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Abstract
Dwarf plant height and tillering ability are two of the most important agronomic traits that determine the plant architecture, and
have profound inﬂuence on grain yield in rice. To understand the molecular mechanism controlling these two traits, an EMSinduced recessive dwarf and increased tillering1 (dit1) mutant was characterized. The mutant showed proportionate reduction
in each internode as compared to wild type revealing that it belonged to the category of dn-type of dwarf mutants. Besides,
exogenous application of GA3 and 24-epibrassinolide, did not have any effect on the phenotype of the mutant. The gene was
mapped on the long arm of chromosome 4, identiﬁed through positional candidate approach and veriﬁed by cosegregation
analysis. It was found to encode carotenoid cleavage dioxygenase7 (CCD7) and identiﬁed as an allele of htd1. The mutant
carried substitution of two nucleotides CC to AA in the sixth exon of the gene that resulted in substitution of serine by a
stop codon in the mutant, and thus formation of a truncated protein, unlike amino acid substitution event in htd1. The new
allele will facilitate further functional characterization of this gene, which may lead to unfolding of newer signalling pathways
involving plant development and architecture.
[Kulkarni K. P., Vishwakarma C., Sahoo S. P., Lima J. M., Nath M., Dokku P., Gacche R. N., Mohapatra T., Robin S., Sarla N., Seshashayee M.,
Singh A. K., Singh K., Singh N. K. and Sharma R. P. 2014 A substitution mutation in OsCCD7 cosegregates with dwarf and increased tillering
phenotype in rice. J. Genet. 93, 389–401]

Introduction
Dwarf plant height and tillering are two of the most important agronomic traits that directly contribute to the increase
in the net grain yield. Utilization of dwarf genotypes had
an enormous impact on rice yield during the ‘green revolution’ era (Khush 1999). Semidwarf1 (sd1), the ﬁrst cloned
rice dwarﬁng gene, has contributed most signiﬁcantly to rice
breeding (Ashikari et al. 1999; Hedden 2003). The gene sd1
was ﬁrst identiﬁed in the Chinese semidwarf rice variety
∗ For correspondence. E-mail: rpsnrcpb@yahoo.co.in.

