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Abstract The efficiency of sucrose transfer directly affects starch accumulation in rice grains and rice yield. There are five
sucrose transporters reported in rice, the relationships of them are complex, and the interaction mechanisms of them are still
unclear. In this study, based on the sequence information of the five OsSUTs genes in rice, target sites were designed respectively,
the corresponding CRISPR/Cas9 vector was successfully constructed, and five positive knock-out seedlings of OsSUTs genes
were obtained through transgenic technology. It provides a good material for exploring the molecular function and regulatory
relationship of OsSUTs gene.
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Background

Sucrose transporter is an important regulatory molecule for the transport and distribution of sucrose in plants. The
rational and effective distribution of carbohydrates is achieved through the coordinated transport of sucrose/H"
across the membrane (Lei et al., 2011). In plants, SUTs genes exist in the form of multigene family. Various SUTs
genes coordinate the normal physiological metabolism, growth and development of plants through
complementation or cotransport (Chang et al., 2019). Studies have shown that SUTs genes play an important role
in plant stress responses such as high temperature, high salt, drought and heavy metals (Gong et al., 2013;
Shinichiro et al., 2017; Gong et al., 2019).

As an important food crop in the world, the yield of rice has always been an important goal of cultivation and
breeding (Yamaguchi et al., 2020). The efficiency of sucrose transfer directly affects starch accumulation in rice
grains and rice yield (Li et al., 2019). There are 5 OsSUTs genes (OsSUT1~OsSUTS) reported in rice (Aoki et al.,
2003), and OsSUTs genes regulate sucrose transport rate through different spatio-temporal expression patterns,
affecting plant growth and reproductive development (Feng et al., 2018; Yue, 2020). In different growth periods
and organs and tissues, OsSUTs genes are overlapped and differentially expressed, which means that there are
complex regulatory relationships of coordination and complementation among members (Eom et al., 2016).
However, few studies have been reported on the interaction between members of the OsSUTs gene family.
Therefore, it is of great significance to explain the yield of rice by exploring the interaction between five OsSUTs
genes and clarifying the intermolecular regulation mechanism of genes.

As a new gene editing technology in recent years, CRISPR/Cas9 system is an accurate and efficient technology to
explore the biological function and molecular interaction mechanism of gene molecules. It combines RNA (gRNA)
with gene target sequence, splits the target DNA molecule under the action of Cas9 protein, and automatically
repairs DNA molecule after breakage. And base insertion/deletion or substitution occurs in the process of repair,
resulting in early termination of translation and the loss of the function of the original gene (Wang et al., 2018;
Shen et al., 2019). In plants, there are many gene knockout models constructed by this technology, such as the
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gene knockout model of catalase (CAT) in rice. Since the function of CatB involved in abiotic stress response is
largely unknown, this knockout model is constructed to analyze the physiological and biochemical phenotypes of
catb under salt, high temperature and oxidation stresses (Liu et al., 2020). The gene knockout model of fat
dehydrogenase AhFAD2 in peanut was constructed to research the function of AhF4D2 gene. The omega-6 fatty
acid dehydrogenase controls the conversion of oleic acid into linoleic acid in peanut, which is encoded by the
AhFAD?2 gene (Li et al., 2019). In order to explore the function and regulatory mechanism of CPS2 gene, the gene
knockout model of CPS2 in Nicotiana tabacum is constructed (Zhang et al., 2020). And therefore, it laid an
important foundation for exploring the molecular function and regulation pathway of genes, as well as crop
genetic improvement and new variety cultivation.

In this study, based on the sequence information of the five OsSUTs genes in rice, target sites were designed
respectively, the corresponding CRISPR/Cas9 vector was successfully constructed, and five positive knock-out
seedlings of OsSUT5s genes were obtained through transgenic technology. It provides a good material for exploring
the molecular function and regulatory relationship of OsSUTs gene.

