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Abstract

A well-developed root system is essential for efficient water uptake, particularly in drought-
prone environments. However, the molecular mechanisms underlying the promotion of root
development are poorly understood. We identified and characterized a rice mutant, outstanding
rootingl (ourl), which exhibited a well-developed root system. The our/ mutant displayed typical
auxin-related phenotypes, including elongated seminal root and defective gravitropism. Seminal root
elongation in the our/ mutant was accelerated via the promotion of cell division and elongation. In
addition, compared with the wild type, the density of short and thin lateral roots (S-type LRs) was
reduced in the our/ mutant, whereas that of long and thick LRs (L-type LRs) was increased.
Expression of OURI, which encodes OsbZIP1, a member of the basic leucine zipper transcription
factor family, was observed in the seminal root tip and sites of LR emergence, wherein attenuation of
reporter gene expression levels controlled by the auxin response promoter DRS5 was also observed in
the ourl mutant. Taken together, our results indicate that the our/ gene promotes root development by
suppressing auxin signaling, which may be a key factor contributing to an improvement in root

architecture.

Keywords: auxin signaling, bZIP transcription factor, root development, root system architecture,

mutant, rice

1. Introduction

A well-developed root system is important for the effective acquisition of water from soil,
particularly in environments characterized by water deficits. The root system of rice is composed of
the main roots, seminal root and crown roots, and their associated lateral roots (LRs). Due to the
determination of the size at which roots can come into contact with the soil, the length of the main
roots is well recognized as an important trait for plant productivity under water deficit conditions [1].
LRs have been categorized into two types based on their length, diameter, and histological
characteristics [2,3,4]. The S-type LRs are short, thin, and lack branches, whereas the L-type LRs are
long, thick, and have a high degree of branching. Therefore, L-type LRs can contribute to extending
the entire root system to enhance water uptake and improve productivity, particularly with respect to
shoot dry matter production and yield, via adaptation to stressful environments [5,6,7].

Evidence obtained from many studies, notably those on Arabidopsis, has highlighted the
central role of auxins in orchestrating final root architecture and development via their coordination of
molecular responses [8]. Studies on rice have also indicated the importance of auxin in root
development. For example, the exogenous application of auxin results in inhibited elongation of
seminal and crown roots [9,10,11], whereas it enhances the formation of both LRs and crown roots
[12,13,14]. Consequently, under conditions of excess auxin synthesis through overexpression of
YUCCAI, an enzyme mediating auxin biosynthesis, root elongation was observed to be severely

inhibited, whereas the formation of crown roots was promoted [15]. Furthermore, a number of auxin-
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related mutants have been isolated from rice, among which, the mutant of CRL4/OsGNOM 1 impairs
auxin transport in roots, resulting in auxin-related abnormal phenotypes, such as reduced LR numbers
and impaired root gravitropism [16,17]. Similarly, a rice gain-of-function mutant of Os/44 13 has been
shown to be associated with defective LR initiation, root hair formation, and gravitropism, attributable
to stabilization of the OsIAA13 protein, which prevents auxin signal transduction [18]. A further gain-
of-function mutant in OsI4A1] has been observed to be associated with the inhibition of LR
development and promotion of seminal and crown root elongation in rice [19]. Moreover, the
mutations of CRLI/ARLI and CRLS5, which function downstream of auxin signaling pathways, have
been found to play roles in the inhibition of crown root initiation [20]. However, most of these
mutations have been found to have negative effects on root growth, such as repressing the initiation
and development of root components. Therefore, despite the notable importance of well-developed
root systems in plant productivity and adaptation to stress, the associated mechanisms and genetic
determinants remain largely unknown, thus limiting their application as breeding indices.

In this study, we isolated a novel rice mutant, outstanding rooting 1 (ourl), which displayed
developed root phenotypes, including elongated seminal root and increased numbers of L-type LRs.
On the basis of the observations reported herein, we propose that OUR1, a member of the basic leucine

zipper (bZIP) transcription factor family, regulates root development through auxin signaling.

2. Materials and Methods
2.1. Plant materials, growth conditions, and morphological characterization

The ourl mutant was obtained by mutagenizing Oryza sativa cv. Kimmaze using N-methyl-
N-nitrosourea (MNU), as previously described [21]. The seeds of wild-type (WT), our! mutant, and
F> plants derived from crosses between the mutants and Oryza sativa cv. Kasalath were grown in tap
water without nutrient supplementation in a growth chamber at 28°C under conditions of continuous
illumination. Transgenic plants were grown in Murashige and Skoog (MS) medium [22] containing
3% (w/v) sucrose and 0.3% Gelrite.

