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Abstract

Plant height (PH) is one of the most important agronomic traits of rice, as it directly affects the yield potential and lodging
resistance. Here, semi-dwarf mutant lines were developed through CRISPR/Cas9-based editing of OsGA200x2 in an indica
rice cultivar. Total 24 independent lines were obtained in T, generation with the mean mutation rate of 73.5% including bial-
lelic (29.16%), homozygous (47.91%) and heterozygous (16.66%) mutations, and 16 T-DNA-free lines (50%) were obtained
in T, generation without off-target effect in four most likely sites. Mutations resulted in a changed amino acid sequence
of mutant plants and reduced gibberellins (GA) level and PH (22.2%), flag leaf length (FLL) and increased yield per plant
(YPP) (6.0%), while there was no effect on other agronomic traits. Mutants restored their PH to normal by exogenous GA,
treatment. The expression of the OsGA200x2 gene was significantly suppressed in mutant plants, while the expression level
was not affected for other GA biosynthesis (OsGA20x3 and OsGA30x2) and signaling (D1, GIDI and SLR1) genes. The
mutant lines showed decreased cell length and width, abnormal cell elongation, while increased cell numbers in the second
internode sections at mature stage. Total 30 protein spots were exercised, and 24 proteins were identified, and results showed
that OsGA200x2 editing altered protein expression. Five proteins including, glyceraldehyde-3-phosphate dehydrogenase,
putative ATP synthase, fructose-bisphosphate aldolase 1, S-adenosyl methionine synthetase 1 and gibberellin 20 oxidase 2,
were downregulated in dwarf mutant lines which may affect the plant growth. Collectively, our results provide the insights
into the role of OsGA200x2 in PH and confirmed that CRISPR—Cas9 is a powerful tool to understand the gene functions.
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Introduction
Yue Han, Kaichong Teng and Gul Nawaz contributed equally to
this work. Rice (Oryza sativa L.) is one of the most important food
Electronic supplementary material The online version of this crops in the world, providing food for approximately 21% of
article (https://doi.org/10.1007/s13205-019-1919-x) contains the global population. In recent years, with the rapidly grow-
supplementary material, which is available to authorized users. ing population and improvement of people’s living standards

the rice yield, quality and flavor have accordingly become
one of the major objectives of breeders and growers (Wang
and Li 2008; Xing and Zhang 2010). Plant height (PH) is an
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adaptability to environment, that are directly linked with
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for Conservation and Utilization of Subtropical 2016). Gibberellin (GA) is an important phytohormone in
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leaf expansion, hypocotyl and stem elongation. Generally,
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and signaling which plays critical roles in brassinosteroid
metabolism (Zhang et al. 2014). The semi-dwarf (SD1)
allele controls tall phenotype, while the green revolution
recessive allele (sd1) controls semi-dwarf PH. After the SD/
introduction, the rice has greatly achieved the targeted addi-
tional worldwide production. The semi-dwarf miracle rice
(Oryza sativa) cultivar IR8, which enabled dramatic yield
increases and helped to avert food shortages in the “Green
Revolution”, because of a mutation in the SDI (OsGA200x2)
gene (Peng et al. 1999; Monna et al. 2002; Sasaki et al. 2002;
Spielmeyer et al. 2002a, b; Nagai et al. 2018). SD1 encodes a
GA20-oxidase which is involved in GA biosynthesis and its
mutants show different degrees of dwarfism which has been
associated with GA level. Breeding for semi-dwarf lines
is considered an effective parameter to measure the yield
and genetic improvement strategy in rice, wheat and many
other crops (Ahmad et al. 2018). In 1930, the sd! allele for
short stature breeding in rice was in progress in Japan (Tani-
saka et al. 1994) and the first semi-dwarf rice variety was
developed (Khush 1999) and then commonly distributed in
whole Asia for the breeding purpose to improve the yield
and lodging resistance. OsGA200x2 has an open reading
frame (ORF) including 2 introns and 3 exons, encoding 389
amino acids and GA20 oxidase-2, which is a key enzyme in
the GA synthesis pathway (Monna et al. 2002). The PH is
mostly controlled by the molecular mechanism of endog-
enous phytohormone functions in same manner. Mostly,
GAs, comprises of large group of diterpeniod carboxylic
acids such as GA; and GA,, exhibits a key role in plant
growth and development (Marciniak et al. 2018; Thomas
and Hedden 2018). Many researchers have put an extensive
effort to achieve semi-dwarf phenotypes in rice by recently
developed molecular breeding approaches (Qiao and Zhao
2011; Wu et al. 2017).

Clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 (CRISPR/Cas9) has been suc-
cessfully used to improve traits in rice and heritable puta-
tive homozygous mutations generated and transmitted
according to classical principles of inheritance (Xu et al.
2015). CRISPR/Cas9 has emerged as a versatile technique
for precisely targeted genome editing in cellular organisms.
Zinc finger nucleases (ZFNs), and transcriptional activator-
like effector nuclease (TALEN) technologies were devel-
oped earlier than CRISPR/Cas9 (Gaj et al. 2013; Jung et al.
2018), but due to high efficiency, multiplexing capacity,
rapidness, high mutation frequency, flexibility and simplic-
ity, the CRISPR/Cas9 technique gained popularity among
the researchers. Previous studies showed that CRISPR/Cas9
has been successfully applied in human cells, vertebrates
and plants (Qi et al. 2016; Liang et al. 2017; Gupta et al.
2018; Han et al. 2018). This system contains a small piece
of pre-designed RNA complementary to the specific targeted
DNA sequence, generates blunt ended double strand breaks
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(DSBs) which subsequently repaired by the error-prone
non-homologous end joining (NHEJ) or homology-directed
repair (HDR) (Zheng et al. 2016; Chen et al. 2017). CRISPR/
Cas9 technology has been successfully used in Arabidopsis
(Jiang et al. 2013; Li et al. 2013), rice (Cong et al. 2013;
Han et al. 2018; Jiang et al. 2013; Mao et al. 2013; Nawaz
et al. 2019; Sun et al. 2016; Shan et al. 2013), maize (Liang
et al. 2014), wheat (Shan et al. 2013; Wang et al. 2014),
sorghum (Jiang et al. 2013), soybean (Jacobs et al. 2015; Li
et al. 2015; Sun et al. 2015) and tomato (Brooks et al. 2014).
However, there is need to establish CRISPR/Cas9 system
that can be used in commercial cultivars for practical use of
genome editing in molecular breeding.

In this work, we used CRISPR/Cas9 technology to spe-
cifically induce mutagenesis in OsGA20o0x2. The Jingxi
Glutinous Rice (JGR) (an Indica variety) was selected for
genetic transformations, which is widely planted in southern
parts of China. JGR has excellent grain quality and genetic
potential, but the tall stature makes it vulnerable to lodging
and resulted in yield reduction. We achieved delicate and
earmark mutation of OsGA20ox2 gene and homozygous T,
semi-dwarf lines were obtained successfully with signifi-
cantly decreased PH, low GA level, downregulated function
of regulatory proteins and slightly increased yield without
changing other quality traits. CRISPR/Cas9 was used to
construct an expression vector containing two sgRNAs
and transformed by the Agrobacterium-mediated method
and large fragment deletion was achieved and OsGA200x2
expression level was suppressed in mutant plants without
disturbing other GA-associated genes. This study is an
example for targeted gene editing in existing paragon verities
with potential for commercialization. These results provide
an experimental strategy for the rapid generation of various
genetic types of materials using the CRISPR/Cas9 system.

Materials and methods
Experimental materials and growth conditions

The seed of JGR variety were collected from the Rice
Research Institute of Guangxi University and were grown
in the paddy field of Guangxi University and in Hainan,
Sanya, Army District Head Quarters field area during nor-
mal rice growing seasons and maintained regularly. The
pYL CRISPR/Cas9Pubi-H vector (Figure S1), and pro-
moters (OsU6a and OsU6b) (Figure S2) were provided by
State Key Laboratory of Conservation and Utilization of
Subtropical Agro-Bioresources, South China Agricultural
University, Guangzhou, China. pYL CRISPR/Cas9Pubi-H is
a plant expression vector with hygromycin selectable marker
having a fragment flanked by two Bsal sites which can be
used for inserting sgRNA cassette (Ma et al. 2015a, b). The
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primers used in the experiment are synthesized by Beijing
Genomics Institute (BGI) (Table S1).

Selection of target sites

The sgRNAs was designed by following a previous report
(Liang et al. 2016), and two targets in the first exon of
0OsGA200x2 were selected using online tool CRISPR-GE
(http://skl.scau.edu.cn/) (Fig. 1). The targeting specificity
of target sequences (including PAM) was confirmed by per-
forming a blast in NCBI (http://blast.ncbi.nlm.nih.gov/Blast
.cgi) against the rice genome. The difference of at least two
bases compared with similar non-target sequences within
the PAM region was assured for a potential target sequence.
The structures of both sgRNAs (Figure S3) were developed
using online tool CRISPR-P (http://crispr.hzau.edu.cn/cgi-
bin/CRISPR2/CRISPR).

Construction of sgRNA expression cassette

The sgRNA expression cassette containing two target sites
was constructed by overlapping PCR and two pair of primers
were used in each reaction in which 2-5 ng of OsU6a and
OsU6b were used as templates. For first PCR reaction, U-F
and gR-R were used, respectively, and site-specific prim-
ers (Pps-R/Pgs-2, Pps-2/Pgs-L) were used in the second
overlapping PCR. Finally, both targets were purified using
TaKaRa MiniBest DNA Fragment Purification Kit Ver 4.0,
according to manufacturer instructions. The oligos used in
constructing the sgRNA vectors for OsGA200x2 are listed
in Supplementary table S1.

Assembly of sgRNA expression cassette into pYL
CRISPR/Cas9 binary vector

The sgRNA expression cassette was constructed by insert-
ing synthesized oligos into the BSal site of the vector pYL-
CRISPR/Cas9 (I) (Ma et al. 2015b). For cloning, 20 pl
restriction—ligation reaction was prepared as: 60 ng of pYL
CRISPR/Cas9 plasmid, 10 ng of expression cassette mix-
ture, 10x CutSmart buffer, 10 mmol/l ATP, 10 U Bsal-HF,
35 U T4 DNA ligase, and reactions were incubated for 15
cycles (5 min at 37 °C, 5 min at 10 °C, 5 min at 20 °C, 5 min
and 5 min at 37 °C) (Ma et al. 2015b).

