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ABSTRACT. Plant height is one of the most important agronomic traits
of rice (Oryza sativa). Dwarf mutants are ideal materials for research
on the mechanisms of regulation of rice plant height. We examined a
new dwarf and narrow-leaf mutant dn//. Phenotypic analysis showed
that the dnl// mutant has a thinner culm and more tillers, but the number
of grains per panicle, the seed setting rate and the grain weight of dn//
mutant were found to be significantly lower than in the wild-type. Based
on scanning electron microscopic observations, the number of cells in
the y-axis in internodes was significantly lower than in the wild-type.
In phytohormone induction experiments, dn/l was gibberellic acid-
insensitive. The expression of some genes involved in the gibberellins
metabolic pathways was affected in the dn// mutant, based on the real-
time PCR analysis, suggesting that the dn/l gene likely plays a role in
gibberellin metabolic pathways. Genetic analysis showed that the dwarf
and narrow leaf phenotype is controlled by a novel single recessive
gene, here referred to as the dwarf and narrow leaf 1 (dnll), which is
located within the region between markers Ind12-11 and RM8214 on
the short arm of chromosome 12. By means of fine-mapping strategy,
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the dnll gene was localized within an interval of 285.75 kb physical
distance. These results will be useful for dnll gene cloning and to
improve our understanding of the molecular mechanisms involved in
the regulation of growth and development of rice.

Key words: Dwarf and narrow leaf; Gibberellic acid-insensitive;
Fine mapping; Rice

INTRODUCTION

The plant height is one of the most important agronomic traits of rice (Oryza sativa).
The yield potential of rice has been greatly increased by the so-called rice ‘green revolution’,
which is represented by rice dwarf breeding (Hargrove and Cabanilla, 1979; Khush, 1999). Up to
now, the screening and development of rice dwarf sources, genetic analysis, molecular mapping,
gene cloning, and molecular mechanism research about rice plant height have led to many great
advances (Ikeda et al., 2001; Sasaki et al., 2002, 2003; Hong et al., 2003; Ueguchi-Tanaka et al.,
2000, 2005; Tanabe et al., 2005; Arite et al., 2007). However, find new genes for rice plant height
and research its genetic mechanisms is still a research focus in rice genetics and genomics.

The dwarf mutants are ideal materials for research on the mechanism for the regulation
ofrice plant height. Up to the present, about 60 rice dwarf mutants have been reported (Matsuo
et al., 1997). Besides having a short plant height, many dwarf mutants also have many other
abnormal phenotypes, such as small grains, multiple tillers, narrow or rolled leaves (Ueguchi-
Tanaka et al., 2000; Tanabe et al., 2005; Arite et al., 2007; Li et al., 2009). The control of rice
plant height is mostly related to the biosynthesis of and responsiveness to phytohormones,
such as gibberellic acids (GAs), brassinolide (BL), and strigolactone (Ueguchi-Tanaka et al.,
2000; Sasaki et al., 2002, 2003; Hong et al., 2003; Itoh et al., 2004; Tanabe et al., 2005; Arite et
al., 2007; Lin et al., 2009). GAs are essential regulators of diverse growth and developmental
processes in plants (Davies, 1995). The biosynthesis of GAs has been well characterized (Hed-
den and Philips, 2000; Sakamoto et al., 2004). Dwarf mutants such as sd/, d18, d35 are related
to the biosynthesis of GAs. The semidwarf phenotype of sd! is the result of a deficiency of ac-
tive GAs in the elongating stem arising from a defective 20-oxidase GA biosynthetic enzyme
(Sasaki et al., 2002). The d18 and d35 also are mutants of the GA biosynthetic enzyme genes
GA-3p-hydroxylase (OsGA3ox2) and ent-kaurene oxidase (OsKOZ2) (Itoh et al., 2001, 2004).
These dwarf mutants always show a low content of active GAs and can be rescued by the ap-
plication of active GAs such as GA3. However, when the dwarf mutants have a defect in GA
responsiveness, such as d/, slrl, gidl and gid2, they are insensitive to exogenous GAs (Ikeda
et al., 2001; Sasaki et al., 2003; Ueguchi-Tanaka et al., 2000, 2005). The d/ mutant, which
is defective in the o subunit of the heterotrimeric G protein (Ga), exhibits dwarf and other
GA deficiency phenotypes. The content of endogenous GA in the d/ mutant is significantly
higher than in the wild-type (Ueguchi-Tanaka et al., 2000). The GIDI gene encodes a soluble
GA receptor, the GID?2 gene encodes an F-box protein, and the SLR/ gene encodes a DELLA
protein. GID1 and GID2 both interact with SLR1, which is a repressor of GA signaling, me-
diating GA signaling in rice (Sasaki et al., 2003; Ueguchi-Tanaka et al., 2005). However, how
plants perceive GA and how the GA signal is transmitted to cause GA-regulated plant growth
are still not well known.
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In the present study, the characteristics of a new dwarf and narrow-leaf mutant,
dnll, were studied in detail using morphological and cytological methods. The results of
phytohormone induction suggested that dwarf and narrow leaf I (dnll) is a GA-insensitive
mutant. The mutant gene was fine-mapped to a narrow chromosome region. These results
are very useful for DNLI gene cloning and to improve our understanding of the molecular
mechanism of the regulation of rice plant height.

