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Abstract
Foxtail millet (Setaria italica) would be suitable as a model plant of C4 plants given its small genome (about 470 MB) and diploid self-pollination. However, the
study of foxtail millet faces the problem of low efficiency of explant regeneration and genetic transformation. In this study, a new genetic transformation
system of Yugu1 foxtail millet is established with in vitro shoot tips as the explant, and, the concentrations of 6-BA and kanamycin are optimized. It is found
0.5 mg L-1 6-BA and 25 mg L-1 kanamycin are the most suitable in terms of the differentiation rate of shoot tips and survival rate of differentiated seedlings.
In addition, 12 transgenic foxtail millets of SiSERK1 are identified by resistance screening and PCR. The insertion site of one line of the transgenic plants
chosen at random is further identified. The results of qRT-PCR show that the expression of SiSERK1 gene in transgenic plants is significantly higher than that
in wild-type plants. A new method of generation of material for further study of SiSERKs is provided for foxtail millet genetics and breeding.

Introduction
Plant tissue culture and genetic transformation technology have been applied to many crops, and each crop has its unique regeneration and transformation
materials. The optimal explants for regeneration and genetic transformation of rice [1], wheat [2] and potato [3] are seed, mature embryo and the internodal,
respectively. Foxtail millet is one of the oldest crops in the world with a wide planting range [4-7]. The tissue culture of foxtail millet first began in the 1970s.
The anthers of foxtail millet were cultured by Y. Ban in Blaydes medium containing 2,4 -D and KT and the regenerated plants were successfully obtained [8].
Subsequently, when scientists studied the viability of downy mildew mycelium of foxtail millet seeds, it was found that the callus induced by foxtail
millet seeds could also be induced to differentiate into a mature plant [9]. Since then, the tissue culture system of foxtail millet had been established. With the
development of tissue culture, the research on genetic modified plant (GMP) of foxtail millet has also begun. In 2007, the callus induced by young panicle
of foxtail millet was used as the receptor material for GMP research for the first time [10], and the factors affecting the transformation efficiency were
analyzed. Successively, the induced by inflorescence [11], mature embryo [12-15], seeds [16] and young embryo [10] were used for genetic transformation
research. A kind of mini millet was studied as the C4 model plant and it only took 4-5 months to get from callus to mature seed [17]. So far, the progress has
been made in the research on the tissue culture and genetic transformation of foxtail millet. However, compared with rice (Oraza sativa) [18], wheat (Triticum
aestivum) [19, 20] and other crops [21], the genetic transformation efficiency of foxtail millet is still very low. In this study, aiming at improving the regeneration
efficiency, the shoot tips of foxtail millet are taken as the explant for genetic transformation materials.

Somatic embryogenesis receptor-like kinase (SERK) genes widely exist in the plant kingdom. It is a family of structurally conserved genes with functions such
as plant embryonic development, male development, disease defense and signal transduction [22, 23]. They have been verified from Arabidopsis thaliana [24],
rice [25], wheat [26] and other plants [27, 28]. In our early study, Seteria italica Somatic embryogenesis receptor-like kinase 1 (SiSERK1) engineering strain has
been constructed and overexpressed in a brassinosteroid (BR) receptor mutant of Arabidopsis thaliana WS2 (bri1-5) [29]. It was found that SiSERK1 was
involved in BR signaling pathway and plant immune regulation. Therefore, it is speculated that SERK genes may have their own unique function in each crop,
and its functions in foxtail millet need to be further studied. Therefore, in order to improve the genetic transformation efficiency of foxtail millet, the in vitro
shoot tips of foxtail millet were used as explants for tissue culture to establish a new in vitro regeneration system of foxtail millet in this study, and SiSERK1
gene is transferred into foxtail millet.

