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Extended Abstract

Background: The safflower oilseed plant (Carthamus tinctorius L.) has favorable agronomic and
yield characteristics that make it a suitable crop for various practical purposes and achieving
sustainable development in the food, energy, and pharmaceutical industries. This plant has
various medical, industrial, and nutritional applications. The high quality of the oil (more than
90% unsaturated fatty acids of oleic and linoleic acids), high tolerance to abiotic stresses (cold,
salinity, and drought), and the wide range of cultivation have always been of interest. Knowledge
of the expression atlas of this plant during its growth and development helps to modify agricultural
characteristics, including improving yield, quality, nutritional, and health factors. Due to the good
quality of the oil extracted from its seeds, the cultivation of this industrial plant has recently
received attention in countries with hot and dry ecosystems. The lack of detailed knowledge about
the genome structure and the function of genes is one of the limiting factors to accelerate safflower
breeding programs to improve the quality and quantity of this plant. Most safflower NGS studies
have been conducted to investigate genetic diversity and identify molecular markers. In this study,
the molecular factors involved in the biosynthesis of fatty acids and tocopherol of safflower seeds
are considered based on RNA-seq data.

Methods: In this research, the Goldasht variety was selected among the local and commercial
safflower varieties available in Iran. This variety has outstanding features, such as high tolerance
to salinity and drought, red flowers, spineless, medium height, and large capitula. The seeds were
planted in the research farm of the National Institute of Genetic Engineering and Biotechnology
in the 2018-2019 cultivation year. The plants were sampled with the daily monitoring of plant
growth after the start of reproductive growth. Samples were collected from seed development
stages, including seed formation (14 days after flowering), seed filling (28 days after flowering),
and physiological ripening (35 days after flowering), to examine the transcriptome of safflower
seed development. Each sample consisted of five sub-replicates and two replicates. Total RNA
was extracted from the samples using a modified Trizol method. In this study, the BGISEQ-500
platform was used for sequencing and produced 100 bp pair-end reads for each library. FastQC
and Trimmomatic software were used to evaluate the quality and clean up the raw reads of each
library, respectively. Trinity software was used to assemble the filtered reads of all samples.
Differentially Expressed Transcripts (DETs) and their clustering were obtained using the DESeq2
package in R. Functional annotation was performed using Trinotate, gene enrichment was
performed using the goseq package in R, and the biochemical pathway was identified using the
KEGG database.

Results: An average of 71 million reads was obtained from each library. As a result of
reassembling and creating a reference transcriptome, the alignment rate of raw data against the
final assembled file was 97.29%. After screening the data, 86,585 transcripts were categorized
into 68,809 genes. A total of 16,755 DETs were identified in this analysis. The highest number
of transcripts identified with differential expression in pairwise comparisons and during the seed
development stages belonged to the transition phase from seed filling to seed maturation, with
10,198 transcripts. Three main patterns of gene expression were evident based on the results of
seed transcriptome atlas data analysis. Most genes at 14 days after flowering (DAF) coincided
with a rapid increase in oil content during seed development. Genes that were highly expressed
at 14 and 28 DAF were related to the formation of metabolites and early stages of oil biosynthesis,
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including the formation of pyruvate and acetyl-CoA. Moreover, genes related to protein storage
peaked at 35 DAF. Genes were identified using five public databases (NR, COG, Swiss-Prot,
KEGG, and GO). In the KEGG database, all identified genes were classified into 398 biological
pathways and eight functional categories, which were related to fatty acid and tocopherol
biosynthesis, with the synthesis of lipid metabolites and ubiquinone during safflower seed growth
and development.

