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Abstract: Terpenes are organic compounds and play important roles in plant development and
stress response. Terpene synthases (TPSs) are the key enzymes for the biosynthesis of terpenes. For
Rosaceae species, terpene composition represents a critical quality attribute, but limited information is
available regarding the evolution and expansion occurring in the terpene synthases gene family. Here,
we selected eight Rosaceae species with sequenced and annotated genomes for the identification of
TPSs, including three Prunoideae, three Maloideae, and two Rosoideae species. Our data showed that
the TPS gene family in the Rosaceae species displayed a diversity of family numbers and functions
among different subfamilies. Lineage and species-specific expansion of the TPSs accompanied by
frequent domain loss was widely observed within different TPS clades, which might have contributed
to speciation or environmental adaptation in Rosaceae. In contrast to Maloideae and Rosoideae species,
Prunoideae species owned less TPSs, with the evolution of Prunoideae species, TPSs were expanded in
modern peach. Both tandem and segmental duplication significantly contributed to TPSs expansion.
Ka/Ks calculations revealed that TPSs genes mainly evolved under purifying selection except for
several pairs, where the divergent time indicated TPS-e clade was diverged relatively anciently.
Gene function classification of TPSs further demonstrated the function diversity among clades and
species. Moreover, based on already published RNA-Seq data from NCBI, the expression of most
TPSs in Malus domestica, Prunus persica, and Fragaria vesca displayed tissue specificity and distinct
expression patterns either in tissues or expression abundance between species and TPS clades. Certain
putative TPS-like proteins lacking both domains were detected to be highly expressed, indicating
the underlying functional or regulatory potentials. The result provided insight into the TPS family
evolution and genetic information that would help to improve Rosaceae species quality.
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1. Introduction

The Rosaceae family consists of more than 2500 species in more than 90 genera and
the family is divided into four subfamilies based on fruits: Spiraeoideae (Spirea subfamily),
Rosoideae (rose subfamily), Prunoideae (plum subfamily), and Maloideae (apple subfamily).
A number of species in the Rosaceae family are of economic importance as food crops, such
as peaches, apples, almonds, cherries, pears, raspberries, and strawberries. Some species in
the Rosaceae family are grown as ornamentals, such as the spiraea and rose. For Rosaceae,
the inner quality of fruits or flowers is mainly determined by aroma and flavor. The
aroma components are mainly composed of volatile products and terpenoids are important
components of the volatile products such as linalool, (E)-f—damarone, and 3—-ionone [1].
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Terpenoid compounds have been characterized in almond, apple, and peach [2-5]. Volatile
compounds in almond (plum subfamily) mainly consist of fatty acid-derived volatiles,
several monoterpenes, sesquiterpenes, and phenylpropanoids, and significant differences
in volatile composition were observed between different tissues and various varieties [3].
Apple (apple subfamily) fruit produce more than 300 volatile organic compounds (VOCs),
including alcohols, aldehyde esters, and ketones; the specific VOC composition in apple
depends on several factors, including cultivar, climacteric ethylene production levels,
maturity, and environmental conditions [4,5]. More than 100 volatile chemicals have been
identified in peach (plum subfamily) fruit, in which linalool is a key odorant that affects
fruit aroma and consumer preference; over-expression of terpene synthase gene 3 led to
linalool accumulation [2]. Thus, small changes in volatile content have the potential to
affect fruit flavor quality, there is an emphasized interest to regulate fruit flavor related
volatiles, and epigenetic regulation of terpenoids is also a control strategy during fruit
ripening [6,7]. To facilitate the breeding of Rosaceae species with desirable sensory qualities
and improve their qualities under stress conditions, a better understanding of the genetic
determinants of aroma and flavor in general and terpenes in particular is required.
Terpenoids represent the largest group of natural products and make up diverse
secondary metabolites. Terpenoid composition not only represents a critical attribute
in determining the quality of horticultural food products, such as taste and aroma, but
also functions widely in plant development and defense, such as attracting pollinators,
defending against herbivores, and acting as anti-bacterial agents [8-10]. Plant terpenoids
(isoprene-C5, monoterpenes-C10, sesquiterpenes-C15, diterpenes-C20, and polyterpenoids-
C5xn) are some compounds derived from isomeric 5-carbon building blocks isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) [11,12]. About 50,000 terpenoid
metabolites including monoterpenes, sesquiterpenes, and diterpenes have been identified
in higher plants, liverworts, and fungi [11,12]. In general, for a better adaptation to a
local ecological niche, each species typically synthesizes only a small fraction of terpenoid
metabolites [9,13]. In plants, geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and
geranylgeranyl diphosphate (GGPP) are the precursors for monoterpenes, sesquiterpenes,
and diterpenes, respectively; terpene synthase genes (TPSs) are responsible for converting
them into a multitude of cyclic and acyclic terpenoids [12]. The characteristic catalytic
function of TPSs is to generate multiple terpenoid products using one substrate, thus
collectively contributing to numerous different structures of plant terpenoids in addition to
modifying enzymes [12]. Generally, the TPS family is characterized by two large domains
including the N-terminal domain (PF01397) and the C-terminal metal cofactor binding
domain (PF03936) [14]. The N-terminal domain possesses a conserved RRX8W (R, arginine,
W, tryptophan, and X, alternative amino acid) motif and the C-terminal domain contains
two highly conserved aspartate-rich motifs, the DDxxD motif and the NSE/DTE motif. The
DDxxD motif is involved in the coordination of divalent ion(s), water molecules, and the
stabilization of the active site, and is found among all functional TPSs [3]. The NSE/DTE
motif flanks the entrance of the active site and function in binding a trinuclear magnesium
cluster [14,15]. TPSs are split into seven subgroups based on their amino acid sequence
relatedness, namely TPS a-g. The majority of TPSs in most plants fall into one or two
clades and the TPS-d clade was only encoded in gymnosperms [15,16]. Different TPS
clades differ considerably in catalysate and sequence. As the largest clade, the TPS-a clade
mainly encodes sesquiterpenes. TPS-b and TPS-g clades are clustered closely to TPS-a; the
TPS-b clade contains the conserved R(R)X8W muotif and usually encodes monoterpenes,
while the TPS-g clade lacks the conserved R(R)X8W motif, and functions in producing
mono- and sesquiterpenes [17]. The TPS-c clade is characterized by the “DXDD” motif but
not the “DDXXD” that was detected in other clades, and mainly functions in producing
diterpene products [17]. The TPS-d clade is only encoded in gymnosperms, and function
in producing mono- and sesquiterpene products. The TPS-e/f clades are clustered closely,
and mainly encode diterpene products [17]. TPS-a/b clades lack the N-terminal y domain
characteristic of diterpene synthases found in clades c, e, and f. In general, the biosynthesis
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of isoprene, monoterpenes, and diterpenes occurs in the plastid and the biosynthesis of
sesquiterpenes occurs in the cytosol [17].

So far, the TPS gene family members have been characterized in many plant species.
The sizes of TPS families in the majority of sequenced plants genomes range from 1 to 100.
The TPS families probably evolved through duplication of genes followed by functional di-
vergence [13]. The bryophyte Physcomitrella patens has a single TPS gene [13]. In Arabidopsis
thaliana, Vitis vinifera, Ocimum sanctum, Daucus carota, tomato, and Camellia sinensis, 32, 69,
81, 19, 44, and 80 TPSs have been identified, respectively [13,18-20]. However, not all of the
TPSs were functional. In recent years, the genomes of Rosaceae species such as peach, plum,
apple, pear, and strawberry have been sequenced, which has significantly promoted the
related studies of this family. Although abundant terpenes were characterized in different
tissues of Rosaceae species [3,4,21], a comprehensive study on TPSs has not been reported
in Rosaceae.

In this study, we mainly focused on three subfamilies in Rosaceae that are of economic
importance as food crops, and did not select the Spirea subfamily, as the Spirea subfamily
is only composed of ornamental flowers; thus, we excluded it from this study. For each
subfamily, we chose two representative species with available sequenced genomes of high
quality (chromosome scale). Based on the annotated genomes, we carried out the identifica-
tion, characterization, and metabolite pathway mapping predictions of all TPSs encoded by
eight Rosaceae species, including three Prunoideae species, three Maloideae species, and
two Rosoideae species. We classified these TPSs into putative TPS-like proteins containing
either PF01397 or PF03936 and complete ones containing both of them, respectively. The
analysis of phylogeny, gene structure, and expression patterns were conducted with a
special focus on their family number distribution and tissue expression patterns among
subfamilies and different TPS clades. The findings revealed the diversity and functional
evolution of TPSs in Rosaceae. The results provide a foundation for the exploration of TPSs
to improve the understanding of the evolution and biosynthesis of terpenoids in Rosaceae.

