various abiotic stresses [82,83], including chilling stress. Apart from rice,
MDA levels were also employed to evaluate chilling tolerance in other plants, such as
bermudagrass (Cynodon dactylon) [84] and Pyrus betulaefolia [85]. Collectively, these results
strongly demonstrate that OsPIN9 is involved in regulating rice chilling tolerance, which
is probably mediated by influencing auxin transport. Over the last decade, significant
progress has been made in the dissection of the underlying molecular mechanisms of plant
chilling adaptation. At least the CBF/DREB-dependent cold-signaling pathway, the Ca2+

signaling pathway, the ROS-dominated adaptation mechanism, and the phytohormone
regulation mechanism [1,9,86] have been demonstrated to regulate plant cold adaptation.
Several lines of evidence have strongly suggested that overexpression of OsPIN9 notably
impairs rice chilling tolerance (Figures 5 and 6), while how OsPIN9 influences plant chilling
tolerance is completely unknown. To this end, we first examined whether the impaired
chilling tolerance of OE lines is associated with the CBF/DREB-dependent cold signaling
pathway and the Ca2+ signaling pathway by employing qRT-PCR technology. The expres-
sion of OsDREB1A, OsDREB1B, and OsDREB1C was detected before and after chilling stress
due to the sharp induction of these genes under chilling conditions [19,67]. Surprisingly,
the OsDREB1 genes, OsTPP1, COLD1, and OsCNGC9 were all induced before treatment
and kept at similar or even lower levels in OE lines compared to those in WT plants after
chilling treatment (Figure 7). Considering that OsDREB1 genes are mainly induced by low
temperatures [19], and higher expression of OsTPP1, COLD1, and OsCNGC9 also facilitates
plant cold adaptation [7,14,68], we speculate that a stress response probably occurred in
OE lines before chilling treatment. In contrast, all genes show a similar or lower expression
level in OE lines compared to WT plants under chilling conditions, suggesting that the
DREB regulon and Ca2+ signaling might be implicated in the impaired chilling tolerance of
OE lines. Further investigations are needed to address this speculation.

Next, we assayed ROS levels to clarify the role of ROS homeostasis in WT and OE lines
under chilling stress. Chilling stress triggers ROS accumulation [21,87]. Low-level H2O2
can act as a signal to trigger the stress response at the early stress stage, whereas at the later
stress stage, high-level H2O2 can damage plant cells [10,87]. Surprisingly, we only observed
the accumulation of H2O2 in OE leaves at both early and late chilling stages, while O−2 was
not accumulated during the chilling stages (Figure 8), indicating that ROS homeostasis
is disturbed in OE plant cells and that H2O2 rather than O−2 causes cell damage in OE
lines. It has been demonstrated that ROS homeostasis plays a vital role in plant abiotic
stress adaptations [88,89], and ROS content must be carefully controlled by many ROS
scavenging and detoxification systems during stress conditions [10]. Antioxidant enzyme
activity measurement showed that SOD and CAT activities were significantly decreased
and increased in OE lines compared to those in WT plants at the early and late chilling
stages, respectively, while POD activity was always strikingly higher than that in WT plants
(Figure 9B,C), even before chilling treatment (Figure 9A), indicating that the prompt trigger
of antioxidant enzymes, mainly SOD and CAT in OE lines, plays a vital role in quenching
accumulated ROS at the early chilling stage. Additionally, although antioxidant enzymes
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showed significantly higher activities in OE lines than in WT plants at the late chilling stage
(Figure 9C), which could not detoxify excess H2O2 quickly (Figure 8C), indicating that the
delayed induction of the antioxidant enzymes is not enough to scavenge ROS at the late
chilling stage, and the constantly high levels of H2O2 then damage cells.

To further evaluate the source of H2O2 in OE lines under chilling conditions, we
assayed the expression of OsRboh genes before and after chilling stress. Since only a slight
increase of OsRboh1, OsRboh2, and OsRboh9 was detected in OE lines before chilling stress,
it is reasonable that less ROS accumulation was observed under normal conditions. In
contrast, more OsRboh genes were induced after chilling treatment, indicating that OsRboh
is at least in part involved in ROS production after chilling stress. We also noticed that
these induced OsRboh genes were still kept at low expression levels (up to about twofold)
even after chilling treatment (Figure 10). Although evidence has shown that Rboh plays a
vital role in ROS production under various abiotic stress conditions [70,71], we cannot rule
out the possibility that other ROS-production sources probably exist that contribute to the
ROS burst after chilling stress in OE lines.

4. Materials and Methods
4.1. Plant Materials, Growth Conditions, and Chilling Treatment

Rice japonica variety Nipponbare was employed for the physiological experiments and
rice transformation. Hydroponic experiments were performed according to our previous
report [90]. Briefly, rice seeds were sterilized first and then cultured in darkness for 3–4 days
at 30 ◦C. The germinated seeds were transferred to Kimura B complete nutrient solution in
plant growth chambers with a 12 h of light (30 ◦C)/12 h of darkness (25 ◦C) photoperiod
and 60–70% relative humidity.

To assay the responses of OsPIN genes to chilling treatment, 14 day old seedlings were
transferred to low temperatures (4 ◦C), and root samples were collected at the indicated
time points. The samples were then frozen quickly using liquid nitrogen and preserved at
−80 ◦C for gene expression analysis.

To evaluate rice chilling tolerance, 14 day old WT and OE seedlings were transferred
to 4 ◦C for 36 h and 57 h, followed by a 3 d recovery, and then the survival rate and
physiological indicators were analyzed.

