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Abstract As in the cases of the embryo and many lateral
organs, lateral root (LR) development is triggered by the
phytohormone auxin. LR development is also known to be
inhibited by abscisic acid (ABA). Here we show that an auxin
response factor ARF3, which participates in pattern forma-
tion of aerial lateral organs, such as leaf or flower, is up-
regulated by auxin during LR development in Arabidopsis.
This study demonstrates that ARF3 expression is regulated
at the transcriptional level and by posttranscriptional gene
silencing (PTGS), which is mediated by a group of trans-
acting small-interfering RNA (tasiRNA-ARF). The tasiRNA-
ARF pathway and ARF3 expression are sensitive to auxin
and ABA treatment, suggesting that tasiRNA-ARF-dependent
PTGS of ARF3 is linked to auxin promotion of LR
development and to ABA inhibition.
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Introduction

Among its numerous roles in plant development, auxin
plays an important role in patterning and establishing axes
throughout the life cycle of a plant. Establishments of a
concentration gradient and maxima play a critical role in
auxin-mediated developmental processes (Friml et al.
2003). A potential role of auxin as a morphogen has been
suggested in the developments of lateral organs (Benková
et al. 2003; Reinhardt et al. 2003; Blilou et al. 2005; De

Smet et al. 2007). During lateral root (LR) development,
auxin moves from the base within the primary root, through
the primordium interior to the primordium apex where it
forms an ‘auxin maxima’ (Benková et al. 2003). Auxin
induces cell divisions in the pericycle founder cells to
establish a meristem (Laskowski et al. 1995; Himanen et al.
2002; Casimiro et al. 2003). Auxin-mediated organ pat-
terning is also demonstrated in gynoecium (Nemhauser et
al. 2000) and leaf primordium formation (Benková et al.
2003; Friml et al. 2003; Pekker et al. 2005). In both cases,
ARF3 (ETTIN) and the functionally redundant ARF4
appear to be crucial in conveying auxin signaling into the
pattern formation. As a mediator of auxin signaling, ARF3/4
has been suggested to be an abaxial determinant important
for the partitioning of adaxial and abaxial domains during
leaf primordium formation (Pekker et al. 2005). Sided
abaxial localization of the ARF3/4 transcripts and auxin
influx carrier AUX1 further supports the role of ARF3/4 in
auxin-mediated pattern formation (Reinhardt et al. 2003).

A group of transacting-siRNA (tasiRNA-ARF) which
cleaves ARF3/4 transcripts constitutes one method by
which proper polarization of domain-specification tran-
scription factors is ensured during leaf primordium forma-
tion, in addition to antagonization of ARF3/4 function in
the abaxial domain by the activity of certain adaxial
determinants (Garcia et al. 2006; Nogueira et al. 2007).
Localization of tasiRNA-ARF in the adaxial domain
correlates with the sided localization of ARF3/4 in the
abaxial domain (Garcia et al. 2006; Nogueira et al. 2007).
Participation of tasiRNA-ARF in ARF3/4-mediated asym-
metry formation suggests that the tasiRNA-ARF-mediated
posttranscriptional gene silencing (PTGS) pathway (desig-
nated as ‘the tasiRNA-ARF pathway’) is linked to auxin
signaling. Systemic mobility of tasiRNA-ARF around the
meristem and primordia is suggested to be important in
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establishing polarity during the leaf primordium formation
(Chitwood et al. 2009). tasiRNA-ARF is derived from the
protein-noncoding RNA precursor TAS3 (Allen et al. 2005;
Axtell and Bartel 2005; Yoshikawa et al. 2005; Garcia et al.
2006). Following miR390-Argonaute7 (AGO7)-mediated
cleavage of TAS3 (Montgomery et al. 2008), RNA-dependent
RNA polymerase 6 (RDR6) generates dsRNA by poly-
merization, using the miR390-cleaved TAS3 as template
(Yoshikawa et al. 2005; Montgomery et al. 2008). The
dsRNA intermediate is cleaved into 21-nucleotides in phase
by RNaseIII-like Dicer-like4 (DCL4) to generate tasiRNA-
ARF (Allen et al. 2005; Yoshikawa et al. 2005). The
tasiRNA-ARF pathway is also known to be involved in
young-to-adult leaf phase changes in Arabidopsis, implying
that ARF3/4 is functional throughout the various develop-
mental stages (Fahlgren et al. 2006; Hunter et al. 2006). The
tasiRNA-ARF pathway is known to be conserved among land
plants (Allen et al. 2005; Axtell et al. 2007), suggesting that it
plays a fundamental and common role in plant development.

