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Abstract Plant architecture directly affects biomass in
higher plants, especially grain yields in agricultural crops.
In this study, we characterized a recessive mutant, plant
architecture determinant (pad), derived from the Oryza
sativa ssp. indica cultivar MH86. The mutant exhibited
severe dwarf phenotypes, including shorter and stunted
leaves, fewer secondary branches during both the veg-
etative and reproductive growth stages. Cytological stud-
ies revealed that pad mutant growth defects are primarily
due to the inhibition of cell expansion. The PAD gene was
isolated using a map-based cloning strategy. It encodes a
plasma membrane protein OSMCAT1 and a SNP responsible
for a single amino acid change was found in the mutant.
PAD was universally expressed in rice tissues from the
vegetative to reproductive growth stages, especially in
seedlings, nodes and rachillae. Quantitative real-time PCR
analysis revealed that the most of the genes responding
to gibberellin (GA) metabolism were up-regulated in pad
mutant internodes. The endogenous GA content measure-
ment revealed that the levels of GA,; were significantly
decreased in the third internode of pad mutants. Moreover,
a GA response assay suggested that OsMCAI/PAD might
be involved in the regulation of GA metabolism and signal
transduction. Our results revealed the pad is a loss-of-func-
tion mutant of the OsMCA1/PAD, leading to upregulation
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of genes related to GA deactivation, which decreased bio-
active GA levels.
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Introduction

Plant architecture directly affects grain yields. Rice plant
architecture, which has recently been extensively investi-
gated (Sakamoto and Matsuoka 2004; Springer 2010; Wang
and Li 2005, 2008; Xing and Zhang 2010; Yang and Hwa
2008; Zhang et al. 2008), is a complicated agronomic trait
that is mainly determined by tiller number, tiller angle, leaf
arrangement, plant height and panicle morphology. In previ-
ous studies, several genes involved in controlling the above-
mentioned components, such as TEOSINTE BRANCHED
1 (OsTBI), MONOCULM 1 (MOCI), LAZYI (LAI),
Tiller Angle Control 1 (TACI), PROSTRATE GROWTH
1 (PROGI), YABBYI1 (YABI), OsDWARF4, Loose Plant
Architecturel (LPAI), Semi-Dwarfl (SD1) and SOUAMOSA
PROMOTER BINDING PROTEIN-LIKE 14 (OsSPLi4),
were identified based on natural and artificially generated
mutants of various rice varieties (Dai et al. 2007; Jiao et al.
2010; Jin et al. 2008; Li et al. 2007; 2003; Miura et al. 2010;
Sakamoto et al. 2006; Sasaki et al. 2002; Takeda et al. 2003;
Tan et al. 2008; Wu et al. 2013; Yoshihara and Iino 2007; Yu
et al. 2007). Plant height, an important trait that affects plant
architecture, is determined by the number and lengths of
internodes as well as environmental conditions (Wang and
Li 2005). Plant height is primarily regulated by autologous
phytohormones, including gibberellins (GAs) and brassi-
nosteroids (BRs; Yang and Hwa 2008).
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The GA plant hormones, whose major active forms
include GA| and GA,, are involved in plant height deter-
mination. The GAs is consisted of a large family of tetra-
cyclic diterpenoid carboxylic acids and functions in diverse
aspects of plant growth and development, especially inter-
node elongation (Sakamoto 2006; Sakamoto and Matsuoka
2004). In recent years, the mechanisms of GA metabolism
have been elucidated (Olszewski et al. 2002; Thomas et al.
2005; Yamaguchi 2008). Bioactive GAs are first synthe-
sized from geranylgeranyl diphosphate (GGDP), which is
a common diterpene precursor. GGDP is then converted to
GA,, via a series of intermediates by four enzymes, ent-
copalyl diphosphate (CDP) synthase (CPS), ent-kaurene
synthase (KS), ent-kaurene oxidase (KO) and enz-kaurenoic
acid oxidase (KAO). As an important checkpoint in the GA
biosynthesis pathway, GA |, is converted to GAs; by under-
going 13-hydroxylation by GA13-oxidase (GA130x; Mag-
ome et al. 2013). Then, GA5;/GA,, is converted to GA,y/
GA, by 2-oxoglutarate—dependent dioxygenase (ODD)
GA200x (GA20-oxidase) through two parallel pathways
in a three- or four-step process. In the final step of bioac-
tive GA synthesis, GA,, and GAy are converted to GA,
and GA,, respectively, by ODD GA3-oxidase (GA3o0x). In
addition, GA/GA, and GA,/GA, are deactivated by ODD
GAZ2-oxidases (GA20xs) and a cytochrome P450 monoox-
ygenase (CYP714D1/EUI; Zhu et al. 2006). These genes
have also been identified based on the corresponding GA-
deficient mutants in rice (Sakamoto et al. 2004).

GA homoeostasis is controlled through negative feed-
back regulation of GA biosynthetic enzymes and positive
feed-forward regulation of GA catabolic enzymes medi-
tated by the GA signaling pathway (Hedden and Thomas
2012; Yamaguchi 2008). In plants harboring related gain-
of-function mutations in repressors or loss-of-function
mutations in components of positive regulation, the levels
of bioactive GAs or GA biosynthetic gene expression are
highly elevated. Loss-of-function mutations in repressors
result in lower levels of bioactive GAs or GA20ox and
GA3ox mRNAs compared with those of wild type (WT;
Olszewski et al. 2002).

