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Abstract

The plant hormone auxin plays a central role in
regulating many aspects of plant growth and develop-
ment. This largely occurs as a consequence of changes
in gene expression. The Aux/IAA genes are best
characterized among the early auxin-responsive genes,
which encode short-lived transcriptional repressors. In
most plants examined, including Arabidopsis, soybean,
and rice, the Aux/IAA genes constitute a large gene
family. By screening the available databases, at least 15
expressed sequence tags (ESTs) have been identified
from wheat (Triticum aestivum), which exhibit high
sequence identity with Aux//AA homologues in other
species. One of these Aux/IAA genes, TalAA1, harbour-
ing all the four conserved domains characteristic of the
Aux/IAA proteins, has been characterized in detail. The
expression of TalAA1 is light-sensitive, tissue-specific,
and is induced within 15-30 min of exogenous auxin
application. Also, the TalAA1 transcript levels increase
in the presence of a divalent cation, Ca?*, and this effect
is reversed by the calcium-chelating agent, EGTA. The
TalAA1 gene qualifies as the primary response gene
because an increase in its transcript levels by auxin
is unaffected by cycloheximide. In addition to auxin,
the TalAA1 gene is also induced by brassinosteroid,
providing evidence that interplay between hormones
is crucial for the regulation of plant growth and
development.

Key words: Auxin, Aux/IAA, brassinosteroid, calcium, light
regulation, wheat (Triticum aestivum).

Introduction

Plant growth and development is a carefully orchestrated
event regulated by both environmental and endogenous
signals. Phytohormones are a vital part of this develop-
mental process and provide cues to regulate this process in
a spatio-temporal manner. The importance of auxin for
plant sustenance is both vital and readily apparent: auxin
elicits a plethora of plant responses including embryogen-
esis, lateral root development, vascular differentiation,
apical dominance, tropic responses, and flower develop-
ment, along with cell division, elongation, and differenti-
ation (Cleland, 1999; Quint and Gray, 2006). The cellular
responses to auxin involve changes in gene regulation and
stimulation of the transcription of numerous genes. The
most well characterized auxin-responsive genes are repre-
sented by the members of the Aux/IAA (auxin/indoleacetic
acid), GH3, and SAUR (small auxin up RNA) gene families
(Guilfoyle, 1999; Jain et al., 2006a, b, c).

The Aux/IAA gene family is comprised of at least 29
members in Arabidopsis (Dharmasiri and Estelle, 2004)
and of 31 members in the rice genome (Jain et al., 2006a).
The Aux/IAA proteins harbour four conserved domains.
Domain I has been assigned a repressor function (Tiwari
et al., 2004), domain II is responsible for rapid degradation
of the Aux/IAA proteins, while domains III and IV are
responsible for homo- and heterodimerizataion among the
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various members of the Aux/IAA and auxin response factor
(ARF) proteins (Kim et al., 1997; Ouellet et al., 2001). The
Aux/IAA genes were originally identified from soybean as
mRNAs that are rapidly up-regulated in response to auxin
(Ainley et al., 1988; Abel and Theologis, 1996). Within the
promoters of these genes, cis-elements that confer res-
ponsiveness (referred to as auxin response elements or
AuxREs) have been identified, and a family of trans-acting
transcription factors (ARFs) that bind with specificity to
AuxREs has been characterized (Hagen and Guilfoyle,
2002). Although ARFs, a plant-specific family of DNA-
binding proteins, positively regulate the expression of Aux/
IAA genes, the Aux/IAA proteins dimerize with ARFs to
repress their activity. In fact, auxin initiates cascading
events that lead to proteolysis of Aux/IAA proteins via the
ubiquitin-ligase SCF™®! complex, thus allowing ARFs
to dimerize and promote transcription of auxin-responsive
genes (Gray et al., 2001; Kepinski and Leyser, 2004). The
mechanism for auxin perception remained elusive for a long
time, although recent studies demonstrated auxin action
in a cell-free system (Dharmasiri et al., 2003; Thakur
et al., 2005), pointing towards a soluble protein being the
auxin receptor. In a pioneering work, very recently, TIR1 (an
F-box protein) has been shown to be one of the auxin re-
ceptors mediating transcriptional responses to auxin
(Dharmasiri et al., 2005a; Kepinski and Leyser, 2005).
Evidence has also been provided whereby auxin may also
interact with other F-box proteins (Dharmasiri et al., 2005b).

The transcript levels of many auxin-responsive Aux/[AA
genes increase in response to the protein synthesis inhibitor
cycloheximide (CHX; Abel et al., 1995; Thakur et al.,
2005), suggesting that some short-lived proteins repress
Aux/IAA transcription. Because Aux/IAA proteins are
extremely short lived in vivo (Gray et al., 2001), these
proteins themselves may act as repressors of the auxin-
mediated transcriptional responses. The Aux/[AA genes
have been identified in dicots (soybean, pea, mungbean,
Arabidopsis, tobacco, cucumber, tomato, and Populus),
cereals (maize and rice), and pine tree (Abel et al., 1995;
Fujii et al., 2000; Thakur et al., 2001; Hagen and Guilfoyle,
2002; Moyle et al., 2002; Goldfarb et al., 2003; Jain et al.,
2006a). Despite intensive studies on the role of Aux/IAA
proteins in the regulation of auxin-mediated gene expres-
sion, their function is not yet fully understood. Some Aux/
TAA proteins are involved in light signalling (Liscum and
Reed, 2002), and mutants defective in Aux/IAA proteins
are insensitive to multiple phytohormones (Wilson et al.,
1990; Leyser et al., 1996; Rogg et al., 2001). An Aux/IAA
gene from tomato has been shown to respond to ethylene
(Jones et al., 2002) and its mRNA accumulation during
ripening coincides with their ethylene regulation in
immature green fruits. Brassinosteroids (BRs) also interact
synergistically with auxin in hypocotyl elongation in
several plant species (Sasse, 1999) and regulate changes
in expression of Aux/IAA genes (Nakamura et al., 2006).

The Aux/IAA genes have not been found in bacterial,
animal, or fungal genomes, and are therefore probably
unique to plants.

Earlier studies on the isolation and characterization of
an auxin-induced cDNA from rice (Oryza sativa), OsilAAl
(Thakur et al., 2001, 2005), and identification of the Aux/
IAA family in rice (Jain et al., 2006a), prompted the
identification of its homologues in wheat as well. A data-
base search revealed the existence of at least 15 cDNAs in
wheat corresponding to homologues of Aux/IAA genes
present in other plants. Simultaneously, an Aux/TAA cDNA
(TalAAIl) was isolated by screening the wheat cDNA
library using rice OsilAAI (Thakur et al., 2001) as a probe.
This study provides evidence that this primary auxin-
responsive gene encodes a nuclear-localized protein, whose
levels are up-regulated by auxin and BR, and down-regulated
by light. Calcium ions also stimulate TalAAI expression
and probably mediate the action of auxin and/or BR in
regulation of gene expression.