For phenotypic characterization, seedlings of the our/ mutant, its WT Kimmaze, Osiaal3
[18] and its WT Taichung65 (Oryza sativa cv.) were grown for 2 weeks under the aforementioned
growth conditions, and plant height and root phenotypic traits were measured. The lateral root
initiation index (/Lrr) was calculated as described [23]. Root gravitropic responses were examined
using 4-day-old seedlings. Eight hours after transfer to 1% agar plates, the roots were rotated from

vertical to horizontal at 90° for 12 h.

2.2. Map-based cloning, plasmid constructs, and plant transformation

To map the causative gene of the our/ mutant, we performed a linkage analysis using F» plants
derived from a cross between the our/ mutant and Kasalath. For complementation of the our/ mutation
and expression analysis of OURI gene, the wild-type genomic sequence of ‘Kimmaze’ was amplified

in the region extending from approximately —3 kbp to +0.8 kbp (considering the OURI translation site
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as +1 bp) and was cloned into the pGWB4 vector [24] to generate the ProOURI:OURI-GFP construct.
A DR5:NSL-3 x Venus construct was generated as reported previously [25]. The generated fusion
constructs were introduced into the EHA105 strain of Agrobacterium tumefaciens via electroporation.
Subsequently, the ProOUR1:OURI and ProOURI:OURI-GFP constructs were transformed into the
our] mutant, and the DR5:NSL-3 x Venus construct was transformed into WT and our/ mutant plants
via Agrobacterium-mediated transformation, as described previously [26,27]. Transgenic plants were

selected on MS medium containing 50 mg L' hygromycin at 30°C.

2.3. Histological analysis

Cell division in seminal root tip was observed using a Click-iIT™EdU Alexa Fluor® Imaging
Kit (Invitrogen/Molecular Probes). The roots of 4- and 11-day-old seedlings were exposed to 1 L of
water supplemented with 0.0125 g EAU and 1 mL DMSO for 30 min, after which the root samples
were prepared as described previously [25] for fluorescence observation using a laser scanning
microscope (FV1000; Olympus).

To measure cell length, the seminal root of WT and our/ mutant plants were fixed in FAA
(formaldehyde: acetic acid:50% ethanol at 1:1:18) solution for 24 h and then dehydrated in a graded
ethanol series. Subsequently, the samples were soaked in salicylic acid for transparency and observed

under a laser scanning microscope (FV1000; Olympus).

2.4. Measurement of auxin levels

The content of endogenous indole acetic acid (IAA) was determined using a modified version
of the method described by Kakiuchi [28] as follows. Approximately 100 mg of fresh seminal roots
were collected from 4-day-old seedlings and ground in liquid nitrogen. Thereafter, 350 pL of 1.6 x 10
®M indole-3-acetic-2,2-d2 acid (C/D/N Isotopes, Canada) in methanol was added to the samples as an
internal standard to monitor IAA. The tubes were centrifuged at 20,000 x g and 250 pL of the resulting
supernatants was pre-purified by passing through a reverse-phase column (C18 Sep-Pak; Waters,
Japan). Sample volumes were made up to 1000 pL with distilled water, and the pH was adjusted to 2.8
with 2 M phosphoric acid. The samples were then extracted four times with an equal volume of diethyl
ether, and following the evaporation of ether, the samples were dissolved in 50 uL 85% (v/v) methanol.
Aliquots (10 pL) of the samples were analyzed using a liquid chromatography—tandem mass
spectrometry system (HPLC: Ultimate 3000; Thermo Fisher Scientific, USA) equipped with a 5-pm
Hypersil GOLD column (50 mm x 2.1 mm; Thermo Fisher Scientific). Data are expressed as the

average of three biological replications.

2.5. Expression analysis

Total RNA was extracted from the seminal root of WT and our/ mutant seedlings using a
NucleoSpin RNA Plant Kit (Macherey-Nagel) according to the manufacturer’s instructions.
Quantitative real-time PCR (qQRT-PCR) was performed using a One-Step SYBR PrimeScript RT-PCR



138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

Kit IT (Perfect Real Time; TaKaRa Bio) and StepOnePlus Real-Time PCR (Life Technologies). The
expression levels of each gene were normalized to the expression level of ubiquitin, which was used
as an internal control. The seminal root was further segmented to different zones representing the
different LR developmental stages as shown in Supplementary Fig. 2 for expression analysis of
OURI1/OsbZIP1. The primer sequences used for qRT-PCR are listed in Supplementary Table 2.

