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Abstract
Gas chromatograph coupled with mass spectrometer is widely used to profile volatiles and metabolites
from the homogenized rice flour obtained from mature grains. Rice grains consist of central endosperm
which stores majorly starch and, in addition, accumulate various storage proteins as storage reserves. The
outer nutritious aleurone layer stores lipids, sugar alcohols, volatiles, antioxidants, vitamins, and various
micronutrients. Once paddy sample is dehulled, milled, and ground cryogenically, the brown rice flour is
subjected to extraction of primary metabolites and volatiles using an appropriate extraction method. In
metabolite profiling of the liquid extract obtained from the rice sample, mixture is initially subjected to
methoxyamination then silylation before being subjected to untargeted metabolite profiling. Peaks
obtained are processed for noise reduction and specific signal selection. Volatile compounds are initially
extracted using a solid phase adsorbent prior to analysis. All these compounds, metabolites, and volatiles
are detected in the mass selective detector by fragmentation at 70 eV ionization energy and the resultant
mass spectrum compared with a built-in library of compounds. Data mined from the gas chromatography
mass spectrometry analysis are then subjected to post-processing statistical analysis.
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Introduction
Chemical composition of seeds comprises a wide array of storage
products including starch, storage proteins, lipids, various primary
metabolism intermediates, and secondary metabolites carrying
human health benefits [1, 2]. Various metabolite profiling techniques such as gas chromatography mass spectrometry (GC-MS),
liquid chromatography mass spectrometry (LC-MS), capillary
electrophoresis mass spectrometry (CE-MS), and chromatography
coupled nuclear magnetic resonance (NMR) technologies are
available with various degrees of accuracy and sensitivity [3].
Combining the information obtained from several of these
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technologies, it is possible to cover the global metabolome index
with thousands of metabolites. Among these platforms, the GC-MS
is one of the key technologies applied routinely to profile several
hundred metabolites that helped reveal the metabolic signature
index of different plant species which possess diverse seed storage
products [4–6]. Over the last decade, the GC-MS platform is the
most widely used due to superior chromatographic resolution, better reproducibility, repeatability of mass fragmentation through
electron impact ionization, as well as its low operational and maintenance cost [7]. These attributes make GC-MS reliable in terms
of characterization of numerous compounds in different biological
systems, especially at various stages of their development.
Rice grains contain up to 90% starch and 6–8% proteins preferentially in endosperm, while the outer nutritious layer bran and
endosperm contain lipids, antioxidants, dietary fiber, and other
micronutrients [8]. Thus, rice remains an important cereal crop
providing a valuable source of energy for human consumption.
GC-MS profiling technique has been instrumental in acquiring
biological information for the identification of varietal differences
in terms of rice grain quality [9], starch quality [10] and for distinguishing aroma through volatile profiling [11–13]. The measured
759 metabolic signatures investigated from the grains of 85 lines
from backcrossed inbred population were investigated for association mapping using metabolome quantitative trait loci analysis [14,
15]. Additional application includes the identification of genotypic
and phenotypic differences of germinating rice seeds [16].
Elucidation of seed storage composition of varietal differences
[17], drought implications on seed storage composition [18], and
application of metabolomic techniques as screening method for
predicting rice quality traits were reported in the past [19–21].
Metabolomic studies have also helped in the investigation of the
molecular basis of rice quality [22] as well as the identification of
metabolic variation between transgenic lines and its wild type,
mapping populations created from breeding lines due to higher
accumulation of sucrose, mannitol, and glutamic acid [23]. The
GC-MS platform was also shown to be useful in elucidating the
type of mutation in rice as part of food safety assessments [24].
Metabolites in rice grains are widely studied using the GC-MS
platform for separation, identification and quantification [7, 25].
By facilitating extraction procedures specific to compounds of
interest, the GC-MS aids not only in the identification of more
than 100 primary metabolites, but also to unravel the volatile signatures of the sample being analyzed [11, 26, 27]. In this chapter,
we describe the GC-MS protocols for volatiles and metabolites
found in ground rice grains as performed at the Grain Quality and
Nutrition Center, IRRI. The rice paddy is dehulled, milled, and
ground with liquid nitrogen using a cryomill prior to extraction
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Fig. 1 Workflow of GC-MS in volatile and metabolite profiling in rice grains

and GC-MS analysis. Resulting chromatogram is initially processed
for noise reduction and peak alignment before subjecting to statistical analysis (Fig. 1).

