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Chemometric Modeling Revealed Oleic and Linoleic Acids as
Varietal Biomarkers for Six Sesame Varieties—In Vitro and UHPLC
Analyses
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ABSTRACT: Pakistan once considered self-sufficient for edible oil
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production now became the major importer with 88.6% imports (4] UPLCQTOF
and producing only the minor portion. Scientific negligence in oil Seedsamples/ é B OilExtractiy

seed crops led to a dramatic decrease in edible oil production (. ) i )

depending mainly on only the imports. Sesamum indicum L., “Queen ™ ’z § g ¢

of Oil seeds” with 50—55% oil, is cultivated in various geographical R fg‘ g = .
regions of Pakistan, but farmers are not considering this crop < § "' Profling
because of insufficient knowledge, poor crop management practices, M £l ohemial

and low yielding varieties. This study was conducted to check the Leaf;mpm\,i\ﬁﬂi“h—emi“ﬂ

nutritional, biochemical, antioxidant, and yield potentials of six Analysis

major varieties, i.e., TS-5, TH-6, Til-18, NIAB-Mil, NIAB-Pear], and -
NS-16, and to compare the nutritionals, oil quality, and oil yield T

potential of these varieties. Field experiment was conducted, and

various crop growth biomarkers were analyzed. Chlorophyll content and superoxide dismutase activity were found to be highest in
NIAB-Mil followed by NIAB-Pearl and comparable to those of Til-18, while APX, Cat, and GPX activity was found to be highest in
Til-18 with 25.6 and 5.9 and 6.02 mg/g, respectively. Seed antioxidant parameters showed a mixed response, but NIAB-Mil, NIAB
pearl, and Til-18 were found to be highest in all antioxidant parameters. UHPLC analysis of seed oil resulted in a total of 14
triacylglycerols (TAGs), and principal component analysis and OPLS-Da analysis showed seven TAG biomarkers responsible for the
separation of sesame varieties. Til-18 was found to be highest in oil content (53.3%) more abundant with oleic acid, while NIAB-
Pearl, NIAB-Mil, and NS-16 were found to be abundant with linoleic acid, both considered as potential TAG biomarkers for sesame
oil separation. This study concluded that, in general, Til-18 variety is more resistant with high nutritional status, high antioxidant

Chemometrics

activity, and oil yielding variety, followed by NIAB-Mil and NIAB-Pearl.

1. INTRODUCTION

The earliest oilseed crop to be cultivated, sesame (Sesamum
indicum), is prized for its edible seeds and oil that are
consumed as food items and have a number of health
advantages (Figure 1A—G). From ancient Anatolia to the
Bronze Age’s Indus Valley Civilization in South Asia, it has
been used, and more recently, it has been domesticated in the
Indian subcontinent.'

Sesame is grown on 14 million hectares of land worldwide,
yielding an average of 487 kg/hectare and an annual
production of 6.8 million tons (FAOSTAT, 2020). According
to FAOSTAT (2020), the gross production value of sesame
seeds in 2018 was 3.8 billion US dollars (consistent at prices
from 2014 to 2016). Top sesame producers in 2020 included
Sudan, Myanmar, Tanzania, India, Nigeria, and China. The
sesame seed oil market is projected to expand at a compound
annual growth rate of 1.7% on a global scale between 2021 and

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

37213

2026.” Due to higher oil content, it is a potential oil seed crop
to meet the rising demand of vegetable oil consumption.

Medicinal and nutraceutical properties of sesame seeds and
oil due to the presence of polyunsaturated fatty acids make it a
high-quality edible oil. This fatty acid constitution of sesame
contributes to many important biochemical pathways and is
associated with hypolipidemic, cardioprotective, and anti-
atherogenic effects.

As a result, fatty acids made from sesame oil may serve as
functional foods and nutraceuticals, providing dietary and
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Figure 1. (A) Seeds’ six varieties collected from the Ayub Agriculture Research Station and National Agriculture Research Centre (NARC),
Pakistan. (B) Land preparation and crop sowing. (C) Crop after 40 days of germination. (D,E) Crop at the flowering stage. (F,G) Crop harvesting

and threshing.
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Figure 2. Minimum and maximum temperature and average precipitation during the period of crop growth.

physiological advantages together with pleasing flavor and
scent. Sesame oil comprises natural antioxidants such as
sesamolin, sesamin, and tocopherol homologues in addition to
PUFA.”™> Antioxidants scavenge free radicals produced during
metabolic processes, protecting cells from a variety of ailments.
The food processing industries use a variety of synthetic
antioxidants, such as butylated hydroxyl-anisole (BHA) and
butylated hydroxyl-toluene (BHT), extensively to minimize
food degradation because they can stabilize free radicals. There
are studies on the use of olive and sesame oils as natural
antioxidants. >

Pakistan once considered self-sufficient in edible oil
production in the 1970s and 1980s is now becoming the
third largest importer after China and India by importing 87%
of the edible oil requirements, with only 13% of local
production. Edible oil is also the third major import after
petrochemicals and machinery, costing 3.068 billion USD in

2020. It is projected that 5% increase in edible oil consumption
and average 5% price hike in global markets every year will
increase the import bill to Rs. 757 billion in 2025, resulting in
high pressure on the dangling Pakistan economy.”

Current situation has been emphasized to enhance local
cultivation of oil seed crops. Rapeseed, mustard, and sunflower
are the major oil crops for local use, while sesame has the
potential of being locally used as well as great export potential,
making it more resistant to market fluctuations. Sesame is
being cultivated in both rainfed and irrigated areas in all major
districts in Pakistan. However, at the same time, there are some
major constraints like less availability of the quality seeds, lack
of machinery, vulnerability to disease attack, marginal land
cultivation, and poor crop management, which lead to the
lower yield of sesame. Out of all these, availability of quality
seeds depending upon the area of cultivation (rainfed or
irrigated) is the major concern of farmers as either the seeds
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are of low quality or they are very expensive, forcing farmers to
not use the approved varieties. Ultimately, crop production
and net income depend upon the quality of seeds, which often
results in low yield. Pakistan being one of the largest sesame
growers and exporters, several varieties are being cultivated in
various areas depending upon the geographical region and
climatic conditions.® With high demand market and adaptation
to environmental stresses, sesame production has increased
year to year. At the same time, there is a dire need to have a
good knowledge about the nutritional profile, yield potential,
and stress resistance of the different germplasms to get higher
production and profit.” Metabolomics deals with the assess-
ment of large data sets, which is difficult to interpret, without
employing multivariate and chemometric analyses, which by
using mathematical and statistic techniques determines the
properties of the extracts, mostly giving the variations among
the different samples.'” This study was employed to enumerate
biochemical, physiological, and metabolic profiles coupled with
chemometrics to check the metabolic variations among six
major sesame varieties cultivated in Pakistan, to get more
insights into their potential to be selected by farmers. To the
best of our knowledge, this is the first detailed study about the
morpho-physiological, biochemical, physiological, antioxidant,
and oil metabolic profiles of major sesame varieties grown in
Pakistan.

2. MATERIALS AND METHODS

2.1. Experimental Site. Field experiment was performed
at the Pakistan Agricultural Research Centre (PARC), Dera
Ismail Khan. Soil was ploughed three times followed by
rotavator machine one time, making soil more suitable for the
crop. A well-drained field was selected with appropriate soil
conditions for the crop. Meteorological data during the
experiment is given in Figure 2.

