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Fig. S1 Evaluation of safflower (Carthamus tinctorius) genome size estimated using a k-mer frequency analysis (a) 
and flow cytometry using soybean (Glycine max) as a control (b). In (a), one main peak was present at a depth of 33, 
with a minor peak at a depth of 66 where k = 17.



Fig. S2 The Hi-C interacted heatmap for chromosome-scale genome assembly.



Fig. S3 The high-density genetic linkage map of safflower constructed from the F2 population of a cross between the 
parents AH04 and YH04.



Fig. S4 Synteny plot between our assembled safflower genome using Pacbio and Hi-C, and the published draft genome of 
safflower generated using Illumina Hi-Seq. The x-axis and y-axis represent the 12 published linkage groups and 12 assem-
bled chromosomes in the study, respectively. Each square represents the region for pairwise synteny among chromosomes 
and linkage groups. Red dots and blue dots represent reverse mapping sequences and forward mapping sequences between 
published and our genomes, respectively.
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Fig. S8 The number of transcriptional factors (TFs), transcriptional regulators (TRs), and protein kinases 
(PKs) in the safflower (Carthamus tinctorius) and nine other plant genomes.



Fig. S9 Proportions of transcriptional factors (TFs), transcriptional regulators (TRs), and protein 
kinases (PKs) in the safflower and nine other plant genomes. 
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Fig. S10 Types of gene duplication in the safflower (Carthamus tinctorius) genome and five other plant species. The distribution of 
different duplication types was classified using MCScanX as follows: Singleton: no duplication; WGD/segmental: whole-genome or 
segmental duplications (collinear genes in collinear blocks); Tandem: consecutive duplication; Proximal: duplications in a nearby but 
not adjacent chromosomal region; Dispersed: duplications using modes other than tandem, proximal, or WGD/segmental. Vitis vinifera: 
grape; Coffea canephora: robusta coffee; Helianthus annuus: sunflower; Lactuca sativa: lettuce; Cynara cardunculus: artichoke.
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Fig. S11 Syntenic depths in the artichoke versus safflower genome comparison. (a) There are two synteny 
blocks for both artichoke and safflower, indicating they underwent two common WGD events. (b) Mac-
rosynteny between the artichoke and safflower karyotypes. Red lines highlight the two copies of artichoke 
syntenic blocks per corresponding safflower block. Blue lines highlight the two copies of safflower syn-
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protein localization to endoplasmic reticulum
cellular ion homeostasis

monovalent inorganic cation transport
inorganic ion transmembrane transport

inorganic cation transmembrane transport
oligosaccharide biosynthetic process

inorganic ion homeostasis
cation homeostasis

metal ion homeostasis
oligosaccharide metabolic process

macromolecule localization
ribosomal large subunit biogenesis

potassium ion transmembrane transport
cellular potassium ion transport

disaccharide biosynthetic process
trehalose metabolic process
potassium ion homeostasis

monovalent inorganic cation homeostasis
cellular cation homeostasis

cellular metal ion homeostasis
disaccharide metabolic process
trehalose biosynthetic process

ribosome assembly
cellular potassium ion homeostasis

cellular monovalent inorganic cation homeostasis
chromosome organization

lipid localization
lipid transport

DNA conformation change
DNA topological change

0 10 20 30

0.0020

0.0015

0.0010

0.0005

pvalue

Cortisol synthesis and secretion

Type I diabetes mellitus

Mitophagy - yeast

SNARE interactions in vesicular transport

Apoptosis

Cushing syndrome

Apoptosis - fly

FoxO signaling pathway

Necroptosis

alpha-Linolenic acid metabolism

Choline metabolism in cancer

Apelin signaling pathway

Axon regeneration

Autophagy - animal

Longevity regulating pathway - worm

Insulin resistance

Cytochrome P450 [BR:ko00199]

Ion channels [BR:ko04040]

Platinum drug resistance

DNA replication proteins [BR:ko03032]

0.01 0.02 0.03 0.04 0.05 0.06
GeneRatio

Count

10

20

30

40

0.003

0.002

0.001

pvalue

b

a

Fig. S12 Enrichment of biological process GO terms (a) and KEGG pathways (b) associated with the gene 
families specific to safflower with a q-value <0.05.
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Fig. S13 Enrichment of biological process GO terms (a) and KEGG pathways (b) associated with the expanded 
gene families in safflower with a q-value <0.05.
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Fig. S14 Enrichment of biological process GO terms (a) and KEGG pathways (b) associated with the contracted 
gene families in safflower with q-value <0.05.
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Fig. S15 Safflower seed oil content and fatty acid composition of ‘HL’ (high linoleic acid) and ‘LL’ (low linoleic 
acid) cultivar plants. DAF: day after flowering. Total oil is analyzed using gas chromatography. Values are means 
± SD from three independent experiments. Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. S16 Sample distance of 12 RNA-seq samples of ‘HL’ (high linoleic acid) and ‘LL’ 
(low linoleic acid) cultivar seeds at 10 days after flowering (DAF) and 20 DAF. The 
samples are analyzed using a principal component analysis. DAF: days after flowering.