Materials and methods

Plant material and growth conditions

Wheat (T. aestivum) seeds were obtained from the Directorate of
Wheat Research of the Indian Council Agricultural Research
Institute, Karnal. Seeds were washed thoroughly with reverse
osmosis (RO) water after disinfecting with 4% sodium hypochlorite
for 30 min. Seedlings were grown on cotton saturated with RO
water at 28 °C, either in the dark or in constant light provided by
a bank of fluorescent tube lights (Philips TL 40 W/54, 6500 K) with
a fluence rate of 70 pmol m~2s™", as per experimental requirements.

Coleoptile elongation assay

Wheat seedlings were grown in complete darkness for 72 h. The
elongation zone (the middle segment) of 5 mm length of the etiolated
coleoptile was excised. The segments were incubated in KPSC buffer
(10 mM potassium phosphate, pH 6.0, 2% sucrose, 50 pm
chloramphenicol) for 12 h, to deplete endogenous auxins; the buffer
was replaced every 1 h (Thakur ez al., 2001). The segments were then
transferred to fresh KPSC buffer containing different concentrations
of TAA, 2,4-dichlorophenoxyacetic acid (2,4-D) or epibrassinolide
(EBL). Control segments were incubated in the KPSC buffer for the
same duration. Similarly, the segments were first incubated in KPSC
buffer for 14 h and then transferred to fresh KPSC buffer
supplemented with 320 uM equivalent salt of the divalent cation,
Ca2+, with or without 30 uM IAA/2,4-D. The calcium-chelating
agent, EGTA, was used to demonstrate the specificity of the effect of
Ca**. The length of the coleoptile segments was recorded after the
desired duration using a measuring scale. For every treatment, the
length of at least 20 coleoptile segments was measured and the values
plotted indicate the mean *=SE. The whole experiment was performed
in a dark room under a green safe-light. Each experiment was
performed at least twice and the data of only a representative
experiment are presented.

Isolation of TalAA1 ¢cDNA and sequencing

The dark-grown 4-d-old wheat seedling cDNA library was made
using the cDNA synthesis kit, ZAP express™ and Gigapack III gold
(Stratagene Cloning Systems, USA), according to the manufacturer’s
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instructions (Kulshreshtha et al., 2005), and screened by using
radiolabelled full-length OsilAAl cDNA from rice as probe (Thakur
et al., 2001). The hybridization was carried out at 58 °C in the buffer
containing 6 X SSC, 5X Denhardt’s solution, 0.5% SDS, and 100 pg
ml~" denatured herring sperm DNA. After screening ~5X10°
recombinant plaques, 24 putative clones were selected and further
purified through three rounds of successive screening. Single clone
excision was done to obtain recombinant pPBK-CMV phagemids
according to the manufacturer’s instructions. T3 and T7 primers were
used for sequencing, and the sequence from the 5’ end of one of the
clones showed significant homology to Aux/IAA cDNAs. The clone
was thus designated as TalAAI. Complete sequencing was done
using an automated ABI Prism 3700 DNA Analyzer (Applied
Biosystems, USA), with the ABI Prism Big Dye Terminator V 2.0
Ready Reaction Cycle Sequencing Kit (Applied Biosystems, USA),
as per the manufacturer’s instructions.

Completion of the 5' untranslated region (UTR) by rapid
amplification of 5 cDNA ends (5' RACE)

First-strand cDNA was synthesized from total RNA (1 mg) isolated
from leaf bases of 13-d-old light-grown wheat seedlings treated with
24-D (30 uM) for 1 d, using a gene-specific primer (GSP), 5'-
GGAAGATCTCTTCCTCTTACTGCCCCATC-3" and Stratascript
II reverse transcriptase (Gibco-BRL, USA). This was purified using
a gel extraction kit (Qiagen) and a T3 adaptor, 5'-CCCTTTAGT-
GAGGGTTAATTTC-3" (3AC7), and was ligated to the 5’ end of the
single-stranded cDNA by using T4 RNA ligase (Ambion Biochem-
icals, USA). The adaptor was modified at its 5° end by
phosphorylation and at its 3’ end by amino modification. The ligated
product was again purified using a Qiagen column and then used
as a template for PCR amplification with the T3 adaptor and GSP.
The PCR product was cloned in pGEMT-easy vector and sequenced
using T7 and SP6 primers.

Northern analysis

Total RNA was isolated from different tissues (Nagy and Schafer,
2002) and resolved on a 1.2% agarose gel containing 1.1%
formaldehyde, at 120 V. After alkaline blotting to a Hybond-N*
membrane (Amersham), hybridization was carried out in 50%
formamide, 5X SSC, 5X Denhardt’s solution, 0.1 M sodium
phosphate buffer, pH 6.5, 10% dextran sulphate, and 250 pg ml™"
of denatured herring sperm DNA at 42 ° C, using [o->2P]dATP-
labelled full-length TalAAI cDNA as a probe. The membrane was
then subjected to three successive washes for 5, 15, and 15 min, with
2X SSC/0.5% SDS, 2X SSC/0.1% SDS, and 0.1X SSC/0.5% SDS,
respectively, at room temperature. Autoradiography and X-ray film
development were performed as described above, and ethidium
bromide-stained rRNA served as a control to estimate the relative
amounts of rRNA in each lane.

Identification of Aux/IAA homologues in wheat (T. aestivum)

To identify Aux/IAA homologues in wheat (7. aestivum), the National
Centre for Biotechnology Information (NCBI, http://www.ncbi.nim.
nih.gov/BLAST/nr/EST), and the Institute for Genomic Research
(TIGR) database (http://www.tigrblast.tigr.org/euk-blast) resources
were used. The amino acid sequences of all the rice Aux/IAA proteins
were downloaded and used to search for their homologues in wheat
using the TBLASTN program in the NCBI (nr and est) and TIGR
databases, the redundant sequences were removed by the ClustalX
program (version 1.83), and the full-length cDNA sequences and
partial expressed sequence tags (ESTs) recovered. The search was
limited to the identification of at least three domains in these ESTs
to avoid retrieving the ARF sequences (Jain et al., 2006a).

