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Abstract: Organic wheat retails at higher market prices than the conventionally grown counterparts. In view
of fair competition and sustainable consumer confidence, the organic nature of organic wheat needs to be
assured. Amongst other controls this requires analytical tests based on discriminating traits. In this paper,
phenolic acids were examined by liquid chromatography analysis as biomarkers for discriminating between
the two groups by means of a controlled grown full factorial design Danish wheat sample set. By combining
baseline and retention-time correction pre-treatments and principal component analysis, discrimination between
organic and conventional produce was found to be expressed in the first principal component (93%), whilst
the second principal component accounted for the production year (4%). Upon examination of the loadings
plot, a single chromatographic peak was found to account for a large part in the discrimination between the
two wheat production systems. This was further underpinned by statistically significant differences found in
concentrations between the organic and conventional production systems of this phenolic acid (ANOVA, P<0.05).
The phenolic acid was tentatively identified as protocatechuic acid by negative mode mass spectrometry. The
results obtained implied that protocatechuic acid may serve as a single marker for discrimination between
organic and conventional produced wheat.
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1. Introduction

A cereal is generally defined as a grass
grown for its small, edible seed.[1] Cereals
are an important carbohydrate source in
the human diet. Maize (corn), rice (paddy),
wheat, barley and sorghum are the top five
cereals in the world when ranked on the ba-
sis of production tonnage.[2] In conjunction
with the large world-wide cereal consump-
tion, the demand for organically produced
foods increased considerably in the last
decades. As a consequence in some coun-
tries, the market share for organic produce
has become a significant percentage of the
total market. Organic products tend to re-
tail at a higher price than their convention-
ally grown/produced counterparts, mainly
because of lower yield and certification

costs. This premium price and the increas-
ing demand make organic food products
susceptible to mix-up.

Organic production has to com-
ply with specific legislation in the EU
(e.g. Regulation (EC) No. 889/2008).[3]
According to this legislation, production
of organic plant products is severely re-
stricted in the use of synthetic fertilizers,
pesticides and insecticides. Organic pro-
duction is based on i) frequent crop rota-
tions and extensive soil tillage, ii) the use
of compost or organic waste rather than
chemical-synthetic pesticides and readily
soluble mineral fertilizers and iii) biologi-
cal pest control.[4] It is expected that these
distinctive conditions impact on the phyto-
chemical composition of the plants.

Plant material, including cereals, con-
sists of a complex array of phytochemicals
that are highly influenced by cultivar and
growing/environmental conditions. For
instance the phytochemical content and
composition is influenced by the avail-
ability of sunlight, water and temperature
conditions as well as by the availability of
nutrients in the soil. Considerable knowl-
edge exists on the levels of phytochemical
compounds in various cereals.[5,6] For ex-
ample, phytochemicals such as the small
phenolic acids feruli, p-coumaric, syringic,
vanillic and caffeic acids were found to be
highly variable amongst wheat varieties.
Furthermore, these phenolic acids occur in

both ‘free’ and ‘bound’ forms, adding an
extra dimension of complexity for charac-
terization of the wheat varieties.[7] In com-
bination with a relatively straightforward
extraction procedure and liquid chroma-
tography analysis, the phenolic acids seem
to be an attractive and potential group of
biomarkers for discrimination between or-
ganic and conventional cereals.

The goal of this study is therefore to
examine the levels of phenolics in sets of
organic and conventional Danish wheat by
liquid chromatography (LC) in combina-
tion with statistics considering also the in-
fluence of geographical location and har-
vesting year. This work is part of the EU
project ‘AuthenticFood’.

2. Materials and Methods

2.1 Materials
2.1.1 Chemicals

Methanol (99.98%), n-hexane
(99.95%) and acetonitrile (99.97%) were
obtained from Actu-All Chemicals (Oss,
TheNetherlands). Sodiumacetate (99.0%),
sodium chloride (99.99%) sodium hydrox-
ide (99.0%), ethyl acetate (99.8%) and hy-
drochloric acid (37%) were obtained from
Merck Millipore (Darmstadt, Germany).
Ultra-pure water was produced by a
Millipore Advantage machine (Milllipore,
Merck, Germany).
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2.2.4 Statistics
Raw chromatographic data was base-