4.2. Vector Construction and Generation of the Transgenic Plants

The full-length OsPIN9 gene was amplified by PrimeSTAR HS DNA Polymerase
(TaKaRa Biotechnology Co., Ltd., Dalian, China) from rice cDNA using the specific primers
listed in Table S1. A plant expression vector, pCAMBIA1301-pUbi, which was kindly
provided by Dr. Yao-Guang Liu (College of Life Sciences, South China Agricultural Uni-
versity, Guangzhou, China), was used for overexpressing OsPIN9. To insert into the
expression vector pCAMBIA1301-pUbi, the restriction sites BamH I and Kpn I were added
at the 5′ end of forward and reverse primers, respectively. The recombinant construct
was named pUbi:OsPIN9 and confirmed by restriction enzyme digestion and sequencing.
The constructed plasmid was then transformed into Agrobacterium tumefaciens (EHA105)
and employed for rice transformation according to the previous report [91]. Homozygous
T3-generation transgenic plants were used for further studies.

4.3. Quantitative RT-PCR

qRT-PCR was performed according to a previous report [39]. In short, total RNA was
extracted from the collected samples using RNAiso Plus (TAKARA Bio Inc., Dalian, China),
and reverse transcription was conducted using HiScript III RT SuperMix for qPCR (Nanjing
Vazyme Biotech Company, Ltd., Nanjing, China). The online website INTEGRATED DNA
TECHNOLOGIES (https://sg.idtdna.com, accessed on 1 May 2019) was used to design the
gene-specific primers. qRT-PCR was conducted using AceQ Universal SYBR qPCR Master
Mix (Nanjing Vazyme Biotech Company, Ltd.) and the Lightcycle® 96 system. At least
three biological replicates and three technical repetitions were performed to assay the gene

https://sg.idtdna.com
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expression. The OsACTIN1 gene (Os03g0718100) was employed as an internal control. All
primers used in this study are listed in Table S1, and gene names and ID numbers used for
qRT-PCR in this study are listed in Table S2.

4.4. Exogenous NPA Treatment

NPA is usually employed as a classical inhibitor of polar auxin transport to elucidate
the underlying mechanisms of plant growth and development associated with polar auxin
transport [65]. For analyzing the responses of WT and OE lines to NPA treatment, germi-
nated seeds were transferred into Kimura B complete nutrient solution containing 0.5 µM
NPA and cultured for 7 d, and then the shoot height, root length, and adventitious root
number were assessed. WT and OE lines cultured under normal conditions were used as
controls in this experiment.

4.5. Physiological Analysis

Trypan blue staining was conducted as described previously [92] with minor modifi-
cations. Rice leaves were sampled before and after chilling treatment and stained with a
lactophenol-trypan blue solution (10 mL lactic acid, 10 mL glycerol, 10 g phenol, and 10 mg
trypan blue, mixed in 10 mL distilled water). The leaves were boiled in a water bath for
10 min in trypan blue solution and then kept at room temperature for 1 h. Decolorization
was performed using chloral hydrate solution (25 g chloral hydrate dissolved in 10 mL
distilled water). Electrolyte conductivity and MDA content were detected according to
the previous report [93]. 3′3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT)
staining were performed as previously reported [21]. Briefly, rice leaves were first cut into
sections (about 2 cm in length) and then soaked in DAB and NBT solutions, respectively,
overnight at 37 ◦C. Alcohol (95%) was used for decolorization. CAT, POD, and SOD ac-
tivities were assayed according to the previous methods [94] with minor modifications.
In short, 0.1 g of rice leaves were broken with liquid nitrogen and then homogenized in
1 mL of extraction buffer (50 mM phosphate, pH 7.8). After centrifugation, the supernatant
was used for enzyme activity assays. CAT activity was measured in a reaction solution
consisting of 50 mM phosphate buffer (pH 7.0), 0.2% H2O2, and enzyme extract. POD
activity was measured in a reaction mixture (0.2% H2O2, 0.2% guaiacol, and enzyme extract)
at 470 nm. SOD activity was assayed in a reaction mixture containing 50 mM phosphate,
pH 7.8, 130 mM L-methionine, 750 µM NBT, 100 µM EDTA, 20 µM riboflavin, and enzyme
extract at 560 nm. The Coomassie Brilliant Blue G-250 staining method was employed to
measure protein content [95].

4.6. Data Analysis

Each experiment was biologically replicated at least three times. The one-way analysis
of variance (ANOVA) method was used to statistically analyze experimental data by
GraphPad PRISM 8 version 8.0.2 (GraphPad Software Inc., San Diego, CA, USA) at the
significance levels of p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***), and all data are given as
means ± SD.

5. Conclusions

In conclusion, in this report, we systematically monitored the responses of OsPIN
genes to chilling treatment and generated transgenic rice plants with high expression levels
of OsPIN9. The transgenic plants showed impaired chilling tolerance compared to WT
plants, which is probably mainly caused by the sharp accumulation of H2O2 and delayed
induction of SOD and CAT. OsRboh genes, at least in part, contribute to the production of
ROS in OE lines under chilling stress conditions. The DREB regulon and Ca2+ signaling
pathway are implicated in the chilling tolerance of OE lines, while the detailed functional
mechanisms need further investigation. Several issues need further discussion, for example,
how the relationship between auxin homeostasis and ROS homeostasis is derived and
where the accumulated H2O2 is derived from? What is the role of O−2 and POD in OE
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lines under chilling stress? Further investigation focused on these detailed issues may lead
to insight into the underlying molecular mechanisms of rice chilling tolerance and may
provide potential targets for breeding chilling-resistant crops.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12152809/s1, Figure S1: Adventitious root number analysis
in the transgenic A2 line; Table S1: Primers used in this study; Table S2: Gene names and ID numbers
used for qRT-PCR in this study.

