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Abstract

Polyprenyl synthase gene family contained many
genes which played key roles in terpenoids
biosynthesis. In A. thaliana, 17 polyprenyl synthase
genes were already identified which could be divided
into 4 major groups as Geranylgeranyl Diphosphate
Synthase (GGPPS), Farnesyl Diphosphate Synthase
(FPS), Solanesyl Diphosphate Synthase (SPS) and
Geranyl Diphosphate Synthase (GPS). In this article,
bioinformatics analyses were performed to infer the
putative polyprenyl synthase genes of tomato and
three tobacco varieties based on whole genome
databases. In total, 13 and 32 polyprenyl synthase
genes were identified in whole genome of tomato
and three tobacco varieties. Phylogenetic analyses
showed that they were grouped into three major
clades, gps and sps genes shared relative close
relationship for one subclade grouping. Besides
of these, 10 positive selection sites were identified
along the sequences of Sub Ill clade which contained
sps and gps genes. 2 of 10 positive selection sites
were mapped onto 3-dimensionmal structures of
tomato SPS and GPS sequences, respectively. One
positive selection site was neighbor of conserved
domain DDXXD, suggesting its important role played
in polyprenyl synthase activities. Tomato GGPPS
gene only has 1 intron, while other genes have
multiple introns.

Keywords: Polyprenyl synthase; Geranylgeranyl
diphosphate synthase; Farnesyl diphosphate
synthase; Solanesyl diphosphate synthase; Geranyl
diphosphate synthase; Evolutionary analysis.

1. Introduction
Available genomic data present an unprecedented

opportunity for molecular evolution bias analyses
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[1]. For Solanaceae species, several whole genome
sequenced articles have been published, such
as tomato, pepper, potato, tobacco and relative
field type species, which provided possibilities in
clear clarification of gene family member evolution
characteristics. Terpenoids, also called isoprenoids,
are major metabolites of plants, which played
important roles in crops quality, such as tomato,
tobacco and others [2]. For terpenoids biosynthesis
of plants, two major pathways have been published,
named Mevalonic Acid Pathway (MVA) and
Methylerythritol Phosphate Pathway (MEP), which
catalyzed by large number of enzymes [3,4]. An
important class of enzymes in plant terpenoids
biosynthesis is polyprenyl synthase gene family,
which contains PF00348 domain as revealed in Pfam
database.

Based on Pfam database searching, PF00348 domain
was found in many Arabidopsis thaliana peptide
sequences, which have been identified as Solanesyl
Diphosphate Synthase (SPS), Geranyl Diphosphate
Synthase (GPS), Farnesyl Diphosphate Synthase
(FPS) and geranylgeranyl diphosphate synthase
(GGPPS), and all sequences were associated with
terpenoids biosynthesis [5].

SPS was encoded by two isoforms in Arabidopsis
thaliana, were AT1G78510 (SPS1) and AT1G17050
(SPS2) in whole genome database, which was
regarded as the precursor of the side chains of
both plastoquinone and ubiquinone [6]. Subcellular
localization analyses showed that they are located
in different organelles: SPS1 was located in ER
while SPS2 was in plastid. So SPS1 and SPS2
were inferred to associate with the side chains of
ubiquinone and plastoquinone, respectively [6].

GPS catalyzes the condensation of the key precursor
of monoterpene biosynthesis. 2 genes were cloned
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and identified as coding sequences of Peppermint
gps, which were named pMp13.18 and pMp23.10,
respectively [7]. Gene expression analyses showed
that only co-expression of two genes can yield
detected prenyl transferase activity. In Arabidopsis
thaliana, only one gene was identified as coding
sequence of gps, whose gene ID was AT2G34630.
This gene was characterized to be required for
biosynthesis of gibberellins [8].

