J OURNAIL

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Multielemental Fingerprinting as a Tool for Authentication of Organic
Wheat, Barley, Faba Bean, and Potato

Kristian H. Laursen, Jan K. Schjoerring," Jorgen E. Olesen,® Margrethe Askegaard, "8 Ulrich Halekoh,” and

Soren Husted™"

Plant and Soil Science Section, Department of Agriculture and Ecology, Faculty of Life Sciences, University of Copenhagen,
Thorvaldsensvej 40, DK-1871 Frederiksberg C, Copenhagen, Denmark

§Department of Agroecology and Environment, Aarhus University, Blichers Allé 20, DK-8830 Tjele, Denmark

“Department of Genetics and Biotechnology, Faculty of Agricultural Sciences, Aarhus University, Research Centre Foulum,

Blichers Allé 20, DK-8830 Tjele, Denmark

eSupporting Information

ABSTRACT: The multielemental composition of organic and conventional winter wheat, spring barley, faba bean, and potato was
analyzed with inductively coupled plasma—optical emission spectrometry (ICP-OES) and —mass spectrometry (ICP-MS). The
crops were cultivated in two years at three geographically different field locations, each accommodating one conventional and two
organic cropping systems. The conventional system produced the highest harvest yields for all crops except the nitrogen-fixing faba
bean, whereas the dry matter content of each crop was similar across systems. No systematic differences between organic and
conventional crops were found in the content of essential plant nutrients when statistically analyzed individually. However,
chemometric analysis of multielemental fingerprints comprising up to 14 elements allowed discrimination. The discrimination
power was further enhanced by analysis of up to 25 elements derived from semiquantitative ICP-MS. It is concluded that
multielemental fingerprinting with semiquantitative ICP-MS and chemometrics has the potential to enable authentication of
organic crops.
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B INTRODUCTION

The nutritional superlorlty of organic crops remains scientifi-
cally undocumented."” Nevertheless, most consumers believe that
organic crops are healthier, safer, environmentally friendlier, and of
higher product quality compared to conventional ones.” During
the past decades, numerous studies have tried to confirm this by
comparing the chemical composition of organic and conventional
crops. Unfortunately, most results have been contradictory due to
simplistic and insufficient study designs, which have not included
the natural variation caused by, for example, soil type and climate.
As a consequence, only a few well-documented differences have
been reported, such as a lower content of pesticide residues and
nitrate in organic vegetables.> When it comes to minerals, heavy
metals, nitrogen metabolites, vitamins, and bioactive secondary
metabolites, no consistency has been documented."” Thus, sys-
tematic studies comparing the chemical composition of organic
and conventional crops are needed.

The chemical composition of crops is affected by several factors
such as plant species, cultivar, physiological age, soil fertility,
climate, crop rotation, and fertilization strategy as well as pest
and weed control management.** Of these, especially exclusion of
pesticides and synthetic nitrogen fertilizers differentiates organic
from conventional agriculture. In addition, nitrogen-fixing plants
and organic fertilizers such as slurry, farmyard manure, compost, or
green manures play dominating roles in organic crop rotations.
This strategy potentially increases soil fertility as more organic
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matter is incorporated into the topsoil relative to conventional
agriculture. However, the low nutrient input and the slower and
more unpredictable nutrient release in organic agriculture can have
a negative impact on harvest yield.*® Product quality and harvest
yield are highly influenced by the availability of the 14 essential
plant mineral elements (B, N, Mg, P, S, Cl, K, Ca, Mn, Fe, Nj,
Cu, Zn, and Mo). These are required for synthesis of all
chemical cell components, and deficiency of just one element
will significantly affect the plant composition.” This is often
the case in organic agrlculture, in which especially nitrogen is
the yield-limiting nutrient. ¢ However, the supply and avail-
ability of other nutrients might also be inadequate due to the
absence of inorganic fertilizers to prevent and correct nutrient
deficiencies in crops. Consequently, analysis of the multi-
elemental composition of essential plant nutrients appears
obvious when plant products originating from organic or
conventional cropping systems are compared.