line corrected (asymmetric least squares,
λ = 109, p = 0.1) and aligned for retention
time correction by optimal reference sam-
ple selection using an in-house R-script (R
version 3.1.2, The R Foundation, Vienna,
Austria). Corrected and aligned data
were subsequently subjected to Principal
Component Analysis (PCA) to visualize
the aligned chromatographic patterns using
The Unscrambler X 10.3 package (Camo
Software, Oslo, Norway). In order to deter-
mine significant relevance, the peak areas
of the phenolic peak RT = 9.85 min of or-
ganic and conventional samples were sub-
jected to Analysis of Variance (ANOVA;
Excel 2010, Microsoft, Redmond, WA,
USA). All further calculations were per-
formed in Excel 2010 (Microsoft).

3. Results and Discussion

3.1 LC-DAD Analysis and Statistical
Analysis of Phenolics

All 36 samples were subjected to LC-
DAD analysis to assess both the bound and
unbound phenolics. The chromatographic
data were aligned. An example of an ex-
cerpt (2.0–20.0 min.) of such an array of
chromatograms for unbound phenolics at
280 nm is shown in Fig. 1. The groups of
chromatographic data of the bound and
unbound phenolics measured at 280 nm
and 320 nm were subsequently subjected
to PCA.

The PCA on the unbound phenolics of
individual measurements acquired at 280
nm revealed distinct clustering according
to the production system (Fig. 2A). High
positive sample scores on the first PC (ex-
plained variance = 93%) were associated
with conventional production, whereas
high negative scores were associated with
organic samples. No consistent differences
between theOrganicAandBgroupsamples
were observed. Furthermore, some cluster-

were ultrapure water containing 2 mM
sodium acetate (A) and 100% acetoni-
trile (B). 20 µL was injected and a flow
of 1 mL min–1 was maintained. The elu-
tion program was as follows: 0 to 45 min.
linear gradient 100% A to 85% A; 45 to
46 min. linear gradient 85% to 0% A; 46
to 50 min, isocratic at 0%A. Eluents were
returned to the initial conditions within
2 min. followed by 13 min. equilibration.
DAD spectra were collected in a range of
220 to 600 nm. The equipment was oper-
ated by Chemstation for LC 3D systems
Software (Agilent).

2.2.3 LC- High Resolution Mass
Spectrometry Analysis (LC-HRMS)

The LC-HRMS system consisted of
an Ultimate 3000 LC system coupled
through a HESI II electrospray source to an
Q-Exactive Orbitrap MS (Thermo Fisher
Scientific, San Jose, CA, USA). The same
column and gradient was used as described
in section 2.2.2. The electrospray source
was operated in negative ionization mode
and the electrospray settings were as fol-
lows: electrospray voltage, 3.5 kV; sheath
gas, 47.5 AU; auxiliary gas, 11.5 AU. The
probe-heater was set to 410 °C, and the
heated capillary was set at 320 °C. Data
were acquired by continuously alternating
scan events: first a full-scan (135–1000
amu) followed by five all-ion fragmenta-
tion events (m/z 150±110 Da,m/z 250±110
Da, m/z 350±110 Da, m/z 450±110 Da and
m/z 750±510 Da). The fragmentation nor-
malized collision energy was stepped from
14 to 40 to 80 eV. The resolving power for
the full-scan event was 70,000 and for
the all-ion-fragmentation events this was
35,000, defined at full width half maxi-
mum at m/z 200. The other parameters for
the mass spectrometer were automatically
tuned with the tuning and calibration pro-
cedure. Before analysis, the mass calibra-
tion of the mass spectrometer was checked
and re-calibrated if needed.

2.1.2 Wheat Samples
A sample set of thirty-six wheat sam-

ples (Triticum aestivum L. cv. Tommi)
were supplied by partners of the EU Core
II Organic project ‘AuthenticFood’. The
set comprised samples of (a) two varia-
tions of organic production (fertilization
with animal manure (Organic A), and with
cover crop (Organic B)) and conventional
production, (b) three geographical loca-
tions in Denmark, and (c) two harvesting
years (Table 1) as described by Laursen
and co-workers.[8] The outline resulted in
a full factorial 3 × 3 × 2 design, with each
category a duplicate sample batch (5 kg per
sample obtained by stepwise mass reduc-
tion) and for each batch again duplicate
sample analyses.