To observe the GFP expression of ProOURI1:OURI-GFP in ourl mutant roots, transgenic
plants were embedded in 5% agar medium and the seminal root and LRs were sectioned into 100-pum-
thick sections using a vibrating blade microtome (Leica). Images were captured using a laser scanning
microscope (FV1000; Olympus).

For observations of the expression of DR5:NLS-3 x Venus in WT and our! mutant plants, 2-
cm sections from the tips of seminal root and sites of LR emergence were sampled and viewed under

a laser scanning microscope (FV1000; Olympus).

2.6. Statistical analysis

The inheritance mode of our/ mutant phenotypic traits was examined by determining the
segregation ratio of the phenotype in each M3 progeny using the Chi-square test. The shoot and root
characteristics, expression levels of OURI and other genes in the roots, copy number of the reporter
gene in transgenic plants, and IAA contents were compared using a Student’s #-test or analysis of

variance (ANOVA) followed by a multiple-comparison Tukey test in R commander version 3.5.1. [29].

3. Results
3.1. Phenotypic characterization of the our! mutant

To gain an understanding of the molecular mechanisms underlying the regulation of root
system development, we screened a rice mutant line with promoted root growth (Fig. 1A). Compared
with the WT, the our/ mutant was characterized by approximately three-fold longer seminal root and
a lower number of crown roots, whereas plant heights were comparable (Fig. 1B-D). Although the
total number of LRs per seminal root in the our/ mutant was higher than that in the WT, owing to the
longer seminal root length in the our/ mutant, the density of total LRs was significantly reduced (Fig.
1E, F). Interestingly, however, despite the lower density of total and S-type LRs, the density of L-type
LRs was observed to be significantly higher in the our/ mutant (Fig. 1G, H). The Irr; of all lateral root
components, that is total, S-type, and L-type lateral roots, were consistent with those of the lateral root
density, additionally supporting that the initiation ability of total and S-type LRs were suppressed but
that of the L-type was promoted in the our/ mutant (Supplementary Table 1). Because the Osiaal3
mutant, which characterized in our previous study to be defective in auxin signal transduction [18],
showed similar root phonotypes with that of the our/ mutant, the comparison of these two mutants
allowed us to concentrate on auxin signaling initially in control of root development in the our/ mutant.
In fact, the root phenotypes in the our/ mutant, which described above, were similar to those of the

Osiaal3 mutant in terms of promotion of seminal root elongation, a reduction in the density of total
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and S-type LRs, and an increased density of L-type LRs (Fig. 1A, C, F, G, and H). These results
indicate that the root phenotypes of the our/ mutant could be regulated by auxin.

We therefore examined the gravitropic response of roots, a typical auxin-related phenotype
[13,16,18,20], and accordingly found that whereas WT roots showed a pronounced response to
changes in the gravity vector, the response of our/ mutant roots was impaired. All WT roots had root
tip angles of 60°-90°, whereas the root tip angles of the our/ mutant showed a wider range of
distribution from 40° to 90°, resulting in significantly lower root tip angles in the our/ mutant
compared to the WT (Fig. 11-K, Supplementary Table 1). Impaired root gravitropism has similarly
been observed in the Osiaal3 mutant [18], and thus we assumed the auxin response system in the our!/

mutant to be defective.

3.2. Auxin responses are inhibited in the mutant

To investigate the auxin response in our/ mutant roots, we analyzed the expression patterns
of early auxin response genes, Aux/IAAs. Among the 31 Aux/IAA members in rice, 19 Aux/IAA genes
were selected based on their expression pattern, which was relatively higher in the roots [30,31]. In
most cases, the expression of these genes was significantly lower in the our/ mutant than in the WT,
among which, the expression of OsIAA420 and OsIAA24, which show a pronounced response to
exogenous auxin treatment in roots [30,31], was severely repressed in our/ mutant plants (Fig. 2A).
On the other hand, the expression of OsIAA13, which show a weak response to exogenous auxin
treatment in roots [30,31], did not differ between the our/ mutant and the WT (Fig. 2A). In contrast,
the auxin content in the our/ mutant roots was observed to be comparable to that in WT roots (Fig.
2B). These findings thus tend to indicate that auxin signaling is suppressed in roots of the our/ mutant.