2. Results
2.1. Identification of TPS Family Members in Rosaceae

To explore the distribution of TPSs among Rosaceae species and the evolutionary
trajectory in the subfamily, we selected eight Rosaceae species for the identification of TPSs,
including three Prunoideae species (P. persica, P. mira, P. mume), three Maloideae species
(P. betulifolia, M. domestica, M. baccata) and two Rosoideae species (F. vesca, R. chinensis)
(Table 1). BLASTP and HMM searches were performed against their entire protein se-
quences, and these two approaches produced the similar number of hits, indicating the
relative conservation of the TPS family. We merged the hits together and verified them for
the existence of Pfam domains PF03936 (metal-binding domain) and PF01397 (N-terminal
TPS domain). Pfam domain distribution in the TPSs of eight Rosaceae species is listed
in Table S1. As a result, hundreds of complete TPSs that contained both domains were
identified. A recent study used this similar approach to detect TPSs in peach [2], and it
detected 38 full-length TPSs with both domains; another study detected cultivated apple
contained 55 putative TPS genes [4], the similar amount of TPSs as our results indicates
the approach used in our study is reliable. For each Rosoideae species, we found that a
certain ratio (64.29-0%) of putative TPSs was composed of both domains. The reference
information and family number distribution of TPSs is listed in Table 1. The average family
number of all TPSs in the Rosoideae species is the highest (65-76), followed by Maloideae
(48-56) and Prunoideae (10-45). The Prunoideae species showed varied numbers of TPSs;
there were only 10 putative TPSs identified in P. mira. In contrast, 30 and 45 putative
TPSs were detected in P. mume and P. persica, respectively, whereas for the complete TPSs
with both domains, 38, 36, and 43 TPSs were identified in P. persica, M. domestica, and
F. vesca, respectively. M. domestica displayed a lower ratio of complete TPSs, with less than
64.29%, while the ratio in Prunoideae was up to 90%. All the putative TPSs were renamed
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numerically with the abbreviation of species names as a prefix (Table S52); only complete
TPSs that contained both domains were used for the subsequent analysis.

Table 1. Summary of genome information and TPSs of sequenced Rosaceae species used in this study.

Numbers Percent of

Subfamil Species Release Version * T;\fe(I;’;'zilx Total Numbers of TPSs TPSs with  Numbers of Already
Y P Genes of TPSs with Both Both Know TPSs
Symbol . .
Domains Domains
Prunus persica GDR, v2.0 PrpLo 26,873 45 38 84.44% 38 (both domains) [2]
Prunoideae Prunus mira GDR, v1.0 Pr.mir 26,958 10 9 90.00%
Prunus mume NCBI, v1.0 Prmum 28,638 30 27 90.00%
Pyrus betulifolia GDR, v1.0 Py.bet 59,552 48 37 77.08%
Maloideae  Malus x domestica ~ GDR, HFTH1 v1.0 Ma.dom 44,677 56 36 64.29% 55 (all) [4]
Malus baccata CNGB, v1.0 Ma.bac 45,931 48 33 68.75%
Fragaria vesca GDR, v4.0 Fr.ves 35,914 65 43 66.15%
Rosoideae - -
Rosa chinensis GDR, v1.0 Ro.chi 39,669 76 57 75.00%

* GDR, Genome Database for Rosaceae; CNGB, China National GeneBank DataBase; NCBI, National Center for
Biotechnology Information. Species used for the phylogenetic tree are highlighted in bold.

2.2. TPS Classification and Motif/Domain Annotation

All the TPSs containing both PF01397 and PF03936 domains were subjected to clas-
sification and motif annotation. TPSs from the three representative Rosaceae species
(P. persica, M. domestica, and F. vesca) were chosen for the visualization of the classification
and domain/motif distribution in TPSs. After removing putative TPSs lacking both do-
mains, a total of 117 TPSs in the three species were used for phylogenetic construction
(Figures 1 and S1). The phylogenetic topology revealed that all the TPSs were divided into
seven known clades TPS a-g. TPS-b and TPS-g clustered with the TPS-a clade and forms a
large branch. TPS-e and TPS-f formed sister clades and clustered close to the TPS-c clade.
No TPSs clustered with the TPS-d clade, which was only encoded in gymnosperms. The
conserved motifs were constructed using the online MEME software and three conserved
motifs (motifs 1, 2, 3) were detected in nearly all the TPSs (109, 96, and 102). However, the
frequency and distribution of these motifs varied among TPSs. For example, Ma.dom-TPS11
only contained motif 2, and lost motifs 1 and 3, whereas Fr.ves-TPS28 contains an extra copy
of motif 3. The motif distribution of TPSs in the eight Rosaceae species is listed in Table S1;
the significant E-value indicates the reliability of the identified motifs. For different clades,
we found that the motif composition of TPS-a/b/g clades is more conservative than that of
TPS-c/e/f, as shown in Figure 2B; nearly all TPSs in these clades contain all of the three
motifs. In contrast, many TPSs from TPS-c/e/f lost motif 2, indicating the differences of
motif distribution among clades. The conserved domain (CD) annotation used by the CD-
search tool in NCBI revealed the discrepancy of domain annotation among different clades.
CD domains Terpene_cyclase_plant_C1 (accession: cd00684) and Isoprenoid_Biosyn_C1
(accession: cd00385), which both belong to superfamily Isoprenoid_Biosyn_C1 superfamily
(accession: c100210), were annotated in clades of TPS-a, TPS-b, and TPS-g. PLN02279 super
family (ent-kaur-16-ene synthase) was annotated in TPS-e/f clades. PLN02592 superfamily
(ent-copalyl diphosphate synthase) was annotated in TPS-c clade. Pfam domain annotation
results verified that each full-length TPS is characterized by two conserved domains with
PF01397 (N-terminal) and PF03936 (C-terminal). The protein lengths of TPSs ranged from
232 AA to 1726 AA, showing a wide distribution of TPS lengths. One of the conserved
aspartate-rich motifs in the C-terminal domain that is involved in the coordination of diva-
lent ions, water molecules, and the stabilization of the active site was characterized based
on motif sequences alignment (Figure 2C). The conservation of amino acid composition
varied among different TPS clades. The TPS-c subfamily is characterized by the “DXDD”
motif but not the “DDXXD” motif that was detected in other clades.



Plants 2022, 11, 736

50f19

0000 DO
PR '3

BABDAAO
RRBBBAL,

AR

) =
| b
4
;';—_‘fnl:ﬂl\_l
=1y I PIUDZZ==mm
e S
$000b0b0 88800 80R0 Lo e Eror gL 838885053
R L e
i SRR
R R R
INUEESIS NSNS NELAL,

S ;i
333 545545953333
DDVDDIL L

S

BRRRN%
BRRL

I Motif 3
Motif 2
I Mot 1

I Terpene_cyclase_plant_C1
Isoprencid_Biosyn_C1 superfamily

P Terpene_synth_C

W Terpene_synth superfamily

T PLN02592 superfamily

I PLN02279 superfamily
pepsin_retropepsin_like superfamily

—CDS
Terpene_synth

erpene_synth_C
UTR

—_
M Terpene_syn_C_2
P TAX_N

TAX_C

[ ——

[ 300

600

3 5 3
900 1200 1500 1800 0 300 600 900 1200 1500 15000 20000 25000

Figure 1. Phylogenetic relationship and distribution of motif/domain of TPSs in three Rosaceae
species (P. persica, M. domestica, F. vesca). The phylogenetic tree is shown on the left panel, while
conserved motifs, conserved domains, and Pfam domains are shown on the right three panels. The
phylogenetic tree from full-length amino acid sequences was constructed using the MEGA with
maximum likelihood (ML) method. The conserved motifs were assessed using the online MEME
software. The conserved domain was annotated based on the conserved domain database in NCBI,
whereas the gene structure and domains were annotated by using the PfamScan tool. The conserved
motifs and domains are shaded in different colors. The root nodes of TPS-a, TPS-g, TPS-b, TPS-c, TPS-e,
and TPS-f clades are indicated by blue, green, yellow-green, red, benzo, and purple, respectively.
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Figure 2. The unrooted phylogenetic tree of TPSs and motifs comparison between different TPS
clades. (A) The maximum-likelihood phylogenetic tree of the TPS proteins in three Rosaceae species
(P. persica, M. domestica, F. vesca). The TPS-a, TPS-g, TPS-b, TPS-c, TPS-e, and TPS-f clades are shaded
in blue, green, yellow-green, red, benzo, purple, respectively. (B) The frequency of different motifs
among different TPS clades. (C) The seqLogo of ‘DDxxD’ motif in the C-terminal domain of different
TPS clades, the bit score represents the information content for each position in the sequence.