FPS catalyzes the synthesis of the major substrate
used by cytosolic and mitochondrial branches [9].
Two fps genes were identified in whole genome of
Arabidopsis thaliana, named fps1 and fps2 [10].
fos1 has a predominant role during most of the
plant life cycle, and fps2 appears to have a major
role in seeds and during the early stages of seedling
developments [11]. A fps gene was cloned in tomato,
labeled as Lefps1; molecular biology analyses
showed that multiple fps isoforms were involved in
tomato farnesyl pyrophosphate metabolism and that
fos genes were mostly expressed in relation to cell
division and enlargement [12].

GGPPS catalyzes the precursor for the biosynthesis
of gibberelins, carotenoids, chlorophylls, isoprenoids
quinones and geranyl greanylated proteins in plants.
Several ggpps isoforms have been identified in
whole genome of Arabidopsis thaliana. 5 Arabidopsis
ggpps genes expressed in different organs of plants,
and there would be specific pathways of GGPP
production in each organelle. Whole genome
identification showed that 12 ggpps genes were
contained in Arabidopsis genome, and subcellular
location and tissue-expression analyses suggested
their sub functionalization in providing GGPP to
specific tissues, developmental stages or metabolic
pathways [13].

Above mentioned genes were important for terpenoids
biosynthesis, while none of systemic analyses were
performed to identify putative isoforms and clarify
the molecular evolution and gene family expansion
bias. In this paper, 45 polyprenyl synthase gene
family members were identified in whole genomes of
tomato and three tobacco cultivars, and showed that
these genes were divided into three sub-lineages in
phylogenetic tree. Besides, the molecular evolution
characteristics of each sub-lineage were analyzed
and 10 positive selection sites along the sequences
of Sub Il clade were identified.

2. Materials and Methods

2.1 Sequence retrieval and basic characteristics
analyses

Gene models of tomato and three tobacco cultivars
were downloaded from sol genomics network, and A.
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thaliana was obtained from TAIR 10. The data was
processed as described [14]. 12 A. thaliana GGPPS
genes, which have been identified previously, were
used as queries for the further BLASTP analyses.
BLAST searches, which used BLASTP as engine,
were performed against the peptide datasets as
described above with a rather high E value of 50 for
coverage of some low similarity sequences. Besides
of these, HMM searches of the protein datasets were
also performed with the “trusted cut-off” established
by Pfam databases [15]. The sequences of above
two searches were merged; duplication loci were
deleted, with a raw sequences file obtained.

The above mentioned raw sequence file was
searched against Pfam_A library though pfam_scan.
pl scripts download from Pfam website, with e_seq
and e_dom set as 1e-3 and 1e-6, respectively. From
the results, only the output items with PF00348 as
hmm ID and with significance as 1 were selected,
which generated a pool of locus identifiers. Then, the
protein and coding sequences were retrieved based
on the locus ID of this pool. For multiple sequences
with alternative splicing, only the longest sequences
were retained.

2.2 Phylogenetic tree reconstruction

Sequence alignments were performed using
Probcons and PRANK, respectively, with default
parameters, and the results were manually edited
through MEGA 6.0 and saved as FASTA and
nexus files for subsequent analysis [16-18]. Coding
sequences alignments were used to reconstruct
phylogenetic trees through Bayesian inference
(Bl) method through Mrbayes version 3.2.5, with
2,000,000 generations, 2 runs, 4 Markov chains and
0.1 temperature; split frequencies were checked after
2,000,000 generations, which turned out to be under
0.01. Tree files were visualized with Figtree software
[19,20].

