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Abstract

Background Deep rooting is an important factor affecting rice drought resistance. However, few genes have been
identified to control this trait in rice. Previously, we identified several candidate genes by QTL mapping of the ratio of
deep rooting and gene expression analysis in rice.

Results In the present work, we cloned one of these candidate genes, OsSAURT1, which encodes a small auxin-up
RNA (SAUR) protein. Overexpression of OsSAURT1 significantly enhanced the ratio of deep rooting of transgenic

rice, but knockout of this gene did not significantly affect deep rooting. The expression of OsSAURTT in rice root was
induced by auxin and drought, and OsSAUR11-GFP was localized both in the plasma membrane and cell nucleus.
Through an electrophoretic mobility shift assay and gene expression analysis in transgenic rice, we found that

the transcription factor OsbZIP62 can bind to the promoter of OsSAURTT and promote its expression. A luciferase
complementary test showed that OsSAUR11 interacts with the protein phosphatase OsPP36. Additionally, expression
of several auxin synthesis and transport genes (e.g., OsYUC5 and OsPIN2) were down-regulated in OsSAURT1-
overexpressing rice plants.

Conclusions This study revealed a novel gene OsSAURTT positively regulates deep rooting in rice, which provides an

empirical basis for future improvement of rice root architecture and drought resistance.
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Introduction

Drought and water shortage are global environment
problems that accounts for the great source of crop loss
among all natural disasters, and it thus seriously affects
the global food security. Rice is one of the main food
crops, as it is a dietary staple for more than half of the
global population. However, the water consumed in the
production of cultivated rice accounts for nearly 70% of
irrigation water consumption in agriculture [1]. In China,
more than 60% of paddy fields are at risk of drought
stress, which seriously affects the production of culti-
vated rice. Therefore, studying the molecular mechanism
of rice drought responses is useful for developing new
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rice varieties with improved stress resistance and for ulti-
mately reducing the irrigation water consumption and
yield loss [2].

Enhancing the water absorption capacity of roots
is a critical strategy for rice to avoid damage caused by
drought stress [3]. The previous studies on root traits
have mainly focused on conventional root growth indica-
tors such as root length, root number, root weight, and
root depth [4]. Deep roots are particularly important for
drought resistance in rice but have scarcely been studied.
When the soil surface is dry, only deep roots can absorb
water from the subsoil. Therefore, the number and pro-
portion of deep roots, to a large extent, determine the
water absorption capacity of plants under drought stress
[5]. Some researchers have used the ratio of deep rooting
(RDR) to assess this root characteristic, i.e., the ratio of
the number of deep roots to the total number of roots [6,
7].
RDRs can be determined through the standard method
referred to as the basket method [6]. In this method, the
root system is divided into two parts; the shallow roots
are defined as the roots distributed at angles of 0-50
degrees relative to the horizontal plane, and the deep
roots are defined as the roots distributed at angles of
50-90 degrees. The first discovered major QTL for deep
rooting in rice, which is located on chromosome 9 and
named DROI, was mapped using the basket method [7].
Introducing a genomic fragment containing DROI into
cultivar IR64 significantly improved its RDR and drought
resistance [8]. Another major deep root QTL on chro-
mosome 4, DRO2, was mapped using three F2 popula-
tions [9]. A major QTL for root angle on chromosome 7,
DRO3, was found using two lines with extreme root phe-
notypes, cultivar Kinandang Patong and IR64 [10]. How-
ever, the identified genes controlling rice RDR remain
very scarce.

Auxin was the first plant hormone to be found, and
it plays an important role in plant growth and develop-
ment [11]. Auxin can regulate the expression of hundreds
of genes, and the main early auxin response genes span
three gene families: Aux/IAA, GH3, and SAUR [12]. The
function of members of the Aux/IAA and GH3 gene fam-
ilies have been extensively studied, whereas research on
the SAUR family has been scarce. The SAUR gene fam-
ily is the largest auxin response factor family specific to
plants. In 1987, the first SAUR gene was identified in
soybean, as an auxin induced transcript. Subsequently,
SAUR genes were found widely in various plants. With
the development of genome sequencing and bioinfor-
matics, 78 AtSAUR genes were found in Arabidopsis
thaliana, 58 OsSAUR genes were found in rice and 99
SISAUR genes were found in tomato [13]. Sequence
analysis showed that SAUR genes had no introns, and
most of SAUR genes were clustered in the genome. The
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relative molecular weight of a SAUR protein is generally
small, ranging from 10 kD to 27 kD. There is a conserved
downstream element DST in the 3 ' untranslated region
of SAUR. There are one or more AuxRE sequence in the
promoter region of SAUR, and the N-terminus of most
SAUR proteins contains a nuclear localization signal [14].
The redundancy among members of the SAUR family
decrease the possibility of obvious phenotypes occurring
in the SAUR deletion mutants, which greatly increases
the difficulty of gene function research [13]. Therefore,
there are only a few published studies on the SAUR gene
family so far. The most published reports on SAUR have
examined Arabidopsis thaliana SAUR genes, for example,
AtSAURI9 [15, 16], AtSAUR36 [17], and AtSAUR41 [18].
AtSAUR41 was reported to play an important role in root
development. SAUR41- overexpressing lines showed a
significant increase in the length of main roots and more
vigorous development of lateral roots [18]. SAUR1Y, as
well as other SAURs, have been shown to interact with
type 2 C protein phosphatases, negatively regulate PM
H*-ATPase activity, and mediate auxin-induced cell
expansion [15, 16, 19].

