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ABSTRACT: The aim of this study was to investigate if elemental and isotopic signatures of Argentinean wheat can be used to
develop a reliable fingerprint to assess its geographical provenance. For this pilot study we used wheat cultivated at three different
regions (Buenos Aires, Cérdoba, and Entre Rios), together with matching soil and water. Elemental composition was determined
by ICP-MS. §"*C and 6N were measured by isotopic ratio mass spectrometry, while *Sr/%6Sr ratio was determined using
thermal ionization mass spectrometry. Wheat samples from three sampling sites were differentiated by the combination of 11 key
variables (K/Rb, Ca/Sr, Ba, ¥’Sr/%Sr, Co, Mo, Zn, Mn, Eu, §**C, and Na), demonstrating differences among the three studied
regions. The application of generalized Procrustes analysis showed 99.2% consensus between cultivation soil, irrigation water, and
wheat samples, in addition to clear differences between studied areas. Furthermore, canonical correlation analysis showed
significant correlation between the elemental and isotopic profiles of wheat and those corresponding to both soil and water (* =
0.97, p < 0.001 and 7 = 096, p < 0.001, respectively). To our knowledge, this is the first report demonstrating the
correspondence between soil, water, and wheat samples using different statistical methods, showing that wheat elemental and
isotopic compositions are mainly related to soil and irrigation water characteristics of the site of growth.
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B INTRODUCTION and quantitative profile is influenced by the use of fertilizers,
weather conditions along with different production years, water
stress, culinary or industrial practices, etc.” On the other hand,
the inorganic pattern of a food reflects the local geochemistry of
both soil and water, which is influenced by geology,
temperature, climate, distance from the sea, elevation, latitude,
food processing, etc.,'®'* which can be assumed to be more
stable in time compared to the organic constituents.

Trace element and isotopic contents of cereals are assumed
to be related to the chemistry of the local water and soil layers
in which they grow, although anthropogenic practices could
have some influence. So far, as the soil layer reflects the
underground rock, the isotopic and elemental composition of a
crop should be correlated with the geological characteristics of

Wheat, maize, and rice are the most produced cereals in the
world, with wheat being the most V\ndely consumed grain 1n
Western civilization from antiquity." According to the FAO,”
the world production of wheat was 694.8 million tonnes during
the 2010—2011 harvest, 13.5 of which occurred in Argentina,
with a cultivated area of 4.2 million hectares.

Different wheat varieties are commercially used for the
production of a variety of foods, such as bread, noodles, cakes,
biscuits, and cookies. In the past few years, with the
development of a globalized food market and the increased
interest shown by consumers to know the characteristics,
quality, and geographical origin of foods, many countries have
taken steps to guarantee the traceability of food. Denomination : 15
of Protected Origin (DOP) and the Denomination Origin the produc1ng areas. o _

Controlled (DOC) systems have been promoted and are Th'e anal.y51s of element composition is con§1dered to be an
applied to control and ultimat ely ensure the origin and quality effective primary tool. In addition to the essential elements that
of food and to prevent fraud.®> One of the requirements to plants need to grow (B, N, Mg, P, S, Cl, K, Ca, Mn, Fe, Ni, Cu,
achieve DOP or DOC certification is to obtain a chemical Zn, and Mo),™ they can take in other bioavailable elements
characterization of the food. There is a wide range of from soil and water from the production site. Elements, such as
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alkaline metals, especially rubidium (Rb) and cesium (Cs), can
be easily mobilized in the soil and transported into plants, being
good indicators of geographical identity.” Element availability
depends on several factors such as soil pH, humidity, porosity,
clay, and the presence of humic complexes. Consequently, the
range of soils present in addition to different agricultural
practices (organic, traditional, etc.) and the bioavailability of
soil constituents may supply unique fingerprints in the final
food product that characterize its geographical origin.’

Considerable research has been carried out to establish the
origin of vegetable foods using elemental analysis. Some of the
studied commodities include wine,* pistachios,16 and amaranth
seeds,'” among others.

On the other hand, isotope ratios may add to the element
fingerprint essential information on plant type and geographical
origin.'® The carbon isotope ratio ('*C/!?C) of plant
compounds is affected by the botanical group (discrimination
between C, and C, plants), the plant age, and level of
maturation,”® in addition to several environmental factors such
as relative humidity, temperature, amount of precipitation, and
water stress.”® The nitrogen ratio (*N/"*N) depends on the
botanical type of plant but also on the bacterial activity
associated with its growth, which can also be affected by the
temperature and agricultural practices (e.g,, use of fertilizers)."’
Differences in the relative abundance of *’Sr compared to *Sr
in rocks and minerals are related to the geological age and the
host’s Rb/Sr ratio. Consequently, strontium isotope ratios
(¥Sr/*Sr) in soils vary according to the local geology
(bedrock).? On the other hand, water interacts and equilibrates
with the rocks and reflects the isotope composition of the
minerals able to exchange with it. The isotope ratio of the
bioavailable portion of Sr derived from bedrock is therefore
found in plants.® Studies on the application of isotope analysis
to assess the origin and adulteration of foods have been carried
out on a range of products, including ciders,?! potatoes,é and
rice,** among others.

