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	   Abstract: Background: MicroRNAs participate in many molecular mechanisms and signaling transduction 
pathways that are associated with plant stress tolerance by repressing expression of their target genes. How-
ever, how microRNAs enhance tolerance to low temperature stress in plant cells remains elusive. 	  
Objective:	  In this investigation, we demonstrated that overexpression of the rice microRNA528 (Os-
miR528) increases cell viability, growth rate, antioxidants content, ascorbate peroxidase (APOX) ac-
tivity, and superoxide dismutase (SOD) activity and decreases ion leakage rate and thiobarbituric acid 
reactive substances (TBARS) under low temperature stress in Arabidopsis (Arabidopsis thaliana), 
pine (Pinus elliottii), and rice (Oryza sativa).  
Methods: To investigate the potential mechanism of OsmiR528 in increasing cold stress tolerance, we 
examined expression of stress-associated MYB transcription factors OsGAMYB-like1, OsMYBS3, 
OsMYB4, OsMYB3R-2, OsMYB5, OsMYB59, OsMYB30, OsMYB1R, and OsMYB20 in rice cells 
by qRT-PCR.  
Results: Our experiments demonstrated that OsmiR528 decreases expression of transcription factor 
OsMYB30 by targeting a F-box domain containing protein gene (Os06g06050), which is a positive 
regulator of OsMYB30. In OsmiR528 transgenic rice, reduced OsMYB30 expression results in in-
creased expression of BMY genes OsBMY2, OsBMY6, and OsBMY10. The transcript levels of the 
OsBMY2, OsBMY6, and OsBMY10 were elevated by OsMYB30 knockdown, but decreased by Os-
MYB30 overexpression in OsmiR528 transgenic cell lines, suggesting that OsmiR528 increases low 
temperature tolerance by modulating expression of stress response-related transcription factor.  
Conclusion: Our experiments provide novel information in increasing our understanding in molecular 
mechanisms of microRNAs-associated low temperature tolerance and are valuable in plant molecular 
breeding from monocotyledonous, dicotyledonous, and gymnosperm plants. 
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1. INTRODUCTION 
 MicroRNAs regulate expression of stress-responsive 
genes through direct degradation or repression of target 
genes that are associated with abiotic stress-related defense 
pathway in plants [1]. MicroRNAs have been established as 
important factors that regulate the response to stresses. For 
example, miR319 and miR393 regulate expression of cold-
related genes in sugarcane (Saccharum officinarum L.) [2], 
and miR169 functions in freezing tolerance in alfalfa (Medi-
cago sativa L.) [3]. MicroRNAs accumulated differentially 
at different developmental stages in rice (Oryza sativa L.) 
anthers under cool conditions [4] and in grass 
(Brachypodium distachyon L.) under freezing stress condi-
tion [5]. In Arabidopsis (Arabidopsis thaliana L.), overex-
pression of miR156 has been reported to play a role in de-
layed flowering at low temperature [6]. MicroRNAs  
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negatively regulate gene expression by translational inhibi-
tion or degradation of target messenger RNAs [7]. However, 
miR402 has been reported to have a positive effect in regu-
lating seed germination in stressed Arabidopsis through reg-
ulating DNA demethylation when plants are placed under 
stress conditions [8].  
 MicroRNAs and their targets have been used for modify-
ing plant traits [9]. In tomato (Solanum lycopersicum L.), 
miR156a and miR397 have been reported to play roles in 
response to low temperature stress and miR156a and miR397 
transgenic plants have practical application for a low 
temperature tolerance [10]. In Cassava (Manihot esculenta 
L.), microRNAs improve chilling resistance that could be 
beneficial to breeding [11]. In grapevine (Vitis vinifera L.), a 
diverse set of microRNAs have been reported to regulate 
expression of AP2, bHLH, GRAS, SBP, MYB, and bZIP 
under low temperature stress and these target genes are in-
volved in cold stress response [12]. MicroRNA408 is a high-
ly conserved miRNA in plants. Expression of miR408 is 
significantly affected by stress including salinity, cold, oxi-
dative stress, drought and osmotic stress in Arabidopsis [13]. 
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 Transcription factors regulate expression of many stress 
response-associated genes that are related to low temperature 
tolerance in plants [14, 15]. MYB transcription factors are 
important proteins that are associated with response to dif-
ferent stresses in a large number of plant species [15]. In A. 
thaliana, MYB15 is associated with regulation of expression 
of CBF genes for low temperature tolerance [16]. In wheat 
(Triticum aestivum L.), MYB4 plays a role in response to 
cold and wound stress [17]. In O. sativa, MYB transcription 
factors may play important roles in low temperature stress 
signal transduction [18]. In white spruce [Picea glau-
ca (Moench) Voss], MYB14 transcripts accumulating most 
strongly and rapidly under stress and MYB14 may be related 
to a number of defense response implicating flavonoids [19]. 
In Bambara groundnut (Vigna subterranean L.), low 
temperature stress can affect the growth and development 
through MYB transcription factor regulation [20]. In sweet 
orange (Citrus sinensis L.), MYB transcriptional activator 
regulates anthocyanin production under cold stress [21]. 
 MYB transcription factors regulate multiple environmen-
tal stress responses [15]. Overexpression of GaMYB62L, a 
R2R3 MYB transcription factor, improves drought, salt and 
cold tolerance in transgenic A. thaliana [22]. MYB transcrip-
tion factors are involved in complex biological responses 
during the process of drought and cold tolerance [23]. MYB-
bHLH-WD40 (MBW) complex plays important roles in reg-
ulating the expression of the genes that are associated with 
the biosynthesis of anthocyanins [24]. MYB transgenic A. 
thaliana were found to be more tolerant to the low 
temperature stress [25]. MYB transgenic tomato lines in-
crease anthocyanin synthesis under the high light condition 
and enhance low temperature tolerance [26]. Myb41-
overexpressing lines increase transcriptional responses to 
cold stress [27]. Expression analysis derived from whole-
genome microarray data demonstrated that MYBs function 
in resistance against cold stress in Chinese cabbage [Brassi-
ca rapa subsp. chinensis (L.)] [28]. Expression analysis of 
MYB transcription factors demonstrated that MYB transcrip-
tion factors are associated with both cold stress and different 
mechanisms of regulation in plants [29]. Transcriptional reg-
ulation of expression of genes associated with cold stress is 
important for cold tolerance in plants. For example, MYB14 
encodes a nuclear protein. Knock-down of MYB14 by mi-
croRNA increased the tolerance to freezing stress [30]. In 
watermelon (Citrullus lanatus), miR159-5p, miR858, and 
miR8029-3p regulate target genes involved in signal trans-
duction under cold stress [31]. In T. aestivum, miRNAs dif-
ferentially regulate expression of transcription factors that 
are involved in cold stress response [32]. In V. vinifera, cold 
stress may induce expression of several miRNAs that may 
contribute to cold stress response [12]. 
 MicroRNA528 (miR528) is an important monocot-
specific RNA that may contribute to multiple stress respons-
es. Overexpression of miR528 in transgenic creeping bent-
grass (Agrostis stolonifera L.) improves abiotic stress re-
sistance [33]. In maize (Zea mays L.), the expression levels 
of miR528 increased upon hormone depletion and cold stress 
[34]. Sequence profiling data of rice leaf samples demon-
strated that miR528 is being down-regulated in two drought-
tolerant rice varieties [35]. In T. aestivum, miR528 is in-
volved in the activation of signal transduction pathways and 