The multielemental composition of plants constitutes a power-
ful indicator and predictor of plant quality in relation to human
health. Elemental fingerprints can also serve as descriptors of the
geographical origin of crops.* '* In addition, discrimination of
agricultural production methods using elemental plant profiles has
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been attempted. Gundersen et al,'" for example, discriminated
organic and conventional onions and peas by multivariate statis-
tical (chemometric) analysis of elemental fingerprints. This was
also attempted recently by Kelly and Bateman'” on tomato and
lettuce in combination with nitrogen isotope data. None of these
studies were based on controlled field trials and did not succeed in
revealing systematic differences in mineral elements when organic
and conventional crops were compared across plant species. Thus,
the suitability of multielemental fingerprinting as a tool for
authenticity testing of organic crops remains unclear. Currently,
analytical tools are needed to support the certification and control
procedures of organic plant products as the consumption of
organic foods is steadily increasing. Consequently, further inves-
tigations of different plant species grown under controlled and
comparable conditions are required. These must include major
parameters causing natural variation such as soil type and
climate in order to allow valid comparisons of organic and
conventional crops.

The objective of the present study was to investigate the
multielemental composition of several organic and conventional
crops grown under controlled and comparable conditions.
Winter wheat, spring barley, faba bean, and potato were obtained
from controlled field trial studies conducted over two years and
three geographical locations representing different soil types and
climates. Multielemental fingerprints were obtained by induc-
tively coupled plasma—optical emission spectrometry (ICP-
OES) and —mass spectrometry (ICP-MS) due to the superior
elemental sensitivity and multielemental capacity of these tech-
niques. Multielemental fingerprints were subsequently analyzed
with chemometrics to demonstrate the ability to authenticate
organic crops.

Bl MATERIALS AND METHODS

Field Trials and Plant Growth. Samples of winter wheat
(Triticum aestivum L. cv. Tommi), spring barley (Hordeum vulgare L.,
mixture of cvs. Simba, Smilla, and Power), faba bean (Vicia faba L. cv.
Columbo), and potato (Solanum tuberosum L. cv. Sava) were obtained
from field trials undertaken in 2007 and 2008 (years 1 and 2) at three
different Danish geographical locations, Flakkebjerg, Foulum, and
Jyndevad, separated by a minimum of 140 km (straight line). The three
field sites were part of a long-term crop rotation experiment > (http://
www.cropsys.elr.dk/uk/). Field site and soil characteristics at these
locations are shown in the Supporting Information (Table S1).

The four crops were grown in three different cropping systems: one
conventional system (C) and two organic systems (organic with animal
manure (OA) and organic with cover crop ( OB)). The organic systems
were managed in full compliance with the guidelines for organic farming
(European Community Council Regulation EEC 2091/91 and EC 834/
2007), administered by the Danish Plant Directorate (http://pdir.fvm.
dk). The organic systems were established in 1997, and the conventional
system was established in 2005. Prior to 2005, the conventional system
was cropped without fertilization. The systems were all based on
stockless crop production with an identical sequence of main crops
(4-year crop rotation at all locations). In the conventional system,
pesticides and inorganic fertilizers were used according to usual farming
practice. Nutrient supply in the OA system was based on imported pig
manure from conventional farms, whereas cover crops, mainly mixtures
of grasses and legumes, were used in the OB system. The cover crops
were grown in the autumn after the main crops and incorporated into the
soil in the spring before sowing of the next spring-sown main crop. At the
Flakkebjerg location a mixture of winter rye (Secale cereale L.), hairy
vetch (Vicia villosa L.), and fodder radish (Raphanus sativus oleiformis L.)

was sown after harvest of the main crop. In Foulum, a mixture of
perennial ryegrass, white clover, red clover, and chicory (Cichorium
intybus L.) was undersown in the main crops in spring, whereas a mixture
of perennial ryegrass (Lolium perenne L.), white clover (Trifolium repens
L.), and red clover (Trifolium pratense L.) was undersown in Jyndevad.
No cover crops were grown in the C and OA systems. At each location
the crops were grown in two blocks containing all three cropping
systems. This resulted in six plots per crop per year per location, that
is, a total of 36 plots per crop over the two growing seasons. Details
regarding sowing, harvest, irrigation, climate, fertilizer, and pesticide use
are shown in the Supporting Information (Tables $2—S6).

Growing conditions were generally comparable in the two years with
annual temperature and precipitation above the norm values according
to the Danish Meteorological Institute (www.dmi.dk). However, geo-
graphical differences in temperature and precipitation were seen.
Furthermore, year-to-year differences in precipitation were also ob-
served, but this was balanced by intensive irrigation in year 2. The global
radiation was highest in year 2 but was generally comparable between
locations (Supporting Information, Table S3). During the growing
season visual differences between the three cropping systems were
observed. Especially organic wheat from the sandy soils at the Jyndevad
location showed symptoms of nitrogen deficiency such as acropetal and
general chlorosis. Symptoms were most severe in the organic system
with cover crops (OB). Of the four crops, wheat had the longest growing
season (October—August) and consequently a higher nutrient demand.
Conventional wheat was therefore fertilized most, and large differences
in nutrient supply were seen between the conventional and organic
systems (Supporting Information, Table S4). The growth of organic
crops was in some cases suppressed by significant amounts of perennial
weeds such as couch grass (Elymus repens (L.) Gould), thistles (Cirsium
arvensis (L.) Scop.), and fungi such as potato late blight (Phytophtora
infestans (Mont.) de Bary), which are commonly observed in organic
agriculture. Furthermore, organic faba beans from systems OA and OB
at the Flakkebjerg location were severely attacked by aphids (Aphid fabae
L.) in year 2, which resulted in total crop loss.

