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Abstract 

Pinus massoniana , a conifer of significant economic and ecological value in China, is renowned for its wide adaptability and oleoresin 

production. We sequenced and assembled the chromosomal-level P. massoniana genome, revealing 80,366 protein-coding genes and 

significant gene family expansions associated with stress response and plant–pathogen interactions. Long-intron genes, which are 
pr edominantl y pr esented in low-copy gene families, ar e str ongl y linked to the recent long terminal r e peat burst in the Pinus genome. 
By r eanal yzing population tr anscriptomic data, w e identified genetic markers linked to oleoresin synthesis, including those within 

the CYP450 and TPS gene families. The results suggest that the genes of the resin terpene biosynthesis pathway can be acti v ated 

in several cell types, and the oleoresin yield may depend on the rate-limiting enzymes. Using a multiomics algorithm, we identified 

sev eral r egulator y factors, including PmMYB4 and PmbZIP2, that interact with TPS and CYP450 genes, potentially playing a role in 

oleor esin pr oduction. This w as further v alidated thr ough molecular genetics anal yses. We observ ed signatur es of adapti v e ev olution 

in dispersed duplicates and horizontal gene transfer events that have contributed to the species adaptation. This study provides 
insights for further resear c h into the ev olutionar y biology of conifers and lays the groundwork for genomic-assisted breeding and 

sustaina b le mana gement of Masson pine. 

Ke yw ords: Pinus massoniana , conifer evolution, genomic assembly, repeat sequences, gene family expansion, oleoresin biosynthesis, 
population genetics 
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Introduction 

Conifers, an ancient lineage of seed plants, play a crucial role 
in terrestrial ecosystems globally. Among them, Pinus massoniana 
(NCBI:txid88730) stands out as a dominant species in southern 

China, valued for its timber, pulpwood, and especially its rich ole- 
or esin pr oduction [ 1 ], whic h significantl y contributes to the na- 
tional economy. Oleoresin not only contributes to the national 
economy but also serves critical ecological functions, acting as 
a defensiv e mec hanism a gainst pests and pathogens [ 2 ]. Given 

its ecological and economic significance, understanding the ge- 
netic underpinnings of P. massoniana ’s adaptation to diverse en- 
vir onments becomes essential, particularl y in r elation to str ess 
responses and oleoresin biosynthesis. 

Recent strides in conifer genomics have shed light on the evo- 
lutionary adaptations of these species , unra veling unique charac- 
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eristics and mechanisms that set them apart from other plant
ineages [ 3–6 ]. Ho w ever, existing studies predominantly focus on
 limited array of conifer species such as Picea abies , Pinus taeda ,
nd Picea glauca [ 7–9 ], which have provided valuable insights but
lso face se v er al limitations . T hese genomes ar e typicall y lar ge,
omplex, and rich in re petiti ve sequences, such as transposable
lements (TEs), which complicate genome assembly and annota- 
ion [ 9 ]. Early sequencing efforts, often relying on short-read tech-
ologies, resulted in fragmented and incomplete genomes, requir- 

ng more advanced methods like long-read sequencing and Hi-C 

or impr ov ed assembl y . For example, the P . abies genome was ini-
ially assembled using short-read sequencing, resulting in a frag- 

ented assembly with large gaps [ 3 ]. Even with advances in se-
uencing tec hnologies suc h as long-r ead sequencing (e.g., P acBio),
a ps r emain in functional annotation, with limited studies on
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pecific traits like oleoresin biosynthesis or complex metabolic
athwa ys . Moreo ver, many conifer genome studies, such as those
n P. taeda , have focused primarily on general genomic features or
tr ess-r esistance tr aits like cold tolerance [ 10 ], leaving other criti-
al tr aits, suc h as the biosynthesis of secondary metabolites (e.g.,
leor esin), under explor ed. In contr ast, P. massoniana ’s br oad eco-
ogical range and oleoresin biosynthesis make it an ideal model for
tudying both evolutionary biology and functional genomics, par-
icularly for understanding stress resistance and metabolic path-
ays unique to pine species. 
P. massoniana has de v eloped se v er al ada ptiv e str ategies to thriv e

n diverse and challenging en vironments . Under low light and
rought conditions, it modulates the production of secondary
etabolites, such as flavonoids and ter penoids, whic h play cru-

ial roles in defense mechanisms and stress tolerance [ 11 ]. Addi-
ionally , P . massoniana forms symbiotic relationships with ectomy-
orrhizal fungi like Suillus luteus , enhancing its nutrient absorp-
ion and resistance to soil-borne pathogens [ 12 ]. These adapta-
ions collectiv el y enable P. massoniana to withstand various envi-
 onmental str esses, contributing to its ecological success and eco-
omic importance in subtropical regions. 

The exceptional ability of Pinus spp., including P. massoniana ,
o synthesize oleoresin—a complex blend of turpentine and rosin
rucial for defense against biotic and abiotic stresses—sets them
 part [ 13 ]. This oleor esin not onl y ensur es the tr ee’s surviv al but
lso holds substantial value for various industries, serving as a
aw material for chemical and food sectors and a k e y precursor in
iofuel production [ 14 , 15 ]. Notably , P . massoniana accounts for 70%
f China’s total oleoresin yield, underscoring its significance to the
ational economy [ 1 ]. The evolutionary origins of this biosynthetic
achinery in conifers, a trait uncommon in most flo w ering plants,

ose another intriguing question that our study aims to address.
he sequencing of the P. massoniana genome r epr esents a signifi-
ant advancement in conifer biology. This chromosomal-level as-
embl y pr ovides crucial insights into the molecular mechanisms
riving both resin biosynthesis and defense responses within the
inus genus. By understanding the genetic pathways behind resin
roduction and how conifers defend against pathogens and envi-
 onmental str ess, this r esearc h opens ne w av enues for impr oving
onifer resilience and optimizing the production of resin-based
ompounds. Although the large genome size in conifers presents
hallenges for genome-wide analyses and sequencing efforts, the
equencing and analysis of these large genomes provide valu-
ble insights into their e volution, ada ptation, and the unique fea-
ures that allow them to dominate various ecosystems around the
orld. Ad ditionally, the stud y of the P. massoniana genome can of-

er ne w av enues for for estry and br eeding due to their economic
nd ecological importance. 

In this study, we present the first chromosome-level assem-
ly of the P. massoniana genome, leveraging the po w er of next-
ener ation sequencing tec hnologies and adv anced bioinformat-
cs tools. We also performed genomic analyses based on ge-
omic sequences, large-scale RN A sequencing (RN A-seq) data
f 156 biological samples, and 204 transcriptomic data of wild
ccessions. Our anal ysis delv es into the structur al composi-
ion of the genome, the expansion of gene families, the evolu-
ion of conifer species, the k e y genes associated with adapta-
iv e tr aits, and the k e y factors involved in r egulating r esin ter-
ene biosynthesis . T he r esults pr ovide insight into the genomic
eatures and molecular mechanisms related to the resin terpene
iosynthesis mechanism of P. massoniana . Our study paves the
ay for future studies on the evolutionary biology of conifers
nd has practical implications for the sustainable management
nd utilization of these ecologically and economically important
pecies. 

aterials and Methods 

lant materials 

or our genomic study, we pr ocur ed samples from a single, 6-
ear-old P. massoniana tree of the Songyun variety (Fig. 1 A). This
-year-old P. massoniana tree was selected for its r epr esentation
f the mature growth phase when oleoresin production peaks,
nsuring a robust dataset for investigating stress responses and
etabolic activities r ele v ant to oleor esin biosynthesis . T his vari-

ty has undergone official audit by the Office for the Protection
f New Varieties of Plants under the State Forestry Administra-
ion of the People’s Republic of China. The tree is situated in Nan-
ing, China, with precise geographic coordinates of 23 ◦10 ′ N lati-
ude and 107 ◦59 ′ E longitude. To obtain a r epr esentativ e sample,
e collected a ppr oximatel y 50 gr ams of the curr ent year’s ma-

ur e needles fr om the midsections of the tree’s cardinal aspects—
orth, south, east, and west—and pooled them to ensure a uni-

orm sample for analysis (Fig. 1 A). 

N A extr action 

he genomic DN A (gDN A) w as isolated from the pooled needle
amples using the DNeasy Plant Mini Kit from QIAGEN, following
he provider’s guidelines optimized for library construction and
equencing. The yield and purity of the extracted gDN A w ere eval-
ated using a Nanodrop One spectr ophotometer (NanoDr op Tec h-
ologies) and further confirmed by assessing the integrity with an
gilent 4200 Bioanalyzer (Agilent Technologies). 

enome survey and genome size estimation 

enome survey 

o estimate the genome size, heter ozygosity, and r epeat content,
e used Jellyfish ( RRID:SCR _ 005491 ) v2.1.4 [ 16 ] with the parame-

ers of “-t 10 -C -m 41 -s 22G” to generate a 41 k -mer frequency
istribution. Genome size (G) was estimated by G = k n um/ k de pth,
here the k n um re presents the total number of k -mers, and the
 depth denotes the k -mer depth of the peak frequency of the k-
er distribution. Depth of k -mer = 1 is considered an error, and

his err or r ate was used to calculate and corr ect the genome size.
hen, the genome size, heterozygosity, and repeat content were
stimated by the genomeScope [ 17 ] from the short sequencing
ata using Jellyfish v2.1.4 with the parameters of “-t 10 -C -m 41
s 22G . ” We also estimated the genome size by using the flo w c y-
ometry experiment, and nuclei were released by chopping the
oung needles and analyzed with the Beckman-Coulter Moflo XDP
ell Sorter ( RRID:SCR _ 019665 ) according to the manufacturer’s

nstructions. 

