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Abstract  

Cold stress causes substantial losses in global agricultural productivity. 

When exposed to cold stress, plants usually exhibit a variety of cold-induced 

physiological, biochemical, and molecular responses. Safflower is one of 

the oldest, marginalized, neglected and domesticated multipurpose oilseed 

crops which is uniquely affected by cold stress at different growth stages. 

Because of lack of systematic research on cold signalling pathways and 

gene regulatory networks, the underlying biochemical and molecular mech-

anisms of cold signal transduction in different developmental stages of 

safflower are poorly understood. Therefore, this study sought to detect bio-

chemical response and identify cold responsive safflower genes expressed 

at the rosette and bolling stages to provide novel insight about the growth 

stage’s differential responses to cold stress.  The results demonstrated that 

pseudo-marker snap genes CtAH10T0001700.1 and CtAH10T0001500.1 are 

the E3 ligase genes with RING finger domain while CtAH10T0000500 

matched the GRAS family genes. These genes successfully exhibited similar 

cold responses as per their respective family. Overexpression of some E3 

genes like CIP8 and HOS 1 could be associated with the cold susceptibility 

of plants in the bolling stage of safflower. Additionally, CtAH10T0001700.1 

expression was found to be positively correlated with electrolyte leakage 

and proline content at the rosette stage. Meanwhile CtAH10T0001500.1, a 

negative cold regulator significantly correlated with electrolyte leakage and 

proline content. While CtAH10T0000500, a positive cold regulator signifi-

cantly correlated with electrolyte leakage and proline at the rosette stage, 

but negatively associated with the two parameters at bolling stage. Overall, 

the genes were found to play a significant role in cold responsiveness of 

safflower plants at different growth stages.   
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Introduction  

Low temperature stress is one of the major limiting abiotic factors affecting 

agricultural crop production worldwide. It not only affects the overall yield 

of crops, but also the seed and plant quality (1). Recently, the global human 

population has been reported to have reached 8 billion people and it is esti-

mated that it could increase to 8.5 billion by 2030 and 9.7 billion by 2050 (2). 

Meanwhile the cost of climate change for crops is estimated to increase up 

to $80 billion at 2 °C global warming per annum (3). Maximization and inten-

sification of agricultural production is the last expedient to increase food 
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production. Identification of cold tolerant crop varieties 

could help to maintain sustainable food production, hence 

mitigate the challenges arising from increasing global hu-

man population growth and climatic changes.  

 Safflower (Carthamus tinctorious L.) is a multipur-

pose crop which is tolerant to many abiotic stresses such 

as drought, heat, cold and salinity (4). From prehistoric 

times, safflower has received a significant amount of at-

tention as an oilseed and medicinal plant. The crop be-

longs to the Asteraceae family of flowering plants. Safflow-

er has four distinctive growth stages which are affected by 

low temperature differently (5). The growth stage, immedi-

ately after seedling emergence is referred to as the rosette 

stage (6, 7). At this stage plants are regarded as cold hardy 

as they can withstand lower temperatures ranging from  

-7 0C to -26 0C (8−10). From the stem elongation phase 

through maturity, the susceptibility of the plants to stress 

increases, with high mortality at the flowering phase (6, 7). 

Plants in the elongation phase can recover after cold 

stress, although yield might be compromised (11). 

 The mechanism of cold tolerance in plants has been 

widely used to aid in development of cold tolerant varie-

ties. As of today, several cold-responsive (COR) genes and 

their corresponding regulatory networks have been identi-

fied and characterised in different plant species (12, 13). 

Some of these genes code for proteins which function as 

chaperones, cryoprotectants and ice-binding proteins to 

provide defense mechanism in cold stressed plants. The 

regulatory genes which are also transcription factors, con-

trol expression level of many other genes. They achieve 

that by directly binding the cis-acting elements in the pro-

moter regions of the target genes (13, 14). One of the most 

studied regulons involved in cold response is the C-repeat 

binding factor (CBF), also known as dehydration-

responsive element binding factor 1 transcription factors 

(DREB1s). This regulon is driven by CBF transcription fac-

tors which induce the expression of COR genes (13).  

 In plant cells, the repercussion of cold stress in-

clude slowed metabolism, loss of membrane function, 

leakage of solutes (14, 15), increased production of reac-

tive oxygen species (ROS) and hormonal imbalance due to 

denaturing of vital enzymes and proteins (14). To maintain 

continuous existence, plants have developed sophisticat-

ed and complex set of mechanisms (16). Some of the sur-

vival mechanisms to counteract against cold stress include 

production of metabolites such as amino acids (proline), 

carbohydrates and soluble proteins, which stabilize cell 

membranes against cold (17, 18). 

