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Abstract Auxin exerts pleiotropic effects on plant growth
and development by regulating the expression of early
auxin-responsive genes of auxin/indoleacetic acid (Aux/
144), small auxin-up RNA, and GH3 classes. These genes
have been studied extensively in dicots like soybean and
Arabidopsis. We had earlier characterized a cDNA of the
first monocot member of Aux/IAA family from rice. The
achievement of the large scale rice genome sequencing
combined with the availability of full-length cDNA
sequences from Knowledge-based Oryza Molecular Bio-
logical Encyclopedia provided us the opportunity to draw
up the first comprehensive list of Aux/IAA genes in a
monocot. By screening the available databases, we have
identified 31 Aux/IAA4 genes having high sequence identity
within the conserved domains I, II, III, and IV. The
genomic organization as well as chromosomal location of
all the Oryza sativa indoleacetic acid (OsIAA) genes is
reported. The rice Aux/IAA proteins can be classified in
two groups (A and B) on the basis of their phylogenetic
relationship with Arabidopsis Aux/IAA proteins. An evolu-
tionary pattern of the rice Aux/IAA genes has been discussed
by analyzing their structure (exon/intron organization) and
duplications. Interestingly, the duplication of rice Aux/IAA4
genes was found to be associated with chromosomal block
duplication events in rice. The in-silico analysis has been
complemented with real-time polymerase chain reaction
analysis to quantify transcript levels of all Aux//AA4 family
members. OsIAA genes showed differential and over-
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lapping organ-specific expression patterns in light- and
dark-grown seedlings/plants. Although auxin enhanced the
transcript abundance of most of the Os/4A4 genes, the effect
was more pronounced on OsIAA9, 14, 19, 20, 24, and 31.
These results provide a foundation for future studies on
elucidating the precise role of rice Aux/IAA4 genes in early
steps of auxin signal transduction.
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Introduction

The phytohormone auxin plays a critical role in regulating
several plant responses, including cell elongation, cell di-
vision, differentiation, root initiation, apical dominance,
and tropic responses. Auxin rapidly and specifically alters
transcript levels of numerous genes (Abel and Theologis
1996). In an attempt to understand the molecular mecha-
nism of auxin action, several auxin-responsive genes have
been identified and characterized from different plant
species. These auxin-responsive genes have been broadly
grouped into three major classes: auxin/indoleacetic acid
(Aux/IAA), GH3, and small auxin-up RNA (SAUR) gene
families (Guilfoyle 1999).

Following the initial identification of Aux/IAA genes
from soybean (Walker and Key 1982; Ainley et al. 1988),
members of this class were isolated from pea (Theologis
et al. 1985), Arabidopsis (Conner et al. 1990; Abel et al.
1995), mung bean (Yamamoto et al. 1992), and rice (Thakur
etal. 2001). The Aux/IAA genes are rapidly induced by auxin
in the presence of a translational inhibitor, cycloheximide,
indicating that these represent a class of primary auxin-
responsive genes (Theologis et al. 1985; Abel et al. 1995;
Thakur et al. 2005).

The Aux/IAA genes encode short-lived nuclear proteins
comprising four highly conserved domains, designated as
domain I, II, III, and IV (Abel et al. 1994). Recently,
domain I has been shown to act as a strong transcriptional
repressor (Tiwari et al. 2004). Domain II is responsible for
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EST frequency’

8.79

20.90

Deduced polypeptide’

Accession ¢M position marker" Length (aa) Mol wt (kDa) pl

no.

197

Nearest
S861

OSINBb0062H20 ALS837528 99.7

Chromosome Genomic locus®
BAC/PAC
name

no.t
12

introns®
2

No.

ORF
length® of
(bp)

240900 594

gene on rice chromosome pseudomolecules available at TIGR (release 3)

Length of open reading frame in base pairs

°Number of introns

fc

D¢
present within ORF

Accession TIGR locus
hromosomal localization of OsI44 gene

no.
, accession number, and approximate cM position of the BAC/PAC clone in which OsI4AA4 gene is present

®Accession numbers of full-length cDNA sequence available at KOME (http://www.cdna.01.dna.affrc.go.jp/cDNA/)

“Locus ID of each OsI44

d
'Length (number of amino acids), molecular weight (kiloDaltons), and isoelectric point (pI) of the deduced polypeptide

Table 1 (continued)

OsIAA31 AKO073361 LOC_Osl2

ISystematic designation given to rice Aux/IAA4 genes
EName

"Nearest marker to the OsI4A gene

Number of ESTs present in Genbank release 111204

h

Gene®
NF Not found
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rapid degradation of Aux/IAA proteins (Worley et al. 2000;
Ouellet et al. 2001). Domain III is part of an amphipathic
Bacx-DNA recognition motif found in 3 ribbon of DNA
binding domain of prokaryotic repressors such as MetJ and
Arc (Abel et al. 1994; Phillips 1994). However, its role in
DNA binding has not been demonstrated yet. Domains 11
and IV also contain nuclear localization signals (NLSs)
(Abel et al. 1994; Abel and Theologis 1996). Domains 111
and IV mediate homo- and hetero-dimerization among the
Aux/IAA proteins and auxin response factors (ARFs) (Kim
et al. 1997; Ulmasov et al. 1997; Ouellet et al. 2001). The
DNA-binding domain of ARFs binds to auxin-responsive
elements (AuxREs) present within the promoters of auxin-
responsive genes and regulates their expression (Ulmasov
et al. 1995; Kim et al. 1997; Ulmasov et al. 1997; Tiwari
et al. 2003).