™ T2
ATG v v

Transformation of E. coli and verification of positive
colonies

The transformation of expression cassette to DH5-alpha was
performed according to previous established method (Ma
and Liu 2016). Specific primers, SP-L and SP-R (Table S1)
were used to detect the required length. The positive colo-
nies confirming the required product length were sent to
BGI for sequencing. The bacterial liquid confirming the
targets were incubated for 12 h and plasmids were purified
using TaKaRa MiniBEST Plasmid Purification Kit Ver. 4.0,
according to manufacturer instructions.

Rice transformation

Transformation was carried out by Agrobacterium tumefa-
ciens-mediated co-cultivation method, as previously estab-
lished procedure (Hiei et al. 1994).

Genotyping of T, generation and off-target analysis

The genomic DNA of T, generation was extracted with
the established CTAB method (Xu et al. 2005) and target-
specific primers (SD1T1F/R and SD1T2F/R) were designed
to amplify the target sites (Table S1). The amplified PCR
products were sent to the BGI for sequencing, and results
were decoded and analyzed using online analysis tool DSDe-
code (http://skl.scau.edu.cn/dsdecode/) (Ma et al. 2015a).
The multiple amino-acid sequence alignment was performed
using Clustal Omerga online tool (https://www.ebi.ac.uk/
Tools/msa/clustalo/). The CRISPR-GE online tool (http://
skl.scau.edu.cn/) was used to identify the potential off-target
sites for target regions and four off-targets for each target
were evaluated. The specific primers flanking the potential
off-target sites were designed (Tabe S4) and PCR products
were sequenced directly.

Screening of T-DNA-free plants and RT-qPCR
analysis

The DNA of T, mutant plants was also extracted by CTAB
method (Xu et al. 2005), and T-DNA-free plants were
screened using Cas9 gene-specific primers Cas9-F and
Cas9-R (Table S1). Total RNA was extracted from the pan-
icle tissues and leaves of 30 days old rice seedlings using

TGA
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Fig.1 Schematic diagram of sgRNA target sites in OsGA200x2. Exons are indicated as black boxes. T1 and T2 represent Target 1 and Target 2,

respectively
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RNeasy kit (Qiagen) according to the company instruc-
tions. RT-qPCR was performed using a Real-Time (Roche)
LC480 PCR in a total volume of 10 pl containing 0.3 pl of
reverse-transcribed product, 0.08 pM gene-specific primers
and 5.0 pl of ChamQ™ Universal SYBR qPCR Master Mix
(Vazyme). PCR cycles were programmed as initial dena-
turation at 95 °C for 5 min, denaturation at 95 °C for 10 s,
annealing at 58 °C for 10 s and extension at 72 °C for 10 s
with 45 cycles. The RT-qPCR was also performed to analyze
whether the SD1 gene knock out affects the genes related to
GA synthesis (OsGA20x3 and GA30x2) and signaling (D1,
GIDI and SLR1). The rice Actin gene was used as inter-
nal control and primers used were designed using online
tool (https://biodb.swu.edu.cn/qprimerdb/) (Table S1) and
expression was calculated as explained previously (Livak
and Schmittgen 2001).

Phenotyping and determination of endogenous GA
level

The data were recorded for main agronomic traits, such as
PH, panicle length (PL), grains per panicle (GPP), seed
setting rate (SSR), flag leaf length (FLL), flag leaf width
(FLW), root length (RL), number of lateral roots (NLR),
grain length (GL), grain width (GW), 1000-grain weight
(GW) and yield per plant (YP) were investigated. Endog-
enous GA levels were measured for both T, and T, genera-
tions as described previously (Li et al. 2011). The meas-
urement results were expressed in pg/kg FW, and standard
methods were followed (Suge 1985), with three replicates.
The correlation between PH and GA level was calculated by
the method of Pearson correlation test (Schober et al. 2018).

Exogenous GA; treatment

The seeds were surface sterilized for 10 min in 70% ethanol
solution and washed three times with distilled water and
soaked in water at 37 °C for 48 h. The germinated seeds
were placed on a 96-well PCR plate and placed in an incuba-
tor at 28 °C. After 7 days, 10 pM GA; aqueous solutions was
sprayed on plants and same amount of distilled water was
used as a control, and the PH was measured after 20 days
of treatment.

Anatomical observation

0.5 cm long transverse and longitudinal cross-sections of
second internodes of mature plants of wild JGR and mutant
G7-6-1 were stained with crystal violet and calcofluor and
standard method was used according to previous research
(Peng et al. 2016). Slices were placed on slides in transverse
and longitudinal sections, and the results were visualized
using stereomicroscope.
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Protein extraction and identification

The proteins were extracted from the stem of WT and
mutant line, based on previously described method (Cas-
cardo et al. 2001) with some modifications. The proteins
were separated through two-dimensional Gel Electropho-
resis (2-D GEL) based on pH through isoelectric focusing
(IEF). The gels were immersed in fixative solution [metha-
nol (5): ddH,0 (4): acetic acid (1)] for 1 h and 15 min with
0.5 g commasie blue as staining solution for 3 h (Komatsu
et al. 1993). The protein patterns were compared by 2-DE
and spots were identified by matrix-assisted laser desorption
ionization time-of-flight and quadrupole time-of-flight mass
spectrometry (MALDI-TOF-TOF-MS). The in-digestion of
proteins was performed according to established protocol
(Rosenfeld et al. 1992), and protein database search was car-
ried out using mass values of analyzed peptides by Mascot to
search the European Bioinformatics Institute (EMBL-EBI),
National Center for Biotechnology Information (NCBI) and
SwissProt protein database. The STRING (http://string-db.
org/) database was used to predict protein—protein interac-
tions (PPI). The interactions were including direct (physical)
and indirect (functional) associations.

Data analysis

All data were analyzed using SPSS 16.0 Statistical Software
Program and graphs were developed by GraphPad Prism
(version 7.0, GraphPad Software Inc., San Diego, CA, USA).

Results
Plasmid construction

The CRISPR/Cas9 expression cassette was generated using
the Golden Gate Assembly method (Fig. 2a), and both target
sequences were assembled into the intermediate vector pYL
CRISPR/Cas9 Pubi-H, by restriction enzyme-ligation. The
order of the U3/U6 promoter driven sgRNA cassettes in a
binary construct was arbitrary with the following arrange-
ment; LacZ-OsU6a-T1-OsU6b-T2 (Fig. 2d), and both target
sequences were confirmed in constructed expression cas-
sette (Figure S4). The overlapping PCR (Figure S5) was
used to construct expression cassette and corresponding
sizes of the amplified sgRNA cassettes were as follows:
OsU6a-sgRNA (T1): 629 bp; OsU6b-sgRNA (T2)=515 bp
(Fig. 2a). After the transformation of expression cassette to
DH5a, the positive colonies were detected using the SP-L1
and SP-R primers and sequencing was performed from both
directions (Fig. 2b). The sequence of OsGA200x2 in WT was
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Fig.2 Expression cassette and sequencing peak map of both targets the upstream and downstream primers of SD/ partial gene sequence;
assembled in pYLCRISPR/Cas9Pubi-H. a Gel electrophoresis detec- blue sequences represent the SD/ gene target sites sequence and posi-
tion of expression cassette for both targets, M DL2000 DNA marker; tion; the sequences in green letters represent the RT-qPCR primers;

b detection of expression cassettes after transformation of DH5o; M d linking sequence of two expression cassettes U6a-driven Target 1
DL2000 DNA marker, /-/2 amplified bacterial colonies; 1144 bp: and U6b-driven Target 2 on pYL CRISPR/Cas9 vector; e sequencing
total amplified length of Uba and U6b expression cassette assembly; peak map of both target sites assembled in pYLCRISPR/Cas9Pubi-H
¢ JGR SD1I gene sequence of target regions; red sequences represent vector

amplified, and specific primers were designed to amplify Mutation frequency of T, generation and off-target
the target sites (Fig. 2c). Sequencing results confirmed that  effects
both targets were assembled in vector successfully (Fig. 2e).

After introducing the construct into rice embryogenic calli
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by Agrobacterium-mediated transformation, the positive
mutant lines using specific hygromycin phosphotransferase
primers (HPTF/HPTR), and amplified product was con-
firmed by gel electrophoresis (Fig. 3a), and finally obtained
24 independent regenerated transgenic lines. The 2 con-
structs were successfully introduced to rice embryogenic
calli by Agrobacterium-mediated transformation and total
24 independent mutant lines were obtained in T, genera-
tion. The mutations were confirmed by sequencing of tar-
get regions using target-specific primers. The CRISPR/
Cas9 construct that we designed to target OsGA200x2
were selected in the first exon (bases 174-193 for Target 1
and 518-537 for Target 2) with high efficiency to achieve
expected targeted mutations (Table S2). The sanger sequenc-
ing results revealed that there were 4 plants at Target 1 and 6
plants at Target 2 with WT genotype, and the mean mutation
rate was 73.5% (Table 1). The mutation rate for SD1T1 was
83.33% of the total number of mutant plants (24 plants) and

Fig.3 Detection of positive
mutant lines and analysis of
mutations. a T, positive mutant
lines; M DNA marker, WT wild
type, 1-19 T, transgenic lines; b
nucleotide sequence alignment
and mutation frequency for both
target regions. Deletions and
insertions are indicated by red
dashes and letters, respectively,
while yellow highlighted is
PAM (protospacer adjacent B
motif). The numbers on the
right side show the sizes of

the indels, with “—=" and “+”
indicating deletion and insertion
of the nucleotides

Line

G7-3 GGCGGTGTGCGACCTG-GGGATSG
G768 GOEOGG-—rr—rres
67-12 GGCGG TG TGOGACCTGA-~CCATGG

4 5 6 7 8 9

Targetl sequence

WT GGCOGTGTGOGACCTGAGGATGE.
G7-1 GGCGGTGTGOGACCTGA-—-CTATATGEG.

there were 17 plants with homozygous mutations (70.83%)
and only 3 plants showed heterozygous mutations (12.50%).
Total 18 mutant plants were achieved on Target 2, with the
mutation rate of 75.0% of the total number of mutant plants.
Among them, there were seven plants with bi-allelic muta-
tions (29.16%), six plants of homozygous mutations (25%)
and only five plants of heterozygous mutations (20.83%).
The plants with homozygous mutations were more than het-
erozygous mutants in both targets and were 14 plants with
mutations on both targets (58.33%) (Table 1).