2.2. Seed Collection and Crop Husbandry. Six
commonly cultivated sesame varieties among farmers, ie,
TS-5, TH-6, Til-18, NIAB-Pearl, NIAB Milenium, and NS-16,
in different regions of Pakistan were obtained from the Ayub
Agriculture Research Institute and Oil Seed Program, National
Agriculture Research Council (NARC), Pakistan. Seeds were
surface sterilized with 05% sodium hypochlorite to remove any
sort of life on the seeds. A sandy loam soil with a pH of 7.3 was
chosen for the crop in a well-drained field. Line-to-line distance
was maintained at 55 c¢m, with a plant-to-plant distance of 15
cm and a block-to-block distance of 3 ft as sowing was done in
triplicate in a randomized manner. To achieve a more precise
and controlled sowing, the crop was sowed using a hand drill.
All of the varieties were sown at the proper time; there was a
maximum of 15 days variation between the early and late
sowing times for each variety. Irrigation and fertilizer practices
were done as recommended for the crop, and data was
collected at maturity. NPK fertilizer (15:15:15) was added at
the planting stage and was mixed thoroughly to make the soil
homogeneous for all the experimental units. Fresh leaf samples
were collected in sterilized plastic bags for physiological and
antioxidant analyses, and the crop was harvested and threshed
at the end of the life cycle. Harvesting and threshing were done
with hands to reduce seed loss and ensure accurate
measurements. Seeds were stored at appropriate temperature
until oil extraction and further analysis (Figure 1).

2.3. Morpho-Agronomic Traits. Data on morphological
and agronomic parameters were recorded, including the plant
height, the number of capsules per plant, the number of seeds

per capsule, and the weight of 1000 seeds. Three batches of
1000 seeds each were counted using a seed counter and
weighed on an electrical balance, and the mean weight was
determined in order to obtain the weight of 1000 seeds.
Batches of bulk seeds were taken.

2.4. Chlorophyll Content. The procedure described by''
was applied in order to measure chlorophyll g, b and total
chlorophyll. A spectrophotometer was used to measure the
absorbance at 645 and 663 nm after 1 g of the freshly crushed
leaf material, 20 mL of 80% acetone, and 0.5 g of magnesium
carbonate (MgCO;) were added. The 80% acetone solution
was used as a blank. Applying the following formula, the
amount of chlorophyll a, b and total chlorophyll content in mg
g-1 was calculated.

1%
Chlorophyll a = 12.7 (A663) — 2.69 (A64S) X ——
1000
X W (1)
\%
Chlorophyll b = 22.9 (A645) — 4.68 (A663) X ——
1000
X W 2)

Total Chlorophyll = 20.2 (A645) + 8.02 (A663)

w
1000 (3)

where W is the fresh weight of the sample taken for analysis; V
the final volume of the chlorophyll extract in 80% acetone; and
A the absorbance.

2.5. Plant Extract for Enzymatic Analysis. Freshly
harvested leaf samples were crushed and homogenized in S0
mM (pH:07) phosphate buffer solution (S mL), centrifuged at
12,000 rpm at 4 °C for 20 min, and the supernatant was used
for further antioxidant enzymatic analysis.

2.6. Superoxide Dismutase (SOD), Peroxidase (POD),
and Catalase (CAT) Activities. SOD activity was assessed
following the procedure outlined in ref 12. A mixture
consisting of 3 mL, comprising 63 mM nitroblue tetrazolium
chloride, 13 mM methionine, 50 mM phosphate buffer, 1.4
mM riboflavin, and 50 mL of enzyme extract, was incubated
for 15 min. Absorbance at 560 nm was then measured. The
Chance and Maehly method was used to estimate the POD
activity."”” The mixture included an enzyme extract, 40 mM
hydrogen peroxide, SO0 mM sodium phosphate buffer (7.8 pH),
and 20 mM guaiacol. At 470 nm, the absorbance of POD was
recorded. For CAT activity determination, a reaction mixture
comprising 3 mL of (50 mM PBS, 1S mM H,0,) was
combined with 50 mL of enzyme extract. The reaction was
started upon addition of 100 uL of the extract, and the
reduction in H,0, absorbance was monitored at 240 nm."*

2.7. Ascorbate Peroxidase (APx) and Glutathione
Peroxidase (GSx) Activities and Lipid Peroxidation. APX
activity was assessed following the protocol outlined in ref 15.
Each leaf sample (1 g) was ground in an extraction solution
comprising phosphate-buffered saline (PBS) (50 mM),
ascorbate (2 mM), and EDTA (S mM), vigorously milled to
enhance extraction efficiency, and then centrifuged at 13,000
rpm for 15 min. The decrease in the absorbance of ascorbate at
290 nm served as an indicator of APX activity. One unit of
APX activity was defined as the enzyme required to catalyze
the oxidation of 1 mmol of ascorbate per minute. Glutathione
peroxidase activity in sesame leaf samples was determined
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using the method described in ref 15. Lipid peroxidation, a
crucial parameter for assessing the integrity and stability of
biological membranes, was evaluated by measuring the level of
malondialdehyde (MDA) produced via a thiobarbituric acid
assay. Approximately 1 g of the plant material was extracted
with § mL of 1% trichloroacetic acid, followed by
centrifugation at 13,000 rpm for 15 min. One mL of the
supernatant was mixed with 4 mL of 20% thiobarbituric acid
solution. The mixture was then heated at 95 °C for 30 min,
and the reaction was halted by cooling on ice for 30 min.
Absorbance was measured at 450, 532, and 600 nm, and the
MDA content was calculated using the specified formula.'®

2.8. Seed Antioxidant Analysis. Sesame seeds were
milled in a coffee mixer to get a fine powder, and 0.1 mg of the
samples was homogenized in 1 mL of methanol and vortexed
for 30 min, followed by sonication and centrifugation at 13,000
rpm. The supernatant was filtered with Whatman filter paper
to remove any sort of seed material stored at —20 °C until
further antioxidant analysis.

2.9. Trolox Equivalent Antioxidant Activity. To
quantify the trolox equivalent antioxidant (TEAC) activity, 7
mM ABTS*+ was prepared through reaction, 2.45 mM
potassium persulfate was added to ABTS stock solution in
water, and the mixture was allowed to react for 16 h under dark
conditions. After that, 100% ethanol was added to the diluted
ABTS®+ solution until the absorbance reached 0.70 + 0.02 at
734 nm. In summary, 20 uL of sesame seed extract and 500 pL
of ABTS®+ solution were combined, and the mixture was
incubated for 6 min at room temperature before the
absorbance at 734 nm was measured. To create a standard
curve, a series of concentrations of Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) were made.'”

2.10. ABTS Activity. A previously synthesized ABTS®+
radical was utilized to measure the % radical scavenging activity
of sesame seed extract samples. In the experiment, 2.9 mL of
ABTS®+ solution was combined with 100 uL of seed extract
with 100% ethanol acting as the control. Using a Spectramax
250 microplate reader,'® absorbance was measured at 734 nm
after all samples were incubated for 6 min at room temperature
in complete darkness. To compute the percent inhibitory
activity, the following formula was used.

As
ABTS percent inhibition = Ac — ~ X 100
c

where Ac is the absorbance of control and As is the absorbance
of the sample.

2.11. DPPH Activity. By adapting the procedure of ref 19,
the radical scavenging activity of the sesame seed samples was
assessed using 0.1 M of DPPH solution. In summary, 275 uL
of DPPH solution was combined with around 25 uL of each
sample’s seed extract, and the mixture was then incubated at 25
°C for 30 min in dark conditions. The absorbance at 517 nm
was measured, and the results were reported as a percentage of
radical scavenging activity.