MATERIAL AND METHODS
Plant materials

The dnll mutant has dwarf, narrow leaf, and thin culm characters, which was ob-
tained from the progeny of tissue culture of a Japonica rice cultivar Asominori. The F,
hybrids and F, populations derived from the crosses between dnl// mutant and its wild-type
cv. Asominori, and another /ndica rice cultivar Nanjinl1l were used for genetic analysis
and fine mapping of the dn// mutant gene. All materials were grown in the field from 2010
to 2012 in Hangzhou, Zhejiang Province. Sowing was around May 20 and seedlings were
transplanted about June 15. Crop management was according to commercial rice produc-
tion practices.

Scanning electron microscopic observation

Culms of dn/l mutant and its wild-type cv. Asominori were harvested 10 days after
flowering and fixed in 2.5% (v/v) glutaraldehyde. The samples were then post fixed in 2%
(w/v) OsO, for 2 h, dehydrated through an ethanol series, infiltrated, and embedded in butyl
methyl methacrylate. The samples were critical-point dried, sputter coated with platinum
and examined using a scanning electron microscope (TM-1000, Hitachi).

Genetic analysis and fine mapping of the dn/l mutant gene

The F, hybrids and F, populations derived from the crosses between dn/l mutant
and its wild-type cv. Asominori, cv. Nanjinl1 were used for genetic analysis. The F, popu-
lations derived from the crosses between the dn// mutant and cv. Nanjinl1 were used for
mapping the dnl// mutant gene. A total of 901 dwarf and narrow leaf plants were selected
from the F, population derived from the crosses between dnl// mutant and cv. Nanjinll to
fine-map the dn/l mutant gene, using the approach described by Zhang et al. (1994). The
molecular markers including SSR and InDel markers used for fine-mapping dnl/ are shown
in Table 1. PCR was performed in a 10-uL reaction volume containing 25 ng template
DNA, 1.0 pL 10X PCR buffer, 0.1 mM dNTP, 0.1 uM primer pairs, and 0.1 U 7Taqg DNA
polymerase. The amplification protocol included an initial denaturation at 95°C for 3 min,
followed by 35 cycles of 95°C for 30 s, 30 s annealing at 55°C, and 72°C for 30 s, and
a final extension step at 72°C for 5 min in a DNA Engine Thermal Cycler. PCR products
were separated on a 6% polyacrylamide gel, and the amplified DNA fragments were silver-
stained for visualization.
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Table 1. Sequences of primers used for mapping dn/1.

