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Abstract

Small auxin-up RNAs (S4URs) are the early auxin-responsive genes represented by a large multigene family in plants. Here, we report the
identification of 58 OsSAUR gene family members from rice (Oryza sativa japonica cv Nipponbare), the model monocot plant, by a reiterative
database search and manual reannotation; 2 of these are pseudogenes. The coding sequences of OsSAURs do not possess any intron. Most of the
predicted OsSAUR protein sequences harbor a putative nuclear localization signal at their N-terminus. Localized gene duplications appear to be
the primary genetic event responsible for SAUR gene family expansion in rice. Interestingly, the duplication of OsSAURs was found to be
associated with the chromosomal block duplication as well. The phylogenetic analysis revealed that the SAUR gene family expanded in rice and
Arabidopsis due to species-specific expansion of the family in monocots and dicots. The auxin-responsive elements and downstream element are
conserved in the upstream and downstream sequences, respectively, of OsSAURs. In addition to the 21 OsSAURs with full-length cDNA
sequences and 20 with expressed sequence tags, gene expression analyses of at least 7 OsSAURs by RT-qPCR indicated that the majority of
identified OsSAURs most likely are expressed in rice. The transcript abundance of the OsSAURs examined increased within a few minutes of
exogenous auxin application with varying kinetics. The present study provides basic genomic information for the rice SAUR gene family and will

pave the way for deciphering the precise role of SAURs in plant growth and development.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Auxin; Evolution; Expression; Gene duplication; Real-time PCR; Rice (Oryza sativa); SAUR

The phytohormone auxin exerts a pleiotropic effect on
various aspects of plant growth and development, including cell
elongation, cell division, differentiation, root initiation, apical
dominance, and tropic responses. Auxin mediates these effects
at the molecular level by altering the expression of numerous
genes [1,2]. The early auxin-responsive genes, which are
specifically induced within minutes of auxin application, have
been broadly grouped into three major classes: auxin/indolea-
cetic acid (Aux/IAA4), GH3, and small auxin-up RNA (SAUR)
gene families [3]. Apart from auxin, Aux/IAAs and SAURs can
be induced by cycloheximide, a translational inhibitor,
indicating that their transcription is regulated by a short-lived
repressor. There is increasing evidence that the Aux/IAA
proteins act as repressors of gene transcription, regulating their
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own transcription [4]. However, the function of SAURs largely
remains obscure.

Following the initial identification of SAUR genes from
soybean [5], members of this class have been isolated from
mung bean [6], pea [7], Arabidopsis [8], tobacco [9], and, more
recently, maize [10,11]. SAURs are represented as a large
multigene family in the Arabidopsis genome comprising more
than 70 members [2]. The SAURs encode highly unstable
mRNAs with a very high turnover rate [12,13] that are induced
within minutes by auxin application. The instability of SAUR
mRNAs has been attributed due to the presence of a conserved
downstream (DST) element in their 3’-untranslated regions
[8,14]. There is evidence that the SAURs are regulated at the
posttranscriptional and posttranslational levels, too [10,15].
Recently, the calcium-dependent in vitro binding of SAUR
proteins with calmodulin has been demonstrated [10,11], which
provides a link between the Ca®*/calmodulin second messenger
system and auxin signaling.


mailto:khuranaj@genomeindia.org
http://dx.doi.org/10.1016/j.ygeno.2006.04.008

M. Jain et al. / Genomics 88 (2006) 360-371 361

The SAUR proteins remain largely uncharacterized. Recent-
ly, the analysis of a nuclear-localized Zea mays SAUR protein,
ZmSAUR2, has revealed that the SAUR proteins are short-
lived, with a half-life of about 7 min [11]. The SAUR transcripts
are expressed mainly in the elongating tissues of soybean and
maize [11,12,16], indicating their role in auxin-mediated cell
elongation. However, the exact role of SAURs in the auxin
signaling hierarchy is still unknown.

To understand the function and evolution of the SAURs in
plants, we analyzed the SAUR gene family in rice (Oryza
sativa). Rice is one of the most important food crops and is
considered the model monocot plant for molecular and genetic
studies. The complete rice genomic sequences are now available
for two of the subspecies, indica [17] and japonica [18,19].
Earlier, we identified and comprehensively analyzed the early
auxin-responsive GH3 and Aux/IA4 gene families from rice
[20,21]. Here, we report the genome-wide analysis of the rice
SAUR (OsSAUR) gene family. The work involved the
identification of putative OsSAURs by reiterative database
searches and manual reannotation. The phylogenetic analysis of
SAURs from rice and Arabidopsis was performed to understand
the possible mechanisms of gene family expansion. Also, the
expression of OsSAURs has been analyzed using the full-length
cDNAs and ESTs available in databases. The real-time PCR
analysis of certain members demonstrated that OsSAURs are
expressed in various rice organs/tissues and are induced very
rapidly by exogenous auxin.

Results and discussion
Identification of the SAUR gene family in rice

The SAURs are present as a multigene family in Arabidopsis
comprising over 70 members [2]. The availability of the
complete rice genome sequence [17-19] provided us the
opportunity to find the OsSAURs in rice. The OsSAURs were
identified in four steps from japonica subsp. cv Nipponbare.
The first step involved a BLASTP search of annotated proteins
at The Institute for Genomic Research (TIGR) Rice Genome
Annotation database using Arabidopsis SAUR protein
sequences [2] as query. The second step aimed at a complete
search for putative OsSAURs in rice and was performed by
BLASTP and TBLASTN searches of the japonica cv
Nipponbare genome sequences in GenBank at the National
Center for Biotechnology Information (NCBI) utilizing Arabi-
dopsis SAURSs and all the rice SAUR proteins identified in the
first step. All the OsSAURs identified were annotated as auxin-
responsive/induced proteins at TIGR. However, many of the
OsSAURs identified in the present study were annotated as
unknown/hypothetical or expressed proteins and others as
auxin-responsive/induced proteins at GenBank.

In the third step, identical sequences present on the same or
overlapping contigs in both the databases were identified and
removed to obtain a set of nonredundant OsSAURs. Each
putative OsSAUR protein sequence was manually assessed for
its sequence similarity to other putative OsSAURs or
Arabidopsis thaliana (At) SAURs. Manual reannotation was

performed to correct and reannotate the misannotated putative
OsSAURs. Finally, as a last step, each predicted OsSAUR
protein sequence was confirmed by a Pfam search for the
presence of an auxin-inducible signature (PF02519) conserved
in other SAUR proteins [22]. The overall analysis revealed that
the OsSAUR gene family comprises 58 members in rice,
including 2 pseudogenes. They were designated as OsSAURI to
OsSAURSS according to their position on the rice chromo-
somes, 1 to 12, and from top to bottom (Table 1, Fig. 1A). The
annotation of the two predicted pseudogenes seems to be correct
as both of them are present on the completely sequenced
bacterial artificial chromosomes (BACs); one of them
(OsSAUR43) showed the presence of a premature stop codon
and the 5’ end was missing for the other (OsSAURS50). Both the
pseudogenes are present in the cluster of 17 OsSAURs on
chromosome 9 and may have become nonfunctional after
duplication. The predicted cDNA and protein sequences of all
58 OsSAURs are provided in Supplemental Data I and II.

Genomic organization of OsSAURs

The family of 58 OsSAURs identified is distributed on 10 of
the 12 rice chromosomes; no OsSAUR could be located on
chromosomes 5 and 11. Nineteen OsSAURs are present on
chromosome 9; 9 on chromosome 2; 6 on chromosomes 4, 6,
and 8 each; 5 on chromosome 3; 3 on chromosome 1; 2 on
chromosome 12; and 1 each on chromosomes 7 and 10 (Fig.
1A). The position (in bp) and direction of transcription (arrows)
of each gene were determined on the International Rice Genome
Sequencing Project (IRGSP) rice chromosome pseudomole-
cules (Fig. 1A, Supplemental Table S1). The BAC or PAC (P1
phage-derived artificial chromosome) clones carrying the
OsSAURs were also identified (Table 1). The approximate
chromosome map positions of BACs/PACs in centimorgans
from the top of the chromosome and their nearest markers are
listed in Table 1.

