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Abstract
Element profile was investigated for their use to trace the geographical origin of rice (Oryza sativa L.) samples. The concentrations
of 13 elements (calcium (Ca), potassium (K), magnesium (Mg), phosphorus (P), boron (B), manganese (Mn), iron (Fe), nickel (Ni),
copper (Cu), arsenic (As), selenium (Se), molybdenum (Mo), and cadmium (Cd)) were determined in the rice samples by inductively
coupled plasma optical emission and mass spectrometry. Most of the essential elements for human health in rice were within normal
ranges except for Mo and Se. Mo concentrations were twice as high as those in rice from Vietnam and Spain. Meanwhile, Se
concentrations were three times lower in the whole province compared to the Chinese average level of 0.088 mg/kg. About 12%
of the rice samples failed the Chinese national food safety standard of 0.2 mg/kg for Cd. Combined with the multi-elemental profile in
rice, the principal component analysis (PCA), discriminant function analysis (DFA) and Fibonacci index analysis (FIA) were applied
to discriminate geographical origins of the samples. Results indicated that the FIA method could achieve a more effective geographical
origin classification compared with PCA and DFA, due to its efficiency in making the grouping even when the elemental variability
was so high that PCA and DFA showed little discriminatory power. Furthermore, some elements were identified as the most powerful
indicators of geographical origin: Ca, Ni, Fe and Cd. This suggests that the newly established methodology of FIA based on the ionome
profile can be applied to determine the geographical origin of rice.

Key words: ionome; rice grain; geographical origin; principal component analysis; Fibonacci index analysis
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Introduction

Rice (Oryza sativa L.) is the main staple food for half of the
world’s population (Fitzgerald et al., 2009). China, with
an annual rice yield of 193 million tons, is the world top
producer (FAOSTAT, 2008). Yet, despite the large amounts
grown, grain is largely reserved for domestic consumption
with little being exported. As the dietary mainstay for more
than 60% of the Chinese population, rice accounts for up
to 30.4% of the calorie, 19.5% of the protein and 2.5% of
the dietary fat intake (Kennedy et al., 2002). Studies have
indicated that rice is also an important source of mineral
elements for people on rice diets (Liang et al., 2007).

Human health depends on at least 20 mineral elements to

* Corresponding author. E-mail: ygzhu@rcees.ac.cn
** The authors contributed equally to the work

meet metabolic requirements (White and Broadley, 2009;
Zhao and Shewry, 2011), all of which can be provided by
an appropriate diet. Inadequate intake of even one of the
mineral elements will cause adverse health effects (Welch
and Graham, 2004). It is estimated that over 60% of the
6 billion people worldwide are iron (Fe) deficient, and
15% are lacking in selenium (Se) (Combs, 2001; White
and Broadley, 2009). In China, it is estimated that about
17%–19% of the population suffers from anemia caused by
Fe-deficiency (Ma, 2007). In addition, it is estimated that
400 million Chinese people have diets low in Se (< 40 µg
Se/day per adult), which accounts for about 50% of world
Se-deficient population (Combs, 2001). Furthermore, rice
and its products accounts for 22.1% of the Fe intake of
Chinese people (Ma, 2007). Recently, it has been shown
that rice can be an important source of dietary Fe and Se
intake (Ma, 2007; Williams et al., 2009b). Thus, optimal
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element levels in rice can have impacts on human nutrition
status.

Toxic elements such as arsenic (As) and cadmium (Cd)
that don’t fulfill any metabolic requirements in plants or
humans, also accumulate in the grain through analogous
pathways used to acquire mineral nutrients (Palmgren et
al., 2008; Zhao et al., 2010). Exposure to inorganic As and
Cd is associated with a plethora of health problems such
as skin, bladder and lung cancers, cardiovascular diseases,
renal, bone, and pulmonary effects (Chen et al., 2009;
Mead, 2010). Unfortunately, rice is a significant source of
inorganic As (Li et al., 2011; Mondal and Polya, 2008)
and Cd (Watanabe et al., 2004) for those on rice diets.
Therefore, it is necessary to characterize the geographical
distribution of toxic metals in rice in order to assess their
health risks.

Authenticity is a quality criterion for food, because mis-
labeling and adulteration is a problem in many areas of the
food industry (Gonzalvez et al., 2009). Therefore, develop-
ing powerful tools to trace the geographical origin of food
is essential. Ionome can be regarded as the mineral nutrient
and trace element composition of an organism (Salt et al.,
2008). The combination of ionome and chemometrics has
been widely used to trace the geographical origins of wine
(Coetzee et al., 2005), vegetables and fruits (Di Giacomo
et al., 2007; Perez et al., 2006), nuts (Anderson and Smith,
2005), beverages (Anderson and Smith, 2002), and cereals
like barley (Husted et al., 2004) and wheat (Zhao et al.,
2011). Although rice is an important staple food, only few
studies have been made to discriminate the geographical
origins of rice grains from Australia and Vietnam (Kokot
and Phuong, 1999), Indian/Pakistan, USA and Europe
(Kelly et al., 2002), Japan (Suzuki et al., 2008), and Spain
(Gonzálvez et al., 2011). However, to our knowledge, no
studies have been made to trace the geographical origin of
rice samples in the largest rice production country China,
except for a recent study conducted to investigate rice
traceability in Taiwan (Wang et al., 2011).

Although several studies have been published on the
mineral elements in Chinese rice grain at a regional scale,
they mainly focused on heavy metals (Fu et al., 2008) or
essential elements for human health (Zeng et al., 2010).
Elemental concentrations in rice grains are still poorly
characterized regionally, and few related studies have been
made on the traceability of rice in China. To address this,
the aims of this study were to: (1) profile the ionome
of the rice samples collected from different regions in
Fujian province; (2) develop a methodology on the basis
of the ionome and chemometrics to discriminate their
geographical origins.

1 Materials and methods
1.1 Description of the study area and paddy rice sam-

pling

Fujian Province located in southeast China was selected
for this study because of its importance nationally as a
region for rice agriculture. With an area of 121,400 km2

and > 0.84 million ha of land in Fujian cropped with rice,
the total annual production of grain is 6.67 million tons
(Fujian Bureau of Statistics, 2010), contributing to 3.5%
of China’s total rice production.

