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Abstract

Jasminum sambac is a well-known plant for its attractive and exceptional fragrance, the flowers of which are used to
produce scented tea. Jasmonate (JA), an important plant hormone was first identified in Jasminum species. Jasmine
plants contain abundant JA naturally, of which the molecular mechanisms of synthesis and accumulation are not
clearly understood. Here, we report a telomere-to-telomere consensus assembly of a double-petal J. sambac genome
along with two haplotype-resolved genomes. We found that gain-and-loss, positive selection, and allelic specific ex-
pression of aromatic volatile-related genes contributed to the stronger flower fragrance in double-petal J. sambac
compared with single- and multi-petal jasmines. Through comprehensive comparative genomic, transcriptomic, and
metabolomic analyses of double-petal J. sambac, we revealed the genetic basis of the production of aromatic vola-
tiles and salicylic acid (SA), and the accumulation of JA under non-stress conditions. We identified several key genes
associated with JA biosynthesis, and their non-stress related activities lead to extraordinarily high concentrations of
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JA in tissues. High JA synthesis coupled with low degradation in J. sambac results in accumulation of high JA under
typical environmental conditions, similar to the accumulation mechanism of SA. This study offers important insights
into the biology of J. sambac, and provides valuable genomic resources for further utilization of natural products.

Keywords: Biosynthesis, consensus genome, consumption, fragrance, hormones, jasmonate.

Introduction

Arabian jasmine (Jasminum sambac, Oleaceae, 2n=2x=26) is an
evergreen shrub commonly cultivated for its beautiful white
flowers and aroma. J. sambac is native to South and Southeast
Asia and is widely cultivated for fine fragrances as well as jas-
mine scented tea (Zeng et al., 2012). As one of the most pop-
ular beverages worldwide, J. sambac scented tea has a specific
aroma derived from floral volatiles. The chemical composition
of scent volatiles indicate that terpenoids, benzenoids/phenyl-
propanoids, and fatty acid derivatives contribute significantly
to the floral scent of this species (Zeng et al., 2012). Similarly,
aromatic volatiles of J. sambac include three major terpenoids
(linalool, a~farnesene, and (E)-P-ocimene) and three major
benzenoid esters (benzyl acetate, methylbenzoate, and methyl-
salicylate) (Bera et al.,2017). J. sambac presents single-petal (SP),
double-petal (DP), and multi-petal (MP) flower phenotypes.
Although SP, DP, and MP jasmines are diploid, there are great
differences in their morphological characters (Supplementary
Fig. S1). SP plants are relatively short (70-90 cm in height), the
stems and branches are small, the buds and flowers are slight,
small, and light, and the flower yield is lower than DP jasmine,
but higher than MP jasmine. Additionally, SP plants are not
resistant to cold or waterlogging, and have limited resistance
to disease and insects. DP is the main variety of jasmine used
to make scented tea. The plants are 1-1.5 m in height with
many branches, thick and hard stems, and thick, dark green
leaves. The buds and flowers of DP are larger with abundant
floral compounds compared to SP jasmine. DP and MP jas-
mines have a stronger floral scent than SP varieties, and DP
jasmines also have high flower yield and strong resistance to
disease, cold, and insects (Wang et al., 2022). The rich source
of floral compounds, high yield, and strong disease, cold, and
insect resistance of DP J. sambac makes it the leading commer-
cial germplasm and a good material for the extraction of com-
pounds for perfumes and the main aroma ingredient in jasmine
tea. Although MP jasmine flowers are larger, their fragrance is
weaker and yield lower compared to DP jasmine. Weak aroma,
low yield, and long duration of blooms render MP plants not
suitable for scented tea production.

J. sambac also contains jasmonate (JA), which was first dis-
covered in Jasmine species, and its derivative, methyl jasmonate
(MeJA), which was first purified from Jasminum grandiflorum in
1962 (Demole et al., 1962). JA is the prototypical member of
the oxylipin signalling molecules that have overlapping roles in
regulating both stress responses and developmental processes

in plants (Thines et al., 2007; Kamali et al., 2022, Yang et al.,
2022). JA biosynthesis begins with o-linolenic acid followed
by serial, cascaded catalysed processes (Gteller et al., 2010). The
core of JA signalling begins with jasmonoyl-isoleucine (JA-
Ile), which is the bioactive form of JA and is controlled by
a Skp1/Cullin/F-box (SCF°") E3 ubiquitin ligase of which
the F-box is encoded by CORONTINE INSENSITIVE 1
(COI1).The jasmonate ZIM-domain (JAZ) repressor proteins
interact with COI1 and are subsequently degraded by the 26S
proteasome if the bioactive hormone JA-Ile is present. Once
the JAZ proteins are eliminated, TOPLESS (TPL) and Novel
Interactor of JAZ (NINJA) co-repressors release the transcrip-
tion factor MYC2 (Pauwels et al., 2010). MYC2 cooperates
with a transcriptional mediator complex (MED25) to regulate
the expression of early JA-responsive genes (Chini et al., 2007,
Pauwels ef al., 2010). JA accumulates in most plants in response
to biotic or abiotic stresses, such as pathogen infection, wound-
ing, insect herbivory, and ozone exposure (Mousavi et al.,2013).
However, Jasminum spp. can accrue abundant JA without stress
(Zhu and Napier, 2017); however, the underlying molecular
mechanism(s) have not been identified.

Salicylic acid (SA) is another crucial plant hormone that
is important for resistance to biotrophic and semi-biotrophic
pathogens and was first classified as a phytohormone in 1992
(Malamy et al., 1990; Raskin, 1992; Fu and Dong, 2013). Pre-
vious studies suggested that SA is synthesized from phenylala-
nine to cinnamic acid via phenylalanine ammonia-lyase (PAL)
(Chen et al., 2022). An important milestone in SA biosynthesis
was the discovery of PBS3 (avrPphB susceptible) that is in-
volved in the isochorismate (IC) pathway, which is similar to
SA biosynthesis in bacteria (Warren et al., 1999). Since the
discovery of the PAL and IC pathways, there are still some
unanswered questions about how SA is synthesized in plants.
For example, how do plants catalyse the biosynthesis of SA
from benzoic acid via benzoic acid-2-hydroxylase (BA2H),
enhanced Pseudomonas susceptibility 1 (EPS1), and avrPphB
susceptible 3 (PBS3) in the IC pathway?

Here, we sequenced the DP | sambac genome using Pa-
cific Biosciences HiFi technology (PacBio, CA, USA), and
obtained not only a telomere-to-telomere consensus genome
assembly of J. sambac, but also two haplotype assemblies (HA
and HB). Deciphering the genome of J. sambac is an important
basis for further utilization of the floral fragrance, SA and JA.
The genomic resources and discoveries we present here will be
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valuable for future studies seeking to understand and utilize the
biological characteristics of J. sambac.