2
2.1

Materials
Reagents

1. Methyl tert-butyl ether:Methanol solution (5:1) with
(0.3 mg/mL) decanoic acid as internal standard (see Note 1).
2. Methanol:H2O (1:3).
3. Methoxyamine hydrochloride.
4. Pyridine.
5. N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1%
trimethylchlorosilane (TMCS).
6. C4—C24 Even Carbon Saturated FAMEs (1000 μg/mL each
component in hexane, analytical standard).

2.2

Equipment

1. Analytical balance (10 mg–220 g ± 0.1 mg capacity).
2. Dehuller (8–10 g capacity).
3. Miller (8–10 g capacity).
4. Ball grinder (equipped with grinding jar with 50 g capacity for
handling cryo-cooled samples).
5. Liquid nitrogen container with dispenser.
6. Cold water bath (−10 °C temperature).
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7. Temperature-controlled vortex mixer.
8. Sonicator.
9. Bench top microcentrifuge.
10. Speed vacuum dryer.
11. 11.0 mm capper for 2 mL glass vials.
12. 2 mL glass vials.
13. Glass inserts.
14. Eppendorf® Safe-Lock microcentrifuge tubes (1.5 mL and
2.0 mL capacity).
15. Agilent 6890 GC 5975 MS or its equivalent.

3

Methods

3.1 Sample
Preparation for Both
Volatile and Metabolite
Profiling

Handling of rice samples is meticulous and, prior to extraction,
handling is cryogenic.
1. Weigh around 2 g of the rice paddy and clean for any
impurities.
2. Immediately dehull and place in a grinding jar which is precooled with liquid nitrogen.
3. Pour a generous amount of liquid nitrogen to a grinding jar
with the grinding ball to freeze the sample (see Note 2).
Repeat for 2–3 times.
4. Mill the frozen rice sample (see Note 3).
5. Grind milled samples using the ball grinder for 1 min.
6. Place samples in labeled Ziploc bags or microfuge tubes and
immediately store in −80 °C freezer prior to analysis.

3.2 Extraction
of Compounds
3.2.1

Volatiles

1. Place 1 g of rice flour sample in 10 mL GC vial.
2. Seal immediately using the suitable crimp cap and septum (see
Note 4).
3. Allow the vials to stand for 30 min to let all the flour settles at
the bottom of the vial. This will prevent contamination of the
SPME fiber with rice flour.
4. Place the vials in the GC sample tray.
5. From the GC method, heat the rice flour with agitation to
allow for the release of the volatiles in the headspace of the
sample vial.
6. Insert the SPME fiber to the headspace of the vial for the
absorption of the volatiles.
7. Desorb the fiber in the injector and allow for the volatiles pass
through the GC column for separation and to the mass spectrometer for fragmentation.
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1. Weigh 100 mg of rice flour sample (see Note 5) per sample in
2.0 mL Eppendorf® Safe-Lock microcentrifuge tubes.
2. Add sample with precooled with MTBE:MeOH containing
decanoic acid (0.3 mg/mL) as an internal standard.
3. Place tubes in ice bath while finishing a batch of samples.
4. Vortex mix tubes for 10 min.
5. Sonicate mixture for 15 min making sure that the water bath
will not heat up.
6. Add sample mixture with 500 μL MeOH:H2O solution.
7. Centrifuge samples at 12,000 × g for 5 min.
8. Aliquot 1 mL of the polar supernatant into properly labeled
1.5 mL Eppendorf® Safe-Lock microcentrifuge tubes.
9. Dry the extracts overnight in a speed vacuum dryer or its
equivalent.
10. Once extracts are dried, remove vials from speed vacuum dryer
(see Note 6). Dried extracts are temporarily stored in
dessicator.