2.3. Varied Family Number of TPSs among Different Clades in Rosaceae

To explore the evolution of TPSs in Rosaceae, we chose two representative species from
each subfamily in Rosaceae for phylogenetic tree construction, including two Prunoideae
species (P. persica, P. mume), two Maloideae species (M. domestica, P. betulifolia), and two
Rosoideae species (F. vesca, R. chinensis). The detailed distribution of family numbers
of different TPS clades is listed in Table 2. The TPS-a clade is the major determinant of
family size of individual species; it is the largest group with more TPS copies, followed by
TPS-b and TPS-g, TPS-c/e/f have a relatively small family size. On the whole, Rosoideae
species owned more TPS copies, followed by Maloideae species, and Prunoideae species.
The family number of TPSs from R. chinensis is up to 57, of which 37 are TPS-a members.
The six Rosaceae species that we chose nearly contained all five TPS clades; however,
no TPS-f member was detected in F. vesca. The family number distribution of different
TPS clades also varied among three Rosaceae subfamilies. For example, more than two
TPS-c gene copies existed in the Maloideae and Rosoideae subfamilies, while only one
copy was detected in Prunoideae species. The diversity of family number of TPS-f is
also obvious; both M. domestica and P. betulifolia owned three copies, while for Rosoideae
species, only one copy was encoded in R. chinensis. For Prunoideae species, one copy
of TPSs from the TPS-f clade was detected in P. mira and P. mume, while three copies
were detected in P. persica, indicating the recent expansion of the TPS-f clade in modern
peach. The phylogenetic relationship revealed that lineage-specific expansions of the
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TPSs were widely observed within different TPS clades. These expansions are denoted in
the phylogenetic tree (Figures 3 and S2), the clustering relationship indicated that many
expansions occurred after the split of sister lineages, such as the split of Maloideae and
Prunoideae. Two Rosoideae species (F. vesca, R. chinensis) owned more lineage-specific
expansions compared with the other two Rosaceae subfamilies, especially in the branch
of TPS-a clade. On the other hand, in the lineage-specific expansion branch, except that
many copies were shared by sister species, species-specific expansions were also detected
widely. R. chinensis was also the most striking species with more copies of TPSs arising by
species-specific expansion.
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Figure 3. Phylogenetic tree of complete TPSs from six representative Rosaceae species. The TPS
members were identified from six species including two Prunoideae species (P. persica, P. mume), two
Maloideae species (M. domestica, P. betulifolia), and two Rosoideae species (F. vesca, R. chinensis); only
those TPSs containing both PF01397 and PF03936 domains were used. The phylogenetic tree from
full-length amino acid sequences was constructed using the MEGA with maximum likelihood (ML)
method. Representative sequences of TPSs from Vitis vinifera were used as outgroups. The branches
of TPS-a, TPS-g, TPS-b, TPS-c, TPS-e, and TPS-f clades are indicated by blue, green, yellow-green,
red, benzo, and purple colors, respectively. The lineage-specific expansion of TPSs in Prunoideae,
Maloideae, Rosoideae are indicated by yellow squares, grey diamonds, red triangles, respectively.
The enlarged phylogenetic tree with bootstrap values is shown in Supplementary Figure S2.
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Table 2. Numbers of complete TPSs with both domains from Rosaceae species that were used for the
phylogenetic tree of Figure 3.

TPSs Clade TPS-a TPS-b TPS-g TPS-c TPS-d TPS-e TPS-f Total
Motif DDXYD DDVYD DDIFD DIDDT DXDD, DXXD DDFFD DDFFD

Prunus persica 24 5 2 1 0 3 3 38
Prunus mira 0 0 4 1 0 3 1 9
Prunus mume 13 5 4 1 0 3 1 27
Pyrus betulifolia 20 3 8 2 0 1 3 37
Malus x domestica 17 4 6 3 0 3 3 36
Rosa chinensis 37 9 5 2 0 3 1 57
Fragaria vesca 26 7 4 4 0 2 0 43

2.4. Chromosomal Location, Synteny Analysis of TPS Family Members in Rosaceae

The chromosomal location maps of the TPSs in Rosaceae species were constructed
by TBtools, as shown in Figures S3-59, which indicates the diversity of distribution on
chromosomes. For P. persica, TPSs were mainly distributed on three chromosomes (chro-
mosomes 3, 4, and 8). Most TPSs (39) were distributed on the 4th chromosome, while
five and one TPSs were located on the 3rd and 8th chromosomes, respectively. For the
Rosoideae and Maloideae species, TPSs were widely distributed on the 8th and 10th chro-
mosomes, respectively. On the whole, plants from the same subfamily shared a similar
chromosome distribution of TPSs. From the physical location maps, we observed that the
tandem arrays of TPSs are quite extensive, as in P. persica, about 30 TPSs cluster across a
stretch of 1051 kb on the 4th chromosome, in M. domestica, six TPSs occur in a 200 kb stretch
on 10th chromosome. These tandem arrays are likely the consequence of duplication by
unequal crossover; genes in tandem arrays are typically highly homologous to each other.
For P. persica, M. domestica, and F. vesca, synteny analysis within genomes was conducted
to determine their duplication events, as shown in Figure 4, which indicated that genome
segmental and tandem duplication were together the driving force for the expansion of
the TPS gene family in Rosaceae. For M. domestica and P. persica, segmental and tandem
duplication both contributed to family expansion; for F. vesca, tandem duplication played
the most important role in the family expansion. MCScanX was used to identify possible
collinear blocks between genomes in Rosaceae; the syntenic map between them was con-
structed, as shown in Figure 5, which showed plenty of syntenic relationships resulting
from genome duplication and recombination.

T

/s

Figure 4. Inter-chromosomal relationships of TPSs in P. persica (A), M. domestica (B), and F. vesca (C).
Grey lines in the circle indicate the collinear blocks in the P. persica or M. domestica genome. The red
lines in the circle highlight the segmental duplicated TPS gene pairs, while the red curve outside the
circle indicates the tandemly duplicated TPS gene pairs produced by MCSscanX.
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Figure 5. Synteny analysis of TPSs among Rosaceae species. Grey lines in the background indicate
the collinear blocks between different genomes, while the yellow lines highlight the syntenic TPS
gene pairs. The chromosome is indicated by different colored boxes and labeled by Pr.pLo (P. persica),
Pr. Mir (P. mira), Ma.dom (M. domestica), Fr.ves (F. vesca), Ro.chi (R. chinensis). Collinear relationships
between P. persica-P. mira, P. persica-M. domestica, P. persica-F. vesca, P. persica-R. chinensis, F. vesca-R.
chinensis are shown in (A-E), respectively.

