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DLT/OsGRAS-32, regulating leaf width and thickness
by controlling cell number in Oryza sativa
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Abstract The improvement of rice leaf morphology is
an important goal of rice plant breeding. Studying its
molecular development mechanism will facilitate the
breeding of a maximally efficient plant type. To further
study the developmental mechanism of rice leaves, a
dwarf broad-leaf mutant, g44, was obtained by ethyl
methanesulfonate mutagenesis of the rice restorer line
Jinhuil0, and genetic analysis indicated that the trait
was controlled by a pair of recessive nuclear gene. The
locus was fine mapped on chromosome 6 with 16-kb
physical distance. Sequencing revealed that an A-T base
substitution occurred in the mutant, resulting in the early
termination of LOC Os06g03710/DLT translation in
g44 and yielding only one residual peptide containing
558 amino acids. The phenotypic and sequencing results
of the complementary transgenic plants and the allelic
mutant g44-1 further confirmed this result. Mutant
plants grown under field conditions showed dwarfing,
a leaf colour of dark green, leaf widening, and grain
enlargement. Paraffin section and cryosection analysis
showed that the increase in the number of large vascular
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bundles and small vascular bundles and the increase in
the spacing between adjacent small vascular bundles
were the main reasons for the broadening of mutant
leaves. In addition, the increase in thickness of the
mesophyll cell layer may be the main reason for the
increase in leaf colour darkness and net photosynthetic
rate. The qPCR results preliminarily predicted that the
increase in the number of mutant cells was caused by an
enhanced cell division ability, and the DLT/G44 gene
was proposed to participate in the regulation of cell
division by suppressing the expression of cyclin-
related genes.

Keywords Rice (Oryza sativaL.) - DLT/OsGRAS-32 -
Wider and thicker leaf - Cell division

Introduction

Rice is an extremely important food crop. To ensure
adequate supply in the face of increasing populations,
high yield and superhigh yield are ongoing desirable
traits in rice cultivation and breeding. As the main site of
photosynthesis in rice, the products of photosynthesis
account for more than 90% of the total amount of rice
carbohydrates (Li et al. 1998). Increasing leaf area index
and efficiency in the use of light energy are great sig-
nificance for improving yield and quality in rice, with
high-efficiency breeding also playing an important role.

