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The authenticity determination of white rice is crucial to prevent deceptive origin labeling
and dishonest trading. However, a non-destructive and comprehensive method for rapidly
discriminating the geographical origins of white rice between countries is still lacking. In
the current study, we developed a volatile organic compound based geographical
discrimination method using headspace solid-phase microextraction coupled to gas
chromatography—mass spectrometry (HS-SPME/GC—MS) to discriminate rice samples from
Korea and China. A partial least squares discriminant analysis (PLS-DA) model exhibited a
good classification of white rice between Korea and China (accuracy = 0.958, goodness of
fit = 0.937, goodness of prediction = 0.831, and permutation test p-value = 0.043).
Combining the PLS-DA based feature selection with the differentially expressed features
from the unpaired t-test and significance analysis of microarrays, 12 discriminatory bio-
markers were found. Among them, hexanal and 1-hexanol have been previously known to
be associated with the cultivation environment and storage conditions. Other hydrocarbon
biomarkers are novel, and their impact on rice production and storage remains to be
elucidated. In conclusion, our findings highlight the ability to rapidly discriminate white
rice from Korea and China. The developed method maybe useful for the authenticity and
quality control of white rice.
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1. Introduction

Rice (Oryza sativa L.), especially white rice, is the staple food of
most Asian countries. In the modern era, rice has been culti-
vated in many countries around the world. This ultimately
expands rice diversity in terms of genetics and rice field
ecology [1]. Despite the significant divergence in rice quality
and composition, it appears impossible to distinguish the
geographical origins of white rice through its appearance or
routine analyses [2]. Hence, illegal distribution and mislabel-
ing for tax avoidance is a matter of concern for rice consuming
countries [3]. To prevent the dishonest trading of white rice,
systematic and high-throughput discrimination methods
using modern analytical chemistry, which exhibit high
sensitivity and precision, are now more crucial than ever.

Among analytical techniques, spectroscopy based tech-
niques have been most commonly employed in rice research
and have mainly been used for comparisons of rice constitu-
ents and derivatives. For instance, near infrared reflectance
(NIR) spectroscopy has been applied in rice quality assess-
ment and authentication because the sampling method is
quite simple and the data acquisition time per sample is short
[4]. On the other hand, nuclear magnetic resonance spec-
troscopy (NMR) has also been widely used for rice research [5].
Unlike NIR, NMR distinguishes only the differences of specific
functional groups. NMR results consist of spectra in which the
constituent elements make the quantitative comparison
possible for each component. However, NMR possesses the
major drawback that its sensitivity is relatively low [6]. Com-
binations of a separation technique and a spectroscopic
method, such as liquid chromatography (LC) or gas chroma-
tography (GC) coupled with mass spectrometry (MS), are
currently the methods of choice for compound characteriza-
tion in complex samples [7,8]. Especially, MS can profile a large
number of components with high sensitivity and selectivity
through mass to charge ratios (m/z) and fragment patterns of
specific components. Nevertheless, one major drawback of MS
is the relatively low reproducibility among laboratories.
Overall, however, the above mentioned analytical methods
have shown excellent performance in observing various
biochemical phenotypes and the effects of environmental
factors, such as rice cultivation conditions (e.g., temperature)
and genetic factors (e.g., varieties) [9].

Although rice constituents have often been analyzed using
spectroscopy based techniques, the geographical discrimina-
tion of white rice using volatile organic compounds (VOCs) has
not been conducted. VOCs constitute the fragrance of rice,
which is also an important phenotype [10]. Thus, the
composition of VOCs in rice may be applied to differentiate
rice samples with different origins. The analysis of volatile
materials is mainly performed by integrating various methods
for VOC extraction and GC—MS. Among these, headspace
solid-phase microextraction (HS-SPME), a non-exhaustive and
non-invasive extraction method, has been widely used prior
to the analysis of VOCs [11]. The comparative advantages of
HS-SPME include simplicity, the ability to reuse the sample,
high sensitivity, and reproducibility [12,13].