Materials and methods

Plant material

Young leaves of DP ] sambac were used to isolate DNA for genome
sequencing. Plants were cultivated under natural conditions in Fuzhou,
Fujian Province of China. Leaves were collected, immediately frozen in
liquid nitrogen, and stored at -80 °C for DNA extraction. Flower buds,
as well as isolated pistils, petals, calyxes, and roots were used for RNA
sequencing in this study.

lllumina short read sequencing

Genomic sequencing was completed by Bio-Marker Technologies Com-
pany (Bejing, China). Genomic DNA was extracted from J. sambac petals
using a Plant Genomic DNA Kit (TIANGEN, Beijing, China) following
the manufacturer’s protocol. The DNA extraction protocol is summa-
rized: about 100 mg of fresh jasmine leaves were placed into a pre-cooled
mortar and ground into a powder with liquid nitrogen. The powder was
collected into a pre-cooled 2 ml microcentrifuge tube and 700 pl chlo-
roform added and the contents vigorously mixed followed by centrifu-
gation at 12 000 rpm for 5 min. The upper water phase was transferred
into a clean 2 ml centrifuge tube with 700 pl GP2 buffer added and
mixed thoroughly. The liquid was transferred to adsorption column, cen-
trifuged for 30 sec at 12 000 rpm, and the waste liquid discarded. GD
buffer (500 ul) was added to a CB3 adsorption column, centrifuged for
30 sec at 12 000 rpm, the waste liquid discarded, and the CB3 adsorption
column placed into the collection tube. Following this, 600 pl of PW
bleaching solution was added to the adsorption column and centrifuged
at 12 000 rpm for 30 sec, the waste liquid discarded, and the CB3 ad-
sorption column placed into the collection tube and repeated. The CB3
adsorption column was put back into the collection tube, centrifuged
at 12 000 rpm for 2 min, and the waste liquid discarded. The CB3 ad-
sorption column was placed at room temperature for several minutes to
evaporate the residual bleaching solution from the adsorption material.
Finally, DNA was dissolved in ddH,O and stored at -80 °C until needed.
The quality of the DNA was evaluated using 1% agarose gel electropho-
resis and a Qubit 2.0 Fluorometer (Life Techologies, USA) for quality and
concentration. [llumina data were obtained by using an Illumina HiSeq
X Ten platform. Illumina data were used for genome survey and error
correction for the PacBio data.

Genome size assessment

[lumina data and flow cytometry analyses were used for genome size
assessment. Genome size and heterozygosity were evaluated by jellyfish
software (version 2.1.4, Marcais and Kingsford, 2011) and GenomeScope
(version 2.0, Vurture et al., 2017). Genome size estimation was based on
K-mer frequency analysis. The k-mer frequency distribution was calcu-
lated by jellyfish with the parameters ‘jellyfish count -m 17 -o kmer17.
if-C -¢ 7 -8 1G -t 64 -F 2 < (zcat \WGS_1.fq.gz) < (zcat \WGS_2.
fq.gz)’. In addition, findGSE, GCE, GenomeScope (version 1 and ver-
sion 2), and the script estimate_genome_size.pl (https://github.com/
josephryan/estimate_genome_size.pl) were also used for estimating ge-
nome size based on k-mer frequency (k=15, 16, 17, 18, 19). Genome
sizes and ploidy levels were also analysed on a flow cytometer [BD FAC-
SCalibur platform, 488 nm (BD Biosciences)|. Sample preparation was
made according to procedures of the CyStain PI absolute reagent kit
(Sysmex, Kobe, Japan). The Solanum lycopersicum (~900 Mb) and Oryza
sativa (~460 Mb) genomes were used as internal standards.

PacBio and Hi-C library construction and sequencing

A DNA library was constructed following PacBio’s standard protocol
and sequenced by the Circular Consensus Sequencing (CCS) mode of
the single-molecule real-time (SMRT) sequencing technology on the
Sequel platform (PacBio, CA, USA). The process is summarized as fol-
lows: first, the genomic DNA (gDINA) was extracted from fresh jasmine
leaves. The gDNA was broken by specialized g-TUBE holes and puri-
fied. Single hanging DNA was removed from the purified gDNA with
the DNA prep enzyme (from the kit). Then, the DNA was repaired with
the DNA Damage Repair Mix. Repaired DNA was ligated with adapt-
ers and treated with enzymes. Treated DNA was purified, size selected
using a BluePippin DNA size selection system (Sage Science, Beverly,
MA, USA) and purified again. The constructed library was bound with
primers and polymerases using a PacBio Binding Kit. The final reaction
products were purified by AMpure PB Beads (PacBio). The Sequencer
Sequel IT (PacBio) platform was used for SMRT sequencing. The long
sequencing reads were initially corrected to obtain sub-reads. HiFi reads
of J. sambac were generated by merged multiple sub-reads.

To anchor scaffolds onto chromosomes, Hi-C libraries were con-
structed with 150-bp paired-end reads generated by an Illumina HiSeq
X Ten platform (Burton et al., 2013). Petal samples were fixed with form-
aldehyde and lysed to extract DNA. Extracted cross-linked DNA was
cut with restriction endonucleases overnight, resulting in pairs of distally
located, but physically associated DNA molecules attached to one an-
other. Fragments with sticky ends were biotinylated and ligated to form
chimeric circles. Biotinylated circles were enriched and sheared again,
and then processed to sequencing libraries in which individual templates
were chimeras of the physically associated DNA molecules from the orig-
inal cross-linking. Hi-C reads were aligned to J. sambac assembly genome.

Genome assembly and phasing using PacBio HiFi reads

A total of 22.04 Gb PacBio HiFi reads (CCS mode) were assembled
using HiFi-asm (version 0.16.1, Cheng et al., 2021) to obtain contigs.
Hi-C sequencing was evaluated by HiC-Pro pipeline (Servant et al.,
2015). Hi-C data were mapped to the assembled contigs using the Bur-
rows—Wheeler Alignment tool (BWA, version 0.7.17-r1188) with default
parameters (Li and Durbin, 2010). Chromosome hierarchical clustering
and sorting were performed using 3D-DNA (version 180922) (Dud-
chenko et al., 2017). Lastly, scaffolds were manually assessed to obtain a
high-quality consensus genome of J. sambac with gap-free sequences in
nine chromosomes. The plants with telomere sequence structure char-
acteristics were queried based on the telomere database (http://telom-
erase.asu.edu/sequences_telomere.html), and the telomeres were found
through in-house python scripts in the head and tail of the chromosomes.
The J. sambac genome sequence is available in the National Genomics
Data Center (PRJCA006075). The Diploid Assembly (DipAsm) method
(Garg et al., 2020) was used for phasing genome assemblies into haplotigs
using PacBio HiFi reads and Hi-C data. HiFi reads were mapped to the
consensus assembly using minimap?2; variants were called by Deep Var-
iant (version 0.8.0); HiFi and Hi-C data were used to phase variants by
using Whatshap and HapCUT2 (version 1.1); HiFi reads were phased by
Whatshap; phased HiFi reads for HA and HB were assembled separately
by HiFi-asm (version 0.16.1); the contig assemblies of HA and HB were
scaffolded separately to generate the final chromosome-level haplotype-
resolved assemblies.

Identification of repetitive elements and alleles between HA and
HB
RepeatMasker (version 4.0.6) (Chen, 2004) was used to obtain long

terminal repeat (LTR) repetitive elements. The LTR _retriever (version
2.9.0) package was used for LTR Assembly Index (LAI) (Ou et al., 2018)
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assessment of J. sambac haplotypes with default parameters. The identifi-
cation of paired allele genes between two haplotypes was performed by
MCScanX (Wang et al., 2012).

