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A B S T R A C T   

Unrefined, refined and refined-deodorized cottonseed oils from pressing or extraction technologies were 
screened using proton (1H) nuclear magnetic resonance (NMR) spectroscopy and gas chromatography-mass 
spectrometry (GC-MS). GC–MS of derivarized and non-derivatized (intact oil) cottonseed oils allowed detec-
tion of nearly 100 compounds. These included fatty acids (FA), linoleic (relative percentage concentration of 
51–58%), palmitic (21–24%), oleic (18–23%) and stearic acids (1.8–2.2%) in hydrolysed oils, and β-sitosterol 
(31–43%), linoleic acid (7–29%), γ- and α-tocopherol (11–22%), and squalene (2–4%) in intact oils. NMR spectra 
of intact oils contained 91 resonances and were dominated by methylene (40.7–41.4%), methyl (14.1–14.2%), 
and methine (6.7–6.8%) protons of FA and triglycerides. Analysis of the molecular profiles revealed a dominating 
effect of the processing followed by the production technology. Oil refinement reduced undesirable free FA, 
diglycerides and gossypol, but increased hydrocarbons and aldehydes. The refined press oil contained higher 
levels of steroids and less free FA compared to refined extract oil. Thus, the study showed the potential of 
foodomics to evaluate the in-depth molecular quality of edible oils.   

1. Introduction 

Cottonseed oil is amongst the top five vegetable oils produced 
worldwide accounting to approximately 5 million metric tons produc-
tion per year (List, 2016). It is also an indivisible part of the CentralAsian 
cuisine. Cottonseed oil is rich in unsaturated fatty acids (FA) with nearly 
2:1 ratio of polyunsaturated to saturated FA and contains 16–27 % 
monounsaturated (oleic) and 40–55 % polyunsaturated (linoleic) FA, 
while saturated FA, palmitic acid and stearic acid constitute to up to 25 
% of total FA (Qiu, Huang, & Wang, 2018). Cottonseed is not only a 
source of edible oil (21 %) but also protein (23 %). However, gossypol, 

the major deleterious substance in cottonseed for animals and humans, 
limits the use of cottonseed for food and feed without pre-treatment. 
Gossypol is known to protect the cotton plant against herbivores and 
pathogens, however it is toxic for the plant itself and thus stored in 
pigmented glands of aerial organs (Bell, Stipanovic, O’Brien, & Fryxell, 
1978). Engineered glandless variants of cotton plants have been devel-
oped since late 1980s (Lusas & Jividen, 1987). The content of gossypol 
in cottonseed oil typically range between 10 and 2000 ppm in a hot 
pressed oil, and oil refinement process reduces the content to a safe level 
of 1–5 ppm (Ghazani & Marangoni, 2016). 

Cottonseed oil is unique compared to other vegetable oils in the sense 

Abbreviations: ASCA, ANOVA-simultaneous component analysis; FA, Fatty acids; FDR, false discovery rate; GC-MS, gas chromatography-mass spectrometry; 1H 
NMR, proton nuclear magnetic resonance spectroscopy; MPS, MultiPurpose Sampler; NMR, nuclear magnetic resonance; PCA, principal component analysis; RDPO, 
refined-deodorized press oils; REO, refined extract oils; RI, retention index; RPC, relative percentage concentration; RPO, refined press oils; RT, retention time; SS, 
signature signals; STOCSY, the statistical total correlation spectroscopy; SUS, unknown spin systems; UEO, unrefined extract oils; UPO, unrefined press oils. 
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that it contains relatively high levels of both essential unsaturated FA 
(linoleic and oleic acids) and considered to be “naturally hydrogenated” 
oil because it also contains high levels of palmitic and stearic acids. The 
latter two saturated FA provide a natural oxidative stability to cotton-
seed oil. The two natural antioxidants, α- and γ-tocopherol, that are 
present in greater concentrations in cottonseed oil compared to other 
vegetable oils, have also been reported to be the main reason for 
oxidative stability and prolonged shelf life of cottonseed oil (Elisia, 
Young, Yuan, & Kitts, 2013; Maestri, Nepote, Lamarque, Zygadlo, & 
Imperato, 2006). Cottonseed oil also contains a wide varieties of plant 
steroids, predominantly rich in β-sitosterol, which inhibits oxidative 
deterioration (Zia, Shah, Shoukat, Hussain, Khan, & Shafqat, 2021). In 
addition, cottonseed oil has been reported to contain numerous other 
bioactive phytochemicals that possesses anti-oxidant, anti-inflamma-
tory, anti-cancer, and wound healing activities including polyphenols 
(Riaz et al., 2021; Zeb, 2021). Despite this, cottonseed oil is considered 
to be less healthy compared to, for example, olive oil or sesame oil 
mainly due to the presence of gossypol (Riaz et al., 2021). In addition, it 
is largely unknown how the molecular profile of cottonseed oil change 
during the industrial production (Van Duijn & Den Dekker, 2013). This 
study investigates cottonseed oils sampled during the different pro-
cessing stages from a large industrial production side in Uzbekistan. 
Apart from processing stages, the impact of two different production 
technologies, pressing and extraction, on cottonseed oil molecular pro-
files were evaluated. Comprehensive molecular profiles of oils were 
screened using two advanced analytical platforms, gas 
chromatography-mass spectrometry (GC–MS) and proton (1H) nuclear 
magnetic resonance (NMR) spectroscopy (1H NMR). The changes in 
cottonseed oil composition were inspected and compared using uni-
variate and multivariate statistical data analysis methods. To the best of 
the authors’ knowledge, this is the first study decoding the detailed 
molecular profile of cottonseed oil covering not only abundant FA and 
triglycerides, but also nearly-one hundred low concentration small 
molecules, some of which have never been reported before in cottonseed 
oil. The study also shows dynamics of oil molecular profiles as a function 
of oil refinement steps and production technologies. 

2. Material and methods 

2.1. Samples 

Cottonseed oils were sampled in 2019 from the production side at the 
Yangiyul oil and fat plant, JSC (Yangiyul city, Tashkent region, Uzbe-
kistan) during a single production batch. Oil samples were obtained 
from the two different production technologies, pressing and extraction. 
From the pressing technology, unrefined press oils (later called as UPO), 
refined press oils (RPO) and refined-deodorized press oils (RDPO) were 
sampled, all in triplicates. From the extraction technology, unrefined 
extract oils (UEO) and refined extract oils (REO) were sampled in trip-
licates. Samples were shipped to the University of Copenhagen in 15 mL 
Falcone tubes, completely filled to avoid oxidation. All oil samples were 
analysed in duplicates, using both analytical platforms (GC–MS and 1H 
NMR). In total 30 samples of cottonseed oils were included in this study. 

2.2. Cottonseed processing stages in the large industrial scale oil 
production plants 

Before any processing, cottonseed samples undergo cleaning, 
moistening, and crushing processes followed by dehulling, where seed 
kernel is separated from peel (Fig. 1). This is followed by a thorough 
moisturization of the obtained cottonseed core. The peel is used for 
livestock feed, while the cottonseed kernel is further processed, which 
includes flaking, cooking and hot pressing. The cooking includes mois-
tering followed by heating from 70℃ to 105 ℃ that result in reduction 
of water content from 13 % to 7 %. The pressing results in UPO and the 
oilcake leftover, which contains residual oil. The UPO subsequently 

undergoes filtration, refinement, washing, drying and bleaching pro-
cesses, where free FA, phospholipids, pigments and other substances are 
partially removed, in order to yield a food grade RPO and soapstock. 
The soapstock obtained from alkaline refining is used for soap produc-
tion. Next, RPO is deodorized (steam distilled) at 180–230 ◦C with 
pressure in deodorizers of 4–5 mm mercury column, in order to remove 
free FA, mono- and di-acylglycerols, other oxidation and decomposition 
products and volatile components that negatively affect the odour, 
flavour, colour and stability of the oil. The deodorization step results in 
high quality RDPO. After its four times pressing, the remaining oilcake is 
then extracted with organic solvent (extraction gasoline), which yields 
UEO and the cottonseed meal. The cottonseed meal is used as the live-
stock feed. Finally, UEO undergoes refinement process with sodium 
hydroxide solution, where oil is released from fatty acids and accom-
panying substances (colorants, phosphatides), and results in food grade 
REO. Thus, five different cottonseed oil samples, UPO, RPO, RDPO, 
UEO and REO, were included in this study. 

