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Abstract

The mangosteen (Garcinia mangostona L.) is an inportant economic fruit of
Thailand and grown commercially for domestic consumption and export. The fruit has a
thick and hard pericarp but the pericarp hardens easily as a result of compression or impact
resulting a lower quality of the fruit. The objectives of this study were as the following :
1) investigate lignin accumulation in damaged pericarp, 2) identify phenolics involved in
lignin synthesis of damaged pericarp, 3) determine enzyme activity involved in lignin
synthesis of damaged pericarp and 4) study gene expression of enzyme(s) involved in
lignin synthesis of damaged pericarp.

Impact damaged mangosteen fruit pericarp showed a rapid increase in firmness.
The degree of firmness increase depended upon fruit maturity, drop height and storage
atmosphere after impact. Toluidine blue O, phloroglucinol and KMnQj, reacted positively
for lignin in both the cell wall and cytoplasm. The damaged pericarp showed thicker and
darker staining indicative of cell lignification 3 hours after impact than undamaged
- pericarp. Lignin concentration was higher in the damaged pericarp of more mature fruit,
following a greater drop height and in air. Carbohydrate and protein in lignin-carbohydrate
complex increased after impact. The results suggested that the lignification in cells
following impact injury response, may play a role in the firmness increase of damaged
mangosteen pericarp after impact.

Firmness and lignin content increased while total phenolics decreased in damaged
mangosteen pericarp after impact. The phenolic compounds associated with lignin
synthesis in damaged pericarp of mangosteen fruit after impact were separated and
identified by UV absorption spectra, TLC and HPLC analyses. The phenolic acids unique
to damaged pericarp of mangsteen fruit were identified as p-coumaric acid and sinapic
acid, and p-coumaric acid decreased more rapidly than sinapic acid after impact. D-
Coumaric acid and sinapic acid contents in damaged pericarp of reddish brown
mangosteen fruit were greater than of dark purple mangosteen fruit and sinapic acid
content was 20 to 40 fold greater than that of p-coumaric acid. The decrease in both p-

coumaric acid and sinapic acid in damaged pericarp occurred more rapidly under normal
air than under nitrogen atmosphere.

(4)



Activities of PAL, CAD and POD involved in lignin synthesis of damaged pericarp
of mangosteen fruit after impact were deterimined. PAL, CAD and POD activities
increased rapidly during the first 10-20 minutes after impact and declined thereafter. Their
activities reached a maximum 15 minutes after impact, while CAD activity increased
many fold greater than that of PAL and POD activities. RNA of damaged pericarp was
isolated and consensus genes of CAD in many plants were searched from the gene bank of
the National Center for Biotechnology Information (www.ncbi.nih.gov) and the finding of
consersus genes of CAD will be used to design a pnmer for PCR and northemn blotting,

The work of gene expression of CAD involved in lignin synthesis of damaged pericarp is

in progress.

Key words : impact, pericarp, mangosteen fruit, phenolic, p-coumaric acid, sinapic acid,
lignin, firmness, phenylalanine ammonia lyase, cinnamyl alcohol

dehydrogenase, peroxidase
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finnamoyl CoA Esters
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cinnamyl alcohol dehydrogenase

v
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¢ peroxidase —»
. . <______-___ - -
: Polymerization »>
v ! !
p-Hydroxyphenyl Guaiacyl Residue Syringyl Residue
Residue in Lignin in Lignin in Lignin

Figure 1 Lignin synthesis (modified from Cambell and Sederoff, 1996 ; Vance et al.
1980 ; Whetten and Sederoff, 1995.
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Figure 2 Mangosteen fruits at reddish brown (upper) and dark purple (lower)
stages were used in the study.



Figure 3 Mangosteen fruit was oriented so that the calyx and stigma were horizontal
(left), before being released from a drop height and impacted on the
concrete coated with a thin layer of powder (right).



1.2.1 PhloroglucinoFHC! Test TatiA#n15184 Gahan (1984) Nenafte ugdu
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=l =i - - - ar
msnaraen 2 matdasuudasaisiuadnlunlfanuaiagm

| ué‘q'-nnuﬂﬁmmﬁm?mnns:wumun‘s‘*mqqmnﬁu 50 UWRS 100 wuANms uaslvina

Tneeyluanmiinesifaendiau vnniwindeyamsndouuawielyi

2.1 1Funuansiusanviauus nald3an1518e Singleton and Rossi (1965) N&1As
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pniuiiozenBennatinadudinmauny (Figure 4A) uardufainadi (Figure
48) Wk linnnssnuuazannssny TAMNUANPNI UV ATRIMAIN I TANNTINLLT
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U3aufisnnsznu (Figure 5A) mﬂﬁ'nm'\umiuvﬁﬂﬂmLﬂﬁanuﬂﬂ’mmﬁwmﬁ’mnnszwumu
'lﬁ'fﬁmwmm'lmﬂﬁﬁaﬂnﬁLquﬂnr?l @1 wefisud) TunndnnglFanwussainiaiug
aaNTIeu (Figure 5)
weinstierdaaiiedanfanusiinminond linnnssnutasnnssnuiftenses
saunMIasauLasnisamsulaszesdnin  nedanmng histochemistry Wudnnsulaens
uﬂm-umﬁnﬁu’lu%’uﬂmrnﬂé‘?mm'lﬂ'lﬁﬁcLﬂﬁﬂnﬁmﬂﬂ?:mm 165 pum (Figure 6-12) 8714909
tlanas (cell wall) uazdausine nalhuad (cytophasm) vaanlAonuaTanmisFandils
ANNIENULASANNIENLE efinstianddng phloroglucinel, toluidine blue O uaE KMnO, Wudn
ﬁqurfi'w]mmﬁﬁmsﬁmaumé’u (Figure 6A-12A) vy (Figure 6B-128) LLﬁ:ﬁﬂmﬂm‘ﬁ'aq
(Figure 6C-12C) pnaALU %’uﬂmt'nﬂa"lutﬂﬁanuaﬁ’mmu’a‘*mmﬁmnm:mu (Figure 6-11) §i5u
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RTINS ENLGIANALABIIA 100 WTURWRAS (Figure 7.8) Hfuraatadmiinis
a:ﬂum?ﬁnﬁuumndﬁ‘ﬂp’uﬂmL-nﬂﬂ"luu_l'éﬂnuﬂﬁmmu‘&‘mmﬁmnm‘:ﬂuegqmnﬁuﬂaun?m 50
LTUALNAT (Figure 6,9) Lﬂﬁanuﬂﬁmmﬁmmﬁ'mnn?muuﬁ:ﬂf‘j'luﬂmwmm'm'lﬂﬁﬁﬂﬂn%wu
whadni (21 wafnus?) (Figure 9) ﬁ%uuaqL-nﬂE\Tﬁﬁmm:ﬂum'z"ﬁnﬁumnndmﬂﬁﬂnuﬂﬂ’mm
Windimnnszvusazeyluanmithifesndian (Figure 11) wlRenuaiagndafing (Figure
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wisnualinadeiasdinFuniinnnisnl (Figure 138) ﬁmn'?iu%umnndﬂ'lutﬂﬁﬂnuﬂ
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mMafNTuetn  (Figure  14A) vnurulfenuaiigaLdnfinnnssunazeg luanimn
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Wlmam (Figure 14B) wiussFeafulfenualinatiduninnnssnuuaseyuanin
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wisnuafagaiFuniinnnzznuudounu 3 40t flunuansfusantaandien
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Firmness (newtons)