Few SAUR genes have been studied in details in rice so
far. It is known that OsSAUR39 is highly expressed in old
leaves and plays a negative role in regulating auxin level
and transport. Compared with wild-type (WT) controls,
overexpression of OsSAUR39 can inhibit the growth
of stem and root and reduce yield in rice [20]. In addi-
tion, OsSAUR4S5 was strongly expressed in differentiated
taproots and adventitious roots. OsSAUR45 protein is
localized in the endoplasmic reticulum. OsSAUR45-over-
expressing rice plants were shorter than WT plants, with
shorter roots, narrower leaves, and a lower seed setting
rate, which indicated that OsSAUR45 negatively regu-
lates plant growth and development [21]. The function of
other SAUR genes in rice has not yet been reported.

Previously, the RDR of a rice recombinant inbred line
population (IRAT109xZhenshan 97B) was identified by
the basket method, and QTL mapping was conducted in
our lab. A total of five major QTLs were detected, among
which the QTL within RM6-RM240 on chromosome
2 contributed most to the RDR [22]. Additionally, tran-
scriptome analysis of extreme deep rooting and shallow
rooting varieties was conducted, and some differentially
expressed genes were found [23]. Candidate genes in this
RDR QTL interval were screened and analyzed in com-
bination with differential gene expression analysis. In the
present study, we cloned and characterized one of these
candidate genes, OsSAURII, from IRAT109, a parent
line with a high RDR. It was found that overexpression
of OsSAURI I can significantly increase RDR and drought
resistance of rice plants. OsSAUR11 was found to be
located in the cell plasma membrane and nucleus and
interacted with protein phosphatase PP36. The present
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study characterized a novel gene that would be used in
rice genetic modification to improve root architecture
and drought resistance.

Results

Isolation of OsSAUR11 and sequence analysis

Previously, one QTL on chromosome 2 was found to
contribute most to rice RDR through QTL mapping
analysis. This QTL interval included several candidate
genes encoding proteins related to auxin signaling, one
of which was OsSAURI1 (LOC_0s02¢42990). This gene
was cloned from the drought resistant rice IRAT109.
There was no difference in the coding region sequence
of OsSAURI11 between Zhenshan 97 and IRAT109, the
two parental lines of the recombinant inbred lines used
for QTL mapping. The sequence analysis showed that
OsSAURI11 encoded a SAUR protein, with an auxin-
inducible domain that is conserved with other SAUR
proteins in Arabidopsis and rice (Fig. 1A). Phylogenetic
analysis showed that OsSAURI1I was similar to its homo-
logs in Arabidopsis and rice such as AtSAURI9 and
OsSAUR3S8 (Fig. 1B).

Overexpression and knockout of OsSAUR11 in rice

In order to analyze the function of OsSAURII in rice
RDR, we constructed an overexpression (OE) vector
of OsSAURI1I and transformed it into the rice cultivar
‘Nipponbare’. Through qPCR analysis of T2 generation
transgenic rice, it was found that OsSAURI1 was over-
expressed in most transgenic rice lines compared with
WT plants, and three transgenic lines with high expres-
sion were selected for the following functional research
(Fig. S1). At the same time, we selected a knockout target
in the OsSAUR11 coding region, constructed a CRIPSR/
Cas9 gene editing vector, and transformed it into the
upland rice line IRAT109. Transgenic lines with muta-
tions in the target were identified through PCR and
sequencing of the PCR product. Mutations in OsSAUR11
were identified in several transgenic lines as single base
insertions or deletions and a large deletion (Fig. S2A).
Three mutants were chosen for further study.