Conclusion: The expression profile of the genes involved in the biosynthesis of unsaturated fatty
acids showed a higher frequency of their expression in the first stage of seed development.
Furthermore, this level of expression was at its lowest level during seed maturation. Studying the
expression profile of the genes involved in the metabolic pathway of tocopherol biosynthesis
showed a higher frequency of occurrence of these genes in the middle and final stages of seed
development, which indicates a clear temporal relationship between oil accumulation and
physiological changes in safflower seeds. This study shows that the increased expression of genes
related to fatty acid biosynthesis occurs earlier than seed development. Besides, oil accumulation
begins before the accumulation of proteins in safflower seeds. Identifying the molecular factors
involved in improving plant yield and the identification of the interaction between them as well
as with the environment can be a valuable tool for better crop management and breeding activities.
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Figure 1. Seed developmental stages (S1 (14 Days After Flowering), S2 (28 Days After Flowering), and S3 (35
Days After Flowering) from left to right)

S, 50 )4 g00 ailBaw Jolyo 4y bgyye osds (gjluShy RNAseq gl - Jaio
Table 1. Trimmed RNAsed data from safflower three seed developmental stages

} S dsye et s Jc Sl Jsbo 0 0 0
“9 (DAF)" Clean Reads Clean Bases Base Pair(bp) N o) Q20 (%) GC (o)
22 4 71,095,424 7,199,542,400 100 0 96.58 7613
3-4 14 72,264,782 7.226.478.200 100 0 96.63 46.10
43 28 71,962,214 7.196.221.400 100 0 96.55 4808
5.4 28 71,432,198 7.143.219.800 100 0 97.13 46.81
6-2 35 71,448,676 7.144.867.600 100 0 96.74 47.90
6- 35 74,124,754 7,412,475,400 100 0 96.67 47.83

*Day after flowering



B3 ol g ssle (age dew cslnbion s (ol pb A 3
55

VEF /Y oot [ Jlo /sl oWlS oMol asb inggs

35000 Hx
; «P‘P&Emu\
30000 ,d-“’ﬁw o
£ ot & o
Fw 25000 M,pcﬂ’ \
o \
£ e
% 10 £ 20000, g' : fn N |
H H E "~ I‘
2 ] g | B
TS £ 15000 2 ©, L ‘
k] S “ 8 457 [
H E o x \
£ 10t 10000| %
H
5000
10° g
5000 10000 150&0 " 20000 25000 wa 20 a0 ) 90 b
ngt

oSl Jsb 255 4(B) pooil o lila ond olulis (sl Sudl 5 olass {(A) 00 (sAled o oSl Jsb Y S
o1 (sAoph o KD Jgb 4 by ye NSO (C) o (hbre o

Figure 2. Cumulative transcripts and contig length plot. (AP: Number of transcript/isofrm, (B): Conntig length, C:
NS50 contig lenght

A

Enrichment Analysis B
EP i | MF
o5t

sm

i

Counts

W s

[ ———

LT
Compariscns

b 71
Fitrhg

BP: Biologycal Process, CC: Cellular ) (8l 8l Lo b slaca Sl 5 (GO) 59951 o5 5IbT ol (A) -Y JS
Sloly3 (C) (C.V) Jlmo 5 Clyzsl o Y STPM bl y3 cjued (slaodly Ky ilid gl (B) .(Component, MF: Molecular Function
3 ginternal (10.1 %) 5 prime_partial (20 %) Complete ORF (60.5 %) p,3 ;o> B ;3 onis lwlis WORF
prime_partial (9.4 %)
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Figure 7. The heat mt(lf) expression profile of unigenes related to fatty acid and tocopherol biosyntesis in sample
ates (Sample 1: 14 DAF, Sample 2: 28 DAF, Sample 3: 35 DAF).

Ui JoSlge ele ool 390 LT (5,15 cladls
3 S b o it Bl e 5 oS 35kas Sy
KR Capde gl gdiaddyyl il Ll o daie pioren
s Sl g @bl Wlg e (puin Sl
s (glin] Ao M s ST (el a4 45 ol
sodly acgeme I itwd lagpe ope 5 Joid kWA
W5lgi po ddlllas oyl (slaaidly .S S ped LFL'ﬁ Py Y] 5
S > (Sdglie 5 olendan il j S 4
CuaS 5 CulsS S0 Sl |y (s> sladine) 9 AL S5
Lol ool 5385 ey gl wal8 olS ol 5 (48,
9 SIS ity g CuiS slaghg) (siluding 4 Sy
s 598 adllas 9 i ol el (5590 40 il

5 55 d
slooj 5l (Sr Gl Glaglll oy p 4yl adlas
Wby Js8s59 5 o ladesl jiwgn 3 (Sla 350l