While several phytohormones are involved in regulating root development, cytokinin is
known to be another major player for both crown and lateral roots formation by acting antagonistically
to auxin [20, 32, 33]. The expression of a cytokinin oxidase/dehydrogenase (CKX) family gene,
OsCKX4, and a cytokinin response regulator, OsRR2, which are known to be related to cytokinin
signaling mediated root formation [32], did not differ in the our/ mutant root and the WT root
(Supplementary Fig. 1). This result further supports our findings that the decreased lateral root density

in the our/ mutant may be caused by auxin but not by cytokinin.

3.3. Isolation of the causative gene of the ourl mutant and its expression patterns in roots

To map the causative gene, an F» population was generated by crossing the our/ mutant
(derived from Kimmaze, a japonica variety) with WT Kasalath (an indica variety). Seedlings display
a well-developed root system among the progeny segregated in a 3:1 WT:mutant ratio, indicating that
the mutant phenotype is caused by a single recessive gene. Using these seedlings, we employed a map-
based cloning approach to isolate the causal gene, and accordingly identified a locus on chromosome
1, located in an approximately 113-kb region between the molecular markers KW02 and KW04 (Fig.

3A). Within this region, we detected a single nucleotide substitution from C to T, which resulted in a
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single amino acid substitution from glutamic acid to a stop codon, in the second exon of an ORF,
Os01g0174000 (Fig. 3A).

First, the expression pattern of this OURI candidate gene at different LR developmental
stages was compared between the WT and the our/ mutant. In all zones, the expression of the candidate
gene was significantly lower in the our/ mutant than in the WT, among which, the expressions in the
LR primordium induction zones were highest in the WT but greatly reduced in the mutant
(Supplementary Fig. 2). Therefore, we checked approximately -3 kb promoter region of the candidate
gene and found that there was no difference on the sequence between the mutant and the WT. Then,
we introduced the WT OURI candidate gene under the control of its promoter (proOURI:OURI) into
the ourl mutant. The resultant transgenic plants were found to lack a developed root phenotype,
whereas regenerated our! mutant plants without the proOURI:OURI construct were characterized by
well-developed roots (Fig. 3B), and we accordingly concluded that the root phenotype of the ourl/
mutant is caused by a mutation in OURI gene (Os01g0174000).

The OURI gene encodes OsbZIP1, a member of the bZIP transcription factor family, which
is a rice homolog of the Arabidopsis Elongated Hypocotyl5 (HYS) transcription factor [34]. The
OUR1/0OsbZIP1 protein contains a conserved interaction motif at amino acids 43 to 54, which interacts
with Constitutive Photomorphogenic Protein 1 (COP1) and a bZIP domain at amino acids 110 to 166,
and the site of the our/ mutation is located at amino acid 79 (Fig. 3A). We assume that the mutation
disrupts the function of the bZIP domain, giving rise to the loss-of-function of OUR1/OsbZIP1 protein.

We examined the expression pattern of OURI/OsbZIP1 in ourl mutant roots using GFP
fluorescence controlled by the OUR1 promoter, and accordingly detected GFP fluorescence in regions
of the seminal root tip, including the root apical meristem (RAM), root cap, and elongation zone (Fig.
3C). To observe this distribution more clearly, we prepared cross-sections from the tip of the RAM
(Fig. 3F), the basal part of the RAM (Fig. 3E), and the elongation zone (Fig. 3D), and observed GFP
fluorescence in whole tissues. Furthermore, we observed cross-section prepared from the site of LR
emergence, and found strong expression in the RAM and elongation zone of the LRs (Fig. 3G). In
contrast, we detected autofluorescence but no GFP fluorescence in the seminal root tips and cross-
sections of transformants carrying the ProOURI:OURI construct, which we used as a negative control
(Fig. 3H, I).