However, food authentication studies have shown that one
single method, or one single parameter, is generally insufficient
to indicate the origin and to enable the traceability of food.”!
Thus, our current knowledge indicates that it is necessary to
evaluate at least two different groups of parameters (e.g,
elements and isotopes), combining them using multivariate
statistics, to achieve a good differentiation of food from various
geographic origins. There are several studies that combine the
use of isotope and element composition for designation of
origin." "'>'%*372% However, very few studies have been carried
out to determine the provenance of wheat combining both
element and isotopic composition.lo’13 Moreover, to our
knowledge, there are no reports matching elemental and
isotope composition from the growing soil and the irrigation
water with those of the cereal, enabling a more certain
characterization of wheat provenance.

Brescia et al’® differentiated samples of durum wheat
semolina from Italy and other countries (Canada, Turkey,
and Australia), evaluating isotopic signatures (6 °C, SN,
5'%0), confirming the relationship between the isotopic content
and the latitude. On the other hand, Branch et al.’® carried out
a preliminary investigation, using stable isotopes and elemental
analysis (6"°C, "N, Cd, Pb, Se, and Sr), to identify the country
of origin of commercial wheat samples from the USA, Canada,
France, and Germany, applying discriminant analysis. They
found that all wheat samples could be geographically classified
using a single isotope ratio (§*C). The combination of isotopic
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signature of strontium (*Sr/%Sr), in addition to light element
isotope ratios (6"°C, 8N, 6'%0, 5*'S) and multielemental
profiling, allowed Goitom Asfaha et al.'® to discriminate
different European cereal samples according to the latitude of
the sampling site/production area, the proximity to a marine
environment, and the bed rock geology. Also Zhao et al.”’
presented a multivariate statistical method for determining the
geographic origin of wheat from four major wheat-producing
regions of China, taking into account different varieties and
growing years. The method allowed classifying wheat according
to their geographical growing regions using multielement
analysis (Be, Na, Mg, Al K, Ca, V, Mn, Fe, Cu, Zn, Mo, Cd, Ba,
and Th); they also found that elemental composition may be
influenced by cereal varieties, cultivation years, and agronomical
Ppractices.

These results suggest that the discrimination of wheat
samples according to their geographical origin is possible using
multivariate statistical analysis.

Multivariate statistics analysis usually starts with using an
exploratory nonsupervised method such as principal compo-
nents analysis (PCA) or cluster analysis (CA) to evidence
differences between the studied data matrix. A supervised
method such as linear discriminant analysis (LDA) or partial
least-square discriminant analysis (PLS-DA) is further used to
confirm the first classification obtained by PCA and CA as well
as finding patterns indicating differences between groups.*®

The aim of this study was to obtain a reliable fingerprint to
assess the origin of Argentinean wheat, considering both
elemental composition and isotopic pattern from wheat of
three different regions (Buenos Aires, Cérdoba, and Entre
Rios). Additionally, we were interested in demonstrating the
link between wheat, soil, and water by applying different
chemometric tools. What sets this study apart from other
studies is that we not only investigate the food product but try
to understand and model the relation of the food with the local
water and soil so that we can then scientifically predict the
composition of food from water and soil parameters in the
future, negating the need for maintaining large databases of all
food produced.

B MATERIALS AND METHODS

Reagents and Materials. Ultrapure water (<S5 pg/L TOC) was
obtained from an Arium 61316-RO purification system combined with
an Arium 611 UV (Sartorius, Germany). The certified ICP-MS
multielement Merck VI CertiPUR standard solution was obtained
from Merck Quimica Argentina (Buenos Aires, Argentina). Nitric acid
(63.7%), sub-boiling grade, was prepared from analytical grade acid
using a distiller (Figmay sub-boiling distiller, Cérdoba, Argentina).
The purity of nitric acid was verified by ICP-MS. Filters (0.45 um,
HAWGO04756) were obtained from Millipore (Sio Paulo, Brazil).
Trace element certified reference material (CRM) wheat flour 1567a
was obtained from the National Institute of Standards and Technology
(Gaithersburg, MD, USA). The best estimate values for constituent
elements in CRM 1567a are detailed in the accompanying certificate of
analysis provided by the manufacturer. Ion exchange chromatography
Sr Spec resin was obtained from Eichrom Technologies (USA).
Strotium isotopic standard (NBS SRM 987) was employed to
determine mass discrimination during the isotopic analyses by thermal
ionization mass spectrometry (TIMS). All other reagents were
analytical grade.

Sampling. Soil, water, and wheat samples were collected from
three provinces of Argentina: Buenos Aires, Cordoba, and Entre Rios.
These provinces are the largest wheat-producing areas in Argentina
(Figure 1). The sampling area in Buenos Aires is located between
37°25" and 37°38’ S and 59°10" and 59°14’ W; the Cérdoba sampling
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Figure 1. Map of three regions where wheat samples were collected:
(white circles) farms located in Cérdoba; (gray circles) farms located
in Entre Rios; (black circles) farms located in Buenos Aires.

area is located between 30°30” and 31°08’ S and 63°34" and 64°08’
W; while the Entre Rios sampling area is located between 32°49" and
32°53" S and 58°32" and 58°34" W. The altitude varies from 460 m
above sea level in Cordoba, to 240 m above sea level in Buenos Aires,
to 30 m above sea level in Entre Rios.