Figure 4
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Firmness of undamaged (D,

24 ) and damaged (|3 L ) pericarp of
reddish brown (A) and dark purple (B) mangosteen fruit after impact at
drop height of 50 ¢ [ ] ,Ei ) and 100 (&2

,. ) cm and hold in
normal atmosphere. Mean values + SD of 12 fruits.
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Figure S

Hours after Impact

Firmness of undamaged ( D ) and damaged ( ,- ) pericarp
of reddish brown (A) and dark purple (B) mangosteen fruit after
impact at drop height of 100 cm and held in normal ( D ,) and
nitrogen ( 4 ,. ) atmospheres. Mean values + SD of 12 fruits.
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Figure 6 Lignin localization(arrows) of damaged pericarp of reddish brown
mangosteen fruit after impact at drop height of 50 cm held in normal

atmosphere for 3 h and then stained with phloroglucinol (A), toluidine blue
O (B) and KMnO, (C). A-C x 10.
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Figure 7 Lignin localization (arrows) of damaged pericarp of reddish brown
mangosteen fruit after impact at drop height of 100 cm held in normal
atmosphere for 3 h and then stained with phloroglucinol (A), toluidine
blue O (B) and KMnO, (C). A-C x 10.
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Lignin localization (arrows) of damaged pericarp of dark purple
mangosteen fruit after impact at drop height of 100 c¢m held in normal

Figure 8

atmosphere for 3 h and then stained with phloroglucinol (A), toluidine

blue O (B) and KMnOy4 (C). A

-Cx 10.
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Figure 9 Lignin localization (arrows) of damaged pericarp of dark purple
mangosteen fruit after impact at drop height of 50 cm held in normal

atmosphere for 3 h and then stained with phloroglucinol (A), teluidine blue
0O (B) and KMnO, (C). A-C x 10.
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Figure 10 Lignin localization (arrows) of damaged pericarp of reddish brown
mangosteen fruit 0 h after impact at drop height of 100 cm and then

stained with phloroglucinol (A), toluidine blue O (B) and KMnQy (C). A-C
x 10.
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Figure 11 Lignin localization (arrows) of damaged pericarp of reddish brown
mangosteen fruit after impact at drop height of 100 ¢cm held in nitrogen

atmosphere for 3 h and then stained with phloroglucinol (A), toluidine blue
O (B) and KMnO, (C). A-C x 10.
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Figure 12 Lignin localization (arrows) of undamaged pericarp of dark purple
mangosteen fruit and stained with phloroglucinol (A), toluidine blue O (B)
and KMnQ, (C). A-C x 10.
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Lignin (Abszg nm.ml™* mg™) x 10”

Figure 13
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1.5 -

0.0

0.0

0 3
Hour after Impact

Lignin content of damaged pericarp of reddish brown (A) and dark
purple (B) mangosteen fruit after impact at drop height of 50 (l:l ,)

B4 . ) cm and held in normal ((_| & ) and nitrogen
( . ) atmosphere. Mean values + SD of three measurements.
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Figure 14 | Carbohydrate content in lignin carbohydrate complex (LCC) of
undamaged (|:| ,m ) and damaged (H ,- ) pericarp of dark purple
mangosteen fruit after impact at drop height of 50 (Dm ) and 100

(¥ I ) cm and held in normal (A) and nitrogen (B) atmosphere (B).
Mean values + SD of six measurements.
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Figure 15

Protein (mg/100 mgLCC)
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P

Protein content in lignin-carbohydrate complex (LCC) of undamaged

(D , 5% ) and damaged (B - ) pericarp of dark purple mangosteen

fruit after impact at drop 50 ([_], B8) and 100 ( [, ) cm and
held in normal (A) and nitrogen (B) atmosphere. Mean values + SD of

six measurements.
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Figure 16  Changes in total phenoloic contents of damaged pericarp of reddish

brown (A) and dark purple (B) mangosteen fruit after impact at drop
height of 50 (| B8 y and 100 (I,
(], ) and nitrogen ([E]

of five measurements.

d ) cm and held in air

) atmosphere. Mean values +SD

28



-]
e &
= 1 —
= ;]
= =
o
7] [=3
n o
< o=
-
m nm

1

K ¢

l 1
S 8
=
=1 =
0 o
re =]
o ™
w (=]
a (]
< i

-
nm

Spectra (nm)

Spectra (nm)

Figure 17 Changes in absorbance spectra of total phenolics of damaged pericarp of
reddish brown (A,B) and dark purple (C,D) mangosteen fruit 0 (-----)

and 3 (— , ----- ) h after impact at drop height of 50 (A,C) and 100
(B,D) cm and held in air (-—------ ) and nitrogen (

) atmosphere.
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Figure 18 Changes in absorbance spectra of standard p-coumaric acid (
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30

500



- — - . i 3 - - A .
& ® b

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 19 Thin layer chromatograms of phenolics of standard p-coumaric acid (lane 1),
sinapic acid (lane 2), damaged pericarp of reddish brown (lanes 3-8) and
dark purple (lanes 9-14) mangosteen fruit O (lanes 3,5,9,11) and 3 (lanes 4,
6-8, 10, 12-14) h at drop height of 50 (lanes 3, 4, 7, 9, 10, 13) and 100
(lanes 5, 6, 11, 12, 14) cm held in air (lanes 3-6, 9-12) and nitrogen (lanes 7,
8,13, 14).
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Figure 21 Changes in p-coumaric acid of damaged pericarp of reddish brown (A) and
dark purple (B) mangosteen fruit after impact at drop height of SO cm
(L] .8 > and1oo @ ,F] )emandheldinar{ | JW )
and nitrogen (p ,- ) atmospheres. Mean values + SD of five

measurements.
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-; Figure 22 Changes in sinapic acid of damaged pericarp of reddish brown (A) and dark
purple (B) mangosteen fruit after impact at drop height of 50 ( [, [
] ) cmand held in air ([_] ,Jl ) and nitrogen

34




LILRNAST LATLENUNTANITIANITN (Figure 21) ﬂmmL‘%"qndq}J‘?uﬁmnm‘l-nuuﬂn (Figure 22)
1J'§mmnsmmmqm‘a‘n‘lmﬂ‘éanuaﬁmmu’%nmﬁmnmmuuﬁ:af.j'luﬂmwuaﬁ-mmﬂﬁﬁ

senfiauLnAinnsanasfandnegdiuanmusstanian bilsandiau - weziFuiunsawiangan
InlulAsnuafnpunniinnnsnuuazaguanwusranniantisanBiauni (Figure 21) &

nrranaNInndBunenta louulln (Figure 22)
=l S wal «al LY ar wr « - oo
MSNAREIN 3 NanssHLaau g NNt UNISAILATIENRISRNLIY