The fine-mapping analysis revealed that most of the
OsSAURs are clustered in the rice genome. There are examples
of the localized tandem gene duplication on chromosomes 2
(OsSAUR4 and OsSAURS; OsSAURS and OsSAURY), 3
(OsSAUR14 to OsSAURI7), 4 (OsSAUR22 and OsSAUR23),
6 (OsSAUR25 and OsSAUR26; OsSAUR27 and OsSAUR2S),
8 (OsSAUR31 and OsSAUR32; OsSAUR34 and OsSAUR3Y),
and 9 (OsSAUR37 and OsSAUR3S8; OsSAUR39 to OsSAURSY),
either in the same or the inverse orientation (Fig. 1A). It is
noteworthy that among the 19 OsSAURs (30% of total) present
on chromosome 9, 17 are clustered together at a single locus in
tandem (Fig. 1B). Among the 9 nonoverlapping duplicated
blocks described by Paterson et al. [23], 4 occurring between
chromosomes 2 and 6 (OsSAUR4 and OsSAURZ2S8; OsSAURS
and OsSAUR27; OsSAURG6 and OsSAUR2Y), chromosomes 2
and 4 (OsSAURII and OsSAURI9), chromosomes 3 and 12
(OsSAURI14 and OsSAURS5S), and chromosomes 8 and 9
(OsSAUR33 and OsSAUR37; OsSAUR36 and OsSAURS54)
gave rise to OsSAUR gene duplications. The duplicated
block between chromosomes 2 and 6 contains two adjacent
duplicated OsSAURs, suggesting the occurrence of localized
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gene duplications prior to the chromosomal segment OsSAURS56 on chromosome 7 and 10, respectively. These
duplication. However, in only a few cases a single OsSAUR results suggest that the expansion of OsSAURs has occurred
is present on a chromosome, for example, OsSAUR30 and due to both local tandem duplications and large-scale

Table 1
SAUR gene family in rice
Gene name® ORF length® Deduced polypeptide® NLSY Chr. No.® Genomic locus " Nearest ~ FL-cDNA/
(bp) Length (aa) Mol wt (kDa) p/ BAC/PAC name  Accession No. cM position marker®  EST"
OsSAURI 276 91 9.88 9.44  Yes 1 PO011GO8 AP003225 12.5-13.1 C804 No
OsSAUR2 369 122 12.45 5.15 No 1 B1143G03 AP003371 133.9 R3347 Yes
OsSAUR3 522 173 18.06 9.15  Yes 1 B1033B05 AP004223 160.4—161.5 R2833 No
OsSAUR4 363 120 12.77 9.67  Yes 2 OSJNBa0064G16  AP005649 11.6 R10479S No
OsSAURS 393 130 14.63 8.76  Yes 2 OSJNBa0064G16 AP005649 11.6 R10479S Yes
OsSAURG 378 125 13.11 9.28  Yes 2 OSJNBa0085K21  AP005804 17.1 R2242S  Yes
OsSAUR7 432 143 15.31 6.36 No 2 P0543C11 AP005743 52.2 E488S Yes
OsSAURS 291 96 10.70 7.82  Yes 2 OJ1116_C12 AP004134 54.6 E61875S  Yes
OsSAUR9 327 108 11.55 7.24  Yes 2 OJ1116_C12 AP004134 54.6 E61875S  Yes
OsSAURI0 501 166 17.38 839  Yes 2 0J1789_D08 AP005299 59.5-62.2 G132 Yes
OsSAURII 573 190 21.04 11.64 Yes 2 OP1282_HI1 AP005291 103.9-105.8 R857S Yes
OsSAURI12 387 128 13.74 9.64  Yes 2 0J1767_D02 AP004125 138-140.9 S13245  Yes
OsSAURI3 624 207 21.92 492 No 3 OSINBb0027B12  AC137075 44.4-46.6 R2849 No
OsSAURI14 357 118 12.29 820  Yes 3 OSIJNBb0065L20 AC139174 101.9-115.6 E3781S No
OsSAURIS 321 106 11.10 7.00 No 3 OSINBb0065L20 AC139174 101.9-115.6 E3781S No
OsSAURI6 405 134 14.14 837  Yes 3 OSIJNBb0065L20 AC139174 101.9-115.6 E3781S No
OsSAURI7 321 106 10.85 7.12  No 3 OSINBb0065L20 AC139174 101.9-115.6 E3781S No
OsSAURIS 390 129 14.27 733  Yes 4 OSJNBa0073E02 AL731616 78.2-81.7 C60048S No
OsSAURIY9 504 167 18.54 11.20  Yes 4 OSJNBa0091D06  AL606459 82.5 L1091 Yes
OsSAUR20 531 176 18.94 8.92  Yes 4 OSJNBa0060N03  AL606691 102.7 C810 Yes
OsSAUR21 759 252 26.62 10.64 Yes 4 OSJNBa0093008 AL606648 102.7-107.4 ES50452S Yes
OsSAUR22 432 143 15.50 8.84  Yes 4 OSJNBa0084K01 AL606999 120.3 S12653S  Yes
OsSAUR23 462 153 16.89 10.01 Yes 4 OSJNBa0084K01 AL606999 120.3 S12653S  Yes
OsSAUR24 360 119 13.26 8.71  Yes 6 P0548D03 AP003526 9.0 C52026  Yes
OsSAUR25 423 140 14.65 7.80  Yes 6 OSJNBa0032M14 AP005610 109.5 C52865S  Yes
OsSAUR26 402 133 13.39 9.06 Yes 6 OSJNBa0032M14 AP005610 109.5 C52865S  Yes
OsSAUR27 405 134 14.75 8.50  Yes 6 P0596H10 AP003726 117.0 C69 No
OsSAUR28 423 140 15.11 9.57 Yes 6 P0596H10 AP003726 117.0 C69 Yes
OsSAUR29 426 141 14.18 9.08 No 6 OJ1136_F03 AP004678 120.1-121.7 R1479 Yes
OsSAUR30 363 120 12.54 10.03 No 7 P0571D04 AP004315 57.5-60.8 R646 Yes
OsSAUR31 330 109 11.94 835 No 8 0J1005_B05 AP003925 12.8 R3003 Yes
OsSAUR32 309 102 10.86 9.04 No 8 0J1005_B05 AP003925 12.8 R3003 No
OsSAUR33 402 133 14.17 6.49  Yes 8 OJ1117_F10 AP003871 85.1 E61231  Yes
OsSAUR34 432 143 15.34 6.02  Yes 8 P0702C09 AP005528 110.1 R3961S  No
OsSAUR3S5 432 143 15.34 6.02  Yes 8 P0702C09 AP005528 110.1 R3961S  Yes
OsSAUR36 432 143 15.85 8.19  Yes 8 OSJNBbOO11H15 AP005251 119.3 S1570 Yes
OsSAUR37 498 165 16.64 851 No 9 0J1328_D07 AP005833 58.3-60.8 C2070 Yes
OsSAUR38 573 190 20.42 4.54 No 9 0J1328_D07 AP005833 58.3-60.8 C2070 No
OsSAUR39 516 171 19.20 9.13  Yes 9 PO705E11 AP006548 88.2 C12375S  Yes
OsSAUR40 417 138 15.22 7.89  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR41 426 141 15.68 7.03  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR42 423 140 15.06 7.30  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  No
OsSAUR43* 420 Stop codon within ORF 9 OSJNBa0038K02 AP005862 90.1 E60222S  No
OsSAUR44 435 144 15.96 8.90  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR4S5 426 141 15.62 8.12  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR46 423 140 15.50 7.94  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR47 333 110 12.55 9.10  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR4S 474 157 17.53 839  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  No
OsSAUR49 435 144 15.98 8.89  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAURS50* 231 5" end missing 9 OSJNBa0038K02 AP005862 90.1 E60222S  No
OsSAURS51 435 144 15.62 6.33  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAURS52 426 141 15.52 8.59  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR53 435 144 15.91 8.49  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR54 426 141 15.60 7.87  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAURSS 453 150 15.98 8.11  Yes 9 OSJNBa0038K02 AP005862 90.1 E60222S  Yes
OsSAUR56 378 125 13.94 7.61 No 10 OSJNBa0005K07 AC087192 55.6-57.5 G4003 Yes
OsSAURS57 522 173 18.12 8.49  Yes 12 OSJNBa0002L05 AL731881 99.7-100.9 C51368  Yes
OsSAUR5S 393 130 13.49 6.34  Yes 12 OSINBb0016P08  AL831803 107.4 R496 Yes
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Fig. 1. (A) Genomic distribution of OsS4URs on rice chromosomes. White ovals on the chromosomes (vertical bars) indicate the positions of centromeres. Arrows next
to gene names show the direction of transcription. Chromosome numbers are indicated at the top of each bar. The adjacent genes representing localized gene
duplications are highlighted in gray boxes. The position of each OsSAUR on IRGSP rice chromosome pseudomolecules in base pairs is given in Supplemental Table
S1. (B) Diagrammatic representation of 17 OsSAURs clustered together on chromosome 9. Shading represents direction of transcription. The two pseudogenes are
marked with an asterisk.

