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21 Abstract

22 β-Caryophyllene possesses potential anticancer properties against various cancers, including 

23 breast, colon, and lung cancer. Therefore, the essential oil of Ayapana triplinervis, which is 

24 rich in β-caryophyllene, can be a potential herbal remedy for treating cancer. However, 

25 molecular and genomic studies on A. triplinervis are still sparse. In this study, we obtained 14.7 

26 Gb of RNA-Seq data from A. triplinervis leaf RNA and assembled 1,37,554 transcripts with an 

27 N50 value of 1,437 bp. We annotated 72,436 (52.7%) transcripts and mapped 10,640 

28 transcripts to 156 biochemical pathways. Among them, 218 were related to terpenoid backbone 

29 biosynthesis, while 27 were linked to sesquiterpenoid and triterpenoid pathways. Ninety-four 

30 transcripts were annotated in the β-caryophyllene and lupeol pathways. From these transcripts, 

31 for the first time, we identified 25 full-length genes encoding all the 17 enzymes involved in 

32 β-caryophyllene biosynthesis and an additional five genes involved in lupeol biosynthesis. 

33 These genes will be useful for the metabolic engineering of β-caryophyllene and lupeol 

34 biosynthesis, not just in A. triplinervis but also in other species. 

35
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45 INTRODUCTION

46 Ayapana triplinervis (synonyms: Eupatorium triplinerve and Eupatorium ayapana), known as 

47 Ayapani or Ayapana, belongs to the Asteraceae family. Studies using leaf extracts and cell 

48 lines provided compelling evidence that it contains potential anticancer compounds (Arung et 

49 al. 2012, Suja. et al. 2019, Gayathri and Madhan Shankar 2012). The essential oil from A. 

50 triplinervis leaves contains up to 19.7% β-caryophyllene (Gupta et al. 2004, Mala et al., 1999) 

51 which has potential anticancer properties against a variety of cancers, including breast, colon, 

52 lung, glioblastoma, myeloma, and melanoma (Yang et al. 2015; Chung et al. 2019; Irrera et al. 

53 2020; Dahham et al. 2021; Mannino et al. 2021).   

54 lupeol is another potential anticancer compound against various cancers, such as breast, 

55 cervical, retinoblastoma, osteosarcoma, and prostate (Prasad et al. 2018; Hsu et al. 2019; Zhang 

56 et al. 2022; Che et al. 2022; Maurya et al. 2022). Therefore, Identifying the genes involved in 

57 caryophyllene and lupeol biosynthesis in A. triplinervis will be useful. However, the dearth of 

58 genomic data makes gene discovery challenging. Therefore, we assembled the A. triplinervis 

59 leaf transcriptome with the aim of identifying the full-length genes involved in the synthesis of 

60 β-caryophyllene and lupeol. 

61 METHODOLOGY 

62 Plant collection and RNA isolation

63 A. triplinervis plants were collected from Kannur, located in Kerala, India. These plants were 

64 grown in a greenhouse, maintaining 25/18°C day/night temperatures, a light/dark duration of 

65 16/8 hours, and a relative humidity between 60 and 70%. We isolated RNA from the leaves 

66 using RNAiso Plus reagent (Takara, Japan), treated with DNase I, and purified using the 

67 RNeasy MinElute Clean-up Kit (Qiagen, Germany). We used the total RNA with an 

68 OD260/OD280 ratio of 1.9 and an RNA integrity number of 8.5 for cDNA synthesis.
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69 cDNA synthesis and library preparation

70 The cDNA library was prepared using 1 µg total RNA and the Illumina TrueSeq mRNA library 

71 kit (Illumina, USA) as per the manufacturer’s protocol. The cDNA quality and quantity were 

72 determined using the Bioanalyzer (Agilent Technologies, USA) and the Qubit dsDNA HS kit 

73 and fluorimeter. The library was then sequenced using the Illumina NextSeq500 system 

74 (Illumina, USA).

