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Abstract
Terpene synthase (TPS) gene family is ubiquitous in land plants and plays an important role in regulating various biological
processes in plants, especially in pathogen and herbivore defense mechanisms. Also, little is known about this gene family in
wheat. In this research, 153 TaTPS genes were identified and named according to their chromosome location. Phylogenetic
analysis of TaTPS proteins and other homologous proteins corresponded to a six-subgroup classification. The analysis of
gene structure and motif showed that the TaTPS gene was highly conserved in each subgroup, which suggested that whole
genome duplication and segmental duplication events were the main expansion way of the TaTPS gene family. Nineteen
tandem duplication gene pairs and 91 homologous genes on different chromosomes were produced by segmental duplication.
Expression profiles derived from transcriptome data results indicated that TaTPS genes may contribute to defense responses
of wheat to pests such as aphids. The cis-regulatory elements (CREs) of TaTPS were found to be diversified indicating that
TaTPS gene may participate in many physiological processes of wheat growth and development. Each TaTPS gene contains
at least two or more defense or hormone-related CREs, suggesting an important role in wheat pest defense through hormone
pathways. This study can provide valuable clues for elucidating the evolutionary relationship of the TaTPS gene family.
Also, it may provide a research basis for functional investigations related to wheat development, particularly to plant–pest
interactions and further breeding for new wheat varieties with aphid resistance.
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Introduction

Terpenoids (also known as isoprenoids) are natural prod-
ucts from a wide range of animal and plant species that are
widely distributed with important physiological and ecologi-
cal functions (Harborne 1991; Bohlmann and Keeling 2010;
Li et al. 2017). To date, more than 23,000 terpenes have
been isolated from plants (Köllner et al. 2004), each plant
species only synthesize a few of them (Pichersky et al. 2006;

Chen et al. 2011). Terpenoids can be classified into primary
or secondary metabolites according to their physiological
functions in plants. Primary metabolism plays a major role
in the basic life activities of plants. For example, terpenoids
play a significant role in ensuring the integrity of biofilm
system, light protection, plant growth and development pro-
cess and electronic transfer on cell membrane system (Abbas
and Yu 2017). Most terpenoids are secondary metabolites
that are mainly active in plant–microbe–insect interactions
including plant defense mechanisms against herbivores and
pathogenic microorganisms (Kessler 2001; Gershenzon and
Dudareva 2007; Richter et al. 2015), and in pollinator attrac-
tion process (Pichersky and Gershenzon 2002) that play as
interspecific sensing cues.

According to the number of isoprene, terpenoids can be
divided into geranyl diphosphate (GPP, precursors of C10
monoterpenes), farnesyl diphosphate (FDP, precursors of
C15 sesquiterpenes), geranylgeranyl diphosphate (GGDP,
precursors of C20 diterpenes) and polyterpenes (Irmisch
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et al. 2012). Mono-, sesqui- and diterpene components are
volatiles released directly into the environment after synthe-
sis in plants, or further modified by subsequent oxidation,
reduction, methylation, cross-linking and others to form
diverse active structures (Irmisch et al. 2014a, b; Richter
et al. 2016; Liu et al. 2017). Terpene synthases (TPSs)
regulate the production of terpenes, which can transform
the precursors into a variety of mono-, sesqui- and diterpe-
nes (Yoshikuni et al. 2006; O’Maille et al. 2008; Miller and
Allemann 2012). In addition to TPSs, several cytochrome
P450 and various transferases are other enzymes to func-
tionalize terpenes (Keeling and Bohlmann 2006; Brillada
et al. 2013). They play important physiological and ecologi-
cal function in plants to be investigated according to their
function, metabolic pathway and regulation mechanism as a
main research hotspot in plant–insect interactions.

In terpene production and regulation, TPS gene plays a
pivotal role in the synthesis of plant terpenes. This TPS gene
family has been studied in Arabidopsis thaliana (L.) Heynh.
(Aubourg et al. 2002), Oryza sativa Linn. (Goff et al. 2002)
and Sorghum bicolor (L.) Moench (Paterson et al. 2009),
Malus domestica Borkh (Nieuwenhuizen et al. 2013), Popu-
lus trichocarpa Torr. & A. Gray (Irmisch et al. 2014a, b). Up
to now, the TPS gene family in different species was found to
be a medium-sized gene family phylogenetically divided into
eight subfamilies (Bohlmann et al. 1998; Dudareva 2003;
Martin et al. 2004). TPS-a mainly contains sesqui- and diter-
pene synthetases, TPS-b and TPS-g mainly contains mono-
and hemiterpenes. TPS-a, TPS-b and TPS-g are unique to
angiosperms. Copalyl diphosphate synthetases (CPS) consti-
tute the TPS-c subfamily while kaurene synthetase (KS) and
other diterpene synthases constitute the TPS-e and TPS-f
subfamilies, respectively. TPS-c and TPS-e/f occur in both
gymno- and angiosperm. The TPS-d subfamily is unique to
gymnosperms, which contains mono-, sesqui- and diterpene
synthases. To date, TPS-h subgroup is unique to lycopod
Selaginella moellendorffii (Aubourg et al. 2002; Chen et al.
2011).