Two hundred and six paddy rice samples were collected
from all nine prefectures of Fujian Province. The nine
prefectures include Fuzhou (FZ, n = 7), Longyan (LY, n
= 23), Nanping (NP, n = 31), Ningde (ND, n = 17), Putian
(PT, n = 12), Quanzhou (QZ, n = 36), Sanming (SM, n =
36), Xiamen (XM, n = 5), and Zhangzhou (ZZ, n = 39). In
order to make the sample representative, almost all of the
main production counties (> 100,000 tons) were chosen.
The sampling sites were randomly selected in each county.
The location of the sampling sites is indicated in Fig. 1.

1.2 Rice sample preparation and total element concen-
tration determination

1.2.1 Rice sample preparation
Rice samples were prepared according to the methods re-
ported by Sun et al. (2008) and Williams et al. (2009a). The
sampled paddy rice was dehulled by a dehusker (JLGJ4.5,
TZYQ, Zhejiang, China) and the brown rice was polished
by a bench-top rice polisher (JNMJ3, TZYQ, Zhejiang,
China) to obtain white rice, at 15 second intervals until
ca. 7% of its mass had been removed (Sun et al., 2008).
The polished wholegrain was oven-dried at 70°C to reach
a constant weight and then powdered by a mill (JYL-D051,
Joyoung, Shandong, China).

Sampling site

N

Fig. 1 Map of the sampling sites of the collected 206 rice samples.
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Table 1 Limit of detection (LODs) of the elements and recoveries of
the certified reference material (CRM)

Element LOD CRM Analyzed value Recovery
(µg/L) (mg/kg) (mg/kg) (%)

Ca 4.79 110 ± 10 105.6 ± 10.1 96.0 ± 9.2
K 8.79 1380 ± 70 1277.9 ± 105.7 92.6 ± 7.7
Mg 1.95 410 ± 60 390.7 ± 38.2 95.3 ± 9.3
p 11.74 1360 ± 60 1487.3 ± 42.8 109.4 ± 3.2
B 0.701 0.92 ± 0.14 1.01 ± 0.21 110.3 ± 22.9
Mn 0.043 17.0 ± 1.0 33.4 ± 7.2 103.0 ± 4.4
Fe 1.061 7.6 ± 1.9 5.43 ± 0.78 71.4 ± 10.3
Ni 0.030 0.27 ± 0.02 0.29 ± 0.03 106.8 ± 11.9
Cu 0.174 4.9 ± 0.3 5.91 ± 0.23 120.7 ± 4.8
As 0.022 0.102 ± 0.008 0.115 ± 0.010 112.8 ± 9.3
Se 0.060 0.061 ± 0.015 0.074 ± 0.007 121.8 ± 11.7
Mo 0.277 0.53 ± 0.05 0.546 ± 0.024 103.0 ± 4.6
Cd 0.009 0.087 ± 0.005 0.101 ± 0.003 116.4 ± 3.9

1.2.2 Rice sample preparation
Approximately 0.200 g of ground grain (dry weight) was
weighed into 50 mL Teflon digest tubes prior to adding 2
mL of concentrated nitric acid. Then the mixture was left
to stand overnight. Samples were digested in a microwave
oven (CEM Mars 5, CEM Corp., Matthews, NC, USA).
The temperature was gently raised over a period of 5 min,
first to 55°C and then to 75°C with holding times of 10
min. Finally the digest was increased to 95°C for 30 min.
Upon cooling to room temperature, samples were diluted
to a mass of 50.000 g with ultrapure deionized water (18.2
MΩ) obtained from a Nanopure Diamond ultrapure water
system (Barnstead International, Dubuque, Iowa, USA).
GBW 10010 Chinese rice flour was used as a certified
reference material (CRM).

1.2.3 Total element determination
Calcium (Ca), potassium (K), magnesium (Mg) and phos-
phorus (P) were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) (Optima 700DV,
Perkin Elmer, USA). Inductively coupled plasma mass
spectrometry (ICP-MS) (Agilent 7500cx, Agilent Tech-
nologies, Inc., USA) was used to determine boron (B),
manganese (Mn), Fe, nickel (Ni), copper (Cu), As, Se,
molybdenum (Mo), Cd contents in the digest solution.
Standards were run after every set of 20 samples. All
sample vials were soaked in 10% (V/V) nitric acid for a
minimum of 12 hr, washed with ultrapure water, and then
oven-dried prior to use.

1.3 Quality control

The limits of detection (LODs) and the average recoveries
of the CRM for Ca, K, Mg, P, B, Mn, Fe, Ni, Cu, As, Se,
Mo and Cd are indicated in Table 1. For samples found to
be below the LOD a value of 50% LOD, was used. All data
presented in this study are expressed on a dry weight basis.

1.4 Multivariate analysis and geographical discrimina-
tion

The data matrix for the multivariate analysis had two di-
mensions which were number of samples (206) × variables
(13 elements). The multivariate methods such as principal
component analysis (PCA), discriminant function analysis
(DFA) and the newly proposed Fibonacci index analysis
(FIA) were performed to discriminate the geographical
origins of rice samples.

1.4.1 PCA and DFA
Data analysis should provide the means to identify profiles
of elemental composition for rice grains produced in dif-
ferent prefectures. These profiles, if sufficiently different,
may then be used to discriminate between regions. The
data was firstly processed by removing elements from the
profile signature showing irrelevant or low discriminating
power (i.e., P). Next, elements that contributed most to
the differentiating profiles were identified. Discriminating
power is defined as the relative usefulness of the elements
for discrimination. Therefore, the signature includes only
the elements that differentiate one rice origin from another.
Redundancy and discriminatory power may be assessed
by analyzing linear correlation between elements and by
testing for differences in mean values for elements in rice
for different prefectures. Analysis of variance (ANOVA)
indicates if there are significant differences in mean values
between prefectures, per element, but does not indicate
which are different. To achieve this, one must use multiple
comparison techniques, such as the Tukey’s test (Camin et
al., 2010). These techniques are very useful for profiling
and discrimination when the number of elements and pre-
fectures is low (give threshold, i.e., <3), but its usefulness
decreases drastically when the variables increases due to
the increase in the number of alternative combinations. In
these cases, data analysis techniques like PCA, DFA may
prove useful for identifying the core elements in the profile
signature.

