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Abstract: We previously showed that overexpression of the rice ERF transcription factor gene Os-
BIERF3 in tobacco increased resistance against different pathogens. Here, we report the function of
OsBIERF3 in rice immunity and abiotic stress tolerance. Expression of OsBIERF3 was induced by
Xanthomonas oryzae pv. oryzae, hormones (e.g., salicylic acid, methyl jasmonate, 1-aminocyclopropane-
1-carboxylic acid, and abscisic acid), and abiotic stress (e.g., drought, salt and cold stress). Os-
BIERF3 has transcriptional activation activity that depends on its C-terminal region. The OsBIERF3-
overexpressing (OsBIERF3-OE) plants exhibited increased resistance while OsBIERF3-suppressed
(OsBIERF3-Ri) plants displayed decreased resistance to Magnaporthe oryzae and X. oryzae pv. oryzae. A
set of genes including those for PRs and MAPK kinases were up-regulated in OsBIERF3-OE plants.
Cell wall biosynthetic enzyme genes were up-regulated in OsBIERF3-OE plants but down-regulated
in OsBIERF3-Ri plants; accordingly, cell walls became thicker in OsBIERF3-OE plants but thinner in
OsBIERF3-Ri plants than WT plants. The OsBIERF3-OE plants attenuated while OsBIERF3-Ri plants
enhanced cold tolerance, accompanied by altered expression of cold-responsive genes and proline
accumulation. Exogenous abscisic acid and 1-aminocyclopropane-1-carboxylic acid, a precursor of
ethylene biosynthesis, restored the attenuated cold tolerance in OsBIERF3-OE plants while exogenous
AgNO3, an inhibitor of ethylene action, significantly suppressed the enhanced cold tolerance in
OsBIERF3-Ri plants. These data demonstrate that OsBIERF3 positively contributes to immunity
against M. oryzae and X. oryzae pv. oryzae but negatively regulates cold stress tolerance in rice.

Keywords: rice (Oryza sativa L.); ERF transcription factor; OsBIERF3; disease resistance; cold tolerance

1. Introduction

As sessile organisms, plants are unable to escape from unfavorable environments
and thus often suffer from numerous abiotic (drought, salt, extreme temperature, etc.)
and biotic (pathogens, herbivore insects, etc.) stresses. To cope with external stresses and
survive, plants have developed multi-layered and fine-toned mechanisms at molecular,
biochemical, physiological, metabolic, and developmental levels [1–6]. Upon perception
of external stress signals, complicated hormone-mediated signaling networks are often
activated in effective and timely manners [7–11], which ultimately lead to transcriptional
reprogramming that coordinately regulates the expression of a large set of genes to initiate
stress responses [12–15]. This large-scale transcriptional reprogramming of gene expression
in a specific stress response requires the concerted action of chromatin dynamics and
different types of transcription factors (TFs) in both temporal and spatial manners [15–20].
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Genetic studies have demonstrated that dozens of TFs from the families of WRKY,
AP2/ERF (Apetala2/Ethylene Responsive Factor), NAC (NAM, ATAF and CUC), bZIP
(basic leucine zipper domain), bHLH (basic helix-loop-helix), and Myb play crucial roles in
modulating biotic and abiotic stress responses in higher plants [16,21–29]. The AP2/ERF
superfamily is a large plant-specific TF family and the rice AP2/ERF superfamily consists
of 163 members, among which 134 belong to the ERF subfamily [30,31]. ERF proteins
typically possess at least one AP2/ERF domain consisting of 58 or 59 conserved amino acid
residues and can bind specifically to DNA sequences containing GCC and/or DRE/CRT
boxes [32–34]. ERFs act as either transcription activators or repressors that can activate
or repress the transcription of stress-responsive genes, whose promoters harbor at least
one core GCC box [32,35,36]. For example, Arabidopsis AtERF1, AtERF2 and AtERF5 are
activators, while AtERF3, AtERF4 and AtERF7 are repressors [37]. ERFs have been shown
to participate in diverse biological processes including plant growth and development,
immunity, and abiotic stress tolerance [22,27,28,38–42] and therefore provide promising
potential in the improvement of biotic and abiotic stress tolerance in crop plants [43–45].

The importance of ERFs in plant immunity has been extensively explored through
overexpression and knockout/knockdown approaches in Arabidopsis, rice, and other
plants [22,43]. In rice, infection of Magnaporthe oryzae, the causal agent of blast disease, or
elicitor treatment induced the expression of OsEREBP1, OsBIERF1, OsBIERF3, OsBIERF4,
OsERF83, OsERF922, and OsEBP2 [46–50]. Overexpression of the M. oryzae-induced Os-
BIERF3 in tobacco or the cell-wall-degrading enzyme-induced OsAP2/ERF152 in Ara-
bidopsis conferred increased resistance against fungal, bacterial, or viral pathogens [51,52].
Transgenic rice plants overexpressing OsERF83 exhibited a significant enhancement of resis-
tance against M. oryzae, accompanied by the up-regulated expression of defense genes [50].
Knockdown of OsERF922 activated the expression of defense genes and enhanced resistance
against M. oryzae, while the OsERF922-overexpressing plants showed reduced expression
of defense genes and enhanced susceptibility to M. oryzae, indicating that OsERF922 is a
negative regulator of rice immunity against M. oryzae [48,53]. Differential dynamics of the
regulatory network topology showed that ERFs (e.g., ERF104, ERF83, ERF91, ERF118, and
ERF47) play a crucial role during signal crosstalk in rice plants responding to Xanthomonas
oryzae pv. oryzae, the causal agent of bacterial leaf blight disease, under high or low tem-
perature [54]. OsEREBP1, phosphorylated by OsMPK12, exhibited enhanced binding to
the GCC box element of defense gene promoters [55], and overexpression of OsEREBP1
enhanced resistance against X. oryzae pv. oryzae [56,57]. Functional analysis of African X.
oryzae pv. oryzae TALomes revealed that OsERF123 is a new bacterial blight susceptibility
gene in rice [58]. Furthermore, feeding by rice striped stem borer (Chilo suppressalis) signifi-
cantly and rapidly up-regulated the expression of OsERF3, and functional studies revealed
that OsERF3 regulates rice resistance to this insect pest through affecting early components
of herbivore-induced defense responses [59].

