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ARTICLE INFO ABSTRACT

Keywords: microRNA393 (miR393) and its target module have been implicated as comprising a conserved mechanism to
miR393 regulate developmental processes and plant growth in response to environmental signals through the auxin
Auxin response signaling pathway. Our previous work identified miR393 and its two targets in barley. In this study, we further
Stomata investigated the expression pattern of miR393 and its biological functions in seedling growth and drought tol-
g;:ght tolerance erance. We showed that the miR393 overexpressing line (OE) exhibited increased stomatal density with de-

creased guard cell length, while the miR393 knockdown line (MIM) displayed the opposite phenotype, which
might be due to the effects of miR393 on AUXIN RESPONSE FACTOR5 (ARF5) and three stomatal development-
related genes, such as EPIDERMAL PATTERNING FACTOR1 (EPF1), SPEECHLESS (SPCH), and MUTE. In addition,
the MIM line conferred enhanced drought tolerance, with alleviated leaf chlorosis and lipid peroxidation after 22
days drought treatment. In contrast, the OE line was more sensitive to drought stress and accumulated more
malondialdehyde and hydrogen peroxide than the wild type. Furthermore, polyethylene glycol (PEG) treatment-
induced abscisic acid (ABA) accumulation in leaves was suppressed in the OE line, indicating that miR393 might
regulate drought stress response and tolerance through its interaction with ABA biosynthesis. Overall, these data
suggest that miR393 might be a potential target for manipulation of stomatal density and improvement of
drought tolerance in barley.

1. Introduction 2005). For examples, miR160 targets ARFI0 to regulate seed germi-

nation and post-embryonic developmental programs in Arabidopsis

Since its discovery as a substance regulating phototropism, auxin has
been implicated in diverse physiological processes in plants, including
root gravitropism, lateral root development, leaf and vein development
and shoot apical meristem activity. The effects of auxin depend upon its
biosynthesis, transport, perception, signaling, and target gene responses.
Most of these functions are controlled by a series of transcription factors
with different cell specificities, and/or by cooperating directly or in-
directly with other hormones (Kieffer et al., 2010).

MicroRNAs (miRNAs) are short, ~21-nucleotide-long, non-coding
RNAs with essential functions in regulating gene expression in plants
and animals (Voinnet, 2009). Previous studies have demonstrated that
some genes encoding AUXIN RESPONSE FACTORS (ARFs) are under
miRNA-mediated post-transcriptional regulation (Williams et al.,

thaliana (Liu et al., 2007), and promotes nodule formation and ma-
turation in soybean (Nizampatnam et al., 2015). Another miRNA,
miR167, is required for nodulation and lateral root development
through targeting GmARF8a and GmARF8b in soybean (Wang et al.,
2015), and regulates both female and male reproduction in Arabidopsis
(Wu et al., 2006). The third group of ARFs, such as ARF2, ARF3, and
ARF4, are controlled by trans-acting short interfering RNA3 (TAS3)-
derived trans-acting small interfering RNAs; the latter are produced by
miR390-mediated cleavage of the TAS3 transcript (Marin et al., 2010).
The miR390/TAS3/ARF module participates in leaf patterning and ex-
pansion, developmental phase transition, shoot meristem initiation,
lateral root (LR) growth, nodule symbiosis, and gall formation (Cabrera
et al., 2016; Hobecker et al., 2017; Marin et al., 2010).
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Besides ARF-mediated auxin signal transduction, auxin perception is
also regulated by miRNAs. miR393, which belongs to a conserved
miRNA family discovered in many plants, targets genes encoding a
small subset of F-box-containing auxin receptors, including TRANSP-
ORT INHIBITOR RESPONSE1 (TIR1) and AFBs in Arabidopsis (Navarro
et al., 2006), rice (Bian et al., 2012), and barley (Bai et al., 2017a). As
components of the Skpl-Cullinl-F-box protein (SCF) ubiquitin ligase
complexes, TIR1/AFBs release the activity of ARF transcription factors
by presenting Auxin/Indole-3-Acetic Acid-inducible (Aux/IAA) re-
pressors to proteolysis (Dharmasiri et al., 2005; Kepinski and Leyser,
2005). miR393 functions as an important regulator of auxin signaling
(Iglesias et al., 2014; Windels et al., 2014), and affects various pro-
cesses, including leaf, root development (Bian et al., 2012; Chen et al.,
2011; Parry et al., 2009), the embryogenic transition induced in vitro
(Wojcik and Gaj, 2016), and plant responses to biotic stress (Navarro
et al., 2006; Robert-Seilaniantz et al., 2011). In addition, miR393 was
reported to control root system architecture in response to nitrate
availability, salinity stress in Arabidopsis, and inhibition of root elon-
gation in response to toxic aluminum stress in barley (Bai et al., 2017a;
Iglesias et al., 2014; Vidal et al., 2010). Together, these data demon-
strate that the miR393/target module presents a conserved mechanism
to regulate developmental processes and plant growth in response to
environmental signals, through the auxin signaling pathway.