genomic duplications in rice. In soybean and Arabidopsis,
too, the SAURs were found to be clustered [2,22]. A large
number of examples of expansions of large gene families in
eukaryotes are available, which may in part be explained
due to extensive gene duplications.
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Sequence analysis of OsSAUR proteins

The SAURs stand out from a vast majority of other plant
genes in their paucity of introns. All the SAURs characterized so
far, with one exception of AtSAURII, lack introns [2,22]. A

Notes to Table 1:

? Systematic designation given to rice SAURs (OsSAURs marked with asterisk represent pseudogenes).

® Length of open reading frame in base pairs.

¢ Length (number of amino acids), molecular weight (kilodaltons), and isoelectric point (p/) of the deduced polypeptide.

4 Putative nuclear localization signal (NLS) has been predicted or not.
¢ Chromosomal localization of OsSAUR gene.

f Name, accession number, and approximate centimorgan position of the BAC/PAC clone in which OsSAUR gene is present.

¢ Nearest marker to the OsSAUR gene.
" Corresponding full-length cDNA or EST is available or not.
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comparison of the coding sequence with the corresponding
genomic DNA sequences showed that none of the OsSAURs
harbor any intron. Such intronless gene families can evolve
rapidly either by gene duplication or by reverse transcription/
integration [24,25]; however, no obvious traces of such events
persist. Intronless genes are in general a characteristic feature of
prokaryotes; therefore, SAURs, like other single-exonic genes,
make good candidates for comparative genomics among
different domains of life and evolutionary studies. The deduced
open reading frame of OsSAURs encodes small proteins with
molecular mass ranging from 10 kDa for OsSAURI to 27 kDa
for OsSAUR21 (Table 1). The pair-wise analysis of the full-
length OsSAUR protein sequences indicated that the overall
identities range from 13% (between OsSAURI3 and
OsSAUR21) to 100% (between OsSAUR34 and OsSAUR35)
(Supplemental Table S2). The multiple sequence alignments of
the full-length protein sequences showed that the core region is
highly conserved among the OsSAURs and SAUR proteins
from other plant species (Figs. 2A and 2B). However, the
homology at the N- and C-termini is rather low. OsSAURs did
not show the presence of any known conserved motif or domain

M. Jain et al. / Genomics 88 (2006) 360-371

except for the invariable auxin-inducible signature as revealed
by the Pfam search. Most of the OsSAUR proteins are basic
(pI > 7.0) in nature and exhibit the presence of a putative
nuclear localization signal (NLS) at their N-terminus (Table 1,
Fig. 2B). However, the functional validation of these putative
NLSs will be required to ascertain their in vivo role in the
subcellular localization of OsSAUR proteins. Recently, the NLS
present at the N-terminus of ZmSAUR2 was found to be
functional in translocating the GUS fusion protein to the
nucleus in onion epidermal cells [11].

Evolutionary expansion of OsSAURs

To explore the evolutionary expansion of OsSAURs in the
rice genome, an unrooted tree was constructed from alignments
of their full-length protein sequences (Fig. 3). This analysis
revealed that all the OsSAURs grouped broadly into two major
groups (A and B) with well-supported bootstrap values.
Eighteen and thirty-eight OsSAURs were included in group A
and B, respectively. Fifty-six of the OsSAURs formed 21 sister
pairs, 13 of which had very strong bootstrap support (>95%).

(B)

OsSAURG ---M SRVAD-DSPAARAYQQ- - LRPKQAAARAA GGKVBQGHVPVCVGEEGG- - - - PVERFAVRAELLGSPAF 71
OsSAUR1O MKEGGGGGG! ILAKTID- - -} GAAVPAGFFAVLVGPE------- KERFAVRARCANHPLF 76
OsSAUR14 SRVGDSSAAAASSSSPGKRRGAGTKKKAAR AGVPPEGHVPVDVGEEGEE- - -ATERFLVRAELLGRPAL 74
OsSAUR25 SRVARADACARAAAYQP- - LRADRTAKLSASSSSSLAGARRLGCGARVPEGHVPVCVGEEGG - - - -PVERYAVRTDLLGQPAF 84
OsSAUR34 VRNKQGVIMKALLDRCLSKHRNGGWPE - - - - - - -=------cmoomomn PPEGSFAVYVGGGGGGGGAARERFVVRTECVNHPLEF 68
OsSAUR4E -IMG------ KAQETEECS---------~-~- TSVAVKGHCVMYTAD-------- GRRFEVPLAYLGTVVF 66
OsSAURS1 ILOQRIKTAASNREDDD- - - -- -~ AGCTSTSP----------- SPVADKGHCAVYTSD-------- GARFEVPLPYLGTTVE 67
OsSAURSS BY@IL TMSSTAM- -ATEEAQGCS - - - - === == -~ TAVAGKGHCAIYTAD-------- GARFEVPLAYLGTAVL 74
AtLSAURLS e e L L L S L B Dl Y bbb L TPRGFMAVYVGENDQ- - - -KKKRYVVPVSYLNQPLF 52
AtSAURE3 SFQRS8S------- VFTSS---=-=-=-=----~ SSTVEKCCFVNYTAD-------- KIRFAFPISYLSNSVV 58
AtSAURGS SFOQRSTTTTTTTTTITTSS---=--==----~- STAVEKGCFVVYTVD-------- KIRFAFPLSYLNNSVF 65
ZmSAUR2 JLTLG- -AT- -SANGADECC----------~ SSVASKGHCAVYTAD-------- GARFEVPLACLSTPVE 70
OsSAUR6E AALLRRARQEYGYGHP-GALRIPCPVADFRRLLLRLSAARAAA -~ ---~-~- -~~~ ADEGEYP8S---YDC--------------------- 125
QOsSAURLO RALLDQAETEYGFAGCEGPLELPCDVDAFMDVMWEMEQADPAASPRCGARFGGPAAAGSGRGYGGHGHHHOHQGYQMMSTPARLLVAGRS 166
OsSAUR14 AELLGRAAQEYGYDHR-GPLRIPCSPAAFRR----- ALAGAGD----------- GREHDDDG----=-====-=---eeemeeeememee o 118
OsSAUR25 AALLRRARQEYGYGHP-GALRIPCPVADFHQLLLRLSAAAAGD - -------- -~ GDDDDEDGGGLVYY------------------ - - -~ 140
OsSAUR34 RALLEEAEEEYGYVAD-GPLELPCDAGEFVAVLARIEREMAEE----------- RTVGCAGGLVFRLHPARAHLMLVAPATPPPMIVG- - - 143
0OsSAUR46 SELLRMSQEEFCFTS -DERIVLPCDAAEMEYAMCLLKRNPSVE---~--~-~----~ VVDALLSSML - IRCHCTGSMVPTVGVNQQISCL- - - 140
0O8SAURS1 VELLRMSQEEFGFAGGDGRITLPCDAAAMEYVMCLLRRNASEE----------- VERAFLSSVVTMPCQONSGCTMPPVALHHQFAVCS - - 144
0OsSAURLS GELLTMSREEYGFSG-DGKITLPCDAMVMEYVLCLLGRNASAE------=- -~~~ VEKAFLSSMV-MPCHYASCVTPSLGACQQVAVCSN- 150
AtSAUR15  QQLLSKSEEEFGYDHPMGGLTIPCHESLEFTWTSQIQ- -~ == === == === === === = mmmmm oo mmommm = 89
AtSAUR63  QELLKISEEDFGLPT-EGPITLEFDSAFLEYLVKLIQRRMDED----------- TEKALLLSISSARCSFQ- POEQQCSTTQOLLVE - - - 132
AtSAURES  EELLKISEEEFGLRA-GGPITLPFDSVFLEYLIKFIERRMDGD----------- TEKALLMSISSARCSMQ- PQEQQSGYTQQOLLVF- - - 139
ZmMSAUR2 GELLQMSEEEFGFAGGDGRITLPCDAAVMEYAMCLLRRGASAE - - - - -~ - - - - - LEQAFLSTMA -MSCHCASHMAPYVGATHQIAV - - - - 145

