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Lipid oxidation is one of the major quality issues of wholegrain wheat flour and products, despite their rich
endogenous antioxidants. Diverse wheat germplasm resources are available for industrial production and
breeding selection. Therefore, to improve the stability qualities of wholegrain, it is important to study lipid
stability of wheat varieties, together with their endogenous antioxidant contents. In this study, 65 wheat varieties
were evaluated for their oxidative stabilities under accelerated conditions. Primary and secondary oxidation
products, radical scavenging activities, and tocol contents were analyzed to obtain a comprehensive under
standing of lipid oxidation in wholegrain flour. The results showed significant diversity of lipid stability in the
wheat varieties, with a 30-fold difference in hexanal content after 19 weeks of storage. Varieties, such as ‘Ve
locity’ and ‘Arina’, with high stability and high antioxidant contents, are potentially better suited for stable
wholegrain products. The findings will benefit consumers with better quality wholegrain products.

1. Introduction
Wheat (Triticum aestivum) is a major crop and one of the most
important food sources. Wheat seeds are composed of starchy endo
sperm, germ, and bran. Wholegrain wheat consists of all the three
components, whereas refined flour lacks most of the germ and bran. As a
result, compared to refined flour, wholegrain wheat flour contains two
and half times more lipids, five times more fiber, three times more
minerals, and twice the vitamins (European Commission, 2020). Con
sumption of wholegrain is associated with reduced risk of cardiovascular
diseases, type II diabetes, colorectal cancer, and obesity; Okarter & Liu,
2010). Because of the health benefits, regular consumption of whole
grains is recommended in many dietary guidelines (European Commis
sion, 2020).
However, wholegrains are much more susceptible to lipid oxidation
than refined flour (Doblado-Maldonado, Pike, Sweley, & Rose, 2012).
Over 70% of the fatty acids in whole grain are unsaturated (linoleic,
linolenic, and oleic acids) (Chung, Ohm, Ram, Park, & Howitt, 2009),
which are easily oxidized under normal flour storage condition. In
addition, lipid degradation enzymes, lipase (EC 3.1.1.3) and lip
oxygenase (EC 1.13.11.12), are mainly present in bran and germ
(Galliard, 1986). Moreover, the minerals in the bran, such as iron and
zinc, accelerate the oxidation process. Consequently, the shelf life of

