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Citrus fruits are the most nutritious foods widely used in flavoring, beverages, and medicines due to 
their outstanding curative effects. Sour orange (Citrus aurantium L.) is the predominant rootstock in 
most citrus growing areas due to its good agronomic attributes, such as high quality, yield, and tole-
rance to various pathogens. However, the citrus tristeza virus (CTV) is the leading epidemic agent of 
sour and sweet orange. This study aimed to design in silico guide RNA (sgRNA) for CRISPR/Cas9-
mediated inactivation of the Non- expression of Pathogenesis-Related genes 3 (NPR3) in sour orange 
(CaNPR3). The protein sequence of the CaNPR3 gene is 584 amino acid residues long. The amino 
acid sequence of the CaNPR3 gene was compared with the homologous sequences of other nearby 
vegetative species, showing a close similarity with Citrus sinensis and Citrus Clementina with 100% 
and 97.27%, respectively. CRISPR RGEN Tools provided 61 results for exon two of the CaNPR3 
gene, filtering to 19 sequences and selecting four sgRNA sequences for genetic editing, which were: 
sgRNA 1 (5'-CATCAGGAAAAGACTTGAGT-3'), sgRNA 2 (5'-AGAAC- CTCAGACAACACAC-
CTT-3'), sgRNA 3 (5'-CATCAGATTTGACCCTGGAT-3') and sgR-NA 4 (5'- 

TTCTGGAGGGAGGGAGAGAAATGAGGAGG -3'). The predicted secondary structures of the 
four selected sgRNAs present efficient structures for gene editing of the target gene, allowing it to 
recognize, interact with Cas9 protein, and edit the target region. 

Keywords: Gene editing, guide RNA, CaNPR3, in silico. 

Citrus is one of the most abundant fruit crops and the essential economic mainstay for many domestic and 
foreign farmers1,2. In the previous cycle, sour orange (Citrus aurantium L.) was the predominant rootstock in 
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most citrus growing areas due to its good agronomic attributes such as high quality, yield, tolerance to va-
rious pathogens and resistance to abiotic stresses3-5. Sour oranges belong to the Rutaceae family, which are 
medium-sized cosmopolitan angiosperms. Recently, the fruit industry has faced unavoidable problems due 
to climate change and global warming, causing an increase in epidemics of new and invasive pathogens in 
agricultural fields6-9. 
Citrus tristeza virus (CTV) is the main epidemic agent causing the worldwide loss of nearly 100 million 
trees of sweet orange (Citrus sinensis (L.) Osb.), grapefruit (C. paradise Macf.), mandarin (C. reticu-
lata Blanco), and lime (C. aurantifolia (Christ.) Swing.) propagated on sour orange (C. aurantium L.)10. 
CTV causes collapse, obliteration, and necrosis of the crypt tubes and accompanying cells near the bud jun-
ction and induces the appearance and excessive development of non-functional phloem, which decreases 
water and mineral transport in the plant10,11. It has been shown that silencing of the Non-expression of 
Pathogenesis-Related genes 3/4 gene, associated with these defense pathways, improved virus propagation 
and accumulation in sour orange plants compared to non-silenced controls12. 
The non-expression of pathogenesis-related genes (NPR) is a genuine transcription cofactor in the salicylic 
acid (SA) signal transduction pathway and plays critical regulatory roles in plant immunity13. Within the 
NPR family, the most representative gene is NPR1, containing a BTB/POZ domain and an anchor protein 
repeat domain. The genome of Arabidopsis thaliana contains six genes related to the NPR gene fa-
mily14, NPR3 and NPR4 have been identified as homologous genes of NPR115. The NPR3 gene is involved 
in the transduction of the SA signal transduction pathway and also functions as a negative regulator of the 
basal defense response16. In sour grapes, it has been shown that gene silencing decreases CTV accumulation 
and increases growth concerning control. 
The CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR-associated) system 
has become one of the most widely used systems due to its low cost, easy adaptation and high efficiency du-
ring gene editing in plants17,18. The CRISPR Cas9 nuclease is directed by a short single guide RNA (sgRNA) 
that recognizes the target DNA within the genome. The sgRNA combines CRISPR RNA (crRNA) and the 
crRNA transactivator (tracrRNA). The CRISPR/Cas system requires a well-defined adjacent short protospa-
cer motif (PAM) located immediately downstream of the protospacer on the non-target DNA strand19-23. In 
addition, Double-Strand Breaks (DSBs) of target DNA occur three nucleotides upstream of the PAM motif 
by incorporation of the HNH and RuvC domains belonging to the Cas9 endonuclease24,25, DSB is repaired 
by homology-directed repair (HDR) pathway or non-homologous end joining (NHEJ) pathways in the ge-
nome26. This repair pathway has been exploited as NHEJ causes indel mutation-producing Knockout (KO) 
genes. HDR causes point mutation accompanied by an exogenous gene of interest, producing a Knock-In 
(KI) gene. 
Therefore, in recent years, in silico designs have been performed because they do not require time-consu-
ming experimental procedures, which are based on practical and optimized molecular biology tools adapted 
to the issue of the organism that has been previously developed, with the ability to clone, predict protein 
structure, analyze gene expression, predict mutagenesis sites directed by CRISPR/Cas. The design of 
sgRNA is determinant in the specificity of targeting and the efficiency of excision or insertion because if 
off-target Cas9 activity is present (off-target), it can lead to unexpected effects26-28; cases of off-target occur 
because similar sgRNA sequences exist in other parts of the genome, this type of designs in computational 
machines is called in silico29. As a result, current researchers are forced to develop new tolerant varieties and 
rootstocks with the support of genetic engineering, allowing industries to gain experience to face these and 
similar future problems30. 
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The present study aims to design in silico sgRNA editing sgRNAs for NPR3 gene knockout for positive re-
gulation against CTV in sour orange (Citrus aurantium L.) mediated by CRISPR/Cas9, being a previous 
step in the genetic improvement of orange against these pathogens, using computational tools (bioinforma-
tics). 
   
