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Abstract

Soybean is an important food crop in China. Recently, crops cultivated in specific geographical locations have
started attracting high prices. Therefore, developing a technique to identify the geographical origin of a crop is
crucial to prevent fraud. In this work, we measured the contents of five fatty acids and 17 elements in soybean
samples produced in Heilongjiang, the Inner Mongolia Autonomous Region, Jilin and Liaoning using gas chroma-
tography and inductively coupled plasma mass spectrometry. Correlation analysis, principal component analysis
and cluster analysis were used to identify the relationship between the metabolic fingerprint and the geographical
location. Our results showed a significant correlation between the contents of fatty acids and geographical origin.
Principal component analysis provided a preliminary classification of all variables. Hierarchical clustering, based
on heat maps, showed that all samples could be classified based on their geographical origins. The model estab-
lished by partial least squares discriminant analysis showed 89.9% predictive ability, further proving that the 14
classification indexes, comprising fatty acids and elements, could be used as molecular fingerprints to identify and
distinguish soybean samples from four different production areas. Besides, pairs of soybean sample fingerprints
from the four provinces were compared, and the differences in fatty acid and element contents between the prov-
inces were explained based on the climatic environment and soil distribution. In conclusion, our method of classi-
fying and confirming soybean production areas through fatty acid and multi-element fingerprints can potentially
be used for identifying soybean of similar origins.
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Introduction products for economic advantage, which directly dam-
ages the legitimate rights and interests of consumers
(Aung and Chang, 2014). Therefore, confirming the ori-

gin of soybean and other agricultural products not only

Soybean, which is rich in various nutrients, such as min-
erals, oils and proteins, is one of the most important

food crops in China (Liu, 2014), and it is widely culti-
vated all over China. The northern production areas,
mainly the Inner Mongolia Autonomous Region and
northeast provinces, provide the highest soybean yield
(Zhao et al., 2018). In recent years, because of the com-
plex production environments of agricultural products,
products with specific geographical indications have
started attracting higher prices. Driven by economic ben-
efits, some illegal vendors fraudulently sell low-quality

protects the geographical indications of the products but
also ensures safety monitoring of soybean food “from the
field to the dining table” to maintain a fair market order.

Food fingerprinting is an analytical method that provides
information regarding food ingredients through non-
selective methods, such as instrument fingerprinting.
The fingerprint characteristics are then analysed accord-
ing to the chemical composition of the food, which helps
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in identifying its origin (Pérez-Castafio et al, 2019).
Currently, the technique underlying the confirmation
of the geographical landmark of products is to anal-
yse the differences between the variable components of
products from different geographical sources, identify
effective indicators for origin confirmation, establish a
discriminant model, and predict the sample classification.
Generally, the methods used for such analysis include
mineral element fingerprinting (Jiang, 2018), stable iso-
tope identification (Jin et al., 2018), near-infrared spec-
troscopy (Zhang et al., 2018), metabonomics (Chen et al.,
2016) and electro-sensing using an electronic nose (Tian
etal., 2018).

Currently, the mineral element fingerprint technology
is one of the most effective technologies in the field of
food confirmation, as extensive research on pepper, pear,
green tea, cowpea and rice has been conducted using
this technology (Coelho et al., 2018; Gonzalvez et al.,
2011; Mehari et al., 2019; Michael et al., 2019; Zhang
et al., 2019a). Metabonomics is a method of detecting
low-molecular-weight metabolites, such as organic acids,
fatty acids, amino acids and sugars, in biological samples
through high-throughput screening, data processing,
information integration and biomarker recognition (Xiao
et al., 2018). Among the metabolites mentioned above,
fatty acids are critical in confirming the geographical ori-
gin of landmark products, such as coffee beans (Mehari
et al., 2019), sea cucumber (Zhang et al., 2017), tea (Hao
et al., 2016), honey (Alessandro et al., 2018) and scallop
(Zhang et al., 2019b).

Soybean samples studied in this work were obtained
from distantly located regions. Differences in geograph-
ical location, climatic environment and soil may signifi-
cantly affect the elemental composition and the fatty acid
content of soybean. Besides, during the process of con-
firming the origin of agricultural products, the specific
indicators that can represent the origin information are
affected by many external factors. Thus, only one trace-
ability technology does not sufficiently support the sta-
ble selection of specific indicators, and it is challenging
to comprehensively detect and confirm the complex ori-
gin of samples with a single technology (Ma et al., 2014).
Therefore, in this study, inductively coupled plasma mass
spectrometry (ICP-MS) was used to determine various
elements present in soybean obtained from the main
production areas in northern China. Gas chromatog-
raphy (GC) was used to determine the changes in the
composition of fatty acids. By combining principal com-
ponent analysis and cluster analysis, effective and stable
traceability indexes were identified. The production area
information of all the four provinces was compared in
pairs to explore the regional specificity and commonal-
ity between fatty acid and element contents in soybean
samples from each province. Furthermore, based on the
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distribution of the climatic environment and the soil
types, this study explored the reasons for the differences
in various indexes between different production areas. It
also classified the fingerprint characteristics of fatty acids
and elements for each production area using thermogra-
phy visualisation.

