
MiR393 Regulation of Auxin Signaling and Redox-
Related Components during Acclimation to Salinity in
Arabidopsis
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Abstract

One of the most striking aspects of plant plasticity is the modulation of development in response to environmental
changes. Plant growth and development largely depend on the phytohormone auxin that exerts its function through a
partially redundant family of F-box receptors, the TIR1-AFBs. We have previously reported that the Arabidopsis double
mutant tir1 afb2 is more tolerant to salt stress than wild-type plants and we hypothesized that down-regulation of auxin
signaling might be part of Arabidopsis acclimation to salinity. In this work, we show that NaCl-mediated salt stress induces
miR393 expression by enhancing the transcription of AtMIR393A and leads to a concomitant reduction in the levels of the
TIR1 and AFB2 receptors. Consequently, NaCl triggers stabilization of Aux/IAA repressors leading to down-regulation of
auxin signaling. Further, we report that miR393 is likely involved in repression of lateral root (LR) initiation, emergence and
elongation during salinity, since the mir393ab mutant shows reduced inhibition of emergent and mature LR number and
length upon NaCl-treatment. Additionally, mir393ab mutant plants have increased levels of reactive oxygen species (ROS) in
LRs, and reduced ascorbate peroxidase (APX) enzymatic activity compared with wild-type plants during salinity. Thus,
miR393 regulation of the TIR1 and AFB2 receptors could be a critical checkpoint between auxin signaling and specfic redox-
associated components in order to coordinate tissue and time-specific growth responses and tolerance during acclimation
to salinity in Arabidopsis.
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Introduction

Soil salinity is one of the most significant abiotic stresses to crop

productivity worldwide [1]. Therefore, elucidation of plant

acclimation to salinity has become a main issue in plant

physiology. The rapid perception of salinity and accurate relay

of environmental signals to switch on adaptive developmental

responses are essential for plant survival under conditions of high

salinity. In this context, auxin, which is an established growth

regulator, is emerging as a new player in plant responses to biotic

and abiotic stresses [2,3].

The natural auxin, indole-3-acetic acid (IAA) modulates gene

expression through direct physical interaction with the TIR1/

AFBs auxin receptor (TAAR) proteins resulting in the targeted

degradation of Aux/IAA transcriptional repressor proteins via the

SCF E3-ubiquitin ligase proteasome pathway [4,5,6,7,8]. Recent

findings demonstrated that TAARs have distinct biochemical and

biological functions and exhibit a complex post-transcriptional

regulation [9,10,11]. MiR393 and the secondary siRNAs have

been implicated in down-regulation of TAARs expression in

Arabidopsis [11,12,13,14,15].

Reactive oxygen species (ROS) and hormones are key elements

in intricate switches used by plants to trigger highly dynamic

responses to changing environment. Although ROS may have

deleterious effects in the cells, they also act as signal transduction

molecules involved in mediating responses to environmental

stresses [16]. Plant plasticity in response to the environment is

linked to a complex signaling module in which ROS and
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antioxidants operate together with hormones, including auxin

[17]. We previously reported the involvement of TAARs in the

plant adaptive response to oxidative and salinity stresses. The

auxin resistant double mutant tir1 afb2 showed increased

tolerance to salinity measured by chlorophyll content, germination

rate and root elongation. In addition, mutant plants displayed

reduced hydrogen peroxide (H2O2) and superoxide anion (O2
2.)

levels, as well as enhanced antioxidant metabolism [18]. Micro-

array analyses indicated that auxin responsive genes are repressed

by different stresses such as, wounding, oxidative, selenium, and

salt treatments in Arabidopsis and rice [19,20,21]. More recently,

the transcriptomic data of Blomster et al. [22] showed that various

aspects of auxin homeostasis and signaling are modified by

apoplastic ROS. Together, these findings suggest that the

suppression of auxin signaling might be a strategy that plants

use to enhance their tolerance to abiotic stress including salinity.

However, whether auxin signaling is repressed as a result of salt

stress and how stress-related signals and plant development are

integrated by a ROS-auxin crosstalk is still in its beginning.

Here, we show that salinity triggers miR393 expression which

leads to a repression of TIR1 and AFB2 receptors. Furthermore,

down-regulation of auxin signaling by miR393 was demonstrated

to mediate the repression of LR initiation, emergence and

elongation during salinity. Additionally, the mir393ab mutant

showed increased levels of reactive oxygen species (ROS) due to

reduced ascorbate peroxidase (APX) enzymatic activity. Altogeth-

er these experiments lead us to propose a hypothetical model to

explain how salt stress might suppress TIR1/AFB2-mediated

auxin signaling thus integrating stress signals, redox state and

physiological growth responses during acclimation to salinity in

Arabidopsis plants.

Materials and Methods

Plant Material and Growth Conditions
Arabidopsis thaliana wild-type (WT) and mutants tir1-1 [23],

tir1-1 afb2-3 [24], ago1-27 [25] and mir393ab [26], are in the

Columbia (Col-0) ecotype. Arabidopsis transgenic lines BA3pro:
GUS, DR5pro:GUS, HSpro:AXR3NT-GUS, TIR1pro:TIR1-
GUS, TIR1pro:mTIR1-GUS, AtMIR393Apro:GUS, AtMIR393B-
pro:GUS, 35Spro:TIR1-Myc, mir393ab HSpro:AXR3NT-GUS
and mir393ab DR5pro:GUS were previously described [4,9,26,

27,28,29].

Seeds were surface-sterilized and stratified at 4uC in the dark for

2 d. Then, seeds were plated on Arabidopsis thaliana Salt (ATS)

medium [30] plus 1% (w/v) sucrose and 0.8% (w/v) agar and

grown vertically at 23uC under 120 mmol photons m22 s21 with

16: 8 h light: dark cycles.

For lateral roots (LRs) assays, 4 days post-germination (dpg)

seedlings growing on ATS agar medium on vertical plates were

transferred onto fresh media containing NaCl for additional 5–

7 d, after which the number of emergent and mature LR was

measured according to Malamy and Benfey [31]. Alternatively,

4 dpg seedlings were transferred from auxin-free medium onto

85 nM indole acetic acid (IAA) or 85 nM 2,4-D and LR were

counted after 3 d as previously described by Dharmasiri et al. [6].

Since IAA, is susceptible to photolysis under blue and ultraviolet

light, for IAA-treatment plants were grown under yellow light as

described by Rahman et al. [32].

For rosette diameter measurements, plants were grown in ATS

medium supplemented with 75 mm NaCl in horizontal position

for 12 d. Rosette area was determined by finding the minimal area

that contained all leaves using ImageJ as image-analysis software

(http://rsbweb.nih.gov/ij/).

Unless stated otherwise, seedlings were grown on ATS medium

in vertical position and then transferred to liquid ATS medium

supplemented with NaCl for designated times.