2.3. Chemicals and reagents 

All chemicals and reagents used in this study were purchased from 
Sigma-Aldrich (Søborg, Denmark) unless otherwise stated. These 

Fig. 1. A generic workflow describing a cottonseed oil production stages at the 
large industrial plants. Prior to remove peel, cottonseeds are cleaned, moist-
ened, and crushed into smaller pieces. These pieces are then conditioned by 
heating before being pressed for oil. The two products from these process are 
the unrefined press oil and an oilcake. The oilcake is the compressed dry ma-
terial of the seed. The oilcake is flaked and further crushed prior to extraction. 
After extraction, unrefined extract oil and cottonseed meal (used as feed) are 
produced. Then, unrefined extract oil is refined prior to produce refined extract 
oil. The unrefined press oil is refined and bleached using bleaching clay and 
deodorized, leaving the oil in its final state, refined deodorized press oil. 
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included deuterium oxide (D2O, 99.9 atom % D), deuterated methanol 
(CD3OD, ≥99.0 %), methanol (CH3OH, ≥99.0 %), chloroform (CDCl3, 
99.8 atom % D), sodium salt of 3-(Trimethylsilyl) propionic-2,2,3,3-d4 
acid (TSP, 98 atom % D, ≥98.0 %), sodium azide (NaN3, ≥99.5 %), 
hydrochloric acid (HCl, 37 %), dichloromethane (CH2Cl2, ≥99.8%), and 
sodium hydroxide (NaOH, ≥97%). The water used throughout the study 
was purified using a Millipore lab water system (Merck KGaA, Darm-
stadt, Germany) equipped with a 0.22 μm filter membrane. 

2.4. Gas Chromatography-Mass spectrometry 

Cottonseed oils were analysed using GC–MS following the two 
sample preparation protocols: (1) analysis of intact oils, after dilution 
with dichloromethane and (2) derivatization, which included hydrolysis 
followed by methylation. For the analysis of intact oil samples, 200 µL of 
oil was mixed with 800 µL of dichloromethane in 2.0 mL glass vials, 
vigorously vortexed for 10 sec at ambient temperature and injected into 
GC–MS. For derivatization protocol, a single step hydrolysis followed by 
methylation was applied using 1.25 M hydrochloric acid solution in 
methanol. Prior to GC–MS analysis, samples were randomized and 
sample injection was automated using a Dual-Rail MultiPurpose 
Sampler (MPS) (Gerstel, Mülheim an der Ruhr, Germany) coupled to a 
GC–MS system. The GC–MS consisted of an Agilent 7890B Gas Chro-
matograph (Agilent Technologies, California, USA) coupled to a Time- 
Of-Flight Mass Spectrometer, HT Pegasus TOF-MS, (LECO Corpora-
tion, Saint Joseph, USA). More details of the GC–MS analysis can be 
found in Supplementary data. 

2.5. Proton nuclear magnetic resonance spectroscopy 

Two hundred µL of intact oil sample was mixed with 400 µL 
deuterated chloroform (CDCl3), which contained one mg mL− 1 TSP, and 
the mixture was transferred into 17 mm L NMR SampleJet tubes (L =
103.5 mm and O.D. = 5.0 mm), kept at 5 ◦C and analyzed within 12 h. 
One-dimensional (1D) 1H NMR spectra of the oil samples were acquired 
at the Department of Food Science (University of Copenhagen) using a 
Bruker Avance III 600 MHz NMR spectrometer equipped with a 5-mm 
broadband inverse RT (BBI) probe, automated tuning and matching 
accessory using a cooling unit BCU-05 and an automated sample chan-
ger (Sample Jet, Bruker BioSpin) with sample cooling (278 K) and pre-
heating stations (298 K). More details of the NMR analysis can be found 
in Supplementary data. 

2.6. Converting raw GC–MS and 1H NMR data into compound tables 

2.6.1. GC–MS data processing 
Raw GC–MS data were converted to netCDF format using the 

Chemstation® (Version G1701CA; Agilent Technologies) and imported 
into PARADISe (Johnsen, Skou, Khakimov, & BrO, 2017) where the 
chromatograms were further processed. The PARADISe software is built 
to process chromatographic data based on the multi-way modelling 
technique called Parallel Factor Analysis 2 (PARAFAC2) (Kiers, Berge, & 
Bro, 1999), which is particularly useful to process GC–MS and LC-MS 
datasets (Khakimov, Amigo, Bak, & Engelsen, 2012; Khakimov et al., 
2017). The three outputs from PARADISe based processing of GC–MS 
data were used to reconstruct the compound concentration table and for 
compound annotation. The outputs included areas of each deconvoluted 
peak, deconvoluted peaks’ elution profiles, which are used to calculate 
retention index (RI), and deconvoluted mass spectrum of each peak. The 
deconvoluted mass spectra and RI were used to identify compounds 
using NIST11 library. Identification of compounds was performed at 
level 1, 2 or 3, according to Metabolomics Standards Initiatives (Sumner 
et al., 2007). The criteria for level 2 identification were mass spectral 
match of ≥ 80 % and RI match of ± 30. Level 3 identification was mainly 
based on mass spectral match of ≥ 70 %. The retention time (RT), RI, 
and NIST match of GC–MS based detected peaks in cottonseed oil 

samples are given in Table S1. 

2.6.2. 1H NMR data processing 
One-dimensional 1H NMR spectra acquired on intact oils were im-

ported into the SigMa software, designed to process NMR metabolomics 
data (Khakimov, Mobaraki, Trimigno, Aru, & Engelsen, 2020). Imported 
NMR spectra were aligned towards the reference signal, TSP, which has 
the chemical shift at 0 ppm (parts per million), and the regions corre-
sponding to < -0.5 ppm and > 7.5 ppm were removed. The SigMa 
processing allowed to identify signature signals (SS) of known com-
pounds, unknown spin systems (SUS), and BINS representing complex 
spectral regions that contain unresolvable resonances of more than one 
compounds. The compounds were assigned tentatively using NMR data 
of vegetable oil samples from the literature data or using the databases 
(Alberdi-Cedeno, Ibargoitia, & Guillen, 2020). The chemical shift (ppm) 
range and multiplicity of NMR signals representing oil compounds are 
reported in Table S2. 

2.7. Data analysis 

Univariate One-Way ANOVA, including Benjamini-Hochberg’s mul-
tiple test correction using false discovery rate (FDR) of 5 %, and 
multivariate data analysis methods including principal component 
analysis (PCA) (Hotelling, 1933) and ANOVA-simultaneous component 
analysis (ASCA) (Smilde et al., 2005) were applied to study the varia-
tions in the cottonseed oil molecular profiles. ASCA with permutation 
testing (n = 1,000) was performed as previously described (Khakimov 
et al., 2016) and allowed partitioning of the variation in the data related 
to the study design factors, the processing stage (oil refinement) and 
production technology (pressing versus extraction) effects. Prior to PCA 
and ASCA, the datasets were autoscaled. All statistical analyses were 
performed in MATLAB (version R2016b, The MathWorks, Inc., Natick, 
Massachusetts, USA) and customized MATLAB scripts written by the 
authors. 

3. Results and discussion 

3.1. The molecular profile of cottonseed oil analyzed using GC–MS 

Two sample treatment methods were employed to screen the mo-
lecular profiles of cottonseed oil samples using GC–MS; (1) intact oil 
samples were injected into GC–MS after dilution with dichlormethane 
and (2) derivatized oil samples - hydrolysis followed by methylation 
before GC–MS analysis. The GC–MS profiles from the two sample 
treatment methods were different (Fig. S1). The profiles from the 
derivatization method were dominated by the three major FA of the 
cottonseed oil, linoleic acid (C18:2) with a within sample relative per-
centage concentration (RPC) range of 51–58 %, followed by palmitic 
acid (C16:0) (21–24 %), and oleic acid (C18:1) (18–23 %). The next three 
abundant FA detected from the derivatized oil samples were stearic acid 
(C18:0) (1.8–2.2 %), myristic acid (C14:0) (1.0–1.1 %) and palmitoleic 
acid (C16:1) (0.7–0.9 %). All these FA were freed after cleavage of ester 
bonds of triglycerides or diglycerides during the hydrolysis. The GC–MS 
profiles obtained from the intact oil samples represented relative 
amounts of free fatty acids and other major compounds in oil, mainly 
dominated by β-sitosterol (31–43 %), linoleic acid (7–29 %), γ-tocoph-
erol (11–22 %), α-tocopherol (11–20 %), β-sitosterol acetate (4–7 %), 
palmitic acid (0.7–5 %), squalene (2–4 %), campesterol (2–3 %), car-
yophyllene (0.5–3 %) and humulene (0.4–0.9 %). 