Most terpenoids play a crucial role in the plant–envi-
ronment interactions, especially in plant defense toward
pests and pathogens (Block et al. 2018; Kiryu et al. 2018).
The transgenic tobacco with over expression of GhTPS12
reduced the oviposition of the female of cotton bollworm and
effectively avoided the peach aphid (Huang et al. 2018). The
expression of (+)-δ-cadinene synthase gene was induced by
rhizosphere bacteria, and the (+)-δ-cadinene produced plants
were found to be resistant to Spodoptera exigua (Hubner)
(Zebelo et al. 2016). Also, the transgenic rice plants with
PITPS3 and PITPS4 produced volatile pattern significantly
more attractive to Cotesia chilonis (Munakata) females, the
natural enemy of the Chilo suppressalis Walker. Both above
and below ground effects were observed that the (E)-beta-
caryophyllene produced by maize containing TPS23 gene

attracted natural enemies including soil entomopathogenic
nematodes and parasitic wasps (Köllner et al. 2008; Degen-
hardt et al. 2009). Focusing on aphids, the expression of
rice TPS46 played a crucial role in the defense of Rhopa-
losiphum padi (L.) (Sun et al. 2017). Also, transgenic A.
thaliana plants including wheat FPP synthetase gene (FPS)
were less attractive to Myzus persicae (Sulzer) (Zhang et al.
2015). Even if a higher number of studies have been car-
ried out on the plant defense mechanisms involving terpe-
nes (Mccormick et al. 2012; Brillada et al. 2013; Warren
et al. 2015; Richter et al. 2016), only limited information
are available on terpenes in wheat.

Wheat is one of the most important food crops worldwide
to be damaged by aphids. Studies have shown that terpe-
noids have a significant defensive effect on aphids (Sun et al.
2017). To date, preliminary studies showed that FPS gene in
wheat could modify aphid behavior (Ma et al. 2010; Zhang
et al. 2015). Further investigations are then needed to reveal
the diversity and effect of TPS gene in wheat so as to under-
stand its’ potential role in terpene synthesis and defense effi-
ciency to aphids. The completion of breed wheat genome
sequencing (Zimin et al. 2017) provides an opportunity to
explore the gene function of wheat at the genomic level by
using bioinformatics method. In recent years, MAPK and
MAPKK (Zhan et al. 2017), MADS-box (Ma et al. 2017),
WRKY (Ning et al. 2017), COI (Bai et al. 2018), Pht1 (Zhang
et al. 2019) and some other gene families have been identi-
fied in wheat by bioinformatics methods, and some genes
have also been functionally verified. According to TPS
phylogenetic analysis and cis-regulatory elements (CREs)
coupled with transcriptome expression profiles of wheat
TPS gene, this research will provide important information
for further study on the regulation mechanism of TPS gene
under various wheat biological stress including aphid pests.

Methods

Identification of TaTPS genes in the Triticum
aestivum genome

The whole genome data and the hidden Markov model
(HMM) file of TPS (PF03936 and PF01397) were down-
loaded from http://plants.ensembl.org/Triticum_aestivum/
Info/ Index and from Pfam protein database (http:// pfam.
xfam.org), respectively. TPS gene was searched from wheat
genome database by Hmmer 32.0 software using default
parameters. The non-redundant CPS protein sequences were
downloaded from NCBI (ESM_1). HMM was constructed
to scan TPS proteins in wheat by using the non-redundant
CPS protein sequences to be used as query sequence and
blasted in wheat protein database. Then the repeated genes
were removed manually, and original candidate genes were
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obtained. The TaTPS protein sequence were submitted to
CDD (https:// www. ncbi. nlm. nih. gov/ Struc ture/ bwrpsb/
bwrpsb. cgi) Pfam and SMART (http:// smart. embl- heide
lberg. de/) to confirm the conservative domain after all
redundant sequences were removed. Finally, the wheat TPS
gene was named. Using the online ExPASY tool (http://
www.expasy.org/proteomics) to predict the amino acid (aa)
number, molecular weight (Mw), isoelectric point (pI) and
open reading frame (ORF) of all protein sequences identi-
fied. The secondary structure of TaTPS protein was pre-
dicted by SOPMA.

Phylogenetic analysis and classification of wheat
TPS genes

The TaTPS genes were divided into different subfamilies,
based on the wheat phylogenetic tree and related classifica-
tion of other species TPS proteins. The phylogenetic tree was
built by using full-length amino acid sequences of partial
TPS genes from A. thaliana, Abies grandis (Douglas ex D.
Don) Lindl., Picea abies (L.) H. Karst. and other species
(ESM_2). Multiple sequence alignment of all amino acid
sequences using the default parameters of clustalW was
performed (Altschul et al. 1997) and used with MEGA 7.0
based on Poisson model, pairwise deletion, bootstrap repli-
cations of 1000 using neighbor-joining method.

Gene structure and motif analysis

The structure of the TaTPS genes were showed by Gene
Structure Display Server 2.0 (GSDS: http://gsds.cbi.pku.
edu.cn/) (Guo et al. 2007), and the positions of exons, introns
and UTRs were clearly displayed. Analysis of the motif of
the TaTPS protein using a MEME online program (http://
meme.nbcr.net/meme/intro.html) based on the amino acid
sequence, the MEME algorithm was based on the maximum
expected value (EM) algorithm to identify motifs (Bailey
et al. 2009).