In recent decades, with the development of molecular
markers and the perfection of map-based cloning tech-
nology, several genes related to rice dwarfing and leaf
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morphological development have been identified; more
than 70 genes for rice dwarfing have been reported so
far. On the basis of the order in which the genes were
identified, they were numbered consecutively. By 2015,
the dwarf d series had been expanded to d62, and the
semidwarf sd series had been expanded to sd8, in which
some dwarf and semidwarf genes are identical genes or
alleles, such as d6 and d34, d10, d15 and d16, d1] and
d8, sdl and d47 (Wang et al. 2009). Some genes, such as
d41, d43, d46 and d48, have been deleted due to a lack
of original materials (Aquino and Jennings Peter 1966).
In addition, the linkage positions of 28 dwarf genes have
been identified, and they involve nine linkage groups.
However, most of their agronomic traits are poor and
only a few recessive dwarf genes have been used in
production trials, for example, sd/. Due to widespread
use of the same dwarf gene, there is a great risk of poor
genetic background. The semidwarf gene SD/ material
also has a number of shortcomings, such as poor
drought resistance and low photosynthetic efficiency
(Ye et al. 2015). In consequence, the study of dwarf
mutants is still of particular importance. To date, re-
searchers in various countries have made great progress
in research on leaf shape regulation in rice, but the
interactions between leaf-shaped regulatory genes are
still unclear, and the regulatory mechanism of leaf de-
velopment in rice still needs further study. There are
many narrow-leaf mutants identified at home and
abroad, such as nall, nal7, nal9, nrll, nal3 and nal2.
In nall, the leaves are narrowed and the number of
mutant vascular bundles is reduced, with a changed
arrangement. In addition, the number of internodes is
decreased, which affects the cell division of rice inter-
nodes and results in the dwarfing of the plant (Jiang
et al. 2015; Zhang et al. 2014; Qi et al. 2008). The leaf
width of nal7 is significantly reduced compared to wild
type, the NAL7 locus encodes a flavin-containing
monooxygenase and inspection of a structural model
of NAL7 suggests that the mutation results in an inactive
enzyme (Fujino et al. 2008). The leaves of the mutant
nal9 are narrowed throughout the whole growth period,
and the leaves at the seedling stage are light green. This
mutant also shows a high plant height, small spikes and
increased tillering (Li et al. 2013). The nr// mutant shows
a narrowing of the leaves, nal/2 and nal3 single mutant
leave phenotypes are normal, but the double mutant
leaves are narrow and coiled and NAL2 and NAL3 are
paralogous, encoding the same OsWOX3A transcription-
al activator (Cho et al. 2016; Cho et al. 2013).
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Leaf width affects the growth of individual rice plants
and the yield per unit area by affecting the light-
receiving area and use of light energy. The appropriate
leaf width can improve the blade’s erectness, adjust the
light-receiving state, increase the leaf area index and
increase the photosynthetic product. The mechanism
for regulating leaf width in rice is mainly based on
broad-leaf mutants. However, there are few reports on
the study of broad-leaf mutants in rice. DRLI encodes a
cellulose-like synthase OsCSLD4 and is a major QTL
for controlling plant height and leaf width in rice (Ding
etal. 2015). The leaves of d1 mutant became shorter and
wider, and the plants appeared dwarf (Sun et al. 2014).
Overexpression of Osa-miR319b leads to leaf widening
and delayed development (Zhang et al. 2016). In the
study reported herein, a dwarf broad-leaf mutant, g44,
was found in the mutant library of Jinhui 10, an ethyl
methanesulfonate (EMS)-mutagenized rice restorer line
in the Rice Research Institute of Southwest University.
The study identified phenotypes of g44, analysed pho-
tosynthetic pigment content, determined photosynthetic
parameters and conducted cytological analysis, genetic
analysis and map-based cloning, as well as validation
and functional analysis of the candidate gene G44. The
study enriched the study of broad-leaf mutants and
provided materials for further progress in the study of
leaf development.

Materials and methods
Plant materials and treatments

The g44 was derived from ethyl methanesulfonate
(EMS) mutagenesis of the Indica rice restorer line Jinhui
10, and the allelic mutant g44-/ was derived from the
Indica rice maintainer line Xinong 1B, which was
grown continuously through multiple generations and
was stably inherited. We crossed the Indica rice restorer
line ‘Xinong 1B’ and g44. From this cross, the F and F,
populations were used for genetic analysis, and the F,
population was used for gene mapping.

Trait measurements

Starting from the heart one leaf stage, the leaf width was
measured at different leaf ages until the plants were
mature. At the heading stage, we counted the number
of large vascular bundles and small vascular bundles,
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and the number of small vascular bundles between
adjacent large vascular bundles in wild-type and g44
inverted leaves. At maturity, 10 plants each from the
centre of the wild type and g44 were harvested individ-
ually, and the following traits were measured: length of
the internode, the length and width of the upper three
leaves, the plant height, effective panicle, panicle length,
primary branch number, secondary branch number,
grain number per panicle, seed setting rate, grain length,
grain width and 1000-grain weight.