- - =X - - al " ] -l dhl d‘l’ o [-3
nanssaaulnd PAL TunlRanuaisgauiinanbinnnsznudes InistRnTuiRaudn
v L 4 . e .

o8 AILIUNTIT 0 QUNISHIUINT 180 MAINNTANNT=NL wnushnanssuuadewlnyd PAL Tu
- - - . - % @ -t | o v -
wasnuaiipaniannaznuiiniuanties uuiin 5 nAINIIANNTINULAAARY UAZIAN

-4 ' o« -t P v v y -« g |
TUNINDLNTIMNTITAGRA TULITN 15 UAINITANNTENY uddanaatsAE luUT#in 20
. . J .
udABY] AARIMAIIINUITN 20 (Figure 23)
-y - - - -J 1 t ¢=-' x o
Aanssuewlnd CAD Tunlfenuaiinausuilinnniznudas InisfalwReusn
- Pa - P . - o &
w0 AINUATIN 0 ARDNWNTN 180 MAINTITANNTZNL Unizinanssuuaewlsd CAD MNTWEn
o P - - X =
datluunvin 5 udanisEnnssnULAIanaY Nanssuyeaerled CAD RnTumnuasailu
g - g a | o o v -~ - o -t
WY 10 UAZIANTNYAGIRA TLUNTINL 15 UFISAMBENTIAETMAIRINTIY WaztRnTuanTuui
t-J - [ 73 1 . de - .
# 30 UAINTANNTINLLAIADE] AARIIUDNLINAT 180 UAINIIRNNTINL (Figure 24)
- . m - X v
Aanssurausulnd POD ludannaiwmmBuanbinnnssnuiiniuiaadmissia
WAWNTIT 0 AUNTTYIRTUNTN 180 MAINTANNIZNL 1nUz7RianTsues POD TuRanuadinm
. | . - & . - s | - % Jurg | v
udminnnsnuiniunnatmaialuig 10 uasiiuiuiqageaaluundin 15 udaan

] [- 3 - :’; an' % -3 ﬂl -
1D MNMIALTIVRITINHU ua:mn‘?)u‘é’nmnﬁﬂﬂ'lumﬁw 120 uar 180 vaInITANNSsviu
(Figure 25)

wl =
MINAABIN 4 NTUAAMIBDNYDI[U

MIANENTUAABBNTDIAU (gene expression) ArLANNITaLeWln TR ety
nsdaansiasiniulundenuatagaiiuuiinnnsmy wesain cap Thueula@dady
afianilalunszuaunisfuamsimsaniuluitouansaia ussfianssnunaeulny CAD u
wRenuafpemitnniinnnsznuisgunnnimanowiiseaeulng PAL waz POD  dasiids

h T al [ 8 X s
Ihnsfnnmiuanssensasduiiauauieulnd CAD Tudisdiildaia RNA anwdanus

35



Phenylalanine ammonia lyase activity
(Units mg protein)

Figure 23
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Phenylalanine ammonia lyase activity of undamaged ( O ) and

damaged ( M ) pericarp of dark purple mangosteen fruit after
impact at drop height of 100 cm and held in air at room
temperature.
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Cinnamyl alcohol dehydrogenase activity of undamaged ( OO ) and

damaged ( M ) pericarp of dark purple mangosteen fruit after impact at
drop height of 100 cm and held in air at room temperature.
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Figure 25 Peroxidase activity of undamaged ( 0 ) and damaged ( & )
pericarp of dark purple mangosteen fruit after impact at drop

height of 100 ¢cm and held in air at room temperature.
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M uasAuAudoyaunsduiianiqgu CAD anfimafinsing 4N gene bank ¥94 National
Center for Biotechnology Information (www.ncbi.nih.gév) el Flunsaanuintnsiuef
(Figure 26) TmuLﬁfmmﬂuﬁ'nﬁﬂﬂngmﬁauﬁ'u'lu'q'uﬁmﬂﬂ&u ussarursosanuuyiwniuef
F9aziMARBMIN polymerase reaction AstldRaiiAe

CAD

5 -— 3' CCTATGG(TC)C CTGGGCA(TC)GA (AG)GTGGT(TCA) GGTGAGGT

3 -—— 5" CCCAT(CTA)GCCT TGGC(TAC)A(TCA)CTT CAC(GCT)CCCATGTG
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Cinnamyl alcohol dehydrogenase (CAD)

Plants CAD Gene at the Positlon 5§31-378
1. Fragaria x Ananasa TCCTCTGGTT CCAGGGCATG AGATTGTTGG TGAAGTTACG GAAGTAGG
2. Pinus radiata CCCAATGGTC CCTGGGCATG AAGTGGTGGG TATTGTAACA GAGATTGG
3. Saccharum officinalis | CCCCATGGTC CCTGGGCACG AAGTGGTCGG TGAGGTGGTG GAAGTCGG
4. Zea mays TCCTATGGTC CCTGGGCACG AGGTGGTCGG CGAGGTGGTG GAGGTCGG
5. Eucabyptus globulus CCCTATGGTT CCTGGGCATG AAGTGGTGGG TGAGGTICTIG GAGGTGGG
6. Lolium perenne CCCCATGGTT CCCGGGCATG AGGTGGTAGG CGAGGTGGTG GAGGTCGG
7. Eucalyptus gunnii CCCTATGGTT CCTGGGCATG AAGTGGTGGG TGAGGTTCTG GAGGTGGG
8. Eucalyptus gunnii CCCTATGGTT CCTGGGCATG AAGTGGTGGG CGAGGTICTG GAGGTGGG
' 9. Arabidopsis thalania TCCTATGGTT CCTGGGCACG AGGTAGTAGG TGAGGTGTIG GAGGTGGG
10 Medicago sativa TCCTATGGTT CCCGGGCATG AAGTGGTTGG TGAGGTACTA GAGGTGGG

Cinnamyt alcohol dehydrogenase (CAD)

Plants CAD Gene at the Position 1139-1170
1. Fragaria x Ananasa CACGTCGCCG TGAAGTTTGC CAAGGCTATGGG
2. Pinus radiata CACATGGGTG TCAAGATTGC CAAAGCCTTTGG
3.Saccharum officinalis | CACATGGGCG  TGAAGGTGGC | CAAGGCCATGGG
, 4. Zea mays CACATGGGCG  TGAAGGTAGC CAAGGCCATGGG
5. Eucalyptus globulus CACATGGGCG TGAAGATAGC CAAGGCCATGGG
6. Lolium perenne CACATGGGCG  TGAAGGTGGC CAAGTCCATGGG
7. Euecalyptus gunnii CACATGGGGG TGAAGATAGC CAAGGCCATGGG
8. Eucalyptus gunnil CACATGGGGG  TGAAGATAGC CAAGGCCATGGG
9. Arabidopsis thalania | CACATGGGTG TGAAGATAGC TAAAGCAATGGG
10 Medicago sativa CACATGGGGG ~ TGAAAGTAGC AAAGGCATTAGG