Samples (soil, water, and wheat) from three harvests (2007, 2008,
and 2009) were collected from different farms: nine farms within
Cérdoba, seven within Buenos Aires, and five within Entre Rios. At
least two soil samples (1 kg each, 5—30 cm deep) were taken from
each farm. Water samples (1 L each) were collected from small
streams/rivers/channels within the area used for soil sampling. Water
samples were filtrated (0.45 ym) in the field using a manual pump,
acidified with 1 mL of nitric acid (sub-boiling grade), and stored in
precleaned plastic bottles for transportation to the laboratory.

A total of 80 samples of wheat were collected, 27 samples were
collected in Buenos Aires, 26 in Cérdoba, and 27 in Entre Rios. One
kilogram of fresh grain was collected in plastic bags, separated from the
chaff, transported to the laboratory within 48 h, dried at 40 °C during
4 days, and stored at 4—8 °C until analysis. Immediately before
analysis, samples were cleaned, powdered, and homogenized, followed
by further drying at 40 °C overnight.

Elemental Analyses. Wheat samples were mineralized using a
microwave oven (Anton Paar Multiwave 3000, Vienna, Austria). Five
hundred milligrams of dry wheat sample were introduced in quartz
vessels, followed by the addition of 8 mL of concentrated nitric acid.
Vessels were kept open until no fumes were observed. Afterward,
vessels were cap-closed and heated using the following power
sequence: a 15 min ramp to 400 W, held for 45 min (maximum
temperature = 177 °C; maximum pressure = 75.7 bar), followed by a
final step (15 min) disabling the power to reach pressure equilibration
and room temperature. Mineralized samples were quantitatively
transferred to 25 mL volumetric flasks, completing the volume with
ultrapure water, followed by filtration using 0.45 pm filters. CRM
1567a was processed and measured in the same way used for wheat.
Values obtained for the latter were between 85% and 105% of certified
values.

Thirty-one elements were quantified in wheat samples: Al, B, Ba,
Ca, Cd, Ce, Co, Cs, Cu, Eu, Ga, K, La, Li, Lu, Mg, Mn, Mo, Na, Nd,
Nj, Pb, Rb, Se, Sm, Sr, T], U, V, Yb, and Zn. The analysis was carried
out by quadrupole inductively coupled plasma mass spectrometry (Q-
ICP-MS) for all elements except for sodium. A Thermo-Elemental X7
series ICP-MS (Thermo Fisher Scientific, Bremen, Germany)
equipped with an ASX-100 autosampler model (CETAC Technolo-
gies, Omaha, NE, USA) was used. The sample introduction system
consisted of a microflow concentric nebulizer, Peltier-cooled spray
chamber, and 1.5 mm i.d. fixed injector torch. The RF forward power
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was 1350 W for all experiments, and the interface was fitted with Ni
sampling and skimmer cones designed for low polyatomics formation.
Two operation modes were used: with and without collision cell
technology (CCT). CCT mode measurements were performed for Ba,
Ca, Cd, Co, Cu, Ga, K, Mg, Mn, Mo, Ni, Pb, Rb, Se, Sr, U, V, and Zn.
The collision cell was flushed with 7% H, in a He high-purity mixture.
The elements Al, B, Ce, Cs, Eu, La, Li, Lu, Nd, Sm, Tl, and Yb were
measured without operating the collision cell with gas, and thus full
sensitivity was obtained. The oxide ratio and double-charged species
were maintained below 1% for both modes of operation. All the Q-
ICP-MS measurements were performed using Sc, In, and Re as
internal standards. Sodium measurements were carried out by flame
atomic absorption spectrometry using a Perkin-Elmer 3030 (Boston,
MA, USA) using an air-acetylene flame. All samples (mineralized)
were diluted 10-fold using a 1% HNO;—0.5% HCI mixture before Q-
ICP-MS measurements. Standards and blanks were prepared using the
same mixture (1% HNO;—0.5% HCI). Instrumental and procedural
blanks were determined together with samples, and the mean of five
runs was obtained for each sample. Full quantitative analysis was
performed against calibration standards for each element. Precision (%
CV) was below 5% considering five measures on the same sample.

Stable Isotope Analysis. 6"°C and 6N were measured on
defatted samples. The fat was extracted in a Soxhlet apparatus with
hexane. The dry sample was placed in an extraction thimble, and the
fat was extracted during 6 h. The fat free mass was dried in a fume
hood overnight until constant weight and stored in screw-capped
recipients until measurement. Defatted wheat samples (5—8 mg) were
weighed into tin capsules for dual C and N analysis. The capsule was
sealed and dropped into the reaction tube of a Carlo Elba elemental
analyzer. The combustion took place at 1020 °C, and the products
were separated on a packed gas chromatographic (GC) column, using
helium as carrier gas. The GC effluent was transferred to the stable
isotope ratio mass spectrometer (Thermo Fisher Scientific DELTA V
Plus) using a ConFlo IV interface. The isotope ratios were normalized
using laboratory-working standards, calibrated with international
standards supplied by the International Atomic Energy Agency
(NBS 22 and IAEA N-1). In each case, duplicate samples were
measured. Isotope data were expressed using the international delta
notation (8, %o) and are referred to Vienna Pee Dee Belimnite (V-
PDB) for §"*C and to air-N, for §"*N. The uncertainty of the carbon
and nitrogen isotopic determinations was +0.2%o.