GUS Staining
Transgenic lines were transferred into liquid ATS medium

containing NaCl or IAA and then incubated with mild shaking at

23uC for 2–4 h. After treatment, seedlings were fixed in 90% (v/v)

acetone at 20uC for 1 h, washed twice in 50 mM sodium

phosphate buffer pH 7.0 and incubated in staining buffer

[50 mM Na phosphate (pH 7.0), 5 mM EDTA, 0.1% (v/v)

Triton X-100, 5 mM K4Fe(CN)6, 0.5 mM K3Fe (CN)6 and 1 mg/

ml X-Gluc (GBT)] at 37uC from 2 h to overnight. Bright-field

images were taken using a Nikon SMZ800 magnifier.

Specifically, HSpro:AXR3NT-GUS seedlings were induced in

liquid ATS medium at 37uC for 2 h and then treated with NaCl at

23uC.

For the analysis of GUS expression in cross sections of primary

roots, seedlings were included in a paraffin matrix (Paraplast) at

60uC after GUS staining. Roots were cut into 5 mm sections using

a Minot type rotary microtome Zeiss HYRAX M 15. Section were

deparaffined with xylene, mounted with Entellan (Merk) and

observed by bright field microscopy in an Olympus CX21

microscope. Images were captured using a digital camera attached

to the microscope. The arrangement of cells in the cross section of

primary roots was evaluated according to Malamy and Benfey

[31]. Densitometric analysis of GUS expression was conducted by

scanning blue vs total pixels of the different tissues using Matrox

Inspector 2.2 software (Matrox Electronics Systems, Ltd). The

control value was arbitrarily set to 1 in each case.

Protein Gel Blot Analysis
Seven dpg tir1-1 35S:TIR1-Myc plants were transferred to

liquid ATS medium supplemented with 200 mM NaCl for

different times. After treatments, plants were homogenized in

ice-cold buffer [50 mM 2-amino-2-(hydroxymethyl)-1,3-propane-

diol (TRIS) pH 7.5, 200 mM NaCl, 10% (v/v) glycerol, 0.1% (v/

v) Tween-20], containing 1 mM phenylmethylsulfonyl fluoride

(PMSF) and complete protease inhibitor cocktail (Roche) and

centrifuged twice at 10,000 g at 4uC for 15 min. Equal amounts of

protein were loaded onto SDS-PAGE and blotted onto the

nitrocellulose membrane. Membranes were incubated with anti-c

Myc antibody (Sigma) and goat anti-mouse alkaline phosphatase

conjugate (Sigma) was used as secondary antibody. Then, Myc

detection was visualized with NBT and BCIP (Promega).

Densitometry analysis of immunoblots was performed using

Matrox Inspector 2.2 software (Matrox Electronics Systems, Ltd).

RNA Preparation and RNA-analysis
Total RNA was isolated using TRIzol reagent (Invitrogen).

RNA samples were assessed for purity via their A260/A280 ratios

and integrity by resolving 1 mg of total RNA on a 1.2% (w/v)

denaturing agarose gel. For each sample, a normalization of RNA

for RT was performed by density measurement of each 28S

ribosomal RNA band. Total RNA (1 mg) was reverse transcribed

with ImProm-II Reverse Transcription System (Promega) follow-

ing the manufacturer’s protocol. The level of transcript was

determined by RT-PCR using the following primers: TIR1
(TIR1-F 59-GATGGTCTCGCTGCTATCG-39 and TIR1-R

59-GGTTGAAGCAAGCACCTCA-39), AFB2 (AFB2-F 59-

CTGCCAACAAATGACAAACG-39 and AFB2-R 59-ATC-

CATTCTTGTCCCAACCA-39), GUS (GUS-F 59-GGCACAG-

CACATCAAAGAGA-39 and GUS-R 59-CTGATAGCGCGT-

GACAAAAA-39), ACT2 (ACT-F 59-AAACCCTCGTAGATT-
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GGCACA-39 and ACT2-R 59-AAACCCTCGTAGATTGG-

CACA-39). Conditions were optimized for all semi-quantitative

RT-PCR reactions to ensure linearity of response for comparison

between samples.

RNA-blots were done according to Si-Ammour et al. [33].

Chlorophyll Content
Seven dpg seedlings were transferred into liquid ATS medium

supplemented with 100 mM NaCl during 3 d and chlorophyll was

extracted as described in detail previously [18]. The chlorophyll

content was measured spectrophotometrically at 652 nm (Ultros-

pecTM 1100) [34].

In situ ROS detection
Seedlings were incubated with 10 mM of the cell permeable

fluorescent probe 29,79-dicloro-dihydro fluorescein (H2DCF DA,

Sigma-Aldrich) in 5 mM MES Buffer pH 5.7, 250 mM ClK and

1 mM Cl2Ca during 30 min in darkness. After three washes,

seedlings were examined by epi-fluorescence in an Eclipse E200

microscope (Nikon, http://www.nikon.com/) connected with a

high-resolution digital camera (Nikon). Fluorescence intensity in

LRs was quantified using ImageJ as image-analysis software

(http://rsbweb.nih.gov/ij/).

H2DCF DA is de-esterified intracellularly and turns to highly

fluorescent 29,79-dichlorofluorescein upon oxidation.

Superoxide Detection
To assay superoxide anion (O2

.2) leaves from 14 dpg WT and

miR393ab seedlings were stained with 0.2% (w/v) NBT in 10 mM

potassium phosphate buffer pH 7.5 for 30 min as described by

Jabs et al. [35]. Leaves were bleached in 96% (v/v) ethanol

overnight.

ROS Measurements
Seven dpg seedlings were transferred into liquid ATS medium

supplemented with 100 mM NaCl for 12 h and H2O2 was

extracted as described in detail previously [18]. Endogenous H2O2

was quantified based on the reaction of xylenol orange (o-

cresolsulfonephthalein 39,30-bis (methylimino) diacetic acid sodi-

um salt with the peroxide-mediated oxidation of Fe2+ to Fe3+ [36].

APX and CAT Activity
Seven dpg seedlings were transferred to liquid ATS medium

supplemented with 100 mM NaCl for 12 h. Catalase (CAT) and

ascorbate peroxidase (APX) activities were measured as described

in detail previously [18]. Total proteins were measured according

to Bradford [37] by using bovine serum albumin as standard.

Ascorbate and GSH measurements
Seedlings (0.5–1 g) were ground in liquid N2 and the powder

was extracted in 6% trifluoracetic acid (TFA) followed by

centrifugation at 13,000 g for 5 min. AA level was measured by

high performance liquid chromatography (HPLC) as described in

detail previously [38].

GSH was measured in the same homogenates used for AA

determinations. Total thiols were assayed spectrophotometrically

in a reaction mixture containing 100 mM K2HPO4 buffer pH 7.5,

5 mM EDTA, 0.5 U mL21 glutathione reductase, 0.5 mM 5,59-

dithiobis-(2-nitrobenzoic acid), 0.1 mM NADPH and different

sample volumes [39]. GSSG was determined after treating samples

with 2-vinylpiridine.

Statistical Analysis
The values shown in figures are mean values 6 SE of at least 3

experiments. Approximately, 50 seedlings were processed per line

in each experiment. The data were subjected to analysis of t-test or

variance (one and two- ways ANOVA) and post hoc comparisons

were performed with Tukey’s multiple range test at P,0.05 level.