Figure 26 Consensus genes of CAD cDNA of different plants searched from the

National Center of Biotechnology Information (www.ncbi.nih.gov).
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Abstract. Impact damaged mangosteen fruit pericarp showed a rapid increase in
firmness. The degree of firmness increase depended upon fruit maturity, drop height
and storage atmosphere after impact. Toluidine blue O, phloroglucinol and KMnO,
reacted positively for lignin in both the cell wall and cytoplasm. The damaged
pericarp showed thicker and darker staining indicative of cell lignification 3 h after
impact than undamaged pericarp. Lignin concentration was higher in the damaged
pericarp of more mature fruit, following a greater drop height and in air. Carbohydrate
and protein in lignin-carbohydrate complex increased after impact. The results
suggested that the lignification in cells following impact injury response, may play a

role in the firmness increase of damaged mangosteen pericarp after impact.

Keywords firmness, Garcinia mangostana, impact, lignin, lignin-
carbohydrate complex, mangosteen, pericarp

Introduction

Lignin is a complex and highly variable biopolymer derived from oxidative
polymerization of cinnamyl alcohol that bear three aromatic residues p-hydroxylphenyi,
guaiacyl and syringy! (Whetten and Seredoff, 1995). Lignin is found in some plant
cell walls in response to mechanical wounding and infection. These complex

polymers of lignin are believed to contribute to compressive strength, and to resist
microbial degradation (Vance et al., 1980).



Mangosteen (Garcinia mangostana L.) is a tropical fruit, thought to have
originated in South-east Asia (Thailand, Malaysia and Indonesia) (Nakasone and
Paull, 1998). It is considered to be a climacteric fruit due to its respiratory behavior
after harvest (Noichinda, 1992). Mangosteen fruit pericarp shows a rapid increase in
firmness following impact and is accompanied by an increase in lignin content and a
decrease in phenolic content (Tongdee and Suwanagul, 1989; Ketsa and Atantee,
1998). Anaerobic condition and protein synthesis inhibitors reduces the increase in the
firmness and lignin content, and the decrease in phenolic in the damaged pericarp
(Ketsa and Atantee, 1998). The objective of this study was to determine the
relationship between the histochemical and lignin changes in pericarp damaged by
impact.

Materials and Methods
Plant material

Mangosteen (Garcinia mangostana L.) fruit were obtained from a commercial
orchard in Chanthaburi Province, in Eastern Thailand. Fruit at the reddish brown
and dark purple stages were carefully harvested to minimize possible mechanical
damage and were packed in 10 kg corrugated fibreboard boxes and transported by

truck to the laboratory within 1 day of harvest. Fruit were then selected for uniformity
of colour and size.

Drop test and firmness

Fruit were orientated so that the calyx and stigma were horizontal, before
being released from drop heights of 50 and 100 cm. The concrete impact area was
covered with a thin layer of white flour to allow the impact point to be determined and
to be outlined with a marker pen. After impact the fruit were held at room temperature
(29.5°C, 74%RH) in either air or nitrogen atmosphere. Pericarp firmness, lignin
content and histochemical study for lignin localization of damaged and undamaged
pericarp on the opposite side to the impact area of the same fruit determined.

Firmness of undamaged and damaged pericarp without peeling was
determined using a fruit firmness tester (Effegi) fitted with a spherical plunger 0.27
cm in diameter. The plunger was inserted to a depth of 5 mm and the force recorded
in newton. At each observation, 12 fruit from each treatment were measured.



Histochemical tests

Free-hand sections, approximately 40 um, were prepared for light microscopy
by cutting perpendicularly to the fruit surface of both undamaged and damaged
pericarp 0 and 3 h after impact. Sections were stained with 10% w/v phloroglucinol
solution in 95% ethanol for 3 min (Gahan, 1984), drained, placed on a slide, added a
drop of 10 M HCl was added to sections, covered with a coverslip and observed under
a light microscope. Other sections were either soaked in a 0.05% w/v toluidine blue
O in 0.1 M phosphate buffer, pH 6.8, for 2 min rinsed and mounted in distilled water
for microscopic examination (O’Brien et al.. 1964) or in a I:1 mixture of 1% wlv
KMnO, and 10 M HCI for 2 min (Ride, 1975). After transferring to slides, sections
were mounted in 20% w/v Na;SOj; in water, covered with a coverslip and observed

under a light microscope.

Lignin analysis

Lignin was estimated as lignin thioglycolic acid (LTGA) in a method similar
to that used by Bruce and West (1989). Pericarp (0.2 g) was homogenized in 25 ml of
methanol for 5 min. The homogenates were vacuum-filtrated through Whatman
GF/A and the resulting residues dried at 60°C for 24 h. To 50 ml of alcohol-insoluble
residue, 5 ml of 2N HCI was added and 0.5 mi of thioglycolic acid and the mixture
was placed in a boiling water bath and shaken for 4 h at 100°C. The extracts were
cooled and centrifuged at 18,000 xg for 20 min at room temperature. The supernatant
was discarded and the pellet washed three times with distilled water until the colour
disappeared. The resulting pellet was resuspended in 5 ml of 0.5 N NaOH, sealed
with parafilm, and agitated gently at 25°C for 18 h to extract lignin thioglycolate. The
samples were centrifuged at 18,000 xg for 20 min and to each supematant was added
I ml of concentrated HCI, and the lignin thioglycolic acid allowed to precipitate at
4°C for 4 h. Following centrifugation at 10,000 xg for 10 min, the orange-brown
pellets were dissolved in 25 ml of 0.5 N NaOH. and the absorbance (A) at 290 nm
measured. The degree of lignification was expressed as absorbance units (290 nm)
ml”! mg™ of pericarp tissue (extracted fresh weight).

Lignin-carbohydrate complex

Lignin-carbohydrate complex (LCC) of undamaged and damaged pericarp
tissue of dark purple fruit was extracted by a method described by Morrison (1973).



Carbohydrate and protein contents in extracted LCC were determined by methods

used by Hodge and Hofreiter (1962) and Bradford (1976), respectively.

Results
Firnmess

The firmness of undamaged and damaged pericarp of reddish brown (Fig. 1A)
and dark purple (Fig. 1B) fruit was not significantly different immediately after
impact. Undamaged pericarp firmness showed a small nonsignificant increased while
the firmness of damaged pericarp rapidly increased within 3 h of impact and the
firmness of damaged pericarp subject to a 100 cm drop height was greater than from
50 cm drop. Regardless of drop height, damaged pericarp of dark purple fruit had a
significantly greater firmness than the damaged pericarp of reddish brown fruit after
impact. The firmness of the damaged pericarp of reddish brown (Fig. 2A) and dark
purple (Fig. 2B) mangosteen fruit held in air was greater than that held in nitrogen.