Sampling and Preparation of Crops. Wheat, barley, faba bean,
and potato were each harvested on the same day for all cropping systems
at each location and experimental year (Supporting Information, Table
S2). Representative samples of wheat and barley grains, faba bean seeds,
and potato tubers were collected from the total harvested material in
each field plot by stepwise mass reduction as described by Petersen
et al."* The samples consisted of 5 kg of wheat and barley grains, 5 kg of
faba bean seeds, and 15 kg of potato tubers of market quality (diameter =
36—60 mm). Tubers were stored at 4 °C, whereas grains and seeds were
stored at room temperature for a maximum of 1 month until sample
preparation. Subsamples of 1 kg of grains and seeds were surface
decontaminated by three consecutive rinses in double-deionized water.
Tween 20 (Merck, Rahway, NJ) was added as detergent to the first wash
(1 g L7"). Samples were then washed in Milli-Q water (Millipore,
Bedford, MA) and stored in plastic bags at —20 °C until freeze-drying.
For potato, S kg subsamples were peeled automatically (TS potato
peeler, Electrolux, France). To avoid metal contamination from the
peeling process, samples were carefully washed in deionized water, cut
into 0.5 cm thick slices using ceramic knives, and washed again in Milli-Q_
water. Sliced potatoes were then stored in plastic bags at —20 °C until
freeze-drying. Potato peels were also manually removed by a ceramic
peeler on selected subsamples to allow comparison with automatically
peeled potatoes. Analysis of automatically and manually peeled potatoes
as well as potato peels confirmed that the automatic peeling process did
not induce any systematic and significant contamination. Samples of all
crops were freeze-dried at 0.8 mbar for a minimum of 36 h at a
commercial freeze-drying company (European Freeze-Dry A/S, Kirke
Hyllinge, Denmark). Selected and representative samples of all crops
were also freeze-dried in a small-scale freeze-drying system (Christ
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Alpha 2-4, Martin Christ GmbH, Osterode, Germany) to test for
possible crossover contamination during the drying process. Subse-
quently, samples from the two freeze-drying procedures were microwave
oven digested and analyzed. Using this procedure, no systematic and
significant contamination was found from the freeze-drying process.
Wheat and barley grains and faba bean seeds were ground to a fine
powder using a mill equipped with a titanium rotor (Retsch motor ZM1,
F. Kurt Retsch GmbH, Haan, Germany). Dry potato samples were
pulverized in a polypropylene bag. All samples were finally stored in
plastic containers at room temperature until analysis.

Multielemental Analysis of Crops. Prior to multielemental
analysis, duplicate samples of approximately 250 mg of all plant materials
were digested in acid-washed 100 mL microwave oven vessels containing
S mL of 15% H,0, (30% Extra-Pure, Riedel de Haen, Selze, Germany)
and S mL of 70% ultrapure HNOj (J. T. Baker Instra-Analyzed Reagent)
spiked with 100 g L™ " Er as internal standard. Digestion was performed
with a microwave oven (Multiwave 3000, software version 1.24, Anton
Paar GmbH, Graz, Austria). Certified reference material matching the
sample matrix as well as blank samples was included in each run. The
digested samples were subsequently diluted to 50 mL with ultrapure water
(Milli-Q_Element, Millipore) and stored at room temperature until
analysis.

