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The composition of fatty acids in triacylglycerides (TAGs) and their position on the glycerol backbone de-
termine the nutritional value of vegetable oil. In this study, gas chromatography and high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) were used to analyze the compo-
sition and distribution of fatty acids in TAGs of different rapeseed oils. Our results show the content of
oleic acid in high-oleic-acid rapeseed oil to be about 80%. In terms of the number of acyl carbon atoms (CN),
TAGs with CN52-54 were most abundant, with a maximum concentration at CN54 (80%). The main type

Kengrds: of TAG was oleic-oleic-oleic (000), accounting for 71.75%, while oleic-oleic-linoleic (OOL) accounted for
lljrftsswa_zapus 7.56%, oleic-oleic-linolenic (OOLn) accounted for 4.81%, and stearic-oleic-oleic (S00) accounted for 4.74%.
atty aci

Oleic acid in high-oleic-acid rapeseed oil was distributed in the following order of preference: sn-2 > sn-1/3.
In high-erucic-acid rapeseed oil, however, oleic acid was enriched at the sn-1/3. These data show that the
content of oleic acid can be as high as about 80% in high-oleic-acid material. This finding suggests that
high-oleic-acid rapeseed oil has high nutritional value.

Triacylglycerol

© 2016 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In our increasingly aging society, the prevention of cardiovas-
cular diseases, Alzheimer’s disease and other chronic diseases has
become a significant issue for physicians worldwide. Voluminous
research indicates that lipid nutrition has a significant impact on
the development of cardiovascular diseases. Excessive fat intake
is considered an important risk factor for cardiovascular diseases.
In contrast, the dietary intake of edible oils with suitable structure
and function could delay the onset of cardiovascular and other
chronic diseases. Fatty acids from different sources have different
carbon chain lengths, numbers of double bonds, and double-bond
positions, and therefore exhibit different chemical and physical
properties. Due to the high content of fatty acids (about 95%) in
oils, the composition, saturation, chain length, and double-bond
location of the fatty acids in triacylglycerides (TAGs) have been
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thought to be associated with the nutrition of edible oils for some
time [1]. Moreover, because of variable stereospecific distribu-
tions, fatty acids sharing the same structure and composition may
exhibit different effects on the absorption and metabolism of the
TAG [2.3].

With the development of techniques to measure the acylated
position of different fatty acids (i.e., the stereospecific number,
SN), the position of fatty acids on the glycerol backbone can now
be effectively determined [4,5]. Measuring the distribution of
acylated fatty acids in a TAG is important for improving the TAG
structure, optimizing its physicochemical properties, and enhanc-
ing the nutritional value of an edible oil in order to develop more
healthy oils for human consumption. Modifying the fatty-acid
composition of rapeseed oil is an important goal of rapeseed
breeding [6]. With previous success in breeding low-erucic-acid
and low-glucosinolate rapeseed cultivars, current research focuses
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on breeding high-oleic cultivars because high-oleic oil can reduce
low-density lipoprotein (LDL) and lower cholesterol levels in the
blood—effectively reducing the risk of developing cardiovascular
diseases, and in some cases, cancer. In addition, vegetable oils with
high-oleic-acid content are highly desirable with respect to ther-
mal stability, easy oxidation, and longer shelf life. Our group has
successfully developed a rapeseed strain by means of y-60 ionizing
radiation that can be used to produce high-oleic oil (more than
80% oleic acid content) [7-10]. After continuous self-breeding and
the selection of agronomic traits, several inbred cultivars with
stable characteristics were established. However, the molecular
structures of the TAGs and the nutritional quality of these strains
have not been studied until now.

2. Materials and methods
2.1. Materials

A total of six types of inbred seeds were included in the study.
Samples 1 and 2 contained high oleic acid content (more than 80%
oleic acid), samples 3 and 4 had medium oleic acid content (about
60% oleic acid) and low erucic acid content, and samples 5 and 6
had low oleic acid content (about 30% oleic acid) and high erucic
acid content. All the seeds were provided by Hunan Agricultural
University, China.

2.2. Methods

2.2.1. Extraction of oil from rapeseed

Oil was extracted according to Ref. [4]. In brief, a small quan-
tity of dry rapeseed was homogenized using a microglass pestle
to a particle size less than 0.5 mm. Next, the homogenized sam-
ples were extracted in a microcentrifuge tube by 2 mL petroleum
ether at 45 °C in a water-bath applied with ultrasound for 1.5 h.
After centrifugal separation, the supernatants were dried by
evaporating the petroleum ether with a gentle stream of nitrogen.

