
Table S1. Enzymatic catalysis in the flavonoid synthesis pathway in tea plants. 

Abbreviation Enzyme Catalytic Reaction Reference 

PAL Phenylalanine Ammonia-Lyase Phenylalanine→Cinnamic acid [1, 2] 

C4H Trans-cinnamate 4-Monooxygenase Cinnamic acid→p-Coumaric acid / Cinnamoyl-CoA→p-Coumaroyl-CoA [3, 4] 

F3'5'H Flavonoid 3'5'-Hydroxylase (Dihydro) Kaempterol → (Dihydro) Quercetin → (Dihydro) Myricetin [5, 6] 

F3'H Flavonoid 3'-Hydroxylase (Dihydro) Kaempterol → (Dihydro) Quercetin [6, 7] 

FNSⅡ Flavone Synthase Ⅱ Dihydroflavone → Flavaones [8, 9] 

4CL 4-Coumarate--CoA Ligase Cinnamic acid → Cinnamoyl-CoA / p-Coumaric acid → p-Coumaroyl-CoA [10, 11] 

CHS Chalcone Synthase p-Coumaroyl-CoA → Naringenin chalcone [12, 13] 

CHI Chalcone Isomerase Chalcones → Dihydroflavone [14, 15] 

ANS Anthocyanidin Synthase / Leucocyanidin Oxygenase Leucoanthocyanidins → Anthocyanins [16, 17] 

LDOX Leucoanthocyanidin Dioxygenase Leucoanthocyanidins / Catechins → Anthocyanins [18, 19] 

F3H Naringenin 3-Dioxygenase / Flavanone 3-Dioxygenase Dihydroflavone → Dihydroflavonols [20, 21] 

FLS Flavonol Synthase Dihydroflavonols→Flavonols [22, 23] 

LAR Leucoanthocyanidin Reductase Leucoanthocyanidins → Catechins [24, 25] 

DFR Dihydroflavonol 4-Reductase/Flavanone 4-Reductase Dihydroflavonols → Leucoanthocyanidins [26, 27] 

ANR Anthocyanidin Reductase Anthocyanins → Catechins [28, 29] 

PPO Polyphenol Oxidase Catechins → Theaflavin [30, 31] 

SCPLIA Serine Carboxypeptidase-Like Epicatechins → Epicatechins Gallate [32, 33] 

UGT84A Uridine Diphosphate Galloyglycosyltransferase Gallic acid → β-Glucogallin [34, 35]  

 

  



References: 

1. Watts KT, Mijts BN, Lee PC, Manning AJ, Schmidt-Dannert C. 2006. Discovery of a substrate selectivity switch in tyrosine ammonia-lyase, a member of the aromatic 

amino acid lyase family. Chemistry & Biology 13:1317-1326 

2. Ritter H, Schulz GE. 2004. Structural basis for the entrance into the phenylpropanoid metabolism catalyzed by phenylalanine ammonia-lyase. The Plant Cell 16:3426-

3436 

3. Lu S, Zhou Y, Li L, Chiang VL. 2006. Distinct roles of cinnamate 4-hydroxylase genes in Populus. Plant and Cell Physiology 47:905-914 

4. Singh K, Kumar S, Rani A, Gulati A, Ahuja PS. 2009. Phenylalanine ammonia-lyase (PAL) and cinnamate 4-hydroxylase (C4H) and catechins (flavan-3-ols) 

accumulation in tea. Functional & Integrative Genomics 9:125-134 

5. Wang YS, Xu YJ, Gao LP, Yu O, Wang XZ, et al. 2014. Functional analysis of flavonoid 3',5'-hydroxylase from tea plant (Camellia sinensis): critical role in the 

accumulation of catechins. Bmc Plant Biology 14:347 

6. Wei K, Wang L, Zhang C, Wu L, Li H, et al. 2015. Transcriptome analysis reveals key flavonoid 3'-hydroxylase and flavonoid 3',5'-Hydroxylase Genes in Affecting the 

