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Article 
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Abstract: Several specialized terpenoids that are used as phytoalexins are produced in the plant of 

tobacco. They play a key role in plant defense against pests and pathogens. Here, we performed 

genome-wide identification, classification, and expression profiling of the terpene synthase (TPS) 

genes in the tobacco genome. A total of 186 TPS genes were identified, which is significantly higher 

than that in wild Nicotiana, Capsicum and Solanum species. Phylogenetic analysis of these TPS genes 

in tobacco and Solanaceous relatives as well as Arabidopsis showed that a few tobacco-exclusive TPS 

clades occurred recently through gene duplication events. These clades are likely to be responsible 

for a range of compounds that separate N. tabacum cultivars from its wild relatives. Transcriptome 

sequencing of two cultivars of N. tabacum at several developmental stages revealed that some TPS 

genes from the TPS-a and TPS-b lineages are constitutively expressed and a few duplicated TPS 

genes are only expressed post anthesis at the time of harvest. Additionally, some TPS genes 

underwent alternative splicing, further diversifying the gene products of the TPS genes. Our 

findings provide an important candidate genes for further understanding of the diversity and 

evolution as well as functionality of TPS genes in the plant of tobacco. 

Keywords: TPS; tobacco; RNAseq; gene expression analysis; gene duplication 

 

Introduction 

Tobacco, Nicotiana tabacum, is native to Mesoamerica and South America and is used worldwide 

for smoking. N. tabacum contains a wide range of terpenoids that act as herbivore deterrents in situ, 

and several of these terpenoids contribute to the complex flavor and odor of tobacco smoke. 

Terpenoids are the largest group of plant natural products 1 , and for all mono-, sesqui- and 

diterpenoids, the first specific enzymatic step is performed by a terpene synthase (TPS). 

The diverse structures of terpenoids have made this class of specialized metabolites extremely 

versatile. Some terpenoids have key cellular functions (e.g.as part of the electron transport chain, 

membrane components, and serve as hormones). However, the majority serve as specialized 

metabolites, which influence the fitness of the plant 2. Plant terpenoids are known to serve as insect 

and herbivore deterrents, allochemicals, and as attractants for pollinators and beneficial insects in 

tritrophic interactions 3. Scented terpenoids in essential oils exist in the majority of plant lineages, 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 December 2023                   doi:10.20944/preprints202312.1597.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202312.1597.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

where they contribute to the flavour and fragrance of e.g. cinnamon and cloves, the scents of 

eucalyptus and ginger, and the odours of tobacco and cannabis 4. 

Derived from the general terpenoid biosynthesis, one or two molecules of isopentenyl 

diphosphate (IPP) and one dimethylallyl diphosphate (DMAPP) are condensed by geranyl 

diphosphate synthase (GPPS) or farnesyl diphosphate synthase (FPPS) into geranyl diphosphate 

(GPP) and farnesyl diphosphate (FPP, farnesyl pyrophosphate), respectively 5,6. Geranyl diphosphate 

is the precursor for C-10 monoterpenoids and farnesyl diphosphate is the precursor for C15 

sesquiterpenoids. Following this the terpene synthase (TPS) will utilize GPPS or FPPS as part of the 

first enzyme in the specific terpenoid biosynthesis 7. The TPS’s has been extensively studied due to 

the highlighted importance of terpenes in plants. The TPS gene family has been identified, annotated 

and characterized in numerous plant species 8. TPS class I and II are mainly monofunctional; 

however, the diterpene synthases in bryophytes are bifunctional, while both class I and II of TPS 

genes are functioning in one enzyme 9,10. TPSs in the plant genome are divided into 6 subfamilies, 

TPS-a to TPS-f, which correspond to their functionality 11. 

Here, we identified and characterized the TPS gene family in N. tabacum. To understand the 

evolution of the TPS gene family in context, we further constructed a phylogeny of tobacco TPS genes 

alongside TPS from other solanaceous relatives and Arabidopsis. Transcriptome analysis of two 

cultivars at three distinct growth stages was performed. 

Materials and methods 

Sample collection and transcriptome sequencing 

The tobacco K326 reference genome and gene set (version No.: gca_000715075.1, 

https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_000715075.1/) were obtained from NCBI. 