Full-quantitative multielemental analysis was performed with induc-
tively coupled plasma—optical emission spectrometry (ICP-OES). All
samples were analyzed undiluted using an ICP-OES (Optima 5300 DV,
PerkinElmer) equipped with a Meinhard nebulizer and a cyclonic spray
chamber. Instrument settings were as follows: RF power, 1400 W;
nebulizer flow, 0.65 L min™; auxiliary flow, 0.2 L min~ plasma flow,
15L min~ sample flow, 1.5 mL min~ ", Interference-free wavelengths
were chosen for all elements and used in either axial or radial mode.
External calibration was conducted using two commercially available
standard solutions (P/N 4400-132565 and P/N 4400-ICP-MSCS, CPI
International, Amsterdam, The Netherlands). ICP-OES data were
processed with Winlab32 software (version 3.1.0.0107, PerkinElmer).
The analytical accuracy was evaluated using four different reference
materials, namely, white cabbage (BCR-679, Institute for Reference
Materials and Measurements, Geel, Belgium), apple leaves and durum
wheat flour (NIST 1515 and NIST 8436, respectively, National Institute
of Standards and Technology, Gaithersburg, MD), and leek (in-house
standard, FoodDTU, Lyngby, Denmark). Full-quantitative data were
rejected if below the limit of detection (LOD). LOD was determined as
3 times the standard deviation of at least seven blanks. Furthermore, data
were rejected if the accuracy for each element was <90% of the reference
value. This resulted in quantification of the following essential plant
nutrients across all crops: macronutrients (Mg, P, S, K, and Ca) and
micronutrients (B, Mn, Fe, Cu, Zn, and Mo) as well as nonessential
elements (Na, Sr, and Ba), that is, 14 elements in total. However, B was
below the LOD in wheat and barley.

Semiquantitative analysis was conducted with ICP—mass spectrometry
(ICP-MS) on all samples from year 1 to increase the amount of elemental
information for the chemometric analysis. A semiquantitative method
developed by Laursen et al.'® was used, allowing analysis of 73 elements in
the mass range Lito 2*®U (Li, Be, B, Na, Mg, Al Si, P, S, Cl, K, Ca, Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo,
Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, T, Pb, Bj,
Th, and U; the elements in bold were not present in the 10 ug Lt
standard used for calibration (P/N 4400-ICP-MSCS, CPI International)).
Thus, the concentration of these elements was quantified using the
corrected response factor for each element as described by Woods
et al."® A quadrupole ICP-MS equipped with a PFA microflow nebulizer
was used in no-gas mode for the semiquantitative analyses (Agilent
7500ce, Agilent Technologies, Manchester, U.K.). Instrument settings
were as described previously.'® For data extraction, ChemStation software

(version B.03.03) from Agilent Technologies and FileviewPlus (version
2.0.9, Infoconix Inc.) was used. Maximum elemental information was
obtained using LOD as inclusion criterion for the chemometric analysis.
This resulted in semiquantitative determination of the essential plant
macronutrients Mg, P, S, K, and Ca and of the micronutrients B, Cl, Mn,
Fe, Ni, Cu, Zn, and Mo as well as of the nonessential elements Na, Cr, Co,
Ga, Ge, Br, Rb, Sr, Cd, I, Ba, Ce, and W across all crops (26 elements in
total). However, for the individual crops wheat, barley, faba bean, and
potato, 25, 22, 25, and 20 elements were above the LOD, respectively.
Acceptable LOD values in the low parts per billion range were obtained for
all elements using full-quantitative ICP-OES and semiquantitative ICP-
MS. As expected, ICP-OES LOD values were generally higher than those
obtained with ICP-MS (e.g, for Mg, ~2.0 ug g~ " versus ~0.3 ugg " dry
matter, respectively).

Elemental Nitrogen and Carbon Analysis of Crops. Total
nitrogen and carbon were determined in all crops by weighing 4 mg of dried
plant material into tin capsules, followed by analysis with an ANCA-SL
elemental analyzer coupled to a 20-20 Tracermass mass spectrometer
(Sercon Ltd,, Crewe, UK.). Quality assurance was performed by duplicate
measurements of all samples as well as analysis of Certified Reference
Materials (NIST 1515, NIST 8436, and 141d acetanilide CH;CONH-
CgHs, National Institute of Standards and Technology).

Sampling and Multielemental Analysis of Soils. Soil samples
were collected at all three locations in March in years 1 and 2 before any
fertilizers were applied to the field plots. A minimum of 12 subsamples
were taken across each plot (corner to corner) with a soil auger in the
upper 25 cm (top soil). Subsamples were mixed into one sample per plot
and kept in polypropylene bags to avoid contamination. In the labora-
tory, samples were air-dried, crushed, and sieved through a 1 mm plastic
sieve. An initial screening of the soils was performed by shaking 5 g of soil
in 25 mL of 0.5 M ammonium acetate for 30 min at room temperature
followed by centrifugation for 10 min at 2000g. Subsequently, the
supernatant was saved, and the pellet was re-extracted in another
25 mL of 0.5 M ammonium acetate for 30 min. Samples were then
centrifuged two times for 10 min at 2000g, and the supernatants were
pooled and diluted with HNO; and analyzed by ICP-OES with
instrument settings and standards as described above in the crops
section. No Certified Reference Materials were available for the soil
extraction and data quality evaluation. Consequently, LOD was used as
inclusion criterion and was determined as described above. The follow-
ing elements were above the LOD: S, Ca, Fe, Mn, Cu, Ba, Sr, Na, and Co.
The soil pH and the contents of P, K, and Mg were determined using
standard procedures described by the Danish Plant Directorate.'” The
pH and the contents of K, Mg, and P were generally within the norm
ranges. However, the contents of K in Jyndevad, Mg in Foulum, and P in
Flakkebjerg were marginally inadequate according to the Danish agri-
cultural advisory service (www.vfl.dk). All soil results are shown in the
Supporting Information (Table S7).