Dee-geo-woo-gen, which was used to develop the semidwarf
cultivar IR8 that produced record yields throughout Asia and
formed the basis for the development of several high yield,
semidwarf varieties. Since then, sd1 has remained the predominant dwarﬁng gene to be deployed in modern rice cultivars (Spielmeyer et al. 2002). For identifying alternatives,
many different dwarf mutants have been tried for their utilization in crop breeding, but most of them failed due to their
extreme phenotypes or pleiotropic effects (Arite et al. 2007).
Therefore sd1 remained the main dwarﬁng gene to be used in
most of the present semidwarf varieties. However, the extensive use of a single gene in the genetic background of all the
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modern rice varieties might become a bottleneck by way of
enhancing genetic vulnerability of rice to pests and diseases
(Asano et al. 2009).
Besides dwarf plant height, tillering ability is another
important agronomic trait because tiller number per plant
determines panicle number, a key component of grain yield
(Yan et al. 1998). Rice tiller number and plant height exhibit
a highly negative correlation, as shown in several studies
(Iwata et al. 1995; Yan et al. 1998; Li et al. 2003; Ishikawa
et al. 2005). Tillering, along with plant height have been
studied for many years and found to be quantitative in nature.
Only a limited effort has been made towards understanding the interactions, and molecular and physiological basis
behind these phenotypes. A class of mutants termed as hightillering dwarfs (HTDs) was earlier identiﬁed and used as
a base material for understanding these two traits and for
revealing the molecular basis of their negative correlation in
rice (Kinoshita and Takahashi 1991).
A number of HTDs, generated using different mutagens
have been identiﬁed and mapped onto different rice chromosomes (Zou et al. 2005, 2006; Yan et al. 2007; Jiang et al.
2009; Li et al. 2010; Zhang et al. 2011). In an effort to dissect the molecular basis of tillering, Ishikawa et al. (2005)
analysed ﬁve different HTD mutants. They used map-based
cloning approach for one of the mutants named D3 which
revealed that the gene D3 encodes F-box leucine-rich region
protein orthologous to Arabidopsis MAX2/ORE9. Out of the
four genes of the MAX pathway in Arabidopsis, MAX1,
MAX3 and MAX4 were thought to be involved in the
production of strigolactone hormones, while MAX2 was
reported to function in its perception or signalling (Booker
et al. 2004, 2005). D17/HTD1 corresponded to OsCCD7,
an orthologue of Arabidopsis MAX3/CCD7, involved in the
outgrowth of auxiliary buds (Zou et al. 2006). D27 was
reported as a new component in the MAX pathway and
thought to be involved in biosynthesis of strigolactones (Lin
et al. 2009). Gao et al. (2009) characterized an EMS-induced
dwarf mutant, d88, and isolated the gene that encoded a putative esterase which was found to express in most of the rice
organs.
Detailed analysis of high tillering mutants has greatly
advanced the understanding of developmental regulation particularly shoot branching. A set of high-branching mutants
isolated from pea, Arabidopsis and petunia have been used
to study the control of shoot branching (Beveridge 2006;
Ongaro and Leyser 2008). These studies revealed that the
mutants were deﬁcient in either the synthesis or signalling
of strigolactone. Prior to this, strigolactone was identiﬁed
ﬁrst as an elicitor of parasitic seed germination (Cook et al.
1972) and then as an inducer of mycorrhizal hypha branching (Akiyama et al. 2005). However, much more remains
to be understood about the molecular mechanisms of shoot
branching. Therefore, the present study was undertaken to
identify and characterize the dwarf and increased tillering
mutants, and to map and isolate the underlying gene that
controls the trait expression.
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Materials and methods
Plant materials and mapping populations

The dit1 mutant was taken from Mutant Garden, a collection of EMS-induced mutants of one of the drought-tolerant
cultivars, Nagina22 being maintained at National Research
Centre on Plant Biotechnology, New Delhi, India (Mohapatra
et al. 2014). The mutant was developed under a network
project funded by Department of Biotechnology, Government of India. The mutant was advanced for more than ﬁve
generations to ensure homozygosity and the expression of
the trait under greenhouse as well as in ﬁeld conditions at the
Indian Agricultural Research Institute (IARI), New Delhi,
India, was studied. The cultivars Nagina22 and IR64 were
used as male parents to cross with the mutant for generation
of F2 populations for genetic analysis. All the plants were
grown according to standard agronomic practices, with spacing of 15 cm between plants within a row and 20 centimetre between rows. Plant height was measured in centimetre
from soil surface to tip of the tallest panicle (awns excluded)
at least ﬁve plants, in two seasons. The measurements for
other traits viz. panicle length, tiller number and lengths of
each of the internodes were done at the adult stage, and the
phenotypic data was used for QTL analysis.
Study of hormone sensitivity

To determine whether the mutation was related to gibberellin or brassinosteroid synthesis, responsiveness of the
mutants to the treatments with these hormones was investigated. Hormonal solutions of 1 μM concentration of GA3
and 24-epibrassinolide were prepared in water along with
0.2% Tween20 and exogenously applied on the leaves of
one-month old seedlings of the mutant. Observations were
recorded for any change in the phenotype of the mutant after
two weeks of hormone application. The data for tiller number and plant height was recorded in hormone-treated mutant
plants and compared with the control.
DNA extraction and molecular marker analysis