]
2 2 el Soge ) 155 slaey] ole Ly
ety god Jol dlsyo p3 gl ol 39505 51 L glus]
393 Olye CyeS 53 Esh dls e 53 Ol Oliee ol (e
s > 355 gy Sl dlon gepn i 8
2 g ol 5ap 35505 51 QU Jo,895 8 g (Sgplie
dal) oxmyplis & ey S god SLL 5 She Sl
P Sdnid Sl g Ry @ o dly S
L‘)l.:.g 531 &S A.'\.{L;o OL., adllas C)i‘ ] &)lf slaals
aily drwgi 5 535 oy (il Ftuwsn b g o sl
2 oSy geos 5l S () @ (ixed B £



S8 rol 5 gsle (Gane dow (gandion s (Gl pd J0d b

A SIS (g, al> olS 13 985595 5 0 el Siwge Sl (bl 9l ()2

ol 0wy plsil 4 (g yglBunnyj 9 SiB) (quwdiges

References

Abdullah, H. M., Akbari, P., Paulose, B., Schnell, D., Qi, W., Park, Y., & Dhankher, O. P. (2016).
Transcriptome profiling of Camelina sativa to identify genes involved in triacylglycerol biosynthesis
and accumulation in the developing seeds. Biotechnology for Biofuels, 9(1), 1-19.
https://doi.org/10.1186/s13068-016-0608-9

Ambreen, H., Kumar, S., Kumar, A., Agarwal, M., Jagannath, A., & Goel, S. (2018). Association mapping
for important agronomic traits in safflower (Carthamus tinctorius L.) core collection using
microsatellite markers. Frontiers in Plant Science, 9, 402. https://doi.org/10.3389/fpls.2018.00402

Ambreen, H., Kumar, S., Variath, M. T., Joshi, G., Bali, S., Agarwal, M., & Goel, S. (2015). Development
of genomic microsatellite markers in Carthamus tinctorius L. (safflower) using next generation
sequencing and assessment of their cross-species transferability and utility for diversity analysis. PLoS
One, 10(8), e0135443. https://doi.org/10.1371/journal.pone.0135443

Amini, F., Saeidi, G., & Arzani, A. (2008). Study of genetic diversity in safflower genotypes using agro-
morphological traits and RAPD markers. Euphytica, 163(1), 21-30. https://doi.org/10.1007/s10681-
007-9612-2

Bowers, J. E., Pearl, S. A., & Burke, J. M. (2016). Genetic mapping of millions of SNPs in safflower
(Carthamus tinctorius L.) via whole-genome resequencing. G3: Genes, Genomes, Genetics, 6(7),2203-
2211. https://doi.org/10.1534/g3.116.029298

Bordbar, M., Darvishzadeh, R., & Pazhouhandeh, M. (2023). Molecular techniques for plants gene
expression analysis at the transcriptomics level. Journal of Crop Breeding, 15(45), 83-104.
https://doi.org/10.61186/jcb.15.45.83 [In Persian]

Brown, A. P., Kroon, J. T., Swarbreck, D., Febrer, M., Larson, T. R., Graham, 1. A,, ... & Slabas, A. R.
(2012). Tissue-specific whole transcriptome sequencing in castor, directed at understanding
triacylglycerol lipid biosynthetic pathways. PLoS One, 7(2), ¢30100.
https://doi.org/10.1371/journal.pone.0030100

Chen, J., Guo, S., Hu, X., Wang, R., Jia, D., Li, Q., ... & Pei, J. (2023). Whole-genome and genome-wide
association studies improve key agricultural traits of safflower for industrial and medicinal use.
Horticulture Research, 10(11), uhad197. https://doi.org/10.1093/hr/uhad197

Chen, J., Tang, X., Ren, C., Wei, B.,, Wu, Y., Wu, Q., & Pei, J. (2018). Full-length transcriptome sequences
and the identification of putative genes for flavonoid biosynthesis in safflower. BMC Genomics, 19(1),
1-13. https://doi.org/10.1186/s12864-018-4708-8

Chen, J., Wang, J., Wang, R., Xian, B., Ren, C., Liu, Q., ... & Pei, J. (2020). Integrated metabolomics and
transcriptome analysis on flavonoid biosynthesis in safflower (Carthamus tinctorius L.) under MeJA
treatment. BMC Plant Biology, 20(1), 1-12. https://doi.org/10.1186/s12870-020-2264-2