Stomata are openings in the epidermis of plant leaves with central
roles in the exchange of water vapor and carbon dioxide between the
plant and the environment. The development and patterning of stomata
have emerged as an ideal system for studying position-dependent pat-
terning via intercellular signaling, and the regulation of balance be-
tween proliferation and cell specification (Hepworth et al., 2018). On
the other hand, the opening and closing of stomata, which are regulated
by the integration of environmental signals and endogenous hormonal
stimuli, affect the response and tolerance of plants towards drought
stress conditions (Daszkowska-Golec and Szarejko, 2013). Recent pub-
lications identify the phytohormone auxin as a novel regulator of sto-
matal development and distribution (Balcerowicz et al.,, 2014;
Balcerowicz and Hoecker, 2014). Our previous findings of miR393 ac-
cumulation in stomatal guard cells in rice (Guo et al., 2016) also sug-
gests potential stomata-related functions for miR393. However, it is still
unclear whether miR393 functions in the established signaling network
during stomatal development and its response to drought stress.

In this study, we showed that miR393 affects the expression of
stomatal development-related genes via the auxin signaling pathway in
barley, and positively regulates stomatal density in leaves, which might
then contribute to variation of drought stress tolerance.

2. Materials and methods
2.1. Plant materials and growth conditions

Barley (Hordeum vulgare L. ‘Golden Promise’), including wildtype
and all transgenic plants, was used in this study. Seeds of barley were
surface-sterilized, rinsed, then placed on water-saturated filter papers in
9 cm culture dishes, and kept at 24 °C in the dark for 36 h. The germi-
nating seeds were transferred to 12-cm-diameter plastic pots, 5 seed-
lings/pot, with a mixture of soil and vermiculite (3:1) (Sun Gro
Horticulture Canada Ltd.) and kept well-watered with nutrient solution
(Zeng et al., 2017) under a 24 °C, 16 h light/8 h dark photoperiod in a
controlled climate chamber. For drought treatment, barley plants were
grown in soil for one month, and water content was maintained in the
soil (~78%) by the daily weighing of pots. The plants were then ex-
posed to drought stress (without watering) for 22 days.

For hydroponics, germinated seeds were transferred to 16-cm-dia-
meter plastic pots, 15 seedlings/pot, containing normal nutrient solu-
tion as described (Zeng et al., 2017). The nutrient solution was changed
every 3 days. After 9 days’ growth, the solution was renewed and the
corresponding containers were supplemented with 20% (w/v)
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polyethylene glycol (PEG 6000) for simulated drought treatment. Each
treatment contained at least 15 plants. For ABA treatment, germinated
seeds were transferred to basic salt media (BSM) solution (0.5 mM KCl,
0.1 mM CaCl,, pH 5.6) supplied with 50 uM ABA for an additional 24-h-
growth. Each treatment contained at least 15 plants.

2.2. Vector construction and plant transformation

For the promoter:GUS constructs, an ~2kb sequence upstream from
the predicted fold-backs for miR393a and miR393b were amplified by
PCR, and sub-cloned in pCAMBIA1301 to obtain pMIR393a:GUS and
PMIR393b:GUS, respectively. The primers used in this work are listed in
Supplemental Table S1. The clones used for vector construction were
verified by sequencing. The constructs described were electroporated into
Agrobacterium tumefaciens strain AGL1. The transformation was performed
through the infection of immature embryos (IEs) -derived scutellum of
barley with Agrobacterium followed by the selection of transgenic tissues
on media containing 50 mg L ™! hygromycin (Harwood, 2014).

2.3. GUS staining

Histochemical localization of GUS staining was performed by in-
cubating the seedlings in a solution of 1 mg mL~! 5-bromo-4-chloro-3-
indolyl-B-p-glucuronic acid (Sigma, USA), 1 mM potassium ferricya-
nide, 0.1% Triton X-100, 0.1 M sodium phosphate buffer, pH 7.0, and
10 mM EDTA at 37 °C, followed by clearing with 75% ethanol. Photos
were taken with a Canon SLR camera.