Based on the importance of developmental stages related to TPS synthesize, fresh tobacco leaf 

samples were collected at three developmental stages: (a) flowering stage, (b) seven days before 

harvest and baking, and (c) harvest and baking. Three biological replicates were prepared for each 

stage. Total RNA were extracted by Trizol method and were subsequentially sequenced on MGI-seq 

platform at BGI-Shenzhen Co. Ltd, Shenzhen, China, following the manufacturer’s standard protocol. 

TPS identification and classification analysis 

The known TPS protein sequences from previous studies were retrieved and aligned to the 

tobacco K326 reference genome using tblastn, and then the complete protein structures of the aligned 

regions along with 2 kb flanking regions were identified by Genewise 12. The overlapping gene set 

with the tobacco genome reference was removed. The remaining genes were considered to be newly 

identified TPS genes. Finally, by integrating the tobacco reference gene set and these possible new 

TPS genes, the domains of protein-coding genes were identified based on the results of Pfam and 

InterproScan. The genes containing PF01397 and/or PF03936 domains were defined as candidate TPS 

genes. To classify the candidate TPS genes, we compared them with the above known TPS genes 

from the references and kept the optimal ratio pair result. MEME (version 5.3.3) was used to analyze 

the motif characteristics of the tobacco TPS domain 13. The same pipeline of analysis were performed 

for other species used in this study. 

Evolutionary analysis of TPS 

The candidate TPS protein sequences from different species were used for global alignment. 

Here, MuSiC (version 3.8.31) was used for multiple sequence alignment analysis 14, and then Gblocks 

(version 0.91b) was used to screen the multiple sequence alignment results and to retain the 

conservative sites 15. Sequence regions that cannot be properly aligned such as large deletion/insertion 

were removed. Finally, approximate maximum likelihood phylogenetic trees were constructed using 

FastTree (version 2.1.10) based those conserved loci. iTOL (https://itol.embl.de) was used for visual 

display 16. 
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Gene expression analysis 

The clean data of the transcriptome were aligned to the tobacco reference genome using HISAT 

(version 2.0) 17. Then, based on BAM and GFF files, the reads were counted using featureCounts 

(version 1.6.5) 18. The gene expression amount in FPKM level was calculated using the customized 

Perl script . Gene isoforms were assembled using StringTie (version 2.1.5) 19. Deseq2 (version 1.6.5) of 

the R platform was used to calculate the differentially expressed genes 20. Genes with at least twofold 

differential expression and an FDR < 0.05 were considered as differentially expressed genes. In order 

to study the alternative splicing of genes, we used rMATS (version 4.1.0) for differential alternative 

splicing analysis 21. FDR < 0.05 was considered to be differential alternative splicing at a significant 

level. 

Results 

Genome-wide identification of TPS genes in tobacco 

To understand the critical role of TPS genes during the process of terpene production, we 

identified the whole set of TPS genes in the tobacco species Nicotiana tabacum using homolog-based 

method. TBLASTN was used to map known TPS protein sequences against the reference genome of 

N. tabacdum. Retrieval within the N. tabacum genome database was iterated for each matched 

sequence until no new sequences were found. After filtering out incomplete and redundant matched 

sequences, 186 TPS genes were identified in Nicotiana tabacum (Supplementary File 1 and 2). The 

number of TPS genes was significantly higher than that in its known Solanaceae relatives (59 ~ 84 

TPS genes) and Arabidopsis (46 TPS genes) and much higher than that in the simple moss 

Physcomitrium patens (1 TPS gene)9. This suggests that N. tabacum has undergone substantial TPS gene 

expansion through multiple gene duplication events. Human selection for specific fragrances and 

flavours in tabacco has been going on for over thousands of years, the complex terpene profile 

revealed by our analysis may reflect the genomic basis of tabacco breeding. We further discovered 

that many TPS genes are in tandem duplication along chromosome, suggesting that tandem 

duplications events may play a role in the expansion of TPS genes in tobacco.  

Evolutionary analysis of TPS genes in Solanaceae 

To further investigate the evolutionary relationships within the TPS gene family, we constructed 

a NJ tree using TPS genes identified in N. tabacum, wild tobacco relative N. attenuata, chili pepper 

(Capsicum annuum), tomato (Solanum lycopersicum), potato (Solanum tuberosum) and the model plant 

Arabidopsis (Figure 1, Supplementary Figure S1). A total of six clades, including TPS-a, TPS-b, TPS-

c, TPS-e, TPS-f, and TPS-g were discovered. The clades TPS-a and b align well with the overall 

molecular phylogeny of Solanaceae while the clade of Nicotiana is more basal to Capsicum and 

