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Phylotranscriptomics and
evolution of key genes for
terpene biosynthesis in Pinaceae

Kaibin Jiang 1,2, Chengju Du 1,2, Linwang Huang 1,2,
Jiexian Luo 1,2, Tianyi Liu 1,2* and Shaowei Huang 1,2*

1College of Forestry and Landscape Architecture, South China Agricultural University,
Guangzhou, China, 2Guangdong Key Laboratory for Innovative Development and Utilization of Forest
Plant Germplasm, South China Agricultural University, Guangzhou, China
Pinaceae is the largest family of conifers, dominating forest ecosystems and

serving as the backbone of northern, temperate and mountain forests. The

terpenoid metabolism of conifers is responsive to pests, diseases, and

environmental stress. Determining the phylogeny and evolution of terpene

synthase genes in Pinaceae may shed light on early adaptive evolution. We used

different inference methods and datasets to reconstruct the Pinaceae phylogeny

based on our assembled transcriptomes. We identified the final species tree of

Pinaceae by comparing and summarizing different phylogenetic trees. The genes

encoding terpene synthase (TPS) and cytochrome P450 proteins in Pinaceae

showed a trend of expansion compared with those in Cycas. Gene family

analysis revealed that the number of TPS genes decreased while the number of

P450 genes increased in loblolly pine. Expression profiles showed that TPSs and

P450s were mainly expressed in leaf buds and needles, which may be the result of

long-term evolution to protect these two vulnerable tissues. Our research provides

insights into the phylogeny and evolution of terpene synthase genes in Pinaceae

and offers some useful references for the investigation of terpenoids in conifers.
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Introduction

Gymnosperms are the main components of forest ecosystems, especially in boreal,

temperate and montane forests (Sederoff, 2013). Among them, 625 species of conifers are

the major parts of forest ecosystems, accounting for 39% of the world’s forests (Jin et al.,

2021). Pinaceae is the largest family of conifers and the largest family of gymnosperms (De La

Torre et al., 2014), including 11 genera: Abies (approximately 50 species), Cathaya (1

species), Cedrus (4 species), Keteleeria (approximately 11 species), Larix (approximately

13 species), Picea (approximately 50 species), Pinus (approximately 80 species), Pseudolarix

(1 species), Pseudotsuga (approximately 18 species), Nothotsuga (1 species), and Tsuga

(approximately 14 species) (Ran et al., 2018).
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Previously, Pinaceae was divided into three subfamilies, Abies,

Larix, and Pinaceae, according to their morphological characteristics

(Krussmann et al., 1985). Subsequently, on the basis of multiple traits,

such as morphological, anatomical, and immunological features, it

was considered more reasonable to divide Pinaceae into two large

groups (Price et al., 1987; Price et al., 1998). The division of Pinaceae

into two clades is supported by molecular phylogenetic studies (Lin

et al., 2010; Sudianto et al., 2016), but the phylogenetic positions of

some of these genera, such as Pinus, Picea, and Cathaya, are

controversial. Phylogenetic studies based on a few genes suggest

that Pinus is a sister clade to Picea or Cathaya (Lu et al., 2014;

Gernandt et al., 2016) or that the three closely related genera Pinus,

Picea and Cathaya should be treated as a trichotomy (Nkongolo et al.,

2012). Phylogenetic reconstruction using a small number of genes is

susceptible to random errors (Hedtke et al., 2006; Zhang et al., 2015).

Transcriptomes and genomes are widely used in phylogenetic and

evolutionary studies of plants (Jackson et al., 2022) and animals (Bi

et al., 2021; Meyer et al., 2021). However, due to the giga-genome of

pine trees, it is difficult to assemble genomes and use them to study

evolution in Pinaceae.

Recently, some studies have used complete plastid Genome

(Sudianto et al., 2016) or transcriptomes (Ran et al., 2018) to

reconstruct the Pinaceae phylogeny. However, they did not

systematically compare and summarize different inference methods

for species trees. Here, we assembled the transcriptomes of 18 species.

Then, we used concatenated and coalescent species tree inference

methods as well as different datasets to analyze and further

understand the phylogeny of Pinaceae.

On the other hand, conifer stems and leaves produce and release

oleoresin, which is an induced defense response against assaults by

herbivores, insects, and diseases (Liu et al., 2021). Oleoresin

comprises a range of terpenoid chemicals (Keeling and Bohlmann,

2006). The cytosolic mevalonate (MEV) and chloroplast methyl

erythritol phosphate (MEP) pathways are the sources of all

terpenoid metabolic products in conifers (Celedon and Bohlmann,

2019). The last two stages of resin terpene biosynthesis are controlled

by the catalytic enzyme genes TPSs and the P450 superfamily in these

two pathways (Niu et al., 2022). Therefore, we examined expansion

and contraction of gene families, especially the terpene synthase

(TPS) and P450 families of key rate-limiting enzymes for terpene

biosynthesis, in different species of Pinaceae.
Materials and methods

RNA extraction and sequencing

Whole young leaves were collected from Pinus taeda, Pinus

elliottii, and Pinus massoniana at the Forestry Science Institute of

Yingde (Guangdong, China) and the Hongling seed orchard of

Taishan (Guangdong, China). Collected leaves were stored at -20 °

C until RNA extraction. Three 8-year-old P. taeda trees, with a similar

growth state and free of pests and diseases were selected for sampling.

The leaf buds, needles, twigs, trunk phloem, and roots were collected

separately from each tree at the same time during the blooming

period. Total RNA was extracted from different tissues of Pinus taeda

using the TIANGEN RNAsecure Plant Kit (Beijing, China) following
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the manufacturer’s instructions. Sequencing libraries were prepared

with insert sizes of 200 bp and sequenced using an Illumina HiSeq

4000 platform.
Transcriptome sequencing data

From open-access databases, raw transcriptome data for 15

species were downloaded. Among the species, 12 species belong to

10 genera of Pinaceae, including Abies firma, Cathaya argyrophylla,

Cedrus deodara, Keteleeria evelyniana, Larix gmelinii, Picea abies,

Picea smithiana, Pinus armandii, Pinus elliottii, Pinus massoniana,

Pinus taeda, Pseudolarix amabilis, Pseudotsuga menziesii, Tsuga

dumosa and Tsuga longibracteata, and the three species Cycas

panzhihuaensis, Araucaria cunninghamii, and Platycladus orientalis

were used as outgroups (Supplementary Table S1).
Transcriptome assembly and annotation

Individual sequence quality was checked using FastQC, and

sequence reports were combined using MultiQC (Ewels et al.,

2016). RCORRECTOR v1.0.4 (Song and Florea, 2015) was used to

error-correct Illumina RNA-seq reads of the transcriptome

sequencing data with default settings. TRIMMOMATIC v0.39

(Bolger et al., 2014) was then used to remove low-quality sequences

and adapters with the parameters ‘PE -phred33 ILLUMINACLIP :

TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDING

WINDOW:4:15 MINLEN:80’. TRINITY v2.1.1 (Haas et al., 2013)

was used to assemble transcripts with clean and corrected reads. For

the transcripts, DIAMOND v0.9.25 (Buchfink et al., 2015) was used to

search the protein database (ftp://ftp.uniprot.org/pub/databases/

uniprot/current_release/knowledgebase/complete/uniprot_sprot.

fasta.gz) for homology support with an E-value of 1E-5.