In the present study, a natural mutant of the rice indica
variety Minghui 86 (MHS86), pad, exhibited a visibly
abnormal phenotype that consisted of reduced plant height,
shorter and stunted leaves, fewer secondary branches,
lower seed set and higher tiller numbers compared with
WT (MHR86). We cloned the pad gene using a map-based
cloning strategy and found that it is encoded by OsMCA1I, a
homolog of AtMCAI in Arabidopsis. A nucleotide substitu-
tion in the kinase domain was identified in the mutant. The
OsMCAI1/PAD gene is constitutively expressed throughout
the whole plant and is highly expressed in seedling, leaf,
young leaf, internode and young panicle tissues. Further
studies indicated that the OsMCA1/PAD gene is involved
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in rice plant architecture and substantially affects rice plant
height by regulating GA metabolism.

Materials and methods
Plant materials

The rice mutant plant architecture determinant, pad, was
identified from the O. sativa ssp. indica cultivar Minghui
86. All rice plants were planted in a field in Wuhan during
the natural growing season.

Histological analysis

For microscopy studies, leaves and the uppermost inter-
nodes at the appropriate developmental stage were har-
vested, fixed in fixation solution (4 % paraformaldehyde
(Sigma, Ronkonkoma, NY, USA) in 1x PBS, 0.02 % KClI,
0.8 % NaCl, 0.178 % Na,HPO4-2H,0, 0.024 % KH,PO,
and 0.1 % Triton X-100) overnight and sequentially dehy-
drated in 25, 50, 70, 80, 90, 95 and 100 % ethanol for
5 min each. Then, the dehydrated material was embedded
in Steedman’s wax (polyethylene glycol 400 distearate:
1-hexadecanol; 9:1) and sectioned using a microtome to
a thickness of 8 wm. The sections were adhered to slides
coated with poly-L-lysine and then sequentially de-waxed
in 100, 95, 80, 50 and 30 % ethanol for 5 min each. Finally,
the sections were visualized and photographed on an
inverted phase contrast microscope (IX51; Olympus).

Genetic analysis and map-based cloning

An F2 population derived from the pad mutant crossed
with Nongken58 (japonica) was used for genetic link-
age analysis and fine mapping. In total, 200 polymorphic
SSR markers were identified from 600 SSR primer pairs
used to screen the parents. Bulk Segregant Analysis (BSA)
was used to assess SSR marker linkage to pad and roughly
map the pad locus to chromosome 3. SNP markers were
obtained by sequencing the region of interest. Finally, the
pad locus was narrowed down to an 8.7-kb region between
two SNP markers, S2 and S3, through 477 and 3,869
homozygous recessive individuals from the F2 population
of the pad mutant x NKS58, respectively. The candidate
gene was identified by sequencing the genomic DNA in
this region from the pad mutant and WT plants and gener-
ating pairwise sequence alignments using Mac Vector.

Plasmid construction

The coding region of the candidate gene was confirmed by
comparing the sequence of the genomic DNA fragment with
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information in the GenBank, UniProtKB and Gramene data-
bases. A 2,945-bp fragment containing 1,688 bp of upstream
sequence and the 1,257 bp CDS was synthesized by Gene-
Script (Nanjing, China) and cloned into the binary vector
pCAMBIA1300. The construct was then transformed into
Agrobacterium strain EHA105 and designated pOsPMP618.

For the construction of the GFP-OsMCAI fusion plas-
mid, the full-length OsMCAI coding sequence was fused
to the C terminus of the GFP coding sequence without a
termination codon to create an in-frame fusion. The frag-
ment was then cloned into a transient expression vector
(pOsPMP550) under the control of the CaMV 35S pro-
moter. The resulting plasmid was designated pOsPMP622.

For the construction of the OsMCAI-GUS fusion vec-
tor, an approximately 1.69 kb promoter region from the
OsMCAI gene was amplified and cut with HindIIl and
Nael. The sequence was then inserted upstream of the 5’
end of the uidA gene encoding B-glucuronidase (GUS) in
the binary vector pCAMBIA1300 to create the resulting
plasmid, which was designated pOsPMP617.

Plant transformation

For the rescue of the pad mutant, the pOsPMP618 con-
struct was introduced into calli derived from the pad mutant
by Agrobacterium-mediated transformation. All transgenic
rice plants were identified by PCR using the primer pair
618-1-F and 618-1-R (Supplemental Table S1). All trans-
genic plants were grown in a greenhouse at the Wuhan
University Campus. For all Agrobacterium-mediated trans-
formations, the plasmids were introduced into the Agrobac-
terium strain EHA105.

Tissue-specific analysis

For the tissue-specific expression of OsMCAI, pOsPMP617
was introduced into the japonica rice variety Nongken58,
and positive transgenic plants were identified by PCR using
the primer pair GUS-F and GUS-R (Supplemental Table S1).
GUS activities were analyzed in situ according to a method
described previously (Jefferson 1989). Briefly, tissues from
the transgenic plants were washed in staining buffer con-
taining 50 mM NaPO, buffer (pH 7.0), 2 mM K;Fe(CN)q,
2 mM K,Fe(CN)s and 0.2 % Triton X-100 three times on
ice and then incubated in staining buffer supplemented with
an X-Gluc stock solution (1 mM) at 37 °C overnight. GUS-
stained tissues were observed on a stereo microscope and
photographed with a camera (EOS 400D; Canon).