A subset of the F2 population from the cross of the mutant
with IR64 was used for mapping the mutation. Bulked segregant analysis (BSA) was used initially to locate the mutation on rice chromosome and then additional markers were
used to construct the linkage map. Equal concentrations of
DNA from each of 10 mutant type plants and 10 IR64 type
plants were pooled to form a mutant DNA bulk and IR64
type DNA bulk, respectively. Genomic DNA was extracted
from the fresh leaves of rice plants using CTAB method
(Doyle and Doyle 1990). More than 800 simple sequence
repeat (SSR) markers were used for parental polymorphism
survey. The order of SSR markers was based on the rice
linkage map described by Temnykh et al. (2000), McCouch
et al. (2002) and Gramene (http://www.gramene.org). Polymorphic markers were screened against the two DNA bulks,
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along with the two parents to identify markers putatively
linked to the trait. PCR was performed according to standard
protocol. Each 25 μL PCR reaction mixture was composed
of 50 ng template DNA, 10 mM Tris-HCl (pH 9.0), 50 mM
KCl, 1.5 mM MgCl2 , 5 μM of each primer, 2.5 mM of each
dNTP, and 1 U Taq DNA polymerase (Bangalore Genei, Bangalore, India). Ampliﬁcation was performed by the following
program: initial denaturation at 94◦ C for 5 min, followed by
35 cycles of 30 s at 94◦ C, 30 s at 55◦ C, and 1 min at 72◦ C,
with a ﬁnal extension at 72◦ C for 7 min. The ampliﬁcation
products were separated on 4% metaphor agarose gels and
photographed using gel documentation system.
Molecular mapping and sequencing analysis

A subset consisting of 184 F2 plants from the cross of mutant
with IR64 was used for QTL mapping. Initially linkage
relationship between marker data and phenotype data was
investigated using Mapmaker3.0 (Lander et al. 1987) and
Kosambi function (Kosambi 1944) was used to transform
the recombinant rate to genetic distance in cM. A genetic
map of all the markers was constructed at a likelihood of
odds (LOD) threshold of 3.0. The QTLs were mapped using
composite interval mapping (CIM) function of the WinQTL
Cartographer, ver. 2.5 (Zeng 1993, 1994; Wang et al. 2012).
The CIM analysis was performed using Model 6, scanning
the genetic map and estimating the likelihood of a QTL and
its corresponding effects at every 1 cM, while using signiﬁcant marker cofactors to adjust the phenotypic effects associated with other positions in the genetic map. The number
of marker cofactors for the background control was set by
forward–backward stepwise regression. A window size of
10 cM was used, and hence cofactors within 10 cM on either
side of the QTL test site were not included in the QTL model.
QTLs with LOD value ≥ threshold LOD, as determined by
1000 permutation tests at P ≥ 0.05 (Churchill and Doerge
1994; Doerge and Churchill 1996), were declared as signiﬁcant QTLs. The proportion of observed phenotypic variance
explained by a QTL was estimated as the coefﬁcient of determination (R2 ). MapChart ver. 2.2 (Voorrips 2002) was used
to depict the linkage groups and QTLs.
A part of the SD1 gene was ampliﬁed from the mutant
using a pair of primers (forward primer: 5 -CACGCAC
GGGTTCTTCCAGGTG- 3 and reverse primer: 5 -AGGAG
AATAGGAGATGGTTTACC- 3 ) as reported in Ellis and
Spielmeyer (2002). For ﬁne mapping, a mapping population
consisting of F3 progenies of a single F2 plant, heterozygous
at the target QTL but homozygous at other loci at the target
QTL interval on the respective chromosome was used. Additional SSR markers were designed and used in ﬁne mapping.
The available genome sequence data of rice (http://www.
tigr.org) was retrieved to identify the repeat motifs in the
target region using SSR locator and primers were designed
(da Maia et al. 2008). The candidate gene was ampliﬁed
from the mutant and Nagina22 by PCR with Phusion Taq
(New England BioLabs, UK). A total of three primer pairs