SigmaStat 3.1(SPSS) was used as statistical software program.

Results

Auxin-dependent Physiological Responses in Whole
Seedlings are Affected by Salinity

The induction of LRs represents a very rapid, sensitive and

quantitative parameter to evaluate an auxin-mediated response

[40]. To explore the regulation of auxin-dependent physiological

responses by salt, four dpg seedlings were transferred from auxin-

free medium onto media containing IAA or the synthetic auxin

2,4-D in combination with increasing concentrations of NaCl (50,

75 and 100 mM). After 3 d, LRs were quantified. As shown in

Figure 1A and Figure S1, NaCl inhibited auxin-mediated

induction of LRs in a dose-response manner suggesting that

salinity treatment counteracts auxin-dependent growth responses

in Arabidopsis plants. This conclusion was also confirmed by

exploring the effect of salinity on the inducibility of the auxin

signaling reporters BA3pro:GUS and DR5pro:GUS seedlings. To

induce auxin response, 7 dpg seedlings were transferred to liquid

ATS medium containing 50 nM or 100 nM IAA in combination

with increasing concentrations of NaCl (100 and 200 mM) for 4 h.

IAA treatments stimulated GUS expression in a dose-dependent

manner as indicated by a bright-blue colour in root tips of

BA3pro:GUS seedlings, NaCl had a clear inhibitory effect in

auxin-mediated GUS expression (Figure 1B). In 100 nM IAA-

treated BA3pro:GUS seedlings, GUS mRNA level was quantified

under increasing concentrations of NaCl. Approximately, a 75%

repression in auxin response was estimated through GUS mRNA

level quantification in 200 mM NaCl-treated seedlings compared

with control (Figure 1C). In agreement with this result, NaCl

treatment blocked GUS expression in whole DR5pro: GUS
seedlings including cotyledons, shoots, root tips, and LR

(Figure 1D). These results showed a correlation between the

formation of less LR (Figure 1A) and the reduction of auxin-

dependent promoter inducibility in LRs by NaCl.

Salinity Represses TIR1/AFB2-Mediated Auxin Signaling
NaCl might inhibit auxin response by modulation of auxin

signaling. Auxin-mediated gene expression is regulated via

TAARs. Thus, NaCl action may result in transcriptional

repression of TAAR genes. To test this possibility, the effect of

NaCl-mediated salinity was analysed in TIR1pro:TIR1-GUS and

AFB2pro:AFB2-GUS seedlings. In both transgenic lines, GUS

enzyme is fused to the C-terminal region of the TIR1 or AFB2

protein and expressed under the control of their respective natural

promoters. Firstly, we explored TIR1 level in TIR1pro:TIR1-
GUS seedlings after NaCl treatment in a time-course assay. Four

hours of NaCl treatment was sufficient to down regulate TIR1

level (Figure S2C). Then, 7 dpg TIR1pro:TIR1-GUS and

AFB2pro:AFB2-GUS seedlings were subjected to increasing

concentrations of NaCl (50 mM, 100 mM and 200 mM) for

4 h. As shown in Figure 2, A and B, NaCl reduced GUS staining

in both lines suggesting a reduction in TIR1 and AFB2 protein

levels by salt. AFB2pro:AFB2-GUS line showed a dose-depend

inhibition of AFB2 content while NaCl at 50 mM was sufficient to

reduce and restrict GUS staining to the root tip in TIR1pro:TIR1-
GUS line. In agreement, Arabidopsis plants expressing a cMyc
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epitope-tagged TIR1 under the CaMV 35S promoter showed a

reduction of approximately 30% of TIR1 protein level in whole

seedling after 4 h of 200 mM NaCl treatment (Figure 2, C and D).

In the presence of auxin, TAARs interact with Aux/IAA

proteins to promote their degradation. Thus, a reduction in TIR1

and AFB2 levels should lead to less Aux/IAAs degradation. To test

whether salt stress leads to stabilization of Aux/IAA proteins, we

analyzed the expression of the reporter protein AXR3NT-GUS

under salt treatment. The HSpro:AXR3NT-GUS reporter en-

codes a fusion between the amino terminus of the Aux/IAA

repressor AXR3/IAA17 and GUS driven by a heat-shock (HS)-

inducible promoter [4]. After heat shock treatment, 7 dpg

seedlings were treated with IAA in combination with NaCl for

4 h and then assessed for GUS expression. As expected, IAA

treatments caused a decrease in AXR3NT-GUS stability but this

was substantially counteracted by 100 and 200 mM NaCl since

seedlings exposed to salinity exhibited stronger GUS staining

(Figure 2E, lower panel). The increased AXR3NT-GUS stability

was also detected in NaCl-treated seedlings in the absence of IAA

(Figure 2E, upper panel) suggesting that down-regulation of TIR1

and AFB2 by salinity is concomitant with the stabilization of Aux/

IAA repressors in Arabidopsis leaves.

Down-regulation of the TIR1 and AFB2 Receptors by
miR393

TIR1-mediated auxin signaling is post-transcriptionally regu-

lated by miR393 and siTAARs in Arabidopsis seedlings grown in

standard conditions [9,11,15]. Additionally, miR393 also plays

important roles during responses to various stress conditions

[12,13,14,41]. We hypothesized that miRNA-mediated regulation

of TAARs could take part during Arabidopsis adaptive response to

salinity. ARGONAUTE (AGO) proteins are essential components

in the RNA silencing pathways that mediate mRNA degradation

or translation inhibition through the binding of small RNAs at

their target sites [42]. We analysed the expression of TIR1 in

7 dpg WT and ago1-27 seedlings subjected to 200 mM NaCl

treatment for 4 h. Whereas NaCl-mediated salinity triggered a

25% reduction of TIR1 transcript level in WT plants, ago1-27 did

not show changes after 4 h of initial treatment suggesting miRNA-

mediated regulation of TIR1 (Figure 3A). Similarly, AFB2 also

showed down-regulation by salt (Figure S3). To determine

whether miR393 plays a role in TAAR regulation during salinity,

TIR1 level during salinity was evaluated in TIR1pro:mTIR1-GUS
seedlings. This line includes four silent nucleotide changes within