Transient assay on epidermal cells

The GFP alone (pOsPMP623) and GFP-OsMCAI
(pOsPMP622) fusion constructs were introduced into

onion epidermal cells by particle bombardment using a
PDS-1000/He (BIO-RAD). After incubation for 18-24 h
at 26 °C, GFP fluorescence was observed on an inverted
phase contrast microscope (IX51; Olympus).

Phylogenetic analysis

The putative homologs of OsMCA1 were identified using
the Basic Local Alignment Search Tool from the National
Center for Biotechnology Information (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). A phylogenetic tree of OsMCAl1
homologs was constructed using the neighbor-joining (NJ)
function of MEGA 5.2. The number of bootstrap replicates
was estimated at 1,000, and all sites with alignment gaps/
missing sequences in pairwise sequence comparisons were
deleted.

RNA extraction and quantitative RT-PCR

All rice tissues were harvested, immediately frozen in lig-
uid nitrogen and stored at —80 °C until use. Total RNA
was extracted using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions
and then was treated with RNase-free DNase I (New Eng-
land Biolabs, Hitchin, UK) to remove DNA contamination
prior to cDNA synthesis. First-strand cDNA synthesis was
performed using M-MLV reverse transcriptase (Promega,
Madison, USA) using 2-3 g of RNA template and an
oligo (dT) primer.

Quantitative RT-PCR was performed on a StepOne
System (ABI) using the following program: 95 °C for
10 min followed by 40 cycles of 95 °C for 10 s and 60 °C
for 30 s and a melting curve from 60 °C to 95 °C in 0.7 °C
increments. Relative gene expression levels were cal-
culated via the AACT method, and the rice Actinl gene
was used as an internal control to normalize the data. The
primers used for qRT-PCR analysis are listed in Supple-
mental Table S1. All analyses were performed in trip-
licate. The transcripts of EUIl were detected by Semi
quantitative RT-PCR as described previously (Zhu et al.
2006). The rice Actinl gene was used as an internal con-
trol with the prime pair as described previously (Huang
et al. 2010).

Exogenous GA effects and GA content analysis

Exogenous GA treatment of rice seedlings was performed
as described in (Ikeda et al. 2001) with minor modifica-
tions. Briefly, 15 seeds from WT and pad plants were sur-
face sterilized for 30 min in a 2 % NaClO solution and
washed four times with sterile distilled water. The sterilized
seeds were soaked in sterile distilled water with or without
6.85 uM uniconazol for 36 h. The pretreated seeds were
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Fig. 1 Morphological characterization of the pad mutant. a Seed ger-
mination of WT (left) and pad (right) after 2 days. b WT (left) and
pad (right) seedlings 6 days after germination. ¢ WT (left) and pad
(right) rice plants before heading. d WT (left) and pad (right) rice
plants after grain filling. e Plant height of WT (left) and pad (right).
f Leaf morphology of WT (left) and pad (right). g Morphology of the
leaf base of WT (left) and pad (right). h Panicle of WT (left) and pad

immersed in sterile distilled water for 24 h. Finally, the
seeds were placed on 1 % agar plates supplemented with
GA; at different final concentrations ranging from 0.01 to
100 WM and grown at 26 °C under continuous light. After
approximately 8 days, the length of the second leaf sheath
was measured.

For GA content analysis, the individual internodes,
including the uppermost internodes to the third internodes
of WT plants and pad mutants, were harvested at the stage
when the uppermost and second internodes were elongat-
ing and were immediately frozen in liquid nitrogen and
stored at —80 °C until GA extraction. The endogenous GAs
were detected by nano-LC-ESI-Q-TOF-MS analysis as
described previously (Chen et al. 2012). All measurement
were conducted three times.
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Comparison of grain lengths between WT (fop) and pad (bottom). k
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Results
A pad mutant exhibits plant architecture defects

We identified a natural mutant of the O. sativa ssp. indica
variety MH86 with plant architecture defects. This mutant
exhibits a visibly abnormal phenotype during the vegeta-
tive and reproductive growth stages compared with WT.
During growth and developmental stages, the mutant
showed shorter root, smaller shoot and leaf sizes and
reduced height (Fig. la—c). These mutated phenotypes,
especially, became more apparent in the stem elongation
stage to the seed setting stage (Fig. 1d). Compared with
WT plants, the leaf length and plant height of the mutants
were decreased by 59.16 % (17.90 &+ 0.52 cm in the mutant



Plant Mol Biol (2015) 87:17-30

21

Table 1 Comparison of the agricultural traits of pad and WT (MH86)

GT (mm)

PH (cm) PL (cm) SN SF (%) TN GNP NPB NSB GL (mm) GW (mm)

Trait

298 +£0.09 2.05+0.08

2.92 +£0.07

0.02

9.99 +0.36
9.07 £ 0.26
2.90E—12

44.8 +4.8

10.7 £ 0.5
7.1£0.7

75+1.2
18.2 +£3.0

81.9+3.0
499 +45

251.8 £ 19.5
69.7 £ 10.7

293 £ 1.1

1263 + 6.4
67.1 +£3.8
2.04E—165

WT

1,099.7 &+ 134.5

1.86 £ 0.08
5.46E—10

1.3£1.0

734.0 £ 102.8

13.1+£0.5

pad

4.58E—08 3.74E—-09 3.52E-04 8.26E—16 1.57E-23

2.05E-09

1.04E—11

P value

All data are given as the mean + SD and significant differences were determined by the Student’s ¢ test