Ratio of Dihydroxylated to Trihydroxylated Catechins in Camellia sinensis. Plos One 10:e137925 

7. Guo L, Gao L, Ma X, Guo F, Ruan H, et al. 2019. Functional analysis of flavonoid 3'-hydroxylase and flavonoid 3',5'-hydroxylases from tea plant (Camellia sinensis), 

involved in the B-ring hydroxylation of flavonoids. Gene 717:144046 

8. Han XJ, Wu YF, Gao S, Yu HN, Xu RX, et al. 2014. Functional characterization of a Plagiochasma appendiculatum flavone synthase I showing flavanone 2-

hydroxylase activity. Febs Letters 588:2307-2314 

9. Du Y, Chu H, Wang M, Chu IK, Lo C. 2010. Identification of flavone phytoalexins and a pathogen-inducible flavone synthase II gene (SbFNSII) in sorghum. Journal 

of Experimental Botany 61:983-994 

10. Schneider K, Kienow L, Schmelzer E, Colby T, Bartsch M, et al. 2005. A New type of peroxisomal acyl-coenzyme a synthetase from Arabidopsis thaliana Has the 

Catalytic Capacity to Activate Biosynthetic Precursors of Jasmonic Acid*. Journal of Biological Chemistry 280:13962-13972 

11. Rani A, Singh K, Sood P, Kumar S, Ahuja PS. 2009. p-Coumarate:CoA ligase as a key gene in the yield of catechins in tea [Camellia sinensis (L.) O. Kuntze]. 

Functional & Integrative Genomics 9:271-275 

12. Rani A, Singh K, Ahuja PS, Kumar S. 2012. Molecular regulation of catechins biosynthesis in tea [Camellia sinensis (L.) O.  Kuntze]. Gene 495:205-210 

13. Durbin ML, McCaig B, Clegg MT. 2000. Molecular evolution of the chalcone synthase multigene family in the morning glory genome. Plant Molecular Biology 42:79-

92 



14. Jiang W, Yin Q, Wu R, Zheng G, Liu J, et al. 2015. Role of a chalcone isomerase-like protein in flavonoid biosynthesis in Arabidopsis thaliana. Journal of 

Experimental Botany 66:7165-7179 

15. Nishihara M, Nakatsuka T, Yamamura S. 2005. Flavonoid components and flower color change in transgenic tobacco plants by suppression of chalcone isomerase gene. 

Febs Letters 579:6074-6078 

16. Fu J, Wang PY, Ni R, Zhang JZ, Zhu TT, et al. 2023. Molecular identification of a flavone synthase I/flavanone 3beta-hydroxylase bifunctional enzyme from fern 

species Psilotum nudum. Plant Science 329:111599 

17. Nakajima JI, Sato Y, Hoshino T, Yamazaki M, Saito K. 2006. Mechanistic study on the oxidation of anthocyanidin synthase by quantum mechanical calculation. 

Journal of Biological Chemistry 281:21387-21398 

18. Abrahams S, Lee E, Walker AR, Tanner GJ, Larkin PJ, Ashton AR. 2003. The Arabidopsis TDS4 gene encodes leucoanthocyanidin dioxygenase (LDOX) and is 

essential for proanthocyanidin synthesis and vacuole development. Plant Journal 35:624-636 

19. Jun JH, Xiao X, Rao X, Dixon RA. 2018. Proanthocyanidin subunit composition determined by functionally diverged dioxygenases. Nature Plants 4:1034-1043 

20. Xiong S, Tian N, Long J, Chen Y, Qin Y, et al. 2016. Molecular cloning and characterization of a flavanone 3-Hydroxylase gene from Artemisia annua L. Plant 

Physiology and Biochemistry 105:29-36 

21. Han Y, Huang K, Liu Y, Jiao T, Ma G, et al. 2017. Functional Analysis of Two Flavanone-3-Hydroxylase Genes from Camellia sinensis: A Critical Role in Flavonoid 

Accumulation. Genes 8:300 

22. Park S, Kim D, Park B, Lee J, Lim S. 2019. Molecular and Functional Characterization of Oryza sativa Flavonol Synthase (OsFLS), a Bifunctional Dioxygenase. 

