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1. ABSTRACT

To determine whether FT-IR spectral analysis based on multivariate
analysis for whole cell extracts can be used to discriminate major leguminous
plant at metabolic level, seeds of six major leguminous plants were subjected
to Fourier transform infrared spectroscopy (FT-IR). FT-IR spectral data from
seeds were analyzed by principal component analysis (PCA), partial least
square discriminant analysis (PLS-DA) and hierarchical clustering analysis
(HCA). The hierarchical dendrogram based on PLS-DA separated the six
leguminous plants into four major groups. The first group consisted of Vigna
radiata var. radiate, Vigna angularis var. angularis and Vigna unguiculata
subsp. unguiculata, whereas Pisum sativum var. sativum, Glycine max L and
Phaseolus wvulgaris var. wvulgaris were clustered into a separate group
respectively. These results showed that metabolic classification system were in
accordance with known phylogenic taxonomy. Thus we suggested that the
hierarchical dendrogram based on PLS-DA of FT-IR spectral data from seeds
represented the most probable chemotaxonomical relationship between six
leguminous plants. Furthermore these metabolic discrimination systems could
be applied for rapid selection and classification of useful leguminous cultivars.

We established a high throughput screening system of African yam tuber
lines which contain higher contents of total carotenoids, flavonoids, and
phenolic compounds using ultraviolet-visible (UV-VIS) spectroscopy and
Fourier transform infrared (FT-IR) spectroscopy in combination with
multivariate analysis. The total carotenoids contents from 62 African yam
tubers varied from 0.01 to 0.91mg-g” dry weight (wt). The total flavonoids
and phenolic compounds also varied from 12.9 to 229mg-g™ and from 0.29
to 52mg g’ dry wt FT-IR spectra confirmed typical spectral differences
between the frequency regions of 1,700-1,500, 1,500-1,300 and 1,100-950



cm’, respectively. These spectral regions were reflecting the quantitative and

qualitative variations of amide I 1 from amino acids and proteins
(1,700-1,500cm™), phosphodiester groups from nucleic acid and phospholipid
(1,500-1,300cm™) and carbohydrate compounds (1,100-950cm™). Principal
component analysis (PCA) and subsequent partial least square-discriminant
analysis (PLS-DA) were able to discriminate 62 African yam tuber lines into
three separate clusters corresponding to their taxonomic relationship. The
quantitative prediction modeling of total carotenoids, flavonoids, and phenolic
compounds from African yam tuber lines were established using partial least
square regression algorithm from FT-IR spectra. The regression coefficients(R")
between predicted values and estimated values of total carotenoids,
flavonoids and phenolic compounds were 0.83, 0.86, and 0.72, respectively.
These results showed that quantitative predictions of total carotenoids,
flavonoids, and phenolic compounds were possible from FT-IR spectra of
African yam tuber lines with higher accuracy. Therefore we suggested that
quantitative prediction system established in this study could be applied as a
rapid selection tool for high yielding African yam lines.

This work examined the feasibility of prediction of carotenoid content
without HPLC analysis using prediction modeling of carotenoid content by
multivariate analysis combined with FT-IR and HPLC data. FT-IR spectra from
peels and flesh of citrus (Citrusunshiu Marc. cv. Miyagawa) fruit were
measured at monthly intervals. Quantitative analysis of carotenoids from the
same citrus fruit was confirmed by quantitative HPLC analysis. FT-IR
spectroscopy showed that remarkable increase in carbohydrate region
(1,000-1,200 cm™) and decrease in amide region (1,500-1,700 cm™). HPLC also
showed that increase in B-cryptoxanthin and decrease in lutein content during
citrus fruit development. Reliable prediction of antheraxanthin (R°=0.9117), B
-carotene  (R’=0.8816), B-cryptoxanthin  (R°=0.8856), and violaxanthin

(R*=0.7305) was obtained from partial least square (PLS) regression modeling.



Considering these results, FT-IR might be applied for metabolic evaluation of
citrus fruit during ripening.

Fourier  transform infrared spectroscopy (FT-IR) spectroscopy in
combination with multivariate analysis was used to discriminate two different
F1 hybrid lines from their parental inbred lines. Genomic DNA was isolated
from leaves of three parental lines and two F1 hybrid lines of Brassica
campestris subsp. pekinensis. Purified genomic DNA was analyzed by FT-IR
spectroscopy in the spectral region from 4,000 to 400 cm™ FT-IR spectra
confirmed typical spectral differences between the frequency regions of N-H
stretching (amide I) and C=0O stretching vibrations (amide II) as well as PO,
ionized asymmetric and symmetric stretching. Principal component analysis
was able to discriminate between F1 hybrid progenies depending on their
parental lineages, even though they share the same maternal background.
Partial least squares discriminant analysis gave a more clear discrimination
between the two parental lines and their hybrid progenies. These FT-IR
spectral differences might be directly related to subtle changes in the base
functional group and backbone structures of genomic DNA. Considering these
results, this technique could provide a solid research foundation for FT-IR
spectral-based rapid diagnosis, selection, and discrimination of parental lines
from their progenies. Furthermore, this technique could be applied to test
purity in the hybrid seed industry.

We established a high throughput screening system of Citrus fruits lines
which contain higher contents of sugar content and acidity content using
HORIBA and Fourier transform infrared (FT-IR) spectroscopy in combination
with multivariate analysis. The sugar contents from 5 citrus fruits varied from
0.84 to 10.3°Brix. The acidity contents also varied from 0.61 to 0.99%. FT-IR
spectra confirmed typical spectral differences between the frequency regions
of 1,700-1,500, 1,500-1,300 and 1,100-950 cm™, respectively. These spectral

regions were reflecting the quantitative and qualitative variations of amide I,



II from amino acids and proteins (1,700-1,500cm™), phosphodiester groups
from nucleic acid and phospholipid (1,500-1,300cm™) and carbohydrate
compounds  (1,100-950cm™).  Principal component analysis (PCA) and
subsequent partial least square-discriminant analysis (PLS-DA) were able to
discriminate 5 citrus fruits lines into three separate clusters corresponding to
their taxonomic relationship. The quantitative prediction modeling of sugar
contents and acidity contents from citrus fruits lines were established using
partial least square regression algorithm from FT-IR spectra. The regression
coefficients(R) between predicted values and estimated values of sugar
contents and acidity contents were 0.99 respectively. These results showed
that quantitative predictions of sugar contents and acidity contents were
possible from FT-IR spectra of citrus fruits lines with higher accuracy.
Therefore we suggested that quantitative prediction system established in this
study could be applied as a rapid selection tool for high yielding citrus fruits

lines.
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2. 3. Fourier transform infrared(FT-IR) spectroscopy®} partial least squares

(PLS) regression 7|
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3. FTIR AMER 7|4 CHAZEARA7|H0| o8 Satxtgol

CHAMM =& AENA =&
(Establishment of rapid discrimination system of leguminous plants at

metabolic level using FT-IR spectroscopy based multivariate analysis)
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3. 1. Abstract

To determine whether FT-IR spectral analysis based on multivariate
analysis for whole cell extracts can be used to discriminate major leguminous
plant at metabolic level, seeds of six major leguminous plants were subjected
to Fourier transform infrared spectroscopy (FT-IR). FT-IR spectral data from
seeds were analyzed by principal component analysis (PCA), partial least
square discriminant analysis (PLS-DA) and hierarchical clustering analysis
(HCA). The hierarchical dendrogram based on PLS-DA separated the six
leguminous plants into four major groups. The first group consisted of Vigna
radiata var. radiate, Vigna angularis var. angularis and Vigna unguiculata
subsp. unguiculata, whereas Pisum sativum var. sativum, Glycine max L and
Phaseolus wvulgaris var. wvulgaris were clustered into a separate group
respectively. These results showed that metabolic classification system were in
accordance with known phylogenic taxonomy. Thus we suggested that the
hierarchical dendrogram based on PLS-DA of FT-IR spectral data from seeds
represented the most probable chemotaxonomical relationship between six
leguminous plants. Furthermore these metabolic discrimination systems could

be applied for rapid selection and classification of useful leguminous cultivars.
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3. 2. Introduction

FUEE2 HMAH2Z 48%2| 7|5 Y4
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32 30% g|n X 20%E eQst= 17|sMd AZFRIEO0|CHJang et al.
2010). ERpstEL 22|t MM AHE D Uom, O Y XX =4
Of 2t CtYst EXE0| s710AM RHHRE| 2 QJUCHKIm et al.1993; Lee and Kim
1993). Z|Z =4 IS 0[&3dt= aH|XI7} S7I5HHAM 4 30 Cheh 20| &
5ot AKX RE[LtEe] F MHIHAE Za0f M2 WAE A4z
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HE O|8%t F& HHES0| I HEL|0{2ACHKeim and Shoemaker 1988;
Thompson and Nelson 1998; Kim et al. 2006; Choi et al. 2000). £t Q&=

ChYd 240 5 e ¢t ZA0FHZ SNP O0i750] &&&|1 RACHYoon

0

AN
et al. 2007). J2{Lt 0| R0 YAes SEIX|YLA Aojdg, 22lng, 0|A
S22, OJEIM, AbZd, DLE S E[otRIar Z2 CHYSHA HAEEE THAM

T HEO| O|ROX| 1 ALt OFF CHARN ==0A A& 7|

>
=
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_(')_I-
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-
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o
H1

=| Ht7F QiCtJang et al. 2010; Hong et al. 2010).
CHARM =A47[=0f CHet 240 DEE e

—_ =
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QICt. E3| CHAIHX| 2 EAM 7|&=(metabolite

=]
o SZHe 7|=EZ0| O|R0{X|1
fingerprinting)2 Al22| MMZEFE= AN SEZEH CHYet CHHTSAE
H7|8S Ol18ot CHAMM =0 AlZZte] XN, X IjEH X0|E #Ysts

A7 2Ot FZ FT-IR (Fourier transform infrared spectroscopy), HNMR
(proton nuclear magnetic resonance spectroscopy)3! MS (mass spectrometry)

52| 24 OIO|HE 0|83t Alze| AldHo| 80| &1 UCt (Krishnan et al.
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3. 3. Material and Methods

max L, Deawon, Eunha, Sohuk), @t=(Pisum sativum var. sativum, O],
Cheongmi, Sacheol), Z'“ZE(Phaseolus wulgaris var. wvulgaris; Kangnang-lho,
3ho), & (Vigna angularis var. angularis; Yenkum, Chilbo, Chungju), =5(Vigna

radiata var. radiata; Eooul, Jangan, Dasun) 2|1 SE(Vigna unguiculata
|

A
o

subsp. unguiculata; Kochang, Hwaseong, Kimje)o|lH Z'd&E 2352 X stis

2t SER Mol EFS A 240 AESHRACHFig. 2). ZZ4e| SXARE
Ot xter YAAE S 0|85t EEYEZ FMIAC 2ME I JTAAERE
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Fig. 2 The seeds of leguminous plants used in the study. (A) Glycine max L. (B) Pisum sativum

var. sativum. (C) Phaseolus wvulgaris var. vulgaris. (D) Vigna radiata var. radiate. (E) Vigna

angularis var. angularis. (F) Vigna unguiculata subsp. Unguiculata. Scale bars represent 1 cm.
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3. 3. 2. 0%t

Mo
ra
=
H
4%
¥
MHo
=
A

-

O &% 243 2 =5 372 4 A 2% 20 mgs 15 ml
Eppendorf tubedf @11 20%(v/v) methanol 2 200 pyLlA M7t = A
Z=RACE Z+ tubeE 50°C water bathOjjA 20827t HH2A|ZI CH2 13,000rpmOf| A
1527 deest 2 4542 ME2 tubed| SFZACH MZR tubeld| H7l Al
2= LA o # 13,000rpmOi| M S&7H AdEelst WIAHZ|7F SO{7HK| RS
HBUS ZYLEHA MER tubed| SFZLE FEE FE=2 -20°C0M 2243}
of

=
FTIR ABEE 240| ALBSHITH
3.2.3 FT-R AMEHT} G0l MH2| % Chay SHEY

FT-IR (Fourier transform infrared) AHE=2 XA= Tensor 27 (Bruker
Optics GmbH, Ettlingen, Germany)& A3 10, DTGS (deuterated triglycine
sulfate) A=7|2 245IQULCt F=E2E ZHZ0| A|FRE 5 pe 384-well ZnSe plate
O] 23504, 37°C hot plateOf|A| 2 2027t HAZXSIALCE HZEE ZnSe plate=
Tensor 270| Z&t=l HTS-XT (Bruker Optics GmbH) 18 & X533 HX|E 0|
oo AHEZS ZNSIYCE 2 AR AHEHS 5 4000 ~ 400 cm (0|
M d2|D 4 cmZiAoR B 1283 B2 SHE BF AHEHS 20| ALS
GIQIC 2t AlRE 27t 3t 2
WEZ XA 9 O|O|E WS AMRE T2 Bruker O|A XE3l= OPUS
Lab (ver. 6.5, Bruker Optics Inc)E& AtE3IQICt FT-IR AHEH [GO|EQ| CHEHEF
EARME Q8] HA FT-IR AHEZ [HO0|E 9| baseline @, normalization 5!
mean centering § AHEZHO| MAZ| IS R =23 (version 2.13.2)& O]
8310 =l QULCt Baseline n%
(800-1800cm™Q| S&ALTE
oho] 2t AmMEZS

centering ™S HE



HO|E{= ArESHALE

7t3%E FT-IR A2HEFH G O|EH = NIPALS &112|F (Wold 1966)S 0|23t
R Zze(version 213.2)& AtE3t0 PCA (Principal component analysis)2f
S CH (Fiehn et al. 2000;
AO| Xl scoreE 0]|835}0] HCA
o SAE X|$£=Z UPGMA

HJIO

PLS-DA (Partial least squares discrminant)&Ad

OF
==

A
Trygg et al. 2007). PCA B! PLS-DA EMZ &
(hierarchical clustering analysis) &3S
(unweighted pair group method with arithmetic mean analysis)& At&%t

euclidean distanceE =30 Zt A|RQ| QAT E HEZ MO Z LIEIGHCE
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3. 4. Results and Discussion
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._\
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M U™ ™MHE HIYst= HQ|0|CHParker 1983; Dumas and Miller 2003;

Wolkers et al. 2004; Yee et al. 2004; D'Souza et al. 2008; Lopez-Sanchez et al.
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Fig. 3 Representative FT-IR spectra from leguminous plants. (A) GB : Glycine max L. (B) PSM :
Pisum sativum var. sativum. (C) PVM : Phaseolus vulgaris var. vulgaris. (D) VAM : Vigna
angularis var. angularis. (E) VRM : Vigna radiata var. radiate. (F) VUM : Vigna unguiculata

subsp. Unguiculata.
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Fig. 4 PCA score plot of FT-IR data from leguminous plants. (A) GB