ERFs have also been reported to play critical roles in plant response to different abiotic
stresses, such as drought, submergence, high salinity, and extreme temperature [27,28,38–
40]. In rice, Sub1A and SNORKEL1/2 modulate flooding tolerance via two different
physiological mechanisms [60–63]. Overexpression of OsDREB1s, OsDREB2A, OsEREBP1,
OsERF48, OsERF71, OsLG3, OsERF83, OsERF101, OsERF115, and OsERF4a (OsERF3) im-
proved drought tolerance in rice, through activating the jasmonate and abscisic acid (ABA)
signaling pathways or modulating root architecture [57,64–78]. By contrast, OsEBP89,
OsERF109, OsDERF1, OsERF3, and OsAP2-39 negatively regulated rice drought toler-
ance [70,79–82]. Overexpression of OsDREB1F, OsDREB2A, OsDRAP1, OsERF19, or Os-
STAP1 improved salt tolerance in transgenic rice, and the amino acid and carbohydrate
metabolism pathways play crucial roles in OsDRAP1-mediated salt tolerance [66,68,83–86].
OsERF922 and OsERF106 are negative regulators of rice salt tolerance [48,87], probably
through modulation of ABA level [48]. OsEREBP1 and OsEREBP2 negatively regulate
the expression of OsRMC, encoding a receptor-like kinase that is a negative regulator of
salt stress responses in rice [88]. Some rice OsERF genes, such as OsDREB1s, OsEREBP1,
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OsSTAP1 and OsAP25, were reported to be induced under low temperature or cold stress
conditions [46,54,64,86,88–91], and overexpression of OsDREB1A, OsDREB1F or OsDREB1G
in transgenic rice increased tolerance to cold or low-temperature stress [66,90,92]. Recently,
it was found that the overexpression of OsERF115 conferred enhanced heat tolerance in
transgenic rice plants [78].

In our previous studies, we found that OsBIERF3 was induced by M. oryzae and
ectopic overexpression of OsBIERF3 in tobacco increased resistance to bacterial and viral
diseases [46,51]. However, the function of OsBIERF3 in rice immunity is yet unknown. In
the present study, we generated OsBIERF3-OE and OsBIERF3-Ri transgenic rice lines with
overexpression or RNAi-mediated suppression of the endogenous OsBIERF3 gene and
evaluated their resistance against fungal and bacterial pathogens, as well as their abiotic
stress tolerance. Our phenotyping, molecular and biochemical analyses demonstrate that
OsBIERF3 positively contributes to immunity against M. oryzae and X. oryzae pv. oryzae
through affecting the MAPK cascade and cell wall biosynthesis pathways, but negatively
regulates cold tolerance in rice.

2. Results
2.1. Responsiveness of OsBIERF3 to a Bacterial Pathogen, Abiotic Stress, and Hormones

We previously observed that OsBIERF3 was induced by benzothiadiazole, an analog
of salicylic acid (SA), and by M. oryzae [46]. We further examined the responsiveness
of OsBIERF3 in response to X. oryzae pv. oryzae by analyzing the transcript levels in the
incompatible and compatible interactions between a pair of rice near-isogenic lines IR24
and BB10 and X. oryzae pv. oryzae. Rice variety IR24 lacks the Xa10 gene and gives a
compatible response to X. oryzae pv. oryzae strain PXO86, carrying the corresponding
avrXa10 gene, while its near-isogenic line BB10 harbors the Xa10 gene and confers an
incompatible response to the same strain [93,94]. In an incompatible interaction between
rice BB10 and X. oryzae pv. oryzae PXO86, the transcript level of OsBIERF3 in inoculated
plants started to increase at 12 h post inoculation (hpi) and gradually increased over a
period of 48 h, leading to increases of 3.8-, 5.4-, and 5.8-fold, over those in mock-inoculated
plants (Figure 1A). By contrast, in a compatible interaction between rice IR24 and X. oryzae
pv. oryzae PXO86, the transcript level of OsBIERF3 increased at 24 hpi and displayed 1.3-
and 2.1-fold increases at 24 and 48 hpi over those in mock-inoculated plants (Figure 1A).
These results indicate that OsBIERF3 responds to X. oryzae pv. oryzae infection and the X.
oryzae pv. oryzae-induced expression of OsBIERF3 is much greater during earlier stages of
the incompatible interaction than that in the compatible interaction.

The responsiveness of OsBIERF3 in rice plants of cv. Yuanfengzao to stress hor-
mones, such as ET, SA, jasmonic acid (JA), and ABA, was also examined. Generally, the
transcript level of OsBIERF3 started to increase at 6 h post treatment (hpt) and was main-
tained at relatively higher levels in rice plants after treatment with 1-aminocyclopropane-
1-carboxylic acid (ACC, a precursor of ET biosynthesis), SA, methyl jasmonate (MeJA) or
ABA (Figure 1B,C). Particularly, the highest level of OsBIERF3 transcript in ACC-treated
plants was seen at 6 hpt, giving 2.45-fold higher over that in control plants, while the
highest levels in SA- and MeJA-treated plants were observed at 12 hpt, showing 4.35- and
2.52-fold higher than that in control plants (Figure 1B). In ABA-treated plants, the OsBIERF3
transcript peaked, being 3.42-fold higher than that in control plants at 9 hpt (Figure 1C).
These data indicate that OsBIERF3 responds to multiple stress hormones.

The responsiveness of OsBIERF3 in rice plants of cv. Yuanfengzao to abiotic stress
such as drought, salt and cold treatment was further examined. The transcript level of
OsBIERF3 in detached leaves was significantly and rapidly up-regulated within 2 h by fast
dehydration, giving a 3.12-fold increase over that in control plants at 2 hpt (Figure 1D). An
increase of 4.55-fold in OsBIERF3 transcript was observed at 1 hpt in NaCl-treated plants
but the transcript level decreased to basal level at 4 hpt (Figure 1D). Similarly, OsBIERF3
transcript level in cold (4 ◦C)-stressed plants gradually increased and peaked at 24 hpt,
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showing an 11.42-fold increase over that in control plants (Figure 1E). These results suggest
that OsBIERF3 is an abiotic stress-responsive rice ERF gene.
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Figure 1. Responsiveness of OsBIERF3 to Xanthomonas oryzae pv. oryzae, abiotic stress, and hormones.
(A) Expression of OsBIERF3 in incompatible and compatible rice-X. oryzae pv. oryzae interactions. Rice
plants of IR24 and BB10 were inoculated with X. oryzae pv. oryzae strain PXO86 and mock-inoculated
plants were used as controls. (B,C) Expression of OsBIERF3 in rice plants treated with different
defense signaling hormones. Two-week-old rice plants of cv. Yuanfengzo were foliar sprayed with
100 µM MeJA, 100 µM ACC, 150 µM SA, 100 µM ABA or sterilized distilled water as controls.
(D) Expression of OsBIERF3 in drought- and salt-treated rice plants. Drought stress was applied by
placing detached leaves on lab benches without water supply. Salt stress was applied by irrigation
with 150 mM NaCl. (E) Expression of OsBIERF3 in cold-stressed rice plants. Cold stress was applied
by transferring rice plants of cv. Yuanfengzao to a 4 ◦C growth chamber. Leaf samples were collected
at indicated time points for qRT-PCR analyses of gene expression. Fold relative expression levels
as compared to those of the Actin gene are presented as the means ± SD from three independent
experiments and different letters indicate statistically significant difference at p < 0.05 level.