Journal of Agricultural and Food Chemistry 67:7399-7409 

23. Schilbert HM, Schone M, Baier T, Busche M, Viehover P, et al. 2021. Characterization of the Brassica napus Flavonol Synthase Gene Family Reveals Bifunctional 

Flavonol Synthases. Frontiers in Plant Science 12:733762 

24. Yu K, Jun JH, Duan C, Dixon RA. 2019. VvLAR1 and VvLAR2 are bifunctional enzymes for proanthocyanidin biosynthesis in grapevine. Plant Physiology 180:1362-

1374 

25. Liu C, Wang X, Shulaev V, Dixon RA. 2016. A role for leucoanthocyanidin reductase in the extension of proanthocyanidins. Nature Plants 2:16182 

26. Li Y, Liu X, Cai X, Shan X, Gao R, et al. 2017. Dihydroflavonol 4-reductase genes from Freesia hybrida play Important and partially overlapping roles in the 

biosynthesis of flavonoids. Frontiers in Plant Science 8:428 

27. Punyasiri PAN, Abeysinghe ISB, Kumar V, Treutter D, Duy D, et al. 2004. Flavonoid biosynthesis in the tea plant Camellia sinensis: properties of enzymes of the 

prominent epicatechin and catechin pathways. Archives of Biochemistry and Biophysics 431:22-30 



28. Zhang X, Liu Y, Gao K, Zhao L, Liu L, et al. 2012. Characterisation of anthocyanidin reductase from Shuchazao green tea. Journal of the Science of Food and 

Agriculture 92:1533-1539 

29. Bogs J, Downey MO, Harvey JS, Ashton AR, Tanner GJ, Robinson SP. 2005. Proanthocyanidin synthesis and expression of genes encoding leucoanthocyanidin 

reductase and anthocyanidin reductase in developing grape berries and grapevine  leaves. Plant Physiology 139:652-663 

30. Huang C, Zhang J, Zhang X, Yu Y, Bian W, et al. 2018. Two new polyphenol oxidase genes of tea plant (Camellia sinensis) respond differentially to the regurgitant of 

tea geometrid, Ectropis obliqua. International Journal of Molecular Sciences 19:2414 

31. Yu Z, Liao Y, Zeng L, Dong F, Watanabe N, Yang Z. 2020. Transformation of catechins into theaflavins by upregulation of CsPPO3 in preharvest tea (Camellia 

sinensis) leaves exposed to shading treatment. Food Research International 129:108842 

32. Ahmad MZ, Li P, She G, Xia E, Benedito VA, et al. 2020. Genome-wide analysis of serine carboxypeptidase-like acyltransferase gene family for evolution and 

characterization of enzymes involved in the biosynthesis of galloylated catechins in the tea plant (Camellia sinensis). Frontiers in Plant Science 11:848 

33. Yao S, Liu Y, Zhuang J, Zhao Y, Dai X, et al. 2022. Insights into acylation mechanisms: co-expression of serine carboxypeptidase-like  acyltransferases and their non-

catalytic companion paralogs. Plant Journal 111:117-133 

34. Tang H, Zhang M, Liu J, Cai J. 2022. Metabolomic and transcriptomic analyses reveal the characteristics of tea flavonoids and caffeine accumulation and regulation 

between Chinese varieties (Camellia sinensis var. sinensis) and Assam varieties (C. sinensis var. assamica). Genes 13:1994 

35. Jiang X, Shi Y, Dai X, Zhuang J, Fu Z, et al. 2018. Four flavonoid glycosyltransferases present in tea overexpressed in model plants Arabidopsis thaliana and Nicotiana 

tabacum for functional identification. Journal of Chromatography B-Analytical Technologies in the Biomedical and Life Sciences 1100-1101:148-157 