the miR393 recognition site predicted to make the transgene

resistant to miR393-directed regulation. Coherently with miR393

regulation, mTIR1 did not show changes after salt treatment in

Figure 1. Auxin responses are affected by salinity in Arabidopsis seedlings. (A) Four dpg WT seedlings were transferred from auxin-free
medium onto ATS medium containing no auxin or 85 nM IAA in combination with increasing concentrations of NaCl. The total number of emerged
lateral roots was counted 4 d after the transfer to new media. Data are mean values (6SE) of three independent experiments. Different letters
indicate a significant difference at P#0.05 (Tukey test). (B) Seven dpg BA3pro:GUS seedlings were incubated on 50 nM or 100 nM IAA in combination
with increasing concentrations of NaCl for 4 h. GUS activity was revealed after incubation with X-Gluc at 37uC. GUS staining in representative root tip
segment is shown. (C) Relative transcript level of GUS upon 100 nM IAA treatment in combination with NaCl as described in (B). The control value is
arbitrarily set to 1 in each case. Data are mean values (6SE) of three independent experiments. Different letters indicate a significant difference at P#
0.05 (Tukey test). (D) Seven dpg DR5pro:GUS seedlings were incubated with 200 mM NaCl for 4 h and subjected to GUS staining. Images show
different parts of seedlings: cotyledons (Cotyl), shoots, root tip and LR. The GUS signal detected in NaCl treatment relative to control is shown. The
control value is arbitrarily set to 1 in each case. Data are mean values of three independent experiments.
doi:10.1371/journal.pone.0107678.g001
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this transgenic seedling (Figure 3B). In particular, the Arabidopsis

genome contains two miR393 precursors on chromosomes 2

(AtMIR393A) and 3 (AtMIR393B), both producing identical

mature miR393 [43,44]. In MIR393pro:GUS fusion lines, 2.5 kb

upstream of each gene (AtMIR393A and AtMIR393B) is used to

drive expression of the GUS reporter. Thus, these lines were used

to visualize miR393 expression in specific tissues and determine

the potential contribution of each miR393 precursor under

salinity. Seven dpg MIR393A::GUS and MIR393B::GUS
seedlings were treated with 200 mM NaCl for 0, 2, 4 and 6 h

and then stained for GUS activity. The activation of MIR393A
promoter was observed after 2 h of initial treatment (Figure S2A).

Up-regulation of miR393 levels dependent on salt concentration

was detected in shoots as well as in roots when MIR393Apro:GUS
seedlings were subjected to increasing concentrations of NaCl for

2 h (Figure 3C). In addition, MIR393Apro:GUS salt-treated roots

showed increase GUS intensity in the central stele of LRs

including the pericycle layer (Figure 3D and Figure S4). An

increase of approximately 50% of GUS mRNA level was observed

in 200 mM NaCl-treated MIR393Apro:GUS transgenic seedlings

respect to control condition (Figure 3E) which was consistent with

GUS staining data (Figure 3C). However, MIR393B promoter

was just slightly activated and GUS mRNA level was unaltered in

200 mM NaCl-treated MIR393Bpro:GUS seedlings suggesting

that MIR393A is the promoter mainly induced during salinity

(Figure S2B; Figures S5, A and B). The inability of mir393ab
mutants to reduce TIR1 transcript level and to stabilize Aux/IAA

repressors in NaCl-treated seedlings reinforced the role of miR393

as a regulator of TAAR during salinity (Figure 3A, Figure S6).

Furthermore, quantification of miR393 by Northern blot assay

indicated that miR393 level is induced 20% in roots of NaCl-

treated seedlings after 4 h of treatment (Figure S7).

Auxin-Dependent Morphological Responses are Affected
by Salinity in mir393 Mutants

The induction of miR393 during salinity with the concomitant

reduction in TIR1 and AFB2 levels prompted us to determine

whether miR393-mediated down-regulation of auxin signaling is

involved in morphological changes that take place in seedlings

growing under salt stress. Since salt treatment over 100 mM NaCl

is a very strong stress that severely affects root growth, we set up a

75 mM NaCl concentration for all physiological experiments.

Figure 2. Salinity represses auxin signaling pathway. Seven dpg TIR1pro:TIR1-GUS (A) and AFB2pro:AFB2-GUS (B) seedlings were incubated in
liquid ATS medium with increasing concentrations of NaCl for 4 h and then subjected to GUS staining. Representative photographs of root tips are
shown. The control value is arbitrarily set to 1 in each case. Data are mean values of three independent experiments. (C) Seven dpg tir1-1 35S::TIR1-
Myc plants were transferred to liquid ATS medium supplemented with 200 mM NaCl for different times. Total proteins were extracted and protein
blot analysis was carried out using an anti cMyc antibody (upper panel). Ponceau staining of Rubisco is shown (bottom panel). (D) Densitometric
analysis of three independent immunoblots as indicated in (C). Data are mean values (6SE). Different letters indicate a significant difference at P#
0.05 (Tukey test). (E) Seven dpg HSpro:AXR3NT-GUS seedlings were transferred for 2 h to 37uC and then incubated with 100 and 200 mM NaCl in the
absence (upper panel) or presence (lower panel) of IAA. GUS activity was revealed after incubation with X-Gluc at 37uC. Representative photographs
and the GUS signal detected in NaCl treatment relative to control is shown. The control value is arbitrarily set to 1 in each case. Data are mean values
of three independent experiments.
doi:10.1371/journal.pone.0107678.g002
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Four dpg seedlings were transferred to medium containing NaCl

and emerged LR were counted for several days. A reduction in the

number of LR was observed in NaCl-treated seedlings of

mir393ab mutant and WT after 5 d of treatment. However,

mir393ab seedlings exhibited a lower reduction in the number of

LR (28% at 75 mM NaCl) under salinity compared to WT (60%)

(Figure 4, A and B). In contrast, tir1 afb2 showed an intrinsic

reduction in the LR number that was almost not affected by salt

(Figure S8A and B).

Evidence from genetic and physiological studies suggest that

auxin is required at different specific developmental stages to

mediate LR formation, since it drives primordium formation, LR

initiation, emergence and elongation [45]. In order to understand

the regulatory mechanism affected in mir393ab mutant, root

architecture was examined in more detail according to Duan et al.

[46]. When 4 dpg seedlings are transferred to 75 mM NaCl

treatment for additional days, two regions are established along

the PR: region A (for above transfer point), where LR patterning is

expected to have occurred before treatment of roots with high

salinity, and region B (for below transfer point), where LR

patterning occurs under the effect of NaCl. Then, we quantified

the number of emergent and mature LR in both regions under

control and salinity treatment according to Malamy and Benfey

[31]. mir393ab plants showed no differences in the number of

emergent LR in region A while it presented a slight increase in the

number of mature LR in NaCl treatment (Figure 4C). However

the higher number of LRs previously observed in mir393ab
mutant (Figure 4B) agrees with the 2-fold higher number of

emergent LRs in region B compared with WT (Figure 4D).

Further studies to determine whether miR393 is involved in the

increase of branch points specified along the PR or in the

enhanced initiation and emergence rate will be the subject of

another study and for this reason is not discussed further here.

