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The phytohormone auxin plays a critical role for plant growth by regulating the expression of a set of genes. One large auxin-
responsive gene family of this type is the small auxin-up RNA (SAUR) genes, although their function is largely unknown. The
expression of the rice (Oryza sativa) SAUR39 gene showed rapid induction by transient change in different environmental
factors, including auxin, nitrogen, salinity, cytokinin, and anoxia. Transgenic rice plants overexpressing the SAUR39 gene
resulted in lower shoot and root growth, altered shoot morphology, smaller vascular tissue, and lower yield compared with
wild-type plants. The SAUR39 gene was expressed at higher levels in older leaves, unlike auxin biosynthesis, which occurs
largely in the meristematic region. The transgenic plants had a lower auxin level and a reduced polar auxin transport as well as
the down-regulation of some putative auxin biosynthesis and transporter genes. Biochemical analysis also revealed that
transgenic plants had lower chlorophyll content, higher levels of anthocyanin, abscisic acid, sugar, and starch, and faster leaf
senescence compared with wild-type plants at the vegetative stage. Most of these phenomena have been shown to be
negatively correlated with auxin level and transport. Transcript profiling revealed that metabolic perturbations in over-
expresser plants were largely due to transcriptional changes of genes involved in photosynthesis, senescence, chlorophyll
production, anthocyanin accumulation, sugar synthesis, and transport. The lower growth and yield of overexpresser plants
was largely recovered by exogenous auxin application. Taken together, the results suggest that SAUR39 acts as a negative
regulator for auxin synthesis and transport.

An optimum level of auxin is required for several
aspects of plant growth and developmental processes,
including cell division, differentiation, and elongation,
vascular development, root and shoot architecture, or-
gan patterning, and tropism (for review, seeWoodward
and Bartel, 2005; Teale et al., 2006). Auxin exerts these
effects by altering the expression of numerous genes
(for review, see Abel and Theologis, 1996; Hagen and
Guilfoyle, 2002). The early auxin-responsive genes,
which are rapidly and transiently induced in response
to auxin, have been grouped into three major families:
auxin/indoleacetic acid (Aux/IAA), Gretchenhagen-3
(GH3), and small auxin-up RNA (SAUR; for review,
see Hagen and Guilfoyle, 2002). The transcription of
many of the Aux/IAA genes is transiently induced by
auxin (Abel et al., 1995; for review, see Abel and
Theologis, 1996). Aux/IAA proteins have been shown
to function as negative regulators of auxin response
factor proteins (Ulmasov et al., 1997). Some of the GH3

genes have also been shown to be induced by auxin,
and these genes encode enzymes that conjugate free
IAAwith amino acids (Staswick et al., 2005).

The transcripts of the SAUR genes also accumulate
within minutes after application of auxin (Jain et al.,
2006c). However, the functions of the members of this
gene family are largely unknown (for review, see
Woodward and Bartel, 2005; Jain et al., 2006c). SAUR
genes have been identified in different plants such as
soybean (Glycine max; McClure et al., 1989), tobacco
(Nicotiana tabacum; Roux et al., 1998), and maize (Zea
mays; Knauss et al., 2003), with a total of 78 (http://
www.arabidopsis.org/) and 58 SAUR genes identified
in Arabidopsis (Arabidopsis thaliana; for review, see
Hagen and Guilfoyle, 2002) and rice (Oryza sativa; Jain
et al., 2006c), respectively. Some of the SAUR genes are
mainly expressed in the elongation tissues of maize
and soybean (McClure and Guilfoyle, 1989; Gee et al.,
1991; Knauss et al., 2003), suggesting their role in
auxin-mediated cell elongation. In rice, some SAUR
genes were found to be differentially expressed in
various tissues (Jain et al., 2006c). Recently, an
AtSAUR32 gene has been shown to be involved in
apical hook development in Arabidopsis (Park et al.,
2007). The SAUR transcripts and proteins degrade rap-
idly after induction (Knauss et al., 2003), with the
instability of the SAUR mRNA being conferred by the
presence of conserved downstream destabilizing ele-
ments in their 3# untranslated region (Gil and Green,
1996; Jain et al., 2006c). Some of the SAUR proteins have
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been shown to bind with Ca+-binding/calmodulin pro-
teins in maize and Arabidopsis (Yang and Poovaiah,
2000; Reddy et al., 2002). However, whether the SAUR
genes are simply a downstream target of the auxin
response factor transcription factors or actually in-
volved in auxin signaling is not yet known.

Here, we performed a detailed characterization of a
SAUR gene using overexpresser (OX) plants and show
that this SAUR39 gene acts as a negative regulator of
auxin biosynthesis and transport in rice. Overexpres-
sion of the SAUR39 gene in rice resulted in reduced
free IAA levels and lower auxin transport. The OX
plants had reduced shoot and root growth, altered
shoot morphology, and lower yield than wild-type
plants, which can be partially compensated for by the
addition of exogenous auxin.

RESULTS

Identification and Molecular Characteristics of a
SAUR Gene

We conducted a whole genome transcript profile
analysis in rice grown under different nitrogen
(N) conditions. Among the N-responsive genes,
Os09g0545300 was up-regulated by transient change
of N, that is by N induction (switching plants from low
to high N) and by N reduction (switching plants from
high to lowN) 2 h before harvesting, and real-time PCR
analysis confirmed that the Os09g0545300 gene was
greater than 3-fold up-regulated by N induction and
about 2-fold up-regulated by N reduction (Fig. 1A).
Gene Expression Omnibus profiles (http://www.ncbi.
nlm.nih.gov/) and Genevestigator (https://www.
genevestigator.ethz.ch/gv/index.jsp) database analy-
sis reveals that this gene is also up-regulated in rice

by salinity stress (Walia et al., 2005), application of
cytokinin (Hirose et al., 2007), and anoxia (Lasanthi-
Kudahettige et al., 2007), indicating that its expression
is induced by transient changes in many different
environmental stimuli.