2.3 Molecular evolution analyses

CODEML program in PAML packages was used
to clarify the molecular evolution characteristics of
polyprenyl synthase gene family members through
calculation of codon non-synonymous/synonymous
rate ratio (w=dN/dS). Consistent sites used in PAML
software were produced in PAL2NAL online server
with setting protein alignments and coding sequences
alignments as reference [21]. Tree file of PAML was
newick format produced by using figtree software.
Site models, allows w ratio to vary among sites, were
used to identify positive selection sites and point out
selection pressures distribution among different sites.
Three pairs of LRT comparison were used in this
analysis. The first pair including MO (one ratio) and
M3 (discrete) was performed to test variable w ratios
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among sites; the second pair including M1a and M2a
and the third pair including M7 and M8 were used to
identify positive selection sites. The LRT comparison
was decided to be significant if P-value was lower
than 0.05. The branch site models, assuming that
w ratios were varied between foreground branches
and background branches, were used to detect
positive selection sites along special sequences.
In the LRT, branch site model A is the alternative
model, while the simpler null model is model A but
with w2=1 fixed. The significant LRT comparison
(P-value<0.05) between Model A and Model A null
indicate some sites of foreground branches evolved
under positive selection pressures. In site model
and branch site model analyses of this paper, the
Posterior Probabilities (PP) of each potential positive
selection amino acid sites were calculated by using
Bayes Empirical Bayes (BEB) method and sites
with PP values higher than 0.9 were considered as
positive selection sites.

2.4 Three-dimensional
structure analyses

modeling and gene

Three-dimensional of target sequences were
modelled in Swiss-model online server [22]. The
templates of each sequence were searched and
determined in known protein 3-dimensional structures
database. The output files were saved as PDB format
and then loaded into PyMOL file for display and edit
[23]. Exon and UTR feature information was retrieved
from GFF data of tomato genome and visualization of
gene structures were carried out using GSDS 2.0.

3. Results and Discussion

In total, 13 and 32 polyprenyl synthase gene family
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members were identified in whole genomes of
tomato and 3 tobacco varieties, respectively. Gene
identification results in genomes of tobacco cultivars
showed that K326 and TN90 11 genes were identified
in varieties of K326 and TN 90, respectively, while
10 genes were retrieved in variety of BX [24]. The
missing genes of BX may be due to poor assembly
and annotation quality of the genome. 3 tobacco
cultivars shared similar gene numbers with tomato.
17 Arabidopsis thaliana polyprenyl synthase genes,
extracted from multiple literatures, were used as
reference for gene identification in this study, whose
roles were listed in Table 1.

To understand the origin and evolutionary history of
Solanaceae polyprenyl synthase genes, and to gain
an insights into their molecular roles, the coding
sequences of the 45 Solanaceae polyprenyl synthase
gene models, together with 17 A. thaliana genes,
were used to reconstruct Bayesian phylogenetic
tree with WAG substitution model. Midpoint rooted
Bayesian inference phylogenetic tree of all 62
polyprenyl synthase gene family members were
displayed, which revealed three major clades for
this family (Figure 1), labeled as Sub I, Sub II and
Sub lll, respectively. For A. thaliana, over 70% of
genes fell into Sub |, while genes in Sub Il and Sub
[Il accounted for only 12-18% of total gene numbers.
However, Solanaceae genes were partitioned into
3 maijor clades with similar number. Concerning the
17 A. thaliana polyprenyl synthase genes already
characterized (Table 1), in Sub I, 12 ggpps genes
were included; fps1 and fps2 were in Sub II; in Sub
I, two isoforms of sps genes and one gps gene were
included.

Table 1. Functions and original literatures of 17 A. thaliana polyprenyl synthase genes used in this study.

ID Function
At1g78510.1

At1g17050.1

Solanesyl diphosphate
synthase

At2g34630.1

At5g47770.1
At4g17190.1
At1g49530.1
At2918620.1
At2918640.1
At2g23800.1
At3g14510.1
At3g14530.1
At3g14550.1
At3g20160.1
At3g29430.1
At3g32040.1
At4g36810.1
At4g38460.1

Farnesyl diphosphate
synthase

synthase

ISSN 1860-3122

Geranyl diphosphate synthase

Geranylgeranyl diphosphate

Literature
Jun et al. [6]
Jun et al. [6]

Van Schie et al. [8]; Bouvier
et al. [32]