 In safflower, the biochemical and molecular mecha-
nisms involved in cold tolerance that cause differential 
growth stage response to cold stress has not yet been re-
ported. The current study aimed to determine the influ-
ence of cold stress on safflower plants at rosette and bol-
ling stages using electrolyte leakage and proline assays. In 
addition, it identified and characterized COR genes ex-
pressed at crucial growth stages of safflower to provide 
novel insights into differential response of the rosette and 
bolling stages.    

Materials and Methods 

Study site and plant materials            

The research work was carried out at Botswana University 
of Agriculture and Natural Resources (BUAN), in a net 
shade and Tissue Culture Laboratory. The safflower geno-
type Turkey was grown in the winter seasons of 2022 and 
2023 (March to July). The plants were grown in a stepwise 
manner to reach two distinct growth stages (rosette and 
bolting) at which they were subjected to cold stress. 

Experimental design and cold stress treatment         

Application of cold stress in safflower plants was per-
formed following a 2 × 3 × 2 factorial experiment replicated 
three times. The treatments were safflower growth stages 
(rosette and bolling), temperature (0 °C, 4 °C and 23 °C) 
and duration of exposure (8 h and 12 h).  Initiation of cold 
stress was done by placing the plants in refrigerators with 
temperature set as per the temperature treatments stated 
above. 

Determination of relative leaf electrolyte leakage (REL)         

Immediately before removing the plants from a cold envi-
ronment, three leaves from each plant were harvested and 
cut into 1 cm segments. The samples were weighed to 100 
mg, put into 25 mL distilled water, and mixed with a gyra-
tory shaker (200 rpm) at room temperature (25 °C) for 2 h. 
The initial conductivity reading was taken using a conduc-
tivity meter and recorded as conductivity 1 (C1). There-
after, the samples were heated at 121 °C for 10 min to stim-
ulate the highest leaf leakage (19). The contents were al-
lowed to cool at room temperature and the second read-
ing of electrolyte conductivity (C2) was taken. The relative 
electrical conductivity (C %) was calculated using the for-
mula (C1/C2) × 100 (Eqn. 1) (20).   

Proline content determination           

Proline was extracted by grinding 0.5 g of freshly harvested 
leaves in liquid nitrogen.  The powdered leaf samples were 
homogenized with 10 mL of 3 % sulphosalicylic acid in a 
test tube and centrifuged at 5000 rpm for 5 min. The super-
natant was transferred into a 5 mL test tube and mixed 
with 2 mL of acidic ninhydrin and 2 mL of glacial acetic 
acid. The reaction mixture was heated at 95 °C in block 
heater for 1 h and cooled in an ice bath for 30 min (21). To 
the reaction mixture, 4 mL of toluene was added and vor-
texed for a min, then centrifuged at 1000 rpm for 5 min. 
The optical density of the samples was read at 520 nm us-
ing a spectrophotometer and the content of proline was 
calculated using standard curve. Proline content was cal-
culated as: PC = [(µg proline/mL) × mL toluene)/115.5 µg/
µmole] / [(g sample)/5] (Eqn. 2) where; 115.5 is the molecu-
lar weight of Proline (22). 

Expression analysis of cold stress genes           

Sample collection, total RNA extraction and cDNA synthe-
sis           

After induction of cold stress, three leaf samples were ran-
domly cut from one plant in each pot to represent one 
biological replicate and quickly snap frozen in liquid nitro-
gen and stored at -80 °C until mRNA extraction. Total RNA 
was extracted from the previously frozen leaf tissues using 
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Quick-RNA Plant Miniprep kit (Zymo Research, Irvine, CA, 
USA). The integrity of the extracted RNA was confirmed 
using 0.8 % agarose gel electrophoresis. The purity and 
concentration of RNA were determined using NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA). The RNA extracted was reverse-
transcribed to cDNA as a template for qPCR using Proto-
Script® II First Strand cDNA Synthesis Kit (New England 
Biolabs Inc., Ipswich, MA, USA) with oligo DT primers. 
Translation initiation factor 5A (EIF 5A) and ubiquitin-
conjugating enzyme E2 (UBCE2), internal reference mark-
ers (Table 1), were used to test the success of cDNA synthesis.  