Predication of chromosomal localization and gene
duplication

The start and end positions of all TaTPS genes were
extracted on each chromosome from the wheat genome
database of annotated GFF3-file. The gene position on the
chromosome map was set with MapChart (Voorrips 2002).
According to Holub (2001), tandem duplication events
were defined as chromosomal regions containing two or
more genes within 200 kb. The gene duplication analy-
sis using MCScanX (Wang et al. 2012) was performed
with the default parameter setting. Generation of syntonic
maps using CIRCOS (Krzywinski et al. 2009) to select

each segmental duplication containing the TaTPS genes,
the supposed segmental duplication genes were connected
by a red connecting line.

Expression analysis of TaTPS genes in wheat leaves
damaged by aphids

The data of bread wheat leaves Aphid resistant-non-
infested (SRX4372400) and Aphid resistant-infested
(SRX4372399) were downloaded from the Sequence Read
Archive (SRA) database on NCBI website to run transcrip-
tome analysis. Based on the known complete sequences of
TaTPS proteins, the tertiary structure prediction of TaTPS
proteins were obtained by online tool SWISS-MODEL
(https://swissmodel.expasy.org/interactive).

Analysis of cis‑regulatory elements in TaTPS genes
promoters

The 1.5-kb upstream region of the identified 153 TaTPSs
was extracted from the wheat DNA database and all CREs
were analyzed and displayed by Plant CARE (http://bioin
formatics.psb.ugent.be/webtools/plantcare/html/) (Lescot
et al. 2002). The CREs of TaTPS genes after infection by
aphid were analyzed by Plant CARE. The CREs involved
in plant defense and hormone related were performed to
draw the patterns of GSDS (Hu et al. 2014).

Results

Identification of the TaTPS gene family in wheat
genome

TaTPS proteins were searched and 56 candidate genes
were obtained by BLASTP. Using CDD, Pfam, and Smart
to check for complete TPS domains, 153 sequences were
identified as TaTPS proteins assigned from TaTPS1
to TaTPS153 according to their chromosome position
(ESM_3). From the length of the ORF, subsequent protein
amino acid length, Mw and pI were determined (ESM_3).
TaTPS81 was the largest protein with 862aa, while
TaTPS51 (453aa) was the smallest. The protein Mw were
from13.8 to 97.4 kDa, and pI ranged from 4.7 (TaTPS139)
to 7.96 (TaTPS51). Protscale allowed to predict that all
153 TaTPS protein members belonged to hydropathicity
protein. Finally, the TaTPS protein sequences were com-
posed of secondary structure elements such as alpha helix,
random coil, extended strand and beta turn (ESM_3).
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Phylogenetic analysis and classification of wheat
TPS gene family

A multi-sequence alignment of 153 TaTPS and other TPS
sequences was performed using ClustalW to investigate the
evolutionary relationship between TaTPS genes members.
Unrooted phylogenetic tree was built using full-length amino
acid sequences (ESM_4) and was divided into six subfami-
lies (Fig. 1; ESM_3). The TPS-a subfamily was the largest
with 65 proteins, while the smallest related to TPS-b pooled
only 13 TaTPS proteins. In addition, 25, 24 and 26 TaTPS
proteins constituted the TPS-c, the TPS-g and TPS-e/f sub-
families, respectively (Fig. 2a). No gene was found to be
associated to the TPS-d subfamily.

Sequence characteristics of wheat TaTPS gene

To further understand the evolution of the TPS gene fam-
ily in wheat, the detection of the exon–intron structure of
all identified TaTPS genes was investigated. A relation-
ship between gene structure characteristics and particular
subfamilies was determined (Fig. 2). Most of the wheat

TPS-a subfamily genes contained seven exons, of which
TaTPS74 with five exons, TaTPS86, TaTPS99, TaTPS102
and TaTPS138, TaTPS101 and TaTPS23 with six, eight
and nine exons, respectively. The number of exons in the
TPS-b subfamily was relatively large and dense excepting
for TaTPS135 and TaTPS139 with four exons. TaTPS07
contained eight exons while the other ten TaTPS genes had
seven exons. The TPS-g subfamily contained seven exons
in addition to TaTPS110. Members of the TPS-c subfamily
presented 9–15 exons. Finally, TPS-e/f subfamily members
contained 11–14 exons, the number of exons in the TPS-c
subfamily was relatively large and dense (Fig. 2c). There-
fore, it is speculated that the members of the gene family in
each subgroup are also closer in evolutionary relationship.