hort-read sequencing 

or the short-read sequencing, the qualified gDN A w as randomly
ut into fr a gments of a ppr oximatel y 350 bp in length. The size was
urther verified by using the Agilent 2100 Bioanalyzer ( RRID:SCR _
18043 ; Ag ilent Technolog ies), follo w ed b y end r epair, pol yaden y-
ation, adapter ligation, target fragment selection, and PCR am-
lification using the Nextera XT DNA Library Prep Kit. Then, the
ubit 2.0 Fluorometer (Life Technologies) and Agilent 2100 ( RRID:
CR _ 018043 ; Ag ilent Technolog ies) wer e used to c hec k the pr e-
iminary quantitative and insert size of the library. Sequencing
as performed on the BGI BGISEQ-500 platform ( RRID:SCR _
17979 ). 

https://scicrunch.org/resolver/RRID:SCR_005491
https://scicrunch.org/resolver/RRID:SCR_019665
https://scicrunch.org/resolver/RRID:SCR_018043
https://scicrunch.org/resolver/RRID:SCR_018043
https://scicrunch.org/resolver/RRID:SCR_017979
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Figure 1: Genome assembly and features of P. massoniana. Morphology of P. massoniana (A1), P. massoniana cones at different developmental stages 
(A2–A9), differ ent gr owth sta ges fr om seed to matur e tr ee (A10–A14), r esin ta pping (A15), and timber (A16). (B) Genome quality assessment results by 
using BUSCO for P. massoniana . (C) Hi-C contact matrices of the 12 pseudomolecules of the final assembly. (D) Distribution of P. massoniana genomic 
features . T he tracks from outer to inner circles represent different genomic features as indicated. 
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Pacific Biosciences Technologies (PacBio) and 

Hi-C sequencing 

PacBio library construction and sequencing 

P acific Biosciences Tec hnologies (P acBio) libr aries wer e con- 
structed with a SMRTbell Template Prep Kit 1.0 (Pacific Bio- 
sciences) and the SMARTbell Damage Repair Kit (Pacific Bio- 
sciences). Sequencing was performed on the PacBio Sequel plat- 
form. In brief, the gDN A w as shear ed into fr a gments ( ∼20 kb) us- 
ing a Covaris g-Tube (Co varis). T he templates were size-selected 

using BluePippin (Sage Science) to enrich large DNA fragments 
( > 15 kb), follo w ed b y primer annealing and the binding of SMRT 

bell templates to pol ymer ases with the Sequel Binding Kit. 

Hi-C library construction and sequencing 

For Hi-C sequencing, fresh needle samples were fixed in 

1% formaldehyde to maintain the 3-dimensional structure of 
genome . T he gDN A w as extracted and digested with restriction 

endonuclease MboI. The sticky ends of the digested fr a gments 
wer e biotin ylated, diluted, and ligated r andoml y. The ligated DNA 

was sheared into 300- to 600-bp fragments, blunt-end repaired,
and purified. The libraries were sequenced on the BGI BGISEQ-500 
platform, and 150-bp paired-end reads were generated. 
enome assembly and chromosome anchoring 

 hybrid strategy was used to assemble the genome sequence . T he
 acBio r eads wer e used for initial contig assembly in Smartdenovo
 RRID:SCR _ 017622 ) v. 2.3.1 software [ 18 ]. Next, the assembled con-
igs were polished 3 times using Nextpolish ( RRID:SCR _ 025232 ) v.
.3.1 software [ 19 ] based on the short r eads. Subsequentl y, Hi-C se-
uencing data were used to anchor the draft genome with Juicer
 RRID:SCR _ 017226 ) v. 1.6. To estimate genome size and heterozy-
osity, Jellyfish v. 2.1.4 [ 16 ] and Genomescope ( RRID:SCR _ 017014 )
 17 ] software were used ( k -mer = 41). 

enome e v alua tion 

e used short genomic sequencing data and the Isoform- 
equencing (Iso-seq) full-length transcripts to evaluate the qual- 
ty of assembly. The quality-controlled short genomic reads were 

apped to the genome assembly using BWA-MEM ( RRID:SCR _
10910 ) [ 20 ], and information on the mapping ratio was col-
ected. Evaluation by Iso-seq was performed in 2 steps. First, Iso-
eq data were assembled into high-quality, full-length transcripts 
sing SMRT-Analysis ( RRID:SCR _ 002942 ) v.2.3. These full-length 

r anscripts wer e then aligned to the genome using BLAT ( RRID:
CR _ 011919 ) [ 21 ] to e v aluate the structural accuracy of the assem-
ly. In addition, the BUSCO ( RRID:SCR _ 015008 ) (v4.1.4) [ 22 ] with

https://scicrunch.org/resolver/RRID:SCR_017622
https://scicrunch.org/resolver/RRID:SCR_025232
https://scicrunch.org/resolver/RRID:SCR_017226
https://scicrunch.org/resolver/RRID:SCR_017014
https://scicrunch.org/resolver/RRID:SCR_010910
https://scicrunch.org/resolver/RRID:SCR_002942
https://scicrunch.org/resolver/RRID:SCR_011919
https://scicrunch.org/resolver/RRID:SCR_015008
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mbryophyta_odb10 and eukaryota_odb10 database was used to
 hec k the assembl y quality and the gene annotation with genome
nd protein modes, respectively. 

ene prediction 

he hybrid a ppr oac hes wer e used to pr edict pr otein-coding
enes: homology-based search, de novo gene prediction, and
NA sequencing–aided annotation. (i) The assembled genome se-
uence was used for homology-based prediction using GeMoMa
 RRID:SCR _ 017646 ) v1.8 [ 23 ] with default parameter based on 9
omologous species ( Amborell trichopoda , Oryza sativa , Pinus tab-
liformis , Pseudotsuga menziesii , Arabidopsis thaliana , Cycas panzhi-
uaensis , Pinus lambertiana , and Ginkgo biloba ). (ii) SNAP ( RRID:
CR _ 007936 ) [ 24 ] and AUGUSTUS ( RRID:SCR _ 008417 ) v3.4.0 [ 25 ]
ere used for ab initio gene predictions. (iii) To improve gene pre-
iction, w e do wnloaded all the public av ailable tr anscriptome
amples from the public database . T hen, the next-generation se-
uencing (NGS) transcriptome data were further assembled by
rinity, and the assembled transcripts were further processed us-
ng Tansdecoder v5.5.0 to obtain putative protein sequences. We
sed GMAP ( RRID:SCR _ 008992 ) v2018-05-30 [ 26 ] to align the reads
o the assemble genome and then used Transdecoder v5.5.0 to
redict Open Reading Frame (ORF) in the transcripts to define pu-
ativ e pr otein sequences for Iso-seq data. Finall y, all acquir ed r e-
ults were combined and revised using EVM ( RRID:SCR _ 008992 )
1.1 [ 27 ] and Maker ( RRID:SCR _ 005309 ) v3.01.03 [ 28 ]. The com-
leteness of the P. massoniana genome sequence was estimated
sing BUSCO v5.0 software [ 22 ]. 

ene family expansion and contraction 

ased on the phylogenetic tree, gene family expansion and the
ontraction of orthologous gene families were inferred using CAFÉ
 RRID:SCR _ 005983 ) v.4.2. A random birth and death process was
sed to model gene gain and loss along each lineage in the phylo-
enetic tree. To make inferences over a whole phylogeny, a prob-
bilistic gr a phical model was used to estimate the pr obability of
ransitions in gene family size from parent to child nodes [ 29 ] in
he phylogenetic trees of P . massoniana and 12 other Pinus species.

nalysis of synteny between P. massoniana and 

. tabuliformis 
e used JCVI ( RRID:SCR _ 017650 ) v. 1.1.14 and MCscan [ 30 ] to

dentify syntenic gene pairs and blocks between P . massoniana
nd P . tabuliformis. The coding sequence (CDS) and genome an-
otation gff3 files of the 2 species were the input data, and we
sed “jcvi.compara.catalog ortholog” with default parameters to

dentify syntenic blocks for each pair. Next, “jcvi.compara.synteny
cr een” with the par ameters –minspan = 30 –simple was used to
lter syntenic blocks. 

epea t annota tion and long terminal repea t 
nsertion time estimation 

e petiti ve and transposable elements in the P. massoniana genome
 ere identified b y Re peatMask er ( RRID:SCR _ 012954 ) v.4.0.7 [ 31 ]
sing de novo libraries constructed by RepeatModeler ( RRID:SCR _
15027 ) [ 32 ]. Intact long terminal repeats (LTRs) were identified by
TR_FINDER ( RRID:SCR _ 015247 ) v.1.0.6 [ 33 ] with default param-
ters . T hen, all LTR pairs were aligned by using MUSCLE ( RRID:
CR _ 011812 ), and the nucleotide distance (K) between them was
stimated by using the distmat pr ogr am in the EMBOSS ( RRID:
CR _ 008493 ) pac ka ge . T he insertion time was calculated as T =
/2r, wher e the r ate of nucleotide substitution (r) used for gym-
osperm species was 2.2 × 10 –9 . 

ene duplication analysis 

r otein sequences wer e aligned all-v ersus-all using BLAST ( RRID:
CR _ 004870 ) (v.2.2.28; -e 1e −10 ; -max_target_seqs 5). Next, the all-
 ersus-all BLAST r esults and the gff3 files were used as input data
or DupGen_finder [ 34 ] softw are; w e used the default parameters
o identify different modes of duplicated gene pairs. Syntenic re-
ions with collinearity of paralog pairs were identified using MC-
canX ( RRID:SCR _ 022067 ) [ 35 ]. We analyzed the distribution of
ynonymous substitutions per site (Ks) for each paralog to eval-
ate recent whole-genome duplication (WGD) in P . massoniana.
 ar aAT v.2.0 [ 36 ] with the default parameters was used to con-
truct m ultiple pr otein-coding DNA alignments. KaKs_Calculator
 RRID:SCR _ 022068 ) v.2.0 [ 37 ] with the default parameters was
sed to calculate the Ks value for each paralog pair. 