2.2. OsBIERF3 Is a Transcriptional Activator

We previously showed that OsBIERF3 is a nucleus-localized protein and can bind to a
synthetic sequence containing the core GCC box element in vitro [46]. To verify whether
OsBIERF3 had transcriptional activation activity, the entire OsBIERF3, and its two dele-
tion mutants, OsBIERF3∆C (an N-terminal fragment lacking the AP2 domain-containing
C-terminal 142–303 aa) and OsBIERF3∆N (an AP2 domain-containing C-terminal frag-
ment lacking the N-terminal 1–141 aa), were examined in yeast for their transcriptional
activity (Figure 2A). Yeast transformants harboring OsBIERF3 and its deletion mutant
constructs grew well on SD/Trp- medium (Figure 2B). On SD/Trp-His-medium, only trans-
formants carrying pBD-OsBIERF3 or pBD-OsBIERF3∆N grew and showed β-galactosidase
activity, whereas yeast transformants carrying pBD-OsBIERF3∆C and empty vector did
not (Figure 2B). These data indicate that OsBIERF3 is a transcriptional activator and its
C-terminal region is required for transcription activator activity.
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streaked on SD/Trp– plates (left) or SD/Trp–His– plates supplemented with x-α-gal for 3 days at
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2.3. Generation of OsBIERF3-OE and OsBIERF3-Ri Transgenic Lines

To better understand the biological function of OsBIERF3 in rice, we generated
OsBIERF3-OE and OsBIERF3-Ri transgenic lines. After screening 27 and 20 indepen-
dent OsBIERF3-OE and OsBIERF3-Ri lines by hygromycin resistance phenotype on 1/2 MS
medium, three independent OsBIERF3-OE (OE-2, OE-4, and OE-6) and three independent
OsBIERF3-Ri (Ri-1, Ri-3, and Ri-29) lines were identified as single-copy lines, as confirmed
by Southern blotting with a fragment of HgrII gene as a probe (Figure S1A). The transcript
levels of OsBIERF3 in plants of T3 generations of stable OsBIERF3-OE lines OE-2, OE-4,
and OE-6 were 60.7-, 93.9-, and 28.7-fold higher than that in WT plants, respectively (Figure
S1B). By contrast, the transcript levels of OsBIERF3 in plants of T3 generations of stable
OsBIERF3-Ri lines Ri-1, Ri-3, and Ri-29 were approximately 19%, 2%, and 5% of that in
WT plants, respectively (Figure S1C). During our studies, we observed growth retardation
in OsBIERF3-OE plants at the seedling stage (Figure S2A,C) and this growth retardation
phenotype recovered at the adult stage (Figure S2B,E). By contrast, OsBIERF3-Ri plants
showed normal growth, as compared with WT plants, at the seedling and adult stages
(Figure S2A,B,D,F). Manipulation of OsBIERF3 in OsBIERF3-OE and OsBIER3-Ri plants
had no deleterious impacts on major agronomic traits such as grain yield, the weight of a
single panicle and grain numbers per panicle, and even improved some agronomic traits
(Figure S3A–F).

2.4. OsBIERF3 Positively Regulates Resistance to M. oryzae

We first evaluated the resistance of OsBIERF3-OE and OsBIERF3-Ri plants against
M. oryzae by foliar inoculating 3-week-old seedlings with a race ZE3 strain 97-220 of the
fungus [95]. Typical M. oryzae-caused blast lesions were seen on the inoculated leaves of
OsBIERF3-OE, OsBIERF3-Ri, and WT plants; however, the overall blast disease severity
on OsBIERF3-OE plants was less severe while the disease severity on OsBIERF3-Ri plants
was much more severe, as compared with those in WT plants (Figure 3A). Accordingly,
cell death, as revealed by trypan blue staining, in inoculated leaves of OsBIERF3-Ri plants
was much heavier, while cell death in inoculated leaves of OsBIERF3-OE plants was less
severe, as compared with that in inoculated leaves of WT plants (Figure 3B). At 6 days
post inoculation (dpi), the average numbers of the blast lesions on the inoculated leaves
of OsBIERF3-Ri plants were increased by 89%, 93%, and 204%, while the numbers of the
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disease lesions on the inoculated leaves of OsBIERF3-OE plants were decreased by 78%,
69%, and 77%, respectively, as compared with that in WT plants (Figure 3C). Further
measurement of in planta fungal growth, as revealed by analyzing the genomic DNA level
of the 28S rDNA gene of M. oryzae, indicated that OsBIERF3-Ri plants supported more
growth of M. oryzae in inoculated leaves, leading to increases of 105%, 98%, and 387%,
whereas OsBIERF3-OE plants supported less fungal growth, resulting in reductions of 92%,
93%, and 93%, respectively, as compared with that in WT plants (Figure 3D). Together,
these results indicate that OsBIERF3-OE plants exhibited an increased resistance while
OsBIERF3-Ri displayed an attenuated resistance to M. oryzae, and thus OsBIERF3 is a
positive regulator of resistance against M. oryzae.
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Figure 3. OsBIERF3 positively regulates resistance against Magnaporthe oryzae. (A) Representative
disease symptom on M. oryzae-inoculated leaves. (B) Trypan blue staining of dead cells in M. oryzae-
inoculated leaves at 6 dpi. (C) Lesion numbers on inoculated leaves at 7 dpi. (D) Quantification
of fungal growth in inoculated leaves at 7 dpi. Three-week-old plants were inoculated by foliar
spraying with spore suspensions (1 × 105 spores/mL) of M. oryzae strain 97-220. At least 30 plants in
each of the experiments were evaluated for disease scores using an international nine-scale standard.
Amounts of M. oryzae 28S rDNA and rice OsEF1 genomic DNA were estimated by qRT-PCR and
relative fungal growth was shown as ratios of Mo28S/OsEF1. Experiments in (A,B) were repeated
three times with similar results. Data presented in (C,D) are the means ± SD from three independent
experiments and different letters above the columns indicate statistically significant difference at
p < 0.05 level.