is associated with abiotic stresses [36]. In Z. mays, a total of 
40 conserved miRNA families including miR528 were iden-
tified to be involved in biotic stresses [37]. However, Os-
miR528 increased cold stress tolerance has not been reported 
in plants. In this investigation, we demonstrated OsmiR528 
enhanced low temperature tolerance by decreasing expres-
sion of stress responsive-associated transcription factor Os-
MYB30 and regulating expression of stress-response genes 
in three species including Arabidopsis (Arabidopsis thali-
ana), pine (Pinus elliottii), and rice (Oryza sativa). 

2. MATERIALS AND METHODS 

2.1. Plasmid Constructs 

 The sequence of OsmiR528 [33] and the vector pBI121 
were used to construct pBI-OsmiR528. The pBI121 plasmid 
and the DNA fragment of OsmiR528 were digested at 37oC, 
and digested and purified DNA was ligated to produce pBI-
OsmiR528. Expression vector pBI-OsmiR528 was introduced 
into Agrobacterium tumefaciens strain LBA4404 by electro-
poration. Expression vector pCambia1301H-OsMYB30 was 
constructed by insert OsMYB30 (AK112056.1) into pCam-
bia1301H as previously described [38]. The control cell lines 
are transformed with vectors that do not have the test genes 
or microRNA528. 

2.2. Transformation of Plant Cells 

 Transgenic cells of Arabidopsis (Arabidopsis thaliana), 
pine (Pinus elliottii), and rice (Oryza sativa) were produced 
as previously described [39], using Agrobacterium tumefa-
ciens strain LBA4404 carrying expression vector pBI-
OsmiR528. For the overexpression of OsMYB30 in rice, the 
expression vector pCambia1301H-OsMYB30 was used to 
transform rice cells as previously described [40, 41].  

2.3. RNA Isolation and Northern Blot Analysis 

 For northern blotting analysis, total RNA was isolated 
from the experimental Arabidopsis, rice, and pine cells. The 
RNeasy Mini Plant Kit (Germantown, MD, USA) was used. 
Six µg of total RNA was examined by gel electrophoresis. 
The northern blotting analysis was carried out as previously 
described [42]. The Digoxigenin (DIG)-labelling OsmiR528 
DNA (Roche Diagnostics) was used as the hybridization 
probe. U6 RNA was used as the RNA loading control. Three 
cell lines of Arabidopsis (a109, a217, and a313), 3 cell lines 
of pine (p103, p213, and p307), and 3 cell lines of rice (r120, 
r203, and r368) were used for cold-induced oxidative dam-
age experiments. 