Molecular genetic analyses of several mutants of Aux/
IAA genes have demonstrated that they play a central role
in regulating plant growth and development (Rouse et al.
1998; Tian and Reed 1999; Gray and Estelle 2000; Nagpal
et al. 2000; Reed 2001; Rogg et al. 2001; Liscum and Reed
2002). Biochemical studies showed that the conserved
region of domain II of Aux/IAA proteins is responsible for
rapid degradation. Single amino acid change in domain II
resulted in altered auxin response due to increased protein
accumulation, suggesting that rapid degradation of Aux/
IAA proteins is necessary for a normal auxin response
(Worley et al. 2000). The degradation of Aux/IAA proteins
was found to be proteasome dependent (Gray et al. 2001;
Ramos et al. 2001; Thakur et al. 2005). Auxin treatment in
fact promotes degradation of Aux/IAA proteins by en-
hancing the interaction between SCF™' complex and
Aux/IAA proteins by affecting the SCF component, TIR1,
or its associated proteins (Gray et al. 2001; Kepinski and
Leyser 2004). The F-box protein, TIR1, a component of the
SCF™! complex, and a few other F-box proteins have
been identified recently as the auxin receptors (Dharmasiri
et al. 2005a,b; Kepinski and Leyser 2005).

Earlier, we reported the isolation and characterization of
an OsilAA1 cDNA, representing the first monocot Aux/IA4
gene from rice (Thakur et al. 2001) and demonstrated that
the nuclear-localized OsilAA1 protein is degraded rapidly
on auxin application via proteasome (Thakur et al. 2005).
In the present study, we have identified and comprehen-
sively analyzed the entire early auxin-responsive Aux/IAA4
gene family fromrice (Oryza sativa). The work involved the
identification of Aux/IAA gene family from rice, analysis of
their chromosomal distribution, gene structure, gene dupli-
cations, and phylogenetic relationship. Their expression has
been analyzed in terms of the frequency of expressed
sequence tags (ESTs) (available in databases). Real-time
polymerase chain reaction (PCR) analysis demonstrated
that Aux/IAA genes are expressed differentially in various
organs/tissues grown in light or dark and by auxin treatment
in rice, indicating that they may perform specific as well as
redundant functions in different cells/tissues.


http://www.cdna.01.dna.affrc.go.jp/cDNA/
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Materials and methods
Identification of Aux/IAA gene family in rice

For the identification of Aux/IA4 homologs in rice, the
Knowledge-based Oryza Molecular Biological Encyclo-
pedia (KOME, http://www.cdna01.dna.affrc.go.jp/cDNA)
(Kikuchi et al. 2003), the National Centre for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/BLAST),
and The Institute for Genomic Research (TIGR) database
(http://www.tigrblast.tigr.org/euk-blast) resources were used.
The amino acid sequences of 29 Aux/IAA proteins from
Arabidopsis, downloaded from The Arabidopsis Informa-
tion Resource (TAIR), were used to search for theirhomologs
inrice in the KOME using the TBLASTN program (Altschul
etal. 1997). The NCBIand TIGR databases were searched for
additional members of rice Aux/IAA gene family by
TBLASTN and BLASTN. The EST analysis was performed
using MEGABLAST tool against the EST database of rice
(O. sativa) available at the NCBI.

Sequence analysis

Each of the Aux/I[AA genes was positioned on rice
chromosome pseudomolecules available at TIGR (release
3) by the BLASTN search. The number and position of
exons and introns for individual O. sativa indoleacetic acid
(OsIAA) genes were determined by comparison of the
cDNAs with their corresponding genomic DNA sequences.
Multiple sequence alignments were done using the ClustalX
(version 1.83) program (Thompson et al. 1997). The phy-
logenetic analysis was carried out by neighbor-joining
method, and the unrooted tree was displayed using the
NJPLOT program. The Gene Runner program (version 3.04)
was used for the DNA and protein sequence analysis.

