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Abstract
Flavonols are an essential class of flavonoids, showed an important role in plant growth, development, and ecological stress mitigation, while also holding a well-documented health-promoting activities. Targeted manipulation of flavonoid biosynthesis has developed as an auspicious approach for improving crop nutritional quality through precision genome editing. Anthocyanidin synthase (ANS) catalyses the final step in anthocyanin biosynthesis and characterizes a vital regulatory point for redirecting metabolic flux within the flavonoid biosynthetic pathway. In this study, an in-silico methodology was utilized to identify and assess high-confidence CRISPR/Cas9 guide RNAs (gRNAs) targeting the ANS in selected cereal crops (Oryza sativa and Zea mays). The ANS sequences of Oryza sativa and Zea mays, were retrieved from the NCBI GenBank database and subjected to guide RNA prediction using the CHOPCHOP platform. Candidate gRNAs were later confirmed using CRISPOR based on Massachusetts Institute of Technology (MIT) specificity score, Cutting Frequency Determination (CFD) score, and predicted off-target profiles. A 12 candidate gRNAs were recognized for both rice and maize. Resulting CRISPOR-based specificity assessment, OsANS-5 and OsANS-8 were recognized as the most suitable guide RNAs for O. sativa, each displaying Massachusetts Institute of Technology (MIT) specificity and Cutting Frequency Determination (CFD) scores of 100, with only 03 predicted off-target sites. In Z. mays, ZmANS-9 occurred as the best candidate, with an MIT specificity score of 99, a CFD score of 100, and only 06 predicted off-target sites. Comparative analysis established that mixing CHOPCHOP for guide RNA design with CRISPOR for specificity assessment effectively distinguished highly specific guide RNAs from candidates with superior off-target potential. These results underscore the value of comprehensive computational screening before experimental crop genome editing process. The identified guide RNAs in this study offers an appropriate candidate for future CRISPR/Cas9-mediated interruption of the ANS to explore its role in flavonoid biosynthesis pathway. The anticipated roadmap also offers a real-world computational framework for functional genomics and future metabolic engineering studies focused toward considerate flavonoid pathway regulation and evaluating the potential effects of ANS knockout on flavonol accumulation in crop plants.
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Introduction
Flavonoids are the major and most diverse classes of plant secondary metabolites and play important roles in plant growth, development, pigmentation, protection against ultraviolet (UV), and defense against various ecological stress conditions [1]. In addition to their physiological importance in plants, flavonoids have remarkable antioxidant, anti-inflammatory, antimicrobial, anticancer and cardioprotective properties, which makes them crucial phytochemicals for human nutrition and pharmaceutical applications [2]. Among the flavonoid subclasses, flavonols, mostly quercetin, rutin, kaempferol and myricetin, are known for their superior antioxidant activity and their ability to improve plant stress tolerance and to provide significant health benefits to humans [3]. So, increasing flavonol accumulation has become a significant objective in crop metabolic engineering and biofortification approaches.