3.3 Derivatization
of Compounds (See
Note 7)

To improve the volatility of some compounds, analytes of particular interest must undergo methoxyamination prior to derivatization where the polar functional groups are modified to decrease
their polarity and hence they can be separated in the GC column.
1. Cool the vials to room temperature.
2. Add dried extract with 10 μL methoxyamine hydrochloride
(40 mg in 1 mL pyridine), and mix for 90 m in 30 °C dry
bath.
3. After the reaction, derivatize the samples using 90 μL BSTFA
with 1%TMCS (with 20 μL FAMES in 1 mL BSTFA).
4. Heat the mixture with shaking for 30 min at 37 °C to ensure
that derivatization is complete.
5. 60 μL of derivatized mixture is then transferred to 200 μL
glass inserts inside 2 mL microfuge tubes.
6. Centrifuge samples at 12,000 × g for 30 s to settle down any
solid particles into the bottom of the glass insert. This will also
avoid clogging the syringe of the GC.
7. Once done, transfer glass inserts into properly labeled 2 mL
GC vials and samples are analyzed in the GCMS.
The method described in this procedure employs silylation to
alter the functionality of the targeted functional groups with the use
of N, O-bis(trimethylsilyl)trifluoroacetamide or BSTFA with 1% trimethylchlorosilane (TMCS). With BSTFA, the active hydrogens of
the compounds containing –SH, –OH, –NH, and –COOH are
replaced with the trimethylsilyl (TMS) group. This process is cata-
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lyzed by trimethylchlorosilane (TMCS) which is already mixed with
BSTFA at 1%. Pyridine is used as a solvent which contributes to the
reactivity of the solvent by accepting the protons (H+) during
derivatization process. There had been many published methods
using different reagents to derivatize compounds of different classes
such as MSTFA w/ 1% TMCS [25] in rice and in biological sample
extracts [28]; BSTFA w/ 1% TMCS [23] in transgenic rice; MSTFA
[24] in rice; hydroxylamine hydrochloride and hexamethylsilylimidazole and trifluoroaceteic acid [29] for sugars in carrots. A
comprehensive discussion on the derivatization of sugars [30] provides a selection for the preparation of procedures for the analysis of
carbohydrates which may be useful in rice research.
3.4 GC-MS Run (See
Note 8)

