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Abstract 
Rice (Oryza sativa L.) is a widely grown cereal crop consumed by half of the world’s population. The 

Yellow Stem Borer (YSB), a monophagous pest causes yield loss of up to 25% in rice. It damages the 

crop in all stages, producing dead hearts in the vegetative stage and white ears in the reproductive stage. 

In response to stress, the plant's defence mechanism induces the accumulation of serotonin through the 

serotonin biosynthetic pathway. Serotonin has a major role in pest immunity and rendering the crop 

susceptible to pests. Therefore, this study aimed to analyse the single nucleotide polymorphism (SNP) of 

gene CYP71A1 involved in the serotonin pathway, in both susceptible and resistant varieties of YSB in 

rice. Two functional SNPs were identified at position 9581596 (G/A) and 9581369 (G/T) in the YSB 

susceptible and resistant varieties through multiple sequence alignment tool CLUSTAL omega. Further, 

modelling and docking studies were performed by I-TASSER server and Discovery studio software 

respectively to explore these mutations in the gene CYP71A1 that encodes Tryptamine 5-hydroxylase 

(T5H) enzyme and produces serotonin with its substrate tryptamine. The docking results showed that 

(T5H) in the susceptible variety (ASD16) showed high binding energy of -16.66 kcal mol-1 compared to 

the resistant variety (TKM 6) -19.02 kcal mol-1respectively. In addition alanine scanning mutagenesis 

was done using ABS scan promotes insight into the T5H binding site residue LEU (378) on tryptamine 

binding. The development of YSB resistant rice lines could be made possible through targeted gene 

editing of this region, alleviates the infestation of YSB and improves rice productivity. 

 

Keywords: Rice, serotonin, yellow stem borer, single nucleotide polymorphism, tryptamine 5-

hydroxylase 

 

1. Introduction 

Rice, a major cereal crop that provides food for two-thirds of the world's population [1], is 

facing numerous challenges due to the presence of various biotic and abiotic stresses. The 

biotic stress includes pests which also act as vectors for indirect transmission of viruses, 

pathogens causing disease and parasitic plants. Pests and plant pathogens reduces agricultural 

productivity and quality that ultimately weakens global food security and leads in greater 

economic losses. According to Savary et al. 2019, 30% of rice crop loss caused by 137 

diseases and pests globally [2]. Among these, stem borers were mostly damaging the rice field 

of Asia which includes yellow stem borer (YSB), stripped stem borer (SSB), white stem borer 

(WSB) and pink stem borer that contributes the maximum percentage of yield loss of 36.26, 

24.54, 17.74 and 22.19 respectively [3, 4]. YSB stands out as a prominent monophagous pest 

specifically affecting lowland rice crops. Infested plant showed symptoms of dead hearts 

during the vegetative stage and white ears during the reproductive stage, resulted in major 

yield losses of around 25-30% [5, 6]. Despite multiple attempts, chemical methods were 

unsuccessful in completely eliminating the YSB [7]. Moreover, the use of pesticides disrupts 

natural enemies and biodiversity. The development of Monosomic Alien Addition Lines 

(MAALS) has shown moderate resistance to YSB due to the appearance of extra unpaired 

chromosomes known as univalent [8]. Additionally, manipulating genes involved in host-

herbivore interactions has shown as promising strategy in conferring resistance to YSB, 

particularly to host plant populations lacking inherent resistance genes [9]. In regard of SSB 

infestations, an increase in tryptamine metabolites like serotonin has been observed in 

gramineae family as a defence mechanism [10].  

The biosynthetic pathway of serotonin involves two enzymes, Tryptophan decarboxylase 

(TDC) [EC: 4.1.1.105] and Tryptamine 5-hydroxylase (T5H) [EC: 1.14.-. -].  
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Gene TDC1 encodes Tryptophan decarboxylase enzyme 

(TDC), converts tryptophan to tryptamine and the SL gene 

encoded by Cytochrome P450 monoxygenase (CYP1A1), 

converts tryptamine to serotonin [11]. The inhibition of TDC 

enzyme decreases the serotonin production and also increases 

the susceptibility to fungal disease, Bipolaris oryzae in rice 
[12]. Downstream of serotonin pathway involves two enzymes 

in melatonin biosynthesis, namely Serotonin N Acetyl 

Transferase (SNAT) [EC: 2.3.1.87] and Acetyl Serotonin 

Methyl Transferase (ASMT) [EC: 2.1.1.4] [13] (Fig.1). Abiotic 

stress activates the genes SNAT1 and ASMT1 leading to 

melatonin accumulation [14]. Earlier studies have reported that 

serotonin was important for gaining body weight, fecundity 

and oviposition in SSB. Furthermore, supplementing the SSB 

with artificial diet of serotonin improved their growth [15]. 