whole grain flour is less than half of that of refined flour (DobladoMaldonado, Pike, Sweley, & Rose, 2012). Short shelf life leads to po
tential food loss in the wheat value chain. Therefore, lipid stability is a
critical quality parameter of wholegrain wheat flour and products.
Lipid oxidation in wholegrain flour affects its technological quality,
sensory properties, and nutritional values. There are two pathways for
the oxidation in flour, enzymatic oxidation and autoxidation. Stability of
the wholegrain flour depends on both of the pathways. After milling
during storage, lipase in flour releases free fatty acids, which are then
oxidized enzymatically by lipoxygenase, or through autoxidation
(Doblado-Maldonado, Pike, Sweley, & Rose, 2012). Oxidation of lipids
consists of a complex series of free radical chain reactions (Frankel,
2014a). At the early stage of oxidation, hydroperoxides are generated as
primary oxidation products. They are unstable and can be decomposed
into alkoxyl radicals and hydroxyl radicals, which is accelerated at
elevated temperatures and catalyzed by metals. Peroxide value (PV) is
one of the traditional parameters of early-stage oxidation, and has been
used to indicate lipid oxidation in whole wheat bread (Jensen, Oestdal,
Clausen, Andersen, & Skibsted, 2011; Ning, Hou, Sun, Wan, & Dubat,
2017). At the final stage of oxidation, non-radical secondary oxidation
products are formed, which causes the off-odor and off-flavor in
oxidized products. In wheat and cereal products, hexanal is considered
the most pronounced secondary oxidation product and is often used as
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an oxidation indicator for grain flour (Rose, Ogden, Dunn, & Pike, 2008;
Starr, Petersen, Jespersen, & Hansen, 2015). In addition to hexanal,
Sjövall, Virtalaine, Lapveteläinen, and Kallio (2000) reported that hex
anol and pentanol could also be used as oxidation indicators in wheat
germ oil. These three volatile compounds, hexanal, hexanol, and pen
tanol, were thus chosen for oxidation analysis in this study.
On the other hand, wheat bran and germ also contain natural anti
oxidants, such as tocols and phenolic acids (Adom, Sorrells, & Liu, 2003;
Lampi, Nurmi, Ollilainen, & Piironen, 2008; Lampi, Nurmi, & Piironen,
2010; Li, Shewry, & Ward, 2008). As a result, wholegrain flour has two
to five times higher antioxidant potential than refined flour, which was
demonstrated in some studies by DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging assay (Mpofu, Sapirstein, & Beta, 2006; Yu, Haley,
Perret, & Harris, 2002). Tocols are generally expected to contribute
significantly to the antioxidative activity in wheat. Wheat contains
α-tocopherol (α-T, 9.1–19.9 µg/g), α-tocotrienol (α-T3, 2.5–7.6 µg/g),
β-tocopherol (β-T, 3.2–13.3 µg/g), and β-tocotrienol (β-T3, 10.0–44.0
µg/g), with the total amount of 30–70 µg/g dry matter, which varies
between wheat varieties and growing environment (Lampi, Nurmi,
Ollilainen, & Piironen, 2008; Lampi, Nurmi, & Piironen, 2010; Nielsen &
Hansen, 2008)
Tocols are chain-breaking antioxidants, which inhibit lipid oxidation
by donating a hydrogen atom to the lipid radicals and generate
unreactive tocopheroxyl radicals, who compete with the lipid substrate
for the peroxyl radicals (Frankel, 2014b). The final products of tocol
oxidation are tocopheryl quinone along with other spirodimers and
spirotrimers (Busing, Drotleff, & Ternes, 2012; Niki, 2007). However, at
high concentrations and at elevated temperatures, especially in the
presence of metal, tocols can be pro-oxidant by regenerating peroxyl
radicals and by participating in the chain transfer reaction. In whole
grain wheat flour, tocol content decreases during storage because of
oxidation. Nielsen and Hansen (2008) observed around 32% of decrease
in tocol content in wholegrain flour after 297 days of storage at room
temperature. Tsuzuki et al. (2014) reported more than 50% tocol loss in
wholegrain flour after eight weeks of storage at 26 ◦ C.
Albeit the lipid stability issue of wholegrain, diverse wheat germ
plasm offers opportunities to improve the flour quality by breeding se
lection (Kollers et al., 2013; Rakszegi, Boros, Kuti, Lang, Bedo, &
Shewry, 2008). The large variety diversity leads to our hypothesis, that
lipid stability issues of wholegrain wheat flour and its products can
potentially be solved by variety selection. In order to obtain stable
wholegrain flour and products, it is important to evaluate wheat vari
eties on their oxidative stabilities and endogenous antioxidant contents.
Modern plant breeding has made great progress in improving wheat
variety performance for refined products (Rakszegi et al., 2008). Yet, to
the best of our knowledge, no comprehensive studies of oxidative sta
bility of wheat varieties have been reported. Stability of the wholegrain
flour depends on both enzymatic and autoxidation pathways. Our pre
vious study reported the large genetic diversity and heritability of
esterase and lipase (0.75 and 0.44, respectively), which are responsible
for the enzymatic instability in whole wheat flour (Wei, Hund, Zhu, &
Nyström, 2020). However, the overall stability through lipid oxidation
in flour still need to be investigated.
In this study, 65 European wheat varieties were analyzed for their
wholegrain flour lipid stability under accelerated oxidation conditions.
The selection covered a wide range of geographical origins and breeder
diversities. Lipid oxidation was monitored by the accumulation of pri
mary and secondary products during the oxidation period. Radical
scavenging power at week 0 and tocol contents were also investigated.
The objectives of this study were to evaluate the wheat varieties on their
oxidative stability and to identify varieties that are suitable for stable
wholegrain products.

