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1. Introduction
Oils are among the main essential nutrients in the human 
diet. Seeds of sunflower, cotton, soybean, peanut, poppy, 
sesame, canola, and safflower are harvested globally due to 
their rich content of minerals, carbohydrates, fats, vitamins, 
and proteins. The oilseeds of these plants are used in many 
industrial sectors (Kolsarıcı et al., 2005; Arıoğlu, 2016). 
Among oil plants, safflower (Carthamus tinctorius) attracts 
attention due to its tropical characteristics and ability 
to adapt to extreme conditions such as cold resistance 
(Bueno et al., 2020). One of the most important features 
of safflower is that it can synthesize 78% linoleic acid, 
which humans and animals cannot produce (Chavan et 
al., 2011; Eryılmaz et al., 2014). In addition, safflower is an 
important source of omega-3 and omega-6 essential fatty 
acids (Kachroo and Kachroo, 2009). Additionally, safflower 
seeds are notable for their rich content of minerals (zinc, 
copper, manganese, and iron), vitamins (thiamine B1 and 
beta-carotene), and α-, β-, and γ-tocopherol (Emongor et 
al., 2017).

A critical problem faced in safflower cultivation is 
weed control (Böger et al., 2012). The α-chloroacetamide 
group of herbicides causes inhibition of very long chain 

fatty acid synthesis (VLCFA). The largest family within 
this group includes S-metolachlor (2-chloro-N-(2-
ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)
acetamide), one of the three most widely used herbicides 
in this category, which is commonly applied to control 
annual grasses and small-seeded broadleaf weeds in crops 
such as maize, cotton, and soybeans (Rapacz et al., 2024). 
Moreover, the herbicide S-metolachlor is widely used 
for weed control in safflower cultivation. Metolachlor-
residual, a member of this herbicide family, contains S- 
and R-isomers, with the S-isomer being more effective 
than the R-isomer (Jhala et al., 2024). This herbicide has 
been found to act as a growth inhibitor by suppressing 
the synthesis of chlorophyll, protein, fatty acids, lipid, 
isoprenoids (including gibberellins), flavonoids (including 
anthocyanins), acetyl-CoA, and can selectively kill weeds. 
The selectivity of S-metolachlor is related to plant metabolic 
rates. Tolerant plants metabolize S-metolachlor rapidly to 
prevent its accumulation and persistence at phytotoxic 
levels (Karam et al., 2003). Plants that are more susceptible 
to this herbicide absorb the active substance through their 
roots and translocate it to the growing parts of the plant. 
The uptake and translocation processes appear to play a 

Abstract: Safflower (Carthamus tinctorius L.) is a widely studied plant due to its resistance to abiotic stress, suitability for both summer 
and winter cultivation, and richness in nutrients and linoleic acid. Thus, it has become more important compared to other oil plants 
in recent years. Weed infestation affects the growth of this cultivated plant during the greening period. S-metolachlor is a widely used 
herbicide that prevents the growth of weeds. In this study, three different doses of S-metolachlor (1, 2, and 4 g of active substance 
per liter) were applied to two safflower genotypes (Dinçer and Remzibey-05), and their effects on oleic and linoleic acid contents 
were assessed. A decrease in oleic acid content was observed in the Remzibey-05 genotype at all herbicide doses. In contrast, only 
the 1 g active substance/L caused a decrease in the Dinçer genotype. Linoleic acid content increased in both genotypes. In the early 
growing period of safflower genotypes, the expression levels of certain fatty acid desaturase genes (CtFAD2-1, CtFAD3, CtFAD6, and 
CtFAD7) were measured to investigate fatty acid proportions and conversions. The expression of CtFAD2-1 and CtFAD6 genes, which 
are responsible for converting oleic acid to linoleic acid, was generally reduced compared to the control. A decrease was observed in the 
expression of CtFAD3 and CtFAD7 genes, which are responsible for converting linoleic acid to linolenic acid.