NA sequencing data analysis 

 he ra w RNA-seq data of P. massoniana wer e quality-filter ed us-
ng fastp ( RRID:SCR _ 016962 ) software with default parameters
 38 ]. Then, clean r eads wer e ma pped to P. massoniana using Hisat2
 RRID:SCR _ 015530 ) v2.0.9 [ 39 ] with the parameter –dta -x -p to
ener ate r ead alignments for eac h sample. Gene expr ession le v-
ls were normalized using the number of transcripts per kilobase
illion reads by the StringTie software ( RRID:SCR _ 016323 ) (v.1.3.5)
ith default settings [ 40 ]. 

unctional enrichment analysis 

o perform functional enric hment anal ysis, Gene Ontology (GO)
erms and KEGG pathways were assigned to the genes using
ggNOG-mapper ( RRID:SCR _ 021165 ) v2 [ 41 ] with default param-
ters. R pac ka ge clusterPr ofiler ( RRID:SCR _ 016884 ) v3.0.4 [ 42 ] was
sed to perform GO and KEGG enrichment analysis of the ex-
anded genes. 

hylogenetic and domain analyses of terpene 

ynthase and CYP450 proteins 

EME suite ( RRID:SCR _ 001783 ) [ 43 ] with default parameters was
mplo y ed to identify the conserved motifs of the terpene syn-
hase (TPS) and CYP450 proteins. To construct the phylogenetic
r ee, m ultiple alignments were carried out using Muscle v3.6 [ 44 ],
nd iqtree2 ( RRID:SCR _ 017254 ) [ 45 ] was then used to create max-
mum likelihood phylogenetic trees with parameters -T AUTO -
t AA -bb 1000; bootstr a p v alues wer e obtained by 1,000 boot-
tr a p r eplicates. Phylogenetic tr ees wer e both visualized with iTOL
 RRID:SCR _ 018174 ). 

ingle nucleotide polymorphism calling 

he transcriptome sequencing data [ 2 ] of 204 wild accessions
rom 10 main distribution regions were reanalyzed for single nu-
leotide pol ymor phism (SNP) calling. Filter ed r eads wer e ma pped
o the genome sequence, using SOAPaligner ( RRID:SCR _ 005503 )
SOAP2, version 2.20) with default options [ 46 ], which were used
or SNP calling. 

hylogenetic and population genetic analysis 

o construct a phylogenetic tree, a dataset comprising 503,296
NPs was employed to generate maximum likelihood (ML) trees
sing the IQ-TREE ( RRID:SCR _ 017254 ) v2.2.2.3 software suite [ 47 ].
he optimal evolutionary model was selected based on the

https://scicrunch.org/resolver/RRID:SCR_017646
https://scicrunch.org/resolver/RRID:SCR_007936
https://scicrunch.org/resolver/RRID:SCR_008417
https://scicrunch.org/resolver/RRID:SCR_008992
https://scicrunch.org/resolver/RRID:SCR_008992
https://scicrunch.org/resolver/RRID:SCR_005309
https://scicrunch.org/resolver/RRID:SCR_005983
https://scicrunch.org/resolver/RRID:SCR_017650
https://scicrunch.org/resolver/RRID:SCR_012954
https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/RRID:SCR_015247
https://scicrunch.org/resolver/RRID:SCR_011812
https://scicrunch.org/resolver/RRID:SCR_008493
https://scicrunch.org/resolver/RRID:SCR_004870
https://scicrunch.org/resolver/RRID:SCR_022067
https://scicrunch.org/resolver/RRID:SCR_022068
https://scicrunch.org/resolver/RRID:SCR_016962
https://scicrunch.org/resolver/RRID:SCR_015530
https://scicrunch.org/resolver/RRID:SCR_016323
https://scicrunch.org/resolver/RRID:SCR_021165
https://scicrunch.org/resolver/RRID:SCR_016884
https://scicrunch.org/resolver/RRID:SCR_001783
https://scicrunch.org/resolver/RRID:SCR_017254
https://scicrunch.org/resolver/RRID:SCR_018174
https://scicrunch.org/resolver/RRID:SCR_005503
https://scicrunch.org/resolver/RRID:SCR_017254
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Bayesian information criterion (BIC). The robustness of the resul- 
tant ML trees was assessed utilizing the ultrafast bootstrap (UF- 
boot) method, with 1,000 bootstr a p r eplicates to estimate br anc h 

support. Visualization of the ML phylogenetic tree was facili- 
tated through the Interactive Tree Of Life (iTOL) v4 online plat- 
form [ 48 ]. Principal component analysis (PCA) was conducted us- 
ing PLINK ( RRID:SCR _ 001757 ) v1.90p [ 49 ] and EIGENSOFT ( RRID: 
SCR _ 004965 ) v6.1.4 [ 50 ] on the complete set of SNPs, a ppl ying fil- 
ters for minor allele frequency (MAF) greater than 0.05 and al- 
lowing less than 10% missing data. The genetic structure of the 
population was delineated using ADMIXTURE ( RRID:SCR _ 001263 ) 
software [ 51 ], with the number of presumed ancestral populations 
(K) r anging fr om 1 to 10. The most probable number of ances- 
tral genetic clusters was inferred from the cross-validation error 
curve at the point of minimum K value. Diversity indices ( π ) and 

the population differentiation statistic ( F ST ) were computed us- 
ing VCFtools ( RRID:SCR _ 001235 ) v0.1.15 [ 52 ] on the filtered SNP 
dataset. For each subpopulation, these values were determined in 

a sliding window a ppr oac h with a 20-kb window size and a 5-kb 
step increment. 

Genome-wide association study 

In the genome-wide association study (GWAS), SNP loci with more 
than 10% missing data across accessions were excluded from 

anal ysis. Subsequentl y, SNPs with an MAF below 5% were sub- 
jected to GWAS. The mixed linear model (MLM) in TASSEL ( RRID: 
SCR _ 012837 ) v5.2.51 [ 53 ] was applied to investigate the association 

between SNPs and oleoresin yield, adjusting for population struc- 
ture (Q matrix) and kinship (K matrix) to control for confounding 
factors . T he optimal Q matrix was ascertained using ADMIXTURE 
( RRID:SCR _ 001263 ) software, while the kinship matrix (K) was cal- 
culated using the KinshipPlugin within TASSEL. Associations were 
deemed significant at a P value threshold of ≤1.0E −5, which cor- 
rects for multiple testing and reduces the likelihood of type I 
errors. 

Transcription factors 

The TFs were predicted using PlantRegMap according to the “Fam- 
ily assignment rules” of PlantTFDB ( RRID:SCR _ 003362 ) [ 54 ]. The 
candidate TFs were further manually filtered by removing those 
without any conserved protein domains. For the phylogenetic tree 
construction, TFs of the same family were aligned by the MAFFT 

( RRID:SCR _ 011811 ) v7.520, with “–auto” option and “–maxiterate 
1000,” and trimmed ambiguously aligned regions using trimAl 
( RRID:SCR _ 017334 ) v1.4 [ 55 ] with the “-automated1” option. Then,
the ML tree was constructed by IQ-TREE v2.2.2.3 [ 47 ] with its best- 
fitting model of amino acid evolution and 1,000 ultrafast boot- 
str a pping r eplicates [ 56 ]. 

Horizontal transfer gene identification 

To detect genes that may be acquired from distinct organisms, we 
emplo y ed a robust and conserv ativ e phylogen y-based a ppr oac h,
as described in a pr e vious study with some modifications [ 57 ]. For 
each gene’s protein sequence, we used a 2-step workflow: 

Step 1: We first performed the BLASTP ( RRID:SCR _ 001010 ) 
in DIAMOND ( RRID:SCR _ 009457 ) v2.1.6 [ 58 ] search against 
a custom database (r efer ence pr otein sequences RefSeq 

and all proteins from PPGR) with an e-value cutoff of 
10 −10 . HGTfinder v1 [ 57 ] was employed to parse the BLAST 

hits, based on their taxonomic information, into 3 differ- 
ent lineages (RECIPIENT: Streptophyta; GROUP: Viridiplan- 
tae; OUTGROUP: non-Viridiplantae). Five values were calcu- 
lated: bbhO r epr esents the BLAST bitscore of the best hit in
the OUTGROUP lineage, bbhG represents the bitscore of the 
best hit in the GROUP lineage but not in the RECIPIENT lin-
ea ge, and maxB r epr esents the bitscor e of the query to itself.
The Alien Index (AI) was then calculated as (bbhO/maxB) −
(bbhG/maxB), and outg_pct was determined as the percent- 
age of species from the OUTGROUP lineage in the list of the
top 1,500 hits that hav e differ ent taxonomic species names.
Genes that met the criteria of having an AI value greater
than 0 and an outg_pct higher than 80% were considered
highl y cr edible horizontal gene tr ansfer (HGT) genes. 

Step 2: We r etrie v ed the 1,500 most similar homologs from
the Refseq database (as mentioned abo ve). T hese homologs 
were then aligned using MAFFT ( RRID:SCR _ 011811 ) v7.520
[ 59 ], with the “auto” option. Ambiguously aligned regions 
were trimmed using trimAl ( RRID:SCR _ 017334 ) v1.4 [ 55 ]
with the “automated1” option. The resulting alignments 
were used to infer the ML tree using IQ-TREE v2.2.2.3 [ 47 ].
The best-fitting model of amino acid ev olution w as em-
plo y ed, and 1,000 ultrafast bootstrapping replicates were 
performed. To root each ML tree, we utilized the ape and
phangorn R pac ka ges [ 60 , 61 ]. The r ooted tr ees wer e then
manually inspected. 

dentification of stress-resistance genes 

LAST ( RRID:SCR _ 004870 ; v.2.2.28; -e 1e −10 ) was used to search
or homologs in P . massoniana using the amino acid sequences
f WRKY and AP2 in A. thaliana [ 62 , 63 ] as r efer ences. To anno-
ate nucleotide-binding site-leucine-rich repeats (NLRs) in P . mas- 
oniana , we used the NLR-ID pipeline [ 64 ], and amino acid se-
uences were aligned to the NB-ARC HMM [ 65 ] of the NB-ARC
omain using hmmalign with the default parameters (HMMER 

 RRID:SCR _ 005305] v.3.0) [ 66 ]. 

erpenoid biosynthesis pathway 

equences encoding k e y enzymes of the terpene biosynthesis
athway [ 67 , 68 ] were used as r efer ences to identify candi-
ate functional homologs in P . massoniana using BLASTP v.2.2.28

-e 1e −30 ). 