Strontium Isotope Analysis. Wheat samples were processed by
the dry-ashing technique. An aliquot of 5 g of dry sample was placed in
porcelain crucibles in a high-temperature muffle furnace, heating at
550—600 °C for 18 h until ash formed. After cooling, residues were
treated with concentrated nitric acid on a hot plate. After that, samples
were transferred to the muffle furnace, operated as previously
described. White ashes obtained were dissolved in 1 M nitric acid
and loaded onto an ion exchange chromatography column.

Sr fractions were dried down and stored for analysis. Sample
manipulation was carried out in a clean environment (Class 100
laboratory). To prevent contamination, all laboratory-ware was soaked
in 50% (v/v) nitric acid for at least 24 h, rinsed several times with
ultrapure water, and dried in a Class 100 laminar flow exhaust hood.

Strontium isotopic ratios were measured using a Finnigan MAT-262
TIMS (Thermo Fischer Scientific, Bremen, Germany). It is equipped
with a sample magazine for 13 samples, using 7 Faraday cups and a
secondary electron multiplier as collectors. Measurements were carried
out using a double-filament rhenium ion source. NBS SRM 987 was
employed as standard to determine the instrumental bias for each set
of 12 samples to evaluate the reproducibility and accuracy of the
measurements. The Eimer & Amend standard (Massachusetts
Institute of Technology)®® was also regularly analyzed to check for
proper operation of the mass spectrometer. Measured ratios were
corrected for mass fractionation using 886y /365y = 8.375209.3° $5Rb
was monitored at each block of data to quantify any interference from
8Rb. During the course of measurements for this study, SRM 987 gave
a value of 0.710 08 + 0.00026 (n = 50; +105).

The methodology and the results of soil and water samples in the
regions under study were published by Baroni et al. (2011)."> Briefly,
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Table 1. Means and Standard Deviations of Measured Elements (g/kg) and Isotopic Ratios (8 units, %o per mil)

Corresponding to Wheat According to Region of Origin®

variable Buenos Aires
n 27

Al 4000 + 2100 b

B 670 + 140 b

Ba 9000 + 5000 a
Ca (42 + 14) x 10* b
Cd 9+5c

Ce 4+3b

Co 9+10b

Cs <LOQ ¢

Cu 4500 + 700 b

Eu 27 +0.7 a

Ga 114 + 08 a

K (41 £8) x10°a
La 4+4Db

Li 88 +23¢c

Lu <LOD

Mg (12.5 + 1.3) X 10° a
Mn (40 £ 12) x 10°b
Mo 420 +210 b

Na (19 + 8) x 10°a
Nd 19+ 15b

Ni 500 + 700 a

Pb 13+40Db

Rb (20 £ 5) x 10*°b
Se <LOQ

Sm <LOQ

Sr 2800 + 900 ¢

Tl <LOD

U <LOD

Vs <LOD

Yb 137 +0.10 a

Zn (30 + 4) x 10° a
Ca/Sr 170 =90 a

K/Rb 2100 + 600 b
sBC -244+11b
SN 33+ 10a

87Sr /%68y 0.7073 + 0.0005 ¢

Cérdoba Entre Rios
26 27
8000 + 7000 a 3100 + 1500 b
1000 + 500 a 430 + 200 ¢

5800 =+ 2000 b
(39 +7) x 10*b

8000 + 3000 a
(45 + 6) x 10*a

12+ 6D 18 +8a
7+7a 3+7Db
22+12a 10+6b
3+3b 15+ 10a
3900 + 800 ¢ 5300 + 500 a
1.7 +08Db 1.1 +04c
<LOD <LOD

(40 + 6) X 10° b (40 £ 6) X 10° a
St6a 3+5hb

70 + 40 a 24+5b
<LOD <LOD

(12.1 + 1.8) X 10° b
(42 +£ 12) x 10°a

(123 + 1.8) X 10°a
(41 £ 10) x 10°a

900 + 300 a 800 + 250 a

(12 £ 6) x 10°b (9+3)x 10°b
4+3a 2+3b

290 + 70 b 390 + 130 a
30+ 80a 14 +18b

(13 + 4) x 10* ¢ (12 +£5)x10°a
190 + 140 a <LOQ

<LOQ <LOQ

4700 + 1500 a 3500 + 800 b
<LOD <LOD

<LOD <LOD

<LOD <LOD
09+07b <LOD

(24 £ 6) x 10°b (26 + 5) X 10°b
90 +30c 130+ 19b
3200 + 600 a 390 + 170 ¢
—239+08a —247 +£09b
29+09b 38+09a

0.7089 =+ 0.000S a 0.7080 + 0.0004 b

“<LOD, below limit of detection. <LOQ, below limit of quantification. IDL (ug/kg): Ga (1.5), Lu (0.05), T1 (0.5), U (2.5), V (50), and Yb (0.15).
IQL (ug/kg): Se (170) and Sm (0.8). Different letters (a > b > c) in the same row indicate significant differences (p < 0.05).

bioavailable soil fractions were prepared from soil dried at 40 °C,
homogenized, and sieved through a 2 mm acrylic sieve, followed by
further drying at 40 °C overnight. Twenty grams of dried sieved soil
was weighed into an Erlenmeyer flask, adding 50 mL of 1 M NH,NO;,
shaken 2 h at room temperature, allowed to settle for 1 h, filtered
through a 0.45 um filter (HAWGO04756, Millipore), and acidified with
0.5 mL of nitric acid (sub-boiling grade). Some samples were spiked to
verify recovery percentages of different elements. Variable amounts of
individual standard solutions (1000 mg/L in 1% nitric acid) were
added to 40 g of dried sieved soil sample to double the starting
concentration for each element. Recoveries were between 80% and
120%. Water samples were acidified with ultrapure nitric acid and
filtered using 0.45 um (HAWGO04756, Millipore) filters before
measuring. All samples were prepared in duplicate.