Dar, A. A., Choudhury, A. R., Kancharla, P. K., & Arumugam, N. (2017). The FAD2 Gene in Plants:
Occurrence, Regulation, and Role. Frontiers in  Plant  Science, 8, 1789.
https://doi.org/10.3389/fpls.2017.01789

Du, C., Chen, Y., Wang, K., Yang, Z., Zhao, C., Jia, Q., Taylor, D. C., & Zhang, M. (2018). Strong co-
suppression impedes an increase in polyunsaturated fatty acids in seeds overexpressing FAD2. Journal
of Experimental Botany, 70(3), 985-994. https://doi.org/10.1093/jxb/ery378

Ebrahimi, F., Majidi, M. M., Arzani, A., & Mohammadi-Nejad, G. (2017). Association analysis of
molecular markers with traits under drought stress in safflower. Crop and Pasture Science, 68(2), 167-
175. https://doi.org/10.1071/CP16294

Fan, K., Qin, Y., Hu, X., Xu, J., Ye, Q., Zhang, C., ... & Qin, R. (2023). Identification of genes associated
with fatty acid biosynthesis based on 214 safflower core germplasm. BMC Genomics, 24(1), 763.
https://doi.org/10.1186/s12864-023-09874-5

FAOSTAT. (2022). FAOSTAT  online  database. Retrieved  February 2, 2024,
from http://faostat3.fao.org/safflower

Fritsche, S., Wang, X., & Jung, C. (2017). Recent advances in our understanding of tocopherol biosynthesis
in plants: An overview of key genes, functions, and breeding of vitamin E improved crops. Antioxidants,
6(4), 99. https://doi.org/10.3390/antiox6040099

Gan, Y., Song, Y., Chen, Y., Liu, H., Yang, D., Xu, Q., & Zheng, Z. (2018, Nov 26). Transcriptome analysis
reveals a composite molecular map linked to unique seed oil profile of Neocinnamomum caudatum
(Nees) Merr. BMC Plant Biology, 18(1), 303. https://doi.org/10.1186/s12870-018-1525-9

Gecgel, U., Demirci, M., Esendal, E., & Tasan, M. (2007). Fatty acid composition of the oil from
developing seeds of different varieties of safflower (Carthamus tinctorius L.). Journal of the American
Oil Chemists' Society, 84(1), 47-54. https://doi.org/10.1007/s11746-006-1007-3


https://doi.org/10.1186/s13068-016-0608-9
https://doi.org/10.3389/fpls.2018.00402
https://doi.org/10.1371/journal.pone.0135443
https://doi.org/10.1007/s10681-007-9612-2
https://doi.org/10.1007/s10681-007-9612-2
https://doi.org/10.1534/g3.116.029298
https://doi.org/10.61186/jcb.15.45.83
https://doi.org/10.1371/journal.pone.0030100
https://doi.org/10.1093/hr/uhad197
https://doi.org/10.1186/s12864-018-4708-8
https://doi.org/10.1186/s12870-020-2264-2
https://doi.org/10.3389/fpls.2017.01789
https://doi.org/10.1093/jxb/ery378
https://doi.org/10.1071/CP16294
https://doi.org/10.1186/s12864-023-09874-5
http://faostat3.fao.org/safflower
https://doi.org/10.3390/antiox6040099
https://doi.org/10.1186/s12870-018-1525-9
https://doi.org/10.1007/s11746-006-1007-3

B3 ol g sole (a0e dw cslnbior s (ol pb A B

\Al VFF /Y o)l [ppdan Jlo [ £l); lalS oMol aob jings

Ghanbari, A., Soltani Najafabadi, M., Abbasi, A. R., & Bi Hamta, M. R. (2022). Functional factor analysis
in safflower. Journal of Crop Breeding, 14(41), 163-173. https://doi.org/10.52547/jcb.14.41.163
[In Persian]

Golkar, P., Arzani, A., & Rezaei, A. M. (2011). Genetic variation in safflower (Carthamus tinctorius L.)
for seed quality-related traits and inter-simple sequence repeat (ISSR) markers. International Journal
of Molecular Sciences, 12(4), 2664-2677. https://doi.org/10.3390/ijms 12042664