Differential regulation of TalAA1 by light and calcium 4061

RNA isolation and real-time PCR analysis

Total RNA was extracted using the RNeasy Plant mini kit (Qiagen,
Germany) according to the manufacturer’s instructions, followed by
DNase I treatment to remove any genomic DNA contamination. The
quantitative real-time PCR analysis was performed as described
earlier (Jain et al., 2006b). In brief, the cDNA samples synthesized
from 3 pg of the total RNA using the High Capacity cDNA Archive
kit (Applied Biosystems, USA) were used as template and mixed with
200 nM of each primer and SYBR Green PCR Master Mix (Applied
Biosystems) for real-time PCR analysis, using the ABI Prism 7000
Sequence Detection System and Software (PE Applied Biosystems)
according to the manufacturer’s instructions. Each pair of primers
designed by using Primer Express 2.0 software (PE Applied
Biosystems) was checked by the BLAST program in wheat
sequences available in the TIGR database to ensure that the primers
amplify a unique and desired cDNA segment. The primer sequences
are listed in Supplementary Table 1 available at JXB online. The
specificity of the reactions was verified by melting curve analysis.
The relative mRNA levels for the TalAAl and other Aux/IAA genes
in RNA isolated from various tissue samples were quantified with
respect to the internal standard, actin. At least two independent RNA
isolations were used for cDNA synthesis, and each cDNA sample
was subjected to real-time PCR analysis in triplicate.

Results

Cell elongation is one of the most rapid and well studied
auxin-responsive phenomena that is generally accompanied
by activation of a set of primary or early induced genes (e.g.
Aux/IAA, GH3, and SAURSs). These genes further influence
the expression of secondary and/or late responsive genes
governing the end product/phenotype controlled by auxins
(Cleland, 1999). Although a number of early auxin-
inducible genes have been sequenced and characterized in
various dicots, OsilAAI from rice was the first early auxin-
inducible gene isolated and characterized from monocots,
which may also have a probable role in cell elongation
(Thakur et al., 2001, 2005). The work on the rice Aux/IAA
family was extended further (Jain et al., 2006a), and the
scope of the work was also enlarged to another important
and rather more complex cereal crop, i.e. wheat.

Spectrum of Aux/IAA genes in wheat

In an attempt to identify Aux/IAA protein-coding genes in
wheat, a TBLASTN search of cDNA clones or ESTs of
wheat available at TIGR and NCBI (nr and est) was
performed using 31 OsIAA (Jain et al., 2006a) proteins as
query. In this search, 15 non-redundant clones (among
a total of 64; including TalAAI; DR740490) having
high sequence similarity to OsIAA proteins could be
identified. Their GenBank accession numbers, nucleotide
length, and the conserved domains are given in Table 1 (see
also Supplementary Fig. 1 available at JXB online). The
absence of domain I in most of the sequences (10 out of
15) may be due to the incomplete cDNA/EST sequences
available. Some of these genes were also examined for their
auxin inducibility (described later). Simultaneously, one
of the auxin-inducible cDNAs from wheat was isolated
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Table 1. Aux/IAA gene family in wheat

Accession no.? Length (bp)” Domains present®

DR741441 1107 L I, 10, IV
AL808316 524 IL, III, IV
CK170519 1170 L I, 10, IV
CK207694 1113 L I, 10, IV
BJ225591 587 L IL 10, IV
AL810891 1015 IL 1L, IV
B1751049 559 II, I, IV
CK163783 1030 IL I, IV
CD894763 700 II, I, IV
CF132953 775 I, I, IV
DN829348 910 IL I, IV
DR740490 1084 L I, 10, IV
DR741584 1093 I, I, IV
DR732955 1159 IL I, IV
CK210695 1124 II, I, IV

“ GenBank accession number.

b Length of cDNA/EST in bp.

¢ Domains present in the predicted Aux/IAA proteins (some are partial
clones).

by screening a cDNA library made from 4-d-old etiolated
wheat seedlings (Kulshreshtha er al., 2005), using rice
OsilAAI (Thakur et al., 2001) as a probe. The cDNA
(accession no. AJ575098) thus isolated has been design-
ated as TalAAI (T. aestivum 1AA 1) and its characteristic
features are described below.

Characterization of TalAA1 cDNA

The TalAAI cDNA isolated originally by library screening
was 1104 bp long with an open reading frame of 702 bp.
The cDNA was further extended by 5" RACE increasing its
size to 1209 bp. A 181 bp 5’ UTR precedes the initiation
codon, ATG. The 3’ UTR of 527 bp contains a poly(A) site
and two potential polyadenylation signals at 59 bp and 201
bp upstream of the poly(A) site (see supplementary Fig. 2
available at JXB online). The cDNA encodes a protein
of 234 amino acids with a predicted molecular mass of
~24.88 kDa. The predicted amino acid sequence of TalAA1
showed significant identity (32-45%) with known Aux/
IAA proteins. The TalAA1 protein contains all the four
domains (I-IV) that are highly conserved in Aux/IAA
proteins, with the amino acid homology reaching up to 77%
in these regions (see supplementary Fig. 2 available at JXB
online). Invariant amino acids of the variant region (Thakur
et al., 2001) are also present in TalAA1, and the basic
amino acids located in between domains I and II
(...KR...RSYR....) may constitute a bipartite nuclear
localization signal (NLS) (Robbins et al., 1991; Gorlich
and Mattaj, 1996) (see supplementary Fig. 3 available at JXB
online). A basic cluster KRLRIMK, resembling SV40
(Abel and Theologis, 1995) and a MAT o2-like NLS
(Raikhel, 1992) is also present at the end of domain IV (see
supplementary Fig. 3 available at JXB online) (Abel
et al., 1994). TalAA1 protein contains a Boa amphipathic
region in a stretch of 130-170 amino acids, which covers

domain III. This Poo amphipathic region constitutes a
DNA-binding domain in Arc and Met] prokaryotic
repressors. The particle bombardment of onion epidermal
cells with a B-glucuronidase (GUS) reporter gene fused in-
frame with the complete TalAAI cDNA or harbouring one
of the two NLS sequences suggests that both the bipartite
NLS present in the first half and the SV40-type NLS present
in the second half can independently drive the protein to
the nucleus, and may have an additive effect in driving
the protein to the nucleus (see supplementary Fig. 4
available at JXB online). Overall, these observations
suggest that TalAAl is a nuclear-localized protein and
both types of NLS sequences present are functional.

Southern analysis

To determine whether the gene corresponding to TalAAl
cDNA belongs to a multigene family or is represented as
a single copy, the wheat genomic DNA was digested with
different restriction enzymes and processed for Southern
analysis at high stringency (50% formamide, 42 °C) using
complete TalAAl cDNA as a radiolabelled probe. The
autoradiogram shows that either two or three fragments
prominently hybridized after restriction digestion with
BamHI, Pstl, EcoRI, and HindIII (see supplementary Fig. 5
available at JXB online). However, under low stringency
conditions for hybridization, some more bands could be
detected in the autoradiogram (data not presented). This
indicates that TalAAI belongs to a multigene family, which
is similar to the situation in most of the other plant species
examined (Abel et al., 1995; Thakur et al., 2001; Moyle
et al., 2002; Jain et al., 2006a).