2.4. RNA extraction and RT-PCR analysis

Total RNA from barley seedlings was extracted using RNAiso Plus
(TaKaRa, Dalian, China), and 1 pg was used for first-strand cDNA synthesis
using oligo (dT) primers and a Super-Script III RT kit (TaKaRa, Dalian,
China). Quantitative real-time PCR (qRT-PCR) was performed on the
Mastercycler Ep Realplex2 system (Eppendorf, Hamburg, Germany) using
a SYBR PrimeScript RT reagent Kit (Perfect Real Time, TaKaRa, China).
Relative transcript levels were calculated with the **Ct method and the
ACTIN gene was used as a reference. Quantification of mature miRNA
levels was carried out through a poly(A)-based real-time PCR approach
using Mir-X™ miRNA First Strand Synthesis Kit (Clontech Laboratories,
Inc., China, Cat. #638315). A preliminary test was performed using
snoRNAs U6, miR168 and miR444 as internal controls for normalization
mature miR393 level in qQRT-PCR. The stability of reference gene expres-
sion was validated based on the standard deviation of the Ct value and
coefficient of correlation. miR444 was found to be a suitable reference
gene for its relative stable expression, and was used for normalization of
miR393 level during seedling development and in ABA treatment ex-
periment. Sequences of primers are listed in Table S1. The data shown
were obtained from three biological replicates.

2.5. Microscopy-based analyses of stomata

For DIC imaging, a thin layer of nail varnish was applied on the
lower epidermis in the region of maximum leaf width. After air drying,
the varnished area was peeled off from the leaves using forceps.
Stomatal counts were determined from nail varnish impressions on
glass slides using a Nikon Eclipse 80i/90i Microscope (Nikon, Japan)
with Nomarski optics. Typically, 10 abaxial fields per leaf from at least
10 individual plants were counted.

2.6. Detection of MDA and H,0, accumulation

After drought treatment, 3, 3’-diaminobenzidine (DAB) staining of leaf
samples was performed, as described previously (Bai et al., 2017a). The
thiobarbituric acid (TBA) test, which determines MDA as an end product of
lipid peroxidation, was used to measure lipid peroxidation in leaves. After
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drought treatment, leaf material (1 g) was homogenized in 10 mL 10% (w/
v) TCA solution. The homogenate was centrifuged at 5000 g for 10 min, and
2 ml of the supernatant was added to 2 mL 0.6% (w/v) TBA. The mixture
was incubated in boiling water for 15 min, and the reaction was stopped by
transferring the reaction tubes to an ice bath. The samples were then cen-
trifuged at 5000 g for 5 min, and the absorbance of supernatant was read at
532, 600 and 450 nm. The content of MDA is calculated using the following
formula: C (umolg ™" Fw) = 0.129 X (Assz-Aeoo) - 0.0112 X Augo. C re-
presents the content of MDA. Aszs, Agoo and Aysg refer to the absorbance
values measured at three wavelengths, respectively. All spectrophotometric
analyses were conducted at room temperature on a UV/visible spectro-
photometer Hitachi U-3010 (Hitachi High-Technologies Corporation,
Tokyo, Japan), and were repeated three times.

2.7. ABA content determination

1 g of two-week-old seedlings with or without treatment, were used.
The measurement of ABA content was performed according to the product
manual by using an enzyme-linked immunosorbent assay kit (Jiangsu Mei
Biao Biological technology Co., Ltd, China, Cat. MB-3468A).

2.8. Statistical analysis

Values derived from three biological replicates were used to calcu-
late standard deviations, and statistical significance was assessed using
the Student's t-test and one-way ANOVA across genotypes for a given
treatment at p = 0.05 or 0.01 with Tukey's posthoc test using OriginPro
8.5.1 (Origin Lab Corporation, Northampton, MA, USA). In graphs,
values that differ significantly are indicated by asterisk (Figs. 1-7) or
different letters (Figs. 6-7). Bars with similar or no letters indicate no
statistical difference among genotypes under a given treatment.

3. Results

3.1. The spatial expression pattern of miR393 at different stages during
development

In our previous work, we identified miR393 and its two target genes,
HvTIR1 and HvAFB in barley. Northern blot analysis showed that miR393
exhibited specific spatio-temporal expression pattern during seedling
development (Bai et al., 2017a). In order to monitor the expression
profile of miR393 in detail, two promoter-reporter lines, including
PMIR393a:GUS and pMIR393b:GUS, were generated through Agro-
bacterium tumefaciens-mediated transformation of barley. In general,
PMIR393a and pMIR393b displayed similar expression pattern during
development (Fig. 1A and B; Fig. S1). In imbibed seeds, GUS staining was
found in embryos, with a strong signal in the scutellum (Fig. 1C, Fig.
S1A). After germination, GUS expression driven by the MIR393 promoter
was observed in the tip of coleoptiles, the shoot-root junction, and root
(Fig. 1D-F and Figs. S1B-D). In leaves, the MIR393a promoter was active
in the distal parts of the leaf blade, especially in guard cells (Fig. 1G, H
and Figs. S1E and F). Furthermore, pMIR393b:GUS expression was de-
tected in the stigma, style, anther and immature embryo (Figs. SIG-K) at
the flowering stage. These data indicate that the expression of miR393 is
active almost throughout the developmental period in barley. qRT-PCR
detection of mature miRNA showed that the levels of miR393a and
miR393b were increased with the seedling growth, and the abundance of
miR393a was higher than that of miR393b in most of the tissues we
tested. Both miR393a and miR393b were expressed preferentially in leaf
and shoot, rather than in root (Fig. 1I).