Plant material and growth conditions

Seeds of rice (O. sativa L. ssp. indica var. Pusa Basmati 1),
after disinfection with 0.1% HgCl, for 1 h and thorough
washing, were soaked overnight in reverse-osmosis (RO)
water. The different tissues were harvested from 6-day-old
seedlings grown on cotton saturated with RO water, either
in dark or a 14-h light and 10-h dark cycle, in a culture
room maintained at 28+1°C. Floral tissue was collected
from rice plants grown under the field conditions. The
callus tissue was raised as described previously (Jain et al.
2004). For auxin treatment, the coleoptile apical segments
(10 mm) from the 3-day-old etiolated rice seedlings were
incubated in KPSC buffer (10 mM potassium phosphate,
pH 6.0, 2% sucrose, 50 uM chloramphenicol) for 16 h to
deplete endogenous auxin. The buffer was changed every
2 h, and the coleoptile segments transferred to a fresh
buffer with 30 uM concentration of 2,4-dichlorophenoxy-
acetic acid (2,4-D) and incubated for 3 h.

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 (Jain et al. 2005).
In brief, the cDNA samples synthesized from 3 pg of the
total RNA wusing 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 anal-
ysis, using 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 rice
genomic sequence available in TIGR database to ensure that
the primers amplify a unique and desired cDNA segment.
The primer sequences are listed in Supplementary Table S1.
The specificity of the reactions was verified by melting
curve analysis. The relative mRNA levels for each of the 31
OsIAA genes in RNA isolated from various tissue samples
were quantified with respect to the internal standard, UBQ5.
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 and discussion
Aux/IAA gene family in rice

The Aux/IAA genes are present as multigene families in
soybean (Ainley et al. 1988), pea (Oeller et al. 1993), mung
bean (Yamamoto et al. 1992), tobacco (Dargeviciute et al.
1998), and tomato (Nebenfuhr et al. 2000). The Arabi-
dopsis genome contains 29 Aux/IAA genes (Liscum and
Reed 2002). The hybridization of multiple DNA fragments
in Southern analysis of rice genomic DNA using OsilAA1
c¢DNA as probe, at low stringency, indicated that Aux//AA4
genes may be represented as a multigene family in the rice
genome too (Thakur et al. 2001). In an attempt to identify
Aux/IAA protein coding genes in rice, the TBLASTN
search of full-length ¢cDNA clones of rice available at
KOME was performed using 29 AtIAA proteins as query.
In this search, 25 nonredundant clones (among a total of
48) having high sequence similarity with AtIAA proteins
could be identified and were designated as Os/AA4 genes.
Six additional members, not represented in KOME cDNA
collection, were identified by TBLASTN or BLASTN
search of the whole rice genomic and annotated sequences
(Goff et al. 2002; Yu et al. 2002; http://www.tigr.org/tdb/
e2kl/osal/; http://www.rgp.dna.affrc.go.jp/). Thus, the
overall analysis of the complete genome of rice revealed
that auxin-inducible Aux/IA4 gene family is comprised of
31 members, and they were designated as Os/AA41 to 31


http://dx.doi.org/10.1007/s10142-005-0005-0
http://www.cdna01.dna.affrc.go.jp/cDNA
http://www.ncbi.nlm.nih.gov/BLAST
http://www.tigrblast.tigr.org/euk-blast
http://www.tigrblast.tigr.org/euk-blast
http://www.tigr.org/tdb/e2k1/osa1/

according to their position on rice chromosomes (Table 1,
Fig. 1). The corresponding TIGR gene locus IDs (release 3)
for all the 31 members are listed in Table 1. Most of these
have also been annotated as Aux/IAA family members by
TIGR, and others as auxin-responsive genes.

Chromosomal distribution of rice Aux/IAA genes

The bacterial artificial chromosome (BAC) or P1 phage-
derived artificial chromosome (PAC) clones carrying the
Aux/IAA genes were identified (Table 1). The approximate
chromosome map positions of BACs/PACs given in centi-
Morgans (cM) from top of the chromosome and their nearest
marker are indicated in Table 1. In addition, the position (in
megabases) and direction of transcription (arrows) of each
gene were determined on rice chromosome pseudomole-
cules available at TIGR (release 3) as shown in Fig. 1.

The 31 rice Aux/IAA genes were found to be distributed
on 10 of the 12 rice chromosomes. No OsIAA4 gene could
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be located on chromosome 4 and 10. Six Aux/IAA genes are
present on chromosome 1; five on chromosome 5; four on
chromosome 2, 3, and 6 each; three on chromosome 11;
two on chromosome 12; and one each on chromosomes 7,
8, and 9 (Fig. 1). The distribution of 31 members of this
multigene family did not reveal evident clusters. However,
fine mapping analysis revealed the presence of adjacent
genes on chromosome 3 (OsIAA11 and 12), 11 (OsIAA27,
28, and 29), and 12 (OsIAA30 and 31) possibly due to
tandem duplication either in inverse or same orientation
(Fig. 1). Among the nine nonoverlapping duplicated blocks
described by Paterson et al. (2004), four occurring between
chromosomes 1 and 5 (OsIAAI and 15, OsIAA2 and 16,
OslIAA3 and 17, OsIAAS5 and 19, OsIAA6 and 18), 2 and 6
(OsIAA9 and 20), 3 and 7 (OsIAA14 and 24), and 3 and 12
(OsIAAI2 and 31; OsIAA1l and 30) gave rise to Aux/IAA
gene duplications. The duplicated block between chromo-
some 3 and 12 contains two adjacent duplicated OslAA
genes, suggesting the occurrence of local duplications prior
to the chromosomal segment duplication. The Aux/IAA4