TRANSDECODER v5.5.0 (https://github.com/TransDecoder/

TransDecoder/releases) was used to translate the longest transcripts

and find candidate coding sequences. Benchmarking Universal

Single-Copy Orthologs (BUSCO v5.3.2) (Simao et al., 2015) with

the embryophyta_odb10 database (https://busco-data.ezlab.org/v5/

data/lineages/arthropoda_odb10.2020-09-10.tar.gz) was used to

evaluate annotation completeness and assembly quality in

transcriptome and protein modes, respectively.
Phylogenetic reconstruction

OrthoFinder Version 2.5.4 (Emms and Kelly, 2019) was employed

to construct the orthogroups for the transcriptomes with default

settings. We gathered three independent datasets to reconstruct the

phylogeny of Pinaceae genera: 1) a dataset of 319 single-copy

orthologous genes (SCOGs) generated from 15 Pinaceae plant

transcriptomes; 2) a dataset of 120 SCOGs of 16 taxa, including 15

Pinaceae species and one Cycadaceae species (outgroup); 3) and

another dataset of 54 SCOGs derived from 18 taxa, including 15

Pinaceae plants and three outgroups (an Araucariaceae plant, a

Cupressaceae plant and a Cycadaceae plant). TranslatorX (Abascal

et al., 2010) was used for multiple gene alignments based on codon
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(nt), codon 1st+2nd (nt12) and amino acid (aa) sequences with the

local version (command: perl translatorx_vLocal.pl -i gene.fa -o

gene.out -p M -t F -w 1 -c 1 -g “-b2 = 0.75 -b3 = 8 -b4 = 5 -b5=h

-b6=y”). The maximum likelihood (ML) approach was used to build a

concatenated tree for the different sequences of each dataset using IQ-

TREE (Nguyen et al., 2015). ASTRAL (Zhang et al., 2018) was used to

derive a coalescent tree for the different sequences of each dataset.

Concatenated phylogenetic tree
With an initial partition scheme of codon locations, including

ModelFinder, tree search, and ultrafast bootstrap, IQ-TREE 2 (Minh

et al., 2020) was utilized to infer the ML trees. First, the nt, nt12 and aa

sequences of orthologous genes were concatenated into supergenes.

The auto-best nucleotide substitution models were identified using

ModelFinder. IQ-TREE 2 was then used to infer ML trees with the

best substitution model. Each ML analysis was performed with 1000

ultrafast bootstrap replicates (-bb 1000).
Coalescence-based phylogenetic tree
First, IQ-TREE was used to construct the ML trees based on nt,

nt12 and aa sequences of each orthologous gene. ASTRAL was then

used to infer the species tree with all ML trees from nt, nt12 or aa

sequences. The coalescent species tree with quartet support was

summarized using ASTRAL with the default options (-t 8). The

topology of the coalescent species tree was produced by ASTRAL

using the quartet trees of the ML phylogenies of each gene, which

returned quartet scores and posterior probabilities. The gene tree

conflicts on the species tree topology were inferred and shown using

the PHYPARTS program (Smith et al., 2015) with default parameters.

The gene tree discordance and conflicts between various analytical

methods and datasets were interpretably visualized and summarized

by DISCOVISTA (Sayyari et al., 2018).
Divergence time estimation

The MCMCTree module of the PAML program (Yang, 2007) was

used to calculate divergence times for 16 species based on the nt12

sequences of 120 SCOGs and 2 fossil calibration points from crown

group of Pinus massoniana (Jin et al., 2021) and Cycas panzhihuaensis

(Liu et al., 2022) (Supplementary Table S2). The dated phylogeny was

visualized and annotated using the R package GGTREE (Yu

et al., 2017).
Gene family expansion and
contraction analysis

CAFE v4.2.1 software (Han et al., 2013) for computational

analysis of gene family evolution was used to analyze variation in

gene family size with the following parameters: -p 0.05 -k 4. The

Monte Carlo resampling procedure was used to determine the

significance of the expansion and contraction of gene families. The

script CAFE_fig.py (https://github.com/LKremer/CAFE_fig) was

used to summarize and visualize the numbers of expanded and

contracted gene families. The online version of the EGGNOG-
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MAPPER 5.0 database (Huerta-Cepas et al., 2019) (http://eggnog-

mapper.embl.de/) was used for gene ontology (GO) annotation of

expanded and contracted gene families. The online version of KEGG

Automatic Annotation Server (KASS) (Moriya et al., 2007) (https://

www.genome.jp/tools/kaas/) was used KEGG Orthology (KO)

annotation and KEGG pathway analysis of expanded and

contracted gene families. A genomic approach would have been

better, but it is difficult to assemble Pinaceae genomes and use

them to study gene family.
Evolution of the P450 family and TPS family

A total of 111 terpene synthases (TPSs) and 23 P450 family

proteins from conifer genes (Celedon and Bohlmann, 2019) were used

as references to screen homologs in 15 transcriptomes of Pinaceae

species, the outgroup (Cycas panzhihuaensis), and loblolly pine (Pinus

taeda) expanded and contracted gene families using BLASTP v2.2.31

with an e-value of 1.0×e-20. CD-Search (Lu et al., 2020) (https://www.

ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) was used to check the

conserved domains of all proteins. TBtools (Chen et al., 2020) was

used to compare gene structures for each family. Muscle v3.8 (Edgar,

2004) was used for multiple sequence alignments of each family.

MEGA7 (Kumar et al., 2016) was then used to build ML-based

phylogenetic trees with 500 bootstrap replicates. The trees were

visualized with iTOL (Letunic and Bork, 2019) (https://itol.embl.de/

itol.cgi).
Expression patterns of TPS and P450 genes
in pinus taeda

RNA sequencing reads from different tissues were trimmed using

Trimmomatic (Bolger et al., 2014) program and mapped against the

assembled Pinus taeda transcriptome using bowtie2 by retaining the

best alignments. TPM were calculated using the eXpress program,

which was incorporated in the Trinity (Haas et al., 2013) package.
Results

Completeness of the
transcriptome assembly

In the assembly results from Trinity (Haas et al., 2013), the gene

numbers of the species ranged from 53,856 to 85,096 (Supplementary

Table S3). Our transcriptome assembly results are consistent with

those of previous studies, which generally showed more genes in

conifers than in diploid angiosperms (Mosca et al., 2019; Niu et al.,

2022). The contig N50 of the species ranged from 1438 bp to 1882 bp

based on all transcript contigs, while the N50s (1292 bp -1767 bp)

based on the longest transcript per gene were smaller (Supplementary

Table S3).