Staining of undamaged and damaged pericarp

Changes were seen in sections of undamaged and damaged pericarp treated
with the three lignin stains in a layer of cells 165 pum beneath the epidermal surface
(Fig. 3-9). Phloroglucinol, toluidine blue O and KMnOjy stained red-orange (Fig. 3A-
9A), blue (Fig. 3B-9B) and yellow-brown (Fig. 3C-9C), respectively, both the cell
walls and cytoplasm of these cells. This layer in damaged pericarp (Fig. 3-8) was
thicker than in undamaged pericarp (Fig. 9). Damaged pericarp from fruit dropped of
100 cm (Fig. 4, 6) had a thicker stained lignified cells layer than pericarp from fruit
dropped 50 cm (Fig. 3, 5). The pericarp of fruit held in air (Fig. 4) had a thicker layer
of stained lignified cells than damaged pericarp held in nitrogen (Fig. 8). Regardless
of drop height, damaged pericarp of dark purple mangosteen fruit (Fig. 5,6) had a

thicker layer of stained lignified cells than that of reddish brown mangosteen fruit
(Fig. 3, 4) after impact (Tablel).

Gross lignin content

Similar UV-absorbance spectra were produced by the reaction of thioglycolic
acid with lignin from undamaged and damaged pericarp. The lignin content of the
damaged pericarp of dark purple fruit (Fig. 10) increased more rapidly than from
reddish brown fruit (Fig. 10). The lignin content of damaged pericarp dropped from
100 cm was greater than from 50 cm drop (Fig.10A,10B). When dropped fruit held in



air the lignin content of the pericarp increased rapidly, while if held under nitrogen
increased only slightly (Fig.10A,10B).

Lignin carbohydrate complex

Carbohydrate in LCC of damaged pericarp of dark purple mangosteen fruit
increased considerably under air storage (Fig. 11A). while the carbohydrate in LCC of
damaged pericarp of dark purple fruit did not increase under nitrogen atmosphere
(Fig. 11B). Similarly, protein in LCC of damaged pericarp of dark purple fruit
increased significantly under air (Fig. 12A), while protein in LCC of damaged
pericar;l} of dark purple fruit did not increase under nitrogen atmosphere (Fig. 12B).
The increase in carbohydrate ranged from 27.93 to 64.24%, while the increase in
protein ranged from 19.31 to 27.60%.

Discussion

Mangosteen pericarp firmness increased following impact and when subjected
to chilling injury (Tongdee and Suwanagul, 1989; Ketsa and Atantee, 1998,
Uthairatakij and Ketsa, 1996). The firmness of mangosteen fruit increases rapidly
following impact (Fig. 1) and the increased firmness of damaged pericarp occurred
concomitantly with an increase of lignin content (Fig. 10). This supports the
conclusion that wounding increases lignin synthesis in damaged mangosteen
pericarp after impact (Vance er al., 1982). Lignin content in damaged pericarp was
less under nitrogen atmosphere than under atmospheric oxygen (Fig. 10) as the
final step of lignin biosynthesis requires oxygen for the polymerization of
monomeri¢ lignin precursors catalyzed by peroxidase (Whetten and Sederoff, 1995).

Evidence for increased amounts of lignin in the damaged pericarp after impact
with different drop heights, atmospheres and developmental stages was supported by
histochemical staining of the cell walls and cytoplasm and consistent with the
increase in thioglycolic lignin (Fig. 3-8). Lignification occurs in Japanese radish
(Asada and Matsumoto, 1967), potato (Friend, 1976), tomato (Griffiths and Isaac,
1966) and wheat (Southerton and Deverall, 1990) in response to infection and
mechanical  wounding. Important physiological properties of lignin include
mechanical support compression strength and plant defence based on the resistance to
degradation (Campbell and Sederoff, 1996). Additional lignin in mangosteen fruit

pericarp after impact may result in the increased firmness found in damaged pericarp.



The increase in lignin content in damaged pericarp was not substantial
compared to the increase in damaged pericarp firmness as the basal lignin content in
undamaged pericarp was initial high (Fig. 10). The increase in firmness of damaged
pericarp 3 h after impact was 215 to 385 % (Fig. 1, 2), while the increase in lignin
content of damaged pericarp was 150 to 288% (Fig. 10) depending on fruit maturity
and drop height. This suggested that the increase in lignin content alone may not
solely contribute to the rapid increase in firmness of damaged pericarp after impact
because the increased firmness was not highly correlated with increased lignin. LCC
also increased in damaged pericarp of mangosteen fruit and the increase in
carbohydrate was greater than that for protein (Fig. 11 and 12). The increase in
carbohydrate and protein in LCC of damaged pericarp depended on oxygen. This
suggested that increased carbohydrate and protein in LCC depends on lignin synthesis
that requires oxygen (Whetten and Sederoff, 1995). Lignin has been shown to
participate in cross-linking between the lignin polymer and cell wall polysaccharides
(Kondo et al.,, 1990; Lam er al., 1992; Lam et al., 1994; Ralph et al., 1995).
Moreover, proteins rich in aromatic amino acid residues, particularly tyrosine, have
also been suggested as potential sites for nucleation of lignin deposit (Whetten e al.,
* 1998). Early work by Whitmore (1978) suggested that linkages are formed between
cell wall proteins and lignin. More recently, Keller ef al. (1988) suggested that the
tyrosine residues of glycine-rich cell wall protein may be involved in linkages to
lignin. These linkages may result in strong lignin complexes (liyama et al., 1994), and
in turn increased firmness of damaged pericarp of mangosteen fruit after impact.

In conclusion, fi-mness and lignin content of damaged pericarp of mangosteen
fruit rapidly increased after impact and the increase in firmness and lignin content and
lignin-carbohydrate complex depended on fruit maturity, drop height and oxygen
level. The result of histochemical study stained with phloroglucinol, toluidine blue O

and KMnO4 confirmed the newly synthesized lignin occurred in a layer of damaged
pericarp cells just below the surface.
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Table 1 Stained lignin thickness of undamaged and damaged pericarp of
mangosteen fruit after impact with different heights and stored under

different atmospheres. Mean values are the average of 3 measurements.

Lignin thickness (pm)

Treatment Immediate after impact 3 h after impact

Reddish brown  Dark purple Reddish brown  Dark purple

Drop height (normal air)

50 cm 500491 500+90 54695 579461

100 cm 5531491 579+43 568+12 592+79
Atmosphere (100 cm)

Normal air 553+45 579+43 568+12 592+79

Nitrogen 503+36 500+30 491+66 558+41
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Figun;. 1
Figu.re 2
Figure 3
Figure 4
Figure 5

Figure 6

Legends to Figures

Firmness of undamaged D , ) and damaged (EI .. ) pericarp of
reddish brown (A) and dark purple (B) mangosteen fruit after impact at
drop height of 50 {_] .1y and 100 (2] I ) cm and held in normal
atmosphere. Mean values + SD of 12 fruits.

