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Abstract: Terpenes and terpenoids contribute aroma and flavor that influence consumer preferences
in selecting plant-based products. Computational identification of biosynthetic gene clusters (BGCs)
in plants can pave the way for future biosynthetic genetic engineering. Using integrative genomic,
transcriptomic, and metabolic pathway annotation analyses, 35 BGCs were identified in tobacco with
high confidence. Among the 35 BGCs identified, 7 were classified as terpene biosynthesis-related
BGCs. Two BGCs found on C13 and C14 chromosomes belonged to terpene and saccharide-terpene
biosynthetic classes that were only 93 Mb and 189 Kb apart, respectively. Other clusters have lengths
ranging from 120 Kb (Cluster 9) to 1.6 Mb (Cluster 18). Each cluster contained five (Cluster 21) to
twenty genes (Cluster 32), and the number of terpene synthase genes present in the clusters also
varied from one (Clusters 18 and 21) to eight (Cluster 32). Gene expression profiling using diurnal
and topping transcriptome datasets identified co-expressing genes within modules and varying
levels of expression among modules as represented by the normalized enrichment score measured in
each module. The positions pinpointed from these computational analyses will allow for the more
efficient modifications of specific genes and BGCs for the development of tobacco-based products
with improved aroma and flavor.

Keywords: biosynthetic gene clustering; specialized metabolites; terpene synthase; co-expressing
genes; specialized metabolic pathways; tobacco

1. Introduction

Recent advances in the plant genomics era herald bright prospects for biosynthetic
genetic engineering. Researchers now have better molecular tools that can facilitate further
understanding of a plant at a whole system level. Researchers can further explore the innate
evolutionary capacity of plants to produce a vast array of primary and secondary metabo-
lites (SMs) that consequentially develop the multiple complex metabolic pathways involved
in their biosynthesis. Some plant metabolites have figured prominently in agrochemical,
pharmaceutical, and nutraceutical product development [1,2]. Plant metabolites have been
estimated to range between 200,000 and 1 million [3], awaiting the further discovery of
their characteristics and potential utilities in agriculture, medicine, and other industries.

Perhaps hampering the possibilities of these biotechnological interventions is the
lack of understanding of plant biosynthesis toward improving crop yields and creating
synthetic processes for cost-efficient production [1]. Suggestions have been made that
linking genomic and transcriptomic attributes to metabolic output could help control the
formation of SMs [3,4]. Thus, the key to modifying plant metabolism for crop improvement
and biotechnological innovations is a profound understanding of gene organization and
expression [5].
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Genetic and biochemical studies have demonstrated that plant secondary metabolism
can often include the physical clustering of genes involved in the production of SMs [1].
Additionally, general metabolism involves pathways conserved across most plant species,
and the production of SMs tends to be more species- and genera-specific, regardless
of evidence of the inter family sharing of pathways [6]. Gene clustering occurs in a
distinct chemical pathway adjacent to at least three non-homologous genes in a genome’s
biosynthetic pathway [1], where these gene-encoding enzymes interact to define and modify
a scaffold toward catalyzing the pathway end of product formation [7].

The existence of physical gene clustering in specialized metabolic pathways is well
known in bacteria and fungi [1,8]. Before the genomic era, documentation of biosynthetic gene
clusters (BGC) in plants was more limited, and data showing gene co-expressions in secondary
metabolic pathways were often clearly less evident. However, as high-quality genomes of
important crops and wild grasses become available, more BGCs are being discovered [9]. Re-
cently, the co-expression of genes in BGCs leading to the biosynthesis of specialized molecules
involved in plant defense and virulence has been well characterized [10].

Perhaps the first-ever study of plant gene physical clustering in a specialized metabo-
lite pathway was in maize (Zea mays) that revealed the synthesis of the allelochemical
2,4-dihydroxy-1,4-benzoxazin-3-one (DIMBOA) [11]. Aside from maize, BGCs forming
DIMBOA and its 7-methoxy analog DIMBOA have now been identified in several plants
like barnyard grass (Echinochloa crus-galli) and wheat (Triticum aestivum) [12].

In recent years, the clustering of non-homologous and co-localized metabolic genes
for secondary metabolite biosynthesis has yielded multiple examples of gene clusters for
SMs [9,13,14]. These include compounds such as momilactone A and phytocassanes A-E in
Oryza sativa [15], avenacin A-1 in Avena strigosa [16], the triterpenes thalianol and marneral
in Arabidopsis thaliana [17], the alkaloid noscapine in Papaver somniferum, a-chaconine/a-
solanine in Solanum tuberosum, the cyanogenic glucosides lotaustralin and linamarin in L.
japonicus, and a-tomatine in S. Iycopersicum [1].