 COR genes were identified from literature and blast-

ed using the NCBI Blastn. However, the output of the 

BLAST did not match any sequence of safflower. Safflower 

pseudo-marker snap genes were extracted from The Ge-

nome Database of Carthamus tinctorius (23) and blasted 

using NCBI Blastn (National Center for Biotechnology) ob-

tained from https://www.ncbi.nih.gov to obtain mRNA 

sequences similar to that of safflower pseudo-maker snap 

genes. Confirmation of sequence similarities was done 

using Clustal Omega Pairwise Sequence Alignment (EMBL-

EBI-www.ebi.ac.uk>msa). Genes with high percentage sim-

ilarities were checked for cold responsiveness by studying 

their gene annotation: biological processes, functions and 

conserved domain sequences utilizing the PUBMED, Re-

verse position specific BLAST (RPS-BLAST) and Conserved 

Domain Database (CDD) (24, 25). COR homologs were then 

used to design specific primers using Primer3Plus tool  

obtained from https:/ /www.bioinformatics.nl/cg-bin/

primer3plus/primer3plus.cgi/. Details of the specific pri-

mers used are presented in Table 2. 

 The qRT-PCR was performed in a template contain-

ing 3 μl of cDNA, 10 μL of Luna qPCR master mix, 2 μM of 

the forward and reverse primers and topped up to 20 μL 

using DNase water. The reactions were performed on a Bio

-Rad CFX 96 Connect real-time PCR detection system 

(BioRad Laboratories, Inc., Hercules, CA, USA) with each 

sample having 3 independent biological replicates. Trans-

lation initiation factor 5A (EIF 5A) and ubiquitin-

conjugating enzyme E2 (UBCE2) were used as reference 

genes (Table 1) and no template control (NTC) as a nega-

tive control. The qPCR test was run with the following ther-

mal cycling conditions: initial denaturation at 95 °C for        

3 min, 40 cycles of 95 °C denaturation for 15 sec, annealing 

at the melting temperature of the primers for 15 sec and 

extension at 72 °C for 30 sec. The relative expression level 

of the target gene was estimated using 2–∆∆CT method (26). 
 

Statistical analysis           

Data collected was subjected to analysis of variance using 

R-program version 4.3.3 (Doebioresearch package, 2024). 

Treatment means were separated using Fisher’s Least Sig-

nificant Difference (LSD) at P ≤ 0.05.   

Results   

Relative electrolyte leakage (REL)           

Analysis of variance showed that safflower leaf relative 

electrolyte leakage (REL) significantly (P < 0.001) varied 

depending on the interaction of growth stage, tempera-

ture and duration of exposure. Control plants had the low-

est REL value (9.9 %) in all growth stages. Application of 

cold resulted in insignificant increase in REL in plants at 

the rosette stage, except for plants cold stressed at 0 °C for 

12 h which had notably lower REL relative to control plants 

(9.9 % control against 12.0 %). Conversely, exposure of 

plants in bolling to 4°C significantly increased the leaf’s 

REL from 9.9 % to 14.5 % and 17.1 % in 8 h and 12 h of ex-

posures, respectively. On lowering the temperature to 0 °C 

REL was increased to 36.5 % and 65.7 % in 8 h and 12 h of 

exposures, respectively. Thus, it can be inferred that plants 

in bolling stage lost more electrolytes than in rosette stage 

(Fig. 1). 

Proline content             

Under cold stress, plants in both growth stages underwent 
significantly (P < 0.01) high proline content increment due 
to the interactive effect of temperature and duration of 
exposure (Fig. 2). Cold stress of 4 °C for 8 h increased pro-
line content from 5.57 to 6.93 µmol/g fresh weight (FW) at 
the rosette stage. Prolongation of cold stress to 12 h fur-
ther increased proline content to 7.27 µmol/g FW but was 
not significantly different from 8 h exposure. Further low-
ering of chilling temperature to 0 °C did not notably 
increase proline content in 8 h of exposure. Nevertheless, 
12 h of cold exposure considerably inflated proline content 
to 8.84 µmol/g FW. In comparison of the growth stages, 

Unigene number 
Gene 

symbol 
Gene description Sequence (5'−3') 

Amplicon length 
(bp) 

Tm of primer 
(°C) 

comp40996_c0 EIF-5A Translation Initiation Factor 5A 
F 5'-TGTCCCTCATGTCAACCGTA-3' 

R 5'-GCATCATCAGTTGGGAGCTT-3' 
120 

59.96 

60.23 

 comp31883_c1 UBCE2 Ubiquitin-Conjugating Enzyme E2 
F 5'-GAGATGGCACCGTGAGTTATG-3' 