Closa et al. [11]
Closa et al. [11]

Abbreviation
SPS1
SPS2

GPS1

FPS1
FPS2
GGPPS1
GGPPS2
GGPPS3
GGPPS4
GGPPS5
GGPPS6
GGPPS7
GGPPS8
GGPPS9
GGPPS10
GGPPS11
GGPPS12

Wille et al. [30];
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Figure 1: Phylogenetic tree of polyprenyl synthase gene family members. Bayesian inference (Bl) method was
performed to reconstruct phylogenetic tree of all polyprenyl synthase genes obtained from whole genome of tomato, A.
thaliana and three tobacco cultivars by using Mrbayes version 3.2.5 software. All peptide sequences were divided into
three major clades named Sub I, Sub Il and Sub lll, respectively, and marked in different colors. (a): Non-root phylogeny
illustration of the tree without tip labels and posterior probability values; (b): Midpoint rooted tree with sequence names
and posterior probability values which were showed at tip labels and node labels, respectively.
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In multiple alignments of all analyzed sequences
(Figure S1), three conserved motifs previously
reported were only identified in Sub | clade. In Sub
[l and Sub IlI, CXXXC and DDXXXXD were lost and
two DDXXD motifs were identified.

3.1 ggpps genes in Solanaceae

Sub | contains 12 A. thaliana genes (Figure 1 and
Table 1) that are known to encode GGPPS, which
catalyzes the biosynthesis of GGPP, an intermediate
in the biosynthesis of terpenoids. The enzyme is
believed to be important in various primary and
specialized metabolisms.

To test if the genes in this clade are also ggpps
genes, deduced peptide sequences of the 14 Sub
| genes were compared with peptide sequences
in the following species: (1) a human ggpps gene
(AAH05252.1); (2) genes from 3 plant species,
which were already identified and characterized to
be ggpps genes [Taxus canadensis (AAD16018.1),
Capsicum annuum (CAA56554.1), Hevea
brasiliensis (BAB60678.1) [25-27]. For CXXXC motif,
both of cystine residues were replaced by serine
and asparagine respectively in human ggpps gene;
For DDXXD motif, the last aspartic acid residue was
mutated as glutamic acid in all sequences of tobacco,
and the common mutation was also identified in
one sequence of tomato (Solyc09g008920.2.1)
and A. thaliana (AT4G38460.1). In addition, this
motif was lost in a tomato sequence labelled as
Solyc07g064660.1.1. For DDXXXXD motif, all
sequences contain this motif except losing in
tomato sequence Solyc07g064660.1.1. In view of
important functions of these motifs, this sequence
(Solyc07g064660.1.1) was deleted in further
analyses.

Overall, based on the results of multiple alignments
and motif identification, the genes in Sub | were
partitioned with well-characterized ggppss except
Solyc079064660.1.1, and thus labeled genes in this
clade as ggpps genes.

To shed light on evolutionary relationships of ggpps
genes among tomato and 3 tobacco -cultivars,
Bayesian interface method was performed to
reconstruct phylogenetic of these putative GGPPS
with two tomato sequences of another clade
(Solyc10g005810.2.1 and Solyc12g015860.1.1) as
out group, with amino acid substitution model as
WAG. Results indicated that two significant gene
duplication events, which were labelled as D1 and
D2 in Figure 2, were identified in the evolution of
Solanaceae. Interestingly, the third aspartic acid
site of DDXXD motif was mutated to glutamic acid
(Figure S2) in D1b branch of Figure 1, while none of
function changes about this mutation were reported.

ISSN 1860-3122
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CODEMLsoftwarein PAMLpackagewasusedtoclarify
molecular evolution characteristics of Solanaceae
ggpps genes using site model analysis, as shown in
Table S1. Model MO and Model M3 were conducted
to test whether there was rate heterogeneity among
amino acid sites and the significant LRT results
among these two models indicated that the omega
values of different sites were distributed as discrete.
The detailed distribution characteristics of omega
values were shown in Figure S3, which showed
that all sites of GGPPS peptide sequences evolved
under purifying selection pressures, and N-terminal
evolved under more relaxed selection constraint.
None of sites were identified to evolve under positive
selection pressures for non-significant LRT results of
M1a vs. M2a and M7 vs. M8.