Solanum 11,22. For the clades c-g, the Solanaceae genes were interspersed, suggesting a higher 

homology among these clades of the Solanaceae TPS gene family (Figures 1 and 2). The few conserved 

elements of TPS needed for functionality means that the evolutionary relationship over time and in 

families has a greater impact on the sequence than functionality (within the a, b, c clades). Our 

analysis also suggested TPS genes of Arabidopsis are the evolutionary youngest and have little 

overlap with Solanaceae clades. 
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Figure 1. (a) Phylogeny of TPS genes identified in N. tabacum, N. attenuata, Capsicum annuum, Solanum 

lycopersicum, Solanum tuberosum and Arabidopsis. TPS-a, TPS-b, TPS-c, TPS-e, TPS-f, and TPS-g were 

found in all plants. (b) Detailed phylogeny of TPS subgroups, including TPS-a and TPS-b. 

Analysis of recently occurring duplicated genes 

Tandemly duplicated genes (TDGs) result from gene duplication events produce identical 

adjacent gene sequences locally. This event usually generates a novel copy of a single gene, but the 

occurrence of multiple gene-scale tandem duplications is also possible depending on the position of 

the breakage on chromosomes 23. As shown in the phylogenic tree (Figure 2), there are several 

tabacum-exclusive sub-clades of TPS genes, suggesting possible neofunctionalization events 

happened during the evolutionary process. Synonymous substitution rates (Ks) were calculated for 

each pairwise comparison of TPS genes in tabacum-exclusive clades. Ks values under the assumption 

of a stable molecular clock were analyzed to provide insights regarding the timing and selective 

pressures from TPS duplicates. Out of 20 pairs of recently occurring TDGs we characterized, 13 pairs 

showed a Ks value less than 0.2, indicating a duplication event less than 7 MYA (Supplementary 

Figure 2). Three pairs of TPS genes possess a Ks score of 0, suggesting extremely recent duplication 

events. There was a Ks peak at 3.11 MYA of TDGs, these recently derived TPS genes might account 

for the complex terpene profile exclusively found in tobacco. 
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Figure 2. Detailed phylogeny of TPS subgroups including TPS-c, TPS-e and TPS-f. N. tabacum, N. 

attenuata, Capsicum annuum, Solanum lycopersicum, Solanum tuberosum and Arabidopsis were used for 

analysis. 
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Motif analysis of TPS protein 

To explore the motif characteristics of the tobacco TPS gene family, MEME was used to analyze 

the tobacco TPS gene sequence in two key domains (PF01397 and PF03936). Motif analysis of the 

tobacco TPS gene showed that 6 main motifs exist in the two domains (Figure 3a,c). Most TPS genes 

contains these six major motifs, and the order of these motifs in the TPS gene tends to be consistent 

(Figure 3b,d). Additionally, the six main motifs of the two Pfam domains showed presence-absence 

variations in tobacco TPS genes. Some TPS genes harboured fewer motifs while the motifs of each 

Pfam domain were mainly arranged in the same order on the corresponding domain. Our analysis 

showed a landscape of both the diversity and the conservation among the TPS protein sequence 

domains (Figure 3b,d). 

 

Figure 3. (a, c) MEME motifs identified and (b, d) locations of these motifs in two domains (PF01397 

and PF03936) of TPS genes in tobacco. The order of these six motifs in the TPS gene tends to be 

consistent, and the motifs of each Pfam domain were arranged in the same order on the corresponding 

domain, indicating the conservation of their domains. 

Alternative splicing analysis of TPS genes 

Alternative splicing is widespread in eukaryotes and significantly increases the versatility of 

gene products. It is conferring great adaptability to a species 24. By comparing transcriptomes of the 

two tobacco cultivars including the widely spread accession Y3 and the narrowly distributed 

accession SK6 at different developmental stages (stage A, B, and C), five alternative splicing types 

were found on the above identified tobacco TPS genes. Those splicing events included skipped exons 

(SE), retained introns (RI), alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS) and 

mutually exclusive exons (MXE) (Table 1). TPS transcripts of the same cultivar always differ in 
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splicing by SE or RI between stages, while the same genes can result in different gene products via 

alternative splicing sites (A5SS, A3SS) or MXE across different cultivars. This implies that alternative 

splicing events possibly play a role in the diversification of TPS genes.  

Table 1. Alternative splicing events of TPS genes identified from pairwise comparison of tobacco 

transcriptomes. The number of AS events was listed. 