Primer name Forward (5'-3") Reverse (5'-3")

Ind12-11 GCCCGCAAGCAGGTCAAGGA TCACCAGGGAGGAAGAAGA
Ind12-14 TTATCCACATTGTCACATC GCAGTCAAGTAGCAGTAATA
Ind12-16 AAGAAGACGAAGCCAAAAT AACCGATACAGTCACAACACT
Ind12-2 GCTTGACCTACGTTTTATTTT CTTCCTCGTGCGTGCTATG
Ind12-6 CACGATGGTCGCCGTAGGC CCAAGAGCCCCTCGAAGATTTCA
Ind12-7 AGCGACGAGGCCATAGACAT TGGACGCATCCCGAAATCA
Ind12-8 CGGAGGTTTACTGATGTTATG CTTGAAGATGCCTCTGCTC
RM1880 ACCACTAAATAAGCACATAC GGCATCATACATTAAAATAC

GA and BL induction in shoot elongation

Seeds of the wild-type cv. Asominori and dn/l were sterilized with 2.5% NaClO for
30 min, washed 5 times in sterile distilled water, and incubated at 35°C for 2 days. The seeds
were then placed on 1% agar plates containing various concentrations of GA3 and BL, and
grown under continuous fluorescent lighting at 30°C. After 7 days (GA3 induction) or 2 weeks
(BL induction), the length of the second leaf sheath of each plant was measured. A total of 30
plants were used for each treatment.

RNA extraction and real-time PCR

Total RNA from whole 40-day-old seedlings of dn/l/ mutants and wild-type plants were
isolated using an RNA extraction kit following manufacturer instructions (Beijing Dingguo
Biotechnology Co. Ltd., http://www.dingguo.com). First-strand cDNA was reverse-transcribed
from DNase I-treated RNA with oligo(dT) as the primer. Gene expression was measured by
quantitative real-time PCR using the ubiquitin gene (GenBank accession No. AF184280)
as internal control. The quantitative real-time PCR primers for genes involved in the GA
biosynthesis and metabolic pathways DI, SLRI, GIDI1, GID2, EUIl, GA200x2, GA200x3,
GA3o0x2, GA20x1, and GA20x3 are listed in Table 2. The quantitative real-time PCR was carried
out in a total volume of 20 pL containing 2 pL reverse-transcribed product above, 0.2 uM each
primer, and 1X SYBR green PCR master mix (TaKaRa Co. Ltd., http://www.takara.com.cn).
PCR was performed with a Roche LightCycler 480 (http://www.roche-applied-science.com)
using the following program: 95°C for 30 s, then 40 cycles of 95°C for 5 s, 60°C for 30 s, and
72°C for 30 s. Changes in gene expression were calculated via the AACT method.

Table 2. Sequences of primers used for quantitative real-time RT-PCR analysis.

Genes Accession No. Forward (5'-3") Reverse (5'-3")

DI D38232 AATGCGGTAATCTTTTGTGCTG AGAGTTCCTTGGTCTCCATCATTC
SLR1 AB030956 GGTGCGGCCAAGGATCGTCA GAGGAGCGTGCTCGCCTGTTT
GIDI AB211399 AGGACAGGGACTGGTACTGGAAGG TCGTGGTAGTGGACGGTGTTGG
GID2 AB100246 GTGCGGGAGTGGGCGAACCT GGCGGATGTAGACAGCGTGGAG
EUII AY987039 CGGGCTTGCTTTGGGAGTGAT GCGAAGGGATGCTGAAGATGACG
GA200x2 AB077025 CGCTGTCGAACGGGAGGTATAAGAG CATGAGGTCGGCCCAGGTGAAGT
GA200x3 NM_001065522 CGAGTTCACGCAGAGGCACTACCG TTGCTTGATCCAGGCGACGAAGG
GA3ox2 AB056519 CCGACGAGTTGCTGAGGTTGT GCACGAAGGTGAAGAAGCCCGAGT
GA2ox1 AB059416 CGAGGGCAAGGAGATGTGGG GTGGGCTGCTGGCTGTGATT
GA20x3 AB092485 GCGGGTGATGGAGGCGATGT TTGAGCGGAGCACGGAGACG
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RESULTS

Phenotypes of the dn/l mutant

Compared with its wild-type cv. Asominori, the dn// mutant showed dwarf, narrow
leaf, and thin culm characters throughout growth and development (Figure 1A-D and Table
3). The tiller number of dn/l was higher, but the number of grains per panicle and the seed
setting rate was significantly lower compared with wild-type (Figure 1B, C, E and Table 3).
Otherwise, the grain-filling of the dn/] mutant was not sufficient and the grain weight of the
dnl] mutant was about 42% lower than that of wild-type, and as a result of that, it had no close
spikelet glumes (Figure 1F, G and Table 3). Thus, the DNLI gene has pleiotropic effects on
rice plant height, yield, and plant architecture.