R 5'-GCCCTTCATGTACAGAGTTGTG-3' 
102 

60.53 

59.66 

Table 1. The primer description of reference genes used for normalization of safflower (Carthamus tinctorious L.) target genes 

Name Sequence (5'−3') 

Se-
quence 

length 
(bp) 

Tm of 
the 

primer 
(0C) 

CtAH1700−1 
F 5'-ATGGTGAATTGGCATTGGTT-3' 

R 5'-AAGGTTCAACGGCTATGGTG-3' 
20 

47.68 

51.78 

CtAH1500 
F 5'-CATGCTCCCTCCGAAAAATA-3' 

R 5'-AGCAATGCACGATACAGCAG-3' 
20 

49.73 

51.78 

CtAH500 
F 5'-GTTAGGGTTGCAAGGGTGAA-3' 

R 5'-GGATGTCCTCCTTCCTGACA-3' 
20 

51.78 

53.83 

Table 2. Primers used in qRT-PCR for amplification of safflower (Carthamus 
tinctorious L.)  target genes 

bp-base pair, tm-melting temperature 

https://www.ncbi.nih.gov
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plants in the rosette stage accumulated notably higher 
amount of proline in all the chilling conditions. Plants cold 
stressed at 4 °C for 8 h had 4.79 µmol/g FW in bolling 
against 6.93 µmol/g FW in rosette, while plants at 4 °C for 
12 h had 5.40 µmol/g FW in bolling against 7.27 µmol/g FW 
in rosette. Meanwhile plant at 0 °C for both 8 h and 12 h 
had significantly lower values of 4.98 µmol/g FW and 4.94 
µmol/g FW, respectively (Fig. 2). 

Structural analyses of conserved domain of Cynara car-
dunculus var. scolymus            

The RPS blast, NCBI BLASTn and CDD analyses revealed 
that all the three COR genes that showed similarities to 
safflower pseudo-marker snap genes are from Cynara car-
dunculus var. scolymus organism (Table 3). Excluding pro-
tein SCARESCROW, these genes encode RING proteins do-
main and belong to RING_U Box super family. The E3 
ubiquitin protein ligase CIP8-like are identified by the 
cross-brace motif (RING-H2) while the RING finger and 
transmembrane containing protein 2-like are character-
ized by a unique cross-brace motif RING-HC_RNFT1-like 

with zinc binding site. SCARECROW is a GRAS member 
characterized by a lengthy GRAS domain (Fig. 3). 

Sequence analyses of safflower and Cynara cardunculus  
var. scolymus pairwise alignment            

Clustal omega pairwise sequence alignment results 
demonstrated that E3 ubiquitin ligase, RING finger & trans-
membrane domain-containing protein 2-like and protein 
Scarecrow, these three COR genes originating from Cynara 
cardunculus var. scolymus organism were 84, 94 and   82 
(%) identical to CtAH10T0001700.1, CtAH10T0001500.1 and 
CtAH10T0000500 safflower pseudo-marker snap genes, 
respectively (Fig. 4). 

Relative gene expression          

The expression pattern of all the three safflower genes 
showed variability depending on either the individual or 
interaction effects of treatments under study. Upregula-
tion of CtAH0001700.1 gene was significantly (P < 0.01) 
influenced by the individual effects of growth stage and 
temperature. Higher expression level was observed at bol-
ling stage as compared to rosette and notably increased 
with decreasing temperature. Control plants (at 23 °C) had 
the least gene expression. Exposing the plants to cold 
stress of 4 °C tripled (from 1 to 3 fold change (FC)) the gene 
expression, while lower temperature of 0 °C resulted in 2.5-
fold increase in gene expression against the control 
(Fig. 5).   

 Similarly, CtAH10T0001500.1 was highly (P <0.1) 
expressed in bolling stage. However, unlike 
CtAH0001700.1, the gene was highly expressed in plants 
cold stressed at 4 °C for 8 h. For both growth stages, plants 
in warmer temperatures (23 °C) exhibited similar gene ex-
pression (1.3 FC bolling against 1.1 FC rosette). Exposure of 
plants to lower temperature of 4 °C for 8 h significantly 
reduced gene expression by 46.2 % in bolling stage, while 
it doubled (from 1.1 to 2.2 FC) in the rosette stage. Prolon-
gation of cold stress to 12 h resulted in insignificant de-
crease (from 1.3 to 0.97 FC) in bolling stage and almost 
similar gene expression in rosette stage (1.11 against 
1.27 FC) relative to the controls. Meanwhile, cold expo-
sure of 0 °C did not significantly (P <0.05) influence 
CtAH10T0001500.1 expression in both growth stages at     
8 h and 12 h of cold exposure (Fig. 6).  