2. Materials and methods
2.1. Samples and storage conditions
A total of 65 European wheat varieties were evaluated in this study
(Table S1). The selection and field conditions of the wheat varieties are
described in our previous work (Wei, Hund, Zhu, & Nyström, 2020).
Samples for the oxidation study were grown in the growing season of
2017 at the field station of ETH Zurich in Lindau Eschikon. Due to
experimental capacity, the 65 varieties were randomly divided into four
batches, three with 16 varieties and one with 17 varieties (Table S1).
Each batch was analyzed independently. To control for batch effects, a
local commercial wheat kernel (Egli bio Reform AG, Demeter,
Switzerland) was used as in-house reference (variety 0). It was milled
and analyzed in an identical manner as the samples in each batch.
Wheat kernels of each variety were milled to whole grain flour using
a centrifugal mill with a sieve of 0.5 mm (Retsch, ZM200, Germany).
Two grams of flours were then weighed into closed 20 mL amber vials
and stored at 40 ◦ C for accelerated oxidation. Three vials were prepared
for each incubation time point for each wheat variety. Samples for DPPH
radical scavenging activity measurement, and for time point 0 were
stored at − 20 ◦ C until measurement.
All chemicals were purchased from Merck, Darmstadt, Germany.
2.2. Peroxide value
Peroxide values (PV) of samples at week 0, 2, 4, 6, and 8 were
determined by the ferric thiocyanate method (Ueda, Hayashi, & Namiki,
1986). Peroxides were extracted by 1:5 (w/v) chloroform/methanol (2/
1, v/v) and mixing vigorously for 30 min with a turbo shaker (2L,
Inversina, Switzerland) at room temperature. After centrifugation at
3000 × g and 20 ◦ C for 5 min, 20 μL of the supernatant was transferred to
a 96-well glass-coated polypropylene microplate (Thermo Fisher Sci
entific, USA) in triplicate (absorbance of the empty vials were subtracted
from the results), where 150 µL 0.9% (w/v) ammonium thiocyanate in
90% (v/v) ethanol was added. Finally, 20 μL 20 mM ferrous chloride in
3.5% (w/v) hydrochloric acid solution was added. The samples were
incubated at room temperature, and the absorbance at 490 nm was
recorded for 30 min by a microplate reader ELx808 (BioTek,
Switzerland). Calibration was performed with tert-butyl hydroperoxide
(Luperox® TBH70X, 70% (w/w)) with r2 of 0.999. The PV is expressed
as milliequivalents of peroxide oxygen per kilogram of wheat flour
(meq O2/kg). The in-house reference samples and ferrous sulfate stan
dards were measured in duplicate on each plate.
2.3. Secondary oxidation products
After 2, 4, 6, 8, and 19 weeks of storage at 40 ◦ C, volatile lipid
oxidation compounds in the headspace vials were analyzed by a gas
chromatography (Trace 1300) coupled with a mass spectrometer (TSQ
8000; GC–MS; Thermo Scientific, Italy) (Paradiso, Summo, Trani, &
Caponio, 2008). The volatile compounds were extracted by solid-phase
micro-extraction (SPME) with a 50/30 μm divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) fiber (Supelco, PA, USA). The
sample vials were first incubated at 60 ◦ C for 1 min. Then, extraction
was performed at the same temperature for 30 min under constant
agitation. After extraction, analytes were desorbed into the GC injector
for 10 min at 250 ◦ C with a 1:8 split flow of 10 mL/min. The compounds
were separated on an SPB-624 fused silica capillary column (30 m ×
0.25 mm, internal diameter 1.4 μm film thickness, Supelco, PA, USA)
using helium as carrier gas at a constant flow rate of 1.2 mL/min. The
oven temperature was kept at 40 ◦ C for 4.5 min; increased to 120 ◦ C at
45 ◦ C/min and held for 8 min; then increased from 120 ◦ C to 240 ◦ C at
20 ◦ C/min; and finally kept at 240 ◦ C for 14.5 min. The compounds were
detected by triple quadrupole mass spectrometry with electron impact
(EI) ionization at 70 eV. Data acquisition was performed in full scan
2
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mode at 35–350 m/z mass range with a scan time of 0.2 s.
To ensure the data quality, two internal standards were used, ethyl
butyrate (Marasca, Greetham, Herring, & Fisk, 2016) and 2-heptanone
(Jensen, Sorensen, Engelsen, & Bertelsen, 2001), whose retention
times were before and after hexanal, respectively. A mixture of 20 mg/L
ethyl butyrate and 20 mg/L 2-heptanone in methanol was prepared and
stored at –20 ◦ C in 1 mL aliquots. Before the GC analysis, 5 μL of the
internal standard mixture was added into each vial. The amount of
volatile compounds was estimated by comparing the area of their total
ion current (TIC) peaks with that of ethyl butyrate and expressed as a
ratio (relative unit, RU). Similar calculations were carried out with both
ethyl butyrate and 2-heptanone, and the results were confirmed to
follow the same trend. Linearity was confirmed by hexanal standard of
0–75 µg/g range with r2 of 0.998. Hexanal, hexanol, and pentanol were
identified by commercial standards.
Each batch of the samples at each time point (in triplicate) was
analyzed in one GC sequence together with the in-house reference
sample (in duplicate). There were 20 sequences in total. Each sequence
consisted of 65 injections. To control for the batch effect and instrument
performance, samples were randomized within the sequence, and a
quality control standard (QC) was measured after every 10th injections.
The QC consists of 10 μg/g hexanal standard and 2.5 μg/g of each in
ternal standard in sunflower oil. The results of hexanal content were
normalized according to the QC standard by dividing the average
hexanal signal of QC standards in all sequences and then multiply the
average hexanal signal of QC standards in each sequence.