1 Results and Analysis

1.1 Design of target sites for OsSUTs gene knockout

The DNA sequences of 5 OsSUTs genes were searched in NCBI database, and the corresponding gene structure
was analyzed according to the CDS region of each gene, and the conserved region of the transmembrane domain
of the gene was identified. The target sites of OsSUTs gene knockout were designed by Guide Design Resources
website (http:/crispr.mit.edu). In order to improve the knockout efficiency, two targets were designed for each
gene based on the strategy of constructing double-target vectors. The target sites of OsSUT! gene were located in
exon 9 and exon 11, those of OsSUT2 and OsSUT3 were located in exon 1, OsSUT4 was in exon 1 and exon 14,
and OsSUT5 was in exon 1 and exon 2 (Figure 1).
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Figure 1 Structure and target location of the OsSUTs knockout vectors

1.2 Construction of OsSUTs gene knockout vectors

The CRISPR-Cas9 vector was digested with restriction endonuclease Bsa I and Eco31 I, and the products were
separated by electrophoresis. The vector fragment of about 13 000 bp was cut off and purified. The 5 target sites
with restriction sites were digested with the above two endonucleases, and the digested products were purified. T4
ligase was used to connect the target site sequence with the recovered product after CRISPR-Cas9 digestion.
Cas9::SUTI, Cas9::SUT2, Cas9::SUT3, Cas9::SUT4, Cas9::SUT vectors were constructed, respectively. The
ligated vector was transformed into E. coli, and monoclonal clones were selected for PCR identification. The
positive clones were 714 bp (OsSUT1), 399 bp (OsSUT?2), 315 bp (OsSUT3), 515 bp (OsSUT4), and 1 228 bp
(OsSUTY), respectively (Figure 2A). The 5 constructed vectors were verified by restriction digestion (Figure 2B),
and finally the vectors were transformed into rice callus with Agrobacterium-mediated genetic transformation.
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Figure 2 Electrophoresis of OsSUT5s gene target region and restriction digestion verification of knockout vector
Note: A: Gel electrophoresis of the PCR productions of target regions for knocking-out OsSUTs genes; B: Enzyme cutting bands;
Marker: Trans15K DNA Marker

1.3 Detection of positive knock-out seedlings of rice OsSUTs genes

The transformed rice callus was screened by Kana. After inducing germination and rooting, it was transferred to
the greenhouse for trained transition and transplantation, and 234 transgenic rice seedlings of To generation were
obtained. Genotype identification (Figure 3A) and DNA sequence alignment (Figure 3B) were performed on the
target regions of OsSUTs gene knockout in these transgenic plants. The results showed that among the 42 OsSUT!
gene knockout transgenic plants, 3 PCR products had overlapping peaks, and the sequence had low homology
with OsSUTs reported sequence, which were positive knock-out seedlings, accounting for 7.14% of the transgenic
seedlings. Among the 50 OsSUT?2 gene knockout transgenic plants, 7 were positive, accounting for 14.0%. Among
the 50 OsSUT3 gene knockout transgenic plants, 17 were positive, accounting for 34.0%. Among 42 OsSUT4
gene knockout transgenic plants, 4 were positive, accounting for 9.52%. Among 50 OsSUTS5 gene knockout
transgenic plants, 16 were positive, accounting for 32.00%. In which, the knockout rates of OsSUT3 and OsSUT5
were the highest, both above 30.0%, while the OsSUTI and OsSUT4 were the lowest, both below 10.0%.
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Figure 3 Sequencing of target regions in positive transgenic rice for knocking-out OsSUTs

Note: A: Electrophoresis and sequencing peak maps of PCR amplified products from the target region of OsSUTs gene knockout
transgenic rice seedlings; B: Sequence alignment of OsSUT5 target gene and knockout positive vaccine target region