In this study, HS-SPME coupled with GC—MS was utilized
for the comprehensive profiling of various VOCs of white rice

originating from different regions without any pre-analytical
sample treatment. Our objective was to show that the vola-
tiles can be used for geographical discrimination as well as
flavor evaluation. Geographical discrimination is a major topic
thatinclude various and complex factors, from morphology to
genetics, in which a universal method remains to be eluci-
dated [14]. However, it seems more appropriate to find the
discriminatory biomarkers that belong to small molecules
whose concentrations vary depending on the environment. In
particular, since white rice alters in flavor regarding different
cultivation conditions, VOCs that constitute fragrance may be
applied not only to the discrimination of cultivars but also to
the differentiation of the country. Approaching from this view
point, we first selected the optimal fiber and an efficient time
for extracting volatile matters from white rice. Next, the
aberrant VOCs of white rice originating from Korea and China
were subject to advanced multivariate statistical analysis to
find the discriminatory biomarkers. Our results suggest that
the HS-SPME/GC—MS approach is suitable for the goal of
identifying white rice from different geographical origins and
evaluating white rice flavor.

2. Materials and methods
2.1. Materials

Twenty four different commercial white rice samples (12 from
Korea and 12 from China) cultivated in 2016 were collected
from local Korean and Chinese markets during the same
period. All samples were stored unopened in a —70 °C frozen
cabinet until completely used. The details of the white rice
samples are shown in Table 1. In addition, the solid-phase

Table 1 — The origins of the 24 analyzed white rice
samples from Korea and China.

Country No Origin Cultivar
Korea K1 Gunsan Sindongjin
K2 Gwangju Choochung
K3 Ansung Choochung
K4 Cheorwon Ode
K5 Jinjoo Samgwang
K6 Goheung Unkwang
K7 Imsil Sindongjin
K8 Yeoncheon Daean
K9 Dangjin Samgwang
K10 Ganghwa Choochung
K11 Boseong Hopyeong
K12 Uiseong Ilpoom
China C1 Heilongjiang Daohuaxiang
Cc2 Liaoning Zhenshu
C3 Jilin Baijinxiang
C4 Jilin Shujing
c5 Heilongjiang Wuchang
Cc6 Shandong Zhanglixiang
c7 Heilongjiang Zhanglixiang
c8 Heilongjiang Zhonghuahe
co Heilongjiang Daohuaxiang
C10 Jilin Daohuaxiang
C11 Heilongjiang Zhanglixiang
C12 Jiangsu Ruanxiangdao
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microextraction (SPME) fibers and holder were purchased
from Supelco (Bellefonte, PA, USA). Crimp type caps and pol-
ytetrafluoroethylene (PTFE)/silicone septa were obtained from
Agilent (Avondale, PA, USA).

2.2. Volatile compound extraction using HS-SPME

For the extraction, 1 g of white rice was stored in a 10 mL
headspace vial with a crimp type cap and a PTFE/silicone
septum to prevent the leakage of volatile compounds. Next,
the vial with rice samples was heated using an oven at 80 °C
for 20 min.

Five types of fiber coatings were tested, including car-
boxen/polydimethylsiloxane (CAR/PDMS) with 75 um thick-
ness, divinylbenzene/carboxen/polydimethylsiloxane (DVB/
CAR/PDMS) with 50/30 um thickness, polyacrylate (PA) with
85 um thickness, polydimethylsiloxane (PDMS) with 100 pm
thickness, and polydimethylsiloxane/divinylbenzene (PDMS/
DVB) with 65 pm thickness for method optimization. Prior to
the sampling, all the above fibers were conditioned using their
recommended temperature and duration: CAR/PDMS, 300 °C
for 60 min; DVB/CAR/PDMS, 270 °C for 60 min; PA, 280 °C for
60 min; PDMS 100 pm, 250 °C for 30 min; and PDMS/DVB, 250 °C
for 30 min. Next, each conditioned fiber was sealed with a
septum before being inserted into the vial containing rice
samples for 40 min.