Viaazs (0.465)
AIAA 1 (4.071) JAA15 ( I(;)l-)\AZO (3.341)
Va2 - (819) ‘IAA16 (5302) Anaza—g- @359
1AA27,28,29 —f (6.328)
Viaas (7'247)WK @249 Viaa17 - (7.831)
Viaa4 (10.309)
Viaazi1 (13.349)
Viaaz2 —§-(14.579)
Anaze (20.289)
Viaaz3 (23.457)
‘fAA 11,12 (24.172)
Amas (25.804) IAA30,31 (25.273)
27.584)
VY aA5 (27.757) Anais ( )
IAA8 (35,010
VIAAG (30l5) KI A13 (30.433)
Ana1a - @3.87)
V 1aA9 —§- (34.200)
IAA10 (35.019)

Fig. 1 Genomic distribution of 4ux//AA genes on rice chromosomes.
White ovals on the chromosomes (vertical bar) indicate the position
of centromeres. The arrows next to gene names show the direction of
transcription. The number in parentheses designate the position of the

first exon of each Aux/IA4 gene in megabases (Mb) on rice chro-
mosome pseudomolecules at TIGR (release 3). The chromosome
numbers are indicated at the top of each bar



52

genes in Arabidopsis also have been found to be located on  Sequence analysis of OsIAA proteins

duplicated chromosomal segments (Remington et al.

2004). Similar examples of large gene families in eukary- All deduced Aux/IAA protein sequences described thus far
otes have been reported, which may in part be explained generally range from 20 to 35 kDa in size and harbor the
due to extensive gene duplications. four conserved domains (Hagen and Guilfoyle 2002;
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OsIAA27 1 - - -MFAADETTAPPPRSAAAATEASRTL- 25
OsIAA28 1 - MGRMKDRNASAGPEVKPAGLSPSR 24
OsIAA29 1 - MKDRNASAEPVVKP -GLSPSR: 20
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OsIAA21 127 - SQPALKGKDDGEAKQAPA -SGCLYVKVSMDGAPYLRKVDLKMYKNYKELSLALEKMFS - CFTVGHGESNGK - - SGRDGLSDCRLMDLKNGT - —ELVLTYEDKDEDWMLVGDVPWRMFTDSCRRLRIMKGSDAVGLAPRATDKSKNRN 267
OsIAA3 141 - NQIKSN-KEDVDAKQG- - -QGFLYVKVSMDGAPYLRKVDLKTYKNYKDMSLGLEKMFI -GFST GKEG-AENQ- - - -KDG- - -EYVLT 'GDVPWEMFTDSCRRLRIMKGSDAIGLAPR 263
OsIAR17 134 - 257
OsIAAl9 145 - 281
OsIAAS 135 - 271
OsIAR23 79 - 'LRKVDLAAHAG! 193
OsIARl 93 - - AKFVKVAVDGAPYLRKV’DLEAYSGYDQLLRALQDKFFSHFTIRKFAD* 199
OsIAALS 100 -AAASSSK- AKFVKVAVDGAPYLRKVDLEAYRGYDQLLAALQDKFFSHFTIRKLGN- - 212
OsIAR13 104 - X IASGSNSSAFVKVSMDC -NNMNEV- ---NGS- -Di 236
OsIAAll 118 - 233
OsIARA30 138 'VNGMNESKIADLLNGS - - EYVPTYEDKDGDWMLVGDVPWEMFVESCKRLRIMKGSEAIGLAPRAMEKCKNRS 277
OsIAA31 71 -TTTTTKSKPPPAAAAAETQQKEDVA- ~VNPS - -DFAVTYEDKDGDLMLVGDVPFEMFISTCKRLRIMKGSEARGLGATRG - - 197
OsIAR12 99 VSSCNNKDEPITKNAAPAPAASSAAA- 226
OsIAA24 106 --- \TKKG - - -GDEKQKC )- 219
OsIAR14 82 ---SSSSTARAAKGKGGGETDQGRKN- 195
OsIAA26 45 - LMDG -YGEW- - EHA! EDGDGDWMLVGDVPWEMF KRV EARGLSSNV- 140
OsIAR6 198 - CKKNPLVKINMDGIPIGRKIDLAAYNSYDGLSSAVKQPFHGFLQAQKDQ! -TNAQIAQQGADDKIFYQLLDGS - GEYTLVYEDSEGDRMLVGDVPWKVFVSTAKRLRVLRSSELSHTLIG- -ATARV - 335
OsIAAl8 190 - CKKRPLVKINMDGIPIGRKVDLQIYDSYQKLSSAVEELFRGFLEAQKDL: -SCAESGEQGAEDKIFSGLLDGT - GVYTLVYEDNDGDRML 'DIPWKVFVSTVKRL PHDMIG--ADPVK- -~ -~~~ 327
OsIAA7 161 - -LTAGAKDCQQEDVAISGLLDGT - GEYTLVYEDYEGDKVLVGDVPWGMFVSSVKRLRVLKTSDLSSSLIT- - - SGRKRTAREC- 300
OsIAA2 94 - -AARDGEA- - - -DAAAAGEMVGG - GEYTLVYEDDEGDRMLVGDVPWOMFIATAKRLRVLKSSDLPPPSLMRAAGSRKRAAADS - 238
OsIAAl6 80 - ----PPRGG- - -RDAAAAATG- - - - - GKVARFVKVNMDGVP IGRKVDLAAHGGYGELSAAVDRLFRGLLAAQRDPTMATAAAAAAA( TGEEEATAGLLI EYTLVYEDDEGDOMLVGDVPWNMFI. RRLRVLRSSDLNASTIR--AGSRKRAAAE- - 228
OsIAALO 133 - -TSETDTK YVQKDKEEGEK IGRKVDL KTLALALELMFTKPSIGLCAS -~HNTNSLKLLDNS - AEYQLTYEDRDGDWMLVGDVPWEMFVSSVKRLRIMRT! GQRYQGIHRTIASTRGR 279
OsIAR8 87 - -VTADRGGGGGGHGRRRSLFVKVYMEGVPIGRKLDLLPLDGYKGLVARLASMFRASITYHH- 205
OsIAR4 1 - 89
OsIAA20 98 - - - 183
OsIARAS 91 - - -GANYVKVKKEGDAIGRKVDLALH: 'DEL \TL PTNDHQGE - 182
OsIAA22 36 - DEGHGSRDAAQERRPSSTMFVKVNL IDLKAHR: YDSLsQALQSMFHGFLSDGIATR-- 149
OsIAA25 116 - DEGHGSRC JERR, TMFVKVNL IDLKAHRSYDSLSQALQSMFHGFLSDGIATR- - 246
OsIAA27 26 - -TNKGEEDCAKSD- -EFIFLYEDFEGDRMLVGDVPWELFLASAKRLYIAKNPAPRNKEHAEIAKRKETEDAIDN 143
OsIAA28 25 - ~FVNNEEDGAIDN - -DFDLLYDDMNGVRYLL TITVKRIYIVPAEQQNESEYQEEEEDN: TAD 141
OsIAA29 21 -LVNKEEDGAIDS - -DFDLLYDDMDGVRYFLGDVPWEVFTTTVKKIYIVPAEQONEND TAD 137

