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Abstract: Aconitum pendulum is a Tibetan medicine that is rich in bioactive compounds such as aconitine-
type C,,-diterpenoid alkaloids. To investigate the key enzymes in the aconitine biosynthesis pathway, roots, leaves
and flowers of Aconitum pendulum were subjected to a high-throughput transcriptomic sequencing analysis by
Illumina HiSeq™2000. Trinity de novo assembly yielded 47 264 unigenes with an average length of 1 140 bp and
N50 of 1 678 bp, of which 30 231 unigenes (63.96%) were annotated. In the KEGG database, 542 unigenes were
implicated in 17 secondary metabolic pathways; the analysis showed that 44 genes encoded 20 key enzymes in the
diterpene skeleton of aconitine biosynthesis and 12 BAHD acyltransferase genes were related to the acetylation
modification, with differential expression among three organs. For example, ApTPS8 was the only committed

enzyme in the upstream aconitine biosynthetic pathway. The high expression level of ApTPS8 in root indicated that
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it is the main tissue for the production of precursors of diterpene alkaloids. Consistent with the accumulation of

aconitine, we propose that ApBAHD1/2/8 is involved in the biosynthesis of 2-hydroxyaconitine, dehydrated 14-

benzoylaconitine, 8-O-methyl-14-benzoylaconine, benzoyldeoxyaconitine and benzoylaconitine, and ApBAHD10

is involved in the biosynthesis of acontine, lucidusculine, 14-O-acetylneoline and 14-O-acetylvirescenin. Compara-

tive transcriptome analysis of 4. pendulum and 4. carmichaeli indicates significant gene loss in the family of diter-

pene synthases and acyltransferases in A. pendulum, which is in accordance with the significantly fewer type and

quantity of aconitine compounds in this species. Therefore, 4. pendulum has proved to be an ideal material for the

study of the aconitine biosynthesis pathway. This work provides basic scientific data for further study of aconitine

biosynthesis, the discussion of molecular mechanisms of toxicity, and the synthesis of genuine medicinal materials.
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Table 1 Summary of the sample sequencing data
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[A] RNA processing and modification

[C] Energy production and conversion

B] Chromatin structure and dynamics

E] Amino acid transport and metabolism

D] Cell cycle control, cell division, chromosome partitioning
G] Carbohydrate transport and metabolism

F] Nucleotide transport and metabolism

1] Lipid transport and metabolism

H] Coenzyme transport and metabolism

K] Transcription

J] Translation, ribosomal structure and biogenesis

M] Cell wall/membrane/envelope biogenesis

L] Replication, recombination and repair

O] Posttranslational modification, protein turnover, chaperones
[N] Cell motility

Q] Secondary metabolites biosynthesis, transport and catabolism
P] Inorganic ion transport and metabolism

[S] Function unknown

[R] General function prediction only

[U] Intracellular trafficking, secretion, and vesicular transport
[T] Signal transduction mechanisms

[W] Extracellular structures

[V] Defense mechanisms

[Y] Nuclear structure

[Z] Cytoskeleton

Figure 1 KOG annotation distribution of transcriptomic unigenes
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Figure 2 GO classification of transcriptomic unigenes
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Table 2 Secondary metabolism KEGG pathway analysis of transcriptomic unigenes

No. KEGG pathway Pathway ID Number of unigenes
1 Phenylpropanoid biosynthesis k000940 130
2 Terpenoid backbone biosynthesis ko00900 75
3 Carotenoid biosynthesis k000906 51
4 Stilbenoid, diarylheptanoid and gingerol biosynthesis ko00945 39
5 Limonene and pinene degradation ko00903 39
6 Isoquinoline alkaloid biosynthesis ko00950 36
7 Zeatin biosynthesis ko00908 29
8 Tropane, piperidine and pyridine alkaloid biosynthesis k000960 28
9 Flavonoid biosynthesis ko00941 24

10 Brassinosteroid biosynthesis k000905 22
11 Diterpenoid biosynthesis ko00904 21
12 Anthocyanin biosynthesis ko00942 14
13 Monoterpenoid biosynthesis k000902 9
14 Caffeine metabolism k000232 9
15 Flavone and flavonol biosynthesis ko00944 8
16 Sesquiterpenoid and triterpenoid biosynthesis ko00909 6
17 Betalain biosynthesis k000965 2

Environmental adaptation I 333
Overview I 588
Nucleotide metabolism mmmmmmmm 243
Metabolism of terpenoids and polyketides M 221
Metabolism of other amino acids mmmmmm 202
Metabolism of cofactors and vitamins I 276 D
Lipid metabolism mmmmmmmmmmmmm 411
Glycan biosynthesis and metabolism i 114
Energy metabolism B 413
Carbohydrate boli 814
Biosynthesis of other secondary metabolites mmmmmm—m 277
Amino acid metabolism F——————— 527
Translation | 835
Transcription 320
Replication and repair 194
Folding, sorting and degradation 634
Signal transduction 301
Membrane transport 62 A
Transport and catabolism 407

0 2 4 6 8 10
Percent of genes / %

Figure 3 KEGG classification of transcriptomic unigenes
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CoA reductase (HMGR). mevalonate kinase (MVK).
phosphomevalonat kinase (PMK). mevalonate diphos-
phate decarboxylase (MVD); 12 2% % [A 4 i MEP i 1% 9
N IBEE, 1-deoxy-D-xylulose 5-phosphate synthase (DXS)-
1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR).
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
(MCT). 4-(cytidine 5-diphospho)-2-C-methyl-D-erythritol
kinase (CMK).2-C-methyl-D-erythritol 2,4-cyclodiphos-
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Figure 4 Schematic diagram of terpenoid biosynthetic pathway and the expression level of genes of Aconitum pendulum. A: The putative

terpenoid biosynthetic pathway in 4. pendulum. Numbers in the brackets indicates the gene family numbers of each enzyme; B: A clusterted
heat map for 44 terpenoid backbone genes and 12 ApBAHDs with log-2 transfored FRKM value in leaf (TBCL), folwer (TBCF), and root
(TBCR) in 4. pendulum. Blue marked enzymes are involved in MVA pathway, purple marked enzymes are involved in MEP pathway
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Figure 5 Phylogenetic relationships among the 44 functionally characterized BAHD members™ plus the 12 ApBAHDs acyltransferases of

A. pendulum. The neighbour-joining tree was generated using the MEGA 7.0 software with 1 000 bootstrap replicates
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