Key words: Safflower, S-metolachlor, oleic acid, linoleic acid, fatty acid desaturase genes

Received: 09.12.2024              Accepted/Published Online: 11.03.2025              Final Version: 23.07.2025

Research Article

This work is licensed under a Creative Commons Attribution 4.0 International License.

https://orcid.org/0000-0002-4947-6320
https://orcid.org/0000-0002-8445-5082
https://orcid.org/0000-0001-6399-2703
mailto:taspinar@atauni.edu.tr


NARDEMİR et al. / Turk J Bot

305

role in how sensitive a plant is to S-metolachlor (Karam et 
al., 2003). Following the application of S-metolachlor, the 
absorption of amino acids (leucine or lysine) and sugars in 
the plant is affected; oleic acid accumulation increases, and 
the amounts of linoleic and linolenic acid lipids decrease. 
In addition to its biochemical effects, the application 
of S-metolachlor increases the expression of metabolic 
resistance genes (e.g., glutathione S-transferases) in 
cultivated plants and makes them resistant to the herbicide 
(Böger et al., 2012). S-metolachlor has also been reported 
to cause significant reductions in shoot and root biomass, 
and the potential for plants to recover from herbicide 
injury is unknown (Angeles, 2020). S-metolachlor can be 
applied to sorghum and safflower as a preemergence and 
postemergence herbicide, but its efficacy is not sufficient to 
cover the next growing season (Jhala et al., 2024). However, 
this relatively water-soluble herbicide is absorbed by soil 
particles and, due to its long persistence in soil and water, 
can enter surface and groundwater, creating a potential for 
environmental pollution (Silva et al., 2022).

In plants, fatty acids serve not only as energy stores but 
also play roles in plant metabolism, membrane structure, 
and stress response mechanisms. Membrane-dependent 
fatty acid desaturation (FAD) largely acts as a catalyst to 
control oil biosynthesis (Grau et al., 1999). While the FAD 
gene products facilitate the formation of double bonds in 
the hydrocarbon chains of fatty acids, the FAD2 and FAD3 
gene products are known for their enzymatic activities in 
fatty acid desaturation in the endoplasmic reticulum (ER) 
(Shanklin and Cahoon, 1998; Los and Murata, 1998; Dar 
et al., 2017). 

In this study, the effects of S-metolachlor application 
during the early plant growth period were investigated 
with respect to fatty acid contents (linoleic and oleic acids). 
The study also focused on examining the expression levels 
of genes (CtFAD2-1, CtFAD3, CtFAD6, and CtFAD7) 
responsible for encoding fatty acid desaturation enzymes.

2. Materials and methods
2.1. Plant material
The Dinçer and Remzibey-05 safflower cultivars used 
as plant material in this study were obtained from the 
Department of Crops, Faculty of Agriculture, Atatürk 
University.

2.2. Application of S-metolachlor
Surface sterilization of safflower seeds was performed 
using 70% ethyl alcohol and 0.1% mercuric chloride 
(HgCl2) (Sujatha and Kumar, 2007). Surface-sterilized 
seeds were placed in Magenta GA-7 vessel boxes (10 seeds 
per box) (Sigma-Aldrich, St. Louis, MO, USA) containing 
three different doses of S-metolachlor (Sigma-36163, 
Sigma-Aldrich, St. Louis, MO, USA) (1, 2, and 4 g of active 
ingredient per liter) (Table 1) (Grisolia and Ferrari, 1997), 
and were cultured on nutrient medium [1.2 MS salts 
(Murashige and Skoog, 1962) and 1% (w/v) phytagel] at 
22 ± 1 °C under a photoperiod for 6 days. The study was 
conducted in three replicates, with each box of Magenta 
GA-7 as a replicate, according to a completely randomized 
trial design. At the end of the period, the cotyledons of the 
plants were harvested and stored at –80 °C.
2.3. Analysis of fatty acid methyl esters (FAMEs) 
Forty milligrams of plant samples were individually 
ground in liquid nitrogen and transferred to glass tubes 
with sterile caps. One milliliter solution I (270 g NaOH, 40 
mL methanol, and 450 mL distilled water) was added to 
the samples. The samples were incubated in a water bath at 
100 °C for 5 min. The mixture was then vortexed for 5–10 
s and incubated for an additional 25 min. After incubation, 
2 mL of solution II (477 mL distilled water, 498 mL HCl 
[37%], and 450 mL HPLC-grade methanol) was added and 
vortexed for 5–10 s. The samples were incubated in a water 
bath at 80 °C for 10 min. After this step, the samples were 
kept on ice for 2 min. Subsequently, 1.25 mL of solution III 
(400 mL hexane and 400 mL methyl tert-butyl ether) was 
added, and the samples were vortexed for 10 min. After 
vortexing, the samples were kept at room temperature for 
10 min, and the upper phase was transferred to new sterile 
glass tubes. Three milliliters of solution IV (10.8 g NaOH 
and 900 mL distilled water) were added, and the mixture 
was vortexed for 5 min. The samples were then incubated 
at room temperature for 10 min and analyzed using gas 
chromatography-mass spectrometry (GC-MS) (QP2010 
ULTRA, Shimadzu, Kyoto, Japan).
2.4. RNA isolation, cDNA analysis, and qPCR analysis
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was 
used for RNA isolation according to the manufacturer’s 
recommended protocol. RNA concentrations were 