We analyzed the four mutant plants for further investiga-
tions and DSDecode analysis of OsGA200x2 gene target sites
in T, generation showed that the mutant line G7-1 showed
homozygous mutations with 3 bp deletions and 5 bp inser-
tions on Target 1 and biallelic mutations with 1 bp substitu-
tion and deletion on Target 2. Mutant line G7-3 showed indel
mutation at Target 1 and homozygous mutation with inser-
tion at Target 2, while mutant line G7-6 showed homozygous

10 11 12 13 14 15 16 17 18

Target2 sequence In/del
GCTTCGCCTCCAAGCTCCCATGG
GCTTOGCCTCCA-TGCTCCCATGG -3+5/-1+1
GCTTOGCCTCCAAGCTC-CATCG -1
GCTTOGCCTCCAAGCTC ACCATGG ~1+1/+1
1 e e e e IV -137/-16

GCTTCGCCTCCCATGC TAAGCTCCCATGG —2+2/46

Table 1 Mutation rates of both

. A Mutation type
targets in T, genration

Targets Bi-allelic Homozygous Heterozygous Chimeric WT Total
SDI1T1
NOP 0 17 3 0 4 24
MR 0 70 12 0 83
SDIT2
NOP 7 6 5 0 6 24
MR 29 25 20 0 74

Mean MR 73.5

NOP number of plants, MR mutation rate (%), WT wild type
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mutation with the large fragment deletion (137 bp) at Target
1 and (16 bp) at Target 2. Target 1 of mutant line G7-12
showed substitution of 2 bp and homozygous mutation with
the insertion of 6 bp at Target 2. The sequence alignment
analysis (Fig. 3b) and sequence peak maps (Figure S6) indi-
cated that simultaneous efficient deletions at both target sites
of G7-6 within one exon, resulted in a large fragment dele-
tion of 153 bp between the two target sites. The DNA of 24
mutant plants was amplified using specific primers for 12
loci of both targets with highest ranking off-target potential
and no secondary off-target mutations were detected from
potential off-target analysis (Table S3). The primers used for
off-target analysis are enlisted in Table S4. Different types of
mutations were observed in T generation (Table S5). The
conserved amino-acid sequence of WT and mutant lines
were changed (Figure S7).

Endogenous GA level and plant heightin T,
generation

Endogenous GA level were measured for the WT and mutant
lines G7-1, G7-3, G7-6 and G7-12. Results clearly showed
that all the mutant lines showed decreased PH and GA level
and mutant line G7-6 showed minimum PH (114.14 cm) and
GA level (1.26 pg/kg Fw), while WT showed maximum PH
(143.61 cm) and GA level (1.76 pg/kg Fw). These results
also showed that there was a significant positive correlation
(R=0.99) between PH and endogenous GA level in WT and
mutant lines (Table 2).

T-DNA-free mutants in T, generation

Homozygous mutants of T, and T were planted and 38
plants were screened to analyze their genetic transforma-
tion patterns and thereby detect the presence or absence
of the exogenous DNA of the mutant lines. T-DNA-free
mutants were selected using cas9-specific detection

Table 2 Plant height and endogenous gibberellin (GA) content in T,
mutant lines

T, trans- Mutation type Plant height (cm) Content of
genic GA (pg/kg
plant Fw)

JGR WT 143.61+4.31 1.76 £0.11
G7-1 Bi-allelic 121.34 £3.22%%* 1.33+£0.14%*
G7-3 Homozygous 117.56+2.65%* 1.32+0.21%*
G7-6 Homozygous 114.14 +4.33%* 1.26 +0.09%*
G7-12 Homozygous 119.22+3.64%* 1.28 +0.06%**
Mean 123.17 1.39

R=0.99, p value=0.001595

R Pearson correlation co-efficient
**Significant difference (p <0.01)

primers cas9-F/Cas9-R (Table S1). The results showed
that 19 mutants were amplified to Cas9 vector sequence
with 572 bp fragment and 19 lines were not amplified to
the corresponding fragment and thus termed as T-DNA-
free plants (Fig. 4a). T-DNA-free strain appeared with a
frequency of 50%.

Plant height and endogenous GA level in T-DNA-free
T, mutant lines

PH and endogenous GA level were measured for the screen-
ing of 12 T-DNA-free T, lines and compared with T, plants
at 125 days after germination (DAG). The PH of semi-
dwarf mutant lines was decreased (20.52%) from 143.61
to 114.14 cm. The PH and endogenous GA level of each
T-DNA-free T, lines were positively correlated (R=0.30)
(Table 3). T-DNA-free semi-dwarf mutant lines were stably
inherited and semi-dwarf plants were obtained with heritable
mutations (Fig. 4b).

Performance of agronomic and quality traits in WT
and mutant lines

The main agronomic characters of WT and mutant lines
were recorded at 125 DAG. The mean results for morpholog-
ical traits showed that there were no significant differences
among all agronomic traits except PH and flag leaf length
between mutant lines and WT. The mutant plants showed
slightly shorter panicle length, shorter flag leaf length, while
there was no any difference in panicle numbers, flag leaf
width, grain number per panicle, seed setting rate, and 1000-
grain weight, yield per plant, grain length and grain width
(Table 4). However, the grain shape and appearance were
not affected (Figure S§8A—-C). Although each internode of
G7-6-1 was shortened, the basal internodes including the
third, fourth, and fifth internodes (counting from the top)
exhibited a higher percentage of length reduction in G7-6-1
(Figure S8E). The yield per plant was increased 6.4% from
15.7 to 16.7 g (Table 4).

SD1 expression level

Total RNA was extracted, and RT-qPCR was used to detect
the relative expression of SD/ gene in WT and mutant
plants. Rice Actin gene was used as a reference to normal-
ize SD1 expression between samples. The expression of WT
was not altered, and the expression of mutant plants was
substantially downregulated in the mutants compared with
WT (p<0.01, Fig. 5) indicating that mutations have success-
fully affected the target gene expression.
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8 9

10 11 1213 14 15 16 1718 19

B
Generation ~ Genotype Target 1 Mutation Type Target 2 Mutation Type
WT CGGCEECEETGTECEACETEABEATGGAGCCC GACCEETTCGECTCCARGETECCATGGAAGG
T G7-1-3 CGGCEECEETCICCEACCTEARSSCIARATGGAGCCC -3, +5 GACCECTICEECTCCANIGETCECATGGAAGG -1, +1
GACCEETICEECTECAAGETERCATGGAAGG -1
T2 G7-1-3 CGGCEECEEIGICCCACCICATCIRBATGGAGCCC -3, +5 GACCECTICCEeTCOASIGOTERATGGAAGG -1, +1
GACCECITCEECTCCARGETEREATGGAAGG -1
Ty G7-3-1 CGGCEEEEETIETEEEACETE BEBATGGAGCCC -1, +1 GACCEETTCCOCTCCARGETEABCATGGAAGG +1
T2 G7-3-1 CGGCEECEETGTGCEACCTGREEEATGGAGCCC GACCEETTCCCCTCCAAGCTCACCATGGAAGG +1
T G7-6-3 CGGCEEEEE -137 GACC N PATGGAAGG  -16
T2 G7-6-3 CGGCEEEEE — GACCEE N PATGGARGG 16
T G7-12-2 CGGCEECEEIGICOGACCICANTORATGGAGCCC 2,42 GACCECTITCCECTCCOATEETARGETOECATGGAAGG  +6
T2 G7-12-2 CGGCEEEEEIGICEEACCTEANERATGGAGCCC -2, +2 GACCEEITCCCCTCCCATECTARGEICEOATGGAAGG +6

Fig.4 a Detection of T-DNA-free mutant lines; M DL2000 DNA
marker, WT' wild type. b Sequence alignment for transmission of
mutations at both target sites in T, and subsequent T, generations.

Table 3 Plant height and endogenous GA levels in wild-type and
T-DNA-free T, mutant plants

Genotypes PH (cm) GA (pg/kg Fw)
WT 145.42+3.93 1.82+0.2
G7-1-3 120.32 £2.55%* 1.22+0.13**
G7-1-5 122.65 £4.11** 1.25+0.12%*
G7-1-8 119.63 £2.52%** 1.24 +0.42%%
G7-3-1 116.74 £3.18%** 1.22+0.31%**
G7-3-6 119.62 +1.92%* 1.23+0.12%*
G7-3-9 118.25+2.63** 1.21 £0.24%*
G7-6-3 115.35£3.25%* 1.19+0.13%*
G7-6-4 113.15£3.79%* 1.15+0.13%*
G7-6-7 114.26 £2.95%* 1.18+0.08%**
G7-12-2 118.63 £3.42%* 1.20+£0.16%*
G7-12-7 119.53 £4.14%* 1.21+0.11%*
G7-12-9 121.21 £2.43%* 1.22+0.09%*
Mean 111.04 1.26

R=0.97, p value=0.00001

Data are the mean of three replicates

WT wild type, PH plant height, GA gibberellins, R Pearson correla-
tion co-efficient

**Significant difference (p <0.01)
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The targeted sequence is shown in green background and the PAM
sequence in gray background. Insertion is represented by red letters,
and deletion by red hyphens

Expression analysis of GA biosynthesis
and signaling related genes

Expression analysis of GA-associated gene was performed
to analyze whether the mutations in SD/ mutants affect other
GA biosynthesis or signaling genes. The RNA was extracted
from rice panicle tissues to evaluate expression level of these
genes. The results showed that the expression of GA biosyn-
thesis genes (OsGA20x3 and GA30x2) was the same in both
mutant line (G7-6-1) and wild JGR. The expression level of
signaling pathway-associated genes (D1, GIDI and SLR1) in
wild JGR and mutant lines was also similar (Fig. 6). It shows
that SD1 gene editing have no effect on other GA synthesis
and signaling genes.