Groups of comparisons Number of AS 

TPS_SK6-A-vs.-SK6-B_SE 2 

TPS_SK6-B-vs.-SK6-C_RI 4 

TPS_SK6-B-vs.-SK6-C_SE 2 

TPS_YY3-A-vs.-SK6-A_A5SS 2 

TPS_YY3-A-vs.-SK6-A_MXE 2 

TPS_YY3-A-vs.-SK6-A_RI 7 

TPS_YY3-A-vs.-SK6-A_SE 3 

TPS_YY3-B-vs.-SK6-B_A3SS 4 

TPS_YY3-B-vs.-SK6-B_RI 4 

TPS_YY3-B-vs.-SK6-B_SE 3 

TPS_YY3-B-vs.-YY3-C_RI 2 

TPS_YY3-C-vs.-SK6-C_A5SS 1 

TPS_YY3-C-vs.-SK6-C_RI 6 

TPS_YY3-C-vs.-SK6-C_SE 4 

Expression dynamics of TPS genes at different growth stages 

To investigate gene expression activities of TPS genes during development from a temporal 

perspective, fresh mature leaves of two N. tabacum cultivars (Y3 and SK6) were harvested and further 

sequenced at three different growth stages: (A) during anthesis; (B) seven days before harvest and 

curing; and (C) during harvesting and curing. Total RNA sequencing generated 18 high-quality 

transcriptomic datasets. Over 95% of reads remained after quality control. After gene expression 

quantification, we found that six of the TPS-a and TPS-b as well as TPS-e genes were constitutively 

expressed at high levels regardless of developmental stages and different cultivars, while some of the 

TPS-a and TPS-b as well as TPS-e genes expressed differently between stages or cultivars (Figure 4). 

Meanwhile, the majority of TPS genes was expressed at relatively low levels regardless of genetic 

background and developmental stage (Figure 4). These results suggested that the six constitutively 

expressed TPS genes might serve as “housekeeping” to synthesize the common terpenes/terpenoids. 

Also, some TPS genes might participated in crosstalk with pathways involved in leave development. 

The non-expressed TPS genes may play roles in specialized terpene/terpenoid biosynthesis or under 

special environment. 
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Figure 4. Comparative heatmap of TPS gene expression levels of the same cultivar in different growth 

stages; A: during anthesis; B: 7 days before harvest and curing; C: at harvest and curing. Several genes 

showed various expression pattern. 

Differentially expressed genes (DEGs) in the TPS gene family 

SK6 and Y3 cultivars were compared between growth stages A (during anthesis) and B (7 days 

before harvest and curing, post anthesis). A low number of DEGs were detected (3 and 0, 

respectively), which suggests conserved expression of TPS genes during development (Figure 5). For 

the comparison of both cultivars between growth stages B and C (at harvesting and curing), the 

transcriptomic landscape for the TPS gene family shifted considerably, as 19 TPS genes showed 

differential expression. Specifically, seven and 14 TPS genes were upregulated while 12 and five were 

downregulated. Those results indicated a substantial change in the terpene profile of tobacco post 

anthesis. 
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Figure 5. (a) Pairwise comparative DEG heatmap of N. tabacum TPS gene family expression. Four 

groups on same cultivar, different growth stages (SK6A vs. SK6B; SK6B vs. SK6C; YY3A vs. YY3B; 

YY3B vs. YY3C) and three groups on same growth stages, different cultivars (SK6A vs. YY3A; SK6B 

vs. YY3B; SK6C vs. YY3C). (b) Overall statistics of the numbers of DEGs found in pairwise 

comparisons in the aforementioned groups. 

In terms of the comparison between the two cultivars, two TPS genes (Nt12g04680.1 and 

Nt16g00375.1) were found to have considerably higher expression levels in SK6 than in Y3. These 
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TPS genes shared the same origin with wild tobacco relatives such as N. attentuata, suggesting that 

they might be functionally related to herbivory or stress resistance traits. On the other hand, more 

derived TPS lineages from SK6 were found to have lower expression levels in growth stages A and 

B, with 27 and 16 downregulated TPS DEGs, respectively. However, the expression of the 

aforementioned downregulated genes in SK6 mostly increased to the same level as that in Y3 during 

harvest. The aforementioned derived TPS genes are likely the result of tandem duplications, 

contributing to the flavour of tobacco smoke. In addition, it is suspected that those flavour terpenes 

present highly distinct expression patterns in the Y3 and SK6 cultivars. Specifically, they were 

constitutively produced in Y3 but can only be generated post anthesis in SK6. 