3.4. The ourl mutation promotes root elongation by enhancing cell division and elongation
Given that expression of OURI/OsbZIPl was observed in both the division zone and
elongation zone in seminal root tip (Fig. 3), we compared cell division and elongation in our/ mutant
and WT plants (Fig. 4). Cell division was visualized by applying EdU to the RAM of the seminal root.
At the early seedling stage (4 day after sowing, DAS), the our/ mutant showed a higher rate of cell
division compared with the WT (Fig. 4A). We thus compared RAM size in our! mutant and WT
seedlings, determined according to the length from the lowermost to the uppermost dividing cells, and
found that the our/ mutant had a wider zone of division compared with the WT (Fig. 4C). At the late
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seedling stage (11 DAS), we detected a marked attenuation of the EAdU signal in WT plants, whereas
the signal was still maintained to a certain extent in the our/ mutant (Fig. 4B, C). Subsequently, we
compared cell lengths in the mature zone and observed that the length of cells in the our! mutant was
longer than that in the WT (Fig. 4D). Moreover, the length of cortex cells in the our/ mutant was
approximately two times that in the WT (Fig. 4E). Although the root diameter in the mature zone did
not differ between the genotypes, the cell area in the our/ mutant was significantly higher than that of
the WT, resulting from the difference in the cell length (Supplementary Table 1). These observations
thus indicate that the our/ mutation promotes root growth via a prolonged and higher rate of cell

division and greater cell elongation.

3.5. OUR1/OsbZIP1 positively regulates auxin signaling

The expression pattern of NLS-3 x Venus driven by the auxin response promoter DRS
(DR5:NLS-3 x Venus) was analyzed in the seminal root tip and LR emergence site, wherein the
expression of OURI/OzbZIPI had been observed (Fig. 5). In the WT, we observed normal auxin
signals, with strong signals in the center of the root cap, quiescent center (QC), and the vascular
bundles (Fig. SA-C). In ourl mutant, however, the signals were comparatively weak and confined to
the center of the root cap and QC, whereas no signals were detected in the vascular bundles (Fig. 5D-
F). Furthermore, at the site of LR emergence in WT seedlings we detected strong signals at the center
of the lateral root primordium (LRP) (Fig. 5G-I), whereas few signals were detected in the our/ mutant
(Fig. 5J-L). To examine the visualized auxin signals quantitatively, we performed qRT-PCR using T}
plants of the WT and our/ mutant, having previously determined segregation of the copy number of
the DR5:NLS-3 x Venus T-DNA region in the genomic DNA of the T; plants. This preliminary
assessment revealed that #WT-2, and #ourl-1 had no T-DNA copies. On the other hand, the copy
numbers in #WT-5, #WT-6, #our1-5, and #our -6 were almost twice as high as those in #WT-3, #WT-
4, #ourl-2, #ourl-3, #ourl-4, and #WT-1, indicating that the former have two T-DNA copies and the
latter have one copy (Fig. 5M). Using the former plants, we compared the relative Venus expression
levels and found that these were significantly lower in the our/ mutant than in the WT (Fig. 5N),
thereby indicating that OUR1/OsbZIP1 positively regulates auxin signaling.

3.6. OUR1/OsbZIP1 might control root phenotype through regulating auxin-related genes

As mentioned above, we assume that the longer seminal root of the our/ mutant is attributable
to a promotion of cell elongation. To investigate the effect of the our/ mutation on the expression of
genes related to cell elongation, we selected a-Expansin genes that encode cell wall loosening proteins,
the activity of which can promote cell elongation [35,36]. Among these genes, we analyzed the
expression patterns of OsEXPA18 and OsEXPA28, which revealed high expression in rice roots and
auxin responsive based on a RiceXPro database (https://ricexpro.dna.affrc.go.jp). We initially
confirmed the response to exogenous auxin treatment in the WT, which revealed the repression of the
expression of both OsEXPA18 and OsEXPA2S (Fig. 6A). Subsequently, we examined the expressions
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of these genes in the our/ mutant and WT and found that the expression of both OsEXPA18 and
OsEXPA28 was significantly higher in the our/ mutant than in the WT (Fig. 6C).

Given that our phenotypic characterization had revealed that the density of total LRs was
significantly lower in the our/ mutant than in the WT, we analyzed the expression of genes involved
in the regulation of LR development in our/ mutant and WT plants. In this regard, previous studies
have indicated that LR initiation and development in rice and Arabidopsis are controlled by lateral
organ boundary-domain (LBD) genes [13,37]. Among these genes, we selected and analyzed the
expression pattern of CRLI/ARLI and OsLBD2-1/DH1, which are homologous to Arabidopsis LBD16
and LBD29, which are essential genes for LR development [13,37,38,39]. We accordingly observed
that the expression of CRLI/ARLI and OsLBD2-1/DH1 was significant induced by exogenous auxin
application in WT plants and showed comparatively significantly inhibition in the our/ mutant (Fig.
6B, D). Similarly, the genes repressed by auxin in the WT were induced in the our/ mutant, whereas
the genes that were promoted by auxin in the WT were repressed in the our/ mutant. These
observations thus indicate that the altered expression of these auxin-responsive genes via repression
of auxin signaling in the our/ mutant leads to an increase in seminal root length and a reduction in
total LR density.