Terpenes and terpenoid compounds are SMs that are nearly ubiquitous in plants where
they play an essential role in the plants’ central cellular processes, including photosynthesis,
cell wall formation, electron transport, signaling, and membrane fluidity [18-20]. Additionally,
terpenoids function in various ways in interactions between plants and their biotic and abiotic
stressors in the environment [1,21]. The Dictionary of Natural Products Database records about
70,000 isolated terpenoid compounds [1,20]. The term “terpenoid” includes all molecules
obtained from the condensation of the C5 precursor isopentenyl pyrophosphate (C5) and
its allylic isomer dimethylallyl pyrophosphate (C5) [22,23]. Terpenes are biosynthesized
through key enzymes called terpene synthases (TPSs) [24]. Historically and at present, there
is significant interest in the regulation of TPS genes and their encoded enzymes and products
owing to the importance of terpenes in commercial products such as rubber, taxol, artemisinin,
labdanoid sclareol, carnosic acid, and carnosol, among others [19,22].

To date, terpenoid-related biosynthetic pathways are the predominant pathways
where evidence of gene clustering has been found to be involved. For example, terpenoids
in both L. japonicus [25] and S. lycopersicum [26] and diterpenoids, such as phytocassane,
oryzalexin, and momilactone, in rice (O. sativa) [25], all appear to require some level of gene
clustering. Similarly, sesquiterpenoids such as capsidiol in both Capsicum and Nicotiana
species, rishitin in the Solanum species, and zealexin in maize (Z. mays) have been implicated
in involving clustering of biosynthetic genes [27]. The identification of secondary metabolic
gene clusters requires the use of various approaches, such as map-based cloning, genome
mining, and forward and reverse genetics, as well as functional analysis to confirm new
clusters [28] and bioinformatic tools like anti-SMASH 2.0 for genome mining [29].

For example, a gene cluster identified in L. japonicus was expressed in N. benthamiana,
and its expression pattern was observed under various environmental and developmental
conditions. Suggestively, the L. japonicus gene cluster functions in legume triterpene
biosynthesis, with a possible role in plant development [25]. In another Solanum species
study of the gene cluster for terpene biosynthesis, combined phylogenetic, genomic, and
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biochemical analyses revealed divergent biochemical evolution and gene accreditation
processes linked with metabolic diversification [26]. Moreover, gene clustering in plants
facilitates the delineation of various plant biosynthetic pathways [10], including pathways
for terpenes, that are the focus of this computational study.

Among the most widely used model plant species, Nicotiana species like tobacco (Nico-
tiana tabacumy) are known to produce thousands of SMs, especially terpenoid compounds
that serve important roles in plant growth and development as well as various plant biotic
and environmental interactions [1,24].

While there are a limited number of examples of BGCs existing in tobacco involved in
secondary metabolite formation, no previous attempt has been made to systematically examine
BGCs in this species due to the complexity of the tobacco genome. The recently improved
tobacco genome assembly [30] now makes it possible to comprehensively investigate the associ-
ation of BGCs and secondary metabolism in tobacco. BGCs that will be identified in tobacco can
be applied to other related important solanaceous crops like tomato by searching for clustered
orthologs or syntenic regions [10], showing the importance of this study. The knowledge of
BGCs can be used to facilitate pathway discovery, and elucidate existing biosynthetic pathways
and the production of natural products through metabolic engineering [10].

In this study, we integrated genomic, transcriptomic, and metabolic pathway anno-
tation analyses to identify BGCs in N. tabacum species with high confidence. Our main
objective was to identify terpene-related BGCs in order to provide a deeper understanding
of the characteristics of these gene clusters. We examined both the gene content of the BGCs
and their correlated gene expression data to better understand the coordinated function
of the BGCs during various plant growth and development stages. Our research findings
could facilitate more efficient validations of terpene-related genes and BGCs toward specific
gene alterations in tobacco for better terpene-related product development, such as aro-
matic and flavorful tobacco products, and for robust terpene-led plant defense mechanisms
for biotic and abiotic stresses for improvement in crop production.