2 Discussion

In plants, SUTs proteins are relatively conserved in the process of evolution, with highly homologous amino acid
sequences and similar structures, all of which have 12 transmembrane domains (Sun, 2012). Therefore, SUTs
proteins have similar biological functions in plants, which makes it difficult to study the functional differences
among members of the SUTs family. According to previous studies, the main function of rice OsSUTs protein is to
coordinate the transport and reasonable distribution of carbon in plants, but the different spatio-temporal
expression between each member shows that there are also significant functional differences among OsSUTs
members at different stages of rice growth and development (Feng, 2018; Zhang et al., 2014). There are many
studies on OsSUT] gene. OsSUT1gene can regulate rice early germination, seedling development and grain filling
(Kato and Horibata., 2011; Feng et al., 2018), but also can coordinate the stress response of plants under high
temperature and high salt environment (Siahpoosh et al., 2012), indicating that OsSUTI can accelerate the
transport rate of sucrose in plants during the vigorous growth of rice and provide sufficient energy for the
physiological metabolism of rice (Scofield et al., 2007). OsSUT2, located on vacuole membrane, is highly
expressed in many tissues and organs, such as rice mesophyll, lateral root, pedicel after fertilization and so on,
mainly coordinating the storage and transport of sugar molecules in vacuoles (Siao et al., 2011). This gene
mutation will lead to changes in important agronomic characters of rice, such as the decrease of tiller number,
plant height and 1000-grain weight (Yan et al., 2011; Du, 2010; Hong, 2008). However, maybe because of the
high homology of OsSUTs gene sequence, there are relatively few studies on OsSUT3, OsSUT4 and OsSUTS
genes (Zhang et al., 2014). Previous studies carried out site-directed mutagenesis on OsSUT! and OsSUT3 genes
to study the effects of these two genes on rice pollen development. However, only OsSUT mutants were obtained,
while OsSUT3 mutants were not obtained (Hirose et al., 2010). It is further indicated that the construction of rice
OsSUTs knockout lines is of great significance to further explore the biological functions of OsSUTs members and
their effects on rice agronomic traits.

In recent years, with the gradual maturity of CRISPR/Cas9 technology, only one or two target sequences can be
designed and synthesized to guide Cas9 protein to specifically bind and modify the target gene, leading to gene
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mutation or knockout. Homozygous plants can be obtained in the Ty generation. It is widely used in plant genetic
breeding (Khlestkina and Shumny, 2016), and greatly promotes the development of gene basic research (Meiliana
et al., 2017). In this study, 5 rice OsSUTs gene knockout vectors were constructed by CRISPR/Cas9 technology,
and 5 OsSUTs gene knockout lines were obtained by genetic transformation. However, after molecular screening
analysis, it was found that the proportion of OsSUTs gene knockout in these 5 vectors was significantly different.
Among them, OsSUT3 and OsSUT5 had the highest proportion of knockout, followed by OsSUT2, and OsSUT4
and OsSUT1 had the lowest proportion of knockout. It is speculated that the target sites of OsSUT2, OsSUT3 and
OsSUT5 are located on the exon of the 5' end of the gene, so the binding of the target can inhibit the
transcriptional translation of the gene as soon as possible. While the target site of OsSUTI or OsSUT4 is located
on the 3' end of the gene, so that the binding of the target does not change the sequence of the 5' end of the gene,
which has relatively little effect on gene transcription and translation, resulting in a significant reduction in the
proportion of gene knockout. Therefore, the design of target sequences is very important when using
CRISPR/Cas9 system for gene editing. This is also confirmed in previous studies. For the target designed for
mouse mmu-miR-155 seed sequence, the target designed by Jing et al. (2015) knocked out at most 6 bp, and the
mRNA expression level of mmu-miR-155 was only reduced by half, while the target designed by Li et al. (2019)
knocked out 31 bp, and the mRNA expression level of mmu-miR-155 was directly reduced by more than 8§~10
times.

In summary, in this study, 5 rice OsSUTs gene knockout lines were successfully constructed by CRISPR/Cas9
system, which provided good material for exploring the molecular function and regulatory relationship of OsSUTs
gene, and laid a solid foundation.