Auxin-induced changes in expression of wheat
Aux/IAA genes, including TalAA1

The effect of the natural auxin, IAA, and/or the synthetic
auxin, 2,4-D, was investigated on the expression of Aux/
IAA genes in the etiolated wheat coleoptiles excised from
3-d-old seedlings displaying maximum elongation. The
endogenous auxin was depleted by floating the coleoptiles
in the depletion buffer (KPSC buffer) for 14 h in the dark.
The explants were then transferred to fresh KPSC buffer
supplemented with various concentrations of 2,4-D or [AA
for 20 h in the dark. The coleoptiles exhibited a 1.5- to 2-
fold increase in length at 30 uM concentration compared
with the controls (Fig. 1A), while at higher concentrations
there was relatively less elongation. Also, IAA in general
caused a greater increase in coleoptile elongation than did
2,4-D (Fig. 1A).

The elongation response of three different segments of
coleoptile towards auxins was also examined at the optimal
concentration, i.e. 30 pM (Fig. 1B). The coleoptile was
excised into 5 mm segments each at the base, middle, and
the tip region, and the middle segment was observed to
show the maximum response (~2.5-fold increase over the
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Fig. 1. (A) Effect of various concentrations of IAA and 2,4-D on elongation growth of 3-d-old etiolated wheat coleoptiles after 14 h of endogenous auxin
depletion in KPSC buffer. (B) Effect of IAA and 2,4-D on elongation of segments (basal, middle, and tip) of coleoptiles from 3-d-old dark-grown wheat
seedlings. The measurements were taken after 20 h of auxin treatment and are expressed as the mean =SE (C) The kinetics of decrease in TalAAl
transcript abundance during depletion of endogenous auxin in the excised coleoptile segments in KPSC buffer. (D) Northern blot hybridization showing
the kinetics of increase in TalAA! transcript abundance in excised coleoptile segments of 3-d-old etiolated wheat seedlings by 30 uM TAA, after 14 h of
auxin depletion. As a control, RNA was isolated from 14 h auxin-depleted tissue. Each lane contains 20 pg of RNA, and ethidium bromide-stained rRNA
represents the control in both (C) and (D). (E) The relative mRNA levels of five Aux/IAA cDNAs in control (14 h auxin depleted) and 2,4-D- (30 uM)
(2 h) treated coleoptile segments of 3-d-old etiolated wheat seedlings. The error bars represent the mean =SD of two biological replicates, each analysed

with three technical replicates.

control). The basal and tip segments also showed an
increase in length, but not as great as that displayed by the
middle segment (Fig. 1B).

To determine the changes in TalAAl transcript abun-
dance after depletion of endogenous auxin, the total RNA
was isolated from etiolated segments floated in KPSC
buffer at varying time intervals and subjected to northern
analysis. As compared with the undepleted control, there
was a slight decrease within 2 h in the steady-state
transcript levels of TalAAI, which gradually declined
and became negligible after 12 h (Fig. 1C). For induction
experiments, the endogenous auxin was depleted by
floating the excised coleoptile segments in KPSC buffer
for 14 h and then treated with 30 pM TAA for various times.
The increase in transcript abundance was apparent within

15 min of incubation, increasing further with extended
duration of IAA treatment (Fig. 1D). The expression of six
other Aux/IAA genes of wheat was also examined by real-
time PCR and all but one of these genes could be induced
by auxin in etiolated coleoptile segments (Fig. 1E); maxi-
mum induction was recorded in clone CK20769.

Auxin-induced TalAA1 expression is insensitive
to CHX

CHX is known to induce the early auxin-responsive genes
(Abel et al., 1995; Thakur et al., 2005). The steady-state
transcript accumulation was monitored in excised etiolated
wheat seedlings treated with 50 pM CHX for various times.
The TalAAI transcript levels increased within 30 min in the
presence of exogenously supplied CHX, and a sustained
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increase was registered for up to 5 h (Fig. 2A). The CHX
treatment could not abolish the inductive effect of IAA
and, in fact, their effects on the increase in TalAAI tran-
script accumulation were additive (Fig. 2B).

Light-sensitive and tissue-specific expression
of TalAA1

The changes in TalAAl transcript abundance were
examined by northern analysis using the total RNA
extracted from roots and shoots of both light-grown and
etiolated wheat seedlings (Fig. 3). In etiolated wheat
seedlings, the transcript level of TalAAl was most in the
upper portion of shoots, followed by the lower portion,
and least in the root. This expression was negligible in
light-grown roots although moderately present in the shoot
(Fig. 3A). In addition, the transcript was detectable in 1-
month-old leaf base calli cultured on 2,4-D medium (Fig. 3B).

Light and phytohormones profoundly influence plant
growth and development. There are some compelling
results that suggest that light, besides its effect on plant
growth and development, can regulate Aux/IAA expression
at the molecular level (Colon-Carmona et al., 2000; Thakur
et al., 2001, 2005). To determine whether TalAAI is up- or
down-regulated by light, the kinetics of accumulation of the
TalAAl transcript were examined in seedlings exposed to
white light for various times. There was a distinct decrease
in TalAAI transcript levels within 3—4 h in both 3- and 5-d-
old etiolated wheat seedlings exposed to light (Fig. 3C, D).

A 50 uM CHX

e £

€ E

Q o = = = = =

(@] 5] = Y 2] < 5]

e TalAA1
rRNA
B - + - + IAA
& . + + CHX

TalAA1

] e~

Fig. 2. Northern blot analysis to study the effect of cycloheximide
(CHX) on TalAAI transcript abundance. After auxin depletion in KPSC
buffer for 14 h, the excised coleoptile segments of 3-d-old etiolated wheat
seedlings were treated with 50 pM CHX for different times. Control
indicates RNA isolated from etiolated seedlings after auxin depletion. (B)
Northern blot hybridization to show the effect of CHX in the presence
or absence of IAA (indicated on the top of each lane). The coleoptile
segments were incubated in KPSC buffer after auxin depletion in either
the presence or absence of IAA or CHX or both, as indicated. Each lane
was loaded with 20 pg of total RNA. Ethidium bromide-stained rRNA
represents the control.

Calcium-induced changes in TalAA1 expression and
elongation growth

Calcium, a second messenger in many hormone-regulated
responses, plays a key role in various cellular and
physiological processes of higher plants (Harper, 2001).
In the present study, the effect of calcium was examined on
TalAAl gene expression and elongation growth of co-
leoptile segments. The middle segments of 3-d-old etiolated
coleoptiles of wheat were first incubated in KPSC buffer for
14 h and then transferred to fresh KPSC buffer supple-
mented with 30 pM 2,4-D and/or 320 uM CaCl, for 20 h in
the dark. There was increased elongation in the presence
of both auxin and calcium. The chelating agent, EGTA,
virtually arrested the elongation growth of cut segments
in the presence of auxin alone or even when incubated
together with calcium (Fig. 4A). The etiolated wheat
coleoptile segments showed a more conspicuous curving
response when both 2,4-D and CaCl, were supplied
simultaneously (Funke and Edelmann, 2000). Northern
studies also revealed essentially a similar picture with
respect to changes in TalAA/ transcript levels on treatment
with Ca** and/or auxin. The TalAAI transcript abundance
in the excised etiolated coleoptiles treated with 320 uM
CaCl, increased with or without auxin, which could be
checked by EGTA application (Fig. 4B).