Effect of exogenous GA; on mutant plants and wild
JGR

To study the effect of exogenous GA treatment on the WT
and mutant plants, we applied GA; to rice seedlings and
their response was analyzed. The PH between control and
GA;-treated seedlings of rice was compared after 25 days
and data for PH were recorded. The response of mutant
plants to exogenous GA; was significant, and their PH was
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Table 4 Agronomic traits of the high stalk and semi-dwarf mutants and their wild type

Genotypes PN PL (cm) FLL (cm) FLW (cm) GNPP SSR (%) GW (g) YPP (g) GL (mm) GWD (mm)
WT 59+0.8 28.6+25 47.0+4.6 1.6+0.1 135+12 88.4+89 249+53 157+2.6 292+0.1 243+0.2

G7-1-3 6.0+0.4" 254+1.1" 39.6+2.1° 1.7+04™ 138+10™ 89.1+7.2™ 25.0+3.8" 163+2.3" 296+0.1" 2.40+0.6™
G7-1-5 58+02% 242+27" 344+32° 1.6+02% 136+11™ 88.8+8.3™ 257+6.1" 162+22% 295+04™ 2.41+04"™
G7-1-8 56+0.1" 26.0+3.5" 36.1+29° 1.6+0.1" 132+9"  88.0+5.6™ 252+42% 159+14" 291+04™ 2.45+04"™
G7-3-1 6.0+04™ 235+£2.6™ 35724 1.7+03™ 130x+13" 87.5+4.5™ 258+3.5" 16.1+1.1" 2.92+02™ 2.45+0.7"
G7-3-6 6307 253+£27" 344432° 1.7+02™ 126+14™ 882442 264+49™ 159424™ 293+02" 2.45+0.6™
G7-3-9 64+03™ 250+£29™ 355+3.6° 1.8+0.5" 129+13™ 88.143.6™ 24.9+2.7" 162+32" 2.96+0.3" 2.42+0.3™
G7-6-3 6.6+0.5™ 238+3.1"™ 373x+1.8" 1.6+04™ 131x16™ 87.9442™ 26.1+51" 16727 291+0.3" 2.44+0.2"
G7-6-4 6.5+0.6™ 244+25" 379+39° 1.6+03" 134x+13" 88.843.5™ 263+1.6" 16.6+2.3" 293+0.1" 243404
G7-6-7 6.6+0.1™ 258+12" 355+4.17 1.740.6™ 130+12" 873459 269+32" 167425 2.94+0.5" 2.43+0.1™
G7-12-2 64+04™ 266+13" 382+2.1" 1.8404" 129+14™ 87.6434™ 255+22" 164415 2.93+0.1" 2.44+0.6™
G7-12-7 5.8402™ 250+1.6"™ 389+3.1" 1.7+£03™ 126+16™ 88.74£2.5™ 252+29™ 16.5+£24™ 291+04" 2.47+04"
G7-12-9 6.0+0.3™ 245+1.7" 37.6+29" 1.9+02™ 127+15™ 87.6+3.1" 259427 163+0.3" 2.72+0.6™ 2.46+0.3"

Data are the mean of five replicates

WT wild type, PN panicle numbers, PL panicle length, FLL flag leaf length, FLW flag leaf width, GNPP grain number per panicle, SSR seed set-
ting rate, GW 1000-grain weight, YPP yield per plant, GL grain length, GWD grain width

*Significant difference and "represents no significant difference (p <0.01)
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Fig.5 SDI expression level of wild type (JGR) and T; mutant plants
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PCR values
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Fig.6 Expression analysis of GA biosynthesis genes (OsGA20x3 and
GA3o0x2) and signaling genes (D1, GIDI and SLR1) in panicle tissues
of wild type and mutant lines. The data are the mean+SD of three
independent values

restored identical to that of the wild JGR (Fig. 7a, b). The
differences in PH between the mutant plants in controlled
condition and exogenous GA; treated was significant. The
mutant line G7-6-1 showed minimum PH (15.27 cm) in con-
trolled conditions, while the PH of wild-type JGR (25.25 cm)
was higher than the mutant plants. Under GA; treatment, the
mutant lines G7-6-1, G7-5-1 and G7-10-1 restored their PH
(31.14 cm, 30.82 cm and 31.38 cm, respectively), nearly
equal to the wild JGR (30.99 cm). GA; treatment stimulated
the growth of dwarf mutants and WT (Fig. 7).

Anatomical observation of second internodal cells

Observations of the cross-section of the second internode of
stem indicated that the cortical fiber of G7-6-1 mutant cell
was thinner than WT. The staining was clearly observed in
small vascular bundles. From the outside to the inside of
cross-section of WT consists of thick-walled cells. The vas-
cular bundles were well arranged, regularly rectangular and
evenly distributed between parenchyma cells to form longi-
tudinal cell rows (Fig. 8a—d). G7-6-1 mutant cross-section
showed thin-walled cells, irregularly shaped and smaller
than the wild JGR and the development was immature, but
the number of cell layers were increased (Fig. 8a, b). The
vascular bundles of mutant plant were scattered among the
parenchyma cells and were not developed normally. The
results revealed that the development of the stalk of mutant
line (G7-6-1) was affected. The cells of WT and mutant line
were observed in longitudinal paraffin section. The number
of cells of mutant line was increased as compared with the
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Fig.7 Seedling phenotype of wild JGR and mutant plants under controlled conditions and GA; treatment a plants under controlled conditions, b
plants treated with 10 pM GA;, ¢ plant height of control and GA;-treated seedling

wild type, but the cell length, size and width were signifi-
cantly smaller (Fig. 8e-h). The cell numbers of mutant line
per unit area were increased 1.31 times (Fig. 8e); the length
of mutant cells was 30% decreased than WT (Fig. 8f); the
cell size was decreased to 40.84% (Fig. 8g), and the width
was reduced two times in mutant line than WT (Fig. 8h).

Protein identification

The SDS-PAGE pattern of proteins showed a large variety of
proteins, ranging from 10 to 180 kDa (Figure S9). The stem
proteins of WT and mutant line were separated by 2-DE and
30 differential spots were exercised by MALDI-TOF-TOF-
MS (Figure S10a, b). A total of 24 proteins were identified,
among them 5 protein spots (5, 7, 21, 23 and 27) were down-
regulated in G7-6-1 (Table 5). The identified proteins were
regulatory and functional proteins having different functions
as predicted by European Bioinformatics Institute (EMBL-
EBI) and literature.

Protein networks of the identified proteins

To investigate the transduction of mutation, the identified
proteins of WT and G7-6-1 were further analyzed using the
String 10.5 database (https://string-db.org/) (Szklarczyk
et al. 2014). Protein—protein interactions with confidence
scores were shown (Fig. 9). The nodes represent the pro-
teins, and the line colors between the nodes indicate pro-
tein—protein interaction modes (Fig. 9). Higher co-expres-
sion was found between aldehyde dehydrogenase ALDH2b
and glutamate dehydrogenase (GDHI) and maximum pro-
teins showed medium confidence of co-expression (Table 6).
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Discussion

Targeted gene mutation to generate DSBs at a predefined
genomic location using CRISPR/Cas9 is popular in molecu-
lar biology and homozygous mutants are highly desirable
in modern breeding. CRISPR/Cas9 is guided by sgRNA
followed by PAM, which is recognized by Cas9 coding
sequence forming Cas9/sgRNA complex to induce muta-
tions (Li et al. 2016; Sauer et al. 2016; Chen et al. 2017).
CRISPR/Cas9 genome engineering tool also used to under-
stand expression and interactions between different genes by
generating loss of function of genes. Mutants are important
source to study genes related to breeding strategies for crop
improvement and many agronomic characters have been
improved in rice varieties (Hsu et al. 2013; Xie et al. 2014).
Proteomic study is playing an increasingly important role
in the functional genomics era and at present, the change
at the protein expression level caused by gene mutation is
one of the most important parts in proteome studies (Han
et al. 2018). Semi-dwarfism is an important trait to increase
grain production and improve lodging resistance. Research
has proved that bioactive GA played an important role in
rice stem elongation and editing the SD/ gene reduced the
PH by affecting the GA biosynthesis in the plant (Hedden,
2003). Loss-of-function mutations of the OsGA200x2 gene
(sd1) cause semi-dwarfism, resulting in lodging resistance
and increased grain yields as is exemplified in an indica cul-
tivar IR8 (Sasaki et al. 2002). Since many years, scientists
have tried to create semi-dwarfism phenotype in rice by
genetic and biotechnological approaches. However, recent
advances in plant genome analyses and plant biotechnology
make it possible to raise a second green revolution through
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Fig.8 Anatomical analysis of
second internodal cells of wild
JGR and G7-6-1. a Mutant
plant (G7-6-1) second internode
longitudinal cell length, b

wild JGR second intermodal
longitudinal cell length, ¢
mutant line G7-6-1s internode
transverse section of cell and

d wild JGR second intermodal
transverse section of the cell,

e number of cells in wild type
and the mutant line in the same
area of longitudinal section, f
cell length of the wild type and
the mutant line in longitudinal
section, g comparison of the
cells size of the wild type and
the mutant line in longitudinal
section, h cell width of the wild
type and the mutant line in
longitudinal section. CF cortical
fiber, PC parenchyma cells, AC
aerenchyma, SVB small vascular
bundle, SC sclerenchyma cells.
Bars 50 pm
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Table 5 Identification of the differentially expressed proteins in wild type and mutant line G7-6-1

Spotno.  Protein description Accession number ~ Mr (Da)/pl Peptide Spot
matched  regula-
tion
WT
G7-6-1
5 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic A2YQT7 36413/6.51 8 i !
17 Pyruvate dehydrogenase E1 component subunit beta-1, mitochondrial ~ Q6Z1G7 39945/532 5 1 1
25 Aldehyde dehydrogenase ALDH2b QI9FRX7 59307/6.48 4 i i
14 Glucose-1-phosphate adenylyltransferase small subunit 1, chloroplastic/ Q69T99 54845/6.39 6 1 1
amyloplastic
12 Glutamate dehydrogenase 1, mitochondrial Q852M0 44278/6.45 8 i i
18 ATP synthase subunit alpha, mitochondrial P0C522 55245/5779 6 i i
7 Putative ATP synthase Q6ZG90 27145/6.63 3 1 l
19 Abscisic stress-ripening protein 5 A27ZBV1 14563/6.19 4 i i
9 Lactoylglutathione lyase Q948T6 32136/5.53 5 i il
4 Actin-1 A2XLF2 40345/529 8 1 1
6 Probable photosystem II oxygen-evolving complex protein 2 precursor  Q8GTK4 25934/8.56 9 1 1
24 UlplI protease-like proteins Q69P93 9351/4.97 7 i i
13 Ricin B-like lectin QlOM12 37542/6.56 4 1 i
11 Putative glyceraldehyde 3-phosphate de-hydrogenase QI9SNK3 46958/6.42 3 1 i
21 Fructose-bisphosphate aldolase 1, cytoplasmic P17784 38543/6.66 6 i l
13 Putative caffeoyl-coA O-methyltransferase Q9XJ19 28432/5.23 17 i il
29 UDP-glucuronic acid decarboxylase Q8W3J0 39211/7.28 8 il il
7 Putative isoflavone reductase QIFTNS5 32,856/6.36 9 T 1
23 S-Adenosyl methionine synthetase 1 A2Y053 43,103/5.29 4 i l
20 Putative ATP synthase beta chain, mitochondrial Q01859 58,765/5.56 6 1 1
2 Gibberellin 20 oxidase 1 P93771 42,189/6.45 7 il T
27 Gibberellin 20 oxidase 2 QOJHS50 42.216/532 5 1 l
15 Gibberellin 2-beta-dioxygenase 3 Q8S0S6 34915/6.15 8 i T
10 Aminotransferase-like Q69MLS 19,251/4.89 7 i 1

WT wild type, ATP adenosine triphosphate, UDP uridine 5'-diphospho-glucuronosyltransferase, Mr calculated relative molecular mass of the

matched peptide, Da Dalton, pl isoelectric point

1 and | represents upregulated and downregulated proteins

the genetic engineering of crops. The knockout mutant in
the indica c.v. Kasalath background, which has a complete
0OsGA200x2, was severely dwarfed. In contrast, knockout
mutants in the japonica c.v. Wuyungeng background, which
carries an allele that encodes an enzyme with less activity
and showed semi-dwarfism and partly infertile phenotype
(Asano et al. 2011).

