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Precise information on the content and composition of nutritionally essential metabolites
in food crops is a prerequisite for dietary recommendations and nutrient-dense food
formulations. In the present study, the fatty acid profile of 21 Korean maize hybrids
was analyzed by gas chromatography (GC)-mass spectrometry (MS). In the studied
hybrids, linoleic acid (LA; C18:2n6¢) was dominant (38.0-58.9%), followed by oleic
(OA; C18:1n9c) (23.5-45.3%), palmitic (C16:0) (10.8-17.3%), and stearic acids (C18:0)
(1.84-3.86%). Among all the quantified fatty acids, the highest variation was recorded for
LA and OA. The highest amount of LA (58.9%), the lowest amount of OA (23.5%), and
the highest polyunsaturated fatty acids (PUFAs)/monounsaturated fatty acids (MUFAS)
ratio of 2.47 were recorded in the Shingwang hybrid. The highest PUFAs/saturated fatty
acids (SFAs) ratio of 4.04 was recorded in the Ahndaok hybrid due to the high content of
LA (57.8%) and low amount of SFA. Similarly, the highest PUFAs + MUFAs/SFAs ratio of
6.38 was recorded in the Pyeonggangok hybrid as a result of the high OA (34.6%) and
LA (51.4%) contents, along with the lowest amount of SFAs. Considering the high levels
of health-beneficial MUFAs and PUFAs and low levels of undesirable SFAs, the maize
hybrids Pyeonggangok, Ahndaok, and Shingwang can be used in the preparation of a
healthy PUFA-rich diet.

Keywords: polyunsaturated fatty acids, monounsaturated fatty acids, linoleic acid, corn, healthy diet adherence

INTRODUCTION

Maize (Zea mays L.) is the most demanded grain in the world, with an annual production of over
1 billion metric tons (1). With a global per capita consumption of 135.7 kg/year (202 kg/year in
South Korea and 978.4 kg/year in the United States), the maize crop ranked number one in terms
of consumption and second in production after sugarcane (1). Starch (52-72%), protein (11-15%),
and fats (3-4%) are the significant components of maize grains cultivated for food (2).
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KOREAN MAIZE HYBRIDS
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GRAPHICAL ABSTRACT |

Given the critical role of polyunsaturated fatty acids (PUFAs)
in positively regulating body homeostasis, a diet rich in PUFAs
has gained significant interest in recent years (3). The fatty acid
composition of maize grain is more variable in different maize
hybrids (4) than that of other significant compounds (e.g., fat,
protein, carbohydrates, fiber, amino acids, vitamins, minerals,
and secondary metabolites). The fatty acid composition and
content in maize is influenced by the genetic background (4-7),
fertilizers and irrigation (8), and geographic locations (4, 5,
8). Among these factors, genetic background most significantly
influences the composition of nutritionally important primary
and secondary metabolites of maize grains, including fatty acids
(4). Several quantitative traitloci (QTL) have shown linkages with
enzymes in the oil metabolic pathway, responsible for the oil
concentration and fatty acid composition (9, 10).

In general, PUFA in the form of linoleic acid (LA; C18:2n6c¢)
represents 35-70% of the total fatty acids found in maize grains,
whereas oleic acid (OA; C18:1n9c), a monounsaturated fatty
acid (MUFA), represents 23-51% (7, 11-13). Precise assessment
of the quantitative and qualitative variability in the fatty acid
composition of maize genotypes may yield valuable information
concerning health-beneficial fatty acids. Considering these facts,
this study aimed to investigate the genetic variation in the fatty
acid composition of maize hybrids grown in Korea to identify
the hybrids with higher PUFAs contents and low SFAs contents,
which may help to precisely recommend the nutritionally dense
grains for a healthy diet.

MATERIALS AND METHODS

Plant Material, Reagents, and Standards

The kernels of 21 maize hybrids (Figure 1) used in the present
investigation were obtained from the National Institute of Crop
Science (NICS), Development Administration (RDA), Suwon,
Republic of Korea. The crop was sown in April 2018 and

raised following the recommended cultivation practices. The
crop was harvested in September 2018 after complete maturity.
The kernels were dried naturally, and a 250 g portion of the
dried kernels was ground into a powder and stored at —20°C
until analysis.

An authentic standard of a fatty acid mix (CRM47885,
Supelco 37 Component FAME Mix) was obtained from Merck,
Darmstadt, Germany. All organic solvents used for extraction
and analysis were of high-pressure liquid chromatography
(HPLC) grade and obtained from Daejung Chemicals & Metals
Co., Ltd., Korea.