NA in situ hybridization 

n situ hybridization with digoxigenin (DIG)–labeled probes was 
erformed as described pr e viousl y [ 69 ]. Stem a pex, needle, and
oot of P. massoniana were fixed in FAA solution (3.7% formalde-
yde, 5% acetic acid, and 5% ethanol). The fixed tissues were de-
ydrated in a graded ethanol series, embedded in paraffin using
 modular automated tissue processor (Leica ASP200S), and sec- 
ioned using a sliding microtome (Leica). After dewaxing and re-
ydrating, the sections were reacted with proteinase K (Roche),
ashed in phosphate-buffered saline, and subjected to acetyla- 

ion. The sections were next prehybridized in hybridization buffer 
or 1 hour and incubated with a DIG-labeled riboprobe (Shang-
ai Gefan Biotechnology Co., Ltd.) for 48 hours at 65 ◦C. After hy-
ridization, the sections were rinsed, and the peroxidase reaction 

as initiated by adding 0.05% 3,3-diaminobenzidine-4 HCl (DAB) 
nd 0.003% H 2 O 2 . 

enetic tr ansforma tion and molecular 
erification of transgenic plants 

he CDS of PmPGK was cloned into the pBI121-GFP vector , gener -
ting a 35S: PmPGK -GFP construct. The 35S: PmPGK -GFP construct

https://scicrunch.org/resolver/RRID:SCR_001757
https://scicrunch.org/resolver/RRID:SCR_004965
https://scicrunch.org/resolver/RRID:SCR_001263
https://scicrunch.org/resolver/RRID:SCR_001235
https://scicrunch.org/resolver/RRID:SCR_012837
https://scicrunch.org/resolver/RRID:SCR_001263
https://scicrunch.org/resolver/RRID:SCR_003362
https://scicrunch.org/resolver/RRID:SCR_011811
https://scicrunch.org/resolver/RRID:SCR_017334
https://scicrunch.org/resolver/RRID:SCR_001010
https://scicrunch.org/resolver/RRID:SCR_009457
https://scicrunch.org/resolver/RRID:SCR_011811
https://scicrunch.org/resolver/RRID:SCR_017334
https://scicrunch.org/resolver/RRID:SCR_004870
https://scicrunch.org/resolver/RRID:SCR_005305
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as introduced into the poplar 84 K transformation as described
r e viousl y [ 70 ]. The presence of transgenic lines was confirmed
hr ough PCR anal ysis, and the expr ession le v els of PGK wer e quan-
ified using quantitative reverse transcription PCR (RT-qPCR) with
ine 18S rRNA as an endogenous control. 

ual-luciferase assay 

he dual-luciferase (LUC) assay was performed as pr e viousl y de-
cribed [ 71 ]. The coding sequence of PmMYB4 was inserted into
he pGreen II 62-SK vector to create an effector construct, while
he promoter sequence of PmCYP450.15 (2,000 bp) was cloned into
he pGr eenII 0800-LUC v ector to gener ate a r eporter construct.
hese constructs were cotransfected into Nicotiana benthamiana

ea ves , and the plants were incubated for 48 to 60 hours [ 72 ]. The
eav es wer e spr ayed with D-fluor escein (1 mM) and ima ged us-
ng an LB983 Night Owl II fluorescence imaging system (Berthold
echnologies) to detect luminescence . T he r elativ e luminescence

ntensity was quantified using Ima ge-Pr o Plus ( RRID:SCR _ 007369 )
.0 software (Media Cybernetics), with each experiment being
onducted in triplicate, including 3 biological replicates and 4
ec hnical r eplicates. 

lectrophoretic mobility shift assay 

or the electr ophor etic mobility shift (EMSA), the full-length Pm-
YB4 was expressed in Escherichia coli strain Rosetta (DE3) using

he pHMGWA expr ession v ector. The His-ta gged PmMYB4 pr otein
as induced by 0.05 mM isopr opyl- β-D-1-thiogalactopyr anoside
nd purified using Ni-NTA Agarose according to the manufac-
urer’s instructions (Qiagen). Biotinylated probes containing the
CC-box or mutated elements were synthesized and used in
MSA with the Light Shift Chemiluminescent EMSA Kit (Pierce).
he DNA protein-binding reactions were performed in a buffer
ontaining 5 mM MgCl 2 , 50 mM KCl, 10 mM EDTA, 2.5% gl ycer ol,
0 ng/ μL Poly (dI-dC), and 0.05% NP-40, follo w ed b y separation on
 6.5% nondenaturing polyacrylamide gel and transfer to a nylon
embrane for chemiluminescence detection. 

ubcellular localization 

he subcellular localization of PmMYB4 and PmbZIP2 was deter-
ined by cloning its CDS into the pBI121-GFP v ector, r esulting in a

5S:PmMYB4-GFP and 35S:PmbZIP2-GFP construct. This construct
as tr ansientl y expr essed in tobacco pr otoplasts using estab-

ished methods [ 73 ]. The fluorescence from the transformed pro-
oplasts was visualized using a Zeiss LSM710 confocal microscope
fter 12 to 16 hours . T he cell membrane was stained with FM4-64
o provide a reference for subcellular localization, with fluores-
ence detected at excitation/emission maxima of 515/640 nm. 

esults 

hromosome-scale sequencing and assembly of 
he P . massoniana genome 

e emplo y ed a hybrid sequencing a ppr oac h combining high-
ov er a ge short r eads, P acific Biosciences (P acBio) long r eads,
nd Hi-C c hr omatin inter action data to gener ate a high-quality
 hr omosome-le v el genome assembly of P. massoniana . To evalu-
te the accuracy and completeness of the genome assembly, we
erformed se v er al quality contr ol measur es. First, we ma pped
he short reads back to the assembled genome, achieving a map-
ing rate of 99.2%, which indicates high accuracy in the assembly
 Supplementary Fig. S3 A). Second, we used BUSCO to assess the
ompleteness of the assembly (Fig. 1 B; Supplementary Fig. S3 B).
he total length of the assembled genome was a ppr oximatel y
1.91 Gb, comprising 49,639 contigs with an N50 contig length of
 Mb ( Supplementary Figs. S1 and S2 ). The contigs were further
caffolded using Hi-C data, anchoring them to 12 pseudoc hr o-
osomes that r epr esent the ha ploid genome, with the lengths

f pseudoc hr omosomes r anging fr om 1.49 to 2.37 Gb, account-
ng for 99.89% of the assembled sequences (Fig. 1 C). The final as-
embly had an N50 scaffold length of 1.5 Gb, with 96.7% of the
enome anc hor ed to the c hr omosomes ( Supplementary Table S1 ).
he genome contained 95.3% of the conserved single-copy or-
hologs from the embryophyta dataset, confirming the high qual-
ty of the assembly ( Supplementary Table S2 ). 

epetiti v e sequences and transposable elements 

he P . massoniana genome assembly harbored 81.2% (17.79 Gb)
f the re petiti ve sequence (Fig. 1 D; Supplementary Table S3 ),
f which the LTR retrotransposons (LTR-RTs) and Long Inter-
persed Nuclear Element (LINE) r epr esented 60.15% and 3.06%
f the assembl y, r espectiv el y. Notabl y, Gypsy LTR-RT elements
nd Copia LTR-RT elements accounted for 58.38% of the genome
 Supplementary Table S3 ). The Gypsy LTR-RTs (43.59%) were dis-
r oportionatel y abundant in P. massoniana compared to other
ymnosperms, a phenomenon potentially attributable to re-
ent species-specific bursts in multiple subfamilies of LTR-RTs
 Supplementary Fig. S5 ). The majority of LTR-RT expansions oc-
urred within the last 5 to 30 million years ( Supplementary Fig.
5 ), coinciding with the Miocene epoch (5.33–23.03 million years
go [MYA]), a period characterized by global cooling, leading up to
he ice ages [ 74–76 ]. 

ene family evolution in P. massoniana 

n total, we annotated 80,366 protein-coding genes and 132,148
ranscripts based on extensive RNA-seq data from 156 biologi-
al samples r epr esenting v arious tissues and str ess conditions
 Supplementary Table S4 ). Of these, 89.23% aligned with entries
n databases such as Swiss-Prot, KEGG, and Gene Ontology. 

To explore the evolutionary trajectory of P. massoniana , we con-
ucted a compr ehensiv e phylogenetic anal ysis using 135 single-
opy orthologous genes from 13 plant species, including 12 pub-
ished genomes and P. massoniana . This analysis allo w ed us to
dentify and classify 30,558 gene families in the P. massoniana
enome, comprising 69,152 genes. Of these gene families, 5,215
ere found to be conserved across all 13 species, while 9,846 were
nique to P . massoniana . Additionally , 73,608 genes were identified
s having orthologs in the other 12 plant genomes (Fig. 2 A, B). 