Heat map clustering, a visualisation tool, can rapidly
and easily classify a large amount of data. To the best of
our knowledge, this is the first study in which heat map
clustering has been used to analyse the fatty acid and
multi-element fingerprint features of soybean samples
for confirming the origin of soybean production.

Therefore, ICP-MS and GC were used to study the con-
tents of various elements and fatty acids in soybean sam-
ples from different production areas in northern China,
with the aim of providing a method for identifying met-
abolic fingerprints from different production areas using
cluster thermography. This method was employed for the
identification of soybean production areas in different
regions, providing a reference for the establishment of
a soybean origin traceability system. This research may
help protect the stability of the agricultural product mar-
ket and the legitimate rights and interests of consumers.

Materials and Methods
Sampling and pre-treatment

In total, 91 soybean samples were obtained from different
production areas across northern China. Among these,
30 (H1-H30) were from Heilongjiang, 20 (N1-N20) from
the Inner Mongolia Autonomous Region, 21 (L1-L21)
from Liaoning and 20 (J1-J20) from Jilin. The collected
samples were put in a self-sealing bag and stored in a
dark, ventilated place at room temperature. All samples
used in this study were provided by the local academy
of agricultural sciences and research institutes. Figure 1
shows the locations of the production areas and provides
the number of samples obtained from each production
area, while Table 1 summarises the climatic characteris-
tics of each production area.

The harvested soybeans were washed thrice with
ultrapure water to remove dust from the epidermis.
Subsequently, the soybean epidermis was dried at 30° for
about 10 h in an electrothermal constant-temperature
drying oven. The estimated water content of soybeans
after being dried was about 6%. After drying, the soybean
skin was broken by a hammer cyclone mill (IXFM110
hammer cyclone mill, Hangzhou Dacheng Photoelectric
Instrument Co., Ltd., Hangzhou, China) to obtain a uni-
form soybean powder sample, which was stored in a
self-sealing bag at room temperature.
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Table 1. Climatic characteristics of production areas where soybean samples were obtained.

Provinces Production area Average annual Average annual Annual
temperature, °C precipitation, mm sunshine, h
Heilongjiang province Suihua (H1-H5) 25 483 2600
(n=30) Qigihaer (H6-H10) 32 415 2600
Jiamusi (H11-H15) 3.0 527 2590
Heihe (H16-H20) =13 550 2360
Nenjiang (H21-H25) 24 600 2300
Daqing (H26-H30) 4.2 428 2726
Inner Mongolia Chifeng (N1-N9) 8.2 371 3100
ﬁ]“tfgg;"ous Region Hulunbuir (N10-N20) 24 75 2700
Liaoning province Tieling (L1-L14) 6.3 700 2700
(n=21) Shenyang (L15-L21) 6.2 800 2700
Jilin province Dunhua (J1-J20) 29 630 2500
(n=20)
128 Quality Assurance and Safety of Crops & Foods 12 (3)



Determination of element contents

In total, 0.250 g of evenly ground soybean powder was
placed into an acid-washed microwave digestion inner
tank. To this, 3 mL of concentrated nitric acid (70% mass
fraction; Beijing Chemical Reagent Factory, Beijing,
China) and 2 mL of hydrogen peroxide (30% mass frac-
tion; Beijing Chemical Reagent Factory, Beijing, China)
were added. Then, the following heating programme was
run: 80° for 3 min, 100° for 3 min, 130° for 3 min, 160° for 3
min and finally, 190° for 25 min. After digestion, the mix-
ture was cooled to room temperature. Subsequently, the
digestion tank was placed on a temperature-controlled
electric heating plate (G-400 intelligent temperature
control electric heater, Shanghai Yiyao Instrument
Technology Development Co., Ltd., Shanghai, China),
which was heated to 140° for 2—3 h to remove the resid-
ual acid. Afterward, the mixture was cooled using 25 mL
of ultrapure water (Mill-Q ultra-pure water system,
Milibo (Shanghai) Trading Co., Ltd., Shanghai, China)
to obtain a testing-ready transparent solution. Using the
same method, two groups of blank reagent control and
standard substance control were prepared.