 

 

Fig. 1. Effects of growth stage, temperature and duration of exposure on 
relative electrolyte leakage (REL) of safflower. Means separated using the 
Least Significant Difference (LSD) at P ≤ 0.05.  

Fig. 2. Effects of growth stage, temperature and duration of exposure on 
proline content of safflower (Carthamus tinctorious  L.). Means separated 
using the Least Significant Difference (LSD) at P ≤ 0.05.  

Safflower gene Gene ID  Organism name Gene description Biological process 
Sequence 

length (bp) 
Citation 

CtAH10T10001700.1 112512063 
Cynara cardunculus var. 
scolymus (Artichoke/
globe arichoke) 

E3 ubiquitin-protein 
ligase CIP8-like 

- Protein ubiquination and degra-
dation 

-Cold stress resistance 

1381 (35) 

CtAH10T10001500.1 112512836 
Cynara cardunculus var. 
scolymus (Artichoke/

globe arichoke) 

RING finger and trans-
membrane domain-

containing protein 2-
like 

- Protein ubiquination and degra-
dation 

-Cold stress resistance 

1407  (34) 

CtAH10T10000500.1 112513693 

Cynara cardunculus var. 
scolymus 

(Artichoke/globe ari-
choke) 

Protein Scarecrow 

Gibberellin signal transduction, 
axillary meristem formation, root 
radial pattern formation and biotic 
and abiotic stress resistance 

2393 (41) 

Table 3. Description of homologs used in identifying safflower (Carthamus tinctorious L.) cold responsive genes 

https://plantsciencetoday.online
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Fig. 3. Simplified graphical representation of the conserved domain sequence (CDS) showing superfamilies, domain motifs and zinc binding sites of cold respon-
sive Cynara cardunculus var. scolymus genes.  

Fig. 4. Partial pairwise sequence alignment of Safflower (Carthamus tinctorious L.) and Cynara cardunculus var. scolymus showing regions of similarities.        
***** indicating stronger nucleotide similarities, *,  **,  * indicating weaker similarities/mismatch.  
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Contrary to the other genes, CtAH10T0000500.1 gene ex-

pression gradually increased with lower temperature and 

longer duration of exposure at the rosette stage. Plants at 

23 °C had a relative expression of 1, which increased 2-fold 

and 4-fold at 4 °C and 0 °C, respectively. A similar trend 

was observed in duration of exposure as relative gene ex-

pression increased from 1, 3 and 4-fold with prolongation 

of cold from 0 h, 8 h and 12 h, respectively. In comparison 

to the rosette stage, the gene was significantly downregu-

lated in all cold treatment, regardless of the chilling tem-

perature and duration of exposure in the bolling stage (Fig. 

7). 

Correlation analysis             

Correlation analysis between safflower COR genes and REL 
showed a significant positive correlation at the rosette 
stage (0.48: P<0.05 for CtAH10T0001700.1 and 0.43: P<0.05 
for CtAH10T0000500.1), except for CtAH10T0001500.1         
(-0.47: P< 0.05) gene with negative correlation. At the bol-
ling stage, a non-significant inverse relationship was noted 
between CtAH10T0001500.1 (-0.17: P<0.05) and 

CtAH10T0000500.1 (-0.92: P<0.05) with REL, while 
CtAH10T0001700.1 (0.49: P<0.05) had non-significant posi-
tive correlation (Table 4). A similar trend of relationship 
was observed between safflower COR genes and proline 
content as of REL at the rosette stage. CtAH10T0001700.1 
and CtAH10T0000500.1 still had positive significant corre-
lation of 0.41 and 0.32 (P< 0.05), respectively. Whereas 
CtAH10T0000500.1 (-0.41: P<0.05) negatively correlated 
with proline content in the rosette stage. Contrary to cor-
relation results between REL and COR safflower genes, the 
genes had a significant positive relationship with proline 
content (0.96: P< 0.05 for CtAH10T0001700.1 and      0.68: 
P<0.05 for CtAH10T0001500.1), excluding 
CtAH10T0000500.1 (-0.19: P<0.05) with a significant inverse 
correlation (Table 4).  

