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Abstract

MicroRNAs may increase cold stress tolerance by regulating stress-related signal transduction pathways and by modulating
the expression of transcription factors. However, the molecular mechanism by which microRNAs enhance cold stress toler-
ance is not fully understood. Here, we report that overexpression of rice microRNA156 (OsmiR156) results in increased
cell viability and growth rate under cold stress in Arabidopsis, pine, and rice. OsmiR156 increases cold stress tolerance by
targeting OsSPL3. OsSPL3 positively regulates the expression of OsWRKY71, a negative regulator of the transcription fac-
tors OsMYB2 and OsMYB3R-2. OsMYB2 counteracts cold stress by activating the expression of the stress-response genes
OsLEA3, OsRab16A, and OsDREB2A. OsMYB3R-2 counteracts cold stress by activating the expression of OsKNOLLE?2,
OsCTP1, OsCycB1.1, OsCycB2.1, and OsCDC20.1. In OsmiR 156 transgenic rice cell lines, the transcript levels of OsLEA3,
OsRab16A, OsDREB2A, OsKNOLLE2, OsCTP1, OsCycB1.1, OsCycB2.1, and OsCDC20.1 were increased by OsWRKY71
knockdown and inversely regulated by OsWRKY71 overexpression, indicating that OsmiR156 enhances cold stress toler-
ance by regulating the expression of transcription factor genes in plant cells. These results will increase our understanding
of microRNA-related cold stress tolerance in different plant species, including monocotyledonous, dicotyledonous, and

gymnosperm plant species, and will be valuable in plant molecular biotechnology.
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Introduction

Cold stress affects plant growth, development, and yield. To
respond to cold stress, plants have developed capabilities
to activate hormone signaling, enhance cold stress-related
gene expression, and increase the activity of transcription
factors to adapt to this extreme condition. Transcription fac-
tors are essential for plant cells to respond to stress signals.
For example, the WRKY transcription factor gene family
has been reported to be involved in biotic freezing stress
through binding to the W box of the promoter of the target
gene (Rushton et al. 1995). In the rice genome, 77 OsWRKY
transcription factor genes have been identified (Goff et al.
2002; Yu et al. 2002). Several OsWRKY transcription
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factor genes, including OsWRKY71, are important in cold
stress tolerance. Another type of transcription factor, the
MYB transcription factor, has been reported to play central
roles in plant responses to cold stress. Overexpression of
OsMYB3R-2 enhances cold stress tolerance by regulating
the expression of OsCycB1;1, OsCycB2;1, OsCycB2;2, and
OsCDC20.1 during chilling stress (Ma et al. 2009). Both
WRKY and MYB transcription factors are important for
plants to respond to cold stress.

MYRB transcription factors play important roles in a large
number of biological processes, including cell metabolism,
cell size and shape determination, cell proliferation and dif-
ferentiation, and abiotic stress responses (Ma et al. 2009;
Tombuloglu et al. 2013). The MYB transcription factor fam-
ily, one of the largest transcription factor families in plants,
regulates plant growth, development, and plant defense
responses (Tombuloglu et al. 2013). In wheat (Triticum aes-
tivum), MYB transcription factors play an important role in
accumulating anthocyanin pigments in leaves by acting as
a positive regulator of anthocyanin biosynthesis (Shin et al.
2016). In Chinese cabbage (Brassica rapa), genome-wide
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expression analysis of Myb genes demonstrated that the
expression of MYB-related genes was induced under low-
temperature treatment (Saha et al. 2016). In prairie cordgrass
(Spartina pectinata), MYB proteins regulate freezing stress
by upregulating genes involved in plasma membrane modi-
fication (Nah et al. 2016). In tomato (Solanum lycopersi-
cum), the MYB transcription factors ANT1 and SIJAF13
are actively expressed and function in flavonoid synthesis
(Lovdal et al. 2010). In Arabidopsis (Arabidopsis thaliana),
MYB transcription factors function in the effect of light
under low-temperature treatment and are crucial for cold
acclimation (Soitamo et al. 2008). In Arabidopsis, Myb41
negatively regulates short-term transcriptional responses
under osmotic stress (Lippold et al. 2009). Overexpression
of MYB transcription factors results in tolerance to low tem-
peratures and drought stress (Imtiaz et al. 2015). MYB tran-
scription factors are also associated with plant adaptation to
environmental conditions such as cold and UV stress (Hichri
et al. 2011). In Arabidopsis, the MYBG62L protein increases
proline and chlorophyll content under salt and osmotic
stress (Butt et al. 2017). Overexpression of MYB15 results
in reduced expression of CBF genes and reduced freezing
tolerance (Agarwal et al. 2006). MYB transcription factors
play a role in freezing tolerance by modulating the expres-
sion of cold stress-related genes.