For every batch of run in the GC a reagent blank and a set of standards in a quality control (QC) mix should be included. Both
blank and QC mix should also undergo similar extraction and
derivatization procedure together with the sample.
The variability in samples can arise from multiple sources
including physiological differences and variability from the analytical method itself. Measuring metabolites using mass spectrometry techniques to explore natural variation from the diversity
panel requires appropriate care about homogenous representation
of tissue samples, including enough biological and technical replications. In addition, analytical variation caused by suboptimal performance of the chosen apparatus and instrument drift over time
are additional major issues in large-scale metabolomics studies,
which requires further attention. Batch-to-batch variation is
another technical source of variation arising from the sum of both
manual and robotic samples handling. The presence of batch-to-
batch variation makes it difficult to integrate data from independent batches of samples. This issue is particularly problematic
when dealing with a large number of samples such is the case when
analyzing structured plant populations. To counter this, several
normalization methods have been developed to minimize nonbiological variation. For example, normalizations by a single or
multiple internal or external standard compounds [7, 31] were
considered. Similarly, isotope-labeled internal standard approaches
[32] were established to monitor analytical error. While there is
no single best way to conduct metabolomic studies, there are a
number of pitfalls and known problems that need to be carefully
avoided. Detailed guidelines and practice and normalization protocols [33] have been published previously for this purpose. As
the number of samples in the data set increases there is a corresponding time-dependent variation in the metabolite data.
Removing platform-specific sources of variability such as system-
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atic errors is one of the top priorities in metabolomics data preprocessing. However, metabolite diversity leads to different
responses to variations at given experimental conditions, making
normalization a very demanding task. The Quality Control (QC)
samples are of key importance, and these are best prepared by
pooling equal volumes of material from all of the biological samples to be analyzed [34, 35]. Alternatively, a chemically defined
mixture of authenticated reference compounds that mimics the
metabolic composition of the investigated biological material can
be employed. These synthetic mixtures are then subjected to the
same sample extraction, subject to instrumental analyses (ideally
distributed across the analytical run), and data processing, thus
providing quality checks for technical and analytical error, and
quantitative calibration to eliminate batch effects for the final processed data. This normalization is a crucial step for minimizing the
batch-to-batch data variability across extended periods. As such,
this is a crucial requirement for large-scale phenotyping, which
facilitate inter-batch data integration.
Depending on the objectives of the study, a single or a triple
quadrupole MS can be employed to carry out the profiling for
both volatiles and metabolites. Single-quadrupole MS is very useful in giving a full untargeted scan of the compounds while in triple
quadrupole the resulting transitions from the precursor ion to the
product ion become the fingerprint of the targeted analytes. In a
single quadrupole, compounds are first fragmented in the ionization chamber using electron impact ionization set at 70 eV to produce fragment ions. These fragments are then separated by mass in
the quadrupole, allowing the ions to be detected at slightly differing time intervals. The resultant mass spectrum can be indexed
against the built-in library of compounds commercially available
for the identification of analytes.
In the triple quadrupole MS system, there is a second quadrupole or collision cell that further fragments the fragment ions generated from the first quadrupole, also known as the precursor ions.
Prior to the collision induced dissociation, the precursor ions are
first selected based on their selectivity and sensitivity to produce
the product ions. The product ions then pass to the third quadrupole for another mass filtering process. Instead of detecting a specific ion, the transition from a precursor ion to product ion is
recorded. This type of detection allows us to properly identify and
quantify trace-level compounds in a complex matrix such as that of
rice (Fig. 2). Matrix compounds might coincide in having the same
precursor ions as the target analytes, but the chances of having the
same precursor-to-product transition are rare [36, 37].
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Fig. 2 Total ion chromatogram of a rice sample analyzed for volatiles using (a) Dynamic Headspace Sampling
and (b) SPME for sampling. Both insets show corresponding selected ion monitoring profiles of 2-acetyl-1pyrroline or 2-AP (chromatogram obtained from Shimadzu GCMS-TQ8040)

Application Box: GCMSMS Analysis of Volatiles and Metabolites in Rice
using Triple Quadrupole GC [38]