Through molecular clock analysis, we estimated that the most
ecent common ancestor (MRCA) of the Coniferopsida lineage,
hich includes P. massoniana , contained approximately 23,557

ene families. Following the div er gence of the Pinaceae and Cu-
r essaceae linea ges ar ound 289 MYA, the Pinaceae famil y, includ-

ng P. massoniana , underwent substantial gene family expansion,
aining 5,759 new gene families while losing 1,517 (Fig. 2 A). In ad-
ition, 6,434 gene families have expanded in the P. massoniana lin-
age, while 2,405 gene families have contracted (Fig. 2 A). Notably,
any of the expanded gene families are associated with stress re-

istance and terpene biosynthesis, including members of the cy-
oc hr ome P450 (CYP450) and TPS families, which play crucial roles
n oleoresin production. On the other hand, the average lengths
f coding sequences , exons , and introns were 1,007 bp, 1,005 bp,
nd 12,680.84 bp, r espectiv el y. Notabl y, P. massoniana exhibited the
ongest av er a ge intr on length compar ed to other anal yzed species
Fig. 2 A; Supplementary Table S5 ). 

https://scicrunch.org/resolver/RRID:SCR_007369
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
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Figure 2: Gene family evolution in P. massoniana. (A) Gene family expansion and contraction across the 13 plant species . T he numbers of gene families 
in last common ancestors are highlighted in green; the expansion and contraction of gene families in the subbranches are highlighted in red and blue, 
r espectiv el y. Number on the coordinate axis r epr esents the div er gence time of each branch. In the right panel, boxplots indicate the intron lengths of 
13 species. (B) Barplots indicate the number of different gene categories. (C) The number of genes derived from different duplication event, including 
WGD, transposed, tandem, proximal and dispersed duplication. (D) The distribution of Ks values of the WGD gene pairs of P. massoniana , P. tabuliformis , 
G. biloba , and S. giganteum . (E) The distribution of Ks values of the dispersed gene pairs of P. massoniana , P. tabuliformis , G. biloba , and S. giganteum . 
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Our anal ysis r e v ealed 57,207 duplicated genes, primaril y
 esulting fr om dispersed duplication (56%) and WGD e v ents
0.79%) (Fig. 2 C). Syntenic analysis with P. tabuliformis re-
ealed 1,471 syntenic blocks, encompassing 25,936 anchor genes
 Supplementary Table S6 ). The analysis indicated a low le v el of
ynten y, suggesting r a pid c hr omosomal r earr angements within
he Pinaceae family. Two distinct peaks in synonymous substitu-
ion div er gence (Ks) wer e identified, suggesting that P. massoniana
as experienced 2 WGD e v ents a ppr oximatel y 320 MYA and 260
YA (Fig. 2 D). 

unctional enrichment of expanded gene 

amilies 

unctional annotation of the expanded gene families in P. masso-
iana r e v ealed a str ong association with str ess r esponse mec ha-
isms and plant–pathogen inter actions. P athways r elated to r e-
ponses to xenobiotic stimuli, cellular responses to water de-
riv ation, and ter pene biosynthesis wer e significantl y ov err epr e-
ented among the expanded gene families ( Supplementary Fig. S4 ;
upplementary Table S7 ). Se v er al pathways r elated to str ess r e-
ponses , fla vonoid biosynthesis , and long-term protection have
xpanded in P . massoniana ( Supplementary Fig. S4 ; Supplementary
able S7 ). These results suggest that P. massoniana has e volv ed a
 obust defense str ategy to cope with envir onmental str essors and
athogen challenges. 

ispersed gene duplications and evolutionary 

ynamics 

o examine the dynamics of gene duplication in P. massoniana ,
e analyzed the distribution of synonymous substitution rates

Ks) for dispersed gene duplicates across 4 gymnosperm genomes,
ncluding P. massoniana , G. biloba , and Sequoiadendron giganteum
Fig. 2 E). The P. massoniana genome exhibited a continuous distri-
ution of Ks values, suggesting that dispersed gene duplications
ave been an ongoing process in this species . In contrast, G . biloba
nd S. giganteum displayed 2 distinct Ks peaks, indicating episodic
uplication e v ents. 

Inter estingl y, we observ ed a str ong corr elation between tr ans-
osable element (TE) activity and dispersed gene duplication

DSD) e v ents in the P. massoniana genome ( Supplementary Fig. S5 ).
he Pinus lineage sho w ed a recent ( < 10 MYA) proliferation of LTR-
Ts, whic h likel y contributed to the expansion of dispersed gene
uplicates. In contrast, the other gymnosperm species exhibited
lder LTR-RT bursts, suggesting differing evolutionary trajectories
or TE activity and DSD e v ents acr oss gymnosperms. 

ntron length and gene expression 

onsistent with pr e vious studies , we found that gymnosperms ,
ncluding P. massoniana , possess significantly longer introns com-
ared to angiosperms (Fig. 2 B). In P. massoniana , 18,536 introns ex-
eeded 20 kb in length, with an av er a ge intr on length of 11.56 kb.
sing P acBio long-r ead sequencing, we v alidated the authenticity
f these long introns, confirming that they are not assembly arti-
acts but genuine features of the genome ( Supplementary Fig. S6 ).

Our analysis revealed a strong negative correlation between in-
ron length and gene family size, particularly in lo w-cop y-number
enes ( Supplementary Fig. S7 ). Lo w-cop y-number genes tend to
ave longer introns and are more conserved across species, sug-
esting that intron retention may confer evolutionary advantages,
uch as enhancing gene regulation and transcriptional efficiency.
e also observed that the genome size is positiv el y corr elated
ith intron length ( Supplementary Table S8 ). Additionally, highly
xpressed genes in P. massoniana were more likely to have longer
ntrons, a pattern consistent with observations in model plant
pecies like A. thaliana and O. sativa . The av er a ge lengths of genes
n gymnosperms were longer than in angiosperms, implying that
enome composition is related to gene length. Also, the gene-
oding sequences of gymnosperms and angiosperms were of con-
tant av er a ge lengths despite the marked inter genic v ariation in
xon sequence length ( Supplementary Fig. S8 ). 

tress resistance and horizontal gene transfer 
n the genome of P. massoniana , we identified 550 NLR genes, with
he majority (107 gene pairs) likely resulting from dispersed dupli-
ation and 65 pairs from tandem duplication ( Supplementary Fig.
9 ). Our analysis of transcription correlation coefficients revealed
hat the correlations between gene pairs of genome-wide tandem
uplicates (13,088 gene pairs) wer e significantl y lo w er than WGD
ene pairs ( P < 0.001, permutation test), but correlations between
ene pairs deriv ed fr om tandem duplication were not significantly
iffer ent fr om those of dispersed duplication e v ents. 

Gymnosperms had the smallest percentage of TFs among
ll genes (2.74%–3.93%; Supplementary Fig. S10 ). WRKY TFs,
hic h ar e essential for plant str ess toler ance and disease r e-

istance [ 77 ], were found to be activated by various treatments
nd stresses. We detected 31 WRKY TFs, with 27 being ex-
ressed in response to a variety of stresses, including prolonged
rought, aluminum (Al) stress, and methyl jasmonate (MeJA)
reatment ( Supplementary Figs. S9C, S11 –S12 ). The expansion of
old-r esponsiv e AP2/ERF genes, specificall y the III gr oup of C-
epeat binding factors ( CBFs ), is associated with plant adaptation
o paleoenvir onmental c hanges [ 78 , 79 ]. In P. massoniana , we iden-
ified 24 AP 2/ ERF genes, and transcriptome analysis of 31 samples
ubjected to various stresses revealed that these genes were ac-
iv el y expr essed, with half showing specific expr ession patterns
 Supplementary Figs. S9C, S11 –S12 ). 

We identified 689 genes likel y acquir ed thr ough HGT, including
9 from fungi and 109 from bacteria ( Supplementary Table S9 ).
hese horizontall y acquir ed genes included se v er al carbohydr ate-
ctive enzymes (CAZymes) involved in cell wall biosynthesis, as
ell as glycoside hydrolases (GH71 and GH3), which are associ-
ted with plant defense and stress responses. Notably, we detected
he expansion of ATP-binding cassette (ABC) transporter proteins,
hic h ar e known to contribute to str ess toler ance and envir on-
ental adaptation in terrestrial plants. Additionally, several hori-

ontall y acquir ed phosphogl ycer ate kinase (PGK) genes wer e iden-
ified, with some showing evidence of involvement in salt stress
esistance ( Supplementary Fig. S13 ). These findings suggest that
GT has contributed to the ada ptiv e potential of P. massoniana by

ntroducing genes that enhance its ability to cope with environ-
ental stressors. 

esin terpene biosynthesis and gene expression 

atterns 

esin terpene biosynthesis plays a critical role in the defense
echanisms of conifer species. In P. massoniana , we identified 219

andidate genes encoding enzymes involved in the 22 steps of
 esin ter pene biosynthesis (Fig. 3 ). These include enzymes respon-
ible for the biosynthesis of isopentenyl pyrophosphate (IPP), ger-
nyl diphosphate (GPP), and the final terpenoid products. 

Compar ativ e tr anscriptomic anal ysis betw een high- and lo w-
leoresin-yield P. massoniana genotypes revealed higher expres-
ion le v els of r ate-limiting enzymes suc h as DXS and HMGR
n high-yield genotypes (Fig. 3 B). Furthermore , 5 GGPPS genes ,

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
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Figur e 3: T he r esin ter pene biosynthesis pathways and phylogenetics of the TPS famil y and conv ersed motifs in P. massoniana . (A) The r esin ter pene 
biosynthesis pathways in P. massoniana . (B) Different genes of k e y enzymes in terpenoid pathways are shown in heatmaps. LT represents the sample of 
trunk xylem with low yield oleoresin, LN represents the sample of the needle with low-yield oleoresin, HT represents the sample of trunk xylem with 
high-yield oleoresin, and HN represents the sample of the needle with high-yield oleoresin. (C) Phylogenetic ML tree of TPS genes of P. massoniana . (D) 
Number of homologous genes in each subfamily of TPS genes from 4 gymnosperms ( P. massoniana , P. tabuliformis , G. biloba , S. giganteum ) and 3 
angiosperms ( A. thaliana , O. sativa , A. trichopoda ). The composition of domains ( α, β, and γ ) and conversed motifs (“DXDD ,” “DDXXD ,” and “NSE/DTE”) are 
noted for each subfamily. (E) The conversed motifs (“DXDD ,” “DDXXD ,” and “NSE/DTE”) in angiosperms , gymnosperms , and P. massoniana . 
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involved in synthesizing the diterpene precursor, sho w ed en- 
hanced expression in high-oleoresin-yield genotypes. Ho w ever, 
TPS genes, responsible for synthesizing the final terpenes, did not 
exhibit clear expression differences between genotypes, suggest- 
ing that regulation of terpene biosynthesis may occur at other en- 
zymatic steps. 