Overexpression of OsSAUR11 increased RDR of transgenic
rice plants

The RDR of OsSAURI1 transgenic rice plants were fur-
ther determined. First, the RDR of WT rice plants was
about 30.2%, whereas the RDR of the three OsSAURI1-
over expressing lines ranged from 46.9 to 49.8%, signifi-
cantly higher than that of WT plants (Fig. 2A and B). The
numbers of deep root in OsSAURI11-overexpressing rice
plants (except for line OE2) were similar to that of WT
plants (Fig. 2C), whereas shallow roots were less numer-
ous compared to WT plants (Fig. 2D). Second, there was
no significant difference in RDR between saurl1 mutants
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and that of WT (IRAT109) plants (Fig. S2B). These results
showed that overexpression of OsSAURII significantly
increased the RDR of transgenic rice, but OsSAURII
knockout did not significantly affect rice RDR.

Root gravitropism and drought resistance of OsSAUR11
transgenic rice plants

Gravitropism is one of the major factors affecting the
root growth direction. To further analyze the mecha-
nism by which OsSAURI1 affects the rice RDR, we ana-
lyzed the orientation of the primary roots of transgenic
rice. After 3 h of rotation, the primary roots bending
angle of OsSAURI1I-overexpressing rice plants was simi-
lar to that of WT (i.e., Nipponbare) rice plants (Fig. 3A
and B). Similarly, there was also no significant difference
between the root angle curvature of saurll mutants and
WT(IRAT109) plants (Fig. 3C). These results showed
that the primary root gravity response of transgenic
rice was not affected by overexpression or knockout of
OsSAURII.

To evaluate the effect of OsSAUR11 on rice drought
resistance, watering of the OsSAURI11 OE transgenic rice
plants were stopped before the young panicle differen-
tiation stage. Leaves of OsSAURII-overexpressing rice
plants displayed obvious delayed rolling under drought
stress (Fig. 4A). To investigate whether OsSAURII
affects leaf water retention, the leaf water loss rates
were assessed. The water loss rates of OsSAURI1-over-
expressing rice plants were slightly higher compared
with WT plants but did not reach statistical significance
(Fig. 4B), suggesting the improved drought resistance
of OsSAURI1I-overexpressing rice plants could not be
mainly attributed to leaf water loss.

Expression of OsSAUR11

Through bioinformatics analysis, it was found that there
were several cis-acting elements related to response
to auxin, abscisic acid (ABA) and drought stress in the
OsSAURI1 promoter region (Fig. 5A), suggesting that
the expression of this gene may be affected by hormones
and stress treatments. In order to verify this hypothesis,
we analyzed the expression changes of OsSAURII in
IRAT109 and Zhenshan97B using qPCR. The expressions
of OsSAURII in the roots of the two parental varieties
was induced by auxin as well as by polyethylene glycol
(PEG) -simulated drought stress, H,O,, and abscisic acid
treatments (Fig. 5B-E). Compared with that in Zhenshan
97B, the expression of OsSAURII in IRAT109 was more
obviously induced by these treatments (Fig. 5).

OsSAUR11 was regulated by the OsbZIP62 transcription
factor

The above results showed that expression of OsSAURI1
was induced by PEG, auxin and ABA treatments. We
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Fig. 1 Sequence alignment and phylogenetic analysis of OsSARU11 and other SAUR proteins from Arabidopsis and rice. (A) Protein sequence alignment
of several Arabidopsis and rice SAUR subfamily proteins. (B) Phylogenetic tree of partial Arabidopsis and rice SAUR proteins. The tree was constructed with
MEGAS.0. The protein accession numbers in the Arabidopsis Information Resource (www.arabidopsis.org) and Rice Genome Annotation Project (rice.
uga.edu) are as follows: AtSAUR9: AT4G36110.1; AtSAUR14: AT4G38840.1; AtSAUR19: AT5G18010.1; AtSAUR40: AT1G79130.1; AtSAUR41: AT1G16510.1;
AtSAURS0: ATAG34760.1; AtSAUR65: AT1G29460.2; AtSAUR63: AT1G29440.1; AtSAUR72: AT3G12830.1; OsSAUR11: LOC_0s02g42990.1; OsSAUR19: LOC_
0s04g45370.1; OsSAUR29: LOC_0s06g50040.1; OsSAUR36: LOC_0s08g43700.1; OsSAUR38: LOC_0s09g26610.1; OsSAUR39: LOC_0s09g37330.1; Os-