Targeted metabolites need to be accurately quantified to use
them as biomarkers to discriminate differences in traits of
diverse rice species. Profiling with a GC-MS/MS (GC triple
quadrupole MS) was proven to be an effective tool for complex
matrices following 2 phases during profiling. Phase I requires
the discovery of the compounds that are present in the sample
using the full scan mode. Phase II involves the analysis of
selected secondary fragmentation in the multiple reaction monitoring (MRM) mode. Once these MRM transitions are established, they can be used to create targeted screening methods
that will scan the whole sample for the identified transitions of
each of the specific analytes. This type of workflow allows the
(continued)
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researcher to identify and quantify metabolites in a sample
without the worry of varying matrix. Metabolomic workflow
showing the use of full scan and MRM measurements for discovery and targeted analyses respectively were described earlier
[38]. Different systems will have different ways of creating the
method for the targeted phase of metabolite profiling using the
GC-MS/MS. Generally, compounds of interest, particularly
those that may be considered potential biomarkers are chosen
for the precursor ions study based on the fragment’s intensity
and selectivity. From the target compound, product ions are
selected and transitions from the precursor ions to the product
ions are optimized. That is, the collision energy that will produce the maximum ion intensity of the compound will then be
used as the suitable collision energy of the compound for the
actual analysis of the samples.
In metabolites analysis, common fragments with m/z
ratio such as 147 and 73 may not be a good precursor ion as
these fragments of trimethylsilyl (TMS) group are common
in all the derivatized compounds. Once the transition parameters are identified for each compound, this information is
then used by the GC-MS/MS system to identify and quantify
the compounds (see Fig. 3).
Aside from volatiles, rice metabolites have already been
investigated showing the capacity of the GC triple quadrupole MS system to identify useful mass fragment transitions
of compounds. This can be used as a guide in selecting transitions for the analytes of interest.
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Fig. 3 Multiple reaction monitoring chromatograms showing peaks corresponding to transition ions of (a) 2-AP
and (b) hexanal generated from a GC-MS/MS analysis (chromatogram obtained from Shimadzu GCMS-TQ8040)

196

4

Cindy Llorente et al.

Post-Run Data Analysis
Raw data obtained after every GC run can be analyzed one-at-atime or as a batch. Processing data in batches will ensure the
analyst that similar data treatment methods areapplied to all the
chromatograms as suggested by Fig. 4. Several chromatography
data systems are available like LabSolutions for Shimadzu and
ChemStation for Agilent. Generally, integration parameters are
set up and applied automatically to most of the chromatograms.
It is possible that since the samples can be largely varied in terms
of sample matrices, they would have slight differences due to
retention time shifts in the chromatogram. While the built-in
library provides the spectrum of the desired compound, the value
of running the actual standard compound and comparing the
analyte’s mass spectra to that of the standard from pooled libraries around the world [39] is still important for the correct identification of the compound. There are additional softwares available
for deconvolution, baseline correction, and peak alignment that
could be useful during the data mining process such as AMDIS
[40]. The TargetSearch Package is a preprocessing package from
Bioconductor for searching and identifying metabolites using
corrected retention time indices [41]. The identification process
requires the use of retention index m
 arkers or standards to obtain
aligned peaks and to identify outliers all throughout the sample
runs (Fig. 4).
Moreover, several data pretreatment methods down the pipeline such as centering, scaling, and transformations are in place to
further improve the biological interpretability of the biological
data set [42]. After the preprocessing, multivariate statistical analysis is often used to initially describe and explain the profiles obtained
in the analysis.

Fig. 4 Workflow for GCMS post run data analysis using TargetSearch
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Notes
1. Prepare the extraction solution for the whole set of samples for
analysis to minimize day effects.
2. Ultra-cooled samples and environment during extraction will
ensure that any enzymes present are quenched and any metabolic process will no longer occur.
3. If the interest of the researcher includes the bran, there is no
need to mill or polish the rice sample. Cryo-grinding of the
sample must be immediately done.
4. Make sure that the septum used for the vials is suitable for
SPME analysis to avoid breakage of the SPME fiber.
5. For mature grains, and depending on the sensitivity of the
equipment, amount of sample recommended for extraction is
300 mg while for developing grains and germinating seeds,
smaller amount (20 mg) is desired.
6. Moisture will hydrolyze the derivatizing reagents rendering
the latter to lose its integrity for sample derivatization. Make
sure that there is no water or moisture adhering on the surfaces of the vials, glass inserts, and pipette tips and all throughout the process especially right after freeze-drying. If the
extracts will not be derivatized immediately, store vials in a
dessicator. Store the derivatizing reagents in a cool, dry place
when not in use.
7. Derivatize only extracts that will be analyzed in the GC on the
same day.
8. Make sure that the GC-MS has no leak or moisture in the
system. Perform auto-tune and replace filaments, septa, liners
as needed.