We further e v aluated the expr ession le v els of 10 k e y genes 
in stem, needle, and root using RNA in situ hybridization 

( Supplementary Table S10 ). It confirmed that k e y genes of the 
r esin ter pene biosynthesis pathw ay w er e expr essed in se v er al cell 
types , including the epidermis , scler enc hyma, cortex, and xylem 
esin cells ( Supplementary Fig. S14 ). This indicates that oleoresin
iosynthesis is a highly regulated process, with its yield poten-
ially dependent on the activity of rate-limiting enzymes. 

egula tory netw orks controlling oleoresin 

iosynthesis 

o further explore the regulation of oleoresin biosynthesis, we 
erformed promoter analyses and coexpression studies focus- 

ng on SNP-associated k e y genes involved in terpene synthesis.
hese analyses revealed 3 major gene coexpression modules (co- 
xpression modules 1–3), which included genes from the CYP450 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
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nd TPS families that are critical for oleoresin biosynthesis
Fig. 4 ). 

Six upstream TFs were identified as potential regulators of
hese modules: ARF, bHLH, bZIP, ERF, MYB, and WRKY. Among
hese, MYB binding sites were present in 90% of the promoters of
he genes in the coexpression modules, suggesting a central role
or MYB in the regulation of oleoresin biosynthesis. Notably, the
ranscription factor PmMYB4 emerged as a k e y regulatory com-
onent, with str ong e vidence indicating its inter action with down-
tream CYP450 genes. 

Experimental validation using LUC assays and EMSAs con-
rmed the direct interaction between PmMYB4 and the promoter
egions of k e y CYP450 genes (Fig. 4 ). This direct regulation sug-
ests that PmMYB4 plays a pivotal role in modulating the expres-
ion of genes involved in oleoresin synthesis. Additionally, Pm-
YB4 was found to colocalize with another transcription factor,

mbZIP2, to jointl y r egulate a subset of TPS and CYP450 genes,
urther indicating a complex regulatory network controlling ole-
resin biosynthesis. 

 he popula tion genetic structure and the genetic 

asis of oleoresin yield 

eanalyzing 204 samples from various geographical locations [ 2 ]
sing PC A, STR UCTURE, and Phylogenetic ML tree revealed con-
istent 3 distinct genetic clusters, which aligned with the geo-
r a phical distribution of P. massoniana , corresponding to the South,
outheast, and West China populations ( Supplementary Fig. S15 ).
hese clusters were well defined and showed high correspon-
ence with the 3 major geogr a phical r egions of P. massoniana , indi-
ating a strong influence of geographic effect on the genetic struc-
ure of this species. A phylogenetic tree constructed for a subset
f single-copy orthologous genes showed a clear partitioning of
ene copies into the 3 identified genetic clusters, suggesting that
hese clusters have a historical and potentiall y ada ptiv e signifi-
ance. Fr om her e, the populations hav e expanded outw ar d, pri-
arily along 2 trajectories: one to w ar d the south and the other

o w ar d the southeast ( Supplementary Fig. S15 ). 
The Transcriptome-Wide Association Study (TWAS) of oleo-

esin yield in P. massoniana identified 6,064 k e y genetic markers
SNPs) significantly associated with oleoresin synthesis and pro-
uction ( P ≤ 0.01). These SNPs comprise se v er al functional pr otein
amilies and motifs. Notably, kinesin family proteins, which are in-
olv ed in intr acellular tr ansport, wer e highlighted by the presence
f the PFAM domains Kinesin, suggesting a potential role in the
ellular mec hanisms underl ying oleor esin pr oduction. The zinc
hosphodiester ase ELAC pr otein, whic h contains Lactamase B 2
nd Lactamase B 4 domains, potentially links RNA processing to
leoresin synthesis . T he GTP diphosphokinase CRSH protein, lo-
alized in the c hlor oplast, whic h contains EF-hand 1, EF-hand 5,
D 4, and RelA SpoT domains, is crucial for energy metabolism
nd could be a k e y regulator in the biosynthesis of oleoresin. No-
ably, among the strongly associated SNPs, one set of important
NPs related to oleoresin biosynthesis includes the terpene syn-
hase family ( Supplementary Table S11 ). SNPs belonging to the
erpene synthase family, marked by terpene synthesis and ter-
ene synthesis C domains, are k e y enzymes in the biosynthe-
is of ter penes, whic h ar e major components of oleoresin. Addi-
ionall y, the pr otein NRT1 PTR famil y, associated with tr ansport
nd metabolism of nitrogenous compounds, could be indirectly
inked to oleoresin yield. SNPs within the small heat shock protein
HSP20) famil y ar e known to pr otect cells a gainst v arious str esses,
otentially including those encountered during oleoresin synthe-
is. In addition, among the loci significantly associated with ole-
resin yield in GWAS, 51 SNPs are annotated to the cytoc hr ome
450 family and TPS genes ( Supplementary Table S11 ). This super-
amily of enzymes is known for their role in the metabolism of en-
ogenous and exogenous substances, including the biosynthesis
f oleor esin. Ther e ar e also other SNPs showing a strong associa-
ion with the oleoresin yield, such as proline-rich nuclear receptor
oactiv ator motif, gl ycosyl hydr olase famil y 3 N terminal domain,
thylene-r esponsiv e tr anscription factor, pr otein NRT1 PTR fam-
l y, N-oligosacc haryl tr ansfer ase (OST) complex, and the calcium-
ependent phosphotriester ase superfamil y pr otein. They ar e all

mplicated in the regulation or biosynthesis of oleoresin. These
ndings enhance our understanding of the genetic underpinnings
f oleoresin yield and provide a foundation for future genetic im-
r ov ement str ategies in Masson’s pine. 

he synthesis of oleoresin may be under the 

ontrol of a coordinated regulatory system 

nvolving multiple TFs 

NP-based association analyses provide a suitable a ppr oac h for
dentification of k e y genes and genetic regulatory networks; thus,
t may be useful for exploring the regulation of genes in the
 esin ter pene biosynthesis pathway. Her e, we performed a multi-
aceted a ppr oac h combining m ultiple full-length SNP-associated
 e y genes and the coexpression network. As a result, we identi-
ed se v er al k e y modules of CYP450 and TPS genes associated with
he biosynthesis of oleoresin that displayed significant coexpres-
ion patterns. For instance, k e y CYP450 genes include CYP720B4
nd CYP720B6, while critical TPS genes include TPS1 and TPS6.
hese genes were found to be part of 3 major coexpression mod-
les (coexpression gene modules 1–3), which in turn were linked
o 6 upstr eam tr anscription factors (ARF , bHLH, bZIP , ERF , MYB,

RKY) that likely regulate their expression (Fig. 4 ). Notably, MYB
inding site was shared by 90% of the promoters of these genes.
 hus , the transcription factor PmMYB4 was identified as a k e y reg-
latory component in this network, with evidence suggesting its

nteraction with downstream CYP450 genes. 
Further molecular studies using LUC assays and EMSAs pro-

ided experimental evidence for the direct interaction between
mMYB4 and the pr omoter r egions of CYP450 genes, indicating a
ole for PmMYB4 in the transcriptional regulation of these genes
Fig. 4 ). Additionally, PmMYB4 may act in concert with PmbZIP2 to
egulate a subset of downstream TPS and CYP450 genes, with both
actors showing colocalization at the molecular le v el. 

T he disco v ery of these r egulatory inter actions suggests that
he synthesis of oleoresin in P. massoniana is under the control of
 coordinated regulatory system involving multiple TFs. For in-
tance, TFs such as WRKY and bZIP have been implicated in stress
esponses and may also play a role in the context of oleoresin
iosynthesis . T his coordinated regulation could be crucial for the
lant’s ability to adapt to various environmental stresses and op-
imize oleoresin production. 

iscussion 

ymnosperms, a diverse and ancient lineage of plants that origi-
ated around 270 MYA, are renowned for their ecological impor-
ance and evolutionary distinctiveness [ 80 ]. Conifers, as a unique
ineage of gymnosperms , ha ve captured the attention of biologists
ith their remarkable diversity, ecological significance, and evo-

utionary history. In this stud y, we re port the first chromosome-
e v el genome assembl y of P. massoniana , whic h pr ovides a ric h