Determination of photosynthetic pigment content
and analysis of photosynthetic parameters

Plants were tested in the heading period. Leaf samples
were collected between 7:00 and 8:30 am. The flag
leaves, the second upper leaves and the third upper
leaves of the wild-type and g44 plants were sampled
and used by the following method: the midrib was
removed, cut into pieces and approximately 0.05 g
weighed out, then placed in a clean centrifuge tube with
20 mL ethanol/acetone (1:1) mixed solution and
allowed to stand at room temperature for 24 h. The
absorbances of the extracts were measured at 663 nm,
470 nm and 645 nm, and the photosynthetic pigment
content in each sample was calculated. The procedure
was repeated three times for each sample. Other mea-
surements were taken on sunny days from 9:00 am to
11:00 am. The net photosynthetic rate (Pn), transpiration
rate (Tr), stomatal conductance (Gs) and intercellular
CO, concentration (Ci) of the flag leaves, the second
upper leaves and the third upper leaves of wild type and
g44 were measured using a Li-6400 portable photosyn-
thetic apparatus. Water-use efficiency (WUE) was also
calculated.

Cytological observation of leaves

At the heading stage, the fresh mature leaves of the wild
type and g44 (unified as the middle of the flag leaf) were
taken for paraffin section analysis (Sang et al. 2012).
After being fixed with FAA fixation, they were
dehydrated with a certain concentration of ethanol,
make transparent by xylene, embedded in paraffin and
sliced. The slices were subjected to saffron and solid
green staining, and the final neutral resin was sealed.
Then, they were observed under the microscope and
photographed. Fresh rice leaves from wild type and
g44 were also selected for cryosection. Samples from

the middle part of the blade were treated with OTC
frozen section embedding solution before being placed
quickly in a — 20 °C refrigerator and frozen. After being
sliced with a cryostat, the sections were thawed on a
glass slide. The autofluorescence of the leaf-tissue com-
ponents was observed under a NIKON E6000 micro-
scope to analyse the morphology of the cells. Fresh
wild-type and mutant leaves were observed under scan-
ning electron microscopy.

Genetic analysis and map-based cloning of G44

The ten wild-type and mutant leaves in the F, generation
isolates were selected and mixed, and the modified
CTAB method (Porebski et al. 1997) was used to extract
the genomic DNA of the normal pool and g44 pool for
linkage primer selection. Then, g44 plants in the F,
generation segregating population were selected accord-
ing to a 3:1 separation ratio, and the genomic DNA was
extracted for gene mapping. The total PCR
reaction system contained 25 pL, comprising 2.5 pL
of 10 x PCR buffer, 1.3 puL of 25 mmol L MgCl,
1.0 pL of 2.5 mmol L™" dNTPs, 16.0 pL of ddH,0,
2.0 pL of 10 pumol L' primers, 2.0 uL of template
DNA and 0.2 pL of 5 U uL™" Tag DNA polymerase.
The PCR program was run using 94 °C predenaturation
for 5 min and then 35 cycles of 94 °C denaturation for
305, 55 °C annealing for 30 s, 72 °C extension for 1 min
and 72 °C extension for 10 min. The PCR product was
then subjected to electrophoresis using 10%
nondenaturing polyacrylamide gel and observed after
rapid silver staining.

Using the information about the DNA sequence ob-
tained from the Gramene and NCBI websites, primers
were designed to amplify the predicted genes of wild type
and g44. The amplified products were recovered and sent
for sequencing. Sequence splicing and alignment were
performed on Vector NTI Advance 10.1, and BLAST
was performed on Gramene and NCBI. All primer infor-
mation used in this paper is given in Table S4.

Generation of transgenic plants complementing
and overexpressing G44

The complementary fragment, the Pcambial301 vector
and the overexpressed fragment and the PTCK303 vec-
tor were double-digested. After the gel was recovered,
the target fragment and the corresponding vector were
ligated with T4 ligase and transferred into an
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Escherichia coli culture, then preserving the bacterial
liquid containing the target gene. All primer information
used in this paper is given in Table S4.

Quantitative real-time PCR

Wild-type leaves were taken at the seedling stage, the
tillering stage and the heading stage, the target genes
were analysed for spatiotemporal expression. In addi-
tion, at the tillering stage, the relative expression of sink
leaves, whole leaves, and sheaths were analysed. The
leaves were placed in a nuclease-free 2-mL centrifuge
tube and frozen in liquid nitrogen. RNA was extracted
and reverse-transcribed into cDNA, using the kit pro-
vided by Tiangen Biotechnology (Beijing) Co., Ltd.
QPCR quantitative analysis was then carried out using
Takara SYBR Green fluorescent dye. All primer infor-
mation used in this paper is given in Table S4.