2.4. Cold Treatment, Cell Viability and Growth Rate De-
termination 

 The transgenic cells and control cells (non-transgenic 
cultures) were cultured for 6 weeks before the treatment of 
cold stress. Cold treatment of Arabidopsis (a109, a217, and 
a313), pine (p103, p213, and p307), and rice (r120, r203, and 
r368) cell lines was performed as previously described [39], 
by transferring the cells into chambers with different temper-
atures (-10, 4, 12, and 24oC). Cells were treated in the cham-
bers with different temperatures for 16 hours. Then the 
transgenic cells and control cells (non-transgenic cultures) 
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returned to the normal growth condition for 2 days, followed 
by the determination of cell viability. Chemical staining was 
carried out to determine the rate of cell viability. The chemi-
cal dyes are fluorescein diacetate for viable cells and 
phenosafranine for dead cells. A volume of 20 µl of the cul-
ture medium containing each dye was mixed with a 20 µl of 
cells on a microscope slide. Viable cells and dead cells were 
counted after 5 min. The cell growth rate was also measured 
2 days after treatment in chambers with different tempera-
tures using the turbidimetric measurement [43]. The rate of 
average growth was expressed as mg/g FW/day. 

2.5. Determination of Total Antioxidant Levels, the Ac-
tivity Of β–Amylase, Maltose, Sucrose, and Fructose 
Contents 

 Total antioxidant levels were determined from 2-days-old 
cell samples (300 mg) using an antioxidant assay kit (Sig-
ma–Aldrich) following the product manual. Antioxidant re-
actions were performed in a 96-well plate by reading end-
point absorbance at 405 nm using a plate reader (BioTek, 
Synergy 2, Winooski, VT, USA). The activities of β–
amylase, maltose, sucrose, and fructose contents were de-
termined as previously described [38].  

2.6. Thiobarbituric Acid Reactive Substances (TBARS) 
Determination 

 The amount of thiobarbituric acid reactive substances 
(TBARS) derived from the thiobarbituric acid (TBA) reac-
tion was used to express the lipid peroxidation, as previously 
described [39]. Cell cultures (3g) of Arabidopsis (a109, 
a217, and a313), pine (p103, p213, and p307), and rice 
(r120, r203, and r368) were used in this experiment as previ-
ously described [39]. The absorbance of the sample extracts 
of different cell lines was determined at 532 nm. The absorp-
tion of the control was subtracted from the samples [39]. 

2.7. Measurement of Peroxidase (APOX) and Superoxide 
Dismutase (SOD) Activity 

 Measurements of APOX and SOD activities were per-
formed as described before [39]. Three grams of non-
transgenic control and transgenic cell cultures of Arabidopsis 
(a109, a217, and a313), pine (p103, p213, and p307), and 
rice (r120, r203, and r368) were extracted under 4oC in 3 ml 
of assay buffer that includes 50 mM phosphate buffer (pH 
7.4), 0.5 % (v/v) Triton X-100, 1 mM EDTA, and 1 g PVP at 
4 oC. After centrifugation, the supernatant was collected and 
used for the determination of SOD activity, as described by 
Becana et al. [44]. APOX activity was detected, as described 
previously [45].  

2.8. Measurement of Ion Leakage 

 Ion leakage was determined using cells of different 
lines as previously described [46, 47]. Cells of Arabidopsis 
(a109, a217, and a313), pine (p103, p213, and p307), and 
rice (r120, r203, and r368) and the control were placed in 1 
ml of dH2O for one hour with a moderate shaking incuba-
tor. The conductivity of cells was measured using a con-
ductivity meter (B-173, Horiba, Kyoto, Japan) before and 
after the cells derived from different species were auto-
claved. The ratio of conductivity values before and after 

autoclaving cells derived from different species was ex-
pressed as ion leakage. 

2.9. Overexpression and Knockdown of the OsMYB30 
Gene in Rice Lines 

 Rice cell lines r120, r203, and r368 were used for the 
overexpression of OsMYB30 as previously described [39], 
using Agrobacterium-mediated transformation. Knockdown 
of OsMYB30 was performed using siRNA-mediated gene 
silencing. The siRNA (5′-UGUUAUUGCCAAGCACUU 
AAA-3′) was delivered into rice cell lines r120, r203, and 
r368 by particle bombardment.  

2.10. RNA Isolation and qRT–PCR 

 Total RNA was isolated from cells of rice using an RNe-
asy Mini Plant Kit (Germantown, MD, USA) by following 
the manual. The cDNA was synthesized using cDNA syn-
thesis kit (Invitrogen) by following the manufacturer’s man-
ual. qRT–PCR was performed on the 7500 Real-Time PCR 
instrument (Applied Biosystems) by following the manufac-
turer’s manual. The internal control is the rice GAPDH gene. 
The primer sequences are listed in Table 1. The relative ex-
pression level of different genes was determined as described 
before [38]. The data obtained from the experiments were 
normalized to the control. The delta-delta Ct method was 
applied to calculate the expression values. U6 gene was used 
as the internal reference control. 