Acknowledgments
This work has been supported under the CGIAR thematic area
Global Rice Agri-Food System CRP, RICE, Stress-Tolerant Rice
for Africa and South Asia (STRASA) Phase III funding.
References
1. Sreenivasulu N, Wobus U (2013) Seed-
development programs: a systems biology-
based comparison between dicots and
monocots. Annu Rev Plant Biol 64:189–217
2. Weckwerth W (2003) Metabolomics in systems
biology. Annu Rev Plant Biol 54:669–689
3. Patti GJ, Yanes O, Siuzdak G (2012)
Innovation: metabolomics: the apogee of the

omics trilogy. Nat Rev Mol Cell Biol
13(4):263–269
4. Zhen S, Dong K, Deng X, Zhou J, Xu X, Han
C, Zhang W, Xu Y, Wang Z, Yan Y (2016)
Dynamic metabolome profiling reveals significant metabolic changes during grain development of bread wheat (triticum aestivum L.).
J Sci Food Agric 96(11):3731–3740

198

Cindy Llorente et al.

5. Q-q Y, C-q Z, M-l C, D-s Z, J-z C, Wang Q, A 90-day toxicology study of high-amylose
transgenic rice grain in Sprague–Dawley rats.
Li Q-f, H-x Y, Gu M-h, SS-m S, Q-q L (2016)
Food Chem Toxic 49(12):3112–3118
Biofortification of rice with the essential amino
acid lysine: molecular characterization, nutri- 16. Vu NT, Shimada H, Kakuta Y, Nakashima T,
tional evaluation, and field performance. J Exp
Ida H, Omori T, Nishi A, Satoh H, Kimura M
Bot 67:4285–4296
(2008) Biochemical and crystallographic characterization of the starch branching enzyme I
6. Tian JS, Liu CC, Xiang H, Zheng XF, Peng GJ,
(BEI) from Oryza sativa L. Biosci Biotech
Zhang X, Du GH, Qin XM (2015) Investigation
Biochem 72(11):2858–2866
on the antidepressant effect of sea buckthorn
seed oil through the GC-MS-based metabolo- 17. C-y L, Lai VMF, Shen M-C (2004) Changes in
mics approach coupled with multivariate analyretrogradation properties of rice starches with
sis. Food Funct 6(11):3585–3592
amylose content and molecular properties.
Cereal Chem 81(3):392–398
7. Lisec J, Schauer N, Kopka J, Willmitzer L,
Fernie AR (2006) Gas chromatography mass 18. Calingacion M, Fang L, Quiatchon-Baeza L,
spectrometry–based metabolite profiling in
Mumm R, Riedel A, Hall RD, Fitzgerald M
plants. Nat Prot 1:387–396
(2015) Delving deeper into technological
innovations to understand differences in rice
8. Butardo VM Jr, Sreenivasulu N (2016)
quality. Rice 8:43
Tailoring grain storage reserves for a healthier
rice diet and its comparative status with other 19. Annison G, Illman RJ, Topping DL (2003)
cereals. Int Rev Cell Mol Biol 323:31–70
Acetylated, propionylated or butyrylated
starches raise large bowel short-chain fatty
9. Calingacion MN, Boualaphanh C, Daygon
acids preferentially when fed to rats. J Nutr
VD, Anacleto R, Sackville-Hamilton NR, Biais
133(11):3523–3528
B, Deborde C, Maucourt M, Moing A, Mumm