Based on 1614 BUSCOs (embryophyta_odb10 database), we

assessed the annotation completeness of the transcriptomes of 18

species with the transcriptome and protein modes. The BUSCO

results showed that the assembly integrity of the vast majority of
frontiersin.org
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transcriptomes was greater than 80% in both transcriptome mode and

protein mode (Supplementary Tables S4, 5). Only two transcriptomes

had an assembly integrity value less than 80% in transcriptome mode

and protein mode, and this occurred with the common species

Larix gmelinii.

BUSCOs covered 92.7% (Supplementary Table S5) of the 1614

core genes and 86.5% of the complete genes in the loblolly pine

transcriptome in protein mode (Figure 1A). The transcriptome

integrity of slash pine and Masson pine was 84.5% and 86.0%,

respectively. In addition, the transcriptome integrity of 5 species

reached 90%. These results demonstrate the high precision and

integrity of the assembled transcriptomes, providing confidence for

subsequent phylogenetic and other analyses.
Instability of concatenated trees

Fifty-four SCOGs were identified using OrthoFinder Version

2.5.4 (Emms and Kelly, 2019) from the transcriptomes of 18 plants.

Based on the nt, nt12 and aa sequences of these SCOGs, concatenated

ML trees (Figure 1B) were inferred using IQ-TREE 2 software (Minh

et al., 2020).
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The topologies of three concatenated ML trees from nt, nt12, and

aa sequences were consistent, but the ML bootstrap support values on

some of the same branches were different. The bootstrap value of the

clades formed by Pinus species (P. taeda, P. massoniana and P.

armandii) and the C. argyrophylla was <50 in the nt-based ML tree

(Figure 1B), indicating that the topology was unstable and that a

potential alternative topology needs to be considered. The bootstrap

values of the clades consisting of Tsuga species (T. dumosa and T.

longibracteata) and P. amabilis were also quite different among the

three ML trees. The bootstrap value of these clade was 73 on the nt12

ML tree, and on the other two ML trees, it was greater than 95

(Figure 1B). The Pinaceae topologies of the three concatenated ML

trees based on 16 species’ 120 SCOGs (Supplementary Figure S1) were

consistent with the results from 18 species’ 54 SCOGs.
Topology conflicts of coalescent trees

To understand the topology reliability of ASTRAL coalescent

trees, the 54 SCOG dataset and ASTRAL software (Zhang et al., 2018)

were used to infer the coalescent trees, which produced topological

trees different from those for the nt, nt12 and aa sequences
B

C D

A

FIGURE 1

Topology and gene tree conflict analysis of Pinaceae. (A) The assessment of annotation completeness based on 1614 benchmarking universal single-
copy orthologs (BUSCOs) using protein mode. The colors of the pies refer to complete BUSCOs (steel blue), fragmented BUSCOs (yellow), and missing
BUSCOs (red). (B) Concatenated ML trees inferred based on 54 single-copy orthologous genes; nt, nucleotide sequences; nt12, 1st + 2nd codon
positions; aa, amino acid sequences. IQ-TREE maximum likelihood bootstrap support values are indicated above the branches. (C) ASTRAL coalescent
trees inferred based on 54 single-copy orthologous genes of 18 species; nt, nucleotide sequences; nt12, 1st + 2nd codon positions; aa, amino acid
sequences. Posterior probabilities of the ASTRAL coalescent analyses are indicated above the nodes. (D) PHYPARTS coalescent tree analysis. A
coalescent tree was constructed from the nt sequence dataset of 54 single-copy orthologous genes using ASTRAL. I, II, III, VI, V, VI, VII and VIII indicate
internal branches for which the pie charts depict gene tree incongruence. The colors of pies indicate the following: Support the shown topology (Blue);
Conflict with the shown topology (most common conflicting bipartition) (Green); Conflict with the shown topology (all other supported conflicting
bipartitions) (Red); and No support for the conflicting bipartition (Gray). The proportion of gene trees was calculated for the three possible arrangements
(q1 to q3) for the respective internal branches. The histograms showed quartet support for the main topology (q1), the first alternative topology (q2) and
the second alternative topology (q3).
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(Figure 1C). The topology conflicts mainly manifested in clades

composed of Pinus species (P. elliottii, P. taeda, P. massoniana, and

P. armandii), Picea species (P. abies and P. smithiana), and C.

argyrophylla (Figure 1C, highlighted area). In the nt tree, the

Cathaya species and Picea species are sister groups. However, the

sister relationship between Cathaya and Pinus was closer than that

between Cathaya and Picea from the nt12 tree. Additionally, in the aa

tree, Pinus species and Picea species formed a monophyletic group.

Furthermore, the changing branches in the conflicting topologies

showed low posterior probability support values (41-62; Figure 1C,

red star). In ASTRAL coalescent trees of 16 species’ 120 SCOGs

(Supplementary Figure S2), topologies composed of Pinus species,

Picea species, and the Cathaya plant were consistent. However, there

were conflicting topologies formed by Tsuga plants (T. dumosa and T.

longibracteata), P. amabilis, A. firma, and K. evelyniana. The topology

of the nt12 tree (Supplementary Figure S2B) was the same as that of

the aa tree (Supplementary Figure S2C), but it was inconsistent with

that of the nt tree (Supplementary Figure S2A).
Conflicts of coalescent gene trees

Based on the nt sequences of the 54 SCOGs, PHYPARTS software

(Smith et al., 2015) was used to infer and display gene tree conflicts.