Fig. 2. (A) Alignment profile of all the full-length rice SAUR proteins obtained with the ClustalX program. The height of the bars indicates the number of identical
residues per position. The conserved core region is underlined. Complete alignment of all the OsSAURs is given in Supplemental Fig. 1. (B) Multiple alignment of
representative full-length OsSAUR, AtSAUR, and ZmSAUR?2 proteins obtained with ClustalX and manual correction. Conserved residues (present in equal to or more
than 50% of aligned sequences) are highlighted in gray boxes. Amino acids considered conserved are K and R, D and E, and I, L, and V. Gaps (marked with dashes)
have been introduced to maximize the alignments. Nuclear localization signals are highlighted in black boxes. The respective amino acid position is given on the right
of each sequence.
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Bootstrap values (above 50%) from 1000 replicates are indicated at each node. Sister pairs representing localized gene duplication are given in rectangles. Sister pairs

present on duplicated chromosomal segments are highlighted in gray boxes.

Interestingly, 11 sister pairs represented the localized gene
duplications and 7 others were located on the duplicated
chromosomal blocks of rice as described above. These results
suggest that the expansion of OsSAURs was probably, in large
part, due to localized gene duplications. Recently, Yu et al. [26]
presented evidence for ongoing individual gene duplications in
rice, which provide never-ending raw material for studying gene
genesis and their functions. The duplication of the OsSAURs is
also associated with chromosomal block duplications in rice. It
is remarkable that the duplicated OsSAURs have been retained
evolutionarily. Earlier, the preferential retention of the dupli-

cated Aux/IAA genes in rice and Arabidopsis was explained as
maintaining the proper dosage relationships with interacting
proteins such as ARFs [21,27]. It has been demonstrated that the
interaction of specific pairs of ARF and Aux/IAA proteins
generates the specificity of the auxin response at different
developmental stages and physiological levels [28]. Recently,
the binding of two Z mays SAUR proteins with calmodulin
(CaM) has been shown in vitro [10,11]. Calmodulin is a small
Ca”"-binding protein that acts to transduce second messenger
signals into a wide array of cellular responses and is represented
by a multigene family in higher plants, including rice,
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Arabidopsis, wheat, and potato [29]. The Arabidopsis genome
encodes a total of 50 CaM or CaM-like (CML) proteins [30,31],
and a similar number of CaM/CML genes can be expected in
rice also. Therefore, it is temping to speculate that the retention
of duplicated OsSAURs may also help maintain the proper
dosage relationship with CaM’s/CMLs (or other unknown
interacting proteins), and the specificity of their interaction may
be critical for regulating the specificity of the auxin response
during various stages/processes of plant growth and develop-
ment. The retention of the duplicated SAURs also strengthens
the idea that the genes involved in transcription and signal
transduction have been preferentially retained [32]. The fact that
the SAUR gene family in both rice and Arabidopsis showed a
high degree of duplicated gene retention is particularly
interesting as both species experienced similar evolutionary
mechanisms, i.e., polyploidization followed by diploidization
[23,33,34]. Taken together, these observations throw some light
on the evolutionary steps encountered during the diversification
of SAURs.

To examine the phylogenetic relationship of rice and
Arabidopsis SAUR proteins, an unrooted tree was constructed
from alignments of their full-length protein sequences (Fig. 4).
The Arabidopsis SAURs were clustered distinctly into two
groups along with rice OsSAURs (groups A and B). In
addition, this analysis revealed that most OsSAURs and
Arabidopsis SAURs cluster in species-specific distinct clades.
This result indicates that most OsSAURs and Arabidopsis
SAURs expanded in a species-specific manner; probably only
a few members originated from the common ancestral genes
that existed before the divergence of monocots and dicots.
This type of divergence between a monocot (rice) and a dicot
(Arabidopsis) species has been observed for other large gene
families as well [35,36]. Moreover, the SAUR gene family is
expanded more in Arabidopsis than in rice. Genes from groups
A and B are present both in Arabidopsis and in rice, indicating
that these existed before the divergence of monocots and
dicots.

Identification of putative auxin-responsive elements in
OsSAURs

A number of auxin-responsive elements (AuxREs) have
been defined within upstream promoter regions of auxin-
responsive genes, including S4AURs, such as one or more copies
of a conserved motif, TGTCTC, and/or DUE/NDE element
GGTCCCAT or some variation of these, which confer auxin
responsiveness [3,37—40]. The investigation of 1000 bp
upstream sequences of OsSAURs representing their promoter
region by PLACE and manual search revealed the presence of a
few to several putative AuxREs for most of them (Supple-
mental Data III), which may be responsible for their auxin
responsiveness. In addition, the upstream flanking regions of
nine pairs of sister loci (OsSAUR34 and OsSAUR3S,
OsSAURIS5 and OsSAURI6, OsSAUR33 and OsSAUR37,
OsSAUR40 and OsSAUR5I, OsSAUR41 and OsSAUR42,
OsSAUR44 and OsSAURS53, OsSAUR45 and OsSAURS2,
OsSAUR46 and OsSAUR47, and OsSAUR49 and OsSAURSS)

were highly similar (Fig. 5A). The upstream sequence of
OsSAUR7 also showed 100% similarity with upstream
sequences of sister pair OsSAUR34 and OsSAUR35. Likewise,
the upstream sequence of OsSAUR4S8 was highly similar to
sister pair OsSAUR46 and OsSAUR47. In these pairs, the
regions of apparent homology contain multiple putative
AuxREs (TGTCTC and GGTCCCAT or a variation of these)
(Fig. 5A). These conserved regions with AuxREs are located
approximately 50 to 250 bp upstream of the start codon. The
retention of duplicated OsSAURs along with their promoter
sequences and individual cis-regulatory elements may be
critical for their specific or overlapping expression and
function. A genome-wide expression analysis by massively
parallel signature sequencing in Arabidopsis revealed that more
than two-thirds of duplicated genes exhibit divergence in their
expression characteristics [41], although they showed the
preservation of promoter sequences as well as individual cis-
elements between them. The expression divergence results in
neo- or subfunctionalization and might represent an important
evolutionary mechanism for the retention of duplicated genes
[42]. However, the preservation of promoter sequences as well
as individual cis-elements between duplicated genes indicates
that the process of transcriptional neo- and subfunctionalization
is restricted to only a fraction of cis-elements [41].