A total of 140 peaks were detected from the GC–MS analyses, 75 
peaks from intact oil samples and 65 peaks were detected from the 
derivatized oil samples (Table S1). Four compounds, palmitic acid 
(C16:0), linoleic acid (C18:2), squalene, and α-tocopherol, were identified 
at level 1 (Sumner et al., 2007) by spiking of an authentic standards of 
these four compounds into oil samples. A total of 55 peaks, 25 from 
derivatized and 30 from intact oils were identified at level 2. Nineteen 
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peaks from the derivatization method and 24 peaks from the intact oils 
were identified at level 3. The identified compounds include FA, fatty 
acid esters, steroids, tocopherols, terpenes, hydrocarbons, aldehydes, 
ketones and a few compounds belonging to other classes. A total of 35 
peaks detected in GC–MS analyses remained unknown. As expected, the 
derivatization method enriched the detection of FA, while steroids, 
vitamin E (tocopherols), and terpenes of the cottonseed oil were better 
detected from the intact oils. 

Apart from the compounds listed in Table 1, level 2 identified 
compounds included FA such as caprylic (C8:0), lignoceric (C24:0), 
pentadecanoic (C15:0), margaric (C17:0), ricinoleic (C18:1, OH), arachidic 
(C20:0), gadoleic (C20:1), behenic (C22:0), 9,12-heptadecadienoic (C17:2), 
cis-10-heptadecenoic (C17:1) and cis-10-nonadecenoic (C19:1) acid, as 
well as ethyl ester of palmitic acid (C16:0) and stearic acid (C18:0). Most 
of these FA and their esters naturally occurs in vegetable oils. However, 
di- and mono-glycerides as well as some FA may also be produced as a 
result of breakage of triglycerides during the oil refinement processes 
(Shahidi, P.K.J.P.D., & Wanasundara, 1997). The derivatization method 
also allowed the detection of the methyl ester of pelargonic acid (C9:0), 
which is not part of the cottonseed metabolome, but a herbicide used to 
burn-down green tissues of plants (Travlos et al., 2020). Twelve mem-
bers of terpenes, including ten sesquiterpenes (copaene, β-caryophyllen, 
α-humulene, α-selinene, alloaromadendrene, α-ylangene, β-himacha-
lene, δ-cadinene, cis-β-farnesene and β-bisabolene), one diterpene (16- 
kaurene) and one triterpene (squalene) were identified at level 2. Most 
of these terpenes have been previously identified in cotton plants and 
are known to be produced in the plant’s pericarp tissue which encloses 
seeds that produce cotton fiber (Egbuta, McIntosh, Waters, Vancov, & 
Liu, 2017). These terpenes are natural phytoprotectants against pests, 
diseases and environmental stresses (Egbuta et al., 2017). Among ter-
penes, 16-kaurene has been identified for the first time in cottonseed oil, 
which belongs to ent–kaurene that is known as a tetracyclic hydrocarbon 
precursor for the plant hormones synthesis such as gibberellins (Otsuka 
et al., 2004). 

Nine alkanes including pentadecane, 2-cyclohexyl-eicosane, hepta-
cosane, 2,6-dimethyloctane, undecane, dodecane, 1-iodo-2-methylun-
decane, 2-methylhexadecane and nonacosane were identified at level 

2 or 3. Among them, the most abundant alkanes were heptacosane and 
nonacosane which are also the major alkanes in sunflower oil, corn oil, 
and olive oil (Srbinovska, Conchione, Menegoz Ursol, Lucci, & Moret, 
2020). A recent study showed that some of these alkanes are strong 
classifiers of the vegetable oils allowing to distinguish origin of plants 
which can be used to detect food fraud or for authentication purposes. 
Apart from alkanes, few members of alkenes, alkynes and aldehydes 
were also identified at level 2 in almost all samples investigated in this 
study. Some of these compounds might be induced in cottonseed oil 
during the unit operations in an industrial scale oil refinement processes 
(EL-Mallah & El-Shami, 2011). For example, 1-decyne is known to be a 
degradation product form the photooxidation of naturally present 
cyclopropenoid FA in cottonsed oil (Fan, Tang, & Wohlman, 1983). (E)- 
2-methylhexadec-7-ene is reported as a hydrothermal decarboxylation 
product of stearic acid in vegetable oil (Zanon Costa, Falabella Sousa- 
Aguiar, Peixoto Gimenes Couto, & Souza de Carvalho Filho, 2020). 
While the presence of dodecane in vegetable oils is known to originate 
from a cracking reaction of triglycerides and FA (Cort, Vicente, Waysek, 
& Williams, 1983). Another compound found in oils, 2,4-decadienal, is 
known to be an oxidation product of linoleic acid during deep frying of 
vegetable oils and responsible for the oil deep-fried odour. Some 
tentatively identified compounds at level 2 and 3 in this study have 
never been reported before in cottonseed oil (Table S1) and thus requires 
further studies to validate our findings. 

3.2. The molecular profile of cottonseed oil analysed using 1H NMR 
spectroscopy 

One-dimensional 1H NMR spectra of cottonseed oil samples con-
tained 91 unique resonances representing oil FA, triglycerides, mono- 
and diglycerides, plant steroids, terpenes and other compounds. The 
most dominant ten resonances derived from methyl, methylene and 
methine protons of triglycerides, diglycerides, and free FA (Fig. 2). In the 
aliphatic region, the majority of these signals represented the major FA 
such as linoleic acid, palmitic acid, and oleic acid that are part of the 
triglycerides and diglycerides of the intact cottonseed oil. The signal 
from the methylene protons of fatty acid chains, –(CH2)n–, at 1.2–1.4 

Table 1 
A list of six major fatty acids detected in cottonseed oils after hydrolysis followed by methylation (derivatization) and ten major compounds detected in intact cot-
tonseed oil samples analysed using GC–MS. Retention time (RT) of compounds’ peaks in GC–MS analysis is given minutes and retention index (RI) is calculated based 
on retention times of C10-C40 all even alkanes. The three most abundant characteristic m/z ions for each compound’s peak are listed in descending intensity order. 
UPO stands for unrefined press oil, RPO – refined press oil, RDPO – refined deodorized press oil, UEO – unrefined extract oil, REO – refined extract oil. For each oil type, 
a mean relative percentage concentration of a compound is given with its standard deviation in bracket. The mean of relative percentage concentrations are calculated 
as follows; Ci,j = (Ai,j/sum(Ai,J)) × 100, where A is a signal intensity, i is sample, j is a variables, J is sum of all variables (compounds). Upper superscript numbers 1-10 

represent significant difference in mean relative concentration of functional groups between the oil types as calculated by One-Way ANOVA with multi-comparison 
(see Methods section). 1 significantly different between UPO and RPO, 2 UPO vs RDPO, 3 UPO vs UEO, 4 UPO vs REO, 5 RPO vs RDPO, 6 RPO vs UEO, 7 RPO vs REO, 8 

RDPO vs UEO, 9 RDPO vs REO, and 10 UEO vs REO.   