PHYPARTS analysis shows that although gene tree topologies and the

species topology were concordant at more than half of the nodes,

many gene tree topologies conflicted with a given species topology at

some nodes (Figure 1D). The support level to expect from the gene

trees varied greatly at different nodes. At internal branches I and II,

the gene tree support for the species topology was less than 75%,

meaning that there was a dominant alternative topology that should

be considered. The quartet scores indicated that many gene trees

supported the first alternative topology (q2) and the second

alternative topology (q3), except for the main topology (q1) on

branches V and VI. The gene tree conflicts were more pronounced

on coalescent trees for nt12 and aa sequences (Supplementary Figure

S3). Similarly, the topology of the ASTRAL coalescent trees

constructed based on the 120 SCOGs also conflicted with the

individual gene trees from the nt, nt12 and aa sequences

(Supplementary Figure S4).
Ultimate species tree and divergence time

To account for the consistency and conflict of gene trees and

topologies among different reconstruction methods and datasets, we

used DISCOVISTA software (Sayyari et al., 2018) to summarize gene

trees and the inferred 18 species trees. Based on the previous analysis,

topological conflicts mainly occurred in two internal clades: 1 clades

composed of Pinus, Picea, and Cathaya (Figure 1C) and 2) clades

composed of Tsuga , Pseudolarix , Abies and Keteleeria

(Supplementary Figure S2). Regarding the several focal phylogenetic

relationships from the ASTRAL tree (Figure 1D), we generated 14

putative test groups and inspected their monophyly in detail: Clade-I,

Clade-II, Pinus/Cathaya/Picea, Abies/Keteleeria, Cedrus-alone
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(Cedrus-other Clade-II species), Tsuga/Pseudolarix, Pinus/Cathaya,

Cathaya/Picea, Pinus/Picea, Tsuga/Abies/Keteleeria, Pseudolarix/

Abies/Keteleeria, Picea/Pseudotsuga/Larix, Cathaya-alone (Cathaya-

other Clade-I species), and Pinus-alone (Pinus-other Clade-I species).

We observed strong gene tree discordance between individual gene

trees in the clustering of the Clade I and Clade II plant groups. Gene

tree analyses of 54 SCOG datasets showed that the sister relationship

between Cathaya and Picea obtained the highest level of gene tree

support, followed by that of Cathaya and Pinus, while that of Pinus

and Picea obtained the least support (Figure 2A). Instead, the results

of 120 SCOG datasets showed that the sister relationship between

Cathaya and Pinus had the highest average level of gene tree support,

followed by that of Cathaya and Picea, whereas the monophyletic

relationship of Pinus and Picea obtained the least support (Figure 2B).

Both the coalescent species tree inferred by ASTRAL and the best

ML tree inferred from concatenated datasets consistently and strongly

supported the division of the 10 genera of Pinaceae into two major

groups: Clade-I and Clade-II (Figure 3A). In Clade-I, the

monophyletic analyses strongly supported that Pinus, Cathaya, and

Picea (Pinus/Cathaya/Picea) are from a common ancestor.

Additionally, analyses strongly rejected sister relationships between

Pinus and Picea and between Cathaya and Picea (4 species trees

showed strong rejection, 12 species trees showed weak rejection, and 2

species trees showed weak support), whereas comparisons supported

Pinus/Cathaya as a sister clade (4 species trees showed weak rejection,

10 species trees showed weak support, and 4 species trees showed

strong support) (Figure 3A). In Clade-II, both the phylogenetic

relationship of Cedrus alone and the sister relationship of Abies and

Keteleeria (Abies/Keteleeria) were strongly supported by 18 species

trees. The sister relationships between Pseudolarix and Abies

+Keteleeria (Pseudolarix/Abies/Keteleeria) and between Tsuga and

Abies+Keteleeria (Tsuga/Abies/Keteleeria) were rejected strongly by 9

trees and weakly by 9 trees (Figure 3A). On the other hand, the

monophyletic group of Tsuga and Pseudolarix was strongly supported

by 9 species trees and weakly supported by 9 species trees (Figure 3A).

Therefore, the most likely phylogenetic tree of Pinaceae is ((((Pinus,

Cathaya), Picea), Pseudotsuga, Larix), (((Tsuga, Pseudolarix), (Abies,

Keteleeria)), Cedarus)).

Using the final Pinaceae phylogenetic tree, we estimated

divergence times for 16 species. We estimated the divergence times

of species based on the 1st+2nd codon sequences of 120 SCOGs.

Fifteen species of 10 genera of Pinaceae could be divided into clade I

and clade II, which diverge 86.6 million years ago (Mya) (Figure 3B).

Clade I includes 5 genera and 9 species, may have had a common

ancestor in the Cretaceous period 77.5 Mya. Clade II includes 5

genera, may have had a common ancestor 76.4 Mya in the Cretaceous

period. Clade I was estimated to have diverged from Clade II around

86.6 million years ago. These results are consistent with the view of

Cretaceous radiation of Pinaceae species (White et al., 2007). The

dated phylogenetic tree shows that P. taeda likely diverged from P.

elliottii, P. massoniana and P. armandii approximately 3.1, 10.6 and

29.9 Mya, respectively. Although Pinaceae has an ancient origin, some

existing species of Pinus have not diverged for a long time and are

very young (Gernandt et al., 2008; Hao et al., 2015; Shao et al., 2019;

Shen et al., 2019).
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Expansion and contraction of gene families

We examined the sizes of expanded and contracted gene families

in 15 Pinaceae species representing 10 genera: A. firma, C.

argyrophylla, C. deodara, K. evelyniana, L. gmelinii, P. abies, P.

smithiana, P.s armandii, P. elliottii, P. massoniana, P. taeda, P.

amabilis, P. menziesii, T. dumosa and T. longibracteata. We

identified 13471 expanded and 8574 contracted gene families in P.

taeda (Figure 4A). Compared to that in other plant transcriptomes,

the number of expanded gene families was the largest in P. taeda.

Notably, the significantly expanded gene families in P. taeda were

mainly related to biological regulation, cellular processes, metabolic

processes, and responses to stimuli in the “biological process”

category of GO analysis (Figure 4B; Supplementary Figure S5, Table

S6). Although the significantly contracted gene families in P. taeda

were also mainly associated with these “biological process” genes, they

were much less common than the expanded gene families (Figure 4C,

Supplementary Figure S6; Table S7).

KEGG annotation further confirmed the expansion of metabolic

genes in P. taeda (Supplementary Figure S7). The expanded and

contracted gene families were mainly enriched in KEGG terms such

as BRITE hierarchies and metabolism, which included carbohydrate

metabolism, metabolism of cofactors and vitamins, amino acid

metabolism, metabolism of terpenoids and polyketides, xenobiotic

biodegradation and metabolism, and biosynthesis of other secondary

metabolites (Supplementary Figure S7, S8). Notably, there was a

specific class of BRITE hierarchies (protein families: metabolism)

associated with the expanded gene families compared with the

contracted gene families.
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Evolution of terpene biosynthesis

The stems and leaves of conifers synthesize and secrete oleoresin,

which contains a variety of terpenoid compounds as an induced

defense response against attacks by herbivores, insects, and pathogens

(Keeling and Bohlmann, 2006; Liu et al., 2021). Moreover, terpenoid

metabolism plays a crucial role in adapting to environmental

conditions (Celedon and Bohlmann, 2019). In conifers, all

terpenoid metabolic compounds are derived from two pathways:

the chloroplast methyl erythritol phosphate (MEP) and cytosolic

mevalonate (MEV) pathways (Celedon and Bohlmann, 2019; Niu

et al., 2022). In these two pathways, TPSs and the P450 superfamily

are key catalytic enzyme genes, which control the final step of resin

terpene biosynthesis (Celedon and Bohlmann, 2019; Niu et al., 2022).

