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Abstract 26 

   27 

Background: 28 

CRISPR activation (CRISPRa) uses non-functional Cas9 endonuclease (dCas9) but retains the genome 29 

targeting ability through its single guide RNAs (sgRNAs). CRISPRa is widely utilised as a gene 30 

activation system exploiting its ability in recruiting various transcriptional activation domains (TADs) 31 

for enhancing expression of the target gene(s). Drought tolerant and resource efficient crops like 32 

millets have potential for mitigating effects of climate change and for enhancing food security.  33 

mailto:snaa@upm.edu.my


2 

 

 34 

Objective: 35 

This study aimed to use the Setaria italica (foxtail millet) genome sequence in the identification of a 36 

target gene and the subsequent generation of sgRNAs for use in CRISPRa for conferring water logging 37 

tolerance that will benefit future expansion of its cultivation area.   38 

 39 

Methods and Results: 40 

Leveraging on existing RNA-seq data and information on functional studies in model plants and from 41 

other cereal species, maize and barley, have enabled identification of candidate ERFVII from the 42 

foxtail millet genome sequence in the attempt to engineer waterlogging tolerance. The study provides 43 

a step-by-step example for using publicly accessible databases and bioinformatics tools from NCBI 44 

and Phytozome for the identification and characterization of the ortholog from Setaria italica. 45 

Softberry was used for promoter annotation to obtain the transcription start site (TSS). Subsequently, 46 

CRISP-P 2.0 design tools were employed to generate and select a few efficient sgRNAs for CRISPRa 47 

that minimize potentially deleterious off-target binding.  48 

 49 

Conclusion: 50 

The study is a useful example on how to advance in genomics research including the revolutionizing 51 

CRISPR technology in Setaria italica, which can be adopted in other plant species, through utilization 52 

of the available genome sequence. 53 

 54 

 Keywords: CRISPR/dCas9, CRISPRa, sgRNA, Setaria italica, water logging tolerance, ERFVII 55 
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  59 

1. Introduction 60 

The applications of clustered regularly interspaced short palindromic repeat (CRISPR) in 61 

genomic research have expanded in recent years and developing this technology would enhance the 62 

research capability of many existing laboratories. Nuclease‐deficient Cas9 (dCas9) is an inactive 63 

mutant of Cas9 deficient in endonuclease activity. The CRISPR/dCas9 system has potential to be 64 

applied for 1) genome-wide screening for understanding the gene regulatory network affected by the 65 

activation of a selected gene; 2) testing the phenotypic effect as the result of changing the expression 66 

of a targeted gene; and 3) precise temporal and spatial regulation of a gene (1). Similar to application 67 

with CRISPR/Cas9, in CRISPR/dCas9, the synthetic sgRNA is designed to contain two major regions 68 

of importance for the CRISPR system, which is the CRISPR RNA (crRNA) spacer and scaffold 69 

(tracrRNA) regions. The nucleotides in the spacer region are complimentary to the sequence of the 70 

target gene located adjacent to a protospacer adjacent motif (PAM). Any genes and genomic DNA 71 

with a sequence complimentary to the spacer region can become possible targets, providing great 72 

flexibility to the CRISPR system (2). The scaffold region has the critical role in forming a complex 73 

with dCas9 recruited to the targeted genomic site. 74 

 75 

In order to modulate the gene expression at the level of transcription via CRISPR activation 76 

(CRISPRa) and CRISPR interference (CRISPRi), the dCas9 fused to the transcriptional effectors is 77 

directed to the promoter of a target gene. Transcriptional effectors which include transcriptional 78 

activators or repressors are protein domains that assist in the recruitment of RNA polymerase and key 79 

cofactors for manipulating the transcription of the target gene(s) (3). However, for regulation via dCas9, 80 

the target window is not quite as broad as for gene knockout via Cas9 cutting. For CRISPRa, it is most 81 

efficacious to target -200 bp to +1 (TSS) in the upstream region, inclusive of the transcription start site 82 

(TSS) while for CRISPRi, it is optimal to target +50 bp ~ +100 bp downstream of the TSS (4). Thus, 83 

about a dozen sgRNAs are generated for a given gene targeting the optimal location. It is important to 84 

determine the exact location of the TSS. Different databases annotate the TSS in different ways. 85 