Hill, J. E., & Breidenbach, R. W. (1974). Proteins of soybean seeds: II. Accumulation of the major protein
components during seed development and maturation. Plant Physiology, 53(5), 747-751.
https://doi.org/10.1104/pp.53.5.747

Jeong, E. H., Yang, H., Kim, J. E., & Lee, K. W. (2020). Safflower seed oil and its active compound
acacetin inhibit UVB-induced skin photoaging. Journal of Cosmetic Dermatology, 19(12), 3356-
3364. https://doi.org/10.1111/jocd.13389

Li, D., Wang, Q., Xu, X., Yu, J., Chen, Z., Wei, B., & Wu, W. (2021). Temporal transcriptome profiling of
developing seeds reveals candidate genes involved in oil accumulation in safflower (Carthamus
tinctorius L.). BMC Plant Biology, 21(1), 181. https://doi.org/10.1186/s12870-021-02964-0

Liu, X, Dong, Y., Yao, N., Zhang, Y., Wang, N., Cui, X,, ... & Li, X. (2015). De novo sequencing and
analysis of the safflower transcriptome to discover putative genes associated with safflor yellow in
Carthamus tinctorius L. International Journal of Molecular Sciences, 16(10), 25657-25677.
https://doi.org/10.3390/ijms 161025657

Los, D. A., & Murata, N. (1998). Structure and expression of fatty acid desaturases. Biochimica et
Biophysica Acta (BBA)-Lipids and Lipid Metabolism, 1394(1), 3-15. https://doi.org/10.1016/S0005-
2760(98)00091-5

Lulin, H., Xiao, Y., Pei, S., Wen, T., & Shangqin, H. (2012). The first [llumina-based de novo transcriptome
sequencing and  analysis of safflower flowers. PLoS  One, 7(6), ¢38653.
https://doi.org/10.1371/journal.pone.0038653

Mani, V., Lee, S. K., Yeo, Y., & Hahn, B. S. (2020). A metabolic perspective and opportunities in
pharmacologically important safflower. Metabolites, 10(6), 253.
https://doi.org/10.3390/metabo10060253

Matthaus, B., Ozcan, M. M., & Al Juhaimi, F. Y. (2015). Fatty acid composition and tocopherol profiles of
safflower (Carthamus tinctorius L.) seed oils. Natural Product Research, 29(2), 193-196.
https://doi.org/10.1080/14786419.2014.971316

Mani, V., Lee, S.-K., Yeo, Y., & Hahn, B.S. (2020). A metabolic perspective and opportunities in
pharmacologically important safflower. Metabolites, 10, 253.

Meena, V.K., Chand, S., & Shekhawat, H.V.S. (2025). Advances in plant tocopherol biosynthesis: from
pathway elucidation to crop biofortification  strategies.  Discov.  Plants, 2, 9.
https://doi.org/10.1007/s44372-025-00093-8

Nazari, M., Shariati, F., Sadeghi Garmaroodi, H., & Jabbari, H. (2022). Evaluation of genetic diversity in
273 safflower genotypes collected from different regions of the world. Journal of Crop Breeding,
14(44), 174-180. https://doi.org/10.52547/jcb.14.44.174 [In Persian]

Nikpour, B., Nazari, M., & Abbasi, A. (2023). Assessment of the genetic diversity in 160 safflower
genotypes focusing on oil quality characteristics. Journal of Crop Breeding, 15(48), 113-122.
https://doi.org/10.61186/jcb.15.48.113 [In Persian]

Nosheen, A., Naz, R., Tahir, A. T., Yasmin, H., Keyani, R., Mitrevski, B., ... & Hussain, 1. (2018).
Improvement of safflower oil quality for biodiesel production by integrated application of PGPR under
reduced amount of NP fertilizers. PLoS One, 13(8), ¢0201738.
https://doi.org/10.1371/journal.pone.0201738

Omidi, A. H., & Sharifmogadas, M. R. (2010). Evaluation of Iranian safflower cultivars reaction to different
sowing dates and plant densities. World Applied Sciences Journal, 8(8), 953-958.