The biosynthesis of flavonols is controlled by phenylpropanoid biosynthetic pathway, where the abundant key enzymes are competed for common intermediatory compounds production (Fig. 1). Anthocyanidin synthase (ANS), also denoted to as leucoanthocyanidin dioxygenase (LDOX), catalysis the alteration of leucoanthocyanidins into anthocyanidins, on behalf of the last enzymatic step before anthocyanin production [4]. Because ANS occupies a branch point in the flavonoid pathway, fluctuations in its activity can change the delivery of metabolic intermediates between anthocyanins and other flavonoid related compounds [5]. For this reason, ANS has been considered an appropriate target gene for studying flavonoid metabolism using genome-editing methods in crops [6]. Even though interruption of ANS may impact flavonol accumulation, the response is expected to differ among species because flavonoid biosynthesis is regulated by multiple enzymes, transcription factors, and ecological conditions [7].
The CRISPR/Cas9 system has grown into one of the most widely used tools for targeted genome editing in plants since it permits specialized alteration of precise genomic positions [8] [9].Compared with previous genome-editing technologies, CRISPR/Cas9 is easier to design, supports multiplex gene editing, and has been effectively applied in many crop species [10].  The proficiency of genome editing, yet, be contingent mostly on the superiority of the guide RNA (gRNA). An appropriate gRNA should proficiently identify the target sequence (which present in the host genome) while diminishing unintentional breakage at similar genomic sites [11]. Subsequently, the evaluation of various computational tools and techniques, the candidate gRNAs has become a significant step before wet lab experiments. Several bioinformatic or computational tools are available for guide RNA design and specificity analysis. Platforms such as CHOPCHOP, CRISPOR, CRISPR-P, and Cas-OFF inder permit researchers to assess the availability of protospacer adjacent motif (PAM), predicted editing efficiency, GC content, and possible off-target sites using reference genome sequences  [12] [13]. These studies are helps in selecting excellent guide RNAs with favourable characteristics and reduce the number of candidates that require experimental testing [14]. Even though, CRISPR/Cas9 has been widely applied in plant genetic engineering and genome editing research, studies focused on the computational documentation of guide RNAs targeting the ANS are still inadequate. In particular, comparative assessment of candidate gRNAs for specificity and predicted off-target effects in cereal crops (Oryza sativa and Zea mays) has established little attention. Therefore, the present study recognized and assessed CRISPR/Cas9 guide RNAs targeting the ANS in selected cereal crops using CHOPCHOP for guide RNA design and CRISPOR for specificity analysis. The identified guide RNAs sequences offer candidate targets for forthcoming experimental studies exploring the function of ANS and its role in flavonoid biosynthesis.
Materials and Methods
Retrieval of Anthocyanidin synthase (ANS) Sequences
The nucleotide sequences of the ANS were retrieved from the National Center for Biotechnology Information (NCBI) GenBank database (https://www.ncbi.nlm.nih.gov/). Two economically important cereal crops, namely Oryza sativa and Zea mays were selected for comparative analysis because of their agricultural importance and the availability of annotated ANS gene sequences. The corresponding mRNA sequences were downloaded in FASTA format and used for all subsequent bioinformatics analyses. 
Prediction of CRISPR/Cas9 Guide RNAs Using CHOPCHOP
Candidate CRISPR/Cas9 gRNAs targeting the ANS were designed using the CHOPCHOP (Version 3) web server (https://chopchop.cbu.uib.no/) [15] [16]. The retrieved ANS nucleotide sequences were individually submitted in FASTA format, and the CRISPR/Cas9 (SpCas9) system with the canonical NGG protospacer adjacent motif (PAM) was selected. Default parameters endorsed by the CHOPCHOP web server were working for guide RNA identification and prediction. 