Pisum sativum var.

angularis var.

angularis. (E) VRM :

PC 1 (35.6%)

sativum. (C) PVM : Phaseolus vulgaris var. vulgaris. (D) VAM

Vigna radiata var. radiate. (F) VUM :

subsp. Unguiculata. Dot circles in figure represent boundary of each leguminous plant.
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PLS-DA score plot of FT-IR data from leguminous plants. (A) GB : Glycine max L. (B)

Pisum sativum var. sativum. (C) PVM : Phaseolus vulgaris var. vulgaris. (D) VAM : Vigna

angularis var. angularis. (E) VRM : Vigna radiata var. radiate. (F) VUM : Vigna unguiculata

subsp.

unguiculata. Dot circles in figure represent boundary of each leguminous plant.
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Fig. 7 Hierarchical dendrogram of FT-IR data from leguminous plants.
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4. FT-IR AHEY Glo|Eo| CHAYSARME 0|83
D715 ofZaT ¥ MY U TI5A 4E B
(Discrimination of High Functional African Yams using FT-IR Fingerprinting

Combined by Multivariate Analysis and Quantitative Prediction of Functional

Compounds by PLS Regression Modeling)
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4. 1. Abstract

We established a high throughput screening system of African yam tuber
lines which contain higher contents of total carotenoids, flavonoids, and
phenolic compounds using ultraviolet-visible (UV-VIS) spectroscopy and
Fourier transform infrared (FT-IR) spectroscopy in combination with
multivariate analysis. The total carotenoids contents from 62 African yam
tubers varied from 0.01 to 0.91mg-g” dry weight (wt). The total flavonoids
and phenolic compounds also varied from 12.9 to 229mg-g™ and from 0.29
to 52mg-g’ dry wt. FT-IR spectra confirmed typical spectral differences
between the frequency regions of 1,700-1,500, 1,500-1,300 and 1,100-950
cm’, respectively. These spectral regions were reflecting the quantitative and
qualitative variations of amide I I from amino acids and proteins
(1,700-1,500cm™), phosphodiester groups from nucleic acid and phospholipid
(1,500-1,300cm™) and carbohydrate compounds (1,100-950cm™). Principal
component analysis (PCA) and subsequent partial least square-discriminant
analysis (PLS-DA) were able to discriminate 62 African yam tuber lines into
three separate clusters corresponding to their taxonomic relationship. The
quantitative prediction modeling of total carotenoids, flavonoids, and phenolic
compounds from African yam tuber lines were established using partial least
square regression algorithm from FT-IR spectra. The regression coefficients(R’)
between predicted values and estimated values of total carotenoids,
flavonoids and phenolic compounds were 0.83, 0.86, and 0.72, respectively.
These results showed that quantitative predictions of total carotenoids,
flavonoids, and phenolic compounds were possible from FT-IR spectra of
African yam tuber lines with higher accuracy. Therefore we suggested that
quantitative prediction system established in this study could be applied as a

rapid selection tool for high yielding African yam lines.
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4. 2. Introduction

ofZZ|Zt &2 F= OorZ2|Ft X[HoAM AHiED s CHEAYHESE,
FhArEE, ZAL Atorer 0] ME2 eE0] o Fact MIAACR O|EK1
ULE Lo 22 M2E 15-20%, A 1-1.5%, X|& 1% L 7|Ef 04 &
HIEtEl S8 st QCHAdeleke, 2010; Kwon et al, 2010). EESH QF9|
T20= Cet P #2d2 A= /€ JI5d=ZE, saponin, tannin,
sitosterol, diosgenin, carotenoid, flavonoid, polyphenol, allantoin, araginine,
mucin S5 2Fotl A0 AHEXHZEZM & X7t 0 =2 A= O[CHKIm

et al, 2009; Kum et al, 2006; Kwon et al., 2010). £3| 9| 20| ZX|st=

22 A, 2F, HZEZAY nde Fed AE AL D2 (=0 250 A
QUCHSong et al, 2010; Yoon et al, 1989). O|MH ot=Z|7t &2 Alg T
AELNEEZAM X7 =2 HIOIXD Fa dEEM0| Cigh d=ter 40
ZHSHA O|FOX|X| & RUCL Im et al. (1995)2 Of=Z2|7F Q| Z AbxH,
LL20|E, H=d JE0| UL o B[S =O0tM HEC 2010 ZdiCt=
E0oF UACh Mk Mg 2 o2 |H ZHoM f=7h otZE|Ft ol =YUH
248 7|8 =2 flolf Cret orz=2|FHit 2fo| 7|sd d& &40] O|F0{X0of
g Aoz MEELCL o2 7|led dE&4 HOoHE 7[Htez 17|sd &

(=]
=0 Mk 9l HYEME2 FZ gas chromatography(GC)Lt
high performance liquid chromatography(HPLC) 5l ZEZFEM7|9t AHAAHE Eof
Hetst d2o| ™Mk 9l MM 2M0| O|F 0 EICHAktumsek et al, 2013; Kimura

—

et al, 2002). J{L} 0|23t B2

Y
i

XM EXNHE ofdst’| et SFLte| LS Z  ultraviolet-visible  (UV-VIS)
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spectrophotometer& 0|8%t 7|sd o

mn

of M&E #Y EA JHsEol

— O

A

Bz QICHKofalvi and Nassuth, 1995; Stadnik and Buchenauer, 2000;
Zhishen et al.,, 1999).

2 9a AT[yel LEO YU, AN #=E0M Alzzel &,
2N I XO|E FHot= CHAMASH A7t SUSHA O|ROfX|22 ACE CHARA
A= ZFZ Fourier transform infrared(FT-IR) spectroscopy, proton nuclear
magnetic resonance(HNMR) spectroscopy 3! mass spectrometry(MS)S2| &
HOIHE 0|85t ZTAED Yol AT Azl ME A CHAMM OF7H 7H&o
=20| T3 QCHKrishnan et al, 2005). £59|, FT-IR A HIHS ABE 210|

ZER|D Qe ool YEE OHTSAHZMHE 0l8sty M&stn FEisHA

M = == =
722 = QUCHGallardo-Velazquez et al, 2009). [2tA CHARA|SHS CHARS 29|
475 #8 S VI=SEN EE2 =2E si=Eo FF5 HUAL MHFZ,
Q| Mg, MBO|LL QOFE Mol EEI U MMM B CIYT MAH
280| O|FOX|2 ACE CHAMM 2MEIOIHZRH 2Lt 8¢ =<1y JEE
F=ot7| floto Cfget CHEAZESAEM 7|8o] 8oz StHtx|d RACE

A
O|Z0M CHEXHQ CHHZSAHEA7|YS OStLIQl partial least squares (PLS)
regression2 A|22RH Feor FEEA HOIH 2 Alzel AHEH
HOIHO| detEdE Solf Cidet d2529 &2 o5 2T dfez 80|
O|20{X|21 QCH(Bastiena et al., 2005; Hoskuldsson, 1988; Mevik and Wehrens,
2007; Wold et al., 2001). %20 = PLS regression 7|H& 0|&3%l0] ZHILIFEX
AMZE(Camellia oleifera)O| A X|gkAb &2k o= R E2l(Yuan et al, 2013), Apdf
QHUXl 2|1 =E&0F FA0 TREO Aes carotenoid HE B =

=

2 (Leopold et al, 2011), HAO| =XSts HEFRet OER 2 o
A

rir

ZE(Chen et al, 2012), |72 FIf 8 &0 Cigt o5 ZEAY(Argyri et

al, 2013) Of 7}s¢t A2 Hikn ol Of5¥=t: £t 0f =0 N



compounds9|

Pt SERIEL
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4. 3. Material and Methods

4. 3. 1. MEX=E

il
o

T

2 Ao A= ot=2|Zt  (Dioscorea)L  ERA(L|OF dl&0OHA
AH

O =
OtZZ|7tatst7| & & Soltiste 28 Hag2 ozt o F2
=

B MY =
AESIRICE A™o| AFEE Ztzfel @ 2tQl2 Dioscorea alata 15291, D.
bulbifera 62}Ql, D. cayensis 5291, D. dumetorum 132}Ql, D. rotunalata

12291, D. mangenotiana 12tQl, D. prahensilis 22}l 2|1 25stM 70|

O|ROIXIX| B2 AU & Az 822 & & 622t2ls ArEdIRACHTable 1)
dz=g ofZE|Zt & F22 TARb UXAMES 0l8SHY DM =E=2

O
tRen -70°C =M 2dS00 EastHA 20| ArEsRALY.

A
;é
ok

4. 3. 2. UV-VIS spectrophotometerES 0|88t chlorophyll a+b/carotenoids

=
5%

of=z|7t Ao ZEE| total carotenoids 2 Yang et al. (1998)°| HIEH S
0]230] UV-VIS spectrophotometer (DU®730, BECKMANCOULTER, Brea, CA,
America)E Sdl ZXAISIQUCE of=zZ|Zt @ 22 A|E 20mg= 80% acetone
ImLO| SO{RUA= tubed| Hojx=1 Ot & HMO|EE =250 FRACL 01t &
el AlzE 4201M 13,000rpmez 57t ddwe| oAk AdEe7t 2

HEABS MZ2 tubed| FA FALL MZ2 tubed| FAY F==S

SHETl 03-0850] EEE MM, 350-750nm ZEWL0IM >2nm
7

ot
>
HU
|0
O-l-
[0 )

/tzZ402 UV-VIS spectrophotometerE O|23l0] SAT-E =HIQUCt =HE
Sa 25 H Lichtenthaler and Buschmann (2001)2| BfH& 0|23l Oof=2|Zt
OF A\|E 22 E total carotenoids S22 ZAISIF D SH2EA AALS OfgfQt ZtC}.
Gy (Mg-LY)=12.25%Ags3-2.79* A7

Co (Mg-L™)=21.50*As47-5.1*Ase3

Cxso (Mg-L™)=(1000*A470-1.82* C;-85.02*C,)/198
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|:|0I-

= I=7:||

CxroO| Al x+cE  xanthophylls@t carotenes®| o2 total carotenoids kS

LIEtHCE S E 22 ANOVAS 0|83ty Rolds EHESHALL

F-?-

Ao AFE G chlorophyll a, Go= chlorophyll bE LIEFHCE EESH

4. 3. 3. UV-VIS spectrophotometer2 0| &%t total flavonoids =%

of=z|7t AoZHE total flavonoids T2k Zhishen et al. (1999)9]
BfHS 0|83l UV-VIS spectrophotometerE of
A2 10mgS absolute ethanol 1ImL £0{7} U= tubedf| YO{FRUCE 204t &

HMO|EE SES0{ZE = 1AZH S0 AL0|M g8 AJZiCH 20| B4 AlRE

[y O —

r& S EASHSLCE of=z|Zt

M20|A 13000pmoR 527t ANERsD, YMEa BY AR 4T

O =
100E M=Z2 tubed| FJFZCL &AL Alz 10000 2X FSF+ 4000LE
S

2h7p Iml7} E|E2 2k SE24 24002 MIPSIYCE FH|E A|RE UV-VIS
spectrophotometerE  O|23}0{ 510nm LEOA SHAE FHSIULCL
Reference compoundsZ-L  catechin(100mgLh)2 A2  ZAFSHO]  total
flavonoids &= FHYSIYULt. FEE 42 ANOVAE 0|83t [old=

TSI

I_

ke

4. 3. 4. UV-VIS spectrophotometer2 0| &%t total phenolics g2 =7

of=z|Zt E{ total phenolics compounds &2 Wu et al
i Z=ASHCH
10mg2 80% ethanol 5007t S0{7t Y= tubed| EO{FRULCL.
0iet & AMO|=E =S0FE T 95°COAN 527t 78St FESIQUCE F&E

ANEE o200 A 12,000rpme 2 1527t |IMEZ|stn, |IMEZ|7F B A|=R9
2

ot
%

2 5
(2007)°] HIHZ 0|23} UV-VIS spectrophotometerg &
A=

i

APXIOH 20RE MZEE tubel| SZiCH SHZX F==F 20p20]| 2N Folin-Ciocalteu



reagent 5022t 20% Na,CO; 100wE H7tstn %Z BEI|7t 1mL7} A 2%t
=224 830uE HIISI0] FTH|SHQICE Control2 ALRE 22U 2k ZE24
850mL0j| 2N Folin-Ciocalteu reagent 50u22t 20% Na,CO; 100uRE H7}3}
XE 27t ImL7t EAH S=H|SIQICE BEESEL2 2000 ethanolo] =g
chlorogenic acid0f| 2N Folin-Ciocalteu reagent 50ul2} 20% Na>COs 100u@

Hototn HF RO7t Iml7t EHEF 2% SF+ 830wE FIroty £

(LR

=
=
=
=

ZESIACE  FTH|E Alzs d20M 2022 BE AlZl =0 UV-VIS
spectrophotometerE O|23}0 725nm LA SHETE AL =5H

2re ANOVAE 0|83 S90S mestQiCt

il

4.3.5 F-R 2AZEY ZAb U AHEY Ho[E CHHZY EH 2N

otma|zt o 62749 P2 2
200024 HIISHOl B AOIF

o
Che 13000pmOjAl 1527 A3 & AHAS M2 tubed| SZCH

=
N
o
3
(@]
mjo
—
C
O
D
=2
OHL
k1

20% methanol &
o Al7

$Q
n
N
-
C
O
(0]
mjn
(O]
<
e}
4
P!
=2
X
N
o
A
]
r

sl4e AP AMEEIYS
ZUAHA MEL tubed] HFAZ SAUC HSE YA 20°COA H

s
CtS FT-IR AHE A AL AtESHGLCE

FT-IR(Fourier transform infrared) A®E ™ XAt= Tensor 27(Bruker Optics
GmbH, Ettlingen, Germany)E A3t 0, DTGS(deuterated triglycine sulfate)
AE7|2 2MSIQUCE FEE 2t2to| A|lE 5,E  384-well ZnSe plateof
23510, 37°C hot plateOA] <F 2087t AZXSIULCE HAXE ZnSe plate=
Tensor 270 Zt&t=l HTS-XT(Bruker Optics GmbH) 18& Xts3t TX|E

= =

0|828l0] AHEHS ZARSIECE 2zt A|Zo| A 4,000-400cm™
E

[m
o
rlo

HelolM 2|2 4cm” 7oz & 1283 e ZWE R AHMEZHS A0
AFEIQICE 2 AlRel FTIR ABMES EAN £4Z gof 2tz 3g

ro Ji

H
SYSIYCL FTR ABEY =A% GOl #HEo A8H =213y
-1 O AN = o

DFIJ

BrukerOf| A| H|&3t= OPUS Lab(ver. 6.5, Bruker Optics Inc)& AFE3SIRQULCE FT-IR

AHE [O|Eo| CiHZF EAHEMES Q& A FT-IR AHE [o|Eo



baseline 1W7d, normalization 5! mean centering & AHEZHO| MXZ| MHHS
R ZZ&M(version 2.15.0, Auckland, New Zealand)E O|23}0] 2SI ALCt
(o]
o