Compounds RT RI m/z UPO RPO RDPO UEO REO 

Methyl esters of six major fatty acids detected from the derivatized cottonseed oil 
1 linoleic acid  18.84 2101 67, 81, 55 54.2 (1.8) 53.8 (2.8) 52.5 (4.9)9 51.5 (1.2)10 57.8 (2.2)9,10 

2 oleic acid  18.90 2107 55, 69, 74 20.2 (1.2)3,4 20.3 (1.3)6,7 20.0 (1.6)8 23.3 (1.9)3,6,8,10 17.7 (1.0)4,7,10 

3 palmitic acid  17.46 1928 74, 87, 55 21.6 (2.2) 22.3 (2.5) 23.5 (2.8) 21.5 (1.2) 20.8 (2.0) 
4 stearic acid  19.07 2130 74, 55, 87 2.2 (0.2)1,4,3 1.8 (0.2)1 2.0 (0.2) 1.9 (0.2)3 1.8 (0.1)4 

5 myristic acid  15.73 1731 74, 87, 55 1.0 (0.2) 1.0 (0.3) 1.1 (0.3) 0.9 (0.1) 1.1 (0.2) 
6 palmitoleic acid  17.29 1908 55, 69, 74 0.7 (0.1) 0.8 (0.2) 0.9 (0.3) 0.8 (0.3) 0.7 (0.2)  

Ten major compounds detected from the intact cottonseed oil 
1 β-sitosterol  28.97 3352 414, 396, 323 32.4 (5.9)1 43.4 (5.9)1,7 37.8 (9.3) 33.7 (6.1) 31.3 (3.7)7 

2 γ-tocopherol  26.42 3060 416, 151, 191 11.4 (1.8)1,2,4 17.4 (2.2)1,6 22.5 (5.9)2,8 11.7 (2.0)6,8,10 21.9 (2.1)4,10 

3 α-tocopherol  27.11 3140 165, 431, 205 11.6 (1.8)1,2,4 16.6 (2.1)1,6,5,7 18.4 (2.9)2,5,8 11.3 (1.9)6,8,10 20.5 (0.9)4,7,10 

4 linoleic acid  19.59 2169 55, 67, 81 28.6 (8.2)1,2,4 6.8 (1.5)1,6 7.2 (2.2)2,8 28.7 (6.9)6,8,10 8.2 (1.3)4,10 

5 palmitic acid  18.13 1985 73, 60, 55 5.1 (1.4)1,2,4 0.7 (0.1)1,6 0.8 (0.1)2,8 3.8 (2.6)6,8,10 0.8 (0.1)4,10 

6 acyl-β-sitosterol  26.86 3111 55, 67, 69 4.4 (1.4)4 6.0 (1.5) 6.3 (1.8) 4.2 (1.1)10 6.9 (1.1)4,10 

7 campesterol  28.11 3255 55, 382, 400 2.5 (0.6) 2.8 (0.5) 2.1 (0.2) 2.7 (0.4) 2.4 (0.2) 
8 squalene  24.33 2810 69, 81, 95 2.3 (0.6)1,2,4 3.5 (0.9)1,6 4.2 (1.2)2,8 2.2 (0.4)6,8,10 4.3 (0.8)4,10 

9 caryophyllene  12.92 1433 91, 93, 133 1.1 (0.2)1,2,4 1.9 (0.4)1,5,7 0.4 (0.4)2,5,8,9 1.2 (0.3)8,10 2.7 (0.4)4,7,9,10 

10 humulene  13.31 1470 93, 80, 212 0.4 (0.07)1,4 0.7 (0.1)1,5,6,7 0.2 (0.2)5,9 0.4 (0.1)6,10 0.9 (0.1)4,7,9,10  
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ppm was the most dominant one and showed a RPC of 40.7–41.4 % 
across all five types of the cottonseed oils (Table S3). This followed by 
resonances originated from the terminal methyl group of fatty acid 
chains (CH3–, 0.85–0.91 ppm) with RPC of 14.1–14.2 %, the methylene 
group (RPC = 9.6 %) one bond away from a double bond in fatty acid 
chain (–CH2–, 1.98–2.07 ppm), and the methylene group (RPC =
8.4–8.5 %) one bond away from a carbonyl group of fatty acid chain 
(–CH2–, 2.27–2.32 ppm). The next most abundant resonances belonged 
to the methylene group (RPC = 7.1 %) two bonds away from a carbonyl 
group (1.57–1.65 ppm), the methine group (RPC = 6.7–6.8 %) of un-
saturated fatty acid (–CH=, 5.28–5.39 ppm), the methylene protons 
(RPC = 3.2–3.4 %) attached to C-1′ and C-3′ of triglycerides (4.11–4.16 
and 4.29–4.32 ppm) and the methine protons (RPC = 1.4–1.5 %) of 
triglycerides (5.23–5.28 ppm). 

SigMa based processing of the 1H NMR spectra of cottonseed oil 
samples allowed the detection of 29 SS of known compounds or func-
tional groups, including 17 SS of dominating FA such as linoleic acid, 
palmitic acid, oleic acid, stearic acid as well as α-, β-CH2- protons of 
polyenoic acids, and conjugated linoleic acids (CLAs, C18:2) (Alexandri 
et al., 2017). Other SS originated from β-sitosterol, β-sitosteryl acetate, 
γ-tocopherol, (E,E)-conjugated double bonds associated with hydroper-
oxides (HPO-c(E,E)dEs) and (E,Z)- conjugated double bonds associated 
with ketodiene (KO-c(E,Z)dEs) as well as esters of phytol and ger-
anylgeraniol. These compounds were consistently detected in all five oil 
types. Of these, β-sitosterol has been reported to be the most abundant 
plant steroid in cottonseed oil (Prasad & Blaise, 2020). γ-tocopherol is 
the major metabolite of the endogenous phenolic fraction of cottonseed 
oil (Wu et al., 2019) and it is a strong antioxidant that leads to the high 
oxidative stability of the cottonseed oil during processing and storage 
(Kouser & Mahmood, 2015), thus contributes to longer shelf life. Esters 
of phytol and geranylgeraniol naturally occurs in cotton plants and play 
an important role in the defence mechanism of the plant against 

herbivores (Bell, 1981). In addition, the SS of the two lesser abundant 
streols, campesterol and gramisterol, were detected in the NMR spectra, 
though their resonances were partially overlapped (Fig. 2B and Fig. 2C). 
The satellites signals of major FA and triglycerides were identified and 
excluded from further analysis (Table S2). 

Additionally, 45 resonances were identified as BINS that represented 
complex spectral intervals containing unresolved overlapped signals of 
more than one compounds. The resonances of several oil compounds 
were quantified as BINS, sum of signal intensities, including gossypol, 
squalene, plant steroids, triterpenes (squalene, oleanolic acid, maslinic 
acid), fatty alcohols (tetracosanol and hexacosanol), diacylgycerides, 
and compounds derived from hydrolytic or oxidative processes. Many 
plant steroids tentatively identified as BIN in cottonseed oil includes 
gramisterol, citrostadienol, Δ7-avenasterol, Δ7-campesterol, cyclo-
eucalenol, 24-methylenecycloartanol, gramisterol and obtusifoliol. ((Z, 
E) or (E,E)-conjugated double bonds associated with hydroperoxides 
(HPO-c(Z,E)dEs, HPO-c(E,E)dEs), (Z,E) or (E,E)-conjugated double 
bonds associated with hydroxy group (HO-c(Z,E)dEs, HO-c(E,E)dEs), 
and (Z,E)- conjugated double bonds associated with ketodiene (KO-c 
(Z,E)dEs)) were the major oxidation products found in cottonseed oil. 
Among these compounds, gossypol is considered as the main anti- 
nutrient of cottonseed, but it is crucial for the plant’s defence mecha-
nism (Townsend & Llewellyn, 2007). The doublet identified at 1.53 ppm 
(d, 7.6 Hz) and a multiplet at 3.89 ppm were tentatively assigned as the 
resonances of the methyl and methine protons of isopropyl units of 
gossypol, respectively. This was confirmed by the statistical total cor-
relation spectroscopy (STOCSY) approach (Maher et al., 2012) which 
showed a correlation coefficient of 0.94 between the two resonances of 
gossypol in the spectra. These data are in a good agreement with the 
NMR spectrum of gossypol isolated from cottonseed (Wang, Liu, Zhang, 
Yasin, & Zhang, 2019). Due to a low signal-to-noise ratio and overlap 
with neighbouring resonances representing other compounds in oil, the 