Off-Target Validation Using CRISPOR
The guide RNAs selected from the CHOPCHOP analysis were further checked using the CRISPOR web server to assess their specificity and possible off-target effects [17]. The selected guide RNA sequences were checked against the reference genome of each crop species. This made it easier to determine their target specificity, mismatched accepting, predicted editing capacity, and potential off-target areas. The number of predicted off-target sites as well as MIT and CFD scores were used to assess the guide RNAs. The best candidates for CRISPR/Cas9-based knockout of the ANS gene were guide RNAs with high editing efficiency, higher MIT and CFD scores, and fewer off-target sites.
Selection of High-Confidence Guide RNAs
The CHOPCHOP and CRISPOR results were used to choose the final guide RNAs. During the selection process, the NGG PAM sequence, GC content, editing efficiency, specificity, and potential off-target sites were taken into account. The preferred guide RNAs had fewer off-target sites, improved specificity, and high editing efficiency. The CRISPR/Cas9 system can be used to further test these guide RNAs for ANS gene knockout in the selected crops.
Results 
Retrieval of ANS Sequences from National Center for Biotechnology Information (NCBI)
The ANS sequences of selected cereal crops were successfully retrieved from the NCBI GenBank database. Two ANS mRNA sequences from Oryza sativa and Zea mays were obtained in FASTA format. These sequences were used for guide RNA selection and off-target analysis using the CRISPR/Cas9 system. The two species showed differences in the length of the ANS transcripts. The ANS sequence of Zea mays was 2087 bp long (Accession No. XM_020539849.3), whereas the sequence of Oryza sativa was 1606 bp long (Accession No. Y07955.1). Despite differences in transcript size, all retrieved sequences corresponded to annotated ANS sequences and served as reliable templates for the identification of CRISPR/Cas9 target sites (Table 1).
CRISPR/Cas9 Guide RNA Prediction and Off-Target Validation of the ANS
A total of 12 candidate CRISPR/Cas9 guide RNAs (gRNAs) targeting the ANS were generated for each species using the CHOPCHOP platform. The selected gRNAs were further checked using CRISPOR to determine their specificity by considering the MIT specificity score, CFD score, and the number of predicted off-target sites.
Guide RNA Prediction and Validation in Oryza sativa
Twelve potential gRNAs with editing efficiency values ranging from 55.26 to 70.97 were predicted by CHOPCHOP for O. sativa (OsANS) (Table 2). OsANS-1 had the highest value (70.97), followed by OsANS-2 (70.39) and OsANS-3 (66.78). Some variations in guide specificity were revealed by the CRISPOR results. With MIT and CFD scores of 100 and just three predicted off-target sites each, OsANS-5 and OsANS-8 demonstrated the highest specificity. With five off-target sites and MIT and CFD scores of 99, OsANS-3 likewise demonstrated good specificity. OsANS-9, on the other hand, had 35 predicted off-target sites and a lower MIT score of 48. One predicted off-target site with no mismatch was found in OsANS-2, which could raise the possibility of undesired editing. OsANS-5 and OsANS-8 were determined to be the most effective gRNAs for ANS gene editing in rice based on the findings from both instruments.
Guide RNA Prediction and Validation in Zea mays
Twelve potential gRNAs with predicted editing efficiency ranging from 61.10 to 73.90 were found by CHOPCHOP for Z. mays (ZmANS) (Table 3). ZmANS-1 had the best efficiency (73.90), followed by ZmANS-2 (69.52) and ZmANS-3 (68.42). The specificity and quantity of potential off-target sites varied among the guides, according to the CRISPOR results. With an MIT score of 99, a CFD score of 100, and just six predicted off-target sites, ZmANS-9 demonstrated the best overall performance. Although ZmANS-3 and ZmANS-6 had more off-target sites 26 and 36 sites, respectively they also had good specificity, with MIT scores of 97 and CFD scores of 99. Despite having an editing efficiency of 66.84, ZmANS-4 had the highest number of predicted off-target sites (114). Based on the CHOPCHOP result, ZmANS-5 was considered less appropriate. ZmANS-9 was determined to be the best gRNA for CRISPR/Cas9-based ANS knockout in maize based on the combined results.
Comparative Performance of Candidate Guide RNAs
The findings demonstrated that while gRNAs with good predicted editing efficiency were present in both rice and maize, their specificity results differed. OsANS-5 and OsANS-8 were chosen for rice because they had the best specificity scores and few predicted off-target sites. When compared to the other maize guides, ZmANS-9 produced the best results in maize, with high specificity and fewer off-target sites. However, its off-target count was slightly higher than those of OsANS-5 and OsANS-8. Across both species, guides with the highest CHOPCHOP efficiency were not necessarily those with the highest specificity, highlighting the importance of integrating guide RNA prediction with independent off-target validation. The combined CHOPCHOP–CRISPOR workflow enabled the identification of high-confidence guide RNAs suitable for future CRISPR/Cas9-mediated knockout of the ANS.