R, de Vos RCH, Erban A, Kopka J, Hansen 20. Champagne ET, Bett-Garber KL, Grimm CC,
TH, Laursen KH, Schjoerring JK, Hall RD,
McClung AM, Moldenhauer KA, Linscombe
Fitzgerald MA (2012) A genomics and multi-
S, McKenzie KS, Barton FE (2001) Nearplatform metabolomics approach to identify
infrared reflectance analysis for prediction of
new traits of rice quality in traditional and
cooked
rice
texture.
Cereal
Chem
improved varieties. Metabolomics 8:771–783
78(3):358–362
10. Kusano M, Fukushima A, Fujita N, Okazaki Y, 21. Laguerre M, Mestres C, Davrieux F, Ringuet J,
Kobayashi M, Oitome NF, Ebana K, Saito K
Boulanger R (2007) Rapid discrimination of
(2012) Deciphering starch quality of rice kernels
scented rice by solid-phase microextraction,
using metabolite profiling and pedigree network
mass spectrometry, and mutivariate analysis
analysis. Mol Plant 5:442–451
used as a mass sensor. J Agric Food Chem
55:1077–1083
11. Bryant RJ, McClung AM (2011) Volatile profiles of aromatic and non-aromatic rice cultivars 22. Redestig H, Kusano M, Ebana K, Kobayashi
using
SPME/GC-MS.
Food
Chem
M, Oikawa A, Okazaki Y, Matsuda F, Arita M,
124(2):501–513
Fujita N, Saito K (2011) Exploring molecular
backgrounds of quality traits in rice by predic12. Zeng Y-X, Hu C-Y, Lu Y-G, Li J-Q, Liu X-D
tive models based on high-coverage metabolo(2009) Abnormalities occurring during female
mics. BMC Syst Biol 5:176
gametophyte development result in the diversity of abnormal embryo sacs and leads to 23. Zhou J, Ma C, Xu H, Yuan K, Lu X, Zhu Z,
abnormal fertilization in indica/japonica
Wu Y, Xu G (2009) Metabolic profiling of
hybrids in rice. J Integr Plant Biol 51(1):3–12
transgenic rice with cryIAc and sck genes: an
evaluation of unintended effects at metabolic
13. Kim JK, Park S-Y, Lim S-H, Yeo Y, Cho HS,
level by using GC-FID and GC-MS. J
Ha S-H (2013) Comparative metabolic profilChromatogr B: Analyt Technol Biomed Life
ing of pigmented rice (Oryza sativa L.) cultiSci 877:725–732
vars reveals primary metabolites are correlated
with secondary metabolites. J Cereal Sci 24. Frank T, Meuleye BS, Miller A, Shu Q-Y,
57:14–20
Engel K-H (2007) Metabolite profiling of two
low phytic acid (lpa) rice mutants. J Agric Food
14. Matsuda F, Okazaki Y, Oikawa A, Kusano M,
Chem 55:11011–11019
Nakabayashi R, Kikuchi J, J-i Y, Ebana K, Yano
M, Saito K (2012) Dissection of genotype– 25. Heuberger AL, Lewis MR, Chen M-H,
phenotype associations in rice grains using
Brick MA, Leach JE, Ryan EP (2010)
metabolome quantitative trait loci analysis. The
Metabolomic and functional genomic analyses
Plant J 70:624–636
reveal varietal differences in bioactive
compounds of cooked rice. PLoS One 5(9):
15. Zhou XH, Dong Y, Xiao X, Wang Y, Xu Y, Xu
e12915
B, Shi WD, Zhang Y, Zhu LJ, Liu QQ (2011)