3.2. miR393 affects leaf size and seedling growth in barley
To explore the biological function of miR393 in barley, we gener-

ated two transgenic barley lines. One was constructed to overexpress
miR393 under a CaMV 35S promoter (35S::MIR393b; termed as OE),
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and the other was to inhibit miR393 activity through the target mimics
strategy (35S::MIM393, termed as MIM. Besides root and seed pheno-
types, which were reported in our previous papers (Bai et al., 2017a;
Bai et al., 2017b), leaf size and shoot height of seedlings were altered in
miR393 OE and MIM transgenic lines. As shown in Fig. 2A-B, the shoot
lengths of OE and MIM transgenic lines were considerably lower after
14 days growth than those of the wild type (WT). Moreover, the OE line
displayed adaxial rolled-leaf phenotype (Figs. S2A and B), and the leaf
width was significantly lower than that of the WT (Fig. 2C and D). Both
OE and MIM lines exhibited increased leaf angles (Fig. S2C), suggesting
that miR393 is likely to regulate shoot architecture in barley.

3.3. miR393 regulates stomatal density and guard cell length in leaf blades

The expression of miR393 in guard cells prompted us to examine the
stomata and guard cells in the transgenic plants. The first true leaves of
7-day-old seedlings were used for microscopic observations. Stomata in
barley are characterized by dumbbell-shaped guard cells (GCs) flanked
by subsidiary cells (SCs) and are always oriented in the same direction
(Fig. 3). Overexpression of miR393 led to an increase in the abaxial
stomatal density. In addition, the guard cell lengths in the OE line were
significantly decreased. On the other hand, suppression of miR393 ac-
tivity resulted in a phenotype opposite to that in the OE line, with de-
creased stomatal density and increased guard cell width (Fig. 3A-D).
However, no significant change in stomatal lineage index (the ratio of
stomata and arrested stomatal precursor cells to the total number of
epidermal cells) was observed in both OE and MIM lines, compared
with that of the WT (Fig. S3).

3.4. Expression levels of stomata development-related genes are altered in
miR393 transgenic barley lines

In order to investigate the effect of miR393 on stomata develop-
ment-related genes in barley, we searched for EPIDERMAL PATTERN-
ING FACTOR (EPF), SPCH, MUTE, and FAMA orthologues in the barley
genome and found four putative genes. We subsequently performed
phylogenetic analysis of the proteins they encoded in Arabidopsis, rice
and Brachypodium distachyon (Fig. 4A). According to sequence align-
ment, the protein sequence of HvVSPCH shares 94% similarity to
BdSPCH1, the latter is one of two functional but partially redundant
SPCH paralogs in Brachypodium having arisen from a duplication event
that occurred in grasses (Raissig et al., 2017). HYMUTE and HvFAMA
can be grouped into the same clade with BAMUTE and BdFAMA, re-
spectively. As for HYFAMA, it seems to evolve parallel to OsEPF and
BdEPF.

The expression of stomatal development-related genes was ex-
amined through quantitative reverse transcription-PCR (qRT-PCR).
Total RNA was isolated from the first leaves of 3-day-old and 7-day-old
seedlings. When the first leaf started to stretch out of the envelope of
coleoptile (3 d-old seedlings), the expression levels of EPF1, SPCH, and
MUTE were suppressed in the OE line, and were elevated in the MIM
line. The transcript level of FAMA was significantly higher in the OE
line, and remained unchanged in 3-day-old MIM line (Fig. 4B). When
the first leaf became fully expanded (7-d-old seedlings), only subtle
changes were observed for the transcript levels of the four genes we
detected (Fig. 4C). These data indicate that miR393 might affect cell
divisions and cell fate transition during stomatal development.