Materials And Methods

2.1 Plant material and tissue culture
In 2011, the transgenic plant of Pennisetum glaucum (L.) R. Br was obtained using shoot apices as explant source by P. Jha [30]. In this study, the in vitro
regeneration system of foxtail millet is established according to P. Jha and regenerated plants are obtained. The mature seeds of foxtail millet are sterilized in
0.1% mercuric chloride for 20 min. And then rinsed with 80% alcohol for 2 min and with sterile distilled water five times, each time for 2 min. After that, the
surface sterilized seeds are blot dried using sterile filter paper on a plastic petri dish. Then 16 seeds are inoculated on MS medium (4.33 g·L-1 MS + 30 g·L-1

sucrose + 10 g·L-1 agar) in a culture dish and cultured in the dark for 4 days at 25 ℃. The shoot tips, about 5 mm of the top of seedlings, are cut and placed
on MS medium to induce differentiation. After continuous culturing for 2 weeks, the differentiated seedlings are transferred into a culture bottle containing 1/2
MS medium for rooting. The seedlings growing up to 3 cm are moved into nutrient soil after one day of acclimatization.

2.2 GUS histochemical assay and expression analysis
The shoot tips of foxtail millet cultured for 4 days are infected by the Agrobacterium tumefaciens LBA4404 harboring pCAMBIA-1305.1. Then GUS staining is
performed after co-cultivating for 3 days according to the prescribed method [31]. The shoot tips are made a small incision in the middle with a scalpel, and
then they are put into a 1.5 mL EP tube. GUS staining solution (0.5 M Na2EDTA (pH 8.0), 50 mM K4Fe (CN6). 3H2O, 50 mM K3Fe (CN6), 0.1 g·mol-1 X-Gluc, 10%
Triton X-100, 0.05 M PBS (pH 7.0)) is added for dying at 37 ℃ for 16 h. The gradient decolorization is conducted by using ethanol until the material has no
obvious green, then photos are taken by a microscope.

2.3 The concentration screening of 6-BA and kanamycin
6-BA, an important plant hormone, is used to promote cell differentiation. Therefore, The shoot tips of seedlings cultured on MS medium for 4 days in the dark
are taken out and put on the induced differentiation medium containing 6-BA concentration gradient (0, 0.25, 0.5, 0.75, 1.0 mg·L-1). The differentiation rates of
shoot tips are counted after 2 weeks of culturing.
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Because the pBIB vector transformed contains kanamycin resistance gene, the resistant seedlings are screened by kanamycin. Kanamycin concentration
gradient (0, 10, 15, 20, 25, 30, 35 and 40 mg·L-1) is set to find the suitable resistance concentration.

2.4 Establishment of genetic transformation system
In our early work, the CDS region of SiSERK1 gene has been constructed into the plant overexpression vector pBIB by Gateway technology and transferred into
Agrobacterium tumefaciens LBA4404 [29]. Therefore, only the strain needs to be activated and identified in this experiment.

The system is established according to P. Jha [30]. The shoot tips cultured for 4 days in the dark are cut and put into the prepared Agrobacterium immersion
solution (4.33 g·L-1 MS + 30 g·L-1 sucrose + 100 µM·L-1 AS + 0.5 mg·L-1 6-BA + OD600 = 1.0 bacterial solution) for 20 min. After that, the shoot tips are placed

on the filter paper for 5 min to dry the surface water. Then the shoot tips are put into the co-culture medium (4.33 g·L-1 MS + 30 g·L-1 sucrose + 100 µM·L-1 AS
+ 0.5 mg·L-1 6-BA + 10 g·L-1 agar) covered with a layer of filter paper and cultured at 25 ℃ in the dark. After 3 days, they are transferred to the screening
differentiation medium (4.33 g·L-1 MS + 30 g·L-1 sucrose + 250 mg·L-1 cephalosporium + 0.5 mg·L-1 6-BA + 10 g·L-1 agar + 25 mg·L-1 kanamycin) for two
consecutive screening for 2 weeks each time. After screening, the differentiated seedlings are transferred to 1/2 MS medium for rooting. The seedlings
growing to 3 cm are transferred to the soil for culturing after one day of acclimatization.