PCA and DFA are well established techniques for which
there is an extensive literature available (Gonzálvez et al.,
2011; Kokot and Phuong, 1999). PCA and DFA have some
important limitations, namely: (1) some distributions (e.g.,
multivariate normal) are characterized, while others are
not; (2) dimension reduction is only achieved if the original
variables are correlated; (3) they are not scale-invariant;
and (4) they are sensitive to outliers. In this article, the
technique of FIA was also introduced with the same
purpose. The technique is first published here, though it has
already been applied successfully to groundwater quality
data (unpublished data). It has the following advantages
over the two other methods: (1) the effect of outliers
is controlled directly by the researcher; (2) correlation
between variables is not required.
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1.4.2 Description of FIA
The importance of a quasi-periodic Fibonacci sequence
for helping discriminate between physical properties of
materials has long been recognized, namely in physics to
study the effect of different sequences of deposit layers on
surfaces (Sena et al., 2010) and in soil sciences on how
different soil properties are distributed in space (Nunes and
Ribeiro, 1999).

The FIA technique proposed here is based upon the
assumption that most natural processes are quasi-periodic.
The technique is easy to compute and has some advantages
over other multivariate techniques: (1) the computations
are easily made in a spreadsheet; (2) it is based on
basic statistical methods, namely confidence intervals and
analysis of correlations; (3) it incorporates explicitly the
quasi-periodic nature of environmental variables through
the Fibonacci coefficients; (4) it may be optimized to reveal
hidden relationships.

The technique is performed as follows: (1) Make plots
for the confidence intervals, or inter-quartile range, for
each element (k) and for each prefecture (i.e., location)
(l). (2) Divide the plots vertically into zones – each zone
includes the set of all overlapping intervals in the same
range; different zones do not overlap (see the illustration
of Section 2.2). (3) Narrow the intervals, within reasonable
values so that at least two zones can be defined. (4)
If only one zone can be defined, exclude the element
from the analysis because it has no discriminatory power.
(5) Number the zones following the Fibonacci sequence,
starting from 2, at the bottom of the plot – the value of the
Fibonacci coefficient ( fkl) attributed to a given prefecture;
l, is that of the zone where its interval is located in the
plot for each element (k). (6) Count the number of zones
(zk) for each element – these are the Fibonacci weights. (7)
Calculate the Fibonacci index, FI (xi), for each data value,
by Eqs. (1) and (2):

FIl(xi) =
Nk∑
k

FIkl(xi) (1)

FIkl(xi) =
xi

k̄l
× fkl × zk (2)

where, FIl is the FI calculated for a given location l by
considering all the elements; FIkl is the FI for a given
location l by considering the element k. Nk is the number
of elements; k̄l is the average or median of the values of
one element k in some prefecture l.

The discriminatory power of an element can be quanti-
fied by the relevance (Rk) for all l:

Rk =
1
N

N∑
i

FIkl(xi)
FIl(xi)

(3)

where, N represents the number of data values.

The index is a weighted sum where the weighting is
made by the Fibonacci coefficients and weights. Once the
index has been computed, Eqs. (1) and (2) can help to
determine if another set of observations belongs or not
to a given location (classification). This is easily made
by substituting the observations (xi) in Eqs. (1) and (2)
and decided according to where they project on the index
space, as made for PCA and DFA. The relevance (Rk,
Eq. (3)) indicates the elements that most contribute to
building the index, and are therefore, good candidates for
chemical signature discrimination at the prefecture level.
Tukey’s honest significance difference test was performed
to validate the FIA results for the core elements per
prefecture.

2 Results

2.1 Mineral element concentrations in polished rice

Figure 2 shows the box plots for the mineral concentra-
tions in polished rice collected from Fujian Province. The
elemental concentrations varied by almost seven orders of
magnitude from the most abundant (P) to the least abun-
dant element (As). With regard to the major elements (Ca,
K, Mg and P), K and P had much higher concentrations,
with means of 920.5 and 1207.8 mg/kg, respectively; while
Ca and Mg were significantly lower with means of 107.9
and 313.8 mg/kg, respectively (Fig. 2a). As for the trace
elements, Mn, Fe, Cu and Mo were much higher with
mean concentrations of 11.40, 6.15, 2.54 and 1.17 mg/kg,
respectively; while B, Ni and Se were less than 1 mg/kg.
Se had the lowest concentrations with a mean of only 0.03
mg/kg. Ni and Mo showed the widest overall range and
larger number of outliers (Fig. 2b). The toxic elements of
As and Cd had means of 0.11 and 0.09 mg/kg, with the
highest reaching 0.81 and 0.83 mg/kg, respectively (Fig.
2c).

Detailed mineral element concentrations in polished rice
from nine prefectures of Fujian Province are presented in
Table 2 and Fig. S1. The major elements of Ca, K, Mg
and P had different spatial distributions. Rice from LY,
NP, ND and SM regions had higher Ca concentrations
while FZ, PT, XM, QZ and ZZ were much lower among
nine regions. K and Mg showed similar spatial distribution
patterns. P had no significant difference among regions
with higher spikes occurring in some sites. With respect to
the trace elements, all of them had different concentrations
among the nine prefectures (Table 2). LY, NP, ND and
PT had lower B concentrations. Mean Mn concentrations
were similar for all the regions except for PT and ZZ.
Fe concentrations were much higher in ND and XM.
PT had the lowest mean Ni concentration of only 0.074
mg/kg. As for Cu, LY and NP had the highest mean
concentrations. For Se, the mean concentrations were less
than 0.05 mg/kg in the nine regions with extremely low
levels observed along the coastal fringes. There were no
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Fig. 2 Mineral element concentrations for 13 elements in polished rice
grain from Fujian Province. The number of samples is 206. The box
represents data between the 25th and 75th percentiles. The whiskers (error
bars) above and below the box indicate the 90th and 10th percentiles
and dots above and below them represent outliers. Lines inside the box
represent the mean (. . . ) and the median (–).

significant differences in mean Mo concentrations except
for SM and XM which were lower. In terms of the toxic
elements, the mean concentrations of As and Cd were less
than 0.20 mg/kg in all nine regions with the exception that
Cd concentration in LY averaged 0.238 mg/kg. Rice mean
As concentrations in LY, NP, QZ and ZZ were all less than

0.1 mg/kg with NP being the lowest.