Firmness of undamaged (D } and damaged (D ,. ) pericarp
of reddish brown (A) and dark purple (B) mangosteen fruit after
impact at drop height of 100 cm and held in normal (l:l )} and
nitrogen ( . ) atmospheres. Mean values # SD of 12 fruits.

Lignin localization (arrows) of damaged pericarp of reddish brown
mangosteen fruit after impact at drop height of 50 cm held in normal
atmosphere for 3 h and then stained with phloroglucinol (A), toluidine
blue O (B) and KMnOQO, (C). A-C x 10.

Lignin localization (arrows) of damaged pericarp of reddish brown
mangosteen fruit after impact at drop height of 100 cm held in normal
atmosphere for 3 h and then stained with phlorogiucinol! (A), toluidine
blue O (B) and KMnOy (C). A-C x 10.

Lignin localization (arrows) of damaged pericarp of dark purple
mangosteen fruit after impact at drop height of 100 ¢cm held in normal
atmosphere for 3 h and then stained with phloroglucinol (A}, toluidine
blue O (B) and KMnO; (C). A-C x 10.

Lignin localization (arrows) of damaged pericarp of dark purple
mangosteen fruit after impact at drop height of 50 cm held in normal
atmosphere for 3 h and then stained with phloroglucinol (A), toluidine
blue O (B) and KMnQy (C). A-C x 10.
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Figure 7

Figure 8

Figure 9

Figure 10

Fig. 11

Fig. 12

Lignin localization (arrows) of damaged pericarp of reddish brown
mangosteen fruit 0 h after impact at drop height of 100 cm and then
stained with phloroglucinol (A). toluidine blue 0 (B) and KMnQOs;. A-
CxI10.

Lignin localization {(arrows) of damaged pericarp of reddish brown
mangosteen fruit after impact at drop height of 100 cm held in nitrogen
atmosphere for 3 h, and then stained with phloroglucinol (A). toluidine
blue O (B} and KMnQO, (C). A-C x 10.

Lignin localization (arrows) of undamaged pericarp of dark purple
mangosteen fruit and stained with phloroglucinol (A), toluidine blue O
(B) and KMnO, (C). A-C x 10.

Lignin content of damaged pericarp of reddish brown (A) and dark
purple (BY mangosteen fruit after impact at drop height of 50 D D )
and 100 - ) cm and held in normal El ) and nitrogen

) ) atmosphere. Mean values + SD of three measurements.

Carbohydrate content in lignin carbohydrate complex (LCC) of
undamaged (D ) and damaged (&% . ) pericarp of dark purple
mangosteen fruit after impact at drop height of 50 D IE ) and 100

( . ) ¢cm and held in normal (A) and nitrogen (B) atmosphere (B).

Mean values + SD of six measurements.

Protein content in lignin-carbohydrate complex (LCC) of undamaged
(D , ) and damaged @ . ) pericarp of dark purple mangosteen
fruit after impact at drop 50 (|:| &4 ) and 100 ( [ , [l cm and

held in normal (A) and nitrogen (B) atmosphere. Mean values + SD of

siX measurements.
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Abstract.  Firmness and lignin content increased while total phenolics decreased in
damaged mangosteen pericarp after impact. The phenolic compounds associated with
lignin synthesis in damaged pericarp of mangosteen fruit after impact were separated and
identified by UV absorption spectra, TLC and HPLC analyses. The phenolic acids unique
to damaged pericarp of mangsteen fruit were identified as p-coumaric acid and sinapic
acid, and p-coumaric acid decreased more rapidly than sinapic acid after impact. p-
Coumaric acid and sinapic acid contents in damaged pericarp of reddish brown .
mangosteen fruit were greater than of dark purple mangosteen fruit and sinapic acid
content was 20 to 40 fold greater than that of p-coumaric acid. The decrease in both p-
coumnaric acid and sinapic acid in damaged pericarp occurred more rapidly under normal

air than under nitrogen atmosphere.
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Introduction

Lignin, a complex phenolic polymer, is impacts mechanical support to the xylem
and has a role in plant defense mechanisms (Vance et al., 1980). The basic monomeric
units are the monolignols p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol
(Whetten and Sederoff, 1995). Lignin synthesis and composition have long been known
to vary between species and inresponse to the environment (Campbell and Sederoff,
1996). Gymnospermous wood lignins (pine, spruce, fir, etc), are typically composed of
guaiacyl units, polymerized from coniferyl alcohol, and small proportions of p-
hydroxyphenyl units, polymerized from p-coumaryl alcochol. Angiospermous wood
lignins contain both sinapyl units, polymerized from sinapy! alcohol and guaiacid units,
with a small proportion of p-hydroxylphenyl units (Whetten et al., 1998). Biosynthesis of
lignins involves a series of enzymes whose compartmentation may differ greatly, the
final stage being polymerization and accumulation in the cell wall (Hahlbrock and
Grisebach, 1979; Whetten et al., 1998; Boudet, 2000).

Wounding is one of many stresses that alter phenylpropanoid metabolism and
increase lignin production (Dixon and Paiva; 1995). Total phenolics of damaged
mangosteen fruit pericarp was less than undamaged pericarp after impact (Ketsa and
Atantee, 1998), and damaged pericarp had more total phenolics in nitrogen atmosphere
than in air. In contrast to total phenolics, damaged pericarp had more lignin content than
undamaged pericarp and damaged pericarp in air had a greater lignin content than in
nitrogen atmosphere. When infiltrated with cycloheximide damaged pericarp had lower
lignin content and greater total phenolics than without cycloheximide (Ketsa and
Koolpluksee, 1993; Ketsa and Atantee, 1998). The results suggested that impact
enhanced the incorporation of phenolic compounds into lignin (Ketsa and Atantee, 1998).
The goal of this research was to determine whether there were phenolic compounds

uniquely associated with lignin synthesis in mangosteen pericarp and to determine how

impact regulated lignin synthesis.



Materials and methods

Plant material. Mangosteen (Garcinia mangostana L.) fruit were obtained from a
commercial orchard in Chanthaburi Province, Eastern Thailand. Fruit at the reddish
brown and dark purple stages were carefully harvested to minimize possible mechanical
damage and packed in 10 kg corrugated fibreboard boxes and transported by truck to the
laboratory within ! day of harvest. Fruit were then selected for uniformity of colour and

size.

Drop test and firmness. Fruit were orientated so that the calyx and stigma were
horizontal, before being released from drop heights of 50 and 100 cm. The concrete
impaét area was spread with a thin layer of white flour to allow the impact point to be
determined and then outlined with a marker pen. After impact, the fruit were held at room
temperature (28.7°C, 76% RH) in either air or a nitrogen atmosphere. Pericarp firmness,
total phenolics, lignin and individual phenolic contents were determined on the same fruit
from damaged and on the undamaged pericarp on the opposite side from the impact area.

Firmness of the undamaged and damaged pericarp without peeling was
determined using a fruit firmness tester (Effegi) fitted with a spherical plunger 0.20 cm In
diameter. The plunger was inserted to a depth of 5 mm and the force recorded in newtons.