Identification of putative mRNA-destabilizing DST elements in
OsSAURs

The stability of eukaryotic mRNAs varies over a wide range
and greatly regulates gene expression posttranscriptionally. The
stability of SAUR transcripts is determined by a highly
conserved DST element, an approximately 40-base sequence
present in their 3’ untranslated region (UTR) [12,43,44]. The
DST element of SAURs is defined by two functionally important
conserved regions, ATAGAT and GTA, as revealed by
mutational analyses [44]. To investigate the presence of DST
elements in OsSAURs, 500 bp of genomic sequence down-
stream of the stop codon of each OsSAUR was retrieved and
analyzed for the presence of conserved nucleotides manually.
The exact consensus DST element with ATAGAT (or a variation
only at the first nucleotide position) and GTA regions could be
identified in 10 OsSAURs (Fig. 5B). The predicted DST element
was present within the 3/ UTR of the two OsSAURs (OsSAURY
and OsSAUR30) for which corresponding full-length cDNA is
available (described later). However, putative DST elements
with some variation of conserved regions are also present in
most of the OsSAURs (Supplemental Data IV). The presence of
a DST element in the downstream region of OsS4AURs may be
responsible for the instability of their mRNAs and thereby
regulating their expression. However, their functional validation
remains to be done. Two dst mutants that show an increased
abundance of DST-containing SAUR-ACI mRNA have been
isolated from Arabidopsis [45]. The microarray analysis of the
dst] mutant and further studies demonstrated a potential link
between the DST-mediated decay pathway and circadian
rhythm in plants [46,47]. Further studies on the DST-mediated
decay pathway in rice and Arabidopsis may provide new
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0sSAUR7 GTGCAACACTCTTTCTTCAGGCCAGGTCTTAGCTGACCCCCTCCCAAAACTTTGATCACTAACCATCTTATCTCAGT TTGATCT! 'ARGGACAAGGCCATAGCAATTAGCAR 101
0s8SAUR34 GTGCAACACTCTTTCTTCAGGCCAGGTCTTAGCTGACCCCCTCCCAAAACTTTGATCACTAACCATCTTATCTCAGTTTGATCT "AAGGACAAGGCCATAGCAATTAGCAA 101
0sSAUR3S GTGCARCACTCTTTCTTCAGGCCAGGTCTTAGCTGACCCCCTCCCAAAACTTTGATCACTAACCATCTTATCTCAGTTTGATCTH 'ARGGACARGGCCATAGCAATTAGCAR 101
08SAUR1S CCCTATAAATTTGCCGCCACAATCCT - - - TCARCGCGCTCCGGCCAGGCACCGCTGACAGE - CCGGCTCCARACTCCGGCACCTCCEA - TCGATCCTGCAGGCAATC 34
0s8SAUR16E CCCTATAAATTTGCCGCCACAAACTCGTGT! TCAGCGC - - - - CGGCCAGACAATCAAACCACCGCCATCCCCARGCTCCGECC TCCAGGAATCAATCTAACAATTAATC 4
0s8SAUR33 CCC- TCCCCCCATATATAGCGAGCCAGCCTTCCTCTC - CACCTTCCCAATCATAATCATC - ATCGCCTACTC ITA - ARRCCTCGY m 'CTATCTAGC - GGGTC 30
0sSAUR37 CCCATCCCCCCTCCTATA - TATGCCACCCCCACTCGCGCGCAT CCCTCATCACCGTCGTCTACCTCCCAC [TAARACTGTATAAGC! m CTAGCTAGGGT 19
08SAUR40  BGOCARTEEC TCTTTATTACTEATATABAAGoACATCTACA ATECCTATATATATTCTTGAGATIGCAAGHARGACY CCATCACTEAGTCERRNAAG 71
0sSAURS1 AGCTCATGGC \CCAR - ATGCCTTA - - CACATGGACC - - - AT IGTCTCGTCTATATAT - - CCATGACGATCTAG-----~- -~ CTATTAGCGA- - TCARACATA 59
0sSAURA1  JECTCTQACCACTCAGECTTTCACCARACAGCTGE oG ARA T CTCATCAR TATCTCAATGAAATG TECAACGCTOCACATACARACA TCACTCATAECA! qr-ceracee 191
0OsSAUR42 ATCACTCACCGCTCAAATGTTCACCAAGCAGCG G T CAGTCTAATCAAARTCTCATTGATCCA - GCAACCTTGCACGTACAARCACCACTCA A q- -CTGGCCC 149
0sSAUR4s  AGTTGCACTTARACCT! CCCCTOR - - COTATARATCCATCATTTTAGAA - - - - CORCCATTTCATCCACARGE TARACACAACTCC TAGCTGAATAC CACCTCGTACA 33
0sSAURS3 AGTTGCACCTARACCACATTCCTCTCTTTCCCCTCAT CCCTATARATCCAACATTTTAGAAACGACCACT TCATCATCCACAACCCAAACATATCTCATAGCTGAATACTACCTTATACA 33
0sSAURS  GITCCAGCA- TECACCEARAACTTECTCCEATCAAAATCTGATACAAAT CAATCATACCOCEACATORCACABACCATTCCCATEECE CCARCTAATCTCAATGACATCT 149
0sSAUR52 crrcmmmc'rmmmrmummmmcmrmrmmmmcmm ‘CTAACTCATCTCAATGCCATCT 131
OsSAUR46 TGCAGAACTCAACCAC TGTAGCAAACAC [TATCARAATCTAATTCARCCAGTTGCACTCAGCATT TGCATGTTGCGGTATCATGGCCY cq TA 169
O8SAUR47 TGCTGARCTCAACCAC TGCAGCAAACAC TCARAATCTAGTTCGATTAGTTARACTCAGCATC - ACATGTTGCAGTATCATGGCC CETTGCTGATA 181
0sSAUR4S  TGCAGARCTCAACCAC TGCAGCARACGT! | TATCARAGTCTAACTCARTCAGC TACACGCAGCATT - GCATG TTGCGGTATCATGGCCHTOTCCd ATA 185
OsSAUR4S ATGATGTECTCATGAC ACCCAGCGTTTCCAACCATGCCTA - - ACI‘TGGC'I’EGATACCTCC@CAMT}\TMTCCATMMGGCCTMCEAMC 74
0sSAURSS CAACCARRGCTTATGGC! "ACCCAAT - CATGGGTCGATGGCATGCACTAGACTGARATGCCATC - - CTCTCCAGCTATAAATTCAACGCAAAGTGGCCTCCAAGCACCATCTC a3
OsSAURZ 369 GGTA-TATATATGATAAA-------- AATAGATAA-A---------------~- CTATAGGTAA
OsSAURS 210 CGAT-ATTCCAACTTC-- -~ ----CATAGATCG-ATC-------------~ GCTCAAGTAA
0sSAUR11 172 GGAG-GCCTA---------------- GTTAGATT T'- ACAGACGGAGGATGCT -ACTAAAGTAA
OsSAUR14 218 GETT-GCTAGGCCCTAGCTAGC - - - -TATAGATGG - CTGTATTATACCAC - - -CATATAGTAT
OsSAUR25 360 BGAGC-TTCTTTCCA------------ TCTAGATCT-AAGCTCTA--------~- GCTTCTGTAG
OsSAUR30 356 GECT-TTGAATTT------- ----TCTAGATGT-GAGTACG---------- TACTTTGTAA
0sSAUR3S 53 TGAA-ATCTAGTGTGTA AATAGATGT-ATAT------------~- ACCCCAGTAA
OsSAUR42 445 GGCA-TAGAAAACGATTTTGATCAA - TTTAGATTG-T---------------- TTATTTGTAG
OsSAUR45 58 GGAT-CAGTTTAGAACA - - -~ -~~~ = GTEAGRTG---------=--=-=--==-=--= TAGGTAA
OsSAUR4S 27 GTAA-AGTAGT--------------- TCTAGATAG-AAGGAA----------~- RARGTTGTAC
Consensus GGAg------- avg. 5 ------- CcATAGATTa---- - avg. 6 ----- CttTttGTAT