Data Analysis. The responses y,, from the three locations were
modeled as ., = 1t + B, + O + Vi + &5+ &y + £g + & + € + Eyay
where u is the generalized intercept, 3, (y = year 1, year 2) is the effect of
year (not included for analysis of semiquantitative data), J; (s = C, OA,
OB) is the effect of cropping system, and y; (I = Flakkebjerg, Foulum,
Jyndevad) is the effect of location. Errors (¢) are considered indepen-
dently and normally distributed and represent corresponding variance
components of interaction. The b index stands for the two blocks within
each location. The pairwise comparisons and their confidence intervals
were adjusted for multiple comparisons within system and location
separately to obtain a family-wise error rate of $%. The model was fitted
using the proc mixed procedure in the SAS/STAT software packages
(version 9.2, SAS Institute Inc., Cary, NC).

Multivariate data analysis (chemometrics) was performed with the
Unscrambler software package version 9.1 (Camo Process A/S, Oslo,
Norway). Principal component analysis (PCA) was used for exploratory
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S S o « 2 . . .
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2 % HHH 20 Z. Z 5 124 24 . .
W oo EOE R = of P"™" and Mg.”" However, this was not confirmed in the
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§ N ";;o ;' E' g 4 Z = locations, years, and crops.
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"§_‘ o 833 e pronounced in the crops. Significant differences between loca-
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g ~ e fl i i N g 2y 2 § lower cation exchange capacity of the sandy Jyndevad soil
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—5; N ® was seen only for P in wheat, carbon in wheat and faba bean, and
= - 88 - " ks B in potato, in all cases with the highest concentrations in year 1.
% 2E FeE = “ “ 2 The multielemental data in Tables 1—4 were subsequently
- = = Q . . . . oC . +
é cec = analyzed with chemometrics to investigate if it was possible to
5  EEE 5 discriminate organically and conventionally grown crops. Initi-
K2 = E Bl z z z z ally, principal component analysis (PCA) was performed on full-
«© . . .
388 2 uantitative ICP-OES data from all crops, all locations, and both
g < q P
é _ gsg § years (13 variables for wheat and barley and 14 for faba bean and
= R HHAH 2 2 2 O potato). This confirmed that the elemental composition of the
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E i 2& B Hoz Z z :g £ only the differences in Ba content between locations. Further-
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B~ TE HHAH 2 2 oS8 72 o that nutrients extracted from soil using standard procedures
— N o~
R = g 39 § g rarely represent the plant-available fraction. Thus, the multi-
A = & e w & . £ g8 elemental composition of crops must be measured directly as
% 3 g ©0 g S 2 "23 5 soil-based predictions are impossible for most elements using
=2 - &0 state-of-the-art procedures.
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Figure 1. Principal component analysis on full-quantitative ICP-OES elemental concentrations in barley grains (Table 2). Panels A and C are score
plots, and panels B and D are the corresponding loading plots. Principal components 1 and 2 are plotted against each other in panels A and B, whereas
principal components 2 and 3 are used in panels C and D. Principal components 1, 2, and 3 explained 30, 25, and 12% of the variance, respectively. FL,
Flakkebjerg; FO, Foulum; JY, Jyndevad; C, conventional; OA, organic with animal manure; OB, organic with cover crops.