Discussion
The selection of ANS as the target gene is biologically significant because it occupies a pivotal position in the flavonoid biosynthetic pathway [18]. ANS catalyses the conversion of leucoanthocyanidins into anthocyanidins, thereby directing metabolic flux toward anthocyanin biosynthesis [19]. Targeted disruption of ANS is therefore expected to suppress anthocyanin formation and may redirect metabolic intermediates toward alternative flavonoid branches, including flavonol biosynthesis [20]. The degree of changes in metabolism can vary among plant species, as flavonoid production depends on factors such as gene regulation, enzyme activity, substrate availability, and environmental conditions [21]. Thus, the gRNAs identified through the present computational analysis should be considered potential targets for further experimental testing and not as direct evidence that flavonol production will increase.
The success of CRISPR/Cas9 genome editing depends greatly on the selection of an appropriate guide RNA (gRNA) [22][23]. A good gRNA should have strong target activity and, at the same time, a low possibility of binding to other regions of the genome. For this reason, checking both the predicted editing efficiency and possible off-target sites is important before selecting gRNAs for experimental work [24]. In the present study, CHOPCHOP and CRISPOR were used together to identify suitable gRNAs targeting the Anthocyanidin synthase (ANS) gene in Oryza sativa and Zea mays. The results from both tools were compared to identify gRNAs with good editing efficiency and high specificity. The best-performing guides were then selected for further experiments. lthough several guide RNAs showed good predicted editing efficiency, their specificity was different when checked using CRISPOR. Among them, OsANS-5 and OsANS-8 in rice and ZmANS-9 in maize showed the best combination of editing efficiency, MIT score, CFD score, and fewer predicted off-target sites. This shows that guide RNA selection should not be based only on the predicted editing efficiency. Earlier studies have shown that some gRNAs with high editing efficiency may still be avoided because they have a higher chance of off-target effects [15][25]. In the present study also, some guides that showed good scores in CHOPCHOP had lower specificity in CRISPOR. For example, OsANS-2 had one predicted off-target site with a perfect match, while ZmANS-4 had a large number of predicted off-target sites. These guides may produce unwanted changes at other sites in the genome and can affect the study results. Therefore, checking the possible off-target sites is important before selecting gRNAs for CRISPR experiments, particularly in plant genomes containing duplicated genes and repeated sequences [26]. In this study, CHOPCHOP and CRISPOR were used together to select suitable gRNAs for targeting the ANS. The selected gRNAs can be tested further through experimental studies. Further work is also required to determine whether ANS editing can affect flavonoid metabolism and increase flavonol content in the selected crop plants.
Conclusion
In this research, a combined in silico workflow for the authentication and documentation of CRISPR/Cas9 guide RNAs targeting the Anthocyanidin synthase (ANS) in cereal crops. The mixture of CHOPCHOP - CRISPOR permissible to select highly specific guide RNAs with negligeable predicted off-target effects, providing a consistent approach for CRISPR target selection prior to experimental validation. The identified guide RNAs provide suitable candidates for future functional analysis of ANS and its role in regulating flavonoid biosynthesis. Given the pathway regulation and species-specific responses that mediate the metabolic consequences of ANS disruption, experimental validation via genome editing and metabolic profiling is required. This workflow might be simply enhanced to other genes or transcription factors and crop species enabling future research work in the area of plant functional genomics and metabolic engineering.
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Figure titles
[image: ]Fig.1: Simplified flavonoid biosynthetic pathway illustrating the key enzymatic steps leading to flavonol and anthocyanin biosynthesis. Phenylalanine ammonia-lyase (PAL), Cinnamate 4-hydroxylase (C4H), 4-Coumarate: CoA ligase (4CL), Chalcone synthase (CHS), Chalcone isomerase (CHI), Flavanone 3-hydroxylase (F3H), Flavonol synthase (FLS), Dihydroflavonol 4-reductase (DFR), and Anthocyanidin synthase (ANS) catalyse successive reactions in the flavonoid pathway. CRISPR/Cas9-mediated knockout of ANS is proposed to suppress anthocyanin biosynthesis and may redirect metabolic flux toward flavonol biosynthesis, pending experimental validation.