SAUR45: LOC_0s09g37400.1

then investigated whether the expression of OsSAURI1
was regulated by stress and phytohormone response
related transcription factors. In our previous research,
OsbZIP62 was identified as a transcription factor
involved in ABA and drought responses [24]. Notably,
the expression of OsSAURI1 was significantly higher in
OsbZIP62-VP64 transgenic rice plants compared with

WT plants, while the expression of OsSAURII in bzip62
mutants was lower (Fig. 6A and B), suggesting that
OsbZIP62 regulates the expression of OsSAURI1I. Then,
we further tested whether OsbZIP62 can directly bind to
the promoter of OsSAURI11. We expressed and purified
the GST-OsbZIP62 fusion protein and detected its DNA
binding ability using an electrophoretic mobility shift
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Fig. 3 Root gravitropism of OsSAURT! transgenic rice plants. (A) Root
phenotype of OsSAURT!1 OE rice plants after rotated 90° for 3 h. (B) and
(C) Root angle of curvature of OsSAURTT OE plants and ossaurll mutant
plants. Seedlings were grown on MS medium for 4 days and then rotated
90° from the original vertical axis for 3 h. The data represent means + SE
(n=10).Red arrows indicate the positions of root tips at the start of rotation

assay (EMSA) in vitro. When the GST-OsbZIP62 was
added into the OsSAURI11 promoter DNA segment con-
taining the ABRE cis-element, a shift band was observed.
As the increased OsbZIP62 protein amount, the shift
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Fig. 4 Drought resistance evaluation of OsSAURT1-OE rice plants. (A) Phe-
notype of OsSAURTI-OE rice plants before and after drought stress treat-
ment. (B) Leaf water loss rate of OsSAURT1-OE plants. The data represent
means+SE (n=4)

band became darker (Fig. 6C). We further used a tran-
sient expression assay to analyze the effect of OsbZIP62
on the expression of the firefly luciferase gene (LUC)
driven by the OsSAURII promoter. Co-expression of
CaMV35S:0sbZIP62 with the OsSAUR11P: LUC con-
struct led to an significant increase in luciferase activ-
ity compared with the OsSAURIIP: LUC vector control
(Fig. 6D), indicating that OsbZIP62 functions as a tran-
scriptional activator to upregulate the expression of
OsSAURI1. These results indicated that OsbZIP62 tran-
scription factor can bind to the promoter of OsSAURI1I
and promote its expression.

Subcellular localization of OsSAUR11 and its interaction
with protein phosphatase OsPP36

To investigate the subcellular localization of OsSAURI11,
an OsSAUR11-GFP fusion vector was constructed and
firstly introduced to tobacco leaves. The fluorescence sig-
nals of OsSAUR11-GFP were detected in the cell mem-
brane and cell nucleus of tobacco epidermal cells (Fig.
S3). OsSAUR11-GFP fusion vector was then transformed
into rice protoplast. The fluorescence signals of the GFP
control were visible throughout the cell, whereas the
fluorescence signals of OsSAUR11-GFP were obviously
detected in the cell nucleus and cell membrane of rice
cells (Fig. 7).

Previous research revealed that AtSAURI9 interacts
with the PP2C-D subfamily of type 2 C protein phospha-
tases (PP2Cs) and affects H*-ATPase activity in Arabi-
dopsis. To preliminarily study the molecular mechanism
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of OsSAURL11, we analyzed whether OsSAUR11 interacts
with protein phosphatases. We first cloned several mem-
bers of the PP2C-D subfamily of PP2Cs in rice, namely
OsPP36, OsPP60, OsPP68, and OsPP92 (Fig. 8A), and
analyzed the interactions through a yeast two hybrid

assay. It was found that there was no obvious interaction
between OsSAURI11 and these PP2Cs in yeast (Fig. 8B).
We also investigated whether OsSAURI11 interacts with
these PP2Cs in vivo through luciferase complemen-
tary imaging assay in tobacco leaves. Though OsPP60,
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OsPP68, and OsPP92 displayed no interaction with
OsSAUR11, OsPP36 showed an obvious interaction with
OsSAURI11 in tobacco leaf cells (Fig. 8C). Bimolecular
fluorescence complementation (BiFC) analysis in tobacco
leaves further confirmed that OsSAURI11 can interact
with OsPP36 (Fig. 8D).

