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and ABA Signaling
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Chanmin Kim', Doh Hoon Kim? Sang Yeol Lee', Min Chul Kim**, and Dae-Jin Yun**

MiR399f plays a crucial role in maintaining phosphate ho-
meostasis in Arabidopsis thaliana. Under phosphate star-
vation conditions, AtMYB2, which plays a role in plant salt
and drought stress responses, directly regulates the ex-
pression of miR399f. In this study, we found that miR399f
also participates in plant responses to abscisic acid (ABA),
and to abiotic stresses including salt and drought. Salt and
ABA treatment induced the expression of miR399f, as con-
firmed by histochemical analysis of promoter-GUS fusions.
Transgenic Arabidopsis plants overexpressing miR399f
(miR399f-OE) exhibited enhanced tolerance to salt stress
and exogenous ABA, but hypersensitivity to drought. Our
in silico analysis identified ABF3 and CSP41b as putative
target genes of miR399f, and expression analysis revealed
that mRNA levels of ABF3 and CSP41b decreased remark-
ably in miR399f-OE plants under salt stress and in re-
sponse to treatment with ABA. Moreover, we showed that
activation of stress-responsive gene expression in re-
sponse to salt stress and ABA treatment was impaired in
miR399f-OE plants. Thus, these results suggested that in
addition to phosphate starvation signaling, miR399f might
also modulates plant responses to salt, ABA, and drought,
by regulating the expression of newly discovered target
genes such as ABF3 and CSP41b.

INTRODUCTION

During growth and development, plants encounter a wide array
of environmental stresses that trigger physiological and genetic
responses (Chinnusamy and Zhu, 2009; Cushman and Boh-
nert, 2000). In addition, primary stresses lead to secondary
stresses such as oxidative stress and thermal shock. Accor-
dingly, plants have evolved various response mechanisms that
help them adapt or acclimate to the stresses (Yamaguchi-
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Shinozaki and Shinozaki, 2006). A large proportion of plant
genes are regulated by biotic (e.g., bacterial pathogens, virus,
fungi, insects, and nematodes) (Brotman et al., 2012; Fagard et
al., 2007) and abiotic stresses (e.g., drought, soil salinity, ex-
treme temperatures, and heavy metals) (Chao et al., 2005; Si
et al, 2009). Various cellular processes, such as RNA
processing and post-transcriptional or even post-translational
modifications, participate in regulation of the expression of
genes in response to biotic and abiotic stresses.

MicroRNAs (miRNAs) can repress gene expression at the
post-transcriptional level in plants (Bartel, 2004; Mallory and
Vaucheret, 2006). MiRNAs are generally generated via a mul-
tistep process associated with the activation of DCL1 (DICER-
LIKE 1), HEN1, and HYL1 (Jones-Rhoades et al., 2006). The
binding of MiRNAs to the mRNAs of target genes leads to the
degradation and/or translational inhibition of the targets (Guo et
al., 2005; Voinnet, 2009).