2.5. Ka/Ks Ratios of TPS Family Members in Rosaceae

In addition, based on the phylogenetic relationship in Figure 3, we assumed TPSs pairs
that derived from recent duplication as paralogs. There were two types of paralogs: one is
the “between-species paralog” and the other is “within-species paralog” [22]. In this study,
we only used the latter type of paralogs. As a result, a total of 82 TPS paralogs from recent
duplication were found in the six Rosaceae species (P. persica, P. mume, M. domestica, P.
betulifolia, F. vesca, R. chinensis). To explore the selection pressure in the evolution of TPSs, the
Ka/Ks values were calculated for the six Rosaceae species (Table S3); a Ka/Ks value of less
than one implies purifying selection, Ka/Ks = 1 represents neutral selection, and Ka/Ks > 1
indicates positive selection. The results showed that the Ka/Ks values of TPS paralogs were
mostly less than one, suggesting that these genes evolved under purifying selection. There
were five gene paralogs with Ka/Ks values greater than one, including three pairs of the
TPS-a clade (Ro.chi-TPS18/Ro.chi-TPS20, Ma.dom-TPS14 /Ma.dom-TPS13, and Ma.dom-
TPS6/Ma.dom-TPS8), one pair from the TPS-b clade (Fr.ves-TPS11/Fr.ves-TPS9), and one
pair from the TPS-c clade (Ma.dom-TPS29/Ma.dom-TPS30), which indicates that they were
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evolved under positive selection. Based on Ks values, the divergence time was calculated,
which showed that five gene paralogs were diverged less than 5.5 Mya, especially for
Ro.chi-TPS18 and Ro.chi-TPS20, and their divergence time was estimated to be around
0.55 Mya, indicating these gene paralogs were diverged recently. We observed that the
divergence time varied among different clades. The divergence time of paralogs from TPS-e
were all more than 11.4 Mya, which is higher than other clades, indicating the TPS-e clade
diverged relatively anciently.

2.6. Function Diversity of TPSs in Rosaceae

For the six representative plants shown in Figure 3, we predicted their function based
on blast searching against Uniprot and KEGG pathway databases; their subcellular local-
ization was also predicted using TargetP [23] and pLoc-mPlant (www.jci-bioinfo.cn/pLoc-
mPlant/, accessed on 24 August 2021). Detailed information is listed in Tables 3 and S2.
Subcellular localization analysis indicated that TPSs were substantially localized to cyto-
plasm and chloroplasts, and only a few TPSs were localized to mitochondria. TPSs from
the TPS-a clade were mostly located in cytoplasm and chloroplasts, and demonstrated
varied function diversity. Most of the characterized TPSs (~95%) in the TPS-a clade are
involved in sesquiterpenoid and triterpenoid biosynthesis, and monoterpene biosynthesis
pathway, using geranyl diphosphate GPP and farnesyl diphosphate (FPP) as substrate.
Whereas for M. domestica and P. betulifolia, several TPSs from TPS-a clade are involved
in diterpenoid biosynthesis that used geranylgeranyl diphosphate (GGPP) as substrate.
The finding suggested both the cytosolic mevalonic acid (MVA) pathway and the plastidic
methylerythritol phosphate (MEP) pathway coexist in the TPS-a clade. All characterized
TPSs in TPS-b clade are involved in either a sesquiterpenoid or monoterpene biosynthesis
pathway. The members from the TPS-g clade mainly function in producing acyclic mono-
and sesquiterpenoid products. TPS-c and TPS-e clades mainly participate in diterpenoid
biosynthesis. Surprisingly, despite the close relationship between TPS-f and TPS-e/c clades,
we found that TPS-f members are involved in sesquiterpenoid and triterpenoid biosynthe-
sis, and monoterpene biosynthesis pathway. Furthermore, we observed that TPSs from
the same clade participated in different pathways, such as, for TPS-e clade, TPSs were all
predicted as ent-kaur-16-ene synthases with exceptions in the M. domestica that involved
in other pathways. For the Prunoideae subfamily, the function of TPSs among different
clades was relatively conserved in three plants, and more TPS copies from the TPS-a clade
involved in the monoterpene biosynthesis pathway were detected in P. persica. However,
the functional diversity of TPSs is more obvious for Maloideae and Rosoideae species, such
as the TPS-a clade in P. betulifolia. The above findings indicated that the TPS family in
Rosaceae species possesses remarkable flexibility to evolve enzymes substrate specificity,
and different clades expand in different lineages by gene duplication and divergence. It can
be expected that proteins with altered subcellular localization and new substrate specificities
would have evolved.
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Table 3. Putative functions of TPSs in six Rosaceae species.

TPSs Clade TPS-a TPS-b TPS-g TPS-c TPS-e TPS-f
a. monoTPS
1, (—)-alpha-pinene
synthase. C/P a. monoTPS
2, S-linalool 1, (—)-alpha-pinene
synthase a. monoTPS i' (n:())-ml)T}ll’ S_ . synthase. C/P
b. SesquiTPS 1, (—)-alpha-pinene s, nthazg g /I:I))mene 3, Tricyclene 2. monoTPS a. monoTPS
1, (—)-germacrene D synthase. C/P yoinase. synthase EBOS. ’ . 2, S-linalool
synthase. C/P 3, Tricyclene 2, i;ﬁnal()d Cc/P L i;})l'alp hca}%mene synthase
2, (3S, 6E)-nerolidol synthase EBOS. ;yT . asel b. SesquiTPS IS)Y S ase..TPs 3, Tricyclene
synthase. P C/P , ncyclene 1, (—)-germacrene D - Sesqut . synthase EBOS.
) 3, (B b. SesquiTPS synthase EBOS. synthase. C/P 2, (3S, 6E)-nerolidol ¢/p
Catalytic type N1 C/P ; synthase. P 3, (E, .
E)-alpha-farnesene 1, (—)-germacrene D b.S iTPS 2, (3S, 6E)-nerolidol B)-alohaf b. SesquiTPS
synthase. P synthase. C/P - Sesqul . synthase. P )-alpha-farnesene 1, (—)-germacrene D
. . 2, (3S, 6E)-nerolidol . DIiTPS synthase. P s;/nthase C/P
c. DiTPS 2, (35S, 6E)-nerolidol 2 . .
1, Ent-kaur-16-ene synthase. P synthase‘ P 2, Ent-copalyl ¢ DiTPS c. DiTPS
c. DiTPS . 1, Ent-kaur-16-ene
synthase 3, (E, 2 Ent-copalyl diphosphate svnthase 1, Ent-kaur-16-ene
2, Ent-copalyl E)-alpha-farnesene d,i h }I: ty synthase. P Y synthase
diphosphate synthase. P pt}? SP z})e 3, Copal-8-ol
synthase. P synthase. diphosphate
3, Copal-8-ol hydratase. P
diphosphate
hydratase. P
Prunus persica fﬁ ((g) K b3 (5); b2 (2); 2 (1); ol 3); a2 (3);
P al (6); , , , . .
runus mume b1 (4); b3 (5); b2 (4); c2 (1); cl (3); a2 (1);
Prunus mira bl (1); / b2 (4); c2(1); cl (3); a2 (1);
. 1(8); 3 (6); 1(2);
Fragaria vesca ;1 ((1)8); E?’ El>); b2 (4); c2(3),c3(1); c1(2) /
al (10); .
Rosa chinensis b1 (16), b2 (5), b3 (5); ;i %; i:; ((22)) al@),a2(1);a3(1); bl () ol 3); b1 (1);
cl (1) ! ’
al (8), a2 (3); .
Pyrusbetulifolia b1 (8),b2(2),b3(2); bl (3); al (2),a3 (1); al(1), a3 (1); ol (1); a3 (1);
2 (2), 3 (1); o2 0)
al (4); al (1);
; 3(2); b1 (1), b2 (1); al (1); a3 (1);
Malus x domestica bl (4), b2 (2); a . bl (3), b2 (1); ’ . !
a6 o b2 (1), b3 (1); g < (1) b2 (1), b3 (1); el (1)

Notes: *, al represents the catalytic type of TPS listed in the second row; number in the bracket “(19)” represents
family number of this TPS in the corresponding species.