Discrimination of years and cropping systems was impossible
for all crops using the first principal components. However, when
more principal components were included, a partial discrimina-
tion of conventional and organic crops became possible as
exemplified by barley data in Figure 1C, where PC2 is plotted
against PC3. The loading plot showed that especially Mn was
higher in barley from system C (Figure 1D), which corresponds
with the results in Table 2. Thus, the multielemental fingerprints
did contain information about the cropping system, but were
primarily dominated by location. A similar trend was seen for the
other crops, but the discrimination of organic and conventional
faba bean was poorer than for wheat, barley, and potato (data not
shown). This might be due to a much lower nutrient input to
organic and conventional faba beans compared to the other crops
(Supporting Information, Table S4). Hajslova et al.”® investi-
gated, among other parameters, the multielemental composition
of different potato cultivars grown organically or conventionally
at two locations in four years. Hajslova et al.*® showed that
organic and conventional potatoes could not be discriminated by
PCA due to the natural variation caused by seasonal and
geographical effects. However, in the present study the seasonal
effect was insignificant for most elements in contrast to the
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dominating location effect. Furthermore, the full-quantitative
multielemental fingerprints did contain information about the
cropping systems as illustrated in Figure 1.

Semiquantitative Analysis. In an attempt to improve the
discrimination of cropping systems, additional elements were
included in the chemometric analysis. This was done by semi-
quantitative ICP-MS analysis of all crops from year 1 using a fast
and information-rich procedure, recently developed by Laursen
et al."> The accuracy of semiquantitative ICP-MS is inherently
lower compared to full-quantitative due to the simplified calibra-
tion procedure using corrected response factors based on only
one calibration standard. In the present work semiquantitative
calibration resulted in accurate quantification of most trace
elements. However, a few macronutrients such as K and Ca
were underestimated (Figure 2), which confirms previous
observations."> Using the semiquantitative procedure, it was
possible to quantify up to 25 elements depending on plant
species, that is, 11 elements in addition to the 14 obtained with
full-quantitative analysis (Tables 1—4). The concentrations of
these additional elements are presented in Table 5. Geographical
differences were found for Ga in wheat, for CI, Ga, Ge, Rb, and I
in barley, for Ni, Ga, Br, and Rb in faba bean, and for Co and Rb in

dx.doi.org/10.1021/jf104928r |J. Agric. Food Chem. 2011, 59, 4385-4396
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Figure 2. Full-quantitative ICP-OES data from Tables 1—4 (year 1) plotted against the corresponding ICP-MS-based semiquantitative data for wheat
grains (A), barley grains (B), faba bean seeds (C), and potato tubers (D). LOD was used as inclusion criteria for the semiquantitative data. The axes are
logarithmic, and the optimal regression line through the origin and with a slope of 1 is shown in each panel.

potato. Thus, of the additional elements, Ga and Rb differed
between locations in three crops. The Ga concentration of wheat,
barley, and faba bean was significantly lower at the Jyndevad
location, most likely reflecting the relatively high sand content
and the accompanying low cation exchange capacity. The
importance of Rb for determining the geographical origin of
food products has previously been observed,” but in the present
study no systematic differences between locations were seen for
Rb. The semiquantitative data also contributed with elements
that differed significantly between cropping systems such as Cd
in wheat and Cl and Br in barley. Cl and Cd were generally found
in the highest concentrations in conventional crops. The increase
was significant for only barley (Cl) and wheat (Cd) and may
derive from trace amounts of these elements in the inorganic
fertilizers as shown by Otero et al.>” A higher Cd content was
also found in conventional wheat compared to organic in a
recent study by Rossi et al.>® It must be noted that in the study
by Rossi et al.,*® as well as in the present study, the measured
Cd contents were below the maximum accepted levels for
cereals (0.1 mg kg~ " wet weight) and potatoes (0.05 mg kg™
wet weight) (www.efsa.europa.eu).

The semiquantitative data (25, 22, 25, and 20 elements above
LOD for wheat, barley, faba bean, and potato, respectively) were

analyzed with chemometrics to test if the additional information
allowed a superior discrimination of conventional and organic
crops compared to the full-quantitative data. Full-quantitative
data from year 1 (13 elements above LOD for wheat and barley
and 14 elements for faba bean and potato) were also analyzed
with chemometrics to allow comparison of semi- and full-
quantitative results. Again, barley results are used for the
graphical illustrations (Figure 3). The full-quantitative data
allowed complete discrimination of Jyndevad samples from only
the two other locations (Figure 3A). However, when the 22
semiquantitatively determined elements were used, the discri-
mination was markedly improved (Figure 3C). The loading plots
in Figure 3B, D show that Ca and Ba were generally highest in
samples from the Flakkebjerg location, whereas the highest
concentrations of K, Mg, Sr, and Na occurred in Jyndevad. In
addition, the elements Cl, Ga, Ge, and I, which were determined
only semiquantitatively, contributed significantly to the discri-
mination. This demonstrates that semiquantitative ICP-MS
combined with chemometrics improved the discrimination of
the geographical locations.

