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Characterization of a rice dwarf and narrow leaf 2 mutant
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Abstract

The rice dwarf and narrow leaf mutant 2 (dnl2) is dwarfed and forms narrow and brittle leaves. Its dwarfness was
shown to be due to its shortened internodes resulting from a reduced size of the internode parenchyma cells. Its narrow
and brittle leaves were attributed to a compromised ability to form vascular bundles but a reduced fiber content and thin
cortical layer. However, response to the application of either gibberellin or brassinolide was not different between dnl/2
and its wild type. Transcription profiling indicates that a number of cell division/expansion-associated and crude fiber
synthesis-related genes were down-regulated in the mutant. A genetic analysis revealed that the mutant phenotype was
under monogenic control, and the gene responsible was mapped to a 50.1 kb genomic region on the long arm of
chromosome 10. This region was shown to harbor 10 open reading frames. Although transcription profiling these genes
indicates that three were differentially transcribed in the mutant, there was no sequence polymorphism in the coding

sequence between the mutant and the wild type alleles.
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Introduction

The shoot is formed from a stem transporting water and
nutrients and from leaves responsible for photosynthesis
and transpiration. Both plant height and leaf area have
been correlated with economic yield in a number of crops
including rice (Cui et al. 2003, Tsukaya 2006, Micol
2009, Li et al. 2013). Leaf growth progresses by a
combination of cell division and cell expansion, and a
number of genes in rice responsible for these events have
been identified and characterized (Weingartner et al.
2002, Chen et al. 2012). Growth is also mediated by
interaction of various phytohormones, as was also shown
by analysis of specific mutants unable to either synthesize
or perceive a particular hormone (Nakamura et al. 2013,
Wei et al. 2013). Gibberellins (GA) and brassinosteroids
(BR) are particularly important in rice (Itoh er al. 2002,
Gomi et al. 2004, Ueguchi-Tanaka et al. 2005, Jiang
et al. 2013, Zhao et al. 2014, Zhou et al. 2014); the
majority of GA- and BR-insensitive or deficient mutants
exhibit dwarfism, and some form conspicuously narrow
leaves. The rice genes GA20ox2 (taking part in GA
synthesis) and GA20x4 (in GA catabolism) have a major

influence over vegetative growth (Ashikari et al. 2002,
Mimura ef al. 2012), whereas a number of genes involved
in GA signaling pathways have been shown to be
important during the whole development (Itoh et al.
2002, Gomi et al. 2004, Ueguchi-Tanaka et al. 2005, Wei
et al.2013).

Many dwarf phenotypes have been associated with
the inability to synthesize or perceive BR (Hong et al.
2005, Tsuda et al. 2014), but the molecular basis is still
not fully understood. At the same time, plant growth and
development can also be controlled independently of GA
or BR. An example is presented by mutation to certain
cellulose synthase catalytic subunit-encoding genes,
which induces lowering cellulose content and generating
brittle stem and leaves (Ueguchi-Tanaka et al. 2003,
Yang et al. 2014). A gene CSLD4, which encodes a
cellulose synthase-like enzyme, is important for cell wall
synthesis and rice growth (Li ef al. 2009). Likewise, the
loss of function of genes controlling lignin content can
generate a brittle stem phenotype (Ueguchi-Tanaka et al.
2003, Yan et al. 2007, Zhang et al. 2009, 2010,
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Yoon et al. 2014).

Here, an ethyl methane sulfonate (EMS)-induced dwarf
and narrow leaf mutant dn/2 was used as the research
object. The dwarf and narrow leaf characteristics were
studied in detail using morphology and cytology

Materials and methods

The rice dwarf and narrow leaf mutant 2 (dnl2) is EMS-
induced mutant from Oryza sativa L., a japonica type,
cv. Zhonghua 11. The F, population bred from a cross
dnl2 x cv. Nanjing 11 (an indica type) was developed for
the mutant gene mapping purpose. All materials were
grown in the field at the China National Rice Research
Institute, Hangzhou. Sowing and transplanting were made
on 20 May and on 20 June, respectively. The dn/2 and its
wild type (WT) cv. Zhonghua 11 were transplanted into
3 plots, and each plot contained 48 plants (6 rows with
8 plants per row) with spacing of 15 x 20 cm. Standard
cultivation practices were followed. Only 20 plants in the
center of each plot were assessed for phenotyping. The
breaking force of leaves and stems of the plants at
physiological maturity was evaluated using a HandPi
HP-100 force gauge (www.handpi.com).