In contrast to auxin, abscisic acid (ABA) is known to
play a role in inhibiting LR development (Sunkar and Zhu
2004). However, despite expectations that ABA may
interact with auxin in response to various stresses, whether
and how auxin and ABA interact during the course of LR
development is not understood. This study was directed to
examine whether tasiRNA-ARF-dependent PTGS of ARF3
is regulated jointly by these hormones. We suggest that
PTGS of ARF3 is tightly regulated by auxin and ABA.

Materials and Methods

Plant Materials and Growth Conditions

Plants (Arabidopsis thaliana ecotype Columbia-0) were
germinated on Murashige and Skoog (MS) media, and
grown under long-day conditions (16 h light/8 h dark) at
22°D for 2 weeks. The plants were transferred to media

Table 1 The primer and the probe sequences used in this study

Gene name Forward primer (5′ to 3′) Reverse primer (5′ to 3′)

qActin GAAAAGATCTGGCATCACACTTTATA AACGATTCCTGGACCTGCCTCATC

qARF3 CCCACACCAAATGTTCCTCT CAACACTTGTTCGGATGGTG

promoter ARF3 TCTAGATGACTTTTACCCTCTCAGCCAA AAGCTTCGTTTACTTTGATGCCGTTGGA

SGS3 CTGGTCCAATGTCTAAGGAA CGGAATCATTCTCTTCCTCA

actin TGGCATCATACTTTCTACAA CCACCACTGAGCACAATGTT

TAS3 GGAAAACATAACCTCCGTGA GTCAACCATACATCAATAAC

RDR6 CATGCATTATGATGCAGCTG AATGAGTTGCCCGTCGTACA

AGO7 GTTATCTTCATGGGAGCTGA CCTTCACTCCTAAATGGCTA

DCL4 TCATAGAGATTCCTCCCGAA CCAAGATCCCTATTCAAGGA

miR390 GGCGCTATCCCTCCTGSGCTT

tasiR-ARF TGGGGTCTTACAAGGTCAAGA

Fig. 1 ARF3 expression is regulated by auxin and ABA. a Numbers
of emerged LRs following 10 days growth of germinated seedlings.
The asterisks indicate a significant difference from the wild-type
control (P<0.01, Student’s t test; n=10). Standard errors are indicated.
b qRT-PCR analyses of ARF3 transcript level in seedling roots
exposed to IAA or ABA for 24 or 48 h. Bars represent the standard

deviations of the three independent experiments. c Transient tran-
scription assays of ARF3. Arabidopsis protoplasts were transfected
with the pARF3:LUC reporter and was subsequently incubated with
IAA and/or ABA for 1 h. The asterisks indicate a significant
difference from the control (*P<0.05, Student’s t test). Bars represent
the standard deviations of three independent experiments

J. Plant Biol. (2010) 53:150–154 151



containing 10 μM ABA or 10 μM IAA for the indicated
length of time. Col-0 (CS6000), arf3-2 (CS24604), and
rdr6-11(CS24285) seeds were obtained from Arabidopsis
Biological Resource Center (ABRC). pARF3:ARF3-GUS
and pARF3:ARF3m-GUS seeds were kindly provided by
Dr. James Carrington. Transient gene expression assays
using Arabidopsis protoplasts were performed as previously
described by Yoo et al. (2007).