2.2.2. Analysis of composition of fatty acids and total acyl carbon
number of triacylglycerides (TAGs)

The methyl esterification method used was the same as that
given in Ref. [4], and the analysis of the composition of the fatty
acids was done according to ISO standards [4,5], under the cate-
gory of animal and vegetable fats and oils—that is, analysis by gas
chromatography (GC) of the methyl esters of fatty acids. We ana-
lyzed the composition of the fatty acids using an Agilent 7890A
gas chromatograph (American Agilent Technologies, Columbia,
MD, USA), an Agilent HP-FFAP capillary column (30 m x 0.25 mm,
0.25 pm, for the separation and analysis of fatty-acid methyl es-
ters), and a flame ionization detector (FID). The total number of
acyl carbons in the fatty acids of the TAGs was analyzed using

an Agilent 7890A gas chromatograph, a Varian VF-5ht column
(30 m x 0.32 mm, 0.1 pm, Crawford Scientific™ Ltd., Scotland,
UK), and an FID.

2.2.3. Analysis of TAGs in rapeseed oil

Qualitative analysis of the TAGs was performed according to
Ref. [11]. In brief, the rapeseed oil was dissolved in hexane at
about 65 mg-mL™", and this solution was then diluted with ace-
tonitrile (ACN)/isopropanol containing 0.5% ammonia (7:3 v/v) to
0.65 mg-mL™". The analysis of the composition of the TAGs in rapeseed
oil was performed using electrospray ionization (ESI) tandem mass
spectrometry, neutral loss (NL) scan mode, and enhanced product
ion (EPI) scan mode with auxiliary judgment. High-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS) was used for the quantitative analysis of the TAGs. The column
was ZORBAX Eclipse Plus C18 (150 mm x 4.6 mm (inner diameter),
5 pm particle size). For the separation of TAGs in the rapeseed
oil, the following gradient mode was used: 0-20 min, 70%-30%
A; 20-23 min, 30% A; 23-23.1 min, 30%-70% A; and 23.1-28 min,
70% A, where solvent A (100% ACN) and solvent B (0.5% aqueous
ammonia in isopropanol) were used as the mobile phase. The flow
rate was 1 mL-min”, the injection volume was 20 pL, and the col-
umn temperature was 35 °C. An atmospheric-pressure chemical
ionization (APCI), multiple reaction-monitoring (MRM) mode, and
C18 column were adopted. The quadrupole linear ion-trap mass
spectrometer (APl 4000 Q-Trap) was purchased from American AB
Sciex (Framingham, MA, USA). An Agilent 1200 series HPLC system
was purchased from American Agilent Technologies.

3. Results
3.1. Fatty-acid composition of rapeseed oil

Table 1 presents the composition of fatty acids and their rel-
ative percentages in the six tested samples. The results showed
the oleic acid content to be 85.31% and 74.67% in samples 1 and
2, respectively, while in samples 3 and 4, the oleic acid content
was 60.48% and 64.90%, respectively. The oleic acid content was
23.05% and 24.07% in samples 5 and 6, respectively. The content of
erucic acids and eicosenoic acids was rich in samples 5 and 6.

3.2. The number of acyl carbon atoms in the fatty acids of TAGs in
rapeseed oil

The total carbon number (CN value) of the acyl chains in the
fatty acids of TAGs in the six samples of rapeseed was analyzed
using a VF-5ht capillary column with GC-FID detection. The re-
sults showed that the CN values of the TAGs in samples 1-4 were
52 and 54, while samples 5 and 6 had a wide range of CN values
(from 52 to 62), as shown in Table 2.

Z?)]:TIITJ;SitiOH and percentage of fatty acids in six rapeseed oils after acylation treatment.