Expression of stress-related transcription factors can
be regulated by microRNAs, which are 20-24 nucleotide
RNA molecules that can cleave their target mRNA or cause
repression of translation (Ma et al. 2009; Wang et al. 2016).
MicroRNAs regulate and modulate the expression of genes
that are involved in various biological functions in plants,
including growth, development, and cold stress tolerance.
MicroRNAs play a crucial role in plant stress tolerance
by regulating the gene expression of transcription factors
and signal transduction proteins. More than 2900 miRNA
entries have been deposited in the miRNA database (miR-
base; http://microrna.sanger.ac.uk/, release 7.0). Increasing
evidence demonstrates that miRNAs play diverse roles in
plant functions from development to the stress response by
targeting transcription factors (Jones-Rhoades and Bartel
2004; Sunkar and Zhu 2004; Bartel 2004). In Arabidopsis
thaliana, miRNAs target SCHLAFMUTZE to regulate the
flowering response (Mathieu et al. 2009). In Arabis alpina,
miRNAs prevent flowering before vernalization by target-
ing the transcription factor APETALA2 (Bergonzi et al.
2013). In Brachypodium distachyon, miRNAs target ice-
binding proteins to restrict ice crystal growth and play a role
in the development of a freeze-tolerant phenotype in crops
(Bredow et al. 2016). In llex paraguariensis, miRNAs are
involved in developmental processes through targeting of the
SPL gene family (Debat et al. 2014). In Nicotiana tabacum,
miRNAs enhance tolerance to drought, salinity, cold, and
heavy metals (Frazier et al. 2014). In Hevea brasiliensis,
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miRNAs have been revealed to be potentially involved in
the specific regulation of the control of redox status (Gebelin
et al. 2012). MicroRNAs and their targets can be utilized for
improving desirable plant traits (Kamthan et al. 2015). For
example, amiRNA technology has been reported to be an
efficient tool for the introduction of highly efficient resist-
ance in barley plants against a DNA virus (Kis et al. 2016).
MicroRNA156 (miR156) plays an important role in
improving various traits, including stress tolerance for
molecular breeding in plants. The miR156 family targets
promoter-binding-like (SPL) genes that encode several
plant-specific transcription factors (Rhoades et al. 2002;
Bonnet et al. 2004). Expression of miR156 and expression
of its target genes are associated with important develop-
mental processes and stress tolerance (Schwab et al. 2005).
In the rice (Oryza sativa) genome, 11 SPL genes are puta-
tive targets of OsmiR156. In different tissues and organs,
the rice SPL genes have different expression patterns.
OsmiR 156 genes have been reported to be expressed in the
young shoots and leaves of rice. Different expression pat-
terns of OsmiR156 and different expression patterns of its
target genes in plants suggest diverse interactions between
OsmiR156 and OsSPL target genes. For example, miR156
regulates IPA1 expression at the posttranscriptional level
to affect plant architecture (Wang et al. 2017). In Solanum
lycopersicum, miR156 promotes heterochronic development
by affecting the KNOX and CLAVATA3 genes (Vendemiatti
et al. 2017). In Arabidopsis thaliana, decreased expression
of miR156 results in an increase in DNA methylation in
adult tissues (Massoumi et al. 2017). In Panicum virgatum,
overexpression of miR156 has dramatic effects on plant
architecture and flowering (Baxter et al. 2017). In Medicago
sativa, miR156 improves commercially important traits,
including biomass, the number of branches and the time to
complete growth stages under salinity stress (Arshad et al.
2017a, b) and drought stress, by silencing SPL13 (Arshad
et al. 2017a, b). In Arabidopsis, miR156 modulates silique
development and plant fertility by regulating ASYM-
METRIC LEAVES 2 (AS2) transcript levels (Wang et al.
2016). miR156 also plays important roles in the phosphate
(Pi) deficiency response (Lei et al. 2016). In the juvenile
phase, miR156-mediated repression of SQUAMOSA PRO-
MOTER-BINDING PROTEIN-LIKE (SPL) transcription
factors establishes the relationship between developmental
aging and photoperiodic flowering (Jung et al. 2016).
Although WRKY transcription factors and MYB tran-
scription factors play important roles in cold stress tolerance,
how microRNAs regulate the cell response to cold stress
by modulating the expression of WRKY transcription fac-
tors and MYB transcription factors is not fully understood.
In this investigation, we demonstrate that rice OsmiR156
increases cold stress tolerance in Arabidopsis, pine, and
rice. In rice, OsmiR 156 enhanced cold stress tolerance by
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targeting OsSPL3, a positive regulator of OsWRKY71.
OsWRKY71 negatively regulates the expression of the
transcription factors OsMYB2 and OsMYB3R-2. In
OsmiR 156 transgenic rice cell lines, the transcript levels of
OsLEA3, OsRab16A, OsDREB2A, OsKNOLLE?2, OsCTP1,
OsCycB1.1, OsCycB2.1, and OsCDC20.1 were increased
by OsWRKY71 knockdown and inversely regulated by
OsWRKY71 overexpression. To the best of our knowl-
edge, this is the first report to describe a detailed interaction
between OsmiR 156 and transcription factors that improves
microRNA-related cold stress tolerance in different plant
species, including monocotyledonous, dicotyledonous, and
gymnosperm species.

Materials and methods
Plasmid constructs

Precursors of OsmiR156 were amplified from the rice
genome and cloned into the expression vector pCAM-
BIA1301U as previously described (Xie et al. 2006; Jiao
et al. 2010). The pPCAMBIA1301U vector and the precursors
of OsmiR 156 were digested by Kpnl and BamHI (Promega,
Madison, WI, USA) at 37 °C. DNA was purified using a
QIAquick Gel Extraction Kit (QIAGEN, Valencia, CA,
USA) and ligated to generate the expression vector pPCAM-
BIA1301U-OsmiR156 (Tang and Newton 2005). For the
overexpression of OsWRKY71 in rice, the full-length cDNA
fragment of OsWRKY71 was cloned into pPCAMBIA1301
(provided by CAMBIA) to generate the expression vector
pCAMBIA1301-OsWRKY71. The expression vectors were
introduced into Agrobacterium tumefaciens strain LBA4404
by electroporation.

Transformation of Arabidopsis, pine, and rice cells

OsmiR 156 transgenic cell lines of Arabidopsis, pine (Pinus
elliottii), and rice (O. sativa) were generated as described
previously (Tang and Page 2013) using Agrobacterium
tumefaciens strain LBA4404 carrying pCAMBIA1301U-
OsmiR 156 to transform the cultured cells (Tang and Newton
2005). OsWRKY71 transgenic rice cell lines were generated
using Agrobacterium tumefaciens strain LBA4404 carrying
pCAMBIA1301U-OsWRKY71. After transformation, cell
cultures of the different cell lines were grown for 4-5 weeks,
and then these cell cultures were used for further analysis.

RNA isolation and northern blot analysis
Five grams of fresh transgenic and control cell culture were

used to isolate total RNA using an RNeasy Mini Plant Kit
(Germantown, MD, USA) following the manufacturer’s

instructions. Total RNA (6 pg) was separated by agarose
gel electrophoresis. Electrophoresis of RNA and northern
blotting were performed as described previously (Tang et al.
2007). The hybridization probe was digoxigenin (DIG)-
labeled ZAT6 DNA (717 pb) (Roche Diagnostics). rRNA
was used as the loading control for RNA samples. After
northern blotting analyses, cell lines of Arabidopsis (all8,
a261, and a362), pine (p169, p252, and p365), and rice
(r126, r209, and r318) were used for cold stress and other
stress-related gene expression experiments.