2. Materials and Methods
2.1. Terpene Synthase (TPS) Gene Family Investigation and Phylogenetic Analysis

The genome and the annotation files used in this study were downloaded from Sol
Genomics Network (SGN, https:/ /solgenomics.net/; accessed on 20 November 2020) [31],
including genome sequences of N. tabacum cultivar ‘K326’ ver. 4.5 [30]. Members of
TPS gene families (Pfam PF01397, PF03936) were extracted for subsequent sequence and
phylogenetic analyses in these studies. The published TPS protein sequences from tomato
(Solanum lycopersicum) [32] were used to anchor tobacco TPS for phylogenetic and molecular
evolutionary analyses using MEGA ver. X [33]. Sequence alignment was performed using
the built-in aligner CLUSTALW, and the phylogenetic tree was inferred by the Maximum
Likelihood method using Jones-Taylor-Thornton (JTT) substitution model. Bootstrap
method with 1000 replicates was used to test for the constructed phylogenetic tree. Motif
analysis of TPS amino acid sequences was performed for each identified group using
MEME SUITE v.5.4.1 following the default settings [34]. To link molecular functions to the
TPS genes identified in the tobacco genome, a search for gene orthologs was performed in
the Kyoto Encyclopedia of Genes and Genomes (KEGG) reference database [35] using the
amino acid sequence of the identified TPS.

2.2. RNA-Seq Data and Co-Expression Analysis

In this study, two RNA-Seq datasets were employed for gene expression analysis of
TPS genes that were downloaded from the NCBI Gene Expression Omnibus (GEO) database.
These are the RNA-Seq dataset on diurnal expression of genes in tobacco (GEO Accession:
GSE95717 [30]) and the expression profile of axillary bud outgrowth after topping (GEO
Accession: GSE153483 [36]).

The GSE95717 dataset comprises data generated from eight-week-old tobacco plants
(cv. “K326') grown under long day photoperiod (18/6 h) from which three tissues (root,
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whole shoot, and shoot apex tissues) were harvested at Zeitgeber time ZT0, 6, 12 and 18 h
(h) after light imposition to represent diurnal gene expression. The GSE153483 dataset is
the transcriptomics data of tobacco axillary shoot outgrowth after 1 d, 3 d, and 5 d after
topping. Sequence reads were mapped to publicly available reference tobacco genome
using TopHat v2.0.12 [37]. Normalization was performed based on the length of the gene
and the count of mapped reads to the gene.

After normalization, the RNA-Seq datasets were analyzed using the CEMiTool R
package [38] following the default settings (p-value = 0.1 and Pearson correlation method)
to identify genes that are co-expressing in the tobacco transcriptome. The CEMiTool allows
for the visualization of individual gene expression across samples from different groups
defined by the user and performs Gene Set Enrichment Analyses (GSEA) that showcase
the module activity of each group of samples. The CEMiTool also provides for run-over
representation analysis that pinpoints the top ten most connected genes (hubs) and defines
module functions to create gene networks.

2.3. Identification of Biosynthetic Gene Clusters in Tobacco Genome

The complete assembled and annotated tobacco genome sequence ver. 4.5 [30] was
downloaded from Sol Genomics Network database (https:/ /solgenomics.net/; accessed on
20 November 2020). It was used as input sequence in plantiSMASH (http:/ /plantismash.
secondarymetabolites.org/; accessed on 20 November 2020) [39] to identify putative BGCs
in the tobacco genome following the default settings. JBrowse 2 [40] was used to manually
measure the location and distance of genes and clusters in K326 tobacco genome.

3. Results
3.1. Genome-Wide Identification, Phylogenetic Tree Construction, and Classification of Terpene
Synthase in Tobacco Genome

Exactly 160 terpene synthases (TPSs) were identified (Figure 1) after analyzing the
~69,500 annotated protein sequences of tobacco [30]. Based upon their sequences and
using the published tomato TPS [32] as an anchor, the tobacco TPS genes were assigned to
one of five groups/clades (designated TPS-a, -b, -c, -e/f, and -g). Our findings concurred
with known groupings of the TPS gene family in plants [41]. TPS-d and TPS-h were not
present, wherein TPS-d is a gymnosperm-specific clade, and TPS-h is thus far specific to the
lycopod Selaginella moellendorffii which indicates the lineage-specific expansion of the TPS
family [32,41]. A total of 95 TPS genes belong to TPS-a, while 32, 11, 13, and 1 TPS genes
clustered in the clades TPS-b, -c, -e/f, and -g, respectively (Supplementary Figure S1).

Results show all groups have the conserved DDxxD motif (see Supplementary Figure S1),
except for TPS-c, which is characterized by a highly conserved DxDD motif (Supplementary
Figure S1C). On the other hand, TPS-b has the typical DDxxD motif and the RRXgW motif
(Supplementary Figure S1B). TPS-d was not observed in tobacco which is consistent with
published findings that TPS-d is only observed in gymnosperms [32,41].

To link the identified 160 TPS genes to molecular functions and established pathways,
we searched our genes for ortholog groups in the KEGG database. Supplementary Figure S2
shows the summary of ortholog groups identified in the KEGG database. Out of 160 TPSs,
66 genes (46%) have annotations in the database, of which 64 genes are involved in the
metabolism of terpenoids and polyketides, and 2 are involved in lipid metabolism.