3.5. miR393 affects stomatal development through the auxin signaling
pathway

ARF5, JAA12 and IAA17 are three auxin signaling-related genes
involved in stomatal development in Arabidopsis (Zhang et al., 2014).
Barley ARF5, IAA12 and IAA17 candidates were identified by BLASTP
in the barley database (http://webblast.ipk-gatersleben.de/barley/
viroblast.php) using the protein sequences from Arabidopsis and rice
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Fig. 1. Histochemical staining of pMIR393a:GUS and
PMIR393b:GUS transgenic barley plants. (A) 1-d-old
seedlings (1 day post germination) of pMIR393a:GUS
(A) and pMIR393b:GUS (B). pMIR393a activity was
detected in scutellum of the seed (C), coleoptile tip
(D), the stem base (E) and root (F) of 1-d-old seed-
lings. GUS staining signals were found in the leaf (G),
and stomatal guard cells of 14-day-old seedlings (H).
A, B, C, G, scale bar=25mm; D, E, scale
bar = 0.5mm; H, J, scale bar = 0.1 mm. (I) QRT-PCR
detection of miR393a and miR393b in wildtype
barley at the vegetative growth stage. Total RNA was
isolated from tissues in 2 d-, 7 d- and 14-d-old
seedlings grown in the nutrient solution. The data
shown are means + S.D. from three biological re-
plicates. Expression relative to miR444 are shown.
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Fig. 2. miR393 regulates the leaf phenotype and shoot architecture of barley
seedlings. A. Shoots of WT, OE, and MIM seedlings grown in the nutrient so-
lution for 14 days. B. Quantification of shoot lengths. C. Leaf widths and leaf
lengths of 14-day-old seedlings. Leaf phenotype of WT, OE, and MIM lines
grown in the nutrient solution for 14 days. Scale bar = 1 cm. D. Quantification
of leaf width. Error bars shown in Fig. 2B-D indicate S.D. for at least 30 plants.
Asterisks show significant difference from WT (Student's t-test; *p < 0.05;
**p < 0.01). The experiment was repeated three times with similar results.

as queries. We measured the expression of putative auxin-responsive
genes in WT, OE, and MIM lines. Amongst them, JAA12 and IAA17 were
up-regulated in both OE and MIM lines (Fig. 5A and Fig. S4). Only ARF5
exhibited an opposite trend in OF and MIM lines in the leaves of 3 d-old
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Fig. 3. Stomata phenotypes of WT, OE, and MIM lines. A. Abaxial stomatal
density of WT, OE, and MIM lines. B. Stomatal guard cell lengths of WT, OE, and
MIM lines. Three barley lines mentioned above were cultivated in the basic salt
media (BSM) solution for 7 days. The data show means ( = S.D) of 10 abaxial
leaf fields from at least 10 individual plants for each genotype. Asterisks show
significant difference from WT (Student's t-test; *p < 0.05; **p < 0.01). C-D.
Abaxial epidermal micrographs of guard cells of WT, OE, and MIM transgenic
lines. C, scale bar = 200 um; D, scale bar = 50 um.
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A H.vulgare]HORVUTHI G079250.1 HYSPCH Fig. 4. miR393 influences the expression of stomatal
B.distachyon|BRADI_1g38650v3 BASPCH1 development-related genes. EPFI (epidermal pat-
O.sativa|LOC_0s06g33450.1 OsSPCH1 terning factor 1), SPCH (SPEECHLESS), MUTE, and
B.distachyon|BRADI_3g09670v3 BASPCH2 FAMA encode bHLH transcription factors associated
A.thaliana|At5G53210 AtSPCH with stomatal development. A. Phylogenetic tree of
A.thalianal At3G06120 AtMUTE EPF1, SPCH, MUTE, and FAMA among barley and
% O.sativalLOC_0s05g51820.1 OSMUTE other species constructed in MEGA 4 by the Neighbor-
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stomatal development-related genes. Total RNA was
isolated from the first leaf of 3-day-old (B) and 7-day-
old (C) seedlings grown in the BSM solution. The ex-
pression levels in WT were set as 1.0. The data shown
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seedlings. Overexpression of miR393 resulted in a significant decrease
in ARF5 transcript levels, while inhibiting miR393 activity led to a
moderate increase in ARF5 expression (Fig. 5A). When the first leaf
became fully expanded (in 7-d-old seedlings), the transcript level of
ARF5 was decreased both in the OF and MIM lines (Fig. S4). The pu-
tative HYARF5 (HORVU2Hr1G109650) encodes a protein of 955 amino
acids. Using the Conserved Domain database (https://www.ncbi.nlm.
nih.gov/cdd), three domains including B3 DNA binding domain, Aux-
in_resp (a conserved region of auxin-responsive transcription factors)
and Aux_IAA super family, have been found for this predicted HvARF5
(Fig. 5B). The sequences of these domains are highly conserved among
Arabidopsis, rice and barley (Fig. 5C).

