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Present and prospect of plant metabolomics
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Abstract Plant metabolomics is a research field for iden-
tifying all of the metabolites found in a certain plant cell,
tissue, organ, or whole plant in a given time and conditions
and for studying changes in metabolic profiling as time goes
or conditions change. Metabolomics is one of the most re-
cently developed omics for holistic approach to biology and
is a kind of systems biology. Metabolomics or metabolite
fingerprinting techniques usually involves collecting spectra
of crude solvent extracts without purification and separation
of pure compounds or not in standardized conditions. There-
fore, that requires a high degree of reproducibility, which can
be achieved by using a standardized method for sample
preparation and data acquisition and analysis. In plant
biology, metabolomics is applied for various research fields
including rapid discrimination between plant species, cultivar
and GM plants, metabolic evaluation of commercial food
stocks and medicinal herbs, understanding various physi-
ological, stress responses, and determination of gene func-
tions. Recently, plant metabolomics is applied for charac-
terization of gene function often in combination with trans-
criptomics by analyzing tagged mutants of the model plants
of Arabidopsis and rice. The use of plant metabolomics com-
bined by transcriptomics in functional genomics will be the
challenge for the coming year. This review paper attempted
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to introduce current status and prospects of plant meta-
bolomics research.
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2 ol8jat7] g8 o) LUk AT Hoko] Ao] o]
oA 3L Itk o] Fol A vlEE R u 2 (metabolomics)= 4
SAY AR WA EL oFd WstE ek 77

= &
A4 E SOl AL o] EUlE AlE B AEY o
et Aeddoly 713E TAA oA dAske A
T Hokolt} (Fig. 1). & 4l& JAA (plant metabolomics)
AT AE Alx 9 240 EA5t= BE HAMIEY
AZHA, 3704 HSHE 34 AR =4 AlEo B
g AE ddE TAACRE ofgjst= d &Eofolt).
< AE A dAFEoke FAAIS A AlSE e S5
o AETHA ARl 74 7719 W el 7eH
At AT +He B8 A8 £ E5, o Yol
GM A o] A, B2 7% 7, §EE A, 4
2of thabet Al v old) § thaket A Hopol A
M 28 Talo] o] Foj x|l qlth (Table 1, 2). 2+ =
Al AR At EoFe] W3 =i 7155 PubMed (2010.02.
19)E Soff AAgH 23t A& Ak B A =w50] v
| 2 Fow Ukt 3= & 4 A (Fig 2).
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Fig. 1 General principle of plant metabolomics approach.
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Fig. 2 Annual publications of plant metabolomics approach. (PubMed,
2012.2.19)
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Table 1 Major application fields for plant metabolomics