Rice Grain Quality Benchmarking Through Profiling of Volatiles and Metabolites…
26. Yang DS, Shewfelt RL, Lee K-S, Kays SJ
(2008) Comparison of odor-active compounds
from six distinctly different rice flavor types.
J Agric Food Chem 56(8):2780–2787
27. Verhoeven HA, Jonker H, RCH DV, Hall RD
(2012) Solid phase micro-extraction GC–MS
analysis of natural volatile components in
melon and Rice. In: Hardy NW, Hall RD (eds)
Plant metabolomics: methods and protocols.
Humana Press, Totowa, NJ, pp 85–99
28. Agilent Technologies, Inc (2013) Agilent fiehn
GC/MS metabolomics RTL library a complete
GC/MS solution for metabolite identification.
Agilent Technologies
29. Soria AC, Sanz ML, Villamiel M (2009)
Determination of minor carbohydrates in carrot (Daucus carota L.) by GC-MS. Food Chem
114:758–762
30. Ruiz-Matute AI, Hernández-Hernández O,
Rodríguez-Sánchez S, Sanz ML, Martínez-
Castro I (2011) Derivatization of carbohydrates for GC and GC–MS analyses.
J Chromatogr B Analyt Technol Biomed Life
Sci 879:1226–1240
31. Lou Q, Ma C, Wen W, Zhou J, Chen L, Feng
F, Xu X, Lu X, Luo L, Mei H, Xu G (2011)
Profiling and association mapping of grain
metabolites in a subset of the core collection of
Chinese rice Germplasm (Oryza sativa L.).
J Agric Food Chem 59:9257–9264
32. Chang WT, Lin DL, Liu RH (2001) Isotopic
analogs as internal standards for quantitative
analyses by GC/MS—evaluation of cross-
contribution to ions designated for the analyte
and the isotopic internal standard. Forensic Sci
Int 121(3):174–182
33. Chen M, Rao RSP, Zhang Y, Zhong CX, Thelen
JJ (2014) A modified data normalization
method for GC-MS-based metabolomics to
minimize batch variation. Springerplus 3:439
34. Winnike JH, Wei X, Knagge KJ, Colman SD,
Gregory SG, Zhang X (2015) Comparison of
GC-MS and GC×GC-MS in the analysis of
human serum samples for biomarker discovery.
J Proteome Res 14(4):1810–1817

199

35. Zhao X, Zhang G, Wang Y, Zhang F, Wang W,
Zhang W, Fu B, Xu J, Li Z (2016) Metabolic
profiling and physiological analysis of a novel
Rice introgression line with broad leaf size.
PLoS One 10(12):e0145646
36. Li J, Dong F, Xu J, Liu X, Li Y, Shan W,
Zheng Y (2011) Enantioselective determination of triazole fungicide simeconazole in vegetables, fruits, and cereals using modified
QuEChERS (quick, easy, cheap, effective,
rugged and safe) coupled to gas chromatography/tandem mass spectrometry. Anal Chim
Acta 702(1):127–135
37. Tranchida PQ, Zoccali M, Schipilliti L,
Sciarrone D, Dugo P, Mondello L (2013)
Solid-phase microextraction with fast GC combined with a high-speed triple quadrupole mass
spectrometer for targeted and untargeted food
analysis. J Sep Sci 36(13):2145–2150
38. Matthews J, Gemme S, Huebschmann H-J,
Llorente C, Jimenez R, Sreenivasulu N (2015)
Metabolomics of rice genotypes using GC-MS/
MS. ThermoScientific Application Note 1–9
39. Schauer N, Steinhauser D, Strelkov S,
Schomburg D, Allison G, Moritz T, Lundgren
K, Roessner-Tunali U, Forbes MG, Willmitzer
L, Fernie AR, Kopka J (2005) GC–MS libraries
for the rapid identification of metabolites in
complex biological samples. FEBS Lett
579(6):1332–1337
40. Agilent Technologies, Inc (2005) Automated
mass spectral deconvolution and identification
system AMDIS 2.64, in Released December,
NIST
41. Cuadros-Inostroza Á, Caldana C, Redestig H,
Kusano M, Lisec J, Peña-Cortés H, Willmitzer
L, Hannah MA (2009) TargetSearch-a bioconductor package for the efficient preprocessing
of GC-MS metabolite profiling data. BMC
Bioinformatics 10:428
42. van den Berg RA, Hoefsloot HCJ, Westerhuis
JA, Smilde AK, van der Werf MJ (2006)
Centering, scaling, and transformations:
improving the biological information content
of metabolomics data. BMC Genomics 7:142