Statistical Analysis. Data were treated using the statistical package
Statistica 8.0 from StatSoft Inc. (2007) and the Infostat software
package.®*

Analysis of Variance. ANOVA was performed using mixed
models;* in the case of significance (p < 0.05), a DGC* comparison
test was performed to reveal paired differences between means.
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To explore and classify different samples, CA and PCA were
performed. The amalgamation criterion to CA was Ward’s minimum
variance, and the distance method was Gower (sqrt(1-S)). PCA was
based on the correlation matrix, with no rotation factor (this is the
suggested option for PCA) and average values (each missing value is
replaced by the average value of that variable).

Discriminant Analysis (DA). DA was performed to evaluate if wheat
samples could be mathematically distinguished according to their
geographical origin. The selection of the most significant variables was
performed by forward stepwise analysis considering the F value. The
robustness of the classification model was evaluated by a cross-
validation test, using the “leave-one-out” procedure.

Generalized Procrustes Analysis (GPA). GPA was applied to assess
the relationship between wheat, soil, and water data. Specifically, GPA
constructs the consensus configuration of a group of data sets by
applying transforms in an attempt to superimpose them. In this work
we used the Grower algorithm that minimizes within-samples variance
by applying translation, scaling, and rotation to generate a p-
dimensional average configuration Yc. Following this, a g-dimensional
group average space (q < p) is constructed from Yc by PCA.

dx.doi.org/10.1021/jf305258r | J. Agric. Food Chem. 2013, 61, 3763—3773
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Therefore, GPA theory and algorithms can be applied to match wheat
elemental and isotopic data to the corresponding soil and water data.

Canonical Correlation Analysis (CCA). CCA was used for assessing
the relationship between data sets by a more robust mathematical-
statistical method. Specifically, this method allowed us to verify the
relationship between soil, water, and wheat studied during this work by
GPA.

B RESULTS AND DISCUSSION

Wheat Composition. Table 1 shows mean values and
standard deviations of elemental and isotopic constituents of
wheat from three studied regions. In addition to elemental and
isotopic composition, we included K/Rb and Ca/Sr ratios. The
K/Rb ratio can greatly differ among various rocks and soils.**
On the other hand, the Ca/Sr ratio has been used as a chemical
tracer in geochemistry, hydrogeochemistry, and bioavailability
studies.*®

Multielement Contents. Six out of 31 elements analyzed
showed values below the detection limit, while three showed
values below the quantification limit in wheat, so these
elements were rejected for further statistical analysis. Potassium
(K) was the most abundant element in studied wheat, followed
by Mg, Ca, Mn, Zn, and Na. These results were consistent with
previous reports for wheat from China®” and Denmark."* Many
elements showed different patterns in accordance with wheat
provenance. Seven elements (Sr, Li, B, Cu, Rb, Cd, and Eu)
were significantly different (ANOVA, p < 0.0S) among three
studied regions. Concentrations of Sr, Li, and B were higher in
wheat from Cérdoba. On the other hand, Cu, Rb, and Cd
showed higher values in wheat from Entre Rios, while Eu
presented higher values in Buenos Aires. Additionally, Al, Co,
La, Ce, Nd, and Pb presented higher values in Cordoba,
whereas Entre Rios and Buenos Aires had similar low values.
Conversely, Mg, K, Ni, and Ba showed major concentrations in
Buenos Aires and Entre Rios compared with Cérdoba. On the
other hand, Buenos Aires presented higher concentrations of
Na and Zn compared with Cérdoba and Entre Rios, whereas
Entre Rios showed the highest value in Ca. Variations were also
found in the Ca/Sr and K/Rb ratios. Ca/Sr was higher in
Buenos Aires, intermediate in Entre Rios, and lower in
Cérdoba, whereas K/Rb was lower in Entre Rios, intermediate
in Buenos Aires, and higher in Cordoba. It is known that Sr and
Ca have geochemical affinity, while Rb has affinity to the
essential element K; thus they can compete for identical
binding sites or reactive centers in roots/plants. However, while
Ca and K are essential elements for plant life, Sr and Rb have
no known biological role.*® In general, it seems that neither Sr
or Rb can replace Ca and K in biochemical functions.>” Most
biological systems prefer the uptake of essential elements over
others without biological roles.”® However, this uptake depends
greatly on soil properties, such as Ca and K availability (the
higher the content of Ca and K in the soil, the lower the uptake
of Sr and Rb), pH, and adsorption capacity.**

Isotope Composition. The isotopic compositions of plant
materials reflect various factors such as isotopic compositions of
source materials, their assimilation processes, and growth
environments.”*

Carbon Isotopic Composition. The carbon atoms present in
plant carbohydrates are derived from the atmospheric carbon
dioxide (CO,). However, 5"°C values in plants are different
from atmospheric CO,.** Discrimination against *C occurs
during the photosynthetic cycle, and isotope ratios are also
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affected by environmental factors such as light intensity,
temperature, and relative humidity.*’