PH plant height, PL panicle length, SN spikelet number per panicle, SF spikelet fertility, 7N tiller number, GNP grain number per plant, NPB number of primary branches per panicle, NSB num-

ber of secondary branches per panicle, GL grain length, GW grain width, GT grain thickness

vs. 43.83 + 2.02 cm in WT; P < 0.001) and 46.87 %
(67.1 £ 3.8 cm in the mutant vs. 126.3 + 6.4 cm in WT;
P <0.001), respectively (Fig. le, f; Table 1). Moreover, the
leaves of the mutant were curly and wrinkled with abnor-
mal rachis from the base of the leaf (Fig. 1g).

Furthermore, panicle size, spikelet number per panicle,
grain length, 1,000-grain weight and seed set were obvi-
ously affected in the mutant (Fig. 1h—k; Table 1). The num-
ber of primary branches was significantly decreased by
33.73 % in the mutant compared with the WT (7.1 + 0.7
in the mutant vs. 10.7 £ 0.5 in WT; P < 0.001), and the
secondary branch number was also lower in the pad mutant
(1.3 £ 1.0 in the mutant vs. 44.88 + 4.8 in WT; P < 0.001;
Table 1). In addition, the mutant exhibited a significant
decrease in grain number per plant and grain size compared
with WT (Table 1). Grain length and thickness were sig-
nificantly reduced in the mutant (Fig. 1j; Table 1), whereas
grain width was not affected. Compared with WT, 1,000-
grain weight and grain yield per plant in the mutant were
significantly decreased by 39.79 % (20.28 & 0.24 g in the
mutant vs. 28.35 £ 0.09 g in the WT; P = 1.47E—08) and
72.55 % (7.00 £ 1.38 g in the mutant vs. 25.50 £ 3.03 g
in the WT; P = 1.12E—07), respectively (Fig. 1k, 1). These
results demonstrate that this mutation strongly affects rice
plant architecture and in turn, grain yield. Therefore, we
designated this mutant pad.

Cloning of the PAD gene through a map-based
cloning approach

Genetic analysis of the pad mutant indicated that the phe-
notype of the F1 plants was WT. In the F2 population of
MHS86 x pad, 30 individuals exhibited a mutant phenotype
out of 112 individuals (x*(3:1) = 0.19, P = 0.663 > 0.5),
fitting Mendel’s single gene segregation. These data indi-
cate that pad mutant phenotypic traits are controlled by a
single recessive locus.

To genetically map the pad gene, an F2 population of
pad x Nongken 58 was subjected to a map-based cloning
approach. A total of 80 polymorphic simple sequence repeat
(SSR) markers distributed across 12 chromosomes were
available for genetic analysis. The pad locus was mapped
to the long arm of chromosome 3 by BSA (Fig. 2a). To fine
map the pad locus, a large F2 population of 2,000 plants
and nine polymorphic SSR markers flanking the region of
the pad locus were used. A total of 25 homozygous reces-
sive plants with mutant phenotypes were screened and used
for further analysis. The pad locus was flanked by two SSR
markers, RM22 and RM 14491 (Fig. 2a). To further delimit
the locus, a total of 470 homozygous recessive plants were
screened and analyzed using four polymorphic SSR mark-
ers, RM 6301, RM14390, RM14400 and RM6883. The
pad locus was mapped to the region between the SSR
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Fig. 2 Map-based cloning of (A)

the PAD gene. a The pad locus
was mapped to chromosome /
3. b The pad locus was further /
delimited to the region between

two SSR markers, RM 14390 (B)
and RM6883. The number

under each marker represents 3

the number of recombination -
events. ¢ The pad locus was
finally determined to fall within
an 8.7-kb region flanked by
two SNP markers, S2 and S3.

d Schematic of the pad gene
structure. Exons and introns are
indicated by black boxes and
lines, respectively. White boxes
represent the 5’ and 3/ untrans-
lated regions. The position of
the mutation in pad is indicated
by an arrow. e Schematic
representation of the predicted
domains of OsMCA1/PAD and
the position of the mutation in
the pad mutant. The black box
indicates the SYTKc domain.
The light grey box indicates the
coiled—coil domain. The dark
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markers RM 14390 and RM6883 with a physical distance of
387.79 kb based on the recombination frequency (Fig. 2b).
To further localize the pad gene, another four polymor-
phic SSR markers, RM 14400, RM14407, RM14408 and
RM6883, were used to screen 3,869 homozygous recessive
individuals, delimiting the pad locus to a region between
RM14407 and RM6883 with a physical distance of 52 kb
(Fig. 2c). To accurately determine the causative gene of the
pad phenotype from this 52 kb region, we identified three
SNPs within this region, S1, S2 and S3, based on sequences
available in rice genomic databases. Finally, the pad locus
was determined to fall within an 8.7 kb region flanked
by the markers S2 and S3 located on a bacterial artificial
chromosome contig, OSJNBa0011L14 (Fig. 2¢). Only one
open reading frame (ORF), 0s03g0157300, was found in
this region. Sequencing of the genomic DNA in this region
revealed that the mutant allele harbored a G to C substitu-
tion at nucleotide position 131 in the predicted exon 2 of
0s03g0157300 (Fig. 2d). Further sequencing of the dif-
ferent recombinant individuals verified that this SNP was
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completely linked to the pad locus; therefore, this gene was
considered the candidate gene in the pad mutant. Further
comparisons found that the single nucleotide substitution
produced the amino acid change R44P (Fig. 2d, e; Sup-
plemental Fig. S1). Os03g0157300 is predicted to encode
Midl-complementing activityl, OsMCAI, which is a
homolog of AtMCAI and AtMCA2 in Arabidopsis (Kurusu
et al. 2012; Nakagawa et al. 2007).