Baseline mAMS 98} FT-IR AHEZ H2M oo QF L7(1,800-800cm™)Q]

EY=E 002 ZWSYSD Aol OXE A Ao 2
AHEZHS Y HHOZ normalization SFQULCE 0|Z H|0|E{ 2| mean centering
-EI- O -

d2 AN 2% 022 ot ke N7t 2=zE AHEF HOHE
HE SAEA 242 fIe BEIE OOH=Z AEsiRlch 7tSE FT-IR
AHESZ 0OO|E&= NIPALS &12|&F(Wold, 1966)2 0|23t R ZZ 13
(version 2.15.0)0| M PCA (Principal component analysis)?} PLS-DA (Partial least
square discriminant analysis) &Ad(Fiehn et al, 2000; Trygg et al, 2007)&

&S ALt

4. 3. 6. Of=2|Zt & L2222 EE total carotenoids, flavonoids 3! phenolics

g 0% PLS 2EY

of=z|Zt & F29 FT-IR A=EZ [HO|EZ5FE total carotenoids,
flavonoids, phenolics &2k 0= EEHS JHEUSIQICE = 6274 of=z|7F QF
AlZ2QO| FT-IR AHEA [HO|EHt Y AZE2EEH YO{Xl total carotenoids,
flavonoids, phenolics &2F M= H™MzF HO/HE 0|23l X B%0= FT-IR
AHER HOHE ARSI, 3709 Y BH40f|= UV-VIS spectrophotometer&
Sl FOEl total carotenoids, flavonoids, phenolics &2 Mgk HO|HE Z+2}

o
AL SIRUCE PLSR(partial least square regression) 242 R ZZZH(version

215002 O|83iRLt o ZEFQ F=HEE THAZ|I7] 25K 1712 X
B0 oo 378l ¥ BiE 244 nXHZY S LASHACE SHEE o5 R2YS

0| 235t0 Ztzto| of=z|Zt @ A|Z 2| total carotenoids, flavonoids 5! phenolics
g sttt @ o 2YS TS ZARP| sl
|7 & A|E=ZEE total carotenoids, flavonoids 3! phenolics &Hgf

=
Mzx|ob A0 it MESHS SWsl0] HBASE AL



4. 4. Results and Discussion

1. of=g|ZF & 22 ZEE total carotenoids, flavonoids %! phenolics

UV-VIS spectrophotometerE 0|23l0] Oot=z2|Zt & 20| =X|St= total
carotenoids, flavonoids 5! phenolics &tzks XTALSIQCHTable 1). 0{2{ of=z2|7Zt

k=3
=
O BSO| i zzol ¥Eo| Oy |olp

O — —

P

0|2 HO|=X|Z ANOVA
ZeIHe S BIK A1 [O4(P<005)0] U AO|E =iCh Totl
carotenoids &Z2 D. bulbifera?t 0.61mg-g” dry weight (Wwt)2 OfZ 2|7t Q& =
ZF2OIA 7HE Ul CHZ 22 D prahensilis 8 D. dumetorumO| Zt2
9 0.53mg-g’ dry wtZ L}EfL} total carotenoids &HE0| &2 ZFQUS &

o
ULt HHHO| D. alata?t D. cayensise= CHE Of=Zz2|Zt &F Z=0| H|3| total

E

—

carotenoids &0 H2 =QAS & £ QAQRICHTable 1). Total flavonoids &tzf

10

o
AL, D. dumetorumO| 171mgg™’ dry wt 92 7}& &0 =2 Eo

—

b

o
LIEtSt OO, D. bulbifera 7} C+2 2 2 total flavonoids 20| =2 =AUSZ &

0

RUACE OFEIX| ket o SHO| O|ZO{X|X| %2 A=l Dioscorea spp

1o

42 H|IA total flavonoids 0| =& ZAUZ & £ QURACHTable 1). D.
alata®t D. cayensise= carotenoids®| &rEFEAM Aot OiXtJIX|Z  total
flavonoids 20| 7t 2 FZOZ LIEIGCE Total phenolic &2ko| AL D.
dumetorumO| 3.56mg-g’ dry wt2 7}& =2 Z0|O, carotenoids®} flavonoids
o

(<]
FEFO| QY E D alataZt CHE of= 2|7t & =E0| d|sf T2kF0

2 20| =55 € &
URACH(Table 1). otZ2|Zt & A= 7|5d d& JT=d ZUE 2T, total

flavonoids?} phenolics &2k0f| H|3f total carotenoids 0| WA LIEFLIS
total flavonoids@}t phenolics &Hak2 242to| ormg|Zt & FE ALOlof &

[ |

Xo|7t Oj9 AA LIEHdS ¥ % YUQUCKTable 1). O] Hits Yang et al.

2009)0| Qf0ff =X|3St= total carotenoids, flavonoids, phenolics &2 § 7|5

dzs2 4% T Wt 2H Xol= 22 ¥H Aot o2 Att=s 210k
o



Table 1. Quantitative analysis of total carotenoids, flavonoids and phenolic contents from

African yam tubers using UV-VIS spectrophotometric analysis. All samples were run in three

replicates.
Compound contents

Species Line Totalh Total flavonoids Total phenolic

Numbers carotenoids 1 compounds
1 (mg g™ dry wt) 1

(mg-g dry wt) (mg-g_ dry wt)
D. alata 15 0.09+0.05 43.87+19.53 2.01+144
D. rotundata 12 0.26+0.16 58.60+20.85 1.20+0.51
D. dumetorum 13 0.53+0.17 170.97+45.26 3.56+1.32
D. cayenesis 5 0.20+0.01 4581+25.54 1.86+1.67

D. mangenotiana 1 0.73 41.94 183

D. prahensilis 2 0.60+0.14 54.84+4.56 1.87+0.78
D. bulbifera 6 0.61+0.22 85.48+36.14 1.73+0.99
Dioscorea spp 8 0.15+0.05 76.61+35.03 1.58+0.77

Data represent the meantSD of measurements.
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4. 4. 2. ofZ2|Zt & A|RQ| FT-IR AHE™ HuUFEN

otZz|Zt & AREREBEEH HM™MZE FESZ2 FT-IR AHEZH [{O|H

O -
CHAZSAZ NS ol ofZ2[Zt el CHAMM +==0A 2t waatA +3 &
MENAEZE S-SIRACE 2F orZ2|Zh &F A[=Zo| FT-IR AHEHS Hluot Zut

of=z|IZt & A|lgS2 FT-IR 2A2HIEZEAO  1,700-1,500, 1,500-1,300,
1,100-950cm ™ E Q0| A CHAMM|C| LA, ZA T{E HSI7F I3H O|20ES L =
UUCHFig. 8). FT-IR AHEZOl  1,700-1,500, 1,500-1,300 2|1
1,100-950cm 'S Q|= 2tzt ofo| At Gl CHEHZEIO| amide bond I 1p I sHAH O

i
|2 25 E phosphodiester bond 5! 915 Zatst= S7|4AH 12|

oI =L
58 OYFE Zot= carbohydrates A EQO| sigtE=2 M, YH™ FHE
HtASICH(D'Souza et al, 2008; Dumas and Miller, 2003; Lopez-Sanchez et al,

2010; Parker, 1983; Wolkers et al., 2004; Yee et al, 2004). = FT-IR AHEZ
o9 A, L™ XOo|= otzz|Zt o eRE0f U= Ofbo|LLHO|Lp THEAE,
Xt agja ErotEASe dg=Es2 2N YH Ko7 dXSHA
LIELE S 2[O0|StCt et FT-IR AHE™H M2 ofZe2|Zh @f AlZS ARO[ A
8 OIAMS] 27X, &N H3IE ZASIL 0|5 2tetE9 20| =2 ASO|Lt

crelol Al&ol ME sEHez &0 7tsE A= J|HECt

—_ =
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Fig. 8 Representative FT-IR spectral from African yam tubers. FT-IR spectral ranges showed
I, I (1500-1700cm™), phosphodiester group

quantitative information of protein/amide
(1300-1500cm™), and sugar compound (950-1100cm™). Solid or dotted lines and abbreviations
Dioscorea alata, D.dum : Dioscorea dumetorum;

represent each African yam species. D.ata
D.bul : Dioscorea bulbifera; D.spp : Dioscorea spp. Arrows indicate the FT-IR regions showing

significant spectral variations between African yam samples.
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4.4.3. 0tZ2|Zt & A|2O| FT-IR ABEY C|0|E| CHAZEH &M

FT-IR AHEZ [ O|EQl PCA EAM ANt PC 11t 2 scores= ™A HO|ZF9|
o

2f2} 75.8%, 73%°| d¥HE A1 A2 Ol HH RO < 831%S
Gl

gt UsS L 7 ARUCHFig. 9A). O|MEH HFZH0| &2 PClut PC2E
71202 of=Zz|7t & A|Z=2| PCA score plots ZHaIGH ZAqt, ormz2|Zb Qf
ANz&2 PC 18 7|82 3A zZIRE F&20| O|R0X= A Y =
UAULCE. PCA score plot MO Z=0|= D cayenesiss D. bulbifera, D

mangenotiana, D. prahensilis2t Dioscorea spp. Kenyan ZI=0| FZE
2X|Bt¥el, =0 D alata D. dumetorumit D. rotundata ZE0|
IXSIACL Ol otZ2|Zt & A|lzSS PC 28 7|&E2=2 EHU otz FLe
=27} O|80 Y

N E=Rae]

o=
£5l= ARE0| F2 2EIRCH, HfZ Of2iZR0= 2 D. alata A|[2S0|
=]

O
of QURALCL. {ZE0|l= D. dumetorum, D. rotundatady

+
5
;

zots & = UACHFig. 9A).
of=z|Zt F A|E9| PCA score plotdOjA ZZHHQl E2ZX|7F FE
Meetdol MRS Dsy| 980l MA ofmalzt & A|RSO| 7
otgf  Xto| ZAiup(Table 1)2F PCA score plotd9| Ol A|lE=9 X[t
AFSHLCE Total carotenoids, flavonoidsO| H|mA WIQHE A|Z QI

o
D. alata®| A2 MOIJUAE PCA score plotMO|M 2Z SICHO|

>
M
(i
=
mujn
b

A5l ol, HICHZ total carotenoids, flavonoids 5! phenolic &2F0| 7%
=QE A2 D dumetorum®| WY PCA score plot MO|A 2= ACHO|
2ol IEE ddsin 22Xt AS 2EY = URULCE olyel ZuE
O|F0{= [ PCA score plot &0|AM Z7tHQl XX O|F AlES 7|54
JE2 = total carotenoids, flavonoids 3 phenolicO| atzknt L™ SE A2t2tA 7t
UASE & = AULCL

PCA score plot M0A| 7|54 MESo| S2ko| ME ofmajzt & A|ZSe
AE 78 U ZAHU F2 AYS S FT-R AHEY RS TARYY|

flotod PC 10t 25 ZFoteH S8 FT-IR AHEY 22|15 ZASHY

H

C
9B). Loading value 2MZ1t OfZZ|ZF & A|Z29| %2 FE0| &%t PC 18

0



]
region 2 & == UYL, & A|RQ Mt FLE0| FRP PC 29| AL F=E
1,100-950cm™ region@S & 4= QURUCHFig. 9B). O|S FT-IR AHEZ HoL
OfZz|Zt & A|ZO| FT-IR AHEH H|WO|AM EYUE Xo|7} 2 HQ|(Fig. 8)2t

QXS A2 Z amide I I, X|EfAtDE carbohydrates Aol stetEs2| &AM

=2 =

SH Ko|7t otzz[Zh ol CHAMM| +=F A0 Fast IS Sti US

o|ojst= Ztet A= ECHFig. 9B). £

of=Z|Zt & Alzel F#&20 A*

carbohydrates A €9o| 3tgt=

UCt 0 ZItz OjRof
o

O[XfCHAMM =2 ZEH, &H

2
2

=2 A
M ol & AZe LACHAM=SO| SN oot
Botel o AN =0 USS 2l0l5t:s

ZAatet AtREICE
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&
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Fig. 9 PCA scores (A) and loading values plot (B) of PCA scores from FT-IR data of African
yam lines. Dotted eclipses represent the clustering boundary of yam tuber samples with high
(D. dumetorium), medium(D. bulbifera) and low(D. alata) contents of total phenolic compound
and flavonoids. Abbreviations in the PCA score plots represent each African yam samples: Solid
line and dotted line represent PC 1 and PC 2 score, respectively (A); Arrows indicate the FT-IR
regions playing important roles in African yam sample clustering (B) D. ata : Dioscorea alata;
D. bul : Dioscorea bulbifera; D. cay : Dioscorea cayenesis, D. dum : Dioscorea dumetorum; D.
man : Dioscorea mangenotiana, D. pra : Dioscorea prahensilis, D. rot : Dioscorea rotundata; D.

spp : Dioscorea spp. Kenyan.
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OE Ao Jhs3IQICHFg. 10 Zh2to| ofma|Zt o A|RSe| 18 AAE
PCAO| HI3| G2 ZtOPHOD] SYZ0| &3te 2t AlRSQ| #H=2lsSE 2t 1
Lol @X|5t0f PCARCE of=e[Zh kol AMESHO| S ASE & = AU
Total carotenoids, flavonoids &t2F0| H| W& WHHE A|ZQl D. alata”] B PCA
score plotd0M 2= Mo gzol OF2 ddsie

carotenoids, flavonoids Sl phenolic @t&k0| % =UEH  A|RQ D

M PCAR} OREHZEX[Z PLS-DA YAl Zb of=z[Zh & A|ZS2| sccore plot

S0 S7HEQ FERX|Q O|F AlRQl 7|4 d&EE= total carotenoids,

flavonoids S phenolice| &kt S A7 AgS & =+ UL
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Fig. 10 PLS-DA score plot of FT-IR data from African yam lines. Dotted eclipses and capitals
represent the clustering boundary of yam tuber samples with high (B), medium (C) and low (A)
contents of total phenolic compound and flavonoids. Abbreviations in the PLS-DA score plots
represent each African yam samples. D. ata : Dioscorea alata, D. bul : Dioscorea bulbifera, D.
cay : Dioscorea cayenesis, D. dum : Dioscorea dumetorum; D. man : Dioscorea mangenotiana;

D. pra : Dioscorea prahensilis; D. rot : Dioscorea rotundata; D. spp : Dioscorea spp. Kenyan.
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4. 4. 4. o}=2|7F o] FT-IR AHEZ O ZHE| total carotenoids, flavonoids