4. Discussions

In this study, we report a new rice mutant line, ourl, which is characterized by a well-
developed root system. The altered root phenotypes observed in ourl mutants, including elongated
seminal root and lower total LR density, are typical auxin-related phenotypes in both rice and
Arabidopsis [8,16,18,19]. Defective gravitropism, diminished auxin signaling, phenotypic traits
similar to those of the Osiaal3 mutant, and the repressed expression of auxin-inducible genes,
collectively provide compelling evidence that the root phenotypes of the our/ mutant are controlled

by auxin signaling (Fig. 1, 2, 5, and 6).

4.1. ourl mutation might enhance root elongation through restricting auxin signaling

Root growth is primarily regulated by two coordinated processes, namely, cell division and
expansion [40]. We found that the seminal root of the our/ mutant were approximately three times
longer than those of the WT. Expression of the causal gene of the our/ mutant was observed in both
the division zone and elongation zone in seminal root tips, indicating that root elongation in the our/
mutant is attributable to the regulation of both cell division and elongation (Fig. 3C-F). Root length is
correlated with the size of root meristems and the number of meristematic cells [11,41], and the more
prolonged and higher rate of cell division over a wider region in the our/ mutant compared with the
WT is assumed to promote elongation of the seminal root (Fig. 4A-C). Furthermore, the length of cells
in the mature zone of our/ mutant roots was found to be significantly longer than that in WT roots,
thereby indicating that the elongated length of individual cells in the our/ mutant also accelerated the

elongation of seminal root length (Fig. 4D, E). Expansin genes are known to be involved in cell



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365

elongation by mediating cell wall loosening [35,36,42], and numerous studies on rice have reported
that knockdown of Expansins leads to a reduction in both individual cell length and overall root length
[36,43]. In the present study, we observed that the expression of OsEXPAI8 and OsEXP28 was
significantly higher in the our/ mutant than in the WT, indicating that OUR1/OsbZIP1 inhibits root
growth by repressing the expression of these two genes (Fig. 6C). Furthermore, the expression of
OsEXPA1S8 and OsEXP28 was shown to suppressed by exogenous auxin treatment (Fig. 6A). These
results thus propose that OUR1/OsbZIP1 represses the expression of OsEXPAI8 and OsEXP28 by
promoting auxin signaling, resulting in a negative regulation of the elongation of individual cells and

whole seminal root.

4.2. OUR1/0OsbZIP1 might control crown root and LR formation through the regulation of auxin
signaling

Reductions in crown root and LR formation are typical auxin-related phenotypes observed in
certain rice mutants. Stabilized IAA proteins in rice gain-of-function mutants of OslIAA411, OsIAA13,
and OsIAA23 have been shown to be associated with the impaired initiation of crown roots and/or LRs
[18,19,44]. Similar to the ourl/ mutant, the mutations in auxin-inducible genes that function
downstream of auxin signaling, CRLI1/ARLI, CRL4/OsGNOM1, and CRLS5, have been found to inhibit
the initiation of crown roots and/or LRs [13,16,20]. In the our/ mutant, the expression of CRLI/ARLI
and OsLBD2-1/DH1, which are known to be involved in the initiation and development of lateral organ
primordia, was significantly repressed compared with that in the WT (Fig. 6D). These results thus
indicate that OUR1/OsbZIP1 promotes the expression of CRLI/ARLI and OsLBD2-1/DH]I via the
promotion of auxin signaling, resulting in a positive regulation of the initiation of crown roots and LRs.
The insignificant difference in the change of crown root number in the Osiaal3 mutant, and the
significant reduction in the our/ mutant (Fig. 1D, E) can be attributed to the variations and
redundancies of 31 Aux/IA4 members, such as rare activation of OsIAA413 functions in crown root
initiation [18]. It has been also reported that auxin signaling was not restricted at the crown root
initiation sites in the Osiaal3 mutant [18]. On the other hand, in the our/ mutant, the crown root
initiation may be reduced by the restricted auxin signaling.

