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Identiûcation and characterization of novel sesquiterpene
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Sesquiterpenes are characteristic components and important quality criterions for
agarwood. Although the sesquiterpene biosynthesis pathway is clear and sesquiterpene
synthases (TPSs) are well-known key enzymes of the pathway, to date, only a few TPS
genes involved in agarwood formation have been reported. Here, two new TPS genes,
namely, TPS9 and TPS12, were isolated from Aquilaria sinensis, and their functions were
detected in Escherichia coli BL21(DE3), with farnesyl pyrophosphate (FPP) and geranyl
pyrophosphate (GPP) as the substrate of the corresponding enzyme activities. After
incubated with FPP, TPS9 liberated 6-epi-shyobunol, ³-farnesene, cis-sesquisabinene
hydrate, and cedrol, and TPS12 generated ³-farnesene, nerolidol, ³-eudesmol, and hinesol.
After incubated with GPP, the metabolites of TPS9 were ³-myrcene, limonene, 3-carene, ³-
pinene, citronellol, geraniol and citral, and TPS12 converted GPP into four monoterpenes,
³-myrcene, ³-pinene, 3-carene and citral. Both TPS9 and TPS12 showed much higher
expression in the two major tissues emitting ûoral volatiles: ûowers and agarwood.
Further, RT-PCR analysis showed they are typical genes mainly expressed during later
stages of stress corresponding. This study will advance our understanding of agarwood
formation and provide a solid theoretical foundation for clarifying its mechanism in A.
sinensis.
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25 Abstract

26 Sesquiterpenes are characteristic components and important quality criterions for agarwood. 

27 Although the sesquiterpene biosynthesis pathway is clear and sesquiterpene synthases (TPSs) are 

28 well-known key enzymes of the pathway, to date, only a few TPS genes involved in agarwood 

29 formation have been reported. Here, two new TPS genes, namely, TPS9 and TPS12, were 

30 isolated from Aquilaria sinensis, and their functions were detected in Escherichia coli 

31 BL21(DE3), with farnesyl pyrophosphate (FPP) and geranyl pyrophosphate (GPP) as the 

32 substrate of the corresponding enzyme activities. After incubated with FPP, TPS9 liberated 6-

33 epi-shyobunol, ³-farnesene, cis-sesquisabinene hydrate, and cedrol, and TPS12 generated ³-
34 farnesene, nerolidol, ³-eudesmol, and hinesol. After incubated with GPP, the metabolites of 

35 TPS9 were ³-myrcene, limonene, 3-carene, ³-pinene, citronellol, geraniol and citral, and TPS12 

36 converted GPP into four monoterpenes, ³-myrcene, ³-pinene, 3-carene and citral. Both TPS9 and 

37 TPS12 showed much higher expression in the two major tissues emitting floral volatiles: flowers 

38 and agarwood. Further, RT-PCR analysis showed they are typical genes mainly expressed during 
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39 later stages of stress corresponding. This study will advance our understanding of agarwood 

40 formation and provide a solid theoretical foundation for clarifying its mechanism in A. sinensis. 

41 Keywords: Aquilaria sinensis, Agarwood, Sesquiterpene synthases, TPS9, TPS12.

42

43 Introduction

44 Agarwood is a dark resinous substance formed in the branches and trunks of Aquilaria and 

45 Gyrinops species of the Thymelaeaceae family upon stimulation of the tree by various stress 

46 factors, including mechanical wounding, microbial infection, cutting, lightning strikes, and 

47 chemical wounding (Mei et al. 2013). Agarwood is popular in many countries because of its high 

48 commercial value as an incense, as a scent, as an ornamental wood, and as a traditional medicine 

49 (Cui et al. 2013). However, agarwood formation occurs slowly under natural conditions; indeed, 

50 it may take even decades. Thus, because of its immense value and rarity, high-quality agarwood 

51 is in short supply and may be up to US $100,000 per kilogram in the international market 

52 (Persoon & Van Beek 2008). Consequently, and to protect plant genetic resources, nine 

53 Aquilaria species have been included in the IUCN Red List (Wyn & Anak 2010). Specifically, A. 

54 sinensis (Lour.) Gilg. is the main plant resource for producing agarwood in China, with the 

55 species mainly distributed in South China (Qi et al. 2000).

56 Previous phytochemical research showed that sesquiterpenoids and 2-(2-phenylethyl) 

57 chromones are the main active constituents in agarwood. Furthermore, sesquiterpenoid content 

58 has been identified as an important criterion defining agarwood quality (Chen et al. 2012; Li et 

59 al. 2016; Wang et al. 2016). Therefore, unveiling the biosynthesis and regulation of 

60 sesquiterpenes and chromones in A. sinensis is of paramount importance for identifying the 

61 mechanism of agarwood formation. 

62 The biosynthesis of sesquiterpene is better known than that of chromone derivatives. 

63 Further, sesquiterpene can reportedly be synthesised via two different routes, namely, either 

64 through the mevalonic acid (MVA) pathway (Gardner & Hampton 1999; McCaskill & Croteau 

65 1995), or through the methylerythritol phosphate (MEP) pathway (Lichtenthaler 1999). Terpene 

66 synthases (TPSs) able to catalyse the formation of C5, C10, C15 and C20 terpene skeletons from 

67 allylic prenyl diphosphate intermediates in the terpene biosynthesis pathway, such as geranyl 

68 diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15) and geranylgeranyl diphosphate 

69 (GGPP, C20) (Davis & Croteau 2000; Takahashi & Koyama 2006). Additionally, the diversity of 

70 types of terpenoids is mainly due to the great diversity of the terpene synthase gene family (Chen 

71 et al. 2011a; Rohmer 1999). Various types of sesquiterpene synthases (TPS) have been cloned 

72 from monocots, such as Artemisia annua L. (Kanagarajan et al. 2012), and maize (Schnee et al. 