Induction of TalAA1 transcripts by BR

Plants exhibit different BR sensitivities, depending on
endogenous or exogenous factors, such as organ type,
environment, and growth stage (Nakamura et al., 2006).
To determine the optimal effective concentration of EBL,
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Fig. 3. The steady-state transcript levels of TalAAl in various tissues
of wheat seedlings grown (A) in the dark or light for 5 d and (B) in
calli placed on MS basal and MS basal+30 uM 2,4-D medium. (C)
Down-regulation of TalAA! transcripts in 3-d-old dark-grown (left panel)
and 5-d-old dark-grown (right panel) wheat seedlings by light. Each lane
was loaded with 20 pg of total RNA. rRNA represents the control.
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Fig. 4. (A) Effect of Ca>* ions on the elongation growth of the middle
segment of the coleoptile from 3-d-old dark-grown wheat seedlings. The
segments were first incubated in KPSC buffer for 14 h and then
transferred to fresh KPSC buffer supplemented with 30 uM 2,4-D and
320 uM equivalent salts of Ca®* or the chelating agent, EGTA. The
segment length was measured after 20 h of treatment in the dark. —C,
control segments incubated in KPSC buffer only, +C, control segments
incubated in KPSC buffer containing 30 pM 2,4-D. (B) Northern blot
hybridization showing the effect of CaCl, (320 uM) and 2,4-D (30 uM)
on TalAAI transcripts and its reversal by EGTA (320 uM). Each lane
was loaded with 20 pg of total RNA, and ethidium bromide-stained
rRNA represents the control.

real-time PCR was performed with total RNA isolated from
etiolated shoots and roots of the seedlings treated with
varying concentrations of EBL. This analysis revealed that
concentrations which were inhibitory to shoots (200 nM)
were promoting expression of Aux/IAA transcript in roots,
and concentrations which were inhibitory to roots were
promoting expression of Aux/[AA transcript in shoots
(100 nM and 1 pM) (Fig. 5SA, B). Northern analysis revealed
increased TalAAI transcript accumulation in etiolated
shoots in the presence of EBL, although it was less
effective as compared with auxin (at least at 100 nM) (Fig.
6A). The expression was undetectable in roots of dark-
grown seedlings (Fig. 6B). The kinetic studies revealed
that the pattern of TalAAI transcript accumulation was
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Fig. 5. Changes in TalAAl mRNA levels after exposure to different
concentrations of epibrassinolide (in M) in 4-d-old etiolated wheat (A)
shoots and (B) roots. The relative mRNA levels were normalized with
respect to the house-keeping gene, actin. The error bars represent
the mean+SD of two biological replicates, each analysed with three tech-
nical replicates.

essentially similar to auxin; the increase in transcript
abundance was visible within 1 h and, thereafter, a gradual
increase was observed up to 16 h (Fig. 6C, D).
Subsequently, the etiolated shoots were depleted of
endogenous auxin in KPSC buffer for 14 h and then
incubated with BR (10 nM and 100 nM) alone and/or with
auxin (30 uM) for 2 h. The level of TalAAI transcript
increased much more in the combined presence of both
auxin and BR (Fig. 6E).

Discussion

Aux/IAA gene family in wheat

The Aux/TAA genes are present as a multigene family in
nearly all plants examined, including soybean (Ainley
et al., 1988), pea (Oeller et al., 1993), mungbean
(Yamamoto et al., 1992), tobacco (Dargeviciute et al.,
1998), tomato (Nebenfuhr et al., 2000), Arabidopsis
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rRNA represents the control.

(Liscum and Reed, 2002), Populus (Moyle et al., 2002),
and loblolly pine (Goldfarb et al., 2003). Very recently, the
rice genome has been shown to contain 31 Aux/IAA genes
(Jain et al., 2006a). Southern analysis indicated that Aux/
IAA genes may be represented as a multigene family in
the wheat genome, as has been shown in the case of rice
(Thakur et al., 2001; Jain et al., 2006a). The overall in
silico analysis (present study) also revealed that there are at
least 15 ESTs (or cDNAs) of auxin-inducible Aux/IAA
genes present, although the expected number in the
hexaploid genome of wheat may be much more, bearing
in mind the fact that rice has >30 members of this family
(Jain et al., 2006a). For the present, the TalAAI cDNA
has been isolated and characterized in detail from the hexa-
ploid wheat (T. aestivum).

The molecular mass of Aux/[AA proteins in general
ranges from 19 kDa to 36 kDa (Abel and Theologis, 1995;
Guilfoyle et al., 1998). The TalAAl-encoded protein also
falls in this range, with a calculated molecular mass of
24.88 kDa. The TalAAl-encoded polypeptide shares four
conserved domains, I, II, III, and IV, and seven invariant
residues in the intervening region. Overall sequence
identity between the conserved domains is highly variable
(36-87%). The amino acid alignment of TalAAl with
known Aux/IAA proteins shows conserved regions of basic
amino acids. Domain III, along with five invariant
hydrophobic residues, forms the Poor structure which
shows similarity to the Poo DNA-binding domain of
prokaryotic repressor Arc and Met] (Pabo and Saver,
1992; Gray et al., 2001). This putative prokaryotic Poo
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DNA-binding motif is required for protein dimerization
(Kim and Harter, 1997) and protein—protein interaction.
The Aux/IAA proteins are short-lived nuclear proteins, and
domain I is critical for rapid degradation via the SCF™™®!
complex. In a very recent study in Arabidopsis, it has been
shown that regions outside of Aux/[AA domain II could
independently regulate the proteolysis of specific Aux/IAA
family members (Dreher et al., 2006). Domain III and IV
are dimerization domains that are conserved not only
among the Aux/IAA proteins but also among most ARFs
(Kim and Harter, 1997; Ulmasov et al., 1999).

The TalAA1 protein, like other Aux/IAA proteins (Abel
et al., 1995; Jain et al., 2006b), has a Mato2-like putative
NLS sequence and an SV40-type NLS sequence. Both
these sequences were found to be functional in targeting
the GUS—protein fusion to the nucleus in onion epidermal
cells. The Aux/IAA proteins are known to interact with
ARFs (known transcription factors) to function as repres-
sors of auxin-induced gene(s) (Ulmasov et al., 1999).