Recent studies have shown that plants respond to environ-
mental stresses by modulating gene expression at post-
transcriptional levels via miRNAs. MiRNAs act in a wide variety
of metabolic and biological processes during plant hormone
signaling (Liu and Chen, 2009), abiotic stress responses (Lu
and Huang, 2008; Sunkar et al., 2007), and immune responses
(Katiyar-Agarwal and Jin, 2010; Lu et al., 2008; Voinnet, 2008).
Similarly, numerous studies have revealed the involvement of
specific miRNAs in plant responses to biotic and abiotic
stresses. For example, the expression of miR169 is induced in
response to drought (Li et al., 2008), cold (Zhou et al., 2008),
salt (Zhao et al., 2009), nitrogen deficiency (Zhao et al., 2011),
and UV-B radiation (Zhou et al., 2007). MiR393 is involved in
nitrate signaling (Vidal et al., 2010), drought stress, and auxin
signaling (Chen and Xiong, 2012). The expression of miR398 is
suppressed in response to salt stress, abscisic acid (ABA)
treatment (Jia et al., 2009), oxidative stress (Sunkar et al.,
2006), high light (Siré et al., 2009), and biotic stress (Jaga-
deeswaran et al., 2009; Naya et al., 2014). MiR394 is involved
in the regulation of plant responses to salt and drought stresses
(Song et al., 2013). MiR395 is highly expressed in response to
sulfate deficiency (Liang et al., 2010) as well as salt and dehy-
dration (Kim et al., 2010). MiR159, miR397, and miR402 are
up-regulated, but miR389 is down-regulated, in response to
ABA (Reyes and Chua, 2007; Sunkar and Zhu, 2004). MiR399
expression is strongly induced by phosphate deficiency, and
regulates phosphate uptake and root-to-shoot phosphate trans-
location as a systemic signaling molecule (Bari et al., 2006; Fujii
et al., 2005; Pant et al., 2008). MiR156, miR778, miR827, and
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miR2111 are highly expressed under phosphate-deficiency
conditions, whereas miR169, miR395, and miR398 are re-
pressed by phosphate deficiency (Buhtz et al., 2008; Hsieh et
al., 2009; Pant et al., 2009). Numerous studies have tested
whether miRNAs function as linkers between nutrient homeos-
tasis and hormone signaling or abiotic stress.

Previously we reported that miR399f, which acts in phos-
phate homeostasis, is directly activated by AIMYB2 (Baek et al.,
2013). AtMYB2 regulates the expression of genes that respond
to salt and drought stresses (Abe et al., 2003; Yoo et al., 2005).
In this study, we revealed that miR399f plays an important role
in plant responses to abiotic stresses, including salt and
drought stresses. The transcription of miR399f is up-regulated
by salt stress and exogenous ABA. Furthermore, we showed
that transgenic Arabidopsis overexpressing miR399f displayed
tolerance to salt stress and ABA treatment, but were hypersen-
sitive to drought. Moreover, we identified candidate target
genes of miR399f that function in plant abiotic stress signaling.
Our study reports a novel biological function of miR399f and its
possible regulatory mechanism in plant responses to abiotic
stresses.

MATERIALS AND METHODS

Plant materials and stress treatments

Seedlings of Arabidopsis thaliana ecotype Colombia (Col-0)
plant were sown and grown on 1/2 Murashige and Skoog (MS)
medium containing 1.5% sucrose, and 0.6% agar, pH 5.7 for 10
days, and then were treated with different stresses for indicated
times (Figs. 1 and 3). Plants were grown in a growth chamber
with a cycle of 16 h light (approximately 100 pE m?s™) and 8 h
dark at 22°C.

Dr. Zhu kindly provided the seeds of wild type (Col-g/) and
transgenic plants overexpressing miR399f (Fujii et al., 2005).
These plants were grown on 1/2 MS medium containing 1.5%
sucrose, and 1.2% agar, pH 5.7 for 4 days, and then trans-
ferred to media containing various concentrations of NaCl (0 to
150 mM) and further grown for 8 days. To test cotyledon green-
ing under ABA treatment conditions, seeds of these plants were
grown on 1/2 MS medium without or with ABA (0 to 1 uM) for 5
days.

For drought treatments, 3-week-old plants were treated with
natural drought (water was withheld). After 12 days without
watering, the drought-treated plants were re-watered, and re-
covery was checked after 1 day. Drought experiments were
repeated five times and at least 7 plants for each individual line
were used in each repeated experiment and one representative
picture was shown.

Measurement of water loss

The rate of water loss by the leaves was measured. The shoots
of 4-week-old plants were detached from the root, and weighed
immediately. The shoots were placed in a covered plate at
room temperature and weighed at various time intervals. The
loss of fresh weight was calculated on the basis of the initial
weight of the plant. At least three biological replicates for each
sample were used for water loss assays.