Genome annotation and BUSCO assessment

Genome annotation was performed as follows. RNA-seq clean data were
mapped to the assembled genome; the mapped bam files were used for
AUGUSTUS (version 3.4.0, Stanke et al.,2008) and GeneMark-ET (ver-
sion 4.33, Lomsadze ef al., 2014) training and the RNA-seq assembled
by Trinity (version 2.13.2) (https://anaconda.org/bioconda/trinity) and
StringTie (version 1.2.3, Pertea et al., 2015). The Program to Assemble
Spliced Alignments (PASA, version 2.5.2) (Haas ef al., 2003) was used to
combine the results of the transcriptome assembly. Lastly, the transcripts
generated by PASA, the dicotyledon protein data of OrthoDB (version
10, https://www.orthodb.org), and trained results from AUGUSTUS
(version 3.4.0) and GeneMark (version 4.33) were used for MAKER
prediction (gmod.org/wiki/MAKER _Tutorial). The results of MAKER
were corrected with PASA. Predicted proteins of J. sambac HA and HB
haplotypes were functionally annotated with Non-Redundant Protein
Sequence Database (Nr), Arabidopsis thaliana, and rice proteomes as well
as Cluster of Orthologous Groups of proteins (COG), Gene Ontology
(GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG). The
Benchmarking Universal Single-Copy Ortholog (Simio et al., 2015)
(BUSCO, version 4.0.6, http://busco.ezlab.org) embryophyta_odb10 da-
tabase (1614 conserved single-copy plant genes) with default parameters
was used to assess the assembly and annotation quality of the genome
and proteins.

Genomic synteny and Ka/Ks analysis

To identify syntenic gene pairs, all-against-all BLASTP alignments (ver-
sion 2.10.14) were performed with an e-value 1 X 107 using MCs-
canX (Wang et al., 2012) with default parameters to calculate pairwise
similarities located in collinear blocks. The Ka, Ks, and Ka/Ks of the
syntenic gene pairs were analysed by the section ‘Simple Ka/Ks Cal-
culator’ of TBtools (https://github.com/CJ-Chen/TBtools/releases)
(Chen et al., 2020).

Structural variation analysis

Structural Variation (SV) calling was carried out using the following
parameters: NUCMER in MUMMER (Kurtz et al., 2004) was used
for alighment (nucmer --mum -c¢ 100 HA.genome.fa HB.genome.fa
--prefix HA.HB) of the subgenome sequences of HA and HB.The align-
ment result files were filtered using delta-filter (delta-filter -q -r -1 -1 100
HA.HB.delta > HA.HB:.filter.delta), and the out file HA.HB.filter.delta
was then used for downstream analysis. We further analysed the SVs using
the online program ASSEMBLYTICS (http://assemblytics.com) with
the parameters unique sequence length longer than 10 kbp and variant
size range from 50 to 10 000 bp.

RNA-seq and analysis

Total RNA was extracted from flower buds, fully-opened flowers, pistils,
petals, calyxes, and roots using a Plant Total RNA Isolation Kit (Bio-
marker, Beijing, China) and DNA contamination was eliminated using
a RNase-Free DNase I Kit (Takara, Dalian, China). RNA was evalu-
ated using the same method as with DNA. RNA was used for cDNA
library construction after testing with a NanoDrop spectrophotometer
(ThermoFisher, Waltham, USA) and a Qubit 2.0 fluorometer (Thermo-
Fisher). After the PCR products were purified, the library was assessed
on an Agilent Bioanalyzer 2100. The assessed libraries were sequenced
on an Illumina HiSeq 2500 platform (San Diego, CA, USA) according

to the manufacturer’s instructions. The raw RNA-Seq data were filtered
to obtain clean data by removing low-quality bases, adaptors, duplica-
tions, and potential contaminants using Trimommatic (Bolger ef al.,
2014). Clean data reads were mapped into HA and HB using TopHat2
(version 2.0.14, Kim et al., 2013) using the default parameters. The ex-
pression levels fragments per kilobase million (FPKM) and transcripts
per million (TPM) were obtained using StringTie (version 1.2.3). All
the sequencing data have been deposited in the National Genomics
Data Center (https://ngdc.cncb.ac.cn) with Genome Sequence Archive
(GSA) accession number CRA007626 (BioProject accession number:
PRJCA010780). In addition, RNA-seq data of SP and DP jasmines with
project number PRJCA006739 (https://bigd.big.ac.cn/) (Wang et al.,
2022), and RNA-seq data of MP jasmines (Xu ef al., 2022) under acces-
sions SRR14317414-SRR 14317417 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA723725) were also used for analysis (Supplementary
Table S1).

Targeted metabolomics analysis of phytohormones in J.
sambac

Three duplicates of nine samples of J. sambac young leaves, buds, and
fully-opened flowers were collected for targeted metabolomic analysis
using ultra-high-performance liquid chromatography-tandem mass spec-
trometry (UHPLC-MS/MS). First, the samples were ground into a fine
powder in liquid nitrogen. An aliquot of each individual sample was ac-
curately weighed and transterred to a sterile Eppendorf tube. After the
addition of 1000 ul of extract solution (50% acetonitrile in water, pre-
cooled at -40 °C, containing an isotopically-labelled internal standard
mixture), the samples were vortexed for 30 sec and sonicated for 5 min in
an ice-water bath, and then homogenized at 40 Hz for 4 min. Homog-
enization and sonication were repeated three times. The samples were
centrifuged at 13 000 rpm for 15 min at 4 °C, and an 800 pl aliquot of
the supernatant was evaporated to dryness under a gentle stream of ni-
trogen, and finally reconstituted in 80 pl of 10% acetonitrile/H,O (v/v).
All the samples were vortexed for 30 s and sonicated for 5 min in an ice-
water bath. Reconstituted samples were transferred to an Eppendort tube
with a filter membrane for filtration. After the samples were centrifuged
at 12 000 rpm for 15 min at 4 °C, the clear supernatant was subjected to
UHPLC-MS/MS analysis. Next, stock solutions were individually pre-
pared by dissolving or diluting each standard substance to yield a final
concentration of 10 mmol I"'. An aliquot of each of the stock solutions
was transferred to a 10 ml flask to form a mixed working standard so-
lution. A series of calibration standard solutions were then prepared by
stepwise dilution of the mixed standard solution (containing an isotopi-
cally-labelled internal standard mixture in identical concentrations to the
samples). The UHPLC separation was carried out using an EXIONLC
System (Sciex), equipped with a Waters ACQUITY UPLC CSH C18
column (150 X 2.1 mm, 1.7 pm).

Comparative genomics and gene family analysis

Rooted species trees of J. sambac, Fraxinus excelsior, Olea europaea, Osman-
thus fragrans, Mimulus guttatus, Sesamum indicum, and Coffea canephora in
the Lamiales were constructed by a single copy homologous gene with
OrthoFinder (version 2.5.1, Emms and Kelly, 2015, 2019). The ortho-
groups (OGs) of the different species of jasmine genomes (SP, DP, MP,
HA, and HB) were also obtained by OrthoFinder. The comparison of
the jasmine genomes was mainly based on the results of OrthoFinder.
Aromatic volatile-related candidate genes, such as HMGR, AACT, and
BEAT gene families, were identified by running BLASTP against both
haplotype-specific genomes and the monoploid genome with a filtered
parameter (e-value <107°, identity >40%, and coverage >30%) (Altschul
et al., 1990). To identify the terpene synthase (TPS) genes, the Hidden
Markov Model (HMM) profiles of TPS domains (PF01397.22 and
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PF03936.17) were queried against the haplotypes and genome protein
sequences using the hmmsearch tool HMMER (version 3.2.1) with an
e-value <107 (Wheeler and Eddy, 2013). Multiple sequence alignment
was carried out using MAFFT (version 7.471, Katoh and Standley, 2013).
Similar strategies were used to identify genes in other families.