Fig. S17 Venn diagram of four sets of differentially upregulated and downregulated genes in DAF20 
versus DAF10 of ‘HL’ and ‘LL’ cultivar.
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Fig. S18 Enrichment of biological process GO terms of 328 uniquely upregulated genes in DAF20 versus 
DAF10 in the ‘HL’ cultivar compared with ‘LL’ cultivar.
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Fig. S19 Sample distance of 45 RNA-seq samples, including 15 ovaries from the ‘HL’ cultivar at 0 DAF, 
15 seeds at 10 DAF, and 15 seeds at 20 DAF, determined using a principal component analysis.
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Fig. S20 Cotyledons at different days after germination (DAG; a) and sample distances (b) of 15 RNA-seq 
samples at 1 DAG, 3 DAG, 5 DAG, and 10 DAG, as determined using a principal component analysis.
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Fig. S21 Filaments (a) and sample distances (b) of 15 RNA-seq samples at five different stages: small bud 
stage (SBS), middle bud stage (MBS), initial flowering stage (IFS), peak flowering stage (PFS), and decayed 
flowering stage (DFS) during flower development, as determined using a principal component analysis.
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Fig. S23 Sequence alignment of 5’ UTR region (a) and coding sequence (b) of CarFAD2-12 in ‘HL’ and ‘LL’ cultivars.
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Fig. S24 The phylogenetic tree of FAD2 (FATTY ACID DESATURASE 2) genes of eight species, Arabidopsis thaliana (At), Vitis 
vinifera (Vit), Coffea canephora (Cof), Cynara cardunculus (Cyn), Erigeron breviscapus (Eri), Helianthus annuus (Hel), Lactuca 
sativa (Lac), and Carthamus tinctorius (Car), constructed using Mega X with a Neighbor-Joining method and 500 bootstraps. Only 
bootstrap values > 50 are shown.  The identifier numbers of the FAD2 members in each species are ordered by their location on the 
chromosomes. The highly specifically expressed FAD2 gene in the safflower seeds is CarFAD2-12, marked in red.
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Fig. S26 Expression pattern for each gene module from 45 RNA-seq samples in seed development. 
The bar plots show eigengene values calculated from the singular value composition.
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Fig. S28 Differentially alternatively spliced (AS) genes involved in fatty acid biosynthesis. For each gene, 
AS-covering and total long read counts are shown in AS variants in each stage of seed formation, and differential 
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represents continuous DASGs among different stages.
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Fig. S29 Top 20 GO and KEGG terms associated with the unique differentially expressed genes and 
differentially alternatively spliced genes in the comparison of seeds at 10 days after flowering (DAF10) 
versus DAF0.



Fig. S30 Top 20 GO and KEGG terms associated with the unique differentially expressed genes and differentially 
alternatively spliced genes in the comparison of seeds at 20 days after flowering (DAF20) versus DAF10.
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Fig. S31 Top 20 GO and KEGG terms associated with the common differentially 
expressed genes and differentially alternatively spliced genes in the comparison of seeds 
at 10 days after flowering (DAF10) versus DAF0.
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Fig. S32 Top 20 GO and KEGG terms associated with the common differentially expressed genes and differentially 
alternatively spliced genes in the comparison of seeds at 10 days after flowering (DAF20) versus DAF10.
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Fig. S33 The length distribution of the 52 identified miRNAs in seed formation.
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Fig. S34 Enrichment of GO terms in the miRNA-targeted genes for each cluster with a q-value < 0.05.
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Fig. S35 Expression relationship of Cluster_135896 (ath-miR156h) and its possible target gene CarFAD2-4 throughout 
seed development.
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Fig. S40 Top 20 GO and KEGG terms associated with the unique differentially expressed genes and differentially 
alternatively spliced genes in the comparison of flowers at the small bud stage (SBS) versus middle bud stage (MBS).
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Fig. S41  Top 20 GO and KEGG terms associated with the unique differentially expressed genes and differentially alternatively 
spliced genes in the comparison of flowers at the middle bud stage (MBS) versus the initial flowering stage (IFS).