Bioinformatic analysis using the Simple Modular Archi-
tecture Research Tool (http://smart.embl-heidelberg.de/
smart/job_status.pl?jobid=58191266854831383877959
0JYXLFqQgK) indicated that the OsMCAI1/PAD protein
comprises a STYKc domain at the N terminus, a coiled-
coil region in the middle and a PLACS8 motif at the C ter-
minus (Fig. 2e; Supplemental Fig. S2). Two putative trans-
membrane segments (TM1 and TM2) are predicted by the
SOSUI system (http://bp.nuap.nagoya-u.ac.jp/sosui/cgi-
bin/adv_sosui.cgi). TM1 lies in the STYKc domain, and
TM2 locates in the PLAC8 motif (Fig. 2e; Supplemental
Fig. S2).
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Fig. 3 Genetic complemen-
tation of the pad mutant.
Transgenic rice morphology at
the vegetative stage (a) and the
mature stage (b). ¢ Grain size
of transgenic rice. d Panicle
morphology at the mature stage.
WT (left), the pad mutant (mid-
dle) and a genetic complemen-
tation line (right) are shown.
Bars 10 cm in (a) and (b); 3 cm
in (¢); 2 cm in (d)

Genetic complementation for the pad phenotype

To confirm that OsMCA1 corresponds to the pad locus, we
artificially synthesized the OsMCAI based on the cDNA
sequence of the annotated OsMCAI1 polypeptide from the
Gramene database (http://ensembl.gramene.org/Oryza_
sativa/Info/Index). We amplified the native promoter region
and the 5’ untranslated region (UTR), from WT genome and
fused into synthetic gene of OsMCAI, and then cloned into
the binary vector pCAMBIA1300. A total of 27 independent
transformants were obtained via Agrobacterium-mediated
transformation into the mutant background. As shown in
Fig. 3, all T1 transgenic lines exhibited normal plant archi-
tecture (Fig. 3a—d). The genetic complementation experi-
ment demonstrated that the expression of OsMCAI gene in
mutant background corrects the mutant phenotypes.

The OsMCA1/PAD gene is constitutively expressed in rice
plants

To investigate the tissue-specific expression profile of the
OsMCA1/PAD gene during rice development, we performed
gRT-PCR analyses on total RNA extracted from various
tissues from WT (MH86) and the mutant. In accordance
with the expression pattern observed previously, OsMCA1/
PAD was constitutively expressed in all tissues (Kurusu et

al. 2012). In addition, the expression of OsMCA1/PAD was
significantly decreased in mature, young leaf and seedling
tissues in the pad mutant compared with WT (Fig. 4a). Con-
versely, higher expression levels in stems were observed
in the pad mutant compared with WT, suggesting that
OsMCA1/PAD may play different roles in leaves and stems.
The decrease in OsMCAI/PAD gene expression in leaves
and the increase in stems are consistent with the curly, wrin-
kled leaves and reduced plant height in the mutant.

To further understand the tissue specificity of OsMCA1/
PAD expression in rice, a GUS reporter construct driven by
a native promoter was generated and transformed into the
rice variety NK58 via Agrobacterium-mediated transforma-
tion. GUS expression was detected in all tissues throughout
the developmental stages (Fig. 4b—j), which was consistent
with the previous results and showed the similar expres-
sion pattern of AtMCA?2 in Arabidopsis (Kurusu et al. 2012;
Yamanaka et al. 2010). However, strong expression was
found in nodes, inflorescences, young florets and rachillae
(Fig. 4f-1), implying that OsMCA1/PAD could function in
the elongation of nodes and the cell development necessary
for plant height and smaller grains, which is consistent with
the plant architecture defect in the pad mutant.

To determine the subcellular distribution of OsMCA1/
PAD, a transient assay was performed. The fluorescent sig-
nal from the GFP-OsMCA1 fusion was only detected in the
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Fig. 4 Expression pattern of (A) 0.8
OsMCAI/PAD. a qRT-PCR

analysis of OsMCA1/PAD in 0.7

seedling leaf, whole seedling,

young leaf (at the tillering 06

stage), old leaf (at the heading §
stage), stem, young panicle, IS 0.5 S
flower and root tissues. The @ L
mean £ SD were calculated g 0.4

from three biological replicates 3

and values were determined by _g 0.3

the Student’s ¢ test. b—j GUS 3

analysis of OsMCA1/PAD X 5,

expression; b seedlings 2 days

after germination; ¢ shoot 0.1

apex of the seedlings 2 days

after germination; d seedling

4 days after germination; e leaf
morphology at the vegetative
stage; f stem at the booting
stage; g inflorescence; h young
florets; i rachilla; j grain husk.
Bars 2 mm in (b); 100 pm in (c) (B)
and (i); 3 mm in (d) and (f-h);
5 mm in (e); 200 pm in (j)

(G)

plasma membrane (Fig. 5d—f), whereas GFP alone exhib-
ited no obvious subcellular distribution (Fig. 5a—c). This
result is consistent with OsMCAI encoding a membrane
protein (Kurusu et al. 2012).