3 Materials and Methods

3.1 Test materials and reagents

Materials Nipponbare, E. coli DH5a and Agrobacterium GV3101 were provided by Rice Farming Research
Institute, Yunnan Agricultural University. CRISPR-Cas9 gene editing vector was purchased from Wuhan BioRun
Co., Ltd.

Restriction endonuclease Bsa I and Eco31 I were purchased from New England Biolabs, T4 ligase was purchased
from TaKaRa, Gel Extraction Kit and Plasmid DNA Extraction Kit were purchased from TIANGEN, synthesis
and sequencing of primers and targets were completed by Sangon Biotech (Shanghai) Co., Ltd. (Table 1).

Table 1 The sequences of targets and primers used in this study

Name Sequences (5’-3") Application
TeOsSUT1-1 YACGTRGTGCCGGAAAGTCGGGCCAAGGGGGTCTC Gene knock-out
TeOsSUTI1-2 YACGTRGCTTCAGGAACTTACCTACTGGGGGTCTC Gene knock-out
TeOsSUT2-1 YACGTRAACATACTTGGATATGCCACTGGGGTCTC Gene knock-out
TeOsSUT2-2 YACGTRAGATCACCCTAGCACAGAACAGGGGTCTC Gene knock-out
TeOsSUT3-1 YACGTRAGCCCCGACAGGCTTATCTGCGGGGTCTC Gene knock-out
TeOsSUT3-2 YACGTRACGCAAGGAATAGCCCCGACAGGGGTCTC Gene knock-out
TeOsSUT4-1 YACGTRAGGGCAGGCGGATGGCCGTGAGGGGTCTC Gene knock-out
TeOsSUT4-2 YACGTRCCAGCAGATCTGTAAGAGTTTGGGGTCTC Gene knock-out
TeOsSUTS-1 YACGTRGTGGCTTCCGGAGGATCGTGCGGGGTCTC Gene knock-out
TeOsSUTS-2 YACGTRACTCGTACGTTTCCCTGACATGGGGTCTC Gene knock-out
DOsSUT1-F ACAAAATCAAACGAGCCAGC Sequence analysis
DOsSUT1-R CTTTGCGTTTCTTGGAGTCC

DOsSUT2-F CCCAAGGAGGACTCGGATAG Sequence analysis
DOsSUT2-R CCTCTTTGATACCGATTGGAT

DOsSUT3-F CTTCGATCTCTTGGGATATAAC Sequence analysis
DOsSUT3-R CTATATGAATTTGAACACACAC

DOsSUT4-F TCGTTGTTCCGCAGGTTAG Sequence analysis
DOsSUT4-R GCTCTGCCCGAATGACAT

DOsSUTS-F CACAACTTTCCCTCTCCAAAA Sequence analysis
DOsSUTS5-R CTGGTTCCTTGACTTCGCTAA

Note: Underlined letters: The sites recognized by Bsa I and Eco31 1
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3.2 Agrobacterium-mediated transformation

According to the method of Saha et al. (2011), the constructed vector plasmid was transformed into
Agrobacterium under the condition of electric shock at 2 500 V/6 ms, and the positive transformation strains were
screened to culture for further use. The seeds of Nipponbare were disinfected with 0.1% HgCl, and inoculated on
the induction medium for callus culture. The rice callus was infected with the cultured activated Agrobacterium,
and then the infected callus was transferred into the screening medium, germination medium and rooting medium,
respectively. The transformed seedlings were cultivated under 16 h light and 8 h darkness, and transplanted after
15 d of trained transition in greenhouse.

3.3 Target sequence detection of target genes in transformed plants

The modified 2xCTAB method (Doyle and Doyle, 1987) was used to extract DNA from the seedling leaves of the
transformed plants, and the specific primers were used for PCR amplification. The amplified products were
detected by agarose gel electrophoresis. The purified products were sequenced and compared, and the positive
knockout gene plants were screened.
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