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Evolution of a complex locus for terpene

biosynthesis in Solanum

ent-copalyl diphosphate
GGPP
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Nt-ABS

copal-8-ol diphosphate (CLPP) 

Table 1. The preferred substrates of the enzymes encoded by the Solanum TPS 

genes in the functional gene cluster

substrate
S. lycopersicum S. habrochaites

TPS18 TPS19 TPS20 TPS21 TPS41 TPS20 TPS45

GPP - +/- - - - - -

NPP - + + - - + +/-

E,E-FPP - +/- - - - - -

Z,Z-FPP - +/- - +/- - - +

GGPP - - - - - - -

NNPP - - - + - - +/-

CLPP - ND ND ND ND ND ND

“+” : preferred substrate, “-” : no significant activity with the substrate, “+/-” : some activity but 

kcat/Km is >10-fold lower than with the preferred substrate, except in the case of Sl-TPS21 and Sh-

TPS45. Preferred substrate of Sl-TPS21 and Sh-TPS45 were defined as the substrate that the 

enzyme converted to product at a rate >2.5-fold greater than the other substrates during the 2-h 

assay period. Since NNPP and copal-8-ol diphosphate (CLPP) are not commercially available, 

shown here are the results of a coupled assay with Sl-CPT2, DMAPP and IPP (for NNPP) or 

Cistus cretidcus CLS and GGPP (for CLPP). ND- Not determined.

Table 2. Products of Solanum CPT in vitro assays with various substrates

substrate
S. lycopersicum S. habrochaites S. tuberosum

CPT1 CPT2 CPT1 CPT9 CPT1

IPP + DMAPP NPP NNPP Z,Z-FPP - Z,Z-FPP, NNPP

IPP + NPP - Z,Z-FPP, NNPP Z,Z-FPP Z,Z-FPP, NNPP Z,Z-FPP, NNPP

IPP + Z,Z-FPP - NNPP - NNPP NNPP

CPT assays were performed using 14C-IPP and analyzed by TLC. The most abundant reaction 

product is shown in bold. 
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Biochemical analyses of CPTs revealed that CPTs in this cluster catalyze the 

formation of NPP (C10), Z,Z-FPP (C15) and NNPP (C20) (Table 2). 

Terpene synthases (TPSs) generally use trans-prenyl diphosphates as 

substrates. However, in Solanum species, it was discovered that TPSs can use 

cis-prenyl diphosphates as substrates. In cultivated tomato (S. lycopersicum), 

phellandrene synthase 1 (PHS1) uses the cis-prenyl diphosphate

neryldiphosphate (NPP), while in S. habrochaites, santalene and bergamotene

synthase (SBS) uses cis-farnesyl diphosphate (Z,Z-FPP). NPP and Z,Z-FPP are 

synthesized by cis-prenyl transferases (CPTs) named neryl diphosphate synthese

1 (NDPS1) and cis-farnesyl diphosphate synthase (zFPS), respectively. 

How did the use of cis-prenyl diphosphates evolve in Solanum? 

Figure 1. Organization of genes for terpene metabolism on the tip of 

chromosome 8 in S. lycorpersicum.

In tobacco, it was found that CPS2 (which encodes copal-8-ol diphosphate

synthase) and ABS (which encodes Z-abienol synthase) are involved in the 

labdane diterpene biosynthesis via geranylgeranyl diphosphate (GGPP) (Figure 

3). Nt-CPS2 and Nt-ABS are homologues of ent-copalyl diphosphate synthase

(CPS) and ent-kaurene synthase (KS), respectively. CPS and KS are involved in 

gibberellin biosynthesis (Figure 3).
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Figure 2. Phylogenetic relationship of TPS-e/f and TPS-c genes in Solanaceae.

Figure 3. The general 

pathway in plants to the 

synthesis of ent-kaurene

(a precursor of 

gibberellins) from GGPP 

and the synthesis of Z-

abienol from GGPP in N. 

tabacum.

Analyzing the chromosomal region corresponding to the tomato chromosome 8 

terpene gene cluster in four other Solanum species revealed that the gene 

clusters in S. lycopersicum and S. pimpinellifolium share the same gene 

complement and organization. Rearrangements and deletions are observed in 

the gene cluster of S. pennellii and S. habrochaites. Interestingly, the SBS gene is 

found only in S. habrochaites (and was therefore named TPS45). Remarkably, 

the gene cluster in potato (S. tuberosum), which is more distally related to the 

other Solanum species analyzed here, shares a similar gene arrangement 

(Figure 4). The tobacco genome sequence is not yet available.
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Figure 4. The terpene gene cluster at the tip of chromosome 8 in Solanum. 

Genes that are not functional because of deletions or insertions are shown with a 

“ψ” symbol. 

Phylogenetic and biochemical evidence suggests that the ancestral Solanaceae

gene cluster contained trans-diTPS. Interestingly, this trans-diTPS evolved from 

KS, which is involved in gibberellin biosynthesis. cis-diTPS evolved from trans-

diTPS, and cis-monoTPS and cis-sesquiTPS evolved from cis-diTPS in Solanum

(Figure 6). 

In conclusion, our combined genomic, phylogenetic and biochemical 

analyses of a functional gene cluster for terpene biosynthesis in several 

Solanum species indicate dynamic processes of gene accretion and 

divergent biochemical evolution.

Biochemical analyses of TPSs revealed that Sl-TPS21catalyzes the formation of 

a diterpene using nerylneryl diphosphate (NNPP) as a substrate. Additionally, Sh-

TPS45 (SBS) catalyzes the formation of several diterpenes using NNPP as a 

substrate, although it prefers Z,Z-FPP over NNPP (Figure 5 and Table 1). 
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Figure 5. The chromatograms of 

the products obtained in reactions 

catalyzed by Sl-TPS21 with various 

substrates. Peak 1, (-)-endo-α-

bergamotene; 2, (+)-α-santalene; 3, 

(-)-exo-α-bergamotene; 4, (-)-epi-β-

santalene; 5, (+)-endo-β-

bergamotene; 6 - 10, unidentified 

sesquiterpenes; 11, unidentified 

diterpene. 
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Figure 6. A model for the evolution of the functional gene cluster.
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A gene cluster of cis-TPS and CPT genes in S. lycopersicum

cis-TPSs belong to the TPS-e/f clade

PHS1 (renamed TPS20 when all 44 TPS genes in the tomato genome were 

annotated) as well as TPS18, TPS19, and TPS21 belong to the TPS-e/f clade. 

Only one TPS gene in this cluster, TPS41, belongs to another clade - the TPS-c 

clade. The S. habroachaites SBS gene is a member of TPS-e/f clade. (Figure 2). 

The most closely related gene to the Solanum TPS-e/f genes is tobacco 

(Nicotiana tabacum) ABS. The most closely related gene to the S. lycopersicum

TPS41 gene is tobacco CPS2.

The terpene gene cluster in five Solanum species

How did cis-TPSs and CPTs evolve in Solanaceae?

Sl-TPS21 is a diTPS that uses a cis-prenyl diphosphate as 

a substrate

Short-chain CPTs

Evolution of cis-TPSs from trans-TPSs

Unusual terpene biosynthesis via cis-prenyl diphosphates

PHS1 and NDPS1, as well as several other TPS and CPT genes, are located 

close to each on the tip of chromosome 8 in Solanum lycopersicum (Figure 1). 