Table 1. S-metolachlor doses applied to safflower genotypes.

S-metolachlor (g. active substance /L) Amount (L–1)

1.0 1040

2.0 2018

4.0 4160
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measured at the A260/280 absorbance ratio using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific 
Multiskan GO, Waltham, MA, USA). For complementary 
DNA (cDNA) synthesis, 0.5 μg of RNA was used for 
each sample. cDNA synthesis was performed using the 
RevertAid first strand cDNA synthesis kit (Thermo 
Scientific, Waltham, MA, USA) according to the 
manufacturer’s protocol. The SYBR Green/Hi-ROX qPCR 
kit (Thermo Fisher Scientific, Waltham, MA, USA) was 
used for quantitative PCR (qPCR) analysis (Agar et al., 
2019). The forward and reverse primer sequences of target 
genes and reference genes are given in Table 2.
2.5. Parental data analysis and statistical analysis
Apart from oleic and linoleic acid data, other measurements 
were analyzed using the SAS 9.3 statistical software (SAS 
Institute Inc., Cary, NC, USA), and differences between 

means were determined at the 5% significance level using 
Duncan’s multiple comparison test. For gene expression 
analysis, the cycle threshold (Ct) values ​​of the samples were 
determined. Gene expression levels were calculated using 
the 2–ΔΔCt method, as described by Livak and Schmittgen 
(2001).

3. Results
3.1 Composition of FAMEs 
The oleic acid content in the Remzibey-05 genotype 
(24.51%) was higher than that in the Dinçer genotype 
(10.23%), and the difference between the two genotypes 
was significant (p < 0.01). Since the oleic acid content 
of the genotypes differed, the genotype × application 
interaction was significant (Table 3). When the effect 
of S-metolachlor doses on the oleic acid content of the 

Table 2. Primer sequences and annealing temperatures of the target and reference genes.

Genes Sequences
Forward 5′ 3′ / Reverse 3′ 5′

Bonding temperatures 
of primers References

CtFAD2-1 GAGCAACGGAGAGAAGTAACC
GAGGGATGATAGAAAGAGGTCC

54 °C
56 °C Guan et al. (2014)

CtFAD3 AAACACTTCATGGGTTTGGC
TCTGAGCAACTTGGTGGGAG

56 °C
54 °C Guan et al. (2014)

CtFAD6 CCGAATGAAATTGGAAGAGT
TGAAAGGTATGTGAGGTGCT

53 °C
54 °C Guan et al. (2014)

CtFAD7 CTCACTTTCACCCGAATAGC
AGGATAAACCCACAAGCAGA

56 °C
55 °C Guan et al. (2014)

Ubiqutin GATGGAAGGACTTTGGCTGAC
GAACACCACCACCGATACCC

45 °C
45 °C Liu et al. (2016)

Ct60S CATCCATTATCCAACAATC
AAGAGTAATCAGTCTCCA

45 °C
46 °C Liu et al. (2016)

Table 3. Oleic acid contents of safflower genotypes under different S-metolachlor dosages (%)1,2. 