2.11. Luciferase Reporter Assay 

 The promoter sequence of OsMYB30 was purified and 
inserted into the luciferase reporter expression vector as previ-
ously described [48, 49]. The OsmiR528 targets Os06g 06050, 
Os06g11310, Os08g04310, Os06g37150, and Os07g38290 
were inserted into the effector. The control effector is the vec-
tor expressing the GAL4 DNA-binding domain (DB). 2 µg 
reporter, 2 µg effector, 0.04 µg internal control pPTRL, and 
the Dual-Luciferase Reporter Kit (Promega, Madison, WI, 
USA) were used to measure the luciferase activity as previous-
ly described [48, 49].  

2.12. Statistical Analyses 

 Statistical analysis was performed using the software of 
SAS (Cary, NC, USA), using ANOVA models. The signifi-
cant differences among average values of cells obtained from 
Arabidopsis (a109, a217, and a313), pine (p103, p213, and 
p307), and rice (r120, r203, and r368) were made at 5 % 
level of probability. Each value of different cell lines derived 
from Arabidopsis (a109, a217, and a313), pine (p103, p213, 
and p307), and rice (r120, r203, and r368) was presented as 
means ± SD. 

3. RESULTS 

3.1. Overexpression of OsmiR528 Enhances Low 
Temperature Tolerance 

 To determine the function of OsmiR528 in cold stress 
tolerance, cells of Arabidopsis (a109, a217, and a313), pine 
(p103, p213, and p307), and rice (r120, r203, and r368) were 
generated through Agrobacterium-mediated transformation. 
Overexpression of OsmiR528 was confirmed in A. thaliana
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Table 1. Primers used in this study. 

Gene Name Primers (5’ to 3’) 

 

OsGAMYB-like1 

Forward: TCTGAGTTCTTCCTTTCCAATC 

Reverse: GATACATCGTGCCTCCAGAAA 

 

OsMYB2 

Forward: ATGGACATGGCGCACGAGAG 

Reverse: CACACGGCGGCCTGGGTGG 

OsMYBS3 

Forward: CCTTTCTGGCAAAATCAGAAAGA 

Reverse: ATGAACTGGAACAGGCTTGACA 

OsMYB4 

Forward: CCGTGTGCGCCAAGGA 

Reverse: GAAGCTGTCGTCGATCTGGAA 

OsMYB3R-2 

Forward: CAGGGTTTCTATCTCGTTCC 

Reverse: ATTTCCAAGCCCTTCCAC 

OsMYB30 

Forward: ACTCCGGGATGGAGATGAG 

Reverse: GATGAACAGCTTGAGCCAGA 

 

OsMYB55 

Forward: ATTACCCTCC ACTCCGTCCT CGGC 

Reverse: TCCAGTAGTTCTTGATCTCGTTGTC 

 

OsMYB59 

Forward: GAGGCGTGCATCAGGAGCCTCG 

Reverse: GGCGGCGACGAACTGCCGGTG 

 

OsMYB1R 

Forward: GAGCAGCATGCAACAGTTTCTC 

Reverse: GGCTCCCGTTGTAGCTCAAC 

OsBMY2 

Forward: AGATAAGGGAAAATCGGTTGG 

Reverse: TTAACAGCGACGGCAAAG 

OsBMY6 

Forward: TTTCACCCGTAAGACTTA 

Reverse: AGTGGAAGAAGATTCAGTA 

OsBMY10 

Forward: TGCCGATTGTCTGAATAAC 

Reverse: GAGATCCGAGCGATACTT 

 
(Fig. 1a), P. elliottii (Fig. 1b), and O. sativa (Fig. 1c), re-
spectively. Results derived from the experiments of low 
temperature stress demonstrated that overexpression of Os-
miR528 elevates the percentage of cell viability, the rate of 
cell growth, and reduces the rate of ion leakage in A. 
thaliana (Fig. 1d, 1g, 1j), P. elliottii (Fig. 1e, 1h, and 1k), 
and O. sativa (Fig. 1f, 1i, and 1l) at low temperature, respec-
tively. 

3.2. Overexpression of OsmiR528 Enhances Activity of 
Antioxidative Enzymes in Transgenic Cells Under Cold 
Stress 

 To examine the effects of OsmiR528 on the level of anti-
oxidants and the activity of antioxidative enzymes, the 
amount of antioxidants and TBARS, the activity of APOX 
and SOD were analyzed in transgenic cells. Compared to the 
control, overexpression of OsmiR528 increases the levels of 
antioxidants, decreases the amount of TBARS, and increases 
the activity of APOX and SOD in cells of Arabidopsis (Fig. 