PlantProm DB (ppdb) (http://ppdb.agr.gifu-u.ac.jp/ppdb/cgi-bin/index.cgi) is a plant promoter 86 

database that provides promoter annotation of the model plants, Arabidopsis and rice. It was also 87 

recently shown that the TSSP database, in www.softberry.com which relies on ppdb can help in 88 

bioinformatic analysis and in locating the TSS of genes from other plant species (5).   89 

 90 

http://ppdb.agr.gifu-u.ac.jp/ppdb/cgi-bin/index.cgi
http://www.softberry.com/
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Foxtail (Setaria italica) is the most important millet species of Eastern Asia and the second-91 

most widely grown species worldwide after pearl millet. It possesses several desirable features for 92 

cultivation as a cash crop such as fast ripening, high photosynthetic efficiency and resistant to pests 93 

and diseases. Furthermore, it is nutritious (6) with notable medicinal benefits including for controlling 94 

diabetes (7) and hyperlipidemia (8). It is highly attractive as a model plant for scientists due to the 95 

possession of several distinct characteristics which include short stature and life cycle, good production 96 

of seeds, self-compatibility, a true diploid nature (2n = 18), small genome size and its C4 features 97 

which can serve as a model for other C4 crops (9). A high-quality genome sequence of foxtail millet 98 

was completed in 2012. More recently, resequencing of 184 foxtail millet recombinant inbred lines 99 

and construction of the high-resolution map was carried out to aid essential research on foxtail millet 100 

improvement (10). 101 

 102 

Waterlogging is used to describe the persistent flooding of the plant root system. Many parts 103 

of South East Asia including Malaysia experience such situations due to the heavy rainfall at certain 104 

periods of the year. One of the effects of climate fluctuation is increases duration of high precipitation 105 

which can worsen water logging occurrences (11). Even though millets perform well under drought, 106 

the ability to withstand water logging conditions is considered an important trait to have for 107 

domestication in the South East Asian countries including Malaysia. Seeds of four different millet 108 

species, Panicum miliaceum (proso millet), Panicum sumatrense (little millet), Setaria glauca (yellow 109 

foxtail millet), and Setaria italica (foxtail millet) were tested for waterlogging tolerance and the effect 110 

of pre- and post-heading waterlogging on growth and grain yield. P. sumatrense exhibited 111 

waterlogging tolerance through enhancement of root growth and the presence of a  high proportion of 112 

lysigenous aerenchyma in the crown root (12). Prolonged effects of water logging leads to severe 113 

hypoxia due to poor oxygen availability in cells which adversely impacts plant physiological processes 114 

and metabolism (13). Aerenchyma possesses enlarged gas spaces through the programme death of 115 

cells in the root that facilitates the diffusion of gases, notably, oxygen from shoots to roots, and CO2 116 

and ethylene from roots to shoots  (14).   117 

 118 

Plants respond to waterlogging through transcriptional reprogramming that leads to 119 

modification of protein and metabolite composition in the root system to overcome hypoxia (15, 16). 120 

Previously, flooding tolerance was extensively investigated at the molecular level in tolerant species, 121 

such as Oryza sativa L. In rice, several proteins involved in tolerance to hypoxia or avoidance of 122 

hypoxia belong to the ethylene response factor (ERF) VII family of transcription factors (17). ERFVII 123 

is well recognized for having activity directly linked to oxygen availability.  Analysis of the RNA-seq 124 
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data of water logging response in the roots of a tolerant maize inbred line, HKI1105, showed that 125 

ethylene plays a fundamental role in tolerance mechanisms. Furthermore, some members of ERFVII 126 

transcription factor in maize were up-regulated in roots, an observation similar to that reported in 127 

Arabidopsis under hypoxia (18). Water logging stress resulted in induced expression of barley 128 

HvERF2.11 possessing the CMVII-1 motif characteristic of ERFVII  in the waterlogging tolerance 129 

lineage and introduction of this gene into Arabidopsis significantly enhanced waterlogging tolerance 130 