In present work, we explored the high efficiency of
CRISPR/Cas9 technology and produced large fragment
deletions in OsGA20o0x2 of indica rice variety. Two tar-
gets were designed to generate mutations and Agrobac-
terium-based transformation was performed. Semi-dwarf
mutants were developed with heritable homozygous muta-
tion efficiencies in subsequent generations, and T-DNA
free mutants were screened in T, generation. The dwarfing
effect of the lines resulted in increase of the yield potential
of mutant lines by an average of 6% (Table 4). The mean
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mutation frequency obtained was 73.5%, and most likely
off-target sequences were analyzed and there were no off-
target mutations detected for both targets (Table S3). The
19 homozygous T-DNA-free plants were screened from 38
T, plants which showed simultaneous homozygous muta-
tions were stably transmitted in T, and subsequent T, gen-
erations. Our results also showed that the lower expression
level of SD1 in dwarf mutant plants disrupted GA synthe-
sis and second internodal cells without affecting the rice
grain yield and quality. Studies for semi-dwarf mutants
showed that endogenous GA plays key role in PH and
modification in GA-associated genes resulted in reduced
PH (Marciniak et al. 2018). Different natural mutants of
OsGA200x2, have been studied and are generally semi-
dwarfed (Asano et al. 2011).

We found that the targeted editing of SDI genes does
not affect that expression level of other GA synthesis gene
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Fig. 9 PPI (protein to protein interaction) visualization by Confidence
between proteins. Node represents differential expressed protein, and
edge represents interaction relationship between two nodes. A thicker
line indicates a stronger interaction between the two proteins. Dif-
ferent colors indicate different evidences i.e. red line—indicates the

e«

OsJ_28086

COA1l

OsJ_00052
OsJ_05252

—

OS05T0230900-01

OSsS06T0O357000-01

=

|

presence of fusion evidence, green line—neighborhood evidence,
blue line—cooccurrence evidence, purple line—experimental evi-
dence, yellow line—textmining evidence, light blue line—database
evidence and Black line—represents co-expression evidence

Table 6 Protein to protein interaction (PPI) and confidence score of identified proteins from wild type (WT) and mutant line

Nodel Node2 Nodel accession Node2 accession Nodel annotation Node2 annotation Score
ACTI GAPC3 0S03T0718100-01 OS02T0601300-01 Actin-1 Glyceraldehyde-3-phosphate 0.625
dehydrogenase 3, cytosolic
Aldh2b GAPC3 0S06T0270900-01 OS02T0601300-01 Aldehyde dehydrogenase Glyceraldehyde-3-phosphate 0.449
ALDH?2b dehydrogenase 3, cytosolic
Aldh2b GDHI1 0S06T0270900-01 OS03T0794500-01 Aldehyde dehydrogenase Glutamate dehydrogenase 0.701
ALDH2b
GAPC3 ACTI 0S02T0601300-01 OS03T0718100-01 Glyceraldehyde-3-phosphate Actin-1 0.625
dehydrogenase 3, cytosolic
GAPC3 Aldh2b 0S02T0601300-01 OS06T0270900-01 Glyceraldehyde-3-phosphate Aldehyde dehydrogenase 0.449
dehydrogenase 3, cytosolic ALDH?2b
GDHI Aldh2b 0S03T0794500-01 OS06T0270900-01 Glutamate dehydrogenase Aldehyde dehydrogenase 0.701
ALDH2b
0sJ_05252 0sJ_28086 0S02T0131300-01 OS08T0536000-01 0s02g0131300 protein; Putative Pyruvate dehydrogenase El 0.453
ATP synthase component subunit beta-1,
mitochondrial
OsJ_28086 OsJ_05252 0OS08T0536000-01 OS02T0131300-01 Pyruvate dehydrogenase E1 0s02g0131300 protein; Putative 0.453

component subunit beta-1,

mitochondrial

ATP synthase

0.4-0.6 indicates medium confidence, 0.7 indicates high confidence, and 0.9 indicates highest confidence

(OsGA20x3 and GA3ox2) and signaling associated genes
(D1, GIDI and SLR1).

Our results revealed that mutation resulted in the dele-
tion of large fragments between the two targets could lead
to a significant decrease in PH and endogenous GA level
(Table 2). The mutant plants were highly responsive to
exogenous GA; and wild phenotype with normal PH was

observed in all mutants with the treatment of exogenous
GA; (Fig. 7). These results showed that normal height of
rice plant can be restored by application of exogenous GA;
treatment and thus GA signaling pathways are main targets
for further improvement of crop yield (Hedden 2003; Qiao
and Zhao 2011). Each of the mutants showed different levels
of endogenous GA which was strongly correlated with SD
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expression level. The results showed that the CRISPR/Cas9-
mediated double-target mutation in the first exon of SD/
and modulation of GA biosynthesis is important to obtain
desirable plant architecture to address food security issues
(Spielmeyer et al. 2002a, b). SD mutations also resulted in
distributed cell layers and prevention of second internode
elongation. It was found from the paraffin sections of the
second internodal cells that the mutant showed significant
decrease in cell length, width and size, while increased cell
numbers as compared with the WT cells. The decrease in
length, width and size of longitudinal cells may be the major
cause reduced PH. Dwarf mutant plants generally showed
affected cell expansion, which is related to the development
of cell number and size (Li et al. 2011).

The stem protein of WT and mutant line (G7-6-1) were
separated by 2-DE gel electrophoresis and 30 differential
spots were exercised and total 24 proteins were identified.
The identified proteins were involved growth regulation, pro-
tein biosynthesis, photosynthesis, environmental and nutri-
ent stress responses, photorespiration and metabolisms of
carbon, sulfur and energy pathways.

Cytosolic glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), glutamate dehydrogenase, ATP synthase subunit
alpha 1, putative glyceraldehyde 3-phosphate de-hydroge-
nase, putative caffeoyl-coA O-methyltransferase, putative
isoflavone reductase, probable photosystem II oxygen-
evolving complex protein 2 precursor, aminotransferase-like
and Lactoylglutathione lyase are involved in photosynthesis
and confers abiotic stress tolerance in rice and other plants
(Zhang et al. 2005; Qiu et al. 2009; Kim et al. 2010; Zhang
et al. 2011). Aldehyde dehydrogenase (ALDHs) catalyze
the irreversible oxidation of a wide range of reactive alde-
hydes to their corresponding carboxylic acids and plays a
role in detoxifying the aldehydes generated by environmen-
tal stresses (Kirch et al. 2004, 2005; Mustafiz et al. 2011).
Abscisic stress-ripening protein 5 involved in GA signaling
and regulation of plant growth in the basal region of leaf
sheaths. It also regulates the expression of different genes
that collectively contributes to the protection of the cell in
aluminum stress (Takasaki et al. 2008; Arenhart et al. 2013).
Actins are highly conserved proteins that are involved in
cytoplasmic streaming, cell shape determination, cell divi-
sion, organelle movement and extension growth and are
ubiquitously expressed in all eukaryotic cells. Fructose-
bisphosphate aldolase 1, cytoplasmic-fructose-bisphosphate
aldolase plays a key role in glycolysis and gluconeogenesis
and involved in GA-mediated root growth (Konishi et al.
2004). UDP-glucuronic acid decarboxylase enzyme plays a
significant role in rice seed development at a certain stage
(Suzuki et al. 2004). Gibberellin 20 oxidase 1 (GA200X1)
is a key oxidase enzyme in the biosynthesis of gibberellin.
Catalyzes the conversion of GA12 and GAS53 to GA9 and
GA20, respectively, via a three-step oxidation at C-20 of the
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GA skeleton. Plants over-expressing GA200X1 have high
levels of bioactive GA and exhibit an overgrowth phenotype
with increased internode elongation and leaf sheath length
(Toyomasu et al. 1997; Oikawa et al. 2004). Gibberellin 20
oxidase 2 is key oxidase enzyme in the biosynthesis of GA
that catalyzes the conversion of GA53 to GA20 via a three-
step oxidation at C-20 of the GA skeleton and contributes
to the promotion of internode elongation in response to sub-
mergence via ethylene and GA signaling (Spielmeyer et al.
2002a, b). Gibberellin 2-beta-dioxygenase 3 converts GA1,
GA20, and GA29 to the corresponding 2-beta-hydroxy-
lated products GA8, GA29-catabolite, respectively, and
catalyzes the 2-beta-hydroxylation of several biologically
active GAs, leading to the homeostatic regulation of their
endogenous level. Catabolism of GAs plays a central role
in plant development (Sakai et al. 2003; Lo et al. 2008). In
summary, among 24 proteins, there were five proteins such
as Glyceraldehyde-3-phosphate dehydrogenase, Putative
ATP synthase, Fructose-bisphosphate aldolase 1, S-adenosyl
methionine synthetase 1 and Gibberellin 20 oxidase 2 were
downregulated in mutant line which play an important role
in plant growth by controlling the GA level, photosynthesis
and energy, and absence or downregulation of these proteins
may be the cause of reduced PH.

The natural mutants, sdl-c, sdi-j, sdl-r and sdI-EQ
are caused by weak alleles resulting from substitutions in
exon regions along with sd/-d exhibit semi-dwarfism with
normal setting. The deletion in sd/-d might form a specific
weak allele rather than reflect the gene function. Gene func-
tion was mainly studied in previous research, such as in the
C20-GA2o0x family (Monna et al. 2002; Sasaki et al. 2002;
Spielmeyer et al. 2002a, b; Asano et al. 2011). It is still
unclear, whether these phenotypic differences are due to the
different genetic backgrounds or experimental approaches.
In another respect, some severe defects caused by mutation
may have already been eliminated and the phenotypes we
observed in the corresponding mutants nowadays may have
been the outcome of selection during artificial breeding.
These differences suggest that research on the true func-
tions of genes can be further improved with more mutation
types, phenotypes and genetic backgrounds being taken into
consideration. In our study all the resulted loss-of-function
mutants exhibited almost same phenotype.