To evaluate responses to GA and BR, grains of the
dnl2 mutant and WT were surface-sterilized by
immersion in distilled water containing a drop of Tween
20 for 15 min, then thoroughly rinsed with water 3 times
and laid on a 1.5 % (m/v) agar medium containing
0 - 0.1 mM gibberellic acid or 0 - 1 pM brassinolide. The
seedlings were allowed to develop under a continuous
irradiance of 1000 pmol m™” s and a temperature of
30 °C for either 7 d (the GA plants) or 14 d (the BR
plants). At the end of this period, the length of the second
leaf (from the bottom) sheath of a set of 20 plants per
treatment was measured.

The central section of the third stem internode and the
flag leaf of both the dnl2 plants and the WT plants were
fixed in FAA (formaldehyde + glacial acetic acid + 50 %
ethanol, 2:1:17, v/v/v) at 4 °C for 24 h following
Yoshikawa et a/ (2013) with minor modifications. After a
quick rinse in water, the material was dehydrated by
passing through an ethanol series (concentrations of 30,
50, 70, 80, 90, 95, and 100 %; 5 min for each step), then
steeped in 1-butanol, and finally embedded in Paraplast
Plus. A series of 8§ pm sections were prepared using a
rotary microtome, and these were stained in Safranin
containing Fast Green, and the samples were finally
observed under a microscope (Eclipse 80i, Nikon, Japan).

At the heading stage, crude fiber content was
determined using a slightly modified version of the SN/T
0800.8-1999 protocol (www.cssn.net.cn). The flag leaf
samples (0.5 - 3 g) of the dnl2 and WT plants were
properly weighed and defatted with petroleum ether.
Then the samples were placed in a glass crucible and
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methods. The mutant gene was fine mapped in a narrow
chromosome region. These results might be useful for
DNL?2 gene cloning and to improve our understanding of
the molecular mechanism of regulation of plant height
and leaf structure in rice.

extracted by using a semi-automatic fiber analyzer
(www.foss.dk), with a 1.25 % (m/v) sulfuric acid solution
and then with a 1.25 % (m/v) sodium hydroxide solution.
After drying at a temperature of 130+ 2 °C for 2 h, the
crucible with the residue was weighed [m1]. Finally, the
residue in the crucible was incinerated to a constant mass
[m2] at a temperature of 550 °C. The fiber in the sample
was calculated as (m1 - m2) x 100/m1.

At the heading stage, RNA was isolated from flag
leaves of the dn/2 and WT plants using a TRIzol reagent,
and it was reverse-transcribed by using the moloney
murine leukemia virus reverse transcriptase (M-MLV)
method. The first-strand cDNA was reverse transcribed
from the DNase I-treated RNA with oligo(dT) as the
primer. The cDNA was used as template for real time
quantitative PCRs targeting 10 open reading frames,
various cell  division/expansion-related, cellulose
encoding, and lignin synthesis genes (primer sequences
given in Table 1 Suppl). The rice Ubiquitin gene
(GenBank accession AF184280) was used as a reference.
Each 20 mm’ of a real time quantitative PCR mixture
contained 2 mm”® of a template, 0.2 pM each primer, and
a Ix SYBR Green PCR master mix (TOYOBO Co.,
http://www.bio-toyobo.cn). The PCR was performed with
a Roche light cycler 480 (http://www.roche-applied-
science.com) using the following program: 95 °C for 30 s
followed by 40 cycles of 95 °C for 5 s, 60 °C for 30 s,
and 72 °C for 30 s. Relative transcriptions were calcula-
ted using the 2T method (Livak and Schmittgen 2001).

A mapping population was constructed from the F,
generation of the cross dnl2 x cv. Nanjing 11. The
mapping was based on a set of 1 775 dwarfs, a narrow-
leaved F, progeny, following the strategy of Zhang et al.
(1994). Microsatellite and indel markers used for
mapping are listed in Table 2 Suppl. The DNA was
extracted from 30-d-old seedlings by using the cetyl
trimethylammonium bromide (CTAB) method and
subjected to PCRs, each of a 10-mm’ mixture containing
25 ng of template DNA, 1 mm® of a 10x PCR buffer,
0.1 mM dNTP, 0.1 uM of each primer, and 0.1 U of Taq
DNA polymerase. A cycling regime comprised an initial
denaturation (95 °C for 3 min) followed by 35 cycles of
95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and it was
completed by a final extension (72 °C for 5 min). The
PCR products were separated by electrophoresis through
a 6 % (m/v) denaturing polyacrylamide gel and then
visualized by silver staining.