(19).   131 

Millet, like maize and barley is highly sensitive to water logging. In order to produce 132 

waterlogging tolerant millet through CRISPRa, it is critical to look for a target gene whose 133 

transcriptional activation will enhance water logging response mechanisms that protect the plant. This 134 

project aims to perform bioinformatics analysis for designing sgRNA sequence targeting the promoter 135 

of the most highly homologous gene to the maize ERFVII in foxtail millet for future research to 136 

enhance its transcriptional activity through the application of CRISPR/dCas9 technology for increasing 137 

tolerance to waterlogging.  138 

 139 

Materials and methods  140 

1.1 Identification of potential CRISPR targets 141 

Information about the nucleotide and amino acid sequences of the maize gene 142 

(GRMZM2G018398) encoding an ERFVII that was highly up-regulated under waterlogging was 143 

obtained from the RNA-seq data in NCBI. The steps involved in identifying the foxtail millet 144 

ortholog and the design of sgRNAs targeting it using CRISPR-P 2.0 program through to the 145 

production of PCR primers to generate DNA template for in vitro transcription are given in Figure 146 

1 and the details of all the steps are provided below. 147 

 148 

 149 

 150 

 151 

 152 

 153 
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 154 

 155 

 Figure 1. Steps involved in sgRNA design targeting foxtail millet gene orthologous to maize ERFVII 156 

 157 

 158 

 159 

 BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=ProteinsBLASTp) using the encoded 160 

amino acid sequence was used to search for the gene ortholog from foxtail millet. The most strongly 161 

homologous gene (here after referred to as SiERF1.1) was identified. Comparison of the protein 162 

functional domains between the maize ERFVII and the foxtail millet SiERF1.1 was performed to 163 

determine the presence of the expected ERFVII signature domains. The identified SiERF1.1 164 

(XP_012698581.1) sequence was blasted in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using non-165 

redundant protein sequence database within Setaria italica (taxid:4555) organism by blastp (protein-166 

protein BLAST). All ERF that produced significant alignments were selected and downloaded in 167 

FASTA (complete sequence) format.  ERF1 genes possessing the amino acid sequences of the highly 168 

conserved 6-bp MCGGAI/L (signature for ERFVII) and the 60-70 bp AP2 domains were selected. The 169 

obtained sequences were aligned by MEGA X (20) using Clustal alignment and then the phylogenetic 170 

tree of the ERF genes was constructed and estimated using the neighbor-joining method (with 1000 171 

replicates) based on deduced amino acid sequences. The reliability of a phylogenetic tree was also 172 

estimated by the bootstrap method. 173 

Step 1: Identification and analysis of the ortholog in foxtail 
millet of the maize ERFVII highly upregulated under waterlog 
using BLASTp and phylogenetic analysis

Step 2: Determination of about 500 bp region upstream of 
the translation start site (ATG) of the orthologous gene from 
millet using Phytozome 12.1.6

Step 3: Determination of the transcription start site (TSS) 
using Softberry

Step 4:  Designing of sgRNA within 150 bp region upstream of 
the TSS and selection of the best sgRNAs (based on less off-
targets, 2o  structure and GC content) using CRISPR-P 2.0 

Step 5; Designing DNA template for in vitro transcription to 
synthesize the sgRNAs having the selected designs 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=ProteinsBLASTp
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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 174 

The promoter sequence of the SiEREF1.1 was retrieved in the Setaria italica v2.2 genome. 175 

BLAST using the nucleotide sequence of  SiEREF1.1 obtained from NCBI as input was used to search 176 

the reference Setaria italica genome (Setaria italica v2.2 genome) in Phytozome 12.1.6 177 

(https://phytozome.jgi.doe.gov/pz/portal.html#) for the nucleotide sequence 500 bp upstream of the 178 

start codon (ATG) was performed. The transcript sequence and sequence information found upstream 179 

was obtained by specifying the size of sequence information that is required for walking 5’ from the 180 

5’-UTR. For obtaining the expected locations of the TSS and TATA box, the 500bp upstream sequence 181 

information including the ATG was then used as an input in the promoter prediction program for plant 182 

genes (TSSP) in Softberry (www.softberry.com). 183 

 184 

1.2 Design of optimized single guide RNAs 185 

The CRISPR-P program version 2.0 (http://crispr.hzau.edu.cn/CRISPR2/) was employed to 186 

design sgRNAs with Setaria italica v2.2 as the target genome.  After selecting the target genome in 187 

CRISPR-P 2.0, a gene locus, chromosome position or sequence of the targeted DNA region for search 188 

could also be selected. In our design, the promoter region of SiERF1.1 150 bp upstream of the TSS 189 

including the TATA box was targeted for gene activation using dCas9-activators, and used as the input 190 

sequence in CRISPR-P 2.0.  191 

 192 

The target sequence of SiERF1.1 promoter was mapped to its genome, and all possible sgRNAs 193 

were screened and shown in a graphical genome model. On-target scores to assess the on-target 194 

efficiency of sgRNAs were also obtained from CRISPR-P 2.0. Potential sgRNAs were then identified, 195 

their efficiencies were calculated and the predicted results were listed and scored. The sgRNAs DNA 196 

template sequences were designed after identifying the target sequence in the promoter region of 197 