Serotonin plays a vital role in pest immunity. In pests, it 

activates the serotonin receptor which has a unique function 

in host recognition and behaviour [16]. 

Single nucleotide polymorphism (SNP) favours the analysis 

of functional genetic variations in the genes for the 

development of marker assisted breeding approaches. Finding 

non-synonymous SNPs, in the coding region of gene remains 

an important step in understanding the link between variation 

and trait [17]. The current study focuses on identifying SNP 

variation of CYP71A1 gene involved in serotonin 

biosynthetic pathway for YSB resistance trait. Based on the 

identified SNPs, three-dimensional structure of resistant and 

susceptible rice T5H were modelled and the interaction 

mechanism was studied through molecular docking of 

tryptamine to T5H (CYP71A1). Further the SNPs mutation 

energy was calculated, to check whether the SNP changes 

alter the binding energy of tryptamine in resistant and 

susceptible varieties. Alanine scanning mutagenesis through 

ABS scan provided insights on the interacting residues of 

T5H that favours in the binding of tryptamine. Thus, the 

present study provides information for the development of 

YSB resistant rice lines using genome-editing technology. 

 

2. Materials and Methods 

2.1 Choice of varieties used in the study 

The varieties reported in literatures as resistant and 

susceptible based on the IRRI-Standard Evaluation Score in 

the varietal screening of YSB at both vegetative and 

reproductive stages were used in this study (Table 1). The 

accession ID of the rice varieties in 3K RG dataset provided 

in the International Rice Informatics Consortium (IRIC) 

(http://iric.irri.org/) was used for the retrieval of the 

CYP71A1 gene sequences. For ASD16, the gene sequence of 

CYP71A1 was obtained from the whole genome sequence 

available at National Centre for Biotechnology Information 

(NCBI) database (SRX9260514). 

 

2.2 Retrieval of gene sequence 

Oryzabase was used for identifying locus ID of the gene 

(https://shigen.nig.ac.jp/rice/oryzabase/). Using these locus 

ID, start and end position of the genes were found via SNP 

seek database (https://snp-seek.irri.org/). The gene sequences 

of different rice varieties were retrieved from the Rice 

Functional Genomics and breeding Database (RFGB version 

2.0) (https://www.rmbreeding.cn/) by providing the accession 

ID of the variety, chromosome location, start and end position 

of the gene sequence (Table 2). The gene sequence of the 

CYP71A1 for reference cultivar Nipponbare (Oryza sativa 

japonica group) was obtained from NCBI database 

(Accession no. AP014964.1).  

 

2.3 Identification of SNPs 

The coding sequences of the reference gene CYP71A1 was 

retrieved from NCBI (Accession no. XM_015793215.2). 

Using Expasy translate tool 

(https://web.expasy.org/translate/), the translated protein 

sequences of the reference gene and the gene sequence of 

resistant and susceptible varieties retrieved from the RFGB 

database were compared using multiple sequence alignment 

tool - CLUSTAL Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) to distinguish 

non-synonymous SNPs from synonymous SNPs. It confines 

heuristics, parallel processing and other optimization 

techniques to achieve fast alignment and making it suitable 

for analysing extensive sequence datasets [31]. 

 

2.4 Protein modelling 

FASTA sequence of T5H protein (CYP71A1) corresponding 

to the resistant variety (TKM6), and susceptible variety 

(ASD16) was blasted against the Protein Data Bank database 

(PDB) for homology modelling of the protein. In PDB, the 

suitable template of protein structure was not found. So we 

employed the Iterative Threading Assembly Refinement (I-

TASSER) server (http://zhanglab.ccmb.med.umich.edu/I-

TASSER) to generate a protein model. I-TASSER server is an 

integrated platform for automated protein structure and 

function prediction and it uses various threading alignments to 

construct three dimensional molecular models. Finally, the 

modelled protein structure was validated using Ramachandran 

plot (Fig.2). 

 

2.5 Protein-ligand docking 

For docking, the ligand tryptamine (2-(1H-Indol-3-yl) ethan-

1-amine) was downloaded from PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/) in sdf format. The 

modelled protein T5H and the ligand tryptamine were 

imported into the Discovery studio (DS) software. The protein 

and ligand were prepared for docking by minimizing energy 

using CHARMm force fields and the protocol involves 

inclusion of missing atoms, assignment of charges and the 

insertion of missing loops. The information of ligand binding 

sites of the modelled proteins was predicted by I-TASSER 

COFACTOR algorithm. In addition the CASTp tool was used 

to predict the ligand binding pocket and active sites of the 

protein T5H (Fig.3). From these ligand binding sites were 

defined and docking performed using C-DOCKER protocol. 