C, plants have 5"°C values of about —25%o (range: —22 to
—33%0), whereas C, plants have 6"3C values about —12%o
(range: —10%0 to —20%o0).* Tt is known that wheat is a C,
plant, which is in agreement with our results (—24.7%o¢ to
—23.91%0). Nevertheless, 6"°C values in samples from
Cordoba were significantly higher than values observed in
samples from Entre Rios and Buenos Aires (Table 1). As
previously stated, this variation could be related to the
geographical environment as well as to climatic conditions.
5"C values in leaves increase with increasing number of
sunshine days, increasing mean temperature, and decreasing
average humidity.”>*" This correlation trend indicates that the
leaf 6'3C is under the control of water-use efficiency.*'

The highest §"°C values from Cérdoba samples could be
related to an evaporation effect due to its low average humidity
with respect to Buenos Aires and Entre Rios. This is because
the cultivation area of Cdérdoba is located close to a semiarid
region, which could produce a shift of 5"°C toward values
characteristics of C, plants, which predominate in semiarid or
salty environments, where water availability limits photosyn-
thesis.** Changes in §">C of wheat due to differences in 5'*C of
soils should be discarded, since the main source of carbon for
plants, particularly for wheat, arises from the atmospheric CO,,
with less incidence of soil carbon.*®

Nitrogen Isotopic Composition. §°N of whole plant and
leaves reflect the isotope ratio of the nitrogen source (soil). The
sources of nitrogen in soils are the atmosphere (§"*N = 0%o),
the fertilizers produced from atmospheric nitrogen (5'°N = 0—
3%o), and animal manure (6N = +10%0 to +25%o0). Rock/
mineral sources of nitrogen are usually considered negligible.**
When the nutrient concentration is lower than vegetation
needs, absorption is the limiting step, and there is no isotopic
fractionation during nitrogen uptake. In this case, many studies
have shown that '*N can act as a tracer, providing information
about regional agricultural practices.*’ The nitrogen isotopic
composition of a soil is influenced by many factors, such as
fertilizer use and climatic and geographical conditions."” It has
also been reported that tillage practices can affect 6N,
showing lower grain 5'°N under no-till.*®

Our current results show that wheat samples from Buenos
Aires (3.3%0 + 1.0%o0) and Entre Rios (3.8%0¢ + 0.9%0) had
5"°N values higher than samples from Cérdoba (2.9%c +
0.9%o0) (Table 1). Lower 6'°N values for Cérdoba could be
attributed to the use of chemical fertilizers, which are depleted
in >N relative to organic fertilizers."!

Similar results were previously found for meat samples from
the same regions.12 Baroni et al.'> found that 6N values in
cattle were influenced by local feeding practices. Animals fed in
regions where organic fertilizers were used (Buenos Aires and
Entre Rios) had 6'°N values greater than animals fed in regions
where synthetic nitrogen-based fertilizers were more widely
used (Cérdoba).

So far, the 6N values of wheat from Cérdoba seem to be
more strongly linked to agricultural practices than to geo-
climatic conditions.

Strontium Isotopic Composition. The determination of the
Sr isotope ratio is one of the methods by which the provenance
of food can be identified, reflecting local geochronological and
lithological settings.” Differences in the relative abundance of
¥Sr vary with geological age, and the Rb/Sr ratio and
consequently strontium isotope ratios in bedrock and soil
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Figure 2. Dendrogram plot of wheat samples. The variables used were Al, B, Ba, Ca, Cd, Ce, Co, Cu, Eu, K, La, Li, Mg, Mn, Mo, Na, Nd, Nj, Pb, Rb,

Sr, Zn, Ca/Sr, K/Rb, 6C, 6N, and ¥’Sr/%Sr.

vary according to the local geology. Isotopic abundances of all
the Sr isotopes (**Sr, 8Sr, 87Sr, and *Sr) can also vary due to
mass-dependent isotopic fractionation through various phys-
icochemical reactions in nature (e.g., weathering). However, in
the conventional isotopic analysis, 87Sr/%0Sr ratio is normalized
against a fixed **Sr/*Sr ratio*” and with the employment of the
isotopic reference standard. They correct any experimental or
natural mass-dependent fractionation, making *’Sr/*Sr a good
tracer of source. Table 1 shows ¥Sr/%Sr values for the three
studied regions. We can see that wheat samples from Buenos
Aires present the lowest value (0.7073 + 0.0005), whereas
samples from Cérdoba showed the highest value (0.7089 =+
0.0005). Samples from Entre Rios have a ¥Sr/%Sr value
between these two groups (0.7080 = 0.0004). These results are
in agreement with ¥’Sr/*Sr values previously reported for soil
samples of similar sampling areas (Buenos Aires = 0.7066 =+
0.0004; Cérdoba = 0.7100 + 0.0030; and Entre Rios = 0.7076
+ 0.0002)."* Moreover, ¥’Sr/*Sr values for water of the same
regions showed a similar trend (Buenos Aires = 0.7072 =+
0.0002; Cérdoba = 0.7133 =+ 0.0020; and Entre Rios = 0.7078
+ 0.0004)."* These isotope ratios can be explained by the
differences in the parental soil material of each region. Volcanic
ash falls constitute an important contributor to South American
loess, which is the parent material of the modern cultivated
soils of Argentina. The Sr isotope composition of the Pampean
loess is very close to that of the south central Andes volcanic
rocks (0.704—0.707), suggesting that they were derived from
such a source.'” The Tandilia and Ventania Ranges (Province
of Buenos Aires) provided minor amounts of material to the
soils and loess sediments of the surrounding areas,'? which is in
agreement with Buenos Aires data. However, several studies
based on grain size and mineralogy have highlighted the
possibility of other sources for the Argentinean loess, such as
Pampean Ranges and Parana—Uruguay Rivers basin,'> which
could be more relevant for other sites such as Entre Rios. The
higher radiogenic Sr isotope ratios of Codrdoba suggest the
contribution of loess particles derived from sediments
originated in the Pampean Ranges, the main source of which
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are Paleozoic granitic rocks with Sr isotope ranges of 0.707—
0.809.