2.7. Tissue-Specific Expression of TPSs in Rosaceae

For the three representative Rosaceae species (P. persica, M. domestica, and F. vesca),
based on RNA-seq data of different tissue development (ripe fruit, immature fruit, leaf),
each tissue consisted of two replicates. We examined the tissue expression profiles of
TPSs, as listed in Table S4, and observed that TPSs in the three Rosaceae species demon-
strated tissue-specific expression (see Figures 6 and S10). There were about 31, 26, and
41 TPSs expressed in at least one tissue for P. persica, M. domestica, F. vesca, respectively;
surprisingly, 11 of them were putative TPSs without both domains, such as Fr.ves-TPS61,
Frves-TP2, PrpLo-TPS42, Ma.dom-TPS42, etc. Whereas many TPSs with both domains
were not expressed in any of the three tissues, these findings indicated the complexity of
TPSs expression. In ripe fruits, expressed TPSs were only detected in strawberries; for
M. domestica and P. persica, no TPSs were expressed in ripe fruits. In addition, we observed
that most TPSs were exclusively or highly expressed in one tissue, as shown in Figure 7,
such as Pr.pLo-TPS13, Ma.dom-TPS28, and Fr.ves-TPS9 genes; they were highly or merely
expressed in immature fruit or leaf. We further examined the expression pattern between
different TPS clades; for the three plants, different TPSs from TPS-a clade were widely
distributed in different tissues, indicating the functional diversity of TPS-a clades. However,
the expression from other TPS clades varied among species, such as TPS-b clade; its mem-
bers in M. domestica, Ma.dom-TPS28, were only highly expressed in immature fruit, but its
counterparts in P. persica, Fr.ves-TPS11 and Fr.ves-TPS13, displayed an opposite expression
pattern despite their high homology. Fr.ves-TPS11 was highly expressed in leaf, while
Fr.ves-TPS13 was highly expressed in immature fruit, indicating the function differentiation
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after the recent duplication. Similarly, for TPS-g clade, its members (Fr.ves-TPS9-12) in
F. vesca and members (Pr.pLo-TPS9, Pr.pLo-TPS9) in P. persica were only highly expressed
in leaf, while the counterparts in M. domestica (Ma.dom-TPS1, Ma.dom-TPS15-18) showed
different tissue expression specificity. In addition, we found that the TPS-f clade showed a
larger variation between three species. F. vesca lost the TPS-f genes, M. domestica had two
copies that displayed a low expression level, while P. persica owned three copies, which
is higher than all other species. Two copies were relatively highly expressed in leaf, and
one copy was expressed in immature fruit. They were predicted as s-linalool synthases;
their product s-linalool is assumed to be an important flavor component in P. persica [2].
On the whole, the above finding indicated that TPSs in Rosaceae also underwent extensive
expression differentiation after the split of sister lineages and gene duplication.
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Figure 6. Expression pattern of expressed TPSs in the three Rosaceae species (P. persica, M. domestica,
F. vesca). Heat mapping of TPSs gene expression in three Rosaceae species. The x-axis represents
different samples (ripe fruit, immature fruit, and leaf), the y-axis represents TPSs. There are two
replicates for each tissue. The rows and columns were clustered based on row-scale normalized
expression values. TPSs clades were shown on the right by different colors; putative TPSs without
both domains are indicated by black stars.
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Figure 7. The expression level of TPSs from clades b, ¢, g, e, and f in the three Rosaceae species (P.
persica, M. domestica, F. vesca). Tissues (immature fruit, leaf) are indicated by different colors.

3. Discussion

In the plant kingdom, terpenes are traditionally classified as secondary metabolites.
Thousands of terpenes have been found, and have proven to play significant roles not only
in resistance against stress conditions but also in flavor formation [19,20,24,25]. However,
each species is capable of synthesizing only a small fraction, whose synthesis has evolved
in plants as a result of selection for increased fitness via better adaptation to the local
ecological niche of each species [12]. Terpene synthases are responsible for the synthesis of
the various terpene molecules [12]; plant TPS gene families are a medium-sized group, and
display varied numbers of TPS families among different species [16]. The Rosaceae family
has significant economic value, including the fruit crops and ornamental flowers; however,
comprehensive molecular evolutionary and function analysis of TPSs remain elusive. In
this study, we screened for the TPS family from eight Rosaceae species. We identified
TPSs by detecting both domains and either single domain separately, thus minimizing the
chance of missing putative TPSs. We found this family in Rosaceae is a midsized family,
as identified in a previous study [13], ranging from 10 TPSs in P. mira to 76 in R. chinensis.
Domain loss for either N-terminal or C-terminal occurred frequently in Rosaceae species.

All the Rosaceae TPSs in this study were divided into seven known clades, TPS a—g.
The family numbers of different TPS clades varied among three Rosaceae subfamilies; for
example, more than two TPS-c gene copies existed in Maloideae and Rosoideae subfamilies,
while only one copy was detected in Prunoideae species. The average number of TPSs in
Prunoideae species is lower than that of Maloideae and Rosoideae; no recent WGD except
a triplicated arrangement could limit the expansion of TPSs in Prunoideae. Additionally,
fewer TPSs in the early Prunoideae species P. mira, but more TPSs in modern peach P. persica,
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further revealed the evident evolutionary plasticity of the TPS family. Lineage- and species-
specific expansions of the TPSs were widely observed within different TPS clades in
Rosaceae. The varied family number and differentiation of TPSs in Rosaceae may play roles
in the specialization of essential traits and species differentiation. It has been proposed
that lineage-specific genes have a greater chance to contribute to phenotypic variations
because their roles are not essential. Further synteny analysis showed that segmental and
tandem duplications were both the driving force for the expansion of the TPS gene family
in Rosaceae; for M. domestica and P. persica, segmental and tandem duplication contributed
to family expansion; and for F. vesca, tandem duplication played the most important role in
the family expansion. Ka/Ks calculations further revealed that TPSs genes mainly evolved
under purifying selection, except for several pairs; the divergent time indicated TPS-e clade
was diverged relatively anciently.

Since closely related enzymes differ in their product profiles, subcellular localization,
or substrates, the prediction strategy based on sequence similarity usually cannot accu-
rately describe the specialized function of TPSs, and only roughly obtained their involved
pathways. In our study, we still predicted their function based on blast searching against
Uniprot and KEGG pathway databases, the results revealed the functional diversity be-
tween different TPS clades and species. For the three Prunoideae species, the functional
classification of TPSs among different clades was relatively conservative except for the
family number variation. Whereas for the other two subfamilies, the putative function
of TPSs demonstrated wide diversity, such as TPS-a clade in P. betulifolia, up to seven
different types of synthases were predicted. In addition, we observed that early diverged
TPS-e clade is conserved in function and most of their members were all predicted as
ent-kaur-16-ene synthases with exceptions in M. domestica. Despite TPS-e and TPS-f being
sister clades that clustered together, we found that their function had undergone differ-
entiation, in contrast to TPS-e that mainly participated in diterpenoid biosynthesis, most
TPS-f members are involved in the monoterpene biosynthesis pathway. The expansion of
TPS-f in P. persica and their product, S-linalool synthase, is the essential aromatic substance
in peach fruits [21]. Our findings indicated that the TPS family in Rosaceae species pos-
sesses remarkable function diversity; different clades expand in different lineages by gene
duplication and divergence. The generation of altered subcellular localization, and new
substrate specificities of TPSs, is a dynamic process that specialized the trait differentiation.
However, experimental data like metabonomics, enzyme assays, are also needed to verify
these observations.

The expression profiling results on the TPS gene family in three Rosaceae species
(P. persica, M. domestica, and F. vesca) showed that most identified TPSs were expressed in
at least one tissue. Most of the TPSs were specifically expressed in one certain tissue; the
expressed TPSs in ripe fruits are rare. For each TPS clade, the expression pattern also varied
among species, such as TPS-f genes, which demonstrated a high expression in P. persica, but
a lower expression in M. domestica. We also found that many paralogs exhibited divergent
expression patterns either in tissues or expression abundance, suggesting that expression
divergence might significantly contribute to gene survival and function differentiation
after gene expansion. It was worth noting that among the expressed TPSs, certain putative
TPSs did not have both domains. In contrast, many TPSs with both domains were not
expressed, and the finding suggested that in the complexity of TPSs expression, not all of
the complete TPSs were functional, and some functional ones may lose activity in either
one domain. These putative TPSs without both domains were assumed to be triggered
by partial duplication and assumed to be pseudogenes for the loss of original function. A
previous study found that a total of 12% of the pseudogenes still contained detectable open
reading frames and were effectively expressed. The generated transcripts may contribute
to the synthesis of small interfering RNA species that regulate parent transcripts [26].
Fast-evolving families involved in ubiquitination and secondary metabolism families
always contain the highest number of pseudogenes [26,27]. Hence, the functionality of the
expressed “fragmental” TPSs in our study still needs further investigation.
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4. Material and Methods
4.1. Identification of TPSs in Rosaceae