3.2 fps genes in Solanaceae

FPS catalyzes Farnesyl Diphosphate (FPP), which
serves as major substrate used by cytosolic and
mitochondrial branches of the isoprenoid pathway. In
A. thaliana, FPS was encoded by two genes which
named fps?1 and fps2, respectively. Knockout of
both of genes (fps7 and fps2) was lethal, while no
major developmental and metabolic defects were
observed in fps1 and fps2 single knockout mutants.
The gene (Accession: GQ420346.1) encoding FPS
was cloned from a cDNA library of Artemisia annua,
whose heterogeneous expression of Escherichia coli
showed enzyme activity for A. annua FPS (AanFPS)
in vitro [28].

In this article, both of A. thaliana fps genes were
contained in Sub Il clade (Figure 1), which formed a
clade distinct to other clades of polyprenyl synthase
genes. Three Solanaceae species analyzed in this
paper were represented in this clade. For each
species, there were 4 copies in this clade.

Six aspartates in two conserved domains (DDXXD)
were reported in many articles, which showed
that these domains were important for enzyme
activity of FPS. Multiple alignments indicated that
both of domains were in all sequences except
two of tomato sequences (Solyc10g005840.2.1
and Solyc10g005820.1.1) and one tobacco
K326 sequence (gene_67087) (Figure S1). Both
sequences were deleted in further analyses.

Using 2 tomato GGPPS sequences
(Solyc02g085710.2.1 and Solyc11g011240.1.1)
as out group, reconstruction of phylogenetic tree
of FPS peptide sequences were performed with
amino acid substitution model WAG. Results showed
that sequences of Sub Il clade were divided into
two specific clades (D1a and D1b in Figure 3). No
tomato sequences were identified in D1a clade. Two
independent gene duplication events were identified
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Figure 2: Phylogenetic analysis of GGPPS sequences based on Bayesian interface method. Bayesian method was
performed to reconstruct phylogenetic relationship. Posterior probabilities were shown at nodes. Topology indicated
three significant gene duplication events, which were labeled as D1, D2 and D3. D1 was identified before the divergence
of tomato and tobacco and D2 and D3 were identified after the speciation of tobacco.
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Figure 3: Phylogenetic analysis of fps genes based on Bayesian interface method. Bayesian interface was used to

reconstruct phylogenetic relationship of FPS sequences. Po

sterior probabilities were shown at nodes. Three significant

gene duplication events were identified based on the topology. Two tomato sequences were located on one branch
(D1b) after D1 event. D2 and D3 were only identified in tobacco cultivars.

in Nicotiana genus which was labelled as D2 and D3
(Figure 3).

Molecular evolution analyses were performed to clarify
evolutionary bias of Solanaceae fps genes through
site-model in CODEML software in PAML package. As
shown in Table S2, significant LRT between MO and
M3 indicated that the omega values among different

amino acid sites were distributed as discrete. The
distribution characteristics of omega values among
sites were shown as histogram in Figure S4, which
showed the sites with relax selection constraint
(w1=0.65470 in Table S2) distribute evenly throughout
the sequences. None of sites evolved under positive
selection pressures were detected for non-significant
LRT results of M1a vs. M2a and M7 vs. M8.
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3.3 gps and sps genes in Solanaceae

GPS catalyzes the condensation of dimethylallyl
diphosphate and isopentenyl diphosphate to form
geranyl diphosphate, which was the key precursor
for monoterpene biosynthesis. In A. thaliana, GPS
was encoded by only one gene, whose locus ID was
AT2G34630.1 (Table 1). FPS, which plays key roles
in isoprenoid biosynthesis, catalyzes the synthesis of
farnesyl diphosphate from isopentenyl diphosphate
and dimethyl allyl diphosphate. In A. thaliana,
two gene copies of fps were previously identified
(AT5G47770.1 and AT4g17190.1).