OsMCA1/PAD affects cell elongation in stems and roots

Based on the expression pattern of OsMCAI and the
pad mutant phenotype, OsMCAI/PAD may affect plant
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architecture. To further investigate whether OsMCAI/PAD
regulates cell elongation or division, we examined cell
morphology in the leaves, the roots of 7-day-old seedling
and the uppermost internode at the early stage of head-
ing. Cytological studies revealed that the cell sizes in the
leaves and roots of the pad mutant were smaller than in
those of WT (Fig. 6a, b). In particular, the uppermost inter-
node was significantly longer in WT than that in the mutant
(Fig. 6¢), which is consistent with the reduced plant height
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35S:GFP

35S:GFP-PAD

GFP BF

Fig. 5 Cellular localization of OsMCA1/PAD. a—c Localization of 35S:GFP in onion epidermal cells. d—f Localization of 35S:GFP-OsMCALl in

onion epidermal cells. Bars 10 um

Fig. 6 Longitudinal section (A)s
analysis of WT and pad. a i
Leaf blade from WT and pad
at the 7-day-old seedling stage;
b roots from WT and pad at
the 7-day-old seedling stage; ¢
uppermost internodes from WT
and pad at the heading stage.
Bars 100 um

WT - pad

in the mutant (Fig. le; Table 1). Taken together, these find-
ings suggest that cell expansion is severely disrupted in the
mutant.

OsMCA1/PAD is involved in the regulation of GA
metabolism

To categorize the internode elongation pattern of pad
mutant, we measured the length of each internode in WT
and the pad mutant. We found that internode elongation in
the mutant was greatly restrained. As shown in Fig. 7a, the
length from the uppermost to sixth internodes in the pad
mutant was significantly reduced compared with WT. Fur-
thermore, we found the length of each internode was uni-
formly reduced in the pad mutant. The internode elongation

©! E |

A
"

{
 §
(,;
pad

pattern of pad mutant presented as the same pattern as WT
(Supplemental Fig. S3). This result suggested that the pad
is a typical dn-type dwarf mutant (Takeda 1979). Moreover,
the pattern is also similar to that of some GA-related dwarf
mutants (Itoh et al. 2004), implying pad could be related to
GA metabolism. These results were consistent with cyto-
logical studies and indicate that the decreased internode
length in the pad mutant occurred mainly due to restrained
cell elongation in the internodes (Fig. 6¢). It simultane-
ously excludes the pad mutant belongs to BR-related
dwarf mutant. According to the internode elongation pat-
tern and the dwarf phenotype in the pad mutant, which are
similar to some rice dwarf mutants that exhibit altered GA
responses (Guo et al. 2013; Sakamoto et al. 2004; Uegu-
chi-Tanaka et al. 2000). Therefore, we hypothesize that the
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Fig. 7 Alterations in GA metabolism in pad. a Lengths of each inter-
node in WT and pad plants. b Seedling phenotypes of WT (/ and
2) and the pad mutant (3 and 4) 8 days after germination. The seed-
lings were pretreated with (2 and 4) or without (/ and 3) 6.85 pM
uniconazol on a 1 % agar plate without GA;. ¢ Seedling phenotypes
of WT (/ and 2) and the pad mutant (3 and 4) 8 days after germina-
tion. The seedlings were pretreated with (2 and 4) or without (/ and
3) 6.85 LM uniconazol on a 1 % agar plate supplemented with 1 uM
GA;. d Second leaf sheath comparison between WT (circle) and pad

--WT
--WT
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(square) in response to GA treatment in seedlings pretreated with
(closed circles and closed squares) or without (open circles and open
squares) 6.85 WM uniconazol. e gqRT-PCR analysis of OsGA200x2
and OsMCA1/PAD in the uppermost to third internodes of WT
and pad. f qRT-PCR analysis of the genes involved in GA metabo-
lism in the third internode of WT and pad. The data are given as the
mean + SD (n = 10) in (a) and (d). The mean £ SD were calculated
from three biological replicates in (e) and (f). Values were determined
by the Student’s 7 test in (a) and (e—f)

Table 2 Contents of endogenous GAs in the third internode of WT plants and pad mutants (ng~' g~! FW)

GAs; GA,, GAjo GA,, GA, GAg GA,,
WT 1.24 4 0.02 0.51 +0.03 5.98 +0.55 0.20 £ 0.02 0.63 +0.01 ND ND
pad 0.36 & 0.01 0.25 +0.01 2.13 +0.08 0.13 £ 0.01 0.20 £ 0.01 0.17 £ 0.03 ND

The data are shown as the mean 4+ SD
ND not detected

pad mutant could involve in GA metabolism. To explore
whether GA plays a role in the dwarf phenotype of the pad
mutant, we first compared the effects of GA on shoot elon-
gation in the mutant and WT. Sterilized WT and mutant
seeds were pretreated with or without 6.85 M uniconazol,
an inhibitor of GA biosynthesis, and then placed on 1 %
agar plates supplemented with GA; at concentrations rang-
ing from 0.01 to 100 uM. By analyzing the length of the
second leaf sheath after 8 days of treatment, we found that
the pad mutant exhibited less sensitivity to exogenous GA;
compared with WT irrespective of uniconazol pretreatment
(Fig. 7b—d). Although the pad mutant exhibited insensitive
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to exogenous GA;, it did respond to GA in a concentration-
dependent manner.Furthermore, the difference in the length
of the second sheath became more obvious with increasing
GA; concentrations (Fig. 7d). Therefore, OsMCAI/PAD
could be involved in regulating GA metabolism.