Cold treatment and determination of cell viability
and growth rate

Cold treatment was performed by incubation of OsmiR156
transgenic cells and control cells of Arabidopsis, pine, and
rice at — 10, 4, 12, and 24 °C in the dark for 24 h in growth
chambers (Beijing ZNYT, China). Control seedlings were
grown under the same conditions. After 24 h of chilling
treatment, the cells were moved to a normal growth envi-
ronment. The influences of cold stress on the cell growth and
cell viability of Arabidopsis (all8, a261, and a362), pine
(p169, p252, and p365), and rice (r126, 1209, and r318) were
examined as previously described (Tang and Page 2013).
The average growth was expressed as mg/g FW/day. The rate
of cell growth was measured 7 days after treatment. Both
chilled and control samples were collected in 3—5 biologi-
cal replicates.

Measurement of ion leakage

Ion leakage was measured using Arabidopsis, pine, and
rice cells. Cells (1 g) were harvested from each sample of
Arabidopsis, pine, and rice cell lines for measurement of ion
leakage. The samples were incubated in 1000 pl of distilled
water for 60 min with 60 rpm shaking. The conductivity
was determined using a B-173 conductivity meter (Horiba,
Kyoto, Japan). Ion leakage was calculated as the ratio of
conductivity values between measurements before and after
autoclaving.

Expression of the OsWRKY genes

Expression of the OsWRKY genes in the different cell lines
was examined using gRT-PCR by the method of Tang et al.
(Tang and Newton 2005). Expression of the stress-related
WRKY transcription factors OsWRKYS8 (a), OsWRKY11
(b), OsWRKY22 (c), OsWRKY30 (d), OsWRKY31
(e), OsWRKY42 (f), OsWRKY45 (g), OsWRKY71 (h),
OsWRKY72 (i), OsWRKY74 (j), OsWRKY77 (k), and
OsWRKYS89 (I) in OsmiR156 transgenic cell lines was
examined. The data were normalized to the internal control.
Regular qPCR was used. The delta—delta Ct method was
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used to obtain the expression values. The U6 gene was used
as an internal reference.

Target of OsmiR156 and the expression of OsSPL
genes

By searching the rice genomic sequences using mature
microRNA sequences, the target genes of OsmiR156 were
obtained. Based on the characterized and deposited miRNAs
in plants (Rhoades et al., 2002; Chen, 2004; Mallory et al.,
2004; Guo et al., 2005; Mallory et al., 2005), rice genes that
contained sequences with fewer than three mismatches to the
sequence of mature miR156 were considered to be putative
targets of OsmiR156. The expression of OsSPL3, OsSPL7,
OsSPL11, OsSPL12, and OsSPL14 in the different cell lines
was examined using gRT-PCR by the method of Tang et al.
(Tang and Newton 2005; Tang and Page 2013).

Luciferase reporter assay

The promoter sequence of OsWRKY71 was cloned into a
luciferase reporter vector. The GUS gene in pBI121 was
removed, and the coding sequences of the OsmiR 156 targets
OsSPL3, OsSPL7, OsSPL11, OsSPL12, and OsSPL14 were
cloned into the effector. The control effector was a plasmid
expressing the GAL4 DNA-binding domain (DB). The vec-
tors with the reporter (2 pg) and effector (2 pg) and the inter-
nal control plasmid (pPTRL, 0.04 ng) were delivered into
cells by particle bombardment. Forty-eight hours after par-
ticle bombardment, the cells were lysed in lysis buffer, and
the activity of luciferase was analyzed. A Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA) was
used to determine the luciferase activity by following the
manufacturer’s instructions.

Effector construct preparation

The promoter sequences of SKP1-like protein 1B (an
OsGAMYB-like 1 target), OscttP2 (an OsMYBI1R
target), OsLEA3 (an OsMYB?2 target), KNOLLE2
(an OsMYB3R-2 target), protein phosphatase 2C (an
OsMYBS3 target), OsCOS3-12-C,H,-zinc finger protein
(an OsMYB4 target), flavonol synthase (an OsMYB55
target), the OsMYB transcription factor Os11g47460 (an
OsMYB59 target) and the plasmid pMBLO022 (Lanahan
et al. 1992) were used to generate the reporter constructs
pSKP1-like protein 1B-GUS, pOscttP2-GUS, pOsLEA3-
GUS, pKNOLLE2-GUS, pProtein phosphatase 2C-GUS,
pOsCOS3-12-C2H2-zinc finger protein-GUS, pFlavonol
synthase gene-GUS, and pOsMYB transcription factor
Os11g47460-GUS, respectively. The plasmid pAHC18
(Bruce et al. 1989) was used as an internal control con-
struct (Lanahan et al. 1992; Shen et al. 1993) to normalize
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the GUS activity of the reporter constructs and to deter-
mine the expression of the target genes. To generate the
UBI-OsWRKY?71 effector construct, the coding region of
OsWRKY71 was cloned into pAHC18 to generate pUBI-
OsWRKY71. The coding sequences of the MYB genes
OsGAMYB-like 1 (a), OsMYBIR (b), OsMYB2 (c),
OsMYB3R-2 (d), OsMYBS3 (e), OsMYB4 (f), OsMYB55
(g), and OsMYB59 (h) were inserted into the cloning site
of UBI-linker-NOS. The final effector constructs were
designated pUBI-OsGAMYB-likel (a), pUBI-OsMYBIR
(b), pUBI-OsMYB2 (c), pUBI-OsMYB3R-2 (d), pUBI-
OsMYBS3 (e), pUBI-OsMYB4 (f), pUBI-OsMYBS55 (g),
and pUBI-OsMYB59 (h). The insert sequences of all plas-
mids were confirmed by restriction enzyme digestion and
sequencing.