Composition 1 2 3 4 5 6
Palmitic acid (C16:0) 3.63% 4.03% 4.40% 5.28% 3.98% 3.68%
Stearic acid (C18:0) 2.32% 2.33% 1.72% 2.61% 1.85% 1.74%
Oleic acid (C18:1) 85.31% 74.67% 60.48% 64.90% 23.05% 24.07%
Linoleic acid (C18:2) 3.41% 11.74% 21.44% 18.91% 14.52% 14.30%
Linolenic acid (C18:3) 4.40% 6.20% 10.72% 8.30% 10.61% 10.24%
Eicosenoic acid (C20:1) 0.94% 1.03% 1.25% — 15.32% 16.21%
Erucic acid (C22:1) - — - — 30.66% 29.76%
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3.3. Composition of TAGs and their relative percentages in
rapeseed oil

A qualitative and quantitative analysis of TAGs in the six sam-
ples identified a total of 41 types of TAG molecules (Table 3, Fig. 1).
Sixteen types of TAG molecules were identified in high-oleic-acid
rapeseed (samples 1 and 2) and in low-erucic-acid rapeseed (sam-
ples 3 and 4). Twenty-five types of TAG molecules were identified
in the high-erucic-acid rapeseed (samples 5 and 6).

3.4. Basic structure of TAGs in rapeseed oil

The relative proportions of various TAG structures in rapeseed
oil were calculated (Table 4). The percentages of 16-carbon satu-
rated fatty acyl, 18-carbon saturated fatty acyl, 18-carbon unsatu-
rated fatty acyl, 20-carbon unsaturated fatty acyl, and 22-carbon
unsaturated fatty acyl were measured.

4. Discussion

Our study demonstrated that the high-oleic-acid rapeseed

Table 2
The composition and percentage of total number of acyl carbon atoms in six rape-
seed oils.

CN value 1 2 3 4 5 6

C52 12.73% 14.48% 17.10% 17.31% 7.04% 731%
C54 87.27% 85.52% 82.90% 82.69% 16.35% 15.74%
C56 — — — - 26.57% 27.13%
C58 - - — — 32.45% 33.06%
C60 — — — - 12.69% 12.44%
€62 — — — - 4.90% 4.32%

CN value: total number of acyl carbon atoms in fatty acid of TAG molecules. For ex-
ample, the CN value for both the TAG 18:1/18:1/18:1 and TAG 18:0/18:2/18:2 are 54.

Table 3
Composition and percentages of TGA in six rapeseed oils.
TAG percentage (%)

Sequence M/z TAG structure CN:DB ECN 1 3 3 1 5 G

1 895 OLnLn 54:7 40 0.21 0.39 1.07 0.57 0.31 0.22
2 895 LLLn 54:7 - - 133 0.68 0.49 0.40
3 871 LnPL 52:5 42 - - - — 0.28 0.21
4 897 LLnO 54:6 0.33 142 5.04 3.20 1.37 1.10
5 923 GLnLn 56:7 - - - — 0.69 0.62
6 873 OPLn 52:4 44 0.57 0.62 1.00 0.75 0.58 0.52
7 899 LOL 54:5 2.82 3.72 8.72 6.62 175 148
8 899 OOLn 54:5 4.81 5.10 6.67 5.49 1.21 1.27
9 875 POL 52:3 46 0.77 1.40 2.31 2.01 1.07 0.98
10 901 LnPG 54:4 - — - - 0.66 0.56
1 901 OSLn 54:4 0.29 0.41 0.51 0.45 033 0.27
12 901 0oOoL 54:4 7.56 17.27 23.08 22.80 1.68 1.46
13 927 GLnO 56:5 0.17 0.18 0.27 0.19 2.89 2.70
14 927 LLG 56:5 - - - - 2.20 1.88
15 877 OPO 52:2 48 2.73 2.68 2.29 2.56 0.95 0.99
16 903 GLP 54:3 - - — - 112 1.01
17 903 000 54:3 71.75 60.19 42.98 49.21 5.44 4.63
18 929 GLO 56:4 0.24 0.52 0.73 0.69 5.28 5.04
19 929 ErLnP 56:4 - — — — 2.50 2.48
20 955 GGLn 58:5 - — - — 4.02 3.55
21 955 ErLnO 58:5 - - - — 737 6.89
22 905 SO0 54:2 50 4.74 3.99 0.00 - 0.00 0.00
23 905 GOP 54:2 - — 2.27 3.00 1.78 173
24 931 00G 56:3 3.00 211 173 178 10.10 10.88
25 931 ErLP 56:3 - - - — 2.86 2.62
26 957 GGL 58:4 - - - — 5.07 4.85
27 957 OLEr 58:4 - - - — 8.50 9.09
28 983 ErLnG 60:5 — - — — 116 2.07
29 933 OPEr 56:2 52 — - — — 0.62 0.96
30 953 ErLnL 56:2 — - — — 2.04 1.82
31 959 SLEr 58:3 — - — — 5.80 6.64
32 959 OOEr 58:3 — - — — 1.86 2.78
33 985 ErLG 60:4 — — — — 2.21 222
34 1011 ErErLn 62:5 — - — — 0.62 0.39
35 961 ErGP 58:2 54 - - - - 0.09 0.10
36 961 SOEr 58:2 - - - - 148 1.58
37 987 GOEr 60:3 - - - - 6.49 8.11
38 1013 ErErL 62:4 — — — — 1.52 1.79
39 989 ErGS 60:2 56 - - - - 0.24 0.25
40 1015 ErErO 62:3 — — - — 4.73 3.25
41 1015 ErGG 62:3 - - - - 0.64 0.63