The Os09g0545300 gene belongs to the SAUR gene
family in rice. A total of 58 SAUR genes have been
identified in rice, and this gene is designated as
SAUR39 (Jain et al., 2006c). The SAUR39 gene has an
auxin-responsive element in its 5# untranslated region,
a destabilizing element in its 3# untranslated region,
and no introns (Supplemental Fig. S1), which are
characteristics of SAUR family members (Jain et al.,
2006c). This gene encodes a protein of 171 amino acids
(Supplemental Fig. S1).

Several of the SAUR family genes are known to be
rapidly induced after exogenous auxin application
in different plants (McClure et al., 1989; Abel and
Theologis, 1996; for review, see Woodward and Bartel,
2005; Jain et al., 2006c; Teale et al., 2006), with the
exception of the AtSAUR32 gene in Arabidopsis (Park
et al., 2007). To confirm whether the SAUR39 gene is
responsive to exogenous auxin application, 4-week-
old rice wild-type plants were supplied with 4 mM

naphthaleneacetic acid (NAA) and harvested at the
indicated time points (Fig. 1B). The transcript level in
shoots started to increase from 30 min after NAA
application, kept accumulating up to 8 h, and declined
thereafter. The expression of SAUR39 in rice wild-type
plants was highest in the mature leaves followed by
young leaves and the flag leaf, with very low transcript
levels in inflorescence and roots (Fig. 1C). Its expres-
sion kept increasing in leaves until physiological ma-
turity and was still quite high in senescing leaves
(Supplemental Fig. S2), showing that mature leaves
have higher transcript levels than younger leaves.

Figure 1. Identification, auxin response, and expres-
sion pattern of the SAUR39 gene. A, Expression of the
SAUR39 gene in shoots of wild-type rice plants
grown at 1 or 10 mM N for 4 weeks. Two hours
before harvest, plants were switched from 1 to 10 mM

N (induction) and from 10 to 1 mM N (reduction). B,
Expression of SAUR39 after application of NAA in
shoots. The wild-type rice plants were grown for 4
weeks, and shoots were harvested at the indicated
time points after application of 4 mM NAA. C, Ex-
pression of SAUR39 in different tissues of wild-type
plants. Inf, Inflorescence; FL, flag leaf; YL, young leaf;
ML, mature leaf; Int, internode. D, Expression of
SAUR39 in shoots of wild-type (WT) and OX lines,
measured by real-time PCR.
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Overexpression of SAUR39 Inhibits Growth and Yield of

Rice Plants

To understand the molecular function of the
SAUR39 gene in rice, OX plants were generated. The
full-length cDNA of SAUR39 was amplified and
cloned into a binary vector, and transgenic rice plants
were generated through Agrobacterium tumefaciens-
mediated transformation using a constitutively ex-
pressed ubiquitin promoter (Christensen and Quail,
1996). Ten independent T1 transgenic lines were gen-
erated, and half of them had a single insertion site for
the SAUR39 gene, as genotyping results showed a 3:1
segregation ratio in T2 plants (data not shown). Trans-
gene expression level was measured in three of these
five lines by real-time PCR, and transgenic lines had
40- to 43-fold higher expression of SAUR39 in leaves as
compared with wild-type plants (Fig. 1D). These three
lines were further tested in their T2 and T3 genera-
tions, and all of the lines showed similar differential
growth, biochemical, and expression results compared
with the wild type; the data of two transgenic lines are
presented hereafter.
The transgenic plants overexpressing SAUR39 were

smaller than wild-type plants (Fig. 2). The OX plants
had significantly fewer leaves and tillers, with shorter
plant height and lower yield compared with the wild
type (Tables I and II). The primary root length in OX
plants was smaller, and they had significantly fewer
lateral roots (Table III). These plants displayed 33%
and 35% reduction in shoot and root dry biomass,
respectively, as compared with wild-type plants (Table
I). In rice plants, senescence in the older leaves starts
even when the plants are still at the vegetative stage
and extends upward as the plant grows (Lee et al.,
2001). The start of senescence of older leaves wasmuch

earlier in OX plants when the plants were 3 weeks old,
whereas wild-type plants had no symptoms of senes-
cence (Fig. 2A); 1 week later, the number of senescing
leaves was significantly higher in OX plants than in
wild-type plants (Table I). Interestingly, when the
vegetative stage in plants was complete, the angle of
leaves in OX plants started to increase (data not
shown). In 10-week-old OX plants, both younger and
older leaves turned more horizontal, whereas wild-
type plants still had a smaller leaf angle (Fig. 2B). The
flowering and maturity in both OX and wild-type
plants occurred at similar times (data not shown). At
maturity, shoot dry weight, number of spikes and
spikelets, and seed yield per plant were significantly
lower in OX plants than in wild-type plants (Table II).

SAUR39-OX Plants Had Lower Free IAA and Less Polar

Auxin Transport

SAUR39-OX plants were smaller with less root
volume (Fig. 2; Tables I and III). Since auxin is known
to play a role in plant growth and lateral root forma-
tion (Woodward and Bartel, 2005; Teale et al., 2006;
Chhun et al., 2007), free IAA level was measured in
wild-type and OX plants. Figure 3A shows that free
IAA in shoots of 4-week-old OX plants was 20% lower
than in wild-type plants. To determine whether auxin
transport was also affected in OX plants, 4-cm stem
segments from the base of 4-week-old plants were
basipetally incubated for 3 h in [3H]IAA, and stem
segments were further divided into four parts. All of
the stem segments in the OX plants had significantly
lower [3H]IAA (Table IV), suggesting that these plants
had lower auxin transport than wild-type plants. The
synthetic auxin transport inhibitor N-1-naphthylph-
thalamic acid (NPA), at a concentration of 100 mM,
similarly reduced [3H]IAA movement in transgenic
and wild-type plants (Table IV).