Extraction and GC-MS Analysis of Fatty
Acid Methyl Esters

The crude lipids were extracted from finely powdered maize
kernels using chloroform-methanol (2:1 v/v) extraction
following our previously optimized method (14), originally
based on the findings of Bligh and Dyer (15). Briefly, 1g of
finely powdered maize kernel sample was added to a 50 ml glass
tube containing a 25ml mixture of chloroform/methanol (2:1
v/v) and homogenized using a mechanical homogenizer. The
homogenized samples were subjected to bath sonication (300 W,
60 Hz, 40°C) for 10 min for efficient disintegration of the cells
and release of the lipophilic components. The extracted samples
were centrifuged at 7,000 x g for 8 min at 4°C, and the clear
supernatant was recovered. The pelleted sample was re-extracted
twice with a 15ml mixture of chloroform and methanol, and
the clear supernatants were recovered. The fractions from
repeated extractions were pooled in a separating funnel (total
volume of 35-40 ml) and partitioned with 0.8 volumes of water
containing 1 M sodium chloride (NaCl). The lower chloroform
phase containing lipids and other lipophilic compounds (termed
crude lipids collectively) was collected into a pre-weighed 250 ml
round-bottom flask. The solvent was evaporated using a rotary
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FIGURE 1 | The phenotypic diversity among 21 maize hybrids used in this investigation. 1, Pyeonggangok; 2, Ahndaok; 3, Dachong; 4, Cheongdaok;
5, Pyeongahnok; 6, Shingwang; 7, Shinhwangok; 8, Gwangpyeongok; 9, Hwangdaok; 10, Jangdaok; 11, Gangdaok; 12 Cheongahnok; 13, Suwondan 76;
14, Danok 3; 15, Suwondan 78; 16, Charlok 4; 17, Suwoncharl 81; 18, limicharl; 19, Hwangmicharl; 20, Mibaek; 21, Heukjinucharl.

vacuum evaporator (Biichi, Switzerland) operated at 35°C, and
the contents of the crude lipids were determined gravimetrically.

The extracted lipids were converted to fatty acid methyl esters
(FAMEs) using methanolic-HCI catalyzed transesterification,
according to our optimized method (16). Briefly, 3ml of
methanolic HCI (5% acetyl chloride in methanol, v/v) was added
to the flask containing crude lipids, and the contents were
transferred to a 20 ml glass vial mounted with a Teflon-reinforced
screw cap and incubated in a water bath for 2h at 55°C. After
incubation, the samples were cooled on ice and transferred to
a separating funnel, sequentially washed with 5% NaCl and 2%
sodium bicarbonate (NaHCO3), and the FAMEs were recovered
in 10ml hexane. Subsequently, an aliquot of the sample was
syringe-filtered using a 0.45pum PTFE filter and transferred to
a 1.5ml autosampler vial for gas chromatography (GC)-mass
spectrometry (MS) analysis.

The FAMEs were analyzed using a GC-MS-QP2010 SE
(Shimadzu, Japan), equipped with a fused silica Rxi-5ms
column (30m, 0.5um film thickness, 0.25mm ID; Restek
Corporation, Bellefonte, PA, USA). The injector and interface
were maintained at 260 and 270°C, respectively. Initially,
in the first 5min, the column temperature was maintained
at 120°C, then linearly increased to 260°C for 28min
(linear temperature program of 5°C/min), and held at 260°C
for 10min. The column was re-equilibrated at 120°C for
5min. The FAMEs were precisely identified by comparing
their GC-MS retention time and fragmentation pattern with
standards (CRM47885).

Statistical Analysis

All 21 samples were extracted in triplicate and analyzed
separately in duplicate, and the values from all six replicates were
averaged and presented as means. The data among the 21 studied
hybrids were analyzed statistically using SPSS 17.0 software.
One-way analysis of variance (ANOVA) was determined with a
significance level of p < 0.05.

RESULTS AND DISCUSSION

Korean Maize Hybrids Have a Range of

Linoleic and Oleic Acid Levels

In the present investigation, 10 fatty acids were identified
by GC-MS in the studied 21 maize hybrids (Table1).
The representative GC-MS total ion chromatograms
(TICs) with identified peaks are shown in Figure2. The
FAMEs were confirmed by retention times with authentic
standards as well as by comparing their fragmentation pattern
(Appendix 1, Supplementary Material). In the studied maize
hybrids, linoleic acid (LA; C18:2n6¢; an n—6 PUFA) was the most
abundant (38.0-58.9%), followed by oleic (OA; C18:1n9c¢) (23.5-
45.3%), palmitic (C16:0) (10.8-17.3%), and stearic acids (C18:0)
(1.84-3.86%). Palmitoleic (C16:1), heptadecanoic (C17:0),
eicosenoic (C20:1n9), arachidic (C20:0), behenic (C22:0), and
lignoceric acids (C24:0) accounted for 0.92-2.26% of the total
fatty acids. The total crude lipid content was documented
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TABLE 1 | Composition of fatty acids in 21 maize hybrids.