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
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Figure 4: Enrichment analysis of the promoters of coexpression modules of CYP450 , TPS genes and interactions between PmMYB4 and PmCYP450.15, 
PmbZIP2. (A) Coexpression modules of CYP450 and TPS genes generated by WGCNA analysis . T he transcription factors labeled specifically were shared 
by more than 80% of all genes. TPS_1 : gmmutg18241G000030.2 ; TPS_2 : gmmutg17794G000150.1 ; TPS_3 : gmmutg42131G000020.1 ; CYP450_1 : 
gmmutg68017G000020.1 ; CYP450_2 : gmmutg26354G000020.1 ; CYP450_3 : gmmutg20443G000020.1 ; CYP450_4 : gmmutg178448G000020.1 ; CYP450_5 : 
STRG.13291.1.p1 ; CYP450_6 : gmmutg133003G000010.1 ; CYP450_7 : gmmutg388649G000010.2 ; CYP450_8 : gmmutg17794G000030.1 ; CYP450_9 : 
gmmutg1680G000040.1 ; CYP450_10 : MSTRG.47921.2.p1 ; CYP450_11 : gmmutg101230G000060.1 ; CYP450_12 : gmmutg5617G000080.1 ; CYP450_13 : 
STRG.13290.1.p1 ; CYP450_14 : gmmutg6309G000040.2 ; CYP450_15 : MSTRG.30814.1.p1 ; CYP450_16 : STRG.25141.1.p1 ; CYP450_17 : gmmutg11433G000020.1 ; 
CYP450_18 : gmmutg1483G000030.1 ; CYP450_19 : gmmutg269G000120.1 ; CYP450_20 : gmmutg1771G000090.1 ; PmMYB4 : gmmutg10484G000010.1; PmbZIP2 : 
gmm utg3867G000050.1. (B) Repr esentativ e lucifer ase luminescence ima ge of N. benthamiana leav es coinfiltr ated with the a gr obacterial str ains 
containing PmCYP450.15pro-Luc and PmMYB4-62-SK. Tobacco leaves injected with empty vector controls, pGreenII 0800-LUC and pGreenII 62-SK, 
were used as a negative control. (C) EMSA assays were applied to identify the interactions between GSTMYB4 protein and the promoter gene . Here , 10 
and 100 unlabeled probes and probe mutants were used in the competition experiment. (D) Subcellular localization of cYFP-bZIP4 and nYFP-MYB4 in 
tr ansientl y expr essed tobacco leav es. Scale bar = 10 μm. 
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resource for understanding the genomic underpinnings of a 
species that is both ecologically significant and economically 
valuable and offers insight into the evolution of the gymnosperm 

genome. Our findings r e v eal a complex inter play between ge- 
nomic arc hitectur e, gene famil y expansions, and ada ptiv e tr aits,
underscoring the evolutionary strategies that enable P. massoniana 
to thrive across southern China. 

Genomic features and gene family expansion 

The assembled genome of P. massoniana is a ppr oximatel y 21.91 
Gb in size, consistent with other conifer genomes, which are 
known for their large size and high proportion of re petiti ve se- 
quences. Similar to other pine species, such as P. tabuliformis 
and P. taeda , the large genome size of P. massoniana is primar- 
il y driv en by the accum ulation of LTR tr ansposable elements,
particularly those belonging to the Gypsy and Copia families 
 Supplementary Table S3 ) [ 3 , 5]. The expansion of these elements,
specially Gypsy LTR-RTs, within the last 5 to 30 million years
uggests a r elativ el y r ecent and r a pid incr ease in their activity
 Supplementary Fig. S5 ). This observation is consistent with the
ypothesis that transposable elements can drive genome size in- 
rease in plants [ 3 , 4 , 81 ]. The correlation between transposable
lement bursts, particularly of the Gypsy family, and the accu-
ulation of long introns in the P. massoniana genome indicates a

ignificant role for these elements in shaping the genome’s archi-
ecture . T his phenomenon is not unique to P. massoniana but is
lso observed in other gymnosperm genomes, such as Cunning- 
amia lanceolata , P. abies , and Torreya grandis [ 3–6 ]. Our data sup-
ort the notion that intron size in gymnosperms is highly variable
nd gener all y longer than in angiosperms ( Supplementary Figs. S7
nd S8 ), which may have implications for gene expression and
egulation. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
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he adapti v e evolution of P. massoniana 

ur anal ysis r e v ealed significant expansions in se v er al gene fam-
lies associated with str ess r esponses and plant–pathogen inter-
ctions, including genes related to the CYP450 and TPS fami-
ies (Fig. 3 C, D). T hese gene families are known to be in volved
n the biosynthesis of secondary metabolites, such as terpenoids,
hich play critical roles in plant defense mechanisms . T he ex-
ansion of these gene families in P. massoniana suggests that
hese genes have been under positive selection, likely contribut-
ng to the species’ ability to adapt to various biotic and abi-
tic stresses . T he identification of dispersed duplicates and HGT
 v ents further highlights the role of gene duplication and for-
ign gene acquisition in the ada ptiv e e volution of P. massoniana
 Supplementary Fig. S13 ). Dispersed duplicate genes, which are
catter ed thr oughout the genome r ather than being arr anged in
andem, have been implicated in conferring ada ptiv e adv anta ges
y enabling functional diversification. In our study, we observed
ignatures of adaptive evolution in these dispersed duplicates,
articularly in genes involved in stress responses and metabolic
athways ( Supplementary Fig. S9 ). This suggests that gene du-
lication has played a critical role in the evolutionary success of
. massoniana . 

HGT e v ents, although r elativ el y r ar e in plants , ha ve been in-
r easingl y r ecognized as important contributors to plant e volu-
ion. In P. massoniana , we identified se v er al potential HGT e v ents
nvolving genes related to stress responses and terpenoid biosyn-
hesis . T hese findings suggest that the acquisition of foreign genes

a y ha v e facilitated the e volution of nov el tr aits in P. massoniana ,
urther enhancing its adaptability. In our analysis, gene families
elated to terpene biosynthesis, particularly the CYP450 and TPS
amilies , exhibited significant expansion. T hese families pla y cru-
ial roles in the synthesis of oleoresin, which serves not only as
 defense mechanism against pests and pathogens but also as a
ital economic resource for the timber industry. 

volutionary history 

he large genome size of P. massoniana , predominantly due
o a high content of re petiti ve sequences—particularly LTR
 etr otr ansposons—highlights a dynamic evolutionary history. Our
esults indicate that approximately 81.2% of the genome com-
rises re petiti ve elements, with Gypsy retrotransposons mak-

ng up 43.59%. Such expansions often correlate with environ-
ental adaptations, as transposable elements can drive ge-

omic diversification and contribute to phenotypic variation [ 3 ,
 ]. The pr olifer ation of LTR r etr otr ansposons in P. massoniana ,
hich coincides with the Miocene epoch ( Supplementary Fig. S5 ),
ligns with significant climatic c hanges, suc h as global tempera-
ures that likely drove adaptation, as shown in previous studies
 75 , 76 ]. 

Furthermore, the identification of 2 WGD events provides a
r ame work for understanding the evolution of gene families in
. massoniana (Fig. 2 D). WGDs are known to facilitate gene fam-
ly expansion, allowing species to adapt to new ecological niches
 29 ]. Our discovery of 57,207 duplicated genes (Fig. 2 C), mainly
 esulting fr om dispersed duplications, supports the notion that
enomic redundancy can act as a reservoir for evolutionary in-
ov ation, especiall y in response to biotic and abiotic stressors
 82 , 83 ]. 

egula tory netw orks in oleoresin production 

he identification of significant SNP markers associated with ole-
r esin yield pr esents v aluable opportunities for genomic-assisted
reeding. Our study identified 6,064 SNPs linked to oleoresin syn-
hesis ( Supplementary Table S11 ), including those within func-
ional protein families such as kinesin and various transcription
actors. Notably, the expansion of the TPS family and the pres-
nce of k e y transcription factors, including PmMYB4, underscore
he complexity of the regulatory networks governing oleoresin
roduction. 

Ho w e v er, the need for specificity in identifying which CYP450
nd TPS genes ar e involv ed in oleoresin biosynthesis is crucial.
hile our findings indicate that PmMYB4 may play a central

ole in regulating these pathwa ys , further functional validation
s necessary to establish definitive connections between these
enes and oleoresin yield (Fig. 4 ). The reliance on expression pat-
erns without functional evidence could lead to misinterpreta-
ions . T her efor e, futur e r esearc h should employ tar geted gene-
diting tec hniques, suc h as CRISPR/Cas9, to establish direct links
etween gene function and oleoresin biosynthesis. By focusing
n high oleoresin-yielding genotypes and utilizing identified SNP
arkers along with transcription factors like PmMYB4, we can de-
 elop cultiv ars with enhanced oleor esin pr oduction and impr ov ed
tr ess r esistance. 

orizontal gene transfer 
he presence of horizontally transferred genes in the P. massoni-
na genome adds another layer of complexity to its evolutionary
arr ativ e. Our identification of 689 genes likely acquired through
orizontal gene transfer ( Supplementary Fig. S13 ; Supplementary
able S9 ), including those from fungi and bacteria, suggests that P.
assoniana has benefited from genetic material that enhances its
da ptability to envir onmental str esses (e.g., dr ought, pest infesta-
ions , and pathogen attacks). T his phenomenon is consistent with
he understanding that HGT can facilitate the acquisition of ben-
ficial traits that promote survival and diversification in changing
nvironments [ 84 ]. 

The functional c har acterization of these HGT-acquired genes,
articularl y those involv ed in str ess r esponse and cell wall biosyn-
hesis , warrants further in vestigation. Understanding how these
enes integrate into the existing genetic fr ame work of P. masso-
iana could provide insights into the e volutionary pr essur es that
haped its current genomic architecture. 

uture directions 

espite the significant insights provided by this study, several ar-
as r equir e further explor ation. The specificity of gene functions
elated to oleoresin biosynthesis needs to be clarified, particu-
arly concerning the roles of various CYP450 and TPS genes. Ad-
itionall y, the r egulatory inter actions identified warr ant deeper

nv estigation to v alidate the pr oposed connections and eluci-
ate the mechanisms underlying oleoresin production. Further-
or e, the r ole of horizontal gene tr ansfer in sha ping the ada p-

iv e tr aits of P. massoniana should be inv estigated thr ough func-
ional studies that assess how these genes contribute to stress tol-
r ance and ov er all fitness . T he integr ation of genomic r esources
ith ecological and physiological studies will provide a more

ompr ehensiv e understanding of how P. massoniana adapts to its
nvironment. 

In conclusion, our stud y ad vances the understanding of the ge-
omic and evolutionary dynamics of P. massoniana , emphasizing

ts ada ptiv e str ategies and the complexity of gene interactions in
leoresin biosynthesis . T he insights gained will not only enhance
he conservation and management of this ecologically and eco-
omically important species but also contribute to the broader

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf056#supplementary-data
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understanding of conifer biology and e volution. Futur e r esearc h 

should focus on addressing the gaps identified in this study to fur- 
ther refine our knowledge of the genetic mechanisms that enable 
P. massoniana to thrive in diverse habitats. 