Results
The g44 is a dwarf and broad-leaf mutant

Under field-cultivation conditions, mutant g44 showed
dwarfing and a darker green colour than the wild type,
and these traits lasted until maturity (Fig. la, b). At
maturity, mutant g44 showed a shorter length in the flag
leaf, the second upper leaf, the third upper leaf, the
internodes and the leaves were wider compared to wild
type. In addition, it was found that some areas of the
blade had more severe folds (Fig. 1c, d) and the grain
became wider in mutant (Fig. 1e). At the mature stage,
the agronomic traits of wild type and the mutants were
investigated and analysed. The results showed that the
height of the mutant was only 79 +£2.16 cm, which was
31.89% shorter than the 116 £3.25 cm of wild type, and
the mutant plant height was significantly shorter. The
panicle length of wild type was 25.57 +3.06 cm, while

Fig. 1 Phenotypical analysis of the wild-type JinhuilO and the
mutant g44. a, b Wild-type and mutant plants at tillering and
maturity. ¢, d Wild-type and mutant mature leaves and internodes.
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the length of g44 was only 19.18 £2.14 cm, which was
significantly shorter. In addition, the number of effective
panicles, the number of secondary branches, the number
of spikelet and the seed setting rate of the mutants were
significantly lower than wild type. However, the number
of primary branches was not significantly different in
the two plant types. There was no difference in the grain
length between wild type and the g44, but the grain
width of the mutant was 3.53 £0.06 mm, which was
significantly wider than the 2.96+0.06 mm found in
wild type. The grain was broadened, so that the thou-
sand weight of the mutant g44 was 29.41. £0.77 g,
which was 9.6% higher than the 26.83 +1.02 g found
in wild type. This was a highly significant difference
(Table S1).

The G44 is a new allele of DLT

The polymorphic marker was used to analyse the
normal gene pool and mutant gene pool. The regula-
tory gene was located within the range of 16 kb of the
physical distance of chromosome 6, and the interval
contained three annotated genes (Fig. 2¢). Sequenc-
ing revealed that the LOC Os06g03710 gene se-
quence of the wild type was A at the 1675th base at
the coding frame, and the g44 was T. This A-T base
substitution resulted in the early termination of
LOC Os06g03710 translation in g44, yielding a re-
sidual peptide containing only 558 amino acids,
while the wild-type protein contained 617 amino

RM19290 RMS588

RM7639

acids (Fig. 2d). Therefore, LOC Os06g03710 was
identified initially as a candidate gene. Sequencing
results indicate that G44 was a new allele of DLT. In
order to determine whether the candidate gene
LOC Os06g03710 is DLT/G44, the full-length geno-
mic sequence of LOC _Os06g03710 was cloned from
the wild type to construct a complementary vector,
which was introduced into the mutant, finally we
obtained ten complementary lines and the indicators
of all complementary transgenic plants were restored,
close to those of the wild type (Fig. 2e—g). Thus, the
LOC 0Os06g03710 is the DLT/G44 gene; in addition,
a overexpression vector was constructed, we also
obtained ten overexpression lines, GUS staining of
plants showed that whole plant could be dyed. But all
overexpressed transgenic plants showed lethality
(Fig. Sla, b).