Regarding a parameter for LR initiation, /g1 is a useful parameter to accurately understand
the LR initiation ability [23] particularly in cases where the individual cell length differed such as in
the our! mutant. The significantly increased total LR number in the our/ mutant can be attributed to
the approximately three times longer seminal root length in the mutant than the WT which resulted in
significantly low LR density and /1r1 (Fig. 1, Supplementary Table 1). The /1 r1 was consistent with the
lateral root density in terms of all lateral root components, that is total, S-type, and L-type LRs. This
further supports our findings that the total lateral root initiation ability is suppressed in the our/ mutant.

Interestingly, although total LR density in the our/ mutant was significantly lower than that
in the WT, the our! mutant showed a reduction only in the density of S-type LRs whereas an increase

in the density of L-type LRs (Fig. 1). The Osiaal3 mutant, which is characterized by defects in auxin
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signal transduction, shows the same tendency (Fig. 1), indicating that a reduction in auxin signaling

play an important role in inducing L-type LR formation subsequent to initiation.

4.3. OUR1/OsbZIP1, a homolog of Arabidopsis HYS, controls root phenotypes

The causal gene isolated from the our/ mutant encodes OsbZIP1, a member of the bZIP
transcription factor family, which is known as a rice homolog of the Arabidopsis HYS transcription
factor [34]. In Arabidopsis, HY 5 has been characterized as a positive regulator of photomorphogenesis
[45], which functions as an integrator of light, hormone, and stress signaling [46]. A number of studies
on hy5 mutants have revealed that HY'S also controls root growth, as the #y5 mutant exhibits increased
LR density and defective gravitropism, which are recognized auxin-related phenotypes [45,47,48].
HYS5 is strongly expressed in the LRPs, wherein higher auxin signaling has been observed in the hy5
mutant compared with the corresponding WT [49]. Thus, it has been established that HY'S negatively
regulates auxin signaling, resulting in a decrease of LR density [47,48]. However, the increased auxin
signaling observed in the 4y5 mutant contrasts with the reduction in auxin signaling seen in the our/
mutant (Fig. 5). In this regard, phylogenetic analysis has indicated that there are three rice bZIP
transcript factors (OsbZIP1, OsbZIP18, and OsbZIP48) that are closely related to HY'S [50], among
which, OsbZIP48 has been shown to be a functional ortholog of HYS5, given that it is able to
complement the 4y5 mutant with respect to hypocotyl elongation growth in the light [34]. Considering
that a functional difference between OsbZIP18 and OsbZIP48 has also been reported [50], we suspect
that there might be differences between these genes and OsbZIP1 with respect specific and/or
redundant functions. Consequently, further analysis of these genes is needed to confirm their

differentiated functional roles in the growth and development of rice.

5. Conclusions

In this study, we isolated the our/ mutant, which is characterized an increase in main root
length and L-type lateral roots. We speculate that mutation of the OURI/OsbZIP1 gene might control
root architecture by reducing auxin signaling and altering the expression of auxin-responsive genes,
such as OsEXPAs and OsLBDs. Although a number of previous studies have reported the importance
of a larger root system, including an increase in main root length and L-type lateral roots, for water
absorption, which contribute to shoot dry matter production and yield under water deficit conditions,
the information on useful genes for such breeding purposes is still limited. In this regard, the mutation
of OURI/OsbZIP1, which leads to a well-developed root system without adverse effects on shoot
growth and development, would be a key factor in developing a new breeding strategy designed to

improve root architecture.
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Figure legends

Fig. 1. Phenotypes of the ourl and Osiaal3 mutants. (A) Two-week-old seedlings grown in tap
water under continuous light conditions. SR, seminal root; CR, crown root; LR, lateral root. Scale bar
=5 cm. (B-H) Shoot and root traits measured at 2 weeks after sowing. Values represent the means +
SE (n = 10). (I-K) The gravitropic responses of seminal root tip. Root tip angles induced by
gravistimulation (0) (I), its response in a seminal root of the wild type (WT) (above) and the ourl
mutant (bellow) (J), and its distribution (K). Arrowheads indicate the point of rotation from vertical to
horizontal at 90°. Scale bar = 2 cm. Statistical significance at ns (not significant), *P < 0.05 and **P

< 0.01 between genotypes was determined using Student’s 7-test.