Small RNA and RNA gel blot analyses

RNA was extracted from seedlings using Plant RNA Reagent
(Invitrogen, USA) following the supplier’s instructions. For de-
tection of miR399f, 20 ug total RNA was resolved on 15% po-
lyacrylamide gels containing 7 M urea and transferred electro-
phoretically to nylon membranes (EMD Millipore, USA) using
semi-dry transfer (GE Healthcare, USA). Probes complementa-
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ry to miR399f were 5'-end labeled with y*?P-ATP using Optiki-
nase (Usb, USA). For small RNA blotting, blots were pre-
hybridized for at least 1 h and hybridized for 24 h using Perfec-
tHyb Plus Hybridization Buffer (Sigma, USA) at 37°C.

For detection of AIMYB2 mRNA, 15 ug total RNA was sepa-
rated on formaldehyde agarose gels and transferred to nylon
membranes (EMD Millipore, USA). For hybridization, blots were
pre-hybridized for at least 1 h and hybridized for 18 h at 65°C.
Blots were washed three times (2x SSC and 0.1% SDS for 20
min, 0.5x SSC and 0.1% SDS for 20 min, 0.1x SSC and 0.1%
SDS for 20 min) at 50°C. Ethidium bromide staining was used
for RNA loading controls. The relative intensity of detected
bands was measured with Image J program.

RT-PCR and quantitative Real-time PCR analysis

For RT-PCR, total RNA was isolated using an RNaeasy Kit
(Qiagen, USA) according to the manufacturer’s instructions.
Total RNA was treated with DNase | (Qiagen, USA) to remove
genomic DNA contamination. The first-strand cDNA was syn-
thesized using 2 ug total RNA with a cDNA synthesis kit (Invi-
trogen, USA), and subjected to RT-PCR analysis for examina-
tion of gene expression.

Quantitative real-time PCR (qRT-PCR) was used to assay
gene expression levels with a CFX384TM Real-Time PCR
Detection System (Bio-Rad, USA) following a standard protocol.
The QuantiSpeed SYBR kit (PhileKorea, Korea) was used for
20 pl PCR reactions as follows: 50°C for 2 min, 95°C for 2 min,
and 40 cycles of 95°C for 5 s and 60°C for 30 s. The relative
expression levels of all samples were automatically calculated
and analyzed three times by CFX Manager software (Bio-Rad,
USA). The specific primers used in RT-PCR and qRT-PCR
analysis are described in Supplementary Table 2. TUBULIN2
primers were used for RNA normalization.

A NaCl ABA
Oh 3h 6h 12h Oh 3h 6h 12h

AtMYB2 ...ﬂ.‘.'

Relative
Intensity 1 224 236 1.54 252 2.01 1.70
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Fig. 1. Expression of AIMYB2 and miR399f under salt stress and
ABA treatment. For RNA gel blot and small RNA blot analysis, total
RNAs were extracted from ten-day-old seedlings treated with 100
mM NaCl or 100 uM ABA for the indicated times. (A) RNA gel blot
analysis of AtMYB2 expression. (B) Small RNA blot analysis of
miR399f expression. The rRNA and 5S RNA are shown as loading
controls. “Relative Intensity” indicates the signal intensity relative to
that at time O of treatment.
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Fig. 2. Promoter activity of miR399f under salt and ABA treatment.
Histochemical analysis of GUS activity was conducted using ten-
day-old PromiR399f:GUS and vector control transgenic seedlings
treated with 100 mM NaCl or 100 uM ABA for 3 h.

Histological staining of GUS activity

Transgenic plants of PromiR399f.GUS or vector-only controls
(Baek et al., 2013) were grown on 1/2 MS medium for 10 days,
and then treated 100 mM NaCl and 100 uM ABA for 3 h. For
GUS histological staining, seedlings from treated transgenic
plants were incubated at 37°C for 6 h in the dark, in staining
buffer (0.5 M Tris, pH 7.0, 10% Triton X-100) with 1 mM X-Gluc
(5-bromo-4-chloro-3-indolyl 3-D-glucuronide; Park et al., 2013).
Chlorophyll was removed using an ethanol series: 20%, 35%,
and 50% ethanol at room temperature for 30 min each.