Fig. 2. One-dimensional (1D) proton nuclear mag-
netic resonance (1H NMR) spectrum (600 MHz) of 
the refined press cottonseed oil sample. Panel (A) 
shows a whole 1H NMR spectrum ranging from 0 to 
7 ppm, panel (B) is an expansion of 0.5–3.0 ppm and 
panel (C) depicts an expansion of 3.0–7.2 ppm re-
gions. The assignments of all signals are provided in 
Table S2. BS-ol = butyrospermol; CE-ol = cyclo-
eucalenol; CLA = conjugated linoleic acids; DG =
diacylglycerol; HC-ol = hexacosanol; HO-c(E,E)dEs 
= (E,E)-conjugated double bonds associated with 
hydroxy group (OH); HPO-c(Z,E)dEs = (Z,E)-conju-
gated double bonds associated with hydroperoxy 
group (OOH); KO-c(Z,E)dEs = (Z,E)- conjugated 
double bonds associated with ketodiene; MA =
maslinic acid; OA = oleanolic acid; TC-ol = tetra-
cosanol; TG = triglyceride; TSP = sodium salt of 3- 
(trimethylsilyl) propionic-2,2,3,3-d4 acid.   
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two resonances of gossypol were quantified as BINS, as a sum of signal 
intensities in the corresponding regions. Therefore, an estimation of the 
absolute concentration of gossypol in the oil samples was tentative, 2–5 
ppm in refined press and extract oils (Fig. 5). However, relative intensity 
of gossypol BINS allowed a comparison of the relative content of this 
anti-nutrient in different oil types that showed significantly higher 
amounts in unrefined oils (UPO and UEO) compared to refined oils (see 
Section 3.4). A total of 17 resonances detected from the 1H NMR spectra 
remained unknown. Therefore, a total of 84 NMR-based compound 
variables obtained from SigMa were included in the following analysis 
after excluding seven satellites signals of FA. 

3.3. Principal component analysis of cottonseed oil molecular profiles 

Principal component analysis (PCA) was performed on the cotton-
seed oil molecular profile data for exploring the systematic variations 
present in the data, including variations explaining the study design 
factors, oil processing (refinement) stages and production technology 
(pressing versus extraction). The two PCA models developed separately 
on the GC–MS and NMR datasets showed that the major systematic 
variations explained the processing stage effect, which accounted nearly 
40 % and 50 % variation in the two datasets, respectively (Fig. 3). The 
combination of PC1 (26 %) versus PC2 (15 %) scores, from the model 
developed on the GC–MS data, separated the oils form the three pro-
cessing stages (Fig. 3A). The loadings plot of the corresponding PCA 
model suggested that cottonseed oil at the unrefined stage, both of press 
oil and extract oil, are characterized by higher levels of steroids 
(β-sitosterol, stigmasterol, stigmastan-3,5-diene) and long chain FA 
including methyl 14-methyl-eicosanoate (C21:0), linoleic acid (C18:2), 

stearic acid (C18:0), and methyl behenate (C22:0). While refined or 
refined-deodorized oils were characterized by higher relative levels of 
tocopherols, short chain alkenes and aldehydes (2-decenal, undecane, 
methyl caprylate, 1-iodo-2-methylundecane) (Fig. 3C). Plant steroids 
are colourless and heat labile compounds which can be removed 
through thermal and chemical refining methods (Zia et al., 2021), thus 
the refined oils contain significantly less amount of steroids. Stigmastan- 
3,5-diene, a hydrocarbon derived from β-sitosterol by dehydration, is 
found in refined vegetable oils as a consequence of the oil processing 
prior to refinement (Cert, Lanzón, Carelli, Albi, & Amelotti, 1994). The 
increased level of short chain alkenes and aldehydes in refined oils can 
be explained by a thermal degradation of long chain FA (Gomez-Cortes, 
Sacks, & Brenna, 2015) and other undesired chemical modifications that 
might have occurred during the oil refinement and deodorization stages. 

The PCA model developed on the NMR data mostly show separation 
of unrefined cottonseed oil samples from the refined and refined- 
deodorized oil samples (Fig. 3B) along PC1 (35 %). The loadings of 
this PCA model suggested that unrefined cottonseed oil, both of press oil 
and extract oil, contain higher levels of diacylglycerols, plant steroids 
(β-sitosterol, gramisterol, citrostadienol, Δ7-avenasterol, Δ7-campes-
terol, cycloeucalenol and β-sitosteryl acetate), terpenes (squalene, ole-
anolic acid, maslinic acid and cycloeucalenol) and gossypol compared to 
refined oils (Fig. 3D). The same PCA model characterize the refined and 
refined-deodorized oils by having relatively higher levels of tri-
glycerides, linoleic acid, esters of phytol and geranylgeraniol, oxidation 
compounds and γ-tocopherol. No systematic variations were captured 
by the PCA model of GC–MS data (Fig. 3A) explaining differences be-
tween the press oil and extraction oil, while the PCA model of NMR data 
showed a partial separation of press oil and extraction oil along PC2 

Fig. 3. Principal component analysis (PCA) 
of cottonseed oil molecular profile data. 
Panel (A) shows scores plot of PCA model 
developed on GC–MS data (compound table) 
(30 samples × 140 variables) and panel (B) 
for 1H NMR data (30 samples × 92 vari-
ables). Oil samples are color coded according 
to the processing stages and circle markers 
are donated for samples derived from press-
ing technology and rhombic markers are 
used for oils from extraction technology. The 
corresponding loading plots, panel (C) for 
GC–MS data and panel (D) for NMR data, 
show distribution of oil compounds respon-
sible for the observed separation on scores 
plots. Compounds are color coded according 
to compound classes covering fatty acid (and 
their esters), steroids, tocopherols, terpenes, 
hydrocarbons, gossypol and others. 1-iodo-2- 
M = 1-iodo-2-methylundecane; OA = oleic 
acid; LA = linoleic acid; PA = palmitic acid; 
Mel-PD = methyl pentadecanoate; ArDen =
alloaromadendrene; Mel-PG = methyl 
pelargonate; NoNa = nonacosane; Mel-C =
methyl caprylate; Mel-A = methyl arach-
idate; Toco = tocopherol; sn-1,3-DG = sn- 
1,3- diacylglycerols; SFA&MUFA = saturated 
and monounsaturated ω-9 fatty chain; 
EE&GG = esters of phytol & geranylgeraniol; 
α-EA = α-eleostearic acid; β-EA = β-eleos-
tearic acid; TG = triglycerides; (9E,11Z) CLA 
= (9-cis, 11-trans) conjugated linoleic acids.   
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(Fig. 3B). This was mainly associated with a relatively higher level of 
diacylglycerols and FA oxidation products in the extract oils. 

3.4. Dynamics of cottonseed oil molecular profiles during processing 
stages 

In order to study the effects of the different processing stages on the 
oil molecular profiles, ASCA and One-Way ANOVA were performed on 
the GC–MS and NMR datasets. The cottonseed oil samples from two 
different production technologies, the pressing and extraction, were 
studied separately. The ASCA performed on GC–MS data of press oil 
samples showed a significant effect (35 % variation, p-value < 0.001) of 
the processing stage on the oil molecular profile (Fig. S2). Elucidation of 
this two component ASCA model showed that squalene, FA (caprylic 
acid, 3-hydroxypropyl palmitic acid, pentadecanoic acid, gadoleic acid) 
and alkanes (2-methyloctadec-7-yne, 2-methylhexadecane and hepta-
cosane) followed an increasing trend during the sequential oil refine-
ment stages, while cyclohexyl-eicosane, 14-methyl-eicosanoic acid, 
ricinoleic acid, and trimethyl citrate showed decreasing trend (Fig. S2E). 
In addition, isopropyl linoleate, α-monopalmitin, methyl arachidate, 
methyl behenate, and methyl margarate showed rapid decrease from 
unrefined to refined press oil followed by a partial recovery from refined 
press oil to refined-deodorized press oil. It is worth to mention that 
methyl esters of abovementioned FA are the products of methylation of 
FA during the derivatization of oil samples prior to GC–MS analysis. 
Interestingly, an opposite trend was also observed for few compounds 
including ethyl palmitate and sesquiterpenes (copaene, α-selinene, cis- 
β-farnesene and α-ylangene). The ASCA performed on the NMR data of 
the press oil samples showed similar trends as for the GC–MS data. A 
significant effect (47 % variation, p-value < 0.001) of the processing 
stage on the oil molecular profiles were mainly pronounced for β-sitos-
terol, squalene, gossypol, sn-1,2/2,3 diglycerides, and keto-epoxy- 
monoenes. Some triterpene and fatty alcohols decreased during oil 
refinement, while linolenic acid, linoleic acid, triglycerides, punicic 
acid, α-eleostearic acid, γ-tocopherol and compounds derived from hy-
drolytic or oxidative processes, including HPO-c(E,E)dEs, HO-c(E,E)dEs 
and KO-c(Z,E)dEs, increased during the oil refinement stages (Fig. S2C, 
G). NMR-detected HPO-c(Z,E)dEs, some triterpenes (oleanolic acid, 
cycloeucalenol, butyrospermol) and fatty alcohols (tetracosanol, hex-
acosanol, 1-monoacylglycerides) showed a decreasing trend from UPO 
to RPO followed by a partial recovery from RPO to RDPO (Fig. S2G). 