Results and discussion
The nearly complete genome sequence of J. sambac

A total of 73.8 Gb (~148X) of [llumina data, 22.04 Gb (~41X)
of PacBio HiFi data, and 96.13 Gb (~179X) of Hi-C data were
generated. We de novo assembled the HiFi reads using HiFi-asm
(Cheng et al.,2021) (Supplementary Fig. S2), which produced
a consensus genome assembly sequence of 537.99 Mb.The as-
sembly size was similar to the estimated genome size of J. sambac
based on flow cytometry analysis (499.48 Mb) (Supplementary
Fig. S2; Supplementary Table S2) and k-mer analysis of Illu-
mina short reads (429 Mb to 735 Mb) (Supplementary Table
S3; Supplementary Figs S3, S4). The predicted genome size
ranged from 429 Mb to 735 Mb with different tools. The GCE
results showed that there is little difference (514.7~525 Mb) in
genome size estimation.

The assembly of 866 contigs with an N50 length of
35.96 Mb was anchored into pseudo-chromosomes with the
Hi-C data. The final assembly consisted of 397 scaffolds with
91.95% (494.66 of 537.99 Mb) of the assembled sequences
placed on 13 chromosomes, among which nine were gap-free
(Fig. 1A) and harboured telomeric repeats at both ends (Fig.
1B). The assessment of the assembly sequence using BUSCO
(Simio ef al., 2015) (completeness value: 97.6, Supplementary
Fig. S5; Supplementary Table S4) and the LTR Assembly Index
(Ou et al., 2018) (LAI score: 16.56) supported the high com-
pleteness of the J. sambac genome assembly sequence.

Haplotype-resolved genome assembly and structural
variations analysis of J. sambac

In addition to the consensus assembly sequence, we generated
phased, chromosome-scale genome assemblies for both haplo-
types A (HA) and B (HB) of J. sambac (Supplementary Fig. S6)
using the DipAsm method (Garg et al., 2020) (Supplementary
Fig. S1). The sizes of both phased assembly sequences (HA:
537.30 Mb; HB: 537.60 Mb) were very close to the consensus
assembly sequence. The N50 values of the contigs/scaffolds
were 0.49/40.49 Mb in HA and 0.53/41.55 Mb in HB (Sup-
plementary Table S5). We identified 39 381 protein-coding
genes in HA, 39 201 in HB, and 39 843 in the consensus ge-
nome sequence. The distribution of gene density and syntenic
blocks are shown in circos (Fig. 1C). A total of 31 864 pairs of
allelic genes from 247 syntenic blocks (Fig. 1B) were identified
in HA and HB. Moreover, the estimated SNP switch error rate
was low (7.65%) between HA and HB, indicating a high ac-
curacy of phasing (Fig. 1D). Both HA and HB assemblies had

BUSCO completeness values greater than 97% (Supplemen-
tary Fig. S5) and LAI scores greater than 15 (HA: 15.02; HB:
15.25), affirming their high quality. Furthermore, 11.11% Ty1-
copia, 14.24% Ty3-gypsy, and 14.18% unknown LTR superfam-
ilies were detected in HA, whereas 9.09% Ty1-copia, 14.55%
Ty3-gypsy, and 13.81% unknown LTR superfamilies were
identified in HB (Fig. 2A). The CRM and Galadriel clades of
the Gypsy superfamily, as well as the Bianca, Ikeros, SIRE, and
TAR clades of the Copia superfamily, displayed a differential
insertion time (Fig. 2B).

The phased assemblies enabled genome-wide allele-specific
expression (ASE) analyses. We conducted ASE analysis (Sup-
plementary Fig. S7) based on RNA-seq on vegetative buds,
flowers, pistils, calyxes, petals, and roots of . sambac, and found
1701 HA-preferentially expressed genes and 1767 HB-prefer-
entially expressed genes in J. sambac buds (adjusted P<0.05, fold
change >2) (Fig. 2C). Moreover, a total of 1758 HA-preferen-
tially expressed genes and 1862 HB-preferentially expressed
genes were identified in J. sambac flowers (adjusted P<0.05, fold
change >2) (Fig. 2D). The expression patterns of homologous
genes in flowers were divided into different patterns consistent
with the ASE results (Fig. 2E). Structure variation (SV) is an
important source of genetic variation causing ASE. We found
16 752 SVs, ranging from 50 bp to 10 kb, between HA and
HB, among which ~15.8% were located in the coding regions
of annotated genes (Fig. 1E). The statistics show that 9.32%
(3672/39 381) SV-associated genes in HA and 9.0% (3532/39
201) SV-associated genes in HB were identified. GO and
KEGG pathway enrichment analyses showed that SV-affected
genes are mainly involved in the adaptability and resistance
of jasmines, such as ageing, response to abiotic stimulus GO
terms, and amino acid metabolism pathways (Supplementary
Fig. S8). SVs have an impact on plant agronomic traits, for ex-
ample, a 5576-bp deletion results a flower developmental gene
APETALA2 (AP2) JaA8G35779 being expressed in HA but
not in HB (Fig. 1F).

J. sambac has not experienced recent polyploidization
since the Oleaceae-wide WGT event

Previous genomic comparisons of F excelsior (Sollars et al.,2017),
Olea europaea (Unver et al.,2017), Osmanthus fragrans (Yang et al.,
2018), and J. sambac cv. trifoliatum (Xu et al., 2022) revealed that
these species have experienced two polyploidization events,
including an ancestral WGT event common to plants in the
Oleaceae and a more recent WGD event not shared by J. sambac.
We identified 13 991 common OGs among the Oleaceae spe-
cies (Supplementary Fig. S9), and constructed a phylogenetic
tree of the seven Lamiales species along with C. canephora as
an outgroup using 1327 single-copy genes (Supplementary Fig.
S10). Our Ks analysis of the collinear gene pairs of J. sambac
and pairwise synteny visualization of J. sambac versus O. euro-
paea also confirmed that J. sambac did not experience any recent

€202 UoJBIN BZ U0 Jasn Aieiqr ABojouyos ] g 80usIog [eUoneN Aq £02/¥89/S 22 Iv/v./910IMe/qX]/woo dnoolwapeoe)/:sd)y Wwoly papeojumod


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data

1280 | Xu et al.

C S RS AR T 45 ]

’ﬂP-.

N i)

‘(‘
L o) HB-vers-HA
6e-04 13 Repeat_contraction [l Tandem_expansion
[ Repeat_expansior [l Deletion
[l Tandem_contraction il Insertion
£
g 4e-04
|
2e~04
0e+00
0 2500 5000 7500 10000

Size of SVs of HB-vers-HA (HA as reference)

Fig. 1. Analysis of the J. sambac genome. (A) A Hi-C contact matrix visualization for individual chromosomes of the J. sambac diploid genome assembly.