gentle stream of N2 and then re-dissolved in 1 mL hexane. Finally, 50 μL
of the sample solution was injected in the HPLC system. The mobile
phase was hexane/1,4-dioxane (97/3, v/v), with a flow rate of 2 mL/
min. The tocols were separated isocratically on an Intersil 5 Silica col
umn (100 Å, 250 × 4.6 mm, 5 μm particle size) (Supelco, PA, USA) for
25 min. The column temperature was 30 ◦ C. In each sequence, the
samples were randomized. The tocols were identified by commercially
available standards. Both α-tocopherol and α-tocotrienol have the same
response factor and were quantified with α-tocopherol calibration
(0–12 µg/g, r2 = 0.997). Both β-tocopherol and β-tocotrienol have the
same response factor and were quantified with β-tocopherol calibration
(0–10 µg/g, r2 = 0.997).
2.6. Statistical analysis
All results were reported as mean ± standard deviation of three in
dependent measurements. Correlations and ANOVA analysis were per
formed with IBM SPSS Statistics 24. Tukey’s Honestly Significant
Difference (HSD) was calculated with a confidence level of 0.95. Prin
cipal component analysis (PCA) was performed using R (version 3.6.3).
3. Results
3.1. Oxidative stability
3.1.1. Peroxide value
In the initial phase of lipid oxidation, lipid radicals react with oxygen
and generate lipid hydroperoxides as primary oxidation products.
Peroxide values (PVs) of the 65 wheat varieties varied significantly over
the storage period up to eight weeks (Fig. 1A and Table S1). Assessment
of the PVs of the in-house reference sample showed no significant dif
ference between the batches, indicating good reproducibility (Fig. 1A).
Before incubation, the PVs of the samples ranged from 0.39 ± 0.01 to
0.91 ± 0.02 meq O2/kg with an average of 0.65 meq O2/kg. The lowest
PV was observed in variety 37 ‘Intérêt’, and the highest in variety 52
‘Smuga’. When stored at 40 ◦ C, PV of all varieties showed a decreasing
trend over time, which was similar to the in-house reference flour. The
largest decrease was from week 0 to week 2 with an average decrease of
59%. After storage for 8 weeks, the average PV dropped to 0.13 meq O2/
kg. No remarkable increase was detected as classical observation,
despite frequent sampling performed in the initial phase (0–7 days)
(data not shown). Two-way ANOVA analysis with time and variety as
fixed factors revealed significant differences between the PVs if the 65
varieties (p < 0.0001) (Table S1).

2.4. Radical scavenging activity
Antioxidant activity of polar extracts from the fresh flour samples
were measured by the radical scavenging assay with 2,2-diphenyl-1-pic
rylhydrazyl (DPPH) (Malterud, Farbrot, Huse, & Sund, 1993). For this
purpose, 2 g of flour and 10 mL of methanol were mixed in triplicate and
shaken with a tumbler mixer (2L, Inversina, Switzerland) for 30 min at
room temperature. After centrifugation at 3000 × g for 5 min, 50 μL of
the supernatant was mixed with 150 µL 19 mM DPPH on a 96-well
polystyrene microplate at 28 ◦ C. After 15 min, the absorbance at 525
nm was recorded by a microplate reader ELx808 (BioTek, Switzerland).
Methanol and 3 mM pyrogallol were used as negative and positive
controls, respectively. The in-house reference samples and both negative
and positive controls were measured in triplicate on each plate. The
radical scavenging activity was determined by:
1 [g]
(An − At )
)×
radical scavenging activity(%) = 100 × (
flour weight [g]
An − Ap