Author Contributions: Conceptualization and research design, H.X.; experimental, Q.O., Y.Z., X.Y.
and C.Y.; analyzing the data, D.H., H.L. and H.X.; manuscript—writing, H.X.; writing—review
(completion), D.H., H.L. and H.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (grant number
3110019) and the Natural Science Foundation of Henan Province (grant number 182300410012).

Data Availability Statement: Not applicable.

Acknowledgments: We sincerely thank Chunzhao Zhao (Shanghai Center for Plant Stress Biology,
CAS Center for Excellence in Molecular Plant Sciences, Chinese Academy of Sciences) for con-
structive discussion. The authors are grateful to all lab members for their useful suggestions and
encouragement.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ding, Y.; Shi, Y.; Yang, S. Molecular regulation of plant responses to environmental temperatures. Mol. Plant 2020, 13, 544–564.

[CrossRef]
2. Shi, Y.; Ding, Y.; Yang, S. Molecular regulation of CBF signaling in cold acclimation. Trends Plant Sci. 2018, 23, 623–637. [CrossRef]
3. Wang, W.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: Towards genetic engineering

for stress tolerance. Planta 2003, 218, 1–14. [CrossRef] [PubMed]
4. Wang, D.; Liu, J.L.; Li, C.G.; Kang, H.X.; Wang, Y.; Tan, X.Q.; Liu, M.H.; Deng, Y.F.; Wang, Z.L.; Liu, Y.; et al. Genome-wide

association mapping of cold tolerance genes at the seedling stage in rice. Rice 2016, 9, 61. [CrossRef] [PubMed]
5. Zhang, Q.; Chen, Q.; Wang, S.; Hong, Y.; Wang, Z. Rice and cold stress: Methods for its evaluation and summary of cold

tolerance-related quantitative trait loci. Rice 2014, 7, 24. [CrossRef] [PubMed]
6. Andaya, V.C.; Mackill, D.J. Mapping of QTLs associated with cold tolerance during the vegetative stage in rice. J. Exp. Bot. 2003,

54, 2579–2585. [CrossRef] [PubMed]
7. Ma, Y.; Dai, X.; Xu, Y.; Luo, W.; Zheng, X.; Zeng, D.; Pan, Y.; Lin, X.; Liu, H.; Zhang, D.; et al. COLD1 confers chilling tolerance in

rice. Cell 2015, 160, 1209–1221. [CrossRef]
8. Ding, Y.; Yang, S. Surviving and thriving: How plants perceive and respond to temperature stress. Dev. Cell 2022, 57, 947–958.

[CrossRef]
9. Guo, X.; Liu, D.; Chong, K. Cold signaling in plants: Insights into mechanisms and regulation. J. Integr. Plant Biol. 2018,

60, 745–756. [CrossRef]
10. Zhang, J.; Li, X.M.; Lin, H.X.; Chong, K. Crop improvement through temperature resilience. Annu. Rev. Plant Biol. 2019,

70, 753–780. [CrossRef]
11. Knight, H.; Trewavas, A.J.; Knight, M.R. Cold calcium signaling in Arabidopsis involves two cellular pools and a change in

calcium signature after acclimation. Plant Cell 1996, 8, 489–503. [CrossRef]
12. Gong, M.A.V.D.; Knight, M.R.; Trewavas, A.J.; Ah, V.D.L. Heat-shock-induced changes in intracellular Ca2+ level in tobacco

seedlings in relation to thermotolerance. Plant Physiol. 1998, 116, 429–437. [CrossRef]
13. Zhu, J.K. Abiotic stress signaling and responses in plants. Cell 2016, 167, 313–324. [CrossRef]
14. Wang, J.; Ren, Y.; Liu, X.; Luo, S.; Zhang, X.; Liu, X.; Lin, Q.; Zhu, S.; Wan, H.; Yang, Y.; et al. Transcriptional activation and

phosphorylation of OsCNGC9 confer enhanced chilling tolerance in rice. Mol. Plant 2021, 14, 315–329. [CrossRef]
15. Sun, Q.; Huang, R.; Zhu, H.; Sun, Y.; Guo, Z. A novel Medicago truncatula calmodulin-like protein (MtCML42) regulates cold

tolerance and flowering time. Plant J. 2021, 108, 1069–1082. [CrossRef]
16. Ding, Y.; Shi, Y.; Yang, S. Advances and challenges in uncovering cold tolerance regulatory mechanisms in plants. New Phytol.