for the candidate gene were designed using Primer3 (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.
cgi) with an overlap of 150–200 bp among the amplicons.
The products were sequenced using Sanger Didoxy method
on an Automated Sequence Analyzer (Applied Biosystems,
USA) in both forward and reverse directions. The trace ﬁles
were base called and checked for quality using the internal software of the sequencer. Trimming option was used
to edit the poor-quality sequences and quality value of 20
was ﬁxed for base calling for 99% accuracy. To identify
the mutation site, the sequences for Nagina22 and mutant
plants were aligned using ClustalW multiple alignment tool
of the BioEdit Sequence Alignment Editor (Hall 1999). To
validate the mutation site, correlation between inheritance of
the genomic fragment and mutant phenotype was veriﬁed
in F3 progenies. A set of 24 F3 progenies showing mutant
phenotype were selected from the ﬁne mapping population
and used for sequencing of the candidate gene using the
same set of primer pairs used earlier for sequencing of the
candidate gene.

Results
Morphological features of the mutant and hormonal assays

Mutant had a plant height of 69 cm (57% of wild type) and
60–70 tillers per plant, which was almost 6–7 times higher
than the wild type (ﬁgure 1a). The number of internodes
ranged from 4–5 in the mutant as well as Nagina22. Length
of each internode as well as panicle was reduced as compared to Nagina22 (ﬁgure 1, b&c). Exogenous application
of GA3 and 24-epibrassinolide at required concentrations
did not lead to any signiﬁcant changes in the phenotypes
of the treated mutant plants, as compared to untreated ones
(ﬁgure 2).
Chromosomal localization of the gene affecting mutant
phenotype

The F2 population (513 individuals) obtained from the
mutant × IR64 cross was phenotyped for plant height and
tillering. About half of the F2 individuals showed the plant
height greater than both the parents (ﬁgure 3). Mean plant
height of the F2 individuals was 120 cm. Besides plant
height, variation for tiller number, panicle length and lengths
of second and third internodes was revealed in the F2 population. Equal amount of DNA from 10 F2 plants having similar
phenotypes as the mutant was mixed to constitute the mutant
bulk, whereas the IR64 type bulk was prepared by mixing
equal amount of DNA from 10 plants having same phenotype
as IR64. BSA using 154 polymorphic markers identiﬁed the
marker RM303 that differentiated the parents as well as DNA
bulks. Genotyping of all the F2 individuals that constituted
the mutant bulk had the same allele for the marker RM303
(data not shown). Therefore, RM303 was identiﬁed as putatively linked to the dit1 gene on the long arm of chromosome 4.

Journal of Genetics, Vol. 93, No. 2, August 2014

391

Krishnanand P. Kulkarni et al.

Figure 1. (a) Morphological features of dit1 mutant (bar = 20 cm); (b) difference in the length of the panicle (P), 1st
(I), 2nd (II), 3rd (III), 4th (IV) and 5th internode (V) between Nagina22 (N) and dit1 mutant (D); (c) comparison of
length of each of internode and panicle in Nagina22 and dit1 mutant.

Molecular mapping and selection of QTL controlling dit1
phenotype

Since plant height and tiller number are quantitative traits,
whole genome scanning for the QTLs using 184 F2 plants
was performed. The analysis identiﬁed two major QTLs for
plant height, one each on rice chromosomes 1 and 4, and one
major QTL for tiller number that corresponded to the QTL
for plant height on long arm of chromosome 4. Apart from
these, one minor QTL for tiller number on short arm of chromosome 1, one minor QTL for panicle length on chromosome 4, and one QTL each for lengths of second and third
internodes on long arm of chromosome 4 were identiﬁed
(ﬁgure 4; table 1). To characterize the QTL on chromosome 1,
which corresponded to the position of SD1 gene, primers
reported for SD1 giving a product length of 731 bp covering the functionally relevant mutation, were used to amplify
392

and sequence sd1 allele in Nagina22 and dit1 mutant. The
PCR product when run on 2% agarose gel showed presence
of a 731 bp product in both the samples. The PCR product
was sequenced using the same primer pair in forward and
reverse directions. The sequence alignment of the products
from wild type and mutant showed that there was no difference in the sequenced region that spanned about 655 bp
including the functionally relevant region suggesting that
sd1 was most likely not controlling the mutant phenotype
(ﬁgure 5).