SAUR39-OX Plants Had Altered Chlorophyll,

Anthocyanin, Sugar, and Abscisic Acid Contents

Different biochemical assays were performed on
4-week-old plants in order to identify the traits asso-
ciated with the observed smaller plant growth and
yield. The leaves of OX plants were paler than those of
wild-type plants (Fig. 2A), and chlorophyll analysis
confirmed that leaves of OX plants had significantly
lower chlorophyll content than leaves of wild-type
plants (Fig. 3B). The anthocyanin content was 37%
higher in OX leaves compared with the wild type (Fig.
3C). Sugar and starch content increases when plants
grow older and leaves start to senesce (Pourtau et al.,
2006; Wingler et al., 2006). The OX plants had slightly
higher total soluble sugars (Fig. 3D) and significantly
higher total starch content than wild-type plants (Fig.
3E). Abscisic acid (ABA) is an important plant growth
hormone; its level increases in plants under abiotic
stress (Seo and Koshiba, 2002), and the ABA level was
significantly higher in OX plants (Fig. 3F).

Figure 2. Growth of wild-type (WT) and SAUR39-OX rice plants. A,
Three-week-old plants. Arrows indicate start of senescence in OX
plants. B, Ten-week-old plants. Arrows indicate wider angle of leaves in
OX plants.
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SAUR39-OX Plants Had Smaller Vascular Tissue

Since the polar auxin transport was lower (Table IV),
along with smaller roots and inhibited shoot growth in
OX plants (Tables I and III; Fig. 2), stem cross-sections
were stainedwith toluidine blue to dissect the vascular
tissue system of OX plants. Figure 4, A and B, shows
that vascular tissue in OX shoot was smaller than in the
wild type, with both phloem and xylem tissues being
smaller. Auxin is actively transported from shoot to-
ward root through the phloem (Teale et al., 2006). In the
phloem, sieve tube element cells are important for
translocation of photosynthates andauxin. Thenumber
of sieve tube element cellswas significantly lower inOX
shoots (Fig. 4C), suggesting that long-distance trans-
port of auxin might be less in OX plants.

SAUR39 Protein Is Localized in the Cytoplasm

To gain further insight into the function of the
SAUR39 protein at the subcellular level, initially a
35S-yellow fluorescent protein (YFP)-SAUR39 con-
struct was developed using the Gateway-compatible
vector pEarleyGate 104 (Earley et al., 2006). The 35S-
YFP-SAUR39 and its control (35S-YFP) plasmids were
biolistically bombarded separately into tobacco BY2
cells. Both YFP-SAUR39 (Supplemental Fig. S3A) and

YFP (Supplemental Fig. S3B) proteins were observed
to be in the nucleus and cytoplasm, based on fluores-
cent images acquired through epifluorescence micros-
copy. The YFP-SAUR39 protein (approximately 46.1
kD) and the control YFP protein (approximately 26.9
kD) had molecular mass values below the limit to
avoid passive diffusion of a protein between nucleus
and cytoplasm, given that the exclusion limit for
protein diffusion is approximately 50 kD (Grebenok
et al., 1997). To avoid this artifact, the 35S-GFP-GFP-
SAUR39 (2XGFP-SAUR39) construct with higher
molecular mass protein was used for subcellular lo-
calization. The 35S-2XGFP-SAUR39 and its control
35S-2XGFP constructs were prepared using the PRTL2
GFP-MCS vector (Shockey et al., 2006), their plasmids
were biolistically bombarded into the tobacco BY2
cells, and fluorescent images were acquired via epi-
fluorescence microscopy. The 2XGFP-SAUR39 protein
has a molecular mass of approximately 73 kD, which is
well above the exclusion limit, and was localized only
in the cytoplasm (Fig. 5A). In contrast, the control
2XGFP protein (approximately 53.8 kD, which is quite
close to the exclusion limit) was localized in both the
nucleus and cytoplasm (Fig. 5B). It should be noted
that GFP is known to give a green fluorescence signal
in both the nucleus and cytoplasm (Grebenok et al.,
1997). These results confirm that the SAUR39 protein

Table I. Growth parameters of 4-week-old wild-type and SAUR39-OX rice plants

The data are means 6 SE (n = 10 plants). Asterisks indicate values of wild-type plants that are
significantly different from values of OX lines within that treatment (P , 0.05, Fisher’s protected LSD test).

Treatment and

Plant

Leaf

Number

Senescing

Leaves
Total Tillers Shoot Length

Shoot Dry

Biomass

Root Dry

Biomass

cm g g

Nutrient solution without NAA
Wild type 18.3 6 1.4* 1.9 6 0.22* 3.5 6 0.22* 23.1 6 2.1* 2.4 6 0.21* 0.48 6 0.05*
OX1 14.2 6 1.5 3.1 6 0.32 2.8 6 0.23 19.1 6 1.5 1.6 6 0.19 0.31 6 0.04
OX2 14.5 6 1.7 3.3 6 0.35 2.7 6 0.27 19.3 6 1.7 1.7 6 0.18 0.33 6 0.04

Nutrient solution with 0.04 mM NAA
Wild type 18.7 6 2.0 1.8 6 0.17* 3.6 6 0.29 24.0 6 2.2 2.5 6 0.24 0.50 6 0.05
OX1 17.1 6 1.9 2.2 6 0.19 3.3 6 0.30 22.2 6 1.9 2.1 6 0.21 0.41 6 0.05
OX2 17.3 6 1.8 2.1 6 0.18 3.2 6 0.33 22.2 6 2.0 2.2 6 0.19 0.42 6 0.05

Table II. Yield and yield attributes in wild-type and SAUR39-OX rice plants

The data are means 6 SE (n = 10 plants). Asterisks indicate values of wild-type plants that are
significantly different from values of OX lines within that treatment (P , 0.05, Fisher’s protected LSD test).