- FVKVFMHGEPFGRKINLALHNNYDS LS FTLKKLGNNYSMS PFELEG -
—

] v

Fig. 2 a Alignment of rice Aux/IAA proteins obtained with the are: K and R; D and E; I, L, and V. Gaps (marked with dashes) have
ClustalX program. The height of the bars indicates the number of been introduced to maximize the alignments. Conserved domains
identical residues per position. The arrows indicate the region are underlined and indicated by roman numerals. Hydrophobic
shown in the multiple alignment below. b Multiple alignments of the amino acid residues in the predicted conserved amphipathic oo
domains I to IV (region marked with arrows in Fig. 2a) of the rice  motif (black bar) are indicated by asterisks. NLS are represented by
Aux/IAA proteins obtained with ClustalX and manual correction. open boxes. The respective amino acid position is given on the left
Conserved residues (present in more than 50% of aligned sequences) and right of each sequence

are highlighted in gray boxes. Amino acids considered as conserved



Liscum and Reed 2002). The deduced molecular mass of
the Aux/IAA polypeptides ranges from 10 kDa for OsIAA4
to 37 kDa for OsIAA6 (Table 1). To examine in detail the
domain organization of OsIAA proteins, the multiple se-
quence alignments of the full-length protein sequences
were done using the ClustalX program. Most of the OsIAA