Fifteen conserved motifs of TaTPS gene family were
obtained (Fig. 2b; ESM_5). Motifs 8 and 14 constituted a
TPS protein conserved domain sequence near the N-terminus
(the motif of the TPS, PF01397) while motifs 3–4 and 11–12
corresponded to conserved motif near the C-terminus (metal
ion binding domain PF03936) contained motifs. TPS-a sub-
family protein contained more motifs, and the first conserved
sequence of the TPS-a subfamily was Motif 8, a conserved

Fig. 1 Phylogenetic tree built
using terpene synthase (TPS)
from wheat and other species.
Neighbor-joining method with
1000 bootstrap replications was
carried out to construct phylo-
genetic tree. Seven subgroups
are marked with different
colors. TPS of other species was
labeled by shape, but no special
mark in wheat
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region ending with Motif 13. TPS-a, TPS-b, and TPS-e/f
both contained an aspartate-rich conserved domain DDXXD
and an N-terminal conserved sequence RRx8W. The TPS-g
subfamily lacked the conserved sequence RRx8W. The num-
ber of Motif of TPS-c was relatively small, the conserved
domains of the TPS-c subfamily were DDXXD and DXXD,
or contained only the conserved domain DDXXD. In addi-
tion to conserved domains RRx8W and DDXXD, TPS-a,
TPS-b and part TPS-e/f subgroups TaTPS proteins had con-
served domains RXR. The second largest conserved domain
NSE/DTE was found near the C-terminal region in the pro-
teins of TPS-a, TPS-b, TPS-g and TPS-e/f subfamily. None

of conserved domain NSE/DTE was found in the TPS-c
subfamily (Fig. 2; ESM_5).

Predication of chromosomal localization and gene
duplication

According to the genomic location information of each
TaTPS gene family member, 153 TaTPS genes were marked
on the chromosome (Fig. 3). Since the chromosome 4B
does not contain the TaTPS gene, this chromosome was not
labeled. The TaTPS genes were mainly concentrated in 2A,
2B, 2D, 6B. The number of TaTPS genes on chromosome 2B

Fig. 2 Phylogenetic relationship and gene structure of terpene syn-
thase (TPS) gene in wheat. a The phylogenetic tree based on the
full-length sequence of wheat TPS proteins built by using MEGA7
software. b The arrangement of conserved motifs of TaTPS protein.
The 15 predicted motifs are represented by boxes of different colors,

and the sizes of the motifs are represented by the scale at the bottom.
Additional file 5 provides more information about motif. c Exon–
intron structure of TPS gene in wheat. Green boxes represent untrans-
lated 5′- and 3′-regions; yellow boxes represent exons; black lines
represent introns
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was the highest with 36 TaTPS genes. While 1B, 1D, 4D, 5A
displayed only one TaTPS gene, 1A, 4A, 5D had two TaTPS
genes and 3A, 7B shown three TaTPS genes. Finally, 5B,
7A had four TaTPS genes while 3B, 3D, 6D contained five
TaTPS genes, and finally 6A, 7D contained six TaTPS genes.
Most of the TaTPS genes were located in the proximal or
distal end of wheat chromosome. The detailed chromosomal
location of the TaTPS genes is shown in Fig. 3. There is no
positive correlation between the length of the chromosome
and the number of TaTPS genes.

In order to explore the reasons for the uneven distribution
of TaTPS genes on different chromosomes, gene duplica-
tion of TaTPS genes was carried out. In this study, a total of
111 TaTPS homologous genes were identified. Some genes
contained more than one duplicated gene, which may be
caused by multiple replication of the whole wheat genome.
19 tandem duplication gene pairs were distributed on the
chromosome, and four, five, three and two tandem duplica-
tion gene pairs were located on chromosomes 2A, 2B, 2D
and 6A, respectively. 3A, 5B, 6B, 6D and 7A contain a tan-
dem duplication gene pair. A synteny analysis of the TaTPS
gene was performed to study the duplication events in TaTPS
genes. In addition, Un contain a pair of homologous genes.
According to BLASTP and MCScanX methods, a total of 91
homologous genes on different chromosomes were produced

by segmental duplication (Fig. 4). In addition, two pairs of
homologous genes were found in Un and 6A, Un and 6B
(Fig. 4). This indicated that segmental duplication was the
main mode of TaTPS gene duplication and was the main
reason for the uneven distribution of TaTPS genes on differ-
ent chromosomes. Further analysis indicated that 24 TaTPS
genes occurred in tandem duplication and segmental dupli-
cation events, further indicating that tandem duplication and
segmental duplication events were responsible for the ampli-
fication of TaTPS genes in the wheat genome.

Expression analysis of TaTPS genes in wheat leaves
damaged by aphids

153 TaTPS genes were analyzed in transcriptomic data. 63
TaTPS genes were not detected, 19 TaTPS genes had no
significant change while 42 TaTPS genes had significant up-
regulation (30 TaTPS genes) or down-regulation (12 TaTPS
genes) (Fig. 5). There were 5, 4, 3, 13 and 15 TaTPS genes
in TPS-a, TPS-b, TPS-c, TPS-e/f and TPS-g subfamilies,
respectively. TaTPS84 and TaTPS27 were annotated to
alpha-humulene synthase like isoform ×  1, and TaTPS02
annotated to ( +)-delta-cadinene synthase isozyme XC14,
TaTPS22 to (E)-beta-farnesene synthase, and TaTPS102 to
alpha-humulene synthase, the above five proteins belong to

Fig. 3 The distribution of TaTPS genes in the wheat genome. The tandem duplicated genes are marked by red rectangles in chromosomes.
Homologous genes on scaffold marked with green rectangle
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Fig. 4 The homoeologous
analysis of TaTPS gene family.
The gray line represents all
common regions in the wheat
genome, and the red line rep-
resents duplicated TaTPS gene
pairs. The green line represents
the homologous gene of scaf-
fold and chromosome. The
distribution of TaTPS gene in
wheat genome