3.6. Overexpression of miR393 enhanced drought sensitivity in barley

Next, we detected drought tolerance of WT, OE, and MIM plants. 30-
day-old plants grown at 24 °C in a growth chamber were subjected to a
terminal drought experiment, alongside a parallel set of plants that
were kept well-watered. After 22 days drought treatment, an attenuated
growth rate was observed in all three lines. Furthermore, the OE plants
exhibited serious signs of wilting (Fig. 6A). MDA (malondialdehyde)
content in leaves was measured to assess lipid peroxidation under
drought treatment. As shown in Fig. 6B, drought treatment resulted in
MDA accumulation in all three lines. The highest level of MDA occurred
in the OE lines, suggesting that drought-induced lipid peroxidation was
more severe in the OE line than in WT. As for the MIM line, water stress-

induced oxidative damage in leaves was greatly alleviated compared to
that in the WT.

The accumulation of reactive oxygen species (ROS) under drought
stress is a common phenomenon which can cause oxidative damage in
plant cells. The leaves of seedlings were stained with DAB, which can be
used to visualize the production of H,O,. No DAB staining was observed
in barley leaves under control treatment. After drought treatment, DAB
staining became stronger in the leaves of the OE line, while no obvious
change was observed in WT and the MIM line (Fig. 6C). Quantification
of water loss rates in detached leaves indicated that the MIM line had
slower rates of water evaporation than did the WT and the OE line
(Fig. 6D). Together, these data suggested that miR393 might influence
drought tolerance in barley.

3.7. miR393 might regulate drought tolerance through the ABA pathway

Abscisic acid (ABA) is a key phytohormone promoting abiotic stress
tolerance, as well as developmental processes such as seed dormancy
and germination. Water stress triggers a series of adjustments to plant
physiology, including ABA biosynthesis and stomatal closure, to limit
evapotranspiration (Kuromori et al., 2018). It was found that both the
transcription of pri-MIR393 and the accumulation of mature miR393
were induced under exogenous ABA treatment, especially for pri-
MIR393b and miR393b (Fig. 7A and B). Moreover, miR393 transgenic
lines exhibited differential ABA sensitivity. Overexpression of miR393
led to increased ABA sensitivity, whereas knocking down miR393
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Fig. 5. miR393 affects the expression of auxin-re-
sponsive genes during barley stomatal development.
A. The expression of auxin-responsive genes. Total

RNA was isolated from the first leaf of 3-day-old
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seedlings grown in the BSM solution. The expression
level of corresponding genes in WT were set as 1.0.
The data shown are means + S.D. of three biolo-
gical replicates. Asterisks show significant differ-
ences from WT (Student's ttest; *p < 0.05;
**p < 0.01). B. The structure of a putative ARF5 in
barley. The structure of protein encoded by
HORVU2Hr1G109650 was predicted through the
Conserved Domain database (https://www.ncbi.nlm.
nih.gov/cdd). C. Sequence alignment of three ARF5
homologs from Arabidopsis, rice and barley. Only the
sequences of B3 DNA binding domain, Auxin_resp (a
conserved region of auxin-responsive transcription
factors) and Aux IAA super family are shown. The
gene IDs are HORVU2Hr1G109650 from Hordeum
vulgare, LOC_0s04g56850.1 from Oryza sativa, and
AT1G19850.1 from Arabidopsis thaliana.

Fig. 6. Phenotypes of WT, OE, and MIM transgenic
barley lines under drought treatment. A. Photo-
graphs of WT, OE, and MIM plants after drought
treatment for 22 days. B. MDA (malondialdehyde)
content in leaves of WT, OE, and MIM lines after 22
days drought treatment. The data shown are
means * S.D., n = 15 seedlings, three replicates.
Values that differ significantly are indicated by dif-
ferent letters (Student's t-test; *p < 0.05;
**p < 0.01). C. DAB (3, 3’-Diaminobenzidine)
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staining of untreated and drought-stressed leaves in
WT, OE, and MIM lines. D. Rate of relative water loss
of detached leaves. The leaf samples (about 1 g) were
detached from the same stage of different plants
growing under normal conditions for four weeks,
1 weighed immediately on a piece of weighing paper,
and then placed on a laboratory bench and weighed
at designated times. The percentage loss of fresh
weight was calculated on the basis of the initial
weight of the plants. The data shown are means +

S.D., n =15, three replicates. Asterisks show sig-

—— WT

= OFE
e MIM

activity reduced ABA sensitivity, as reflected in the seed germination
and leaf greening rates under ABA treatment (Figs. S5A and B). These
data suggested that miR393 not only regulates auxin signaling, but also
interacts with the ABA pathway.

In order to investigate whether the alteration of miR393 levels af-
fects ABA biosynthesis under water limiting conditions, we tested ABA-
related gene expression and ABA content in leaves. Our results showed
that 20% PEG treatment considerably induced the expression of ABA
biosynthesis-related genes (NCED1, NCED2 and NCED3), indicating that
water stress promoted ABA production (Fig. 7C). Moreover, ABA con-
tent exhibited a significant difference among three lines. PEG-induced
ABA synthesis was inhibited, especially in the miR393-overexpressing

2

Time (h)

308

nificant difference from WT under a given treatment
(Student's t-test; *p < 0.05; **p < 0.01). A, scale
bar = 2 cm; C, scale bar = 1 cm.