The TalAA1 is a primary auxin-responsive gene

Besides a fast induction phenomenon, early auxin-
responsive genes are characterized by increased mRNA
accumulation even when de novo protein synthesis is
blocked. The mechanism for such induction is supposed to
involve both stabilization of mRNAs and derepression of
transcription (Koshiba et al., 1995). Earlier studies employ-
ing nuclear run-on transcription assays and metabolic
inhibitors also indicate that many Aux/[AAs are transcrip-
tionally regulated (Guilfoyle, 1999). In the present study,
although CHX itself up-regulated TalAAl transcript accu-
mulation, the addition of IA A further augmented the response.
This CHX insensitivity towards auxin action indicates that
TalAAI is a primary auxin-responsive gene and that its
expression is up-regulated by auxin independently of de novo
protein synthesis.

Tissue-specific and auxin-induced changes in TalAA1
expression and coleoptile elongation growth

Auxin-mediated cell elongation is one of the fastest known
hormonal responses (with a lag period of 15-25 min) (Abel
et al., 1995). Exogenously supplied auxin affects the
elongation of excised coleoptiles, and this is supported by
the present study. The TalAAI transcripts declined on auxin
depletion and this is consistent with most of the auxin-
inducible genes that have a short half-life. An increase in
elongation of the middle segment of the excised coleoptiles
occurred with the application of 30 uM 2,4-D or IAA. The
ability of exogenous auxin to promote cell elongation in
excised stem and hypocotyls has been studied extensively
previously (Hagen et al., 1984). Most Aux/IAA genes re-
spond to exogenous auxin within the first 30 min of treat-
ment, similar to the SAUR genes, the fastest responding
genes known to be induced by auxin (Gee et al., 1991). In
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the case of TalAAI too, transcripts started accumulating
as early as 15-30 min after auxin application. The TalAAl
transcripts were present in shoots of 5-d-old light-grown
wheat seedlings but were almost undetectable in roots,
whereas its expression in the dark could be detected in
roots, although it was still lower than in shoots. Essentially
a similar tissue-specific profile was reported for rice
OsilAAI (Thakur et al., 2001).

Light-mediated down-regulation of TalAA1

Light and auxins are known to interact with each other in
various stimulus-response processes in plants. A direct
interaction between light and auxin has been demonstrated
by phosphorylation of Aux/IAA proteins (SHY2/IAA3,
AXr3/IAA17,and AXR2/IAAT) by phytochrome A (Colon-
Carmona et al., 2000). In the present study, the TalAAl
expression in wheat seems to be downregulated by light,
as its transcripts do not accumulate in light-grown tissues,
leaf blades, and coleoptiles, while the transcript is abund-
ant in the dark, in both root and shoot. This was further
corroborated by northern analysis of the RNA isolated from
3- or 5-d-old coleoptile samples harvested at various time
points upon transfer from the dark to white light.
The down-regulation of TalAAl transcript accumulation
in 3/5-d-old etiolated seedlings became visible as early as
3—4 h following irradiation with white light. The OsilAAl
transcript levels are also affected by white light in a simi-
lar manner in rice (Thakur et al., 2001). In a subsequent
study, the role of red, far-red, and blue light has also
been demonstrated in triggering the down-regulation of
OsilAAI expression (Thakur et al., 2005).

Brassinosteroid-mediated responses

While both auxin and BR promote elongation, their
induction kinetics are quite different, with auxin generally
showing a short lag time of 10-15 min (Sasse, 1999;
Bao et al., 2004) and BR showing a gradual and continuous
increase (Nakamura ef al., 2006). This difference in kinetics
is also seen at the level of gene expression in the case
of TalAAI (present study) and also in Arabidopsis, where
auxin induces members of the [AA, SAUR, and GH3
gene families generally much more rapidly than BR
(Goda et al., 2002; Miissig et al., 2002; Nakamura et al.,
2006). Earlier studies also reported that in a BR-deficient
det2 mutant of Arabidopsis, Aux/IAA levels were lower
than in the wild type, even though the endogenous auxin
levels per gram of fresh weight were higher in the
det2 mutant than in the wild type (Nakamura et al.,
2003). The interactions of the BR and auxin signalling
pathways in the best characterized auxin-insensitive
mutants iaa7/axr2 and iaal7/axr3 have revealed that
these genes are regulated by the Aux/IAA proteins in res-
ponse to both auxin and BR (Nakamura et al., 2006).
Whether auxin and BRs interact to regulate expression
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of TalAAI remains to be worked out, but exogenous IAA
induced accumulation of TalAAI transcripts quickly and
transiently, whereas exogenous BR induced it gradually
and in a sustained manner.

Calcium-regulated changes in TalAA1 expression and
coleoptile elongation

Plant cells are reported to contain all the elements essential
for a calcium-based messenger system that couple the
external stimuli to various physiological responses (Pleith,
2005). There is increasing evidence that auxin action
is also mediated by an intracellular change of calcium
levels and that calcium acts as a second messenger during
auxin-mediated cellular responses (Yang and Poovaiah,
2000).

The present study too substantiates the role of calcium in
auxin-mediated cell elongation. The presence of calcium,
along with exogenously supplemented 2,4-D, induced
curving of the excised coleoptiles (data not presented),
suggesting a differential accumulation/distribution of
auxin in the presence of calcium. Northern analysis re-
vealed that the transcript levels of TalAAI increased when
the endogenous auxin-depleted explants were incubated
with calcium alone or in combination with 2,4-D, suggesting
the positive influence of calcium on the relative abundance
of the TalAAI transcripts. EGTA, when supplied in the
presence of auxin and/or calcium, caused a decrease in the
TalAAI transcript levels, which was concomitant with its
inhibitory influence on coleoptile elongation in the dark.
These data provide evidence for a role for calcium in auxin-
inducible gene expression in wheat, but whether this ef-
fect is exerted at the transcriptional or post-transcriptional
level, remains to be established. In an earlier study with
a calmodulin (CaM) antagonist, it was suggested that
CaM mediates regulation of ZmSAURI not at the trans-
criptional level but rather at the post-transcriptional level
(Yang and Poovaiah, 2000).

The curving of coleoptile segments in the presence of
calcium is an interesting observation because such a re-
sponse is usually quite apparent when hypocotyl segments
or internodes are treated with a BR (Sasse, 1999).
Moreover, recent studies have also shown that some of
the Aux/[AA genes are indeed induced by BR (Nakamura
et al., 2003, 2006) and BR action is mediated by calcium
(Du and Pooviah, 2005). It is thus imperative to find out
if Ca?* is involved in auxin or BR signalling, or in both,
for coleoptile elongation and curving, and induction of
Aux/IAA genes.

Although the precise role of TalAAI remains to be
elucidated, there is correlative evidence for its probable
role in cell elongation in seedling coleoptiles. It is
intended to try, in the near future, to validate TalAAI
functionally by modulating its expression in transgenics.
There are probably chances that the Aux/IAA family will be
much larger in this hexaploid wheat but its complexity will

be unravelled only as the wheat sequencing project
advances and high throughput genome data become
available for computational analysis.