Figure 1. Phenotypic characterization of the dn// mutant. A.-C. Wild-type and dn// plants 25 days (A), 60 days
(B) after sowing and maturity (C); D.-G. flag leaves (D), panicles (E), grains (F), and brown rice (G) of the main
panicles of wild-type and dnll plants. A.-E. The left one is the wild-type and the right one is the dn// mutant. F.
and G. The above ones are the wild-type and the bottom ones are the dn// mutant plants. Bar = 10 cm (A.-E.) or
0.5 cm (F. and G.).

Table 3. Phenotypic analysis of the dn/] mutant.

Lines Plant height Tillers Flag leaf width ~ Culm diameter Seed setting rate  No. of spikelets ~ Weight of 1000

(cm) (cm) (cm) (%) per panicle grains (g)
Wild-type 7023 +2.12  14.6+4.20 1.19+0.07 0.35+0.04 90.67 +2.35 85.05+3.25 28.85+0.24
dnll 50.33+4.80 38.88+6.51 0.56 +0.06 0.22+0.02 2391 +5.78 46.12 +5.06 16.81 +0.09
P value 1.74 x 107 1.38x 10° 5.71x 10" 7.69 x 107 6.67x 10% 5.32x10° 2.21x10°
(t-test)

Values are reported as means + SD of 10 biological replicates.

Stem growth was affected in the dn/l mutant

During maturity, the average height of dn// mutant plants was approximately 71% of its
wild-type (Figures 1B, C, 2A and Table 3). The internode elongation patterns between the dn//
mutant and wild-type were compared (Figure 2A and B), and the data showed that the panicles
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and internodes of the dn// mutant were remarkably shorter than those of its wild-type. The stems
of the dnll mutant were thinner than those of wild-type, and stem diameter of the dn// mutant
was about 63% of wild-type (Figure 2A, B and Table 3). To determine whether the dwarf phe-
notype of the dnl/l mutant resulted from defective cell division and/or cell elongation, longitu-
dinal sections of internodes I, I1, and III of dn// mutant culms were compared with its wild-type
counterparts. As shown in Figure 2C-G, the cell length of the drl// mutant was not significantly
shorter, while the total cell number in the y-axes in internodes I, II, and III of the dn// mutant
was significantly less than that of its wild-type. This result indicated that total cell number in the
y-axes in internodes was the main reason for the dwarf phenotype of the dn// mutant.
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Figure 2. Differences of the culms and scanning electron microscopic (SEM) observation of internodes between wild-
type and dn/l mutant plants. A. Main culms of wild-type (left) and dn/l mutant (right) plants. Arrows indicate the
positions of nodes. Bar = 15 cm. B. Differences of panicles and internodes of main culms between wild-type (left) and
dnll mutant (right) plants. P = Panicle. Those from I to V indicate the corresponding internodes from top to bottom.
Bar = 15 cm. C. Total cell number of internodes I, II, and III in y-axis. The presence of different letters indicates
significance (lowercase and capital letters represent P < 0.05 and 0.01, respectively); D. and E. SEM of transverse
sections of the middle part of internode I of wild-type (D) and dn// mutant (E) plants at the mature stage; F. and G.
SEM of longitudinal sections of the middle part of internode I1I of wild-type (F) and dn/l mutant (G) plants at the
mature stage.