S/no. FAME 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 C16:1 (cis-9-palmitoleic) 0.11 0.07 007 010 0.09 011 012 006> 015 015 021 012 014 014 0.11 015 018 019 024 018 0.282
2 C16:0 (palmitic) 10.8° 118 135 138 129 142 136 127 1356 128 146 127 115 114 122 141 160 1567 169 148 17.3°
3 C17:0 (heptadecanoic) 0.09 0.04 005 009 008 017% 013 012 010 008 007 007 007 005 006 002° 009 004 008 0.11 0.05
4 C18:2n6e (LA; cis-9,12-linoleic) 514  57.8 498 50.6 555 58.9% 448 49.9 499 540 544 507 450 459 380 456 464 483 480 434 38.0°
5 C18:1n9c (OA; cis-9-oleic) 346 277 336 317 286 235° 376 336 333 298 276 331 399 380 453 353 338 312 312 356 412
6 C18:0 (stearic) 210 1.84> 191 266 2.07 207 280 259 210 232 235 234 235 315 3.21 324 252 329 237 386° 225
7 C20:1n9 (cis-11-eicosenoic) 029 012 027 048 021 025 019 021 023 011® 016 016 029 034 0.31 028 024 028 021 0442 025
8 C20:0 (arachidic) 037 037 045 046 033 042 041 041 039 046 028 047 048 054 054 066 047 055 063 0917 046
9 C22:0 (behenic) 008> 016 015 015 010 022 o041 015 015 015 015 017 014 016 014 026 017 010 017 0318 017
10 C24:0 (lignoceric) 0.11 042 047 030 011 014 019 021 009 009 013 018 014 027 012 034 019 036* 028 0.34 0.06°
Total SFAs 13.6° 143 163 174 156 172 173 162 163 159 176 159 147 156 16.2 18.7 194 20.1% 2042 20.3% 20.3°
Total MUFAs 350 279 339 320 289 238> 379 339 337 30.1 28.0 333 403 385 457 358 342 316 316 362 417
Total PUFAs 514 578 498 506 555 58.9% 448 499 499 540 544 507 450 459 380 456 464 483 480 434 38.0°
PUFAs/SFAs 380 4.042 307 291 357 345 260 309 306 339 309 319 307 294 236 244 239 2.4 236 214 1.87°
PUFAs/MUFAs 1.47 207 147 1568 192 247 118 147 148 1.80 195 152 112 119 083 128 136 153 152 1.20 0.9
MUFAs/SFAs 2.57 195 209 183 18 138 220 209 206 1.89 159 209 274 247 2822 192 177 158 155 178 206
C18:2n6¢/C18:1n9¢c 148  2.09 148 160 194 251% 119 149 150 1.81 198 154 118 121 084> 129 137 155 154 122 092
PUFAs + MUFAs/SFAs 6.382 599 516 4.75 542 484 480 518 512 528 468 528 581 541 519 436 416 399 391° 392 3.93
Total lipids (% DW) 455 435 3.40° 365 455 345 490 345 460 505 5157 435 415 433 378 448 368 455 435 429 434

Values are percentages of the total fatty acids, from an average of three determinations. Maize hybrids (No. 1-21) correspond with Figure 1. Means accompanied by alphabets “a” and “b” represent the significantly highest and
lowest values, respectively, at p < 0.05. SFAs: total saturated fatty acids (C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0); MUFAs: total monounsaturated fatty acids (C16:1 + C18:1 + C20:1); PUFAs: total polyunsaturated fatty

acids (C18:2).
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on a scale of 3.4 (Dachong; No. 3) to 5.15% (Gangdaok;
No. 11).