2.3. GC—MS analysis

The GC—MS analysis was performed using a Shimadzu GCMS-
QP2010 system (Shimadzu, Kyoto, Japan). A DB-5 capillary
column having a length of 30 m, an inner diameter of 0.25 mm,
and a film thickness of 0.25 pm (Agilent, PA, USA) was utilized.
The GC system was used in split mode (1:2 split) with the
injector maintained at 270 °C. Helium as the carrier gas was
maintained at a constant flow of 1 mL/min. The temperature
conditions of the column were as follows: primary tempera-
ture of 40 °C increased to 100 °C at 5 °C/min, held for 3 min,
and increased to 250 °C at 10 °C/min. The temperatures of the
ion source and the transfer line were 200 °C and 270 °C,
respectively. The MS detection proceeded in electron impact
mode, and the ionization energy was 70 eV. The mass range
scan was from m/z 40 to m/z 300 to look for the VOCs because
of their low molecular weights.

2.4. Data processing and compound identification

Peak detection, isotopic peak grouping, peak list alignment,
and gap filling were conducted using MZmine 2.5 [15]. Mass
detection (centroid method, noise level of 5E3), chromatogram
building (minimal peak height of 6E3 and m/z tolerance of
200 ppm), and deconvolution (Savitzky—Golay algorithm)
were performed. Data alignment was conducted using the
RANSAC algorithm (retention time tolerance of 0.1 min;
retention time tolerance after correction of 0.05 min; itera-
tions of 100,000; minimum number of points of 10%; and a
threshold value of 4). The same retention time and m/z range
gap filter were applied for gap filling. The processed data were
exported to a *.csv file for further analysis. Compound iden-
tifications were carried out manually by matching the

unknown spectra with two mass spectral libraries (NIST 08
and Wiley 7) and retention index (RI) values derived from n-
alkane solution (Supelco) analysis. In addition, automatic
compound identifications using the Golm library provided by
the erah R package (version 1.05) were also conducted [16]. The
match factor criterion for identification was >80%. The iden-
tities of the differentially expressed metabolites, when avail-
able, were further confirmed using standards.

2.5. Statistical analysis

Prior to the analysis, the processed data were further treated
using log transformation and Pareto scaling. Significance
analysis of microarray (SAM) and a t-test were applied for
individual feature selection. A feature was considered to be
differentially expressed when it has a p-value < 0.05 and an
FDR < 0.1. Only the overlapping features between SAM and the
t-test were considered to be significant. In addition, hierar-
chical cluster analysis (HCA) and k-means clustering were
conducted to explore the variance tendency, examine the
natural grouping structure, and visualize the samples. PLS-
DA, 10-fold cross validation, and a 1000-time permutation
test were performed to seek the best discrimination model for
white rice samples from Korea and China. Finally, all the
features with variable importance in the projection (VIP)
score > 1 and differentially expressed in the univariate anal-
ysis were considered to be potential candidates for the
discrimination of white rice samples from Korea and China.
The analyses were conducted using Metaboanalyst 3.0 [16].

3. Results and discussion
3.1.  The impact of regional discrimination of white rice
by VOCs

To prevent the illegal and dishonest distribution of white rice
products in the global marketplace, it is indeed necessary to
develop a comprehensive method for the discrimination of
white rice geographical origins. One strategy is to focus on
analyzing particular metabolites that are affected by cultiva-
tion and storage environment. From this angle, SPME, a non-
destructive and rapid sample extraction method that does
not require pretreatment of samples, can be utilized to
develop a method for discriminating geographical origins of
white rice between countries that is better than conventional
LC and NMR based analysis methods [17]. There is consider-
able evidence that plant VOCs are altered by abiotic stress [18].
In addition, VOCs are considered to be an important factor
related to white rice flavor that can be analyzed using GC—MS
[10]. Therefore, it is objective and accurate to develop a VOC-
based geographical discrimination method for white rice
using SPME coupled with a GC—MS system.