2.12. Reducing Power Activity (RPA). About 25 uL of
0.2 M PBS solution with an adjusted pH of 6.6 was combined
with around 10 uL of a sesame seed extract from each sample.
Next, 25 uL of C4N¢FeK; was added, and the mixture was
incubated for 20 min at 25 °C. After adding 25 uL of
trichloroacetic acid to halt the reaction, 8.5 uL of iron(III)
chloride and 85 uL of distilled water were added. For the
standard curve, standard solutions with various ascorbic acid
concentrations were also prepared. Ascorbic acid equivalent

per gram (AAE/g) was the result of measuring the absorbance
of all the samples and the standard at 750 nm."®

2.13. Total Phenolic Content. The Folin-Ciocalteu
reagent method™’ was used to determine the total phenolic
content of samples of sesame seeds. 200 uL of deionized water
was added to 25 pL of sesame seed extract samples, along with
25 pL of the Folin-Ciocalteu reagent. After S min of incubation
at 25 °C, 25 uL of 10% sodium carbonate solution was added,
and the mixture was then incubated for 60 min in the dark. At
765 nm, the sample solution’s absorbance was measured. The
standard curve was created using various known concen-
trations of gallic acid, and total phenolic content (TPC) was
expressed as gallic acid equivalent (GAE/g of fresh weight).

2.14. Percent Oil Yield. To obtain sesame oil, S mL of
hexane was added to 1 g of sesame seed powder. The mixture
was then vortexed and placed on a magnetic stirrer at 38 °C for
20 min. Afterward, the solution was centrifuged at 13,000 rpm
for 15 min, and the supernatant was dried with nitrogen to
obtain the oil fraction. This resulting oil was further
centrifuged to eliminate any debris or plant material. Finally,
the weight of the oil obtained from 1 g of sesame seed powder
was measured, and the oil percentage was calculated using the
provided formula.

Weight of Oil

Oil Percentage = —————
Sample Weight

2.15. Triacylglycerol Analysis of Sesame Oil Samples.
All oil samples underwent triacylglycerol (TAG) analysis via
the liquid chromatography-mass spectrometry (LC-MS)
method. First, the samples were diluted by a factor of 1
million with n-butanol containing 0.1 pug of tripentadecanoin
(TG) as an internal standard and then transferred to LC vials.
For TAG profiling, a S uL volume of the diluted oil sample was
injected into an ultraperformance liquid chromatography
(UPLC, Waters) system and separated using a BEH C8
column with dimensions of 2.1 mm X 50 mm and a particle
size of 1.7 um. The mobile phase consisted of two
components: A, a mixture of water and acetonitrile in a ratio
of 60:40 (v/v) with 10 mmol/L ammonium formate and 0.1%
formic acid; and B, methanol with 10 mmol/L ammonium
formate and 0.1% formic acid. The separation process was
carried out at 60 °C for 10 min. The eluent was introduced
into the Xevo-G2-S QTOF for ionization and MS analysis.
Ammonium adducts of TAGs were detected in positive mode
with an energy setting of 30 V and a cone and capillary voltage
of 3 kV for electrospray ionization. The source and desolvation
temperatures were set at 120 and 350 °C, respectively.
Nitrogen served as both the desolvation and cone gas, with
flow rates of 50 and 600 L/h, respectively, while argon was
used as the collision gas. To ensure accurate mass measure-
ment, calibration was performed using a sodium formate
solution within an m/z range of 50—1500, alongside
intermittent injection of lockspray leucine enkephalin with
([M + H] + = m/z 556.2771). For each detected TAG,
accurate mass measurement was conducted using an
appropriate database, elemental composition analysis, and
tandem mass spectrometry (MS/MS) fragmentation with
collision energies ranging from 10 to 60 eV. The concentration
of all TAG species was determined by calculating their relative
abundances in all samples.

2.16. Statistical Analysis. All the data was collected in
triplicate, and the mean values were represented in the
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Table 1. Morphological and Agronomical Traits of Different Sesame Varieties

varieties plant height no. of capsules no. of seeds 1000 seed weight oil %
TS-5 100.95 + 3.66 127 + 4.24 59 + 4.95 4.66 + 0.0566 49.1 = 1.12
TH-6 102.6 + 5.09 100 + 1.41 53 + 5.66 4.335 + 0.0354 S1L1 £ 122
TIL-18 110 + 3.39 188.5 + 7.78 72 + 495 5.095 + 0.0212 3.3 +£ 133
NIAB-MIL 10845 £ 5.3 142 + 7.07 54 £ 495 4.43 + 0.0707 50.1 £ 1.94
NIAB-PEARL 109.7 + 8.63 156 + 2.12 63 + 6.36 4.835 + 0.0354 SL1 £ 244
NS-16 100.7 + 3.54 115 + 4.95 62 + 1.41 4.885 + 0.0354 50.3 £ 244

Table 2. Proximate Composition of Six Sesame Varieties

variety crude fat crude ash crude fiber crude protein carbohydrate
TS-S 49.1 £ 1.27 4.21 £ 0.031 429 + 0.324 27.81 £ 1.213 14.59 + 1.221
TH-6 S51.1 + 0.93 3.92 + 0312 4.15 £ 0.791 26.55 + 0.930 14.28 + 0.0712
TIL-18 S3.7 + 1.27 3.27 + 0.0391 3.83 + 0.093 24.73 £ 0.871 14.07 + 0.093
NIAB-MIL 50.1 = 1.92 4.62 + 0.481 4.63 + 0.527 24.89 + 1.288 15.74 + 0.883
NIAB-PEARL SI.1 £+ 2.12 4.37 £+ 0.093 4.48 + 0.882 25.57 £ 1.771 14.38 + 1.29
NS-16 50.3 + 2.33 4.28 £ 0.119 4.7 £ 0.993 25.27 £ 1.992 15.43 + 1.661

graphical form with standard deviations. Analysis of variance
was performed using Minitab, and mean variations were
represented among the groups.

3. RESULTS

3.1. Morphological and Agronomical Traits. The
results of morphological parameters indicated that sesame
varieties differ significantly in morphological traits, similar to
the plant height ranging from 100.7 cm in NS-16 to 110 cm in
Til-18; a similar case was observed in a number of capsules/
plant: the lowest capsule number (115 capsule/plant) was
found in the NS-16 variety, while the highest capsules/plant
values were observed in Til-18 with 188 capsules/plant. The
number of seeds per capsule also varied significantly as Til-18
was found to have the highest (72) number of seeds/capsules
compared to the lowest value (53) noted in TH-6; similar
results were obtained for 1000 seed weight, as the highest 1000
seed weight was noted in Til-18 with 5.095 g, suggesting a
strong correlation between morphological and agronomical
traits, as improved morphological traits result in increased
agronomical traits. Furthermore, as sesame is mainly cultivated
for its highest oil percentage and superior oil quality, oil
percentage also varied between different varieties. It was
observed that similar to morphology and agronomical traits,
the Til-18 variety showed the highest oil content 53.3%,
followed by 51.1, 51.1, 50.8, 50.1, and 49.1% in NIAB-Pear],
TH-6, NS-16, NIAB-Mil, and TS-S, respectively. Oil
percentage followed the order Til-18 < NIAB-Pear] < TH-6
< NS-16 < NIAB-Mil < TS-5 (Tables 1 and 2).

3.2. Chlorophyll Content. There is frequently a strong
correlation between the amount of chlorophyll in leaves, their
photosynthetic ability, and the activity of RuBP carboxy-
lase.”** Low photosynthetic rates are usually correlated with
low leaf chlorophyll content, which in turn affects the grain
filling process and crop yield. It was noted that the chlorophyll
content varied significantly among sesame varieties; the
chlorophyll content varied from 9.16 mg/g of F.W in Til-18
to 13.07 mg/g of FW in NIAB-Pearl. Similarly, chl b was
found to be highest in NIAB-Mil with 11.74 mg/g of FW
compared to the lowest values found in NS-16 with 5.0134
mg/g of FW. Furthermore, the total chlorophyll content was
found to be highest in NIAB-Pear] with a content of 21.7076
mg/g of EW followed by NIAB-Mil with 21.5564. As far as the

chlorophyll content is concerned, NIAB-Mil and NIAB-Pearl
were found to have higher chl 4, chl b, and total chl content
compared to the other varieties, while TS-S and Til-18 were
found to have lesser chl content (Figure 3).
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Figure 3. Chlorophyll a, chlorophyll b, and total chlorophyll content
of different sesame varieties analyzed by the spectrophotometric
method.