The contents of 17 elements (Mg, Al, Ca, Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Pd, Cd) in soybean
were determined using the Thermo XSeries2 instrument
(Shenzhen Ruisheng Technology Co., Ltd, Shenzhen,
China) for ICP-MS. The main working parameters of
ICP-MS in this experiment were as follows: radio fre-
quency (RF) power, 1325 W; plasma gas flow rate (cooling
gas flow rate), 15 L/min; carrier gas flow (atomiser flow),
0.8 L/min; auxiliary air flow rate, 0.40 L/min; atomisation
chamber temperature, 2°. The GBW10013 soybean com-
ponent analysis standard substance (GSB-4) was used as
a standard to verify the accuracy of the analysis method.
In, Ge, Rh and Re were used as internal standards; if the
relative standard deviation (RSD) of these standards was
<5%, the instrument was considered stable. Each sample
was analysed thrice.

Determination of fatty acid contents

In total, 0.500 g of evenly ground soybean powder was put
into a dry glass tube with a screw. Next, 5 mL of toluene
(AR; Shanghai Wokai Biotechnology Co., Ltd., Shanghai,
China) and 6 mL of 10% acetyl chloromethanol (prepared
with methanol, AR; Merck AG, Darmstadt, Germany; and
acetyl chloride, 98%, AR; Shanghai Aladdin Biochemical
Technology Co., Ltd. Shanghai, China) were added
sequentially, the mixture was shaken and the tube was
filled with nitrogen for 25 s. Furthermore, the tube was
placed in a water bath at 80° for 2 h and shaken every
30 min. The mixture was then cooled and transferred
to a 50 mL centrifuge tube. The glass tube was washed
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thrice with 3 mL of 6% sodium carbonate solution (AR;
Shanghai Guoyao Group Chemical Reagents Co., Ltd.
Shanghai, China) to dissolve the residual mixture. The
sodium carbonate solution was then mixed with the mix-
ture in the 50 mL centrifuge tube. The mixture was then
centrifuged at 5000 rpm. Finally, 1.50 mL of the superna-
tant was filtered through a Nylon 66 Jinteng organic filter
membrane (0.22 pm, 13 mm) using a syringe; it was then
added to a sample injection vial and stored at 4°.

The content of five fatty acids—namely oleic acid (C18:1),
linoleic acid (C18:2), linolenic acid (C18:3), palmitic acid
(C16:0) and stearic acid (C18:0)—in soybean was deter-
mined using the Agilent 7890A GC system (containing
flame ionisation detector; Agilent Technologies Co., Ltd.,
Palo Alto, California, USA). The required purity of the
nitrogen was more than 99.9999%. The chromatographic
conditions in the test were as follows: capillary column,
CP-Sil 88 for FAMES (100 m x 0.25 mm x 0.25 m, CP
7420; Agilent Technologies (China) Co., Ltd., Beijing,
China); inlet temperature, 270°; injection volume, 1 L;
diversion ratio, 25:1; flame ionization detector (FID) tem-
perature, 280°; carrier gas, nitrogen. The details regard-
ing the programmed heating method were as follows:
1 mL/min constant current mode; initial temperature,
140° for 5 min; 140° to 240° at a heating rate of 4°/min;
and maintenance at 240° for 15 min. The detection time
for each sample was 45 min. Peak area normalisation was
done to calculate the relative contents of fatty acids, and
the standard external method was used to calculate the
absolute content of each fatty acid. Each sample was ana-
lysed thrice.

Data processing and statistical analysis

The SPSS24.0 software was used to pre-process and
statistically analyse the continuous variables obtained
through ICP-MS and GC. While measuring, the accuracy
of data was checked by adding the standard to the sam-
ple and measuring the spiked recoveries and RSDs of
elements and fatty acids. When the spiked recoveries of
fatty acids and elements exceeded 80-120%, the RSDs
of the internal standard elements were greater than 5%,
the RSDs of fatty acids were greater than 10% and the
samples were re-measured. The average value of three
determinations for each sample was used for data anal-
ysis. First, correlation analysis was conducted to investi-
gate whether there is a correlation between the variables,
and then the correlation degree and covariant trends of
variables between the samples from each production area
were measured. Furthermore, a principal component
analysis was conducted to classify the soybean samples
and to verify the differences in element and fatty acid
contents between the four provinces. The data were sub-
jected to hierarchical clustering to explore the regional

Quality Assurance and Safety of Crops & Foods 12 (3)

129



Cui DS et al.

specificity and commonality of data concentration dis-
tribution between each production area, and all test data
were standardised (Z-Score method) for thermographic
visualisation analysis. Finally, according to the selected
characteristic indexes, a discriminant model was estab-
lished using partial least squares discriminant analysis
(PLS-DA) to observe its prediction ability and to test the
clustering of elements, fatty acids and other indexes.