2.5 Identification of transgenic plants
The DNAs are extracted from transgenic plants and wild-type foxtail millet growing in soil for 4 weeks by plant genomic DNA extraction kit (TIANGEN BIOTECH
(BEIJING) CO, China). The PCR reaction to identify transgenic plants is performed according to the procedure of template 2 µL, ddH2O 9.9 µL, 10 × Taq buffer
1.5 µL, dNTPs 0.3 µL, the upstream and downstream primers 0.6 µL, enzyme 0.1 µL respectively, taking the extracted DNA as the template, SiSERK1-F and
SiSERK1-R as upstream and downstream primers. The PCR program is as follows: 94 ℃ for 5 min; 36 cycles of 94 ℃ for 30 s, 57 ℃ for 30 s, and 72 ℃ for 3
min; and 72 ℃ for 5 min. The primer sequences are as table 1.

2.6 Expression analysis of SiSERK1 gene
Total RNA is extracted using RNA simple total RNA kit (TIANGEN BIOTECH (BEIJING) CO, China). Complementary DNA (cDNA) is synthesised using HiScript®
II 1st Strand cDNA Synthesis Kit (+Gdna wiper) (Nanjing Vazyme Biotech Co, China). The qRT-PCR is performed in a 96-well plate using a Bio-Rad iQ5 (Bio-Rad,
USA). The PCR primers are designed by Primer Premier 5.0 software and the sequences are listed in table 1. The qRT-PCR reaction procedure is performed
using 2 × SYBR Premix ExTaq Tm II (Takara, Dalian, China). The 20 µL reaction system contains 10 µL 2 × SYBR, 1 µL each of forward and reverse primers, 2
µL cDNA template and 6 µL ddH2O. Reactions are carried out as the following cycling program: 95 ℃ for 5 min, 40 cycles of 95 ℃ for 15 s and 60 ℃ for 30 s,

1 cycle of 95 ℃ for 15 s, 60 ℃ for 1 min and 95 ℃ for 1 s. Actin is taken as an internal control. The 2-△△Ct method is used to calculate relative changes in
gene expression.

Table 1 Primer sequences

Primer Sequence (5′-3′) Usage

SiSERK1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCAATATCTGGAACTTTACAGTA Gene identification

SiSERK1-R GGGGACCACTTTGTACAAGAAAGCTGGGTCCCTCGGGCCGGACAGCTC Gene identification

 

SiSERK1-qRT-F TTCAATCCCCCAACACCAAC qRT-PCR

SiSERK1-qRT-R ATGCTCTTCAGGCTTACGCC qRT-PCR

Actin-F TGCTCAGTGGAGGCTCAACA qRT-PCR

Actin-R CCAGACACTGTACTTGCGCTC qRT-PCR

YFP-F ATGGTGAGCAAGGGCGAG Site detection

YFP-R TCACTTGTACAGCTCGTCCATG Site detection

Detection primer-R  GCCAGGCTGCACGAATC Site detection

2.7 Identification of insertional site of SiSERK1 in transgenic plant
The insertion site of SiSERK1 gene in transgenic millet is determined by YFP-F and YFP-R. The PCR reaction is performed DNA 2 µL, ddH2O 9.9 µL, 10 × Taq
buffer 1.5 µL, dNTPs 0.3 µL, YFP-F 0.3 µL and YFP-R 0.006 µL, enzyme 0.1 µL respectively, taking the extracted DNA as the template. The PCR program is as
follows: 94 ℃ for 5 min; 30 cycles of 94 ℃ for 30 s, 56 ℃ for 30 s, and 72 ℃ for 2 min; and 72 ℃ for 5 min. The primer sequences are as table 1.
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The PCR product (about 1000 bp) is sequenced with YFP-F. The YFP is about 700 bp and the other 300 bp is compared with the millet genome sequence to
determine its insertion site. The downstream primers of single strand complementary strand are designed according to the sequencing results, and the
transgenic millet DNA is identified by YFP-F and detection primer-R to ensure the correct location.

Results

3.1 Establishment of regeneration system
The sterilized Yugu 1 seeds are seeded in MS medium with 16 seeds in each petri dish (Fig. 1a) and cultured in the dark at 25 ℃ for 4 days (Fig. 1b). The
shoot tips are taken and put into MS medium for differentiation (Fig. 1c). After two weeks of continuous culturing (Fig. 1d), the differentiated seedlings are
moved to the culture tank containing 1/2 MS medium to induce rooting. After a week (Fig. 1e), the differentiated seedlings begin to take root. Two weeks later
of culturing, the differentiated seedlings grow well and the taproots become longer (Fig. 1f) and then they are moved into nutrient soil for culturing.