Supplementary data

Supplementary data can be found at JXB online.

Acknowledgements

BS and AC acknowledge the award of Senior Research Fellowship
from the University Grants Commission, New Delhi. This research
work was financially supported by the Department of Biotechnology,
Government of India, and the University Grants Commission,
New Delhi. We also thank Mukesh Jain for his suggestions and
critical comments on the manuscript.

References

Abel S, Nguyen MD, Theologis A. 1995. The PS-IAA4/5-like
family of early auxin-inducible mRNAs in Arabidopsis thaliana.
Journal of Molecular Biology 251, 533-549.

Abel S, Oeller PW, Theologis A. 1994. Early auxin-induced genes
encode short lived nuclear proteins. Proceedings of the National
Academy of Sciences, USA 91, 326-330.

Abel S, Theologis A. 1995. A polymorphic bipartite motif signals
nuclear targeting of early auxin-inducible proteins related to
PS-IAA4 from pea (Pisum sativum). The Plant Journal 8, 87-96.

Abel S, Theologis A. 1996. Early genes and auxin action. Plant
Physiology 111, 9-17.

Ainley WM, Walker JC, Nagao RT, Key JL. 1988. Sequence and
characterization of two auxin-regulated genes from soybean.
Journal of Biological Chemistry 263, 10658—10666.

Bao F, Shen J, Brady SR, Muday GK, Asami T, Yang Z. 2004.
Brassinosteroids interact with auxin to promote lateral root
development in Arabidopsis. Plant Physiology 134, 1624—-1631.

Cleland RE. 1999. Introduction: nature, occurrence and functioning
of plant hormones. In: Hooykaas PJJ, Hall MA, Libbenga KR, eds.
Biochemistry and molecular biology of plant hormones. Amster-
dam, The Netherlands: Elsevier, 3-22.

Colon-Carmona A, Chen DL, Yeh KC, Abel S. 2000. Aux/IAA
proteins are phosphorylated by phytochrome in vitro. Plant
Physiology 124, 1728-1738.

Dargeviciute A, Roux C, Decreux A, Sitbon F, Perrot-
Rechenmann C. 1998. Molecular cloning and expression of the
early auxin-responsive Aux/IAA gene family in Nicotiana tabacum.
Plant and Cell Physiology 39, 993—-1002.

Dharmasiri N, Dharmasiri S, Estelle M. 2005a. The F-box protein
TIR1 is an auxin receptor. Nature 435, 441-445.

Dharmasiri N, Dharmasiri S, Jones AM, Estelle M. 2003. Auxin
action in a cell free system. Current Biology 13, 1418-1422.

Dharmasiri N, Dharmasiri S, Weijers D, Lechner E, Yamada M,
Hobbie L, Ehrismann LS, Jurgens G, Estelle M. 2005b. Plant
development is regulated by a family of auxin receptor F-box
proteins. Developmental Cell 1, 109-119.

Dharmasiri N, Estelle M. 2004. Auxin signaling and regulated
protein degradation. Trends in Plant Science 9, 687—-693.

Dreher KA, Brown J, Saw RE, Callis J. 2006. The Arabidopsis
Aux/IAA protein family has diversified in degradation and auxin
responsiveness. The Plant Cell 18, 699-714.

1102 ‘Gz IMdy uo 1sanb Aq Bio'sjeuinolpiojxo x| woiy papeojumoq


http://jxb.oxfordjournals.org/

Du L, Poovaiah BW. 2005. Ca?*/calmodulin is critical for
brassinosteroid biosynthesis and plant growth. Nature 437,
741-745.

Fujii N, Kamada M, Yamasaki S, Takahashi H. 2000. Differential
accumulation of Aux/IAA mRNA during seedling development and
gravity response in cucumber (Cucumis sativus L.). Plant
Molecular Biology 42, 731-740.

Funke M, Edelmann HG. 2000. Auxin-dependent cell wall
depositions in the epidermal periplasmic space of graviresponding
nodes of Tradescantia fluminensis. Journal of Experimental
Botany 344, 579-586.

Gee MA, Hagen G, Guilfoyle TJ. 1991. Tissue-specific and organ-
specific expression of soybean auxin-responsive transcripts GH3
and SAURs. The Plant Cell 3, 419-430.

Goda H, Shimada Y, Aasmi T, Fujioka S, Yoshida S. 2002.
Microarray analysis of brassinosteroid-regulated genes in Arabi-
dopsis. Plant Physiology 130, 1319-1334.

Goldfarb B, Lanz-Gracia C, Lian Z, Whetten R. 2003. Aux/[AA
gene family is conserved in the gymnosperm, loblolly pine (Pinus
taeda). Tree Physiology 17, 1181-1192.

Gorlich D, Mattaj IW. 1996. Nucleocytoplasmic transport. Science
271, 1513-1518.

Gray WM, Kepinski S, Roux D, Leyser O, Estelle M. 2001.
Auxin regulates SCFT™!-dependent degradation of Aux/IAA
proteins. Nature 414, 271-276.

Guilfoyle TJ. 1999. Auxin-regulated genes and promoters. In:
Hooykaas PJJ, Hall MA, Libbenga KR, eds. Biochemistry and
molecular biology of plant hormones. Amsterdam, The
Netherlands: Elsevier, 423-459.

Guilfoyle TJ, Ulmasov T, Hagen G. 1998. The ARF family
of transcription factors and their role in plant hormone-responsive
transcription. Cellular and Molecular Life Sciences 54, 619-627.

Hagen G, Guilfoyle TJ. 2002. Auxin-responsive gene expression;
genes, promoters and regulatory factors. Plant Molecular Biology
49, 373-385.

Hagen G, Kleinshmidt A, Guilfoyle T. 1984. Auxin-regulated gene
expression in intact soybean hypocotyls and excised hypocotyl
sections. Planta 162, 147-153.

Harper JF. 2001. Dissecting calcium oscillations in plant cells.
Trends in Plant Science 6, 395-397.

Jain M, Kaur N, Garg R, Thakur JK, Tyagi AK, Khurana JP.
2006a. Structure and expression analysis of early auxin-responsive
Aux/IAA gene family in rice (Oryza sativa). Functional and
Integrative Genomics 6, 47-59.

Jain M, Kaur N, Tyagi AK, Khurana JP. 2006b. The auxin-
responsive GH3 gene family in rice (Oryza sativa). Functional and
Integrative Genomics 6, 36—46.

Jain M, Tyagi AK, Khurana JP. 2006c. Genome-wide analysis,
evolutionary expansion, and expression of early auxin-responsive
SAUR gene family in rice (Oryza sativa). Genomics 88, 360-371.