 

2.6 Mutation Binding energy 

The effect of SNP mutations was evaluated by Discovery 

Studio mutation energy protocol. The resistant protein T5H 

was mutated in correspondence to the SNP found in 

susceptible ASD16 protein (SER33LEU and PRO107THR) to 

check for the stability of mutation. 

 

2.7 Alanine Binding-Site Scan 

The ligand binding residues of the protein T5H were mutated 

to alanine through Alanine Binding-Site Scan server 

(http://proline.biochem.iisc.ernet.in/abscan/). The resistant 

T5H protein-ligand complex in pdb format was given as 

input. Binding site residues were identified through cut-off 

distance of 4.5Å [32]. 
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3. Results and Discussion 

The YSB infestation invasively affects the yield that reduced 

up to 87.66 percent when the crop left untreated with 

insecticides [33]. Even with continuous application of 

insecticides, effective management of YSB is still challenging 

due to its behaviour and concealed feeding patterns [34]. 

Extensive molecular research aimed at identifying the genes 

and quantitative trait loci (QTL) responsible for imparting 

resistance to YSB [35]. Previous studies have reported the 

involvement of CYP450 genes in insect resistance [36]. The 

enzyme Tryptamine 5-hydroxylase encoded by CYP71A1 

gene belongs to cytochrome P450 monooxygenase family [37]. 

In that connection serotonin biosynthetic pathway gene 

CYP71A1 was analysed for functional SNPs associated with 

insect resistance traits. In a report, external application of 

serotonin in Setaria viridis, resulted in a decrease of survival 

rate and body weight of Rhophalosiphum padi adults (aphid), 

thus it indicates serotonin is susceptible to pests [38]. The 

variety TN1 was most susceptible to brown plant hopper, the 

relative gene expression studies revealed that, the gene 

CYP71A1 was up regulated to 2.7 fold compared to resistant 

varieties [15]. It was evident that susceptibility to pest 

infestation was higher due to accumulation of serotonin in 

rice 

 

3.1 Genetic variation assessment of serotonin biosynthesis 

gene CYP71A1 

In the SNP analysis, CYP71A1 gene sequences of resistant 

and susceptible varieties of rice were compared to reference 

nipponbare sequence in which the TDC gene remained 

conserved with no SNPs detected across the studied varieties. 

However, the downstream gene CYP71A1 exhibited two 

SNPs in which one transition and one transversion mutation 

was observed in the coding region (Table 3). These variations 

led to notable protein changes, specifically serine to leucine 

(position: 9581596) and proline to threonine (position: 

9581369) respectively. The rice mutants generated by 

knocking out of CYP71A1 gene attributes resistance to stem 

borers, the sequencing result of the mutant gene CYP71A1 

reported that the insertion of “A”, adenine at the 71th position 

in the first exon of the gene through CRISPR/cas9 

technology. The intended mutation at 9581617 position in the 

gene leads to frame shift of the codon CUU that codes for 

leucine, resulted in reduced serotonin levels [15]. From this it 

was hypothesised that the CYP71A1 gene exhibited SNPs can 

change the serotonin levels in plants. The location of the gene 

CYP71A1 in chromosome 12 was not previously studied for 

insect resistance traits. Discovery of novel SNPs in genes will 

lead to the development of genetic markers for the resistant 

trait [17]. 

 

3.2 Molecular docking 

In-silico analysis was carried out to study the role of serotonin 

in pest resistance. Molecular docking explores the variations 

in binding affinity between resistant and susceptible varieties 

concerning the compound tryptamine and the protein T5H 

encoded by CYP71A1. The resistant variety TKM6 was 

selected based on literatures confirming its resistance to stem 

borer. Alternatively the susceptible variety ASD16 was 

chosen due to the existence of two functional SNPs in the 

CYP71A1 gene. To assess the ligand interaction affinity of 

two mutations reported in the present SNP analysis, molecular 

docking was performed using DS software to analyze the 

interaction between the compound tryptamine and the protein 

T5H in both resistant (TKM6) and susceptible (ASD16) 