3.3. Malondialdehyde (MDA) Content. For quite some
time, researchers have relied on measuring the MDA content
as an indicator of lipid peroxidation in studies concerning
oxidative stress and redox signaling. This method is particularly
prominent in investigations exploring how plants respond to
both abiotic and biotic stresses. Higher MDA content means
the plant is under oxidative stress, resulting in a lipid
peroxidation and higher MDA content. It was noted that the
MDA content was highest in NS-16 (16.83 ym/L) followed by
NIAB-Mil with 16.74 ym/L, while the lowest concentration of
MDA was found in the Til-18 variety with 10.99 hm/L of
MDA.

3.4. Antioxidant Potential. Enzymatic antioxidant
parameters are widely used to check the antioxidant status of
the plant, demonstrating the efficacy to cope with a variety of
stresses. It was found that the highest values for SOD activity
were found in NIAB-Mil with 4.38 mg/g, followed by 3.92
mg/g in NIAB-Pearl. Similarly, peroxidase activity was found
to be highest in NS-16(4.82 mg/g) followed by NIAB-Mil with
4.70 mg/g. Catalase activity was shown to be highest in Til-18
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Figure 4. Enzymatic antioxidant potential of the leaf extract of six sesame varieties cultivated in Pakistan.
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Figure S. Seed antioxidant potential of six sesame varieties cultivated in Pakistan.

with 5.84 mg/g, followed by TH-6 (5.25), NS-16 (5.10),
NIAB-Pearl (4.93), NIAB-Mil (4.40), and TS-5 (4.70). Similar
trend was shown by APX activity as the highest APX activity
was shown in Til-18 with 25.49 mg/g and lowest in TH-6 with
19.48 mg/g. This trend in enzymatic activities showed that

different varieties have different levels of antioxidant enzymes,
which, more probably, may be the cause of the ability of these
varieties to cope against the stress. NIAB-Mil, NIAB-Pear], and

Til-18 are widely cultivated in the warmer areas of Pakistan
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Figure 6. (A) Score scatter plot of six sesame varieties obtained by principal component analysis (PCA), (B) biplot of all growth parameters and
sesame varieties, (C) phylogram showing clustering of sesame varieties depending upon pigments and leaf and seed antioxidant parameters, and
(D) balloon plot showing comparative differences in chlorophyll content and morpho-agronomic trait leaf and seed antioxidant analysis of six

sesame varieties.

and are therefore considered resistant against high temperature
(Figure 4).

3.5. Seed Antioxidant Parameters. 3.5.1. 2,2-Diphenyl-
1-picrylhydrazyl (DPPH) and 2,2'-Azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) ABTS Activity. Popular, rapid,
simple, and reasonably priced method for measuring
antioxidant qualities is 2,2-diphenyl-1-picrylhydrazyl
(DPPH), which uses free radicals to determine whether a
material has the ability to act as a hydrogen provider or a free-
radical scavenger. Evaluating sesame’s DPPH activity gives us
information about its antioxidant capacity, which is important
for preventing oxidative stress and maintaining cellular
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viability. Comprehending this exercise facilitates the inves-
tigation of sesame’s medicinal and nutritional advantages,
emphasizing its function in enhancing general health. DPPH
activity was noted to be highest in the NS-16 variety with
42.45% scavenging activity followed by 41% in TS-S with
41.94%, while Til-18, NIAB-Pearl, and NIAB-Milenium
showed relatively similar percentages of ROS scavenging,
while the lowest values were noted in the TH-6 variety.
Further, ABTS radical scavenging activity was noted to be
highest in Til-18 with 57.35% activity, followed by NS-16 with
57.19%. Lowest ABTS radical scavenging was noted in TS-S
with 50.68% radical scavenging (Figure S).
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Figure 8. (A) PCA of six sesame varieties. (B) S-plot obtained from OPLS-DA of sesame varieties showing TAG biomarkers responsible for varietal

separation.

3.5.2. Total Phenolic Content. In reaction to stress, plants
store phenolic chemicals, such as phenolic acids, to fend off
oxidative stress and shield themselves from reactive oxygen
species. Phenolic acids are involved in defense, development,
and plant growth, among other things. They also serve as
precursors to other important bioactive compounds that are
frequently employed in the food, cosmetic, and pharmaceutical
industries. The TPC content ranged from 4.72 mg GAE/g in
NIAB-Mil to 4.93 mg GAE/g in Til-18; TH-6, a first single
stem variety, showed 4.80 mg GAE/g of TPC and TS-S with
4.73 mg GAE/g. The total phenolic content differed between
varieties, but no significant difference was noted among the
varieties, suggesting that the varieties are almost the same in
TPC content (Figure ).

3.5.3. Reducing Power Activity and Trolox Equivalent
Antioxidant Activity. The reducing power assay (RPA), a
widely used antioxidant in vitro assay to check the reduction

37220

potential of sample plant extract, relies on the concept that
compounds with reduction potential undergo a reaction with
potassium ferricyanide (Fe®"), yielding potassium ferrocyanide
(Fe?"). This ferrocyanide then interacts with ferric chloride to
produce a ferric—ferrous complex with a peak absorption at
700 nm. Similar to other antioxidant assays, the RPA was
highest in NS-16 (1.93) followed by NIAB-Pearl (1.89) and
NIAB-Mil with 1.84. Moreover, compared to other individual
antioxidant assays, the TEAC assay evaluates the total
antioxidant capacity of a specimen by assessing its capability
to counteract the stable radical cation of 2,2'-azino-bis (3-
ethylbenzthiazolin-6-sulfonic acid) (ABTS). This radical
cation, produced through ABTS oxidation, exhibits coloration
and interacts with antioxidants, resulting in color reduction.
The TEAC activity of sesame seed samples ranged from 4.90
mM/Trolox in TS-5 to 5.52 mM/Trolox in NIAB-Mil (Figure
5). This activity may be attributed to individual higher
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Table 3. Major TAG Species Contributing to the Separation of Sesame Varieties

ID formula TAG composition
TG1 Cs7H,04,04 000
TG2 CssH, 0,04 POO
TG3 Cy7H10606 SO0
TG4 CssH,000¢ POL
TGS CsHysOg PLL
TG6 Cs7H 0004 OLL
TG7 Cy7Hys04 LLL

measured mass of [M + NH,]*

calculated mass mass deviation (ppm)

902.8160 902.8177 0.0017
876.8006 876.8020 0.0014
900.7999 900.8020 0.0021
874.7848 874.7864 0.0016
872.7690 872.7707 0.0017
898.7844 898.7864 0.002

896.7688 896.7707 0.0019

antioxidant properties, which led to the higher total antioxidant
status (Figure 6A—D).

3.5.4. Chemometric Analysis of the Oil TAG Profile.
Chemometric modeling of the oil of six sesame seed varieties
was conducted to check the differences in the TAG profile.
LC-MS analysis followed by PCA and OPLS-Da analysis
revealed that all three varieties, i.e., NIAB-Mil, NIAB-Pear],
and NS-16, from the Nuclear Institute of Agriculture and
Biology (NIAB) all grouped together, stating that they have
the same TAG profile, while Til-18 serrated from all other
varieties. The S-Plot, obtained from OPLS-Da modeling,
suggested seven (07) TAG biomarkers separating these
varieties. It was noted that Til-18 was mainly abundant in
TAG species containing oleic acid; for example, three TAG
biomarkers (TG2, TG2, and TG3) were identified as 00O,
POO, and SOO, suggesting oleic acid abundance, while the
other four TAG biomarkers (TGS-TG7) were POL, PLL,
OLL, and LLL highly abundant in linoleic acid. Both the fatty
acids are considered good for health purposes, but oleic acid is
monounsaturated omega-9 fatty acid, while linoleic acid is
polyunsaturated omega-6 fatty acid with immense ability to
reduce total and LDL cholesterol (Figure 8A,B and Table 3).