P: palmitic acid; S: stearic acid; O: oleic acid; L: linoleic acid; Ln: linolenic acid; G: eicosenoic acid; Er: erucic acid.
ECN value = CN value - 2 x DB (double bonds) value. For example, for TAG 18:1/18:1/18:1, ECN =54 - 2 x 3 =48.
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Fig. 1. The distribution of TAG content of high-oleic-acid (samples 1 and 2), low-erucic-acid (samples 3 and 4), and high-erucic-acid (samples 5 and 6) rapeseed oils.

Table 4
Percentage of several basic structures in six rapeseed oils.
Type 1 2 3 4 5 6

U18/U18/U18 87.48% 88.09% 88.90% 88.56% 12.25% 10.56%
U18/S18/U18 0.29% 0.41% 0.51% 0.45% 0.33% 0.27%
S18/U18/U18 4.74% 3.99% 0.00% - 0.00% 0.00%
U18/s16/U18 3.31% 3.30% 3.28% 3.31% 1.53% 1.50%
S16/U18/U18 0.77% 1.40% 2.31% 2.01% 1.07% 0.98%
U20/U18/U18 3.41% 2.81% 2.73% 2.66% 18.28% 18.63%

U20/U18/S16 - - 2.27% 3.00% 1.78% 1.73%
S18/U18/U22 - - - - 21.48% 24.01%
U18/U22/U22 - = = . 58.26% 60.13%
U18/U18/U22 - - - - 20.26% 15.86%

S16: 16-carbon saturated fatty acid acyl; S18: 18-carbon saturated fatty acid acyl;
U18: 18-carbon unsaturated fatty acid acyl; U20: 20-carbon unsaturated fatty acid
acyl; U22: 22-carbon unsaturated fatty acid acyl.

(samples 1 and 2) not only contained 85.31% and 74.67% oleic
acid, respectively, but also contained linoleic acid (3.41%, 11.74%),
linolenic acid (4.40%, 6.20%), palmitic acid (3.63%, 4.03%), stearic
acid (2.32%, 2.33%), and small amounts of eicosenoic acid. The
high-erucic-acid rapeseed contained a high content of long-chain
fatty acids, eicosenoic acid, and erucic acid.

TAGs in high-oleic-acid vegetable oil can be classified into four
main types. The main TAG composition in the two tested high-
oleic-acid rapeseeds was U18/U18/U18, accounting for 87.48% and
88.09% of TAGs in samples 1 and 2, respectively; followed by S18/
U18/U18 (4.74% and 3.99%, respectively), U18/S16/U18 (3.31% and
3.30%, respectively), and U20/U18/U18 (3.41% and 2.81%, respec-
tively). Therefore, in oils of the two high-oleic-acid rapeseeds, at
least two of the three fatty-acid chains attached to the glycerol
skeleton are oleic acid.