d

OsARF2
OsARF1

1000

OslAA26
OslAA21

1000

A1

1000

1000 OslAA17

OslAA19
1000 OslAA5

OslAA23

63 A2

e E
1000 OslAA15

1000
1000

OslAA13

OslAA31
OslAA12

65 A3

9

1
1

OslAA24
OslAA14

1000
510

9
9
1

B

OslAA6

OslAA18

1000

OslAA7

999

961

OslAA2

OslAA16
OslAA10

688

OslAA8

808 B2

OslAA20

1000

OslAA9

1000

r OslAA22

L osiaa2s

OslAA27

1000

0.05

Fig. 3 a Phylogenetic relationship among the rice Aux/IAA
proteins. The unrooted tree was generated using ClustalX program
by neighbor-joining method. Bootstrap values (above 50%) from
1,000 replicates are indicated at each node. Two rice ARF protein
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proteins showed the presence of all the four conserved
domains (domains I, II, III, and IV; Fig. 2). A pair-wise
analysis of the full-length OsIAA protein sequences in-
dicated that the overall identities range from 14 to 76%.
However, the amino acid identity within the conserved
domains reaches up to 96%. Domain I represents leucine-
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<« Fig. 4 Phylogenetic relationship of rice and Arabidopsis Aux/IAA
proteins. The unrooted tree was generated using ClustalX program
by neighbor-joining method. Bootstrap values (above 50%) from
1,000 replicates are indicated at each node. Two rice ARF protein
sequences (OsARF1, AJ306306 and OsARF2, AB071293) were
used as outgroup. The shaded boxes represent the expansion events
of Aux/IAA genes in rice vis-a-vis Arabidopsis. The AGI gene names
of Arabidopsis Aux/IAA proteins are: AtIAA1, At4gl4560; Atl
AA2, At3g23030; AtTIAA3/SHY2, Atlg04240; AtIAA4, At5g43
700; AtIAAS, Atlgl5580, AtTAAG6/SHY 1, Atl1g52830; AtIAA7/
AXR2, At3g23050; AtTAAS, At2g22670; AtIAA9, At5g65670; Atl
AA10, Atlg04100; AtIAA1l, At4g28640; AtIAA12/BDL, Atlg
04550; AtIAA13, At2g33310; AtIAA14/SLR, At4gl14550; AtIAA
15, Atl1g80390; AtIAA16, At3g04730; AtIAA17/AXR3, Atlg04
250; AtIAA18, Atlg51950; AtIAA19/MSG2, At3gl5540; AtIA
A20, At2g46990; AtIAA26/PAPI1, At3gl6500; AtIAA27/PAP2,
At4g29080; AtTIAA28, At5g25890; AtIAA29, At4g32280; AtIA
A30, At3g62100; AtIAA31, At3g17600; AtTAA32, At2g01200 and
AtIAA34, Atlgl15050. AtIAA33 has not been included as it contains
only portions of motifs III and IV

rich region and is least conserved among the family
members (absent in OsIAA4, 22, 27, 28, and 29; Fig. 2b).
The proline-rich domain II is comparatively more con-
served (absent in OsIAAA4, 8, 27, 28, and 29; Fig. 2b). The
classification of Osl4A4, 27, 28, and 29 (harboring only
domains III and IV) as Aux/IAA family members was
confirmed by construction of phylogenetic tree based upon
domain III and IV amino acid sequences of 31 OsIAA and
two representative OsARF proteins. The Aux/IAA and
ARF sequences formed two separate clusters and OsIAA4,
27,28, and 29 clustered distinctly with other OsIAA protein
sequences (data not shown). The absence of domain II is
really perplexing because it mediates protein degradation
by interaction with TIR1 of SCF™™! complex (Worley et al.
2000; Gray etal. 2001; Kepinski and Leyser 2004), which is
presumed to be a prerequisite for a normal auxin response to
ensue. Thus, it will be interesting to elucidate whether an
SCF™'independent pathway is responsible for degrada-
tion of such proteins, or some other as yet undiscovered
component ensures their proteolysis. Domains III and IV
are invariantly conserved in all the 31 OsIAA proteins
(Fig. 2b). An amphipathic 3 xx fold present within domain
III and adjacent hydrophobic amino acid residues is also
essentially conserved among all the rice Aux/IAA proteins
(Fig. 2b). This fold is similar to the {3 ribbon of DNA
recognition motif of prokaryotic repressors such as Arc and
MetJ (Phillips 1994). However, there is no evidence so far
that the Aux/IAA proteins bind to the DNA directly.
Domains III and IV are involved in homo- and hetero-
dimerization among the Aux/IAA proteins and ARFs (Kim
et al. 1997; Ulmasov et al. 1997; Ouellet et al. 2001). The
Aux/IAA proteins have been shown to be localized to the
nucleus (Abel et al. 1994). Two types of putative nuclear
localization signals were detected in most of the Aux/IAA
proteins in rice. First, a bipartite structure comprised a
conserved basic doublet KR between domains I and II and
basic amino acids in domain II (Fig. 2b). Second, SV40-
type NLS located in domain III (Fig. 2b). These putative
NLSs may direct rice Aux/IAA proteins to the nucleus.
However, functional validation of these putative NLSs will
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be required to ascertain their in vivo role in subcellular
localization of rice Aux/IAA proteins. In an investigation
on the nuclear localization of at least one member of this
family, OsilAA1 (Thakur et al. 2001), redesignated here as
OsIAA13, both the NLS sequences were found to be effec-
tive in translocating the GUS fusion protein to the nucleus
in the onion epidermal cells (Thakur et al. 2005).