In silico analysis

Plant microRNA database (PMRD; http://bicinformatics.cau.edu.

cn/PMRDY/) and Web microRNA designer (WMD3; http://wmd3.
weigelworld.org/cgi-bin/webapp.cgi) were used to search for
putative target genes of miR399f.

RESULTS

Expression of AtMYB2 and miR399f in response to salt
stress and ABA treatment

Previously we showed that AtIMYB2, a transcription factor that
functions in ABA and salt stress signaling in Arabidopsis, also
acts in phosphate starvation signaling by regulating miR399f
transcription (Baek et al., 2013; Fujii et al., 2005). To test
whether miR399f participates in plant responses to ABA and
salt stress signaling, we analyzed patterns of AtMYB2 and
miR399f expression in ten-day-old Arabidopsis seedlings
treated with 100 mM NaCl and 100 uM ABA for various times
(Fig. 1). Consistent with previous reports (Urao et al., 1993),
the expression of AtMYB2 increased strongly in response to
NaCl and ABA treatment (Fig. 1A). The transcript level of At-
MYB?2 increased within 3 h of NaCl and ABA treatment and
stayed high up to 6 h of treatment. Similarly, miR399f was
strongly induced by 100 mM NaCl or 100 uM ABA (Fig. 1B).
Thus, miR399f and AtMYB2 showed similar expression pat-
terns. These results suggested that miR399f, which plays an
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Fig. 3. Expression of precursors of miR399 family members in re-
sponse to salt stress and ABA treatment. Total RNA extracted from
ten-day-old seedlings after treatment with different concentrations of
100 mM NaCl or 100 uM ABA for 3 h. TUBULIN2 was used as a
loading control.

important role in phosphate homeostasis, might also participate
in salt stress and ABA signaling and moreover that the regula-
tion of miR399f expression during salt stress and ABA treat-
ment involves AtMYB2.

To further investigate the regulation of miR399f expression by
salt and ABA treatment, we performed histochemical staining
for f-glucuronidase (GUS) expression in one-week-old trans-
genic Arabidopsis plants harboring the miR399f promoter fused
to the GUS reporter gene (PromiR399f.GUS) and grown in
media containing NaCl or ABA (Fig. 2). Transgenic plants har-
boring the empty GUS vector were used as a control. Strong
promoter activity of miR399f was detected in vascular tissues of
rosette leaves of seedlings grown in the presence of salt or
ABA, whereas very weak GUS staining was observed in Pro-
miR399f:GUS seedlings grown under normal conditions. GUS
expression in PromiR399:GUS plants was mainly observed in
vascular tissues under salt and ABA stress condition, but we
could also detected weaker expression of GUS in leaf tissues
(Supplementary Fig. S1). It is possible that miR399f generated
from vascular tissue can move to neighboring leaf tissues and
regulate its target gene expression, because cell-to-cell move-
ment of miRNA has been previously reported (Lin et al., 2008).
These results confirmed that miR399f expression was influ-
enced by salt and ABA.