2.2 Multivariate analysis and geographical discrimina-
tion

Data for all elements followed normal distributions as in-
dicated by Chi-square tests (p < 0.05). With the exception
of Mg-P and Mg-K, no significant linear correlations above
0.7 were found between elements when using the complete
dataset (p < 0.05) (Table S1). With the exception of P, all
other variables showed statistically significant differences
of the means between regions (F (1, 8), p < 0.05) in the
ANOVA test, under the null hypothesis of equal means per
element in all prefectures, though the regions exhibiting
this difference might not be always the same. These results
indicated that the chemical variables were good indicators
for discriminating between regions.

PCA was made by using 13 elements as variables
and data from prefectures as cases. Correlations with the
factors indicated that the first four factors were constructed
at the sacrifice of K, Mg, P, B, Mn, and Fe, though none of
the correlations was above 0.75 (Table S2). These factors
together explained only 67.7% of the data variance, with
28.83%, 15.92%, 10.45% and 10.45% for factors of one
to four, respectively. Due to the low explained variance for
the first two factors, no discrimination between prefectures
was made in this factorial space (Fig. 3a).

DFA was used to discriminate between the nine pre-
fectures using the thirteen elements. The discrimination
among regions was highly significant (Wilks’ Lambda
= 0.052; F (104, 1284) = 6.61, p < 0.00001). Ca was
highly significant followed by B and Mg (values of F to
remove of 33.32, 6.94 and 6.51, respectively). It is also
interesting to note that Cu, Fe, P, Ca and Ni had relevant
unique contributions to the discrimination among groups
(as indicated by their high F to remove value and partial
Wilks’ lambda) (Table S3). The unique discriminatory
power of the eight most relevant variables was as follows,
in decreasing order: Ca, B, Mg, Fe, Cu, P, Ni, Cd. The
first seven canonical roots were statistically significant (p
< 0.05).

The canonical correlation was higher for the first root
(0.87), and lower, but still relevant, for the second (0.64)
and third (0.54) (Table S4). The first three discriminant
functions explained 85.6% of the total data variance, with
the first one accounting for over 63.4% of the total vari-
ance. The first discriminant function was weighted most
heavily by the variable Ca, as indicated by a standardized
coefficient for the canonical variables of 0.94; the second
by Mg (–1.87) and P (1.30); and the third by Cu (0.58)
and Fe (–0.42) (Table S5). The first two functions dis-
criminated between major elements, while the third acted
mainly according to Cu and Fe content). Figure 3b shows
the projection of the canonical scores on the two first
discriminant functions (roots). Though some distinction
was present in the first function due to Ca, only PT and
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Table 2 Mean mineral element concentrations (mg/kg) and standard deviation (SD) of thirteen elements in white rice from nine prefectures

Region n Macro elements Toxic elements
Ca (SD) K (SD) Mg (SD) P (SD) As (SD) Cd (SD)

FZ 7 49.9 f (9.8) 975.0 ab (135.3) 293.1 abc (43.1) 1133.7 a (150.4) 0.115 ab (0.044) 0.113 ab (0.078)
LY 23 127.9 b (30.2) 1005.8 ab (305.3) 345.2 abc (136.1) 1276.3 a (324.7) 0.079 ab (0.066) 0.238 a (0.256)
NP 31 172.9 a (35.5) 836.2 a (158.8) 290.1 bc (67.4) 1175.4 a (193.3) 0.066 b (0.053) 0.075 ab (0.101)
ND 17 173.0 a (46.8) 817.4 a (161.5) 259.1 b (59.0) 1130.4 a (183.5) 0.155 ab (0.185) 0.029 b (0.055)
PT 12 69.2 cdef (49.7) 869.9 ab (162.2) 249.5 b (72.3) 1120.3 a (220.2) 0.157 ab (0.170) 0.034 b (0.036)
QZ 36 87.0 d (22.9) 1024.9 b (278.2) 357.6 ac (137.7) 1262.3 a (335.4) 0.098 ab (0.046) 0.060 ab (0.062)
SM 36 103.5 c (19.9) 993.3 b (188.1) 363.0 a (68.7) 1264.6 a (193.4) 0.137 a (0.098) 0.068 ab (0.106)
XM 5 64.2 def (15.6) 1120.1 ab (294.9) 357.2 abc (112.5) 1365.0 a (290.4) 0.107 a (0.014) 0.076 ab (0.091)
ZZ 39 67.1 e (13.5) 798.8 a (170.4) 270.1 b (73.8) 1144.0 a (227.7) 0.090 ab (0.042) 0.085 ab (0.131)

Region Micro elements
B (SD) Mn (SD) Fe (SD) Ni (SD) Cu (SD) Se (SD) Mo (SD)