SiERF1.1 upstream of the TSS. The template sequence was composed of the T7 promoter sequence, 198 

the sequence of the target-specific sgRNAs, and the fixed sequence of the tracrRNA. In Figure 2, the 199 

T7 Promoter sequence is shown in blue. Transcription begins at and includes the bold G from the T7 200 

promoter sequence.  The non-variable tracrRNA of 80 nueclotides in length is shown in green (Figure 201 

2).  202 

 203 

https://phytozome.jgi.doe.gov/pz/portal.html
http://www.softberry.com/
http://crispr.hzau.edu.cn/CRISPR2/
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5’TAATACGACTCACTATAGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCG

TTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT-3’ 

Figure 2. The sgRNA DNA template sequence. 

1.3 Design of forward and reverse oligonucleotides for PCR assembly 204 

After identifying the final target sequences, the forward and reverse oligonucleotides were designed to 205 

be PCR assembled with the Tracr Fragment + T7 Primer Mix to generate the sgRNAs DNA template. 206 

The Tracr Fragment + T7 Primer Mix contains the universal forward and reverse amplification primers 207 

and the 80-nt tracrRNA region. Two 34- to 38-bp oligonucleotides were required to assemble the 208 

synthetic sgRNA template: a Target F1 forward primer harboring the T7 promoter sequence and a 209 

Target R1 reverse primer that harbours the 5’ end of the tracrRNA constant sequence as shown in 210 

Figure 3A which will be used for assembly of sgRNA DNA template as shown in Figure 3B. 211 

Shortening of the oligonucleotide lengths (≤40 bases) is favoured for the target primers to prevent 212 

synthesis mistakes, which occur at higher probability with long oligonucleotides. Forward and reverse 213 

target primer sequences that are 34-nt long are produced by the GeneArt™ CRISPR Search and Design 214 

tool by default. 215 

 216 

 217 
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 218 

 

Figure 3. PCR assembly of sgRNA DNA template. A) Sequences of the Target F1 forward and Target R1 reverse 
oligonucleotides required for synthetic sgRNA template assembly. B) Schematic diagram demonstrating the amplified 
region using the Target F1 forward and Target R1 reverse oligonucleotides to produce the DNA template for in vitro 
transcription to produce the sgRNA. 
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2.  219 

Results and discussion 220 

2.1  Identification of a target gene in foxtail millet and sgRNA design 221 

 222 

BLASTp search showed that the foxtail millet ERF1 (XP_012698581.1) here referred to SiERF1.1 has 223 

the highest homology to one of the most highly upregulated ERFVII under hypoxia in maize (21) hence 224 

this millet gene was chosen as the target gene for the CRISPR/dCas9 transcriptional activation in our 225 

study.  Comparing the protein structures of the maize ERFVII, barley HvERF2.11 and foxtail millet 226 

SiERF1.1 showed the presence of a conserved N terminal sequence motif MCGGAI/L and the AP2 227 

domain of 60 to 70 amino acids. The presence of one AP2 domain is a common feature that 228 

characterised all ERF transcription factor from the AP2 superfamily (22). The N-terminal MCGGAI/L 229 

designated as the CMVII-1 motif is the signature motif for ERFVII (23) hence the SiERF1.1 may be 230 

categorised as an ERFVII. Our BLASTp search using the MCGGAI/L domain motif discovered at 231 

least ten other ERFVII in foxtail millet besides SiERF1.1. The multiple sequence alignment and 232 

phylogenetic analysis of the different foxtail millet ERFVII are shown in Figure 4. The phylogenetic 233 

tree shows that the foxtail millet ERFVII can be separated into three separate groups based on their 234 

protein sequences. XP 004956913.1, which we refer to as SiERF1.2, has the highest amino acid 235 

sequence homology with barley HvERF2.11 (19) and is the most closely related member to the foxtail 236 

millet SiERF1.1 used as our target gene and they both belong to the same group in the phylogenetic 237 

tree, thus increasing the confidence in choosing SiERF1.1 as the target gene for CRISPRa. The effects 238 

of targeting both SiERF1.1 and SiERF1.2 through CRISPRa may also be explored in the future through 239 

a multiplexing approach (1). 240 

 241 

                                                                                             242 

https://www.ncbi.nlm.nih.gov/protein/XP_012698581.1?report=genbank&log$=prottop&blast_rank=1&RID=UFU27EZ5016