Among the studied maize hybrids, the highest variability was
recorded for the LA and OA contents. The LA/OA ratio was
found in the range of 0.84 (Suwondan 78; No. 15) to 2.51
(Shingwang; No. 6). The LA/OA ratio of 0.84 in the Suwondan
78 hybrid showed high OA (45.3%) content compared with LA
(38.0%). Conversely, the highest amount of LA (58.9%) and the
lowest amount of OA (23.5%) in the Shingwang hybrid made it
the most abundant source of PUFAs, with low levels of MUFAs
(highest PUFAs/MUFAs ratio of 2.47). The highest PUFAs/SFAs
ratio of 4.04 was recorded in the Ahndaok hybrid (No. 2),
attributable to the high content of LA (57.8%) and low amount of
saturated fatty acids (SFAs) (e.g., C16:0 and C18:0). Similarly, the
highest PUFAs + MUFAs/SFAs ratio of 6.38 was recorded in the
Pyeonggangok hybrid (No. 1), owing to the high OA (34.6%) and
LA (51.4%) contents with the lowest amount of saturated fatty
acids, especially C16:0.

Consistent with the present study, a significant variation
in fatty acid composition has been reported previously among
the maize hybrids and inbred lines (5-7, 11). Among 418
maize hybrids grown in Iowa, USA, palmitic acid (6.7-16.5%),
palmitoleic acid (0.0-1.2%), stearic acid (0.7-6.6%), OA (16.2—
43.8%), LA (39.5-69.5%), linolenic acid (0.0-3.1%), and arachidic
acid (0.0-1.0%) showed significant variability in composition (5).
LA dominated in isogenic and genetically modified (GM) maize
kernels cultivated in Spain (45-50% LA) (6). In these isogenic
and GM maize cultivars, the LA/OA ratio was found in the range
of 1.5-1.8%. Similarly, LA (49.7-62.7%), OA (23.5-34.9%), and
palmitic acid (9.5-11.5%) were the predominant fatty acids in
three maize varieties cultivated in the USA (11). In the yellow
and white kernels from the F2 double haploids of Mexican maize
genotypes, OA represented 36-51% of the total fatty acids, and
LA ranged from 35 to 52% (7).

Purple/Black Maize Does Not Represent a
Healthy Fatty Acid Profile

High amounts of anthocyanins, especially the glucosides and
malonyl-glucosides of cyanidin, pelargonidin, and peonidin
provide the black/purple coloration of maize seeds (17).
Moreover, the potent antioxidant activities of these polyphenolic
compounds significantly enhance the nutritional quality of
a diet (17). However, in the present study, among all the
studied hybrids, the lowest LA content (38.0%) and the highest
contents of low-density lipoprotein (LDL) cholesterol-raising
(18) palmitic acid (17.3%) were recorded in the purple corn
hybrids (No. 21), with the lowest PUFAs/SFAs ratio of 1.87. Thus,
concerning the fatty acid composition, purple maize hybrids do
not represent healthy fatty acid profiles.

Principal Component Analysis

The principal component analysis (PCA) of the fatty acid
composition data yielded four principal components (PCs)
with eigenvalues >1 that accounted for 88.3% of the total
variance (Appendix 2, Supplementary Material). The first two
PCs, PC-1 and PC-2, contributed 45 and 25.6% of the
total recorded variance, respectively. Eigen analysis of the

covariance matrix loadings of the first two PCs revealed that
LA mainly contributed to PC-1, whereas OA and C16:0 mainly
contributed to PC-2 (Appendix 2, Supplementary Material).
The loading plot (Figure3A) and the correlation matrix
(Appendix 3, Supplementary Material) showed strong negative
correlations (12 = —0.93) between OA and LA, whereas palmitic
and stearic acids correlated positively with palmitoleic and
arachidic acids, respectively. Ortiz-Islas et al. (7) also observed
a high negative correlation (—0.890 and —0.890 in yellow
and white high-oil kernels, respectively) between OA and
LA contents.

The score plot generated using fatty acid composition data of
studied maize hybrids showed prominent grouping according to
their fatty acids profile (Figure 3B). The cluster of maize hybrids
Nos. 7, 13, 14, and 15 in the upper right-hand quadrant of the
score plot may be explained by their richness of MUFAs (OA).
Similarly, the hybrids (Nos. 1, 2, 6) with the higher levels of
PUFAs (LA) and the low levels of SFAs (palmitic) were found
to be distinctly separated from the other studied hybrids. The
cluster of maize hybrids with higher levels of palmitic acid was
also distinctly grouped in the lower right-hand quadrant of the
score plot.