3.2 GUS assay for co-cultivated shoot tips
 To ensure that in vitro shoot tips of foxtail millet can be used as the direct receptor material for genetic transformation, in this study, the shoot tips explant co-
cultured for 3 days after immersion of Agrobacterium tumefaciens containing pCAMBIA-1305.1 (Fig. S1) are put into a 1.5 mL centrifuge tube and subjected
to GUS staining assay. The results are schematically shown in Fig. 2, and the GUS activity can be observed obviously (Fig.2S1 and 2S2). The results indicate
that in vitro shoot tips are capable be used as explants for genetic transformation of foxtail millet.

CK: GUS staining results of shoot tips explants not infected by Agrobacterium tumefaciens, CK1: one of CK. S1 and S2: GUS staining results of shoot tips
explants impregnated with Agrobacterium tumefaciens, S1-1 and S2-2: one of S1 and S2.

3.3 Determination of hormone concentration for optimal differentiation 

3.3.1 Determination of 6-BA concentration
The in vitro shoot tips are inoculated on the induced differentiation medium added 6-BA concentration gradient to induce differentiation. The differentiation
rate of shoot tips is counted and analyzed after 2 weeks of culturing (Fig 3A). When the 6-BA concentration is 0.5 mg·L-1, the differentiation rate of shoot tips
is the highest. Therefore, 6-BA concentration of 0.5 mg·L-1 is selected for transformation.

3.3.2 Determination of kanamycin concentration
Kanamycin can interfere with the synthesis of chloroplast and mitochondrial proteins in plant cells [32, 33] and cause yellowing and whitening of plant green
organs. In the early stage of this study, the Agrobacterium tumefaciens containing pBIB-BASTA-35S-SiSERK1-GFP is constructed for foxtail millet genetic
transformation. Because the pBIB vector transferred contains kanamycin resistance gene and kanamycin could damage the seedlings in the screening
medium. In this study, the appropriate concentration of kanamycin is screened by setting the kanamycin concentration gradient (Fig. 3B). A suitable
kanamycin concentration of 25 mg·L-1 is selected for screening transgenic seedlings. The phenotype of wild-type plants treated with kanamycin is shown in
Fig. 3C.

3.4 The screening of transgenic seedlings
Shoot tips that has been co-cultured for 3 days are placed into screening differentiation medium for induction differentiation. One week later, most of the
differentiated shoot tips survive (Fig. 4a). After the first subculturing, some differentiated seedlings have albino and die (Fig. 4b), and after the second
subculturing, most differentiated seedlings die (Fig. 4c). The surviving seedlings are transferred to the rooting medium for culturing. However, there are two
phenotypes of surviving seedlings (Fig. 4e). One is that all differentiated shoot tips in the early stage of screening are albino and died, and new shoot tips are
redifferentiated in the later stage of screening. The other phenotype is that differentiated shoot tips are always green throughout the screening process.
Subsequently, the screened positive seedlings are transferred to 1/2 MS medium for cultivation for 14 days (Fig. 4d and 4h), followed by moved into nutrient
soil for culturing after one day for acclimatization (Fig. 4f and 4g).

3.5 Identification of transgenic plants and Expression analysis of SiSERK1 gene
The DNA of the positive screening seedlings grown for 4 weeks is extracted and identified by PCR (Fig. 5B). The results obtained are similar to the identified
results of SiSERK1 engineering bacteria (Fig. 5A) (1654 bp). Hence, it is considered that SiSERK1 gene is successfully transferred into foxtail millet.