In conclusion, reduction in PH by modifying the SD/
expression in rice plants to affect the GA biosynthesis
is potentially of high agronomic interest. Dwarfing con-
trolled by different mechanisms as presented in this study
and previous reports showed loss of function SDI leads
to dwarfism with altered endogenous GA levels and is
a great source for future breeding program to broad the
genetic base of PH. This study showed the genetic muta-
tions are not only helpful to improve the plant characters,
it also helps to understand the mechanism underlying the
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biochemical behavior changes in cell of the plants. The
semi-dwarf mutant lines successfully obtained in this
study can be exploited for future breeding programs.

Conclusions

In summary, CRISPR/Cas9-mediated mutation in the
SD1 allele in the elite cultivated Indica rice successfully
developed new rice lines with modified plant architecture
having short PH and slightly improved grain yield, while
maintaining all the quality characters. The CRISPR/Cas9
technology induces fastest changes to plant genome than
other molecular approaches and mutations passed to the
next generations without any rewriting or emendations.
The resulted loss-of-function SDI phenotype suggests that
bioactive GA production for shoot elongation is severely
defective, but that for reproductive development is less
affected. The dwarf mutants facilitated the discovery of
molecular mechanism underlying the GA biosynthesis and
signaling. All the data in this study provide an example
of gene editing directly in elite crop varieties with poten-
tial for commercialization. This study will help to expand
unexplored angles of rich natural biological diversity and
further study is needed to discover the experimental ave-
nues for transcriptome analysis to improve the experimen-
tal application of CRISPR/Cas9 in future research.

Acknowledgements We would like to thank Baoxiang Qin, Mohsin
Niaz and Li Zhihua for the helpful discussion and invaluable comments
to make this research meaningful.

Author contributions HY, KT and GN conceived, designed and
performed the experiments. FX was responsible for vector construc-
tion and LL contributed to field preparations. WX, FX, GN and BU
recorded the data and tested guide sequences. GN and BU responsible
for data analysis and wrote the paper. LY provided vector and super-
vised the transformation and supervised the methodology. LR visual-
ized the project, supervised the research, funding acquisition, feedback
on data presentation and reviewed the final draft. All the authors have
read the manuscript and approved the submission.

Funding This research was funded by the Key Technology Research
and Development Program Guike, Guangxi (Guike AB16380066;
Guike AB16380093). Sequence data from this article can be found
in the GenBank data library under accession numbers GenBank:
KR029105 and KR029107 for the sgRNA intermediate plasmid and
GenBank: KR029109 for the CRISPR/Cas9 binary vector

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

References

Ahmad I, Kamran M, Ali S, Bilegjargal B, Cai T, Ahmad S, Meng X,
Su W, Liu T, Han Q (2018) Uniconazole application strategies
to improve lignin biosynthesis, lodging resistance and produc-
tion of maize in semiarid regions. Field Crops Res 1(222):66—
77. https://doi.org/10.1016/j.fcr.2018.03.015

Arenhart RA, De Lima JC, Pedron M, Carvalho FE, Da Silveira JA,
Rosa SB, Caverzan A, Andrade CM, Schuenemann M, Margis
R, Margis-Pinheiro MA (2013) Involvement of ASR genes in
aluminium tolerance mechanisms in rice. Plant Cell Environ
36(1):52-67. https://doi.org/10.1111/j.1365-3040.2012.02553.x

Asano K, Yamasaki M, Takuno S, Miura K, Katagiri S, Ito T, Doi K,
Wu J, Ebana K, Matsumoto T, Innan H (2011) Artificial selec-
tion for a green revolution gene during japonica rice domesti-
cation. PNAS 108(27):11034-11039. https://doi.org/10.1073/
pnas.1019490108

Brooks C, Nekrasov V, Lippman ZB, Van Eck J (2014) Efficient
gene editing in tomato in the first generation using the clus-
tered regularly interspaced short palindromic repeats/CRISPR-
associated9 system. Plant Physiol 166(3):1292—-1297. https://
doi.org/10.1104/pp.114.247577

Cascardo JC, Buzeli RA, Almeida RS, Otoni WC, Fontes EP
(2001) Differential expression of the soybean BiP gene fam-
ily. Plant Sci 160(2):273-281. https://doi.org/10.1016/s0168
-9452(00)00384-8

Chen L, Wang S, Zhang YH, Li J, Xing ZH, Yang J, Huang T, Cai
YD (2017) Identify key sequence features to improve CRISPR
sgRNA efficacy. IEEE Access 5:26582-26590. https://doi.
org/10.1109/access.2017.2775703

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD,
Wu X, Jiang W, Marraffini LA, Zhang F (2013) Multiplex
genome engineering using CRISPR/Cas systems. Science
339(6121):819-823. https://doi.org/10.1126/science.1231143

Fischer RA, Stapper M (1987) Lodging effects on high-yielding
crops of irrigated semidwarf wheat. Field Crops Res 17(3—
4):245-258. https://doi.org/10.1016/0378-4290(87)90038-4

Gaj T, Gersbach CA, Barbas CF III (2013) ZEN, TALEN, and CRISPR/
Cas-based methods for genome engineering. Trends Biotechnol
31(7):397-405. https://doi.org/10.1016/j.tibtech.2013.04.004

Gupta N, Susa K, Yoda Y, Bonventre JV, Valerius MT, Morizane
R (2018) CRISPR/Cas9-based targeted genome editing for the
development of monogenic diseases models with human pluri-
potent stem cells. Curr Prot Stem Cell Bio 45(1):e50. https://
doi.org/10.1002/cpsc.50

Han Y, Luo D, Usman B, Nawaz G, Zhao N, Liu F, Li R (2018) Devel-
opment of high yielding glutinous cytoplasmic male sterile rice
(Oryza sativa L.) lines through CRISPR/Cas9 based mutagenesis
of Wx and TGW6 and proteomic analysis of anther. Agronomy
8(12):290. https://doi.org/10.3390/agronomy8120290

Hedden P (2003) The genes of the green revolution. Trends Genet
19(1):5-9. https://doi.org/10.1016/s0168-9525(02)00009-4

Hiei Y, Ohta S, Komari T, Kumashiro T (1994) Efficient transfor-
mation of rice (Oryza sativa L.) mediated by Agrobacterium
and sequence analysis of the boundaries of the T-DNA. Plant
16(2):271-282

Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala
V, Li Y, Fine EJ, Wu X, Shalem O, Cradick TJ (2013) DNA
targeting specificity of RNA-guided Cas9 nucleases. Nat Bio-
technol 31(9):827-832. https://doi.org/10.1038/nbt.2647

Jacobs TB, LaFayette PR, Schmitz RJ, Parrott WA (2015) Targeted
genome modifications in soybean with CRISPR/Cas9. BMC
Biotech 15(1):16. https://doi.org/10.1186/s12896-015-0131-2

Jiang W, Zhou H, Bi H, Fromm M, Yang B, Weeks DP (2013) Dem-
onstration of CRISPR/Cas9/sgRNA-mediated targeted gene

iglue Lol auo .
KACST ,161)lg rogLe Ll @ Springer


https://doi.org/10.1016/j.fcr.2018.03.015
https://doi.org/10.1111/j.1365-3040.2012.02553.x
https://doi.org/10.1073/pnas.1019490108
https://doi.org/10.1073/pnas.1019490108
https://doi.org/10.1104/pp.114.247577
https://doi.org/10.1104/pp.114.247577
https://doi.org/10.1016/s0168-9452(00)00384-8
https://doi.org/10.1016/s0168-9452(00)00384-8
https://doi.org/10.1109/access.2017.2775703
https://doi.org/10.1109/access.2017.2775703
https://doi.org/10.1126/science.1231143
https://doi.org/10.1016/0378-4290(87)90038-4
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1002/cpsc.50
https://doi.org/10.1002/cpsc.50
https://doi.org/10.3390/agronomy8120290
https://doi.org/10.1016/s0168-9525(02)00009-4
https://doi.org/10.1038/nbt.2647
https://doi.org/10.1186/s12896-015-0131-2

387 Page160f17

3 Biotech (2019) 9:387

modification in Arabidopsis, tobacco, sorghum and rice. Nucleic
Acids Res 41(20):e188. https://doi.org/10.1093/nar/gkt780

Jung YJ, Nogoy FM, Lee SK, Cho YG, Kang KK (2018) Application of
ZFN for site directed mutagenesis of rice SSIVa gene. Bioprocess
Eng 23(1):108-115. https://doi.org/10.1007/s12257-017-0420-9

Khush GS (1999) Green revolution: preparing for the 21st century.
Genome 42(4):646-655. https://doi.org/10.1139/gen-42-4-646

Kim SG, Kim ST, Wang Y, Kim SK, Lee CH, Kim KK, Kim JK,
Lee SY, Kang KY (2010) Overexpression of rice isoflavone
reductase-like gene (OsIRL) confers tolerance to reactive oxy-
gen species. Physiol Plant 138(1):1-9. https://doi.org/10.111
1/§.1399-3054.2009.01290.x

Kirch HH, Bartels D, Wei Y, Schnable PS, Wood AJ (2004) The ALDH
gene superfamily of Arabidopsis. Trends Plant Sci 9(8):371-377.
https://doi.org/10.1016/j.tplants.2004.06.004

Kirch HH, Schlingensiepen S, Kotchoni S, Sunkar R, Bartels D (2005)
Detailed expression analysis of selected genes of the aldehyde
dehydrogenase (ALDH) gene superfamily in Arabidopsis thali-
ana. Plant Mol Biol 57(3):315-332. https://doi.org/10.1007/s1110
3-004-7796-6

Komatsu S, Kajiwara H, Hirano H (1993) A rice protein library: a data-
file of rice proteins separated by two-dimensional electrophoresis.
Theor Appl Genet 86(8):935-942. https://doi.org/10.1007/bf002
11044

Konishi H, Yamane H, Maeshima M, Komatsu S (2004) Characteriza-
tion of fructose-bisphosphate aldolase regulated by gibberellin in
roots of rice seedling. Plant Mol Biol 56(6):839-848. https://doi.
org/10.1007/s11103-004-5920-2