3.5.5. Relative Abundance of TAG’s in Sesame Varieties.
Significant variation was found in the relative abundance of
TAG in sesame varieties. Three major TAG species, OOO,
LLL, and OLA, were found to be highest in TS-5, followed by
Til-18, suggesting the abundance of these species with oleic
acid, while the abundance of OLL was found to be highest in
Til-18. These results further confirmed the chemometric
analysis results, which conferred that TS-5 and Til-8 varieties
are high in oleic acid content compared to the rest of the
varieties. Furthermore, it was noted that linoleic acid
containing TAG species, such as POL, was found to be highly
concentrated in NIAB-Pearl, NIAB-Mil, and NS-16 varieties. It
was also found that some of the minor TAG species like OLB
were also detected and found to be highest in Til-18 followed
by TS-5, suggesting the diversity of the TAG profile of TS-5
and Til-18. Therefore, from these results, conclusion can be
drawn that TS-$ and Til-18 varieties are more diverse in TAG
profile along with high content of oleic acid, while three NIAB
varieties (NIAB-Mil, NIAB-Pearl, and NS-16) were abundant
in linoleic acid with less content of other TAG species (Figure
7).

4. DISCUSSION

Since most native plants and seeds are high in vital nutrients
and have a variety of therapeutic uses, there has been a rise in
the demand for vegetable 0il.”* Due to its high labor demand
for growing and harvesting, sesame (S. indicum L.), an oilseed
herbaceous crop of the Pedaliaceae family, is only grown by a
small number of developing nations worldwide. Asia and
African nations contribute over 96% of the world’s sesame

crop. One significant annual oilseed crop that is grown for
human food oil, meal, and animal feed is sesame.”**> Sesame
seed oil has unsaturated and saturated fatty acids, proteins, and
lignans, which include sesamin, sesamol, sesamolin, and
tocopherols, along with other minor nutrients such as vitamins
and minerals.”°~° Iron, magnesium, copper, calcium, vitamin
B1 (thiamine), vitamin E (tocopherol), and phytosterols are
also abundant in the seeds.””””*° Because it can withstand
prolonged exposure to air, sesame seed oil is well-known for its
stability.”'

Our results suggested that as far as the morphology is
concerned, there is no significant difference between varieties,
but it was noted that morphology is somehow affecting the
agronomical attributes. It was noted that the Til-18 variety has
shown the highest value for all morphological and agronomic
traits, which ultimately resulted in the highest oil content of
53.3%, compared to the lowest oil percentage in TS-S (49.15),
suggesting an interaction between morphology crop growth
and oil yield. But it is important to note that these characters
were comparable to all three varieties obtained from NIAB,
NIAB-Pearl, NIAB-Mil, and NS-16. It was imperative to note
that the chlorophyll content was highest in NIab-Mil and
NIAB pearl compared to that in Til-18 and all other varieties.
It was also noted that the chlorophyll content was highest in
NIab-Mil and NIAB-Pearl, which might have also resulted in
higher crop growth, yield, and oil content. Chlorophyll is the
primary pigment responsible for the photosynthetic efficacy
along with net primary production and carbon budgeting,*
due to which chl content is also an important indicator of plant
growth and nutritional status, which can ultimately determine
the yield potential of the crop. Furthermore, there is also a
strong correlation between the nitrogen (N) content and the
chlorophyll status of the plant. These sesame varieties might
have different levels of N absorption efficacy, which lead to the
differences and chlorophyll content and ultimate increase and
decrease in crop yield.”*** According to ref 35, the most
important factor influencing the grain yield and biomass was
leaf photosynthesis. On the other hand, in order to create a
biomass or yield model, not much research has been done on
the connection between a crop’s photosynthetic capacity and
biological photosynthetic components such as leaf chlorophyll
or carotenoid levels.36 Chlorophyll, an essential component of
the Calvin—Benson cycle, is responsible for photosynthesis,
which produces electron excitation that powers the synthesis of
nicotinamide adenine dinucleotide phosphate and adenosine
triphosphate, a chemical energy source.”’

Our study also showed that sesame varieties have different
levels of antioxidant status, but all the varieties showed a mixed
response as far as different enzymatic parameters are
concerned. For example, SOD activity was found to be highest
in NIAB-Mil, highest POD and GPX activity in NS-16, and
highest CAT and APX activity in Til-18. Further, the levels of
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MDA content were found to be lowest in Til-18, suggesting a
lower level of lipid peroxidation and hence more resilience to
external stresses. Literature suggests excessive ROS production
leading to oxidative stress which results in diminished crop
growth and yield. Hence, improved antioxidant efficacy is
linked with greater crop growth and yield. When exposed to
stress, plants initiate a cascade of antioxidant processes aimed
at minimizing the buildup of excessive reactive oxygen species.
Research has demonstrated that in response to a variety of
stressors, the enzyme activity of SOD, CAT, APX, and POX
increases quickly and dramatically.”®*” Plenty of literature is
available discussing the role of antioxidant systems for
improved yield. According to ref 40, physiological processes
at several growth stages, particularly the jointing stage, affected
the grain yield, for example, plant photosynthetic efficiency
may be enhanced by appropriate nitrogen (N) fertilization,
which may also raise antioxidant enzyme levels and chlorophyll
content; consequently, this encouraged the buildup of dry
matter and increased grain yield.*"** The study conducted
by" suggested that antioxidant defense activity and osmolyte
accumulation were different in three cultivars of maize,
ultimately affecting its yield potential. It was imperative to
note that antioxidant activities were positively correlated with
drought stress resistance and ultimate yield response, further
confirming that the improved antioxidant level results in higher
yield. In practice, now genetically improved crops with a high
antioxidant status have been made through molecular
manipulation with antioxidant enzymes and transcription
factors to increase overall improvement in plants.

Various studies have been conducted to check the
antioxidant potential and metabolic profiles of different colored
sesames, and the differences are mainly attributed to the
differences in coat color. In the present study, we also noted
that the color of these sesame varieties was different from
white to yellow to light brown, suggesting differences in their
seed coat. Seed antioxidant analysis suggested that antioxidant
parameters were comparable in all six varieties, and no
significant difference was observed. Further, still there was an
observable difference between seed antioxidant analyses, for
example, the ABTS percent radical scavenging activity was
found to be highest in Til-18, and TEAC was found to be
highest in NIAB-Mil and reducing power ability in NS-16.
Moreover, it was also important to note that total phenolic and
flavonoid contents were found to be highest in Til-18,
collectively giving it a higher antioxidant potential. These
differences in antioxidant activities might be due to slight
variation in seed coat color as it ranged from white to yellow to
light brown. According to the study conducted in ref 44, the
differences were checked in the metabolic profiles of white,
yellow, brown, and black sesames, suggesting that different
colored sesames have totally different colored metabolic
profiles. For example, a total of 169 significantly different
metabolites were found between white and black sesame, 178
compounds between yellow and black sesame, and 130
compounds between black and brown sesame. Similarly,
black sesame was found to have higher flavonoids, amino
acids, and terpenoid content. Further, DPPH radical
scavenging, ferric ion reducing power (FRAP) activity, and
ABTS activity were also found to be highest in black color
sesame and was in the order: black sesame < brown sesame <
yellow sesame < white sesame. This phenomenon can simply
be explained in a way that the darker the color of the sesame
seed, the more the diversity in its metabolic profile along with
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high antioxidant activity. It was important to note that
regulation of many metabolic processes in these different
colored sesames was also different conferring them variation in
overall metabolic profile. Further, the effect of germplasm and
different environmental factors are very well characterized in
rice45 and soybean.*® Plant secondary metabolites, particularly
flavonoids, play a pivotal role in determining the colors of
flowers and seeds.””** In sesame seeds, the primary classes of
flavonoids identified are flavones, flavonols, and isoflavones.
Through a differential metabolite analysis, it is observed that
white sesame seeds predominantly contain uncolored pigments
(flavones), whereas yellow, brown, and black sesame seeds
exhibit higher concentrations of flavonols, isoflavones, and
anthocyanins. These findings suggest that variations in the
abundance of colored flavonoids likely contribute to the
diverse coat colors observed in sesame seeds with an improved
metabolic and antioxidant profile. For instance, the yellow hue
in sesame seed coats may be attributed to the elevated levels of
flavonols, as observed in peanuts.*’