To investigate the evolution of terpene biosynthesis, 111 candidate

genes encoding TPSs and 23 candidate genes encoding P450 proteins

were analyzed for homologs in different species (Figure 5A). Different

conifer species have similar numbers of catalytic enzyme genes for most

steps in the MEP pathway and MEV pathway (Celedon and Bohlmann,

2019; Niu et al., 2022). However, the number of key enzymes of TPSs

and P450s differs greatly among species. One example is the number of

TPS gene families in different gymnosperms. Compared with that in the

ancestral gymnosperm (Cycad panzhihuaensis), the conifer TPS family,

including monoterpene synthases, sesquiterpene synthases, and

diterpene synthase, has expanded to 160 genes in P. massoniana

(Figure 5A), much higher than in any other conifers (Niu et al.,

2022; Sun et al., 2022). P. taeda has 107 TPS genes, including 26

monoterpene synthases, 57 sesquiterpene synthases, and 24 diterpene

synthases (Figure 5B). Another example is the number of P450 gene
frontiersin.org
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FIGURE 2

Gene tree analysis. The portion of ML gene trees for which important clades (x-axis) are highly (weakly) supported or rejected for the 54 single-copy
orthologous gene dataset (A) and 120 single-copy orthologous gene dataset (B) and for AA datasets (upper), nucleotide datasets (middle), and 1st+2nd
codon position datasets (below). AA: amino acid sequences; NT: nucleotide sequences; NT12: 1st+2nd codon positions. Weakly rejected clades are
those that are not in the tree but are compatible if low-support branches (below 75%) are collapsed.
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families in different conifers. In contrast with eight P450 genes in L.

gmelinii, P. taeda has 24 P450 genes. The 24 potential P450 genes in P.

taeda include genes in the P450 superfamily, cytochrome p450

superfamily and CYP90-like family according to their domains

(Figure 5C). The CYP90-like family is composed of plant cytochrome

P450s that catalyze the oxidative 5,6-spiroketalization of cholesterol to

produce diosgenin (Christ et al., 2019), which is a recently discovered

defense compound in plants.

To further elucidate the evolution of the TPS and P450 families

in P. taeda, conifer genes encoding TPSs and P450s were used to
Frontiers in Plant Science 07
search for homologs among genes with significant expansion and

contraction. We found three TPS genes among the significantly

contracted gene families of P. taeda (Supplementary Figure S9A).

However, no TPS genes were found among the significantly

expanded gene families. In contrast, we found 11 P450 genes

among the expanded gene families (Supplementary Figure S9B)

and no P450 genes among the contracted gene families. This is

probably why P. taeda has the fewest TPS genes and the most P450

genes among the young Pinus species (P. massoniana, P. elliottii,

and P. taeda).
B

A

FIGURE 3

Determination of the final species tree and divergence time calculation. (A) DiscoVista species tree analysis: rows correspond to the 14 hypothetical
groups tested, and columns correspond to the results derived from the use of different datasets and methods. SCOG, single-copy orthologous gene; NT,
nucleotide sequences; NT12, 1st + 2nd codon positions; AA, amino acid sequences; ASTRAL, coalescent tree inference method using ASTRAL; CONCAT,
maximum likelihood tree inferred with IQ-TREE based on concatenated datasets. Strong support, the clade is reconstructed with a support value >95%.
Weak support, the clade is reconstructed with a support value <95%. Weak rejection, the clade is not recovered, but the alternative topology is not
conflicting if poorly supported branches (<85%) are collapsed. Strong rejection, the clade is not recovered, and the alternative topology conflicts even
when poorly supported branches (<85%) are collapsed. (B) Chronogram of pine plants on the basis of 120 single-copy orthologous genes’ 1st+2nd
codon sequences inferred using MCMCTree. The red and green diamonds indicate the divergence time of P. massoniana and C. panzhihuaensis,
respectively. P, Permian; T, Triassic; J, Jurassic; C, Cretaceous; N, Neogene; Q, Quaternary; Mya, million years ago.
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Expression patterns of TPS and P450 genes

The expression patterns of TPS and P450 protein-related genes

were examined in different tissues of loblolly pine. We found that TPS

homologs displayed substantially different expression patterns

(Figure 6A). Most TPS genes were primarily expressed in leaf buds

and needles, their expression declined noticeably in twigs, and there

was almost no expression in roots and trunk phloem (Figure 6A).

Similarly, the P450 genes were highly expressed only in leaf buds and

needles, with expression gradually decreasing in roots, trunk phloem

and twigs (Figure 6B). These results are consistent with those of

previous research, suggesting that new needles are likely the main
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tissues for terpenoid biosynthesis (Niu et al., 2022). In addition, we

believe that leaf buds are also one of the main tissues for terpenoid

synthesis in conifers.
Discussion

Phylogeny of Pinaceae

In the latest classification system, Pinaceae includes 11 genera:

Pinus, Pseudotsuga, Picea, Larix, Abies, Nothotsuga, Cathaya, Cedrus,

Keteleeria, Pseudolarix, and Tsuga. Originally, Pinaceae species were
B C

A

FIGURE 4

Gene family analysis. (A) The evolution of gene families in 15 species of Pinaceae and one outgroup (Cycadaceae: Cycas panzhihuaensis). The
corresponding numbers indicate gain (expansion) or loss (contraction) of gene families in specific species. (B) Gene Ontology (GO) enrichment analysis
of expanded gene families in Pinus taeda. (C) Gene Ontology (GO) enrichment analysis of contracted gene families in Pinus taeda.
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usually classified on the basis of morphological characteristics, mainly

those of leaves, seeds, and cones (Shaw, 1914). In the early stage, the

phylogeny of Pinaceae was constructed based on morphology (Hart,

1987; Liston et al., 2003), immunology (Price et al., 1987) and a few

genes (Gernandt et al., 2005). In the last decade, to determine the

relationships between the genera of Pinaceae, researchers have

conducted phylogenetic studies using more genes (Gernandt et al.,

2016; Ran et al., 2018). Single-copy orthologous genes are more

suitable for constructing phylogenetic trees. Here, we used different

datasets and different inference methods to infer species trees for 15

species in 10 genera of Pinaceae with transcriptomes. From the

analysis of the inferred 18-species trees, the most likely topology of

Pinaceae was (Cycas, ((((Pinus, Cathaya), Picea), Pseudotsuga, Larix),

(((Tsuga, Pseudolarix), (Abies, Keteleeria)), Cedarus))), with Cycas as

an outgroup. This result is consistent with previous research

(Gernandt et al., 2016; Ran et al., 2018).