The discrimination of organically and conventionally grown
crops was also improved by combining semiquantitative ICP-MS
and chemometrics (compare panels E and G of Figure 3). In the
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Table 5. Additional Elements from Semiquantitative ICP-MS

Analysis of Wheat and Barley Grains, Faba Bean Seeds, and Potato

Tubers in Year 1 across Three Geographical Locations and Three Cropping Systems”

system Cl Cr Co Ni Ga
(crop) (mgkg™') (ugkg ) (ugkg'") (mgkg ) (ugkg ")
C (wheat) 529 +£59.6 287 £13.5 324+222 014+£0.07 240+ 116
OA (wheat) 499 £35.8 39.6 £222 458+238 028+039 187 +78
OB (wheat) 480 £37.7 21.8£5.02 560+475 029+037 133 +552
location NS NS NS NS FLa
FOa
JYb
system NS NS NS NS NS
C (barley) 1299 + 170 <LOD <LOD <LOD 135 £63.3
OA (barley) 1185 + 201 <LOD <LOD <LOD 168 £ 95.1
OB (barley) 1162 + 181 <LOD <LOD <LOD 131 £+ 65.2
location FLb FLa
FOa FOa
JYa JYb
system Ca NS
OAb
OB b

859 370 22.0+6.03 267 +£629 227+ 1.03 433 £22.0
17.1 £5.53 237 £489 1.85+0.56 383 +192
19.0 574 270 =950 2.03 £0.69 359 £ 174

C (faba bean)
OA (faba bean) 558 +92.5
OB (faba bean) 548 + 144

location NS NS NS FLa FLa
FOb FOa
JYb JYb
system NS NS NS NS NS
C (potato) 1424 + 397 <LOD 224+ 115 <LOD <LOD
OA (potato) 1570 £ 377 <LOD 17.7 + 8.35 <LOD <LOD
OB (potato) 1577 + 424 <LOD 18.1 +9.22 <LOD <LOD
location NS FLa
FOa
JYb
system NS NS

Ge Br Rb Cd 1 Ce w
(ugkg ) (mglg ") (mgkg ") (ugkg ) (ugkg ') (ugkg ") (ugks ')
185+ 925 4094 116 289 +£0.51 $64+109 <LOD 142+ 113 115+ 0.69
188+ 670 3654070 248 +£042 280+216 <LOD  236+211 244 +221
1804993 5194204 347+£203 281+655 <LOD  1.58+0.51 1.80+ 248
NS NS NS NS - NS NS
NS NS NS Ca NS NS
OAb
OB b
358+ 120 109+ 1.03 2894045 159+103 $35+130 <LOD  133=+0.77
325+ 177 164+459 2434069 335+186 566+ 113 <LOD 239 £ 242
283+ 125 197 +£546 3014108 6034394 S34+208 <LOD  1.53+0.58
FLb NS FL ab NS FLa NS
FOb FO a FOb
JYa JYb JYb
NS Chb NS NS NS NS
OA ab
OB a
8.18+£228 991 +209 9024324 143+314 <LOD 0764042 135+ 0.85
9.09 + 435 119+3.65 106+3.64 1164550 <LOD  0.60+ 032 2184+ 1.37
787 £096 114 +263 1224539 108+402 <LOD 0614028 1.19 = 0.39
NS FL a FL a NS NS NS
FO a FOa
JYb JYb
NS NS NS NS NS NS
110+ 837 1474201 585+3.05 953+517  <LOD <LOD 135041
2034182 127+ 145 9114356 5974228  <LOD <LOD  1.19 4029
1694239 1404258 9.53+511 790+ 154  <LOD <LOD 1234049
NS NS FLb NS NS
FO a
JYb
NS NS NS NS NS

“Values are the mean =+ SD (n = 6) per unit dry weight. The two lower rows for each crop represent results from the statistical analysis across cropping
systems (location effect) and locations (system effect). Locations and cropping systems followed by different lower case letters are significantly different
(p <0.0S). C, conventional; OA, organic with animal manure; OB, organic with cover crops; FL, Flakkebjerg; FO, Foulum; JY, Jyndevad; LOD, limit of

detection; NS, nonsignificant.

loading plot (Figure 3H) the semiquantitatively determined Cl
and Cd contributed to the superior discrimination of conven-
tional and organic barley. For wheat and potato, a superior
discrimination of organic and conventional crops was also
observed when the semiquantitative fingerprints were used
(data not shown). However, for faba beans the discrimination
was incomplete (data not shown), as also seen for full-quantita-
tive data, which is probably due to a low fertilizer input as
previously discussed.