FZ 0.511 abc (0.490) 12.36 ac (3.20) 4.93 bc (0.69) 0.187 abc (0.111) 1.72 c (0.93) 0.037 ab (0.031) 1.25 ab (0.81)
LY 0.266 ac (0.130) 12.36 a (6.12) 7.30 ab (3.53) 0.230 a (0.116) 3.65 a (1.77) 0.041 a (0.026) 1.58 a (1.58)
NP 0.203 a (0.154) 11.99 a (3.14) 6.52 ab (2.52) 0.250 a (0.196) 3.40 a (1.30) 0.034 ac (0.029) 1.27 ac (0.61)
ND 0.221 ac (0.172) 12.47 a (4.03) 9.41 a (4.46) 0.109 bc (0.071) 2.07 c (1.03) 0.033 ab (0.024) 1.60 a (0.92)
PT 0.216 ac (0.137) 7.22 b (2.07) 6.15 abc (4.80) 0.074 c (0.066) 1.81 c (1.15) 0.014 b (0.012) 1.08 ab (0.80)
QZ 0.344 cd (0.129) 11.99 a (4.93) 6.11 abc (2.73) 0.127 bc (0.068) 2.43 bc (1.33) 0.036 ac (0.024) 1.26 ac (0.76)
SM 0.414 bd (0.171) 12.01 a (3.32) 5.41 bc (1.69) 0.178 ab (0.138) 2.09 c (0.91) 0.044 a (0.040) 0.81 b (0.64)
XM 0.690 ad (0.350) 10.67 abc (3.00) 8.16 abc (3.71) 0.112 abc (0.064) 3.34 b (1.22) 0.022 ab (0.019) 0.70 bc (0.21)
ZZ 0.415 bd (0.162) 9.99 c (4.34) 4.43 c (1.68) 0.104 bc (0.096) 2.18 bc (1.22) 0.025 bc (0.024) 1.01 bc (0.83)

The different letters mean significant differences (p < 0.05); SD means standard deviation.
FZ: Fuzhou; LY: Longyan; NP: Nanping; ND: Ningde; PT: Putian; QZ: Quanzhou; SM: Sanming; XM: Xiamen; ZZ: Zhangzhou.

SM were discriminated one from the other in the second
function mainly due to the concentrations of P and Mg.
The third function also was not helpful for discriminating
the remaining prefectures (Fig. S2).

For the FIA, the confidence interval for the mean of
all elements was set at a probability of 0.5 as shown in
Fig. 4a. For higher probabilities all variables, with the
exception of Ca, would have only one zone. Figure 4a also
showed how to determine the values of zk and fkl with an
example: in this case the number of zones was 6 which
corresponded to Fibonnaci numbers between 2 and 21.
The Fibonnaci weight 6 was constant for all prefectures,
whereas the coefficient varied. For instance, the weight
was 6 and the coefficient was 2 for FZ prefectures. Values
for Fibonacci coefficients and weights for all elements
and prefectures are presented in Table 3. In order to
understand the computation of FI more easily, consider,
e.g., for element Ca, the measured value of 65.0 mg/kg
in FZ. The average calcium concentration for all samples
was 107.9 mg/kg. Hence, FICa (65.0) = 65.0/107.9 × 2 × 6
= 7.23. The relevance, Rk, of the elements was calculated
by Eq. (3) and is presented in Table 3. Ca, with RCa =

37.4% in this analysis, was the element with the highest
discriminatory power, followed in a decreasing order by Fe
(10.3%), Ni (8.4%), and Cd (6.7%). These four elements
together were responsible for 62.8% of the value of the
index. Four of the most relevant of Ca, Ni, Fe and Cd
were analyzed. The plot of FICa against FINi identified the
distinction (Fig. 4b). As to the plots of FICa against FIFe
and FICa against FiCd indicated in Fig. 4c, d, they can
also be helpful in discriminating the geographical origins
of rice samples. Five distinct elemental signatures were
identified for Ca, and two for Ni, Fe and Cd.

As FIA is not a statistical test, Tukey’s Honestly Signif-
icant Difference (HSD) was used to test the difference in
mean values for only the four elements considered relevant
in order to validate the visual inspection of Fig. 4. Results
indicated significant statistical differences among prefec-
tures (Tables S6 to S9), such that, with the exception of FZ
and PT for which insufficient data was available, rice from
different prefectures showed different chemical signatures,
as identified by its (Ca, Fe, Ni and Cd) quadruplet. The
quadruplet was constructed by assigning a class of mean
values for each element. For instance, rice from LY had
the following quadruplet (4, 2, 1, 1), meaning it belonged
to the fourth class of mean values for Ca, to the second for
Fe, and to the first for Ni and Cd (Table 4). Ca was the
element for which more classes were identified, which had
already been indicated by the value of its relevance-RCa.
Fe, Ni and Cd all presented only two classes, separating
high from low mean concentration values.

3 Discussion

3.1 Multi-elemental signature of rice grain

In this study, 13 mineral elements in 206 rice samples from
all nine prefectures in Fujian Province were determined.
The mean concentrations of major elements (K, P and Mg)
were similar to the previous values observed in Australian
white rice (Phuong et al., 1999), while K and Ca were in
agreement with the levels in Chinese white rice (Jiang et
al., 2008). At the same time, Ca levels were also much
higher in NP and ND, followed by LY and SM, while
those in ZZ, QZ, XM, PT and FZ were significantly lower.
That may be linked to soil properties, with NP, ND, LY
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and SM prefecture lying on red soil and ZZ, QZ, XM, PT
and FZ located on lateritic red soil (Fujian Local Chronicle
Committee, 2002). Ca leaching is more significant in
lateritic red soil than red soil (Yan and Liang, 1992), which

may result in low Ca concentration in soil. As to the
micro elements, mean Fe, Mn, Cu, and Ni concentrations
were consistent with the previous studies (Gonzálvez et al.,
2011; Jiang et al., 2008; Phuong et al., 1999). Mo levels
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Table 3 Fibonacci coefficients ( fkl), Fibonacci weights (zk) and relevance (Rk) in Fibonacci index analysis

Parameter Region Variables
Ca K Mg P B Mn Fe Ni Cu As Se Mo Cd

FZ 2 3 2 2 3 3 3 5 2 – 3 3 3
fkl LY 13 3 3 3 2 3 5 5 3 – 3 3 5

NP 21 2 2 2 2 3 5 5 3 – 3 3 3
ND 21 2 2 2 2 3 5 3 2 – 3 3 2
PT 3 2 2 2 2 2 5 2 2 – 2 3 2
QZ 5 3 3 3 3 3 5 3 2 – 3 3 3
SM 8 3 3 3 3 3 5 5 2 – 3 2 3
XM 3 3 3 3 3 3 5 3 3 – 2 2 3
ZZ 3 2 2 2 3 3 2 3 2 – 2 3 3

zk 6 2 2 2 2 2 3 3 2 0 2 2 3
Rk (%) 37.4 4.7 4.6 4.6 5.6 5.0 10.3 8.4 3.6 0.0 4.2 4.8 6.7

“–” means the confidence interval is too little to make the analysis.