Fig. 5. Upstream and downstream regulatory motifs of OsSAURs. (A) Alignment of conserved upstream sequences for nine sister pairs of OsSAUR loci. Identical
nucleotides are shaded in gray. The distance from the 3’ end of each region to the translational start codon (ATG) is given on the right for each sequence. Putative auxin
responsive elements (AuxREs) are indicated in bold and rectangles. The 1000 bp upstream sequences (from ATG) of all the OsSAURs with putative AuxREs
highlighted are given in Supplemental Data III. (B) Conserved DST elements identified in the downstream regions of 10 OsSAURs. Conserved nucleotides present in
consensus DST element sequence are highlighted in bold and gray. The distance from the translational stop codon is given on the left of each sequence. The 500 bp
downstream sequences (from stop codon) of all the OsSAURs with putative DST elements highlighted are given in Supplemental Data IV.

insights into the mechanisms underlying posttranscriptional
regulation of gene expression.

Expression analysis of OsSAURs

To have an idea about the expression of OsSAURs, their
corresponding full-length cDNA (FL-cDNA) sequences were
identified from the Knowledge-Based Oryza Molecular
Biological Encyclopedia (KOME; http://cdna0l.dna.affrc.go.
jp/cDNA) [48] by BLASTN search. Twenty-one OsSAURs
have corresponding FL-cDNA sequences, indicating that they
are expressed in rice. Also, the availability and frequency of
ESTs available in different databases has been considered as a
useful tool for preliminary analysis of gene expression [49]. A
MegaBLAST search in the EST database available at NCBI
resulted in the identification of ESTs for 34 OsSAURs; FL-
cDNA for 20 of these is not available (Table 1), indicating that
most of the OsSAURs are expressed. However, the frequency
of ESTs was low; most of OsSAURs were represented by a
single EST sequence indicating that either these are expressed
at very low levels or their mRNAs are highly unstable as
supported by the presence of a DST element in their

downstream sequences. The matched FL-cDNA and EST
sequences were derived from various rice tissues or libraries
such as etiolated shoot, green shoot, root, leaf, panicle, callus,
and whole plant (Supplemental Table S3), indicating the
differential expression of OsSAURs.

In addition, seven OsSAURs were chosen for expression
analysis by real-time RT-PCR. Two (OsSAURI3 and
OsSAURIS) of these did not have any corresponding FL-
c¢cDNA or EST available and the other five (OsSAURS,
OsSAUR7, OsSAUR21, OsSAUR31, and OsSAURS52) were
represented by EST only. The total RNA isolated from green
and etiolated seedlings, green shoots, roots, mature leaves, and
flowers was used for RT-qPCR analysis. All the analyzed
OsSAURs were expressed in one or the other rice tissue (Fig.
6A). The detection of OsSAURI3 and OsSAURIS transcripts
indicates that other OsS4AURs (for which no FL-cDNA or EST
could be identified) are also likely to be expressed in rice. The
OsSAURs exhibited specific and overlapping expression
patterns in various tissues/organs (Fig. 6A) and thus are likely
to perform specific or redundant functions. The SAURs have
been found to be expressed predominantly in elongating
tissues of soybean and maize [5,11,12,16]. Significant
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Fig. 6. Expression analysis of OsSAURs. (A) Real-time PCR analysis showing
expression profiles of seven individual OsSAURs in different tissues. Relative
mRNA levels of individual OsSAURs were normalized with respect to the
housekeeping gene UBQS in different tissues (6dL, 6-day-old light-grown
seedlings; 6dD, 6-day-old etiolated seedlings; S, green shoot; R, root; ML,
mature leaf; F, flower). Asterisk indicates that the expression was close to the
detection limit. (B) Kinetics of induction of five OsSAURs after exogenous
auxin application. Transcript levels of each OsSAUR in untreated 3-day-old
etiolated rice coleoptiles (UN), after depletion for 3 h in KPSC buffer (0 min),
and after treatment with [AA for 10 min, 30 min, 1 h, and 3 h were plotted as the
relative expression (fold) compared to expression in UN coleoptiles. The
expression of OsSAURI8 and OsSAUR21 was close to the detection limit in rice
coleoptiles and did not increase further after auxin treatment.

differences were also found in the transcript abundance of
OsSAURs in green and etiolated seedlings (Fig. 6A). The
transcript levels of OsSAUR7, OsSAURI3, OsSAUR31, and
OsSAURS52 were significantly higher in etiolated seedlings,
while that of OsSAURIS was higher in green seedlings,
indicating their roles in light and hormone interaction. The
transcript levels of most of the OsSAURs, except for
OsSAURI18 and OsSAUR21, were upregulated within 10 min
of exogenous auxin application in etiolated rice coleoptiles,
although to varying degrees (Fig. 6B). In addition to factors
such as tissue- or cell-type-dependent auxin perception, the
different turnover rates of the DST-element-harboring OsSAUR
mRNAs may contribute to their variable kinetics of auxin
induction.

Putative functions of SAURs?

The SAURs represent a class of early auxin-responsive
genes that encode short-lived nuclear proteins and may play a
role in auxin-mediated cell elongation [2,5,11,16]. However,
their exact function is still unknown. Recently, the binding of
a SAUR protein from Z mays with a small Ca*"-binding
protein, CaM, has been demonstrated in vitro. The Ca*"/CaM
cascade has been implicated in various signal transduction
pathways, including auxin, brassinosteroid, light, mechanical
perturbation, and stress [10,11,30,31,50]. The OsSAURs were
found to be differentially expressed in various rice tissues
and in response to light and auxin stimuli. The specificity
of the interaction of SAURs with CaM’s/CMLs in different
tissues may provide a specific auxin response during
various stages/processes of plant growth and development.
The recent studies on SAURs strengthen the view that
auxin signal transduction does employ the Ca”*/calmodulin
second messenger system for eventual realization of the
response.

To have an inkling about the functions of OsSAURs, we
investigated the phenotypes of rice Tos/7 retrotransposon
insertion mutants [51] of these genes with the aid of a Tos/7
mutant panel database (http://tos.nias.affrc.go.jp/) of rice. We
could enlist several insertion mutants corresponding to
OsSAURS5 and to the locus on chromosome 9 where 17
OsSAURs are clustered (Supplemental Table S4). The pheno-
types of the insertion mutants of these genes showed dwarfism,
sterility, late heading, low tillering, and altered yield. From
these phenotypes, it can be speculated that these genes may play
a critical role in different metabolic pathways and cellular
processes in rice.

In conclusion, the results of this study provide the genomic
framework for further in-depth study of the functions of
OsSAURSs in the rice. It is quite apparent that this gene family
has expanded more in Arabidopsis than in rice. Whether the
degree of expansion is species-specific or if in general there has
been less expansion in monocots than in the dicots will be
revealed only as more and more genome sequences become
available. The very fact that most of the duplicated OsSAURs
are indeed expressing indicates that they may perform specific
or redundant cellular functions. The unraveling of roles of
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individual members of this family in auxin signaling will
require a concerted effort by adoption of diverse approaches,
including molecular genetic analysis.