3.2. SPME optimization: fiber selection, extraction
temperature, and extraction time

Prior to the discrimination analysis, the optimal SPME
extraction conditions for white rice analysis were established.
The number of detected peaks and identified compound
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classes were used to determine the efficiency of the extraction
condition. The representative total ion chromatograms of the
optimized extraction condition are shown in Fig. 1. The
chromatograms of other suboptimal conditions can be found
in Fig. S1. The fiber coating selection is the first step in SPME
method optimization because the efficiency of the extraction
process is critically dependent on the fiber coating and the
sample matrix distribution constant [12]. Five different SPME
fibers were tested using the same analysis conditions:
extraction time = 30 min, extraction temperature = 80 °C. The
results showed that PA and PDMS had poor extraction per-
formance for VOCs in white rice. DVB/CAR/PDMS, PDMS/DVB,
and CAR/PDMS, on the other hand, had better performances.
However, only the DVB/CAR/PDMS fiber was selected because
of its excellent sample absorption efficiency. As has been
described previously, the DVB/CAR/PDMS fiber covers a wide
range of volatiles and semi-volatiles. Thus, this fiber is
appropriate for analyzing flavors and fragrances of white rice,
which include many C2—C20 compounds [12]. Additionally,
the optimal extraction temperature and extraction time of
PDMS/DVB/CAR were determined for VOC analysis of white
rice samples. For extraction temperature, five distinct tem-
peratures, 20 °C, 40 °C, 60 °C, 80 °C, and 100 °C, were examined.
A higher sample temperature tends to increase headspace
capacity, which eventually increases the rate of extraction.

(a) DVB/CAR/PDMS

However, the sample recovery decreases when the extraction
temperature increases excessively [12,19]. In our experiment,
the extraction at 60 °C showed the best VOC extraction per-
formance. As one of the most crucial steps of SPME method
development, the optimal extraction time was also deter-
mined by testing five distinct time periods: 10 min, 20 min,
30 min, 40 min, and 50 min. The extraction time determines
the extraction efficiency, reproducibility, and analytical
sensitivity. Broadly speaking, shorter extractions are more
suitable for volatile substances, while longer extractions are
favorable for less-volatile substances [19]. The optimization
process revealed that when the extraction time increased, the
number of peaks decreased comparatively. Notably, although
the 10 min extraction exhibited more detectable peaks than
the other time periods, the 20 min extraction showed better
performance in terms of the diversity of detectable analytes.
Collectively, the DVB/CAR/PDMS fiber at 60 °C for a 20 min
extraction was confirmed to be the best condition for white
rice VOC extraction.

3.3.  Chemometric analysis for discriminatory biomarker
selection

To guarantee the precision of the results, all features that had
relative standard deviations (RSDs) larger than 30% were
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Fig. 1 — Optimal SPME conditions for VOC profiling. (a) The GC—MS spectra of a representative sample using DVB/CAR/PDMS
SPME extraction with extraction time = 30 min, extraction temperature = 80 °C. (b) The GC—MS spectra at the optimal DVB/
CAR/PDMS SPME extraction temperature (60 °C). (c) The GC—MS spectra at the optimal DVB/CAR/PDMS SPME extraction time

(20 min).
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removed. The peak heights of the processed data were then
introduced to univariate and multivariate analyses for
discriminatory biomarker selection. There were 59 differen-
tially expressed features from the t-test (p-value < 0.05,
FDR < 0.1) and 44 differential expressed features from SAM
(Fig. S2). Among them, there were 36 overlapped features be-
tween the t-test and SAM. These 36 overlapped features were
considered to be the more robust differentially expressed
features. Additionally, partial least squares discriminant
analysis (PLS-DA) supervised classification and PLS-DA based
feature selection were also conducted. As shown in Fig. 2, the
white rice samples from Korea and China were well separated.
The PLS-DA model was validated using a 10-fold cross-
validation and permutation test. It revealed that the accu-
racy, goodness of fit (R?), goodness of prediction (Q%), and B/W
based p-values were 0.958,0.937, 0.831, and 0.043, respectively.
Those parameters indicate a compact model for classification.
PLS-DA based feature selection introduced 38 features that
had VIP scores larger than 1. By overlapping the differentially
expressed features of the t-test and SAM and the significant
features of the PLS-DA based feature selection, 12 features
were finally selected as potential discriminatory biomarkers
for white rice samples from Korea and China. After compound
identification, surprisingly, there were ten hydrocarbon
compounds (8 alkanes and 2 alkenes), one aldehyde (hexanal),
and one alcohol (1-hexanol). The details of the selected bio-
markers can be found in Fig. 3 and Table 2. The concentrations
of hexanal, 1-hexanol, 7-methyl-tridecane, and 7,9-dimethyl-
hexadecane were higher in white rice from China, while the
concentrations of the other eight biomarkers were higher in
white rice from Korea. The unsupervised clustering and
visualization using k-means and a heatmap of the 12 selected
biomarkers showed two correct clusters of white rice from
Korea and China without mislabeling (Fig. 4). The results
suggested a 12-VOC discriminatory signature. However,
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Fig. 2 — PLS-DA score plot of rice samples from Korea and
China and QC samples.