Results

The height of the dnl2 plants was distinctly less than that
of the WT ones, a difference which was already
noticeable at the late seedling stage became more marked
as the plants developed (Fig. 14,B). The mutant height at
maturity was about 65 % of that of the WT plant
(Fig. 1B,F). The mutant formed narrow leaves and a thin
stem (Fig. 1C). Its panicle was reduced in size, comprising
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fewer primary branches (Fig. 1D,J). The spikelet number
per panicle and grain size and mass were both less in the
mutant than in the WT (Fig. 1K,M,O,P). Despite the
mutant produced a higher number of panicles per plant
than the WT (Fig. 1G,H), its grain productivity was lower
(Fig. 1Q). Neither grain length nor panicle fertility were
significantly affected by the mutation (Fig. 1L,N).

30 |
- =
5 5
. -4
3 Z 20 ok
2% _:'E
= ws
L — =
= <
E o
0
WT dni2
30 =
ﬁ [4)] * %
5 70 2 20}
s B
e z=
g 60 g 1o
wJ [
50 0
WT  dni2 WT dnl2
o 048 5 38 a
i
z =
o 045 e 251
Z = e
= E ©
OF Za
> 042 ?9913- il
2 mas 0
WT dni2 WT dni2

Fig. 1. The phenotype of the dn/2 mutant. Wild type (WT) plants (on the left) and dnll plants (on the right) 30 d after sowing (4) and
at flowering (B); flag leaf (C), panicle (D), and grain (£) of main panicles of the wild-type plants (above) and dni2 plants (below).
Bar =10 cm (4-D) or 4 cm (E), the white arrows indicate primary branches (D). Plant height (F), the number of tillers per plant (G),
the number of panicles per plant (H), panicle length (/), the number of primary branches per panicle (J), the number of spikelets per
panicle (K), seed fertility (L), grain mass (M), grain length (), grain width (O), grain roundness (P), and grain yield per plant (Q) of
the wild-type plants and the dni2 plants. Means + SDs, n = 20, * and ** indicate significant differences between the WT and the dnl2

at P <0.05 and P <0.01, respectively.
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Fig. 2. The leaf surface view (4,B), leaf cross-section view (C,D), and paraffin section (£,F) of wild type (WT) and dnl2 plants.
X1 - the magnified view of the S1, S2 - the section of a leaf used for paraffin sectioning, M - midrib. Flag leaf length (FLL), flag leat
width (FLW), length of the second leaf from the top (SLL), and width of the second leaf (SLW) in the WT and dn/2 plants (G). The
number of large (L'V) and small (SV) veins in vascular bundles of the WT and dni2 plants (H). Different letters in G and H indicate

that the means differ at P <0.01.

The mutant leaves were considerably reduced in size
(Figs. 1C, 24,B). The mean reductions in flag leaf length
and width were 40 and 60 %, respectively, and in the
second leaf from the top 25 and 47 %, respectively
(Fig. 2G). The number of veins was greatly reduced in
the mutant (by ~52 % for major veins and ~60 % for
minor ones) (Fig. 2E,F,H). Consistent with this
observation, the histological analysis shows a significant
decrease in the number of vascular bundles carried by the
mutant although vascular patterning remained unaffected
(Fig. 2E,F). The mutant plants were not only shorter than
the WT ones, but their stems were also thinner (Fig. 34).
Both the length and the diameter of the mutant stem
internodes were smaller than those of the WT (Fig.
3B,C). When the longitudinal sections of typical
internodes were inspected, it was noted that the
parenchyma cells within the cortical layer of the mutant
stem were smaller and more numerous (Fig. 3D,E).
Although the number of the parenchyma cells in the
internode of the dni2 was higher than in the WT, both the
length and the width of the cells were significantly
reduced (Fig. 3F-H).

The real time quantitative PCR-based assessment of
transcript abundance of genes involved in cell division
and expansion (cyclin BI/2, cdc2/3, MCM3, RPA2A,
RAN2,SPL16, H4, EXPA, and XTR) shows that the
mutant generated more transcripts of the cell division-
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associated genes cdc2, CycBI, CycB2, MCM3, RPA2A,
SPL16, and H4 and of the cell expansion gene X7R than
did the WT, but less with respect to the cell division-
associated gene RAN2 and the cell expansion gene EXPA
(Fig. 37). The implication was that in the mutant, stem
growth was inhibited due to abnormal expression of the
whole suite of cell division- and cell expansion-
associated genes. When the mutant seedlings were
exposed to either gibberellic acid or brassinolide, the
length of the second leaf sheath increased similarly as in
the WT seedlings (Fig. 44,B).