Finally, measurement of post-emergence LR length revealed that

Figure 3. Salt-mediated down-regulation of TIR1 by miRNAs. (A) Seven dpg WT, ago1-27 and mir393ab seedlings were subjected to 200 mM
NaCl treatment for 4 h. Relative transcript level of TIR1 upon treatment was measured by RT-PCR. The control value is arbitrarily set to 1 in each case.
Data are mean values (6SE) of three independent experiments. Different letters indicate a significant difference at P#0.05 (Tukey test). (B) Seven dpg
TIR1pro:TIR1-GUS and TIR1pro:mTIR1-GUS seedlings were incubated in liquid ATS medium with NaCl for 4 h and then subjected to GUS staining.
Representative photographs of root tips are shown. The control value is arbitrarily set to 1 in each case. Data are mean values of three independent
experiments. (C,D) Seven dpg AtMIR393Apro:GUS seedlings were transferred to liquid ATS medium supplemented with increasing concentrations of
NaCl for 2 h. GUS activity was revealed after incubation with X-Gluc at 37uC. GUS staining in representative leaves and root segments are shown. The
control value is arbitrarily set to 1 in each case. Data are mean values of three independent experiments. (E) Relative transcript level of GUS in NaCl-
treated AtMIR393Apro:GUS seedlings was quantified upon treatment. The control value is arbitrarily set to 1 in each case. Data are mean values (6SE)
of three independent experiments. Different letters indicate a significant difference at P#0.05 (Tukey test).
doi:10.1371/journal.pone.0107678.g003
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miR393 could be also involved in repression of LR elongation

during salinity since mir393ab mutant showed a reduced

inhibition (18%) of LR length in NaCl-treated seedlings compared

to WT (Figure 4E). PR inhibition during salinity was also

measured and although it was of less magnitude compared with

the effect previously observed in LRs, again mir393ab mutant

showed a reduced inhibition compared to WT seedlings (15%;

Figure 4E). In contrast, tir1 afb2 showed enhanced inhibition of

PR growth by salt treatment (Figure S8C).

In addition, a smaller rosette size was observed when WT

seedlings grow in 75 mM NaCl- treatment. However, while WT

Figure 4. NaCl influences auxin-dependent morphological responses through miR393 regulation. Four-dpg WT and mir393ab seedlings
were transferred onto ATS medium containing 75 mM NaCl. Arrowheads mark the position of the root tip at the time of transfer from standard to
treatment conditions. Representative photographs of seedlings after 5 d of treatment are shown in (A) LR were quantified at designed times (B) Data
are mean values (6SE) of three independent experiments. (C) and (D) Quantification of emergent and mature LR in root region A and region B after
transfer to standard or salt stress conditions, respectively. Data are mean values (6SE) of three independent experiments. Different letters indicate a
significant difference at P#0.05 (Tukey test). (E) Suppression of LR and PR growth under 75 mM NaCl conditions measured as a percentage of growth
relative to standard conditions. Seedlings were transferred to salt at 4 dpg and grown for 5 d post treatment. Data are mean values (6SE) of three
independent experiments. Asterisks mark significant changes between WT and mir393ab at P#0.05 (t- test). PR: WT 2NaCl 7.35 cm+/20.55; WT +
NaCl 4.34 cm+/20.39; mir393ab 2NaCl 7.41 cm+/20.29; mir393ab +NaCl 5.5 cm+/20.17. LR: WT 2NaCl 0.95 cm+/20.15; WT +NaCl 0.39 cm+/20.12;
mir393ab 2NaCl 0.96 cm+/20.14; mir393ab +NaCl 0.57 cm+/20.08…
doi:10.1371/journal.pone.0107678.g004

MiR393 Regulates Auxin Signaling and Redox State in Arabidopsis

PLOS ONE | www.plosone.org 7 September 2014 | Volume 9 | Issue 9 | e107678



seedlings showed a reduction of 33% in the rosette area, mir393ab
seedlings evidenced lower inhibition (Figure S9).

miR393 Regulation of Auxin Signaling Triggers Changes
in Redox Related Components

According to previous findings, an interlink between auxin and

ROS was proposed to regulate growth and plant defense in

responses to stress [17]. However, the precise mechanism remains

to be elucidated. Hence, we focused on understanding how

miR393-mediated repression of TIR1 influences ROS accumula-

tion and antioxidant components during salinity. First, we

analyzed endogenous ROS levels in situ in LRs of mir393ab
and WT seedlings after 5 d of 75 mM NaCl treatment by using

H2DCF DA probe. mir393ab seedlings showed 2-fold higher level

of ROS in LRs under 75 mM NaCl (Figure 5). However, in WT

plants, where auxin signaling is down-regulated, inhibition of LR

development was associated to a concomitant reduction of ROS

levels.

In a previous work, we reported that tir1 afb2 mutant with

reduced auxin response exhibits reduced levels of ROS under

salinity compared to WT seedlings [18]. We then hypothesized

that repression of auxin signaling through miR393 action could

reduce the ROS burst that is generated by salt stress with

detrimental effects on cellular processes.To further explore

miR393 action on auxin regulation of ROS homeostasis, H2O2

was measured in seedlings treated with 100 mM NaCl for 12 h

when an induction of H2O2 levels in WT plants was previously

described [18,47]. However, compared with WT, mir393ab
seedlings showed an increase of more than 50% in peroxide

accumulation after salt treatment while a slight increase was

observed under standard conditions (Figure 6A). O2
2. content in

leaves of NaCl-treated plants was also higher in mir393ab mutant

compared with WT, as evidenced by in situ O2 - detection through

NBT assay (Figure S10). In order to alleviate deleterious effects of

ROS, plants employ defence systems that include non-enzymatic

antioxidant compounds such as AA and glutathione and ROS

scavenging enzymes. We hypothesized that the increased levels of

ROS in mir393ab mutant plants under stress could be explained

by a repression of the antioxidant metabolism. Consistent with this

idea, a 56% reduction of APX enzymatic activity was observed in

mir393ab compared with WT seedlings either in absence or

presence of NaCl (Figure 6B). Catalase enzymatic activity was also

measured but no difference was detected between mir393ab and

WT seedlings (Figure 6C), probably indicating a specificity in the

antioxidant enzyme regulation mediated by miR393 during

salinity. Antioxidant metabolites, AA and GSH did not show

significant changes between mir393ab and WT seedlings under

either standard or salt-conditions (Table S1) while both of them

were slightly reduced in mir393ab seedlings.

Finally, on the basis of the strong and rapid inhibitory effect of

NaCl on auxin responses as well as the likely role of miR393

regulation on auxin signaling and ROS metabolism during

salinity, we speculated that the repression of the auxin pathway

is an important aspect of the defence response. Loss of chlorophyll

is one of the most evident symptoms during oxidation by salt stress.

Therefore, 7 dpg seedlings were transferred from solid ATS

medium to liquid ATS medium containing 100 mM NaCl and

after 3 d of salt treatment, the chlorophyll level was quantified in

mutants and WT seedlings. As shown in Figure 6D, mir393ab
showed a clear reduction of chlorophyll content under salt

treatment compared with WT plants, suggesting enhanced

damage under salinity. Conversely, tir1-1 conserves 30% more

chlorophyll than the WT upon salinity. Overexpression of TIR1

protein in the tir1-1 background rescued the WT sensitivity to

NaCl.