MATERIALS AND METHODS 
  
Identification of amino acid sequences of CaNPR3 
The amino acid sequence of the Citrus aurantium NPR3 gene (CaNPR3) was based on the reference se-
quence GCF_022201045.2. It was compared with other NPR amino acid sequences in plant species with a 
higher similarity percentage than 77%. The sequences were obtained from NCBI 
(http://www.ncbi.nlm.nih.gov/). The sequences were aligned using the Bioedit program, and a phylogenetic 
tree was formed using the Neighbor-Joining method with 1000 Bootstrap analysis repeats with the MEGA 
11 program. The determination of the motifs and conserved regions of the aligned amino acid sequences was 
performed using the virtual platforms The MEME Suite (https://meme-suite.org/meme/) and WebLoGo 
(https://weblogo.berkeley.edu/logo.cgi). 
  
In silico design of sgRNA for CaNPR3 gene 
The design of the sgRNAs for the target region of the CaNPR3 gene was performed using the online 
CRISPR RGEN Tools (http://www.rgenome.net/) on the sour orange genome with the Cas-Designer fun-
ction in order to perform frameshift recognition and mutation on the target sequence. In addition, the 
LOC102621158 gene was selected with the accession XM_006468378.4 mRNA, which is located 
NC_023047.1 (8114278.8117323) furthermore the gene is referenced by Gómez-Muñoz et al.12. The 
mRNA has 4 exons, in this work we will work with exon 2 of CsNPR3 from accession XM_006468378.4 
exons. The RGEN-eligible target sequences (5' to 3') obtained were evaluated with the criteria of GC content 
between 40% to 60% and out-of-frame score greater than 70. 
 
In silico prediction of sgRNA structure 
The selected sgRNA structure was predicted using the online tool The Vienna RNA Web Services 
(http://rna.tbi.univie.ac.at/#webservices) in the RNAfold web server function. The prediction focused on the 
selected mRNA secondary structures complemented by an RNA scaffold set up for CRISPR/Cas9-mediated 
gene editing methodology. The selection of sgRNAs based on their secondary structures was established by 
forming two hairpins at the upper ends and a RAR stem-loop. Further microhomology prediction of the se-
lected gRNAs with the Microhomology function (CRISPR RGEN Tools) allows prediction of mutation pat-
terns caused by the NHEJ or MMEJ pathway and assessment of in- or out-of-frame target deletion. 
  