2019, 222, 1690–1704. [CrossRef]
17. Stockinger, E.J.; Gilmour, S.J.; Thomashow, M.F. Arabidopsis thaliana CBF1 encodes an AP2 domain-containing transcriptional

activator that binds to the C-repeat/DRE, a cis-acting DNA regulatory element that stimulates transcription in response to low
temperature and water deficit. Proc. Natl. Acad. Sci. USA 1997, 94, 1035–1040. [CrossRef]

https://www.mdpi.com/article/10.3390/plants12152809/s1
https://www.mdpi.com/article/10.3390/plants12152809/s1
https://doi.org/10.1016/j.molp.2020.02.004
https://doi.org/10.1016/j.tplants.2018.04.002
https://doi.org/10.1007/s00425-003-1105-5
https://www.ncbi.nlm.nih.gov/pubmed/14513379
https://doi.org/10.1186/s12284-016-0133-2
https://www.ncbi.nlm.nih.gov/pubmed/27848161
https://doi.org/10.1186/s12284-014-0024-3
https://www.ncbi.nlm.nih.gov/pubmed/25279026
https://doi.org/10.1093/jxb/erg243
https://www.ncbi.nlm.nih.gov/pubmed/12966040
https://doi.org/10.1016/j.cell.2015.01.046
https://doi.org/10.1016/j.devcel.2022.03.010
https://doi.org/10.1111/jipb.12706
https://doi.org/10.1146/annurev-arplant-050718-100016
https://doi.org/10.1105/tpc.8.3.489
https://doi.org/10.1104/pp.116.1.429
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1016/j.molp.2020.11.022
https://doi.org/10.1111/tpj.15494
https://doi.org/10.1111/nph.15696
https://doi.org/10.1073/pnas.94.3.1035


Plants 2023, 12, 2809 15 of 17

18. Liu, Q.; Kasuga, M.; Sakuma, Y.; Abe, H.; Miura, S.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Two transcription factors, DREB1
and DREB2, with an EREBP/AP2 DNA binding domain separate two cellular signal transduction pathways in drought- and
low-temperature-responsive gene expression, respectively, in Arabidopsis. Plant Cell 1998, 10, 1391–1406. [CrossRef]

19. Mao, D.; Chen, C. Colinearity and similar expression pattern of rice DREB1s reveal their functional conservation in the cold-
responsive pathway. PLoS ONE 2012, 7, e47275. [CrossRef]

20. Zhao, C.; Lang, Z.; Zhu, J.K. Cold responsive gene transcription becomes more complex. Trends Plant Sci. 2015, 20, 466–468.
[CrossRef]

21. Zhang, J.; Luo, W.; Zhao, Y.; Xu, Y.; Song, S.; Chong, K. Comparative metabolomic analysis reveals a reactive oxygen species-
dominated dynamic model underlying chilling environment adaptation and tolerance in rice. New Phytol. 2016, 211, 1295–1310.
[CrossRef]

22. Baxter, A.; Mittler, R.; Suzuki, N. ROS as key players in plant stress signalling. J. Exp. Bot. 2014, 65, 1229–1240. [CrossRef]
23. Mittler, R.; Zandalinas, S.I.; Fichman, Y.; Van Breusegem, F. Reactive oxygen species signalling in plant stress responses. Nat. Rev.

Mol. Cell Biol. 2022, 23, 663–679. [CrossRef]
24. Du, H.; Wu, N.; Chang, Y.; Li, X.; Xiao, J.; Xiong, L. Carotenoid deficiency impairs ABA and IAA biosynthesis and differentially

affects drought and cold tolerance in rice. Plant Mol. Biol. 2013, 83, 475–488. [CrossRef]
25. Lee, B.H.; Lee, H.; Xiong, L.; Zhu, J.K. A mitochondrial complex I defect impairs cold-regulated nuclear gene expression. Plant

Cell 2002, 14, 1235–1251. [CrossRef]
26. Dong, C.H.; Zolman, B.K.; Bartel, B.; Lee, B.H.; Stevenson, B.; Agarwal, M.; Zhu, J.K. Disruption of Arabidopsis CHY1 reveals an

important role of metabolic status in plant cold stress signaling. Mol. Plant 2009, 2, 59–72. [CrossRef]
27. Kimura, M.; Kagawa, T. Phototropin and light-signaling in phototropism. Curr. Opin. Plant Biol. 2006, 9, 503–508. [CrossRef]
28. Palme, K.; Dovzhenko, A.; Ditengou, F.A. Auxin transport and gravitational research: Perspectives. Protoplasma 2006, 229, 175–181.

[CrossRef]
29. Shibasaki, K.; Uemura, M.; Tsurumi, S.; Rahman, A. Auxin response in Arabidopsis under cold stress: Underlying molecular

mechanisms. Plant Cell 2009, 21, 3823–3838. [CrossRef]
30. Du, H.; Liu, H.; Xiong, L. Endogenous auxin and jasmonic acid levels are differentially modulated by abiotic stresses in rice.

Front. Plant Sci. 2013, 4, 397. [CrossRef]
31. Woodward, A.W.; Bartel, B. Auxin: Regulation, action, and interaction. Ann. Bot. 2005, 95, 707–735. [CrossRef]
32. Zhao, Y. Auxin biosynthesis and its role in plant development. Annu. Rev. Plant Biol. 2010, 61, 49–64. [CrossRef]
33. Zhao, Y. The role of local biosynthesis of auxin and cytokinin in plant development. Curr. Opin. Plant Biol. 2008, 11, 16–22.

[CrossRef]
34. Petrasek, J.; Mravec, J.; Bouchard, R.; Blakeslee, J.J.; Abas, M.; Seifertova, D.; Wisniewska, J.; Tadele, Z.; Kubes, M.; Covanova, M.;

et al. PIN proteins perform a rate-limiting function in cellular auxin efflux. Science 2006, 312, 914–918. [CrossRef]
35. Zazimalova, E.; Murphy, A.S.; Yang, H.; Hoyerova, K.; Hosek, P. Auxin transporters-why so many? Cold Spring Harb. Perspect.