Fine mapping and characterization of QTL inﬂuencing dit1
phenotype

A large population of 1182 plants produced from a single
F2 plant, a recombinant line heterozygous at the target QTL
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Figure 2. Effects of GA3 and 24-epibrassinolide on dit1 mutant (error bars represents
standard error).

but homozygous at other loci, where the LOD peak was in
the marker interval SSR893–RM17305, was used for ﬁne
mapping of the QTL on chromosome 4. The plant produced
progenies which segregated for dit1 phenotype in 1:3 ratio.
For ﬁne mapping of the gene, only the recessive individuals
were used. The polymorphic markers from the QTL interval
were used to screen the selected set of the mutant type recessive plants to identify the recombinants. Additional markers were designed and used for this purpose (table 2). The
plants showing presence of IR64 allele, whether homozygous
or heterozygous, were considered recombinants because the

phenotype of all the selected plants was dwarf and increased
tillering type. This way, recombinants were identiﬁed for
each of the markers from the QTL interval. For the markers RM7187 and RM3820, no recombinants were identiﬁed
(ﬁgure 6). This suggested that RM7187 and RM3820 marker
region carried the QTL/mutant locus. Considering the recombination breakpoints as indicated by graphical genotyping,
the physical distance of the region (http://rice.plantbiology.
msu.edu/) spanned about 984 kb.

OsCCD7 identiﬁed as candidate for DIT1

The region of the target QTL interval ﬂanked by the markers
RM17305 and SSR893 that mapped onto chromosome 4 had
153 predicted genes of which 103 had evidence of expression. This region contained OsCCD7 (LOC_Os04g46470),
the closest homologue of Arabidopsis gene MAX3. This
gene was physically close to marker RM7187 that had
given no recombinant. To further conﬁrm the dit1 allele
and the mutation site, the gene sequence was downloaded
from the rice genome browser (http://rice.plantbiology.msu.
edu/cgi-bin/gbrowse/rice/). Sequence alignment of the products from mutant and wild type showed a change in two
nucleotides (both from C in wild type to A in the mutant) in
the sixth exon at positions 2089 and 2090 of the OsCCD7
(ﬁgure 7). The change in nucleotide converts 526th amino
acid serine to a stop codon that causes premature termination
of the polypeptide and forms a truncated protein.

Mutation site veriﬁed in F3 progenies of the cross
between mutant and IR64

Figure 3. Frequency distribution of plant height in 513 F2 plants
of the cross between dit1 mutant and IR64.

The mutation site was further veriﬁed in F3 progenies of the
cross used for ﬁne mapping of the allele. A set of 24 F3 progenies from the cross mutant × IR64, showing mutant phenotype were selected for sequencing of the candidate gene.

Journal of Genetics, Vol. 93, No. 2, August 2014

393

Krishnanand P. Kulkarni et al.

Figure 4. Genetic map of chromosomes 1 and 4 showing QTL positions for measured
traits; ph, plant height; tn, tiller number; pl, panicle length; in, internode length.

The height of these plants ranged from 54 to 86 cm, whereas
tiller number varied from 27 to 68 (data not shown). DNA
was extracted from one-month-old seedlings of these plants
and the genomic fragment was ampliﬁed using the same set
of primers used earlier and sequenced in forward and reverse
directions. The high quality sequences of the OsCCD7 were
used to construct the contigs, which were aligned along with
the sequences of Nagina22 and dit1. The alignment of the
sequences showed the presence of the same two SNPs in
tandem in all the F3 progenies (ﬁgure 8).