Similarly, for the extract oil, the ASCA models developed on GC–MS 
and NMR datasets showed a significant effect of the processing stage 
with 27 % (p-value = 0.001) and 41 % explained variation (p-value >
0.001), respectively (Fig. S2D, H). The loadings plot of the corre-
sponding ASCA models showed that REO contained lower levels of 
δ-tetradecalactone, trimethyl citrate, linoleic acid, α-monopalmitin, 
glyceryl monooleate, methyl lignocerate, methyl 14-methyl-eicosa-
noate, gossypol and plant steroids (β-sitosterol, campesterol, stigmas-
terol, stigmastan-3,5-diene) compared to UEO. The same ASCA loadings 
comprised of sesquiterpenes (copaene, α-selinene, β-bisabolene, 
α-ylangene), triglycerides, β-eleostearic, ethyl palmitate, 3-hydroxy-
propyl palmitate, methyl ricinoleate, 2-decenal, (Z)-nonadec-5-ene 
and 2-methyloctadec-7-yne showed increasing trend from UEO to REO 
(Fig. S2H). 

The effect of the processing stage on the cottonseed oil molecular 
profiles was further investigated using One-Way ANOVA with FDR 
correction. In the press oil samples, 50 out of 140 GC–MS variables and 
54 out of 84 NMR variables were identified to be different between the 
oil samples representing the three processing stages (Table S1, S2). 
These GC–MS variables included 38 level 2 or level 3 identified com-
pounds as well as 12 unknown peaks. Identified compounds include 12 
FA or their esters, 9 terpenes, 4 steroids, 6 n-alkenes, 4 aldehydes and 
ketones, 2 phenolic compounds and trimethyl citrate. An increasing 
trend during the oil refinement was observed for three aldehydes 
(hexanal dimethyl acetal, 2,5-dimethyl-benzaldehyde, n-undecanal) and 

for four alkanes including undecane, 1-iodo-2-methylundecane, 2- 
methylhexadecane, and 2-methyloctadec-7-yne (Table S1). Aldehydes 
are secondary oxidation products of fatty acid methyl ester and are key 
flavour compounds in edible oils. The aldehyde, 2,4-decadienal, has 
been found to be an indicator of the oxidation level of edible oils (Choe 
& Min, 2006). In our study, this aldehyde showed a notable increase 
from UPO to RPO and to a lesser extent, an increase from RPO to RDPO 
(Table S1). The formation of these alkanes and aldehydes has been 
related to the oxidation and degradation FA during oil purification 
stages (Choe & Min, 2006). Moreover, four sesquiterpenes slightly 
increased after refining, but sharply decreased after deodorization. 

Fig. 4 shows twelve selected GC–MS based detected compounds that 
have been affected by the processing stages in the press oil, including 
campesterol, squalene, α-humulene, δ-cadinene, α-monopalmitin, 
copaene, α-selinene, cis-β-farnesene, (Z)-pentadec-6-en-1-ol, ethyl 
palmitate, hexanal dimethyl acetal and trimethyl citrate. The level of 
α-monopalmitin (glyceryl palmitate) were decreased while 3-hydroxy-
propyl palmitate were increased after both refining and deodorization 
in press oil. The increase of 3-hydroxypropyl palmitate has been 
attributed to the hydrogenation of α-monopalmitin (Kyselka et al., 
2018). These anti-nutrients mostly occur in unrefined press oil. Two 
sesquiterpenes, copaene and α-selinene, were found to increase by 50 % 
in RPO samples compared to UPO, but then greatly reduced (up to 70 %) 
after deodorization, which is in line with the results from the ASCA 
analysis. Trimethyl citrate was drastically decreased after refinement, 
up to 90 % from UPO to RPO. This is because citric acid is usual added in 
the crude edible oil in order to remove most of the unwanted gums or 
phosphatides that will otherwise compromise the stability of the oil in 
the later stage during bleaching (Ahmad, Mee, Noor, & Yusoff, 2018). 
The addition of citric acid in vegetable oil is a normal practice and 
recommended to be applied after the deodorization step. This allows to 
chelate metal traces and increase oil stability during storage (Gupta, 
2017). In addition, three plant steroids detected using GC–MS, including 
campesterol, stigmasterol, and β-sitosterol, were found to decrease 
during the press oil refinement. From UPO to RPO these plant steroids 
reduced up to 59–71 % and 28–38 % from UPO to RDPO samples 
(Table S1). 

Among the 53 NMR resonances affected by the processing stages in 
the press oils, 22 of them correspond to SS of known oil compounds, 23 
BINS and seven variables remained unknown (SUS) (Table S2). Known 
compounds included 15 FA, β-sitosterol, and HPO-c(E,E)dEs. The NMR 
data showed that the levels of diacylglycerols, 9-cis,11-trans CLA and 
β-eleostearic acid decrease during the refinement, while triglycerides, 
linoleic acid, linolenic acid and α-eleostearic acid slightly increase. 
Similar to triglycerides, diacylglycerols are naturally occurring com-
pounds in all vegetable oils, including cottonseed oil. The diac-
ylglycerols are amphipathic with hydrophilic hydroxy groups and 
hydrophobic hydrocarbons and thus decrease the surface tension of the 
edible oil and increase the diffusion rate of oxygen from the headspace 
to the oil and thereby accelerate the oxidation of oil. Lower levels of 
diacylglycerols in refined oils and refined-deodorized oils will thus 
improve the oxidative stability (Choe & Min, 2006). Besides, some oil 
compounds quantified as BINS represented hydrolysis and/or oxidation 
products of FA, including HO-c(E,E)dEs and KO-c(Z,E)dEs), that 
increased up 3 to 6 fold from UPO to RDPO oil samples (Table S2). It is 
worth mentioning that 1H NMR spectroscopy is probably the most 
reproducible and quantitative technique to detect and quantify such 
process related changes in edible oils. In addition, NMR-based detected 
gossypol, keto-epoxy-monoenes, terpenes (oleanolic acid, cyclo-
eucalenol, butyrospermol) and fatty alcohols (tetracosanol, hex-
acosanol, 1-monoacylglycerides) decreased during the cottonseed oil 
refinement stages, with explained variations of > 70 %. The majority of 
ANOVA significant oil compounds were also part of the metabolic 
pattern in the ASCA loadings explaining the processing effect upon the 
oil composition (Table S1, Table S2 and Fig. S3). 

A total of 27 GC–MS variables and 36 NMR variables differed 
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between the unrefined and refined cottonseed oils produced using the 
extraction technology (UEO versus REO). Twenty-one out of 27 GC–MS 
variables were tentatively identified based on their mass spectra and RI, 
and ten of these were FA, five belonged to steroids, and the remaining 
peaks represented terpenes, alkynes and others classes of compounds. A 
considerable increase was observed in the relative concentration of a 
hydrocarbon, 2-methyloctadec-7-yne, fatty acid esters (ethyl palmitate, 
3-hydroxypropyl palmitate), and methyl ester of ricinoleic acid in REO 
samples. Likewise, similar increase was observed for all these com-
pounds after the refinement of press oil samples. A previous study have 
showen that cottonseed oil contains the highest level of ricinoleic acid, 
which has been reported to have anti-inflammatory property, compared 
to other vegetable oils like olive oil, corn oil or rapeseed oil (Yamamoto, 
Kinoshita, & Shibahara, 2008). In contrast, several compounds in the oil, 
including α-monopalmitin, glyceryl monooleate, methyl 14-methyl-ei-
cosanoate, methyl ester of lignoceric acid, trimethyl citrate and δ-tet-
radecalactone, showed relatively lower concentrations in the REO 
samples compared to UEO samples. Plant steroids, including 
stigmastan-3,5-diene, campesterol, stigmasterol, and β-sitosterol, in the 
extract oil slightly decreased after refinement, which is in agreement 
with a previous study (Bai, Ma, & Chen, 2021). On the contrary, three 
sesquiterpenes, including copaene, α-selinene, and β-bisabolene, 
increased up to 1.4 fold in the REO samples compared to UEO. Among 
the NMR variables that were different between UEO and REO, β-sitos-
terol, diacylglycerols and gossypol decreased from UEO to REO, while 
linoleic acid, triglycerides, β-eleostearic acid and esters of phytol and 
geranylgeraniol increased after refinement. Most of the NMR variables 
showed a similar trend both in the press oil and in the extract oil during 
the oil refinement. Fig. 5 shows twelve selected NMR detected oil 
compounds with significant processing stage effect. 