9 phenolic &2 0% PLS regression =&

FT-IR AHIE™H OO|E2t UV-VIS spectrophotometerE O|&310 ZHHE
total carotenoids, flavonoids 2|1 phenolic &2F OO|HE O|&3t Zt
H st2F 0= PLS RE2S JfLSIHCHFig. 11). Total carotenoids®| 42,
S RYYS Sof FT-R AHEY CHO|H2RH oS 3 240 52 A=o
A% B3 22 0|3t RS U AT YIASTL R = 0832 £
LIEtGECHFig. 11A). Total flavonoids?} total phenolico| &gk ol REES
MEATE 22 0.86(Fig. 11B) % 0.72(Fig. 11O)=2
= F A|REQ FT-IR AHE™H [HO|HIICEE 0| A=

\J
=
=
1l

o Z=X§5t= total carotenoids, flavonoids 2 phenolicQ| &H2k2 80-90%H =
Pedez 28 o5e = Ues Zitet AL=EICh OFF ofzZz[Zh @F A= of|A

carotenoid &gk 0= R EZ ALAJF HNE H Q0] H=sh Huwes O HX| D

lI

S
carotenoid 20| =& th2o| AL FT-IR AHE& 1} total carotenoids &HEFO|
AREA 2M2 S ABALR)7E 098EQ0| EE H YUCHZude et al,
2008). Total flavonoids®?} total phenolics@| &2 0=
al, 2013)0|M EHE H ol O] ZL2 &2 of & 2]
R'= 094, R= 094 2 2 A7 EOF ofma|7t o ZALECE MEA ST}
= LIEHSCE 22 PLS REHEO| Hek: oS

D ArElE 2MAIRS JHM = B, 7Isd

AMz2b R0 28Ek= S92 E20| O|ROZICHH Hof Feor d& o
DEgoz 80| Ity ALz 7|UECL ofgl 2o Ef JFUo Zlsd
2E9| YN, HHX X}0|7} 2 A O|F0{Z0| E(Yang et al, 2009)=l Ht QIC}
ok 20| gRdtn U= Zlsd dES0 et o[ mib AFED
RUAOMH(Song et al, 2010; Yoon et al, 1989), %X|Z20|= 7|8 H&=0| CHst
1 QUCHKIm et al, 2009; Kum et al, 2006; Kwon et
al, 2010). A2{L}, 7|58 dE2 Y 24517| M= B2 AlZHo] Q5

(o]
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5. FT-IR AHE2i3} HPLC ™2k M2

o

=2
(=]

o

A A2 HE
carotenoid & 0=
(Prediction of Carotenoid Content from Citrus Fruit by Combined Fourier

Transform Infrared Spectroscopy and Quantitative HPLC Analysis)
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5. 1. Abstract

This work examined the feasibility of prediction of carotenoid content
without HPLC analysis using prediction modeling of carotenoid content by
multivariate analysis combined with FT-IR and HPLC data. FT-IR spectra from
peels and flesh of citrus (Citrusunshiu Marc. cv. Miyagawa) fruit were
measured at monthly intervals. Quantitative analysis of carotenoids from the
same citrus fruit was confirmed by quantitative HPLC analysis. FT-IR
spectroscopy showed that remarkable increase in carbohydrate region
(1,000-1,200 cm™) and decrease in amide region (1,500-1,700 cm™). HPLC also
showed that increase in B-cryptoxanthin and decrease in lutein content during
citrus fruit development. Reliable prediction of antheraxanthin (R°=0.9117), B
-carotene  (R’=0.8816), B-cryptoxanthin  (R°=0.8856), and violaxanthin
(R*=0.7305) was obtained from partial least square (PLS) regression modeling.
Considering these results, FT-IR might be applied for metabolic evaluation of

citrus fruit during ripening.
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5. 2. Introduction

=22 MANAM 71 dMEcz2 Fo9 it =01, It FoA &
St 2 49| carotenoid7} AL RUCHGross 1987). =22 Htdoz 9H

o, 4= ©A, 28 =4 5 o2 7t 2210 WMt carotenoid?} T2 A LtERL
Ct(Lee and Castle 2001; Kato et al. 2004; Fanciullino et al. 2006). HtX Q|
carotenoid A2 2/0f ZE2 QIzto| Altto| ey we {7 set2g

O, 4Z0 7] A= HAMEEE 2Rt

$Q
m
-
—
Q
Q.
(¢
o
()
—
L
N
o
o
*
0
Q
=
o
—
[)
)
=)
o

= A&9| chromoplasts@t CHYSH ety Ma =&, ZEO0|, HH 2|0t SoA]
tetraterpenoid 77| M27F AAAEA HEMOM IEO HGEICHMoran et

al. 2010). 600 7§ O|Ato] & 24Xl carotenoid= luteinl} zeaxanthin Z& AtAT}

o=l xanthophyllsdt o-carotene, B-carotene, lycopene Z2 AMATJb ETHE|X|

%2 carotenoid2 &£F EICHArmstrong et al. 1996). AHIM O 2 carotenoide=
ABUN TEgol HOHR| S40t FayogE chlorophyll 235 g 3
Ct. carotenoid MA&= HHo| £4& AFEst=H st ZETHCHL ACHL

_

Al
carotenoid= QI7t1t S =0 E4HAQl H|EFZI A (mainly B-carotene, a-carotene,
B-cryptoxanthin)Q| ™At Titstzd AXeb &0l FAEQl JHK|ZF ULt

(Olson 1989).

o
=
p't
2
N

Hu

rir
I

0E

A= 9| carotenoi Q25tA AFE 2 AL} carotenoid M
otdol A HE I Y CEHAE FEAM  phytoene S ZEE geranylgeranyl
pyrophosphatel| &= &EX}E =38tA|ZICt Phytoene2 lycopenel 2 HZHEICE o
-carotenelt [-carotene2 lycopene 3}t HISOA FZR3H Aotz SICL «
-Carotene2 #=X}XM O Z hydroxylationT|HA lutein@ 2 B3t=IC B-Carotene

T BHR THAIC| hydroxylationOf 2|sl|f B-cryptoxanthing X zeaxanthin 2 tH

sl=lL|C}. Zeaxanthin€ antheraxanthinZ} O ZA|3E AKX violaxanthin2 B shEl
CHCunningham and Gantt 1998; Melendez-Martinez et al. 2003).

adtMoz HPLC (high-performance liquid chromatography) &= MZ2|st1
MZ| =~ Q= carotenoid £A0|CHMatsumoto et al. 2007). Atmospheric

pressure chemical ionizationg AF2%t LC-MS (liquid chromatography
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-massspectrometry) B2 carotenoid et ZZQ| 187 carotenoid 7|2 &
Z2E HESH7| o HIMCHKIm et al. 2004). 2L}, carotenoid MetAMo| 7| &£
A20| =290 B carotenoidE2 E7|X 24, 08 7tX|Q| gradient elution,
ds70e] =0 &, FE=0 S0U= 2xc=2 Y 5 o2 71X =Xt
A0 ™| K| LQCHKato et al. 2004; Matsumoto et al. 2007). O|2{st ™=
or57| 9/ 'HNMR, FT-IR 7|2S0| CHAMK| 2A0| AFRE[QICH o|2st &

o
|-II

& 7|82 Letdoz Olgfstn &t AN Oo|H ME=ZRE M YEE
FE5H7| flet CrHESAZM0| A Ect o 7|gel 2 ¥E2 Alze| &H|7t
ZHCHSE D WEDN 227 QYCE 2T chromatographic 7|® Db H|Z=8tA| LFEFLHCE

&
ojgfet 2& 7[&2 AlE T 32 d&et A Z(Kim et al. 2004), GM Al =29)
CHAFM| EZHRoessner et al. 2001), M HAZ X ZH(Son et al. 2009), X (Lee et
al. 2009) & Ctet Al A4 2O ME&[ ULt HKO|, ol 2& 7|
A vE2T QHERL Jl50 AE 22 ofg] JhX Ma|Eoz ofsfsed

M= = QICHFiehn et al. 2000).
Ol} Zt0|, AMER I HPLC 7|8e ZEBI0] ALBSIE THAlo] Mzt
2{017b= BEOIM Biotk[= A0 CHAME A 2HEE = AL, ool d=
7 A

CZ WEA AgE 4 QITh B HTE ZEo| MM FgMoz T A

= Q£ carotenoid T A E ZM5I0] L& TiA
N AMEMA =S o F-SHJACE 2 Ao Zits 4= §F 1 carotenoid
7b ShAEl ZhE Aol AT MUK A E SRS OX}; SHRACE
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5. 3. Material and Method
5 3.1 AMEI=&

SMZM(Citrusunshiu Marc. cv. Miyagawa)dl BHALM ZSAHHO| I METH2
o

20109 6EFH 127X OiE =510 AREoStRALt. Dt

FI-R ABEZ 2M2 Qo) MMEXSSS THSICL FHE 22 22
A2 20 mgeS 15 ml Eppendorf tubelf @11 20%(v/v) methanol A& 200
LA E7ISEO] & AOIFYUCH 2 tubeS 50°C w
= 13,000rpmOjjAf 1527+ BleEelst & 45HS MZ2 tubed| FUCH M
2L tubel| 871 A|E= CHA| 3t B 13,000rpmOfAf 527t QIAL|S T KA
717t SO07H| RHEE 45US ZH2EHA MER tubed| FAUCL FEE F=

=22 -20°COj|A E510] FT-IR AHEZ FM0|| ALESHIALCE
5. 3. 3. FT-IR AHE 7} §0|E| MKz

FT-IR(Fourier transform infrared) A®E ™ ZAt= Tensor 27(Bruker Optics
GmbH, Ettlingen, Germany)& AF235t$ 10, DTGS(deuterated triglycine sulfate)
AE7|Z2 EMSIQULCL F=E genomic DNA ZtZto| A& 5uE 384-well ZnSe
plate0f EZF38}0{, 37°C hot plateOf|Af 2 2087t AZXRSISCE HZXE ZnSe
platee Tensor 270f Z%tAt=l HTS-XT(Bruker Optics GmbH) 18& Az}

o
HKE 0|8810] AHWEHE XIASIELCE FT-IR AHEZS QPUS software
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(version 6.5)2 Sdf 2S3IUCL 2t A|RQ| AHEHLS & 4000 ~ 400cm™
HOlo|A 2|3 4m? 2702 B 1283 £H2 SYE R AWES 20|
ABEIQICE 2 ARS FT-R ABES XX 242 S5 2z 3u=
Z™SIQULE IR AHEHE plate AHE™ (background)2 i MHEO| AHEHZ

o o

LIEFLHCE CiHZF BEMHS2 Q8] 7|2 FT-IR AHEZIO| baseline correction,
normalization, smoothing 12|11 2Xt O/&& OPUS software (ver. 7.0)&
ABSIOl M ME|sch M MalEl AHEY GHO|HES CHEZFER 2o

AtESHRAL

5. 3. 4. carotenoid F=1} HPLC &4

HPLCE 0|83t carotenoid?| &, 22 X FHE O3t 20| =H 33

CHKim et al. 2010). Carotenoid F&E2

oN

f2 A2 0.1g%| 0.1% ascorbic acid

w/v)7b Mgl Q&= ethanol 3mLE

OHL

1, 207t vortexing®dt =, 85 °C
water bathO|A 527t ==s}QCt 527t
L, 80% w/v)2 E7tstn 85 °C water bathOf Al 1027t Z3}3510] carotenoid =

FZSIAULC}H 28 5, MES 20| SA| 1, X}71L deionised water (1.5

Z£ 3, potassium hydroxide (120 p

ot

mL)S M7} SFRALE Internal standard2 B-Apo-8-carotenal (0.05 mL, 25 pg/mL)
£ HIISHSICE carotenoide 1200 xgOAl R4 22|51 & 22|35t 1,
hexane (15 mhz 2 3| FF SIULL. F=52| M= 24 7|/ d=x5tn,
HPLC £M F0 50:50 (v/v) dichloromethane/methanol0|| CtA| =0 AIE35ISCEH
HPLCO| C3o YMC column(250 x 46 mm, 3 um; Waters Corporation, Milford,
MA, USA)E O0|&3}0] carotenoidE E£2|5tQUCH AZO0EIZHE 450 nm=ZE IS¢
Ct. Solvent A= 10 mM ammonium acetateZ7t M7}zl methanol/water (92:8
V/V)E AIESIQILCE Solvent B= 100% methyl tert-butyl etherg AFE3SHRULCE
Gradient elution2 1ml/min O|S} ZZHO|M &SIACE Omin, 83% A/17% B;
23min, 70% A/30% B; 29min, 59% A/41% B; 35min, 30% A/70% B; 40min,
30% A/70% B; 44min, 83% A/17% B; 55min, 83% A/17% B. @& 2M& 23|,

B-Apo-8-carotenal®| I3 MXN H|EF AtE3}0 7|F carotenoid A JME
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LIEHL AtESHRALE.

5. 3. 5. CHAZSAIEY

HREA 2A2 N AME0A 1,800-800cm” Fo| FT-IR AHE
£ 0|&8%}Q| principal component analysis (PCA)2} partial least squares
discriminant analysis (PLS-DA)E AMA|SISCt 2k O/E= FT-IR AHEH
HOH= R EA M ==z (A 2.15.0, Auckland, New Zealand)E S|

2MERACE.  PCAE  non-linear iterative partial least squares (NIPALS)

Anz2|E0 w2t +WHSIACHWold 1966). 1274t (eigenvalues) > 1.0 S =F
F 2 (Principal components)g FE5IFILE. PCA M2 PCA scoresE FESH]
oot ABS ALUSHRACE ZE THAL B30l Tiet 2% FT-IR #5 7] 2/
PCA loadingg Z=Aft SISCt PLS-DAE ZE [O|HE AI2St= PCAE 2|
CHARM] Z==zmao =AM UAs FE0 gt Xo|E =ded =+ Us

2 MBHO|CHFiehn et al. 2000; Trygg et al. 2007). PLS-DA= PCA 2M =
d2F0 28 A B#H3tE R program AFESHO] clustering &A[SHRALE
U280 carotenoid T2 0= DA HBIRALCE PLS regressionS
HAISHZ| RIBHM 27H2] B4 Xet YO Ciet §EE AZAIZLE X B0f= FT-IR
(o]

=
AHEZ [OHE XYM, Y HI0= HPLC XM 2AM [HO|HE
= 1o PUN [ o o (L |

= [==]
HE8otCt OOl ME= 271e] mMEZ LUHCE oF Z&o oF 59
HAESH| s EZold MES TS0 ZE 50 A8, E0|d

MEE HZ2E MEO MEEX HUACEL X Bigeb ¥ Bx7io] =3
ST RASHY A

=
=
Aststdct 2E 242 S

H
U
e mu mjo oC ru|o

A

AT 1x
mjo

40

ot

w

rx

Q I
>

00|'

Ot

b4

n

n>

oot

jin]

o

m

ANOVA (analysis of variance)
TO|A t-testE HAISHRALCE
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5. 4. Results and Discussion

5 4. 1 FT-IR 2HER 7|g CHAZFSAHEMS 0|8 A2 R M5e OjAL

A Al
2B 2D A& CHAN Al AAHS FT-R ABEHT} CHAZE
242 0|85H0] HYSIUCL UE W RE MO QUK|MOz Mt

FT-IR AWEZ  [O|E LIEFHCHFg. 12A). FT-IR AHEZHZ HH
polysaccharide (900-1,200cm™ )2} protein/amide I, I (1,500-1,700cm™)7} Zt=29|
A& DPY0|A B2 ESIF LEERKICE 1,750cm 0l A LtEFLHE ester bond2| C=
O stretching band7} 8¥  A|ZO|ATH LIEtLCE  ABEZ Ao
phospholipid/DNA/RNA(Parker 1983)0f| CHEst= CHE B2 (1,200-1,500cm 0|
M EZF ARS0| FARSE HEES 2RACHFig. 12A). 22| M2 d=ug 0

=l
2!