 

Discussion 

Electrolyte leakage is an important indicator of the injury 
that occurs in the cell plasma membranes after exposure 
to either biotic or abiotic stress. When a cell is stressed, 
electrolytes such as K+ ions are leaked out, resulting in loss 
of cell membrane integrity. The number of electrolytes lost 
is usually used as a measure of cell viability and death 
after stress exposure (27). In the present study, a signifi-
cant number of solutes were lost at bolling stage relative 
to the rosette stage at all the chilling conditions. However, 
lower temperature of 0 °C resulted in higher solutes leak-
age with severe damage at 12 h (65.7% REL). High electro-
lyte leakage values at bolling stage suggested high solutes 
leakage and susceptibility of the stage to cold stress. In 
support of the current results, (28) other research also re-
ported a cold susceptible African marigold (Tagetes erecta) 
genotype to have leaked 86.08 % of solutes after 3 months 
of cultivation in winter season while the cold tolerant gen-
otype leaked 62.45 %. Longevity in cold stress was also 

Fig. 5. Relative expression level of CtAH10T0001700.1 safflower (Carthamus 
tinctorious L.) gene under cold treatment. The relative expression level results 
were presented as (a) influenced by safflower growth stages, and            (b) 
temperature at 0 and 4 °C. Multiple mean comparisons were performed using 
Fisher’s Least Significant Difference (LSD) at P ≤ 0.05. Means with the same 
letters were not significantly different. 

Fig. 6. Relative expression level of CtAH10T0001500.1 safflower (Carthamus 
tinctorious L.)  gene under cold treatment of 0 and 4 °C for the duration of 8 
and 12 hrs. Multiple mean comparisons were performed using Fisher’s Least 
Significant Difference (LSD) at P ≤ 0.05. Means with the same letters were not 
significantly different.  

CtAH10T0001700.1 CtAH10T0001500.1 CtAH10T0000500.1     

Relative electrolyte leakage (REL) 
Rosette 0.48*** -0.47***  0.43*** 

Bolling 0.49ns -0.17ns -0.92ns 

Proline 
Rosette 0.41*** -0.41***  0.32** 

Bolling 0.96*  0.68*** -0.19*** 

Table 4. Pearson correlation analysis of cold responsive safflower (Carthamus tinctorious L.)  genes with relative electrolyte leakage and proline content.  

Correlation values are significant at P< 0.05; *0.05, **0.01 and ***0.001.  

Fig. 7. Relative expression level of CtAH10T0000500.1 safflower (Carthamus 
tinctorious L.)  gene under cold treatment. The relative expression level re-
sults were presented as (a) influenced by interaction of safflower growth 
stages and temperature at 0 and 4 °C, and (b) interaction of growth stage and 
duration of cold exposure at 8 and hours. Multiple mean comparisons were 
performed using Fisher’s Least Significant Difference (LSD) at P ≤ 0.05. Means 
with the same letters were not significantly different.  
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found to play a significant role in loss of electrolytes. At the 
bolling stage, plants chilled for 12 h at 4 °C and 0 °C had 
higher REL as compared to plants exposed to the same 
temperature but for shorter duration of 8 h. These findings 
are consistent with the results reported by other research 
(20, 29). 

 Proline is regarded as one of the most important 
biomarkers and signalling molecule associated with stress 
tolerance under stress conditions. Many plants species 
accumulate high concentrations of proline as a defense 
mechanism against any stress. Similarly in cold stress, 
more proline is accumulated to avoid dehydration induced 
by chilling temperatures, as a result maintaining the os-
motic potential equilibrium and stabilizing proteins and 
membrane structures in plants (30). The results of the cur-
rent study demonstrated a higher accumulation of proline 
in plants at the rosette stage which was at its peak at 0 °C 
and 12 h chilling exposure. Although after cold stress expo-
sure, there was an increase in proline level at the bolling 
stage, the build-up of proline levels was relatively low. 
Some researchers investigated chickpea genotypes which 
produced significantly low levels of proline with being cold 
sensitive (31). Their argument was that cold sensitive 
plants respond slowly when it comes to proline accumula-
tion, hence yielding relatively low levels of proline which is 
inadequate to provide a strong defense mechanism. Con-
sequently, leading to osmotic pressure imbalance in the 
plant cells and ultimately occurrence of chilling injury in 
plants as evidenced at the bolling stage of safflower. 