Results

Correlation between element and fatty acid contents
in soybean samples

The correlations between the contents of 17 elements and
five fatty acids in soybean samples procured from differ-
ent production areas in the four provinces were analysed
(Table 2). We noted that the contents of most elements
and fatty acids in soybean samples from each production
area were significantly correlated. The contents of some
of these elements, such as Mg/Zn, Al/Mo, C16:0/C18:0
and C18:2/C18:3, positively correlated, indicating that
they have a specific bidirectional absorption assisting
effect and are interdependent and mutually promoting.
Some substances, such as Zn/Cd, Fe/Cu, C18:0/C18:3
and C18:1/C18:2, showed negative correlations, indicat-
ing that they have unidirectional or bidirectional absorp-
tion inhibition. Furthermore, according to the results,
there was a certain correlation between element content
and fatty acid content in soybean. For example, Cu/C16:0
and Rb/C18:0 were significantly positively correlated,
while Ca/C16:0 and Cd/C18:3 were negatively correlated.
It could be seen that during the growth of soybean, some
elements and fatty acids exhibit synergistic and antago-
nistic effects, and these effects can change according to
the environment of the place of origin.

Principal component analysis of element and fatty acid
contents in soybean samples

In order to reduce as much as possible the interference
of overlapping information in data analysis, the principal
component analysis was performed on the data pertain-
ing to the contents of 17 elements and five fatty acids.
This analysis involved a preliminary clustering of sam-
ples before further hierarchical clustering. The resulting
rotated component matrix is shown in Table 3.

The first six principal components were obtained by
extracting components with eigenvalues >1. The cumula-
tive variance contribution rate accounted for 89.446% of
the total variance, which was sufficient to represent most
of the information of the original sample. Therefore, we
initially thought that the variables included in the first

six principal components—Mn, Nj, Se, Sr, Pd, Cd, Ca, Fe,
Zn, Rb, C18:0, Co, C18:2, Al, Mo, Mg and C18:1—can be
used as powerful traceability indicators, while the vari-
ables Cr, Cu, As, C16:0 and C18:3 were not reflected in
the extracted principal component.

The cumulative variance contribution rate of the first
three principal components accounted for 65% of the
total variance. Thus, we selected the first three princi-
pal components, PC1, PC2 and PC3, to generate score
charts and scatter charts. We obtained the score of each
observed value and the load of each variable, as shown in
Figure 2.

From the scores of each production area shown in
Figure 2A, we noted that the soybean samples from Jilin
and Liaoning could be effectively distinguished, and the
soybean samples from Heilongjiang could be well sep-
arated from the Jilin and Liaoning samples. When PC3
was considered, samples from the production areas in
Jilin and the Inner Mongolia Autonomous Region could
be distinguished, as shown in Figure 2B. From the load
of each variable, it was observed that the variables Ni,
Sr, Se, Mn and C18:1 point to Liaoning origin, indicating
that these variables may be related to the characteristics
associated with Liaoning origin. The variables Mo and Rb
point to the origin of the Inner Mongolia Autonomous
Region; Cr points to the origin of Jilin; and Mg, Fe, C18:2
and C18:3 point to the origin of Heilongjiang. Therefore,
Mo and Rb may be related to the traceability character-
istics associated with the Inner Mongolia Autonomous
Region, and Cr may be related to the Jilin origin, whereas
Mg, Fe, C18:2 and C18:3 seem to be indicators of the
Heilongjiang origin.

However, this analysis alone was not sufficient to accu-
rately classify all the variables, because it only involves
the natural clustering of all samples, and the load map
only provides a preliminary assumption of the distri-
bution of all variables. Therefore, hierarchical cluster-
ing analysis was conducted on all samples to obtain
more accurate feature classification of each production
area.

Hierarchical clustering analysis of fatty acid and
element contents in soybean samples

Using the Ward clustering algorithm, potential markers
were constructed to realise clustering visualisation based
on Euclidean distance measurement (Zhao et al., 2014).
Firstly, 22 variables in all samples of Heilongjiang, the
Inner Mongolia Autonomous Region, Liaoning and Jilin
were clustered hierarchically, and the classification of dif-
ferent production areas and variables was presented in
combination with heat map visualisation (Figure 3).
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Table 3. The rotated component matrix.