Discussion

High salt concentration in productive soil arrests the plant’s

ability to take up water and grow. Thus, understanding the

strategies that plants evolved to cope with salinity is of agronomic

importance. Our study reveals how Arabidopsis seedlings regulate

the auxin signaling pathway in order to modulate auxin-mediated

morphological responses during NaCl-mediated salinity. In this

work, we demonstrate that salinity induces the expression of

miR393, primarily by enhancing the expression of MIR393A. In

turn, miR393 negatively regulates TIR1 and AFB2 mRNA to lead

to the stabilization of Aux/IAA repressors and to concomitant

repression of auxin signaling. In addition, we report how miR393-

mediated auxin down-regulation can influence root architecture

during acclimation to salinity.

Depending on the type, intensity and duration of environmental

stimuli as well as the plant developmental stage, auxin regulation

could be controlled at different levels. For example, changes in

auxin homeostasis and redistribution have been reported for plants

growing under osmotic or mild salt stresses [2,48,49,50]. When

other ways by which NaCl might inhibit auxin response to salinity

were explored, no difference in the concentration of free IAA was

detected in WT seedlings under salt treatment (data not shown).

Although we cannot rule out that auxin biosynthesis or transport

could be also affected by NaCl at specific tissues or times, we assert

that auxin signaling would be a dominant level of auxin regulation

for acclimation during salinity. Since TIR1 and AFB2 are down-

regulated during salt stress, we suggest that these two auxin

receptors could be functionally required. However, while AFB2

showed a dose response to NaCl from 50 to 200 mM NaCl, TIR1

Figure 5. ROS accumulation in LR of mir393ab seedlings during
acclimation to salinity. Four dpg WT and mir393ab seedlings were
transferred onto ATS medium containing 75 mM NaCl. After 5 d of
treatment, endogenous H2O2 was detected in situ by H2DCF DA probe.
Quantification of probe fluorescence intensity in LRs is shown. LR were
selected from the same position on the primary root. a.u., arbitrary
units. Data are mean values (6SE) of three independent experiments.
Different letters indicate a significant difference at P#0.05 (Tukey test).
doi:10.1371/journal.pone.0107678.g005
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showed a similar repression from 50 mM NaCl to higher

concentrations. TIR1 and AFB2 have been described as the

dominant auxin receptors during seedling root growth, and

biochemical differences between members of the auxin receptor

family were detected and associated with the complexity of auxin

response [9].

In order to get insights into the mode by which auxin signaling

is repressed during acclimation to stress, the posttranscriptional

regulation of auxin receptors by miR393 was further investigated.

Previously, it has been reported that the locus-specific control of

miR393 transcription can provide an additional layer of regulation

for the auxin-signaling network through repressing target gene

expression [15]. For instance, repression of auxin signaling

through AtMIR393A action has been described in biotic stress

response to Pseudomonas in Arabidopsis [13]. In addition,

AtMIR393B has been reported to be the most important

miR393 precursor involved in auxin-related development of

leaves [11,15]. In this current work, we showed that the promoter

of AtMIR393A is activated by salt in whole seedlings, including

shoots, principal root and LR. GUS induction in MIR393Apro:
GUS lines during salt stress correlated with the repression of GUS

activity in the TIR1pro:TIR1-GUS and AFB2pro:AFB2-GUS
lines. These complementary patterns of MIR393pro:GUS and

TIR1/AFB2 expression have been demonstrated during normal

development of roots [9].

Salt treatment was unable to induce AXR3-GUS stability and

to repress auxin response when HSpro:AXR3-GUS and DR5pro:
GUS were analyzed in the mir393ab background (Figure S6). In

addition to these facts, TIR1 level was not affected by salt in

mir393ab seedlings and salt treatment did not reduce GUS

staining in the resistant TIR1pro:mTIR-GUS line. Based on these

observations, we propose that miR393-mediated posttranscrip-

tional regulation of auxin receptors might be a crucial component

of plant acclimation to salinity. Single mutant, mir393a and

mir393b were not impaired in the down-regulation of TIR1

during salt stress (Figure S11A). We suspect that this is due to the

fact that they are not null mutants, and therefore still accumulate

sufficiently high levels of miR393 [26]. Such behavior of single

mutants with a slight effect on mir393a mutant was also observed

in biochemical and physiological responses including chlorophyll

levels and LR number after salt exposition (Figure S11, B and C,

respectively). Quantification of miR393 in roots by Northern blot

assay indicated that miR393 is effectively induced (approximately

20%) in NaCl-treated seedlings (Figure S7). Importantly, although

an induction was also detected in mir393ab mutant during salinity

its level was more than 50% lower than in WT plants. We detected

a slight reduction of miR393 levels after 1 h of salt treatment.

Figure 6. miR393 early regulates redox components under salt. Seven dpg WT and mir393ab seedlings were transferred onto liquid ATS
medium supplemented with 100 mM NaCl. After 12 h of initial treatment (A) H2O2 accumulation, (B) APX activity and (C) CAT activity were
measured. (D) Seven dpg mir393ab, tir1-1, tir1-1 35Spro:TIR-Myc and WT seedlings were treated with 100 mM NaCl for 3 d. Chlorophyll content was
measured and expressed as percentage of untreated seedlings. Data are mean values (6SE) of three independent experiments. Different letters
indicate a significant difference at P#0.05 (Tukey test).
doi:10.1371/journal.pone.0107678.g006
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However, we do not know whether this decrease has a biological

significance for response to salt stress or whether this could suggest

that other unidentified mechanisms contribute to the complex

homeostasis of TIR1 and AFB2 regulation during acclimation to

salinity.

Plants exposed to mild abiotic stress conditions exhibit different

kind of stress-induced morphogenic responses (SIMR). SIMR has

been postulated as part of a plant general acclimation strategy,

whereby growth is reprogrammed to reduce exposure to stress

[51,52]. Frequently, observed symptoms in plant adaptive

responses to salinity include growth retardation. In this direction,

high salinity was reported to inhibit PR and LR growth [53,54].

However, the adjustment of root growth to salinity seems to be less

clear compared with other abiotic stresses [55]. Here, we explored

the function of miR393-mediated modulation of auxin signaling in

regulating root growth to reveal one putative mechanism by which

salt could control root system architecture. Given the importance

of root architecture during stress and the fact that, each organ

might have different response programs during acclimation to

stress we focused on the analysis of LR. Consistent with this fact,

WT and mir393ab showed a reduction in the LR number during

salinity but the amplitude of this reduction was much lower in

mir393ab seedlings, suggesting an inability of this mutant to

redirect root growth and development under salinity. Genetic and

physiological evidence suggests that auxin is required at several

specific developmental stages to facilitate LR formation [45]. A

more precise analysis of the pattern of LR development in the

mir393ab mutant suggested that miR393 mediates the inhibition

of LR initiation and elongation when plants grow under salinity.

Previous studies have postulated that changes in auxin levels by

treatment with the auxin-transport inhibitor naphthylphthalamic

acid (NPA) decreased the number and density of LR in A. thaliana
plants [56].