3.1.2. Secondary oxidation products
At the final stage of oxidation, secondary oxidation products accu
mulated in the flour samples, and were measured by gas chromatog
raphy coupled with mass spectrometry (GC–MS). The oxidation
indicators hexanal, hexanol, and pentanol were measured after 2, 4, 6, 8,
19 weeks of storage at 40 ◦ C (Table S2). Among the three secondary
oxidation products, hexanal is characterized by the low threshold odor,
and is highly related to the shelf life of food products. In general, the
hexanal content of all wheat varieties increased over time (Fig. 1B and
Table S2). Fig. 1B shows the detailed data of four extreme varieties (11,
12, 45, and 54) and the in-house reference. All the other varieties lay in
the shaded area. The varieties showed large differences, which reached
more than 30-fold on week 19. The lowest hexanal content on week 19
was observed in varieties 12 ‘Format’, followed by varieties 28 ‘Garcia’
and 11 ‘Fedor’; and the highest was observed in variety 40 ‘Recital’,
followed by varieties 45 ‘Vitus’ and 48 ‘Meva’. Throughout the 19-week
duration, both hexanol and pentanol also increased, following a similar
trend as hexanal. Two-way ANOVA was performed with time and vari
ety as fixed factors (Table S2). Over the whole storage time, varieties 11
‘Fedor’ and 12 ‘Format’ had significantly lower values in all hexanal,
hexanol, and pentanol; whereas varieties 45 ‘Vitus’ and 54 ‘Harpun’

where At is the absorbance of the samples, An is the absorbance of the
negative control, and Ap is absorbance of the positive control.
2.5. Tocopherols
The content of the four tocols in 65 wheat varieties were quantified
by normal-phase high-performance liquid chromatography (NP-HPLC)
(1200, Agilent, Germany) with a fluorescence detector (excitation
wavelength 292 nm, emission wavelength 325 nm) (Lampi, Nurmi,
Ollilainen, & Piironen, 2008). The change of the tocol content over
oxidation period (week 2, 4, 6, 8, 10, and 12) were measured in 17
varieties in triplicate, which were selected based on their different
volatile development (Table S4). Because of the low lipid content, the
fluorescence response of the tocols is not disturbed by the co-eluted
neutral lipids, hence no saponification was performed. Tocols were
extracted by adding 10 mL chloroform/methanol (2:1, v/v) to the
sample vials (containing 2 g of flour sample) after GC analysis and
mixing vigorously for 30 min with a turbo shaker (2L, Inversina,
Switzerland) at room temperature. Then the samples were centrifuged at
3000 × g and 20 ◦ C for 5 min. Afterward, 0.5 mL extract was dried with a
3
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Fig. 1. The change of oxidation products over storage time and their correlations. (A): PVs of in-house reference flour analyzed in four batches (n = 8). The shaded
area marked the range of PV from the 65 wheat varieties measured at each time point. (B): Hexanal contents of extreme varieties (n = 3), 11 ‘Fedor’, 12 ‘Format’, 45
‘Vitus, and 54 ‘Harpun’, and in-house reference flour (variety 0) (n = 8). The shaded area marked the range of hexanal from the 65 wheat varieties measured at each
time point. (C): Correlation table of peroxide values, and the contents of hexanal, hexanol and pentanol at the first and last measurement points. The color scale
indicates the Person’s correlation coefficient r. * represents correlation is significant at the 0.05 level (2-tailed). ** represents correlation is significant at the 0.01
level (2-tailed).

generated significantly more volatiles than other varieties (p < 0.001)
(Fig. 1B and Table S2). Other volatile oxidation products were also
observed in the samples, including pentanal, 2-hexanol, heptanal,
methyl hexanoic acid, 2-pentylfuran, 1-octene-3-ol, octanal and octanol,
and they also showed the same trend as hexanal (data not shown).

oxidation were quantified by NP-HPLC (Fig. 2 and Table 1). Four types
of tocol, α-tocopherol (α-T), α-tocotrienol (α-T3), β-tocopherol (β-T), and
β-tocotrienol (β-T3), were detected in the wheat samples. In all varieties,
β-T3 was predominant of the four tocols, with an average of 58% of total
tocol content, followed by α-T, with an average of 21%, whereas α-T3
and β-T had similar contents, 9% and 12%, respectively. The average
total tocol content in the 65 wheat varieties was 45.0 μg/g, with the
lowest of 31.2 μg/g from variety 32 ‘Lona’ and the highest of 65.6 μg/g
from variety 1 ‘Arina’. Significant difference was observed among the
varieties (p < 0.001).
The change of tocol content during flour oxidation was studied in a
selection of varieties. Seventeen varieties that generated different levels
of hexanal were selected to represent different lipid stability levels
among the samples. The change of their tocol contents was measured at
weeks 2, 4, 6, 8, 10, and 12 (Fig. 3 and Table S4). Over the oxidation
period, most of the varieties (except for variety 1 ‘Arina’) demonstrated
an increasing trend of tocol content in the first two to four weeks, and
then started to decrease. From week 2 to week 12, the loss of total tocol
is on average 33%. Two-way ANOVA was performed for both total tocol
content and hexanal with the variety and time as fixed factors
(Table S4). Among the measured varieties, variety 56 ‘Gatsby’ and 8
‘Capnor’ had significantly higher total tocol content (p < 0.001).