Fig. 5 Expression level validation of DEG in the RNA-Seq. Relative expression ratio of each DEG is presented in a log2 value of the aphid
infested vs uninfested
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TPS-a subfamily. All four TPS proteins of TPS-b subfam-
ily were annotated into alpha-terpineol synthase in Non-
Redundant Protein Sequence Database (NR) database. Two
(TaTPS44 and TaTPS12) and one (TaTPS64) of the three
TaTPS proteins of TPS-c subfamily were annotated to ent-
copalyl diphosphate synthase and syn-copalyl diphosphate
synthase in NR database, respectively. Among the 13 TPS
proteins of TPS-e/f subfamily, except that the TaTPS150
located on Un was described as ent-kaurene synthase like 1.
6, 2, 2, 1 and 1 TaTPS proteins were annotated to ent-kau-
rene synthase, syn-pimara-7,15-diene synthase like, acyclic
sesquiterpene synthase like isoform X1, acyclic sesquiter-
pene synthase like isoform X2 and acyclic sesquiterpene
synthase like isoform X4, respectively. All of the 15 TPS-e/f
subfamilies were annotated with S-linalool synthase in the
NR and Swissprot database.

After homologous modeling of the tertiary structure
of 42 TaTPS protein, TPS-a and TPS-c subgroups were
highly similar in space structure, and each subgroup had
a highly conserved structure. After the tertiary structure
analysis of all members of the TPS-b, TPS-g and TPS-
e/f subgroups, the three-dimensional structure was differ-
ent (Fig. 6). It was speculated that the three-dimensional
structure was different in the TPS-a and TPS-c subfami-
lies. The protein had similar functions, but the members of
TPS-b, TPS-g and TPS-e/f subfamily may have different
functions. TPS-e/f and TPS-g subfamily predicted the ter-
tiary structure of the same protein, indicating that different
genes of TPS-e/f and TPS-g subfamily may regulate the
synthesis of the same terpene.

Fig. 6 The tertiary structure of
TaTPS protein. For each TPS
subfamily, different tertiary
structures of TaTPS protein
select one as representative to
show
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cis‑Regulatory element analysis of wheat TaTPS
proteins

The level of gene expression is closely related to the CREs
of transcription factor binding site upstream of the gene.
To study the latent regulatory mechanism of TaTPS genes,
we extracted 1500 bp sequences of upstream region of 153
TaTPS genes and submitted them to PlantCARE. A total
of 114 CREs were found in the upstream sequences of 153
TaTPS transcripts (Fig. 7).

Discussion

TPSs is a kind of key enzyme in the synthesis of terpenoids.
In recent years, genome sequencing of different plant species
has been completed successively, which makes availability
for further analysis. TPS from A. thaliana (32 TPS genes)
(Aubourg et al. 2002), O. sativa (34 TPS genes) (Goff et al.
2002), Sorghum bicolor (L.) Moench (24 TPS genes) (Pater-
son et al. 2009), Vitis vinifera Linn. (69 TPS genes) (Martin
et al. 2010), Solanum lycopersicum Lam. (29 TPS genes)
(Falara et al. 2011), Picea glauca (Moench) Voss (69 TPS
genes) (Keeling et al. 2011), apple (10 putative functional
TPS genes) (Nieuwenhuizen et al. 2013) and P. trichocarpa
(38 TPS genes) (Irmisch et al. 2014a, b) are now available.
In this work, we identified and characterized the TaTPS gene
family in wheat with 153 TaTPS genes which is the most
diversified situation in comparison to other identified spe-
cies. Genome-wide duplication may be an important cause
for the amplification of TPS gene family in wheat which is
an allohexaploid formed by hybridization and chromosome
doubling of three species (Glover et al. 2015). A large num-
ber of homologous TPS genes have been produced showing
the increase of plant complexity. The number of TPS gene
in different plant species gradually increased from algae to

higher flowering plants (Popper et al. 2011). Also, small-
scale genome duplication (including segmental duplication
and tandem duplication) plays a significant function in the
evolution of TaTPS genes and promote the expansion and
evolution of gene families. Segmental duplication and tan-
dem duplication events have been widely reported, such as in
the wheat genome. Seven tandem duplicate regions among
18 TaPHT1 genes and 19 pairs of segmental duplicates were
identified (Zhang et al. 2019). In our study, 19 tandem dupli-
cate regions among 40 TaTPS genes and 91 homologous
genes on different chromosomes were produced by segmen-
tal duplication among wheat genome. The number of dupli-
cation genes was mainly determined by segmental duplicates
events and the reason of segmental duplicates evolution may
be retained due to sub-functioning and new functionaliza-
tion (Lynch and Conery 2000; Moore and Purugganan 2005;
Wang et al. 2005; Huang et al. 2015). Therefore, although
tandem duplicates contributed to the expansion of TaTPS
gene family, segmental duplicates had to play a more critical
role (Zhu et al. 2014).