Materials and methods

Identification of SAUR gene family in rice

The NCBI (http://www.ncbi.nlm.nih.gov) and TIGR Rice Genome Anno-
tation (http://www.tigr.org/tdb/e2k1/osal) database resources were used for the
identification of putative SAURs in rice. The amino acid sequences of
Arabidopsis SAUR proteins [2] were downloaded from The Arabidopsis
Information Resource (http://www.arabidopsis.org). BLAST search tools
BLASTP and TBLASTN [52] were used to identify putative OsSAURs in rice
using Arabidopsis SAUR protein sequences as queries. The hits with an
optimized cutoff value of bit score of 50 or more and expect value of less than 0.1,
without any filter, were used for further analysis. The Pfam database (http://www.
sanger.ac.uk/Software/Pfam/search.shtml) was used to confirm each predicted
OsSAUR protein sequence as an auxin-responsive SAUR protein.

Mapping of OsSAURs on rice chromosomes

All the sequenced contigs of japonica cv Nipponbare have been physically
constructed as pseudomolecules by the IRGSP (http:/rgp.dna.affrc.go.jp/
IRGSP), representing the 12 rice chromosomes, and are available in GenBank
(Accession Nos. AP008207-AP008218). Each of the OsSAURs was positioned
on these rice chromosome pseudomolecules by the BLASTN search.

Sequence and phylogenetic analysis

The Gene Runner (version 3.04) and DNASTAR programs were used for the
DNA and protein sequence analysis. Multiple sequence alignment analysis was
done using the ClustalX (version 1.83) program with default parameters. The
phylogenetic analysis was carried out using the neighbor-joining method and the
unrooted tree was displayed using the NJPLOT program.

Upstream and downstream sequence element search

Once the OsSAURs were mapped to the rice genome, the 1000 bp of geno-
mic sequences upstream of the ATG of each gene was downloaded for upstream
element search. PLACE (http://www.dna.affrc.go.jp/PLACE/signalscan.html), a
database of plant cis-acting regulatory DNA elements, was used for searching
auxin-responsive elements. The DST elements were searched manually for the
presence of conserved nucleotides in the 500 bp of genomic sequence
downstream of the stop codon of each OsSAUR retrieved from the GenBank.

Plant material and growth conditions

Rice seeds (O. sativa L. ssp. indica var. Pusa Basmati 1) were treated and
grown as described previously [20]. 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 pM
chloramphenicol) for 3 h to deplete endogenous auxin. The buffer was changed
every half-hour and the coleoptile segments were transferred to fresh buffer with
30 uM concentration of IAA and incubated for specified duration.

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 [20]. The cDNA samples synthesized using the High
Capacity cDNA Archive Kit (Applied Biosystems, USA) were used as template and
mixed with 200 nM each primer and SYBR Green PCR Master Mix (Applied
Biosystems) for real-time PCR analysis, using an ABI Prism 7000 sequence detection

system and software (PE Applied Biosystems) according to the manufacturer’s
instructions. The primers were designed by Primer Express 2.0 software (PE Applied
Biosystems). The primer sequences are listed in Supplemental Table S5. The
specificity of the reactions was verified by melting curve analysis. The relative mRNA
levels for each OsSAUR in various tissue RNA samples were quantified with respect
to the internal standard, UBQS. At least two independent RNA isolations were used
for cDNA synthesis and each cDNA sample was subjected to real-time PCR analysis
in triplicate.

Acknowledgments

This work was supported financially by the Department of
Biotechnology, Government of India, and the University Grants
Commission, New Delhi. M.J. acknowledges the award of
Senior Research Fellowship from the Council of Scientific and
Industrial Research, New Delhi.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ygeno0.2006.04.008.

References

[1] S. Abel, A. Theologis, Early genes and auxin action, Plant Physiol. 111
(1996) 9-17.

[2] G. Hagen, T.J. Guilfoyle, Auxin-responsive gene expression: genes,
promoters and regulatory factors, Plant Mol. Biol. 49 (2002) 373—385.

[3] T.J. Guilfoyle, Auxin-regulated genes and promoters, in: P.J.J. Hooykaas,
M.A. Hall, K.R. Libbenga (Eds.), Biochemistry and Molecular Biology of
Plant Hormones, Elsevier, Amsterdam, 1999, pp. 423—459.

[4] O. Leyser, Molecular genetics of auxin signaling, Annu. Rev. Plant Biol.
53 (2002) 377-398.

[5] B.A. McClure, T.J. Guilfoyle, Characterization of a class of small auxin-
inducible soybean polyadenylated RNAs, Plant Mol. Biol. 9 (1987)
611-623.

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

[7]1 T.J. Guilfoyle, et al., Auxin-regulated transcription, Aust. J. Plant Physiol.
20 (1993) 489-502.

[8] P. Gil, et al., Characterization of the auxin-inducible SAUR-ACI gene for
use as a molecular genetic tool in Arabidopsis, Plant Physiol. 104 (1994)
777-784.

[9] C. Roux, J. Bilang, B.H. Theunissen, C. Perrot-Rechenmann, Identifica-
tion of new early auxin markers in tobacco by mRNA differential display,
Plant Mol. Biol. 37 (1998) 385-389.

[10] T. Yang, B.W. Poovaiah, Molecular and biochemical evidence for the
involvement of calcium/calmodulin in auxin action, J. Biol. Chem. 275
(2000) 3137-3143.

[11] S. Knauss, T. Rohrmeier, L. Lehle, The auxin-induced maize gene
ZmSAUR?2 encodes a short-lived nuclear protein expressed in elongating
tissues, J. Biol. Chem. 278 (2003) 23936-23943.

[12] B.A. McClure, T. Guilfoyle, Rapid redistribution of auxin-regulated RNAs
during gravitropism, Science 243 (1989) 91-93.

[13] A.R. Franco, M.A. Gee, T.J. Guilfoyle, Induction and superinduction of
auxin-responsive mRNAs with auxin and protein synthesis inhibitors,
J. Biol. Chem. 265 (1990) 15845-15849.

[14] P. Gil, PJ. Green, Multiple regions of the Arabidopsis SAUR-ACI gene
control transcript abundance: the 3’ untranslated region functions as an
mRNA instability determinant, EMBO J. 15 (1996) 1678—1686.

[15] Y. Li, T.J. Strabala, G. Hagen, T.J. Guilfoyle, The soybean SAUR open
reading frame contains a cis element responsible for cycloheximide-
induced mRNA accumulation, Plant Mol. Biol. 24 (1994) 715-723.


http://www.ncbi.nlm.nih.gov
http://www.tigr.org/tdb/e2k1/osa1
http://www.arabidopsis.org
http://www.sanger.ac.uk/Software/Pfam/search.shtml
http://www.sanger.ac.uk/Software/Pfam/search.shtml
http://www.rgp.dna.affrc.go.jp/IRGSP
http://www.rgp.dna.affrc.go.jp/IRGSP
http://www.dna.affrc.go.jp/PLACE/signalscan.html
http://dx.doi.org/doi:10.1016/j.ygeno.2006.04.008

M. Jain et al. / Genomics 88 (2006) 360-371 371

[16] M.A. Gee, G. Hagen, T.J. Guilfoyle, Tissue-specific and organ-specific
expression of soybean auxin-responsive transcripts GH3 and SAURs, Plant
Cell 3 (1991) 419-430.

[17] J. Yu, et al., A draft sequence of the rice genome (Oryza sativa L. ssp.
indica), Science 296 (2002) 79-92.