RESULTS AND DISCUSSION 
Identification of amino acid sequences of the CaNPR3 gene 
The sequence of CaNPR3 shows 100% similarity to Citrus sinensis, followed by Citrus Clementina with 
97.27% (Table 1). Lengths of 584 to 590 amino acid residues were found in the compared sequences. 
All CaNPR3-like sequences contain an ankyrin repeat domain and a BTB/POZ dominium (Figure 1), indica-
ting high levels of functional conservation in the NPR-like family31,32. However, as the list of NPR-like pro-
teins in different plant species increases, so does the complexity and variability of their function 33,34. Phylo-
genetic tree construction is a crucial method to analyze the functionality of CaNPR3-like genes; in this study, 
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based on the results of phylogenetic tree classification, NPR3 protein sequences from various species were 
classified into two clades. Among these, clade II exhibited the most significant number of members, with 9, 
and clade I consisted of 5 members (Figure 1). From this, it can be observed that Citrus sinensis and Citrus 
clementina were assigned to clade I, of which their proteins are reported to function as positive and negative 
regulators of systemic acquired resistance (SAR) for each species, respectively 35. In addition, conserved mo-
tifs were identified in CaNPR3-like proteins (Figure 2). The protein sequences of the species analyzed share 
most of the motifs. However, all the sequences had ten motifs, except Citrus Clementina, which had motif 8 
exclusively. The presence of shared conserved motifs within the CaNPR3-like gene family supports the clas-
sification of these genes as a multigene family35. The conserved structural do-mini analysis reveals that 
all CaNPR3-like proteins (Figure 2) contain an N-terminal BTB/POZ structural domain and a central ankyrin 
repeat domain (Figure 3). In addition, genes on both the first and second branches of the evolutionary tree 
exhibit the C-terminal CaNPR3-like region, which is known to be a crucial component of the NPR-like gene 
family and assumes a key role36,37. 
 

 
Table 1: Accessions of plant species with the highest sequence similarity to CaNPR3. 
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  Figure 1: Phylogenetic tree analysis of neighbor-joining and conserved motifs of the NPR3 protein from sour orange and 
nearby species. 
  

 
 
Figure 2: Sequence comparison of conserved NRP3 motif sequences of sour orange and nearby species. 
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Figure 3: Conserved regions of the NPR3 protein sequence of sour orange and related species. 

 
In silico design of sgRNA for CaNPR3 gene 
In silico design, they identified 61 candidate sgRNA sequences for Citrus aurantium gene editing in 
the CaNPR3 exon 2 region. By filtering, 19 candidate sgRNA sequences or RGENs are decreased (Table 2), 
finally reduced to 16 sgRNA sequences by employing additional evaluations on Mismatch "1" values in Mis-
match 0, which confirms the target locus within the target region and proceeds by adding filter "0" in Mismatch 
1 and 2 number of targets found outside or inside the target region. 
The guanine (G) and cytosine (C) content of sgRNA was based on Liu et al.38, who mentions that sgRNA 
efficacy is positively influenced by increasing GC content, but at the same time, increasing GC content de-
creases cleavage activity significantly. We established that the GC content of gRNA for this work should 
present a 40-60% range. It was estimated that the 16 sgRNA for the second exon of the CaNPR3 gene has a 
high reliability because the GC values are between 30 to 80%, evidenced in the selection of highly efficient 
sgRNA for plant genome editing me-died by CRISPR/Cas939. However, if exon 2 CaNPR3 is an inefficient 
region, sgRNAs are found to be between 41 and 55% tested in evaluating the efficacy of CRISPR/Cas9 sgR-
NAs targeting inefficient regions in Arabidopsis thaliana40. 

https://clinicalbiotec.com/


Bionatura Journal 2024, 10.70099/BJ/2024.01.01.35                                            
 

 

  

 
7 

Out-of-frame scores are essential because choosing high-scoring sites increases the probability of obtaining 
permanent mutant clones. In addition, the out-of-frame score mentioned by Bae et al.41 correlates with the 
probability that sgRNA-induced mutations disrupt the open reading frame (ORF). All 16 sgRNAs for exon 2 
CaNPR3 possess an out-of-frame score ≥ 70.2, and the gRNA scores are above the minimum score recom-
mended (Out-of-frame≥ 66) to create knockouts. 
  