We used qPCR to study the expression pattern
of DLT/G44 gene in the fully-expanded leaves of
seedling, tillering, and heading stages. The results
showed that the DLT7/G44 gene had the highest
expression at the seedling stage, but the lowest
in the tillering stage (Fig. 2h). The expression
level of the DLT/G44 gene of the wild type in
the sink leaves, leaves, and leaf sheaths of the
tillering stage were analysed. The results showed
that the DLT/G44 gene was expressed at very low
levels and the gene was hardly expressed in the
sink leaves, but the leaves and leaf sheaths showed
expression of this gene (Fig. 2i).
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A mutant similar to the dlt/g44 phenotype was
identified in the mutant library of the EMS
mutagenized rice maintainer XinonglB of the Rice
Research Institute of Southwest University and ten-
tatively named g44-1. Compared with the wild-type
Xinong1B, the g44-1 plant height was significantly
shorter, the internodes were significantly shorter
(Fig. S2a, b, e; Table S2) and the leaves were signif-
icantly changed, showing a wider, shorter shape and
an increased number of vascular bundles (Fig. S2d).
The g44-1 plant also showed an increased number of
primary branches and secondary branches (Fig. S2f;
Table S3), a widening of the grain width and an
increased 1000-grain weight (Fig. S2g; Table S3).
These traits in the phenotype were consistent with
those in that of the mutant g44. Sequencing revealed
that a guanine (G) was inserted between the 822th
base and the 823th base of the exon of
LOC 0Os06g03710, and a base substitution of C-T
had occurred at the 888th base. These changes result-
ed in a frameshift mutation from the 275th codon up
to the 297th codon, which was a stop codon, causing
the translation to terminate prematurely (Fig. S3a, b).
The results indicate that the phenotypes of dit/g44 and
g44-1 are caused by mutations in LOC Os06g03710.

35 4
30 A

25

leaf width(mm)

Fig. 3 Wild-type and mutant d/t/g44 widened leaves. a Wild-type
and mutant flag leaves. b Enlarged view of the flag leaf of the wild
type and mutant (middle). ¢ Leaf width of wild-type and mutant
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The number of cells increased leads to dit/g44 leaves
become wider and thicker

Compared to the wild type, the leaves of the dit/g44
broadened throughout the growth period and reached
significant or highly significant levels of difference. At
maturity, the leaf width of the flag leaf, the second upper
leaves and the third upper leaf of the dit/g44 were
29.6 mm, 25.8 mm and 24.2 mm, respectively, which
were significantly wider than the wild-type leaf widths
of 22.3 mm, 19.41 mm and 15.4 mm (Fig. 3a—c).
Statistical analysis of the number of vascular bundles
in the leaves at the heading stage showed that wild type
had an average of 7.25 large vascular bundles, whereas
dlt/g44 had an average of 7.88, which was significantly
higher (Fig. S4e). There were 5.13 small vascular bun-
dles between the two adjacent vascular bundles in the
flag leaf of wild type, and dlf/g44 had an average of
6.73. The total number of small vascular bundles of dlt/
g44 was 38.77% than in the wild type. Both measures
reached a very significant level of difference (Fig.
S4d, f). Scanning electron microscopy also showed that
the spacing between two adjacent small vascular bun-
dles in the mutant was also significantly higher than in
the wild type (Fig. S4a, b, f).

BWT
Odit/gdd **

k3k
sksk

*k
k3k

8 9 10 11 12 13 14
leaf age

whole growth period. An asterisk indicates significant difference
at the p <0.05 by ¢ test. Asterisks indicate significant difference
level at the p <0.01 by ¢ test
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To explore further the explanation for the broadening
of dit/g44 leaves, the darkening of the leaf colour and
the maintenance of the same chlorophyll content, the
wild type and dlt/g44 were observed using paraffin
section and frozen section. The paraffin section of the
tillering leaves showed that the whole of dlt/g44 leaves
was larger, and both the large vascular bundles and the
small vasculars bundle were more numerous than wild
type (Fig. 4a, b). The enlarged view of the midrib
showed that dlt/g44 showed many small vascular bun-
dles on the paraxial surface, whereas wild type had
almost none, which caused the midrib of dlt/g44 to be
wider than wild type (Fig. 4-1, 2). On both sides of the
midrib, the mutant dlt/g44 had a larger vascular bundle
than wild type, which further increased the width of the
blade (Fig. 4-3, 4).