Particle bombardment and transient expression
assays

The transient expression procedure in cells was conducted
using the particle bombardment technique as previously
described (Shen et al. 1993). Briefly, cells were incubated
for 48—72 h before particle bombardment. Reporter construct
DNA and internal control construct DNA (UBI-Luciferase)
were mixed in a 1:1 molar ratio, with or without an effector
construct(s). Then, the DNA mixture was bombarded into
cells (four replicates per test construct). For each bombard-
ment, cells (900 mg) were arranged in a small circle with a
diameter of 1.8 cm to maximize the bombarded surface area.
After bombardment treatments, a GUS assay and a luciferase
assay were performed as previously described (Shen et al.
1996).

Overexpression and knockdown of OsWRKY71 in rice
cells

For overexpression of OsWRKY71 in rice, the maize poly-
ubiquitin promoter (Ubi-1), the full-length cDNA fragment
of OsWRKY?71, and the NOS terminator were used to gener-
ate an expression vector by inserting them between the Hin-
dIII and Pacl sites of the binary vector pZH1 (Shimono et al.
2007); the resultant vector was introduced into cells of rice
via Agrobacterium tumefaciens strain LBA4404. Rice trans-
formation was performed as previously described (Toki et al.
2006). To knock down OsWRKY71, the antisense sequence
of OsWRKY71 was cloned into the pGEM-T Easy vector
(Promega) and confirmed by sequencing. The insert was
then excised with BamHI and cloned into the Ubi-NC1300
vector to generate pUbi-antisenseOsWRKy71. The resultant
vector was introduced into rice via Agrobacterium tumefa-
ciens strain LBA4404.
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RNA isolation and qRT-PCR

Total RNA was isolated using the Sepasol RNA I Super
reagent (Nacalai Tesque, Kyoto, Japan). First-strand cDNA
was synthesized in a 50-mL reaction containing 2.5 mM
oligo(dT) primers, 2.5 mM random hexamers, and 2.5 mg of
total RNA with the PrimeScript™ RT reagent kit (TaKaRa
Co., Ltd, Ohtsu, Japan) following the manufacturer’s instruc-
tions. RT-PCR was performed using 1X SYBR Premix Ex
Taq IT (TaKaRa). Each reaction mixture (5 ul) was used as
a template for PCR amplification in a 25-mL mixture con-
taining 1.5 mM MgCl2, 200 mM. The primer sequences
used for OsLEA3, OsRab16A, OsDREB2A, OsKNOLLE?2,
OsCTP1, OsCycB1.1, OsCycB2.1, and OsCDC20.1 have
been described previously (Ma et al. 2009; Yang et al. 2012).
The relative levels of gene expression were determined using
an MX3000P instrument following the manufacturer’s
instructions (Stratagene, La Jolla, CA, USA). The data were
normalized to the internal control. Regular gPCR was used.
The delta—delta Ct method was used to obtain the expres-
sion values. The U6 gene was used as an internal reference.

Statistical analyses

Statistical analysis was performed using the general linear
model procedure in SAS (Cary, NC, USA) with ANOVA
models. Significant differences between the mean values of
different cell lines derived from O. sativa, G. hirsutum, and
P. elliottii were determined at the 5% level of probability.
Each value for the different cell lines derived from O. sativa,
G. hirsutum, and P. elliottii is presented as the mean with the
standard error of the mean.

Results

Overexpression of OsmiR156 increases cold stress
tolerance in Arabidopsis, pine, and rice

To examine the effect of OsmiR156 on cold stress toler-
ance in different plant species, cell suspension cultures of
Arabidopsis, pine, and rice were used to produce OsmiR156
overexpression cell lines. One hundred eight OsmiR156
transgenic cell lines were produced, including 32 Arabidop-
sis lines, 37 pine lines, and 39 rice lines. Nine transgenic
lines, including al18, a261, and a362 from Arabidopsis;
pl169, p252, and p365 from pine; and r126, 1209, and 1368
from rice, were selected for the cold stress tolerance experi-
ment. After the integration of OsmiR156 into the genome
of the transgenic cell lines was confirmed by northern blot-
ting analysis in Arabidopsis (Fig. 1a), pine (Fig. 1b), and
rice (Fig. 1c¢), cell viability, cell growth rates, and ion leak-
age rates under cold stress at — 10, 4, 12, and 24 °C were

determined. The negative control cells were transgenic cells
transformed with an expression vector that did not have the
miR 156 precursor. Overexpression of OsmiR156 increased
cell viability and cell growth rates and decreased ion leakage
rates in Arabidopsis (Fig. 1d, g, j), pine (Fig. le, h, k), and
rice (Fig. 11, i, 1) cells after treatment at — 10, 4, and 12 °C,
respectively. These results demonstrate that overexpression
of OsmiR 156 increases cold stress tolerance in the cells of
different plant species, including monocotyledonous species
(rice), dicotyledonous species (Arabidopsis), and gymno-
sperm species (pine).

Expression of stress-related WRKY transcription
factors in OsmiR156 transgenic rice cells

WRKY transcription factors play important roles in cold
stress tolerance. To examine whether overexpression of
OsmiR156 affects the expression of WRKY transcription
factors, the expression of the stress-related WRKY tran-
scription factor genes OsWRKYS (Fig. 2a), OsWRKY11
(Fig. 2b), OsWRKY?22 (Fig. 2c), OsWRKY30 (Fig. 2d),
OsWRKY?31 (Fig. 2e), OsWRKY42 (Fig. 2f), OsWRKY45
(Fig. 2g), OsWRKY71 (Fig. 2h), OsWRKY72 (Fig. 2i),
OsWRKY74 (Fig. 2j), OsWRKY77 (Fig. 2k), and
OsWRKY89 (Fig. 21) were evaluated by qRT-PCR in
OsmiR156 transgenic rice cell lines. Among the 12
WRKY transcription factor genes examined, overexpres-
sion of OsmiR 156 significantly decreased the expression of
OsWRKY71 (Fig. 2h) in cells treated at 4 °C and 24 °C.
These results indicate that the increased cold stress tolerance
caused by overexpression of OsmiR 156 may be related to the
expression of the transcription factor OsWRKY71.