Discussion
The traits plant height and tillering habit have been studied for many years in cereal crops and a number of mutants
for these traits have been identiﬁed in rice. These mutants
are defective in the genes coding for proteins that work
in biosynthetic pathways of one of the growth hormones
such as gibberellins and brassinosteroids. For instance, d1
(Ueguchi-Tanaka et al. 2005) and d35 (Itoh et al. 2004)
were found involved in gibberellin pathway, whereas d2

Table 1. Identiﬁcation of QTLs for plant height and associated traits in F2 population derived from the cross dit × IR64.
Trait
Plant height
Tiller number
Panicle length
Length of second internode
Length of third internode

394

QTL

Chr./arm

Marker interval

R2 value

LOD

qDITph1.1
qDITph1.2
qDITph4.1
qDITtn1.1
qDITtn4.1
qDITpl4.1
qDITpl4.2
qDITin2-4.1
qDITin3-4.1

1L
1L
4L
1S
4L
4L
4L
4L
4L

RM431–RGNMS350
RM11885–RM431
RM17249–RM303
RM3412–RM129
RM17249–RM303
RM17282–RM303
Os30683–RM5473
RM17282–RM303
RM17282–RM303

0.32418
0.16415
0.66927
0.05358
0.19792
0.14788
0.2463
0.20537
0.03845

16.5
9.8
20.5
3.3
24.9
24.7
6.1
11.9
9
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Additive effect
34.8989
24.9265
−30.247
−0.6325
6.2548
−5.1292
−1.3034
−6.8102
−5.5098
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Figure 5. Alignment of nucleotide sequence of Nagina22 and dit1 mutant at sd1 locus, showing absence of any kind
of mutation in 655 bp length of the amplicon targeting the known functional region.

(Hong et al. 2003), d11 (Tanabe et al. 2005) and d61
(Yamamuro et al. 2000) were related to brassinosteroid pathway. However, some of the mutants like htd1 (Zou et al.
2005) have shown reduced culm lengths and increased number of tillers, but have failed to respond to such hormones.
The mutants, such as d10 and d17 could regain the wild-type

phenotype through exogenous application of GR24, a synthetic strigolactone analogue. Later, such mutants were
shown to be defective in genes coding for the proteins that
work in the strigolactone biosynthesis pathway (Arite et al.
2009). In this study, we identiﬁed and characterized a mutant
designated earlier as dit1 (Kulkarni et al. 2013), that showed
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Table 2. SSRs designed and used in this study.
Marker

Repeat motif

Primer sequences (5 –3 )

SSR870

(TA)35

SSR871

(TA)22

SSR875

(GA)20

SSR879

(AAT)37

SSR885

(AT)27

SSR890

(AT)20

SSR893

(GAA)14

SSR896

(TA)42

SSR909

(AT)22

SSR910

(TA)48

SSR911

(AT)32

SSR913

(AT)31

SSR916

(AG)25

SSR917

(AT)24

SSR919

(TA)20

Os30683

(CT)18

Os31043

(GA)16

F: AGGTCCAACCATAGGTTTTT
R: GAGCTTTATTTCTGCACACC
F: TGAGACGACCAGACTCCTAC
R: GCTTTAACCCCTTTGAAAAT
F: CTGGACTTGAAGTTCTCTGG
R: ATCTAGCACAGGAGACCAAA
F: ATTCTTGCAATTTCGGTAAA
R: TCTTTTTGATTGACCAAAGG
F: GGGATGACCATGTGAGTTTA
R: TTAACAGATGATGCAAATCG
F: CCATCACCATAATGTTGTGTA
R: CAGATATGCATTGTGGAGTG
F: AGAACCCGTTCTACGTCAC
R: GCCTTGAGTAGTGAGAGGTG
F: ATCACCGATCCATGTGTAGT
R: ACCTTATGGACACCTGTTTG
F: AAGGTTCCCTTGAAACTAGG
R: TCAATTTCAACAATGGTGTC
F: GATTTTCTGCATTTGAAACC
R: AAGGTGACACACACACACAT
F: GATGGTGAATCTCGGTCTAA
R: TGTCCCATCATCACAAACTA
F: TTTGAGACCTCCAGTACACC
R: ATATGCAATCCCACAAGAAC
F: CTATTCTGTCCGGTAAGTGC
R: GTAAAATCCGTCAGTTCGTC
F: GGGCCCTCTAAGCTATGTAT
R: AAATGACTTGGCTATGTGCT
F: AAACATGGTGCCCTATACAC
R: CGTAATGGAATCTGATGGTT
F: CCATCAGTTGAAGGGCTCTC
R: CTTTTATGGCATGGGCAACT
F: CTGGAATCACAAACCACGAC
R: GCTACCTCAAGCTCCAACGAC