Maize Hybrids With Desired Fatty Acid

Compositions

Several carefully conducted human intervention trials have
shown that compared with MUFAs or PUFAs, diets rich in
SFA significantly increased total and LDL cholesterol levels (18).
However, LDL cholesterol-raising potency varies significantly
with the carbon chain length of SFAs. For instance, lauric (C12),
myristic (C14), and palmitic acids (C16) are the most potent in
augmenting LDL cholesterol, type 2 diabetes, and cardiovascular
disease (CVD), whereas stearic acid (C18) is associated with the
lowest or no effects on LDL cholesterol and CVD incidence
(18, 19). Lauric and myristic acids are predominantly found in
edible coconut and palmolein oil, whereas they are rarely found
in edible oils obtained from maize, cotton seeds, mustard, rice
bran, safflower, sunflower, and soybean (20). However, these
edible oils contain a significant amount of palmitic acids, with
the highest in cotton seeds (23.40%) and rice bran oil (19.34%)
and a moderate level (12.94%) in maize oil (20). In the present
study, the lowest levels (10.8%) of palmitic acid were recorded
from hybrid Pyeonggangok (No. 1).

The dietary guidelines recommend <10% of calories (energy)
from SFAs, 2.5-10% from n—6 PUFAs (e.g., LA), and 0.5-2%
from n—3 PUFAs (21). Moreover, nutritionists are endorsing the
replacement of SFAs with PUFAs and MUFAs (22). Replacing
the SFAs (especially lauric, myristic, and palmitic acids) with
MUFAs (e.g., OA) and PUFAs (e.g., LA) demonstrated LDL
cholesterol-lowering effects, along with other many health
benefits (18). Thus, the incorporation of appropriate levels of
MUFAs and PUFAs with enhanced levels of long-chain (LC)-
PUFAs (e.g., eicosapentaenoic acid and docosahexaenoic acid)
is recommended for improved health benefits (18). No precise
recommendations are existing for the ideal ratio of dietary PUFAs
and MUFAs over SFAs. However, based on the recommended
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unsaturated fatty acids (UFAs: PUFAs + MUFAs) and SFAs
daily intakes, MUFAs/SFAs ratio of ~1, PUFAs/MUFAs ratio of
~2, and PUFAs + MUFAs/SFAs ratio of 1.6-2 are considered
good (13, 23). Based on the fatty acid profile (Table 1), it can
be concluded that Korean maize hybrid Ahndaok (No. 2) and
several other hybrids are having an ideal PUFAs/MUFAs ratio.
On the other hand, due to the low levels of SFAs in all the
studied hybrids, MUFAs/SFAs and PUFAs + MUFAs/SFAs ratio
is found to be higher than these recommendations. Nevertheless,
it cannot be treated unfavorably, as recent reports are suggesting
a reduction in SFAs consumption as much as possible (22).

The results of the present investigation suggest that
oil from Korean maize hybrids possesses good qualities
in terms of significantly low levels of SFAs and higher
levels of MUFAs and PUFAs (24). Considering the highest
levels of PUFAs (51.4-58.9%) and the low levels of SFAs
(13.6-17.2%), maize hybrids Pyeonggangok (No. 1),
Ahndaok (No. 2), and Shingwang (No. 6) can be used
in the preparation of a PUFA-rich diet. However, these
recommendations are based only on fatty acids content,
as other hybrids might be richer in other health-beneficial
dietary components.
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Given the strong negative correlation (1 = —0.93) observed
between the OA and LA contents, the selection of hybrids with
higher levels of both OA and LA is challenging. Maize oil
is preferred mainly for deep frying, due to its high oxidative
stability, high smoke point, minimum color darkening during
use, and distinctive flavor (25). Because of the nutritional
perspective associated with oxidative stability, oils with low
levels of SFAs and PUFAs and higher levels of MUFAs are
preferred (25). Among the maize hybrids studied in the present
investigation, oil from Suwondan 78 (No. 15) may represent the
highest oxidative stability, due to the significantly highest levels
of OA (45.3%), with low LA (38.0%) levels. Moreover, the oil
from maize kernels is considered a rich source of antioxidant
compounds, including tocopherols (mainly y- and a-tocopherol)
and phytosterols (24, 26). Higher levels of these antioxidant
compounds in maize kernels impart improved health benefits.
Additionally, the presence of a substantial amount of these
antioxidants in maize oil may improve storage stability and
thermal stability (24).

CONCLUSIONS

Due to the high MUFAs and PUFAs levels and low SFAs levels,
oil extracted from the maize hybrids Pyeonggangok (No. 1),
Ahndaok (No. 2), and Shingwang (No. 6) can be promoted for the
preparation of a healthy PUFA-rich diet, whereas the significantly
highest levels of OA (45.3%), with a low level of LA (38.0%) in
the Suwondan 78 hybrid (No. 15), which may represent high
oxidative stability, can be preferred for deep frying. The results
of the present investigation suggest that significant variation
exists in the fatty acid composition of Korean maize hybrids,
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