3.2. Gene Expression Profile of Terpene Synthase Genes

Figure 2 shows the results of gene expression analyses of TPS genes from two tobacco
datasets: diurnal expression of genes (GEO Acc. GSE95717) and expression profile of
axillary bud outgrowth after topping (GEO Acc. GSE153483). Diurnal gene expression was
both influenced spatially (type of tissue samples) and temporally (sampling time points),
as reflected in Figure 3A. Notably, some TPS genes were highly expressed in the roots com-
pared to those in the shoots and shoot apices (Figure 2A). Three TPS genes were observed
showing expression only in the roots: Nitab4.5_000001350430, Nitab4.5_0004597¢0030, and
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Nitab4.5_0012291g0010. The cluster analysis of the gene expression profile revealed tissue-
dependent expression as exhibited by the grouping of each tissue sample (Figure 2A).
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Figure 1. Phylogenetic analysis of terpene synthase (TPS) family in tobacco. (A) Unrooted phyloge-
netic tree of TPS gene family in tobacco genome with tomato TPS used as an anchor. (B) Conserved
motif of class I (e.g., TPS-a) and class II (TPS-c) enzymes.
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Figure 2. Gene expression profile of terpene synthase (TPS) genes in tobacco cv. ‘K326’. (A) Diurnal
expression of TPS genes in root, shoot, and shoot apex and (B) expression profile of TPS genes in
axillary buds after topping.
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Figure 3. Gene expression modules in diurnal expression of tobacco genes (A,B) and in tobacco
axillary buds after topping of tobacco plants (C,D). The expression levels of individual genes from
each module are shown as colored lines. The black line represents the mean expression of all
genes inside the module. Samples are shown on the x-axis and colored by classes (A,C). Gene Set
Enrichment Analyses (GSEA) show the module activity (indicated by size of circle) on each class of
sample, where color shows the normalized enrichment score (NES). Enrichment score (ES) reflects
the degree to which a gene set is overrepresented on a ranked list of genes (B,D).

When the expression patterns of TPS genes were examined in the axillary bud after topping,
they were found to be expressed in newly developing buds as early as one day after topping
(Figure 2B). Six TPS genes, Nitab4.5_0021810g0010, Nitab4.5_000839650010, Nitab4.5_0002013g0030,
Nitab4.5_0000037g0070, Nitab4.5_0002096g0030, and Nitab4.5_0000503g0020 were not detected after
topping. Cluster analysis showed that expression patterns of TPSs in axillary buds can be catego-
rized into early (one and three days after topping) and late responses (five days after topping).

3.3. Identification of Co-Expression Modules in Tobacco Transcriptome Datasets

Using CeMiTool, genes that interact together in a global transcriptome data were
analyzed and identified from two publicly available datasets (GEO Accessions: GSE95717
and GSE153483) downloaded from the NCBI GEO database.

After examining each individual gene expression in the two datasets, 12 co-expression
modules were identified in the diurnal expression dataset (Figure 3A). Modules are defined
as gene sets that have similar expression patterns, viz., genes that are over-represented by
specific pathways or changed in a specific sample group [38]. The number of gene members
in each module ranged between 30 and 376 genes. Gene expression profiles of most of
the modules were not affected by tissue samples and sampling time except for modules
M8-M11. Module M8 showed that gene expression profiles in the roots were not affected
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by time but were clearly affected in the shoot and the shoot apices. Similar trends were
observed in M10 and M11, while in M9, fluctuation of gene expression due to temporal
effect (time course sampling effect) was only observed in shoot samples. The expression
profile of M9 genes in shoot tissue showed decreased expression at 6, 12, and 18 h, which
may indicate that genes in this module were affected by the diurnal rhythm in tobacco
plants. Biological rhythms, such as circadian rhythms, define the daily phase of biological
processes, which include the organization of transcriptome to ensure coordinated responses
at the appropriate time of the day at the cellular level [42].

Member genes in each identified module should show co-expression profiles. So,
to further understand the level of the co-expression behavior of each module, we did a
Pearson correlation coefficient (PCC) analysis. PCC is one of the most popular methods
in co-expression analysis, in which it measures the tendency of expression levels between
a pair of genes [43]. PCC scores range between —1 and +1, with negative scores meaning
the two genes respond in the opposite manner, while positive scores mean both genes
respond in the same manner [43]. The results indicate that the expression pattern of most
genes in each module was positively correlated (Supplementary Figure S3A), validating
their inclusion in their respective modules. Among the 12 modules, only M1 showed a
significant number of negative PCC values that comprise 33% of the total values calculated.
This indicates that a third of the genes exhibited an inverse correlation with each other. The
gene expression profile for each module can be further explained by the gene activity in
the gene set enrichment analysis (GSEA) shown in Figure 2B.