Gene structure and phylogenetic analysis
of rice Aux/IAA genes

A comparison of the full-length cDNA sequences with the
corresponding genomic DNA sequences showed that the
coding sequence of the majority of the Aux/I4A genes (13
among 31) are indeed disrupted by four introns (Table 1;
Fig. 3b) at perfectly conserved positions with respect to
their amino acid sequence, suggesting a common ancestral
gene with a classical pattern of five exons and four introns.
The highly conserved intron phasing (Fig. 3b) also
supported the idea of evolution of Aux/IAA genes from
the common ancestral gene by exon shuffling (Kolkman
and Stemmer 2001). However, variations in this basic gene
structure were observed for other members, implicating
mainly loss of one or more introns. Seven genes have lost
one of the four putative ancestral introns, whereas six genes
have lost two introns, and one gene showed the loss of
three introns. Gain of one additional intron was observed
for four genes. To examine the phylogenetic relationship
among rice Aux/[AA proteins, an unrooted tree was
constructed from alignments of the full-length Aux/IAA
protein sequences including two representative OsARF
protein sequences as outgroup (Fig. 3a). The Aux/IAA and
ARF sequences formed separate clusters. All the rice Aux/
IAA protein sequences were grouped into two major
groups (group A and B) with well-supported bootstrap
value similar to Arabidopsis (Remington et al. 2004).
Sixteen and 15 OsIAA proteins were included in group A
and B, respectively. Group A and B could be further
subdivided into three subgroups each (A1-A3 and B1-B3)
with varying degree of bootstrap support. Most of the Aux/
1AA genes grouped together showed conserved gene struc-
ture (Fig. 3), in terms of exon/intron organization and intron
phasing. Thirty one of the OsIAA proteins formed 12 sister
pairs, 10 of which had very strong bootstrap support (99.9—
100%). In Arabidopsis also, the Aux/IAA genes formed ten
sister pairs, and all of them were found to be located on
homologous duplicated chromosomal segments (Reming-
ton et al. 2004). Interestingly, 9 of the 12 sister pairs of rice
Aux/IAA genes are also located on the duplicated chromo-
somal blocks described by Paterson et al. (2004). The sister
pair OsIAA28 and 29 represents a local duplication event.
The two other sister pairs may also be present on un-
identified duplicated chromosomal blocks. Thus, it is re-
markable that the duplication of the sister pairs of Aux/IAA
genes is associated with chromosomal block duplications in
both rice and Arabidopsis. The preferential retention of the
duplicated Aux/IAA genes in rice might be either to maintain
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«Fig. 5 Real-time PCR expression profiles of individual OsI44
genes. a The relative mRNA levels of individual Os/A4 genes
normalized with respect to housekeeping gene, UBQSJ, in different
tissues (ES etiolated shoots, GS green shoots, R roots, F' flowers, C
callus). b The relative mRNA levels of individual OsIA4 genes in
control (16 h auxin depleted) and 2,4-D (30 um) treated coleoptile
segments of 3-day-old etiolated rice seedlings. Asterisks indicate
that the expression was close to the detection limit. Os/4428 could
not be amplified at all, whereas Os/4A429 transcription was detected
only in roots and that too at very low level. The range of differences
between the duplicates was 8-25%

the proper dosage relationships with interacting proteins
such as ARFs or due to the duplication of large chromo-
somal regions retaining their cis-regulatory elements, which
is essentially similar to Arabidopsis (Remington et al.
2004). The retention of the duplicated 4ux/IAA4 genes also
supports the idea that the genes involved in transcription
and signal transduction have been preferentially retained in
Arabidopsis (Blanc and Wolfe 2004). The fact that the Aux/
1AA gene family in both rice and Arabidopsis showed high
degree of duplicated gene retention is particularly interest-
ing as both species experienced similar evolutionary
mechanisms, i.e., polyploidization followed by diploidiza-
tion (Bowers et al. 2003; Paterson et al. 2004; Wang et al.
2005). Taken together, these observations throw some light
on the evolutionary steps encountered during the diversi-
fication of Aux/IAA genes. It appears that the evolutionary
history of the Aux/IAA gene family reflects a succession of
genomic rearrangements and expansion due to extensive
duplication and diversification.

To examine the phylogenetic relationships of rice and
Arabidopsis Aux/IAA proteins, an unrooted tree was con-
structed from alignments of their full-length Aux/IAA
protein sequences (Supplementary Fig. S1) including two
representative  OsARF protein sequences as outgroup
(Fig. 4). Based upon the sequence homology, the Aux/
IAA proteins clustered distinctly into two groups (group A
and B) consistent with analysis by Remington et al. (2004).
The events of expansion of Aux/IAA gene family were
found in rice vis-a-vis Arabidopsis (Fig. 4), which indicate
that the speciation of rice Aux/IAA genes preceded their
duplications (Guyot and Keller 2004). None of the rice
Aux/IAA protein grouped with AtIAA29, 30, and 31.
Genes from groups A and B are present both in Arabi-
dopsis and rice, indicating that these appeared before the
divergence between monocots and dicots.