11 

 

 243 

A 244 

B  245 

 246 
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 247 

C 248 

Figure 4. Sequence alignment and phylogenetic analysis of foxtail millet ERF1.1 (XP_012698581.1) with other ERF 249 
members from foxtail millet having the MCGGAI/L signature motif identified through BLASTp in NCBI  A) 250 
Nucleotide and predicted amino acid sequence of SiERF1.1. B) The sequences of Setaria italica ERF with accession 251 
numbers XP 004956913.1, XP 004958676.1, XP 004962330.1, XP 004964607.1, XP 004967520.1, XP 004985469.1, 252 
XP 004985472.1, XP 012698500.1, XP 012698581.1, XP 012698773.1, XP 0122679984.1 used for constructing the 253 
phylogenetic tree using the neighbourhood joining method. The numbers on the nodes indicate bootstrap values from 254 
1000 replicates. C) Multiple sequence alignment of SiERF1.1 and other ERF family members having the N-terminal 255 
MCGGAI/L. The same sequences were used in developing the phylogenetic tree.  256 
 257 

In the CRISPRa mechanism for transcriptional activation, the transcriptional activation domain 258 

(TAD) recruited by the dCas9 needs to be positioned in the promoter region within 200 bp upstream 259 

of TSS (4). In order to identify the region upstream of the promoter, it was essential to determine 260 

the position of the TSS. Figure 5 shows the nucleotide 500 bp upstream of the ATG of the SiERFI.1 261 

with the A at position 389 as the TSS and the TATA box at 352 as determined by Softberry. This 262 

also indicates that the SiERF1.1 belongs to the TATA-containing genes. TATA-box is an important 263 

core promoter element involved in transcription initiation of eukaryotic genes (24). 264 

 265 

>Seita.1G342700 | scaffold_1:39868092..39871080 reverse 266 

TTGAAGATACAATTTGAAAAGCAAAATAATTGTTAAAGTGAGGATGGCGCGCTG267 

AGTGAGTTTTCAGCGTGTGATGATCTTTGTAGGAGAATGAAACATGCCCTCTAAACC268 

TCGGAATCTTGCATTCTTGCCTTACTGTTTGAGGGATATGTTCATCAAATTATATATT269 

CACAAAGGGGCGACATGTGCAAATTTGGCCTCTACAGCCTACTAGCACCATCTACTA270 

CACCTTCTCCGTTTCTCTTACTACCCCGTCGCTTCCGCTTCACGTTTCCGCCCGTTCGG271 

CTGACGTGGGGACCCCACCGCGCGTCCCAGCACCTGCACACTGCTCCGAGCGGCGGC272 

CAGCCAATATATATATATATAGGGCCCACCCAGTCCGTGCTCTCCAACATTTCGCCC273 

AGGTAAAACTCGTTTACCATTTCGCTCTCGCGACTCGCGATTTTTTTTTCACTGTGCT274 

CGTTCCGGCGCGCGGCGGCGGAGCTCCCGACGACGACTGAGCCATG 275 

 276 
Figure 5. Genomic sequence of SiERF1.1 500 bp upstream of the start codon. Red boxes show the start codon (ATG), 277 
the transcription start site (TSS) and the TATA box of the promoter region that was used to design the sgRNAs. 278 
Softberry (www.softberry.com) was used in determining the positions of the TSS and TATA box. 279 

 280 

 281 

https://www.ncbi.nlm.nih.gov/protein/XP_012698581.1?report=genbank&log$=prottop&blast_rank=1&RID=UFU27EZ5016
http://www.softberry.com/
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 Since sgRNA-dCas9 complex could still bind target DNA that is not a perfect match, the off-282 

target effect of CRISPR/dCas9 system is a great concern among researchers. The on-target efficiency 283 

scores only supported those sgRNAs containing 5'-NGG-3' PAM in Streptococcus  pyogenes, thus the 284 

binding specificity/capability depends on the PAM-proximal sequence (25). Targeting the promoter 285 

region in CRISPRa through CRISPR/dCas9 may produce fewer occurrences of off-targets binding 286 