Biol. 2010, 2, a001552. [CrossRef]
36. Benkova, E.; Michniewicz, M.; Sauer, M.; Teichmann, T.; Seifertova, D.; Jurgens, G.; Friml, J. Local, efflux-dependent auxin

gradients as a common module for plant organ formation. Cell 2003, 115, 591–602. [CrossRef]
37. Sauer, M.; Kleine-Vehn, J. PIN-FORMED and PIN-LIKES auxin transport facilitators. Development 2019, 146, dev168088. [CrossRef]
38. Krecek, P.; Skupa, P.; Libus, J.; Naramoto, S.; Tejos, R.; Friml, J.; Zazimalova, E. The PIN-FORMED (PIN) protein family of auxin

transporters. Genome Biol. 2009, 10, 249. [CrossRef]
39. Xu, H.W.; Zhang, Y.W.; Yang, X.Y.; Wang, H.H.; Hou, D.Y. Tissue specificity and responses to abiotic stresses and hormones of

PIN genes in rice. Biologia 2022, 77, 1459–1470. [CrossRef]
40. Abdollahi Sisi, N.; Ruzicka, K. ER-localized PIN carriers: Regulators of intracellular auxin homeostasis. Plants 2020, 9, 1527.

[CrossRef]
41. Zwiewka, M.; Bilanovicova, V.; Seifu, Y.W.; Nodzynski, T. The nuts and bolts of PIN auxin efflux carriers. Front. Plant Sci. 2019,

10, 985. [CrossRef]
42. Lin, Y.Q.; Qi, Y.H. Advances in auxin efflux carrier PIN proteins. Chin. Bull. Bot. 2021, 56, 151–165.
43. Petrasek, J.; Friml, J. Auxin transport routes in plant development. Development 2009, 136, 2675–2688. [CrossRef]
44. Robert, H.S.; Friml, J. Auxin and other signals on the move in plants. Nat. Chem. Biol. 2009, 5, 325–332. [CrossRef]
45. Wang, J.R.; Hu, H.; Wang, G.H.; Li, J.; Chen, J.Y.; Wu, P. Expression of PIN genes in rice (Oryza sativa L.): Tissue specificity and

regulation by hormones. Mol. Plant 2009, 2, 823–831. [CrossRef]
46. Miyashita, Y.; Takasugi, T.; Ito, Y. Identification and expression analysis of PIN genes in rice. Plant Sci. 2010, 178, 424–428.

[CrossRef]
47. Xu, M.; Zhu, L.; Shou, H.; Wu, P. A PIN1 family gene, OsPIN1, involved in auxin-dependent adventitious root emergence and

tillering in rice. Plant Cell Physiol. 2005, 46, 1674–1681. [CrossRef]
48. Xu, H.W.; Mo, Y.W.; Wang, W.; Wang, H.; Wang, Z. OsPIN1a gene participates in regulating negative phototropism of rice root.

Rice Sci. 2014, 21, 83–89. [CrossRef]
49. Li, Y.; Zhu, J.; Wu, L.; Shao, Y.; Wu, Y.; Mao, C. Functional divergence of PIN1 paralogous genes in rice. Plant Cell Physiol. 2019, 60,

2720–2732. [CrossRef]

https://doi.org/10.1105/tpc.10.8.1391
https://doi.org/10.1371/journal.pone.0047275
https://doi.org/10.1016/j.tplants.2015.06.001
https://doi.org/10.1111/nph.14011
https://doi.org/10.1093/jxb/ert375
https://doi.org/10.1038/s41580-022-00499-2
https://doi.org/10.1007/s11103-013-0103-7
https://doi.org/10.1105/tpc.010433
https://doi.org/10.1093/mp/ssn063
https://doi.org/10.1016/j.pbi.2006.07.003
https://doi.org/10.1007/s00709-006-0216-9
https://doi.org/10.1105/tpc.109.069906
https://doi.org/10.3389/fpls.2013.00397
https://doi.org/10.1093/aob/mci083
https://doi.org/10.1146/annurev-arplant-042809-112308
https://doi.org/10.1016/j.pbi.2007.10.008
https://doi.org/10.1126/science.1123542
https://doi.org/10.1101/cshperspect.a001552
https://doi.org/10.1016/S0092-8674(03)00924-3
https://doi.org/10.1242/dev.168088
https://doi.org/10.1186/gb-2009-10-12-249
https://doi.org/10.1007/s11756-022-01031-9
https://doi.org/10.3390/plants9111527
https://doi.org/10.3389/fpls.2019.00985
https://doi.org/10.1242/dev.030353
https://doi.org/10.1038/nchembio.170
https://doi.org/10.1093/mp/ssp023
https://doi.org/10.1016/j.plantsci.2010.02.018
https://doi.org/10.1093/pcp/pci183
https://doi.org/10.1016/S1672-6308(13)60168-7
https://doi.org/10.1093/pcp/pcz159


Plants 2023, 12, 2809 16 of 17

50. Inahashi, H.; Shelley, I.J.; Yamauchi, T.; Nishiuchi, S.; Takahashi-Nosaka, M.; Matsunami, M.; Ogawa, A.; Noda, Y.; Inukai, Y.
OsPIN2, which encodes a member of the auxin efflux carrier proteins, is involved in root elongation growth and lateral root
formation patterns via the regulation of auxin distribution in rice. Physiol. Plant 2018, 164, 216–225. [CrossRef]