5 Q y
12
1 ° 13
¥ ¥ ¥ NN
=——r—F ¥ ¥ ¥ ¥ ¥ ¥ ¥ R X ¥ ]
1 2 3 4 5 & 7 8 9 10 11 12 13
Consensus Jas genome
D A‘(Te\cmere-lc-te\omere]
Reference Haplotype results SNP-phasing
HA HA HB HA HB
G P —
- switch error -
T TT arT T
SNPs:372778; switch SNPs:28499; switch error rate: 7.65%
F Reference
ChrHA 8 JaABG35779-AP2  JaABG35780
36253038 36258615

5576-bp deletion

ChrHB 8 35729472-35729473

The pixel intensity represents the count of Hi-C links at 150-Kb-sized windows on the chromosomes on a logarithmic scale. A darker red colour indicates
higher contact probability, whereas yellow space represents fewer or no contacts. Nine chromosomes with no gaps are shown with a blue ellipse. (B)
Collinearity of the diploid (HA and HB) and consensus genomes (Jas) of J. sambac. The 13 chromosomes belonging to HA, HB, and Jas are shown in
green, blue, and orange, respectively. Syntenic blocks between homoeologous regions are shown in grey. Blue pentacles represent telomere-to-telomere
assembled chromosomes. (C) A circos diagram of HA and HB haplotype pseudochromosomes of J. sambac. From the outer to the inner, circles
represent pseudochromosomes, gene densities, transposons, and the collinearity of the HA and HB haplotypes. (D) SNP analysis to assess haplotype
assembly quality. (E) Statistics of SVs in the haplotypes (HB versus HA). (F) A 5576-bp deletion gives rise to AP2 gene JaA8G35779 expression in HA,

shown in red font.

€202 UoIe|\ 62 uo Jesn Aleiqi] ABojouyos ] g 8ousiog [euolieN Aq £0/.¥89/GLZL v/ L/e101e/qx]/woo dno-olwepeoe//:sdiy Wwoly pepeojumoq



Biosynthesis and accumulation of jasmonates in J. sambac | 1281

40+

w

Subclass
W Copia
& Gypsy
I Unknown

Insertion time (MYA)
"~

e Species "e

HA Biased, n(DEGs=1,701) Bud HB Biased, n(DEGs=1,767)
1400
e n(Significant DEGs=451) (Significant DEGs=490)
» 1000
)
c
% 800
8o
=]
& 600
Q
E 400
=
200
0
-20 -18-16-14-12-10 8 6 -4 -2 0 2 4 6 8 10 12 14 16
Log2(FoldChange)
D HA Biased, n(DEGs)=1,758 Flower HB Biased, n(DEGs)=1,862
1600

n(Significant DEGs)=436 n(Significant DEGs)=465

Number of genes

oo o
o
80 oo
oo

§§ °
28 -3 T
[ 1 °o||5peciss
[ 1 8e 11 HA
i T e 11 @

|

!T
L & A
< E'@r Aéb

-6 -14 -12 -10 -8 6 -4 -2 0 2 4 6 8
Log2(FoldChange)

10 12 14

14 12 10 8 6 4 2 0
Y e ¢

Log2 (FPKM+1)

Fig. 2. The HA and HB haplotype of J. sambac. (A) Distribution of the Copia and Gypsy superfamily of LTR retrotransposons. (B) The insertion time
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Expression pattern of homologous genes in flowers (a total of 3868 pairs).

polyploidization after the Oleaceae-wide WGT event (Supple-
mentary Fig. S10).

Comparison of different jasmine genomes

Two haplotype (HA and HB) genomes and a nearly complete
consensus genome were obtained in this study and compared
to the previous published DP jasmine genome (Wang et al.,

2022). The faint perfume of jasmine forms during the course
of flowering. We compared the assemblies of haplotypes A and
B reported in this study, and the published genomes for SP,
DP, and MP jasmines (Wang et al, 2022; Xu et al., 2022) (Sup-
plementary Table S6). As a result, a total of 29 797 OGs were
identified (Fig. 3A), among which 654 OGs were present in
all but SP jasmines. GO enrichment analysis showed that these
OGs were mainly associated with aromatic volatile processes
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Fig. 3. Comparative genomics reveals the mechanism of the aromatic volatile accumulation in DP and MP J. sambac. (A) Venn diagram of OGs among
haplotype A (HA) and haplotype B (HB) of DP (this study, Jas), and SP, DP (from Wang et al. 2022), and MP (from Xu et al. 2022) of J. sambac. (B) Go
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(terpenoid biosynthetic and terpenoid catabolic processes),
stress response (plant-hypersensitive response, response to cold,
virus, and stimulus), ion homeostasis, abscisic acid catabolic
processes, and lipid and fatty acid metabolic processes (Fig. 3B).
For instance, the CYP76 subfamily of P450, which is involved
in linalool biosynthesis, has only one member in SP jasmines,
but more than 20 copies in DP and MP jasmines (Fig. 3C).

The Ka/Ks of homologous gene pairs was calculated in our
consensus genome versus SP [DP (Jas)-vs-SP| and MP [DP
(Jas)-vs-MP], respectively. In the Jas-vs-SP comparison, genes
with signatures of positive selection (Ka/Ks>1) were mainly
enriched in KEGG pathways related to the biosynthesis of sec-
ondary metabolites, terpenoid backbone biosynthesis, and fatty
acid biosynthesis and metabolism (Fig. 3D). Comparatively,
positively selected genes in the DP (Jas)-vs-MP comparison
were mainly enriched in biosynthesis of secondary metabolites,
diterpenoid biosynthesis, sesquiterpenoid and triterpenoid bi-
osynthesis, and carbon metabolism pathways (Fig. 3E). Some
exemplar genes under positive selection include: (1) in DP
(Jas)-vs-SP: 1-deoxy-D-xylulose-5-phosphate synthase (DXS),
geranylgeranyl pyrophosphate synthase (GGPS), farnesylcyste-
ine lyase (FC lyase), farnesyltransterase/geranylgeranyltransfer-
ase type-1 subunit alpha (Ftase/ GG'lase-1), and CAAX prenyl
protease 2; (2) in Jas-vs-MP: S-linalool synthase (LIS), terpene
synthases (TPS- be/f) and the p450 genes; and (3) in both
comparisons: a squalene synthase (SQS, Jsam5G004870.1) and
a terpene synthase (TPS-a, Jsam9G014600.1) (Fig. 3F) (Sup-
plementary Table S7). Ka/Ks analysis indicated that some genes
(e.g. TPS, p450, SQS, LIS) associated with aromatic volatile
biosynthesis were positively selected in DP jasmines. This also
could explain why DP jasmines are the most fragrant, whereas
the MP jasmines are intermediate in fragrance, and SP jasmines
are the least fragrant.

Floral C-class MADS-box genes AGAMOUS (AG) or
AGAMOUS-like (AGL) specify carpel identity, whereas class
A and B (APETALA3, AP3; PISTILLATA, PI) genes specify
petal identity (Zhang ef al., 2020). The AG and AGL1/5 genes
were highly expressed during the flower development stages
S1-S4 of SP (e.g. AG FPKM =~200 at S2 in SP), but weakly
expressed in DP and almost non-expressed in MP (e.g. AG
FPKM =~23 at S2 in DP and FPKM =~14 in MP) (Supple-
mentary Fig. S11). However, the PI and AP3 genes were both
highly expressed and have similar expression trends in SP and
DP jasmines (e.g. PI FPKM =~3436 at S5 in SP, ~3100 at
S5 in DP) (Supplementary Fig. S11). The expression of these
MADS-box genes in jasmine showed that the low or non-
expression of C-class AG might be involved in MP formation.