2.2 Methods

2.2.1 Sample Preprocessing and
Extraction

Wheat samples (10 g) were ground
to a fine flour using a blender (Waring
Laboratory Science, Winsted, CT, USA).
Subsequently, 0.5 g flour was extracted
with 25mL 70% (v/v) chilledmethanol and
mixed head-over-head for 10 min. After
centrifugation at approximately 783 g,
the supernatant was collected and the ex-
traction procedure was repeated. The two
supernatants were pooled and evaporated
to dryness at 45 oC under a stream of N

2
.

Bound phenolics were extracted by diges-
tion of the remaining residue by addition
of 10 mL 4 M sodium hydroxide solution.
Samples were incubated for 1 h at 60 oC
with a N

2
flushed head-space. After neu-

tralization with approximately 10 M hy-
drochloric acid, samples were centrifuged
at approximately 783 g. The obtained su-
pernatant was extracted three times with
aliquots of 10 mL of n-hexane to remove
interfering lipids. The hexane fractions
were discarded. Subsequently, the super-
natant was extracted 5 times with aliquots
of 10 mL ethyl acetate. Ethyl acetate frac-
tions were collected and evaporated to
dryness at 45 oC with N

2
head-space flush.

Prior to LC injection, dried extracts were
dissolved in 1 mL ultrapure water (approx-
imately 1 mg mL–1) and filtered through a
0.45 µm PTFE filter (Pall, Acrodisc CR,
Anotop, Whatman International).

2.2.2 LC-Diode Array Detection
analysis (LC-DAD)

Chromatographic separation was per-
formed on an Agilent HPLC 1100 series
(Agilent Technologies, Amstelveen, The
Netherlands) equipped with a Zorbax 300
Extend-C18 4.6 × 250 mm 5 µm column
(Agilent), LiChrosorb C18 4.6 × 7.5 mm
5 µm precolumn (Agilent) and in-line
diode array detector (Agilent). Eluents

Table 1. Sample overview

Production system Location Harvesting year Number of batches

Conventional

Organic A

Organic B

Flakkebjerg 2007

2008

2

Conventional

Organic A

Organic B

Foulum 2007

2008

2

Conventional

Organic A

Organic B

Jyndevad 2007

2008

2
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3.2 Identification of the Single
Marker

The identification of the single marker
that was discerned in section 3.1 was per-
formed by mass-spectrometric analyses.
The parent mass [M-H]– determined was
m/z 153.02, which indicates the presence
of the dihydroxybenzoic acid: protocat-
echuic acid (Fig. 4A). Upon examination
of the MS2 spectrum generated by high en-
ergy collision induced dissociation (HCD),
typical fragments around m/z 110 were
found which could be associated with ejec-
tion of the carboxylic acid group [M-H-
CH

2
O]– (Fig. 4B). Multiple possibilities

for this ejection occurred resulting in m/z
109.03, 110.03 and 111.03 fragments. The
fragment at m/z 59.01could be a result of a
benzene ring fragmentation which is also
observed with, for example, dihydrocaf-
feic acid.[11] Due to the higher fragmenta-
tion energies used with HCD, benzene ring

ing was observed in the second dimension
(PC2 explained variance = 4%). This clus-
tering was due to the year-to-year variation
of the wheat samples. The production loca-
tion did not reveal any consistent cluster-
ing in the first two dimensions of the PCA
plot.All other combinations of free and un-
bound phenolics at 280 and 320 nm were
subjected to PCA and examined, however
no clustering within growing systems was
observed upon PCA analysis.

For identification of the set of pheno-
lics that allowed the separation between
the organic and conventional growing sys-
tems, the loadings plot of the PCA of the
unbound phenolics measured at 280 nm
was examined (Fig. 2B). The loadings plot
was dominated by one chromatographic
peak with a maximum at 9.85 min, flanked
by several minor phytochemical com-
pounds at retention times 2.50 to 3.85 min,
6.51 min, 11.69 min, and 15.35 min.

The predominant peak at 9.85 min ob-
served in the loadings plot (Fig. 2B) was
quite surprising and would indicate that
this peak allows separation of the organic
and conventional wheat on its own. It is
very uncommon that organic products can
be distinguished from their conventional
counterparts by a single marker.[4,9,10]
Instead of using data-points of aligned full
LC chromatograms, individual peak areas
could be used and reduce the complexity
of both the analysis and data processing.
Therefore the peak areas were compared
(Fig. 3). Significantly different areas of
this particular peak (ANOVA, P<0.05) for
organic and conventional wheat samples
were observed. From the phenolic com-
pound analyzed, the results allow for con-
sistent discrimination between organic and
conventional wheat production systems for
these Danish wheat samples.