LiJ, Jiang J, Qian Q, Xu Y, Zhang C, Xiao J, Du C, Luo W, Zou G,
Chen M, Huang Y (2011) Mutation of rice BC12/GDD1, which
encodes a kinesin-like protein that binds to a GA biosynthesis
gene promoter, leads to dwarfism with impaired cell elongation.
Plant Cell 23(2):628-640

Li JF, Norville JE, Aach J, McCormack M, Zhang D, Bush J, Church
GM, Sheen J (2013) Multiplex and homologous recombination-
mediated genome editing in Arabidopsis and Nicotiana benthami-
ana using guide RNA and Cas9. Nat Biotechnol 31(8):688-691.
https://doi.org/10.1038/nbt.2654

Li Z, Liu ZB, Xing A, Moon BP, Koellhoffer JP, Huang L, Ward RT,
Clifton E, Falco SC, Cigan AM (2015) Cas9-guide RNA directed
genome editing in soybean. Plant Physiol 169(2):960-970. https
://doi.org/10.1104/pp.15.00783

LiJ, Meng X, Zong Y, Chen K, Zhang H, Liu J, Li J, Gao C (2016)
Gene replacements and insertions in rice by intron targeting using
CRISPR-Cas9. Nat Plants 2(10):16139. https://doi.org/10.1038/
nplants.2016.139

Liang Z, Zhang K, Chen K, Gao C (2014) Targeted mutagenesis in Zea
mays using TALENs and the CRISPR/Cas system. J Genet Genom
41(2):63-68. https://doi.org/10.1016/j.jgg.2013.12.001

Liang G, Zhang H, Lou D, Yu D (2016) Selection of highly efficient
sgRNAs for CRISPR/Cas9-based plant genome editing. Sci Rep
6:21451. https://doi.org/10.1038/srep21451

Liang Z, Chen K, Li T, Zhang Y, Wang Y, Zhao Q, Liu J, Zhang H,
Liu C, Ran Y, Gao C (2017) Efficient DNA-free genome editing
of bread wheat using CRISPR/Cas9 ribonucleoprotein complexes.
Nat Commun 8:14261. https://doi.org/10.1038/ncomms 14261

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2~ 22T method.
Methods 25(4):402—408. https://doi.org/10.1006/meth.2001.1262

Lo SF, Yang SY, Chen KT, Hsing YI, Zeevaart JA, Chen LJ, Yu SM
(2008) A novel class of gibberellin 2-oxidases control semi-
dwarfism, tillering, and root development in rice. Plant Cell
20(10):2603-2618. https://doi.org/10.1105/tpc.108.060913

Ma X, Liu YG (2016) CRISPR/Cas9-based multiplex genome editing
in monocot and dicot plants. Curr Protoc Mol Biol 115(1):31-36

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Ma X, Chen L, Zhu Q, Chen Y, Liu YG (2015a) Rapid decoding of
sequence-specific nuclease-induced heterozygous and biallelic
mutations by direct sequencing of PCR products. Mol Plant
8(8):1285-1287. https://doi.org/10.1016/j.molp.2015.02.012

Ma X, Zhang Q, Zhu Q, Liu W, Chen Y, Qiu R, Wang B, Yang Z, Li
H,LinY, Xie Y (2015b) A robust CRISPR/Cas9 system for con-
venient, high-efficiency multiplex genome editing in monocot and
dicot plants. Mol Plant 8(8):1274—1284. https://doi.org/10.1016/j.
molp.2015.04.007

Mao Y, Zhang H, Xu N, Zhang B, Gou F, Zhu JK (2013) Application
of the CRISPR-Cas system for efficient genome engineering in
plants. Mol Plant 6(6):2008-2011. https://doi.org/10.1093/mp/
sst121

Marciniak K, Kucko A, Wilmowicz E, Swidzifiski M, Kesy J, Kopce-
wicz J (2018) Photoperiodic flower induction in Ipomoea nil is
accompanied by decreasing content of gibberellins. Plant Growth
Regul 84(2):395-400. https://doi.org/10.1007/s10725-017-0344-6

Monna L, Kitazawa N, Yoshino R, Suzuki J, Masuda H, Maehara Y,
Tanji M, Sato M, Nasu S, Minobe Y (2002) Positional cloning
of rice semidwarfing gene, sd-1: rice “green revolution gene”
encodes a mutant enzyme involved in gibberellin synthesis. DNA
Res 9(1):11-17. https://doi.org/10.1093/dnares/9.1.11

Mustafiz A, Singh AK, Pareek A, Sopory SK, Singla-Pareek SL (2011)
Genome-wide analysis of rice and Arabidopsis identifies two gly-
oxalase genes that are highly expressed in abiotic stresses. Funct
Integr Genom 11(2):293-305. https://doi.org/10.1007/s1014
2-010-0203-2

Nagai K, Hirano K, Angeles-Shim RB, Ashikari M (2018)
Breeding applications and molecular basis of semi-
dwarfism in rice. Rice Genom Genet Breed. https://doi.
org/10.1007/978-981-10-7461-5_9

Nawaz G, Han Y, Usman B, Liu F, Qin B, Li R (2019) Knockout of
OsPRP1I, a gene encoding proline-rich protein, confers enhanced
cold sensitivity in rice (Oryza sativa L.) at the seedling stage. 3
Biotech 9(7):254

Oikawa T, Koshioka M, Kojima K, Yoshida H, Kawata M (2004) A role
of OsGA200x1, encoding an isoform of gibberellin 20-oxidase,
for regulation of plant stature in rice. Plant Mol Bio 55(5):687—
700. https://doi.org/10.1007/s11103-004-1692-y

Peng J, Richards DE, Hartley NM, Murphy GP, Devos KM, Flintham
JE, Beales J, Fish LJ, Worland AJ, Pelica F, Sudhakar D (1999)
‘Green revolution’ genes encode mutant gibberellin response
modulators. Nature 400:256-261. https://doi.org/10.1038/22307

Peng P, Liu L, Fang J, Zhao J, Yuan S, Li X (2016) The rice TRI-
ANGULAR HULLI protein acts as a transcriptional repressor in
regulating lateral development of spikelet. Sci Rep 7(1):13712.
https://doi.org/10.1038/s41598-017-14146-w

Qi W, Zhu T, Tian Z, Li C, Zhang W, Song R (2016) High-efficiency
CRISPR/Cas9 multiplex gene editing using the glycine tRNA-
processing system-based strategy in maize. BMC Biotech 6(1):58.
https://doi.org/10.1186/s12896-016-0289-2

Qiao F, Zhao KJ (2011) The influence of RNAI targeting of
0OsGA200x2 gene on plant height in rice. Plant Mol Biol Rep
29(4):952. https://doi.org/10.1007/s11105-011-0309-2

Qiu X, Xie W, Lian X, Zhang Q (2009) Molecular analyses of the rice
glutamate dehydrogenase gene family and their response to nitro-
gen and phosphorous deprivation. Plant Cell Rep 28(7):1115-
1126. https://doi.org/10.1007/s00299-009-0709-z

Rosenfeld J, Capdevielle J, Guillemot JC, Ferrara P (1992) In-gel diges-
tion of proteins for internal sequence analysis after one-or two-
dimensional gel electrophoresis. Anal Biochem 203(1):173-179.
https://doi.org/10.1016/0003-2697(92)90061-b

Sakai M, Sakamoto T, Saito T, Matsuoka M, Tanaka H, Kobayashi
M (2003) Expression of novel rice gibberellin 2-oxidase gene is
under homeostatic regulation by biologically active gibberellins.


https://doi.org/10.1093/nar/gkt780
https://doi.org/10.1007/s12257-017-0420-9
https://doi.org/10.1139/gen-42-4-646
https://doi.org/10.1111/j.1399-3054.2009.01290.x
https://doi.org/10.1111/j.1399-3054.2009.01290.x
https://doi.org/10.1016/j.tplants.2004.06.004
https://doi.org/10.1007/s11103-004-7796-6
https://doi.org/10.1007/s11103-004-7796-6
https://doi.org/10.1007/bf00211044
https://doi.org/10.1007/bf00211044
https://doi.org/10.1007/s11103-004-5920-2
https://doi.org/10.1007/s11103-004-5920-2
https://doi.org/10.1038/nbt.2654
https://doi.org/10.1104/pp.15.00783
https://doi.org/10.1104/pp.15.00783
https://doi.org/10.1038/nplants.2016.139
https://doi.org/10.1038/nplants.2016.139
https://doi.org/10.1016/j.jgg.2013.12.001
https://doi.org/10.1038/srep21451
https://doi.org/10.1038/ncomms14261
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1105/tpc.108.060913
https://doi.org/10.1016/j.molp.2015.02.012
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1093/mp/sst121
https://doi.org/10.1093/mp/sst121
https://doi.org/10.1007/s10725-017-0344-6
https://doi.org/10.1093/dnares/9.1.11
https://doi.org/10.1007/s10142-010-0203-2
https://doi.org/10.1007/s10142-010-0203-2
https://doi.org/10.1007/978-981-10-7461-5_9
https://doi.org/10.1007/978-981-10-7461-5_9
https://doi.org/10.1007/s11103-004-1692-y
https://doi.org/10.1038/22307
https://doi.org/10.1038/s41598-017-14146-w
https://doi.org/10.1186/s12896-016-0289-2
https://doi.org/10.1007/s11105-011-0309-2
https://doi.org/10.1007/s00299-009-0709-z
https://doi.org/10.1016/0003-2697(92)90061-b

3 Biotech (2019) 9:387

Page 17 of 17 387

J Plant Res 116(2):161-164. https://doi.org/10.1007/s1026
5-003-0080-z

Sasaki A, Ashikari M, Ueguchi-Tanaka M, Itoh H, Nishimura A, Swa-
pan D, Ishiyama K, Saito T, Kobayashi M, Khush GS, Kitano
H (2002) Green revolution: a mutant gibberellin-synthesis gene
in rice. Nature 416(6882):701. https://doi.org/10.1038/416701a

Sauer NJ, Narvéez-Vasquez J, Mozoruk J, Miller RB, Warburg ZJ,
Woodward MJ, Mihiret YA, Lincoln TA, Segami RE, Sanders
SL, Walker KA (2016) Oligonucleotide-mediated genome edit-
ing provides precision and function to engineered nucleases and
antibiotics in plants. Plant Physiol 170(4):1917-1928. https://doi.
org/10.1104/pp.15.01696

Schober P, Boer C, Schwarte LA (2018) Correlation coefficients:
appropriate use and interpretation. Anesth Analg 126:1763-1768.
https://doi.org/10.1213/ane.0000000000002864