2a, 2d, 2g, and 2j), pine (Fig. 2b, 2e, 2h, and 2k), and rice 
(Fig. 2c, 2f, 2i, and 2l), respectively, under 4oC treatment. 
Under 24oC condition, there was no significant difference in 
the levels of antioxidants, the amount of TBARS, and the 
activity of APOX and SOD between cells overexpressing 
OsmiR528 and the control.  

3.3. MYB Transcription Factors in OsmiR528 Transgen-
ic Rice Cells 

 To investigate how OsmiR528 overexpression enhances 
low temperature stress tolerance in A. thaliana, P. elliottii, 
and O. sativa, expression of nine MYB transcription factors 
was examined in OsmiR528 transgenic rice cell lines (r120, 
r203, and r368). Results of qRT-PCR demonstrated that the 
expression of stress-related MYB transcription factors 
OsGAMYB-like1 (Fig. 3a), OsMYBS3 (Fig. 3b), OsMYB4 
(Fig. 3c), OsMYB3R-2 (Fig. 3d), OsMYB5 (Fig. 3e), Os-
MYB59 (Fig. 3f), OsMYB1R (Fig. 3h), and OsMYB20 
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Fig. (1). Overexpression of OsmiR528 enhances cold stress tolerance in transgenic cells. Overexpression of OsmiR528 was confirmed by 
northern blotting analysis in Arabidopsis (a), pine (b), and rice (c), respectively. Overexpression of OsmiR528 increases the cell viability, the 
cell growth rate, and decreases the ion leakage rate in cells of Arabidopsis (d, g, and j), pine (e, h, and k), and rice (f, i, and l), respectively. 
The statistically significant difference between groups was determined by one-way ANOVA. Data are presented as means of three independ-
ent experiments. Error bars represent standard error. The asterisk indicates significant differences compared to the control, as assessed by a t-
test. *P<0.05, **P<0.01, ***P<0.001, significant relative to control. N.S., no statistical significance. 

(Fig. 3i) did not alter between OsmiR528 transgenic cell 
lines and the control. However, expression of OsMYB30 
(Fig. 3g) significantly decreased in OsmiR528 transgenic cell 
lines, compared to the control.  

3.4. OsmiR528 Regulates Expression of OsMYB30 by 
Targeting F-box Domain Containing Protein 
(Os06g06050) in Rice Cells 
 To study the potential mechanism of OsmiR528 in cold 
stress tolerance, we searched several microRNA databases.
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Fig. (2). Overexpression of OsmiR528 enhances activity of antioxidative enzymes in transgenic cells under cold stress. Overexpression of 
OsmiR528 increases the levels of antioxidants, the amount of TBARS, the activity of APOX and SOD in cells of Arabidopsis (a, d, g, and j), 
pine (b, e, h, and k), and rice (c, f, i, and l), 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 t-test. *P<0.05, **P<0.01, ***P<0.001, significant relative to control. N.S., no statistical 
significance. 

Based on the miRNA database (http://diana.imis.athena-
innovation.gr/DianaTools/index.php?r=tarbase/index&mirnas 
=MIMAT0002884) search results, there are five predicted 

targets for OsmiR528 in rice, including one F-box domain 
containing protein (Os06g06050), two plastocyanin-like 
domain containing proteins (Os06g11310 and Os08g04310),
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Fig. (3). Expression of stress-related MYB transcription factors in OsmiR528 transgenic rice cells. Expression of stress-related MYB tran-
scription factors OsGAMYB-like1 (a), OsMYBS3 (b), OsMYB4 (c), OsMYB3R-2 (d), OsMYB5 (e), OsMYB59 (f), OsMYB30 (g), Os-
MYB1R (h), and OsMYB20 (i) in OsmiR528 transgenic cell lines. 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 t-test. **P<0.01, significant relative to control. N.S., no statistical signifi-
cance. 

OsAAO (ascorbate oxidase, Os06g37150), and OsCBP1 
(Cu2+binding domain-containing protein 1, Os07g38290). 
OsmiR528 targets Os06g06050 (Fig. 4a). Overexpression of 
OsmiR528 significantly decreased expression of 
Os06g06050 (Fig. 4b). To determine the relationship be-
tween the OsmiR528 targets and OsMYB30 expression, the 
luciferase reporter assay was used. The activity of luciferase 
was significantly increased when the OsMYB30 promoter 
was in the reporter and the Os06g06050 was in the effector 
(Fig. 4c-d). Other OsmiR528 targets did not change the lu-
ciferase activity significantly (Fig. 4e-l). These results sug-
gested that decreased expression of OsMYB30 induced by 

the overexpression of OsmiR528 is not due to the degrada-
tion of transcription factor OsMYB30 mRNA, but the fact 
that target (Os06g06050) of OsmiR528 is a positive regula-
tor of OsMYB30.  