>
18
B
>
H
Q
P
o
ox
on
T
i
H

. —|
2T =

MM carbohydrateE =H443}S

St=

ol

k=]
=

+
hu

_'_
-

CH
TASCHMehouachi et al. 1995). Zt=2 pAlo| Brebat M=3}

4

L==Xe}
S

oF st

rir
d

& 523 CHAN| Est= =& #HH, carbohydrate =X, AH

=
O B3} (carotenoid ZA 1} chlorophyll Z+4), organic acid =4 (citratelf

>

ascorbic acid), amino acid ZtA (glutamate and GABA)O| 20| QIC}
(Fanciullino et al. 2006, Cercés et al. 2006). =@EBO| O/Md= 1}Al9|

lycopene =X, W2 citric acid, &2 sucrosel| CHAIN| H2}7b QUCHD QEX|E

o

o
B

£ EnEHF QCHLiu et al. 2007).

FHIY TMZLE FIR AHEZO| 7URE 8YNK F23 Y #e
£ HESICE 42 MmzFEOFT-IR HOoHM e d= a1 &
polysaccharide  (900-1,200cm™) H2Q|7} Z7t5t1  protein/amide I, I
(1,500-1,700cm™) HQ[7} ZAdte BES £ £ UUCL HAM SABO| HA|
SHZY DI BIRSHA 1,500-1700cm™ £LI0|A WEH Zasts 2&ES
FT-IR AHEH H3lZ2 & &= O A cellulose, hemicellulose, pectic
polysaccharidese| E/et +&8d T H=250| YL MUM= SI5HAC

=

(Duarte et al. 2002). O|& & 3IBHEEL R AHE 20| 900-1200cm™ E.2|0f| A



EXX HE2 B3R o=z LiEtLICHDuarte et al. 2002; Lopez-Sanchez et al.

2010). M|ZE0f holocellulose= 900-1200cm™ HQ|0|A M&X Q| HIEZ LIEfH
CHPandey 1999). Zt2 IHO|O|A OBt FT-IR AHME0| ENS 13}H,
polysaccharide (900-1,200cm™) BiE Q| Z7p= ZbgE npAlo] ghzhnt Mz b of
M ME =r§ EHAH= carbohydrate =F1p zEo0| UL £ QCL DY
protein/amide I, I (1,500-1,700cm™) #HE Q| ZtA L Zhd@ mpAlo| whoknp Mz
MO|M organic acid?} amino acide| ZtAQF Z20| S %= QUCt ot Aq}

rot
ey
]

FT-IR AHEZY Biopyt Zia 0to|of 25, &H CHAM Q| Bistet 2F

rir

7 USS LEHHCE

=2 o282 H FT-IR 00| 2| PCAE PC 1, 2 scoreE A2 LEFRHCH
(Fig. 12B). PC 1, 29| MEHEHE 52.1%2} 14.6%0|11, ™MX|HO|ZF2 65.7%Z LtE}
SCH 2 Y AME2s 22 YoM el 28 MAS0| PCA HOoM 22
== Al7|gz O§0| E/0 LtERRCH PCA Z1f, g d<= PN d2
Zo| FH| CHAMH| Bot7t E71e| AL S 50| UChs AS LIEHRHLE S =4 nt
WAL SABO| AFO[Q] CHAMN| Hot7t Mo s25HA ¥ HaelE LERWCH W

2hA, PCA ZIME FT-IR 2HEHO| Zz el 2N SdIP30M THAA

2|E {8 PC 11f PC 2 score ARO|Of| Z}EF & XIO|E LIEH| = A&
201517 8 PCA loading values Z2tQISIQICt Zt=2 uto|Z2H2H
7|8te 2 PC score loading plotg Z&SIACHFIg. 12C). 2tZte
polysaccharide (900-1,200cm™)@} protein/amide I, 1I (1,500-1,700cm™) 2|7t
PC 11} PC 29| £Q FT-IR AHEZ H3IZ AMSI=0 Z2S}AUC 0|23t A
Jt= polysaccharide®t protein/amide I, II F-9loll A, X CHAMN H3H7p apal
Lot S TS AN Btz LIEHECH O|2fsh ZIE 12stE, 32

FT-IR AHER0) #2}7t 28 THaol et Mo IHON 43 HEt pEo

CA Ol¢el ME 78 MBS LERCHFig. 12D). 22 2
A

oAl E 20| oRH L,

P
AlZ10| &5t 49 Y ME0| PCAELCH
N

ol
=2 -d
PLS-DA ot ZiE e TEIN d= YoM Hatkls AHE MEE =+

0
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Fig. 12 Multivariate analysis of FT-IR spectroscopic data from peels of C. unshiu. A:
Representative FT-IR spectra of from June to December. Dotted lines represent monthly
samples and arrows represent FT-IR spectroscopic range, which shows significant variation
between samples. B: Two-dimensional PCA score plot of FT-IR spectroscopic data from
wild-type and mutant fruits. Arrows represent the direction of whole metabolic flow from
monthly samples by PCA. C: PC loading plot based on PCA data of wild-type and mutant fruit.
Dotted rectangles represent significant FT-IR spectroscopic ranges for determining PC 1 and PC
2 of the PCA score plot (B). D: PLS-DA score plot based on PCA data of wild-type and mutant
fruit. Dotted ellipses represent a group and shows monthly variation in wild-type and mutant
fruits (B, D). Arrows represent the direction of whole metabolic flow from monthly samples by

PLS-DA.
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Y |2 RH FT-R AHEF HO|HE 0|8 Lf
A

of =93 FT-IR AHE0| H3Il= polysaccharide(900—1,200cm'1)9f
protein/amide I, 1I (1,500-1,700cm™) H<Q|Z LIEFLICH TpA 2hek apd S0
polysaccharide  (900-1,200cm™) H2Q|7} Z7t5t1  protein/amide I, I
(1,500-1,700cm™) H2Q7t ZtAdt=e BES 2 2 QRACE 1,750cm 0| A{ L}EFL
= ester bond2| (=0 stretching band?} ML|0A= ATEZH HZI7} AKX
oF 7EOIM 10& AMOJO= &2 MsOM= B2 Het7b LERNCH S2EY
Ol A= 1,746cm 0| A{ L}EtLE= ester bond2| C=O stretching band7t £E0|&M o
2 AHEHO| LIELGCHLopez-Sanchez et al. 2010). 22| ntA2 7g4r 10E

Atojof Eo0|HQl Y HHEJL FT-IR AHEHM 45| S7t5t

rir
|

QICH O|23t Ante 2 RO ZHE 1,750cm™o| FT-IR AHEY B3I 3
Al LIEfL @Unt X[H3RE0l MM, YA w0 ##0o| UZS LIERWCH &
Z DHO|(Fig. 12A)QF M2 (Fig. 13A)Q] FT-IR ABE X ZAnt

A=Al M=Z 2% 0HH0|A carbohydrate &M E|= ZEMQI CHALY| 3L Lt

it
HL
rg
ict]
nx
1o
T
urt
ict]

EtLt= A2 & = QULCE 2{Lt, proteins/amides ZtA, organic acid?} amino

O L
2 ott=0o Hatof CHAMM glet= & I&o| O E EAS LIE

5
|0
At
i
[0

Zt2 1R oZEH FT-IR HO0|E°S| PCA= PC 1, 2 score2 AFE35I0] LIEFY
CHFig. 13B). PC 1, 29| MYHHLS 37.0%2} 33.1%0|1, MA|HO|ZFL 70.1%=2 L}

EH{CE DtOjofjAet Hizgh 22 0ts Az HA| 2449 2E HHS0| 2

rlo

rx
mn  nx
rQ mn

42 AI7|¥2 80| Elo] LIEFGTE PCA 21l SHZMD BAl =0

>

HiCF
==

o[o] CHAtM| Hob7h Mo SLotA HE HeE LERD, 42

f
d= IP30M CiAH 40| FT-IR AHEZOZ Jts O=Z LIEFRL. H2E

E
n>
10
-]

g0 2H2E PCA HO|EHE 7|Hte2Z PC score loading plot2 2HAMSHRICHFig.
2C). DHO|O|AQt H|&3 ZADtE Z+2to| polysaccharide (900-1,200cm™) £2|9t
protein/amide I, 1 (1,500-1,700cm™) 2|7} PC 11} PC 29| &8 FT-IR AHE

3 #SE AMSh IRIACL 2E HSOZHE PLS-DA £ PCA 0|40
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e &2 DES LtEfRICHFig. 13D). M2kA, Dto|(Fig. 12)Qb ot
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Fig. 13 Multivariate analysis of FT-IR spectroscopic data from flesh of C unshiu. (A)
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samples and arrows represent FT-IR spectroscopic range showed significant variation between
samples. (B) Two-dimensional PCA score plot of FT-IR spectroscopic data from wild-type and a
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Fig. 14 Carotenoid biosynthetic pathway and monthly carotenoid change from peels of
wild-type C. unshiufruits. Peels were collected in (A) September and (B) October. Numbers
represent identified carotenoid compounds and LS represents the internal standard for
qualitative and quantitative analysis of carotenoids. 1, violaxanthin; 2, antheraxanthin; 3, lutein;

4, zeaxanthin; 5, B-cryptoxanthin; 6, a-carotene; 7, B-carotene.
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Fig. 16 Monthly variation of carotenoid content from citrus. Carotenoids contents from peels of
wild-type fruits (A) and a radiation mutant of C unshiu (B), and flesh of wild-type fruits (C)

and a radiation mutant of C. unshiu (D). Symbols represent each carotenoid compound.
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Table 2. Summary of Carotenoid Content Prediction from FT-IR Spectroscopic Data by PLS

Regression Modeling®

Total

a-carotene antheraxanthin b-carotene b-cryptoxanthin lutein vialaxanthin zeaxanthin :
carotenoids

RSQvalue of  0.93905576
training set

0.99324019 0.995674139 0.92088667 0.983475676 0.99019493 0.92757 4257 0.969285806

RSG value of

otpina 0.6960595529 0.911741593 0.8581687 131 0.8835675426 0581078534 0730553599 0115526478 0.3953426836

S0 of REQ
value of test  0.168611572 0.010205505 0.073335503 0037346752 05445885616 0168078635 0152641436 0.3035858006

set (10 times)

P-value 0.08276 2.88455E5 5.56936E-4 2.60B44E-4 0.01589 0.00244 0.03706 0.058%6

®Averages and standard deviations of R-squared (RSQ) values from the test set are represented

after 10 iterations.
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from FT-IR spectroscopic data by PLS regression and estimated values for carotenoid

compounds from averages of HPLC analysis were used in linear regression analysis.
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(Sugar content and acidity of mutant Citrus (Citrus unshiu Marc. cv.
Miyagawa) using FT-IR Fingerprinting Combined by Multivariate Analysis
and Quantitative Prediction of Functional Compounds by PLS Regression

Modeling)
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6. 1. Abstract

We established a high throughput screening system of Citrus fruits lines
which contain higher contents of sugar content and acidity content using
HORIBA and Fourier transform infrared (FT-IR) spectroscopy in combination
with multivariate analysis. The sugar contents from 5 citrus fruits varied from
0.84 to 10.3°Brix. The acidity contents also varied from 0.61 to 0.99%. FT-IR
spectra confirmed typical spectral differences between the frequency regions
of 1,700-1,500, 1,500-1,300 and 1,100-950 cm™, respectively. These spectral
regions were reflecting the quantitative and qualitative variations of amide I,
II from amino acids and proteins (1,700-1,500cm™), phosphodiester groups
from nucleic acid and phospholipid (1,500-1,300cm™) and carbohydrate
compounds  (1,100-950cm™).  Principal component analysis (PCA) and
subsequent partial least square-discriminant analysis (PLS-DA) were able to
discriminate 5 citrus fruits lines into three separate clusters corresponding to
their taxonomic relationship. The quantitative prediction modeling of sugar
contents and acidity contents from citrus fruits lines were established using
partial least square regression algorithm from FT-IR spectra. The regression
coefficients(R) between predicted values and estimated values of sugar
contents and acidity contents were 0.99 respectively. These results showed
that quantitative predictions of sugar contents and acidity contents were
possible from FT-IR spectra of citrus fruits lines with higher accuracy.
Therefore we suggested that quantitative prediction system established in this
study could be applied as a rapid selection tool for high yielding citrus fruits

lines.
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Ct2 FT-IR AHE2 ZALO| AF2SHSILCT.