3.2. Antioxidants
3.2.1. DPPH radical scavenging activity
Wholegrain wheat flour contains various endogenous antioxidants.
To analyze the total antioxidant power of whole wheat flour, methanol
extracts of the 65 wheat varieties were measured by DPPH (2,2diphenyl-1-picrylhydrazyl) radical scavenging assay (Table 1 and
Table S3). The average radical scavenging activity of the 65 wheat va
rieties was 23.2%, with a minimum of 18.3% from variety 33 ‘Mercato’,
and a maximum of 27.5% from 29 ‘Hamac’ (relative to 3 mM pyrogal
lol). The 65 wheat varieties showed significantly different radical
scavenging activities (p < 0.001).
3.2.2. Tocol
Tocols are one of the major groups of apolar endogenous antioxidant
in grains. The tocol contents in the 65 whole wheat flour before
4
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Arina

Lona

1

32
0.1
±
31.2
45.2
6.7
Lona
32
0.2
±
14.4
26.5
4.9
Julius
21
0.0
±
2.9
5.2
1.0
Viscount

The oxidative stabilities and antioxidant contents of 65 European
winter wheat varieties were evaluated in this study. To give a compre
hensive characterization, the study combined changes of primary and
secondary oxidation products, as well as tocols during oxidation. It was
clearly demonstrated that the varieties have very diverse stabilities. As a
result, wholegrain flour and products made of the different wheat va
rieties would have different shelf life. Stability and thereby quality of the
wholegrain products can thus be improved by wheat variety selection.
For the representative seventeen varieties in Fig. 3, the ones in group
A had higher lipid stability than in group B, especially 56 ‘Gatsby’, 8
‘Capnor’, and 5 ‘Actros’. These varieties are thus potentially more suit
able for stable wholegrain products. Varieties 32 ‘Lona’ and 10 ‘Enorm’
from group C were relatively stable, even if their tocol contents were
low. However, both varieties possessed a high DPPH radical scavenging
activity, being 23.6 ± 0.2% and 22.6 ± 0.7%, respectively. This may
indicate that the main antioxidants in these varieties were polar anti
oxidants, such as phenolic acids, as the DPPH assay functions better in
polar solvents (Prevc, Segatin, Ulrih, & Cigic, 2013). These two varieties
demonstrated that in wholegrain flour, in addition to tocols, polar an
tioxidants also play a role in inhibiting lipid oxidation and improve
stability. The 17 varieties were spread among the other varieties on the
PCA plot (Fig. 4), suggesting that they were representative and covered
the diversity of the sample range. Varieties that located close to each
other on the PCA plot had similar properties.
Varieties that are expected to be stable have low levels of oxidation

2.8
4.1
0.7
18.3
23.2
2.0
Minimun *
Average
Standard deviation

±

0.4

33

Mercato

6.5
9.4
1.6

±

0.1

21

Julius

4. Discussion

*:Data are expressed as mean ± standard deviation (n = 3).

2.0

Principal component analysis was performed to elucidate the cor
relations of the different analyses (Fig. 4). Eight principal components
accounted for in total 91% of the variance in the 65 wheat varieties. The
first two principal factors (PC1 and PC2) explained 32% and 17% of the
accumulative variance in the wheat varieties, respectively. The loadings
showed that all the secondary oxidation products correlated with each
other, and mainly accounted for the values of PC1. PC2 was mainly
described by the tocol contents in the flour, where also the four tocols
correlated with each other. PV at week 0 (pv_w0) is highly correlated
with lipid content, though the lipid content did not have a major
contribution to the model.
The associations of the different measurements in the PCA plot
(Fig. 4) were confirmed by the correlation table with all the lipid
oxidation measurements at the first and last time points (Fig. 1C). PV
was positively correlated with the secondary oxidation products, and the
three volatile compounds hexanal, hexanol and pentanol, strongly
correlated with each other, especially hexanal and pentanol on week 19
(r = 0.95, p < 0.001). For each volatile compound, their content at week
2 and week 19 are also significantly correlated (p < 0.001).
The change of PV, hexanal, and total tocol contents of the repre
sentative 17 wheat varieties were plotted in Fig. 3. The varieties were
assigned to three groups, A, B, and C, according to their oxidative sta
bilities, based on the post-hoc results of ANOVA analysis of hexanal and
tocol contents. Group A had high tocol and low hexanal contents
(Table S4 and S2). Until week 19, the development of secondary
oxidation products in these varieties did not have a drastic increase, and
were all lower than 20 RU. In contrast, varieties in group B had low tocol
content. The accumulation of hexanal in these varieties started rapidly
after week 2, and was significantly higher than group A and C. In group
C, varieties 32 and 10 were not oxidized remarkably, and they both had
low tocol contents. The three groups were reflected in the PCA plot as
well (Fig. 4). Varieties in group A are located on the negative direction of
PC1 and the varieties in group B are on the positive side.