5. CONCLUSIONS

This study was conducted to check the growth and yield
potential of six major sesame varieties cultivated in Pakistan. It
is concluded that Til-18, NIAB-Pearl, and NIAB-Milenium are
better performing varieties with high oil content, antioxidant
potential, and resistance to environmental stresses. It was also
noted that TS-5 and TH-6 showed some better antioxidant
characters but did not perform well overall with regard to yield
potential. These varieties were introduced in 2009 and 2011,
which might be the reason that with passage of time and
changing climate, these varieties are not performing well with
regard to oil and yield potential, compared to Til-18 and other
varieties released by the NIAB. Further, molecular, genomic,
and proteomic research is needed to explore the underlying
cause for oil production, helping to introduce better perform-
ing sesame varieties with high stress resistance and oil yield.

B ASSOCIATED CONTENT

Data Availability Statement

All data generated or analyzed during this study are included in
this manuscript Plant guideline statement: Sesame is a
cultivated plant and not in the category of threatened species
around the world. However, IUCN recommendations were
followed during sample collection and throughout the
experiment.

B AUTHOR INFORMATION

Corresponding Authors

Ilyas Ahmad — Department of Food Science and Nutrition,
College of Food, Agriculture and Natural Resources,
University of Minnesota, Minneapolis, Minnesota 55455,
United States; Department of Botany, PMAS Arid
Agriculture University, Rawalpindi, Punjab 46300, Pakistan;

orcid.org/0000-0001-5725-2864; Phone: +92336-

4642770; Email: ahmad316@umn.edu

Zia-ur-Rehman Mashwani — Department of Botany, PMAS
Arid Agriculture University, Rawalpindi, Punjab 46300,
Pakistan; Pakistan Academy of Sciences, Islamabad 44010,
Pakistan; Phone: +92 3339022077; Email: mashwani@
uvaar.edu.pk

https://doi.org/10.1021/acsomega.4c04519
ACS Omega 2024, 9, 37213-37224


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilyas+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5725-2864
https://orcid.org/0000-0001-5725-2864
mailto:ahmad316@umn.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zia-ur-Rehman+Mashwani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:mashwani@uaar.edu.pk
mailto:mashwani@uaar.edu.pk
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Authors

Zohaib Younas — Department of Botany, PMAS Arid
Agriculture University, Rawalpindi, Punjab 46300, Pakistan

Tayyaba Yousaf — Department of Botany, PMAS Arid
Agriculture University, Rawalpindi, Punjab 46300, Pakistan

Mohammad Raish — Department of Pharmaceutics, College of
Pharmacy, King Saud University, Riyadh 11451, Saudi
Arabia

Muhammad Arif — College of Agriculture, Guizhou University,
Guiyang, Guizhou 550025, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c04519

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful to the Researchers Supporting Project
Number (RSPD2024R957) at the King Saud University,
Riyadh, Saudi Arabia.

B REFERENCES

(1) Biswas, S.; Natta, S;; Ray, D. P,; Mondal, P.; Saha, U. Til
(Sesamum indicum L.)-An underexploited but promising Oilseed
with multifarious applications: A Review. Int. J. Bioresour. Sci. 2018, S
(2), 127-139.

(2) Myint, D.; Gilani, S. A; Kawase, M.; Watanabe, K. N.
Sustainable sesame (Sesamum indicum L.) production through
improved technology: An overview of production, challenges, and
opportunities in Myanmar. Sustainability 2020, 12 (9), 351S.

(3) Pathak, V. Indian diaspora: A strategic asset for Indian foreign
policy in the 21st century. In Imagining India as a Global Power;
Routledge India, 2017; pp 223—236.

(4) Hussain, S. A.; Hameed, A; Ajmal, L; Nosheen, S.; Suleria, H. A.
R.; Song, Y. Effects of sesame seed extract as a natural antioxidant on
the oxidative stability of sunflower oil. J. Food Sci. Technol. 2018, SS,
4099—4110.

(5) Ahmad, I; Mashwani, Z.-u.-R;; Younas, Z.; Yousaf, T. LCMS
Based Untargeted Metabolic Profiling Revealed a Strong Association
of Nanoselenium Treated Sesame (Sesamum indicum) Seed Bioactive
Compounds as Novel Potential Disease Targets-A Nano-bioinfor-
matics Approach. Appl. Biochem. Biotechnol. 2024.

(6) Lépez-Pedrouso, M.; Borrajo, P.; Pateiro, M.; Lorenzo, J. M.;
Franco, D. Antioxidant activity and peptidomic analysis of porcine
liver hydrolysates using alcalase, bromelain, flavourzyme and papain
enzymes. Food Res. Int. 2020, 137, 109389.

(7) Mustafa, H. S. B. Prospects of Oilseed Crops in Pakistan. Ayub
Agricultural Research Institute, 2021.

(8) Ahmad, L; Younas, Z.; Mashwani, Z.-u.-R.; Raja, N. L; Akram, A.
Phytomediated selenium nanoparticles improved physio-morpholog-
ical, antioxidant, and oil bioactive compounds of sesame under
induced biotic stress. ACS Omega 2023, 8 (3), 3354—3366.

(9) Ahmad, I; Mashwani, Z. u. R.; Yousaf, T.; Yousaf, T.; Ahmad,
A.; Vladulescu, C. Antioxidant activity, metabolic profiling, in-silico
molecular docking and ADMET analysis of nano selenium treated
sesame seed bioactive compounds as potential novel drug targets
against cardiovascular disease related receptors. Heliyon 2024, 10 (7),
No. €27909.

(10) Kottowska, A. Application of chemometric techniques in search
of clinically applicable biomarkers of disease. Drug Dev. Res. 2014, 75
(5), 283—290.

(11) Kamble, P. N.; Giri, S. P.; Mane, R. S.; Tiwana, A. Estimation of
chlorophyll content in young and adult leaves of some selected plants.
Univ. J. Environ. Res. Technol. 2015, S (6), 306—310.

(12) Giannopolitis, C. N.; Ries, S. K. Superoxide dismutases: L.
Occurrence in higher plants. Plant Physiol. 1977, 59 (2), 309—314.

(13) Chance, B.; Maehly, A. C. Assay of catalases and peroxidases.
Methods Enzymol. 1958, 2, 764—775.

(14) Cakmak, I; Marschner, H. Magnesium deficiency and high
light intensity enhance activities of superoxide dismutase, ascorbate
peroxidase, and glutathione reductase in bean leaves. Plant Physiol.
1992, 98 (4), 1222—1227.

(15) Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol. 1981, 22 (5), 867—880.

(16) Hodges, D. M,; DeLong, ]J. M.; Forney, C. F.; Prange, R. K.
Improving the thiobarbituric acid-reactive-substances assay for
estimating lipid peroxidation in plant tissues containing anthocyanin
and other interfering compounds. Planta 1999, 207, 604—611.

(17) Peng, L; Yuan, J; Yao, D, Chen, C. Fingerprinting
triacylglycerols and aldehydes as identity and thermal stability
indicators of camellia oil through chemometric comparison with
olive oil. Food Sci. Nutr. 2021, 9 (5), 2561—2575.