73 2002); dicots, such as valerian (Kwon et al. 2014), grape (Dueholm et al. 2019), ginseng 

74 (Khorolragchaa et al. 2010), lavender (Jullien et al. 2014), snapdragon (Nagegowda et al. 2008), 

75 castor bean (Xie et al. 2012), and sandalwood (Srivastava et al. 2015); and fungi like 

76 termitomyces (Burkhardt et al. 2019). The same sesquiterpene synthase produces various 

77 intermediates through controlled catalysis; for example, Steele et al. reported 52 different 

78 sesquiterpenes catalysed by ³-humulene synthase cloned from Abies grandis (Steele et al. 1998). 
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79 To date, 180 sesquiterpenes have been detected in Aquilaria plants (Ahmaed & Kulkarni 

80 2017). However, only a few sesquiterpene synthase genes involved in sesquiterpene formation in 

81 Aquilaria plants have been identified and cloned (Kumeta & Ito 2010; Kurosaki et al. 2015; Xu 

82 et al. 2013; Ye et al. 2018); furthermore, the main product of catalysis by these enzymes is ·-
83 Guaiene, a kind of sesquiterpene. 

84 Therefore, as the identification of new genes is of great significance for analysing the 

85 formation and diversity of agarwood sesquiterpenes in A. sinensis, two novel TPS genes, TPS9 

86 and TPS12, were cloned from A. sinensis, and their catalytic function in vitro, as well as their 

87 expression characteristics, were studied after various stresses treatment, including methyl 

88 jasmonate (MeJA), heat stress, salicylic acid (SA), ABA (abscisic acid), mannitol, H2O2 and 

89 NaCl, to further investigate the mechanism of agarwood formation. TPS9 and TPS12 showed 

90 very low identity with cloned sesquiterpene synthases, and their expression profiles after Agar-

91 Wit treatment and catalysis were very different from ASS1, a sesquiterpene synthase previously 

92 identified (Xu et al. 2021). 

93

94 Materials & Methods

95 Plant materials and treatment

96 A. sinensis trees were grown in the Hainan branch of the Institute of Medicinal Plant 

97 Development (IMPLAD). Different tissues were collected from two-year-old trees, and materials 

98 for transcription sequencing were obtained from seven-year-old trees treated using the whole-

99 tree agarwood-inducing technique (Agar-Wit) (Wei et al. 2010). All collected materials were 

100 stored in liquid nitrogen until further analysis. A. sinensis calli were induced from fresh young 

101 leaves as previously described by Liu et al. (Liu et al. 2015a). Healthy, faint yellow, and 

102 compact calli were subcultured in darkness at 25 °C in Murashige-Skoog (MS) medium. For heat 

103 treatment, the same well-grown calli were transferred from 25 °C to 42 °C. For other stresses 

104 treatment, calli were transferred to MS medium supplemented with 100 ¿M MeJA, 100 ¿M SA, 

105 100 ¿M ABA, 400 mM mannitol, 50 mM H2O2, 300 mM NaCl, and incubated for different time 

106 points. Untreated calli were simultaneously sampled over the same period and used as controls. 

107 All samples were shock-frozen in liquid nitrogen and stored at -80 °C for qRT-PCR analysis.

108 Bioinformatic analysis and characterization of TPS9 and TPS12

109 The Expasy Proteomics Server (http://www.expasy.org) was used to calculate physical and 

110 chemical parameters of TPS9 and TPS12, such as molecular weight (MW), theoretical isoelectric 

111 point (pI), stability, and instability index. Conserved motifs of TPS9 and TPS12 were analysed 

112 using Multiple Expectation Maximisation for Motif Elicitation (MEME) version 5.3.3 with 

113 default parameters. The SWISS-MODEL was used to analyse the molecular modelling of TPS9 

114 and TPS12 proteins. Trans-membrane domains were predicted using TMHMM 2.0 and TMpred 

115 software. DNAMAN was used for multiple alignment analysis of the TPS9 and TPS12 amino 

116 acid sequences, and SCLpredT, Predotar, and Wolf Psort were used to predict the 

117 subcellular localisation of TPS9 and TPS12. Phylogenetic analysis was performed using MEGA5 

118 using the neighbour-joining method with 1000 bootstrap replicates.
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119 Isolation of total RNA and real-time qRT-PCR

120 Total RNA was extracted from the treated calli and plants using the Total RNA Rapid 

121 Extraction kit RN38-EASYspin Plus (Aidlab, China). Total RNA (1 ¿g) was reverse-transcribed 

122 to cDNA using the PrimeScript# RT Reagent Kit (Takara, Dalian, China) according to the 

123 protocol described by the manufacturer. The cDNA was stored at 20°C for qRT3PCR analysis 

124 and gene cloning. PCR amplifications were performed using SYBR® Premix Ex Taq# II 

125 (TaKaRa, Dalian, China) on a Light Cycler® 480II (Roche Diagnostics, Indianapolis, IN, USA). 

126 The PCR cycling conditions were the same as Yu et al. has described previously (Yu et al. 2021). 

127 The glyceraldehyde-3-phosphate dehydrogenase (GADPH) gene was used as an internal control. 

128 Three independent biological replicates were included, and the relative expression levels of TPS9 

129 and TPS12 were calculated using the 23��CT method (Livak & Schmittgen 2001).

130 Construction of pET21a-TPS9 and pET28a-TPS12

131 Full-length sequences of TPS9 and TPS12 with restriction enzyme sites were amplified 

132 using primers F1 (TCTACACCAGCACTTGCCCTCTAC) and R1 (TACAACTCCTTCACTG

133 CTTCCTGC), F2 (GCATTTCGCTGCTGTTTC), and R2 (AATGGATTTGAGGTGGGTC). 

134 The resultant fragments of TPS9 and TPS12 were digested with restriction enzymes XhoI and 

135 BamHI and inserted into the expression vectors pET21a and pET28a, respectively, which were 

136 digested with the same restriction enzymes. The ligation product was transformed into E. coli 

137 DH5³ competent cells and spread on Luria-Bertani (LB) medium containing 100 ¿g/mL 

138 ampicillin and 50 ¿g/mL kanamycin. Positive clones were extracted and confirmed using 

139 digestion and sequencing. All bacterial strains were stored in the -80# refrigerator in the 

140 laboratory.