further investigations are needed to guarantee our initial
observation.

3.4.  The role of VOCs in rice flavor and regional
discrimination of white rice

Flavor is a very important phenotype along with the texture
of white rice, especially for aromatic rice, which includes
basmati rice or jasmine rice. Currently, even for non-
aromatic rice, various flavors have been added by genetic
modifications or supplementation during white rice pro-
duction [20]. Thus, several papers have analyzed VOCs
related to specific flavors of white rice. However, most such
studies have focused on VOC compositions of cooked rice or
VOCs from different cultivars that were genetically
improved for specific flavors [21]. VOCs such as alcohols,
phenols, acids, amines, and aldehydes, which have partic-
ular flavors, have been well analyzed. However, from these
studies, no distinctive patterns of VOCs being derived from
different geographical origins of rice were observed [10]. In
the current study, various cultivars originating from
different regions of Korea and China were randomly gath-
ered and analyzed. Our results showed that some
hydrocarbons, especially alkanes, together with one alcohol
and one aldehyde, were suggested as discriminatory
biomarkers.

3.5.  The role of hexanal and 1-hexanol in rice storage
and regional discrimination

White rice deteriorates gradually when stored at elevated
temperatures, and one of the most important characteristics
of rice deterioration is the production of off-flavor com-
pounds. In addition, it is well known that the off-flavor com-
pounds of stored rice mainly result from the deterioration of
polyunsaturated fatty acids (PUFAs), especially linoleic acid,
which is one of the predominant PUFAs in white rice endo-
sperm [22]. Colder cultivation environments results in higher
concentrations of PUFAs [23]. In addition, increased carbonyl
compound concentrations are associated with lipid deterio-
ration, and hexanal concentration alters much faster than its
companion aldehydes during rice storage, such that it ulti-
mately becomes an indicator of rancidity [24]. Those facts
suggest that hexanal concentration depends on three main
factors: (1) storage condition and period, (2) fatty acid con-
centrations, and (3) the temperature alteration, especially
during the rice ripening period, of the rice cultivation areas.
The variation in hexanal concentration of white rice samples
from Korea and China in our study is probably due to those
factors.

1-hexanol, with a grass like flavor, has also been identified
as a VOC of white rice in previous studies [10]. It occupies the
highest proportion among alcohol species in rice [25]. Similar
to hexanal, 1-hexanol concentration is also associated with
rice storage [26]. For instance, 1-hexanol concentration has
been found to be higher in 4 °C stored rice than in 40 °C stored
rice [25]. Therefore, storage condition may have a consider-
able influence on the alteration of 1-hexanol concentration,
which explains the significant difference in 1-hexanol in rice
samples from Korea and China.
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Fig. 3 — The box plot of the 12 discriminatory biomarkers of rice samples from Korea and China. The mean concentrations of
hexanal, 1-hexanol, 7-methyl-tridecane, and 7,9-dimethyl-hexadecane are higher in white rice from China, while the mean
concentrations of the other eight biomarkers are higher in white rice from Korea.