variety (Fig.4,5). The primary objective of this analysis was to 

identify the optimal binding residue and assess the strength of 

interaction with the receptor (T5H). The determination of 

these factors relied on the CDOCKER ENERGY scores, 

which was found to be 16.66 kcal mol-1 for resistant variety 

and -19.02 kcal mol-1 for the susceptible variety. Additionally, 

the CDOCKER interaction energy scores were observed to be 

-21.65 kcal mol-1 for the resistant and -22.27 kcalmol-1 for the 

susceptible variety, respectively. From the docking scores and 

interaction energy scores, interaction between tryptamine and 

the protein T5H in the susceptible variety is higher, compared 

to the resistant variety, which indicates the binding affinity of 

enzyme-substrate complex led to higher production of the 

product compound (serotonin). In the resistant variety, the 

compound exhibited significant interactions with LEU (379) 

through a conventional hydrogen bond, VAL (379), ALA 

(310) through pi-alkyl bond and CYS (453) through pi-sulfur 

bond. Compared with the susceptible variety the compound 

shows conventional hydrogen bond interaction with ARG 

(451) and ARG (106) residues and pi-alkyl interactions with 

LEU (378), ALA (310) and CYS (453) residues, respectively. 

The proteins are naturally flexible and have different ligand 

binding conformations on docking when the binding site 

residues are mutated [39]. Docked complex was predicted to 

have a hydrogen bonding formed as a result of electrostatic 

attraction between hydrogen atom and electronegative atom N 

or O, with the hydrogen bond distance 2.5 to 3.2 Å between 

donor and acceptor [40]. The conventional hydrogen bonds of 

susceptible variety protein having the bond length of 1.83 Å 

between atoms HH21-N2 and 2.24Å between atoms of O-H24 

respectively, the shorter distances of 2.3Å in hydrogen bonds 

depicts the covalent bond character and larger binding energy 
[41]. Thus the two conventional hydrogen bond in the protein 

of susceptible variety attributes a stronger interaction. π-π 

interactions between the aromatic residues of side chain and 

ligands contribute to the ligand-binding affinity [42]. The 

cation-π systems in aqueous solution presenting 10 kJ mol-1 

binding affinity compared to the strength of salt bridges [43], 

here pi-alkyl bonds formed between the uncharged amino 

acids. The residual mobility, made the ligands to move freely 

in the binding pocket of the protein cytochrome P450 cam, thus 

it influences the interaction positively [44]. This study further 

supports, the susceptibility of the variety ASD16 was 

attributed by higher serotonin accumulation on infestation of 

the pest.  

 

3.3 Mutation binding energy & Mutagenesis of ligand 

binding residues 
The mutation energy (ΔΔGmut) was calculated (Table 4) to 

study the stability of mutations SER33LEU and PRO107THR 

in the docked complex structures. In the mutation energy 

graph, the binding energy was neutral to decreasing upon 

mutation of these residues with the binding energy difference 

of -0.07 kcal mol-1 (Fig 6). The altering binding energy due to 

mutations can be calculated by the difference in binding free 

energy of the mutated protein to the wild type protein 

(ΔΔGmut = ΔΔGfold (mutant) - ΔΔGfold (wild type)). Van 

der Waals (EvdW) interactions, electrostatic interactions 

(ΔGelec), an entropy contribution (-TSsc) due to changes in 

side-chain mobility, and a non-polar, surface-dependent, 

contribution to solvation energy (ΔGnp) are all added together 
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to get the total energy [45]. Moreover the SNPs mutational 

energy was computed to evaluate its influence on binding in 

comparison with the TKM6 (resistant variety). The two SNPs 

of ASD16 showing mutation energy between -0.5 to 0.5 kcal 

mol-1 which represents the mutated structure was neutral to 

decreasing stability. Studying the ligand binding residues was 

a key in understanding the cellular and metabolic processes, 

in spite the role of individual amino acids involved in 

interaction remains unclear. To found the importance of each 

residue at a specific site, the technique site directed 

mutagenesis was mostly used to generate single base 

mutations [46] so that ABS scan analysis was performed. In 

ABS scan analysis, nine ligand binding residues of T5H were 

mutated to alanine (Table 5). The energy of each mutated 

structure was predicted using Autodock 4.1 and the details 

were provided in Table 5. The lowest binding energy was 

observed for the residue VAL (379) was -1.86 kcal mol-1 and 

the highest binding energy was observed for the residue LEU 

(378) was -2.13 kcal mol-1 when it was mutated to alanine. 