141 Expression of TPS9 and TPS12 in E. coli 

142 Recombinant plasmids pET21a-TPS9 and pET28a-TPS12 were transformed into E. coli 

143 BL21(DE3) competent cells. Empty vectors pET-2a and pET-28a were transformed into E. coli 

144 BL21(DE3) cells as negative controls. Positive clones were selected and inoculated into LB 

145 medium containing 100 ¿g/ml ampicillin or 50 ¿g/ml kanamycin. The expression of pET21a-

146 TPS9 and pET28a-TPS12 was induced under different IPTG concentrations (0.2 or 0.5 mM), 

147 incubation times (4, 6, 8, or 24 h), and temperatures (16 or 36 °C) to determine the optimal 

148 induction conditions. Then, positive clones of pET21a-TPS9 and pET28a-TPS12 were 

149 inoculated into LB medium containing 100 ¿g/mL ampicillin or 50 ¿g/mL kanamycin on a large 

150 scale after OD600 reached 0.6-0.8. Bacterial cells were induced with 0.5 mM isopropyl ³-D-
151 thiogalactopyranoside (IPTG) for 6 h at 36 °C and proteins were obtained by 

152 ultrasonic decomposition for 1 h. The solution was centrifuged for 20 min at 5000 rpm and 4 °C, 

153 and the supernatant was discarded. The target protein was detected using 10 ¿L of the sample for 

154 separation using 10% SDS-PAGE. 

155 Western blot analysis

156 Proteins were separated by 10% SDS-PAGE and transferred onto 0.45 ¿m polyvinylidene 

157 fluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with TBST 

158 buffer (20 mM Tris-HCl, 150 mM NaCl, and 0.05% (v/v) Tween 20) containing 5% fat-free milk 
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159 powder and incubated at 4 °C for 4 h. The membrane containing the two expression vectors, 

160 TPS9-pET21a and TPS12-pET28a, with His-tag, was incubated overnight at 4 °C with anti-His 

161 antibody diluted 1:2,000 (Transgen, Beijing), washed two times with TBST at 4 °C, and 

162 incubated with a secondary antibody conjugated to alkaline phosphatase diluted 1:8,000 

163 (Transgen, Beijing).

164 GC-MS analysis

165 GC-MS analysis was performed using a Perkin Elmer Clarus 600 (Waltham, MA, USA) gas 

166 chromatograph equipped with an Agilent DB-5MS capillary column (internal diameter, 30 

167 m×0.25 mm; film thickness, 0.25 mm) and a Varian 600 mass spectrometer with an ion-trap 

168 detector in full scan mode under electron impact ionisation (70 eV), as Liu et al. has described 

169 (Liu et al. 2015b). The carrier gas was helium and the flow rate was 1mL min31. Samples were 

170 injected in the splitless mode at 250 °C. E. coli cells with positive clones of pET21a-TPS9 or 

171 pET28a-TPS12 were inoculated into 200 ml LB medium until OD600 reached 0.6-0.8. To 

172 increase the protein level, a longer incubation time was needed, and thus, bacterial cells were 

173 induced with 0.5 mM isopropyl IPTG for 12 h at 37 °C. The bacterial solution was concentrated 

174 to 10 ml by centrifuging at 4 °C, followed by ultrasonic decomposition for 1 h. The solution was 

175 placed into 20 ml sample bottles with 60 ¿M FPP (Sigma, Germany) or 60 ¿M GPP (Sigma, 

176 Germany) and kept for 60 min in a water bath at 30 °C. According to the protocol by the 

177 manufacturer, vapour from the bottle was extracted with a solid phase micro extraction (SPME) 

178 fibre (100 m polydimethylsiloxane, Supelco, Bellefonte, PA, USA) for 90 min in a water bath at 

179 75 °C, following injection of the sample into the gas chromatograph. The temperature operating 

180 conditions were as follows: 30 °C for 3 min, then increasing to 200 °C at a rate of 4 °C · min31, 

181 and maintaining that temperature for 5 min (Chen et al. 2011b; Xu et al. 2013). Sesquiterpenes 

182 were identified by comparing the mass spectra obtained with those stored in the NIST MS 

183 database and with mass spectra from the literature (Chen et al. 2011b; Liu et al. 2015b; Xu et al. 

184 2013). We did not use an internal standard because it is difficult to choose one that is suitable for 

185 all samples, and the mass spectra for these components and the structures of the best matches 

186 from the NIST MS database are listed. The relative amount of each sesquiterpene was calculated 

187 as percentage of all sesquiterpenes in the same samples. Since the sample weight and the 

188 analytical methods used were identical for all samples, the ratio was assumed to reflect their 

189 sesquiterpene content.

190

191 Results

192 Isolation and bioinformatics analysis of TPS9 and TPS12

193 Agarwood formation and accumulation under natural conditions may take even decades. In 

194 our previous studies, we mainly focused on sesquiterpene synthases induced soon after 

195 wounding treatment (Xu et al. 2014; Xu et al. 2021). However, sesquiterpene synthases induced 

196 subsequently, which are key regulators contributing to agarwood accumulation, have not yet 

197 been identified. TPS9 and TPS12 attracted our attention because transcriptomic studies of A. 