Treatment and Plant Total Tillers
Shoot Dry

Weight
Spikes Spikelets Seed Yield

g g

Nutrient solution without NAA
Wild type 6.6 6 0.3* 8.9 6 0.6* 4.1 6 0.3* 396 6 26* 7.7 6 0.5*
OX1 5.6 6 0.3 7.5 6 0.6 3.4 6 0.3 295 6 21 5.5 6 0.4
OX2 5.5 6 0.4 7.7 6 0.5 3.5 6 0.3 304 6 27 5.6 6 0.4

Nutrient solution with 0.04 mM NAA
Wild type 6.8 6 0.3 9.1 6 0.6 4.2 6 0.3 407 6 25 7.8 6 0.6
OX1 6.1 6 0.4 8.2 6 0.6 3.9 6 0.4 361 6 24 6.9 6 0.6
OX2 6.2 6 0.4 8.3 6 0.6 3.9 6 0.4 368 6 26 7.0 6 0.5
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was exclusively localized in the cytoplasm (Fig. 5A).
Furthermore, analyses by the online prediction pro-
grams TargetP 1.1 (Emanuelsson et al., 2000) and
WoLF PSORT (Horton et al., 2007) also predict the
SAUR39 protein to be localized in the cytoplasm, with
SAUR39 not having any nucleus- or organelle-specific
localization signals.

Transcript Profiling Reveals That Differential Expression

of Genes Correlates with Altered Auxin Synthesis and
Transport as Well as Chlorophyll, Anthocyanin, and
Sugar Contents in SAUR39-OX Plants

To investigate which sets of geneswere affected inOX
plants, RNAwas extracted in shoots of 4-week-old OX
and wild-type plants and hybridized to a rice Affyme-

trix GeneChip whole genome array. To identify differ-
entially expressed genes in OX plants compared with
wild-type plants, a 2.0-fold change threshold and P ,
0.05 were set as criteria to analyze the profiling data. A
total of 1,505 genes were identified as statistically sig-
nificant, with 1,094 genes up-regulated by 2-fold or
greater (Supplemental Table S1) and 411 genes down-
regulated by 2-fold or less (Supplemental Table S2).

The expression of SAUR39 was approximately 40-
fold higher in OX plants in the microarray analysis
(Supplemental Table S3), which is similar to what was
observed in the real-time PCR analysis (Fig. 1D). In
addition, expression of one more SAUR gene and five
genes from the GH3 and Aux/IAA auxin-responsive
gene family was also differentially expressed (Supple-
mental Table S3). The free IAA level was lower in OX
plants (Fig. 3A). However, none of the auxin biosyn-
thesis genes were observed to be differentially ex-
pressed in the transcript profiling data. These genes
could be screened out based on the statistical criteria
used or not yet annotated. Therefore, a search was
performed of the rice genome for the homologous
genes to those from Arabidopsis involved in auxin
biosynthesis, and their expression levels were deter-
mined by real-time PCR. Relative expression of some
of the genes involved in auxin biosynthesis (TRP1,
TRP2, TRP5, and YUCCA6) was slightly lower in
shoots of the OX plants by 0.6-, 0.71-, 0.63-, and 0.72-
fold, respectively, as compared with wild-type plants
(Supplemental Table S3). The transport of auxin was
lower in OX plants (Table IV), and in the transcript
profiling data, an auxin efflux carrier component 6
(PIN6) gene was repressed over 3-fold (Supplemental
Table S3). Also, the transcript level of a gene encoding
a cAMP-dependent protein kinase/protein kinase
G/protein kinase C (AGC)-like kinase was down-
regulated, with the AGC kinases having been pro-
posed to regulate polar auxin transport (for review, see
Galvan-Ampudia and Offringa, 2007). In addition, the
relative expression of an auxin influx carrier gene,

Table III. Effects of auxin (NAA) and auxin transport inhibitor
(NPA) on root growth in rice plants

Rice seedlings were grown hydroponically, NAA or NPA was mixed
in nutrient solution and applied to 3-d-old seedlings, and observations
were taken 3 d later. The data are means 6 SD (n = 8–10 plants).
Asterisks indicate values of wild-type plants that are significantly
different from values of OX lines within that treatment (P , 0.05,
Fisher’s protected LSD test).

Treatment and Plant Primary Root Length
Lateral Roots per

Plant Primary Root

cm

Control
Wild type 15.6* 6 1.2 102* 6 12
OX1 12.9 6 1.0 78 6 8
OX2 13.1 6 1.0 80 6 9

0.2 mM NAA
Wild type 12.0 6 1.0 98 6 10
OX1 11.1 6 1.0 94 6 9
OX2 11.5 6 1.1 96 6 11

5 mM NPA
Wild type 14.8* 6 1.1 78* 6 8
OX1 12.1 6 0.9 60 6 7
OX2 11.7 6 1.0 58 6 6

Table IV. Polar auxin transport in stems of rice plants

Four-centimeter stem segments of 4-week-old wild-type and OX plants were incubated in [3H]IAA
solution for 3 h, and segments were further divided into four sections of 1 cm each. Section 1 was
submerged in [3H]IAA solution, and section 4 indicates the farthest section. The data are means 6 SD (n =
6 plants). All values of wild-type plants are significantly different from those of OX lines (P, 0.05, Fisher’s
protected LSD test).