3

line. The MIM line displayed significantly increased ABA levels both
under normal or water-deficient conditions, compared with their WT
controls (Fig. 7D). These data provided a possibility that miR393 might
regulate drought response and tolerance through its crosstalk with the
ABA pathway.

4. Discussion

In barley, the miRNA393 family consists of two members: miR393a
and miR393b, which are encoded by HYMIR393a and HVYMIR393b, re-
spectively. Mature miR393a and miR393b differ in sequence by a 1-nt
downstream shift in the annotated start sites (Bai et al., 2017a). A
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combination of promoter reporter analysis and RT-PCR detection have
been performed to reveal the expression pattern of different miR393
members. Although the sequences of the two promoters are almost
completely different, they contain several common conservative cia-
acting regulatory elements, such as elements essential for light induc-
tion, anaerobic induction, and elements involved in drought-in-
ducibility and low-temperature responsiveness (Fig. S6). Histochemical
detection of GUS activity showed that MIR393a and MIR393b displayed
similar spatial expression patterns, both were transcribed in germinated
seed, roots and leaves (Fig. 1 and Fig. S1). The results of qRT-PCR
detection of mature miR393 were consistent with previous RNA gel blot
data (Bai et al., 2017a), indicating that the level of miR393 was higher
in aerial tissues than in the underground organs. It was also found that
the relative level of miR393a is higher than miR393b (Fig. 1I), sug-
gesting that MIR393a seems to contribute more to the accumulation of
mature miR393 during early seedling growth stages.

The biological function of miR393 was investigated using miR393
overexpression and target mimic transgenic barley lines. Leaf size and
shoot height of seedlings was found to be decreased significantly in
miR393 OF and MIM transgenic lines after 14-day-growth (Fig. 2).
Because the conserved targets of miR393 belong to the TIR1/AFBs fa-
mily of auxin receptors, we proposed that ectopic expression of miR393
or inhibition of miR393 activity might disrupt auxin homeostasis,
which might be required for normal seedling growth in barley.

The following work focuses on stomata. The formation and dis-
tribution of stomata is tightly regulated by intrinsic and environmental
signals, thereby representing an excellent system to study the funda-
mental mechanisms that control cell fate and patterning (Qi and Torii,
2018). In the study herein, we showed that miR393, which regulates
auxin TIR1/AFBs co-receptor genes post-transcriptionally, is involved in
stomatal development in barley. Using a promoter-reporter line,
MIR393 expression could be detected in the stomata of young leaves
(Fig. 1H and 1SF). Similar results have been reported in rice (Guo et al.,
2016). Observations in Arabidopsis by analyzing DR5 and DII-Venus
auxin output and input reporters respectively, provided further evi-
dence for auxin signaling during stomatal development (Le et al.,
2014). These data indicated that miR393 might be helpful for precise
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regulation of auxin signaling for determination of cell fate and cell
division during stomatal development.

Transgenic barley plants, including miR393 overexpressing or
knock-down lines, were used to unravel the function of miR393 in
stomatal development. It showed that overexpression of miR393 re-
sulted in increased stomatal density, whereas knocking down miR393
activity caused an opposite phenotype. This is in agreement with the
phenotype of a quadruple mutant tirl afbl afb2 afb3 in Arabidopsis,
which displayed prominent stomatal clusters and increased SMI (the
proportion of stomata among all epidermal cells), indicating that nu-
clear receptor-mediated auxin signaling is required for negative reg-
ulation of stomatal development (Zhang et al., 2014). Considering the
intermediate stomatal phenotype observed in the OE line, we proposed
that, besides miR393 target genes, other components in auxin pathway
might be involved in the regulation of stomatal development in barley.