Components
1 2 3 4 5 6
Mg -0.145 0.420 -0.443 0.119 0.392 0.579
Al -0.212 -0.246 0.180 -0.184 0.815 -0.248
Ca 0.090 0.815 -0.071 -0.297 0.035 -0.009
Cr -0.313 -0.131 -0.209 0.001 0.217 -0.779
Mn 0.865 0.078 -0.134 0.273 0.076 0.132
Fe 0.109 0.764 -0.373 0.275 0.129 0.077
Co 0.071 -0.114 0.574 0.761 -0.022 0.108
Ni 0.932 -0.137 0.051 -0.156 -0.226 0.087
Cu 0.104 -0.812 0.018 -0.153 0.120 -0.468
Zn -0.061 0.644 -0.161 -0.208 -0.470 0.422
As -0.131 -0.117 0.324 -0.851 0.027 0.024
Se 0.882 0.218 -0.063 0.106 -0.173 0.042
Rb -0.116 -0.037 0.956 -0.113 0.167 0.042
Sr 0.777 -0.088 0.160 0.101 -0.501 0.142
Mo -0.075 0.221 0.146 0.118 0.899 0.066
Pd 0.600 0.578 0.189 0.208 -0.054 -0.154
Cd 0.816 -0.386 0.115 -0.206 0.190 -0.041
C16:0 0.288 -0.878 0.050 -0.256 -0.108 -0.078
C18:0 0.361 -0.242 0.823 -0.051 0.191 0.117
C18:1 0.562 0.205 0.331 -0.344 -0.039 0.563
C18:2 -0.573 0.450 -0.085 0.610 0.117 -0.158
Cc18:3 -0.655 0.243 -0.332 0.495 0.016 -0.295
Percentage of variance (%) 30.127 23.588 11.903 10.791 8.257 4.779
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Figure 2. The first three common factor scores and loads of fatty acid and element contents in soybeans from different pro-
duction areas. (A) PC1 and PC2, (B) PC1 and PC3.
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Figure 3. Cluster heat map of elements and fatty acid contents of soybean samples.

The first layer of the hierarchical tree presented on the
left-hand side of Figure 3 divides the production areas
into two categories according to different classification
distances. One category is Liaoning, and the other con-
stitutes Jilin, the Inner Mongolia Autonomous Region
and Heilongjiang. The second layer of classification
divides all samples into five categories according to
their place of origin: Heilongjiang, the Inner Mongolia
Autonomous Region, Jilin, Liaoning Tieling and Liaoning
Shenyang. Although Liaoning is divided into two catego-
ries, it could still be generally separated from the other
three provinces.

In the upper hierarchical tree, the first layer divides 22
variables into two categories according to different

classification distances. The second layer divides 22 vari-
ables into three categories. The third layer is divided into
seven categories. The first category comprises Mg, Fe, Ca
and Zn; the second one comprises Cr, C18:2 and C18:3;
the third comprises Al and Mo; the fourth comprises Co,
Rb and C18:0; the fifth one comprises Cu and C16:0; the
sixth one has only As; and the seventh one comprises
Mn, Se, Nj, Sr, Cd, C18:1 and Pd. Among these, the clas-
sification variables of the categories 7, 1 and 4 are con-
sistent with the variables extracted by the first, second,
and third principal components, respectively. Therefore,
upon general comparison, the variables Mn, Se, Ni, Sr,
Cd, C18:1, Pd, Mg, Fe, Ca, Zn, Co, Rb and C18:0 may rep-
resent the origin information of soybeans collected from
the four provinces.
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We attempted to extract the key characteristic indexes of
each production area from the heat map. In the soybean
samples from Heilongjiang, the contents of Mg, Ca and
Pd were higher than those from the other three prov-
inces, whereas the contents of Mo in the soybean sam-
ples from the Inner Mongolia Autonomous Region were
higher than those in the other three provinces. Similarly,
the contents of Cr in the soybean samples from Jilin were
higher than those in the other three provinces, and the
contents of Zn, Mn, Se and C18:1 in the samples from
Liaoning were higher than those from Heilongjiang, the
Inner Mongolia Autonomous Region and Jilin.

To further explore the significant information and spe-
cific indicators of each production area in northern
China, we compared variables of each pair of the four
provinces, and results were visualised with heat maps
(Figure 4).

Comparison of different production areas within
the four regions

As shown in Figure 4A, Heilongjiang and the Inner
Mongolia Autonomous Region were effectively distin-
guished. In Heilongjiang, Mg and Ca contents in the
samples from Jiamusi (H11-H15); Fe, Se and C18:2
contents in the samples from Suihua (H1-H5); Mn and
C18:3 contents in the samples from Daqing (H26-H30);
Pd in the samples from Nenjiang (H21-H25); and As in
the samples from Heihe (H16-H20) were significantly
higher than those in the Inner Mongolia Autonomous
Region. In this region Al, Cd, Mo, Cu and C18:1 were
observed to be higher in the samples from the Chifeng
production area (N1-N9), whereas Co and Sr contents in
the samples from the Hulunbuir production area (N10—
N20) were higher than those in Heilongjiang.