OsmiR156 regulates the expression of OsWRKY71
by targeting OsSPL3 inrice cells

Bioinformatics analysis of OsmiR156 targets showed that
OsmiR 156 targets the promoter-binding-like (SPL) genes
and does not target OsWRKY71. Therefore, we examined
the relationship between SPL genes and OsWRKY71.
We examined the binding sequences for OsmiR156 in the
3'-UTR of OsSPL3, OsSPL7, OsSPL11, OsSPL12, and
OsSPL14 (Fig. 3a) and examined the expression of these
SPL genes in OsmiR156 transgenic rice cell lines. Our
results demonstrated that overexpression of OsmiR156
decreased the expression of OsSPL3 (Fig. 3b), OsSPL7
(Fig. 3¢c), OsSPL11 (Fig. 3d), OsSPL12 (Fig. 3e), and
OsSPL14 (Fig. 3f) in transgenic rice cell lines. To exam-
ine how these rice SPL genes affect the expression of the
transcription factor OsWRKY71, we used a luciferase
reporter assay. The results of the luciferase reporter assay
using the OsWRKY71 promoter as a reporter and OsSPL3
as an effector (Fig. 3g) demonstrated that the luciferase

@ Springer



384

Molecular Genetics and Genomics (2019) 294:379-393

a b
S

Arabidopsis &
osmir1ss - I
v - N

Pine

996\7
636‘2

OsmiR156 -

rRNA- rRNA -

C
Rice S

S P p

g O ¢ ¢

osmirts6 - [T
us - [N

rRNA -

d e f
1257 Arabidopsis 1257 Rice

= A Control NS. = = A Control ,L\
|00 e S g1 26

£ £ a261 g =

Qo Qo Qo

8 8 8

> > >

° o] o]

(&] (] (]

-10 4 12 24 -10 12 24 -10 4 12 24
Temperature (°C) Temperature (°C) Temperature (°C)

g h i

5 1257 Arabidopsis =) T 1257 Rice

> o >

= E3 Control = = E3 Control NS.
g 10 a118 * £ i g

£ 75| = a1 2 g

2 2 2

& 50 o o

5 5 =

%2 E E

<] <] o

o i . i L o i | o 1 &

-10 4 12 24 -10 12 24 -10 4 12 24
Temperature (°C) Temperature (°C) Temperature (°C)

j k |

__ 1257 Arabidopsis _ _

Q Q Q

£ 100 & g

i} L i}

© [ o}

[} 75 (] Q

g g g

% 50 w w

o < o

§ % 8 8

-10 4 12 24
Temperature (°C)

Fig.1 Overexpression of OsmiR156 increases cell viability, cell
growth rate, and decreases ion leakage rate under cold stress toler-
ance in Arabidopsis, pine, and rice. Overexpression of OsmiR156
was confirmed by northern blotting analysis in Arabidopsis (a), pine
(b), and rice (c), respectively. Overexpression of OsmiR156 increases
the cell viability, the cell growth rate, and decreases the ion leakage
rate in cells of Arabidopsis (d, g, j), pine (e, h, k), and rice (f, i, 1),

activity was significantly increased (Fig. 3h). No signifi-
cant difference in luciferase activity was observed when
the OsWRKY71 promoter was used as a reporter and
OsSPL7 was used as an effector (Fig. 3i, j), OsSPL11
was used as an effector (Fig. 3k, 1), OsSPL12 was used
as an effector (Fig. 3m, n), or OsSPL14 was used as
an effector (Fig. 30, p). These results demonstrate that
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respectively. The statistically significant difference between groups
was determined by one-way ANOVA. Data are presented as means
of three independent experiments. Error bars represent standard error.
The asterisk indicates significant differences compared to the control,
as assessed by a 7 test. *P<0.05, **P<0.01, ***P<0.001, signifi-
cant relative to control. N.S., no statistical significance

OsSPL3 is a positive regulator of OsWRKY71 and that
OsmiR156 reduces the expression of OsWRKY71 by
targeting OsSPL3 in rice cells. We performed additional
experiments using rice cells. Our results demonstrated
that overexpression of OsSPL3 increases the expression
of OsWRKY71 and that knockdown of OsSPL3 decreases
the expression of OsWRKY71 (data not shown).
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Fig.2 Expression of stress-related WRKY transcription factors in
OsmiR 156 transgenic rice cells. Expression of stress-related WRKY
transcription factors OsWRKY8 (a), OsWRKY11 (b), OsWRKY22
(), OsWRKY30 (d), OsWRKY31 (e), OsWRKY42 (f), OsWRKY45
(g), OsWRKY71 (h), OsWRKY72 (i), OsWRKY74 (j), OsWRKY77
(k), and OsWRKY89 (1) in OsmiR156 transgenic cell lines. The sta-

OsWRKY71 regulates the activity of MYB
transcription factors in rice cells

WRKY transcription factors negatively regulate the expres-
sion of MYB transcription factors in plants. To examine
how OsWRKY71 influences the expression of MYB tran-
scription factors, the expression of eight MYB transcrip-
tion factors was evaluated in OsWRKY transgenic rice cell

tistically significant difference between groups was determined by
one-way ANOVA. Data are presented as means of five independent
experiments. Error bars represent standard error. The asterisk indi-
cates significant differences compared to the control, as assessed by
a t test. ¥P<0.05, ¥**P<0.01, significant relative to control. NS no
statistical significance