RT-PCR, qRT-PCR, and Northern Analysis

RNA was extracted with Trizol reagent (MRC) and poly-d
(T) cDNA was prepared from 2 μg of total RNA with
MMLV reverse transcriptase (Fermentas) and quantified on
the Chromo-4-apparatus (Bio-Rad) using the Power SYBR
green polymerase chain reaction (PCR) Master Mix
(Applied Biosystems). Cycling conditions were performed
as described by the manufacturer (Applied Biosystems).

Low molecular weight RNAs were separated in a 15%
denaturing polyacrylamide gel, and subjected to blot
hybridization analysis. The oligonucleotide sequences used
in this study are listed in the Table 1.

GUS Histochemical Localization Assay

Histochemical GUS localization of transgenic Arabidopsis
plants was performed as described by Jefferson et al.
(1987). Seedlings grown in MS medium for 12 days were
directly placed in 1 mM 5-bromo-4-chloro-3-indolyl-β-D-
glucuronide (X-gluc) and incubated at 37°C overnight.

Results and Discussion

To evaluate whether ARF3 participates in LR development,
the numbers of emerged LRs were counted in wild-type
Col-0 and mutant arf3-2 seedlings at 10 days following
germination (Fig. 1a). The numbers were significantly less
in arf3-2 than Col-0, suggesting that ARF3 plays a role in
LR development. To examine how ARF3 expression
responds to auxin and ABA, quantitative reverse transcrip-
tion (qRT)-PCR analyses was performed to measure ARF3
mRNA levels in Col-0 seedling roots exposed to these
hormones (Fig. 1b). The results show that the ARF3
transcript level increases upon auxin treatment in a
concentration-dependent manner, but the basal level ob-
served in hormone-untreated plants remained unchanged
upon 10 μM ABA treatment. To further examine the ARF3
transcriptional response to these hormones, ARF3 transcrip-
tion was analyzed by transient transcription assay in
Arabidopsis protoplast cells which are transformed with
pARF3:LUC and incubated with IAA and/or ABA
(Fig. 1c). The results show that transcription was up-
regulated by auxin, and down-regulated by ABA. To test

Fig. 2 ABA down-regulates specific regulatory factors in tasiRNA-
ARF biogenesis. a RT-PCR analysis of the PTGS-regulatory compo-
nent genes. mRNA was prepared from the roots exposed to 10 µM
IAA or 10 µM ABA for 24–48 h. Intensity of the bands was
normalized, taking the intensity of the 0 h bands as 1. b Detection of
miR390 and tasiRNA-ARF by Northern hybridization in seedling roots
exposed to 10 µM ABA or 10 µM IAA for 12 h

Fig. 3 TasiRNA-ARF-dependent PTGS of ARF3. a qRT-PCR analyses
of ARF3 expression in Col-0 and rdr6-11 which were exposed to
10 µM IAA or 10 µM ABA for the designated periods. b GUS
activity driven by the pARF3:ARF3-GUS reporter (upper) or the

pARF3:ARF3m-GUS reporter (bottom) in LR primordia at the
comparable developmental stages in the absence or presence of IAA
for 12 h. Red arrowheads mark GUS signals, respectively
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whether ABA and auxin interact to transcriptionally
regulate ARF3, ARF3 transcription was analyzed in cells
incubated with both auxin and ABA. The activity was
higher than the level of ABA-incubated cells, but it was
lower than that of auxin-incubated cells. These results
suggest that ABA suppresses the auxin-dependent tran-
scriptional up-regulation of ARF3.

To analyze whether tasiRNA-ARF biogenesis is regulated
by auxin and ABA, genes encoding tasiRNA-ARF pathway
components were examined for their transcript levels
present in Col-0 seedling roots which were exposed to
10 μMs of IAA or ABA (Fig. 2a). RT-PCR analyses
showed that RDR6, AGO7, and DCL4 were up-regulated by
auxin and, down-regulated by ABA (Fig. 2a). In contrast,
the level of TAS3 RNA appears to be insensitive to these
hormones, indicating that components downstream of
TAS3 biogenesis are subject to the hormonal regulations.
miR390 levels were observed to increase upon auxin
treatment, but not in ABA-treated seedlings (Fig. 2b).
tasiRNA-ARF levels were observed to be up-regulated by
auxin and down-regulated by ABA (Fig. 2b). These
observations collectively suggest that, similar to ARF3
expression, tasiRNA-ARF biogenesis is a target for auxin
and ABA in LR development.