Pilorgé, E., Dauguet, S., Jestin, C., & Mestries, E. (2020). The main dynamics of sunflower research
presented at the 19th International Sunflower Conference in 2016. OCL Oilseeds and Fats Crops and
Lipids, 27, 10. https://doi.org/10.1051/0c1/2020010

Ren, C., Wang, J., Xian, B., Tang, X., Liu, X., Hu, X., ... & Pei, J. (2020). Transcriptome analysis of
flavonoid biosynthesis in safflower flowers grown under different light intensities. Peer.J, 8, e8671.
https://doi.org/10.7717/peerj.8671

Sehgal, D., Rajpal, V. R., Raina, S. N., Sasanuma, T., & Sasakuma, T. (2009). Assaying polymorphism at
DNA level for genetic diversity diagnostics of the safflower (Carthamus tinctorius L.) world germplasm
resources. Genetica, 135(3), 457-470. https://doi.org/10.1007/s10709-008-9291-5

Shahid, M., Cai, G., Zu, F., Zhao, Q., Qasim, M. U., Hong, Y., ... & Zhou, Y. (2019). Comparative
transcriptome analysis of developing seeds and silique wall reveals dynamic transcription networks for
effective oil production in Brassica napus L. International Journal of Molecular Sciences, 20(8), 1982.
https://doi.org/10.3390/ijms20081982

Singh, V., & Nimbkar, N. (2006). Safflower (Carthamus tinctorius L.). In R. J. Singh (Ed.), Genetic
resources, chromosome engineering, and crop improvement: Oilseed crops (pp. 167-194). CRC Press.


https://doi.org/10.52547/jcb.14.41.163
https://doi.org/10.3390/ijms12042664
https://doi.org/10.1104/pp.53.5.747
https://doi.org/10.1111/jocd.13389
https://doi.org/10.1186/s12870-021-02964-0
https://doi.org/10.3390/ijms161025657
https://doi.org/10.1016/S0005-2760(98)00091-5
https://doi.org/10.1016/S0005-2760(98)00091-5
https://doi.org/10.1371/journal.pone.0038653
https://doi.org/10.3390/metabo10060253
https://doi.org/10.1080/14786419.2014.971316
https://doi.org/10.52547/jcb.14.44.174
https://doi.org/10.61186/jcb.15.48.113
https://doi.org/10.1371/journal.pone.0201738
https://doi.org/10.1051/ocl/2020010
https://doi.org/10.7717/peerj.8671
https://doi.org/10.1007/s10709-008-9291-5
https://doi.org/10.3390/ijms20081982

5 rol 5 sle (Gare daw (gdndion ue (Ol pd S0 )8

w SIS (g, al> olS 13 985595 5 0 el Siwge Sl (bl 9l ()2

Vijay, D., Dadlani, M., Kumar, P. A., & Panguluri, S. K. (2009). Molecular marker analysis of differentially
aged seeds of soybean and safflower. Plant Molecular Biology Reporter, 27(3), 282-291.
https://doi.org/10.1007/s11105-009-0107-2

Wang, R., Ren, C., Dong, S., Chen, C., Xian, B., Wu, Q., ... & Chen, J. (2021). Integrated metabolomics
and transcriptome analysis of flavonoid biosynthesis in safflower (Carthamus tinctorius L.) with
different colors. Frontiers in Plant Science, 12, 712038. https://doi.org/10.3389/1pls.2021.712038

Wu, Z., Liu, H., Zhan, W., Yu, Z., Qin, E., Liu, S, ... & Qin, R. (2021). The chromosome-scale reference
genome of safflower (Carthamus tinctorius) provides insights into linoleic acid and flavonoid
biosynthesis. Plant Biotechnology Journal, 19(9), 1725-1742. https://doi.org/10.1111/pbi.13586

Yang, S., Miao, L., He, J., Zhang, K., Li, Y., & Gai, J. (2019). Dynamic transcriptome changes related to
oil accumulation in developing soybean seeds. International Journal of Molecular Sciences, 20(9),
2202. https://doi.org/10.3390/ijms20092202.


https://doi.org/10.1007/s11105-009-0107-2
https://doi.org/10.3389/fpls.2021.712038
https://doi.org/10.1111/pbi.13586
https://doi.org/10.3390/ijms20092202