OsSAUR11 affects the expression of auxin signaling genes

To further investigate the effect of OsSAUR11 on auxin
signaling, we checked the expression of auxin related
genes in the roots of OsSAUR11 OE transgenic rice plants
using qPCR. Some auxin synthesis genes (e.g., OsYUC6
and OsYUC?) were expressed similarly in OE and WT
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plants, whereas the expression of OsIAA20, an indica-
tor of auxin signaling, was reduced in OsSAURII OE
plants (Fig. 9). Consistently, several genes related to auxin
synthesis (i.e., OsYUCS5) and transport (i.e., OsAUX4,
OsPIN2 and OsPIN5) were down-regulated in OE plants
compared with WT plants (Fig. 9).

Discussion

OsSAUR11 is a novel gene that regulates deep rooting in
rice

Root architecture plays an important role in plant growth
and adaptation to drought, and both nitrogen and phos-
phorus deficiency. Many genes that control the growth of
main roots, lateral roots and root hairs have been iden-
tified. However, only a few genes that controlled deep
rooting have been discovered. In Arabidopsis thaliana,
few genes modulating root architecture have been iden-
tified. For example, EXO73 is a newly discovered locus
obtained by genetic mapping of Arabidopsis root archi-
tecture under auxin treatment [25]. For rice, the develop-
ment of deep roots can be adaptive under drought. The
first gene identified by fine mapping and functional iden-
tification of RDR QTL was DROI, which was revealed
to be one of the main loci regulating deep rooting in
rice, playing an important role in the response of rice to
drought stress [7, 8]. In this study, we identified another
candidate gene in the rice RDR QTL interval and found
that overexpression of OsSAURII1 could significantly
increase the rice RDR (Fig. 2) and improve rice drought
resistance (Fig. 4A). As overexpression of OsSAURI1 did
not change the leaf water loss rate (Fig. 4B), the enhanced
stress resistance could be attributed to the improved
RDR. It was also found that knockout of OsSAUR11 did
not affect either the RDR or root gravitropism (Fig.S2 and
Fig. 3C). As there are 58 SAUR genes in the rice genome,
the lack of a change in phenotype of ossaurll mutant

may be associated with the functional redundancy of its
homologous genes. Knockout of more SAUR genes in
a single mutant line would be necessary to characterize
their functions in rice.

OsSAURT11 is involved in crosstalk among auxin, ABA, and
drought responses

Auxin induced the rapid expression of three types of
genes, namely Aux/IAA, GH3, and SAUR. Many stud-
ies have shown that Aux/IAA and GH3 play important
roles in auxin signaling, while the function of SAUR-like
proteins has been less studied [26]. A few reports in Ara-
bidopsis and rice show that SAUR plays an important
role in plant growth and development [19]. For example,
expression of SAURIY is induced by auxin. Functional
studies show that SAURI9 and its homologous genes are
involved in auxin induced cell expansion [15, 16]. In the
present study, we identified a novel SAUR gene in rice,
OsSAURI1, whose expression was similarly induced by
auxin (Fig. 5). The expression of OsSAURI1 in IRAT109
(a high RDR line) were higher than that in Zhenshan97(a
low RDR line) (Fig. 9), and overexpression of OsSAURI1
increased the RDR in rice (Fig. 2). These results demon-
strated that enhanced expression of OsSAURI1I contrib-
utes to the increased RDR. The expression of OsSAURI1 1
was also induced by ABA and PEG treatments (Fig. 5).
The promoter contained ABA responsive element
(ABRE) sequence (Fig. 5A), and OsbZIP62 transcription
factor could bind to this element and activate the expres-
sion of OsSAURII (Fig. 6). Previously, OsbZIP62 was
reported to participate in the response to dehydration
and ABA treatment in rice [24]. These results suggest
that under drought stress, OsSAURII was induced by
OsbZIP62 and enhanced the RDR to cope with stress. It
should be noted that the concentration of IAA and ABA
used for the treatments in this study is relatively high. As
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several rice D-subfamily PP2C proteins. (C) LUC complementary imaging of OsSAUR11 and several rice D-subfamily PP2C proteins. (D) Bimolecular fluo-
rescence complementation analysis between OsSAUR11 and OsPP36 in tobacco leaf tissue

all compounds may have a side effect on the plants, the
optimal concentration of phytohormone treatment will
be chosen through studying the physiological effect of
each concentration in the future research. Nevertheless,
these findings suggest that OsSAUR11 may be involved
in crosstalk among auxin, ABA and drought response sig-
naling pathway.