75 De novo assembly 

76 The data quality was assessed using FastQC (Andrews 2010). The reads with quality scores 

77 <30 were filtered using Trimmomatic (Bolger et al. 2014). Subsequently, it assembled using 

78 the Trinity software using default parameters (K-mer 25, overlap length 12 - 24 bp, and overlap 

79 identity 100%) (Grabherr et al. 2011). Shorter and redundant sequences were removed using 

80 the CD-HIT-EST software (Li and Godzik 2006). 

81 Functional annotation and pathway identification

82 The assembled transcriptome was annotated using the BLASTx tool and the NCBI non-

83 redundant (https://ftp.ncbi.nlm.nih.gov/blast/db/) with an E-value cut-off of 1E-5. Annotation 

84 was performed using NR, Uniport, Blast2GO, and KEGG. The transcripts related to metabolic 

85 pathways were identified using the KEGG pathway analysis. 

86 Expression analysis by RT-qPCR

87 The expression of FPPS1, FPPS2, SQS, SQS2, SQE2, CS, LS, and SE1 genes in the leaves 

88 was studied by RT-qPCR using the elongation factor 1 alpha gene as the internal reference. 

89 Primers were designed from the 3' UTR region using the Prime3Plus software 

90 (https://www.primer3plus.com/), and the details are provided in Table S1. The RT-qPCR 

91 reactions in triplicate contained 50 ng cDNA, 1X TB Green Premix Ex Taq II (Takara, Japan), 
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92 0.25 mM primers, 1X ROX dye, and nuclease-free water. The thermal cycling used was 95°C 

93 for 5 minutes, followed by 40 cycles at 95°C for 10 seconds and 65°C for 20 seconds. 

94 RESULTS

95 Transcriptome assembly and annotation

96 We obtained 98 million 150 bp reads (available at NCBI under accession number 

97 SRR24848950 and Bioproject ID PRJNA980972), and 80 million quality-filtered reads with 

98 Phred score ≥Q30.  We assembled 1,37,554 transcripts with an average length of 879 bp and 

99 an N50 value of 1,437 bp. Among them, 72,436 transcripts (52.7%) were annotated, which 

100 included 41,232 transcripts (60%) aligned with established gene models and 31,204 transcripts 

101 (40%) showing similarity with hypothetical, probable, putative, or uncharacterized proteins. 

102 Genes involved in β-Caryophyllene and lupeol biosynthesis 

103 Farnesyl pyrophosphate (FPP) is the common precursor for β-caryophyllene and lupeol. It is 

104 synthesized from acetyl-CoA and D-glyceraldehyde-3-phosphate by the action of sixteen 

105 enzymes. From FPP, β-caryophyllene is formed by a single enzyme, while lupeol synthesis 

106 requires three enzymes. Our analysis revealed 94 transcripts coding for all the 20 enzymes 

107 needed for β-caryophyllene and lupeol biosynthesis. Of these, 30 were full-length genes. The 

108 length of the coding sequences for these genes ranged from 819 bp to 2,277 bp, translating to 

109 protein lengths of 273 to 759 amino acids. Three genes were identified for the 1-deoxy-D-

110 xylulose 5-phosphate synthase (DXS) enzyme. The enzymes such as acetyl-CoA 

111 acetyltransferase (AACT), hydroxymethylglutaryl-CoA reductase (HMGR), 

112 phosphomevalonate kinase (PMK), and 1-deoxy-D-xylulose-5-phosphate reductoisomerase 

113 (DXR) had two full-length genes each. Hydroxymethylglutaryl-CoA synthase (HMGS), 

114 mevalonate kinase (MVK), β-caryophyllene synthase (CS), and lupeol synthase (LS) were each 

115 encoded by a single gene. All the gene sequences were deposited to the NCBI GenBank under 
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116 the accession numbers OR544240 to OR544270 (Table 1) and the nucleotide and protein 

117 sequences are given in Supplementary files S2 and S3 respectively. 