The frozen section of the leaves at the heading stage
showed that the leaves of the mutant dit/g44 were
thicker than wild type, and the small vascular bundles
between the large vascular bundles were more numer-
ous (Fig. 4c,d). In addition, the spacing between the
small vascular bundles was higher in the mutant and
the small vascular bundle was larger than in the wild

Fig. 4 Cytological observation of the mutant dit/g44. a, b Cross
section of paraffin sections in the middle of wild-type and mutant
(dlt/g44) leaves (tillering stage). 1, 2 Magnified view of black box
in a and b. 3, 4 A magnified view of the red box in a and b. c-h,
Cross section of the middle leaf blades obsearved by
frozen section. 5, 6 Magnified view of the white box in e and f.
g, h Wild-type and mutant (d/t/g44) large vascular bundle (heading

type (Fig. 4e,f). The enlarged view of the mesophyll
showed that there was no significant difference in the
cell size of the mesophyll cells between dlt/g44 and wild
type, but the mesophyll cells of wild type only had about
four layers, while dit/g44 had up to seven. Therefore, the
number of mesophyll cell layers of the mutant dlt/g44
was increased significantly (Fig. 4-5, 6, i). The number
of cells between adjacent small vascular bundles in each
plant type was compared. There was an average of ten
cells between the tube bundles in the wild type, and
there were as many as thirteen in d/t/g44 (Fig. 4j). The
number of cells in the large vascular bundles of the
mutants was significantly higher than in the wild type,
so the large vascular bundle size of dit/g44 was larger
than that of the wild type (Fig. 4g, h).

DLT/G44 was proposed to participate in the regulation
of cell division by suppressing the expression
of cyclin-related genes

The number of mesophyll cells, vascular bundle sheath

cells, xylem cells, parenchyma cells and other cells in
the mutant was increased significantly, which points to

w20 pm | dlt/g44

WT dlvg44 WT dlt/g44

period). i1 Statistics of cell layers above and below the small
vascular bundle. j Statistics of cell numbers between adjacent
small vascular bundles. An asterisk indicates significant difference
at the p <0.05 by ¢ test. Asterisks indicate significant difference
level at the p <0.01 by ¢ test. a, b Bar=0.1 mm. 1-6, e-h Bar=
20 um. ¢, d Bar=0.2 mm
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the influence of cell division. To determine further
whether the mutation of the DLT/G44 gene affects the
expression of cyclin related genes, qPCR analysis was
conducted. The results show that the expression of
CYCA3; 2, CYCD4; 1, CYCP4; 1, CYCTI; 1 and
CYCF3; I was significantly or very significantly upreg-
ulated, including an increase of approximately nine
times for CYCD4, I and an increase of approximately
four times for CYCF3,; I and CYCTI; I (Fig. 5).

The photosynthetic rate of the mutant dlt/g44 is
enhanced

Under field conditions, the leaf colour of the mutant d/t/
g44 was observed, by the naked eye, to be deeper than
that of the wild type throughout the whole growth
period. To determine further whether there were differ-
ences in photosynthetic pigment content between the
leaves of the two plants, the content was determined in
three functional leaves of the wild type and dlt/g44 at the
heading stage: the flag leaf, the second upper leaf and
the third upper leaf. The results showed that there was
no significant difference in the chlorophyll a (Chla),
chlorophyll b (Chlb) and total chlorophyll content
(Chla+Chlb) of JinhuilO and the mutant dit/g44
(Fig. 6a—c), with the exception that the carotenoid con-
tent (Car) of the mutant dlt/g44 functional leaves was
significantly or very significantly lower (Fig. 6d). It was
conjectured that another factor was responsible for the
deeper leaf colour of mutant dlt/g44.