Parry et al. [9] reported the expression of miR393 along the

central stele in the primary root and later stages of LR

development. Nevertheless, when seedlings were exposed to

200 mM NaCl for 2 h an activation of MIR393A promoter was

detected in emergent and mature LR. Cross-sectional analysis of

MIR393Apro:GUS roots showed that salinity induces MIR393A
promoter activity in pericycle cells, which are stimulated to

differentiate and proliferate to form primordia RL [31]. It was

demonstrated that the local auxin accumulation in root pericycle

cells is a specific and sufficient signal to specify pericycle cells into

LRs founder cells [57]. Therefore, induction of miR393 in the

pericycle cells with the consequent suppression of auxin signaling

mediated by TIR1/AFBs could be an effective mechanism for cell-

specific regulation of LR organogenesis during salt stress.

Recently, it was demonstrated that endodermis is a tissue-specific

cell layer where abscisic acid (ABA) signaling acts to regulate LR

growth under salt-stress conditions [46]. According to Geng et al.

[58] and to our results, a dynamic regulation of multiple hormonal

signaling pathways involving auxin, ABA, gibberellic acid (GA),

jasmonic acid and brassinosteroids should be necessary for

temporal regulation of root patterning during acclimation to

salinity.

In addition, mir393ab mutant failed in NaCl-mediated inhibi-

tion of PR elongation and rosette growth suggesting that miR393

is involved in different SIMR during salinity (Figure 4E and

Figure S9).

Our findings are also consistent with results obtained in other

systems where miR393 overexpression by stress has been reported.

For instance, the overexpression of Arabidopsis AtMIR393A gene

in tobacco modified auxin response and enhanced tolerance to salt

stress [59]. Even more, miR393 up-regulation has been also

described for other abiotic stresses such as cold, dehydration, and

metal toxicity [41,60,61] but so far, the role of miR393 in these

responses has not been explored.

Again in relation to SIMR, ROS and auxin signaling have been

pointed out as important players in the regulatory networks that

operate during adaptation to stress [17]. The mechanisms

underlying the crosstalk between auxin and ROS and its impact

on growth regulation remains to be elucidated. It is known that

under various adverse environmental conditions, ROS homeosta-

sis can lead to oxidative damage and cell death [62]. However, a

multifaceted network of ROS producing and ROS-scavenging

enzymes define a key homeostasis, from which ROS are capable to

act as signals in different cellular processes [63]. Hence, ROS can

result in potent signaling molecules that adjust growth, develop-

ment and plant defense mechanism to stress [64]. In addition, an

interaction between auxin and ROS signaling has been suggested

during salinity by using tir1 afb2 mutant [18]. Compared with

WT, tir1 afb2 plants showed significantly reduced ROS accumu-

lation, higher antioxidant enzymatic activities as well as increased

levels of AA revealing that down-regulation of auxin signaling

impacts ROS metabolism under salinity. In order to provide new

insights into the mechanism by which auxin and ROS could be

regulated in plants growing under salt stress conditions, mir393ab
seedlings were analyzed. Coinciding with the altered root

architecture, an enhanced endogenous accumulation of ROS

was showed in LR of mir393ab seedlings after 5 d of NaCl

treatment. In WT plants, where auxin signaling is down-regulated

by salinity, we detected an inhibition of LR development with a

concomitant reduction of ROS levels. It has been recently

described that auxin-mediated LR formation involved H2O2

generation [65]. Furthermore, exogenous H2O2 treatments

mimics LR induction mediated by auxin [66] and H2O2 is also

required for auxin-induced adventitious root formation in mung

bean [67,68]. Auxin also induces ROS production in maize

developmental processes such as cell elongation of hypocotyls and

the phenomenon of gravitropism [69,70,71]. Recent evidence

proposed that auxin induces ROS production through the

modulation of the NAD(P)H oxidase RbohD activity [72]. In this

work, we found that mir393ab failed to counteract ROS

accumulation evidenced by higher levels of ROS in roots as well

as a reduction of APX enzymatic activity after 12 h of NaCl

treatment, suggesting that auxin signaling could induce ROS

through repression of the antioxidant system. Auxin negatively

regulates the expression of APX1 and Zat12 transcription factor,

which in turn regulates the expression of APX1 [18]. In addition,

Correa-Aragunde et al. [73] demonstrated that APX1 activity is

inhibited by auxin-mediated denitrosylation. The current findings

that the mir393-deficient mutant exhibits changes in APX but not

in other antioxidant compounds such as AA and GSH, allowed us

to suggest that specific components of redox control are subject to

miR393-mediated auxin signaling regulation.

The plant antioxidant system consists of a number of enzymes

and antioxidant compounds and this network was reported to be

important for controlling excessive ROS production. However,

the status of the antioxidant system is the result of changes in

specific antioxidants depending on the type of stress, organ, tissue,

cell and timing of the plant developmental program [63]. For

instance, Barth et al. [74] reported that ascorbate deficient

Arabidopsis mutant vct1-1 is effective in counteracting ROS

during pathogen infection and suggested that the low intracellular

level of ascorbate could be sufficient for ROS scavenging. APX

activity represents a key component of the AA-GSH cycle involved

in the major antioxidant system of plant cells contributing to

cellular ROS homeostasis [75]. The disruption of APX activity
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(without changes in AA and GSH) might lead to increased steady

state levels of oxidants in mir393ab cells affecting the root system.

It was already reported that cytosolic APX1 knock-out plants

present higher levels of H2O2 and oxidative damage, showing

growth retardation especially under stress conditions [76,77].

Recently, it was reported that PR elongation and LR formation is

altered in response to auxin in the apx1 mutant [73]. Their data

indicate that auxin treatment induces H2O2 accumulation in

Arabidopsis roots through auxin-mediated partial denitrosylation

of APX1. Furthermore, exogenous H2O2 treatments results in

inhibition of PR elongation and induction of LR formation, a

phenotype reminiscent to the phenotype found in mir393ab
seedlings and auxin-treated roots ([66]; this work). According to

these, APX1 regulation exerted by miR393 may be a specific

mechanism involved in the appropriate redistribution of H2O2

accumulation during root growth and LR development in

Arabidopsis.

Finally, a putative mechanistic model that may take place

during SIMR in order to develop tolerance to salinity was

described. An integrative miR393 post-transcriptional down-

regulation of auxin signaling may be a regulatory module by

which plants redirect plant growth and development through the

modulation of ROS-associated metabolism in order to reallocate

metabolic resources to defense responses and acclimation

(Figure 7). Then, depending on the environmental stimuli a

general acclimation strategy could help to compensate the stress-

mediated redox imbalance and growth signals to control the

reprogramming of plant development under stress. Lastly, it would

be interesting to determine the endogenous sources of ROS as well

as the downstream consequences of ROS regulation in stressed

tissues. In addition, Blomster et al. [22] reported that apoplastic

ROS mediated by O3 modified several aspects of auxin

homeostasis and signaling. These authors also postulated that

ROS could suppress the auxin pathway by decreasing TIR/AFBs

expression independently of miR393 and SA. In conclusion, future

studies will be important to identify additional convergence points

between ROS and auxin signaling and to explore specific methods

to precisely quantify ROS to give deeper evidence on miR393-

mediated regulation of ROS metabolism.