As shown in Figure 4B, the two production areas could
be effectively distinguished. We noted that Mg in the
samples from Jiamusi (H11-H15); Pd in the samples
from Nenjiang (H21-H25); C18:3, Mn, Mo and Co in the
samples from Daqing (H26-H30); and As and Rb in the
samples from Heihe (H16—H20) were significantly differ-
ent from those in the samples from Jilin. The Al and Cr
contents in the samples from Jilin Dunhua (J1-J20) were
higher than those in the samples from Heilongjiang.

As shown in Figure 4C, each production area in the two
provinces could be distinguished. The contents of Mg, As,
Rb, Zn and C18:1 in the samples from Liaoning Shenyang
(L15-L21) and Mn and Se in the samples from Liaoning
Tieling (L1-L14) were higher than those in the samples
from Jilin Dunhua. The contents of Al, Cr and C16:0 in
the samples from Jilin Dunhua (J1-J20) were significantly
different from those in the samples from Liaoning.

Metabolic fingerprinting of soybean to identify geographical origins

As shown in Figure 4D, the production areas of the two
provinces could be distinguished. Among these, Al and
Mo in the samples from Daqing (H26—H30) and Pd in the
samples from Nenjiang (H21-H25) in Heilongjiang were
higher than those in the samples from Liaoning. On the
contrary, Mn and Se in the samples from Tieling (L1-
L14) and C18:1 in the samples from Shenyang (L15-L21)
were higher than those in the samples from Heilongjiang.

As shown in Figure 4E, the two provinces could be effec-
tively distinguished from each other. The contents of Mg,
Cd, Mo, As and Ca in the samples from Chifeng (N1-N9)
and Co, Zn, Sr and C18:2 in the samples from Hulunbuir
(N10-N20) were significantly different from those in the
samples from Dunhua in the Jilin province. However,
the contents of Cr, C16:0 and C18:3 in the samples from
the Jilin Dunhua production area (J1-J20) were signifi-
cantly different from those in the samples from the Inner
Mongolia Autonomous Region.

As shown in Figure 4F, the two production areas could
be distinguished. Among these, the contents of Al and
Mo in the samples from Chifeng (N1-N9) and Co, Rb,
C18:0, C18:2 and C18:3 in the samples from Hulunbuir
(N10-N20) were higher than those in the samples from
Liaoning. The contents of Zn and C18:1 in the samples
from Liaoning Shenyang (L15-L21) and Mn and Se in the
samples from Tieling (L1-L14) were higher than those
in the samples from the Inner Mongolia Autonomous
Region.

Partial least squares discriminant analysis of fatty acid
and elements contents in soybean samples

PLS-DA is a multivariate statistical analysis method used
for discriminant analysis. It uses partial least squares
regression to establish the relationship model between
each expression and sample category, and reduces the
dimensions of the data. This monitoring mode can gen-
erally better establish relationships among samples. The
prediction model can also predict the sample category
and identify more samples.

In order to verify whether Mn, Se, Ni, Sr, Cd, Pd, Mg, Fe,
Ca, Zn, Co, Rb, C18:1 and C18:0 can be used as classifi-
cation indexes to identify and distinguish different pro-
duction areas, we conducted PLS-DA on the above 14
classification indexes, and the results are shown in
Figure 5.

In the partial least squares discriminant model, R*X and
R%Y represent the percentages of X and Y matrix infor-
mation, respectively. In this model, R?X = 0.709, indicat-
ing that the three prediction principal components of
the model could explain 70.9% of X variable information.
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Figure 5. Scatter plot of partial least squares discriminant analysis model scores for soybean samples from different origins.

R%Y = 0.902, indicating that the three predictive prin-
cipal components of the model had 90.2% explanatory
power to Y variables. Q? indicates that the prediction
ability of the evaluation model is obtained through cross-
validation calculation. Here, Q? = 0.899, which indicates
that the PLS-DA model had 89.9% prediction ability for
soybean samples from Heilongjiang, the Inner Mongolia
Autonomous Region, Jilin and Liaoning. This eventually
confirmed that the model is reliable for discriminating
the soybean production areas of the four provinces. The
score chart of Figure 5 shows that all soybean samples
were divided into different regions, and the soybean sam-
ples from each production area had obvious aggregation.
This result indicated that the 14 classification indexes
contain sufficient information on soybean production
areas and that they can be used as specific indexes to
accurately identify and distinguish the soybean samples
from the four production areas.