3.5. Expression of BMY Genes Regulated by Transcrip-
tion Factor OsMYB30 

 Transcription factor OsMYB30 negatively regulates ex-
pression of BMY (β-amylase) genes in rice [38]. To examine 
the effect of overexpression of OsmiR528 on the expression 
of BMY genes, qRT-PCR was used to amplify transcripts of 
BMY2, BMY6, and BMY10 in OsmiR528 transgenic cells.
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Fig. (4). OsmiR528 regulates expression of OsMYB30 by targeting a F-box domain containing protein (Os06g06050) in rice cells. (a) Bind-
ing sequence of OsmiR528 in the 3’-UTR of Os06g06050. (b) Overexpression of OsmiR528 decreased expression of Os06g06050 in trans-
genic rice cell lines. (c-d) The luciferase reporter (c) using the OsMYB30 promoter as reporter and the Os06g06050 as an effector and the 
luciferase activity (d). (e-f) The luciferase reporter (e) with the OsMYB30 promoter as reporter and the Os06g11310 as an effector and the 
luciferase activity (f). (g-h) The luciferase reporter with the OsMYB30 promoter as reporter and the Os08g04310 as an effector (g) and the 
luciferase activity (h). (i-j) The luciferase reporter with the OsMYB30 promoter as reporter and the Os06g37150 as an effector (i) and the 
luciferase activity (h). (k-l) The luciferase reporter with the OsMYB30 promoter as reporter and the Os07g38290 as an effector (k) and the 
luciferase activity (l). 

Results derived from the experiments demonstrated that 
overexpression of OsmiR528 increases expression of BMY2 
(Fig. 5a), BMY6 (Fig. 5b), and BMY10 (Fig. 5c). In Os-
miR528 transgenic cell, overexpression of OsMYB30 de-
creases expression of BMY2 (Fig. 5d), BMY6 (Fig. 5e), and 
BMY10 (Fig. 5f) in OsmiR528 transgenic cells. Silencing of 
OsMYB30 by siRNA results in increased expression of 
BMY2 (Fig. 5g), BMY6 (Fig. 5h), and BMY10 (Fig. 5i) in 
OsmiR528 transgenic cell lines. 

3.6. Overexpression of miR528 Increases β-Amylase Ac-
tivity and Sugar Content 

 To further confirm whether OsmiR528 alters expression 
of BMY genes at the protein level and whether the activity 
of BMY enzyme is correlated with its catalytic chemical 
product, β–amylase activity and maltose, sucrose, and fruc-
tose content were measured. The results revealed that the 
overexpression of OsmiR528 increases β–amylase activity
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Fig. (5). Expression of BMY genes regulated by transcription factor OsMYB30 in rice cells. Overexpression of OsmiR528 increases expres-
sion of BMY2 (a), BMY6 (b), and BMY10 (c). Overexpression of OsMYB30 decreases expression of BMY2 (d), BMY6 (e), and BMY10 (f) 
in OsmiR528 transgenic cell lines. Silencing of OsMYB30 by siRNA results in increased expression of BMY2 (g), BMY6 (h), and BMY10 
(i) in OsmiR528 transgenic cell lines. 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 com-
pared to the control, as assessed by a t-test. *P<0.05, **P<0.01, ***P<0.001, significant relative to control. N.S., no statistical significance. 

and maltose, sucrose, and fructose content in cells of Ara-
bidopsis (Fig. 6a, 6d, 6g, and 6j), pine (Fig. 6b, 6e, 6h, and 
6k), and rice (Fig. 6c, 6f, 6i, and 6l). These experimental 
results demonstrated that OsmiR528 played an important 
role in the metabolism of starch by reducing expression of 
OsMYB30 that resulted in increased expression of BMY 
genes, which control the metabolism of starch and lead to 
changes of maltose, sucrose, and fructose content in Os-
miR528 transgenic rice lines. Based on our experimental 
results, we propose a model showing OsmiR528-mediated 
pathways for cold stress tolerance in plant cells (Fig. 7). 

Under normal condition, less OsmiR528 causes little or no 
OsMYB30 degradation (Fig. 7a) or little or no degradation 
of the stress-responsive gene repressor (Fig. 7a) that results 
in cold stress sensitive. Overexpression of OsmiR528 caus-
es OsMYB30 degradation (Fig. 7b) or degradation of the 
stress-responsive gene repressor (Fig. 7b) that leads to in-
creased expression of BMY genes or stress-response gene, 
which enhances cold stress tolerance. Both (Fig. 7a) and 
(Fig. 7b) indicate a pathway supported by experimental 
evidence or reports from literature. Both (Fig. 7a) and (Fig. 
7b) show a suggested pathway. 
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4. DISCUSSION 