Funtional caregory Plant species Analytic instrument Statistic algorithm References
Arabidopsis thaliana HNMR PCA, PLSDA Ward et al. 2003
E. purpurea GC-MS PCA Hou et al. 2010
Ephedra species HNMR PCA Kim et al. 2005
plant species LC-MS, GC-MS PCA Arbona et al. 2009
plant species FT-IR PCA, HCA Kim et al. 2009
B. distachyon, A. thaliana FT-IR DFA, CVA Gidman et al. 2003
Catharanthus roseus HNMR PCA Kim et al. 2007
_ _ potato FIE-MS RF (random forest) Beckmann et al. 2007
Z‘l’\f{‘“;lsanctuhwar strawberry FT-IR PCA, LDA Kim et al. 2009
discrimination pea HNMR PCA, PLS, LDA Charlton et al. 2004
lettuce GC-APCI/EI-MS fold change Garratt et al. 2005
Arabidopsis thaliana HNMR, CNMR PLSDA Tian et al. 2007
Arabidopsis thaliana HNMR PLSDA Ren et al. 2009
Arabidopsis thaliana GC-MS PCA, HCA Messerli et al. 2007
Nicotiana tabacum FT-ICR-MS fold change Mungur et al. 2005
Broccoli uv ANOVA-PCA Luthria et al. 2008a
Broccoli DIMS ANOVA-PCA Luthria et al. 2008b
green tea UPLC-TOF-MS PCA, PLSR Pongsuwan et al. 2007
green tea GC-TOF-MS PCA, PLSR Pongsuwan et al. 2008
Angelica acutiloba HNMR PLSDA, PSLR Tarachiwin et al. 2008
Angelica acutiloba UPLC/TOF MS PCA, PLSDA Tianniam et al. 2009
Angelica acutiloba PY-GC-MS PCA, PLSDA Tianniam et al. 2010
gi‘liaglii;y wine HNMR PCA, PLSDA, OPLSDA  Son et al. 2009
evaluation wheat HNMR PCA Baker et al. 2006
ginseng HNMR PCA, PLSDA Lee et al. 2009
Astragalus HNMR PCA, CDA Shin et al. 2009
ginseng HNMR PCA, CDA Shin et al. 2007
wheat HNMR PCA Baker et al. 2006
potato FT-IR, HNMR PCA Kim et al. 2009
ghe Haleh v It} (Kim et al. 2007a). 2= AR 152 & 9 Al &Hol 7] & 4 S ASR o gH
2 53 EEY AGW AY 2 BEE 3 Beckmam  opEY A fAAE 2UH GMAB THE ¥
tal 2007) S M= HIE uF Gk Uel A AN Ee MBS £4S F3) =9 9wk 4% 24 §
UL FTY A E 9719 FFY Aol 7hsE Kim FE RARFORA ER 43S 4 Uk 2Ry =9
et al. 2009b), 2. 2= (Luthria et al. 2008a; Luthria et al. S A7 hAAEE 9] A Ao ol S}
2008b) ] #F AL 7hssth e of A AR S W AR Y] 7171242 SElAE HA HFol 7hsst
e zpolef o] 5o FAAF Y Apolef AP Al AWS th ofHH HrbE HEEY Ve GMAES FEA
TS = EokaL Sl Agolth whEkA] o] A I AR EE = A% 53 &, 54 H3E A
UAE gte AF7F utE Al tjAMbE 9] Afolof 7lojst  AbEo] A Wet 8l =) FAAE Qleh AubA el of
© AR ol ofFojAd Hh et FF A 7] AMbEY " HMEE SAl 4 2AE o Qe A
=2 &§o| 7k Aotk &, tiAMbE ' E Aol o & ZHAA ok diAMbE "R 7]so] 71NkeE GM
o AES FF A Vlee FFY AR FA A=Y A8 F (Charlton and Allnutt, 2004), 45~ (Garratt
U A FARE S AL TEET o2 B -SFo and Linforth, 2005), ©H} (Choi et al. 2004; Mungur et al.
A Z2F9 A QI EE AHE TdE5lo] &S Z 2005), o 7] Al (Messerli et al. 2007; Tian et al. 2007; Ren
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7hA] EulE (Le Gall et al. 2003), ¥ (Oberdoerfer et al.
2003), 7+A} (Catchpole et al. 2005; Colquhoun et al. 2006) U
(Baker et al. 2006; Shewry et al. 2007) 5 of&] ZtEof 4] of
W} GM ZHEAole] AA] AT S| ] BAjo] of
=Zo]2) 1 9lt}. Baker S& (2006) GM WL A& Th2 %
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Fig. 3 PCA-score plot (A), LDA-score plot (B) and dendrogram of
HCA (C) for 'H NMR spectral data from several CRDS- or glgA-
expressing potato tubers and two control Desiree tubers (Control
1 and 2). A: Two-dimensional PCA-score plot of FT-IR data. The
first two principal components, which accounted for 91.35% and
6.06% (97.41% total) of the total variation, respectively, are shown.
B: LDA-score plot of PCA-score data. C: Dendrogram based on
HCA of the PCA-score data. Symbols represent replicates of each
tuber line



16

J Plant Biotechnol (2010) 37:12-24

Z )9 TFRt GM 2= 9] Aol o] FofA|al Qltt. o]
5 GM ZEoflA =9 FAAe] A H7he HEEA
sasfoF 2 FAlo|th. 53] FAAF EQ] HA A o] F
o A= knockout effect= H7| A D A 0] o] Fo{ %A &F
= A=A e &40 ofEol WE. metA A=

A A= tAEE oA GM A= I 2 5
4 W7t pEoR FEo] 7T ALoR Y|diE of
=9 frAHbE oA B A ans Uetds GM 4
=2AE 271 AL AAGe 2N $F AYE & =7
of A&stA Adste sdoz &go] 7hed Aol