198 sinensis showed high expression levels of these synthases at the later stages of the plant response 
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199 to external stimuli, suggesting a potential biological function in agarwood accumulation. Based 

200 on the sequences obtained from genome sequencing, we used PCR and specific primers to clone 

201 two sesquiterpene synthase genes, named TPS9 and TPS912. The isolated cDNAs have open 

202 reading frames (ORFs) of 1383 and 1632 base pairs, encoding predicted proteins of 460 and 543 

203 amino acid residues, respectively. Aspartate-rich motifs, including the Rx8W, DDxxD, and 

204 NSE/DTE motifs, which are conserved in TPSs, were also found to be present in the amino acid 

205 sequences of TPS9 and TPS12 (Fig. 1). Predicted molecular weights were approximately 53.3 

206 and 62.9 kDa for TPS9 and TPS12, respectively. Other physiological and biochemical properties 

207 of the two proteins are listed in Table S1; further, a three-dimensional structural model 

208 constructed using SWISS-MODEL showed that the two structures were similar (Fig. S1). The 

209 MEME motif search tool was used to predict the conserved motifs of TPS9 and TPS12; as a 

210 result, four putative motifs were identified (Fig. S2). The arginine-rich N-terminal RR(x8) W 

211 motif required for cyclisation in TPSs, the highly conserved aspartate-rich DDxxD motif 

212 required for Mg2+ or Mn2+ binding, and the NSE/DTE motifs were found in the amino acid 

213 sequences of both TPS9 and TPS12. SignalP, TMHMM, and ProtScale all predicted that both 

214 TPS9 and TPS12 have no transmembrane or signal peptide and are soluble proteins.

215 To identify the phylogenetic relationship between TPS9 and TPS12 and subfamilies of the 

216 plant TPS family, an unrooted phylogenetic tree of TPS9 and TPS12 in A. sinensis and TPSs in 

217 23 other plant species was constructed using MEGAX software with the neighbour-joining 

218 method (Fig. 2). Based on amino acid sequence homology, the plant-TPS family is divided into 

219 six subfamilies designated TPSa to TPSf (Bohlmann et al. 1998). Our data showed that TPS9 

220 and TPS12 belong to the TPSa family.

221

222 Expression of TPS9 and TPS12 in E. coli

223 To obtain TPS9 and TPS12, full-length TPS9 and TPS12 were each ligated into the pET-

224 21a expression vector and coded proteins were expressed in E. coli BL21(DE3). The results 

225 showed that TPS12 did not express any protein. We then changed pET-21a to the pET-28a 

226 expression vector, and the TPS12-encoded protein was expressed in E. coli BL21(DE3). SDS-

227 PAGE analysis of crude extracts from transformed E. coli BL21(DE3) showed the expected 

228 molecular mass with excessive amounts of polypeptides. As shown in Fig. 3, at 0.5 mM IPTG 

229 and 36 °C for 2 h, TPS9 and TPS12 showed expression levels that did not change markedly 

230 when incubation periods were extended. After lysis, the sediment and supernatant were analysed 

231 by 10% SDS-PAGE. The results confirmed that most recombinant pET21a-TPS9 and pET28a-

232 TPS12 proteins were in the non-soluble fractions, contradicting the results predicted by SignalP, 

233 TMHMM, and ProtScale. We speculated that the prokaryotic expression system might not be 

234 suitable for expressing TPS9 and TPS12, as TPS9 and TPS12 are eukaryotic genes.

235

236 Function characterization of TPS9 and TPS12 by an in-vitro enzyme assay

237 Analysis by SDS-PAGE showed that most recombinant pET21a-TPS9 and pET28a-TPS12 

238 were inclusion body proteins with no activity. Additionally, western blot analysis showed a small 
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239 amount of protein present in the supernatant. As functional enzymes are able to show catalytic 

240 activity even when in small quantities, we attempted to detect such catalytic function in vivo 

241 using total protein. 

242  As expected, the total protein extract harbouring TPS9 and TPS12 showed activity when 

243 FPP was used as a substrate (Fig. 4). The volatile crude extract from E. coli BL21 (DE3) was 

244 examined by GC-MS, which indicated that the two enzymes are able to produce sesquiterpenes. 

245 Based on mass spectrum analysis using an equipped database, four new sesquiterpenes, epi-

246 shyobunol (Rt=12.642 min), ³-farnesene (Rt=12.711 min), cis-sesquisabinene hydrate 

247 (Rt=15.837 min), and cedrol (Rt=16.066 min) were detected by GC3MS in TPS9; the products 

248 contained major amounts of cis-sesquisabinene hydrate (34.61%), ³-farnesene (31.79%), and 

249 smaller amounts of epi-shyobunol (19.04%) and cedrol (14.56%). Incubation of TPS12 with FPP 

250 resulted in the formation of four sesquiterpenes, ³-farnesene (41.11%), nerolidol (31.07%), 

251 eudesmol (1.77%), and hinesol (26.05%), with retention times of 12.713, 14.842, 16.875, and 

252 17.493 min, respectively (Fig. 4). Among them, nerolidol is a characteristic sesquiterpene 

253 present in agarwood which has also been detected in A. malaccensis from Cambodia (Chen et al. 

254 2012; Gao et al. 2014; Pripdeevech et al. 2011). Various studies have found that nerolidol plays a 

255 vital role in neuroprotection and has inhibitory effects on leishmanial, schistosomal, malarial, 

256 nociceptive, and tumour activities (Chan et al. 2016; De Carvalho et al. 2018; Fonseca et al. 

257 2016; Iqubal et al. 2019). In addition, ³-eudesmol and hinesol have also been found in essential 

258 oils from A. sinensis (Chen et al. 2012; Gao et al. 2019; Xu et al. 2013) both showing 

259 pharmacological anti-tumour effects (Bomfim et al. 2013; Guo et al. 2018). 