A total of eight Rosaceae species are included in the identification of TPSs, namely
three Prunoideae, three Maloideae, and two Rosoideae species. Their genomes have been
completely sequenced and annotated. The genome files of the Rosaceae species were mostly
downloaded from the NCBI (https:/ /www.ncbi.nlm.nih.gov, accessed on 2 August 2021)
and GDR (https://www.Rosaceae.org, accessed on 2 August 2021), the versions of genomes
were all the recently released and chromosome-scale, detailed genome information was
summarized in Table 1. Six representative sequences of TPS-a, TPS-b, TPS-c, TPS-e, TPS-,
and TPS-g from Vitis vinifera from a previous study [28], and one representative sequence of
TPS-d from Abies grandis, were used as queries to search the corresponding subject protein
sequences of each Rosaceae species. Two different methods were used to identify TPSs
in Rosaceae species. First, we implemented BLASTP searches of the complete genome
with an E-value cut-off of 0.00001 to reduce false positives, and the second method was
Hidden Markove Model (HMM) profiles of TPS domains in these Rosaceae species by
using HMMER software with an E-value cut off of 0.001 [29]. The redundant sequences
were removed by manual inspection. Subsequently, we verified all sequences by checking
the existence of Pfam domains PF03936 (metal-binding domain) and PF01397 (N-terminal
TPS domain) using PfamScan tools with default parameters [30], Pfam-A was used as the
searching database. PfamScan tools search the whole sequences against the Pfam database,
and annotate the sequence blocks as known domains, only the significant domains are
retained, it can simultaneously predicted the different domains in one protein. Ultimately,
genes containing at least one TPS domain were confirmed as members of the TPS gene
family and named in numerical order.

4.2. Motif Annotation, Subcellular Localization, and Physical Localization

The conserved motifs were predicted using the online MEME software with the
following settings: the motif discovery mode was classic, site distribution was zero or one
occurrence per sequence (zoops), the background was a 0-order background model, the
maximum number of different motifs was 20, minimum motif width was 6, and maximum
motif width was 50 [31]. A shuffling was also performed prior to the MEME/MAST
analysis to validate the identified motifs. The conserved domain was annotated based on
the conserved domain database (CDD v3.19) in NCBI. TargetP and pLoc-mPlant (www.jci-
bioinfo.cn/pLoc-mPlant/, accessed on 24 August 2021) were used to predict the subcellular
localization of TPS proteins [32]. For each species, we got the information of the TPSs
on the corresponding chromosome according to the annotation documents and drew a
sketch map of the gene’s physical location using TBTools [33]. Protein functions were also
predicted based on blast searching against Uniprot and KEGG pathway databases under
default parameters.

4.3. Phylogenetic Tree Construction and TPS Classification

The full-length sequences of TPSs protein sequence with both domains from Rosaceae
species were used to perform sequence alignment and phylogenetic tree construction using
MEGAY7? program [34]. The ClustalW method was used for sequence alignment under
default parameters, the Maximum Likelihood and Neighbor-joining methods based on the
Jones-Taylor-Thornton (JTT) matrix-based model were used for phylogenetic tree construc-
tion, a Bootstrap method was used for the phylogeny test with 500 replications, rates among
sites was Gamma distributed (G), and Partial deletion was used for gaps/missing data
treatment, with site coverage cutoff at 90%. The produced tree was further embellished
by the FigTree program (http://tree.bio.ed.ac.uk/, accessed on 2 September 2021). TPS
members were classified by their clustering relation with the query sequence mentioned
above. For each TPS clade, their TPS member’s sequences were further aligned by ClustalW
method, and a sequence logo for the visualization of the highly conserved aspartate-rich
motif in C-terminal domain was produced by TBTools [33].
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4.4. Ka/Ks Analysis of TPS Family Members in Rosaceae

We chose six representative Rosaceae species for selection pressure analysis, including
P. persica, P. mume, M. domestica, P. betulifolia, F. vesca, and R. chinensis. For each species, its
TPSs paralogs were determined based on their phylogenetic relationship. If they belong to
the same clade and derive from a single gene that was duplicated recently, we assumed they
were paralogs. Sometimes those paralogs that arose from a duplication after the speciation
event are called “within-species” paralogs [22]. The CDS and protein sequences of each
TPS pair were used to compute the Ka (non-synonymous rates) and Ks (synonymous rates)
by Ka/Ks calculator (http://services.cbu.uib.no/tools/kaks, accessed on 2 Octomber 2021).
The date (T) of the duplication events was estimated by the formula T = Ks/2A, where
A represents the estimated clock-like rate of synonymous substitution; in dicots, it was
1.5 x 1078 substitutions/synonymous site/year [35].

4.5. Synteny Analysis and Detection of Tandemly/Segmentally Duplicated TPSs

To identify the synteny of TPS family genes among species, we performed all-to-all
BLASTP between the genome of P. persica and other four species (P. mira, M. domestica,
F. vesca, R. chinensis). The collinearity analysis was also performed between F. vesca and
R. chinensis. For the three representative species (F. vesca, M. domestica, P. persica), we
also performed self-blast by comparing protein-coding genes against their genome using
BLASTP with an E-value cut-off of 0.00001. All BLASTP hits were used as input for
software MCScanX (Multiple Collinearity Scan toolkit) [36] to identify possible collinear
blocks within and between genomes of different species. Based on the self-blast results, we
detected the tandemly/segmentally duplicated TPSs for each species. In addition to the
tandem duplication that was determined by MCScanX, paralogues that were either adjacent
or separated by <5 genes along a chromosome were also assigned as tandem duplicates. If
paralogues were within known genomic duplication blocks, they were considered to be
duplicated through segmental duplication. All intra/inter-genomic synteny relationships
were visualized with TBtools [33].

4.6. Expression Analysis of TPSs in Rosaceae

For the three representative plants (F. vesca, M. domestica, P. persica), RNA-seq data of
different tissues and development stages (ripe fruit, immature fruit, leaf) was retrieved from
the fruitENCODE project [37]; each tissue consisted of two replicates. The fruitENCODE
project aims to generate a comprehensive annotation of functional elements in seven
climacteric fruit species (apple, banana, melon, papaya, peach, pear, and tomato) with
sequenced reference genomes. The data were deposited in the SRA database of NCBI
with accession number PRJNA381300. Transcriptome analysis was implemented by the
protocol in a previous study [38]. The clean reads of RNA-seq data from each sample were
mapped against the genome reference with HISAT2 [39]; each SAM file was converted into
a BAM file, and sorted. Duplicates were removed with SAMtools [40,41]. Further transcript
assembly and quantification of the read alignments were performed using Stringtie [42].
Gene expression levels were measured by FPKM (fragments per kilobase of transcript per
million mapped reads) and normalized with the row-scale method. Heatmaps with all
samples were plotted using the “HeatMap” function in TBtools.