3.5. Comparison of the molecular profiles of cottonseed oils from pressing 
and extraction technologies 

The two different technologies, pressing and extraction, applied in 
the industrial scale cottonseed oil production, has a great impact on the 
vegetable oil quality and utilization. In this study we explored the dif-
ferences in molecular profiles of cottonseed oils produced using the two 
different technologies. Principal component analysis performed on the 
GC–MS showed no systematic variation related to the oil molecular 
profile related to the production technology, as shown by the fact that 
UPO oils could not be separated from UEO in the PCA scores space 
(Fig. S3A). In contrast, UPO and UEO samples were partially separated 
in the NMR data (Fig. S3B). A few compounds were found to show sig-
nificant differences between UPO and UEO when evaluated individually 
using ANOVA. These include β-sitosterol and squalene, detected by 
NMR, which were relatively higher in UEO (Table S1 and S2). Larger 
differences were found between RPO and REO. The relative clear sep-
aration of RPO and REO was observed in PCA model based on the NMR 
data, but not on GC–MS data (Fig. S4). Fig. S4B shows the scores plot of 
the first two PCs, which together explain more than 50 % of the sys-
tematic variation present in the NMR data. The loadings plot of the same 
PCA model (Fig. S4) indicate that the separation between the RPO and 
REO oils is mainly due to a relatively higher level of steroids, tri-
glycerides, linoleic acid and linolenic acid in RPO, and lower levels of 
terpenes, oxidation compounds and gossypol in RPO compared to REO. 
One-Way ANOVA allowed to identify that α-monopalmitin, reported to 
be a carcinogenic compound, and methyl ricinoleic acid were at lower 
concentrations (up to 31 %) in RPO compared to REO (Table S1). A total 
of 28 NMR variables representing cottonseed oil compounds were found 
to be significantly different between the RPO and REO samples 

Fig. 4. Bar plots of signal intensities (peak areas) of selected GC–MS based detected cottonseed oil compounds that showed relative large effect of the processing 
stages. Bars and error bars represent mean and standard errors (±) calculated in oil samples derived from different processing stages. *p < 0.05, **p < 0.01, ***p 
< 0.001. 
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(Table S2). These included 15 SS, 7 BINS and 6 SUS. Gossypol was one of 
the tentatively identified compounds that showed a notable difference 
between RPO and UEO (FDR-p-value < 0.001, effect size = 48.6 %). 
REO contain about 50 % more gossypol compared to RPO. The com-
pounds that also were found to increase in REO include sn-1,2/2,3 di-
glycerides, β-eleostearic acid, squalene, keto-epoxy-monoenes, 
β-sitosteryl acetate and esters of phytol and geranylgeraniol. In the 
contrast, β-sitosterol were found to be 25–45 % higher in RPO compared 
to REO. Thus, the results from PCA and ANOVA analyses show that the 
molecular profiles of unrefined press oil and unrefined extract oil are 
quite similar and that the refinement stage introduces the largest vari-
ation in their molecular profiles. 

4. Conclusion 

This study, for the first time, decodes comprehensive molecular 
profiles of unrefined and refined cottonseed oils during a large-scale 
industrial production based on pressing or extraction technologies. 
Two complementary analytical technologies, GC–MS and 1H NMR 
spectroscopy, were applied to screen the oil samples and allowed 
detection of nearly 100 compounds. These include major FA and tri-
glycerides, less abundant mono- and diglycerides, plant steroids, ter-
penes including squalene, tocopherols, and organic acids as well as 
gossypol, the natural phenolic sesquiterpenoid present in cotton plant. 
In addition, other anti-nutrients such as α-monopalmitin, alkanes, al-
kenes, aldehydes, keto-epoxy-monoenes and fatty alcohols, most likely 
the products formed during the refinement stages, were identified. Some 
of these tentatively identified compounds have never been reported 
before in cottonseed oil and thus require further studies to validate our 

findings. The study showes that refinement stages result in a notable 
reduction in undesirable compounds in oils such as free FA, FA amides, 
organic acids, mono- and diglycerides, steroids and gossypol. However, 
possible oxidation and degradation of lipids during refinement increased 
the levels of hydrocarbons and aldehydes. Comparison of final oils from 
pressing and extraction showed that refined press oils contain higher 
levels of steroids, including β-sitosterol, compared to refined extract oil. 
While refined extract oil showed greater amount of free FA and their 
esters, including methyl ester of ricinoleic acid, β-eleostearic acid, pol-
yenoic FA, α-monopalmitin, diglycerides (sn-1,2/2,3 diglycerides), ter-
penes, and gossypol. To sum up, this study demonstrated potentials of 
foodomics approach to evaluate the impact of production processes on 
the final quality of edible oils through molecular profiling using 
advanced analytical techniques and multivariate and univariate data 
analysis. 
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(2018). Elimination of 3-MCPD fatty acid esters and glycidyl esters during palm oil 
hydrogenation and wet fractionation. European Food Research and Technology, 244 
(11), 1887–1895. https://doi.org/10.1007/s00217-018-3101-9 

List, G. R. (2016). 2 - Oilseed Composition and Modification for Health and Nutrition. In 
T. A. B. Sanders (Ed.), Functional Dietary Lipids (pp. 23–46). Woodhead Publishing.  

Lusas, E. W., & Jividen, G. M. (1987). Glandless cottonseed: A review of the first 25 years 
of processing and utilization research. Journal of the American Oil Chemists Society, 64 
(6), 839–854. https://doi.org/10.1007/BF02641491 

Maestri, D., Nepote, V., Lamarque, A. L., Zygadlo, J., & Imperato, F. (2006). Natural 
products as antioxidants. 

Maher, A. D., Fonville, J. M., Coen, M., Lindon, J. C., Rae, C. D., & Nicholson, J. K. 
(2012). Statistical total correlation spectroscopy scaling for enhancement of 
metabolic information recovery in biological NMR spectra. Analytical Chemistry, 84 
(2), 1083–1091. https://doi.org/10.1021/ac202720f 

Otsuka, M., Kenmoku, H., Ogawa, M., Okada, K., Mitsuhashi, W., Sassa, T., & 
Yamaguchi, S. (2004). Emission of ent-Kaurene, a Diterpenoid Hydrocarbon 
Precursor for Gibberellins, into the Headspace from Plants. Plant and Cell Physiology, 
45(9), 1129–1138. https://doi.org/10.1093/pcp/pch149 %J Plant and Cell 
Physiology 

Prasad, R., & Blaise, D. (2020). Low Gossypol Containing Cottonseed: Not only a Fibre 
but also a Food Crop. National Academy Science Letters, 43(7), 599–602. https://doi. 
org/10.1007/s40009-020-00931-1 

Qiu, R., Huang, Z., & Wang, L. (2018). Analysis of fatty acid composition in cottonseed 
by gas chromatography with on-line pyrolytic methylation. Se Pu, 36(9), 925–930. 
https://doi.org/10.3724/sp.J.1123.2018.04012 

Riaz, T., Iqbal, M. W., Mahmood, S., Yasmin, I., Leghari, A. A., Rehman, A., & Bilal, M. 
(2021). Cottonseed oil: A review of extraction techniques, physicochemical, 
functional, and nutritional properties. Critical Reviews in Food Science and Nutrition, 
1–19. https://doi.org/10.1080/10408398.2021.1963206 

Shahidi, F., P.K.J.P.D., W., & Wanasundara, U. N. (1997). Changes in edible fats and oils 
during processing. 4(3), 199-231. Doi: 10.1111/j.1745-4522.1997.tb00093.x. 