Treatment and Plant
[3H]IAA in Stem Section

1 2 3 4

cpm
Basipetal (without NPA)
Wild type 291,451 6 9,472 33,645 6 5,142 5,268 6 426 1,271 6 45
OX1 286,412 6 9,112 20,348 6 3,751 3,457 6 415 745 6 75
OX2 289,231 6 9,282 20,521 6 3,695 3,507 6 395 761 6 57

Basipetal (with 100 mM NPA)
Wild type 290,122 6 9,108 2,933 6 458 590 6 68 280 6 30
OX1 281,332 6 10,102 2,065 6 216 414 6 43 198 6 21
OX2 287,385 6 9,514 2,202 6 254 408 6 52 207 6 24
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AUX1-like, was lower in the OX plants (Supplemental
Table S3).

The expression of 23 genes that have putative func-
tions in photosynthesis and chlorophyll production
was down-regulated in OX plants, with the exception
of a putative red chlorophyll catabolite reductase,
which has been shown to be involved in chlorophyll
breakdown (Rodoni et al., 1997) andwas up-regulated.
The transcription of five genes with putative roles in
senescence was higher in OX plants (Supplemental
Table S3), which correlates with an early progression
of senescence in the OX plants (Fig. 2). The transcript
levels of 12 genes involved in anthocyanin synthesis,
such as PAL, CHS, F3H, and AGT, were increased 2.3-
to 10.5-fold in OX plants (Supplemental Table S3),
which supports the marked increase in anthocyanin
content in the OX plants (Fig. 3C). The up-regulation of
several genes involved in sugar synthesis and sugar
transport in OX plants (Supplemental Table S3) corre-
lates with higher total sugar and starch in OX plants
(Fig. 3, D and E).

The SAUR proteins have been shown to bind with
Ca+-binding/calmodulin proteins (Yang and Poovaiah,
2000; Reddy et al., 2002). Consistent with these reports,
transcript levels of 12 Ca+-binding/calmodulin genes
and five calcium-transporting ATPase genes were
higher in the OX plants. The OX plants showed
stunted growth and lower yield, which is characteris-
tic of plants grown under biotic and/or abiotic stress.

Thus, it is not surprising that 27 genes related to
disease, pathogenesis, and oxidative, drought, salinity,
and heat stresses were up-regulated in OX plants.
Some genes involved in hormone synthesis and the
response to ethylene, gibberellin, ABA, cytokinin, and
salicylic acid were also differentially expressed in OX
plants (Supplemental Table S3). The expression levels
of several genes governing plant architecture were
analyzed by real-time PCR. The D3 (Ishikawa et al.,
2005), HTD1 (Zou et al., 2006), D10 (Arite et al., 2007),
and FC1 (Takeda et al., 2003) genes that have been
known to negatively regulate lateral branching and/or
knockout mutant lines of these genes had higher
lateral branching in rice. Relative expression of D3
(MAX2/ORE9), HTD1 (MAX3), D10 (MAX4/RMS1/
DAD1), and FC1 (OsTB1) was up-regulated in shoots
of OX plants by 1.8-, 1.9-, 1.7-, and 3.1-fold, respec-
tively, as compared with the wild type (Supplemental
Table S3). Overexpression of FON1 and EUI genes has
been shown to lead to smaller floral meristems (Suzaki
et al., 2004) and dwarf plants (Zhu et al., 2006) in rice,
and the transcript levels of these genes were 1.8- and
2.7-fold higher in OX plants, respectively (Supplemen-
tal Table S3).

The validity of the expression differences detected in
the microarray was examined by real-time PCR by
analyzing the relative expression of 11 genes that were
either up- or down-regulated (Supplemental Table S4).
The real-time PCR and microarray results were consis-

Figure 3. Biochemical analysis in wild-type (WT)
and SAUR39-OX rice plants. Free IAA (A), chloro-
phyll (B), anthocyanin (C), total soluble sugars (D),
total starch (E), and ABA (F) contents in shoots of
4-week-old wild-type and OX rice plants. Data are
means 6 SD (n = 3–5). Bars with different letters
indicate significant differences at P , 0.05 (Fisher’s
protected LSD test). DW, Dry weight; FW, fresh
weight.
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tent with each other, although the exact magnitude of
difference was slightly different for some genes.

Exogenous Application of Auxin Rescued the

SAUR39-OX Phenotype

Auxin synthesis and transport were less in OX
plants (Fig. 3A; Table IV), resulting in lower root

growth and thereby inhibiting shoot growth (Tables I
and III; Fig. 2). To test whether exogenous auxin
application could rescue the OX phenotype, different
concentrations and forms of auxin (NAA, IAA, and
2,4-dichlorophenoxyacetic acid) were applied along
with the nutrient solution to seedlings grown hydro-
ponically. All of the different types of auxin gave
similar results in terms of rescue of the OX phenotype
(data not shown), with the results of only the NAA
treatment shown here. The NAA application reduced
the root length (Table III), which is characteristic of
exogenous auxin effects on roots (for review, see
Woodward and Bartel, 2005). Importantly, the number
of lateral roots per plant primary root, which was
significantly lower in OX plants compared with wild-
type plants under control treatment, was statistically
similar in both OX and wild-type plants when 0.2 mM

NAAwas applied (Table III). In contrast, application of
the auxin transport inhibitor NPA at a concentration of
5 mM led to a significantly reduced number of lateral
roots per plant primary root in both OX and wild-type
plants compared with the control (Table III). In addi-
tion, the number of lateral roots per plant primary root
was lower in OX plants than in wild-type plants
with NPA.