FT-IR(Fourier transform infrared) A®E ™ XAt= Tensor 27(Bruker Optics
GmbH, Ettlingen, Germany)E A3, DTGS(deuterated triglycine sulfate)
AE7|12 2AMSQCt F=E= 2429l AR 5uwE  384-well ZnSe plate0f
23510, 37°C hot plateO| M 2f 2027t ZAZXSIGCE HAXE ZnSe plates

Tensor 270 Zt&t=l HTS-XT(Bruker Optics GmbH) 18& Xts3t TX|E

0|got0] AHEHS ZARSIYUCL 2 AlRS AEHS ZF 4000 ~ 400cm
HOloA 123 4om? ZHHOR B 1283] B2 SNE WP AWEHS 240
AFBEIQICE 2t Aol FT-R ABEZS SAN 242 o) 242 3us
SO FTR ABEY ZA % GOl #Hao A8H Zzame

BrukerOf| Al H|&3t= OPUS Lab(ver. 6.5, Bruker Optics Inc)& AFE3IRQULCE FT-IR
ABEZ [O|EQ| CiHZF EHEMS 93| MK FT-IR ATEZ [ O|E9
baseline 17d, normalization 5! mean centering & AHEZHO| MXZ| MHHS
R =& zH(version 2.15.0, Auckland, New Zealand)E O|&3}0 2SI RULCt.
Baseline w™Mg QI8 FT-IR AHEZ 2M Qo] ¥ BF(1,800-800cm ™)l
£ 02z =ZFoIen JHdel 2RE FASHY| flstol 4
Hg 52 A OZ normalization 3}LCE 0| O O|E{ 2] mean centering
= AN 2% DS g% Og dM27r 2=2E AHEH HOHE
g st BEZEII=l HIO|HZ AMESISLCE 7hE= FT-IR
AHEH O O|H = NIPALS &112|E(Wold, 1966)Z O|&35l0f R = Z 1z (version
2.15.0)0f| A{ PCA (Principal component analysis)?} PLS-DA (Partial least square
discriminant analysis) &41(Fiehn et al, 2000; Trygg et al, 2007)& &3S} AL}

6.3.4 ZE AEREREH T S 0fF PLS 2

22 MRS FIR AMER COHRREH TME Y o3 2us
Aottt SEF 22 MRS FIR AHEY HOEY 5Y AR2EH
UOIE FAE B MZ MY HOIHES 0810 X B0 FTR AHES

HO[HE ARESIRL, 2719 Y Hio= MIE=EAFK|(NH-2000, HORIBA,
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6. 4. Results and Discussion
6.4 1 ZZ A|BEEHE AT T2 XA}
MEEEMIUKE 0|80 ZZ2 AR =Xsts 8 110l Yk
St

LIEtSLCE O Al7|= #22 +=0| S =5 FHot= HANM |2

ol
1
oot
ot
o
HT

QL Eoh MEE MATE 175%2 JHE RA LtERRA,
sMZYol 219%= 7t A LIERRCE SEHO| Z=2u STERMYO
Yo EC= MEOAM XO|E =HAETH X{O|E LIEWCHTable 3). 113 Z=
AB0ME= M10| 10.3°Brix2 22X ZEA 84°Brix0f| H|s§ 2k 2°Brix &=A LIEFSD,
ZAE 2 AR S0 71 =8 YEE LIERCH Eoh M2 Alg= 84°BrixE
MM H|=3 e E LIEFHE D, M3 M4 A|lB:= ZHZE 97, 95°Brix2
SMEMO| H|sH of 1'Brix A LIEFRICH Ak ESE SR SHBHOH| Tt
XIO|E LtEtR =0, XMl MEE 0.64% MI10| d2 ME7F 099%=
1%0|8to 2 LiEtLD, M2, 3 12|30 4= AEJF 2E2F 079, 061 1F 0.65%E
1%0|gte| Atz gtghks LEREICHTable 3). FAHAHQ FEeb Mk
MY M27F HISHA LERLR I, M1, 39b 47t = LIERRCE O
Z0E EH SAHO0| 20| s¥EIO H3 FrEes =10 MEs HA

—

[ok

F2F0

o

LtEtLHE A EOF SQR0| EF0| =2 7tXIE LtERHICH £ Song et al
(2014)9] Z+2 ECIHO| |§F 3y E10| E2H SAHO0| =29 42 ZEt
9~10Brix7} CHM™MS=Z LIEMHCED, MEE= 0.6-0.8%2| TS LIEMHCHE

H 9 UX|SHCH

_81_



Table 3. Quantitative analysis of sugar content and acidity content from citrus using HORIBA
analysis. All samples were run in five replicates. C : Citurs unshu Marc. Cv. Miyagawa-Wase, M1

1 6s8a68-12, M2 : 6s4c25, M3 : SHal-2, M4 : SBa3

August November
Lines
Sample
Numbers Sugar content Acidity Sugar content Acidity
(°Brix) (%) (°Brix) (%)
C 5 6.2+0.13 2.19+0.03 841042 0.64+0.04
M1 5 6.2+0.29 1.82+0.08 10.3+1.88 0.99+0.25
M2 5 6.2+0.53 1.81+0.08 84+0.23 0.79+0.08
M3 5 6.3+0.38 2.09+0.16 9.7+0.83 0.61+0.06
M4 5 6.3+0.26 1.75+0.07 9.5+0.18 0.65+0.03

Data represent the meantSD of measurements.
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6. 4. 2. Zt2 A|RO| FT-IR AHEZ HWEM

g2 AM2ZREH THE =29 FT-IR 2HEH H0|H CHHAESAEMS
a0l 422 AN =Z0M S FAEZA 8 X MENAE S &
2 AlRQ| FT-IR AHEZHS HWst 2t 242 A|EE2 FT-IR AHE HAMI|
1,700-1,500, 1,500-1,300, 1,100-950cm 'S 2(0{Al CHAMK|Sl X, A

H3ol7t 3AH O|RAES & £ QURUCKFig. 18). FT-IR AHEZO| 1,700-1,500,
1,500-1,300 2|1 1,100-950cmgQ= ztzt ofOjAb Q! CHE#EOl amide
bond I 1 II, st 81 OIX|RZEE phosphodiester bond 3 912 ZE3SH=
w704t agln CHEFEL R E ZESh=  carbohydrates A Z2
IBtEE9| M, U™ HHEHE "HHHSICHD'Souza et al., 2008, Dumas and Miller,
2003; Lopez-Sanchez et al, 2010; Parker, 1983; Wolkers et al., 2004; Yee et
al, 2004). & FT-IR AHEZ o N, ¥H X0l Z20 eFEOf

OtO| L 4tO|L} CHed, X[t 2|1 ErestE7 82 =tetEs2 EAH,

rir

09 30

XHOI7b SAXMSHA| LIEHE S 2lD|otrt. MEtA FT-IR AHEH M2 42 Al
=

Mo mpn 42

Hr U

AOJO M F=8 CHARN|S| 2H, IH BiolE ZARSHL Ol ofeE9 &0l
.I

S
ASOlLt 2telol al&et ME +He 2 280| 7ts" AR 7|WE Lt

_83_



Absorbance

1 1 1

1800 1600 1400 1200 1000 800
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Fig. 18 Representative FT-IR spectral from citrus fruits. FT-IR spectral ranges showed
quantitative information of protein/amide I 1 (1500-1700cm™), phosphodiester group
(1300-1500cm™), and sugar compound (950-1100cm™). Solid or dotted lines and abbreviations
represent each citrus fruits species. C : Citurs unshu Marc. Cv. Miyagawa-Wase, M1

6s8a68-12, M2 : 6s4c25, M3 : SHal-2, M4 : SBa3. Arrows indicate the FT-IR regions showing

significant spectral variations between citrus fruits samples.
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6.4.3. 22 ABQ| FIIR AMEY Blo|E| CHAZEAEY

FT-IR 2®EH [O|O|Eel PCA &4 At PC 11} 2 score= TX| BO|&Q

0

4
2+7} 634%, 155%9| dHES 2D Qom o|& TM gio|Zol & 789%E
o = € =+ UAUCHFig. 19A). O|MEH HYHO| w2 PClit PC2E

29| PCA score plot2 #&SH Zat, Za ARE2 PC 28
A gtz 20| O|R0X|= As 2EZ 5+ UARACE PCA score

plot &2 IHZYS SHULE Hot2 XSt sz =71 H=

QK| SFHCHFig. 19A).
=2 A|EQ| PCA score plotdOfA Z7tAQI 23
HEE mYsty| 9I5to] BN 42 AMzS2l d=et M
4)Q} PCA score plotiQ| O|E A|REQ| Xt MiAHE
o

Huwd SAEH AR F™ZMO| AL PCA score plot
I8 BYsIYon, HHiE YR S| MY EUE ARE M1 F PCA

score plot AO|A M22} M3 &
beh = QURULCL O|&e] ZutE DO|F0|= [ PCA score plot &f0i|A S7HE QI
ZXQt O|F AR T Tt U A ASS2 & = U/UCH
PCA score plot &0lAN 7|s5d H2&82 &0 IE 4= A=52 HE
& WU SHAHYON F83% 922 = FT-IR AHEZH E2E ZASH|
25l PC 11} 2E 4dAH™HSI=H 2%t FT-IR AHER

=
=
19B). Loading value 2AMZ0t Z=a A|29| Nt HE2

o 2ol OFS ddotH EZEot= A

e
11kax

A

S Za%t PC 12
A™Ste Q3 FT-IR ABEZ HQL xE2 1,700-1,5001F 1,500-1,300cm™
2 1,100-

4 950cm™ regionls & =+
QUQUCHFig. 23B). O] FT-IR ABER HolL Zta A|29| FT-IR AHEH
HlLojM ERE X017 2 £L2|(Fig. 4 LX|ot= A2 amide [ I, X|&4tat
carbohydrates A €o| »tetEE2| A, Y™ X0|7F 42 AlZ2 CHALH =&

Aol 23 4¥e on UL oojsts ZWet ALRECHFg. 19B). 59
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Fig. 19 PCA scores (A) and loading values plot (B) of PCA scores from FT-IR data of citrus
fruits lines. Dotted eclipses represent the clustering boundary of yam tuber samples with high
(M1) and low (M2) contents of sugar contents and acidity contents. Abbreviations in the PCA
score plots represent each citrus fruits samples: Solid line and dotted line represent PC 1 and
PC 2 score, respectively (A); Arrows indicate the FT-IR regions playing important roles in citrus
fruits sample clustering (B) C : Citurs unshu Marc. Cv. Miyagawa-Wase, M1 : 6s8a68-12, M2 :
6s4c25, M3 : SHal-2, M4 : SBa3.
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Fig. 20 PLS-DA score plot of FT-IR data from citrus fruits lines. Dotted eclipses and capitals
represent the clustering boundary of citrus fruits samples with high (M1) and low (M2)
contents of sugar contents and acidity contents. Abbreviations in the PLS-DA score plots
represent each citrus fruits samlpes. C : Citurs unshu Marc. Cv. Miyagawa-Wase, M1 :

6s8a68-12, M2 : 6s4c25, M3 : SHal-2, M4 : SBa3
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Fig. 21 Hierarchical dendrogram of FT-IR data from Citrus fruits. C : Giturs unshu Marc. Cv.

Miyagawa-Wase, M1 : 6s8a68-12, M2 : 6s4c25, M3 : SHal-2, M4 : SBa3
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Fig. 22 Linear regression analysis between estimated and predicted values of sugar contents (A)
and acidity contents (B) by the PLS regression model from FT-IR spectral data. Regression

coefficient values (R%) are 0.99, respectively.
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7. Genomic DNA°| FT-IR AHE =

2 0|83 HMujz
HOZHE F1 AY

—_ 1

(Fourier transform infrared (FT-IR) spectroscopy of genomic DNA to
discriminate F1 progenies from their paternal lineage of Chinese cabbage

(Brassica rapa subsp. pekinensis))
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7. 1. Abstract

Fourier  transform infrared spectroscopy (FT-IR) spectroscopy in
combination with multivariate analysis was used to discriminate two different
F1 hybrid lines from their parental inbred lines. Genomic DNA was isolated
from leaves of three parental lines and two F1 hybrid lines of Brassica
campestris subsp. pekinensis. Purified genomic DNA was analyzed by FT-IR
spectroscopy in the spectral region from 4,000 to 400 cm™ FT-IR spectra
confirmed typical spectral differences between the frequency regions of N-H
stretching (amide I) and C=0O stretching vibrations (amide II) as well as PO,
ionized asymmetric and symmetric stretching. Principal component analysis
was able to discriminate between F1 hybrid progenies depending on their
parental lineages, even though they share the same maternal background.
Partial least squares discriminant analysis gave a more clear discrimination
between the two parental lines and their hybrid progenies. These FT-IR
spectral differences might be directly related to subtle changes in the base
functional group and backbone structures of genomic DNA. Considering these
results, this technique could provide a solid research foundation for FT-IR
spectral-based rapid diagnosis, selection, and discrimination of parental lines
from their progenies. Furthermore, this technique could be applied to test

purity in the hybrid seed industry.
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7. 2. Introduction

MU Z=(Brassica campestris subsp. pekinensis)= o=, Y& 2|1 FSZ0AM

(Exoz AHgs Mo Z2olojch MRS Mas FR3

o \J

glucosinolates, carotenoids, flavonoids 12|11 phenolic compounds

a
QICHKIM et al. 2004; Harbaum et al. 2007). AXtztab K40 SO A= O
A

Hq 7HK| MEEE &40 /S ZAAZICHGiovannucci et al. 2003). 0| 243+ Xj

So| 4aHE @ EE ZE DY WSS HSEE A SHtvan Poppel et al.
1999; Mas et al. 2007). QI7Zt ZAZO| CHSH TAlol =7t2, Tte Mz EZ1}
7188 ®MAo XEZE 7|1E SFUYS S JHEEACEL HZ0[, =H UPOVO
et XML 227 ZXHN, M2 30 MHje] S48 FHo= 7|

=20l MER &3S T=ote WH= dEjHe &2 =5 2ol ¢
o=z ARE|D ULt dg{L, O 7|=52 o2 =0 24 HE35t7(0
ore H|sto| UCH X2 RFLP, RAPD, AFLP(Williams et al. 1990; Thormann et

al. 1994; Kwon et al. 2003), SSR(simple sequence repeat) OtHE O|E3510] Af

22 EZS XOtLfT QUCL E3|, SSR OfAHL CHZ QWX HE nASI0] YN
= 5
=]

g2 RUAE Zedots §d=t As E900 it A7t Stk ACEH E

rot

= )l
SSR 7|2 MAtstar A4 AE0| . MEL|QUCHRamchiary et al. 2011). ACtH7L
Single Nucleotide polymorphisms (SNPs)0j| [[}2 2X} Ot7{ 2| AFRO0| 20| &

A |5 7S WEA X5t AlE FTA 240 22| HAUCH(Mammadov
et al. 2012).

SEEQ ditdE =07 fdl, BE dAM=

F1
ALt AL, BE ZMe= UEF 40N 300 et =4

inl = 2tHo| mg
= BCh F1 &E JAS| dEi= A 4o mEst £F, A 44 2ofel =
otd, BRS| AN 2= 9 o2 7tX| 'Qez Qg FF R LIEHHL.
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QCt. FT-ICR MS(Fourier transform ion cyclotron resonance mass spectrometry)

= 7|=0|CHMungur et al. 2005). FT-ICR MSQ| EtHE LCHAIN EAM ME 0

HM OB ARE|7| 2 =2 H|R0| UCHLei et al. 2011). 70| H|s FT-IRS
A
=1

S ThARN EAof Cfet ZEe wwoln, fEtel W AWE olg £ 9
ol
=

oln
_ITI_
09
_C'J_I-
e %
-
A
o
<
x
i1
L]
>
oo
Jil
k1
$0
!