Fossils suggested that gymnosperms first appeared during the

Devonian (409 Mya) or Carboniferous (363 Mya) period (Niklas,

1997). Subsequently (approximately 225 Mya), conifers flourished,

dominating the flora and rapidly radiating (White et al., 2007).

Pinaceae, a family of modern conifers, evolved during the Triassic

and Jurassic periods and underwent radiative evolution during the

Cretaceous (Miller, 1976). The warm and dry climate of the

Cretaceous period (65-136 Mya) favored the expansion of Pinaceae

trees in the northern mid-latitudes (Millar, 1998; Eckert and Hall,
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2006; Jin et al., 2021). Our dated phylogenetic tree shows that the two

major clades of Pinaceae diverged during the Cretaceous period,

suggesting that Pinaceae evolution generated a great deal of diversity

in this period.
Evolution of gene families in Pinaceae

Conifers have extremely large genomes, especially Pinaceae, which

have greater genome sizes than other gymnosperms (Murray, 1998).

Compared with angiosperms (El Baidouri and Panaud, 2013; Cossu

et al., 2017), pines have a longer half-life of transposable elements

(Nystedt et al., 2013) and a lower removal rate of long terminal repeats

(Niu et al., 2022), resulting in large genomes composed of repetitive

sequences (Niu et al., 2022). In this study, we observed a large number

of expanded gene families in the family Pinaceae, especially in the genus

Pinus, with loblolly pine having the most expanded gene families

(Figure 4). One possible explanation is that these gene families

actually expand through transposable elements.

Terpenoid metabolism is a protective mechanism of pines, which

can not only respond to disease and insect damage but also respond to

environmental stress (Celedon and Bohlmann, 2019; Zhao and

Erbilgin, 2019; Liu et al., 2021). Conifers release considerable

amounts of volatile terpenes, which may contribute to the possible

interplant signaling of stress stimuli. Differences in the quantity and
B

C

A

FIGURE 5

Evolution of the coniferous terpene synthase (TPS) family and P450 family. (A) The numbers of TPS genes (red box) and P450 genes (green box) in 16
gymnosperms (15 Pinaceae plants and 1 outgroup). (B) Maximum likelihood phylogenetic tree of terpene synthases (TPSs) in conifers. (C) Domain and
motif of P450s in Pinus taeda amino acid sequences.
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quality of terpenes emission may be a sign of the tree adaptations to the

changing environment and the pressure exerted by stress factors

(Kopaczyk et al., 2020). In loblolly pine, expanded genes were mainly

enriched in GO terms related to biological regulation, cellular processes,

metabolic processes, and responses to stimulus, indicating that

increasing terpenoids in response to environmental stress is the main

evolutionary direction. In addition, TPS and P450 proteins are key rate-

limiting enzymes in the last two steps of the two pathways of terpene

biosynthesis (Celedon and Bohlmann, 2019; Mao et al., 2019; Niu et al.,

2022); we found a decrease in the TPS family and an increase in the

P450 family in loblolly pine. Consistent with the results of previous

studies (Niu et al., 2022), TPS and P450 family genes were mainly

expressed in needles and leaf buds, and their expression decreased

rapidly in roots, trunk phloem, and twigs. One intriguing explanation is

that leaf buds and needles are the tissues where the genes for terpene

synthesis have been most active over millions of years of evolution.
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Overall, the application of different datasets and multiple species

tree inference methods provided insights into the complex Pinaceae

phylogeny. Gene family analyses of TPSs and P450s improved our

understanding of the evolution of terpene biosynthesis in conifers.
Limitations of the study

Nothotsuga is a monotypic genus of Pinaceae endemic to

southern China today. Nothotsuga was not included in the study,

which was not consummate. However, the topology of the phylogeny

of the Pinaceae was consistent with previous reports (Gernandt et al.,

2016; Ran et al., 2018). As the sister group of Tsuga (Ran et al., 2018),

Nothotsuga split from Tsuga during the Paleogene (Ding et al., 2021).
B

A

FIGURE 6

The expression profiles for TPS and P450 genes in different tissues of Pinus taeda. (A) Expression levels of TPS genes in five tissues of Pinus taeda.
(B) The heatmap for P450 genes in different tissues of Pinus taeda.
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Gernandt, D. S., Magallón, S., López, G. G., Flores, O. Z., Willyard, A., and Liston, A.
(2008). Use of simultaneous analyses to guide fossil-based calibrations of pinaceae
phylogeny. Int. J. Plant Sci. 169, 1086–1099. doi: 10.1086/590472

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J., et al.
(2013).De novo transcript sequence reconstruction from RNA-seq using the trinity platform
for reference generation and analysis.Nat. Protoc. 8, 1494–1512. doi: 10.1038/nprot.2013.084

Han, M. V., Thomas, G. W. C., Lugo-Martinez, J., and Hahn, M. W. (2013). Estimating
gene gain and loss rates in the presence of error in genome assembly and annotation using
CAFE 3. Mol. Biol. Evol. 30, 1987–1997. doi: 10.1093/molbev/mst100

Hao, Z. Z., Liu, Y. Y., Nazaire, M., Wei, X. X., and Wang, X. Q. (2015). Molecular
phylogenetics and evolutionary history of sect. quinquefoliae (Pinus): Implications for
northern hemisphere biogeography. Mol. Phylogenet. Evol. 87, 65–79. doi: 10.1016/
j.ympev.2015.03.013

Hart, J. A. (1987). A cladistic analysis of conifers: Preliminary results. J. Arnold
Arboretum 68, 269–307. doi: 10.1111/j.1439-0434.1987.tb04399.x

Hedtke, S. M., Townsend, T. M., and Hillis, D. M. (2006). Resolution of phylogenetic
conflict in large data sets by increased taxon sampling. Systematic Biol. 55, 522–529.
doi: 10.1080/10635150600697358

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernandez-Plaza, A., Forslund, S. K., Cook,
H., et al. (2019). EggNOG 5.0: A hierarchical, functionally and phylogenetically annotated
orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47,
D309–D314. doi: 10.1093/nar/gky1085
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1114579/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1114579/full#supplementary-material
https://doi.org/10.1093/nar/gkq291
https://doi.org/10.1016/j.cell.2021.01.046
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1111/nph.15984
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1038/s41467-019-11286-7
https://doi.org/10.1093/gbe/evx260
https://doi.org/10.1104/pp.114.248708
https://doi.org/10.1104/pp.114.248708
https://doi.org/10.1080/08912963.2021.1881781
https://doi.org/10.1016/j.ympev.2006.03.009
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/gbe/evt025
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1139/cjb-2016-0064
https://doi.org/10.2307/25065300
https://doi.org/10.1086/590472
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1093/molbev/mst100
https://doi.org/10.1016/j.ympev.2015.03.013
https://doi.org/10.1016/j.ympev.2015.03.013
https://doi.org/10.1111/j.1439-0434.1987.tb04399.x
https://doi.org/10.1080/10635150600697358
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.3389/fpls.2023.1114579
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jiang et al. 10.3389/fpls.2023.1114579
Jackson, C., Nanette, C., Reynolds, S. M., and Marais, G. C. (2022). A genome-wide
SNP genotyping resource for tropical pine tree species. Mol. Ecol. Resour. 22, 695–710.
doi: 10.1111/1755-0998.13484