To determine whether there was a difference in GA con-
tent between WT and the mutant, we monitored endog-
enous GA levels in the early 13-hydroxylation pathway of
GA metabolism in the third internode. In the pad mutant,
the levels of the precursors of GA,, GAs3, GA4, and GA o,
were reduced by approximately one-third to one-half com-
pared with WT. In the pad mutant, bioactive GA (GA))
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Fig. 8 Transcription level of Euil of the uppermost to the third inter-
nodes in WT and pad. Actinl was used as the internal control

contents significantly decreased to less than one-third of
WT levels (Table 2). To determine whether GA metabo-
lism was regulated by OsMCAI/PAD, we analyzed the
expression levels of genes involved in GA metabolism. The
expression pattern of OsGA20ox2, the key gene involved in
GA biosynthesis in rice, was similar to that of OsMCA1/
PAD (Fig. 7e) and was significantly increased from the
uppermost internode to the third internode in the mutant
compared with WT. Moreover, other genes involved in GA
biosynthesis, including OsCPSI, OsKS1, OsKO2, OsKAO
and OsGA3ox2, were also up-regulated in the third inter-
node of the pad mutant. Interestingly, the expression of GA
deactivation genes OsGA20xI and OsGA20x3 also signifi-
cantly increased in the third internode of the pad mutant
(Fig. 7f). These results suggest that OsMCAI/PAD may
regulate GA biosynthesis and catabolism.

Furthermore, similar expression patterns of the genes
involved in GA metabolism were also observed in the
uppermost internode and second internode (Supplemental
Fig. S4). Moreover, significant difference in the transcrip-
tion levels of Euil was also found in the uppermost inter-
node and second internode between pad and the WT, while
no significant difference between pad and the WT in the
third internode (Fig. 8).

Taken together, these results indicated that the loss-of-
function mutation in the OsMCA1/PAD led to upregulation
of the expression of the genes related to GA deactivation,
which decreased bioactive GA levels. As a consequence,
the lower active GA contents could induce to constitutively
upregulate the expression of the genes for GA biosynthesis
by feedback regulation cycles, consequently, affecting plant
architecture by inhibiting cell elongation.

Discussion
MCAI genes are highly conserved in higher plants

Two MCAI homologs, Midl-Complementing Activity 1
(AtMCA1) and Midl-Complementing Activity 2 (AtMCA2),
which encode plasma membrane proteins with mecha-
nosensitive (MS) channel activity corresponding to Ca*"
uptake, have been reported in Arabidopsis (Nakagawa

et al. 2007; Yamanaka et al. 2010). Increased AtMCAI
expression can promote Ca>" uptake in roots and elevate
cytoplasmic free Ca’>" concentrations upon hypo-osmotic
shock. Furthermore, the N terminus of both proteins con-
tain EF hand-like domains and are indispensable for Ca*"
uptake (Nakano et al. 2011). In addition, OsMCA1, a rice
homolog of MCA in Arabidopsis, also plays a critical role
in Ca*"-permeable mechanosensitive channel activity and
participates in the regulation of reactive oxygen species
(ROS) generation induced by hypo-osmotic stress in cul-
tured rice cells (Kurusu et al. 2012). Phylogenetic tree anal-
ysis revealed that the OsMCA1/PAD homologous proteins
group into two clades, one belonging to monocots and the
other belonging to dicots. A putative uncharacterized pro-
tein encoded on chromosome 6, EEE65313.1 (O. sativa),
shares 87 % sequence identity with OsMCA1/PAD (Sup-
plemental Fig. S5). Even so, OsMCA1/PAD was described
as a sole homolog of AtMCAs in the rice genome based
on the genome data search (Kurusu et al. 2012). These
data indicate that the OSMCA1/PAD protein may exhibit a
highly conserved biological function in higher plants.

OsMCAI is involved in the modulation of rice plant
architecture

Previous studies have reported that the MCAI gene
involved in calcium signaling in Arabidopsis and rice
(Nakagawa et al. 2007; Nakano et al. 2011; Yamanaka et
al. 2010) and fruit size in tomato (Frary et al. 2000). No
reports have shown that MCAI affects plant architecture
via regulating GA metabolism. In the present study, we
isolated a natural pad mutant with defective plant architec-
ture, including reduced plant height, a shorter root, stunted
leaves, smaller panicles, fewer secondary branches, an
altered number of spikelets per panicle and a lower seed
rating compared with WT. Using qRT-PCR analysis and a
GUS activity assay, we found that the OsMCA1/PAD gene
is expressed in the majority of tissues during the vegetative
and reproductive growth stages, which is consistent with
the abnormal mutant phenotype. As a result, the combined
mutant phenotypic characteristics could cause a reduction
in grain yield.