2.5. OsBIERF3 Positively Regulates Resistance to X. oryzae pv. oryzae

We next evaluated the resistance of OsBIERF3-OE and OsBIERF3-Ri lines against X.
oryzae pv. oryzae by leaf-clipping inoculation of adult plants at booting stage with X. oryzae
pv. oryzae strain PXO86 [94]. The overall X. oryzae pv. oryzae-caused blight disease on
OsBIERF3-OE plants was less severe, while the disease severity on OsBIERF3-Ri plants
was more severe, as compared with those in WT plants (Figure 4A). At 15 dpi, the average
length of the blight lesions on the inoculated leaves of OsBIERF3-Ri plants were 7.7, 9.2,
and 12.7 cm, leading to increases of 40%, 67%, and 131%, while the length of the blight
lesions on the inoculated leaves of OsBIERF3-OE plants was 2.0, 2.3, and 2.1 cm, resulting
in reductions of 64%, 58%, and 62%, respectively, as compared with that (5.5 cm) in WT
plants (Figure 4B). Similarly, the bacterial titers in the inoculated leaves of OsBIERF3-Ri-3
and -29 plants were 3.2- and 7.7-fold higher while the bacterial titers in inoculated leaves of



Int. J. Mol. Sci. 2022, 23, 606 7 of 22

OsBIERF3-OE-2 and -4 plants were 3.6- to 29.2-fold lower than that in WT plants (Figure 4C).
These results indicate that OsBIERF3-OE plants exhibited an increased resistance while
OsBIERF3-Ri displayed an attenuated resistance to X. oryzae pv. oryzae, and thus OsBIERF3
is a positive regulator of resistance against X. oryzae pv. oryzae.
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Figure 4. OsBIERF3 positively regulates resistance against Xanthomonas oryzae pv. oryzae. Rice plants
were inoculated with X. oryzae pv. oryzae strain PXO86 using the leaf clipping method at the booting
stage. (A) Disease symptom on the inoculated leaves at 15 dpi. (B) Lesion length on the inoculated
leaves at 15 dpi. At least 30 plants in each of the experiments were used for the measurement of the
lesion lengths. (C) Bacterial growth in the inoculated leaves. Leaf samples were collected at indicated
time points and bacterial growth was determined from three leaves at each time point. Experiments in
(A) were repeated three times with similar results. Data presented in (B,C) are the means ± SD from
three independent experiments and different letters in (B) and asterisks in (C) indicate statistically
significant difference at p < 0.05 level.

2.6. Identification of Differentially Expressed Genes in OsBIERF3-OE Plants

To gain further insights into the mechanism of OsBIERF3-regulated immunity against
M. oryzae and X. oryzae pv. oryzae, gene expression profiles between 3-week-old OsBIERF3-
OE and WT plants grown under normal conditions were determined and compared using
the Affymetrix rice gene chip. A total of 3637 genes (2149 up-regulated and 1488 down-
regulated) exhibited 2-fold (p < 0.05) changes in the transcript levels in OsBIERF3-OE-2
plants, compared with those in WT plants, and were identified as differentially expressed
genes (Table S1). These up-regulated genes included 9 genes for PRs such as defensin,
thaumatin, osmotin, and Bet VI family protein PR10, 7 genes encoding for components
in MAPK cascades, 18 for LRR R-like proteins, 46 for receptor-like kinases and protein
kinases, 31 for zinc finger proteins, 39 for transcription factors belonging to ERF, WRKY,
bHLH, and MYB families, 7 for cytochrome P450, and 11 for cell wall synthetic enzymes
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(Table S1). qRT-PCR analyses verified the up-regulated expression of some of the selected
differentially expressed genes in OsBIERF3-OE plants (Figure 5A,B,C). Notably, genes
for OsMPK3, OsMPK6, and OsMEK3, well-known MAPK cascade components that play
critical roles in rice immunity [96–100], were markedly up-regulated in OsBIERF3-OE
plants, giving 2.95-, 3.11-, and 4.32-fold increases over those in WT plants (Figure 5C),
implying the involvement of OsBIERF3 in the transcriptional regulation of the MAPK
cascade. Collectively, these data suggest that overexpression of OsBIERF3 in OsBIERF3-OE
plants confers enhanced immunity against M. oryzae and X. oryzae pv. oryzae through the
transcriptional regulation of MAPK cascades.
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Figure 5. Up-regulated expression of defense and MAPK cascade genes in OsBIERF3-OE plants.
(A) A selected list of up-regulated defense and MAPK cascade genes in OsBIERF3-OE plants as
revealed by microarray analyses. (B,C) Up-regulated expression of defense (B) and MAPK cascade
(C) genes in OsBIERF3-OE plants as validated by qRT-PCR analyses. Data presented in (B,C) are the
means ± SD from three independent experiments and different letters indicate statistically significant
difference at p < 0.05 level.
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2.7. Altered Expression of OsBIERF3 Affected Cell Wall Thickness