lines. Our results demonstrated that OsWRKY71 does not
block the activity of the MYB transcription factors OsGA-
MYB-like 1 (Fig. 4a), OsMYBIR (Fig. 4b), OsMYBS3
(Fig. 4e), OsMYB4 (Fig. 4f), OsMYB55 (Fig. 4g), and
OsMYBS59 (Fig. 4h) in transgenic rice cell lines. However,
OsWRKY71 suppresses the OsMYB2-activated expression
of OsLEA3 (Fig. 4c) and the OsMYB3R-2-activated expres-
sion of OsKNOLLE?2 (Fig. 4d). These results show that
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Fig.3 OsmiR156 regulates expression of OsWRKY71 by target-
ing OsSPL3 in rice cells. a Binding sequence of OsmiR156 in the
3'-UTR of OsSPL3, OsSPL7, OsSPL11, OsSPL12, and OsSPL14.
b—f Overexpression of OsmiR156 decreased expression of OsSPL3
(b), OsSPL7 (c), OsSPL11 (d), OsSPL12 (e), and OsSPL14 (f)
in transgenic rice cell lines. g, h The luciferase reporter using the
OsWRKY71 promoter as reporter and the OsSPL3 as an effector
(g) and the luciferase activity (h). i, j The luciferase reporter with
the OsWRKY71 promoter as reporter and the OsSPL7 as an effec-
tor (i) and the luciferase activity (j). k, 1 The luciferase reporter with
the OsWRKY71 promoter as reporter and the OsSPL11 as an effector

OsWRKY71 is a negative regulator of the transcription fac-
tors OsMYB2 and OsMYB3R-2. We performed additional
experiments using rice cells. Our results demonstrated that
overexpression of OsWRKY71 decreases the expression of
MYB3R2 and MYB2 and that knockdown of OsWRKY71
increases the expression of MYB3R2 and MYB2 (data not
shown).
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(k) and the luciferase activity (I). m, n The luciferase reporter with
the OsWRKY71 promoter as reporter and the OsSPL12 as an effector
(m) and the luciferase activity (n). o, p The luciferase reporter with
the OsWRKY71 promoter as reporter and the OsSPL14 as an effec-
tor (0) and the luciferase activity (p). The statistically significant dif-
ference between groups was determined by one-way ANOVA. Data
are presented as means of five independent experiments. Error bars
represent standard error. The asterisk indicates significant differences
compared to the control, as assessed by a ¢ test. *P <0.05, **P <0.01,
significant relative to control. NS no statistical significance

The expression of OsLEA3, OsRab16A,
and OsDREB2A was regulated by the transcription
factors OsWRKY71 and OsMYB2 inrice cells

The transcription factor OsMYB2 regulates the expres-
sion of the cold stress-related genes OsLEA3, OsRab16A,
and OsDREB2. Therefore, we examined the expression
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Fig.4 OsWRKY71 regulates the activity of MYB transcription fac-
tors in rice cells. a, b, e, f, g, h OsWRKY71 does not block the activ-
ity of MYB transcription factor OsGAMYB-likel (a), OsMYBI1R
(b), OsMYB2 (¢), OsMYB3R-2 (d), OsMYBS3 (e), OsMYB4 (f),
OsMYB5S5 (g), and OsMYBS59 (h) in transgenic rice cell lines (upper:
Schematic diagrams of the reporter and effector constructs used in the
co-bombardment experiment; lower: normalized GUS activity). c,
d OsWRKY71 suppress OsMYB2-activated expression of OsLEA3
(c) and OsMYB3R-2-activated expression of OsKNOLLE?2 (d), The
reporter construct (such as OsLEA3-GUS), effector constructs (such

as UBI-OsMYB2 and UBI-OsWRKY?71), and the internal construct
(UBI-Luciferase), at an equal molar ratio, were co-bombarded into
rice cells. Transformed rice cells were incubated for 24 h. GUS activ-
ity was normalized in every independent transformation relative to
the luciferase activity. The statistically significant difference between
groups was determined by one-way ANOVA. Data are presented as
means of five independent experiments. Error bars represent standard
error. The asterisk indicates significant differences compared to the
control, as assessed by a ¢ test. ***P<0.001, significant relative to
control. NS no statistical significance
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of these cold stress-related genes in OsmiR156 trans-
genic rice cell lines. Our results showed that overexpres-
sion of OsmiR156 increased the expression of OsSLEA3
(Fig. 5a), OsRab16A (Fig. 5b), and OsDREB2A (Fig. 5c¢).
To determine whether the OsmiR156-mediated increase in
OsLEA3 (Fig. 5a), OsRab16A (Fig. 5b), and OsDREB2A
(Fig. 5¢c) expression is related to OsWRKY71, we per-
formed overexpression and knockdown of OsWRKY71
in OsmiR156 transgenic rice cell lines. Overexpression
of OsWRKY71 decreased the expression of OsLEA3
(Fig. 5d), OsRab16A (Fig. 5e), and OsDREB2A (Fig. 5f)
in OsmiR156 transgenic cell lines. Knockdown of
OsWRKY71 resulted in increased expression of OsLEA3
(Fig. 5g), OsRab16A (Fig. 5h), and OsDREB2A (Fig. 5i)
in OsmiR156 transgenic cell lines.

The expression of OsKNOLLE2, OsCTP1, OsCycB1.1,
0OsCycB2.1, and 0sCDC20.1 was regulated

by the transcription factors OsWRKY71

and OsMYB3R-2 in rice cells

The transcription factor OsMYB3R-2 regulates the expres-
sion of the cold stress-related genes OsKNOLLE2, OsCTP1,
OsCycB1.1, OsCycB2.1, and OsCDC20.1. Therefore, we
examined the expression of these cold stress-related genes
in OsmiR 156 transgenic rice cell lines. Our results showed
that overexpression of OsmiR156 increased the expression
of OsKNOLLE?2 (Fig. 6a), OsCTP1 (Fig. 6d), OsCycB1.1
(Fig. 6g), OsCycB2.1 (Fig. 6j), and OsCDC20.1 (Fig. 6m).
To determine whether the OsmiR156-mediated increase
in OsKNOLLE2 (Fig. 6a), OsCTP1 (Fig. 6d), OsCycB1.1
(Fig. 6g), OsCycB2.1 (Fig. 6j), and OsCDC20.1 (Fig. 6m)
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Fig.5 Expression of OsLEA3, OsRabl6A, and OsDREB2A regu-
lated by transcription factor OsWRKY71 in rice cells. Overexpres-
sion of OsmiR156 increases expression of OsLEA3 (a), OsRab16A
(b), and OsDREB2A (c). Overexpression of OsWRKY71 decreases
expression of OsLEA3 (d), OsRabl6A (e), and OsDREB2A (f)
in OsmiR156 transgenic cell lines. Knockdown of OsWRKY71
results in increased expression of OsLEA3 (g), OsRab16A (h), and
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Transgenic lines