Leaves and stems of the mutant were more fragile
than those of the WT as shown by a lower force required
to disrupt them (Fig. 54,B). Moreover, the crude fiber
content of the vegetative tissue was lower in the mutant
than in the WT plants (Fig. 5C). The real time
quantitative PCR-derived transcript abundance of the
brittle culm gene OsBC! in the mutant was significantly
higher, whereas that of OsBC/2 and OsBC14 was lower
than in the WT (Fig. 5D). At the same time, the
abundances of OsCesA3, OsCesA4, OsCesA7, OsCesA9,
and OsCesAll (cellulose encoding genes) and of
OsCCRI19 (lignin synthesis) transcripts were all lower
than in the WT; the opposite was in the case of OsCesAl,
OsCesA2, and OsCesA5 (cellulose), and OsCOAI (lignin)
encoding gene transcriptions (Fig. SE.F).

The segregation between the WT and mutant
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phenotype in the F, mapping population was consistent  the long arm of chromosome 10 (Fig. 64). By increasing
with a 3:1 ratio (data not shown), implying that dwarfness  the progeny number screened and by adding further
was inherited as a recessive trait under monogenic  genotypic assays (Table 2 Suppl.), the mutated gene was
control. The mutated gene was coarsely mapped as lying  eventually located within a 50.1 kb region bounded with
between the microsatellite loci RM3834 and RM590 on  two indel markers IM4 and IM10 (Fig. 6B,C).
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Fig. 3. 4 - Main culms of wild type (WT) plants (on the left) and dni2 plants (on the right) (the arrows indicate the positions of nodes
I - Vin a panicle P). B,C - The length and diameter of internodes and panicles. D,E - Parenchyma in the internode of the WT (D)
and the dn/2 mutant (E, CF - cortical fiber tissue, P - parenchyma). The total cell number in the y-axis of internode III (F), average
cell length (H), and cell width (G) of the WT and the dnl/2 mutant. [ - relative expression of cell division and expansion related genes.

** and different letters indicate that the means differ at P < 0.05 (a,b) and P <0.01 (A,B), respectively.

A reference to the standard genome sequence of rice  listed in Table 1). Transcription profiling with respect to
indicates that the IM4-IM10 region harbors 10 ORFs (as  all 10 candidate genes shows that the abundance of the
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ORF3, ORF7, and ORF$ transcripts was significantly =~ However, re-sequencing all the 10 ORFs including
lower in the dn/2 than in the WT, whereas that of the ORF3, ORF7, and ORF$ failed to identify any nucleotide
other 7 did not differ between the mutant and the WT.  polymorphisms between the dn/2 and WT.
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Fig. 4. The length of the second leaf sheath of wild type (WT) plants and dn/2 plants in response to gibberellic acid (GA3; A) and
brassinolide (BL; B) treatments. Means + SDs; n = 20.
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Fig. 5. Physical characteristics of leaves and stems of wild type (WT) and dni2 plants at maturity, and the transcription of cellulose
synthesis- and lignin synthesis-associated genes. 4 - A normal leaf from the WT (on the left ) and a brittle leaf from the dn/2 mutant
(on the right). The arrow indicates brittle aspect). B - The breaking force of the flag leaf (FL), second leaf (SL), and stem (C).
C - Crude fiber content of the leaf. Transcript abundances of brittle culm genes (D), lignin synthesis genes (E), and cellulose
synthesis genes (F). Means + SDs; n = 3, different letters indicate that the means differ at P < 0.05 (a,b) and P <0.01 (A,B).