In the gene expression profiling data, a set of 11 genes encoding cell wall synthetic
enzymes such as cellulose synthases and glucan endo-1,3-beta-glucosidases were signifi-
cantly up-regulated in OsBIERF3-OE plants (Table S1). qRT-PCR analyses verified that the
expression levels of two cellulose synthase genes, OsCes7 and OsCesA9, and two glucan
endo-1,3-beta-glucosidase genes, Os10g20650 and Os03g12140, in OsBIERF3-OE plants were
significantly up-regulated, as compared with those in WT plants (Figure 6A,B). By contrast,
the expression levels of OsCes9 and Os10g20650 were down-regulated in OsBIERF3-Ri
plants, in comparison to those in WT plants (Figure 6B). These results raised the possibility
that OsBIERF3 is involved in cell wall formation. To test this hypothesis, we examined and
measured the cell wall thickness in sheath tissues of OsBIERF3-OE, OsBIERF3-Ri, and WT
plants under transmission electron microscopy (TEM). The cell walls in sheath tissues of
OsBIERF3-OE plants became much thicker, leading to an increase of 1.1-fold, while the cell
walls in sheath tissues of OsBIERF3-Ri plants were much thinner, resulting in a decrease
of 21–24%, as compared with that in WT plants (Figure 6C,D). These data indicate that
OsBIERF3 plays a role in modulating cell wall biosynthesis in rice.
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Figure 6. OsBIERF3 affects cell wall thickness in rice. (A) Up-regulated expression of cell wall
synthetic genes in OsBIERF3-OE plants as revealed by microarray analyses. (B) Up-regulation of cell
wall synthetic genes in OsBIERF3-OE plants as validated by qRT-PCR analyses. (C) Representative
TEM photographs showing cell walls in OsBIER3-OE and OsBIERF3-Ri plants. (D) Cell wall thickness.
Sheaths from five individual plants were examined and at least 10 measurements were carried out
for each of the sheath sections. Experiments in (C) were repeated for three times with similar results.
Data presented in (B,D) are the means± SD from three independent experiments and different letters
indicate statistically significant difference at p < 0.05 level.
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2.8. OsBIERF3 Negatively Regulates Cold Tolerance but Does Not Affect Drought and Salt Tolerance

The fact that the expression of OsBIERF3 was up-regulated by drought, salt, and
cold stress led us to examine whether OsBIERF3 plays role in abiotic stress tolerance by
phenotyping OsBIERF3-OE and OsBIERF3-Ri plants under drought, salt, and cold stress
conditions. In repeated drought stress experiments, drought symptoms, represented by
rolled leaves and wilted plants, in OsBIERF3-OE and OsBIERF3-Ri plants at 10 days after
drought treatment and at 7 days after re-watering was indistinguishable from WT plants
(Figure S4A,B). Similarly, growth performance, root length, and shoot length of OsBIERF3-
OE and OsBIERF3-Ri plants on 1/2 MS medium without NaCl supplement or with 150 mM
NaCl were comparable to WT plants (Figure S4C–E). By contrast, OsBIERF3-OE plants
displayed more severe while OsBIERF3-Ri plants exhibited milder cold damage symptoms,
such as rolled leaves and wilted plants, as compared with WT plants, at 48 h after cold
(4 ◦C) treatment and at 7 days after recovery (Figure 7A). At 7 days after recovery from
cold stress, OsBIERF3-OE plants showed a lower survival rate (<20%) while OsBIERF3-Ri
plants had a higher survival rate (>78%), as compared with that of WT plants (~40%)
(Figure 6B). Free proline is an important compatible osmolyte that protects subcellular
structures and macromolecules of plants under abiotic stress. To obtain further insights
into the possible mechanism responsible for the involvement of OsBIERF3 in cold tolerance,
the changes in proline content and the expression of several selected cold-responsive genes
in OsBIERF3-OE and OsBIERF3-Ri plants were analyzed and compared with those in
WT plants. Under normal conditions, proline contents in OsBIERF3-OE and OsBIERF3-
Ri plants were comparable to that in WT plants (Figure 6C). Under cold stress, proline
contents in OsBIERF3-OE plants significantly decreased, leading to a reduction of >61%,
while the contents in OsBIERF3-Ri plants markedly increased, resulting in an increase
of >23%, as compared with that in WT plants (Figure 6C). Similarly, the expression levels of
cold-responsive genes OsMyb, OsCDPK7, OsFer1, OsLti6a, OsLti6b, and OsTrx23 [101–105]
in OsBIERF3-OE plants were markedly down-regulated, while the expression levels of
these genes in OsBIERF3-Ri plants were significantly up-regulated, as compared with
those in WT plants (Figure 6D). Together, these results indicate that OsBIERF3 negatively
regulates cold tolerance but is not involved in drought and salt tolerance in rice.

2.9. Involvement of ET and ABA in OsBIERF3-Mediated Cold Response in Rice

ABA and ET are key regulators of signaling pathways during the plant response to
abiotic stress, including cold [28,106–108]. The responsiveness of OsBIERF3 to ET and ABA
(Figure 1B,C) led us to examine whether ET and ABA are involved in OsBIERF3-mediated
cold response in rice. To test this possibility, we analyzed the effect of pretreatment with
ACC, AgNO3 (an inhibitor of ET action) [109], and ABA on cold tolerance in OsBIERF3-OE
and OsBIERF3-Ri plants. At 48 h after cold stress, the ACC- or ABA-treated rice plants
of all tested genotypes showed milder damage, while the pretreated AgNO3-rice plants
displayed more severe cold damage phenotype, e.g., rolled leaves and wilted plants, as
compared with those of rice plants without pretreatment (Figure 8A), especially for the
ACC- or ABA-treated OsBIERF3-OE plants. At 9 days after recovery from cold stress, the
ACC- or ABA-treated rice plants grew better (Figure 8B) and the survival rates for all
tested genotypes were significantly higher than those of rice plants without pretreatment
(Figure 8C). OsBIERF3-OE plants showed a particularly similar survival rate to those
of OsBIERF3-Ri and WT plants (Figure 8C). By contrast, the AgNO3-treated rice plants
exhibited more severe cold damage than rice plants without pretreatment (Figure 8B). None
of the AgNO3-treated OsBIERF3-OE and WT plants survived, and the survival rate of the
AgNO3-treated OsBIERF3-Ri plants was also significantly decreased, as compared with the
rice plants without pretreatment, at 9 days after recovery from cold treatment (Figure 8C).
These results indicate that ET and ABA are not only essential for cold stress response but
also required for OsBIERF3-mediated cold response in rice.
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Figure 7. OsBIERF3 negatively regulates cold tolerance in rice. (A) Phenotype of OsBIERF3-OE,
OsBIERF3-Ri, and WT plants before (left), at 48 h after cold treatment (middle), and at 7 days after
recovery from cold treatment (right). (B) Survival rate of the cold-stressed OsBIERF3-OE, OsBIERF3-
Ri, and WT plants at 9 days after recovery. (C) Proline contents in leaves of the cold-stressed
OsBIERF3-OE, OsBIERF3-Ri, and WT plants at 2 days after cold treatment. (D) Expression of selected
cold-tolerance-related genes in OsBIERF3-OE, OsBIERF3-Ri, and WT plants. Four-week-old plants
were cold stressed by placing in a 4 ◦C growth chamber for 48 h and then recovered by moving to
normal growth conditions for 7 days. Leaf samples were collected 2 days after cold treatment for
measurement of proline contents. Experiments in (A) were repeated three times with similar results.
Data presented in (B–D) are the mean ± SD from three independent experiments and different letters
above the columns indicate statistically significant difference at p < 0.05 level.
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Figure 8. Function of OsBIERF3 in cold tolerance depends on ABA and ET pathways. (A) Phenotype
of cold damage in OsBIERF3-OE, OsBIERF3-Ri, and WT plants at 48 h after cold treatment. (B) Growth
phenotype of the cold-stressed OsBIERF3-OE, OsBIERF3-Ri, and WT plants at 9 days after recovery
from cold treatment. (C) Survival rate of the cold stressed OsBIERF3-OE, OsBIERF3-Ri, and WT
plants at 9 days after recovery. Four-week-old plants were treated by foliar spraying with 100 µM
ACC, 100 µM AgNO3, 100 µM ABA or similar volume of distilled sterilized water and then subjected
to cold treatment by placing in a 4 ◦C freezer for 48 h, followed by recovery to normal growth
condition. Experiments in (A,B) were repeated three times with similar results. Data presented in
(C) are the mean ± SD from three independent experiments and different letters above the columns
indicate statistically significant difference at p < 0.05 level.