51. Wang, L.; Guo, M.; Li, Y.; Ruan, W.; Mo, X.; Wu, Z.; Sturrock, C.J.; Yu, H.; Lu, C.; Peng, J.; et al. LARGE ROOT ANGLE1, encoding
OsPIN2, is involved in root system architecture in rice. J. Exp. Bot. 2018, 69, 385–397. [CrossRef]

52. Li, W.Q.; Zhang, M.J.; Qiao, L.; Chen, Y.B.; Zhang, D.P.; Jing, X.Q.; Gan, P.F.; Huang, Y.B.; Gao, J.R.; Liu, W.T.; et al. Characterization
of wavy root 1, an agravitropism allele, reveals the functions of OsPIN2 in fine regulation of auxin transport and distribution and
in ABA biosynthesis and response in rice (Oryza sativa L.). Crop. J. 2022, 10, 980–992. [CrossRef]

53. Lu, G.; Coneva, V.; Casaretto, J.A.; Ying, S.; Mahmood, K.; Liu, F.; Nambara, E.; Bi, Y.M.; Rothstein, S.J. OsPIN5b modulates rice
(Oryza sativa) plant architecture and yield by changing auxin homeostasis, transport and distribution. Plant J. 2015, 83, 913–925.
[CrossRef]

54. Zhang, Q.; Li, J.; Zhang, W.; Yan, S.; Wang, R.; Zhao, J.; Li, Y.; Qi, Z.; Sun, Z.; Zhu, Z. The putative auxin efflux carrier OsPIN3t is
involved in the drought stress response and drought tolerance. Plant J. 2012, 72, 805–816. [CrossRef]

55. Hou, M.; Luo, F.; Wu, D.; Zhang, X.; Lou, M.; Shen, D.; Yan, M.; Mao, C.; Fan, X.; Xu, G.; et al. OsPIN9, an auxin efflux carrier, is
required for the regulation of rice tiller bud outgrowth by ammonium. New Phytol. 2021, 229, 935–949. [CrossRef]

56. Shen, C.; Bai, Y.; Wang, S.; Zhang, S.; Wu, Y.; Chen, M.; Jiang, D.; Qi, Y. Expression profile of PIN, AUX/LAX and PGP auxin
transporter gene families in Sorghum bicolor under phytohormone and abiotic stress. FEBS J. 2010, 277, 2954–2969. [CrossRef]

57. Yue, R.; Tie, S.; Sun, T.; Zhang, L.; Yang, Y.; Qi, J.; Yan, S.; Han, X.; Wang, H.; Shen, C. Genome-wide identification and expression
profiling analysis of ZmPIN, ZmPILS, ZmLAX and ZmABCB auxin transporter gene families in maize (Zea mays L.) under various
abiotic stresses. PLoS ONE 2015, 10, e0118751. [CrossRef]

58. Forestan, C.; Farinati, S.; Varotto, S. The maize PIN gene family of auxin transporters. Front. Plant Sci. 2012, 3, 16. [CrossRef]
59. Morris, D.A. The effect of temperature on the velocity of exogenous auxin transport in intact chilling-sensitive and chilling-

resistant plants. Planta 1979, 146, 603–605. [CrossRef]
60. Jain, M.; Khurana, J.P. Transcript profiling reveals diverse roles of auxin-responsive genes during reproductive development and

abiotic stress in rice. FEBS J. 2009, 276, 3148–3162. [CrossRef]
61. Nadella, V.; Shipp, M.J.; Muday, G.K.; Wyatt, S.E. Evidence for altered polar and lateral auxin transport in the gravity persistent

signal (gps) mutants of Arabidopsis. Plant Cell Environ. 2006, 29, 682–690. [CrossRef]
62. Ashraf, M.A.; Rahman, A. Cold stress response in Arabidopsis thaliana is mediated by GNOM ARF-GEF. Plant J. 2019, 97, 500–516.

[CrossRef]
63. Manna, M.; Rengasamy, B.; Ambasht, N.K.; Sinha, A.K. Characterization and expression profiling of PIN auxin efflux transporters

reveal their role in developmental and abiotic stress conditions in rice. Front. Plant Sci. 2022, 13, 1059559. [CrossRef]
64. Xu, H.; Yang, X.; Zhang, Y.; Wang, H.; Wu, S.; Zhang, Z.; Ahammed, G.J.; Zhao, C.; Liu, H. CRISPR/Cas9-mediated mutation in

auxin efflux carrier OsPIN9 confers chilling tolerance by modulating reactive oxygen species homeostasis in rice. Front. Plant Sci.
2022, 13, 967031. [CrossRef]

65. Abas, L.; Kolb, M.; Stadlmann, J.; Janacek, D.P.; Lukic, K.; Schwechheimer, C.; Sazanov, L.A.; Mach, L.; Friml, J.; Hammes, U.Z.
Naphthylphthalamic acid associates with and inhibits PIN auxin transporters. Proc. Natl. Acad. Sci. USA 2021, 118, e2020857118.
[CrossRef]

66. Rahman, A. Auxin: A regulator of cold stress response. Physiol. Plant 2013, 147, 28–35. [CrossRef]
67. Dubouzet, J.G.; Sakuma, Y.; Ito, Y.; Kasuga, M.; Dubouzet, E.G.; Miura, S.; Seki, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K.