260 Further, the identities of the monoterpene products produce by the sesquiterpene synthases 

261 TPS9 and TPS12 were detected by GC-MS, and both incubation of TPS9 and TPS12 with GPP 

262 yielded monoterpene products. Incubation of TPS9 with GPP resulted in the formation of seven 

263 monoterpenes, ³-myrcene (2.37%), limonene (1.1%), 3-carene (1.8%), ³-pinene (1.34%), 

264 citronellol (39.73%), geraniol (49.73%) and citral (3.93%), with retention times of 5.712, 6.323, 

265 6.436, 6.605, 9.328, 9.739, 9.927 min, respectively. Four monoterpenes, ³-myrcene (3.39%), ³-
266 pinene (2.38%), 3-carene (2.00%), citral (92.30%), with retention times of 5.724, 6.616, 7.936, 

267 9.769 min, respectively. The same products of TPS9 and TPS12 were ³-myrcene, ³-pinene, 3-

268 carene and citral. Citronellol and geraniol were the principal monoterpene products of TPS9, but 

269 they were not detectable as products of TPS12. Among them, myrcene and pinene also the 

270 common products generated by various sesquiterpenes synthase with GPP as substrate 

271 (Nagegowda et al. 2008; Srivastava et al. 2015; Steele et al. 1998; Tholl et al. 2005). Limonene 

272 is the principal monoterpene product of both ·-selinene synthase and ³-humulene synthases in 

273 Abies grandis (32), and it is also generated by At5g23960 TPS from Arabidopsis. Pinene, 

274 myrcene, limonene and cital are detected in the essential oil Tunisian Conyza bonariensis 

275 (Mabrouk et al. 2011).

276

277 Expression patterns of TPS9 and TPS12 in different tissues and growth phases of 

278 A. sinensis
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279 To investigate the temporal and spatial expression profiles of TPS9 and TPS12 in different 

280 tissues, the expression levels of TPS9 and TPS12 were analysed from transcriptome data in seven 

281 tissues, including agarwood, branches, stems, roots, old leaves, young leaves, buds, and flowers 

282 (Fig. 6A, 6C). The results showed similar expression profiles for both TPS9 and TPS12, except 

283 that TPS9 was not expressed in stems, young leaves, or buds, while TPS12 was not expressed in 

284 branches, stems, or young leaves. The largest amounts of transcripts of TPS9 and TPS12 were 

285 found in flowers; further, floral scents played a vital role in attracting insects and other animal 

286 pollinators. These results suggest that TPS9 and TPS12 probably contribute to flower fragrance, 

287 likely playing a role in the synthesis of various aromatic compounds. Furthermore, they 

288 seemingly have a function in flower development and other physiological processes occurring in 

289 flowers, similar to At5g44630 and At5g23960, which are responsible for the biosynthesis of 

290 sesquiterpenes emitted from Arabidopsis flowers (Tholl et al. 2005). In addition, high expression 

291 levels of TPS9 and TPS12 were observed in agarwood, which, according to their function, 

292 produced volatile sesquiterpenes. These results indicate that the two newly identified 

293 sesquiterpene synthases probably have positive roles in agarwood formation. 

294 There is a general consensus that agarwood is only formed in injured A. sinensis trees. To 

295 further evaluate whether TPS9 and TPS12 are involved in agarwood formation, we analysed 

296 transcriptome data and whole-tree inducing materials, including different treatment times and 

297 layers (healthy layer, H; agarwood layer, AT and A; transition layer, T; and decomposed layer, 

298 D). In contrast to ASS1, sesquiterpene synthase ·-guanine synthase from A. sinensis is 

299 immediately and significantly induced by wounding (Sun et al. 2020; Xu et al. 2016; Xu et al. 

300 2013). Both TPS9 and TPS12 were induced much later, showing a very low level of expression 

301 at 15 days prior to induction. TPS9 was expressed in the agarwood and the decomposed layers 15 

302 days after wounding treatment, and lasted until 21 Month, with the highest expression level at 21 

303 Month (Fig. 6B, 6D). The relative expression level of TPS12 was extremely high in agarwood 

304 and decomposed layers at 15 days, and the expression was at a low level at later stages. 

305

306 The response of TPS9 and TPS12 to various abiotic stress conditions 

307 To examine whether TPS9 and TPS12 would respond to various abiotic stress, we analysed 

308 well-grown A. sinensis calli treated with heat, 100 ¿M MeJA, 100 ¿M SA, 100 ¿M ABA, 400 

309 mM mannitol, 50 mM H2O2, 300 mM NaCl at various times, and then used qRT-PCR to study 

310 the resulting transcript levels of TPS9 and TPS12. As shown in Fig. 7, TPS9 and TPS12 were 

311 induced by all additional stresses, and they showed different expression under stresses. TPS9 

312 showed more sensitive to heat and MeJA treatment while TPS12 induces dramatically after 

313 MeJA and NaCl treatment. 

314 We previously reported that treatment with MeJA, heat shock, or salicylic acid (SA) 

315 induced the expression of sesquiterpene synthase and the production of sesquiterpenes (Liao et 

316 al. 2015a; Liao et al. 2015b; Liu et al. 2015b), and MeJA, SA are also known as universal 

317 inducer of plant defensive metabolite production, they are response to induce genes expression to 

318 biosynthesis secondary metabolites in plants (Hassanein 2010; Schenk et al. 2000). Both TPS9 
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319 and TPS12 were positively induced by all three treatments but TPS12 was more sensitive to 

320 MeJA than TPS9, and significant induction (approximately 60-fold) of TPS12 was observed in 

321 response to stress at 24 h after treatment, after which there was a remarkable increase (nearly 

322 1000-fold) at 7 d after treatment, with the trend still continuing. Meanwhile, the expression level 

323 of TPS9 transcripts increased by approximately 40-fold at 6 h after treatment and the induced 

324 transcription level was maintained as the treatment continued. As for heat treatment, it increased 

325 the transcript levels of both TPS9 and TPS12 but the changes were not as significant as those 

326 observed under MeJA treatment. The expression of TPS9 and TPS12 both increased first, until 

327 levels peaked at 80- and 20-fold, respectively, at 36 h after treatment, and then decreased. Under 

328 salicylic acid (SA) treatment, the relative expression of TPS9 showed an up-down-up pattern and 

329 peaked at 24 h with an expression level approximately four times higher than that recorded prior 

330 to treatment. Meanwhile, the expression level of TPS12 remained stable during 72 h, increasing 

331 significantly, approximately five-fold, after nine days; then, the expression increased to a 

332 maximum level, approximately 80-fold greater than that observed for controls, at 13 days after 

333 treatment. ABA plays a central role in responses to biotic and abiotic stresses (Smet et al. 2006). 