The possible mechanism of RDR regulation by OsSAURT1

The RDR was mainly controlled by the local auxin syn-
thesis, distribution, and response and by the ability of
roots to perform re-programming. Gravitropism, hydrot-
ropism, and other tropism may serve as a secondary trait
associated with the RDR. The primary root gravitropism
of DROI transgenic rice increased significantly, resulting
in an increase of the RDR [8]. In the present study, over-
expression of OsSAURII was able to increase the RDR



Xu et al. BMC Plant Biology (2023) 23:319

Page 10 of 14

A

2 -
5
2 1.5 1
o
' T
()
=
T 0.5 - ok
(0]
Y *%

0 _

K SV N AN QR SV N L &V N\
SFe SFe SFe S
OsYUCH4 OsYUC5 OsYUC6 OsYUC7

B

2 -
S 15 -
2
o
S - ] |
() " * %
0
E 05 | skek *
[} 1
o ﬁ

O i T T T

NP
%oo%

NP
%oo@

NP N
NNOAC AN O

OsAUX1

OsPIN2

OsPINS OsIAA20

Fig. 9 Expression of auxin synthesis and transport genes in roots of OsSAURT I-overexpression (OE) transgenic lines. (A) The expression of several YUC
genes in roots of OsSAURT1-OE plants. (B) The expression of several AUX and PIN genes in roots of OsSAURT1-OE plants. The expression was analyzed
through gPCR. NIP, Wild type rice plants; OE2 and OE11, OsSAURT1-OE transgenic lines. The data represent means=+SE (n=3). * p<0.05, and **p <0.01,

according to Student’s t-test

mainly by reducing the growth of shallow roots (Fig. 2).
Gravitropism analysis showed that overexpression of this
gene did not significantly affect the response of the tap-
root to gravity (Fig. 3). This is in contrast with the DRO1
regulatory mechanism. In the present study, OsSAUR11
was localized to the cell membrane and cell nucleus (Fig.
S3 and Fig. 7), several genes related to auxin synthesis and
transport were down-regulated in OsSAUR11-OE plants
(Fig. 9), suggesting that OsSAUR11 may be involved
in the regulation of auxin synthesis and transport. Pre-
vious studies have demonstrated that OsSAUR45 and
OsSAUR39 were involved in plant growth through nega-
tively regulating auxin synthesis and transport in rice [20,
21]. Similarly, it is possible that OsSAUR11 reduced the

growth of shallow roots by inhibition of auxin synthesis
and transport. It should be pointed that the gene expres-
sion was investigated in roots, while subcellular localiza-
tion was observed in protoplast and mesophyll cell in this
study. As protoplast and mesophyll cell have a different
status and different gene expression, it would be more
accurate to use root (e.g. using roots of rice plants trans-
formed with proOsSAURI1::0sSAUR1I-GFP) to study
subcellular localization in the future research.

The functional study of some SAUR genes in Arabidop-
sis revealed the main mechanism of SAUR family genes,
that is, by interacting with PP2C protein phosphatase.
They relieve the inhibition of plasma membrane ATPase
by PP2Cs, increasing the H* permeability of the plasma
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membrane, and the acidification of the plasma mem-
brane promotes cell expansion, thus inducing the elonga-
tion of hypocotyl and other developmental changes [15,
16]. In this study, OsSAUR11 was found to interact with
the PP2C protein phosphatase OsPP36 (Fig. 8C and D),
suggesting that OsSAUR11 might participate in a simi-
lar signaling pathway. The detailed mechanism should be
further studied.

Conclusions

In this study, we isolated and identified the novel gene
OsSAURI1, which positively regulates the RDR in rice
through participating in the regulation of auxin signaling.
This gene may be useful for genetic modification of root
architecture and drought resistance in rice.

Materials and methods

Cloning of OsSAUR11 and vector construction

The CDS of OsSAURII was amplified using the tem-
plate obtained by the reverse transcription of IRAT109
RNA. The PCR product was ligated into the pEASY
blunt simple vector, and confirmed by PCR and sequenc-
ing. The ORF of OsSAURI11 was inserted into the over-
expression vector pCB4004 by the Invitrogen Gateway
recombinant reaction (Invitrogen, Carlsbad, CA, USA).
The gene knockout vector was constructed using the
CRISPR/Cas9 system as described previously [27]. The
gene editing site was designed using the CRISPR-design
tool available from the Rice Information GateWay (http://
rice.hzau.edu.cn/cgi-bin/rice_rs3/CRISPR _rice). The
gRNA expression box was amplified through fusion PCR
and ligated into the linearized pYLCRISPR/Cas9 vector
using recombinant methods. The full-length OsSAURI1I
genomic DNA including the promoter region (approxi-
mately 2 kb upstream) was amplified using the genomic
DNA of IRAT109 and was then sequenced.