Table 4 Chemical signature according to elemental composition

Regions Ca Fe Ni Cd Mean (SD)
Ca Fe Ni Cd

FZ + XM * * * * – – – –
LY 4a 2 1 1 127.9 (30.2) 6.94 (3.29) 0.216 (0.158) 0.238 (0.096)
NP 5 2 1 2 172.9 (39.4) 6.94 (3.29) 0.216 (0.158) 0.067 (0.096)
ND 5 2 2 2 172.9 (39.4) 6.94 (3.29) 0.109 (0.080) 0.067 (0.096)
PT + ZZ 1 1 2 2 67.6 (26.1) 5.07 (2.40) 0.109 (0.080) 0.067 (0.096)
QZ 2 2 2 2 87.0 (22.9) 6.94 (3.29) 0.109 (0.080) 0.067 (0.096)
SM 3 1 1 2 103.5 (19.9) 5.07 (2.40) 0.216 (0.158) 0.067 (0.096)

* means the sample number is too little to discriminate the geographical origin. a The numbers indicate the zones each region falls into. SD means
standard deviation. “–” means the confidence interval is too little to make the analysis.

in this study, with a mean concentration of 1.17 mg/kg,
was two-fold higher than rice from Vietnam and Spain
(Gonzálvez et al., 2011; Phuong et al., 1999), which is due
to the higher background of the Fujian soil (4.1 mg/kg),
more than three times of the national background value
(1.2 mg/kg) (China National Monitoring Station, 1990)
and two fold of the world mean level (1.8 mg/kg) (Kabata-
Pendias and Pendias, 2001).

Se concentrations were generally quite low for the whole
province, with median and mean concentrations only 0.03
mg/kg, which is similar to the rice level of 0.024 mg/kg
in non-Keshan disease areas compared to 0.007 mg/kg in
Keshan disease areas (Yang et al., 1984). Williams et al.
(2009b) analyzed 523 polished rice samples from China
and found the median and mean levels 0.062 and 0.088
mg/kg, respectively, three times higher than the average
levels in Fujian Province. Although the background Se
concentration in Fujian soil is 0.548 mg/kg (China Na-
tional Monitoring Station, 1990), higher than the world
average concentration of 0.33 mg/kg, the availability of
total Se is lower in the acidic soil which is the main soil
pattern in Fujian Province (Fujian Local Chronicle Com-
mittee, 2002), due to the strong adsorption with clay and
Fe mineral phases (Kabata-Pendias and Pendias, 2001).

In general, the rice grains in this province were not
elevated in the toxic elements, As and Cd. The mean As
concentration (0.11 mg/kg) was similar to the national
average level of 0.11 mg/kg reported by Zhu et al. (2008),

while the mean Cd level (0.09 mg/kg) was comparable to
the result of 0.112 mg/kg reported in white rice collected in
Fujian Province (Cheng et al., 2006). In this study, total As
was determined, whereas it is the inorganic arsenic species
that poses the most risk to human health (Li et al., 2011;
Zhu et al., 2008). Using a simple linear model, total ar-
senic measurements were converted into inorganic arsenic
equivalents (Meharg et al., 2009). Though the calculated
mean inorganic arsenic concentration (0.088 mg/kg) was
well below maximum contaminant level (MCL) of 0.15
mg/kg for the inorganic arsenic in white rice (Chinese
Food Standards Agency, 2005), about 5.4% of the samples
exceeded the MCL.

Mean Cd concentrations in this study met the MCL of
0.2 mg/kg regulated by the China national food safety stan-
dard (Chinese Food Standards Agency, 2005). However,
about 11.8% of the total samples failed the Cd MCL, which
is a little higher than the recent reported result that about
10% of rice sold in China exceeds the safety threshold of
0.2 mg/kg (People’s Daily, 2011). As indicated in Table
2, average Cd level in LY failed the national food safety
standard, which may be due to the extensive metal mining
and processing industries operating in LY (Fujian Local
Chronicle Committee, 2002). Furthermore, mining and
metal processing activity has been reported to increased
rice Cd level (Williams et al., 2009a).
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3.2 Geographical origin discrimination

This study indicated that each region had a distinct profile
of elemental compositions in rice. The elemental finger-
print of rice grain can be influenced by environmental
conditions like soil, water and air, agricultural practices
such as applying fertilizers amendments (Amissah et al.,
2003) and rice cultivars (Jiang et al., 2008). PCA results
showed that there was not any difference between regions
by analyzing the 13 original variables. However, Kokot
and Phuong (1999) observed that PCA analysis could
discriminate the white rice from Australia and Vietnam
and the difference between the two countries were mainly
governed by Mn and Mo. The justification for our poor
results may be the presence of a large number of outliers
(Fig. S1). The reason for the difference may be that the
rice samples in this study were just from the one province
whereas those in Kokot and Phuong’s (1999) study were
from different countries. Therefore, PCA analysis was not
a powerful tool to discriminate the geographical origin
with regard to the samples from the regional areas in Fujian
Province.

Two of the nine prefectures (PT and SM) could be
discriminated by the second function of DFA in the second
function mainly due to P and Mg concentrations. Kelly et
al. (2002) also found that Mg was one of the primary el-
ements to discriminate Indian/Pakistan and European rice.
Meanwhile, mean P and Mg concentrations in SM were
significantly higher than PT. However, Ca was inadequate
to differentiate the regions though it contributed to the most
in the first function. Gonzálvez et al. (2011) observed that
the geographical origins of rice samples could be classified
based on 32 elemental profiles by using linear discriminant
functions. However, here we could only discriminate the
geographical origin of the rice samples partially by DFA.
Again, DFA power to discriminate may have been hindered
by a large number of outliers.