Expression of miR399 family members in response to salt
and ABA treatments

In Arabidopsis thaliana, the miR399 family consists of six
members, miR399a to miR399f. Pi starvation conditions induce
the expression of miR399 family members, which regulate the
expression of an ubiquitin-conjugating enzyme 24 (UBC24)
gene involved in phosphate homeostasis (Aung et al., 2006). To
investigate the responses of the miR399 family members to salt
and ABA stresses, we analyzed transcript levels of miR399
family genes by RT-PCR in ten-day-old seedlings that had
been treated with different concentrations of NaCl and ABA for
3 h (Fig. 3). With increasing concentrations of NaCl and ABA,
the expression of the miR399f precursor remarkably increased.
In contrast to miR399f, NaCl and ABA treatments did not affect
the expression of other miR399 family members, such as
miR399a, miR399b, miR399c, miR399d, and miR399e. This
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Fig. 4. Responses of miR399F
overexpressing plants to salt, ABA
and drought. (A) WT and two inde-
pendent lines  overexpressing
miR399f (miR399f-OE #14 and
#15) were grown on 1/2 MS agar
medium for 4 days, and then trans-
ferred to 1/2 MS agar without NaCl
(0 mM NacCl) or with NaCl (150 mM
NaCl), and incubated for 8 days. (B)
Comparison of root elongation at
different concentrations of NaCl in
WT and miR399f-OE plants. Bars
represent the means * standard
error of three replicates with 16
seedlings per replicate. Asterisks
represent  significant differences
from the WT (*; p-value < 0.05,
Student's t-test). (C) Seeds of WT
and miR399f-OE plants were ger-
minated on 1/2 MS agar medium
without ABA (0 uM ABA) or with
ABA (1 uM ABA) for 5 days. (D)
Comparison of cotyledon greening
at different concentrations of ABA in
WT and miR399-OE plants. Bars
represent the means * standard
error of three replicates with 30
seeds per replicate. Asterisks
represent  significant differences
from the WT (*; p-value < 0.05,
Student’s ttest). (E) Photographs
show plants before and after dehy-
dration stress. WT and miR399f-OE
plants were grown in soil with suffi-
cient water for 3 weeks, and then
the water were withheld for 12 days.
Plants were re-watered for 1 day
before the photograph was taken.
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result suggested that the expression of miR399f, but not other
miR399 family members, is induced by not only Pi starvation,
but also by NaCl stress and ABA.

miR399f-overexpressing plants have different responses
to NaCl, ABA, and drought

We obtained two Arabidopsis transgenic lines overexpressing
miR399f (kindly provided by Dr. Jian-Kang Zhu); one line
showed relatively weak expression of miR399f (#14) and the
other line showed strong expression (#15) (Fuijii et al., 2005;
Supplementary Fig. S2). To determine the effect of miR399f
overexpression on plant responses to salt stress, we performed
root growth assays on Murashige and Skoog (MS) medium
containing various concentrations of NaCl (Figs. 4A and 4B).
Four-day-old seedlings of wild type (WT) and miR399f
overexpressing plants (miR399f-OE #14 and #15) grown on
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(F) Water loss from detached
leaves of 4-week-old plants meas-
ured at room temperature. Bars
represent the means * standard
error of three replicates with 5
seedlings per replicate.

Time

MS medium were transferred to MS medium containing differ-
ent concentrations of NaCl and their primary root lengths were
measured. The primary root elongation of WT seedlings was
strongly suppressed under 100 mM NaCl conditions, in which
root length was approximately 41% that of WT seedlings grown
under normal conditions. However, the root elongation of
miR399f-OE #15 seedlings showed more resistance to NaCl
treatment. At 100, 125, and 150 mM NaCl, the root length of
miR399f-OE #15 seedlings was 1.52-, 1.75-, and 4.83-fold that
of WT plants grown under the same conditions, respectively
(Fig. 4B). By contrast, the root elongation of miR399f-OE #14
was similar to that of the WT plants under NaCl stress condi-
tions.

We further examined the response of miR399f-OE plants to
ABA treatment by measuring the number of green cotyledons
after seed germination (Figs. 4C and 4D). The seeds of WT
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Fig. 5. Expression of putative target genes of miR399f. (A, B) Analy-
sis by qRT-PCR of mRNA levels of CSP41b and ABF3 in ten-day-
old WT and miR399f-OE seedlings grown in the presence of NaCl
(A) or ABA (B). Total RNA was extracted from ten-day-old seedlings
after 100 mM NaCl or 100 uM ABA treatment for the indicated times.
TUBULINZ2 was used for normalization. Bars represent the means +
standard error of three biological replicates with two technical repli-
cates each. Asterisks represent significant differences from the WT
(*; 0.01< p-value = 0.05, **; p-value < 0.01, Student's ttest). (C)
Schematic diagram of the CSP41b and ABF3 genes. Red asterisks
indicate the predicted cleavage sites of miR399f.

and miR399f-OE plants were germinated on MS media con-
taining 0 to 1 uM ABA and grown for 5 days. The seeds of WT
and miR399f-OE plants showed different responses to ABA
treatment. At 0.3 uM ABA, approximately 82% of miR399f-OE
#15 seedlings developed green cotyledons, compared to ap-
proximately 62% of WT seedlings. The difference was more
obvious at higher concentrations of ABA. At 1 uM ABA, the
number of miR399f-OE #15 seedlings with green cotyledons
was 2.78-fold higher than that of WT seedlings.