gRT-PCR detection of auxin-related genes allowed the identification
of a candidate gene which could be involved in auxin responses during
stomatal development. The results showed that the transcript level of
putative ARF5 (also known as MONOPTEROS, MP) decreased in the OE
line, and was enhanced in the MIM line, indicating a negative re-
lationship with miR393 (Fig. 5A). In Arabidopsis, significantly increased
SMI and stomatal clusters have been reported in the lethal mp allele in
arf5-1 seedlings. Furthermore, through physiological, genetic, bio-
chemical, and molecular analyses, MP was found to repress the ex-
pression of STOMAGEN by directly binding to its promoter (Zhang
et al., 2014). We further detected the expression of a putative STOM-
AGEN gene (HORVU3Hr1G093110.9) in barley. The protein sequence
of this candidate shares 47.8% similarity to the STOMAGEN from
Arabidopsis, and is predicted as an EPIDERMAL PATTERNING
FACTOR-like protein (Fig. S7A). qRT-PCR showed that, in the 7-day-old
seedlings, the transcript level of this STOMAGEN putative gene in the
first leaf was elevated significantly in the OE line, and was repressed in
the MIM line (Fig. S6C). These data raise a possibility that ARF5 might
act as a downstream factor linking auxin response to stomatal devel-
opment in barley, although further experiments are needed to validate
its biological function and elucidate related mechanisms. On the other
hand, two AUX/IAA genes, JAA12 and IAA17, were found to be up-
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regulated in both the OE and the MIM lines (Fig. 5A, Fig. S4). It in-
dicates that the transcript levels of JAA12 and IAA17 might not be
regulated directly by miR393 or its targets. According to the current
auxin signaling model, the target genes TIR1/AFBs, which encoding
auxin co-receptors, regulate auxin signaling by proteolysis of Aux/IAA
repressors (Dharmasiri et al., 2005; Kepinski and Leyser, 2005). Whe-
ther miR393 regulates the protein stability of IAA12 and IAA17 need to
be further studied.

To explain how miR393 affects stomatal development, we mon-
itored the expression of four transcription factors in the transgenic
lines. Our results showed that miR393 plays a role in gene regulation
mainly in early stages of leaf development, and the expression of three
genes (EPF1, SPCH, and MUTE) was suppressed in the OE line, but was
enhanced in the MIM line (Fig. 4B). These observations are of particular
interest when considering the grasses, because both the morphology of
guard cells and their tissue distributions differ substantially from Ara-
bidopsis. Except FAMA, whose function is conserved between monocots
and dicots, the roles of MUTE and two SPCH paralogs are divergent (Liu
et al., 2009). Studies in Brachypodium demonstrate that the expression
of BASPCHI1 and BdSPCH2 is limited to the stomatal cell file during
stomatal development (Raissig et al., 2016), while BIMUTE moves from
guard mother cells (GMCs) into neighboring subsidiary mother cells
(SMCs) to establish SMCs identity (Raissig et al., 2017). HVEPFI, a
barley orthologue of AtEPF1/2, is found to prevent GMC formation and
cause the arrest of GMC development prior to SMC generation (Hughes
et al.,, 2017). Therefore, we proposed that the regulation of miR393
might be associated with asymmetric division in the early stages of
stomatal development, especially for subsidiary cell formation
(Hepworth et al., 2018). Research in Z. mays supports our speculation
and provides evidence that auxin is involved in subsidiary cell forma-
tion, probably functioning as an inducer of asymmetric SMC division
(Livanos et al., 2015).

The majority of water loss from plants occurs via transpiration
through stomata, making these cellular structures an attractive target
for improving drought tolerance. Since miR393 affects stomatal density
and guard cell length, we were interested in investigating whether it
regulates water loss and drought tolerance. After 22 days drought
treatment, the MIM line exhibited enhanced drought tolerance, as re-
flected by alleviated leaf wilting and MDA accumulation, compared
with WT, whereas the OE line became more sensitive to water-limiting
treatment (Fig. 6). A previous study in barley showed that over-
expression of HVEPF1, a gene which belongs to the epidermal pat-
terning factor (EPF) family of secreted signaling peptides, resulted in
significantly reduced stomatal density, substantial reductions in leaf gas
exchange, remarkably enhanced water use efficiency, and drought
tolerance. In addition, HYEPF1OE barley lines showed no reductions in
grain yield (Hughes et al., 2017). Therefore, alterations in stomatal
density might contribute to drought tolerance in barley.

Besides stomatal density, stomatal aperture is another factor that
might affect water loss. In response to drought, plants synthesize the
hormone ABA, which triggers stomatal closure, thus reducing tran-
spirational water loss. ABA-induced stomatal closure has been observed
in many plant species including barley (Shen et al., 2015). We found
that miR393 altered ABA biosynthesis-related genes 9-cis-epoxycar-
otenoid dioxygenase (NCED1, NCED2, and NCED3; Fig. 7C), which is
consistent with the ABA levels among the three lines (Fig. 7D). More-
over, we found that miR393 is an ABA-responsive miRNA; the expres-
sion of both miR393a and miR393b was induced in leaf samples of
barley seedlings when exogenous ABA was applied (Fig. 7A, B), and
plant sensitivity to ABA treatment was altered in transgenic miR393
lines (Fig. S5). Thus we propose that miR393 might regulate drought
tolerance via ABA-induced stomatal closure or other cellular responses
that protect cells from desiccation damage.

Collectively, we found that miR393 positively regulates the sto-
matal density in leaves, and controls ABA accumulation under drought
stress. Understanding these control systems will help us to develop
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plant varieties that are better able to withstand drought conditions.
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