Accumulation of aromatic volatiles in J. sambac

GC-MS analyses of jasmine buds and flowers showed that (E)-
3-hexen-1-ol acetate, benzyl acetate, linalool, and a-farnesene
were the primary metabolites that contributed to the biosyn-
thesis of aromatic volatiles (Fig. 4A). Genes associated with
aromatic volatiles, such as those participating in terpenoid

backbone biosynthesis, which mainly included 2-C-methyl-
D-erythritol 4-phosphate (MEP) and mevalonate (MVA)
pathways, generally showed high expression in buds, flowers,
and petals (Fig. 4B). Genes associated with another important
floral scent volatile, 3-hexen-1-ol-acetate biosynthesis (HPL1,
ADH1, and CHAT), also showed high expression (Fig. 4C) in
the same samples. Also noteworthy, the terpene synthase (TPS)
genes were involved in the last catalytic reaction in the MEP
and MVA pathways to generate terpenoids (e.g. linalool and
o-farnesene) and separated into TPS-a, b, g, ¢, e/f (Fig. 4D).The
TPS genes showed extensive tandem-duplications across the
genome, especially in chromosomes 12 and 13 (Supplemen-
tary Figs S12-S13). Most of the TPS genes were more highly
expressed in buds, flowers, and petals compared with other tis-
sues (Fig. 4E). Notably, the HA haplotype had more TPS genes
than the HB haplotype (87 versus 79, respectively) due to a SV
imbalance, but these TPS genes showed a HB-biased expres-
sion pattern (Fig. 4E). Benzyl alcohol acetyltransterase (BEAT)
is the key enzyme that catalyses the substrates of benzyl alcohol
and acetyl-CoA to generate benzyl acetate and CoA (Duda-
reva et al., 1998; Bera et al., 2017). A pair of BEAT allelic genes
(JaA11G08221 and JaB11G08390) were also highly expressed
(Supplementary Fig. S14). Overall, our results showed that the
critical genes involved in aromatic volatile biosynthesis in J.
sambac mainly included HMGS, HMGR, and MVD in the
MVA pathway; DXS, DXR, HDS, TPS, and FPS in the MEP
pathway; and HPL, ADH, and CHAT in the 3-hexen-1-ol-
acetate biosynthesis pathway (Fig. 4C).

JA biosynthesis and consumption of J. sambac

In this study, we examined JA accumulation and consump-
tion, and expression of relevant genes in J. sambac. Twelve phy-
tohormones, including JA, SA, and abscisic acid (ABA), were
identified by UHPLC-MS/MS from young leaves, buds, and
fully-opened flowers of jasmine (Supplementary Fig. S15).The
concentration of JA was up to 4186.85 ng g ', and that of
the JA consumption formation moiety (JA-Ile) was only about
37.64 ng ¢! in fully-opened flowers (Fig. 5B), indicating that
JA is accumulated in fully-opened flowers. Genes encoding key
JA biosynthetic enzymes were mainly highly expressed in buds,
flowers, and petals, especially AOC (FPKM=~1400 in buds,
~275 in flowers), OPR, and OPCL1, and those associated with
P-oxidation [e.g. ACX (FPKM=~462 in buds, ~480 in petals),
MEFP and KAT (FPKM=~1525 in buds, ~657 in petals)]. In J.
sambac, JMT (FPKM=~5 in buds, ~38 in flowers, ~44 in pet-
als) had lower expression under natural conditions (Fig. 5C).
However, methyl jasmonate esterase (MJE) which has a role in
converting MeJA to JA had higher expression (FPKM=~4112
in flowers, ~536 in petals) than other genes in the JA biosyn-
thesis pathway of J sambac. MJE is a subfamily of the methyl
esterase (MES) family (Supplementary Fig. S16). This suggests
that most of the MJE is used for JA and MeJA conversion, and
only part of it is involved in MeSA biosynthesis.
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Fig. 5. JA biosynthesis and consumption of J. sambac. (A) XIC (base peak of extracted ion chromatogram) of plant hormones in young leaves,

buds, and fully-opened flowers of J. sambac by LC-MS. (B) JA and JA-lle content (ng/g) in J. sambac. (C) Genes and their expression associated

with JA biosynthesis and metabolism. (D) Genes and their expression associated with JA signalling. Abbreviations: LOX: lipoxidase; AOS: allene

oxide synthase; AOC: allene oxide cyclase; OPR: 12-oxophytodienoic acid reductase; OPCL1: OPC-8:0 CoA ligase 1; ACX: acyl-CoA oxidase;

MFP: multifunctional proteins/3-hydroxyacyl-CoA dehydrogenase; KAT: 3-ketoacyl-CoA thiolase; JAR: JA-amino acid synthetase; JA-lle: jasmonoyl-
L-isoleucine; ST2A: sulfotransferase; JMT: jasmonic acid carboxyl methyltransferase; MJE: methyl jasmonate esterase; 13(S)-HpOTrE/13-HPOT:
13s-hydroperoxyotadecatrienoic acid; 12-OPDA: 12-oxophytodienoic acid; OPC8: OPC-8:0 CoA; JAT: jasmonate transporter; TPL: TOPLESS; NINJA:
Novel Interactor of JAZ; COI1: CORONATINE INSENSITIVE1; JAZ: Jasmonate ZIM domain proteins, mainly consist of ZIM (zinc-finger-inflorescence
meristem, domain of JAZ for binding to NINJA and for homo- and heteromerization) and Jas (domain of JAZ for binding to COI1, MYC2 and other TFs)
domains; SCF: SKP/CULLIN/F-BOX; MED25: Mediator complex 25.
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In the initial steps of the JA signalling pathway, jasmonoyl-
L-isoleucine synthetase 1 (JART), which contributes to the
formation of the JA-Ile conjugate (bioactive JA) (Hui ef al.,
2019), had lower expression (JAR1 FPKM=~10 in buds, ~56
in flowers, ~78 in petals) compared to genes associated with
JA biosynthesis (Fig. 5C). Genes encoding the SCF“°" com-
plex, which perceives JA-Ile conjugate ligands via COI1, also
showed lower expression compared to genes associated with JA
biosynthesis (Fig. 5C). The TIFY motif of JAZ proteins, which
is necessary for binding with the NINJA-TPL co-repressor
complex to repress JA signalling via repressing the transcrip-
tion factor MYC2 to bind with a G-box promoter (Pauwels
et al., 2010), showed higher expression compared with genes
associated with JA biosynthesis (Fig. 5C). JAZ is a repressor
of JA signalling and the synthetic construct based on Jas9-
VENUS is used as a biosensor in rice to detect the content and
distribution of JA (Li et al.,2021). High expression of JAZ with
the TIFY 10 domain in roots and calyxes of J. sambac may play
important roles in maintaining the balance of JA and storage of
resources used in response to various stimuli. The MYC family
of genes not only have positive roles in activating JA-response
genes, but also in repressing the JA-response genes targeted by
JAZ proteins (Fig. 5D). We extracted the upstream 2000 bp
sequence of the promoters of the MYC family genes and pre-
dicted the cis-acting elements of the promoters. Results showed
that most MYC promoters contained a G-box element and
a CAAT-box/CAT-box (Supplementary Fig. S17). These cis-
acting elements are mainly involved in abscisic acid responsive-
ness, MeJA responsiveness, wound responsiveness, salicylic acid
responsiveness, etc. (Supplementary Fig. S17). Notably, genes
encoding NINJA, TPL,and MED?25 co-repressors also showed
low expression. All of these results indicated that the JA-medi-
ated signalling pathway was usually maintained in the resting
stage (Fig. 5C). The jasmonate transporter gene (JAT), which
mediates MeJA/JA-Ile nuclear entry and maintains critical nu-
clear JA-Ile concentration for activating JA signalling (Li ef al.,
2017), showed almost no expression in J. sambac under typical
growing conditions. High JA synthesis coupled with low deg-
radation resulted in accumulation of abundant JA under typical
environmental conditions in J. sambac (Fig. 5D).