compared to targeting the coding region which may be affected by homologous regions found in gene 287 

family members (26). Nevertheless, it is still very important to use a platform for designing the sgRNA 288 

which is equipped with the ability to evaluate the characteristics of the sgRNA especially the binding 289 

position in the genome as well as its GC content and secondary structure, criteria that influence the 290 

functional properties of the sgRNA. CRISPR-P 2.0 (http://crispr.hzau.edu.cn/CRISPR2/) is suitable 291 

for designing highly efficient sgRNA with minimal off-target effects. CRISPR-P 2.0 uses a scoring 292 

system for rating the off-targeting potential and on-targeting efficiency of sgRNAs for Streptococcus 293 

pyogenes Cas9, the most commonly used CRISPR-Cas9 system (27). The scoring system is based on 294 

the latest knowledge about Streptococcus pyogenes Cas9 genome editing. Detailed information of the 295 

guide sequence is generated, consisting of: GC content, restriction endonuclease site, microhomology 296 

sequence flanking the targeting site (microhomology score), and the secondary structure of sgRNA. 297 

Figure 6 provides a graphic genome model of mapping SiERF1.1 target sequence (150 sequence 298 

upstream of the ERF1.1 promoter inclusive of the TSS) to the Setaria italica v2.2 genome through 299 

CRISPR-P 2.0 design tool. 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

A 308 

 Sequence Region %GC 

guide1 TATATTGGCTGGCCGCCGCTCGG Intergenic 60 

guide2 GCTTCACGTTTCCGCCCGTTCGG Intergenic 60 

Commented [SM1]: Does it directly use the genome 

sequence and look for matches throughout? 

http://crispr.hzau.edu.cn/CRISPR2/
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guide3 GAACGGGCGGAAACGTGAACGG Intergenic 60 

guide4 AACGTGAAGCGGAAGCGACGGGG Intergenic 60 

guide6 GGGTCCCCACGTCAGCCGAACGG Intergenic 70 

guide7 CCCCACGTCAGCCGAACGGGCGG Intergenic 75 

 309 

B 310 

Figure 6 Mapping of SiERF1.1 target sequence to the Setaria italica v2.2 genome through CRISPR-P 2.0 design tool 311 
using 150 sequence upstream of the SiERF1.1 promoter inclusive of the TSS as an input. A) Distribution of sgRNA 312 
targets in Setaria italica genome. The presumably best target sequences in red (score > 0.50) and the intermediates in 313 
green (0.20 < score < 0.50). B) DNA target sequences for six selected sgRNA, their region in the genome and %GC. 314 
 315 

 316 

2.2 Advanced selection of sgRNAs 317 

The CRISPR-P 2.0 design tool employs a scoring module to evaluate the sgRNAs based on 318 

sequence features of sgRNAs, which leads to improvement of on-target efficiency and the construct a 319 

predictive model to design critically active sgRNAs (27, 28). The choice of the targeting site is the 320 

most critical step in CRISPR/dCas9 technology. Genome-wide specificity analysis included in 321 

CRISPR-P 2.0 helps overcome or reduce off-target effects (30). In this study, about 26 sgRNAs were 322 

generated when mapped to the genome of foxtail millet targeting SiERF.1.1 promoter region. The 323 

results showed that off-target potential among these 26 sgRNAs varies from 0.051 to 0.9. In general, 324 

optimum sgRNA should have high on-target scores and less off-target score sites (31). It is important 325 

to optimise the on-target location (intergenic for SiERF1.1) of the sgRNA through analysing on-target 326 

and off-target scores. Six sgRNAs with higher on-target of above 0.4 were selected. All six sgRNA 327 

have higher score for on-target compared to off-target. GC content (%) of sgRNAs is also important 328 

for the efficiency of CRISPR/dCas9 systems (30). Our results showed that GC content among the six 329 

selected gRNAs was high ranging between 50% to 70% and is within the expected range of 30% to 330 

80% for plant sgRNAs (28) as those sgRNAs having exceptionally high or low GC content may be 331 

less active (27). Table 1 shows the results for the on-targets, the microhomology score and features of 332 

the secondary structure that aid in choosing efficient sgRNAs. 333 

 334 

 Table 1. Results of sgRNAs designed to target SiERF1.1 promoter region generated by CRISPR- P 2.0.  335 

Guide 
On-

score 
Micro-

Score 
Secondary structure 

Structure 

features 

guide

1 
0.677

4 
77.64 

UAUAUUGGCUGGCCGCCGCUGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC

GUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 

.(((.(((((((((.....((((((((.((((....))))...)))))))).)))))).))