Jones B, Frasse P, Olmos E, Zegzouti H, Li ZG, Latche A,
Pech JC, Bouzayen M. 2002. Down-regulation of DR12, an
auxin-response-factor homolog, in the tomato results in a
pleiotropic phenotype including dark green and blotchy ripening
fruit. The Plant Journal 32, 603-613.

Kim J, Harter K, Theologis A. 1997. Protein—protein interaction
among the Aux/IAA proteins. Proceedings of the National
Academy of Sciences, USA 94, 11786-11791.

Kepinski S, Leyser O. 2004. Auxin-induced SCEFT™®!_Aux/IAA
interaction involves stable modification of the SCF™! complex.
Proceedings of the National Academy of Sciences, USA 101,
12381-12386.

Kepinski S, Leyser O. 2005. The Arabidopsis F-box protein TIR1
is an auxin receptor. Nature 435, 446-451.

Differential regulation of TalAA1 by light and calcium 4069

Koshiba T, Ballas N, Wong LM, Theologis A. 1995. Transcrip-
tional regulation of PS-IAA4/5 and PS-IAAG6 early gene expression
by indoleacetic acid and protein synthesis inhibitors in pea
(Pisum sativum). Journal of Molecular Biology 253, 396—413.

Kulshreshtha R, Kumar N, Balyan HS, Gupta PK, Khurana P,
Tyagi AK, Khurana JP. 2005. Structural characterization,
expression analysis and evolution of the red/far-red sensing
photoreceptor C (PHYC), localized on the ‘B’ genome of
hexaploid wheat (Triticum aestivum L.). Planta 221, 675-689.

Leyser HM, Pickett FB, Dharmasiri S, Estelle M. 1996. Mutations
in the AXR3 gene of Arabidopsis result in altered auxin response
including ectopic expression from the SAUR-AC1 promoter.
The Plant Journal 10, 403-413.

Liscum E, Reed JW. 2002. Genetics of Aux/IAA and ARF action in
plant growth and development. Plant Molecular Biology 49,
387-400.

Moyle R, Schrader J, Stenberg A, Olsson O, Saxena S, Sandberg G,
Bhalerao RP. 2002. Environmental and auxin regulation of wood
formation involves members of the Aux/JAA gene family in hybrid
aspen. The Plant Journal 31, 675-685.

Miissig C, Fischer S, Altmann T. 2002. Brassinosteroid regulated
gene expression. Plant Physiology 129, 1241-1251.

Nagy F, Schafer E. 2000. Nuclear and cytosolic events of
light-induced, phytochrome-regulated signaling in higher plants.
EMBO Journal 19, 157-163.

Nakamura A, Higuchi K, Goda H, Fujiwara MT, Sawa S,
Koshiba T, Shimada Y, Yoshida S. 2003. Brassinolide induces
IAAS, IAA]9, and DRS, a synthetic auxin response element in
Arabidopsis, implying a cross talk point of brassinosteroid and
auxin signaling. Plant Physiology 133, 1843-1853.

Nakamura A, Nakajima N, Shimada H, Hayashi K, Nozaki H,
Asami T, Yoshida S, Fujioka S. 2006. Arabidopsis Aux/IAA
genes are involved in brassinosteroid-mediated growth responses
in a manner dependent on organ type. The Plant Journal 45,
193-205.

Nebenfuhr A, White TJ, Lomax TL. 2000. The diageotropica
mutation alters auxin induction of a subset of the Aux/IAA gene
family in tomato. Plant Molecular Biology 44, 73-84.

Oeller PW, Keller JA, Parks JE, Theologis A. 1993. Structural
characterization of the early indoleacetic acid-inducible genes
PS-IAA4/5 and PS-IAA6 of pea (Pisum sativum L). Journal of
Molecular Biology 233, 789-798.

Ouellet F, Overvoorde PJ, Theologis A. 2001. IAA17/AXR3:
biochemical insight into an auxin mutant phenotype. The Plant
Cell 13, 829-841.

Quint M, Gary WM. 2006. Auxin signaling. Current Opinion in
Plant Biology 9, 448-453.

Plieth C. 2005. Calcium: just another regulator in the machinery of
life? Annals of Botany 96, 1-8.

Pabo CO, Sauer RT. 1992. Transcription factors: structural families
and principles of DNA recognition. Annual Review of Biochemistry
61, 1053-1095.

Raikhel NV. 1992. Nuclear targeting in plants. Plant Physiology
100, 1627-1632.

Robbins J, Dilworth SM, Laskey RA, Dingwall C. 1991. Two
interdependent basic domains in nucleoplasmin nuclear targeting
sequence. Cell 64, 615-623.

Rogg LE, Bartel B. 2001. Auxin signaling: derepression through
regulated proteolysis. Development Cell 1, 595-604.

Sasse J. 1999. Physiological actions of brassinosteroids. In: Sakurai A,
Yokota T, Clouse SD, eds. Brassinosteroids: steroidal plant
hormones. Tokyo: Springer-Verlag, 137-161.

Thakur JK, Jain M, Tyagi AK, Khurana JP. 2005. Exogenous
auxin enhances the degradation of a light down-regulated and

1102 ‘Gz IMdy uo 1sanb Aq Bio'sjeuinolpiojxo x| woiy papeojumoq


http://jxb.oxfordjournals.org/

4070 Singla et al.

nuclear-localized OsilAAl, an Aux/IAA protein from rice, via
proteasome. Biochimica et Biophysica Acta 1730, 196-205.

Thakur JK, Tyagi AK, Khurana JP. 2001. OsilAAl, an Aux/IAA
cDNA from rice, and changes in its expression as influenced by
auxin and light. DNA Research 8, 193-203.

Tiwari SB, Hagen G, Guilfoyle TJ. 2004. Aux/IAA proteins
contain a potent transcriptional repression domain. The Plant Cell
16, 533-543.

Ulmasov T, Hagen G, Guilfoyle TJ. 1999. Activation and
repression of transcription by auxin-response factors. Proceedings
of National Academy of Sciences, USA 96, 5844—5849.

Wilson AK, Pickett FB, Turner JC, Estelle M. 1990. A dominant
mutant in Arabidopsis confers resistance to auxin, ethylene
and abscissic acid. Molecular and General Genetics 222,
377-383.

Yamamoto KT, Mori H, Imaseki H. 1992. cDNA cloning of indole-
3-acetic acid regulated genes: Aux22 and SAUR from mung
bean (Vigna radiata) hypocotyls tissue. Plant and Cell Physiology
33, 93-97.

Yang T, Poovaiah BW. 2000. Molecular and biochemical evi-
dence for the involvement of calcium/calmodulin in auxin action.
Journal of Biological Chemistry 275, 3137-3143.

1102 ‘Gz IMdy uo 1sanb Aq Bio'sjeuinolpiojxo x| woiy papeojumoq


http://jxb.oxfordjournals.org/