Discussion 

As an economically important worldwide crop, N. tabacum has long been known for serving as 

a significant raw material for tabacco production. In addition to its economic roles, N. tabacum 

contains a wide range of terpenes and terpenoids, which previously were considered to be deterrents 

to herbivory in situ 25. Fresh leaves induce vomiting and narcosis to other animals. Many essential oil 

terpenes contribute to the complex odour of tobacco smoke, which can vary between different 

cultivars. Terpene synthase is regarded as the key enzyme in the biosynthesis of terpene and has been 

extensively highlighted to have important functions in plants, therefore we did sequence analyses for 

identification and characterization of its TPS gene family in this study. A phylogeny of tobacco TPS 

genes alongside TPS from other solanaceous relatives and Arabidopsis thaliana was subsequently 

investigated to understand the evolution of the TPS gene family. Transcriptomes of two cultivars at 

three distinct growth stages were sequenced and compared. 

The number of TPS genes found in this study is relatively high. With 186 identified TPS genes 

in N. tabacum ‘Y3’, the number of identified TPS is significantly higher compared with its known 

Solanaceae relatives and Arabidopsis. This suggested that N. tabacum possesses a highly different and 

complex terpene profile pattern. As reported earlier, the recruitment of a multitude of genetic 

materials over millennia of human selection may play the major role 26. 

The evolutionary patterns of the TPS family in N. tabacum cultivar ‘Y3’, wild tobacco relative N. 

attenuata, chili pepper (Capsicum annuum), tomato (Solanum lycopersicum), potato (Solanum tuberosum) 

and the model plant Arabidopsis thaliana showed some clades contain TPS genes only from N. tabacum 

and N. attenuate. We found this pattern concurs with the overall molecular phylogeny of Solanaceae, 

where the genus Nicotiana is at a more basal level than Capsicum and Solanum on the phylogenetic 

tree 22. It is observed that tandem duplication played an important role in the occurrence of tabacum-

exclusive clades 27. The tandem duplication accounts for the formation of gene clusters of the same 

gene family and confers new phenotypic traits 28. Soybean (Glycine max) mutants, whose quantitative 

trait locus Rhg1 gene has been duplicated, gained resistance to cyst nematodes 29. A previous study 

indicated that tandem duplication significantly contributed to gene family expansion and expression 

divergence in the survival of these expanded genes 30. Therefore, tandem duplication of genomic 

regions explains the occurrence of tabacum-exclusive clades on the TPS phylogeny and thus the 

complex terpene profile of N. tabacum. 

Our analysis of the expression profiling for the two tobacco cultivars (Y3 and SK6) at different 

growth stages discovered five alternative splicing mechanisms 31. Alternative splicing is a 

transcriptional modification to pre-mRNA that allows one single gene to code multiple versions of 

proteins 32. Certain omitted exons and introns may be retained. All possible candidates of mature 

mRNA are called splice variants 24. In our study, transcripts of the same cultivar always differed in 

splicing by SE or RI, whereas the same genes can result in different gene products via alternative 

splicing sites (A5SS, A3SS) or MXE across different cultivars. The TPS-a and TPS-b genes and the 

derived TPS were clearly expressed in a different pattern. 

Differential gene expression analyses between the two cultivars at different growth stages also 

indicated significantly different terpene profiles before and post anthesis. Two TPS genes 

(Nt12g04680.1 and Nt16g00375.1) that had higher expression levels in SK6 shared the same ancestry 

with N. attentuata, which is a wild tobacco relative. This suggested a functional linkage to herbivory 
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or stress resistance traits. Interestingly, it was observed that more derived TPS lineages from SK6 

have lower expression levels in growth stages A and B before harvest, while their expression nearly 

increased to the same level as those in Y3 during harvest. The aforementioned derived TPS genes 

might be the result of tandem duplications, which resulted in the flavour of tobacco smoke 33. 

Generally, our results suggested that those flavour terpenes displayed highly distinct expression 

patterns in the Y3 and SK6 cultivars. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Supplementary File 1. The genomic coordinates of 186 TPS genes in GFF3 format. 

Supplementary File 2. The protein sequence alignment of TPS genes. Supplementary Figure S1. The full NJ tree 

constructed using TPS genes. Supplementary Figure S2. The distribution of divergence time between TPS genes. 
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