In Figure 1, A. thaliana FPS and GPS sequences
were clustered in two subclades of Sub Il clade,
which indicated that the two genes shared closer
relationship with each other than others. Besides of
these, many genes in Solanaceae were identified
in Sub Il with clade divergence. Conserved motif
identification showed that only DDXXD was contained
in Solanaceae GPS and FPS peptides (Figure 1).

Phylogenetic topology of Solanaceae gps and sps
genes was clarified based on Bayesian interface
method. Results showed that SPS and GPS
sequences of Solanaceae were split into two specific
clades, which were consistent with results as shown
in Figure 1. Two gene duplication events for these
genes in three tobacco cultivars were identified
in FPS and GPS clades, respectively, which were
labelled as D2 and D3, respectively, in Figure 4.

Six site-models of CODEML software were used
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to analyze molecular evolution characteristics of
Solanaceae fps and gps genes. The statistics results
of molecular evolution analysis (Table S3) showed
that several amino acid sites of target sequences
evolved under discrete distribution omega values for
Model M3, which significantly differed with Model MO.
The omega value distribution histogram (Figure S5)
showed that N-terminal evolved under more relaxed
selection constraint than others, with some omega
values above 1.

In positive selection site identification, the LRT
statistics results showed non-significant comparison
results among Model M2a and M1a, while very
significant results were identified in LRT comparison
between Model M7 and M8. Besides, BEB analysis
showed that the omega values of 10 sites under
Model M8 were higher than 1. Based on Yang [31],
these 10 sites were positive selection sites. In order
to clarify the putative functions of these sites, the
sites were mapped onto 3-dimensional models of
two tomato sequences which were located in two
specific lineages of Sub Il clade (D1a and D1b).
Results showed that both of sites located on helix
structure of protein. One of site (258D) was adjacent
to conserved motif DDXXD, while another one (343T)
was far away from these two motifs (Figure 5).

3.4 Gene structures of tomato polyprenyl
synthase gene

We have shown that genes in polyprenyl synthase
family were split three major clades, whichinclude four
genes, and our results showed different evolutionary
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Figure 4: Phylogenetic analysis of Solanaceae GPS and SPS peptide sequences based on Bayesian Interface method.
Bayesian interface method was performed to reconstruct phylogenetic relationship of GPS and SPS sequences.
Posterior probabilities were shown at nodes. GPS and SPS were grouped into independent sub-clades, although they
shared relatively close relationship as shown in Figure 1. We identified two significant gene duplication events at the
genome of three tobacco cultivars, which were labelled as D1 and D2.
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Figure 5: 3-dimensional modelling and positive selection site mapping of tomato GPS and SPS sequences. We
simulated 3-dimensional structures of tomato GPS (Solyc08g023470.2.1, Figure 5A) and SPS (Solyc07g061990.2.1,
Figure 5B) sequences by using Swiss-model online server (http://www.swissmodel.expasy.org/). Cyan dots indicated

two conserved motifs DDXXD, and red dots indicated two positive selection sites identified in this study.

Solyc07g61990 2.1 S - - —
Solyc03g23470 2.1 - -
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Solycl0gl05810 2.1 '

[1 L L I L
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kb Tkb Skb by 10kb 1lkb 13

Figure 6: Gene structure of tomato GGPS, FPS, GPS and SPS genes. Ruler shown is represents gene length (kb).

pressures for different clades. Besides CDS, genes
in eukaryotes usually contain UTR and introns. We
retrieved gene structure information from GFF3 file
of tomato genome sequencing data for GPPS, GPS,
FPS and SPPS genes. As shown in Figure 6, tomato
GGPS gene (Solyc099g008920.2.1) only contains
1 intron, while FPS (Solyc10g005810.2.1), GPS
(Solyc08g023470.2.1)and SPS (Solyc07g061990.2.1)
genes contain multiple introns. GPS has 11 introns,
SPS contains 5 introns, and FPS has 6 introns.