Discussion

The content and distribution of mineral elements and
fatty acids in agricultural products are closely related to
the natural environment in which they are cultivated.
There are marked differences in the distribution of min-
eral elements and fatty acids in different production areas,
and this difference can be reflected in agricultural prod-
ucts, thus serving as specific fingerprints in some areas.
Among them, some elements are mainly affected by the

material exchange from rock to soil and from soil to plant
body in the growing environment, and therefore different
soil types affect the different element contents in agricul-
tural products (Chung et al., 2015). For example, cherno-
zem is rich in inorganic elements such as Mg, Ca and K,
while black soil is rich in elements such as Fe, Zn, Mn, Cu
and Mo. The composition of fatty acids is closely related
to climate (temperature and precipitation) and geography
(altitude, latitude and longitude). Therefore, we analysed
the climatic environment and geographical characteristics
of each production area in the four provinces, including
the annual average temperature, annual average precipita-
tion, annual sunshine and soil distribution.

Geographical specificity of fatty acids

The content of fatty acids in agricultural products is not
only determined by the heredity of their varieties but
is also related to environmental factors such as pheno-
logical period, temperature, moisture and light (Sun ez
al., 2014). Temperature and precipitation can regulate
the content of saturated and unsaturated fatty acids by
affecting the activity of fatty acid desaturase in soybean
plants. Different parts of plants have different responses
to temperature. Under low temperature, more unsat-
urated fatty acids are synthesised in roots, but less in
leaves. This is due to the increase of fatty acid desaturase
activity in plants under a low temperature environment.
Metabolism produces more unsaturated fatty acids. High
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temperature increases the content of saturated fatty acids
in plants, which, in turn, enhances heat resistance (Sun
et al., 2014). The content of C18:3 decreases and the con-
tent of C18:0 gradually increases when the water content
of soybean decreases (Dornbos and Mullen, 1992).

In this study, the annual average temperature of each pro-
duction area in Heilongjiang was lower than that of most
production areas in other provinces, and the contents
of unsaturated fatty acids, C18:2 and C18:3, were higher
than those in soybean samples from other provinces.
The annual average temperature of the two production
areas in Liaoning was the highest, and the C16:0 con-
tent was obviously higher than that in soybean samples
from Heilongjiang and the Inner Mongolia Autonomous
Region. For oleic acid (C18:1), some research results
showed that a high average temperature during the
growth period of soybean is beneficial for the increase
in oleic acid content (Cao et al., 2015). While the annual
average temperature in the Liaoning province was higher
than that in other production areas, the content of C18:1
was obviously higher than that in soybean samples from
other production areas. The relatively low temperature in
Hulunbuir makes the metabolism of rich organic matter
in soil stable. In this study, the average annual precip-
itation in the Inner Mongolia Autonomous Region was
lower than that in the other provinces. Also, the content
of C18:3 fatty acid in soybean samples from this province
was slightly lower than that in soybean samples from
Heilongjiang and Jilin, while the content of C18:0 was rel-
atively higher than that in the other three provinces.

Geographical specificity of elements

Soil organic matter plays an important role in the pro-
cess of “soil-plant” transfer of mineral elements through
its influence on the physicochemical properties, moisture
and structure of the soil. Change in temperature or precip-
itation changes the composition of organic matter in soil,
thus changing its adsorption on soil structure, cation sub-
stitution, nutrient components and metal ions. The results
of related studies confirmed that an increase in tempera-
ture affects the activity of microorganisms and leads to the
decrease of soil organic matter content, while an increase
in precipitation increases soil humidity and decreases
surface temperature, thus increasing soil organic matter
content (Li et al., 2014). Therefore, in different natural
environments, the differences of temperature and precip-
itation affect the content of organic matter in soil, which
fundamentally changes the physical and chemical proper-
ties of soil and the form of mineral elements, eventually
affecting the content of elements in soybean.