On the other hand, wheat samples from Cordoba have
7Sr/%Sr ratios lower than soils and waters. Agriculture in
Cordoba is characterized by the use of fertilizers, and phosphate
fertilizers are produced by processing phosphorite with
87Gr/%6Sr ratios between 0.7073 and 0.7078. The isotope
results obtained using a simplifying bulk mixing model of two
components between soil (water) and phosphorite are
consistent with the strontium isotope ratios obtained for
wheat samples. It is a reasonable possibility that fertilizer-
derived Sr has been supplied to soil and water and put into
solution.

So far, elemental and isotopic compositions of wheat show
different patterns for diverse agricultural production areas in
agreement with geology, hydrogeology, and environmental
issues in addition to different agricultural practices.

Geographical Discrimination of Wheat Samples by
Multivariate Data Treatment. Elemental and isotopic
profiles of wheat (AL B, Ba, Ca, Cd, Ce, Co, Cu, Eu, K, La,
Li, Mg, Mn, Mo, Na, Nd, Ni, Pb, Rb, Sr, Zn, Ca/Sr, K/Rb,
5C, 6"N, and *'Sr/%Sr) were subsequently analyzed using
chemometrics to investigate if it was possible to discriminate
samples from different regions.

Cluster Analysis. A first exploratory evaluation of the data
structure was carried out by CA. Results obtained are presented
as a dendrogram, which is shown in Figure 2. It can be observed
that the sample arrangement is not random. Samples from
different regions were separated into four clusters (A—D)
formed at a Gower distance of 1.63 (50% of total linkage
distance). Samples included in cluster A were all from Cérdoba,
whereas cluster D included samples from Entre Rios. Samples
from Buenos Aires were divided in two clusters; most of them
were in cluster B, while a few were in cluster C. The latter ones
show more similarity to samples from Entre Rios than samples
from Buenos Aires. So far, it looks like wheat from the three
studied areas can be differentiated at least at an exploratory
level.
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Figure 4. Scatter plot of two discriminant functions showing separation between wheat samples from different regions of origin.

Principal Components Analysis. The PCA model was
obtained using four principal components (PCs), which
explained 61% of the variance. PC1 accounts for 20% of the
variance and was mainly characterized by K/Rb, Ca, Rb, and
Cu. PC2 contributes to 17% of the variance and was mainly
characterized by Eu, Na, and Mo. The scatter plot obtained
from PCA scores is illustrated in Figure 3, showing that samples
are separated into three ill-defined clusters.

Overall, CA and PCA results were generally in agreement
with the geographical origin of samples, confirming that
multielement and isotopic information could be suitable to
classify wheat samples from three studied regions.

Discriminant Analysis. The application of forward stepwise
discriminant analysis (F to enter = 6; T = 0.01; N step = 27)

3769

allowed predicting the origin of all wheat samples with 100%
accuracy using two independent discriminant functions. Eleven
out of 27 variables give the major contribution to sample
discrimination, with K/Rb as the most significant variable,
followed by Ca/Sr, Ba, ¥Sr/*Sr, Co, Mo, Zn, Mn, Eu, 6"C,
and Na. The scatter plot corresponding to discriminant
fanctions (Figure 4) confirms the usefulness of this method
to classify samples according to their growing region. The first
function (explaining 69.9% of the total variance, mainly
determined by K/Rb) separated Entre Rios samples from
Buenos Aires and Cérdoba, whereas function 2 (explaining
30.1% of total variance, mainly determined by Eu) improved
the discrimination between samples from Cordoba and Buenos
Aires.
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Journal of Agricultural and Food Chemistry

So far, K/Rb, Ca/Sr, ¥’Sr/*Sr, and Eu showed a different
profile in the three studied regions. Barium, Co, and 8BC
allowed the differentiation of samples from Cordoba from those
of Buenos Aires and Entre Rios. On the other hand, Mo, Mn,
Zn, and Na allowed the differentiation of samples from Buenos
Aires from those arising from Cérdoba and Entre Rios (Table
1).

As far as we know, there are no previous studies using K/Rb
and Ca/Sr ratios as tracers of the geographical origin of wheat
samples. Di Paola-Naranjo et al.'* found that the Ca/Sr ratio
contributed to the differentiation of wine samples from three
different regions of Argentina. On the other hand, Baroni et
al.' also found that this ratio contributed to the differentiation
of meat samples from different regions of Argentina.

The ¥Sr/%Sr ratio has been widely employed as a
geochemical tracer. However, there are few reports on the
use of Sr isotope ratios for food or beverage authentica-
tion.”'*%2122 Eyrthermore, to our knowledge, there is only
one report using this parameter to discriminate the origin of
wheat samples."