GSEA revealed that co-expressed modules were enriched in shoot and shoot apex
samples across time points. A closer look at the module activity of M8 (Figure 3B) revealed
a slight increase in gene expression in the root sample at ZT6h caused an increase in
module activity and positive normalized enrichment score (NES), while a decrease in gene
expression in the shoot sample at ZT18h resulted in an increase in module activity and
negative NES values. Gene sets in M3 were highly overrepresented in shoot apex at the
ZTOh time point, while the M6 gene sets were overrepresented at the ZT6 and ZT18 h
time points.

In the case of expression profiles of axillary bud outgrowth after topping, only five
modules were identified (Figure 3C). The number of genes co-expressed in each module
ranged between 21 (M5) and 712 (M1). M1, being the largest module in terms of the
number of genes in the module, is followed by M2 (254 genes), M3 (181 genes), M4 (103
genes), and M5 (21 genes). The expression profile of each module showed no significant
fluctuation across sampling time points except in M5. Members of the M5 module showed
an increase in gene expression after topping, then started to decline at three and five
days after topping. Further analysis by PCC revealed the expression behavior of the five
co-expression modules (Supplementary Figure S3B). M1 showed that 91% of calculated
PCC values were positive, indicating that most members of this module exhibited a direct
correlation of expression. Meanwhile, M2, M3, and M4 showed that 30% of pair-wise gene
expression analyses were inversely correlated. In M5, only nucleoside diphosphate kinase
(NDPK, Nitab4.5_0003596g0010) and an aquaporin-like gene (AQP, Nitab4.5_001081350020)
showed an inverse correlation in their gene expression. NDPKs are ubiquitous enzymes
involved in the synthesis and maintenance of nucleotide triphosphate (NTPs) pools [44].
AQPs are globally present across the plant kingdom and are members of the major intrinsic
proteins involved in the selective transport of substrates needed for various biological
processes [45].

GSEA analysis of this dataset revealed an increasing trend in module activities in M1,
the biggest module identified (Figure 3D). In untopped plants, gene activities in the M1
module exhibited low activity but immediately started to increase a day after topping and
peaked at 3 d, and then started to decline 5 days later. The decline in gene activities could
be indicative that the plant has acclimated to having been topped. The M2 module, on
the other hand, showed high activity before the plants were topped, but started to decline
immediately after topping and further decreased its activities until after 5 d post-topping.
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The M3 and M4 modules have similar activity profiles wherein in untopped plants, gene
activities were initially low and increased 5 and 3 days after topping in M3 and M4 modules,
respectively. The M5 module was somewhat different, having increased gene activities a
day after topping and then rapidly declining in the succeeding days after topping.

3.4. Identification of Biosynthetic Gene Clusters in Tobacco Genome

The whole genome assembly of tobacco cv. ‘K326’ was used as input data for the
identification of BGCs in tobacco using the plantiSMASH analysis platform. Table 1
shows the 35 BGCs identified through the analysis representing the seven biosynthetic
product classes. Saccharide was the most abundant class (43%), followed by terpene (14%),
saccharide-terpene (6%), polyketide (6%), alkaloid (6%), lignan (3%), with 23% categorized
as an unclassified biosynthetic class (putative).

Figure 4 depicts the seven terpene-related BGCs identified from the tobacco genome.
The seven terpene BGCs were identified in five chromosomes (chromosomes 7, 10, 13, 14,
and 22). Both Chromosomes 13 and 14 have two BGCs, each belonging to terpene and
saccharide-terpene biosynthetic classes. Cluster size ranges from 120 Kb (Cluster 9) to
1.6 Mb (Cluster 18), and the two clusters in Chromosomes 13 and 14 are only 93 Mb and 189
Kb apart, respectively. The number of gene members for each cluster ranges from 5 (Cluster
21) to 20 members (Cluster 32). The number of terpene synthase genes present in the clusters
also varied from one (Cluster 18 and 21) to eight (Cluster 32) (Figure 4). One important gene
family in terpene biosynthesis is CYP (Cytochrome P450). TPSs and CYPs are considered
the primary drivers of terpene diversification [46]. CYP is one of the largest gene families
in plants and is widely involved in various biosynthesis of plant natural products [47]. It is
also a key driver in alkaloid diversification due to the formation and re-arrangement of
alkaloid scaffolds that are catalyzed by P450s [48]. Notably, only clusters 21, 22, 24, and
32 among the terpene-related BGCs contain the CYP gene (Table 1). Cluster 21 consists
of one pair of TPS genes (Nitab4.5_0000404¢0170.1) and CYP (Nitab4.5_0000404g0200.1),
which are ~110 kb apart. Cluster 22, which is the second terpene cluster on Chromosome
13, contains seven TPSs and two CYPs. The first CYP is ~113 kb from the closest TPS, while
the second CYP is ~5 kb from its closest TPS. In cluster 24, there are two pairs of TPSs
(Nitab4.5_0000037g0100.1 and Nitab4.5_0000037¢0110.1) and CYP (Nitab4.5_0000037¢0200.1
and Nitab4.5_0000037g0210.1). The two TPSs are 58 kb apart from each other, while the two
CYP genes are farther apart from each other at 287 kb. In this cluster, the TPS and CYP
are ~361 kb apart. On the other hand, Cluster 32, which has the highest number of gene
members (20 genes), includes four CYPs and eight TPS. The closest observed pairing of
TPS/CYP was ~41 kb, while the farthest distance was the ~181 kb region.