The qRT-PCR is used to detect and evaluate the expression of SiSERK1 gene in wild-type plants and transgenic plants (Fig. 5C). The results indicate that the
expression of SiSERK1 gene in four transgenic materials is remarkably higher than that in wild-type plants. Consequently, it is determined that SiSERK1 gene
has been transferred to foxtail millet and 12 SiSERK1 transgenic plants are successfully obtained. The total transformation rate reached 4.5%.
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3.6 Identification of SiSERK1 insertion sites
The single strand is amplified by asymmetric PCR (Fig. 6A), and its size is about 1000 bp. The sequencing result is compared in the millet database on NCBI. It
is found that the sequence is aligned to 37529335-37529661 bp on chromosome 9 of millet. Single stranded sequences and transgenic plants are identified
using YFP-F and detection primer-R (Fig. 5b). The size is about 1000 bp, which is consistent with the target size. Therefore, we can determine that SiSERK1 has
been inserted in front of chromosome 37529335 bp (Fig. 6C).

Discussion
According to the improved experimental methods of P. JHA [30], the in vitro shoot tips regeneration system of foxtail millet has been established, and SiSERK1
transgenic foxtail millet is identified by resistance screening and molecular detection. Eventually, 12 transgenic foxtail millets of SiSERK1 have been
successfully obtained. It provides a theoretical guidance for the future study of foxtail millet genetic transformation system and the function of SiSERK1 gene.

This study proves that the in vitro shoot tips of foxtail millet can be induced to differentiate into a new mature plant. Whereafter, the in vitro shoot tips are
transferred into GUS reporter gene [34-36]. GUS staining is performed after 3 days of co-culturing, and the results show that the in vitro shoot tips of foxtail
millet can be directly used as the receptor for genetic transformation. Then, the gradient screening is carried out on the concentration of 6-BA and
kanamycin. It is determined that the concentration of 6-BA with the highest differentiation rate of shoot tips is 0.5 mg·L-1, which is consistent with the results
of Cesar [37], and the kanamycin concentration suitable for screening transgenic seedlings is 25 mg·L-1. After transferring SiSERK1 gene, the positive
transgenic seedlings are preliminarily obtained by kanamycin screening and PCR identification. The qRT-PCR is used to detect the expression of SiSERK1 gene
in the materials transformed with SiSERK1 gene. The results show that SiSERK1 gene is successfully transferred into foxtail millet. In vitro genetic
transformation of millet stem tips, three-day millet stem tips are directly transfected with Agrobacterium tumefaciens, and the transformation rates are 2.5%
and 1.5% [38]. Our method has higher transformation about 4.5% and shorter screening cycle when using the isolated stem tip of millet. Compared with the
previous research about genetic transformation of foxtail millet, this experiment is obviously innovative. Firstly, the receptor materials used are very different,
the main receptor materials of foxtail millet genetic transformation in the previous stage were the callus induced by inflorescences [11], seeds [16] and mature
embryos [12-15]. In this study, the in vitro shoot tips of foxtail millet cultured in the dark for 4 days are mainly used, and the differentiation and rooting need to
be induced in the culture medium. Secondly, the presented phenotypic of differentiated seedlings during screening and differentiation are analyzed. It is
preliminarily speculated that the first phenotype is due to the fact that the kanamycin resistance gene of transformed plants is not expressed immediately at
the initial stage of screening. The second phenotype is due to the high efficiency of shoot tips transformation, and the transgenic plant show resistance to
kanamycin soon after transformation. Finally, the transformed plants are detected by molecular detection to ensure the successful transformation of
transgenic materials.

According to the existing reports, SERK genes have many functions, mainly involved in plant immune response and regulating plant growth and development
[19]. In this study, the transgenic foxtail millet of SiSERK1 is obtained. It provides materials for further studying the function of SiSERK1 gene, especially in
improving the disease resistance.

In further study, we will continue to improve the in vitro shoot tips regeneration system of foxtail millet and optimize the genetic transformation efficiency. In
addition, some questions about whether transgenic foxtail millet of SiSERK1 has disease resistance, whether there are significant differences between
SiSERK1 gene and AtSERK1 gene, and whether they are involved in a new signaling pathway will be studied, as well as whether the same gene has similar
functions in C4 plant and C3 plant [39].
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Figure 1

Culture process of tissue culture seedlings

Figure 2

GUS staining results
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Figure 3

The concentration screening of 6-BA and kanamycin

Figure 4

The screening of transgenic seedlings
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Figure 5

Identification and expression analysis of SiSERK1 transgenic plants
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Figure 6

Detection of insertion site of SiSERK1in transgenic plant
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