).)))..((((....))))(((((((...)))))))... (-30.50) 

3 TSL;0 

GSL;9 

CBP;13 

TBP;0 IBP 

http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide23_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide23_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide23_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide23_ss.svg
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guide

2 
0.607

0 
67.62 

GCUUCACGUUUCCGCCCGUUGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC

GUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 

.....(((.....(((..(((((((((.((((....))))...)))))))))))).....)

)).....((((....))))(((((((...)))))))... (-24.70) 

3 TSL;0 

GSL;3 CBP;8 

TBP;0 IBP 

guide

3 
0.601

1 
0.00 

GAACGGGCGGAAACGUGAAGGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC

GUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 

.(((((((.(((((......)))))...((((....)))).((((.......)))).))))

)))....((((....))))(((((((...)))))))... (-27.80) 

5 TSL;0 

GSL;7 

CBP;12 

TBP;0 IBP 

guide

4 
0.553

9 
0.00 

AACGUGAAGCGGAAGCGACGGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC

GUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 

....((((((((((((....(((((((.((((....))))...)))))))...)))..)))

))).)))((((....))))(((((((...)))))))... (-30.40) 

3 TSL;0 

GSL;12 

CBP;12 

TBP;0 IBP 

guide

6 
0.446

9 
69.43 

GGGUCCCCACGUCAGCCGAAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC

GUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 

((....))(((.(((((...(((((((.((((....))))...)))))))..)))).)..)

)).....((((....))))(((((((...)))))))... (-26.20) 

4 TSL;1 

GSL;5 

CBP;10 

TBP;2 IBP 

guide

7 

0.438

5 
73.22 

CCCCACGUCAGCCGAACGGGGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC

GUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 

....(((.(((((.......(((((((.((((....))))...)))))))..)))).)..)

)).....((((....))))(((((((...)))))))... (-23.20) 

3 TSL;0 

GSL;5 CBP;8 

TBP;0 IBP 

The on-target efficiency scores only support gRNAs with 5'-NGG-3' PAM for utilization with 336 

Streptococcus pyogenes dCas9. Consequently, PAM sequences were considered in our advanced 337 

selection of sgRNAs, which profiles secondary structure. The function of the sgRNA relies on the 338 

interaction of its secondary structure with the Cas9 protein in vivo. For CRISPR/Cas9 system, the 339 

secondary structure of sgRNA can interfere with the editing efficiency as a link between secondary 340 

structure and editing efficiency of sgRNAs has been suggested (28, 29). Further selection of 341 

sgRNAs was done based on the recommended criteria for selection of efficient sgRNAs as follows: 342 

The total base pairs between guide sequence and the other sequence (TBP) should not be higher 343 

than 12, consecutive base pairs (CBP) not higher than 7, while internal base pairs in the guide 344 

sequence (IBP) should not be greater than 6. Four out of the six guide sgRNA that met the criteria 345 

were selected for generation of the secondary structures as shown in Figure 7.  346 

 347 

 348 

   349 

             Guide 2                                   Guide 3                                                  Guide 6 350 

http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide1_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide1_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide1_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide1_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide12_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide12_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide12_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide12_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide9_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide9_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide9_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide9_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide15_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide15_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide15_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide15_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide13_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide13_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide13_ss.svg
http://crispr.hzau.edu.cn/CRISPR2/svg_tmp/0000015797_0044098177_Guide13_ss.svg
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 351 

Guide 7 352 

 353 

 354 

Figure 7. Schematic representation of the SiERF1.1 sgRNAs secondary structures. The 
secondary structure of sgRNA 2, 3, 6 and 7 to target promoter region of SiERF1.1. 