5. Conclusions

In conclusion, this study investigated the TPS gene family in eight sequenced Rosaceae
species through classification, chromosomal location, orthologous relationships, and dupli-
cation analysis. The distribution of the TPS gene family among Rosaceae species revealed a
diversity of family number and function; lineage-specific expansion of the TPSs accompa-
nied by frequent domain loss were widely observed within different TPS clades. We further
provided their tissue-specific expression pattern in F. vesca, M. domestica, and P. persica,
revealing the expression differentiation of TPSs between paralogs/species. The findings
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revealed the evolution of TPSs in Rosaceae and will be highly useful for further genetic
improvement of Rosaceae species.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants11060736/s1. Table S1: Pfam domain distribution in the
TPSs of eight Rosaceae species (sheet a); motif distribution in the TPSs of three Rosaceae species
(sheet b); the alternative splicing transcripts of putative TPSs in F. vesca, M. domestica, and P. persica
(sheet c). Table S2: Information of all TPSs analyzed in this study, (XLSX); Table S3: Ka/Ks ratio of
TPSs in Rosaceae; Table S4: Expression values of TPSs in F. vesca, M. domestica, and P. persica. Figure S1.
A Neighbor-joining phylogenetic tree of TPSs of the TPS proteins in three Rosaceae species (P. persica,
M. domestica, F. vesca). Figure S2. A maximum-likelihood phylogenetic tree of six representative
Rosaceae species TPS gene family. The branches of TPS-a, TPS-g, TPS-b, TPS-c, TPS-e and TPS-f clades
are colored in blue, yellow-green, green, red, purple and cyan, respectively. Figure S3. Chromosomal
locations of TPS family members in peach ‘Lovell” genome. The gene location visualize package of
TBTools was used to exhibit chromosomal locations of the TPS genes. The number to the left of each
chromosome represented the size of the chromosome in bp. Figure S4. Chromosomal locations of
TPS family members in Prunus mume genome. The gene location visualize package of TBTools was
used to exhibit chromosomal locations of the TPS genes. The number to the left of each chromosome
represented the size of the chromosome in bp. Figure S5. Chromosomal locations of TPS family
members in Prunus mira genome. The gene location visualize package of TBTools was used to exhibit
chromosomal locations of the TPS genes. The number to the left of each chromosome represented the
size of the chromosome in bp. Figure S6. Chromosomal locations of TPS family members in Malus x
domestica genome. The gene location visualize package of TBTools was used to exhibit chromosomal
locations of the TPS genes. The number to the left of each chromosome represented the size of the
chromosome in bp. Figure S7. Chromosomal locations of TPS family members in Pyrus betulifolia
genome. The gene location visualize package of TBTools was used to exhibit chromosomal locations
of the TPS genes. The number to the left of each chromosome represented the size of the chromosome
in bp. Figure S8. Chromosomal locations of TPS family members in Fragaria vesca genome. The gene
location visualize package of TBTools was used to exhibit chromosomal locations of the TPS genes.
The number to the left of each chromosome represented the size of the chromosome in bp. Figure S9.
Chromosomal locations of TPS family members in Rosa chinensis genome. The gene location visualize
package of TBTools was used to exhibit chromosomal locations of the TPS genes. The number to
the left of each chromosome represented the size of the chromosome in bp. Figure S10. Expression
pattern of TPS genes in three Rosaceae plants (P. persica, M. domestica, F. vesca). The x-axis represents
different samples (ripe fruit, immature fruit and leaf), the y-axis represents TPS genes. There are two
replicates for each tissue. The phylogenetic tree is shown on the left panel, the root nodes of TPS-a,
TPS-g, TPS-b, TPS-c and TPS-e, TPS-f clades are indicated by blue, green, yellowgreen, red, benzo,
and purple, respectively.
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Abbreviations

HMM  Hidden Markove Model
TPSs  terpene synthase genes

GPP geranyl diphosphate

FrpP farnesyl diphosphate

GGPP  geranylgeranyl diphosphate
VOCs  volatile organic compounds

References

1. Wang, YJ.; Chen, F; Fang, ].B.; Yang, C.X.; Zhao, ].B.; Jiang, Q.; Li, S.H. Effects of Germplasm Origin and Fruit Character on
Volatile Composition of Peaches and Nectarines. Flavor Health Benefits Small Fruits 2010, 1035, 95-117.

2. Wei, CY,; Liu, H.R,; Cao, X.M.; Zhang, M.L,; Li, X.; Chen, K.S.; Zhang, B. Synthesis of flavour-related linalool is regulated by
PpbHLHI and associated with changes in DNA methylation during peach fruit ripening. Plant Biotechnol. . 2021, 19, 2082-2096.
[CrossRef] [PubMed]

3. Nawade, B.; Yahyaa, M.; Reuveny, H.; Shaltiel-Harpaz, L.; Eisenbach, O.; Faigenboim, A.; Bar-Yaakov, I.; Holland, D.; Ibdah, M.
Profiling of volatile terpenes from almond (Prunus dulcis) young fruits and characterization of seven terpene synthase genes.
Plant Sci. 2019, 287, 110187. [CrossRef] [PubMed]

4. Nieuwenhuizen, N.J.; Green, S.A.; Chen, X,; Bailleul, E.J.; Matich, A.J].; Wang, M.Y.; Atkinson, R.G. Functional genomics reveals
that a compact terpene synthase gene family can account for terpene volatile production in apple. Plant Physiol. 2013, 161, 787-804.
[CrossRef]

5. Liu, X.J.; Hao, N.N.; Feng, R.F.; Meng, Z.P; Li, YN.; Zhao, Z.Y. Transcriptome and metabolite profiling analyses provide insight
into volatile compounds of the apple cultivar ‘Ruixue’ and its parents during fruit development. Bmc Plant Biol. 2021, 21, 1-16.
[CrossRef]

6. Klee, HJ.; Tieman, D.M. The genetics of fruit flavour preferences. Nat. Rev. Genet. 2018, 19, 347-356. [CrossRef]

7.  Espino-Diaz, M.; Sepulveda, D.R.; Gonzalez-Aguilar, G.; Olivas, G.I. Biochemistry of Apple Aroma: A Review. Food Technol.
Biotechnol. 2016, 54, 375-397. [CrossRef]

8.  Zhang, X.; Niu, M,; Teixeira da Silva, J.A.; Zhang, Y.; Yuan, Y.; Jia, Y.; Xiao, Y; Li, Y;; Fang, L.; Zeng, S.; et al. Identification and
functional characterization of three new terpene synthase genes involved in chemical defense and abiotic stresses in Santalum
album. BMC Plant Biol. 2019, 19, 115. [CrossRef]

9.  Block, AK,; Vaughan, M.M.; Schmelz, E.A.; Christensen, S.A. Biosynthesis and function of terpenoid defense compounds in
maize (Zea mays). Planta 2019, 249, 21-30. [CrossRef]

10. Huang, X.Z.; Xiao, Y.T.; Kollner, T.G.; Jing, W.XX_; Kou, ].E,; Chen, ].Y; Liu, D.F,; Gu, S.H.; Wu, ].X,; Zhang, Y].; et al. The terpene
synthase gene family in Gossypium hirsutum harbors a linalool synthase GhTPS12 implicated in direct defence responses against
herbivores. Plant Cell Environ. 2018, 41, 261-274. [CrossRef]

11.  Zhou, E; Pichersky, E. More is better: The diversity of terpene metabolism in plants. Curr. Opin. Plant Biol. 2020, 55, 1-10.
[CrossRef] [PubMed]

12.  Kulheim, C.; Padovan, A.; Hefer, C.; Krause, S.T.; Kollner, T.G.; Myburg, A.A.; Degenhardt, J.; Foley, W.]J. The Eucalyptus terpene
synthase gene family. BMC Genom. 2015, 16, 450. [CrossRef] [PubMed]

13.  Chen, F; Tholl, D.; Bohlmann, J.; Pichersky, E. The family of terpene synthases in plants: A mid-size family of genes for specialized
metabolism that is highly diversified throughout the kingdom. Plant J. 2011, 66, 212-229. [CrossRef] [PubMed]

14. Gao, Y.; Honzatko, R.B.; Peters, R.]. Terpenoid synthase structures: A so far incomplete view of complex catalysis. Nat. Prod. Rep.
2012, 29, 1153-1175. [CrossRef] [PubMed]

15. Hillwig, M.L.; Xu, M.; Toyomasu, T.; Tiernan, M.S.; Wei, G.; Cui, G.; Huang, L.; Peters, R.J. Domain loss has independently
occurred multiple times in plant terpene synthase evolution. Plant J. 2011, 68, 1051-1060. [CrossRef] [PubMed]

16. Jiang, S.Y.; Jin, J.; Sarojam, R.; Ramachandran, S. A Comprehensive Survey on the Terpene Synthase Gene Family Provides New
Insight into Its Evolutionary Patterns. Genome Biol. Evol. 2019, 11, 2078-2098. [CrossRef]

17.  Karunanithi, P.S.; Zerbe, P. Terpene Synthases as Metabolic Gatekeepers in the Evolution of Plant Terpenoid Chemical Diversity.
Front. Plant Sci. 2019, 10, 1166. [CrossRef]

18. Kumar, Y.; Khan, F; Rastogi, S.; Shasany, A.K. Genome-wide detection of terpene synthase genes in holy basil (Ocimum sanctum
L.). PLoS ONE 2018, 13, €0207097. [CrossRef]

19.  Muchlinski, A.; Ibdah, M.; Ellison, S.; Yahyaa, M.; Nawade, B.; Laliberte, S.; Senalik, D.; Simon, P.; Whitehead, S.R.; Tholl, D.
Diversity and function of terpene synthases in the production of carrot aroma and flavor compounds. Sci. Rep. 2020, 10, 9989.
[CrossRef]

20. Zhou, H.C.; Shamala, L.F; Yi, X K.; Yan, Z.; Wei, S. Analysis of Terpene Synthase Family Genes in Camellia sinensis with an
Emphasis on Abiotic Stress Conditions. Sci. Rep. 2020, 10, 933. [CrossRef]