OsDREB genes in rice, Oryza sativa L., encode transcription activators that function in drought-, high-salt- and cold-responsive
gene expression. Plant J. 2003, 33, 751–763. [CrossRef]

68. Zhang, Z.; Li, J.; Li, F.; Liu, H.; Yang, W.; Chong, K.; Xu, Y. OsMAPK3 phosphorylates OsbHLH002/OsICE1 and inhibits its
ubiquitination to activate OsTPP1 and enhances rice chilling tolerance. Dev. Cell 2017, 43, 731–743.e5. [CrossRef]

69. Dong, Q.; Wallrad, L.; Almutairi, B.O.; Kudla, J. Ca2+ signaling in plant responses to abiotic stresses. J. Integr. Plant Biol. 2022,
64, 287–300. [CrossRef]

70. Xu, Y.; Wang, R.; Wang, Y.; Zhang, L.; Yao, S. A point mutation in LTT1 enhances cold tolerance at the booting stage in rice. Plant
Cell Environ. 2020, 43, 992–1007. [CrossRef]

71. Hu, C.H.; Wang, P.Q.; Zhang, P.P.; Nie, X.M.; Li, B.B.; Tai, L.; Liu, W.T.; Li, W.Q.; Chen, K.M. NADPH oxidases: The vital
performers and center hubs during plant growth and signaling. Cells 2020, 9, 437. [CrossRef]

72. Marino, D.; Dunand, C.; Puppo, A.; Pauly, N. A burst of plant NADPH oxidases. Trends Plant Sci. 2012, 17, 9–15. [CrossRef]
73. Olatunji, D.; Geelen, D.; Verstraeten, I. Control of endogenous auxin levels in plant root development. Int. J. Mol. Sci. 2017,

18, 2587. [CrossRef]
74. Michniewicz, M.; Brewer, P.B.; Friml, J.I. Polar auxin transport and asymmetric auxin distribution. Arab. Book 2007, 5, e0108.

[CrossRef]
75. Friml, J. Auxin transport-shaping the plant. Curr. Opin. Plant Biol. 2003, 6, 7–12. [CrossRef]
76. Okada, K.; Ueda, J.; Komaki, M.K.; Bell, C.J.; Shimura, Y. Requirement of the auxin polar transport system in early stages of

Arabidopsis floral bud formation. Plant Cell 1991, 3, 677–684. [CrossRef]
77. Chen, Y.; Fan, X.; Song, W.; Zhang, Y.; Xu, G. Over-expression of OsPIN2 leads to increased tiller numbers, angle and shorter

plant height through suppression of OsLAZY1. Plant Biotechnol. J. 2012, 10, 139–149. [CrossRef]

https://doi.org/10.1111/ppl.12707
https://doi.org/10.1093/jxb/erx427
https://doi.org/10.1016/j.cj.2021.12.004
https://doi.org/10.1111/tpj.12939
https://doi.org/10.1111/j.1365-313X.2012.05121.x
https://doi.org/10.1111/nph.16901
https://doi.org/10.1111/j.1742-4658.2010.07706.x
https://doi.org/10.1371/journal.pone.0118751
https://doi.org/10.3389/fpls.2012.00016
https://doi.org/10.1007/BF00388839
https://doi.org/10.1111/j.1742-4658.2009.07033.x
https://doi.org/10.1111/j.1365-3040.2005.01451.x
https://doi.org/10.1111/tpj.14137
https://doi.org/10.3389/fpls.2022.1059559
https://doi.org/10.3389/fpls.2022.967031
https://doi.org/10.1073/pnas.2020857118
https://doi.org/10.1111/j.1399-3054.2012.01617.x
https://doi.org/10.1046/j.1365-313X.2003.01661.x
https://doi.org/10.1016/j.devcel.2017.11.016
https://doi.org/10.1111/jipb.13228
https://doi.org/10.1111/pce.13717
https://doi.org/10.3390/cells9020437
https://doi.org/10.1016/j.tplants.2011.10.001
https://doi.org/10.3390/ijms18122587
https://doi.org/10.1199/tab.0108
https://doi.org/10.1016/S1369526602000031
https://doi.org/10.2307/3869249
https://doi.org/10.1111/j.1467-7652.2011.00637.x


Plants 2023, 12, 2809 17 of 17

78. Kovach, M.J.; Sweeney, M.T.; McCouch, S.R. New insights into the history of rice domestication. Trends Genet. 2007, 23, 578–587.
[CrossRef]

79. Saito, K.; Hayano-Saito, Y.; Kuroki, M.; Sato, Y. Map-based cloning of the rice cold tolerance gene Ctb1. Plant Sci. 2010, 179, 97–102.
[CrossRef]

80. Sang, T.; Ge, S. Genetics and phylogenetics of rice domestication. Curr. Opin. Genet. Dev. 2007, 17, 533–538. [CrossRef]
81. Demidchik, V. Mechanisms of oxidative stress in plants: From classical chemistry to cell biology. Environ. Exp. Bot. 2015,

109, 212–228. [CrossRef]
82. Hasanuzzaman, M.; Bhuyan, M.; Parvin, K.; Bhuiyan, T.F.; Anee, T.I.; Nahar, K.; Hossen, M.S.; Zulfiqar, F.; Alam, M.M.; Fujita, M.