Transgenic lines

OsDREB2A (i) in OsmiR156 transgenic cell lines. The statistically
significant difference between groups was determined by one-way
ANOVA. Data are presented as means of five independent experi-
ments. Error bars represent standard error. The asterisk indicates sig-
nificant differences compared to the control, as assessed by a ¢ test.
*P<0.05, **P<0.01, ***P<0.001, significant relative to control.
NS no statistical significance
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expression is related to OsWRKY71, we performed
overexpression and knockdown of OsWRKY71. Over-
expression of OsWRKY71 decreased the expression of
OsKNOLLE2 (Fig. 6b), OsCTP1 (Fig. 6e), OsCycB1.1
(Fig. 6h), OsCycB2.1 (Fig. 6k), and OsCDC20.1 (Fig. 6n) in
OsmiR 156 transgenic cell lines. Knockdown of OsWRKY71
resulted in increased expression of OsKNOLLE?2 (Fig. 6¢),
OsCTP1 (Fig. 6f), OsCycB1.1 (Fig. 6i), OsCycB2.1
(Fig. 61), and OsCDC20.1 (Fig. 60) in OsmiR 156 transgenic
cell lines.

Discussion

Cold stress is one of the factors that affects plant growth,
development, and productivity (Agarwal et al. 2006; Bredow
et al. 2016). Plants counteract cold stress through signal
transduction and molecular genetic regulation (Bredow
et al. 2016). It has been reported that miRNAs improve cold
stress tolerance in many plant species, including rice, Triti-
cum aestivum, Zea mays, Panicum virgatum, and Arabidop-
sis. In rice, miR156, miR168, miR169, miR171, miR319,
miR396, and miR397 have been found to participate in the
drought response. In addition, miR156, miR164, miR166,
miR167, miR169, miR171, miR444, miR397, miR528,
miR 1425, miR827, miR319a.2, and miR408 have been
identified to participate in responses to drought stress and
Cd treatment (Xie et al. 2006; Jiao et al. 2010). It has been
reported that OsmiR528 is upregulated, especially in roots,
and that OsmiR827 is strongly induced by phosphate (Pi)
starvation (Jian et al. 2016). In our study, genetic and bio-
chemical assays were performed to explore the effect of an
miRNA in response to cold stress in different plant species.
Overexpression of OsmiR156 increased cell viability and
cell growth rates and decreased ion leakage rates in Arabi-
dopsis cells (Fig. 1d, g, j), pine cells (Fig. le, h, k), and
rice cells (Fig. 1f, i, 1) after treatment at — 10, 4, and 12 °C,
respectively. These results demonstrate that overexpression
of OsmiR 156 enhances cold stress tolerance in the cells of
different plant species, including monocotyledonous species
(rice), dicotyledonous species (Arabidopsis), and gymno-
sperm species (pine).