In this study, the TaTPS genes were systematically iden-
tified and classified by bioinformatics. Among the153 full-
length TaTPS genes, they can be divided into 6 subgroups,
namely TPS-a, TPS-b, TPS-c, TPS-e/f and TPS-g. This was
similar to the branch type of TPS gene family previously
identified in angiosperms (Goff et al. 2002; Martin et al.
2010). TaTPS gene evolution was shows to be conserva-
tive. In this experiment, 65 TaTPS genes belonged to larg-
est TPS-a subfamily. This is similar to the studies of other
dicotyledons and monocotyledons (Chen et al. 2011; Nieu-
wenhuizen et al. 2013). Therefore, it was speculated that ses-
quiterpenoids were most abundant in wheat (Bohlmann et al.
1998). In addition, no member of TPS-d subfamily gene
was found in this study, further indicating that TPS-d sub-
family was a relatively independent gene family branch of
gymnosperms (Bohlmann et al. 1998; Keeling et al. 2011).

Fig. 7 cis-Regulatory elements identified in the promoter region of the TaTPS gene family. Analysis of the promoter sequences of 153 TaTPS
genes with PlantCARE
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Consistent with the highly conserved intron–exon structure
of TPS gene in plants (Trapp and Croteau 2001; Aubourg
et al. 2002; Martin et al. 2010), the 91 TaTPS genes of TPS-
a, TPS-b and TPS-g contained seven exons, the other 11
TaTPS genes may be caused by the loss or gain of introns.
This was similar to the findings of the TPS gene family of
grapevine (Martin et al. 2010) and tomato (Falara et al.
2011). Other genes in the TPS-c and TPS-e/f subfamilies
were characterized by longer sequences (9–15 exons, most
of the TaTPS genes had 13 or 14 exons). This was due to
the presence of an additional exon encoding the N-terminal
domain of the ancestor 200 amino acids of unknown func-
tions (Bohlmann et al. 1998; Aubourg et al. 2002; Tholl
2006; Martin et al. 2010). The feature of wheat TaTPS pro-
tein family was related to the occurrence of two domains
(PF01397 and PF03936) that were defined in Pfam (Finn
et al. 2008; Starks et al. 2010). All of the TPS-b subfam-
ily genes contained PF01397 RRx8W, a motif shared by
angiosperm monoterpene synthetase (Dudareva 2003) that
played an important role in monoterpene synthesis (Hyatt

defense effect of terpene synthesis on pests has been widely
reported in other species (Betsiashvili et al. 2015; Sun et al.
2017). The up-regulated TaTPS genes contributed in every
subfamily, the gene numbers of TPS-a, TPS-b and TPS-c
subfamilies were less, most of them belonging to TPS-e/f
and TPS-g subfamilies. The main TPSs, namely monoter-
pene synthase, sesquiterpene synthase and diterpene syn-
thase were found to play an active role in pest plant defense
(Zebelo et al. 2016; Li et al. 2017). In addition, the results
of homologous modeling showed that the three-dimensional
structure and functionality of each subfamily protein were
very similar.

More and more studies have shown that TPS genes were
involved in plant development, in response to biological and
abiotic stresses such as in many other processes (Mccormick
et al. 2012; Huang et al. 2018). There were several evidences
that plants regulated TPS gene expression when they were
infested by pests or treated with phytohormones (Irmisch
et al. 2014a, b; Betsiashvili et al. 2015; Li et al. 2017). A
large number of CREs responding to hormones and stresses

Article Genome-wide identification and characterization of the TPS gene family in wheat (Triticum aestivum L.) and expression analysis in respon…
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Herbivore-induced terpenes have been reported to function as ecological signals in plant-
insect interactions. Here we showed that insect-induced cotton volatile blends contained 16
terpenoid compounds with a relatively high level of linalool. The high diversity of terpene…
production is derived from a large terpene synthase (TPS) gene family. The TPS gene family
of Gossypium hirsutum and G. raimondii consist of 46 and 41 members, respectively. Twelve
TPS genes (GhTPS4-15) could be isolated and protein expression in E. coli revealed catalytic
activity for eight GhTPS. The upregulation of the majority of these eight genes additionally
supports the function of these genes in herbivore-induced volatile biosynthesis. Furthermore,
transgenic Nicotiana tabacum plants overexpressing GhTPS12 were generated which
produced relatively large amounts of (3S)-linalool. In choice tests, female adults of
Helicoverpa armigera laid fewer eggs on transgenic plants compared with non-transformed
controls. Meanwhile, Myzus persicae preferred feeding on wild-type leaves over leaves of
transgenic plants. Our findings demonstrate that transcript accumulation of multiple TPS
genes is mainly responsible for the production and diversity of herbivore-induced volatile
terpenes in cotton. Also, these genes might play roles in plant defense, in particular, direct
defense responses against herbivores.
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Genome-wide analysis of terpene synthases in soybean: Functional
characterization of GmTPS3
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Jianyu Liu · Fang Huang · Xia Wang · [...] · Deyue Yu