Discussion

A large number of rice dwarf variants are known. Some, d2, d6, tddl, rll, nall, nal2, nal3, ndl, dtl1, and dnll, are
such as dI and dI1, produce small grains, other, such as  malformed dwarfs and exhibit sometimes a narrow or
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rolled leaf phenotype, whereas a further set (htdi, htd2,
d10, d27, and d53) compensates for their shortened
stature by tillering heavily (Tanabe et al. 2005, Qi et al.
2008, Li et al. 2009, Lin et al. 2009, Liu et al. 2009,
Sazuka et al. 2009, Hu et al. 2010, Zhang et al. 2012,
Ishiwata et al. 2013, Jiang et al. 2013, Wei et al. 2013,

Table 1. Predicted open reading frames (ORFs) and translation produ

MAPPING OF LEAF MUTANT GENE

Zhou et al. 2014). Some of the dwarfs are phytohormone
sensitive, whereas other are insensitive (Yamamuro et al.
2000, Ueguchi-Tanaka et al. 2005, Wei et al. 2013).
Further, some dwarf-like dn/2 affect plant growth and
development independently of GA or BR (Ueguchi-
Tanaka et al. 2003, Yang et al. 2014). The chromosome

cts for DNL2.

ORFs Locus Gene product name

ORF1 LOC Os10g42690 jmjC domain containing protein, expressed

ORF2 LOC Os10g42700 CS domain containing protein, putative, expressed
ORF3 LOC Os10g42710 RCD1, putative, expressed

ORF4 LOC Os10g42720 acyltransferase, putative, expressed

ORF5 LOC Os10g42724 VHS and GAT domain containing protein, expressed
ORF6 LOC Os10g42730 expressed protein

ORF7 LOC Os10g42750 CSLD1 - cellulose synthase-like family D, expressed
ORFS8 LOC Os10g42754 expressed protein

ORF9 LOC Os10g42760 PPR repeat domain containing protein, putative, expressed
ORF10 LOC Os10g42770 a_IG002N01.7, putative, expressed
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Fig. 6. Genetic mapping of a mutated gene in the dn/2 mutant. 4 - The gene was initially coarsely located on rice chromosome 10

between RM384 and RM590. B - increasing the number of progeny s

creened to 200 located the gene between RM7093 and RM590.

C - Fine-scale mapping based on 1775 progeny placed the gene in a 50.1 kbp region, flanked by indels IM4 and IM10, which
harbors 10 ORFs. D - The transcript abundance of each of the 10 ORF'’s in the wild type (WT) and the dn/2 mutant. Means + SDs;
n =3, different letters indicate significant differences between the WT and mutant at P < 0.05 (a,b) and P <0.01 (A,B).
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location of dnl2 overlaps that of another dwarf mutant
gene drll (Zhang et al. 2012); however, dt/] has not been
cloned and only primary mapped. The phenotype of dtl]
is different to dnl2, as it shows a twisty leaf and reduced
tiller number, but dn/2 does not. Besides, the leaves and
stems of dn/2 are brittle compared to its WT, but of dtl/
are also not. So, we believe that dnl2 is a new dwarf and
narrow leaf mutant. The chromosomal region, into which
dnl2 maps, does not harbor any genes known to regulate
plant growth. On the basis of transcription profiling, three
genes ORF3, ORF7, and ORF8 were considered as
potential candidates for the mutation, but no sequence
variation was detected in the alleles present in the mutant
and the WT. The ORF3 encodes a homolog of the RCD1
(RADICAL-INDUCED CELL DEATH) protein, which
in Arabidopsis thaliana mediates various stress and
developmental responses and interacts with certain
transcription factors (Jaspers et al. 2009). The ORF7
encodes a cellulose synthase-like protein (CSLD1), which
has been associated with late pollen development in 4.
thaliana (Bernal et al. 2008). In rice, CSLDI is also
required for root hair morphogenesis (Chu et al. 2007),
and ORF8 encodes a protein of unknown function. Any
of these three genes may be the candidate gene for the
mutation since either some sequence variant(s) may be
present outside the coding region or the variant may
represent an epigenetic modification rather than a
sequence mutation. The present data cannot exclude the
possibility that one of other seven ORFs could also be a
true candidate.

Growth of plant tissue involves a combination of cell
division and cell expansion, processes which are
controlled largely by cyclins and expansins (Weingartner
et al. 2002). Cyclin B gene products interact with cyclin-
dependent kinase 2 proteins to regulate cell division. The
enhanced accumulation of cyclin BI//2 and cyclin-
dependent like 2 transcripts displayed by the dn/2 mutant
and/or the lower abundance of the expansion gene EXPA
transcript may explain the smaller size and greater
number of parenchyma cells which formed in its stem. It
appears that the mutant parenchyma cells divided freely
but were unable to expand normally. The considerably
increased accumulation of SQUAMOSA promoter
binding protein-like 16 (SPL16) and X transposed region
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