0| Lt IR AHEHS Z2t2to] MEQ lipids, proteins, nucleic acids
Jd2|1  polysaccharidesg =E3sl QU= celle] MH IstPEXRE O
THHSZ LtEtHCHLee and Chapman 1986). FT-IR AHEZH2 DNAO HAH|
o Pxot ME b2 EH87|% wi et JlE 1RE AHEH
HFH=ICHNaumann et al. 1991). IR AHE=2HO| HZIE= nucleic acide| £Xt
o ol ZPEH, 7tE FR-RIH =4 A, EF=EL| phosphate 7t

Zo| C-OH Z3t ZUAZ LIEPHCHDukor 2002). FT-RS OMES

n

MHm
Hu
>
oo
m
3o M

HH
"
TS 2

1(Ngo-Thi et al. 2003; Naumann et al. 2005;
Fischer et al. 2006; Preisner et al. 2007; Sundaram et al. 2012), 12|10 A4l
ZAO|l CHAF TTHYesudas et al. 2013), At 2o DNA EHIAHES
#H3l=H O|2L|UCHMalins et al. 1997, 2003, 2005). Lot & TICHY S 3t
2 HiO|R OtAHZE ZEL|1 QJCHArgov et al. 2002; Sahu et al. 2008). =

29| SHXXlHozEE DNA Itdo| Ma™doz XL £|QACHEmura et al.
g Zielo] ©E REXARD OE XMool A2 HEES

5
TESI=H AFRE oM, DNA $Z0|A indica®t japonica®l QLMA %to|7} A

Zx 70| 522 HQISIQICHEMura et al. 2006). 2L} OFEI7J}X| FLOf CHh
Age =agt gick

HEHZ 0[23l0f genomic DNAE
A

A S8 F1 mH| 240l
A FESLEMN st S50 7|0g = U= Ald

A& Raots
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7. 3. Material and Method
7. 3. 1. MEX=

MU Z=(Brassica campestris subsp. pekinensis)?| E= AlE X|ZE&= OfA|Ot
FTEOM HIERUCE 2 HFAME ZE ME OE2 14| ZA2tel, 2749
ME CHE 84 2tQl, J2|1 wHfE 7Hel Mz CHE F1 Ap& 2t

s
=

ro mjo

= 2
=S M2 CHE SO HujZ atolg AM3oich 2710 F1 Az 2jole 2
o e Mz oz 5

= E
HE22 FEEICL 42 240 88 AT = @S 850 AN =

1o

>
ul

0|83t0] &2 A7 AHESHRILEL

7. 3. 2. FT-IR AHEZ0| LTt Genomic DNA F&

=8E M= Y AEE genomic DNA F==0| ALESIALCE 9 ARE
UXATZO| HH ELAE FO UXZ ZOoF ZHHHZ USACE o 22 AMZRE

L

o
1.5ml EP tubeO]| 1, -70°CO|A 24A|ZF SZAAX A|ZACL =4 AXE A=

Ok

10mge AFESI0 G-spin genomic DNA extraction kit (iNtRON Biotechnology
Inc, Korea) HtH0|| 2} DNAE F=Z=3IQCE 0| buffer A|AEIL column&
ALE3SH0] W=D A DNAZ MENo=2 FEY £+ Uz zup¥el WROL

Z==5 DNAL TE buffer® 0|82310] HEIKLCE DNA SE9

_—

=& = NanoDrop
20002 0|83l 280, 2602t 230nmOM Z=H™HGIQUCE FZ=Z DNA =2
=0I5t7| QoA ZH|(ODuo/ODas0)Z  HABICE O 82 polyphenol,
carbohydrate contaminationt &4 proteing ZH™HSIY X|&SHCF(Sambrook et
al. 1989). TE buffer& 0|23} DNA %|&F sEE 40ng/weez ZTHSISCL
ZOPEQI FT-IR AHE X =M 2|8 genomic DNAZ X350 DNA YL E
X

_I_I

>

2t SIRACL Genomic DNA sk = O7I2A Z MI|BS2 Sl & QISHRLCE
=

21 El genomic DNAE= —-20°COj| 22510 A0 AFESHRACE

ot
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7. 3. 3. Genomic DNAQ| FT-IR AT E& XA}
FT-IR(Fourier transform infrared) A®E ™ ZAt= Tensor 27(Bruker Optics
GmbH, Ettlingen, Germany)E A3, DTGS(deuterated triglycine sulfate)
AE7|Z2 EMEIQULCL. F=E genomic DNA 22| A& 5uE 384-well ZnSe
plate0f &33}0{, 37°C hot plateOjjA] <& 2087t AXSIYLCE HEEl ZnSe
plate= Tensor 270 Zt&t=l HTS-XT(Bruker Optics GmbH) 1&g Xt53t
HXE O|83%t0] AHEHS ZAGIALE 4 Alzel AHEZH2 F 4000 ~
[

400cm™ WQIOIN d2m 4’ 2HZHoER F 1283 uE ZME T

AHEYS BM0| AFREQUCE ZF A|RO| FT-IR AWERZ S EAHX 2Ag Q¢
77t 3ubE AL FTIR AHEZ ZAL 9 GO|E H0| ARE
T2 Bruker M H&E3St= OPUS Lab(ver. 6.5, Bruker Optics Inc)E
ALESIQUCEH IR AHEZHLE plate AHE ™A (background)g il MEOS| AHEHS

LIE}WHCE CHHZ2F BEME2 Q8 7|2 FT-IR AHEZZ OPUS software (ver.
7008 AIE3}0{, baseline correction, normalization 12|11 smoothing A A|5I0
M He|stSCE M NE|=l AWEZOl 2K O|EE OPUS software (ver. 7.0)&
o AAISHACE M2| & AMEF [[O|E= Pearson's &2t 41} CHHESA
=

g MAIBHYC
7.3.4. FTR AHEQ| CHAZEA 2N

HEA 2A2 N AME0|A 1,800-800cm” Fo| FT-IR AHEH
£ 0|83} principal component analysis (PCA), hierarchical clustering
analysis (HCA) 12|11 partial least squares discriminant analysis (PLSDA)S
HAISHUL 2Xp Oj2&E FT-R AHEF HOojH= R 874 24 Z=213 HHE
2.15.0, Auckland, New Zealand)g S £XMEL| QUL PCA= non-linear iterative
partial least squares (NIPALS) &nz2|F0 M2t WSIACHWold 1966).
PLS-DA= PCA C}20| R Z2O2 AIR3I0] =3 &}Q¥CH PCA EAM2 PCA
J

2= AL ArEst

o

scoresE& FEI0]



2o Hy 2FQIZHol CHARA| AlEHSIRICE PCA loading valueE AM3lsto, F1 w %t
cholot £2 wHy 2telziel CHAMM Ao CHet &2 HaF =QISHACEL
Hierarchical dendrogram2 FT-IR 0|O|E{2| PLS-DAZEE UPGMA (unweighted
pair group method with arithmetic mean analysis)& R program (version
215022 EAS0 euclidean distanceE =Hstn 2 A|RQ| S AHAAHE

LEFRLCE

7. 3. 4 FT-IR 2"HIE® [CO0|E{E O|&¢t Classification, prediction 12|11

cross-validation

FT-IR AHEX OHO|HE 7|HtS22 DNAZ 53t UXSE0 izt o=S
QI8 A PLS regression 242 X
ISHM 2712 B4 Xet YO ol HEE AEAZCH X B0= FT-IR 2AHEH
HOIHE X8t Y H=0|= DNAQl Hz

=
=
HOIH ME& 2712 MEZ LiEDE o5 22Ol 05 s8s H2AESH| 2l

ML
o
e,
L

fo
r
e,
9
n

PLS regressiong AlA|S}H7|
83 AlAH HESIRULCE
-

Egold MEE THE0 ZE =0 A8, E0ld MEE= H2E
MEO| AFEE|X| QA/UCE X H=pep Y H7to] HF ZEZS THE7| 2[510]

SHATE AHEOHN HIEAS ALSHIULE TH 2

HOolE= @ele] & FE2=2 Ltk HA Efold MEE MEsin

v
ic}
ic}
X
Ul
=
A%
o
ot

Egold MEO ABEX A2 HOHE HAE NEEZ AESIH o5 222
=ot=0l AFEEIRICE PLS BEO o 582 AXZta PLS o= gt ALO[<]
H2tr £ 10 bootstrap HAEOQ| P-values?t RMSEP (root mean square error of

prediction)2 L}IEFHCHTerhoeven-Urselmans et al. 2010; Liu et al. 2006).

- 101 -



7. 4. Results and Discussion

7. 4.1 FTIR AHME Clo|Eo| CHAZEH 242 0|83 22 aolo|M F1

FT-IR AHEZ [ O|E{Q| CHHEF

0|ﬂl
2
A
1x
mjo
o
oo
e

g
H
L)
ro
|0
Hu
qr
m
-
l_l

o E
&g AMYESIHCHFIg. 23). B. campestris subsp. pekinensis 2| £& wH{| 29l
1

K& 2RI 22 E genomic DNAS| 5%t FT-IR AHEH

o
fo
ro
O
Q
ul

(Fig. 23a). 22 29I} F1 Xt 2210 genomic DNAQ| FT-IR AT EH
1,750-1,600, 1,550-1,400, 1,150-950cm™ 2 2|0fA EXAMQ AHEY H3IZ2 =
& SISICHFig. 23a). B2 ATOIA FT-IR AWEZ0| o5 DNAS| S4g dHA

J|=I

St7| et A=t QURUCHFalk et al. 1963; Liquier et al. 1991; Brewer et al.
2002; Banyay et al. 2003; Zhou-Sun et al. 1997; Gonzalez-Ruiz et al. 2011).
Nucleic acids®| IR AHE S22 nucleic acid0f| As&80F 20| o8l 4742 &
Ao EXMSZ LiE}CHBanyay et al. 2003; Gonzalez-Ruiz et al. 2011).
FT-IR A E 29| 1,750-1,600cm™ £2|= DNAQ| ¥7|ZxQl C=0, C=N 12|
C=C HE{Q} -NH, Z3t HE|E LIEIHCHBrewer et al. 2002; Banyay et al
2003). 1,550-1,400cm™ H2|= purinedt pyrimidine ring ZEO|A S5 QCt
(Falk et al. 1963; Liquier et al. 1991; Zhou-Sun et al. 1997). 2|1
1,200-1,000cm™ E2|= phosphodiester-deoxyribose backbone2| PO, 1Z0j
CHE™ P2AxQF H|CHAA HAXE LIEHCHFalk et al. 1963; Zhou-Sun et al.
1997). O|M&H Ho ziolat F1 X&oS=ZEHEE FT-IR AHEZO| 1,750-1,600,

i IS AL
Y 4

1,550-1,400 12|32 1,150-950cm™ 37}X| EQo|A AHE2{0| B3}

HJ|[LI

URULCHFig. 23a). O] L%t AHEHO| HRIZ2 backbonelll sugar pucker At
0]9| base pairing, base stacking 12|11 glycosidic bond 2|70| RIZSIH At
St EHIE[0 QCHBrewer et al. 2002; Gonzalez-Ruiz et al. 2011). O] Zxf,
FT-IR ABE2{0o| EXX x}0|= genomic DNAZ} TH|E|C{2tE Ho mHy 249l
(P11} M)T} F1 Xpo| 193 genomic DNA EA0|| LIEIL % QICH= ZHES 9

OiStC} Ol= 78 dAlS S3ll DNA X=g0| LojLt: £2 2telhF F1 Xt&0f
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X genomic DNAQ| 1125t AHEH HF|IJ} LHMSIEHEIE DNA HiES Zolgt

+ 982 LfEtTt Tahd, FTR AMER 242 A2 F9o 94 MAl2 53

=2 DNA2| Higts dtdsl= M22 =72 HE & + Us A2 ETHECH
22 2Pl M)t F1 ApE 2tRl(F)e 28

plot PC 1, 25 0|85l =I5t

174%, 8.6%°| HdH=HE 21

<)
k-
0
(@)
=
il
N
(%]
(o)
o
=
D
r
gl
=
T
2
0
1o
L
\

ol O
AN —

U824 UNUCHFig. 23b). £2 ZARUPLI MO Sote 22t MBL A
(o]

o] &=&[0] LtEtRtL). 2A =2tele

31, PCA score plotofAl 212to] St 2RIS0| ® WA FES 1D Y
Ch Ol2{gt Zus ST 2A0I0fM AHER Bt SU 2hel KT AO[ofA

582 0|TE REE AN YN FHOR IEY HE HS BET 4
RUSICE 0|23t ZT= PCAGIA ARZH 2 WSS S 24I0IA AHotA| 4

PLS-DA score plot= PCA 24 HCt O2 24sSHAH OF AH0| 7hsdHot
(Fig. 23C). 22 2fel(P1at M)} F1 Rp& 2fQI(F1)2 T TF QHoA Z4HE[0] LEE}
GHC @A 2HRI0IM F1 Xb& 2tQl0] MO Z 225/t PCAY| B3| St
2telol A7 EOFMLL Of Alte= ZiZtol ZA (M), BA(PL), X&(FLel O&E
dA= PCAO| HISH HE ZotRDl 2 &30 £ots 4 A|RS9| =4S
= 2 a8 WOl X5t PCARLH AHSHO| dHEASS & =+ UAULCHFig.
230).