Smilde, A. K., Jansen, J. J., Hoefsloot, H. C. J., Lamers, R.-J. A. N., van der Greef, J., & 
Timmerman, M. E. (2005). ANOVA-simultaneous component analysis (ASCA): a new 
tool for analyzing designed metabolomics data. Bioinformatics, 21(13), 3043–3048. 
https://doi.org/10.1093/bioinformatics/bti476 

Srbinovska, A., Conchione, C., Menegoz Ursol, L., Lucci, P., & Moret, S. (2020). 
Occurrence of n-Alkanes in Vegetable Oils and Their Analytical Determination. 
Foods, 9(11). https://doi.org/10.3390/foods9111546 

Sumner, L. W., Amberg, A., Barrett, D., Beale, M. H., Beger, R., Daykin, C. A., & 
Viant, M. R. (2007). Proposed minimum reporting standards for chemical analysis 
Chemical Analysis Working Group (CAWG) Metabolomics Standards Initiative 
(MSI). Metabolomics, 3(3), 211–221. https://doi.org/10.1007/s11306-007-0082-2 

Townsend, B. J., & Llewellyn, D. J. (2007). Reduced terpene levels in cottonseed add 
food to fiber. Trends in Biotechnology, 25(6), 239–241. https://doi.org/10.1016/j. 
tibtech.2007.03.012 

Travlos, I., Rapti, E., Gazoulis, I., Kanatas, P., Tataridas, A., Kakabouki, I., & 
Papastylianou, P. (2020). The Herbicidal Potential of Different Pelargonic Acid 
Products and Essential Oils against Several Important Weed Species. Agronomy, 10 
(11). https://doi.org/10.3390/agronomy10111687 

Van Duijn, G., & Den Dekker, G. (2013). Edible oil processing. Oil Processing Design Basics. 
(2nd ed., pp. 267–310). John Wiley & Sons, Ltd. 

Wang, L., Liu, Y., Zhang, Y., Yasin, A., & Zhang, L. (2019). Investigating Stability and 
Tautomerization of Gossypol-A Spectroscopy Study. Molecules, 24(7). https://doi. 
org/10.3390/molecules24071286 

Wu, G., Chang, C., Hong, C., Zhang, H., Huang, J., Jin, Q., & Wang, X. (2019). Phenolic 
compounds as stabilizers of oils and antioxidative mechanisms under frying 
conditions: A comprehensive review. Trends in Food Science & Technology, 92, 33–45. 
https://doi.org/10.1016/j.tifs.2019.07.043 

Zanon Costa, C., Falabella Sousa-Aguiar, E., Peixoto Gimenes Couto, M. A., & Souza de 
Carvalho Filho, J. F. (2020). Hydrothermal Treatment of Vegetable Oils and Fats 
Aiming at Yielding Hydrocarbons: A Review. Catalysts, 10(8). Doi: 10.3390/ 
catal10080843. 

Y. Ye et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.jff.2022.105326
https://doi.org/10.1016/j.jff.2022.105326
https://doi.org/10.18178/ijfe.4.1.36-39
https://doi.org/10.3390/antiox9030246
https://doi.org/10.3390/molecules22101663
https://doi.org/10.3390/molecules22101663
https://doi.org/10.1016/j.gaost.2020.12.003
https://doi.org/10.1016/j.gaost.2020.12.003
https://doi.org/10.1016/S0031-9422(00)94578-3
https://doi.org/10.1016/0308-8146(94)90173-2
https://doi.org/10.1016/0308-8146(94)90173-2
https://doi.org/10.1021/jf00120a045
https://doi.org/10.1021/jf00120a045
https://doi.org/10.3390/molecules22010093
https://doi.org/10.1016/j.foodres.2013.02.013
https://doi.org/10.1016/j.foodres.2013.02.013
https://doi.org/10.1007/BF02671338
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0070
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0070
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0070
https://doi.org/10.1016/j.foodchem.2014.11.015
https://doi.org/10.1016/j.foodchem.2014.11.015
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0080
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0080
https://doi.org/10.1037/h0071325
https://doi.org/10.1037/h0071325
https://doi.org/10.1016/j.chroma.2017.04.052
https://doi.org/10.1016/j.chroma.2012.10.023
https://doi.org/10.1016/j.chroma.2012.10.023
https://doi.org/10.1016/j.aca.2020.02.025
https://doi.org/10.1016/j.aca.2020.02.025
https://doi.org/10.1021/acs.jproteome.6b00109
https://doi.org/10.1038/s41598-017-08129-0
https://doi.org/10.1002/(SICI)1099-128X(199905/08)13:3/4<275::AID-CEM543>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1099-128X(199905/08)13:3/4<275::AID-CEM543>3.0.CO;2-B
http://inis.iaea.org/search/search.aspx?orig_q=RN%3a46056675
http://inis.iaea.org/search/search.aspx?orig_q=RN%3a46056675
https://doi.org/10.1007/s00217-018-3101-9
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0125
http://refhub.elsevier.com/S1756-4646(22)00396-6/h0125
https://doi.org/10.1007/BF02641491
https://doi.org/10.1021/ac202720f
https://doi.org/10.1093/pcp/pch149 &percnt;J Plant and Cell Physiology
https://doi.org/10.1093/pcp/pch149 &percnt;J Plant and Cell Physiology
https://doi.org/10.1007/s40009-020-00931-1
https://doi.org/10.1007/s40009-020-00931-1
https://doi.org/10.3724/sp.J.1123.2018.04012
https://doi.org/10.1080/10408398.2021.1963206
https://doi.org/10.1093/bioinformatics/bti476
https://doi.org/10.3390/foods9111546
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1016/j.tibtech.2007.03.012
https://doi.org/10.1016/j.tibtech.2007.03.012
https://doi.org/10.3390/agronomy10111687
http://refhub.elsevier.com/S1756-4646(22)00396-6/optb8kqBCULe4
http://refhub.elsevier.com/S1756-4646(22)00396-6/optb8kqBCULe4
https://doi.org/10.3390/molecules24071286
https://doi.org/10.3390/molecules24071286
https://doi.org/10.1016/j.tifs.2019.07.043


Journal of Functional Foods 99 (2022) 105326

11

Yamamoto, K., Kinoshita, A., & Shibahara, A. (2008). Ricinoleic acid in common 
vegetable oils and oil seeds. Lipids, 43(5), 457–460. https://doi.org/10.1007/ 
s11745-008-3154-9 

Zeb, A. (2021). A comprehensive review on different classes of polyphenolic compounds 
present in edible oils. Food Research International, 143. https://doi.org/10.1016/j. 
foodres.2021.110312 

Zia, M. A., Shah, S. H., Shoukat, S., Hussain, Z., Khan, S. U., & Shafqat, N. (2021). 
Physicochemical features, functional characteristics, and health benefits of 
cottonseed oil: a review. Brazilian Journal of Biology, 82. https://doi.org/10.1590/ 
1519-6984.243511 

Y. Ye et al.                                                                                                                                                                                                                                       

https://doi.org/10.1007/s11745-008-3154-9
https://doi.org/10.1007/s11745-008-3154-9
https://doi.org/10.1016/j.foodres.2021.110312
https://doi.org/10.1016/j.foodres.2021.110312
https://doi.org/10.1590/1519-6984.243511
https://doi.org/10.1590/1519-6984.243511

	Effect of refinement and production technology on the molecular composition of edible cottonseed oils from a large industri ...
	1 Introduction
	2 Material and methods
	2.1 Samples
	2.2 Cottonseed processing stages in the large industrial scale oil production plants
	2.3 Chemicals and reagents
	2.4 Gas Chromatography-Mass spectrometry
	2.5 Proton nuclear magnetic resonance spectroscopy
	2.6 Converting raw GC–MS and 1H NMR data into compound tables
	2.6.1 GC–MS data processing
	2.6.2 1H NMR data processing

	2.7 Data analysis

	3 Results and discussion
	3.1 The molecular profile of cottonseed oil analyzed using GC–MS
	3.2 The molecular profile of cottonseed oil analysed using 1H NMR spectroscopy
	3.3 Principal component analysis of cottonseed oil molecular profiles
	3.4 Dynamics of cottonseed oil molecular profiles during processing stages
	3.5 Comparison of the molecular profiles of cottonseed oils from pressing and extraction technologies

	4 Conclusion
	Ethics statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supplementary material
	References