GO Terms

glucan biosynthetic process
microtubule−based movement

movement of cell or subcellular component
response to nitrate

cellular polysaccharide metabolic process
hexose metabolic process

response to nitrogen compound
beta−glucan metabolic process

beta−glucan biosynthetic process
polysaccharide metabolic process

monosaccharide metabolic process
cellular response to inorganic substance

cellulose metabolic process
cellular response to reactive nitrogen species

cellular response to nitrogen compound
cellular response to nitrate

cellulose biosynthetic process
cellular polysaccharide biosynthetic process

polysaccharide biosynthetic process
microtubule−based process

pyrimidine−containing compound biosynthetic process
cellular modified amino acid metabolic process

inorganic ion homeostasis
cation homeostasis

metal ion homeostasis
pigment biosynthetic process

lipid biosynthetic process
organophosphate metabolic process

lipid metabolic process
isoprenoid metabolic process

isoprenoid biosynthetic process
protein dephosphorylation

cellular lipid metabolic process
cell redox homeostasis

cellular homeostasis
regulation of biological quality

Golgi vesicle transport
neurotransmitter metabolic process
regulation of neurotransmitter levels

dephosphorylation

0 1 2 3 4
pvalue(−log10)

Te
rm

KEGG Terms

Prokaryotic defense system [BR:ko02048]
Riboflavin metabolism

Fluid shear stress and atherosclerosis
Other glycan degradation

Glutathione metabolism
Biosynthesis of secondary metabolites − unclassified

Monoterpenoid biosynthesis
Phagosome

Pentose and glucuronate interconversions
Carotenoid biosynthesis

Thyroid hormone synthesis
Sesquiterpenoid and triterpenoid biosynthesis

Starch and sucrose metabolism
Ubiquinone and other terpenoid−quinone biosynthesis

Phenylpropanoid biosynthesis
Photosynthesis proteins [BR:ko00194]

Photosynthesis
Pathogenic Escherichia coli infection

Gap junction
Phosphatidylinositol signaling system

Protein processing in endoplasmic reticulum
Melanoma

Arginine biosynthesis
Purine metabolism

Prostate cancer
Glycosphingolipid biosynthesis − ganglio series

Cytoskeleton proteins [BR:ko04812]
RNA degradation

B cell receptor signaling pathway
Cyanoamino acid metabolism

Terpenoid backbone biosynthesis
EGFR tyrosine kinase inhibitor resistance

T cell receptor signaling pathway
Hepatocellular carcinoma

Breast cancer
Messenger RNA biogenesis [BR:ko03019]

Atrazine degradation
Endometrial cancer

PD−L1 expression and PD−1 checkpoint pathway in cancer

0 1 2 3
pvalue(−log10)

Type
DASGs(IFS−PFS)

DEGs(IFS−PFS)

Fig. S42 Top 20 GO and KEGG terms associated with the unique differentially expressed genes and differentially 
alternatively spliced genes in the comparison of flowers at the initial flowering stage (IFS) versus the peak flower-
ing stage (PFS).
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Fig. S43 Top 20 GO and KEGG terms associated with the unique differentially expressed genes and differentially 
alternatively spliced genes in the comparison of flowers at the peak flowering stage (PFS) versus the decayed flower-
ing stage (DFS).
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Fig. S44 Top 20 GO and KEGG terms associated with the common differentially expressed genes and differentially 
alternatively spliced genes in the comparison of flowers at the initial flowering stage (IFS) versus the peak flowering 
stage (PFS).
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Fig. S45 Top 20 GO and KEGG terms associated with the common differentially expressed genes and differentially 
alternatively spliced genes in the comparison of flowers at the peak flowering stage versus (PFS) the decayed flower-
ing stage (DFS).
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Fig. S46 Expression pattern of the 11 genes common in the differentially alternatively spliced of the four 
groups (SBS-MBS, MBS-IFS, IFS-PFS, and PFS-DFS). For each gene, AS-covering and total long read 
counts are shown in AS variants in each stage of flower development, and differential expression of AS 
variants is indicated by ΔPSI on the left. The ‘up’, ‘down’, and ‘-’ on the left represent upregulated, 
downregulated, and no differential expression between adjacent groups, respectively. Each vertical line 
at the bottom represents continuous DASGs among different stages.



Fig. S47 Protein sequence alignment of two alternative-splicing variants of CarCHS4 in flower development.
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Fig. S48 Gene structure of FAD2 members identified in safflower and sunflower.



Fig. S49 CarCHSs-associated coexpression network in flower. Pink and green dots represent UGTs and ASPs, respectively; 
blue triangles represent transcriptional factors, MYBs and bHLHs.