334 Under ABA treatment, TPS9 expression level was increased to about 3 fold immediately and 

335 maintained stable until 1 d, peaked at about 15 fold at 5 d and rapidly decreased to minimum 

336 value at 10 d, which in accord with TPS12 expression. is an effective mannitol, which is suit for 

337 screening crop contained tolerance drought stress (Jing et al. 2009). Mannitol have been found to 

338 be effective as a water stress-inducing agent in various plants, including (Hassanein 2010; 

339 Jolayemi et al. 2018; Neto et al. 2004). the TPS9 expression increased till maximum about 20-

340 fold at 1 d and then the expression was gradually decreased until at 10 d.  And TPS12 gradually 

341 increased and peaked at 5 d, and then rapidly decreased until at 10 d. For H2O2 treatment, TPS9 

342 transcript level peaked at 5 d about 3- fold, and TPS12 expression showed up-down-up pattern 

343 and peaked at 5 d. For NaCl treatment, the expression of TPS9 and TPS12 showed similar pattern, 

344 they both gradually increased and peaked at 1 d, hen decreased at 5 d.  

345  These results suggest that TPS9 and TPS12 are induced at all treated stresses, implying they 

346 might play a crucial role in protecting plants from environment abiotic stresses. Furthermore, 

347 under all stresses treatment, TPS9 and TPS12 were typical genes that are induced in the later 

348 stages of the plant response to stress conditions.

349

350 Discussion

351 As agarwood formation occurs occasionally and takes a long time in natural environments, 

352 and given that the demand for agarwood is continuously on the rise, naturally, at present, such 

353 demand already exceeds market supply. In response to this situation, various artificial methods 

354 have been tested to induce agarwood formation, including cutting (Li et al. 2016), chemical 

355 wounding (Zhang et al. 2013), and fungal inoculation (Gibson 1977), all of which are widely 

356 used in South and Southeast Asia. However, artificial induction produces products with low 

357 yield and quality. Therefore, determining the mechanism of agarwood formation and finding new 

358 ways to improve the yield and quality of artificial agarwood are current research priorities. 
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359 Previous studies have reported that the BdTPS gene is expressed in various tissues of 

360 Brachypodium distachyon, including roots, stems, leaves, and spikes (Wang et al. 2019). In our 

361 study, TPS9 and TPS12 were mainly expressed in the flowers, and agar wood flowers and 

362 agarwood are the two major organs that emit floral volatiles, suggesting that TPS9 and TPS12 

363 probably contribute to fragrance production by synthesising sesquiterpenes. In Arabidopsis, two 

364 TPS genes show similar functions, which are responsible for the biosynthesis of virtually all 

365 detectable sesquiterpenes emitted by flowers (Tholl et al. 2005). Combined with their expression 

366 in the different layers of the Agar-Wit treatment, both TPS9 and TPS12 were induced upon stress 

367 treatment, although long after treatment application, contrary to ASS1, which is a typical 

368 inducible gene and upregulated almost 200-fold over the normal level after only 1.5 h of 

369 mechanical wounding (Xu et al. 2021). TPS9 was found mainly in the agarwood layer after 15 

370 days, whereas TPS12 was specifically expressed in the agarwood layer after 15 days. These three 

371 sesquiterpene synthases, TPS9, TPS12, and ASS1, might play different roles in agarwood 

372 production at different stages. Thus, ASS1 might be responsible for agarwood formation, while 

373 TPS9 and TPS12 are probably involved in agarwood accumulation. 

374 Numerous studies have revealed that TPS genes play vital roles in protecting plants from 

375 various abiotic stress conditions (Garg et al. 2002; Ge et al. 2008). Consistently, Avonce et al. 

376 reported that drought tolerance of Arabidopsis plants overexpressing AtTPS1 was significantly 

377 improved (Avonce et al. 2004), while overexpression of OsTPS1 increased rice tolerance to 

378 abiotic stress (Ge et al. 2008). In this study, results of qRT-PCR showed that TPS9 and TPS12 

379 were both positively induced by MeJA, heat stress, SA, ABA, mannitol, H2O2 and NaCl (Fig. 7). 

380 TPS9 and TPS12 expression showed a more significant increase in response to MeJA treatment 

381 and NaCl treatment, and they all increased sharply after 24 h, which supports the hypothesis that 

382 these genes are induced at later stages during the plant response to stress. Conversely, as for 

383 ASS1, an A. sinensis gene whose upregulation occurs very soon after stress treatment, MeJA 

384 significantly promoted its upregulation, whereby its expression at 6 h was approximately 180 

385 times higher, peaking at 12 h at a level approximately 600 times higher (Sun et al. 2020), 

386 implying that ASS1 responds rapidly and markedly to stress treatment. Apparently, these three 

387 TPSs, TPS9, TPS12, and ASS1, play different roles in protecting plants upon stress treatment. 

388 In the experiments reported herein, TPS9 was able to liberate cis-sesquisabinene hydrate 

389 (34.61%) and ³-farnesene (31.79%) as major products, and smaller amounts of epi-shyobunol 

390 (19.04%) and cedrol (14.56%). Among them, cis-sesquisabinene and epi-shyobunol have not 

391 been previously detected in A. sinensis, and it cannot be ruled out that epi-shyobunol is thermal 

392 degradation product of germacradienol. Although cedrol has been found in the essential oil from 

393 A. sinensis and A. crassna (Gao et al. 2019; Van Thanh et al. 2015), and can be catalysed by 

394 sesquiterpene synthases isolated from other plant species, such as Artemisia apiacea 

395 (Kanagarajan et al. 2012) and Artemisia maritima (Muangphrom et al. 2018). However, there are 

396 no previous reports of a sesquiterpene synthase in A. sinensis that can catalyze cedrol.