In contrast to their tolerance of NaCl and ABA, miR399f-OE
plants were more sensitive to drought than WT plants. Three-
week-old WT and miR399f-OE plants were subjected to
drought stress for 12 days and then re-watered. Under drought
conditions, most WT and miR399f-OE plants withered, but one
day after re-watering, WT plants resumed growth, whereas
miR399f-OE plants had not fully recovered (Fig. 4E). To further
confirm the response to drought stress, we examined water
loss of WT and miR399f-OE plants, using detached rosette
leaves of 4-week-old plants and placing them on petri dishes at
room temperature. Water loss proceeded more quickly from
leaves of miR399f-OE plants than from WT leaves (Fig. 4F).
At 6 h after detachment, the leaves of miR399f-OE plants lost
almost 74% of their water, while WT leaves lost only 51%. To-
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gether, these results indicated that miR399f-overexpressing
plants were resistant to NaCl and ABA, but hypersensitive to
drought stress. Moreover, these findings support the idea that
miR399f plays a role in plant responses to multiple abiotic
stresses.

CSP41b and ABF3 are putative target genes of miR399f in
salt stress and ABA signaling

The post-transcriptional activity of UBC24 is partially inhibited
upon an increase in miR399f expression during the phosphate-
deficiency response (Fuijii et al., 2005). To understand the mode
of action of miR399f in plant responses to salt, ABA, and drought,
we attempted to identify the putative target genes of miR399f by
in silico analysis using the Plant MicroRNA Database (PMRD)
and Web MicroRNA Designer (WMD3) (Supplementary Table 1).
In silico analysis revealed five putative miR399f target genes,
BASS2 (BILE ACID:SODIUM SYMPORTER FAMILY PROTEIN
2), CSP41b, ABF3 (ABA-RESPONSIVE ELEMENT-BINDING
TRANSCRIPTION FACTORS3), At1g04985, and At3926730, in
addition to UBC24. If miR399f exerts its role by mRNA cleavage,
levels of the putative target mRNA should decrease in the
miR399f-overexpressing plants. To determine whether miR399f
mediates the mRNA cleavage of these target genes, we ana-
lyzed the transcript levels of the five putative target genes by
quantitative real time-PCR (qRT-PCR) in WT and miR399f-OE
#15 plants grown in the presence of NaCl and ABA (Fig. 5A and
B, Supplementary Fig. S3). We performed this study with
miR399f-OE #15 line, because mMiR399f-OE #15 plants ex-
pressed more miR399f than miR399f-OE #14 line and both
lines showed similar phenotype under stress conditions (Fig. 4).
Indeed, two candidate target genes, CSP41b and ABF3, were
down-regulated in miR399f-OE plants under salt stress condi-
tions. In addition, the mRNA level of CSP41b decreased in
miR399f-OE plants in the presence of ABA. However, the other
three putative target genes (BASS2, At1904985, and
At3926730) showed no significant difference in mRNA levels
between WT and miR399f-OE plants (Supplementary Fig. S3).
ABF3is involved in salt stress, ABA, and drought stress signal-
ing and regulates the expression of abiotic stress-responsive
genes (Finkelstein et al., 2005; Yoshida et al., 2010). CSP41b
encodes a chloroplast RNA binding protein and to date has not
been reported to be involved in abiotic stress. The qRT-PCR
results showed that the expression of CSP41b gradually de-
creased in response to NaCl and ABA treatment in WT plants,
suggesting a possible role for CSP41b in stress signaling (Figs.
5A and 5B). In silico analysis suggested that sites for cleavage
by miR399f are located at the 3rd exon of CSP41b and 5th
exon of ABF3 (Fig. 5C), although there are five mismatches, G-
A, G-G, G-U, A-A and U-C, or three mismatches, C-U, G-G and
C-U, between miR399f and the CSP41b and ABF3 mRNAs,
respectively (Supplementary Table 1). Our results suggested
that CSP41b and ABF3 are candidate target genes regulated
by miR399f during salt stress and/or ABA signaling. Moreover,
the results also suggested that the regulatory mechanism of
ABF3 expression might be different in NaCl- and ABA-
responsive signaling pathways.