Table 2 Major application fields for plant metabolomics

2 &4 acl

B fggAbRolL} FropA) o) A

Funtional caregory

Plant species

Analytic instrument

Statistic algorithm

References

tomato HNMR PCA, PLSDA Deborde et al. 2009
tomato HNMR, LC-MS, GC-MS PCA, SOM Mounet et al. 2007
strawberry FT-IR PCA Kwak et al. 2007
barley, rice, Brachypodium GC-MS GC-MS Parker et al. 2009
Catharanthus roseus 2D-NMR PCA Choi et al. 2004
tomato FT-IR PCA, DFA Shin et al. 2010
ginseng HNMR fold change Jung et al. 2006
Arabidopsis thaliana HNMR PCA, fold-change Kim et al. 2007
sunflower, bread wheat NIRS ANOVA-PCA Sarembauda et al. 2007
tangerine peel HPLC HELP method, PCA Yi et al. 2009
Artemisia annua L GC-MS PCA, PLSDA MA et al. 2008

Understanding Datura innoxia Mill. ~ UFLC-ESI-HRMS PLSDA Jousse et al. 2010

physiological ..

response melon GC-MS, HNMR fold change Biais et al. 2010
opium oppy HNMR OPLSDA, PCA Zulak et al. 2008
Arabidopsis thaliana FT-ICR/MS PCA, fold change Gray et al. 2005
Arabidopsis lyrata ssp. HPLC, GC PCA, ANOVA Davey et al. 2009
Arabidopsis thaliana GC-MS HCA, PCA Korn et al. 2010
Arabidopsis  thaliana HPLC-TOF-MS PCA, HCA, ANOVA Boccard et al. 2007
Arabidopsis thaliana UPLC-TOF-MS PLSDA, PCA Grata et al. 2008
Arabidopsis thaliana GC-MS PCA, HCA, SAM Sun et al. 2010
Arabidopsis thaliana GC-MS ICA Trenkamp et al. 2009
sunflower GC-MS non-parametric analysis  Peluffo et al. 2010
grapevine NMR PCA, PLSDA, HCA Ali et al. 2009
Camptotheca acuminata ~ HPLC, ESI-MS monitoring HPLC-MS/MS Montoro et al. 2010
Arabidopsis thaliana GC-MS t-test, PCA Fiehn et al. 2000

Gene function

Arabidopsis thaliana
Arabidopsis thaliana

Poplar
Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana

HNMR, Microarray
FT-ICR-MS, Microarray

GC-MS, DNA-chip,
qRT-PCR

HPLC, qRT-PCR

HPLC, ESI-MS, FT-MS

Microarray

Microarray

SAM, visual comparison
PCA

ANOVA, SAM

PCA

> PCA

BL-SOM analysis

Huang et al. 2009
Hirai et al. 2004

Luo et al. 2009
Gluser et al. 2010
Tohge et al. 2005

Hirai et al. 2005
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£ T B9} Olof| A tropane alkaloid®] $+5F 3} (Balkhi
et al. 2010) 5 SIS ARZ tHFEAEA 7|HS
=R ASo] Huwal ok ojoh e A Ans
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ojx]= FF Al A Y o] E2AgHe Rl (Parker
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et al. 2010), A Z A (Trenkamp et al. 2009) 5 T}t AE
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TFEIL QI & AFIFANAE 71 A v Al
Z2RE ©§4Y Zgo| nA= HF (Fig. 4)(Kim et al.
2007b), glutamine©] QIAF mAFto] Hg] Ao n|x]=
A3k (Jung et al. 2006) 5= H 13k v} Qo) F 2 AEA
Zuo] Fofjnpge] woist= mAES Saccharophagus
degradans @] AL &gt AL (Shin et al. 2010)7} B 1%
Hh itk ol A ® AlEd nAEe AoAEE AE A
A AFE F3l olsfistE = Aleso] S/ AL= 9
FHETh 53] &7 AEY AV g vAe %S &
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on the PCA plot represent mean of three replicates. The numbers represent culture period of each sucrose starvation treatment

A 3= AT microarray o] B &} AAS
AELE A EstE AFE0] EaEa Q).
A A= BESHE], @744 adso]
A= FF2 dHste =72 &gl

.

=
=
L =
[}

fu

QUK 75 24

gz sopol 4 Hto] A Aol TS
A AN AR §AA )% B4
#o] gk 3, o3 B
Al 97148 H0) g ol s
S 715 Y] Siste] ofel B4 7
97 Qch. olF GEA $H4 715 4ol Yow
A AR} tagged mutantZ: A|25ke] wild types} H e}
0% ofgA] FHEHE A8 HAFORA tageed goned)
712 st gek Tet o9 gre W wow
BHo] $rE Bi% §UA4EY 5 U
AAZ AT gow uet w
K337 A%