To confirm whether the beneficial effect of exoge-
nous NAA application on seedlings could be reflected
in plants until maturity, they were grown with
low concentration of NAA (0.04 mM). Figure 6 and
data in Tables I and II show that plant growth and
yield in terms of the number of leaves and tillers, shoot
length, shoot and root biomass, number of spikes
and spikelets, and seed yield increased with 0.04 mM

NAA in OX plants. Under these conditions, the OX
plants were similar in growth characteristics to wild-
type plants. Their growth and yield parameters
were slightly lower, yet this was not statistically sig-
nificant.

Figure 4. Vascular tissue in rice stems. A and B, Stem cross-sections of
wild-type (WT; A) and OX (B) plants stained with toluidine blue. C,
Number of sieve tube element cells. Data are means 6 SE; bars with
different letters indicate significant differences at P , 0.05 (Fisher’s
protected LSD test). The photograph and data are representative of
sections taken from at least three different plants and eight to 10 sec-
tions in each plant from 4-week-old rice plants. BSC, Bundle sheath
cells; CC, companion cells; MX, metaxylem; PXL, protoxylem lacuna;
STEC, sieve tube element cells; XPC, xylem parenchyma cells.

Figure 5. Subcellular localization of
transiently expressed 2XGFP-SAUR39
(A) and 2XGFP (B) proteins. The plas-
mids were transformed biolistically
into tobacco BY2 cells, and images
were observed by epifluorescence mi-
croscopy. From left to right are the
subcellular localization of 2XGFP-
SAUR39 or 2XGFP fusion protein,
nuclei stained with 4#,6-diamidino-
2-phenylindole (DAPI), overlay of the
two images, and differential interfer-
ence contrast (DIC) images.
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DISCUSSION

The SAUR gene family comprises genes that are
responsive to auxin (for review, see Abel and Theologis,
1996; Woodward and Bartel, 2005; Jain et al., 2006c).
Apart from SAUR, there are two more auxin-
responsive gene families called Aux/IAA and GH3.
In rice, 58 SAUR, 31 Aux/IAA, and 12 GH3 genes have
been identified (Jain et al., 2006a, 2006b, 2006c), while
in Arabidopsis, there are 78 SAUR (http://www.
arabidopsis.org/), 28 Aux/IAA, and 20 GH3 genes
(Hagen and Guilfoyle, 2002). The molecular function
of some of the Aux/IAA and GH3 genes have been
reported in Arabidopsis and other plants (Abel et al.,
1995; Ulmasov et al., 1997; Gray et al., 2001; Zenser
et al., 2001; Staswick et al., 2005). However, the phys-
iological function of any SAUR gene remains un-
known. Previously, attempts have been made to
obtain altered growth phenotypes in different SAUR
gene loss-of-function mutant plants (Jain et al., 2006c;
Park et al., 2007). However, functional redundancy
and compensatory functions of conserved members of
the SAUR gene family might be expected to prevent
the presentation of phenotypic differences in loss-of-
functionmutants (Gil andGreen, 1996; Park et al., 2007).

The SAUR39 gene was identified in rice microarray
studies as responding to transient changes in N con-
ditions (Fig. 1A). This gene also responds to salinity
stress (Walia et al., 2005), application of cytokinin
(Hirose et al., 2007), anoxia (Lasanthi-Kudahettige
et al., 2007), and exogenous auxin (Fig. 1B). The
SAUR39 gene is the only member of this gene family
that responds to transient change in multiple external
inputs. Therefore, a detailed physiological, biochemi-
cal, and molecular functional analysis was performed
on SAUR39-OX rice plants. The OX plants were smaller
than wild-type plants, showing the negative effect of

overexpression of the SAUR39 gene on normal growth.
The shoots of the OX plants had less free IAA and
decreased auxin transport compared with the wild
type, which can explain why the OX plants had fewer
lateral roots and smaller root biomass, thereby reducing
shoot growth.

The reduced growth rate corresponded with a num-
ber of other phenotypic and biochemical changes. The
OX plants had lower chlorophyll content (Fig. 3B),
which correlates with repression of several genes
involved in photosynthesis and chlorophyll synthesis
(Supplemental Table S3). The progression of senes-
cence in older leaves of these plants was faster than in
wild-type plants (Fig. 2; Table I). The early loss of
photosynthetic capacity in senescing leaves and lower
chlorophyll content contributed to lower grain yield in
OX plants. The early progression of senescence in OX
plants was accompanied by an increase in sugar and
starch content (Fig. 3, D and E). It has been shown that
sugar and starch levels increase during senescence
(Pourtau et al., 2006; Wingler et al., 2006) and also
when plants are grown under different abiotic stress
conditions (Abbasi et al., 2007). The higher sugar and
starch in OX plants was accompanied by up-regulation
of some genes related to sugar synthesis and trans-
port. The up-regulation of sugar-responsive genes and
increased accumulation of sugar and starch in OX
plants might be ascribed in part to the lower IAA
levels in these plants. Ohto et al. (2006) reported an
inverse relationship between auxin and sugar levels in
Arabidopsis, with exogenous IAA application leading
to a repression of sugar-responsive genes.