 
Table 2: Accessions of plant species with the highest sequence similarity to CaNPR3. 
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Figure 4: Secondary structures of sgRNAs for CaNPR3 gene editing: (a) sgRNA 1, (b) sgRNA 2, (c) sgRNA 3 and (d) sgRNA 
4. 
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Table 3: Calculation of microhomology-associated scores for 4 sgRNA for CaNPR3. 

 
The 16 selected sgRNAs pose as a 1-0-0 filter in the Mismatches. This indicates that each sgRNA only has a 
single target site within the sour orange genome, in addition to not possessing off-target hits that differ by 
several nucleotides from the on-target sites, evidencing that the 16 designed sgRNAs are site-specific and 
probably efficiently in gene editing. Cho et al.27 mention that RNA-guided endonucleases (RGENs) can dis-
tinguish on-target from off-target sites with mismatches starting from two bases but not those with a single-
base mismatch. 
 
In silico secondary sgRNA structures for CaNPR3 
The secondary structures of the four selected sgRNAs stably present stem loops 2 and 3 at the upper end and 
stem-loop RAR stably possessing between 1 to 3 bubbles (Figure 4). From the structural evaluation, four 
sgRNA sequences were selected, the sequences sgRNA 1 (5'-CATCAGGAAAAGACTTGAGT-3'), sgRNA 
2 (5'-AGAACCTCAGACAACAACACCTT-3'), sgRNA 3 (5'-CATCAGATTTGACCCTGGAT-3') and 
sgRNA 4 (5'-TTCTCTGGAGGGAGGGAGGGAGAAATGAGGAGG -3'). Thus, even the evaluation of 
mutation patterns produced by the 4 sgRNAs identified that the four predicted patterns of mutations produ-
ced in target sites P1x, Px2, Px3 and Px4 were caused by the MMEJ repair pathway and located in 
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NC_023047.1 (Table 3). The predicted target site patterns were selected by their pattern score and microho-
mology score, which are related to silico-predicted deletion patterns resulting from microhomology-associa-
ted DNA repair and deletion length41. 
Determining secondary structures is important because it allows the identification of sgRNA sequences that 
may present structural variations that impair the ability to recognize and edit the target region42,43. It is 
known that a sgRNA functions by interacting its secondary structure with the Cas9 protein44. Ma et 
al.45 mentioned that the secondary structure of sgRNAs can hinder the efficiency of gene editing. The secon-
dary structure of the four sgRNAs (Figure 4) presents the RAR stem-loop region, which triggers the proces-
sing of the pre-crRNA precursor by the RNase III enzyme and subsequently activates the cleavage of 
crRNA-directed DNA by Cas9, as the four sgRNAs present second and third stem-loops which promote the 
formation of stable complexes and improve in vivo activity44,46. However, the structures of the 4 sgRNAs do 
not present stem loop 1, but Liang et al.39 have shown that it is not related to editing efficiency in plants. 
 
CONCLUSIONS 
Four sgRNAs were designed in silico for CRISPR/Cas9-mediated inactivation of the CaPRN3 gene suscep-
tible to the citrus tristeza virus. The design was achieved by comparing the CaPRN3 gene to 
the CsPRN3 gene. The amino acid sequence of PRN3 from sweet orange was compared with sour orange 
and more plant species and showed close similarity with Citrus sinensis and Citrus Clementina with 100% 
and 97.27%, respectively. The sgRNAs found have excellent GC and out-of-frame content values and pro-
vide high efficiency in gene editing. The predicted secondary structures of the four selected sgRNAs show 
reliable structures in gene editing with CRISPR/Cas9. The sgRNAs were designed using silico computatio-
nal tools, which are crucial in predicting the accuracy and exhibiting the success of gene editing on the tar-
get target. 
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