MicroRNAs decrease the expression of target messenger
RNAs to regulate various biological processes (Agarwal
et al. 2006; Bredow et al. 2016). MicroRNAs play pivotal
roles in plant adaptation. Overexpression and underexpres-
sion of miRNAs are related to various types of stress toler-
ance (Agarwal et al. 2006; Bredow et al. 2016; Jian et al.
2016). Cold stress has been the subject of intense investi-
gation to reveal the complex mechanisms responsible for
cold tolerance. In Arabidopsis thaliana, miR394 responds
to drought and ABA stress, and miR399f functions in
maintaining phosphate homeostasis (Baek et al. 2016). In
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rice, miR171 is enriched in the roots during drought stress.
MicroRNA silencing of the transcription factor ASRS
regulates gene expression in response to Al (Arenhart
et al. 2016). In Solanum tuberosum, miR171 participates
in the response to drought stress. In Medicago truncatula,
miR171h reduces mycorrhizal colonization and reduces
nodule numbers. RNA sequencing of Saccharum sp. cul-
tivars has shown that the majority of the predicted miRNA
target genes are transcription factors and genes involved in
hormone signaling (Carnavale Bottino et al. 2013). It has
been reported that miRNA activity could be important for
rapid changes in miRNA expression profiles (Chatterjee and
Grosshans 2009). In tobacco, miR395 is most sensitive to
stress and is upregulated by NaCl (Frazier et al. 2011). In
cotton (Gossypium hirsutum), miRNVLS is important in
the regulation of the plant response to salt stress (Gao et al.
2016). In this study, we found that OsmiR 156 increases cold
stress tolerance by targeting OsSPL3. OsSPL3 positively
regulates the expression of OsWRKY71, a negative regula-
tor of the transcription factors OsMYB2 and OsMYB3R-2.
MicroRNA-regulated auxin signaling might be involved
in plant acclimation to abiotic stress. In Arabidopsis, expres-
sion of miR393 can be induced by salt stress during acclima-
tion to salinity (Iglesias et al. 2014). In tomato, microRNAs
165 and 166 target the transcription factor HD-ZIP III to
regulate cell responses to abiotic stress (Jia et al. 2015).
In Brassica napus, miR156, miR169, miR860, miR399,
miR171, and miR395 modulate plant hormone signaling
to counteract salt and drought stress (Jian et al. 2016). It
has been reported that miR402 could be a positive regulator
of seed germination under abiotic stress (Kim et al. 2010).
MicroRNA knockdown of nitrate transporter 1 (NPF2.4)
results in a change in the long-distance transport of Cl~ in
Arabidopsis under abiotic stress (Li et al. 2016a, b). In
Oryza sativa indica, expression of miR820 is induced in
the salt-susceptible Pusa Basmati 1 and salt-tolerant Pok-
kali varieties (Sharma et al. 2015). Expression profiling of
microRNAs indicates that a large number of microRNAs
regulate abiotic stress responses (Shen et al. 2010). In addi-
tion, ROS production might modulate the expression of
miRNAs to affect transcription (Srivastava et al. 2017). In
sugarcane plants under drought and salt stress, miRNAs play
critical roles in regulatory pathways (Thiebaut et al. 2012).
In cotton (Gossypium hirsutum L.), miR156-SPL2, miR162-
DCLI1, miR159-TCP3, miR395-APS1 and miR396-GRF1
play significant roles in response to salinity stress (Wang
et al. 2013). In rice, overexpression of OsmiR393 results in
hyposensitivity to auxin treatments (Xia et al. 2012). Here,
we identified that in OsmiR156 transgenic rice cell lines,
the transcript levels of OsLEA3, OsRab16A, OsDREB2A,
OsKNOLLE2, OsCTPI1, OsCycB1.1, OsCycB2.1, and
0OsCDC20.1 are increased by OsWRKY71 knockdown and
inversely regulated by OsWRKY71 overexpression.
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RNA sequencing and bioinformatics analysis have
demonstrated that a large number of miRNAs involved in
abiotic stress tolerance affect plant growth and productiv-
ity. In cotton, a total of 155 miRNAs were identified to be
differentially expressed under drought and salinity stress
(Xie et al. 2015). In date palm, 153 miRNAs were identi-
fied to regulate the expression of genes that are important
for adaptation to salinity (Yaish et al. 2015). In Arabidop-
sis, more than 90 miRNAs were found to participate in
abiotic stress responses (Zhan et al. 2012). Between Popu-
lus cathayana L. (a salt-sensitive plant) and Salix matsu-
dana Koidz (a highly salt-tolerant plant), 193 miRNAs
were identified to be differentially expressed (Zhou et al.
2012). In common wheat, a total of 201 miRNAs were
identified to be associated with floral development under
cold stress (Song et al. 2017). MicroRNA-mediated gene
regulation may be important to improve plant stress toler-
ance. It has been reported that microRNA398 regulates
plant responses to oxidative stress, ultraviolet stress, and
phosphate deficiency (Zhu et al. 2011). In creeping bent-
grass, overexpression of miR319a enhances drought and
salt tolerance by increasing leaf wax (Zhou et al. 2013).
In watermelon, miR159-5p, miR858, and miR8029-3p
are involved in melatonin-related cold tolerance (Li et al.
20164, b). In this investigation, our results demonstrated
that OsmiR 156 increases cold stress tolerance by target-
ing OsSPL3, which regulates the expression of WRKY
directly and MYB indirectly.

In this investigation, we identified a multiple-step
mechanism of miRNA-enhanced cold stress tolerance.
We found that overexpression of rice OsmiR156 resulted
in increased cell viability and growth rates under cold
stress in Arabidopsis, pine, and rice. OsmiR 156 increases
cold stress tolerance by targeting OsSPL3. OsSPL3 posi-
tively regulates the expression of OsWRKY71, a nega-
tive regulator of the transcription factors OsMYB2 and
OsMYB3R-2. OsMYB2 counteracts cold stress by activat-
ing the expression of the stress-response genes OsLEA3,
OsRab16A, and OsDREB2A. OsMYB3R-2 counteracts
cold stress by activating the expression of OsKNOLLE?2,
OsCTP1, OsCycB1.1, OsCycB2.1, and OsCDC20.1. In
OsmiR156 transgenic rice cell lines, the transcript lev-
els of OsLEA3, OsRab16A, OsDREB2A, OsKNOLLE2,
OsCTP1, OsCycB1.1, OsCycB2.1, and OsCDC20.1 were
increased by OsWRKY71 knockdown and inversely reg-
ulated by OsWRKY71 overexpression, indicating that
OsmiR156 enhances cold stress tolerance by regulating
the expression of transcription factor genes in plant cells.
These results will increase our understanding of micro-
RNA-related cold stress tolerance in different plant spe-
cies, including monocotyledonous, dicotyledonous, and
gymnosperm plant species, and will be valuable in plant
molecular biotechnology.

Conclusion

We report that OsmiR156 increases cold stress tolerance
by targeting OsSPL3. OsSPL3 positively regulates the
expression of OsWRKY71. OsWRKY71 negatively regu-
lates the expression of the transcription factors OsMYB2
and OsMYB3R-2. OsMYB2 activates the expression of
OsLEA3, OsRabl16A, and OsDREB2A. OsMYB3R-2
activates the expression of OsKNOLLE2, OsCTPI,
OsCycB1.1, OsCycB2.1, and OsCDC20.1. Overexpression
of OsmiR 156 results in increased cell viability and growth
rate under cold stress in Arabidopsis, pine, and rice. In
OsmiR 156 transgenic rice cell lines, the transcript lev-
els of OsLEA3, OsRab16A, OsDREB2A, OsKNOLLE2,
OsCTP1, OsCycB1.1, OsCycB2.1, and OsCDC20.1 were
increased by OsWRKY71 knockdown and inversely reg-
ulated by OsWRKY71 overexpression, indicating that
OsmiR156 enhances cold stress tolerance by regulat-
ing the expression of transcription factor genes in plant
cells. These findings may provide new information for
our understanding of microRNA-related cold stress tol-
erance in different plant species, including monocotyle-
donous, dicotyledonous, and gymnosperm plant species.
Under normal conditions, miR156 does not greatly reduce
the expression of the transcription factor WRKY71. The
expression of MYB2 and MYB3R-2 is inhibited by the
transcription factor WRKY71. Decreased expression of
both MYB2 and MYB3R-2 results in cold stress sensitiv-
ity. Overexpression of miR156 reduces the expression of
OsWRKY71, leading to increased function of MYB2 and
MYB3R-2 and increased expression of their target genes,
which enhances cold stress tolerance.
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