 The findings of this study indicate that safflower's 
physiological adaptability to low temperatures relies on its 
ability to accumulate proline and maintain low electrolyte 
leakage. These factors are essential for its climate resili-
ence, as they preserve cellular integrity and photosynthet-
ic function under cold stress (27, 30). In arid and semi-arid 
climates, such as those prevalent in Southern Africa, 
safflower adaptability may be particularly challenging dur-
ing the bolling stage, where low night temperatures can 
occasionally reach near or below zero (32). Insufficient 
proline accumulation and high electrolyte leakage can 
compromise cellular stability, leading to reduced photo-
synthetic efficiency, weakened plant health, and ultimate-
ly, reduced yield (27, 30). Cold stress at this critical bolling 
stage can negatively impact pollination, seed develop-
ment,and seed quality, resulting in fewer, smaller and less 
viable seeds that lower both the economic value and re-
generation potential of the crop (11). Similarly, in regions 
with a Mediterranean climate, like parts of the Middle East, 
where cool, wet winters with mean monthly temperatures 

between −3 °C and 18 °C are common (33), prolonged ex-

posure to low temperatures can further impair safflower 
growth and productivity. 

 Safflower's capacity to accumulate proline and 
maintain low electrolyte leakage under various stresses 
enhances its survival in challenging climates, making it a 
promising crop for regions prone to climatic extremes. 
This adaptability is valuable for sustainable agriculture as 
it reduces dependency on intensive water and soil man-
agement and improves crop stability in unpredictable en-

vironments. With ongoing climate change, temperatures 
are predicted to rise, increasing evapotranspiration rates 
(34). In arid and semi-arid regions like Botswana, this sug-
gests that water availability for crop production will de-
cline, and soil salinity may increase. Higher temperatures 
also imply milder winters, reducing the risk of chilling inju-
ry. However, in regions with colder climates, this effect 
may be less pronounced leading to cold susceptibility in 
plants during the bolling stage. Given safflower’s adaptive 
mechanisms, which confer resilience to various abiotic 
stresses, including cold, it holds potential as a climate-
resilient crop that can help mitigate some effects of cli-
mate change. 

 The genomic data (shown in Table 3) demonstrated 
that most of the homologs selected to identify COR 
safflower genes came from Cynara cardunculus var. scoly-
mus, commonly known as Artichoke/globe artichoke. Arti-
choke is a flowering perennial plant that belongs to the 
family Asteraceae (35), the same family as of safflower (4). 
Some research reported that during evolution, plants of 
the same family form genes with similar functions or struc-
tures through the process called whole genome duplica-
tion (36). This information suggested that the two plants 
could have evolved from a common ancestor hence high 
structural similarity, sequence homology and similar re-
sponse to cold stress.   

 To associate safflower genes with cold responsive-
ness, the biological processes, functions, conserved do-
mains and structure of Cynara cardunculus var. scolymus 
obtained from nucleotides blasting were studied. Genome 
annotation data, RPS-BLAST and CDD analyses revealed 
that E3 ubiquitin protein ligases CIP8-like and RING finger 
transmembrane domain-containing protein 2-like are 

RING finger proteins of RING/U-box superfamily (37−39). 

Under cold stress, the RING fingers act as E3 ubiquitin pro-
tein ligases and interact with E2 ubiquitin conjugating en-
zymes, thereby promoting ubiquitination of specific target 
transcription factors (37). 

 In rice, the ubiquitination activity and expression 
pattern of the RING-H2 finger protein COLDINDUCIBLE 
(OsCOIN) was positively induced by low temperature (40). 
Relating to the current study, CtAH10T0001700.1 with a 
similar structure as E3 ubiquitin ligase (RING-H2) was high-
ly expressed at bolling than rosette stages of safflower. 
However, following the outcome of the current study (32), 
safflower plants in the rosette stage were cold tolerant 
while those in the bolling stage were susceptible, contra-
dicting to the expression pattern of RING-H2 finger protein. 
Overexpression of CtAH10T0001700.1 in the bolling stage 
could be attributed to its CIP8-like character. CIP8 RING 
finger proteins are known to be repressor of light-
responsive genes critical at plants flowering stage (41). 
These RING finger proteins also possess the ubiquitin lig-
ase activity and directly interact with bZIP transcription 
factor hypocotyl 5 (HY5), a positive regulator of photomor-
phogenesis, for degradation in darkness to reduce or in-
hibit flowering. Under cold stress and darkness, the dual 
role of E3 ligase gene prompts its production in large 
quantities, hence overexpression of CtAH10T0001700.1 at 
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bolling than rosette stage (41). 