Therefore compared to the other ligand binding residues LEU 

(378) has more impact in interaction. In future, exploring the 

mutation of LEU (378) in protein T5H via genome editing 

might reduce the binding affinity to its substrate tryptamine, 

thereby it reduces the serotonin production which facilitates 

resistance to YSB in rice 

 
Table 1: Varieties chosen for SNP analysis 

 

S. No Accession ID Variety Susceptibility to YSB Reference 

1 CX120 TKM6 R [18] 

2 CX160 W1263 R [19] 

3 CX157 PTB33 R [20] 

4 IRIS_313-10523 PTB18 R [21] 

5 IRIS_313-10985 Balam R [22] 

6 IRIS_313-7688 IR22 R [23] 

7 IRIS_313-8657 Co19 R [24] 

8 IRIS_313-8755 Norin 6 R [25] 

9 IRIS_313-11208 Parijat R [26] 

10 CX236 Vandana MR [27] 

11 B032 Rohini MR [27] 

12 PRJNA666312 ASD16 S [27] 

13 CX162 TN1 S [28] 

14 CX94 Swarna S [27] 

15 CX227 Kasalath S [29] 

16 CX46 Pusa Basmati1 S [30] 

17 CX146 Co43 S [30] 

* R-Resistant * MR- Moderately resistant * S-Susceptible 

 
Table 2: Physical positions of the gene CYP71A1 

 

S. No Gene Locus ID Chromosome Start position End position 

1 CYP71A1 Loc_os12g16720 12 9579747 9582014 

 
Table 3: SNPs for CYP71A1 gene 

 

SNP Position 9581596 9581369 R/S 

Varieties    

NIPPONBARE G G S 

TKM6 G G R 

PTB33 G G R 

W1263 G G R 

PTB18 G G R 

IR22 A G R 

BALAM G G R 

PARIJAT G G R 

NORIN 6 G G R 

CO19 G G R 

VANDANA G G MR 

ROHINI A G MR 

ASD16 A T S 

TN1 G G S 

KASALATH G G S 

SWARNA G G S 

PUSA BASMATI 1 G G S 

 
Table 4: Mutation binding energy 

 

Mutation type Mutatation site Mutation energy (kcal mol-1) Effect 

Single mutation SER33>LEU -0.07 Neutral to decreasing 

Single mutation PRO107>THR -0.07 Neutral to decreasing 
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Table 5: ABS scan analysis report 

 

Ligand-binding residues Binding energy Kcal mol-1 Electrostatics Van der waals Desolvation energy Torsional energy 

THR_123_ALA -1.95 -0.13 -3.16 0.75 0.59 

PHE_218_ALA -1.98 -0.14 -3.24 0.79 0.59 

ASP_306_ALA -2.02 -0.06 -3.29 0.74 0.59 

VAL_309_ALA -2.04 -0.14 -3.34 0.83 0.59 

ALA_310_ALA -2.11 -0.14 -3.38 0.81 0.59 

VAL_375_ALA -1.90 -0.14 -3.18 0.81 0.59 

LEU_378_ALA -2.13 -0.12 -3.42 0.81 0.59 

VAL_379_ALA -1.86 -0.14 -3.15 0.82 0.59 

LEU_495_ALA -1.97 -0.14 -3.27 0.84 0.59 

 

 
 

Fig 1: Biosynthetic pathway of serotonin and melatonin in rice 
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Fig 2: Validation using Ramachandran plot, Residues in favored regions- 331 (73.6%) and 334 (74.1%), Residues in additionally allowed 

regions-100 (22.2%) and 88 (19.5%), Residues in generously allowed regions-14 (3.1%) and 21 (4.7%) and Residues in disallowed regions- 5 

(1.1%) and 8 (1.8%) for resistant and susceptible variety protein T5H respectively 
 

 
 

Fig 3: Binding pockets of resistant and susceptible protein T5H using CASTp 
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Fig 4: Interaction between tryptamine and T5H in resistant variety (TKM6) 
 

 
 

Fig 5: Interaction between tryptamine and T5H in susceptible variety (ASD16) 
 

  
 

Fig 6: Stability of mutation binding energy for the mutations PRO107THR and SER33LEU are shown 
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4. Conclusion 

The symptoms caused by the YSB in rice cultivation poses a 

significant threat to crop yield. Conventional management 

practices for YSB control have proven to be challenging. 

Therefore, a molecular approach involving gene manipulation 

emerges as a promising strategy to combat YSB infestation. 

In this study, we examined the functional SNPs of the gene 

CYP71A1 in the serotonin biosynthetic pathway in resistant 

and susceptible genotypes of YSB. The protein T5H encoded 

by CYP71A1 of susceptible variety (ASD16) possessing two 

functional SNPs were identified and modelled along with the 

resistant variety (TKM6) and comparative docking studies of 

the protein T5H with the tryptamine compound revealed a 

stronger interaction in susceptible variety (ASD16). These 

findings provide valuable insights into the functional 

mechanism of serotonin in pest resistance and highlight the 

significance of gene CYP71A1 in conferring resistance to 

YSB. Consequently, targeted genome editing of this region 

holds potential for developing YSB resistance in rice. 
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