FT-IR AHE& [|0|E{2| PLS-DAZEE HCA dendrograms Z+QISHS CH(Fig.
23d). HCA dendrogramQjAM 2 2tQI(P1af M)t F1 Xp&= 2tCI(F1)E 3749

=RE L LIERSCE P1-5 MES HMelet 2 £ 2t2lel DNA ME0|

0

sl

HR ERE EXMUCL FL XIE ME 25 £ MW 2RE UERCL M2 4B

o

_'|:_
Melstn RE @7 2tel MBo| Al MW EF2 LIEFCE o2 Zats siLt
of 27 2ol ME
A

k=3
=
oI F1 X22 MY E 4 USS ¥
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Fig. 23 Multivariate analysis of FT-IR spectral data from genomic DNA of B. campestris subsp.
pekinensis parental inbreed lines (P1 and M) and their F1 progeny lines (F1). A: Representative
FT-IR spectra of parental inbreed lines (P1 and M) and their F1 progeny lines (F1). B: PCA
score plot of FT-IR spectral data. C: PLS-DA score plot of FT-IR spectral data. D: HCA
dendrogram of PLS-DA score. Arrows indicate FT-IR spectra variables which showing significant
variation between parental and their F1 hybrid lines (A). Dotted circles represent each
boundary for group discrimination (B, C). Capitals and numbers represent sample name and
replicates, respectively. M: a maternal inbreed line of B. campestris subsp. pekinensis; P1l: a
paternal inbreed line of B. campestris subsp. pekinensis, F1: F1 hybrid lines crossing with P1

and M inbreed lines.
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Pal
r—v—

Mg AAgO MHZE 5017 9o, KA SEN HZS JHE @by 2ol
FT-IR AHE 2
d2|3 Kk 2HQI(F2)S 2 2 E{ genomic DNAS| FT-IR AHME M2 AA[SIY
c FTIR AHEZ GO|EO| CHAZ 242 Sof 22 202 RE F1 XH(F2)
dEHMoE MY = QUCHFig. 24). B. campestris subsp. pekinensis 2| £
mHY 2HOI(P29F M)ab F1 Xtz 2}QI(F2)22E2E genomic DNAS| =gt
FT-IR AHEHZ =QISIALCHFig. 24a). NS 2t A0 FASHA 1,750-1,600,
1,550-1,400, 1,150-950cm™ S0 A = 24QI(P29t M)Tf F1 Ap& 2}QI(F2) 7t
of SEXMOI AHMEY WIE 2 4+ YACHFig. 24a). HCH7t PCA AOME F
ClF2=FE F2 b 2tel(P2et Mg 2o L= 4= SIRUCHFig.
24b). PLS-DAO| M=
A Bt ZRE F1 Xt 2pQI(F2) 2tHSHA LR REE d2{Lh, F1 X 24l (

PCARCI B SHASH 18 AHO| JHs3ICHFig. 240). @

Of

af £A 2telof efzkel SOl UAZS PLS-DAOIAM &Y =+ URUCK FT-IR 2

n

HWEZ 00| 2| PLS-DAZEE HCA dendrograms 2RI CHFig. 24d). HCA
dendrogramOf|Af £ 2tQI(P23t M)t F1 XpE 2tQI(F2)E 3712 2 #R/RE Lt
S LERRICE 2E 24 2telo] DNA MEo| A ¢ & EXUCE F1 Xp&
BN 2FE LIEHHCH M2 MES Melst Z& Z2A 24l M

K
o
=
rE
=
Ar 4n
dn
Hu
I
m
s
i
o
i
_c'>_|-
1IN
[

t= HCA dendrogramOjjA| B2 2}0l

B2 TH genome +=F0|M DNA 0|d ofHl Eotet ol50 o882 =+ A
Ct. StX|2F  H=5HAH  genomic DNA(base composition, DNA  backbone,

secondary structure, etc.)9| £/40| F1 Xt& AlH 53t A= o Z0|Ct
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Fig. 24 Multivariate analysis of FT-IR spectral data from genomic DNA of B. campestris subsp.
pekinensis parental inbreed lines (P2 and M) and their F1 progeny lines (F2). A: Representative
FT-IR spectra of parental inbreed lines (P2 and M) and their F1 progeny lines (F2). B: PCA
score plot of FT-IR spectral data. C: PLS-DA score plot of FT-IR spectral data. D: HCA
dendrogram of PLS-DA score. Arrows indicate FT-IR spectra variables which showing significant
variation between parental and their F1 hybrid lines (A). Dotted circles represent each
boundary for group discrimination (B, C). Capitals and numbers represent sample name and
replicates, respectively. M: a maternal inbreed line of B. campestris subsp. pekinensis; P2: a
paternal inbreed line of B. campestris subsp. pekinensis, F2: F1 hybrid lines crossing with M

and P2 inbreed lines.
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7. 4.2 FI-R AHEY HO[E{Q] CHHY 242 B3 £ Jjo| 23 aloz

RE FL X2 A

Yot BAQL M= CHE BA AO|0|M &= 7Hel M2 CHE F1 Ak 2tel2
A of o~ QIACH(Fig. 25). B. campestris subsp. pekinensis o 2o LiH{| 2tQl
(P1, P2, M)t F1 Xt 2iQI(F11t F2)2 2EE genomic DNAS| 523t FT-IR &

HWEHS ZOISIRUCHFIg. 25a). 22 2tQla F1 K& 242l0| genomic DNAZQ|
A

FT-IR A®E=AHS HMH 1,750-1,600, 1,550-1,400, 1,150—950cm1 220 EF
Mol AMEY W

2 2 4 YQUCHFig. 25a). T4 PR AHERO| B3

At 02 FASHA LHERRUCE &2 wbi 2tel(P1, P2, M)

ik F1 Rk 24QI(F1, F2)0] PCA score plot &0l &0t 220 M2 SHEE[Of

LtEFStCHFig. 25b). O|2{st Zit= F1 Ah 2hQI(F1, FLZEEH 2 mHf 2t0l
(PL, P2, M)O| -EIELH H2|T|X| £} H|Z31H LIEFLCHFig. 25b).

PC 1, 29| loading valuesE A&35}0| F1 At& 2tQI(FL, F2)2ZEEH 22 1

Bi 2f2I(PL, P2, M)Q| AlEHO| TR2%t IR AHER HeIE {UAHSIUCL B2 W)

2QI(P1, P2, M)1} F1 Xt 2}QI(F1at F2)S AlHGH= PC 1, 2 scoresO| 7H& =

FCHFig. 25¢). PC 1, 2 loading

values= FT-IR AT E 29| 1,750-1600, 1,550-1,400, 1,200-1,000cm™ 0|l &Lt

AHO|E HEE & URUCHFig. 250). 0] Zit= EF FT-IR AHEF Xjolet S

Q3 K}O|2 FT-IR AWEZ w20 RHEH

Of

StA LIEFSICHFig. 25a). Genomic DNAQ| FT-IR AHEZ 2o st O|F H
10| MZM™, thymine2t cytosinel| carbonyl stretching vibration Z3&|0f
1,692cm™ @O0 ZHL0f LIEFHCID  E D E[QCHLiquier et al. 1991
Geinguenaud et al. 2000; Lindqvist et al. 2000). EE%t, thymine, guanine, C=N
and C=C vibrations2| carbonyl stretchingO| 1,650cm™ FHO|A LIEfLEDT, NH,
scissoringdl N-H bendingO| CHX|M S Z 1,605-1,560cm™ Q0| Al Z+ZH LIEFLE
CHZhou-Sun et al. 1997; Brewer et al. 2002). =72 Z purinel} pyrimidine
(DNA bases) ring SEfQ| HIEO| Z4E|0| 1,466-1,488cm™ Y AO| Al LIEFLFCH

E 240
==

(Lindgvist et al. 2000). IR peakOf C{ot A= D2{siEH, FT-IR &
1,750-1,6009 1,550-1,400cm™ ¥do| =38t A

—

A |
AmE
HeY Hots IR Rxol W
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Aot 7|2 Mol =gof o8 {afE A

=z QIC}. Lindqvist et al. (2000)

! g2 ¢
B10| [Z2M, phosphate backbone ZXIEoz QI3 Z oA FAQ
1250-1,200cm?  FSOIM= POso HIIHASM) 5 Tx7F LIEHD,

1,090-1,070cm™ Y So|M= PO, o CHA(SM) &5 =7} LIEFCE 1,145cm™
R 54 o3t @92 C-O-P stretching £I-50| LIEFLICHDovbeshko et al. 2000;
Gault et al. 2004). 0|24+ ZADF= TS m, 1,200-1,000cm™ 0o =Q38F Am

E &9l Hat= DNA phosphate backboneQ| HEf H37} RF¥Mo=z 0|

o

7oz mehelrt

Muntean et al. (2009)2] EI0|AE 1,000-1,200cm™ 0\ ATEZ %t0|Q
FAME2 15 MEQ EFSH ZAE VX2 UASS 2ENSHRACE AKX 2|
A0 M= 1,750-1,600, 1,550-1,400, 1,200-1,000cm™ YA B campestris
subsp. pekinensis©| F1 Rt£2 Algsl= Z=Q3t POYS SHOIBIRUCE 1 YAS
2 DNAQ| 7|2 F XL} phosphodiester backbones LIEFHCE [}2FA{, genomic
DNAQ| Xt Mo Hzl= B campestris subsp. pekinensisQ| F1 Xt£&=0f it
Mol Ao ths S5 A8ets & + UUCL

Clg A 1E A0l Fhssict

PLS-DA score plote= PCA &AM HLC}
af F1 Xp&(F1ab F2)0] ZA(M)QE Xh=(F1)

(Fig. 25d). Ztzto| & 2}I(P22} M)
of ™= F4 2te(PlE MelstH 440 gt o SESIRAL) F F1 X}
& EfQIF1Dt F2)2 2A 2tRle2FEH 25| Z2|Z|ACh. PCASL HIMGHH, Z

2e efolo) Sott
t2to] WBO| PCAUM WO Of YO X 1E4E e, PCAS)
=

Aot Lo

Zto| 2telo] HZZRez OFS gttt of2g dite
i

HIZ&Y F1 Xt 2}QI(F1at F2)22E2E 21 219I(P1, P2, M
A PLSDAZ} O LS Z{O=Z L}E}LCHFig. 25d).
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Fig. 25 Multivariate analysis of FT-IR spectral data on genomic DNA from B. campestris subsp.

pekinensis parental inbred lines (P1, P2, and M) and their F1 progeny lines (F1 and F2). a

Representative FT-IR spectra of each line. b PCA score plot of FT-IR spectral data. ¢ Loading

values of PC 1 and PC 2. d PLSDA score plot of FT-IR spectral data. Arrows indicate FT-IR

spectra variables showing significant variation between parental and F1 progeny lines (a, c).

Dotted circles represent each boundary for group discrimination (b, d). Capitals and numbers

represent sample names and their replicates,

respectively. M: a maternal inbred line of B.

campestris subsp. pekinensis; P1 and P2: each paternal inbred line of B. campestris subsp.

pekinensis F1 and F2: F1 hybrid lines crossed with P1, P2, and M inbred lines.
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Fig. 26 HCA dendrograms from PCA (a) and PLS-DA (b) of B. campestris subsp. pekinensis
parental inbred lines (P1, P2, and M) and their F1 progeny lines (F1 and F2). Capitals and
numbers represent sample names and their replicates, respectively. M: a maternal inbred line of
B. campestris subsp. pekinensis P1 and P2: each paternal inbred line of B. campestris subsp.
pekinensis F1 and F2: F1 hybrid lines crossed with P1, P2, and M inbred lines.
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Table 4. Summary of the PLS-DA classification results from FT-IR spectral data of genomic
DNA. The discriminant functions were determined using the first seven principal components
determined by PCA. In bootstrapping, each case was classified by the functions derived from
all other cases. P1 and P2: each paternal inbreed line of B. campestris subsp. pekinensis; F1

and F2: F1 hybrid lines crossing with P1, P2 and M inbreed lines, respectively.

Prediction
Total
M P1 F1 P2 F2
Count M 5 5
P1 5 S
Cross
validate F1 4 1 5
d
P2 5 5
F2 1 4 5
Total 5 5 4 6 4 25
R?=0.958
P < 0.05

Probability =1.8E x 10™
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Fig. 27 Representative FT-IR spectra from Citrus fruits. (A) CMB : Citrus unshiu Marc. cv.
Miyagawa (under rain shelter). (B) CMP : Citrus unshiu Marc. cv. Miyagawa (the bare ground).
(©) FJ) : Fortunella japonica. (D) CS : C. hybrid 'Setoka'. (E) CP : C hybrid 'Kanpei'. (F) CK : C.
hybrid 'Kiyomi'. (G) CR : C. hybrid 'Shiranuhi'.
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Table 1. Quantitative analysis of total carotenoids, flavonoids and phenolics contents from
citrus using UV-VIS spectrophotometric analysis. All samples were run in nine replicates. CMB :
Citrus unshiu Marc. cv. Miyagawa (under rain shelter), CBP : C. unshiu Marc. cv. Miyagawa (on
the field), FJ : Fortunella japonica, CS : C. hybrid 'Setoka', CP : C. hybrid 'Kanpei, CK : C
hybrid 'Kiyomi', CR : C. hybrid 'Shiranuhi'.

Compound contents

Species line
numbers  Total carotenoids Total flavonoids phenolics compounds
(ugrg dry wt) (ugg dry wp) (mg-g dry wt)
FJ 9 0.75+0.09 1.97+0.09 1.26+0.12
CK 9 0.90+0.06 2.835+0.07 6.16+0.44
CMP 9 193+0.13 3.02+0.05 5.16+0.15
CMB 9 0.85+0.04 3.01+0.23 420+0.17
CP 9 1.02+0.07 2.73+0.24 4.44+0.50
CS 9 3.53+0.34 4.50+0.36 6.29+0.24
CR 9 1.54+0.13 2.35+0.06 3.67+0.17

Data represent the meantSD of measurements.
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Fig. 29 Multivariate analysis of FT-IR spectral data on genomic DNA from C hybrid 'Kiyomi'
cross breeding lines (CM and CO) and their progeny lines (CK). A: Representative FT-IR spectra
of cross breeding lines (CM and CO) and their progeny lines (CK). B: PCA score plot of FT-IR
spectral data. C: PLS-DA score plot of FT-IR spectral data. D: HCA dendrogram of PLS-DA
score. Arrows indicate FT-IR spectra variables showing significant variation between cross
breeding lines and hybrid lines (A). Dotted circles represent each boundary for group
discrimination (B, C). Capitals and numbers represent sample names and replicates, respectively.

CK : C hybrid 'Kiyomi', CO : Citrus sinensis (L) Osbeck, CM : Citrus unshiu Marc. cv.

Miyagawa.
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Fig. 30 Multivariate analysis of FT-IR spectral data on genomic DNA from C. hybrid 'Shiranuhi'

cross breeding lines (CK and CB) and their progeny lines (CR). A: Representative FT-IR spectra

of cross breeding lines (CK and CB) and their progeny lines (CR). B: PCA score plot of FT-IR

spectral data. C: PLS-DA score plot of FT-IR spectral data. D: HCA dendrogram of PLS-DA

score. Arrows indicate FT-IR spectra variables showing significant variation between cross

breeding lines and hybrid lines (A).

Dotted circles represent each boundary for group

discrimination (B, C). Capitals and numbers represent sample names and replicates, respectively.

CK : C hybrid 'Kiyomi', CB : Citrus reticulate 'Ponkan', CR : C. hybrid 'Shiranuhi'.
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Fig. 31 Multivariate analysis of FT-IR spectral data on genomic DNA from C. hybrid 'Shiranuhi'

cross breeding lines (CR and CH) and their progeny lines (CP). A: Representative FT-IR spectra

of cross breeding lines (CR and CH) and their progeny lines (CP). B: PCA score plot of FT-IR

spectral data. C: PLS-DA score plot of FT-IR spectral data. D: HCA dendrogram of PLS-DA

score. Arrows indicate FT-IR spectra variables showing significant variation between cross

breeding

lines and hybrid

lines

(A).

Dotted circles represent each boundary for group

discrimination (B, C). Capitals and numbers represent sample names and replicates, respectively.

CR : C hybrid 'Shiranuhi', CH : C. hybrid 'Nishinokaori', CP : C. hybrid 'Kanpei'.
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