Jin, W. T., Gernandt, D. S., Wehenkel, C., Xia, X. M., and Wang, X. Q. (2021).
Phylogenomic and ecological analyses reveal the spatiotemporal evolution of global pines.
Proc. Natl. Acad. Sci. 118, e2022302118. doi: 10.1073/pnas.2022302118

Keeling, C. I., and Bohlmann, J. (2006). Genes, enzymes and chemicals of terpenoid
diversity in the constitutive and induced defence of conifers against insects and pathogens.
New Phytol. 170, 657–675. doi: 10.1111/j.1469-8137.2006.01716.x

Kopaczyk, J. M., Wargua, J., and Jelonek, T. (2020). The variability of terpenes in
conifers under developmental and environmental stimuli. Environ. Exp. Bot. 180, 104197.
doi: 10.1016/j.envexpbot.2020.104197

Krussmann, G., Michael, E., and Gilbert, S. D. (1985). Manual of cultivated conifers
(London: Timber Press).

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874.
doi: 10.1093/molbev/msw054

Letunic, I., and Bork, P. (2019). Interactive tree of life (iTOL) v4: Recent updates and
new developments. Nucleic Acids Res. 47, W256–W259. doi: 10.1093/nar/gkz239

Lin, C., Huang, J., Wu, C., Hsu, C., and Chaw, S. (2010). Comparative chloroplast
genomics reveals the evolution of pinaceae genera and subfamilies. Genome Biol. Evol. 2,
504–517. doi: 10.1093/gbe/evq036

Liston, A., Gernandt, D. S., Vining, T. F., Campbell, C. S., and Piñero, D. (2003).
Molecular phylogeny of pinaceae and pinus. Acta Hortic. 615, 107–114. doi: 10.17660/
ActaHortic.2003.615.7

Liu, Y., Wang, S., Li, L., Yang, T., Dong, S., Wei, T., and Wei, Y. (2022). The Cycas
genome and the early evolution of seed plants. Nature Plants 8, 389–401. doi: 10.1038/
s41477-022-01129-7

Liu, B., Liu, Q., Zhou, Z., Yin, H., Xie, Y., and Wei, Y. (2021). Two terpene synthases in
resistant Pinus massoniana contribute to defence against Bursaphelenchus xylophilus.
Plant Cell Environ. 44, 257–274. doi: 10.1111/pce.13873

Lu, Y., Ran, J. H., Guo, D. M., Yang, Z. Y., and Wang, X. Q. (2014). Phylogeny and
divergence times of gymnosperms inferred from single-copy nuclear genes. PloS One 9,
e107679. doi: 10.1371/journal.pone.0107679

Lu, S., Wang, J., Chitsaz, F., Derbyshire, M. K., Geer, R. C., Gonzales, N.R., et al. (2020).
CDD/SPARCLE: The conserved domain database in 2020. Nucleic Acids Res. 48, D265–
D268. doi: 10.1093/nar/gkz991

Mao, J., He, Z., Hao, J., Liu, T., Chen, J., Huang, S, et al. (2019). Identification, expression,
and phylogenetic analyses of terpenoid biosynthesis-related genes in secondary xylem of
loblolly pine (Pinus taeda l.) based on transcriptome analyses. Peerj 7. doi: 10.7717/peerj.6124

Meyer, A., Schloissnig, S., Franchini, P., Du, K., Woltering, J., Irisarri, I., et al. (2021).
Giant lungfish genome elucidates the conquest of land by vertebrates. Nature 590, 284–
289. doi: 10.1038/s41586-021-03198-8

Millar, C. I. (1998). “Early evolution of pines,” in Ecology and biogeography of pinus. Ed.
D. M. Richardson (Cambridge, UK: Cambridge University Press).

Miller, C. N. (1976). Early evolution in the pinaceae. Rev. Palaeobotany Palynology 21,
101–117. doi: 10.1016/0034-6667(76)90024-5

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., Haeseler,
A., et al. (2020). IQ-TREE 2: Newmodels and efficient methods for phylogenetic inference in
the genomic era. Mol. Biol. Evol. 37, 1530–1534. doi: 10.1093/molbev/msaa015

Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A. C., and Kanehisa, M. (2007). KAAS: An
automatic genome annotation and pathway reconstruction server. Nucleic Acids Res. 35,
W182–W185. doi: 10.1093/nar/gkm321

Mosca, E., Cruz, F., Gomez-Garrido, J., Bianco, L., Rellstab, C., Brodbeck, S., et al.
(2019). A reference genome sequence for the European silver fir (Abies alba mill.): A
community-generated genomic resource. G3-Genes Genomes Genet. 9, 2039–2049.
doi: 10.1534/g3.119.400083

Murray, B. G. (1998). Nuclear DNA amounts in gymnosperms. Ann. Bot. 82, 3–15.
doi: 10.1006/anbo.1998.0764

Nguyen, L., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: A fast
and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol.
Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

Niklas, K. J. (1997). The evolutionary biology of plants, (Chicago: The University of
Chicago Press).
Frontiers in Plant Science 12
Niu, S., Li, J., Bo, W., Yang, W., Zuccolo, A., Giacomello, S., et al. (2022). The Chinese
pine genome and methylome unveil key features of conifer evolution. Cell 185, 204–217.
doi: 10.1016/j.cell.2021.12.006

Nkongolo, K. K., Mehes-Smith, M., and Gustafson, P. (2012). Karyotype evolution in
the pinaceae: Implication with molecular phylogeny. Genome 55, 735–753. doi: 10.1139/
g2012-061

Nystedt, B., Street, N. R., Wetterbom, A., Zuccolo, A., Lin, Y. C., Scofield, D. G., et al.
(2013). The Norway spruce genome sequence and conifer genome evolution. Nature 497,
579–584. doi: 10.1038/nature12211

Price, R. A., Liston, A., and Strauss, S. H. (1998). “Phylogeny and systematics of pinus,”
in Ecology and biogeography of pinus. Ed. D. Richardson (Cambridge: Cambridge
University Press), 49–68.