The soil types in Jiamusi, Daqing and Suihua production
areas in the Heilongjiang province are mainly meadow

Metabolic fingerprinting of soybean to identify geographical origins

soil, black soil and chernozem, respectively. The humus
layer is relatively thick and neutral to slightly alkaline.
Chernozem is rich in inorganic elements such as Mg,
Ca and K, whereas black soil is relatively rich in Fe, Zn,
Mn, Cu and Mo. Hailun in Suihua city is located in the
core area of black soil and the Se-rich soil belt in the cold
region of Songnei plain. This region is called the “selenium
capital of black soil in China,” and thus the contents of Se
in the Suihua production area are relatively high. The soil
types in the Heihe River and Nenjiang River are mainly
dark brown soil and black soil, respectively, and the black
soil area in the Songnei plain is rich in elements such as
B, Se, Rb, Sn, Cr, Cu and Ni (Cui et al., 2008). The soil in
Jilin is mostly black and dark brown, and it is rich in Cr;
its main sources are chemical weathering and ores (Wang
et al., 2020). Black soil, dark brown soil, chernozem soil
and meadow soil are the main types of soils in Hulunbuir
and the Inner Mongolia Autonomous Region (Yun et al.,
2013). In these soils, organic matter accumulation is high,
and humus content is rich. Humus is the most important
organic compound capable of chelation in soil because
it contains many chelating groups, such as hydroxyl,
amino and carboxyl groups. It has a strong fixation ability
for many elements such as Fe, Mn, Zn, Co and Sr (Liao,
2004). The types of soil in the Chifeng production area are
relatively complex; these are mainly brown soil, cinnamon
soil, chernozem soil and meadow soil. The contents of Al,
Cd, Cu and As in this production area are relatively high.
Research shows that the background values of Cd, Cu and
As in Chifeng soil are relatively high (Gu et al., 1995). This
may also be related to the pollution caused by metal ele-
ments in farmland soil (Dai et al., 2014). Compared with
the other three provinces, the contents of Mn, Se and Zn
in the soils of Shenyang and Tieling in the Liaoning prov-
ince are higher (Wang, 2012; Wu, 1986)

In this study, as the soil type and the climatic environ-
ment of each production area were different, the accu-
mulation of the organic matter and the content of humus
were also different. It is the regional specificity of this soy-
bean production area that affects the content of elements
and fatty acids in soybean from each production area. By
comparing the heat maps, it was found that in the four
production areas, the contents of fatty acids and elements
in soybean samples in Heilongjiang were higher, followed
by Liaoning. Heilongjiang has a low temperature, abun-
dant precipitation and black soil aggregation. The favour-
able ecological environment has greatly maintained the
material exchange of various organic matter in soil in the
“soil-soybean plant” system and promoted the produc-
tion of high-quality soybeans. Therefore, Heilongjiang has
the largest planting area among the four provinces and
the largest soybean planting area in China. Particularly,
compared with other production areas in Heilongjiang,
soybean from Suihua, Heihe and Daqing had a higher
content of fatty acids and elements because of the ideal
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geographical features in these areas. The annual aver-
age precipitation and the number of days with sunshine
in Liaoning were higher than those in the other three
production areas. Rich precipitation greatly increases
the transformation and accumulation of organic matter
in soil, while sufficient sunshine in the soybean growth
period promotes the increase of some fatty acids. Among
all environmental factors, the most important one is geo-
graphical location, followed by average annual tempera-
ture, average annual precipitation and finally soil organic
matter (Wang et al., 2019). Therefore, when planting soy-
beans, it is necessary to plant them densely and rationally
and improve the overall ventilation and light transmission
conditions. Generally, large seeds need more water and
are suitable for planting in areas with sufficient precipi-
tation, while small seeds need less water and are mostly
planted in arid areas. In order to ensure the synthesis and
metabolism of elements and fatty acids, it is necessary to
master irrigation and drainage according to meteorolog-
ical and soil moisture conditions during the pod-setting
and seed-filling period of soybean growth.

Differences in fatty acid and element content are related
to not only soil characteristics and climatic conditions but
also to soybean varieties and agricultural practices. In this
study, we screened the combination of element and fatty
acid variables directly related to the geographical origin;
combined with a multivariate analysis method, the inter-
ference of genotype, availability of organisms in the soil
and interaction between each variable on traceability was
reduced. However, it is possible that the differences in
the contents of some fatty acids and elements in soybean
samples may be due to the different varieties in these four
provinces. Therefore, in future studies, factors such as soy-
bean variety and agricultural practice should be considered
in the identification of geographical origins of soybean.

Conclusion

In this study, metabonomics and multi-element finger-
print technology were used to analyse the regional differ-
ences in fatty acid and element contents in soybean from
different habitats. The fingerprint information of soybean
production areas in the four northern provinces of China
was determined by principal component analysis and
heat map, and the prediction model based on PLS-DA
effectively distinguished the soybean samples from the
four production areas. Furthermore, this study provided
a theoretical basis for the establishment of a soybean fin-
gerprint information database and confirmation platform
for the selected production areas.

In conclusion, fatty acid and multi-element fingerprint
technology combined with cluster heat map visualisa-
tion analysis, as a more intuitive classification method to

identify soybean sources, is expected to become a power-
ful analysis tool for geographical specificity research.
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