To further understand the gene expression profile of members of each cluster, we
conducted a PCC analysis, and the data are presented in Supplementary Figure S4. Three
of the seven BGCs identified (Cluster 21, 22, and 23) have positive PCC values ranging
between 70 and 73%. On the other hand, the other four clusters have positive PCC values
ranging between 45 and 57%. This indicates that most of the gene members in Cluster 21,
22, and 23 have a direct linear relationship.
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Table 1. Biosynthetic gene clusters (BGC) identified from the tobacco ‘K326’ genome, including

core domains for each cluster, using plantiSMASH analysis platform. Terpene-related BGCs are in

bold letters.
Cluster Chromosome Biosynthetic Class Core Domains Identified
1 Nt01 Saccharide Transferase, Glycosyltransferase Family 28 N-Terminal Domain
. 20G-Fe(Il) Oxygenase, Cellulose Synthase, glycosyltransferase family
2 Nt02 Saccharide 28 n-terminal domain, and Cytochrome P450
3 Nt03 Saccharide CO Esterase, Glycosyltransferase Family 28 N-Terminal Domain
4 Nt03 Alkaloid AMP Binding, Str Synthase
5 Nt03 Putative 20G-Fe(Il) Oxygenase, DIOX N
6 Nt04 Putative Methyl Transferase 2, Cytochrome P450
7 Nt05 Saccharide Transferase, Glycosyltransferase Family 28 N-Terminal Domain
8 Nt06 Lignan Dirigent, Cytochrome P450
9 Nt07 Terpene Amino Oxidase, Terpene Synthase, and Terpene Synthase C
10 Nt07 Polyketide Chal Sti Synthase C, Chal Sti Synthase N, Methyl Transferase 7, and SE
11 Nt07 Putative Amino Oxidase, Omt
12 Nt08 Putative DIOX N, FA Desaturase2, Prenyl Transferase, and Cytochrome P450
Amino Oxidase, Amino Trans3, DIOX N, Transferase,
13 Nt08 Saccharide Glycosyltransferase Family 28 N-Terminal Domain, and Cytochrome
P450
14 Nt09 Saccharide Glycosyltransferase Family 28 N-Terminal Domain, Cytochrome P450
15 Nt09 Saccharide Eplme.rase, Transferase, and Glycosyltransferase Family 28 N-Terminal
Domain
16 Nt09 Saccharide Lipoxygenase, Glycosyltransferase Family 28 N-Terminal Domain, and
Cytochrome P450
17 Nt10 Saccharide Glycosyltransferase Family 28 N-Terminal Domain, Cytochrome P450
18 Nt10 Terpene Terpene Synthase, Terpene Synthase C, and Transferase
20G-Fe(Il) Oxygenase, Amino Transferase, Cellulose Synthase, DIOX
19 Nt10 Saccharide N, Glycosyltransferase Family 28 N-Terminal Domain, and
Cytochrome P450
20 N2 Saccharide Lyase Aromatic, Glycosyltransferase Family 28 N-Terminal Domain,
and Polyprenyl Synthase
21 Nt13 Saccharide-Terpene Glycosyl Transferasel, SQ Hop Cyclase C, and Cytochrome P450
2 N3 Terpene 1zii\é[(l)’-Bmchng, Terpene Synthase, Terpene Synthase C, and Cytochrome
23 Nt14 Terpene AMP-Binding, Terpene Synthase, and Terpene Synthase C
. Terpene Synthase, Terpene Synthase C, Glycosyltransferase Family 28
24 Nt14 Saccharide-Terpene N-Terminal Domain, and Cytochrome P450
25 Nt14 Putative 20G-Fe(Il) Oxygenase, DIOX-N, and Cytochrome P450
26 Ntl4 Putative 20G-Fe(Il) Oxygenase, AMP-Binding, Amino Oxidase, and SQS-PSY
27 Nt17 Putative 20G-Fe(II) Oxygenase, DIOX-N
28 Nt18 Saccharide Amino Trans3, Glycosyltransferase Family 28 N-Terminal Domain
29 Nt19 Putative Acetyl Transferase I, Peptidasel0
30 Nt20 Alkaloid Cu Amine Oxidase, Cytochrome P450
. Chalcone And Stilbene Synthases, Methyl Transferase 2, and
31 Nt20 Polyketide Cytochrome P450
Prenyl Transferase, Terpene Synthase, Terpene Synthase C, and
32 Nt22 Terpene Cytochrome P450
33 Nt24 Saccharide Epimerase, Glycosyltransferase Family 28 N-Terminal Domain
34 Nt24 Saccharide Peptidase S10, Glycosyltransferase Family 28 N-Terminal Domain
35 Ne4 Saccharide Transferase, Glycosyltransferase Family 28 N-Terminal Domain, and