61

±

3.3. Association of different measurements

0.1

65.6

Varieties 32 ‘Lona’ and 10 ‘Enorm’ had significantly lower total tocol
content than the rest of the varieties.

±

1
1.2
±
40.9
Velocity
58
0.2
±
8.2

β-tocopherol (µg/g)

Hamac
29
0.2
±
5.5

α-tocotrienol (µg/g)

Velocity
58
0.4
±

α-tocopherol (µg/g)

15.2
Hamac
29
0.3
±
27.5

DPPH radical scavenging activity (%)

Maximun *

Table 1
The maximum, minimum, average values and standard deviation of radical scavenging activities and tocol contents of the 65 wheat varieties at week 0.

β-tocotrienol (µg/g)

Arina

Total tocol (µg/g)
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Fig. 2. The contents of α-tocopherol, α-tocotrienol, β-tocopherol and β-tocotrienol in 65 wheat varieties (n = 3) and in-house reference flour (n = 8). The varieties are
arranged ascendingly by their total tocol content. Varieties written in brown were selected to monitor their tocol content change over time.

products, and high antioxidant contents. On the PCA plot (Fig. 4), va
rieties on the negative side of PC1 were more stable. Among them, va
rieties on the top left corner in the shaded area (58, 1, 29, 31, 41, 59, 17,
15, 14, 4, and 46) had high tocol contents. Furthermore, variety 46
‘Banquet’ and 14 ‘Manager’ were reported to have low lipase activity

(Wei, Hund, Zhu, & Nyström, 2020). Therefore, these two varieties are
stable in both enzymatic and autoxidation pathways. As a result, these
varieties are likely the most suitable raw materials for oxidation-stable
wholegrain flours.
On the other hands, selected varieties also showed faster oxidation
6
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Fig. 3. Change of total tocol, PV and hexanal in 17 wheat varieties (n = 3) and in-house reference flour (n = 8) during storage. The varieties were assigned to three
groups A, B, and C according to their oxidative stabilities, based on the post-hoc results of ANOVA analysis of hexanal and tocol contents. Group A had high tocol and
low hexanal contents; group B had low tocol and high hexanal contents; group C had low tocol and low hexanal contents.
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Fig. 4. Principal component analysis bi-plot of 65 wheat varieties with lipid content, DPPH radical scavenging activity, tocol content, the first and last measurement
of PV, hexanal, hexanol and pentanol. The time of the measurement are label by “w” followed by the week number. Wheat varieties are labeled by their ID. The
loadings are labeled in gray with arrows. Varieties in group A are in red; varieties in Group B are marked in cyan; and varieties in group C are marked in yellow. Inhouse reference sample (0) is marked in blue. Varieties is the shaded area are the most suited for stable wholegrain products. The lipid content of the same varieties
harvested in 2016 was reported by (Wei et al. 2020).

rates. During milling, cell wall structures in the wheat seeds are dis
rupted; bringing together lipids, enzymes, minerals, antioxidants, and
other compounds with each other and with air. The early stage oxidation
reactions happen rapidly during or immediately after milling (Nielsen &
Hansen, 2008). For some varieties, such as 45 ‘Vitus’ and 55 ‘Cordiale’
(Fig. 3 and Table S2), the secondary oxidation products, hexanal, hex
anol, and pentanol, were generated already within two weeks of storage
under the accelerated conditions (40 ◦ C). These varieties are rather
unstable and thus potentially less suitable for wholegrain end use.
When looking into the individual parameters of oxidation, the
peroxide values (PVs) decreased during storage, in contrast to classical
observations and expectation, in which PV first increases and then de
creases through hydroperoxide decomposition to secondary oxidation
products. The results were confirmed by the high repeatability and
reproducibility of the measurements (Fig. 1A). Oxidation reactions
happen during or immediately after milling (Nielsen & Hansen, 2008),
when peroxyl radicals and lipid hydroperoxides are produced. However,
since these wheat flours contain only around 1.5% of lipid (Wei, Hund,
Zhu, & Nyström, 2020), the lipid hydroperoxides could not accumulate
at a high level in flour during storage at 40 ◦ C. In addition, the formation
of peroxyl radicals is much faster than hydroperoxides; and in the
presence of antioxidants in the flours, some of the peroxyl radicals may
be scavenged by the antioxidants, and become more stable antioxidant