397 Meanwhile, TPS12 produced ³-farnesene (41.11%), nerolidol (31.07%), hinesol (26.05%), 

398 and traces of ³-eudesmol (1.77%), among which nerolidol is a characteristic sesquiterpene from 
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399 agarwood (Chen et al. 2012; Rohmer 1999). Nerolidol and ³-farnesene can also be catalysed by 

400 As-SesTPS from A. sinensis (Ye et al. 2018). In turn, ³-eudesmol and hinesol have been found in 

401 essential oils from A. sinensis and A. crassna (Van Thanh et al. 2015; Xu et al. 2013), but no 

402 studies have verified whether sesquiterpene synthases in Aquilaria Lam. can catalyse them. 

403 Various studies have reported that nerolidol plays a vital role in neuroprotection and has a 

404 positive effect on the inhibition of leishmanial, schistosomal, malarial, nociceptive, and tumour 

405 activities (Chan et al. 2016; De Carvalho et al. 2018; Fonseca et al. 2016; Iqubal et al. 2019). ³-
406 Farnesene is the only common reaction product of TPS9 and TPS12 that is produced in large 

407 quantities; furthermore, it was not found in agarwood but in some flowers from other plant 

408 species (Mabrouk et al. 2011; Yu et al. 2011), which is consistent with our observation of the 

409 high expression levels of TPS9 and TPS12 detected in flowers. Thus, three sesquiterpene 

410 synthases were isolated from A. sinensis (TPS9, TPS12, and As-SesTPS), all belonging to the 

411 TPSa subfamily. Their products vary to a large extent with only one common product, ³-
412 farnesene (Ye et al. 2018), implying a diversity of enzymatic functions for the three enzymes.

413 As shown in Fig. 5, TPS9 and TPS12 were able to generate monoterpene products with 

414 GPP as substrate. On the contrary, the sesquiterpene synthases Catps1, LaCADS, and 

415 ReSeTPS10As, which contained similar sequences with TPS9 and TPS12. Previous studies 

416 confirmed that no products were detected when Catps1, LaCADS, or ReSeTPS10 were incubated 

417 with geranyl pyrophosphate (GPP) (Jullien et al. 2014; Sharon-Asa et al. 2003; Xie et al. 2012). 

418 Furthermore, LaCADS also failed to convert geranylgeranyl pyrophosphate (GGPP) into 

419 diterpenes (Jullien et al. 2014). Generally, all monoterpene synthases were thought to be 

420 localized to plastids to able to use GPP as substrate, while sesquiterpene synthases were thought 

421 to be localized to the cytosol where they use FPP as their substrate and  the use of GPP by 

422 sesquiterpene synthases only occurred in vitro (Chen et al. 2011a). Therefore, the formation of 

423 these compounds by the enzyme in vivo is rather unlikely, as the TPS9 and TPS12 protein lacks a 

424 transit peptide and is therefore not expected to be present in plastids, where GPP is thought to be 

425 produced. 

426

427 Conclusions

428 In this study, two novel genes, TPS9 and TPS12, which encode sesquiterpene synthases, 

429 were amplified from the cDNA of A. sinensis calli. TPS9 and TPS12 were both expressed mainly 

430 in flowers, and reached the highest expression level in the agarwood layer at 15 days after 

431 wounding, suggesting that they are typical genes induced at the later stages when plant response 

432 to stress, which accord with the expression patterns of TPS9 and TPS12 after treated with MeJA, 

433 SA, ABA, mannitol, H2O2 and NACL. Both TPS9 and TPS12 efficiently converted FPP and 

434 GPP to products. TPS9 catalyses the conversion of FPP to epi-shyobunol, ³-farnesene, cis-

435 sesquisabinene hydrate, and cedrol. Four sesquiterpenes were found after incubation of TPS12-

436 28a with FPP, including ³-farnesene, nerolidol, ³-eudesmol, and hinesol. Seven monoterpenes 

437 were detected when TPS9 was incubated with GPP, including ³-myrcene, limonene, 3-carene, ³-
438 pinene, citronellol, geraniol and citral. TPS12 converted GPP into four monoterpenes, ³-
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439 myrcene, ³-pinene, 3-carene and citral. Further studies should be conducted to establish 

440 transgenic systems to explore the physiological functions of TPS9 and TPS12 and their 

441 regulatory roles in agarwood formation. This study lays a solid theoretical and experimental 

442 foundation for future research on gene function and provides clues for sesquiterpene biosynthesis 

443 and agarwood accumulation.
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Figure 1
Fig. 1. Multiple alignment of deduced amino acid sequences of TPS9 and TPS12.

Alignments were performed with DNAMAN. Residues conserved in TPS9 and TPS12 protein
are shown with a black background, residues are diûerent in TPS9 and TPS12 protein are
shown in blue. The TPS conserved motifs Rx8W, DDxxD, and NSE/DTE ((N/D) Dxx (S/T) xxxE))
are indicated by asterisks. The numbers on the right indicate the amino acid position.
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Figure 2
Fig. 2. Phylogenetic tree illustrating the relationship of the subfamily of TPS family by
the neighbor-joining method.

The plant TPSs were from Herrania umbratica (H. umbratica), Theobroma cacao (T. cacao),
Juglans regia (J. regia), Morus notabilis (M. notabilis), Rosa chinensis (R. chinensis), Vitis

vinifera (V. vinifera), Actinidia deliciosa (A. deliciosa), Camellia sinensis (C. sinensis),
Aquilaria crassna (A. crassna), Lavandulaangustifolis (L. angustifolis), Salvia oûcinalis (S.

oûcinalis), Mentha spicata (M. spicata), Citrus unshiu (C. unshiu), Ricinuscommunis

(R.communis), Antirrhinum majus (A. majus), Abies grandis (A. grandis), Clarkia breweri (C.

breweri), Clarkia concinna (C. concinna), Cucurbita maxima (C. maxima), Cucumis sativus (C.

sativus).
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Figure 3
Fig. 3. SDS-PAGE and Western blot analysis of recombinant enzymes of TPS9, TPS12.