On the other hand, Brescia et al.*® found that §*C, 60, and
6N contributed to the discrimination of wheat samples
according to their geographical origin. However, Branch et al."
did not find 5"°N as a good indicator of geographical origin. In
fact, the simplest DA model tested by Branch et al." involved
only 5"3C, in good agreement with our current results.

We cannot disregard that wheat samples from Argentina have
5"C mean values similar to samples from Australia and the
Mediterranean region (Spain and Italy) due to the influence of
the climate on §°C values.

Ba and Mn are directly linked to soil geochemistry™® and are
important elements when the authentication of geographical
origin is based only on multielemental data.'” Furthermore,
Laursen et al."* found significantly different Ba concentrations
in wheat samples arising from different Danish locations. Also
Zhao et al.”” found that Ba and Mn were good markers to
discriminate wheat samples from four regions of China.

Finally, the concentration of Na is known to be associated
with the occurrence of sea-spray and the deposition of sea-
salt.'” In our case, samples from Buenos Aires presented higher
values of Na in comparison to Cérdoba and Entre Rios (Table
1). This could be attributed to the proximity of the sampling
area in Buenos Aires to the ocean coast, in addition to the
influence of winds from the sea (Figure 1).

Correlation between Soil, Water, and Wheat Compo-
sition. It is suggested that element and isotope composition in
wheat reflects the local geochemistry of the soil and irrigation
water but can also be influenced by cereal variety, climate, and
agriculture practices.'”* Therefore, we were interested in
evaluating the association between chemical-inorganic profiles
of soil and water from the production area with the chemical-
inorganic profile of wheat samples.

Some elements and isotopes exhibited a good correspond-
ence between soil, water, and wheat in the three studied
regions. For instance, wheat, soil, and water samples from
Cordoba show the highest values in *’Sr/%Sr, samples from
Buenos Aires present the lowest, while Entre Rios samples
show intermediate values. Figure SA clearly shows this
correspondence (standardized values). In addition, Mg
presented the same profile in samples from soil and wheat
but not in water (Figure SB), while Cu (Figure SC), Li, and Mn
presented good correspondence between water and wheat
samples but not soil.
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Figure 5. Correspondence between levels of several elements and
isotopes in soil, water, and wheat samples from different geographical
areas. Standardized values. Mean =+ SE.

Looking for additional evidence on the correspondence
between the three studied matrices, we decided to apply GPA.
In Figure 6, the consensus configuration projected onto the
plane defined by its first and second principal axes is shown,
explaining 100% of variability between samples.

As shown in the Figure 6, three geographical origins are well
separated on the basis of multielements and isotopes from soil,
water, and wheat samples. GPA results show that data obtained
from wheat have a significant consensus (99.2%) with those
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obtained from soil and water, as three data sets project the
regions in the same way onto the plane defined by its first and
second principal axes. This last result gives further indication
for the connection between the three studied matrices.
Finally, we applied CCA to assess the correspondence
between soil, water, and wheat composition using a more
formal mathematical—statistical approach. For this purpose,
four sets of variables were defined taking into account common
variables between soil and wheat and between water and wheat.
The first CCA was calculated between soil and wheat data sets
using 23 variables (Al B, Ba, Ca, Ce, Co, Cu, Eu, K, La, Li, Mg,
Mn, Na, Nd, Rb, Sr, Zn, Ca/Sr, K/Rb, 5"°C, 5"N, and
%7Sr/%Sr). This CCA showed a significant correlation (* =
0.97, p < 0.001) between soil and wheat. Contents of Eu, Ba,
and K/Rb in soil as well as Mn, Cu, and Rb in wheat showed
substantial loadings on the first canonical factor; that is, they
correlated highly with this factor, meaning that these variables
were those that mainly contribute to the correlation between
soil and wheat. The second CCA was calculated using water
and wheat data sets with 15 variables (B, Ba, Ca, Cu, Eu, K, Li,
Mg, Mn, Na, Sr, Zn, Ca/Sr, K/Rb, and ¥’Sr/*Sr). This second
CCA showed a significant correlation (r* = 0.96, p < 0.001)
between water and wheat. According to the loadings on the first
canonical factor, Ca, B, and Mg contents in water as well as K/
Rb and Ca content in wheat were the variables that mainly
contribute to the correlation between water and wheat.
Therefore, both GPA and CCA coincide, showing the influence
of growth environment (soil and water) on wheat composition.
All in all, isotope ratios and element concentrations in soil,
water, and wheat from different geographical origin were
determined. Some of the parameters show significant differ-
ences depending on the region, allowing geographical
discrimination of wheat samples by suitable multivariate
statistical analysis. Discriminant analysis enabled the correct
classification (100%) of wheat samples coming from different
regions when considering Ba, 87Sr/%Sr, Co, Mo, Zn, Mn, Eu,
6C, and Na as original variables. K/Rb and Ca/Sr were added,
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as they proved to be the most significantly derived variables,
demonstrating the importance of including these ratios in
determining the origin of wheat samples.

To our knowledge, this is the first report demonstrating the
correspondence between soil, water, and wheat samples by
appropriate statistical methods. This shows that wheat
composition is closely related to the soil and water
composition. So far, generalized Procrustes analysis and
canonical correlations were useful tools to evaluate such
correspondence, which could be used for the analysis of
wheat or any other food from diverse sources.
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