Increased sugar levels in plants induce anthocyanin
accumulation, which is also considered to be a marker
of abiotic stress in plants (Mita et al., 1997; Chalker-
Scott, 1999; Ohto et al., 2006). Anthocyanin accumula-
tion was higher in OX plants, along with an increase in
transcript level for several genes involved in anthocy-
anin synthesis. ABA accumulates in plants with in-
creasing abiotic stress (Seo and Koshiba, 2002), and the
ABA content was higher in the OX plants (Fig. 3F). The
higher anthocyanin and ABA levels and smaller size of
the OX plants indicate that these plants were growing
like wild-type plants do under stress. Indeed, several
genes related to pathogenesis and oxidative, drought,
salinity, and heat stress were up-regulated in the OX
plants.

Flavonoids are known to repress auxin transport in
Arabidopsis (Brown et al., 2001; Lazar and Goodman,
2006; Peer and Murphy, 2007). Similar results were
obtained in our study, with shoots of OX plants having
more anthocyanin and less polar auxin transport than
wild-type plants. Since auxin is required for root
growth and lateral root development, lower transport
of auxin toward roots in OX plants could possibly be
the reason for the lower number of lateral roots in
these plants. The smaller vascular tissue system of OX
plants (Fig. 4) is consistent with the idea that these
plants have lower translocation of photosynthates and
long-distance transport of auxin. Vascular develop-

Figure 6. Rice wild-type (WT) and SAUR39-OX plants. A, Plants grown
in regular nutrient solution without NAA. B, Plants grown in nutrient
solution with 0.04 mM NAA. Photographs were taken when plants were
7 weeks old.
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ment in plants requires auxin signaling, and Sachs
(1981) has hypothesized that auxin flux is required for
differentiation of vascular strands.
Auxin biosynthesis occurs mainly in the shoot apical

meristem, with its highest level in the youngest plant
parts (for review, see Woodward and Bartel, 2005). In
contrast, the transcript level of SAUR39 was low in
young leaves and higher in older leaves (Fig. 1C). The
analysis of free IAA (Fig. 3A) and auxin transport
(Table IV) suggests that constitutive overexpression of
SAUR39 resulted in less production of auxin and
reduced auxin transport. This was confirmed by the
recovery of a more normal phenotype in OX plants
supplied with exogenous auxin (Fig. 6). Lateral root
number, shoot and root biomass, and grain yield were
significantly increased in OX plants with an exogenous
supply of NAA (Tables I–III). The effect of lower free
IAA levels in OX plants was most pronounced during
the reproductive stage, in that the shoot architecture
was changed along with a wider angle for the OX
leaves compared with wild-type plants (Fig. 2B). This
is not surprising, since auxin has a role in organ
patterning (for review, see Woodward and Bartel,
2005; Teale et al., 2006).
In conclusion, our results suggest that SAUR39

might be involved in auxin signaling, and its consti-
tutive up-regulation negatively regulated auxin bio-
synthesis and transport. Lower auxin levels would
be predicted to increase the expression of sugar-
responsive genes, thereby repressing photosynthetic
genes. The plants were stressed in this situation and
accumulated more anthocyanin, which further re-
duced auxin transport, with all of these factors leading
to reduced root and shoot growth. The expression of
SAUR39 in wild-type plants is substantially increased
under a wide array of environmental stress conditions.
It is not unreasonable to assume that this would
eventually lead to a similar down-regulation of auxin
synthesis and transport and negative growth effects
under stress, as observed here in OX plants under
normal growth conditions. Hence, in wild-type rice
plants, destabilization and down-regulation of the
SAUR39 transcript, after a transient induction by a
change in external input, is required for optimum
auxin synthesis, thereby allowing for normal growth.
Dissecting the molecular mechanism of how the
SAUR39 gene regulates auxin synthesis and transport
would be of considerable interest in delineating how
auxin modulates plant growth under ideal and envi-
ronmental stress conditions.

MATERIALS AND METHODS

Plant Growth Conditions

Rice (Oryza sativa japonica ‘Donjin’) plants were grown in a 1:4 mixture of

peat moss and vermiculite (SunGro Horticulture Canada). Seeds were soaked

overnight in water to get even and faster germination. The nutrient solution

was added once per week until harvest and contained 5 mM NH4NO3, 4 mM

MgSO4, 5 mM KCl, 5 mM CaCl2, 1.5 mM KH2PO4, 0.1 mM Fe-EDTA, 0.5 mM MES

(pH 6.0), 9 mM MnSO4, 0.7 mM ZnSO4, 0.3 mM CuSO4, 46 mM NaB4O7, and 0.2 mM

Na2MoO4. Plants were grown in a growth room with 12 h of light (approx-

imately 500 mmol m22 s21) at 29�C, 12 h of dark at 23�C, and 65% relative

humidity. To analyze the effect of exogenous auxin on root growth, seedlings

were grown hydroponically in 2-L buckets; auxin or auxin transport inhibitor

was applied to 3-d-old seedlings, and observations for root elongation and

number of lateral roots were taken 3 d later. Different forms of auxin (IAA,

NAA, and 2,4-dichlorophenoxyacetic acid) were tested, and similar results

were obtained with all three forms. However, NAA treatment gave more

consistent and reproducible results. NPA was applied as an auxin transport

inhibitor. To analyze the effect of exogenous auxin application on plant growth

and yield, plants were grown hydroponically with 18 plants in a 35-L plastic

container. NAA (0.04 mM) was added with the nutrient solution, and the

solution was replaced every week. Growth conditions and the nutrient

solutions were as described above.

Microarray Analysis

Total RNA was isolated using Qiagen RNeasy columns. Microarray hy-

bridization was performed according to Zhu et al. (2003). Five micrograms of

total RNA from each sample was used to synthesize double-stranded cDNAs.