Genetic analysis and fine mapping of the dn/l mutant gene

Plant height, leaf width, stem diameter, and other phenotypes of F, hybrids derived
from the cross between the dn// mutant and wild-type cv. Asominori, cv. Nanjinl1 were nor-
mal. The F, populations derived from the cross between the dn// mutant and wild-type cv.
Asominori, cv. Nanjinl1 showed that normal and dwarf, narrow-leaf plants of the 2 F, popula-
tions segregated as 357:141 and 2905:901, respectively (x> = 2.74, 3.50 < XZZ’ 005 = 3-84, P>
0.05), which indicated that the dn// mutation was controlled by a single recessive gene.
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The dnll gene was primarily mapped between the InDel markers Ind12-11 and SSR
marker RM8214 on the short arm of chromosome 12 using 22 dwarf, narrow-leaf plants
from the F, population of a cross between the dn// mutant and cv. Nanjinl1 (Figure 3A).
The dnll gene was then localized between markers Ind12-11 and RM 1880, with genetic dis-
tances of 3.1 and 5.5 cM, respectively, based on 184 mutant plants (Figure 3B). After more
InDel markers were developed (Table 1), the dnll gene was further localized in an interval of
285.75 kb bracketed by the markers Ind12-2 and Ind12-8, based on 901 mutant individuals
(Figure 3C and D).
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Figure 3. Genetic and physical maps of the dn// gene on rice chromosome 12. A. and B. Primary mapping of the
dnl gene; C. fine mapping of the dnll gene; D. BAC contigs around the dnl! locus.

dnll is a GA-insensitive mutant

Recent molecular genetic approaches have revealed that plant dwarfism is often caused
by defects in the biosynthesis and perception of plant hormones such as GAs and brassino-
steroids (BRs) (Ueguchi-Tanaka et al., 2000; Sasaki et al., 2002, 2003; Hong et al., 2003; Itoh
et al., 2004; Tanabe et al., 2005). To determine whether dn/! is deficient in or insensitive to GA
or BR, we treated dnl/l mutants with GA3 and most bioactive BR compound, BL (Figure 4).
When treated with BL, the length of the second leaf sheath of dn// mutants was not elongated
and was almost the same as that of wild-type plants (Figure 4B). This result indicates that the
dnll mutant gene has no correlation with BR plant hormones. However, the response of dnl//
to exogenously applied GA3 was much lower than that of the wild-type plants (Figure 4A),
indicating that the dn// mutant has a defect in GA responsiveness.
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Figure 4. Elongation of second leaf sheath in response to A. gibberellin (GA3) and B. brassinolide (BL) treatment
in wild-type (squares) and dn/l mutant (lozenges) plants. Data are reported as means = SD; N = 20.

Expression of genes involved in gibberellin metabolic pathways is affected in the
dnll mutant

The dnll mutant is insensitive to GA3 (Figure 4A), so the expression analysis of
genes involved in GA biosynthesis and response pathways in the dn// mutant was investigated
by real-time PCR (Figure 5). The results showed that the expression of the GA response genes
GID1 and EUII was not changed, while the expression of the GA response genes D/, SLRI,
and GID2 and GA biosynthesis genes GA200x2, GA200x3, GA30x2, GA20x1, and GA20x3
significantly differed in the dn// mutant. The results suggested that the DNLI gene likely plays
an important role in GA metabolic pathways.
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Figure 5. Expression analysis of genes involved in the gibberellin synthesis and response pathway in dn// mutant
and wild-type plants. Quantitative real-time PCR was performed with total RNA from 40-day-old plants. Transcript
levels of all genes tested in the wild-type were arbitrarily set to 1. Values are reported as means + SD of the 3
replicates. For each gene, the presence of different letters indicates significance (lowercase and capital letters
represent P < 0.05 and 0.01, respectively).
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DISCUSSION