Supporting Information

Figure S1 Salinity effect on 2,4-D-mediated LR devel-
opment. Four dpg WT seedlings were transferred from auxin-

free medium onto ATS medium containing no auxin or 85 nM

2,4-D in combination with increasing concentrations of NaCl. The

total number of emerged lateral roots was counted 4 d after the

transfer to new media. Data are mean values (6SE) of three

independent experiments. Different letters indicate a significant

difference at P#0.05 (Tukey test).

(TIF)

Figure S2 Salinity effect on MIR393Apro:GUS, MIR393B-
pro:GUS and TIR1pro:TIR1-GUS seedlings. Seven dpg (A)

MIR393Apro:GUS, (B) MIR393Bpro:GUS and (C) TIR1pro:
TIR1-GUS seedlings were transferred to liquid ATS medium

supplemented with 200 mM NaCl for designated times. Repre-

sentative photographs of root tips and the GUS signal detected in

NaCl treatment relative to control is shown. The control value is

arbitrarily set to 1 in each case.

(TIF)

Figure S3 AFB2 relative transcript levels in ago1-27 and
WT seedlings upon NaCl treatments. Seven dpg WT and

ago1-27 seedlings were subjected to 200 mM NaCl treatment for

4 h. Relative transcript level of AFB2 upon treatment was

measured by RT-PCR. The control value is arbitrarily set to 1

in each case. Data are mean values (6SE) of three independent

experiments. Different letters indicate a significant difference at

P#0.05 (Tukey test).

(TIF)

Figure S4 MIR393A promoter activity in cross sections
of MIR393A::GUS roots upon NaCl. Seven dpg MIR393-
Apro:GUS seedlings were transferred to liquid ATS medium

supplemented with 200 mM NaCl for 2 h. Seedlings were

included in a paraffin matrix (Paraplast) at 60uC and roots were

cut into 5 mm sections using a Minot type rotary microtome Zeiss

HYRAX M 15. Section were deparaffined with xylene, mounted

with Entellan and observed by bright field microscopy in an

Olympus CX21 microscope. Images were captured using a digital

camera attached to the microscope. e: endodermis; p: pericycle;

Cb: Casparian band; x: xylem. The control value of GUS staining

is arbitrarily set to 1. Data are mean values of 3 independent

experiments (n = 6).

(TIF)

Figure S5 MIR393B promoter activity upon NaCl treat-
ment in AtMIR393Bpro:GUS plants. (A) Seven dpg At-
MIR393Bpro:GUS seedlings were transferred to liquid ATS

medium supplemented with increasing concentrations of NaCl for

2 h. GUS activity was revealed after incubation with X-Gluc at

37uC. GUS staining in representative leaves and root segments are

shown. (B) Relative transcript level of GUS upon 200 mM NaCl

treatment as described in (A). The control value is arbitrarily set to

Figure 7. Modulation of plant development and acclimation to
salinity are interconnected responses influenced by miR393
regulation node. These two processes are strongly regulated by
reciprocal interaction between ROS and auxin signaling pathway. NaCl-
mediated stress would conduct to miR393 induction that targets TIR1-
AFB2 auxin receptors leading to stabilization of Aux/IAA repressors and
down- regulation of auxin signaling pathway. In turn, auxin modulation
influences on ROS-associated metabolism. Salt exposition leading to
SIMR would be under negative regulation of the auxin signaling
pathway. Depending on time and intensity of salt stress, early ROS-
auxin crosstalk may exert impact on SIMR and tolerance to salinity.
Others hormones and/or miRNAs may also regulate auxin-dependent
pathway and physiological responses during acclimation to salinity.
doi:10.1371/journal.pone.0107678.g007
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1 in each case. Data are mean values (6SE) of three independent

experiments.

(TIF)

Figure S6 Salinity effect on HSpro:AXR3NT-GUS and
DR5pro:GUS in mir393ab background. Seven dpg seedlings

were incubated in liquid ATS medium with increasing concen-

trations of NaCl for 4 h and then subjected to GUS staining.

Representative photographs of root tips of mir393ab
HSpro:AXR3NT-GUS (A) and mir393ab DR5pro:GUS (B). In

(A) seedlings were previously treated for 2 h at 37uC. The control

value is arbitrarily set to 1 in each case. Data are mean values of

three independent experiments.

(TIF)

Figure S7 miR393 levels during salinity in roots. Small

RNA blot hybridization of RNA (25 mg) from roots and shoots of

7 dpg seedlings treated with 200 mM NaCl for designated times.

Probed sRNAs are indicated on the right. The signal detected in

mutants relative to control is normalized to signals for the

unrelated miR171. The control value is arbitrarily set to 1 in each

case.

(TIF)

Figure S8 tir1 afb2 and mir393ab root morphological
responses. Four dpg WT, mir393ab and tir1 afb2 seedlings

were transferred onto ATS medium containing 75 mM NaCl.

Representative photographs of tir1afb2 seedlings after 5 d of

treatment are shown in (A). LRs were quantified at designed times

(B). (C) PR length of WT, mir393ab and tir1afb2 seedlings was

measured after 5 d of treatment. Data are mean values (6SE) of

three independent experiments.

(TIF)

Figure S9 mir393ab morphological response in leaves.
WT and mir393ab seedlings were grown in ATS medium

supplemented with or without 75 mM NaCl in horizontal

position. Rosette area was measured after 12 d of treatment by

finding the minimal circle area that contained all leaves. Data are

mean values (6SE) of three independent experiments. Different

letters indicate a significant difference at P#0.05 (Tukey test).

(TIF)

Figure S10 O2
2. level in mir393ab mutant under salinity.

Fourteen dpg WT and mir393ab leaves were transferred onto

liquid ATS medium supplemented with 100 mM NaCl. After 12 h

of initial treatment in situ O2
2. accumulation was detected by

NBT staining. Representative photographs are shown.

(TIF)

Figure S11 Analysis of single mutants mir393a and mir393b. (A)

Seven dpg seedlings were subjected to 200 mM NaCl treatment

for 4 h. Relative transcript level of TIR1 upon treatment was

measured by RT-PCR. The control value is arbitrarily set to 1 in

each case. Data are mean values (6SE) of three independent

experiments. (B) Four dpg seedlings were transferred onto ATS

medium containing 75 mM NaCl. LR were quantified after 5 d of

treatment. Data are mean values (6SE) of three independent

experiments. (C) Seven dpg seedlings were treated with 100 mM

NaCl for 3 d. Chlorophyll content was measured and expressed as

percentage of untreated seedlings. Data are mean values (6SE) of

three independent experiments. Different letters indicate a

significant difference at P#0.05 (Tukey test).

(TIF)

Table S1 Antioxidant levels in WT and mir393ab plants
under salinity. Seven dpg WT and mir393ab seedlings were

subjected to 100 mM NaCl treatment. After 12 h, AA and GSH

levels were quantified. Data are mean values (6SE) of three

independent experiments. Different letters indicate significant

difference at P#0.05 (Tukey test).

(TIF)
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