 355 

 356 

 357 

The secondary structure of sgRNAs showed that two of the designed sgRNAs, Guide 2 and 358 

Guide 7 have intact secondary structures including stem loop RAR, stem-loop one, stem-loop two 359 

and stem-loop three. The repeat and anti-repeat region (stem loop RAR) could trigger precursor 360 

CRISPR RNA (pre-crRNA) processing by the enzyme RNase III and subsequently activates 361 

crRNA-guided DNA cleavage (binding for dCas9). The stem-loop one is essential for the function 362 

of dCas9-sgRNA-DNA complex. The stem-loop two and three meanwhile, promote formation of 363 

a stable complex. Clearly, all three stem-loop structures are required for successful application of 364 

CRISPR (30).  365 

 366 

There are other online tools that can be used for sgRNA design besides CRISPR-P 2.0. For 367 

example, CRISPR/Cas9 target online predictor (CCTop) (https://cctop.cos.uni 368 

heidelberg.de:8043/index.html) determines empirically the off-target scores for each sequence, 369 

while the CRISPRater score is used to predict the efficiency of sgRNAs (32, 33). E-CRISP 370 

(http://www.e-crisp.org/E-CRISP/) is equipped with its own SAE (Specificity, Annotation, 371 

Efficacy) score to evaluate the quality of each sgRNA (34). CRISPOR (http://crispor.tefor.net/) 372 

provides a versatile platform that can rank the gRNAs according to different scores for evaluating 373 

potential off-targets in the specified genome, and for predicting on–target activity (35). A large 374 

number of CRISPR/Cas-derived RNA-guided endonucleases (RGENs) have been identified or 375 

modified to improve the cutting efficiency and the editing range. Some tools enable the design of 376 

gRNAs for RGENs. For example, Cas-Designer (http://www.rgenome.net/cas-designer/) allows 377 
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users to choose 20 PAM types from different RGENs (36), while CRISPOR also offers various 378 

PAMs from a defined list. An important criterion to be considered by biologists in exploring these 379 

web-based tools is user-friendliness as this can expedite the process of designing efficient sgRNA 380 

with minimum occurrence of off-targets as demonstrated by CRISPR-P 2.0.  381 

 382 

2.3  sgRNA DNA template design 383 

The sgRNAs DNA template sequences were designed after identifying the target sequences in 384 

the promoter region of SiERF1.1 upstream of the TSS. The NNNNs in Figure 8 were replaced with 385 

the target sequences in the selected sgRNAs. The target region represented by the Ns can be up to 386 

20 bases in length. It was noted that the use of only 18 bases (deleting the first two bases from the 387 

5’end) improves the specificity in binding to the target (29). 388 

 389 

5’TAATACGACTCACTATAGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAAG

TTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT-3’ 

 

 Guide 2 390 

 5’TAATACGACTCACTATAGGCTTCACGTTTCCGCCCGTTGTTTTAGAGCTAGAAATAGCA

AGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT-3’ 

 

Guide 7 

 5’TAATACGACTCACTATAGCCCCACGTCAGCCGAACGGGGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT-3’ 

 

Figure 8. The sgRNAs-DNA template for SiERF1.11 sequence. The target sequence is in red. 

 

Having at least one G at the start of the transcript improves sgRNA yield from the in vitro transcription 391 

(IVT) reaction. A 5’ G was added to the target sequence at the T7 forward primer in the Tracr Fragment 392 

+ T7 Primer Mix used for the sgRNA template assembly. Target regions with the added 5’ Gs longer 393 

than 21 bases can have a significant affect the on-target activity (37). As transcription starts 394 

immediately after the TATA of the T7 promoter sequence, we may select a target sequence that adds 395 

one to two 5’ Gs within the 20 base sequence naturally or use the T7 promoter sequence in order to 396 
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have a single G at the 5’ end of the target sequence because it is found to enhance promoter activation 397 

by boosting the transcription initiation of sgRNA (38).  398 

3. Conclusion  399 

Mining the foxtail millet genome sequence using RNA-seq data and information from functional 400 

studies in model plants performed earlier and in closely related species, maize and barley, respectively 401 

has enabled identification of candidate foxtail millet ERFVII to explore engineering waterlogging 402 

tolerance. This could provide great benefits not only in terms of research advancement but also major 403 

saving in time and financial investment of not having to repeat similar gene discovery research in each 404 

species. Subsequent use of the CRISP-P 2.0 design tools produced efficient sgRNAs for the foxtail 405 

millet ERVII, minimizing potentially deleterious off-target binding. The sgRNAs will be valuable in 406 

future functional studies through CRISPRa to understand the gene regulatory network involved in 407 

conferring waterlogging tolerance in foxtail millet. This will benefit future expansion in the cultivation 408 

of this crop which naturally grows in arid regions through to wetter parts of the world.  409 
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