Leaf photosynthetic parameters in wild type and di#/
g44 were determined at the heading stage using a Li-
6400 portable photosynthetic apparatus. The results

Fig. 5 Expression of cyclin- 10
related genes in the wild type and
the mutant dlt/g44
8
=
.S
[72]
w2
2 6
o
X
)
1)
Z 4
=
[5)
&~
2
0

CYCA3;2 CYCD4;1
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showed that mutant dlt/g44 stomatal conductance (Gs)
and transpiration rate (Tr) declined significantly com-
pared with Jinhuil 0 (Fig. 6f, g). In addition, the mutant
dlt/g44 net photosynthetic rate (Pn) and water use effi-
ciency (WUE) showed a highly significant improve-
ment, compared with wild type (Fig. 6e, h).

Discussion

In the study reported herein, the mutant d/t/g44 showed
plant dwarfing, leaf widening and thickening, leaf erect-
ness, dark green leaf colour and tiller reduction. The
regulatory gene was located precisely in the 16-kb phys-
ical range on chromosome 6. Sequencing and other tests
showed that LOC Os06g03710 was the DLT gene. It
may be concluded that dit/g44 is a new allele of dit with
functional deletions. Studies on the semidwarf low-
tillering mutant d/t have found that DLT encodes a
GRAS family protein that is unique to plants and is
composed of 617 amino acids. This new member of
the protein family is a key positive regulator in the BR
signalling pathway of rice and is involved in the feed-
back inhibition of BR synthesis gene expression (Tong
et al. 2009; Hirano et al. 2017). Further studies have
found that DLT acts downstream of the BR response,
which is regulated by GSK2 and is a direct downstream
target of GSK2. GSK?2 is a key negative regulator of BR
signal transduction and regulates the protein level and
activity of DLT by interacting directly with DLT and
phosphorylating it (Qiao et al. 2017; Tong et al. 2012).
Another allele mutant, d62, showed dwarfing, leaf wid-
ening and dark green colouration; these are typical

BWT
K Odlt/g44
CYCF3;1 CYCP4;1 CYCTI;1
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Fig. 6 Analysis of photosynthetic pigment content and photosyn-
thetic efficiency of the wild type and the mutant dit/g44 at the
heading stage. a Chlorophyll a. b Chlorophyll b. ¢ Total amount of
chlorophyll a and chlorophyll b. d Carotenoid. e Net photosyn-
thetic rate (Pn). f stomatal conductance (Gs). g Transpiration rate

characteristics of ga-related dwarfing mutants. In the
mutant d62, the expression level of genes related to the
GA metabolic pathway is upregulated significantly,
which suggests that d62 genes regulate GA metabolic
pathways (Li et al. 2010). The dlt/g44 agrees with
previous reports of allelic mutants with similar pheno-
types. All show the traits of dwarfism and increased
blade width, but in the dlt/g44, the adaxial surface of
the blade contains a lot more small vascular bundles
than the wild type. In addition to the increased number
of vascular bundles, compared with the wild type, the
dlt/g44 blade is more upright, and the net photosynthetic
rate and water use efficiency of the mutant are signifi-
cantly higher.

Compared with the wild type, the vascular bundles of
the dlt/g44 mutants increased in number significantly. In
the paraftin section analysis of the tillering leaves, it was
found that dlt/g44 produced many small vascular bun-
dles on the paraxial surface of the midrib. Vascular
bundles also occurred inside the midrib, resulting in a
larger midline in dlt/g44 compared to the wild type,
which increased the blade width to some extent. In
addition, the number of large vascular bundles and small

FL SL

(Tr). h Water use efficiency (WUE). (FL is the flag leaf, SL is the
second upper leaves, TL is the third upper leaves). An asterisk
indicates significant difference at the p <0.05 by ¢ test. Asterisks
indicate significant difference level at the p <0.01 by ¢ test