(A) SDS-PAGE analysis of recombinant enzymes of TPS9 in E. coil BL21 (DE3). Lane M, protein
molecular mass maker (kDa); Lane 1, pET-21a without induction; Lane 2, pET-21a with 0.5
mM IPTG induced for 4 h; Lane 3, TPS9-21a without induction; Lane 4-5, 0.5 mM IPTG induced
TPS9-21a for 2 h, 4 h, respectively. Lane 6, supernatant for TPS9-21a; Lane 7, sediment for
TPS9-21a. (B) SDS-PAGE analysis of recombinant enzymes of TPS12 in E. coil BL21 (DE3).
Lane M, protein molecular mass maker (kDa); Lane 1, pET-28a without induction; Lane 2,
pET-28a with 0.5 mM IPTG induced for 4 h; Lane 3, TPS12-28a without induction; Lane 4-5,
0.5 mM IPTG induced TPS12-28a for 2 h, 4 h, respectively. Lane 6, supernatant for
TPS12-28a; Lane 9, sediment for TPS12-28a. (C) Western blot analysis of recombinant
enzymes of TPS9 in E. coil BL21 (DE3). Lane 1-2, 0.5 mM IPTG induced TPS9-21a for 2 h, 4 h,
respectively. Lane 3-4, supernatant, sediment for TPS9-21a. (D) Western blot analysis of
recombinant enzymes of TPS12 in E. coil BL21 (DE3). Lane 1-2, 0.5 mM IPTG induced
TPS12-28a for 2 h, 4 h, respectively. Lane 3-4, supernatant, sediment for TPS12-28a.

PeerJ reviewing PDF | (2022:04:72847:0:1:NEW 21 Apr 2022)

Manuscript to be reviewed

ACER
Typewriter
and

ACER
Typewriter
(indicate the specific name and brand)

ACER
Typewriter
marker?

ACER
Typewriter
(indicate the specific name and brand)

ACER
Typewriter
marker?

ACER
Typewriter
and



PeerJ reviewing PDF | (2022:04:72847:0:1:NEW 21 Apr 2022)

Manuscript to be reviewed



Figure 4
Fig. 4. Gas chromatography-mass spectrometry (GC-MS) analysis of TPS9 and TPS12
sesquiterpene products.

(A, B) Total ion chromatogram of the products formed by TPS9 and TPS12 with farnesyl
diphosphate as a substrate. (A2, A4, A6, A8) Mass spectra of the sesquiterpenes. (A1, A3, A5,
A7) authentic standards. Peak 1 is epi-shyobunol, peak 2 is cis-³-farnesene, peak 3 is epi-cis-
seqquisabinene hydrate, peak 4 is cedrol. (B2, B4, B6, B8) Mass spectra of the
sesquiterpenes. (B1, B3, B5, B7) authentic standards. Peak 1 is ³-farnesene, peak 2 is
nerolidol, peak 3 is eudesmol, peak 4 is hinesol.
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Figure 5
Fig. 5. Gas chromatography-mass spectrometry (GC-MS) analysis of TPS9 and TPS12
sesquiterpene products.

(A, B) Total ion chromatogram of the products formed by TPS9 and TPS12 with geranyl
pyrophosphate (GPP) as a substrate. (A2, A4, A6, A8, A10, A12, A14) Mass spectra of the
sesquiterpenes. (A1, A3, A5, A7, A9, A11, A13) authentic standards. Peak 1 is ³-myrcene,
peak 2 is limonene, peak 3 is 3-carene, peak 4 is ³-pinene , peak 5 is citronellol, peak 6 is
geraniol, peak 7 is citral. (B2, B4, B6, B8) Mass spectra of the sesquiterpenes. (B1, B3, B5,
B7) authentic standards. Peak 1 is ³-myrcene, peak 2 is ³-pinene, peak 3 is 3-carene, peak 4
is citral.

PeerJ reviewing PDF | (2022:04:72847:0:1:NEW 21 Apr 2022)

Manuscript to be reviewed



PeerJ reviewing PDF | (2022:04:72847:0:1:NEW 21 Apr 2022)

Manuscript to be reviewed



Figure 6
Fig. 6. Heat map of the TPS9 and TPS12 genes expression proûles.

A. Expression patterns of TPS9 and TPS12 in diûerent tissues. B. Expression patterns of TPS9

and TPS12 in diûerent times under Agar-Wit treatment and diûerent layers. All gene
expression levels were transformed to scores ranging from 0 to 100 and were colored
diûerent shades of blue to represent low, moderate, or high expression levels, respectively.
C. Diûerent tissues of A. sinensis trees. D. Diûerent layers of agarwood in cross section of A.

sinensis tree. (1) H-the healthy layer; (2) B-the blocked layer; (3) T-the transition layer; (4)
AT-the agarwood layer; (5) D-the decayed layer after Agar-Wit treatment.
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Figure 7
Fig. 7 The expression analysis of TPS9 and TPS12 in A. sinensis calli at various time
points under various stresses treatment.

(A) The expression of TPS9 in response to various additional stresses. (B) The expression of
TPS12 in response to various additional stresses. GADPH was used as a reference gene. Heat,
transform 25 # to 42 #; MeJA (methyl jasmonate), 100 ¿M treatment; SA (salicylic acid),
100 ¿M treatment; ABA (abscisic acid), 100 ¿M treatment; Man (mannitol), 400 mM
treatment; H2O2, 50 mM treatment; NACL, 300 mM treatment. Three independent biological

replicates were performed.
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