dwarf phenotype along with increased tiller number. Besides,
the mutant showed reduction in each of the internodes as
compared to wild type, which suggested that dit1 belonged
to the category of dn-type of dwarf mutants (Takeda 1977).
However, this mutant did not respond to exogenous application of GA3 and 24-epibrassinolide indicating that the
dwarfness of the mutant was due to a different molecular mechanism compared to the normal gibberellin-related
and brassinosteroid-related dwarﬁng phenomenon. Similar
results were obtained in case of HTDs mutants characterized
by Zou et al. (2005) and Zhang et al. (2011).
The trait segregation of dit1 mutant was studied earlier
to determine inheritance pattern and was found to be controlled by a single recessive gene (Kulkarni et al. 2013). For
chromosomal localization of this gene, BSA was employed,
which identiﬁed a marker RM303 that differentiated the parents as well as DNA bulks based on mutant type and IR64
type phenotypes. Since this marker was located on the long
arm of chromosome 4 and was the single marker out of the
154 polymorphic markers used in BSA that differentiated the
bulks, it could possibly be linked to the trait and the gene
396

Estimated amplicon
size (bp)
378
351
328
276
146
205
324
384
255
312
305
199
302
368
338
133
195

controlling the dit1 phenotype could most likely be present
in the vicinity of this marker. This marker was earlier found
to be linked to the htd1 gene (Zou et al. 2005).
Whole genome scanning of QTLs of plant height identiﬁed two major QTLs for plant height, one each on chromosome 1 (qDITph1.1) and chromosome 4 (qDITph4.1). The
QTL qDITph1.1 corresponded to the position of sd1 gene,
suggesting that the variation explained by this QTL may be
due to the effect of sd1 gene. As the second parent used in
mapping was IR64, which is known to have sd1 allele in
its background, it might have contributed to the phenotypic
variation explained by this QTL. However, the contribution
of this locus to the mutant phenotype in dit1 was ruled out
due to several reasons. First, the sd1 gene has been reported
to reduce plant height by 25% through approximately proportional reductions in lengths of the top ﬁve internodes
(Rutger 1984). However, in the dit1 mutant, there was 41%
reduction in the plant height. Second, the sd1 allele has been
reported to practically have no effect on panicle length; however in the dit1 mutant, panicle length was also reduced and
other associated traits were also affected. Third, the height
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Figure 6. (a) QTL qDITph4.1 was mapped on long arm of the chromosome 4, ﬂanked by the markers RM17249
and RM303; (b) dit1 was localized in the 984 kb region (4.7 cM distance) in the F3 population. The numbers in the
parenthesis below each markers indicate number of recombinants. (c) Graphical representation of selected F3 progenies
based on their allele composition for the target QTL interval.

of the sd1 mutants is restored by exogenous application of
GA, whereas in dit1 mutant, there was no such restoration
observed. Fourth, the sequence analysis of the sd1 locus in
the mutant and Nagina22 revealed no change in the sequence;
however, the expected deletion was found to be present in
IR64 (data not shown). Since Nagina22 is tall and IR64 is a
semidwarf variety, it is known that they differ at sd1 locus.
However, since there was no difference in the Nagina22 and

dit1 mutant at sd1 locus, it reveals that the mutant carried the
copy of sd1 allele of Nagina22. Thus, the analysis conﬁrmed
that the sd1 is not responsible for the dwarﬁng phenotype of
the mutant.
The above experiments suggested that the QTL qDITph4.1
might be responsible for the dit1 phenotype and was therefore selected for ﬁne mapping. The QTL interval was narrowed down to a small region of about 4.7 cM distance
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Figure 7. Alignment of OsCCD7 sequence in wild type and dit1 mutants, showing the site of mutation (marked by an arrow).