Labeled complementary RNA, synthesized from the cDNA, was hybridized to

the rice Affymetrix GeneChip whole genome array (catalog no. 900601;

Affymetrix). This array contains 50,188 probe sets representing 50,119 known

and predicted rice genes. Among them, 39,201 showed high homology to the

nontransposable element-related protein-coding sequences. On average, each

gene contains approximately 11 perfect match probes, selected from the 3# end
of the coding region. The hybridization signal of the arrays was acquired by

the GeneChip scanner 3000 and quantified by MAS 5.0 (Affymetrix). The

probe set measurement was summarized as a weighted average value of all

probes in a set, subtracting the bottom 5% of average intensity of the entire

array using a custom algorithm. The overall intensity of all probe sets of each

array was further scaled to a target intensity of 100 to enable direct compar-

ison. The data analysis was conducted using GeneSpring 7.3 (Agilent). The

data were normalized with a default setting of the program followed by gene

filtering, which required that each gene must have either a “P” or “M” flag in

the three replicate samples. The genes with 2-fold change were identified, and

ANOVA was used to screen for significantly differentially expressed genes

(Welch t test P value cutoff at 0.05). For microarray analysis, two independent

biological experiments were conducted, and within each experiment, treat-

ments were replicated three times.

Transgenic Rice Plants

The construct to overexpress SAUR39 was made using a ubiquitin pro-

moter (Christensen and Quail, 1996). Agrobacterium tumefaciens-mediated

transformation was performed, and the T1 transgenic seeds were harvested.

Phosphomannose isomerase tests were used for genotyping to detect the

selectable marker phosphomannose isomerase (Negrotto et al., 2000). Almost

half of the independent T1 lines had a single insertion of the SAUR39 gene, as

genotyping results showed a 3:1 segregation ratio in T2 plants.

Expression Analysis by Quantitative Real-Time PCR

Total RNA was isolated from plant tissues using TRIZOL reagent (Invi-

trogen). To eliminate any residual genomic DNA, total RNAwas treated with

RQ1 RNase-free DNase (Promega). The first-strand cDNA was synthesized

from total RNA using the Reverse Transcription System kit (Promega). Primer

Express 2.0 software (Applied Biosystems) was used to design the primers.

Primer sequences for each gene are given in Supplemental Table S5. Real-time

PCR was performed according to Kant et al. (2006). Relative quantification

values for each target gene were calculated by the 22DDCT method (Livak and

Schmittgen, 2001) using ACTIN2 as an internal reference gene for comparing

data from different PCR runs or cDNA samples. To ensure the validity of the

22DDCT method, 2-fold serial dilutions of cDNA from control plants were used

to create standard curves, and the amplification efficiencies of the target and

reference genes were approximately equal (Livak and Schmittgen, 2001).

Biochemical Assays

Frozen shoot tissue from 4-week-old plants was used for the following

biochemical assays. Endogenous free IAA and ABAwere analyzed according

to the method of Chiwocha et al. (2005) by HPLC-electrospray-tandem mass
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spectrometry using deuterated internal standards. Chlorophyll was assayed

according to Arnon (1949). Relative anthocyanin content was analyzed based

on Neff and Chory (1998). Soluble sugars were extracted with 80% ethanol,

supernatants were pooled, and total soluble sugars were assayed according to

Dubois et al. (1956). Starch was extracted according to Delatte et al. (2005) and

quantified using a commercial total starch assay kit (Megazyme; http://www.

megazyme.com).

Polar Auxin Transport Assay

Polar auxin transport was measured by modification of the procedure

described by Lazar and Goodman (2006). Four-centimeter-long stem segments

taken from similar positions in OX and wild-type plants were placed in glass

test tubes with the apical end submerged in 50 mL of buffer (5 mM MES, 1%

[w/v] Suc, 800 nM IAA, and 600 nM [3H]IAA, pH 5.5) in the presence or

absence of 100 mM NPA. Segments were incubated for 3 h at room temperature

in the dark and dissected into 1-cm-long sections. The amounts of radioac-

tivity in the sections weremeasured in a liquid scintillation counter after 2 d of

incubation at room temperature.

Vascular Tissue Staining

Sections were taken from similar positions near the middle of shoots in

4-week-old OX andwild-type plants, stained with 0.05% toluidine blue for 2 to

3 min, rinsed with water, and mounted on slides. The sections were viewed

immediately on a Leica DM LS2 microscope.

Subcellular Localization of SAUR39

To determine the subcellular localization of SAUR39 protein, the coding

sequence of its gene was amplified from rice cDNA by PCR and cloned into

the Gateway-compatible vector pEarleyGate 104 (Earley et al., 2006) having a

YFP reporter gene. The YFP-SAUR39 protein had a molecular mass of

approximately 46.1 kD, which is below the limit to avoid passive diffusion

of a protein between the nucleus and cytoplasm (Grebenok et al., 1997).

Therefore, 35S-GFP-GFP-SAUR39 (2XGFP-SAUR39) and its control 35S-

2XGFP constructs were also prepared. For this, the GFP coding sequence

was amplified from PRTL2 GFP-MCS (Shockey et al., 2006) by PCR. Both the

GFP and SAUR39 PCR products were then ligated to PRTL2 GFP-MCS. All of

these constructs (YFP-SAUR39, YFP, 2XGFP-SAUR39, and 2XGFP) were

biolistically bombarded separately into tobacco (Nicotiana tabacum) BY2 cells,

and fluorescent images were acquired 6 h post bombardment through

epifluorescence microscopy. The nuclei of BY2 cells were stained with 4#,6-
diamidino-2-phenylindole.

Statistics

The results shown are representative of three independent experiments,

and within each experiment treatments were replicated three times, unless

otherwise stated. Data were statistically analyzed by Fisher’s protected LSD test

using SAS statistical software (SAS Institute).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers AK241264.1 and Os09g0545300 (SAUR39).
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