Regulation of ROS metabolism in plants under environmental stress: A review of recent experimental evidence. Int. J. Mol. Sci.
2020, 21, 8695. [CrossRef]

83. Ahmad, P.; Alyemeni, M.N.; Al-Huqail, A.A.; Alqahtani, M.A.; Wijaya, L.; Ashraf, M.; Kaya, C.; Bajguz, A. Zinc oxide nanoparticles
application alleviates arsenic (As) toxicity in soybean plants by restricting the uptake of as and modulating key biochemical
attributes, antioxidant enzymes, ascorbate-glutathione cycle and glyoxalase system. Plants 2020, 9, 825. [CrossRef]

84. Huang, X.; Cao, L.; Fan, J.; Ma, G.; Chen, L. CdWRKY2-mediated sucrose biosynthesis and CBF-signalling pathways coordinately
contribute to cold tolerance in bermudagrass. Plant Biotechnol. J. 2021, 20, 660–675. [CrossRef]

85. Xing, C.; Liu, Y.; Zhao, L.; Zhang, S.; Huang, X. A novel MYB transcription factor regulates ascorbic acid synthesis and affects
cold tolerance. Plant Cell Environ. 2019, 42, 832–845. [CrossRef]

86. Liu, J.; Shi, Y.; Yang, S. Insights into the regulation of C-repeat binding factors in plant cold signaling. J. Integr. Plant Biol. 2018,
60, 780–795. [CrossRef]

87. Prasad, T.K.; Anderson, M.D.; Stewart, C.R. Evidence for chilling-induced oxidative stress in maize seedling and a regulatory role
for hydrogen peroxide. Plant Cell 1994, 105, 619–627.

88. Considine, M.J.; Foyer, C.H. Stress effects on the reactive oxygen species-dependent regulation of plant growth and development.
J. Exp. Bot. 2021, 72, 5795–5806. [CrossRef]

89. Xia, X.J.; Zhou, Y.H.; Shi, K.; Zhou, J.; Foyer, C.H.; Yu, J.Q. Interplay between reactive oxygen species and hormones in the control
of plant development and stress tolerance. J. Exp. Bot. 2015, 66, 2839–2856. [CrossRef]

90. Xu, H.W.; Ji, X.M.; He, Z.H.; Shi, W.P.; Zhu, G.H.; Niu, J.K.; Li, B.S.; Peng, X.X. Oxalate accumulation and regulation is independent
of glycolate oxidase in rice leaves. J. Exp. Bot. 2006, 57, 1899–1908. [CrossRef]

91. Hiei, Y.; Ohta, S.; Komari, T.; Kumashiro, T. Efficient transformation of rice (Oryza sativa L.) mediated by Agrobacterium and
sequence analysis of the boundaries of the T-DNA. Plant J. 1994, 6, 271–282. [CrossRef]

92. Choi, H.W.; Kim, Y.J.; Lee, S.C.; Hong, J.K.; Hwang, B.K. Hydrogen peroxide generation by the pepper extracellular peroxidase
CaPO2 activates local and systemic cell death and defense response to bacterial pathogens. Plant Physiol. 2007, 145, 890–904.
[CrossRef]

93. Hu, Z.; Huang, X.; Amombo, E.; Liu, A.; Fan, J.; Bi, A.; Ji, K.; Xin, H.; Chen, L.; Fu, J. The ethylene responsive factor CdERF1 from
bermudagrass (Cynodon dactylon) positively regulates cold tolerance. Plant Sci. 2020, 294, 110432. [CrossRef]

94. Wu, F.B.; Zhang, G.P.; Dominy, P. Four barley genotypes respond differently to cadmium: Lipid peroxidation and activities of
antioxidant capacity. Environ. Exp. Bot. 2003, 50, 67–78. [CrossRef]

95. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.tig.2007.08.012
https://doi.org/10.1016/j.plantsci.2010.04.004
https://doi.org/10.1016/j.gde.2007.09.005
https://doi.org/10.1016/j.envexpbot.2014.06.021
https://doi.org/10.3390/ijms21228695
https://doi.org/10.3390/plants9070825
https://doi.org/10.1111/pbi.13745
https://doi.org/10.1111/pce.13387
https://doi.org/10.1111/jipb.12657
https://doi.org/10.1093/jxb/erab265
https://doi.org/10.1093/jxb/erv089
https://doi.org/10.1093/jxb/erj131
https://doi.org/10.1046/j.1365-313X.1994.6020271.x
https://doi.org/10.1104/pp.107.103325
https://doi.org/10.1016/j.plantsci.2020.110432
https://doi.org/10.1016/S0098-8472(02)00113-2
https://doi.org/10.1016/0003-2697(76)90527-3

	Introduction 
	Results 
	Expression Patterns of OsPIN Genes under Chilling Stress 
	Generating OsPIN9-Overexpressing Transgenic Rice and Phenotypes of Transformants 
	Overexpression of OsPIN9 Disturbs Auxin Homeostasis in Rice 
	Overexpression of OsPIN9 Impairs Chilling Tolerance in Rice 
	The Role of OsDREB1 Regulon and Ca2+ Signaling-Related Genes in Chilling Stress 
	OsPIN9-Overexpressing Plants Accumulated More H2O2 Rather Than O2-  under Chilling Stress 
	The Delayed Induction of Antioxidant Enzymes Probably Leads to the Accumulation of H2O2 in OE Lines 
	OsRobh Genes Show Differential Expression in OsPIN9-Overexpressing Lines 

	Discussion 
	Materials and Methods 
	Plant Materials, Growth Conditions, and Chilling Treatment 
	Vector Construction and Generation of the Transgenic Plants 
	Quantitative RT-PCR 
	Exogenous NPA Treatment 
	Physiological Analysis 
	Data Analysis 

	Conclusions 
	References