 In this investigation, we first describe that overexpression 
of OsmiR528 enhances cold stress tolerance in Arabidopsis 
(Arabidopsis thaliana), pine (Pinus elliottii), and rice (Oryza 
sativa). MicroRNAs are very important in regulating stress 
response in plants. Different microRNAs have been docu-
mented to function in plants via modulating expression of 
other genes or transcription factors [15, 50-54]. In Arabis 
alpina, miR172 and miR156 regulate plant response to cold 
by targeting the APETALA2 transcription factor and SPL 
(SQUAMOSA PROMOTER BINDING PROTEIN LIKE) 
transcription factors [51]. In plant parasitic nematodes, some 
miRNAs negatively regulated expression of their target 
genes, suggesting that miRNAs might participate in ecologi-
cal adaptation [55]. In Yerba mate (Ilex paraguariensis), a 
diverse supply of microRNA precursors was involved in heat 
and oxidative stress and pathogen response [56]. In A. 
thaliana, miR172 targeted SCHLAFMUTZE (SMZ) to regu-
late the flowering response [57]. Expression of miR408 
regulated sensitivity to abiotic stress including cold and 
drought stress [13]. Overexpression of miR402 accelerated 
the seed germination and seedling growth of Arabidopsis 
under abiotic stress including cold stress [8]. In O. sativa, 
miR319 played regulatory roles in the development of leaf 
and in the tolerance of cold stress [58]. Our results demon-
strated that the overexpression of OsmiR528 enhanced cold 
stress tolerance in Arabidopsis, pine, and rice by decreasing 
expression of MYB transcription factor. OsMYB30 has been 
reported to be involved in cold stress tolerance [38]. We 
identified that the target (Os06g06050) of OsmiR528 is a 
positive regulator of OsMYB30. 

 In this investigation, we find that OsmiR528 enhances 
low temperature tolerance by decreasing expression of Os-
MYB30. The target (Os06g06050) of OsmiR528 positively 
regulates expression of OsMYB30. MYB transcription fac-
tors play important roles in tolerance of abiotic stress [38]. In 
the paper mulberry (Broussonetia papyrifera L.), MYB tran-
scription factors enhanced the tolerance of cold stress [59]. 
Transcription factor MYB96 induced by cold stress integrat-
ed the abscisic acid (ABA) and cold signaling pathways to 
activate freezing tolerance [52]. In A. thaliana, MYB tran-
scription factor EARLY FLOWERING MYB PROTEIN 
(EFM) regulated plant responses to low temperature and 
light that are involved in the timing of reproduction [60]. 
MYB1 from apples improved abiotic stress tolerance by reg-
ulating expression of NtDREB1/CBF, NtERD10B and 
NtERD10C [61]. Genome-wide analysis of transcripts of 
transcription factors involved in plant abiotic stress tolerance 
demonstrated that Myb transcription factor protein families 
might be important in the control of mRNA stability [62]. In 
Sheep grass (Festuca ovina L.), MYB1 enhances salt stress 
by regulating different signaling pathways including the 
DREB1/CBF- and MYB2-mediated signaling pathway [52]. 
In O. sativa, transcription factor MYB2 plays an important 
role in increasing tolerance of rice to cold stress [63]. In A. 
thaliana, MYB15 is an important transcription factor that 
regulates the expression of BREB1/CBF genes under cold 
stress [16]. Our experimental results from Arabidopsis, pine, 
and rice demonstrated that OsmiR528 enhances cold stress 
tolerance by decreasing expression of OsMYB30 in rice and 