Plant treatments and gene expression analysis

For gene expression analysis, the seeds of IRAT109 and
Zhenshan97 were grown in 96-well plates with culture
media. Approximately 21-day-old rice seedlings were
separately treated with 15%(w/v) PEG6000, 1%(v/v) H,O,,
0.lmM indole-3-acetic acid (IAA), and 0.ImM ABA.
The whole roots were sampled at the indicated times for
expression analysis. The total RNA was extracted using
the TRIzol-A* reagent kit, and cDNA were synthesized
using the one-step gDNA removal and ¢cDNA synthesis
super mix kit (Transgene). The target gene expression
level was detected by qPCR using the TransStart ° Top
green qPCR Supermix kit (Transgene) and CFX96 real-
time PCR detection system (Bio-Rad). The rice actin gene
OsACT2 (Os11g0163100) was used as the reference gene
to normalize the target gene expression, which was calcu-
lated using the relative quantification method (2744CTy,
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Genetic transformation of rice and molecular identification
of transgenic rice

The above overexpression and gene knockout vectors
were transformed into Nipponbare and IRAT109 by
Agrobacterium-mediated rice genetic transformation,
respectively. The transgenic rice plants were selected by
regeneration on Murashige and Skoog (MS) medium
containing hygromycin. For identification of positive
transgenic rice plants, DNA was extracted from the
leaves of T generation transgenic plants and PCR was
performed using primers for the vector selection marker
Hptll. To measure target gene expression in transgenic
rice plants, RNA was extracted, and RT-qPCR was per-
formed, and the expression level of OsSAURI1 in trans-
genic rice plants were calculated as described above. For
identification of ossaurll mutants, the DNA of T, gen-
eration knockout transgenic plants was extracted, and
PCR was conducted to amplify the gene editing target in
the rice genome; the products were then sequenced and
aligned with the gene editing target sequence.

Identification of the RDR, root response to gravity and
drought resistance of transgenic rice plants

The seeds of OsSAURII-overexpressing lines were
soaked in 50 mg/L hygromycin solution, and the seeds
of ossaurll mutant and WT plants were soaked directly
in water. Uniformly germinated seeds were selected to be
transferred into 96-well plates (125x85 mm), and culti-
vated in the Yoshida nutrient solution. Rice seedlings that
have grown for 2 weeks were transplanted into the bas-
kets to be planted in the field. After 40 days, each basket
was pulled out and cleaned carefully. Then, the number
of roots observed at the side and bottom of the basket
was counted to calculate RDR.

To investigate the root response to gravity of trans-
genic rice, the seeds of OsSAURII OE and WT rice were
hulled, sterilized, and then germinated on the %-strength
MS medium containing or not containing 50 mg/L hygro-
mycin for 2 days. The germinated rice seedlings were
transferred to the %-strength MS medium in square Petri
dishes. After 4 days, the plates were rotated 90 degrees,
and digital images were taken every hour. The response
angle of the root tip was analyzed using Image J software.

For the drought resistance test, the OsSAURI1-OE and
WT rice plants were planted in polyvinyl chloride (PVC)
pipes filled with soil and the water supply was halted
before the young panicle differentiation stage for about
30 days. After severe wilting of WT plants, all the plants
were re-watered until they were harvest. The second
leaves of rice plants under normal condition were harvest
and weighted every half hour, and the water loss rates of
detached leaf were calculated.
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Subcellular localization

The OsSAURI1 gene was recombined into pCAM-
BIA1300GFP vector to construct the OsSAUR11-GFP
fusion expression vector. The construct was introduced
into the Agrobacterium tumefaciens strain EHA105, and
then injected into 3-week-old Nicotiana benthamiana
leaves to transiently transform the tobacco epidermal
cells as described previously [28]. After incubation for
2-3 days, GFP fluorescence in tobacco epidermal cells
was detected using an Olympus FV3000 laser confo-
cal microscope (Olympus). The OsSAUR11-GFP vector
was then transformed into rice protoplast as described
previously [29]. Briefly, ‘Nipponbare’ rice seeds were
germinated in the %-strength MS medium, and then cul-
tured in the dark for 3 days, after which, the buds with
a length of more than 1 cm were picked, moved to the
rooting tube, and cultured for 10-12 days at 28 C. The
leaf sheaths of 15 seedlings were cut into 2-mm-wide
fragments. The scabbard was placed in 0.6 M mannitol
equilibrium solution and then allowed to equilibrate for
10 min. The enzyme solution was added and incubated
for 4-5 h at 28 ‘C, and 40 rpm. The protoplasts were fil-
tered with a special filter net and suspended in W5 solu-
tion, and protoplasts were collected by centrifugation,
resuspended with MMG, and kept it in the dark. The
GFP or OsSAUR11-GFP plasmids were transformed into
protoplasts by the PEG-mediated method. After being
cultured at 28 ‘C for 12-16 h, GFP fluorescence was
detected using an Olympus FV3000 laser confocal micro-
scope (Olympus).