FHo 44 AR G- 71 5ol AAH o 2g-Har

otk FAF ] 7123 SAHAA 715EA AL QoA
7 ot —D‘:Xﬂ 28 of 7] &) knockout mutant2] 90%©]Ako|
P WIS HeEA] = silent mutanteb= ot
ojg] F¢MolF= A A2 7|52 metabolic profiling
S =34 3 4 oI} (Fiehn et al. 2000). o] 4 & 3
Yol SHEA g GAZE SARS A A A
A ALE E3] AR 7= AUt o]Fojx 1 9t

(Tohge et al. 2005; Fellenberg et al. 2009) (Table 2).
FANCY (functional analysis by co-responses in yeast):= &
YL (Saccharomyces cervisae)®] knock out mutantE ©]-8-3}¢]

TR 75 dl&ol 7hestths HAR ZF mutants 7NE

2 © 2 metabolic profiledt & CIHFTFEA LA 514 =

2e28Y delo] vt $A4Y 15 5T 5 9

T
T} (Raamsdonk et al. 2001). o] WS o]&3dlo] A&
tagged mutant®] metabolic profiling2 F3}o] ©|x] 9] F4
Ao 7ee HEer 58 = 4 A= Aotk A

2 AR aFoA = N71A Y tagged mutant@} anthocyanin
AeEA 24 8- A9 knock out mutantE ©]-&35}o] FT-IR
AHEY BA 7| HL 2-25}0] anthocyanin A 3HA tagged

mutant®] AdF 9 7|& HolE Alwdta Qth



J Plant Biotechnol (2010) 37:12-24

19

e AA AEA A o] Fo] A= thet metabolism
O E25F network &2 A A o] ¢ O H 2 metabolic pro-
fling#ho 2 713k g 449 75e Helat 4
= itk w2bA DNA microarray 5 o2 A#E3} 914
gho] s A sfjopdt Hop AestA s Y7t s
Zo|t}. o] A F thAA| (metabolome)} -3-A ]| (transcriptome)
Holelol 45 @AS B fA% /1% Fe] @ el
At TAHCR A st A7 AP ok
o} 714 9] nutrition Z 22} thAFZFA of] - H transcriptome
gl o] €&} FT-MS % 2] metabolome H|0]E]Q} AAE &3}
of A 59| AR S TAH R s Lot A=
v} @1t} (Hirai et al. 2004). T3+ microarray H|0|E] & ©o]-&
5}o] intensity ZFS &4 & & A gene} novel gene?)
clustering=r 5-5Fo] A2 FHAAQ 755 oS5k
in vitroo]| A novel gene?] 7]%-S metabolite2} AAAA &
Apo] AR A 71%-S Aost ¥ (Hirai et al. 2005)%
o|FoA|aL Yt F Loz 71T drought £+ NaCl
o & g]¢f| wZ microarray2} metabolite profiling =] o] ¥ &1
A (Huang et al. 2009), o} 7] &t} B2] 9] ectomycorrhizas #|
g W& thAAbE $3teF o] w3k mRNAZE Wa o] &
=X DNA-chip g|o]|E]&} A (Luo et al. 2009)5 metab-
olite@} transcriptE 1A A]# abiotic stressE 3| A 5t= Al =
E0] Z715kal Qlt}. o]+ tagged mutant JFO. 2 AA S
S ogE Be S8 715S AHOR Yalv] 9
oz o\t e) 54 2 A4l non-
targeted metabolic profiling®} DNA microarray S ¢ 75}
g mutantE F-Uok= FAAY] 7S Bk anpd o
2 gols 4 97l B Aolth

CHAL| CIOIE BEsf, SAEA &nalE W 24 FHl2|
Crst

A& AR A 247191 2000 ZRho| A FE F )
of o|27|74A] HAMA] Ale e ] W B4 e 5
wA717100 0|27 7R W WHo] o]FojHrt 53
PARA A+ WAL 24 71089 St e d Ealls
ol Y2 vprh Ao £4717]19) W3S A4S 2H
FT-IR, 'H NMR £ non-target TAMA] E4 o) 4] Zuls}o]

3}etEo] A H A ¢l =A o] 7153 GC-TOF-MS (Almstetter
et al. 2009), LC-TOF-MS (t'Kindt et al. 2009) S0 2 o] ¥3}
7} o] Zoj X1 QIt} (Table 3). 2 ThAMTEL] A A A3
WS FasHA, tAHE Z2be) oF4 WstE
B} AgsA A s obgt HAe giAA] W EYS o]
3 4 9l7] YlRolgt AR €Tk 'H NMR 24 W& of
L Ar AREES] ZFF EA40] 7HsshA N &F =
3t 4= 9] metabolite®] 427} GC-MS, LC-MS H]