118 Gene expression analysis by RT-qPCR

119 We analyze the expression of FFPS1, FPPS2, SQS1, SQS2, SE2, CS, LS, and SE1 genes by 

120 RT-qPCR, using the elongation factor 1-alpha gene as a reference. All samples were analyzed 

121 in triplicate. The expression levels in leaves were ascertained from the average cycle of 

122 quantification (Cq), which ranged between 18.2 and 26.6. For three enzymes, we analyzed two 

123 genes for each enzyme. In these cases, the two genes showed differential expression: 

124 FPPS1>FPPS2 (23 fold), SQS1>SQS2 (37 fold), and SES2>SES1 (19 fold) (Figure 1).

125 Discussion

126 A. triplinervis is a significant medicinal plant with potential anticancer properties. However, 

127 there is a dearth of genetic and molecular studies on this species. In this study, we assembled 

128 the leaf transcriptome and identified the full-length genes involved in the biosynthesis of two 

129 potential anticancer compounds, β-Caryophyllene and lupeol. These two compounds are 

130 derived from the common precursor, farnesyl pyrophosphate (FPP), which is synthesized 

131 through the mevalonic acid (MVA) pathway in the cytosol and the 2-C-methyl-D-erythritol-4-

132 phosphate (MEP) pathway in the plastids (Vranová et al. 2013). The MVA pathway produces 

133 isopentyl pyrophosphate (IPP) from acetyl-CoA through a sequence of reactions involving 

134 acetyl-CoA C-acetyl transferase (AACT), 3-hydroxy-3-methylglutaryl coenzyme A synthase 

135 (HMGS), 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR), mevalonate kinase 

136 (MVK), 5-phosphomevalonate kinase (PMK), and mevalonate diphosphate decarboxylase 

137 (MDD). We identified ten genes that encode these seven enzymes. We identified two full-

138 length genes for AACT, namely AtAACT1 and AtAACT2. Two homologous genes, 

139 HaAACT1 and HaAACT2, were reported from Helianthus annuus. The protein similarity 
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140 between AtAACT1 and HaAACT1 was 90%, whereas AtAACT2 showed a 97% similarity 

141 with HaAACT2 (Huang et al. 2023). We also identified two genes coding for PMK that showed 

142 81% protein similarity, indicating that they are distinct genes. In addition, we have discovered 

143 single genes for HMGR, HMGS, MVK, and MDD. 

144 In the MEP pathway, dimethylallyl pyrophosphate (DMAPP) is synthesized from 

145 glyceraldehyde 3-phosphate, involving 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-

146 deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), 2-C-methyl-D-erythritol 4-

147 phosphate cytidylyltransferase (MCT), 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

148 (CMK), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MCS), 1-hydroxy-2-methyl-

149 2-(E)-butenyl-4-diphosphate synthase (HDS), and 4-hydroxy-3-methylbut-2-enyl diphosphate 

150 reductase (HDR). We identified 11 full-length genes that encode all of these enzymes. Three 

151 genes (AtDXS1, AtDXS2, and AtDXS3) were discovered for DXS, each having unique coding 

152 sequences. DXS1 is mostly linked to primary metabolism, whereas DXS2 has a crucial function 

153 in secondary metabolism (Walter et al. 2002; Phillips et al. 2007). DXS3 is involved in the 

154 synthesis of essential chemicals crucial for plant survival (Cordoba et al. 2011). Three DXS 

155 genes (SrDXS1, SrDXS2, and SrDXS3) were identified from S. rebaudiana (Kim et al. 2015), 

156 which shared 95 to 97% similarity with AtDXS1, AtDXS2, and AtDXS3. We identified single 

157 genes for MCT, CMK, MCS, and HDS. In the MEP pathway, IPP can be produced from 

158 hydroxy-2-methyl-2-butyl-4-phoshate by 4-hydroxy-3-methylbut-2-enyl diphosphate 

159 reductase (HDR) and DMAPP by isopentenyl diphosphate isomerase (IPPI). We identified two 

160 full-length genes for HDR (AtHDR1 and AHDR2) and IPPI (AtIPPI1 and AtIPPI2). Similar 

161 HDR and IPPI genes were found in the transcriptome of S. rebaudiana, and SrIPPI1 and 

162 SrIPPI2 genes were expressed in the leaf and trichome  (Kim et al. 2015). 

163 Condensation of DMAPP and IPP by Geranyl diphosphate synthase (GPPS) results ingeranyl 

164 pyrophosphate (GPP), which is further condensed with IPP by farnesyl pyrophosphate synthase 
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165 (FPPS) to produce farnesyl pyrophosphate (FPP). We found one GPPS gene with a 1,212 bp 