[18] S.A. Goff, et al., A draft sequence of the rice genome (Oryza sativa L. ssp.
Jjaponica), Science 296 (2002) 92—-100.

[19] International Rice Genome Sequencing Project, The map-based sequence
of the rice genome, Nature 436 (2005) 793—800.

[20] M. Jain, N. Kaur, A.K. Tyagi, J.P. Khurana, The auxin-responsive GH3
gene family in rice (Oryza sativa), Funct. Integr. Genom. 6 (2006) 36—46.

[21] M. Jain, et al., Structure and expression analysis of early auxin-responsive
Aux/IAA gene family in rice (Oryza sativa), Funct. Integr. Genom. 6 (2006)
47-59.

[22] B.A. McClure, G. Hagen, C.S. Brown, M.A. Gee, T.J. Guilfoyle,
Transcription, organization, and sequence of an auxin-regulated cluster
in soybean, Plant Cell 1 (1989) 229-239.

[23] A.H. Paterson, J.E. Bowers, B.A. Chapman, Ancient polyploidization
predating divergence of the cereals, and its consequences for comparative
genomics, Proc. Natl. Acad. Sci. USA 101 (2004) 9903-9908.

[24] A. Lecharny, N. Boudet, I. Gy, S. Aubourg, M. Kreis, Introns in, introns
out in plant gene families: a genomic approach of the dynamics of gene
structure, J. Struct. Funct. Genom. 3 (2003) 111-116.

[25] C. Lurin, et al., Genome-wide analysis of Arabidopsis pentatricopeptide
repeat proteins reveals their essential role in organelle biogenesis, Plant
Cell 16 (2004) 2089-2103.

[26] J. Yu, et al., The genomes of Oryza sativa: a history of duplications, PLoS
Biol. 3 (2005) 266-28]1.

[27] D.L. Remington, T.J. Vision, T.J. Guilfoyle, J.W. Reed, Contrasting modes
of diversification in the 4ux/[44 and ARF gene families, Plant Physiol. 135
(2004) 1738-1752.

[28] D. Weijers, et al., Developmental specificity of auxin response by pairs of ARF
and Aux/IAA transcriptional regulators, EMBO J. 24 (2005) 1874-1884.

[29] R.E. Zielinski, Calmodulin and calmodulin-binding proteins in plants,
Annu. Rev. Plant Physiol. Plant Mol. Biol. 49 (1998) 697—725.

[30] T. Yang, B.W. Poovaiah, Calcium/calmodulin-mediated signal network in
plants, Trends Plant Sci. 8 (2003) 505-512.

[31] D. Lee, D.H. Polisensky, J. Braam, Genome-wide identification of touch
and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and
XTH genes, New Phytol. 165 (2005) 429-444.

[32] G. Blanc, K.H. Wolfe, Functional divergence of duplicated genes formed by
polyploidy during Arabidopsis evolution, Plant Cell 16 (2004) 1679-1691.

[33] J.E. Bowers, B.A. Chapman, J. Rong, A.H. Paterson, Unravelling
angiosperm genome evolution by phylogenetic analysis of chromosomal
duplication events, Nature 422 (2003) 433—-438.

[34] X. Wang, X. Shi, B. Hao, S. Ge, J. Luo, Duplication and DNA segmental
loss in the rice genome: implications for diploidization, New Phytol. 165
(2005) 937-946.

[35] J. Bai, et al., Diversity in nucleotide binding site-leucine-rich repeat genes
in cereals, Genome Res. 12 (2002) 1871—-1884.

[36] S.Zhang, et al., Evolutionary expansion, gene structure, and expression of
the rice wall-associated kinase gene family, Plant Physiol. 139 (2005)
1107-1124.

[37] G. Hagen, G. Martin, Y. Li, T.J. Guilfoyle, Auxin-induced expression of
the soybean GH3 promoter in transgenic tobacco plants, Plant Mol. Biol.
17 (1991) 567-579.

[38] Y. Li, Z.B. Liu, X. Shi, G. Hagen, T.J. Guilfoyle, An auxin-inducible
element in soybean SAUR promoters, Plant Physiol. 106 (1994)
37-43.

[39] Z.B. Liu, T. Ulmasov, X. Shi, G. Hagen, T.J. Guilfoyle, Soybean GH3
promoter contains multiple auxin-inducible elements, Plant Cell 6 (1994)
645-657.

[40] T. Ulmasov, Z.B. Liu, G. Hagen, T.J. Guilfoyle, Composite structure of
auxin response elements, Plant Cell 7 (1995) 1611-1623.

[41] G. Haberer, T. Hindemitt, B.C. Meyers, K.F. Mayer, Transcriptional
similarities, dissimilarities, and conservation of cis-elements in
duplicated genes of Arabidopsis, Plant Physiol. 136 (2004)
3009-3022.

[42] V.E. Prince, F.B. Pickett, Splitting pairs: the diverging fates of duplicated
genes, Nat. Rev. Genet. 3 (2002) 827-837.

[43] T.C. Newman, M. Ohme-Takagi, C.B. Taylor, P.J. Green, DST sequences,
highly conserved among plant SAUR genes, target reporter transcripts for
rapid decay in tobacco, Plant Cell 5 (1993) 701-714.

[44] M.L. Sullivan, P.J. Green, Mutational analysis of the DST element in
tobacco cells and transgenic plants: identification of residues critical for
mRNA instability, RNA 2 (1996) 308-315.

[45] M.A. Johnson, M.A. Perez-Amador, P. Lidder, P.J. Green, Mutants of
Arabidopsis defective in a sequence-specific mRNA degradation pathway,
Proc. Natl. Acad. Sci. USA 97 (2000) 13991-13996.

[46] M.A. Perez-Amador, et al., New molecular phenotypes in the ds¢ mutants
of Arabidopsis revealed by DNA microarray analysis, Plant Cell 13 (2001)
2703-2717.

[47] P. Lidder, R.A. Gutierrez, P.A. Salome, C.R. McClung, P.J. Green,
Circadian control of messenger RNA stability: association with a
sequence-specific messenger RNA decay pathway, Plant Physiol. 138
(2005) 2374-2385.

[48] S. Kikuchi, et al., Collection, mapping, and annotation of over 28,000
c¢DNA clones from japonica rice, Science 301 (2003) 376-379.

[49] M.D. Adams, et al., Initial assessment of human gene diversity and
expression patterns based upon 83 million nucleotides of cDNA sequence,
Nature 377 (1995) 3—-174.

[50] L. Du, B.W. Poovaiah, Ca*"/calmodulin is critical for brassinosteroid
biosynthesis and plant growth, Nature 437 (2005) 741-745.

[517 A. Miyao, Target site specificity of the Tos!7 retrotransposon shows a
preference for insertion within genes and against insertion in
retrotransposon-rich regions of the genome, Plant Cell 15 (2003)
1771-1780.

[52] S.F. Altschul, et al., Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs, Nucleic Acids Res. 25 (1997)
3389-3402.



	Genome-wide analysis, evolutionary expansion, and expression of early auxin-responsive SAUR gen.....
	Results and discussion
	Identification of the SAUR gene family in rice
	Genomic organization of OsSAURs
	Sequence analysis of OsSAUR proteins
	Evolutionary expansion of OsSAURs
	Identification of putative auxin-responsive elements in �OsSAURs
	Identification of putative mRNA-destabilizing DST elements in OsSAURs
	Expression analysis of OsSAURs
	Putative functions of SAURs?

	Materials and methods
	Identification of SAUR gene family in rice
	Mapping of OsSAURs on rice chromosomes
	Sequence and phylogenetic analysis
	Upstream and downstream sequence element search
	Plant material and growth conditions
	RNA isolation and real-time PCR analysis

	Acknowledgments
	Supplementary data
	References