The data above indicate that transcriptional and tasiRNA-
ARF-dependent PTGS regulation of ARF3 expression is
sensitive to auxin and ABA. To investigate how these
regulations contribute to ARF3 expression, the level of
ARF3 transcript was compared between Col-0 and the
rdr6-11 mutant, where posttranscriptional regulation is
compromised (Fig. 3a). While the levels increase by auxin
in both Col-0 and rdr6-11, the level in rdr6-11 is significantly
higher, suggesting that tasiRNA-dependent cleavage of
ARF3 transcripts is blocked in rdr6-11. Compared to auxin,
the increases in ARF3 transcript levels were less significant
in ABA-treated seedlings (Fig. 3a), suggesting that ABA
repression of ARF3 transcription is taking place. To verify
whether tasiRNA-ARF-dependent PTGS of ARF3 expres-
sion plays a role in LR development, we compared the
distribution of ARF3 transcripts between the lines carrying
pARF3:ARF3-GUS constructs which are either sensitive
(pARF3:ARF3-GUS) or resistant (pARF3:ARF3m-GUS) to
tasiRNA-ARF cleavage (Fig. 3b). In the pARF3:ARF3m-
GUS line, the GUS signal is observed to have strong
expression in the emerging and fully emerged regions
toward the apex in the LR, in addition to the vasculature
region of the primary root in the line carrying. Weaker GUS
signals were observed in these respective localizations in
the pARF3:ARF3-GUS line. It was also noted that the
intensity of the GUS signal was stronger in auxin-treated
seedlings than untreated seedlings. These results confirm
that tasiRNA-ARF-dependent cleavage of ARF3 transcripts
occurs during the course of LR development. Although the

mechanism of how ARF3 plays a role in LR development
is not understood, we speculate that based on the local-
izations of the GUS signals, ARF3 is involved in the
emerging and elongation stages of LR development. The
results in this study demonstrate that both transcription and
posttranscriptional regulation are involved in auxin-
dependent localization and levels of ARF3 transcripts. We
recently reported that ARF4 represses expression of
miR390 to establish a feedback loop (Yoon et al. 2009).
These lines of evidences suggest that the level and
localization of ARF3/4 expression are determined by
multiple layers of regulation. We speculate that the accurate
level and localization of ARF3/4 are important in auxin-
mediated LR development.

This study indicates that tasiRNA-ARF biogenesis and
ARF3 expression is subject to auxin and ABA regulation
during LR development, implying that as a stress hormone,
ABA modulates LR development by suppressing auxin
regulation of LR development. We speculate that tasiRNA-
ARF-dependent PTGS of ARF3 may provide a convergent
point for crosstalk between auxin and ABA. There is
accumulating evidence of hormonal regulation of small
RNA biogenesis (Navarro et al. 2006; Reyes and Chua
2007; Guo et al. 2005; Patrick et al. 2004; Yang et al.
2006). ABA is known to up-regulate the expression of
several microRNAs such as miR393 and miR159 (Navarro
et al. 2006; Reyes and Chua 2007). miR393 cleaves
transcripts of the auxin receptor TIR1, suggesting that
TIR-mediated auxin signaling may also be a place for
crosstalk between auxin and ABA. These observations,
together with the hormonal regulation of tasiRNA-ARF-
dependent PTGS of ARF3 described in this study, show
that small RNAs are closely linked to plant develop-
ment and/or stress physiology through plant hormones.
Considering that the tasiRNA-ARF pathway is conserved
in land plants, its regulation by auxin and ABA may
represent a conserved regulatory network of tasiRNA-
ARF-dependent lateral organ development in plants.
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