Expression of stress-responsive genes in
miR399f-overexpressing plants in response to NaCl or
ABA treatment

The expression of stress-responsive genes is remarkably im-
paired in the abf3 mutant (Yoshida et al., 2010). The down-
regulation of ABF3 expression in miR399f-OE plants prompted
us to test the expression of stress-responsive genes in Arabi-
dopsis transgenic plants overexpressing miR399f. To investigate
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whether overexpression of miR399f affects the expression of
stress-responsive genes, we analyzed the mRNA levels of
stress-responsive genes such as RD29A, RD29B, RD22,
DREB1A, DREB2A, and P5CS1 in WT and miR399f-OE #15
plants treated with NaCl or ABA. In WT plants, expression of
these genes was highly induced by treatment with NaCl or ABA
(Fig. 6). In miR399f-OE #15 plants, however, induction of
stress-responsive gene expression by NaCl and ABA treat-
ments was significantly suppressed. This result was consistent
with the observations in abf3 mutants (Yoshida et al., 2010).
The suppression was more obvious for RD29A, RD29B,
DREB1A, and DREB2A expression in response to NaCl treat-
ment (Fig. 6A), and for RD29B and RD22 in response to ex-
ogenous ABA (Fig. 6B). These results suggested that miR399f
contributes to the regulation of stress-responsive gene expres-
sion in response to salt, ABA, and drought. Taken together, our
results suggested the existence of a novel regulatory mechan-
ism mediated by miR399f in plant responses to abiotic stresses.

DISCUSSION

Abiotic stresses affect various physiological processes in plant
development, such as seedling growth and seed germination.
Exposure to different abiotic stresses can lead to similar res-
ponses in plants. Moreover, different kinds of stresses can trig-
ger responses through the induction of similar types of miRNAs
(Sunkar and Zhu, 2004). This suggests that plants share com-
mon signaling pathways that act in different abiotic stress res-
ponses. The relevant miRNAs are either up- or down-regulated
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after exposure to stress treatments that influence plant growth
and developmental processes (Lu and Huang, 2008). The role
of miR399 has been established mainly in the plant response to
phosphate starvation (Bari et al., 2006). However, little is known
about the potential biological function of miR399 in responses
to other abiotic stresses. In this report, we uncovered a possible
role of miR399f in plant responses to osmotic stresses, includ-
ing salt, drought, and ABA. The miR399 family consists of six
members, miR399a to miR399f, which share similar mature
sequences. A previous report indicated that phosphate starva-
tion induces the expression of miR399 family genes (Bari et al.,
2006). Our data showed that the expression of miR399f was
remarkably induced by NaCl and ABA treatment. These results
suggested that the members of miR399 family might have dis-
tinct roles in plant responses to various abiotic stresses.