3. Discussion

OsBIERF3 (OsERF#091) belongs to group IX of the ERF subfamily [30]. Arabidopsis
ERFs from group IX of the ERF subfamily play critical roles in immunity [110,111] and abi-
otic stress response [28]. There are 19 members in group IX of the rice ERF subfamily [30,31],
and four of them, OsBIERF3, OsERF083, OsERF123, and OsERF922 (OsERF092), have been
shown to be involved in immunity [48,50,51,58]. OsBIERF3 and OsERF083 positively
regulate immunity [50,51], while OsERF092 and OsERF123 act as a negative regulator of
immunity against M. oryzae or as a susceptibility gene for X. oryzae pv. oryzae [48,58]. We
previously showed that the overexpression of OsBIERF3 in tobacco conferred an increased
resistance against viral and bacterial pathogens [51]. The present study further demon-
strated using OsBIERF3-OE and OsBIERF3-Ri transgenic rice lines that OsBIERF3 positively
regulates immunity against M. oryzae and X. oryzae pv. oryzae, but negatively regulates cold
tolerance in rice.

Expression of OsBIERF3, OsERF083, and OsERF092 was induced by M. oryzae [46,48,50].
The present study revealed that the expression of OsBIERF3 was induced by X. oryzae pv.
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oryzae and the induction was much stronger and earlier in the incompatible interaction
between rice and X. oryzae pv. oryzae, but was weaker and slower during the compatible in-
teraction (Figure 1A). This is similar to the expression induction of OsBIERF3 and OsERF092
in the incompatible and compatible interactions between rice and M. oryzae [46,48]. Further-
more, the expression of OsBIERF3 was induced by an SA analog benzothiadiazole [46], and
by SA, MeJA, and ACC (Figure 1B), which is similar to OsERF083 and OsERF087, which
were induced by SA, JA, and ethephon [50,112]. Phytohormones such as SA, JA, and ET
play critical roles in fine-tuning immunity in rice [113–115]. The induction of OsBIERF3
expression by pathogens and defense signaling hormones implies the involvement of
OsBIERF3 in rice immunity.

Biochemically, OsBIERF3, OsERF083, OsERF087, and OsERF092, were previously
shown to bind to a canonical GCC box-containing sequence [46,48,50,112]. The present
study further revealed that OsBIERF3 had transcriptional activation activity in yeast and
this activity depended on the C-terminal region (Figure 2), demonstrating that OsBIERF3 is
a transcriptional activator. This is similar to OsERF092, OsERF87, and OsERF136, which
showed transcriptional activator activity in rice cells through binding to GCC box ele-
ments [48,112]. It is therefore reasonable to speculate that OsBIERF3 plays its role in immu-
nity through activating downstream target genes that are involved in defense response and
immune signaling. In fact, microarray-based expression profiling analyses revealed that
more than 2100 genes were up-regulated in OsBIERF3-OE plants (Supplementary Table S1),
and a set of genes encoding defensive proteins such as defensin, thaumatin, osmotin, and
Bet VI family protein was identified (Figure 5A, Supplementary Table S1). Importantly, the
expression levels of OsMPK3, OsMPK6, and OsMEK3, which are involved in rice immunity
against M. oryzae, X. oryzae pv. oryzae, and chewing herbivore insects [96–100], were up-
regulated in OsBIERF3-OE plants (Figure 6B,C), implying the involvement of OsBIERF3
in the transcriptional regulation of these well-known immunity-related MAPK cascade
components. This is similar to OsERF3, an EAR-motif-containing ERF that is involved
in resistance to herbivore insects, which positively affected the transcript levels of two
MAPK genes [59]. Further bioinformatics analyses revealed the presence of GCC box
elements in the promoter regions of some of the genes, including OsMPK3 and OsPR10
(LOC_Os04g39150), that were up-regulated in OsBIERF3-OE plants. Recently, it was found
that OsERF87 and OsERF136, which belong to a different clade of group IX ERFs, directly
bind to the promoter region of RSOsPR10, a root-specific OsPR10 gene, and activate its
expression [112]. It is thus likely that some of the up-regulated genes in OsBIERF3-OE
plants may be putative OsBIERF3 targets, which need to be further examined.

Studies have demonstrated that plant cell walls act as structural barriers to prevent
pathogen penetration and colonization and thus play important roles in immune responses
against diverse pathogens [116–118]. In rice, it has been shown that cell wall structure
and integrity are critical to immunity against M. oryzae and X. oryzae pv. oryzae [119–121].
In the present study, we observed that OsBIERF3-OE plants develop thicker cell walls
while OsBIERF3-Ri plants generate thinner walls compared with corresponding WT plants
(Figure 6C,D), accompanied by the up-regulated expression of cell wall biosynthetic genes,
as revealed by microarray and qRT-PCR analyses (Figure 6A,B). Bioinformatics analyses in-
dicated that the promoter of OsCesA9, encoding a catalytic subunit of the cellulose synthase
complex that is responsible for cellulose synthesis on the secondary cell wall [122,123],
contains typical GCC box elements, implying that OsBIERF3 may directly regulate the
expression of OsCesA9 and thus affect the formation of the cell wall in rice. Collectively,
these observations suggest that OsBIERF3 functions in rice immunity against M. oryzae and
X. oryzae pv. oryzae, probably through regulating the cell wall synthesis pathway.