Fig. 1. Overlay of chromatograms of unbound phenolics at 280 nm. C = conventional,
OA = organic A, OB = organic B.

Fig. 2. A: Plot of the
first two dimensions
of the PCA of LC data
points after base-line
correction and align-
ment of unbound
phenolics at 280 nm
for retention time
window of 2.0 to 20.0
min. C = conven-
tional, OA = organic
A, OB = organic B. B.
Associated loadings
plot of PC1.

Fig. 3. Boxplot of the
areas underneath
phenolic compound
(RT = 9.85 min) for
organic A and B and
conventional wheat.
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down-regulation of the protocatechuic
acid production. Phenolic compounds are
secondary metabolites that are widely dis-
tributed in plant foods such as fruits and
vegetables but also in cereals, legumes,
tea, coffee and chocolate. Their contents
in organic products and their conventional
counterparts have been extensively inves-
tigated. Usually higher concentrations of
phenolics have been reported in organic
plant products.[13,14] The different pheno-
lic content in organically grown crops has
been ascribed to the absence of synthetic
pesticides in organic farming, resulting
in higher exposure to stressful situations,
which would lead plants to produce sec-
ondary metabolites as a defensive mecha-
nism.[15,16] The availability of inorganic
nitrogen, which depends on the type of
fertilizer, can also modulate plant biosyn-
thetic pathways, resulting in more limited
formation of phenolic compounds in or-
ganic crops.[17] It was shown for this spe-
cific sample set that the nitrogen yield of
the wheat on dry matter was systematically
higher for the conventional system than for
both organic systems.[8] The latter may ex-
plain the different levels observed in the
organic and conventional wheat samples in
the current study.

4. Conclusions

Organic and conventional wheat pro-
duced in three locations in Denmark and
harvested over a two-year period dem-
onstrated significantly different levels of
protocatechuic acid. It is therefore con-
sidered a promising marker that can be
determined by LC analysis of unbound
phenolics at 280 nm. In the current study,
a well-defined sample set of Danish origin
was used. The extension to wheat of other
provenance as well as commercial samples
would need further research.

fragmentation may occur, although this
type of fragmentation is unusual in nega-
tive mode. Finally, loss of OH groups was
observed at m/z 136.29. From the informa-
tion gathered from the elemental composi-
tion and fragmentation pattern, we expect
that the phenolic compound which allows
differentiation between the organic and
conventional wheat samples is protocat-
echuic acid.

The tentative annotation of protocate-
chuic acid as the single marker for authen-
tication of organic grown wheat is remark-
able for three reasons. Firstly, protocate-
chuic acid was not reported to be a highly
occurring phenolic in wheat, in contrast
to ferulic acid, p-coumaric acid, syringic
acid, vanillic acid and caffeic acid.[7]Either
protocatechuic acid was systematically
overlooked or, although unlikely due to
the sample set-up, it was specifically over-
produced by this wheat variety. Secondly,
the significant differences in protocatechu-
ic acid levels may be due to external fac-
tors which (partly) activated or blocked a
specific part of the benzoic acid pathway.
Protocatechuic acid is biosynthesized via
3-dehydroshikimic acid in the shikimate
pathway in plants. One of the precursors
of 3-dehydroshikimic acid is d-arabino-
heptulosonic acid 7-phosphate of which
the enzymatic biosynthesis was reported
to be susceptible to specific (de)activation
by environmental stimuli.[12]Although this
does not explain why protocatechuic acid
is specifically upregulated in the conven-
tional production system, environmental
factors could result in increase or decrease
of dihydroxybenzoic acid production as
observed for protocatechuic acid. Thirdly,
in order to differentiate between grow-
ing systems, often a group of markers is
required, as the growing process is often
influencing many parts of the biosynthetic
pathway. In this unique case, the organic
production system led to almost specific

Fig. 4. A. Full scan negative mode MS spectrum of protocatechuic acid as found in the wheat
extracts at RT 9.85 min. B. MS2 hcd fragment spectrum of m/z 153.02 and correlation of the main
fragments with the protocatechuic acid molecular structure.