(18) Ferreira, 1. C,; Baptista, P.; Vilas-Boas, M.; Barros, L. Free-
radical scavenging capacity and reducing power of wild edible
mushrooms from northeast Portugal: Individual cap and stipe activity.
Food Chem. 2007, 100 (4), 1511—1516.

(19) Sokamte, T.; Mbougueng, P.; Tatsadjieu, N.; Sachindra, N.
Phenolic compounds characterization and antioxidant activities of
selected spices from Cameroon. S. Afr. J. Bot. 2019, 121, 7—18.

(20) Vallverdd-Queralt, A.; Regueiro, J.; Martinez-Huélamo, M.;
Rinaldi Alvarenga, J. F.; Leal, L. N.; Lamuela-Raventos, R. M. A
comprehensive study on the phenolic profile of widely used culinary
herbs and spices: Rosemary, thyme, oregano, cinnamon, cumin and
bay. Food Chem. 2014, 154, 299—307.

(21) Evans, J. R. Nitrogen and photosynthesis in the flag leaf of
wheat (Triticam aestivam L.). Plant Physiol. 1983, 72 (2), 297—302.

(22) Seemann, J. R; Sharkey, T. D.; Wang, J.; Osmond, C. B.
Environmental effects on photosynthesis, nitrogen-use efficiency, and
metabolite pools in leaves of sun and shade plants. Plant Physiol. 1987,
84 (3), 796—802.

(23) Sharma, L.; Singh, C.; Sharma, H. K. Assessment of
functionality of sesame meal and sesame protein isolate from Indian
cultivar. J. Food Meas. Charact. 2016, 10, 520—526.

(24) Temesgen Gelata, F.; Gobena Tura, E.; Megersa, H. Analysis of
Sesame Marketing Chain in Case of Gimbi Districts, Ethiopia. J. Educ.
Pract. 2017, 8 (10), 86—102.

(25) Thakur, V.; Paroha, S.; Mishra, R. P. Free fatty acid profile of
seven sesame (Sesamum indicum L.) verities. Int. J. Curr. Microbiol.
Appl. Sci. 2018, 7 (07), 3439—3453.

(26) Chhikara, N.; Jaglan, S.; Sindhu, N.; Anshid, V.; Sai Charan, M.
V.; Panghal, A. Importance of traceability in food supply chain for
brand protection and food safety systems implementation. Agri Bio
Res. Publishers 2018, 34(2).

(27) Dwiecki, K.; Siger, A.; Czubinski, J.; Nogala-Katucka, M.;
Lampart-Szczapa, E. The interactions between rapeseed lipoxygenase
and native polyphenolic compounds in a model system. J. Am. Oil
Chem. Soc. 2012, 89, 379—387.

(28) Lule, D.; Mengistu, G.; Daba, C.; Mamo, K.; Temesgen, A.;
Sisay, A.; Abebe, Z.; Tadesse, S.; Bogale, T.; Teha, A. Registration of
Obsa and Dicho sesame (Sesamum indicum L.) varieties. East Afr. .
Sci. 2011, 5 (1), 66—68.

(29) Hai, Z.; Wang, J. Detection of adulteration in camellia seed oil
and sesame oil using an electronic nose. Eur. J. Lipid Sci. Technol.
2006, 108 (2), 116—124.

(30) Hassan, M. A. M. Studies on Egyptian sesame seeds (Sesamum
indicum L.) and its products 1-physicochemical analysis and phenolic
acids of roasted Egyptian sesame seeds (Sesamum indicum L.). World
J. Dairy Food Sci. 2012, 7, 195—-201.

(31) Dar, A. A; Kancharla, P. K; Chandra, K; Sodhi, Y. S.;
Arumugam, N. Assessment of variability in lignan and fatty acid
content in the germplasm of Sesamum indicum L. J. Food Sci. Technol.
2019, 56, 976—986.

https://doi.org/10.1021/acsomega.4c04519
ACS Omega 2024, 9, 37213-37224


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zohaib+Younas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tayyaba+Yousaf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Raish"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Arif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04519?ref=pdf
https://doi.org/10.30954/2347-9655.02.2018.8
https://doi.org/10.30954/2347-9655.02.2018.8
https://doi.org/10.30954/2347-9655.02.2018.8
https://doi.org/10.3390/su12093515
https://doi.org/10.3390/su12093515
https://doi.org/10.3390/su12093515
https://doi.org/10.1007/s13197-018-3336-2
https://doi.org/10.1007/s13197-018-3336-2
https://doi.org/10.1007/s12010-024-04976-6
https://doi.org/10.1007/s12010-024-04976-6
https://doi.org/10.1007/s12010-024-04976-6
https://doi.org/10.1007/s12010-024-04976-6
https://doi.org/10.1007/s12010-024-04976-6
https://doi.org/10.1016/j.foodres.2020.109389
https://doi.org/10.1016/j.foodres.2020.109389
https://doi.org/10.1016/j.foodres.2020.109389
https://doi.org/10.1021/acsomega.2c07084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c07084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c07084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.heliyon.2024.e27909
https://doi.org/10.1016/j.heliyon.2024.e27909
https://doi.org/10.1016/j.heliyon.2024.e27909
https://doi.org/10.1016/j.heliyon.2024.e27909
https://doi.org/10.1002/ddr.21213
https://doi.org/10.1002/ddr.21213
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1016/S0076-6879(55)02300-8
https://doi.org/10.1104/pp.98.4.1222
https://doi.org/10.1104/pp.98.4.1222
https://doi.org/10.1104/pp.98.4.1222
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/s004250050524
https://doi.org/10.1002/fsn3.2209
https://doi.org/10.1002/fsn3.2209
https://doi.org/10.1002/fsn3.2209
https://doi.org/10.1002/fsn3.2209
https://doi.org/10.1016/j.foodchem.2005.11.043
https://doi.org/10.1016/j.foodchem.2005.11.043
https://doi.org/10.1016/j.foodchem.2005.11.043
https://doi.org/10.1016/j.sajb.2018.10.016
https://doi.org/10.1016/j.sajb.2018.10.016
https://doi.org/10.1016/j.foodchem.2013.12.106
https://doi.org/10.1016/j.foodchem.2013.12.106
https://doi.org/10.1016/j.foodchem.2013.12.106
https://doi.org/10.1016/j.foodchem.2013.12.106
https://doi.org/10.1104/pp.72.2.297
https://doi.org/10.1104/pp.72.2.297
https://doi.org/10.1104/pp.84.3.796
https://doi.org/10.1104/pp.84.3.796
https://doi.org/10.1007/s11694-016-9330-3
https://doi.org/10.1007/s11694-016-9330-3
https://doi.org/10.1007/s11694-016-9330-3
https://doi.org/10.20546/ijcmas.2018.707.399
https://doi.org/10.20546/ijcmas.2018.707.399
https://doi.org/10.1007/s11746-011-1923-8
https://doi.org/10.1007/s11746-011-1923-8
https://doi.org/10.1002/ejlt.200501224
https://doi.org/10.1002/ejlt.200501224
https://doi.org/10.5829/idosi.wjdfs.2012.7.2.1112
https://doi.org/10.5829/idosi.wjdfs.2012.7.2.1112
https://doi.org/10.5829/idosi.wjdfs.2012.7.2.1112
https://doi.org/10.1007/s13197-018-03564-x
https://doi.org/10.1007/s13197-018-03564-x
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(32) Clevers, J. G.; Gitelson, A. A. Remote estimation of crop and
grass chlorophyll and nitrogen content using red-edge bands on
Sentinel-2 and-3. Int. J. Appl. Earth Obs. Geoinf. 2013, 23, 344—351.