24 o ok
2o T

7|

=)
Mo

of 54 metabolite®] ¥ &7] IS4 target THAL
A 24 o] 2 AFEE A QITh (Dunn et al. 2005). F
Toll= Hop Al&sta Aol w& HolH 245 9
3] P NMR (DeSilva et al. 2009) 2! DART-TOF-MS (Zhou et
al. 2010) 5 24 ]9 haksizl o] 2ol 1 k. FT-
ICR/MS (Takahashi et al. 2008; Han et al. 2008) ®*H-& 7}-%F
AR ZA4 o] 7hestA| N a17ke) 2 A AhH] o] 7] oo
Al AR AR BESkE #A47]7] = ofyth AH]
o] Hygo] &AL, FTICRMSE 4 ¥ & 3ghE
=9 tlolel 7}t ol A HhH thARA] &40l A FT-ICR/
MSO| Ap-go] F7he Ao ® o4t

e

(@)

AR Aol Bt 7lelat E o2 H4l Rt
chis BARA dneZolch B8 fA Holg £
Mo Bt SARAY A S8} 2

ol wheb ohet dareE
9] metabolite 2] A1 0 72 AFL-F] HFH.LS X H| A o] metabolite
pattern®] W3S B 7] 9|3t WY o & PCA, PLSDA 7|4
o] o] ARE-E| Gt Metabolite %782 5t & W, datad)
HE7} spectrum®] FEfZ L2 A H T} non-target metabolite
fingerprinting2 S}, A X metabolite7} L} 2 7] wj&of
£ metabolite®] ¥ FA3= Ao ofFHt wjFof, spec-
tum®] A E FEHSE YoHH, 7| A o webA t=4]
g, 10007] ol A1 800007 2] W=7} LA B AL o] Wm
= 2 Ao Aol Hrh o]y W AdS PCA

< &0kl ES = component® S FoIA ALt
= ot Hoh PCA= B2 AYE tf 33 ¢l componentE
goto] AU 5 Eole WHlolth AA S A me-
tabolite©] 7" A ¢1 z}olof T4 F7] wjZ ol microarray
o A o] AHE-E SAMO| WS o] ARE-ETh (Almstetter
et al. 2009). SAM-E o] &3}7] 93] A= metabolite®] low
spectrum= AREE =~ 3, 7|E metabolite] %42 A3
Zojop gt} ufebA also] Hold GC-MSL LC-MS
9] 7ol W E a1, GC-MS, LC-Moj| A 2] pure compound
glolg 7} 4ol uheba] spectrum peakol] A metabolite 2]
TG = AT o AA HAAL, SAME o] &3 Wi o]
A=A ATt o]Qo| = ICA (independent component
analysis) ¥4 (Scholz et al. 2004), CCA (canonical correlation
analysis) 4] (Yamamoto et al. 2008), RF (random forest) &
A (Enot et al. 2006) 18] 312 ASCA (ANOVA-simultaneous
component analysis) 4] (Smilde et al. 2005) 7]® 5| A}
L5 Qi 18y o}A 7 A = metabolite datal] EAJA)
W A 7HA AL §17] wjiZol] PCAQ} PLSDA &4 o]
Wol ARE-E AL QlE} (Table 1).

ALA] 24 Anke) Y F= Sl Al = 9
HANY 223 YR Ge] AYPEL Utk AE
Azo] 'HNMR B44 2ol 2% 9 A=) 24 3}
AL A A st} 2™ (Kruger et al. 2008; Parker et al. 2008),



20

J Plant Biotechnol (2010) 37:12-24

Table 3 Key factors in advance of plant metabolomics

Categrory Sample type

Analytic instrument

Statisitc algorithm References
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Han et al. 2008
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human serum DART-MS Zhou et al. 2010
Escherichia coli 2D GC-TOF-MS fold change, SAM Almstetter et al. 2009
Arabidopsis LC-MS, GC-MS PCA t'’Kindt et al. 2009
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analysis algorithm green tea GC-MS CCA, PLS Yamamoto et al. 2008
Arabidopsis thaliana, potato FIE-MS RF (random forest) Enot et al. 2006
guinea pigs urin HNMR ASCA Smilde et al. 2005
sunflower HNMR PCA, OPLSDA Kruger et al. 2008
Protocol standardization Brachypodium distachyon FIE/MS PCA, PC-LDA Beckmann et al. 2008
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Brachypodium distachyon FIE/MS LDA Parker et al. 2008
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