Terpenes (terpenoids or isoprenoids) constitute a large class of plant natural products and
play numerous functional roles in primary and secondary metabolism as well as inecological
interactions. This study presents a genomic analysis of 23 putative soybean (Glycine max)…
terpene synthase genes (GmTPSs) distributed over 10 of 20 chromosomes. The GmTPSs are
grouped into six types based on gene architecture and sequence identity. Sequence
alignment indicates that most GmTPSs contain the conserved aspartate-rich DDX2D motif,
and two clades encoded by TPS-a and TPS-b contain variations of an arginine-rich RRX8W
motif. Quantitative real-time PCR analysis demonstrated that GmTPSs were predominantly
expressed in reproductive organs. Heterologous expression followed by enzymatic assay
suggested that GmTPS3 functions as a geraniol synthase. We also generated transgenic
tobacco plants ectopically expressing GmTPS3. In dual-choice feeding-preference and force-
feeding assays, the transgenic tobacco lines expressing GmTPS3 exhibited enhanced
resistance to cotton leafworms and an increased level of geraniol. Taken together, these data
provide a comprehensive understanding of the TPS family in soybeans and suggest a
promising approach to engineering transgenic plants with enhanced insect resistance.
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Gossypium hirsutum
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Cui-Ping Zhang · Jin-Li Zhang · Zheng-Ran Sun · [...] · Daohua He

Terpenoids are widely distributed in plants and play important roles in the regulation of plant
growth and development and in the interactions between plants and both the environment and
other organisms. However, terpene synthase (TPS) genes have not been systematically…
investigated in the tetraploid Gossypium hirsutum. In this study, whole genome identification
and characterization of the TPS family from G. hirsutum were carried out. Eighty-five TPS
genes, including 47 previously unidentified genes, were identified in the G. hirsutum genome
and classified into 5 subfamilies according to protein sequence similarities, as follows: 43
GhTPS-a, 29 GhTPS-b, 4 GhTPS-c, 7 GhTPS-e/f, and 2 GhTPS-g members. These 85 TPS
genes were mapped onto 19 chromosomes of the G. hirsutum genome. Segmental
duplications and tandem duplications contributed greatly to the expansion of TPS genes in G.
hirsutum and were followed by intense purifying selection during evolution. Indentification of
cis-acting regulatory elements suggest that the expression of TPS genes is regulated by a
variety of hormones. RNA sequencing (RNA-seq) expression profile analysis revealed that the
TPS genes had distinct spatiotemporal expression patterns, and several genes were highly
and preferentially expressed in the leaves of cotton with gossypol glands (glanded cotton)
versus a glandless strain. Virus-induced gene silencing (VIGS) of three TPS genes yielded
plants characterized by fewer, smaller, and lighter gossypol glands, which indicated that these
three genes were responsible for gland activity. Taken together, our results provide a solid
basis for further elucidation of the biological functions of TPS genes in relation to gland
activity and gossypol biosynthesis to develop cotton cultivars with low cottonseed gossypol
contents.

View

Functional characterization of (E)-β-caryophyllene synthase from lima bean and
its up-regulation by spider mites and alamethicin

Article April 2017 · 122 Reads · 7 Citations

Journal of Integrative Agriculture

Fengqi li · Ningning Fu · Jing-Jiang Zhou · Guirong Wang

E)-β-Caryophyllene is a sesquiterpene compound widely distributed in plants and functions in
plant defence. However, little is known about the sequence and function of (E)-β-
caryophyllene synthase in lima bean (Phaseolus lunatus). Here, we report a new full-length…
cDNA (PlCAHS) encoding (E)-β-caryophyllene synthase, a possible key enzyme of plant
defence. The cDNA of PlCAHS contains an open reading frame of 1 761 bp, encoding a protein
of 586 amino acids with a predicted mass of 67.95 kDa. The deduced amino acid sequence
shows 52% identity with sesquiterpene synthase MtCAHS of Med-icago truncatula. Based on
phylogenetic analysis, PlCAHS is classified as the terpene synthases (TPS)-a subfamily. The
recombinant enzyme, expressed in Escherichia coli, catalysed the formation of a major
product (E)-β-caryophyllene (82%) and a minor product α-humulene (18%) from farnesyl
diphosphate. Real-time quantitative PCR (qRT-PCR) analysis found that the PlCAHS transcript
was significantly up-regulated in leaves after treatment with spider mites and alamethicin
(ALA), suggesting its ecological function in plant defence.
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played an important role in monoterpene synthesis (Hyatt
et al. 2007). TPS-a subfamily covered all sesquiterpene
synthetases of angiosperms (Bohlmann et al. 1998), with
RRx8W found in almost all TPS-a and most of TPS-e/f sub-
families. It was suggested that monoterpene and diterpene
synthetases usually contain an N-terminal plasmid target-
ing peptide located in the upstream region of the conserved
or modified RRx8W (Bohlmann et al. 1998). However,
although the TPS-g subfamily lacked the common RRx8W
sequence of monoterpene synthetase, some studies in other
species showed that the enzymes encoded by TPS-g subfam-
ily can catalyze monoterpene, sesquiterpene and diterpene
(Richter et al. 2016; Li et al. 2017). The terpenoid products
in plants depend on their subcellular location (Chen et al.
2011; Arimura et al. 2008). Also, TaTPS protein of TPS-g
subfamily was found to potentially regulate the production
of many terpenes. Only three predicted TaTPS (TaTPS106,
TaTPS134, TaTPS118) lacked the exact DDxxD motif fea-
ture of TPS, which catalyzed the reaction initiated by the
diphosphate group cleavage of isoprene phosphate substrate.
The TPS-c subfamily protein contained not only the con-
served motif DDxxD, but also the conserved motif DxDD,
which play a major role in the activation mechanism of TPS
protonation (Prisic et al. 2007). In addition to the conserved
domain DDXXD, NSE/DTE was the second important con-
served domain of C-terminal domain (Christianson 2006;
Degenhardt et al. 2009). The conserved domain NSE/DTE
was found in the proteins of TPS-a, TPS-b, TPS-g and TPS-
e/f subfamily.