Fig. 2. Expression of Aux/IAA genes and auxin concentrations. (A) Changes in the expression levels
of 19 OsIAA genes. Horizontal bars indicate the expression level of the our/ mutant relative to that of
the wild type (WT), considering expression level in the WT to be 1. (B) Auxin concentrations in whole
seminal root of 4-day-old WT and our! mutant. Values represent means + SE (n = 3). Statistical
significance at ns (not significant), *P < 0.05 and **P < 0.01 between genotypes was determined using
Student’s #-test.

Fig. 3. Gene isolation, complementation test, and expression pattern of the OURI gene. (A) High-
resolution linkage and physical map of the OURI locus and the structure of the OURI gene on
chromosome 1. Black boxes and horizontal lines indicate the exons and introns, respectively. The
arrowhead indicates a C/T single nucleotide substitution at base pair 332 in the second exon that
resulted in a single amino acid substitution from glutamic acid to a stop codon. Regions I and Il indicate
a motif related to interaction with COP1 and a bZIP domain, respectively. (B) Complementation test
of the OURI gene. From left to light, regenerated plants of the our/ mutant harboring the proOURI:
OURI construct, wild-type (WT) plant, the our/ mutant, and the vector control. Scale bar =5 cm. (C-
G) Expression patterns of the OURI gene in seminal root tip in vertical (C), and horizontal section
through the elongation zone (D) and in the basal part of the root apical meristem (RAM) (E), the tip
of the RAM (F), and the site of lateral root emergence (G). (H, I) Expression pattern of negative control

in seminal root tip vertical (H) and horizontal (I) sections. Scale bars = 50 um.

Fig. 4. Comparison of the cell division and cell elongation in wild-type (WT) and our! mutant
roots. (A-C) Dividing cells in the root apical meristem (RAM), represented by green color, of 4-day-
old (A) and 11-day-old (B) WT and our! mutant seedlings, and a comparison of RAM size (C). The
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size of the RAM is determined by the length from the lowermost to the uppermost dividing cells, as
indicated by the arrowheads. (D, E) Mature cortex cells in the elongation zone of the WT and our/
mutant seedlings (D), and the corresponding cell lengths (E). Scale bars = 50 um. Values represent the
means + SE (n = 3). Statistical significance at ns (not significant) and **P < 0.01 between genotypes

was determined using Student’s #-test.

Fig. 5. Auxin distribution pattern and expression analysis. (A-L) Auxin distribution pattern
represented by the expression of DR5:NLS-3 x Venus in seminal root tip in wild-type (WT) (A-C) and
ourl mutant (D-F) seedlings, and at the site of lateral root emergence in WT (G-I) and our! mutant (J-
L) seedlings. Scale bars = 100 pum. (M, N) Relative copy number of NLS-3 x Venus (M) and its
expressions with a double copy of NLS-3 X Venus (N). Different letters indicate significant differences
between groups (P < 0.05, one-way ANOVA followed by Tukey’s test for multiple comparisons);

Values represent the means + SE (n = 3).

Fig. 6. Expression of auxin-related genes. (A, B) Expressions of the OsEXPA (A) and OsLBD (B)
genes with/without exogenous indole acetic acid (IAA: 1 mM) treatment for 1 h. (C, D) Expression of
the OsEXPA (A) and OsLBD (B) genes in wild-type (WT) (C) and ourl mutant (D) seedlings. Values
represent the means = SE (n = 3). Statistical significance at ns (not significant) and **P <0.01 between

treatments or genotypes was determined using Student’s #-test.

Supplementary Fig. 1. Expression of cytokinin-related genes. (A, B) Expressions of the OsCKX4
(A) and OsRR2 (B) genes in wild-type (WT) and our/ mutant. Values represent the means = SE (n =
3). ns, not significant by Student’s #-test.

Supplementary Fig. 2. Expression patterns of OUR1/OsbZIP1 at different zone of the seminal
root. Seminal root at 5 days after sowing is divided into following four zones: Zone 1, approximately
5 mm from the root tip; Zone 2, induction of LR primordium; Zone 3, formation of LR primordium;
Zone 4, Emerged LRs. LR, lateral root. Different letters indicate significant differences between
genotypes across root zones (P < 0.05, one-way ANOVA followed by Tukey’s test); Values represent
the means + SE (n = 3).

Supplementary Table 1. Comparison of root traits between the WT and ourl mutant. Values
represent means = SE (n = 10). *P < 0.05, **P < 0.01, and ns, not significant by Student’s #-test. LR,
lateral root.

Supplementary Table 2. List of primers used for gqRT-PCR
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