S-metolachlor
(g. active substances/L)

Oleic acid content (%)

Dinçer Remzibey-05 Mean

Control 10.94b 35.56a 23.25a

1.0 17.86a 17.86d 17.86b

2.0 5.77c 20.64c 13.21d

4.0 6.36c 23.97b 15.17c

Mean 10.23B 24.51A

F-value (Genotype) (G) - - 2029.48**

F-value (Treatment) (U) 247.68** 219.43** 189.14**

F-value (GxU) - - 267.44**

Coefficient of variation (%) 6.01 3.71 4.46
1: Means followed by the same letter in the same row or column are not significantly different. F-values marked with ** are significant at the 0.01 
probability level. 2: Retention time: 27.50 min.
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Table 4. Linoleic acid contents of safflower genotypes under different S-metolachlor dosages (%)1,2.

S-metolachlor
(g. active substance /L)

Linoleic acid contents (%)

Dinçer Remzibey-05 Mean

Control 66.56c 45.61c 56.08d

1.0 74.06a 74.06a 74.06a

2.0 69.51b 62.70b 66.10c

4.0 73.76a 62.56b 68.16b

Mean 70.97A 61.23B

F-value (Genotype) (G) - - 473.31**

F-value (Treatment) (U) 37.79** 300.14** 279.27**

F-value (GxU) - - 96.13**

Coefficient of variation (%) 1.43 1.91 1.66
1: Means followed by the same letter in the same row or column are not significantly different. F-values marked with ** are significant at the 0.01 
probability level. 2: Retention time: 29.30 min.

Figure 1. Oleic acid content of genotypes under different 
S-metolachlor doses (g/active substance)*.

*The differences between the means were determined by the 
Duncan multiple comparison test at a 5% significance level.

genotypes was examined, a decrease was observed in 
the Remzibey-05 genotype at all S-metolachlor doses 
compared to the control. In the Dinçer genotype, oleic 
acid content increased at the 1 g active substance/L dose of 
S-metolachlor compared to the control, and decreased at 
the other doses (Table 3; Figure 1).

The effect of genotype and S-metolachlor on linoleic 
acid content was significant (p < 0.01) (Table 4). The 
linoleic acid content of the Dinçer genotype (70.97%) was 
higher than that of the Remzibey-05 genotype (61.23%), 
and the difference between them was significant (p < 
0.01). The linoleic acid content of the genotypes differed 

according to the applications, and the genotype × 
application interaction was significant (Table 3). While 
examining the effect of S-metolachlor doses on linoleic 
acid in the genotypes, it was evident from the data that 
linoleic acid increased with all doses in both genotypes 
(Table 3; Figure 2).
3.2. mRNA expression analysis
The expression levels of CtFAD2-1, CtFAD3, CtFAD6, and 
CtFAD7 genes in the Remzibey-05 and Dinçer genotypes 
were evaluated following exposure to S-metolachlor.

The expression levels of the CtFAD2-1 gene in 
safflower genotypes under different treatments are 
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Figure 2. Linoleic acid content of genotypes under different 
S-metolachlor doses (g/active substance)*.

*The differences between the means were determined by the 
Duncan multiple comparison test at a 5% significance level.

presented in Figure 3. In the Dinçer genotype, 1 and 4 
g active substance/L doses of S-metolachlor decreased 
the expression of the CtFAD2-1 gene. At a dose of 2 
g active substance/L of S-metolachlor, the expression 
of the CtFAD2-1 gene increased to a level close to the 
control. In the Remzibey-05 genotype, CtFAD2-1 gene 
expression decreased at 1 and 2 g active substance/L 
doses of S-metolachlor, and increased at the 4 g active 
substance/L dose. CtFAD3 gene expression decreased at 
all S-metolachlor doses applied to the Dinçer genotype. 
The expression of the CtFAD3 gene in the Remzibey-05 
genotype decreased at 1 and 4 g active substance/L 
doses of S-metolachlor. The expression of the same gene 