radicals rather than lipid hydroperoxides, resulting in a lower PV
(Frankel, 2014a, 2014b). Moreover, it was also observed that the PV of
the in-house reference flour was higher when stored at room tempera
ture than at 40 ◦ C (data not shown). This could be explained by the
thermal dissociation of hydroperoxides, which is further catalyzed by
metal ions. With the minerals in wholegrain flour, under the accelerated
oxidation conditions, the hydroperoxides were decomposed rapidly,
without observable accumulation, which explains that an initial increase
in PV was not observed.
To assess the antioxidants in the wholegrain flours, both DPPH
scavenging activity and tocol contents were measured. The DPPH
radical scavenging assay was performed with methanol extracts of the
wholegrain flour, therefore representing mostly the polar antioxidants.
In our study, ANOVA analysis showed significant difference in the DPPH
scavenging activities between the 65 varieties (p < 0.001), indicating
genetic diversity in the antioxidant activity in the whole wheat flour.
This is consistent with the results from Mpofu, Sapirstein, and Beta
(2006), who observed highly significant genotype differences among six
wheat cultivars, and obtained the total antioxidative activity range of
13–16% (as discoloration percentage). They also reported that the
radical scavenging activity strongly correlates to total phenolic content
(r2 = 0.729, p < 0.01). Therefore, the variance in DPPH radical scavengi
ng activity in our study supports the varied contents of phenolic
8
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compounds among the 65 wheat varieties.
Four types of tocols were observed in the 65 wheat varieties
(6.5–15.2 µg/g for α-T, 2.8–5.5 µg/g for α-T3, 2.9–8.2 µg/g for β-T, and
14.4–40.9 µg/g for β-T3),which is in agreement with those of previous
studies (9.1–19.9 µg/g for α-T, 2.5–7.6 µg/g for α-T3, 3.2–13.3 µg/g for
β-T, and 10.0–44.0 µg/g for β-T3) (Bauernfeind & Desai, 1977; Lampi,
Nurmi, Ollilainen, & Piironen, 2008; Lampi, Nurmi, & Piironen, 2010).
At the advanced stage of lipid oxidation, tocols were oxidized and the
content decreased (Fig. 3). It was reported that 30–50% of tocol loss in
wholegrain flour after one year of storage at room temperature (Nielsen
& Hansen, 2008; Tsuzuki, et al., 2014). In our study, most of the vari
eties showed higher tocol contents at week 2 than week 0. While this was
somewhat unexpected, same trend has been observed in other studies,
where the tocol content slightly increased in the initial storage period
before decreasing (Nielsen & Hansen, 2008; Wennermark, Ahlmen, &
Jagerstad, 1994). One of the possible explanations is that after the two
weeks of storage, the tocols in the flour became more accessible in the
flour matrix, and that the extraction availability of tocols increased as
the flour aged. In addition, it is also possible that some tocols were re
generated in the early period of oxidation. It has been reported that the
tocopheroxyl radicals and the tocopheryl quinone can be converted back
to tocopherol by ascorbic acid, reduced glutathione, and some phos
pholipids (Bast & Haenen, 2002; Doert, Jaworska, Moersel, & Kroh,
2012; Haenen & Bast, 1983). With the wide range of antioxidative
compounds in wholegrain flour, it is plausible that during or right after
milling, the tocols were oxidized, and then slowly regenerated in the
first weeks; however, further studies are needed for more evidence.
In conclusion, our results provide valuable information on the ge
netic diversity of lipid stability and endogenous antioxidant content in
whole wheat flour. Varieties 58 ‘Velocity’, 1 ‘Arina’, 29 ‘Hamac’, 31
‘Lona’, 41 ‘Altigo’, 59 ‘Mikon’, 17 ‘Petrus’, 15 ‘Meunier’, 14 ‘Manager’,
4 ‘Zinal’, and 46 ‘Banquet’ all had high antioxidant contents and high
stability (measured as low formation of oxidation products). They are
therefore likely more stable and suitable for wholegrain end-use. This
study is the first to report lipid stability and antioxidative activity in a
large collection of wheat varieties. It is a useful guide for production and
breeding selection to improve wholegrain flour and product quality with
an extended shelf life. Consumers and food producers will benefit from
the healthy and stable wholegrain products, which will also potentially
reduce food loss in the wheat value chain.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodchem.2020.128683.
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