3.6.  The role of hydrocarbons in rice storage and
regional discrimination

Long-chain alkanes are found in the cuticle and epicuticular
lipids in many plant species yet are rarely the major constit-
uents [27]. The alkane composition of the lipids is not only
species dependent but also highly sensitive to environmental
factors such as lighting conditions, temperature, and humid-
ity. Volatile short-chain alkanes are also synthesized and
found in plant tissues and have also been detected at low

levels [28]. In white rice, alkanes are thought to be associated
with lipid breakdown products. Nevertheless, the role of al-
kanes on rice flavor has not been greatly investigated to date
[10]. In this study, eight alkane compounds (Table 2) were
identified as discriminatory biomarkers for white rice from
Korea or China. Interestingly, our study revealed that most of
the differentially expressed alkanes were enriched in the
white rice from Korea. The two exceptions were 7-methyl-
tridecane and 7,9-dimethyl-hexadecane; their concentrations
were higher in white rice samples from China. Several studies

Table 2 — The characteristics of the 12 discriminatory biomarkers from the statistical analyses.

Retention Compound name  Chemical NIST  Retention index (RI) value RSD (%) VIP score t-test SAM
time (min) formula match (%) Reference Experiment p-value FDR g-value
4.42 hexanal® CgH1,0 91 806 799 21.449 1.743 <0.001 0.005 0.005
5.95 1-hexanol® CeH140 92 860 859 28.631 1.926 <0.001 0.005 0.005
10.31 decane, 4-methyl® C11Hoa 95 1051 1031 25.630 1.665 <0.001 0.009 0.013
10.58 nonane, 2,2,3-trimethyl CaoHos 92 1065 1039 13.765 1.852  <0.001 0.007 0.021
11.24 decane, 3,4-dimethyl C1oHoe 91 1086 1069 12.606 2.106 <0.001 0.005 0.005
12.01 1-decene, 2,4-dimethyl C1oHog 90 1117 1084 7.748 1.978 <0.001 0.005 0.005
12.32 decane, 2,3 4-trimethyl CasHog 90 1121 1098 11.944 2.061 <0.001 0.005 0.005
12.58 1-undecene, 4-methyl C1oHog 90 1140 1121 29.447 1.771 <0.001 0.006 0.007
17.43 dodecane, 4-methyl® Cq13Hog 90 1249 1240 17.141 2.226 <0.001 0.005 0.004
18.25 tridecane, 7-methyl* C14H3o 93 1349 1320 21.504 1.018 <0.001 0.010 0.023
20.40 tridecane, 4,8-dimethyl CysHap 90 1384 1373 20.486 1.799 <0.001 0.005 0.005
24.55 hexadecane, 7,9-dimethyl  CigHsg 93 1683 1642 23.236 1.005 <0.001 0.010 0.077

2 Confirmed by standard.
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Fig. 4 — The heatmap and the k-means clustering of the 12-
VOC discriminatory signature.

about alkanes in plants have been carried out [29]. The alkane
contents in irradiated cereals have also been investigated [30].
Nevertheless, most of the studies have only focused on long-
chain alkanes with C14—C33 carbon atoms. The role of
short-chain alkanes in rice is poorly understood, and their
behavior with respect to different environmental factors re-
mains to be elucidated.

Alkenes are known for grassy, fatty, or soapy flavors [10]. In
this study, the concentrations of two alkenes, 2,4-dimethyl-1-
decene and 4-methyl-1-undecene, were shown to be higher in
white rice samples from Korea. 1-decene, which has a
pleasant odor, is the first product in the microbial degradation
of decane. Therefore, similarly to decane derived compounds,
the 1-decene concentration was higher in Korean rice prod-
ucts. 1-undecene has a mild odor and is mostly found in green
vegetables. The higher concentration of 1-undecene in white
rice from Korea relative to that from China may result from a
similar mechanism. However, a more sophisticated study
targeted on alkenes and their corresponding alkanes is
needed to clarify the association between environmental
factors and hydrocarbon behaviors in white rice.

4., Conclusion

In this study, white rice cultivated in different regions of Korea
and China was analyzed using DVB/CAR/PDMS-SPME coupled
with GC—MS. Twelve discriminatory biomarkers that can be
used to differentiate commercial white rice from the two
countries were found. Of these, hexanal and 1-hexanol con-
centrations are known to correspond to environmental factors

as well as storage conditions. On the other hand, the ten
discriminatory hydrocarbons are novel, and their behaviors
during white rice production and storage remain to be
explored. In conclusion, the demonstrated method can be
used to discriminate white rice from Korea and China. The
method may also be applied to discriminate the origin of other
food products.
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