There was good discriminatory power for FIA to identi-
fy the geographical origin of the rice samples. Ca, Fe, Ni
and Cd were the most important elements for the FI. Rare
earth elements like lanthanide (La), holmium (Ho) and
gadolinium (Gd) have been found to be good indicators
of the geographical origin of rice samples (Gonzálvez et
al., 2011; Kelly et al., 2002). However, the concentrations
of rare earth elements in the grain are too low for routine
analysis. Rice samples from FZ, LY, NP, ND and PT could
be, to some degree, discriminated only by using Fibonacci
indexes of Ca (FICa) and Ni (FINi), though the distinction
between ND and NP was less marked (Fig. 4b). The
FIFe and FICd could discriminate the origin of some rice
samples (Fig. 4c, d; Table 4). Instead, Ni could partially
separate rice samples from LY, ND and NP, while Fe could
separate the samples from SM and ZZ and Cd could do
that from LY. Therefore, Ca, Ni, Fe and Cd were the
most important indicators in discriminating geographical
origins of rice samples. Most of the other studies were

performed to investigate the geographical origins of rice
samples by using principal component analysis, canonical
discriminant function (Gonzálvez et al., 2011; Kelly et
al., 2002; Kokot and Phuong, 1999; Suzuki et al., 2008).
Therefore, FIA can achieve a more effective geographical
origin classification compared with PCA and DFA, due
to its efficiency in making the grouping even when the
elemental variability is so high that PCA and DFA show
little discriminatory power. This is the first reported use
of the new method of Fibonacci index to determine ge-
ographical origin of white rice. The FIA technique was
validated by Tukey’s test results thereby supporting the
use of FIA analysis in tracing the geographical origin of
food. The rice from LY had higher Cd concentration and
may pose a relatively higher risk to people as indicated
above. The rice produced from LY with elevated Cd can be
successfully differentiated by the FIA analysis, which had
the implications to food safety and reducing tainted rice
entering the food supply chain.

4 Conclusions

The present study showed that high through-put, multi-
element screening in the atomic mass range 9–111 by
ICP-MS/OES is an effective method for improving the
characterization, traceability and authentication of Chinese
rice. Grain element profiles of the white rice from Fujian
Province provided further evidence that rice Se concentra-
tions in this region are insufficient for rice based diets, the
problem being most acute in the coastal zones. Whereas
average concentrations of the other measured elements
were typical of Asian rice as a whole. One exception,
however, was Mo which was found to be higher than
reported averages. Although the concentrations were not
an issue for human consumption, it highlights that the
paddy rice in this area is susceptible to Mo contamination
and should be closely monitored. Localized elevation of
Cd in rice from LY prefecture was observed. Further
investigation of Cd inputs into the rice paddies in this area
is warranted.

Furthermore, significant improvements to the origin
classification of rice grain, based on the ionome profile
can be achieved by using FIA in preference to the tradi-
tional approaches of PCA and DFA. This is due to the
efficiency of the FIA in making groupings even when
the elemental variability is so high that PCA and DFA
show little discriminatory power. The elements identified
as the most powerful indicators of geographical origin
were Ca, Ni, Fe and Cd. Use of the ionome/FIA method
to identify rice from all over China will require further
validation and the development of more extensive regional
ionome databases. Nevertheless, the results suggest this
new method has potential for charactering rice distribution
patterns in regional food chains at previously unattainable
resolutions.
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Fig. S1 Mineral element concentrations in polished rice grain of different regions. The number of the sample is 206. The box represents data between
the 25th and 75th percentiles. The whiskers (error bars) above and below the box indicate the 90th and 10th percentiles and dots above and below them
represent outliers. Lines inside the box represent the mean (...) and the median (–). FZ: FuZhou; LY: Longyan; NP: Nanping; ND: Ningde; PT: Putian;
QZ: Quanzhou; SM: Sanming; XM: Xiamen; ZZ: Zhangzhou.
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Fig. S2 Projection of the canonical scores on the second and third discriminant functions.

Table S1 Correlations between chemical parameters - aggregated per parameter

Elements K Mg P B Mn Fe Ni Cu As Se Mo Cd 

Ca 0.04 0.13 0.15 -0.26 0.25 0.43 0.25 0.26 0.04 0.10 0.21 0.05 

K  0.83 0.74 0.28 0.26 0.26 0.13 0.15 0.05 0.15 0.09 0.23 

Mg   0.90 0.27 0.30 0.32 0.14 0.17 0.09 0.10 0.04 0.16 

P    0.24 0.31 0.37 0.09 0.14 0.14 0.08 0.06 0.14 

B     0.30 0.07 0.20 0.18 0.23 0.18 0.03 0.12 

Mn      0.51 0.37 0.35 0.12 0.31 0.43 0.29 

Fe       0.20 0.30 0.31 0.15 0.35 0.11 

Ni        0.57 -0.01 0.36 0.09 0.37 

Cu         -0.07 0.32 0.14 0.45 

As          0.25 0.24 -0.16 

Se           0.27 0.32 

Mo            0.22 
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Table S2 Factor coordinates of the variables based on correlations by PCA analysis

Variables Factor 1 Factor 2 Factor 3 Factor 4 

Ca -0.35  -0.31  -0.40  0.60  

K -0.68  0.56  0.15  0.07  

Mg -0.73  0.61  0.07  0.14  

P -0.71  0.60  -0.02  0.15  

B -0.39  0.17  0.25  -0.66  

Mn -0.70  -0.25  -0.14  -0.09  

Fe -0.63  -0.12  -0.51  0.16  

Ni -0.52  -0.47  0.35  0.05  

Cu -0.56  -0.46  0.34  0.14  

As -0.23  0.04  -0.59  -0.55  

Se -0.46  -0.38  0.07  -0.37  

Mo -0.40  -0.34  -0.44  -0.16  

Cd -0.47  -0.33  0.48  0.04  

Table S3 Discriminant function analysis summarya

 Wilks’ lambda 
Partial 

Wilks’ lambda 
F-remove 1-Toler 

Ca 0.13 0.41 33.32 0.17 

K 0.06 0.90 2.61 0.68 

Mg 0.07 0.78 6.51 0.88 

P 0.06 0.85 4.10 0.84 

B 0.07 0.77 6.94 0.30 

Mn 0.06 0.91 2.40 0.49 

Fe 0.06 0.85 4.17 0.46 

Ni 0.06 0.89 2.85 0.36 

Cu 0.06 0.85 4.03 0.41 

As 0.06 0.91 2.29 0.31 

Se 0.06 0.93 1.86 0.30 

Mo 0.06 0.92 2.03 0.31 

Cd 0.06 0.87 3.47 0.31 

a Wilks’ Lambda value: approximate 0.05233; F (104,1284)=6.61, p < 0.00001.