Cytochrome P450
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Figure 4. Terpene-related biosynthetic gene clusters (BGC) identified in N. tabacum cv. ‘K326’ genome.
The key BGCs identified, along with the TPS gene family members present, and the length of the
whole cluster are shown. Numbers in parentheses correspond to the chromosome numbers listed in
Table 1. Light green color represents TPS gene, gray color represents BGC-related genes, and other
remaining colors represent core biosynthetic genes.

4. Discussion

In this study, we identified 160 TPS genes through sequence analyses of the whole
tobacco genome. Generally, TPSs are classified into two broad classes (I and II) based on
their chemical reaction and their generated products. Class I utilizes a trinuclear metal
cluster to trigger the ionization of an isoprenoid diphosphate substrate to yield an allylic
cation and inorganic pyrophosphate. Class II terpenoid cyclase relies on a general acid
(an aspartic acid side chain) to protonate the terminal carbon—carbon double bond of
an isoprenoid substrate to yield a tertiary carbocation [41,49]. Full-length TPS sequence
is usually characterized by conserved domains at N-terminal (Pfam ID PF01397) and C-
terminal (Pfam ID PF03936) ends. The N-terminal domain contains the RRXgW motif, and
the C-terminal domain has the DDxxD and NSE/DTE motifs [24].

Our phylogenetic analysis resulted in five clades (a, b. ¢, e/f, and g), with clades d
and h not observed because these clades are specific to gymnosperm and S. moellendorffii,
respectively [41]. Except for clade ¢, all clades showed the DDxxD motif. Members of clade
¢ have the DxDD motif that is important for the protonation-initiated cyclization reaction
mechanism in class II TPSs [50]. Class II TPSs are represented by class II terpene synthases
that synthesize ent-copalyl diphosphate and copal-8-ol diphosphate.

The use of genome mining tools utilizing hidden Markov models to identify genomic
loci to predict multiple enzymes associated with SMs [51] has been reported [39]. Using
the plantiSMASH analysis platform, a genomic survey of putative BGCs was performed on
tobacco cv. ‘K326’ genome. The platform algorithm identified gene clusters by first scanning
all genes predicted to encode biosynthetic enzymes, including specific signature protein
domains that belonged to scaffold-generating enzymes specific for a class of biosynthetic
pathways on their comprehensive profile hidden Markov Models (pHMMSs) [39]. Then,
the algorithm looked for the co-occurrence of at least three biosynthetic enzyme-coding
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genes belonging to at least two different enzyme types and subsequently included any
flanking genes.

The genomic scan of the tobacco genome yielded 35 BGCs belonging to seven biosyn-
thetic classes, of which 20% (seven clusters) belong to a terpene-related biosynthetic class.
These terpene BGCs varied in length ranging from 120 Kb to 1.6 Mb. This varying length of
clusters identified by the plantiSMASH platform may be attributed to its detection strategy
of using dynamic cut-off rather than the static kilobase cut-off usually used in gene cluster
detection in fungal genomes [39]. Opting for dynamic cut-off rather than static distance
cut-off addresses the inherent characteristics of high variability in gene densities in plant
genomes. The use of static distance cut-off in the detection of gene clusters in plants has
been employed before by Mao et al. [52], wherein their group detected 43 terpene gene
clusters in 35 plant species after scanning 107 plant genomes within a 100 kb window.
Variability in the core domains in each terpene cluster varied, with only four (clusters 21,
22,24, and 32) out of seven terpene clusters containing genes belonging to the CYP family.
Chen et al. [53] noted that TPS and CYP always locate and function as clusters, indicating
the importance of CYP in a terpene cluster. Clustering of TPS/CYP was shown to be optimal
in the 50 kb region after scanning 17 representative monocot and dicot genomes in the
30-200 kb regions [46].