Plant height is one of the most important agronomic traits of rice. The dwarf mutants
are ideal materials in research on the mechanism for the regulation of rice plant height. Up to
the present, more than 60 rice dwarf mutants have been reported (Matsuo et al., 1997). Besides
having a short plant height, many dwarf mutants also have many other abnormal phenotypes,
such as small grains, multiple tillers, narrow or rolled leaves (Ueguchi-Tanaka et al., 2000;
Tanabe et al., 2005; Arite et al., 2007; Li et al., 2009). On the basis of these associated traits,
rice dwarf mutants could be divided into 3 groups, small grain dwarfs, such as d/ and d//,
malformation dwarfs, such as d2, d6, and tdd1, high-tillering dwarf, such as htd1, htd2, d10,
and d27 (Ueguchi-Tanaka et al., 2000; Nagasaki et al., 2001; Hong et al., 2003; Tanabe et al.,
2005; Zou et al., 2005; Arite et al., 2007; Liu et al., 2009; Sazuka et al., 2009; Lin et al., 2009).
In the present study, besides dwarfism, the dn// mutant also showed narrow leaf and thin culm
characters and higher tiller number, but the number of grains per panicle, the seed setting rate,
and the grain weight were significantly decreased compared with wild-type (Figure 1 and
Table 3). Earlier, another dwarf mutant nd/ (narrow leaf and dwarf) with almost the same
phenotypes as dnll had been reported (Li et al., 2009). However, nd! is a GA-sensitive dwarf
mutant, and dn/! is not (Figure 4A). The fine mapping of dn/l suggested that they are on dif-
ferent regions of the chromosome (Figure 3). Also, no other dwarf mutants have been reported
in the chromosome region of dnl/i. Therefore, dnll is a new dwarf and narrow-leaf mutant,
and the DNL1 gene may have pleiotropic effects on plant height, yield, and plant architecture
in rice. The cloning and function analysis of DNLI will have important significance for further
understanding the molecular mechanism of the regulation of growth and development of rice.

The control of rice plant height is mostly related to the biosynthesis of and respon-
siveness to phytohormones such as GAs, BL and strigolactone (Ueguchi-Tanaka et al., 2000;
Sasaki et al., 2002, 2003; Hong et al., 2003; Itoh et al., 2004; Tanabe et al., 2005; Arite et al.,
2007; Lin et al., 2009). A series of genes encoding the enzymes involved in the GA biosyn-
thetic pathway have been cloned from a variety of species (Hedden and Phillips, 2000). In
contrast to the rapid progress in the study of GA biosynthesis, much less is known about how
plants perceive GA and how the GA signal is transmitted to cause GA-regulated plant growth.
When the dwarf mutants were related to the GA responsiveness and signal transduction, they
were insensitive to the exogenous GAs (Ikeda et al., 2001; Sasaki et al., 2003; Ueguchi-Tana-
ka et al., 2000, 2005). Thus, GA-insensitive mutants are ideal research materials to study how
plants perceive GA and how the GA signal is transmitted. On the basis of research on the
GA-insensitive dwarf mutants slr1, gidl, and gid2, important progress has been made in GA
responsiveness and signal transduction. The GA-GID1-DELLA pathway, which is the basic
GA signal transduction pathway, has been established (Ikeda et al., 2001; Sasaki et al., 2003;
Ueguchi-Tanaka et al., 2005). When the GA receptor GID1 receives the GA signal, bound to
SLR1, a rice DELLA protein, which is a repressor of GA signaling, forms a GA-GID1-SLR1
complex. The SLR1 protein is then degraded through the SCF-mediated 26S proteasome sys-
tem (Ikeda et al., 2001). The GA signal then regulates plant growth and development. GID2
is the F-box protein subunit of the SCF complex (Sasaki et al., 2003). In this study, the results
of phytohormone induction of shoot elongation suggested that dn// is a GA-insensitive dwarf
mutant (Figure 4A). Therefore, the dn// mutant may have a defect in GA responsiveness, and
the DNLI gene should be a regulator in the GA responsiveness and signal transduction path-
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way. The results of expression analysis of genes involved in GA biosynthesis and response
pathways showed that the expression of the GA response genes D/, SLRI, and GID2 and GA
biosynthesis genes GA200x2, GA200x3, GA30x2, GA20x1, and GA20x3 significantly changed
in the dn/l mutant. These results further suggest that DNL1 is very important in the GA signal
transduction pathway. The change in expression of GA biosynthesis genes may be due to the
feedback regulation of endogenous GAs.

Our results about the novel GA-insensitive dwarf and narrow-leaf mutant dnl/ are
very useful for DNL1 gene cloning and to improve our understanding of the molecular mecha-
nism of the regulation of growth and development of rice. However, cloning of the DNLI gene
and its role in GA metabolic pathways and regulation of growth and development of rice still
need further research.
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