Table S4 Chi-Square Tests for the roots

Root Eigenvalue Canonical R Wilks’ lambda Chi-Square df p-level 

1 3.15  0.87  0.05  572.33 104 <1×10-6 

2 0.70  0.64  0.22  296.15 84 <1×10-6 

3 0.41  0.54  0.37  192.00 66 <1×10-6 

4 0.29  0.47  0.52  126.74 50 <1×10-6 

5 0.16  0.37  0.67  77.47 36 7.3×10-5 

6 0.12  0.33  0.78  48.54 24 2.2×10-3  

7 0.09  0.28  0.87  26.34 14 2.3×10-2  

8 0.05  0.23  0.95  10.11 6 1.2×10-1  

http://www.jesc.ac.cn


jes
c.a

c.c
n

Profiling the ionome of rice and its use in discriminating geographical origins at the regional scale, China

Table S5 Standardized coefficients for canonical variables

Variables Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 Root 7 Root 8 

Ca 0.94 -0.16 -0.21 0.21 -0.16 -0.20 -0.04 0.09 

Mg -0.48 -1.87 0.35 -0.37 0.19 0.04 0.80 0.88 

B -0.46 0.06 -0.21 0.56 -0.70 -0.41 -0.04 -0.11 

Cu 0.20 0.38 0.58 -0.10 -0.41 0.53 -0.09 0.40 

Fe -0.04 0.57 -0.42 -0.54 -0.43 -0.20 0.12 -0.03 

Ni 0.28 -0.23 0.25 0.08 0.36 -0.03 -0.69 -0.59 

P 0.24 1.30 0.32 0.81 -0.01 0.07 -0.37 0.11 

Cd -0.13 0.20 0.33 -0.17 0.29 -1.00 0.12 0.24 

Mn 0.00 -0.60 -0.19 0.13 0.10 0.08 0.41 -0.35 

K 0.02 0.21 -0.34 -0.90 -0.32 0.21 -0.69 -0.75 

As -0.13 -0.05 -0.36 -0.25 0.52 -0.25 -0.45 0.37 

Mo 0.10 0.32 0.35 -0.10 0.14 0.22 0.43 -0.38 

Se 0.00 -0.47 -0.14 0.03 -0.09 -0.04 0.27 0.09 

Eigenvalue 3.15 0.70 0.41 0.29 0.16 0.12 0.09 0.05 

Cumulative proportion 0.63 0.78 0.86 0.92 0.95 0.97 0.99 1.00 

Table S6 Unequal Tukey’s Honestly Significant Difference (HSD) of variable Caa

Region  FZ  LY  NP  ND  PT  QZ  SM  XM  

LY  0.00002         

NP  0.00001  0.00001        

ND  0.00001  0.00018  1.00000       

PT  0.94140  0.00003  0.00001  0.00001      

QZ  0.26855  0.00005  0.00001  0.00001  0.84519     

SM  0.01314  0.09016  0.00001  0.00001  0.07848  0.25040    

XM  0.99709  0.01259  0.00001  0.00001  1.00000  0.94293  0.42093   

ZZ  0.97076  0.00001  0.00001  0.00001  1.00000  0.07585  0.00001  1.00000  

a Approximate probabilities for Post Hoc Tests Error: between groups, mean square (MS) = 816.09, d f = 197.00.

Table S7 Unequal Tukey’s HSD of variable Fea

Region  FZ  LY  NP  ND  PT  QZ  SM  XM  

LY  0.81951         

NP  0.98005  0.99093        

ND  0.07216  0.41624  0.06941       

PT  0.99668  0.98578  1.00000  0.10467      

QZ  0.99734  0.88528  0.99971  0.01841  1.00000     

SM  1.00000  0.35708  0.82914  0.00117  0.99937  0.98041    

XM  0.67340  0.99992  0.99192  0.99879  0.96971  0.96613  0.83446   

ZZ  1.00000  0.01576  0.08128  0.00002  0.85704  0.21384  0.86346  0.47500  

a Approximate probabilities for Post Hoc Tests Error: between groups, MS = 7.9359, d f = 197.00.
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Table S8 Unequal Tukey’s HSD of variable Nia

Region FZ  LY  NP  ND  PT  QZ  SM  XM  

LY  0.99906         

NP  0.98715  0.99977        

ND  0.95322  0.07708  0.01734       

PT  0.70829  0.03799  0.00975  0.99863      

QZ  0.99158  0.08722  0.00188  0.99995  0.97536     

SM  1.00000  0.87149  0.31038  0.75238  0.45015  0.68116    

XM  0.98718  0.82695  0.66838  1.00000  0.99990  1.00000  0.99421   

ZZ  0.93438  0.01087  0.00007  1.00000  0.99953  0.99607  0.17426  1.00000  

a Approximate probabilities for Post Hoc Tests Error: between groups, MS =0 .01444, d f = 197.00.

Table S9 Unequal Tukey’s HSD of variable Cda

Region FZ  LY  NP  ND  PT  QZ  SM  XM  

LY  0.62950         

NP  0.99971  0.00032        

ND  0.94203  0.00004  0.97860       

PT  0.95903  0.00196  0.99685  1.00000      

QZ  0.99708  0.00005  0.99995  0.99836  0.99987     

SM  0.99897  0.00015  1.00000  0.99305  0.99922  1.00000    

XM  0.99994  0.50463  1.00000  0.99962  0.99983  1.00000  1.00000   

ZZ  0.99997  0.00106  1.00000  0.92754  0.98529  0.99536  0.99960  1.00000  

a Approximate probabilities for Post Hoc Tests Error: between groups, MS = 0.01552, d f = 197.00.
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