Prokaryotic expression of and purification of protein and
EMSA assay

The CDS of OsbZIP62 was ligated into the prokaryotic
expression vector pGEX-6P-1, for expression with a GST
fusion label, and transformed into E.coli DE3. Expres-
sion of the fusion protein was induced by 1mM IPTG at
18 'C, and SDS-PAGE was used to detect the expression.
For protein purification, 100 ml of bacteria culture was
collected and ultrasonicated. The GST-OsbZIP62 protein
was then purified using the Profinia protein purification
system (Bio-Rad). The ABRE fragment in the OsSAURI1
promoter was labeled with biotin and then prepared by
PAGE purification. EMSA was tested according to the
operating instructions of the LightShift Chemilumines-
cent EMSA kit (Thermo Fisher Scientific). A chemilu-
minescence imaging system (Bio-Rad) was used to take
images.

Dual-luciferase assays

For the transient transcription activation assays, con-
structs harboring the firefly LUC gene under the control
of OsSAURI1 promoters in the pGreenlIl 0800-LUC vec-
tor were generated as reporters. The Renila LUC gene
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under the control of the CaMV 35 S promoter in the
pGreenll 0800-LUC vector was used as an internal con-
trol. OsbZIP62 under control of CaMV 35 S promoter
in pCAMBIA1300 vector was used as the effector. All
of these constructs were introduced into the Agrobacte-
rium tumefaciens strain EHA105. Different combinations
of vectors were injected into 3-week-old Nicotiana ben-
thamiana leaves as described above. After incubation for
2-3 days, the LUC activity was quantified with a Dual-
Luciferase reporter assay kit (Transgene) using a micro-
plate reader (Biotek). The results are reported as the ratio
between the activity of firefly LUC (LUC) and Renilla
LUC (REN).

Yeast two-hybrid assay

The yeast two-hybrid assay was conducted using the
Match-marker™ gold yeast two hybrid system (Clontech).
OsSAURI1 was cloned into the GAL4 BD fusion vector
pGBKT7-BD to be bait. Genes encoding several PP2C
proteins (i.e.,, OsPP36, OsPP60, OsPP68, and OsPP92)
were cloned from rice, and the CDS sequences were
recombined into the pGAD-T7 yeast expression vector.
The expression vectors pGBKT7-OsSAUR11 and pGAD-
T7-PP2Cs were co-transformed into Y2H gold yeast cells
by the lithium acetate transformation method. The yeast
cells were grown on SD/-Leu/-Trp medium and cultured
at 30 C for 48 h. The positive clones were identified by
PCR, and then serially diluted 1,10, 100 and 1000-fold,
and spotted onto SD/-Leu-Trp medium and SD/-Leu-
Trp-His+5mM 3-AT medium. The yeast growth was
observed after 48—96 h.

LUC complementation assay

For the LUC complementation assay, the coding
sequences of OsSAURI1 and each of OsPP36, OsPP60,
OsPP68, and OsPP92 were separately cloned into the
pCAMBIA1300-nLUC and pCAMBIA1300-cLUC fire-
fly luciferase vectors, respectively. All these constructs
were introduced into A. tumefaciens strain EHA105 and
then co-injected into 3-week-old N. benthamiana leaves
to transiently transform the tobacco epidermal cells as
described above. Plants were then incubated for 2-3
days. Luciferin was sprayed onto leaves, and the fluores-
cence signal was detected using a plant in vivo imaging
system (NightSHADE LB 985, Berthold).

BiFC assays

The full-length coding sequence of OsSAURI11 was
cloned into pC131-nYFP to generate OsSAUR11-nYFP;
the full-length coding sequence of OsPP36 was cloned
into pC131-cYFP to generate OsPP36-cYFP, resepec-
tively. Both of these constructs were transformed into
Agrobacterium (strain GV3101), and different mix-
tures were infiltrated into leaves of N. benthamiana as
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described above. After incubation for 2-3 days, YFP
fluorescence of leaves was detected using an Olympus
FV3000 laser confocal microscope (Olympus).
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