increases expression of BMY genes, which results in in-
creased sugar content in cells.  
 In A. thaliana, P. elliottii, and O. sativa, our experimental 
results first support that OsmiR528 enhances cold stress tol-
erance in three plant species. MicroRNAs play important 
roles in regulating tolerance of salt, cold, and drought stress-
es by regulating expression of their target genes. In T. 
asetivum, miRNAs regulate expression of transcription fac-
tors that are involved in gene regulation in cold stress re-
sponse [32]. Many families of transcription factor improve 
plant growth under normal and stress conditions through the 
interaction of these regulators in the plant growth and devel-
opment [64]. In C. lanatus, mRNA-seq analysis revealed that 
miR159-5p, miR858, miR8029-3p, and miR0048-3p were 
important in regulating the expression of target genes associ-
ated with signal transduction under cold stress [31]. In S. 
lycopersicum, miR160, miR165, miR166, miR171, miR398, 
miR408, miR827, miR9472, miR9476 and miR9552 were 
very important miRNAs involved in tomato response to 
drought stress [65]. In A. thaliana, miRNA159 degrades the 
transcripts of MYB101 and MYB33 in vitro and in vivo dur-
ing seedling stress responses [66]. Genome-wide expression 
analysis demonstrated that 109 miRNAs are involved in 
transcription factor and stress-related signaling pathways 
under abiotic stress in S. lycopersicum [67], 230 miRNAs 
and their targets have been identified to be involved in cold 
stress response by Solexa sequencing in V. vinifera. [12]. 
Under drought and salinity stresses, 337 cotton miRNAs 
were identified and miR164, miR172, miR396, miR1520, 
and miR6158 may contribute to cotton (Gossypium hirsutum 
L.) stress-resistant breeding [68]. In A. thaliana, P. elliottii, 
and O. sativa, our experimental results first support that Os-
miR528 enhances cold stress tolerance in three plant species. 
These results provide new information in increasing our un-
derstanding of molecular mechanisms of microRNAs-related 
cold stress tolerance and are valuable in plant molecular 
breeding.  
 MicroRNAs repress expression of their target genes 
through different processes, including degrading the mRNAs 
of their target genes, destabilizing the mRNA through short-
ening of its poly(A) tail, and decreasing the translation effi-
ciency of the mRNA into proteins by ribosomes. Based on 
the miRNA database (http://diana.imis.athena-innovation.gr/ 
DianaTools/index.php?r=tarbase/index&mirnas =MIMAT000 
2884) search results, there are five predicted targets for 
miR528 in O. sativa, including one F-box domain containing 
protein (Os06g06050), two plastocyanin-like domain 
containing proteins (Os06g11310 and Os08g04310), OsAAO 
(ascorbate oxidase, Os06g37150), and OsCBP1 (Cu2+binding 
domain-containing protein 1, Os07g38290). MicroRNA528 
has been reported to play a role in ROS accumulation and 
antiviral defense control [69]. MicroRNA528 also affects 
lodging resistance of maize by regulating lignin biosynthesis 
under nitrogen-luxury conditions [70]. We find that Os-
MYB30 is not a target of OsmiR528. The target 
(Os06g06050) of OsmiR528 is a positive regulator of Os-
MYB30. Overexpression of OsmiR528 decreased the ex-
pression of Os06g06050 that reduced the expression of Os-
MYB30. Reduced expression of OsMYB30 resulted in in-
creased expression of BMY genes OsBMY2, OsBMY6, and 
OsBMY10, which enhanced cold stress tolerance.  
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Fig. (6). Overexpression of OsmiR528 increases β-amylase activity and sugar content in plant cells. Overexpression of OsmiR528 increases 
β–amylase activity and maltose, sucrose, and fructose content in cells of Arabidopsis (a, d, g, and j), pine (b, e, h, and k), and rice (c, f, i, and 
l). The statistically significant difference between groups was determined by one-way ANOVA. Data are presented as means of three inde-
pendent experiments. Error bars represent standard error. The asterisk indicates significant differences compared to the control, as assessed by 
a t-test. *P<0.05, **P<0.01, ***P<0.001, significant relative to control. N.S., no statistical significance. 
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Fig. (7). A model showing pathways for cold stress tolerance in plant cells. Under normal condition, less OsmiR528 does not reduce expres-
sion of OsMYB30 degradation or expression of the stress-response gene repressor (a) that results in cold stress sensitive. Overexpression of 
OsmiR528 reduces expression of OsMYB30 or expression of the stress-response gene repressor (b) that leads to increased expression of 
BMY genes or stress-response gene, which enhances cold stress tolerance. Both (a) and (b) indicate a pathway supported by experimental 
evidence or reports from literature. In both (a) and (b), arrows with question mark show a suggested pathway. Dotted arrow indicates a sug-
gested step. 

CONCLUSION 

 Results in this investigation demonstrated that OsmiR528 
enhances cold stress tolerance by reducing expression of 
OsMYB30. Under normal condition, less OsmiR528 causes 
little or no decrease of OsMYB30 expression or little or no 
decrease in the expression of the stress-response gene re-
pressor that results in cold stress sensitive. Overexpression 
of OsmiR528 causes decreased expression of OsMYB30 or 
decreased expression of the stress-response gene repressor 
that leads to increased expression of BMY genes or stress-
response genes, which enhances cold stress tolerance 
through increasing cell viability, growth rate, antioxidants 
content, ascorbate peroxidase (APOX) activity, and superox-
ide dismutase (SOD) activity and decreasing ion leakage rate 
and thiobarbituric acid reactive substances (TBARS) under 
cold stress in A. thaliana, P. elliottii, and O. sativa. Expres-
sions of stress-related MYB transcription factors 
OsGAMYB-like1, OsMYBS3, OsMYB4, OsMYB3R-2, 
OsMYB5, OsMYB59, OsMYB30, OsMYB1R, and Os-
MYB20 in transgenic cells have been examined. OsmiR528 
decreases expression of transcription factor OsMYB30 by 

targeting F-box domain containing protein gene (Os06g 
06050). Reduced OsMYB30 expression results in increased 
expression of BMY genes OsBMY2, OsBMY6, and OsBMY 
10. The expression levels of the OsBMY2, OsBMY6, and 
OsBMY10 were elevated by OsMYB30 knockdown, and the 
expression levels of the OsBMY2, OsBMY6, and OsBMY10 
were reduced by OsMYB30 overexpression in OsmiR528 
transgenic cells, indicating that OsmiR528 enhances low 
temperature tolerance by modulating low temperature stress 
response-associated genes. Results derived from the experi-
ments provide novel information for increasing our under-
standing in molecular mechanisms of microRNAs-associated 
low temperature stress tolerance and are valuable in plant 
molecular breeding from monocotyledonous, dicotyle-
donous, and gymnosperm plants including A. thaliana, P. 
elliottii, and O. sativa. 
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