At each observation, 25 fruit from each treatment was measured.

Analysis of lignin. Lignin was extracted with methanol and measured (Bruce and West,
1989), Per_icarp (3 g) was homogenized for 1 min and extracted three times with 50 ml! of
methanol. The first two homogenizations of samples were vacuum-filtrated through
Whatman no. 42 and the last extract through Whatman GF/A. The resulting combined
residue was dried at 60°C for 24 h. Lignin was determined quantitatively by
derivgtization of the alcohol-insoluble residue with thioglycolic acid, 10 mg of residue
was mixed with 5 ml of 2N HCl and 0.5 ml of thioglycolic acid, and placed in a boiling
water bath and shaken. After 5 h at 100°C, the extracts were cooled and centrifuged at
18.000xg for 30 min at 0°C. The supernatant was discarded and the pellet washed once
with 5 ml of H,O. The resulting pellet was resuspended in 5 ml of 0.5 N NaOH, sealed



with parafilm, and agitated gently at 25°C for 18 h to extract the lignin thioglycolate. The
supernatants were centrifuged (18,000 x g for 20 min) and 1 ml of concentrated HCl was
added to each supernatant and the lignin thioglycolic acid allowed to precipitate at 4° C
for 4 h. Following centrifugation at 10,000 x g for 15 min, the orange-brown pellets were

dissolved in 10 ml of 0.5 N NaOH, and the absorbance (A) at 280 nm measured.

Phenolic extraction and analysis. Total phenolics were extracted from undamaged and
damaged pericarp using a modified method previously reported (Zhang et al, 2000). Ten
g pericarp were homogenized with 100 ml extraction solution {(65% ethanol containing
0.5% metabisulfite). The homogenate was shaked gently for 0.5 h and then filtered
through 4-layer cheese cloth, The remaining residue was re-extracted twice with 50 mi
extraction solution as above. The combined infltrate was centrifuged at 7,000 x g for 15
min. The alcohol was removed from the supematant on a rotary evaporator at 40°C for 15
min. Pigments in supernatant were removed by two successive re-extractions with
petroleum ether (2:1, v/v). Anhydrous ammonium sulfate 20% and 2% metaphosphoric
acid were added to the solution. Phenolic compounds were extracted 3 times by ethyl
acetate (1:1, v/v), then evaporated and dried under vacuum at 40°C for 10 min. The
residues were redissolved in 10 ml methanol (HPLC grade). Solutions were stored at -
20°C for further analysis of phenolic compounds. Extracted total phenolic content was
determined using the method of Singleton and Rossi {1965), and absorbance at 760 nm
was measured. The absorption spectra of extracted total phenolics and external standards

of coumaric acid and sinapic acid were also determined with methanol as the blank.

Chromatographic analysis. To detect different phenolic fractions, 20 pl of the extracted
total phenolics were chromatographed directly on Sigma silica gel plates and developed
with chloroform/acetic acid (4:1,v/v). External standards of p-coumaric acid and sinapic
acid were also chromatographed in the same manner as extracted total phenolics. After
developing and drying, the plates were sprayed with 1% of methanolic ferric chloride

solution (1% FeCl; in methanol) to view spots of phenolic compounds.



High-performance liquid chromatographic analysis of phenolic compounds. One ml of
freeze-dried sample was redissolved in 250 pl of solvent consisting of 15 % v/v
acetronitrile, 30% v/v methanol and 2% v/v acetic acid and filtered through Nylon
Acrodisc 13 (0.45 pm). Sample (5 pl) was analysed by HPLC with UVIDEC-100-IV UV
spectfophotometer (Jasco Japan Spectroscopic Co., Ltd.) at 280 nm. The chromatograms
were recorded and integrated with a Chromatogram DP-L220 LC Data Processor (Jasco).
Separation was archieved uvn an Alltima C 18 column (250 x 4.6 mm, 5 pm size particle :
Alltech, USA) using 10% v/v acetronitrile, 15% v/v methanol and 2% v/v acetic acid as

the mobile phase at flow rate of 0.5 ml/min.

Statistical analysis. Data means + SE were calculated from at least two independent

assays, each containing 5 replicates.

Results

Firmmess. Firmmess of damaged area of pericarp in both reddish (Fig.1A) and dark
purple (Fig.1B) fruit significantly increased 3 h after impact and the firmness of damaged
area of dark purple fruit increased more rapidly than that of reddish brown fruit.
Regardless of fruit maturity, nitrogen atmosphere considerably inhibited the increase in
firmness of damaged pericarp compared to fruit held in air (Fig.1A, 1B).

Lignin. Lignin content of damaged area of pericarp in both reddish brown (Fig. 2A) and
dark purple (Fig. 2B) fruit held in air increased more than that of fruit held in nitrogen
atmosphere. Lignin content of damaged area in pericarp of dark purple fruit (Fig. 2B)
increased more than that of reddish brown fruit (Fig. 2A), particularly if drop height was
100 cm.

Total phenolics. The phenolic content of the damaged area of the pericarp at 3 h after
impact was less than at impact (Fig. 3A, 3B) and the phenolic content of damaged

pericarp of dark purple fruit (Fig. 3B) was reduced further than that of reddish brown



fruit (Fig. 3A) at drop height 100 cm. Damaged pericarp in air had less phenolics than
that of damaged pericarp held in a nitrogen atmosphere.

Total phenolics extracted from damaged pericarp at different maturity stages,
drop heights and atmospheres showed similar spectral absorbance patterns and their
maximum absorbance was at 280 nm (Fig. 4A, 4B, 4C, 4D) and similar to the spectral
absorbance of p-coumaric acid and sinapic acid (Fig. 4E). The only difference between
treatments was in their absorbance at 280 nm total phenolics from damaged pericarp fruit
at impact was greater 3 h after impact. Total phenolics extracted from damanged

pericarp of fruit held in nitrogen was greater than that held in air (Fig. 4A, 4B, 4C, 4D).

Phenolics analysed by TLC. Phenolics separated from damaged pericarp 0 and 3 h after
impact at drop height of 50 and 100 cm of reddish brown and dark purple fruit held in
air and nitrogen atmosphere showed no difference in separation. Only two of separated
phenolics with low (0.79) and high (0.92) Rfs (Fig. 6). p-Coumaric acid (Fig. 6 lane 1)
and sinapic acid (Fig.6 lane 2) had similar Rfs to that of phenolics extracted from

damaged pericarp.