The expression of OsBIERF3 was induced by drought, salt, and cold stress [46], as well
as by stress hormones ABA and ET (Figure 1B–E), implying the involvement of OsBIERF3 in
the abiotic stress response in rice. Surprisingly, OsBIERF3-OE and OsBIERF3-Ri plants did
not show any alteration in drought and salt tolerance (Figure S4), indicating that OsBIERF3
is not involved in drought and salt stress response. By contrast, OsBIERF3-OE plants attenu-
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ated while OsBIERF3-Ri plants increased cold tolerance (Figure 7A,B), accompanied by the
altered accumulation of proline and the expression of cold-responsive genes (Figure 7C,D),
revealing that OsBIERF3 is a negative regulator of rice cold tolerance. Because OsBIERF3
is a transcriptional activator (Figure 2), it is thus likely that OsBIERF3 activates some
unknown negative regulators that repress the cold stress response, instead of directly
suppressing cold-stress-responsive genes. This is similar to OsERF092, which is a tran-
scriptional activator and negatively regulates salt tolerance in rice [48]. ABA and ET play
critical roles in signaling pathways of plant response to diverse abiotic stresses [28,106–108].
Blocking ABA biosynthesis through knockout of 9-cis-epoxycarotenoid dioxygenase genes
significantly decreased abiotic stress tolerance in rice [124,125]. Exogenous ABA restored
the attenuated cold tolerance in OsBIERF3-OE plants (Figure 8), implying the involvement
of ABA involved in OsBIERF3-mediated cold stress response. On the other hand, exoge-
nous ACC, a precursor of ET, restored the attenuated cold tolerance in OsBIERF3-OE plants,
while pretreatment of OsBIERF3-Ri plants with AgNO3, an inhibitor of ET action [109],
significantly suppressed the enhanced cold tolerance in OsBIERF3-Ri plants (Figure 8),
indicating that ET is involved in the OsBIERF3-mediated rice cold stress response. This is
similar to the previous observations that OsERF109 and OsERF3 function in abiotic stress
response via affecting ET biosynthesis [70,80,81]. Taken together, it is likely that ABA and
ET are required for the function of OsBIERF3 in the rice cold stress response.

In summary, our functional analyses using overexpression and RNAi-mediated sup-
pression transgenic rice lines demonstrate that OsBIERF3, as a transcriptional activator,
positively contributes to resistance against M. oryzae and X. oryzae pv. oryzae but negatively
regulates cold tolerance in rice. Manipulation of OsBIERF3 in rice had no deleterious
impact on agronomic traits such as plant growth/development and grain yield as well as
drought and salt stress tolerance. OsBIERF3 may offer promising potential for application
of OsBIERF3 to develop novel disease-resistant rice materials/varieties that can be used in
temperate regions where cold stress is not the case. Further global mapping of the genome-
wide DNA-binding sites and characterization of the direct target genes of OsBIERF3 will
provide deeper insights into the molecular basis of OsBIERF3-mediated broad-spectrum
immunity and cold stress response in rice.

4. Materials and Methods
4.1. Plant Growth and Treatments

Rice cv. Yuanfengzao was used for the analysis of gene expression by hormone and
abiotic stress treatments while a pair of near-isogenic lines, IR24 and BB10 [93,94], was
used for analysis of gene expression in rice–X. oryzae pv. oryzae interactions. Rice plants
were grown in a growth room under 28 ◦C 14 h light/26 ◦C 10 h dark cycle, and 80–85%
relative humidity. For bacterial inoculation, rice plants of varieties IR24 and BB10 at the
booting stage were inoculated with X. oryzae pv. oryzae strain PXO86 using the leaf-clipping
method [126]. For hormone treatment, 2-week-old plants were sprayed with 100 µM MeJA,
100 µM ACC, 150 µM SA, and 100 µM ABA (Sigma-Aldrich, St. Louis, MO, USA) in a
solution containing 0.1% ethanol and 0.02% Tween-20 or with the same volume of the
solution as a mock control. For drought treatment, plants were placed on lab benches
without water supply or on water-saturated filter papers as controls in Petri dishes [127].
For salt treatment, plants were irrigated with 150 mM NaCl or a similar volume of sterilized
distilled water as controls [127]. For cold treatment, plants were transferred to a growth
chamber with temperature set at 4 ◦C [128]. Leaf samples were collected at indicated time
points, frozen in liquid nitrogen, and stored at −80 ◦C until use. Each treatment in each
of the experiments included three biological replicates with at least three plants, and the
experiments were independently repeated three times.

4.2. Generation and Characterization of OsBIERF3-OE and OsBIERF3-Ri Lines

For the construction of overexpression vector, the 912 bp coding sequence of OsBIERF3
was inserted into the pCoUm vector under the control of a maize Ubi promoter to gen-
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erate pCoU-Ubi::OsBIERF3. For the construction of Ri vector, a 400 bp 5′-end fragment
was used to construct a self-complementary hairpin vector pCoU-Ubi::OsBIERF3-Ri [129].
The resulting constructs were introduced into calli of rice cv. Xiushui 11 by the Agrobac-
terium-mediated transformation method. T2 generation of the obtained OsBIERF3-OE and
OsBIERF3-Ri lines was screened by planting seeds on 1/2 MS medium supplemented
with 50 µg/mL hygromycin (Hgr) and lines showing 3:1 (Hgr-resistant:Hgr-susceptible)
segregation were selected as putative transgenic lines with a single copy of the transgene.
Screening for homozygous lines and analysis of copy number of the transgene by Southern
blotting assays was carried out as described previously [130]. Assessment of agronomic
traits of OsBIERF3-OE and OsBIERF3-Ri lines was carried out as previously described [130].

4.3. Transcriptional Activation Assays

For transactivation assay, the coding sequence of OsBIERF3 was fused in-frame to
the yeast GAL4 DNA binding domain in the vector pBD-GAL4Cam (Clontech, Mountain
View, CA, USA) to produce pBD-OsBIERF3. The pBD-OsBIERF3 and pBD empty vector
(negative control) were transformed into yeast strain AH109. The transformed yeasts were
plated on SD/Trp- medium or SD/Trp-His- medium and incubated for 3 days at 30 ◦C,
followed by the addition of X-α-gal. The transactivation activities of the fusion proteins
were evaluated according to the growth situation and production of blue pigments after
the addition of X-α-gal on the SD/Trp-His-medium. The experiments were independently
repeated three times.