Figure 8. Alignment of OsCCD7 sequence in mutant-type F3 recombinants showing the presence of same SNPs
identiﬁed in dit1 mutant (black box indicates the identiﬁed SNP site).

on the long arm of chromosome 4, ﬂanked by the markers
RM17305 and SSR893. The LOD peak of the QTL also corresponded to this interval, which was about 984 kbp. The
graphical genotyping of the recombinants revealed that the
recombination breakpoints were present in the marker intervals RM17305–RM7187 and RM3820–SSR893. Thus, the
398

gene was thought to be present in this interval and was identiﬁed through candidate-based approach. This region had 153
predicted genes of which 103 had evidence of expression.
It included OsCCD7, the candidate identiﬁed for htd1 gene.
The mutations dit1 and htd1 were considered to be in the
same gene OsCCD7 because of three reasons. First, the
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htd1 and dit1 both belonged to the dn-type category of
dwarf mutants. Second, both the mutants did not respond to
GA3. Third, both have been conﬁned to same location on
chromosome 4.
Sequence analysis further revealed two point mutations
(both C to A) in OsCCD7 that might have produced a truncated protein. Many mutants in rice and other crop systems
have been characterized in recent past where a point mutation or frameshift mutation in a gene sequence has resulted
in formation of premature stop codons and produced protein with impaired function (Peng et al. 1999; Ashikari et al.
2002; Chen et al. 2011). The slr1-2, slr1-3 and slr1-4 which
are the alleles of slr1-1 contained premature stop codons and
reported to be associated with the slender grain phenotype
(Ikeda et al. 2001). Even the SD1 allele in DGWG had a
383 bp deletion, thereby introducing a stop codon and producing a truncated protein (Hedden 2003). SNPs resulting
in stop codons have also been identiﬁed through association
mapping for Ghd7 gene where, a point mutation resulted in
the formation of a premature stop codon in Ghd7, due to
which signiﬁcant reduction in all three assayed traits in a
japonica cultivar (plant height, heading date and spikelet per
plant) was observed (Lu et al. 2012). These results indicated
that N-terminal truncation locks the respective protein in a
conformation that can no longer function properly, ultimately
helping for a cause of different phenotype (Silverstone and
Sun 2000).
EMS is known to cause G to A mutation more frequently
than other nucleotide changes; however G: C to T: A mutations have also been reported (Lebkowski et al. 1986). C/A
change has been associated with many traits in rice in recent
past through association mapping. A causal C/A mutation in
the second exon of GS3 was found to be highly associated
with rice grain length and validated as a functional marker for
improvement of rice grain length (Fan et al. 2006). Besides,
double mutation causing changes in the protein structures
and rendering them nonfunctional, have also been identiﬁed (Mise et al. 1992). Similar to these results, C/A double
mutation was observed in dit1 thereby forming truncated
protein, which may have profound effect on the phenotype.
This mutation site was further veriﬁed by cosegregation
analysis of the mutated genomic fragment. All the dwarf
recombinants that were sequenced, were found to have the
same SNPs which was present in the dit1 mutant and the SNP
cosegregated with the mutant phenotype.
The htd1 mutant has a nucleotide substitution of C to
T, resulting in a single amino acid change from proline to
leucine, but no premature termination of the polypeptide. It
was also observed that the tiller number in htd1 was 11 times
more than that of wild type. In contrast, dit1 had C to A mutation that produced a stop codon in sixth exon leading to formation of truncated protein. Moreover, the tiller number of
dit1 was not increased in the same ratio as in case of htd1.
This suggested that mutation at different positions in this
gene had different consequences on the phenotype, although
the domain spanned over entire length of the protein.

Thus, the reason behind the differences in the tiller number
needs to be analysed through protein structure determination in both these mutants, which may provide new
insight to control plant architecture, particularly tillering in
rice.
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