36. 2000. Analysis of the genome sequence of the flowering plant Arabidopsis thaliana. Nature 408:796-815 

37. Velasco R, Zharkikh A, Troggio M, Cartwright DA, Cestaro A, et al. 2007. A high quality draft consensus sequence of the genome of a heterozygous grapevine  

variety. Plos One 2:e1326 

38. Zhang X, Chen S, Shi L, Gong D, Zhang S, et al. 2021. Haplotype-resolved genome assembly provides insights into evolutionary history of  the tea plant Camellia 

sinensis. Nature Genetics 53:1250-1259 

39. Kawahara Y, de la Bastide M, Hamilton JP, Kanamori H, McCombie WR, et al. 2013. Improvement of the Oryza sativa Nipponbare reference genome using next 

generation  sequence and optical map data. Rice 6:4 

40. Zhang GQ, Liu KW, Li Z, Lohaus R, Hsiao YY, et al. 2017. The Apostasia genome and the evolution of orchids. Nature 549:379-383 

41. 2013. The Amborella genome and the evolution of flowering plants. Science 342:1241089 

42. Tuskan GA, Difazio S, Jansson S, Bohlmann J, Grigoriev I, et al. 2006. The genome of black cottonwood, Populus trichocarpa (Torr. & Gray). Science 313:1596-1604 



43. Zhang X, Chen S, Shi L, Gong D, Zhang S, et al. 2021. Haplotype-resolved genome assembly provides insights into evolutionary history of  the tea plant Camellia 

sinensis. Nature Genetics 53:1250-1259 

44. Ming R, VanBuren R, Wai CM, Tang H, Schatz MC, et al. 2015. The pineapple genome and the evolution of CAM photosynthesis. Nature Genetics 47:1435-1442 

45. Chaw SM, Liu YC, Wu YW, Wang HY, Lin CI, et al. 2019. Stout camphor tree genome fills gaps in understanding of flowering plant genome evolution. Nature Plants 

5:63-73 

46. Velasco R, Zharkikh A, Troggio M, Cartwright DA, Cestaro A, et al. 2007. A high quality draft consensus sequence of the genome of a heterozygous grapevine  

variety. Plos One 2:e1326 

47. Zhang X, Wang G, Zhang S, Chen S, Wang Y, et al. 2020. Genomes of the Banyan Tree and Pollinator Wasp Provide Insights into Fig-Wasp Coevolution. Cell 

183:875-889 

48. Wang X, Feng H, Chang Y, Ma C, Wang L, et al. 2020. Population sequencing enhances understanding of tea plant evolution. Nature Communications 11:4447 

49. Xia E, Tong W, Hou Y, An Y, Chen L, et al. 2020. The Reference Genome of tea plant and resequencing of 81 diverse accessions provide insights into its genome 

evolution and adaptation. Molecular Plant 13:1013-1026 

50. Zhang W, Zhang Y, Qiu H, Guo Y, Wan H, et al. 2020. Genome assembly of wild tea tree DASZ reveals pedigree and selection history of tea varieties. Nature 

Communications 11:3719 

51. Olsen JL, Rouze P, Verhelst B, Lin YC, Bayer T, et al. 2016. The genome of the seagrass Zostera marina reveals angiosperm adaptation to the sea. Nature 530:331-335 

52. Eichten SR, Foerster JM, de Leon N, Kai Y, Yeh CT, et al. 2011. B73-Mo17 near-isogenic lines demonstrate dispersed structural variation in maize. Plant Physiology 

156:1679-1690 

53. Harkess A, Zhou J, Xu C, Bowers JE, Van der Hulst R, et al. 2017. The Asparagus genome sheds light on the origin and evolution of a young Y chromosome. Nature 

Communications 8:1279 

54. Wang Z, Miao H, Liu J, Xu B, Yao X, et al. 2019. Musa balbisiana genome reveals subgenome evolution and functional divergence. Nature Plants 5:810-821 

 