increased at the 2 g active substance/L dose (Figure 4). 
The effect of 1, 2, and 4 g active substance/L doses of 
S-metolachlor on the expression level of the CtFAD6 gene 
is shown in Figure 5. CtFAD6 gene expression decreased 
in both genotypes. The decrease in the expression of the 
gene was dose-dependent only in the Dinçer genotype. 
Therefore, the greatest decrease in gene expression in the 
Dinçer genotype occurred at the 4 g active substance/L 
dose of S-metolachlor. When genotypes were evaluated 
for CtFAD7 gene expression levels, it was observed that 
expression decreased in both genotypes regardless of the 
S-metolachlor dose (Figure 6).

 1 
Figure 3. mRNA expression levels of safflower genotypes for 
CtFAD2-1 (2–ΔΔCt)*.

*Gene expression levels were calculated using the 2–ΔΔCt method, 
as described by Livak and Schmittgen (2001). as: active substance.
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Figure 4. mRNA expression levels of safflower genotypes for 
CtFAD3 (2–ΔΔCt)*.

*Gene expression levels were calculated using the 2-ΔΔCt method, 
as described by Livak and Schmittgen (2001). as: active substance.

Figure 5. mRNA expression levels of safflower genotypes for 
CtFAD6 (2–ΔΔCt)*.

*Gene expression levels were calculated using the 2–ΔΔCt method, 
as described by Livak and Schmittgen (2001). as: active substance.

 1 

4. Discussion
Lipids are essential for maintaining vital metabolic activities 
(Kolsarıcı et al., 2005). The high linoleic acid content (78%) 
has led to increased interest in the safflower plant (Chavan 
et al., 2011; Eryılmaz et al., 2014). S-metolachlor, which is 
widely used in safflower cultivation, binds to nucleophiles 
such as glutathione and cysteine ​​in vitro (Leavitt and 
Penner, 1979). S-metolachlor inhibits the initiation of 
acetyl-CoA and lipid biosynthesis. In our study, the oleic 
acid content of the Remzibey-05 genotype decreased 

at all S-metolachlor doses compared to the control. In 
the Dinçer genotype, oleic acid increased only at the 1 g 
active substance/L dose of S-metolachlor and decreased 
at the other doses. The linoleic acid content of both 
genotypes increased at all S-metolachlor doses. Similar 
to our linoleic acid results, increased linoleic acid content 
has been observed in maize exposed to S-metolachlor 
(Canakci-Gulengul et al., 2019). Contrary to our results, 
although the administration of S-metolachlor affects the 
uptake of amino acids (leucine or lysine) and sugars, it has 

 1 
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been reported to cause the accumulation of oleic acid and 
the reduction of various linoleic and linolenic fatty acids 
(Böger et al., 2012). Furthermore, S-metolachlor treatment 
was found to increase saturated fatty acids and decrease 
unsaturated fatty acids (Gutiérrez et al., 2019). Canakci-
Gulengul et al., (2019) considered that the decrease in 
different fatty acids was associated with reduced oxidative 
stress resistance in maize seedlings treated with atrazine. 

Microsomal (FAD2) and plastid ω-6 (FAD6) are the 
two enzymes responsible for the conversion of oleic acid 
to linoleic acid through the eukaryotic and prokaryotic 
pathways, respectively (Jin et al., 2001; Herńndez et al., 
2009). In our findings, S-metolachlor doses (1, 2, and 4 
g active substance/L) decreased the amount of oleic acid 
in both genotypes compared to the control. It was found 
that the amount of linoleic acid increased. In our FAD2-
1 and FAD6 gene expression results, FAD2-1 expression 
decreased at all doses compared to the control, except at 2 
g active substance/L in the Dinçer genotype and 4 g active 
substance/L in the Remzibey-05 genotype. On the other 
hand, FAD6 gene expression decreased in both genotypes. 
Although no correlation was found between these gene 
expression results and the levels of oleic and linoleic acids, 
it can be assumed that the FAD2-2 gene plays a more active 
role than FAD2-1 in converting oleic acid to linoleic acid.