166 CDS encoding 404 amino acids. We identified two FPPS genes (AtFPPS1 and AtFPPS2) with 

167 the same CDS lengths (1,026 bp), but differing sequences as indicated by 89% and 95% 

168 similarity at nucleotide and amino acid levels, respectively. The distinctness of these two 

169 genes predominantly arises from the amino acid composition in the N-terminal region. The 

170 conversion of FPP into β-caryophyllene is catalyzed by caryophyllene synthase (CS). We 

171 identified a CS gene in A. triplinervis (AtCS1) that showed 79% similarity to the same gene 

172 found in Artemisia annua (AaCS). Transient expression of AaCS in Nicotiana benthamiana 

173 leaves produced 27.5 mg of β-caryophyllene per kg of fresh weight (Muthusamy et al. 2020). 

174 Transfer of AaCS1 gene to Synechocystis and Rhodobacter capsulatus produced 46.4 µg/L 

175 and 139 mg/L β-caryophyllene, respectively (Reinsvold et al. 2011 and Hilgers et al. 2021). 

176 Because β-caryophyllene is naturally abundant in A. triplinervis, its CS gene might enhance 

177 the β-caryophyllene content more efficiently in other organisms as well. 

178 Two FPP molecules can combine to produce squalene, which is then converted to lupeol. 

179 Currently, the lupeol content in A. triplinervis has not been determined. However, we 

180 identified five genes that encode the three enzymes necessary for lupeol synthesis from FPP. 

181 In the first step, FPP gets converted into squalene by squalene synthase (SQS). From our 

182 transcriptomic analysis, we have successfully identified two genes for SQS, AtSQS1 and 

183 AtSQS2. Recently, AlSQS1 and AtSQS2 from Atractylodes lancea were functionally 

184 characterized, and found to be expressed more in stems than in leaves and rhizomes (Wu et al. 

185 2022). AtSQS1 showed a 95% similarity to AlSQS1, while AtSQS2 exhibited an 89% 

186 similarity with AlSQS2. AtSQS1 had a higher expression level compared to AtSQS2 in A. 

187 triplinervis. In the next step, squalene is oxidized to squalene-2,3-epoxide by squalene 

188 epoxidase (SE). We identified two SE genes, AtSE1 and AtSE2, with 79% similarity, 

189 signifying their distinctiveness. PgSE1 and PgSE2 were found to be involved in ginsenoside 
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190 biosynthesis in Panax ginseng (Han et al. 2010). In the final step, squalene-2,3-epoxide is 

191 transformed into lupeol by lupeol synthase (LS). We identified an AtLS gene (2,277 bp CDS; 

192 579 amino acids) with 94% similarity to the TkLS gene from T. koksaghyz. Significantly, 

193 heterologous expression of TkLS in yeast showed a 127-fold increase in lupeol content (Bröker 

194 et al. 2018).

195 This study significantly expanded our knowledge regarding the genetic resource of A. 

196 triplinervis, discovering full-length genes encoding all the enzymes required for β-

197 caryophyllene and lupeol synthesis. For the first time, we identified 25 genes associated with 

198 β-caryophyllene biosynthesis and five genes related to lupeol biosynthesis. These genes are 

199 crucial for the metabolic engineering of β-caryophyllene and lupeol biosynthetic pathways, 

200 aimed at increasing metabolite yield. 
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306

307 Figure 1- Gene expression analysis of selected genes from A. triplinervis EF1: Elongation 

308 factor 1 alpha, CS1: Caryophyllene synthase 1, LS: Lupeol synthase, FPPS1: Farnesyl 

309 pyrophosphate synthase 2, FPPS2: Farnesyl pyrophosphate synthase 2 SQS1: Squalene 

310 synthase 2, SQS2: Squalene synthase 2, SE1: Squalene epoxidase 1, SE2: Squalene epoxidase 

311 2
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