The distribution of the total number of acyl carbon atoms in
a TAG is relatively simple in high-oleic-acid rapeseed (samples
1 and 2) and low-erucic-acid rapeseed (samples 3 and 4), which
mainly included TAGs with 52 and 54 acyl carbon atoms. The rela-
tive content of TAGs having 54 acyl carbon atoms was greater than
80% (Table 2). Further structural analysis demonstrated that TAGs
having mostly 54 acyl carbon atoms were oleic-oleic-oleic (0O00)
(Table 3). The distribution of the total number of acyl carbon at-
oms is relatively complex in high-erucic-acid rapeseed (samples

5 and 6). The main TAGs contained 56 and 58 acyl carbon atoms,
likely because the high-erucic-acid rapeseed contains a high
level of eicosenoic acid (C20:1) and erucic acid (C22:1). Further
structural analysis revealed that in the high-erucic-acid rapeseed,
000 decreased significantly, while TAGs containing erucic acid
increased significantly. This may be the reason why the amount
of TAGs with 54 acyl carbon atoms is lower than the amount with
56 and 58 acyl carbon atoms.

In plant seeds, TAGs are formed by combining glycerol with
three fatty-acid molecules through ester bonds [12,13]. The com-
position of the fatty acids determines the types of TAGs in oils [14].
This study showed that the content of 000 TAGs in the high-oleic-
acid rapeseed (samples 1 and 2) is 71.75% and 60.19%, respectively,
while it is only 42.98% and 49.21% in low-erucic-acid rapeseed
(samples 3 and 4). The OO0 content is only about 5% in the high-
erucic-acid rapeseed (samples 5 and 6), but the relative content
of GOEr and ErErO is significantly increased. This result suggests
that the oleic acid level has a major impact on the OOO content
(Fig. 1). The OOO content is higher in high-oleic-acid rapeseed oil
than in low-erucic-acid rapeseed oil. In addition, low-erucic-acid
rapeseed oil contains high linoleic acid content (samples 3 and 4),
which may be associated with the high content of OOL in the high-
oleic-acid rapeseed oil. These findings suggest a positive corre-
lation between high oleic acid content and high OOO content in
high-oleic-acid rapeseed oil.

Compared with high-oleic-acid rapeseed, high-erucic-acid
rapeseed contains large quantities of linoleic acid (C18:2), linolen-
ic acid (C18:3), eicosenoic acid (C20:1), and erucic acid (C22:1),
while the compositions of TAGs in high-erucic-acid rapeseed are
more complex. It contains ErLnP, GGLn, ErLnO, OOG, ErLP, GGL,
OLEr, ErLnG, ErLnL, SLEr, OOEr, ErLG, ErErLn, SOEr, GOEr, ErErL,
and ErErO types of TAGs. We therefore hypothesize that the high
content of 00O leads to high levels of oleic acid in high-oleic-acid
rapeseed. In contrast, in high-erucic-acid rapeseed, the OO0 level
is low and the presence of GOEr, ErErO, and so forth, may affect the
level of oleic acid.

Fatty acids in TAGs are not randomly distributed in vegetable
oils. A study by Vichi et al. [ 1] showed that unsaturated fatty acids,
particular polyunsaturated fatty acids, in TAGs showed a prefer-
ence of sn-2 > sn-1 > sn-3. Our results were consistent with those
of Vichi et al.: For our high-oleic-acid rapeseed oil, the contents
of oleic acid in TAGs were 95%, 91%, and 80% (sample 1). In high-
oleic-acid materials, lysophosphatidic acid acyltransferase (LPAT)
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has an affinity to oleic acid that is greater than those of glycerol-
3-phosphate acyltransferase (GPAT) and diacylgycerol acyltrans-
ferase (DGAT), according to the Kennedy pathway. No saturated
fatty acid was detected at the sn-3 position in our high-oleic-acid
cultivar (Table 3), suggesting that in the high-oleic-acid material,
DGAT has a low affinity to saturated fatty acid.

Long carbon-chain erucic acids are mainly located in the sn-1
and sn-3 positions in Crambe abyssinica and in the high-erucic-acid
Brassica napus, while the erucic acid content at the sn-2 position
is low. Therefore, breeding a high-erucic-acid cultivar with
erucic acid content as high as > 66% from Brassica napus may be
difficult [9]. In cabbage, DGAT can utilize 1,2-diacylglycerol to
synthesize three mustard TAGs, but no erucic acid was observed
at the sn-3 of TAGs [10]. This finding indicated that DGAT has
the ability to transform into erucic acid in rapeseed. High-oleic-
acid material does not have this problem. Oleic acid molecules
can be inserted into the sn-1/3 and sn-2 positions. Therefore, it
is possible to further improve the oleic acid content of rapeseed
via breeding.
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