TL

vascular bundles in dlt/g44 was significantly higher, the
number of mesophyll cell layers in dit/g44 leaves in-
creased and the number of cells in each leaf structure
increased. However, the cells did not differ in size,
except for an irregular arrangement, which indicates that
the larger dit/g44 leaves were not caused by changes in
cell size. There are two possible reasons for the increase
in the number of dlt/g44 cells. The first is that during the
initiation of leaf primordium, the frequency of primor-
dial cell division is accelerated, while the critical point
of division and differentiation is unchanged, which re-
sults in an increase in the number of primordial cells.
The second possible cause is that the frequency of
primordial basal cell division is unchanged, but the
critical point of division and differentiation is delayed,
which results in a longer cell division time that leads to
an increase in the number of cells. The cell cycle can
generally be divided into four periods: G1, S, G2 and M,
and is mainly regulated by cyclins. OsCYCPI;I is
expressed in all tissues of rice and plays a negative
regulatory role in the rice phosphate starvation signal-
ling pathway (Deng et al. 2014). CycBI;1 affects em-
bryo development by regulating mitosis (Guo et al.
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2010). CYCP4,1 affects rice plant type by regulating
cell division (La et al. 2006; Sun et al. 2015). In the
qPCR analysis results, the gene expression of CYCA3,2
(La et al. 2006; Yu et al. 2003), CYCD4;1 (La et al.
2006; Kono et al. 2003), CYCP4,1, CYCTI 4 (La et al.
2006) and CYCF3;1 (La et al. 2006) was found to be
upregulated significantly in the mutant and CYCD4, I
showed the most significant upregulation. Because
CYCD4; 1 encodes cyclin, this upregulation indicates
that the mutation of the DLT/G44 gene affects CYCD4, 1
expression. CYCD3,; 1 promotes cell division ability, so
it may be conjectured that the increase in the di#/g44
mesophyll cell layer is caused by an increased capacity
for cell division, but in the dlt/g44 mutant, it is uncertain
whether the critical point of division and differentiation
changes. Therefore, it is considered that an increased
capacity for cell division is one of the main reasons for
the increase in the number of dlt/g44 leaf cells and that
the DLT/G44 gene may participate in the regulation of
cell division by inhibiting the expression of CYCD3; 1.
Rice is an important food crop, and experts in
areas such as physiology, cultivation, breeding, ge-
netics and nutrition attach great importance to high-
efficiency breeding. High-efficiency breeding should
be based on shaping the ideal rice plant type, so that
individual plants can manifest improved light-
receiving patterns, and can maximize the efficient
use of light energy, thereby increasing the yield of
dry matter. Considering leaves as a source of rice
and grain as a sink of rice, an increase in dry matter
storage can be achieved by increasing the source
(Kozak et al. 2007; Yoon et al. 2006; Thomson
et al. 2003; Yue et al. 2006). To achieve a greater
storage capacity, it is necessary to strengthen the
supply capacity of the source. The early construction
of the largest leaf area promotes photoautotrophic
capacity and promotes plant growth, thereby increas-
ing the accumulation of biomass (Yoshida 1981;
Hebert 1990). Under certain environmental condi-
tions, the length, width and thickness of the leaves
are important factors that influence the synthesis of pho-
tosynthetic products in individual leaves. The morpholo-
gy and location of the leaves are also important factors in
the composition of plant types (Ming et al. 2012). There-
fore, one of the important goals when breeding types of
rice plant is to improve leaf morphology. The improve-
ment of leaf traits in high-quality rice plants should be
focused on achieving leaves that are short and erect and
can be widened appropriately, while the second and the
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third upper leaves can be lengthened and widened (Jang
et al. 2017). In short, under the condition of ensuring
certain lodging resistance and mutual shading, increasing
the leaf area appropriately can also increase the effective
photosynthetic area, accordingly, to achieve increased
production. The dwarf broad leaf mutant dlt/g44 found
in this study was dwarfed and showed broadened leaves
from the seedling stage, and these traits continued until
maturity. Plant dwarfing is of great significance for high-
light efficiency breeding, and the proper widening of
leaves also plays a role in increasing yield.
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