Furthermore, the expression profiles of genes related to JA
biosynthesis were consistent with that of aromatic genes in
the flower organs (buds, flowers, pistils, and petals), suggest-
ing that JAs might also participate in flower development and
floral scent production. Abundant aromatic volatiles and JA in
J. sambac may be associated with anatomical development, ro-
bust resistance to abiotic and biotic stresses, and environmental
adaptation. Ka/Ks analysis showed that the genes associated
with JA were non-positively selected, and there were no signif-
icant differences in gene expression in SP, DP, and MP jasmines
(Supplementary Fig. S18). The expression results in J sambac
indicated that the jasmine plants had abundant JA, regardless of
SP, DP, or MP flowers. A cross-species comparison of the key
genes involved in JA biosynthesis and consumption showed

that there are similar expression patterns in J. sambac and O.
fragrans (Fig. 6; Supplementary Fig. S19).

Evolution of JA metabolic genes in J. sambac

Ash (E excelsior; Oleaceae) also accumulated abundant JAs
(Chen et al., 2016), whereas sesame (S. indicum; Lamiales) did
not (Mehmood et al., 2021) (Supplementary Table S8). Phy-
logenetic analysis revealed expansion of key JA biosynthesis
genes such as LOX and KAT, possibly due to the Oleaceae-wide
WGT event (Supplementary Fig. S20A, No. 1). By contrast,
the key JA consumption gene JAR1 showed significant con-
traction in species of the Oleaceae compared with sesame in
the Lamiales (Supplementary Fig. S20C, No. 3). Moreover, the
expanded and contracted genes showed higher and lower ex-
pression in J. sambac, respectively, compared with genes without
significant copy-number variations (Fig. 5C). These results
suggested that both gene gain/loss events (e.g. the WGT) and
regulatory changes contributed to JA accumulation in J. sambac.

The PAL pathway contributes to SA accumulation in J.
sambac

Salicylic acid (SA) is also an essential signalling molecule in
seed germination, flower development, and responses to bi-
otic and abiotic stresses (Zheng et al., 2009).Young leaves and
fully-opened flowers of J sambac had high SA levels under
typical growing conditions (Supplementary Figs S15, S21A).
SA is synthesized either from PAL or from chorismate via
isochorismate in some bacteria under the catalysis of isocho-
rismate synthase (ICS) and isochorismate pyruvate lyase (IPL)
(Shah, 2003). The recent discovery of PBS3 and EPS1 com-
pleted the missing steps of salicylic acid biosynthesis from iso-
chorismate (IC) in Arabidopsis (Torrens-Spence et al., 2019).
We identified the genes associated with SA biosynthesis in J.
sambac (Supplementary Fig. S21B) in both the PAL and IC
pathways. Our results revealed that PAL, abnormal inflores-
cence meristem 1 (AIM1, Supplementary Fig. S21C) in the
PAL pathway, and the MES (Supplementary Fig. S16) and SA
methyltransferase (BSMT) genes, which catalyse the inter-
conversion of SA and MeSA, were highly expressed. How-
ever, the ICS, PBS3, and EPS1 genes in the alternative 1C
pathway of SA biosynthesis showed lower expression levels.
MEME analysis identified a motif (ASINQYKTPRCVK-
FAPIVELLBSRVVSTHFSPKCPKWTPER) which may be
critical for PBS3 function (Supplementary Fig. S22), a GH3
acyl adenylase-family enzyme for SA accumulation (Nobuta
et al., 2007). Biosynthetic SA can be converted to 2, 3-dihy-
droxy-benzaic acid (2, 3-DHBA) and 2, 5-dihydroxy-benzaic
acid (2, 5-DHBA) by the SA 3-hydroxylase (S3H) and SA
5-hydroxylase (S5H) enzymes, respectively (Supplementary
Fig. S23). Moreover, SA also can be converted to SA-glucose
ester (SGE) or SA-glucoside/SA O-fB-glucoside (SAG) by SA
glucosyltransterase (SAGT) enzymes. In this study, the genes

€202 UoJBIN BZ U0 Jasn Aieiqr ABojouyos ] g 80usIog [eUoneN Aq £02/¥89/S 22 Iv/v./910IMe/qX]/woo dnoolwapeoe)/:sd)y Wwoly papeojumod


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac464#supplementary-data

Biosynthesis and accumulation of jasmonates in J. sambac | 1287

C A. thaliana

B O. fragrans

JaA4G23405.m1 AOC p
2 ' JapdGa3406.m1 ACE m.model Contig 48,28 AQC ® Q . . ® @ AT1G13280 AOC4
i | i § JaATET08EmI ACK B R ! EEE o oI T ASE @ ATaGz5760 ACCH
[ JaB7G31041.m1 ACX ] £ vm.model Contig383.21 ACX ® AT4G16760 ACX1
sl Rl ATSR T ACK:
JARIOS005eT I KAT ®  evmmodel Contig155.23 KAT AT3G06860 MFP2
JaB10G05599 m1 KAT Q Sum.model Gontazeo s AT [ ] AT2G33150 KAT
jgg;gg%ggg rmn @¥ ] | [ ] SV model Contig 180.8 MJE. AT5G48880 KAT
JBR4G23217 M1 MJE $s s i mmodel Conteran7 M- : ® ¢ AT2G23610 MJE
JaB4G23112.m1 MIE [ ] m.model.Contigs48.16 MJE AT3G50440 MJE
4 JaAdG23216.m1 MJE evm.model. Contig548.5 MJE
’ JaB4G23111.m1 MJE ® evmmodel Contwgdﬂ??& MJE AT4G16690 MJE
JaB11G08629 m4 MJE e Contiaz0 18 T AT1G19640 JIMT
JaASG36080 mJ JMT S EonEd 18t © © AT3G53510 JAT4
’ JaB9G36447.m2 JMT evm.mode i620 18 JMT. ’ s : AT5G13580 JAT3
JaB! 835420"“ JMT .model 104.73 JAT,
JaA2G14725'm1 JAT moda 73384 JAT AT2G46370 JAR1
Jabogiarosm JAT ol Comgsti e AT AT4G03400 JAR1
Ja02R]4gem] JAL e e el Contg203 111 JART AT3G17860 JAZ3
JARTSG 10664 M JAT ] 3 5151 Uit ® . AT1G74950 JAZ
ntig338.38 JAR1
e $21¢ S 3 | e
JERIGGTE M A, $33 nigio e e © AT1G17380 JAZS
J2m2as3 ] AR ’ nogde, 125 )47 AT1G70700 JAZ9
$ JaAdCaTagamT JAZ 4 i 3 22 neLs AT 8 ® s ' ! AT5G20000 JAZ12
o 1284331787 M1 JAZ neeae 2 Y2 ; ATEG13220 JAZ10
JaAdG21318'm1 JAZ nig178.146 JAZ [ X N ] AT2G34600 J
: Jal B4821294m JAZ 11ig104.104 COI1 AT4G24470 JAZ
JaAtTGorezsmi Az Nig126 10 tVC O AT4G32570 JAZ
RS " EEEEE SaE scssccemsin
| O RRdnLme s ' g NEIANE., 00 e ATIG32640 MvC2
’ aABG33577.m1 JAZ nig352.38 My AT5G46760 MYC
s 1aBBG33470:m1 JAZ el I8 MY AT2G46510 Mvcz like
Jenzidesnmi LON niigs, 514 MvC AT4G16430 MYC2-like
1 JBABG ‘m1 MYC 32021 Mve o000 @ AT4G00870 MYC2-like
[ ] JaB .m1 MY ‘ Iz MYC AT1G25540 MED25
BREE - il S © g8 8¢ g AnCE I
JaB11G08028 m1 MYC Summodel GOl e, @ @ ® [ AT5G07010 ST2A
a, .m X ig209.94 CYPG483 LY \N q, ) '\
JoRSGIE ae ] MY BRGNS O P o
4 8 JaB5G25092.m1 MYC, S8 O& & A & ) Q'\o o*" & 04'°
) ( PRzt Ml WiEos Fe@“ & & s T e
4] JaB2G14045'm3 MED25 T Tl »F 4 &S
JaA6G28354.m1 CYP94B3 ) \/‘;.,/ s (4
s s S8s5s5s5383
JaB3G18470'm1 CYP4B3 ) , » o s 2233 2
JapRReRaza M 3120 Purple: key genes associated with JA biosynthesis “
L _.‘e‘ \b@ o"\ & o Blue: key genes promote JA consumption
< e X T P Log: (FPKM)
. hi )
D Model of JA accumulation in J. sambac Red font: high expressed genes
Blue font: low expressed genes
12-HSO4-JA 12-Hydroxy-JA-lle
~
sT2adp 2%
CYP94B3
4 J. Metabolism
. . . AMore JAR1 sxless
N N
a-Linolenic acid > T T s > JA-lleX s nglg (Flowers)
. . a/g ( )
JA biosynthesis
JAZ  NINJA
JAT ; A COI1 MED25
MeJA/JA-lle———>Transport ) JMT| [MJE MYC TPL
MeJA JA signalling
*Key genes of JA accumulation . . . . . .
H 0,
\* Key genes of JA consumption JA accumulate Usage (~11%) )