4.4. Disease Assays

For evaluation of blast resistance, 4-week-old seedlings were inoculated by foliar spray-
ing with spore suspension (1 × 105 spores/mL) of M. oryzae race ZE3 strain 97-220 [131].
The inoculated plants were kept in the dark for 24 h at 25 ◦C with 100% relative humidity
and then moved to a normal growth environment. Disease phenotype was examined and
numbers of lesions were counted from at least 30 leaves of 15 individual inoculated plants
at 6 dpi. Dead cells in inoculated leaves were detected using the trypan blue staining
method as previously described [130]. Relative fungal growth in inoculated rice leaves was
measured using qRT-PCR [132] by analyzing and comparing the genomic level of M. oryzae
28S rDNA gene with that of the rice eEF-1α gene as an internal control. Dead cell staining
and fungal growth were performed with 6 inoculated leaves of three individual plants. For
evaluation of bacterial blight resistance, greenhouse-grown rice plants at the booting stage
were inoculated with X. oryzae pv. oryzae strain PXO86 using the leaf-clipping method [126]
and inoculated plants were kept in a greenhouse under environmental conditions at 30 ◦C
in day/25 ◦C in night with natural sunlight. Disease phenotype was photographed and
lesion length was measured from at least 30 leaves of 15 individual inoculated plants at
15 dpi. X. oryzae pv. oryzae growth in inoculated leaves was measured from six leaves
of three individual plants by counting colony-forming units (CFU) on NA plates [133].
Each treatment in each of the experiments included three biological replicates with at least
10 plants, and the experiments were independently repeated three times.

4.5. Abiotic Stress Tolerance Assays

Abiotic stress tolerance assays were performed as described previously [127,128]. For
drought tolerance assay, 4-week-old OsBIERF3-OE or OsBIERF3-Ri plants were grown with
WT plants in the same barrels and were subjected to drought stress by stopping watering for
15 days, followed by re-watering for another 12 days. Plants with green leaves and healthy
young leaves after re-watering were considered as survivals, and surviving plants were
evaluated at 12 days after re-watering. For salt tolerance assay, 100 seeds were germinated
on 1/2 MS medium supplemented with or without 150 mM NaCl under 28 ◦C/25 ◦C
(day/night) with a 12 h photoperiod. At 6 days after germination, root length and shoot
height of at least 30 plants were measured. For cold stress tolerance assay, 4-week-old
OsBIERF3-OE or OsBIERF3-Ri plants were grown with WT plants in the same barrel and
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then transferred into a growth chamber with the temperature set at 4 ◦C with a cycle of
16 h light/8 h dark for 2 days, followed by transferring to the growth room with the normal
condition for recovery. Plants with green leaves and healthy young leaves after transferring
to the normal growth condition were considered as survivals, and surviving plants were
evaluated at 7 days after recovery from cold treatment. Survival rate was calculated as the
ratio of the number of survived plants over the total number of treated plants. Free proline
content was determined using the colorimetric method [134] with a 0.5 g leaf sample.
Each treatment in each of the experiments included three biological replicates with at least
10 plants, and the experiments were independently repeated three times.

4.6. Observation and Measurement of Cell Wall Thickness by TEM

Microscopic examination of cell wall thickness was carried out as described previ-
ously [135]. Briefly, sheath segments were collected from eight-week-old rice plants and
fixed in 3% glutaraldehyde in phosphate buffer (100 mM, pH7.0) for at least 4 h, washed
three times with the same phosphate buffer for 15 min each, and then post fixed in 1%
osmium tetroxide in the phosphate buffer for 2 h. After washing three times, the sheath
segments were embedded in Epon 812, and ultra-thin sections were stained by uranyl
acetate and alkaline lead citrate for 20 min, respectively. Observation of the cell walls
was performed under TEM of Model H-7650 (Hitachi, Tokyo, Japan). At least 10 ultra-
thin sections were examined for each of the segment samples and the experiments were
independently repeated three times with a minimum of 15 individual plants.

4.7. Microarray Analyses of Differentially Expressed Genes in OsBIERF3-OE Plants

Leaf samples were collected from 3-week-old OsBIERF3-OE and WT plants and total
RNA was extracted using TRIzol reagent (Invitrogen, Shanghai, China). Two micrograms
of total RNA were used for the synthesis of double-stranded cDNA, and biotin-tagged
cRNA was prepared using a MessageAmp II cRNA Amplification Kit (Ambion, Foster City,
CA, USA) according to the manufacturer’s instructions. The resulting biotin-tagged cRNA
was fragmented to strands of 35–200 bases in length according to Affymetrix’s protocols.
The fragmented cRNA was hybridized to Affymetrix Rice Genome Array containing
51,279 transcripts representing rice subspecies japonica and indica by standard Affymetrix
protocol (CapitalBio Technology Company, Beijing, China). All procedures for probe
preparation, hybridization, scanning, data collection, and bioinformatics analyses were
carried out at the Beijing CapitalBio Technology Company (Beijing, China). Normalization
was performed according to the standard Affymetrix protocols to allow the comparison of
the samples and genes with a 2-fold change in the transcript level between OsBIERF3-OE
and WT plants were defined as differentially expressed genes. Two independent biological
samples for OsBIERF3-OE and WT plant were performed for microarray analyses and the
differentially expressed genes with p < 0.05 were chosen.

4.8. qRT-PCR Analyses of Gene Expression

Total RNA was extracted from frozen leaf tissues using TRIzol (Invitrogen, Shanghai,
China) and then treated with RNase-free DNase (TaKaRa, Dalian, China). First-strand
cDNA was synthesized from 1 µg total RNA using AMV reverse transcriptase (TaKaRa,
Dalian, China) according to the manufacturer’s recommendations. Each qPCR reaction
contained 12.5 µL 2 × Fast essential (Roche Diagnostics, Shanghai, China), 1 µg cDNA and
10 µmol of each gene-specific primer in a final volume of 25 µL. The qPCR was performed
on a CFX96 real-time PCR detection system (BioRad, Hercules, CA, USA). Data obtained
were normalized using rice OsActin as an internal control and relative expression level
was calculated using the 2-∆∆CT method. Primer information is provided in Table S2. Each
treatment in each of the experiments included three biological replicates with at least three
plants, and the experiments were independently repeated three times.
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