The biosynthesis of terpenoids chiefly engages TPSs and another enzyme class called
cytochrome P450 (CYP) [53]. Terpenoid biosynthesis involves three major steps: (1) conver-
sion of linear isoprenyl diphosphates to linear or cyclic terpene olefins or terpene alcohols
by TPSs, resulting in the diversity of terpene backbone structures observed in nature;
(2) oxidation of the terpenes by CYP oxygenases as well as dioxygenases and various other
types of dehydrogenases; and (3) further functionalization by the addition of a variety of
substituents, including acyl-, glycosyl-, benzoyl-, or even alkaloid-groups [54].

The pairing of TPS-CYP is prevalent in multiple plant genomes [46], where they always
locate and function as metabolic gene clusters [26,46,55]. For example, different mechanisms
of pathway assembly in eudicots and monocots have been observed in the matching and
mixing of individual TPS and CYP genes [46]. These genes jointly form the core components
of terpene biosynthetic pathways, and their interaction generates a vast array of diverse
terpene structures [41,46]. CYPs’ involvement in the dealkylation, oxidation, dehydration,
C-C cleavage, decarboxylation, desaturation, dimerization, isomerization, reduction, and
ring extension reactions made them one of the key contributors to chemical diversity in
plant metabolites [54].

To examine whether the genes present in the BGCs predicted by bioinformatic ap-
proaches are coregulated, we analyzed the diurnal and topping transcriptome datasets
to identify modules in BGCs with co-expressing modules. Our analysis of spatial and
temporal gene expression in tobacco identified co-expressing modules with varying ex-
pression profiles. Activities of each module were also observed as represented by the NES
measured in each module. However, a survey of genes in each module demonstrated that
none of the genes from the predicted BGCs formed a co-expression module. However,
when we analyzed the expression profile of each predicted BGC using PCC analysis, some
of the genes from each BGC were found to be co-expressed (Supplemental Figure S4).
This observation has also been previously reported when Wisecaver et al. [56] analyzed
published bioinformatically predicted BGCs and suggested that most of the predicted plant
BGCs are not genuine SM pathways. However, some SMs are products of plant response to
the environment, and the diurnal and topping gene expression datasets probably did not
reflect the co-expression patterns that we expected from the predicted BGCs. Validation
through metabolic profiling could support the predicted BGCs and further explain the
results of the co-expression analysis.

5. Conclusions

Using integrative genomic, transcriptomic, and metabolic pathway annotation anal-
yses, we identified, with high confidence, 35 BGCs in N. tabacum (tobacco) species. We
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examined both the gene content of the BGC and correlated gene expression data to better
understand the coordinated function of the BGCs in select plant growth and development
stages under varied developmental programs. Notably, two BGCs belonging to terpene
and saccharide-terpene biosynthetic classes found in C13 and C14 chromosomes were
only 93 Mb and 189 kb apart, respectively. Only these two chromosomes have two BGCs,
which may be an indicator of the importance of these chromosomes in terpene biosynthesis.
Overall, our research findings provide knowledge that could facilitate more efficient and
targeted modifications of terpene-related genes and BGCs in attempts to direct alterations
in tobacco for the improvement in aroma in tobacco-based product development and plant
defense mechanisms against biotic and abiotic stresses. Overall, computational analysis of
BGCs provides a guide for researchers to identify and validate candidate genes that can be
used in enhancing biosynthetic pathways for targeted products.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /agronomy13061632/s1. Supplementary Figure S1. Identified
consensus motif in each member of the TPS clades (A) TPS-a, (B) TPS-b, (C) TPS-c, (D) TPSe/f, and (E)
TPS-g. Supplementary Figure S2. KEGG annotation of the 160 TPS identified in the tobacco genome.
Functional classification of the annotated TPSs (A). KEGG orthology (KO) annotation of the 66 TPS
genes. Supplementary Figure S3. Heatmap of Pearson correlation coefficient (PCC) analysis of gene
expression of members of each identified co-expression module in (A) diurnal global transcriptome
and (B) topping transcriptome of tobacco genes. Supplementary Figure S4. Pearson correlation
coefficient (PCC) analysis of gene expression of members of each terpene-related biosynthetic gene
cluster in diurnal global transcriptome of tobacco genes. Cluster number represents the cluster
number indicated in Supplementary Table S1. Supplementary Table S1. Gene members of each
terpene-related biosynthetic gene cluster (BGC) in tobacco genome.
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