Fig. 6. Key genes involved in JA biosynthesis and consumption in J. sambac (A), O. fragrans (B), and A. thaliana (C). (D) Model of JA accumulation in J.

sambac.

€202 UoIe|\ 62 uo Jesn Aleiqi] ABojouyos ] g 8ousiog [euolieN Aq £0/.¥89/GLZL v/ L/e101e/qx]/woo dno-olwepeoe//:sdiy Wwoly pepeojumoq



1288 | Xu et al.

encoding S3H, S5H, and SAGT (UGT74F1/UGT74F2) had
low expression in J. sambac (Supplementary Fig. S21B). In ad-
dition, the SA receptors of the non-expresser of pathogen-
esis related family (NPR) also displayed a low expression level
(Supplementary Figs S21B, S24). These results demonstrated
that the PAL pathway probably contributes to SA accumula-
tion in J. sambac. Similar to the molecular mechanism of ele-
vated levels of JA in J. sambac, the accumulation of SA is also a
net result of more production and less consumption.

In most plants, JA or its derivatives will typically increase
when the plant is faced with various stresses increasing JA
biosynthesis related genes, whereas in J. sambac JA can ac-
cumulate under normal growing conditions. Our results
showed that JA accumulation in J. sambac was possibly caused
by increased biosynthesis accompanied with decreased con-
sumption degradation in J. sambac. High JA synthesis coupled
with low degradation resulted in accumulation of abundant
JA in J. sambac under typical environmental conditions. The
accumulation of SA also utilized the mechanism of more
accumulation and less consumption, which may be the ap-
paratus for more hormone accumulation under natural con-
ditions. This study deciphered the biosynthetic pathways of
the floral fragrance developed by JA and SA in J. sambac, and
is an important step forward to utilize this natural product. J.
sambac is an economically important economically horticul-
tural species with high value in industrial applications, gar-
dens, and landscaping (Supplementary Fig. S25).

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Phenotypic characteristics of J. sambac and workflow
for genome assembly, error correction, phasing and anchoring.
Fig. S2. Flow cytometry analysis to estimate the genome size
of J. sambac.

Fig. S3. Genome size estimation of J sambac by
GenomeScopel.0 via different k-mers (k17, k19, k21, k27,
k47).

Fig. S4. Genome size estimation of J sambac by
GenomeScope2.0 via different k-mers (k17, k19, k21, k27,
k47).

Fig. S5. BUSCO assessments of J. sambac assembly and
annotation.

Fig. S6. Interaction frequency distribution of Hi-C links
among chromosomes in the HA and HB haplotypes of J. sambac.

Fig. S7. Biallelic differentiation of J. sambac.

Fig. S8. Structure variant (SV) types and counts in HB versus
HA (HA was set as a reference).

Fig. S9. Numbers of OGs among the Oleaceae species.

Fig. S10.The J. sambac evolutionary process.

Fig. S11. Expression of MADS-box genes associated with
MP formation.

Fig. S12.The location of TPS genes in the pseudochromo-
somes of HA and HB haplotypes.

Fig. S13. The duplicated TPS sequence alignment compar-
ison in HA and HB.

Fig. S14. The BEAT genes involved in benzyl acetate
biosynthesis.

Fig. S15. Heatmap and correlation analysis of hormone
metabolites in buds, leaves, and flowers of J. sambac.

Fig. S16.The phylogenetic tree of methyl salicylate esterase
(MES) genes.

Fig. S17. Prediction of cis-acting elements in promoters of
MY C transcription factors.

Fig. S18. Comparison of candidate gene expression involved
in JA biosynthesis and consumption in SP, DP,and MP J. sambac.

Fig. S19. Comparison of candidate gene expression involved
in JA biosynthesis and consumption in J. sambac (A), O. fragrans
(B), and A. thaliana (C).

Fig. S20. The WGT event contributes to JA accumulation
in the Oleaceae.

Fig. S21. SA and MeSA biosynthesis in J. sambac.

Fig.S22.Phylogeny tree and structure prediction of the PBS3
gene family identified in Oleaceae and six other sequenced
plants.

Fig. S23.The phylogenetic tree of SA 3-hydroxylase and SA
5-hydroxylase genes.

Fig. S24.The phylogenetic tree of SA receptor NPR family

genes.
Fig. S25. Abundant JA and aromatic volatile biosynthesis in
J. sambac.
Table S1. The RNA-seq information of SP, DP, and MP
jasmines.

Table S2.The estimated results by flow cytometry analysis.

Table S3.The estimated results by different genome size esti-
mated tools.

Table S4. BUSCO results of genome assembly and
annotation.

Table S5. Chromosome length and the numbers of coding-
protein genes in the HA and HB haplotype, and the Jas con-
sensus genome.

Table S6. Comparisons of genome assemblies and annota-
tions of J. sambac.

Table S7. Genes associated with aromatic volatile accumula-
tion in Jas-vs-SP and Jas-vs-MP.

Table S8. Concentrations of JA and SA in sesame, ash, and
J. sambac.
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