Using a map-based cloning strategy and rescue assay, we
confirmed that a point mutation in a single gene, OsMCAI,
caused defects throughout the rice plant developmental
stages. The genetic complementation experiment confirmed
the pad is a loss-of-function mutation. This SNP was found
in the kinase domain and converted a hydrophilic amino
acid to a hydrophobic amino acid. A single amino acid
change in the kinase domain led to major plant architec-
ture defects, revealing that the OsMCA 1/PAD gene involves
in the regulation of plant architecture, which has not been
reported previously. Further investigation demonstrated

@ Springer



28

Plant Mol Biol (2015) 87:17-30

that mutated OsMCA1/PAD affects cell size and cell elon-
gation in leaves, stems and internodes. This result is incon-
sistent with results for the OsMCA1/PAD orthologs fw2.2
and cell number regulators (CNRs) in tomato and maize,
which control plant organ size by regulating cell prolifera-
tion but not cell expansion (Cong et al. 2002; Frary et al.
2000; Guo et al. 2010). Our data show that a single SNP
(R44P) might endow OsMCAI1/PAD with a novel function
in rice.

mOsMCAI may have gained a novel biological function

Bioinformatics and subcellular localization analyses indi-
cated that OsMCAI/PAD encodes a transmembrane pro-
tein and contains a putative STYKc domain, a conserved
coiled—coil region and a PLAC8 motif. In addition, an EF
hand-like domain adjacent to the ARPK domain of MCAL1
has been predicated in Arabidopsis (Nakagawa et al. 2007;
Nakano et al. 2011). The STYKc domain was described as
a possible dual-specificity Ser/Thr/Tyr kinase domain based
on the annotation in the SMART protein database. The
specificity of this class of kinases cannot be predicted, and
its function is poorly understood in rice. In Arabidopsis, the
STYKc domain may be involved in mediating morphologi-
cal alterations (Uchida et al. 2011), intercellular communi-
cation during meristem maintenance regulation and differ-
entiation (Hattan et al. 2004) and the formation of normal
epidermal surfaces during embryogenesis (Tsuwamoto et
al. 2008). There is also some information regarding STYKc
function in animals. As a novel effector caspase, the char-
acteristic kinase domain STYKc may play a role in innate
immunity in sponges (Wiens et al. 2007). Cyclin-dependent
kinase 5 (cdk5)/p53-regulated kinase (cprk), which was
characterized as a novel neuronal kinase, harbors a STYKc
domain that has kinase activity and functions in the brain
(Kesavapany et al. 2003). These researches have suggested
that R44P in OsMCA1/PAD could affect the kinase activity
of MCAL.

OsMCAI involves in regulating GA deactivation

Previous studies have reported that MCA1 is involved in cal-
cium signaling and fruit size (Kurusu et al. 2012; Nakagawa
et al. 2007; Yamanaka et al. 2010). However, our data show
that OsMCA1/PAD affects plant architecture via regulating
GA metabolism. Cytological studies indicated that inter-
node elongation is regulated by the suppression of cell elon-
gation. Compared with another classical GA-deficient rice
mutant sd/, the pad was less responsive to exogenous GA;
treatment than WT and the sheath length of pad was not
completely recovered to that of the WT at 100 uM of GA; in
seedling stage. While the sheath length of sd/ was fully res-
cued under exogenous GA, treatment (Ashikari et al. 2002),
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implying that OsMCA1/PAD gene is distinct functions from
SDI. Further analyses revealed that the key genes for GA
biosynthesis, OsGA200x2 and OsGA3ox2, were upregu-
lated in the uppermost to third internodes of pad mutant.
The expression of OsGA200x2 in the pad mutant was sig-
nificantly increased in the second and third internodes com-
pared with WT, whereas higher expression was detected in
the first internode of the pad mutant in contrast to the d/
mutant (Ueguchi-Tanaka et al. 2000). In addition, endoge-
nous GA levels generally decreased in the third internode of
the pad mutant compared with WT. In contrast, higher GA
levels accumulated in the third internode of the d/ mutant.
Moreover, we surprisingly observed that the expression
of other genes involved in the GA biosynthesis and deac-
tivation were upregulated. The expression profiles of those
genes are highly correlated to the upregulation of OsMCAI
expression in pad mutant. As shown in Supplemental Fig.
S6, Osmcal/pad upregulated the expression of the genes for
GA deactivation, such as OsGA2o0x1, OsGA20x3 and Euil,
leading to the significant decrease of bioactive GA contents
in the third internode. As a consequence, the reduction of
bioactive GA contents could induce to constitutively upreg-
ulate the expression of the genes for GA biosynthesis by
feedback regulation cycles.

In summary, our results show that OsMCA 1/PAD gene is
responsible for the plant architecture defect. A SNP leads
to an amino acid change R44P at a STYKc domain on N
terminus of OsMCAL1 and inhibits cell elongation. The
loss-of-function of the OsMCAI/PAD leads to upregula-
tion of gene expression related to GA deactivation and sub-
sequent downregulation of bioactive GA levels to finally
cause the plant dwarf phenotype. Therefore, OsMCA1/
PAD may function as a positive regulator involved in plant
growth and development. This finding will provide insight
to further understanding of the mechanism of GA metabo-
lism regulation and the function of kind of OsMCAI/PAD
genes in higher plants.
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