Phenolics analysed by HPLC. When analysed by HPLC, phenolics extracted from
damaged pericarp showed a prominent peak at 20.49 min and a minor peak at 23.83 min
when monitored at 280 nm (Fig. 7A). Absorption spectra analyses confirmed the
presence of p-coumaric acid (20.83 min) and sinapic acid (23.68 min) in the extract of
damaged pericarp (Fig. 7B). Undamaged pericarp of reddish brown mangosteen fruit
contained both p-coumaric acid and sinapic acid about 2 times higher than that of dark
purple mangosteen fruit and sinapic acid contents (Fig. 8) were about 20 times higher
than that of p-coumaric acid (Fig. 9). p-Coumaric acid and sinapic acid content of
damaged pericarp at impact of both reddish brown and dark purple fruit dropped 100
cm was much less than that dropped 50 cm. p-Coumaric acid (Fig. 8) decreased more
rapidly than sinapic acid (Fig. 9). p-Coumaric acid contents of damaged pericarp of fruit
held in air for 3 h after impact decreased more rapidly than that held in nitrogen
atmosphere and p-coumaric acid of damaged pericarp held in air (Fig.8) declined more

rapidly than sinapic acid (Fig.9).



Discussion

Plants respond to wounding with increased production of lignin involved in the
wound repair and microbial invasion defense (Vance et al., 1980). Lignin accumulation
is accompanied by the activation of a series of enzymes, whose compartmentation may
differ With the final stage being oxidative polymerization of p-coumaryl, coniferyl, and
sinapyl alcohols by peroxidases (Boudet et al., 1996). In mangosteen fruit, impact-
induced increases in firmness and lignin, and a decrease in phenolics occurred in the
damaged pericarp (Ketsa and Atantee, 1995; Bunsiri et al., 2002).

The decline in total phenolics in damaged pericarp of mangosteen fruit after
impact is related to the increase in lignin content (Diaz et al., 1998., Ketsa and Atantee,
1998). The decline in total phenolics could be due to an over supply for lignin synthesis
alone, or feedback inhibition of its own synthesis (Diaz et al., 1997).

In our previous report (Ketsa and Atantee, 1998) a complicated TLC
chromatogram was observed be due possibilities to impurities in the damaged pericarp
extract. In the present study, the extract was repeatedly washed until all pigments were
removed and a single absorption peak was observed. Many phenolics are involved in
lignin synthesis (Whetten and Sederoff, 1995 ). When standard phenolics including p-
coumaric acid and sinapic acid only two phenolics were found in the pericarp one with
low (0.79) and high (0.92) Rf. These Rfs were identical to standard p-coumaric acid and
sinapic acid. These results suggested that the major phenolics were p-coumaric acid and
sinapic acid and there may be involved in mangosteen pericarp lignin synthesis. In order
to confirm the involvement of p-coumaric acid and sinapic acid in lignin synthesis of
mangosteén pericarp, extract of damaged pericarp was analysed by HPLC and their
corresponding aborbance spectra for the two peaks indicated the presence of p-coumaric
acid and sinapic acid.

In contrast to firmness and lignin, the content of p-coumaric acid and sinapic acid
in damaged pericarp decreased more rapidly in dark purple mangosteen fruit than in
reddish brown mangosteen fruit after impact. This was similar the changes in total
phenolics of damaged pericarp. The results suggested that the incorporation of phenolic
acids into lignin synthesis of damaged pericarp was greater in dark purple mangosteen
fruit than in reddish brown mangosteen fruit, resulting in a greater lignin content in
damaged pericarp of dark purple fruit.



Although sinapic acid in damaged pericarp was 20 to 40 fold greater than p-
coumaric acid but p-coumaric acid decreased more rapidly than sinapic acid. This
suggested that the turn over rate of p-coumaric acid may have been greater than sinapic
acid. Similarly both p-coumaric acid and sinapic acid in damaged pericarp of mangosteen
fruit decreased more rapidly under normal air than under nitrogen. The results suggested
ithat the incorporation of phenolic acids into lignin synthesis requires oxygen (Ketsa
and Atantee, 1998), as the final step is the oxidative polymerization of p-coumaryl,
coniferyl and sinapyl alcohols by peroxidase ( Boudet et al.,1996). The presence of p-
coumaric acid and sinapic acid during lignin synthesis in nondamaged and damaged
pericarp of mangosteen fruit suggested that these two phenolic compounds were

intermediates of mangosteen pericarp lignin biosynthesis. (Boudet et al., 1995; Whetten
and Sederoff, 1995).
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Legends to Figures

Fig. 1A-B. Changes in firmness of damaged pericarp of brown (A) and dark purple (B)
mangosteen fruit after impact at drop height of 50 ( |:| , |:|) and 100 ( - , ) cm and
held in air (I:l . - ) and nitrogen (|:| NS

measurements.

) atmosphere. Mean values + SD of 25

Fig. 2A-B. Changes in lignin content of damaged pericarp of reddish brown (A} and
dark purple (B) mangosteen fruit after impact at drop height of 50 (I:l , |:| ) and 100

( . , ) cm and held in air (|_—_' , . ) and nitrogend:l ,

values + SD of five measurements.

#%| ) atmosphere. Mean

Fig. 3A-B. Changes in total phenoloic contents of damaged pericarp of reddish brown
(A) and dark purple (B) mangosteen fruit after impact at drop height of 50 ( I___I . |:| )
and 100 (. , } cm and held in air ( D ,. ) and nitrogen (l:l , ) atmosphere.

Mean values +SD of five measurements.

Fig. 4A-D. Changes in absorbance spectra of total phenolics of damaged pericarp of

reddish brown (A,B) and dark purple (C,D) mangosteen fruit 0 (-----) and 3 (— ,----- )h
after impact at drop height of 50 (A,C) and 100 (B,D) cm and held in air ( --=--- ) and
nitrogen ( ) atmosphere.

Fig. 5. Changes in absorbance spectra of standard p-coumaric acid (------ )} and sinapic
acid (— ).

Fig. 6. Thin layer chromatograms of phenolics of standard p-coumaric acid (lane 1),
sinapic acid (lane 2), damaged pericarp of reddish brown (lanes 3-8) and dark purple
(lanes 9-14) mangosteen fruit 0 (lanes 3,5,9,11) and 3 (lanes 4, 6-8, 10, 12-14) h at drop
height of 50 (lanes 3,4, 7,9, 10, 13) and 100 (lanes 5, 6, 11, 12, 14) cm held in air (lanes
3-6, 9-12) and nitrogen (lanes 7, 8, 13, 14).

10



Fig. 7. High pressure liquid chromatograms of standard p-coumaric acid and sinapic acid
(A) and phenolics extracted from damaged pericarp of dark purple mangosteen fruit 3 h
after impact at 100 cm and held in air (B).

Fig. 8. Changes in p-coumaric acid of damage pericarp of reddish brown (A) and dark
purple (B) mangosteen fruit after impact at drop height of 50 cm ( D , |:|) and 100
{ - , ) cm and helA in air ( |:| . . ) and nitrogen (D , ) atmospheres.

Mean values + SD of five measurements.

Fig. 9. Changes in sinapic acid of damaged pericarp of reddish brown (A) and dark
purple (B) mangosteen fruit after impact at drop height of 50 ( |:| ,|:| Yand 100 (|:| .

[—__I ) cm and held in air (D , [l ) and nitrogen (D NER

| ) atmospheres. Mean value +

SD of five measurements.
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