The expression of 42 TaTPS genes was found to have
significant changes, 30 TaTPS genes of which were up-reg-
ulated after aphid damage. It was suggested that the TaTPS
genes plays a key role in pest plant defense. Although the
defense effect of TaTPS gene has not been studied, the

large number of CREs responding to hormones and stresses
were identified in TPS gene of wheat by bioinformatics
analysis. These TPS genes were focused to be the key fac-
tors for wheat growth and defense in specific signaling path-
ways. In this study, Many CREs are related to abiotic stress
responses, such as light (G-box, Sp1, Box 4 and others),
damage (box S, W-box, WUN-motif, JERE), anaerobic con-
ditions (ARE), drought (MBS) and other stress responses.
Light cycle-related elements (32) were distributed in almost
all transcripts. In addition, a large number of transcripts had
identified elements related to hormone and biological stress
response, such as abscisic acid, gibberellin, MeJA, salicylic
acid, auxin and others. Abscisic acid response element
(ABRE) was distributed in 142 transcripts of TaTPS genes,
the largest proportion. In addition, MeJA response element
(TGACG-motif and CGTCA-motif) was distributed in 139
transcripts of TaTPS genes. Other CREs may be involved in
the regulation of wheat growth and development and other
aspects. Among them, six transcripts of TaTPS genes con-
tain MBS1 (MYB binding site involved in the regulation of
flavonoid biosynthesis gene), showed that these six genes
may be involved in the metabolism of flavonoids. All TaTPS
genes contained at least three CREs, indicating the availabil-
ity and diversity of gene expression regulation.

Previous studies have shown that TaTPS gene may be
involved in a variety of abiotic stresses. A variety of other
CREs that may be related to wheat biological process were
also found. The induced defense of insect pests depends on
the hormone signaling pathway (such as SA, MeJA and oth-
ers). Therefore, the important CREs of hormone pathway
also become the important CREs of insect defense. We ana-
lyzed the CREs of TaTPS genes after infected of aphid. The
CREs involved in screening for plant defense responses and
hormone signaling pathway were analyzed and displayed
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in Fig. 8, which contains the TGACG-motif, W-box,
CGTCA-motif, as-1, TCA-element, ABRE, ERE, GARE-
motif, TATC-box, TC-rich repeats, H-box. All TaTPS genes
transcripts contain more than two defense-related or hor-
mone-related CREs. Among them, ABRE, CGTCA-motif,
TGACG-motif and as-1 are the most frequent CREs in the
promoter region of TaTPS genes transcripts. This demon-
strates that TaTPS genes may participate in the response
of plants to a variety of hormones. TC-rich repeats, H-box
and W-box are CREs of defense and stress response. H-box
only exists in the promoter region of TaTPS126, TaTPS130
and TaTPS139. TC-rich repeats are distributed in TPS-b and
TPS-e/f subfamilies. While W-box is distributed in each sub-
family, only one gene of TPS-b subfamily contains W-box,
and the number of W-box of TPS-g subfamily is large and

widely distributed. In addition, the TATC-box exists in the
promoter region of TaTPS102, TaTPS135 and TaTPS43.
Aphid-induced TaTPS genes promoter contains abundant
CREs, it is suggested that TaTPS gene may play an important
role in other metabolic regulation besides defensive effect on
aphid. This was similar to the study of other plant species
(Tuskan et al. 2006; Nieuwenhuizen et al. 2013). Terpenes
produced by insect-induced defense depend on signal path-
ways such as jasmonic acid and salicylic acid (Ozawa et al.
2000; Irmisch et al. 2014a, b). In addition, terpenes also par-
ticipate in the direct defense response of plants (Gershenzon
and Dudareva 2007). Hormone and defense-related CREs
exist in almost all transcripts of TaTPS gene. This suggests
that some related genes of TaTPS may be involved in the
defense of wheat pests.

Fig. 8 The hormone or defense-related cis-regulatory elements of TaTPS gene, whose expression changed significantly after aphid damage was
analyzed. Based on the scale at the bottom, the upstream length of the translation starting point can be inferred
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Here, the genome-wide analysis of wheat TPS gene fam-
ily was carried out. 153 TaTPS genes were identified and
divided into six subgroups. The TPS gene family is highly
conserved in species. TaTPS gene plays an important role
in wheat pest defense, which is expressed in response to
aphid damage. This study not only has a comprehensive
understanding of the TaTPS gene family, but also provides
precious resources for insight into the biological role of the
TaTPS gene. Although the specific role of the TaTPS gene
still needs a lot of experimental verification, the results of
this study provide some new information for the defense
function of the TaTPS gene. It could play an important role
in breeding new wheat varieties with aphid resistance.
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