21. Wang, YJ,; Yang, C.X,; Li, S.H.; Yang, L.; Wang, Y.N.; Zhao, ].B.; Jiang, Q. Volatile characteristics of 50 peaches and nectarines

evaluated by HP-SPME with GC-MS. Food Chem. 2009, 116, 356-364. [CrossRef]


http://doi.org/10.1111/pbi.13638
http://www.ncbi.nlm.nih.gov/pubmed/34036730
http://doi.org/10.1016/j.plantsci.2019.110187
http://www.ncbi.nlm.nih.gov/pubmed/31481200
http://doi.org/10.1104/pp.112.208249
http://doi.org/10.1186/s12870-021-03032-3
http://doi.org/10.1038/s41576-018-0002-5
http://doi.org/10.17113/ftb.54.04.16.4248
http://doi.org/10.1186/s12870-019-1720-3
http://doi.org/10.1007/s00425-018-2999-2
http://doi.org/10.1111/pce.13088
http://doi.org/10.1016/j.pbi.2020.01.005
http://www.ncbi.nlm.nih.gov/pubmed/32088555
http://doi.org/10.1186/s12864-015-1598-x
http://www.ncbi.nlm.nih.gov/pubmed/26062733
http://doi.org/10.1111/j.1365-313X.2011.04520.x
http://www.ncbi.nlm.nih.gov/pubmed/21443633
http://doi.org/10.1039/c2np20059g
http://www.ncbi.nlm.nih.gov/pubmed/22907771
http://doi.org/10.1111/j.1365-313X.2011.04756.x
http://www.ncbi.nlm.nih.gov/pubmed/21999670
http://doi.org/10.1093/gbe/evz142
http://doi.org/10.3389/fpls.2019.01166
http://doi.org/10.1371/journal.pone.0207097
http://doi.org/10.1038/s41598-020-66866-1
http://doi.org/10.1038/s41598-020-57805-1
http://doi.org/10.1016/j.foodchem.2009.02.004

Plants 2022, 11, 736 19 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sonnhammer, E.L.; Koonin, E.V. Orthology, paralogy and proposed classification for paralog subtypes. Trends Genet. 2002, 18,
619-620. [CrossRef]

Boos, F; Muhlhaus, T.; Herrmann, .M. Detection of Internal Matrix Targeting Signal-like Sequences (iMTS-Ls) in Mitochondrial
Precursor Proteins Using the TargetP Prediction Tool. Bio-Protocol 2018, 8, e2474. [CrossRef]

Lee, G.W,; Lee, S.; Chung, M.S.; Jeong, Y.S.; Chung, B.Y. Rice terpene synthase 20 (OsTPS20) plays an important role in producing
terpene volatiles in response to abiotic stresses. Protoplasma 2015, 252, 997-1007. [CrossRef] [PubMed]

Yoshitomi, K.; Taniguchi, S.; Tanaka, K.; Uji, Y.; Akimitsu, K.; Gomi, K. Rice terpene synthase 24 (OsTPS24) encodes a jasmonate-
responsive monoterpene synthase that produces an antibacterial gamma-terpinene against rice pathogen. J. Plant Physiol. 2016,
191, 120-126. [CrossRef] [PubMed]

Xie, J.; Li, Y.; Liu, X,; Zhao, Y.; Li, B.; Ingvarsson, PK.; Zhang, D. Evolutionary Origins of Pseudogenes and Their Association with
Regulatory Sequences in Plants. Plant Cell 2019, 31, 563-578. [CrossRef]

Mascagni, F,; Usai, G.; Cavallini, A.; Porceddu, A. Structural characterization and duplication modes of pseudogenes in plants.
Sci. Rep. 2021, 11, 5292. [CrossRef]

Zhang, A.; Zhou, H.; Jiang, X.; Han, Y.; Zhang, X. The Draft Genome of a Flat Peach (Prunus persica L. cv. “124 Pan’) Provides
Insights into Its Good Fruit Flavor Traits. Plants 2021, 10, 538. [CrossRef]

Potter, S.C.; Luciani, A.; Eddy, S.R;; Park, Y.; Lopez, R.; Finn, R.D. HMMER web server: 2018 update. Nucleic Acids Res. 2018, 46,
W200-W204. [CrossRef]

Li, W.Z.; Cowley, A,; Uludag, M.; Gur, T.; McWilliam, H.; Squizzato, S.; Park, YM.; Buso, N.; Lopez, R. The EMBL-EBI
bioinformatics web and programmatic tools framework. Nucleic Acids Res. 2015, 43, W580-W584. [CrossRef]

Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39-W49. [CrossRef]
Emanuelsson, O.; Brunak, S.; von Heijne, G.; Nielsen, H. Locating proteins in the cell using TargetP, SignalP and related tools. Nat.
Protoc. 2007, 2,953-971. [CrossRef] [PubMed]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef] [PubMed]

Blanc, G.; Wolfe, K.H. Functional divergence of duplicated genes formed by polyploidy during Arabidopsis evolution. Plant Cell
2004, 16, 1679-1691. [CrossRef] [PubMed]

Wang, Y,; Li, ].; Paterson, A.H. MCScanX-transposed: Detecting transposed gene duplications based on multiple colinearity scans.
Bioinformatics 2013, 29, 1458-1460. [CrossRef]

Lu, P; Yu, S.; Zhu, N.; Chen, Y.R; Zhou, B; Pan, Y.; Tzeng, D.; Fabi, ].P.; Argyris, ].; Garcia-Mas, J.; et al. Genome encode analyses
reveal the basis of convergent evolution of fleshy fruit ripening. Nat. Plants 2018, 4, 784-791. [CrossRef]

Pertea, M.; Kim, D.; Pertea, G.M.; Leek, ].T.; Salzberg, S.L. Transcript-level expression analysis of RNA-seq experiments with
HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650-1667. [CrossRef]

Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357-360. [CrossRef]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; Genome Project Data
Processing, S. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [CrossRef]

Danecek, P; Bonfield, ].K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, RM,;
et al. Twelve years of SAMtools and BCFtools. Gigascience 2021, 10, giab008. [CrossRef] [PubMed]

Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, ].T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290-295. [CrossRef] [PubMed]


http://doi.org/10.1016/S0168-9525(02)02793-2
http://doi.org/10.21769/BioProtoc.2474
http://doi.org/10.1007/s00709-014-0735-8
http://www.ncbi.nlm.nih.gov/pubmed/25430981
http://doi.org/10.1016/j.jplph.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26771167
http://doi.org/10.1105/tpc.18.00601
http://doi.org/10.1038/s41598-021-84778-6
http://doi.org/10.3390/plants10030538
http://doi.org/10.1093/nar/gky448
http://doi.org/10.1093/nar/gkv279
http://doi.org/10.1093/nar/gkv416
http://doi.org/10.1038/nprot.2007.131
http://www.ncbi.nlm.nih.gov/pubmed/17446895
http://doi.org/10.1016/j.molp.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32585190
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1105/tpc.021410
http://www.ncbi.nlm.nih.gov/pubmed/15208398
http://doi.org/10.1093/bioinformatics/btt150
http://doi.org/10.1038/s41477-018-0249-z
http://doi.org/10.1038/nprot.2016.095
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/gigascience/giab008
http://www.ncbi.nlm.nih.gov/pubmed/33590861
http://doi.org/10.1038/nbt.3122
http://www.ncbi.nlm.nih.gov/pubmed/25690850

	Introduction 
	Results 
	Identification of TPS Family Members in Rosaceae 
	TPS Classification and Motif/Domain Annotation 
	Varied Family Number of TPSs among Different Clades in Rosaceae 
	Chromosomal Location, Synteny Analysis of TPS Family Members in Rosaceae 
	Ka/Ks Ratios of TPS Family Members in Rosaceae 
	Function Diversity of TPSs in Rosaceae 
	Tissue-Specific Expression of TPSs in Rosaceae 

	Discussion 
	Material and Methods 
	Identification of TPSs in Rosaceae 
	Motif Annotation, Subcellular Localization, and Physical Localization 
	Phylogenetic Tree Construction and TPS Classification 
	Ka/Ks Analysis of TPS Family Members in Rosaceae 
	Synteny Analysis and Detection of Tandemly/Segmentally Duplicated TPSs 
	Expression Analysis of TPSs in Rosaceae 

	Conclusions 
	References