Differential expression of OsIAA genes

The frequency of ESTs or cDNAs available in different
databases has been considered as a useful tool for pre-
liminary analysis of gene expression (Adams et al. 1995). A
megablast search in EST database available at NCBI
resulted in identification of ESTs for most of the Osi4A4
genes, but the frequency of ESTs for individual genes varies
greatly (Table 1). For example, 37 ESTs are deposited for
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OsIAA6 and more than 50 for OsIAA3, 13, and 17, whereas
no ESTs could be identified for Os/A422 and 28 (Table 1).
The full-length cDNA clones have been identified for 25 of
the 31 members. The transcription of Os[4A422 and 28 genes,
however, remained unclear, as no corresponding full-length
c¢DNA or EST could be identified from the databases. The
expression of all the 31 Osl4A genes was thus verified
experimentally and quantitated by real-time PCR analysis
(Fig. 5) in the present study.

Many of the Aux/IAA genes in soybean, pea, Arabidop-
sis, and rice were found to be differentially expressed in
different tissues or in response to exogenous auxin and
light stimuli (Theologis et al. 1985; Ainley et al. 1988;
Yamamoto et al. 1992; Abel et al. 1995; Thakur et al.
2001). To determine the organ-specific expression pattern
of each OsIAA gene, real-time PCR was performed with
total RNA isolated from etiolated shoots, green shoots,
roots, flowers, and callus. Os/A4 genes showed complexity
of specific and overlapping expression patterns in various
tissues/organs analyzed (Fig. 5a), indicating they might
perform specific functions or act redundantly. The expres-
sion of OsIAA28 could not be detected in any RNA
samples analyzed. In addition, the transcripts for OsIA429
were detected in roots only and at a very low level (data not
shown). Significant differences were found in the transcript
abundance of OsI4AA4 genes in etiolated and green shoots
(Fig. 5a), indicating their light regulation. In an earlier
study from our group, the transcript levels of Osil4Al
(renamed as OsIAA13 in this study) were found to be
downregulated when etiolated seedlings were irradiated
with white light (Thakur et al. 2001). Many of the auxin-
responsive mutants of Arabidopsis also exhibit altered light
responses mediated by red/far-red or blue light, suggesting
a cross-talk between auxin and light signaling (Reed et al.
1998; Stowe-Evans et al. 1998; Soh et al. 1999; Nagpal
et al. 2000). Interestingly, six sister pair Os[A4 genes
(OsIAAl and 15, OsIAA3 and 17, OsIAA9 and 20,
OslAA12 and 31, OslAA14 and 24, OsIAA22 and 25)
showed essentially similar expression profiles in various
tissues, suggesting that they may perform redundant func-
tions. Other sister pair genes may have undergone func-
tional divergence after duplication and may have acquired
mutually exclusive developmental roles.

The transcript levels of most of the Os/44 genes were
upregulated by auxin treatment, although to varying degree
as is evident from the data presented in Fig. 5b. The effect
is more pronounced on OsIAA9, 14, 19, 20, 24, and 31.
Members of Arabidopsis gene family have also been
shown to respond to exogenous [AA in a highly differential
fashion with respect to dosage and time (Abel et al. 1994,
1995). The difference in kinetics between individual Aux/
144 genes is likely due to a variety of factors such as tissue-
specific auxin reception, cell-type dependence and differ-
ential regulation of free auxin concentrations, or different
modes of auxin-dependent transcriptional and posttran-
scriptional regulation.
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Functions of rice Aux/IAA genes?

The Aux/IAA genes have been shown to play a critical role
in plant growth and development, photomorphogenesis,
light, and auxin signaling by biochemical and molecular
genetic analysis of several gain-of-function and loss-of-
function mutants in Arabidopsis (Liscum and Reed 2002).
The results of structural analyses of rice Aux/IAA proteins
will pave the way for their functional analysis. Our analysis
showed that Aux/IAA proteins from Arabidopsis and rice
are divided into two major groups. The Aux/IAA proteins
classified in the same groups may have similar functions in
events common to both monocot and dicot plants. The
organ-specific differential expression suggests diverse and
overlapping roles of these proteins during plant growth and
development. The effect of light and auxin treatment on the
transcript levels of OsIAA genes reflects their role in light
and auxin signal transduction.

To further elucidate the functions of these genes, we
investigated the phenotypes of rice Tos/7 retrotransposon
insertion mutants (Miyao et al. 2003) of these genes with
the aid of Tos/7 mutant panel database (http://www.tos.
nias.affrc.go.jp/) using the BLAST program. We could
enlist 14 insertion mutants corresponding to only two of the
OsIAA genes (Supplementary Table S2). The phenotypes
of the insertion mutants of these genes showed dwarfism,
sterility, weakness, and altered yield. From these pheno-
types, it can be speculated that these genes may play a role
in different metabolic pathways and cellular processes
influenced by light and auxin. A detailed analysis of these
insertional mutants already available and RNAi strategy for
the remaining OsIAA genes will greatly help in elucidation
of the role of these genes and their functional validation.
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