(33) Wang, Y; Wang, D.; Shi, P.; Omasa, K. Estimating rice
chlorophyll content and leaf nitrogen concentration with a digital still
color camera under natural light. Plant Methods 2014, 10, 36.

(34) Meskini-Vishkaee, F.; Mohammadi, M. H.; Neyshabouri, M. R.;
Shekari, F. Evaluation of canola chlorophyll index and leaf nitrogen
under wide range of soil moisture. Int. Agrophys. 2015, 29 (1), 83—90.

(35) Yamori, W.; Kondo, E.; Sugiura, D.; Terashima, L; Suzuki, Y.;
Makino, A. Enhanced leaf photosynthesis as a target to increase grain
yield: insights from transgenic rice lines with variable Rieske FeS
protein content in the cytochrome b6/f complex. Plant Cell Environ.
2016, 39 (1), 80—87.

(36) Houborg, R.; Cescatti, A.; Migliavacca, M.; Kustas, W. Satellite
retrievals of leaf chlorophyll and photosynthetic capacity for improved
modeling of GPP. Agric. For. Meteorol. 2013, 177, 10—23.

(37) Croft, H.; Chen, J. M.; Luo, X; Bartlett, P.; Chen, B.; Staebler,
R. M. Leaf chlorophyll content as a proxy for leaf photosynthetic
capacity. Global Change Biol. 2017, 23 (9), 3513—3524.

(38) Rajput, V. D.; Singh, R. K; Verma, K. K; Sharma, L.; Quiroz-
Figueroa, F. R.;; Meena, M.; Gour, V. S.; Minkina, T.; Sushkova, S.;
et al. Recent developments in enzymatic antioxidant defence
mechanism in plants with special reference to abiotic stress. Biology
2021, 10 (4), 267.

(39) Changjie, J.; Zhengwei, L.; Xianzhi, X. Priming for saline-
alkaline tolerance in rice: Current knowledge and future challenges.
Rice Sci. 2023, 30 (3), 417—425.

(40) Liu, M. Q; Zeng, W. E; Fang, P.; Cao, W. Q,; Liu, C,; Yan, G.
Q.; Zhang, Y.; Peng, C.; Wy, J. Q; Zhang, X,; Yang, P. Y. pGlyco 2.0
enables precision N-glycoproteomics with comprehensive quality
control and one-step mass spectrometry for intact glycopeptide
identification. Nat. Commun. 2017, 8, 438.

(41) Lamptey, S.; Li, L.; Xie, J.; Zhang, R;; Yeboah, S.; Antille, D. L.
Photosynthetic response of maize to nitrogen fertilization in the
semiarid western loess plateau of China. Crop Sci. 2017, S7 (S),
2739-2752.

(42) Acciaresi, H. A.;; Tambussi, E. A; Antonietta, M.; Zuluaga, M.
S.; Andrade, F. H,; Guiamét, J. J. Carbon assimilation, leaf area
dynamics, and grain yield in contemporary earlier-and later-senescing
maize hybrids. Eur. J. Agron. 2014, 59, 29-38.

(43) Anjum, S. A.; Ashraf, U,; Tanveer, M.; Khan, I; Hussain, S.;
Shahzad, B.; Zohaib, A.; Abbas, F.; Saleem, M. F.; Ali, L; et al
Drought Induced Changes in Growth, Osmolyte Accumulation and
Antioxidant Metabolism of Three Maize Hybrids. Front. Plant Sci.
2017, 08, 233731.

(44) Segla Koffi Dossou, S.; Xu, F,; You, J.; Zhou, R;; Li, D.; Wang,
L. Widely targeted metabolome profiling of different colored sesame
(Sesamum indicum L.) seeds provides new insight into their
antioxidant activities. Food Res. Int. 2022, 151, 110850.

(4S) Chen, Z.; Chen, H; Jiang, Y.; Wang, J.; Khan, A,; Li, P.; Cao,
C. Metabolomic analysis reveals metabolites and pathways involved in
grain quality traits of high-quality rice cultivars under a dry cultivation
system. Food Chem. 2020, 326, 126845.

(46) Lee, J; Hwang, Y.-S; Kim, S. T.; Yoon, W.-B,; Han, W. Y,;
Kang, I-K; Choung, M.-G. Seed coat color and seed weight
contribute differential responses of targeted metabolites in soybean
seeds. Food Chem. 2017, 214, 248—258.

(47) Rao, V,; Mans, D.; Rao, L. Phytochemicals in human health;
BoD—Books on Demand, 2020.

(48) Shoeva, O. Y.; Mock, H.-P.; Kukoeva, T. V.; Borner, A,;
Khlestkina, E. K. Regulation of the flavonoid biosynthesis pathway
genes in purple and black grains of Hordeum vulgare. PloS One 2016,
11 (10), No. e0163782.

(49) Wan, L,; Li, B,; Pandey, M. K; Wu, Y,; Lei, Y,; Yan, L.; Dai, X;
Jiang, H.; Zhang, J.; Wei, G.; et al. Transcriptome analysis of a new
peanut seed coat mutant for the physiological regulatory mechanism
involved in seed coat cracking and pigmentation. Front. Plant Sci.
2016, 7, 1491.

37224

https://doi.org/10.1021/acsomega.4c04519
ACS Omega 2024, 9, 37213-37224


https://doi.org/10.1016/j.jag.2012.10.008
https://doi.org/10.1016/j.jag.2012.10.008
https://doi.org/10.1016/j.jag.2012.10.008
https://doi.org/10.1186/1746-4811-10-36
https://doi.org/10.1186/1746-4811-10-36
https://doi.org/10.1186/1746-4811-10-36
https://doi.org/10.1515/intag-2015-0014
https://doi.org/10.1515/intag-2015-0014
https://doi.org/10.1111/pce.12594
https://doi.org/10.1111/pce.12594
https://doi.org/10.1111/pce.12594
https://doi.org/10.1016/j.agrformet.2013.04.006
https://doi.org/10.1016/j.agrformet.2013.04.006
https://doi.org/10.1016/j.agrformet.2013.04.006
https://doi.org/10.1111/gcb.13599
https://doi.org/10.1111/gcb.13599
https://doi.org/10.3390/biology10040267
https://doi.org/10.3390/biology10040267
https://doi.org/10.1016/j.rsci.2023.05.003
https://doi.org/10.1016/j.rsci.2023.05.003
https://doi.org/10.1038/s41467-017-00535-2
https://doi.org/10.1038/s41467-017-00535-2
https://doi.org/10.1038/s41467-017-00535-2
https://doi.org/10.1038/s41467-017-00535-2
https://doi.org/10.2135/cropsci2016.12.1021
https://doi.org/10.2135/cropsci2016.12.1021
https://doi.org/10.1016/j.eja.2014.05.007
https://doi.org/10.1016/j.eja.2014.05.007
https://doi.org/10.1016/j.eja.2014.05.007
https://doi.org/10.3389/fpls.2017.00069
https://doi.org/10.3389/fpls.2017.00069
https://doi.org/10.1016/j.foodres.2021.110850
https://doi.org/10.1016/j.foodres.2021.110850
https://doi.org/10.1016/j.foodres.2021.110850
https://doi.org/10.1016/j.foodchem.2020.126845
https://doi.org/10.1016/j.foodchem.2020.126845
https://doi.org/10.1016/j.foodchem.2020.126845
https://doi.org/10.1016/j.foodchem.2016.07.066
https://doi.org/10.1016/j.foodchem.2016.07.066
https://doi.org/10.1016/j.foodchem.2016.07.066
https://doi.org/10.1371/journal.pone.0163782
https://doi.org/10.1371/journal.pone.0163782
https://doi.org/10.3389/fpls.2016.01491
https://doi.org/10.3389/fpls.2016.01491
https://doi.org/10.3389/fpls.2016.01491
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