Additional Files 

Supplementary Fig. S1. The estimated genome size of P. masso- 
niana based on k -mer and flo w c ytometry. (A) The plot of 41-mer 
cov er a ge-fr equency distribution. The blue columns are the actual 
observ ed v alues . T he black fitting line is the 41-mer left after re- 
moving error parts, and only this part of data is used to estimate 
genome size . T he y ello w fitting line comes from the 41-mer dis- 
tribution in the nonr epeating r egions of the genome . T he orange- 
red fitting line corresponds to the 41-mer with low depth, which is 
generated by sequencing error. The black dotted line is the integral 
number of cov er a ges of the pr edicted lo w est depth peak. (B) The 
plots of genome size estimation of Pinus taeda and P. massoniana 
based on flow cytometry. 
Supplementary Fig. S2. Genome assembly pipeline for P. massoni- 
ana . First, quality control was performed on the raw sequencing 
data using the SOAPn uk e software . T hen, Hi-C sequencing data 
were used to anchor the draft genome with Juicer. 3D-DN A w as 
used for scaffold clustering, sorting, and orientation. BUSCO was 
used for assembly result evaluation. 
Supplementary Fig. S3. Tr anscriptome ma pping r ate and assess- 
ment of gene set completeness by B USCO . (A) Tr anscriptome ma p- 
ping rate of 156 samples of P. massoniana . Each bar indicates the 
tr anscriptome ma pping r ate for eac h sample . (B) T he assessment 
of the gene completeness of 5 gymnosperm genomes by BUSCO.
White bars r epr esent percenta ge of complete; blac k bars r epr e- 
sent percentage of fragmented; gray bars represent percentage of 
uncov er ed. 
Supplementary Fig. S4. Enrichment of the expanded genes in 

Pinaceae and P. massoniana. (A) GO enric hment anal ysis of ex- 
pansion genes in Pinaceae. (B) P. massoniana . (C) KEGG enrich- 
ment analysis of expansion genes in Pinaceae. (D) P. massoni- 
ana . The red and blue arrows point to the terms associated with 

plant resistance and growth, respectively. The plots are statis- 
tics of term frequencies in (E) GO and (F) KEGG enrichment of 
P. massoniana . 
Supplementary Fig. S5. Synonymous nucleotide substitution of 
4 gymnosperms . (A) Distribution of insertion time calculated by 
LTR-RTs and (B) dispersed duplication time in P. massoniana using 
m utation r ates of 2.2 × 10 −9 (per base per year). (C) The distribu- 
tion of insertion time of LTR/Copia. (D) The distribution of inser- 
tion time of LTR/Gyspy. (E) The distribution of insertion time of LTR 

in the intron regions of the 4 species ( P. massoniana , P. tabuliformis ,
G. biloba , and S. giganteum ). 
Supplementary Fig. S6. The evidence that long intron genes are 
supported by PacBio data . (A) The full-length transcript that sup- 
ported ultra-long genes ( > 20 kb). The different colors refer to 
the percentage of single-transcript coverage of each gene . T he 5 
longest genes of (C) P. massoniana that had a similar exon–intron 

structure as their (B) A. thaliana homologs. 
Supplementary Fig. S7. Relationship between intron, gene expres- 
sion, and gene family size. (A) Distribution among gene family 
size, intron length, and intron number of A. thaliana and P. mas- 
soniana . (B) Distribution among gene family size and gene aver- 
a ge expr ession, maxim um expr ession, and expr ession br eadth of 
P. massoniana . 
Supplementary Fig. S8. T he a v er a ge lengths of CDSs , exons , and 

introns of 13 species used in r esearc h . (A) Boxplots of CDS lengths,
B) exon lengths, and (C) intron lengths of 13 species . T he black
ertical bar in the center of the box represents the mean value,
he upper and lo w er limits of the box indicate the upper and lo w er
uantiles, and the whiskers correspond to the data range within
.5 × the interquartile r ange. Differ ent colors in boxes r epr esent
ngiosperms , gymnosperms , and algaes (outgroup). 
upplementary Fig. S9. Resistance genes in P. massoniana. (A) Phy-

ogenetic tree of NLR genes identified in P. massoniana . (B) Tran-
criptional correlation of R-gene pairs in dispersed (107 pairs) and
andem (65 pairs) duplication, as well as genome gene pairs in

GD (410 pairs), tandem (13,088 pairs), and dispersed (13,358 
airs) duplication and random (100 pairs) gene pairs . T he 2
roups with significant difference are marked with “∗.” (C) The 
umber of transcription factors associated with resistance and 

rowth identified in 4 gymnosperms and A. thaliana . (D) Phy-
ogenetic tree of lignin biosynthesis-related genes identified in 

. massoniana . 
upplementary Fig. S10. Corr elation between tr anscription fac- 
or ratio and genome size. (A) Dotplot shows correlation between 

ranscription factors identified in 13 species and their genome 
ize. (B) Different colors in dots represent angiosperms, gym- 
osperms, and algaes (outgroup). 
upplementary Fig. S11. WRKY and AP 2 genes in P. massoniana .
hylogenetic tree of (A) WRKY and (B) AP 2 genes identified in P.
assoniana . Different color blocks represent different subclusters 

f WKRY and AP 2 genes. 
upplementary Fig. S12. The expression profiles of WRKY and AP 2
enes of P. massoniana under differ ent str ess or treatment. The
olors r epr esent the differ ent absolute expr ession le v els, as illus-
rated by the legend. 
upplementary Fig. S13. Examples of horizontally acquired genes 

n P. massoniana . Phylogenetic tree of (A) phosphoglycerate kinases
 PGK ), (B) ABC famil y tr ansporter pr oteins, (C) carbohydr ate ac-
ive enzymes (CAZymes), (D) glycoside hydrolases, and (E) NRT 1
enes. Numbers beside br anc hes r epr esent bootstr a p v alues fr om
eighbor-joining algorithm. (F) Phenotype of WT and PGK OE-2,
E-3, OE-5, and OE-8 under 5-day salt stress. Bar = 4 cm. 
upplementary F ig. S14. RNA in situ h ybridization analy-
es of 7 selected k e y genes with distinct signals. Scale bar
 50 μm; PmAACT: Gmmutg963G000050.1; PmHMGS: Gm- 
 utg64965G000010.1; PmMK: Gmm utg51494G000020.2; PmDXR: 
mm utg2453G000010.1; PmMCT: Gmm utg46752G000010.1; 
mMDS: Gmmutg12323G000030.1; PmHDS: Gm- 
utg24519G000020.1. C: cortex; H: hypodermis cell; M: mesophyll 

ell; P: pith; Ph: phloem; R: ray cell; S: scler enc hyma; SS: sunken
toma; T: transfusion tissue; X: xylem resin cells. 
upplementary Fig. S15. Population structure of 204 Masson 

ines . (A) Principal component analysis scatterplot. All genotypes 
er e gr ouped in 3 clusters: west, south, and southeast. (B) Model-
ased Bayesian clustering of 204 Masson pines performed using 
DMIXTURE with the number of ancestry kinships ( K ) set to 1–6.
ac h gr oup is denoted by a vertical bar composed of different col-
rs in proportions corresponding to its proportion of genetic an-
estry from each of these ancestral populations. (C) Phylogenetic 
L tree of the 204 Masson pines based on the 503,296 SNPs. (D) Di-

ersity indices ( π ) and the population differentiation statistic ( F ST )
f 3 groups of P. massoniana . 
upplementary Table S1. Statistics of P. massoniana genome 
ssembly. 
upplementary Table S2. Statistics of c hr omosome le v el genome
ssembly by using Hi-C. 
upplementary Table S3. Statistics of annotation result of re- 
eated sequence in P. massoniana . 
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upplementary Table S4. Details of the transcriptome data of P.
assoniana . 
upplementary Table S5. Gene structure variation across the 13
pecies used in this study. 
upplementary Table S6. Syntenic blocks between P. massoniana
nd P. tabuliformi . 
upplementary Table S7. Functional enrichment of the expanded
enes in P. massoniana . 
upplementary Ta ble S8. Correlation betw een intact-TE content,
enome size, intron length, and exon length. 
upplementary Table S9. Horizontal transfer genes identified in
. massoniana . 
upplementary Table S10. The primer sequences for the 10 genes

n the resin terpene biosynthesis pathway. 
upplementary Table S11. The associated P450 and TPS genes de-
ected by GWAS. 

bbreviations 

BC: ATP-binding cassette; AI: Alien Index; BIC: Bayesian in-
ormation criterion; BLAST: Basic Local Alignment Search Tool;
 USCO: Benc hmarking Univ ersal Single-Copy Orthologs; CDS:
oding sequence; DAB: 3,3-diaminobenzidine-4 HCl; DIG: digox-
genin; EMSA: electr ophor etic mobility shift assay; gDNA: ge-
omic DNA; GO: Gene Ontology; GPP: ger an yl diphosphate; GWAS:
enome-wide association study; HGT: horizontal gene transfer;
PP: isopentenyl pyrophosphate; iTOL: Interactive Tree Of Life;
EGG: Ky oto Enc yclopedia of Genes and Genomes; LTR: long

erminal repeat; LTR-RT: long terminal repeat retrotransposon;
UC: luciferase; MAF: minor allele frequency; MeJA: methyl jas-
onate; ML: maximum likelihood; MLM: mixed linear model;
RCA: most recent common ancestor; MYA: million years ago;
GS: next-generation sequencing; OST: N-oligosaccharyl trans-

erase; PCA: principal component analysis; PGK: phosphoglyc-
rate kinase; RT-qPCR: quantitative reverse transcription PCR;
NP: single nucleotide pol ymor phism; TE: tr ansposable ele-
ent; TF: transcription factor; TPS: terpene synthase; TWAS:

ranscriptome-Wide Association Study; WGD: whole-genome 
uplication. 
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