Several miRNAs function in the ABA-mediated stress re-
sponse (Chen et al., 2012; Jia et al., 2009; Reyes and Chua,
2007). Some studies suggested a genetic connection between
miRNAs and ABA-mediated stress responses (Kim et al., 2010;
Song et al., 2013). Consistent with our results indicating the
involvement of Arabidopsis miR399f in salt stress and ABA
responses, miRNA array analysis revealed that poplar miR399
is induced in response to ABA and NaCl (Jia et al., 2009).
These findings indicate that some stress-responsive miRNAs
might be similarly regulated across different species. These
miRNAs potentially play vital roles in the morphological and
metabolic adaptation of plants to salinity and ABA-mediated
stress responses, and a genotype-specific expression model
might explain the distinct stress tolerances among species.
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Plant responses to various stresses are associated with mul-
tiple transcriptional cascades mediated by miRNAs (Lu and
Huang, 2008; Sunkar et al., 2007). Identification of direct down-
stream target genes regulated by miRNAs in each of these
cascades is crucial for understanding miRNA-mediated plant
responses to stresses. Through our in silico prediction and
subsequent gene expression analysis, we identified two candi-
date downstream target genes for miR399f, namely CSP41b
and ABF3, the expression levels of which significantly de-
creased in miR399f-OE plants under salt and ABA treatment
conditions. However, the expression patterns of CSP41b and
ABF3 genes were different in WT under the stress conditions.
Unlike CSP41b, ABF3 expression was decreased after 6 h of
stress treatment. These results suggested that the mode of
miR399f action on the regulation of CSP41b and ABF3 expres-
sion may be different. One possibility would be that miR399f
regulate ABF3 expression at the late stage to turn-off the ABF3-
mediated stress signaling. In the future, we are going to verify
the specific regulatory mechanism for miR399fmediated
CSP41b and ABF3 gene expression.

While the role of CSP41b is not yet clear, it is known that
ABF3 is a transcription factor involved in transcriptional cas-
cades in response to salt, ABA and drought. Mutation of ABF3
enhances the tolerance of plant to salt stress and ABA treat-
ment, but significantly reduces their capacity to survive drought
stress (Finkelstein et al., 2005; Yoshida et al., 2010). Consistent
with the phenotype of the abf3 mutant under abiotic stresses,
miR399f-OE plants displayed increased tolerance to salt stress
and exogenous ABA, but hypersensitivity to drought stress (Fig.
4). These results indicate that miR399f acts as a positive regu-
lator of plant tolerance of salt stress and ABA, but a negative
regulator for plant response to drought stress. Recent work
reported that miR168a- and miR394a-overexpressing plants
were hypersensitive to salt stress, but resistant to drought
stress (Li et al., 2012; Song et al., 2013). These results support
our findings that same miRNA can have different, stress-
specific roles in plant responses. Our findings point to a need to
explore the role of CSP41b and its regulation by miR399f for
better understanding of the function of miR399f in plant stress
signaling.

Overall, the present study identified a biological function of
miR399f. Genetic and physiological studies revealed that over-
expression of miR399f resulted in salt and ABA tolerance in
Arabidopsis by overcoming the arrest of root growth and seed
germination under salt and ABA treatment. By contrast,
miR399f-OE plants displayed a hypersensitive phenotype un-
der drought conditions (Fig. 4). In miR399f-OE plants, the ex-
pression of several stress-responsive genes, such as RD29A,
RD29B, DREB1A, and DREB2A was suppressed. Even though
our results suggested that miR399f might function in abiotic
stress signaling via ABF3 and CSP41b, but still we cannot rule
out the possibility of the involvement of other genes in miR399f
mediated signaling. That’s the reason why we tested a number
of stress-responsive genes in our experiment. Moreover, we
showed that RD29B containing ABRE element in its promoter
was down regulated in miR399f-OE plants (Fig. 6). This im-
paired induction of stress-responsive genes in miR399f-OE
plant might contribute, at least in part, to its hypersensitive phe-
notype under drought conditions. Further characterization of the
putative components might reveal the association between
miR399f and salt stress or ABA signals.

In summary, we provide the first evidence of the involvement
of miR399f in osmotic stress signaling, including responses to
salt, ABA, and drought, and of its putative downstream target
genes in Arabidopsis. Our results suggested that the regulation
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of CSP41b and/or ABF3 expression by miR399f would be im-
portant for the maintenance of a phenotype favorable for the
adaptive responses to salt stress, ABA, and drought stresses.
Furthermore, miR399f and its target genes have distinct roles in
plant responses to different types of environmental stresses.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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