 The CtAH10T0001500.1 which was like RING finger 

transmembrane domain-containing protein 2-like (HC) 

was downregulated at the rosette stage and upregulated 

at bolling stage. Based on RING-HC finger protein High 

Expression of Osmotically Responsive Genes 1 (HOS1), 

these genes are downregulated under cold stress. In Ara-

bidopsis and rice, the RING-HC finger protein interacted 

with Inducer of CBF Expression 1 (ICE1) to mediate ICE1 

ubiquitination and degradation through the 26S pro-

teasome pathway, hence inhibiting expression of CBF tran-

scription factors which are essential for expression of Dehy-

dration responsive element (DRE) required to increase osmo-

regulation substances in order to attain cold tolerance (37, 42, 

43). The results implied that CtAH10T0001500.1 at rosette 

stage followed the expression pattern of RING-HC proteins to 

attain cold tolerance. While cold susceptibility at bolling 

stage could be attributed to overexpression of HOS1 which 

totally inhibits the expression of CBF transcription factors, 

thus resulting in unstable cell membranes prone to cold 

damage. 

 The gene expression results further showed that 

CtAH10T0000500.1 safflower gene like Cynara cardunculus 

var. scolymus Scarecrow was significantly upregulated at 

the rosette stage while down regulated at the bolling 

stage.  The gene expression level increased with decreas-

ing temperature and increasing duration of exposure and 

was at peak at cold treatment of 0 °C for 12 h. The expres-

sion pattern of CtAH10T0000500.1 followed a similar trend 

as of GRAS genes. GRAS genes are a family of plant-specific 

transcriptional factors formed by three functional proteins 

named: GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR 

of GAI (RGA), and SCARECROW (SCR) (44, 45). In most plant 

species, cold stress significantly induces upregulation of 

the GRAS genes relative to controls (46−48). Slightly differ-

ing in banana transplants, GRAS gene expression exhibited 

multidirectional regulation. Out of 7 genes studies, four 

showed positive expression while three were negatively 

regulated (45). It was thus observed that the increase in 

GRAS gene expression was positively correlated with plant 

resistance to cold stress (47, 48). 

 Furthermore, the correlation analysis demonstrat-

ed that E3 ligase genes associated with REL differently. 

CtAH10T0001700.1 was positively correlated to REL while 

the opposite was noted for CtAH10T0001500.1 in both phe-

nological stages. These two genes conferred cold toler-

ance by upregulation of CtAH10T0001700.1 and downregu-

lation of CtAH10T0001500.1. Overexpression of the genes 

in the bolling stage rendered safflower plants more sensi-

tive to cold stress, hence high solutes leakage and mem-

brane damage. High electrolyte leakage has been associat-

ed with overexpression of E3 ligase genes such as AtCHIP 

and OsHOS1 in Arabidopsis and rice (49, 50). On the other 

hand, the suppression of RING finger gene OsSRFP1 was 

reported to increase free proline content of cold stressed 

rice leaves (50). Therefore, it could be concluded that both 

CtAH10T0001700.1 and CtAH10T0001500.1 with lower ex-

pression at the rosette stage of safflower plants had higher 

proline content as evidenced by the results of the pre-

sent study (Fig. 2, 5 & 6). Meanwhile, the GRAS gene 

CtAH10T0000500.1 positively correlated with REL and pro-

line content in the rosette stage and inversely associated 

with the two biochemical variables at the bolling stage of 

safflower plants. Experiments have reported a significant 

positive correlation between electrolyte leakage and pro-

line content (51). Thus, as cold stress triggers electrolyte 

leakage, upregulation of the GRAS gene triggers proline 

synthesis and accumulation hence conferring cold toler-

ance to safflower plants at the rosette stage. While sup-

pression of the gene decreases proline synthesis and in-

creases electrolyte leakage, leading to greater susceptibil-

ity of safflower plants to cold stress at the bolling stage.  

 

Conclusion  

Out of 33 safflower pseudo-maker snap genes accessed 

from The Safflower Database Genome, 3 genes exhibited 

cold responsiveness and were involved in cold tolerance at 

the rosette stage of safflower. The gene CtAH10T0001700.1 

and CtAH10T0001500.1 exhibited similar character as the 

E3 ligase genes while CtAH10T0000500 successfully 

matched the GRAS genes and followed the genes expres-

sion pattern. Overexpression of some E3 genes like CIP8 

and HOS 1 could be associated with the cold susceptibility 

of safflower plants at the bolling stage. To enhance a bet-

ter understanding of the mechanisms behind cold toler-

ance and susceptibility of safflower, in-depth studies on 

the roles of these E3 ligase genes and GRAS genes in cold 

stress response at different growth stages, particularly 

focusing on gene expression patterns and their effects on 

plant physiology during the bolling stage could be con-

ducted. These studies could also incorporate multiple gen-

otypes to observe the genotypic response of safflower to 

cold stress.   
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