Authentication of Organically Grown Crops. Multielemen-
tal fingerprinting allowed discrimination between organic and
conventional wheat, barley, and potato across three geographical
locations and two years when combined with chemometrics.
Especially the inclusion of nonessential plant elements such as

Cd contributed to this discrimination due to trace impurities
from inorganic fertilizers in the conventional crops. Gundersen
etal.'' compared organic and conventional peas and onions and
similarly concluded that elements nonessential to plants were
important. However, their study relied on elemental analysis by
high-resolution ICP-MS, which is unsuitable for routine authen-
ticity testing due to its complexity and labor requirements.

On the basis of a unique set of controlled field trials, the
present study is the first documentation of semiquantitative
fingerprinting by quadrupole ICP-MS and chemometrics as a
tool for authenticity testing of organic crops. This technique
represents a fast and inexpensive way to generate highly informa-
tion-rich multielemental fingerprints. However, similar experi-
ments across other plant species, cultivars, soil types, cropping
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Journal of Agricultural and Food Chemistry

31 A L 50 o 064 B
Zn
27 FL FO
FO Cu
14 . o JY 0.4
i FL _ Fo Ny s P
o 0 FL FL i JY Y o Mo Mg
& FO WYY bod
-1 4 N 024 Ba Fe
Ca
24 FL FL Sr
FL Na
34 FL 00 o R
JY
-4+ %
4 -3 -2 -1 0 1 2 3 -0.4 02 0.0 0.2 04
PC1 PC1
$1C 041 p
5
JY B
41 Jy 02
3 Fe Ge
N ? FL FH:L JIW o " W
J cl
8 1 FL N JYJﬁY 8 0.0
ol FLFL 0 by I cd K
FE
A FO Jy sMo
11 F FO Mo N
) Fq 0.2 1 %, a
2 FORQ,
31 FS° Br RB &
FO
44 0.4 - Zn
4 3 2 -1 0 1 2 3 4 04 0.2 00 02
PC1 PC1
. 0.4 4
“1E oA F Mo P
OA K
3 -
OA Ba
0.2
2 OA caFe
3 o 3
OA
- OB oB O%B OBOB o8 - 00 Mg
O 0 OA O Zn
5 oA @A 45‘3 oB VB & Na
c c ¢ Sr
14
02
24 C c
@ Cu
31 & 0.4
Mn| s
4]
4 3 -2 1 0 1 2 3 00 02 04
PC2 PC2
3 G 0.4 4 H
5] ORA oB BrP K
o 021
8Bos
Ly osPA o@@RB addo : W
6808 0A o oA cc 00 Mg B
0 Ca S
© ) Sr FeGe
O 3§
L ¢ a
: 024 2Zn
c Ceeg Ro cl
24
04 Cu
3
c Cd Mn
c c
-4 C -0.6
-4 3 -2 -1 0 1 2 3 4 -0.4 -0.2 0.0 02 04
PC2 PC2

Figure 3. Principal component analysis of full- or semiquantitative ICP elemental concentrations in barley grains in year 1. Panels A and B illustrate
score and loading plots from full-quantitative ICP-OES data (13 elements). Grouping according to geographical location is shown by PC1 and PC2,
which explained 35 and 22% of the variance, respectively. Panels C and D illustrate score and loading plots of semiquantitative ICP-MS data (22
elements). Grouping according to geographical location is shown by PC1 and PC2, which explained 35 and 17% of the variance, respectively. Panels E
and F illustrate score and loading plots of the same full-quantitative data as in panels A and B, but with grouping according to cropping system shown by
PC2 and PC3, which explained 22 and 19% of the variance, respectively. Panels G and H illustrate score and loading plots from the same semiquantitative
data as in panels C and D, but with grouping according to cropping system shown by PC2 and PC3, which explained 17 and 14% of the variance,
respectively. FL, Flakkebjerg; FO, Foulum; JY, Jyndevad; C, conventional; OA, organic with animal manure; OB, organic with cover crops.
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systems, etc. should be conducted to generalize the use of
multielemental fingerprinting to authenticate organic crops on
a global scale. Future data sets should be combined in databases
and evaluated by chemometric classification analysis when avail-
able in numbers that allow proper validation. In addition, the
combination of multielemental fingerprints and other analytical
techniques such as stable isotope analysis are likely to further
improve the authentication of organic crops.

B ASSOCIATED CONTENT

© Ssupporting Information. Tables of field site characteris-
tics, crop rotation, sowing, harvest, irrigation, climatic conditions,
fertilizer and pesticide use, and multielemental soil data. This material
is available free of charge via the Internet at http://pubs.acs.org.
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