Contrary to our findings, FAD2 gene expression 
was reported to increase in avocado fruits and cotton 
cobs under cold stress (Wang et al., 2004; Kargiotidou 
et al., 2008; Teixeira et al., 2009). On the other hand, no 
significant change in FAD2 and FAD6 gene expression 

was reported at low temperatures in Arabidopsis and 
soybean (Okuley et al., 1994; Heppard et al., 1996). It 
has been reported that the expression of ALA10 (a P4-
type ATPase) in Arabidopsis leaves decreases FAD2 gene 
expression and affects lipid sequestration (Botella et al., 
2016). Furthermore, in the same study, changes in ALA10 
expression were found to affect fatty acyl desaturation of 
phosphatidylcholine by disrupting the balance between 
FAD2 and FAD3. Changes in this protein may be one of 
the main reasons for our findings regarding fatty acids.

Environmental stresses affect the physiological 
activities of living organisms. It has been reported that 
the FAD3 and FAD7 genes examined in this study encode 
omega-3 desaturase, and that these two genes originated 
from a common ancestor (Iba et al., 1993). Additionally, 
the active role of these genes in fatty acid metabolism 
is to convert linoleic acid to linolenic acid (Iba et al., 
1993). The lack of linolenic acid formation observed in 
our oil analysis results can be explained by decreased 
FAD7 gene expression in both genotypes at all doses; and 
decreased FAD3 expression in the Dinçer genotype at all 
S-metolachlor doses and in the Remzibey-05 genotype at 
1 and 4 g active substance/L S-metolachlor doses. It has 
been reported that FAD3a and FAD3b, which belong to 
the FAD3 gene family, are duplicate genes. In addition, 
it has been reported that FAD3a adds extra amino acids 
at the N-terminus of FAD3 (You et al., 2014). This may 
explain the upregulation at 2 g active substance/L in the 
Remzibey-05 genotype. It has also been stated that the 
FAD3 gene is not only associated with abiotic stress but 
also positively affects linolenic acid levels during growth 

Figure 6. mRNA expression levels of safflower genotypes for 
CtFAD7 (2–ΔΔCt)*.

*Gene expression levels were calculated using the 2–ΔΔCt method, 
as described by Livak and Schmittgen (2001). as: active substance.

 1 
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and development (Arondel et al., 1992). Compared to 
the control group, reduced development under stress 
conditions supports this conclusion.

On the other hand, under stress conditions, the 
production of reactive oxygen species (ROS) occurs in plants 
(Akram et al., 2017). Polyunsaturated fatty acids (PUFAs) 
are common lipid components and are easily oxidized by 
unstable ROS (Alché, 2019). This situation may explain 
the formation of fatty acids in our research independent of 
gene expression. Rapid metabolism of herbicidally active 
S-metolachlor into polar compounds (including putative 
glutathione, dipeptide, and cysteine conjugates) has been 
reported (Jhala et al., 2024). Hwang et al. (2023) stated that 
the evolution of S-metolachlor resistance observed in the 
S-metolachlor-resistant A. palmeri biotype can probably 
be attributed to the enhanced activity of glutathione 
S-transferases. Besides the contribution of GSTs to the 
metabolism of S-metolachlor in Palmer amaranth, recent 
studies suggest that cytochrome P450 enzyme (CYPs) 
activity also contributes to S-metolachlor resistance in this 
plant (Concepcion et al., 2023).

5. Conclusions and recommendations
In our study, all applications of S-metolachlor were 
found to decrease the amount of oleic acid and increase 
the amount of linoleic acid in both safflower genotypes. 
In addition to fatty acid analysis, it has been reported 
that the expression of genes involved in lipid metabolism 
varies depending on genotype and herbicide application. 
It may be recommended to investigate new methods that 
positively affect S-metolachlor-induced fatty acid changes 
in safflower genotypes and clarify the mechanisms 
responsible for differences in gene expression. In addition, 
during the evaluation of the parameters in our study, it was 
visually observed that root development in S-metolachlor-
treated plants was negatively affected. It can be suggested 

that further studies may provide new insights into the 
negative effects of S-metolachlor on root development in 
safflower.
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