Table 1: Anthocyanidin synthase (ANS) sequences retrieved from the NCBI GenBank database for CRISPR/Cas9 guide RNA design in selected crop plants.
	Species
	Accession number
	Sequence name
	Sequence Length (bp)
	Source

	Oryza sativa
	Y07955.1 
	O.sativa mRNA for anthocyanidin synthase
	1606 
	NCBI

	Zea mays
	XM_020539849.3
	PREDICTED: Zea mays probable 2-oxoglutarate-dependent dioxygenase ANS (LOC103629177), mRNA
	2087
	NCBI


















Table 2: CHOPCHOP-predicted and CRISPOR-validated CRISPR/Cas9 guide RNAs targeting the Anthocyanidin Synthase (OsANS) in Oryza sativa.
	ID
	Guide + PAM
	CHOP-CHOP Efficiency
	MIT
	CFD
	Off-targets

	OsANS-5
	TACTAGCCTACACTCCGGGA-GGG
	60.97
	100
	100
	3

	OsANS-8
	CATCTACTAGCCTACACTCC-GGG
	58.28
	100
	100
	3

	OsANS-3
	CTACTAGCCTACACTCCGGG-AGG
	66.78
	99
	99
	5

	OsANS-10
	TCATCTACTAGCCTACACTC-CGG
	57.67
	99
	100
	4

	OsANS-6
	ATAACATCCGTACATTTCCC-CGG
	59.59
	98
	99
	8

	OsANS-4
	TTAATAGGGATGGAAAGACT-CGG
	65.11
	98
	99
	12

	OsANS-1
	TTCAACGGAAGCGAAAGCCG-GGG
	70.97
	96
	98
	14

	OsANS-11
	ACGCTGGAACGCCGCCTGAG-AGG
	56.96
	88
	99
	18

	OsANS-2
	TACACCAGCGTGCTCCACCG-CGG
	70.39
	82
	99
	12

	OsANS-12
	CCGCCTGAGAGGACATGAGC-TGG
	55.26
	95
	99
	22

	OsANS-7
	ACGTGCTGCTTGAATGTGCG-CGG
	59.34
	49
	98
	11

	OsANS-9
	CCTGTTCCACCTCGTCCACC-CGG
	57.79
	48
	96
	35










Table 3. CHOPCHOP-predicted and CRISPOR-validated CRISPR/Cas9 guide RNAs targeting the Anthocyanidin synthase (ZmANS) in Zea mays.
	ID
	Guide + PAM
	CHOPCHOP Eff.
	MIT
	CFD
	Off-targets

	ZmANS-9
	CAAGCGTGAACAACGAACGC-TGG
	63.70
	99
	100
	6

	ZmANS-3
	TCGCCGATATTTGTCAACGA-CGG
	68.42
	97
	99
	26

	ZmANS-6
	GAGCCAGGTCGACTCCCTCA-AGG
	64.13
	97
	99
	36

	ZmANS-1
	TCTTCCAAATGTAACCACAC-CGG
	73.90
	94
	95
	53

	ZmANS-8
	ACTCGCCGGCCACGTACGAG-GGG
	64.00
	94
	98
	28

	ZmANS-5
	TCTTCCCGCGAGGCCCCTTG-CGG
	65.24
	93
	97
	46

	ZmANS-10
	AACGAACGCTGGCCTGACGA-CGG
	61.96
	91
	97
	42

	ZmANS-12
	TGGCGCTCTTCTACAACCCT-AGG
	61.10
	91
	98
	37

	ZmANS-11
	TAAGCTAGCTAATCTATGCA-TGG
	61.24
	86
	96
	51

	ZmANS-2
	CATGTGGACAGTGGTCAGTG-TGG
	69.52
	83
	96
	62

	ZmANS-7
	GCTGCCGTACCCCTCGTACG-TGG
	64.08
	83
	97
	65

	ZmANS-4
	TGTCCAAGAGCATCCCAACA-AGG
	66.84
	79
	94
	114
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