Price, R. A., Olsen-Stojkovich, J., and Lowenstein, J. M. (1987). Relationships among
the genera of pinaceae: An immunological comparison. Systematic Bot. 12, 91–97.
doi: 10.2307/2419217

Ran, J. H., Shen, T. T., Hui, W., Xun, G., and Wang, X. Q. (2018). Phylogeny and
evolutionary history of pinaceae updated by transcriptomic analysis. Mol. Phylogenet.
Evol. 129, 106–116. doi: 10.1016/j.ympev.2018.08.011

Sayyari, E., Whitfield, J. B., and Mirarab, S. (2018). DiscoVista: Interpretable
visualizations of gene tree discordance. Mol. Phylogenet. Evol. 122, 110–115.
doi: 10.1016/j.ympev.2018.01.019

Sederoff, R. (2013). GENOMICS a spruce sequence. Nature 497, 569–570. doi: 10.1038/
nature12250

Shao, C., Shen, T., Jin, W., Mao, H., Ran, J., and Wang, X. Q. (2019).
Phylotranscriptomics resolves interspecific relationships and indicates multiple
historical out-of-North America dispersals through the Bering land bridge for the
genus picea (Pinaceae). Mol. Phylogenet. Evol. 141, 106610. doi: 10.1016/j.ympev.2019.
106610

Shaw, G. R. (1914). The genus pinus (Cambridge, USA: Harvard University, Arnold
Arboretum publications).

Shen, T., Ran, J., and Wang, X. (2019). Phylogenomics disentangles the evolutionary
history of spruces (Picea) in the qinghai-Tibetan plateau: Implications for the design of
population genetic studies and species delimitation of conifers.Mol. Phylogenet. Evol. 141,
106612. doi: 10.1016/j.ympev.2019.106612

Simao, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M.
(2015). BUSCO: Assessing genome assembly and annotation completeness with single-
copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/bioinformatics/btv351

Smith, S. A., Moore, M. J., Brown, J. W., and Yang, Y. (2015). Analysis of phylogenomic
datasets reveals conflict, concordance, and gene duplications with examples from animals
and plants. BMC Evolutionary Biol. 15. doi: 10.1186/s12862-015-0423-0

Song, L., and Florea, L. (2015). Rcorrector: Efficient and accurate error correction for
illumina RNA-seq reads. Gigascience 4, 48. doi: 10.1186/s13742-015-0089-y

Sudianto, E., Wu, C., Lin, C., and Chaw, S. (2016). Revisiting the plastid phylogenomics
of pinaceae with two complete plastomes of pseudolarix and tsuga. Genome Biol. Evol. 8,
1804–1811. doi: 10.1093/gbe/evw106

Sun, Y., Shang, L., Zhu, Q., Fan, L., and Guo, L. (2022). Twenty years of plant genome
sequencing: Achievements and challenges. Trends Plant Sci. 27, 391–401. doi: 10.1016/
j.tplants.2021.10.006

White, T. L., Adams, W. T., and Neale, D. B. (2007). Forest genetics (Cambridge:
Oxford University Press).

Yang, Z. H. (2007). PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol.
Evol. 24, 1586–1591. doi: 10.1093/molbev/msm088

Yu, G., Smith, D. K., Zhu, H., Guan, Y., and Lam, T. T. (2017). GGTREE: An r package
for visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods Ecol. Evol. 8, 28–36. doi: 10.1111/2041-210X.12628

Zhang, C., Rabiee, M., Sayyari, E., and Mirarab, S. (2018). ASTRAL-III: Polynomial
time species tree reconstruction from partially resolved gene trees. BMC Bioinf. 19, 15–30.
doi: 10.1186/s12859-018-2129-y

Zhang, L., Wu, W., Yan, H. F., and Xue-Jun, G. E. (2015). Phylotranscriptomic analysis
based on coalescence was less influenced by the evolving rates and the number of genes: A
case study in ericales. Evolutionary Bioinf. Online 11, 81–91. doi: 10.4137/EBO.S22448

Zhao, S. Y., and Erbilgin, N. (2019). Larger resin ducts are linked to the survival of
lodgepole pine trees during mountain pine beetle outbreak. Front. Plant Sci. 10.
doi: 10.3389/fpls.2019.01459
frontiersin.org

https://doi.org/10.1111/1755-0998.13484
https://doi.org/10.1073/pnas.2022302118
https://doi.org/10.1111/j.1469-8137.2006.01716.x
https://doi.org/10.1016/j.envexpbot.2020.104197
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/gbe/evq036
https://doi.org/10.17660/ActaHortic.2003.615.7
https://doi.org/10.17660/ActaHortic.2003.615.7
https://doi.org/10.1038/s41477-022-01129-7
https://doi.org/10.1038/s41477-022-01129-7
https://doi.org/10.1111/pce.13873
https://doi.org/10.1371/journal.pone.0107679
https://doi.org/10.1093/nar/gkz991
https://doi.org/10.7717/peerj.6124
https://doi.org/10.1038/s41586-021-03198-8
https://doi.org/10.1016/0034-6667(76)90024-5
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/nar/gkm321
https://doi.org/10.1534/g3.119.400083
https://doi.org/10.1006/anbo.1998.0764
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1016/j.cell.2021.12.006
https://doi.org/10.1139/g2012-061
https://doi.org/10.1139/g2012-061
https://doi.org/10.1038/nature12211
https://doi.org/10.2307/2419217
https://doi.org/10.1016/j.ympev.2018.08.011
https://doi.org/10.1016/j.ympev.2018.01.019
https://doi.org/10.1038/nature12250
https://doi.org/10.1038/nature12250
https://doi.org/10.1016/j.ympev.2019.106610
https://doi.org/10.1016/j.ympev.2019.106610
https://doi.org/10.1016/j.ympev.2019.106612
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1186/s12862-015-0423-0
https://doi.org/10.1186/s13742-015-0089-y
https://doi.org/10.1093/gbe/evw106
https://doi.org/10.1016/j.tplants.2021.10.006
https://doi.org/10.1016/j.tplants.2021.10.006
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.4137/EBO.S22448
https://doi.org/10.3389/fpls.2019.01459
https://doi.org/10.3389/fpls.2023.1114579
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Phylotranscriptomics and evolution of key genes for terpene biosynthesis in Pinaceae
	Introduction
	Materials and methods
	RNA extraction and sequencing
	Transcriptome sequencing data
	Transcriptome assembly and annotation
	Phylogenetic reconstruction
	Concatenated phylogenetic tree
	Coalescence-based phylogenetic tree

	Divergence time estimation
	Gene family expansion and contraction analysis
	Evolution of the P450 family and TPS family
	Expression patterns of TPS and P450 genes in pinus taeda

	Results
	Completeness of the transcriptome assembly
	Instability of concatenated trees
	Ultimate species tree and divergence time
	Expansion and contraction of gene families
	Evolution of terpene biosynthesis
	Expression patterns of TPS and P450 genes

	Discussion
	Phylogeny of Pinaceae
	Evolution of gene families in Pinaceae

	Limitations of the study
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