4, Discussion

Genes in polyprenyl synthase (pfam: PF00348) gene
family are important for biosynthesis of terpenoids
based on the studies of functioned PF00348 genes
in multiple species. In this paper, we identified 32
putative polyprenyl synthase genes from whole
genome databases of tomato and three tobacco
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varieties (TN90, K326 and BX) by using bioinformatics
tools. Phylogenetic tree analysis showed that all
genes were divided into three major clades, and four
types of genes have been inferred as the reference
of all functioned A. thaliana genes. Results showed
that putative genes in polyprenyl synthase gene
family included ggpps, fps, sps and gps, respectively.
In view of phylogenetic relationships of four gene
types, we found that gps and sps genes shared close
relationship, which might be the result of recent gene
duplication and divergence from a common ancestral
sequence.

For ggpps genes, showed that 5 A. thaliana ggpps
genes were located in three different subcellular
compartments and were expressed in multiple
tissues, which indicated that these genes were not
redundant sequences and might involve in different
pathways in plants [29]. Previous reports identified
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12 ggpps genes in whole genome of A. thaliana, and
10 of 12 sequences were found as functional proteins
[30]. In phylogenetic analysis of this paper (Figure
1), we showed that all genes of GGPPS1 to GGPPS
11 were grouped as a single clade, which indicated
that these genes may diverge from recent genome
duplication events. However, GGPPS12, which has
no GGPPS function, was grouped in another clade
of Sub | and shared close relationship with some
genes in tomato and tobacco. Therefore, we inferred
that some proteins without GGPPS function were
also contained in GGPPS subfamilies of tomato and
tobacco [13,30].

Two differently expressed fps genes have been
identified in whole genome of A. thaliana [10].
Phylogenetic analysis (Figure 1) showed that these
two genes were grouped as a single clade of Sub
II, which was consistent with the high sequence
similarity previously reported [10]. One significant
gene duplication event divided all fps like genes
of Nicotiana genus into two subclades (Figures 1
and 3). However, fps genes of tomato were absent
in one of the clade (D1a of Figure 3). For tomato,
the absence could again be due to the genome
sequencing and assembly gaps; it is also conceivable
that no gene duplication event took place for tomato
fpos subfamily. Two sps and one gps genes, which
shared close relationship in phylogenetic analysis,
were identified in whole genome of A. thaliana [10].
We also identified some sequences of tomato and
three tobacco varieties, which were grouped into
A. thaliana gps and sps clades. We inferred that
the close relationship may be due to recent gene
duplication and divergence from common ancestral
sequence (gps and sps).

Molecular evolution analyses were performed in this
paper to clarify the evolution characteristics of each
subfamily. We could not find positive selection sites in
GGPPS and FPS groups, which indicated that these
genes may be important for biological processes
and thus evolved conservatively. However, we
detected two sites evolved under positive selection
pressures in groups which contained sps and gps
genes. Positive selection sites identification indicated
that some available mutations were retained in the
evolution pathway, and these sites may be important
for functions of protein [31,32]. We also found one
of positive selection sites was neighbor to conserved
domain of protein, suggesting its possibly important
roles played in GGPPS and GPS enzymatic
functioning.

In summary, we identified putative polyprenyl
synthase genes from whole genome of tomato and
three tobacco varieties by using in silico methods.

Phylogenetic and multiple alignments analysis
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divided all polyprenyl synthase genes into three major
clades and four subfamilies. Besides we preformed
molecular evolution analysis to highlight evolution
characteristics of these genes. Based on this paper,
we provide data which should be important for further
analysis of terpenoids biosynthesis in Solanaceae.
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