Shan Q, Wang Y, LiJ, Zhang Y, Chen K, Liang Z, Zhang K, Liu J, Xi
17, Qiu JL, Gao C (2013) Targeted genome modification of crop
plants using a CRISPR—Cas system. Nat Biotech 31(8):686-688.
https://doi.org/10.1038/nbt.2650

Spielmeyer W, Ellis MH, Chandler PM (2002a) Semidwarf (sd-1),
“green revolution” rice, contains a defective gibberellin 20-oxi-
dase gene. Proc Natl Acad Sci 99(13):9043-9048. https://doi.
org/10.1073/pnas.132266399

Spielmeyer W, Ellis MH, Chandler PM (2002b) Semidwarf (sd-1),
“green revolution” rice, contains a defective gibberellin 20-oxi-
dase gene. Proc Natl Acad Sci USA 99(13):9043-9048. https://
doi.org/10.1073/pnas.132266399

Suge H (1985) Ethylene and gibberellin: regulation of internodal elon-
gation and nodal root development in floating rice. Plant Cell
Physiol 26(4):607-614. https://doi.org/10.1093/oxfordjournals.
pcp-a076949

Sun X, Hu Z, Chen R, Jiang Q, Song G, Zhang H, Xi Y (2015) Targeted
mutagenesis in soybean using the CRISPR—Cas9 system. Sci Rep
5:10342. https://doi.org/10.1038/srep10342

Sun Y, Zhang X, Wu C, He Y, Ma Y, Hou H, Guo X, Du W, Zhao Y,
Xia L (2016) Engineering herbicide-resistant rice plants through
CRISPR/Cas9-mediated homologous recombination of acetolac-
tate synthase. Mol Plant 9(4):628-631. https://doi.org/10.1016/j.
molp.2016.01.001

Suzuki K, Watanabe K, Masumura T, Kitamura S (2004) Characteri-
zation of soluble and putative membrane-bound UDP-glucuronic
acid decarboxylase (OsUXS) isoforms in rice. Arch Biochem Bio-
phys 431(2):169—-177. https://doi.org/10.1016/j.abb.2004.08.029

Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-
Cepas J, Simonovic M, Roth A, Santos A, Tsafou KP, Kuhn M
(2014) STRING v10: protein—protein interaction networks, inte-
grated over the tree of life. Nucleic Acids Res 43(D1):D447-
D452. https://doi.org/10.1093/nar/gku1003

Takasaki H, Mahmood T, Matsuoka M, Matsumoto H, Komatsu S
(2008) Identification and characterization of a gibberellin-
regulated protein, which is ASRS, in the basal region of rice
leaf sheaths. Mol Genet Genom 279(4):359-370. https://doi.
org/10.1007/s00438-007-0317-y

Tanisaka T, Takemori N, Yabu T, Egashira H, Okumoto Y, Yamagata
H (1994) Two useful semidwarfing genes in a short-culm mutant
line HS90 of rice (Oryza sativa L.). Jap J Breed 44(4):397-403.
https://doi.org/10.1270/jsbbs1951.44.397

Thomas SG, Hedden P (2018) Gibberellin metabolism and sig-
nal transduction. Annu Plant Rev 15:147-184. https://doi.
org/10.1002/9781119312994.apr0247

Toyomasu T, Kawaide H, Sekimoto H, Von Numers C, Phillips AL,
Hedden P, Kamiya Y (1997) Cloning and characterization of a
c¢DNA encoding gibberellin 20-oxidase from rice (Oryza sativa)
seedlings. Physiol Plant 99(1):111-118. https://doi.org/10.103
4/j.1399-3054.1997.990116.x

Wang Y, Li J (2008) Molecular basis of plant architecture. Annu Rev
Plant Biol 59:253-279. https://doi.org/10.1146/annurev.arpla
nt.59.032607.092902

Wang Y, Cheng X, Shan Q, Zhang Y, Liu J, Gao C, Qiu JL (2014)
Simultaneous editing of three homoeoalleles in hexaploid bread
wheat confers heritable resistance to powdery mildew. Nat Bio-
tech 32(9):947-951. https://doi.org/10.1038/nbt.2969

Wu B, Hu W, Ayaad M, Liu H, Xing Y (2017) Intragenic recombi-
nation between two non-functional semi-dwarf 1 alleles pro-
duced a functional SD1 allele in a tall recombinant inbred line in
rice. PLoS One 12(12):e0190116. https://doi.org/10.1371/journ
al.pone.0190116

Xie K, Zhang J, Yang Y (2014) Genome-wide prediction of highly
specific guide RNA spacers for CRISPR-Cas9-mediated genome
editing in model plants and major crops. Mol Plant 7(5):923-926.
https://doi.org/10.1093/mp/ssu009

Xing Y, Zhang Q (2010) Genetic and molecular bases of rice yield.
Ann Rev Plant Bio 61:421-442. https://doi.org/10.1146/annurev-
arplant-042809-112209

Xu X, Kawasaki S, Fujimura T, Wang C (2005) A protocol for high-
throughput extraction of DNA from rice leaves. Plant Mol Biol
Rep 23(3):291-295. https://doi.org/10.1007/b£f02772759

Xu RF, Li H, Qin RY, Li J, Qiu CH, Yang YC, Ma H, Li L, Wei PC,
Yang JB (2015) Generation of inheritable and “transgene clean”
targeted genome-modified rice in later generations using the
CRISPR/Cas9 system. Sci Rep 5:11491. https://doi.org/10.1038/
srep11491

Zhang X, Takano T, Liu S (2005) Identification of a mitochondrial ATP
synthase small subunit gene (RMtATP6) expressed in response
to salts and osmotic stresses in rice (Oryza sativa L.). ] Exp Bot
57(1):193-200. https://doi.org/10.1093/jxb/erj025

Zhang XH, Rao XL, Shi HT, Li RJ, Lu YT (2011) Overexpression
of a cytosolic glyceraldehyde-3-phosphate dehydrogenase gene
OsGAPC3 confers salt tolerance in rice. Plant Cell Tissue Organ
Cult 107(1):1-11. https://doi.org/10.1007/s11240-011-9950-6

Zhang J, Liu X, Li S, Cheng Z, Li C (2014) The rice semi-dwarf mutant
sd37, caused by a mutation in CYP96B4, plays an important role
in the fine-tuning of plant growth. PLoS One 9(2):e88068. https
://doi.org/10.1371/journal.pone.0088068

Zheng X, Yang S, Zhang D, Zhong Z, Tang X, Deng K, Zhou J, Qi
Y, Zhang Y (2016) Effective screen of CRISPR/Cas9-induced
mutants in rice by single-strand conformation polymorphism.
Plant Cell Rep 35(7):1545-1554. https://doi.org/10.1007/s0029
9-016-1967-1

Zhou L, Liu S, Wu W, Chen D, Zhan X, Zhu A, Zhang Y, Cheng S, Cao
L, Lou X, Xu H (2016) Dissection of genetic architecture of rice
plant height and heading date by multiple-strategy-based associa-
tion studies. Sci Rep 6:1-10. https://doi.org/10.1038/srep29718

Pigllase ¢l ay .
e e O) Springer


https://doi.org/10.1007/s10265-003-0080-z
https://doi.org/10.1007/s10265-003-0080-z
https://doi.org/10.1038/416701a
https://doi.org/10.1104/pp.15.01696
https://doi.org/10.1104/pp.15.01696
https://doi.org/10.1213/ane.0000000000002864
https://doi.org/10.1038/nbt.2650
https://doi.org/10.1073/pnas.132266399
https://doi.org/10.1073/pnas.132266399
https://doi.org/10.1073/pnas.132266399
https://doi.org/10.1073/pnas.132266399
https://doi.org/10.1093/oxfordjournals.pcp.a076949
https://doi.org/10.1093/oxfordjournals.pcp.a076949
https://doi.org/10.1038/srep10342
https://doi.org/10.1016/j.molp.2016.01.001
https://doi.org/10.1016/j.molp.2016.01.001
https://doi.org/10.1016/j.abb.2004.08.029
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1007/s00438-007-0317-y
https://doi.org/10.1007/s00438-007-0317-y
https://doi.org/10.1270/jsbbs1951.44.397
https://doi.org/10.1002/9781119312994.apr0247
https://doi.org/10.1002/9781119312994.apr0247
https://doi.org/10.1034/j.1399-3054.1997.990116.x
https://doi.org/10.1034/j.1399-3054.1997.990116.x
https://doi.org/10.1146/annurev.arplant.59.032607.092902
https://doi.org/10.1146/annurev.arplant.59.032607.092902
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1371/journal.pone.0190116
https://doi.org/10.1371/journal.pone.0190116
https://doi.org/10.1093/mp/ssu009
https://doi.org/10.1146/annurev-arplant-042809-112209
https://doi.org/10.1146/annurev-arplant-042809-112209
https://doi.org/10.1007/bf02772759
https://doi.org/10.1038/srep11491
https://doi.org/10.1038/srep11491
https://doi.org/10.1093/jxb/erj025
https://doi.org/10.1007/s11240-011-9950-6
https://doi.org/10.1371/journal.pone.0088068
https://doi.org/10.1371/journal.pone.0088068
https://doi.org/10.1007/s00299-016-1967-1
https://doi.org/10.1007/s00299-016-1967-1
https://doi.org/10.1038/srep29718

	Generation of semi-dwarf rice (Oryza sativa L.) lines by CRISPRCas9-directed mutagenesis of OsGA20ox2 and proteomic analysis of unveiled changes caused by mutations 
	Abstract
	Introduction
	Materials and methods
	Experimental materials and growth conditions
	Selection of target sites
	Construction of sgRNA expression cassette
	Assembly of sgRNA expression cassette into pYL CRISPRCas9 binary vector
	Transformation of E. coli and verification of positive colonies
	Rice transformation
	Genotyping of T0 generation and off-target analysis
	Screening of T-DNA-free plants and RT-qPCR analysis
	Phenotyping and determination of endogenous GA level
	Exogenous GA3 treatment
	Anatomical observation
	Protein extraction and identification
	Data analysis

	Results
	Plasmid construction
	Mutation frequency of T0 generation and off-target effects
	Endogenous GA level and plant height in T0 generation
	T-DNA-free mutants in T1 generation
	Plant height and endogenous GA level in T-DNA-free T1 mutant lines
	Performance of agronomic and quality traits in WT and mutant lines
	SD1 expression level
	Expression analysis of GA biosynthesis and signaling related genes
	Effect of exogenous GA3 on mutant plants and wild JGR
	Anatomical observation of second internodal cells
	Protein identification
	Protein networks of the identified proteins

	Discussion
	Conclusions
	Acknowledgements 
	References




